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‘....Are waves th a t beat on heavens shore.’ 

W illiam Blake, ‘Auguries of Innocence’ (c. 1803) 1.
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Preface

This thesis is an account of the work conducted during the period O ctober 1994 through 

to  October 1997 towards the development of low loss suspensions for use in the GEO 600 

laser interferom etric gravitational wave detector.

C hapter 1 contains a brief introduction to  the nature  of gravitational radiation and the 

astrophysical processes th a t are predicted to  produce such waves of a  strength  detectable 

on E arth . 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 im portance stressed of the  need to  reduce the 

effects of therm al noise in the suspensions of the test masses. The m aterial presented in 

this chapter is derived from published literature.

An introduction to  the theory of therm al noise is given in C hapter 2 . The fluctuation- 

dissipation theorem  (which relates the therm ally induced displacement of the tes t 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 therm al noise if care is no t taken. A m ethod 

of determ ining the level of mechanical loss associated w ith 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 GEO 600 are 

given. The theory presented in this chapter is derived from published literature. The 

GEO 600 therm al noise specification is obtained from the GEO 600 design proposal [1].

In C hapter 3 the m easurem ent of the loss factor of samples of carbon steel wire is 

discussed. It is concluded th a t a wire m aterial of lower intrinsic loss is required if the

xiv



therm al noise specification of GEO 600 is to  be m et. Experim ents 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 M r. R. Hutchins 

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

Recoil damping is a form of loss th a t can seriously limit the loss factor m easured for 

a  given mode of a test mass suspension. C hapter 4 contains a  report of experiments 

conducted to  determ ine the level of recoil dam ping present in the structu re  used to 

measure the loss associated with the longitudinal pendulum  mode of our test pendulum s. 

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 w ith A. McLaren 

a t the suggestion of Prof. J . Hough.

A discussion of experiments conducted to  characterise the  loss factor associated with 

the pendulum  mode of pendulum s suspended from carbon steel wires is presented in 

C hapter 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 th a t 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 C hapter 6 experiments conducted on small mass pendulum s 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 th a t 

was consistent with the level of damping observed. Further experim ents were conducted 

once the effect of charging had been effectively eliminated and it was found th a t  the 

level of loss measured was still above th a t expected. Sources of loss such as a load 

dependence in the loss factor associated with the  m aterial of the suspension fibres and 

a loss introduced by the m ethod of attaching the fibres to  the point of a ttachm ent 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.



In C hapter 7 a num ber of techniques are discussed th a t  can be employed to  a ttach  the 

fused quartz  suspension fibres to  fused quartz test masses. The bond streng th  and ease 

of forming each of the bonds are compared. Experim ents conducted to  m easure the 

m agnitude of the loss factor associated with four internal modes are reported  for the 

various bonding techniques. The loss associated w ith each bond is then scaled to  predict 

the level of loss for a GEO 600 sized test mass. The decision on which bonding m ethod 

will be employed in GEO 600 is presented. The indium bonded mass used in these 

m easurem ents was made by H. Rohner of JILA, Colorado. Hydroxide catalysis bonding 

has been developed by D.-H. Gwo of Stanford University. Both the  experim ental and 

modelling work reported in C hapters 5 to  7 were carried out with the assistance of Prof. 

J . Hough and Dr. S. Rowan.

In C hapter 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 dam ping present in the  system . 

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

Appendix B contains a num ber of sections. F irstly  there is a derivation of the  level of 

recoil loss exhibited by the experim ental test struc tu re  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 

m otion of the  pendulum and the force applied to  the support struc tu re  is given. The 

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

In A ppendix C there is a derivation of the expected levels of eddy current and hysteresis 

dam ping present in our pendulum  suspended in a  m agnetic field gradient from carbon 

steel wires. The derivation of the limit due to  eddy current dam ping was carried out 

following a suggestion from Prof. J . Hough, whilst th a t of hysteresis damping followed 

discussions with M r. A. G rant.

Contained in Appendix D is a derivation of an expression for the  rm s 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 m irror sizes for GEO 600 and the con­

sequences in term s of the achievable levels of thermal: noise associated w ith them . This 

sum m ary is the wotk of the au thor based on the latest inform ation available.
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Summary

Developm ents Towards Low Loss Suspensions for Laser In­

ter fero metric Gravitational Wave D etectors

Einstein, in his General Theory of Relativity, predicted th a t fluctuations in gravitational 

effects propagate as waves a t 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 num ber 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 E instein’s theory but also much 

inform ation about the astrophysical processes and sources th a t produce them .

G ravitational waves are quadrupole in nature  and produce a tidal strain  in space. How­

ever their interaction with m atte r is very weak, making them  difficult to  detect. G rav­

itational waves em itted by violent astrophysical events are predicted to  produce strains 

a t the E arth  of the order of ~  10-21 to  ~  10~22 a t 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 

interferom eter.

Researchers a t the University of Glasgow are working with collaborators from Germ any 

on a project called GEO 600. GEO 600 is an interferom eter with arm s of 600 m in which 

light from a Nd:YAG laser is reflected between m irrors suspended as pendulum s in a 

vacuum system. Scientists from the M ax-Planck-Institut fur Q uantenoptik a t Hannover 

and Garching, the University of Cardiff and the A lbert Einstein Institu t a t 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 th a t the therm al noise associated 

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 (f>in t e r n a i { u )  =  2 X 10-7  for 

fused silica, we can show th a t the therm al noise due to  this loss results in a m otion of 

one test mass of Xinternai(<*>) =  7 x 10- 2Om /\/H z  a t 50 Hz. 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 therm al noise and consequently decrease 

the detector sensitivity. In order to  prevent the achievable level of therm al noise being 

degraded by contributions from these o ther sources of therm al noise a  design specification 

is set. Our aim is to achieve a level of therm al noise displacement of no greater than  

Xpend{u) =  2 X 10_2° m /\/H z  a t 50 Hz a t each test mass from the source of therm al noise 

associated with the 1 Hz pendulum  mode. This corresponds to  an acceptable loss factor 

of fipendtotatiu) =  3.7 X 10-8  a t 50 Hz for a GEO 600 sized test mass.

The work contained in this thesis covers various m ethods of reducing the levels of loss 

in the test mass suspensions and thereby minimising the im pact of therm al 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 m aterial which is itself of low intrinsic loss. The projected 

m aterial loss a t 50 Hz for samples of carbon steel wire is ~ 4 0 x  higher than  th a t  set by 

the GEO 600 therm al noise specification. Fused quartz  is known to  be a m aterial of low 

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

M easurements on fused quartz  ribbons, corrected for therm oelastic damping, yielded 

values for the  intrinsic loss factor of fused quartz  of ^matimringiS1-0) — (0-5 — 1) X 10-6  

in the frequency range 6 Hz to  160 Hz. This is potentially a factor of 10 be tte r th an  the 

maximum acceptable m aterial loss factor for the suspension fibres as set by the GEO 600 

design specification. It was found th a t the internal loss mechanism exhibited by ‘standard  

grade’ fused quartz appeared to  be consistent with th a t of structu ral damping. These 

m easurem ents were especially interesting because they were made over a frequency range 

th a t 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. W hen the fibres were attached to  the points of 

suspension by mechanical clamps, the level of loss factor observed was found to  be equal 

to  th a t determined by known losses of the  system (i.e. the sum of the losses associated 

with the m aterial of the suspension fibres and a contribution due to  recoil dam ping -  

which results from the pendulum  being suspended from a lossy support s tructu re). 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 m easured 

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 <f>Pendtotai (<*>) ~  8.5 X 10-9  

a t 50 Hz, which is lower (and therefore better) th an  the GEO 600 design specification. 

W hen 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 

GEO 600. In order to  avoid increasing the level of therm al noise associated with the 

internal modes of the test masses, a low loss m ethod of attaching the  fibres to  the 

test masses had to  be found. The m ethods tested were welding, indium bonding and 

hydroxide catalysis bonding. The relative strengths and the ease of form ation of each 

type of a ttachm ent were taken into account. The effects of the different types of bonding 

on the measured loss factors associated with four internal modes were measured. W hen 

the m easurem ents (made on 500 g masses) were scaled to  th a t expected for a full size 

GEO 600 suspension, the results suggested th a t hydroxide catalysis bonding could be 

used w ithout introducing significant excess loss. Thus, taking all of the factors into 

consideration, it has been concluded th a t hydroxide catalysis bonding will be used to 

a ttach  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 

M ethods of D etection  of  

Gravitational Waves

1.1 Introduction

In his General Theory of Relativity, Einstein [2] proposed th a t gravitational effects prop­

agate with finite velocity i.e. the gravitational field does not alter instantaneously a t an 

arb itrary  distance from the source which is changing the field. In fact, the  solutions to  

the linearised Einstein Field Equations show th a t  the effect of gravity propagates as a 

wave with a velocity equal to  th a t 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]. D ata  obtained from PSR 1913+ 16  has allowed a num ber of relativistic effects 

to  be observed. By far the  m ost interesting effect for those working in the  field of grav­

itational wave detection, however, is one th a t can only be explained should the binary 

pulsar be em itting gravitational waves a t a rate  predicted by Einstein’s theory.

It has been observed th a t the  orbital period of the binary pulsar is decreasing. From 

the observed orbit Taylor [4] calculated the rate  a t which orbital energy should be lost
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via gravitational radiation (as predicted by General R elativity). From the rate  of loss he 

then calculated the associated rate  of orbital inspiral. The calculated ra te  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  m ost challenging fields of 

experimental physics th is century. Scientists working on a num ber of large scale projects 

around the world are currently aiming a t this goal. Once gravitational waves have been 

detected there will still be much to  be learnt about their nature. Study of gravitational 

radiation d a ta  will allow some of the predictions of General Relativity to  be tested, 

including m easurem ents 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 astronom ers with another ‘window’ on the 

universe.

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

sources of production and m ethods of detection.

1.2 The N ature o f Gravitational Waves

To help our understanding of these waves we can draw a num ber of analogies between 

electrom agnetic theory and gravitation. For example, electrom agnetic waves are pro­

duced by the acceleration of charge, whereas gravitational waves are produced by the 

acceleration of mass.

In electrom agnetic theory  there can be no monopole radiation (or, pu t another way, no 

tim e variation of the  to ta l electric charge). This is because there can be no change in 

the to ta l charge in an isolated system. In electrom agnetic theory the dom inant contri­

bution to  the radiated  field comes from the tim e variation of the electric dipole moment. 

Consider now the gravitational case; conservation of energy (and therefore to ta l mass) 

is equivalent to  conservation of charge in electrom agnetism . From this we know th a t 

there can be no monopole term  for gravitational radiation. E instein’s ‘Equivalence Prin­
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ciple’ sta tes th a t gravitational and inertial masses are the same. This, considered with 

the fact th a t the rate  of change of the  gravitational dipole m oments m ust be constant 

due to  the laws of conservation of linear and angular m om entum , precludes the pos­

sibility of gravitational dipole radiation. Thus we are led to  conclude th a t  the lowest 

order of gravitational radiation m ust be quadrupole in nature. This m eans th a t only 

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

G ravity is the  weakest of the four fundam ental forces of nature. Trying to  produce a 

source of detectable gravitational radiation in the laboratory  is quite im practical. Gravi­

tational waves are so weak th a t  we m ust search for those waves produced by astronom ical 

scale masses (of high density), moving w ith large accelerations to  have any chance of de­

tecting them . It is for this reason th a t all gravitational wave detectors will be used to  

search for waves of an astronom ical nature.

Before describing two of the m ain m ethods employed in the detection of gravitational 

waves we must first understand w hat makes them  observable. The effect of a  gravitational 

wave is to  produce a tidal stra in  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  particu lar polarisation 

is shown in figure 1.1 where the wave is propagating in the direction norm al 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 am plitude of the gravitational wave is equivalent to  the  strain , h , 

in space th a t it produces where h  is defined as

^  ( i . i )

with L  and 5L as shown in figure 1.1. In general a  gravitational wave is a  superposition 

of two linearly independent polarisations. The first, h+ , is shown in figure 1.1. The 

second occurs when the maximum  displacement induced in the  ring of tes t particles is 

ro tated  through 45° from th a t  shown in figure 1.1. This polarisation is denoted h x .
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Figure 1.1: Illustration of the effect of a gravitational wave on a ring of test particles.

1.3 Sources o f  G ravita tion a l W aves

This section contains a summary of the various sources tha t are expected to emit gravita­

tional waves in the frequency range suitable for detection by ground based gravitational 

wave detectors. This frequency band typically ranges between a few tens of Hz (possibly 

a few Hz) and a few kHz.

1.3.1 B u rs t  Sources

Burst, sources emit a few cycles of gravitational radiation at a characteristic frequency or 

frequencies. They are typically associated with cataclysmic events in the Universe. Two 

such sources are considered below.

Supernovae

Supernovae, which are catastrophic stellar explosions, are among the most spectacular 

events to occur in the Universe. Supernovae are classified as either Type I or Type II. A 

Type I supernova is believed to occur in a binary system of low mass stars. Bonazzola 

and Marck [5] describe the two forms that a Type I supernova may take. The first can 

be described by the following: consider a binary system consisting of a white dwarf and 

a large, diffuse star. The supernova results from the detonation of the white dwarf on 

reaching the Chandrasekhar mass limit (where Mch  =  1-4M@ % 3 X 103okg) 1, due 

to accretion from its companion. This scenario is not expected to generate a signifi­

1 M q represen ts 1 solar mass
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cant am ount 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 to ta l mass exceeds the C handrasekhar mass, the white dwarfs will 

merge. The smaller white dw arf is destroyed and forms a thick accretion disc around 

the more massive white dwarf. The larger white dw arf is now highly deformed due to  

its increased mass and angular m omentum . If its mass exceeds M ch,  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 s ta r  (greater th an  eight 

solar masses) has been converted to  iron. The nuclear reactions in the  core stop and 

the core s ta rts  to  cool. Because the mass of the core is greater th an  the Chandrasekhar 

limit, electron degeneracy pressure can no longer support it. The stellar core suddenly 

collapses into a neutron s ta r or, if the initial stellar mass is large enough, a  black hole. 

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

The physics of the supernovae event is complicated, thus making it difficult to  estim ate 

the strength  of the  gravitational wave em itted. Following the predictions of a typical 

ra te  of collapse and degree of asymm etry, Schutz [6] approxim ates the strain  am plitude, 

h, th a t might be expected from a supernova as

where E  is the to ta l energy carried by the wave predom inantly a t a frequency, / ,  over a 

tim e scale, r ,  and where r is the distance of the detector from the source.

Equation 1.2 shows th a t for a burst of gravitational waves of energy 1O- 3M0 C2 (~  1% of 

the energy available [6]), em itted over a timescale of 1m s a t 1 kHz and at the distance 

of the  Virgo cluster, a  wave of am plitude h «  5 X 10-22 would reach the detector.

C oalescing C om pact Binaries

Binary system s are among the m ost common astronom ical system s and consist of two 

stars orbiting around their common centre of mass. Com pact binary system s are a type
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of binary system where the density of each of the two stars is very high (e.g. neutron s ta r -  

neutron star, neutron star-b lack  hole, black,hole-black hole binaries). Com pact binary 

system s, a t a stage in their evolution close to  coalescence, appear to  be a  promising 

burst source of gravitational radiation. An example of a com pact binary system  has 

already been discussed in the case of PSR 1913+16. As was previously explained, the 

com pact binary system emits gravitational wave energy causing the orbit to  decay. The 

two s ta rs  gradually approach each other, and the em itted radiation slowly increases in 

frequency. The frequency of the radiation, a t twice the orbital frequency of the  system , 

is too  low for detection using ground-based techniques until the orbit has decayed so th a t  

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 com pact binary system  will em it a 

strong burst of gravitational radiation. The resulting quasi-sinusoidal waveform, rapidly 

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

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

mass param eter, Ad, is [7]

h &  1 X 10~23
100 M pc^ M

M (©
/

200 Hz
(1.3)

5 2
where =  / /M s , M  is the to ta l mass, M i +  M 2 and /x is the reduced mass equal to
Mi -M?

M] +M2 "

The timescale, r ,  over which the frequency changes is

/  / 2 0 0 H z \ I  / M 0 \ l  , ,

r  =  7 " ( — )  W )  ' < ,-4 ,

Schutz [7] noted th a t the  product of h and r  is independent of mass. If h, f  and r  

are measured (by a network of three detectors) and their values substitu ted  into the 

product of equation 1.3 and equation 1.4, a value for r can be determ ined. A measure

of the difference in burst arrival tim e a t each detector can also be obtained. This will

give additional information about the direction of the source. A m ethod for determ ining 

H ubble’s constant, H q, is available if, in addition to  measuring r, it is also possible to
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obtain a value of the recessional velocity of the source from the optical redshift [6].

The m ajor uncertainty about coalescing binary system s is the  prediction of their event 

rate . An estim ate of the num ber of these sources can be made by considering both  the 

num ber of observed pulsars existing in binary system s and the estim ated pulsar birth  

rate . This gives a coalescence event rate  of 3 per year out to  300 Mpc [8]. A fraction 

of the to ta l num ber of binary system s will contain black holes instead of neutron stars. 

The radiation am plitude of a black hole-neutron s ta r coalescence would be larger than  

the neutron star-neutron  s ta r  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 7 -ray telescopes, it would be possible to  establish whether 7 -ray bursts 

were generated by such systems.

1 .3 .2  C on tin u ou s S ou rces

Continuous signals are em itted by stably ro tating  system s. As a result the  gravitational 

wave signal is quasi-monochromatic. A continuous signal (if em itted in the detection 

band of a ground-based detector) can be located by a single detector if the ou tpu t of the 

detector is Fourier transform ed into the frequency dom ain (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 tim e (assuming th a t the noise present is 

random ). Once the frequency of the  source is known the detector sensitivity can be 

further improved by narrow banding the d a ta  processing around the observed frequency 

(and, if the  detector is an interferom eter, making the interferom eter resonant a t 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 E arth) accelerating through space. This complication needs 

to  be taken into account in the  detection algorithm.

O rdinary binary systems, and com pact binary system s a t 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
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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 

form ation. A nother mechanism which can lead to  a non-axisymm etrical situation and the 

subsequent radiation of gravitational waves, is when the pulsar is driven to  precess by the 

accretion of angular m omentum  from a companion s ta r. The degree of non-sym m etry is 

defined in term s of the s ta r ’s equatorial ellipticity, e. A pulsar a t a distance, r , produces 

gravitational waves of am plitude [9]

a t twice the frequency of ro tation, f roi.

W agoner Stars

W agoner described a m ethod by which gravitational radiation can be em itted. If ac­

cretion onto a neutron s ta r  spins the s ta r up to  the  Chandrasekhar-Friedm an-Schutz 

instability point, the neutron sta r will become non-axisymm etric [10] and rad iate any 

additional angular m omentum  away in the form of gravitational waves. Because the  rate  

of accretion of angular m omentum  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 th a t the  am plitude of the  gravitational wave produced by such a system  

can be inferred from the X-ray flux w ithout knowing the distance, r , to  the source [6].

Recent discoveries by the Rossi X-Ray Timing Explorer [11] suggest th a t the gravitational 

wave signal strength  of the  X-ray source, Sco X -l, is h ~  2 x 10 26/\/H z  a t 500 Hz a t 

the surface of the E arth . Bildsten [11] reports th a t  this source might be detected by long 

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

8



1 .3 .3  S to ch a stic  S ou rces

There is a th ird  class of potentially detectable signal -  the stochastic background. The 

stochastic background appears as a  gravitational wave signal th a t is both broadband in 

natu re  and ever present and is due to  the superposition of signals from sources random ly 

distributed throughout the Universe.

One possible contribution to  the  stochastic background in a  frequency band detectable 

by ground based interferom eters results from prim ordial gravitational waves produced 

during or after an inflationary period immediately following the Big Bang [6]. A nother 

possible source is cosmic string production. In string theory it is believed th a t random  

defects throughout the Universe will have reduced to  linear ‘strings’ of enorm ous 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 ou tpu ts of two or more detectors, the stochastic background signal can be separated 

from random  noise. Using detectors separated by reasonably large distances ensures th a t 

no other local, external influence can be m istaken as a  gravitational cause of correlation. 

The distance of separation however should not be too large (i.e. no greater th an  

where \ gw is a typical gravitational wavelength). In this instance the two detectors 

cannot respond to  the same ‘se t’ of random  gravitational waves a t the sam e tim e. The 

result of this is th a t correlation is reduced and there follows a subsequent decrease in 

sensitivity.

1.4 D etection Schemes

All detection schemes employed in the  detection of gravitational waves involve measuring 

the extremely small strains, ft, produced in space by the wave. The two m ajor types 

of ground based detectors th a t will be discussed are resonant bar detectors and laser 

interferom eters. Ground based detectors operate in the region of a few tens of Hz to  a
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few kHz. These detection schemes will be discussed in section 1.4.1, 1.4.2 and section 1.6. 

By placing a laser interferom eter 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  R eso n a n t B ar  D e te c to r s

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 m aterial 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  fundam ental 

longitudinal mode of the bar (at ~  1 kHz) 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 therm al noise of 

the bar itself. Reduction in the level of therm al noise is achievable by cooling the detector 

to  cryogenic tem peratures (a few kelvin or below). In addition, the bar is constructed 

from a m aterial of low intrinsic loss (or high quality factor, Q ). 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 m easurem ent to  be made over a long tim e interval which helps to  average 

out the effect of sensor noise. However, this m easurem ent is also made against a  level of 

slowly varying therm al noise. To reduce the effect of the therm al excitation we need to 

shorten the m easurem ent tim e interval (at the  expense of an increase in sensor noise!). 

Clearly a compromise has to  be found. W ith current technology this is typically set a t 

a m easurem ent bandw idth of ~  of the resonant frequency of the bar and leads to 

resonant bar detectors being intrinsically narrowband in nature.

Low tem perature resonant bar detectors have been developed in Stanford, Louisana 

S tate  University (ALLEGRO), Rome (NAUTILUS), CERN (EXPLORER), and Aus­

tra lia  (NIOBE). Cryogenic versions of resonant bar detectors have achieved strain  sen-
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sitivites of h «  6 x 10-19 over bandw idths of a few Hz a t ~  1 kHz [14, 15] a t 4K . It is 

believed th a t developments of the transducer and amplifier will improve sensitivity tq  a 

level th a t will allow detection of strains of h «  1 X 10-19. One proposed development 

is to  improve the performance of the low-noise pre-amps. A nother development is to 

increase detector bandw idth (to up to  70 Hz) and also detector sensitivity by cascading 

two small mechanical resonators (instead of using one as a t present). The effect of this 

is to  improve the impedance m atching of the bar to the  input port of the transducer.

Experim ental groups in Padova (AURIGA) and the USA have developed techniques 

enabling the bars to  be cooled further. By reducing the tem perature  from ~ 4 K  to  

ultracryogenic tem peratures (~50m K ) it is expected th a t a  stra in  sensitivity of the 

order ~  10-2° will ultim ately 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 therm al noise) and increasing the 

num ber 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 

w ithout 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  b a r’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  determ ine the direction and 

polarisation of the passing gravitational wave. Spherical detectors have been proposed 

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

An im portan t lim itation to  the  achievable sensitivity will be determ ined by the Heisen­

berg U ncertainty Principle [17, 18]. W hen 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 m omentum  of the  bar). W ith  a standard , phase-insensitive m ethod of 

detection, this noise causes an uncertainty in the measured displacement. It is possible 

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

might be to  vary the am ount of coupling between the amplifier and the bar. This can 

be achieved by m odulating 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 m easurem ent would not be made. The uncertainty in the  mea­

sured displacement can therefore be reduced. This experim ental 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  L aser In ter fero m etr ic  G r a v ita tio n a l W ave D e te c to r s

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 th a t the orthogonal arm s of a Michelson Interferom eter 

might provide the ideal m ethod for measuring the differential change in length caused 

by the quadrupole nature of a gravitational wave. Interferom etric gravitational wave 

detectors were pioneered by Forward [19] and by Weiss [20]. The simplest configuration 

of a  Michelson Interferom eter is shown in figure 1.2. The interferom eter is illum inated 

by light from a laser. The light incident on the beam splitter is divided evenly between 

the two arms. The two beams traverse the lengths, L, between the beam splitter and the 

end mirrors where they are reflected and returned for recom bination a t the beam splitter. 

Changes in the resulting interference p a tte rn  due to  the relative motion of the m irrors
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caused by the passage of a gravitational wave are detected as changes in intensity a t the 

ou tpu t port by a photodiode. The optical components are suspended as,pendulum s under 

vacuum to  isolate them  from seismic and air pressure fluctuations. The use of pendulum 

suspensions allow interferom etric gravitational wave detectors to  be broadband in nature.

In more detail, the motion induced in a detector by an optim ally orientated gravitational 

wave causes one of the interferom eter arm s to  increase in length by 5L  whilst causing the 

orthogonal arm  to  decrease in length by the same am ount. The result is a  differential 

change in arm  length of 28L. This m otion causes a change in optical pa th  length resulting 

in a relative phase shift in the  interfering return  beams which, in tu rn , causes a change 

in light intensity detected by the photodiode. In practice, since it can be shown th a t 

the  best sensitivity of the interferom eter can be achieved when the detector is operated 

close to  a dark fringe, control electronics are used to  hold the interferom eter close to a 

minimum. The feedback signal th a t is required to  keep the detector in this condition can 

be used as a measure of the  relative displacement of the m irrors and hence the strain  

caused by the gravitational wave.

Clearly, an increase of the optical pa th  length, L opticau 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 th a t can be achieved in an interferom eter is obtained when the light is stored 

in the arm s for half of the period of the gravitational wave. For example, this would 

correspond to  an optical pa th  length of L opticai =  ~  75 km using a typical value

of \ gw 3 X 105 m for the gravitational wavelength. It is im practical to  build an 

interferom eter on E arth  with a physical separation of the beam splitter and end mirrors 

of much greater than  ~  4 km. It is however possible to  increase the distance th a t the 

light travels by making it travel up and down the arm s of the  interferom eter m any times. 

There are two different m ethods for increasing the pa th  length, and hence the light 

storage time, within the interferom eter; the delay-line and the Fabry-Perot cavity. The 

basic principles behind these m ethods will now be discussed.

13
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Figure 1.3: Schematic diagram o f a delay-line interferometer.

T he D elay-Line Interferom eter

Delay-line detectors were first proposed by Weiss [20]. This type of detector has been 

developed by the group a t the M ax-Planck-Institut fiir Q uantenoptik, Garching, Ger­

many [21]. The optical pa th  length in a delay-line interferom eter is increased by the use 

of multiple non-overlapping beams th a t are reflected between two mirrors. The delay 

line is illuminated via a hole in a m irror placed in the interferom eter arm  close to  the 

beam splitter. In the arrangem ent developed a t M PQ the light exits the delay-line by the 

same hole. A simplified schematic diagram  of a delay-line interferom eter can be seen in 

figure 1.3.

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

a t Garching was h 1 X 10 19m /\/H z  above 1.5 kHz [22].

Fabry-Perot Interferom eter

This m ethod of increasing the storage tim e inside the interferom eter was first developed 

a t Glasgow [23]. In this example the light is injected into two Fabry-Perot cavities 

built into the arm s of the interferom eter. The light enters the cavities by partially 

transm itting  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 interferom eter can be seen in figure 1.4. 

In this type of interferom eter, one of the Fabry-Perot cavities (the prim ary cavity) is 

held on resonance by adjusting the laser frequency using control electronics. Here it is 

assumed th a t the distances between the beam splitter and the inboard cavity m irrors are 

such th a t there is a null ou tpu t a t 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 ac tuato r a t one of the m irrors. W hen a gravitational wave is present the 

wave changes the length of bo th  of the interferom eter arms. The change in length of the 

prim ary 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  arm s of the interferom eter contains inform ation about the change in arm  length 

of the prim ary arm . The gravitational wave also changes the length of the  secondary 

cavity by a length equal and opposite to  the prim ary cavity. The size of signal required to  

keep the cavity on resonance and hence m aintain the null fringe condition a t the ou tpu t 

(achieved by moving one of the m irrors in the secondary cavity) is proportional to  26L. 

In practice the distances between the beam splitter and the inboard cavity m irrors 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 interferom eter is the increased am ount 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, 

m irrors for operation since the multiple beams overlap one another. A further advan­

tage of the Fabry-Perot interferom eter is th a t the effect of scattered  light within the 

interferom eter arm s is reduced [21].

The 10 m Fabry-Perot interferom eter a t Glasgow has reached a displacem ent sensitivity 

of x  «  6 x 10_ 19m /\/H z , or a strain  sensitivity of h «  6 X 10-2° / \ /H z  a t about 1kHz [25].

1.5 Noise Sources

There are a num ber of noise sources present th a t limit the sensitivity th a t  can be achieved 

by laser interferom etric gravitational wave detectors.

1 .5 .1  O p tica l R ea d o u t N o ise

The passage of a gravitational wave through a laser interferom eter causes a change 

in the light power a t the  ou tpu t 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 fundam ental limit to  the sensitivity of the dectector. This is set 

by vacuum fluctuations [26] of the electrom agnetic field which enter the interferom eter 

through the ou tpu t port. If these fluctuations in light have the correct phase to  increase 

the am plitude of the light in one arm , they reduce the am plitude in the  other -  effectively 

causing a phase change a t the photodiode. This source of noise is equivalent to th a t 

calculated by Poisson statistics when counting the num ber of detected photons. The 

vacuum fluctuations superposed on the laser light also produce a fluctuating force a t the 

m irrors. The effect caused is radiation pressure noise.

•  P h oton  C ounting Statistics

Light occurs in finite ‘chunks’ or photons. M easuring optical power is equivalent to  

counting the num ber of these photons arriving during a particu lar tim e interval, r .  

The minimum detectable relative displacement in the tim e interval is determ ined by
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the minimum detectable change in light power and is limited by the y /N  uncertainty 

in counting N  photons in tim e r.  This uncertainty givqs rise to  noise in the 

photocurrent of the photodiode -  referred to  as ‘shot noise’. Because the ou tpu t 

intensity is used as a measure of the gravitational wave am plitude, these statistical 

fluctuations in the detected signal will limit the  sensitivity of the detector. In the 

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

h s k o t ( f )  =  ( 2 ■ / ,  -T M f c  ( 1 .6 )\ e P i n C j  s i n {7 r f T s )

where h is Planck’s constant divided by 2n, A is the wavelength of the laser light, e 

is the quantum  efficiency of the  photodiode, P{n is the input power, c is the speed 

of light, and rs is the light storage time, i.e. the tim e th a t  light spends in one 

arm  of the interferom eter. From equation 1.6 we can see th a t  the effect produced 

by photon counting statistics can be reduced by setting the storage tim e 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 th a t the sensitivity can 

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

•  R adiation Pressure N oise

The result of statistical fluctuations in the  num ber of photons reflecting off the 

m irror surfaces causes the mirrors to  recoil in a noisy m anner. This is radiation 

pressure noise and has the effect of altering the phase difference in the recombined 

beam. It can be expressed as [28]

=  ^ Z ] f W x  ^  ™

where P{n is the input optical power, m  is the  mass of the mirror, L  is the arm 

length, c is the speed of light and A the laser wavelength. The level of radiation 

pressure noise falls off a t higher frequency. Radiation pressure noise a t a given 

frequency increases with increased P{n (as P ^ ) .

The to ta l optical noise is the quadratu re  sum of photon shot noise and radiation pressure 

noise and is known as the optical readout noise. Its spectrum  is dom inated by radiation 

pressure noise a t low frequency and a t high frequency by photon shot noise.

17



For a given gravitational wave frequency, / ,  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 optim um  level, Poptimum(f)- At 

this optim um  power we have the condition h sh0t { f ) — ^r.p .(/) [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 th a t  can be determ ined [29]. In in­

terferom etric detectors currently under construction the quantum  limit is significantly 

below the o ther noise sources present.

It is difficult to  reach the optim um  laser power in a typical interferom eter. A t realisable 

laser powers the sensitivity of an interferom etric detector will be limited a t high frequency 

by the level of photon shot noise. The sensitivity set by radiation pressure noise a t low 

frequencies is well below th a t of the other noise sources.

1 .5 .2  T h erm a l N o ise

Therm al noise is generated by the random  motion of the atom s of the test masses (or 

mirrors) and their suspensions, which are a t some finite tem perature and which have a 

num ber of resonant modes. Using the equipartition theorem  we can assign a mean energy 

of k s T  to  each mode (where k s  is B oltzm ann’s constant and T  is the tem perature  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  interferom eter, we ensure th a t the off resonance therm al 

motion within the observation band is kept to  a minimum. There are three main sources 

of therm al noise:

•  Therm al N oise A ssociated  w ith  the Pendulum  M ode

The maximum therm al motion of a  pendulum occurs at its resonant angular fre­

quency, ujq. For m irror suspensions used in interferom etric detectors, ujq is typically 

around 27T x 1 r a d s - 1 . In the  detection band of the interferom eter, high above 

the resonant frequency, the  spectral density of therm al motion associated with the 

pendulum  mode is approxim ated to
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( 1-8)

(refer to  section 2.6) where kg  is Boltzm ann’s constant, T  is the  tem peratu re  in 

Kelvin, and $Vend.totai{w) is the  mechanical loss factor associated with th e  pendulum

Suspension W ires

The first few transverse (or violin) mode frequencies of the  suspension wires typ-

m irror suspensions from low loss m aterials, the  loss associated w ith the violin 

modes is also very small. This implies th a t there will be several high, bu t narrow, 

peaks present within the detection band centred on these frequencies. It is likely 

th a t the wire resonances will therefore swamp any signal from a gravitational wave 

occurring a t these frequencies. The small regions of frequency space affected by 

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

•  Therm al N oise A ssociated  w ith  th e Internal M odes o f  the Test M asses

The dimensions of each test mass are chosen so th a t the  lowest internal mode 

frequency is well above the upper frequency limit of the detection bandw idth (~few 

kHz). M ost of the therm ally induced motion is concentrated very close to  the  

resonant frequencies.

At frequencies well below the fundam ental longitudinal mode the therm al motion 

due to  the  sum of the contributions from all of the  significant internal modes will 

have a spectral density of [30)

the test mass. In this equation a nm  is the effective mass for each mode of the test 

mass, where a n depends on the geometry of the laser beam , the mass of the m irror 

and the resonant frequency, u n .

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

•  Therm al N oise A ssociated  w ith  the Transverse (V iolin) M odes o f the

ically occur within the detection band of the interferom eter. By constructing the

4k g T ( f r in t e m a ln  (̂ )
in ternal  iy )̂ —  ̂) ( 

n. '

where <t>internaln {u) is the  loss associated with the internal mode (of order n) of
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A more comprehensive discussion of therm al noise can be found in C hapter 2. The study 

of therm al noise in GEO 600 and the m ethods employed to  minimise its im pact 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 m irrors.

•  Seism ic N oise Introduced Through th e M irror M ounting

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

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

in the frequency range between 1 Hz and ~100H z is approxim ately m /\/H z

in all directions a t the surface of the  ground [28].

Each test mass m ust be isolated from the seismic motion of the  ground in the 

range of frequencies over which the detector operates. Pendulums give a ttenua­

tion of ground motion above the resonant frequency of the pendulum . A single, 

low loss pendulum  attenuates ground m otion by a factor of ~  , where /o

is its resonant frequency. Suspending two or more pendulum s in series increases 

the horizontal a ttenuation  with each additional pendulum. However the isolation 

provided by pendulum s in the vertical direction is not as good as in the  horizontal 

(since the vertical resonant frequency is much higher th an  th e  horizontal resonant 

frequency, the level of vertical isolation a t a  given frequency is much smaller than  

the horizontal isolation a t the same frequency). Vertical displacement can couple 

into horizontal motion a t some level and so additional vertical isolation m ust be in­

cluded in the design to  minimise the am ount of this horizontal m otion. 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 -  a lternate 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 m otion a t its resonant frequencies.
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•  D irect Coupling o f Seism ic N oise (or G ravity Gradient N oise)

The test mass can also couple with seismic m otion directly through local fluc­

tuations in the gravitational field (due to  m atte r moving in the vicinity of the 

detector) [32, 33]. V ibration isolation systems have no effect on this noise source 

as gravity gradient noise effectively ‘short circuits’ the stacks and pendulum s. The 

noise spectrum  resulting from gravity gradient noise is too low to lim it 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 ultim ately 

determ ine the achievable sensitivity of a detector a t low frequency.

1.5.4 Displacement Noise Sources

Radiation pressure noise, therm al noise and seismic noise are all examples of displacement 

noise. Displacement noise sources cause noise in the form of m irror motion and therefore 

limit the displacement sensitivity th a t 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 displacem ent noise 

likely to  be present in a detector suggests th a t it is necessary to  move to  arm  lengths of 

the  order of a km to  achieve the desired strain  sensitivity of 10-21 to  10-22.

1.5.5 Other Noise Sources

The main sources of noise have been discussed above. However there are a  num ber of 

o ther noise sources which m ust 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 arm s of the 

detectors. The effect of intensity fluctuations of the laser are reduced by m odulation 

techniques (which ensures th a t the change in intensity to  be detected is a t a  frequency
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th a t  is shot noise limited) and operating the detector a t a  dark fringe. Variation of laser 

beam  position, orientation and geom etry ;are also im portant. 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 pa th  length of the detector. This effect can be reduced by operating the 

detector a t vacuum pressures of ~  10-8  m bar or less. Control system s are used to  dam p 

the various modes of the suspension systems. Care m ust also be taken so th a t 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 num ber of long baseline interferom etric detectors currently under construc­

tion around the world. Scientists working on the LIGO [34] project in the USA are 

constructing two 4 km detectors a t sites in W ashington S tate  and Louisiana. A French- 

Italian collaborative group, VIRGO [35], is building a 3 km detector near Pisa in Italy. 

TAMA, the Japanese 300m  detector project, is being built near Tokyo in Japan  [36].

The Germ an-British project is called GEO 600 [1] and it is a project being undertaken 

by groups from the M ax-Planck-Institut fur Q uantenoptik at Hannover and Garching, 

the University of Glasgow, the University of Cardiff and the A lbert Einstein In stitu t a t 

Potsdam , together with contributions from the Laser-Zentrum, Hannover. This project 

is advancing rapidly a t a site near Hannover, Germany.

GEO 600 is an interferom eter 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-pum ped 

Nd:YAG laser. Before the light is sent into the interferom eter 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 

interferom eter. To reduce random  phase shifts of the light in the optical pa th  due to 

fluctuations in gas density, the pa th  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 ex tra  vertical 

isolation. The additional vertical isolation is required to  reduce the am ount of cross­

coupling th a t can occur. This is due to  the mirrors used for the second and fourth 

bounces being positioned one above the o ther (and results in the  laser beam  making 

a small angle with the horizontal) allowing the  sensing of a small am ount of vertical 

m otion. The whole suspension system  is entirely closed within a vacuum system .

To ensure th a t the sensitivity of GEO 600 is com petitive with th a t  of 1st stage LIGO and 

VIRGO detectors, the lim itiations set by the  shorter arm -length of GEO 600 m ust be 

com pensated for from the outset. The advanced optical techniques employed include high 

factor power recycling and signal recycling. F irstly  we shall consider power recycling. 

W hen the interferom eter is locked to  a dark  fringe all of the recombined light a t the 

beam splitter is returned to  the laser. To prevent th is light from being lost, a m irror (the 

recycling mirror) is positioned between the laser and beam splitter to  form a resonant 

cavity between the m irror and the interferom eter [38]. The optical power circulating 

in the interferom eter 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. W hen the detector is locked to 

a dark fringe, the carrier frequency is returned towards the laser whilst the  sidebands 

are em itted a t the ou tpu t of the interferom eter. By suitable positioning of a  partially 

transm itting  m irror between the beam splitter and the photodiode a cavity (referred to  

as the signal recycling cavity) can be formed for one of the sideband frequencies between 

this m irror and the two arms. This allows the sideband frequency to  be returned  to  the 

interferom eter and the technique is known as signal recycling [39]. This technique has 

the  effect of resonant enhancem ent of the  signal of a  particular frequency thus  improving 

the shot noise limited sensitivity in narrow bandw idth operation.

To minimise the effect of therm al 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 m irror 

m aterial. 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 m ajor interferom eter projects (all of 1st stage detectors 

associated with the other projects intend to  use steel wires). M ethods of bonding the 

fused quartz  fibres to  the m irrors th a t do not degrade the obtainable levels of internal 

therm al noise have also had to  be developed for use in GEO 600. The characterisation of 

fused quartz as a suitable low-loss suspension m aterial 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 5 W  of laser light (1.06/^m) 

and assumes a factor of 2000 in power recycling). The green curve is the  to ta l therm al 

noise (calculated for a 16 kg fused silica test mass, 25 cm in diam eter, 15 cm long, and 

assuming an intrinsic loss <j>internai(w) =  2 x 10-7  and structu ra l dam ping). The red 

curve represents the  seismic noise (the design specification a t 50 Hz is to  achieve a level 

of residual seismic noise a t each test mass th a t is a factor of 10 lower th an  the therm al 

noise associated with the internal modes a t 50 Hz) after filtering by the suspensions and 

the black curve is the to ta l noise.

1.7 Space-Borne D etectors

LISA (Laser Inteferometric Space A ntenna) [40] has been proposed as a cornerstone 

mission in the Post Horizon 2000 program m e in ESA and is a space-borne Michelson In­

terferom eter th a t should be able to  observe gravitational waves occurring in the 0.1 mHz 

to 0.1 Hz frequency range. G ravitational waves em itted in this frequency band are un­

detectable by ground-based detectors due to  gravity gradient noise. Typical sources of 

gravitational waves em itted  in this frequency band range from stellar-m ass binary sys­

tem s 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 

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

3T he term fused quartz is used to refer specifically to S i02 produced from natural sources and fused  

silica used when either fused quartz or synthetic fused silica would be appropriate.
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Figure 1.5: The sensitivity curve of GEO 600. The blue curve is the photon shot, noise 

calculated for a four-beam delay-line (illuminated by 5 W  of laser light (1.06pm ) 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, 25 cm in diameter, 15 cm, long, and 

assuming an intrinsic loss fiintemal {^) =  2 X 10'"' and structural damping). The red 

curve represents the residual seismic noise (the design specification at 50 H z  is to achieve 

a level of seismic noise at each test mass that is a factor of 10 lower than the thermal 

noise associated with the internal modes at 50 H z)  after filtering from, the suspensions 

and the black curve is the total noise. The data point on the plot represents the relative 

source strength of the Crab pulsar.
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in LISA will be separated from its neighbour by a distance of 5 x 109 m. Each spacecraft 

contains two test masses and two laser transponders (NdrYAG) allowing the sides of 

the  triangle to  form two semi-independent interferom eters. A gravitational wave strain  

sensitivity of h ~  10-21 / \ /H z  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 interferom etric detectors such as GEO 600 and the 1st stage LIGO, 

VIRGO and TAMA detectors are all currently under construction with aimed design 

sensitivities of ~  10-21 to ~  10_22/a /H z over some of the detection band (between a 

few tens of Hz and a few kHz). It is intended th a t 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 tim e of gravitational wave signals a t the detectors 

in such an array, the position of a  source will be determ ined. Space-borne detectors will 

complement observations m ade 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 

N oise

2.1 Introduction

A m irror, suspended as a pendulum  by wires or fibres is a  mechanical system which 

has many normal modes of oscillation. In accordance with the E quipartition Theorem, 

each normal mode of the  suspension has a mean energy of k g T  Joules associated with 

it (where k s  is Boltzm ann’s constant and T  is the tem perature in Kelvin). This energy 

appears as therm ally driven motion of the  system. The combined effect of the  therm al 

noise from all of the modes of the suspension means th a t  therm ally induced motion 

of the test mass and i t ’s suspension fibres is a serious form of displacement noise in 

interferom etric gravitational wave detectors; the rms displacem ent caused by therm al 

noise a t the resonant frequencies of the last stage of the  pendulum suspension system  is 

much larger than  th a t which might be expected by the passage of a gravitational wave. 

One might suggest th a t the effects of therm al noise could be reduced significantly by 

cooling the suspension in a m anner similar to th a t used in resonant mass detectors. While 

this may be feasible for the next generation of advanced interferom etric gravitational 

wave detectors, current detectors will not employ cooling. Because of this, the effect of 

therm al noise a t frequencies of interest for gravitational wave detection m ust be reduced 

by other m ethods.
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2.2 An Early Example o f Thermal Noise

In his classic experiment of 1828, Brown [41] observed the random  m otion of pollen 

grains suspended in w ater. M any years later Einstein showed th a t this random  motion 

resulted from fluctuations in the num ber of im pacts of the  w ater molecules with the 

pollen grains [42]. In doing so Einstein recognised th a t these im pacts caused the grains 

to  dissipate kinetic energy as they moved through the water. This was the  first recog­

nised relationship between fluctuation (which, in th is 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 th a t is linear and in therm al equilibrium. This is the 

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

2.3 Fluctuation-Dissipation Theorem

The fluctuation-dissipation theorem  relates the power spectral density of the  fluctuating 

therm al driving force, Ffherm (a;), of a mechanical system to the real (dissipative) p a rt of 

the  mechanical impedance, 3ft(Z(a;)), i.e:

Ftherm(v) = 4k BT $ ( Z  (u))  per Hz (2.1)

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

system  resulting from an applied force, F.

The fluctuation-dissipation theorem  is of im portance because it lets us predict the  effect 

on the therm al noise of m anipulating the real p a rt 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 substitu ting  the expression for the fluctuating driving force 

into
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F 2 =  Z 2v 2 (2 .2)

and rearranging into the form of x^herm(uj) (the power spectral density of therm al dis­

placement) to  give

*therm(v) =  ^ ^ M )  Per Hz (2-3)

where Y  (a;) is mechanical adm ittance (and Y  (a;) =  zJZjj) •

2.4 Forms of External and Internal Damping

In a  real suspension system there are m any sources of dissipation present th a t  can increase 

the level of therm al noise within the system . Some of the  most significant are introduced 

below.

2.4.1 External Damping Mechanisms

•  external viscous dam ping in the  form of friction from residual gas molecules. This 

form of damping will be discussed in C hapter 3.

•  The loss of energy from the pendulum  suspension into a recoiling support struc­

tu re  (known as ‘recoil dam ping’). A discussion of recoil dam ping can be found in 

C hapter 4.

•  Energy loss due to  eddy current and hysteresis damping. W hether either of these 

losses are present and to  w hat extent they affect the  pendulum loss depends on 

the m aterials used for the  pendulum  suspension and the proxim ity of naturally  

occurring magnetic fields or of m agnets and feedback coils within the system . A 

discussion of these forms of dam ping can be found in C hapter 5.

•  Frictional losses a t the  point of suspension and where the wires meet the tes t 

mass. Experim ental evidence of the first of these losses (known as ‘stick-slip’ dam p­

ing [45]) and how it was reduced is reported in C hapter 5.
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•  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 C hapter 6.

W ith  careful design, these forms of dam ping can usually be reduced to  negligible levels.

2.4.2 Internal Damping

Let us assume for the moment th a t all sources of external damping have been reduced 

to  levels where their contributions are no longer the dom inant sources of loss. In this 

situation  the largest source of therm al motion in the test mass suspension is internal 

friction in the m aterial of the test mass and its suspension wires.

W hen a body is acted upon by some external force the m aterial responds. The response is 

no t instantaneous. Instead each of the affected degrees of freedom in the body relaxes into 

a  new sta te  of equilibrium after a  tim e interval known as the ‘relaxation tim e’. Causes of 

these lags in response include moving defects, shifting grain boundaries, therm al currents 

and other internal variables. The combined effect of these individual lags represents 

internal damping. The level of this dam ping can then be used to  predict (by using the 

fluctuation-dissipation theorem) the level of therm al noise th a t will be generated in a 

pendulum  hanging inside a gravitational wave detector a t a given tem perature.

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  dam ped 

harm onic 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 im aginary term  into the spring constant. The force associated with the spring is 

therefore of the form

F g p r in g  ( w )  : =  k  ( l  - | -  i < ^ > ( c u ) )  X.  ( 2 . 4 )

The imaginary term , <f>(u>), is the loss angle (or loss factor) and represents the phase 

lag (in radians) of the response of the system , x, to  the  applied force, Fspring{u). This
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departure  from the ideal case of elasticity is known as anelasticity [46].

The equation of motion of a  harm onic oscillator subject to  internal friction is

F{uS) = m x  +  k  (1 -f i4>{v)) % (2.5)

where F(u>) is the internal therm al 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. F irst, th e  equation of motion 

m ust be expressed in term s of velocity (using x  =  iwv and x = -¥-) to  give

k
F(u>) = iu m v  — i — (1 +  i<f>(w)) v. (2-6)

U)

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

Z(u>) = i (u rn  -  ^  (2.7)

The adm ittance is then  obtained from the impedance,

£^(w ) -  i (corn -
Y  (w) = u '  V (2.8)

( A ^ ) ) a +  (w m - t ) 2

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

tion 2.3) to  give the power spectrum  of therm al motion

* L r m H  =  per Hz

4 k BT
=  - ^ 2 - 7 7 ------- 72-----7----------772 PerH z <2-9)

which, on substitu tion  of lvq =  and suitable cancellation of term s reduces to
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! =  mu, o ^ )  P e r H z ~ : ( 2 ' 1 0 )

2.4.3 Form of the Internal Loss Factor, <̂>(u;)

The internal loss factor may take one of many forms. One form of the loss factor is 

<p(u;) proportional to  frequency, / ,  in the form <f>(u) =  27r/3f (where (3 is a constant). 

It can be shown th a t when <f>(u>) = 2iv(3f, the imaginary (or internal dam ping term ) in 

equation 2.4 reduces to  F friction =  — bv (on substitu tion  of x =  and 6 =  k{3). A loss 

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

There is evidence to  suggest th a t dam ping proportional to  velocity is not the  most 

common form of internal dam ping in m aterials. Experim ents [47] have shown th a t  a 

loss factor th a t is approxim ately constant with frequency is more realistic. A loss factor 

independent of frequency is known as ‘structu ral dam ping’. U nderstanding the origin 

of a constant loss factor is however more complex. It is thought th a t the  loss factor, 

contains a num ber of distinct ‘peaks’. These peaks occur a t the ‘characteristic 

frequencies’ of the many contributing loss processes th a t happen simultaneously within 

the m aterial. These peaks, known as ‘Debye peaks’, are usually separated in frequency 

by many orders of m agnitude. 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 interferom eters 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 struc tu ra l damping. This source of loss is called therm oelastic dam ping and will be 

discussed in more detail in section 2.7.

Clearly the shape of the power spectrum  for therm al displacement varies depending 

on which of the functional forms of loss factor is present within the suspension. The 

form of the loss factor m ust be determ ined if correct predictions of the limit set to  the 

detector sensitivity by therm al noise are to  be calculated. For the pendulum  suspensions 

used in interferom etric gravitational wave detectors the loss factors are very small and
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it is therefore extremely difficult to  measure (f>(u>) directly a t all frequencies. The loss 

factor,; 0 (u;), can however be m easured a t the resonant frequencies of the suspension (as 

is explained in section 2.5). Should a num ber of modes of a  given type be m easurable 

(e.g. vibrational modes of the  suspension fibres or internal modes of the tes t m ass), 

inform ation can be gained on the form of 4>{w).

It is useful to  note th a t  French [49] defines the  quality factor, Q, of a  resonant system  in 

term s of the damping coefficient, 6, and mass, m, as

Q  M  =  (2 .11)

The dam ping present within the suspension system is given by the real p a rt of the  

mechanical impedance. Referring to  equation 2.7 we can see th a t  th is is </>(u>)£ which is 

equivalent to  the dam ping coefficient, 6, in equation 2.11 (where 6 is a constant in the case 

of velocity dam ping but a function of frequency for structural dam ping). Substitu ting 

for b (at u> = ujq) into equation 2.11 leads to  a relationship between Q (ujq) and 4>(u0) of

2.5 Measuring the Loss Factor o f a Dam ped Harmonic Os­

cillator at the Resonant Frequency of one o f its M odes,

0(wO)

The fluctuation-dissipation theorem  allows all sources of therm al noise to  be trea ted  in 

a similar m anner. If there are a num ber 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 to ta l dissipation in a given system , a t a frequency cu, is the  

sum of all of the individual loss angles i.e.
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4>toial(w)'— <f>i (u>) +  (k>) +  $ 3 ( < * > ) +  <t>n{w). (2.13)

By m easuring the ‘to ta l’ loss factor exhibited by the suspension a t an angular frequency, 

u o, (the resonant frequency of one of its modes) and knowing the  functional form of the  

internal loss mechanism, the level of the loss factor a t a  frequency u> can be determ ined. 

This loss factor can be substitu ted  with the relevant param eters of the tes t mass into 

the fluctuation-dissipation theorem  to  predict the level of therm al noise (at a  frequency 

lS) present within our suspension. This section contains a discussion of one m ethod of 

m easuring the loss factor.

In our experiments we first excite a  norm al mode by some means. The mode is then 

allowed to  decay freely subject to  the losses present in the system . The displacem ent of 

the mode can be represented by

x(t) = x o e -^ o ta iM ^ o t^ o t  (2>14)

where x(t)  is the am plitude a t time, £, xo is the  initial am plitude, Uq is the  resonant 

angular frequency of the mode and (f>totai(^o) is the combined effects of the  loss mecha­

nisms present. We can determ ine the loss by m easuring the am plitude decay envelope of 

the free oscillation as a  function of time.

Consider the  am plitude decay term  of equation 2.14

A (t) = Xoe - ^ total^ ° ^ ot (2.15)

rearranging this we find

(2-16)
UjQl

If one measures the relaxation tim e, r ,  taken for the am plitude to  decay to  A (t)  =  

equation 2.16 reduces to
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2
.............................  ( <f>totai(vo) = — : ..................................  (2.17)

UJq T

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

the quality factor, Q(coo) (Refer to  French [49]). Once again we see th a t <f>(u>o) =  Q ^ y -

In term s of the param eters A (t) and t measured in our experiment, it is more useful to  

express equation 2 .1fi in the  following way;

ln (A (t)) =  _ ^ total^ LJ° t +  in (x0) (2.18)

which has the form of a straight line when the natural logarithm  of the  am plitude, 

A ( t ), is plo tted  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 a t the resonant 

frequency.

Once again let us assume th a t all external loss mechanisms have been minimised and th a t 

internal friction is the dom inant loss mechanism present. M easurement of the internal 

loss factor a t 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, cf>(u), by measuring higher order modes of the 

system . M easurements 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 th a t the m aterial exhibits 

struc tu ra l damping. These results show th a t the loss was a measure of internal friction,

i.e. the ‘intrinsic’ loss factor set by the m aterial itself and cannot be improved upon. The 

level of therm al 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 m easurem ent 

is discussed in C hapter 3. There a report is given of experiments performed to measure 

the intrinsic m aterial loss factor of an oscillating ribbon fibre a t four frequencies in the 

detection band of interest.

A point to  note about the description given above for calculating the loss factor is th a t
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it assumes th a t the oscillator decays to  a  negligible am plitude. This however is not 

always the case. In the example of m easurem ents made in C hapter 3, the  am plitude 

tends to  some background value, A B , significantly greater than  zero. Calculating the 

loss factor by the simple m ethod above would result in a loss th a t is less th an  the real 

loss. A correction factor m ust be included in these instances. It is relatively straight 

forward to  prove th a t a  b e tte r estim ate of the  loss factor can be calculated from a plot

of InyJA (t)2 — A 2b  versus time, t , instead of simply ln A (t) versus t. The gradient is then 

calculated and multiplied by — ̂  to  obtain the loss factor on resonance, 

2.6 Comments on the Fluctuation-Dissipation Theorem

Consider again the general expression for the power spectral density of therm al motion 

of one of the modes of our suspension, x^herm(u;), in term s of internal dissipation as given 

in equation 2.10. The level of therm al m otion, x thermi^)i can be altered by changing the 

level of internal damping, <f>(uj), present in the suspension.

This sta tem ent however appears to  be a t odds with the Equipartition Theorem  which 

sta tes  th a t every velocity component in a system  has associated with it an average of 

\ k B T  of energy. For example, in a 1 dimensional oscillator, the Equipartition  Theorem 

requires th a t

i m u 2 =  \ kB T  (2.19)

which can be rearranged to  give

_  kBT
mujr

(2 .20)

which is independent of loss, <f>(uj). The fluctuation - dissipation theorem  and the 

Equipartition Theorem however do not disagree, they ju st give us different information. 

The E quipartition Theorem refers to  the mean square therm al displacem ent calculated 

over all frequencies. This is equal to  the square of the therm al m otion calculated a t each 

frequency by the fluctuation - dissipation theorem  then summed over all frequencies.

36



Knowing th a t there is a ‘to ta l’ mean squared displacement (given by the Equiparti­

tion Theorem ) allows us to  refine our understanding of th e  inform ation obtained from 

the fluctuation-dissipation theorem . Let us examine the power spectral density of dis­

placem ent in three distinct regions of frequency as given by the fluctuation-dissipation 

theorem . Refer to  equation 2.10 and consider first the  case when lo <C wo'

- 2  t  \  „  4 k B T(f>{u j)u$
^thermv^) ~  / A±2 ( \ i 4\ Hz

4kBTt(u>)

and assuming <J>(u>)2 <C 1 then

TWjJq \  U)
T  —  per Hz. (2.22)

Consider also u  loq

and once again, assuming th a t <f>(u)2 -C 1

*Lrm (w) ~  4k~ ^ °  PerHz* (2*24)

Exam ining equation 2.22 and equation 2.24 we see th a t it is possible to  minimise the 

levels of therm al motion a t frequencies away from the resonances of the suspension 

system  by designing the suspension to  have very low levels of mechanical loss (<{>(w) <C 1). 

However, to  conserve the  ‘to ta l’ squared displacement over all frequencies (as given by the  

Equipartition  Theorem) there m ust be a correspondingly high response a t the  resonant 

frequency, namely

~2 ( \ _  4kBT(f>(u>o)(jjQ
* th e r m ( “ o) r n u W $ < P ( u o )  ?

37



4k BT  (  I \
=  U . ~ J  perI iz

(2.25)

which results in a  very large x^herTn(ojo) if <f>{w) <C 1 !

It was discussed in section 2.5 th a t the loss factor associated with the internal modes 

of a  fused silica mass is believed to  be the intrinsic loss factor of the m aterial (i.e. 

<f>intrinsic{u) =  2 x 10-7 ) and th a t it is structurally  dam ped. The therm al noise con­

tribu tion  from one internal mode can be calculated a t 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

internal (^0

where (f>internain{u ) IS fhe l°ss factor associated with the  nth order internal mode and 

a nm  is the effective mass of the same mode (a n is an empirical factor th a t characterises 

the coupling between the internal mode and the optical mode and depends on the size of 

the laser beam, the mass of the m irror and the resonant frequency, u;n). The G E O 600 

therm al noise specification a t 50 Hz is set by the therm al noise contribution from the 

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

^internal (<̂ ) = 7 X 10_ 2Om /\/H z  [52].

The test mass is suspended as a pendulum  to a ttenuate  seismic noise in the detection 

band of the interferom eter. This is achieved by choosing the length of the suspension 

wire so th a t the resonant frequency of the  pendulum  mode is below the  low frequency 

end of the detection band. The pendulum  mode also has therm al noise associated with 

it. However we can construct pendulum s in such a m anner th a t the therm al noise 

associated with the pendulum  mode does not contribute significantly to  the  overall level 

of therm al noise in the frequency band of interest (the specification for the  therm al noise 

associated with the pendulum  mode a t 50 Hz is discussed in section 2.8). This is achieved 

in two ways. Firstly, the low resonant frequency of the pendulum  mode ensures th a t the 

maximum therm al displacement occurs a t a frequency outw ith the detection band of the 

interferom eter. A t 50 Hz the therm al displacem ent will have reached a level predicted 

by equation 2.24 (with the loss factor associated with the pendulum mode, <t>Pendtoiai{w),

E {  4fcgT ( f o i n t e r n a l n  ( )̂
V a nmu>%u>

(2.26)
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substitu ted  for <f>(u;)). Secondly, the pendulum  mode has associated with it a loss factor 

th a t  is significantly below the  intrinsic loss of the  m aterial;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, f, hanging from a  rigid support structure. 

Assume also th a t all external dam ping mechanisms are negligible. The test mass hangs 

in equilibrium a t 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 w hat happens when the pendulum  is pushed to  one side. Two restoring forces 

act on the pendulum -  th a t provided by the transverse elasticity of the tensioned wire, 

and gravity. The wire bends in a small region a t the top and providing the wire is thin, 

the gravitational restoring force plays the dom inant p a rt. G ravity provides a ‘spring 

constan t’ of kgrav =  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 to ta l effective spring 

constant. We can derive an expression for the loss factor of the pendulum  mode in term s 

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],

=  g w
^lost/cycle ^  27)
27T E storecl

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

bending the wire is E storedwire = \kw irex2 (where x  is the horizontal displacement of the 

pendulum  from i t ’s equilibrium position) and the energy lost per cycle is some fraction, a , 

of the  to ta l elastic energy i.e. E iost/ cycie = \ a k wirex 2. The to ta l energy stored in a cycle 

of the  swinging pendulum  is E st0redpend =  ^(& w e +  kgrav) x 2. Expressions can be derived
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for the  wire loss, ^ m a ^ a ^ o )  ? and the pendulum  loss, 0penc/totat (^o)» by substitu tion of 

the  appropriate energies into equation 2.27. Dividing one expression by th e  o ther gives 

the  relationship

pendtotai (^o) _  kwjre ^
tftmattotai (k̂ o) kw{re kgrav

We know th a t  kgrav kw{re which allows for the  simplification

$pendtotai (^o) ~  4*mattotai (^o) , • (2.29)
Kgrav

We can see from equation 2.29 th a t because kgrav kw{re, the value of loss factor th a t 

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

m aterial.

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 kw{re =  where T  is the tension per wire, E  is Young’s modulus of the
4

wire m aterial and I  is the moment of cross-sectional area (I  = 7n̂ - for a cylindrical wire 

of radius, r ). Substitu ting for kw{re and kgrav into equation 2.29 gives

/ \ / \ £ toy/T E I  ,
tppendtotaiiw o) — 0mattotai o) 2m gl (2.30)

where £ is an additional term  th a t takes the  value 1 or 2 depending on whether the posi­

tions of the wires constrains them  to bend a t the  the top, or top  and bottom , respectively. 

A lthough equation 2.30 is defined a t the  resonant frequency, u>o, the relationship between 

the pendulum  loss a t any frequency, a;, and the m aterial loss a t the same frequency, u> 

holds.
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2.7 Therm oelastic Dam ping

The m aterial loss of the suspension fibres discussed in the previous section was expressed 

in term s of a  to ta l m aterial loss, ^m dtotal(w)) and no t the intrinsic loss of the  m aterial, 

^matintrinsic (<*>) 5 as might have been expected. This is because there exists a  source of in­

ternal friction which, due to  the dimensions of th e  wire/fibre, may exhibit its m aximum  of 

dam ping a t a frequency in (or near) the  frequency band of interest. The loss angle for the 

therm oelastic effect is The frequency a t 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 m aterial. The maximum  level of loss a t the  characteristic 

frequency is a function of the m aterial alone. If the loss is found to  contribute strongly 

a t frequencies of interest it m ust be added to  the  constant, ‘intrinsic’ loss factor in order 

to  obtain a realistic value of loss (i.e. < /w tota, M  =  <f>matintrinsic(u) +  (f>matt.e. (<*>))• The 

level of therm oelastic dam ping present a t a frequency u  affects the  level of pendulum  

loss factor achievable through the relationship given in equation 2.30.

Consider m easuring the m aterial loss factor associated with the vibrational mode of a 

wire or fibre clamped a t one end. As it oscillates a  periodic stress is applied to  the  wire 

or fibre, and as a  result a local tem perature  gradient is induced across the  sample. This 

is because the compressed region of the wire or fibre increases in tem peratu re  whilst 

the extended region decreases. Heat then flows across the  sample in an a ttem p t to  

restore equilibrium. At very low frequencies, the process is essentially isotherm al and 

the sample is never far from equilibrium. No energy loss will occur in this situation 

because there is no significant tim e lag involved in the m aterial reaching equilibrium. 

At high frequencies the stress is removed (or reversed) on a tim e scale much less than  

the relaxation tim e of the sample, and therefore no significant heat flows. A t these 

frequencies the process is approxim ately reversible and no significant vibrational energy 

is lost. A t an interm ediate frequency, the frequency of oscillation of the sample will be 

com parable to  (relaxation tim e) -1 of the  m aterial. In th is 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, (f>matt.e. (a;)? results in an 

increase in the  level of therm al noise a t this frequency.
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Therm oelastic loss is similar to  o ther forms of internal loss in th a t it is defined [46] in 

term s of its relaxation time, and relaxation strength , A, by

UJT
4>matt.e. 0*0 =  ^  (w t )2 ' (2.31)

In the case of therm oelastic damping, the streng th  of the relaxation is given by Now­

ick [46] as

A = ^  (2.32)
pc

where E  is Young’s modulus, a  is the  coefficient of therm al expansion, p is the density 

and c is the specific heat a t constant volume of the suspension wire or fibre m aterial. 

The frequency a t which the maximum loss occurs (the ‘characteristic frequency’) is de­

term ined by the relaxation tim e and is given by

j c h a r  — 27r r

= 216^  <2-33)

for a cylindrical fibre where k  is the therm al conductivity of the m aterial and d the 

diam eter of the sample.

The effect th a t therm oelastic dam ping 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 m aintaining the tension in each w ire/fibre. This results in a  change 

in the frequency a t which the maximum loss occurs. An example of this might be to  use 

a th in  ribbon (or flexure) of thickness, t. In this instance the ‘characteristic frequency’ 

occurs a t

f c h a r  —

Ilk
2 pet2

(2.34)
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From equation 2.31, it can be seen th a t  the level of the maximum loss (for any wire or 

fibre shape) is given by

(2.35)

W hether or not the  therm oelastic loss resulting from the sample in question contributes 

significantly to  the overall level of loss, and as a result to  the overall level of therm al 

noise, depends on the m aterial properties and dimensions of the sample.

Therm oelastic dam ping is not in evidence in torsional modes since this type of mode only 

involves shear motion and does not involve local volume changes th a t result in changes 

in therm al energy [54].

2.8 Important Norm al M odes o f the Suspension

Some types of the  normal modes present within the suspension system of an interfer­

om etric detector have already been discussed. Listed below is a  sum m ary of all of the  

various norm al modes. In addition, the  effect th a t the levels of associated therm al noise 

have on the achievable sensitivity of GEO 600 is discussed.

The first class of normal modes contributing to  the level of therm al noise present within 

the detector consists of the vibrational (or internal) modes of the test mass. In this 

instance the test mass m ust be trea ted  as an elastic body. The centre of mass remains 

still, bu t the shape of the test mass itself changes. There is a  variety of different mode 

shapes th a t can be excited in the mass, some of which couple into the inteferom eter signal 

and others which do not. W hether the mode shape can be sensed by the interferom eter 

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

The therm al noise associated with the  combined effects of the internal modes of the 

tes t mass is intrinsic to  the m aterial and cannot be improved upon. This source of 

therm al noise sets the therm al noise limit to  the achievable sensitivity of a detector. 

Much research has been performed around the world to  find m aterials of suitably low 

‘intrinsic’ loss. The dimensions and mass of the  test mass are such th a t the internal
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mode frequency is well above the detection band of GEO 600. The m easured value for 

the  internal loss (4>ihternai{u>) =  2 x 10-7 ) is equivalent to  a spectral density of therm al 

displacem ent of Xinternai(u ) =  7 x 10-20 m /\/H z  a t 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  m ethod employed to  a ttach  the wires or fibres to  the tes t mass. In C hapter 7 there 

is a  discussion of experiments performed to  develop low-loss jo inting techniques in an 

a ttem p t to  preserve the low internal therm al 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 trea ted  as a rigid body. The m ost im portan t of 

these modes are those whose associated therm al noise causes m otion 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 th e  pendulum.

The therm al motion associated with the pendulum  mode excited in the direction of 

the interferom eter arm will couple directly into the interferom eter signal reducing the 

interferom eter sensitivity. This happens because the therm ally induced m irror motion 

changes the relative separation of the  test masses. As was discussed in section 2.6, the 

suspension can be designed so th a t the maximum displacement can be forced to  occur 

a t frequencies below the lowest frequency of the detection band of the interferom eter.

To ensure th a t therm al noise associated with the longitudinal pendulum  mode does not 

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

spectral density of therm al m otion for this mode, %̂ endtotal fa )  • This figure is a  factor 

of 10 lower than  x^nternal{uj) a t 5 0 Hz and is referred to  as the G E O 600 therm al noise 

specification. Substitu ting the GEO 600 therm al noise specification for the pendulum 

mode and the param eters of a  GEO 600 suspension into equation 2.24 (i.e. where u  cj0) 

allows calculation of the acceptable level of loss factor associated with the pendulum 

mode. This is calculated to  be 3.7 X 10-8 a t 50 Hz. Experim ents performed to develop 

tes t mass suspensions th a t 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 

substitu ted , together w ith the pendulum mode loss factor associated with the GEO 600 

therm al noise specification, into equation 2.30 to  allow calculation of the level of m aterial 

loss, <fimattotal (<*>) 5 required from a given m aterial. A discussion can be found in C hap ter 

3 of experiments conducted to  find a m aterial of low enough intrinsic loss factor to  be 

used in GEO 600.

T he violin modes of the  suspension wires or fibres form a harm onic series th a t unfortu­

nately lie within the detection band of the  detector. The violin modes have associated 

w ith them  a loss th a t 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 therm ally induced displacement of the tes t mass resulting from 

the violin modes is the noise associated w ith the  violin mode suppressed by the factor 

(where m  is the mass of the pendulum  and m wire the mass of the wire) and off
" m v i re  '

resonance is much smaller than  motion resulting from the therm al noise associated with 

the o ther modes. Although the off resonance therm al noise is very much smaller than  

the therm al 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 <f>vi0iin(v) = 2 4 >pend(u>) (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 therm ally 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 th a t will contribute significantly to  the 

overall level of therm al noise. However because of their low loss factor the am ount of 

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

out of the  resulting data .

W ith  careful design of the  suspension system  the therm al noise associated w ith the 

pendulum  and violin modes a t 90° to  the direction of the laser beam will not contribute 

significantly to  the overall level of therm al noise present in GEO 600. Positioning of the 

laser beam  on the centre of a  suspended mass allows the therm al 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 th a t the fluctuation-dissipation theorem  is a useful equation th a t  relates 

the level of microscopic therm al 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 th a t 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 therm al noise.

We have touched on the need for low loss m ethods 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 therm al displacement associated with the most 

im portan t of the suspension modes -  the longitudinal pendulum mode. This level is 

such th a t the loss contribution from this mode is not a significant factor in the  overall 

level of therm al noise and corresponds to  a pendulum  mode loss factor of <t>Pendtotai (w) =  

3.7 X 10-8 a t 50 Hz. Much of the work presented in this thesis deals with identifying and 

reducing the excess loss present (from a num ber of loss mechanisms) to  levels th a t allow 

us to  achieve the GEO 600 therm al noise specification.
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Chapter 3

The D eterm ination of a M aterial 

Suitable for Suspending the  

GEO 600 Test M asses

3.1 Introduction

In C hapter 2 the subject of therm al noise in the  suspensions of the test masses in laser 

interferom etric gravitational wave detectors was introduced. It was explained th a t  the 

sensitivity of GEO 600 a t 50 Hz will be limited by the therm al noise source th a t is hardest 

to  reduce further -  the therm al noise associated with the internal friction in the m aterial 

of the  tes t masses. In addition to  th is there are other sources of therm al 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 therm al noise is due to 

the  loss associated with the pendulum  mode.

The GEO 600 therm al noise specification is given in section 2.8. It implies th a t a loss 

factor a t 5 0 Hz for the pendulum  mode of <t>Pendtotal{w) =  3.7 X 10~8 is acceptable; with 

th is 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 dam ping 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, (f>Pendtotai(v ) ,  is related to  the  loss factor of the  suspension w ire/fibre m aterial, 

<^WtotoiM ,  by equation 2.30 i.e.

^ jl ^ n y / T E I
9 p e n d totai O q  — Ymattotai 2 m g l  ’

The term  4>mattotai (<*>) consists of the  sum of the  intrinsic loss factor of the wire or fibre 

m aterial, <f>matintrinaiC(w), (due to  the  combined effects of the various internal loss mech­

anisms - refer to  section 2.4.3) and a possible contribution from therm oelastic damping, 

<f>matt.e.{u), (an internal damping mechanism th a t may ‘peak’ close to  the frequency 

band of interest). The definition of the term s included in the ‘multiplication fac to r’ 

(i.e. ^n^mgi1) are giyen in section 2.6.1. To reach the target level of (f>pendtotai ( ^ ) , a 

suspension wire/fibre with a  low m aterial loss contribution a t the target frequency of 

uj =  27T x 5 0 ra d s - 1 , and a small m ultiplication factor is desirable. One m ethod of 

achieving a small m ultiplication factor is to  employ a wire/fibre m aterial w ith a high 

tensile streng th  thus allowing the use of samples of small radii (where I  oc r4).

This chapter contains a discussion of the experiments performed to  find a m aterial th a t 

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

3.2 Experim ents to Determ ine the M aterial Loss Factor of 

Carbon Steel W ires

C arbon steel is a  commonly chosen m aterial for the suspension wires in prototype inter­

ferom etric detectors. If a  16 kg GEO 600 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 (C hapter 7 contains a discussion about how one might choose the 

num ber of suspension w ires/fibres to  employ in the  final design). Taking the breaking 

stress of carbon steel to  be 3 X 109 P a  allows calculation of a  suitable wire radius of r =  

111 /mi. This radius, together with a wire length of I =  0.25 m, a Young’s modulus of
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Figure 3.1: Experimental apparatus fo r  the measurement o f <fimattotal (^o) o f carbon steel 

wire.

E  =  2.1 X 1011 Pa and the loss factor specification associated with the pendulum mode 

a t 50 Hz are substitu ted  into equation 2.30 to  allow calculation of the required wire loss 

factor of <i>mattotai{w) =  1.2 X 10-5 a t 5 0 Hz.

Experim ents were conducted to  measure the to ta l m aterial loss on resonance of samples 

of carbon steel wire of two different thicknesses -  127 pm  diam eter and 178 pm  diam eter. 

Lengths of the carbon steel wire were first coiled into springs by drawing a sharp edge 

along the length 1. A small steel bob was then attached  to  one end of each wire. The 

o ther end of the wire was clamped firmly into a  precision engineered pin-vice in order to 

reduce losses a t the point of suspension. This m ounting point was an integral p a rt of a 

rigid support structure  designed to  minimise the effect of recoil back into the system . The 

structu re  was in tu rn  placed inside a vacuum bell ja r  th a t could be evacuated to  pressures 

a t which the effect of gas dam ping was negligible; typically pressures of 2 x 10-5 m bar or 

below were used (refer to  Appendix A ). A diagram  of the experim ental appara tus used 

in measuring the m aterial loss, <f>mattotal(v o), can be seen in figure 3.1.

Ht 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 assum ption however is open to discussion.
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The fundam ental vertical mode of each spring was excited by applying an alternating 

current to  the coil positioned around the bob a t half of the  frequency of the vertical 

resonance of the wire and bob suspension. W hen a reasonable am plitude of motion had 

been obtained the current was switched off and the coil uncoupled from the oscillator 

to  prevent eddy current dam ping of the  oscillation. The vertical mode was then allowed 

to  decay freely with tim e. A stopw atch was used to  measure the period of the  vertical 

mode from which the frequency was determ ined. 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 ja r  (behind the bob) perm itted  a shadow sensing technique to  

be employed to  detect the  am plitude, 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 am plitude decays of the carbon steel wires showed th a t the 

am plitude decreased towards some background level, A b , 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 IriyJA(t)2 — A \  versus time, f, 

was p lotted  instead of simply lnA (t)  versus t. A  value for the  loss factor was calculated 

by multiplying the gradient of the graph by — ̂  (where ujq 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 0 mattotai(^o)-

Applying this technique of obtaining 4>mattotal (^o) to  the results generated average values 

for the  loss of 0mattotal(^o) =  (1.58 ±  0.15) X 10-4  a t 2.6 Hz for the  sample of 127 fim  

diam eter wire and 4>mattotai{uo) =  (4.54±0.40) x 10-4  a t 1.75Hz for the 178/mi diam eter 

wire.

The m aterial constants for carbon steel are £ ' =  2 . 1 x l 0 11P a

k 50 W  m - 1K -1 

p =  7800 kg m3 

c =  420 J kg- 1K -1 

and a  =  15 x 10-6  K _1

a t a  tem peratu re  of T  =  300 K.
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From these num bers we can calculate the therm oelastic dam ping contribution a t the 

m easurem ent frequencies using the equations given in section 2.72. The level of ther­

moelastic damping present in both of the  wire samples (i.e <f>matt.e. (wo) =  5.5 x 10-6  for 

the  127 jitm diam ter wire and (f>m a t t ,e . { u o) =  7.28 X 10-6  for the 178 /mi diam eter wire) 

was considered to  be negligible since it contributed towards no more than  3% of the 

to ta l loss a t the m easurem ent frequencies. If we assume th a t  loss contributions from 

external sources are negligible, the m easured loss factor can be taken as the intrinsic 

loss factor of the m aterial, (f>matin trinsic  (^o), (which, as a  property  of the m aterial itself 

is independent of wire diam eter). If we also assume th a t the loss mechanism present 

within carbon steel is struc tu ra l in na tu re  [57], the  loss (f>matintrinsic (<̂ o) will be constant 

a t all frequencies. Because the two wires are the same m aterial, it follows th a t the value 

obtained for (pmatintrin,iC(^o) should be the same for both  samples. This however was not 

the  case. We infer th a t there was a source of external loss present in the  results obtained 

from the 178 fim  diam eter wire. This was believed to  be a result of frictional losses in 

an undertightened pin-vice. We therefore conclude th a t the  results obtained from the 

127/im diam eter wire give a more realistic value of the intrinsic loss, ^mo<intrinliC(wo)- 

This is confirmed in section 5.5.

Using the value of ^matintrinsid1̂ )  obtained from the 127/xm diam eter wire plus the 

therm oelastic contribution a t 50 Hz, calculated for a 222 ^m  diam eter wire suitable for 

suspending a GEO 600 mass (i.e. <f>matt .e. (<*>) =  3.2 X 10-4 ), we can calculate the expected 

^mattotai (w) at 50 Hz associated with the  carbon steel wire. This num ber is (4.75±0.15) X 

10—4, a factor of ~  40 higher than  the GEO 600 specification for the  m aterial loss factor. 

Thus a m aterial of intrinsically lower loss factor is required if we are to  meet the GEO 600 

pendulum  therm al noise specification.

2The m otion 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 therm oelastic damping is believed to exist.

51



3.3 The U se o f Fused Quartz as a Suspension Fibre M ate­

rial

Braginsky [58] has shown th a t  u ltra  high grade fused silica is of low enough intrinsic 

loss, 4>matintrinsic (^) ? f°  he 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  m aintain the low level of internal therm al noise 

by minimising any excess loss th a t is associated with the a ttachm ent of the  suspension 

fibres to  the  fused silica test mass or to  the  point of suspension. The subject of minimis­

ing the losses a t the  joint between the  fibres and the tes t mass will be discussed further 

in C hapter 7.

We propose to  suspend the GEO 600 sized te s t masses on four fused quartz  fibres ten- 

sioned to  ^ of the breaking stress 3. Knowing this we can calculate a suitable fibre 

radius to be r  =  220 jum. From this radius, a  fibre length of 0.25 m, a  Young’s modulus 

of 7 X 10lo P a and the desired level of pendulum  mode loss, 4>pendtotal (^) > for a  GEO 600 

test mass a t 50 Hz, a maximum acceptable level of <f>mattotai (w) =  5-1 x 10-6  a t 50 Hz can 

be calculated using equation 2.30 4.

The rem ainder of this chapter contains a  discussion of the experiments performed to  

determ ine if samples of an inexpensive, ‘standard  grade’ fused quartz  are of low enough 

4>mattotal{v) to  be considered as the  suspension fibre m aterial for G E O 600.

3.4 M ethods o f Production o f Fused Quartz Fibres

Three m ethods 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

3 Experiments 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 M Pa is a reasonable value to assume.
4The 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 w ith hydrofluoric acid.

3 .4 .1  P u llin g  F used  Q u artz  F ib res  in  an O x y -H y d r o g en  F la m e

Pulling fused quartz fibres by this m ethod involves holding small sections of fused quartz  

rod (typically 3 mm in diam eter) in the ho ttest region of an oxy-hydrogen flame. Once 

the m aterial softens and the flame is removed, a  quick motion outw ards from the ends 

pulls a th in  fused quartz  fibre. Sections of 3 mm rod are left attached to  both  ends. It 

should be noted th a t the existence of the rod-ends or ‘s tubs’ on the fibres is an advantage 

in minimising the excess loss known as ‘stick-slip’ damping th a t can occur a t points of 

a ttachm ent [45]. ‘Stick-slip’ dam ping is discussed in section 5.4. This m ethod of fibre 

production has the advantages of being both  quick and easy. There are however two 

disadvantages associated w ith this pulling m ethod. The first is the  difficulty of pulling 

the m atched 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 therm al 

noise advantages over cylindrical fibres.

3 .4 .2  P u llin g  F used  Q u artz  F ib res  in  an R F  F urnace

The RF furnace consists of an 8 kV power oscillator which produces a varying electro­

m agnetic field (at 400 kHz) in an external drive coil. This field induces a current in a 

graphite ring th a t sits centrally within the coil thus heating it. G raphite is used as the  

heating element because it can w ithstand the tem peratu re  of 1800 °C +  th a t is required to  

soften the fused quartz  rod w ithout reacting w ith it. Before operating the RF furnace, a 

fused quartz  rod (typically 3 mm in diam eter) is passed through the centre of the furnace 

and clam ped to  geared m otors above and below. The settings of these m otors determ ines 

the ra te  of feed of fresh m aterial 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 atm osphere to  prevent a reaction of the graphite element with the 

air. It takes approxim ately 90s to  heat the graphite element and subsequently radiate 

enough heat onto the fused quartz  rod so th a t it reaches its softening tem perature. Once
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the fused quartz rod has been heated sufficiently, the pull and feed m otors are switched 

on and a  fibre pulled.

S ituated  beneath the furnace is a series of microswitches. These are triggered by the 

moving carriage attached  to  the pull m otor and tu rn  the furnace and the two m otors off 

in a  predeterm ined sequence. The positions of the microswitches and hence the tim ing 

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

Fibres produced by this m ethod also have sections of the  3 mm diam eter rod attached 

a t each end.

Advantages of the R F furnace include firstly, the ability to  produce m atched sets of 

fibres required for the construction of pendulum s. 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 m anner 

is the  tim e required to  set up the furnace, pull the fibre and allow the system to  cool 

to  a  manageable tem perature  before repeating the process. A further disadvantage is 

the possible contam ination 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  F ib res  F orm ed  b y  E tch in g  F used  Q u artz  R o d s

There is a th ird  m ethod th a t can be used to  form fused quartz  fibres which, although not 

employed for any of the  experiments reported in th is tex t, 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 

th a t  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 am plitude decay of ribbon fibres because 

ribbons are constrained to  oscillate in one sense only. A consistency check on the level
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Figure 3.2: Photograph of the RF induction furnace during its operation. The fused 

quartz rod runs vertically through the quartz cylinder (in which argon flows) and is 

clamped to geared motors top and, bottom (outwith photo). The graphite heating ele­

ment sits in the centre o f the copper drive coil. The plates at the ends of the quartz 

cylinder are water cooled.

00



of loss factor of a cylindrical fibre sample is discussed in section 3.7.4.

3.5 Expected Limitations to  the M easurement o f the M a­

terial Loss Factor o f Fused Quartz Ribbons

In the  same way as for the carbon steel wires discussed previously, the  m easured loss 

factor of fused quartz  ribbons, 0 mattotaI (u;o), will contain contributions from all of the 

significant loss mechanisms present. Possible contributions to  the overall loss m ay in­

clude:

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

levels by careful design of the tes t struc tu re  and is further discussed in section 3.6.

•  Losses in the clamp (‘stick-slip’ dam ping). This is minimised by the m ethod of 

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

•  Any loss caused by the fibre becoming electrostically charged (e.g. by UV radiation 

from the ion pum p or gauge) is reduced to  insignificant levels by careful positioning 

of the  fibre within the vacuum tank.

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

following loss mechanisms (at a frequency u;q) i.e.

‘f i m a t f o t a i  ( ^ o )  =  ^ m a t i n t r i n s i c  ( ^ o )  +  ^ m a t t . e .  ( ^ o )  +  f i m a t g a s  ( w o )  • ( 3 * 1 )

These losses are; (f>matintrinaiC(^ o) and 4>matt.e. (^o) which have both  been discussed in 

section 3.1 and 4>matgas{LjJo)i a contribution due to  external damping from the  residual 

gas present. It is possible to  estim ate the contribution due to  gas damping, 4>matgaaip,o)i 

a t a  pressure, P , by substitu ting  the relevant param eters 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 Experim ents to Determ ine the M aterial Loss Factor of 

Fused Quartz Ribbons

A fused quartz  slide (1 mm thick) was pulled into a ribbon fibre of length 12.5 cm, w idth 

3 mm and thickness ~54  fim using the RF furnace. A portion of the  1 mm thick slide was 

left attached  to  one end of the fibre. To pro tect it, th in  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’ dam ping (refer to  section 5.4). The aluminium 

clam p was m ounted on a rigid aluminium table of thickness 25 mm. The table top  was 

supported  by four aluminium legs of diam eter 50 mm, each of which was braced against 

the wall of a stainless steel vacuum tank  in which the table stood. This massive, stable 

struc tu re  was designed to  reduce the effects of recoil dam ping of the fibre back into the 

surroundings to  a negligible level.

The vacuum tank  was evacuated by an ion pum p th a t worked in parallel with a turbo- 

molecular pum p backed by a ro tary  pum p. The system could reach vacuum pressures 

of ~  1 X 10- 7 mbar. A laser beam was shone across the vacuum tank  so th a t  the 

oscillating fibre partially obscured the  beam. The motion of the  fibre was sensed by 

detecting the resulting diffraction p a tte rn  on a split photodiode positioned a t 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 d a ta  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 750 V d.c. bias to 

create an a.c. drive signal which alternated  between ~ 100V  and ~1400V . This voltage 

was then applied between two m etal strips, the  ‘drive p la te ’, 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, jRi, was inserted in series between the amplifier and the drive plate. The 

value of R \  was chosen such th a t 2TiR1c 1 ^  where C\ was the estim ated value of the
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Figure 3.3: Experimental apparatus fo r  the measurement o f (f>mattotal (^o) o f fused quartz 

fibres.

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

W hen the phase of the feedback signal was correctly adjusted, the  fibre resonance could 

be excited by positive feedback. The resonances of th is fibre occurred a t 5 6.06 Hz, 

22.8 Hz, 59.6 Hz and ~106H z. Once a suitable am plitude of fibre motion had been 

achieved, the drive signal was disconnected and the drive plate grounded by means of a 

second resistor, R 2 , in parallel w ith the  drive plate. The size of the  resistor was chosen 

such th a t  the tim e constant of the  R 2 C 1 filter was much shorter than  the period of the 

fibre resonance (and R 2 R \) . The am plitude of motion was sensed and recorded 

by the equipm ent described above. A diagram  of the experim ental equipment used in 

measuring (f>mattotai{^o) can be seen in figure 3.3.

5 A t initial, large amplitudes of excitation of the fourth harmonic, the frequency was ~104  Hz. As the 

am plitude 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.

58



3 .6 .1  D e te r m in in g  th e  L evel o f  R esid u a l G as D a m p in g  W ith in  th e  S ys-  

■ ■ ■ ■ t e r n ...................................................................................................................................

Prior to  performing the loss experiments a  suitable working pressure was estim ated 

which should allow the m easurem ents taken to  be free from any significant effects of 

gas dam ping. A value of <f>mattotai(v o) =  (0.2 — 1) x 10-6  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 dam ping to  be considered negligible we require th a t 

it adds no more than  a 10% contribution to  th is num ber i.e. (^matgasi^o) =  (0.2 — 1) X 

10- 7 . The required pressure was estim ated by substitiu ting the following param eters 

into equation A. 13.

1. ojq — 2w X 22.8 ra d s -1 (the frequency of the first enharm onic overtone of the  fibre).

2 . The effective area, A effective, and effective mass, ineffective-, of the section of fibre 

involved in the oscillation. Because we were considering a higher order harmonic, 

we estim ated these by assuming th a t all of the  fibre was involved in the oscillatory 

m otion and thus th a t 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 estim ate of 

the to ta l area, A , and to ta l 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  =  2 x 10-3  kg, (in a high vacuum system , once 

the tank  had been baked, hydrogen would be expected as the dom inant molecule 

presen t).

The result is th a t a pressure in the range (0.4 — 2) x 10-5  m bar should be sufficient to 

reduce the level of residual gas dam ping to  acceptable proportions. Prelim inary mea­

surem ents taken a t a  vacuum pressures of 2 X 10-5  m bar resulted in an average loss 

factor of <t>matiotai(wo) =  (3.39 ±  0.40) X 10-6  for the 22 .8Hz resonance. This level of 

loss is alm ost 3 .5x greater than  the highest expected loss factor of 1.1 x 10- 6 . A similar 

calculation can be performed if it is assumed th a t N2 is the dom inant molecule present 

(due to  a  small air leak in the system ). This calculation suggests th a t m easurem ents
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m ade a t pressures in the range of (1 — 5) x 10-6  m bar would be free of any significant 

effects of gas damping. M easurements 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 experim ental system, it was believed th a t excessive gas 

dam ping (i.e. from much heavier molecules then either H2 or N2) was responsible. The 

relationship between the m easured loss factor and pressure was therefore investigated.

The system  was evacuated to  ~  1 X 10-7  m bar. The system  was then isolated and the 

vacuum pum ps stopped. The 22.8 Hz resonance was excited and its am plitude allowed to  

decay freely whilst being recorded by the d a ta  acquisition program . During the am plitude 

decay the vacuum tank and its contents slowly outgassed. The increase in pressure as a 

function of tim e was simultaneously recorded.

A plot of measured loss factor, <f>mattotai (^ 0) ? against pressure, P , was generated from the 

plots of InyJA (t)2 — versus time, t , 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

=  a o u t g a s P m b a r  { ( p m a t i n t r i n s i c i ^ o )  A  (̂ *2)

where

a ° u t a a s  =  x  1 C | 2 )  ( 3 ' 3 )

is the gradient and P m b a r is the  pressure m easured in m bar. The term  a 0Ut g a s P m b a r  is 

the loss due to  residual gas damping (<f>matgas M ) .

The intercept of the line with the y  axis equals the m aterial loss factor, <f>mattotai (^o), w ith

the contribution due to  residual gas dam ping removed. From exam ination of the  results

shown in figure 3.4, the intercept occurs a t 4>mattotal{^0) =  4>matintriniic(uo)+<f>matt.e (wo) =

3.3 x 10"7.

Further exam ination of the equation of the line suggests th a t m easurem ents of loss con­

ducted a t pressures below ~  5 X 10-7  m bar will contain a contribution from gas dam ping
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Figure 3.4: Composite plot o f 4>mattotal(uj0) vs pressure as tank outgasses.

of less than  10%. M easurements taken a t pressures below ~  5 x  10-7  m bar therefore are 

considered to  have a negligible effect from gas damping.

Before continuing with m easurem ents of m aterial loss, it seemed desirable to  investigate 

further the  unexpectedly high level of gas damping. The most likely explanation of this 

was th a t a  partial pressure of molecules of large molecular weight was present.

3 .6 .2  E x p e r im e n ts  to  D e te r m in e  th e  M o lecu la r  S p e c ie s  R e sp o n s ib le  

for th e  E x c e ss  L evels  o f  G as D a m p in g  w ith in  th e  E x p e r im e n ta l  

S y ste m

Unfortunately, for a num ber of reasons, the  mass, M , of the molecules responsible for 

the  excess levels of gas dam ping cannot be calculated directly from equation 3.3. Firstly, 

it was difficult to  determ ine the values of the effective area, A ef f ec t i v e , and the effective 

mass, m effective, accurately. Secondly, the values of pressure read from the vacuum gauge, 

and hence the value calculated for the gradient, a outgas, were obtained from a gauge th a t 

was calibrated w ith respect to  nitrogen and not the gas present within the vacuum tank. 

We therefore had to  try  to  determ ine the molecular mass, M ,  experimentally.

y  = 0.1561x + 
3.3E-07
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We s ta r t by expressing the measured gradient, a outgasi of the graph in figure 3.4 as

Otoutgas — O;measured,

= - y / M  (3.4)

where 77 is the  ‘gas correction fac to r’. This corrects the pressure reading obtained from 

the vacuum gauge (which was calibrated to  read for nitrogen) to  th a t 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]. [3 is a constant which was evaluated by the following m ethod.

Nitrogen was slowly bled into the vacuum tank  thus ensuring th a t it was the dom inant 

molecule present within the system . The butterfly  valve on the tu rbo  pum p was used as 

a th ro ttle  and adjusted so th a t the ra te  of pumping balanced the rate  of nitrogen being 

backfilled into the tank . By employing this m ethod, the pressure inside the tank  was 

kept constant during the tim e required to  measure the am plitude decay of the  22.8 Hz 

resonance. By further adjustm ent of the butterfly valve, the rate  of pum ping from the 

tu rbo  pum p was altered to  allow the m easurem ent of the same resonance to  be repeated 

a t a num ber of different vacuum pressures. Values of < p m a t to ta l  (u0) were calculated from 

each of the am plitude decays and plotted  against the value of pressure a t which each 

experiment was performed (see figure 3.5).

The gradient of this graph is a ^ 2 =  0.066 dt 0.014. Using the value of the gradient, the 

gram  molar mass of nitrogen, M  =  28 X 10-3  kg, and 77 =  1 in the case of nitrogen, a 

value for the  constant, /3 =  0.39 ±  0.08, was calculated.

To check th is value of (3, the above procedure was repeated using hydrogen. Again, 

the resonance was excited a t a num ber of different vacuum pressures and values for 

fimattotaiiu0) obtained. These were then plotted on a graph of <j>mattotai (^0) versus P  

shown in figure 3 .6 .

The gradient of this graph was calculated as a n 2 =  0.040 ±  0.014. The manual for the 

pressure gauge [60] gives 77 =  0.42 for the gas correction factor of hydrogen. Substituting 

this, the m easured gradient and the gram  molar mass of hydrogen into equation 3.4, gives 

a  (3 of 0.38 ± 0 .1 3 . The two values of (3 determ ined are consistent within experimental
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error.

We now retu rn  to  the  question of w hat gas was present within the vacuum tank  during 

the outgassing test shown in figure 3.4. A gradient of a outgas =  0.156=1=0.008 was obtained 

from this graph. Substitution of the gradient and the average value of /3 =  0.39 =b 0.08 

into equation 3.4 leads to

- —  =  0.40 ±  0.08 (3.5)
V

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 th a t gave the constant given in equation 3.5.

It was concluded th a t 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 w orth noting th a t the predicted levels of m aterial loss, <f>matto ta l ( u o)? containing a 

zero contribution from gas damping were different when the  vacuum tan k  was allowed to  

outgas and when nitrogen and then hydrogen backfilled the system . The results obtained 

when the  tank  outgassed were separated in tim e by several weeks from the results ob­

tained by backfilling the tank . During the intervening tim e there was a significant change 

in laboratory  tem peratu re  which had a clear effect on the m easurem ents of m aterial loss, 

(^o)- This will be further discussed in the following section.

3.7 M easurement o f M aterial Loss Factor at Pressures Be­

low the Residual Gas Dam ping Region

A series of m easurem ents of the  m aterial loss factor, (j>mattotai (^o) ? of the first four reso­

nances of the ribbon fibre were performed a t pressures th a t  were free from the significant
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Figure 3.7: Spread o f measured 4> m atto ta l  (^o) fo r  the first four resonances o f the fused  

quartz ribbon fibre.

effects of gas damping. The loss factors obtained from the am plitude decays range be­

tween ~  2.5 X 10-6 and ~  3 X 10~7 and are p lotted  as a function of frequency in figure 3.7.

The results were obtained over a period of some weeks during which tim e the tem per­

atu re  within the laboratory  changed significantly. The m easurem ents of the lowest loss 

factor for the  resonance a t 22.8 Hz and the highest loss factor for the fundam ental were 

observed on the coldest days in the laboratory. The tem perature  subsequently rose and 

a higher value of loss factor for the 22.8 Hz resonance and a lower value of loss factor 

a t the  fundam ental frequency were measured. It was postulated  th a t there was some 

nonlinear coupling between the resonant modes of the fibre and th a t this coupling was 

tem peratu re  dependent 6. The coupling could be between the observed mode and a to r­

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 tem perature in 

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

6Young’s modulus is strongly tem perature dependent. Consider a tem perature 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.

65



Figure 3.8: Sequence of photographs showing the coupling of energy between the 59.6 Hz 

resonance and the fundamental mode over a period of ~ 2m in .

seen to leave the 59.6 Hz resonant frequency and transfer into the fundam ental mode over 

a tim e period of approxim ately two minutes. The photos in figure 3.8 are a sequence 

of frames taken from the spectrum  analyser showing the energy transfer between modes 

over this period of time.

3 .7 .1  T h e  E ffect o f  T h e r m o e la st ic  D a m p in g  on th e  R ib b o n  F ibre  

T ested

It was explained in section 2.7 th a t therm oelastic damping is an internal loss mechanism 

th a t can cause the to ta l loss to depart from the intrinsic loss in the frequency band
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of interest. It is therefore interesting to  examine the possible effect th a t therm oelastic 

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 

therm oelastic limit calculated for a ribbon fibre of thickness, t  =  54 pm . The therm oe­

lastic lim it is obtained using the equations in section 2.7 and the m aterial constants of 

fused quartz  given below.

The m aterial constants of fused quartz  are E  = 7 x 1010 Pa

p =  2200 kg m3 

c = 772 J kg-1 K_1 

a  =  5 .1 x  10“ 7 K_1

and k  =  1.38 W  m -1 K -1

at, a tem peratu re  of T  =  300 K.

It can be seen from figure 3.9 th a t therm oelastic damping is a significant contribution
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for the m aterial loss factor measured a t ~106H z.

It is interesting to  replot the experim ental results after removing the therm oelastic dam p­

ing contribution a t each of the resonant frequencies. This is shown in figure 3.10. The 

d a ta  points plotted in figure 3.10 represent the level of intrinsic loss associated with the 

fused quartz  ribbon, (f>matintrinsic(u ) . Consider the  lower values of m easured loss factors 

a t each frequency only (because these are the results believed to  have been least affected 

by mode coupling). The loss m easured 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  struc tu ra l damping.

3.7.2 The Effect on the Measured Loss Factor Caused by Welding the 

Fused Quartz Ribbon

W hen constructing a pendulum  suspension, the  m ethod used to  a ttach  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 m ethod of

7the effects on the internal loss introduced by various m ethods of attaching fused quartz fibres to 

small masses will be discussed fully in Chapter 7.
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attachm ent 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 im portan t 

to  check w hether welding has any effect on the loss factor of the  suspending fibre. The 

appara tu s used in this experiment gave us an opportunity  to  test the  effect of welding 

on the intrinsic loss associated with the fibre m aterial. The ribbon used in the previous 

experim ents 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, 4>mattotai (wo) ? which might have arisen due to  changes in the  loss associated with 

adjustm ents of the clamp.

The loss factors, 4> m atto t a l ( w o ) , of the first four resonant frequencies of the ribbon fibre 

were remeasured using the m ethod described in section 3.6. The frequencies of the 

resonances were seen a t 6.08 Hz, 22.9 Hz, 60 Hz and ~  104 Hz, having changed only 

slightly.

The results presented in figure 3.11 show th a t although the welding process appears to 

have degraded the m easured 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, 1m m  wide and of thickness ~ 90 //m . The thick end was 

sandwiched between two pieces of feeler gauge by a th in  layer of Torrseal and clamped 

into the test structure.

The am plitude decays of the first four resonances, a t frequencies of 5.04 Hz, 31 Hz, 84.4 Hz 

and 160 Hz, were m easured a t a vacuum pressure where the effect of gas dam ping was 

negligible. The intrinsic loss factors, ^ma(tntrinsiC (^o) > were calculated by subtracting the 

therm oelastic damping contribution (for a ~  90 fim  thick fibre) from the measured loss 

factors. These are p lotted  as a  function of frequency in figure 3.12.
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Exam ine the results presented in figure 3.12. The lowest m easured value of intrinsic loss 

of the m aterial (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  M ea su rem en t o f  M a ter ia l L oss F actor o f  a C y lin d r ica l F used  

Q u artz  F ib re

The m aterial loss factor associated with a cylindrical fibre was measured to  check th a t 

the geom etry of the ribbon fibre was not a significant contributing factor in obtaining 

the levels of <f>mattotai (^o) reported in section 3.7.

A cylindrical fibre of length 14 cm, and diam eter ~280/zm  (at the point of bending) was 

pulled from a 3 mm 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 th a t was m ounted within the 

experim ental 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 m ethod 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 m otion rigorously, a m ethod 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 th a t  using the existing experim ental appara tus and hence sensing 

the vertical component only, was sufficient. The detected com ponent of motion was, in 

this instance, recorded on a chart recorder. The resulting am plitude decay contained a 

large beat due to  the precession of the  fibre oscillation. A logarithm ic fit to  the m axima 

of the beat signal was p lotted, and from this a value of (j>mattotal{uo) =  (1 .7 ± 0 .5 ) X 10-6 

was calculated. The m easured m aterial loss was found to  be consistent with the values 

obtained for the  fused quartz  ribbons.

71



3.8 Conclusions

It was shown th a t m easurem ents of the  intrinsic loss factor, 0ma^ntrinsjc(^o), obtained 

from samples of fused quartz ribbons (produced by an R F induction furnace) were repro- 

ducibly in the range of (0 .5— 1) x 10-6  in the  frequency range 6 Hz to  160 Hz. M easure­

m ents made on a cylindrical fibre yielded results of the same order. Welding fused quartz  

was shown to  have an insignificant effect on the m aterial loss factor. It was also shown 

th a t  the internal loss mechanism of fused quartz is consistent with struc tu ra l dam ping 

(i.e. th a t the intrinsic loss factor, (t>Tnatintrinaic(<*>)5 is independent of frequency).

The specification for fused quartz  to  be a suitable m aterial for the suspension fibres in 

G E O 600 is a m aterial loss factor of <j>mattotal(^o) <  5 X 10- 6 . From the best results 

obtained it can be concluded th a t s tandard  grade fused quartz  should be an ideal candi­

date, being potentially a factor of 10 b e tte r  than  the maximum acceptable m aterial loss. 

Even lower m aterial 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 

m aterial 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 M easurem ent 

of Pendulum  M ode Loss Factor

4.1 Introduction

The desirable level of therm al noise associated with the pendulum  mode of one GEO 600 

test mass was given in C hapter 2 as equivalent to  a loss factor of 0Pen«ftC)ta/ (^) =  3.7 X 10-8 

a t 50 Hz. Pendulum s have been constructed and tested in the  laboratory  in an a ttem p t 

to  build a pendulum , the pendulum  mode of which exhibits low enough losses to be 

suitable for use in GEO 600.

M easurem ents of the  loss factors of the  longitudinal modes of pendulum s of small mass, 

m ade previously by J. Logan [62], yielded a measured loss factor of 4>pen d total (<̂ o) =  (2.15± 

0.45) X 10 7 for a 1Hz, 70 g pendulum  suspended on two fused quartz  fibres. A 200 g 

pendulum , on the sam e fibres, had a loss factor of 4>pendtotai (<̂ o) =  (1.59 4= 0.35) X 10-7 . 

If these losses were due solely to  the loss factor associated with th a t  of the suspension 

fibres (i.e. (f>mattotai(^o )), the three-fold increase in mass would have decreased the loss 

factor, m ultiplying it by the factor to  the value <f>Pendtotai ( v o )  — 1-24 x 10-7  (as can 

be seen w ith reference to  equation 2.30). The actual loss is some 30%  higher th an  the
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calculated figure.

Dam ping 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, m easure­

m ents are presented which show th a t recoil of the structu re  is present a t a level which 

justifies taking measures to  improve the  stiffness of the structure.

M asses of ~  200 g were chosen for the  tes t pendulum  for two reasons. Using masses 

larger th an  ~  200 g would have m eant th a t  our m easurem ents 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 

th inner fibres to  achieve a loss equivalent to  the GEO 600 specification. These fibres are 

more difficult to  produce.

4.2 Description o f the Original Experim ental Apparatus to  

M easure the Pendulum  M ode Loss Factor

The original experim ental system consisted of a  vacuum tank  m ounted on three halved 

ball bearings bedded into a steel plate 1 cm thick which covered a concrete block of 

mass 1080 kg. An ion pum p (which sa t on a wheeled trolley) was also attached to  the 

vacuum tank  by means of a short length of 13 cm diam eter rigid pipe. It was hoped th a t 

this would be a mechanically stable base for a rigid pendulum  support structure. This 

support structu re  consisted of an aluminium table, w ith top 1.6 cm thick supported by 

four cylindrical legs of 5 cm diam eter braced against the inside walls of the vacuum tank. 

On this a  rigid box structure, or ‘to p -h a t’, was m ounted 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 

s truc tu re  in its original sta te .

The 3 mm diam eter fused quartz  rods a t 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 arrangem ent can be seen in figure 4.2. 

The bob was then lowered through the slots cut into the support structu re  until the
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aluminium table, pendulum clamp +
top-hat' + butressgs ------- /  cross-pieces

Ĉ j) trolley ( f )

rigid pipe
n>

ion pump

vacuum
tank

steel plate + half ball bearings

concrete block

Figure 4.1: Original structure fo r  the suspension o f test pendulums.

tightening nui

suspension plate
. ©

It

to
pendulum
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x

brass cylinder

3mm quartz rod

v

quartz fibre

Figure 4.2: Diagram o f the suspension plate and the method o f attaching the fibres.
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Figure 4.3: Schematic representation o f the lossy pendulum support structure.

aluminium plate rested on the top-hat. The aluminium clamp was in tu rn  clamped onto 

the top -hat by means of cross-pieces th a t passed over the clamp and tightened down into 

the top-hat.

4.3 Introduction to Recoil Damping

An estim ate of the level of damping present within the lossy support struc tu re  can be 

obtained from modelling the support structu re  as a heavy mass, M . This mass is con­

nected to  ground by a spring of elastic constant, k s, and dashpot (of dam ping coefficient 

bs) representing the loss. The structure  can therefore be represented diagram atically in 

the form of figure 4.3.

In the general case of a dam ped mechanical oscillator driven by a sinusoidal force where 

the angular frequency of the force, coo, is small compared with the natu ral frequency 

of free oscillation, the oscillator’s response is controlled by the stiffness of the  spring, 

k s [49]. This means th a t  the  frequency of the  structu re  is th a t of the  driving force. It 

is also clear from French [49] th a t the phase of the displacement, x s, lags th a t of the 

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



F

structure

xa
sig ref

lock-in

The ratio of the inputs
of the lock-in amplifier
has the form

X s = l  15
F k.

(A)

Figure 4.4: Direct process fo r  measuring x s with respect to F .

where S is negative for a  phase lag.

It is shown in Appendix B .l th a t  when the driving force is supplied by a swinging 

pendulum  of mass, rap, and angular frequency, u>o, the  limit to  the measurable value of 

pendulum  mode loss factor is given by

t r e c o i l M  =  - ^ 6  kS

(refer to  equation B.12).

To determ ine the limiting loss, <l>recoil o)? if is therefore necessary to  know k s and 5. 

The stiffness constant, k s , can be found from the driving force, F , and the resulting dis­

placement, £s , of the struc tu re  whilst the phase angle 5 can be determ ined by measuring 

the phase between x s and F.

4 .3 .1  M ea su r e m e n t P r in c ip le  1

If there existed some straight-forw ard m ethod of m easuring both  the applied force, F , 

and the s tru c tu re ’s response, x s , we would be able to  obtain the required values of ks and 

S directly. This m easurem ent might be performed with a lock-in amplifier. Figure 4.4 

shows schematically the  process involved in this m easurem ent.

The lock-in amplifier m easures the m agnitude of a signal (in this instance the signal
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representing the displacement, z s) and also the phase by comparing this signal with a 

reference signal (th a t of the applied force,: F ) . However, as yet: we have neither identified 

how to  make m easurem ents of F  and x s , bo th  of which are required to  determ ine k s , 

nor addressed how we might obtain signals proportional to  F  and x s which would be 

adequate for determ ining S. The m ethod as shown in figure 4.4 is insufficient for the  

determ ination of k s and 5.

4 .3 .2  M ea su r e m e n t P r in c ip le  2

The displacem ent of the  structu re  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 a t low frequency 1. 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 m agnitude 

of the displacem ent, |x s |, can be found from the m agnitude of the acceleration, |ais |, by 

dividing it by cjq.

In the case where the force is applied to  the  structu re  by a viscously dam ped oscillator, 

the variation of am plitude of the force with respect to  tim e introduces an additional 

phase angle between the displacement of the structure  and its acceleration. Since the 

acceleration is being used to  find the displacement, th is additional phase angle appears 

in the m easured 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  =  FoetuJoie~ ^  (Fo is the maximum force and 

^  is the decay constant of the oscillator’s am plitude), and implies th a t the displacement 

of the s truc tu re  can be rew ritten as

1An accelerometer was chosen because the accelerometer does not require an external reference signal.
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Differentiating x s twice will give the acceleration, x s, in term s of the  displacement of the 

s truc tu re

x s =  -  I (u>o -  -y )  +  iwoTp ) (4 -3)

72If it is assumed th a t -£■ is very small compared to  equation 4.3 can be approxim ated 

to

x s -  ~(u>l +  iu’o'YpjXg. (4.4)

In equation 4.4, the real p a rt of x s (i.e. —uSqXs) is exactly opposite in phase to  x s as 

expected, bu t there is also an imaginary term  —iujQjp which shows th a t x s leads its real 

com ponent by a small angle L  where

ta n L  — —°T~i"

h  ( 4 -5 )

and Q is the  quality factor of the viscously dam ped oscillator.

For consistency in the analysis th a t will follow, equation 4.4 will be rearranged and then 

expressed as

=  a e i^ +L)
X

x s
AL=  — ae . (4-6)

Schematically, the  experim ental configuration discussed in the  preceding section is shown



structure

accelerom

lock-in
ref

The ratio of the inputs of
the lock-in amplifier has
the form

—s = A e i6'
F
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w hich, by substitution, can 
be expressed in terms o f the 
original parameters, F and X*, 
as

^ = - A e *5,-L> (C)
F a

where ^ an d  8 - L  = 8

Figure 4.5: Initial adaptation made to the experimental apparatus to allow the indirect 

measurement o f x s with respect to F .

in figure 4.5. However it should be noted th a t we have still to address the problem of 

how to detect the applied force, F.

4 .3 .3  M e a su r e m e n t P r in c ip le  3

An initial a ttem p t to  detect the applied force, F , was made by adopting an experimental 

arrangem ent which involved applying a sinusoidal force (in the horizontal direction) to 

the  point of suspension by means of a cable, attached a t one end to  the support structure, 

passing over a  pulley and attached  a t the  other end to  a mass which oscillated on a spring 

balance. This arrangem ent 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 m agnet sensor. The m agnet was situated  on the  cable (between 

the support struc tu re  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  A ppendix B.2), an average value of x s — (1.10 ±  0.14) X 10- 3 m s -2 was obtained 

for a driving force of 2 .8N rms (obtained from a force of 8N vk/vk measured from the
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accelerometer
coil and magnet sensor

pulley

cable

spring
balance

massaccel. elec. - ref.sig.
lock-in amp.

Figure 4.6: Experimental arrangement fo r  measuring k s o f the original apparatus.

spring balance). The angular frequency of the force was found to be u>q =  12.56ra d s -1 , 

which, on substitu tion into the equation |x s | = | |, gives the m agnitude of the  recoil

displacement as |x s | =  (6.97±0.87) x lO -6 m. Hookes’s Law can then be used to  determ ine 

the m agnitude of stiffness of the support, k s =  (4.0 ±  0.5) X 105 N m -1 .

To achieve a m easurable S required a large am plitude 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 m ethod for sensing the 

applied force. It was decided th a t an alternative m ethod of applying the force to  the 

‘top-p late’ should be used.

This was achieved by suspending a pendulum  (of mass, m p =  1.2 kg, and suspension wire 

length, / =  25 cm) from the support structure. The pendulum  applied a sinusoidal force 

to  the  s truc tu re  (this force being viscously dam ped). The displacement of the pendulum 

is shown in Appendix B .3 to  be in phase w ith 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, x p. 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 o f x s with respect to F .

light present when the pendulum  was a t rest and this component was removed by adding 

to  it a d.c. signal of the  same m agnitude 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, x p, by an angle P. This is due to  a 

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

W ith the pendulum  suspended from the support structure , a schem atic of the equipment 

is shown in figure 4.7.

Referring to  figure 4.7, it can be seen th a t a value for 5" can be obtained directly from 

the m easurem ent made by the  lock-in amplifier. Recording th e  shadow sensed am plitude 

decay of the  viscously dam ped pendulum  allows a value to  be calculated for its Q  factor. 

From this Q, a value for L  can be determ ined (using equation 4.5). A value for P  can 

be calculated from the electronics of the  shadow sensor and hence 8 can be found. The 

lock-in amplifier is also used to  measure the m agnitude of the  acceleration, |ais | using the 

calibration constant of the accelerometer (refer to  Appendix B.2). This value can then 

be used to  find the m agnitude of the s tu c tu re ’s displacement, |a:s |, using |a:s | =  |^ f  |. A 

value for the  peak force applied can be determ ined from Fpk ~  mp9xp (where x p 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  determ ine k s.
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to equal the sum of the phases between xp and 
x„ minus the sum o f the phases between x n 

^  and Xp P

Figure 4.8: Final configuration o f experimental apparatus allowing the indirect measure­

m ent o f x s with respect to F .

4 .3 .4  M ea su rem en t P r in c ip le  4

In practice, the appara tus as shown in figure 4.7, is not yet complete. A num ber of 

additional pieces of equipm ent are required to  perform the m easurem ent suggested in the 

diagram . Each of these pieces of equipm ent introduces additional phase shifts. These 

com ponents are now included in figure 4.8.

The m easurem ent made by the lock-in amplifier gives a value for |ics | from which k s can 

be calculated. It also supplies a value for 5m (where Sm is the  phase measured a t the 

signal input of the  lock-in amplifier w ith respect to  the  signal a t the reference input of 

the  lock-in amplifier). The value of k s found from the m ethod of the mass oscillating on 

the spring was checked using this experim ental configuration. The value obtained using 

the  new experim ental m ethod was found to  coincide with the  original value w ithin the 

accuracy of the experiment. The param eter, £, can be obtained from the m easurem ent 

of 5m (using equation (H) in figure 4.8) once the values of all the additional phase shifts
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have been determ ined. These additional phase shifts will be the subject of the  following 

section.

4.4 The Evaluation o f the Additional Phase Shifts Present 

W ithin the M easurement o f Sm

4 .4 .1  E v a lu a tio n  o f  P , th e  P h a se  S h ift A sso c ia te d  w ith  th e  P h o to d io d e  

C ircu it

The phase shift accum ulated 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 m easurem ent. At the tim e of the  improvements made to  stiffen the experim ental 

system (section 4.5), alterations were also made to the reference photodiode circuit which 

included removing a capacitor from across the ou tpu t of the circuit. This resulted in a 

decrease in the phase shift to  one of negligible size, (P  ~  —10-5 °).

4 .4 .2  E v a lu a tio n  o f  E , th e  P h a se  S h ift A sso c ia te d  w ith  th e  P h a se  L ead  

F ilte r

The theory of the  inverted pendulum  accelerometer is discussed in Appendix B.2. There 

it is explained th a t  in the  ideal case of infinitely high loop gain, the acceleration fedback, 

Xf, is equal in m agnitude and phase to  the acceleration of the structure, x s . 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 a t the 1 Hz m easurem ent 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  th a t 

of the acceleration of the  structure;
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^  G H ................................................. (4.7).
x s J f  1 +  G H

In this expression, G is the transfer function relating relative displacement of the ac­

celerometer mass, x r , to  the  acceleration of the structure , x s ,

G  =  —  
x -

, 2 _j_ (̂ £ — ' ■ *>

(where Q  is the quality factor of the  accelerometer mass and u>oacceI is the natu ra l fre­

quency of the  inverted pendulum ) and where H  is the overall gain of the feedback of 

the accelerometer (with s = iu ). 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 f i l t e r ,  and the gain of the other circuit components which, when multiplied together, 

give H 0ther. The H fm er term  not only contributes to  the overall m agnitude of the gain, 

bu t is also responsible for the introduction of an additional phase shift present in the 

case of non-infinite loop gain. The H other term  contributes only to  the  m agnitude of the 

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

H  — Hfilter Hother • (^*^)

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

JJ   V0ut
■tl f i l t e r  —

y i%n
R 2 S T + 1  

R i sC \r  +  1
(4.10)

where r  =  (R \  +  r)C \ =  6.16 X 10 3 s. As a result of substitu ting  equation 4.10 into 

equation 4.9, the overall gain, H  can be expressed as

85



R2=16kft

Vfa
V,out

Figure 4.9: Diagram o f phase lead filter .

H  = H dc
ST  -J- 1

sCi r +  1

where H dc is the dc gain contribution and equals H 0therjjfr- 

Substitu ting for G and H into equation 4.7 gives

(4.11)

X f \  _  ____________________________ Hdc( 1 +  57-)______________________________
x 3 )  f  s3C \r  +  s2( 1 +  ^ f ^ C i r )  +  s { ^ ^  +  ^ l accpf \ r  +  H dcr) +  u;2^  +  H dc

(4.12)

which can be simplified, using <̂‘faccel =  u oaccel +  H dc, to

x f sH dcr  -I- H dc
i 's / f  s3rC \ +  s2( l  +  ^ ^ - C i r )  +  s ( ^ ^ -  +  w?aceelrC i +  H dcr) + u 2faccel

,  (4.13)

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. i?i, i?2, r, and C\ thus allowing the calculation of r ) ,  or were 

m easured (i.e. Q, as well as ljqaccel and Wfaccel, from which H dc was calculated).
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•  th e  evaluation o f  u>oaccel and Q

The accelerometer circuit was left in open loop moide for m easurem ent of the natural 

angular frequency, w o accel, and the quality factor, Q ,  of the inverted pendulum . The 

pendulum  was first displaced gently to one side to  s ta r t it oscillating. The resulting 

sinusoidal oscillation was then allowed to  decay freely. The m agnet 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 inform ation calculated values of

acCei — 1^.7 ra d s -1 and Q  ~  52 were obtained.

•  th e  evaluation o f  ojfaccel

To measure < /̂acce, the accelerometer circuit was operated in closed loop mode. 

The inverted pendulum  was m ounted on top of a shaker table driven by a white 

noise source. The response of the accelerometer was m onitored on a spectrum  

analyser. The resulting power spectrum  revealed th a t the resonant frequency of 

the  accelerometer, with feedback, was ujf , = 150.8ra d s - 1 .' > J a cce l

•  th e evaluation o f H dc

As has been previously stated ,

a cce l =  ^ l a c c e l  +  H d c '

Thus w ith woaccel =  15.7ra d s -1 and ^ / acceI =  150.8ra d s - 1 , a value of Hdc ~  20000 

was calculated.

The phase associated w ith the transfer function given in equation 4.13 can now be eval­

uated  using the Bode function in M atLab. The Bode phase plot generated showed th a t 

the feedback acceleration, £ / ,  leads the acceleration of the structure , x s, by an angle 

E  =  (-f0.025 ±  0.003)° a t the 1 Hz m easurem ent frequency.

4 .4 .3  E v a lu a tio n  o f  B , th e  P h a se  S h ift G e n e ra ted  A cro ss  th e  B u ffer

A m p lifier  and  th e  C oil D r iv er

The phase shift B  is present due to  the necessity of making the m easurem ents required to 

obtain k s and 5 with a signal obtained from a point earlier in the accelerometer circuitry
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Figure 4.10: Diagram showing the method o f measuring B .

than  th a t 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 th a t  caused by the buffer amplifier and ou tpu t driver.

To measure this phase the accelerometer was operated in open-loop mode. The leads 

from the ou tpu t driver were disconnected from the coil and connected to  the signal input 

of the lock-in amplifier. The signal from the ou tpu t driver could be sent directly into the 

lock-in amplifier since the  la tte r  has a  floating earth  facility (this could not be used during 

the actual phase m easurem ents because of the presence of other essential m ains-earthed 

equipment connected in parallel e.g. an oscilloscope). A 1 Hz signal (approxim ating the 

pendulum  swing) from a function generator was fed through the buffer amplifier and 

ou tpu t 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 m easurem ent of the phase accum ulated through the  buffer 

amplifier and ou tpu t driver could be made. This experim ental configuration is shown 

schematically in figure 4.10. The result obtained from this m easurem ent showed th a t  

the signal from the ou tpu t driver leads the signal into the buffer amplifier by an angle 

of (+0.20 ± 0 .0 5 )° .
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Figure 4.11: Diagram showing the method o f determining the phase contributions A  and 

K .

4 .4 .4  E v a lu a tio n  o f  K  and  A , th e  C o m b in ed  P h a se  S h ift A ccu m u la ted  

T h ro u g h  th e  L ow -P ass F ilte r , K , and  th e  In v er tin g  A m p lifier , A

The phase shifts accum ulated through the low pass filter, i f ,  and through the inverting 

amplifier, 4 ,  shown in figure 4.8 can in fact be determ ined in combination. This was 

performed by first disconnecting the inputs of bo th  the low-pass filter and the inverting 

amplifier from the equipm ent th a t came before it. A common 1 Hz signal (denoted by 

ly ’> 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 

accum ulated through the filter, K )  was fed into the signal input of the lock-in amplifier 

whilst the ou tpu t of the inverting amplifier (which contained the  phase shift A) was 

connected to  the reference input. Figure 4.11 shows the experim ental configuration 

employed in this m easurem ent. It also shows th a t the resultant phase, C, measured by 

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

C  = K  - A  (4.15)

The combined phase angle C  was determ ined for each new m easurem ent of Sm . This
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was carried out to  remove any effect on the m easured phase resulting from any ambient 

tem perature Variations present.

It is useful to  note th a t  substitu tion  of C  = K  — A  into equation (H) of figure 4.8 leads 

to  the  desired phase lag, 8, being expressed alternatively as

S = 5m + P - C - L - E - B .  (4.16)

4 .4 .5  E v a lu a tio n  o f  8  for th e  O rig in a l T est S y s te m

Now th a t the  various m ethods required to  evaluate the additional phase shifts have been 

addressed, an experim ent could be performed to determ ine the recoil phase lag, 8, 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 m otion of the  top-plate 

obtained from the accelerometer (after undergoing suitable filtering and amplification) 

was fed into the signal input. A phase m easurem ent of 8m =  (—4.75±0.34)° was measured 

suggesting th a t the  signal measured a t the signal input lags th a t a t the  reference input 

of the lock-in amplifier. This m easurem ent contains the required phase lag, 8 , and all of 

the additional phase shifts accum ulated through the various stages of the  m easurem ent.

A phase shift of C  = K  — A  =  (—4.20 ± 0 .05 )° was measured using the m ethod discussed 

in the previous section (and represents the phase angle by which the ou tpu t of the low- 

pass filter lags the o u tpu t of the  amplifier). A phase angle of P  =  (—0.395 ±  0.079)° was 

calculated in section 4.4.1 for the angle by which the  ou tpu t 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  struc tu re  due to  operating the accelerometer in 

the condition of non-infinite loop gain. The value calculated shows th a t the  feedback 

acceleration leads the acceleration of the  s truc tu re  by the angle E  =  (+0.025 ±  0.003)°. 

The signal from the o u tpu t driver is found to  lead the signal into the buffer amplifier by 

an angle B  =  (+0.20 +  0.05)° (refer to  section 4.4.3). Finally, the decreasing am plitude

90



of the viscously dam ped pendulum  swing was detected by the  shadow sensor with the 

resulting signal recorded on a chart recorder allowing the  Q  to  be calculated. This was 

then substitu ted  into equation 4.5 to  calculate the excess phase angle, L, between x s and 

x s . The resultant angle was L =  (+4.90 +  0.89) X 10-3 °.

The recoil phase shift, S, by which the recoil displacement of the support struc tu re , x s , 

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

S = 6m + P -  C  — L - E - B  

=  - (1 .1 7  +  0.36)°

=  -(20 .41  ±  6.23) x 10-3  rad. (4.17)

•  R ecoil Limit for Original ~ 2 0 0  g 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 substitu ting  the 

value calculated for S above, and the  value obtained for the  spring constant of 

the  support structure, ks =  (4.0 +  0.5) X 105 Nm -1 into equation B.12, together 

w ith the pendulum  mass, m  «  0.2 kg, and resonant angular frequency, loq =  6.28 

r a d s - 1 . The recoil loss factor was calculated to  be

<t>recoil M  =  (4.0 ±  1.9) X 1(T7. (4.18)

We can also calculate w hat the minimum level of m easurable loss factor (i.e. 

^ p e n d t o t a l ( ^ o )  =  t r e c o i l M  +  t p e n d i n t r i n s i A ^  +  t p e n d t . e i v o ) )  of a pendulum  hanging 

in this structu re  would be. F irst, assume th a t  the intrinsic loss of the m aterial of 

the  suspension fibres is 0maft-ntrins;c(k>) ~ 5  X 10- 7 . Also assume th a t the diam eter 

of the  fibres is ~  200 fim  from which the therm oelastic dam ping contribution can 

be calculated (using the  equations in section 2.7). The two contributions to  the 

m aterial loss factor can be combined and substitu ted  into equation 2.30 to  give an 

approxim ate value of

f i p e n d i n t r i n s i c i w o) +  fy p e n d t .e .  (^o) =  3 X 10 (4*19)
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which, being less than  Yo^recoil^o) is a negligible contribution.

The m easurable loss of this pendulum  is therefore

f i p e n d t o ta i  ( ^ o )  —  4*r e c o i l  ( ^ o )

=  (4.0 ±  1.9) x 10~7. (4.20)

The to ta l m easured pendulum  loss for a  200g mass reported by J. Logan was 

0pendtotai (^o) =  (1.59 =L 0.35) X 10-7  which, within experimental accuracy, is ap­

proxim ately th a t predicted and given in equation 4.20.

There are two points w orth noting from this result; firstly, recoil dam ping is proba­

bly the significant loss present, and secondly, the  level to  which the recoil lim it was 

determ ined in this experim ent was of very low accuracy. The reason for perform ­

ing the pendulum  mode loss factor experiments is to  examine whether pendulum s 

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

m ental limit to which m easurem ents could be made in the present structu re . Before 

any further pendulum  loss experim ents were performed, the rigidity of the system 

would need to  be increased and the m easurem ent system improved, allowing the 

recoil lim it to  be lowered and determ ined with far greater confidence. In an ideal 

system  we would reduce the contribution from recoil dam ping to negligible propor­

tions (i.e. <t>recoil{uo) < j^4>pendtotai (<^o))• However, if we can determ ine the level of 

recoil dam ping present to  high accuracy, it is not essential to  reduce its contribu­

tion to  this level. Instead we can sub trac t the  accurately known recoil contribution 

from the to ta l m easured loss factor to  give a reliable value for the actual loss factor 

associated w ith the pendulum  mode.

4.5 Improvements M ade to the Experim ental Apparatus

W ith  reference to  the original appara tus shown in figure 4.1, it can be seen th a t the 

vacuum tank  was attached  to  the ion pum p by a length of rigid pipe. The ion pum p 

sa t on a relatively stable trolley. However the overall stiffness was not high enough. 

In particu lar the trolley legs could flex causing the vacuum tank  to  rock on its ball
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m ountings which were distorting the bottom  plate of the vacuum tank. To prevent this 

the  ion pum p was rem ounted on a ^700  kg concrete block. The th ree halved ball bearings 

underneath  the tank  were also removed and replaced by two steel discs with the th ird  

m ounting point of the support being supplied by the connection to  the ion pum p (which 

was itself m ounted on three points).

Once the support struc tu re  had been stiffened a greater force applied to  the  point of 

suspension was needed for a measurable m agnitude of recoil acceleration. This was 

achieved by replacing the 1.2 kg pendulum  originally used w ith one of 10 kg. As a result 

of stiffening the structure , the phase shift, S, decreased and a more stable digital lock- 

in amplifier (with a phase resolution of 0.05°) had to  be substitu ted  for the analogue 

one (phase resolution of ~  0.5°) used previously since the la tte r  was unable to  measure 

the smaller S w ith 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 /xm 

slit cut into a  flag m ounted 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 

transm itted  light. The resulting signal, a t twice the pendulum  frequency, was amplified, 

sharpened with a com parator and used to  trigger a  JK  flip-flop which generated a 1 Hz 

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

4.6 Evaluation o f k s for the Stiffened System

A num ber of values of the  m agnitude of recoil acceleration were noted and the average 

calculated as x s =  (3.52 ±  0.43) X 10- 5 m s - 2 . The m agnitude of the recoil acceleration 

and the frequency of the pendulum  swing can be used to  find the m agnitude of the 

displacem ent, |x s |. The horizontal component of the  applied force was evaluated by 

substitu ting  the value of the  maximum horizontal displacement of the pendulum, x v =

17.5 mm, and the length of the suspension wire, I =  250 mm, into the equation Fvk ~  

mP9l xp ? where m p is the  mass of the pendulum . From this a value of the rms force could 

be found. Using Frms and |x s |, the average stiffness of the struc tu re  could be calculated 

(by the same m ethod as before) as ks =  (5.49 ±  0.67) x 106 N m - 1 .
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Figure 4.12: Initial experimental method fo r  measuring T .

4.7 M easurement o f S  for the Stiffened System

T he inclusion of the TT L  circuit in the apparatus raised the question of how to  determ ine 

T , the  phase accum ulated through the TTL circuit. The m ost obvious m ethod 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 arrangem ent is th a t the two signals fed in to  the lock-in 

amplifier would be a t different frequencies; a  2 Hz signal a t the signal channel and a 1 Hz 

signal a t the  reference channel. This was remedied by creating an alternative 1 Hz input 

for the signal channel (representing the  same inform ation 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 m easurem ent of phase between the 

signals from the shadow sensed pendulum  (once having passed through the amplifier and 

filter stage and accum ulating a phase K ) a t the  signal channel of the lock-in amplifier 

and the ou tpu t of the  TT L  circuit a t the reference channel (having accum ulated a phase 

shift T ) and is equal to  J  = K  — T .  The derivation of the  phase shift J  is a direct 

analogy of the determ ination of the phase shift C  in section 4.4.4. By switching between
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Figure 4.13: Experimental arrangement fo r  measuring J  and 8m .

the signals obtained from the sensed pendulum  motion using the white light source and 

the signal from the accelerometer, a  series of successive m easurem ents of J  and Sm (the 

to ta l m easured phase) could, in principle be obtained.

A further complication with this experim ental arrangem ent resulted however from the 

decreasing am plitude of pendulum  swing. At small swing am plitudes the phase angles 

J  and 5m were found to  drift thus m aking it difficult to  obtain consistent values. To 

overcome th is problem, the pendulum  swing was m aintained a t a constant amplitude by 

means of a  servo system  using a coil and m agnet drive. The m agnet 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 1 Hz signal which was then 

fed into the  coil. To get th is force in phase with the  pendulum  velocity an RC filter was 

introduced to  allow adjustm ent of the phase of the drive signal so th a t 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, th a t of 

magnetic pick-up of the drive signal by the  accelerometer. This problem was overcome 

by switching the drive coil off during m easurem ents involving the  accelerometer (i.e. 

8m) and switching it on again for m easurem ents of J . The final arrangem ent of the
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Figure 4.14: Plot o f phase data where J  = —0.52° and Sm =  —1.91°.

experim ental appara tus can be seen in figure 4.13. The experim ental results are shown 

in figure 4.14. Phase shifts, averaged over a  num ber of successive measurem ents, were 

obtained of J  =  (—0.52 ±  0.01)° and 6m =  (—1.91 ±  0.01)°. A new m easurem ent was 

made of the  phase L, the  excess phase angle between x s and x s , and was found to  be 

L =  (+3.17 ±  0.55) X 10-3 °. These phase shifts, together with the other phase shifts 

determ ined previously, were substitu ted  into the following equation thus allowing us to  

find 8 (the phase angle by which the displacem ent of the top-plate lags the applied force).

8 =  8m +  P  — J  — L  — E  — B  

=  - (1 .6 1  +  0.06)°

=  -(2 8 .0 6  +  1.05) x 10- 3 rad. (4.21)

•  R ecoil Limit for a 200 g Pendulum  H ung in Stiffened System

On substitu tion  of the values of 8 and ks into equation B.12, the value of the 

contribution to  the  to ta l m easured loss factor due to  recoil dam ping (for a  200 g 

pendulum ) can be calculated as
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(j>recoii{wo) =  (4-00 ±  0.48) X 10 (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 < jQ<f>recoii(vo) 

and is considered negligible. Therefore the limit to  the  pendulum  mode loss factor 

m easurable in this system (for a  200 g mass) is

4>,p e n d to ia i ( ^ o )  =  0 r e c o i l  ( ^ o )

=  (4.00 ±  0.48) x 10"8 (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 m easured on 200 g 

masses.

More im portantly, now th a t the stiffness, k s , and phase lag of the system s response, S, 

have been determ ined to  a far greater level of accuracy th an  in the  first experiment, 

the level of recoil dam ping present in the  system , (^reco ilo)? can be determ ined with a 

higher degree of confidence. We can thus sub trac t the accurately known contribution 

due to  recoil dam ping from the m easured loss factor, allowing us to  determ ine the level 

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

4.8 Conclusions

Experim ents have suggested th a t the original pendulum  mode loss factor m easurem ents 

conducted were limited by energy being lost into a  recoiling pendulum  support structure. 

The support structu re  was subsequently stiffened sufficiently to  allow measurable losses 

° f  p e n d to ta i (^o) 4 X 10 8 for a 200 g mass (suspended by fibres of ~  200 fim  diam eter)

-  of the order required for a  GEO 600 test mass.

By improving the m easurem ent process, it was possible to  determ ine the mechanical 

properties of the support s truc tu re  (i.e. ks , £ and hence the loss contribution, <f>reCoii M )
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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^ (f>recoil{^o), from  all subsequent1 measure­

m ents of the pendulum  mode loss factor, thereby allowing a more accurate prediction of 

the rem aining losses present in the m easured loss factor.
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Chapter 5

Loss Factor M easurem ents of  

Pendulum s Suspended from  

Carbon Steel W ires

5.1 Introduction

A discussion which outlines the GEO 600 specification for the acceptable level of therm al 

noise a t 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 therm al 

motion, x^end{Lo)̂  associated with th is mode was specified to  be an order of m agnitude 

lower th an  the estim ated power spectral density of therm al m otion associated with the 

internal modes of the test mass and is equivalent to  a rms therm al displacem ent of 

% p e n d { w )  =  2.2 X 10-2Om /V H z at 5 0 Hz. This noise level can also be expressed as a  

to ta l loss factor due to  the pendulum  mode of 4>p e n d to ta i (<*>) =  3.7 X 10-8 at 50 Hz. Recall 

from C hapter 2 th a t the  theoretical limit to  the level of loss th a t is obtainable for the 

pendulum  mode is given by equation 2.30 i.e.

^pendtotai iw)  —  <f>mattotai ( w ) £ n
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where <f>mattotal (^) is the to ta l m aterial loss factor of the  suspension wire or fibre m aterial 

atid the rem aining term s are defined in section 2 .6 .1.: From equation 2.30 it is clear th a t 

one of the  factors th a t  determ ines the level of <f>Pe n d t o t a l { v )  th a t  can be achieved a t a 

given frequency is the to ta l loss of the m aterial, (f>matto ta i ( u ) , used to  suspend the test 

mass. The maximum acceptable to ta l m aterial loss factor for a  given suspension m aterial 

can be calculated from equation 2.30 using the  appropriate param eters for a GEO 600 

suspension, and has the  values

•  fimattotaiiw) =  1.2 X 10-5  a t 5 0 Hz for carbon steel

•  ^mattotaiiu) =  5.1 x 10-6  a t 5 0 Hz for fused quartz

(these num bers were calculated for four suspension wires/fibres tensioned to  |  of the 

tensile s treng th  of the  m aterial in question -  refer to  C hapter 3). Assuming th a t  all 

external loss mechanisms are negligible, the to ta l m aterial loss is the sum of the intrinsic 

loss factor of the  m aterial, <f>matintrinsic ( ^ ) ? and a possible contribution 4>matt e due 

therm oelastic dam ping (both of which have been discussed in C hapter 2). M easurements 

have shown th a t  it is likely th a t  the m aterial loss factor is structu ral [47] in na tu re  (i.e. 

^ m a t i n t r i n s i c (^) is constant a t all frequencies). The m agnitude of the therm oelastic loss 

however varies with frequency about a maximum value defined by the  properties of the 

m aterial.

The level of loss due to  therm oelastic dam ping in a 222 (im  diam eter wire made of carbon 

steel (suitable for suspending a GEO 600 test mass) was calculated to  be 4>matt.e. (w) =  

3.21 X 10-4  a t 50 Hz. This loss is considerably higher th an  the required m aterial loss 

factor already quoted for carbon steel showing th a t  carbon steel cannot meet the GEO 600 

specification. The contribution a t 50 Hz due to  therm oelastic dam ping from fused quartz

(for a fibre of 440 fim  diam eter suitable for use in GEO 600) is much lower th an  carbon

steel i.e. (j>matt.e.(u ) =  5.6 x  1° -7 - Its intrinsic loss factor, 0 ma*intrinaic(w), is also low 

(as calculated from the m easured <t>matto ta i (w) in C hapter 3). This means th a t the  to ta l 

m aterial loss factor of fused quartz  a t 50 Hz is below the maximum acceptable loss for 

fused quartz , (^) =  5.10 X 10~6, therefore making it a suitable candidate for the

suspension m aterial of the  GEO 600 tes t masses.

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

•  w ith the exception of GEO 600, all of the first stage detectors belonging to  the 

m ajor laser interferom etric gravitational wave detector projects around the  world 

are being constructed w ith the suspended components being hung on steel wires.

•  there are m any suspended elements in GEO 600 other th an  the test masses (e.g. 

the  reaction masses and interm ediate masses) whose therm al noise requirem ents 

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 th a t  is obtainable experimentally 

from such suspensions.

M easurem ents of the m aterial loss factor made on a spring formed from carbon steel 

wire of 127 fim  diam eter were reported in C hapter 3. The measured loss factor was 

=  (1-58 ± 0 .1 5 )  X 10 4 (measured a t a resonant frequency of 2 .6 Hz). To 

transla te  this into the loss factor associated with the pendulum  mode th a t is achievable 

by a GEO 600 test mass suspension a t 50 Hz we m ust

•  calculate the  therm oelastic dam ping contribution within the m easured m aterial loss 

factor for a wire of diam eter and resonant frequency the  same as the  tested  wire. 

This was shown (in section 3.2) to  be negligible. The m easured loss is therefore 

assumed to  be the intrinsic loss factor, <Pmatintrinsic 0^) •

•  add to this the thermoelastic loss factor calculated for a 222 fim  diameter GEO 600 

suspension wire at 50 Hz (i.e. <f>matt .e. M  =  3-21 X 10-4 ) to give a <f>mattotal( v )  =  

(4.79 ± 0 .1 5 ) x 10“4 at 50 Hz

•  finally, substitu te  th is into equation 2.30 to  calculate the lowest achievable loss 

factor associated with the  pendulum  mode a t 5 0 Hz, <i>Vendtotai{u) — (1 .53±0.05) X 

10~ 6 .

This value of the pendulum  mode loss factor is equivalent to  a  rms therm al displacement 

of (1.43 ±  0.05) X 10-19 m /v ^ Iz  a t 50 Hz, a  factor of ~  6.5 x higher than  the GEO 600 

specification.
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By m easuring the loss factor associated w ith the pendulum  mode of pendulum s sus­

pended fforti carbon steel wires it was hoped th a t inform ation would be obtained about 

how best to  construct suspensions of this kind w ithout introducing excess losses (such 

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

5.2 Construction o f the Initial Test Pendulums Suspended  

by Carbon Steel W ires

Before embarking on the construction of a  test pendulum  suspended from carbon steel 

wires, care was taken to  find a m ethod of clamping the wire ends th a t allowed a reasonable 

am ount of clamping pressure to  be applied to  the wire in an a ttem p t 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 th a t  fits tightly  the wire diam eter in question. The precision 

engineering of the  bore of the  pin-vice further ensures th a t 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 25 cm lengths of 178 ^m  diam eter carbon steel wire into the pin-vices. 

These were tightened onto the wire by hand. The pin-vices a t the bottom  ends of both 

wires were glued to  opposite edges of a 210 g glass plate th a t formed the pendulum  mass 

as shown in figure 5.2. The pin-vices a t the opposite ends of the  wires were inserted into 

two clamps machined from an aluminium plate. A schem atic 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 a ttached  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 ‘to p -h a t’, was prevented 

from moving by two aluminium cross-pieces tightened into the top-hat. The tank  was 

evacuated by an oil diffusion pum p (backed by a ro tary  pump) in parallel w ith an ion 

pum p, to  a pressure of the order of 10-7  m bar. This level of vacuum pressure was 

employed to ensure th a t  the longitudinal pendulum  mode was not subject to  significant
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Figure 5.1: Photograph of pin-vice used to clamp the ends of the carbon steel wires (length 

of pin-vice is ~  7 cm).

carbon steel 
wire

pin-vice

pendulum plate J  
flag

Figure 5.2: Pendulum suspended by carbon steel wire with wire attachments made using 

pin-vices.

tigh ten ing nut-

clamp

bolt
pm-vice

suspension wire

Figure 5.3: Diagram of the suspension plate.
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vacuum tank
rigid
support

structure
mirror

photodiodewire hung 
pendulum amp. + 

filter

flag chart recorder
white light

Figure 5.4: Experimental apparatus used in the measurement o f the pendulum mode loss 

o f pendulums suspended by carbon steel wires.

levels of gas dam ping (this can be checked by substitu tion of the  param eters of this 

experim ental system into equation A .13).

5.3 Initial R esults Obtained from M easurement o f the Pen­

dulum M ode Loss Factor o f a Pendulum  Suspended by 

Carbon Steel W ires

5 .3 .1  E x p e r im e n ta l A p p a ra tu s

The pendulum  mode was excited by means of a  coil and m agnet ‘pusher’ inside the 

vacuum tank. This was constructed from a th in  m etal lever a ttached  a t one end to  a 

point half way down the length of a small re to rt stand. A m agnet was m ounted 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 m ounted to  the  end of the  fused quartz  rod. A coil 

was then positioned on the re to rt stand  behind the m agnet. Figure 5.5 is a  schematic 

diagram  of the pendulum  pusher. The passage of current through the coil repelled the
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coil mounted on 
retort stand

pendulum

power
supply

lever with magnet 
and foam pad

Figure 5.5: Diagram o f the pendulum ‘pusher’.

m agnet. This in tu rn  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 th a t  the  pendulum  could swing freely.

The am plitude 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  E x p e r im e n ta l R e su lts

In figure 5.6 a plot of ln {am plitude ) versus time, t, is shown for a  typical am plitude 

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

The to ta l loss factor, 4>pendto ta i (^o) ? m easured a t the pendulum  mode frequency, is propor­

tional to  the gradient of this graph and can be found from (j>Ve n d total  (^o) — — ̂  x gradient 

where Uo 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 <f>pendto ta i (wo) =
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diameter carbon steel wires.
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(1.70 ±  0.07) X 10- 5 . The gradient decreases in the second section of the  plot and 

cOrriesporlds to  a loss factor of 4>Pendtdtal{wQ) — (1.30 ±  0.06) x l 0 ~ 5. From this we can 

conclude th a t  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 approxim ate tim e can be found where the effect of the excess dam ping ceases 

to  have a significant effect. This ‘knee’ occurs a t a tim e ~21600s after the  pendulum  

was set in motion. Over this tim e interval the  swing am plitude was found to  have 

decreased from the initial am plitude of ~  4 mm to  ~  1m m . Two possible explanations 

were considered for the change in the decay constant of the am plitude decay. These will 

be discussed in the following section.

5.4 Possible Explanations for the Observed Change in D e­

cay Constant o f the Am plitude Decay

The two explanations considered were

1. a non-linearity in the m ethod employed to  sense and record the am plitude decay 

of the  pendulum motion

2 . the  possibility of an am plitude dependent dam ping originating a t 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 

tu rn .

1(A). The photodiode signal was amplified and then passed to  the  chart recorder. In 

the  course of an experim ent, the  am plitude of the photodiode signal decreased and the 

gain of the  amplifier was increased a t various points to  m aintain a chart recorder trace 

th a t was of approxim ately constant am plitude throughout. This was done to  ensure th a t 

the chart recorder operated in the  same am plitude range during the experim ent therefore 

elim inating any non-linearity th a t may have been introduced by it. It was postulated  

however th a t  a non-linearity may have been introduced a t the  gain switching points of
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the amplifier. To check for this, an accurately known voltage a t the pendulum  frequency 

was applied to  the  amplifier. The ou tpu t 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  diam eter 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 th a t  the  light source produced a beam th a t was 

of approxim ately constant intensity across the  field. The circular profile of the  light 

beam  could however mean th a t the intensity of the light detected passing the flag was 

not directly proportional to  the am plitude of swing a t large amplitudes. Consider the 

following:

The signal intensity a t the  photodiode is proportional to  the ‘area’ of light passing the 

flag, A pass. This area is

Apass = f  y /R 2 ~  x 2dx. (5.1)
J X

where x  is the  swing am plitude and R  is the radius of the light beam. This signal 

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

intensity when the pendulum  is a t rest i.e.

Ao = f  V R 2 — x 2dx. (5-2)
Jo

The signal th a t  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

m agnitude and opposite sign to  th a t of Ao):

A  = f  y / R 2 — x 2dx  — f  y j R 2 — 
Jo Jx

=
Jo

x 2dx

x 2dx (5.3)
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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 com pare the real case of the circular beam profile to  th a t  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 am plitude e -g- 3F =  constant. This 

can be seen with reference to  curve (i) in figure 5.8. However, using equation 5.3 we see 

th a t  ^4 constant for the  case of the  circular beam profile. We can find the actual 

relationship between A  and x  by using equation 5.3 to  calculate A as a  function of x. 

For ease we use the substitu tion  x  =  RsinO  in equation 5.3 which gives

/•RsinO , _________________ x
A  = j  ( y # 2 -  R 2s in 20J RcosQdO (5.4)

which can be solved to  give

r>2 / 1 \  RsinO
A  =  —  y -s in 2 0  +  0J . (5.5)

Transforming back into ‘x ’ (using the substitu tion  sind =  J^) we find

A = 4- s in  —

! - (i J  +ain-i ̂ (5.6)

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

am plitude, x, (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:

•  the  area, A, obscured by the flag for a  given x  is less than  th a t obscured in the 

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

pendulum.

•  the  change in A  for a given change in x  is smaller than  th a t observed in the ideal 

case.

The second point allows us to  deduce th a t  if the initial am plitude had fallen in the 

strongly non-linear region, the loss factor m easured 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 th a t 

gave a response th a t  was approxim ately linear. This effect is opposite to  th a t  observed 

(refer to  figure 5.6) and was therefore dismissed as the  source of change in m easured 

loss l .

1(C). As the  pendulum  swings the position of the  light beam th a t passes the  flag shifts 

on the photodiode. The response of the  photodiode cannot be assumed to  be linear over 

the entire surface. To ensure th a t 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 th e  change in measured loss factor.

*It should be noted that at amplitudes < ~  5 mm the response is essentially linear.
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2. Our a tten tion  was then  turned  to  the possibility of additional damping arising be- 

tweein the  pin-vice And the suspension Wire, also referred to  as ‘stick-slip’ dam ping [45]. 

As the pendulum  swings in the longitudinal mode the suspension wires bend a t the  point 

where they  enter the  upper pin-vices. ‘Stick-slip’ dam ping arises in the  pin-vices a t the 

point of suspension of the  pendulum ; for am plitudes above a particular value, x , the 

shear stress required to  hold the wire in the clamp exceeds the value th a t  can be pro­

vided by the  clamp due to  the m aterial having a finite coefficient of sta tic  friction. At 

swing am plitudes greater th an  x  the bending wire rubs within the  clamp. This friction 

causes an excess loss and thus an increase in the value of observed <f>pendtotai (v o)- One 

would therefore expect two levels of dam ping to  be observable depending on whether the 

neccessary clamping stresses were overcome or not.

To estim ate the level of am plitude, £, below which ‘stick-slip’ damping is negligible we 

need to  calculate the  m agnitude 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

5 = S  <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]

■ p j

R = c i e -  <5-8>

In equation 5.8, E  is the Young’s M odulus of carbon steel (E  =  2.1 x 1011 Pa) and I
4

is the m oment of cross sectional area ( /  =  Z!̂ -) . 0 is the angular displacement of the 

pendulum  from its equilibrium position and C /9  is the sum of the  elastic and gravitational 

restoring torques (where C f  takes the form C f y /T E I  for small 0, and T  is the tension 

per wire) [45].

Substitu ting equation 5.8 into equation 5.7 gives the expression
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1. At the peak displacement of die 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
y-x _ b-a 
x a

2r _ b-a
R a

l. £
shear strain = tan 8 = — = — 

y 2r
and tan0~ d w h e n a « R .

We know that 2r «  R.

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

Q __b _ 2r+e 
y R+2r 

(where 2 r » e  and R » 2 r )

point of suspension

2Gr

/ t o  pendulum 
]v  mass

and shear stress = Smax= Gy = at peak x

2. A quarter of the way around the wire from position 'A' the shear stress is at a 
minimum. We can calculate the average shear stress, S over half of the wire (during 
half of the pendulum cycle): ^

stress at element rB' is = —  s“10(
*  K 20-

end view 
of wire

Average stress over half wire, S = ^  w
sina da

0_______ = 4Gr
'n ttR '

da
0

Figure 5.9: D erivation  o f expression of the shear stress, S .

dim. of swing
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» ? .  («-»)
' K r y ' K t ,

Further substitu tion  of 6 «  f  (where x  is the  swing am plitude and / the  length of the 

suspension wire) leads to

S =  SG x^ L  (5.10)
7r rly /jrE

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

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

wire,  ̂ jg

F jc tu a l f tF jy

(5.11)

A c
T y

where A c is the area of over which the norm al force, Fjv, acts and equals the  area of 

contact between the wire and clamp, fi is the coefficient of sta tic  friction and 7  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, F° ^ a l, m ust be 

greater than  the average shear stress applied by the wire, 5 , i.e.

Factual > s

which, on appropriate  substitu tions for the two term s, leads to

(5.13)
A c irrW irE

114



The above inequality can be rearranged to  give the  size of the swing am plitude a t which 

the  effect of ‘stick-slip’ dam ping in the  pin-vice no longer causes significant additional 

dam ping. In other words, a  ‘knee’ will occur a t an am plitude

'y rlny /irE T  , .
* < 8 G X  ' ( 5 ' 1 4 )

There are two unknown param eters, 7  and A c, th a t m ust first be determ ined before 

it is possible to  calculate the  swing am plitude, x, below which there is a negligible 

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

•  D eterm ination of the Tightening Factor, 7

A length of the  suspension wire was attached  to  an em pty container. The other end 

of the wire was inserted into a pin-vice identical to  th a t used to  clam p the wires 

in the pendulum  loss m easurem ents. The pin-vice was tightened on to  the  wire in 

a m anner similar to  th a t  used during the construction of the test pendulum . The 

em pty 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 to ta l of 270 g was suspended from the wire. The tightening 

factor is therefore 7  =  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 experim ents. An 

error of ±10  % was added to  this factor to  represent the uncertainty involved in 

tightening the  pin-vice onto the tes t wire to  the  same degree as was used in the 

loss experiments.

•  D eterm ination of the Area, A c, over which the Clamping Force Acts

A piece of enamelled copper wire (of approxim ately the same diam eter 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 m easured as 

Undent =  (270 ± 2 7 ) fim . From th is length and the diam eter of the suspension wire, 

d =  178 /mi, the area, A c, was obtained. This area, approxim ating the area of 

contact between the pin-vice and the wire, can be obtained from A c =  itdlindent 

and is equal to  (1.51 ±  0.15) x 10-7  m - 2 .
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We now have values for all of the param eters in equation 5.14.

These are E  = 2.1 x 1011 Pa 

T  =  1.03N 

7  =  2.6 ± 0 .3  

r =  89 fim.

1 = 0.250 ±  0.003 m 

G =  8.1 x 1010 Pa 

and A c =  (1.51 ±  0.15) X 10"7 m " 2.

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

am plitude where the ‘knee’ occurs. The am plitude is found to  be x =  1.5 ±  0.3 mm.

This approxim ately corresponds to  the  am plitude a t which the level of dam ping changed 

in the experim ental results shown in figure 5.6. It was concluded th a t ‘stick-slip’ damping 

was the cause of the additional loss in the first 21600 s of the  experim ental run. This 

source of loss had a negligible effect a t an am plitude of less than  ~ 1  mm.

There are two points w orth noting:

•  Tightening the pin-vices (and therefore increasing the factor 7 ) should result in 

an increase in size of the am plitude below which ‘stick-slip’ dam ping is no longer 

significant.

•  By expanding the w ire/fibre diam eter 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  w ire/fibre downwards and out of the  jaws of the  clamp. 

Doing this helps to  reduce the shear stress a t the edge of the clam p and hence 

reduce the  tendency for the  w ire/fibre to  slip.

Returning to  the  results given in figure 5.6, the minimum value of the pendulum  mode 

loss factor m easured a t 1 Hz can be com pared to  the level of expected pendulum  mode 

loss factor calculated from equation 2.30 given the m aterial loss factor, (f>mattotai (wo) • 

In section 3.2, results were reported for the  m easured m aterial loss factors of two dif­

ferent thicknesses of carbon steel wires; 178 jum diam eter wire (as used to  suspend the
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m aterial loss pendulum  loss

’ measured predicted

<f>p e n d to ta i (^o) at  1 Hz

for 178 fim  wire

best measured

0 p e n d to ta i (^o) at  1 Hz

for 178 fim  wire

factor
m e a s u r e d
p r e d ic te d

(4.54 ± 0 .4 0 ) 

x lO -4  

for 178 fim  wire

(2.88 ± 0 .3 2 ) 

x lO -6

(1.30 ± 0 .0 6 ) 

XlO"5

~  4.5

(1.58 ± 0 .1 5 ) 

x lO -4 

for 127 jitm wire

(1.0 0 ±  0 .10)

x lO ”6

(1.30 ± 0 .0 6 ) 

x lO "5

~  13

Table 5.1: Comparison o f observed 4>pendtotal(u)o) and predicted 4>pendtotal(uo). Predicted 

level o f (f)pendtotal{u>o) is calculated from  the intrinsic material losses, (frmatintrinsiA^o), 

reported in section 3.2. Column 4 gives the factor by which the observed pendulum loss 

is higher than the predicted value.

tes t pendulum  under discussion) and 127 f i m  diam eter wire. The 127 f i m  diam eter wire 

displayed the lower loss factor of the  two samples and was believed a t the  tim e to  be a 

more realistic level for ^maiintrin,ic H -  If was postulated  th a t there may have been an 

excess loss present in the  m easurem ents performed on the 178 f i m  diam eter wire. For 

completeness in table 5.1, the lowest level of measured loss factor of the pendulum  mode 

(i.e. (t>’p e n d t o t a l {pJo )  =  (1.30 ±  0.06) X 10 5), is compared with th a t  predicted from the 

m easured m aterial loss factors of both  diam eter wires.

Comparison of the measured result w ith the predicted loss show th a t an excess loss was 

exhibited in the m easured pendulum  loss factor.

5.5 Cause o f the Excess Loss Present in the Initial M ea­

surement

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

g r a d ie n t .........................................................................................................................................

•  hysteresis loss in the  ferrom agnetic pin-vices swinging in a magnetic field gradient.

An estim ate of the  level of loss a ttribu tab le  to  each of these dam ping mechanisms was 

made (the calculation of the  levels of loss associated with eddy current and hysteresis 

dam ping 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 num ber of unrelated experim ents to  be performed. W hen it was tim e to  retu rn  

the pendulum  to  the test structure, it was noted th a t a t some tim e 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 

tim e using pliers. The pendulum  was then re-hung in the  tank . The only significant 

change to  the  experim ental system was an increase in the clamping force a t the  upper 

pin-vices. The tank was evacuated and the pendulum  re-swung. The pendulum  mode 

loss factor was re-m easured using the same m ethod as was employed before. The results 

are shown in figure 5.10.

W ith reference to  figure 5.10 the pendulum  mode loss factor obtained in the first section of 

the am plitude decay was (f>Ve n d to ta l  (^o) =  (3.87±0.34) X10-6  decreasing to  4>p e n d to ta i (<*>o) =  

(1.78 ± 0 .1 4 ) x 10 6 in the  second section of trace. A break in slope appears a t a swing 

am plitude of 0.17m m .

There are a num ber of observations w orth 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 dam ping present is in the initial pendulum  mode loss 

measurement:
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Figure 5.10: M easurement o f the amplitude decay o f the pendulum after tightening o f the 

pin-vices.

1. If the only excess loss mechanism present in each of the two m easurem ents was ‘stick- 

slip’ dam ping we would not expect to  see any change in loss factor between the second 

sections of experim ental results after having tightened the pin-vices; a t am plitudes lower 

than  th a t  a t  which the ‘knee’ occurs, the  loss due to  ‘stick-stip’ dam ping is negligible. 

The loss factor obtained from the second sections however decreased from 4>Pe n d to ta i (^o) —  

(1 .3 0 ± 0 .0 6 )x l0 ~ 5 in ‘experim ent 1’, to  <t>Pe n d to ta i (^o) =  (1 .7 8 ± 0 .1 4 )x l0 -6  in ‘experiment 

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

2. The lowest loss th a t the pendulum  mode can exhibit is set by the to ta l m aterial loss of 

the suspension wires. The lowest m easured pendulum  mode loss factor (<f>p e n d to ta i (^o) =  

(1.78 ±  0.14) X 10-6 , obtained in ‘experim ent 2 ’), was lower th an  th a t predicted using 

the m aterial loss factor of the  178 fim  diam eter wire (i.e. <j>Pe n d to ta l  (^o) — (2.88 ± 0 .3 2 ) X 

10-6 ). This confirms th a t  the m aterial loss factor, </Wf,„trmS;c o)7 obtained from the 

sample of 178 pm  diam eter wire was indeed too large, as was suspected a t the tim e 

of its m easurem ent. Com paring the best m easured pendulum  mode loss factor with 

th a t calculated from the m aterial loss of the  127 pm  diam eter wire (4>Pe n d to ta l  (^o) =  

(1.00±0.10) X 10-6 ), shows b e tte r agreement. This suggests th a t tightening the pin-vices
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has reduced (but not entirely eliminated) the excess loss th a t  was evident in ‘experiment

 .................................................................................................................................................................

3. The above sta tem ent suggests th a t  poor clamping was the source of the  excess loss in 

‘experim ent 1’. We can postulate th a t  the  observed break in slope in figure 5.6 was the 

effect of ‘stick-slip’ dam ping ceasing to  exist in one pin-vice only and th a t an excess loss 

was still present as a result of ‘stick-slip’ dam ping associated with the other pin-vice. 

This could occur should the tightening factor in th is pin-vice be much smaller. If this was 

so the  pendulum tested  in ‘experim ent 1’ never reached a swing am plitude 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 th a t 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 experim ental results. Consider the second sections of experim ental d a ta  shown 

in figure 5.6 and figure 5.10. The difference in loss factor between these two sections, 

<f>pendeXce3s{u o)? can be calculated by subtracting  the loss factor obtained in the second 

section of ‘experiment 2 ’, (f>exp2section2(^0)* from the loss factor obtained in the second 

section of ‘experiment 1’, <t>expieection2 (wo)

f ipen dexcess i^o)  =  4>exp l 3ection2 ( ^ o )  — ^ ex p  2section2 ( W o )

=  (1.12 ±  0.06) x 10"5. (5.15)

For the excess loss to  be caused by an under-tightening of one pin-vice it should m aintain 

a constant level th roughout the  entire experim ent. To check if this occurred, the  excess 

loss, (frpendexcessi^o), was added to  the  loss factor m easured during the first section of 

‘experiment 2’, (f>exp2sectl0n \iu o) — (3.87 ±  0.34) x 10- 6 , to  give a to ta l loss factor of 

(1.51 ±  0.07) x 10-5 . This loss factor is very similar to  the level of pendulum  mode 

loss factor observed during the first section of ‘experiment 1’, <j>expisection i (^o) =  (1.70 ±

0.07) x 10 5 w ithin the accuracy of the m easurem ent. The presence of a  constant loss 

factor in the first experim ent supports the theory th a t it was due to  a clamping loss
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— ' pin-vice

bore of 
pin-vice

5 mm

wire caught 
between jawsto pendulumpin-vice jaws

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

vice.

present in one pin-vice throughout the  whole experim ental 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. W ith  reference to  equation 5.14, the am plitude 

below which ‘stick-slip’ dam ping should become negligible can be seen to  be proportional 

to  the tightening factor, 7 . We know th a t  7  in ‘experiment 2’ has increased from the 

original value of 7  =  2.6. However, the observed am plitude a t which the break in 

slope occurs has decreased from 1 mm in ‘experiment 1’ to  ~0 .17m m  in ‘experim ent 2 ’. 

The knee position has moved in the opposite direction to  th a t which would have been 

expected.

It was postulated th a t  when the pin-vices were undone and the wire lengths readjusted, 

the  wire was re-inserted into the  pin-vice differently. A lthough the  wire emerged from 

the pin-vice through the bore of the clamp, it is believed th a t 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 th a t  the wire was clamped over a significantly 

longer length, and hence the  force was applied to  a  much larger area, A c, th an  th a t  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  jaw s of the
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clamp. This was found to  be ~ 5 m m . The maximum area, ACmaa;, over which the 

force could act was then  calculated from A Cmax = 2 irrlma± where =  5 mm i.e. 

A-cmax =  (2 .76±0 .28) x 10- 6 m2. Substitu ting this area and the am plitude a t which the 

effect of ‘stick-slip’ dam ping was effectively overcome, x  «  0.17 mm, into equation 5.14 

allows calculation of the  only unknown of the inequality; the tightening factor, 7 . This 

was calculated as 7  >  5.3 ±  0.1.

The tightening factor was then m easured directly a  num ber of tim es by a m ethod similar 

to  th a t  discussed in section 5.4. Each tim e we clamped the wire so th a t  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 1 kg and 4 kg added. 

7  had therefore increased from 2.6 to  some value in the range 9.5 to  38. The range of 

m easured tightening factors lie in the range of the  num ber predicted for the tightening 

factor given the maximum clamping area discussed above and the observed am plitude 

a t which the break in slope occurred. The variation in measured 7  obtained from wires 

nominally clamped by the  same force highlights the  uncertainty involved in clamping a 

given wire in an identical m anner on each trial.

In conclusion, the excess loss factor present th roughout the duration of the first experi­

m ental 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 m easured in the  region free of ‘stick-slip’ dam ping agreed with the pendulum  mode 

loss factor predicted using the be tte r of the two observed m aterial losses.

5.6 Conclusions

The experiments reported in this chapter proved useful for a  num ber of different reasons. 

The experiments to  m easure the pendulum  mode loss factor of pendulum s suspended 

from wire allowed us to  verify th a t the lower m aterial loss factor (measured on a 127 ^m  

diam eter sample and discussed in section 3.2) was the intrinsic loss factor of the carbon 

steel tested.
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Although pendulums hung from carbon steel wires will not be employed to  suspend the 

m ain op tits  in GEO 600, performing these experiments; allowed a  num ber of potential 

dam ping mechanisms to  be explored. One of the most im portan t lessons th a t  was learnt 

during the course of these tests was the effect th a t ‘stick-slip’ dam ping 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 

exam ination of equation 5.14 th a t  clamping tightly  and also by expanding the  diam eter 

of the  wire or fibre up to  a thicker diam eter w ithin the clamping region, th a t  the effect 

of ‘stick-slip’ damping can be reduced to  negligible levels. This works for two reasons. 

By clamping tightly the swing am plitude, x , below which the  pendulum  is unaffected by 

‘stick-slip’ damping increases. By expanding the diam eter 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  clam p helping to  reduce frictional losses.
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Chapter 6

Loss Factor M easurem ents of 

Fused Quartz Pendulum  

Suspensions

6.1 Introduction

We intend to  prevent the  sensitivity of GEO 600 from being degraded by the therm al 

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 (t>pendtotai{UJ) — 3.7 X 10-8  a t 5 0 Hz (see section 2.8).

This chapter contains a discussion of experim ents undertaken to  construct pendulum s of 

small mass, suspended by fused quartz  fibres, which exhibit loss factors low enough to  

let us deduce th a t suspensions suitable for GEO 600 can be constructed.

6.2 Construction o f the Initial Test Pendulums

The pendulum used in the initial loss experim ents was constructed from a ~ 200g  ce­

ramic (tradenam e M ACOR) mass of dimensions of 4.5 cm height, 8.5 cm width and 2 cm
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Figure 6 .1: Initial method o f attaching the ‘stub’ ends o f the fused quartz fibres to the 

pendulum mass.

thickness. Two fused quartz  fibres of ~  290 pm  diam eter a t the  point of bending and 

26.4cm long, were pulled from fused quartz  rods of 3 mm diam eter in the  R F induction 

furnace (discussed in section 3.4.2). Sections of the  3 mm diam eter rod left a t both  ends 

of the fibres (‘s tubs’) were used for a ttachm ent a t the point of suspension and a t the 

pendulum  mass to  help minimise the excess loss known as ‘stick-slip’ dam ping (refer to  

section 5.4). Each upper s tub  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 th a t  were machined from a piece of aluminium -  the  ‘suspension 

p la te ’ (see figure 4.2). The clamps were tightened down onto the brass tubing and hence 

onto the fused quartz rods. The stubs a t the  o ther end of the fibres were a ttached  to 

opposite sides of the pendulum  mass by glueing and clamping (the clamps having been 

machined from the M ACOR m ass). 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 a ttached  to  the under-side of the  pendulum  

during its construction.
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6.3 Initial Pendulum  Loss Experim ents

The pendulum  was lowered into the pendulum  support struc tu re  described in section 4.2 

until the aluminium suspension plate rested on the ‘to p -h a t’. The suspension plate 

was then  tightened into position by two aluminium cross-pieces. The vacuum tank  was 

evacuated to  a pressure of ~  5 X 10-7  m bar to  minimise the effect of external viscous 

dam ping on the pendulum  mode.

The pendulum  mode was excited by means of the coil and m agnet ‘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 a ttached  to  the base of the pendulum  allowing a shadow 

sensing technique to  be employed to  detect the am plitude 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 d a ta  acquisition program  running 

under Lab VIEW  x).

A loss factor, ^pendtotaii^o)> was m easured which varied over tim e. Its value sta rted  a t a 

few x lO -7  and steadily deteriorated to  ~  4 X 10-5  over a period of ~24 hours.

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

term ine the cause of the change with tim e of the m easured pendulum  mode loss factor.

6.4 Investigations to  D eterm ine 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 tim e of the clamps a t the point of suspension

2 . a non-linearity present w ithin the sensing or d a ta  recording equipm ent

3. an increasing level of recoil loss with time

N a tio n a l Instruments Corp.
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1. Tests were performed to  check whether loosening of the  clamps over the interval of the 

experim ent was responsible for the  observed increase in m easured loss factor, Tir^t fhes 

pendulum  was stopped (whilst under vacuum) when the loss factor was a t the  high value. 

The pendulum  was then  re-started . The loss factor was re-measured and was found to 

have the same value as th a t ju s t before the pendulum  was stopped. The tan k  was then 

backfilled with dry nitrogen to  atm ospheric pressure and opened, the  clamps tightened, 

the  tank  evacuated and the experim ent repeated. In this instance the m easured loss 

factor s ta rted  a t a low value and increased over time. These two m easurem ents are both 

consistent with a  loosening of the  clamps over tim e. However, when the tank  was again 

backfilled with dry nitrogen to  atm ospheric pressure and then  evacuated (with no further 

retightening of the clam ps), the m easured 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 

th a t 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 experim ent if the initial swing am plitude had been large enough 

(as was shown in point 1 of section 5.4). The initial swing am plitude was ^ 3  mm. As can 

be seen with reference to  figure 5.8, a 3 mm swing am plitude 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 th a t the light reaching the photodiode 

was linearly proportional to  the  am plitude of swing a t all swing am plitudes. 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 th a t  the recoil m easurem ent discussed in C hapter 4 in
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which the stiffness of the  support s tructu re  was m easured was undertaken a t atm ospheric 

pressure. It was postulated th a t during the course of a loss m easurem ent, 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 struc tu re  against the walls, and therefore changing the stiffness 

of the tank.

To te s t this hypothesis, a  vacuum com patible accelerometer (Briiel & Kjaer 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 struc tu re  of x rms =  1.67 X 10~7 m 

a t 1 Hz (for a  maximum pendulum  displacem ent of 3 m m ). The stiffness of the  support 

s truc tu re  was recalculated using this value and found to  be k s «  1 X 105 N m -1  which is a 

factor of 55 less than  th a t reported for k s in section 4.6. By assuming th a t  the recoil phase 

shift, is a t best equal to  the value reported in section 4.7, the minimum obtainable 

loss for the 200g pendulum  would then be expected to  be (f>recoil(^o) =  1-7 X 10-6 .

The loss factor m easured during the same tim e interval as the accelerom eter reading 

was taken was a few x lO -7  -  approxim ately an order of m agnitude lower th an  the loss 

suggested by the accelerometer reading. This is clearly not possible and implies th a t 

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 equipm ent off. A signal 

was again observed a t 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 an tenna (which was th is tim e positioned lower 

down inside the tank  beside the pendulum ).

It was initially believed th a t  the  induced signal was caused by the swinging of the dielec­

tric pendulum m odulating the  non-uniform electric field of the  ion pum p. This theory 

was tested by inserting an earthed m etal gauze into the m outh of the ion pum p to  screen
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its field. The gauze was found to  have no effect on the level of the  observed signal. 

Sirlce the field of the  ion pum p was blocked by the mesh, the  electrical signal m ust 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 Determ ination o f Sign o f Charge on the Pendulum

We w anted to  determ ine the sign of charge on the pendulum  so th a t the charging mecha­

nism might be understood. The experim ental appara tus used to  measure the  pendulum 

mode loss is represented schematically 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 tu rn  induced a fluctuating charge a t the sensing capacitance, C3, which was measured 

as a  sinusoidally changing voltage a t the  ou tpu t of the amplifier. The definition of the 

symbols m arked on the diagram  are as follows:

•  Ci is the  sinusoidally varying capacitance between the pad of the pusher and the 

face of the  pendulum

•  Ct  is the capacitance between the pendulum  and the tank  wall

•  C'n is the  parallel com bination of capacitances Ci and C t

•  C 2 is the  capacitance between the pendulum  face and the wire

•  C3 is the  combined capacitance of the  wire positioned inside the tank  and the 

capacitance across the  input of the  amplifier

•  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 m easured a t the ou tpu t of the amplifier.
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Figure 6 .2 : Experim ental apparatus used to measure (frpendtotai (^o) with capacitances ei­

ther measured directly or scaled.
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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 th a t 

the  voltage on the pendulum  would be a t its most positive when the value of capacitance 

C i was a t 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  

determ ine the sign of the voltage out of the amplifier when the pendulum  was a t the 

position furthest away from the pusher. This m easurem ent could be made w ith a lock-in 

amplifier. The lock-in amplifier would allow us to  determ ine the phase a t the  ou tpu t 

of the amplifier with respect to  the position of the  pendulum  as sensed by th e  shadow 

sensor. If there were no inversions present in the  detection scheme, and the charge on the 

pendulum  was positive, we would expect th a t  the phase a t the ou tpu t 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 \ a t the  pendulum  

frequency.

On performing the experim ent 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 approxim ately 

equal to  90°. However there was an inversion included in the  signal representing the 

m easurem ent of position. Working backwards through the argum ent given above, and 

taking into account the inversion present, we infer th a t the charge on the pendulum  m ust 

have been negative.

It was concluded th a t ultra-violet radiation em itted from the ion pum p liberated electrons 

from the pendulum support struc tu re  and wall of the vacuum tank. These electrons 

collected on the pendulum  leaving it w ith an overall negative charge. This was supported  

by investigations which showed th a t it was possible to  inhibit the ra te  of charging of the 

pendulum  by placing a solid earthed plate in the m outh of the ion pum p (thus preventing 

the radiation entering the vacuum tank). It should also be noted th a t the am ount of 

charge present on the pendulum  could be decreased by shining light from an ultra-violet 

bulb directly a t 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 th a t 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 tim e is consistent w ith th is -  as the  charge on the pendulum  increased,
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th e  induced currents and consequently the energy dissipated also increased. As a result 

the  loss factor increased as a  function of tim e, A suitable model for this energy dissipation 

will be discussed in the following section.

6.6 M odel o f Energy D issipation Consistent w ith the Level 

of Loss Factor M easured

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

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

•  Ci =  0.75pF to  1.50pF

•  C t  =  40 pF

•  C|| =  40.75 pF  to  41.50 pF

•  C 2 =  0.01 pF

•  C3 =  384 pF

•  R =  100 x 106 ft.

The pendulum was re-swung once charge had accum ulated. The maximum am plitude 

of swing was xq «  3 mm and the voltage measured a t the ou tpu t of the amplifier was 

Vout =  400m V rma. This is equivalent to  a signal V 'ut =  200 fiV rms a t a point in the 

equivalent circuit before the X2000 gain of the amplifier.

The potential difference, Vin , between the left hand face of the pendulum  and ground 

can be calculated from the potential divider formed by capacitance C 2 and the parallel 

combination of R  and C 3  as

Vin = 32.77 Vrms. (6.1)

T he peak-to-peak potential difference th a t gives the rms voltage in equation 6.1 is
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AV*n — 92.68 Vpk/pk (6 ,2)

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

left face of the pendulum  a t the two extrem e positions of the pendulum  swing.

It is interesting to  calculate the num ber of electrons present on the face of the pendu­

lum th a t results in the  potential difference between ground and the pendulum  as the 

pendulum  swings. This can be calculated from

( 6 - 3 )

where q  is the charge on the pendulum  and C a  and C b  are the values of Cy a t the 

extremes of the pendulum  swing. Rearranging equation 6.3 and substitu ting  for AV^n, 

Cai and C b  gives the charge on the pendulum  as 2 x 10- 7 C -  equivalent to  1.3 x 1012 

electrons.

The loss factor, when dom inated by the loss associated with charging, was measured as 

4>pendt o t a l { u o )  = <f>pendcharge(u o) =  4 x 10-5 . It is possible to  calculate the percentage of 

the maximum possible change in electrical energy th a t m ust be dissipated per cycle to  

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

S' % \  ^ l o s t  I  c yc le
T p s n d c h a r g e  1 ^ 0 /  o ^ -  T?

Z7Thr s to r e d

The energy stored in the swinging pendulum  is

E s to r e d  —  ^  X

=  3.5 x 10-5  J (6.4)

where m  is the mass of the pendulum , ujo is the resonant angular frequency and x  is the 

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

f  -
■c ' lo s t /c y c le m a x  2 ( 7 g

=  8.9 x 10- 6 J . (6.5)

It can be seen from substitu tion  of the  num bers calculated in equation 6.4 and equa­

tion 6.5 into equation 2.27 th a t  if all of the energy th a t can be dissipated is dissipated 

per cycle, a  loss factor of 4>pendtotal (^o) =  4 x 10-2  would be measured. Since a loss factor 

° f  fipendtotaiivo) =  4 X 10-5  was observed, we can conclude th a t ~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 m easured during the charging of the pendulum  can be expressed as

f ip e n d to ta i iu o )  =  f i p e n d c h a r g e d o )  +  4>pendother ( w o )  ( 6 * 6 )

where <f>pendcharge (^o) is the  loss associated with the currents induced in the surroundings 

of the pendulum  and <f>Pendother (^o) is the sum of the remaining losses associated with the 

pendulum  mode. It can be shown (from substitu tion  of equation 6.5 into equation 2.27) 

th a t  <f>Pendcharge(uo) equals a constant, K ,  m ultiplied by the charge squared i.e.

^pendtotai  ( ^ o )  —  K q  +  <f>pendother ( ^ o ) -  ( 6 - ^ )

The am plitude of the pendulum  swing, A (t) , and the signal from the amplifier were 

recorded simultaneously. The effect of the  swing am plitude on the size of the  signal from 

the wire an tenna inside the tank  was removed by dividing the size of this signal a t a 

tim e, t , by the swing am plitude a t the  same instan t. The corrected value of the amplifier 

signal was subsequently squared -  and is proportional to  q2. A plot was then generated 

of the loss factor (calculated from the am plitude decay) as a function of the normalised
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Figure 6.4: Variation in loss fo r  the pendulum mode o f  ~  200 g pendulum suspended on 

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

value of q2 (given in a rb itrary  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 stra igh t 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 q2 =  0). 

This value is found to  be (3.3 ± 1 .0 )  x 10-7 .

W ith the earthed m etal 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 rem ained constant with a value of <fiPe n d to ta l  ( ^ o )  =  

(3.19 ± 0 .7 3 ) X 10 7. We can conclude from this result th a t the effect of charging could

be reduced to  a  level where it no longer affected the loss measured.

Once the loss associated w ith the charging of the  pendulum  was effectively removed, the 

remaining losses a t the  pendulum  mode frequency could be expressed as

^ pend-to ta i (k>o) =  ^ p e n d e x p e c t i ^ o )  ^ p e n d e x c e s s i ^ o )
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Figure 6.5: In(amplitude) versus time o f pendulum decay with earthed metal shield in 

place.

=  { ^ r e c o i l  ( w o )  “ I "  ^ p e n c ^ n t r i n s i c  o )  T  0 p e n d t . e .  ( W o )  )  T

fipendexcessi^o) (6*8)

where the losses on the right hand side of equation 6.8 are as follows2:

•  the recoil damping contribution, (j>recoil{uo). For a  pendulum  of mass, m  rsj 0.2 kg, 

and the values of the constants k s and 5 (reported in section 4.6 and section 4.7 

respectively) this can be calculated (using equation B.12) to  be ~  4 X 10-8 .

•  the contribution, <f>pendintrinsic{uo)? set  by the m aterial loss of the  suspension fibres 

(where <f>maiintrinaic(<*>) rsj (0.5 — 1) X 10 6). This is calculated using equation 2.30 

to  be in the range (4.79 — 9.58) x 10- 9 .

•  the contribution, 4>p e n d t ,e _ (^o)i due to  presence of therm oelastic dam ping in the 

suspension fibres. This is calculated from equation 2.30 (where (f>matt.e. (^o) =  

1.5 X 10-7  a t 1 Hz) to  be 1.5 X 10-9 . Because th is loss is < 10% of the  recoil loss 

contribution, it is ignored.

•  any excess loss contribution, <f>Pendexce,a(u o)-

2The contributing loss factors relate to suspension fibres of 290 pm diameters
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The sum of the known losses in the  system , (f>pendexpec =  (f>pendintrinsiC{vo)+<f>recoil{uo), 

has a  value th a t is a factor of ~  7x  lower th an  th e1 measured loss, 4>pendtotal (^o)- Rear­

ranging equation 6.8 and substitu ting  for the known losses, we find th a t an excess loss 

factor of <t>VendexCess(uo) =  (2-69 -  3.19) X 10 7 has yet to  be accounted for.

6.8 Determ ining the Source o f the Excess Loss Factor

Three possible causes of the excess loss factor were considered.

1. Since the m easurem ents using the accelerometer (discussed in section 6.4) were 

found to  be invalid, we again considered an increased level of recoil dam ping as the 

source of excess loss factor.

2. It is possible th a t  the  intrinsic loss factor of the  suspension fibres, ^ma<intrin4ic(w), 

is in some way stress dependent and therefore larger than  th a t m easured for the 

unloaded fibres (discussed in C hapter 3).

3. Although we chose a clamping m ethod which should minimise ‘stick-slip’ dam p­

ing [45], we considered th a t  the  m ethod might be inadequate.

Consequently a series of m easurem ents of pendulum  mode loss factors was performed on 

pendulum s with different masses, fibre diam eter and m ethods of fibre a ttachm ent. The 

results are given in table 6.1, where 4>pendtotaX (^o) are the measured loss factors. It should 

be noted th a t the loss factor associated with the rotational mode, 4>rottotai (^o) ? of fhe 

96 g pendulum suspended on 60 fim  d iam eter fibres was also measured. The significance 

of this is explained below. The term  <!>pendexpect (wo) is the sum of the expected losses 

in the  system (assuming the  values of k s and 5 given in section 4.6 and section 4.7 

respectively for the constants needed to  calculate the  recoil lim it). The excess loss factor, 

<f>pendeXceSS (wo)? (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 

tu rn .

1. In Appendix B .l the  lim iting loss due to  recoil dam ping 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 ^pendtotai ( ^ o ) f i r o t to ta i  ( ^ r o t ) fftpen dexpect  ( ^ o ) <fip en d e x ce ss  ( ^ o )

mass diam. (measured) (measured)

(g) { p m ) x lO -8 x lO -8 XlO"8 XlO- 8

Original 1 200 290 33 ± 4 - 4.7 ± 0 .6 28 ± 4

Clamps 2 32 60 7.2 ± 0 .7 - 0.72 ± 0 .0 9 6.5 ± 1 .0

3 96 60 22 ± 1 - 1.9 ± 0 .2 20 ± 1

4 96 60 - 33 ±  10 - -

New 5 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 3.1 ± 0 .9

Tightened 7 28 290 3.0 ± 0 .4 - 2.9 ± 0 .7 0.1 ± 0.8

Clamps 8 96 290 2.8 ± 0 .7 - 2.9 ± 0 .4 - 0.1 ± 0.8

Table 6 .1: A sum m ary o f the results o f measurements made o f loss factors fo r  various 

pendulums suspended on fused quartz fibres.

dam ping it should be greater for pendulum s of greater mass. Com paring case 7 w ith case 

5 (where there is a factor of ~  2 increase in mass) it can be seen th a t, on the contrary, 

the excess loss has decreased. Also, consider cases 2 and 7 obtained from pendulum s 

of approxim ately the same mass. The excess loss factors should remain approxim ately 

equal bu t were m easured to  be quite different.

In cases 3 and 4 the loss factors for the  longitudinal mode and the ro tational mode of 

the same pendulum  are given. By comparing these we can obtain inform ation about 

the level of recoil damping in the system . The loss of the  longitudinal pendulum  mode, 

0penrfto£oI (^o)> 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 m agnitude 

as th a t m easured for the  rotational mode of the pendulum , <f>rottotai(u rot)• This is because 

the loss factor for bo th  of these modes results from the same mechanism -  the loss asso­

ciated with the bending of the fibres. However, if the level of recoil dam ping was much 

higher th an  had been anticipated (perhaps due to  the pendulum  rocking the tan k  on its 

m ountings), it would seem likely th a t  the support s tructu re  would be stiffer in ro tation 

and th a t the  loss factor m easured for the longitudinal mode should therefore be higher.
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In fact it is not significantly different from th a t  measured for the  ro tational mode. We 

Corlcltid6 th a t the excess loss in the  system  was not due to  the effects of increased recoil 

dam ping.

2. The simplest form of stress dependent dam ping would be where <t>matintrinsic(u ) 

proportional to  p-, where m  is the pendulum  mass and r the radius of the  fibres. Sub­

stitu tion  of <f>Tnatintrinsic{u ) pr into equation 2.30 shows th a t  the  excess loss factor 

should be oc y fm  and independent of the  fibre radius. In cases 5 and 7, the pendulum s 

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 bu t 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 th a t the  excess loss does not result from a stress dependence 

in the  m aterial of the suspension fibres of the form discussed above.

3. W hen 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. M otion 

between the stubs and the brass tubes will transfer energy to  the glue causing a source 

of excess loss. Accordingly the m ethod of a ttachm ent of the upper stubs was changed 

to  involve direct clamping in the form of precision engineered pin-vices (whilst the  stubs 

a t the  bottom  were welded onto a fused quartz  mass). Cases 5-8 are obtained from 

pendulum s clamped in this m anner. Com paring case 7 with case 2 and case 8 w ith case 

3 shows the decrease in excess loss factor due to  the  use of glueless a ttachm ent. 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 th a t the m ethod used to  a ttach  the fibres to  the point of suspension 

in the original loss experim ents was the  source of the  excess loss observed.
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6.9 The Effect o f Seismic N oise on the Level o f M easured  

Loss Factor

W hen making m easurem ents of the pendulum  mode loss factor, care must be taken to  

ensure th a t  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 m otion of the  pendulum  

mode and lead to  an artificially low loss factor, (t>p e n d to ta i (^o) j being measured.

We have seen during previous experim ents th a t  background noise can be corrected for if 

its level is known (refer to  section 2.5). To do this however requires th a t the oscillator 

decays to  the am plitude resulting from the external noise source. In the case of a  1 Hz 

oscillator of very low loss factor this would require us to  leave the experiment running 

for an extremely long tim e (of the  order of a  year). It is however possible to  estim ate the 

effect of seismic excitation on the level of pendulum  motion, thus allowing us to decide 

if it is an effect th a t should be accounted for in the  calculation of the  loss factor. This 

estim ation can be made using equation D.18 (derived in Appendix D) i.e.

%p I 7T fp 
^ 9 V <̂‘<&pend,

where xp is the rms displacem ent of the  pendulum  induced by seismic m otion a t the 

point of suspension of am plitude spectral density, x g. Here f p is the resonant frequency 

of the  pendulum and <f>p e n d  is the  true loss factor of the pendulum  mode (and not th a t 

resulting from the effects of ground noise).

An accelerometer was used to  m easure the  m agnitude 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 m otion was found to  be X g W X x lO ~8 m /V H z 

a t 1 Hz. We assume also a true  loss factor of 4>v e n d  ~  3 X 10-8  (refer to  the m easured loss 

given as result num ber 8 in table 6.1). A m aximum  rm s motion resulting from seismic 

excitation of the pendulum  of x p ~  68 fim  is calculated from substitu tion  of the values 

given above into equation D.15. This is equivalent to  a peak motion of ~  96 fim  -  a 

factor of approxim ately 30 tim es smaller th an  the 3 mm peak displacement of the initial 

pendulum  swing. This suggests th a t  our m easurem ents of the  pendulum  mode loss factor
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are not affected significantly by seismic excitation.

6.10 Loss Factor M easurem ents Performed on an All- 

Welded Pendulum

The results given in table 6.1 highlight the im portance of the m ethod used to  a ttach  the 

fibres to  the point of suspension. To further investigate this, an all-welded fused quartz 

pendulum  was constructed. This was m ade by dispensing with the pin-vices and instead 

welding the 3 mm stubs onto a fused quartz  plate (7.5cm wide, 12 cm long and 0.5 cm 

thick) which acted as a  substitu te  for the aluminium suspension plate. The stubs a t the 

lower ends of the suspension fibres were welded onto a fused quartz mass weighing 96 g. 

This fused quartz  plate was carefully clam ped into position inside the vacuum tank  using 

the aluminium cross-pieces used in all previous m easurem ents of the pendulum  mode loss 

factor.

The logarithmic fit of a  typical am plitude 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 

m ethod described in section 2.5) and found to  be ^>pendtotai{^o) =  (3.0 ±  0.3) X 10-8 .

Using equation B.12 and the values for k s and S given in section 4.6 and section 4.7 

respectively, we can calculate th e  level of recoil dam ping affecting the 96 g pendulum  to 

be (j>recoil(uo) =  (1.9 ±  0.2) X 10 8. Subtracting this from the m easured loss, we are left 

w ith a  loss of (1.1 ± 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 

m aterial a t 1 Hz. The theoretical contribution from the fibre m aterial is calculated to  be 

<f>pendintrinsic(<*>0 ) +  ^ p e n d t . e i ^ o )  =  (1.3 ±  0.4) X 10- 8 . 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 com paring these two loss factors we see th a t, 

with care, it is possible to  reduce the  excess losses in the  system to  a level th a t  allows 

us to  observe pendulum  mode loss factors predicted by the limiting source of loss -  th a t 

set by the m aterial of the suspension fibres itself.

Using the m aterial limited value for the pendulum  mode loss obtained from the measured
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Figure 6 .6 : Logarithmic f it  to a typical amplitude decay o f the all-welded fused quartz 

pendulum o f mass 96 g.

loss factor (i.e. (1.1 ±  0.4) x 10-8 ), we can predict the level of loss associated with the 

pendulum  mode a t 50 Hz of a GEO 600 tes t mass hung from fused quartz fibres. This 

was achieved using the following:

•  The level of loss associated with the m aterial of the suspension fibres was calculated 

using the pendulum  mode loss factor given above, the param eters of the 96 g sus­

pension and equation 2.30. This was found to  be <pmattotai{̂ >o) =  (7 .6± 2 .1 ) X 10-7 .

•  The therm oelastic dam ping contribution for the 290 fim  fibres a t 1 Hz was then cal­

culated (i.e. (f>matt.e.(vo) =  1.5 X 10-7 ) and subtracted  from <j>matto ta i (^o)- The loss 

remaining is the intrinsic loss factor of the fused quartz  fibres3, (f>m atin t r in s i c ( ^ )  =  

(6.1 ± 1 .7 )  X 10“ 7).

•  As a property of the  m aterial, this loss factor is independent of fibre diam eter. 

Because fused quartz  is structurally  dam ped, 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 pm  radius) is therefore also ^matimrinsiA^) =  (6.1 ±  1.7) X 10-7  

a t 50 Hz.

3This value of ^>mat,„iriIl, lc(w) lies in the range measured directly on samples of fused quartz ribbons

-  refer to Chapter 3.
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•  Add to  this the therm oelastic dam ping contribution a t 50 Hz for the fibre of radius 

220 f i m  (i.e. <f>matt ;e. M '= :5 .6  X 10~7) to  give a  to ta l loss of 4 > m a tt 6 t a l { u )  — (1.2, ± , 

0.3) x 10"6.

•  This loss factor is combined w ith the param eters of a GEO 600 suspension using 

equation 2.30. Thus the loss factor associated with the pendulum  mode a t 50 Hz 

is calculated to  be <f>P e n d to ta i ( u )  =  (8.5 ±  1.6) x 10- 9 .

This level of loss factor is considerably lower than  the GEO 600 specification of 

4>pendt o t a l { u )  =  3.7 x 10-8  a t 5 0 Hz.

6.11 Conclusions

In this chapter it has been shown th a t care m ust be taken not to  introduce an additional 

loss into the measurem ent of the  pendulum  mode loss factor by electrostatically charging 

the pendulum  from UV light em itted  by an ion-pump used on the system . Ion-pumps 

will not be employed in GEO 600.

The experiments reported highlight the  im portance of choosing a low loss m ethod of 

attaching the fibres to  the point of suspension. In doing this we dem onstrated  th a t 

the level of the pendulum mode loss factor could be reduced to  levels predicted by the 

known losses present in the system  (i.e. th a t due to  the sum of the recoil loss and the 

loss associated with the fibre m ateria l). Removing the effect of recoil predicted for an all­

welded pendulum  of 96 g from the measured loss gave a pendulum  loss of (1.1 ± 0 .4 ) X 10-8  

a t 1 Hz. This loss can be used to  calculate an equivalent loss factor for a  16 kg GEO 600 

test mass of (f>pen d total M  ~  8.5 X 10 9 a t 50 Hz which is considerably lower th an  the 

GEO 600 therm al noise specification (refer to section 2.8). We can conclude from this 

th a t 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 tes t masses in 

GEO 600.
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Chapter 7

The Losses A ssociated w ith the  

Bonding o f Fused Quartz 

Suspension Fibres to Fused 

Quartz Test M asses

7.1 Introduction

There are a  num ber of factors th a t  m ust be considered when choosing a m aterial for the 

main test masses in an interferom eter. Fused silica will be used for the  tes t masses in 

GEO 600 for the following reasons:

•  It is transparen t, non-birefringent and can be polished to  a  ‘super’ sm ooth fin­

ish making it optically suitable for use in an interferom etric gravitational wave 

detector.

•  It has a low value of optical absorbtion, A, and low coefficient of therm al expansion, 

a, which helps to  minimise distortion of the test mass when laser light heats it.

•  Being non-magnetic and non-conducting, it is not susceptible to  eddy current 

damping.
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The sensitivity of GEO 600 a t the  low end of the  detection band will be set by the  level 

of thetmial noise th a t is associated w ith the  internal modes of the test masses. This level 

is determ ined by the properties of the  m aterial of the test masses. Fused silica exhibits 

low levels of therm al noise within the frequency band of interest because:

•  the  relatively high speed of sound, c, (and the choice of tes t mass dimensions) 

ensures th a t the resonant frequencies of the  test mass can be set well above the 

detection band of the interferom eter

•  this m aterial is of low intrinsic loss; typically values of <f>internai{w) =  2 x 10“ 7 have 

been m easured on bulk samples of fused quartz  [30, 51, 63].

Fused quartz  has also been chosen as the  m aterial from which the suspension fibres will 

be formed. In C hapter 3 experim ental results are given which show th a t samples of 

fused quartz  fibres have an intrinsic loss factor, <j>matintrinsic(u ) > ^hat 1S potentially  ten 

times lower than  the minimum requirem ents set for GEO 600. These m easurem ents are 

of particular interest because they were m ade over a frequency range th a t is w ithin the 

detection band of GEO 600. M easurem ents made of the longitudinal pendulum  mode of 

an all fused quartz pendulum were reported in C hapter 6 . These m easurem ents show 

th a t pendulum mode losses of the order specified for GEO 600 are obtainable. A lthough 

all fused quartz/silica suspensions appear extrem ely promising for the  lower stage of the 

double pendulum  suspension, one im portan t question remains; how to  form a pendulum  

by jointing fused quartz  suspension fibres to  the fused silica test mass w ithout degrading 

the level of internal therm al noise a t 50 Hz.

We first consider the level of therm al noise (at 50 Hz) resulting from the different choices 

of the num ber of fibres and the position of the  points of a ttachm ent of the  fibres to  the 

test masses. Following this, various m ethods of bonding the fibres to  the tes t mass will 

be discussed and a conclusion will be draw n about which bonding m ethod should be 

used for attaching the fibres to  the tes t masses in GEO 600.
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Figure 7.1: Two configurations fo r  the attachment o f suspension fibres to the test mass.

7.2 Two Fibres or Four?

The positions of attachm ent of the  suspension fibres to  the  final pendulum  stage has 

to  be such th a t they allow the  orientation of the  test mass to  be controlled by forces 

applied a t the interm ediate mass from which the final stage pendulum is suspended. 

Two configurations are considered. The first involves the  a ttachm ent of four fibres, two 

along each side of the test mass, on a horizontal plane close to  th a t 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 num ber of advantages and disadvantages which have to  be considered for each 

arrangem ent. The first to  be discussed will be a comparison of the pendulum  therm al 

noise in the two cases.

The level of loss factor associated w ith the pendulum  mode of a  pendulum  of mass, m, 

suspended from fused quartz fibres of to ta l loss factor, <f>mattotai (^) > can be calculated 

using equation 2.30 which is repeated below,

{ n y /T E l
0 p e n d totai (<*>) — 4>mattotai ( & )

2  m gl

£ n y /T E l
— i& m atin tr ins ic iu )  +  <f>matt .e. ( w ) ) 2 m gl
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where the term s of the equation are as defined in section 2.6.1. If the fibres are tensioned 

to  ofie th ird  of the breaking stress of fused quartz in both  the  2 and the 4, fibre case, the 

sum of the  cross-sectional areas of the fibres will rem ain constant. The radius of each fibre 

in th e  two fibre suspension is y /2 x  thicker than  in the four fibre suspension ( r |  =  2r |) .  

For a full size GEO 600 tes t mass, the  radii are r 4 ~  220 /xm and r<i ~  310 /mi. The 

vertical separation of the  point of suspension and the plane through the centre of mass 

(and hence the approxim ate length of the  fibres in the four wire case, /4,) is chosen to  give 

a 1 Hz pendulum  frequency. This distance (and therefore the length /4) is ~  0.25 m. This 

separation is fixed. The length of the  fibres in the 2 fibre case, I2 , is the  fixed separation 

minus the radius of the  G E O 600 tes t mass (r*.m. =  0.125m ). From this inform ation 

I4 =  2/2.

Consider the ratio, t pendtgtgt4 * of the  pendulum  mode loss factor for a four fibre sus- 

pension to  th a t for a two fibre suspension. Substitution of equation 2.30 into this ratio 

for the four and the two fibre case gives

p e n d to ta i4 (k Q  _  { ^ m a t i n t r i n s i c j u )  +  4> m a t t .eA  ( ^ 0 ) V ^ 2 r 4  ^  ^

<t>pendto ta  1 2 ^ )  { f i m a t i n t r i n s i c i u )  +  4>m a t t .e _2 ( ^ 0 )  ^ 4 r 2

We also know th a t r \  =  2r \  and I4 =  2/2 which, on substitu tion  into equation 7.1 allows 

further simplification *,

0pere<jto to t4  ( ^ )  _  (<ftm aijn tr ins iA a ; ) ( k Q )  1 2^
fipendtotate (a;) i ^ m a t i n t r i n s i S ^ )  "I" (f>m a t t , e _2 (^0) 2\/2

In C hapter 3, experiments to  m easure the intrinsic loss factor of fused quartz  were 

reported. The loss factor was found to  be ( f>mat in t r i n Si c ( u )  ~  5 X 10-7  and is independent 

of frequency. The therm al noise requirem ent for GEO 600 is specified a t 50 Hz. Knowing 

the radius required for the  suspension fibres of the  two and four fibre suspension, one can 

calculate the level of therm oelastic dam ping a t 50 Hz. Using the m aterial constants for 

fused quartz  given in section 3.7.1, the  therm oelastic loss a t 50 Hz for the fibre of radius 

r 4 =  220 fim  can be calculated as <£ma<t.e.4M  =  5.6 x 10-7  i.e. ~  <f>matintrinaic( v ) • The 

therm oelastic loss a t 50 Hz for the fibre of radius r 2 =  310 //m is (f)matt e 2 (tt>) =  3 X 10~7

1A similar calculation up to this point can be found in S.D. K illboum ’s P h.D . thesis, University of

Glasgow, 1997.
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i.e. ~  §0matintrinSic(^) • These two contributions can be substitu ted  into equation 7.2 to  

g i v e ......................................  ............................................................ .... .....................

pendtotai4 (kQ _  ^ ^  ^

$pendtotai2 (w) 5 \/2
=  0.42.

Since the power spectral density of therm al motion associated w ith the pendulum  mode, 

^therm i^)■> frequencies above th a t  of the  pendulum mode is proportional to  the  pen­

dulum mode loss factor (refer to  equation 2.24), the therm al noise power expected from 

the pendulum mode of the four fibre suspension is a factor of times th a t of a two 

fibre suspension (i.e. the  to ta l loss associated with the pendulum mode for the  four fibre 

suspension is ~  40% of th a t of the two fibre suspension).

If the laser beam is not perfectly centred on the face of the test mass, the  therm al noise 

associated with the tilt mode should also be considered. An advantage of using four fibre 

suspensions is th a t the resonant frequency of the tilt mode may be lower than  th a t of the 

two fibre suspension. If this is the case, the  therm al noise contribution a t 50 Hz resulting 

from the tail of the tilt mode resonance in the two fibre case would be slightly worse 

than  th a t of the four fibre case. In addition, it is easier to  design the control electronics 

used to  orientate the mass in a four wire suspension so th a t  any residual noise from the 

electronics is of an acceptable level a t 50 Hz.

Although the four fibre suspension is be tte r in term s of the level of pendulum therm al 

noise present, there is some advantage in using a two fibre suspension. By suspending 

the mass from two fibres instead of four, the num ber of violin modes is halved. Also the 

series of violin modes in the two fibre case s ta rts  at a higher frequency than  the series 

in the four fibre case. As a consequence the num ber of violin modes present within the 

detection band in the two fibre suspension is less. Both of these points mean th a t the 

num ber of notch filters required in the signal detection system is smaller for the two fibre 

suspension. Because the suspension is designed to  be low loss, each violin mode has a 

very narrow bandw idth and the am ount of bandw idth lost through notching out these 

signals is small in both  cases.
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Since the series of violin modes s ta r t a t a  higher frequency for the two fibre suspension, 

the  therm al nPise contribution from th e  tails of the violin modes a t 50 Hz will be lower. 

The therm al noise contribution from the violin modes of both  the two and four fibre 

suspensions are negligible however when compared with the dom inant therm al noise 

contribution a t 50 Hz -  th a t associated w ith the internal modes of the test mass.

On weighing the advantages and disadvantages of bo th  types of suspensions, it has been 

decided th a t a four fibre suspension is the more desirable. However there does exist the 

problem of how to  bond the fibres to  the  test mass. The bonding m ethod should be 

suitably strong in tension an d /o r shear and the bond should be such th a t it does not 

increase the intrinsic loss factor associated with the internal modes of the  test mass. The 

following section contains a discussion of various m ethods of bonding fibres to  the test 

mass.

7.3 Bonding Techniques

The use of two loops of wire as slings is a common m ethod of suspending the masses, and 

is used because of its simplicity. To ensure th a t additional loss is not introduced into the 

system  sharp ‘break-aways’ are required on the sides of the mass to  define the points a t 

which the wires leave the mass. W hen planning to  suspend the mass from fused quartz 

fibres, sharp break-aways were considered a potential problem due to  the b rittle  nature 

of the fused quartz. Sitting the mass in slings made from two loops of fused quartz  fibres 

was not considered as a m ethod of suspending the test masses.

A nother m ethod of attaching the fibres to  the test mass might be to  glue the ‘s tubs’ (i.e. 

the 3 mm diam eter rods left attached  to  the ends of the fused quartz  fibres) directly onto 

the test mass. This however appeared undesirable due to  the observed adverse effect of 

glueing -  it was reported in section 6.8 th a t  a glue jo int increases the level of loss factor 

associated with the pendulum  mode. For this reason glueing the fibres onto the test 

mass was not considered as a m ethod of attachm ent.

Four possible m ethods of bonding the fused quartz  fibres onto the  mass were considered. 

These were welding, indium bonding, optical contacting and hydroxide catalysis bond-
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bond type bond strength  in tension bond strength  in shear source

welding. bulk strength  of 

m aterial expected 

( ~  800M Pa).

bulk strength  of 

m aterial expected 

( ~  800M Pa).

indium. 6 x 106 Pa. expected to  

be < 6 X 106 Pa.

Indium Corp. 

of America

optical contact. ~  1.4 x 106 Pa. ~  9 x 105 Pa. D.-H. Gwo

hydroxide

catalysis.

3 x 107 Pa. D.-H. Gwo

Table 7.1: Comparison o f bond strengths.

ing 2. Bonds of three of these m ethods were successfully formed and tested. A discussion 

follows in which the strengths of the various bonds are com parred and the bonding of 

the fibres to  500 g test masses is described.

7 .3 .1  C om p a r iso n  o f  B o n d  S tren g th s

We intend to  suspend the GEO 600 test mass from a bond tensioned to  some fraction

of its bond strength  (typically |  of the  bond strength  in the case of a  16kg mass).

The strength  of the bond will therefore determ ine a suitable bond area. In term s of

minimising the effect of the  bond on the levels of therm al noise present, it would be

an advantage to  keep the bond area to  a minimium. W ith this criterion in mind, it is

desirable to  find a m ethod of bonding th a t is as strong as possible. In table 7.1 the  bond

strengths of the different bond types are listed.

2Hydroxide catalysis bonding is being developed by D .-H. Gwo at Stanford University as a robust 

m ethod of bonding together parts of the Gravity Probe-B space telescope. Stanford University has filed a 

patent application for the process of hydroxide catalysis bonding. Further information on its commercial 

application can be obtained from Mr. Jon Sandelin, Office of Technology Licensing, Stanford University, 

900 Welch Road, Suite 350, Palo Alto, CA 94304-1850. e-mail: sandelin@ leland.stanford.edu
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10mm -----------

Figure 7.2: Diagram o f the recessed post ultrasonically milled in the fused quartz test 

m ass .

7.3.2 Formation of the Weld

The 500 g fused quartz masses used in the following tests were cylinders of H O Q310 

grade fused quartz  of diam eter 64 mm by 70 mm long. The cylinder was prepared for 

welding by ultrasonically milling a recessed post in the cylindrical surface of the  mass, 

half way along its length. The post dimensions were approxim ately 3 mm in diam eter, 

by ~ 8  mm deep and positioned centrally within a 10 mm diam eter stepped hole as shown 

in figure 7.2. The post was formed to  isolate the rest of the mass from the heat of the 

welding torch.

A ‘T-piece’ was formed by welding (with an oxy-hydrogen burner) a 30 mm section of 

1 mm diam eter fused quartz  rod to  the centre of a 16 mm section of 3 mm diam eter 

rod. The T-piece was a ttached  to  a jig th a t allowed accurate positioning of the  T-piece 

onto the milled post. The two pieces were welded into position using the  oxy-hydrogen 

burner. W ater was allowed to  flow over the  mass throughout the welding process to  help 

minimise the effect of localised heating.

Two m atching fused quartz  fibres, 16 cm in length, were pulled from 3 mm diam eter rods 

in an oxy-hydrogen flame. 3 mm stubs were left attached  to  both  ends of the  fibres. One 

of the stubs from each fibre was welded to  each end of the cross-bar of the T-piece as 

can be seen in figure 7.3. The stubs a t the other ends of the two fibres were glued into 

tightly fitting sections of brass tubing ready for hanging in the test struc tu re  as explained 

in section 7.4.3. The dimensions of the  T-piece and fibres were chosen so th a t  integer 

multiples of the frequencies of the  lowest order modes of these pieces did not coincide
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brass sleeve 
fused quartz fibre —

3mm r o t  f
fused quartz 'T-piece' * Gnpn l°hg.3mm fused quartz I  -  

s t u b s  * A I

milled post

fused quartz test mass

64mm

70mm

Figure 7.3: Construction o f test mass with welded attachment.

Figure 7.4: Cylinder used in the construction o f the indium and hydroxide catalysis 

bonded test mass (diam eter 1 cm, length 2 cm).

exactly with the predicted frequencies of the  first few vibrational modes of the test mass.

7.3.3 Formation of the Indium Bond

Indium is peculiar in th a t it ‘w ets’ fused quartz  and this behaviour allows it to  act like 

a solder when joining two pieces together. To form an indium bond, a  15 mm wide flat 

was polished along the length of another 500 g fused quartz  mass. A 10 mm diam eter by 

20 mm long fused quartz  cylinder was also polished a t one of its ends, and its other end 

was ground to  a  3 mm diam eter post. This ‘bonding cylinder’ can be seen in figure 7.4.
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The test mass and bonding cylinder were thoroughly degreased and cleaned and heated 

to  a temjpetaturfi of ~  140°C, ju st below the melting tem perature of indium. The use of, 

an ultrasonic soldering iron allowed th in  layers of indium to be deposited in the centre 

of the flat polished on the te s t mass and also to  cover completely the 10 mm diam eter 

polished surface of the bonding cylinder 3. An ultrasonic soldering iron was required 

to  break the th in  oxide layer th a t forms on the surface of the indium, thus allowing it 

to  flow evenly across the surface of the fused quartz. The two indium coated flats were 

brought quickly into contact with one another. Heating of the mass was continued for 

a period of approxim ately three hours after which it was allowed to  cool naturally. The 

mass of indium used in the bond was later measured 4 as 30.7 X 10-6  kg. This allowed 

the thickness of the bond to  be calculated as ~  50 /xm (using the density of indium, 

p =  7.3 x 103 kg m ~3) .

A pendulum was constructed by welding the 3 mm post of the bonding cylinder to  the T- 

piece and suspension fibres from the welded system discussed in the previous section. To 

keep the bond cool during the welding process a small reservoir was built up around the 

bonded area and filled with w ater. The resulting pendulum is shown in figure 7.5. The 

welding process was performed with the T-piece and fibres in situ within the experimental 

apparatus; thus any changes in the loss m easured between the two bonded masses should 

be a ttribu tab le  directly to  the  m ethod of bonding.

7.3.4 Formation of the Optical Contacted Bond

The process of forming an optical contact m ust be carried out in a clean room environ­

m ent, between two grease-free pieces polished to  be optically flat (i.e. the pieces should 

be polished to  be tte r than  ^  distortion in the interference p a tte rn  formed between the 

bonding piece and a reference flat). W ater present on the surface of two optically flat 

pieces causes silanol (Si-OH) to  form on the surface of the fused quartz. Silanol then 

a ttrac ts  further w ater molecules. W hen the two pieces are brought into contact bonding 

occurs. The dom inant bond formed is the hydrogen bond which occurs between the wa­

ter molecules present on the adjacent surfaces. Chemical bonds between silanol groups

3The initial test bond was formed by Hans Rohner of JILA, Boulder, USA.

4Courtesy of the Department of Chemistry, University of Glasgow.
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fused quartz T-piece'3mm fused quartz 
stub —

indium deposited
in centre of flat

'15mm wide 
flat cut along mass

10mm diameter 
flat covered with 

indium ^

64mm fused quartz test mass

70mm

2cm long fused quartz 
cylinder, with 3mm post 
milled from one end

Figure 7.5: Pendulum constructed with an indium bonded attachment.

present on the adjacent surfaces is energetically unfavourable although it can occur in 

the sub-100 fim  scale.

Small chamfers were polished around the edges of all of the optical flats. This was 

to  prevent the smaller flat scratching the larger flat when the two pieces were brought 

together. W ith  a small piece (i.e. the the 1cm  bonding cylinder), the chamfer has the 

effect of bevelling the flat. In addition, optical contacting is usually performed with 

a bonding piece of height th a t is smaller than  the diam eter of the optical flat. This 

configuration helps by allowing the flat to  be slightly deformed when pressure is applied 

(when trying to  form the optical contact) thus encouraging even bond form ation. Our 

bonding cylinder however was twice the length of the  diam eter making it more difficult 

for the surface deform ation to  occur. These factors m eant th a t  we had difficulty forming 

a bond of the quality th a t was required. This and the  lower bond streng th  of the optical 

contact made us decide not to  pursue optical contacting as a m ethod of bonding.

7.3.5 Formation of the Hydroxide Catalysis Bond

Hydroxide catalysis bonding (or hydroxide catalysed hydration/dehydration) takes place 

between two flats in clean room conditions. A lthough the flatness of the  bonding pieces 

required for hydroxide catalysis bonding is not as stringent as in optical contacting, it 

is desirable to  use pieces th a t  are as flat as possible. A ^  optical flat, 15 mm wide
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was polished along the length of a  500 g test mass. A bonding cylinder, w ith one of 

the  ends gfoilnd to  a; 3 mm post (as described previously) had ifs 10 mm diam eter end 

polished nominally to  ^  flatness. Both of the optical flats were cleaned thoroughly using 

trichloroethylene, rinsed with water and then in isopropanol to  remove any trace of grease 

or dust particles. A weak aqueous solution of potassium  hydroxide was m ade and filtered 

(1:500 molecular num ber ratio  of KOH in H2O). This solution is used as a  cata lyst in the 

jointing process. 0.2 //I of the solution introduced between the two surfaces was found to  

be more than  adequate to  bond the 10 mm diam eter flat to  the  test mass.

A model of the  bonding process follows. A num ber of siloxane bridges (Si-O-Si) are 

exposed on the polished surfaces of the fused quartz. The presence of w ater in the 

atm osphere forms a small num ber of silanol groups (Si-OH) from these siloxane bridges 

(as has been discussed previously in the context of optical contacting). H ydration of the 

bonding surfaces by the introduction of the KOH solution increases the num ber of silanol 

groups present, forming 2 per exposed siloxane bridge (refer to  figure 7.6(i)). The KOH 

also reacts with the surface of the fused quartz  (Si0 2 ). This reaction can take many 

forms, the simplest of which is

S i0 2 +  2KOH -+ K2Si03 +  H20  (7.4)

i.e. the KOH etches SiOg-  ions from the bonding surface, depositing them  into the 

solution along with K + ions. The KOH also strips the H+ ion from each of the silanol 

groups. These then bond with hydroxyl ions (OH- ) present in the  solution to  form H2O 

-  i.e. dehydration takes place (refer to  figure 7.6(h)). A silicate ion is then a ttrac ted  

to  the O -  rem ainder of each silanol group. Further silicate ions then  bond to  the  free 

O -  present on each subsequent silicate ion to  form an extended silicate chain. The K+ 

ion is not involved in the bond form ation and potassium  hydroxide is therefore returned 

to  the solution a t the end of the reaction (refer to  figure 7.6(iii)). A sim ilar process 

happens on the other bonding surface. The activated pieces are brought into contact 

and a complicated interlocking structure  is formed.

The bonding process was carried out in a  lam inar flow cabinet to  prevent contam ination 

of the pieces. Minor adjustm ents of the  pieces could be made within the first forty

155



fused
quartz

Siloxane! 
bridge |

Si-h OH
I

0

Si+ O H

O
1

I S i+ O H

1) Introduce K O H
2 ) form  Silanol

S ilanol

(i)
Si -O '
I

0

S i- -0

Si- -O
1

O

Si - - O '

O
I

/ST
O
O
I

/Si
I

O
0
1

/Si-
O
O
I

'Si
O

fused
quartz

S i f  O'H1^  ^  
HoO

O

S i-1-0

?

o
? 
Si-

V

'O o

/ S i
'O  Io

?
/ S i /

o

x o 7

o/

(iii)

Si-
I

0
1

Si

O ’

■ O '

K+

1 ) silicate ions 
etched from  
surface

2) dehydration 
occurs

-SiO2 -

(ii)

1) form ation o f  extended  
chains

2) chains from  tw o  
surfaces interlock

3) reform ation o f  
potassium  hydroxide

KOH
a

O H -K+

Figure 7.6: Model o f chemistry involved in hydroxide catalysis bond.

m inutes after the bond was formed. This type of bond reaches its maximum strength  

after several weeks bu t sets sufficiently to  handle after only a few hours. The bond 

formed and used in the subsequent tests was later examined closely and found to  have 

some small imperfections (i.e. small sections which had not bonded successfully).

Again, the  pendulum was formed by welding the 3 mm post of the milled cylinder to 

the original T-piece and fibres in position within the vacuum tank . The bond area was 

irrigated with w ater throughout the  welding process to  minimise the effect of heat on 

the hydroxide catalysis bond (see figure 7.7).
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2cm long fused quartz
dinder, with 3mm post

Figure 7.7: Pendulum constructed using an attachment made by hydroxide catalysis bond­

ing.

7  A  Investigation o f the Effect o f Bonding Technique on the

level o f Internal Loss

7 .4 .1  D e te r m in a tio n  o f  th e  M o d e  F req u en cies

An approxim ate value for the frequency of the fundam ental longitudinal mode of a  cylin­

drical mass is given by substitu tion  of the  dimensions and m aterial constants of the  test 

mass into equation 7.5 [64, 65] i.e.

by exam ination of the plots in M cM ahon’s paper on vibrational modes of aluminium

stub —

X/10 optical flat, 
15mm wide10mm diameter, 

X/ 10  optical flat

fused quartz test mass

64mm

70mm

milled from one end

a n r
(7.5)

where c is the speed of sound 5, L  and r  are the length and radius of the test mass respec­

tively and <t is Poisson’s ratio  6. The value of u>o was calculated to  be ~  40.2 kHz. The 

fundam ental longitudinal mode and higher order mode frequencies can be determ ined

the speed of sound in fused quartz is 5720 m s b

Poisson’s ratio in fused quartz is 0.17.
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and steel cylinders [66]. Firstly, using the aspect ratio of our test mass (7  =  2.2), the 

dimensionless frequency parameter of a mode, (in either alurtiiniutn or steel) was 

extrapolated from the appropriate curve on one of the plots. If the mode in question was 

‘symmetric’, a correction was made to the dimensionless frequency parameter to account 

for the difference in Poisson’s ratio of the two materials. A definition of ‘symmetric’ 

and ‘anti-symmetric’ modes can be found in the following section. The dimensionless 

frequency parameter (either with or without the correction) is then multiplied by the 

speed of sound in fused quartz and divided by the radius of the mass. The result is an 

estimate of the equivalent mode frequency in the fused quartz test mass.

7 .4 .2  C la ssifica tio n  o f  M o d es

The internal modes of the test mass are classified according to McMahon’s [66] scheme. 

In his paper McMahon named modes according to the order of circumferential and lon­

gitudinal symmetry of the mode of vibration.

• The circumferential order (n) of a mode informs us of the order of symmetry with 

respect to rotation about the longitudinal axis of the test mass.

• A mode is longitudinally symmetric if the radial and tangential displacements 

are symmetric about the mid-plane of the cylinder (i.e. ur (z) =  ur (—z) where 

ur is the radial displacement). Symmetric modes are denoted by even numbers. 

Antisymmetric modes, denoted by odd numbers, are modes with motion ur (z) =  

- u r ( - z ) .

A demonstration of this classification for the internal modes observed in the tests can be 

seen in figure 7.8. End and side views of the test mass are given for each mode together 

with the McMahon mode classification and a descriptive name for the mode. The lines 

shown on the end view of the masses represent nodes.
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Figure 7.8: Example o f end and side views o f the observed internal modes together with 

the associated mode numbers.
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7 .4 .3  E x p e r im e n ta l T ech n iq u e

A three legged aluminium table was placed on three pads of RTV rubber on a rigid 

platform  inside a vacuum tank . The brass encased stubs a t the free ends of the fibres 

were fed up through a slot cut in the  top  of this table and clam ped into an aluminium 

suspension plate (refer to  figure 4.2). Two suspension fibres were used to  inhibit excita­

tion of the  ro tational mode of the pendulum . The separation between the upper ends of 

these were m ade slightly larger than  the separation of the  lower ends to  prevent coupling 

of the  two orthogonal pendulum  modes from the Coriolis effect. The suspension plate 

was then  lowered down on to  three RTV rubber pads which rested on the  upper surface 

of the  three legged table. Finally, a large aluminium block was placed on top of the 

suspension plate. The pendulum  was therefore isolated from external vibrations by two 

sets of rubber/alum inium  layers. The tank  was evacuated to  a  level of ~  10_ 7 m bar to  

minimise gas dam ping of the  internal modes.

The internal modes of each bonded mass were excited by means of an electrostatic drive 

plate situated  parallel to  one end of the mass. The drive p late consisted of two series 

of interlocking m etal fingers th a t were etched onto a fibreglass board (the fingers being 

separated  by ~  1m m ). One series of fingers was grounded and the o ther was biased 

to  ~ + 7 5 0  V. The separation between the mass and plate was <  1 mm. A large resistor 

was inserted in series between the high voltage amplifier and the drive p late to  protect 

the high voltage amplifier in the event th a t the drive p late should short circuit. A 

spectrum  analyser was used to  apply a slowly varying swept sine wave (in a  frequency 

band around the calculated resonant frequencies) to  a  high voltage amplifier connected 

to  the  d.c. biased drive plate. The alternating electric field between the two sets of 

fingers coupled to  the  dielectric m aterial of the mass. This produces an oscillating force 

and hence causing the mass it to  oscillate. The frequency spectrum  th a t resulted (as 

detected  by the interferom eter arrangem ent discussd below) was used to  determ ine the 

exact mode frequencies. W hen a resonant frequency had been found, a  signal generator 

set to  th a t  frequency was used to  send a  1500 drive signal to  the plate. Once

the resonance had been excited sufficiently the  a.c. drive signal was switched off and 

the resonant motion allowed to  decay freely. The levels of dam ping caused by the mass 

moving in the d.c. field and inducing currents to  flow in the  resistor discussed above 

have been shown in calculations to  be negligible [64].
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The m otion of the test mass surface was sensed using a Michelson interferom eter. One 

arm  of thte was forfned between the beam splitter and a m irror evaporated onto the 

front face of the  test mass. The other arm  was formed between the beam splitter and 

three m irrors positioned in a  folded arrangem ent (to ensure th a t  the  second arm  was 

approxim ately the same length as the first). Two of the three m irrors were m ounted 

on loudspeakers and the th ird  was a ttached  to  a  piezoelectric transducer (PZ T ). The 

loudspeakers, PZT  and beam splitter were m ounted on a table outside the vacuum tank. 

The interferom eter was illum inated by light from a Helium-Neon laser. A photodiode 

was positioned a t the ou tpu t and used to  detect the changing interference p a tte rn . This 

pa tte rn  contained inform ation about the  motion of the  front face of the  tes t mass a t 

both  high frequencies (resulting from the internal resonant modes of the  te s t mass) and 

dominantly, a t low frequency (resulting from the  pendulum  mode of the  system ). By 

feeding back a fraction of the low frequency signal (i.e. <100 Hz) to  the  loudspeakers 

and PZT , the  m irrors m ounted on them  were forced to  follow the pendulum  m otion of 

the  test mass. This allowed the much smaller signals resulting from the m otion of the 

internal modes to  be observed.

The high frequency signals from the internal modes of the test mass were filtered, am­

plified and sent to  the input channel of a  lock-in amplifier. Each of the  resulting signals 

was then mixed with a  signal of constant am plitude supplied by the internal reference 

source of the  lock-in amplifier. In each case, the reference signal was adjusted  to  be 

~ 10H z away from the mode frequency. The resulting ~ 10H z beat signal was of low 

enough frequency to  be recorded with a  chart recorder. The am plitude of the  beat signal 

decayed a t the same ra te  as the high frequency internal mode. The ra te  of am plitude 

decay and the internal mode frequency were used to  calculate the mechanical loss factor 

associated with the mode as was described in section 2.5. The experim ental equipm ent 

is shown schematically in figure 7.9.

7 .4 .4  E x p e r im e n ta l R e su lts

The loss factors associated with four internal mode frequencies were m easured for each 

type of bonded test mass. The loss factor of each mode was m easured several tim es and 

the average result for each mode is shown in table 7.2. Sketches of the  m easured modes
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Figure 7.9: Experimental apparatus used to measure the losses asociated with the internal 

modes o f the bonded test masses.
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m easured loss factor

anti-symm. high-order high-order

fund. drum bend. anti-symm. drum

(Mode No.2) (Mode N o.l) (Mode No.9) (Mode No.3)

bond type ~  39.7 kHz ~  49.5 kHz ~  50.6 kHz ~  61.0 kHz

Weld. (5.5 ±  0.2) x 10-7 (6.2 ±  0.1) x 10~7 (1.9 ± 0 .1 )  x 10"6 (7.1 ±  1.1) x 10 -7

Indium. ( i.4  ±  o.i) x i0" 5 (2.i ±  0 .2) x n r 6 (4.3 ± 0 .3) x n r 5 (3.0 ± 0 .2 )  x 10~5

(1.8 ±  0.1) x 10-5 (7.7 ±  1.8) x 10-7 (2.9 ± 1 .2 )  x 10“5 (4.8 ± 0 .6 )  x 10"6

predom inantly predom inantly

hydroxide Mode N o.l Mode No.3

catalysis. (8.3 ±  0.8) x 10-6 

predom inantly 

Mode No.10

(1.7 ± 0 .2 )  x 10“6 

predom inantly 

Mode No.12

wire-slung 7.3 x IQ-7 - -

Table 7.2: Losses obtained fo r the various bond types.

are shown in figure 7.8. The modes were identified by studying the relative positions 

in frequency space of each mode with respect to  one another and then comparing these 

positions to  those in M cM ahon’s plots [66].

To give a  reference point, the  loss factors obtained were also com pared with the loss 

factor m easured on a mass of the same grade of fused quartz  suspended by a single wire 

loop [63]. Assuming th a t fused quartz  is structurally  dam ped, the level of loss factor 

expected for higher order modes would be the sam e as th a t observed a t the  fundam ental 

longitudinal frequency.

In an interferom etric gravitational wave detector only modes which involve motion of the 

centre of the  tes t mass face will contribute to  the level of displacement noise. These same 

modes were the only ones expected to  be detectable with this m easurem ent scheme. It 

should however be noted th a t  some modes which do not exhibit m otion of the  centre of the 

mass face were in fact detected in the  experim ent. These modes were mode No. 10 and 

mode No. 12 observed in the  hydroxide catalysis bonded mass. D iagram s of these modes
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are shown in figure 7.8. Care had been taken to  ensure th a t  the  laser was accurately 

positioned on the centre of the  mass face. It was therefore! thought th a t the  reasbn for 

observing these modes was th a t  the  bonded attachm ent altered bo th  the  frequency of a 

detectable mode and th a t  of a  second mode (closely positioned to  the  detectable mode in 

frequency space bu t previously undetected). This brought the  frequencies close enough 

to  allow the two modes to  couple and form two new modes.

The difference in frequency between the two modes m easured a t ~  49.5 kHz was 102 Hz. 

Using the plots in M cM ahon [66] and searching for a  previously undetected mode close 

in frequency to  the  detected mode in question, it was concluded th a t  the two observed 

modes were formed from the coupling of the  anti-sym m etric drum  mode (mode N o.l) and 

the  first order bending mode (mode No. 10). The lowest loss was m easured for the  lower 

frequency mode. It is believed th a t th is mode was composed prim arily of mode No. 1. We 

infer this because the am ount of flexing of the  mass in the region of the bond is smaller 

for this mode. The smaller motion in th is region reduces the  possibility of inducing 

frictional losses in the bond (which, as sta ted  before, had some small imperfections). 

The upper frequency mode was thought to  consist mainly of mode No. 10. This mode 

has increased flexing in the  bonded region of the mass and a correspondingly higher loss.

Consider now the modes m easured a t ~61.0kH z. The difference between the two mode 

frequencies was m easured to  be 75 Hz and it is believed th a t  they were formed by the 

coupling of a  higher order anti-sym m etric mode (mode No. 3) and a higher order sym­

m etric mode (mode No. 12). The m easured am plitude of the lower frequency mode was 

observed to  be very dependent on the position of the  laser beam  on the mass face. It 

was therefore concluded th a t  the  dom inant mode a t this frequency was th a t  of mode 

No. 12 -  the  mode with the greatest am ount of m otion near the centre of the mass face. 

Consequently, the higher frequency mode was believed to  be composed mainly of mode 

No. 3.
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7.5 Comparison o f the Suitability o f the Various Bonding 

Techniques

We will now discuss the relative m erits of each type of bond, considering the measured 

losses associated with each bond type (refer to  table 7.2) in conjunction with the prac­

ticalities involved in forming each bond.

7 .5 .1  W eld in g

The loss factors obtained for the  mass with the welded attachm ent are low and are 

approxim ately the same as th a t m easured for the mass suspended by a  wire loop (i.e. a 

few x 10-7 ) for all bu t the  higher-order bending mode. However the process of welding 

can induce stress in the  mass. This was observed when we viewed the mass during 

welding through crossed polarisers -  a  region of induced stress was seen to  form in the 

mass despite the  use of w ater cooling. Over a  period of tim e most of this stress relaxed 

ou t of the mass, leaving only a small region a t the edge of the milled hole a t the point 

where the heat of the welding torch was concentrated. This region can be seen as the 

small bright spot near the  top of the mass in figure 7.10. This remaining area of induced 

stress eventually caused a  small crack to  form in the region of the mass around the drilled 

hole. Cracking is clearly undesirable in the  optics of an interferom etric gravitational wave 

detector. The problem of induced stress and the subsequent cracking could in principle 

be alleviated by drilling a larger hole around the milled post and using a smaller welding 

flame

Welding has the advantage of forming a bond as strong as the  m aterial itself. The 

disadvantages of welding are however as follows. A perm anent hole had to  be milled into 

the mass thus leaving no scope for alteration in the bond position. Also, care needs to  

be taken to  try  and form a  perfect jo in t on the first a ttem p t. Taking too many a ttem pts 

to  weld can melt and deform the  post beyond use and the  fused quartz  mass may be 

wasted -  an expensive process.
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Figure 7.10: Photograph showing the region o f stress caused by the welding torch during 

the form ation o f the welded bond.

7 .5 .2  In d iu m  B o n d in g

The loss factors m easured for the  indium bonded mass appear to  be somewhat worse 

th an  those measured for either the wire-slung or welded pendulum s -  ranging between 

~  4 x 10-5  and ~  2 X 10-6 . As a result, th is loss factor is assumed to  be prim arily 

associated with the bond itself. However it is instructive to  scale the highest measured 

loss factor to  find the level of loss th a t m ight be expected for a  full sized GEO 600 test 

mass suspended on bonds tensioned to  ^ of their bond strength .

In scaling from 500 g to  a  GEO 600 test mass, there is an increase in mass of a  factor 

of 32. It is believed th a t  the increase in mass will lead to  a decrease in loss by a t least 

the  sam e factor for a  bond of identical size. From the bond strength  it can be shown 

th a t  a  bond area the same as the  1 cm diam eter bond used in the reported tests would 

be suitable for suspending the 16 kg mass a t ^ of the bond strength . Because the bond 

area does not require to  be scaled, there is no corresponding change in loss. However, 

the  bond, a t 50 pm  thick could be reduced to  ~  ^  of the  original thickness. This might 

be expected to  reduce the loss by a t least a  corresponding factor of 10. Com bination of 

these two scaling factors decreases the highest m easured loss factor of the  indium bonded 

mass to  4>bonda c a U d { u o) =  (1.3 ±  0.1) X 10-7  which, being approxim ately the same level 

as th a t expected from the fused quartz, suggests th a t indium bonding should not have 

too severe an effect on the loss associated with the m aterial of the test mass.
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The process of indium bonding proved rather difficult to  perform successfully. Although 

the  use of the  ultrasonic soldering iron helps to  alleviate the problem 1 of build lip of the 

oxide layer, oxidisation of the  exposed surfaces can re-occur rapidly thus requiring the 

bond to  be formed quickly. Depositing layers of indium on each of the  bonding surfaces 

w ith the soldering iron led to  the  form ation of a relatively thick and, therefore lossy 

bond. In order to  avoid this we a ttem pted  to  evaporate th in  layers of indium onto the 

two surfaces. However oxidisation of the two layers set in imm ediately and appeared to  

prevent the  bond from being formed.

The m ain advantage of indium bonding is th a t the bond can be separated w ithout 

dam aging either bonding pieces. Indium bonding is the  weakest of the  m ethods tested 

and results in the  need for a correspondingly larger bond area. Because of the low melting 

point of indium (147°C), creep of the bond during bake-out of the vacuum system  prior 

to  operation of the detector may be of some concern. Vacuum bakes will be performed 

a t 80°C.

7 .5 .3  H y d ro x id e  C a ta ly s is  B o n d in g

The results obtained from the pendulum  formed using the hydroxide catalysis bond 

(i.e. ranging between ~  8 X 10 7 and ~  3 X 10 5) appear to  be on average worse than  

the  results from either the  wire-hung or welded pendulum  7. Once again this loss is 

therefore assumed to  be prim arily associated with the bond itself. However it is once 

more instructive to  scale the  worst m easured result to  find the level of loss factor th a t 

might be expected from a bond area of a size th a t can suspend the 16 kg GEO 600 test 

mass a t ^ of the  bond strength . A mass increase of a  factor of 32 is obtained in moving 

from the 500 g mass to  a  full sized test mass. This is believed to  cause a decrease in loss of 

a t least a  corresponding factor for a  bond of the  same size and quality as th a t used in the 

experim ent. From the bond streng th  it can be shown th a t a  bond area which is a factor 

of 5 tim es smaller than  the 1 cm diam eter bond used would be suitable for suspending 

the  GEO 600 test mass a t |  of the  accepted bond strength . This should reduce the loss 

by the same factor. Combining these two factors with the worst measured loss from the

7 The results presented in table 7.2 for the pendulum formed using hydroxide catalysis bonding were 

measured 12 days after the bond was formed. Further loss measurements made after 26 days and 101 

days did not differ significantly.
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Figure 7.11: Photograph showing the interference fringes present between the two bonding 

surfaces o f an imperfectly form ed hydroxide catalysis bond.

mass bonded by hydroxide catalysis, scales the loss to  <f>bond3caled{uo) =  (1 .8± 0 .7 ) X 10-7  

for a  bond of the  same quality as the tested  bond. Therefore hydroxide catalysis bonding 

is not expected to  have too  severe an effect on the level of internal loss associated with 

the test masses of GEO 600.

Close exam ination of the  hydroxide catalysis bonded interface showed some small im­

perfections. It seems possible th a t as the mass oscillates, particles of dried KOH may 

‘grind’ in the  area where bonding was unsuccessful and therefore cause additional loss. 

It is believed th a t the form ation of a more complete bond may decrease the  measured 

losses further. A picture of an earlier and less complete a ttem p t a t hydroxide catalysis 

bonding can be seen in figure 7.11. The interference fringes show the region over which 

the bond did not form.

Hydroxide catalysis bonding has many further advantages. It is an inexpensive and 

reasonably straightforw ard m ethod of bonding in which there is a period of tim e to  

make adjustm ents of the  position of the  bond. It is reported th a t the  bonding pieces 

can usually be separated  w ith minimal dam age within the weeks before the bond has 

completely taken [67]. This can be achieved by placing the pieces in an ultrasonic bath . 

Hydroxide catalysis bonding is a  strong bonding m ethod. S trength tests reported by 

D.-H. Gwo [67] performed on fully formed bonds ultim ately result in tearing of the bulk 

m aterial a t the bond streng th  quoted.
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7.6 Recent Results

Care had been taken in designing the pendulum s to  reduce the effect of coupling between 

higher order violin modes and internal modes of the  mass. The presence of coupling can 

result in a  transfer of energy into a  violin mode with a corresponding increase in the 

measured loss factor of the  internal mode [64]. Further experim ents were conducted 

by Dr. S. Rowan [68] to  check if this effect had been significant in any of the  above 

measurem ents.

In th is test, a  bonding cylinder was attached  to  a  500 g test mass using hydroxide catalysis 

bonding and a T-piece welded onto the post of the  cylinder. The cross-bar of this T-piece 

was however formed from a section of fused quartz  capilliary tubing. A length of carbon 

steel wire was passed through this tube. The ends of the  wire were attached  to  a  system 

th a t allowed the length of the  wire to  be adjusted.

The fundam ental longitudinal mode of the mass was excited using the m ethod described 

in section 7.4.3 and the loss factor measured a t a  series of different wire lengths. The 

best m easured loss factor was <f>in t e m a i bond( ^ o ) =  (7.14 ±  0.10) X 10- 7 .

A control experim ent was also performed. This involved sitting  a 500 g mass in a loop 

of carbon steel wire and m easuring the loss factor of the fundam ental longitudinal mode 

a t various different wire lengths. The best loss factor m easured in this experiment was 

(6.80 ± 0 .0 9 ) x 10"7.

If we assume th a t any difference between the loss factors m easured for the masses with 

and w ithout the  hydroxide catalysis bond is due to  the  bond itself, we can estim ate the 

level of excess loss, <j>in t e r n a l exce33{ v o ) , associated w ith this size of bond. This can be 

achieved with the following equation:

f i in t e r n a l e x c e a s i ^ o )  =  W in te r n a lb<md{ w o )  ~  ^ i n t e r n a l c o n tr o l  ( ^ - 6 )

=  (3.4 ±  1.3) x 10- 8 .

The excess loss can in tu rn  be scaled (following the same argum ent as th a t  em-
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ployed in section 7.5.3) to  give a figure for the  excess loss expected from a  hydrox­

ide catalysis bond suitable for suspending a GEO 600 sized tes t massi This figure is 

4*internaleXces3 (^o) 2 X 10-10 -  substantially lower than  the  intrinsic loss factor of the

m aterial itself (i.e. ^internalcontroi (^o) ~  7 X 10-7 ). It can therefore be concluded th a t  the  

excess loss introduced by hydroxide catalysis bonding will give a  negligible contribution 

to  the intrinsic loss associated with the m aterial of the tes t mass.

7.7 Conclusions

A four fibre suspension will be employed in GEO 600 to  minimise the therm al noise 

associated with the pendulum  mode of the  test mass suspension.

Various m ethods of attaching the fused quartz  fibres to  small test masses were considered. 

The streng th  of each bond type and their ease of form ation were compared. The effect on 

the  m easured loss factor associated with four internal mode frequencies were m easured. 

Consideration of all the  facts suggest th a t  hydroxide catalysis bonding would be ideal 

for use in the  construction of the test mass suspensions in GEO 600.
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Chapter 8

Conclusions

This thesis is a  study of various loss mechanisms present within the tes t mass suspensions 

for GEO 600, and the implications of these losses in term s of the resulting therm al noise 

levels.

M easurem ents have shown th a t suspension fibres pulled from ‘standard  grade’ fused 

quartz  exhibit an intrinsic loss factor of =  (0.5 — 1) X10-6  in the frequency

range 6 Hz to  160 Hz -  potentially a  factor of 10 be tte r than  the maximum acceptable 

m aterial loss factor as set by the GEO 600 design specification.

These fibres were subsequently used in the  construction of small mass pendulum s. W hen 

the  fibres were a ttached  to  the  point of suspension using either a  mechanical clamping 

m ethod or by welding, the  pendulum  mode loss factor was measured to  equal th a t deter­

mined by known losses in the system . On subtraction of the  recoil dam ping contribution 

from the m easured loss, the  remaining loss could be used to  predict th a t  achievable by 

a  full size GEO 600 suspension. The projected loss was <j>Vendtotai (<*>) ~  8.5 X 10-9  a t 

50 Hz -  approxim ately a factor of four be tte r th an  the design specification for GEO 600. 

‘S tandard  grade’ fused quartz  has been shown to  be an ideal m aterial for the suspension 

fibres the  tes t masses in GEO 600.

The investigation of hydroxide catalysis bonding to  a ttach  fused quartz  fibres to  fused 

silica test masses has shown th a t it can be used w ithout introducing significant excess loss. 

It also has advantages in the process of assembly and the strength  of the  bond formed.
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Therefore it has been proposed th a t hydroxide catalysis bonding will be employed in the 

construction of GEO 600.

Both the use of fused quartz  fibres and hydroxide catalysis bonding are novel approaches 

to  tes t mass suspension th a t have yet to  be implem ented by the o ther m ajor interferom­

eter projects. However we have shown th a t  by adopting these techniques it should be 

possible to  achieve (and w ith care improve upon) the  GEO 600 design specification and 

therefore ensure th a t the  detector remains limited by the therm al noise associated with 

the losses intrinsic to  the  m irror m aterial itself.

Building on the techniques developed and lessons learned and reported in this thesis, 

the development of full-scale suspensions are being continued by Dr. S. Rowan and Mr. 

S. M cIntosh and are advancing rapidly towards the  final goal of installation in GEO 600 

within the next year.
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A ppendix A

External Gas Dam ping

It is im perative th a t we know the extent of gas dam ping present within our vacuum 

chamber. The following proof allows us to  determ ine the minimum level of pendulum 

mode loss factor achievable in a system  for a given pressure or, alternatively, the level of 

vacuum pressure required for the pendulum  to  experience a negligible effect from external 

gas friction.

Consider the case of a  gas dam ped pendulum . We can derive the fluctuation-dissipation 

theorem for this example using the following procedure. The equation of motion of the 

system is

F  = m px  +  bx -f kx  (A .l)

where F  is the  driving force (in this instance the fluctuating therm al force of gas atom s 

random ly h itting  the pendulum ), m p is the  mass of the pendulum , the term  bx is the 

frictional force the pendulum  experiences as it moves through the  gas and kx  is the 

restoring force of the suspension wires. This equation can be rew ritten  in term s of 

velocity, v, (where x =  iujv and x =  to  give

k
F  = iujmvv +  bv — i —v. (A. 2)
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Dividing F  by v allows us to determine the mechanical impedance

Z ( f )  = b + i  ( u m p -  . (A.3)

Taking the  real p a rt of the  impedance, 9t(Z(u>)), and substitu ting  into the fluctuation- 

dissipation theorem  (equation 2 .1) gives

F 2( f )  =  4kBTb  per Hz. (A.4)

We can also derive the fluctuation-dissipation theorem  for a viscously dam ped pendulum 

in an alternative form in term s of known quantities of the  surrounding gas. We shall 

assume th a t  the pressure within the tank , P , is small enough so th a t  the  mean free path  

of the  gas molecules is large compared to  the dimensions of the  pendulum  (of surface 

area, A ). In this situation only collisions between the molecules and pendulum  mass need 

be considered. Let the vacuum tank  contain n  molecules per unit volume each travelling 

with an rm s speed, in each dimension. On average ^  of the molecules will approach 

with a  com ponent normal to  one surface of the pendulum  and ^  the other. The num ber 

of molecules th a t hit one surface of the mass with a com ponent in the norm al direction 

in a  tim e interval, t, is

A. n A v t
N  = l . w  ( A - 5 )

The to ta l num ber of molecules h itting  the  pendulum  (in a  norm al direction) in a  tim e 

interval, t, is twice this i.e. 27V. Because we are counting individual molecular im pacts, 

we expect th a t  this num ber will fluctuate. The fluctuation, ANtotah should obey Poisson 

sta tistics and so

A N t o t a i  =  V 2 N

n A v t
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Each molecule has a  m omentum  equal to  in the norm al direction. If this molecule 

was to  undergo an elastic collision w ith the pendulum , twice this momentum  would be 

transferred to  the mass. In the  tim e interval, t, th is would result in a  force of F  =  

per molecule being applied to  the mass.

The to ta l force applied to  the  mass (in a  tim e, £,) will fluctuate, A F , due to  the variation 

in the  num ber of molecules h itting  the mass:

The above equation is then squared to  give

Ai?2 =  W  (A8)
3 y 3  t

The kinetic energy of each gas molecule is \ m v 2 =  § kBT  (according to  the Equipartition 

theorem ). The gas density can be expressed as  p =  m n  and the gas pressure as P  =  

\ p v 2. Substituting for n, m v 2 and then  into equation A .8 leads to  the square of the 

fluctuating force being

A F 2 = \ k BT A ' ^ ~ (A.9)

which can be expressed in term s of frequency by substitu ting  for \  = A f

A F 2 =  4k BT  ( A y /P p A f )  . (A.10)

The square of the fluctuating force per unit bandw idth ( A f  =  1 Hz) is

A F 2( f)  = 4 k BT  (A y /P p )  per Hz. (A .ll)

The ideal gas law sta tes  th a t P V  = rjlZT where 77 is the num ber of moles of gas present 

and 1Z is the  gas constant. Substitu ting for 77 (where rjM = mtotah M  is the mass of
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one mole of the  gas and mtotal is the to ta l mass of the gas present) gives P M  = plZT. 

Substitu tion for p into equation A. 11 leads to

A f 2 =  4kBT  | A P J  | per Hz (A.12)

where, on comparison with equation A.4, A P yJ  ̂  is equivalent to  b.

The quality factor, Q, of a  viscously dam ped pendulum  is related to  the  damping coef­

ficient, 6, by the expression given in equation 2.11. The quality factor is equal to  the 

inverse of the  loss factor on resonance (equation 2 .12). Combining these two pieces of 

inform ation gives 4>{loq) =  Substitu ting for b into th is expression leads to

. , A P  I M  . .  10.

This equation can be rearranged to  allow the calculation of a  suitable working pressure, 

P , th a t  ensures the  level of loss due to  gas damping, <f)gas (a;), is significantly below the 

pendulum  mode loss factor desired (i.e. th a t  of the GEO 600 specification) and therefore 

not the lim iting source of loss present.

The use of equation A. 13 can be extended to  allow an approxim ate calculation of a 

suitable working pressure th a t should allow m easurem ent of a  loss factor free of the 

significant elfects of gas-dam ping for any oscillator. An example might be a vibrational 

mode of a  ribbon fibre clam ped a t one of its ends (refer to  C hapter 3). The calculation is 

approxim ate in this case because the effective mass, m effective, and effective area, A effective, 

involved in the  oscillation (and therefore the  param eters which should be substitu ted  into 

equation A .13) may not have the same values as the  actual mass, m  and surface area, A.
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A ppendix B

Proofs R elating to Chapter 4

B .l  D eterm ination o f the Recoil Limit

It is useful to  derive an expression for the  limit to  the m easurable pendulum mode 

loss factor, <f>recoil(w0)7 due to  recoil dam ping (from the support structure) in term s 

of m easurable quantities of the  experim ental system . The loss factor a t  the resonant 

frequency, u>0, is given by equation 2.27 as

,  ,  E lost,cyde
< P r e co i l \W  Oj — 0 _ 77i

Z7T l i t  s t o r e d

where E iost/ cycie is the energy lost in the top  structu re  per cycle of the pendulum  swing 

and E store(i is the  energy stored in the pendulum . Expressions m ust be found for both 

the num erator and the denom inator. The num erator can be expressed as

E l o s t / c y c l e  E a v e r a g e • ( ® ’ l )U> 0

and

a v e r a g e = F .xs (B.2)
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with x s , the recoil velocity of the  support structure , and F , the force applied to  the 

support struc tu re  by the swinging pendulum . The force is given in Appendix B.3 as

F  =  —TsinO

— - m p (u>% +  ^  ) x p (B.3)

(where T  is the tension in the suspension wire, 6 is the angular displacement, x p = 

Xoe 2 xsinu>ot, the horizontal displacement of the pendulum  and j p is the decay constant 

of the  energy of the pendulum ). Given th a t  the pendulum  is viscously dam ped, the force 

can also be expressed as

F  =  Foe ~?'tsinuj0t (B.4)

where Fq = —m p (̂ ujq +  Xq is the maximum applied force.

Due to  the presence of loss in the structure, it is known th a t there is a phase angle, 5, by 

which the displacement of the structure, x s, lags the applied force, F . W ith reference to 

equation 4.1 we see th a t the displacement, xs, can therefore be expressed as

x s =  “2~s i n ( u j o t 5). (B.5)
k .

Differentiating x s gives the recoil velocity of the support structure , x s , as

x s = ~ -e  “2~ (~ ^ s in (L )0t +  <J) +  u 0cos(u;0t +  5)^  . (B.6)

Substitu ting equation B.4 and equation B .6 into equation B .2 and taking the small angle 

approxim ation (i.e. cos5 =  1 and sinS = S) and the tim e averages over 1 cycle,

( s z r i C J g t c O S C J g i ) a v e r a g e  —  0  a n d  ( S tT l  UJq£ ) a v e r a g e  —  2 ’

P a v e ra 3e =  ~  ( " ^  +  y )  '  ( B ’7 )
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The term  is assumed to  be very small and thus

_  FjupSe V
r  a v e r a g e  —  * \ D * ° )

The energy lost/cycle into the support structure , Eiost/ cycie, can be found by substitu ting 

equation B .8 into equation B .l,

_ f | e
f - ' l o s t / c y c l e  — ks

m l( u o + Y ) 2xle- ' 'r t7vS
(B.9)

and since <C u>o, E i o s t / c y c ie  aproxim ates to

mzwnine ,
E , o s t / c y c l e  =  t - S ~ l ----------- • (B.10)

An expression for the num erator (i.e. the  energy stored in the pendulum , E s t o r e d ) can 

be obtained from the maximum kinetic energy of the pendulum  during the same cycle 

and is expressed as

-yp t
E s t o r e d  —  ^ ( * ^ 0 ^  2  )  • ( ® * H )

Substitu ting equation B.10 and equation B . l l  into equation 2.27 gives an expression for

0 r e c o i l  (w0) as

't’re c o ilM  =  (B.12)Ks

in term s of measurable quantities. This is the limit of m easurable pendulum  loss factor 

due to  losses in the support structure.

Substitu ting for the variables in equation B.12 will show whether recoil damping of
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the  pendulum  by a lossy suspension structu re  was responsible for the original value of 

pendulum  loss obtained.

Equation B.12 also shows th a t the effect of recoil loss, (f>recoil(vo)5 can be minimised by 

designing a pendulum suspension structu re  w ith a large value for the stiffness, ks , and a 

small value of loss angle, S.

B.2 The Inverted Pendulum  Accelerom eter and it’s Cali­

bration

The accelerometer can be considered in two distinct parts; the inverted pendulum  and 

its associated circuitry. The inverted pendulum  consists of a mass m ounted on a hinge 

made from parallel plates so th a t it is constrained to  move in one plane only above a 

rigid base plate. The recoil acceleration, x s, of the  pendulum  support struc tu re  causes a 

relative displacement of the  base plate with respect to  the mass. This displacement, x ri is 

sensed by measuring the capacitance between the moving pendulum  and a  vertical s tru t 

rigidly attached  to  the base plate. The relative displacement is directly proportional to  

the acceleration of the structu re  up to  the  resonant angular frequency, ^oaccen of the 

inverted pendulum . The transfer function of the  relative displacem ent with respect to  

the acceleration is given by

(B.13)s2 _|_ “V t a  s  +  a>\V âccel

where s = iu> and Q is the  quality factor of the inverted pendulum .

If negative feedback is included, the relative displacement signal is amplified, filtered and 

fedback as a  force to the mass. In principle, the transfer function of the  accelerometer 

feedback is of the form

H  = H 0(1 + s t )  (B.14)
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where Ho can be thought of as a d.c. gain contribution and the (1 +  s r ) term  provides 

a phase lead for the  purpose of damping of the mass. The closed loop transfer function 

of the relative displacement, xr , w ith respect to  the acceleration, x s is

G
1 + G H

1
acce l  I On I+  H 0T)  +  “ Lccel +  H °
1

(B.15)
.2 _ J _  Wfa c c e l

where =  ^°qc0cet +  H qT, u:faccel = u oaccel +  -^o and Q f  is the  quality factor of the

inverted pendulum when feedback is applied. The use of feedback can be seen to  increase 

the working range of the  accelerometer by raising the natu ra l angular frequency to  u jaccel. 

It should be noted th a t in practice the form of the gain, iZ, is more complicated than  

th a t given in equation B.14 and more typically takes the form

where 72 <  r .  This is necessary as the gain cannot tend to  infinity as cj increases.

(B .16)

Figure B .l shows a simplified block diagram  of the main elements of a  feedback system 

of the type used by an inverted pendulum accelerometer.

Note th a t the transfer function of feedback acceleration, X f, w ith respect to  the  acceler­

ation of the  structure, x s, is given by

(B.17)

It can be seen from equation B.17 th a t in the case of high loop gain (ie. G H  ^> 1), th a t 

V- tends to  1 and th a t direct m easurem ents of the  s tru c tu re ’s acceleration can be made
X  3

from the feedback acceleration.

Figure B.2 shows the main components of the inverted pendulum  accelerometer.
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H ^ l + st)

amp. 
+ filter

feedback
drive

displacement
sensor

feedback gainH= HjHjH^l + st)

-  HJC1 +  ST)

Figure B .l: Simplified block diagram o f a feedback system.

, . non-grounded coil and magnet drive s^ aj
inverted pendulum

capacitive 
displacement sensor

Amp.

accelerometer electronics

O/P dnver

buffer amp

phase lead 
filter

low pass filter
measurement 

output

switch to close 
feedback loop

I
signal sent to 

lock-in amplifier

Figure B.2 : Simplified diagram o f the inverted pendulum accelerometer.
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Tsine

+ve x

Figure B.3: Diagram showing the forces acting on both a swinging pendulum and the 

pendulum support structure.

The accelerometer was calibrated by applying a known acceleration and measuring its 

corresponding voltage applied by the coil of the coil and m agnet drive. The calibration 

constant was found to  be 6 8 V /m s- 2 .

B.3 The Phase Relationship Between the Shadow Sensed  

M otion o f the Pendulum  and the Applied Force

Consider the  force, Fp, acting on a swinging mass, rap, which is hung as a  pendulum  

from a support structure

(B.18)

where T  is the tension in the suspension wire, 8 is the angular displacement of the  mass, 

b is the viscous dam ping coefficient and x p, the relative velocity of the mass as shown in 

figure B.3.

The reaction force, F , acting on the top-plate is due to  the tension in the suspension

Fp = m pxp

= T  sinO — bxp
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wire and

F  = —TsinO

= bxp +  m px p. (B.19)

The pendulum  displacement takes the  form of a decaying exponential

Xp = x o e ^ - ^ *  (B.20)

where xq is the maximum pendulum  displacement, ujq is the  resonant angular frequency 

of the pendulum , and ^  is the  decay constant of the pendulum  am plitude, where 7p =

£  t49i-

Differentiating equation B.20 and substitu ting  into equation B.19 gives an equation in 

which the imaginary term  vanishes leaving only real term s in the expression for ^  and 

thus showing th a t F  and x p are in phase. This equation is

F  = —m p (ojq +  ^ - ) x p (B.21)

This implies th a t shadow sensing the m otion of the swinging pendulum  gives the same 

phase inform ation as sensing the applied force directly.
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A ppendix C

Eddy Current and H ysteresis 

Dam ping

C .l Eddy Current Damping

The ‘pusher’ used to  excite the pendulum  mode of the suspension had a perm anent mag­

net as an integral p a rt of it. W hen the pendulum swung in the field of the m agnet, it 

encountered a field gradient. The stronger, vertical field gradient was m easured over the 

region of the pendulum swing as =  1.5 x 10- 3 T m -1 (the field being approxi­

m ately 0 a t the  rest position of the pendulum ) 1. As a result of this varying field, eddy 

currents are induced in the tool steel pin-vices. Energy from the swinging pendulum  can 

be dissipated, via the electrical resistance of the pin-vices, as heat.

We can make an estim ate of this loss with the following: Recall th a t  the pendulum  mode 

loss factor, (f>p e n d ( u o)> can be expressed (using equation 2.27) as

4),pend{^ o) — ^

^ l o s t  I  cycle  

2,7T E s t o r e d

Consider the denom inator first. The energy stored in the swinging pendulum  is

1For the purpose of this proof the pin-vices are modelled as hollow cylinders of radius, r =  3 x 10"3 m,

wall thickness, t  =  1 x 10-3  m and height, h  =  7.5 x  10-2  m.
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Estored. — ^ (C.1)

where m  is the mass and v is the peak velocity of the pendulum.

Now consider the num erator in equation C .l . The energy lost per cycle can be expressed

as

E l o s t / c y c l e  E  (C.2)LO o

where P  is the  to ta l power dissipated in both  pin-vices (and is equal to  twice th a t 

dissipated in one pin-vice, i.e. P  =  2 ^ - ,  where V  is the induced EM F in one pin-vice 

and R  is the resistance around the circumference of a  pin-vice) and ujq is the resonant 

angular frequency of the  pendulum .

The EM F can be calculated from Faraday’s law as

V ' =  - A ° ( ^ )  — A k o U  ( ~ £ f )  ( C . 3 )
\  /  p i n —vice  \  /  a ir

where Aq = n t(2 r  — t ) is the cross-sectional area of the  pin-vice (t is the  thickness of the 

pin-vice wall and r  is the radius of the pin-vice), Ahoie = 7r(r — t ) 2 is the  cross-sectional 

area of the air-gap in the centre of the pin-vice and (^ jr)  and (^Jr) . are the
V /  p i n —vice  \  /  a ir

rate  of change of magnetic flux density inside the pin-vice and air-gap respectively. By 

using the  following equations

d B \  / d B \  /  dx
dt J p i n - v i c e  V dx J p i n — v i c e  V d£

=  md x J  . . ■» (C-4)
M, '*/ /  p i n —v ic e

and

R p i n —v i c e  —  l ^ r B a i r i  ( ^ ' • ^ )

the  ra te  of change of flux density can be expressed alternatively as
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d B \  ( d B \  ( r-77 ) . =  Mr ( - J "  ) ^ (C .6)
0'*' /  p in —vice \  /  air

where is the measured field gradient and p r is the relative perm eability of the

tool steel 2.

The expression for the  cross-sectional area, Ao, and equation C .6 can be substitu ted  into 

equation C.3 to  give the  EM F as

V =  ~ n ( 2 r  -  t) ( f ) a i / rv  -  *(r -  t f  (g  (C.7)

The second term  of equation C.7 is approxim ately 5% of the first term  and is therefore 

ignored i.e.

V  = — 7r£(2r  — t) f - 3—^ Hrv- (C .8)
\ d x  J air

To calculate the  power dissipated we also need to  know the resistance, R . This is 

calculated from R  = - ^  =  (where p is the resistivity, I is the circumference of

the pin-vice and is equal to  27rr, and A \  is the cross-sectional area through the wall of 

the pin-vice, th 1 where h is the height of the  pin-vice).

Squaring equation C .8 and substitu ting  it, together with the expression for R , into the 

equation for the to ta l dissipated power leads to  a power of

r t 2(2r - t ) 2 ( g ) 2. t f v h h
P = -------------------— ^ ---------- . (C.9)

pr

Substitu tion of equation C.9 into equation C .2 gives an expression for E'/ost/cvcie* The re­

sulting expression can then  be substitu ted  together w ith equation C .l into equation 2.27.

2A  value for the relative permeability of f jr =  14.5 was measured for the pin-vice under weak field 

conditions using a Vibrating Sample M agnetom eter by Dr. P.I. Williams, Wolfson Centre for Magnetic 

Technology, University of Wales Cardiff.
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This allows an equation to  be generated for the contribution to  the  pendulum  mode loss 

factor due to  eddy current damping, namely

2?r(2r -  t )2t2 p?rth
<t>eddy ( ^ o )  =  -------------------------------------------  • ( C . 1 0 )mprujQ

The values of the  param eters are m  =  0.2 kg

r =  3 x 10-3  m 

p  =  15 x 10-8  12m 

( jj0  — 27r x 1 ra d s -1 

t =  1 x 10-3  m 

h =  7.5 x 10~2 m 

( g )  =  1.5 x 10~3 T  m -1

and p r =  14.5

which on substitu tion into equation C.10 gives a loss due to  eddy current dam ping of 

<t>pend{vo) ~  1 X 10-8 . This loss is 3 orders of m agnitude lower th a t the  observed loss 

(refer to  figure 5.6) and is therefore not considered to  be the source of the excess loss.

C.2 H ysteresis Damping

The m agnetisation of the pin-vices will increase and subsequently decrease as the  pendu­

lum swings in the varying magnetic field. The pin-vices are made of tool-steel, a  m aterial 

which is ferromagnetic. As a result, a fraction of the energy associated with the  pendu­

lum mode will be dissipated as heat by hysteresis in the  pin-vices. We can estim ate the 

level of hysteresis damping present in the pin-vices as follows. We will s ta r t by using a 

general definition of loss (refer to equation 2.27) in the form:

$pend(^o) — g

^ l o s t /  cycle

27̂  E stored
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The energy stored in the swinging pendulum  is

^stored — (C .ll)

where m  is the mass and ujq and x are the  resonant angular frequency and the maximum 

displacement of the swinging pendulum  respectively.

Now consider the num erator of equation 2.27. The maximum energy th a t may be lost 

in one cycle of a pendulum  swing occurs when all of the energy stored in the  magnetic 

field is dissipated. This is

where dU  is the energy stored in the magnetic field, dB pin- vice, is the m agnetic flux

is the m agnetic field strength . By using dB pin- vice =  ^ o ^ rdH pin- vice (where fio is the 

perm eability of free space and fir is the relative perm eability of the tool steel in the weak 

field) and equation C.5, dU  can be expressed as

dB pin- vice.dHpin- vice per unit volume (C.12)

density through the pin-vice (of the  stronger, vertical field component) and dH pi.p m —v ic e

dU = ^ r^ atr per unit volume. 
2 /j ,0

(C.13)

An expression for dB air can be obtained from the measured field gradient

d B air =  1.5 x 10 3x . (C.14)

Substitu ting dB a{r into equation C.13 gives

_  fir (1.5 x 10 3)2x 2
per unit volume. (C.15)

2//0

By multiplying dU  by the volume of the  two pin-vices we can calculate the  maximum 

possible energy dissipated per cycle due to  hysteresis in both  pin-vices. The volume
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of one pin-vice is w (r2 — (r — t )2) h =  1.13X 10 6 m 3 (using the dimensions of the 

pin-vices as given in section C .l) .

The maximum possible energy lost per cycle is therefore

Elost/cydemax =  3 X 10"5Z2. (C.16)

However, not all of the available energy is in fact dissipated per cycle. M easurem ents of 

the m agnetisation cycle of our pin-vices were provided by P.I. W illiams 3. From these 

m easurem ents it appears th a t a maximum of 2% of the available energy is in fact lost 

per cycle in the  weak m agnetic field and thus

El0st/cyde =  y |q (3  X 10_ 5) l 2. (C.17)

Substitu tion of equation C.17 and equation C . l l  into equation 2.27 gives the maximum 

hysteresis loss a ttribu tab le  to the two pin-vices of

& h y s t e r e s i s  max  M  =  10°  ^

=  2 x 10"8 (C.18)

(on substitu tion  of the relevant values for m  and u;o). Because this loss is approxim ately

three orders of m agnitude lower than  the best loss reported in figure 5.6, hysteresis

dam ping is not considered to  be the source of excess loss in this experiment.

3P.I. W illiams, Wolfson Centre for M agnetics Technology, University of Cardiff Wales.
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A ppendix D

Derivation of an Expression for 

the Level o f Pendulum  M otion  

R esulting from Ground Excitation

It is im portan t to  know w hat effect ground motion has on the level of loss factor associated 

w ith the pendulum mode of our test pendulum s. We shall therefore derive an expression 

for the level of rms pendulum  displacement, x p( f ), resulting from seismic motion a t the 

point of suspension of am plitude spectral density, x g( f ) .

Consider the  equation of motion of a pendulum  subject to  structural internal damping,

m x p( f )  = - k (  1 +  impend) [Xp(f) -  Xg(f ) \  (D .l)

where m  is the mass of the  pendulum , k  is the  stiffness of the  wire, 4>pend is the true 

loss factor of the pendulum mode and represents the  phase lag existing between the 

applied force and the response of the mass (and is independent of frequency for the case 

of struc tu ra l dam ping).

Substitu te for x p( f ) =  —(27r / ) 2xp( / )  into equation D .l and solve for Dividing

the resulting expression top  and bottom  by m  and then substitiuting for ^  =  (27r / p)2 

(where f p is the  resonant frequency of the pendulum ) leads to
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Xp ( f )  f p  ^ p e n d )

X3 (/) ( f p  ~  P )  + i f f a p e n d  ‘
(D.2)

The m agnitude squared of equation D.2, *»(/) , can be calculated by multiplying by

the complex conjugate of equation D.2. After suitable cancellation of term s, this reduces 

to

Xp(f)

x a ( f )

1 +
(D.3)

The to ta l power spectrum  of motion can be obtained by integrating equation D.3 over 

all frequencies i.e.

x p ( f ) 
x a ( f )

=  (1 +
2 f C

4*p e n d )  J ^

d f

U +  ^pend) ~  2 /J  +
(D.4)

The integral takes the  form

poo (J rp

w  =  /  — jr*---------1 (D -5)Jo a + bx2 + cx4

where a =  (1 +  4>2end) (an<  ̂4>pend ~  10-8  -  refer to  case 8 , table 6 .1), b = —j s  (where

f p =  1 Hz) and c =  -h. There are two solutions to  the  integral given in equation D.5.JP
W hich solution is used depends on the sign of h2 = b2 — 4ac. h2 is negative and so the 

solution of the  integral is [69]

W  =
1

4 cq3sin a \ y + z i o (D.6)

where

Y  =
. a ,  ( x 2 +  2qxcos% +  q2

s in —In — -------------- j--------
2 \ x 2 — 2qxcos% +  q2

(D.7)

and
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z  =
a

2cos—arctg
(  x 2 — q2 
I 2q x s in ^

(D.8)

Also q =  ( ^ ) 4 which reduces to  q = f p ^1  +  \(f>pen(i j  (on using the binomial expansion) 

and cos<* =  = y 1+̂ 2 ^  Using cosa =  ~ ^= J= = , and knowing th a t <t>2pend <  1,

we can also show th a t a  =  4>pend.•

For ease we shall consider the  term s Y  and Z  separately. W ith  reference to  equation D .8 , 

consider first the term  Z .

Z  =
a  (  x — q2 \

2cos—arctg  -------— 7
2 \2 q x s in ^  J

(D.9)

a
=  2~k  c o s — .

2

Now let us examine term  Y  (equation D.7). Consider the  two limits in tu rn . W hen 

x — 0 , y  reduces to

Y(0) =  s i n - l n ( \ ) .  (D .10)

Next we look a t w hat happens when x  —> 00. For ease we remove a common factor of 

x 2 so th a t

Y  =
.01 I 1 + ^COSj  + 5̂-

s in —ln  I ------^ -
2 ' 1 -  -^ c o s f  +  K

(D .l l)

W hen x  —»■ 00 we can see th a t ^  0, which leads to

Y(oo) =  s in —ln( 1). (D.12)

On combining the two lim iting cases, Y  becomes
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Y  — s in —[ln{ 1) — ln{ 1)] (D.13)

=  0 .

Substitution of Z  and Y  into equation D .6 leads to

W  =
7T C O S j

2cq3s in a
(D.14)

Substituting for c, q, a  and c o s f  ~  1 gives

W  = * f p

2(1 +  4  f i p e n d ) 3  f i p e n d
(D.15)

and since (f>pend <  1, we can reduce equation D.15 to

W  = *fp
‘̂•fipend

(D.16)

On substitu tion of equation D.16 into equation D.4 we see th a t

-(/)
x gU)

~  (1 + < f> le n d ) 9 / P.t̂Ppend
(D.17)

and, again, using (f>pend <C 1, it can be seen th a t

1 n f P
‘̂ fipend

(D.18)

where it is assumed th a t the drive noise spectrum  is approxim ately white in the  frequency 

range about 1 Hz, i.e. th a t  x g( f ) is a  constant.

194



A ppendix E

R evised Mirror Sizes for GEO 600

During the period th a t the au thor was writing this thesis, the  mass of a full sized m irror 

for GEO 600 was reduced from 16 kg to  5.6 kg. This change was proposed primarily 

because of the technical difficulties involved in coating the 16 kg masses. Decreasing the 

masses however also eased the construction of the final, triple pendulum . Analysis shows 

th a t the  original therm al noise specification of Xinternai(uj) = 7 X  10- 2Om /\/H z  a t 50 Hz 

can be reached using a 5.6 kg test mass of 18 cm diam eter and 10 cm long 1.

As with the original suspension, we aim to  reach a power spectral density of therm al 

motion associated with the pendulum  mode a factor of ten lower than  th a t associated 

with the internal modes. This is equivalent to  a rms therm al displacement of x pend{u) =  

2.2 X 10_ 2Om /\/H z  a t 50 Hz. By substitu ting  the desired therm al displacement and value 

of the  pendulum  mass into equation 2.24, the  noise can be expressed as a  to ta l loss factor 

due to  the  pendulum mode of <f>pendt o t a i ( u )  =  1.27 X 10-8  a t 50 Hz.

Recall from C hapter 2 th a t  the  theoretical lim it set to  the  level of loss th a t is obtainable 

for the  pendulum  mode of a given suspension is given by equation 2.30 i.e.

^pendtotaiiv o) =  fimattotaiiuo) <2mgl

1T he level of thermal noise achievable is not determ ined by the mass of the mirror but by the aspect 

ratio.
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where the param eters are defined in section 2.6.1. The unknowns in equation 2.30 are

•  the  fibre radius, r

•  the  loss factor, <f>matto ta i (<̂ ) a t 50 Hz

which are determ ined as follows:

Using the  mass of the m irror and the breaking stress of fused quartz  we can calculate 

the  radius of each of the four quartz  fibres: to  suspend a 5.6 kg mass on fibres tensioned 

to  |  of their breaking stress would require 128 jitm radius fibres.

Let us assume the best ‘m easured’ intrinsic loss factor of <f>matintrinsiC(u ) =  0.5 X 10-6  

(refer to  section 3.8). In addition the therm oelastic damping contribution of a 128 

radius fibre can be calculated to  be f imatt .e. iu) =  1-3 X 10-6  a t 50 Hz. Adding the two 

loss factors gives a to ta l loss factor associated with the suspension fibres of <$>m.attotai (^) =  

1.8 x 10-6  a t 50 Hz.

By substitu ting  the relevant param eters into equation 2.30, we can calculate th a t a loss 

factor associated with the pendulum  mode of <t>j>endtotai (u ) =  0.75 X 10~8 should be 

obtainable a t 50 Hz. This value is approxim ately a factor of two be tte r th an  the new, 

maximum loss factor (calculated from the GEO 600 therm al noise specification). Thus 

indications are th a t we can achieve the minimum therm al noise requirem ents using the 

new 5.6 kg m irrors.
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