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Preface

This thesis is an account of work carried out in the Institute for
Gravitational Research (IGR) at the University of Glasgow, between May
2010 and December 2012, on aspects of suspension design for the

development of gravitational wave detectors.

In chapter 1, the introduction to gravitational waves, their sources and
production is discussed. The techniques for their detection and the status of
the current and future detectors have been described here. The information

provided in this chapter has been derived from published literature.

In chapter 2, thermal noise issues and their sources in the gravitational wave
detectors are discussed. The methods to estimate the mechanical loss and
suspension thermal noise and ways to reduce them are also presented. The

information given in this chapter has been derived from published literature.

In chapter 3, the thermal noise performance and suspension repair scenario
for the GEO-HF detector has been discussed. The focus of this research was
to design and investigate the performance of new suspension fibres, and to
develop a procedure for the repair scenario of the suspension system. The
designs of the fibres were investigated by the author with the help of Dr.
Giles Hammond. The FEA modelling along with the calculation of
dissipation dilution factor, mechanical loss and thermal noise was performed
by the author. Also the fabrication of the fused silica fibres and the
measurement of their breaking stress were performed by the author. Dr.
Kirill Tokmakov with the help of the author carried out the tooling
development works, and the fabrication of the monolithic fused silica
suspension. The fibre transport tube was designed by Russell Jones and Dr.
Kirill Tokmakov in consultation with Dr. Giles Hammond. The original
GEO fused silica fibre was shipped to Glasgow by Dr. Stefan Golder from
Max Planck Institute for Gravitational Physics (Albert Einstein Institute)
at Hannover (Germany). The dimensions of the GEO fibres were profiled by
Dr. Kirill Tokmakov. The hydroxide catalysis bonding of the fused silica

ears to the silica test mass was performed by Dr. Marielle van Veggel.
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Chapter 4 of this thesis gives an introduction to photoelastic birefringence
techniques. Different forms of polarized light, their production and use have
been discussed. Methods to measure the retardation and relative stress in a
sample through different compensation techniques have also been presented.
The work discussed in this chapter has been derived from published

literature.

In chapter 5, the experiments investigating the mechanical and thermal
stress in fused silica samples are discussed. The experimental results were
obtained by the author and Dr. Giles Hammond. The FEA modelling was
performed by the author in consultation with Dr. Liam Cunningham. The
welding of fused silica sample was performed by Dr. Alan Cumming and the

author.

In chapter 6, a study of suspension thermal noise for applying incremental
upgrades to the aLIGO detector is discussed. Methods to reduce the total
diluted mechanical loss and the suspension thermal noise by studying the
strain energy distribution and by increasing the dissipation dilution factor
have been discussed. The FEA modelling was performed by the author. The
designs for the upgrade scenario were jointly studied by the author and Dr.

Giles Hammond.

Chapter 7 finally discusses the conclusions of the results presented in this

thesis.
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Summary

Gravitational waves are considered as ripples in the curvature of space-time
and were predicted by Einstein in his general theory of relativity.
Gravitational waves interact very weakly with matter which makes them
very difficult to detect. However, research groups around the world are
engaged in building a network of ultra sensitive ground and space based
interferometers for the first detection of these signals. Their detection will

open a new window in the field of astronomy and astrophysics.

The nature of gravitational waves is such that when incident on a particle,
they stretch and squeeze the particle orthogonally thus producing a tidal

strain. The strain amplitude expected for gravitational waves which may be

detected on earth are of the order of 1, ~10 to 10™ (over a frequency

range from few Hz to a few kHz). A network of instruments based on the
Michelson interferometer design currently exists around the world. These
detectors are undergoing a major upgrade and once online by 2015-16 the
improved sensitivity and increased sky coverage may lead to the first
detection of the gravitational waves signals.

The Institute for Gravitational Research in the University of Glasgow in
collaboration with the Albert Einstein Institute in Hannover, Golm and the
University of Cardiff has been actively involved in the research for the
development of instruments and data analysis techniques to detect
gravitational waves. This includes construction of a long ground based
interferometer in Germany called GEO 600 (upgraded to GEO-HF) having
an arm length 600 m and strong involvement in the larger detectors of the
LIGO (Laser interferometer gravitational wave observatory) project in USA
having arm lengths of 4 km (Operated by MIT, Boston and CALTECH,
Pasadena). An upgrade to LIGO called Advanced LIGO (aLIGO) is
currently under construction with significant input from the University of
Glasgow.

Thermal noise is one of the most significant noise sources affecting the
sensitivity of the detector at a range of frequencies. Thermal noise arises due
to the random fluctuations of atoms and molecules in the materials of the
test mass mirrors and suspension elements, and is related to mechanical loss

in these materials.
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The work presented in chapter 3 of this thesis is devoted to the analysis of
aspects of mechanical loss and thermal noise in the final stages of the GEO
suspension. GEO-600 is currently undergoing an upgrade to GEO-HF
targeting sensitivity improvements in the kiloHertz region. However, the
planned upgrade requires access to the vacuum tanks enclosing the fused
silica suspension system. There is a risk of damaging the suspension, which
has led to a repair scenario being developed in Glasgow, to reduce the
downtime of the detector. An optimised design of the fused silica fibre has
been proposed. A study of mechanical loss has been undertaken through
Finite Element Analysis (FEA) modeling techniques. The mechanical loss of
the optimised fibre is estimated to be lower than the original GEO fibre by

a factor of ~4. In terms of thermal noise performance the optimised fibre

gives an improvement of ~1.8.

The repair scenario of the monolithic suspension has led to the development
of tools and welding procedures. Three prototype suspensions involving
metal masses were successfully built, before fabricating the monolithic fused

silica suspension in Glasgow.

The work in chapter 4 focuses on the theory of photoelasticty and
birefringence techniques. The production and use of various forms of
polarised light has been discussed. A setup of plane and a circular
polariscope using two polarisers and two-quarter wave plates has been
shown. The retardation of light due to the birefringence in the sample can
be measured using the Tardy method of compensation and a Babinet-Soleil
compensator. Finally a discussion on the stress-optic law has shown that the

relative stress in a sample can be measured once the retardance is known.

The silica fibres in the aLIGO detector would be laser welded using a 100 W
CO, laser. The laser welding would lead to high temperature and
development of thermal gradients. This could result in residual thermal
stress in fused silica, which could lead to an additional mechanical loss. A
study of mechanical and thermal stress induced in fused silica has been
discussed in chapter 5 of this thesis. To understand the working of
photoelastic techniques learned in chapter 4, a study of mechanical stress
was undertaken by applying a load on the sample to induce temporary
birefringence. The estimated values of stress showed a good agreement when

compared with the theoretical predictions and FEA modelling. Thermal
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stress was induced in fused silica by applying a 25 W CO, laser beam for 10
seconds and the relative stress was measured using photoelastic birefringence
techniques. Thermal modelling of the stressed sample was performed using
the techniques developed in FEA. The experimental values show a good
agreement with the estimated 1" principal stress (FEA model) and
equivalent stress. A study of thermal stress in fused silica welds has also
been presented in chapter 5. Two fused silica samples were welded using
CO, laser welding and the relative stress at different points were measured.
The stress in the weld region was measured to be relatively lower than other
areas. At a distance of 3 mm away from the weld line the maximum stress

was measured which was greater than the stress in the weld region by a

factor of ~b.

The work discussed in chapter 6 focuses on the study of the suspension
thermal noise in alLIGO detector for applying incremental upgrades. To
further enhance the sensitivity of the aLIGO detector, incremental upgrades
could be applied to the suspension system to improve the thermal noise. The
incremental upgrades focused on two aspects: improving the dissipation
dilution factor, and obtaining a lower mechanical loss than the aLIGO
baseline. Based on the results from FEA, two designs were compared, each
having a suspension of length 100 cm but different stock diameter - 3mm
and 5 mm. A comparison with the aLIGO baseline showed that these two
models obtained a lower mechanical loss by a factor of 3.4 to 6.8. In terms
of suspension thermal noise there was an improvement by factor of 2.5 to
3.7, which could lead to rise in the sensitivity of the detector by a factor of
2.5.
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Chapter 1 Gravitational waves, sources and

their detection

1.1 Introduction

Albert Einstein, in his ‘General Theory of Relativity’ proposed the existence
of gravitational waves in 1916 [1]. Gravitational waves can be described as

ripples in the curvature of space-time and perceived as fluctuating tidal
forces on the masses in their path. Theoretically, the ‘Linearised Einstein

Field Equations’ show that gravity propagates as a wave in the universe at
the speed of light [2].

Work on the detection of gravitational waves was started in 1960 with
Joseph Weber [3, 4]. His experiments with resonant bar detectors were not
successful in directly detecting gravitational waves; however they stimulated
other researchers to build more sensitive detectors and research in this area

is still ongoing [5, 6].

Strong evidence for the existence of gravitational waves was provided by
work from Hulse [7] and Taylor [8] who were awarded the Nobel Prize for
Physics in 1993 for their discovery of the binary pulsar PSR 1913416 and
their subsequent interpretation of the evolution of the orbit of this system.
The observation showed the decay of orbital period with time, and the
corresponding loss of the angular momentum and energy of the system were
consistent with the predictions of general relativity for a system radiating
gravitational waves, as shown in figure 1.1. Thus the observations provided

indirect evidence for the existence of gravitational waves [9].
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Figure 1.1 Decay of the orbital period of binary pulsar PSR1913+16 with
time. The solid line shows the prediction from general relativity/8].

At present many groups around the world are working in close collaboration
to realise the goal of detecting gravitational waves. The detection of these
waves is highly important from an astrophysical point of view. Their
detection will provide unique and exciting information about the Universe.
Complex phenomena such as the birth, nature and interactions of black
holes will be revealed and useful insights will be gained into the collapse
mechanism of stars. Overall, detection of gravitational waves will open a
new window in astronomy and astrophysics. The design of a gravitational
wave detector offering a high sensitivity over a wide range of frequencies
consists of test masses suspended as pendulums whose relative positions are

sensed using laser interferometric techniques.

This chapter will discuss the nature of gravitational waves (section 1.2),

sources (section 1.3) and some of the techniques for their detection (section
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1.4). Finally the noise sources limiting the sensitivity of detectors will be

covered in section 1.5.

1.2 The nature of gravitational waves

The gravitational force is the weakest among all the forces in nature.
Gravitational waves are produced when matter is accelerated in an
asymmetrical way. However due to the weak nature they only reach a level
where detection should be possible when very large masses are accelerated in

a very strong gravitational field.

In electromagnetism the acceleration of positive and negative charge
oscillating about their equilibrium position produces dipole radiation.
However, due to the conservation of total linear momentum and total
angular momentum of the system, there can be no mass dipole gravitational
radiation from any source. The lowest order gravitational radiation is
quadrupole in nature which means only non-axisymmetric acceleration (i.e.

varying moment of inertia) of mass will produce gravitational waves [10].
The amplitude ‘#~’ of the gravitational wave can be defined as the strain it

produces in space due to a ‘tidal force’, given by,

_2AL

h
L )

(1.1)

AL . )
where — is the strain.

Gravitational waves reaching the earth from distant sources have two
independent polarizations of amplitude A, and /Ax. Figure 1.2 shows the
effect of the resulting strain on a ring of test particles of diameter Z for both
polarisations. The diameter of the ring increases by AL in one direction and
decreases by AL in the other direction once a wave propagating
perpendicular to the page is incident on it. The angle between the two
polarization forms of the gravitational waves, i.e. 4, and A« is m/4 unlike
the electromagnetic wave, which is m/2. However the motion of the test

particles acted upon by the gravitational waves is orthogonal [11].
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Figure 1.2 The effect of the two polarisations of gravitational waves on a
ring of test particles, the direction of propagation of wave is perpendicular
to the page. The particles are stretched and squeezed in the orthogonal

direction.

1.3 Sources of gravitational waves

The frequencies of the ground-based detectors expecting to detect
gravitational waves are in the range of a few Hz to few kilo Hz. There are
various sources through which the gravitational waves may be detectable;

some of them are outlined in the following subsections.

1.3.1 Burst sources
Supernovae

A supernova is an explosion of a star causing an extremely luminous burst
of radiation, thus bringing an end to the life of the star. The life of a star is
dependent upon the inward pressure due to the force of the gravity, and is
balanced by an outward pressure due to the thermal radiation. The thermal
radiation comes from the fusion reactions taking place in the core of the
star.

A white dwarf star is formed when a star having a mass of less than 5 solar
masses begins to collapse, as it is no longer supported by electron

degeneracy pressure and thermal radiation. The star would slowly cool down

and lose mass by blowing the outer layer off to get from 5 Mg (solar mass)
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to less than 1.4 Mg reaching the Chandrasekhar limit [12]. However, if it has
a companion star it may start accreting mass from the companion or even
merge with it. The companion may be a larger star which does not have a
strong enough gravitational force to tightly bind the outer-most layers. The
collapse of the core of a white dwarf star due to further accretion of mass
leads to Type Ia supernova as shown in figure 1.3. If the collapse is
asymmetric, having significant angular momentum, then it will result in
emission of gravitational radiation. However if the deformation were
symmetric then no gravitational radiation would be emitted. A larger star
may also form an iron core, which shrinks continuously and is supported by
electron degeneracy pressure until their mass exceeds the Chandrasekhar
limit. The core of the star would collapse once the electron degeneracy
pressure is no longer able to sustain it. If the mass is sufficiently high then
the collapse of the core would lead to the formation of a black hole. The
collapse of the cores of these larger stars is classified as Type II supernovae,
shown in figure 1.3. Once again if the collapse is asymmetric then

gravitational waves would be produced.

.
—_ O
- i
Star Sheds outer layer Forms white If it can accrete Typela
(after red giant dwarf star (after mass from binary Supernova
stage) cooling down) partner explosion after

1.4 solar mass

< Black hole
- formation
" =—> O = mpn
' supernova

massive star
(mnore than §
solar masses)

Sheds outer layer Core collapse

Figure 1.3 Schematic of the death of two stars (having different masses),
leading to supernova explosion of Type la and Type II.



[Chapter 1 Gravitational waves, sources and their detection]

t 1

The strain amplitude “ A" as expected from supernovae was given by Schutz

[13], and is as follows,

1
b~ S x 10-22 ( E ) (15Mpc) (1kHZ) <1ms>2 (1.2)
1073 Mgc? r f T /)’

where F'is the total energy radiated in the form of gravitational waves, Mg

is the mass of the sun, ¢ is the speed of light, fis the frequency of the

gravitational waves, T is the time for the collapse to occur and r is the

distance from the source.

From the fifth science run of the LIGO (Laser Interferometer Gravitational-
wave Observatory) detectors no gravitational wave signals are detected, this

results in an upper limit of less than 0.015 events per day at signal level

>5x10"" Hz "/ [14] (since the unit of power spectral density is 1/Hz, the unit

of strain sensitivity is 1/VHz.).

Coalescing compact binaries

A compact binary system can be defined as a combination of two compact
stars (e.g. neutron stars or black holes) orbiting around a common centre of
mass. Compact binary systems exist in the following forms: neutron /
neutron star (NS/NS), black hole / black hole (BH/BH) and neutron star /
black hole (NS/BH) combinations. In a binary system like PSR 1913+16,
the orbital period decreases because of the loss of energy in the form of
gravitational waves. As the distance between the two stars decreases, the
amplitude and frequency of gravitational radiation increases. In the last few
seconds, before the coalescence of the two stars, the amplitude and
frequency values will increase such that it will be observable with the
ground based detectors. According to Schutz [13] the estimated strain

amplitude for a coalescing neutron star will be,

5 2
3 3

h~1x10"23 (100Mpc)( al: ) ( f ) (1.3)
r J\1.2Mo) \200Hz) ’

where M, = (M;M,)3/5/(M; + M,)"/5 is the “chirp” reduced mass parameter
of the binary system, A/, and A, are the masses of the two stars. The other

symbols are as defined in equation (1.2).

The population of binary systems having black holes is smaller than for

neutron stars; however the higher density and mass will lead to larger
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amplitudes of gravitational radiation, which will increase the chances of
detection. In the data taken by the LIGO-VIRGO and GEO detectors no
evidence has been observed for a neutron star within a distance of 14 Mpc
[15, 16].

1.3.2 Periodic sources

Pulsars

Pulsars are rotating neutron stars and a possible source of continuous
gravitational waves. Gravitational waves are expected to be emitted as a
result of the non-axisymmetric spin of a pulsar from residual crustal
deformation. This could be due to cracking of the crust in the strong
magnetic field of the star. The waves emitted from such a pulsar are
expected to have a frequency of twice the pulsar rotational frequency, £,,.
The strain amplitude of the radiation from such a source can be estimated
to be [17],

h=6x107 () (57) (5) @y

The measure of the degree of non-symmetry in the star is given by “¢”, the

equatorial ellipticity.

In 1054, Chinese astronomers recorded the remnant of a supernova in the

Crab nebula, this object has an expected source of gravitational waves at
around 60 Hz with an estimated strain amplitude of 2 ~ 10™, ¢ ~7 x 107, r
= 1.8 kpc and £, = 30 Hz [17]. From the fifth science run of the LIGO
detectors, the ellipticity of the Crab Pulsar must be smaller than 1.8x10™
[18].

1.3.3 Stochastic sources

The superposition of signals from many sources may lead to the existence of
a background of gravitational waves, which is similar to coalescing compact
binaries (CMB), whose amplitude may be high enough to be detected as a
stochastic background. A single detector will not be able to distinguish these
stochastic backgrounds from the presence of noise. Hence a combination of
several detectors can be used to cross-correlate the data and separate the

stochastic background from the random noise [19].
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Assuming the cosmic string scenario for the formation of the structure in the
universe, a level of background radiation can be predicted whose amplitude
is given by [20],

2

H Q f 2/ B
) N , ow (1.5)
h~24x10 (75 kms‘lMpc‘l) (10—8) (100Hz) (2Hz) ’

for a bandwidth B, about a frequency £ where €, is the energy density per

1
2

logarithmic frequency interval required to close the universe and H, is the
Hubble constant. From the fifth science run the amplitude of a stochastic
background of gravitational waves must be less than 6.5%10% [21]. The
results were used to explore the parameter space of some models of the
stochastic background, including the cosmic strings models and pre-big bang

models.

1.4 Gravitational wave detectors

Gravitational waves cause a very small strain ‘hyps= 10'23', in space-time. In
order to detect these signals ultra sensitive detectors are required. Designs
currently being developed include resonant bar detectors and laser
interferometers. These two designs are ground based detectors targeted at
sources emitting at frequencies above 10 Hz. A space based detector aimed
at lower frequency signals is also planned and will be discussed in section
1.6.

1.4.1 Resonant bar detectors

The bar-type detectors were the first ground based detectors and were
initially developed by Joseph Weber at University of Maryland about 45
years ago [22]. Each bar consisted of a large aluminium cylinder with a mass
of several tons which was well isolated from ground vibrations and acoustic
noise in the laboratory [3, 4]. The bars had a resonant mode at ~ 1600 Hz
such that a gravitational wave of the same frequency incident on the bar
would lead to vibration of the cylinder, thus causing a mechanical strain

which would be measured by a transducer and amplifier.

Weber placed his detectors 1000 km apart and searched for coincident
excitations, claiming some success. However similar experiments carried out

at other laboratories in USA, Germany, UK and Russia could not duplicate



[Chapter 1 Gravitational waves, sources and their detection]

t 1

Weber’s results and expected amplitudes of gravitational wave signals were
at a level that was below the sensitivity of the Weber-type detectors. The
development of the resonant bar types of detector continued and strain
sensitivity levels of around 10 for millisecond pulses have been achieved.
Mini GRAIL [23] and Mario Schenberg Detector [24] have measured strains
of h~10* at 3 kHz . However the bar detectors have a narrow frequency
bandwidth and are sensitive only to signals that have significant spectral
energy within this bandwidth. To overcome this limitation, gravitational
wave detectors based on laser interferometry have been designed and

developed and will be discussed in the next section.
1.4.2 Laser interferometer

In 1970, Forward [25] and Weiss [26] started work on laser interferometers
for the detection of gravitational waves. A gravitational wave detector based
on the technique of laser interferometry offers high sensitivity over a wide
range of frequency. These detectors look for the effects of gravitational
waves on the position of the test masses, suspended as pendulums, which are

widely separated from each other and isolated against seismic noise. This

technique is based on the principle of a “Michelson interferometer” as shown

in figure 1.4.

End murror

Beam
splitter End mitror

LASER

Photodetector

Figure 1.4 Schematic of a simple Michelson interferometer.
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In a Michelson interferometer light from a laser is incident on a beam
splitter where the light is partially reflected and partially transmitted into
the orthogonal arms. The light is then reflected back from the end mirrors
to the beam splitter where the light is recombined and interference occurs.
The interference fringes are then sensed via a photodiode. Any motion of the
mirrors changes the relative arm length and thus causes a change in the
intensity of the interference pattern. The mirrors are suspended as
pendulums and under vacuum so as to isolate them from seismic noise,
pressure fluctuation and other sources such as thermal noise, and gas

damping.

When a gravitational wave is propagating in a direction perpendicular to

the plane of the arms of the interferometer, it produces a fractional change
in the arm length, such that one arm will increase by an amount 4L and the

other will decrease by AL. Hence it can be realised that the detectable
signal strength is directly proportional to the length of the arm. The
optimum arm length for a wave of frequency 1 kHz can be calculated [10],

Loptimum = % ~ 75 km. (16)
Arm lengths for the ground-based interferometer are currently limited to
around 4 km, due to practical considerations such as curvature of earth and
ease of construction. However a delay line arrangement [26] or a Fabry-
Perot cavity in each arm of the instrument [27] can be used to effectively
increase the arm length by reflecting the light as shown in figures 1.5 and
1.6.

Delay line interferometer

Proposed by Weiss [26] in the 1970’s, the design consists of two additional
“inboard mirrors” in between the “beamsplitter” and the “outboard

mirrors”, as shown in figure 1.5. The reflected or transmitted light from the
beamsplitter enters the inboard mirror through a hole. The light then
undergoes multiple reflections between the two curved mirrors and thus
increases the optical path length. The light then exits the delay line through
the same hole. However delay line interferometers are susceptible to noise

from scattered light.

10
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Figure 1.5 Schematic of a delay-line interferometer

Fabry-Perot interferometer

The Fabry-Perot interferometer uses Fabry-Perot cavities in the arms of the

interferometer so as to increase the storage time as shown in figure 1.6. This

technique was initially developed in Glasgow in the early 1980’s [27]. The
cavities are held to resonate with the carrier frequency of the laser light
using electronic feedback and actuation systems such that multiple
reflections of the light lie on the same spatial path. One advantage in using
this technique rather than the delay-line arrangement is the reduction of
noise introduced through scattering of light. However an additional
complexity is introduced through the necessity of adding control systems to
hold the cavities on resonance. A typical power gain in the cavities of the
LIGO detector is from 10 W to 10 kW.

11
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Figure 1.6 Schematic of a Fabry-Perot interferometer

Power and signal recycling

The Power recycling technique requires an additional mirror placed before
the beam splitter with the intention of re-using the laser light which is
coming back from the interferometer, as shown in figure 1.7(a). Since the
interferometer is operated just off the dark fringes at the output photodiode,
the majority of light exits the interferometer towards the laser. By placing a
partially reflecting mirror in between the laser and the beam splitter a
resonant cavity can be formed where the interferometer will act as the
second mirror [28]. This is done to increase the laser power and enhance the
sensitivity of the instrument. The power build up inside the interferometer
is high enough to create the required kilowatts of laser power at the
beamsplitter [29].

Similarly, through signal recycling one can reuse the laser light produced by
the effect of a gravitational wave signal at the output port to increase the
sensitivity of the interferometer [30]. The laser light coming out of the
interferometer at the photodiode may be recycled back into the
interferometer by placing a partially transmitting mirror in between the
beam splitter and the photo diode. This will lead to the formation of an

optical cavity between the signal recycling mirror and the interferometer [31]

12
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and will result in an enhancement of the signal produced by an incoming
gravitational wave (in a narrow band allowing specific tuning) for sources

such as continuous waves from neutron stars.

Power recycling
mirror

Signal recycling
mirror

b} .
Photodetector Photodetector

Figure 1.7 Schematic of a Fabry-Perot interferometer, (a) — picture on the

left shows the addition of a power recycling mirror and (b) — on the right

the addition of a signal recycling mirror.

1.5 Noise sources

The sensitivity of an interferometric gravitational wave detector is affected
by a number of noise sources. In this section some of the common noise

sources will be discussed.

1.5.1 Seismic noise

Seismic noise arises from natural phenomena such as earthquakes, ocean
waves beating on the shore or from man-made sources like movement of
traffic. The level of seismic noise depends upon the location of a site and

may vary with time. However at a reasonably quiet site on the earth the
seismic noise could be around 1077f7?m/vHz [32]. The pendulum
suspensions used in gravitational wave detectors have been specifically
designed as active and passive isolation system for seismic isolation over the

range of frequencies in which the detectors operate. For the horizontal and

vertical direction the pendulum attenuates the displacement by a factor of

13
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2
(%) where £ is the resonant frequency and fis the frequency at which it is

driven [10, 33].

1.5.2 Gravitational gradient noise

Gravity gradient noise, also called Newtonian noise, results from the mirrors
directly coupling with local fluctuations in the gravitational field [34]. This
is caused by the changing mass distribution of the surrounding area and is
likely to limit the sensitivity of the detectors at a frequency less than 10 Hz.
Building a detector underground (future detectors like the FKEinstein
Telescope) or in space like NGO is one of the possible solutions to reduce
gravity gradient noise through active subtraction techniques with

seismometers [35].
1.5.3 Thermal noise

Thermal noise in an interferometer results from the thermal energy of atoms
and molecules in the test masses, coatings and the suspension system [36]. It
is one of the important noise sources, which affects the sensitivity of the
detector from few Hz to several 100 Hz [37, 38]. The suspension thermal
noise arises from the Brownian motion of the atoms and molecules and
dissipation in the different parts of the system such as the suspension
elements, including the test mass, fibres and ears. Hence the materials used
for the suspensions should be of low mechanical loss, such as fused silica.
Such a material reduces the effects of Brownian noise. The aspects of

suspension thermal noise will be further discussed in chapter 2.

Coating thermal noise is one the other significant noise sources, which arises
from the mechanical loss of the mirror coatings applied to the test masses
for high reflectivity. Ta,O; is a highly dielectric coating material [39], which
has low optical loss properties and is also used in the optical industry. These
coatings are applied on the test mass surface as alternating layers of varying
refractive index. The thermal noise associated with the multilayer dielectric
coating will limit the sensitivity of the second generation of detectors at
their most sensitive frequency band. In order to reduce the thermal noise
arising from the test masses, the design of the test masses should be such
that they have very high internal resonant mode frequencies and their size

should be large enough to accommodate the laser beam spot [40].
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1.5.4 Quantum noise

Quantum noise comprises of photon shot noise at high frequency and
radiation pressure noise at low frequency. Photon shot noise occurs due to
the fluctuations in the number of photons at the output of an
interferometer. According to Poisson statistics if /V photons reach the output

of the interferometer then the uncertainty associated with counting the

photons is v/N. This leads to noise at the photodiode, which in turn
decreases the sensitivity of the detector. The shot noise limited sensitivity

for a simple Michelson interferometer type interferometer is given by [41],

honoe) = (£) G

)2,1/VEzZ, (1.7)

where 7 is Planck’s constant, 4 is the wavelength of light, Z is the length of

the interferometer arm, c is the speed of light and P, is the laser power. It

should be noted that increasing the laser power helps to improve the shot
noise limited sensitivity; however it can also lead to an increase in the
radiation pressure noise in the instrument. Radiation pressure noise results
from the transfer of momentum to the test mass mirrors from photons

reflecting off the surface of the test mass.

The power spectral density of the fluctuation due to radiation pressure noise

at frequency fis given by [42],

N  [2nP,,
mf2L .| m3Ac

hrp(f) = ;1/\/E (1‘8)

where NN is the number of reflections of light in a cavity and m is the mass
of the mirror. In a simple Michelson type interferometer at a particular
frequency the shot noise can be made equal to the radiation pressure noise,
however this requires optimization of the input laser power. This is known
as the ‘standard quantum limit’ [43]. Advanced LIGO is likely to be limited
by quantum noise between 10 Hz and 50 Hz [44]. Increasing the mass of the
mirrors or by using a lower laser power can reduce the effects of radiation
pressure noise. However, lowering the laser power degrades the sensitivity at

higher frequencies.
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1.6 Status of interferometric gravitational wave detectors

A network of laser interferometers for detecting gravitational waves is
currently being built around the world. The sites of the laser interferometers

are shown in figure 1.8.

Advanced
LIG

S BRAZIL &

nnnnnnnnnn

::::::::::

Figure 1.8 The network of major detectors built around the world for the

detection of gravitational waves signals.

LIGO and Advanced LIGO detectors

The LIGO project operated detectors located at two different sites in USA
[45], one at Hanford (WA) and the other at Livingston (LA), shown in
figure 1.9. These detectors were conducting science runs until 2011. The arm
length of these detectors is 4 km. There is a second instrument installed in
the Hanford vacuum enclosure, which will be shipped to India for the LIGO
India (4 km) detector. The test masses in the interferometer were
constructed out of 10.7 kg silica mirrors and each one was suspended in a
single wire loop wire suspension, operating with a 10 kW laser power in the

Fabry-Perot cavity.

16



Chapter 1 Gravitational waves, sources and their detection

Figure 1.9 Arial photographs of the two LIGO detector sites in the USA, on
the left is the LIGO Livingston in Louisiana and the image on the right is
the LIGO Hanford in Washington.

Figure 1.10 shows the strain sensitivity (amplitude spectral density) of the
LIGO detector for the different science runs made from 2002 till the fifth
science Tun S5 (2007). The best strain sensitivity of h ~ 3 X 10723VHz over

a frequency range of 100 Hz to 200 Hz was achieved in the year 2007 from
the fifth science run [46]. The LIGO detector ceased operation in 2011.

le-16 [

LLO 4km - S1 (2002.00.07) |
LLO 4km - 82 (2003.03.01) | |
le-17 LHO 4k - $3 (2004.01.04) 5
LHO kin - $4 (2005.02.26) |

: LHO 4k - §5 (2007.03.18) [
le-18 LIGO 1SRD Goal, 4km

le-19

le-20 |

h[f]. 1/Sqrt[Hz]

le-21|7

0 100 1000 10000

Frequency [Hz]

Figure 1.10 Strain sensitivity of the LIGO detectors for different science

runs; the most recent data shown is from the fifth science run, S5, in 2007

47
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An upgrade to LIGO, Advanced LIGO (aLIGO), is currently under
installation /fabrication phase and is expected to be online by 2015-16 at the
two sites in the USA [44]. Advanced LIGO will employ a quadruple
pendulum fused silica suspension system, increased laser power and
improved coatings applied to the test mass mirrors [48]. The quasi
monolithic fused silica suspension mirrors will employ four silica fibres of
diameter 400 microns, suspending a 40 kg silica test mass. A steel wire in a
loop will suspend the intermediate mass. The seismic noise will be minimised
down to 10 Hz due to an improved suspension isolation system thus giving a
broader detection bandwidth. Power and signal recycling as well as light
squeezing techniques used in the GEO 600 will also be employed in the
Advanced LIGO detector. Figure 1.11 shows the individual and total noise
budget projected for the Advanced LIGO detector. The plot shows that the
suspension thermal noise is dominated by quantum noise above 12 Hz. The
proposed sensitivity for Advanced LIGO is expected to exceed that of LIGO
by a factor of ten. This may expand the volume of space observed by
detectors by ~ 1000 times, which may lead to the detection of several 10’s of
events per year [49]. The binary neutron star detection rates for the aLIGO-
Virgo network is 40 events per years, with a range of 0.4 to 400 per year [50,
51]. The event rate for the supernovae out to the VIRGO super cluster at a
distance of ~ 15 Mpc, is estimated to be several per month [52] for the
alLIGO detector.
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Figure 1.11 The projected noise budget of the aLIGO detector.

A third LIGO detector is planned to be located in India, which will be a 4
km interferometer and will use the components from the second half length
arm of the Hanford site. Initially AIGO (Australia) was proposed for the
third LIGO detector site, while India was the second option. Australia being
in the southern hemisphere of the globe would have greatly improved the
network. However the funding for this third detector was approved by
CSIR, India. This third detector will help in triangulation of the
gravitational wave signals. The installation of the detector is expected to
start around 2017-18.

GEO 600 detector

The German-British GEO 600 detector is an interferometric gravitational
wave detector near Ruthe outside Hannover in Germany. The overall design
sensitivity of the detector in terms of amplitude is 2x10??/Hz at 50 Hz [53-
55]. In order to achieve this sensitivity, a significant degree of seismic
isolation has to be provided to the test mass in the horizontal and vertical
direction. This is accomplished by using a triple pendulum system

suspended from cantilever springs [56] including a lower stage of fused silica.
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The details of the suspension system of GEO 600 detector can be found in
the literature [57]. It should be noted that the suspension system for

Advanced LIGO is developed from GEO 600 detector’s design.

Figure 1.12 shows the site of the GEO 600 detector in Germany, having an
arm length of 600 m. Figure 1.13 shows the best strain sensitivity measured
for the GEO 600 detector which is compared to the sensitivity of the LIGO
and VIRGO detector.

Figure 1.12 Figure on the left shows the GEO 600 site at Ruthe near
Hannover, the central building for the laser can be seen, the figure on the

right shows one of the arm which is a 600 m long vacuum tube.

GEO 600 is currently being upgraded to GEO-HF status. GEO-HF will
employ squeezed light technology [58] and install an output mode cleaner to
improve its high frequency performance above 1 kHz. The major upgrade
includes a change of the read out scheme from a heterodyne RF (radio
frequency) read out to a DC read-out (Homodyne detection scheme) system.
The input laser power will also be increased to 35 W. Details of the GEO-
HF detector upgrade are discussed in chapter 3 of this thesis. The GEO
detector is currently the only detector among the LSC community, which is

online and taking data till the Advanced LIGO detector comes online in

2015~16.
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Figure 1.13 Comparison of the best strain sensitivity measured for GEO 600,
the LIGO and VIRGO detectors [32).

Virgo+ and Advanced Virgo detector
Virgo is a 3 km, French/Italian detector situated at Cascina, near Pisa,

which started its first science run in the year 2004 achieving a strain

sensitivity of 6x10% /VHz at 300 Hz [59]. The Virgo detector was upgraded
to Virgo+ in 2011. The upgrade includes Fabry-Perot cavities, increased
laser power (25 W), thermal compensation system on the mirrors, improved
control electronics, installation of new mode cleaners and injection optics.
The mirrors are suspended from a multistage pendulum system. The details
of the suspension system can be found in the literature [60, 61]. The Virgo+
detector will be further upgraded to advanced Virgo, which will include
higher finesse arm cavities. The advanced VIRGO will employ a fused silica

suspension (silica fibres and mirrors) at the lower-most stage. The

sensitivity of the detector is aimed to be increased by a factor of ~10.
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KAGRA detector (LCGT)
The KAGRA detector, previously called the °‘Large-scale Cryogenic

Gravitational wave Telescope (LCGT), is currently under construction in
Japan, located underground in the Kamioka mine [62]. The arm length of
this detector will be 3 km. KAGRA will be operating at cryogenic
temperature (20 K) and will employ sapphire as the material for the
suspension elements. The sensitivity of the KAGRA detector will be similar
to the advanced LIGO detector [63]. A small prototype detector already
exists in Tokyo, called TAMA detector with an arm length of 300 m. The
details of this detector can be found in the literature [64].

Space based interferometric detectors
The new gravitational wave observatory NGO which was earlier known as

Laser Interferometer Space Antenna (LISA) [65] is an ESA (European
Space Agency) project [66]. The arm length of the proposed design is 1x10°

metres, with three arms forming an equilateral triangle with test masses

placed in three separate spacecraft. The strain sensitivity of NGO will be A

~10% / VHz at 1 mHz. The LISA pathfinder is scheduled to be launched in
2015 to demonstrate the feasibility and endurance of the different
instruments and to validate new measurement technologies necessary for the
success of any future mission. This space-based interferometer will
complement the ground based detector network by studying gravitational
waves from astrophysical sources emitting at frequencies (0.1 mHz to 1 Hz)

in a band inaccessible to detectors based on earth.

1.7 Conclusions

The first direct detection of gravitational waves is one of the most
important aspects in the field of gravitational physics astronomy and is
highly awaited ever since it was first proposed in the general theory of
relativity. Studies have shown that several sources such as black holes,
neutron stars, and coalescing compact binaries will be emitting the
gravitational waves signals and are within the reach of ground-based
detectors. A network of gravitational wave detectors has been built and is
operating around the world. Significant progress has been made in recent

years regarding the development and upgrade of the current and future
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detectors. With improving sensitivities made possible by employing new
technologies, the direct detection of gravitational waves is coming closer.
Once this is achieved, it will open a new window for observing the universe
via the gravitational signals and form a new branch of astronomy.

The work presented in this thesis focuses on the development of current and
future detectors by studying the suspension thermal noise and mechanical

loss of the materials limiting the sensitivity of the detectors.
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Chapter 2 Thermal noise

2.1 Introduction

Thermal noise is one of the most significant noise sources affecting the
sensitivity of gravitational wave detectors at frequencies below 100 Hz.
Thermal noise in the system reveals itself in two ways: through the random
motions of individual atoms (Brownian motion) [67, 68], and temperature
fluctuations of different parts of the system. These temperature fluctuations
can result in random displacement in the system if the materials have a
finite coefficient of thermal expansion or if the system is under stress and
the modulus of elasticity (Young's modulus) is a function of temperature
(Thermoelastic loss).

In a long baseline gravitational wave detector the study of thermal noise is
important in the suspension elements of the test mass mirrors where it
causes random movement of the mirrors at the pendulum modes and also
the violin mode frequencies of the suspension fibres. Thermal noise also
leads to fluctuations in the position of the mirror face of the test masses due
to random fluctuations of the molecules in the test masses and their
dielectric mirror coatings.

This chapter focuses on the theoretical description of thermal noise

associated with the suspension elements in gravitational wave detectors.

2.2 Fluctuation-Dissipation theorem

The fluctuation-dissipation theorem states that in thermal equilibrium any

linear system with dissipation has fluctuations [69, 70]. The power spectral
density of the thermal driving force Sp(@) is related to the dissipative (real)
part of the mechanical impedance Z(w ) by the equation,
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Sp(w) = 4kgTR[Z(w)]. (2.1)
The mechanical impedance can be defined as Z(w) = g = %, where F'is the

external force acting on the system and v is the velocity. Using the
definition of impedance the fluctuation dissipation theorem can be written in
terms of power spectrum density of thermal displacement S, (w),

4kyT
(1)2

Sx(w) = R[Y ()] (2.2)

where Y(w) is the mechanical admittance, which is inverse of

1

m) The equation of motion of a gas damped

impedance (Y(a)) =
pendulum excluding the fluctuating forces is given by,

F = mxX + bx + kx. (2.3)
where k is the spring constant. For a harmonic solution, X = iwx and

X = iwx, hence the above equation can be written as,

kx
F =iomx + bx + — (2.4)
iw
or
ik
F=5c[iwm+b—5 (2.5)

The mechanical impedance can now be rewritten as,

Z(w)=b+1i [mw — g] (2.6)

The real part of Z(w) is b and so we have,

S¢(w) = 4kyTb, (2.7)

The admittance can be written as,

1

Y(f) = (2.8)

. k
b+i [27tfm — m]
Rationalising the denominator and taking the real part of the admittance,

the power spectral density can be written from equation (2.2) as,

4kyTh

2 f? (bz + (wm - k/a,)2>.

Sy (w) =
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The calculation of suspension thermal noise in gravitational wave detectors
is based on models in which the resonant modes of the test masses and

suspensions are modelled as damped harmonic oscillators [71]. Damping due
to internal friction introduces a phase lag ¢ (which is the loss angle), such
that b = ¢. However for viscous damping, b = ¢(w), where ¢(w) represents
the phase lag in radians and is frequency dependent, can be used in equation
(2.3), assuming ¢(w) << 1. Hence in terms of power spectral density of

displacement, S, (w ), the fluctuation-dissipation theorem can be expressed as
[36],

4kpTwop(w)

Sy(w) = 2m3wm[(w? — w?)? + wig?(w)]

(2.10)
where ¢(w) is the mechanical dissipation or loss factor of the oscillator of

mass m at temperature 7', wy = ’k/m is the angular resonant frequency

and 4k, is Boltzmann constant. Thus to minimise thermal noise we require
ultra low loss materials used for the test masses and suspensions in

interferometric gravitational wave detectors. In turn these material result in
1
P(@,)

suspension with high quality factor ¢), where Q=

The amplitude spectral density of the thermally-induced displacement for a
single pendulum of length 0.28 m, mass 5.6 kg and varying () is shown in
figure 2.1. A system having high () puts more energy into the resonant
modes while the root mean square (rms) is equal to equation (2.7).
Gravitational wave detectors operate with high ) suspensions, which exhibit

low off-resonance thermal noise.
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Figure 2.1 Amplitude spectral density estimated using different values of

mechanical loss.

2.3 Sources of dissipation

In the mirror suspension of a laser interferometer there are many sources of
dissipation which need to be minimised in order to achieve low levels of
thermal noise [72, 73]. These include thermoelastic loss, surface loss, bulk
loss and weld loss. In addition, the loss can be reduced by storing energy in

the lossless gravity which is known as the dissipation dilution factor.
2.3.1 Dissipation dilution factor

The reason for choosing multiple pendulum suspensions is to improve the
low frequency thermal noise by storing most of the energy in gravity.
However, they also provide low frequency (~10Hz in alLIGO) seismic
isolation to the test mass mirror. The mechanical loss of a pendulum results
mostly from flexing at the ends of the fibre where maximum bending occurs.
In other words, the loss is concentrated at the bending points of the fibre.

Using thin fibres, helps to reduce thermal noise by storing most of the
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energy in the non-dissipative gravitational field [36, 74]. To understand this

effect, consider a simple pendulum suspending a mass m. Once the mass is
suspended the tension in the wire is equivalent to ‘mg and the wire will

elongate until the elastic restoring force equals the tension in the wire.

LLLL

-1 m = -mgsint

Figure 2.2 A simple pendulum system displaced horizontally, with gravity as

a restoring force.

On displacing the pendulum horizontally, as shown in figure 2.2, a restoring
force will be developed due to the effect of gravity on the mass and also
from the spring constant of the wire. The restoring force for the
gravitational field gives the equivalent spring constant of,

mg

kgrav = T (2.11)

This equation can be used to estimate the effect of the loss for such a
pendulum system. The energy stored in the bending of the wire is given by,

! 2 (2.12)

Estoredwire = Ekwirex )

where £k, is the spring constant of the wire. If some fraction () of energy is

wire

lost per cycle then it can be represented as,

1

Elostpercycle = E)(kwirexz (2.13)

and using the definition of loss,
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1 Eiost 1 _kairexz X
Bmacr0) = o = —pperose 27 - X (2.14)
stored Zﬂ(z kwirexz)
Adding in the energy stored in the gravitational field,
1 2
EStoredpendulum = E (kWiTe + kgrav)x . (215)
Hence,
1 2
b (wy) = ?XkWirex _ Xkwire
pendulum o) — - ] .
213 (i + kgran)? 27 Covtre hgra) (210
Now from equation (2.14),
kaire
d)pendulum(wo) — Zn(kwire + kgrav) — kwire (2'17)
¢mat (0)0) % kwire + kgrav.
If kgmv >> ‘kwfre then7
k. .
¢pendulum(w0) ~ ¢mat(w0) e (2.18)

kgrav
Hence, since &, >k

grav wire,

the loss in the pendulum is reduced by the factor

k rav
known as the ‘dilution factor’ defined as D =22 > 1 .

wire

If there are n wires suspending the mass (wires attached in a plane through
the centre of mass perpendicular to the direction of swing) instead of just

one wire, then the elastic spring constant is given by [36],

P mr (2.19)
wire 2L2 )

where 7' is the tension in each wire, Y is the Young's modulus of the wire

material, 7is the second area moment of inertia, defined as I = [ y?dA, with
y the distance to x-axis and dA the unit element of area. For a circular cross
7,.4-

section wire | = nT [75], where r is the radius of the wire. Hence the total

pendulum loss is given by,
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nvTYI
2mgl

The loss in the pendulum is directly proportional to the loss of the material

(2.20)

¢pendulum (‘Uo) ~ ¢mat (a)O)

used for its suspension fibres but reduced by the dilution factor. Since the

dilution factor can be expressed as %= w, substituting for the term

¢material

per wire, ‘mg=nT" gives,

1_ v (2.21)
D 2INT

Hence the dilution factor can be defined as the ratio of total gravitational
energy of the suspension pendulum motion to the elastic energy stored in

the wires.

2.3.2 Thermoelastic dissipation

Thermoelastic loss describes heat flow across thin flexing beams or fibres
and was studied by Zener [76] and Norwick [77]. Thermoelastic loss arises in
the fibres and mirrors [78] of the suspension system. In order to understand
this phenomenon, consider a thin wire that is deflected; in such a system
one side would be in a state of compression and the other in tension. This
will lead to a rise in temperature on the side that is under compression while
the other side under tension will cool due to the change in the internal
energy. The thermal gradients developed will in turn lead to heat flow
across the wire until thermal equilibrium is reached. The heat flow results in
a loss which is frequency dependent and is related to the relaxation time
(thermal time constant). In an un-deflected wire the local temperature
fluctuation will cause motion of the wire. This is due to expansion or
contraction resulting from the finite thermal expansion coefficient of the
wire material. The expansion coefficient a@ can be expressed as,
1dL
T LdT
where L is the original length of the wire and dL/dT is the change in length

with respect to temperature. The dimensions of the body, the thermal

a (2.22)

conductivity and specific heat capacity defines the characteristic frequency
for the heat transfer. The characteristic frequency of a wire of circular cross

section and diameter d, is given by [77, 79],
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1 K
fehar = P 2.16pCd2 Hz. (2.23)

Here x is the thermal conductivity, C'is the specific heat capacity, t is the

characteristic time, and p is the density of the wire material. The loss

associated with the thermoelastic dissipation is given by,

() =A—2" 2.24
Plw) = 1+ (wt)? (2:24)
where,
2
.Gl (225)
pC

This assumes that the Young's modulus, Y, is temperature independent but

this is not true for any material. Hence a parameter, f, called the elastic
thermal coefficient, which is analogous to the thermal expansion coefficient,

can be introduced,
_1ldy
- YdT
This elastic thermal coefficient will not lead to any contribution to thermal

(2.26)

noise unless there is a static stress, o (defined as T/area,where T is the
tension), in the beam. To understand what happens in a situation where
there is a static stress the case of a simple pendulum is considered. For a
pendulum of length L the extension dL due to the thermal expansion

coefficient is given by equation 2.22 as
dL = aLdT. However there is an equivalent change in length dL which

results from the change in Young's modulus with temperature when the

pendulum suspension fibre is under tension. The stress is related to the

Young's modulus by,

o= Y(—) (2.27)

dlL = (G—L) (2.28)

Hence we can write,

dL —oldY

-, (2.29)
dT ~— Y2 dT

or
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1dL  —odY
LdT  Y2dT
Thus for a temperature change d7, the extension due to the temperature

(2.30)

coefficient of Young’'s modulus is,

—olLdY

dL = ——dT. 2.31
Y2 dT ( )

Thus the total extension for a temperature change d7, is,

olLdY
dLeotar = aLdT — Lz —dT. (2.32)
Thus there is an effective ‘coefficient of expansion’ a' = %% =
a— odary _ o — Ci and when thermoelastic noise is calculated this
Y2dT Y

effective ‘coefficient of expansion’ should be used. Hence when considering
the loss factor of suspension materials, the thermoelastic loss is finally given
by,
YT ol 2wt
D thermoelastic (@) = p_C(a - 7) 1+ (wr)z_' (2.33)
where,

YT o dYy? YT B>
o Tele-p] 5P

_r _r 2.34
o1 " vzarl T oc (2.34)

The suspension fibres used in the aLIGO detector are 60 cm long,

suspending a 40 kg silica test mass on four silica fibres. The fibres start from
a stock of diameter 3 mm. The stock tapers down to 800 um, which is the

thermoelastic noise cancellation region estimated using (a—%), as

previously discussed. The diameter of the thermoelastic noise cancellation

region is based on the static stress of 800 MPa in each fibre (load on each

fibre is 10 kg). The 800 pum section finally tapers down to the thinnest
section of the fibre which is 400 um in diameter [48].

2.3.3 Surface loss, bulk loss and weld loss

The remaining loss terms are a combination of bulk loss [80], surface loss
[81] and weld loss [12],
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¢fibre((‘)) = Ppu (@) + ¢surface + bweiar (2.35)

where @puik10ss(w) is the frequency dependent loss in the body of the
material, Psyrraceioss 15 the frequency independent loss associated with any
surface damage of fused silica samples due to absorbed contaminants or

surface welds and @ e1410ss 1S the loss of the weld region of the fibres. The

surface loss term can be described as [12, 81],

2mrl

S
Dsurface = #hqbsv = Iihgbsm = pho (2.36)

s

d
where pu is a coefficient dependent of the geometry of the fibre (for a circular
fibre u = 2), ¢, is the mechanical loss of the material surface and 4 is the

depth over which surface loss occurs. The value of h¢s is taken as 6.15x10™"
m from [81]. S is the surface area and V the volume. Hence for fibres of

circular cross section and diameter d the surface loss is given by,

8hao,

¢surface = d (2'37)

The bulk loss [80] and weld loss [12] terms are derived from measurements

and are given by,

w077
_ —12 (2
Boute = 7.6 X 10 (Zn) , (2.3
E; 2.39
Pweta = 5.8 X 1077 ——, (2.39)
total

where @ is the angular frequency in equation (2.38) and E;/Eiytq; is the
elastic energy ratio estimated from FEA, which is discussed in detail in the

next section.

2.3.4 Estimating the mechanical loss using FEA

The total diluted mechanical loss along with the individual loss terms
(thermoelastic, surface, bulk and weld loss) can be predicted using the Finite
Element Analysis (FEA) package - ANSYS. This involves creating a FEA
model of the suspension design, which is then solved to obtain the elastic
(strain) energy due to bending of the fibre. A fibre is built a using certain

numbers of elements (typical element density of 4 per mm for the
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convergence of values). The schematic of a real fibre model, which is
approximated to FEA model divided into number of elements, is shown in
figure 2.3. In the FEA model, the strain energy stored in each element 7 of
the fibre (while bending), is used to calculate the thermoelastic loss, surface
loss, weld loss and the dilution factor. The estimation of the dilution factor
requires additional information of the total kinetic energy stored in the
pendulum (for the respective mode). The information from the FEA model
is used to run a MATLAB script for estimating the individual loss term in

each "

element, which is then summed to give the total loss value as a
function of frequency [82]. The details of the FEA modelling technique is

discussed in the literature [83, 84].

' | |
i | | I
\ / | |
\\ A |<|— | Dimension of
- element j, d,, used
N Model \ to calcu;ate
\ _— > .~ | mechanical loss in
| | this element
ﬁ approximated to Il:j|
E\: ll ]
C |

Figure 2.3 FEA model of a fibre neck design divided into number of
elements. The individual loss terms are estimated by integrating the values

from each element i (figure courtesy of |84]).

The mechanical loss for each element 7in the fibre can be represented as,

2
YT wT;
—(a— O'iﬁ) ( - )
pC Y 1+ w2742

E.
+58x 1077 ——,

total

_ 8hes 12 (© 0.77
$ilw)= T+ 7.6 x 10 () +

(2.40)

where £ is the elastic energy stored in each element of the fibre, £, is the

total elastic energy, d.is the average diameter of the fibre in the ith element.

7, is the characteristic time for the heat to flow over diameter d; and o, is the
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static stress in the ith element. The total mechanical loss in the entire fibre

can be calculated by using,

¢, (w) + ¢$o(w) + -+

Etotal Etotal Etotal

1
Drotar (W) = =

Ey E, En
D

where and ¢, is mechanical loss in the " element of the fibre and there are n

elements in the model: 7 = 7,...,n. The FEA modelling techniques have been
used to design and estimate the mechanical loss and suspension thermal
noise of the GEO-HF and aLLIGO suspension system, which is discussed
ahead in chapter 3 and chapter 6 of this thesis.

2.4 Interferometer suspension thermal noise sources

In a low loss oscillator most of the thermal noise is located in the resonant
modes: pendulum and violin modes. There are other resonant modes in a
suspension that do not contribute significantly to the suspension thermal

noise, for example: pitch mode, tilt mode and bounce mode.
2.4.1 Pendulum mode thermal noise

The pendulum mode thermal noise is due to the mechanical loss of the
suspension material which suspends the test mass. The loss in the pendulum
is related to the loss of the suspension material (fibre in this case) such that

in general [36],

EnTYI

2 (2.42)
2mgl

¢pendulum (w) = (l)fibre (w)

¢ equals 1 for a single fibre pendulum where the fibre is bending at the top
[85]. If the fibres are constrained in such a way that allows bending at the
top and bottom then & equals 2. The pendulum mode frequency is below the
detection band of the instrument (due to seismic isolation) and this can be
done by keeping the wires long and thin. The loss in the pendulum can be
minimized via the effect of the dilution factor as the majority of energy is
stored in the gravitational field and very little in wires. The thermal noise
from the suspension system then depends on the loss factor arising from

Brownian motion, thermoelastic dissipation and the dilution factor.
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2.4.2 Violin mode thermal noise

The violin modes, also known as the transverse vibrational modes, of the
suspension fibres form a harmonic series and lie within the detection band.
The first violin mode will have a loss that is twice the loss associated with
the pendulum mode [85, 86] because the dissipation dilution is half of the

pendulum mode. The first violin mode loss can be expressed as,

¢violin(w) = 2¢pendulum(w)- (2‘43)
As the suspension system is made up of low loss material, the thermal noise
will be concentrated within a range of narrow frequencies around the
resonance. This has motivated designs such as those used in the GEO 600
detector and the design for the Advanced LIGO detector.

2.5 Conclusions

Thermal noise is one of the most important areas limiting the sensitivity of
the detectors and there are important issues with the designs of the
suspension elements that require further study. This will help us to
understand and optimise the designs of suspension elements of the future
detectors. Using the fluctuation dissipation theorem one can estimate the
thermal noise levels from the mechanical loss of the suspension elements.
The mechanical loss is the inverse of the quality factor ). The design of the
gravitational wave detectors is such that it operates with a very high @

factor and low off-resonance thermal noise.

However, there are various sources of dissipation and need to be minimised
to obtain a very high @ and low levels of thermal noise. The mirrors in the
gravitational wave detector are in the form of multiple pendulums. The loss
in the pendulum comes from the flexing of the wires and the material used
for construction. Using a multiple pendulum system reduces seismic noise at
low frequency, however using thin wires also helps in lowering the thermal
noise by storing most of the energy in the non-dissipative gravitational field,

which has been described as the dilution factor.

It is also important to design and optimise a system to lower the

thermoelastic loss which arises from the flexing of the suspension fibres. This
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is possible by choosing the value of stress in the suspension elements such

that the overall thermoelastic loss is significantly reduced.

There are other loss terms such as bulk loss, surface loss and weld loss,
which contribute to the total diluted mechanical loss. Using the techniques
developed in FEA, these individual loss terms along with thermoelastic loss
and the dilution factor can be predicted by estimating the elastic energy in

each element of the fibre.

For improving the sensitivity of the detector it is possible to design a system
where the thermal noise peaks are at a frequency away from the detection
band. The work in this thesis involves evaluation of the mechanical loss and

expected thermal noise of the suspension system.

37



Chapter 3 Thermal noise performance of a potential suspension upgrade for the GEO-HF
detector

Chapter 3 Thermal noise performance of a

potential suspension upgrade for
the GEO-HF detector

3.1 Introduction

A network of long baseline ground based interferometers has been built
around the world for the first detection of gravitational waves signals. The
German British GEO detector located near Hannover in Germany is one
among the four interferometers used within the LSC (LIGO scientific
collaboration) searching for gravitational waves [20, 87]. It has a shorter arm
length (600 meters) as compared to the two LIGO detectors (4 km) in the
USA and the VIRGO detector (3 km) in Pisa, Italy. KAGRA (3 km) in
Japan is a cryogenic temperature detector and is currently under
construction. The work in this chapter discusses the mechanical loss and
thermal noise performance estimated for the suspension system of the GEO
detector. Using new techniques, an optimised fibre design has been worked
out for a possible repair scenario of the suspension system of the GEO
detector. The procedure for the fabrication and welding of the monolithic

fused silica suspension is also discussed.
3.2 GEO 600 monolithic suspension

The GEO 600 detector is based on a Michelson interferometer having an
orthogonal arm length of 600 meters, which is folded once to obtain an
effective arm length of 1200 meters. A 14 W Nd:YAG laser system is used
as a light source and the interferometer employs power and signal recycling
techniques [28]. The suspension mirror of the detector comprises of a triple

pendulum system enclosed in an ultra-high vacuum system. The sensitivity
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of the detector in terms of amplitude is 6.5x10"* /YHz at 50 Hz [88]. To
achieve this sensitivity, a significant degree of seismic isolation has to be
provided to the test mass in the horizontal and vertical direction. The
vertical isolation is achieved by employing cantilever springs. The horizontal
isolation is achieved through a triple pendulum system, which was designed
to obtain a displacement sensitivity of ~2.4x10% m/VHz at 50 Hz [55].
Figure 3.1 shows the quasi-monolithic fused silica suspension system
consisting of a metal ‘upper-mass’ followed by a fused silica intermediate-
mass and finally the lowermost fused silica test-mass. The intermediate mass
hangs from the upper mass through a metal wire in a loop. The test mass is
suspended using four silica fibres (two at each side) which are welded onto
the fused silica ears (bonded to the sides of the test mass). Fused silica is an
ideal suspension material because of an intrinsic mechanical loss of very low
value (and hence high ). Fused silica can also be welded and pulled into
thin fibres.

i

Local _
control c‘:oil

Cantilever
spring

Test mass “"’t Fr %
@) mirror /
7
ot

Figure 3.1 Monolithic suspension system of GEO 600 inside the vacuum tank

[b5]. The fused silica intermediate mass is suspended from steel wire in a
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loop which is supported by metal cantilever springs, the silica test mass

hangs on four fused silica fibres.

The schematic of the suspension system inside the vacuum tank is shown in
figure 3.2. The triple pendulum system is suspended from cantilever blades
made from maraging steel. To control the suspension a reaction mass is
suspended as shown in the figure 3.2. An active and passive layer of a

vibration isolation system helps in cancelling the seismic noise.

A cantlleverspring N 7 cantilever spring
3

3
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stack stabiliser || |
flex-pivot - i
«_damping|
. arm
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2 stacks have been omitted for clarity ‘ 2 stacks have been omitted for clarity
€ 1.0m >

Figure 3.2 Schematic of the vibration-isolation of the suspension system
used in the GFEO detector. The triple pendulum is suspended from the
cantilever springs [54].

The advanced technologies like signal recycling and the use of monolithic
fused silica suspensions enables the GEO detector to achieve sensitivity close
to the LIGO and VIRGO detectors. However the LIGO detectors are
currently undergoing a major upgrade to Advanced LIGO, which includes a
quadruple pendulum suspension system having monolithic fused silica at the
lower most stage. The strategy thought out for the GEO detector has been
to optimise it for higher frequencies to compliment the sensitivities of the
Advanced LIGO and Advanced VIRGO detectors. Due to the limited
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infrastructure in the case of GEO (shorter arm length), improvement in the
sensitivity can only be achieved through the use of better optics and also by
incorporating some new technologies [89], including squeezed light to reach
the standard quantum limit [58]. The GEO 600 detector is undergoing an
upgrade to make it a high frequency detector and has hence been named as
the GEO-HF (high frequency) project [90]. Seismic noise is the dominant
noise source below 50 Hz and currently there are no plans for further
improvement. The planned upgrade of the GEO detector requires access to
the vacuum tanks enclosing the triple pendulum suspension system. As a
result there is a possibility that there could be damage to the suspension
fibres suspending the test mass, hence a repair scenario has been worked out
in Glasgow. This will reduce the downtime of the detector in case the
suspension fibre breaks. The possible repair scenario also gives us the
opportunity to re-design the suspension fibres, incorporating up to date
technologies developed for alLIGO. The new suspension fibres are designed
to improve the control of the suspension by ensuring better constrained
modal frequencies and suspension dynamics. The new fibres will also give a
better control over the violin mode frequency as the original GEO fibres
have a violin mode frequency spread of around 20 Hz. The new fibres will be
laser-pulled and will be highly reproducible with a precise control over their

geometry.
3.2.1 Original GEO fibre design

The fused silica fibres used in the GEO suspension were originally designed
by considering the pendulum mode, vertical bounce mode and the
fundamental violin mode frequency. The design specification required the
pendulum mode to be 1 Hz and the bounce mode frequency around 15 Hz.
The resonant frequency for the fundamental violin mode was kept around
650 Hz. Hence very thin fused silica fibres of diameter 220 micron and
length 280 mm were thought to be suitable [53]. Figure 3.3 shows the
schematic of the original fibre design along with the photograph of the
original fused silica fibre. To characterise the dimensions of the original
fibre, a fused silica fibre was shipped in a fibre transport tube from the GEO
site in Germany to Glasgow. The silica fibres were originally fabricated by
heating a silica rod (5 mm in diameter) using a hydrogen-oxygen flame-
pulling machine. These fibres have a longer neck due to the flame pulling

technique, ranging from 3 cm to 4 c¢m in length as shown in figure 3.3. The
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fabricated fibres have an excess stock region for clamping purposes. The
excess stock (~5 mm section), is chopped off using diamond tip cutters
roughly at a point where the cross sectional diameter of the tapering neck is
2 mm. The fibres are welded to the silica ears using the hydrogen-oxygen
flame welding technique. To fabricate a suspension, four silica fibres suspend
a 5.6 kg silica test mass. The test mass has silica ears bonded [91] to the flat
surface on both the sides. The original GEO fibres have low reproducibility
due to the flame pulling technique, which lacks precise control. Flame
pulling requires several 10’s of silica fibres to be fabricated before selecting
the right fibre based on the measured violin mode frequencies [57]. However,
even then they have significant variation in the neck geometry and bending
point thus making it difficult to control the suspension as it suffers from

internal mode coupling and a wide spread in the violin mode frequencies.

Diameter — 220 um

Taper length 30~40 mm
—

Diameter
2 mm

Total length of the fibre - 280 mm

Neck region

5 mm thick stock region

Figure 3.3 Schematic of the original fibre design used in the GFEO 600
suspension. The photograph at the bottom shows the original GEO fibre

(flame pulled) used in the suspension.
3.2.2 Suspension fibre re-design

The new silica fibres for a possible repair scenario were designed for the
fundamental violin mode to resonate above 1 kHz and to include
thermoelastic noise cancellation properties (discussed in chapter 2) as
utilised in the advanced LIGO dumbbell fibres [92]. Since the load on each
silica fibre will be 1.4 kg (5.6 kg for four fibres), the resulting stress of 800
MPa will be identical to the stress in the advanced LIGO fibres [93].

The new fibre design will be referred to as an optimised GEO fibre in this

thesis. Figure 3.4 shows a schematic of the 280 mm long silica fibre design
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having varying cross sections. A silica rod (also called stock) of diameter 2
mm will be used to fabricate the fibre, using the CO, laser pulling machine
setup in Glasgow. The fabrication of silica fibres is discussed in section 3.5.
The 2 mm stock will be 10 mm long and will taper down to a diameter of
300 um thermoelastic noise [92] cancellation region. The diameter of

thermoelastic noise cancellation is estimated using the following equation,

~ 300 X 107°m,

n¥a

p , TP - 13.75 x 1.52 x 104
= X _—
null T X7.2%1010 x3.90 x 10~7

where 7'is the tension in the fibre, f is the elastic thermal coefficient, Y is
the Young’s modulus and a is the coefficient of thermal expansion. The 300

um will then transition to 150 um, and form the thinnest section of the
fibre. These silica fibres will have very short necks as shown in the figure
3.4. The neck length can vary between 5 mm to 10 mm. Short neck length is
vital for keeping the bending point of the fibre close to the centre of gravity
of the suspended test mass. This results in better control of the suspension
by reducing the mode frequency coupling. The new fibres will give a violin

mode spread of less than 1 Hz and this is possible due to the precise

geometry and reproducibility of the fibres.

10 mm Diameter — Diameter
300 um Diameter — Taper length 3 mm 2 mm

150 pm <>

>

h g Taper length
Total length of the fibre - 280 mm 3040 mm

Neck region

2 mm thick T11611111Fi_lab‘[10 . 150 um
1 ¥ 3 = P
stock region cancellation region
300 um

Figure 3.4 Schematic of the optimised fibre for the GEQO suspension. The
photograph is a real silica fibre fabricated using the CO, laser pulling

machine set-up in Glasgow.



Chapter 3 Thermal noise performance of a potential suspension upgrade for the GEO-HF
detector

3.3 Finite element analysis (FEA)

Finite Element Analysis (ANSYS) was used to study the distribution of
elastic energy in the fibres and ultimately the thermal noise performance of
the GEO suspension. The FEA model is a dense mesh of elements. A typical
mesh density in a fibre design is 4 elements per mm to obtain convergence
to a level within 1% of difference. Energy is stored in each element as an
elastic potential energy as the fibre bends and the swinging of the pendulum
gives the total kinetic energy. The dissipation dilution factor can be
estimated by taking the ratio of the total elastic energy and the total kinetic
energy in the system. The thermoelastic loss, surface loss and weld loss
calculations can also be determined using the elastic energy distribution in
the system [82].

The ANSYS model of the lowermost stage of the GEO suspension is shown
in figure 3.5. The model consists of four silica fibres suspending a 5.6 kg

silica test mass and bonded silica ears. Material properties of fused silica are
as follows: a density of 2202 kg/m® a Young's modulus of 7.2 x 10" N/m?

and a Poisson’s ratio of 0.17 [94]. To analyse the performance of the fibres
three different ANSYS model were built. The first model had four original
GEO fibres (as described in section 3.2.1) suspending the 5.6 kg test mass.
Figure 3.6(a) shows the ANSYS model of the original GEO fibre having a
linear tapered neck. The linear tapered neck replicates the neck region as
seen in the real fibre (figure 3.3). The second model consisted of four
optimised fibres (as discussed in section 3.2.2) suspending the silica test
mass. The third model was a special case of the second model, where an
ideal design was built using the optimised fibres. The ANSYS model of the
optimised GEO fibre is shown in figure 3.6(b).
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Fibre length 280 mm,

Fibre separation - 10 mm

Representative silica ears
attached to fibre stock

5.6 kg Silica test
mass Flat surface for ear

attachment

Figure 3.5 ANSYS model of the final stage of the monolithic GFEQO
suspension system. The finely meshed solid mass is suspended from four
fused silica fibres, The FEA model used beam elements for designing the

silica fibres and solid elements for the test mass/ears.

The position of the ears on the flat surface of the mass was kept 1 mm
below the centre of gravity of the test mass. This is in accordance with the
original baseline design used for the GEO suspension in Germany. The free
end of the fibres is constrained for rotational and translational degrees of
freedom. Inertial conditions such as gravity were applied and the model was
solved for a static analysis. A static analysis takes into account the loading
conditions applied and then estimates the static displacement values. The
pre-stress effect from the static analysis is then used for solving the modal
analysis to obtain the resonant mode frequencies [83]. Table 3.1 shows the
pendulum mode, bounce mode and fundamental violin mode frequencies
estimated using FEA for the original fibre and the optimised fibre design.
By reducing the thickness of the fibre in the optimised design, the stress is
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increased and this helps to achieve a lower vertical bounce mode frequency

and higher violin mode frequencies.

2mm circular

2mm circular cross section

cross section

—
—
10 mm stock
Linear taper neck 20
~40 mm long 5~10 mm linear
taper
Thermoelastic
noise cancellation
region ™~ 300
micron, 20 mm
long
Transition from
300 micron
section to 150
micron section
220 micron
circular cross
section fibre 150 micron thin
region fibre
(a) (b)

Figure 3.6 (a) ANSYS model of the original GEO fibre, (b) ANSYS model of
the optimised GFEO fibre.

Original fibre Optimised fibre
Mode shape
(FEA), Hz (FEA), Hz.
Pendulum mode 0.983 0.971
Bounce mode 14.02 10.427
Fundamental violin mode 657 1161

Table 3.1 Resonant mode frequencies estimated using FEA models for the
final stage of the GEO suspension system.
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3.3.1 Elastic energy in the fibre

Original GEO fibre

The elastic energy (referred to as strain energy in ANSYS) stored in each
element of the fibre is obtained from FEA (as discussed in chapter 2, section
2.3.4) and is plotted as function of length. The strain energy values
measured in ANSYS is of arbitrary units and the values are normalised by
dividing them with the total strain energy in the body or the total kinetic
energy. This normalised value can then be used for the estimation of
dissipation dilution or mechanical loss. Figure 3.7 shows the energy
distribution in the original GEO fibre for the pendulum mode frequency.
The elastic energy peaks at the tapered neck region and the fibre bends
more at the top end and less at the bottom. The top neck contains 23% of
the total energy whereas 8% is stored in the bottom neck. The thinnest
section (220 micron) of the fibre contains 58% of the total energy, which is
high when compared to the energy in the neck region. Such a scenario will
negatively affect the value of the dissipation dilution factor of the
suspension. An essential feature of the suspension design is to have most of
the energy stored in the neck region to achieve a higher dilution, resulting in

a lower mechanical loss.

Due to the use of longer neck in the original GEO fibre the flexure point of
the fibre, estimated from FEA is 14 mm above the centre of gravity of the
test mass. This results in the pendulum mode strongly coupling with the
pitch mode leading to an unequal distribution of energy at the ends of the
fibre. The test mass contains 11% of the total energy. The dual effect of
mode coupling and unequal distribution of energy in the fibre have a
profound effect on the dissipation dilution factor of the pendulum, which is
calculated to be 32.23.
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Figure 3.7 Energy distribution in the pendulum mode of the original GEO

suspension fibres.

Optimised GEO fibre

The energy distribution in the optimised fibre is shown in the figure 3.8(a).
The reader should be careful before comparing the absolute values of the
strain energy given in figure 3.6 and figure 3.7. As mentioned before, since
the values needs to be normalised hence initially they are only compared for
their distribution along the length of the fibre. The flexure point of the
optimised fibre is 16 mm above the centre of gravity of the test mass. The
flexure point of the optimised fibre is higher than the original fibre due to
the resistance offered by the stiffer stock (3 mm) while bending, as seen in
the figure 3.8(a). Hence most of the bending starts after the 10 mm long
stock region. The strain energy distribution in the fibre shows that most of
the bending occurs only at the top neck region, while the bottom end does
not show any form of bending. This is due to the incorrect position of the
flexure point of the fibre due to the fixed ear position, which is causing only
the top neck to bend. A significant amount of energy is distributed along
the length of the optimised fibre, which was also seen in the original fibre

case. Since the flexure point of the fibre is away from the centre of gravity
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of the mass, it leads to mode coupling and the test mass tends to pitch (tilt)
and this effect is discussed further in the document [83, 95]. To ameliorate
this effect a third FEA model was designed where the flexure point is

correctly positioned and is discussed next in an ideal design scenario case.
Ideal scenario for the optimised fibre

A third FEA model was built using the optimised fibre to envisage an ideal
design scenario. The thermoelastic loss cancellation region in this fibre is 5

mm longer than the optimised fibre (while the total length of the fibre still

being 280 mm). This case will be further referred as ‘ideal design’ in this
thesis. The reason behind calling this as an ideal design is because of the ear
position in this model which has been changed such that the ‘flexure point’
of the fibre is brought nearer to the centre of gravity of the test mass.
However in a real scenario the ear position cannot be changed as they are
permanently bonded to the test mass. FEA modelling gives us an option to
envisage a best possible design, which can be used as reference for future

detectors.

The strain energy distribution for the ideal design is shown in figure 3.8(b).
This design gives a better stability to the entire system as the mode
frequency coupling is now reduced and the suspension fibres are bending as
desired. The two ends of the fibre contain almost equal amounts of the
elastic energy and the energy in the thinnest section (centre) is almost
negligible. If the energy in the top cross section of the fibre is studied then
we find that the stock contains 15% of the total energy, the neck has 12%

and the thermoelastic region contains 22% of the energy.

Together the top and bottom end of the fibre contains 98% of the total
strain energy while the remaining energy is distributed uniformly along the
length of the fibre. The dissipation dilution factor D was then estimated
using the ratio of the total strain energy and the kinetic energy of the
system [82, 83]. Table 3.2 shows the dissipation dilution estimated for all the
three cases modelled for the GEO suspension. For the ideal design, keeping
the fibre flexure point position closer to the centre of gravity of the test

mass helps the fibre to bend at both the ends almost equally and hence

improves the dissipation dilution by more than a factor of ~4.
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Figure 3.8 Comparison of the energy distribution between the optimised fibre
and the ideal design. (a) Optimised fibre having the flexure point 16 mm
above the centre of gravity of the test mass. (b) Ideal design having flexure

point 1 mm above the cog of the test mass.
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FEA Model Dissipation Dilution
GEO fibre (original design) 32.23
Optimised GEO fibre 22.5
Ideal design 95.74

Table 3.2 Comparison of the dissipation dilution estimated using FEA for the
GFEO suspension.

3.4 Estimation of the mechanical loss and thermal noise

The mechanical loss as a function of frequency was estimated using the
elastic energy distribution from the FEA model of the final stage of the
GEO suspension, as outlined in chapter 2. Figure 3.9 shows the
thermoelastic, bulk, surface and weld loss individually over a range of
frequencies for the three FEA models. In the original GEO fibre the

thermoelastic loss dominates (peaks value of ~ 2.32 X 1078 at 40 Hz) the

other loss terms over the entire spectrum of frequency as shown in figure

3.9(a). Comparing the original fibre with the performance of the optimised
fibre, we find that the thermoelastic loss (peak ~1 x 1078) is cancelled above
5 Hz and is then dominated by the surface loss, as shown in figure 3.9(b).
This is due to the 300 um section of the optimised fibre which causes the
thermoelastic peak at ~0.5 Hz. However for the ideal design in figure 3.9(c),
the thermoelastic loss peak is lower (~3.5 X 1079) and is dominated by the
surface loss at ~10 Hz. The total mechanical loss for all the above three
cases is shown in figure 3.9(d) which includes the dissipation dilution factor,

given in table 3.2. The bump seen for all the three cases signifies the

thermoelastic loss peak. The mechanical loss in the original GEO fibre peaks
at ~40 Hz whereas for the optimised fibre and the ideal design case the peak

is seen at ~0.5 Hz.
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Figure 3.9 Plot of Mechanical loss as a function of frequency for the
pendulum mode of the GFEO suspension. (a) original GEO fibre, (b)
optimised fibre, (c) Ideal design, (d) total (includes dilution factor)

mechanical loss comparison.

The working frequency of the GEO detector is above 50 Hz as it is

dominated by seismic noise below this frequency. The mechanical loss for
the suspension having the original fibre design is estimated to be 2.84x10°®
at 50 Hz. At the same frequency the mechnical loss for the optimised fibre is
6.55x10” which is a factor of four improvement. However maximum gain

may be obtained in the case of the ideal design which has the estimated

mechanical loss of 1.50%107.

Using the mechanical loss values, the suspension thermal noise was
estimated using the power spectral displacement equation discussed in

chapter 2. Figure 3.10 shows the thermal displacement noise as a function of
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frequency, estimated for the GEO suspension comparing the performance of
three different designs having: original GEO fibre, optimised fibre, ideal
design.

Original GEO fibre
Optimised fibre
Ideal design

Thermal noise, (m//Hz)

10" 10°

Frequency, (Hz)

Figure 3.10 Thermal displacement noise as a function of frequency estimated
for the GEO suspension. The noise is comapred for three suspension designs

having: the original GEO fibre, the optimised fibre and the ideal design case.

At 50 Hz. the original fibre gives a thermal displacement noise of 3.28x10™*
m/\/HZ The optimised fibre design gives a factor of ~1.8 improvement,
having a thermal displacement noise of 1.80x10% m/vVHz. The ideal design
case shows an improvement by a factor of ~3.67 with an estimated thermal

noise of 8.938x10™* m/ VHz. The strain sensitivity (estimated by dividing the
thermal noise by 1200, which is the length of the interferometer) calculated
for the GEO suspension and the measured sensitivity of the GEO detector
during the 5™ science run is shown in figure 3.11. At 50 Hz the calculated

strain sensitivity is 2.73x10% /VHz which is much lower than the measured
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sensitivity of 6.52x10" /\Hz [96], which suggests that it is being dominated
by other non-thermal noise sources such as noise from the electronics or
from the cross coupling of resonant modes from non-uniform bending points
of the fibre. Other noise sources such as coating thermal noise and Quantum

noise could also be dominating the suspension thermal noise at frequencies
above 50 Hz.
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Figure 3.11 Amplitude spectral density of the GEO detector showing the

sensitivity improvements over various Science runs.

3.5 Fabrication of the GEO-HF monolithic silica
suspension

3.5.1 Fabrication of fused silica fibres

The fibres for the redesigned GEO silica suspension will be fabricated using
the 100 W CO, laser pulling machine set up in Glasgow as shown in figure
3.12. The CO, laser pulling machine works on the concept of feed and pull.
The design and performance of the pulling machine is discussed in [97]. A
fibre is fabricated from a silica rod (stock) of diameter 2 mm and 10 cm

long. The ratio of feed and pull speed controls the diameter ratio between
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the drawn silica fibre and the stock material. By accurately varying the feed

pull ratio, precisely controlled fibre/neck shapes can be produced.

Before clamping the silica rod in the pulling machine it is first cleaned with
methanol and then acetone to remove any surface impurities. Another wipe
of methanol is given once the rod is clamped in the machine. The rod then
undergoes laser polishing, which increases the strength of the fabricated fibre
by healing surface cracks. Laser polishing involves heating up of the rod
until it softens which is then recast once cooled. This process removes any
micro cracks present in the stock and thus improves the strength of the

fibre. The fabrication procedure is discussed in detail in the literature [98].

4l Upper movingh\
;|‘ carriag;l‘!! R/

i

Lower moving
carriage

Laser beam heating
the silica rod

100 W Laser

Diive motor

Figure 3.12 CO, laser pulling machine used for the fabrication of thin silica

fibres of circular cross sections, in Glasgow.
3.5.2 Strength testing of the fibres

The laser pulled silica fibres were measured for their strength through
destructive testing. A strength-testing machine was used for this purpose.
The fibres to be tested are clamped in the strength tester and the tension in
the fibre is gradually increased using drive motors, until the silica fibres

breaks. The tension in the fibre is measured via a load cell attached to the
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set-up. The silica fibres gave an average breaking stress of 4.08£0.05 GPa

(£0.05 is the statistical error), which gives a factor of safety of 5 as the
stress on each fibre is around 800 MPa. Once pulled, a fabricated fibre is
first proof tested by loading a mass of 2 kg for five minutes to eliminate any
damaged or weak fibres. The fibres are then stored in special cabinets, in
order to protect them from dust and humidity. The fibres are pulled and
stored in Glasgow and can then be shipped in a container to the GEO site
in Germany for welding. A special cylindrical container was designed to
store and transport the fibre as shown in figure 3.13. A fibre was shipped to
Germany and back to Glasgow to test the durability of the container. A
strength test was performed on this fibre and the results suggested that the
integrity of the fibre was not compromised. Before using a fibre for
cutting/welding a second proof test is performed on the stored fibres to

eliminate touched or damaged ones.

Figure 3.13 Transport tube used for shipping the silica fibres to the GEO

site in Germany.

3.5.3 Welding procedure

The repair scenario of the suspension system will involve welding of the
silica fibres to silica ears using a hydrogen-oxygen torch, which is a standard
GEO welding technique. CO, laser welding [99] which has been developed
for the suspension system of the advanced LIGO detector cannot be
incorporated due to lack of laser welding facilities at the GEO site. However
the design of the tools to be used for the welding is a scaled down version of
the tooling used for the fabrication of the advanced LIGO suspension system
[99]. The fabricated fibres have a long stock used for clamping into the
pulling machine, hence a fibre cutter is used to resize the stock length
according to the requirement (10 mm in this case). The tooling includes a

fibre cutter module, ceramic tip fibre holder and a three axis moving stage.
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Figure 3.14(a) shows the fibre holder and the fibre cutter set-up. A proof
tested fibre is placed between the metal clamps and the distance between
the clamps is adjusted to suit the length of the fibre (28.5 cm for GEO).
The fibre holder’s ceramic end is then used to grasp the stock as shown in
fibre 3.14(b). The fibre holder has a set of zirconia (ceramic) tipped tweezers
to clamp the stock of the fibre. A diamond tipped scribe is used to cut and
break-off the excess stock. Figure 3.14(b) shows the resized silica fibre stock
region, held by tweezers. Figure 3.15 shows the metal prototype of the GEO
suspension along with the fibre holder attached, to be used for welding and

testing.

: E Ceramic tweezers
Fibre holder Three axis " holding the silica
stock

Metal clamps for holding

the fibres

() (L)

Figure 3.14 (a) Fibre cutter and holder setup used for cutting the excess
stock, using a diamond tipped scribe. The fibre holder is also used for
transporting the fibre to the suspension. (b) resized fibre clamped by the

tweezers.

The fibre can then be transported using the fibre holder and then attached
to the metal frame of the suspension. The position of fibre holder is carefully
adjusted within the metal frame until the fibre stock is aligned to the silica
ear. The three-axes stage in the fibre holder can be adjusted in the ‘xyz’
directions such that the silica fibre is at a perfect alignment with the flat tip
of the horns of the silica ear. One end of the fibre is aligned with the ear and

the remainder of the fibre is relaxed (while making sure that the fibre

doesn’t touch any part of the metal frame).
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Figure 3.15 Metal prototype of the GEO suspension setup for welding. The
fibre holder is attached to the metal frame of the suspension and the three-

axes stage is used for positioning the fibre.

The electrolytic burner (Aquarius-200) is then used to heat the fibre stock
region and the horns of the silica ear until molten. The molten stock is then
fed into the silica horns to fuse them together. The high viscosity of fused
silica allows the welding to be possible as the molten glass does not flow and
thus maintains shape. The other end of the fibre is welded in a similar
fashion. The weld region is roughly 2 mm long on each end and is precisely
accounted for while initially cutting the fibre stock. Figure 3.16 shows the
flame welding of the silica fibres. The silica vapour produced while welding
is extracted using a suction pipe and HEPA filtered vacuum cleaner, and is
prevented from depositing on the surface of the silica fibre. The vapour can
damage the surface of the fibre and potentially increase the surface loss
[100]. The weld and the stock region are finally annealed using the flame.
Annealing helps in de-stressing or removing any misalignment between the

stock and the ear horns. This is achieved by slowly heating the horns after
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putting the fibres under small amount of tension by lowering the mass. This
is done until the welded stock is well aligned with the ear horns. The metal
frame caging the suspension has an inbuilt jack to slowly release the mass,
which is then suspended on four silica fibres. The silica fibres welded to the

two horns of GEO ear are shown in figure 3.16.

Figure 3.16 Flame welding of the silica fibres. The welded fibres can be seen
on the right.

Initially three prototype test hangs involving metal masses and fused silica
fibres/ears were successfully built. The outer dimensions of the metal mass
used were identical to the silica test mass in GEO. The test hang had silica
ears bonded to a metal disk using epoxy (epoxy was used only for the case
of the prototype test hang) and were then attached to the sides of the metal

1nasses.

A monolthic suspension involving polished fused silica masses and silica
fibres was then fabricated in 2011. In this case silica ears were bonded to the
flat sides of silica masses (both test mass and intermediate mass) using the

hydroxide-catalysis bonding technique [101, 102]. The bonds were cured for
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4 weeks before use. A metal heat shield was used to protect the silica mass
from the flame while welding the fibres. Figure 3.17 shows the fabricated
monolithic fused silica suspension, employing four silica fibres welded to the

silica ears at the sides.

Figure 3.17 Monolithic fused silica suspension fabricated in Glasgow (2011)
with four silica fibres suspending the silica test mass. The fibres were flame
welded to the horns of silica ears attached to the sides of the test mass (and

the intermediate mass) using the hydroxide catalysis bonding technique.

3.6 Conclusions

Currently GEO 600 is undergoing an upgrade to GEO-HF by employing
advanced technologies, which would improve the sensitivity of the detector
above 1 kHz. The planned upgrade requires access to the vacuum tank,
which could damage the fibres of the monolithic suspension. To minimise

the downtime of the detector in the event that a silica fibre breaks, a
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suspension repair scenario has been developed. The repair scenario has given

us a chance to incorporate a new fibre design with optimised geometry. The
optimised silica fibre has a diameter of 150 um at the thinnest cross section

for the fundamental violin mode frequency to resonate above 1 kHz. Based
on the stress of 800 MPa (due to the 5.6 kg test mass) on each fibre, a
special cross-section having a diameter of 300 um for thermoelastic noise
cancellation was included in the geometry. Using the techniques developed
in FEA, three different suspension designs having an original GEO fibre, the
optimised fibre and the ideal design were studied. The energy stored in the
fibre due to bending and the dissipation dilution factor of the suspension
was estimated. When compared, the original and the optimised fibre had
similar values of the dilution factor, however, the ideal design was higher by

a factor of 4.

The total diluted mechanical loss of the suspension fibre design was
predicted using the values of the elastic energy estimated from the FEA
model. The mechanical loss of the optimised fibre was found to be lower
than the original GEO fibre by a factor of 4. The results show that the
thermal displacement noise of the optimised fibre performs better than the
original fibre by a factor of 1.8. The ideal design gives a further

improvement of 2.4.

The optimised fused silica fibres will be fabricated using a CO, laser pulling
machine. The laser pulled fibres are highly reproducible unlike the flame
pulled fibres used in the original suspension. The precise geometry of the
optimised fibre will enable better control of the suspension and a violin
mode spread of less than 1 Hz. A robust tooling and welding procedure for
the fabrication of the monolithic fused silica suspension has been developed.
The fused silica fibres were fabricated and strength tested to obtain a
breaking stress of 4.08+£0.05 GPa, which gives a factor of safety of 5. Three
prototype test suspensions involving metal masses and fused silica fibres
were successfully fabricated. Finally the fused silica monolithic suspension
was fabricated in Glasgow, demonstrating the ability to repair the original

GEOQO suspension.
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Chapter 4 Introduction to photoelasticity

and birefringence

4.1 Introduction

Second generation gravitational wave detectors such as Advanced LIGO will
utilise multiple pendulums to suspend the test mass mirrors [93]. The final
stage monolithic suspension will be fabricated using fused silica in order to
minimise the thermal noise. The silica fibres will include residual thermal
stress at the attachment points due to laser welding and mechanical stress
in the fibres due to the applied load. The residual stress in an isotropic
material such as fused silica changes the refractive index and induces
anisotropy or birefringence [103]|. Using the technique of photoelasticity one
can analyse the stress in the material by measuring the retardation between
the polarisation states of the incident light. The residual (thermal stress)
[104] and mechanical stress in the suspension elements will allow the study
of correlations between the loss in the material and the stress, in addition to

annealing methods to reduce the thermal stress in fused silica.

4.2 Polarisation of light

The electromagnetic behaviour of light is made up of two components —
electric and magnetic fields which are mutually perpendicular to each other
and to the direction of propagation. The characteristic feature of natural
(white) light is that the transverse vibration patterns are not inherently
directional or rotational in nature. The vibrating waves in an ordinary light
have fluctuating amplitudes and varying azimuths. However when the waves

in a beam of light are constrained to vibrate in a systematic manner in
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planes normal to the direction of propagation then it is said to be polarised
[105].

There are three different forms of polarised light — plane, circularly and
elliptically polarised light. Plane and circularly polarised light are the special
cases and elliptical polarisation describes the general condition of the
polarised light. Plane polarised light is obtained when the electromagnetic
field is constrained to vibrate in a parallel plane such that the orientation of
the electric field vector is constant (ignoring the magnetic field as it is
always perpendicular and proportional to the electric field). In circular
polarisation the amplitude of the electromagnetic field remains constant
while the orientation of the electric field vector changes uniformly so that
the tip of the vector traces out a circle. In elliptically polarised light there is
a constant change of amplitude and the tip of the electric field vector traces
out an ellipse. Figure 4.1 shows the schematic of plane polarised, right-
circularly and right-elliptically polarised light. Left or right-handed
polarisation depends upon the direction the electric vector rotates (and also

depending upon the point of view of the observer).

/7

b =1

Orientation of the
electric field vector

Direction of
propagation

o D B

Linear polarisation  Circular polarisation  Elliptical polarisation

Figure 4.1 Schematic of plane (linear), circular and elliptical polarisation of
light. The arrow below indicates the orientation of the tip of the electric
field vector for various polarisations. Time t, and t, signifies the changing
orientation of the same electric field vector to form circular or elliptical
polarisation.
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4.3 Transmission of light through crystals

4.3.1 Birefringence or double refraction

Birefringence or double refraction can be described as a phenomenon in
which a ray of light passing through certain crystals splits into two on
entrance and is then transmitted in different directions [106]. These rays are
called ordinary (O) rays and extraordinary (E) rays. Figure 4.2 shows a
schematic of transmission of light through a birefringent material such as a
calcite rhomb. The refractive index and velocity of transmission are different
for these two rays. The ordinary (O) rays obey the laws of refraction and
travels without deviation whereas the extraordinary (E) rays are deviated in
the crystal and suffer a lateral displacement (path difference) and phase
difference on emergence. The extraordinary (E) rays do not obey Snell’s law
[107]. Birefringence is observed in all crystals expect the cubic class [106]. If
the rhomb is rotated (with (O) rays being the axis of rotation) then the (E)
rays describe a circle around (O) (as shown in figure 4.2). This shows that
the direction of propagation of the (E) ray is dependent (and the (O) ray is
independent) on the orientation of the crystal [108].

Phase difference o

Figure 4.2 Transmission of light through a principal section of a birefringent

material such as a calcite rhomb.

The emergent rays (both (O) and (E) rays) are plane polarised in mutually
perpendicular planes (the E rays will vibrate along the principle section and
the (O) rays in a plane perpendicular to it) if observed through a polariser.
However the (O) and (E) components of light are transmitted with the same
velocity and in the same direction if the transmission of rays is along the
optic axis or principal crystallographic axis. Crystals having only one optic
axis are called uniaxial crystals, however there are many crystals with two

optic axes and they are known as biaxial crystals.
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An optically isotropic non-crystalline transparent material becomes
anisotropic and shows optical characteristics similar to crystals when an
external stress is applied. This phenomenon is known as temporary or
artificial birefringence and was first observed by Brewster [109]. These
effects can be transient or permanent depending upon the type of load being
applied. The study of photoelasticity is based upon the physical

characteristic of these materials.
4.3.2 Plane polariscope

Polarisers are optical elements or filters which absorb the component of the
light vector which is perpendicular to the axis of the polariser and transmit
the parallel component [109]. Modern polarisers are made up of a polaroid
H-sheet which is a transparent material (made up of polyvinyle alcohol)
with iodine doping and oriented molecules. The quality of a polariser is
defined by the transmission ratio, typical values are 10,000:1 and low
absorption. Modern polarisers are made up of silver nanoparticles having
very high transmission ratio (100,000:1) and very low absorption, typically
1.5% [110].

A plane polariscope consists of a light source and polariser/analyser set-up,
schematic of which is shown in figure 4.3. There are two basic arrangements
in a plane polariscope — the crossed and parallel polariser set-up. In a
crossed polariser set-up the polarising axes of the polariser and the analyser
are at 90” to each other to produce a dark field image. If the polarising axes
of the polariser and the analyser are set parallel then a bright field can be
obtained. A bright field set-up can be used to accurately align the

photoelastic sample with the polarisers.
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Light source Light source

Axis of the polariser Axis of the polariser

Plane polarised light Axis of the analyser

Plane polarised light

Axis of the analyser

Light extinguished

(Dark field) Light transmitted

(bright field)
(a) (b)

Figure 4.3 Schematic of the plane polariscope set-up (a) crossed polarisers - dark
field, (b) parallel polarisers - bright field set-up.

A Polariscope set-up can be used to measure the relative retardation or
phase difference produced, when plane polarised light passes through a
stressed sample. The polariser converts the natural light from the source
into a field of plane polarised light. The analyser, which is basically another
polariser, resolves the component waves emerging from the sample into one
plane so that the effects produced by the sample can be measured via the
intensity of the emerging light. A dark field set-up is used for observing
fringes obtained when a stressed sample is introduced and also for

measurement, and is discussed in section 4.5.
4.3.3 Wayve plates or retarders

Wave plates or retarders transform the polarisation states of light. They can
be defined as an optical element that, without altering the intensity or
degree of polarisation of a polarised monochromatic beam, resolves the light
vector into two orthogonal components and then transmits each of the

components at different velocity.

Ideally wave plates are 100% efficient, which means that there is no change
in the intensity of the light on passing through the wave plates. Wave plates
can be used in conjunction with polarisers to produce circularly or
elliptically polarised light. The techniques of photoelasticity are based upon

the analysis of light using these wave plates or retarders [106].
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4.3.4 Circular polariscope

Quarter-wave plate

A quarter wave plate is used to convert a plane polarised light into
circularly polarised light and vice versa. These plates are made of mica
sheets or other non-crystalline material such as glass, cellophane or plastics.
The thickness of the quarter-wave plate (which is cut parallel to the optic
axis) is such that the phase difference between the (O) and the (E) rays at

the exit is equal to A/4 for the particular wavelength of monochromatic

light used. A quarter wave plate has two axes — fast and slow. The phase
velocity of light is higher for polarised light passing through the fast axis as

compared to the slow axis.

To study the effect of quarter wave plates between two polarisers, consider a
plane polarised wave emerging from a polariser, which is represented by

vector OP in figure 4.4. This can be expressed as,

x =0, (4.1)
y = V2asin wt, (4.2)

The light enters the quarter wave plate whose principal axis is at an angle
45° with respect to OP. OM and ON are the fast and slow axes of the

quarter wave plate respectively.

'&I’
AN
P," .
1\{)5:4) A Aa M, (A/4)
slow = *a -
tast
a a
\ >
O X

Figure 4.4 Schematic of plane polarised light on entering a quarter wave
plate.
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Here the light splits into two components of equal magnitude in the

direction ON and OM as given below,
M = asinwt (4.3)
N = asinwt (4.4)
However the quarter wave plate introduces a phase difference between these

two components such that on emergence,
T
M = asin (wt + E) = acos wt, (4.5)

N = asin wt. (4.6)
These equations represent a circular motion for the light vector and hence
the quarter wave plate converts the linear polarisation to circular

polarisation.

When a circularly polarised light is incident on another quarter wave plate

(fast axis coinciding), the light on emergence is given by,

7T .
M = acos (wt + E) = —asinwt, (4.7)
N = asin wt. (4.8)

The resultant is a plane polarised wave along the axis of the analyser (X)

and is given by,

X =2acos (wt + g) (4.9)

Y = 0. (4.10)

where the amplitude of the wave is v2a vibrating in the horizontal plane.
When the quarter wave plates are in series (i.e. when the corresponding axes
are parallel) they behave as a half wave plate, thus rotating the plane of
polarisation through 90°. The various arrangements to obtain dark or bright
field images using a circular polariscope are shown in table 4.1. In a crossed
polariscope set-up, when the fast and slow axis of the first and second
quarter wave plates are at 45" to the polariser then a dark field is obtained.
However if the fast axes of the two quarter wave plates are aligned (yet they

remain at 45° to the polariser) then a bright field is obtained.
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Polariser First quarter Second quarter  Analyser  Image

angle wave plate wave plate angle angle obtained
angle

0° 457 (fast axis) 457 (slow axis) 90° Dark field

0" 45’ (fast axis) 45" (slow axis) 0° Bright field

0" 45’ (fast axis) 45" (fast axis) 90" Bright field

0" 45’ (fast axis) 45" (fast axis) 0° Dark field

Table 4.1 Various arrangements of the circular polarsicope set-up to obtain a
dark field or bright field image.

4.4 Stress optic law (in two dimensions)

The principal axes of stress at any point in a stressed sample become the
fast and slow axes of the sample. Initially when a material is in an
unstressed state they exhibit an index of refraction, n, which is the same at
all the points in the sample. However when an external stress is applied, this
leads to a change in refractive index. The relationship between the stress
and changes in the index of refraction was first studied by Maxwell [106,
108]. The changes in the indices of refraction are linearly proportional to the

stresses induced in the model as shown below [106],

ny —Ng = €107 + C,0,
Ny —Ng = (€10, + C,01 (411)
where n, is the index of refraction in the unstressed state, n;, n, are the

indices of refraction along the two principal axes associated with stresses o,

and o, respectively, and c¢; (direct) and ¢, (transverse) are the stress optic

coefficients.

If the two equations shown in 4.11 are subtracted to eliminate n, then,

Ny —ny = (¢ — ¢2) (01 — 02). (4.12)
The retardation, §, or phase shift between the two components emerging

from a wave plate is given by,

2nd
§=——(n —ny), (4.13)

where d is the thickness of the sample. Hence substituting n; —n, from

equation 4.12 gives,
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§= ? (c; — ¢3) (0, — 02), (4.14)

where the retardation is expressed in Brewsters (1 Brewster = 10" m*/N)
and A is the wavelength of light. If ¢; — ¢, is set equal to ¢, where c is the

relative stress optic coefficient then the relative retardation is given by,

2md
5= 7; ‘(61— o). (4.15)

Equation 4.15 can be re-written in terms of fringe order N (which is the

relative retardation in terms of a complete cycle of retardation, 2m),

o dc
N=-—=—(01—0) (4.16)
or
NA
_ - 417
(01— 0) dc’ ( )

Hence using equation (4.17) the stress difference at each point in a two
dimensional photoelastic model can be determined if the relative retardation

N can be measured.

4.5 Effects of a stressed sample in a plane polariscope

The crossed or open combination of polarisers can also be used to study the
relative retardation and phase difference produced when polarised light

passes through a stressed photoelastic sample [111].

Figure 4.5 shows a set-up comprising a polariser, analyser and a stressed
sample. The light source is a He-Ne laser. The stressed sample considered
here is a temporary doubly refractive transparent material (e.g. a fused silica
under load). The birefringent sample behaves like a wave plate and the
principal stress difference can be determined once the retardance at each
point is measured. Figure 4.5b shows the resolution of the light vector in the

stressed sample. As the polarised light emerges from the polariser and enters
the sample, the principal stress direction makes an angle 6 with the axis of

the input polariser (along the y axis).
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Plane polarised light emerging from the polariser vibrates in a vertical plane
with amplitude a and angular frequency o is given by [106],
x =0,
| (4.18)
y = asinwt
The light vector entering the stressed sample is then resolved into two
components Ox; and Oy, as given below [106],
X, = ycos 8 = acos 0 sin wt (4.19)
y1 = ysin@ = asin @ sin wt (4.20)
These two components of light propagate at different velocities within the
sample. As a result of which, once they emerge out of the sample they are

out of phase with each other. If Ox, is the fast axis then the phase difference

o. between the two components is given as,

x; = acos 0 sin(wt + a), (4.21)

Yy, = asin @ sin wt. (4.22)
These equations represent an elliptical vibration and therefore the stressed
sample converts the plane polarised light into elliptically polarised light. The
resultant vibration emerging from the sample is then incident upon the

analyser which transmits only the component parallel to its axis.
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Figure 45 (a) Schematic of a photoelastic stressed sample in a plane
polariscope set-up. (b) The resolution of light vector passing through a
stressed sample in a plane polariscope. A photograph of the experimental

set-up is shown in chapter 5, figure 5.1.

4.5.1 Isoclinic and Isochromatic fringes

When a stressed sample is viewed through a crossed polariscope then a
continuous band of bright and dark lines is observed under monochromatic
light. These fringes are due to the constructive and destructive interference

Figure 4.6

superimposed and separated isoclinic and isochromatic fringes in a stressed

of the light emerging through the analyser. shows the

lexan sheet. The light source used is a He-Ne laser. The continuous curves

or lines are called isoclinic fringes. The isoclinic fringes (hereafter denoted
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isoclinics) are the loci of points where the principal stress direction (either o,

or o, as shown in figure 4.6(a) coincide with the axis of the polariser). Hence
they are useful in obtaining the direction of principal stress at any point in
the sample. The other types of fringes observed in a plane polariscope are
isochromatic fringes. The isochromatics give the magnitude of the stress
tensor and they are classified as lines along which o, — 6, equals a constant
depending upon the order of the fringe. In a plane polariscope these two
fringes are superimposed on each other and special techniques need to be
employed for their separation [107]. The isoclinics can be removed using a
circular polariscope, leaving behind only isochromatics as shown in figure
4.6(b). If white light is used in a polariscope then the isochromatics can be
easily distinguished from isoclinics as the former are coloured (except the
zero fringe order) and the latter appear as black bands. In monochromatic
light both the fringes look black, however the isochromatics are much more

sharply defined than isoclinics [106].

Isoclimcs

Figure 4.6 (a) A stressed lexan sheet observed under a plane polariscope
using a He-Ne laser as a Ilight source. The isoclinics (encircled) and
Isochromatic fringes are superimposed on each other. One of the principal
stress axis (o, in the figure) coincides with the isoclinics. (b) Using a circular
polariscope set-up (discussed in section 4.6) the isoclinics are removed,

leaving behind the isochromatic fringes which are sharply defined.
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The other way to distinguish between the two fringes is through applying a
static or varying load on a sample and observing through a crossed
polariscope. Under a static load, and while rotating the polariscope, the
isoclinic pattern changes while the isochromatics remain unchanged.
However on varying the load and keeping the polariscope fixed, the

isochromatics change while the isoclinics remain unchanged.

4.6 Effects of a stressed sample in a circular polariscope

A plane polariscope can be converted into a circular polariscope by inserting
two quarter wave plates between the crossed polarisers. In the set-up, the
principal axes of the quarter waves plates are crossed with each other and
are at 45° to the polariser. There are two axes in a quarter wave plate — the
fast and the slow axis as shown in figure 4.7(a). When the fast and the slow
axes of the quarter wave plate are aligned with each other then extinction
can be obtained when the analyser is crossed to the polariser. This is called
a dark field arrangement or a standard circular polariscope arrangement.
However when the axis of the quarter wave plates are aligned then a bright

field is obtained. A bright field is useful for alignment purposes [106, 108].

The quarter wave plates convert plane polarised light into circularly
polarised light and vice versa. One of the major advantages of using a
circular polariscope is that it eliminates the isoclinic fringe patterns while it
maintains the isochromatic fringe pattern. A photoelastic stressed sample
can be studied using a circular polariscope set-up. Figure 4.7(a) shows the
arrangement of a circular polariscope set-up to investigate thermal or
mechanical stress induced in a sample. In figure 4.7(b) the axis of the

polariser is represented by OB, and the principal axes of the two quarter

wave plates as OX' (fast axis) and OY'(slow axis).
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Figure 4.7 (a) Schematic of a stressed sample inserted within a circular
polariscope arrangement using a He-Ne laser as a light source. (b)

Resolution of the field components through the stressed sample.

The wave emerging from the first quarter wave plate (which is 45° to the
polarising axis) will be circularly polarised as discussed in section 4.3.4. The
circularly polarised light then enters the photoelastic sample and splits into

two components vibrating in the directions OX, OY of the principal stresses

oiand og,. The two components of light entering the sample can be expressed

as,
X=2 t (4.23)
= —cos wt, .
V2
a
Y = —sin wt. (4.24)

V2

If OX is the fast axis then a phase difference is introduced between the two

components due to the principal stress difference (o; — g,), which can be
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represented as a. The light leaving the sample will be elliptically polarised

and can be expressed as,

a
X = —cos(wt + a), 4.25
V2 ( ) (4.25)
Y L t 4.26

= sin wt. )
5 ( )

The elliptically polarised light then enters the second quarter wave plate
whose axes are given by OX' and OY'. Including the angle B with the

principal axes of stress leads to,

X' =Xcosf +Ysinp, (4.27)
Y' =Y cospB — Xsinp. (4.28)
Considering OY' as the fast axis of the second quarter wave plate, the

emergent light is,

a
X' = —[cos(wt + a) cos B + sin wtsin f], (4.29)

V2

r_ a . 3 TT .
Y' = ﬁ [sm(a)t + E) cos f — cos(wt + 5 + a) sin ,8],
a _ _
=5 [cos wt cos f + sin(wt + a) sin B]. (4.30)

The light emerging from the second Quarter wave plate will be plane
polarised when a = 0 or 2m. This condition is only true for certain points of
interest (where measurements are to be taken) in the sample which is
aligned with the fast or slow axis of the quarter wave plate. This is further
discussed in section 4.7.2. Circular or elliptical polarisation can be observed
at other points in the sample. Equation (4.29) and (4.30) will be further
used in section 4.7.2; describing the Tardy method of compensation to

measure the retardance of light.

4.7 Compensation technique for the measurement of
retardance

There are various techniques used in industry to measure retardance in a

sample. However only two such methods will be discussed in this thesis. The
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Babinet-soleil compensation method and compensation using quarter wave
plates — the Tardy method. These two techniques were employed to measure

the residual stress in fused silica which is discussed in the next chapter.
4.7.1 The Babinet-Soleil compensators

Retardation at any point in a sample can be measured to a high degree of
accuracy by means of an instrument known as a compensator. One such
type is a Babinet-Soleil compensator, which is a variable wave plate, which
can be inserted into the field of the polariscope with the fast axis oriented
along the principal stress direction. Figure 4.8 shows a schematic of the
optical layout along with the photograph of the Babinet-soleil compensator
(Thorlabs: SBC-VIS). It is made up of a quartz plate of uniform thickness
and two quartz wedges. One of the quartz wedges can be moved in and out
using a micrometer screw. The optical axis of the quartz in the plate and
the wedges are orthogonal to each other. Quartz is a naturally doubly
refracting material; hence by adjusting the thickness of the two wedges one
can vary the birefringence in the material. The retardance produced is

uniform over the whole field of view of the compensator [112].

To measure the retardance at a point in a stressed sample, the compensator
is calibrated at the operating wavelength of the He-Ne laser (633 nm).
Firstly the Babinet-Soleil compensator is placed between crossed polarisers.
The fast axis of the compensator is aligned with the polarising axis of either
of the two polarisers which leads to extinction of light when viewed through
the analyser. The compensator is then rotated by 45° which leads to some
light being transmitted through the analyser. The compensator micrometer
is then adjusted until extinction at the analyser is achieved. This gives the
first of the two null points which are used as a full wave reference. The
micrometer reading is then zeroed at this point. The micrometer is further
adjusted such that the laser light is visible again and is then extinguished
(i.e moving from a bright to dark field). This gives the second null point.
Recording the micrometer reading (in terms of distance, mm) at this point
corresponds to the calibration distance equal to one full wave of retardance
at 633 nm. The step by step procedure for calibrating the compensator is

discussed in the instrument manual [113].
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Figure 4.8 Schematic of the optical layout (quartz plate and wedges) inside a

Babinet-Soleil compensator. The photograph at the bottom shows the
Babinet-Soleil compensator (Thorlabs SBC-VIS) set-up in the lab.

To measure the unknown retardance in a sample the compensator is again
placed between the crossed polarisers such that a dark field is obtained at
the analyser [114]. Next the sample (in a rotation mount) is inserted before
the compensator, which should produce some light at the analyser due to
the birefringence of the sample. The sample is rotated such that the laser
spot is again extinguished. The sample along with the compensator is then
further rotated by 45°. The micrometer is adjusted to obtain a dark field
and the reading is recorded and used to calculate the value of retardance
from the previous calibration [113]. It is important to note that the
compensator needs to be calibrated each time when used (unless it is not
taken out of the set-up). This is to avoid calibration error, which could give

large deviations in the measured retardance.
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4.7.2 The Tardy method of compensation

The tardy method of compensation is achieved via the use of two quarter
wave plates and two polarisers. This method is employed to determine the
order of fringe, N, at any point on the sample. Using this technique
retardance can be measured to a high degree of accuracy using the normal

equipment of a polariscope [106, 115, 116].

The arrangement of the polariscope and quarter wave plate is similar to that
shown in figure 4.7 for operating a circularly polariscope. A point of interest
(POI) is marked on the sample for the measurement of stress. Firstly the
axis of the polariser is set parallel to one of the principal axes of stress in the
model at the POI where the retardance is to be measured. This is achieved
through rotating the sample such that an isoclinic passes through the POL.
The two quarter wave plates are then inserted such that their axes are
crossed and at 45° to those of the polarisers and the principal axes of the

model.

Now the state of polarisation at exit from the second quarter wave plate is
given in the equations (4.29) and (4.30). As B = 45° in the Tardy method,

these equations become [106],

1
X' = Ea[cos (wt + @) + sin wt], (4.31)

1
Y' = Ea[cos wt + sin (ot + a)]. (4.32)

If the axis OX' of the analyser is inclined at an angle 8" to the crossed

position OX in figure 4.9, then the component transmitted is
T I .,
X'=X cos(Z—B )—Ysm(Z—B ) (4.33)

a
——{[cos(wt + @) + sin wt][cos 8" + sin O"']

2V2

— [cos wt + sin(wt + a)] [cos 8" — sin6"']},

which reduces to,
X" = %sin (9” — %) [sin (wt + %) + cos (wt + %)] (4.34)
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The amplitude of this wave is given by 5

sin (6” — %) The intensity of the

light transmitted by the analyser will be zero when sin (9" - %) =0.
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Figure 4.9 Resolution of light vector through the quarter wave plate.

To produce extinction at the point of interest the analyser must be rotated

clockwise or anticlockwise. This is called angle of compensation and can
have values between +m and —m. In practice, extinction is obtained at any

angle by rotating the analyser in one direction or through the

complimentary angle in the opposite direction. The phase difference is given
by a = 2n'm + Aa, where 2n'm and Aa represent the integral and fractional
parts and n' is the integral fringe order whose values are zero or any integer.
The integral fringe order can be obtained by counting from the point of the
zero order fringe towards the higher order fringe. If m is the compensation
angle measured in the direction which causes the fringe of lower order n' to

move to the observed point then the phase difference is @ = 2n'm + 2m

At this point the retardation in wavelength is given by,

a ,+m 'y mP°
=—=n'4+—=n :
2T T 1800

R=n (4.35)

180°-m
1800 °

For measuring the complimentary angle we use n = (n' + 1) —
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4.8 Conclusions

The photoelastic birefringence techniques presented in this chapter can be
useful for the measurement of mechanical and thermal stress in materials
such as fused silica. The different forms of polarisation, their production and
subsequent use have been discussed. The plane polariscope can be used to
observe the thermal or mechanical stress in a sample, through the isoclinic
and isochromatic fringe patterns. The direction of the principal stress can be
determined through the study of isoclinic fringes. Using wave plates, such as
a quarter wave plate, circularly polarised polarised light can be generated.
Birefringence in a material can be studied using wave plates or retarders in
a circular polariscope set-up. The general condition of light passing through
a plane and circular polariscope has been discussed. The effect of the
polarised light passing through a stressed sample in a plane and circular
polariscope has been shown. Also the various possible arrangements of the
polariscope to obtain a bright or dark field have been discussed.
Isochromatic fringes obtained using two quarter wave plates between
polarisers can be used for determining the magnitude of stress in the sample
(by estimating the retardance of the light). Using the stress optic law, the
stress difference at each point in a two dimensional photoelastic model can
be determined once the relative retardation is measured. Different methods
of compensation techniques for the measurement of relative retardation have
been discussed. These techniques include the wuse of Babinet-Soleil
compensator and the Tardy method of compensation. The set-up and
protocol required for using these two compensation techniques has been

shown.

The photoelastic birefringence technique discussed in this chapter has been
used to study and characterise the mechanical and thermal stresses

developed in fused silica, and is further discussed in chapter 5.
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Chapter 5 Study of mechanical and thermal

stress in fused silica

5.1 Introduction

The techniques discussed in the previous chapter on photoelascitiy can be
employed to measure mechanical and thermal stress induced in a body.
Fused silica is the material used in the construction of suspension elements
of the aLLIGO detector. The test mass suspensions have silica fibre ends laser
welded to the horns of the silica ears. During the process of laser welding the
fibres are subjected to high temperature and temperature gradients
especially at the stock and ear-horn region. The thermal gradients could lead
to residual thermal stress once the material cools down to room
temperature. During destructive testing of the silica fibres they are usually
found to be broken at their stock region where it is believed that the
residual thermal stresses are higher due to laser heating. Having high
thermal stress in the horns of the ears is also not desirable as the ears
cannot be easily repaired/replaced once damaged. Hence it is important to
study and estimate the thermal stress induced in the material when

subjected to high temperature gradients.

The experiments discussed in this chapter study the mechanical and
thermal stress in a fused silica slide. Mechanical stresses were studied to test
and understand the working of the birefringence techniques (using the
Tardy method of compensation and the Babinet-Soleil compensator)
discussed in the previous chapter. The mechanical stress measured in a body
of planar geometry can be verified using theoretical calculations and finite
element analysis. The experimental techniques can then be employed to

measure more complicated cases like the thermal stresses in a body due to
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laser heating. The results from the photoelasticity measurements can then
be analysed and compared with modelling techniques developed in FEA via
which the temperature profile, thermal gradient and the resulting stress can

be estimated.

5.2 Mechanical stress in fused silica

5.2.1 Silica Cantilever

A plane polariscope was set up consisting of a He-Ne (633 nm) laser as a
light source to measure retardation caused by applying a mechanical load on
a fused silica sample. The polariscope consisted of two plane polarisers and
two quarter wave plates for the production of plane and circularly polarised
light (as described in chapter 4). Figure 5.1 shows the experimental set-up
used for observing and estimating stress in a sample. A ground glass type
diffuser (from Thorlabs N-BK7) was used for expanding the laser beam
diameter to approximately 1 inch. A short focal length collimating lens was
placed in front of the diffuser to produce collimated light. A digital SLR
camera (Canon 600D) with a macro lens (60 mm Canon) was used to record

the images.

Sample (fused silica)
Fariser

DSLR
Camera

60 mm macro
lens (Canon)

Diffuser and beam
expander

|

Quarter wave plates

Figure 5.1 Set-up of a polariscope for studying stress in the sample,
consisting of two polarisers. The set-up also has two quarter wave plates
inserted between the polarisers to form a circular polariscope. The light

source used is a ImW He-Ne laser.
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A silica slide of dimensions 50 mm by 10 mm and thickness 1 mm was used
as a cantilever as shown in figure 5.2, and a mass of 1.2 kg was loaded at
one end to induce temporary birefringence in the material. Mechanical stress
creates anisotropy in fused silica (which is normally isotropic) by changing
the refractive index of the material and thus leads to double refraction,
which can be observed in a plane polariscope with a dark field set-up (i.e.

axes of polarisers crossed to each other).

Figure 5.2 Fused silica cantilever clamped from one end and a mechanical
load is applied at the free end to induce temporary anisotropy in the

material.

The sample under mechanical load was first studied under a plane
polariscope (schematic of the setup shown in chapter 4, figure 4.5) to
observe the stress patterns. Figure 5.3(a, b) shows the fringes obtained in a
plane polariscope for a silica slide under load. The black line at the centre is
the neutral axis and also an isoclinic fringe. The position of the isoclinic
fringe can be moved up or down by rotating the crossed polariser clockwise
or anticlockwise. To measure the relative stress, a point of interest (POI)

was marked as a black dot, which is shown in the figure 5.3. The nearest
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isoclinic fringe is then used to extinguish (by superimposing the isoclinic on
the POI to make it appear dark) the POI as shown in figure 5.3(b). The
trajectory of one of the principal stress axes now coincides with the POI.
Once the direction of the principal stress is aligned with the POI the
magnitude of the stress can be measured by employing a circular
polariscope. The magnitude of the stress can be measured using the
information from the isochromatic fringes, which are hidden within the
isoclinic patterns in a plane polariscope. Hence two quarter wave plates with
their fast axes crossed are inserted between the crossed polarisers as
described in chapter 4. The fast axes of the quarter wave plates are at 45°
with the crossed polarisers. Under this set-up of a circular polariscope the
isoclinics disappear leaving only isochromatic fringes. Figure 5.3(c) shows
the isochromatics obtained under a circular polariscope. Now on rotating the
analyser while keeping the rest of the set-up fixed, the POI can be

extinguished for the second time, which is shown in figure 5.3(d). The angle
rotated by the analyser is defined as 6. The measured value of # can be used

in equation (4.35) to estimate the retardation in wavelength of the He-Ne

laser. The stress optic law can then be used to determine the relative
principal stress using, (o —o0;) = Z—?,Where N = 1%, which is discussed in
chapter 4 (equation 4.17). The value of the stress optic coefficient (C) of
fused silica is given by 3.55%10™ m*/N [117], and is required in equation
(4.17) for estimating the relative stress. The stress at two other points on
the sample was measured in a similar way. The experimental results were
then compared to a FEA model in ANSYS. The FEA model was solved for
static structural analysis to obtain the stress results. Figure 5.4 shows the

FEA model of the silica cantilever, which is clamped from one end, and a
load of 12 N applied at the free end.
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Point of interest

Figure 5.3 (a, b) — Isoclinic fringes observed under a plane polariscope with
crossed axes (dark field), for a silica cantilever under mechanical load. (c, d)

— Isochromatic fringes observed in a circular polariscope set up.

Clamped |
here

MPa _ ) 55 MPa

Figure 5.4 FEA model of a silica cantilever clamped from one end and under

a load at the free end, showing the mechanical stress gradients.
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Table 5.1 compares the relative principal stress estimated using the
photoelasticity measurements and ANSYS (FEA) modelling. The statistical
error of the experimental stress values were estimated by taking a ratio of
the standard deviation and the square root of the number of measurements.

The relative stress values estimated from the experiments agree with the

FEA model, with = 5% of difference.

_ _ Stress, (Experimental) Stress, (FEA)
Point of interest

MPa MPa
1 18.82+0.13 17.9
2 14.85+0.14 14.2
3 10.89+0.24 10.6

Table 5.1 Principal stress measured using photoelasticity and compared with
results obtained from FFEA for a silica cantilever under a bending load. The

errors in the experimental values are the statistical errors, the systematic

errors of the measured values is 1 MPa.

5.2.2 Silica slide under axial tension

A second case was studied for a silica sample under axial tension; the sample
used was identical to that used in the previous section (50 X 10 X 1 mm).
The axial tension on the sample was applied by suspending a 10 kg metal
mass. Figure 5.5(a) shows the schematic of the experimental setup. The
sample under axial tension was then observed under a plane polariscope
setup, which is shown in figure 5.5(b). Temporary anisotropy in the sample
under tension induces birefringence. Since the tension applied on the sample
is acting uniformly, the observed brightness is also uniform at all points as

shown in figure 5.5(c). Measurements were done at several POI's using the

techniques of photoelasticity and a relative stress of 10.49+0.25 MPa was
estimated. The estimated errors are the standard deviation of the measured
values. A theoretical calculation gives a stress of 9.81 MPa (for a 1 mm by

10 mm cross section), which agrees well with the experimental value.
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Figure 5.5 (a) Schematic of a silica slide suspending a 10 kg mass, (b)
photograph showing the experimental setup (c) Image of the silica slide

when viewed through a plane polariscope with crossed axis.

By measuring two different cases, where temporary birefringence has been
induced in the fused silica by applying an external load, a method to
successfully observe and measure the stress has been demonstrated. The
measured stress in these cases has been verified theoretically with FEA.
Hence more complicated cases, which involve residual thermal stresses are

discussed in the next section.

5.3 Thermal stress in fused silica

Thermal stresses arise from temperature effects, which lead to rapid thermal
expansion or contraction in a body. If a body is subjected to a slow uniform
heating and the boundary surfaces are unrestrained then the entire body will
expand uniformly in all the directions leading to thermal strain. However it
will exhibit no thermal stresses despite showing thermal strain. The body
will still be isotropic in nature and will show no double refraction in a
photoelastic model [118].
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If however there is a non-uniform rate of change of temperature then there
will be a temperature gradient within the body. The temperature gradient
will cause thermal expansion or thermal strain at hotter sections. The cooler
areas will resist any thermal expansion. This combination of expansion and
contraction leaves residual thermal stress in a body. This residual thermal
stress remains stationary with time and hence is often referred to as frozen
stress. The magnitude of the stresses will depend upon the material
properties, temperature distribution and the degree of freedom the body has

for free expansion [119].

The three dimensional thermal stresses are often difficult to analyse as the
magnitude of stress integrates along the length of the sample. However, for
thin planar samples (thickness less than 1 mm) the thermal stresses can be
studied using the photoelastic procedures discussed in the previous chapter.
A body of non-planar geometry, like a cylindrical rod is difficult to study
and for such complicated cases the techniques developed in FEA can be
used. Further complications arise due the fact that the material properties of
the body often change with the rising temperature, hence for an accurate
modelling of thermal stress in FEA these changes must be taken into

account.

5.3.1 Heating of fused silica by applying a CO, laser beam

Fused silica (SiO,) has a melting point of around 1700° C and has an
extremely low thermal expansion coefficient of 5.5x 107 /°C (20 — 300 °C)
[120]. The extremely low thermal expansion coefficient of fused silica makes
it an ideal material for various applications involving high temperature
operation. Figure 5.6 shows a plot of the viscosity of fused silica as a
function of temperature [121]. Viscosity is the measure of the resistance to
flow of a material when under shear stress. The annealing point in fused
silica is at 1100 "C, where the internal stress at this temperature in relieved
within 15 minutes. The softening point is between 1500 "C to 1700 °C and at
this point the material becomes malleable and starts to flow. A full list of
thermal properties of fused silica as a function of temperature is given in
[122].
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Figure 5.6 Plot showing viscosity of fused silica compared to other materials,

as a function of temperature[121].

A 1 mm thin silica slide of planar geometry was used to study the thermal
stresses induced in fused silica (Suprasil 2, grade A). The width of the silica
slide was 10 mm, length 50 mm and was supplied by Heraeus. A 100 W CO,
laser whose power can be varied was used to heat the sample. Initially to
understand the relationship between laser power and the surface

temperature of silica, the sample was heated by varying the power from 5 W
to 40 W.

The surface temperature of the silica sample was measured using a platinum
resistance thermometer. The thermometer used was a PT 100 with a
temperature range of 0 to 900° C and the calibrations of resistance were
obtained from Farnell, UK [7]. To measure the temperature above 1000 °C a
Raytek made infrared pyrometer (Marathon MR series) was used. The
operating range of the pyrometer was from 1000 °C to 3000 °C with an
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emissivity of 0.9 for fused silica. The data from the pyrometer could be
acquired using a software interface supplied by Raytek. Figure 5.7 shows the
setup of the sample heated by the laser beam and the

thermometer /pyrometer subsequently measuring the temperature.

Platinum
resistance
thermometer

Silica slide

Intrared
pyrometer

Figure 5.7 Fused silica sample (1 mm thick) heated by a CO, laser beam.
The sample was monitored with a platinum resistance thermometer between

0 °C to 900 °C and an infrared pyrometer for measuring the temperature

above 1000 °C.

The sample was clamped from one end and the platinum resistance
thermometer was attached such that it was in contact with the rear face of
the sample. A CO, laser beam having a diameter of 3 mm to 4 mm (1/e’
width Gaussian profile) was used to heat the front face of the silica sample.
The plot of temperature vs. laser power, which includes measurements from
the thermometer and pyrometer, is shown in figure 5.8. The maximum
temperature recorded by the pyrometer was around 1500 °C at 40 W after
which the sample started to melt (the melting point of silica is around 1700
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°C). The average time taken for the surface temperature to reach 1500 °C

and then stabilise was about 5-7 seconds.
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Figure 5.8 Plot of temperature vs. laser power for a silica slide heated by a
laser beam, measured using a platinum resistance thermometer and an

infrared pyrometer.

To observe and study the thermal stress in fused silica, another sample was
heated using a 25 W CO, laser beam for 10 seconds. The laser power was
kept relatively low to prevent melting of the sample, however it was high
enough to induce anisotropy by changing the refractive index in the area
where the heat was applied. The sample was then observed under a plane
polariscope setup where the axis of the polariser and analyser were kept
crossed to obtain a dark field image (as discussed in chapter 4). Figure 5.9
shows the isoclinic fringes obtained when the silica slide was observed under
a crossed polariscope set-up similar to that shown in figure 5.1 (without the
quarter wave plates), the light source used was a He-Ne laser. The thermal
stress observed in the figure is analogous to a four-fold symmetric of petals
in a flower, with a central circular core region where the laser beam was
applied. This central circular region formed is approximately 4 mm in
diameter, which is similar to the Gaussian (1/€°) laser beam diameter. The
black lines coming out of the circular pattern are the isoclinic lines. The

direction of the principal stress coincides with the isoclinic pattern. The
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difference in the intensity of the light signifies the varying retardation of
light at different positions. The area just outside the inner circular region
looks particularly bright as compared to other areas.

The sample was then rotated from 0° to 110° (with respect to the crossed
axis of the polariscope) to observe the changing pattern of the isoclinic
fringes. Figure 5.10 shows the fringes observed after every 10° of rotation.
During this rotation the central circular region goes from bright to dark.
The isoclinic fringes also appear to rotate in a circular fashion with the loci
at the centre which signifies radial stress going outwards (from the point

where heat was applied).

Isoclinic
fringes

laser beam applied

Figure 5.9 The isoclinic fringes observed for a silica slide heated by a 25 W
laser beam for 10 seconds. The laser beam was applied at the centre of the
petal shaped structure. The blue outline shown in the image on the left
signifies the boundary of the silica slide which is 10 mm wide. The
photograph on the right shows the various points of interest marked on the

sample for measurement.

Figure 5.11 shows the isochromatic fringes due to thermal stress in silica
observed under a circular polariscope set-up by inserting two crossed quarter
wave plates between the crossed polarisers. The black dots (marked and
unmarked ones) shown in the sample are the POI used for experimental
measurements. The magnitude of the thermal stress was measured using the
circular polariscope set-up. The isochromatic fringes were used to extinguish
the intensity of light at the POI by rotating the analyser and the angle
compensated is used to determine the retardation and ultimately the value

of relative stress. A Soleil-Babinet compensator [7] was also employed to
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measure the stress and compare the results between the two techniques. The
procedure for using the compensator is discussed in the previous chapter.
Several points of interest were marked at different places on the sample to
measure the retardation and hence the magnitude of the stress. By taking
measurements at several points, the distribution of stress as a function of

distance could be obtained.

60°

Figure 5.10 Thermal stress in a fused silica slide observed under a crossed
polariscope which is rotated for different angles (from 0 to 110') to observe

the changing isoclinic fringes.

Figure 5.12 shows the thermal stress measured as a function of radial
distance, starting from the central circular region where the heat flux was
applied. The stress measured within the central circular region is close to 2

MPa and this was found to be constant from the centre to 2 mm radial
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distance. Maximum retardation was measured at points just outside the
central circular region. These points correspond to POI - (A), (B), (2) and
(3) which lie within the brighter areas having maximum intensity as seen in
figure 5.9. The relative stress (with statistical errors) measured at these
points varied from 13+0.23 MPa to 22+0.23 MPa. At a distance 4 mm to 6
mm away from the centre, the measured stress gradually decreases from
10+0.75 MPa to around 4+0.23 MPa. POI (5) which is 6 mm away from the
centre and is near the edge of the silica slide shows higher stress by a factor
of 2 as compared to POI (D) located at a similar distance (but in the middle
of the sample). Looking at figure 5.10 POI (5) and (D) were measured to
have a stress of 8 MPa and 4 MPa respectively.

Isochromatic fringes

Figure 5.11 Isohromatic fringes obtained for a fused silica sample heated by
a laser beam, observed under a circular polariscope setup. The black dots
(numbered as well as non-numbered) are the points of interest where the
measurements were taken. The sample was inverted (when compared with
figure 5.9) while taking the image, hence POI (A) to (D) is in opposite

direction.
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Figure5.12 Thermal stress as a function of radial distance measured for a

fused silica slide using a circular polariscope and Soleil-Babinet compensator.

5.4 Thermal modelling using finite element methods

FEA techniques were used for the thermal modelling of the fused silica slide
to compare with the experimental results obtained from photoelasticty
measurements. For the cases where the geometry of the sample will make it
difficult to directly measure the thermal stress, an FEA model will help
predict the temperature gradients and the resulting stress. However, it is
also important to test FEA modelling on simpler planar geometries. A
‘coupled field analysis’ was used in ANSYS that combines two different
analyses. Figure 5.13 shows a schematic of the steps involved in modelling a
coupled field analysis in ANSYS [123]. The first step is to estimate the
temperature distribution and thermal gradients in the body based on the
loading condition applied. The model is then solved using a transient
thermal analysis where the time is varied from zero to a few seconds. Next a
transient structural analysis is used which requires a change in element type
from thermal to structural elements. The temperature distribution obtained
after solving the thermal analysis is re-applied on the body as a loading

condition, to solve a structural analysis, thus giving thermal stress results.
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A rectangular slide of dimensions - thickness = 1 mm, width = 10 mm,
length = 50 mm was designed in ANSYS using solid element type (solid 95,

which signifies 95 nodes per element). The model was finely meshed to
obtain convergence of the results (< 1% difference). Figure 5.14 shows the

finely meshed ANSYS model of the fused silica slide. The temperature
dependent material properties of fused silica are required in the FEA model
for accurate predictions. These include density; Young’'s modulus, Poisson’s
ratio, thermal conductivity, heat capacity and thermal expansion coefficient.
The material properties used in ANSYS varied with the changes in
temperatures, ranging from 25 °C to 1500 °C. To simulate radiation effects
(between the hot body and the surrounding air) the radiosity solver method
(RS solver) was adopted in ANSYS. A radiosity solver method is used to
define radiation options in thermal analyses [124]. An additional element
type called SURF 152 (2D), which is a surface element type, was specifically
used to simulate radiation effects. Once meshed, ANSYS creates a new set
of radiosity elements and nodes over the existing mesh (thus creating two
different mesh types - surface mesh and body mesh). The radiation effects
are dependent upon the Stefan Boltzmann constant and emissivity of fused

silica, which was also provided.

A Gaussian beam of diameter 4 mm and power 25 W was used in ANSYS to
simulate an equivalent heat flux generated from a CO, laser beam. The
model was then solved for a transient thermal analysis for a time period of
10 seconds, with a time interval of 0.5 seconds. Using a small time sub-step
of 0.5 seconds, the loading conditions are slowly applied on the model, which
improves the convergence of the results. A large sub-step can result in large
deformation (beyond the boundary set in ANSYS) and triggers a solution
failure. The change in temperature of the solved model as a function of time
was then studied using a ‘time history post processing' function in ANSYS
and is shown in figure 5.15. The varying temperature with time was
measured at the point where the heat flux was applied. The plot shows that

the system reaches at a steady state within 10 seconds, as the temperature

doesn’t change significantly beyond that time.
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Figure 5.13 Schematic of the steps involved in solving a coupled field
analysis in ANSYS.

The temperature profile of the body is estimated in ANSYS using the
Fourier law of conduction. It states that the rate of change of heat flux
through a body is directly proportional to the area, at right angle to the
direction of heat flow and to the negative temperature gradient along the
path of heat flow. The heat flux ¢ is expressed as [119, 125],

dT
Qheat flux = —KA a: (6'1)
where A is the cross sectional area through which the heat flows, A is the
thermal conductivity of the material and d7/dx is the temperature gradient.

The negative sign ensures the heat flows down the temperature gradient.

The radiation contributes a negative term to the heat flow because it
decreases the energy in the body. The amount of radiation depends upon the
temperature of the body and the emissivity. The rate of heat flow due to the
radiation emitted by a body is given by,

Qradiation = ecgAT* (5.2)

where 0 = 5.67 X 10" 8Wm™ K™ is the Stefan-Boltzmann constant.
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The temperature distribution within the body depends upon the rate of heat
generation (g,,), the heat capacity and rate of thermal conduction to its
boundaries and surrounding environment. The heat generation g, within
the body is also roughly equal to the heat flux applied and the heat loss due
to radiation effects. This is determined by the equation, which is expressed
as [119],
2

where dT /0t is the rate of change of temperature at a point over time and k
is the thermal diffusivity which describes the rate at which heat diffuses
through a body. k is dependent upon the thermal conductivity & and specific
heat capacity ¢. The thermal diffusivity (unit- m/s’) increases with thermal
conductivity as the heat will be able to conduct quickly across the body.
However a higher heat capacity will lead to heat being stored as an internal
energy within the body instead of being conducted thus lowers the thermal

diffusivity. Mathematically this is given by [125],

K= p_C (54)

where p is the density of the material.

I mm

10mm

Figure 5.14 ANSYS model of a meshed fused silica slide, showing the
position of the applied heat flux.
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Figure5.15 A plot from ANSYS showing the temperature vs. time measured
at the centre of the fused silica slide, where the 25 W laser beam was

applied.

Figure 5.16 shows the time varying (from 1 sec to 10 sec) temperature
profile in the body obtained after solving the model in ANSYS. The region
where the Gaussian beam was applied shows a maximum temperature of
2070° C after 10 seconds. At the same time the rear surface of the silica
sample roughly attains a maximum temperature of 1600 °C within 10
seconds, which is shown in figure 5.17. Recalling, that the temperature at

the rear surface of the fused silica measured using the pyrometer to be

=~ 1500 °C, which is close to what is estimated in the FEA model.
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Figure 5.16 Temperature distribution at the front surface of the fused silica
slide estimated from the FEA model, showing the time varying (1s to 10 s)

distribution of temperature (in °C). The simulation was based on applying a

25 W Gaussian beam on the model for 10 seconds.
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Figure 517 Temperature distribution at the rear surface (relative to the

surface where the heat flux was applied) of fused silica due to laser heating
(25 W) for 10 seconds.

The estimated thermal gradients in the x, y and z directions are shown in
figure 5.18. The x and y axes are along the surface of the sample and z is
perpendicular to the page (i.e. along the 1 mm thin axis of the sample). The
thermal gradients plotted in red and blue contours (specifically in (a) and
(b) of figure 5.18) are of similar magnitude but opposite in direction. The
thermal gradient is minimum at the surface where heat flux was applied,
which is shown in green. At distances 2-3 mm away from the source of heat

flux the thermal gradient is maximum in the x and y directions.

Figure 5.18(c) shows the thermal gradient along the z axis, where most of
the heat flux is getting absorbed within the sample. The magnitude of the
thermal gradient in this case is higher as compared to the other two cases

(x, y directions).
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Figure 5.18 Thermal gradient in the fused silica slide on applying a 25 W
laser beam. (a, b) thermal gradient in the x and y axes respectively, the
contours shown (red-blue) are similar- in magnitude but in opposite
direction, the contour in green indicates a minimum value, (c) thermal
gradient along the z axis (perpendicular to the page) where the contour in

red shows maximum values and blue is for minimum values.
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Based on the results obtained from the transient thermal analysis a
transient structural analysis was setup. The distribution of temperature in
each element of the body was carried forward (from the thermal analysis)
and applied as a loading condition for individual time intervals. Figures 5.19
and figure 5.20 shows the development of thermal stresses from 1s - 4 s and
7s - 10 s respectively, obtained after solving the transient structural analysis.
The equivalent stress (Von Mises stress) and 1% principal stress developed in
the body over 10 s has been compared in the same figure. Equivalent stress
is the scalar stress value which is a combination of the three principal
stresses. The equivalent stress can be used to estimate the yield stress of the
material, exceeding them will result into failure (melting in the case of fused
silica) of the sample. The development of the thermal stresses with time (in
figure 5.19, 5.20) can be compared with their respective temperature profile
from 1s to 10s (figure 5.16).

Figure 5.21 shows a comparison of the results obtained from the FEA model
with those measured wusing the techniques of photoelasticity. The
experimental relative stress should be compared only with the 1% principal
stress estimated from FEA. In the area where the heat flux is applied (the
inner circular contour in blue in figure 5.20) the 1% principal stress varies
from — 1.17 MPa to 1.79 MPa at a time 10 sec. The negative sign signifies
the direction of the stress component. Experimentally the stress in this area
was measured to be approximately 2 MPa and is close to the estimated 1%
principal stress. The corresponding equivalent stress at time 10 s varies from
22.5 MPa to 33.7 MPa, which is very high as compared to the measured
value. The stress in the core region could be three dimensional in nature and
should vary as a function of thickness. The temperature in this core region
was estimated from FEA to be varying from 1150 °C to 2000 °C as shown in
figure 5.16. Hence a large thermal gradient is observed at this point (figure
5.18). The temperature in this region is near the melting point of fused
silica, hence the viscosity will change from 10" Pa-sec to 10" Pa-sec. Under
these circumstances the material is expected to soften and flow. To

determine the correct stress in the core area will require a computational
fluid dynamics (CFD) analysis in ANSYS [126].
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Figure 5.19 ANSYS modelling of a fused silica sample showing thermal

stresses on applying a Gaussian heat flux (25 W laser beam). The stresses

shown are the I principal stress and equivalent stress for times Isec and 4

sec.
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Figure 5.20 ANSYS modelling of a fused silica sample showing thermal
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stresses on applying a Gaussian heat flux (25 W laser beam). The stresses

shown are the I" principal stress and equivalent stress for times 7 sec and 10

sec.
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However as heat is distributed around the body the equivalent stress
gradually increases at the region outside the inner circle (radius 2 mm). At a
distance 3 mm from the centre the equivalent stress was estimated to be
18.7 MPa with a variation of 5 MPa depending upon the radial position.
These values agree closely to the value measured experimentally, which is 18
MPa.
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Figure 521 A comparison of the thermal stresses in a fused silica slide
measured using photoelasticity and predicted with a FEA model. The values
along the horizontal axis are the radial distance measured from the point
where the heat flux was applied. The error bars represent the range of the
stress values measured at several points located at the same radial (in x and

y directions) distance.
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5.5 Thermal stress in fused silica welds

The suspension systems in the advanced gravitational wave detectors such
as alLIGO have fused silica fibres welded to silica attachment ears. The
welding is done using a 100 W CO, laser beam. The weld region will contain
residual thermal stress developed during this process. The stress in the welds
may weaken the stock region of the fibre, which could reduce the breaking
stress of the suspension. The stress in the weld region may also increase the
weld loss [127, 128] which could increase the total mechanical loss and
thermal noise of the suspension. In future detectors there are plans to use
heavier test mass and thicker fibre stock to support the mass, which could
involve welding using higher power laser. Keeping in mind these issues, the
study of thermal stress is particularly important for the development of
future detectors. However it is very difficult to directly observe and study
the weld stress due to the complex geometries involved. Hence to investigate
weld stress during laser welding two silica samples were welded together
using a CO, laser beam. These samples have planar geometry (similar to the
one used in the previous section) which makes it possible to directly observe

and measure the stress around the weld region.

Figure 5.22 shows the set-up used for welding two fused silica samples
together. The set-up includes a computer controlled (via LABVIEW
interface) ‘x-y’ mirror galvanometer and an articulated arm for directing the
laser beam into the galvanometer. The mirror galvanometers reflect the laser
beam towards the silica sample, which will be welded. The movement of the
galvanometers are computer controlled which allows the laser beam to move

around in the horizontal and vertical directions on the sample.
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Figure 5.22 Set-up used for welding two fused silica samples together using a
CO, laser beam. Mirror galvanometers, which are computer controlled, are

used to direct the laser beam on to the sample.

The samples to be welded are held using ceramic tipped tweezers, which are
attached to three axes stages (similar to one used for holding GEO fibres
during flame welding as described in chapter 3). The laser power was varied
between 30~60 Watts during the process of welding. The silica sample
softens on applying the laser beam for a few seconds and the two samples
are then gently pushed towards each other to form a weld. It takes
approximately 5 minutes of continuous laser power to weld a 10 mm wide
silica sample. Figure 5.23 shows three fused silica samples (a, b, c¢) of

different width, which were laser welded.
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Figure 5.23 Fused silica samples welded together using a CO, laser beam.
Sample (a) is 10 mm wide, sample (b) and (c) are 12 mm and 15 mm wide,

respectively.

The welded samples were then placed in a crossed polariscope set-up to
observe the thermal stress developed due to welding. Figure 5.24 shows the
isoclinics obtained under a crossed polariscope for all three samples. The
weld line remains dark for any angular rotation of the polariser. One reason
for this could be due to the fact that the sample in this region might have
annealed due to high temperature, hence might not be showing any sign of
birefringence. The weld region is 4~5 mm wide (¥2.5 mm from the weld line
shown in figure 5.24). At the periphery of the weld region a distinctly sharp
line can be seen (see figure 5.24). This line divides the hot (molten) and
relatively cooler parts in the sample. Also a change in the refractive index is
observed at either side of this sharp line. Outside the weld region, maximum
intensity of light can be observed, which suggest that the light suffers

maximum retardation in this region.

Figure 5.25 shows the changing pattern of the isoclinics obtained by rotating
the sample (a) at every 10" interval in a crossed polariscope set-up. Several
POI were marked on the sample and using the changing isoclinics, the
principal stress direction was identified. The value of retardance was
measured at marked POI using the Tardy method of compensation, to give

an estimate of the thermal stress distribution in the sample.
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Melted silica

Weld line

Figure 5.24 Thermal stress in fused silica samples (a, b, c¢) developed due to
laser welding, observed under a crossed polariscope set-up. The weld region
shown in sample (a, b, c¢) extends 2.5 mm beyond the weld Iline in both

directions.

Figure 525 Sample (a) rotated at every 10’ interval under a crossed
polariscope to obtain changing isoclinic patterns formed due to thermal

stress in the laser welded silica.
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Figure 5.26 shows the retardance measured as a function of distance from
the weld line. The weld line is at zero position in the plot and the line
drawn on the plot is to identify the weld region. The photograph of the
thermal stress in figure 5.26 is scaled (along the x axis) with the plot to
show the position of the measured POI. The weld region shows a uniform
retardance of 10 nm (for the 633 nm He-Ne laser). The retardance increases

by a factor of 5 and peaks just outside the weld region.

Figure 5.27 shows the relative stress along the length of the sample,
measured for sample (a) in the positive and negative direction from the weld
line. The distribution of stress in both the directions shows a similar trend.
The stress remains constant in the weld region and peaks just outside it,
followed by a reducing trend along the length of the sample. The stress in
the entire weld region varies between 3+0.2 MPa to 4+0.2 MPa. Maximum
stress is observed just outside the weld region (3 - 4 mm away from the weld
line) and was measured to be 15.85+0.42 MPa. The thermal gradient outside
the weld region could be very high due to the interface of hot and cooler
parts that leads to very high stress observed in this area. These results are
interesting and further work is required to develop methods through which
samples can be annealed. A welded sample can be placed in an oven and the
annealing temperature could be set at 1100 °C. Isoclinic patterns of the
annealed samples can be compared with the non-annealed ones.
Measurement of relative stress in these samples could show a change in the

distribution of stress.

It is important to note that the existing FEA models do not take into
account the flow of silica. The model doesn’t use the changing viscosity of
fused silica, which is vital for the most accurate prediction of thermal stress
in the weld region. Hence further techniques need to be developed which
could simulate the flow of molten silica in the weld region, using
computational fluid dynamics (CFD). This could involve solving for three
different analyses: transient thermal, thermal fluid (CFD) and finally
transient structural. The assimilated results from these analyses can give
more insight into the flow dynamics of molten silica. These results could be

useful for annealing the sample to reduce the residual thermal stress.

112



Chapter 5 Study of mechanical and thermal stress in fused silica

Weld region

50 - o
40

30

Retardance, Nanometers

20

10

0 2 4 6 8

Distance from the weld line, mm

Figure 5.26 Plot of retardance as a function of distance from the weld Iline
(at zero position) estimated for sample (a) using the Tardy method of
compensation. The photograph of the thermal stress is scaled to the x-axis
of the plot to show the position of the POI from the weld line.

113



Chapter 5 Study of mechanical and thermal stress in fused silica

18 -
Weld line

16-/

14 -
12 -

10 A1

Stress, MPa

oo

] Weld region

- P

L« 5]

-8 -6 -4 -2 0 2 4 6
Distance from the weld line, mm

Figure 5.27 Plot of relative stress as a function of distance measured for the
laser welded sample (a). The y-axis is also the weld line in the sample, the
stress was measured in both the positive and negative directions from the

weld line.

5.6 Conclusions

Fused silica being optically isotropic exhibits no birefringence when zero
stress is applied. However temporary anisotropy can be induced in it by
applying a mechanical load or by heating a sample. Mechanical bending load
was applied on the fused silica cantilever to measure the retardance and
estimate relative stress using the photoelastic stress analysis. Similarly a
silica slide was loaded with a 10 kg mass and tensile stress was observed and
measured at several points. The experimental results were then compared

theoretically and using a FEA model. The photoelastic method gives a good

method for determining stress values with a resolution of £1 MPa.

The photoelastic stress analysis technique was then used to study and
estimate the thermal stress in a fused silica slide. The silica slide was heated
by applying a 25 W CO, laser beam. The rising temperature in the sample

was measured using a platinum resistance thermometer and an infrared
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pyrometer. The thermal stresses were observed under a plane polariscope
and later under a circular polariscope set-up. Under a plane polariscope the
changing isoclinic pattern was observed. The isoclinics were removed under
a circular polariscope to obtain isochromatic patterns. The magnitude and
directions of the stress were analysed using the Tardy method of
compensation and a Babinet-Soleil compensator. A coupled field analysis
(thermal + structural) in ANSYS was performed to estimate the
distribution of temperature in the body and the thermal gradients. The
temperature predicted by FEA model agrees with the values measured using
the infrared pyrometer. The thermal solutions were then solved for a
structural solution to obtain thermal stresses. Experimental results
suggested a high degree of relative thermal stress in the sample at various
points. This varied from 22 MPa to 2 MPa depending upon where it was
probed. At a distance 3 mm to 5 mm from the centre the results from the
experiments and FEA showed a good agreement with some degree of

deviation.

The study of thermal stress encouraged further study of more complicated
cases like weld stress. Two fused silica samples were welded using a CO,
laser beam and the thermal stresses around the weld region were studied.
The relative stress measured experimentally in the weld region was found to
be comparatively lower than other areas. The relative stress values peaks at

a distance 3 mm to 4 mm away from the weld line.

The currently used FEA model does not simulate the flow of molten silica.
Hence the prediction of stress in the weld region using FEA requires further
work, which could include a study of computational fluid dynamics.
Modelling complex geometries like cylindrical rods requires more work in
this area. These models could be vital in predicting the thermal stress in

cylindrical silica stock laser welded to silica ears.

The work in this chapter has demonstrated an effective technique, which
can be used to study the mechanical and thermal stress in fused silica. The
experimental stress analysis and the thermal modelling in FEA could be
further used to analyse stresses developed in the materials used for the

construction of suspension elements in gravitational wave detectors.
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noise in advanced LIGO

6.1 Introduction

The 4 km long advanced LIGO (aLIGO) detector is a 2" generation
gravitational wave detector, which is currently under construction at two
sites in the USA [129]. The detector is expected to be online by 2016 and
achieve the design sensitivity within 2-3 years. The design sensitivity of
aLIGO is a factor of 10 better than the first generation LIGO detectors at
frequencies less than 10 Hz [130]. This may result in the event rate of binary
neutron star coalescences of approximately 40 per year [11]. This has been
possible by wusing ultra low loss materials and monolithic fused silica
suspension, optimised mirror coatings and advanced interferometer optics.
These upgrades could lead to a first possible detection of gravitational waves
in the next 4~5 years. However it is important to study the possibility of
applying incremental upgrades to the second generation detectors by making
small but significant changes to the suspension system. The work in this
chapter discusses the various incremental upgrades possible in the current
suspension design to further reduce the mechanical loss. This work could

lead to improvement in the suspension thermal noise which will improve the

sensitivity of the detector by a factor of ~3-4.
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6.2 Overview of the aLIGO suspensions

The design of the aLIGO suspension is based on the suspension system used
in the GEO-HF detector [131]. However the aLIGO detector has more
stringent thermal noise requirements, especially at frequencies below 100 Hz.
The details of the suspension design and fabrication procedure have been

presented in [132, 133] . The baseline displacement sensitivity of the
detector is 10" m/vHz at 10 Hz. Any technical noise source should be 10

m/ VHz or lower at 10 Hz. The vertical mode frequency is expected to be 12
Hz or lower and the fundamental violin mode should be around 500 Hz.
Hence the suspension technology from the GEO-HF detector has been
further developed to meet these requirements. The main mirror suspension
for aLIGO is designed as a quadruple pendulum having a monolithic fused
silica final stage. Figure 6.1 shows the fused silica suspension installed in the
LIGO Advanced System Test Interferometer, LASTI, MIT [134]. The
LASTI monolithic suspension was essential for measuring the fundamental
violin mode quality factors, which would provide a test of the FEA
modelling techniques used to predict the mechanical loss. The violin mode
was excited using magnetic actuators and the subsequent ring down was

recorded in the cavity lock acquisition signal. The loss measured for the

fundamental (1.6x10°, 516 Hz) and the first harmonics (2.2x10°, 1020 Hz)
agreed within 7% and 19% respectively, with the FEA model (1.5x10” and
1.8%10” respectively) [133].

The quadruple pendulum design has four multiple pendulum stages, which
are shown in figure 6.2. There are two metal masses suspended from
cantilever springs made of maraging steel. The 40 kg fused silica
penultimate mass hangs from the upper mass using steel wire in a loop. The
final monolithic stage consists of another 40 kg fused silica test mass. The
test mass is suspended from the intermediate mass using four fused silica
fibres of length approximately 602 mm. These fibres have varying cross
section and the thinnest section has a diameter of 400 um. The fused silica
fibres are welded to the horns of the silica ears using a CO, laser. The silica
ears are bonded to the sides of the test/penultimate mass using a hydroxide

catalysis bonding technique [101]. The sides of the test mass have a flat
surface (polished to 1/10 (633 nm) especially for this purpose.
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Figure 6.1 Quasi monolithic fused silica suspension of the aLIGO detector
installed in MIT, USA. (Image courtesy - MIT, USA) [134]. The fused silica
penultimate mass suspends from the upper mass using a steel wire in a loop.

The final stage fused silica test mass suspends from the penultimate mass

using 4 fused silica fibres of length 602 mm and diameter 400 pm.
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Figure 6.2 Schematic of the quadruple pendulum design of the aLIGO
suspension. There are two upper masses suspended from cantilever springs,

followed by the lower stage of the suspension (CAD diagram, courtesy - R
Jones).

The silica fibres are fabricated from a 100 W CO, laser pulling machine
[132], which is described in chapter 3.

6.2.1 Suspension fibre design

The fused silica suspension fibres used in aLIGO were originally designed by
considering the resonant mode frequencies such as the pendulum mode,
pitch/tilt modes, bounce mode and the fundamental violin mode [135]. The
design specification required the pendulum mode to be around 0.64 Hz and
vertical bounce mode to be below 12 Hz. The fundamental violin mode
frequency was kept at 500 Hz. Based on the above parameters each fibre
was designed to be 600 mm long and 400 micron in diameter at the thinnest
section. The fibres on the same side of the mass are separated by 30 mm.
Figure 6.3 shows a schematic of the fibre used in the aLLIGO suspension.
The fibres were fabricated from 3 mm in diameter fused silica rods. The 3

mm rod, also called the stock, is 10 mm long. The stock is used for holding

the fibre during laser welding. The stock tapers down to 800 um in
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diameter, in order to provide thermoelastic cancellation, discussed in chapter

2. The diameter of the thermoelastic noise cancellation region is based on
the static stress applied on each fibre (800 MPa). The 800 um section

further tapers down to the thinnest 400 um section, which is approximately

60.2 cm long. The length of the taper varies from 7 mm to 10 mm [136].

10 mmi Diameter = Diameter
800 micron Diameter = 20 mm 3 mm
400 micron i I

Taotal length of the fibre - 600 mm

Figure 6.3 Schematic of the fused silica fibre design used for the aLIGO

baseline suspension.

6.3 Incremental upgrades to the aLIGO suspension

The incremental upgrade to the aLIGO suspension is focused on two
aspects. The first is to lower the total mechanical loss and the second is to
improve the suspension thermal noise. The latter can be achieved by
increasing the dissipation dilution factor and by further optimising the fibre

geometry, which is discussed in the section ahead.
6.3.1 Increasing the dilution factor

The discussion on dissipation dilution factor has been dealt with in chapter

2. The dilution factor can be defined for a fibre of diameter, d, and cross

sectional moment of inertia, I, as, D = 2L %, where L is the length of the

suspension, m is the suspended mass and g is the acceleration due to
gravity. This equation is for an ideal case (theoretical) where one end of the
fibre is assumed to have an infinite stiffness. The theoretical dissipation
dilution factor for the aLIGO fused silica suspension (for a uniform cross
section fibre) is estimated to be 312. However using FEA techniques, the

tapered fibre gives a value of 91, as in a real situation the fibres are not
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constrained to infinite stiffness. Hence FEA modelling is useful for predicting
realistic values. The dissipation dilution factor is a function of length of the

suspension. Hence by increasing the length by a factor of 2, the thermal

displacement noise will be improved by a factor of V2. The height of the
vacuum tank that will enclose the 60 cm long alLIGO suspension system has
an additional vertical space to accommodate a suspension up to 100 cm
long. Hence the design study undertaken for the incremental upgrade of the
suspension, assumed the suspension length to be increased to 100 cm. Also a
comparison study between the performance of 3 mm diameter silica stock vs.
5 mm diameter silica stock has been performed. Currently the silica fibres
are pulled from a 3 mm thick stock material. However if a 5 mm thick stock
material is used for fabricating the silica fibres then studies show that the
dissipation dilution can be further improved. A thicker stock will be stiffer
and will bend less and hence store less amount of strain energy. This will
also decrease the loss occurring in the weld region of the stock. However
having a long neck region is not desirable and an optimum neck length is
vital for proper distribution of strain energy in the system. A stiffer stock
with a longer neck will cancel one another out, resulting in no gain in the

dilution factor.

An ideal fibre suspending a mass should store most of the bending energy in
the neck region where the thermoelastic noise is not nulled. Studies show
that the stock region of the fibre should not contain more than 20% of total
energy as this would result in excessive weld loss. The rest of the fibre
should contain almost negligible amount of bending energy. To study the
effect of neck length on the distribution of energy in the fibre, a FEA model
of single fibre (aLIGO design) suspending a 10 kg mass was built. In the
aLLIGO suspension, four silica fibres suspend a 40 kg test mass, hence the
load on each fibre is 10 kg. The material properties of fused silica used to
design the ANSYS model were identical to those discussed in chapter 3. The
FEA model had a 3 mm thick stock region which tapers (neck) into a 800

um thermoelastic cancellation region. The 800 pum section then transitions
into 400 pum region. The total length of the fibre in this case was taken to be
60 cm. The neck length in this case was varied between 3 mm and 9 mm.
The stock region was constrained for all six degrees of freedom and gravity

was applied on the model. The FEA model was solved for static and modal

analysis to obtain static displacement values and resonant mode frequencies.
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The pendulum mode frequency is of most interest. The distribution of

bending energy (strain energy) of the relevant mode was extracted from the
ANSYS model. Figure 6.4 shows a plot of strain energy vs. length along the
fibre for the pendulum mode frequency. The plot clearly shows that as we go
from a shorter to a longer neck the distribution of strain energy along the
length of the fibre increases over a wider region, or in other words the
bending length increases. A large bending length is not desirable in a
suspension from the control point of view. Secondly, the strain energy stored
in the stock region increases linearly with the increase in neck length. This
again will increase the weld loss and limit the sensitivity of the detector at
frequencies around 10 Hz. Hence an optimum length of the neck needs to be
considered which can be fabricated and is reproducible. In this case it can be

between 3 mm to 7 mm, based on the ratios of energy in the neck and weld

region.

0.0025

0.002
m— Neck 3mm
— Neck 5mm
0.0015 Neck 7mm
Stock Neck 9mm

diameter
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|

0.001

Strain energy, (arbitrary units)

0.0005

0 5 10 15 20 25 30 35 40 45 50 55 60
Length along the fibre, {[mm)

Figure 6.4 A comparison study of strain energy distribution along the fibre
for various neck lengths. The stock diamter and stock length are constant in
these models, while theneck length is vaired from 3mm to 9 mm. The total
length of the fibre is 600 mm. This data is for the pendulum mode.
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A second ANSYS model was built to study the effects of stock length on the

energy distribution. The stock length was varied from 5 mm to 15 mm. The

neck length in this case was kept constant at 5 mm. Figure 6.5 shows the
strain energy distribution along the length of the fibre for the second model.
The result suggests that the longer stock being softer will bend more than
shorter stock. A shorter stock also pushes more energy in the neck region.
Studies shows that the mechanical loss of the fibre having shorter stock
length is lower than one with relatively longer stock. An optimum length of
the stock is often based on the position of the strain energy peak and the
distribution of the strain energy in the fibre. Hence a stock length between 5

mm and 10 mm is ideal for incremental upgrade for the alLIGO suspension.
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Figure 6.5 Strain energy along the fibre for various stock lengths (varied
from 5 mm to 15 mm) and constant neck length of 5 mm. The stock

diameter is 3 mm for all cases. This data is for the pendulum mode.

The first and the second FEA models give an optimum neck and stock
length which can be used for the design study of the incremental upgrades
for the aLIGO suspension system. Hence a third FEA model was built for
this purpose. However the total length of the fibre in this case was increased
to 100 cm (from 60 cm in the previous cases) and a comparative study

between 3 mm/5 mm stock diameter was performed. The stock length was
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kept constant at 5 mm. The neck in the model having 3mm/5 mm diameter
stock was compared for two lengths - 2 mm and 7 mm. The suspended mass
and other cross sections in the fibre remain unchanged. Figure 6.6 shows
the energy distribution along the length of the fibre for the third ANSYS
model. The optimum designs from this plot are the 3 mm and 5 mm
diameter stock with 2 mm neck length (having green and purple legends
respectively). These two designs haver a shorter bending length. The strain
energy in these two models peaks at the neck region and the stock contains
less than 10% of the total energy. In fact the 5 mm thick stock with 2 mm
neck has the maximum stiffness among all the cases and thus the highest

dilution.

The aLIGO baseline design has a stock length of 11 mm to compromise
between the energy stored in the stock and the ease of holding the stock for
laser welding. However with the development of suitable tooling the stock
length could to reduced to 5 mm from the currently used 11 mm. This will
help to improve the dissipation dilution factor and improve the total diluted
mechanical loss. Based on the third ANSYS model the most optimum design
was selected to estimate the mechanical loss as a function of frequency

which is discussed in the next section.
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Figure 6.6 A comparison study of strain energy distribution along the fibre,
for the pendulum mode frequency of a 100 cm long suspension. The neck
length is varied from 2 mm to 7 mm and the stock diameter from 3 mm to 5

mm. The stock length is 5 mm for all the cases.

6.4 Mechanical loss and thermal noise

The prediction from the ANSYS model was used to compare two scenarios
with the aLLIGO baseline design. In option 1, the suspension had 3 mm
diameter stock, 5 mm long stock, 2 mm neck long neck and 100 cm long
fibres. In option 2, the suspension had 5 mm diameter stock, 5 mm long
stock, 2 mm neck long neck and 100 cm long fibres. The aLIGO baseline
design has 3 mm diameter stock, 11 mm long stock, 7 mm long neck and

62.30 cm long suspension fibre [134].

The dissipation dilution factor estimated from the FEA model for all the
three options are 159/170/91 respectively. Option 1 and 2 when compared
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with the aLLIGO design, shows that using a longer fibre and optimising the

stock /neck design helps to improve the dissipation dilution factor. Figure 6.7
shows the predicted mechanical loss as a function of frequency for all the
three cases. The energy that leaks into the neck of the fibre and the non-
zero thermoelastic cancellation due to larger diameter of the stock (>800
micron) results in low frequency peaks. The alLIGO baseline design peaks at
0.25 Hz. The thermoelastic peak for option 1 and option 2 can be seen at
approximately 0.5 Hz and 0.9 Hz respectively. The magnitude of
thermoelastic peak for option 1 and 2 is lower as compared to the aLIGO
design due to less energy in the stock region. At frequencies greater than 20
Hz the mechanical loss flattens and is dominated by the surface and weld
loss terms. The improved dilution and optimised fibre geometry leads to a
reduction in the mechanical loss by 3.4/6.8 for option 1 and option 2 over

the aLIGO baseline design at 10 Hz [137].
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Figure 6.7 A comparison study of the total diluted mechanical loss as a
function of frequency for the alIGO baseline design and two incremental

upgrades.

Figure 6.8 shows the thermal displacement noise for all the three cases
estimated using equation (2.10), as discussed in chapter 2. At 10 Hz, option
1 and option 2 offers a factor of 2.5 to 3.7 improvement in thermal noise
over the aLIGO [137] baseline. Based on the calculation made for these
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incremental upgrades, the strain sensitivity is expected to improve by a

factor of 2.5 for option 1. This could lead to a factor 15 increase in the event

rate.
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Figure 6.8 Thermal displacement noise as a function of frequency for aLIGO

design, which is compared with the two incremental upgrade options.

6.5 Conclusions

There is a significant effort being made around the world to upgrade the
status of the current network of gravitational wave detectors. Once online,
the second generation of detectors will have improved sensitivity and sky
coverage which could lead to the first detection of the gravitational wave

signals from various astrophysical sources.

However there are still some scopes for incremental upgrades, which can be
applied to these detectors, without making major changes to their existing
infrastructure. The possibility of room temperature incremental upgrades,
which can be applied to the aLIGO detector to further enhance the

sensitivity has been discussed in this chapter. Using the techniques
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developed in FEA, various models were analysed to improve the dissipation
dilution factor of the pendulum. One suggested way is to increase the length
of the current suspension from 60 cm to 100 cm. To improve the low
frequency thermal noise, the energy in the suspension fibre needs to be
carefully distributed. A comparison study between various neck length,
stock length and stock diameter was undertaken. Longer neck and stock
increases the bending length of the suspension and therefore should be
avoided. A study of larger diameter stock (5 mm) showed an improvement

in the dissipation dilution factor by a factor of 1.8, from the current values.

Based on the results from FEA, two models were further studied for their
mechanical loss and thermal noise performance. These models have 3 mm
and 5 mm diameter stock (stock length 5 mm) and a 2 mm neck. The
improved dilution and optimised fibre geometry leads to a reduction in the
mechanical loss by a factor of 3.4 and 6.8. At 10 Hz, which is the working
frequency of the aLIGO detector. The thermal displacement noise showed an
improvement by a factor of 2.5 to 3.7 for the two cases respectively. These
incremental upgrades could lead to an improvement of the strain sensitivity
by a factor of 2.5, which would increase the sky coverage and the event rate
of the detector.
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Chapter 7 Conclusions

A network of gravitational wave detectors currently exists around the world
to detect the gravitational wave signal from various astrophysical sources.
The science runs conducted by the first generation of detectors have placed
upper limits on a variety of astrophysical sources after reaching their design
sensitivity. The 1* generation of detectors is currently offline and efforts are
ongoing to upgrade them to form the 2" generation of detectors by
employing new materials and technologies. The strain sensitivity of the 2"
generation of detectors is expected to improve by a factor of 10, which
would increase the range of the detector by a factor of 1000. Once online by
2015-16, these detectors may lead to first detection of gravitational wave
signals, and may open new avenues in the field of astronomy and
astrophysics. However, continued research and development is required to
develop the 3" generation of detectors for precision gravitational wave
astronomy, targeting sources at a range of frequencies. The future detectors
could offer detailed measurements of the sources and their physical

parameters.

The sensitivity of the current detectors is limited by various noise sources.
At low frequency seismic and gravity gradient noise dominates and at lower
to higher frequencies the detectors are limited by quantum noise. However
in the mid frequency range (= 100 Hz), the coating thermal noise is one of

the most dominant noise sources.

Suspension thermal noise results from the random vibrations of atoms in the
test mass mirrors and suspension fibres affecting the sensitivity of the
detector at frequencies < 10 Hz. Using the fluctuation dissipation theorem
the thermal noise levels in the system can be predicted as well as reduced by
adopting the relevant design changes. The mirrors in the detectors are in the

form of multiple pendulums; thereby providing a low frequency seismic noise
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isolation and most importantly reducing the thermal noise via the use of
monolithic final stages of fused silica. A pendulum stores most of the energy
in the lossless gravity. The loss mainly comes from the wires storing some
amount of energy, which can be diluted by using the dissipation dilution
factor. The thermal noise is dependent upon the quality factor (@), inverse of
the mechanical loss) of the pendulum design. The mechanical loss consists of
various terms including thermoelastic loss, surface loss, bulk loss and weld
loss. Hence the pendulum suspensions used in the detectors have to be
carefully designed using ultra low loss materials like fused silica for reducing

the diluted mechanical loss value.

GEO 600 is part of the international network of gravitational wave
detectors, and a test bed for providing new technologies for future detectors.
The GEO detector is currently undergoing an upgrade to GEO-HF,
improving the sensitivity in the kilohertz region. Some of the improvements
include light squeezing techniques and a DC read-out (Homodyne detection
scheme) system. There is a possibility that the planned upgrade could
damage the fibres of the GEO monolithic suspension as some of the vacuum
tanks need to be opened. A robust procedure for repairing the suspension
has been envisaged and the work has been presented in this thesis. An
additional opportunity also exists to re-optimise the GEO suspension design,
utilising the techniques gained from al.LIGO. The repair scenario incorporates
a mnew fused silica suspension fibre with optimised geometry and
thermoelastic noise cancellation properties. These fibres will be fabricated
using the CO, laser-pulling machine in Glasgow, giving high reproducibility
and strength to the fibres. These fibres will also give better control to the
suspension mirrors, reduced mode frequency coupling and a violin mode
spread of less than 1 Hz, due to their optimised geometry. The design of the
optimised fibre was achieved through extensive FEA modelling to study the
distribution of elastic energy in the silica fibres and the dissipation dilution

factor.

A study of mechanical loss of the optimised fibre design has been

undertaken and the results have been compared with the original GEO fibre.
The original GEO fibre has a thermoelastic peak at ~40 Hz, while the
optimsed fibre peaks at less than 1 Hz. This is due to the inclusion of a 300
um thermoelastic noise cancellation region in the optimised fibre. The total

diluted mechanical loss of the optimised fibre shows an improvement over

130



[Chapter 7 Conclusions]

t ]

the original GEO fibre by a factor of 4. The suspension thermal noise when

predicted using the mechanical loss value, shows that the optimised fibre

performs better than the original fibre by a factor of ~2.

The repair scenario of the GEO monolithic suspension requires the
development of tooling and welding procedure. A scaled down version of
aLLIGO tools were used for this purpose. The strength test results of the
fused silica fibres showed a breaking stress of 4.08+0.05 GPa. The stress in
each fibre in a suspension would be around 800 MPa, hence providing a
factor of safety of 5. Three prototype suspension test hangs using metal
masses were performed and later a fused silica monolithic suspension was
fabricated in Glasgow. This work has provided a robust repair scenario
where the downtime of the GEO detector would be reduced. This will enable
the GEO detector to conduct further science runs, especially at a time when

other detectors are currently offline for upgrade work.

The monolithic fused silica suspensions used in alLIGO are fabricated using
fused silica fibres welded to silica ears using a 100 W CO, laser. Laser
welding causes high thermal gradients in the silica fibres and ears due to a
non-uniform temperature distribution. Once the sample returns to room
temperature, the refractive index of the sample changes permanently, and
anisotropy or Dbirefringence is observed. This condition leads to the
development of residual thermal stress in fused silica. Using the techniques
of photoelasticity, the birefringence in the sample can be observed and
characterised. The study of photoelasticity requires the production and use
of the three forms of polarised light: plane, circularly and elliptically
polarised light. The stress in the material can be observed using a plane
polariscope set-up. The isoclinic and isochromatic patterns observed under a
plane polariscope have been discussed. A circular polariscope can be
constructed by using two quarter wave plates along with two crossed
polarisers. The relative stress in the sample can be measured in a circular
polariscope set-up using the Tardy method of compensation and the stress
optic law. Similarly, a Babinet-Soleil Compensator, which is a continuously
variable retarder, was used in a plane polariscope set-up to measure the

retardation in the sample.

To test the performance of the photoelastic birefringence setup, temporary

birefringence was introduced in fused silica by applying a known mechanical
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load. The fused silica sample used had a planar geometry and a thickness of
1 mm, hence the stresses were 2-dimensional in nature. The mechanical load
was applied on the fused silica sample for two set-ups: firstly as a loaded
cantilever and secondly by applying an axial tension. The experimental
results were compared with the theoretical predictions and they agreed
within 10% of difference. Hence more complicated cases like the study of
thermal stress in fused silica samples were undertaken. A 25 W CO, laser

beam was used to heat the fused silica sample for 10 seconds. The relative
stress measured at different positions varied from 3+0.02 MPa to 20£0.41
MPa. In the region where the laser beam was applied, a uniform stress of 4
MPa was measured in the 2 mm radius. However just outside the 2 mm

radius, the stress increased by a factor of ~5 (20£0.41 MPa), before declining

to 2~320.02 MPa. The experimental results were compared with the thermal
modelling performed using FEA. A 25 W Gaussian beam was applied as a
heat flux on the FEA model of fused silica slide. The model was solved for
transient thermal analysis to obtain the temperature distribution and
temperature gradients. The results from the thermal analysis were used to
solve a transient structural analysis to estimate the resulting thermal stress.
The experimental results agreed within 10% when compared against the
predicted equivalent stress (FEA) at a radial distance > 2.5mm from the
centre. The 1% principal stress (FEA) agreed within 5 %, when compared

with the experimental values in the central region where no flow was
modelled.

Further, two fused silica slides were welded together using a CO, laser

beam, for measuring the resulting stress in the weld region. The stress in the
5 mm long weld region was measured to be 3+0.02 MPa. However, outside

the weld region the relative stress increases by a factor of ~5. Accurate
prediction of thermal stress in the weld region requires computer intensive
fluid dynamics modelling, which includes the changing viscosity of the
sample with rising temperature. The FEA results combined with
photoelastic birefringence techniques can be useful for annealing a sample
for reducing the residual thermal stress and possibly the associated

mechanical loss.

A study of suspension thermal noise in the aLIGO detector for applying

incremental room temperature upgrades has been presented in this thesis.
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The incremental upgrades could be achieved through improving the dilution
factor and by further reducing the diluted mechanical loss value. Using the
FEA model, a study of elastic energy distribution in the stock and neck
region of the fibre was undertaken. FEA results predicted that by using a
stock of diameter 5 mm, neck of length 2 mm, while increasing the
pendulum length to 100 cm, improves the dissipation dilution by a factor of

1.8, over the current aLLIGO baseline design. In this case the diluted
mechanical loss reduces by a factor of 3.4~6.8. The thermal displacement

noise showed a gain of 2.5~3.7 times over the baseline design. Based on the
proposed improvements, the sensitivity of the detector is expected to further

gain by a factor of 2.5~3.7.

Various aspects of suspension design have been presented in this thesis.
Methods to reduce the mechanical loss and improve the suspension thermal
noise have been discussed. The techniques shown in the experimental
photoelasticity chapter are generic in nature and can be adopted for
studying various other aspects of the suspension design technology. A novel
approach of modelling and measuring the thermal stress can be useful for
the study of future detectors. These techniques can be utilised to measure
stress in the suspensions used in cryogenic detector. This could also
motivate the search for a correlation between thermal stress and weld loss
for reducing the total mechanical loss and improving the suspension thermal

noise.

With the increasing sensitivity and optimised designs the international
network of gravitational wave detectors are continuously expanding their
range. The first detection of gravitational wave signals looks to be possible
in the near future. Distant sources could be within the reach of future

detectors thus adding to the understanding of our Universe.
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