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Abstract

This thesis discusses the development of optical read-out techniques, including a
simple shadow sensor and a more elaborate compact homodyne interferometer, known as
EUCLID. Both of these sensors could be utilised as part of a seismic isolation and
suspension system of a ground-based gravitational wave observatory, such as Advanced

LIGO.

As part of the University of Birmingham’s commitment to the upgrade of the
Advanced LIGO, it was responsible for providing a large quantity of sensor and actuator
units. This required the development and qualification of the shadow sensor, through to
production and testing. While characterising production units, an excess noise issue was
uncovered and eventually mitigated; demonstrating that even for a ‘simple’ shadow
sensor, ensuring a large quantity of units meet the target sensitivity requirement of

3x10"° m Hz"? at 1 Hz, is not a trivial exercise.

Over the duration of this research, I played a key role in the design and
fabrication of a novel compact interferometer. The objective of this work was to
demonstrate that the interferometric technique offers a significant improvement over the
existing shadow sensors and could easily be deployed in current, or future, generations of
gravitational wave observatories. Encouraging sensitivities of ~ 50 pm Hz ' at 1 Hz,
over operating ranges of ~ 6 mm have been achieved, whilst maintaining + 1 degree of
mirror tilt immunity. In addition, this design overcomes many of the drawbacks

traditionally associated with interferometers.
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Chapter 1

The Search for Gravitational Waves

“Nothing has such power to broaden the mind as the ability to investigate systematically and truly
all that comes under thy observation in life””. Marcus Aurelius.

1.1 Introduction

Throughout history, humans have been aware of the force of gravity. From the
projectile weapons thrown by prehistoric man, to the manned moon landings in the
twentieth century, gravity has played a pivotal part in human achievements. But for
centuries the role of gravity has been silent and it is only now that we are at the threshold

of uncovering its mystery.

Early efforts made at understanding the force of gravity, were mainly qualitative
in nature. It was not until late in the seventeenth century that a viable theory on gravity

was proposed.

In 1687, Sir Isaac Newton published in his Philosophie Naturalis Principia

Mathematica [1], the universal law of gravitational attraction

F=G—32, (1.1)

where F is the magnitude of the gravitational force in newtons, m; and m;, are the masses
in kilograms of two spherical or point masses, I is the distance between the masses in
metres and G is the Newtonian gravitational constant. This inverse square law provided a
breakthrough for those wanting a more quantitative understanding of gravity. However, it
was over a century later, in 1798, when measurements of the density of the Earth
conducted by Henry Cavendish [2], allowed a value to be determined for the gravitational

constant (G ~ 6.74 x 107" m’ kg™ s7).

Although Newton’s universal law of gravitational attraction appears valid for

many Earth-based observations, it has an undeniable failing. Unfortunately this law gives
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no insight into the speed of propagation for any change in the parameters of the system,
since it was time-independent. As this law is written, any change of mass or separation
between the masses, will result in an instantaneous effect anywhere in the universe.
Hence, information about the state of the system would be required to propagate faster
than the speed of light, which would later explicitly be forbidden, by Einstein's theory of
special relativity [3].

1.2 Gravitational Wave Theory

Einstein’s general theory of relativity [4] published in 1916, revolutionised our
view of the universe and predicted the existence of gravitational radiation. Such radiation
is generated by the acceleration of mass-energy distributions and is expected to behave
like a wave like distortion in space-time propagating at the speed of light. Propagating
gravitational waves change the curvature of four dimensional space-time and can change
the measured separation between free masses. Gravitational waves are of very low
intensity and interact weakly with matter. They can be better understood by analogy to
electro-magnetic (E-M) waves. The motion of a particle carrying an electric charge can
generate E-M radiation, just like the motion of a mass can produce a gravitational wave,
since both waves are transverse and propagate at the speed of light. However, the
fundamental difference is that both positive and negative charges exist for E-M
interactions, whereas the mass of a particle can only have one sign. This leads to
gravitational radiation being quadrupole in nature, with monopole and dipole radiation

being forbidden [5].

Einstein proposed the field equation showing the interaction between the

curvature of space-time and the mass distribution

G=«xT, (1.2)

where G is defined as the Einstein curvature tensor. T is the stress-energy tensor,
representing the mass-energy distribution and k describes the Einstein constant of

gravitation which is defined as

_87G

K o (1.3)

16



where C is the speed of light in a vacuum. It is necessary for the value of constant, x; to
enable the Einstein approach to be consistent with the Newtonian approach, in the weak
and slowly varying gravitational field regime. The large coupling constant implies space-

time must be a very stiff and elastic medium.

Figure 1.1: Locations of free test masses for both polarisations (+ and x) of a propagating

gravitational wave. Source [6].

The effects of a gravitational wave cannot be observed for isolated bodies, but
only by observing the change in proper distance measured by a laser between pairs of
masses. Therefore, to help visualise the effect of a propagating gravitational wave,
consider a ring of free test masses, as shown in Figure 1.1. As the gravitational wave
propagates normal to the page it will perturb the distance between these test masses.
Assuming that this gravitational wave is of the + polarisation, then during the first half of
its period test masses will be stretched apart along the horizontal axis and squeezed
together along the vertical axis. During the second half of the gravitational wave’s period
the stretching and squeezing axes will be reversed. In Figure 1.1, the effect upon the test
masses for the x polarisation of gravitational wave is shown. In this case the axes of the

perturbations are rotated through 45°.

The magnitude of a gravitational wave is conveyed by the dimensionless strain

amplitude

h(t):2A—LL, (14)
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or by its spectral component ﬁ(v) (with units of Hz ), where L is the unperturbed

length and AL is the measured change in length. For the purpose of Figure 1.1, the strain
amplitude is exaggerated to demonstrate more clearly the influence of the propagating
gravitational wave on the free test masses. However, in reality, gravitational waves
generated by typical sources, are most likely only have strain amplitudes of ~ 10" and

are only expected to occur with rates of up to a couple of events per year [7].

1.3 Sources of Gravitational Waves

Sources of gravitational waves, at least the ones that are most likely to be
detected are astrophysical in nature. These astrophysical sources may radiate away a
significant proportion of their energy in the form of gravitational waves. It is also
expected that such emissions will occur over a wide band of frequencies (10 Hz to
10" Hz). What should we expect to observe? The following sections provide some
insight into the various mechanisms by which astrophysical sources are predicted to emit

gravitational waves.

It should be noted that sources already modelled may be just a fraction of what
will be discovered when new observatories come online and detection becomes

commonplace.

1.3.1 Chirp Signals

Chirp signals are associated with the coalescence in binary systems which could
contain a combination of neutron stars and/or black holes. In such systems angular
momentum is lost due to the emission of gravitational radiation. This will eventually lead
to the two objects in-spiralling towards each other. As this occurs the frequency and
amplitude of the gravitational wave emissions will increase until finally the bodies merge

and coalesce.

If the binary system were to contain two black holes = 10 M@, where Mg is the

solar mass (Mo ~ 1.99 x 10™ kg), then due to the greater mass of the system, the

coalescence of these bodies would lead to the emission of stronger gravitational radiation,
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thus increasing the possibility of them being detected, and the range at which the event

could be observed.

For even larger supermassive black holes, of mass 10° Mo to 10° Mo, the in-

spiral and coalescence of such objects will provide even stronger emissions of
gravitational radiation. However, such emissions are also predicted to occur at very low
frequencies and are most likely to be outside of the detection band of any ground-based
instruments. During the various in-spiralling phases for different masses, the gravitational
radiation emitted has been modelled so as to produce expected waveforms. Such
waveforms would sound like a ‘chirp’ if listened to in the audio band. Therefore, the
gravitational radiation emissions of coalescing binary systems can sweep through a wide
frequency band, making them excellent candidates for detection. The event rate, for the

first generation of detectors, is estimated to be approximately one per year [8].

1.3.2 Periodic Signals

Periodic signals are associated with the gravitational radiation emitted due to the
rotation of neutron stars whose centre of mass does not lie on their rotation axis, possibly
due to some deformation or surface irregularities. As gravitational radiation is emitted
from the system, angular momentum would be lost and as a consequence the neutron star
may slowly spin-down. However, such a signal is likely to remain in the detection band

for some time [8].

1.3.3 Burst Signals

Burst signals are associated with the gravitational core collapse of stars, which
can lead to the emission of gravitational radiation. A supernova is expected to be a typical
process through which this could occur. However, there are two distinct classifications of
supernovae. Type I contain dwarf stars, which are unlikely to yield substantial emissions
of gravitational radiation. Type II events can involve core collapse, which if non-
spherically symmetric, can lead to the emission of more substantial gravitational waves.
However, the amplitude of gravitational radiation emitted is difficult to predict, given the
challenge of ascertaining the likely amount of asymmetry in the core collapse. Supernova

events within our galaxy are expected to occur approximately once every thirty years [8].
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1.3.4 Stochastic Signals

Stochastic signals are associated with the gravitational waves emitted in the first
moments of the early universe. At least two detectors are required so that their

observations of the background can be correlated [8].

1.4 Methods of Detection

In essence, to enable the detection of a gravitational wave an experiment is
required that will provide a measurable signal whenever a gravitational wave is incident
upon a detector. However, the anticipated magnitude of the strain makes the design and
construction of such scientific instrumentation very challenging. This section discusses
some of the history in this field and provides motivation for the current ground-based

interferometric gravitation wave observatories.

1.4.1 Resonant Bars

The first instruments developed to directly detect gravitational waves were
pioneered by Weber [9] during the early 1960°s. These consisted of large aluminium bars
that would resonate at frequencies of up to about 1660 Hz. Should a gravitational wave of
similar frequency to the longitudinal resonant frequency of the bar pass through the
instrument, the bar would become excited. Sensors covering the bar should be capable of
detecting motion at the fundamental longitudinal resonance frequency. More recent
experiments of this nature have increased the mass, reduced the thermal noise by cooling
the experiment down, employed more sensitive superconducting quantum interference
device (SQUID) read-outs and are investigating alternative geometries to the bar.
MiniGRAIL for example exploits a spherical mass cooled to 20 mK and aims to observe
a strain sensitivity of 4x10' [10]. However, the main drawback of resonant bar detectors
remains; they are only sensitive over a very narrow frequency band, usually a few tens of

Hertz, dictated by their physical dimensions.
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1.4.2 Hulse-Taylor Pulsar

During 1975, whilst conducting searches for pulsars at the 300 m Arecibo
antenna, Hulse and Taylor detected pulsed radio emissions from a pulsar dubbed
PSR1913+16. The pulses were received from this object at 59 ms intervals, indicating
that it rotates about its axis seventeen times per second. However, what was unusual
about the pulsar was that, from deviations in the expected arrival times of pulses, it was
deduced that it was accompanied by a companion, thus making it the first discovery of a

binary pulsar [11]. The pulsar and its compact companion are each believed to have a
mass of approximately 1.4 Me and a radius of only 10 km. This binary pulsar was

measured to have an orbital period of 7 hours 45 minutes and an orbital radius of only
several Earth-Moon distances. For such a relativistic system, Einstein's theory of general

relativity [4] predicts that energy should be emitted in the form of gravitational waves.

In subsequent follow-up observations [12], [13] and [14], it was found that the
orbital period is declining i.e. the two bodies are rotating faster and faster about each
other in an increasingly tighter orbit. The observed shift in the perihelion passing time of
the binary pulsar system could be explained by the loss of energy and angular momentum
due to the emission of gravitational wave radiation and agreed with theory to better than
1 %. This agreement provide the first indirect evidence of the emission of gravitational
wave radiation and following this work Hulse and Taylor were awarded the 1993 Nobel

Prize in Physics.

1.4.3 Interferometers

The Michelson interferometer is capable of measuring path changes in orthogonal
directions and was used in the Michelson—Morley experiment of 1887, investigating the
relative motion of the Earth and luminiferous ether [15]. The basic Michelson
interferometer configuration is usually comprised of a monochromatic source, beam-
splitter, two mirrors and a photodiode detector. The optical layout of these components

can be seen in Figure 1.2.
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Figure 1.2: Michelson interferometer optical layout.

The two mirrors, M1 and M2, are perpendicular to each other and are distances,
L; and L,, respectively, away from the 50:50 beam-splitter, B1. The beam-splitter is
orientated at 45° relative to both mirrors. The incident beam is split by the beam-splitter
into equal intensity beams, one beam is reflected towards M1 and the other is transmitted
towards M2. Each beam is reflected by their respective mirror and returns to the beam-
splitter. After traversing these different paths, the two parts of the light are brought
together to interfere with each other. The photodiode detector, PD1, measures the
intensity of the interference pattern, thus enabling any changes in the relative path

difference between L; and L, to be determined.

The Michelson interferometer can be considered ideally suited to the direct
detection of gravitational waves. If free test-masses were attached to the end mirrors, then
a gravitational wave of the correct polarisation passing through the instrument, would
create an optical path difference between orthogonal arms of the interferometer. If we
again consider a gravitational wave, with a + polarisation, propagating normal to the
page, then this would have an effect on the interferometer arm-length as demonstrated in
Figure 1.3, where starting at the top left at T = 0, time increments by t/4 going clockwise

around each diagram.
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Figure 1.3: Optical path length changes due to + polarisation propagating gravitational wave.
(Top Left) z= 0. (Top Right) /4.
(Bottom Left) 3/4z. (Bottom Right) /2.

In 1956, Pirani [16] was the first to point out the suitability of the Michelson
interferometer to observe these effects. By 1971, a small prototype interferometer was

built in Malibu [17], with the first search results published by Forward, in 1978 [18].

To optimise the configuration of the basic Michelson to improve its sensitivity to
gravitational waves, then there are a number of modifications that can be made. Firstly, it
should be ensured that, in the absence of a gravitational wave, the interferometer is
configured so that the two return beams interfere destructively, i.e. the photodiode
detector is operating at a dark fringe. Therefore, if a gravitational wave were to pass
through the instrument and change the arm-lengths, a signal would be measured at the
detector. Secondly, as demonstrated in Equation 1.4, the propagating gravitational wave
causes a fractional length change. The phase change is proportional to the total optical
path length change, i.e. the phase change observed at the beam-splitter for a given
gravitational wave, can be increased by making the arms significantly longer. Finally, the

optical power in the arms of the interferometer can be increased. Since an incident
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gravitational wave will couple light into the photodiode, having more light in the arms,

would thus couple more light into the photodiode, for the same gravitational wave signal.

However, increasing the optical power within the interferometer can have
negative consequences, such as increasing the contribution of sources of noise. These and

other noise sources and their impact upon performance are discussed in Chapter 2.

It has been seen that, to improve the sensitivity of the interferometer to
gravitational waves, it should have long arms. This criterion has been adopted in the
design of ground-based interferometric observatories. To reduce the acoustic coupling
and effects of changes in local air density the entire interferometer itself is located within
a vacuum environment. Within this vacuum, the test-masses are suspended from a
seismic isolation system, in an attempt to isolate them from their local environment.
Given the significant costs of constructing the interferometer and support facilities,
financial constraints can often place a limit on the maximum arm-length for a ground-

based observatory.

The Laser Interferometric Ground Observatory (LIGO) presently has two
gravitational wave observatories and three interferometers. Interferometers with arm-
lengths 2 km and 4 km are both located at the LIGO Hanford Observatory in Washington,
USA. The third interferometer has an arm-length of 4 km and is located at the LIGO
Livingston Observatory in Louisiana, USA. Aerial images of these two sites can be seen
in Figure 1.4. These first generation interferometric detectors (Initial LIGO) have reached
their design sensitivities and completed a number of science runs, searching for
gravitational waves, over the past few years [19]. In October 2010 they were shut down
and decommissioned in their current form. However, they are now in the process of being
upgraded to second generation detectors (Advanced LIGO). These modifications are set
to increase the sensitivity of these detectors by a factor of ten, within the next decade

[20].

There are a number of other first generation ground-based gravitational wave
observatories that have been operating. Some of these have also begun the process of

being upgraded to second generation facilities.
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e GEO600, a British-German collaboration, with 600 m long arms that is located in
Hanover, Germany [21].

e VIRGO, a French-Italian collaboration, with 3 km long arms that is located in
Cascina near Pisa, Italy [22].

e TAMA300, a Japanese instrument, with 300 m long arms that is located in

Mitaka near Tokyo, Japan [23].

Figure 1.4: Aerial images of USA ground-based gravitational wave observatories. Source [24].
(Left) LIGO Livingston Observatory. (Right) LIGO Hanford Observatory.

All the observatories previously mentioned form the foundations of a worldwide
network of detectors. They all operate in a complementary fashion, since each detector
capable of detecting the gravitational radiation offers more information about the
gravitational wave and its source. For example, with multiple detectors it becomes
possible to determine the polarisation of the gravitation wave and reveal its likely point of
origin on the sky. Once the point of origin is known, other more conventional
astronomical telescopes can be targeted upon the source location to search for E-M
counterparts to the gravitational emissions. Presently under consideration is the
possibility of relocating one of the LIGO Hanford interferometers to the Australian
International Gravitational Observatory (AIGO) [25]. An observatory in the southern
hemisphere will greatly enhance the worldwide detector network, as it will enable

significantly better localisation of the source on the sky [26].

Future observatories, to add to the existing worldwide network of detectors, are

also planned. These observatories will most likely employ third generation facilities.
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e Large Cryogenic Gravitational Telescope (LCGT), baseline design has 3 km arm-
length, cryogenic mirrors and will be sited underground in the Kamioka mine,
Japan [27].

e FEinstein Telescope (ET), currently at the conceptual design study phase, which is
due to be completed in July 2011. Novel underground interferometer geometries

and topologies are being investigated [28].

Interferometers are not only limited to terrestrial applications. Space offers an
ideal environment, given it overcomes the two main limitations of ground-based
detectors, such as the arm-length restrictions and the seismic noise associated with ground
motion and gravity gradients. Two space missions have been proposed that will take full
advantage of the freedom afforded by this environment. Both missions employ multiple

Michelson interferometers with slightly modified geometries.

e Laser Interferometer Space Antenna (LISA) comprises a constellation of three
drag-free spacecraft in a heliocentric orbit, with three interferometers forming an
equilateral triangle of five million kilometre arm-lengths. Aimed at observing
very low frequency gravitational wave sources in the region 10 Hz to 10" Hz.
LISA is a joint ESA/NASA mission, which should be returning science data by
around 2022 [6]. Figure 1.5 provides two views of the LISA mission in orbit.

e Deci-hertz Interferometer Gravitational Wave Observatory (DECIGO), the pre-
conceptual design has constellation of three drag-free spacecraft, with three
interferometers of arm-length 1000 km. Aimed at bridging the gap between LISA
and terrestrial detectors by observing in the 10? Hz to 10> Hz frequency band
[29]. DECIGO is a JAXA/ISAS mission with a proposed launch scheduled for
2027.
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Figure 1.5: LISA mission images.
(Left) LISA constellation. Source [30]. (Right) The LISA proposed orbit. Source [6].

Both of these space missions are extremely technically challenging. For this
reason it was decided that key technologies first need to be flight proven by flying

technology demonstrator missions.

e LISA Pathfinder (LPF), will essentially comprise one interferometer arm of LISA
reduced from five million kilometres, down to tens of centimetres. The aim is to
test the inertial sensors, interferometry, micro-newton propulsion, drag-free and
attitude control. Launch is currently scheduled for 2012 [31].

e DECIGO Pathfinder (DPF), will comprise of a single small satellite allowing a
test of a Fabry-Pérot interferometer [32], with 30 cm arm-length. Launch is

currently scheduled for 2015 [33].

The number of observatories where interferometers are being used in the search
for gravitational waves is increasing, as is the knowledge and expertise of those who
design and operate them. Many of the technical and data analysis challenges that are
faced are common to all instruments. Therefore, there is a growing international
collaboration which cooperates in the construction, operation and use of these facilities

world-wide.

The current status of the existing observatories is that the search for the first

detection is ongoing, thus far no direct detection has been announced. It is anticipated that
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the first direct detection of a gravitational wave will be made once the second generation

facilities are up and running at (or near) their design sensitivity.

Figure 1.6 provides a comparison of the design sensitivities of both LISA and Initial
LIGO. It can be seen that the two instruments complement each other, LISA being
optimised for low frequency regime and LIGO covering higher frequency gravitational
wave emissions. A subsequent mission has since been proposed (DECIGO) to cover the
intermediate regime. The sensitivity curves of these instruments are determined by

various noise sources, which are discussed in Chapter 2.

The primary motivation behind the development of these instruments is the aim
to carry out astronomy with gravitational waves. It is believed that once the first detection
is made, subsequent observations will eventually become commonplace. The world-wide
network of interferometric detectors, complemented by those in space, will help construct
a broader picture of the nature of gravitational waves and gain a significantly better
understanding of their astrophysical sources, thus opening a new window through which

the universe can be observed.
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Figure 1.6: LISA and LIGO design sensitivities to gravitational waves and potential sources.
Source [6].
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Chapter 2

Gravitational Wave Detector Limitations

“The worst wheel of the cart makes the most noise”. Benjamin Franklin.

2.1 Introduction

This chapter first discusses fundamental sources of noise and how this noise

impacts upon gravitational wave detectors.

2.2 Fundamental Sources of Noise

The term noise can be considered to represent any unwanted signal that is
obscuring the signal to be observed. It can be thought of as a random perturbation
occupying the same spectral region in which the signal resides. Noise sources can be
classified under two categories, extrinsic and intrinsic. Extrinsic noise can be attributed to
coupling from external sources, interference or power supply fluctuations etc, and
intrinsic noise is fundamental in nature. The significant difference between these two
classifications is that, through thoughtful design, extrinsic noise can be made negligible,
whereas intrinsic sources are due to fundamental properties and can only be minimised.
Examples of intrinsic noise sources include, shot-noise, 1/f noise, Johnson noise, and

laser frequency noise.

This section goes on to discuss and derive these intrinsic sources of noise. But
first it is necessary to define how to describe noise mathematically, as discussed by Yariv
[34]. The power spectral density of a time series is a function in the frequency domain
which can be used to describe the spectral power of a signal in a unit bandwidth. The
power spectral density is defined as the mean-square of signal within a selected frequency
band divided by the measurement bandwidth. For example, if the Fourier transform of

v(t) is given as

1 o y
V(o)=—— Lov(t)e Adt, @.1)
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where the inverse Fourier transform is
A iot
v(t) = j V(w)e“do. 2.2)

However, for a signal v(1), it is not possible for measurements to be taken over an infinite
time period. Therefore, define a finite period, T, where the function v(t) is determined to

be equal to zero for (t < —T/2) and (t > +T/2). Hence, Equation 2.1 can be rewritten as
v L te =t 23
T(G))—EL/ZV( )e - (2.3)

The average power associated with v(t) can be evaluated. For example, consider the real
signal v(t) to be the voltage across a 1 Q resistor, then it follows from P = V#/R, that the

instantaneous power is V(t). Therefore,

B 1 p+7/2,
P _?I—T/zv (Dt @4
or
_ 1 772 +oo it
P_?J._mv(t)[j_wVT (w)e da)}dt. 2.5)

It follows that the complex conjugate is related to the real signal via the relation
Vi (@) =V; (-o). (2.6)
Noting the limit as T — oo,

tim—— [ *dt e = 50— 27
TLngozﬁ /2 =o(o-a). 2.7)

Integration of Equation 2.5, using the identities given in Equations 2.3 and 2.6, leads to,
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Hence, the spectral density function can be defined as St(w) of the signal v(t) using,

Si(w) =

2
shof. o

Therefore, St(w)dw is the portion of the average power of v(t) that has frequency
components within the range ® to @ + dw. It can be seen from Equation 2.9 that the

power spectral density has units of (signal)’/ Hertz.

A time-dependent random variable i(t), that consists of a large number of
individual events f(t-t;), which occur at random intervals during a period T, is governed by

the Poisson statistic and can be written as
Ny
()= f(t-t), (2.10)
i=1

where 0 <t < T and Nt is the total number of events occurring in interval T. The Fourier

transform of Equation 2.10 can be written as
Nr
I (w) =) F(w), 2.11)
i=1
where Fi(w) is the Fourier transform of f(t-t;),

1 p+o )
F(ow)=—1/| f(t-t)e'"dt, 2.12
(@)=—[ -ty 2.12)

and
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e—i{ut,

Fl(@) ==~ Lo f (t)e "t . (2.13)

Using the Fourier transform, as given in Equation 2.3,
F(o)=¢""F(w). (2.14)

Substituting Equations 2.11 and 2.14 gives

|| (a))| |F(a))| zze—lw(t -t ) (2.15)

i=l j=1

and

I (@) = |F(w)| [ ﬁiNZTe”’“”‘)J- (2.16)

i=j j=1

The average of Equation 2.16 can be taken over a large ensemble. This also implies that
the sum term can be neglected when compared to the Nt term, since the event times, t;

and t; are random. This gives

||T(CC))| =7NT, 2.17)

where N is the average rate for the events to occur. Therefore, Nt =NT meaning that

Equation 2.17 can be rewritten as

F@) §
7Z'

|| (o) = (2.18)

Using the function previously generated for the spectral density in Equation 2.9, it is now

possible to find the spectral density, St(w) of ir(t),
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S(w) = 4zN|F (o). (2.19)

It should also be noted that @ = 2zv and that S(v)dv = S(w)dw. Therefore, Equation 2.19

becomes
S(v)=8z*N|F2zv)[ . (2.20)

This result is known as Carson’s theorem and will be used in the following derivations of

the fundamental noise sources.

2.2.1 Shot-Noise

An electrical current source in which the passage of each charge carrier is a
statistically independent event (rather than a steady flow of many charge carriers) delivers
an inherently noisy current, i.e. a current that fluctuates about an average value. If we
consider two parallel plate electrodes in a vacuum, separated by a distance d, and assume
that one of the electrodes is of a slightly higher potential than the other, then electrons
will move between the electrodes at random time intervals. The average rate of electron

emission being
N=1"/e, 2.21)

where | is the average current, and e the charge of an electron. A ‘pulse’ of current

through the circuit can, therefore, be considered as

. ev(t
i )= (2.22)
d
Taking the Fourier transform, Equation 2.1, of this single current pulse gives,
F(0) = — J' "y(t)e " dt (2.23)
pyory ! . .
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Note that, t; denotes the arrival time of an electron emitted at t = 0. If for example the
transit time is sufficiently small, at the frequency of interest, @t,<< 1, then the

exponential term can be replaced by unity, leading to

e (udx
F(w)=—[ —dt. 2.24
()= 2 b at 229

Noting that, X (t;) = d, therefore,
(S]
F(ow)=—. (2.25)
2r

Recalling Carson’s theorem, given in Equation 2.20, leads to,

2
S(v) = 87zzﬁ(2ij . (2.26)

T

Again, using the average rate of electron emission given in Equation 2.21, gives
S(v) = 2el . 2.27)

This equation gives the shot-noise. The nature of the shot-noise is also demonstrated by
this result. The noise has no frequency dependence and so it is flat across the spectrum.

Hence, it is also commonly known as ‘white’ noise.

Exactly the same reasoning can also be applied to a stream of independent
photons. For example, in the case of a photo-detector (of high quantum efficiency),
electron statistics in the photocurrent will directly mirror the photon statistics. Therefore,

if the light source is at the shot-noise level, then so will be the photocurrent.
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2.2.2 Thermal Noise

Johnson noise [35] describes the fluctuations present in the voltages across a
passive component, such as a resistor. These fluctuations are inherently due to the thermal
motion of charge carriers. Charge neutrality is conserved for the whole volume of the
device, however, local random motions of charge carriers set up charge gradients and ac
voltages. For example, consider two matched resistors in parallel, which are maintained at
the same temperature, T. A lossless transmission line of length L, exists between the two

resistors as shown in Figure 2.1.

A
v

Ry =12 Ri=12

A
Figure 2.1: Matched resistors in parallel.

The resistances, R; , are defined to be equal to the characteristic impedance of the circuit,
Zo, to ensure there are no reflections. Such a transmission line supports a voltage
waveform of the form

v(t) = Acos(wt £ kz), (2.28)

where the wave number, kK = 27/ A and the phase velocity, ¢ = @ / k. To assist the
derivation, the solution is required to be periodic in the distance L. Hence the solution can

be extended outside the limits 0 <z < L to obtain
v(t) = Acos[mt £k(z + L)]= Acos(wt £ kz). (2.29)

This condition is fulfilled for KL = 2mz, where, m = 1,2,3.... This implies that two

adjacent modes have a difference in k of

Ak ==2 (2.30)
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So the number of modes that have k values in the range 0 to +k are

kL

N, =—.
k+ 272_

2.31)

Therefore, substituting in the wave number, k = 27zv / ¢, where C is the speed of light in a
vacuum, gives the number of travelling modes (+) with frequencies lying between zero

and v,
N(v) :%. (2.32)

Thus, the number of modes per unit frequency is

dN(v)

—, 2.33
dv (2.33)

p(v)=
or
L
p(v)= < (2.34)

Referring to Figure 2.1, consider the power flowing across a plane (A-A’) in the positive
direction. It is clear that this power must have been generated by R, (assuming no

reflections). The power is transferred by the electromagnetic modes of the system,

Power = m (velocity of energy). (2.35)
distance

Therefore, the power P, due to frequencies between v and v + Av, can be given as

1 ) modes between
P=|— (energy per mode)(c). (2.36)
LAvandv+Av
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Assuming thermal equilibrium, the energy per mode is given as

hv

=~ Tk )
e —1

E (2.37)

which can be substituted into Equation 2.36 to give

SECUERE

or

p_ hvAv

= 2.39
ehv/kt _1 ( )

Replacing the resistance R in Figure 2.1 with a noise generator in series with R, that

produces a mean-square voltage amplitude

4hWRAvV

2
Vy = W , (2.40)
which for the case that KT >> ho,
vy =4kTRAV . (2.41)

This equation gives the Johnson noise. The nature of Johnson noise is also demonstrated
by this result. Johnson noise appears flat across a bandwidth and is also known as ‘white’

noise.

37



2.2.3 1/f Noise

1/f noise, also known as flicker or ‘pink’ noise, can be present in many physical
systems and virtually all electronics devices. It can be associated with a dc current, and its

average mean-square value is of the form [36]

i’=["Ldv, 2.21)

where K; is a constant appropriate to the specific device. In electronic devices, 1/f noise is
most notably a low frequency phenomenon, since at higher frequencies white noise from
other sources can dominate. 1/f noise is also present in metal oxide semiconductor field
effect transistors, bipolar-transistors and carbon composition resistors, where it is often
referred to as excess noise, because it appears in addition to the thermal noise. Other
types of resistors also exhibit flicker noise to varying degrees, with wire-wound showing
the least. Since flicker noise is proportional to the dc current in the device, if the current is

kept low enough, thermal noise will dominate.

2.2.4 Radiation Pressure Noise

Radiation pressure refers to the force exerted on an object when photons strike
the surface. The photon posses a momentum h/A, where h is Plank’s constant, which is
imparted to the object (or mirror) when the photon strikes or is reflected. Under normal
incidence conditions the mirror is given a momentum kick of 2h/A. Given the relatively
high power laser beam, the total radiation pressure imparted to a mirror can become
significant. For a single mirror, in the absence of technical noise, fundamental quantum
noise will be present. If we were to consider two mirrors, at the ends of the arms of an
interferometer, then radiation pressure noise will be present at each. However, common
mode rejection will be able to mitigate some of these sources of noise. But the
effectiveness of the common mode rejection will be compromised, if for example, the
mirrors are not of identical mass, or if the beam-splitters are not exactly 50:50 balanced.
Quantum mechanics also places a fundamental limit due to the partitioning of photons
into each arm of the interferometer by the beam-splitter, leading to further power
fluctuations in each arm. The common mode rejection is not capable of rejecting the

quantum noise. The motion of the end mirrors results in phase fluctuations limiting the
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sensitivity of the Michelson interferometer. This noise becomes even more problematic if

even higher optical powers are employed, and is discussed further elsewhere [37].

Eventually, the absolute force fluctuations increase with the optical power until a
limit is reached whereby the interferometer will be equally sensitive to, the number of
photons, and the fluctuation in phase of the beam. This is known as the standard quantum

limit, and is derived elsewhere [38].

2.2.5 Laser Frequency Noise

Phase instabilities in the laser can be converted into displacement noise for un-
equal arm-length interferometers. This phase fluctuation manifests itself as an oscillating
frequency width of the laser. The spectrum of the intrinsic frequency fluctuations of a

single-mode laser is given by

f2(v)= E, (2.22)
T

where D is the intrinsic laser line width. This is discussed further elsewhere [39].

2.2.6 Seismic Noise

In general, the seismic spectra for the Earth show increasing power towards lower
frequencies. But there are two characteristic features that are responsible for generating
large motions over small frequency bands. At around 10° Hz is a peak associated with
Earth’s tides and near 0.15 Hz is a feature known as the microseismic peak. The Earth’s
tides can be appropriately modelled, since they are driven by the motion of the Sun and
the Moon. However, the frequency and shape of the microseismic peak is non-stationary
and can, therefore, be considered an un-modelled source of noise. The source of this noise
is complex, but it is most likely related to seismic surface waves generated by ocean

waves and storms [40].
Substantial amounts of data have been collected from seismometer stations

worldwide, allowing for refined modelling of the seismic background noise. The high and

low noise traces from the Peterson model [41] are shown as dashed lines in Figure 2.2.
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Figure 2.2: Modelling of seismic noise background spectra. Source [42].

Ground motion impacts upon all Earth-based detectors and is indistinguishable
from the signals they are seeking to detect. For this reason, seismic noise can be
considered fundamental in nature. Isolation systems can be constructed that aim to
decouple the detectors from ground motion. For example, early gravitational wave
detectors, such as the resonant bar detectors developed by Weber [9], employed a simple
passive isolation technique to reduce the effect of seismic noise below that of other noise
sources. In this system, the resonant bar detector was suspended by a wire, while isolating
the point of suspension from the ground motion by using stacks of alternating layers of

lead and rubber to act as passive vibration filters.

The active isolation of vertical disturbances upon a test mass supported by a
spring, were developed by Melton and Johnson [43]. Such a system sensed changes in the
extension of the spring and then moved the suspension point, so as to maintain the
constant length of the spring. Robertson et al [44] describe a system whereby the relative
horizontal displacement point of suspension of a test mass is monitored with respect to

the mass itself and feeding back a suitably amplified and filtered form of the signal to a
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transducer which controls the suspension point. Thus the active feedback reduces the
response of the pendulum suspension to ground motion. Such a system can also be
configured to include electronic damping and a suitable number of suspension stages to

reach the isolation from ground motion required.

However, all such isolation schemes are most effective at higher frequencies and
so the seismic noise still dominates at frequencies below 10 Hz. The red, green and blue
lines in Figure 2.2 show measurements of the seismic background at various depths of the
Sanford underground laboratory, formally the Homestake mine, South Dakota, USA.
Some geographic locations (and depths) are less susceptible to seismic background
noises. Therefore, it is essential to first conduct seismic noise surveys to help indentify
the optimal locations for future gravitational wave observatories [42]. Due to the
reduction in seismic noise, it is most desirable to build future facilities underground, but

inevitably incurring higher costs.

2.2.7 Gravity Gradient Noise

Gravity gradient noise, also known as Newtonian noise, is associated with
fluctuations in the local gravitational field of the detector and can be generated by density
variations in the surrounding environment. Sources can be attributed to earthquakes,
atmospheric or oceanic disturbances or human activity. For example, motions of mass
could be associated with the experiment, or external factors such as motions of cars,
trains, aeroplanes, etc. Gravity gradient noise can dominate below 10 Hz and is not
possible to shield, since it couples directly into any suspended (i.e. seismically isolated)

test-mass.

Gravity gradient noise can be minimised by giving careful consideration for the
best location of the detector. For example, by conducting surveys to identify the best
geographic location, and/or locating the detector underground. Such a scheme has been
proposed for the third generation Einstein Telescope [45]. However, ground-based
detectors will never be sensitive below around 1 Hz due to the terrestrial gravity gradient
noise. A space-borne detector is free from such noise and would provide a window to
observe gravitational wave sources from very low frequency sources, in the 10 Hz to

10' Hz range, for example.
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2.3 Detector Design Sensitivities

The final noise floor of a gravitational wave detector will originate from several

different sources, each dominating the noise over different frequency ranges.

2.3.1 Space-borne Noise Budget

Figure 2.3 provides a plot of the LISA sensitivity for one year integration time
and a signal to noise ratio of five. This is for the baseline LISA configuration, as outlined
in Section 1.4.3. Below 2 mHz the sensitivity performance is limited by the acceleration
noise of the drag-free sensor, leading to a decrease in sensitivity towards lower
frequencies roughly proportional to f2. Above 2 mHz the noise is fundamentally limited
by the shot-noise. Above 10 mHz the decline of the antenna transfer function causes a
decrease in sensitivity, proportional to the frequency, given that the wavelength of the
incident gravitational waves becomes shorter than the five million kilometre arm-lengths
of the LISA instrument. Techniques for the cancelation of laser phase noise lead to the

oscillations in sensitivity observed at high frequencies [46].

LISA - Sensitivity Curve
107 : . . . :
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Figure 2.3: LISA noise limited sensitivity performance. Plot data obtained from LISA Sensitivity

Curve Generator [47].
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2.3.2 Ground-based Noise Budget

Figure 2.4 provides an equivalent noise budget for a ground-based interferometer,
i.e. Advanced LIGO. Low frequencies are ultimately dominated by seismic noise,
whereas higher frequencies are fundamentally shot-noise limited. Additional noise
sources applicable to the Advanced LIGO interferometer configuration are also
indentified in this noise budget. Thermal noise can arise as a consequence of the
suspended mass being in radiative thermal equilibrium with its surroundings, i.e. the
vacuum chamber, which is maintained at room temperature. Thermal motions of

individual particles can cause fluctuations in the measured arm-length.

Thermal noise affecting gravitational wave interferometers has two different
origins. The first one is due to dissipation in the wires used to suspend the test masses,
known as suspension thermal noise. The second one is due to dissipation processes inside
the test masses themselves, and is known as mirror thermal noise. In addition,
fluctuations can occur within the mirror coating, via a similar process to that which they
occur in the substrate. However, even though the coating substantially less thick than the
substrate, the noise generated can be significantly higher. This is usually known as
coating Brownian noise. An overview of the different thermal noises affecting the

substrate and the coating of the interferometer mirrors is given by Gorodetsky [48].

=(Juantum noise
= Seismic noise
_=Gravity gradients
=Suspension thermal noise
. ..=Coating Brownian noise
=T otal noise

Strain [1/vHz]

107"+
10 10 10
Frequency [Hz]

2 5

Figure 2.4: Advanced LIGO noise limited sensitivity performance. Source [20].
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Chapter 3

Development of a Geometric Sensor

“Look and you will find it - what is unsought will go undetected”. Sophocles.

3.1 Introduction to the BOSEM

As discussed in Section 1.4.3, the first generation of ground-based gravitational
wave observatories have reached their design sensitivities and are now in the process of
upgrading to second generation facilities, such as from Initial LIGO to Advanced LIGO.
These modifications will ultimately increase the detection range and widen the sensitivity
band for these observatories. Improvements in sensitivity towards lower frequencies are

most desirable for these instruments.

The UK has played a significant role in providing new and improved
technologies for these second generation facilities. The University of Birmingham as a
member of the Advanced LIGO UK collaboration, funded by the Science and Technology
Facilities Council (STFC), has provided sensors, actuators, low noise electronics and in-
vacuum harnesses for the Advanced LIGO observatories. The exact scope of these
deliverables is outlined in the UK scope document [49]. A significant proportion of this
work has been in the development, and large scale production, of sensor and actuator
units. These units are required to work in an ultra high vacuum (UHV) environment,
where a failure can clearly not be tolerated. Similar sensor and actuator units had already
been in operation in the Initial LIGO observatories, but there were a number of
performance, reliability and production issues that needed to be addressed for the

Advanced LIGO versions.

Working with a project collaborator, N. Lockerbie (University of Strathclyde), a
study was undertaken to optimise the sensor performance. The work presented later
within this chapter details results of experiments undertaken at Birmingham. Once the
development of the prototype unit was complete and it had passed through the various
review stages, the path was clear to proceed with large scale production. The production

article was dubbed the Birmingham Optical Sensor and Electro-Magnetic actuator
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(BOSEM) by our US colleagues to differentiate it from the Initial LIGO OSEM and the
US version, Advanced LIGO OSEM (AOSEM). Over the duration of the project,
Birmingham has delivered approximately 700 production BOSEMs to the Advanced
LIGO observatories.

3.2 Requirements

The Advanced LIGO interferometers comprise of several different types of
optical components, some of which are required to operate within a low noise
environment. The most sensitive optics, i.e. the 40 kg fussed silica test masses, must be
held in place to within 10"'* m by a combined seismic isolation and suspension system
[20]. It can be observed from the seismic noise background, as presented in Figure 2.2,
that there is approximately a 1 wm rms ground motion in the region 1 Hz to 10 Hz. It is
therefore necessary to isolate the test masses from this source of noise. The active seismic
isolation subsystem can provide a factor of ten isolation around the microseismic peak
(approximately 0.15 Hz), increasing to a factor of 1000 isolation in the region 1 Hz to
10 Hz, with the remainder of the isolation being afforded by the suspensions subsystem

[20].

To obtain the high isolation factors required, a quadruple suspension has been
developed, with the aim to reach a target noise contribution at the test mass from residual
seismic noise of approximately 10™"* m Hz"* at 10 Hz [50]. Figure 3.1 (left) shows a 3D
CAD representation of the seismic isolation and quadruple suspension design. Note that,
in this figure, the seismic isolation stage can be seen supported from the ceiling, whilst
the test mass is suspended at the final stage of a multi-stage pendulum system. Alongside
the main suspension chain, there is also a reaction chain, containing reaction masses
which are independently suspended in parallel to the main chain. The reaction chain is
included to provide a platform for mounting sensors and actuators, which is similarly
isolated from sources of noise, such as ground motion etc. The locations and quantities of
active dampers upon the main and reaction chains are highlighted in Figure 3.1 (right).
The active damping is provided at the various stages via sensors and actuators. The
sensors and actuators, known as BOSEMs and AOSEMs, can provide low frequency
damping of resonances and also allow a means to maintain the arm-lengths of the

Advanced LIGO interferometer.
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Existing Initial LIGO sensors have a sensitivity of approximately 10" m Hz"? at
10 Hz. The isolation factor for residual sensor noise at 10 Hz is of order 10’ [51].
Therefore, these figures indicate that for Advanced LIGO there needs to be approximately
two orders of magnitude improvement over sensors used in the first generation of

observatories, thus leading to a challenging sensitivity of around 10" m Hz"* at 10 Hz.

i Top Mass
Isolatio Upper . |
Stages 6 BOSEMs main chain
6 BOSEMs reaction chain

Upper Intermediate Mass

4 BOSEMs reaction chain

Penultimate Mass

4 AOSEMs reaction chain

Test
Mass

Figure 3.1: Seismic isolation and suspension systems.
(Left) 3D CAD representation of Advanced LIGO quadruple suspension. Source [20].
(Right) Location of BOSEMs and AOSEMs within the Advanced LIGO quadruple suspension.

In addition to the active damping of the quadruple suspension provided by the
sensors and actuators, passive eddy current damping can also be used to provide low
noise background damping of the suspensions [52]. Eddy current dampers comprise of a
strong magnet moving through a copper sheath (without physical contact), and can be
targeted towards the most sensitive suspension locations and degrees of freedom. The
combination of both active and passive damping of the suspensions can serve to relax the
most stringent sensitivity requirements. However, the copper parts of the eddy current
damper add significant mass to the suspension and there are also limits placed on the
amount of magnetic materials that can be present, which restricts the amount of eddy

current damping that can be used. An investigation conducted by Strain [53] to determine
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the initial sensor specification, assumed a minimal amount of eddy current damping and

proposed the requirements presented in Table 3.1.

Specification Frequency Band
1 Hzto 10 Hz 10 Hz to 20 Hz
Worst Case Noise | ~2x10"" m Hz"? | ~2x10"" m Hz'?
Specification Displacement (peak-peak)
Minimum Target
Operating Range 3.00 mm 3.00 mm

Table 3.1: Initial sensor requirements.

During the following twelve month period, refinements were made to the
quadruple suspension design and concerns over using additional passive eddy current
damping were mitigated. A subsequent investigation was conducted by Strain [54] to
determine the optimal approach to sensing and actuation, assuming a modest amount of
eddy current damping. This approach was successfully reviewed [55] and eventually
resulted in the sensor requirements being relaxed, with the final sensitivity and operating

range requirements placed on the sensor as presented in Table 3.2.

Specification Frequency Band
1 Hzto 10 Hz | 10 Hz to 20 Hz
Worst Case Noise | 3x10"° m/\VHz | 1x10"° m/VHz

Specification Displacement (peak-peak)
Minimum Target
Operating Range 0.35 mm 0.70 mm

Table 3.2: Final sensor requirements.

In addition to the performance criteria, the sensor and actuator is required to fit
within a specified envelope of 40 mm diameter by 70 mm long cylinder, as well as meet
the UHV requirements of Advanced LIGO [56]. To help guide our selection of UHV

compatible materials, an approved materials list was provided [57].
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3.3 Geometric Sensor Overview

Geometric sensors provide a simple method of measuring the position of an
object. The most common methods involve the use of position sensitive devices (PSDs)
or split/quadrant photodiodes. The aim of research undertaken at Birmingham was to
attempt to reach the performance and working range presented in the initial sensor

requirements in Table 3.1.

3.3.1 Imaging Sensor

Optoelectronic sensors have previously been developed at the BIPM Paris by
Speake [58]. Such devices have been employed as the sensors for servo systems used on
mass comparators and active magnetic suspensions. These systems utilise a split
photodiode detector and some form of focusing of the light source. Figure 3.2 shows the
typical layout of the optical components of the imaging sensor. A cylindrical lens is used
to focus a beam from a collimated light source down onto a split photodiode. This
cylindrical lens would be attached to the object to be tracked, thus enabling the image that

is formed on the photodiode to move transversely, in .

The main advantages of the imaging approach are that, all the light is collected by
the photodiode, and it is insensitive to displacement in the X and z planes. However, the
imaging system can be sensitive to rotation of the object about the z axis. Sensitivity to
rotation of the object may be alleviated by reducing the focal length of the cylindrical

lens, but at the cost of reducing the magnification and dynamic range of the detector.

{ Split
Photodiode

Light Source

y Aspheric Collimating Cylindrical Plano-Convex
Lens Lens

X BYI
z

Figure 3.2: Imaging sensor optical layout.
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The fundamental physical constraint of using the imaging sensor optical
configuration is the limited incident intensity that can be focused onto the photodiode.
For typical commercial devices, a linear response (to within 1 %) is specified up to
10 mW cm™. Incident power densities in excess of this rating will first cause non-linearity
in the response and eventually lead to saturation of the device. A maximum sensitivity
estimate of the device can, therefore, be derived incorporating this photodiode limitation.
The conventions shown in Figure 3.3 are used throughout the following derivation, where

| is the length of image formed and w is the image width.

Photodiode Active Area

Dead band ‘

Image

X

Figure 3.3: Photodiode active element nomenclature.

Consider that the total incident power upon a photodiode is P;. Then the power

density equates to

p=r G.1)
wl

The responsivity for the silicon photodiode is given as o =0.65 (A W) at 880 nm (i.e.

the IRLED peak emission wavelength). Therefore, the currents induced for each side of

the device are

I, =aps,, (3.2a)

and

I, =aps,. (3.2b)

50



Thus, the areas illuminated for each side are

S, = (¥+ yjl , (3.3a)
and
S, = (%— y]l ) (3.3b)

Hence, the change in induced current can be shown to be
... w w
Ai =i, —1, =aplz+aply—aplz+aply, (3.4)

or

20P; y

Ai =2aply = (3.5)

This, therefore, leads to

d(Ai)  2aP

3.6
& w (3.6)

Assuming that any electrical noise sources and Johnson noise will be negligible compared
to the shot-noise of the system (i.e. shot-noise limited system). As derived in Section

2.2.1, the shot-noise limit follows
o, = 2ei,, , 3.7

where e is the charge of an electron (1.602x10"° C). Substituting in the Equations (3.2a)
and (3.2b) for iy, iy, leads to
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ag)

Oii = eabl; . 3.9
Adding the shot-noise terms for each element in quadrature gives

o1, =0, 0, (3.10)

0,5 =+2eaP; . (.11

Hence, the sensitivity can be determined from the previous result in Equation 3.11 and

3.6 as follows

T (3.12)

o, =—2— .
T (d(AD)
dy

=w : 3.13

7y 20P; G-13)

The limiting photodiode power density value, Pmax, and responsivity, o, can be substituted

into this function. But first ppax shall be defined, such that the maximum power density

pmax:E: 100 W m™. (3.14)

wli

By substituting the new variable pnax, Equation (3.13) now becomes

o =W , (3.15)
2apIIla.XWI
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e w

Substituting in the values, gives the formulae for the sensitivity as a function of the image

size parameters

-19
o - 1.602x10 w) 3.17)
y 2x0.65%100 I

If the width of image formed is, W = 1.4 mm, and length of image formed is, | = 10 mm,

the sensitivity that should be achievable can be estimated to be

o, =1x10™" ' mHz"”. (3.18)

This ideal result is encouraging, as it indicates a performance should be
comparable to the initial sensor requirements given in Table 3.1. But to reiterate, this
calculated noise performance assumes that the operation of the sensor is shot-noise
limited. It was necessary to construct the sensor in the laboratory to determine if the
sensitivity result, obtained analytically, could be realised. However, it was imperative to
ensure that other noise sources, notably the front-end electronics components, did not

exceed the equivalent voltage noise.

The technical noise admissible to reach the shot-noise limited sensitivity can be
found. Given the target responsivity of the sensor can be defined as 10 V over a 3 mm

-1/2

working range, i.e. 3.3 kV m’, results in a voltage noise of, V, ~ 3.3x10® V Hz'*. Using
the maximum power density given in Equation 3.14, the dimensions of the active area
provided above and o, a nominal photodiode current of approximately 1 mA can be
calculated. Therefore, a current-to-voltage gain of 10 kQ would be necessary for the
required amplification. Using this gain factor, the equivalent current noise can be found to
be, I, ~ 3.3x10"% A Hz"2. Attaining such a low-level of technical noise, of the order of a
few picoamps, is certainly challenging, but not insurmountable. Careful component

selection and noise calculations enabled this to be achieved. For example, low noise

OPO07 operational amplifiers were used throughout, and feedback resistors values were
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chosen to ensure that Johnson noise did not dominate over the shot-noise limited

performance.

An image of the experimental set-up is provided in Figure 3.4. Highlighted are
the mechanical translation stages and key optical components. An IRLED (Opto Diode
Corp, OD-50L) was selected. This device has a typical power output of 50 mW at
500 mA forward current, is well collimated, with a beam emission half-angle of 7° and is
available mounted in a hermetically sealed package. A quadrant photodiode (UDT,
SPOT-9D) is employed as the split detector. The dead band between elements is
0.102 mm and active area per element of 19.6 mm?®. This device has a spectral response in
the range 350 nm to 1100 nm and a maximum recommended incident power density of

100 W m™.

Translation
(£x)

Photodiode

IRLED
OD-50L

Translation
I €2 )]

Rotation

Cylindrical
[ (ez)

Lens

Figure 3.4: Imaging sensor experimental set-up.

Figure 3.5 gives the measured response function of the sensor, which was
generated by taking incremental measurements as the cylindrical lens is translated
orthogonally to the optical path. The near linear region corresponds to a maximum
responsivity of approximately 4.5 kV m™ over a 3 mm (peak-peak) range, equivalent to a
full range voltage output of the differential amplifier equal to £ 7 V. Application of a
reverse bias to the photodiode (photoconductive operation) allows for an increase in the

linearity of the device response and potentially lower noise.
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Imaging Sensor - Responsivity
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Figure 3.5: Imaging sensor response function.

Once the noise floor and response function of the sensor had been measured, the
sensitivity of the device was determined. Using both un-modulated and ac modulated,
lock-in schemes, the sensitivity of the prototype geometric sensor is presented in Figure
3.6. Note that, the dashed red line denotes the shot-noise limited sensitivity. It can be seen
that the sensitivity performance of the un-modulated and lock-in methods are very similar
for higher frequencies, resulting in obtaining a sensitivity of approximately
2x10™"" m Hz " above 25 Hz. It is the low frequency performance, below 25 Hz, of the ac
modulated lock-in scheme that shows a significant improvement when compared to the
dc un-modulated method. Unfortunately, however, it is not permissible to employ a lock-
in scheme for the Advanced LIGO sensors, due to concerns that the modulation
frequency (or harmonics thereof) are likely to be observable within the detection band of

the instrument.
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To summarise, the sensor’s ac performance has demonstrated reaching a
sensitivity of approximately 1.5x10"" m Hz'? for frequencies above 1 Hz. These
sensitivities were achieved whilst coupling approximately 12 mW of incident light
intensity onto the photodiode. The IRLED emitter has a steady-state total power
dissipation of 620 mW.

Imaging Sensor - Noise Characterisation
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Figure 3.6: Imaging sensor modulated and un-modulated sensitivity.

The performance of this sensor was encouraging for such a simple design.
However, during further characterisation a feature was uncovered that constitutes a
fundamental deficiency with this approach. Results presented so far have all been taken at
the detectors ‘null’ position, i.e. the image is formed at the centre of the photodiode
(image falling across the dead-band). It has been observed that moving the detector away
from the ‘null’ position proportionally raises the noise floor by a considerable margin.
This increased off-null noise is demonstrated for the modulated scheme in Figure 3.7,
with similar behaviour also exhibited in the un-modulated scheme. Hence the sensitivity
performance detailed above could not be realised over the whole 3 mm (peak-peak)

range.
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Imaging Sensor - Noise Characterisation
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Figure 3.7: Imaging sensor off-null sensitivity for modulated scheme.

An off-null increase in noise was also observed with a similar prototype
geometric sensor developed by Lockerbie [59]. Both designs of geometric sensor
independently selected and share a key component, the IRLED. It has been proposed that
the IRLED could be the source of the increased noise. However, given the requirements

had been relaxed to those presented in Table 3.2, there was no need to pursue the noise

issue further.
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3.3.2 Shadow Sensor

The shadow sensor method utilises a similar optical configuration to that shown
in Figure 3.2, but with an opaque cylindrical (or spherical) object placed between the
collimated light source and detector. The optical configuration of the existing sensor
already employed in Initial LIGO, takes the form of a shadow sensor, and is shown in
Figure 3.8. With this scheme it is likely that some of the optical power will be scattered
by the opaque object, so the object surface should be highly non-reflecting. In the Initial
LIGO sensor configuration, the opaque object is a 2 mm diameter cylindrical flag. The
flag is attached to a magnet (for actuation purposes) and then the test-mass, whose

position is to be monitored.

IRLED Photodiode
(Honeywell SME2470) (Honeywell SMD2420)
y Integral Lens Integral Lens

X
Jo

Figure 3.8: Initial LIGO shadow sensor optical layout.

N

The shadow sensor, as shown in Figure 3.8, comprises of a flag, a surface mount
single element photodiode and a surface mount infrared light emitting diode (IRLED).
Both of these device packages incorporate an integral lens that weakly collimates the
emission, or focuses the optical beam. Displacement of the flag along the y axis changes
the proportion of the collimated beam that is incident upon the photodiode. The flag can
conceivably be located in either of two extreme conditions. For example, the flag all the
way in the sensor, restricting the light from being incident on the photodiode constitutes
the closed-light condition. Conversely, with the flag completely withdrawn from the
sensor, results in the full illumination of the photodiode and constitutes the open-light
condition. Within these two extremes, a linear operating range can be determined. Under
normal operating conditions, the flag would usually reside in the centre of this operating

range at the half-light position.
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Development of this sensing technique, for the Initial LIGO sensors, was carried
out by Fritschel and Adhikari [60]. Their scheme employed a separation of 6.35 mm
between the IRLED and photodiode. The IRLED was driven with a constant current of
42 mA and resulted in a mean photocurrent (i.e. flag in half-light position), iy, of
12.5 pA. As derived in Section 2.2.1, the shot-noise limit can be calculated for this sensor

configuration using,

o, =428y . (3.19)

The photodiode was reverse biased at 5 V and operated in a transimpedance amplifier
configuration, with a transimpedance, R;, of 100 kQ. The voltage noise can be found

using

o, =./2€i

od XR¢ . (3.20)

The responsivity, Res, of the sensor over an operating range of 0.7 mm (peak-peak) was

found to be approximately 3 kV m™, thus leading to a shot-noise limited performance of

(281 xRy

Oy = R, (3.21)
Substituting in the values provided gives
o - \/2><1.602><10‘193><X112(.)53x 10 x100x10° 522
Leading to a shot-noise limited sensitivity of
o, =7x10" 'mHz ", (3.23)

Noise measurements originally made by Fritschel and Adhikari [60] and more

recently repeated by Lockerbie [61], both found the sensitivity to be equal to
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approximately 3x10"° m Hz " at 1 Hz and around 1x107'° m Hz"* at 10 Hz, over a
linear working range of 0.7 mm (peak-peak). The sensitivity performance was observed
to be 1/f noise limited at low frequencies around 1 Hz, and shot-noise limited at higher

frequencies of 1 kHz and above [60].

Following the refinement of the sensor requirements, as given in Table 3.2, it was
determined that the sensitivity already obtained by the Initial LIGO shadow sensor would
be sufficient to meet the relaxed sensor requirements for the Advanced LIGO sensor.
However, an optimisation process (also known as the sensor study) was conducted to
indentify alternative (leaded) photodiodes and IRLEDs that may offer improved low
frequency performance. It had long been suspected that the original surface mount
devices were the source of the increased 1/f noise observed above the shot-noise at 1 Hz,
and this was confirmed by further measurements made by Lockerbie [62]. A subsequent
investigation by Lockerbie [62] also investigated alternative flag geometries, optical
configurations, light pipes and lenses. The final scheme proposed incorporated a mask
with a slit, collimating lens, and lens integral to the emitter assembly, as shown in Figure
3.9. The additional lens improves the collimation of the emission from the IRLED, the
mask ensures only paraxial rays contribute to the noise floor. The IRLED and photodiode
devices shown in Figure 3.10 were put forward as replacements for the surface mount
components [63]. Key parameters of these devices, extracted from the data-sheets, are

listed in Table 3.3.

OPTEK Centronic
Photodiode

IRLED :

(OP232) Mask (slit 1.4 x 4.5 mm) (BPX65)

. |
| )

Integral Cylindrical flag (3 mm)

Lens

y Collimating
Lens

X
z

Figure 3.9: Advanced LIGO shadow sensor optical layout.
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Figure 3.10: Images of leaded sensor components.
(Left) OPTEK OP232 IRLED. (Right) Centronic BPX65 photodiode.

IRLED (OP232) Photodiode (BPX65)
TO-46 (D 4.7 mm) Kovar Package TO-18 (J 4.8 mm) Steel Package
Anode to case Cathode to case
Hermetically Sealed Hermetically Sealed
Peak emission = 890 nm Peak sensitivity = 850 nm
Maximum forward current = 100 mA Responsivity = 0.55 A W' (at 900 nm)
Operating forward current = 35 mA Capacitance = 15 pF
Maximum radiant power = 8 mW (at 100 mA) | Dark Current = 5 nA

Table 3.3: Key specification of leaded sensor components.

Characterisation of a small quantity of prototype sensors of the Advanced LIGO
configuration, using the IRLED driven at constant 35 mA, resulted in a mean
photocurrent, iy, of 62.5 pA, with a transimpedance, Ry, of 320 kQ and a measured
responsivity, Res, of 20 kV m™ over a linear operating range of 0.7 mm (peak-peak).
Substituting these figures into Equation 3.21, provides a shot-noise limited performance
equivalent with the result previously obtained in Equation 3.23, of approximately
7x10™"" m Hz"2. Following the completion of the sensor study, the optical configuration

design was frozen, and incorporated into the Advanced LIGO BOSEM.
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3.4 BOSEM Design

The work undertaken in developing the BOSEM, builds upon previous design
work carried out by Romie et al on the Hybrid OSEM [64]. The Hybrid OSEM is the first
incremental step away from the Initial LIGO OSEM towards an Advanced LIGO
BOSEM. Figure 3.11 shows 3D CAD realisations of these two designs, with key features
highlighted. The most noticeable refinement of the Hybrid OSEM design is the
modification to the actuator coil geometry, due to stronger actuation coils being necessary
to actuate upon the much heavier Advanced LIGO test-masses. Significant refinements
have also been made to the clamping and adjustment scheme, to provide easier and

repeatable alignment of the unit.

Coil-former
clamp

Mounting
locations (x2)

Coil-former

Coil-former clamp

Coil-former
Connector

Adjustable
~\ bracket
screws (x4)

Figure 3.11: 3D CAD models of previous OSEM designs.
(Left) Initial LIGO OSEM assembly. (Right) Hybrid OSEM assembly. Source [64].

The sensors are not visible in the two models shown in Figure 3.11, but they can
be located within the central aperture of the coil former. Note that, Initial LIGO sensors
are fitted in each case. The surface mount sensor components are aligned and bonded
down to a substrate with a ceramic adhesive. Concerns have been raised with this
approach, regarding the misalignment that can result of the adhesive curing process. The
curing can also be considered a time consuming and complex production task. The aim
was to mitigate the risk associated with this approach by instead considering using a
standard metal-can package, thus enabling alternative mounting schemes to be realised.
Moreover, parts can be machined to defined tolerances, so as to ensure ease of assembly
and reproducibility of the alignment of the sensor. To facilitate large scale production of

the BOSEM a number of other issues also had to be addressed, such as finding a robust
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and reliable method of making interconnections within the device, and indentifying a

suitable external connector. The BOSEM comprises the following sub-assemblies:

e Optical sensor (incorporating IRLED and photodiode detector).

e Electromagnetic actuator (coil wound onto coil-former).

e (Clamping/mounting and adjustment.

e FElectrical interconnect (sensor, coil winding and external connector).

e Magnet and flag.

Most of these sub-assemblies can be seen highlighted in the final mechanical design,

shown in Figure 3.12.

Sensor carriers Electrical interconnect

Coil-former

Mounting locations
Adjustment fixings (x2) 4
Figure 3.12: 3D CAD model of BOSEM assembly.

(Left) Rear isometric view. (Right) Front isometric view.

Electrical isolation requirements state that the device package should be insulated
from its aluminium carrier and hence the rest of the Advanced LIGO suspensions
structure. To ensure this requirement is met, each device is insulated from the carrier by a
ceramic sleeve, into which the device is push-fit. Figure 3.13 shows the assembled
IRLED carrier and a component part explosion. Figure 3.14 shows the equivalent scheme
for the photodiode carrier assembly. A recess machined in the ceramic sleeve
accommodates the flange and tag located on the sensor package. A flat machined onto the
ceramic sleeve outer diameter (as indicated in the diagram), corresponds to an aperture
(pin-hole) on the carrier and enables the orientation of the device to be fixed during the
assembly process. The orientation is constrained to maintain the correct polarity of the
leads when mating with the flexible circuit. The same technique is used in both IRLED

and photodiode carrier assemblies.
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IRLED PEEK retainer

IRLED (OP232)

Pin-hole

locator IRLED ceramic sleeve

<4— Machined flat

Mask

IRLED phosphor bronze lens retainer
(1.4x4.5 mm)

IRLED lens (& 6.3 mm)
Figure 3.13: IRLED carrier assembly.
(Left) Section through IRLED carrier. (Right) IRLED carrier part explosion.

j €— Machined flat

Pin-hole Photodiode ceramic sleeve

locator

Photodiode (BPX65)

Photodiode PEEK retainer

Figure 3.14: Photodiode carrier assembly.

(Left) Section through photodiode carrier. (Right) Photodiode carrier part explosion.

The complete sensor assembly, and relative separation of the emitter and receiver

sub-assemblies is shown through a section view in Figure 3.15.
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Photodiode carrier

IRLED carrier

Figure 3.15: Section through sensor carrier assemblies.

The properties for the actuation coil have evolved since the Initial LIGO OSEM
design. This was done so as to cater for the change in the suspended mass, i.e. it was
necessary to revise the coil geometry to provide stronger actuator forces. The
recommendations regarding coil dimension, number of turns etc. put forward by Strain,

were adopted into the design [65].

Parameter Specification
Wire Type 32QML, 32 gauge copper wire, quad coating of polyimide-ML
Coil-former material Aluminium (6082)
Coil inner diameter 17.78 mm
Coil length 8.00 mm
Coil number of turns 800

Table 3.4: BOSEM electromagnetic actuator properties.
Table 3.4 gives the properties of the electromagnetic actuator. Further

characteristics, such as electrical properties, of the actuator coil are detailed elsewhere

[66]. Figure 3.16 shows the key dimensions for the coil-former.
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Figure 3.16: Actuator coil-former geometry.
(Left) Profile of coil-former. (Right) Front face of coil-former.

The operating point or ‘sweet-spot’ of the magnet and actuator coil has had to be
redefined as a consequence of the revised coil geometry. The location has been calculated
using a Mathematica model generated by Barton [67]. For the Advanced LIGO
Quadruple suspensions, 10 mm x 10 mm long Nd-B-Fe nickel plated magnets have
been selected. Since the separation between the sensor and 