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Abstract

The gravitational waves (GWs) that come to us from astrophysical sources carry
interesting and important information, such as information about the collisions
and explosions of stellar cores, or possibly on events in the early universe. Di-
rectly observing GWs therefore would offer us an innovative tool with which to
explore our Universe. So far, several laser interferometric GW detectors are being
constructed, and are now operating around the world.

The proposed second generation GW detectors are designed to significantly im-
prove strain sensitivities, down to∼10−24/

√
Hz in a reasonably broad band around

100 Hz. In order to reduce the effect of shot noise, which limits the detector per-
formance in the high frequency range, very high optical power (∼1 MW) will
circulate in the detector arm cavities. However, such a high level of laser power
can result in a wide variety of nonlinear effects, including: thermal lensing arising
from the residual optical absorptions inside the substrate and coatings of the opti-
cal components; parametric instability (PI) due to resonant interactions between
the optical cavity modes and the high Q-factor acoustic modes of the mirrors;
and Sidles-Sigg instability (angular instability) created by relatively large radia-
tion pressure forces exerting torques on the suspended mirrors. These nonlinear
effects will induce wavefront distortions in the cavity beams, and instabilities in
the interferometers, and they consequently constrain the improvement in detector
sensitivities, or even disrupt the detector operation entirely.

This thesis is a collection of published (or soon to be submitted) papers, which
report on the experimental research results related to these nonlinear problems.
All experiments were undertaken in a High Optical Power Facility (HOPF), lo-
cated near Gingin, Western Australia, which was developed by the Australian
Consortium for Interferometric Gravitational Astronomy (ACIGA), in collabora-
tion with the US LIGO project. This facility contains a high-finesse (F ∼1400)
Fabry-Pérot (FP) cavity, with two suspended sapphire mirrors separated ∼80 m
apart. The sapphire substrate of the input test mass (ITM) is placed inside the
cavity to enhance the thermal lensing effect. HOPF serves as a research and test-
ing platform to undertake a series of investigations, which are aimed at developing
solutions for several nonlinear problems relating to the very high optical power in
interferometric GW detectors.

Firstly, we have observed thermally-induced wavefront distortion in the cavity
resonant mode, which was due to optical absorption inside the substrate of the
ITM mirror in the high-optical-power cavity. This thermal lensing effect was



corrected by electrically heating the circumference of a fused silica compensation
plate (thus creating a negative thermal focal length), which was placed near the
ITM inside the optical cavity. In order to maintain this corrected state, a servo
loop was used to tune and maintain the thermal focal length of the compensation
plate (CP) at a required value; an error signal, derived from size measurements
of the transmitted beam leaking through the cavity end test mass (ETM) mirror,
was fed back to control the heating power applied to the CP.

Secondly, we created analytical models, with the computer packages ANSYS and
Matlab, to study thermally-induced cavity mode astigmatism in the high-optical-
power cavity, caused by inhomogeneous absorption in a sapphire test mass. This
mode shape astigmatism increases as the cavity power goes up. On comparing
the experimental measurements with the modeling predictions, we find that they
have a similar variation of astigmatism with cavity power, but the measured astig-
matism is underestimated by the theory, most likely due to non-ideal optics and
imperfect alignment. Both results show that the high thermal conductivity of
sapphire reduces the effects of this absorption inhomogeneity.

Thirdly, we have observed, for the first time, a three-mode opto-acoustic paramet-
ric interaction in the high-optical-power cavity, in which the cavity fundamental
mode (TEM00 mode) and a first-order transverse mode (an anti-Stokes TEM01

mode) interact with a resonant acoustic mode of the ETM. By thermally tuning
the cavity g-factor from 0.89 to 0.934, the TEM01 mode was amplified by more
than 20 dB, and became resonant inside the cavity; accordingly, the parametric
gain R was amplified up to ∼0.01. In a high-optical-power and low-loss system,
such as that in an Advanced interferometric GW detector, these parametric inter-
actions are likely to lead to parametric instability (i.e.R >1). In addition, we have
tested an optical feedback control method for the suppression of these three-mode
interactions. The results show that the excited TEM01 mode inside the optical
cavity can be suppressed by injecting an extra TEM01 mode with the appropriate
magnitude, frequency and phase. This gives a proof-of-principle demonstration of
optical PI suppression.

Lastly, optically-induced torsional stiffness was observed in the high-optical-power
cavity. Radiation pressure exerted a torque on the ITM mirror suspension, leading
to a ∼30 mHz frequency shift of the natural eigenfrequency of the ITM YAW
mode. This optical torsional spring effect affects the mirror suspension and its
sensing and control system, causing the Sidles-Sigg instability to occur as the
circulating power exceeds a critical level inside the interferometer arm cavities.
The design of the mirror suspension and the servo system must therefore take this
optical spring effect into account.
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1.1 Gravitational Waves

In the long history of observing the skies, astronomers in their explorations have

discovered celestial objects and phenomena through an ever-expanding range of

electromagnetic (EM) radiation. Different regions of this electromagnetic spec-

trum – from radio to gamma-rays – were utilized to reveal a large number of

astrophysical sources, e.g. neutron stars and black holes. Gravitational waves
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(GWs) offer us a new method with which to explore the Cosmos, in addition to

the electromagnetic waves. In contrast to electromagnetic waves, which can be

absorbed and scattered by various media, gravitational waves have an extremely

weak interaction with matter. Gravitational waves experience almost no absorp-

tion during their propagation from their sources to Earth. If gravitational waves

could be detected directly, scientists would be able to study at first hand the dy-

namical processes of gravitational wave sources. Direct detection of gravitational

waves is an important key to the opening of a new astronomical window allowing

the collection of information not accessible to conventional telescopes, and thus

providing a more complete understanding of our Universe through observation

and discoveries of fundamentally new physics.

1.1.1 What are Gravitational Waves?

In 1916, Albert Einstein published his famous Theory of General Relativity, in

which he describes how spacetime is affected by mass-energy [1]. The curvature of

spacetime is caused in part by the presence of massive objects. The more massive

the object is, the greater the spacetime curvature it creates. Accelerated objects

cause a perturbation in spacetime, which spreads through space as a wave; this is

known as a gravitational wave. Objects that accelerate very rapidly will generate

more such waves within a given certain time period.

Similar to electromagnetic waves, which are generated by the acceleration of elec-

tric charges, gravitational waves are emitted by the acceleration of massive objects.

The conservation of the energy-momentum implies that there is no mass monopole

or mass dipole gravitational wave radiation. Thus, the mass quadrupole is the

lowest-order contribution to gravitational wave radiation. Both electromagnetic

and gravitational waves are transverse, and travel through space at the speed of

light. Their transverse wave nature means the strain oscillations occur in direc-

tions perpendicular to the propagation of the gravitational wave. For instance,

when a quadrupolar gravitational wave passes through a ring of freely suspended

test particles, this ring will be stretched apart along one axis (e.g. in the hori-

zontal direction), and be compressed along the orthogonal axis (i.e. the vertical

axis) at the same time (see the top sequence in Fig. 1.1). This is the case for one

polarization of the gravitational wave – the ‘plus’ polarization, usually denoted by
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'x'

'+'

POLARIZATION OF GRAVITATIONAL WAVES
2 Independent Linear Polarization Modes

h

Figure 1.1 – Illustration of the quadrupole moment deformation of a ring
of freely suspended test particles, during one cycle of a passing gravitational
wave traveling perpendicular to the plane of the diagram. The top sequence
shows the particle displacements caused by a GW with h+ polarization,
while the bottom one is induced by a GW with h× polarization. These
particle displacements can be revealed by comparison with their original
positions, shown by the unfilled circles.

h+ or (+). The other polarization is called the ‘cross’ polarization, and is denoted

by h× or (×). These two polarizations subtend an angle of 45 degrees relative to

each other (see Fig. 1.1).

In general, the amplitude of a gravitational wave is measured by the relative

change of the length L between masses. The strain amplitude h(t) is given by:

1

2
h(t) =

∆L(t)

L
, (1.1)

where L is the distance between the masses, and ∆L(t) is the spacing change

produced by the gravitational wave. That is, gravitational waves can be detected

through measurement of the spacing change ∆L(t). However, the amplitudes

of gravitational waves decrease as the distance between the source and detector

increases [2]. Spacetime is very nearly flat between the Earth and typical sources

of gravitational waves, e.g. in our galactic center, in nearby clusters of galaxies,

etc. The diminishing of amplitude is proportional to 1/r, where r is the distance

between the source and Earth. Thus, even though they may be generated by very

strong sources, gravitational waves are expected to be very weak by the time they
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reach Earth. The expected strain amplitude levels will be less than one part in

1021. Hence, it is very important to develop ultra-sensitive detectors to directly

detect gravitational waves. Current detection techniques are described in Section

1.2.

Although gravitational waves have not been directly detected yet, the existence of

gravitational waves has been indirectly proved by Russell Hulse and Joseph Tay-

lor [3, 4]. Through observations of the binary neutron star system PSR 1913+16

over several decades, Hulse and Taylor found that the orbital period of PSR

1913+16 is slowly decreasing at the same rate as predicted for the general-relativistic

emission of gravitational waves. They were awarded the Nobel Prize in Physics

for this work in 1993.

1.1.2 Sources of Gravitational Waves

In general terms, gravitational waves are radiated by massive objects whose mo-

tions involve acceleration, provided that these motions are not spherically sym-

metric. Astrophysicists expect that there are numerous gravitational waves, that

might be detected by Earth-based detectors, which are emitted from certain stel-

lar masses in our Universe. These stellar GW sources include rapidly rotating,

non-axisymmetric neutron stars, binary neutron stars, mergers of binary neutron

stars and their final collapse to form a black hole. According to the characteristics

of the detected gravitational waves, GW sources are classified into mainly three

distinct types: periodic sources, bursts sources, and stochastic backgrounds [2,5].

Periodic sources

Periodic gravitational waves are produced by binary star systems far from coales-

cence, by the rotation of single non-spherical neutron stars, and by rotating, de-

formed white dwarfs. All these sources could radiate gravitational waves as nearly

monochromatic signals. Such sources are generally weaker than burst sources, and

will require long continuous observation times (up to many months). In principle,

the GW signal can be extracted from the detector noise by taking long-term in-

tegrations, and by considering the known Doppler shift due to the motion of the

Earth.
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Burst sources

Binary star systems lose kinetic energy due to radiation of gravitational waves.

The orbital period and the distance between the pair fall off with time. The

stars will eventually coalesce, resulting in a short intense burst of gravitational

waves. These burst sources consist of the formation of black holes, as well as

the coalescences of compact binaries such as neutron stars or black holes. These

signals are stronger, and thus more easily detectable, than those from the periodic

GW sources.

Stochastic backgrounds

The third class of sources are the stochastic backgrounds, which are expected

to arise from the integrated effects of a large number of unresolved gravitational

wave sources of astrophysical, and cosmological origin. It is very hard to detect

such waves using a single detector, since these signals are almost indistinguishable

from instrument noise. A better way to detect stochastic sources is to correlate the

background signals from two or more detectors. These correlated source signals

will yield larger signal-to-noise ratios than those from uncorrelated signals, which

unavoidably suffer from local sources of instrument noise.
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1.2 Detection of Gravitational Waves

Though the observations of PSR 1913+16 support the theoretical prediction that

gravitational waves propagate in spacetime at the speed of light, this gives only

indirect evidence of gravitational waves. To date, no experiments have directly

detected gravitational waves; direct detection will provide a means to verify the

prediction from general relativity. It will be an important tool for the under-

standing of dynamically relativistic systems. If gravitational wave signals could

be directly measured by detectors, then careful analysis of the waveforms would

provide unprecedented information on GW sources, such as the merging process

of binary stellar systems, or even those from the origin of our Universe, which are

in general not accessible by other forms of astronomy. Many efforts have been

undertaken to directly detect gravitational wave signals; this is one of the most

challenging projects in experimental physics.

The earliest attempts to detect gravitational waves were first developed by Joseph

Weber in the 1960s [6]. This initial type of GW detector consists of a massive alu-

minum cylinder, known as a resonant-bar, suspended in a vacuum chamber. The

behavior of a bar detector that responds to gravitational waves is similar to that of

two masses connected by a spring. The resonant vibrations induced by a passing

gravitational wave can be measured by a set of transducers on the bar detector.

Following Weber’s research, modern resonant-bar detectors were developed and

improved enormously through using cryogenic techniques, high-sensitivity super-

conducting transducers, very-low-noise amplifiers, and better resonant mass mate-

rial, such as Niobium. The current resonant-bar detectors have peak sensitivities

at frequencies of about 700 to 900 Hz, within a narrow frequency bandwidth of a

few tens of Hz [5]. The narrow band nature of the resonant-bar appreciably limits

its ability to measure the properties of the gravitational waveform h(t) [2].

Compared with resonant-bar detectors, the laser interferometer is a more sensitive

device, with a broadband capability to measure gravitational wave induced dis-

placements. The idea of using a laser interferometer to detect gravitational waves

was proposed as early as the 1960s [7]. A prototype of the laser interferometric

detector was developed by Forward at Hughes Research Laboratories in 1978 [8].

This detector achieved a spectral strain sensitivity of 2× 10−16 Hz−1/2.
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Figure 1.2 – Plot showing a rough comparison of the strain sensitivity
between a space interferometric GW detector and ground-based interfero-
metric detectors. Space-based detectors are sensitive to GW sources over
a lower frequency regime from ∼10−5 Hz to ∼10−1 Hz, while ground-based
detectors are suitable over a higher frequency regime from 10 Hz to 10 kHz.
(Reproduced from [9])

There are several long-baseline interferometric detectors which have been con-

structed around the world, and they are in their detection phase. The LIGO

laboratory, in the USA, has two sites with three interferometers: a 4 km long

detector (L1) in Livingston, Louisiana, and a pair of detectors in Hanford, Wash-

ington, 4 km (H1) and 2 km (H2) in length [10]. VIRGO is a collaborative project

between French and Italian groups, and involves a 3 km long detector, situated

in Pisa, Italy [11]. GEO 600 is a 600 m long interferometer located near Han-

nover, Germany. This is a collaborative project between Germany and the United

Kingdom [12]. TAMA 300 is a Japanese project consisting of a 300 m long detec-

tor [13]. The next generation of GW detectors, such as Advanced LIGO [14, 15],

Advanced VIRGO [16], GEO-HF [17], LCGT [18] and AIGO [19], expect an im-

provement of detector sensitivity by a factor of ∼10. This would allow for direct

GW detection for the first time.

In addition to these ground-based detectors, efforts to detect gravitational waves

also include space-based interferometric detectors. A typical space GW detector

is the proposed Laser Interferometer Space Antenna (LISA), which is a joint

project between NASA and ESA [20]. Fig. 1.2 shows the detection band differences
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between terrestrial and space-based detectors. Due to the quietness in terms of

vibration, a space-based detector is most suitable for GW searches at frequencies

between ∼ 10−5 Hz and ∼ 10−1 Hz. Another similar space-based project is the

DECI-hertz Interferometer Gravitational Wave Observatory (DECIGO), proposed

in Japan. DECIGO is designed to bridge the gap between LISA and terrestrial

detectors, i.e. to detect GW signals from ∼ 10−2 Hz to ∼10 Hz [21,22].

1.2.1 Laser Interferometric Detectors

The following sections introduce the evolution of the optical configuration of laser

interferometers used to detect gravitational waves.

1.2.1.1 Simple Michelson Interferometer

A simple Michelson interferometer GW detector is schematically illustrated in

Fig. 1.3. This L-shaped interferometer consists of a beam splitter, and two end

mirrors, serving as gravitational test masses. These test masses must be free to

follow spacetime distortions induced by gravitational waves. In practice, each

interferometer test mass is suspended as a pendulum by a loop of steel wire. This

allows the test mass to freely follow the spacetime distortion perpendicular to the

light travel direction, in the GW frequency band of interest.

The laser beam is emitted from the light source, and split into two beams at the

surface of a beam splitter (BS). These two beams travel down the arms, and are

reflected back to the BS by the end mirrors, separately. These reflected beams

then recombine at the BS surface. Part of the recombined beam returns along

the light source direction, and the rest is directed to the output port (also called

the antisymmetric port) of the Michelson interferometer, where a photodetector

(PD) is used to measure the intensity of the recombined beam. The intensity of

this output beam is determined by:

IPD =
Iin
2

[1 + cos (∆Φ(t))] , (1.2)

where ∆Φ(t) is the phase shift between the two laser beams, and Iin is the intensity
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Figure 1.3 – Basic optical configuration of a Michelson interferometric
gravitational wave detector. Two end mirrors and a beam splitter form two
arms, each of length L. An incident laser beam is split into two orthogonal
beams at the beam splitter surface. These two beams travel along the arms,
and are reflected back to the beam splitter by the end mirrors, separately. A
passing gravitational wave causes a length stretching ∆L in the horizontal
arm, as well as a squeezing by ∆L in the vertical arm, resulting in phase
changes in the laser beam in each arm. The two phase-modulated beams
are recombined at the beam splitter, generating interference fringes which
can be detected by the photodetector at the output port. In practice, this
interferometer is designed to operate in the ‘dark fringe’ mode, i.e. the two
beams destructively interfere at the output port, in order to achieve the
maximum signal-to-noise ratio for gravitational wave detection.
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of the input laser beam.

For simplicity, assume the passing gravitational wave is perpendicular to the plane

of the interferometer, with a plus polarization. That is, the polarization direction

is parallel to the interferometer arms. Before the gravitational wave passes, the

two beams travel over the same arm length, but have a 180◦ phase difference at

the antisymmetric port of the interferometer. Therefore, the output is a dark

fringe, due to the destructive interference between the two beams. This dark

fringe mode allows the maximum signal-to-noise ratio (SNR) for GW detection.

When a gravitational wave passes, it produces a quadrupolar displacement of the

free test masses. Thus, the horizontal arm becomes longer, and the vertical arm

shorter, in the first half-period of the gravitational wave. Conversely, in the second

half-period, the vertical arm becomes longer, and the horizontal one shorter. As a

result, an incident gravitational wave produces about a 2∆L optical path change

between the two arms. The total phase shift at the antisymmetric port is given

by:

∆Φ =
2π

λe
· 4∆L, (1.3)

where λe is the laser wavelength, and ∆L = 1
2
hL.

In fact, the strain of spacetime near Earth caused by a gravitational wave is ex-

tremely weak. Even for a strong GW source in our Galaxy, the induced strain is

only at a level of h ∼10−22. In the case of an interferometer with a 10 km arm,

the resulting length change is only ∼10−18 m, which is 1000 times smaller than

an electron diameter. It is very difficult to measure such a small displacement,

and thus the arm lengths need to be greatly increased to obtain much higher

sensitivity. However, this is only true when the arm length is less than a quarter

of the wavelength of the incident gravitational wave; otherwise, the detector sen-

sitivity decreases with increased arm length. For example, the arm length of the

interferometer should be no longer than 750 km for a gravitational wave signal

of frequency fgw ∼100 Hz. This maximum length is an optimum length, Lopt for

the interferometer. At such a length, the storage time of the light traveling in the

interferometer arms is equal to a half-period of the gravitational waves. Other-

wise, if the arm length is longer than Lopt, the light storage time will be longer
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Figure 1.4 – Optical configuration of a delay-line Michelson interferometer.
The laser beam is divided by the beam splitter, entering each of the inter-
ferometer arms through the input mirror closest to the beam splitter. The
beam propagates back and forth in the arm cavity, hitting different parts of
the mirrors, and eventually emerges through the input mirror. These beams
then recombine at the beam splitter surface, and are detected by the pho-
todetector. Such an interferometer needs large mirrors and has problems
with scattered light.

than the GW half-period, and thus the total phase shift will be partially canceled

out. However, the 750 km arm length is still a big problem for ground-based laser

interferometers. It is impossible to construct such long interferometers, due to

the spherical surface of the Earth. In practice, two typical methods are favored

to realize such long optimum lengths by folding the arm length. One way uses a

delay-line Michelson interferometer [23], as shown in Fig. 1.4, where each reflec-

tion is more or less well separated from the others. The other way is to employ a

Fabry-Pérot Michelson interferometer (see below).

1.2.1.2 Fabry-Pérot Michelson interferometer

One method to fold the arm length can be achieved by inserting a Fabry-Pérot

(FP) cavity into each arm of the Michelson interferometer [24–26]. As illustrated

in Fig. 1.5, two extra mirrors, with partial transmissivities, are placed near the

beam splitter in both arms of the Michelson interferometer, respectively. The

two mirrors in each arm form Fabry-Pérot cavities. The light enters through
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Figure 1.5 – Optical configuration of a Fabry-Pérot (FP) Michelson in-
terferometer. Each arm of the Michelson interferometer consists of a FP
cavity. The light power inside this cavity can be built up, simulating the
effect of sending light back and forth multiple times.

the input coupling mirror, and resonates inside the FP cavity. Such a resonant

cavity optically extends the interferometer arm length. The effective arm length

is N ∗ (2L), where N is the integer number of round trips that the light travels

inside the cavity. N is determined by the light storage time τR for the optical

cavity:

τR = N · 2L

c
=
FL
πc

. (1.4)

Here, F is the cavity finesse value, which is defined based on the mirror amplitude

reflectivities. For a FP interferometer (supposing an arm length of L = 4 km)

with an arm finesse value of 450, the effective round trip number is about 70,

i.e. the effective arm length is substantially extended to ∼560 km. In addition,

when the FP cavity is near resonance, the phase of the light returning from the

cavity is very sensitive to the cavity length. Hence, a very small displacement of

cavity length induced by a gravitational wave will produce a very large intensity

change in the cavity output signal. In contrast with the delay-line Michelson

interferometer, the FP Michelson interferometer also has the advantage of having

smaller test masses, and thus a smaller size for the vacuum pipe. Furthermore,
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the scattered light problem can be significantly decreased, since this light is made

to travel the same path as the main beam in the FP arm cavities.

1.2.1.3 Power recycling

Ideally, the antisymmetric port of the Michelson interferometer is set to operate

at the ‘dark fringe’ to minimize the shot noise. Therefore, a differential length

change induced by a passing gravitational wave will generate a signal with the

highest SNR at the antisymmetric port. This in turn means that almost all of

the incident light, except that which is reduced by losses in mirrors and in the

beam splitter, will be reflected back towards the laser, and thus be lost from the

interferometer. However, another partially transmitting mirror can be inserted in

between the laser and the beam splitter (as shown in Fig. 1.6). This forms another

cavity, referred to as the Power Recycling Cavity (PRC), which can recycle most of

the otherwise lost light. This additional mirror is often called the Power Recycling

Mirror (PRM). This power recycling technique [27, 28] can be used to increase

the power incident on the beam splitter, due to the additional power built up (by

factors of several hundred) in the PRC, and this improves the sensitivity of the

interferometer detector.

1.2.1.4 Dual recycling

A dual recycling configuration consists of a Power Recycling Mirror, and another

mirror – Signal Recycling Mirror (SRM) – placed at the antisymmetric port of the

interferometer. The SRM is used to recycle the signal sidebands produced by a

passing gravitational wave [28]. The arrangement of a dual recycling interferome-

ter is illustrated in Fig. 1.6. Dual recycling allows the interferometric detector to

be constructed so as to have lower shot noise, and higher sensitivity, whose peak

frequency and bandwidth can be controlled by varying the microscopic position

and reflectivity of the SRM. Dual recycling was first demonstrated experimentally

in 1991 by Strain and Meers [29].
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Figure 1.6 – Optical layout of a Fabry-Pérot Michelson interferometer with
Dual Recycling mirrors. A Power Recycling Mirror (PRM) is placed in
between the laser source and the interferometer to enhance the light power
incident on the arm cavities. A Signal Recycling Mirror (SRM) is inserted at
the antisymmetric port of the interferometer to recycle the signal sidebands
created by a passing gravitational wave. The detector can operate either in
broadband mode, or in a specific narrow band with higher sensitivity, by
tuning the position and reflectivity of the SRM.

1.2.2 Noise Sources and Detector Sensitivity

The ultimate sensitivity of a GW detector is determined by the SNR in the final

output. Thus, the sensitivity can be increased by improving the strength of the

final output signal, and by decreasing the noise in this signal. For a ground-based

laser interferometric GW detector, the sensitivity is limited by various sources

of noise which include: seismic noise, gravity gradient noise, laser noise, thermal

noise, quantum noise and residual gas noise.

For current interferometric detectors, the sensitivity is mainly constrained by seis-

mic, thermal and quantum noise, which are fundamental noise sources and can

be improved with optimal design. Each noise source dominates over a different

frequency region. Their combined effect limits the strain sensitivity of an interfer-

ometric GW detector. Fig. 1.7 shows a typical LIGO strain sensitivity spectrum

curve.
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Figure 1.7 – Plot of the strain sensitivities of LIGO interferometers, as
a function of frequency. The sensitivity is mainly limited by seismic noise
at lower frequencies (below ∼40 Hz), by thermal noise at intermediate fre-
quencies (∼40 - 200 Hz), and by quantum noise at higher frequencies (above
∼200 Hz).

Seismic Noise

The seismic noise is one of the major noise sources of the laser interferometer

detector, and is most pronounced at lower frequencies below a few tens of Hz.

Typical seismic noise levels are given by the following formulae [30]:

xseis(f) ' 10−9m/
√

Hz, for 1 Hz < f ≤ 10 Hz, (1.5)

xseis(f) ' 10−7

f2
m/
√

Hz, for f >10 Hz. (1.6)

Seismic noise is the coupling of the constant motion of the Earth’s surface to

the local positions of the interferometer test masses, which are used for measuring

extremely weak gravitational waves. In order to reach the target strain sensitivity,

it is very important to isolate the test masses from seismic vibrations. Therefore,

each of the test masses is suspended as a pendulum; and other techniques of

vibration isolation are used to substantially reduce the noise to the desired level.
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Thermal Noise

In addition to seismic effects, thermal vibrations are another displacement noise

source, which dominate the noise floor at frequencies between a few tens of Hz

and a few hundred Hz in laser interferometer detectors. Thermal noise refers to

the Brownian motion of the system caused by thermal energy kBT at temperature

T (kB is the Boltzmann constant), following the fluctuation-dissipation theorem.

This noise has three origins in a laser interferometer GW detector: suspension

thermal noise, mirror substrate Brownian noise and coating thermal noise.

In a simple resonant system with spring constant k, mass m, the thermal noise

power spectral density is given by [31]:

x2(ω) = 4kBT ·
kφ(ω)

ω
[
(k −mω2)2 + k2φ2

] , (1.7)

where φ(ω) is the loss angle of the system. In the frequency range ω � ω0, the

thermal noise of a simple suspension can be approximated by:

x2(ω) ' 4kBTω
2
0

Q0mω5
. (1.8)

Here, the resonant frequency is ω0 =
√

k
m

; the suspension Q-factor is given by

Q0 = γ/φ; γ is an enhancement factor determined by the geometry and material

of the suspension. It is clear that suspension thermal noise can be minimized by

increasing the suspended mirror size, and the suspension Q-factor.

For a test mass, the sum of all resonant modes must be considered; hence, the

total mirror thermal noise spectral density can be approximated as [31]:

x2(ω) = 4kBT
∑
i

kiφi

ω
[(
ki −miω

2
)2

+ k2
i φ

2
i

] . (1.9)

Here i is the index of the i-th mode; ki, mi and φi are the spring constant,

the effective mass and the loss-angle of the i-th mode, respectively. The mirror
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substrate should be made of materials with low mechanical dissipation, and with

a low number of resonant modes within the detection band of the GW detector.

However, Eq. (1.9) is valid only if the dissipation is uniformly distributed over

the test mass interior. More accurate estimation of the internal thermal noise of

a test mass is the Levin approach [32]. This method takes inhomogeneous loss

distribution into account.

In addition, coating thermal noise is now expected to be a dominant fundamental

noise in the Advanced GW detectors. This noise includes the Brownian noise

due to much higher losses in the coating material than that in the mirror sub-

strate; thermal-elastic noise due to thermal expansion of the coating, and thermal-

refractive noise due to thermal changes in refractive index of the coating. The

power spectral density of coating thermal noise, as observed by a Gaussian-profile

laser beam, is given by [33]:

x2(ω) =
4kBTφeff (1− σ)√

πwY ω
, (1.10)

where σ, Y are the Poisson ratio and Young’s modulus of the mirror substrate,

respectively; w is the spot size of the Gaussian laser beam. The φeff is the effective

loss angle of the mirror, and can be approximated as:

φeff ≈ φ+
d√
πw

(
Y

Y⊥φ⊥
+

Y‖
Y φ‖

)
, (1.11)

where d is the coating thickness; φ is the loss angles of the mirror substrate; Y⊥

and Y‖, φ⊥ and φ‖ are the Young’s moduli and the loss angles of the mirror coating

for stresses perpendicular (⊥) and parallel (‖) to the mirror face, respectively. We

can see that coating thermal noise is inversely proportional to the beam diameter;

hence, it could be decreased with a relatively larger beam size impinging on the

mirror.

Quantum Noise

Quantum mechanics limits the precision with which the test mass positions are

determined. Shot noise and radiation pressure fluctuations both contribute to

quantum noise in laser interferometric detectors [34]. Shot noise is due to the
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fluctuations in the number of photons read by the photodetector. Radiation pres-

sure noise, however, arises from quantum fluctuations of optical powers in each of

the arm cavities, which perturbs the test mass positions.

For a free mirror of mass m, and with laser power P impinging on it, the displace-

ment noise spectrum of shot noise is given by [35]:

Sxshot(f) =
h̄c2

Pωe
, (1.12)

where c is the light speed; ωe is the laser frequency. Similarly, the radiation

pressure noise spectrum is given by:

Sxrp(f) =
Pωe
c2

h̄

16m2π4f 4 . (1.13)

The total noise spectrum is simply the sum of these two quantum noise sources,

and expressed as:

Sxtotal(f) = Sxshot(f) + Sxrp(f) ≥ h̄

2mπ2f 2 . (1.14)

Equations (1.12) and (1.13) indicate that by increasing the laser power, the shot

noise can be reduced, but also that the radiation pressure noise increases at the

same time. It is evident that the laser power can be set to an optimal level, where

the shot noise and quantum radiation noise are equal. Consequently, the total

noise reaches the Standard Quantum Limit (SQL): SxSQL = h̄
2mπ2f 2 , which places

a fundamental limit on the sensitivity of an interferometer, independent of laser

power and its frequency (see Fig. 1.8).

There are various proposals to beat the SQL. One of these is squeezed-vacuum

injection; a prototype experiment has demonstrated its effectiveness [36]. In

the high-optical-power detuned signal-recycling interferometric detector, opto-

mechanical interactions mediated by the radiation pressure force correlates the

phase and amplitude noise, and creates the so-called ponderomotive squeezing

method, which will beat the SQL [37,38].
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Figure 1.8 – A sample plot of the quantum noise spectrum for a typical
interferometer. The total noise spectrum Sxtotal is a sum of the shot noise
Sxshot and the radiation pressure noise Sxrp. By increasing laser power, Sxtotal
reaches the Standard Quantum Limit SxSQL, at where the shot noise equals
the radiation pressure noise.

1.2.3 Advanced Interferometric Detectors

Advanced interferometric detectors are designed to have significantly improved

strain sensitivity, down to ∼10−24 Hz−1/2 in a reasonably broad band around 100

Hz. The capability to detect GW sources will be increased ∼1000-fold, compared

to current detectors. As a result, an individual advanced detector will be able to

detect neutron star binaries as far as 175 Mpc, and to over ∼300 Mpc with three

identical detectors [15].

Advanced LIGO is a major project with plans to build a second generation inter-

ferometric detector starting in early 2011. Advanced LIGO will replace existing

interferometers with significantly improved technology. The strain sensitivity will

be increased to at least 10 times that of the Initial LIGO detectors. An illus-

tration of the expected sensitivity of the Advanced LIGO detector is shown in

Fig. 1.2. Table 1.1 compares the principal parameters of the Advanced LIGO and

Initial LIGO interferometers. The Advanced interferometric detectors will add a

Signal Recycling Mirror (SRM) at the antisymmetric output port. By tuning the

operation of this SRM, these detectors will be operated in different modes, either
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Parameter Initial LIGO Advanced LIGO

Interferometer Topology Power-recycled
Fabry-Pérot
arm cavity, Michelson

Dual-recycled
Fabry-Pérot
arm cavity, Michelson

Displacement Sensitivity
at 150 Hz

∼1× 10−19 m/
√

Hz ∼1× 10−20 m/
√

Hz

GW Readout Method RF Heterodyne DC Homodyne

Max. Input Power 6 W 125 W

Optical Power in Arms 15 kW >800 kW

Arm Cavity Beam Size 4 cm 6 cm

Light Storage Time in Arms 0.84 ms 5.0 ms

Test Masses Fused Silica, 10 kg Fused Silica, 40 kg

Mirror Diameter 25 cm 34 cm

Mirror Suspensions Single Pendulum Quadruple Pendulum

Seismic Isolation
Performance

flow∼50 Hz flow∼10 Hz

Table 1.1 – Comparison of the principal parameters of the Advanced LIGO
and Initial LIGO designs [15,39].

with good broadband strain sensitivity, or with optimized sensitivity for detecting

a certain type of gravitational wave source. The detector readout system will con-

sist of an Output Mode Cleaner (OMC), in conjunction with homodyne detection

(DC readout). The OMC is a ∼1 m long optical cavity which filters out non-

TEM00 mode power, and any power in RF modulation sidebands, allowing only

the carrier TEM00 mode power to be detected. This readout system will improve

the detection sensitivity, and reduce the susceptibility to laser and other techni-

cal noise sources. For improving sensitivity at low frequencies, the system will

replace a simple test mass suspension with a multi-staged system including: an

active, hydraulic, external pre-isolator (HEPI); a two-stage, active, internal seis-

mic isolation (ISI) platform; and a four-stage test mass suspension [40]. Between

10 Hz and 200 Hz, thermal noise will be reduced by using lower mechanical-loss

materials for test mass suspensions and optical coatings. Larger test masses (40

kg) are required to keep the radiation pressure noise to a level comparable to the

suspension thermal noise. Furthermore, a frequency- and intensity-stabilized 180

W laser is needed to improve the shot noise limits and signal strength.
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(a)

O

(b)

Figure 1.9 – Plots of the angular resolution of a global network of inter-
ferometric GW detectors. (a) illustrates the antenna pattern of the current
network including LIGO (L+H), Virgo (V) and GEO 600 (G). (b) shows
the antenna pattern on adding AIGO (A) and LCGT (C) to the current
network in (a). The red ellipsoids represent the angular uncertainty, which
is significantly improved by adding LCGT and AIGO to the current GW
detector network.

1.2.4 Network of GW Detectors

Although gravitational waves can, in principle, be detected and studied by a single

detector, this instrument would have a high rate of false detection induced by

local disturbances. Also, poor angular resolution prevents a single detector from

obtaining adequate information from a gravitational wave. This situation would

be improved greatly if multiple detectors were to operate together at separated

locations around the world. A worldwide network can reduce the false alarm

rate by a coincidence search, and also obtain more information from a passing

wave. A network of detectors improves the ability to measure the full polarization

information of a gravitational wave signal, and also the ability to determine the

direction of the signal source.

The first generation worldwide network of GW detectors consists of the two LIGO

sites in the US, the VIRGO and GEO detectors in Europe, and the TAMA detec-

tor in Japan. However, this existing network located in the northern hemisphere

has limited angular resolution and polarization information. The next generation

worldwide network will consist of several Advanced interferometric detectors, that

are expected to enable frequent detection of GW sources in the 10 Hz to 10 kHz

range. These Advanced detectors are designed to improve the amplitude sensi-
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tivity by a factor of 10 better than the first generation detectors. The Advanced

LIGO [14,15], Advanced Virgo [16] and GEO-HF [17], which are upgrades of their

current detectors, will be the main detectors of the second generation network of

interferometers. In addition, there are new detectors proposed to enhance this

network: AIGO in Australia [19], LCGT in Japan [18], and a possible IndIGO

detector in India. Increasing the number of detectors in the global network im-

proves its ability to determine the location of GW sources in the sky. Fig. 1.9

illustrates a significant improvement in angular resolution, on adding AIGO and

LCGT to the global network of GW detectors [41].

Recently, a design study of Einstein Telescope (ET) – a future third generation

GW detector – has been proposed by the European research group [42,43]. The

ambitious goal is to improve the sensitivity with a hundred times better than

currently operating detectors. It will be able to test Einstein’s General Relativity

in strong field condition and realize precision gravitational wave astronomy.
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1.3 Nonlinear Effects induced by High Optical

Power

Next generation interferometric GW detectors require extremely high light power

to achieve their ultimate sensitivities. It is anticipated that approximately 1 MW

of circulating optical power must be stored in the detector arm cavities, in order

to reduce the effect of shot noise which limits the performance of GW detectors at

higher frequencies. However, such a high level of light power can result in a wide

variety of nonlinear effects, which will prevent the interferometer from achieving

the desired sensitivity. These effects include thermal lensing arising from opti-

cal absorption of laser power in the optical components; parametric instability

(PI) due to resonant interactions between the optical cavity modes and the high

Q-factor acoustic modes of the mirrors; and Sidles-Sigg instability (angular insta-

bility) created by relatively large radiation pressure forces exerting torques on the

suspended mirrors.

1.3.1 Thermal Lensing Effects

Thermal lensing [44] is a consequence of residual optical absorption in the sub-

strate and coating of the optical components, which typically occurs in high power

laser systems. Suppose a test mass is heated by a laser beam; a temperature gra-

dient inside the test mass is created, and its bulk is expanded. An example of

a heated test mass is illustrated in Fig. 1.10. Its temperature gradient ∆T (r, z)

and bulk expansion ∆L(r) will vary the optical path length of this element, and

consequently induce wavefront distortion of the laser beam. For an interferomet-

ric detector, this effect will affect the power buildup, and distort the arm cavity

mode, which in turn decreases the sensitivity [45–47]. There are three effects

mainly responsible for this optical path length change:

Thermo-optic effect. A refractive index gradient will be produced by the tem-

perature gradient. This refractive index change due to the thermo-optic effect is

given by:
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Figure 1.10 – Example of a thermal lensing effect in a transmissive test
mass. An input laser beam, with Gaussian intensity distribution, passes
through the test mass. This leads to a temperature gradient ∆T (r, z), and
a thermal expansion ∆L(r) on both surfaces, which in turn will induce
wavefront distortion of the laser beam. (Reproduced from [48].)

∆nT =
dn

dT
·∆T (r, z), (1.15)

where dn
dT

is the thermo-optic coefficient. Many optical materials usually exhibit a

positive value of dn
dT

, typically a few times 10−6 K−1, and hence create a focusing

effect. Some have a negative coefficient leading to a defocusing lens, provided this

effect is not overcompensated by other thermal lensing effects (see below).

Thermoelastic deformation effect. This is quantified by a non-zero thermal

expansion coefficient α. Heating an optical component also leads to a bulging of

the end surfaces, as shown by ∆L(r) in Fig. 1.10, and thus an increase in the

optical path length along the laser beam propagation direction.

Photoelastic effect. Thermal stress and strain cause a local change of refrac-

tive index which is polarization-dependent, thus inducing optical distortion and

birefringence. This effect is determined by the photoelastic strain matrix pij.

Compared to the other two effects, the photoelastic effect is quite weak for sap-

phire and fused silica, which are the materials used to fabricate GW detector test

masses [46].

The residual optical absorption in the optics of the Advanced interferometric
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GW detectors will cause several serious problems, which limit improvements in

the instrument sensitivities. First, thermally-induced mode mismatch reduces

the coupling efficiency between the input laser and the cavity mode, and hence

decreases the circulating power inside the cavities. Second, thermally-induced

distortion in the optics alters the eigenmodes of a cavity, which may invoke cavity

mode-degeneracy; this mode-degeneracy would result in power transfer from the

cavity fundamental mode to high-order modes. Furthermore, thermally-induced

optical path length distortion also has influences on both the controllability and

length sensitivity of the instruments.

It is critical to compensate for the thermal lensing effects in the Advanced in-

terferometric GW detectors. Various thermal compensation methods have been

proposed or tested [49–51]. The compensation scheme for Advanced LIGO in-

cludes a radiative ring heater surrounding each test mass, and a compensation

plate suspended between the beam splitter and the ITM in each arm cavity. Ring

heating around the circumferences of the test masses allows their radii of cur-

vature to maintain constant. The compensation plates are subject to CO2 laser

beams to compensate for the thermal lensing; this has the advantage of being less

sensitive to the laser noise, as compared to the noise incurred in a method with

direct test mass actuation [52].

We have demonstrated compensation of strong thermal lensing effects in a high

optical power cavity. A compensation plate, made of fused silica, is placed close to

the input test mass inside the optical cavity. This plate is electrically heated by a

nichrome wire wrapped around its cylindrical surface, generating a negative lens to

compensate for the thermal lensing effect. The experimental results are discussed

in Chapter 3. In addition, the cavity mode distortion, due to inhomogeneous

absorption in the sapphire test mass, has been theoretically and experimentally

investigated – this is described in Chapter 4.

1.3.2 Parametric Instability

Parametric Instability (PI) is a potential risk inherent in long-baseline interfero-

metric GW detectors with extremely high optical power in their arm cavities. It

is a consequence of three-mode opto-acoustic parametric interactions between the
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fundamental optical mode, a high-order transverse optical mode, and an acoustic

mode in the test mass. Because of acoustic mode-induced test mass surface fluc-

tuations, a fraction of the cavity fundamental mode is scattered into a high-order

transverse optical mode after reflecting off the test mass. The frequency shift be-

tween the high-order optical mode and the fundamental mode equals the acoustic

mode frequency of the test mass. If this frequency shift is close to the mode gap of

the optical cavity, or an integer multiple of the mode gap, the high-order optical

mode will become resonant inside the cavity, and this in turn excites mechanical

oscillations in the test mass, through radiation pressure forces. If this situation

occurs, the amplitude of the high-order optical mode will rise exponentially with

time, as does the amplitude of the test mass acoustic mode. Consequently, this

effect stops the interferometric detector from working properly. It is necessary

to make further theoretical and experimental investigations, in order to achieve a

better understanding of its effect on large-scale interferometric detectors, and to

find ways to control this parametric instability.

The problems of PI in advanced GW detectors were first raised by Braginsky et

al. [53], who analyzed this instability using a simplified model, and theoretically

derived the instability condition. They pointed out that the exponential rise

of the mechanical oscillation amplitude is associated with an exponential rise

of the optical energy in the Stokes mode, which occurs when the dimensionless

parametric gain becomes larger than unity. This parametric gain R for a simple

optical cavity is defined by:

R =
R0Λ

1 +
(

∆ω
δ1

)2 > 1 ,

R0 =
E0

2mL2ω2
m

ω1ωm
δ1δm

=
2E0Q1Qm

mL2ω2
m

. (1.16)

Here, E0 is the optical energy stored in the cavity fundamental mode; m is

the mirror mass; L is the optical cavity length; the frequency difference ∆ω =

|ω0 − ω1| − ωm; ω1, δ1 and Q1 = ω1/2δ1 are the frequency, relaxation rate and

Q-factor of the high-order optical mode, respectively; ωm, δm and Qm = ωm/2δm

are the frequency, relaxation rate and Q-factor of the acoustic mode, respectively;

and the overlap factor Λ is defined as:
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Λ =
V (

∫
f0 (~r⊥) f1(~r⊥)uzd~r⊥)2∫ |f0|2 d~r⊥

∫ |f1|2 d~r⊥
∫ |~u|2 dV , (1.17)

which determines the spatial coincidence between the distribution of the mirror

surface displacement in the acoustic mode, and the distribution of the laser field

amplitude in the relevant high-order optical mode. The functions f0 and f1 de-

scribe the optical field distributions over the mirror surface for the fundamental

mode, and for the high-order mode, respectively; the vector ~u describes the spatial

displacement in the acoustic mode, and uz is the component of ~u normal to the

mirror surface;
∫
d~r⊥ and

∫
dV correspond to integration over the mirror surface,

and over the mirror volume, respectively.

PI will take place in the interferometer arm cavities if the gain R exceeds unity.

The higher circulating optical power in arm cavities increases the occurrence rate

of parametric instability. Furthermore, three prerequisite conditions must be sat-

isfied, according to the above equations. The first one is that the frequency dif-

ference ∆ω must be small, i.e. the high-order optical mode can be resonant inside

the optical cavity. Secondly, the spatial overlap factor Λ must be large. Lastly,

the losses of the acoustic mode and the optical modes must be low (i.e. with high

Q-factors).

Recently, detailed investigations of PI effects in Advanced GW detectors have

been undertaken by groups at Moscow, Caltech, MIT and the University of West-

ern Australia (UWA) [54–59]. Their analyses of the proposed Advanced detector

configurations conclude that there are ∼5-10 possible unstable modes in the 10-

100 kHz frequency range, for each test mass. Two main approaches to suppress

PI effects in Advanced detectors have been proposed [59–62]: one by attenuating

the acoustic modes of test masses, and the other by optical suppression of the

instability. One proposal to suppress PI via the acoustic mode involves introduc-

ing resonant dampers [59], or rings of material around the barrels of each test

mass [58], to reduce the Q-factor of the mode. Another suggests suppressing the

acoustic mode by applying light pressure directly to this acoustic mode on the test

mass [60]. The proposal to suppress PI optically entails injecting an anti-phase

high-order mode into the cavity, so as to cause destructive interference with the

excited high-order mode resonant therein. At UWA, Zhang et al. [62] analyzed a

classical model of a FP cavity, and concluded that this method of optical feedback
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is possible for Advanced GW detectors, suppressing the excited high-order mode

within a timescale of 1-10 seconds.

We have observed the parametric interaction between cavity optical modes and

the acoustic mode in the end test mass mirror experimentally in a suspended

Fabry-Pérot cavity at the Gingin HOPF. This three-mode opto-acoustic paramet-

ric interaction can be suppressed by feeding back an optical signal into the cavity,

which has also been demonstrated in this same facility. This work is discussed in

Chapter 5.

1.3.3 Sidles-Sigg Instability

For a suspended optical cavity operating at a high optical power level, the radia-

tion pressure force is significant, and hence induces an optical spring effect along

the optical axis of the cavity. This longitudinal optical spring effect has been ex-

tensively studied both theoretically and experimentally [53,55,63–68], and led to

significant new experimental physics, including optical cooling of macroscopic ob-

jects, opto-mechanical rigidity, and a possible way to beat the standard quantum

limit [69].

In addition to the longitudinal optical spring effects in an FP cavity, large circulat-

ing power can also induce torsional optical spring effects. This optically induced

torque was first analyzed by Solimeno et al. in 1991 [70]. They analyzed this

phenomenon for a cavity consisting of one suspended mirror and one fixed mirror,

using a modal formalism. In 2006, Sidles and Sigg [71] pointed out that in high

power laser interferometers, the optical torque would be strong enough to over-

come the stiffness of the mirror pendulum, thus introducing an angular instability

within the suspended optical cavity – which is known as the Sidles-Sigg instability.

Driggers [72] observed the optically-generated torsional stiffness in a suspended

three-mirror mode cleaner, and its dependency on the circulating power. We have

observed negative optical torsional rigidity in a high optical power cavity, which

is evidence that the optical spring constant depends on the cavity g-factor (this

is discussed in Chapter 6). These investigations illustrate that optically-induced

torques must be seriously considered in the design of optical cavities, mirror sus-

pensions, and of their sensing and control in high power interferometers. From
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consideration of the optical torques in the arm cavities, the Advanced LIGO de-

sign will use a near-concentric optical cavity, which is statically stable, rather than

a near-planar cavity [14,71].
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1.4 Thesis Overview

This thesis describes experimental research results on the three nonlinear effects

described in Section 1.3, which were conducted in the Gingin High Optical Power

Facility (HOPF).

The Gingin HOPF has been developed by the Australian Consortium for Inter-

ferometric Gravitational Astronomy (ACIGA) in collaboration with the LIGO

project, in order to investigate the problems that the Advanced interferometric

detectors will encounter with extremely high optical power. This Facility consists

of two separate Fabry-Pérot cavities, which are used for various projects, and is

described in Chapter 2.

In Chapter 3, experiments on the compensation of thermal lensing effects are

presented, and contains two published papers. The first publication presents the

observations of the strong thermal lensing effect due to optical absorption in the

ITM sapphire substrate; and it shows that the wavefront distortion, caused by

the thermal lens in the ITM, can be effectively corrected through heating the

cylindrical surface of a fused silica compensation plate. The second publication

introduces a feasible method of feedback control for thermal lensing compensation.

Chapter 4 introduces the FFT modeling of thermally-induced cavity mode astig-

matism in a high-optical-power cavity, due to inhomogeneous absorption in a sap-

phire test mass. The modeling predictions of the transmitted beam astigmatism

are comparable to the experimental measurements in the Gingin HOPF cavity.

The experimental results and modeling results both show that the high thermal

conductivity of sapphire reduces the effects of inhomogeneity.

Experimental work on the investigation of three-mode opto-acoustic parametric

interactions are discussed in Chapter 5, and are based on two published papers.

The phenomena of three-mode opto-acoustic parametric interactions were first

observed in a high optical power cavity, which validates the theory of parametric

instability, and demonstrates that the parametric gain can be modified through

thermal tuning of the cavity g-factor. Recent experiments on the suppression

of these three-mode interactions have given a proof-of-principle demonstration of

optical PI suppression.
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Chapter 6 introduces the optical torsional spring effect, which is caused by ra-

diation pressure in high optical power cavities. This torsional spring effect has

been observed in the Gingin HOPF south arm cavity, and the results support the

Sidles-Sigg theory that the optical spring constant depends entirely on the optical

cavity g-factor. This work led to a peer-reviewed publication in Applied Physics

Letters.

Chapter 7 summarizes the conclusions drawn from these experimental investi-

gations conducted in the Gingin HOPF, and discusses future modifications and

upgrades in relation to the experiments.





Chapter 2

Gingin High Optical Power

Facility

Contents

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . 33

2.2 The High Optical Power Facility . . . . . . . . . . . . . . 35

2.2.1 Laser source . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

2.2.2 Laser table . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

2.2.3 Injection table . . . . . . . . . . . . . . . . . . . . . . . . . 38

2.2.4 Optics of the FP cavity . . . . . . . . . . . . . . . . . . . . 42

2.2.5 Small-Optics-Suspension system . . . . . . . . . . . . . . . 43

2.2.6 FP cavity locking . . . . . . . . . . . . . . . . . . . . . . . . 45

2.2.7 Hartmann Wavefront Sensor system . . . . . . . . . . . . . 47

2.3 High Optical Power experiments . . . . . . . . . . . . . . 50

2.1 Introduction

The Australian Consortium for Interferometric Gravitational Astronomy

(ACIGA), in collaboration with the LIGO project, is developing a High Opti-

cal Power Facility (HOPF) at Gingin, 80 km north of Perth, Western Australia.

HOPF serves as a research and testing facility, whose purpose is to undertake a

series of investigations, and to develop solutions for several nonlinear problems

that Advanced interferometric detectors will encounter with extremely high opti-

cal power. Another goal is to develop ACIGA into the first southern hemisphere
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long-baseline Gravitational Wave (GW) interferometric detector, which will sig-

nificantly improve the ability of the global network of detectors to localize GW

sources.

The Facility consists of a large cornerstation laboratory, and two end stations at

right angles. An aerial photograph of the HOPF at Gingin is shown in Fig. 2.1.

The cornerstation laboratory contains a large insulated and electrically shielded

clean room. Inside this clean room, there is an additional ultra-clean laser room

(class 100), where a high power laser system is installed. Large stainless steel vac-

uum tanks, located in both the cornerstation laboratory, and in the end stations,

house vibration isolators and the suspended optical components of the interfer-

ometer. Each of the end stations is linked to the cornerstation through an ∼80 m

vacuum pipe, respectively.

Figure 2.1 – An aerial photograph of the High Optical Power Facility
(HOPF) at Gingin, 80 km north of Perth, Western Australia. The corner-
station laboratory (20 m×20 m×10 m), at the center in the photo, is linked
to the two end stations by vacuum pipes at right angles. The mechanical
workshop and accommodation block are located in the building just next
to the cornerstation.
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2.2 The High Optical Power Facility

The Gingin HOPF is designed to be extended into an 80 meter-long Fabry-Pérot

Michelson interferometric detector. At the current stage, this Facility consists of

two separate arm cavities in operation within different projects. The east arm

contains a ∼72 m FP cavity used for testing an advanced vibration isolation

and suspension system developed by the University of Western Australia (UWA)

group. The south arm includes an ∼80 m FP cavity serving as a major research

platform for a series of experiments relating to high optical power.

The optical system of the south arm cavity is mainly laid out on two optical tables,

and an in-vacuum FP cavity (∼10−6 mbar) with two suspended end mirrors. The

first optical table, called the laser table, is installed in the laser room, which

contains a 10 W neodymium-doped yttrium aluminum garnet (Nd:YAG) laser, a

Pre-Mode Cleaner (PMC), Electro-Optic Modulators (EOMs), optical isolators,

and other optical components. The second optical table is an injection table,

which consists of the mode-matching optics, FP cavity longitudinal locking and

auto-alignment diagnostics, and an off-axis Hartmann Wavefront Sensor (HWS)

system.

2.2.1 Laser source

The laser source used in the Gingin HOPF consists of a diode-pumped Nd:YAG

master oscillator, and an injection-locked 10 W slave laser, which emits close to

7 W maximum power in a single frequency at 1064 nm [73]. A 500 mW Non-

Planar Ring Oscillator (NPRO) [74] is used as the master laser (InnoLight, Model

Mephisto 500NE), which is a low-noise, ultra-stable output laser. The 10 W

slave laser was developed at the University of Adelaide (UA), South Australia. It

contains a Nd:YAG crystal slab as the gain medium. A laser diode array is used

as the pump source, providing collimated planar pumping of the gain medium.

Meanwhile, a pump light reflector is utilized to improve pumping efficiency. The

whole slave laser system is mounted on an integrated, air-cooled base which is

temperature-controlled [73]. Figure 2.2 shows photos of (a) the 500 mW NPRO

master laser, and (b) the 10 W slave laser system.
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An injection-locking technique is used to obtain the high optical power, single

frequency output laser. A low-noise, highly-stable master laser is mode-matched

and injected into a high power slave laser resonator. When one of the free-running

modes of the slave laser has a frequency quite close to the master laser frequency,

this free-running mode will resonate in the slave resonator at the exact frequency

of the injected master laser, resulting in the single frequency, high output power

of the slave laser. The optical layout of the injection-locking system is shown

in Fig. 2.3. Ideally, no excess noise will be added by this technique. The fre-

quency noise of the high power laser system is dominated only by the master laser

frequency noise [73, 75].

Figure 2.2 – Photos of the injection-locked 10 W Nd:YAG laser. (a) 500
mW NPRO master laser; (b) 10 W Nd:YAG slave laser.
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Figure 2.3 – Optical layout of the injection-locked Nd:YAG laser system
used in the Gingin HOPF. It consists of a 500 mW NPRO master laser and
a 10 W slave laser. After traveling through a set of mode-matching lenses,
the master laser beam is injected into the slave laser resonator. Under
resonant conditions, the slave laser is injection-locked to the master laser,
emitting close to 7 W maximum power in a single frequency at 1064 nm.
The Pound-Drever-Hall (PDH) technique [25] is applied to obtain long-term
locking. The Electro-Optic Modulator (EOM) is used to phase modulate
the master laser, creating RF sidebands for PDH locking. The Forward-
Wave (FW) photodetector is used to produce the PDH error signal, while
the Reverse-Wave (RW) detector monitors the reverse-wave suppression of
the slave laser. The Faraday Isolator (FI) protects the master laser from
the reverse-wave beam of the slave laser. (Reproduced from [73]).
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2.2.2 Laser table

The optical layout on the laser table is shown in Fig. 2.4. The laser output

is directed and mode-matched into a Pre-Mode Cleaner (PMC). This PMC is a

transmissive three-mirror ring cavity, which is designed to spatially and temporally

filter the incident laser mode. The PMC installed here is to set the reference waist

size (∼0.371 mm) and position of the laser beam for the input optics system.

The curved back mirror of the PMC has a piezo-transducer (PZT) attached to

it, which is used to lock the PMC cavity by tuning the cavity length. When the

cavity is locked in the TEM00 mode, the fringe visibility1 with optimum alignment

is higher than 85%. The phase modulator, EOM1 with 17.8 MHz modulation

frequency, provides the phase reference for locking the PMC cavity. Between

Faraday Isolators FI-1 and FI-2 is EOM2, which is driven with a 19.58 MHz

signal, producing RF sidebands to lock the FP cavity in the south arm. The

CCD (Charge-Coupled Device) camera monitors the beam profile output from

the PMC.

2.2.3 Injection table

Propagating through a set of steering mirrors/lenses, and a step-down periscope,

the laser beam is then directed to the injection table outside the laser room. As

shown in Fig. 2.5 on page 40, the incoming beam from the laser table is centered

on an Iris Diaphragm (ID). To ensure that the maximum amount of laser power

couples into the optical cavity, the incident laser beam must be shaped to have a

waist which matches the waist of the optical cavity mode. A 95% reflective steering

mirror (SM0) directs the beam into the mode-matching telescope (MMT). This

MMT is a combination of three reflective mirrors: MMT1 is a convex mirror with

a -1.0 m radius of curvature; MMT2 and MMT3 are concave mirrors with +4 m

and +10 m radii of curvature, respectively. The steering mirror (SM1) directs

the mode-matched laser beam into the FP cavity. The theoretical mode-matching

1The fringe visibility V is defined as [76]:

V =
I0 − Il
I0

,

where I0 is the intensity of the laser beam reflected from the cavity in the unlocked state; Il is
the reflected intensity with the cavity locked.
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Figure 2.5 – Schematic layout of the HOPF injection table, which con-
sists of a mode-matching telescope (MMT), an auto-alignment system, and
a Hartmann Wavefront Sensing (HWS) system. The mode-matching tele-
scope is used to shape the input Gaussian mode to match the optical cav-
ity mode. The auto-alignment system aims to keep the cavity properly
aligned, improving the stability of the circulating power inside the cavity.
A Hartmann Wavefront Sensor is installed on the injection table to measure
the wavefront distortion induced by thermal lenses in the input test mass
(ITM), and in the compensation plate. In addition, on the right side of the
Hartmann sensor is a photodetector labeled ‘PDLC’, which is a heterodyne
detector that measures the error signal which is used to lock the cavity. The
table also includes: an iris diaphragm (ID); steering mirrors, SM0 and SM1;
quadrant photodiodes for the far-field and near-field, QPDFF and QPDNF;
a 50/50 beam splitter (BS); and a Small-Optic-Suspension (SOS) system.
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beam profile and relevant Guoy phase are shown in Fig. 2.6. The origin is located

at the Pre-Mode Cleaner on the laser table, where the reference waist size is

about 0.371 mm. Through a set of mode-matching lenses, the laser beam enters

the optical cavity with a waist size of ∼8.7 mm on the ITM mirror surface.
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Figure 2.6 – Mode matching beam profile and the relevant Guoy phase.
The origin is located at the Pre-Mode Cleaner on the laser table, where the
reference waist size is about 0.371 mm. The optics L1 and L2, located on
the laser table, are two convex lenses with 500 and 1000 mm focal lengths,
respectively. The optics 3, 4 and 5, labeled as MMT1, MMT2 and MMT3
on the injection table, are three mode-matching mirrors to ensure that max-
imum laser power couples into the cavity. MMT1 is a convex mirror with
a -1000 mm Radius of Curvature (ROC). The ROCs of MMT2 and MMT3
are +4 m and +10 m, respectively. The expanded beam waist size is about
8.7 mm at the ITM mirror surface.

The laser beam reflected off the cavity input mirror traces the reverse path, and

a fraction of the beam passes through SM0 for diagnostics. The WDG-3 ◦, a 3◦

uncoated wedge mirror, directs the beam onto the longitudinal RF locking pho-

todetector (PDLC), which produces an error signal for FP cavity locking. The

rest of the beam is steered onto two quadrant photodiodes in an auto-alignment

system, which is used to keep the cavity properly aligned, improving the stability

of the circulating power. Any spatial drift of the laser beam, or of the opti-

cal components, will cause misalignment or mismatching between the input laser

mode and the FP cavity mode. This will induce the circulating power to drop,

due to some power from the cavity TEM00 mode coupling into high-order cavity

modes. The misalignments – both lateral displacements and angular tilts – can

be determined by measuring the Gouy phase of the TEM01 or TEM10 mode with
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respect to the cavity TEM00 mode [76, 77]. The quadrant photodiode (QPDFF)

detects the far-field misalignment (lateral displacements) between the cavity axis

and laser beam, while the QPDNF measures the near-field misalignment (angular

tilts). Lateral displacements are corrected by a pair of steering mirrors on gal-

vanometers located on the laser table, whilst the angular tilts are compensated by

directly adjusting the input mirror orientation. When the servo loop is activated,

the lateral fluctuations are suppressed by ∼50 dB at 1 Hz in both axes, while the

tilt fluctuations are suppressed by ∼20 dB at 1 Hz in both axes [78].

Figure 2.7 – Basic configuration of the HOPF Fabry-Pérot cavity. This FP
cavity consists of two suspended mirrors, the Input Test Mass (ITM), and
the End Test Mass (ETM), which is about 80 m away. The highly reflective
coating surface of this ITM is outside the cavity, in order to obtain a strong
thermal lens in the ITM substrate. A compensation plate (CP), which is
electrically heated by a nichrome wire around its circumference, is used
to compensate for the thermal lensing effect in the FP cavity. The CCD
camera acts as a beam profiler (BP), and is used to monitor the cavity mode,
as well as the circulating power through measurement of the transmitted
beam profile leaking through the ETM. The FP cavity is phase-locked using
Pound-Drever-Hall (PDH) technique [25].

2.2.4 Optics of the FP cavity

The Fabry-Pérot cavity in the south arm consists of two sapphire end mirrors

separated by 80 m. The input-coupling mirror, referred to as the Input Test

Mass (ITM), is 100 mm in diameter and 46 mm thick. The output mirror, or

End Test Mass (ETM), is 150 mm in diameter and 80 mm thick. The ITM

is flat, and the ETM has a nominal radius of curvature of 720 m, leading to a
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cavity g-factor2 of ∼0.89. In order to study the strong thermal lensing effect in

the sapphire substrate, the ITM is reversed so that its substrate is inside the

FP cavity, so as to gain more absorption power in the substrate. In addition, the

cavity contains a compensation plate (CP) to allow the investigation of corrections

of the thermal lensing effect. The CP is a fused silica plate of 160 mm diameter,

and 17 mm thickness, which is placed inside the cavity close to the ITM (at ∼150

mm separation) [48]. A nichrome heating wire is wrapped around its cylindrical

surface. By electrically heating its circumference, the CP becomes a negative

lens, which is opposite to the thermal lens in the ITM. This negative lens will

correct the cavity mode distortion induced by the positive thermal lens in the

ITM. The optical configuration of the FP cavity is shown in Fig. 2.7, and the

relevant parameters are listed in Table 2.1 on page 49.

2.2.5 Small-Optics-Suspension system

Figure 2.8 – Schematic of the sensing and control of the Small-Optic-
Suspension (SOS) system. (a) Positions of the five small magnets attached
to the test mass. (b) SOS sensing and control system. The Suspension
Control Electronics system receives the PD current induced by local position
fluctuations, and sends a signal to the coil actuator to keep the test mass
still. The DC Offset port is normally used for cavity alignment, providing
a DC bias to the test mass orientation.

2The optical cavity g-factor is defined as g = g1 · g2, where gi ≡ 1 − L
Ri

(i = 1, 2), L is the
cavity length, and R1,2 is the radius of curvature of each end mirror.
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Each of the cavity end mirrors is suspended separately, as a pendulum, by a

single steel wire loop from its suspension support frame. The pendulum provides

f−2 vibration isolation above its eigenfrequency, allowing free movement of a test

mass in the GW frequency band. The suspension support frame is bolted onto

a breadboard inside a stainless steel vacuum tank. To sense and control the

motion of the optical element, five small magnets are glued onto it, as shown in

Fig. 2.8(a). Four magnets are attached to the anti-reflective (AR) coating surface

of the element, while the fifth is glued onto one side. Five sensor/actuator heads

are mounted on the suspension support frame, so that each head is closely aligned

with the corresponding small magnet. These are labeled as: UL (Upper Left), UR

(Upper Right), LL (Lower Left), LR (Lower Right), and SIDE. Each head consists

of a shadow sensor, a coil, and a housing, see Fig. 2.8(b). The shadow sensor

consists of a light-emitting diode (LED), and a photodiode (PD), which is used

to sense the local relative position of the element. The current in the coil creates

a Lorentz force on the corresponding small magnet. The PD current (induced by

the local position fluctuations) is sent to the suspension control electronics, and

then fed back to coil actuators to damp the test mass.

There are four local damping loops for stabilizing the test mass: the POSITION

indicating the longitudinal motion of test mass, the YAW motion (rotation around

the vertical axis of test mass), the PITCH motion (rotation around the horizontal

axis of the test mass), and the SIDE motion (sidewards motion of the test mass).

The sensor voltages of the POSITION, PITCH and YAW degrees of freedom

are derived from the voltages of the sensors UL, LL, UR and LR, which can be

expressed as:


US:pos

US:pit

US:yaw

 = MS ·


US:UL

US:LL

US:UR

US:LR

 , (2.1)

where MS is an input matrix,
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MS =


MS:pos,UL MS:pos,LL MS:pos,UR MS:pos,LR

MS:pit,UL −MS:pit,LL MS:pit,UR −MS:pit,LR

MS:yaw,UL MS:yaw,LL −MS:yaw,UR −MS:yaw,LR

 . (2.2)

Reciprocally, the feedback control voltage for each sensor (UL, LL, UR, LR), is

related to the feedback voltages for the POSITION, PITCH and YAW degrees of

freedom, by an output matrix MF:


UF :UL

UF :LL

UF :UR

UF :LR

 = MF ·


UF :pos

UF :pit

UF :yaw

 , (2.3)

where

MF =


MF :UL,pos MF :UL,pit MF :UL,yaw

MF :LL,pos −MF :LL,pit MF :LL,yaw

MF :UR,pos MF :UR,pit −MF :UR,yaw

MF :LR,pos −MF :LR,pit −MF :LR,yaw

 . (2.4)

For the south arm cavity, both MS and MF are unit matrices. For example, the

POSITION sensor voltage signal is proportional to the sum of the voltage of each

sensor (UL, LL, UR, LR).

2.2.6 FP cavity locking

To study the high optical power effects in a FP cavity, it must be constantly locked

on-resonance to obtain high circulating power inside the cavity, i.e. the round trip

optical path length of the FP cavity must be maintained at an integer number of

laser wavelengths. In other words, the frequency of the input laser beam must be
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an integer number times the cavity Free Spectral Range (FSR)3.

The technique employed here to lock the optical cavity is the Pound-Drever-Hall

(PDH) reflection scheme [25], which was invented for laser frequency stabiliza-

tion. The basic idea behind this method is to utilize the FP cavity to measure

laser frequency. This measurement is then fed back so as to extinguish the laser

frequency fluctuations. The basic setup is shown in Fig. 2.7. This PDH method

uses a phase modulator (driven by a local oscillator) to impart radio frequency

(RF) phase modulation sidebands to the laser beam, generating a carrier field (at

frequency ω) and two RF sidebands (with frequency ω ± Ω) that are incident on

the FP cavity. The reflected beam is detected by a photodetector, whose output

contains a beat pattern with two frequencies: Ω terms arising from the interfer-

ence between the carrier field and the sideband signals, and 2Ω terms originating

from the sidebands interfering with each other. This output is then sent to a

mixer to compare with the modulation signal of the local oscillator. The mixer

output is the product of its input signals, which contains a DC component that

is extracted from the part at frequency Ω in the photodiode output signal. A

low-pass filter with a cut-off frequency less than the modulation frequency Ω is

used to isolate this DC term, giving an error signal. This error signal is propor-

tional to the cavity detuning, and is zero when the cavity is exactly on-resonance.

Lastly, it is fed back through a servo amplifier into the frequency tuning port

of the laser source, locking the laser frequency to the cavity (see a quantitative

model in Appendix B).

When cavity locking is obtained, a fraction of the cavity mode leaks through the

ETM, enabling the cavity mode and circulating power to be monitored by a beam

profiler (BP) behind the ETM (see Fig. 2.7). A lens with 500 mm focal length is

in front of the BP, ∼3 m away from the ETM. The BP is near the back focal plane

of the lens. Because of the very small divergence angle (∼ 4×10−5 rad) and large

Rayleigh range (> 200 m), the cavity mode can be considered as a collimated

beam impinging on the lens; it is then focused by the lens. The beam spot size

measured on the BP is proportional to the beam size on the ETM surface, which

is defined by [75]:

3The FSR is defined as ∆νfsr ≡ c/2L, where c is the speed of light and L is the length of
the cavity.
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w2
etm =

Lλe
π

√
g1

g2(1− g1g2)

=
Lλe
π
· 1

g2

√
g

1− g , (2.5)

where λe is the laser wavelength; L is the cavity length; g1 and g2 are the cavity

g-factors of the ITM and ETM, respectively, and g = g1 · g2. Here, the thermal

lens mainly occurs in the ITM substrate. It causes a very small optical absorption

in the ETM surface, i.e. g2 is effectively constant. Therefore, the hot cavity g-

factor (which varies due to the thermal lens in the ITM) can be determined by

measuring the beam spot size at the BP. The relation of this beam size between

the hot case (with the thermal lensing effect) and the cold case (without thermal

lensing) can be expressed as the ratio:

w2
BP hot

w2
BP cold

=

√
ghot

1− ghot√
gcold

1− gcold

. (2.6)

Here, ghot and wBP hot are the cavity g-factor, and the BP-measured beam size

in the hot cavity case, respectively; gcold and wBP cold are the cavity g-factor, and

the BP-measured beam size in the cold cavity case, respectively. Hence, the ROC

of the ITM thermal lens can be determined. An alternative way to determine this

ROC is by using an off-axis Hartmann Wavefront Sensor (HWS).

2.2.7 Hartmann Wavefront Sensor system

The Hartmann sensor was first invented for optical metrology over a century ago

[79]. Subsequently, this technique had a wide variety of applications in adaptive

optics, ophthalmology, and laser wavefront diagnostics. A key component of the

Hartmann Wavefront Sensor (HWS) is a Hartmann plate, which consists of a

thin metal plate with an array of apertures, mounted at a fixed distance in front

of a CCD camera. A schematic diagram of the basic operation of the HWS is
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Figure 2.9 – Schematic diagram of the Hartmann Wavefront Sensor oper-
ation. An incident wavefront travels along the z-axis through an aperture
array, illuminating a CCD array. Each of the diffracted spots on the CCD
array has a transverse displacement from a corresponding reference location
on the CCD. The incident wavefront can be determined by a method called
wavefront reconstruction.

shown in Fig. 2.9. A probing light propagates along the z-axis to the sensor,

illuminating the Hartmann plate along the way. Light passes through each of

the apertures, projecting an array of diffracted spots on the CCD surface. Each

of these diffracted spots has a transverse displacement from the origin Reference

Position, which is proportional to the average wavefront tilt over the aperture.

The HWS records this transverse displacement, and converts it into a wavefront

tilt over each aperture. The overall wavefront distortion is then determined by a

typical form of integration called wavefront reconstruction.

To measure the wavefront distortion induced by the thermal lensing effects, an

off-axis HWS system, developed by the University of Adelaide, has been installed

and tested in the Gingin HOPF [80, 81]. This HWS system allows an off-axis

measurement without interfering with the circulating beam inside the optical cav-

ity. The schematic layout of this system is shown in Fig. 2.5. The Hartmann

plate consists of a 50-µm thick brass plate, into which a hexagonally-close-packed

array of about 1000 apertures (150 µm in diameter, 430 µm pitch) has been laser-

drilled. A fiber-coupled superluminescent diode (SLD) that has a peak wavelength

at 800 nm, and a coherence length of order 10 µm, is used as the light source for

the sensor. The output beam is collimated using a lens Ht-L1 to create an 80
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ITM ETM CP
Material a-axis

Sapphire
m-axis
Sapphire

Fused Silica

Diameter (mm) 100 150 160
Thickness (mm) 46 80 17
Wedge Angle ∼300 µrad ∼0.175 rad
Radius of Curvature (m) flat 720±100 flat
High-reflection-coated
transmittance (ppm)

1840±100 20 N/A

Anti-reflection-coated
reflectivity (ppm)

29±20 12±12 <100

Thermal-conductivity
(W m−1K−1)

33 33 1.38

Absorption ∼50 ppm/cm N/A ∼5.5 ppm
Thermo-optic-coefficient
(dn/dT) (×10−6K−1)

13 13 10

FP cavity length ∼80 m
FP cavity finesse ∼1400
FP cavity FSR 1.88 MHz

Table 2.1 – Optical parameters of the Gingin HOPF south arm cavity.

mm diameter probing beam. A set of steering mirrors direct this probing beam,

which enters the vacuum tank; this beam travels through the CP and ITM at

an angle of ∼10 ◦. The lens Ht-L2 images the emerging beam onto the HWS.

Thermally-induced wavefront distortions of the probing beam are recorded by the

HWS system. The thermal lenses in the ITM and CP can then be determined by

analyzing these wavefront distortions.
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2.3 High Optical Power experiments

The aim of the Gingin HOPF is to provide a platform to study high-optical-power

operations of suspended optical cavities related to Advanced laser interferometers.

A series of experiments have been conducted on this facility, described as follows:

Firstly, we have observed strong thermal lensing effects in the south arm cavity.

When this cavity was locked, the radius of curvature (ROC) of the ITM was

changed to ∼2.5 km, from being initially flat, due to ∼0.5 W of optical absorption,

and this in turn caused the cavity resonant mode to change. The waist of the new

cavity mode decreased to ∼8.2 mm, from 8.7 mm, and moved towards the cavity

center, ∼16 m from the ITM surface. Such variations caused by the thermal lens in

the ITM can be recorded by a beam profiler, which measures the transmitted beam

size of the cavity mode (as described in Section 2.2.6). In addition, thermally-

induced wavefront distortions in the ITM and the CP have been directly measured

using the in situ ultra-sensitive Hartmann Wavefront Sensor (HWS) [81]. This

HWS sensitivity was λ/730, where λ=800 nm. The experimental results also

indicate that thermal lensing effects in the cavity could be corrected using a

fused silica compensation plate (CP). Through electrical heating of its cylindrical

surface, this CP became a negative lens, thus counteracting the thermal lens in

the ITM. Eventually, the effective ROC (ITM+CP) returned close to the initial

flatness of the ITM, i.e. the cavity resonant mode returned to its initial state.

In achieving this, a servo loop was used to adjust and maintain the CP at the

required thermal focal length; an error signal, derived from measurements of the

transmitted beam size, was fed back to control the heating power exerted on the

CP. In addition, power dependent astigmatism in the cavity mode shape, due to

inhomogeneous absorption inside the ITM sapphire substrate, has been measured

in this cavity. The results show that the sapphire test mass has relatively high

immunity to inhomogeneity, due to its high thermal conductivity.

Secondly, we have observed, for the first time, a three-mode opto-acoustic para-

metric interaction in the south arm cavity, in which the cavity fundamental mode

(TEM00 mode) and a first-order transverse mode (TEM01 mode) interact with a

resonant acoustic mode of the ETM. The first-order mode (sideband) was am-

plified by the interaction between the fundamental mode (carrier) and the low-

frequency acoustic mode. In a high-optical-power and low-loss system, such as
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that in an Advanced interferometric GW detector, these parametric interactions

are likely to lead to parametric instability (PI). The experimental results show

that the parametric gain R can be modified through thermal tuning of the optical

cavity g-factor by heating the CP. Furthermore, based on these observations, we

have tested an optical feedback control method for suppression of these three-mode

interactions. The results show that the excited TEM01 mode inside the optical

cavity can be controlled by injecting an extra TEM01 mode into this cavity. If the

two TEM01 modes are out-of-phase (negative feedback), the excited TEM01 mode

could then be restrained due to the resulting destructive interference. This gives

a proof-of-principle demonstration of optical PI suppression [62].

Thirdly, a high optical power in suspended cavities leads to optical spring effects,

both longitudinally and torsionally. Sidles and Sigg [71] announced that the tor-

sional optical spring effects may induce an angular instability for a suspended

cavity. We have observed a negative optical torsional rigidity in the south arm

cavity. The results support the predicted theory that the optical spring constant

is determined mainly by the cavity geometric parameters. A greater torsional op-

tical spring effect will result in a larger frequency shift of the pendulum resonant

frequency, which may disable the local control loop of the pendulum.

In addition to the above experiments conducted in the south arm cavity, advanced

vibration isolation and suspension systems, developed by the UWA group, have

also been constructed and tested in the east arm. A schematic diagram of the

vibration isolator is shown in Fig. 2.10. The pre-isolator consists of two horizontal

stages: an inverse pendulum, and a Roberts Linkage; and one vertical LaCoste

stage. All stages hve resonant frequencies below 0.1 Hz. The pre-isolation stages

are combined with multi-stage self-damped pendulums, where Euler springs are

used to obtain vertical normal modes well-matched to the pendulum frequen-

cies [82]. At the bottom of the multi-stage pendulum chain, a test mass is sus-

pended from the control mass by four niobium ribbons that are designed to min-

imize internal modes, and to provide a high Q-factor [83]. Currently, the test

mass consists of a fused silica mirror (50 mm in diameter and 30 mm thick) sup-

ported in an aluminum and stainless steel cylinder, to replicate a ‘real’ test mass

designed for use in an advanced vibration isolation chain. Two full-scale vibration

isolators have been installed in the east arm of the vacuum envelope to form a

72 m FP cavity. A Nd:YAG laser has been phase-locked to the cavity using the
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Figure 2.10 – Schematic of the advanced vibration isolation and suspen-
sion system. Three pre-isolation stages consist of: an inverse pendulum, a
Roberts Linkage and a vertical LaCoste stage. The isolation stack contains
three almost identical stages of self-damped pendulums with Euler springs.
The test mass is attached to a control mass, which can be actuated in the
PITCH, YAW and POSITION degrees of freedom.
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PDH technique [84, 85]. In the next stage, a pair of fused-silica test masses will

be assembled in the east arm cavity, which will be a very high-finesse FP cavity

together with a ∼50 W Nd:YAG laser source. This cavity will be specially used to

study self-sustained parametric instability, and to investigate approaches toward

its effective control.
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3.1 Preface

This chapter is based on two published papers, which were focused on the exper-

imental research on compensation of the strong thermal lensing effect, conducted

in the Gingin HOPF south arm cavity.
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As we have seen, Advanced GW detectors need to operate at extremely high

optical power level, in order to reduce the photon shot noise, which is among the

major limiting noise sources in an interferometric GW detector. However, residual

optical absorption in the substrates and coatings of the optical elements will cause

several serious problems, constrain improvements of the detector sensitivity, or

even disable the detector.

The first publication presents a strong thermal lensing effect induced by optical

absorption in the ITM substrate; it shows this effect can be corrected by heating

a fused silica compensation plate (CP). This paper was published in Physical

Review Letters in 2006. The author’s contribution to this project was mainly

on the experimental side, about 50%. The second paper was an extension of the

first project, including a study of the dynamic process of heating the CP, and

testing a negative feedback control system used for automatic compensation of

the thermal lensing effect; it was published in Review of Scientific Instruments

in 2008. A thermodynamic model of the CP was created with the ANSYS finite

element modeling package and Matlab, in order to study the dynamic change of the

thermal focal length after applying a desired heating power to the CP. A heating

transfer function was created based on these analyses. Meanwhile, a closed-loop

control model was built with the SIMULINK package in Matlab, which was used

to analyze the dynamic heating procedure of the servo system. All theoretical and

experimental work was completed by the author, with the guidance of A/Prof.

Chunnong Zhao.
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3.2 Compensation of Strong Thermal Lensing

Paper

Compensation of Strong Thermal Lensing

in High Optical Power Cavities

C. Zhao1, J. Degallaix1, L. Ju1, Y. Fan1, D. G. Blair1, B. J. J. Slagmolen2, M. B. Gray2, C. M. Mow

Lowry2, D. E. McClelland2, D. J. Hosken3, D. Mudge3, A. Brooks3, J. Munch3, P. J. Veitch3, M.

A. Barton4, and G. Billingsley4

1School of Physics, The University of Western Australia, 35 Stirling Highway, Crawley, WA 6009,

Australia
2Centre for Gravitational Physics, The Australian National University, Canberra, ACT 0200, Australia
3Department of Physics, The University of Adelaide, Adelaide, SA 5005, Australia
4LIGO, California Institute of Technology, Pasadena, California 91125, USA

In an experiment to simulate the conditions in high optical power

advanced gravitational wave detectors, we show for the first time that

the time evolution of strong thermal lenses follows the predicted infinite

sum of exponentials (approximated by a double exponential), and that

such lenses can be compensated using an intracavity compensation plate

heated on its cylindrical surface. We show that high finesse ∼1400

can be achieved in cavities with internal compensation plates, and

that mode matching can be maintained. The experiment achieves a

wavefront distortion similar to that expected for the input test mass

substrate in the Advanced Laser Interferometer Gravitational Wave

Observatory, and shows that thermal compensation schemes are viable.

It is also shown that the measurements allow a direct measurement of

substrate optical absorption in the test mass and the compensation plate.

3.2.1 Introduction

The first generation laser interferometer gravitational wave detectors are taking

data [86–90]. The Laser Interferometer Gravitational Wave Observatory (LIGO)

detectors have achieved their target design sensitivity, and yet this sensitivity
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is estimated to be only sufficient to detect large rare gravitational wave signals.

To achieve frequent detection of signals from firmly predicted sources, a tenfold

improvement in sensitivity is required. This will increase the sensitive range from

∼14 Mpc today to about 200 Mpc, leading to event rates of many per year [91].

To achieve this improvement, Advanced LIGO [14] and other second generation

detectors require a ∼100-fold increase in circulating laser power, in addition to

improvements in the interferometer configuration, test mass thermal noise, and

vibration isolation. This high power level is proposed to be achieved as follows:

125 W of stabilized laser power is injected into the interferometer. This is built up

to ∼2 kW inside the power recycling cavity, and further enhanced to more than

800 kW in the 4 km long Fabry-Pérot arm cavities. Such power levels create two

significant challenges. The first is to control parametric instabilities in the form

of radiation pressure-mediated opto-mechanical oscillation [55]. The second is the

control of strong thermal lensing in the beam splitter (BS) and input test mass

(ITM), which is the topic of this Letter. Figure 3.1 [14] shows the core optical

components of an advanced interferometer, with shading showing the temperature

build up in these components. Thermal lensing arises whenever absorbed light in

an optical substrate or coating creates a temperature gradient, which, via thermal

expansion and the thermo-optic coefficient, leads to wavefront distortion of the

optical modes of the interferometer [44, 46,47,49,92–94].

In Advanced LIGO, the absorption in the ITM substrate and coatings is predicted

to create a strong thermal lens with focal length ∼4.9 km [48], which is comparable

to the ITM mirror focal length of 1.038 km. Such strong thermal lensing will

normally cause an interferometer to either severely lose sensitivity or become

inoperable [46]. Already, compensation of thermal lensing due to excess absorption

in an ITM has been required in the initial LIGO interferometer [95]. In that case,

a CO2 laser beam was used to heat the back-surface of the ITM to cancel the

positive lens produced by absorption. Similar low level compensation has been

applied to the GEO 600 gravitational wave detector [96].

In this Letter, we report on the observation and characterization of strong thermal

lensing in a sapphire ITM, in which the magnitude of the distortion is similar to

that expected in Advanced LIGO. We demonstrate compensation using direct

heating of a fused silica compensation plate inside the cavity. We show for the

first time that the thermal lens evolves according to the predictions of Hello and
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ITM

ETM

PM

SM

PD 

BS

Laser 

Figure 3.1 – Simplified schematic diagram of the optical layout of an ad-
vanced interferometer: ETM, ITM, power recycling mirror (PM), signal re-
cycling mirror (SM), BS, photodiode (PD). Shading illustrates the thermal
lensing in the various components; the beamwidth signifies light intensity.

Vinet [93], and also that the results may be used to determine the average optical

absorption of both the test mass and the compensation plate.

3.2.2 Thermal Lensing Compensation Experiment

The experiment described here was performed at the Gingin High Optical Power

Facility (HOPF) [78] in Western Australia, which has been developed with the

specific goal of investigating the effects of high optical power as part of the LIGO

collaboration [97]. It has a maximum arm length of 80 m and currently has a

single frequency 10 W Nd:YAG laser [98]. The optical cavity was designed to

produce a maximum distortion that is as close as possible to the Advanced LIGO

conditions.

To achieve this, we use a Fabry-Pérot cavity with a reversed input mirror, so that

the high reflectivity coating is on the outside. This allows high power ∼1 kW to

traverse the substrate. The layout of the experiment is shown in Fig. 3.2, and the

parameters of the cavity are listed in Table 3.1. An intracavity compensation plate

(CP) placed within the cavity is conductively heated on its cylindrical surface, and

is located near the ITM. While the CP in our experiment is directly mounted on a
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Figure 3.2 – A schematic diagram of the experiment setup. The beam
from the 10 W laser is mode-matched into the Fabry-Pérot cavity formed
by the ITM back-surface and the ETM. The CP is placed near the ITM and
heated by 6 turns of nichrome wire insulated by Teflon tape. The Fourier
transform of the beam transmitted through the ETM is recorded by a CCD
camera placed near the back focal plane of the 50 mm diameter, 500 mm
focal length lens.

breadboard, in an advanced detector it would be suspended and radiatively heated

to avoid noise coupling. The measured cavity lifetime was about 118 ms, giving

a finesse of about 1400. The transmitted beam observed with a CCD camera was

used to characterize the thermal lens development.

Table 3.1 – Parameters of the FP cavity.

ITM ETM CP
Radius of curvature (m) Flat 720 Flat
Materials Sapphire Sapphire Fused silica
Diameter (mm) 100 150 160
Thickness (mm) 46 80 17
High-reflection (HR) coating
transmission (ppm)

1840± 100 20

Anti-reflection (AR) coating
reflectivity (ppm)

29± 20 12± 12 100

Cavity internal power (kW) 1.0
Cavity length (m) ∼80

The thermal lensing arises from radial temperature gradients in the test mass due

to the Gaussian profile laser beam, and radiative heat dissipation through the sides

of the mirror. This produces a net radial heat flow. The thermal variation of the

material refractive index and the elastic thermal expansion at the mirror surfaces

are the two dominant thermal aberrations. Hello and Vinet [93,94] predicted both

the steady-state and transient temperature distribution throughout a cylindrical

mirror for the case where the change in temperature due to absorption of optical
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power remains small compared to the external ambient temperature. The time

evolution of the thermal aberration per unit total absorbed power, for a concentric

laser beam passing through a cylindrical test mass of radius a and height h, is

given by an infinite sum of exponentials, as follows:

ψ(t, r) =
4βa4

Kh

∑
p,m

dm
ξm

[
1− e−αpmt

]

·
[

1− cos(uph/a)

up
− τsin(uph/a)

ξ2
m + u2

p

]
· J0(ξmr/a)

cpup
, (3.1)

where τ = 4εσT 3
0 a/K. Here ξm is the mth solution of the equation xJ1(x) =

τJ0(x), and up is the pth solution of the equation u = τcot(uh/2a). The terms dm

are the coefficients of a Dini series expansion of the azimuthally symmetric incident

intensity distribution, while αpm = K
ρCa2
× (ξ2

m + u2
p), and cp = 1 + a

uph
sin(uph/a).

The constants β,K, ε, and ρ are the thermo-optical coefficient, the thermal con-

ductivity, the emissivity, and the density of the test mass material, respectively,

and σ is the Stefan-Boltzmann constant. We show below that Eq. (3.1) can be

approximated as a sum of just two exponentials.

To enable modeling of arbitrary geometry, we used finite element modeling (FEM)

to calculate the time evolution of a thermal lens. Figure 3.3 compares the time

dependent optical path difference between the beam center and the beam waist

position calculated using Eq. (3.1) and a FEM model. We assumed an absorbed

power of 0.5 W, corresponding to a substrate absorption coefficient of 50 ppm/cm

and 1 kW circulating power.

The analytical results summed over the first 60 terms (dashed line) and the FEM

modeling results (asterisks) show excellent agreement. The radius of curvature

due to laser beam heating of the ITM substrate is about 2.5 km, even stronger

than that expected (4.9 km) for Advanced LIGO using fused silica as the test mass

material [48]. The solid line shown in Fig. 3.3 is the sum of two exponentials fitted

to the FEM model result, with time constants τ1 and τ2. This result is clearly a

good approximation to both the analytical and FEM results. We interpret τ1 as

due to the time constant for heating the Gaussian beam profile within the test

mass, while τ2 characterizes the much longer time it takes the test mass to radiate
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Figure 3.3 – Simulation results of ITM thermal lensing time dependence
when 0.5 W was absorbed; the dots are simulated results and the solid line
is the fitted curve using the sum of two exponentials with time constants of
0.76 s and 5.91 s.

heat through its sides and come into steady-state equilibrium with the heated

beam volume. For our sapphire ITM, we find that τ1 = 0.76 s and τ2 = 5.91 s.

It is interesting to note that the value of the time constants τ1 and τ2 depend

slightly on the mirror geometry, and so are only valid for this particular ITM.

The thermal lensing of the fused silica CP can be similarly modeled, yielding the

much longer time constants of τ1 = 7.40 s, and τ2 = 50.1 s.

The thermal lensing in the ITM causes the beam size on the end test mass (ETM)

to change correspondingly. The radius of the beam (w) on the ETM can be

expressed as a function of the laser beam wavelength, the cavity length (L) and

the radii of curvature of the ITM (R1) and ETM (R2) [75]:

w =

√
R2λ

π

(
L

R2 − L
)1/4 (

1 +
R2

R1

)−1/4

. (3.2)

In our case, R1 � R2, and Eq. (3.2) can be approximated as:
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w =

√
R2λ

π

(
L

R2 − L
)1/4 (

1− R2

4R1

)
. (3.3)

Eq. (3.3) implies that the beam radius w reduces linearly with the optical path

difference, because the latter is directly proportional to 1/R1.

Thus, we expect the time dependence of w to follow the sum of exponentials pre-

dicted above, with the same time constants. Using the configuration illustrated in

Fig. 3.2, the beam radius at the ETM can be calculated from the measured beam

radius on the CCD using a Gaussian beam propagation law. The experiment

consisted of measuring the beam radius as a function of time since cavity locking.

The time dependence of the beam radius at the ETM, and the transmitted power,

are plotted in Fig. 3.4. The imaged spots could be accurately described by a fun-

damental transverse mode Gaussian intensity profile, and no obvious asymmetric

distortion was observed. The cold-cavity beam radius at the CCD was 1.0 mm,

corresponding to a beam radius of 9.3 mm at the ETM. As expected, thermal

lensing at the ITM decreases the beam size at the ETM.
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Figure 3.4 – A plot of the measured time dependence of the beam radius
at the ETM (dots) and the result of a simulation in which only the power
absorbed by the ETM and CP were optimized (solid line). The cavity
circulating power (in arbitrary units) is shown by the upper set of data
points.

Since the time constants for the thermal lensing are known, only 2 free parameters,

the powers absorbed by the ITM and CP, are needed to fit the expected time
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dependence to the measurements. Thus, the time evolution of the thermal lens

provides a means of measuring the optical absorption of the ITM. The solid line in

Fig. 3.4 shows the fitted time dependence, which yields absorbed powers of 0.51 W

and 5.5 mW, respectively. Because the coating absorption is much less than the

substrate bulk absorption in the ITM, the above absorbed power corresponds to

an average bulk absorption of about 51 ppm/cm in the ITM. The power absorbed

in the CP is about 5.5 ppm.

Thermal compensation was simulated using a model similar to that used for the

simulation of the thermal lensing, with the addition of power from the heating

ring. The results, shown as squares in Fig. 3.5, agree reasonably well with the

measurements.
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Figure 3.5 – Time dependence of the measured and simulated ETM beam
radius during thermal compensation. Optical power storage commenced at
t = 0; CP heating power was turned on at 450 s, and turned off at 4026
s. The power transmitted through the ETM, which is proportional to the
stored cavity power, is also shown.

3.2.3 Conclusions and Future Work

In conclusion, we have observed significant wavefront distortion due to optical

absorption in the substrate of a mirror, using conditions that are similar to those

expected in Advanced LIGO. The observed distortion is consistent with that ex-
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pected from modeling, and could lead to a significant reduction in sensitivity, and

perhaps instrument failure. The time evolution of thermal lensing shows a double

exponential dependence, in agreement with the predictions of our finite element

model [47], and with the analytic model of Hello and Vinet [93]. Measurement

of the thermal time constants allow an accurate estimate of the test mass optical

absorption. We have also shown that this distortion can be compensated using

a conductively heated, fused silica compensation plate. Furthermore, it appears

feasible that the compensation could be maintained by a system in which the

transmitted beam size is used to define an error signal for feedback control.

An off-axis Hartmann wavefront sensor will shortly be installed at HOPF, which

will allow spatially resolved, sensitive measurements of the wavefront distortion

in the ITM and CP [80]. An auto-alignment system [78] will be implemented to

prevent the thermal drift effects observed in Fig. 3.5.
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3.3 Thermal Lensing Closed-loop Control Paper

Feedback Control of Thermal Lensing

in a High Optical Power Cavity
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This paper reports automatic compensation of strong thermal lensing

in a suspended 80 m optical cavity with sapphire test mass mirrors.

Variation of the transmitted beam spot size is used to obtain an error

signal to control the heating power applied to the cylindrical surface of

an intracavity compensation plate. The negative thermal lens created

in this plate compensates the positive thermal lens in the sapphire test

mass, which is caused by absorption of the high intracavity optical

power. The results show that feedback control is feasible to compensate

for the strong thermal lensing expected to occur in advanced laser

interferometric gravitational wave detectors. Compensation allows the

cavity resonance to be maintained at the fundamental mode, but the

long thermal time constant for thermal lensing control in fused silica

could cause difficulties with the control of parametric instabilities.

3.3.1 Introduction

The first generation laser interferometric gravitational wave detectors, such as

LIGO [10], VIRGO [99], GEO600 [100], and TAMA [101], have approached their

design sensitivity. The planned second generation detectors, such as Advanced

LIGO [14], LCGT [18] and AIGO [102] will improve the strain sensitivity to

h∼10−24/
√

Hz. Such detectors are very likely to detect gravitational waves from

known sources. To reach the required strain sensitivity, improvements include

substantially increased optical power to reduce shot noise. For example, in Ad-



3.3. Thermal Lensing Closed-loop Control Paper 67

Figure 3.6 – Layout of the Advanced LIGO interferometric detector. BS
represents the Beam Splitter, and ITM represents the Input Test Mass;
ETM, End Test Mass; PRM, Power Recycling Mirror; SRM, Signal Recy-
cling Mirror. The incident laser Power is 125 W, leading to about 2.1 kW
in the power recycling cavity, and 830 kW in the arm cavities.

vanced LIGO, as shown in Fig. 3.6, the input optical power will be increased to

125 W leading to 2.1 kW of power in the power recycling cavity, and about 830

kW of power in the 4 km length Fabry-Pérot interferometer arm cavities. How-

ever, at such a high optical power, even very low levels of absorption in the core

optics substrate and dielectric coatings induce significant thermal lensing [44].

This thermal lensing causes wavefront distortion which would prevent the detec-

tor from achieving high sensitivity, and could even lead to serious degradation of

the operation of the interferometer [45–47].

Various thermal compensation methods have been proposed and tested.

Lawrence [49] demonstrated that a ring radiative heater, inserted near the test

mass, could compensate gross axisymmetric thermal lensing effects by creating

a negative thermal lens. A scanning CO2 laser beam was used to compensate

the non-axisymmetric wavefront distortion caused by the inhomogeneous absorp-

tion [50]. Based on this research, a thermal compensation system, including a

servo system, was developed for LIGO. It consists of a 10 W CO2 laser that uses a

mask, with either a central spot or an annular pattern, to obtain different heating
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Figure 3.7 – A schematic diagram of the experimental setup at the HOPF
in Gingin. A Fabry-Pérot cavity consists of two suspended sapphire mirrors,
separated by ∼80 m. A ∼4 W Nd:YAG laser is injected and phase-locked
into the FP cavity. The Compensation Plate is inserted inside the cavity
close to the ITM. The CCD located behind the ETM is used to measure
the transmitted beam profile. The Controller produces an error signal from
the measured beam diameter change, and this is used to control the power
applied to the heating wire of the CP.

modes [51,103].

For proof-of-principle experiments in cylindrical symmetry, we chose to use a

compensation plate (CP) encircled by a heating ring in close thermal contact with

the circumference of the plate. This CP was made from fused silica. A nichrome

heating wire was wrapped around its cylindrical surface [48]. The experiment

was performed at the Gingin High Optical Power Facility (HOPF) [104] of the

Australian Consortium for Interferometric Gravitational Astronomy (ACIGA).

The experimental setup is illustrated in Fig. 3.7. The CP is placed inside a Fabry-

Pérot (FP) cavity close to the input mirror (∼150 mm). Compensation occurs by

creating an opposite thermal gradient matched to the laser beam-induced thermal

gradient in the test mass mirror. The FP cavity consists of two suspended sapphire

mirrors, the input test mass (ITM) and the end test mass (ETM), which are

separated by ∼80 m. To enhance the thermal lensing effect, the ITM is reversed

to have its high reflectivity coating on the outside. A high quality anti-reflective

coating is placed on the inner surface of the ITM. The CP and the two mirrors are

in vacuum, ∼10−6 mbar. A∼4 W Nd:YAG laser beam is injected and phase-locked

into the FP cavity using the Pound-Drever-Hall stabilization technique [25]. The

CCD camera, located behind the ETM, measures the transmitted beam profile

leaking through the ETM. A lens images the plane of the ETM onto the CCD

with a suitable demagnification to match the camera. A controllable DC power

supply applies heat to the CP. The controller is the key component in the closed-
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Figure 3.8 – A schematic diagram based on a Finite Element Model for
correcting strong thermal lensing in the test mass by circumferential heating
of a compensation plate (CP). The color scale indicates temperature in the
sapphire test mass; the temperature in the CP is much higher. The CP
is placed near the sapphire test mass, and generates an opposite thermal
gradient to the thermal lens in the test mass.

loop control system. It is used to control the heating power according to an error

signal derived from the transmitted beam spot size measured by the CCD camera.

In this paper, we present the results of applying a feedback control system to au-

tomatically compensate for the thermal lensing effect. In Section 3.3.2, we discuss

the simulation of heating the compensation plate using finite element modeling.

We show the time evolution of the thermal focal length of the compensation plate

after applying a constant heating power. In Section 3.3.3, we discuss the experi-

mental results and their comparison with those from the simulation of the control

loop.

3.3.2 Simulation of Heating the Compensation Plate

The substrate of the CP is made from fused silica, which has very low optical

absorption (∼2 ppm/cm) and high homogeneity. Heating the circumference of

the CP induces an optical path change in the CP as a result of the thermo-
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Figure 3.9 – (a) Temperature distribution (K) inside the CP substrate,
from a simulation result of applying 5 W of heating power for 2 hrs. (b)
Time evolution of the inverse of the CP focal length. The blue dotted curve
is the simulated data. The solid curve is the exponential fitting result. The
negative values indicate a concave lens. The graph shows that this is a slow
process, due to the small thermal conductivity of the CP.

optic effect. The CP thermal lens has a similar profile to a negative lens, which

counteracts the positive lens in the test mass due to absorption of the high optical

power laser beam, as shown schematically in Fig. 3.8. Here, the thermal lensing

in the CP is negligible due to the fairly low optical absorption [105]. We ignored

the contribution of the relatively small thermal expansion effect, which is only

∼6% of the thermo-optic effect [46].

Due to the low thermal conductivity of fused silica, the thermal time constant

for the CP to reach a steady-state temperature gradient is very large, about few

thousands of seconds. In order to analyze this heating process, we built a thermo-

dynamic model of the CP by using the ANSYS finite element modeling package,

and evaluated the time evolution of the thermal focal length of the compensation

plate. Figure 3.9(a) shows the temperature distribution (K) inside the CP sub-

strate after heating for 2 hours with 5 W heating power. Figure 3.9(b) shows the

time evolution of the inverse of the focal length of the CP. We see growth of the

negative lens. Quasi-steady-state is achieved in about 1.5 hours. The solid curve

is the exponential fit with a time constant ∼1000 s. The relatively large diam-

eter (160 mm) of the CP compared to the beam spot size (∼17 mm), combined

with the low thermal conductivity of fused silica, result in very a large phase lag

between sensing and actuation. We can see in Fig. 3.9(b) that the CP curve is

nearly flat in the first 5 minutes of heating. We approximate this to 1/f = 0 in
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the curve fitting. The inverse of the focal length y is expressed analytically as:

y(t) =

 0, t ≤ t0

A · (e− t−t0τ − 1), t > t0
, (3.4)

where A is the amplitude, τ is the time constant and t0 is the delay time. The

partner function of y(t) in the s-domain, after taking the Laplace Transform, is:

Y (s) =
−A · a

s · (s+ a)
· e−st0 , a = 1/τ. (3.5)

The exponential factor e−st0 is due to the time shifting of t0. Y (s) is the key

equation for the simulation of the feedback control system. We will discuss it in

Section 3.3.3.

3.3.3 Experimental Results and Simulation of the Closed-

loop Control

3.3.3.1 Heating CP experiment

The thermal lensing effect created by the high optical power induced a change

in the beam spot size. This change was measured by using the CCD camera, as

shown in Fig. 3.7. The beam radius ω on the ETM can be expressed as follows [75]:

ω =

√
R2 · λ
π
· ( L

R2 − L
)1/4 · (1 +

R2

R1

)−1/4, for R1 � R2 , (3.6)

where λ is the laser beam wavelength, L is the cavity length, R1 and R2 are the

radius of curvature of the ITM and ETM respectively. For the AIGO FP cavity,

the ITM is flat in the cold case, i.e. R1 =∞. With ∼4 W input laser power, the

circulating power reaches ∼1 kW. Then the R1 became ∼2.5 km due to the laser

beam heating the ITM substrate, which in turn decreased the beam spot size on

the ETM. In the same way, heating the CP also induces a beam size change in

the cavity. Figure 3.10 shows the time trace of the transmitted beam spot size
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Figure 3.10 – The time evolution of the transmitted beam diameter due to
∼10 W heating power applied to the CP. The blue dots are the experimental
data measured by the CCD camera. The dips and peaks in the data occur
when the cavity lost lock, and was re-locked. The red solid line is the
simulation result.

variation after applying about 10 W heating power to the CP. The beam spot size

at the CCD is about 0.1 of the spot size on the ETM. The blue dotted curve is

the experimental result for the transmitted beam diameter change. Due to the

thermal lens of the ITM alone, with ∼1 kW circulation power, the transmitted

beam diameter measured at the CCD was changed from 1.56 mm to 1.31 mm

in a very short time, ∼2 minutes. The heating system began to heat the CP at

t = 0 (t is the time scale denoted in Fig. 3.10). The beam spot size had minimal

change in the first 5 minutes, and then began to increase exponentially for about

20 minutes, before beginning to stabilize due to radiative heat loss. The spikes in

the experimental curve were due to losing and regaining cavity lock.

The solid curve in Fig. 3.10 is the analytic time evolution of the transmit-

ted beam size. It was simulated with a virtual FP cavity system modeled in

SIMULINK [106]. The FP cavity model is shown in Fig. 3.11. It contains a CP

transfer function model and a beam size calculation block. The transfer function



3.3. Thermal Lensing Closed-loop Control Paper 73

F-P Cavity System

P_ht
1/f diam_ccd

H(s)

1

Out1

In1 Out1

calc_beam_size
Transport

Delay

-K-
num(s)

den(s)

CP Transfer Fcn

1

In1

Figure 3.11 – Schematic diagram of a FP cavity system modeled in
SIMULINK of Matlab. The system contains the transfer function model
H(s) and a beam size calculation block used to compute the beam spot size
corresponding to the change of CP focal length.

model H(s) was obtained based on Eq. (3.5), assuming that the input heating

power is a step function of time:

H(s) =
Y (s)

1/s
. (3.7)

The Transport Delay block in Fig. 3.11 denotes the time delay e−st0 in Eq. (3.5).

The H(s) model evaluates the CP focal length as a function of the input heating

power and heating time. This variation in CP focal length changes the radius of

curvature of the combined mirror (ITM+CP), which in turn changes the beam

spot size of the cavity mode. We ignored the change of the intracavity power,

which was only ∼0.2% power loss owing to mode mismatch between the input

beam mode and cavity mode [46], i.e. the thermal lens of the ITM was kept con-

stant. The beam size calculation block uses Eq. (3.6) to compute the transmitted

beam spot diameter corresponding to the value measured by the CCD. The R1

value used here is the radius of curvature of the combined mirror (ITM+CP).

The solid line in Fig. 3.10 is the time-dependent change in the beam size with

5 W input heating power. The heating power value in the simulation is about

half that used in the experiment. This is a result of using only the ideal thermal

absorption in the simulation and ignoring thermal losses. In practice, there were

insulated multilayers of Teflon tape wrapped around the circumference of the CP

between the heating wire and the CP. The heating wire was not in thermal equi-

librium with the CP circumference, and a significant fraction of heating power

was radiated.
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Figure 3.12 – (a) The time evolution of the transmitted beam size as the
feedback control system was applied. The blue dots are experimental data
while the solid curve is the analytic result evaluated in SIMULINK. (b)
Plot of measured time dependence of the heating power applied onto the
CP (dashed curve). The solid curve is the simulation result, which shows
that the heating power is about half of the measured power, in agreement
with previous analysis.

3.3.3.2 Feedback control experiment

We performed the experiment discussed above, and demonstrated closed-loop

feedback control of thermal lensing compensation. The results are shown in

Fig. 3.12. Figure 3.12(a) shows the time evolution of the transmitted beam diam-

eter. The heating started at t = 0 (time scale shown in the Figure), and achieved

stable thermal equilibrium about 3.5 hours later. The transmitted beam diameter

finally reached the desired beam spot size of 2.7 mm, corresponding to ∼17 mm

diameter at the ETM. This beam spot size is different from that in Fig. 3.10,

due to a different distance between the lens and the CCD camera. Figure 3.12(b)

shows the time dependence of the heating power applied to the CP. It shows that

the heating power is adequate to compensate for the thermal lensing effect in the

current FP cavity system in HOPF. The experimental heating power curve shows

deviations between ∼1.7 and ∼2.5 h, which are due to the cavity losing lock, and

being re-locked.

We also created a closed-loop control model in SIMULINK to simulate the feed-

back control loop, as shown in Fig. 3.13. The system is stable with about 70

degrees phase margin. Unit gain occurs at ∼5.3× 10−5 Hz. The model consists of

the FP cavity system and a controller subsystem. The controller block contains
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Figure 3.13 – Schematic diagram of the feedback control system. The
system includes the FP cavity system and a controller to tune the heating
power to maintain the beam size at a desired value.

a simple proportional-integral controller used to control the transmitted beam

spot size by varying the heating power applied to the CP. Its input signal is the

error signal, which is the difference between the real beam size and the reference

value. The output signal is the heating power applied to the CP. The results from

this simulation model are in good general agreement with the experimental data.

The simulated beam diameter trace is plotted as the solid curve in Fig. 3.12(a),

and the simulated heating power is plotted as the solid curve in Fig. 3.12(b). As

previously analyzed, due to the neglect of thermal losses, the simulated heating

power value is ∼2 times less than the actual one. The beam diameter reached its

peak value after ∼1 h heating, thereafter maintaining a value of 2.7 mm.

3.3.4 Conclusions and Future Work

In conclusion, we have studied the heating procedure of the fused silica compen-

sation plate, and demonstrated a negative feedback control system for thermal

lensing compensation through monitoring the transmitted beam size change.

There are several problems with the method used here, which need not affect its

application in a full-scale interferometer. Firstly, we found that great care was

needed to ensure that the CP was accurately centered on the cavity beam. Oth-

erwise, heating the CP induces a deflection of the beam, which in turn affects the

circulating power as well as the beam spot size. Secondly, direct circumferential

heating of the CP using resistance wire could introduce seismic noise through non-

ideal antireflective coatings. A heating method, such as CO2 laser heating, is far
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more flexible. Still, the importance of careful co-alignment of the test mass and

the compensating lens is critical to avoiding compensation-induced distortions.

An off-axis Hartmann wavefront sensor has been installed and demonstrated in

HOPF [80, 81]. In the next stage, we plan to achieve automatic control by using

the Hartmann sensor to monitor the thermal lensing and thermal compensation

in both the test mass and the compensation plate. Another potential problem

relates to the link between thermal lensing and parametric instabilities [53]. Such

instabilities have been recognized as a potential risk for Advanced laser interfer-

ometric gravitational wave detectors. The parametric gain can be adjusted by

tuning the frequency spacing between the optical modes through changing the

radius of curvature of one mirror of the cavity [55]. We have observed three-mode

interactions by thermally tuning the radius of curvature of the CP. A closed-loop

system, such as the one we have demonstrated, could be used to adjust and main-

tain the CP at a desired thermal focal length. However, the long thermal time

constants mean that dynamical changes on timescales below the time constant

cannot be controlled, and slow radius of curvature changes are likely to occur for

∼1000 seconds after the interferometer input power is altered. This could cause

the interferometer to pass through regions of parametric instability. On long

timescales, thermal compensation offers a possible way to reduce the parametric

gain, by allowing the effective radius of curvature to be controlled.
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4.1 Preface

This chapter introduces an investigation of thermally-induced cavity mode shape

astigmatism, due to inhomogeneous absorption in a sapphire test mass. The

power-dependent astigmatism can be measured by monitoring the variation in

the intensity profile of the transmitted light from the ETM. Meanwhile, such

distortion effects were also analyzed using an optical FFT code, which was written

by Jerome Degallaix. The author modified part of the code, in order to analyze

an extremely inhomogeneous absorption model, i.e. a sapphire test mass with 100

ppm/cm absorption on one side of a diameter, and 50 ppm/cm on the other side.
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This work led to a paper written by A/Prof. Ju, which has gone through the LSC

(LIGO Scientific Collaboration) review, and will be submitted soon. The author’s

contribution is 50% of the experimental work, and 70% of FFT modeling.
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4.2 Investigation of Astigmatism Paper

Power-dependent Astigmatism in Sapphire

Fabry-Pérot Cavity with Strong Thermal Lensing
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Australia
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Advanced interferometric gravitational wave detectors require high optical

power to be transmitted through large optical test masses. We review the

advantages and disadvantages of single crystal sapphire as a test mass

material, and investigate the thermal lensing and distortion effects in a

high optical power sapphire test masses cavity, due to both uniform and

inhomogeneous absorption, using FFT modeling. We compare simulated

results with experimental studies of a ∼80 m optical cavity, in which up

to 1.2 kW of optical power passes through a sapphire substrate. Both

modeling and experiment suggest that the high thermal conductivity of

sapphire reduces the effects of inhomogeneity.

4.2.1 Introduction

While the LIGO (Laser Interferometer Gravitational-Wave Observatory) [107]

has achieved design sensitivity, and VIRGO is operating close to design sensi-

tivity [108], an intensive effort is underway to develop advanced second and third

generation detectors which will have at least 10-fold greater strain sensitivity.

To achieve improved sensitivity, it is likely that much higher circulating optical

power is required in the detectors. Typical designs require 800 kW of circulating

power in the arm cavities, and 1 kW of power in the power recycling cavity, which

passes through the beam splitter and input test mass (ITM) substrates. With
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high optical power passing through optical components, it is crucial that absorp-

tion inhomogeneity does not cause severe wavefront distortion, thereby preventing

interferometer operation at the designed power level. Theoretically, it is possible

to correct inhomogeneous absorption by thermal compensation schemes, such as

those used for thermal lensing compensation [47, 49]. However, compensation

could prove difficult if the inhomogeneity is large.

All detectors to date, except the CLIO detector [109], have used fused silica as the

test mass. Fused silica has high homogeneity and low optical absorption. It also

has very low thermal conductivity, which means that its thermal response time is

very slow. An alternative material, sapphire, has very high thermal conductivity,

but larger optical absorption with significant inhomogeneity. Typical absorption

in sapphire is 50 ppm/cm [110], while for fused silica the absorption is less than 1

ppm, with very good homogeneity [105]. Extensive research on the homogeneity

of sapphire test masses has revealed quite large inhomogeneity in all measured

samples of size larger than a few cm.

The high thermal conductivity of sapphire is very advantageous. For cryogenic

applications, it enables test masses to be cooled efficiently. Once cooled to be-

low about 40 K, the thermal expansion coefficient and temperature dependence

of the refractive index become extremely small. Under these circumstances, in-

homogeneous optical absorption is not an issue. However, for operation at room

temperature, inhomogeneity absorption could give rise to significant wavefront

distortion. Sapphire also has an advantage that its acoustic mode density is low

in the 10-100 kHz range, in which opto-acoustic scattering can give rise to para-

metric instability [54]. The lower acoustic mode density in sapphire reduces the

risk and magnitude of this problem by a factor ∼3.

The above two advantages – low acoustic mode density and short thermal re-

sponse time – provide the rationale for further investigation of sapphire. These

advantages are actually strongly linked, because thermal tuning of the test mass

mirror is a powerful means of minimizing parametric instability [55,111]. Thermal

tuning can be accomplished in sapphire in times of ∼10 s, whereas the timescale

is ∼1000 s in fused silica.

The purpose of this paper is to investigate the effects of inhomogeneity in high

optical power sapphire test masses cavities. In the High Optical Power Facility
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(HOPF) of the Australian Consortium of Interferometric Gravitational Astronomy

(ACIGA), we have used sapphire test masses to study thermal lensing, parametric

instability, and optical spring effects in high power cavities. The GEO project has

investigated comparable power passing through a fused silica beamsplitter [105].

Here, we investigate a single cavity configuration, in which a sapphire ITM has its

substrate located inside the cavity. In this configuration, the substrate experiences

the full intra-cavity power, and thermal lensing of the substrate is maximized.

Thus, the thermal and inhomogeneity effects are comparable to those in the power

recycling cavity of an Advanced detector, where the ITM substrate is inside the

power recycling cavity. This experiment provides a test of sapphire test masses at

power levels to be used in Advanced gravitational wave detector power recycling

cavities.

For this paper, we compiled data on sapphire homogeneity, and used it in sim-

ulations of an ∼80 m optical cavity. We obtain predictions of the transmitted

beam astigmatism, which is compared with the experimental measurements of

transmitted beam astigmatism in a high power cavity. Both the model results

and the experimental results show that sapphire test masses have relatively high

immunity to inhomogeneity, because of the high test mass thermal conductivity.

In Section 4.2.2, we present the experimental configuration that we have investi-

gated. In Section 4.2.3, we present data on sapphire absorption which provides

typical input data for our modeling. In Section 4.2.4, we present the results of

FFT modeling, where we search for power-dependent astigmatism due to inhomo-

geneous absorption structures. In Section 4.2.5, we present experimental results,

which show that while homogeneous thermal lensing is easily detected, the effects

of inhomogeneity are weak, and comparable with the modeling results.

4.2.2 The high optical power cavity parameters

Both the modeling described in Section 4.2.4, and the experiment described in

Section 4.2.5, are based on an 80 m high optical power cavity arrangement, as

shown schematically in Fig. 4.1(a). The substrate of the ITM is reversed compared

to the normal cavity ITM arrangement (see Fig. 4.1(b)). The parameters of the

test masses are listed in Table 4.1. The ITM substrate is exposed to a similar

level of laser power as it would occur in the power recycling cavity of an Advanced
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interferometer, as illustrated in Fig. 4.1(b). In this case, the critical area is the

power recycling cavity formed by the power recycling mirror (PRM) and ITM of

the interferometer, in which about 1 kW circulates through the beam splitter and

the ITM.

(a)

4W 

(b)

1.2kW

ITM

ITMPRM ETM

ETM

100W 1kW 800kW 

To the second arm 

Figure 4.1 – Comparison of the model and experimental configuration
for this paper, with a power recycled interferometer configuration. (a)
Schematic of a high power optical cavity with an internal substrate on the
ITM. (b) Schematic of one arm of an actual gravitational wave detector
cavity configuration, for which the power recycling mirror (PRM) and the
ITM create an equivalent cavity to (a).

Material Radius of
Curvature

Dimensions
(mm)

HR coating
Transmission

AR coating
Reflection

ITM sapphire Flat φ100×46 1800±400
ppm

<100 ppm

ETM sapphire 720 m φ150×80 <50 ppm <300 ppm

Table 4.1 – Nominal specifications of the input test mass (ITM) and end
test mass (ETM).

The configuration shown in Fig. 4.1(a) is clearly strongly susceptible to thermal

lensing. On locking the laser to the cavity, the thermal lensing moves the cavity

waist toward the end test mass, which causes a reduction of the transmitted spot

size. This reduction occurs over a thermal relaxation time ∼15 s, after which

the system achieves dynamic equilibrium. The thermal lensing effect has already

been reported [48,112]. Here, our focus is on the effects of inhomogeneous thermal

lensing, which will introduce astigmatism and other higher order distortions in the

transmitted beam.
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To quantify the effects of inhomogeneity, we require absorption inhomogeneity

data on typical optical quality sapphire material. This is the focus of the next

Section.

4.2.3 Inhomogeneous optical absorption in sapphire

(a) (b)

(c) (d)

Figure 4.2 – Average absorption maps of four sapphire samples displayed
in false color. The x and y axes denote distance in mm. Note the different
absorption scales for each graph. (a) Sample A: UWA sample 1 (φ150×6
mm) with point defects. The overall absorption is ∼60 ppm/cm, with point
defects up to 120 ppm/cm; (b) Sample B: UWA sample 2 (φ150×6 mm) with
inhomogeneous structure; (c) Sample C: LIGO Caltech sample 1 (φ314×131
mm); (d) Sample D: LIGO Caltech sample 2 (φ314×131 mm). Map C and
D data are provided by G. Billingsley and A. Remillieux.

Here, we compare absorption maps of several sapphire samples from Crystal Sys-

tems (Hemlite grade), all manufactured using the heat exchanger method. These

samples are all orientated with the a-axis along the cylindrical axis. We ob-

tained sapphire absorption profile data [113, 114] measured at Laboratoire des

Matériaux Avancés (LMA), using the photo-thermal deflection technique [115].

Fig. 4.2 shows absorption maps of 4 sapphire samples, at cross sections through
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Figure 4.3 – Example of absorption through the thickness of sapphire
sample A, along a line 50 mm from the center of the crystal (see insert).

Table 4.2 – The range of absorption for 3 different spot sizes, for Samples A, B, C and
D.

Size Sample Aa (ppm/cm) Sample B (ppm/cm) Sample C (ppm/cm) Sample D (ppm/cm)
(mm) Range Mean Std Range Mean Std Range Mean Std Range Mean Std

20 9-45 29 4.8 35-111 83 20.5 32-60 37 5.1 14-34 23 3.6
60 9-55 31 5.1 29-111 68 23.8 32-96 50 14.3 13-35 25 3.0

120 9-57 33 6.3 20-138 64 28.6 32-100 61 16.2 14-44b 28 3.6

aSample A: data has 3 point defects of 118 ppm, 76 ppm and 68 ppm removed.
bOne point defect of 66 ppm was removed.

the centers of the cylinders. It can be seen that all these samples have differ-

ent degrees of inhomogeneous structures. Sample D has lower absorption and

has the least overall inhomogeneity, although this sample was slightly pink col-

ored. Table 4.2 shows the absorption variations for these 4 samples. We consider

three cases: the variation across a central area of (1) 20 mm (comparable to the

spot size at the ITM in the 80 m cavity of the experiment reported here), (2)

60 mm, and (3) 120 mm, which corresponds to that expected on an Advanced

long-baseline interferometer. The data shows a high degree of inhomogeneity in

these samples. For example, across the central 120 mm diameter of sample D, the

absorption fluctuates from 14 to 44 ppm/cm, while for the worst sample (sample

B), it fluctuates from 20 to 138 ppm/cm.

In addition to the maps in Fig. 4.2, we have several lines of absorption data

sampled parallel to the cylinder axis for each sample, such as the example in
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Fig. 4.3.

From these data, we can determine the integrated absorption along the thickness

of the cylinder. Fig. 4.4 shows the integrated absorption versus path length for

the 4 sapphire samples, at different positions along the samples.

It can be seen that samples A, B and D have integrated absorption between the

homogeneous absorption boundaries of 30 ppm/cm (curve 12) and 65 ppm/cm

(curve 11). However, sample C shows a drastic variation of the integrated total

absorption from 450 ppm (curve 5) to 1200 ppm (curve 6), corresponding to

a mean absorption variation of between 30 ppm/cm and 92 ppm/cm. Sample

D shows integrated absorption from 480 ppm (curve 8) to 580 ppm (curve 10),

corresponding to a mean of 41±4 ppm/cm. Fig. 4.4 also shows an experimental

result for the sapphire test mass used as the ITM in the 80 m cavity reported

here. The integrated absorption (over a sample thickness of 46 mm) has a mean

value of 51 ppm/cm of absorption. This result was measured in situ from the

observed thermal lensing [112]. We see that this absorption data appears to lie

in the typical range encompassed by samples A, B and D. Thus, we infer that

the sample used in the experiment reported in Section 4.2.5 is typical of most

material. Unfortunately, it was impractical to obtain a 3D absorption map for

this sample, which is retained in a clean high vacuum environment for ongoing

experiments.

4.2.4 Theoretical simulation of the inhomogeneity effects

In a Fabry-Pérot cavity with perfect mirrors (spherical and/or flat), the funda-

mental TEM00 mode is Gaussian. However, if there is a source of wavefront

distortion inside the cavity, the mode shape will be modified. This effect can be

observed in changes in the intensity profile of the transmitted beam. We have

already shown [112] that the transmitted beam spot size can be used to probe the

thermal lensing from homogeneous absorption.

Here, we consider a higher order effect– astigmatism of the transmitted beam – as

a probe of the inhomogeneous absorption. It is important to note that, even with a

homogeneous test mass, the thermal lensing-induced distortion of the cavity mode

will not be cylindrically symmetric, even for isotropic materials. This is due to the
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Figure 4.4 – Absorption versus path length of 4 sapphire samples. Graph
(a) is an enlarged part of graph (b), as indicated. The solid lines are those
along the central axis of the samples, denoted (0) in the legend. The dotted
and dashed lines are those on lines at 50mm offset from the center axis,
denoted (+/-50 mm) in the legend. The straight solid lines (curves 11 and
12) represent integrated uniform absorption of 30 ppm/cm and 65 ppm/cm,
respectively. The big dot in (a) corresponds to the mean integrated absorp-
tion of the sapphire test mass used as the ITM in the 80 m cavity reported
in this paper.

fact that the absorption-induced thermal stress in the test mass is radial, while

the laser beam is linearly polarized. This causes non-uniform birefringence, which

introduces astigmatism [116]. Thus, any test mass with high intensity linearly

polarized optical power will experience an astigmatic distortion of the mode. If

the sapphire substrate has inhomogeneous absorption, the absorbed power will

create an extra inhomogeneous temperature distribution within the substrate.

Thermal conductance will act to reduce the amplitude of temperature differences.

However, at a sufficiently high power, the inhomogeneous absorption should give

rise to an observable astigmatism, through the finite thermo-optic coefficient of

sapphire.

Using the Melody software package, which models thermal lensing in optical com-

ponents and interferometers [117], we simulated the wavefront distortion due to

the thermal effect for different absorbed powers. The model is applied to the

cavity configuration of Fig. 4.1(a). The cavity mode shapes were then calculated

using an optical FFT code – OSCAR (Optical Simulation Containing ANSYS

Results) [118]. This code can simulate the optical electric field in FP cavities with

non-spherical mirrors. The code used a grid size of 256×256 pixels to represent a

space of 58 mm by 58 mm. The technical details of this FFT code can be found
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(a)    (b) 

100ppm/cm

50ppm/cm 

Figure 4.5 – Optical path difference due to inhomogeneity. (a) An ex-
treme inhomogeneous test mass absorption model. (b) Central 20 mm2

area optical path difference due to extreme inhomogeneous absorption, with
normalized 1 W absorption and uniform thermal effect subtracted. The ir-
regularity in graph (b) is due to the numerical error incurred when two
maps with relatively large numbers were subtracted.

in reference [48].

For the purposes of emphasizing the effect of inhomogeneities on the intra-cavity

mode structure, we chose an ‘extreme’ inhomogeneous absorption profile model

of a test mass with 100 ppm/cm absorption on one side of a diameter, and 50

ppm/cm on the other side, as shown in Fig 4.5(a). This extreme absorption profile

is comparable to the worst-case highly inhomogeneous sapphire sample B shown

in Fig. 4.2(b). Fig 4.5(b) shows the optical path difference across the central 20

mm2 area of the test mass of the extreme inhomogeneity model, normalized to 1 W

total absorbed power. To reveal the small effect due to inhomogeneous absorption,

a normalized uniform absorption-induced distortion was subtracted from the total

optical path difference. The optical path difference across the beam will result

in wavefront distortion, which leads to a measurable level of astigmatism in the

transmitted beam.

Fig. 4.6 shows the astigmatism (the ratio of the short and long axis of the spot) as

a function of the absorbed power for the 50 ppm/cm uniform absorption case, and

for the extreme inhomogeneous case. We see that there is increasing astigmatism

with increasing absorbed power. However, the magnitude of the astigmatism only

increased from about 1% to 1.6% for ∼0.5 W absorbed power, due to the pres-
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Figure 4.6 – Simulated beam astigmatism due to thermal distortion. The
dashed line is for uniform absorption (50 ppm/cm) and the solid line is for
inhomogeneous absorption (half 50 ppm/cm, and half 100 ppm/cm absorp-
tion). The astigmatism due to thermal stress birefringence in a uniform
sapphire test mass is larger than the contribution due to extreme inhomo-
geneity.

ence of the extreme inhomogeneity. Clearly, the contribution from this extreme

inhomogeneity to the total astigmatism is less than that from thermal stress bire-

fringence. Modeling using measured absorption maps yields similar, but generally

smaller, effects.

4.2.5 Experimental results compared with the simulation

For the experimental investigation, we used the setup shown in Fig. 4.7. The

test masses were suspended using initial LIGO type test mass suspensions [119].

They consisted of single wire loops, single-stage pendulums, and electromagnetic

actuation to control the longitudinal position and angular orientation of the mirror

with high precision. The spot size at the ITM HR surface was 17.4 mm in diameter

at low power, which is also the waist of the beam. The arm cavity was maintained

in a vacuum of ∼10−6 mbar. A 10 W Nd:YAG laser, developed at the University

of Adelaide [120], and injection-locked to a 500 mW NPRO (Non-Planar Ring

Oscillator), served as the light source, and up to 4 W of input power was used for
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Figure 4.7 – Experimental setup of the high optical power cavity, with the
ITM reversed. The ITM and ETM are housed within a vacuum system, at
a pressure of 10−6 mbar. The compensation plate (for correcting thermal
lensing) is present, but not used in this experiment. A lens of focal length
500 mm is used to reduce the output beam to match the CCD camera.

these experiments. The power built up inside the cavity exceeded 1 kW.

The optical cavity was locked using a conventional Pound-Drever-Hall [121] lock-

ing scheme. The finesse of the cavity was determined using the cavity ring-down

method, by measuring the transmitted power on the photodetector behind the

ETM. A cavity finesse of ∼1400 was measured, which is lower than the suggested

mirror specification of ∼2000. This is likely due to the scatter and/or absorption

caused by the contamination of the mirrors. The purpose of this experiment was

to search for power-dependent astigmatism measured in the variation in the in-

tensity pattern of the transmitted light from the ETM, as imaged with the CCD

camera shown in Fig. 4.7.

There are two differences between this experimental setup and the one used for

simulation. First, the absorption profile is different from the 50 ppm/cm of uni-

form absorption in the simulation. Although there are no detailed absorption

measurements of the ITM used in this experiment, we determined [112] that the

integrated absorption of the test mass is 51 ppm/cm, from the time dependence

of the thermal lensing. This agrees with an independent measurement of the sub-

strate absorption at the center of the test mass of 50-52 ppm/cm [122], which was

obtained prior to mirror coating. Secondly, there is a fused silica thermal com-

pensation plate inside the cavity. However, the contribution of the compensation

plate to the wavefront distortion is small, since the measured total absorption due

to the compensation plate is 5.5 ppm, compared with 510 ppm total absorption

in the ITM.
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The prediction of Section 4.2.5 is that there should be power-dependent astigma-

tism, both due to stress birefringence and due to inhomogeneity. We searched for

these effects by measuring the astigmatism in the transmitted beam as a function

of laser power. Fig. 4.8(a) shows the cavity transmitted spot diameter as a func-

tion of cavity power for both the long and short axes of the transmitted beam.

The second x-axis of the graph is the inferred ITM absorbed power, assuming 50

ppm/cm absorption. The solid lines are the theoretically simulated cavity trans-

mitted spot diameters, with 50 ppm/cm absorption in the ITM, as described in

the previous section (see Fig. 4.6). The short and long axes of the transmitted

spot rotated no more than ±10◦ over the power range investigated. Fig. 4.8(b)

shows the astigmatism as a function of cavity power. The lines show the simulated

astigmatism, as in Fig. 4.6. Data were obtained with repeated measurements at a

specific circulating power. For each measurement, the short axis (X) and long axis

(Y) of the spot are determined, as well as the ratio X/Y. The error bars are the

standard deviations of those measurements at that power level. One anomalous

data point in Fig. 4.8(b) is due to a beam size excess of ∼0.2 mm in the short axis,

at 810 W power. We are uncertain about the origin of this. Note the different

scales for experimental data and simulation data. It can be seen that there is a

large initial astigmatism at all power levels. These are believed to be due to the

misalignment of the lens in front of the CCD. However, there is a clear trend of

a power-dependent increase in astigmatism. At higher power levels, the astigma-

tism increases with a slope comparable to the model prediction for 50 ppm/cm

absorption.

We also examined the non-Gaussian component of the transmitted beam as a

function of circulating power. Fig. 4.9(a) shows a transmitted beam spot image

at a circulating power of 1200 W. Fig. 4.9(b) shows the residual non-Gaussian

component after a Gaussian profile has been subtracted from the spot image.

The values represent the deviation from a fitted Gaussian profile. Fig. 4.10 shows

the percentage of the residual non-Gaussian power component of the transmitted

beam as a function of the circulating power. We found that the non-Gaussian

component in the transmitted beam was always greater than 8%. There is an

initial high residual non-Gaussian component, which we believe is the contribution

from the interference patterns which are visible in Fig. 4.9(b). This is present at

all power levels. The slope of the change in astigmatism can be compared with the

modeled power-dependent change in the non-Gaussian component, for an average
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Figure 4.8 – (a) Transmitted beam size as a function of circulating power.
The short and long axes refer to the experimental spot size along orthogonal
dimensions. The short axis is denoted X and long axis Y. (b) Comparison of
measured astigmatism as a function of circulating power in the cavity, with
the simulated astigmatism (solid and dashed lines). Note the different scales
for experimental data and simulation data. The anomalous data point at
810 W power is due to a beam size excess of ∼0.2 mm in the short axis.
The origin of this is uncertain. It can be seen that there is initial systematic
astigmatism in the experimental data. The measured change of astigmatism
with power does not differ too much from that of uniform absorption of 50
ppm/cm at a higher power level.

absorption of 50 ppm/cm in the central 20 mm2 area. The modeled result shows

a somewhat steeper power dependence than the actual observation.

4.2.6 Conclusion

Modeling of an optical cavity, designed to show the thermal lensing features of the

power recycling cavity of a gravitational wave interferometer with sapphire test

masses, shows that power-dependent mode shape astigmatism of ∼1% is expected.

This astigmatism is dominated by that due to thermal stress birefringence. It was

determined, from Fig. 4.6, that the contribution of inhomogeneity to the total

astigmatism is less than 40%, even in the case of extreme inhomogeneity.

Experimentally, we have shown that non-ideal optics and imperfect alignment

causes an astigmatism of ∼10%. The non-Gaussian power in the beam has a sim-

ilar magnitude. The use of transmitted beam monitoring to probe the thermally-

induced wavefront distortion is able to detect this power-induced astigmatism.

Astigmatism is observed to increase with power, with a slope consistent with
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Figure 4.9 – (a) Transmitted beam spot image with a circulating power
of 1200 W. (b) The residual deviation from a theoretical Gaussian profile,
which was obtained by fitting a Gaussian to the image in (a).
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Figure 4.10 – Residual non-Gaussian component of the transmitted beam
as a function of the circulating power. The solid line is the simulation
result of the non-Gaussian component, with 50 ppm/cm uniform absorption.
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which is believed to be due to the interference pattern shown in Fig. 4.9(b).
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the model predictions. More accurate measurements are needed to determine

the intrinsic astigmatism. The University of Adelaide has developed an off-axis

Hartmann sensor capable of detecting a wavefront distortion of ∼4 nm [123]. It is

planned that such a Hartmann sensor be used to evaluate the wavefront distortion

in our cavity.

We conclude, for the cavity we have studied, that the effects of sapphire inhomo-

geneity are small compared with alignment errors and other cavity distortions. If

we were to scale up to a 4-5 km interferometer, the spot sizes would be increased

about 6-fold. However, as shown in Fig. 4.2 and Table 4.2, the inhomogeneous

structure has significant lateral extent, and the magnitude of inhomogeneity ef-

fects will be larger for larger spot sizes. We are currently conducting further

modeling with higher power, and with larger spot sizes, to determine whether

it is possible to utilize sapphire as the ITM in full-scale gravitational wave de-

tectors, which need large spots to average over the thermal fluctuations of the

mirror surfaces. The results presented here are of use for room temperature grav-

itational wave interferometer detectors using sapphire test masses. For cryogenic

gravitational wave detectors such as the Japanese LCGT (Large Scale Cryogenic

Gravitational Wave Telescope) project [124], where sapphire test masses are to

be used, the expansion coefficients of these test masses are negligible. Hence, the

above power-dependent effects would not occur.
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5.1 Preface

Although it has not been observed in currently operating interferometric GW

detectors, Parametric Instability (PI) will be a potential threat to the next gener-

ation interferometers, which involve extremely high optical power stored in their

cavities, and high mechanical Q-factors of optical components. The theoretical

analyses conclude that there are ∼5-10 possible unstable modes in the 10-100

kHz frequency range for each test mass of the proposed Advanced interferomet-

ric detector. Due to the interactions between the acoustic modes of the cavity

mirrors and the optical modes in the interferometer arm cavities, part of the opti-

cal energy in the optical modes is transferred to the acoustic modes. Such energy

transfer enhances vibrations on the mirror surface and decreases the optical power

of the optical carrier mode, leading to instabilities in the instrument. Therefore,

it is essential to completely study this PI effect, and find methods to control it

effectively.

This chapter contains two publications, which describe the experimental work re-

lated to investigations of the PI effect, conducted in the high-finesse optical cavity

in the Gingin HOPF. The first paper presents the first observation of a three-mode

opto-acoustic parametric interaction, in which a low-frequency acoustic mode of

the ETM mirror interacts with two optical modes inside the cavity. The results

validate the PI theory in a high optical power system, and demonstrate that the

parametric gain can be tuned by heating the compensation plate. An article that

reports this observation was published in Physical Review A in 2008. The author

mainly contributed to the experimental work (∼50%) for this paper. Based on

this observation and theoretical analyses [62], an optical feedback control method

to suppress the three-mode parametric interaction has been designed and tested in

this optical cavity. The results gave a proof-of-principle demonstration of optical

PI suppression. The author undertook most of this work (more than 80%), and

completed an article which was pulished in Classical Quantum Gravity in Apr.

2010.
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5.2 Observation of Parametric Interactions Pa-

per

Observation of three-mode parametric

interactions in long optical cavities

C. Zhao1, L. Ju1, Y. Fan1, S. Gras1, B. J. J. Slagmolen1, H. Miao1, P. Barriga1, D. G. Blair1, D. J.

Hosken2, A. F. Brooks2, P. J. Veitch2, D. Mudge2, and J. Munch2

1School of Physics, The University of Western Australia, 35 Stirling Highway, Crawley, WA 6009,

Australia
2Department of Physics, The University of Adelaide, Adelaide, SA 5005, Australia

We report the observation of three-mode opto-acoustic parametric

interactions of the type predicted to cause parametric instabilities in

an 80-m-long, high-optical-power cavity that uses suspended sapphire

mirrors. Resonant interaction occurs between two distinct optical

modes and an acoustic mode of one mirror, when the difference in

frequency between the two optical cavity modes is close to the frequency

of the acoustic mode. Experimental results validate the theory of

parametric instability in high-power optical cavities, and demonstrate

tunable parametric gain ∼10−2, and more than 20 dB amplification of a

high-order optical mode power generated by an applied acoustic signal.

5.2.1 Introduction

The principles of parametric interactions have been widely used in physics, in-

cluding low-noise microwave amplifiers, optical parametric amplifiers (OPAs), and

optical spring interactions with mechanical resonators. In the case of optomechan-

ical interactions, a mechanical mode modulates the length of an optical cavity,

thereby changing the resonance condition of the optical mode. Such interactions

have been observed [38, 64, 125], and have recently been used to “cool” ther-

mally excited mechanical modes of small acoustic resonators through the associ-

ated time-dependent radiation pressure forces acting on the resonator [65–68,126].
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Such techniques are examples of two-mode parametric interactions, in which the

linewidth of the optical mode is sufficiently broad that the mechanical frequency

occurs within the linewidth of a single mode. The phenomenon reported here

is analogous to stimulated Brillouin scattering (SBS) [127, 128]. In this case, an

optical mode from a resonator excites an acoustic hypersonic wave in a material

at optical wavelengths, from which a second optical mode in the same resonator

is excited by scattering off the moving sound grating. Three-mode scattering

into symmetric cavity longitudinal modes has been studied in a laser interferom-

eter gravitational-wave observatory (LIGO) detector [129]. To cause parametric

instabilities, the scattering must occur into cavity modes which are distributed

asymmetrically (in frequency space) about the carrier frequency. In addition, the

transverse structure of the optical mode must match an acoustic mode structure.

Here, we present the observation of such three-mode opto-acoustic parametric in-

teractions. In this case, a cavity fundamental mode and a first-order transverse

mode interact with a low-frequency acoustic mode of a mirror. The energy in

the cavity fundamental mode (carrier) is scattered into the first-order transverse

mode (sideband) by its interaction with an acoustic mode in one of the cavity mir-

rors. In high-power and low-loss systems, this interaction can lead to parametric

instability.

A one-dimensional analysis of three-mode opto-acoustic parametric interactions

in the context of advanced gravitational wave interferometers was described by

Braginsky et al. [53,60]. Their analysis was extended by Zhao et al. [55] to include

the three-dimensional (3D) acoustic mode structure of the mirrors, and the optical

cavity mode shapes. Ju et al. [57] went on to consider the effect of parametric

scattering into multiple optical modes.

These analyses predict that many of the features that optimize the sensitivity

of advanced gravitational wave detectors also increase the likelihood of the para-

metric excitation of their mirrors. In particular, the new generation of advanced

interferometers will use large mirrors that have low acoustic losses, to reduce the

effects of radiation pressure fluctuations and Brownian noise, respectively. They

use long optical cavities and extremely high stored power to reduce the effect of

shot noise. The resulting high optical and acoustic mode densities, plus high opti-

cal power, can lead to a risk of parametric excitation of the mirrors, without careful

design. It is therefore important that the above analyses be validated so that the
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Figure 5.1 – Parametric scattering of a photon of frequency ω0 (a) into a
lower-frequency Stokes photon ωs and a phonon ωm, and (b) into a higher-
frequency anti-Stokes photon ωa, which requires destruction of a phonon
ωm.

practical importance of parametric instabilities can be assessed. Here, we present

experimental results for three-mode parametric interactions. Measurements are

in agreement with the theory [53] and consistent with specific predictions for this

experiment [130].

5.2.2 Three-Mode Opto-Acoustic Parametric Interactions

Parametric interactions can be considered as simple scattering processes [131], as

indicated in Fig. 5.1. In Fig. 5.1(a), a photon of frequency ω0 is scattered, creating

a lower frequency (Stokes) photon of frequency ωs and a phonon of frequency ωm,

which increases the occupation number of the acoustic mode. In Fig. 5.1(b) a

photon of frequency ω0 is scattered from a phonon, creating a higher-frequency

(anti-Stokes) photon of frequency ωa, which requires that the acoustic mode be

a source of phonons, thus reducing its occupation number. The scattering could

create entangled pairs of phonons and photons [132].

This three-mode interaction can occur strongly only if two conditions are met

simultaneously. First, the optical cavity must support eigenmodes that have a

frequency difference approximately equal to the acoustic frequency:
∣∣∣ω0 − ωs(a)

∣∣∣ ≈
ωm. Second, the optical and acoustic modes must have a suitable spatial overlap.

The three-mode interaction in an optical cavity is shown schematically in Fig. 5.2,

where we assume that only the end mirror is vibrating. The vibration of the end

mirror surface scatters part of the cavity TEM00 mode into two sidebands of

frequencies higher or lower than the TEM00 mode frequency by ωm, the acoustic
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Figure 5.2 – Schematic diagram of three-mode interactions in an optical
cavity.

mode frequency. Depending on the end mirror acoustic mode pattern on the

mirror surface, the scattered sidebands may overlap with the cavity high-order

modes. If the acoustic mode frequency is equal to the frequency difference between

the TEM00 mode and the cavity high-order modes, then one of the scattered

sidebands may resonate inside the cavity. The interactions between the TEM00

mode and the scattered light will create radiation pressure back action on the end

mirror at the differential frequency
∣∣∣ω0 − ωs(a)

∣∣∣ = ωm between the TEM00 mode

and the scattered light. If the lower sideband is resonant, the back action will

excite the mirror acoustic mode, and transfer the energy from the optical carrier

beam to the acoustic mode. If the higher sideband is resonant, the back action will

damp the acoustic mode by transferring acoustic mode energy to the optical carrier

beam. Only if the cavity has a pair of high-order modes spaced symmetrically on

either side of the TEM00 mode could both sidebands exist simultaneously. Then

the excitation and damping effects will cancel each other out. However, this is

rare because of the asymmetric nature of the cavity mode frequency structure.

By solving the coupled dynamical equations of the acoustic mode and the cavity

optical modes, including the radiation pressure back action described above, Bra-

ginsky et al. [60] obtained a dimensionless parametric gain R, given in equation

(5.1), to characterize the effect of the parametric scattering. In general, there may

be multiple Stokes (excitation) and anti-Stokes (damping) interactions for each

acoustic mode. Positive R indicates that the interaction is dominated by excita-

tion and negative R indicates that the interaction is dominated by damping. For

simplicity, we include only one of each interaction type [60]:
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R =
4PQm

McLω2
m

(
QsΛs

1 + (∆ωs/γs)2
− Qaλa

1 + (∆ωa/γa)2

)
. (5.1)

Here, Qm is the quality factor of the acoustic mode, M is the mass of the me-

chanical resonator, P is the power stored in the TEM00 mode, L is the length

of the cavity, and ∆ωs(a) =
∣∣∣ω0 − ωs(a)

∣∣∣ − ωm = ∆s(a) − ωm; ωs(a), Qs(a), and

δs(a) = ωs(a)/2Qs(a) are the frequencies, Q factors and linewidths of the Stokes

(anti-Stokes) optical modes. ∆s(a) is the difference between the TEM00 mode and

the high-order Stokes (anti-Stokes) mode; and the overlap factors Λs(a) are given

by [60]:

Λs(a) =
V (
∫
f0(~r⊥)fs(a)(~r⊥)uzd~r⊥)2∫ |f0|2 d~r⊥

∫ ∣∣∣fs(a)

∣∣∣2 d~r⊥ ∫ |~u|2 dV , (5.2)

where f0 and fs(a) describe the optical field distribution over the mirror surface for

the TEM00 mode and high-order modes, respectively, ~u is the spatial displacement

vector for the acoustic mode, and uz is the component of ~u normal to the mirror

surface. The integrals
∫
d~r⊥ and

∫
dV correspond to integration over the mirror

surface and the mirror volume V , respectively. The experiment described below

investigated the scattering process between the TEM00 mode and an anti-Stokes

TEM01 mode, so hereafter we omit the subscripts for ∆ω.

For positive R < 1, the amplitude of the acoustic mode is increased by a factor

1/(1 − R). If R > 1, the amplitude should increase exponentially with time

until non-linear losses lead to saturation. For negative values of R, energy is

extracted from the acoustic mode, and, if it is normally in thermal equilibrium,

the effective mode temperature is cooled to a value of ∼ T/R, where T is the

physical temperature of the acoustic resonator [67]. For R < 1, the interaction

also causes changes in the relaxation time of the acoustic mode.

The three-mode interaction could thus be observed by monitoring either the am-

plitude or relaxation time of the acoustic mode, or by measuring the amplitude

of the anti-Stokes optical mode. In the experiment we report here, the maxi-

mum gain accessible was R ∼ 10−2, and therefore we chose to measure the power

scattered into an anti-Stokes TEM01 mode of an optical cavity, as the frequency

difference ∆ω between the TEM00 and TEM01 modes was tuned across the 160
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Figure 5.3 – Schematic diagram of the measurement system. The single-
frequency Nd:YAG laser was phase-locked to a TEM00 mode of an 80 m
suspended-mirror cavity. The end test mirror (ETM) was resonantly excited
at the acoustic resonance. The fused silica compensation plate (CP) was
heated around its cylindrical surface, thereby inducing a negative lens, which
tuned the frequency difference between the TEM00 and TEM01 modes. The
cavity tuning and the anti-Stokes TEM01 mode excitation were measured
using the charge-coupled device (CCD) and quadrant photodiode (QPD) at
the back of the ETM.

kHz acoustic resonance of a cavity mirror. The mirror was electrostatically excited

using a comb capacitor [133] placed near the bottom back surface of the ETM

mirror.

5.2.3 Experimental Observation of Three-Mode Paramet-

ric Interactions

The layout of the measurement system is shown in Fig. 5.3. The optical cavity

consists of two sapphire mirrors suspended ∼80 m apart on simple wire-loop

pendula in a vacuum system, yielding a free-spectral range of about 1.9 MHz.

The physical and optical parameters of the cavity are listed in Table 5.1. The

mirrors are aligned to produce a Fabry-Pérot cavity by applying magnetic forces

to small magnets glued to the backs of the mirrors [134].

The single-frequency neodymium-doped yttrium aluminum garnet (Nd:YAG)

laser was phase-locked and mode-matched to the TEM00 mode of the optical

cavity, providing about 4 W at the input test mirror (ITM). The TEM00 finesse

of the optical cavity is ∼1400, limited mostly by the absorption losses in the sub-
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strate of the rear-surface of the ITM, giving an intracavity TEM00 power of about

1 kW. The nominal cold-cavity beam radius at the end test mass (ETM) is 9.2

mm, which is reduced by thermal lensing to 8.6 mm at full power.

Table 5.1 – Parameters of the Gingin HOPF south arm cavity.

ITM ETM CP
Materials Sapphire Sapphire Fused silica
Radius of curvature (m) Flat 720 Flat
Diameter (mm) 100 150 160
Thickness(mm) 46 80 17
High-reflection (HR) coating
transmission (ppm)

1840± 100 20

Anti-reflection (AR) coating
reflectivity (ppm)

29± 20 12± 12 100

Cavity internal power (kW) 1.0
Cavity length (m) ∼80

The acoustic mode shape and hot-cavity overlap factor were calculated using

finite-element modeling. The calculated contour map of the normal component at

the ETM surface for the 158.11 kHz mode is shown in Fig. 5.4(a). The acoustic

mode used for the measurement has a resonant frequency of 159.96 kHz, which

is acceptably close to the calculated frequency, considering the magnets and sus-

pension wire attached to the ETM, the accuracy of the material parameters, and

numerical calculation accuracy [60]. The Q-factor of this mode was measured to

be Q ≈ 7 × 105. The overlap of this mode is indicated in Fig. 5.4(b), in which a

vertical cross section of the product of the mode amplitude and the TEM00 mode

is compared to the TEM01 mode amplitude. The overlap factor for this mode is

1.67, assuming that the optical mode is aligned with the geometric center of the

ETM.

Tuning of the frequency of the TEM01 mode relative to that of the TEM00 mode

was accomplished by using the intracavity low-absorption fused silica compensa-

tion plate (CP) shown in Fig. 5.3. Heating the CP around its cylindrical surface

creates a negative thermal lens, thereby changing the g-factor of the cavity, or,

equivalently, the effective curvature of the ITM. The frequency difference between

the TEM00 mode ω0 and the anti-Stokes TEM01 ωa is given by:
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Figure 5.4 – (a) A contour map of the normal component at the ETM
surface of the acoustic mode at 158.11 kHz; (b) a vertical cross section of
the product of the mode amplitude and the TEM00 mode is compared to
the TEM01 mode amplitude.

∆ω = ω0 − ωa =
c

L

[
arccos

√(
1− L

R1

)(
1− L

R2

)]
, (5.3)

where R1 is the effective radius of curvature of the ITM, and R2 is the radius of

curvature of the ETM. Heating the CP with ∼15 W power over about 2 hours

increased the g-factor from its nominal hot-cavity value of 0.87 to greater than

0.99.

The tuning of the cavity and the power in the TEM01 mode were measured using

the optical power leaking through the ETM. Some of this power was focused by

a lens to create an image of the ETM spot onto a CCD camera. The spot size

was used to calculate the effective curvature of the ITM, and thus the frequency

difference between the TEM00 and TEM01 modes.

The power in the TEM01 mode was determined by using a differential readout

of the quadrant photodiode (QPD) to measure the heterodyne beat between the

overlapping TEM00 and TEM01 modes. The differential readout discriminates

against spurious signals due, for example, to direct acoustic modulation of the

TEM00 mode, or electromagnetic pickup. Note that any spurious signals should

be largely independent of the thermal tuning of the CP.

The square of the QPD voltage component at the acoustic mode frequency, which
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Figure 5.5 – Measured power of the TEM01 mode (dots) as a function
of the frequency difference between the TEM00 and TEM01 modes (mode
spacing). The peak power occurs at the frequency difference corresponding
to a cavity g-factor of 0.967. The solid line is the parametric gain predicted
by Eqn. (5.1), using the calculated overlap factor, the independently mea-
sured linewidth of both optical modes, the input power, and the measured
acoustic mode Q-factor. The relative scale of the two y-axes has been cor-
rected by a multiplicative parameter, due to the uncertainty of the acoustic
excitation amplitude. Measurement errors, predominantly due to alignment
fluctuations, are worse at smaller mode spacing where the cavity g-factor is
higher.

is proportional to power in the TEM01 mode, is plotted as a function of the fre-

quency difference between the TEM00 and TEM01 modes, ∆ω, in Fig. 5.5. This

figure also shows the parametric gain predicted by Eq. (5.1), using the measured

input power, calculated overlap parameter, measured Q-factors, and TEM01 mode

linewidth that was independently measured to be 1.46 kHz. The noise in the

measured data is due to fluctuations in the cavity alignment, which affects the

circulating power, the mode overlap, and the beam spot size measurement from

which the mode spacing is inferred. The optical readout of the beat signal rep-

resents a direct measure of the transferred power. The energy transfer from the

fundamental mode ranges from 10−9 to 10−7 of the TEM00 mode power, which is

not detectable as a power loss in the TEM00 mode. We can also see in Fig. 5.5

more than 20 dB amplification of the TEM01 mode power generated by an applied

acoustic signal.
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Figure 5.6 – Recorded time trace of the QPD output demodulated at the
84 kHz acoustic mode frequency (dots) after the electrostatic excitation was
stopped at time zero. The solid curve shows the expected exponential decay
for the 84 kHz acoustic mode, which had a Q-factor of ∼ 1.6× 106.

We observed similar resonant parametric gain for another acoustic mode at ∼84

kHz. For this mode and the 160 kHz mode, we confirmed the linearity of the

readout by observing an accurate exponential decay of the mirror mode using

the cavity readout. For the 84 kHz mode, we also used an independent stress

birefringence readout [135] of the acoustic mode to verify that the high-order

mode signal is a true readout of the acoustic mode. Fig. 5.6 shows the time trace

for one of these measurements.

The magnitude of R is proportional to a product of three quality factors, since

the circulating power P scales with the TEM00 cavity loss. Our system has mirror

Q factors limited by glued-on magnets, and optical losses limited by absorption in

the internal substrate of the ITM, and by Fresnel reflection at the compensation

plate. Nevertheless, we are able to observe the three-mode parametric interaction

enhanced by the cavity resonance. The corresponding parametric gain, as shown

in Fig. 5.5, is ∼0.01. This is insufficient to substantially change the acoustic mode

relaxation time. However R ∼ 100 could be achieved by using cavity finesses

∼ 104, acoustic mode Qm ∼ 4 × 107, and a laser power of 20 W. For a Stokes
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mode, this gain would represent a severe parametric instability.

5.2.4 Conclusions

We have observed a three-mode parametric interaction in a long optical cavity,

in which photons in a TEM00 optical mode are scattered by resonant acoustic

phonons into a TEM01 mode. The system is analogous to SBS, and also to an

optical parametric amplifier, except that one optical mode is replaced with an

acoustic mode, and the nonlinear interaction is via radiation pressure. We de-

scribe the system as an opto-acoustic parametric amplifier (OAPA). By direct

comparison with the OPA, the OAPA could be a source of phonon-photon entan-

glement, and could find applications in quantum information, teleportation, and

quantum encryption [132]. Much effort has already gone into defining methods

for suppressing parametric instability in advanced gravitational wave detectors.

A combination of low-noise damping rings [58] and stable power-recycling cavity

design is likely to lead to stable solutions.
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We report an investigation designed to suppress three-mode opto-

acoustic parametric interactions in advanced gravitational wave

detectors, through optical feedback control. In this paper, we present

our initial results on the control of parametric instability in a high-finesse

Fabry-Pérot cavity using low input laser power. We show that injection

of an anti-phase TEM01 mode with appropriate power will optically

interfere and suppress the excited high-order mode in the cavity within

a few seconds.

5.3.1 Introduction

Improvements in the design of long baseline interferometric gravitational wave

detectors are proposed to increase sensitivity to gravitational wave signals from

astrophysical events by a factor of 10. These improvements will include increasing

the laser power into the Fabry-Pérot (FP) cavities, as a means to reduce the

effect of shot noise on the overall sensitivity of the detectors. Theoretical analysis

has shown that a substantial increase in the laser power of gravitational wave

interferometers could lead to Parametric Instability (PI) [53]. In this paper, we

present the initial theory and design of an optical feedback loop for suppressing

PI.
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PI has the capability to substantially decrease the strain sensitivity of a gravita-

tional wave detector, or even stop its operation. Three-mode PI results from spe-

cific interactions between a mechanical normal mode (frequency ωm) of the cavity

mirror, and two transverse optical eigenmodes of a FP cavity. These opto-acoustic

mode interactions are parametrically amplified when the high-order optical mode

profile substantially overlaps with the acoustic mode profile; the frequency differ-

ence between the cavity fundamental mode (TEM00 mode, with frequency ω0) and

the high-order optical mode (with frequency ω1) must match the acoustic mode

ωm. A dimensionless parametric gain, R, is defined to characterize this coupling

effect, and is expressed by [54]:

R = ±4PcavQ1Qm

mLcω2
m

Λ

1 + (∆ω/δ1)2
, (5.4)

where Pcav is the optical power stored in the cavity fundamental mode; m is the

mirror mass; L is the length of the Fabry-Pérot cavity; c is the speed of light in

vacuum; ∆ω = |ω0 − ω1| − ωm; Λ is the overlapping factor between the optical

and acoustic modes; Q1 and Qm are the quality factors of the high-order optical

mode and the acoustic mode, respectively; and δ1 = ω1/2Q1 is the half-linewidth

of the high-order optical mode. The positive and negative signs of R represent

two opposite coupling modes, the Stokes mode and anti-Stokes mode, respectively.

When R > 1, the amplitude of the acoustic and high-order optical modes increase

exponentially with time, absorbing the energy stored in the cavity TEM00 mode,

thus limiting the optical power buildup in the cavity, and effectively decreasing

the detector sensitivity.

Recently, detailed investigations of the effects of parametric instability in advanced

gravitational wave detectors have been undertaken by groups at Moscow, Caltech,

MIT and the University of Western Australia (UWA) [54–59,136]. Their analyses

of the proposed advanced detector configurations conclude that there are ∼5-10

possible unstable modes in the 10-100 kHz frequency range, for each test mass.

Two main approaches to suppress the effects of PI in advanced detectors have

been proposed [59–62], one which suggests suppressing PI through attenuating

the mechanical modes of test masses, and another which suggests suppressing PI

optically. One proposal to suppress PI via the mechanical mode involves intro-

ducing resonant dampers [59], or rings of material around the barrels of each test
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Figure 5.7 – Schematic figure of the optical fields of a FP cavity. The cavity
fundamental mode fields (with frequency ω0) are given by Ei (i=1,2,3,4),
and the cavity high-order mode fields (frequency ω1) are given by fi(t)
(i=1,2,3,4). Ein is the input fundamental mode field, and fin(t) is the
high-order optical feedback field. L is the cavity length, and x(t) is the
displacement of the mirror surface oscillating along its normal direction.

mass [58], to reduce the Q-factor of the mode. Another suggests suppressing the

mechanical mode by applying light pressure directly to the acoustic mode on the

test mass [60]. The proposal to suppress PI optically entails injecting an anti-

phase high-order mode into the cavity to interfere with the excited high-order

mode resonant inside the cavity. At UWA, Zhang et al. [62] analyzed a classi-

cal model of a FP cavity, and concluded that this method of optical feedback is

possible for advanced gravitational wave detectors, suppressing the mode within

a timescale of 1-10 seconds.

In this paper, we present initial results of the optical suppression experiment

conducted at the High Optical Power Facility (HOPF) [97] in Gingin, Western

Australia. The results show that the energy absorbed by an excited high-order

mode inside the cavity can be suppressed by injecting an anti-phase high-order

mode counterpart. In Section 5.3.2, we review the theory presented by Zhang et

al. [62] . In Section 5.3.3, we introduce the optical design, and the results for

suppressing the high-order mode inside the cavity. In Section 5.3.4, we present

preliminary results of testing an optical feedback control system, and discuss the

problems encountered in this closed-loop system.

5.3.2 Theory of the Optical Feedback Control

Zhang et al. [62] analyzed the dynamics of the three-mode interactions in a FP

cavity, as shown in Fig. 5.7. For simplicity, we assume that the mirror oscillations
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happen only on the end mirror at frequency ωm, and with an amplitude x(t), which

can be expressed as:

x(t) = ψxX (t)e−iωmt + ψxX ∗(t)eiωmt, (5.5)

where X (t) is the slowly changing complex amplitude, and X ∗(t) is its conjugate;

and ψx is the normalized spatial distribution of the mechanical mode.

Initially, we will assume that there are no extra optical feedback control fields

injected into the cavity, and only the TEM00 mode, Ein, is injected into and

resonant inside the cavity. The mechanical oscillation (with frequency ωm) on the

end mirror scatters part of the cavity fundamental mode into a high-order optical

mode fi, which builds up in the cavity when the frequency ω1 is close to one

of the transverse eigenmodes of the cavity. These two optical modes generate a

radiation pressure force on the mirror at frequency |ω0 − ω1|. This force acts back

on the mirror oscillation. The resulting opto-acoustic interaction could amplify

both the mechanical oscillation and the strength of the high-order optical mode,

thereby creating PI. If we inject an extra optical field fin, with the same frequency

and spatial mode as the cavity mode f1, but with a π phase difference, this will

cause destructive interference between fin and f1, and suppress the opto-acoustic

interactions. The dynamics of the mechanical oscillation is determined by [62]:

Ẋ ∗(t) + pX ∗(t) = qfin(t), (5.6)

p =
δ1δm
δ1 + δm

(1−R), (5.7)

q =
δ1δm
δ1 + δm

√
T1R

2ikB
√
Pcav

. (5.8)

If the feedback field fin can be controlled as a function of the mechanical oscilla-

tion:

fin(t) = iαX ∗(t), (5.9)
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Figure 5.8 – Schematic diagram of optical feedback control system. A
FP cavity consists of two suspended mirrors, ITM and ETM. A thermal
tuning compensation plate (CP) is placed near the ITM in the cavity. A
Mach-Zehnder (MZ) interferometer is inserted between the Nd:YAG laser
and the FP cavity. A pre-mode cleaner (PMC) and a broadband phase
modulator (PM) in the upper beam path of the MZ interferometer are used
to create TEM01 sideband signals, which are recombined with the lower
TEM00 beam path of the MZ, and then injected into the FP cavity. The
two local oscillator (LO) sources are synchronized by a standard 10 MHz
source. The cavity tuning and its interacting modes are monitored by the
CCD camera and quadrant photodiode (QPD) at the back of the ETM.

then Eq. (5.6) has the solution:

X ∗(t) = X ∗0 eβt, β = −(p− iαq). (5.10)

It is clear that for the case of β < 0, the mechanical oscillation amplitude di-

minishes exponentially with time. Therefore, it is possible to suppress the PI

effect by injecting an extra laser field with a spatial transverse mode, and with

the appropriate phase and amplitude.

5.3.3 Optical Suppression Experiment

We have observed three-mode opto-acoustic parametric interactions between an

acoustic mode and two optical modes (the TEM00 and TEM01 modes) in a high-

finesse (F ∼ 1400) optical cavity, with two mirrors suspended 80 m apart [136]

in the Gingin HOPF. The results of these observations give evidence for opto-

acoustic parametric interactions in high optical power cavities, and also confirm

a linear energy transfer and correlation between the optical and acoustic signals.

The experimental layout is schematically shown in Fig. 5.8. A FP cavity consists
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of two end mirrors – an input test mass (ITM) and an end test mass (ETM)

– each of which is suspended independently with a steel wire loop. The cavity

length is about 80 meters. A fused silica compensation plate (CP) is placed

close to the ITM inside the FP resonator. This CP will generate a negative lens

when its circumference is electrically heated. This is used to adjust the cavity

g-factor; this is defined as g = (1 − L/R1)(1 − L/R2), where L is the cavity

length, R1 is the effective radius of curvature of the ITM+CP, and R2 is the

radius of curvature of the ETM. The frequency difference between adjacent cavity

eigenmodes is determined by [137]:

∆ω =
c

L
· cos−1√g. (5.11)

A neodymium-doped yttrium aluminum garnet (Nd:YAG) laser (wavelength

λ=1064 nm) with ∼4 W maximum input power is injected and phase-locked

to the TEM00 mode of the FP cavity using the Pound-Drever-Hall stabilization

technique [25]. The optical power built up inside the cavity is ∼1.2 kW. The cor-

responding parametric gain is R ∼ 10−2 [136], indicating that intrinsic PI would

not occur in such a cavity. Therefore, in order to investigate the phenomenon

of PI, we use a capacitive actuator to electrostatically excite the ωm ∼160 kHz

mechanical mode of the ETM. The vibration of the ETM surface scatters a frac-

tion of the TEM00 mode into two sideband signals, with frequencies ω0 ± ωm,

respectively. These excited sideband signals have high overlap with the transverse

structure of the TEM01 mode, as they are both vertical modes. When the cavity

g-factor is thermally tuned to g∼0.934, the upper sideband TEM01 mode becomes

resonant in the cavity, and its power is amplified. The amplitude of this excited

TEM01 mode is determined by measuring the heterodyne beat between the TEM00

and TEM01 modes. This optical heterodyne signal of approximately 160 kHz is

measured by the quadrant photodiode (QPD) at back of the ETM. The output

of the QPD is proportional to the square of the amplitude of the cavity optical

modes:

IQPD ∝
∣∣∣E0e

iω0t + E1e
i(ω1t+φ0)

∣∣∣2
= 2E0E1cos(ωmt+ φ0) +D.C., ωm = ω1 − ω0, (5.12)
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where E0 and E1 are the amplitudes of the TEM00 and TEM01 modes, respectively;

and φ0 is the relative phase difference between these two modes. The heterodyne

beat signal was obtained by filtering out the D.C. component. The spectrum of

the filtered QPD differential output was displayed on a spectrum analyzer (see

Fig. 5.9).

(a) (b)

(c)

Figure 5.9 – Spectrum plots of the QPD differential readout. The peak at
∼178.3 kHz determines the amplitude of the TEM01 mode. (a) No injection
of feedback TEM01 mode. (b) The amplitude of the TEM01 mode was
suppressed by injecting an ∼0.4 mW TEM01 sideband with an anti-phase.
(c) The amplitude of the TEM01 mode was doubled by injecting an in-phase
TEM01 sideband.

The initial optical suppression investigation was completed based on the experi-

mental setup above, with the goal to suppress the TEM01 mode created. In order

to inject an anti-phase TEM01 mode into the FP cavity, so as to suppress the

excited TEM01 mode already resonant therein, a Mach-Zehnder (MZ) interferom-

eter was placed between the Nd:YAG laser and the FP cavity, as shown in Fig.

5.8. The PBS1 (first polarized beam splitter) splits the TEM00 mode beam into

two paths. The upper beam propagates through a pre-mode cleaner (PMC) and
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a broadband phase modulator (0-100 MHz, New Focus Model-4002). We use the

PMC to phase-lock the beam to a TEM01 mode. The broadband phase modu-

lator produces a sideband signal which controls the cavity TEM01 mode. The

phase-modulated TEM01 beam then recombines with the TEM00 mode from the

lower MZ beam at PBS2. High injection power is not essential to demonstrate

the principle of high-order mode suppression. In this experiment, the input power

is ∼0.7 W, and that of TEM01 is ∼0.3 W. The two beams are phase-locked by

controlling the piezo-electric transducer (PZT) mirror at the bottom-left corner

of the MZ interferometer. Two radio-frequency local oscillators (LOs) are used in

this system. LO1 in the main laboratory sends a sinusoidal signal with frequency

ωm to drive the broadband phase modulator, and LO2 sends a ωm/2 sinusoidal

signal to the capacitor to excite a resonant acoustic mode of the ETM. To obtain

phase-correlated signals, the LO1 and LO2 are synchronized by a standard 10

MHz signal source.

Figure 5.10 – A simulated contour map of the acoustic mode at the ETM
surface, resonant at frequency ∼178 kHz.

The optical suppression experiment involves two steps. First, the upper path of

the MZ interferometer, the TEM01 mode, is blocked, to only allow the lower path,

the TEM00 mode, to be injected and phase-locked into the FP cavity. We use a

capacitive actuator to apply a force to the mirror, in order to find an acoustic mode

of the ETM, resonant at frequency ωm ∼178 kHz, with similar mode structure to

the 160 kHz mode (which was used in a previous PI experiment in Gingin [136]).

Figure 5.10 shows the contour plot of the normal component of the acoustic mode

at the ETM surface, resonant at 178 kHz, which is a result from a simulation
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using the ANSYS finite element modeling package. The advantage of choosing a

higher frequency mode is that it requires less time and power for thermal tuning.

By applying ∼5 W of heating power to the CP for about half an hour, the cavity

g-factor is tuned to g ∼ 0.913. We then observe the amplification of the cavity

TEM01 mode by over 20 dB by measuring the optical heterodyne signal, which is

about 40 mV, as shown in Fig. 5.9(a).

Secondly, we release the block on the TEM01 beam, and inject the two beams

together into the FP cavity. The recombined beams contain a TEM01 sideband

signal, which can be used to control the excited TEM01 mode inside the cavity.

The amplitude and phase of this sideband is modified by tuning the amplitude

and phase of the LO1 signal. When the amplitude matches, in anti-phase, to

the cavity TEM01 mode, it destructively interferes with the cavity TEM01 mode,

and consequently the optical heterodyne signal drops substantially. We observed

the heterodyne signal drop from ∼42 mV to ∼5.35 mV with only ∼0.4 mW input

power in the sideband signal, as shown in Fig. 5.9(b). When the phase modulation

was turned off, i.e. no input sideband signal, the heterodyne signal returned to

its original level. Furthermore, when the sideband was injected in phase with

the resonant TEM01 mode in the cavity, the two TEM01 modes constructively

interfered, and the heterodyne signal doubled (see Fig. 5.9(c)).

The results shown in Fig. 5.9 confirm that the excited TEM01 mode inside the

cavity can be suppressed by injecting an extra TEM01 mode with the appropriate

amplitude, frequency, and phase.

5.3.4 Closed-loop Control

We also demonstrated a prototype closed-loop feedback control scheme for sup-

pression of the excited TEM01 mode. As mentioned above, the cavity TEM01

mode amplitude was determined by measuring the heterodyne beat between the

two optical cavity modes. In the closed-loop system, this signal is used to create

an error signal to control the feedback sideband signal. The schematic layout of

the closed-loop system is shown in Fig. 5.11. Instead of measuring the spectrum

of the QPD differential readout, the QPD output is mixed with a local oscillator

(LO3) of frequency ωm via a mixer. LO3 is also synchronized by the 10 MHz
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Figure 5.11 – Schematic layout of the closed-loop control system. The
amplitude of the TEM01 mode was measured by the QPD. The mixer de-
modulated the QPD differential readout at ωm to extract the ∼178 kHz
heterodyne beat signal, which was used to control the driving amplitude
applied to the broadband phase modulator.

source, and was tuned near in-phase with the QPD signal to obtain the maximum

output of the mixer. The mixer output is the product of the QPD readout and

the LO3 signal, so this output will contain a DC component proportional to the

amplitude of the excited TEM01 mode, and high-frequency signals, e.g. at 2ωm. A

low-pass filter with cutoff frequency much lower than ωm attenuates these high-

frequency signals, but keeps the output signal proportional to the TEM01 mode

amplitude inside the cavity. This output signal controls the amplitude of the LO1

signal that drives the broadband phase modulator. Fig. 5.12 shows the results

of the suppression of the cavity TEM01 mode under this closed-loop control. The

top curve is the mixer output signal, which represents the evolution of the TEM01

mode amplitude in the cavity. The bottom plot is the time series of the error

signal. Initially, the cavity TEM01 mode resonates at a high power level. When

the closed-loop was turned on, the power dropped to the desired level within 3

seconds, and stabilized at this level.

At this first stage in our investigation of optical suppression of PI, we consider only

the amplitude and frequency of the signals as control variables in this closed-loop

system. The phase of each LO signal was set in advance. This closed-loop system

worked properly when the phases were kept constant. Environmental temperature

changes induce a few Hz shift of the ETM acoustic mode frequency, and thus the

phase would also shift. This shift can be significant enough that the closed-loop

control starts to fail. We manage to measure the real phase of the cavity TEM01

mode, and made it a control variable for the closed-loop system. This phase

control will be further investigated in future work.
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Figure 5.12 – Closed-loop control results. After turning on the control
loop, the amplitude of the TEM01 mode dropped to the desired level within
3 s, and stabilized at this level. The top plot is the mixer output signal,
which represents the amplitude evolution of the TEM01 cavity mode. The
bottom curve is the error signal used to control the feedback signal.

5.3.5 Conclusion and Future work

In conclusion, we demonstrated that suppression of three-mode opto-acoustic

parametric interactions using an optical control system is achievable. By inject-

ing a TEM01 mode with appropriate amplitude, frequency and phase, the excited

intra-cavity TEM01 mode can be substantially suppressed, using only a low op-

tical power injection. This is a proof-of-principle experiment where there is no

self-sustained instability in the cavity. In the near future, we will be using a high-

finesse and high optical power cavity designed specifically to study self-sustained

parametric instability and its control. This new experiment will use the trans-

mission from the ETM in a feedback loop designed specifically for the optical

configuration of advanced gravitational wave detectors. Thermal tuning will be

controlled by a CO2 laser, and the heterodyne signal resulting from parametric

interactions will contain information on the acoustic mode frequency and phase.

We will filter, amplify and phase shift this signal, and use it to drive the broad-

band phase modulator directly. This will ensure that the test mass acoustic mode

frequency drift will have little effect on the feedback control.
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6.1 Preface

Experimental research is presented here on optically-induced torsional stiffness in

a high-optical-power Fabry-Pérot cavity with suspended mirrors, which led to a

peer-reviewed publication in Applied Physics Letters, in 2009. My contribution is

80% of this work. The suspended mirrors are unavoidably affected by forces and

torques that are exerted by radiation pressure. In high-optical-power cavities, this

optically-induced torsional stiffness can be large enough to counteract the torsional

stiffness of the mirror suspension, and thus give rise to the Sidles-Sigg instability.

The next section gives an introduction to this instability. The publication is

presented in the following section, which introduces the negative optical torsional

stiffness observed in the Gingin HOPF south arm cavity; the results validate the
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predicted theory that the optical spring constant depends on the g-factors of the

cavity mirrors.
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Figure 6.1 – Angular motions of the two mirrors in a Fabry-Pérot cavity.
The optical axis of the cavity is determined by the line connecting the points
c1 and c2, which are the centers of curvature of mirrors 1 and 2, respectively.
The YAW angles (corresponding angles can also be applied to the PITCH
motion) of the mirrors are α1 and α2, corresponding to light hitting at a
small displacement δx1 and δx2 at the surface of each mirror away from the
center, respectively. I1 and I2 are the moments of inertia of the mirrors, R1

and R2 are their respective radii of curvature, and L is the cavity length.

6.2 Introduction to Sidles-Sigg Instability

In 2006, Sidles and Sigg [71] pointed out an optical torsional spring effect due

to radiation pressure, which exerts torques upon the suspended mirrors in laser

interferometers. They analyzed a simple Fabry-Pérot (FP) cavity with two sus-

pended mirrors, under the assumption that the cavity mirror motions are slow

compare to the ringdown time of the optical cavity. In this quasi-static limit,

the torsional stiffness is entirely determined by the geometric parameters of the

optical cavity. This torsional stiffness is also proportional to the circulating power

stored in the optical cavity. When the cavity is resonant at a high power level,

the radiation pressure within becomes significant. The two suspended mirrors are

strongly coupled together via this pressure. They will no longer behave according

to their independent torsional stiffnesses, but rather to a mutual stiffness. Such

an opto-mechanical system involves two torsional modes, in which one is always

unstable. Analysis of this system has shown that, in interferometric GW detec-

tors operating at high optical power, the torsional stiffness induced by radiation

pressure could be much stronger than that of the mirror suspensions, and this

would cause angular instability in the interferometers – which is also known as

the Sidles-Sigg instability. The unstable torsional stiffness can be minimized by

choosing negative g-factor optical cavities for the interferometers. On this ba-

sis, the baseline design for Advanced LIGO chooses nearly concentric arm cavity
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mirrors, instead of using nearly flat mirrors [14,71].

Figure 6.1 shows a suspended FP cavity that consists of two tilted mirrors. α1 and

α2 are the YAW angles (corresponding angles can also be applied to the PITCH

motion) of mirror 1 and mirror 2, respectively, which are caused by random noises

or external torques. Each mirror is balanced by a restoring force from a suspended

wire loop, or from a servo system. R1 and R2 are the radii of curvature (ROCs)

of the two mirrors. c1 and c2 are the centers of curvature of the two mirrors.

The cavity optical axis is defined as the line connecting these two centers. When

the cavity is resonant, laser light travels along the optical axis inside the cavity,

and hits each mirror at a distance away from the mirror center, δx1 and δx2,

respectively. Each mirror will experience an optical torque given by:

τ1 =
2Pcav
c

δx1 , (6.1)

τ2 =
2Pcav
c

δx2 , (6.2)

where Pcav is the light power stored inside cavity, and c is the speed of light in

vacuum.

The differential equations describing the dynamics of the undamped mirror sus-

pensions can be expressed as:

I1 ·
d2

dt2
α1 + k1α1 = τ1, (6.3)

I2 ·
d2

dt2
α2 + k2α2 = τ2, (6.4)

where k1 and k2 are the torsional constants of the two mirror pendula; and I1 and

I2 are their moments of inertia. The beam offsets δx1 and δx2 can be written as

functions of the two tilt angles [75]:
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δx1 =
L

1− g1g2

(g2α1 + α2) , (6.5)

δx2 =
L

1− g1g2

(α1 + g1α2) , (6.6)

where g1 and g2 are the mirror g-factors. Thus, the differential equations can be

rewritten as:

I1 ·
d2

dt2
α1 = −

[(
k1 −

2PcavL

c(1− g1g2)
· g2

)
α1 −

2PcavL

c(1− g1g2)
α2

]
, (6.7)

I2 ·
d2

dt2
α2 = −

[(
k2 −

2PcavL

c(1− g1g2)
· g1

)
α2 −

2PcavL

c(1− g1g2)
α1

]
. (6.8)

These equations can be presented in matrix form:

d2

dt2
~α = −K~α , (6.9)

where

~α =

 α1

α2

 , (6.10)

K =



k1

I1

− 2PcavL

cI1(1− g1g2)
· g2 − 2PcavL

cI1(1− g1g2)

− 2PcavL

cI2(1− g1g2)

k2

I2

− 2PcavL

cI2(1− g1g2)
· g1

 . (6.11)

Eqn. (6.9) is the differential equation of a simple harmonic oscillation which has

eigenfrequencies equal to the eigenvalues of the matrix K. For simplicity, we

assume I1 = I2 = I, and k1 = k2 = k, so the natural eigenfrequency of the mirror

YAW mode can be determined by ω2
0 = k/I. On solving for the eigenvalues of the

right hand side of Eqn. (6.9), two eigenfrequencies are found:
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Figure 6.2 – Symmetric torsional mode of a suspended FP cavity. The
radiation pressure exerts a torque at the mirror surface; this is a restoring
torque in this mode.

ω2
1,2 = ω2

0 +
PcavL

cI

−(g1 + g2)±
√

4 + (g1 − g2)2

1− g1g2

 . (6.12)

The eigenvectors corresponding to these eigenfrequencies are given as:

~α1 =



g1 − g2 −
√

4 + (g1 − g2)2

1− g1g2

2

1− g1g2

 , (6.13)

~α2 =



g1 − g2 +
√

4 + (g1 − g2)2

1− g1g2

2

1− g1g2

 . (6.14)

This shows that such an opto-mechanical system consists of two possible modes,

resonant at frequencies ω1 and ω2, respectively. It is clear that, for a stable optical

cavity1, ω1 increases as the cavity light power goes up, while ω2 decreases as the

cavity light power goes up.

1The stable condition for an optical cavity is: 0 < g1g2 < 1.
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Figure 6.3 – Asymmetric torsional mode of a suspended FP cavity. The
radiation pressure exerts a torque at the mirror surface; this acts to push
the mirrors to larger tilt angles.

Symmetric mode

The ω1 mode is a symmetric mode. In this state, random forces cause the mirrors

to tilt in such a way that the optical axis rotates across the center line of the

cavity, as shown in Fig. 6.2. This tilt induces the laser beam to swing from

side to side in the cavity. Radiation pressure exerts an external restoring torque

at each surface of the mirrors, pushing both mirrors back to their equilibrium

positions, i.e. the total restoring force of the pendulum is enhanced by the light

pressure force. Therefore, the symmetric mode is a dynamically stable mode. The

eigenfrequency of this mode will be higher than the original natural frequency ω0

of the uncoupled pendulum.

Asymmetric mode

The ω2 mode is asymmetric. In this case, the mirrors are tilted in opposite ways,

with respect to the symmetric case. The tilted mirrors cause the laser beam to

slide sideways in the cavity, as shown in Fig. 6.3. Radiation pressure exerts a

torque at each of the mirror surfaces, that tends to increase the tilts of both

mirrors, i.e. the radiation pressure counteracts the original mechanical restoring

torque of the pendulum. If the circulating power exceeds a critical threshold, the

net restoring force will become zero, or even negative. Therefore, the asymmetric

mode is a dynamically unstable mode.

The above analysis was assumed in the case of a symmetrical cavity, which is a

reasonable approximation for the LIGO arm cavities. However, the Gingin HOPF

south arm cavity is not symmetrical, as the ETM is larger and heavier than the
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ITM. The relevant parameters are shown in Table 6.1 on Page 133. The ETM

moment of inertia is about 10 times larger than that of the ITM. It is reasonable to

assume that the ETM is stationary, and well aligned, i.e. α2=0. In this situation,

the effective resonant frequency in the ITM YAW degree of freedom, ωeff itm, can

be derived from Eqn. (6.7):

ω2
eff itm = ω2

0 itm −
2PcavLg2

cI1(1− g1g2)
, (6.15)

where ω0 itm is the pendulum natural frequency in the ITM YAW degree of free-

dom. It is evident that this mode is always an unstable mode. Radiation pressure

exerts a negative optical torsional stiffness on the ITM suspension. The effective

resonant frequency will decrease as the circulating power goes up. The system

becomes unstable when the circulating power reaches a certain critical threshold

inside the cavity. Such a negative optical torsional stiffness has been observed in

the south arm cavity. The results are discussed in the following Section.
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We have observed negative optical torsional rigidity in an 80 m sus-

pended high optical power cavity, that will induce the Sidles-Sigg

instability as a result of sufficient circulating power. The magnitude of

the negative optical torsional spring constant per unit power is a few

µN·m/W, as the result of optical torsional stiffness in the YAW mode

of a suspended mirror Fabry-Pérot cavity. This constant is observed

to depend on the g-factor of the cavity, which is in agreement with

Sidles-Sigg theory.

6.3.1 Introduction

Around the world, there are several kilometer-long suspended Michelson interfer-

ometers, with Fabry-Pérot (FP) cavities in each arm, aimed at detecting gravi-

tational waves. Effort is underway to improve these interferometers, by minimiz-

ing the effect of noise sources which contaminate the gravitational wave readout

channel. Quantum shot noise is one source which effects the sensitivity of these

detectors. The simplest way to reduce this noise is to increase the optical power

within the FP cavities of the interferometer. An upgrade to the LIGO interfer-

ometers includes increasing the optical power circulating in the FP cavities to 830
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kW [14].

An increase in the power within an optical cavity directly increases the radiation

pressure, thereby increasing the opto-mechanical coupling. This can act in both

longitudinal and torsional degrees of freedom. Higher power within the cavity

changes both the suspended mirror pendulum mode stiffness and the torsional

mode stiffness, causing them to act like two strongly coupled oscillators [71].

The longitudinal optical spring effects within optical cavities, as a result of this

pendulum mode optical stiffness, have been observed and extensively studied [53,

55,63–68]. The optical spring can also induce instabilities, or passive cooling of the

internal mechanical modes of the cavity end mirrors, through coupling to cavity

high-order modes [55].

In addition to the longitudinal optical spring effects on an optical cavity, large

circulating optical power can also couple the torsional mode of the test mass sus-

pension to the optical mode. This effect was first recognized by Solimeno et al. [70]

in 1991. They analyzed the phenomena for a cavity consisting of one suspended

mirror and one fixed mirror, using a modal formalism. Later, Sidles and Sigg

extended this analysis to a cavity with two suspended mirrors using a simplified

geometric formalism, and they found that their results remained consistent with

Solimeno et al. [70]

Sidles-Sigg (SS) theory predicts that optically-induced, negative torsional stiff-

ness could potentially be large enough to overcome the stiffness of the mirror

suspensions, introducing an angular instability within the cavity of the interfer-

ometer. These instabilities depend upon the circulating power, cavity finesse and

linewidth, and on the detuning between the laser frequency and the cavity reso-

nant frequency. SS theory indicates that choosing negative mirror g-factors (i.e.

near-concentric cavities) maximizes the critical circulating power at which the

cavity becomes unstable.

Driggers [72] observed the optical torsional stiffness in a suspended three-mirror

mode cleaner cavity, and its dependency on the circulating power. In this letter,

we present results on the cavity g-factor dependence of optical torsional stiffness in

a two-mirror cavity. Our results are in agreement with the SS geometric formalism

model.
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6.3.2 Review of the Sidles-Sigg theory

Figure 6.4 – Fabry-Pérot cavity with tilted mirrors, where L is the length
of the cavity, α1 and α2 are the misalignment angles for their corresponding
mirrors, and δx1 and δx2 are the mode position offsets.

As shown in Fig. 6.4, we assume that the optical cavity is initially well-aligned,

and that the cavity mode is located at the center of the mirror. Any suspended

mirror angular misalignment will cause the cavity mode to move away from the

mirror center. The displacement of the mode from the mirror center causes the

radiation pressure of the laser beam stored inside the cavity to introduce a torque

on each end mirror, thus modifying the dynamics of these suspended mirrors.

The differential equations describing the dynamics of the mirrors are:

d2

dt2
α1 = −ω2

1α1 + 2PL
cI1

(
g2

1− g1g2
α1 + 1

1− g1g2
α2

)
,

d2

dt2
α2 = −ω2

2α2 + 2PL
cI2

(
1

1− g1g2
α1 + g1

1− g1g2
α2

)
, (6.16)

where P is the circulating power in the cavity; L is the cavity length; αi, Ii, ωi are

the misalignment angles, moments of inertia, and resonant frequencies for each

mirror; and the g-factor for each mirror is defined as gi= 1− L
Ri

.

By inspecting Eqn. (6.16), and increasing the optical power, we can see that the

two cavity mirrors are no longer independent (α1 and α2 are present in both
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equations), but instead are connected together by the radiation pressure of laser

light circulating inside the cavity.

In the experiments described here (see Table 6.1), the moment of inertia of the

ETM mirror is about 10 times larger than that of the ITM mirror. Also, it should

be noted that the ETM mirror is heavily damped. Under these conditions, it is

a good approximation to consider the ETM mirror as fixed and well-aligned, so

then α2 = 0.

The negative optical torsional optical spring constant is:

kop = −IΩ2 = −I 2P

cI1

g2

1− g1g2

L , (6.17)

where Ω is the resonant frequency of the optical spring, and I equals I1. From

Eqn. (6.17), we can see how strong the optical spring constant is as a function of

positive mirror g-factors. If the cavity g-factor is increased, we should find that

the absolute value of the negative optical spring constant is also increased.

When the circulating power P reaches a level where ω1 = Ω, the system approaches

instability. We define this power as the critical power Pc:

Pc =
cI1ω

2
1

2L

1− g1g2

g2

. (6.18)

With the FP cavity parameters listed in Table 6.1, the critical power Pc(yaw)=4.5

kW and Pc(pitch)=7.0 kW. Our cavity has a relatively stiff torsional suspension, so

their critical powers are quite large.

The negative optical spring constant kop can be evaluated by measuring the effec-

tive resonant frequency of the ITM mirror, which should be:

ωeff =
√
ω2

1 − Ω2 . (6.19)
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Table 6.1 – Parameters of the south arm FP cavity.

ITM ETM CP
Materials Sapphire Sapphire Fused Silica
Radius of Curvature (m) R1=∞ R2=720 Flat
Diameter (mm) 100 150 160
Thickness (mm) 46 80 17
Mass (kg) ∼1.43 ∼5.6 -
ω1 pitch (Hz) ∼0.81 - -
ω1 yaw (Hz) ∼0.65 ∼0.51 -
Moment of inertia (kg·m2) 1.15×10−3 1.12×10−2 -
Cavity Length (m) ∼80

6.3.3 Experimental Technique

The experiment described here was performed at the Gingin High Optical Power

Facility (HOPF) in Western Australia [104]. Figure 6.5 shows the experimental

layout. A ∼3 W neodymium-doped yttrium aluminum garnet (Nd:YAG) laser

beam is injected and phase-locked into the FP cavity, which consists of an input

test mass (ITM) and an end test mass (ETM). These test masses are supported

by simple wire loop pendulums which are driven by seismic noise, and controlled

by conventional LED-photodiode shadow sensors [119]. An intra-cavity low ab-

sorption thermal compensation plate (CP) is placed close to the ITM, and this

tunes the mirror g-factor, g1, by electrically heating the cylindrical surface of the

CP (i.e. introducing a negative thermal lens). The CCD camera located behind

the ETM measures the transmitted beam profile.

We measured the resonant frequency, ω1 yaw, of the ITM YAW degree of freedom

as a function of the total cavity g-factor, which was varied by thermally tuning the

CP focal length. The spectrum analyzer, shown in Fig. 6.5, measured the resonant

frequency of the ITM, from which we calculated the value of the negative optical

spring constant from Eqn. (6.17). This measurement was difficult to obtain, for

several reasons. First, the tuning required at least one hour to reach thermal

equilibrium due to the low thermal absorption and conductivity of the fused silica

substrate of the CP. Secondly, the torsional mode measurement required either

switching off the local control system, or keeping the local control loop closed

by injecting a significantly larger amplitude signal than that of seismic noise. In
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either case, the ITM would swing with a large amplitude, driven by seismic noise

or the injection signal. ITM fluctuations occasionally caused power loss in the

cavity, which decreased the optical spring effect. Long integration times, required

for precision measurements, made our cavity more susceptible to seismic noises,

which caused the cavity to lose lock, especially when we had a high g-factor cavity.

Laser
ITM ETM

CCD

CP

Spectrum 

Analyzer

Heating wire

d

Figure 6.5 – Schematic of the experimental setup, where the ITM is the
input mirror, ETM is the end mirror, d is the distance between the end
mirror and the CCD camera, and CP is the thermal compensation plate.

The cavity g-factor can be determined by two methods. One is by measuring the

transmitted beam size using the CCD camera (see Fig. 6.5). The other way is to

measure the mode spacing ∆f between the first-order mode and the fundamental

mode of the cavity. The cavity g-factor can be expressed as [137]:

g = cos2(
π ·∆f
FSR

) , (6.20)

where FSR is the free spectral range of the cavity. The first-order mode frequency

was obtained by phase-modulating the incident laser with a swept signal.

6.3.4 Results and Conclusions

Figure 6.6 shows the negative spring constant divided by the power P , as a func-

tion of the cavity g-factor, as compared with calculated values using Eqn. (6.17).

The power P was calculated from the transmitted beam power recorded on the

CCD camera. The measured frequency shift for the ITM YAW mode is ∼30 mHz

at about 2.1 W incident power (∼ 630 W circulating power). The cavity g-factors

were obtained using Eqn. (6.20), by measuring the cavity mode spacing. When

the cavity was locked, and the local control system was on, the cavity mode spac-
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Figure 6.6 – The negative optical torsional spring constant kop for ITM
yaw mode as a function of the cavity g-factor. The spring constant has been
normalized by dividing by the circulating power.

ing varied from ∼ 140 kHz to ∼ 190 kHz at different CP heating powers. At

certain CP heating powers, we turned off the ITM local control and measured the

YAW mode resonant frequency shift due to the optical torsional stiffness. From

this frequency shift, we calculated the optical torsional stiffness.

As seen in Fig. 6.6, the measured data agree relatively well with the calculated

data. The error bars shown in the graph are statistical errors from measurements

taken under the same conditions. At higher cavity g-factors, the cavity align-

ment fluctuated a great deal at the YAW mode resonant frequency (∼ 0.6 Hz).

The frequency shift measurements took about 400 seconds; this averaged out the

fluctuations, and the statistical errors did not increase with increased fluctuation

at higher cavity g-factors. However, an instantaneous power fluctuation, which

changes the average power level, would not affect the frequency shift during the

measurement time, due to the high Q-factor (∼104) of the YAW mode. There-

fore, when we used the average power to calculate the unit power optical spring

constant – after using Eqn. (6.17) – the average power level could have been un-

derestimated at high mirror g-factors, leading to the positive deviations seen in
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Fig. 6.6.

In conclusion, we have observed the optical torsional stiffness in an 80 m high-

optical-power cavity. The magnitude of the optical spring effect is much smaller

in a cavity with concentric mirrors, and it should be noted that the designs for the

next generation of high-power laser interferometers have taken this instability into

consideration, and their optical cavities have been modified from nearly planar to

nearly concentric.
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This thesis describes experimental research on three nonlinear effects, which tend

to degrade the performance of laser interferometric gravitational wave (GW) de-

tectors. The experiments were conducted using the Gingin High Optical Power

Facility (HOPF); this serves as a research and testing facility, whose aim is to

undertake a series of investigations relating to high optical power circulating in a

Fabry-Pérot (FP) cavity with suspended mirrors. The HOPF was developed by

the Australian Consortium for Interferometric Gravitational Astronomy (ACIGA)

in collaboration with the LIGO project. The details of this facility are introduced

in Chapter 2.

The three nonlinear effects involve thermal lensing, parametric instability and

Sidles-Sigg instability, which are induced by residual optical absorption in the

optical elements, or by substantial radiation pressure effects – which are very

likely to occur in the Advanced GW detectors operating at extremely high optical

power. These serious problems invoke instabilities in the interferometers, which

limit improvements in the GW detector sensitivities, or even render them unable

to work properly. Experimental investigations of these effects are essential and

helpful to study and understand their influence on instrumental performance,

and then to facilitate developing approaches to effectively control them in the

Advanced interferometers.
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7.1 Results summary

(1) We have observed significant wavefront distortion due to optical absorption in

the ITM mirror substrate in the Gingin HOPF south arm cavity. Due to ∼0.5 W

of optical absorption, the initially flat ITM developed into a concave mirror with a

radius of curvature (ROC) of ∼2.5 km. Such a thermal lensing effect distorted the

eigenmodes of the FP cavity, i.e. the waist of the cavity fundamental mode moved

towards the cavity center to a distance of ∼16 m away from the ITM surface, and

the waist size reduced from 8.7 mm to ∼8.2 mm. The measured time evolution

of this thermal lensing fits a sum of two exponentials, in agreement with the

predictions of analytic models. Their corresponding time constants are τ1=0.76

s, and τ2=5.91 s, for this sapphire ITM. The relatively small value of τ1 indicates

a rapid temperature increase in the test mass due to optical absorption, while τ2

shows that it takes a much longer time for this test mass to radiate heat through

its sides, and achieve a steady-state thermal equilibrium. Also, measuring the time

evolution of the thermal lens gives a means to estimate the average absorptions in

the optical components. In this HOPF observation, the average bulk absorption

was ∼51 ppm/cm in the ITM substrate, and ∼5.5 ppm overall absorption in the

compensation plate.

In addition, thermally-induced wavefront distortion can be corrected using a fused

silica Compensation Plate (CP), which was placed near the ITM inside the cav-

ity. By electrically heating its cylindrical surface, this CP became a negative lens,

thereby counteracting the positive thermal lens in the ITM. Eventually, the ef-

fective ROC of the modified mirror (ITM + CP) returned close to the original

flatness of the ITM, i.e. the cavity resonant mode returned to its initial state. In

order to maintain this state, a servo loop was used to tune and hold the thermal

focal length of the CP at the desired value; an error signal, derived from measure-

ments of the transmitted beam size, was fed back to control the heating power

applied to the CP. In practice, this provides a means of thermally tuning the op-

tical cavity g-factor – a technique which has been employed in the observation of

three-mode opto-acoustic parametric interactions.

However, there are several problems with this compensation method, which need

not affect its application in a full-scale interferometer. First, great care must

be taken in co-alignment of the test mass and the CP, to ensure that this CP is
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accurately centered on the cavity beam; otherwise, it would cause the cavity beam

to deflect on passing through the thermal lens in the heated CP. Second, the CP

is conductively heated by the attached nichrome wire, which may itself introduce

seismic noise. A faster and more flexible method is to directly heat the test mass

surface, or the CP, using a highly-stable CO2 laser. This can be utilized to heat a

fixed region, or scan through a large area of the test mass. The beam profile can

be either circular or annular, for different thermal lensing compensation purposes.

(2) We have studied mode shape astigmatism in a high-optical-power cavity, due

to both thermal stress birefringence, and inhomogeneous optical absorption in

a sapphire test mass. The cavity modes were calculated using an optical FFT

code OSCAR. Two cases have been modeled, one which contains a test mass with

uniform absorption of 50 ppm/cm, and another which includes an extremely inho-

mogeneous absorption profile of the ITM sapphire substrate – 50 ppm/cm on one

side of a diameter, and 100 ppm/cm on the other side. Both cases show increas-

ing astigmatism with increase of absorbed power. However, for ∼0.5 W absorbed

power, the magnitude of the astigmatism in the extreme inhomogeneity case has

only a small increase, from ∼1% to 1.6%, compared with the uniform absorption

case. These results indicate that the contribution from extreme inhomogeneity to

the total astigmatism is less than that from thermal stress birefringence. Mean-

while, mode shape astigmatism has also been observed in the Gingin HOPF south

arm cavity, by measuring the transmitted beam profile. The observed astigma-

tism increases with power, which is in agreement with the model predictions;

however, the observed astigmatism has a larger magnitude than in the model,

caused by non-ideal optics and imperfect alignment. Both the modeling and the

experimental results show that a sapphire test mass has relatively high immunity

to inhomogeneity, because of its high thermal conductivity.

However, this investigation is based on the Gingin HOPF cavity, which has a

relatively smaller cavity beam spot size, compared to the 4 km laser interferometric

detectors. As shown in Section 4.2.3, inhomogeneous structure has significant

lateral extent, and the magnitude of inhomogeneity effects will be greater for

larger beam spot sizes. The author is currently working on the modeling with

higher power, and with larger spot sizes, to determine whether it is possible to

utilize sapphire as the ITM in full-scale gravitational wave detectors, which need

large beam spots to average over the thermal fluctuations of the mirror surface.
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(3) Three-mode opto-acoustic parametric interactions were observed in the Gingin

HOPF cavity; this is the first experimental validation of the theory of paramet-

ric instability in a high-optical-power cavity. An anti-Stokes TEM01 mode (with

frequency ω0 +ωm) was excited, and gained optical power from the interaction be-

tween the cavity TEM00 mode (at frequency ω0) and an acoustic mode (resonant

at frequency ωm ∼160 kHz) in the ETM mirror. The power of the excited TEM01

mode could be amplified by thermally tuning the cavity mode spacing (through

heating the CP) sufficiently close to the frequency ωm. This TEM01 mode power

was quantified by using the differential readout of a quadrant photodiode to mea-

sure the heterodyne beat between the overlapping TEM01 and TEM00 modes. The

results show that the power of the excited TEM01 mode was amplified by more

than 20 dB, achieving a maximum parametric gain of R∼0.01. Such a system has

applications in creating small-scale opto-acoustic parametric amplifiers (OAPAs),

which have a wide range of uses in quantum optics, e.g. quantum measurements at

the single quanta level, quantum-ground state cooling, and also creating entangled

pairs between phonons and photons [138].

Based on these observations, an optical feedback control method for suppressing

these three-mode parametric interactions was tested. In this control loop, an error

signal, which was derived from the measured heterodyne beat signal between the

cavity TEM00 mode and the excited TEM01 mode, was fed back to tune the driving

signal for a broadband phase modulator, thus producing a TEM01 sideband with

the required amplitude, frequency, and phase. This sideband beam was then

injected into the cavity, thereby suppressing the excited TEM01 mode due to the

destructive interference between these two TEM01 modes. With only ∼0.4 mW

input power in the sideband signal, ∼90% of the power in the cavity TEM01 mode

was suppressed. When the closed-loop was switched on, the power was suppressed

to a desired level within 3 s, and thereafter kept at this level. The results show

that the excited transverse high-order mode inside the cavity can be controlled by

introducing an extra high-order mode with the required amplitude, frequency, and

phase. This test gives a proof-of-principle demonstration of optical suppression of

parametric instability in a high-optical-power FP cavity.

However, there are still some problems to overcome. Due to the low thermal

absorption and conductivity of the fused silica substrate of the CP, it took a few

tens of minutes for the thermal tuning of the cavity g-factor. We found that
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during this heating period, the acoustic mode frequency drifted by a few Hz due

to environmental temperature variations, and thereby induced a phase shift in the

control signal. In addition, in order to introduce the control beam into the optical

cavity, a Mach-Zehnder interferometer was inserted into the injection system; this

is not a realistic modification to an Advanced GW detector, which already has

a complicated injection system. Future investigations, especially in the study of

self-sustained parametric instability, must take these problems into account.

(4) We have observed optically-induced torsional stiffness in the Gingin HOPF

south arm cavity, which will lead to the Sidles-Sigg instability in interferometric

GW detectors with high optical power. The resonant frequency in the ITM YAW

degree of freedom was measured using a spectrum analyzer, from which the neg-

ative optical torsional spring constant was calculated. The measured frequency

shift for the ITM YAW mode (due to the torque from radiation pressure) was close

to 30 mHz, corresponding to a ∼2.45 µN·m/W optical spring constant per unit

power. We also measured the spring constant of the ITM YAW mode in terms

of the total cavity g-factor, which was varied by thermally tuning the CP. The

results confirm the predicted theory that the optical spring constant is mainly

determined by the cavity g-factor. More recently, an angular instability effect

was observed in this optical cavity. Radiation pressure exerts a torque on the

ITM mirror, initiating an ITM oscillation, and thus fluctuations in the circulating

power inside the cavity. These results indicate that the optically-induced torsional

stiffness must be seriously considered in the design of mirror suspensions, and of

their sensing and feedback control systems in high-optical-power interferometric

GW detectors.

7.2 Future work

Experimental investigations on these nonlinear effects will be continued in the

Gingin HOPF; and especially on self-sustained parametric instability (PI), i.e.

with a parametric gain R>1 in the optical cavity (see Chapter 1, Eqn. 1.16 on

page 26). A very high-finesse (F∼104) optical cavity, with very low mechanical

dissipation test masses, will be set up in the east arm, which is to be used in

experiments particularly focused on the study of self-sustained PI and its optical

feedback control. In these new experiments, the servo system will not inject the
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control beam through the cavity input mirror; instead, the transmitted beam

leaking through the cavity end mirror will be harnessed in the feedback loop. The

detection of parametric interactions and feedback control will be implemented in

the end-station laboratory only. Meanwhile, thermal tuning of the cavity g-factor

will use a highly-stable CO2 laser to heat the surface of the cavity end mirror; this

method will be better, as laser heating is significantly faster than thermal-tuning

through electrically heating the CP.

In addition, the influences on the mirror suspension and their servo systems, by

optically-induced torsional stiffness, need to be carefully investigated, especially

for the new east arm cavity, in which extremely high optical power is stored.

Analyses should consider the time-delay as the cavity light responds to mirror

displacements, not just the quasi-static cavity case. Furthermore, it will also be

worthwhile to consider thermal lensing compensation in this cavity, in the case

where thermal lenses are mainly dominated by optical absorptions in the mirror

coatings.

From the experience gained with this experimental research in the near future,

we should be able to make significant contributions to the successful design of the

next generation laser interferometric GW detections.



Bibliography

[1] A. Einstein, “Die Grundlage der allgemeinen Relativitatstheorie,” Annalen
der Physik, 49, pp. 769–822, (1916). 2

[2] K. S. Thorne, “Gravitational-wave research: Current status and future
prospects,” Reviews of Modern Physics, 52, pp. 285–297, (1980). 3, 4,
6

[3] R. A. Hulse and J. H. Taylor, “Discovery of a pulsar in a binary system,”
Astrophysical Journal, 195, pp. L51–L53, (1975). 4

[4] J. H. Taylor and J. M. Weisberg, “Further experimental tests of relativistic
gravity using the binary pulsar PSR 1913+16,” Astrophysical Journal, 345,
pp. 434–450, (1989). 4

[5] L. Ju, D. G. Blair, and C. Zhao, “Detection of gravitational waves,” Reports
on Progress in Physics, 63, pp. 1317–1427, (2000). 4, 6

[6] J. Weber, “Evidence for Discovery of Gravitational Radiation,” Physical
Review Letters, 22, pp. 1320–1324, (1969). 6

[7] M. E. Gertsenshtein and V. I. Pustovoit, “On the detection of low frequency
gravitational waves,” Soviet Physics - JETP, 16, 433, (1962). 6

[8] R. L. Forward, “Wideband laser-interferometer gravitational-radiation ex-
periment,” Physical Review D, 17, 379, (1978). 6

[9] B. F. Schutz, “Gravitational-wave sources,” Classical and Quantum Gravity,
13, pp. A219–A238, (1996). 7

[10] S. Daniel, “Status of the LIGO detectors,” Classical and Quantum Gravity,
25, 114041, (2008). 7, 66

[11] F. Acernese et al., “Status of Virgo,” Classical and Quantum Gravity, 25,
114045, (2008). 7

[12] H. Grote, “The status of GEO 600,” Classical and Quantum Gravity, 25,
114043, (2008). 7

[13] R. Takahashi et al., “Operational status of TAMA300 with the seismic at-
tenuation system (SAS),” Classical and Quantum Gravity, 25, 114036,
(2008). 7

[14] P. Fritschel et al., “Advanced LIGO Systems Design,” LIGO Internal Doc-
ument, LIGO-T010075-01, (2001). 7, 22, 29, 58, 66, 124, 130



144 Bibliography

[15] Advanced LIGO Team, “Advanced LIGO Reference Design,” LIGO Inter-
nal Document, LIGO-M060056-08-M, (2007). 7, 19, 20, 22

[16] G. Losurdo et al., “Advanced Virgo conceptual design.”
http://wwwcascina.virgo.infn.it/advirgo/docs/AdV Design.pdf, (2007). 7,
22

[17] B. Willke et al., “The GEO-HF project,” Classical and Quantum Gravity,
23, S207, (2006). 7, 22

[18] K. Kuroda, “LCGT Project,” LIGO Internal Document, LIGO-G050412-
00-Z, (2005). 7, 22, 66

[19] P. Barriga et al., “AIGO: a southern hemisphere detector for the worldwide
array of ground based interferometric gravitational wave detectors,” LIGO
Internal Document, LIGO-P0900256-v1, (2009). 7, 22

[20] LISA web page, http://lisa.nasa.gov/index.html. 7

[21] N. Seto, S. Kawamura, and T. Nakamura, “Possibility of Direct Measure-
ment of the Acceleration of the Universe Using 0.1 Hz Band Laser Inter-
ferometer Gravitational Wave Antenna in Space,” Physical Review Letters,
87, 221103, (2001). 8

[22] S. Kawamura et al., “The Japanese Space Gravitational Wave Antenna -
DECIGO,” LIGO Internal Document, LIGO-G060318-00-Z, (2006). 8

[23] R. Weiss, “Electromagnetically Coupled Broadband Gravitational An-
tenna,” LIGO Internal Document, LIGO-P720002-01-R, (1972). 11

[24] R. W. P. Drever et al. , in Proceedings of the Ninth International Con-
ference on General Relativity and Gravitation, VEB Deutscher Verlag der
Vissenschaft, Berlin, Germany, (1980). 11

[25] R. W. P. Drever et al., “Laser phase and frequency stabilization using an
optical resonator,” Applied Physics B, 31, pp. 97–105, (1983). 11, 37, 42,
46, 68, 113

[26] A. Schenzle, R. G. DeVoe, and R. G. Brewer, “Phase-modulation laser spec-
troscopy,” Physical Review A, 25, 2606, (1982). 11

[27] R. W. P. Drever , in Gravitational Radiation, North-Holland, Amsterdam,
Netherlands, (1983). 13

[28] B. J. Meers, “Recycling in laser-interferometric gravitational-wave detec-
tors,” Physical Review D, 38, 2317, (1988). 13

[29] K. A. Strain and B. J. Meers, “Experimental demonstration of dual recycling
for interferometric gravitational-wave detectors,” Physical Review Letters,
66, 1391, (1991). 13



Bibliography 145

[30] D. Sigg, “Gravitational Waves,” LIGO Internal Document, LIGO-
P980007-00-D, (1998). 15

[31] P. R. Saulson, “Thermal noise in mechanical experiments,” Physical Review
D, 42, 2437, (1990). 16

[32] Y. Levin, “Internal thermal noise in the LIGO test masses: A direct ap-
proach,” Physical Review D, 57, 659, (1998). 17

[33] G. M. Harry et al., “Thermal noise from optical coatings in gravitational
wave detectors,” Applied Optics, 45, pp. 1569–1574, (2006). 17

[34] C. M. Caves, “Quantum-mechanical noise in an interferometer,” Physical
Review D, 23, pp. 1693–1708, (1981). 17

[35] P. R. Saulson, Fundamentals of Interferometric Gravitational Wave Detec-
tros. (World Scientific, Singapore), (1986). 18

[36] K. Goda et al., “A Quantum-Enhanced Prototype Gravitational-Wave De-
tector,” Nature Physics, 4, pp. 472–476, (2008). 18

[37] A. Buonanno and Y. Chen, “Quantum Noise in Second Generation, Signal-
Recycled Laser Interferometric Gravitational-Wave Detectors,” Physical Re-
view D, 64, 042006, (2001). 18

[38] T. Corbitt et al., “Squeezed-state source using radiation-pressure-induced
rigidity,” Physical Review A, 73, pp. 023801–14, (2006). 18, 97

[39] C. Wilkinson, “Plans for Advanced LIGO Instruments,” LIGO Internal Doc-
ument, LIGO-G070454-00-M, (2007). 20

[40] S. J. Waldman, “The Advanced LIGO Gravitational Wave Detector,” LIGO
Internal Document, LIGO-P0900115, (2009). 20

[41] L. Wen et al., “Host galaxy discrimination using a world network of grav-
itational wave detectors,” , in Proceedings of the Moriond conference in
Gravitational Wave Experimental Gravity, The Gioi Publishers, (2007). 22

[42] S. Hild, S. Chelkowski, and A. Freise, “Pushing towards the ET sensitivity
using ’conventional’ technology,” arXiv:0810.0604v2 [gr-qc], (2008). 22

[43] Einstein Telescope, http://www.et-gw.eu/. 22
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Appendix A

Useful formulae and definitions
for a Fabry-Pérot cavity

A typical Fabry-Pérot (FP) cavity is usually composed of two spherical (or flat)
mirrors: an input coupler Mirror1 with radius of curvature R1, amplitude reflec-
tivity r1, amplitude transmission t1; and an end mirror Mirror2 with radius of
curvature R2, amplitude reflectivity r2, amplitude transmission t2. The cavity
length is L.

Figure A.1 – Layout of a Fabry-Pérot cavity.

g-factor:

g = g1 · g2, gi ≡ 1− L

Ri

, i = 1, 2 . (A.1)

Stability condition:

0 < g1 · g2 < 1 . (A.2)

Fundamental Gaussian mode:

The fundamental Gaussian mode is determined entirely by the geometric figure
of the FP cavity.
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The beam waist is given by:

w2
0 =

λ

π
·
√√√√L(R2 − L)(R1 − L)(R1 +R2 − L)

(R1 +R2 − 2L)2 . (A.3)

The Rayleigh length zR is given by:

z2
R =

L(R2 − L)(R1 − L)(R1 +R2 − L)

(R1 +R2 − 2L)2 . (A.4)

The location of the beam waist is at a distance z1 from Mirror1, or z2 from
Mirror2 : 

z1 =
L · (R2 − L)
R1 +R2 − 2L ,

z2 =
L · (R1 − L)
R1 +R2 − 2L .

(A.5)

The beam spot sizes on Mirror1 and Mirror2 can be expressed as:
w2

1 = w2(z1) = w2
0 ·
(

1 +
z2

1

z2
R

)
= λR1

π

√
(R2 − L)L

(R1 − L)(R1 +R2 − L)
,

w2
2 = w2(z2) = w2

0 ·
(

1 +
z2

2

z2
R

)
= λR2

π

√
(R1 − L)L

(R2 − L)(R1 +R2 − L)
.

(A.6)

The above equations can also be expressed in terms of g-factors:

w2
0 = Lλ

π ·
√

g1g2(1− g1g2)
(g1 + g2 − 2g1g2)2 ,

z2
R =

g1g2(1− g1g2)
(g1 + g2 − 2g1g2)2 · L2 ,

z1 =
g2(1− g1)

g1 + g2 − 2g1g2
· L ,

z2 =
g1(1− g2)

g1 + g2 − 2g1g2
· L ,

w2
1 = Lλ

π ·
√

g2

g1(1− g1g2)
,

w2
2 = Lλ

π ·
√

g1

g2(1− g1g2)
.

(A.7)
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Cavity fields calculation

The reflected field Eref , the circulating field Ecir, and the transmitted field Etran
of the FP cavity can be given as:



Eref =
r1 − r2(r2

1 + t21)e−iφ

1− r1r2e
−iφ · Einc ,

Ecir = it1
1− r1r2e

−iφ · Einc ,

Etran = −t1t2e−iφ/2
1− r1r2e

−iφ · Einc ,

(A.8)

where Einc is the incident field; and φ = 4π
λ
L is the round-trip phase. (Note: the

circulating field is given in terms of the E field propagating in the direction from
Mirror1 to Mirror2, at the Mirror1 surface.)

Therefore, the power build-up factor is:

∣∣∣∣EcirEinc

∣∣∣∣2 =
t21

1− 2r1r2cos(φ) + r2
1r

2
2

. (A.9)

When the cavity is resonant, i.e. cos(φ)=1, the maximum build-up factor (or
cavity gain) is given by:

Gcav =
∣∣∣∣EcirEinc

∣∣∣∣2 =
t21

(1− r1r2)2 . (A.10)

More cavity parameters:

• Free Spectral Range (FSR): ∆νfsr = c
2L ,

• Finesse: F =
π
√
r1r2

1− r1r2
,

• Full-Width Half-Maximum: FWHM=
∆νfsr
F ,

• Light storage time: τstor = L
c

√
r1r2

(1− r1r2)
,

• Equivalent bounces: N = Fπ ,

• Cavity pole (or half-width at half-maximum): fp = c
4F · L .





Appendix B

Pound-Drever-Hall Locking
Technique

The Pound-Drever-Hall (PDH) technique is a widely used method for frequency
locking of lasers to optical resonators, which is an essential part of the technology
used in interferometric gravitational wave detectors.

Figure B.1 – Basic layout of the PDH locking technique.

The basic layout of the PDH technique is shown in Fig. B.1. A laser beam is
phase modulated by a phase modulator driven by a local oscillator, creating a
carrier and two sidebands. This phase-modulated beam is directed onto a Fabry-
Pérot (FP) cavity. The frequency of the local oscillator, Ω, is set at a value much
greater than the cavity linewidth. Thus, the phase modulation sidebands are non-
resonant when the carrier is near resonance in the FP cavity, i.e. these sidebands
provide a reference for the phase of the carrier field reflected from the cavity. The
beam reflected off the cavity is measured with a high-frequency photodetector.
The photodetector readout is sent to a mixer to compare with the phase-shifted
local oscillator signal. A low-pass filter with a cut-off frequency less than Ω is used
to isolate the DC component of the mixer output. The resulting signal, usually
called the error signal, gives a measure of how far, and on which side, the laser
carrier is off-resonance with the cavity. This error signal is finally sent through
a servo amplifier into the laser source, thus ensuring that the laser locks to the
cavity.
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B.1 Phase modulation of the incident beam

The incident laser beam has an electric field given by:

Einc = E0e
iωt, (B.1)

where E0 is the amplitude of the incident beam; ω is the angular frequency of
the laser beam. The beam is phase-modulated after passing through the phase
modulator, and its electric field can then be represented by:

Einc = E0e
i(ωt+βsin(Ωt)). (B.2)

Here, Ω is the phase modulation frequency; and β is known as the modulation
depth. For the case of β �1, this field can be expanded as:

Einc ≈ E0 [J0(β) + 2iJ1(β)sin(Ωt)] eiωt,

= E0

[
J0(β)eiωt + J1(β)ei(ω+Ω)t − J1(β)ei(ω−Ω)t

]
, (B.3)

where J0 and J1 are the Bessel functions of the first kind. Eqn. (B.3) shows that
there are actually three different beams incident on the optical cavity: a carrier,
with angular frequency ω; and two sidebands with frequencies ω ± Ω. Therefore,
the optical power in the carrier is:

Pc = J2
0 (β)P0, (B.4)

where P0 = |E0|2 is the total power in the incident laser beam. The optical power
in each sideband is given by:

Ps = J2
1 (β)P0. (B.5)

With the assumption that β �1, almost all of the optical power is in the carrier
beam and the two first-order sidebands, i.e. Pc + 2Ps ≈ P0.
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B.2 Reflection coefficient of a FP cavity

From Eqn. (A.8), we can obtain the cavity reflection coefficient as:

F (φ) =
Eref
Einc

=
r1 − r2(r2

1 + t21)e−iφ

1− r1r2e
−iφ . (B.6)

Here, the round-trip phase φ = 4π
λ
· L = ω

∆νfsr
. That is, the optical cavity has

a frequency-dependent, complex reflectivity, F (ω). Fig. B.2 shows: (a) the mag-
nitude, and (b) the phase, of the complex reflectivity of a symmetric cavity as a
function of frequency. The cavity here is lossless; and each mirror has a power
reflectivity of 99%. Ideally, when this cavity is perfectly on resonance, i.e. the
laser frequency is exactly an integer multiple of the free spectral range of the cav-
ity ( ω

∆νfsr
= N · 2π), then the cavity reflection beam vanishes, (i.e. abs(F(ω))=0).

When the cavity is not perfectly resonant (i.e. abs(F(ω))6=0), the sign of the phase
will determine which side the laser is on (as shown in Fig. B.2).
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Figure B.2 – A sample plot of complex reflectivity of a FP cavity, as a
function of round-trip phase shift. (a) amplitude; (b) phase. Parameters
used: r1=r2=

√
0.99, t1=t2=

√
0.01.

B.3 Cavity reflection beam and the error signal

For the phase-modulated incident beam, the total reflected beam contains three
components with different frequencies. The reflected field is given by:

Eref = E0

[
F (ω)J0(β)eiωt + F (ω + Ω)J1(β)ei(ω+Ω)t

−F (ω − Ω)J1(β)ei(ω−Ω)t
]
. (B.7)



160 Appendix B. PDH Locking Technique

0.9 0.95 1 1.05 1.1
−1

−0.5

0

0.5

1

freq. (Free Spectral Ranges)

ε/
2√

P
c
P
s

Carrier resonantSideband resonant -
error signal has wrong sign

Figure B.3 – A sample plot of the PDH error signal, ε/2
√
PcPs, versus

ω/∆νfsr. Here, the modulation frequency is ∼6% of a free spectral range;
the finesse is about 300.

The power of the reflected beam, which is proportional to the photodetector read-
out, is:

Pref = Eref · E∗ref
= Pc |F (ω)|2 + Ps

{
|F (ω + Ω)|2 + |F (ω − Ω)|2

}
+2
√
PcPs {Re [F (ω)F ∗(ω + Ω)− F ∗(ω)F (ω − Ω)] cos (Ωt)

+Im [F (ω)F ∗(ω + Ω)− F ∗(ω)F (ω − Ω)] sin (Ωt)}
+ (2Ω terms) . (B.8)

The terms that are oscillating at modulation frequency Ω – with the sin(Ωt) and
cos(Ωt) factors – arise from the interference between the carrier and the sidebands.
Because the modulation frequency is outside the cavity linewidth, these sidebands
provide a reference phase. In this case, the phase of the reflected carrier can be
determined from the interference signal. A mixer and a low-pass filter pull out the
term in sin(Ωt) from the photodetector readout, and the error signal is thereby
determined by:

ε = 2
√
PcPsIm [F (ω)F ∗(ω + Ω)− F ∗(ω)F (ω − Ω)] . (B.9)
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Fig. B.3 shows a plot of this error signal for a lossless cavity with two identical
mirrors. We can see that the error signal equals zero when either the carrier or
one of its sidebands is on resonance. However, the slope of the error signal is
negative for carrier resonant case, while the sidebands cases have opposite slope.





Appendix C

ANSYS scripts

This Appendix contains the ANSYS scripts which were used to simulate the heat-
ing process of the fused silica compensation plate.

!*******************************************************

!** main file

!*******************************************************

FINISH ! Make sure we are at BEGIN level

/CLEAR,NOSTART ! Clear model since no SAVE found

srcPath = ’source_scripts\’

/INPUT,’cr_model’,’txt’,srcPath,, 0

/INPUT,’solve_therm’,’txt’,srcPath,, 0

/INPUT,’export_temp’,’txt’,srcPath,, 0

SAVE,’therm’,’db’

/INPUT,’solve_struct_Dn’,’txt’,srcPath,, 0

SAVE,’sturct_Dn_posZ’,’db’

! *** end.

!*******************************************************

!** create model

!*******************************************************

/UNITS, SI

/FILNAME, heatCP5W, 1

/TITLE, Heating CP

!----------------------- Definition --------------------------

Diam_cyl = 0.160 ! Diameter of the cylinder

Length_cyl = 0.017 ! Length of the cylinder
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Absorption = 2 ! Absoption (ppm/cm)

Absorption_coat = 0.5 ! Absoption coating (ppm)

Thick_Teflon = 0.002 ! Thickness of the Teflon layer

Thick_heater = 0.01 ! Thickness of the heater

Length_heater = 0.017 ! Length of the heating cylinder

Power_ring = 5 ! Power inside the heating wire (w)

Time_sim = 180*60

Time_stop_heating = Time_sim+1

Ray25 = 0.003

Ray50 = 0.0047

Ray75 = 0.0066

Ray98 = 0.0112

!-----------------------------------------------------------

! Define heating power evolution

!

Flux_HR = Power_ring/(3.1416*2*(Diam_cyl/2+Thick_heater+

Thick_Teflon)*Length_heater)

!

*DIM,Heat_evol,TABLE,2,1,1,TIME

!

*SET,Heat_evol(1,0,1) , Time_stop_heating

*SET,Heat_evol(2,0,1) , Time_stop_heating+0.1

!

*SET,Heat_evol(1,1,1) , Flux_HR

*SET,Heat_evol(2,1,1) , 0

!

!----------------------------------------------------------

!Thermal and structure test

/NOPR

/PMETH,OFF,0

KEYW,PR_SET,1

KEYW,PR_STRUC,1

KEYW,PR_THERM,1

KEYW,PR_FLUID,0
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KEYW,PR_ELMAG,0

KEYW,MAGNOD,0

KEYW,MAGEDG,0

KEYW,MAGHFE,0

KEYW,MAGELC,0

KEYW,PR_MULTI,1

KEYW,PR_CFD,0

/GO

!*

!*

/PREP7

!*

! ---------- Element type ----------

ET,1,SOLID70

ET,2,SURF152,,,,1,1

KEYOPT,2,9,1 ! RADIATION OPTION

R,2,1,0.568E-7 ! STEFAN-BOLTZMANN CONSTANT

MP,EMIS,2,1 ! BLACK BODY EMISSIVITY

! ***** Material 1 = Fused Silica

MP,ALPX,1,0.55e-6 ! Thermal expansion

MP,KXX,1,1.38 ! Thermal conductivity

MP,C,1,746 ! Specific heat

MP,DENS,1,2202 ! Density

MP,EX,1,7.3E+010 ! Yong’s moduls

MP,PRXY,1,0.17 ! Poisson’s ratio

! ***** Material 3 = Aluminium

MP,DENS,3,3960 ! Density

MP,KXX,3,245 ! Thermal conductivity

MP,C,3,908 ! Specific heat

MP,EMIS,3,0.1 ! Emissivity

MP,ALPX,3,0.55E-6 ! Thermal expansion

MP,EX,3,76E9 ! Yong’s moduls

MP,PRXY,3,0.35 ! Poisson’s ratio

! Material 4 = Teflon

MP,DENS,4,2190 ! Density

MP,KXX,4,0.25 ! Thermal conductivity
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MP,C,4,1000 ! Specific heat

MP,EMIS,4,0.8 ! Emissivity

MP,ALPX,4,0.55E-6 ! Thermal expansion

MP,EX,4,0.3E9 ! Yong’s moduls

MP,PRXY,4,0.45 ! Poisson’s ratio

! ..... create model .....

! ***** CYLINDRE

CYL4,0,0,0.00, 0,Ray25,,Length_cyl

CYL4,0,0,Ray25,0 ,Ray50,,Length_cyl

CYL4,0,0,Ray50,0 ,Ray75,,Length_cyl

CYL4,0,0,Ray75,0 ,Ray98,,Length_cyl

CYL4,0,0,Ray98,0 ,Diam_cyl/2,,Length_cyl

CYL4,0,0,Diam_cyl/2,1,Diam_cyl/2+Thick_heater,359,Length_cyl

CYL4,0,0,Diam_cyl/2+Thick_heater,0,

Diam_cyl/2+Thick_heater+Thick_Teflon,,Length_cyl

!-- Glue all

vsel, all

VGLUE,all

!-- Attribute

FLST,5,5,6,ORDE,4

FITEM,5,1

FITEM,5,8

FITEM,5,-10

FITEM,5,12

CM,_Y,VOLU

VSEL, , , ,P51X

CM,_Y1,VOLU

CMSEL,S,_Y

!*

CMSEL,S,_Y1

VATT, 1, 2, 1, 0

CMSEL,S,_Y

CMDELE,_Y

CMDELE,_Y1

!*

CM,_Y,VOLU

VSEL, , , , 11

CM,_Y1,VOLU
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CMSEL,S,_Y

!*

CMSEL,S,_Y1

VATT, 3, 2, 1, 0

CMSEL,S,_Y

CMDELE,_Y

CMDELE,_Y1

!*

CM,_Y,VOLU

VSEL, , , , 13

CM,_Y1,VOLU

CMSEL,S,_Y

!*

CMSEL,S,_Y1

VATT, 4, 2, 1, 0

CMSEL,S,_Y

CMDELE,_Y

CMDELE,_Y1

!-- free meshing -----------

SMRT,6

MSHAPE,1,3D

MSHKEY,0

!*

FLST,5,7,6,ORDE,3

FITEM,5,1

FITEM,5,8

FITEM,5,-13

CM,_Y,VOLU

VSEL, , , ,P51X

CM,_Y1,VOLU

CHKMSH,’VOLU’

CMSEL,S,_Y

!*

VMESH,_Y1

!*

CMDELE,_Y

CMDELE,_Y1

CMDELE,_Y2

! ..... define an extra-node .....

TYPE,2

REAL,2
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MAT,2

N,318000,0.1,0.1,0.1 ! EXTRA "SPACE" NODE FOR RADIATION

ESURF,318000 ! GENERATE SURF152 ELEMENTS

! *** end.

!*******************************************************

!** thermal analysis

!*******************************************************

!-------------- Applied loads

/SOLU

ANTYPE,4

STEF,0.568E-07

TOFFST,0

RADOPT,0.1E-10,0.1E-10,1,1000,0.1E-02,0.1E-02

SPCTEMP,1,300

!Absorption by the different cylinders

Pabs = (Absorption*Ptot*Length_cyl/10000)

! Equivalent to a heat production per cylinder

Heatcyl1 = (0.25*Pabs/(3.1416*(Ray25)*(Ray25)*Length_cyl))

Heatcyl2 = (0.25*Pabs/(((3.1416*(Ray50)*(Ray50))

- (3.1416*(Ray25)*(Ray25)))*Length_cyl))

Heatcyl3 = (0.25*Pabs/(((3.1416*(Ray75)*(Ray75))

- (3.1416*(Ray50)*(Ray50)))*Length_cyl))

Heatcyl4 = (0.23*Pabs/(((3.1416*(Ray98)*(Ray98))

- (3.1416*(Ray75)*(Ray75)))*Length_cyl))

BFV,1,HGEN,Heatcyl1

BFV,8,HGEN,Heatcyl2

BFV,9,HGEN,Heatcyl3

BFV,10,HGEN,Heatcyl4

!--------------- Coating Absorption ---------------------------

Pabscoat = (Ptot*Absorption_coat*1E-6)
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Heatsurf1 = (0.25*Pabscoat/(3.1416*(Ray25)*(Ray25)))

Heatsurf2 = (0.25*Pabscoat/(((3.1416*(Ray50)*(Ray50))

- (3.1416*(Ray25)*(Ray25)))))

Heatsurf3 = (0.25*Pabscoat/(((3.1416*(Ray75)*(Ray75))

- (3.1416*(Ray50)*(Ray50)))))

Heatsurf4 = (0.23*Pabscoat/(((3.1416*(Ray98)*(Ray98))

- (3.1416*(Ray75)*(Ray75)))))

SFA,2,1,HFLUX,Heatsurf1

SFA,42,1,HFLUX,Heatsurf2

SFA,44,1,HFLUX,Heatsurf3

SFA,46,1,HFLUX,Heatsurf4

SFA,1,1,HFLUX,Heatsurf1

SFA,41,1,HFLUX,Heatsurf2

SFA,43,1,HFLUX,Heatsurf3

SFA,45,1,HFLUX,Heatsurf4

!--------------- Heating wire ---------------------------

SFA,37,1,HFLUX,%Heat_evol%

SFA,38,1,HFLUX,%Heat_evol%

!------------ Option -----------------------------------

OUTPR,BASIC,ALL,

!*

OUTRES,ALL,ALL,

!*

TIME,Time_sim

AUTOTS,1

KBC,1

NSUBST,500,500, ,1

TREF,300,

D,318000,TEMP,300 ! SPECIFY SURROUNDING ABSOLUTE TEMPERATURE

TREF,300,

SBCTRAN

! *** end.

!*******************************************************

!** export temperature results
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!*******************************************************

Diam_cyl = 0.160 ! Diameter of the cylinder

Length_cyl = 0.017 ! Length of the cylinder

outPath = ’D:\fanyh\Gingin_CP\Temp_result\Total\’

/POST1

Cyl_diam = Diam_cyl

Cyl_long = Length_cyl

Nbpath = 100 !number of path 100

!---------- Define time interval

*do, jj, 200, 7200, 200 !

SET, , ,1, ,jj, ,

!*

/EFACET,1

PLNSOL, TEMP,, 0

!--------------- Define Path1

i = 1

PATH,Path1,2,10,40,

! Point 1

PPATH,1,0,(Cyl_diam/2)-(Cyl_diam/Nbpath)*(i-1),0,0,0,

! Point 2

PPATH,2,0,(Cyl_diam/2)-(Cyl_diam/Nbpath)*(i-1),0,Cyl_long,0,

PDEF, ,TEMP, ,AVG

/PBC,PATH, ,0

PAGET,Tab_tmp,TABL ! Transfer path -> array

*DIM,X_coord,ARRAY,101,1,1, , ,

*VFILL,X_coord(1,1,1),RAMP,Cyl_diam/2,-Cyl_diam/Nbpath,

*CFOPEN,’%jj%s_X_coord.txt’,’ ’,outPath

*VWRITE,X_coord(1,1,1), , , , , , , ,

(2F10.6)

*CFCLOS
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*CFOPEN,’%jj%s_Z_coord.txt’,’ ’,outPath

*VWRITE,Tab_tmp(1,4,1), , , , , , , ,

(2F10.6)

*CFCLOS

*CFOPEN,’%jj%s_Path1.txt’,’ ’,outPath

*VWRITE,Tab_tmp(1,5,1), , , , , , , ,

(2F10.6)

*CFCLOS

*DEL,X_coord,

*DEL,Tab_tmp,

PADEL,PATH1

!--------------- Define Path 2 - 101

*do, ii, 2, Nbpath+1, 1

PATH,Path1,2,10,40,

! Point 1

PPATH,1,0,(Cyl_diam/2)-(Cyl_diam/Nbpath)*(ii-1),0,0,0,

! Point 2

PPATH,2,0,(Cyl_diam/2)-(Cyl_diam/Nbpath)*(ii-1),0,Cyl_long,0,

PDEF, ,TEMP, ,AVG

/PBC,PATH, ,0

PAGET,Tab_tmp,TABL ! Transfer path -> array

*CFOPEN,’%jj%s_Path%ii%.txt’,’ ’,outPath

*VWRITE,Tab_tmp(1,5,1), , , , , , , ,

(2F10.6)

*CFCLOS

*DEL,Tab_tmp,

PADEL,PATH1

*enddo

*enddo

*DEL,i

*DEL,ii

*DEL,jj
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! *** end.

!*******************************************************

!** structural analysis

!*******************************************************

FINISH

/PREP7

ETCHG,TTS

FINISH

/SOLU

!*

ANTYPE,0

EQSLV,ITER,1

LDREAD,TEMP,last,, , ,’heatCP5W’,’rth’,’ ’

DA,60,UZ,0

/STATUS,SOLU

SOLVE

finish

! *** end.



Appendix D

LabView programs

This Appendix shows the LabView programs used in the experiments presented
in this thesis.

Configuration OSEM monDC Offset

9.90

-9.90

-5.00

0.00

5.00

0.000

Pitch

9.90-9.90 -5.00 0.00 5.00

0.000

Yaw

10.03

10.00

10.01

10.02

Time

5000 100 200 300 400

ETM-YAW (LO WORD)

10.02

9.99

10.00

10.01

Time

5000 250

ETM-PIT (HI WORD)

2.00

-2.00

-1.50

-1.00

-0.50

0.00

0.50

1.00

1.50

19990 200 400 600 800 1000 1200 1400 1600 1800

Pitch

Yaw 

5.45

Fixed DC gain of PIT analog servo

4.54

Fixed DC gain of YAW analog servo

0.000

Digital PIT servo gain

0.000

Digital YAW servo gain

Read

Read Pitch and Yaw values

32767

Yaw Offset

32767

Pitch Offset

STOP

ITM

Figure D.1 – Front Panel of the ITM control.
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OSEM DC Offse monConfiguration

PnP=Board 0 0

Board

2000

display pts

10000

Sample Rate

6

7

16

17

0

1

3

4

50

Input Channel #

MOD6800 3

Daughter Module

150Mhz 5

DSP Clock Speed

Not Streaming

4

30

Output Channel #

c:\test.dat

Stream Path

20000

#pts to Stream

20000

#pts left

0

Decimation Factor Free  Run 0

Slope

0.00

Hysteresis

1.40

TrigLevel

Trigger Conditions

0

Delay/Pretrig

4

Error

ITM-UL-OSEM

ITM-UR-OSEM

ITM-LL-OSEM

ITM-LR-OSEM

ITM-S-OSEM

ETM-ASC-PIT-Feedback (HI WORD)

ETM-ASC-YAW-Feedback (LO WORD)

I/P-1 (ITM-ASC-PIT-Feedback)

I/P-2 (ITM-ASC-YAW-Feedback)

ITM-ASC-PIT

ITM-ASC-YAW

0

Max. Input Channel

STOP

ITM

Figure D.2 – Configuration of the ITM control.
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Configuration OSEM Mon P/Y Filter CharacteristicsDC Offset

9.90

-9.90

-5.00

0.00

5.00

0.000

Pitch

9.90-9.90 -5.00 0.00 5.00

0.000

Yaw

-0.6

-0.9

-0.8

-0.7

Time

20000

Pitch

YAW

Read

Read Pitch and Yaw values

PIT signal prior Filter

ETM STOP

Yaw signal prior Filter

Figure D.4 – Front Panel of the ETM control.

OSEM DC Offse Mon P/Y Filter CharacteristicsConfiguration

PnP=Board 0 0

Board

17

0

1

3

4

5

6

7

16

0

Input Channel #

MOD6800 3

Daughter Module

150Mhz 5

DSP Clock Speed

Not Streaming

3

4

0

Output Channel #

c:\data\test.dat

Stream Path

20000

#pts to Stream

20000

#pts left

0

Decimation Factor Free  Run 0

Slope

0.00

Hysteresis

1.40

TrigLevel

Trigger Conditions

0

Delay/Pretrig

Valid 0

Error

2000

display pts

10000

Sample Rate

UL

UR

LL

LR

SIDE

I/P 1

I/P 2

PIT signal prior Filter

ETM STOP

Yaw signal prior Filter

Figure D.5 – Configuration of the ETM control.
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STOPData plot Centroid X & YControl Pannel

D:\Fan\data

Enter the folder Saved data:

Current  path & file name

0 .000

0 .000

0 .000

0 .000

0 .000

Beam  Parameters

Centroid Y:

Centroid X:

Waist  Y:

Waist  X:

Pow er:

22.00.0

5.0
10.0 15.0

0.00Voltage

1.500.00

0.25
0.50 0.75 1.00

1.25

0.000CurrentV A

0 .0000Heat ing Pow er W

OVP On ?

GPIB1::5:

I nst rument  Resource Name

1.50

Current  Limit

22.00

OVP Limit  ( 22.0 Volts)

AutoMan

3000.00

w aist_0

V

22.00.0

2.0

4.0

6.0

8.0
10.0

14.0

16.0

18.0

0.000

CCD Contorl

Pow er Supply Control

3200.00

upper limit

2800.00

low er limit

0.0001

Gain

0.3110

dt

V0.0000

U( t )

OFF

Tracking

status

0

code

source

error out

status

0

code

source

error in

0.0000

x*y

Figure D.7 – Front Panel of Thermal Lensing Compensation Control.
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Enter the folder

Creating a file to store data...

Autom ation Open

ILbapcActiveX

OpenOpen

error in

OnNewFram e

Non Queued M ode

Initializing CCD

Instrum ent Resource Nam e

Current Lim it

OVP Lim it (22.0 Volts)

Initializing power supply

Current path & file nam e

Tracking

Create ActiveX Event Queue.vi

 1 [0..1]

Figure D.8 – Block diagram of Thermal Lensing Compensation Control,
1 of 3.
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Saved data:

4

5

output array

XY Position

3

2

1

Laser Beam  Power

W aist X

W aist Y

1000

 True 

error out

Centroid X:

XY Scatter Plot

Auto
0.00

Disabled2

x*y

 True 

U(t)

Output  Voltage Level Control
1000

Voltage

Current

0

Figure D.9 – Block diagram of Thermal Lensing Compensation Control,
2 of 3.
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error out

disable output

Autom ation Close

 0 [0..1]

Figure D.10 – Block diagram of Thermal Lensing Compensation Control,
3 of 3.
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