Developments Towards Low Loss Suspensions
for Laser Interferometric Gravitational Wave

Detectors

Sharon Melanie Twyford, B.Sc., M.Sc.,

Department of Physics and Astronomy.

University of Glasgow.

Presented as a thesis for the degree of Ph.D..
Department of Physics and Astronomy,

University of Glasgow, University Avenue, G12 8QQ.

© S.M. Twyford, 1998.

September 23. 1998



L "# "$$%

& - .+
(
(
1 &
(
"#"$S%
0 ' ( (
1
9 0
41
41
2 0
"H2%

o Vv

"T% @ "#?%



GLASGOY
U YER{ S

ITRY b4

5 Qoéi) l)







‘....Are waves that beat on heavens shore.’

William Blake, ‘Auguries of Innocence’ (c. 1803) 1. 71
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Preface

This thesis is an account of the work conducted during the period October 1994 through
to October 1997 towards the development of low loss suspensions for use in the GEO 600

laser interferometric gravitational wave detector.

Chapter 1 contains a brief introduction to the nature of gravitational radiation and the
astrophysical processes that are predicted to produce such waves of a strength detectable
on Earth. The two main detection schemes are discussed with emphasis on laser inter-
ferometric detectors. The noise sources which are expected to limit the sensitivity of
such detectors are also reviewed, with the importance stressed of the need to reduce the
effects of thermal noise in the suspensions of the test masses. The material presented in

this chapter is derived from published literature.

An introduction to the theory of thermal noise is given in Chapter 2. The fluctuation-
dissipation theorem (which relates the thermally induced displacement of the test masses
to the mechanical loss of the system) is introduced. A discussion follows of the various
forms of external and internal loss mechanisms which may be present in a system and
which can lead to an increase in the level of thermal noise if care is not taken. A method
of determining the level of mechanical loss associated with a given vibrational mode of
the system is described. The various modes of a test mass suspension are discussed. The
required levels for the loss factors associated with each of these modes for GEQO 600 are
given. The theory presented in this chapter is derived from published literature. The
GEO 600 thermal noise specification is obtained from the GEO 600 design proposal [1].

In Chapter 3 the measurement of the loss factor of samples of carbon steel wire is

discussed. It is concluded that a wire material of lower intrinsic loss is required if the

Xiv



thermal noise specification of GEO 600 is to be met. Experiments to test the suitability
of fibres pulled from commercially available (‘standard grade’) fused quartz are reported.
In addition, the unexpectedly high level of gas damping observed in these experiments
is discussed. The work described in this chapter was carried out with the assistance of
Prof. J. Hough and Dr. S. Rowan. The RF furnace was developed by Mr. R. Hutchins

formerly of the Dept. of Electronics and Electrical Engineering, University of Glasgow.

Recoil damping is a form of loss that can seriously limit the loss factor measured for
a given mode of a test mass suspension. Chapter 4 contains a report of experiments
conducted to determine the level of recoil damping present in the structure used to
measure the loss associated with the longitudinal pendulum mode of our test pendulums.
Having ascertained this, we took steps to improve the system, and an improved value for
the level of recoil damping is given. The experiments were conducted with A. McLaren

at the suggestion of Prof. J. Hough.

A discussion of experiments conducted to characterise the loss factor associated with
the pendulum mode of pendulums suspended from carbon steel wires is presented in
Chapter 5. The level of loss expected in the suspension due to an excess loss mechanism
known as ‘stick-slip’ damping is derived and found to be consistent with that observed
experimentally. An investigation into the source of an additional loss mechanism which
was observed is reported and consideration given to such sources of loss as eddy current

and hysteresis damping.

In Chapter 6 experiments conducted on small mass pendulums suspended from fused
quartz fibres are reported. An unexpected loss mechanism was observed and was found
to result from electrostatic charging of the pendulum mass. A model was devised that
was consistent with the level of damping observed. Further experiments were conducted
once the effect of charging had been effectively eliminated and it was found that the
level of loss measured was still above that expected. Sources of loss such as a load
dependence in the loss factor associated with the material of the suspension fibres and
a loss introduced by the method of attaching the fibres to the point of attachment were
considered. The excess loss was reduced significantly by clamping the fibres to the point
of suspension and pendulum mode loss factors of the order required for use in GEO 600

were subsequently observed.

XV



In Chapter 7 a number of techniques are discussed that can be employed to attach the
fused quartz suspension fibres to fused quartz test masses. . The bond strength and ease
of forming each of the bonds are compared. Experiments conducted to measure the
magnitude of the loss factor associated with four internal modes are reported for the
various bonding techniques. The loss associated with each bond is then scaled to predict
the level of loss for a GEO 600 sized test mass. The decision on which bonding method
will be employed in GEO 600 is presented. The indium bonded mass used in these
measurements was made by H. Rohner of JILA, Colorado. Hydroxide catalysis bonding
has been developed by D.-H. Gwo of Stanford University. Both the experimental and
modelling work reported in Chapters 5 to 7 were carried out with the assistance of Prof.

J. Hough and Dr. S. Rowan.
In Chapter 8 the conclusions drawn from the work presented in this thesis are given.

Appendix A contains the derivation of an equation which can be employed to predict
the loss factor associated with the level of external gas damping present in the system.

This derivation followed from discussions with Dr. N.A. Robertson.

Appendix B contains a number of sections. Firstly there is a derivation of the level of
recoil loss exhibited by the experimental test structure as a function of its mechanical
properties. Following this is a discussion of an inverted pendulum accelerometer and its
calibration. Finally a proof showing the phase relationship between the shadow sensed
motion of the pendulum and the force applied to the support structure is given. The

derivation of the recoil limit was carried out with advice from Prof. J. Hough.

In Appendix C there is a derivation of the expected levels of eddy current and hysteresis
damping present in our pendulum suspended in a magnetic field gradient from carbon
steel wires. The derivation of the limit due to eddy current damping was carried out
following a suggestion from Prof. J. Hough, whilst that of hysteresis damping followed

discussions with Mr. A. Grant.

Contained in Appendix D is a derivation of an expression for the rms motion induced in
a pendulum due to seismic excitation of the point of suspension of the pendulum. The

derivation was carried out with the assistance of Prof. J. Hough.
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Appedix E contains a description of the revised mirror sizes for GEO 600 and the con-
sequences 'in terms of the achievable levels of thermal noise associated with them: This

summary is the work of the author based on the latest information available.
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Summary

Developments Towards Low Loss Suspensions for Laser In-

terferometric Gravitational Wave Detectors

Einstein, in his General Theory of Relativity, predicted that fluctuations in gravitational
effects propagate as waves at the speed of light through space-time. Currently there
has only been indirect evidence for the existence of these elusive gravitational waves.
Scientists working on a number of large-scale research projects around the world are
concentrating their efforts on detecting gravitational waves directly. Not only will their
detection provide a test of some of the predictions of Einstein’s theory but also much

information about the astrophysical processes and sources that produce them.

Gravitational waves are quadrupole in nature and produce a tidal strain in space. How-
ever their interaction with matter is very weak, making them difficult to detect. Grav-
itational waves emitted by violent astrophysical events are predicted to produce strains
at the Earth of the order of ~ 1072! to ~ 10722 at frequencies accessible to ground-
based detectors (i.e. a few tens of Hz to a few kHz). All detection schemes involve
trying to sense these strains in space. One such detection scheme is based on the laser

interferometer.

Researchers at the University of Glasgow are working with collaborators from Germany
on a project called GEO 600. GEO 600 is an interferometer with arms of 600 m in which
light from a Nd:YAG laser is reflected between mirrors suspended as pendulums in a
vacuum system. Scientists from the Max-Planck-Institut fiir Quantenoptik at Hannover

and Garching, the University of Cardiff and the Albert Einstein Institut at Potsdam also
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work on this project, together with collaborators from the Laser-Zentrum, Hannover.

The design criteria of the GEO 600 detector defines that the thermal noiée ‘as‘socl,iafedj
with internal modes of the fused silica test masses will limit the low frequency sensitivity
of the detector. Taking a value of the intrinsic loss factor of @;nternal(w) = 2 x 1077 for
fused silica, we can show that the thermal noise due to this loss results in a motion of
one test mass of Zinsernat(w) = 7 X 1072°m/+/Hz at 50Hz. The loss factors associated
with the modes of the suspension, including the presence of any additional external loss
mechanisms, can increase this minimum level of thermal noise and consequently decrease
the detector sensitivity. In order to prevent the achievable level of thermal noise being
degraded by contributions from these other sources of thermal noise a design specification
is set. Our aim is to achieve a level of thermal noise displacement of no greater than
Tpend (w) =2x 10—20 m/\/ﬁz_ at 50 Hz at each test mass from the source of thermal noise
associated with the 1 Hz pendulum mode. This corresponds to an acceptable loss factor

of Ppend, .o (W) = 3.7 x 1078 at 50 Hz for a GEO 600 sized test mass.

The work contained in this thesis covers various methods of reducing the levels of loss
in the test mass suspensions and thereby minimising the impact of thermal noise on the
overall detector sensitivity. Suitable techniques have been developed towards the final

design of a test mass suspension for GEO 600.

To achieve a low level of loss factor associated with the pendulum mode requires a
suspension wire or fibre material which is itself of low intrinsic loss. The projected
material loss at 50 Hz for samples of carbon steel wire is ~40x higher than that set by
the GEO 600 thermal noise specification. Fused quartz is known to be a material of low

loss and so tests were performed on samples of ribbon fibres.

Measurements on fused quartz ribbons, corrected for thermoelastic damping, yielded
values for the intrinsic loss factor of fused quartz of @mat; . (W) = (0.5 — 1) x 1076
in the frequency range 6 Hz to 160 Hz. This is potentially a factor of 10 better than the
maximum acceptable material loss factor for the suspension fibres as set by the GEO 600
design specification. It was found that the internal loss mechanism exhibited by ‘standard
grade’ fused quartz appeared to be consistent with that of structural damping. These
measurements were especially interesting because they were made over a frequency range

that lies partially within the detection band of GEO 600.
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The loss factor associated with the pendulum mode of various masses suspended from
two fused quartz fibres was measured. When the fibres were attached to the points of
suspension by mechanical clamps, the level of loss factor observed was found to be equal
to that determined by known losses of the system (i.e. the sum of the losses associated
with the material of the suspension fibres and a contribution due to recoil damping —
which results from the pendulum being suspended from a lossy support structure). All

excess loss mechanisms were therefore eliminated.

An all-welded suspension was also constructed. The loss factor was again found to be
set by the known losses in the system. By subtracting the recoil loss from the measured
loss, we could use the value of the remaining loss to predict the loss factor achievable by
a full sized GEO 600 suspension. This was calculated to be ¢peng,,,,, (w) ~ 8.5 x 107°
at 50 Hz, which is lower (and therefore better) than the GEO 600 design specification.
When attached with care to the point of suspension, fibres pulled from ‘standard grade’

fused quartz will be ideal for use in the test mass suspensions of GEO 600.

By considering various factors, a decision was made to use a four fibre suspension in
GEO600. In order to avoid increasing the level of thermal noise associated with the
internal modes of the test masses, a low loss method of attaching the fibres to the
test masses had to be found. The methods tested were welding, indium bonding and
hydroxide catalysis bonding. The relative strengths and the ease of formation of each
type of attachment were taken into account. The effects of the different types of bonding
on the measured loss factors associated with four internal modes were measured. When
the measurements (made on 500g masses) were scaled to that expected for a full size
GEO 600 suspension, the results suggested that hydroxide catalysis bonding could be
used without introducing significant excess loss. Thus, taking all of the factors into
consideration, it has been concluded that hydroxide catalysis bonding will be used to

attach the fused quartz fibres to the synthetic fused silica test masses in GEO 600.
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Chapter 1

The Nature, Possible Sources and
Methods of Detection of

Gravitational Waves

1.1 Introduction

In his General Theory of Relativity, Einstein [2] proposed that gravitational effects prop-
agate with finite velocity i.e. the gravitational field does not alter instantaneously at an
arbitrary distance from the source which is changing the field. In fact, the solutions to
the linearised Einstein Field Equations show that the effect of gravity propagates as a

wave with a velocity equal to that of light.

At present there is only indirect evidence for the existence of gravitational waves. This
has come from radio observations of the binary pulsar PSR 1913 + 16 by Hulse and Tay-
lor [3]. Data obtained from PSR 1913+ 16 has allowed a number of relativistic effects
to be observed. By far the most interesting effect for those working in the field of grav-
itational wave detection, however, is one that can only be explained should the binary

pulsar be emitting gravitational waves at a rate predicted by Einstein’s theory.

It has been observed that the orbital period of the binary pulsar is decreasing. From

the observed orbit Taylor [4] calculated the rate at which orbital energy should be lost



via gravitational radiation (as predicted by General Relativity). From the rate of loss he
then calculated the associated rate of orbital inspiral. The calculated rate and observed
rate agree within the accuracy of the experiment. Hulse and Taylor were awarded the

Nobel Prize for Physics in 1993 in recognition of their work on the binary pulsar.

Direct detection of gravitational waves remains one of the most challenging fields of
experimental physics this century. Scientists working on a number of large scale projects
around the world are currently aiming at this goal. Once gravitational waves have been
detected there will still be much to be learnt about their nature. Study of gravitational
radiation data will allow some of the predictions of General Relativity to be tested,
including measurements of the speed of propagation and polarisation of the waves, and
from these the rest mass and spin of the graviton can be deduced. In addition, the study
of gravitational waves will provide an opportunity to learn about the astrophysics of the
events producing them — they will provide astronomers with another ‘window’ on the

universe.

This chapter contains a brief discussion of the nature of gravitational waves, possible

sources of production and methods of detection.

1.2 The Nature of Gravitational Waves

To help our understanding of these waves we can draw a number of analogies between
electromagnetic theory and gravitation. For example, electromagnetic waves are pro-
duced by the acceleration of charge, whereas gravitational waves are produced by the

acceleration of mass.

In electromagnetic theory there can be no monopole radiation (or, put another way, no
time variation of the total electric charge). This is because there can be no change in
the total charge in an isolated system. In electromagnetic theory the dominant contri-
bution to the radiated field comes from the time variation of the electric dipole moment.
Consider now the gravitational case; conservation of energy (and therefore total mass)
is equivalent to conservation of charge in electromagnetism. From this we know that

there can be no monopole term for gravitational radiation. Einstein’s ‘Equivalence Prin-



ciple’ states that gravitational and inertial masses are the same. This, considered with
the fact' that the rate of change of the gravitational dipole moments must be constant
due to the laws of conservation of linear and angular momentum, precludes the pos-
sibility of gravitational dipole radiation. Thus we are led to conclude that the lowest
order of gravitational radiation must be quadrupole in nature. This means that only

non-axisymmetric accelerations of mass distributions will produce gravitational waves.

Gravity is the weakest of the four fundamental forces of nature. Trying to produce a
source of detectable gravitational radiation in the laboratory is quite impractical. Gravi-
tational waves are so weak that we must search for those waves produced by astronomical
scale masses (of high density), moving with large accelerations to have any chance of de-
tecting them. It is for this reason that all gravitational wave detectors will be used to

search for waves of an astronomical nature.

Before describing two of the main methods employed in the detection of gravitational
waves we must first understand what makes them observable. The effect of a gravitational
wave is to produce a tidal strain in space. This can be understood by considering the
effect a passing gravitational wave would have on a circular ring of free test particles. One
period of the disturbance produced by a gravitational wave of a particular polarisation
is shown in figure 1.1 where the wave is propagating in the direction normal to the plane
defined by the particles. As can be seen, the ring is effectively stretched along one axis
and compressed in the orthogonal axis during one half of a wave cycle and vice versa in
the second half. The amplitude of the gravitational wave is equivalent to the strain, A,

in space that it produces where h is defined as

h=— (1.1)

with L and 4L as shown in figure 1.1. In general a gravitational wave is a superposition
of two linearly independent polarisations. The first, hy, is shown in figure 1.1. The
second occurs when the maximum displacement induced in the ring of test particles is

rotated through 45° from that shown in figure 1.1. This polarisation is denoted hy.
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cant amount of gravitational radiation. The second scenario is more likely to produce
detectable ‘gravitational waves. If the two white dwarfs in a binary system are close
together and the total mass exceeds the Chandrasekhar mass, the white dwarfs will
merge. The smaller white dwarf is destroyed and forms a thick accretion disc around
the more massive white dwarf. The larger white dwarf is now highly deformed due to
its increased mass and angular momentum. If its mass exceeds Mgy, it will collapse

non-axisymmetrically with a strong emission of gravitational waves.

A Type II supernovae occurs when all of the core of a high mass star (greater than eight
solar masses) has been converted to iron. The nuclear reactions in the core stop and
the core starts to cool. Because the mass of the core is greater than the Chandrasekhar
limit, electron degeneracy pressure can no longer support it. The stellar core suddenly
collapses into a neutron star or, if the initial stellar mass is large enough, a black hole.

If the collapse is non-axisymmetric a strong burst of gravitational radiation will result.

The physics of the supernovae event is complicated, thus making it difficult to estimate
the strength of the gravitational wave emitted. Following the predictions of a typical
rate of collapse and degree of asymmetry, Schutz [6] approximates the strain amplitude,

h, that might be expected from a supernova as

1 1
E 2 (1ms\ 2 /1kHz 15 Mpc
5x 10 10—3Mgc? T f T (12)

where F is the total energy carried by the wave predominantly at a frequency, f, over a

time scale, 7, and where r is the distance of the detector from the source.

Equation 1.2 shows that for a burst of gravitational waves of energy 10~3Mgc? (~ 1% of
the energy available [6]), emitted over a timescale of 1 ms at 1kHz and at the distance

of the Virgo cluster, a wave of amplitude h =~ 5 x 10722 would reach the detector.

Coalescing Compact Binaries

Binary systems are among the most common astronomical systems and consist of two

stars orbiting around their common centre of mass. Compact binary systems are a type



of binary system where the density of each of the two stars is very high (e.g. neutron star—
neutron star, neutron star-black hole, black hole-black hole binaries). Compact binary.
systems, at a stage in their evolution close to coalescence, appear to be a promising
burst source of gravitational radiation. An example of a compact binary system has
already been discussed in the case of PSR 1913+16. As was previously explained, the
compact binary system emits gravitational wave energy causing the orbit to decay. The
two stars gradually approach each other, and the emitted radiation slowly increases in
frequency. The frequency of the radiation, at twice the orbital frequency of the system,
is too low for detection using ground-based techniques until the orbit has decayed so that
the components are within a few stellar radii of one another. At this point the frequency
of the radiation increases to one within the detection band of terrestrial detectors. In the
final few seconds before the two stars coalesce, the compact binary system will emit a
strong burst of gravitational radiation. The resulting quasi-sinusoidal waveform, rapidly

sweeping up in amplitude and frequency, is known as a ‘chirp’.

The expected signal strength for two coalescing neutron stars at a distance, r, and of

mass parameter, M, is [7]

5 2
N _93 100Mpc> ( M )5 ( f )3
ha1x10 (—r ) (1.3)

where M5 = uM %, M is the total mass, My + M, and p is the reduced mass equal to
M, M.
M1+ﬁ2 ’

The timescale, 7, over which the frequency changes is

8
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Schutz [7] noted that the product of A and 7 is independent of mass. If h, f and T

are measured (by a network of three detectors) and their values substituted into the
product of equation 1.3 and equation 1.4, a value for r can be determined. A measure
of the difference in burst arrival time at each detector can also be obtained. This will
give additional information about the direction of the source. A method for determining

Hubble’s constant, Hy, is available if, in addition to measuring r, it is also possible to



obtain a value of the recessional velocity of the source from the optical redshift [6].

The major uncertainty about coaiescing binary systems is the prediction of their evént
rate. An estimate of the number of these sources can be made by considering both the
number of observed pulsars existing in binary systems and the estimated pulsar birth
rate. This gives a coalescence event rate of 3 per year out to 300 Mpc [8]. A fraction
of the total number of binary systems will contain black holes instead of neutron stars.
The radiation amplitude of a black hole-neutron star coalescence would be larger than
the neutron star-neutron star coalescence considered above, thus increasing the chance

of detecting the event.

If detection of gravitational waves from coalescing binaries was made in conjunction with
observations from y-ray telescopes, it would be possible to establish whether y-ray bursts

were generated by such systems.

1.3.2 Continuous Sources

Continuous signals are emitted by stably rotating systems. As a result the gravitational
wave signal is quasi-monochromatic. A continuous signal (if emitted in the detection
band of a ground-based detector) can be located by a single detector if the output of the
detector is Fourier transformed into the frequency domain (i.e. is effectively searched with
a series of parallel filters) over long observation times. The achievable detector sensitivity
increases as the square root of the observing time (assuming that the noise present is
random). Once the frequency of the source is known the detector sensitivity can be
further improved by narrow banding the data processing around the observed frequency
(and, if the detector is an interferometer, making the interferometer resonant at the
observed frequency — this technique, known as ‘signal recycling’, is discussed further in
section 1.6). The signal frequency is Doppler shifted in a characteristic way due to the
detector (positioned on the Earth) accelerating through space. This complication needs

to be taken into account in the detection algorithm.

Ordinary binary systems, and compact binary systems at a stage in their evolution long
before coalescence, produce continuous gravitational wave signals. The frequency of

these signals is however too low to be observed by ground-based detectors. Much more



likely sources of detectable continuous gravitational waves are discussed below.

Pulsars

Single pulsars can radiate gravitational waves if they spin non-axisymmetrically. This
may occur as a result of irregularities in the surface of the pulsar being ‘frozen in’ on
formation. Another mechanism which can lead to a non-axisymmetrical situation and the
subsequent radiation of gravitational waves, is when the pulsar is driven to precess by the
accretion of angular momentum from a companion star. The degree of non-symmetry is
defined in terms of the star’s equatorial ellipticity, €. A pulsar at a distance, r, produces

gravitational waves of amplitude [9]

2
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at twice the frequency of rotation, f,,.

Wagoner Stars

Wagoner described a method by which gravitational radiation can be emitted. If ac-
cretion onto a neutron star spins the star up to the Chandrasekhar-Friedman-Schutz
instability point, the neutron star will become non-axisymmetric [10] and radiate any
additional angular momentum away in the form of gravitational waves. Because the rate
of accretion of angular momentum is proportional to the rate of accretion of mass, the
gravitational wave luminosity of such a system will be proportional to its X-ray luminos-
ity. This implies that the amplitude of the gravitational wave produced by such a system

can be inferred from the X-ray flux without knowing the distance, r, to the source [6].

Recent discoveries by the Rossi X-Ray Timing Explorer [11] suggest that the gravitational
wave signal strength of the X-ray source, Sco X-1, is k ~ 2 x 10726 //Hz at 500 Hz at
the surface of the Earth. Bildsten [11] reports that this source might be detected by long

baseline detectors if integration times of the order of a year are used.



1.3.3 Stochastic Sources

There is a third class of potentially detectable signal — the stochastic background. The
stochastic background appears as a gravitational wave signal that is both broadband in
nature and ever present and is due to the superposition of signals from sources randomly

distributed throughout the Universe.

One possible contribution to the stochastic background in a frequency band detectable
by ground based interferometers results from primordial gravitational waves produced
during or after an inflationary period immediately following the Big Bang [6]. Another
possible source is cosmic string production. In string theory it is believed that random
defects throughout the Universe will have reduced to linear ‘strings’ of enormous energy
density as the Universe expands. As expansion continues, more of these strings enter
from outside the horizon of observation. These strings evolve into loops which oscillate

and gradually lose energy in the form of gravitational radiation [12].

The stochastic background is indistinguishable from detector noise in a single detector.
Its frequency spectrum will however be identical for all detectors. By cross-correlating
the outputs of two or more detectors, the stochastic background signal can be separated
from random noise. Using detectors separated by reasonably large distances ensures that
no other local, external influence can be mistaken as a gravitational cause of correlation.
The distance of separation however should not be too large (i.e. no greater than -’\-il”-
where Ag,, is a typical gravitational wavelength). In this instance the two detectors
cannot respond to the same ‘set’ of random gravitational waves at the same time. The
result of this is that correlation is reduced and there follows a subsequent decrease in

sensitivity.

1.4 Detection Schemes

All detection schemes employed in the detection of gravitational waves involve measuring
the extremely small strains, h, produced in space by the wave. The two major types
of ground based detectors that will be discussed are resonant bar detectors and laser

interferometers. Ground based detectors operate in the region of a few tens of Hz to a



few kHz. These detection schemes will be discussed in section 1.4.1, 1.4.2 and section 1.6.
By placing a laser ‘interferometer into space, detection of much lower, frequency, signals.
can be achieved. The European proposal for a space-borne gravitational wave detector,

LISA, is discussed briefly in section 1.7.

1.4.1 Resonant Bar Detectors

Resonant bar detectors were the first detectors to be developed and were based on the
original concepts of Weber [13]. Such a detector usually consists of a massive (~ few
tonnes), right circular cylinder of a material of low mechanical loss (or high quality factor,
Q), typically aluminium or niobium. The passage of a gravitational wave of the correct
frequency through a suitably oriented resonant bar detector will drive the fundamental
longitudinal mode of the bar (at ~ 1kHz) causing small motions of its ends. This motion
can then be sensed using a transducer and amplifier. The resulting signal is proportional

to the induced gravitational strain.

The effects of seismic and acoustic noise sources on the resonant bar are minimised by
suspending it from vibration isolation layers and placing the bar under vacuum. The
sensitivity of the detector is then limited by noise in the sensors and the thermal noise of
the bar itself. Reduction in the level of thermal noise is achievable by cooling the detector
to cryogenic temperatures (a few kelvin or below). In addition, the bar is constructed
from a material of low intrinsic loss (or high quality factor, ). As a result, once the
bar has been excited by a gravitational wave it will oscillate for a long period of time.
This allows a measurement to be made over a long time interval which helps to average
out the effect of sensor noise. However, this measurement is also made against a level of
slowly varying thermal noise. To reduce the effect of the thermal excitation we need to
shorten the measurement time interval (at the expense of an increase in sensor noise!).
Clearly a compromise has to be found. With current technology this is typically set at
a measurement bandwidth of ~ -1-%)5 of the resonant frequency of the bar and leads to

resonant bar detectors being intrinsically narrowband in nature.

Low temperature resonant bar detectors have been developed in Stanford, Louisana
State University (ALLEGRO), Rome (NAUTILUS), CERN (EXPLORER), and Aus-

tralia (NIOBE). Cryogenic versions of resonant bar detectors have achieved strain sen-
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sitivites of h & 6 x 1071® over bandwidths of a few Hz at ~ 1kHz [14, 15] at 4K. It is
- believed that developments of the transducer and amplifier will improve ‘sensitiv_ity‘ to a,
level that will allow detection of strains of k &~ 1 X 10~1°. One proposed development
is to improve the performance of the low-noise pre-amps. Another development is to
increase detector bandwidth (to up to 70 Hz) and also detector sensitivity by cascading
two small mechanical resonators (instead of using one as at present). The effect of this

is to improve the impedance matching of the bar to the input port of the transducer.

Experimental groups in Padova (AURIGA) and the USA have developed techniques
enabling the bars to be cooled further. By reducing the temperature from ~4K to
ultracryogenic temperatures (~50mK) it is expected that a strain sensitivity of the

order ~ 10720 will ultimately be achieved [16].

It is possible to increase the sensitivity of a resonant bar detector further by increasing
the mass of the detector (thus reducing the effect of thermal noise) and increasing the
number of independent strain detectors present. Both of these criteria can be met by
moving from a bar detector to one with a spherical configuration. A spherical detector
has the advantage of being much more massive than a bar of the same resonant frequency
without significantly increasing the overall size, and thus the cost of the cooling dewar.
In addition a sphere has five usable quadrupole modes (as opposed to the bar’s one)
allowing the sphere to act as a multiple antenna when the sensors are positioned suitably.
The ratio of the amplitudes of the modes can be used to determine the direction and
polarisation of the passing gravitational wave. Spherical detectors have been proposed

by experimental groups in the USA (TIGA) and the Netherlands (GRAIL).

An important limitation to the achievable sensitivity will be determined by the Heisen-
berg Uncertainty Principle [17, 18]. When a gravitational wave passes through a reso-
nant bar detector, the resulting displacement is sensed by the unbalancing of an electrical
bridge circuit and the resulting signal is amplified by an amplifier stage. The amplifier
stage has electrical noise associated with it. This noise acts back through the transducer
causing mechanical noise in the mass one quarter of a cycle later (i.e. this noise is as-
sociated with the momentum of the bar). With a standard, phase-insensitive method of
detection, this noise causes an uncertainty in the measured displacement. It is possible

to evade this ‘back-action’ by using a phase-sensitive method of detection. One method
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Figure 1.2: Diagram of a simple Michelson Interferometer.

might be to vary the amount of coupling between the amplifier and the bar. This can
be achieved by modulating the drive signal on the bridge circuit and sensing the signal
during one quarter of the cycle. The amplifier noise feeds back into the system dur-
ing the next quarter cycle. However the coupling is reduced during this quarter of the
cycle and as a result a measurement would not be made. The uncertainty in the mea-
sured displacement can therefore be reduced. This experimental technique is known as
‘back-action evasion’ and still requires further development before it can be successfully

implemented in resonant bar detectors.

1.4.2 Laser Interferometric Gravitational Wave Detectors

The effect on a ring of test particles by the passage of a gravitational wave was shown
in figure 1.1. It is easy to see that the orthogonal arms of a Michelson Interferometer
might provide the ideal method for measuring the differential change in length caused
by the quadrupole nature of a gravitational wave. Interferometric gravitational wave
detectors were pioneered by Forward [19] and by Weiss [20]. The simplest configuration
of a Michelson Interferometer is shown in figure 1.2. The interferometer is illuminated
by light from a laser. The light incident on the beamsplitter is divided evenly between
the two arms. The two beams traverse the lengths, L, between the beamsplitter and the
end mirrors where they are reflected and returned for recombination at the beamsplitter.

Changes in the resulting interference pattern due to the relative motion of the mirrors
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caused by the passage of a gravitational wave are detected as changes in intensity at the
~ output port by a photodiode. ' The optical components are suspended as pendulums under.
vacuum to isolate them from seismic and air pressure fluctuations. The use of pendulum

suspensions allow interferometric gravitational wave detectors to be broadband in nature.

In more detail, the motion induced in a detector by an optimally orientated gravitational
wave causes one of the interferometer arms to increase in length by § L whilst causing the
orthogonal arm to decrease in length by the same amount. The result is a differential
change in arm length of 26 L. This motion causes a change in optical path length resulting
in a relative phase shift in the interfering return beams which, in turn, causes a change
in light intensity detected by the photodiode. In practice, since it can be shown that
the best sensitivity of the interferometer can be achieved when the detector is operated
close to a dark fringe, control electronics are used to hold the interferometer close to a
minimum. The feedback signal that is required to keep the detector in this condition can
be used as a measure of the relative displacement of the mirrors and hence the strain

caused by the gravitational wave.

Clearly, an increase of the optical path length, L,pticqr, Will result in a larger relative
phase shift being generated for a given gravitational wave and hence will result in a
more sensitive detector (provided other noise sources do not increase). The maximum
sensitivity that can be achieved in an interferometer is obtained when the light is stored
in the arms for half of the period of the gravitational wave. For example, this would
correspond to an optical path length of L,pticar = %ﬂ ~ 75km using a typical value
of Agw ~ 3 x 10°m for the gravitational wavelength. It is impractical to build an
interferometer on Earth with a physical separation of the beamsplitter and end mirrors
of much greater than ~ 4km. It is however possible to increase the distance that the
light travels by making it travel up and down the arms of the interferometer many times.
There are two different methods for increasing the path length, and hence the light
storage time, within the interferometer; the delay-line and the Fabry-Perot cavity. The

basic principles behind these methods will now be discussed.

13



Beamsplitter
| J—ﬁ7/ > :I
Laser
N— N-pass
Delay-Line
Photodetector

Figure 1.3: Schematic diagram of a delay-line interferometer.

The Delay-Line Interferometer

Delay-line detectors were first proposed by Weiss [20]. This type of detector has been
developed by the group at the Max-Planck-Institut fir Quantenoptik, Garching, Ger-
many [21]. The optical path length in a delay-line interferometer is increased by the use
of multiple non-overlapping beams that are reflected between two mirrors. The delay
line is illuminated via a hole in a mirror placed in the interferometer arm close to the
beamsplitter. In the arrangement developed at MPQ the light exits the delay-line by the
same hole. A simplified schematic diagram of a delay-line interferometer can be seen in

figure 1.3.

The maximum strain sensitivity achieved in a 30 m delay-line prototype interferometer

at Garching was h ~ 1 x 1071 m/+/Hz above 1.5kHz [22].

Fabry-Perot Interferometer

This method of increasing the storage time inside the interferometer was first developed
at Glasgow [23]. In this example the light is injected into two Fabry-Perot cavities
built into the arms of the interferometer. The light enters the cavities by partially

transmitting input mirrors and in this scheme the reflecting beams lie one on top of
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Figure 1.4: Schematic diagram of a Faby-Perot interferometer.

another. A schematic diagram of a Fabry-Perot interferometer can be seen in figure 1.4.
In this type of interferometer, one of the Fabry-Perot cavities (the primary cavity) is
held on resonance by adjusting the laser frequency using control electronics. Here it is
assumed that the distances between the beamsplitter and the inboard cavity mirrors are
such that there is a null output at the photodetector when both cavities are on resonance.
The secondary cavity is then kept on resonance by feeding back some of the photodiode
signal to an actuator at one of the mirrors. When a gravitational wave is present the
wave changes the length of both of the interferometer arms. The change in length of the
primary arm is compensated for (and the cavity kept on resonance) by a corresponding
change in the laser wavelength. As a result of this, the change in wavelength of light used
in both arms of the interferometer contains information about the change in arm length
of the primary arm. The gravitational wave also changes the length of the secondary
cavity by a length equal and opposite to the primary cavity. The size of signal required to
keep the cavity on resonance and hence maintain the null fringe condition at the output
(achieved by moving one of the mirrors in the secondary cavity) is proportional to 26L.
In practice the distances between the beamsplitter and the inboard cavity mirrors has
also to be controlled. A detailed description of the control electronics typically required

in such a detection scheme can be found in Sigg [24].
The main disadvantage of the Fabry-Perot interferometer is the increased amount of
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control electronics required to keep the cavities of the detector resonant and the output
locked to a dark fringe. It does however have the advantage of requiring much smaller,
mirrors for operation since the multiple beams overlap one another. A further advan-
tage of the Fabry-Perot interferometer is that the effect of scattered light within the

interferometer arms is reduced [21].

The 10 m Fabry-Perot interferometer at Glasgow has reached a displacement sensitivity

of £ ~ 6x1071° m/+/Hz, or a strain sensitivity of b &~ 6 x 10~2° /+/Hz at about 1 kHz [25].

1.5 Noise Sources

There are a number of noise sources present that limit the sensitivity that can be achieved

by laser interferometric gravitational wave detectors.

1.5.1 Optical Readout Noise

The passage of a gravitational wave through a laser interferometer causes a change
in the light power at the output port. A suitably positioned photodiode detects the
gravitational wave as a change in this power. The minimum level of detectable change
in light power is a fundamental limit to the sensitivity of the dectector. This is set
by vacuum fluctuations [26] of the electromagnetic field which enter the interferometer
through the output port. If these fluctuations in light have the correct phase to increase
the amplitude of the light in one arm, they reduce the amplitude in the other — effectively
causing a phase change at the photodiode. This source of noise is equivalent to that
calculated by Poisson statistics when counting the number of detected photons. The
vacuum fluctuations superposed on the laser light also produce a fluctuating force at the

mirrors. The effect caused is radiation pressure noise.

e Photon Counting Statistics

Light occurs in finite ‘chunks’ or photons. Measuring optical power is equivalent to
counting the number of these photons arriving during a particular time interval, 7.

The minimum detectable relative displacement in the time interval is determined by
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the minimum detectable change in light power and is limited by the v/N uncertainty
in counting N photons in time 7. This uncertainty gives rise to noise.in the.
photocurrent of the photodiode — referred to as ‘shot noise’. Because the output
intensity is used as a measure of the gravitational wave amplitude, these statistical
fluctuations in the detected signal will limit the sensitivity of the detector. In the

case of a delay-line interferometer the sensitivity set by shot noise is given as [27]

hshot(f) = (62:6) ? sin(j:frs) /\/I‘E (1.6)

where F is Planck’s constant divided by 27, A is the wavelength of the laser light, ¢
is the quantum efficiency of the photodiode, P, is the input power, c is the speed
of light, and 7, is the light storage time, i.e. the time that light spends in one
arm of the interferometer. From equation 1.6 we can see that the effect produced
by photon counting statistics can be reduced by setting the storage time equal to
half of the period of the gravitational wave. The sensitivity can be improved by
increasing the level of input power (it can also be shown that the sensitivity can

be further improved by operating the detector close to a dark fringe).

e Radiation Pressure Noise

The result of statistical fluctuations in the number of photons reflecting off the
mirror surfaces causes the mirrors to recoil in a noisy manner. This is radiation
pressure noise and has the effect of altering the phase difference in the recombined

beam. It can be expressed as [28]

b (f) = — | 22 /T (L7)

mf2L \ 2m3cA

where P, is the input optical power, m is the mass of the mirror, L is the arm
length, ¢ is the speed of light and A the laser wavelength. The level of radiation
pressure noise falls off at higher frequency. Radiation pressure noise at a given

1
frequency increases with increased P, (as P2).

The total optical noise is the quadrature sum of photon shot noise and radiation pressure
noise and is known as the optical readout noise. Its spectrum is dominated by radiation

pressure noise at low frequency and at high frequency by photon shot noise.
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For a given gravitational wave frequency, f, there exists a minimum noise spectral den-
sity (due to the combined effects of photon shot noise and radiation pressure noise).
which occurs when the input laser power is set to an optimum level, Popiimum (f). At
this optimum power we have the condition hgpot(f) = hrp.(f) [28]. The locus of points
of minimum noise is called the quantum limit. The quantum limit sets a limit to the
minimum differential displacement of two masses that can be determined [29]. In in-
terferometric detectors currently under construction the quantum limit is significantly

below the other noise sources present.

It is difficult to reach the optimum laser power in a typical interferometer. At realisable
laser powers the sensitivity of an interferometric detector will be limited at high frequency
by the level of photon shot noise. The sensitivity set by radiation pressure noise at low

frequencies is well below that of the other noise sources.

1.5.2 Thermal Noise

Thermal noise is generated by the random motion of the atoms of the test masses (or
mirrors) and their suspensions, which are at some finite temperature and which have a
number of resonant modes. Using the equipartition theorem we can assign a mean energy
of kgT to each mode {where kp is Boltzmann’s constant and T is the temperature in
Kelvin). By designing low loss suspensions (i.e. suspensions with the energy of the modes
packaged into narrow bands about their resonant frequencies) where the resonances are
outside the detection band of the interferometer, we ensure that the off resonance thermal
motion within the observation band is kept to a minimum. There are three main sources

of thermal noise:

e Thermal Noise Associated with the Pendulum Mode

The maximum thermal motion of a pendulum occurs at its resonant angular fre-
quency, wo. For mirror suspensions used in interferometric detectors, wy is typically
around 27 x 1 rads™!. In the detection band of the interferometer, high above
the resonant frequency, the spectral density of thermal motion associated with the

pendulum mode is approximated to
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fi‘pe:nd ((-U) = (4kBTw—“'-“—“‘L‘—D¢pendw5t l(w)> ‘ m/ vHz - - (1.8) '

(refer to section 2.6) where kp is Boltzmann’s constant, T' is the temperature in

Kelvin, and ¢pend,,,, (w) is the mechanical loss factor associated with the pendulum

mode (which will be discussed in further detail in Chapter 2).

Thermal Noise Associated with the Transverse (Violin) Modes of the

Suspension Wires

The first few transverse (or violin) mode frequencies of the suspension wires typ-
ically occur within the detection band of the interferometer. By constructing the
mirror suspensions from low loss materials, the loss associated with the violin
modes is also very small. This implies that there will be several high, but narrow,
peaks present within the detection band centred on these frequencies. It is likely
that the wire resonances will therefore swamp any signal from a gravitational wave
occurring at these frequencies. The small regions of frequency space affected by

the violin modes will therefore be notched out of the data.

Thermal Noise Assoclated with the Internal Modes of the Test Masses

The dimensions of each test mass are chosen so that the lowest internal mode
frequency is well above the upper frequency limit of the detection bandwidth (~few
kHz). Most of the thermally induced motion is concentrated very close to the
resonant frequencies.

At frequencies well below the fundamental longitudinal mode the thermal motion
due to the sum of the contributions from all of the significant internal modes will

have a spectral density of [30]

2
— Oy MWEW

1

. 4kpT ¢; w)\ | ?
xinternal(w) = [Z ( B ¢mternaln( )):| m/ /Hz (19)
where @internal, (w) is the loss associated with the internal mode (of order n) of
the test mass. In this equation a,m is the effective mass for each mode of the test
mass, where «,, depends on the geometry of the laser beam, the mass of the mirror

and the resonant frequency, w,.
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A more comprehensive discussion of thermal noise can be found in Chapter 2. The study
of thermal noise in GEO 600 and the methods employed to minimise its impact. on the

overall sensitivity of such a detector is the subject of this thesis.

1.5.3 Seismic Noise

There are two routes by which seismic noise can effect the mirrors.

e Seismic Noise Introduced Through the Mirror Mounting

The level of seismic noise experienced by the interferometer is site dependent, and

very often time-of-day dependent. At a quiet site the level of seismic motion present

in the frequency range between 1 Hz and ~100 Hz is approximately (1[};7) m/v/Hz

in all directions at the surface of the ground [28].

Each test mass must be isolated from the seismic motion of the ground in the
range of frequencies over which the detector operates. Pendulums give attenua-
tion of ground motion above the resonant frequency of the pendulum. A single,
low loss pendulum attenuates ground motion by a factor of ~ (f70)2, where fp
is its resonant frequency. Suspending two or more pendulums in series increases
the horizontal attenuation with each additional pendulum. However the isolation
provided by pendulums in the vertical direction is not as good as in the horizontal
(since the vertical resonant frequency is much higher than the horizontal resonant
frequency, the level of vertical isolation at a given frequency is much smaller than
the horizontal isolation at the same frequency). Vertical displacement can couple
into horizontal motion at some level and so additional vertical isolation must be in-

cluded in the design to minimise the amount of this horizontal motion. This can be

provided by incorporating cantilever springs into the final suspension design [31].

Additional isolation is provided by suspending the double pendulum from a series
of vibration isolation stacks — alternate layers of rubber and steel. Isolation stacks
provide isolation in the vertical, horizontal and tilt directions by attenuating the
seismic motion above the corresponding resonant frequencies of the stacks. In
addition, since the rubber is of intrinsically high loss, the stack does not significantly

amplify the seismic motion at its resonant frequencies.
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e Direct Coupling of Seismic Noise (or Gravity Gradient Noise)
The test mass can also couple with seismic motion directly’ through local fluc-
tuations in the gravitational field (due to matter moving in the vicinity of the
detector) [32, 33]. Vibration isolation systems have no effect on this noise source
as gravity gradient noise effectively ‘short circuits’ the stacks and pendulums. The
noise spectrum resulting from gravity gradient noise is too low to limit the sensi-
tivity of the initial long base-line detectors. However as seismic isolation designs
improve and other noise sources are reduced, gravity gradient noise may ultimately

determine the achievable sensitivity of a detector at low frequency.

1.5.4 Displacement Noise Sources

Radiation pressure noise, thermal noise and seismic noise are all examples of displacement
noise. Displacement noise sources cause noise in the form of mirror motion and therefore
limit the displacement sensitivity that the detector can achieve. This form of noise is
one of the main reasons against employing detectors with short baselines and aggressive
beam folding. However the effect of displacement noise can be reduced by increasing the
physical separation of the mirrors. This is one of the principal driving forces behind the
building of detectors with long arm lengths. Consideration of levels of displacement noise
likely to be present in a detector suggests that it is necessary to move to arm lengths of

the order of a km to achieve the desired strain sensitivity of 10-2! to 1022,

1.5.5 Other Noise Sources

The main sources of noise have been discussed above. However there are a number of
other noise sources which must be considered and controlled to reduce their effects to

levels which are negligible.

Several of these are associated with the laser. They include frequency fluctuations of
the laser light (caused by scattering) which introduces noise into the detector. These
fluctuations can be stabilised by locking the laser frequency to one of the arms of the
detectors. The effect of intensity fluctuations of the laser are reduced by modulation

techniques (which ensures that the change in intensity to be detected is at a frequency
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that is shot noise limited) and operating the detector at a dark fringe. Variation of laser
- beam position, orientation and geometry are also important. These variations can be .
minimised by using a mode cleaning device such as a single mode optical fibre or a mode

cleaning cavity.

Fluctuations in the residual gas pressure of the vacuum system can lead to changes in
the optical path length of the detector. This effect can be reduced by operating the
detector at vacuum pressures of ~ 108 mbar or less. Control systems are used to damp
the various modes of the suspension systems. Care must also be taken so that electronic

noise in these systems does not in itself cause significant motion of the masses.

1.6 The German-British project, GEO 600

There are a number of long baseline interferometric detectors currently under construc-
tion around the world. Scientists working on the LIGO [34] project in the USA are
constructing two 4 km detectors at sites in Washington State and Louisiana. A French-
Italian collaborative group, VIRGO [35], is building a 3 km detector near Pisa in Italy.
TAMA, the Japanese 300 m detector project, is being built near Tokyo in Japan [36].

The German-British project is called GEO 600 [1] and it is a project being undertaken
by groups from the Max-Planck-Institut fiir Quantenoptik at Hannover and Garching,
the University of Glasgow, the University of Cardiff and the Albert Einstein Institut at
Potsdam, together with contributions from the Laser-Zentrum, Hannover. This project

is advancing rapidly at a site near Hannover, Germany.

GEO 600 is an interferometer with a four-bounce delay-line in each 600 m arm. The input
laser power (of between 5 and 10 W) will be provided by a stabilised diode-pumped
Nd:YAG laser. Before the light is sent into the interferometer it is passed through
two modecleaners [37] to reduce the beam orientation and geometry noise. The mirrors
within the mode-cleaner cavities are suspended to isolate them from the effects of ground
vibrations. After passing through the modecleaners, the laser light is sent into the
interferometer. To reduce random phase shifts of the light in the optical path due to

fluctuations in gas density, the path lengths are entirely enclosed inside vacuum systems.
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The suspension system for each test mass is likely to consist of a vibration isolation stack
plus a triple pendulum, incorporating 2 layers of cantilever springs for extra vertigal.
isolation. The additional vertical isolation is required to reduce the amount of cross-
coupling that can occur. This is due to the mirrors used for the second and fourth
bounces being positioned one above the other (and results in the laser beam making
a small angle with the horizontal) allowing the sensing of a small amount of vertical

motion. The whole suspension system is entirely closed within a vacuum system.

To ensure that the sensitivity of GEO 600 is competitive with that of 1°* stage LIGO and
VIRGO detectors, the limitiations set by the shorter arm-length of GEO 600 must be
compensated for from the outset. The advanced optical techniques employed include high
factor power recycling and signal recycling. Firstly we shall consider power recycling.
When the interferometer is locked to a dark fringe all of the recombined light at the
beamsplitter is returned to the laser. To prevent this light from being lost, a mirror (the
recycling mirror) is positioned between the laser and beamsplitter to form a resonant
cavity between the mirror and the interferometer [38]. The optical power circulating
in the interferometer is therefore increased and the effect is equivalent to using a more
powerful laser 2. This increases the phase sensitivity of the system. A power recycling

factor of ~ 2000 will be employed in GEO 600 in comparison to a factor of ~ 30 in LIGO.

The passage of a gravitational wave through a suitably orientated detector phase mod-
ulates the carrier frequency of the laser light. This has the effect of encoding the gravi-
tational signal in sidebands around the laser frequency. When the detector is locked to
a dark fringe, the carrier frequency is returned towards the laser whilst the sidebands
are emitted at the output of the interferometer. By suitable positioning of a partially
transmitting mirror between the beamsplitter and the photodiode a cavity (referred to
as the signal recycling cavity) can be formed for one of the sideband frequencies between
this mirror and the two arms. This allows the sideband frequency to be returned to the
interferometer and the technique is known as signal recycling [39]. This technique has
the effect of resonant enhancement of the signal of a particular frequency thus improving

the shot noise limited sensitivity in narrow bandwidth operation.

To minimise the effect of thermal noise in the frequency band of interest, synthetic fused

2This technique only works for mirrors of low optical loss.
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silica (which exhibits particularly low levels of intrinsic loss) will be used as the mirror
material: Because of its low loss' we have developed suspension fibres made of fused.
quartz 3 to suspend the mirrors. This is an approach to test mass suspension which has
not been proposed by the other major interferometer projects (all of 1% stage detectors
associated with the other projects intend to use steel wires). Methods of bonding the
fused quartz fibres to the mirrors that do not degrade the obtainable levels of internal
thermal noise have also had to be developed for use in GEO 600. The characterisation of
fused quartz as a suitable low-loss suspension material and aspects of the design of the

test mass suspension is the subject of this thesis.

The sensitivity curve of GEO 600 is shown in figure 1.5. The blue curve is the photon shot
noise calculated for a four-beam delay-line (illuminated by 5W of laser light (1.06 pm)
and assumes a factor of 2000 in power recycling). The green curve is the total thermal
noise (calculated for a 16 kg fused silica test mass, 25cm in diameter, 15cm long, and
assuming an intrinsic 10ss @insernat(w) = 2 X 1077 and structural damping). The red
curve represents the seismic noise (the design specification at 50 Hz is to achieve a level
of residual seismic noise at each test mass that is a factor of 10 lower than the thermal
noise associated with the internal modes at 50 Hz) after filtering by the suspensions and

the black curve is the total noise.

1.7 Space-Borne Detectors

LISA (Laser Inteferometric Space Antenna) [40] has been proposed as a cornerstone
mission in the Post Horizon 2000 programme in ESA and is a space-borne Michelson In-
terferometer that should be able to observe gravitational waves occurring in the 0.1 mHz
to 0.1 Hz frequency range. Gravitational waves emitted in this frequency band are un-
detectable by ground-based detectors due to gravity gradient noise. Typical sources of
gravitational waves emitted in this frequency band range from stellar-mass binary sys-
tems with relativaly large separations, to interactions of massive black holes. LISA will
consist of three identical spacecraft positioned in a heliocentric orbit 20° behind the

Earth, with each spacecraft forming a vertex of an equilateral triangle. Each spacecraft

3The term fused quartz is used to refer specifically to SiO, produced from natural sources and fused

silica used when either fused quartz or synthetic fused silica would be appropriate.
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in LISA will be separated from its neighbour by a distance of 5 x 10° m. Each spacecraft
“contains two test masses and two laser transponders (Nd:YAG) allowing the sides of .
the triangle to form two semi-independent interferometers. A gravitational wave strain
sensitivity of h ~ 1072! /+/Hz is expected to be achieved. The proposed date of launch
of a cornerstone mission is likely to be post 2015. However a joint ESA/NASA mission

could be launched earlier.

Space-borne detectors will be complementary to ground-based detectors extending the

frequency coverage over which observations of gravitational waves can be made.

1.8 Conclusions

The long baseline interferometric detectors such as GEO 600 and the 1°* stage LIGO,
VIRGO and TAMA detectors are all currently under construction with aimed design
sensitivities of ~ 10721 to ~ 10722/ vHz over some of the detection band (between a
few tens of Hz and a few kHz). It is intended that GEO 600 will be operational within
the next three years when it will be possible to use this detector to perform searches for
continuous sources such as pulsars. GEO 600 will also be used as one in a worldwide
array of three or four detectors. This will allow coincidence observations of burst sources
to be made. By comparing the arrival time of gravitational wave signals at the detectors
in such an array, the position of a source will be determined. Space-borne detectors will
complement observations made by ground-based detectors by increasing the frequency

band over which searches for gravitational waves can be made.
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Chapter 2

An Introduction to Thermal

Noise

2.1 Introduction

A mirror, suspended as a pendulum by wires or fibres is a mechanical system which
has many normal modes of oscillation. In accordance with the Equipartition Theorem,
each normal mode of the suspension has a mean energy of kgT Joules associated with
it (where kp is Boltzmann’s constant and T is the temperature in Kelvin). This energy
appears as thermally driven motion of the system. The combined effect of the thermal
noise from all of the modes of the suspension means that thermally induced motion
of the test mass and it’s suspension fibres is a serious form of displacement noise in
interferometric gravitational wave detectors; the rms displacement caused by thermal
noise at the resonant frequencies of the last stage of the pendulum suspension system is
much larger than that which might be expected by the passage of a gravitational wave.
One might suggest that the effects of thermal noise could be reduced significantly by
cooling the suspension in a manner similar to that used in resonant mass detectors. While
this may be feasible for the next generation of advanced interferometric gravitational
wave detectors, current detectors will not employ cooling. Because of this, the effect of
thermal noise at frequencies of interest for gravitational wave detection must be reduced

by other methods.
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2.2 An Early Example of Thermal Noise

In his classic experiment of 1828, Brown [41] observed the random motion of pollen
grains suspended in water. Many years later Einstein showed that this random motion
resulted from fluctuations in the number of impacts of the water molecules with the
pollen grains [42]. In doing so Einstein recognised that these impacts caused the grains
to dissipate kinetic energy as they moved through the water. This was the first recog-
nised relationship between fluctuation (which, in this instance, excites the system on a
microscopic scale i.e. the random displacement of the pollen grains) and friction (which

dissipates energy in this instance on a macroscopic scale i.e. the viscosity of water).

A general relationship between fluctuation and dissipation was established by Callen
et. al. [43, 44] for any system that is linear and in thermal equilibrium. This is the

fluctuation-dissipation theorem and is a useful tool in the study of thermal noise.

2.3 Fluctuation-Dissipation Theorem

The fluctuation-dissipation theorem relates the power spectral density of the fluctuating
thermal driving force, F2_.(w), of a mechanical system to the real (dissipative) part of

herm

the mechanical impedance, (Z(w)), i.e:

Fform (@) = 4kpTR(Z(w)) perHz (2.1)

The mechanical impedance is defined as Z = —f— where v is the velocity response of the

system resulting from an applied force, F.

The fluctuation-dissipation theorem is of importance because it lets us predict the effect
on the thermal noise of manipulating the real part of the impedance (ie. the dissipation

or damping).

The fluctuation-dissipation theorem can be rearranged and expressed in a more useful
form. This is achieved by substituting the expression for the fluctuating driving force

into
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. fl-"2 — szz . . . . ' . . ' . . . ' . (2.2) '

and rearranging into the form of 72, (w) (the power spectral density of thermal dis-

placement) to give

4kgT

R(Y (w)) perHz (2.3)

T ?herm (w)

where Y (w) is mechanical admittance (and Y (w) = 77157)

2.4 Forms of External and Internal Damping

In a real suspension system there are many sources of dissipation present that can increase
the level of thermal noise within the system. Some of the most significant are introduced

below.

2.4.1 External Damping Mechanisms

e external viscous damping in the form of friction from residual gas molecules. This

form of damping will be discussed in Chapter 3.

e The loss of energy from the pendulum suspension into a recoiling support struc-
ture (known as ‘recoil damping’). A discussion of recoil damping can be found in

Chapter 4.

e Energy loss due to eddy current and hysteresis damping. Whether either of these
losses are present and to what extent they affect the pendulum loss depends on
the materials used for the pendulum suspension and the proximity of naturally
occurring magnetic fields or of magnets and feedback coils within the system. A

discussion of these forms of damping can be found in Chapter 5.

e Frictional losses at the point of suspension and where the wires meet the test
mass. Experimental evidence of the first of these losses (known as ‘stick-slip’ damp-

ing [45]) and how it was reduced is reported in Chapter 5.
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e Finally, an unusual form of loss experienced in the course of this work — the ef-
- fect caused by unexpected electrostatic charging of the pendulum. This will be .

discussed in Chapter 6.

With careful design, these forms of damping can usually be reduced to negligible levels.

2.4.2 Internal Damping

Let us assume for the moment that all sources of external damping have been reduced
to levels where their contributions are no longer the dominant sources of loss. In this
situation the largest source of thermal motion in the test mass suspension is internal

friction in the material of the test mass and its suspension wires.

When a body is acted upon by some external force the material responds. The response is
not instantaneous. Instead each of the affected degrees of freedom in the body relaxes into
a new state of equilibrium after a time interval known as the ‘relaxation time’. Causes of
these lags in response include moving defects, shifting grain boundaries, thermal currents
and other internal variables. The combined effect of these individual lags represents
internal damping. The level of this damping can then be used to predict (by using the
fluctuation-dissipation theorem) the level of thermal noise that will be generated in a

pendulum hanging inside a gravitational wave detector at a given temperature.

Any resonant mode of a pendulum suspension e.g. internal mode of the test mass,
pendulum mode or violin mode of the suspension wire, can be modelled as a damped
harmonic oscillator represented by a mass, m, on a spring of constant, k. The combined
effects of dissipation from internal friction can be included in this model by introducing
a small imaginary term into the spring constant. The force associated with the spring is

therefore of the form

Fopring(w) = =k (1 + i¢(w)) 2. (24)

The imaginary term, ¢(w), is the loss angle (or loss factor) and represents the phase

lag (in radians) of the response of the system, z, to the applied force, Fyping(w). This
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departure from the ideal case of elasticity is known as anelasticity [46].

The equation of motion of a harmonic oscillator subject to internal friction is

Fw)=mZ+k(l+i¢(w))z (2.5)

where F'(w) is the internal thermal driving force.

We can obtain from the equation of motion, an expression for the motion induced in the
oscillator due to the combined effects of internal friction. First, the equation of motion

must be expressed in terms of velocity (using # = iwv and = = ;) to give

F(w) = twmv — zg (14 i¢(w))v. (2.6)

The fluctuating force, F(w), is divided by velocity, v, to give the impedance, Z(w), as

Z(w)=1 (wm - g) + d)(w)é (2.7)

The admittance is then obtained from the impedance,

Ep(w) -1 (wm - 5) .
(B6e) "+ (om - 2)’

Y (w) = (2.8)

Finally, this is substituted into the fluctuation-dissipation theorem (in the form of equa-

tion 2.3) to give the power spectrum of thermal motion

- 4kgT
Liherm (w) = w2 §R(Yv(“‘))) per Hz
4kpT p(w)E
2 T 5 7 Per Hz (2.9)
(56)" + (om~£)
which, on substitution of w2 = % and suitable cancellation of terms reduces to
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B ()= 4kpT ¢(w)wd
thrm () = AP () + R )

perHz. - - (2.10)

2.4.3 Form of the Internal Loss Factor, ¢(w)

The internal loss factor may take one of many forms. One form of the loss factor is
¢(w) proportional to frequency, f, in the form ¢(w) = 2w3f (where § is a constant).
It can be shown that when ¢(w) = 273 f, the imaginary (or internal damping term) in
equation 2.4 reduces to Fyriction = —bv (on substitution of z = #f and b = k). A loss

factor of this form is described as a source of ‘internal viscous damping’.

There is evidence to suggest that damping proportional to velocity is not the most
common form of internal damping in materials. Experiments [47] have shown that a
loss factor that is approximately constant with frequency is more realistic. A loss factor
independent of frequency is known as ‘structural damping’. Understanding the origin
of a constant loss factor is however more complex. It is thought that the loss factor,
¢(w), contains a number of distinct ‘peaks’. These peaks occur at the ‘characteristic
frequencies’ of the many contributing loss processes that happen simultaneously within
the material. These peaks, known as ‘Debye peaks’, are usually separated in frequency
by many orders of magnitude. In regions of frequency space away from the peaks of the
individual loss mechanisms, the combined effect of the tails of the peaks is effectively
constant with frequency [48]. The detection band of ground based interferometers usually

lies within one such frequency region.

However there does exist one mechanism of internal friction which may exhibit a peak
close to the detection band. In this instance the loss factor departs from the general case
of structural damping. This source of loss is called thermoelastic damping and will be

discussed in more detail in section 2.7.

Clearly the shape of the power spectrum for thermal displacement varies depending
on which of the functional forms of loss factor is present within the suspension. The
form of the loss factor must be determined if correct predictions of the limit set to the
detector sensitivity by thermal noise are to be calculated. For the pendulum suspensions

used in interferometric gravitational wave detectors the loss factors are very small and
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it is therefore extremely difficult to measure ¢(w) directly at all frequencies. The loss
factor, ¢(w), can however be measured at the resonant frequencies of the suspension (as
is explained in section 2.5). Should a number of modes of a given type be measurable
(e.g. vibrational modes of the suspension fibres or internal modes of the test mass),

information can be gained on the form of ¢(w).

It is useful to note that French [49] defines the quality factor, @, of a resonant system in

terms of the damping coefficient, b, and mass, m, as

Q(wo) = % (2.11)

The damping present within the suspension system is given by the real part of the
mechanical impedance. Referring to equation 2.7 we can see that this is ¢(w)f which is
equivalent to the damping coefficient, b, in equation 2.11 (where b is a constant in the case
of velocity damping but a function of frequency for structural damping). Substituting

for b (at w = wp) into equation 2.11 leads to a relationship between Q(wo) and ¢(wp) of

1
Q(wo) = Flwo)” (2.12)

2.5 Measuring the Loss Factor of a Damped Harmonic Os-

cillator at the Resonant Frequency of one of its Modes,

¢(wo)

The fluctuation-dissipation theorem allows all sources of thermal noise to be treated in
a similar manner. If there are a number of different sources of dissipation present within
a system (external as well as internal), they can all be considered by including their
combined effects in an overall expression of the impedance of the system as a function
of frequency. Effectively the total dissipation in a given system, at a frequency w, is the

sum of all of the individual loss angles i.e.
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' brotal(W) = d1(W) + Po(w) 4+ B3 (W) F i A Pr(w). - (2.13)

By measuring the ‘total’ loss factor exhibited by the suspension at an angular frequency,
wp, (the resonant frequency of one of its modes) and knowing the functional form of the
internal loss mechanism, the level of the loss factor at a frequency w can be determined.
This loss factor can be substituted with the relevant parameters of the test mass into
the fluctuation-dissipation theorem to predict the level of thermal noise (at a frequency
w) present within our suspension. This section contains a discussion of one method of

measuring the loss factor.

In our experiments we first excite a normal mode by some means. The mode is then
allowed to decay freely subject to the losses present in the system. The displacement of

the mode can be represented by

m(t) — .'Eoe_ ';"ﬁtotal(wo)woteint (2,14)

where z(t) is the amplitude at time, ¢, zo is the initial amplitude, wq is the resonant
angular frequency of the mode and ¢;p101(wp) is the combined effects of the loss mecha-
nisms present. We can determine the loss by measuring the amplitude decay envelope of

the free oscillation as a function of time.

Consider the amplitude decay term of equation 2.14

A(f) = moe~2Ptotat(wo)wot (2.15)

rearranging this we find

2 () 210

¢total (wO) = wol

If one measures the relaxation time, 7, taken for the amplitude to decay to A(t) = 2,

equation 2.16 reduces to
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woT

 Ptotar(wo) = (2.17)

which is recognisable as being equal to the reciprocal of a commonly used definition of

the quality factor, Q(wo) (Refer to French [49]). Once again we see that ¢(wo) = Q(L 3

In terms of the parameters A(t) and ¢ measured in our experiment, it is more useful to

express equation 2.16 in the following way;

In(A(t)) = —wt + In(zo) (2.18)
which has the form of a straight line when the natural logarithm of the amplitude,
A(t), is plotted with respect to ¢t. By calculating the gradient of the resulting plot and
multiplying it by —;%, it is possible to obtain a value for the loss factor at the resonant

frequency.

Once again let us assume that all external loss mechanisms have been minimised and that
internal friction is the dominant loss mechanism present. Measurement of the internal
loss factor at the resonant frequency tells us nothing about the frequency dependence of
the internal loss angle. However, as was discussed in section 2.4.3, it is usually possible
to infer the functional form of the loss, ¢(w), by measuring higher order modes of the
system. Measurements of the loss factor associated with the internal modes of fused silica
test masses have been performed by Gillespie [30], Braginsky [50] and Traeger [51] over a
range of frequencies in the tens of kHz region. The measured loss factor of fused quartz
will be taken to be ~ 2 x 10~7 and results have suggested that the material exhibits
structural damping. These results show that the loss was a measure of internal friction,
i.e. the ‘intrinsic’ loss factor set by the material itself and cannot be improved upon. The
level of thermal motion within the detection band resulting from this level of intrinsic
loss is discussed in the following section. A further example of this type of measurement
is discussed in Chapter 3. There a report is given of experiments performed to measure
the intrinsic material loss factor of an oscillating ribbon fibre at four frequencies in the

detection band of interest.
A point to note about the description given above for calculating the loss factor is that
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it assumes that the oscillator decays to a negligible amplitude. This however is not
“always the case. In the example of measurements made in. Chapter 3, the amplitude
tends to some background value, Apg, significantly greater than zero. Calculating the
loss factor by the simple method above would result in a loss that is less than the real
loss. A correction factor must be included in these instances. It is relatively straight
forward to prove that a better estimate of the loss factor can be calculated from a plot
of Iny/A(t)2 — A% versus time, t. instead of simply InA(t) versus ¢t. The gradient is then

A(t)2 — A2 time, ¢
calculated a ®) B VEISUS WG, Ty 1 2in the loss factor on resonance, ¢(wp).

ted and multiplied by —Z

2.6 Comments on the Fluctuation-Dissipation Theorem

Consider again the general expression for the power spectral density of thermal motion
of one of the modes of our suspension, &%, (w), in terms of internal dissipation as given
in equation 2.10. The level of thermal motion, Z;serm (w), can be altered by changing the

level of internal damping, ¢(w), present in the suspension.

This statement however appears to be at odds with the Equipartition Theorem which
states that every velocity component in a system has associated with it an average of
%kBT of energy. For example, in a 1 dimensional oscillator, the Equipartition Theorem

requires that

1 - 1
Z 2 — .
5mY 2k3T (2.19)
which can be rearranged to give
— kT
22 = "Z) - (2.20)
0

which is independent of loss, ¢(w). The fluctuation - dissipation theorem and the
Equipartition Theorem however do not disagree, they just give us different information.
The Equipartition Theorem refers to the mean square thermal displacement calculated
over all frequencies. This is equal to the square of the thermal motion calculated at each

frequency by the fluctuation - dissipation theorem then summed over all frequencies.
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Knowing that there is a ‘total’ mean squared displacement (given by the Equiparti-
“tion' Theorem) allows ‘us to refine our understanding of the information obtained from .
the fluctuation-dissipation theorem. Let us examine the power spectral density of dis-
placement in three distinct regions of frequency as given by the fluctuation-dissipation

theorem. Refer to equation 2.10 and consider first the case when w < wp:

_ 4kpT ¢(w)wd
R H
Ltherm (w) mw(wgqﬁz(w) + wg) per Hz
4kpT ¢(w)
Hz 2.21
mwwi (p?(w) +1) per (221)
and assuming ¢(w)? < 1 then
- 4kpT [ d(w
2 (w) & miz (—c(—u—z) per Hz. (2.22)
0
Consider also w > wy
_ 4kBTw2¢(w)
Tiherm(w) & — ((w2)20+ ) per Hz (2.23)
and once again, assuming that ¢(w)? < 1
k 2
B2 (W) & 4 anwo <¢w(‘:)) per Hz. (2.24)

Examining equation 2.22 and equation 2.24 we see that it is possible to minimise the
levels of thermal motion at frequencies away from the resonances of the suspension
system by designing the suspension to have very low levels of mechanical loss (¢(w) < 1).
However, to conserve the ‘total’ squared displacement over all frequencies (as given by the
Equipartition Theorem) there must be a correspondingly high response at the resonant

frequency, namely

4kpT ¢(wo)ws
mwow§ 2 (wo)

per Hz

it2herm (wo)
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which results in a very large 7%, (wp) if ¢(w) < 1!

It was discussed in section 2.5 that the loss factor associated with the internal modes
of a fused silica mass is believed to be the intrinsic loss factor of the material (i.e.
Gintrinsic(w) = 2 X 1077) and that it is structurally damped. The thermal noise con-
tribution from one internal mode can be calculated at frequencies within the detection
band, well below the resonant frequency, by using equation 2.22. This equation can be

generalised to include all of the relevant internal modes as

2 (W)= [Zn: (4kBT¢internaln (w))} (2.26)

apmwiw

where Ginternal, (W) is the loss factor associated with the nt? order internal mode and
a,m is the effective mass of the same mode (w, is an empirical factor that characterises
the coupling between the internal mode and the optical mode and depends on the size of
the laser beam, the mass of the mirror and the resonant frequency, w,). The GEO 600
thermal noise specification at 50 Hz is set by the thermal noise contribution from the

combined effect of the internal modes and corresponds to a rms thermal displacement of

Tinternal (w) =7x10"%0 m/vHz [52].

The test mass is suspended as a pendulum to attenuate seismic noise in the detection
band of the interferometer. This is achieved by choosing the length of the suspension
wire so that the resonant frequency of the pendulum mode is below the low frequency
end of the detection band. The pendulum mode also has thermal noise associated with
it. However we can construct pendulums in such a manner that the thermal noise
associated with the pendulum mode does not contribute significantly to the overall level
of thermal noise in the frequency band of interest (the specification for the thermal noise
associated with the pendulum mode at 50 Hz is discussed in section 2.8). This is achieved
in two ways. Firstly, the low resonant frequency of the pendulum mode ensures that the
maximum thermal displacement occurs at a frequency outwith the detection band of the
interferometer. At 50 Hz the thermal displacement will have reached a level predicted

by equation 2.24 (with the loss factor associated with the pendulum mode, ¢pend,,,., (W),
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substituted for ¢(w)). Secondly, the pendulum mode has associated with it a loss factor
“that is significantly’ below the intrinsic loss of the material of the suspension wires or

fibres.

The reason for this decrease in loss factor is as follows. Consider a simple pendulum
of mass, m, suspension wire/fibre length, {, hanging from a rigid support structure.
Assume also that all external damping mechanisms are negligible. The test mass hangs
in equilibrium at a position where the weight of the test mass is balanced by the elastic

restoring force of the wire (related to the wire stiffness).

Consider what happens when the pendulum is pushed to one side. Two restoring forces
act on the pendulum — that provided by the transverse elasticity of the tensioned wire,
and gravity. The wire bends in a small region at the top and providing the wire is thin,
the gravitational restoring force plays the dominant part. Gravity provides a ‘spring
constant’ of kgpq, = T2 and is lossless. The only loss of energy from the pendulum
is due to the small dissipative fraction of the transverse elastic spring constant of the
suspension wires, which is itself only a very small fraction of the total effective spring
constant. We can derive an expression for the loss factor of the pendulum mode in terms

of the loss associated with wire bending using the proof below.

2.6.1 An Advantage of Employing a Pendulum Suspension

First, consider an alternative definition of loss [49],

1
Q(wo)
Elost/cycle
27rE'stored .

¢(wo) =

(2.27)

The energy lost per cycle is dissipated in the bending of the wire; the energy stored in

=1k ire? (where z is the horizontal displacement of the

wire 2

bending the wire is Fgiored
pendulum from it’s equilibrium position) and the energy lost per cycle is some fraction, a,
of the total elastic energy i.e. Ejqs/cycte = 3akyirez?. The total energy stored in a cycle

1

of the swinging pendulum is Estoredpend = g(kwire + kgm,,)wz. Expressions can be derived
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for the wire loss, ¢nat,,,.,(wo), and the pendulum loss, @pend,,,,, (wo), by substitution of
' the appropriate energies into equation 2.27. Dividing one: expression by the other gives -

the relationship

¢pendm,a, (WO) _ kwire ) (2.28)
¢mattoml (WO) kwire + kgra'u

We know that kgrqy > kyire which allows for the simplification

k..
¢pendtotal (wo) ~ ¢7na’ttotal (wo) k'w".e ¢ (2'29)
grav
We can see from equation 2.29 that because kgrqy > Kuyire, the value of loss factor that

the pendulum mode displays is a reduced level of the loss factor of the suspension wire

material.

Let us move now to the more general case of a pendulum of mass, m, suspended by n
wires of length [. Saulson [53] gives the elastic spring constant of a bending wire under
tension as kyire = "—2@ where T is the tension per wire, F is Young’s modulus of the
wire material and I is the moment of cross-sectional area (I = % for a cylindrical wire

of radius, r). Substituting for k. and kgrqo into equation 2.29 gives

¢nVTEI

2ol (2.30)

¢pendtotal (wo) = ¢mattotal (WO)
where £ is an additional term that takes the value 1 or 2 depending on whether the posi-
tions of the wires constrains them to bend at the the top, or top and bottom, respectively.
Although equation 2.30 is defined at the resonant frequency, wo, the relationship between
the pendulum loss at any frequency, w, and the material loss at the same frequency, w

holds.
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2.7 Thermoelastic Damping

The material loss of the suspension fibres discussed in the previous section was expressed
in terms of a total material loss, ¢mat,,,,, (w), and not the intrinsic loss of the material,
Omatinirinsic (W), as might have been expected. This is because there exists a source of in-
ternal friction which, due to the dimensions of the wire/fibre, may exhibit its maximum of
damping at a frequency in (or near) the frequency band of interest. The loss angle for the
thermoelastic effect is @pat, . (w). The frequency at which the maximum loss occurs (the
‘characteristic frequency’) is a function of the radius/thickness of the suspension wire (or
fibre) and the properties of the material. The maximum level of loss at the characteristic
frequency is a function of the material alone. If the loss is found to contribute strongly
at frequencies of interest it must be added to the constant, ‘intrinsic’ loss factor in order
to obtain a realistic value of loss (i.e. Pmat, 0 (W) = Pmatinirinsic (@) + Pmat,.. (w)). The
level of thermoelastic damping present at a frequency w affects the level of pendulum

loss factor achievable through the relationship given in equation 2.30.

Consider measuring the material loss factor associated with the vibrational mode of a
wire or fibre clamped at one end. As it oscillates a periodic stress is applied to the wire
or fibre, and as a result a local temperature gradient is induced across the sample. This
is because the compressed region of the wire or fibre increases in temperature whilst
the extended region decreases. Heat then flows across the sample in an attempt to
restore equilibrium. At very low frequencies, the process is essentially isothermal and
the sample is never far from equilibrium. No energy loss will occur in this situation
because there is no significant time lag involved in the material reaching equilibrium.
At high frequencies the stress is removed (or reversed) on a time scale much less than
the relaxation time of the sample, and therefore no significant heat flows. At these
frequencies the process is approximately reversible and no significant vibrational energy
is lost. At an intermediate frequency, the frequency of oscillation of the sample will be
comparable to 2= (relaxation time)~! of the material. In this instance the process
of heat flow is irreversible. Accompanying this is an increase in entropy and hence in
dissipated power. This occurs as a conversion of vibrational energy (at the characteristic
frequency) to heat. The increase in the level of loss factor, ¢mat, . (w), results in an

increase in the level of thermal noise at this frequency.
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Thermoelastic loss is similar to other forms of internal loss in that it is defined [46] in

‘terms of its relaxation time; 7, and relaxation strength, A, by .

wT

= Am' (2.31)

¢matt‘e. (w)

In the case of thermoelastic damping, the strength of the relaxation is given by Now-

ick [46] as

_ Ed?T
=

A (2.32)

where F is Young’s modulus, « is the coefficient of thermal expansion, p is the density
and c is the specific heat at constant volume of the suspension wire or fibre material.
The frequency at which the maximum loss occurs (the ‘characteristic frequency’) is de-

termined by the relaxation time and is given by

1

fchar = %

k
= 21675 (2.33)

for a cylindrical fibre where & is the thermal conductivity of the material and d the

diameter of the sample.

The effect that thermoelastic damping has on the loss factor associated with the pen-
dulum mode can be altered. This is achieved by changing the shape of the wire/fibre
cross-section whilst maintaining the tension in each wire/fibre. This results in a change
in the frequency at which the maximum loss occurs. An example of this might be to use
a thin ribbon (or flexure) of thickness, ¢. In this instance the ‘characteristic frequency’

occurs at

fehar = (2.34)

2pct?’
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From equation 2.31, it can be seen that the level of the maximum loss (for any wire or

fibre shape) is given by

A
¢matcie, (wchar) = 3 (235)

Whether or not the thermoelastic loss resulting from the sample in question contributes
significantly to the overall level of loss, and as a result to the overall level of thermal

noise, depends on the material properties and dimensions of the sample.

Thermoelastic damping is not in evidence in torsional modes since this type of mode only
involves shear motion and does not involve local volume changes that result in changes

in thermal energy [54].

2.8 Important Normal Modes of the Suspension

Some types of the normal modes present within the suspension system of an interfer-
ometric detector have already been discussed. Listed below is a summary of all of the
various normal modes. In addition, the effect that the levels of associated thermal noise

have on the achievable sensitivity of GEO 600 is discussed.

The first class of normal modes contributing to the level of thermal noise present within
the detector consists of the vibrational (or internal) modes of the test mass. In this
instance the test mass must be treated as an elastic body. The centre of mass remains
still, but the shape of the test mass itself changes. There is a variety of different mode
shapes that can be excited in the mass, some of which couple into the inteferometer signal
and others which do not. Whether the mode shape can be sensed by the interferometer

and therefore contribute to the level of thermal noise is discussed further in section 7.4.4.

The thermal noise associated with the combined effects of the internal modes of the
test mass is intrinsic to the material and cannot be improved upon. This source of
thermal noise sets the thermal noise limit to the achievable sensitivity of a detector.
Much research has been performed around the world to find materials of suitably low

‘intrinsic’ loss. The dimensions and mass of the test mass are such that the internal
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mode frequency is well above the detection band of GEO 600. The measured value for
‘the internal loss (@internai(w) = 2 x 1077) is equivalent to a spectral density of thermal
displacement of Z;nsernal(w) = 7x1072°m/ vHz at 50 Hz (as was discussed in section 2.6)
and is very easily degraded. The loss factor associated with the internal modes can be
increased by friction occurring between the mass and suspension wires or fibres and by
the method employed to attach the wires or fibres to the test mass. In Chapter 7 there
is a discussion of experiments performed to develop low-loss jointing techniques in an
attempt to preserve the low internal thermal noise characteristics of the fused quartz

masses.

The second class of vibrational modes consists of the suspension modes. These are
modes in which the test mass can be treated as a rigid body. The most important of
these modes are those whose associated thermal noise causes motion of the centre of
mass. The suspension modes include the pendulum modes, the transverse vibrations
(or violin modes) of the suspension wires (which causes small recoil motions of the test

mass), as well as the vertical modes, torsional and tilt modes of the pendulum.

The thermal motion associated with the pendulum mode excited in the direction of
the interferometer arm will couple directly into the interferometer signal reducing the
interferometer sensitivity. This happens because the thermally induced mirror motion
changes the relative separation of the test masses. As was discussed in section 2.6, the
suspension can be designed so that the maximum displacement can be forced to occur

at frequencies below the lowest frequency of the detection band of the interferometer.

To ensure that thermal noise associated with the longitudinal pendulum mode does not

contribute significantly to the overall sensitivity, an acceptable figure is set for the power

2
pendtotal

spectral density of thermal motion for this mode, z (w). This figure is a factor

: (
internal

of 10 lower than w) at 50 Hz and is referred to as the GEO 600 thermal noise
specification. Substituting the GEO 600 thermal noise specification for the pendulum
mode and the parameters of a GEO 600 suspension into equation 2.24 (i.e. where w > wyp)
allows calculation of the acceptable level of loss factor associated with the pendulum

mode. This is calculated to be 3.7 x 10~ at 50 Hz. Experiments performed to develop

test mass suspensions that exhibit this level of loss are reported in chapters 5 and 6.
One GEO 600 test mass is 16 kg. If we decide to include a safety factor in the loading of
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the wires or fibres and tension them to % of their known tensile strength, we can calculate
‘the radius of the suspension wire or fibre required. These two pieces of information can be -
substituted, together with the pendulum mode loss factor associated with the GEO 600
thermal noise specification, into equation 2.30 to allow calculation of the level of material
1088, Pmat,y. (W), required from a given material. A discussion can be found in Chapter
3 of experiments conducted to find a material of low enough intrinsic loss factor to be

used in GEO 600.

The violin modes of the suspension wires or fibres form a harmonic series that unfortu-
nately lie within the detection band of the detector. The violin modes have associated
with them a loss that is a reduced level of the intrinsic loss of the suspension wire (and
which are of the same order as the loss associated with the pendulum mode for exactly
the same reasons). The thermally induced displacement of the test mass resulting from

the violin modes is the noise associated with the violin mode suppressed by the factor

m;"iu (where m is the mass of the pendulum and m,.. the mass of the wire) and off
resonance is much smaller than motion resulting from the thermal noise associated with
the other modes. Although the off resonance thermal noise is very much smaller than
the thermal noise associated with the other modes of the pendulum suspension, we can-
not afford to relax the level of violin mode loss factor. This is because the violin mode
loss and the pendulum mode loss factor are related by ¢uiorin (W) = 2¢pena(w) (when the
rocking mode of the pendulum has been constrained) [55, 56]. Because the suspension is
designed to be of low loss most of the thermally induced motion will be concentrated into
very narrow frequency bands around the resonant frequencies. Therefore the resonant
frequencies are likely to be the only frequencies that will contribute significantly to the
overall level of thermal noise. However because of their low loss factor the amount of

detection band occupied by the violin modes is small. These narrow bands are notched

out of the resulting data.

With careful design of the suspension system the thermal noise associated with the
pendulum and violin modes at 90° to the direction of the laser beam will not contribute
significantly to the overall level of thermal noise present in GEO 600. Positioning of the
laser beam on the centre of a suspended mass allows the thermal noise associated with
the vertical spring modes, torsional modes and tilt modes to be kept within acceptable

levels.
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2.9 Conclusions

We have seen that the fluctuation-dissipation theorem is a useful equation that relates
the level of microscopic thermal noise generated in the modes of the suspension to the
macroscopic loss and which can be used as a tool in the design of suspensions in gravi-
tational wave detectors. We see that by measuring and then reducing the levels of loss
present in the suspension, we can predict and then improve upon the associated levels

of off resonant thermal noise.

We have touched on the need for low loss methods of attaching the suspension wires
or fibres to the mass to preserve the low internal losses of the test mass. We have
also introduced an acceptable level of thermal displacement associated with the most
important of the suspension modes — the longitudinal pendulum mode. This level is
such that the loss contribution from this mode is not a significant factor in the overall
level of thermal noise and corresponds to a pendulum mode loss factor of ¢pend,,,,, (W) =
3.7x 1078 at 50 Hz. Much of the work presented in this thesis deals with identifying and
reducing the excess loss present (from a number of loss mechanisms) to levels that allow

us to achieve the GEO 600 thermal noise specification.
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Chapter 3

The Determination of a Material
Suitable for Suspending the
GEO 600 Test Masses

3.1 Introduction

In Chapter 2 the subject of thermal noise in the suspensions of the test masses in laser
interferometric gravitational wave detectors was introduced. It was explained that the
sensitivity of GEO 600 at 50 Hz will be limited by the thermal noise source that is hardest
to reduce further — the thermal noise associated with the internal friction in the material
of the test masses. In addition to this there are other sources of thermal noise present
within the suspension system. However, the level of noise contribution from each of these
sources can, to some extent, be controlled. One such source of thermal noise is due to

the loss associated with the pendulum mode.

The GEO 600 thermal noise specification is given in section 2.8. It implies that a loss
factor at 50 Hz for the pendulum mode of @pend,,,,, (w) = 3.7 x 1078 is acceptable; with
this level of loss associated with the pendulum mode, the detector sensitivity will remain

limited by the internal losses of the test masses.

In a carefully designed suspension (where all external damping mechanisms and the losses
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associated with attaching the wires/fibres to both the point of suspension and mass
have been reduced to: negligible' levels) the loss factor associated with the pendulum .
mode, @pend, .. (W), is related to the loss factor of the suspension wire/fibre material,

¢mattotal (w)7 by equation 2.30 i.e.

enV/TET

Brent(®) = It @) T
The term ¢pnq4,,,,, (w) consists of the sum of the intrinsic loss factor of the wire or fibre
material, Prmatin; inaic (W), (due to the combined effects of the various internal loss mech-
anisms - refer to section 2.4.3) and a possible contribution from thermoelastic damping,
®mat, . (W), (an internal damping mechanism that may ‘peak’ close to the frequency
band of interest). The definition of the terms included in the ‘multiplication factor’
(i-e. 5”27—\/7) are given in section 2.6.1. To reach the target level of ¢peng,,,,, (W), a
suspension wire/fibre with a low material loss contribution at the target frequency of
w = 2r x 50rads™!, and a small multiplication factor is desirable. One method of

achieving a small multiplication factor is to employ a wire/fibre material with a high

tensile strength thus allowing the use of samples of small radii (where I o r4).

This chapter contains a discussion of the experiments performed to find a material that

exhibits losses of a value low enough to be used as the suspension wires/fibres in GEO 600.

3.2 Experiments to Determine the Material Loss Factor of

Carbon Steel Wires

Carbon steel is a commonly chosen material for the suspension wires in prototype inter-
ferometric detectors. If a 16 kg GEO600 sized test mass is to be suspended by four
carbon steel wires tensioned to % of their breaking stress, the required wire radius
can be calculated (Chapter 7 contains a discussion about how one might choose the
number of suspension wires/fibres to employ in the final design). Taking the breaking
stress of carbon steel to be 3 x 10° Pa allows calculation of a suitable wire radius of r=

111 pm. This radius, together with a wire length of / = 0.25m, a Young’s modulus of
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Figure 3.1: Ezperimental apparatus for the measurement of ¢pqt,,,.,(wo) of carbon steel

wire.

E = 2.1 x 10! Pa and the loss factor specification associated with the pendulum mode
at 50 Hz are substituted into equation 2.30 to allow calculation of the required wire loss

factor of ¢pnat,,,, (w) = 1.2 x 1075 at 50 Hz.

Experiments were conducted to measure the total material loss on resonance of samples
of carbon steel wire of two different thicknesses — 127 um diameter and 178 um diameter.
Lengths of the carbon steel wire were first coiled into springs by drawing a sharp edge
along the length !. A small steel bob was then attached to one end of each wire. The
other end of the wire was clamped firmly into a precision engineered pin-vice in order to
reduce losses at the point of suspension. This mounting point was an integral part of a
rigid support structure designed to minimise the effect of recoil back into the system. The
structure was in turn placed inside a vacuum bell jar that could be evacuated to pressures
at which the effect of gas damping was negligible; typically pressures of 2 x 10~5 mbar or
below were used (refer to Appendix A). A diagram of the experimental apparatus used

in measuring the material loss, ¢maz,,,,, (wo), can be seen in figure 3.1.

1t should be noted that it is possible that coiling the wire in this manner may introduce surface
damage and therefore increase the material loss factor. For the purpose of this measurement it has been

assumed that any increase in loss factor is negligible. This assumption however is open to discussion.
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The fundamental vertical mode of each spring was excited by applying an alternating
‘current to the coil positioned around the bob at half of the frequency of the vertical -
resonance of the wire and bob suspension. When a reasonable amplitude of motion had
been obtained the current was switched off and the coil uncoupled from the oscillator
to prevent eddy current damping of the oscillation. The vertical mode was then allowed
to decay freely with time. A stopwatch was used to measure the period of the vertical
mode from which the frequency was determined. A white light source was shone across
the bell jar. The light beam was partially obscured by the bob. A photodiode positioned
on the far side of the bell jar (behind the bob) permitted a shadow sensing technique to
be employed to detect the amplitude, A(t), and hence the decay of the vertical motion.

The signal from the photodiode was filtered, amplified and passed to a chart recorder.

The charts obtained for the amplitude decays of the carbon steel wires showed that the
amplitude decreased towards some background level, Ap, instead of zero. This was
due to mechanical noise (from the vacuum pumps) driving the vertical mode (as was
discussed in section 2.5). To correct for this a graph of Iny/A(t)? — A% versus time, ¢,
was plotted instead of simply InA(t) versus t. A value for the loss factor was calculated
by multiplying the gradient of the graph by —w—20 (where wp is the resonant angular
frequency). If an uncorrected decay is used to calculate the loss, the offset will result in

an artificially low value of ¢pas,,,,, (wo)-

Applying this technique of obtaining ¢m,¢4,,,,, (wo) to the results generated average values
for the loss of ¢mat,,,,.(wo) = (1.58 £0.15) x 10™* at 2.6 Hz for the sample of 127 ym
diameter wire and ¢mar,,,,, (wo) = (4.5440.40) x 10~* at 1.75 Hz for the 178 um diameter

wire.

The material constants for carbon steel are £ = 2.1 x 101 Pa

k=50Wm K1

p = 7800kg m3

c =420 kg~ 1K1
and a=15x10"% K1
at a temperature of T = 300K.
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From these numbers we can calculate the thermoelastic damping contribution at the
‘measurement frequencies' using the equations given in section 2.72.. The level of ther-
moelastic damping present in both of the wire samples (i.e ¢maz, . (wWo) = 5.5 x 1076 for
the 127 um diamter wire and ¢p,az, . (wo) = 7.28 x 107° for the 178 um diameter wire)
was considered to be negligible since it contributed towards no more than 3% of the
total loss at the measurement frequencies. If we assume that loss contributions from
external sources are negligible, the measured loss factor can be taken as the intrinsic
loss factor of the material, ¢mat;,; in.ic (Wo), (Which, as a property of the material itself
is independent of wire diameter). If we also assume that the loss mechanism present
within carbon steel is structural in nature [57], the 10sS ¢rat;,;in.ic (Wo) Will be constant
at all frequencies. Because the two wires are the same material, it follows that the value
obtained for @mat;,, in.ic (wo) should be the same for both samples. This however was not
the case. We infer that there was a source of external loss present in the results obtained
from the 178 pm diameter wire. This was believed to be a result of frictional losses in
an undertightened pin-vice. We therefore conclude that the results obtained from the
127 um diameter wire give a more realistic value of the intrinsic 1088, @mat;nrinsic (W0)-

This is confirmed in section 5.5.

Using the value of @mat;n;inei.(w) obtained from the 127 um diameter wire plus the
thermoelastic contribution at 50 Hz, calculated for a 222 um diameter wire suitable for
suspending a GEO 600 mass (i.e. $mas, . (w) = 3.2x107%), we can calculate the expected
Dmat,opa (@) at 50 Hz associated with the carbon steel wire. This number is (4.7540.15) X
10~*, a factor of ~ 40 higher than the GEO 600 specification for the material loss factor.
Thus a material of intrinsically lower loss factor is required if we are to meet the GEO 600

pendulum thermal noise specification.

2The motion of the body of the spring results from a shearing action. Bending however occurs at the
top and bottom of the wire (at the point where the spring enters the pin-vice and where it is attached

to the mass) and therefore a contribution due to thermoelastic damping is believed to exist.
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3.3 The Use of Fused Quartz as a Suspension Fibre Mate-

rial

Braginsky [58] has shown that ultra high grade fused silica is of low enough intrinsic
1088, Prmatinirinsic (W), to be suitable for the suspension of the test masses in laser inter-
ferometric gravitational wave detectors. As well as its intrinsically low loss factor, fused
silica has a further advantage: the use of fused silica fibres allows the construction of
monolithic suspensions. This can help to maintain the low level of internal thermal noise
by minimising any excess loss that is associated with the attachment of the suspension
fibres to the fused silica test mass or to the point of suspension. The subject of minimis-
ing the losses at the joint between the fibres and the test mass will be discussed further

in Chapter 7.

We propose to suspend the GEO 600 sized test masses on four fused quartz fibres ten-
sioned to 1 of the breaking stress 3. Knowing this we can calculate a suitable fibre
radius to be r = 220 um. From this radius, a fibre length of 0.25m, a Young’s modulus
of 7 x 10!° Pa and the desired level of pendulum mode loss, ¢pend,.,,, (w), for a GEO 600
test mass at 50 Hz, a maximum acceptable level of ¢rnat,,,., (w) = 5.1 X 1076 at 50 Hz can

be calculated using equation 2.30 4.

The remainder of this chapter contains a discussion of the experiments performed to
determine if samples of an inexpensive, ‘standard grade’ fused quartz are of low enough

Omatya (W) to be considered as the suspension fibre material for GEO 600.

3.4 Methods of Production of Fused Quartz Fibres

Three methods of producing fused quartz fibres will be discussed in this section; pulling

fibres using either an oxy-hydrogen burner or an RF furnace, and etching fused quartz

8Experiments to measure the breaking stress of fused quartz fibres conducted by the author (on
samples of ‘standard grade’ fused quartz) and by Braginsky (private communication) have suggested

that 800 MPa is a reasonable value to assume.
“The loss factor resulting from the shearing action of the wire is assumed to be the same as that due

to bending.
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rods with hydrofluoric acid.

3.4.1 Pulling Fused Quartz Fibres in an Oxy-Hydrogen Flame

Pulling fused quartz fibres by this method involves holding small sections of fused quartz
rod (typically 3mm in diameter) in the hottest region of an oxy-hydrogen flame. Once
the material softens and the flame is removed, a quick motion outwards from the ends
pulls a thin fused quartz fibre. Sections of 3 mm rod are left attached to both ends. It
should be noted that the existence of the rod-ends or ‘stubs’ on the fibres is an advantage
in minimising the excess loss known as ‘stick-slip’ damping that can occur at points of
attachment [45]. ‘Stick-slip’ damping is discussed in section 5.4. This method of fibre
production has the advantages of being both quick and easy. There are however two
disadvantages associated with this pulling method. The first is the difficulty of pulling
the matched set of fibres required for the construction of a test mass suspension. The
second problem is the difficulty of pulling ribbon shaped fibres with the oxy-hydrogen
burner. As was previously discussed in section 2.7, this fibre configuration has thermal

noise advantages over cylindrical fibres.

3.4.2 Pulling Fused Quartz Fibres in an RF Furnace

The RF furnace consists of an 8 kV power oscillator which produces a varying electro-
magnetic field (at 400kHz) in an external drive coil. This field induces a current in a
graphite ring that sits centrally within the coil thus heating it. Graphite is used as the
heating element because it can withstand the temperature of 1800 °C+ that is required to
soften the fused quartz rod without reacting with it. Before operating the RF furnace, a
fused quartz rod (typically 3mm in diameter) is passed through the centre of the furnace
and clamped to geared motors above and below. The settings of these motors determines
the rate of feed of fresh material into the furnace and the rate of pull of the fibre from
beneath (and hence the fibre thickness) during the fibre pulling process. The fibres are
pulled in an argon atmosphere to prevent a reaction of the graphite element with the
air. It takes approximately 90s to heat the graphite element and subsequently radiate

enough heat onto the fused quartz rod so that it reaches its softening temperature. Once
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the fused quartz rod has been heated sufficiently, the pull and feed motors are switched

on and a fibre pulled. -~ -~ -~ - -~~~

Situated beneath the furnace is a series of microswitches. These are triggered by the
moving carriage attached to the pull motor and turn the furnace and the two motors off
in a predetermined sequence. The positions of the microswitches and hence the timing

of the switching sequence is variable giving control of the fibre pulled.

Fibres produced by this method also have sections of the 3 mm diameter rod attached

at each end.

Advantages of the RF furnace include firstly, the ability to produce matched sets of
fibres required for the construction of pendulums. Secondly, ribbon fibres can be pulled
by replacing the length of 3 mm fused quartz rod positioned within the heating element
with a section of fused quartz slide. One disadvantage of pulling fibres in this manner
is the time required to set up the furnace, pull the fibre and allow the system to cool
to a manageable temperature before repeating the process. A further disadvantage is
the possible contamination of the fused quartz with graphite from the heating element
should the two touch during the pulling process. A photograph of the RF furnace taken
during the inital stage of heating the fused quartz rod can be found in figure 3.2.

3.4.3 Fibres Formed by Etching Fused Quartz Rods

There is a third method that can be used to form fused quartz fibres which, although not
employed for any of the experiments reported in this text, should be mentioned. This
involves etching the fused quartz rods down to the desired radii by submersing them in
hydrofluoric (HF) acid. By coating the ends of the fused quartz rods with a substance
that is impermeable to hydrogen fluoride, for example paraffin wax, sections of thicker

rod can be left attached to both ends of the etched fibre.

The discussion contained in sections 3.5 - 3.7.3 relates to experiments conducted on
samples of fused quartz ribbons pulled in the RF furnace. Ribbons were used for reasons
of simplicity — it proved easier to measure the amplitude decay of ribbon fibres because

ribbons are constrained to oscillate in one sense only. A consistency check on the level
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of loss factor of a cylindrical fibre sample is discussed in section 3.7.4.

3.5 Expected Limitations to the Measurement of the Ma-
terial Loss Factor of Fused Quartz Ribbons

In the same way as for the carbon steel wires discussed previously, the measured loss
factor of fused quartz ribbons, @mat,,,,, (wo), will contain contributions from all of the
significant loss mechanisms present. Possible contributions to the overall loss may in-

clude:

e Energy lost into a recoiling support structure. This can be reduced to negligible

levels by careful design of the test structure and is further discussed in section 3.6.

e Losses in the clamp (‘stick-slip’ damping). This is minimised by the method of

fibre production and by careful clamping and is further discussed in section 3.6.

e Any loss caused by the fibre becoming electrostically charged (e.g. by UV radiation
from the ion pump or gauge) is reduced to insignificant levels by careful positioning

of the fibre within the vacuum tank.

The measured loss factor will therefore be mainly the sum of contributions from the

following loss mechanisms (at a frequency wp) i.e.

¢mattotal (wo) = ¢matintrinsic (CJO) + ¢matt.e. (WO) + ¢matgas ((JJO) . (3'1)

These losses are; ¢mat;,,rinsic(Wo) and @mar, . (wo) which have both been discussed in
section 3.1 and @pmat,,, (wo), a contribution due to external damping from the residual
gas present. It is possible to estimate the contribution due to gas damping, ¢mat,., (wo),
at a pressure, P, by substituting the relevant parameters into equation A.13 (which can

be found in Appendix A). This is discussed more fully in section 3.6.1.
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3.6 Experiments to Determine the Material Loss Factor of

Fused Quartz Ribbons

A fused quartz slide (1 mm thick) was pulled into a ribbon fibre of length 12.5cm, width
3 mm and thickness ~54 um using the RF furnace. A portion of the 1 mm thick slide was
left attached to one end of the fibre. To protect it, thin strips of steel (cut from a feeler
gauge) were attached above and below the slide with a thin layer of the vacuum epoxy,
Torrseal. The fused quartz slide and stainless steel sandwich was clamped horizontally
between two aluminium plates (with the plates exerting pressure on the steel). Clamping
on the thicker portion of the fused quartz, and not the fibre itself, helps to minimise the
problems associated with ‘stick-slip’ damping (refer to section 5.4). The aluminium
clamp was mounted on a rigid aluminium table of thickness 25 mm. The table top was
supported by four aluminium legs of diameter 50 mm, each of which was braced against
the wall of a stainless steel vacuum tank in which the table stood. This massive, stable
structure was designed to reduce the effects of recoil damping of the fibre back into the

surroundings to a negligible level.

The vacuum tank was evacuated by an ion pump that worked in parallel with a turbo-
molecular pump backed bsf a rotary pump. The system could reach vacuum pressures
of ~ 1 x 10~"mbar. A laser beam was shone across the vacuum tank so that the
oscillating fibre partially obscured the beam. The motion of the fibre was sensed by
detecting the resulting diffraction pattern on a split photodiode positioned at the far
side of the vacuum tank. The resulting signals from the halves of the split photodiode
were subtracted, filtered, amplified and recorded on a data acquisition program which
had been developed in-house [59]. A fraction of the signal resulting from the photodiode
was passed through a phase shifter, amplified and superimposed upon a 750V d.c. bias to
create an a.c. drive signal which alternated between ~100V and ~1400V. This voltage
was then applied between two metal strips, the ‘drive plate’, situated beneath the free

end of the fibre.

In order to protect the high voltage amplifier in case the strips should short circuit, a
large resistor, R, was inserted in series between the amplifier and the drive plate. The

value of R; was chosen such that m > fo, where C; was the estimated value of the
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Figure 3.3: Ezperimental apparatus for the measurement of ¢mat,.,,, (Wo) of fused quartz

fibres.

capacitance between the two strips and fy was the resonant frequency of the fibre.

When the phase of the feedback signal was correctly adjusted, the fibre resonance could
be excited by positive feedback. The resonances of this fibre occurred at 5 6.06 Hz,
22.8Hz, 59.6 Hz and ~106 Hz. Once a suitable amplitude of fibre motion had been
achieved, the drive signal was disconnected and the drive plate grounded by means of a
second resistor, Ra, in parallel with the drive plate. The size of the resistor was chosen
such that the time constant of the R,C} filter was much shorter than the period of the
fibre resonance (and R; > R;). The amplitude of motion was sensed and recorded
by the equipment described above. A diagram of the experimental equipment used in

mMeasuring Pmat,,,; (wo) can be seen in figure 3.3.

5 At initial, large amplitudes of excitation of the fourth harmonic, the frequency was ~104 Hz. As the
amplitude decayed the frequency increased to ~106 Hz. This may be understood by the following: At
large amplitudes the point of bending occurs high up in the necked section of the fibre. As the amplitude
decreases the point of bending moves further down the neck. This has the effect of decreasing the fibre

length and results in an increase in frequency.
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3.6.1 Determining the Level of Residual Gas Damping Within the Sys-

- tem

Prior to performing the loss experiments a suitable working pressure was estimated
which should allow the measurements taken to be free from any significant effects of
gas damping. A value of ¢mat,,,,, (wo) = (0.2 — 1) x 107 was assumed reasonable for
fused quartz (by comparison with the values of internal loss measured on bulk samples
of fused quartz [30, 51]). For gas damping to be considered negligible we require that
it adds no more than a 10% contribution to this number i.e. @nqt,,,(wo) = (0.2 - 1) X
10~7. The required pressure was estimated by substitiuting the following parameters

into equation A.13.

1. wp = 27 x 22.8rads™! (the frequency of the first enharmonic overtone of the fibre).

2. The effective area, Acgective, and effective mass, mgective, of the section of fibre
involved in the oscillation. Because we were considering a higher order harmonic,
we estimated these by assuming that all of the fibre was involved in the oscillatory
motion and thus that the required area and mass equalled the surface area, A, and
the mass, m, of the fibre. Due to the taper of the fibre only a rough estimate of
the total area, A, and total mass, m, was made. The maximum value of A and
minimum value of m were calculated using the dimensions of the fibre given in

section 3.6.

3. the gram molar mass of hydrogen, M = 2x10~3 kg, (in a high vacuum system, once
the tank had been baked, hydrogen would be expected as the dominant molecule

present).

The result is that a pressure in the range (0.4 — 2) X 10~% mbar should be sufficient to
reduce the level of residual gas damping to acceptable proportions. Preliminary mea-
surements taken at a vacuum pressures of 2 x 10~° mbar resulted in an average loss
factor of @mat,,,, (wo) = (3.39 £ 0.40) x 106 for the 22.8 Hz resonance. This level of
loss is almost 3.5x greater than the highest expected loss factor of 1.1 x 1076, A similar
calculation can be performed if it is assumed that Nj is the dominant molecule present

(due to a small air leak in the system). This calculation suggests that measurements
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made at pressures in the range of (1 — 5) x 107® mbar would be free of any significant
effects of gas damping. Measurements made in this pressure range also resulted in losses
higher than were expected. Because great care had been taken to minimise all additional
sources of loss when designing the experimental system, it was believed that excessive gas
damping (i.e. from much heavier molecules then either H; or N2) was responsible. The

relationship between the measured loss factor and pressure was therefore investigated.

The system was evacuated to ~ 1 X 10" mbar. The system was then isolated and the
vacuum pumps stopped. The 22.8 Hz resonance was excited and its amplitude allowed to
decay freely whilst being recorded by the data acquisition program. During the amplitude
decay the vacuum tank and its contents slowly outgassed. The increase in pressure as a

function of time was simultaneously recorded.

A plot of measured loss factor, ¢mat,,,,, (wo), against pressure, P, was generated from the
plots of In\/A(t)2 — A% versus time, ¢, and pressure, P, versus time, ¢t. This is shown in
figure 3.4.

The equation of the line in figure 3.4 is expected to be of the form

¢mattotal (wo) = aoutgastbar + (¢’"Mltintrinsic (OJO) + ¢matt,e (WQ)) (3'2)

Qoutgas = m—wowﬁ(l x 10 ) (33)

is the gradient and P4, is the pressure measured in mbar. The term ooutgasPmbar is

where

the loss due to residual gas damping (émat,,, (wo))-

The intercept of the line with the y axis equals the material loss factor, ¢mat,,,,, (wo), With
the contribution due to residual gas damping removed. From examination of the results
shown in figure 3.4, the intercept occurs at ¢rmaz, .., (W0) = Gmatingrinsic (W0)+Pmat,.. (Wo) =

3.3x1077.

Further examination of the equation of the line suggests that measurements of loss con-

ducted at pressures below ~ 5 x 107 mbar will contain a contribution from gas damping
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Figure 3.4: Composite plot of ¢mas,,,,, (wo) vs pressure as tank outgasses.

of less than 10%. Measurements taken at pressures below ~ 5 x 10~7 mbar therefore are

considered to have a negligible effect from gas damping.

Before continuing with measurements of material loss, it seemed desirable to investigate
further the unexpectedly high level of gas damping. The most likely explanation of this

was that a partial pressure of molecules of large molecular weight was present.

3.6.2 Experiments to Determine the Molecular Species Responsible
for the Excess Levels of Gas Damping within the Experimental

System

Unfortunately, for a number of reasons, the mass, M, of the molecules responsible for
the excess levels of gas damping cannot be calculated directly from equation 3.3. Firstly,
it was difficult to determine the values of the effective area, Acgeciive, and the effective
Mass, Megective, accurately. Secondly, the values of pressure read from the vacuum gauge,
and hence the value calculated for the gradient, ayt4a5, Were obtained from a gauge that
was calibrated with respect to nitrogen and not the gas present within the vacuum tank.

We therefore had to try to determine the molecular mass, M, experimentally.
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We start by expressing the measured gradient, doutgqs, of the graph in figure 3.4 as

Qoutgas — Omeasured

= %\/A—/I (3.4)

where 7 is the ‘gas correction factor’. This corrects the pressure reading obtained from
the vacuum gauge (which was calibrated to read for nitrogen) to that of the gas present
in the system. Values of 77 can be found found for various molecules in the manual for the

vacuum gauge used [60]. G is a constant which was evaluated by the following method.

Nitrogen was slowly bled into the vacuum tank thus ensuring that it was the dominant
molecule present within the system. The butterfly valve on the turbo pump was used as
a throttle and adjusted so that the rate of pumping balanced the rate of nitrogen being
backfilled into the tank. By employing this method, the pressure inside the tank was
kept constant during the time required to measure the amplitude decay of the 22.8 Hz
resonance. By further adjustment of the butterfly valve, the rate of pumping from the
turbo pump was altered to allow the measurement of the same resonance to be repeated
at a number of different vacuum pressures. Values of ¢paq,,,,, (wo) Were calculated from
each of the amplitude decays and plotted against the value of pressure at which each

experiment was performed (see figure 3.5).

The gradient of this graph is an, = 0.066 & 0.014. Using the value of the gradient, the
gram molar mass of nitrogen, M = 28 x 10~2kg, and n = 1 in the case of nitrogen, a

value for the constant, 8 = 0.39 &+ 0.08, was calculated.

To check this value of 3, the above procedure was repeated using hydrogen. Again,
the resonance was excited at a number of different vacuum pressures and values for
Prmatyore (Wo) Obtained. These were then plotted on a graph of ¢may,,,,, (wo) versus P

shown in figure 3.6.

The gradient of this graph was calculated as agy, = 0.040 £ 0.014. The manual for the
pressure gauge [60] gives n = 0.42 for the gas correction factor of hydrogen. Substituting
this, the measured gradient and the gram molar mass of hydrogen into equation 3.4, gives

a  of 0.38 £ 0.13. The two values of § determined are consistent within experimental
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error.

We now return to the question of what gas was present within the vacuum tank during
the outgassing test shown in figure 3.4. A gradient of @oytgas = 0.1561+0.008 was obtained
from this graph. Substitution of the gradient and the average value of § = 0.39 &+ 0.08

into equation 3.4 leads to

g =0.40£0.08 (3.5)
which contains two unknowns. A residual gas analyser was attached to the vacuum
system and the contents of the tank examined up to a molecular mass of 80 a.m.u.
(the upper working limit of the gas analyser). No combination of gram molar mass, M,
detected by the analyser and its corresponding gas correction factor, 7, (obtained from

the ion gauge manual) could be found that gave the constant given in equation 3.5.

It was concluded that the gas contributing to the excess levels of gas damping within the
vacuum system was of molecular mass greater than 80 a.m.u. and was probably produced

by the vacuum epoxy, Torrseal, or the board onto which the drive plate was etched.

It is worth noting that the predicted levels of material loss, ¢mqt,,,,,(wo), containing a
zero contribution from gas damping were different when the vacuum tank was allowed to
outgas and when nitrogen and then hydrogen backfilled the system. The results obtained
when the tank outgassed were separated in time by several weeks from the results ob-
tained by backfilling the tank. During the intervening time there was a significant change
in laboratory temperature which had a clear effect on the measurements of material loss,

Pmatyoea; (wo). This will be further discussed in the following section.

3.7 Measurement of Material Loss Factor at Pressures Be-

low the Residual Gas Damping Region

A series of measurements of the material loss factor, ¢mqz4,,,,, (o), of the first four reso-

nances of the ribbon fibre were performed at pressures that were free from the significant
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effects of gas damping. The loss factors obtained from the amplitude decays range be-

tween ~ 2.5x 107% and ~ 3x 10~7 and are plotted as a function of frequency in figure 3.7.

The results were obtained over a period of some weeks during which time the temper-
ature within the laboratory changed significantly. The measurements of the lowest loss
factor for the resonance at 22.8 Hz and the highest loss factor for the fundamental were
observed on the coldest days in the laboratory. The temperature subsequently rose and
a higher value of loss factor for the 22.8 Hz resonance and a lower value of loss factor
at the fundamental frequency were measured. It was postulated that there was some
nonlinear coupling between the resonant modes of the fibre and that this coupling was
temperature dependent 6. The coupling could be between the observed mode and a tor-
sional mode for example which could not be sensed, or in some cases the coupling could
be between the observed mode and another mode which could be observed; for example
there was difficulty experienced in exciting the 59.6 Hz resonance as the temperature in

the laboratory rose. When this resonance was excited the energy of the mode could be

®Young’s modulus is strongly temperature dependent. Consider a temperature increase. One would
expect a corresponding decrease in Young’s modulus, and as a direct consequence, a shift in the point of

fibre bending further up the necked region. This could alter the amount of coupling present.
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of interest. It is therefore interesting to examine the possible effect that thermoelastic

damping had on the results presented in section 3.7.

In figure 3.9 the results previously presented in section 3.7 are plotted together with the
thermoelastic limit calculated for a ribbon fibre of thickness, t = 54 um. The thermoe-
lastic limit is obtained using the equations in section 2.7 and the material constants of

fused quartz given below.

The material constants of fused quartz are £ = 7 x 10'° Pa
p = 2200kg m3
c="T772)kg 1K1
a=>51x10""K"!
and k=138Wm1K™!

at a temperature of T =300K.

It can be seen from figure 3.9 that thermoelastic damping is a significant contribution
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for the material loss factor measured at ~106 Hz.

It is interesting to replot the experimental results after removing the thermoelastic damp-
ing contribution at each of the resonant frequencies. This is shown in figure 3.10. The
data points plotted in figure 3.10 represent the level of intrinsic loss associated with the
fused quartz ribbon, @ma;,.,,in..(w). Consider the lower values of measured loss factors
at each frequency only (because these are the results believed to have been least affected
by mode coupling). The loss measured for all four modes in the examples of reduced
levels of coupling is consistent with the loss mechanism being independent of frequency

i.e. the sample of fused quartz appears to be subject to structural damping.

3.7.2 The Effect on the Measured Loss Factor Caused by Welding the
Fused Quartz Ribbon

When constructing a pendulum suspension, the method used to attach the suspension

fibres to the mass can affect the level of internal loss associated with the test mass 7.

Welding fused quartz fibres directly to the fused quartz test mass is one method of

"the effects on the internal loss introduced by various methods of attaching fused quartz fibres to

small masses will be discussed fully in Chapter 7.
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attachment which produces a monolithic suspension and which should have a potentially
minimal effect on the achievable level of internal loss factor. However it is also.important
to check whether welding has any effect on the loss factor of the suspending fibre. The
apparatus used in this experiment gave us an opportunity to test the effect of welding
on the intrinsic loss associated with the fibre material. The ribbon used in the previous
experiments was broken in the region where the fused quartz slide necked down into
the fibre. The two pieces were then welded back together with an oxy-hydrogen burner.
The whole process was performed with the sandwiched end of the ribbon left within
the aluminium clamp. This was done to avoid altering any contribution to the loss
factor, ¢mat,,,.; (wo), which might have arisen due to changes in the loss associated with

adjustments of the clamp.

The loss factors, ¢mas,,,,, (wo), of the first four resonant frequencies of the ribbon fibre
were remeasured using the method described in section 3.6. The frequencies of the
resonances were seen at 6.08Hz, 22.9Hz, 60Hz and ~ 104 Hz, having changed only
slightly.

The results presented in figure 3.11 show that although the welding process appears to

have degraded the measured loss factor slightly, the change is not a significant one.

3.7.3 A Check on the Level of Material Loss Factor Using a Second
Ribbon Fibre Sample

To check the level of consistency between samples of fused quartz, a second ribbon fibre
was tested. This fibre necked down from the quartz slide from which it was pulled
into a ribbon 14 cm in length, 1 mm wide and of thickness ~90 um. The thick end was
sandwiched between two pieces of feeler gauge by a thin layer of Torrseal and clamped

into the test structure.

The amplitude decays of the first four resonances, at frequencies of 5.04 Hz, 31 Hz, 84.4Hz
and 160 Hz, were measured at a vacuum pressure where the effect of gas damping was
negligible. The intrinsic loss factors, ¢mat;,in.ic (Wo), Were calculated by subtracting the
thermoelastic damping contribution (for a ~ 90 ym thick fibre) from the measured loss

factors. These are plotted as a function of frequency in figure 3.12.
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Examine the results presented in figure 3.12. The lowest measured value of intrinsic loss
of the material (i.e. the value of loss exhibiting negligible mode coupling), can be seen
to be consistent with the lowest level of intrinsic loss factor obtained from the previous

ribbon sample (refer to figure 3.10).

3.7.4 Measurement of Material Loss Factor of a Cylindrical Fused
Quartz Fibre

The material loss factor associated with a cylindrical fibre was measured to check that
the geometry of the ribbon fibre was not a significant contributing factor in obtaining

the levels of ¢razs,,,,, (wo) reported in section 3.7.

A cylindrical fibre of length 14 cm, and diameter ~280 um (at the point of bending) was
pulled from a 3mm fused quartz rod. A small length of 3 mm rod was left attached to
the end. This was inserted into a length of protective brass sleeving with a split cut down
its full length. This brass sleeve was inserted into a clamp that was mounted within the
experimental apparatus. The clamp was tightened, squeezing the brass down onto the
fused quartz rod and gripping it firmly, thus minimising the effect of ‘stick -slip’ damping

(discussed in section 5.4).

The fibre resonance (at 15.4 Hz) was excited by the same method used in all previous
tests. Unlike the ribbon fibre, the cylindrical fibre is not constrained to oscillate in one
sense only. As a result, the sense of the fibre oscillation tends to precess. This motion can
be separated into two orthogonal components; horizontal and vertical. To analyse the
fibre motion rigorously, a method of sensing the fibre motion should detect both of these
components and combine them in quadrature. Because this test was merely a consistency
check, it was decided that using the existing experimental apparatus and hence sensing
the vertical component only, was sufficient. The detected component of motion was, in
this instance, recorded on a chart recorder. The resulting amplitude decay contained a
large beat due to the precession of the fibre oscillation. A logarithmic fit to the maxima
of the beat signal was plotted, and from this a value of @at,,,,, (wo) = (1.7£0.5) x 10~¢
was calculated. The measured material loss was found to be consistent with the values

obtained for the fused quartz ribbons.
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3.8 Conclusions

It was shown that measurements of the intrinsic loss factor, @mat;,; insic (W0), Obtained
from samples of fused quartz ribbons (produced by an RF induction furnace) were repro-
ducibly in the range of (0.5— 1) x 1078 in the frequency range 6 Hz to 160 Hz. Measure-
ments made on a cylindrical fibre yielded results of the same order. Welding fused quartz
was shown to have an insignificant effect on the material loss factor. It was also shown
that the internal loss mechanism of fused quartz is consistent with structural damping

i.e. that the intrinsic loss factor, ¢nas. ... .. (w), is independent of frequency).
intrinsic ? p q

The specification for fused quartz to be a suitable material for the suspension fibres in
GEO 600 is a material loss factor of ¢mat,,,, (wo) < 5 x 1076, From the best results
obtained it can be concluded that standard grade fused quartz should be an ideal candi-
date, being potentially a factor of 10 better than the maximum acceptable material loss.
Even lower material loss factors have been measured for samples of synthetic fused silica
of higher quality [61]. It is therefore our intention to employ fused quartz/silica as the
material for the suspension fibres of the final stage (i.e. main mirrors) of the GEO 600

suspensions.
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Chapter 4

Characterisation of the Test
System Used in the Measurement

of Pendulum Mode Loss Factor

4.1 Introduction

The desirable level of thermal noise associated with the pendulum mode of one GEO 600
test mass was given in Chapter 2 as equivalent to a loss factor of ¢pend,,,,, (W) = 3.7 % 10-8
at 50 Hz. Pendulums have been constructed and tested in the laboratory in an attempt
to build a pendulum, the pendulum mode of which exhibits low enough losses to be

suitable for use in GEO 600.

Measurements of the loss factors of the longitudinal modes of pendulums of small mass,
made previously by J. Logan [62], yielded a measured loss factor of ¢pend, ., (wo) = (2.15%+
0.45) x 10~7 for a 1Hz, 70g pendulum suspended on two fused quartz fibres. A ~200g
pendulum, on the same fibres, had a loss factor of ¢peng,,,,, (wo) = (1.59 +0.35) x 10~7.
If these losses were due solely to the loss factor associated with that of the suspension
fibres (i.e. @mat,,,, (wo)), the three-fold increase in mass would have decreased the loss
factor, multiplying it by the factor %, to the value @pend,,,,, (wo) = 1.24 x 107 (as can

be seen with reference to equation 2.30). The actual loss is some 30 % higher than the
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calculated figure.
Damping of the pendulum mode by recoil of the structure from which the pendulum was
suspended is a possible explanation for this increase in loss. In this chapter, measure-

ments are presented which show that recoil of the structure is present at a level which

justifies taking measures to improve the stiffness of the structure.

Masses of ~ 200g were chosen for the test pendulum for two reasons. Using masses
larger than ~ 200g would have meant that our measurements would have been limited
by much larger recoil losses and as a result the GEO 600 specification would become
more difficult to reach. Using smaller masses would require the use of proportionally
thinner fibres to achieve a loss equivalent to the GEO 600 specification. These fibres are

more difficult to produce.

4.2 Description of the Original Experimental Apparatus to

Measure the Pendulum Mode Loss Factor

The original experimental system consisted of a vacuum tank mounted on three halved
ball bearings bedded into a steel plate 1ecm thick which covered a concrete block of
mass 1080kg. An ion pump (which sat on a wheeled trolley) was also attached to the
vacuum tank by means of a short length of 13 cm diameter rigid pipe. It was hoped that
this would be a mechanically stable base for a rigid pendulum support structure. This
support structure consisted of an aluminium table, with top 1.6 cm thick supported by
four cylindrical legs of 5cm diameter braced against the inside walls of the vacuum tank.
On this a rigid box structure, or ‘top-hat’, was mounted and stiffened by the addition of
aluminium buttresses. Slots were cut through the upper surface of the top-hat structure
and through the table top directly underneath. Figure 4.1 shows the pendulum support

structure in its original state.

The 3 mm diameter fused quartz rods at the ends of the suspension fibres of the test
pendulum were glued into tightly fitting sections of brass cylinders which were tightened
into an aluminium clamp. A schematic of this arrangement can be seen in figure 4.2.

The bob was then lowered through the slots cut into the support structure until the
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Figure 4.2: Diagram of the suspension plate and the method of attaching the fibres.
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Figure 4.3: Schematic representation of the lossy pendulum support structure.

aluminium plate rested on the top-hat. The aluminium clamp was in turn clamped onto
the top-hat by means of cross-pieces that passed over the clamp and tightened down into

the top-hat.

4.3 Introduction to Recoil Damping

An estimate of the level of damping present within the lossy support structure can be
obtained from modelling the support structure as a heavy mass, M. This mass is con-
nected to ground by a spring of elastic constant, &k, and dashpot (of damping coefficient
bs) representing the loss. The structure can therefore be represented diagramatically in

the form of figure 4.3.

In the general case of a damped mechanical oscillator driven by a sinusoidal force where
the angular frequency of the force, wp, is small compared with the natural frequency
of free oscillation, the oscillator’s response is controlled by the stiffness of the spring,
ks [49]. This means that the frequency of the structure is that of the driving force. It
is also clear from French [49] that the phase of the displacement, z,, lags that of the

driving force, F', by a small angle §. We can write

T, = —¢ (4.1)



F. -~ The ratio of the inputs -

of the lock-in amplifier
Structure has the form
F X1, (A)
sigxs ref F kse
lock-in

Figure 4.4: Direct process for measuring s with respect to F.
where § is negative for a phase lag.

It is shown in Appendix B.1 that when the driving force is supplied by a swinging
pendulum of mass, m,, and angular frequency, wo, the limit to the measurable value of

pendulum mode loss factor is given by

2
_ Mply §

¢recoil (wO) = k—

(refer to equation B.12).

To determine the limiting loss, @recoii(wo), it is therefore necessary to know k,; and 4.
The stiffness constant, ks, can be found from the driving force, F’, and the resulting dis-
placement, z;, of the structure whilst the phase angle § can be determined by measuring

the phase between z, and F.

4.3.1 Measurement Principle 1

If there existed some straight-forward method of measuring both the applied force, F,
and the structure’s response, =5, we would be able to obtain the required values of &k, and
§ directly. This measurement might be performed with a lock-in amplifier. Figure 4.4

shows schematically the process involved in this measurement.

The lock-in amplifier measures the magnitude of a signal (in this instance the signal
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representing the displacement, z;) and also the phase by comparing this signal with a
reference signal ;(that of the applied force, F'). However, as yet: we have neither identified
how to make measurements of F' and z,, both of which are required to determine k;,
nor addressed how we might obtain signals proportional to F' and z; which would be
adequate for determining §. The method as shown in figure 4.4 is insufficient for the

determination of k, and 6.

4.3.2 Measurement Principle 2

The displacement of the structure cannot easily be sensed directly. Instead, the dis-
placement is deduced from the acceleration. There was available an inverted pendulum
accelerometer which had the required sensitivity and linearity at low frequency !. The ac-
celerometer was placed on top of the support structure. An explanation of the operation
of the inverted pendulum accelerometer can be found in Appendix B.2. The magnitude
of the displacement, |z;|, can be found from the magnitude of the acceleration, |Z|, by

dividing it by wd.

In the case where the force is applied to the structure by a viscously damped oscillator,
the variation of amplitude of the force with respect to time introduces an additional
phase angle between the displacement of the structure and its acceleration. Since the
acceleration is being used to find the displacement, this additional phase angle appears
in the measured phase and will be denoted by L. The occurrence of this angle can be

shown by considering equation 4.1 i.e.

. .
where the applied force is of the form, F = Fye*“ote™ Eil (Fp is the maximum force and

:ff is the decay constant of the oscillator’s amplitude), and implies that the displacement

of the structure can be rewritten as

! An accelerometer was chosen because the accelerometer does not require an external reference signal.

78



Fy s
xsz*—oelw‘ote Tt (4.2)

ks

Differentiating z, twice will give the acceleration, Z,, in terms of the displacement of the

structure

2
iy =— ((w& -1y iwo'h») (4.3)

2
If it is assumed that 22 is very small compared to wZ, equation 4.3 can be approximated
4 0

to

Fo = —(Wg + iwop)Ts- (4.4)

In equation 4.4, the real part of %, (i.e. —wz,) is exactly opposite in phase to z, as
expected, but there is also an imaginary term —iwgy, which shows that &, leads its real

component by a small angle L where

tanlL =
wo
1
= — 4.5
0 (4.5)
and Q is the quality factor of the viscously damped oscillator.

For consistency in the analysis that will follow, equation 4.4 will be rearranged and then

expressed as

s aez(7r+L)

= —ae'l. (4.6)

Schematically, the experimental configuration discussed in the preceding section is shown
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Figure 4.5: Initial adaptation made to the ezperimental apparatus to allow the indirect

measurement of x; with respect to F.

in figure 4.5. However it should be noted that we have still to address the problem of
how to detect the applied force, F.

4.3.3 Measurement Principle 3

An initial attempt to detect the applied force, F’, was made by adopting an experimental
arrangement which involved applying a sinusoidal force (in the horizontal direction) to
the point of suspension by means of a cable, attached at one end to the support structure,
passing over a pulley and attached at the other end to a mass which oscillated on a spring

balance. This arrangement can be seen in figure 4.6.

A reference signal for use by the lock-in amplifier which represented the applied force was
obtained by a coil and magnet sensor. The magnet was situated on the cable (between
the support structure and the pulley) and moved into and out of a stationary coil.
From the accelerometer on the top-hat, and the associated calibration constant (refer
to Appendix B.2), an average value of #, = (1.10 £ 0.14) x 10~ ms~? was obtained

for a driving force of 2.8 N,,,s (obtained from a force of 8 N,;/,; measured from the
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Figure 4.6: Ezperimental arrangement for measuring ks of the original apparatus.

spring balance). The angular frequency of the force was found to be wp = 12.56 rads™1,

which, on substitution into the equation |z,| =| Z [, gives the magnitude of the recoil
“o

displacement as [z, = (6.9740.87) 1076 m. Hookes’s Law can then be used to determine

the magnitude of stiffness of the support, ks = (4.0 £ 0.5) x 10° Nm™!.

To achieve a measurable § required a large amplitude of the oscillating mass to be made.
These large movements caused jerking of the cable and degrading of the sensed signal,
and as a result, a situation arose where there was no accurate method for sensing the
applied force. It was decided that an alternative method of applying the force to the
‘top-plate’ should be used.

This was achieved by suspending a pendulum (of mass, m, = 1.2kg, and suspension wire
length, { = 25cm) from the support structure. The pendulum applied a sinusoidal force
to the structure (this force being viscously damped). The displacement of the pendulum
is shown in Appendix B.3 to be in phase with the force applied to the support structure
by the tension in the suspension wire. An input signal, which represented this force,
could be obtained for use as the reference of the lock-in amplifier by shadow sensing the
pendulum displacement, z,. This was done by shining a strong white light through the
port-holes of the vacuum tank across the pendulum mass and detecting the shadow cast

on a photodiode. The resulting signal contained a d.c. component due to the residual
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Figure 4.7: Further adaptations made to the experimental apparatus to allow the indirect

measurement of z; with respect to F.

light present when the pendulum was at rest and this component was removed by adding
to it a d.c. signal of the same magnitude and opposite sign. The a.c. component which
remained was amplified and fed into the reference input of the lock-in amplifier. However,
this signal lags the actual pendulum displacement, z,, by an angle P. This is due to a

phase angle being introduced by the electronics in the shadow sensor.

With the pendulum suspended from the support structure, a schematic of the equipment

is shown in figure 4.7.

Referring to figure 4.7, it can be seen that a value for §” can be obtained directly from
the measurement made by the lock-in amplifier. Recording the shadow sensed amplitude
decay of the viscously damped pendulum allows a value to be calculated for its @ factor.
From this @), a value for L can be determined (using equation 4.5). A value for P can
be calculated from the electronics of the shadow sensor and hence § can be found. The
lock-in amplifier is also used to measure the magnitude of the acceleration, || using the
calibration constant of the accelerometer (refer to Appendix B.2). This value can then
be used to find the magnitude of the stucture’s displacement, |z,|, using |z;| = Ifg| A
value for the peak force applied can be determined from Fpx &~ ™22 (where z, is the

maximum horizontal displacement of the pendulum swing). From this a value of the rms

force can be found and then, once again, Hooke’s Law can be used to determine k.
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Figure 4.8: Final configuration of experimental apparatus allowing the indirect measure-

ment of s with respect to F.

4.3.4 Measurement Principle 4

In practice, the apparatus as shown in figure 4.7, is not yet complete. A number of
additional pieces of equipment are required to perform the measurement suggested in the
diagram. Each of these pieces of equipment introduces additional phase shifts. These

components are now included in figure 4.8.

The measurement made by the lock-in amplifier gives a value for |Z;| from which k, can
be calculated. It also supplies a value for 4,, (where §,, is the phase measured at the
signal input of the lock-in amplifier with respect to the signal at the reference input of
the lock-in amplifier). The value of k; found from the method of the mass oscillating on
the spring was checked using this experimental configuration. The value obtained using
the new experimental method was found to coincide with the original value within the
accuracy of the experiment. The parameter, 8, can be obtained from the measurement

of 6, (using equation (H) in figure 4.8) once the values of all the additional phase shifts
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have been determined. These additional phase shifts will be the subject of the following

' section.

4.4 The Evaluation of the Additional Phase Shifts Present
Within the Measurement of 4,,

4.4.1 Evaluation of P, the Phase Shift Associated with the Photodiode

Circuit

The phase shift accumulated through the photodiode circuit was calculated to introduce
a phase lag of P = (—0.395 £ 0.079)° for the photodiode circuit used in the initial
phase measurement. At the time of the improvements made to stiffen the experimental
system (section 4.5), alterations were also made to the reference photodiode circuit which
included removing a capacitor from across the output of the circuit. This resulted in a

decrease in the phase shift to one of negligible size, (P ~ —1075").

4.4.2 Evaluation of E, the Phase Shift Associated with the Phase Lead
Filter

The theory of the inverted pendulum accelerometer is discussed in Appendix B.2. There
it is explained that in the ideal case of infinitely high loop gain, the acceleration fedback,
&y, is equal in magnitude and phase to the acceleration of the structure, #,. However, in
the real condition of non-infinite loop gain, an additional small phase shift is introduced
between the two accelerations by the phase lead (or damping) filter. We can evaluate
the additional phase shift generated at the 1Hz measurement frequency by the phase
lead filter by studying the closed loop transfer function of the accelerometer electronics

taken as a whole.

An expression is given in Appendix B.2 for the ratio of the acceleration fedback to that

of the acceleration of the structure;
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In this expression, G is the transfer function relating relative displacement of the ac-

celerometer mass, z,, to the acceleration of the structure, Z,,

G = =
Ls
1
= o (4.8)
32 + Q § + wgaccel
(where @ is the quality factor of the accelerometer mass and wo,,,, is the natural fre-

quency of the inverted pendulum) and where H is the overall gain of the feedback of
the accelerometer (with s = iw). H can be expressed as the product of the gains of the
individual components of the feedback system. These are the gain of the phase lead filter,
H{iiter, and the gain of the other circuit components which, when multiplied together,
give Hoiper- The Hyjjier term not only contributes to the overall magnitude of the gain,
but is also responsible for the introduction of an additional phase shift present in the
case of non-infinite loop gain. The H,:p.r term contributes only to the magnitude of the

gain and not the phase. The gain H can therefore be expressed as

H = Hyiter Hother - (4.9)

The circuit diagram of the phase lead (or damping) filter is shown in figure 4.9. From

this diagram an expression for the gain of the phase lead filter can be generated

Vout
Hpiter = ‘;u
(3

Ry sT+1
= —=—— 4.10
Rl 8017‘+ 1 ( )

where 7 = (R; +r)Cy; = 6.16 x 1073s. As a result of substituting equation 4.10 into

equation 4.9, the overall gain, H can be expressed as
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Figure 4.9: Diagram of phase lead filter.

sT+1
— - 4.11
H HdcsC'lr—{—l (4.11)

where Hy. is the dc gain contribution and equals Hothe,%.

Substituting for G and H into equation 4.7 gives

(:cf) _ Hy(1+ s1)
)y SBCir+s2(1+ w—oﬂéﬂlClr) + s(ﬂb&i +wi Cir4 Hger) + W + Hac
(4.12)
which can be simplified, using w%  =w} _ + Hg, to
(ﬁ) — 5I{dc"-'i'-lydc (4 13)
Eo/y SrCut St g Cin) + (Bt O+ Haer) F ol

The additional phase angle generated by the phase lead filter can be evaluated from this
transfer function once the coefficients of s have been evaluated. These coefficients were
either already known (i.e. Ry, R2,r, and C thus allowing the calculation of 7), or were

measured (i.e. @, as well as wq__,, and wy,__,, from which H,. was calculated).

el
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and @)

e the evaluation of wy,__,

The accelerometer circuit was left in open loop mode for measurement of the natural’

angular frequency, wg and the quality factor, @, of the inverted pendulum. The

aceel?
pendulum was first displaced gently to one side to start it oscillating. The resulting
sinusoidal oscillation was then allowed to decay freely. The magnet attached to the
swinging pendulum induced a signal in the coil normally used for feedback and this
signal was plotted on a chart recorder. From this information calculated values of

wo = 15.7 rads~! and ) = 52 were obtained.

accel

e the evaluation of wy,___,

To measure wy,__, the accelerometer circuit was operated in closed loop mode.
The inverted pendulum was mounted on top of a shaker table driven by a white
noise source. The response of the accelerometer was monitored on a spectrum
analyser. The resulting power spectrum revealed that the resonant frequency of

the accelerometer, with feedback, was wy,___, = 150.8rads™1.

o the evaluation of Hy,

As has been previously stated,

w.?accel = W2 + Hdc' (4'14)

Oaccel

Thus with wo,_,, = 15.7rads™! and wy,__, = 150.8rads™?, a value of Hy. =~ 20000

accel

was calculated.

The phase associated with the transfer function given in equation 4.13 can now be eval-
uated using the Bode function in MatLab. The Bode phase plot generated showed that
the feedback acceleration, &y, leads the acceleration of the structure, i,, by an angle

F = (40.025 4+ 0.003)° at the 1 Hz measurement frequency.

4.4.3 Evaluation of B, the Phase Shift Generated Across the Buffer
Amplifier and the Coil Driver

The phase shift B is present due to the necessity of making the measurements required to

obtain k; and § with a signal obtained from a point earlier in the accelerometer circuitry
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Figure 4.10: Diagram showing the method of measuring B.

than that of the desired signal. This was because the signal out of the coil driver was
not grounded (as can be seen by referring to Figure B.2 in Appendix B.2). The relevant
phase shift is that caused by the buffer amplifier and output driver.

To measure this phase the accelerometer was operated in open-loop mode. The leads
from the output driver were disconnected from the coil and connected to the signal input
of the lock-in amplifier. The signal from the output driver could be sent directly into the
lock-in amplifier since the latter has a floating earth facility (this could not be used during
the actual phase measurements because of the presence of other essential mains-earthed
equipment connected in parallel e.g. an oscilloscope). A 1Hz signal (approximating the
pendulum swing) from a function generator was fed through the buffer amplifier and
output driver and into the signal input of the lock-in amplifier. By comparing this signal
with the 1 Hz signal from the function generator, passed through an inverting amplifier
(which was assumed not to introduce any additional phase) and into the reference input
of the lock-in amplifier, a measurement of the phase accumulated through the buffer
amplifier and output driver could be made. This experimental configuration is shown
schematically in figure 4.10. The result obtained from this measurement showed that
the signal from the output driver leads the signal into the buffer amplifier by an angle

of (+0.20 + 0.05)°.
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4.4.4 Evaluation of K and A, the Combined Phase Shift Accumulated
Through the Low-Pass Filter, K, and the Inverting Amplifier, A

The phase shifts accumulated through the low pass filter, K, and through the inverting
amplifier, A, shown in figure 4.8 can in fact be determined in combination. This was
performed by first disconnecting the inputs of both the low-pass filter and the inverting
amplifier from the equipment that came before it. A common 1Hz signal (denoted by
‘y’ on figure 4.11) was then inserted into the inputs of both the low-pass filter and the
inverting amplifier. The signal leaving the low-pass filter (which included the phase
accumulated through the filter, K} was fed into the signal input of the lock-in amplifier
whilst the output of the inverting amplifier (which contained the phase shift A) was
connected to the reference input. Figure 4.11 shows the experimental configuration
employed in this measurement. It also shows that the resultant phase, C, measured by

the lock-in amplifier is the difference between the two accumulated phases i.e.

C=K-4A (4.15)

The combined phase angle C' was determined for each new measurement of é,,. This
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was carried out to remove any effect on the measured phase resulting from any ambient

" temperature variations present.

It is useful to note that substitution of C = K — A into equation (H) of figure 4.8 leads

to the desired phase lag, 4, being expressed alternatively as

§=6,+P-C—-L-E-B. (4.16)

4.4.5 Evaluation of § for the Original Test System

Now that the various methods required to evaluate the additional phase shifts have been
addressed, an experiment could be performed to determine the recoil phase lag, 4, present

in the original test system.

The signal representing the force applied to the top-plate (obtained from the amplified
signal from the shadow sensing of the pendulum motion) was fed into the reference
channel of the lock-in amplifier. The signal representing the motion of the top-plate
obtained from the accelerometer (after undergoing suitable filtering and amplification)
was fed into the signal input. A phase measurement of 4, = (—4.754:0.34)° was measured
suggesting that the signal measured at the signal input lags that at the reference input
of the lock-in amplifier. This measurement contains the required phase lag, 4, and all of

the additional phase shifts accumulated through the various stages of the measurement.

A phase shift of C = K — A = (-4.20£0.05)° was measured using the method discussed
in the previous section (and represents the phase angle by which the output of the low-
pass filter lags the output of the amplifier). A phase angle of P = (—0.39540.079)° was
calculated in section 4.4.1 for the angle by which the output of the photodiode circuit lags
the input. Section 4.4.2 contains the value of the phase introduced between the feedback
acceleration and the acceleration of the structure due to operating the accelerometer in
the condition of non-infinite loop gain. The value calculated shows that the feedback
acceleration leads the acceleration of the structure by the angle E = (40.025 + 0.003)°.
The signal from the output driver is found to lead the signal into the buffer amplifier by
an angle B = (40.20 £ 0.05)° (refer to section 4.4.3). Finally, the decreasing amplitude
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of the viscously damped pendulum swing was detected by the shadow sensor with the
resulting signal recorded on a chart recorder allowing the () to be calculated. This was
then substituted into equation 4.5 to calculate the excess phase angle, L, between z; and

is. The resultant angle was L = (4+4.90 4 0.89) x 10",

The recoil phase shift, §, by which the recoil displacement of the support structure, z,,

lags the applied force, F', can now be calculated from equation 4.16 where

§ = 6u+P-C—-L-E-B
= —(1.1740.36)°

= —(20.41+6.23) x 1073 rad. (4.17)

e Recoil Limit for Original ~200g Pendulum

We are now in a position to calculate the contribution to the loss factor of the
original pendulum due to recoil damping. This can be done by substituting the
value calculated for § above, and the value obtained for the spring constant of
the support structure, k; = (4.0 £ 0.5) x 10° Nm~! into equation B.12, together
with the pendulum mass, m =~ 0.2 kg, and resonant angular frequency, wy = 6.28

rads™!. The recoil loss factor was calculated to be

Brecoit (Wo) = (4.0£1.9) x 1077, (4.18)

We can also calculate what the minimum level of measurable loss factor (i.e.
Prendyorar (W0) = Precoil (W0) + Ppendinirinsic (W) + Ppend, .. (wo)) of a pendulum hanging
in this structure would be. First, assume that the intrinsic loss of the material of
the suspension fibres is ¢mat;; in.ic (W) & 5 X 1077, Also assume that the diameter
of the fibres is ~ 200 gm from which the thermoelastic damping contribution can
be calculated (using the equations in section 2.7). The two contributions to the
material loss factor can be combined and substituted into equation 2.30 to give an

approximate value of

¢pendintn'nso‘c (wo) + ¢Pendt.e< (WO) = 3 X 10_9 (419)
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which, being less than %@ecoil (wo) is a negligible contribution.

The measurable loss of this pendulum is therefore

¢P€ﬂdtoml (w()) = ¢recoil (wo)

= (40+1.9)x107". (4.20)

The total measured pendulum loss for a 200g mass reported by J. Logan was
Bpendyory (wWo) = (1.59 £ 0.35) X 10~7 which, within experimental accuracy, is ap-

proximately that predicted and given in equation 4.20.

There are two points worth noting from this result; firstly, recoil damping is proba-
bly the significant loss present, and secondly, the level to which the recoil limit was
determined in this experiment was of very low accuracy. The reason for perform-
ing the pendulum mode loss factor experiments is to examine whether pendulums
suspended by fused quartz fibres can exhibit low enough losses to be considered
suitable for GEO 600. The GEO 600 specification however lies below the experi-
mental limit to which measurements could be made in the present structure. Before
any further pendulum loss experiments were performed, the rigidity of the system
would need to be increased and the measurement system improved, allowing the
recoil limit to be lowered and determined with far greater confidence. In an ideal
system we would reduce the contribution from recoil damping to negligible propor-
tions (i.e. Precoir(wo) < 1%¢pendco:az (wo)). However, if we can determine the level of
recoil damping present to high accuracy, it is not essential to reduce its contribu-
tion to this level. Instead we can subtract the accurately known recoil contribution
from the total measured loss factor to give a reliable value for the actual loss factor

associated with the pendulum mode.

4.5 Improvements Made to the Experimental Apparatus

With reference to the original apparatus shown in figure 4.1, it can be seen that the
vacuum tank was attached to the ion pump by a length of rigid pipe. The ion pump
sat on a relatively stable trolley. However the overall stiffness was not high enough.

In particular the trolley legs could flex causing the vacuum tank to rock on its ball
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mountings which were distorting the bottom plate of the vacuum tank. To prevent this
the ion pump was remounted on a ~700 kg concrete block. : The three halved ball bearings -
underneath the tank were also removed and replaced by two steel discs with the third
mounting point of the support being supplied by the connection to the ion pump (which

was itself mounted on three points).

Once the support structure had been stiffened a greater force applied to the point of
suspension was needed for a measurable magnitude of recoil acceleration. This was
achieved by replacing the 1.2 kg pendulum originally used with one of 10kg. As a result
of stiffening the structure, the phase shift, §, decreased and a more stable digital lock-
in amplifier (with a phase resolution of 0.05°) had to be substituted for the analogue
one (phase resolution of ~ 0.5°) used previously since the latter was unable to measure
the smaller é with sufficient accuracy. For reference signals of < 1 Hz the digital lock-in
amplifier required a TTL input. To obtain this a He-Ne laser was focussed onto a 200 ym
slit cut into a flag mounted on the top of the pendulum. The pendulum was then swung.
A photodiode was positioned on the opposite side of the pendulum to detect the pulses of
transmitted light. The resulting signal, at twice the pendulum frequency, was amplified,
sharpened with a comparator and used to trigger a JK flip-flop which generated a 1Hz

TTL output suitable for use as the reference signal of the lock-in amplifier [59].

4.6 Evaluation of k; for the Stiffened System

A number of values of the rhagnitude of recoil acceleration were noted and the average
calculated as s = (3.524 0.43) x 107 ms~2. The magnitude of the recoil acceleration
and the frequency of the pendulum swing can be used to find the magnitude of the
displacement, |z5|. The horizontal component of the applied force was evaluated by
substituting the value of the maximum horizontal displacement of the pendulum, z, =
17.5mm, and the length of the suspension wire, / = 250 mm, into the equation Fp; =~
Zef%r  where m,, is the mass of the pendulum. From this a value of the rms force could

be found. Using F,,s and |zs|, the average stiffness of the structure could be calculated

(by the same method as before) as k; = (5.49 £ 0.67) x 10N m~!.
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Figure 4.12: Initial ezperimental method for measuring T'.

4.7 Measurement of J for the Stiffened System

The inclusion of the TTL circuit in the apparatus raised the question of how to determine
T, the phase accumulated through the TTL circuit. The most obvious method was to
split the signal from the photodiode, and pass the signal into i) the TTL circuit and
then on into the reference channel of the lock-in amplifier and ii) directly in to the signal

channel of the lock-in amplifier. This is shown schematically in figure 4.12.

A difficulty arising from this arrangement is that the two signals fed in to the lock-in
amplifier would be at different frequencies; a 2 Hz signal at the signal channel and a 1 Hz
signal at the reference channel. This was remedied by creating an alternative 1 Hz input
for the signal channel (representing the same information as the photodiode signal used
to generate the 1 Hz TTL signal) by shadow sensing the pendulum motion using a flag
and white light source as in section 4.3.3. This gives a measurement of phase between the
signals from the shadow sensed pendulum (once having passed through the amplifier and
filter stage and accumulating a phase K) at the signal channel of the lock-in amplifier
and the output of the TTL circuit at the reference channel (having accumulated a phase
shift T') and is equal to J = K — T. The derivation of the phase shift J is a direct

analogy of the determination of the phase shift C in section 4.4.4. By switching between
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Figure 4.13: Ezperimental arrangement for measuring J and é,,.

the signals obtained from the sensed pendulum motion using the white light source and
the signal from the accelerometer, a series of successive measurements of J and é,, (the

total measured phase) could, in principle be obtained.

A further complication with this experimental arrangement resulted however from the
decreasing amplitude of pendulum swing. At small swing amplitudes the phase angles
J and §,, were found to drift thus making it difficult to obtain consistent values. To
overcome this problem, the pendulum swing was maintained at a constant amplitude by
means of a servo system using a coil and magnet drive. The magnet was attached to
one face of the pendulum with the coil positioned in front of it. A fraction of the TTL
signal was used to trigger a signal generator to produce a 1Hz signal which was then
fed into the coil. To get this force in phase with the pendulum velocity an RC filter was
introduced to allow adjustment of the phase of the drive signal so that the force was
applied to the pendulum at the lowest point of its swing. Although the coil and magnet
drive removed the problem of phase drift it introduced a further complication, that of
magnetic pick-up of the drive signal by the accelerometer. This problem was overcome
by switching the drive coil off during measurements involving the accelerometer (i.e.

dm) and switching it on again for measurements of J. The final arrangement of the
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Figure 4.14: Plot of phase data where J = —0.52° and §,, = —1.91°.

experimental apparatus can be seen in figure 4.13. The experimental results are shown
in figure 4.14. Phase shifts, averaged over a number of successive measurements, were
obtained of J = (—0.52 £ 0.01)° and é,, = (—1.91 £ 0.01)°. A new measurement was
made of the phase L, the excess phase angle between z; and #;, and was found to be
L = (+3.17 £ 0.55) x 1073°. These phase shifts, together with the other phase shifts
determined previously, were substituted into the following equation thus allowing us to

find § (the phase angle by which the displacement of the top-plate lags the applied force).

§ = 6po+P-J-L-E-B
= —(1.61£0.06)°
= —(28.06+1.05) x 1073 rad. (4.21)

e Recoil Limit for a 200 g Pendulum Hung in Stiffened System

On substitution of the values of § and k; into equation B.12, the value of the
contribution to the total measured loss factor due to recoil damping (for a 200g

pendulum) can be calculated as
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Brecoit(wo) = (4.00£0.48) x 1078 -~ . (4.22)

Knowing this, it is possible to calculate the theoretical limit to the measureable
loss factor of a 200g pendulum hung in this system. Again the pendulum mode
loss associated with the suspension fibres (given in equation 4.19) is < 11—0¢recoil (wo)
and is considered negligible. Therefore the limit to the pendulum mode loss factor

measurable in this system (for a 200 g mass) is

¢P5ﬂd:otal (wO) - ¢recoil(w0)

= (4.0040.48) x 107® (4.23)

assuming no other losses are present. The system has thus been stiffened sufficiently
to allow loss factors of the order required for GEO 600 to be measured on 200g

masses.

More importantly, now that the stiffness, k,, and phase lag of the systems response, 4,
have been determined to a far greater level of accuracy than in the first experiment,
the level of recoil damping present in the system, ¢ ecoii(wo), can be determined with a
higher degree of confidence. We can thus subtract the accurately known contribution
due to recoil damping from the measured loss factor, allowing us to determine the level

of remaining loss factor associated with the pendulum mode with certainty.

4.8 Conclusions

Experiments have suggested that the original pendulum mode loss factor measurements
conducted were limited by energy being lost into a recoiling pendulum support structure.
The support structure was subsequently stiffened sufficiently to allow measurable losses
of bpend,ora; (wo) & 4 X 1078 for a 200g mass (suspended by fibres of ~ 200 um diameter)
— of the order required for a GEO 600 test mass.

By improving the measurement process, it was possible to determine the mechanical

properties of the support structure (i.e. ks, § and hence the loss contribution, ¢,ecoi(wo))
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to a higher level of accuracy for the stiffened system. This has afforded us the possibility
- of safely subtracting the recoil contribution, ¢,ecoii(wo), from' all subsequent' measure-
ments of the pendulum mode loss factor, thereby allowing a more accurate prediction of

the remaining losses present in the measured loss factor.
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Chapter 5

Loss Factor Measurements of

Pendulums Suspended from

Carbon Steel Wires

5.1 Introduction

A discussion which outlines the GEO 600 specification for the acceptable level of thermal
noise at 50 Hz associated with the pendulum mode of one full sized test mass suspension
(i.e. 16 kg) can be found in section 2.8. The level of the power spectral density of thermal
motion, :i%end (w), associated with this mode was specified to be an order of magnitude
lower than the estimated power spectral density of thermal motion associated with the
internal modes of the test mass and is equivalent to a rms thermal displacement of
Fpend(W) = 2.2 x 1072°m/+/Hz at 50Hz. This noise level can also be expressed as a
total loss factor due to the pendulum mode of ¢pend,.,,, (w) = 3.7 X 1078 at 50 Hz. Recall
from Chapter 2 that the theoretical limit to the level of loss that is obtainable for the

pendulum mode is given by equation 2.30 i.e.

vTEI

2mygl

¢pend¢o,a, (w) = ¢'matwml (w)fn
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where ¢mat,.,,, (w) is the total material loss factor of the suspension wire or fibre material
“and the remaining terms are defined in section 2.6.1. From equation 2.30:it is clear that
one of the factors that determines the level of ¢pend,,,,, (w) that can be achieved at a
given frequency is the total loss of the material, ¢yqs,,,,,(w), used to suspend the test
mass. The maximum acceptable total material loss factor for a given suspension material
can be calculated from equation 2.30 using the appropriate parameters for a GEO 600

suspension, and has the values

® Dmatym(w)=12x%x 10~% at 50 Hz for carbon steel

® dmat,, (W) =5.1 X 1076 at 50 Hz for fused quartz

(these numbers were calculated for four suspension wires/fibres tensioned to % of the
tensile strength of the material in question — refer to Chapter 3). Assuming that all
external loss mechanisms are negligible, the total material loss is the sum of the intrinsic
loss factor of the material, ¢nat;,,,in.:c (W), and a possible contribution ¢y, . (w) due to
thermoelastic damping (both of which have been discussed in Chapter 2). Measurements
have shown that it is likely that the material loss factor is structural [47] in nature (i.e.
Prmatinerinsic (W) 15 constant at all frequencies). The magnitude of the thermoelastic loss
however varies with frequency about a maximum value defined by the properties of the

material.

The level of loss due to thermoelastic damping in a 222 ym diameter wire made of carbon
steel (suitable for suspending a GEO 600 test mass) was calculated to be ¢pqt, . (W) =
3.21 x 10~ at 50Hz. This loss is considerably higher than the required material loss
factor already quoted for carbon steel showing that carbon steel cannot meet the GEO 600
specification. The contribution at 50 Hz due to thermoelastic damping from fused quartz
(for a fibre of 440 pm diameter suitable for use in GEO 600) is much lower than carbon
steel i.e. @mat, . (w) = 5.6 x 1077, Its intrinsic loss factor, dmat,, ;... (W), is also low
(as calculated from the measured ¢pq4,,,,,(w) in Chapter 3). This means that the total
material loss factor of fused quartz at 50 Hz is below the maximum acceptable loss for
fused quartz, ¢mat,,,,, (W) = 5.10 x 10~%, therefore making it a suitable candidate for the

suspension material of the GEO 600 test masses.

Even although carbon steel does not meet the GEQO 600 specification there are two reasons
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for studying the use of carbon steel as a suspension material;

e with the exception of GEO 600, all of the first stage detectors belonging to the
major laser interferometric gravitational wave detector projects around the world

are being constructed with the suspended components being hung on steel wires.

e there are many suspended elements in GEO 600 other than the test masses (e.g.
the reaction masses and intermediate masses) whose thermal noise requirements

are not as stringent as those of the test masses. These will be hung on steel wires.

It is therefore interesting to study the level of loss factor that is obtainable experimentally

from such suspensions.

Measurements of the material loss factor made on a spring formed from carbon steel
wire of 127 um diameter were reported in Chapter 3. The measured loss factor was
Omatyg (@) = (1.58 £ 0.15) x 10~* (measured at a resonant frequency of 2.6 Hz). To
translate this into the loss factor associated with the pendulum mode that is achievable

by a GEO 600 test mass suspension at 50 Hz we must

e calculate the thermoelastic damping contribution within the measured material loss
factor for a wire of diameter and resonant frequency the same as the tested wire.
This was shown (in section 3.2) to be negligible. The measured loss is therefore

assumed to be the intrinsic loss factor, dmat;,,; i (W)-

e add to this the thermoelastic loss factor calculated for a 222 pm diameter GEO 600
suspension wire at 50 Hz (i.e. $mar,. (w) = 3.21 X 107%) to give a Pmat,,,, (W) =

(4.79 £ 0.15) X 10™* at 50 Hz

e finally, substitute this into equation 2.30 to calculate the lowest achievable loss
factor associated with the pendulum mode at 50 Hz, ¢peng,.,,, (w) = (1.53 £0.05) X
1076,

This value of the pendulum mode loss factor is equivalent to a rms thermal displacement
of (1.4340.05) x 107'® m/+/Hz at 50 Hz, a factor of ~ 6.5 X higher than the GEO 600

specification.
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By measuring the loss factor associated with the pendulum mode of pendulums sus-
pended from carbon steel wires it was hoped that information would be obtained about -
how best to construct suspensions of this kind without introducing excess losses (such

as losses in the clamps) and thus degrading the thermal noise levels further.

5.2 Construction of the Initial Test Pendulums Suspended
by Carbon Steel Wires

Before embarking on the construction of a test pendulum suspended from carbon steel
wires, care was taken to find a method of clamping the wire ends that allowed a reasonable
amount of clamping pressure to be applied to the wire in an attempt to minimise losses
associated with the clamp. Precision engineered pin-vices appeared to provide a suitable
solution. Pin-vices are obtainable in a variety of different bore sizes. It is therefore
possible to find a pin-vice that fits tightly the wire diameter in question. The precision
engineering of the bore of the pin-vice further ensures that there is good contact between
the wire and pin-vice. Figure 5.1 shows a photograph of the type of pin-vice used to clamp
the ends of the carbon steel wire. The test pendulum was constructed by first inserting
the ends of two 25cm lengths of 178 um diameter carbon steel wire into the pin-vices.
These were tightened onto the wire by hand. The pin-vices at the bottom ends of both
wires were glued to opposite edges of a 210g glass plate that formed the pendulum mass
as shown in figure 5.2. The pin-vices at the opposite ends of the wires were inserted into
two clamps machined from an aluminium plate. A schematic diagram of these clamps
can be seen in figure 5.3. Tightening the nuts (shown in the diagram) squeezed the jaws
of the clamps onto the pin-vices thus clamping them firmly into position. Finally, a small

flag was attached to the underside of the pendulum.

The pendulum was lowered into position inside the vacuum tank (as can be seen with
reference to figure 5.4). The suspension plate, now resting on the ‘top-hat’, was prevented
from moving by two aluminium cross-pieces tightened into the top-hat. The tank was
evacuated by an oil diffusion pump (backed by a rotary pump) in parallel with an ion
pump, to a pressure of the order of 10~7 mbar. This level of vacuum pressure was

employed to ensure that the longitudinal pendulum mode was not subject to significant
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Figure 5.4: Ezperimental apparatus used in the measurement of the pendulum mode loss

of pendulums suspended by carbon steel wires.

levels of gas damping (this can be checked by substitution of the parameters of this

experimental system into equation A.13).

5.3 Initial Results Obtained from Measurement of the Pen-
dulum Mode Loss Factor of a Pendulum Suspended by
Carbon Steel Wires

5.3.1 Experimental Apparatus

The pendulum mode was excited by means of a coil and magnet ‘pusher’ inside the
vacuum tank. This was constructed from a thin metal lever attached at one end to a
point half way down the length of a small retort stand. A magnet was mounted on one
side of the lever whilst a short length of fused quartz rod was attached to the other.
A small conducting foam pad was mounted to the end of the fused quartz rod. A coil
was then positioned on the retort stand behind the magnet. Figure 5.5 is a schematic

diagram of the pendulum pusher. The passage of current through the coil repelled the
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Figure 5.5: Diagram of the pendulum ‘pusher’.

magnet. This in turn caused the foam pad to push the pendulum. The current in the
coil was cut off rapidly enough to allow the lever to spring back into its initial position

ensuring that the pendulum could swing freely.

The amplitude decay of the longitudinal pendulum mode was detected by the use of a
shadow sensing technique in which a beam of white light was shone across the vacuum
tank. The light beam was partially obscured by the flag attached to the underside of the
swinging pendulum. A photodiode positioned behind the pendulum was used to detect
the change in intensity of the light passing the flag. The signal from the photodiode was
filtered, amplified and recorded on a chart recorder. A diagram of the apparatus used

can be seen in figure 5.4.

5.3.2 Experimental Results

In figure 5.6 a plot of In(amplitude) versus time, t, is shown for a typical amplitude

decay. The initial amplitude of the swinging pendulum was measured to be ~ 4mm.

The total loss factor, ¢pend,,,,, (wo), measured at the pendulum mode frequency, is propor-
tional to the gradient of this graph and can be found from ¢peng,,,,, (wo) = — 3—0 x gradient

where wy is the resonant angular frequency of the pendulum (refer to section 2.5).

The plot in figure 5.6 is divided into two sections of different gradients. The best fit

line through the first section of the plot corresponds to a loss factor of ¢pend,.,..(wo) =

105



35 N
\\ loss=(1.70+-00.07) 210 °

3 A

AN
™~

15

\
0.5 \\
loss={1.30 - 0.06) z 0’ \

0 ;
0 10000 20000 30000 40000 50000 60000 70000 80000
time (seconds)

In(amplitude) in arbitrary units
(o]

Figure 5.6: Logarithmic fit to amplitude decay of 210g pendulum suspended by 178 um
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(1.70 £ 0.07) x 107°. The gradient decreases in the second section of the plot and
“corresponds to a loss factor of @pend,,,.; (wo) = (1:30£0.06) x'10~°. From this we can"
conclude that there exists an additional, excess loss in the first section of the graph.
By extrapolating the best fit lines of both sections of the graph to the point where they
intersect, an approximate time can be found where the effect of the excess damping ceases
to have a significant effect. This ‘knee’ occurs at a time ~21600s after the pendulum
was set in motion. Over this time interval the swing amplitude was found to have
decreased from the initial amplitude of ~ 4mm to ~ 1 fnm. Two possible explanations
were considered for the change in the decay constant of the amplitude decay. These will

be discussed in the following section.

5.4 Possible Explanations for the Observed Change in De-
cay Constant of the Amplitude Decay

The two explanations considered were

1. a non-linearity in the method employed to sense and record the amplitude decay

of the pendulum motion

2. the possibility of an amplitude dependent damping originating at the interface

between the suspension wire and the pin-vice.

1. Non-linearities can be introduced by the chart recorder, the amplifier, the shape of
the light beam itself and the photodiode sensing the light. These will be considered in

turn.

1(A). The photodiode signal was amplified and then passed to the chart recorder. In
the course of an experiment, the amplitude of the photodiode signal decreased and the
gain of the amplifier was increased at various points to maintain a chart recorder trace
that was of approximately constant amplitude throughout. This was done to ensure that
the chart recorder operated in the same amplitude range during the experiment therefore
eliminating any non-linearity that may have been introduced by it. It was postulated

however that a non-linearity may have been introduced at the gain switching points of
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the amplifier. To check for this, an accurately known voltage at the pendulum frequency
‘was applied to the amplifier. The output voltages were found to be in accordance with -
the gain settings. Switching the gain of the amplifier was therefore ruled out as a cause

of the change in decay constant.

1(B). Variation in intensity across the diameter of the light spot could introduce a
non-linearity, however, an effort was made (by using a light bulb with a small filament
and a focussing collimator) to ensure that the light source produced a beam that was
of approximately constant intensity across the field. The circular profile of the light
beam could however mean that the intensity of the light detected passing the flag was
not directly proportional to the amplitude of swing at large amplitudes. Consider the

following:

The signal intensity at the photodiode is proportional to the ‘area’ of light passing the

flag, Apqss. This area is

R
Apass = / V R? — z2dz. (5.1)
where = is the swing amplitude and R is the radius of the light beam. This signal

intensity oscillates about a d.c. offset. The level of this offset is determined by the signal

intensity when the pendulum is at rest i.e.

R
Ag = / VR? — z2dz. (5.2)
0

The signal that was sent to the chart recorder however was the detected signal minus the
d.c. offset (which was removed by adding to the detected signal a d.c. signal of equal

magnitude and opposite sign to that of Ag):

R R
A = / \/R2—x2dz—/ N
0 T
= / VR? — 22dz (5.3)
0
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which is equivalent to the ‘area’ of the light beam obscured by the flag (and is marked
A on figure 5.7)."

We can compare the real case of the circular beam profile to that of the ‘ideal’ case of
a square beam profile. The area of light obscured by the flag in the case of a square
beam would be directly proportional to the swing amplitude e.g. fl—’: = constant. This
can be seen with reference to curve (i) in figure 5.8. However, using equation 5.3 we see
that % # constant for the case of the circular beam profile. We can find the actual
relationship between A and z by using equation 5.3 to calculate A as a function of z.

For ease we use the substitution z = Rsin# in equation 5.3 which gives

rRsinf
A= / (VR? = R?sin?) Reosfdf (5.4)
0

which can be solved to give

2 1 Rsinf
A= R? (isin'Zﬁ + 0)0 ) (5.5)

Transforming back into ‘x’ (using the substitution sinf = £) we find

r

R? [z 2z
0

R* [z z\? . =z
= 7(§ 1—(—5) + sin E) (5.6)

Curve (ii) in figure 5.8 is a plot of the area of the obscured beam, A, versus swing

SR

amplitude, z, (where R ~ 1.5cm is a typical radius of the circular light beam).

By examining figure 5.8, two points can be noted for the case of large swing amplitudes:

e the area, A, obscured by the flag for a given z is less than that obscured in the

ideal case
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Figure 5.7: Diagram of half of the light beam shone across the flag of the swinging

pendulum.

e the change in A for a given change in z is smaller than that observed in the ideal

case.

The second point allows us to deduce that if the initial amplitude had fallen in the
strongly non-linear region, the loss factor measured would have been smaller than the
actual loss factor associated with the pendulum mode. This would have eventually
increased to the expected value once the pendulum had decayed into the region that
gave a response that was approximately linear. This effect is opposite to that observed
(refer to figure 5.6) and was therefore dismissed as the source of change in measured

loss L.

1(C). As the pendulum swings the position of the light beam that passes the flag shifts
on the photodiode. The response of the photodiode cannot be assumed to be linear over
the entire surface. To ensure that the observed change in loss factor was not due to the
light falling on a region of the photodiode with a different response, the light was focussed
onto the central region of the photodiode. A nonlinearity introduced by the photodiode

was therefore disregarded as the source of the change in measured loss factor.

It should be noted that at amplitudes <~ 5mm the response is essentially linear.
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Figure 5.8: Plot of A as a function z. Curve (i) (‘unfilled’ points) shows the ‘ideal case’
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(‘solid’ points) shows the real case of a circular beam profile of radius, R.
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2. Our attention was then turned to the possibility of additional damping arising be-
tween the pin-vice and the 'suspension wire, also referred to as ‘stick-slip” damping [45]. -
As the pendulum swings in the longitudinal mode the suspension wires bend at the point
where they enter the upper pin-vices. ‘Stick-slip’ damping arises in the pin-vices at the
point of suspension of the pendulum; for amplitudes above a particular value, z, the
shear stress required to hold the wire in the clamp exceeds the value that can be pro-
vided by the clamp due to the material having a finite coefficient of static friction. At
swing amplitudes greater than z the bending wire rubs within the clamp. This friction
causes an excess loss and thus an increase in the value of observed ¢pend,,,,, (wo). One
would therefore expect two levels of damping to be observable depending on whether the

neccessary clamping stresses were overcome or not.

To estimate the level of amplitude, z, below which ‘stick-slip’ damping is negligible we

need to calculate the magnitude of the shear force per unit area existing in the clamp.

As the pendulum swings the wire applies a peak shear stress averaged over the surface

of the pin-vice of

§— 4rG

re (5.7)

(derived in figure 5.9) where G is the shear modulus of carbon steel, r is the radius of
the suspension wire and R is the bending radius of the wire in the region near the point

of suspension. R is of the form [45]

EI
R=——. 5.8
Cy0 (5:8)
In equation 5.8, E is the Young’s Modulus of carbon steel (E = 2.1 x 10! Pa) and I
is the moment of cross sectional area (I = 1};) 6 is the angular displacement of the
pendulum from its equilibrium position and C'¢f is the sum of the elastic and gravitational
restoring torques (where C takes the form Cy ~ VT ET for small §, and T is the tension

per wire) [45).

Substituting equation 5.8 into equation 5.7 gives the expression

112



1. At the peak displacement of the pendulum swing the max. shear stress occurs at the point of max. bending
(marked'A’ on figure). The max. shear stress can be calculated:

from geometry
¥x_ba point of suspension .-~~~ _ A
X 2 ZoL //////)’/ AL
u_ba
R a
shear strain = tan § -b_°¢
Y 2

and tang~ ¢ whena<<R.
We know that 2r<< R,

‘We can consider a 'square’ element of the
wire such that 2r ~ a and thus

Y Rt
(where 2r>>e¢ and R>>12r)
g2
=0 R
B 2Gr
and shear stress = §__ =G = Y at peak x.
end view
2. A quarter of the way around the wire from position 'A’ the shear stressisata of wire
minimum. We can calculate the average shear stress, S over half of the wire (during
half of the pendulum cycle): A
stress at element 'B' is G _2Gr sine \J
ZGrj sina do T
Average stress over half wire, = 4Gr
nR’ B h
J‘ da & |dim. of swing

Figure 5.9: Derivation of ezpression of the shear stress, S.
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VT E

S = (5.9)

Further substitution of § ~ § (where z is the swing amplitude and ! the length of the

suspension wire) leads to

§= 8GzVT

== (5.10)

where the shear stress applied to the clamp can be seen to be amplitude dependent.

The actual shear reaction force per unit area that can be applied by the pin-vice to the

wire, Eﬂjﬂm, is
<

Fuctual _ ,U'FN
A A
Ty
= — A1
- (5-1)

where A, is the area of over which the normal force, Fjy, acts and equals the area of
contact between the wire and clamp, p is the coeflicient of static friction and v is a

measure of tightening of the pin-vice.

If there is to be no significant additional loss exhibited due to the effect of ‘stick-slip’
damping, the actual clamping force per unit area applied to the wire, —Eﬂfﬁ*ﬂi, must be

greater than the average shear stress applied by the wire, S, i.e.

Factual
—_— 12
A > S (5.12)

which, on appropriate substitutions for the two terms, leads to

Ty 8GzVT

TV 5.13
Ac arivTE ( )
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The above inequality can be rearranged to give the size of the swing amplitude at which
‘the effect of ‘stick-slip’ damping in' the pin-vice no longer causes: significant additional

damping. In other words, a ‘knee’ will occur at an amplitude

s < 'yrl7r\/1rET'

A (5.14)

There are two unknown parameters, ¥ and A., that must first be determined before
it is possible to calculate the swing amplitude, z, below which there is a negligible

contribution to the overall level of damping from ‘stick-slip’.

e Determination of the Tightening Factor, v

A length of the suspension wire was attached to an empty container. The other end
of the wire was inserted into a pin-vice identical to that used to clamp the wires
in the pendulum loss measurements. The pin-vice was tightened on to the wire in
a manner similar to that used during the construction of the test pendulum. The
empty container was then suspended from the pin-vice and wire. Further mass was
slowly added to the suspended container until the wire began to slip from the clamp.
This happened when a total of 270 g was suspended from the wire. The tightening
factor is therefore ¥ = 2.6 since the mass required to cause the wire to slip was
2.6 X larger than the mass suspended by one wire during the loss experiments. An
error of +10% was added to this factor to represent the uncertainty involved in
tightening the pin-vice onto the test wire to the same degree as was used in the

loss experiments.

e Determination of the Area, A., over which the Clamping Force Acts

A piece of enamelled copper wire (of approximately the same diameter as the
steel wire) was inserted into a pin-vice. The pin-vice was tightened onto the wire
to leave an indentation in the softer wire. The pin-vice was then undone and
the wire removed. The length of the indent left in the wire was measured as
lindent = (270 £ 27) pm. From this length and the diameter of the suspension wire,
d = 178 yum, the area, A., was obtained. This area, approximating the area of
contact between the pin-vice and the wire, can be obtained from A. = 7wdl;nden:

and is equal to (1.51+0.15) x 10~ m~2.
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We now have values for all of the parameters in equation 5.14.

These are E=21x101"Pa = =~

T=1.03N
vy=2.6+0.3
r =89 um

[ =0.250 £ 0.003m
G =8.1x101°Pa
and A. = (1.514£0.15) x 107" m~2.

Substituting these values into equation 5.14 gives an estimate of the upper limit to the

amplitude where the ‘knee’ occurs. The amplitude is found to be z = 1.5+ 0.3 mm.

This approximately corresponds to the amplitude at which the level of damping changed
in the experimental results shown in figure 5.6. It was concluded that ‘stick-slip’ damping
was the cause of the additional loss in the first 21600s of the experimental run. This

source of loss had a negligible effect at an amplitude of less than ~1 mm.

There are two points worth noting:

e Tightening the pin-vices (and therefore increasing the factor ) should result in
an increase in size of the amplitude below which ‘stick-slip’ damping is no longer

significant.

e By expanding the wire/fibre diameter into thicker sections for insertion into the
clamp we can reduce the effect of ‘stick-slip’ damping. This has the effect of moving
the bending region of the wire/fibre downwards and out of the jaws of the clamp.
Doing this helps to reduce the shear stress at the edge of the clamp and hence

reduce the tendency for the wire/fibre to slip.

Returning to the results given in figure 5.6, the minimum value of the pendulum mode
loss factor measured at 1 Hz can be compared to the level of expected pendulum mode
loss factor calculated from equation 2.30 given the material loss factor, ¢mat,,,.(wo)-
In section 3.2, results were reported for the measured material loss factors of two dif-

ferent thicknesses of carbon steel wires; 178 um diameter wire (as used to suspend the
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" materialloss | ‘pe‘nd‘uh‘lm‘lo:ss‘

‘ measured predicted best measured factor
Pmatinerinsic (@) | Ppendyorar (W) at THZ | Ppend,yyq (wo) at 1 Hz %
for 178 um wire for 178 pm wire
(4.54 £ 0.40) (2.88+0.32) (1.30 £ 0.06) ~ 4.5
x1074 x10~6 x10~°

for 178 um wire
(1.58+0.15) (1.00+ 0.10) (1.30 £ 0.06) ~ 13
x10~4 x1076 x10~°

for 127 pm wire

Table 5.1: Comparison of observed @pend,,,,, (wo) and predicted ¢pend,,,,, (wo). Predicted
level of $pend,,,., (wo) is calculated from the intrinsic material losses, Gmat;,irinsic(W0),
reported in section 3.2. Column 4 gives the factor by which the observed pendulum loss

is higher than the predicted value.

test pendulum under discussion) and 127 um diameter wire. The 127 um diameter wire
displayed the lower loss factor of the two samples and was believed at the time to be a
more realistic level for ¢mat;,; in.ic (W). It was postulated that there may have been an
excess loss present in the measurements performed on the 178 um diameter wire. For
completeness in table 5.1, the lowest level of measured loss factor of the pendulum mode
(i-e. Ppendyyey (wo) = (1.30 £ 0.06) x 107°), is compared with that predicted from the

measured material loss factors of both diameter wires.

Comparison of the measured result with the predicted loss show that an excess loss was

exhibited in the measured pendulum loss factor.

5.5 Cause of the Excess Loss Present in the Initial Mea-

surement

Two possible sources of the excess loss are
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e damping due to eddy currents induced in the pin-vices swinging in a magnetic field

‘gradient

e hysteresis loss in the ferromagnetic pin-vices swinging in a magnetic field gradient.

An estimate of the level of loss attributable to each of these damping mechanisms was
made (the calculation of the levels of loss associated with eddy current and hysteresis
damping can be found in Appendix C). The expected loss in both instances was found
to be too small to have caused any noticeable effect. They were both therefore dismissed
as the cause of the excess loss. Some other loss mechanism was causing the observed

effect. This topic is investigated in the discussion below.

In the period between measuring the pendulum mode loss factor (reported in section 5.3)
and the following investigation, the pendulum was removed from the vacuum tank to
allow a number of unrelated experiments to be performed. When it was time to return
the pendulum to the test structure, it was noted that at some time in the intervening
period one of the suspension wires had slipped through its pin-vice. The upper pin-vices
were undone, the wire lengths adjusted and both of the pin-vices then retightened, this
time using pliers. The pendulum was then re-hung in the tank. The only significant
change to the experimental system was an increase in the clamping force at the upper
pin-vices. The tank was evacuated and the pendulum re-swung. The pendulum mode
loss factor was re-measured using the same method as was employed before. The results

are shown in figure 5.10.

With reference to figure 5.10 the pendulum mode loss factor obtained in the first section of
the amplitude decay was @pend,,,,, (wo) = (3.87£0.34) x 10~° decreasing to Ppend,,,., (wo) =
(1.78 £ 0.14) x 10~° in the second section of trace. A break in slope appears at a swing

amplitude of 0.17 mm.

There are a number of observations worth noting in comparing the results presented in
figure 5.6 (‘experiment 1’) and figure 5.10 (‘experiment 2’) which help us to understand
what the source of additional damping present is in the initial pendulum mode loss

measurement:
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Figure 5.10: Measurement of the amplitude decay of the pendulum after tightening of the

pin-vices.

1. If the only excess loss mechanism present in each of the two measurements was ‘stick-
slip” damping we would not expect to see any change in loss factor between the second
sections of experimental results after having tightened the pin-vices; at amplitudes lower
than that at which the ‘knee’ occurs, the loss due to ‘stick-stip’ damping is negligible.
The loss factor obtained from the second sections however decreased from ¢pend,.,.. (wo) =
(1.30£0.06) X 10~ in ‘experiment 1°, t0 Ppend,,,., (wo) = (1.78+0.14) x10~¢ in ‘experiment

2’. This decrease in loss factor confirms the presence of an excess loss in ‘experiment 1°.

2. The lowest loss that the pendulum mode can exhibit is set by the total material loss of
the suspension wires. The lowest measured pendulum mode loss factor (¢pend,,,,. (wo) =
(1.78 + 0.14) x 1078, obtained in ‘experiment 2’), was lower than that predicted using
the material loss factor of the 178 um diameter wire (i.e. @pend,,,,, (wo) = (2.88£0.32) x
1075). This confirms that the material loss factor, @mat;,,in.ic (W), Obtained from the
sample of 178 um diameter wire was indeed too large, as was suspected at the time
of its measurement. Comparing the best measured pendulum mode loss factor with
that calculated from the material loss of the 127 um diameter wire (¢pend,,..(Wo) =

(1.00+0.10) x 10~8), shows better agreement. This suggests that tightening the pin-vices
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has reduced (but not entirely eliminated) the excess loss that was evident in ‘experiment

1"‘

3. The above statement suggests that poor clamping was the source of the excess loss in
‘experiment 1’. We can postulate that the observed break in slope in figure 5.6 was the
effect of ‘stick-slip’ damping ceasing to exist in one pin-vice only and that an excess loss
was still present as a result of ‘stick-slip” damping associated with the other pin-vice.
This could occur should the tightening factor in this pin-vice be much smaller. If this was
so the pendulum tested in ‘experiment 1’ never reached a swing amplitude small enough
for the effect of ‘stick-slip’ in the loose pin-vice to become negligible. This introduces a
constant loss factor throughout the entire duration of ‘experiment 1’. The presence of
weak clamping in one of the pin-vices is supported by the observation that one of the

suspension wires slipped through its pin-vice.

4. We can test the theory of an excess loss factor caused by an under-tightened pin-vice
by examining the levels of excess loss present between corresponding sections of the two
sets of experimental results. Consider the second sections of experimental data shown
in figure 5.6 and figure 5.10. The difference in loss factor between these two sections,
Ppendescess (W0), can be calculated by subtracting the loss factor obtained in the second
section of ‘experiment 2, @erp2...iions (Wo), from the loss factor obtained in the second

section of ‘experiment 17, Gezp1,.crion2 (W0)

¢Pe"dezcess (wo) = ¢3-'L'P Lsection 2 ((4)0) - ¢52'P 2section2 ((.4.)0)

(1.12 £ 0.06) x 107°. (5.15)

For the excess loss to be caused by an under-tightening of one pin-vice it should maintain
a constant level throughout the entire experiment. To check if this occurred, the excess
1SS, Ppendescess (Wo), Was added to the loss factor measured during the first section of
‘experiment 2°, Pezp2,..iion; (Wo) = (3.87 £ 0.34) x 1078, to give a total loss factor of
(1.51 £ 0.07) x 1075, This loss factor is very similar to the level of pendulum mode
loss factor observed during the first section of ‘experiment 17, Gezp1,.cion: (wo) = (1.70%
0.07) x 10~° within the accuracy of the measurement. The presence of a constant loss

factor in the first experiment supports the theory that it was due to a clamping loss
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pm-VICE jaws to pendulum  petween jaws

Figure 5.11: Diagram showing the possible incorrect position of the wire inside the pin-

vice.

present in one pin-vice throughout the whole experimental run shown in figure 5.6.

5. The final point which can be made is an observation about the positions of the breaks
in slope in figure 5.6 and figure 5.10. With reference to equation 5.14, the amplitude
below which ‘stick-slip’ damping should become negligible can be seen to be proportional
to the tightening factor, v. We know that v in ‘experiment 2’ has increased from the
original value of ¥ = 2.6. However, the observed amplitude at which the break in
slope occurs has decreased from 1mm in ‘experiment 1’ to ~0.17 mm in ‘experiment 2’.
The knee position has moved in the opposite direction to that which would have been

expected.

It was postulated that when the pin-vices were undone and the wire lengths readjusted,
the wire was re-inserted into the pin-vice differently. Although the wire emerged from
the pin-vice through the bore of the clamp, it is believed that the wire moved over to
one side inside the pin-vice, becoming clamped between the flat surfaces of two of the
jaws in the pin-vice. The result being that the wire was clamped over a significantly
longer length, and hence the force was applied to a much larger area, A., than that in

‘experiment 1°. Figure 5.11 shows this effect.

This hypothesis was tested by taking the pin-vice apart and measuring the maximum

length over which the wire could have been caught between two of the jaws of the
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clamp. This was found to be ~5mm. The maximum area, A.,,,, over which the
force could act was then calculated from A

A

= 27l Where [y, = Hmm ie. -

ématz
emae = (2.76 4 0.28) x 1078 m2. Substituting this area and the amplitude at which the
effect of ‘stick-slip’ damping was effectively overcome, z =~ 0.17 mm, into equation 5.14
allows calculation of the only unknown of the inequality; the tightening factor, . This

was calculated as v > 5.3 £0.1.

The tightening factor was then measured directly a number of times by a method similar
to that discussed in section 5.4. Each time we clamped the wire so that it was seen to
exit from the bore of the pin-vice, yet became sandwiched between two of the jaws inside
the pin-vice (as discussed above). The pin-vice was then tightened using pliers. The
wire was found to slip through the pin-vice with a mass of between 1kg and 4 kg added.
v had therefore increased from 2.6 to some value in the range 9.5 to 38. The range of
measured tightening factors lie in the range of the number predicted for the tightening
factor given the maximum clamping area discussed above and the observed amplitude
at which the break in slope occurred. The variation in measured v obtained from wires
nominally clamped by the same force highlights the uncertainty involved in clamping a

given wire in an identical manner on each trial.

In conclusion, the excess loss factor present throughout the duration of the first experi-
mental run was due to an under-tightened pin-vice. Once the clamp had been tightened
sufficiently, the constant excess loss was effectively eliminated. The pendulum mode loss
factor measured in the region free of ‘stick-slip’ damping agreed with the pendulum mode

loss factor predicted using the better of the two observed material losses.

5.6 Conclusions

The experiments reported in this chapter proved useful for a number of different reasons.
The experiments to measure the pendulum mode loss factor of pendulums suspended
from wire allowed us to verify that the lower material loss factor (measured on a 127 um
diameter sample and discussed in section 3.2) was the intrinsic loss factor of the carbon

steel tested.

122



Although pendulums hung from carbon steel wires will not be employed to suspend the
main optics in ' GEQ 600, performing these experiments allowed a; number of potential .
damping mechanisms to be explored. One of the most important lessons that was learnt
during the course of these tests was the effect that ‘stick-slip’ damping had on the level of
loss associated with the pendulum mode (at the pendulum mode frequency). This effect
can be exhibited in any type of pendulum suspension. However, it can be seen from
examination of equation 5.14 that clamping tightly and also by expanding the diameter
of the wire or fibre up to a thicker diameter within the clamping region, that the effect
of ‘stick-slip’ damping can be reduced to negligible levels. This works for two reasons.
By clamping tightly the swing amplitude, z, below which the pendulum is unaffected by
‘stick-slip’ damping increases. By expanding the diameter of the fibre in the section to
be clamped, the region of bending is moved out of the jaws of the clamp. This reduces

the motion present in the clamp helping to reduce frictional losses.
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Chapter 6

Loss Factor Measurements of
Fused Quartz Pendulum

Suspensions

6.1 Introduction

We intend to prevent the sensitivity of GEO 600 from being degraded by the thermal
noise contribution associated with the longitudinal pendulum mode of the test mass
suspension. This is achieved by specifying a maximum acceptable loss factor associated

with the pendulum mode of ¢pend,,,,, (w) = 3.7 x 1078 at 50 Hz (see section 2.8).

This chapter contains a discussion of experiments undertaken to construct pendulums of
small mass, suspended by fused quartz fibres, which exhibit loss factors low enough to

let us deduce that suspensions suitable for GEO 600 can be constructed.

6.2 Construction of the Initial Test Pendulums

The pendulum used in the initial loss experiments was constructed from a ~200g ce-

ramic (tradename MACOR) mass of dimensions of 4.5cm height, 8.5 cm width and 2cm
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fibre

S ﬁ

MACOR

clamp machined tapped holes nylon
from MACOR screw
Figure 6.1: Initial method of attaching the ‘stub’ ends of the fused quartz fibres to the

pendulum mass.

thickness. Two fused quartz fibres of ~ 290 um diameter at the point of bending and
26.4cm long, were pulled from fused quartz rods of 3 mm diameter in the RF induction
furnace (discussed in section 3.4.2). Sections of the 3 mm diameter rod left at both ends
of the fibres (‘stubs’) were used for attachment at the point of suspension and at the
pendulum mass to help minimise the excess loss known as ‘stick-slip’ damping (refer to
section 5.4). Each upper stub was attached to the point of suspension by coating the
stub with a thin layer of quick-setting epoxy and inserting it into a tightly fitting section
of brass tube down the length of which a slot was cut. These brass sections were then
pushed into clamps that were machined from a piece of aluminium - the ‘suspension
plate’ (see figure 4.2). The clamps were tightened down onto the brass tubing and hence
onto the fused quartz rods. The stubs at the other end of the fibres were attached to
opposite sides of the pendulum mass by glueing and clamping (the clamps having been
machined from the MACOR mass). The fibres were splayed by 2° to the vertical in order
to separate the frequency of the main pendulum mode from its transverse mode (refer to
figure 6.1). By this means, coupling of the two orthogonal modes induced by the Coriolis
effect was eliminated. A small flag was also attached to the under-side of the pendulum

during its construction.
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6.3 Initial Pendulum Loss Experiments

The pendulum was lowered into the pendulum support structure described in section 4.2
until the aluminium suspension plate rested on the ‘top-hat’. The suspension plate
was then tightened into position by two aluminium cross-pieces. The vacuum tank was
evacuated to a pressure of ~ 5 x 107 mbar to minimise the effect of external viscous

damping on the pendulum mode.

The pendulum mode was excited by means of the coil and magnet ‘pusher’ previously
discussed in section 5.3. A beam of white light was shone across the tank. The beam was
partially obscured by the flag attached to the base of the pendulum allowing a shadow
sensing technique to be employed to detect the amplitude decay of the pendulum swing
(refer to section 5.3). The signal from the photodiode was filtered, amplified and recorded
on a chart recorder (and in later experiments, also by a data acquisition program running

under LabVIEW 1),

A loss factor, ¢pend,,,.; (Wo), was measured which varied over time. Its value started at a

few x10~7 and steadily deteriorated to ~ 4 x 107> over a period of ~24 hours.

The following section contains a discussion of a series of experiments conducted to de-

termine the cause of the change with time of the measured pendulum mode loss factor.

6.4 Investigations to Determine the Cause of Change in

the Measured Loss Factor

Various candidates were considered for the source of apparently increasing loss recorded

during the experiment. These included:

1. a loosening over time of the clamps at the point of suspension
2. a non-linearity present within the sensing or data recording equipment

3. an increasing level of recoil loss with time

!National Instruments Corp.
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1. Tests were performed to check whether loosening of the clamps over the interval of the
- experiment was responsible for the observed increase in measured loss factor, First the
pendulum was stopped (whilst under vacuum) when the loss factor was at the high value.
The pendulum was then re-started. The loss factor was re-measured and was found to
have the same value as that just before the pendulum was stopped. The tank was then
backfilled with dry nitrogen to atmospheric pressure and opened, the clamps tightened,
the tank evacuated and the experiment repeated. In this instance the measured loss
factor started at a low value and increased over time. These two measurements are both
consistent with a loosening of the clamps over time. However, when the tank was again
backfilled with dry nitrogen to atmospheric pressure and then evacuated (with no further
retightening of the clamps), the measured loss factor was found to have returned to its
original low value which increased over time. This would not be expected if slackening

of the clamps was responsible for the increase in loss.

2. Checks similar to those discussed in point 1 of section 5.4 were performed and proved
that the chart recorder, amplifier and the photodiode were not responsible for the in-

creased level of loss factor.

The shape of the light beam however could have caused a change in the gradient of the
type observed during the experiment if the initial swing amplitude had been large enough
(as was shown in point 1 of section 5.4). The initial swing amplitude was ~3 mm. As can
be seen with reference to figure 5.8, a 3 mm swing amplitude lies within the region of the
light beam where the non-linearity is too small to cause the observed effect. We would
therefore not expect the light beam to be the source of the non-linearity. However to be
sure of this a check was carried out. The light beam was masked to give a rectangular
shape as it entered the vacuum tank. This ensured that the light reaching the photodiode
was linearly proportional to the amplitude of swing at all swing amplitudes. The loss
factor measurement was repeated and the same change in its value was observed. In
conclusion the shape of the light beam was disregarded as the source of increased loss

displayed.

3. The next possibility to be considered was a change in the stiffness of the pendulum
support structure (and therefore the level of recoil loss) due to the system being under

vacuum. It should be noted that the recoil measurement discussed in Chapter 4 in
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which the stiffness of the support structure was measured was undertaken at atmospheric
pressure. It was postulated that during the course of a loss measurement, the large forces
caused by the decrease in pressure inside the tank may have caused it to ‘relax’, thus
slowly changing the shape of the tank by enough to alter the rigidity produced by bracing
the pendulum support structure against the walls, and therefore changing the stiffness

of the tank.

To test this hypothesis, a vacuum compatible accelerometer (Briiel & Kjer model
4379) was placed on the top-hat inside the vacuum tank and connected, via a vacuum
feedthrough and amplifier, to a spectrum analyser. The signal from the accelerometer
was found to correspond to a motion of the support structure of z,m;,, = 1.67 X 107" m
at 1 Hz (for a maximum pendulum displacement of 3mm). The stiffness of the support
structure was recalculated using this value and found to be k; &~ 1 x 10° Nm~! which is a
factor of 55 less than that reported for k; in section 4.6. By assuming that the recoil phase
shift, §, is at best equal to the value reported in section 4.7, the minimum obtainable

loss for the 200 g pendulum would then be expected to be ¢ecoit(wo) = 1.7 x 1076,

The loss factor measured during the same time interval as the accelerometer reading
was taken was a few x10~7 — approximately an order of magnitude lower than the loss
suggested by the accelerometer reading. This is clearly not possible and implies that
the signal from the accelerometer was not a true measure of the acceleration of the
support structure. To check this the ground lead of the accelerometer was disconnected.
A signal was still observed which would not have been expected had the accelerometer
been measuring acceleration. However the observed signal might have resulted from
coupling between the circuitry of the accelerometer and the amplified signal from the
photodiode. This was checked by turning the shadow sensing equipment off. A signal
was again observed at the pendulum frequency and was therefore inferred to be a genuine
signal induced in the accelerometer cable. For simplicity the accelerometer was removed
from the tank and replaced by a wire antenna (which was this time positioned lower

down inside the tank beside the pendulum).

It was initially believed that the induced signal was caused by the swinging of the dielec-
tric pendulum modulating the non-uniform electric field of the ion pump. This theory

was tested by inserting an earthed metal gauze into the mouth of the ion pump to screen
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its field. The gauze was found to have no effect on the level of the observed signal.
Since the field of the ion pump was blocked by the mesh, the electrical signal must have .
resulted from a charge on the pendulum. As a result, the movement of the charged
pendulum was inducing currents in its surroundings (for example the vacuum tank, the

conducting foam pad of the pusher and the wire positioned inside the tank).

6.5 The Determination of Sign of Charge on the Pendulum

We wanted to determine the sign of charge on the pendulum so that the charging mecha-
nism might be understood. The experimental apparatus used to measure the pendulum
mode loss is represented schematicaily in figure 6.2. An electronic circuit equivalent to
this apparatus is shown in figure 6.3. The swinging of the charged pendulum resulted in
a sinusoidally varying capacitance, C;, between the pendulum and the pusher pad. This
in turn induced a fluctuating charge at the sensing capacitance, C3, which was measured
as a sinusoidally changing voltage at the output of the amplifier. The definition of the

symbols marked on the diagram are as follows:

e ( is the sinusoidally varying capacitance between the pad of the pusher and the

face of the pendulum

C is the capacitance between the pendulum and the tank wall

C) is the parallel combination of capacitances C} and Cr
e (; is the capacitance between the pendulum face and the wire

e (3 is the combined capacitance of the wire positioned inside the tank and the

capacitance across the input of the amplifier
e R is the input impedance of the amplifier

Vin is the potential difference between the left hand face of the swinging pendulum

and ground

Vout is the voltage measured at the output of the amplifier.
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Figure 6.2: Erperimental apparatus used to measure ¢pend,.,,, (Wo) with capacitances ei-

ther measured directly or scaled.

c G
V, =
l

Figure 6.3: Electronic circuit analogous to the apparatus.
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Consider the following. If the charge on the pendulum was positive, we would expect that
the voltage on the pendulum' would be at its most positive when the value of capacitance
C; was at its smallest. This would occur when the pendulum was furthest away from
the pendulum pusher. We wanted to perform an experiment which would allow us to
determine the sign of the voltage out of the amplifier when the pendulum was at the
position furthest away from the pusher. This measurement could be made with a lock-in
amplifier. The lock-in amplifier would allow us to determine the phase at the output
of the amplifier with respect to the position of the pendulum as sensed by the shadow
sensor. If there were no inversions present in the detection scheme, and the charge on the
pendulum was positive, we would expect that the phase at the output of the amplifier
would lead the phase of the position signal by ~ 90°. This is because the circuit in
figure 6.3 behaves as a high pass filter for the voltage generated by C} at the pendulum

frequency.

On performing the experiment described above, the phase of the signal out of the ampli-
fier was found to lead the phase of the position signal by ~ 70° — which is approximately
equal to 90°. However there was an inversion included in the signal representing the
measurement of position. Working backwards through the argument given above, and
taking into account the inversion present, we infer that the charge on the pendulum must

have been negative.

It was concluded that ultra-violet radiation emitted from the ion pump liberated electrons
from the pendulum support structure and wall of the vacuum tank. These electrons
collected on the pendulum leaving it with an overall negative charge. This was supported
by investigations which showed that it was possible to inhibit the rate of charging of the
pendulum by placing a solid earthed plate in the mouth of the ion pump (thus preventing
the radiation entering the vacuum tank). It should also be noted that the amount of
charge present on the pendulum could be decreased by shining light from an ultra-violet

bulb directly at the pendulum causing the excess electrons to be knocked off.

The currents induced in the tank, pusher pad and wire by the motion of the charged
pendulum represent a source of energy dissipation that was responsible for the increase in
pendulum mode loss factor observed. An increase in the level of charge on the pendulum

over a period of time is consistent with this — as the charge on the pendulum increased,
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the induced currents and consequently the energy dissipated also increased. As a result
the loss factor increased as a function of time. A suitable model for this energy dissipation

will be discussed in the following section.

6.6 Model of Energy Dissipation Consistent with the Level

of Loss Factor Measured

The values of the capacitances marked on the figure 6.2 and figure 6.3 are given below

and were either measured directly or scaled from other measured capacitances:

e C; = 0.75pF to 1.50pF
e Cr = 40pF

e ) = 40.75pF to 41.50 pF

C, = 0.01pF

C3 = 384pF

e R=100 x 108 Q.

The pendulum was re-swung once charge had accumulated. The maximum amplitude
of swing was g ~# 3mm and the voltage measured at the output of the amplifier was
Vour = 400mV,.,s. This is equivalent to a signal V/,, = 200 4V,,s; at a point in the

equivalent circuit before the X2000 gain of the amplifier.

The potential difference, V;,, between the left hand face of the pendulum and ground
can be calculated from the potential divider formed by capacitance C; and the parallel

combination of R and C3 as

Vin = 32.77 Vyms. (6.1)

The peak-to-peak potential difference that gives the rms voltage in equation 6.1 is
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AV =9268Vprse . . (62)

which equals the change in the potential difference experienced between ground and the

left face of the pendulum at the two extreme positions of the pendulum swing.

It is interesting to calculate the number of electrons present on the face of the pendu-
lum that results in the potential difference between ground and the pendulum as the

pendulum swings. This can be calculated from

1 1
AVip=q| 5— - = 6.3
1 (CA CB) (6-3)
where ¢ is the charge on the pendulum and C4 and Cpg are the values of Cjj at the
extremes of the pendulum swing. Rearranging equation 6.3 and substituting for AV,

Ca, and Cp gives the charge on the pendulum as 2 x 10~7 C - equivalent to 1.3 x 1012

electrons.

The loss factor, when dominated by the loss associated with charging, was measured as
Prend; ora (W0) = Prendcnarge (wo) = 4 x 1075. It is possible to calculate the percentage of
the maximum possible change in electrical energy that must be dissipated per cycle to

correspond to this level of loss. Consider the definition of loss given in equation 2.27 i.e.

_ Elost/cycle

wn) = .
¢pendcharge ( 0) QﬂEstored

The energy stored in the swinging pendulum is

1
2.2
Esiored = 5771(4)0.’1:

= 35x107°) (6.4)

where m is the mass of the pendulum, wy is the resonant angular frequency and z is the

maximum displacement of the pendulum.
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The maximum change in electrical energy that may be dissipated per cycle is

2
q 1 1
Elost/cyclemax = ? (CA - CB>
= 8.9x107%J. (6.5)

It can be seen from substitution of the numbers calculated in equation 6.4 and equa-
tion 6.5 into equation 2.27 that if all of the energy that can be dissipated is dissipated
per cycle, a loss factor of ¢pend,.,,, (wo) = 4 x 1072 would be measured. Since a loss factor
of Gpend, (Wo) = 4 X 107> was observed, we can conclude that ~0.1% of the maximum

available change in electrical energy was in fact dissipated per cycle.

6.7 Investigations to Control the Charge on the Pendulum

The loss factor measured during the charging of the pendulum can be expressed as

¢pendtotal (wo) = ¢pendcharge (UJO) + ¢pendother (wo) (6'6)

where ¢pend (wo) is the loss associated with the currents induced in the surroundings

charge
of the pendulum and ¢pend,,,., (wo) is the sum of the remaining losses associated with the
pendulum mode. It can be shown (from substitution of equation 6.5 into equation 2.27)

that Gpend.p,, 4. (Wo) equals a constant, K, multiplied by the charge squared i.e.

¢pendtotal (CU()) = Kq2 + ¢pendom¢, (WO)- (67)

The amplitude of the pendulum swing, A(t), and the signal from the amplifier were
recorded simultaneously. The effect of the swing amplitude on the size of the signal from
the wire antenna inside the tank was removed by dividing the size of this signal at a
time, t, by the swing amplitude at the same instant. The corrected value of the amplifier
signal was subsequently squared - and is proportional to ¢%. A plot was then generated

of the loss factor (calculated from the amplitude decay) as a function of the normalised
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Figure 6.4: Variation in loss for the pendulum mode of ~ 200 g pendulum suspended on

fused quartz fibres as a function of the square of the electrostatic charge on the pendulum.

value of ¢? (given in arbitrary units). This can be seen in figure 6.4. The equation of the

line shown in figure 6.4 has the form of equation 6.7.

By extrapolating the straight line fit of this plot back to the y-axis, it is possible to
obtain a value for the loss factor with the effect of charging removed (i.e. where ¢% = 0).

This value is found to be (3.3 41.0) x 1077,

With the earthed metal shield in position, the pendulum mode loss factor was remea-
sured. The resulting decay trace can be seen in figure 6.5. The measured loss fac-
tor calculated from this decay trace remained constant with a value of @pend,,,,, (wo) =
(3.1940.73) x 10~7. We can conclude from this result that the effect of charging could

be reduced to a level where it no longer affected the loss measured.

Once the loss associated with the charging of the pendulum was effectively removed, the

remaining losses at the pendulum mode frequency could be expressed as

¢P5ndtotal (UJO) = ¢pende:rpect (wo) + ¢Pendezcess (wo)
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Figure 6.5: In(amplitude) versus time of pendulum decay with earthed metal shield in

place.

= (Brecoit (w0) + Bpendinerinsic (“0) + Ppend,... (wo)) +
¢P5'ndezcess (wo) (6~8)

where the losses on the right hand side of equation 6.8 are as follows?:

e the recoil damping contribution, @,ecoii(wo). For a pendulum of mass, m ~ 0.2 kg,
and the values of the constants k; and & (reported in section 4.6 and section 4.7

respectively) this can be calculated (using equation B.12) to be ~ 4 x 1078.

o the contribution, ¢pend;, ;. .,...c. (Wo), set by the material loss of the suspension fibres
(where @rmatinirinsic (@) ~ (0.5 — 1) x 1078). This is calculated using equation 2.30
to be in the range (4.79 — 9.58) x 10~°.

e the contribution, ¢peng, . (wo), due to presence of thermoelastic damping in the
suspension fibres. This is calculated from equation 2.30 (where ¢pqs, . (Wo) =
1.5 x 107 at 1Hz) to be 1.5 x 10~°. Because this loss is < 10% of the recoil loss

contribution, it is ignored.

e any excess loss contribution, @pend.ycess (Wo)-

>The contributing loss factors relate to suspension fibres of 290 um diameters
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The sum of the known losses in the system, @pendezpect (W0) = Ppendinerinsic (wo)+Precoil (Wo),
has a valué that is a factor of ~ 7x lower than the measured loss, ¢pend,,,., (wo). Rear-
ranging equation 6.8 and substituting for the known losses, we find that an excess loss

factor of dpendogeess (Wo) = (2.69 — 3.19) X 10~7 has yet to be accounted for.

6.8 Determining the Source of the Excess Loss Factor

Three possible causes of the excess loss factor were considered.

1. Since the measurements using the accelerometer (discussed in section 6.4) were
found to be invalid, we again considered an increased level of recoil damping as the

source of excess loss factor.

2. It is possible that the intrinsic loss factor of the suspension fibres, Gmaz;,rinsic (W)
is in some way stress dependent and therefore larger than that measured for the

unloaded fibres (discussed in Chapter 3).

3. Although we chose a clamping method which should minimise ‘stick-slip’ damp-

ing [45], we considered that the method might be inadequate.

Consequently a series of measurements of pendulum mode loss factors was performed on
pendulums with different masses, fibre diameter and methods of fibre attachment. The
results are given in table 6.1, where @pend,,,,, (wo) are the measured loss factors. It should
be noted that the loss factor associated with the rotational mode, ¢,o,,,,,(wo), of the
96 g pendulum suspended on 60 um diameter fibres was also measured. The significance
of this is explained below. The term ¢pend,,p..;(Wo) is the sum of the expected losses
in the system (assuming the values of k; and § given in section 4.6 and section 4.7
respectively for the constants needed to calculate the recoil limit). The excess loss factor,
Dpendescess (W0), (calculated from equation 6.8) is the loss yet to be explained. Using the
results given in table 6.1 we consider each of the three possible causes of excess loss in

turn.

1. In Appendix B.1 the limiting loss due to recoil damping is shown to be proportional to

the mass of the pendulum. Correspondingly, if the excess loss was due to increased recoil
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pend. | fibre | Gpendye (90) | Brotuurn (ror) | Bpendeepens (90) | Gpemdess ()
mass | diam. | (measured) (measured)
(8) | (pm) x10~8 x10~8 x1078 x10~8
Original 1| 200 290 33+4 - 4.7£0.6 28+4
Clamps 2 32 60 72407 - 0.724 0.09 6.5+1.0
3 96 60 2241 - 1.9+£0.2 20+1
4 96 60 - 33+ 10 - -
New 51 12 290 6.9+ 0.5 - 3.7+1.0 3.3+1.0
Clamps 6 28 290 6.0+ 0.6 - 2.9+0.7 3.11+0.9
Tightened 7| 28 290 3.0+04 - 2.94+0.7 0.1+038
Clamps 8 96 290 2.8+0.7 - 294+04 -0.1£0.8

Table 6.1: A summary of the results of measurements made of loss factors for various

pendulums suspended on fused quartz fibres.

damping it should be greater for pendulums of greater mass. Comparing case 7 with case
5 (where there is a factor of ~ 2 increase in mass) it can be seen that, on the contrary,
the excess loss has decreased. Also, consider cases 2 and 7 obtained from pendulums
of approximately the same mass. The excess loss factors should remain approximately

equal but were measured to be quite different.

In cases 3 and 4 the loss factors for the longitudinal mode and the rotational mode of
the same pendulum are given. By comparing these we can obtain information about
the level of recoil damping in the system. The loss of the longitudinal pendulum mode,
Ppendyo, (wo), measured in a rigid system (i.e. one with a small contribution to the mea-
sured loss factor from recoil damping) should yield a loss of the same order of magnitude
as that measured for the rotational mode of the pendulum, ¢,04,,,,, (wWrot). This is because
the loss factor for both of these modes results from the same mechanism — the loss asso-
ciated with the bending of the fibres. However, if the level of recoil damping was much
higher than had been anticipated (perhaps due to the pendulum rocking the tank on its
mountings), it would seem likely that the support structure would be stiffer in rotation

and that the loss factor measured for the longitudinal mode should therefore be higher.

138



In fact it is not significantly different from that measured for the rotational mode. We
coriclude that the excess loss in the system was not due to the effects of increased recoil

damping.

2. The simplest form of stress dependent damping would be where ¢mat;,; insic (W) is
proportional to %, where m is the pendulum mass and r the radius of the fibres. Sub-
stitution of @matineringc (W) < 5 into equation 2.30 shows that the excess loss factor
should be  /m and independent of the fibre radius. In cases 5 and 7, the pendulums
have equal fibre radii and different masses. Instead of observing the excess loss factor
increasing by a factor y/m between case 5 and 7, the excess loss decreases. In cases 3
and 8 the pendulums have the same mass but different fibre radii. The excess loss factor
however is significantly different between the two cases and is not independent of radii.

Both of these cases suggest that the excess loss does not result from a stress dependence

in the material of the suspension fibres of the form discussed above.

3. When a pendulum suspended by two fibres swings, bending occurs in the necked
region of the fibre below the stubs. However a bending moment is applied to these stubs,
which in cases 1-4 were encased in brass tubes with a layer of non-rigid glue. Motion
between the stubs and the brass tubes will transfer energy to the glue causing a source
of excess loss. Accordingly the method of attachment of the upper stubs was changed
to involve direct clamping in the form of precision engineered pin-vices (whilst the stubs
at the bottom were welded onto a fused quartz mass). Cases 5-8 are obtained from
pendulums clamped in this manner. Comparing case 7 with case 2 and case 8 with case
3 shows the decrease in excess loss factor due to the use of glueless attachment. Between
case 6 and case 7 (conducted on the same pendulum) the clamps were tightened and
a further reduction in the excess loss factor was observed. In case 8 the excess loss is

effectively eliminated.

We thus conclude that the method used to attach the fibres to the point of suspension

in the original loss experiments was the source of the excess loss observed.
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6.9 The Effect of Seismic Noise on the Level of Measured

" Loss Factor

When making measurements of the pendulum mode loss factor, care must be taken to
ensure that any coupling of ground motion into the pendulum mode has a negligible effect
— if the effect is too large, this coupling can result in driven motion of the pendulum

mode and lead to an artificially low loss factor, ¢pend,,,,, (wo), being measured.

We have seen during previous experiments that background noise can be corrected for if
its level is known (refer to section 2.5). To do this however requires that the oscillator
decays to the amplitude resulting from the external noise source. In the case of a 1Hz
oscillator of very low loss factor this would require us to leave the experiment running
for an extremely long time (of the order of a year). It is however possible to estimate the
effect of seismic excitation on the level of pendulum motion, thus allowing us to decide
if it is an effect that should be accounted for in the calculation of the loss factor. This

estimation can be made using equation D.18 (derived in Appendix D) i.e.

Zp T fp

Tg B 2¢pend
where z, is the rms displacement of the pendulum induced by seismic motion at the
point of suspension of amplitude spectral density, z,. Here f, is the resonant frequency
of the pendulum and ¢pe,q is the true loss factor of the pendulum mode (and not that

resulting from the effects of ground noise).

An accelerometer was used to measure the magnitude of horizontal seismic motion (in
the direction of the pendulum swing) of the laboratory floor close to the vacuum tank in
which our pendulum was suspended. This motion was found to be z, ~ 1 X 108 m/vHz
at 1 Hz. We assume also a true loss factor of ¢peng ~ 3 X 1078 (refer to the measured loss
given as result number 8 in table 6.1). A maximum rms motion resulting from seismic
excitation of the pendulum of z, ~ 68 um is calculated from substitution of the values
given above into equation D.15. This is equivalent to a peak motion of ~ 96 um — a
factor of approximately 30 times smaller than the 3 mm peak displacement of the initial

pendulum swing. This suggests that our measurements of the pendulum mode loss factor
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are not affected significantly by seismic excitation.

6.10 Loss Factor Measurements Performed on an All-

Welded Pendulum

The results given in table 6.1 highlight the importance of the method used to attach the
fibres to the point of suspension. To further investigate this, an all-welded fused quartz
pendulum was constructed. This was made by dispensing with the pin-vices and instead
welding the 3 mm stubs onto a fused quartz plate (7.5cm wide, 12cm long and 0.5cm
thick) which acted as a substitute for the aluminium suspension plate. The stubs at the
lower ends of the suspension fibres were welded onto a fused quartz mass weighing 96 g.
This fused quartz plate was carefully clamped into position inside the vacuum tank using
the aluminium cross-pieces used in all previous measurements of the pendulum mode loss

factor.

The logarithmic fit of a typical amplitude decay obtained from this pendulum can be
seen in figure 6.6. The pendulum mode loss factor was calculated from figure 6.6 (by the

method described in section 2.5) and found to be ¢pend,.,,, (wo) = (3.0 £ 0.3) x 1075.

Using equation B.12 and the values for k;, and § given in section 4.6 and section 4.7
respectively, we can calculate the level of recoil damping affecting the 96 g pendulum to
be Precoit(wo) = (1.9 4 0.2) x 1078, Subtracting this from the measured loss, we are left
with a loss of (1.14:0.4) x 10~8. If all excess losses have been eliminated from the system,
this loss should equal the contribution to the pendulum mode loss resulting from the fibre
material at 1 Hz. The theoretical contribution from the fibre material is calculated to be
Ppendintrinsic (W0) + Ppends.. (wo) = (1.3 £ 0.4) x 1078. The two values for the pendulum
mode loss factor agree within the accuracy of the experiment and thus the excess loss
has been reduced to negligible levels. In comparing these two loss factors we see that,
with care, it is possible to reduce the excess losses in the system to a level that allows
us to observe pendulum mode loss factors predicted by the limiting source of loss — that

set by the material of the suspension fibres itself.

Using the material limited value for the pendulum mode loss obtained from the measured
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Figure 6.6: Logarithmic fit to a typical amplitude decay of the all-welded fused quartz

pendulum of mass 96 g.

loss factor (i.e. (1.1% 0.4) X 1078), we can predict the level of loss associated with the
pendulum mode at 50 Hz of a GEQ 600 test mass hung from fused quartz fibres. This

was achieved using the following:

e The level of loss associated with the material of the suspension fibres was calculated
using the pendulum mode loss factor given above, the parameters of the 96 g sus-

pension and equation 2.30. This was found to be @pat,,,,,(wo) = (7.6 £2.1) x 10~7.

e The thermoelastic damping contribution for the 290 um fibres at 1 Hz was then cal-
culated (i.e. @maz;. (wo) = 1.5x 1077) and subtracted from ¢pq1,,,,, (wo). The loss
remaining is the intrinsic loss factor of the fused quartz fibres®, dmat; i rinsic (W) =

(6.1£1.7) x 1077).

e As a property of the material, this loss factor is independent of fibre diameter.
Because fused quartz is structurally damped, this loss factor is also independent
of frequency. The loss associated with a fibre suitable for suspending the GEO 600
test mass (i.e. 220 um radius) is therefore also @mat,,,inaie (W) = (6.1 1.7) x 1077
at 50 Hz.

This value of ¢mat;,;,inssc(w) lies in the range measured directly on samples of fused quartz ribbons

— refer to Chapter 3.
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e Add to this the thermoelastic damping contribution at 50 Hz for the fibre of radius
220 pm (i.e. Piat, . (W) ='5.6 x 1077) to give a total loss of Pz, (W) = (1.2.4,
0.3) x 1076.

e This loss factor is combined with the parameters of a GEO 600 suspension using
equation 2.30. Thus the loss factor associated with the pendulum mode at 50 Hz
is calculated to be ¢pend,,,.; (w) = (8.5+ 1.6) x 107°.

This level of loss factor is considerably lower than the GEOG600 specification of
¢pend,0ml (CU) = 3.7 x 1078 at 50 Hz.

6.11 Conclusions

In this chapter it has been shown that care must be taken not to introduce an additional
loss into the measurement of the pendulum mode loss factor by electrostatically charging
the pendulum from UV light emitted by an ion-pump used on the system. Ion-pumps
will not be employed in GEO 600.

The experiments reported highlight the importance of choosing a low loss method of
attaching the fibres to the point of suspension. In doing this we demonstrated that
the level of the pendulum mode loss factor could be reduced to levels predicted by the
known losses present in the system (i.e. that due to the sum of the recoil loss and the
loss associated with the fibre material). Removing the effect of recoil predicted for an all-
welded pendulum of 96 g from the measured loss gave a pendulum loss of (1.140.4)x 1078
at 1Hz. This loss can be used to calculate an equivalent loss factor for a 16 kg GEO 600
test mass of Ppend,,,, (w) ~ 8.5 X 1072 at 50 Hz which is considerably lower than the
GEO 600 thermal noise specification (refer to section 2.8). We can conclude from this
that fibres pulled from ‘standard grade’ fused quartz, when attached with care to the
point of suspension, are ideal for use as the suspension fibres of the main test masses in

GEO 600.
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Chapter 7

The Losses Associated with the
Bonding of Fused Quartz

Suspension Fibres to Fused

Quartz Test Masses

7.1 Introduction

There are a number of factors that must be considered when choosing a material for the
main test masses in an interferometer. Fused silica will be used for the test masses in

GEO 600 for the following reasons:

e It is transparent, non-birefringent and can be polished to a ‘super’ smooth fin-
ish making it optically suitable for use in an interferometric gravitational wave

detector.

o It has a low value of optical absorbtion, A, and low coeflicient of thermal expansion,

a, which helps to minimise distortion of the test mass when laser light heats it.

e Being non-magnetic and non-conducting, it is not susceptible to eddy current

damping.
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The sensitivity of GEO 600 at the low end of the detection band will be set by the level
of thermal noise that is associated with the internal modes of the test masses. This level.
is determined by the properties of the material of the test masses. Fused silica exhibits

low levels of thermal noise within the frequency band of interest because:

e the relatively high speed of sound, ¢, (and the choice of test mass dimensions)
ensures that the resonant frequencies of the test mass can be set well above the

detection band of the interferometer

e this material is of low intrinsic loss; typically values of @internai(w) = 2 X 10~7 have

been measured on bulk samples of fused quartz [30, 51, 63].

Fused quartz has also been chosen as the material from which the suspension fibres will
be formed. In Chapter 3 experimental results are given which show that samples of
fused quartz fibres have an intrinsic loss factor, @mat;,.rin.ic (W), that is potentially ten
times lower than the minimum requirements set for GEO 600. These measurements are
of particular interest because they were made over a frequency range that is within the
detection band of GEO 600. Measurements made of the longitudinal pendulum mode of
an all fused quartz pendulum were reported in Chapter 6. These measurements show
that pendulum mode losses of the order specified for GEO 600 are obtainable. Although
all fused quartz/silica suspensions appear extremely promising for the lower stage of the
double pendulum suspension, one important question remains; how to form a pendulum
by jointing fused quartz suspension fibres to the fused silica test mass without degrading

the level of internal thermal noise at 50 Hz.

We first consider the level of thermal noise (at 50 Hz) resulting from the different choices
of the number of fibres and the position of the points of attachment of the fibres to the
test masses. Following this, various methods of bonding the fibres to the test mass will
be discussed and a conclusion will be drawn about which bonding method should be

used for attaching the fibres to the test masses in GEO 600.
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Figure 7.1: Two configurations for the attachment of suspension fibres to the test mass.

7.2 Two Fibres or Four?

The positions of attachment of the suspension fibres to the final pendulum stage has
to be such that they allow the orientation of the test mass to be controlled by forces
applied at the intermediate mass from which the final stage pendulum is suspended.
Two configurations are considered. The first involves the attachment of four fibres, two
along each side of the test mass, on a horizontal plane close to that passing through
the centre of mass. The second employs two suspension fibres positioned on the upper
surface of the test mass along the direction of the longitudinal pendulum mode. These

configurations are represented schematically in figure 7.1.

There are a number of advantages and disadvantages which have to be considered for each
arrangement. The first to be discussed will be a comparison of the pendulum thermal

noise in the two cases.

The level of loss factor associated with the pendulum mode of a pendulum of mass, m,
suspended from fused quartz fibres of total loss factor, ¢mqs,,,,,(w), can be calculated

using equation 2.30 which is repeated below,

envTEI

¢pendtotal (w) = ¢mattotal (w) 2mgl

EnvTE]

= (¢matintrinsic ((-l)) + ¢matt-€- (w)) zmgl
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