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Summary

Mazterials with a high quality factor are used, for the test inass and suspension el-
ements, in interferomelric gravitational wave detectors to reduce ofl resonance thermal
displacement noise. An experiment to increase the quality factor of mechanically polished
silica cantilevers by elching their surface is deseribed. An estimation of the thickness of
the damaged layer due to polishing is found and we estimate how lossy this layer is. 'I'his
was achieved by repeatedly etching a cantilever in solution and reasuring its mechanical
loss iu each instance. In this way mechanical loss as a function of etch depth can be
determined. This layer was estimated to be 0.5 micron deep with a loss of ¢,=2.98 x 108
which is three times higher than the surface loss predicled by the current empirical model.
This has important implications as the test mass mirrors used in interferometric gravi-
tational wave detectors are comprised of mechanically polished silica. Measurements of
single layer dielectric coatings of silica, tantala and doped lantsls for use in interferomet-
ric gravitational wave detectors is also described. Tt was found that the silica coating had
the lowest level of measured mechanical loss overall at 3.77 x 1075, It was also found
doped tantala had a lower leve] of measured loss than tantala, 2.965 x 10 * in the doped

case compared to 4.24 x 104,
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Preface

In Chapter One, the nature of gravitational waves is discussed, together with methods for

detection and the factors that limit sensitivity in interferometric schemes.

In Chapter Two, aspects of the theory of thermal noise are discussed and it is shown that,
in one meodel, using malerials with a low mechanical dissipation reduces thermal noise

away from resonance.

In Chapter Three, investigations into the correlation between etching of a mechanically
polished cantilever and the measured mechanical dissipation arve discussed. Contribution
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Tokmakov. I was assisted in the laboratory by K. Tokmakov and C. Craig. U'he analysis
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Chapter 1

Introduction

1.1 Introduction

One of the most exciting predictions of Finstein’s general theory of relativity (1916} is
the existence of gravitational waves. Tn Newtonian mechanics, space-time was regarded
as a seh of rigid cartesian coordinabes against which all events jn the universe can be mea-
sured. In Finstein’s universe, it is an elastic medium that can be warped by the presence
of matter and energy. All particles in the universe follow straight lines or geodesics in

curved space-titne. This accounts [or the phenomenon we call gravity.

Tn General Relativity, space-time is an elastic medium, capable of sustaining waves.
It is inercdibly stifl so wawves in space-time will have to be produced from colossal as-
trophysical events, and even then they will have a tiny amplitude {< 107 m}. These
are gravitational waves and they are produced in a way analogous to the production of
cleetromagnatic waves by accelerating charges, when large masses are accelerated in an
asymmetrical way in strong gravitational fields (scc ¢.g. Hough and Rowan, 2000). Grav-

itational waves are expected to propagate at the speed of light.
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Sources expected to produce gravitational waves include: supernova explosions, co-
alescing compact binaries, black hole- black hole mergers, pulsars etc. The Big Bang
also promises to bie a source of gravitational waves, producing a stochastic backgrouud of

gravitational radiation that could exist alongside the cosmic microwave background.

Building detectors capable of “sensing” gravitational waves, although very challenging,
ts of extreme scientific importance. Gravitational waves may provide us with great insight
into thie universe and provide further verification of Tinstein theory. They may cven
hint at a more fundamental theory of gravity {Thorne, 1995). The expected revolution
of gravitational wave astronomy can be compared to the revolution in the middle of
the twenticth century with the development of radio astronomy. This had a profound
impact on astronomy. It painted a picture of a far more violent universe than previously
thought. It uncovered new phenomena such ags puisars, quasars and the cosmic microwave
background. It is hoped that gravitational waves will also open up an new perspective
on the universe, because the information is very diflerent (almost “orthogonal to”) to the

information carried by electromagnetic waves (Thorne, 1995).

1.2 The Nature of Gravitational Waves

This section follows the approach outlined by L Ju et al, (2000). The Finslein equations
are a set of 10 coupled differential equations. They describe how inatter/energy curves
space-time, which in turn determines how matter/energy is distributed and vice versa.

Written in the lauguage of tensors they can be expressed in a single form as:

Te= . (L.1)
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and G is the gravitational constant. The equation is written in this form to draw atten-

ot

3G

tion to an analogy with Hooke’s Law !, plays the role of a coupling constemni. In the
Newtonian description, the coupling constant is infinite so any changes in a gravitational
ficld propagate instantaneously. However, in relativity it has a finite value and so changes
in a gravitational field propagate at a finite speed, the speed of light. The coupling con-
stant has an encrmous value, approximately 10, which explains why newtonian gravity
is a good approximalion to FEinstein’s theory in most circnmstances. The finite coupling
constant implies space-time has an elasticity. It thus capable of supporting wavas. These

“Gravitational waves” will have a very tiny amplitude, bul high energy density (Blair,

2000).

Consider a group of test particles in deep space, arranged in a perfectly spherical
configuration (a test particle is an idealized model of an object whose mass is so small
that it does not appreciably disturb the ambient gravitational field). The test particles
are falling towards a point, the cenfre of mass of the system. As a consequence of the
inverse squave law, there is no diflerence between the gravitational field of a point mass
and that of the same mass distributed in & uniform spherical distribution. Therefore, as
long as the collapse remains perfectly spherical, there will be no variation in the external
gravitational field. Hence there can be no gravitational waves produced. Although this
example is through analogy with the Newtonian description of gravity, the result that only
the motion of large masses in an asymmetrical way produce gravitalional waves holds in

the GR case too.

The simplest non-spherical motion i3 one in which the edge masses move Inwards and
the top and bottom masses move apart (see ligure 1.1). This is the quadrupolar motion

of a gravitational wave. Dipolar emission of gravitational waves is not possible due the

1 Blair Detection of gravitational waves 2005
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Figurc 1.1: This is the effect a gravitational wave has on a ring of test masses. The 7y
polarization is shown by the red particles; the Ay by the blue.

congervation of angular and linear momentum and the fact there is only one sign of mass.
There are fiwo polarizations of gravitational waves: by and hy and they exist at 48 degrees

the each other.

"This distinctive orthogonal “stretching” and “squeezing” of space-time is characteristic
of a gravitational wave. Il is a timne-dependent strain in space. 1t can be shown thai
a suitably polarized gravitational wave of amplitude A will produce a strain given by
{(Robertson, 2000):

13 h

0L is the change in the separation of two free masses. Measuring this change is the
basis of all detectors. The great challenge for the experimental physicist is that these
strains in space are expected to be tiny. Even [rom a nearby supernova, the strain is
expected to be 1078 or less . To detect events at a reasonable rate, gravitational wave
detectors are being built with the aim of a strain sensitivity of 10722 (see e.g. Roberston,

2000).

4
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1.3 Types of Detector

1.3.1 Bar Detectors

A simple device for searching for these strains in space is called 2 Weber bar(Weber, 1968).
It consists ol a large, solid piece of metal with transducers attached Lo the middie of it
to monitor the oscillations of the bar. The first such device was constructed by Joseph
Weber in the 1960s. It consisted of a 1 tonne aluminium bar hung as a pendulum and

kept in a vacuum chamber to reduce external noise (Robertson, 2000).

The bar detector (such as the one shown in figure 1.2) can be modceled as two masses
joined by a spring. A passing gravitational wave will induce a change in the proper length
of the bar and thus the separation of the two masses. 1'he fundamental resonance of the
bar will be excited. As the bar will take some time to “ring down”, the bar will “re-
member” the gravitational wave {or some Lime. Hence sensing error can also be reduced
through averaging. However, unless the frequency of the gravitational wave is close to
the resonant frequency of the bar it will go undetected. Hence these devices are narrow

band.

The main source of noise in bar detectors 1s thermal noise. This can he reduced by
cooling the bar to close to absolute zero. Research is underway into using the principles
of bar detectors to build spherical detectors. These will have many resonances, so will
be more broadband. They will also be able to provide additional information such as

determining the direction of the incoming wave (V Fafone, 2006).

"There is an altervative form of detector that olfers the possibility of high sensitives over

a broader frequency range. These are called interfoerometric gravitational wave detectors.

=]
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Figure 1.2: The AURIGA bar detector in Italy consists of an aluminium bar cooled to
0.1K. It has a sensitity of less than 3 x 107® Hz~'/2, but is still far above the required
sensitivity of 10~22Hz"1/2 to detect a gravitational wave. It operates at around 900Hz

1.3.2 Interferometric Gravitational Wave Detectors

A laser interferometric gravitational wave detector in its simplest form is a Michelson
interferometer. The perpendicular arms of the detector are well suited to the detection
of quadrupolar gravitational radiation (see figure 1.3). The “strain” in space from a
gravitational wave propagating perpendicular to the the plane of the interferometer, will
result in a differential change in the path lengths of the arms of the interferometer. Due
to the quadrupolar nature of the gravity waves, a reduction in the path length in one arm
is accompanied by an increase in path length of the other, thus multiplying the sensitivity
by a factor of two. A change in intensity pattern at the output of the interferometer will

result.

To make as accurate a measurement as possible, the interferometer is “locked” onto a
dark interference fringe. This is achieved by sensing any changes in intensity at the inter-
ferometer output with a photodiode, and feeding the resulting signal back with suitable

phase to a transducer, which is capable of changing the position of one of the interferome-

6
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pendulum

30 O OO0
OO0 O QO

photodiode

Figure 1.3: The quadrupole nature of gravitational radiation can be seen on the left side
of the diagram. If the mirrors of the Michelson Interferometer lie on the ring with the
beamsplitter in the middle, the relative lengths of the two arms will change.

ter mirrors (see e.g. Hough, 2005). In this way, a gravitational wave will result in photons

“leaking” through one of the arms, and its presence can be uncovered by examining the

feedback signal.

To reduce noise in the system, the mirrors (test masses) are suspended as pendula.
The arms of the interferometer are also housed in a vacuum chamber. The test masses
are usually widely spaced, although there is a limit to how far they can be separated (sev-
eral km) due to the curvature of the Earth. The expected wavelengths of gravitational

radiation place limits on the need for arm lengths more than several km.

Interferometric Gravitational Wave detectors offer the greatest prospect of detecting
gravitational waves. There are a number of detectors around the world including: GEO
(Germany), VIRGO (Italy), TAMA (Japan) and LIGO (USA) (see figure 1.4) . LIGO
and GEO have even begun collecting real scientific data in a number of science runs as
they approach their design sensitivity. A great amount of research is being undertaken

around the world into the development of next generation gravitational wave detectors,
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Figure 1.4: One of the LIGO gravitational wave detectors in Livingston, Louisiana. The
other detector is over 3000km away in Richland, Washinginton. The arms of both detector
are four km long and are housed in an ultrahigh vacuum system. Using two detectors the
detection of a signal can be validated, and the origin can be determined.

with increased sensitivity. This will be achieved by reducing various sources of noise in

the detector.

1.4 Sources of Noise

There are a number of sources of noise in interferometric gravitational wave detectors
that must be minimized to increase our chances of detecting a gravitational wave and the

most important of these will now be discussed (see e.g. Hough and Rowan, 2000):

1.4.1 Seismic Noise

Seismic Noise results from ground motion/vibration as a result of tectonic plate mo-
tion/earthquakes, sea waves crashing on the coast, human activity etc. Isolation of mo-

tion in the horizontal direction is provided by means of suspending the test masses as
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pendulms. As the test masses are pointing towards the center of the Earth. if they are
separated by several km, they will be non-parallel because the Tarth is carved. Therefore
due to coupling of motion belween the vertical and horizoutal motion, vertical damping

is also required. This is pravided by a series of springs.

1.4.2 Photoelectron Shot Noise

The induced change in Jength of the arms of the interferameter results in a small change
in the intensity of light obhserved at the interferometer output. However, there will alveady

be random fluctuations in the iutensity of light because the number of photons arriving

/()
where n is very large). The fractionael precision of a single measurement of the photon

al the delector, n, are subject to Poisson statistics (a gaussian with standard error

arrival rate, in some time +, is thus given by —-% Therefore to ensurc these random
V LT

fluctuations are not of the same order as huictuations in intensity due to a gravitational

wave, this form of loss can be reduced by increasing the number of photons incident al

the output of the detector i.e increasing the powsr of Lhe laser.

1.4.3 Thermal Noise

Theral noise arises from the thermal motion of the atoms in the test masses and sus-
pension elements which i3 peaked at the natural resonances. The masses and suspension
elements arc therefore constructed so Lhal the resonances are far from gravity wave fre-
quencies of interest. However, thermal noise in the feils of these vesonances can enter the
detection band. It is shown in the next chapter that this off resonance thermal noise can
be reduced by using materials for the test mass and suspension elements that have a low

mechanical loss.




Chapter 2

Thermal Noise

Thermal noisc is cxpected to be a significant source of noise for long bascline gravitational

wave detectors. It consists of two coraponents:

1. Thermoelastic Noise - this results from temperature fluctuations in the system

2. Brownian Thermal Noise - results from % energy per degree of freedom in a system
(where kg is Boltmann’s and 1' is the temperature of the systom)}. This thermal
enorgy is stored in the translation, vibration and rotation of the atoms in the systeni.
This energy will combine to produce the effect of thermally induced maotion of the
test mass and suspensgion modes of the deteclor, causing a form of displacement noise
on the front face of the test muass. Its importance depends on the level of internal

friction in the system {mechanicsl loss}, which can be determined via application of

the Fluctuation Dissipations Theorem.

2.0.4 Thermoelastic Loss

Thermoelastic loss is associated with the flexing of o thin suspension element. As the
element fiexes, the side that compresses becomes hotter; the side that expands cools.

There i3 heal low until a equilibriuan is reached, which results in logs. The mechanical

10
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loss associated with thermolelastic damping, which has a frequency dependence w, is given
by equation 2.1 (Nowick and Berry, 1472).
YolT  wr

f { — T e 2.1‘]
Punlw) pC 1+ wr? (2.1)

Where Y iz the Young’s Modulus, rv the thermal coefficient of expansion, p is the density,
7 is the relaxation time and €' is the specific heat per unit volume of the clement. The

frequency at which this form of loss is at its maximum is given by equation 2.2.

1
f sl — =

2T

K
CX —— 2.2
# is the thermal conductivity. The constant, ¢, int front of equation 2.2 i a geometrical
T

factor: it is equal to 2.16 in the case of a cylindrical liber and 7 iu the case of a ribbon

fibre.

2.0.5 Brownian Thermal Noise

In 1827, the hotanist Robert Brown was puszzled when he observed the randowm motion
of pollen grains left to Hoat [reely on the surface of water, Brown repeated the experi-
ment with particles of dust and in this way was able to rule out that the ”)ittering” he
observed under the microscope was due to pollen particles being ’alive’. However, the
origin of the motion remained & mystery, until in 1905 Einstein realized that this motion
is a result of the stachastic collisions of water molecules with the pollen grain. [le also
realized that, due to the viscosity of water, the pollen grains were losing kinetic enevgy
as they moved. He therefore made a conncction between a fluctuation which exciles a
system (the irregular impacts between the water particles and the pollen), and a dissipa-
tion which dissipates energy away from a systewn {Le the loss of kinetic energy due to

the viscosity of water). This relationship was later developed into something called the
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Fluctuation Dissipation Theorem which is a powerful tool used when studyving thermal

noise.

Fluctuation Dissipation Theorem

The fluctuation dissipation theorem relates the power spectral density S, of the thermal
driving force of a system, to the dissipative (or real) part of the mechanical impedance

Z{w):

Sulf) = 4k TRIZ(w)] (2.3)

Tt can be shown thal when the internal modes of the system are modeled as damped-
siuaple harmouic oscillators, with vesonant angular frequency wy, the displacement thermal

noise takes the form of equation 2.4 (c.g. Crooks, 2003).

dkpT Plw)wd )
S = ; 2.4
W) = T el 3 (wd — T (24)
Thar below resonance w << wy , equation 2.4 can be reduced to:
Su(w) dkgT(w)wg dkpT'd(w) (2.5)

muw(wp(w)? — wi)  mwwl($?(w) 1 1)

If we are using a material with a very low mechanical loss, then ¢?(wg) << 1. Hence:

S(w) a2 4"‘732@('@
a ~

’

{2.6)

P B
My w
Equation 2.6 can be used to caleulate the level of thermal noise in the deteation band.
Far above resonance w >> wy it can he shown that:

Ak 1w ¢(w)

Se(w) o PR AN (2.7)

i w

12




CHAPTER 2. THERMAL NOISE

Thercfore, from equation 2.6 and 2.7 it can he seen that there is a signilicant reduction
of thermal displacement spectral density away from resonance when materials with a low

mechanical loss factor are used., What aboul the level of noise at resonance?

From equation 2.4 (where w = wp):

4kl 1 N
T ERPY2PRY \28)

miwg &{wo)

ITence there is an incresse in thermal spectral density at resonance. This is a result
of the conservation of energy: the total integrated thermal noige over all frequencies must
be the same. However, it is the shape of the thermal noise spectrun as a function of fre-
quency that is important. By using low loss malerials, more of the thermal noise is kept
in the resonances of the system, which are arranged sa they arc far from the frequencies

of interest.

Reducing off-resonance thermal noise is much easier than reducing the total thermal
naise of the system, which wauld involve cooling the optics and test wasses. Therefore,
{or good thermal noise performance it is importans to choose materials for the detector

that have low mechanical loss.

2.1 Silica as a Test Mass Material

Silica. (9905} is the curent choice of test mass waterial for Gravitational Wave Detectors
{Reid, 2006). Its thermal noise properties are excellent. Silica has a low thermal expan-
sion coefficient (0.4 x 1078K "} and therefore low levels of thermoelastic loss. It has a very
low internal dissipation factor: loss measurements better than 10~° have been measured.

Its internal dissipation has a frequency dependence. This is beneficial as thermal noise

13




CHAPTER 2. THERMAL NQISE

is expected o be an issue al the lower frequency end of the operating spectrum. The

mternal loss factor is lower at loweyr frequencies.

In practical terms, Silica is available in the required sizes to be cut and polished into
the test mass mirrors (several 10 kgs). [t has a high tensile strength {110 MPa), =o silica
fibers can be used to suspend silica test masses. Using a setup wlhiere the suspensioun
elements and test masses are corposed of Lhe same material (ionolithic) can also be
shown Lo improve Lhermal noise performance. A low thermal expansion coefficient is also
beneficial as there will be less thermal deformation of the mirror faces when using high

powered lascrs necessary to reduce shot noise.

This thesis describes a number of measuremenss made on mechanically polished silica,
cantilevers. These meagurements are then compared Lo Steve Penn’s Empirical Model for

losses in fused silica.

2.2 Penn’s Empirical Mode

Since the model from Penn ot al is discussed in more detail in the following chapter, it

will only be mentioned briefiy here.

A semi-empirical rodel has been developed for the mechanical loss in fused silica. It
includes dependencies on bath surface-to-volume ratio and frequency. It takes the form

of (Penn et al, 2005):

v V. . .
B, %) = G + Oo(pd) ™ + Cad (29)

Where V is the volume of the substrate, S is the surface area of the substrate and Cy..Cy
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are constants chosen depending on the type of silica being studied. ¢y, is a term attributed
to thermoelastic loss as discussed previously. The surface loss term Ci(%) is of particular
interest. The mechanisms of loss on the surface of silica are poorly understood. However,

gome possible sources of surface loss have been speculated:
1. Contaminants absorbed into the surface fror the surroundings or from polishing.
2. General or (local) swface roughness.
3. Micro-cracks on the surface of the silica.

The constants used in the model are derived [rom a fit to many loss measurernents
taken from various sources. Since these constants are the best fit coefficients of equation
3.13 whernt it is fitted to a data set, they are not quoted with any errors (See Penn et al}.
This thesis describes measurements taken of suprasil 312, For this silica the constants

have the following values:
1. Cy = T7.12 x 107°
2. Oy 4.63 x 107
3. Gy =1

(s is associated with the power law exponent in Fenn’s equation and is found to be
approximately 0.813 for silica of this tvpe. The model, however, does not differentiate
between sitica, with different surface conditions. The constants only depend on the type
of silica used. The silica samples studied are mechanically polished. It is found that silica
with a “pristine” surface has measured losses that lic closer to those suggested by the
mode}. By “pristine” [ mean that the factors listed above as possible sources of surface

Joss are minimized due to careful handling/preparation etc.

15
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2.3 Measuring Mechanical Loss

It has heen shown that using matevial with a low mechanical loss will reduce off-resonance
thermal displacement noise. 'T'he details of the experimental sctup will be outlined later,

but the basic principle of measuring mechanical loss in the laboratory is discussed.

The mechanical loss for materials used in gravitational wave detectors is very low, so
it is difficult to measure over a broad range of frequencies (see e.g. Reid, 2006). However,

near resouance it can be shown that:

1
luwip)

Q) = (2.10)

Where wy 1s the frequency alb resonance of the cantiicver being studied. ¢ is known
as the quality factor of the material and is equal to the inverse of the mechanical loss at
resonance. Hence the mechanical loss of a cantilever can be estimated if its guality [actor

near resonance can he determined.

To measure the quality factor the resonant modes of a cantilever, which is clamped
rigidly at one end, are excited using an electrostatic drive plate. The excitation is then
turned off, allowing the modes to decay naturally. The oscillation is monitored by using
using a laser to cast a shadow of the cantilever on a split photodiode. In this way the

rate of decay of a resonance can be studied using a spectrum analyzer.

The decay will take the form of equation 2.11

AlD) = Aﬁe-"g%aéwm(w@) _ Aoe—%ff»;.nma(w-'ofwvui (2.11)
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Ap is the initial amplitude of the oscillation. Equation 2.11 can be rearranged giving:

_ Wolrora(Wo)

In[A(t)/Ao] = .

(2.12)

Hence, by fitting a function to the envelope of the decay, the quality factor at resonance

can be found and the mechanical loss follows as its inverse (see figure 2.1).

Ring Down 4th Bending Mode

.
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R? = 9.99E-01
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0 5000 10000 15000 20000
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Figure 2.1: This is an example of a ring down of one of the bending modes of a 500 micron
thick cantilever. The ring down shows the high quality of data obtained which was typical
through most of the results.
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To defermine the loss of the sample accurately it must be free to move, but also
sufficiently isolated from the rest of the world. Other sources of external dissipation must

be minimized. These include:

1. Gas Damping - this is reduced by exciting the cantilever in a vacuum tank, with a

very low pressure (less than 107%mb.)

2. Frictional (Slip-stick) damping - dissipation at the point where the suspension ele-
ment; meets the cantilever. This is minimized by first welding the eantilever onto a

larger silica block which is then clamped in place.

Recoil Damping - this results from energy dissipation from the cantilever into the

Lo

surrounding structure. This can he reduced in the same way as slip-stick losses, by
welding the cantilever onlo a larger silica block, or by isolation of suspension point

from the rest of the world, for instance by using a pendulum.

18

.t



Chapter 3

Reducing Mechanical Loss of
Mechanically Polished Silica Surfaces
through Chemical Etching

3.1 Introduction

In interferometric gravitational wave delectors, the test mass and suspension clements
have a very low mechanical loss (high quality factor) in order io reducc off resonance
thermal displacement noisc (see chapter 2). Fused Silica, which meets bolh the mechani-
cal and optieal requirerments, is the current choice of test mass material. Hence the mirrors
in the interferometer are labricated from fused silica test masses. These are mechanically
polished and coated with high-relleclivity coatings. Il is known thal mechanical polishing
of silica substrates results in a damaged and contaminated surface layer (Kozlowski el al,
1998). II is of interesl Lo know how deep and how lossy this layer is. This has been stud-
ied by etching a mechanically polished cantilever to investigate any correlation between
the extent of etching and the measured losses. All sources of mechanical lass, including

their magnifude and location with respect to the incident laser heam, must be taken into
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consideration to accurately estimate the level of thermal noise in the detection band.

3.2 Background

As mentioned earlier, the semi-empirical model from Penn el al, equation 3.1 decomposes
the total loss in [used silica into three sources. There is a term attributed to the frequency
dependent bulk loss in fused silica (CQ(TI%)@)(W iedersich et al, 2000) and also energy
dissipated due to heat flow, thermoelastic loss (Cy¢y). The surface loss term ( C' 1(‘;—) ),

is of particular interest.

T+ 02(-—f—)'3a + Cadn, (3.1)

V vV
d)(fn'g) = G]( 1Hz

5

The model is semi-empirical: the constants (Cy, Cs and Cy) are fitted from the results
obtained from a number of experiments, each wilh their own ervor. If samples with a high
quality surface (e.g. flame polished or Hame pulled) are mcasured and the conditions of
the experiment are favourable, it is possible to produce loss measurements that arc lower

than the model predicts. This has been seen in Glasgow with measurements of [ame

drawn ribbon fibres (A.Heptonstall ¢t al, 2006).

However, in this thesis measurements arc described for cantilevers that are mechan-
ically polished. Loss measuremenls obtained for polished silica substrales are generally
higher than those obtained from flame polished or flame pulled silica (Penn et al, 2005).
This is because the surface of the silica will have been damaged by the abrasive polishing.

There is evidence to suggest that the structural surface damage layer is twice as thick as

20
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the abrasive substance used to preparc the samples’. For polishing, the typical particle
size is 1um. Therefore the layer, of damage, rather than a very shallow layer, could extend

several microns into the silica.

The measured loss of these polished silica cantilevers may be reduced by improving
the quality of their surfaces. Tt is known that a significant inerease in the quality factor of
silica has been achieved through the use of annealing. One reason for this might be that
the surface of the silica is improved (Ageev et al, 2004}, It is of interest to discover if a
similar reduction is secn in the mechanical loss when the first few microns of the surface

are chemically etched away.

1Gravity Probe 13 html: http://ecinsteinstandlord.edu/content /topies /pgd. html
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3.3 Experimental Setup

[t was necessary to calculate the etch rate accurately of a number of etchants: Ammo-
nium Difluoride and Hydrofluoric Acid (buffered and unbuffered). For the work carried
out in this section to establish the etch rate of the various chemicals, two surface profiling
machines are used: a Veeco optical profiling machine (WYKO NT1100) and a Talysurf

contact profiling machine, see figure 3.1.

Figure 3.1: The Talysurf Contact Profiler is shown on the left, the Veeco Optical Profiler
is on the right.

The WYKO optical profiler is a non-contact profiler: it uses interferometry to profile a

sample surface. It has two operating modes the VSI and PSI.

The PSI (phase shifting interferometry) involves the sequential shifting of the phase
of one beam of the interferometer relative to the other beam, which is being reflected
from the surface of the sample. Since it is shifted by known amounts, measuring the
resulting interference pattern allows details about the surface topography to be extracted
(Caber, 1993). This mode is useful for resolving features less than 160 nanometers in size

and therefore is appropriate for smooth surfaces e.g. polished and super-polished surfaces.
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The VSI mode {vertical shifting interferometry) operates by making incremental move-
ments of a mirror on one of the arms, until a maximum intensity pattern is observed.
Hence , by knowing how far the mirror has moved to achieve maximum intensity, the size
of the corresponding surface feature can be determined (Zecchino, Novak and Schmit,
2006). This is done for each point on the surface. The VSI mode iz used to profile fea-

tures less than 2mm and was used for the measurements taken later in this thesis.

The WYKO comprises a microscope and an interferometer, so it can be very usefid
in providing three dimensional images of surfaces al various magnifications such as those

shown in figure 3.2

The Talysurf profiler is a contact profiler: a finely tipped diamond stylus (2um in
radius) transverses the surface. Since it moves with constant velocity, the diamond tip
can be tracked along the x-axis. The tip’s motion in the vertical plane is sensed by a
coil-magnet ransducer. Hence it can build up a profile of surface topography, but only

in two dimensions (Bennet and Dancy, 1981).

Both machines can provide a wealth of surface statistics. One statistic that will be
used later is the mean peak-to-valley height R,. In three dimensions, this is typically
calculated as the average maximum profile of the ten greatest peak-to-valley separations

in the evaluation area.

The etch rate of three common corrosive chemicals was determined: Ammonium Di-
fluoride, Hydrofluoric Acid (HF) and Bullered Hydrofluoric Acid (Hydrofluoric and Am-
monium Dilluoride). A silica slide (Suprasil 3) was clamped and partially immersed in
each of the chemicals. After a given time, more of the chemical was added to the heaker,

so that more of the slide is immersed in the chemical. This is done repeatedly. As each
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part of the slide spends more time in solution than the part above it, this has the effect

of producing a series of steps across the surface of the silica.

F..' e Bikes 0! Whpebleerb el (0 ek eavive

Figure 3.2: Here we see a step on the Talysurf contact profiler (left) and the corresponding
step as seen on Veeco optical profiler(right).

The steps can be seen clearly on both profiling machines in figure 3.2. By using the

profiling machines to measure the size of the steps it is possible to calculate the etch rate.

Since the interval after which more chemical is added is approximately the same, the
steps are expected to be approximately the same size. Therefore a mean value of the
step size and a standard error in these results can be calculated. This gives a more ac-
curate etch rate than in the case of a single measurement. Further, all the steps are
formed under approximately the same conditions, which is of benefit as the etch rate is
sensitive to a number of factors such as concentration and temperature (see Appendix A).

The procedure for both machines is outlined in the figure 3.3. The steps can be seen
on the raw data profile from the talysurf contact profiler (3.3a). First, the computer is
used to highlight the step of interest. The bottom of the step is “flattened”: the computer
removes the incline from this part of the sample (3.3b and 3.3e). This makes the bottom
of the step the reference point. This was done using the software included with both of

the machines. Next, in the case of the Talysurf, we can zoom into the step and read the
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height off the Y-axis (3.3c). For the optical profiler, since the bottom of the step has been

flattened, the step height is equivalent to the R, statistic described earlier (3.3f).

Talysurf Contact Profiler Veeco Optical Profiler
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Figure 3.3: The flow chart outlines the procedure to measure step size for each profiling
machine.
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There are a number of sources of error. There is the error in the length of time after
which more of the etchant is added to the beaker. In the case of the HF, more solution
was added every lifteen minutes. I[Towever, as a result of human error, thiz was taken Lo
be fifteen minutes :L: 30 seconds. Further, there is the limit Lo the accuracy of the talysurf
profiling machine. It is difficult to see exactly where the transition between the botiom
and top of the step ends (1.3c) because the limit of the vertical resolution of the machine
is being approached. To isnlafe the machine from background noise, it was placed on a
heavy granite slab. However, the machine was still not performing optimally. Therefore
the error in the resolution of the valysurf was taken to be plus or minus 0.1 mieron. The
oplical profiler, on the other hand, has a vertical resolution of less than lum (for VST),
so the error in its accuracy was taken to be negligible in comparison to other sources
of error. The size of the steps should be equal since they correspond to approximately
the same length of time in solution. However, there is a spread of values for the step
heights, allowing a standard error to be caleulated. All of these errors are added together

in quadrature to produce a final error for each of the etch rates.
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3.3.1 Results

An example of how the etch rate of HI" is calculated, including the error, is outlined. In
table 3.1 there is a list of the steps from the HF and their corresponding size in microns

measured by the Talysurf contact profiler.

wn
3
o

Size (microns)
7.6
5.2
.62
5.1
6.1
6.3
5.8
6.5
6.4
6.1
F= =617

. - Ta — & (9"
Standard Térror = \/1'6_0‘23

W~ O U QN

[
2

Table 3.1: A list of step sizes in microns for the five steps on either side of the Suprasil
3 slide, with the mean step size and the standard error quoted. The slide was etched in
Hydrofluoric Acid.

Using the data above, the etch rate of HE is caleulated as follows. The etch rate in

one hour = Z x 4 = 6.17 x4 = 24.69 micron/hr. Hence the etch rate in one second =

%g—g = (.0069 micron/s. There is an error of plus or minus thirty seconds, alter which
more solution is added. This corresponds ta 0.0069 x 30 — 0.21 micron. There i8 also

an error of +-- micron, the sensitivity of the Talysurf. Fivally, all these errors arc added

together in quadrature. This gives: crror=+v/0.21%2 + 0.12 + 0.228% = 0.32 micron.
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Ttchant Ammonium Difluoride | Hydrofluoric Acid (40%) | Bnffered HI¥ (40%)
Ech refe (microns per hour) | -~ 489089 | 2469+ 0.32 9.87+ 0.20

Table 3.2: The etch rates of Ammonium Diffuoride (40g added to 200ml water), Hydroflu-
oric Acid and Buffered Hydrofiuoric Acid. All measurements were carried out at room
Lemperature.

Hence the etch rate of HF— 24.69 + 0.32 microns/hr. A similar calculation was

carried out for the other etchants. The resulss are in table 3.2

3.4 Comparison of Transition Line between HF and

Buffered HF

A comparison of the transition line (that is the boundary between each of the steps as
seen in figure 1.2) is made for for HE and Buffered HF, using the Veeco optical profiling
machine. With HF, not only is there etching of the silica that is immersed in the liguid
but also, via evaporation, etching of the silica above the surface of the liguid. Ammonium
Difluoride is added to the hydrofluoric acid to significantly reduce this effect. One reason
for this could be that making the solution buflered helps maintain a constant pH at
the surface wheore evaporation occurs, thus maintaining & constant etch rate. This is
important in the context of our experiment. The cantilever (suprasil 3 slide) is welded
onto a larger silica mass to reduce clamping losses. If the slide is immersed in etchant to
remove its surface layer, any etching above the surface of the liquid could lead to slight
etching at the weld. Therelore, to prevent changes in the quality of the weld, Buflered

HE is the chemical chosen to etch the cantilevers used to study mechanical loss.
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Figure 3.4: The transition across each step for buffered HF (left) and HF (right)

Figure 3.4 illustrates the differences between HF when it is buffered and unbuffered.
On the left the HF is unbuffered and there is a smooth but continuous transition across
each step. However, in the case of the buffered HF, the change between each step is

comparably very abrupt.
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3.5 Comparison between Contact and Non-contact

Measurements for Etch Rate

It is known that optical and consact profilers can sometimes disagree (Poon and Bhushan,
1995), so it is of interest to compare the results oblained when both machines measurs
the same sample. For a slide etched in Hydrofluoric Acid, the height of the steps across

its surlace was measured using both the WYKQ optical profiler and the Talysurf contact

Profiler.
Step | Size optical profiler {microns) || size contact profiler {microns)
T 7.6 ' 6.90
2 5.2 5.65
3 6.62 6.16
4 5.1 5.89
5 6.1 7.17
& 6.3 5.20
7 5.8 5.78
8 6.5 5.68
9 6.4 4.63
10 6.1 6.36
F=2n=6.17 7= =594
Standard frror = £==023 |  Standard Error = -#5=0.24

Table 3.3: Comparison of step size as seen by the optical and contact profiler. Each step
corresponds to fifteen minutes in Hydrofluorie Acid

The steps are comparcd in table 3.3. The mean step heights do agree within error.
The etch rate for HF is = 24.69 + 0.91 /hr and 23.76 £ 0.96 /hr for the Talysurf

and Optical Prolilers respectively.
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3.6 Initial Setup

In this section, our efforts to measure the loss as a function of etch depth for a cantilever
etched in Buffered HF, welded onto a silica block and fixed in a steel clamp are discussed.
The mechanical loss results obtained from this initial sct-up are over a magnitude higher

than the predictions of the empirical model.

A cantilever (polished suprasil 3 slide) of dimensions 75mm X 12.5mm x (.5mm was
welded onto a larger block of silica dimensions 20mm x 20mm x 20mm see figure 3.6.
Welding the cantilever onto a thicker block and then clamping this block in place is in-
tended to reduce “stick-slip” losses associated with the cantilever flexing and grinding in

the clamp (T.J. Quinn et al, 1993).

As surface loss was of interest, thin cantilevers were chosen so that the total loss was
less likely to be dominated by bulk losses in the silica. A thin cantilever also makes the
silica welding more practical. The silica should be hot enough to flow so fhat the join
between the cantilever and larger block is seamless. In reality, due to the high melting
point of silica (1723 °C), it is & diffieult process. It is very hard to distribute the heat
avenly across hoth surfaces. [t can take significant time to produce a satisfactory weld.
Overheating the silica can increase the likelihood of producing silica vapour which would
be deposited on the cantilever as dust. This will contribute to the surface Joss and

potentially coniribute to the experiment. This will be discussed later.
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This system is placed in a vacuum tank (see figure 3.5), the pressure of which is no
more than 5 x 107 mb. It can be shown that this pressure ensures that the measured

loss is not limited by gas damping (S.M. Twyford, 1998).

I Vacuum Tank

“Shadow Sensor”
(Photodiode)

Figure 3.5: The setup used to measure the () of the etched cantilevers

An electrostatic plate was used to excite each of the modes of the cantilever in turn.
A laser shone on the cantilever casts a shadow that falls on a photodiode external to
the tank. The motion of the shadow as the cantilever oscillates is recorded. When the
electrostatic drive is switched off, these modes are allowed to decay, and from the rate at

which they decay their quality factor can be determined (see chapter 2).

First the mechanical loss factor of the first four bending modes of the unetched can-
tilever are measured. Following this, the slide was held in buffered HF approximately 0.4

cm below the weld point. This was to ensure that etching did not occur near the weld.
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Figure 3.6: The suprasil 3 slide welded onto a larger silica mass

In the first instance, the slide was suspended in buffered HF for approximately six
minutes (removing a 1 micron surface layer). The quality factors of the bending modes
were remeasured. This was repeated until the slide had spent a total of 72 minutes in

solution, therefore removing a total of 12 microns from the cantilever surfaces.
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3.6.1 Results

From considering the data shown in figures 3.7 and 3.8, there appears little correlation
between the measured cantilever losses and the time the cantilever spent etching in the
solution. Where error bars are not present, they are too small to be visible on the graph.
Due to the high quality of data obtained many of the results presented have standard
errors two orders of magnitude smaller than the average values obtained. All important

results will have standard errors quoted in tables later.

Loss vs Total Time in Solution for all Modes

¢85Hz

= 533Hz
1494Hz

% 2934Hz

* 4816Hz

®7242Hz

Loss

Time (minutes)

Figure 3.7: A plot of loss against total time in solution for all modes demonstrates that
there is no obvious correlation between the etching of the cantilever and the measured
losses.
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Loss Against Frequency For 500 Micron Slide Etched in Buffered HF
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Figure 3.8: The first set of loss results from the 500 micron thick cantilever etched in
buffered HF. There is no obvious relationship between the measured loss and the length
of time the cantilever spends in solution.

In figure 3.8 two theoretical curves have been included: the thermoelastic curve and
the total loss predicted by the empirical model (see equation 3.1). When a comparison
is made, the measurements are found to be almost two orders of magnitude higher than
the theoretical curves. This suggests that the setup is dominated by some other form
of loss that is not intrinsic to the sample itself. This is most likely clamping/recoil loss.
Therefore, a new method for measuring the loss of these cantilevers of this size was used:

they were welded onto a larger, suspended silica block.
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3.7 Optimized Setup

It was believed that the dominant source of loss, in the case of the cantilever being
clamped, was energy dissipation in the clamp and clamping structure. By welding the
cantilever onto a larger block (in this case a cylindrical test mass) and suspending this
block as a pendulum, less energy is likely to be coupled away from system, see figure 3.9.

There are a number of reasons why this is the case.

Silk Threads
Broken Test Mass

Teflon Catcher

Electrostatic Drive Plate

[ 1mm thick Cantilever I

Figure 3.9: A picture of the new suspension in the vacuum tank

In the first setup, the cantilever was welded onto a larger silica block which was fixed
rigidly in a steel clamp. There is friction between the steel clamp and silica block. When
the cantilever is oscillating, any grinding in the clamp will thus lead to energy dissipation.
In the case of the new setup, however, the clamp is monolithic: the silica cantilever
is directly welded to a larger silica test mass. Therefore this kind of clamping loss is

effectively eliminated.
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3.7.1 The System as a Pendulum

By suspending the test mass as a penduhim it is isolated from its surronndings. It is an

example of a damped driven harmonic oscillator of the form (Pain, 2000):

m& |- bi: + kx = Fy cos wt. (3.2)

Where m is the mass of the oscillator, & is the spring constant, b is a constant and z is
the displacement of the oscillator from equilibrium. The right hand side of the equation
is the sinuscidal driving force. IFrom fhe theory of differential equations, this equation

has a solution composed of lwo parls,

Fycos(w — §)

2(t) = (1) + . - (3.3
G — R+ A5 )
Where = & and wi = wy — 2w = £ and wg is the resonant frequency and is given

by wp = J/wi — 282, The phase satisfies tand = :)‘EP_‘%E xp(t) 18 the transient part of
the solution. Tt depends on the initial conditions of the system, but in any case as it is
some function multiplied by the term exp™ it decays quickly. In the long run (large t)

the following steady state solution persists:
z(t) = Acos(un + B). (3.4)

This solution has the frequency of the driving force, i.e. provided by the electrostatic

drive plate. The amplitude of this oscillation is given by:

Ag(w) = — o

ma/{w? = wd)? + (48()?) 35)

Where the damping 4 is taken to be fixed and the driving frequency w as variable. Hence

by looking at this equation, the highest amplitude of the system will result when the
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driving frequency is the same as the resonance of the pendulum. This would occur if the
cantilever was excited at around 2IIz (this frequency was observed from the spectrum
analyzer to have a relatively large amplitude with respect to the cantilever’s resonant
motion) and corresponds to the greatesl energy dissipation into the surrounding struc-
turc. As long as the frequencies of consideration are far from the pendulum resonance,

the system is effectively isolated from the rest of the world.

This could explain later why it is difficult fo get an accurate measurement of the
fundamental mode. This mode has the lowest frequency and is therefore closer to the
resonance of the pendulum. Figure 3.10 shows the shape of the amplitude curve as =2

function of frequency.
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Figure 3.10: Amplitude versus frequency for a forced driven harmonie oscillator.
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3.7.2 The System as Two Coupled Oscillators

This system is an example of two coupled oscillators as shown in figure 3.11.

Los
—p  Pondulum Mode = 2Hz

Test Mass

Figure 3.11: The system can be modeled as two coupled oscillators. It is necessary to
minimize A, the magnitude of the oscillation associated with the upper spring, because
this allows the possibility of dissipation of energy into the surroundings.

The equations of motion for the system are:

—kll‘] + kz(.’l‘-g — .’II]) = m]f] (3())

—ka(zo — 1) —k1zy = My (3.7)

Where k; and k, are the spring constants of the upper and lower spring and m; and m,

are the masses of the attached oscillators as shown in figure 3.11. Re-arranging gives:

’IHQ.'I'Z.2+IC2($2—I1) -} (k].’l)])‘:o

mla‘:’] o= kz(Iz — .’L‘]) + (k]l‘]) =.0

39



CHAPTER 3. REDUCING MECHANICAL LOSS OF MECHANICATLLY POLISHED
SILICA SURFACES THROUGH CHEMICAL ETCHING

Writing in standard form:

}CQ kl - kg
By — —mdg + zy =1
Mg %)
ko ka4 ke
Fy——x2 + 1 =0
™ma iy

We can write wi = f:—f; and w? = 5‘%‘2—1‘1 These are known as the first and second

partial frequencies associated with both of the springs. w- is the frequency of the cantilever
(were it oscillating separately) and wy is the frequency of the pendulum. This produces

a pair of differensial equations:

ky— &
Fo+wize + ——g =0 (3.8)
Mo
v k? 2
Fy - =2 1 wix =0 (39)
™ma

These equations have a well-known solution in the form:

z: = Acos{wt+ @) (3.10)

xo = DB cos(wt -+ ¢) (3.11)
Where A and B are constants and w is the frequency of the coupled system. Iquation

3.10 can be substituted into the differential equations giving,

k1 — ko

Tty

A=0

—w?B+wiB

ko
—w?A4+uA — —Bi+wlA=0
ma

40

A
3
B
3




CHAPTER 3. REDUCING MECHANICAL I.OSS OF MECHANTCALLY POLISHED
SILICA SURFACES THROUGH CHEMICAL ETCHING

This leads to:

. ke — kq
(wi —w?)B = — A
Ty
2 2 ka
(wy — wA = B
7

Finally, by dividing these two equations and substituting for w, and w, we find:

., a2
:fl.. — i”_z_z__tf_z.___z_ (3_12]
B mywf—w :

To minimize the energy dissipated from the system, the amplitude of the oscillation, A,
must be made small. Since term -1;?1{3;5 is a slowly varying function of m, and mg (Khus-
nutdinova and Pelinonsky, 2002), this can be made arbitrarily small by ensuring that mao,
the mass of our test mass, is large in comparison to the mass of our cantilever, my. By
making the test mass large compared to the cantilever, the recoil of the test mass when
the cantilever is excited is reduced and therefore less energy is dissipabed away from the

system.

Parther experimenting was carried out on this system in order to oplimize the mea-
gured losses. Such questions were considered as, what is the optimum way of suspending
the test mass? Does the loss measured depend on the condition or quality of the test

mass?

41




CHAPTFR 3. REDUCING MECHANICAL LOSS OF MECHANICALLY POLISIED
SILICA SURFACES THROUGH CHEMICAL ETCHING

3.8 Results

3.8.1 1mm Slide

Experiments were carried out on a lmm thick slide (75mm x 13mm X Imm) welded to

an old cylindrical test mass (diameter 65mm, length 70mm).

When searching for a test mass to cxperiment with, a test mass was found with a. piece
broken from it. Out of curiosity it was decided to investigate how the measured loss of
our cantilever varied depending on the “condition” of this test mass. Three cascs were
examined: the broken piece sellotaped in place, the broken plece complelely removed and
finally, the broken piece honded precisely in place using Hydroxide Catalysis bonding,

Kach of these cases is considered in (urn,

First, the broken piece was taped in place using sellotape. In addition to taping the
piece in place, the effect of changing the suspension of the test mass was investigated.
The losses of the cantilever were measured when the test mass was suspended on two silk
threads, one silk thread, and finally with no suspension. The lowest losses were obtained
when the test mass was hung on a single silk thread. These results, inchuding the standard

errorg, are summarized in table 3.4.

Mode Suspended On No Pendulum Suspended On Single
Two Silk Threads (Sitting On Teflon Catcher) Silic Thread
Tundamental 157Hz | (5.95:- 0.016) x 10—° (8.40::0.05) » 1072 (2,748 + 0.004 } x 107
2nd 961Hz (1.20 - 0.008) x 10~4 {1.13+- 0.05) x 107 (9.79 =0.05) x 1077
3rd 2677Hz (8.90 £ 0.31) x 107" (1.19+0.05) x 10 (1.14 =0.01) x 10~*
4th 5215Hz Not Measured Not Measured (2.90 =D.08) x 10 ®
bth 8561Hz Not Measured Not Measured {1.086 =:0.009 ) x 10~°

Table 3.4: The sct of results with the broken picee taped back onto test mass.
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Pendulum/No Pendulum

1.0E-02
1.0E03 +

1.0E-04

1.0E-06
¢ Measured Loss With

Loss

1.0E06 Pendulum
A Measured Loss Without

1.0E07 Pendulum

Penn Total

1.0E-08
———Thermoelastic Curve

1.0E-09

Frequency (Hz)

Figure 3.12: A comparison of the measured losses of the modes when the test mass is hung
on a pendulum and when it is just sitting on the Teflon Catcher. For the fundamental
mode, there is a clear improvement when the test mass is suspended as a pendulum.

From figure 3.12 it can be seen that the results for the Imm thick slide are still several

orders of magnitude higher than predicted by Penn’s model.

In the next setup the broken piece was completely removed. All of the modes showed
a large increase in quality factor. This suggests that the sellotape was a dominant source
of loss in the previous setup. Further experimenting was undertaken on different config-
urations of the suspension. A double silk loop was used again but this time the clamp
was modified so the loops were closer together (from 10 cm separation, to 1.5 cm) around
the center of mass of the system (which is approximately the center of the test mass).
Moving the loops closer together was found to be an improvement but still not as good

as the case of a single loop.

As the lowest losses were obtained with a single loop, this loop was made as short as
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Mode

Suspended On
One Thread (5cm)

Double Loop
1.5cm Apart

Suspended On
One Thread (1.5cm)

Fundamental 157Hz
2nd 961Hz
3rd 2677THz
4th 5215Hz
5th 8561Hz

(4.26 £0.04) x 107°

(5.49 £ 0.008) x 10~

(7.119 £0.09) x 107

(6.511 £ 0.008) x 108
Not Measured

(8.26 £ 0.03) x 10~°
(5.615 £ 0.008) x 10~°
(5.152 £0.009) x 1078

(6.56 £0.01) x 10~

Not Measured

(1.994+0.2) x 10~°
(5.33 £ 0.09) x 10~¢
(6.47+0.2) x10~¢
(6.28 & 0.04) x 10~¢
Not Measured

Table 3.5: The set of results with the broken piece removed from test mass- all of the

modes show decreased loss over the case where the broken piece was taped in place.

possible to see if changing the length of the pendulum reduced the measured loss. This
was achieved by moving the clamp from the top of the frame to the underside as shown
in figure 3.13. The test mass was raised with a lab jack and a thin piece of teflon placed
between the test mass and the clamp to form a space. The thread was put under tension,
near to breaking stress, prior to clamping. The teflon piece was removed and then the
lab jack was lowered. Hence the suspension length was minimized, as the silk thread was

drawn out minimally by the weight of the test mass. This result produced the lowest

measured loss as seen in table 3.5.

Figure 3.13: The test mass suspended on a double loop (left). The clamp was moved to
the underside of the frame, in order to make the suspension as short as possible for the

single loop (right).
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1.00E-04
1.00E-05
~—Penn Total
3 1.006-08 ~ Thermoslastic Curve
1 + Long Single Loop
w (approx Sen)
1.00E-07 + Shart Single Loop
(L5em)
+ Double Loop
1.00E-08

Frequency (Hz)

Figure 3.14: For the fundamental mode, the short silk suspension clearly gives the lowest

measured loss. The other modes agree within error for the long/short thread. The double
loop is the worse for every mode.

Me 0SS! e Taped In Vi ded
1.00E-03
1.00E-04
i —— Thermoelastic
Curve
™ 1.00E-05 ¢ Broken Piece
s Taped
= w Broken Piece
1.00E-06 Removed
+ Plece bonded in
R
1.00E-07 Predicted
1.00E08 -~
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Figure 3.15: The measured losses when the broken piece is taped in place, removed and

bonded using hydroxide catalysis bonding. Where the green points are not visible, they
lie behind the blue ones.
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Mode Broken Piece Bonded In Place | Picce Removed
Fundamental 157Hz (1.8 £0.02) x 107° (1.99+0.2) x 107°
2nd 961H7 (5.49 = 0.03) x 1078 (5.33 £ 0.09) x 10-°
ard 267711z (6.81 = 0.03) x 107¢ (6.47 £0.2) x 10~°
4¢h 5215Hz (6.24 = 0.08) x 107° (6.28 - 0.04) x 10™¢

5th 8561H (6.91 & 0.06) x 107° Not, Measured

Table 3.6: A lower loss is obtained when the piece is removed over the case where it i3
bonded in place(The test mass was suspended [rom one short silk thread in both cases).

Finally, the system was mcasured when the broken piece was bonded in place using
Hydroxode-Catalysis bonding. We used 15ul of KOH solution, of concentration 0.1 mol/l1.
The results for this, while still an improvement over the sellotaped case, were not better

than the case of the piece being completely removed see figure 3.15

It is interesting to ask why lower losses are measured with one silk thread rather than
two. One reason could be that one loop has less surface contact with the test mass. kric-
tion between the thread and the test mass will result in loss. Also, a single loop will be in
contact only at the center of mass of the system, the place of minimum motion, resulting
in less friction. Further, with one loop the quantity of silk used is less than in the case of

two loops therefore less energy is dissipated away throngh the thread.

In addition to measuring lower losses with a single short silk thread, it was also [ound
to be more practical to suspend the test mass in this way. The shorter suspension system
was ohserved to be more stable, tending not to oscillate as much about its center of mass.
It is a real problem with the longer suspension that if the system is perturbed in someway
(i.e. by banging of a door, knocking bench etc) the rocking mode can be excited to a high

level, overloading the lock-in amplificr and making rmeasurements difficult.

In all cascs, however, the fuindamental and the second mode were the most sensitive
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modes to changes in the test mass and suspension. This was particularly frue of the fun-
damental mode. Thercfore, it is possible that these modes are suspension limited. One
reason for this might be because they are closest to the resonance of the pendulum (see
previous section). No conclusions about the sample were reached when looking at these

modes.

After some experimnenting, it was found that the optimal arrangement was to have the
test mass suspended on a short, single silk thread. Not only because for all the modes
(particularly the [undamental mode and the 2nd mode) the lowest losses were measured

but the setup was alsoc more stable with this configuration.
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3.8.2 500 Micron Thick Slide

A 500 micron (75mm X 13mm x 0.5mm) thick cantilever was welded to a new pristine
test mass (diameter 65 mm, length 70mm). The test mass was again suspended from a

short, single silk thread.

From looking at figure 3.16, the conclusions drawn earlier were correct: cantilevers of
this size when measured using the old clamping system (silica welded to large block, in
steel clamp) are dominated by clamping losses. The new measurements are far closer to
those predicted by the empirical model. An obvious correlation between loss and etch-
ing was not observed previously, because the measured losses appeared to be completely

dominated by clamping loss.

Loss st Frequency - Old e ew
1.0E“03 T +> T T T T | T =
0 1000 2000 3000 4000 §000 6000 7000 8000
1.0E-04 {5 2 &
. x
§ : §
1.0E-06 —— e
S 1.0E-06 £—— ; B e 0 =
=6
A 12 [Total time in
1.0E-07 ~ 18 .olutlon(m)]
x 36
e 72
1.06-08 =—Thermoelastic
~——Penn Total Predicted
1.0E-09 A New Suspension
Frequency (Hz)

Figure 3.16: The initial results from the old setup (silica cantilever welded to a block and
fixed in a clamp) have a far higher loss than the new setup (silica cantilever welded onto
a test mass and suspended as a pendulum).
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The etching of this 500 micron thick cantilever was repeated as before. This time,

a two micron layer was etched from the surface. These results are in table 3.7 and are

plotted

in figure 3.17

Mode

Unetched Cantilever

Three Minutes Total

Six Minutes Total

Twelve Minutes Total

1st
2nd
3rd
4th
5th

(6.8+0.2) x10°F
(1.81 £0.01) x 1077
(2.31 £0.02) x 1077

(2.570 = 0.002) x 10~7
(2.39 £ 0.04) x 1077

(4.41£0.08) x 1075
(1.86 £ 0.07) x 107
(1.54 £ 0.03) x 1077
(1.47 £ 0.02) x 107
(1.490 = 0.003) x 1077

(454 £0.1) x10~°
(1.86 £0.04) x 1077
(1.61 £0.02) x 1077
(1.61 £0.03) x 1077
(1.60 £ 0.07) x 108

(1.71 £ 0.02) x 10"
(1.90 = 0.07) x 10~
(1.79+ 0.02) x 10~7
(1.65 % 0.001) x 10~
(1.61 + 0.07) x 10~

Table 3.7: The loss results of the cantilever etched in buffered HF. The greatest reduction
in loss is after the first 0.5 micron layer is taken off the surface.

Loss

Loss Against Frequency For 500 Micron Slide Etched In Buffered HF
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w——=Thermoelastic Loss
& 500 micron slide unetched
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¢ 3 min buffered HF 0.5 micron off suiface
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Figure 3.17: The measured loss as a function of frequency taken from the etched cantilever.
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Loss Against Etch Depth

Loss

0 0.5 1 15 2 2.5
Etch depth (microns)
| @ 3rd Mode 1657Hz M 4th Mode 3233Hz  5th Mode 5315Hz |

Figure 3.18: Loss as a function of etch depth, for modes 3,4 and 5.

Rather than plotting loss against frequency, loss as a function of etch depth is plotted
in figure 3.18. Only modes three, four and five were considered because the first two

modes may be suspension limited.

This produces a very interesting result: there is quite a large reduction in loss after
the first 0.5 microns is removed. This implies that the lossy layer is a maximum of 0.5
microns deep. Etching more than 0.5 microns appears to result in an increase in the
measured losses, some possible reasons for this are discussed later. Further investigation
to see if the layer is shallower than this will have to be undertaken. However, if we assume
for now that all of the loss due to the polishing is a result of some damaged layer that
extends 0.5 microns into the surface, the loss associated with just this thin layer can be
calculated. Also an altered surface loss term for the empirical model can be obtained for

silica that has a 0.5 micron damaged surface layer due to polishing.
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3.9 Estimate of the Mechanical Loss associated with
a Polished (Damaged) Silica Surface Layer

First recall that Penn’s cquation for the total fused loss in silica can be decomposed into

three terms:

4 . v f Ca ]
¢fig) = 01(5)4“02(@—2“) + Codin (3.13)

For each of the modes of the cantilever, the values for each of these three terms is

calculated and shown in table 3.8.

Frequency(Hz) B'l]lk(cg(n’%z)c:‘) Surface Loss (Cs (%)) Thermo-elastic (Cidy) | Total - Surface
96 1.9 x 10710 208 % 10-8 239 x 1007 | 239 x 1077
596 8.35 x 10~10 2,08 x 108 3.89 x 107® 3.98 x 1078
1657 1.2 x 102 298 x 1078 1.40 x 10~ 1.58 x 108
3233 3.30 x 107 298 x 1078 7.17 x 1072 1.06 x 1078
5315 4.95 x 10-° 2,98 x 10~8 4.36 x 10~° 9.31 % 107?

Table 3.8: Y'he predicted results for each of the terms in Steve Penn’s Empirical Model
(these numbers are obtained by plugging in the dimcensions of our cantilever into the
formula for the empirical model, equation 3.13).

In table 3.8, the total loss is calculated as the sum of the thermoelastic term plus the
bulk loss term. For the moment, the contribution from the surface loss is not imcluded -

we want to calculate a new ¢, for the case where the silica is polished.
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The first step in the analysis, is to take the loss for each of the modes in the case where
the cantilever is un-etched and subtract the loss measured for each mode aller the 0.5
micron layer is etched from the surface. This improvement is attributed to the reduction
in surface loss due to the damage in that 0.5 micron layer being etched away as shown in
figure 3.19. Assuming this surface loss to be frequency independent, a new valuc for ¢, is

obtained by taking the mean and standard deviation of these results.

005 | . . . . : .
1000 1506 2000 2500 3000 3500 4000 4508 5000
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Figure 3.19: The first improvement is attributed with stripping the damaged surface away.
There may be a number of reasons why results closer to the theoretical curve cannot be
atiained.

Despite a reduction in loss after the Arst etch, the results are still higher than pre-
dicted by the empirical model. Further etching of the cantilever yields higher losses. Some
possible reasons for this are discussed later. In the next step, the difference between the
lowest loss obtained (alter the 0.5 layer is rexnoved) and the empirical model is caleulated.
This difference is attributed to some other source of loss, such as recoil loss or loss due to

stress or damage at the weld. This analysis is shown in table 3.9.
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Frequency(Hz) Calculated Surface Loss Recoil Loss

96 2.43 x 1078 414 % 107%

596 —5.8 x 1079 117 x 1077

1657 7.76 x 108 1.08 x 10°7

3233 1.10 x 107 1.07 x 1077

5315 9.01 x 1073 1.10 % 1077
Average (modes 3,4,5) 9.25+£0.93 x 107° 1.08£0.01 x 1077

Table 3.9: The calculated surface and recoil losses for our sample (assuming that the
additional excess loss is recoil).

Hence a new value for ¢, =9.25 x 107% is obtained. When compared to the ciarent
value (given by the cmpirical model) for cantilevers of this size, $,=2.98 x 10~%, not
surprisingly it is larger - by over a factor 3. It is also interesting rather than calculating

a replacement term for PPenn’s equation, to calculate how lossy this layer is.

A simple model for the surface loss is based on the assumption that a surface layer of
some thickness exists that uniformly exhibils a higher loss than the hulk of the malerial
(consistent with Heptonstall et al, 2006). The loss of the surface layer itsell, Gurfoce, 18
given by the measured surface loss, ¢, multiplied by the ratio of the energy stored in the
surface layer, g face, to the energy stored in the bulk of the cantilever, Epux, as ib lexes:

) Esurface |

Qs = -\7@031(' ace Jrg.]’l
Eiputn id (3.11)

It is further shown in Heptonstall et al (2006):

. 3h
Y -E-cpswfam (3.15)

Where h is the thickness of the dissipative surface layer - 0.5 microns - and a is
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the total thickness of our substrate, 500 microns. Note equafion 3.15 is derived on the
agsumption that the Young’s modulus of the surface is the same as [or the bulk (there is
some evidence that because of surface damage/pollutanis ete it is effectively a different
material and so it might be stiffer- but this possibility is not considered here). Equation
3.15 is vearranged and the values for ¢g given in table 3.9 are subslituted for each mode.
These results are shown in table 3.10. Again, assuming the surface loss is frequency

independent, the mean surface loss is calculated.

Frequency(Hz) | Calculated Surface Loss In First 500 microns Q ()
1857 2,59 x 1070 3.87 x 107
3233 4,67 x 1078 2,14 x 10*
5315 3% 1075 3.33 x 10%

Average 3.4:£06 x10°° 3.1+£0.5 x 10?

Table 3.10: Calculated loss for the first 0.5 micron surface layer ol the studied 500pm
thick cantilever.

3.10 Discussion and Conclusion

The constants used in the model from Peon eb al, depend only on the type of silica. used.
However, the quality of the surface of the silica. is clearly also important. It is found that
measurements of silica with a high quality surface produce resulis that lic closer to those
suggested by the model (Heptonstall et al, 2006). A new value for the model’s surface
ferm ¢ = 9.25 x 107% is calculated for Lhe case where the silica has been mechanically
polished. This new value, when comhined with the postulated levels of recoil, brings the
mode! into line with the measured results after the fivst 0.5 micron etch. This was a factor
three larger than the current value calenlated for cantilevers of this size of ¢=2.98 x 1078,
The difference between these two values is most likely attributed to the fact that the ¢,

in the empirical model is weighted by many of the samples having Hame polished or flame
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Figure 3.20: Stress (seen here through polarizers) around the weld area may be one reason
why we can’t get closer to the level of loss suggested by the empirical model.

pulled surfaces. Such surfaces are known to exhibit lower levels of loss (Penn et al, 2005).

The lossy layer of damage of a mechanically polished silica cantilever was found ex-
perimentally to extend up to 0.5 microns into the surface. The loss associated with this
layer was calculated to be 3.4+0.6 x 107°. This is an important figure, because the silica
test mass mirrors in interferometric gravitational wave detectors are also mechanically
polished. This additional information will help when estimating the level of thermal noise
in such a detector. However, further experimenting will need to be carried out to more
accurately determine this number, because the results obtained show evidence of other

sources of loss which require to be minimized.

One possible source of excess loss is material stress around the weld area between the
cantilever and the test mass. When the weld area was examined through polarizers, a
significant degree of stress is seen (see figure 3.20). Earlier the difficulties in welding two

large silica samples was discussed, so welding losses may require improvements.

With regard to the experimental procedure, it is possible that the depth of damage
due to polishing is less than 0.5 microns. The maximum possible improvement in loss by

etching may have been “missed” if the further etching was degrading the surface quality
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in some way, such as by chemical/structural damage. Conversely, it ia possible the dam-
aged layer may be deeper than 0.5 microns. Only a total of 2 microns was taken off the
surface. It could be insfructive to repeat the experiment with etching deeper in addition
to etching in smaller increments. [$ may also be of interest to verify that the chserved

improvement in measured losses after etching was not as a result of some other effect.

For cxample, during the initial etch it is possible that other contaminants were re-
moved from the surface such as silica dust deposited during the welding, This could
account for the imitial reduction in (he measured loss. Afller this, further etching may

have led to gradual and continual increase in surface loss.

The empirical model is weighted between silica with “pristine” surfaces. This kind of
pristine surface can be achieved when silica is flame-drawn or flame polished. In addi-
tion, annealing silica may also improve the quality of its surface and hence significantly
decrease the measured loss(Ageev et al, 2004). However, the attempt to labricate these
“ideal” silica surfaces, from mechanically polished substrates, through chemical etching
wag not completely achieved here. Further optimization of the etching procedure (perhaps
by using different chemical etchants) may lead to further improvement in surface loss. It
could be that, in the case of buffered HF, after an initial imnprovement, further etching
may be causing chemical damage to the surface. Thus beyond an initial improvement, it

is possible the losses will only increase.
In short, the results presented here suggest that the loss associated with a sub-micron

damaged surface layer due fo mechanical polishing, may he higher than current models

for fused silica suggest,
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Chapter 4

Investigations of the Mechanical
Loss associated with Dielectric

Optical Coatings

4.1 Introduction

In interforometric gravitational wave detectors the test mass and suspension elements con-
sist of material with a low mechanical loss 1o reduce off-resonance thermal digplacement
noise. An important area of research is the development of the high reflectivity optical
coatings for the test mass substrates. As this is the region where the laser beam is inci-
deni, dissipation from the coatings will contribute strongly to the thermal displacement

noisc. These coatings currently take the form of multilayered dielectric coatings.

A dielectric coating consists of a munber of layers of alternating dielectric materials
with different refractive indices. It is the varying indices of refraction (high and low)
that give rise to the reflectivity of the coating. The coatings used in the initial inter-

ferometers were alternating 2 layers of silica and tantala (T'e;Os)(Harry et al, 2006). It
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has been found that the tantala component of these coatings was the dominant source of
the mechanical loss(Harry et al, 2008). Onc particular area of research is underway to
minimize the mechanical loss of tantala through doping. Measurements made of single

layer coatings of silica, tantala and doped tantala are discussed.

4.2 TUncoated Silica Cantilever Results

'The results of measurements of the mechanical loss of seven un coated silica cantilevers
(0.11mm x bmm X 45mm) are outlined. The cantilevers were measured in preparation
for being coated with single layer coatings of silica, tantala and doped tantala by collabo-
rators at LMA in Lyon, France. The mechanical loss of each cantilever is compared before
and after it is coated. The increase in mechanical loss is then entirely attributed to the
mechanical loas of the coating. Estimates of the mechanical loss in single layer coatings
cau help us to build a belter picture of the losses associated with the multi-layer coatings

in interferometric gravitational wave detectors.

Six of the samples were welded onto silica slides of approximate dimensions 10 x
10mm x lmm . A seventh sample was welded onto a thicker end piece (Smm thick).
This was to investigate whebher increasing the dimensions of the end piece resulted in a
decrease in the measured lozs, which might suggest some form of clamping losses. Since
all of the cantilevers have approximately the same dimensiong, the measured mechanical
losses of the cantilevers should be likewise approximately the same. The results for theae

cantilevers arc shown in figure 4.1.
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Figure 4.1: The measured losses of the seven uncoated silica cantilevers.

Small variations in the frequencies of the bending modes between each of the cantilevers
were observed. The spread of frequencies is particularly noticeable at higher frequencies.

The equation to predict the bending modes is given by 4.1:

a

wn = (knl)?
(nd) 2+/312

(4.1)

From equation 4.1 there is a dependency on the frequency of the bending modes on
the length () and thickness (@) of the cantilevers. Hence slight variations in the length
and thickness of the samples are likely to account for the slight diflerences in the ohserved

spread of frequencies of the bending modes.
From looking at 4.1, all of the cantilevers have approximately the same mechanical loss.

Further, the cantilever welded to to the thicker end piece falls in line with the rest of the

results, suggesting that clamping losses are unlikely to be dominating these measurements.
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In sample 1 there is a mode at 2279 Hz that does not feature in the other samples.
It is not a bending mode because it is not predicted by equation 4.1. It therefore must
be some form of torsional mode. This mode, however, has a higher loss than all of the
other modes by an order of magnitude. This is most likely due to energy coupling to
the clamping structure for this particular mode. Such energy coupling can occur when
the frequency of the resonant cantilever mode coincides with a resonance, or harmonic,
of the clamp. Further investigation would be necessary here to determine the nalure of

the energy coupling, perhaps by using piezo transducers or finite element analysis.
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I LMA CLAMP

Uncqated Electrostatic
Cantilever Drive Plate

Figure 4.2: A picture of the LMA clamp in our tank

The mechanical loss of one further un-coated cantilever was measured. This cantilever
was put in the LMA clamping system and then fixed in one of our vacuum tanks, see
figure 4.2. In Glasgow, clamping losses are minimized by welding the cantilevers onto
larger silica blocks which are clamped rigidly in place. In LMA, they do not have the
facilities for flame or laser welding, so instead they focus on improving the clamp. It is
interesting to compare the losses of an un-coated cantilever measured with our system
and an un-coated sample measured by the LMA system. However, it should be noted
that the clamps are prepared very carefully in France before a new sample is locked in

place. The clamping surfaces are polished with very fine sandpaper.
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Figure 4.3: A comparison of the results obtained for the loss measurements of one of the
uncoated cantilevers measured using the LMA and Glasgow systems. The mechanical loss
for the fundamental mode in the LMA setup has a much higher loss which could suggest
a problem with recoil loss for this setup.

4.3 Coated Silica Cantilevers Results

To calculate the coating losses, the energy ratios for each of the coated samples must
be calculated. The Young’s modulus of tantala (doped and undoped) was taken to be
Y tantata = 1.4 x10'. The Young’s modulus of silica is quoted as Yjica = 7.2 x10%°.
The coating is applied in a uniform 500 nm thick layer. The energy ratio is calculated

using the formula:

ER =i Ycoating x lcoating

Ycan.t-ileuer lcantilcver
leoating 18 the thickness of the coating (500nm), leantitever is the thickness of the cantilever

110pm (4.2)
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Hence for each of the coatings the calculated energy ratio is shown in table 4.1

Tantala Doped | 2.66 x 1072
Tantala Un-doped | 2.65 x 1072 .
Silica 1.36 x 1077,

Table 4.1: ‘The calculated energy ratios lor doped tantala, tantala and silica

Next the inverse of the energy ratios are muitiplied by the difference in measured loss

before and after the coating is applicd. This gives a calenlated value for the coating loss.

The losses obtained for tantala, doped tantala and silica are given in lables 4.2, 4.3 and

1.4. They are compared in figure 4.4 on the next page.

Frequency Coated _ Uncoated | = g5 | Coating Loss
2139 (156 £0.02)>10~° { (5.190 £0.008)>10°% | 1.04 x 107 | 8.93 x107%
3543 | (1.740 £0.004)x107° | (5.38 £0.20)x107% [ 1.20 x 107° | 4.53 x10~*

Table 1.2: The calculated coating losses for a cantilever coated with a 500 nm thick layer
of un-doped tantala.

Frequency Coatied Un coated Ps Coating Loss
2139 (1.32 £0.01)x10°° | (5.190 +£0.008)x10"% | 8.01 x 107> | 3.02 x10*
3543 (1.32 £0.01) 107> | (5.38 £0.20)<10~®% | 7.82 x 10> = 2.95 x10*

Table 4.3: The calculated coating losses for a cantilever coated with a 500 nm thick layer
of doped tantala.

Frequency Coated Un-coated Ps Coating Loss
2139 (6.200 £0.001)x10~°% | (5.190 £0.008)x10°® | 1.01 x 10" ¢ | 7.41 x107"°
3543 (7.00 £0.01)x107% | (5.8 £0.20)x107% | 162x 107 [ 1.18 x10"*

Table 4.4: The calculated coating losses for a eantilever coated with a 500 nm thick layer

of silica.
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[Migure 4.4: A comaparason of the coating losses of tantala, doped tantala and silica.
Silica has the lowest measured coating loss. Doped tantala is observed to have a lower
mechanical loss than in the undoped tantala.

The results presented here show that silica has the lowest coating loss overall and that

doped tantala has a lower measured loss than case where the tantala is not doped. This

is consistent with results presented elsewhere (e.g. Harry et al, 2006).
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4.4 Estimation of Surface Loss associated with Un-

Coated Samples (Polished, Annealed)

The un-coated samples measured are mechanically polished. It is interesting to compare
the value obtaincd for the loss if this lossy layer is 0.5 micron deep as determined in the
previous chapter. However, the comparison is not straightforward as these samples have
heen annealed. As discussed, it is found that annealing silica substrates can lead to a

reduclion in the measured mochanical loss.

First the average loss of the seven un-coated cantilevers is calculated. The difference
between the average loss and the empirical model, the excess loss, could be attributed to

surface loss associated with the mechanical polishing see table 4.4.

Mean Loss For Uncoated Samples 1.2.34.56 & 7

1.00E-0d - e ovsmv s . e,

1.00E-08 . 1
0 /500 1000 15400 2000 50 300& 35Clﬂ| ---- Penn Peadlicted

; l.oss
& Average Loss

R - RIS PR

Loss

I 1] y R R —

Frequency (Hz)

As with the coating losses, the excess loss, 3x 107%, is multiplicd by one over the energy
ratio as given by eguation 4.2 . The Young's modulus of the surface and the substrate are
taken to be the same. This gives 2.1 x 107 for the loss attributed to mechanical polishing

which is approaching a factor of approximately six higher than the value of 3.4 x 1079
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Mode | Average Measured Loss | Empirical Model Predicted : Excess Loss

349 4.29 x 107¢ 9.81 x 1073 4,19 x 107°°

963 1.99 x 10™¢ 5.51 % 1078 1.93 % 1078

1890 2.16 x 10°°C 4.42 % 1078 2.12 % 108

3106 3.96 x 1078 | 1.05 x 108 3.92 % 1078
: Mean Fixcess Loss: 3.04 x 1079

Table 4.5; The difference between the average loss and the empirical model, the excess
loss, could be attributed to surface loss associated with the mechanical polishing. The
mean excess osg is caleulated above.

obtained in chapter 3. This increased level of surface loss [or these thinner samples could

e altribuled to a larger degree of surface damage/or thicker region of surface damage

arising from the polishing of these particular samples.

4.5 Conclusions

Single layer coatings of silica, tantala aund doped tantala were measured. Tt was found that
the silica coating had the lowest level of measured mechanical loss overall at 3.77 x 107°.
It was also found vhal doped tantalo had a lower leve! of measured loss than tantala,

2.965 x 10~% in the doped case compared to 4.24 x 1074,

Additionally seven un-coated samples were measured and they were found to have
approximately the saine level of loss (== 107%). The excess loss between the average value
of the losses obtained from these cantilevers and the empirical model was determined. This
excess loss was allributed to a 0.5 micron deep damaged surface layer due to mechanical
polishing as determined in the previons chapter. The loss associated with this layer was
found to be 2.1 x 1074, larger than value of 3.4 x 107" gbtained in chapter 3. It was
not known what effect the anucaling process would have on the results presented in this

chapter.
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Chapter 5

Conclusions and Future Work

The resulta presented within this fhesis show clearly that the level of wechanical loss
associated with mechanical polishing of silica substrates may be higher than current
models suggest. The damaged layer was estimated to be 0.5 micron deep with a loss
of $,=2.98 x 107% which is three times higher than the surface loss predicted by the
current ecmpirical madel. This is of importance when estimasing the level of thermal noise
in current and future gravitational wave detectors, The ctching procedure presented al-
lows improvements to be made to the mechanical loss associated with this mechanical
polishing. [Towever, as yet, these improvements did not bring the measured surlace losses
inline with the expected losses for surfaces associated with flame pulled or lame polished
surfaces. Iuture work could be focussed on optimizing the stehing conditions, such as
investigating dillerent chemical etchants, to achieve a higher quality surfaces. As also
discussed, [urther studies using surface profliling may allow a link between surface loss
and surface roughness to be evaluated. Mechanical loss studies of dielectric coatings was
also undertaken. Tt was fonnd that the silica coating had the lowest level of measured
mechanical loss overall at 3.77 x 1075, It was also found doped tantala had a lower level of
measured loss than tantala, 2.965 x 1074 in the doped case compared to 4.24 x 107 when

the tantala is undoped. Hence it was found that the tantala component is the dominant
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gource of mechanical loss and that Lhis loss can be reduced by doping the tantala with
titania. These results are consistent with previous measurements made here in Glasgow

and by other proups around the world.
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