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Zusammenfassung

In interferometrischen Gravitationswellendetektoren ist das thermische Rauschen eine der
limitierenden Rauschquellen. Effekte, die auf thermischem Rauschen beruhen, dominieren
im Frequenzbereich zwischen einigen zehn Hz und einige hundert Hz.

In dieser Arbeit werden zwei Experimente beschrieben, mit denen wir diese Rauschquelle
untersuchen.

Im ersten Experiment wurde das ,,nicht-resonante* thermische Pendelrauschen unter-
sucht, d.h. die zufillige Pendelbewegung, die durch die Temperatur getrieben wird. Schon
Saulson [1] zeigte Anfang der 90er Jahre, dass das Spektrum dieses Rauschens stark von
der Art der mechanischen Dissipation abhéngt, d.h. dass es sehr wichtig ist, ob viskose
oder strukturelle Ddmpfung iiberwiegt. In unseren Untersuchungen wurde das Rauschen
stark durch seismische Kopplungen dominiert. Durch Modifikationen der Pendelaufthéin-
gung konnte die Empfindlichkeit verbessert werden. Es stellte sich heraus, dass das Holz-
ersche Verfahren fiir die numerische Analyse der mechanischen Kopplungen im Prinzip
anwendbar ist. Die bekannte numerische Instabilitit des Verfahrens konnte beseitigt
werden.

Ziel des zweiten beschriebenen Experimentes war die Vermessung des internen ther-
mischen Rauschens in einer optischen Beschichtung. Zusétzlich zu dem o.g. thermischen
Rauschen gewinnen hier von Braginsky [2, 3, 4] in den 90er Jahren angefiihrte, von lokalen
Variationen der Temperatur getriebene Rauschbeitrdge an Bedeutung. Um das in genan-
nte Literatur beschriebene Rauschen direkt zu untersuchen, wurde ein Experiment mit
einem Mikroresonator entworfen. Dazu wurde mit Ion-Beam-Sputtering Techniken ein
Etalon auf ein kommerzielles Substrat beschichtet. Auch bei der Realisierung dieses FEx-
periments trafen wir auf unerwartete Schwierigkeiten, da die harte Anforderungen an die
Toleranzen des Etalons die Moglichkeiten der Beschichtungsfirma iiberschritten. In Kol-
laboration mit der Beschichtungsfirma wurde versucht, einen Komprimiss zwischen den
beschichtungstechnischen Moglichkeiten und minimalen experimentellen Anforderungen
zu finden. Mit den heutigen bei den weltweit besten Firmen verfiigharen Technologien und
anhand der gewonnenen Erfahrungen sollte die Fertigung eines solchen Etalons méglich
sein.

Schlagworter: Pendel, Etalon, Beschichtung.
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Summary

Thermal noise is a limiting noise source for interferometric gravitational wave detectors.
More precisely, thermal noise effects are expected to be relevant in the frequency range
from a few tens Hz up to a few hundred Hz.

In this work we describe two experiments undertaken to investigate this noise source.

The aim of the first experiment was to measure off-resonant thermal noise due to the
random pendulum movement, driven by temperature. In the early 1990s Saulson [1]
pointed out that the spectrum of this motion is very sensitive to the dominant dissipa-
tion mechanism, i.e. it matters whether the dissipation happens through a friction-like
mechanism, or through internal damping. While investigating this effect we faced the
unexpected influence of seismic noise that led us to develop modifications to the pen-
dulum suspension, which resulted in an enhancement of the instruments sensitivity. It
resulted also that the Holzer’s method for the numerical analysis of the mechanical cou-
plings could in principle be used. The well-known numerical instability of the method
has been practically eliminated.

The second experiment was aimed at investigating internal thermal noise effects in
optical coatings. In this case, additional noise contributions, studied in the late 1990s
by Braginsky [2, 3, 4], play an important role. In order to investigate such effects we
drafted an experiment with a microresonator. The microresonator itself was coated on
a commercial substrate by using the Ton Beam Sputtering technique. Also here, during
realization of the experiment, we faced some unexpected difficulties. In this case the
etalon itself turned out quite challenging to produce for the coating company given the
strict specification needed to reach our goal. We then started an intensive collaboration
with the coating company to tailor our specification to the production constraints. As
a result of this collaboration, we believe that the Etalon could be successfully produced,
albeit at the edge of present-day technology.

Keywords: Pendulum, Etalon, Coating.
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1. Introduction

Gravitational waves (henceforth GW) are ripples in the curvature of space-time and
manifest themselves as fluctuating forces on the masses in the wave’s path. They are a
consequence of Einstein’s general relativity, but since their predicted amplitude is very
small, only in the 1960s did the scientific community start experiments to detect them.
There are currently some detectors in operation, whose sensitivity is constantly improving.
Even though a direct detection has not yet happened, an indirect one is well accepted by
the scientific community [5], confirming Einstein’s theory. All types of detectors detect a
signal h, which in the case of an interferometric GW detector is

h=o2k
L
where L is the instrument’s length.

In the time domain this quantity is obviously dimensionless, but as is customary in
GW research, people prefer to speak about the amplitude spectral density (also denoted
by h) which is the Fourier transform! of h.

The dimension of the amplitude spectral density h is

In order to achieve a direct measurement of gravitational wave, the signal h (also called
strain amplitude) needs to be as small as possible. This task is currently underway and
provides the motivation a large part of this work. Figure 1.1 shows the design sensitivity
of GEOG600 [6], one of the interferometric gravitational wave detectors which is already
taking data of scientific value.

The sensitivity of GW detectors, like that shown in Figure 1.1, is ultimately limited by
a number of fundamental noise sources. In the case of interferometric gravitational wave
detectors their core technologies, namely laser interferometry and suspended optics, lead
directly to noise sources that invariably limit their sensitivity. With increasing frequency
we list them as follows:

e Seismic noise: intrinsic noise of the Earth surface, also present in the absence of
exceptional events like earthquakes: it is mainly due to ocean waves and anthro-
pogenic noise.

e Suspension thermal noise: noise of the mechanical suspension systems holding the
optics, driven by temperature fluctuations.

! Actually since AL is a noise term whose average is equal to zero, it is necessary to take its power
spectrum and then the square root.
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Figure 1.1.: Sensitivity curve (strain as a function of the frequency) for GEO600 with an
optimization at 250 Hz.

e [nternal thermal noise: noise of the optical components themselves (from coatings
and from substrates), also driven by temperature fluctuations.

e Shot noise: noise due to the quantum nature of the light (in our case coming from
a laser).

In this work we report the results of our investigations of thermal noise within the frame-
work of gravitational wave research, that is we will show our attempt to approach, by
means of a small-scale experiment, a sensitivity level at which thermal noise effects be-
come measurable.



2. Toward off-resonant thermal noise
measurement

2.1. Thermal noise of the pendulum: velocity vs. internal
damping

The whole optical setup of interferometric GW detectors is suspended as a multiple-stage
pendulum to provide isolation from seismic noise. Even in the case of perfect seismic
isolation, the suspended optics are expected to exhibit a residual movement due to some
sort of Brownian motion. Here, following Saulson’s [1] approach (which relies on the
fluctuation-dissipation theorem of Callen and coworkers [7]), we will show how different
dissipation mechanisms show up in different motions of the suspended mass.

Consider a one dimensional system with mass m moving along the z-axis, whose equa-
tion of motion can be written as

mi + f(&) + g(z) = F (2.1.1)
where
e 7 is the coordinate
e f(&) is a term which describes a friction force
e g(x) is a force term, resulting from a potential
e F'is an external force.

If we Fourier transform this equation!’ we obtain?
—mw?E + fliwi) +g(&) = F (2.1.2)
(w is the angular frequency). Now we introduce the impedance
F
= 2.1.3
wT ( )

7 =

SIS

The fluctuation-dissipation theorem states that each time we have dissipation, the cor-
responding variable is subject to fluctuation, whose one-sided spectral density is given
by

 4kpT
===

S (w) R(z™H (2.1.4)

where

We suppose that both f and g are linear funtions of their respective arguments.
2We will indicate the fourier trasform of a quantity = with Z.
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e R(Z7') indicates the real part of Z~!
e kp is the Boltzmann’s constant
e T is the temperature.

Taking the square root of this equation gives the linear spectral density

5% = \/(Ga(@)) = \/ <4ZBZT3%(2—1)>. (2.1.5)

The linear spectral density has the dimension of m/v/Hz. It depends heavily on the
dissipation mechanism, as we shall see in the next two examples.

Let’s suppose now that the damping is proportional to the velocity through a damping
constant -, then the equation of motion takes the form (considering the system being
also driven by a spring-like term with spring constant k)

mi + vt + kx = F. (2.1.6)

In the Fourier domain we have

—mw?E + iywi + ki = F. (2.1.7)

The impedance and its inverse are respectively

w

Z=n~+i (mw— E) (2.1.8)

I v—i(mw—ﬁ)

w

Z_72+(mw—5)2

w

(2.1.9)

The linear spectral density of the displacement in the case of velocity damping is

vd) _ (vd AkpT
65D = /5 \/w oo Ry ey (2.1.10)

In the case of internal damping the dissipation is taken into account by replacing the
spring constant k& with a complex one k* = k(1+1i¢), and therefore setting v = 0. Starting
from the equation of motion

mi + k*z = F (2.1.11)

and following the same procedure as before we obtain

Hid) = /gl 4kpTko
570 = /S5 \/w T . (2.1.12)

(mw? — k)2



2.2. Pendulum transfer functions

2.1.1. A quantitative example

We introduce the angular resonant frequency wg

|k
wo = —
m

— “o
 Aw
where Aw is the full width measured at the half-power points. We then plot the displace-

ment relative to the two models given the following parameters, which are close to those
actually used in our experiment.

and the quality factor @, given by

Physical quantity | Numerical value | Units
m 50103 Kg
Jo= g—;;) 1.3 Hz
Q 10* -
o= % 1074 —
v=mg 4.08-107° Kg-s~!
T 300 K

As shown in Figure 2.1 the two models result in different displacements, particularly
away from the angular resonance frequency wy.

Our first goal was to investigate which of the two models is adequate in the case of a
pendulum suspension, that is we wanted to measure the off-resonant thermal noise of a
pendulum suspension. Being aware of the extremely small displacement we undertook to
measure, we set our sensitivity goal initially to 107!7 m/ VvHz at 100 Hz

2.2. Pendulum transfer functions

From the beginning we addressed what we regarded as the main noise source to be
expected in our experiment: seismic noise. In Figure 2.2 we show a fit of a typical
seismic spectrum compared to the signal we wanted to measure. From this we realize
that the isolation system has to provide at least seven orders of magnitude of isolation
at 100 Hz. By far the most common tool to provide isolation is a pendulum in one of
its variants. A pendulum provides attenuation above its resonance frequency, that is if
we shake the suspension point, the mass at the lower end will shake less for excitations
whose frequencies are greater than the resonant frequency of the pendulum itself.
Let’s now make these ideas more quantitative.
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Figure 2.1.: Linear spectral density of the displacement, in the case of velocity damping
and internal damping.

2.2.1. One stage

The equation of motion for an ideal pendulum of length [ is?

i1+ Wiy =0 (2.2.1)

wo = \/g (2.2.2)

and where we indicate the mass position with x1. In the case of a movement of the
suspension point (whose coordinate is denoted by xg) it is easy to see that the equation
of motion is now

where

T+ wg(xl — ZE(]) =0. (2.2.3)

Moving to the Fourier domain?

—W2F Fwi(F — F0) =0 (2.2.4)
and introducing the transfer function
z1

Zo

TF = (2.2.5)

3We will confine ourselves to the small angle approzimation.

4To be general, a phase between #; and & should appear. However here we are interested only in the
modulus of the transfer function which does not depend on any phase. Moreover, pendulum transfer
functions will be multiplied with a noise term (seismic) whose phase is not observable.
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Figure 2.2.: A Typical (fitted) seismic noise is shown in black. The off-resonant thermal
noise, our sensitivity goal, is also shown.

we obtain

(2.2.6)

The transfer function is a measure of the “output” movement of the system normalized to
the “input” movement. In Figure 2.4 we can show a typical pendulum transfer function:
above its resonance frequency a pendulum provides isolation. Note that TF depends on
the resonance frequency: the lower it is, the better. Nevertheless since the resonance
frequency depends on the pendulum length through a square root, it is practically impos-
sible to obtain resonance frequencies lower than 1 Hz. (Note that the pendulum needs to
be put into a vacuum system and vacuum tanks of 10 m or more are just not practical.)
Since one pendulum stage does not provide enough seismic noise isolation, we will study
multiple-stage pendulum systems built by connecting identical stages together. The vari-
ous stages will be identical to one another to achieve a good coupling between them, and
therefore a good overall performance of the whole system.

2.2.2. Two stages

A two stage pendulum (see Figure 2.5) is a well known physical system, however here we
study its transfer function, which is not easily found in common textbooks. We begin
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L L1

Figure 2.3.: An ideal pendulum (the angle is not to scale, since we limit ourselves to the
small angle approximation).

with the system’s Lagrangian [8]
% mi1+m . m . .
Lexact — %Z%Qﬁ + 72@(?3 + malilap1¢2 cos(¢p1 — d2)+

+ (mq + ma)gly cos ¢1 + magls cos ps.

(2.2.7)

This Lagrangian, valid for arbitrary angles, leads to very complex and nonlinear equations
of motion: in the limit of small angles as is in our case, we can write it as
m1 + mg m1 + mso

2

L= o7 + 725%¢% + malilag1d2 — gli? — 7zgl2¢§. (2.2.8)

The equations of motion are

(m1 + ma)lidr + malady + (my +ma)gdy =0
lip1 + ladpa + gp2 = 0.
In order to obtain the transfer function of this system we have to apply a “stimulus” for
instance at the top of the suspension and observe the effect on the lower mass. This

can be done displacing the angular variable by applying a “translation”: this translation
represents the stimulus which we feed into the system?:

¢1 — (¢1 — ¢o)
¢2 — (2 — ¢o0)-
5 Another equivalent approach would be to introduce the displacement coordinates z1 = l1¢1 and z2 =

l1¢1 + l2¢p2, reformulate the equations of motion in terms of the new variable and the apply the
displacement on the ;. Both methods lead to the same result.

(2.2.9)

(2.2.10)

10
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pendulljm’s transfer function

10t A
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Figure 2.4.: The transfer function of an ideal pendulum: the resonant frequency of 1.3 Hz
is close to the value we implemented in the experiment.

The translated equations of motion are (the accelerations remain unaffected by the trans-
lation)

(M1 +ma2)lid1 + malags + (M1 + m2)g(d1 — ¢o) = 0

. . (2.2.11)
ligr +laga + g(d2 — ¢o) = 0.
Proceeding as above and introducing the TF now as
TR = |22 (2.2.12)
Po
we obtain
1
TF = . (2.2.13)
et — (R 41

As a simple check, we observe that this transfer function exhibits resonances which coin-
cide with those given by Landau [8]. This observation has important consequences in the
following, when we develop an alternative approach to this problem, and the question of
where the resonances occur will represent a crucial consistency check.

2.2.3. Three [identical] stages

The triple pendulum (see Figure 2.6) is a straightforward extension of the double pendu-
lum. Nevertheless, since the relevant expressions turn out to be quite cumbersome, we

11
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N N

2o o X1
Figure 2.5.: A double pendulum.

will limit ourselves to the particular case in which the three stages are identical. This is
also the most important case since identical stages provide good coupling and therefore
good overall performance of the system. Given equal masses and pendulum lengths,

m;=mg=MmM3=MmMm (2214)
1121221351 o

the exact Lagrangian for the system is

1 . . .
Lot — i {363 + 20 + 6}
+ml’ {2?51(2'52 cos(¢1 — ¢a) + G193 cos(¢1 — P3) + dacha cos(¢3 — ¢2)} (2:2.15)
+ mgl {3 cos ¢1 + 2cos ¢o + cos Pz} .

12
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Xy To X1 3

Figure 2.6.: A triple pendulum. We consider the case in which the three stages are iden-
tical to one another.

Now, in the small angle approximation we can write

L= %mﬂ {3& + 203 + ¢3 + A1 + 201 + 2&2@} -
_myl

2

(2.2.16)
{303 + 203 + ¢3} .

The Euler-Lagrange equations are:
6(&51 + 46252 + 2@53 + 6w(2]qz51 =0

Ay + Ay + 263 + 4wddy = 0 (2.2.17)
Qél + 2(52 + 2(53 + 2w(2)¢3 =0

where we have introduced
(2.2.18)

&
(@) V)
11l

13
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Figure 2.7.: The isolation provided by one, two and three (identical) stages is plotted
against the target which is labeled as velocity and internal damping. Three
stages provide, within this approrimation, enough seismic isolation to ensure
a detection at 100 Hz.

As in the two previous cases we introduce the “stimulus” in the form of a translation of
the Lagrangian coordinate ¢;

¢1 — (¢1 — d0)
$2 — (P2 — d0) (2.2.19)
¢3 — (¢3 — o).

The Euler-Lagrange equations now read:
66251 + 46252 + 2@53 + 6&)3((}51 —¢0) =0
4d1 + 4o + 2¢3 + 4wl (¢2 — do) =0 (2.2.20)
261 + 2¢2 + 23 + 2w (d3 — do) = 0

Fourier transforming this system of differential equations, we obtain a system of algebraic
equations. Eliminating ¢1 and ¢o we finally find the system’s transfer function:

6w8
w6 — Jwiw? + 18wiw? — 6w§ |

(2.2.21)

We can see in Figure 2.7 that a pendulum isolation chain with three stages could
in principle provide the required isolation from seismic noise. We decided to build a

14
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system with three pendulum stages, considering the resulting isolation good enough for
our purposes. We note, on a practical level, that the isolation chain shows very sharp
resonances at low frequency, which will need proper damping.

2.3.

The experimental setup

The experiment itself has already been discussed in Volker Leonhardt’s PhD thesis [9],
here we provide a quick description of the setup, since we want to discuss mainly the
simulations and the theoretical work we did regarding the isolation from seismic noise.
The experiment can be summarized as follows:

Goal: Measure the off-resonant thermal noise in a suspended pendulum, addressing
the theoretical issue raised by Saulson [1].

Target sensitivity: In order to reach the goal, a measurement above resonance is
required. A sensitivity of 10717 m/v/Hz at 100 Hz was planned.

Measuring device: A suspended resonator as the last stage of a complex pendu-
lum suspension chain.

Measuring technique: We locked the suspended resonator to a frequency stabi-
lized laser. The feedback signal of the lock is then directly related to the relative
motion of the resonator, by a frequency-depenent calibration factor.

Actuator: In order to lock the resonator frequency to the laser frequency we used
a system of coils and magnets as actuator. The coils are provided with shadow
sensors and locking loop keeps the movement of the magnet inside the coil to a
minimum at the resonances of the suspension. The magnets are attached to one
of the two resonator masses, the coils must also be suspended in order not to feed
seismic noise into the system.

Laser: The laser that we used to lock the resonator had to be frequency stabilized
to a rigid high-finesse resonator (kept in a small vacuum tank), by means of the
standard Pound-Drever-Hall technique.

Seismic isolation: Great care was taken in providing as much seismic isolation
as possible, since we knew that this noise source could spoil the sensitivity. This
problem turned out to be even more severe than expected and will be discussed in
the following chapter.

Technicalities: Among the technical details we mention:

— The pendulum suspension was installed in a vacuum tank to provide isolation
from damping caused by the air.

— The frequency locking mechanism, relying on a system of coil and magnet ac-
tuators, was also suspended to avoid feeding seismic noise through the locking
scheme.

15
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2.4

— The sharp resonances at low frequency, resulting from the multiple stage pen-
dulum suspension itself, needed a damping scheme also provided by a set of
coils and magnets.

The noise floor

After setting up the experiment we were able to routinely take data. Since the sensitivity
did not match our expectations we went into an intense noise-hunting phase.
A list of the noise sources we investigated includes:

Seismic shortcut through wires: we replaced the wires going inside the tank
carrying control signals with thinner ones.

Autoalignment: we developed and installed an auto-alignment system to ensure
a better light-coupling into the resonator.

Higher finesse: we replaced the resonator with another with higher finesse, hence
narrower bandwidth, in order to have bigger signals.

Quiet operation: we operated the experiment late at night, to avoid seismic noise
through human activities (the so-called anthropogenic noise).

Control electronics: We optimized the electronics in order to lower electronic
noise.

Additional isolation stage: we added an extra isolation stage in the chain, to
gain more isolation from seismic noise.

Lower ): we built a low @ pendulum, to increase the thermal noise signal with
respect to the technical noise.

During this noise hunting the sensitivity level remained remarkably constant (in Fig-
ure 2.8 we show a result of a typical measurement), so we decided to take another ap-
proach, focusing again on a noise source known from the beginning: seismic noise.
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2.4. The noise floor
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Figure 2.8.: The typical sensitivity of our setup: lots of possible noise sources were
addressed but the sensitivity stayed remarkably constant. For comparison
also the off-resonant thermal noise goal is shown.
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3. Optimization of the pendulum suspension

3.1. Seismic noise still leaking into the system

The difficulties to lower the noise floor in our experiment led us to a deeper investigation
of our system. The broad resonances in the spectrum and its atypical slope, gave us
reason to think about the seismic isolation again. We made the following hypothesis:

The seismic isolation was not good enough, seismic noise was still leaking into the
system. Since this hypothesis is not compatible with the simple pendulum model we
developed in the previous chapter, we decided to analyze the behaviour of the pendu-
lum suspension system with respect to all degrees of freedom, namely with respect to
movement of the pendulum masses in their six degrees of freedom. This problem, at the
core of the technology of gravitational wave detectors, is not yet fully understood, so we
proceeded in a twofold way, carrying out investigations in the lab and at the same time,
theoretical studies. To be more specific:

e We altered the pendulum suspension, within the constraints of the existing experi-
mental setup.

e We started to develop new theoretical models capable of explaining the experimental
data and to make useful predictions.

|

Figure 3.1.: Schematic representation of the pendulum suspension. The movement of each
mass has to be analyzed in its six degrees of freedom. The pendulum suspen-
sion is designed to minimize the seismic movement of the lowest pendulum
stage (here the red one).

As already mentioned, the simple pendulum model turned out to be misleading when
applied to our setup, which looked similar to that shown in Figure 3.1. Each mass has
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3. Optimization of the pendulum suspension

six degrees of freedom: three displacements along the z,y, 2z axis and three rotations
around the same axis. It must additionally be noted that a length measurement is always
relative to a reference point and because of the presence of seismic noise we cannot take
any reference in direct contact to the ground. So we built a pair of pendulum suspensions
and then measured the relative motion of the lowest pendulum stages (see Figure 3.2).
In the experiment one pendulum suspension was much heavier and bigger than the other,
thereby providing the reference point for the length measurement. The experimental
setup is described in Volker Leonhardt’s PhD thesis [9].

Figure 3.2.: In order to measure the off-resonant thermal noise, a pair of pendulum sus-
pensions were needed. Moreover, the last stage of each pendulum is a mirror:
in this way we can optically measure the relative length noise.

The length measurement was performed optically, suspending two mirrors as the last
stage, i.e. a resonator, which reacts to length changes by varying its reflection and trasmis-
sion.
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3.2. Enhancement of the moments of inertia

3.2. Enhancement of the moments of inertia

To reduce the vibration of the pendulum suspension caused by seismic noise, we enhanced
the moments of inertia of the lowest two pendulum stages. This step was achieved by
attaching small wings to the two lowest stages in the pendulum suspensions, as shown in
Figure 3.3 which is a photo of the modified last pendulum stage. Such a modification was

Figure 3.3.: Photo of the last pendulum stage. The hollow cylinder in the center hosted
a standard 1 inch optical mirror. The two additional wings increased the
overall moment of inertia, thereby reducing the resonance frequencies of the
system.

not planned for in the original experimental setup, and this caused some technical diffi-
culties in putting this new stage into place. Nevertheless we were able to overcome these
problems and take data, which are shown in Figure 3.4. The improvement with respect
to the setup without wings is clearly visible and was the best result we could achieve after
addressing many other possible noise sources (see Volker Leonhardt’s PhD thesis [9]). In
order to better understand these data, we also started a theoretical investigation of the
whole pendulum suspension, by extending the simple model with one degree of freedom
per stage, to a much more complex one, in which each pendulum stage has six degrees of
freedom.

3.3. Input-output formalism: Holzer’'s method

We used an input-output formalism originally developed by Holzer [10] and recently re-
discovered by G. Cella [11] to model the suspension chains in GW detectors. A clear
introduction to the method can be found in [12]. A very interesting book by Prof. Pes-
tel [13] also describes this method, albeit from an engineering standpoint. By using this
method one avoids complicated analytical expressions for the dynamics of the system:
explicit expressions for the time evolution of the single degree of freedom are neither re-
quired nor obtained. Rather, each building block of the suspension chain can be modeled
as a matrix connecting one input to one output, in the Fourier domain. In principle there
are no limits to the complexity that can be achieved. In practice, since the method is
a numerical one, great care has to be taken in order to avoid numerical instabilities. In
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3. Optimization of the pendulum suspension
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Figure 3.5.: Schematic representation of a system in the input-output formalism.

Holzer’s method a system is described by its dynamical variable Z, and by the force ex-
erted by the system on its boundary F', in the Fourier domain. Each mechanical element
can be modeled by a connecting element between an input pair #;, F; and an output one
To, FO. We are describing a matrix formalism which takes the form

z, ann a2 (& T
) = - =A 5 ). 3.3.1
<F0> (azl a22> <Fz> <Fz> (33.1)
If two elements are connected in series, that is if the output from one element is the input
of the next one, then we can express this in our matrix formalism by ordinary matrix

multiplication, i.e. given
T\ Z;
(E) = A (E) (3.3.2)
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3.4. Consistency checks

<;> =4 <Z> (3.3.3)
(f;) = A4 (f?) ' (3.3.4)

The matrix multiplication is not commutative, so the order in which the matrices appear

then

o8 ®
@ JE®

Figure 3.6.: Serial connection of two systems.
does matter.

3.3.1. A simple mass

The Holzer’s matrix for a point-like mass m is

A(m) z< L ‘;) (3.3.5)

mw

3.3.2. An ideal spring

For an ideal spring with spring constant k& we have

B(k) = <(1) _1%> : (3.3.6)

3.4. Consistency checks

Here we give a number of consistency checks in order to show that the method actually
works. Moreover, this will enable us to get acquainted with the new tools, and will help in
the needed generalization from the first example to a working simulation of a pendulum
suspension.
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3. Optimization of the pendulum suspension
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Figure 3.7.: A schematic representation of the two basic elements, in the matrix formal-
ism: a mass and a spring.

3.4.1. Two masses, two springs

We connect two masses mq and ms in series: we obtain

A(my) - A(mg) = <m11w2 (1)> <m21w2 (1)>

:Qm+%my?>zﬂm+mﬁ=ﬂm%AWﬁ

(3.4.1)

that is the mass is additive and “commutative” as it should be. We can also connect two
springs with constants k1 and ko in series:

B(ky) - B(ky) = (é _f/i> (é —fL)

— (1 - (k_11+k_12)> :B< L ) = B(ka) - B(k1)

(3.4.2)

0 1 k1 + ko

also a known result. We observe that in all the examples so far the matrices have a
determinant equal to 1.

3.4.2. A spring-mass system: TF

Now we can connect a spring and a mass together (see Figure 3.8).

M(m, k) = A(m) - B(k) = (m‘{ﬂ ?) <(1) _1%> _ <mL2 1 __fwz> L (343)

k

The input-output relation for this system (in the frequency domain) is simply

(?) = M(m, k) <;> : (3.4.4)

The TF is computed by setting the appropriate boundary conditions:
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3.5. Two, three harmonic oscillators connected in series

W@

X Lo
Figure 3.8.: A spring-mass system.

e F,=01ie. we leave the output open.

Then by eliminating F; we obtain

o\ —1
1

where

k

2

w —. 3.4.6

= (3.46)
Needless to say, this is the expected transfer function for a mass-spring system. In general,
we observe that, given a matrix A, the TF is

TF = (3.4.7)

det (A) '
asy |
3.5. Two, three harmonic oscillators connected in series

Let’s consider systems composed by two and three spring-mass subsystems connected in
series!. We will study these systems with respect to their input-output behaviour by
using the usual Lagrangian method and the new matrix formalism.

3.5.1. Lagrangian formalism for a 2-stage-system
The Lagrangian of the system shown in Figure 3.9 is

L=K-U-= % [mlzn% + mgzi:% + klx% + ko(x1 — 3:2)2] (3.5.1)
and the equations of motion are

mii1 + k1xy + ko(71 — 22) =0 (35.2)
mgfig — kg(xl - 1‘2) = 0. o

'As a matter of fact, we lack a formal proof that the matrix method is indeed correct. We show
therefore a number of interesting examples, including the ones we will employ later, to claim that for
our purposes the method behaves correctly.
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3. Optimization of the pendulum suspension
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Figure 3.9.: A 2-stage-system.

Introducing the stimulus by displacing the coordinates by xy we then have

miZy + k71(331 — ZE()) + k’z(ﬂjl — X9 +xg — 330) =0

.. (3.5.3)
Mok — kg(xl —x9 +xo — ) = 0.
Taking the Fourier transform and eliminating Z; we obtain:
To 1
TF = |=| = . 3.5.4
Zg lelemngl — k—ll(ml + ma)w? — kizmguﬂ +1 ( )

3.5.2. Matrix formalism for a 2-stage-system

In this matrix formalism, the matrix T representing the whole system (see Figure 3.9) is

m2w2 1-— T

_ . O A T
T = M(k‘2,m2) M(kl,ml) = maw? 2 miw? . (3.5.5)

By using the equation (3.4.7) we get

TF = [T,'| =

(3.5.6)

(1= %) (1) -
We can see by direct inspection that the two methods agree, as expected.

3.5.3. Lagrangian formalism for 3 [identical] stages

Q k k k
W@W@W&@
\ , ! f

Zo T x2 x3

Figure 3.10.: Three identical stages.

26



3.6. Harmonic oscillator [spring-mass system] vs. pendulum

The Lagrangian is a straightforward generalization of the previous one (see Figure 3.10)
1
L=K-U=3 [ma? +ma3 +maj + kat + k(w2 — 21)® + k(zz —22)%] . (3.5.7)

The equation of motions are

my + k(21 — x2) =0
mxo + k‘(Z’L’g — T — :L'3) =0 (3.5.8)
mis + k(xg —x9) =0

By following the same procedure as in the 2-stage case we get

= (3.5.9)

wo = \/g (3.5.10)

3.5.4. Matrix formalism for 3 [identical] stages

where

In this case

1 1 1 1 1 1 (3.5.11)
~ \mw? 1—m,‘:2 "\ mw? —mT“ﬂ “\mw? 1—m]:’2 '

The transfer function is

TF = |Ty'| = (3.5.12)

(£) -5(2) +o(s) 1
as expected.

Figure 3.11 shows a comparison of the transfer functions computed by the two methods:
the matrix method (solid lines) versus solution of the Newton equation (dotted lines). By
using the matrix approach we can stack as many stages as we need, and let a computer,
via a suitable numerical algorithm, compute the resulting transfer function.

3.6. Harmonic oscillator [spring-mass system] vs. pendulum

We address here a subtle issue: namely the comparison between a harmonic oscillator
and a pendulum having the same resonant angular frequency wg. As long as we study
one-stage systems a pendulum and a spring-mass system behave the same way: this is
well known from undergraduate physics. This is no longer true when we start adding
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3. Optimization of the pendulum suspension
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Figure 3.11.: Plot of the transfer function of systems composed by a series connection of
an increasing number of identical spring and mass subsystems: the matrix
method (solid lines) agrees with the direct method of solving the equations
of motion (filled circles). Moreover, the former enables us to obtain TFs
(here a system with six stages) that would be difficult to obtain with the
latter.

more stages. We have already calculated all the quantities needed to make this issue
clear. The transfer function for a double pendulum (with identical stages) is

2 1
TF}()e)ndulum =T 9= o (3.6.1)
208 7T

while the transfer function for a 2-stage spring and mass system is

1
TF? =|—. (3.6.2)

spring+mass wh w?
w_g - 3w_g +1

In Figure 3.12 we show these two transfer functions. This means a simple pendulum
cannot be modeled by the same matrix as for a spring and mass. So, we need to take a
step back and find a matrix that models a pendulum and that reproduces the pendulum
transfer function we already derived, for single- and multiple-stage systems.

3.7. The matrix for a pendulum

The task of finding an appropriate matrix for a pendulum is not an easy one. The
reason lies in the method itself, which does not use Newton’s equation, rather a black-
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3.7. The matrix for a pendulum
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Figure 3.12.: Plot of the transfer functions of two similar albeit not equivalent systems:
a 2-stage pendulum and a 2-stage spring and mass system.

box approach in which the building blocks (the matrices) are, more or less, taken as given.
Consider again the algebraic equation (in Fourier space) governing an oscillator (spring
and mass system) or a pendulum stage as well

—mw?F + mwd (& — Ty) = 0. (3.7.1)

We observe that in a double pendulum, for example, the upper mass is subjected to a
bigger restoring force since the tension of the upper connecting wire is proportional to
the sum of the two masses. Therefore we introduce a modified restoring term, through

k= mwi — m*w] (3.7.2)

where m* represents the sum of the masses from the bottom to the stage in consideration.
In this way we give up one the feature of the method: namely the possibility to describe
each subsystem as a black-box. Nevertheless, since the parameters representing the whole
system (here the pendulum chain) are always known, the drawback of describing a stage
(a subsystem) by using information belonging to others ones is a minor drawback. This
modification enables us to reproduce the already known transfer function for a multiple
pendulum which we obtained by solving the Euler-Lagrange equation of the system.

3.7.1. A double pendulum in the matrix formalism

As we suggested, each of the two stages can be modeled by the matrix

1 =
P(m;,m},w;) = (mMQ 1_7”;;;;2 ) (3.7.3)
mrw;
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3. Optimization of the pendulum suspension

where i = 1,2. Now for the lower stage (i = 2) we have simply
ms = mg (3.7.4)

while for the upper one (i = 1)
mj = my + may. (3.7.5)

It follows that the double pendulum can be described by the matrix T’

T = P(msg, mj5,ws) - P(my, m},wy)

1 1 1 __ 1
_ ( ) | ot
- 2 mow 2 miw
mow® 1 — miw* 1—
2 mgewl 1 o (3.7.6)

1 1 1 -t
_ maws | (m1+mz)w
mow? 1 — Zj—% mw? 1-— 7(%?7‘;:2)“)%

Since the single matrices have determinant equal to 1, the TF is

1

milils 4 _ UL+l 2
(m1+m2)g2% g ¥ +1

TF = |T5,}| =

(3.7.7)

in agreement with Equation (2.2.13).

3.7.2. A triple pendulum in the matrix formalism [identical stages]

Adding one more stage means that the matrix 7" is the product of three matrices repre-
senting the single subsystems. Taking these subsystems to be identical we can write:

<t11 t12> (3.7.8)
tor to2 /)’

T = P(mg, mj3,wo) - P(ma, m5,wo) - P(m1, m7,wo)

1 - 1 -y 1 -
_ mw02 . meg . 3mw8
mw? 1-— <% mw? 1—2L2‘ mw? 1—3&;

wo wo

The transfer function is

1 6
TF = |—| = 3.7.9
too ‘ —ab 4+ 9at — 18a2 + 6‘ (8.7.9)
where w
a=2. (3.7.10)
wo

This is also consistent with our previous result.

3.8. Generalization to complex systems: Newton’s equations
method

In the case of a system composed by one stage with two mutually coupled degrees of

freedom, we can write the equations of motion as

mlf:L:'l = —knz1 — ki2xo (3.8.1)
Mmoo = —ko1x1 — kooT2.
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3.9. Two degrees of freedom: input-output method

If we introduce the notation

= (2) (3.8.2)
M= <”81 722) (3.8.3)
K= (21 ’;;z) (3.8.4)

M§ = —Kq. (3.8.5)

we can write

Then, as previously, we displace the coordinate

¢ —q¢ —d (3.8.6)
and move to the Fourier domain
—w?M@° = —K(§° — §%) (3.8.7)
we get finally
@ = [K — w™™] " Kg' (3.8.8)

this Equation generalize the spring-mass system in the case when the system has more
than one degree of freedom.

3.9. Two degrees of freedom: input-output method

In the framework of the input-output method, the generalization to coupled (sub)-systems
can be expressed by the following system of equations

(£)-r(L) )

where the §¢, F' are 2-component vectors and T’ is a 4 x 4 matrix. Carrying on the
analogy with a spring-mass system, we write:

1 —K™!

We let the output be free; that is we let

Fo = <8> (3.9.3)

P =1§ — K1 F

so that the equations reads

. . _ 3.9.4
Fo = (8) =w’M§ + (1 — w?MK) F (3.94)
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3. Optimization of the pendulum suspension
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Figure 3.13.: In a two degree of freedom system the method shows numerical instabilities
(depending on the number of stages), even in this case when the degrees of
freedom of each subsystem are uncoupled.

After eliminating " we have

P =1¢ —K ' [1 — MK (—w?M)g
— 1§ — [K— ] (—®M)§ (3.9.5)
= [K—w] ' Kg'

in agreement with equation (3.8.8).

3.10. Stabilization of the algorithm

It is known that the method just described gives rise to instabilities especially for higher
order systems [12]. As an example we again embed our simple system with a resonance at
1.3 Hz in a two degree of freedom formalism and we observe the results when we stack more
than one stages together. The results of the simulations are shown in Figure 3.13: the
method becomes unstable. In order to stabilize the algorithm we must observe that the
TFs we compute are polynomial functions of the frequency. These polynomials contain
terms with opposite signs and addition/subtraction of large quantities is known to be a
serious issue in numerical methods [14]. We implemented a brute force approach? using
a custom number of digits, bigger than the number of digits which can be obtained with
float variables in the C language. We stress that such experiments are now possible,

2When in doubt use brute force. -Ken Thompson-
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3.11. The next step
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Figure 3.14.: By increasing the number of digits, the numerical instability appears at
higher and higher frequencies. Given our needs for a reliable algorithm for
TFs up to 1 kHz 60 digits are in this case sufficient.

given the availability of programs or programming languages that offer such a possibility.
We employed here a C++ library for symbolic calculations named ginac®. In Figure 3.14
we show the simulation of a system with four stages and two degrees of freedom, with no
coupling between them: the instability of the algorithm cannot be in principle eliminated,
but with a sufficient number of digits we obtain results which are completely satisfactory.

We also observe that every 10 additional digits we can compute 5 additional orders of
magnitude of the TF. This is not accidental since the TF itself depends on even powers
of the frequency f2, f4,....

3.11. The next step

The results we achieved are twofold:

e We enhanced the moments of inertia of the suspended masses: the reduction of the
measured length noise is a clear indication that in our suspension unwanted cross
couplings between different degrees of freedom was a limiting noise source.

e We started to model the suspension by employing a method whose advantages
and disadvantages are well known. We were able to eliminate the most evident
disadvantage, namely its numerical instability, by using a custom number of digits
during the calculations.

30fficial Web site: http://www.ginac.de
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3. Optimization of the pendulum suspension

The identification of the correct matrix to describe the pendulum suspension would enable
us to consistently model the whole pendulum suspension and finally fit the measured data.
This goal, which in turn would enable us to build even better seismic isolation systems, can
be now regarded within reach. In the following chapters we will report our investigations
into internal thermal noise, that is the noise due to the optical devices themselves.
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4. Internal thermal noise

4.1. Thermal noise in mirror coatings

Internal thermal noise is the noise shown by the optical components themselves. Because
of thermodynamic fluctuations in the temperature, and because of losses and absorption,
optical coatings and substrates are expected to generate noise which will mimic a length
noise. This length noise is expected to be the one of the dominant noise sources in GW
detectors, in the frequency range around some hundreds of Hz up to 1kHz. Despite the
relevance of internal thermal noise for GW detectors (apart from some theoretical works)
still very little is known. We will take Braginsky’s work as a starting point [2, 3, 4], with
special attention to thermal noise arising from the optical coating.

There are four mechanisms leading to thermal noise in coatings:

e Thermodynamic fluctuations in the coating are converted by the thermal expansion
coefficient « into length fluctuations: this is thermoelastic noise.

e Absorbed photons give rise to local temperature “jumps” in the coating, which are
also converted by means of « into length noise: this is the photo-thermal noise.

e Thermodynamic fluctuations of temperature also gives rise to variations of the ma-
terial’s refractive index, thereby changing its optical length: this is the so-called
thermorefractive noise.

e Losses in the coating are converted to length noise through the fluctuation dissipa-
tion theorem: this is Brownian noise (structural damping).

Each of these noise sources has its own “signature”, most importantly its frequency de-
pendence, but also its parameter dependence. It is of great relevance for the optimization
of GW detectors to understand these noises and to measure them in the frequency range
around 1 kHz.

Let rg, r7, d be the laser beam radius, the diffusive heat transfer length, and the coating
thickness respectively, we then require

ro > 1> d (4.1.1)

We will re-derive the relevant expressions for the thermoelastic and the photo-thermal
noise. By a critical application of the same procedure it is possible to deduce the expres-
sion for the other two types of noise as well.
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4. Internal thermal noise

4.2. From elasticity theory to the thermoelastic problem

We give here a derivation of the formula for thermoelastic noise. Our approach is to
explicitly write down some of the calculations missing in the literature, with the aim to
provide some insight neither easily available nor easily reproducible by oneself. Our wish
is to show a rather self-contained derivation. We will closely follow Landau’s book!' on
elasticity [15] and Branginsky’s papers [2, 3, 4].

First we will show how the basic equation of the theory of elasticity can be derived,
enabling us to solve a simple problem, namely the computation of the displacement of a
half-infinite body subjected to a §-like force.

Then by using the Green tensor we will generalize this result to an arbitrary force, and
finally we will apply this result to an optical substrate and its coating.

We anticipate that in this case we will have no direct force acting on the optical
substrate, rather the thermodynamic temperature fluctuations will induce a stress which
in turn leads to displacement of the surface, which is the quantity of interest.

4.2.1. The strain and stress tensors

Each point P of a generic body is described in a three dimensional Cartesian system by a
vector r = (z,y,2) = (r1, 22, 23). Subjected to a deformation, the vector r representing
P will become r’, so that the displacement of P is

u=r —r. (4.2.1)

Let’s consider two points P and ) belonging to the body under consideration. Let dx;
and dx’, the components? of the difference vector between P and @, before and after the
displacement, respectively. Then distance between P and () before the deformation is

dl = \/dw% + da3 + da? = y/da? (4.2.2)

and after the deformation is

dl' = \J(da})? + (dah)? + (da)? = ()2, (4.2.3)

Squaring both sides and using the equation (4.2.1) we have

di* = da} (4.2.4)
(dl')? = (dz})? = (dw; + duy)?. (4.2.5)
If we now write 3
Uj
du; = d 4.2.
u Oy Lk (4.2.6)

1This means that we will follow step by step Landau’s arguments, adding some of the calculations that
are left out there, employing the notation found there.
2Here latin indexes run over 1,2, 3. The summing convention over repeated indices is also assumed.
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4.2. From elasticity theory to the thermoelastic problem

then the distance between P and @ after the deformation is

dl')? = di? + 2—dxpdr; + —d d 4.9.
(dl’) + r rrdx; + o2, xtaxk Tk (4.2.7)
8ui Guk 3114 aui
= dI? — ) dapdr; + —2dr;——dxp. 4.9.
+ <8xk + 83:,-) rrpdr; + 02, xt(‘)xk Tk (4.2.8)

Since the indices on the right hand side of the last expression are summed over, we can
rename them getting

(dI')? = dI? + 2udx;dzy, (4.2.9)

where we introduced the strain tensor u;, defined as

1 /0u; Ou, Ou Oy 1 /0u; Ouyg
k== — SR . 4.2.10
Uik 2 <8mk + ox; + oxy 0x; 2 \ Ozy, + ox; ( )
We explicitly observe that:
e the strain tensor is symmetric
Uik = Uk; (4.2.11)

e the strain tensor is dimensionless.

Let’s consider the special case in which the strain tensor is diagonal: in this case the
length element (dl’)? after the deformation is

dl/ = (5zk + 2uik)dac,-da:k (4.2.12)
= (1 + 2uqy)dz? + (1 4 2ug)dad + (1 4 2uss)da?. (4.2.13)

In particular, the relative length change along -let’s say the x-axis- can be written as

, —_—
w = VI+2u;;— 1~ up (4.2.14)
Z1
and the relative volume change is
av’' —dv
—_ = . 4.2.1
¥ G u (4.2.15)

this is a useful result: the trace of the strain tensor represents the relative volume change.
The strain tensor tells us about the deformation of the body: in addition, we need another
tensor more closely related to the cause of the deformations. This is the so-called stress
tensor. To introduce it, let’s consider a portion of our arbitrary body and the force acting
on it. This force can be written as

/de (4.2.16)

where F is the force per unit volume acting on the unit volume of the body, so that F dV
is the force acting on dV. Since inside the volume the resulting force has to be equal to
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4. Internal thermal noise

zero, the net force on the volume should be expressed only via a surface integral. This
can be done by introducing a tensor o;; such that

T &Tk '
Now we can transform the volume integral into a surface one

/F,dV = / 90k gy _ 7{% dfy (4.2.18)

oxy,

(4.2.17)

where dfy are the components of the vector df of an element of the surface, oriented as
the external normal to the surface. The o is the so-called stress tensor.
Three important facts regarding o;; should be noted:

® Ui is symmetric
e The stress tensor corresponding to a uniform compression can be expressed as
Oik = —péik (4.2.20)

where p is the pressure and ¢;; the usual Kronecker delta symbol. From this we get
the important result that the dimensions of o, are the same as that of a pressure,

namely N - m™2.

e For a body in equilibrium, when no other forces are present, we must have

0oy,
&Tk

= 0. (4.2.21)

The natural question to ask now is: “what is the relationship between u;; and ;7"

We can answer this question by considering a body subjected to small deformations
du; due to internal stresses. The work d R done by the forces of the internal stresses per
unit volume is

ol
= Fiou; = ks, 4.2.22
R ou T ou ( )
Integrating over the body
R= / SRAV = / ik 5110 AV (4.2.23)
oxy,

and then integrating by parts

/ SRAV = 7{ o0z dfy — / o3 224 g7 (4.2.24)
&Tk

By considering an unlimited body whose deformation at infinity is negligible, we can
discard the surface term leaving us with

/ SRAV = / i <a5“" + 85“k> dv (4.2.25)
2 T xX;

38



4.2. From elasticity theory to the thermoelastic problem

and then
0R = —aikéuik. (4.2.27)

We can check the physical dimensions of this results®. Since R is a work term, its
dimensions are Joule. Therefore

6R]=J - m 3 =N -m 2 = [o51] = [oir0uir] (4.2.28)

since u;, is dimensionless. If we consider the body undergoing a reversible thermodynam-
ical transformation then, from a well known result, we can write for the variation of the
internal energy E per unit volume

dE = TdS — dR (4.2.29)

(T" and S are temperature and entropy, respectively). Substituting our expression for dR
we get
dE =TdS + ordugy (4.2.30)

or, recalling the definition of the free energy (per unit volume) F,
F=FE-TS (4.2.31)

Differentiating E with respect to u;, at constant entropy gives us

OE
ik = < auik)g (4.2.33)

ik = < oF >T (4.2.34)

Ouik

and similarly

This important result, connecting thermodynamic with elasticity theory, will be very
useful in the following.

4.2.2. Hooke's law

In order to be able to apply the thermodynamic relation we obtained, it is necessary to
know the explicit expression of the free energy of the body as a function of the strain
tensor. This expression can be easily found in the case of small deformation of isotropic
bodies, by expressing F' as a power series in u;. If we consider a body at constant
temperature with no deformation, we must have no stress, and since

OF
© OQugg

ik (4.2.35)

we can say that F' cannot have terms linear in w;;. It is known that from a symmetric
tensor one can build only two independent scalars which are quadratic in the tensor

3We also observe that the summed indices are correctly paired, we have a scalar both on the left and
the right hand side of the equation.

39



4. Internal thermal noise

components: we can choose u2, the square of the sum of the diagonal components, and

ufk the sum of the square of the tensor components®. Developing F in a power series of
u;r and stopping at the second order term, we can then write for the free energy of a
deformed body

F= %ui + ,uu?k (4.2.36)
where A and p are known as Lamé coefficients. It is useful to consider two kinds of
deformation: the ones in which the volume remains constant but the body’s shape changes
(also known as shear deformation), and the ones in which the volume changes while the
body’s shape remains constant (also known as compression). For compression the strain
tensor is a diagonal tensor. It turns out that each arbitrary deformation can be expressed
as a shear and as a uniform compression: for this purpose we write down the following
identity

1 1
Uil = <Uzk - g‘sikull) + 30t (4.2.37)

The first term is a pure shear since é;; = 3 and the second one is a uniform compression.

Letting

1
S (4.2.38)

QikEUik—3 i

we caln re-express F as:

A 2
F= 5”222' +u (sz + 35ikull>
A 1 2
= 5%22' +pu (Q?k + §5ikull5ikutt + §5ik9ikuzz>
A 1 2
= 5%%‘ +u (szk + Uit + géz‘inkull>
A 1 2 1
= (5 + g#) Ui + :U(Qik)2 + gﬂéikull <uzk - géikutt>
A 1 2 2
=S+ op ) ud 4+ p(Qur)® + S pbiunug — = pdikdiunuy
2 3 3 9
A1 2 6
= (5 + gﬂ) ;4 p(Qir)? + <§ - §> i
giving
o K 4
where we introduced 5
K=)\+ §’“' (4.2.40)

Since the free energy is a positive definite quantity and since K and p are independent
quantities related to compressions and shears respectively, they must be both positive

K>0 p>0. (4.2.41)

4The difference between these two quantities will be very important in the following calculations.
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4.2. From elasticity theory to the thermoelastic problem

The stress tensor can be computed as the derivative of the free energy at constant tem-
perature. As an intermediate step we compute the differential of F', dF'.

dF = Ku”dutt + 2,uQideik

1 2 1
= Kuydug + 24 <uzk - géikull> dug, — géikﬂ (um - §5ikull> dugg

1 2 3
= Kuydugy + 24 <Uzk - g‘sikull) dugy, — T <un - —uu> duyg

3
that is .
dF = Ku”dutt + 2u <ulk — géikuu> duik (4.2.42)
and the stress tensor is
oF 1
Oip = 3 = Kuyb;, + 21 <u2k — —(5iku”> . (4.2.43)

We can compute the sum of the diagonal elements of the stress tensor as
1
i = Kuydy + 2p | ugy — géiiuu = 3Kuy. (4.2.44)

Another relation that will be used is the “inverse” relation, that is the expression of w;y
as a function of ;5. In doing this it is sensible to handle the two cases i = k and i # k
separately, since expressions like o;; are error prone, due to our summing convention.

1
Kuy+2p | v — —u 1=k
Ok = " M( S ”) (4.2.45)
2y, i #k
2uu, + u (K - g > i=k
_ MU 1 3k (4.2.46)
2y, i#k
Re-gathering the two cases together
2
Oik = 2k + Ok <K - g#) (4.2.47)
U I — diku K—2 (4.2.48)
ik = 2% Oik kW 3N 2.
=5 |Oik — K — ~ 4.2.4
2 [" FT3K 3+ (4.2.49)
1 1 1
= 0 — | o — 54 4.2.50
g ik + 2 (Uk 3 k011> ( )
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4. Internal thermal noise

This last equation which states that the deformation is proportional to the applied force,
is Hooke’s law. The physical dimensions of K, i1 are the same as of o

[K]=[u]=N-m2 (4.2.51)

Following the standard literature one introduces the Young modulus £ and and Poisson’s
ratio o

9K i
= 4.2.52
3K + 1 ( )
13K —2u
i — 4.2.53
7=3 3K +p ( )
By direct substitution we get F, oy, u;; expressed by means of F, o
E o
F=——|u}+—uf 4.2.54
E o
ik = T <uzk +1o 2aull5ik> (4.2.55)
1
uik = 7 [(1+ o)ow — oouoix] . (4.2.56)
The physical dimensions of E, o are
[E] =N.-m™2 (4.2.57)
[0] dimensionless (4.2.58)

From here on, we will employ the expressions containing the constants F,o.

4.2.3. The equilibrium equations

We are now in a position to write the equilibrium equation for an isotropic body: this
equation comes in many different forms, but it can always be deduced from very simple
principles. Let’s consider for example an isotropic body subjected only to internal stresses:
the equilibrium equation reads

doi: _, (4.2.59)
E?xk

Regarding external forces that are directly applied to the body and usually are the cause of
deformations, they appear as boundary conditions that should be obeyed by the solution
of the equilibrium equation. If we indicate with P the external force per unit area acting
on the unit surface of the body, Pdf is the force acting on the element df. At equilibrium
this force has to be compensated by —o;,df,. We have then

Pdf — odf, = 0. (4.2.60)

Writing
dfx = nidf (4.2.61)
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4.2. From elasticity theory to the thermoelastic problem

where n is the unit vector normal to the surface, we have
OikNE = PZ (4.2.62)

This boundary condition will be used in the forthcoming calculations. We now give an
explicit form for the equilibrium equations. Using our expression for the stress tensor
employing E and o we have®

0 o

o Ouy  Ouy
(1-20) 0x; Oz

0. (4.2.64)

After substituting the definition of the strain tensor in terms of the displacement, we get
the following second order differential equation for the displacement itself:

0%u; 1 0%y,
=0. 4.2.
foRis * (1 —20) 0z;0x; 0 (4:2.65)

To help to translate this equation into vectorial form, we introduce the following unit
vectors

i = unit vector along the z axis (4.2.66)
J = unit vector along the y axis (4.2.67)
k = unit vector along the z axis (4.2.68)

and we recall the definitions of three operators:

e the divergence of a vector u

- >\ ou;  Ou
Vu = ; &CZ = axz (4.2.69)
e the gradient of a scalar ¢
Vo= %% + 52—‘5 + 1%% (4.2.70)
e the Laplacian of a scalar ¢
A¢ = Py Oo T (4.2.71)

ox?  0y? 022

5E, o are not supposed to depend on z;.
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4. Internal thermal noise

By virtue of linearity we can also apply the Laplacian (component-wise) to a vector u,
obtaining

Au = 1Au, + jAuy + kAu,
Ox? Oy? 022

>

N 82uy 82uy a2uy
+‘7<83:2 * 0y? + 8z2>
TR <82uz N 0%u, N 82uz>

Ox? Oy? 022

It is then easy to see that Equation (4.2.65) can be written in vector form as

Au+ - VVu = 0. (4.2.72)

— 20

If we use the following standard result from vector analysis

VVu=Au+V x (V x u) (4.2.73)
we can equivalently write
- = 1—-20 - -
- =0. 4.2.74
VVu 2(1_0_)V><(V><u) (4.2.74)

It is important to note that surface forces do appear in the solutions only through the
boundary conditions. The equilibrium equations we wrote do not take any other vol-
ume forces into account, other than the ones resulting from the stress itself. This is not
enough to study the effect of temperature variation, since on a qualitative basis, temper-
ature variation leads via the expansion coefficient to additional volume forces that should
appear in the equilibrium equation. However the correction can be made afterwards, this
means that, given the equilibrium equations we found, we can “add” additional terms
that represent such a volume force. The appropriate starting point is our expression of
the free energy F

K
F= Eul% + uQ,. (4.2.75)

Variation of the temperature causes the free energy to change; if we take this change as
small we can introduce an extra term into the free energy which is a first order scalar built
from wu;;. The only possible choice is then to add a term proportional to the temperature
change and to uy;, therefore we can write

K
F(T) = =Ko(T — To)uy + pfi + 5“121' (4.2.76)

The stress tensor becomes then

oF
Ouig,

= —Ka(T — T())(sik + Kuyozp + 208 (4.2.77)

Oik =
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4.2. From elasticity theory to the thermoelastic problem

where « is a new extra coefficient we added. What can we say about it? Let’s look at
the case in which the body undergoes a free thermal expansion: in such a case the stress
must be identically zero; o;; = 0. This in turn means that the displacement vector w;j
must be diagonal, moreover we have for the sum of its diagonal elements

uy = o(T —Tp) (4.2.78)
av
= —. 4.2.
u = (4.2.79)

since the sum of the diagonal elements is the relative volume change, we can say that «
is the thermal volumetric® expansion coefficient. With the extra term due to the thermal
expansion the equilibrium equation now reads

8Uik FEo uyy E 8ulk K 8T

8xk:(1+a)(1—20)x_,-+1+0 Tk a@xi:

0. (4.2.80)

Inserting the expression for K, and moving to vector notation we have

SU—20) & (V xu)| = —L 9T, (4.2.81)

E [31-0)c-
VVu — T

1-20| 140 2(1+0)

The reason why we do not simplify the coefficients that appear in both the right and the
left hand sides of this equation is an important one.

The left hand side is more related to the body under study and to its elastic properties.
The right hand side is more related to the source term which leads to the stress. If we
have a body which can be thought of as a composition of a bulk and a coating and if we
are interested in studying the stress induced by the coating, then we must substitute into
the left hand side the parameters for the body itself that are responsible for the global
elastic properties of the whole body, and into the right hand side the parameters for the
coating, which are to be considered as “source” terms.

4.2.4. Equilibrium of an elastic body constrained by a plane

Before we can attack the main problem, we can benefit by studying the following exam-
ple, whose geometry is already similar to the one we will employ in the thermal noise
calculation. Let’s consider a semi-infinite elastic body whose free surface we choose to be
coincident with the plane z = 0. Our goal is to find the deformation of the surface as a
response to forces applied on that surface.

The equilibrium equation is

VVu + (1 - 20)Au =0 (4.2.82)
We look for solutions which are of the form

u="f+ Vo (4.2.83)

5The term volumetric is quite relevant since we will see that in Braginsky’s paper another expansion
coefficient is introduced, leading to an annoying “missing coefficient problem.”
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4. Internal thermal noise

where ¢ is a scalar and the vector f obeys the Laplace equation
Af = 0. (4.2.84)

Substituting equation (4.2.83) into (4.2.82)

VVE 4 2(1 — 20)A(Ve) =0 (4.2.85)
v (ﬁ +2(1 — 20—)A¢) ~0 (4.2.86)

gives
2(1 — 20)A¢p = — VI, (4.2.87)

Let’s choose the reference system such that the z axis is directed into the body. We now
write f, and f, as derivatives with respect to z of two corresponding functions g, and g,
belonging to a vector function g

_ 09:
fm - 57

(4.2.88)
Since f, and f, obey the Laplace equation, g, and g, can be chosen such that the obey
it also

Ag, = 0; Agy =0 (4.2.89)

Then Equation (4.2.87) becomes (by exchanging the order in which the derivatives are
taken)

201 — 20)A¢ = —2 <% 99y

—& or + a—y + fz> . (4.2.90)

Since f, gz, gy are harmonic functions, that is they obey Laplace equation, we can express
¢ in the following way

o x Yy

where 9 is also harmonic
Ay = 0. (4.2.92)

We have reduced the problem of finding u to the problem of finding f., g., g, and ¥,
each satisfying the Laplace equation. The boundary conditions for this problem are
simple, since we have only one free surface at our disposal and we are interested only
in the response to a pressure applied orthogonally to that surface. Mathematically the
boundary condition (4.2.62) now simplifies to

Oaslmo =0 (4.2.93)
Tyzlzmo = 0 (4.2.94)
sz|smo = P.. (4.2.95)

46



4.2. From elasticity theory to the thermoelastic problem

Substituting the expression for o;; as function of g, ,g., f, and ¥ we have

0%g, OI
{ 20y a_x} =0 (4.2.96)
82gy or
{ a7 ax} =0 (4.2.97)
8 0gx  Ogy 81,!) _ 2(1+0)
{fz (8:13 + 8y> +2 az} T 7 P, (4.2.98)
where we introduced the quantity
_1-20 1 09z | Ogy Z?w
P=si=o =9 <8a: * ay> T2 (4.2.99)

It turns out that since the functions f, , g, , g, and 1 we introduced are not uniquely deter-
mined by their defining formulas, we are still left with some freedom in their specification:
we then require that

r=0 (4.2.100)

so that the boundary conditions simplify to

9%9,
=1 0 (4.2.101)
82gy
=1 0 (4.2.102)
O [, (99 99y 99 _ _2(1+o)
- {fz (a + ay> +282} =P (4.2.103)

Now that we have set up the proper equations and the proper boundary conditions, we
specify the kind of force to apply to the free surface. The force will be J-like, parallel to
the z-axis and applied to the center of the reference system:

P, = F.5(x)8(y). (4.2.104)

This kind of pressure, despite its very singular mathematical behavior, can be easily
handled since in the following this pressure will be integrated over z and y and the
presence of the § functions makes computing the integral trivial. Moreover, once the
problem for a d-like pressure is known, we can, by using the standard Green’s tensor
method, easily solve for arbitrary pressures. It is known from potential theory that a
harmonic function T going to zero at infinity and having a normal derivative % at z =0
is given by the expression

T(w,y, 2) ___//aTxy )

F=v(z—a2)2+ (y—y)2+ 22 (4.2.106)

4.2.1
- (4:2.105)

dz'dy’
z=0

47



4. Internal thermal noise

Now substituting for T the following three functions

_ . 09z agy oY
T, =f, < py + ay > + 262 (4.2.107)
Ty = % (4.2.108)
_ Ogy
Ty =0 (4.2.109)

whose boundary conditions we have already computed, we get

8Tx 2)
T1i(x,y,2) // 179, -

__i—2 1+0 //Pd:n’dy _1+0F,
z 7 - —

dz'dy’
z=0

TE r

/ /
Yoz, 2) = //8T2xyz dedyZO
=0 T
/ /
Ty(z,y, ) /8T3xyz dxfiy _0
=0 T
f;\/(;,;_;g 2+ (y—y)? + 22
r=va?+y? + 22
Or, using the definitions of Y;
dg: | Ogy 81/1 140 F,
s — | =— 4+ = 4.2.11
! (Z?x * oy 2 dz  wE r ( 0
99z
—-— = 4.2.111
5, ~° ( )
Ogy
2V _ . 4.2.112
5, 0 ( )

Taking the derivative of dg, /0z with respect to x and then integrating with respect to
dz from oo to z we obtain

99z
= 4.2.11
ox 0 ( 3)
and similarly
Jgy
—= =0. 4.2.114
. (12.114)

We are left with a system of two equations in two unknowns: f, and 9v¢/Jz, namely

1-20 oy
L= ooyl 2, =0 (4.2.115)
oY 140F,
fot2g- =22 (4.2.116)
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which gives

I = 72(17:;2) F7 (4.2.117)
o0 (20 —1)(1+0)F.

9z orEr

(4.2.118)

The displacement of the free surface is finally given by

1—02F,

TE r

Us|z=0 = (4.2.119)

2=0
If we remember the definition of F, we can write

_ 42 it ol ]
uz|Z:0 _ 1 o / / d:L'/dy/ Fz5(x x )5(y Y )
mk Vie =22+ (y—y)?

—0o0 —O0

— 1_02 / / dmldy/ PZ‘ZZO )
b Vie =22+ (y—y)?

—0o0 —O0

(4.2.120)

In the simple case of a uniform compression, the pressure along the z-axis, for example,
is just the o33 component of the stress tensor. In this particular case we have

1 2 < F ( / /)|
-0 0zz(x _
Us|z=0 = / / dz'dy’ 2200V )le=0 (4.2.121)
b Vie =22+ (y—y)?
—0o0 =00

This result, though very specific, is the key to understanding thermoelastic noise, since
in the thermoelastic noise calculations no forces appear directly and one has to compute
the displacement of the free surface expressing it as an integral on the stress tensor
which in turn, through the elasticity and the heat equation, is connected to temperature
fluctuations whose behavior is known from thermodynamics.

4.3. The thermoelastic problem

We can now face the main task: the derivation of the expression for thermoelastic noise
as given by Braginsky [4]. Before turning to the actual calculation we point out that just
by the word “thermoelastic” we are faced with two kinds of problems mixed together:
we have an elastic problem where no direct forces are applied to the body, rather the
stresses which cause the displacements are due to thermodynamic fluctuations of the
temperature, which are converted thorough the expansion coefficient into volume change
and then stress.

We will from now on employ Braginsky’s notation [4]. Such a decision to change the
notation in the middle of a work which should be consistent is motivated by the desire
to be able to closely follow two distinct but related works, and to show the links between
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4. Internal thermal noise

them. The temperature fluctuations are given quite generally by the heat equation with
a source term, which we will write as

ou 5,
Frial Au = F(r,t) (4.3.1)
K
= — 4.3.2
a pre (4.3.2)

where u is the temperature fluctuation of the body at (r,t¢) around the mean value T,
and the source term F is a statistical term whose mean value is given by’

kpT?k
oy AT (4.3.3)

T = [6(x — 21)d(y — y1) (0(z — 21) + 0(2 + 21))] -

(F(r,t)F*(r1,t1)) =2

If we take the Fourier transform of the heat equation, the temperature fluctuations can
be written as

[c e ]

u(r, 1) = / / /OO/OOCEZIijju(k,w)eWHZ‘kT (4.3.4)

—00 —00 —00 —O0

ooy T o
\ _ kpT?m o
(F(k,w)F* (ky,w1)) = (27" <2 O > O(w — wn)[K[*Y (4.3.6)

= F2T3(2m) k|2 Y
where
Y= [0(ks — Ky )0 (ky — Ky, ) (6(kz — kzy) + 6Kz + k)]
kBT2I<L
(pC)*

FT3 =2

We approximate the body under investigation by a semi-infinite one: the elasticity equa-
tion is then (we indicate Poisson’s ratio® with v and the elastic deformations with /)
l—-voo
VVJ— ——
1+v 21+v)

VxVx7=aVu. (4.3.7)

The boundary conditions on the free surface are given by

Jzz|z:0 =0 (438)
O'yz‘z:O =0 (439)
sz‘z:O =0 (4310)

"We explicitly introduce complex conjugation and complex terms like e®* for the Fourier transform. At
the end of a calculation, when a physically measurable quantity is presented, it should be verified that
it is real.

8In the previous section we indicated Poisson’s ratio with o.
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4.3. The thermoelastic problem

With respect to Equation (4.2.81) we note a factor of 3 is missing. This is simple to
explain, given our preliminary work. In Landau’s notation o = «, is a volume expansion

coefficient, that is

av
= ordl (4.3.11)

while in Braginsky’s notation o = ap is a linear expansion coefficient

7 = apdT (4.3.12)
and since 5
dv  dl dl
vV B = 37 (4.3.13)

we see no contradiction between the two equations. In the following we will use the linear
expansion coefficient, that is it should be read

a=ap (4.3.14)

unless stated otherwise. In a gravitational wave detector the mirrors are massive objects
made of high quality fused silica and coated to be highly reflective for laser light. These
mirrors have linear dimensions [ which are much bigger than the laser beam spot size
ro: this justifies the half infinite approximation. Moreover, since the coating thickness
d is usually much smaller than the laser beam spot size, the source term can be further
simplified to

aVu — adV (ud(z — €)) (4.3.15)

that is, it can be considered as d-like. (e is a small quantity to stress the fact that we
are interested in a thin layer near z = 0.) Now, applying the same strategy as before, we
write the solution for the displacement U/ as

7= 4 V. (4.3.16)

It is easy to see that ¢ satisfies the following Poisson’s equation

1+

Agp adud(z — €) (4.3.17)

without boundary conditions. The function #(*) satisfies the usual elasticity equation
(4.3.7) with its right hand side equal to zero, and the following boundary conditions

S E <82<,0 N 82<p>
14w \ 0y 022
E 0%

772 = T (11 v) 020z
B E 0%p

%z = " (1+4v) 920y

z=0

(4.3.18)

2=0

z=0
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The solution of the Poisson equation (4.3.17) is

p(z,y,2) = ng il / / / da'dy'dz’
(

w(z',y', 2" ) (6(z —€) + (2 +¢€)) '
Ve =22+ (y =)+ (z = 2)?

Carrying out the integration over 2’ gives

p(x,y,2) = 1:’;; / /dx’dy
oo o (4.3.19)
2u(x’ Y, 2)

V=) +(y —y)? + 22

where we added an extra J term to enforce symmetry of the function ¢. The laser beam
hitting the optical component carries out a weighted measurement of the displacement of
the mirror at z = 0 along the z-axis. Hence, what we measure is

X

X

oy
dedy e~ @I/ (22 4 (@) 4.3.2
7T7‘(2]/ / e 8z+yz z=0 ( ’ O)
In our particular case
dp
bt =0 (4.3.21)
0z z=0
so that
X(t)=— / /d:cdy e~ @ Hy)/78 ) . (4.3.22)
o z=0

We divide the remaining work into three steps, namely:
e Compute 0,|,—0.
e Compute the displacement of the surface as an average with a Gaussian weighting.

e Compute the spectrum of this displacement.

4.3.1. Computation of the stress at the free surface: o..|,—o

We substitute into the boundary condition Equation (4.3.18) the expression for ¢

redorr= i (BN (B2 [ [y e

—00 —O0
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4.3. The thermoelastic problem

We observe that each function also depends on time: this has to be from now on explicit
since at the end we will compute spectra, which are Fourier transforms of time correlation
functions. We express u(z, y, z,t) as the inverse Fourier transform of u(k,, ky, k-, w) giving

/
oorloco = — 2 (52 4 o) / / du dy
(1) Vi =22+ (y—y)?

—00 —00

[ olNNe olNe S lNNe o

3
////dk:dw km,ky7kzyw) iwt+ikr’

—00 —00 —00 —0O0

Using the solution of the heat equation, we find

!
ourlomo = — 2 (52 4 o) / / d“‘dy
S 2r(l-v) Ve =22+ (y—y')?

—00 —O0

r d3l<:d o
/ / / / wF kr7 kyv kz’ w) e—zkrezkrezwt—l—zkr .
(k)? +iw

—00 —00 —O0 —O0

Taking the integrals over the plane z = 0 gives

adE 2 2 d?’kdw kkay7k727w) iwt+ikr
Tl =~ 3oy (%= + ) //// WPt ¢

—00 —00 —00 —0O0

I = / / dx’dy Sk r)
Ve =22+ (y—y')?

—0o0 —O0

The integral I, once expressed in polar coordinates, turns out to be elementary:
L== (4.3.23)

where

so that, we have

adE
—v)

o
=1
1—1/

— 00

Uzz‘z _g=— (8% + 85) eiwt-l—ikr

/Ood?’kdw 1 F(ky, ky, ksy )
2m)* k1 a?(k)? +iw

d3kdw kJ_F k:cy kya kZ7 w) eiwt—i—ikr
(2 a?(k)? + iw '

=
[
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4. Internal thermal noise

4.3.2. Computation of the displacement of the free surface: X (t)

[e.e]

X(t) =— 5 / /d:cdye (22 +y? )/To,,(rl)(gj Y, 2)| 20
7T7"0

1_1/2/ / 3 o (2 Y 2],
= dxdy e (@ +y?)/rg / /dm'd ! 0
m2Erg Ve =22+ (y—y')?

—0o0 —O0 —0o0 —O0

[e.9]

2(1 + v)adE /°° / /OO / dhdw Fk @)
Em“o (2m)* 2 +iw 2

—00 —00 —00 —0O0

where we introduced
[o.¢] [o.¢]
I, = / / dxdy etkr o= (@ +y?) /75
-0 —O0
I, is also a standard integral which turns out to be
I, = wr%e‘ki’"g/‘l.

We can now express X (t) and its complex conjugate in a form suitable for the following
calculations:
o0 o0

[ T dkdo F(k ©) i e
X()—2adl—i-u////(27T 2(k)? e 170

—00 —00 —00 —00

- (4.3.25)
d3k1dw1 F*(kl wl) ; 1.2 .2
t -9 1 ) —iw1 (t+7) kJ_rO/4‘
wen s [ [ [ ] S ta),
4.3.3. Computation of the spectrum of the thermoelastic noise
We introduce the two-time correlation function as
B(T) = (X)) X*(t +1)). (4.3.26)
By direct substitution of Equation (4.3.25) into Equation (4.3.26) we have
FTRFF Bldw e wr— k2 r2/2
B(r) = 4a*d*(1 2//// k|22F3T¢
() a ( +v (271')4 ‘CLQ( )‘2 2| | 0+0
— W —iwT d2(1 /22— 00
/ 5. € 8atd*(1+v) (271')36 17072 K| VEC B
(4.3.27)
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4.3. The thermoelastic problem

The quantity in square brackets is called the two-sided spectral density. That is

< dw .
Blr)= [ Ghertsmosied ) (4.3.25)

— 00

If we choose to integrate only over positive w we are left with the one-sided spectral
density, which is a quantity closer to the directly measurable ones (by means of a spectrum

analyzer for example). This means we can define another quantity, S°"¢*ided(y), as
B(T)E/ d—we_i“tSonC'SidCd(w). (4.3.29)
0 2
In our case
. T 7T T $k e F2T?
one-sided _ 2 42 2 —ksr§/2 2 0+0
= 16a°d*(1 LTk .
gonesided () — 1602 d%(1 + v) / / / e e (LR

—00 —00 —O0

Moving to cylindrical coordinates, with the z-axis as the cylinder axis, we have

S(w) = Gonesided () (4.3.31)

w2

_ AePd*(1+ v) FRTE //dkzdkl%L |k|2eTok1/2
B 2 la?(k)2|? + w?
—o0 0

We use the condition )

w< (4.3.32)
To

and the fact that, since the z dimension is much smaller than the other two we have
k? ~ k2. (4.3.33)
Within these two approximations the last two integrals we have to compute decouple
from each other, and taking the integral over k, we are left with
o

_2a2d2(1—|—u)2F02T02/dk kK22

S(w)

2 Fatkd + w2 2
o : 0 (4.3.34)
402d*(1 2F2TE
— Q ( —;Z) 0 0(2]'3)
27§
The last integral is also a standard one 2:
r k2 4u5
T 4/ 4W
Iz1= | dk, —5— = —5\/ —. 4.3.35
3 / otk +w? 4w?V al2 ( )
0

After a little algebra we can finally write the spectrum of the thermoelastic noise as

4v2(1 +v)? a?d?*kpT?
T 12V pCrw’

S(w) = (4.3.36)

9This integral given in Gradshteyn’s book [16] is in our opinion incorrectly calculated. Another book of
integrals, albeit an older one, by Grébner [17] gives the correct result.
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4. Internal thermal noise

4.3.4. Interpretation of equation (4.3.36)

While being correct, the expression we derived for the spectrum of the thermoelastic
noise, Equation (4.3.36) needs to be further analyzed before we can substitute numerical
values in it. Note that the given equation refers to an homogeneous body, whose surface,
due to temperature fluctuations, moves.

If the free surface of the body is coated with a material whose parameters coincide with
the bulk’s ones except for the linear expansion coefficient, then we simply have to use a
new linear expansion coefficient in the formula given by:

Q = Qlayer — (bulk (4337)

where ajgyer and ag,,y are the linear expansion coefficients of the coating and of the bulk,
respectively. If Poisson’s ratio v and Young modulus E are also distinct between coating
and substrate, then we should proceed as follows: We recall here Equation (4.2.81) and
express it in Braginsky’s notation

E l1-V) e, 1—-2v
= | 15y VT T

—

o E
X V)| = T 2V04Vu (4.3.38)

<l

V x (

In the case in which the coating is very thin with respect to the other geometrical di-
mensions of the body, the elastic properties are given by the bulk, while the coating’s
parameter determines the “source term” responsible for the stresses induced by the tem-
perature fluctuations. Practically this means that the coefficient appearing on both sides
of this equation are numerically no longer identical, as the one on the left hand side is
related to the bulk, and the one on the right hand side is related to the coating:

E l— V). 1—2 = = E .
< > [( Vger— 122 g (Vxﬁ)] :< a> V.
1—2v ) L 14+v 2(1+v) 1=2v" ) ver
Multiplying both sides by (%)bulk we have
l—-vos 1-2v > - . (1-2v FE -
—1+VVVV—72(1+V)VX(VXV)— < T >bulk<1_2ya>layerVu.

We see that considering a thin coating whose parameters are different from that of the
bulk leads us to employ a new linear expansion coefficient given by

~ ) (1-2v E (4.3.39)
@ = (Alayer )1 0dified — @bulk = B _— 1_ 9, layer Qlayer — Obulk- -9

The very last step consists of taking into account that coatings are usually made by a
sequence of alternating layers. In this case the modified linear expansion coefficient for
the layer we found becomes a sum of two contributions weighted by the relative length
of each of the two components: if we label these two components with indices 1,2 then

we can write
aldl El(l — 21/) Oégdg Eg(l — 21/)

T U T B(L—20) | di +do E(1— 20)

where dy, ds are the total lengths of layer number 1 and 2, respectively.

— Ohulk (4.3.40)
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4.4. Photo-thermal noise

4.4. Photo-thermal noise

As we did for the thermoelastic noise, we closely follow Braginsky’s work [2], adding some
more hints about the explicit calculations involved.

The photo-thermal noise is the result of a two-step process. First photons are absorbed
within the optical material giving rise to thermal phonons. After a very short time the
thermal phonons are absorbed as well, resulting in a local jump in temperature. Here we
will give a derivation of the noise spectral density without resorting to the full elasticity
theory framework: it can be shown that the differences are minor and it is possible to
carry out the full calculation just as we did for the thermoelastic noise. The body is
considered as semi infinite. The reference system is chosen so that its free surface (that
which is hit by the laser radiation) is identified by the plane z = 0, and the body occupies
the region z > 0. We start with a heat equation with a source term (on its left hand
side):

u(z,t) 28 u(x,t)  w(t)
ot ox2  pCmrd 320(2). (44.1)
The boundary condition is
ou(x,t)

=0 4.4.2
or |, ( )

where \

2= 4.4.

=7 (443)

and where A* is the thermal conductivity, p is the material density and C is the spe-
cific heat capacity. The source term is different from the one used in the study of the
thermoelastic noise. The physical reason is that the source term, which is ultimatively
responsible for the noise, is now a simple function of the material constants of the body
and the rate of absorbed photons which we wrote as w(t), and which is quantitatively
defined by the following relations:

(wt)w*(t1)) = hwoWod(t —t1)
w(t) = Wabs(t) — <Wabs(t)> = Wabs(t) - Wy
where Wy is the mean absorbed power, Wys(t) is the absorbed power at an instant ¢,
wo is the laser angular frequency (that is the angular frequency of the absorbed photons)
and r( is the laser beam radius. The quantity whose spectral density we are interested
in is the one-dimensional displacement of the mirror along the z-axis: if we indicate this

displacement with X1p we can immediately write it as the integral of the temperature
along the x-axis times the linear expansion coefficient «

Xip = a/ dzu(z,t). (4.4.6)
0

If we indicate with @(k,w) the Fourier transform of u(z,t) we can write

dwdk dk‘
Xip(t —a/ dw/ / 0T emiwteikay u(k,w). (4.4.7)
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4. Internal thermal noise

If we take the Fourier transform of the heat equation we get the following expression for

u(k,w) "
ik, w) = (pC7rd)(ak? + iw) (4.4.8)

Plugging this expression for @(k,w) into

where w(w) is the Fourier transform of w(t).

(4.4.7) we have
dwdk - w(w) o ik
X t —iwt ikx
10 pC’m“O / / a’k? +iw /0 dwe

dwdk it Ww) 1
—w 2w (k 4.
pCm’O / / ak? +iw 2( mo(k)) (4.4.9)
/ d_we—zwtw(w)
2pC’7T7‘0 27 iw
Its complex conjugate is'®
. a dwi .4 W*(w1)
Xip(t twrty Z 727 4.4.10
in(h) = 2pC’7rr0/ o ¢ (—iwn) ( )

The two-time correlation function is
—zwt—iwltl <’lZ)(w)u~)* (w1)>

d
(pOXip(t) = o [~ 92 [~ 52 2
(v CW ? (4.4.11)
00 —iw(t—t1) T
dw e =B(t-t)

= 7%) Wi / —
4 (pC’m"O)2 ‘ oo 2T WP

where we used the defining property of w(w). The two-sided spectral density is the Fourier

transform of the two-time correlation function, so

B(t) = / d—we_i“tStWO'Sided(w). (4.4.12)

2T
The one-sided spectral density is similarly defined: the only difference is that the integral

is only over positive frequencies. In this case

B(t) — / d_we—iwtsone—sided (w) (4413)
0

27
Since the one-sided spectral density is the one more directly measurable, e.g. by means

of a spectrum analyzer, we have
Sono—sidod (w) — 2Stwo—sidod (w) — 20427:”*‘}0‘2/1/0 (4414)
(pCrrd)” w?

Spr(w) =

10We have to explicitly check at the end of the calculation that physical quantities are actually real

quantities as they should be.
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4.5. Quantitative comparison between the different thermal noise effects

4.5. Quantitative comparison between the different thermal

noise effects

After the theoretical derivation of the expression for coating thermal noise due to ther-
modynamic temperature fluctuations and to photon absorption, we turn our attention to
the comparison between the four types of noise. Their analytical expressions are [2, 4]

4V2(1 4+ v)? a?d?kpT?

Ste() = T B et
hwoWo
—92a2 "
Sprw) = 2a (pC7rd)2w?
s (w) - 52)\2]€BT2
TR mré/pChyw
2
Sl — B T0 =)0

wvV2rErg

(4.5.1)

where S7g is thermoelastic noise, Spr is photo-thermal noise, S7r is thermorefractive

noise, and Spy is Brownian noise.

The parameters appearing in these formulas are

listed and discussed in Appendix A. We can see in Figure 4.1 that the expected noises

Thermoelastic noise
Brownian noise

Thermorefractive noise
\IPh\oto-thermaI noise

10719
1020 L
R
—
T
E 10—21
€
(0]
e
E,; 10722
o
%)
[a)
10723
1024
10

10?

Frequency [Hz]

10

Figure 4.1.: Quantitative comparison of the four different thermal noises. For each noise
the square root of the spectral density is plotted, which is the quantity di-
rectly comparable with experiment. The parameters are the those given by
Braginsky [4]: in particular the beam radius is g = 6 - 1072 m.

sources produce very small displacements. One parameter which can be changed in order
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4. Internal thermal noise

to produce bigger noises is the beam radius rg. Making the beam radius a bit smaller
enables us to use smaller optics.

10717
10718 —
<
-
N o
E 10° TR —
=
g
T~
§ 10-20 i .
=3
5%}
o : .
21 | Thermoelastic noise —— T~
107 ¢ Brownian noise
Thermorefractive noise ——
[ Photo-thermal noise ——
1022 . Sensitiviy
10 10 10°

Frequency [Hz]

Figure 4.2.: Same plot as Figure 4.1, but using a smaller beam radius, ro = 1072 m . The
noises are in this case bigger, so that at least one of them can be measured in
a small scale experiment: the red line labeled “Sensitivity” sets the sensitivity
level required for such a goal.

Figure 4.2 shows the sensitivity level we must achieve to be able to see at least one

kind of thermal noise. This sensitivity will be the most important design parameter for
the internal thermal noise experiment which we will draft in the following chapter.
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5. Toward internal thermal noise
measurement

5.1. Shaping the experiment around the required sensitivity

In the previous chapter we obtained an estimate for the length noise produced by internal
thermal noise. In order to carry out such a measurement we found that a sensitivity of

m

VHz

is required. This quantity affects the experimental setup in each of its subsystems, which

Al=10"18

(5.1.1)

are:
e The laser!.

e The resonator? which reacts to the internal thermal noise altering its transmission
and reflection.

e The readout system which is basically composed of a photodiode converting the
reflected or transmitted light into a current, and an electronic device which analyzes
the electrical signal.

In this case, the length noise of the resonator (which is the physical quantity we want to
measure) and the frequency noise are related to each other® by the following relation:

Af_ Al

=T (5.1.2)

where
e [g is the length of the resonator.
e fo is the laser frequency.

e Af Al are the frequency and length noises respectively.

"We will always refer in the following to a Nd:YAG laser running at the wavelength A = 1064 nm: this
laser system is the standard in GW research.

2A resonator is a standard tool in optics, see for example [18].

3This relationship between Al and Af enable us to consider a length variation as a frequency variation,
and vice versa.
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5. Toward internal thermal noise measurement

If we choose a small resonator (i.e. if [y is small), we can convert a small length change
into a relatively large frequency change that can be measured.

Since we are interested in measuring the coating thermal noise, it makes sense to employ
a small device where the coating should be responsible for most of the noise.

An etalon coated on a standard one inch optical substrate is a sensible choice since by
choosing a reasonably small length we can convert length noise into frequency noise which
can be detected.

An important issue has to be stressed: if the coating thermal noise results in a coherent
displacement of both of the etalon’s surfaces, we will get very little signal if any at all.
We must state that the effect of the etalon on the theory we developed and on the size
of the expected signal is not yet known. The employment of an etalon seemed to us the
only way to measure internal thermal noise in a table-top experiment. In other words:
the discrepancy between the theory developed in the last chapter for a coated substrate
and the measurement’s results were one of the goals of the experiment.

PDs,

PD,y

Etalon

Figure 5.1.: The experimental setup: a laser beam is sent to the etalon. The transmitted
light power is measured by the photodiode PD;, while the photodiode P Dy
measures the incident light power. The two signals are then analyzed by a
spectrum analyzer. (The laser has to be intensity- and frequency-stabilized.)

That being said, the experimental setup is in principle very simple: given an etalon
resonant with the laser frequency, we can measure the transmitted light intensity by means
of a photodetector. This electric signal will carry the information about the length noise,
in addition to a number of noise sources that need to be kept to a minimum. We will
then establish the main etalon’s features:

e Length: [y

e Optical response function.
Regarding the length, we need a very short etalon. Since the etalon sits between two
high reflectivity coatings, we need to make this distance much larger than the length of

a single coating layer. Since the single layers have lengths of [ = % where A is the laser
wavelength, we choose the etalon’s optical length to be

lp = 10\ ~ 10 pm. (5.1.3)
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5.2. Tight constraints on the etalon

The optical response function should be as steep as possible: that is, the etalon should
react to small length variations (driven by internal thermal noise) with big changes of
trasmitted light power. In the next section we will set the relevant parameters that have
to be met by the company that actually produce the etalon, and find out the optimal
working point that will give us the largest variation of the trasmitted light power per unit
length change.

5.1.1. Calibration issues

The calibration of the results can be easily done by analyzing the etalon’s trasmission
profile near the selected working point. This can be done in two ways: by changing the
laser frequency and by changing the optical length by a known amount. The former
method is achieved by acting on the laser crystal piezo itself, the latter by tilting the
etalon.

5.2. Tight constraints on the etalon

We review here the basic etalon’s theory and we give constraints on etalon’s parameters
which have to be met in order to be able to reach the sensitivity goal.

The etalon’s basic theory is well known [19]: it is a direct consequence of the interference
of light. Let’s consider an etalon of thickness d and refraction index is n: its optical length
is then

I = nd. (5.2.1)

If we illuminate it with laser light of wavelength A, then the reflected and transmitted
light will depend on the length difference

As = 2dv/n? —sin? a. (5.2.2)

We indicate the transmissivity, reflectivity and losses at each of the two plane surfaces

L/
AN

Figure 5.2.: Schematic of an etalon illuminated by a laser beam.
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5. Toward internal thermal noise measurement

with T, R and A respectively. These quantities® are dimensionless and constrained be-
tween 0 and 1. Conservation of energy gives

T+R+A=1 (5.2.3)

The reflected and transmitted light intensities, with respect to the incoming light inten-
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Figure 5.3.: Fraction of the transmitted power with respect to the incident power as a
function of the frequency difference between laser frequency and etalon’s res-
onance frequency, for different etalon’s transmissivities. The incident angle
is @ = 0, the optical resonator length is 10\ and we assumed no losses.

sity® Iy, can now be written as

1+ (R+T)>—2(R+T)cos Ad

In=Iolt 1+ R2—-2RcosAg (5:2.4)
T2
Ir =1 1+ R?2 —2Rcos A¢ (5:25)
where
A¢ = 271'%. (5.2.6)

The expression for the transmitted and reflected light intensity are periodic, as can be
inferred by the presence of the cos A¢ function. However, if we remember that the
resonator is 10\ long, we find that two transmission maxima are separated in frequency
by the so-called free spectral range, which is in our case

C
SR 5o 5 THz (5.2.7)

AT R and A are trasmissivity, reflectivity and losses with respect to laser power. We will use for T, R
and A the suffix ppm which means part per million.

®In this work we used Iy for both the incoming light intensity and for the maximal measured photocurrent
(later in the text). It should be easy, by means of a dimensional analysis, to distinguish bewteen the
two meanings.
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5.2. Tight constraints on the etalon

This means the resonant condition has to be achieved with very good precision, since the
resonator length cannot be changed after its production and since it is not possible to scan
the laser frequency over such a rangeS. In Figure 5.3 we show the etalon’s trasmissivity
as a function of the laser frequency according to different values of T'. (We assumed no
losses.)

As we already said, the etalon should react to small variation of its length with big
variation of its reflectivity. The length sensitivity target given by Equation (5.1.1) can
be expressed, by using Equation (5.1.2) as a frequency target A f

Hz
vHz ‘

If we now set the incoming laser power to Py = 1 mW in order not to damage the etalon,

we immediately find out that our shot noise level for a photocurrent measurement is (see
Appendix B)

Af ~ 30 (5.2.8)

PA
vHz

usually one requires the actual measure to be considerably bigger than the shot noise,

Ispor = 12.6

(5.2.9)
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Figure 5.4.: Graph of the etalon sensitivity S(f) as a function of f, for different values
for T'. No losses are here assumed (A = 0).

which means having an acceptable signal to noise ratio. Requiring our signal to be two
times bigger than the shot noise level we then must have

PA
vHz

Isignal = 2lgpot = 25.2 (5210)

If we now

5The laser frequency can be tuned at most by 15 GHz by acting on the laser crystal temperature (from
the laser producer’s web site http://innolight.de).
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5. Toward internal thermal noise measurement

e take the derivative of Iy /Iy with respect to the frequency

e normalize this quantity to a maximal measured photocurrent (see Appendix B) of
0.5 mA

e multiply the result by the expected frequency noise we want to detect, which is

~ Hz
Af 30 J

we finally obtain the etalon’s sensitivity S(f) as a function of the frequency diffence
between the laser frequency and the etalon’s resonance frequency. It is easy to see that
the sensitivity S(f) has dimensions of

[S(f)] = (5.2.11)

and can therefore be directly compared with I, and Ig;gnq. The condition that has to
be fulfilled is

’S(f)‘ > [signal (5212)

at least for some frequencies f. In Figures 5.4, 5.5 and 5.6 we clearly see that the required
trasmissivity at each etalon surface should be

T ~ 100 ppm (5.2.13)
and the losses
A ~ 10 ppm (5.2.14)
in order to be able to measure the internal thermal noise.
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Figure 5.5.: Graph of the etalon sensitivity S(f) as a function of f, for different values
for T, in the case of A = 10 ppm.
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Figure 5.6.: Graph of the etalon sensitivity S(f) as a function of f, for different values
for T', in the case of A =50 ppm

5.2.1. Etalon’s internal tilt

If the two high reflectivity surfaces are tilted against each other, then the etalon’s per-
formance degrades considerably. Ideally one would keep this angle to zero, but since this
is in practice not possible, an upper limit is needed to the angle we can tolerate without
compromising the whole experiment. To solve this problem, we employed a program for
simulation of the optical system written by Roland Schilling, called WaveProp.

This program can simulate a wide range of optical systems: here it is enough to say
that the program proved useful in simulating both the GEO600 interferometer (which
is 600 m long) and our small etalon (which is 10 ym long). More details about the
simulation program are in Appendix C. The only restriction we encountered was of a
technical nature: the program ran on a high performance computer under a strict time-
sharing policy. This means the simulations could take at most five minutes, and therefore
we had to face some trade-offs in the choice of the parameters in order to keep the
running time within the given limit. The Figures 5.7, 5.8 and 5.9 show the simulation
results for the etalon with increasing tilt between its surfaces. Given the high reflectivity,
even the smallest internal angle leads to vanishing transmitted power. The simulations
helped us to realize that the maximal acceptable internal angle should be much less
than 6., = 1077 rad. This parameter is clearly beyond current coating technology.
Therefore we decided to interpret this requirement in the following way: the planarity of
the surfaces must be better than 6,,,, only in a small region of the optics not bigger than
a few millimeters, preferably located at the center of the optical surface.
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5. Toward internal thermal noise measurement

Input power

X [mm]

Transmitted power

Figure 5.7.: A laser beam of 1 W and waist wy = 1 mm hits the etalon. The internal tilt
is in this case & = 0. The upper left picture represents the incoming beam
and the lower left the transmitted beam. (The etalon is resonant with respect
to the incoming laser beam).

5.2.2. Etalon production: a challenge for thin film technology
The requirements on the etalon are very stringent. We state them here once more:

e A 1 inch optical substrate has to be coated with a high reflectance coating, a spacer
and another high reflectance coating.

e The spacer has to be resonant for the Nd:YAG wavelength and has to be 10 long.
The resonant condition has to be nearly exactly matched since neither the etalon

nor the laser are tunable over the etalon’s free spectral range (which is of the order
of 15 THz).

e The coatings should have a trasmissivity 1" ~ 100 ppm.
e The losses A should be much less than T: A < T.

e The planarity should be better than 10~7 rad in a region extending a few millimeters
around the center of the optical surface.

These constraints which have to be matched independently and at the same time, put a
serious challenge on the coating companies. From a handful of companies in the whole
world with the capabilities to build such a device, some of them explicitly or implicitly
declined the order, leaving us with basically only one company willing to undertake the
task under best effort. This company was the Laser Zentrum Hannover (LZH).
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Figure 5.10.: The transmission profile as planned is shown in black. The blue region shows
the errors introduced by realistic thickness variations that occur during the
coating process.

5.3. Etalon performance

We got three deliveries of six etalons each, over a time period lasting more than two years.
Unfortunately, we were not able to put the etalons in resonance with the laser light, and
therefore we were not able to get the steep resonance signal required to measure the
internal thermal noise. Quantitatively the transmitted light power was at most 2% of the
incoming light power, this “maximum” happened at a significant etalon tilt with respect to
the incoming laser beam (approximatively 0.5 rad) and the maximum itself often showed
strong asymmetry with respect to the frequency.

This poor transmissivity did not permit us to estimate the etalons’ parameters like
transmissivity, losses, internal tilt and resonance frequency.

5.4. Additional etalon simulations

After the delivery of the etalons and the attempt to measure the internal thermal noise,
we had the opportunity to get some additional simulations from Dr. Hung Ly. These
simulations were made by using the software tools developed by LZH to actually produce
the etalons themselves. In Figure 5.10 we show the transmissivity of the etalon in a wide
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5.4. Additional etalon simulations

wavelength range. The black curve represents the planned transmissivity profile, showing
the sharp maximum at 1064 nm. The blue regions show the error that would result as
a consequence of coating thickness error of £1.5%. This means these coating thickness
variations can displace the resonance far beyond the laser tunability range. It was also
possible to simulate the square of the field inside the etalon, which is proportional to the
power inside the etalon. This quantity is strongly dependent on interference effects which
in turn dictate the overall etalon’s performance. We also simulated the effect of small
thickness variations in the spacer and in one of the layers which is next to the spacer. The
results are shown in Figures 5.12 and 5.13. These simulations confirm the conclusions
we were already able to draw: the production of such a etalon can be done only at the
cutting edge of current thin film technology. Therefore the delivery of the etalons by LZH
under best effort appears now a fully reasonable and fair decision.
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Figure 5.11.: The power intensity inside the etalon (apart from a proportionality coeffi-
cient). From right to left we clearly see the high reflectance coating as a
structure of \/4 layers with alternating materials, the spacer which is 10\
long, and another high reflectance coating.
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5. Toward internal thermal noise measurement
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Figure 5.12.: The effect of a small thickness variation (by A/4000) in a layer near the
spacer. The effect is clearly visible.
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Figure 5.13.: A variation of the spacer (by A/4000) has an even stronger effect with respect
to the same variation in the nearby layer.
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5.4. Additional etalon simulations

5.4.1. Temperature tuning

Finally we also studied the possibility to compensate small production imperfections by
changing the etalon’s temperature, thereby making it “longer” or “shorter”. In Figure 5.14
we see that a length variation of A/4000 either in the spacer or in the first coating layer
leads to a drastic decrease of the transmissivity. Let {; and I be the optical length of the
spacer and the first coating layer, respectively. Then is it easy to see that the relative
change of the optical length with respect to temperature is

%% = f—: (5.4.1)
where:

e the indexes 1 and 2 refer to the spacer and the first coating layer, respectively.

e «; is the relative linear expansion coefficient.

e 1n; is the index of refraction.

e (3; is the variation of the refractive index with respect to the temperature.

If we take the material parameters from Appendix A, we see that

a; < B (5.4.2)
so that L AL 5

A temperature variation AT leads to a length variation Al; in the spacer and Aly in the
first coating layer which are
Bili

1y

Al = Z2AT (5.4.4)

substituting our design parameters we observe that

|Bil1] = | B2lo] (5.4.5)

and this means that we cannot “tune” the spacer without “detuning” the first coating
layer. From this analysis we learned that it would be a more sensible choice to build an
etalon whose spacer is made of Tantal pentoxide: in this case we would have

|B1l1] > |Bala] (5.4.6)

and the spacer would react much more than the first coating layer with respect to tem-
perature changes, thereby giving us the possibility to “tune” it.
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Figure 5.14.: The graph shows the variation of the etalon’s transmissivity at 1064 nm as
a function of small length variations in the spacer and in the first coating
layer. The data points are separated by A/4000.

74



6. Conclusion and outlook

In this work we showed our investigations into thermal noise as relevant for gravitational
wave research. We found that, in the lower frequency band, the pendulum suspension
needs to be better understood. Especially the cross coupling between the various degrees
of freedom needs to be quantitatively estimated and verified by experiment. Especially
interesting was the fact that changing the moments of inertia of the suspended masses
caused a clear lowering of the length noise, while efforts to reduce other noise sources did
not change the length noise at all. Our work in finding a model for such a complex system,
could be useful as a new starting point to raise the attention of the community toward
an approach which looks efficient and effective. In particular, the numerical instability
of Holzer’s method can be easily eliminated by using a custom numerical precision in the
calculations.

Regarding internal thermal noise we can say that our plan to provide a novel setup to
measure it was, and still is, a valuable one, since it aims to deliver data which provide ad-
ditional information with respect to other measurement techniques already available [20].

Since the required optical component for such an experiment (the etalon) can only be
produced at the highest production standard currently available, we faced here a common
difficulty in gravitational wave research, namely the difficulty in obtaining optical devices
which cannot be routinely produced by companies as standard goods. The result is often
that these components have to be accepted by the experimentalists as produced under
best effort, thereby leaving them with the risk of not being able to carry out the planned
experiment.

Nevertheless, we do hope that this work will help the scientific community toward a
better understanding of thermal noise, an issue of growing relevance for gravitational
wave research.
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A. Parameter list for internal thermal noise
calculations

We list the parameters for the thermal noise calculations carried out in Chapter 4. Firstly
we list the natural constants and other laser-related parameters.

‘ Name ‘ Symbol ‘ Value ‘ Units ‘
Boltzmann’s constant kp 1.38 1072 | JK!
Reduced Planck’s constat h 1.05-10734 Js
Speed of light (in vacuum) c 3-10% ms ™!
Laser wavelenght A 1064 - 107° m
Laser frequency fo 2.81-10™ Hz
Laser angular frequency wo 1.77 - 10% Hz
s ~ 3.14 —

Secondly we list the etalon’s material parameters. The substrate material for the etalon
is fused silica. The coatings are made by a combination of two materials: fused silica and
Tantal pentoxide (TazO3).

The material parameters for fused silica are:

‘ Name ‘ Symbol ‘ Value ‘ Units ‘
Thermal expansion coefficient « 5.5-1077 K1
Density p 2200 kgm 3
Young modulus E 7.2-1010 Jm™3
Thermal conductivity k 1.4 J(mKs)~!
Specific heat capacity C 6.7-1072 | J(KgK)~!
Poisson ratio v A7 —
Angle of loss 10) 5-1077 —
index of refraction n 1.45 —
i) —1.5-107° K-!
The material parameters for Tantal pentoxide (TagOs5) are:
‘ Name ‘ Symbol ‘ Value ‘ Units ‘
Thermal expansion coefficient « —4.4-107° KT
Density p 8200 kgm >
Young modulus E 1.4-10" Jm™3
Poisson ratio v .23 —
index of refraction n 2.1 —
i) 1.21-107% | K!
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A. Parameter list for internal thermal noise calculations

Lastly, the remaining parameters are:

‘ Name ‘ Symbol ‘ Value ‘ Units ‘
Absorbed power Wo 15-103<Wy <1 AW
Beam radius 0 1073 <79 <6-1072 m
Coating thickness d ~6-107° m
Interferometer length L 4-103 m

The analytical expressions for the various thermal noise effects are

42(1 4+ v)? a?d?kpT?

S =

(W) s r3v/kpCw
Spr(w) = 202 L0

(pCrr§)?w? (A1)

s ( )_ ﬁ2>\2k‘BT2 :

TR = mré/pChy/w

4kpT(1 — V2

Spn(w) = dkpT(1 — 7)o

wvV2mErg

In the expression for the thermoelastic noise the parameter « needs to be modified ac-
cordingly to the theoretical analysis we carried out in Chapter 4. This means that

o d1 +a d2 E2(1 - 21/1)
ldl—l—dg 2d1—|—d2E1(1—21/2)

o =

(A.2)

where the index 1 refers to fused silica and index 2 refers to Tantal pentoxide. Moreover,

A

47”LZ'

d;

(A.3)

where i = 1,2. All other material parameters refer directly to fused silica. Regarding
thermorefractive noise we observe that

8= n1n2(2ﬁ1 +2ﬁ2) (A.4)
4(ni — n3)
where the indices refer to the different materials. The other two noises can be computed
by direct substitution of the proper parameters, taking care to use those of the fused
silica material.

Finally, we show how these noises affect the sensitivity of a GW detector. To do this
we have to take the square root of the power spectral density of each noise and divide

by the length of the detector! (is it easy to check that these quantities have the expected

Lthe numerical factors 2 or 4 take into account how many independent noise contributions have to be
added together. The numerical factor 4 corresponds to the four mirrors (two for each cavity) whose
noises have to be independently added together. However, in the case of thermoelastic noise one must
observe that only one the “end mirror” in each arm contributes to the noise since the other must have
a much lower reflectivity to let the laser light couple into the arm resonators. (This of course applies
to laser interferometers with arm cavities as LIGO).
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dimensions, namely (Hz)~/2).
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Figure A.1.: Limit to the sensitivity of the LIGO detectors due to thermal noise effects.
The parameters used are exactly as given by Braginsky [4]. The reproduc-
tion of this known result was also a check that the formulas and parameters
we used were correct, apart from a slight deviation in the case of the ther-
morefractive noise of unclear origin.
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B. Shot noise and electronic noise sources

We estimate here the various noises that will be introduced by the experimental setup in
order to be sure that these will not compromise the whole measurement. The experiment
is in principle simple: we send an intensity- and frequency-stabilized laser beam to the
etalon and measure the transmitted light by means of a photodetector (which includes a
transimpedance amplifier) and a spectrum analyzer. Since the etalon’s transmitted power
is a non-linear function of the frequency, the working point has to be chosen to maximize
the sensitivity, or, other words, to maximize the conversion factor from Hz to Volt. The
detection of the signal itself deserves some further discussion, since we need to keep two
noise sources at a level such that they do not spoil the whole detection scheme. These
noise sources are the shot noise (of the laser beam) and the electronic noise.

B.1. Shot noise

Shot noise affects virtually every measurement involving lasers. The physical mechanism
for shot noise lies in the quantum nature of light. This means a measurement of light
amounts to a “counting process”, and this counting process carries a fundamental noise
with it. The relevant equation is [21]

AT = \/2¢l, (B.1)

where e is the electron charge, I is the photocurrent and AI the linear spectral density
of Io.

We see that shot noise affects the photocurrent and the higher the photocurrent, the
lower the relative noise. The laser light hitting the photodiode has a power Py, and the
resulting photocurrent is given by

Iy =P (B.2)

with a efficiency ~ which is of the order of
v 0.5 AW (B.3)
In order not to damage the etalon, we set the laser power at Py = 1 mW. A laser beam
of P =1 mW has a shot noise of
A
v Hz

This fundamental noise source set a sort of “border” between the photocurrent resulting
from the internal thermal noise, which must be bigger than I, and the electronic noise
sources which, once converted to current noises, should be smaller than Ig;.

Al = I = \/2evPy = 1.26 - 1071 B4
Y
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B. Shot noise and electronic noise sources

B.2. Electronic noise sources

In order to convert the light into an electric signal some circuitry has to be employed. As
we said, the electronic noise should not overcome the shot noise, what we need is a shot
noise limited detection scheme. The detector is basically composed of a high efficiency
photodiode and a transimpedance amplifier, as shown in Figure B.1. If we consider

Cy
R
—
pp N\ L

Uout
+
G

Figure B.1.: A transimpedance amplifier is used to convert a current signal (in this case
produced by the photodiode PD) into a voltage signal Uy, that is better
suited for analysis by means of a spectrum analyzer.

the photodiode as a “black box” that cannot be tuned, we are left with the design of a
transimpedance amplifier, that is the device which converts the photocurrent produced
by the photodiode into a voltage signal. Our analysis will closely follow that developed
in [22]. The capacitor C; is used to take into account the internal capacitance of the
photodiode itself (and in order to keep this unwanted effect at a minimum it is customary
to bias the photodiode at Up;qs). The capacitor Co ensures the stability of the circuit.
The resistor and the operational amplifier are noisy components and because of them, at
the the circuit’s output three additional noises appear, namely:

e Thermal Johnson noise U; = /4kgTR
e Operational amplifier current noise I,
e Operational amplifier voltage noise U,

where kp is the Boltzmann’s constant, 1" is the temperature. The requirement is that
each of these noises should not exceed the the noise produced by the light itself, namely
the shot noise. Since the shot noise at the input of the operational amplifier is

Al = [shot = \/26[0 (Bl)
this noise will appear at the output as
Ushot = Rlshot' (B2)

We get
Ushot > maX(Uj, Ui, Un) (B3)
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B.2. Electronic noise sources

where
U; = RI,,. (B.4)

I,,, U, are the input noise current density and the input noise voltage density respectively.
These two last parameters are specific to each operational amplifier and can be found in
the respective datasheets. Now we can perform a quantitative analysis of the noises
added by the transimpedance amplifier with respect to the shot noise level. We take
for the electronic circuit a feedback resistance of R = 1 k{2 and an OP-27 low noise
operational amplifier. Then

Ushot = RIgo =1.26-1078 \/\}% (B.5)
Uy = 4-107° \/ZI_Z (B.6)
U, = 3-107° \/\% (B.7)
Ui = 1-107° v (B.8)

VHz

We can see that the condition expressed by the inequality (B.3) can be easily satisfied.

The analysis we carried out refers to signals that do not depend on time, this is usually
the first step in a design process, however, since the signals we want to measure are time
dependent, additional issues such as bandwidth and stability need to be studied. The
resistance R, for example, has a feedback effect on the operational amplifier, and this
feedback circuit has to be stable. From the producer’s datasheet and application notes
it is possible to find out the values of the capacitance Cs that is needed to ensure the
stability of the circuit. It should also be clear that this value depend also on R and in
our case it may be easily found that the required capacitance is of the order of the pF. In
such cases it can be omitted, taking into account that such tiny capacitances are always
present in a real circuit.
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C. Etalon simulations

The etalon was simulated by using a simulation program written by Roland Schilling.
The program requires the user to write a file resembling a Fortran 90 source code file,
describing the optical system to be simulated. Such a file is shown in Listing C.1: it is
easy to recover the parameters used in this example:

e Laser beam waist: 1 mm.

Resonant cavity length: 10\.

e Transmissivity of each surface 7" = 100 ppm.

e Losses at each surface A = 30 ppm.
e Refraction index of the material between the two high reflectivity surfaces: n = 1.45.
e Planarity: 8 = 0 rad.

Two parameters are especially important for the computation:
e Dimension of the grid: 27 x 27.
e Number of round trips: 20000.

The dimension of the grid is simply the number of “pixels” in which the input beam is
decomposed. In principle, the finer the grid the better. In reality, this value was the
finest allowable, since a finer grid caused the computation time to exceed the limit set by
the time-sharing system.

Listing C.1: input file for the WaveProp program.
Program MICROCAV

1
! Simulate a plane - plane miniature FP cavity.
! Roland Schilling, 02 Nov 2006
! Last modified: 03 May 2007
!
use rsutil ! utility package
use rsplot ! plot package
use waveprop ! wave-propagation package
!
integer, parameter :: nx=7 ! 2%xnx grid points in x and y direction
[
character :: fileout *32
integer :: irt, nrt, ic(10)
real :: wi, lambda, dist, sog, rl, rt(1000), pwi(1000)
type(field) :: psi_in ! initial field
type (field) i psi_ci ! cavity input field
type(field) :: psi_ca ! cavity field
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C. Etalon simulations

type (field) i1 psi_ct ! transmitted field
type (surface) :: mfpl, mfp2 ! cavity mirrors

! Set parameters:

nrt = 20000 ! number of round trips in cavity

sog = 10.0 ! size of the grid in one dimension [mm]
lambda = 1.064e-3 ! light wavelength [mm]

dist = 10*lambda ! length of cavity [mm]

wi = 1.0000 ! radius of initial beam [mm]

ri = 1.45

mfpl%nl = ri

mfp2%nl = ri

mfpl%t = sqrt(100.e-6)
mfpl%r = sqrt(1-130.e-6)
mfp2%t = sqrt (100.e-6)
mfp2%r = sqrt(1-130.e-6)
mfp2%ti= 0.e-7

transmittance of cavity input mirror
reflectance of cavity input mirror
transmittance of cavity end mirror
reflectance of cavity end mirror
tilt of cavity end mirror

fileout=arg (0)
u_norm=-gun () ! write output to file _and_ to terminal
if (u_norm /= 6) open(abs(u_norm),file=trim(fileout)//’.log’)

1

'call saft(timing=1)

call wp_init (nx,sog,fftw=’m’,unit="mm’,nthreads=4) ! initialize WaveProp
rl=pi*wi**2/lambda

call msg(0,’\\ Rayleigh length = ’//trim(r2c(rl))//’ mm\\’)

call hg_mode (psi_in ,wi) ! generate initial field

call transmit (psi_in ,mfpl,’b’,psi_out=psi_ci)! transmit through input mirror

call set_up(psi_ca,ri) ! set up and clear cavity field
! added argument ri 04/05/2007
call set_up(psi_ct)
call set_up (mfpl)
call set_up(mfp2)

set up cavity input mirror
set up cavity end mirror

np=0 number of points for plotting
is=1 print output every ’is’ round trips
do irt=1,nrt do nrt round trips
call reflect (psi_ca,mfpl) ! reflect at near mirror
call interfere (psi_ci,psi_ca,psi_ca,’c’,pw_c=pw)
if (mod(irt,is) == 0) then
np=np+1
rt(np)=real (irt)
pwi (np)=pw

call msg(0,’ irt = ’//trim(i2¢c(irt,’I16°))// &
’ pwi =’//trim(r2c(pw,’E4.3e+’)))

if (irt == 10) then
is=2
else if (irt == 30) then
is=5
else if (irt == 100) then
is=20
else if (irt == 300) then
is=50
else if (irt == 1000) then
is=200
else if (irt == 3000) then
is=500
end if
end if
call propagate (psi_ca,dist) propagate to far mirror
if (irt == nrt) psi_ct=psi_ca transmitted field

reflect at far mirror
propagate to near mirror

call reflect (psi_ca,mfp2)
call propagate (psi_ca,dist)
end do
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call transmit (psi_ct ,mfp2) ! transmit through end mirror

call plot_3d(psi_in ,4,’ Input power’,zoom=2.) ! plot input field
call plot_3d(psi_ct,4,’Transmitted power’,zoom=2.) ! plot xmitted field
call transmit (psi_ca,mfpl) ! transmit through input mirror

call reflect (psi_in ,mfpl,’b’) ! reflect at input mirror

call interfere (psi_in,psi_ca,psi_ca,’d’) ! destructive interference
call plot_3d(psi_ca,4,’Reflected power’,zoom=2.) ! plot return. field
call plot_3d(psi_ca,4,’Reflected power’,cut=0.5,zoom=2.)

call plot_3d(psi_ct ,4,’Transmitted power’,zoom=2.) ! plot xmitted field
call plot_3d(psi_ct ,4,’Transmitted power’,cut=.5,zoom=2.) ! xmitted field

pwt=sum (abs (psi_ctha)**2)

call msg(0,’\\ Transmitted power = ’//trim(r2c(pwt))//’ W\\’)

call ps_init

call ps_frame(1,1.,1.e-5,real(nrt),1.e4,60.,xlog=1,ylog=1,clip=1)
call ps_grid(1,’10:%10’,’1e-6:%10,1lw=.2,ci=14)

call ps_grid(1,’ 2:%10’,1lw=.2,ci=14)

call ps_grid(1,’ 5:%10’,1lw=.2,ci=14)

call ps_axis(l1,ax=’Xx’,title=’Number of round trips’,d_t1=10.)

call ps_axis(1,ax=’Yy’,title=’Light power in FP cavity [W]’, &
d_t1=10.,exp=0,d_tm=.5)
call ps_plot (1,np,rt,pwi) ! power in FP cavity

lcall sf_usage (’’)

call wp_exit
end

The number of the round trips is the number of round trips made by a single photon
inside the etalon. This is an important parameter, since the program is able to compute
the laser power inside the resonator. Since this quantity has to reach a steady state in
resonance, one has to set the number of round trips to a value such that the power inside
the resonator becomes constant with respect to the number of round trips. In Figure C.1
we show the power inside the resonator as a function of the computed round trips: it can
be seen that 20000 round trips should at least be computed in order to get meaningful
values. Since this parameter also heavily affects the computation time, this value was the
highest one we could use.
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C. Etalon simulations
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Figure C.1.: The power inside the resonator as a function of the number of computed
round trips. The power approaching a stationary state indicates the appro-
priate number of round trips to be computed to obtain meaningful results.
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