








At first look, the Q results suggest that sodium silicate bonding does not
significantly increase the losses. The fundamental mode’s very low Q may be
a result of the thread sitting within the trench formed by the mass chamfers.
Visual inspection showed that the bond had not reached the very edges of the
overlapping faces - implying that not enough bonding solution was used. It
was therefore possible that the thread slipped partially between the masses,
making the contact more lossy than would have been the case had the line of

suspension been as smooth as is usually the case.

Mode Frequency (Hz) | Q x10°
Fundamental 20411 2.68 £0.03
Bar 35440 3.86 + 0.07
Asymmetric Drum 50995 12.08 + 0.05
Higher Order Drum 53437 9.23 +0.04
Higher Order Drum 61462 11.15£0.39

Table 6.3: Results of @ measurements of several modes of the doubled fused

quartz mass.

To again estimate a worst case of the loss of the sodium silicate bond itself,
the same approach employed for the bonded sapphire mass was applied. Again
consider the fundamental longitudinal mode. Let the combined mass be of
length L, cross-sectional area S = 7% and Young’s modulus Y. Here the are
of the bond, S’ = 7r? and the Young’s modulus is again Y”. So, the energy in

half the bar is
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0
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Now let the thickness of the bond be B, where B < L. So, if Az = B/2, then
Ehalf bond = %Y’SA%?B (6.18)

So,

Byona  1Y'SA%’B

Foae  1vSA%2L
2BY' 2B
- = _ 2= 1
LY L (6.19)

if the Young’s moduli of the bond material and the mass is the same. Now, if

¢p is the loss of the bond material, then

Sone %453 (6.20)

Now, as can be seen from table 6.3, for the fundamental mode ¢, = (2.68 X
10°)~1 — (1.40 x 105)~!, Measurement of the bond with a atomic force mi-
croscope (performed by E. Elliffe) gave the thickness as 100 nm. Substituting

these values into equation 6.20 gives
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So once again, an unphysical result is produced, close to that found for the
previous fused quartz mass. This further confirms the suspicion that either

the assumption that Y = Y” or that ¢ = 100 nm are incorrect.

Subsequent modelling of the doubled mass by D. Crooks using the same tech-
niques as those described in Chapter 5 have found that the higher order drum
mode at 53437 Hz has a similar energy ratio to that of the fundamental mode.
When this is then converted into a loss, it yields a loss for the bond of 0.27,
an improvement over the initial calculation, though still unphysical. Investiga-
tions by S. Bull from the University of Newcastle also suggest that the Young’s
modulus of the bond is in fact 10 GPa rather than 72 GPa (for fused silica).

Incorporation of this improves the loss to 0.038. Further analysis is continuing,.

6.5 Conclusions

Previous experiments had shown that KOH bonding of a fused silica post to
a fused silica cylinder resulted in a joined sample with internal losses not sig-
nificantly increased. Initial testing of a piece of sapphire with a fused silica
post bonded to it using sodium silicate showed a factor of 10 decrease in the
measured quality factor of the mass. When this translated into an estimate
for the excess loss related to the bonding for a 6 kg mass, as used in GEQ, it
suggested that the loss of the bond was a factor of 2 better than for the case
of two fused silica pieces bonded together using a KOH solution. However,
extensive testing of this mass was not feasible at it appeared that it had suf-
fered damage through welding of fused silica fibres to the bonded post. This

highlighted the need for considerable care when undertaking welding.
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When the effect of jointing fused silica to fused silica with a sodium silicate
solution was investigated measurement of the internal Q’s before and after
showed a decrease again. Analysis of the excess loss due to the bond again
gave results within an order of magnitude for the result for KOH bonding.
Calculations to try to estimate directly the loss of the bond itself resulted in
unphysical answers. Since both results gained were unphysical, it suggests that
assumptions made common to both calculations may not have been correct.
Possible problems were that the Young’s modulus of the bond and mass were
very different and the thickness of the bond was not accurately represented by
the atomic force microscope. Further work on both masses is required before

a firm conclusion can be reached for this technique.
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Chapter 7

Conclusions

Predicted at the beginning of the last century by Einstein in his General The-
ory of Relativity, gravitational waves were indirectly proven to exist by Hulse
and Taylor in the 1970’s. Across the world, ground based long baseline in-
terferometers (GEO 600, VIRGO, TAMA 300 and the first stage LIGO) may
detect them directly within the next year or so, having sensitivities in the
range ~ 1072 to 10722 /y/Hz over a detection band between a few Hz to a few
kHz. In particular, GEO 600 should be operational within the next year and
will be able to search for continuous sources of gravitational waves, such as
pulsars. GEO 600 will also form a part of a network of long baseline detectors
that will allow for coincidence observations of burst sources to be made. The
position of such a source is determined by comparison of the arrival time of
the gravitational wave signals at the various detectors in the network. In the
fullness of time, this ground-based network will be augmented by space-based
detectors, such as LISA. These will increase the bandwidth over which the

gravitational waves search can be carried out.

One of the main limiting factors to the sensitivities of ground-based is thermal
noise. The fluctuation-dissipation theorem is a very useful equation in deter-

mining the levels of the thermal noise. By using the information it provides,
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interferometric gravitational wave detectors can be designed in ways that will
reduce the level of this thermal noise. Prediction of the total level of ther-
mal noise is not as simple as once thought, though. The technique of mode
decomposition only works if the test mass is homogeneous. When this is not
the case, greater care is required. Consideration instead of how energy trans-
ferred to the suspended mass is dissipated is required. And whilst the overall
sensitivity of the detectors currently under construction will still be set by the
intrinsic losses of the materials from which the suspension is constructed, in
future advanced detectors the limit may come from thermal expansion effects
within the materials. In particular, this will come into effect if sapphire with
its very high intrinsic quality factor, is selected to replace fused silica in these

advanced detectors.

To measure the high quality factors that are desirable to minimise the effects
of thermal noise requires considerable care. Samples under study must be
isolated, as far as is possible from the outside world. This is best achieved
by suspending the samples as pendulums. The loop that supports the masses
must be clamped firmly and smoothly. It must be made from a suitable ma-
terial, preferably silk thread or polished wire. The polishing is important as it
improves the smoothness of the metal. The loop and line of contact it makes
with the mass must be lubricated, and its length should be selected with care
so as to avoid any overlapping between the excited internal mode and mul-
tiples of the violin modes in the wire. The easiest way to achieve this is to
keep the suspension length as short as possible. This procedure has the added
advantage that it makes the balance of the suspended mass more stable as it
keeps the break off point of loop and mass well above the centre of mass of the
sample. This means that the bulk motion of the mass is minimised, making it
easier for the electronic feedback system in the interferometer that interrogates

the mass to “lock”. Finally, the mass should be investigated under vacuum in
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order to remove the problem of gas damping from the air.

In order for ground-based gravitational wave detectors to be sensitive enough
they must meet certain requirements. One of these is that the materials from
which the interferometer mirrors are manufactured are have a low mechanical
loss, or equivalently a high quality factor, Q. For GEO 600, this requirement
Qis 5 x 108. It is already known that fused silica has a quality factor in excess
of this requirement. The best sample recorded in Glasgow and presented in
this thesis is a Q of 2.39 x 107, and this material is being used in all current
ground-based detectors. Some of the samples tested, though, did not yield Q’s
of this order. This highlighted the importance of great carc when the samples

are being manufactured and polished if their losses are to be maintained.

Tests carried out on yttrium aluminium garnet (YAG) have shown that it
possesses a Q considerably higher than that of fused silica, though this was
only achievable when the barrel of the samples was well polished. When this
mass was repolished, improving the surface smoothness, it had the result that
the best measured result more than doubled, from an initial value of 2.9 x 107
to 7.3 x 107. Other materials, such as gadolinium gallium garnet (GGG) and
spinel also look like promising contenders for future detectors, though it has

yet to be determined whether large enough samples can be produced.

The current front-runner to replace fused silica, though, is sapphire. It has
been known since the 1970’s that samples grown using the horizontal oriented
crystallization growth have Q’s in excess of x108. Tests carried out on samples
manufactured by the heat exchanger method, a process which should be capa-
ble of producing samples of the size needed for ground-based interferometric
gravitational wave detectors, have shown that they can match these earlier very
high Q’s. The best sample measured in Glasgow yielded a Q of 2.59 x 108,

the highest quality factor measured outside of Russia. Once again, though,

136



not all HEMEX samples performed as well as this, highlighting once again the
importance of the condition of a sample when measuring it. That aside, these
very high quality factors suggest that this type of sapphire could be used for
the test masses in the advanced stages of interferometric gravitational wave de-
tectors. However, its relatively high thermal expansion coefficient means that
its attractiveness as a mirror substrate is not as clear-cut since this results in
a higher level of noise as a result of thermoelastic effects, which will limit the

sensitivity.

In order for these test substrates to be employed as mirrors in interferomet-
ric gravitational wave detectors, they must have a dielectric coating applied to
their front faces. Experiments performed on coated samples of fused silica sug-
gest that the effect of these coatings on the thermal noise of silica masses will
be significant for advanced detectors. Preliminary experiments on sapphire
suggest a similar damping effect by the coating. Initial analytical calculation
of the coating loss suggests that the loss is roughly 8 times higher than that for
fused silica. There is much more work to be done in this area, though. Specif-
ically, systematic testing of samples before and after coating and variations in

coating types and thicknesses is required for both fused silica and sapphire.

Another factor that can cause a reduction in the quality factor of a test sample
is the technique used to suspend it, as mentioned above. For the case of the
actual interferometric detectors, the process used to join the sample to its
suspension must be very low loss. For GEO 600 the technique being used
is hydroxy-catalysis bonding. It has been shown previously that using this
type of bonding between two pieces of fused silica does not have a large effect
on the intrinsic Q of the samples. Initial testing of a piece of sapphire with
a fused silica post bonded to it using sodium silicate showed a factor of 10

decrease in the measured quality factor of the mass. When this translated into
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an estimate for the excess loss related to the bonding for a 6 kg mass, as used
in GEOQ, it suggested that the loss of the bond was a factor of 2 better than
for the case of two fused silica pieces bonded together using a KOH solution.
However, extensive testing of this mass was not feasible at it appeared that it
had suffered damage through welding of fused silica fibres to the bonded post.
This highlighted the need for considerable care when undertaking welding.

When the effect of jointing fused silica to fused silica with a sodium silicate
solution was investigated measurement of the internal Q’s before and after
showed a decrease again. Analysis of the excess loss due to the bond again
gave results within an order of magnitude for the result for KOH bonding.
Calculations to try to estimate directly the loss of the bond itself resulted in
unphysical answers. Since both results gained were unphysical, it suggests that
assumptions made common to both calculations may not have been correct.
Possible problems were that the Young’s modulus of the bond and mass were
very different and the thickness of the bond was not accurately represented by
the atomic force microscope. Further work on both masses is required before

a firm conclusion can be reached for this technique.

The work presented in this thesis has highlighted the need for great care in the
selection and manufacturing of test materials for interferometric gravitational
wave detectors. Whilst there are a number of materials that meet the low
loss requirements for a test mirror, the effect of turning them into mirrors by
the application of dielectric coatings must be taken into account. For fused
silica the effect is reasonably well understood, but this is not so for sapphire.
Work to clarify this will continue in Glasgow, as will further testing of sodium

silicate bonding and cross bonding.
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Appendix A

Details of Interferometric

Feedback System

As discussed in Chapter 3, in order to detect the thermal motion in the front
face of a test mass, a two-stage feedback system was used to remove the bulk,
low-frequency, higher amplitude, motion of the test masses. This allowed the
internal resonance modes to be located and excited. Here the specifics of the

feedback filtering is presented.

A.1 First Stage Filtering

The circuit detailed in figure A.1 is a series of active filters. These take the
interferometric signal from the photodiode and invert it (Part (i) in figure
A.1). It is then filtered by a two-filter combination (Part (ii)). The circuit
also allows for the signal to be amplified or reduced as required, as well as its
D.C. level adjusted. The signal is then sent to a piezo loudspeaker, and via a

second stage of filtering to a moving coil loudspeaker.
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Figure A.1: Circuit Diagram for feedback filtering.
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A.2 Second Stage Filtering

The second stage in the feedback system was a simple low-pass filter. This was
created using a Stanford Research Systems [96] SR560 low-noise pre-amplifier.
This could be set to act as a range of filters whose corner frequencies and gains
could be adjusted to suit the individual situation. Typically, the low-pass filter

corner frequency was 3 Hz and the gain between 1 and 10.
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Appendix B

Recording Ringdowns of

Resonances

As is detailed earlier in this thesis, the method for measuring the quality factors
of the internal resonance modes of a test mass was to excite each individual
mode and then allow them to decay. This decaying signal was fed through
a lock-in amplifier that beat the signal against a constant source set at ~
5 Hz above the resonant frequency. This resulted in a decaying signal with
frequency ~ 5 Hz. This was done because neither of the two systems detailed

below could record a signal with a frequency in the 10’s of kHz range.

Chart Recorder

Initially, the decaying output was recorded on a Graphtec Linearcorder [97]
chart recorder, the recording rate adjusted as required by the speed of the
decaying sine wave signal, i.e. related to the Q of the mode. By measuring
the amplitude of this ringdown at various stages, and plotting these as per
equation 4.7, the quality factor could be calculated. Figure B.1 shows three
such ringdowns. These were for a resonance of 25402 Hz and resulted in Q’s

of 7.32 x 10% | 7.13 x 10% and 7.25 x 10° respectively. This method could lead
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to inaccuracies in the results since it was dependent on accurate measuring
of the amplitude by hand. It also used only a small amount of the recorded
data to calculate the Q. This method was therefore replaced in time with a

computer-based data acquisition programme.

Figure B.1: Three typical ringdowns recorded on the chart recorder. Fach ring

18 measured over 72 seconds.

Data Acquisition Programme

In this set up, the decaying signal from the lock-in amplifier was fed through an
Industrial Instruments [98] ADC board to a PC running a LabView program®.

The front panel of this programme is shown in figure B.2.

This acquisition programme allows for variation in the number of data points
recorded per second, up to 250. The number of these points plotted is also
variable. This data is recorded in a text file, which was then analysed in an
Excel spreadsheet. The spreadsheet takes the raw data (first column in figure
B.3) and calculates the total average of these points. The absolute value of the
difference of the data from this average is then calculated (column 3), and then
a running average of this plotted, each point being averaged over the fifty to
either side. (Column 4) The gradient of the best fit straight line through these

points is then found, its gradient being used to determine the Q of the decay.

'Program written by Jenifer Lotz
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Figure B.2: Front panel of the data acquisition programme.

This technique allowed for the use of all recorded data in the calculation of
the quality factor. Whilst both techniques would result in the same Q for a

particular decay, the computer programme was more efficient in time.
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Figure B.3: Analysis spreadsheet.
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Appendix C

Algor

C.1 Introduction

Algor [81] is a finite element analysis programme that employs linear static
and dynamic stress analysis capabilities to determine stresses, displacements
and natural frequencies. Additionally, it can predict the dynamic response to

static and dynamic loading.

C.2 Building up an Algor Model

To model a particular test sample, a three dimensional mesh must be con-
structed. This is built up in stages. For the case of a cylindrical test mass,
this is done as follows. Firstly, a line equal in length to the diameter of the
mass is drawn. This is subdivided into n sections. This line is then revolved
about its midpoint, creating a disc. Each point along the diameter lines is
connected to the equivalent in the next one. Once the disc is complete, it is
then copied in the “z-direction”, stacking the discs until a cylinder is formed
of the desired height. Again, each point in the discs is connected to its coun-
terparts above and below. Once the cylindrical mesh is complete, the natural

resonance frequencies can be determined. The number of points in the mesh
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can be increased or decreased, depending on the level of accuracy required; the

more points used, the more accurate the calculated frequencies.

In the section that follow, final mode pictures for various resonances for a
fused silica test mass (diameter 12.5 cm and height 10 ¢m) are shown. These
highlight the fact that as well as generating the mode frequencies and shapes,
Algor can also determine the relative amount of movement throughout the
mass. [t was the determination of this movement, specifically in the faces of
the mass, that allowed the calculation of the energy ratios quoted in Chapter

J.

C.3 Example Mode Shapes

The modes shown in the following figures were those excited as part of the
tests to investigate the effect of coating the Corning fused silica test mirrors,

detailed in Chapter 5.
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Figure C.1: Bending mode at 22105 Hz.
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Figure C.2: Asymmetric drum mode at 22977 Hz.
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Figure C.3: Fundamental longitudinal mode at 25378 Hz.
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Figure C.4: Clover 4 mode at 26176 Hz.
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Figure C.5: Symmetric drum mode at 28388 Hz.
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Figure C.6: Ezpansion mode

Figure C.7: 2nd asymmetric drum
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Appendix D

Strain Energy

In Chapter 5, energy ratios are used to determine the losses associated with
dielectric mirror coating of test masses in addition to other factors. To obtain
these ratios, the energy in the coating and substrate are required. These
energies are due to strain within the coating and substrate. Here, some aspects

of strain as well as strain energy are discussed.

D.1 Definition of Strain

Consider a one dimensional bar, as shown in figure D.1. If a force is exerted
upon this bar, causing it to extend, then the length of the bar x becomes z+wu,
where u is the extension. Similarly, a section of the bar Az becomes Az + Awu.
Strain is defined as the ratio of change in length to the original length. If the

section of the bar is considered, then

change in length  Au
original length ~ Az

strain = (D.1)

which tends to % as x — 0. This can be described as an extension per unit

length.
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Bebre extension

X+U Ax+Au

After extension

Figure D.1: Fztension of a bar due to an applied force.

Now consider a two dimensional plate, with two orthogonal vectors lﬁl and

g . . . —_— —=———

ABy defined upon it. If this plate is then rotated, AB; becomes A’B’; and
—

Eg becomes A’B’y. (See figure D.2.) Using the notation of figure D.2, the

extension per unit length parallel to x; is 3—;‘11- and that parallel to x, is j—‘;g.

There are also two cross terms, 94 and 422,

v

Figure D.2: Rotation of a 2-dimensional plate.

From this, an initial first strain tensor could take the following form:

du;  duy
dxy dzxo
duy  dupy
dr1 dz2

which for the case of pure rotation becomes
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0 -0
6 0

since it can be seen from figure D.2 that

j—zj = —3—2 = tand ~ 0 (D.2)
for small displacements. So, Zz—“; and fl—d;‘f signify a strain and a rotation. Pure
rotation, though, should not result in any strain since no length change is
produced. A better definition for strain is therefore required, one that will
not confuse rotation and strain. The above tensor is antisymmetric implying
that antisymmetry can be associated with pure rotation. So it is necessary to
define a strain tensor as symmetric, and therefore be zero upon pure rotation

(as required). A suitable definition is therefore

duy 1(duy 4 dug
dz1 2 \ dzo dz1
1 (dup 4 duy duy
2 d.'L’l dmz dzZ

The full definition of strain, which is true for small displacements, is given by

equation D.3 [99]:

. 1 du,, d’u]'

D.2 Strain Energy

The full energy density is given by equation D.4

F = <u12k + 7 ullumm> (D4)

1—20 1+0o
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Here the summation is implied, Y is the Young’s modulus and ¢ is the Poisson’s
ratio of the substance under consideration. In an FEA model (in this work,
Algor [81]), this equation is evaluated at each node and then integrated over
the whole volume [99]. It is useful to consider the terms in this equation with

respect to their physical relevance.

Two sources of energy are introduced:
e Bulk energy

e Shear energy

Bulk Energy

Consider a small cuboidal volume with sides of length L,, L, and L,. The
volume of this is L, L, L,. If this volume is deformed, then the principal strains

will be those in the x, ¥y and 2 directions. These are

Az
uII - LI
Ay
Uyy = L_y
Az
- D.
U = - (D.5)
The new volume, V', is now
V' = (L, + Az)(L, + Ay)(L, + Az)
= (Lz+ Lyugzz)(Ly + Lyuyy) (L, + Lou,.)
= Lo(1+4 tgz)Ly(1 + Uyy) L (1 + uyy)
= V4+Vuy (D6)
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Higher order terms have been ignored in this expression for the new volume.
Now, since AV = V' -V,
AV

7 = Unu (D.7)

Hence, the second term in equation D.4 refers to the volume change of the

object.

Shear Energy

The first term in equation D.4, involving the term w;, includes the off diagonal
terms. These are of the form u,y, u,z and so on. These refer to shear strain,

the concept of which is illustrated by figure D.3.

Before shear After shear
defarmation deform ation

Figure D.3: Typical shear deformation.

This first term therefore refers to shear. However, it also has a contribution
from the diagonal elements of the strain tensor because it sums over the entire
tensor. In order to be able to separate the bulk and shear energies, a new term

is needed, defined in equation D.8
1 .
Sij = Usj — §5ijulz (D.8)
This has a zero trace and allows for a new definition of energy:

1
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Here, K is the bulk modulus and p is the shear modulus. These are related to

the Young’s modulus and Poisson’s ratio by the following expressions:

K= % (1 —Y20—> (D-10)

“:%(11/0) (D-11)

This definition is due to Landau and Lifshitz [99].
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Appendix E

Creating Fused Silica

Suspension Fibres

In the work discussed in Chapter 6, a sapphire test mass to which a fused
silica. post had been bonded was suspended by means of a monolithic fused
silica suspension. In these suspensions there was at least one, and sometimes
two, stages that consisted of fused silica fibres. In this appendix, the various

techniques employed to create these are discussed.

All fibres are drawn from thicker, fused silica rods. These rods are heated
and then pulled, increasing their length and therefore reducing their diameter.
Initially, this was done by hand, using a hydrogen burning torch. This torch
is shown in figure E.1. Thin rods, typically 1 mm in diameter would be held
in the flame until white hot, then pulled to either side, producing thin fibres,
100 pgm thick and roughly 2 cm in length. Using this technique, though, it
was hard to produce fibres of consistent cross-section and length. It was also
dangerous, since it required a close proximity of hand to flame. This technique
was therefore abandoned in favour of the use of a manual fibre puller (figure

E.2), constructed by S. McIntosh and G. Cagnoli [100].
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Figure E.1: Photo of hydrogen burner.

To create fibres here, the initial rod was held at either end by clamps which
were attached to a pulley. Nozzles spaced in a ring about the centre of the
clamped rod then directed the flames (hydrogen/oxygen) to a common point,
heating the rod once more. When it was white hot, the clamps were pulled
apart to the required length and then the flame ring was moved aside. This
produced fibres of around 25 c¢m in length. Typically, the fibres were pulled
from 5 mm rod, leading to fibres that were around 200 pm thick. From these
long fibres, small pieces could be cut (with the hydrogen torch) to the right

length, then welded into the suspension, again with the torch.

A variation on this manual puller has been designed by S. McIntosh and G.
Cagnoli [100] for use in creating the fused silica fibres that will suspend the
test masses in GEO 600. This puller is automated - a computer programme
controls the heating time and pulls the fibres. This machine has been shown

to produce reproducible fibres for a given set of parameters (such as heating
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Figure E.2: Photo of manual pulling machine.

time and pulling strength). This is shown in figure E.3.
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Figure E.3: Photo of automated pulling machine-
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