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Abstract

In this work we present a detailed quantitative study of the effects of angular
misalignment in gravitational wave detectors. To analyze complex optical configurations
we have developed_a mathematical formalism which is powerful enough to accurately
predict the effects of misalignment in coupled cavity systems, such as the LIGO (Laser

Interferometric Gravitational-wave Observatory) interferometer. This formalism describes

misaligned mirrors and free space propagation as operators acting on the eigenmodes of . .

the perfectly aligned system and treats distortion effects as perturbations. Operators
representing complicated optical systems are recursively built upon simpler ones, allowing
a straightforward generalization to arbitrarily complex optical configurations. This model
has been pivotal in determining the sensitivity to misalignment of the LIGO detector and
for designing an automatic alignment system for an interferometer with ten angular
degrees of freedom. Phase modulated light circulating in the interferometer is used to
discriminate different angular degrees of freedom and to accurately measure misalignment
angles. This wavefront sensing technique enables sensing of the angular misalignment of
the interferometer mirrors relative to the incoming laser beam by spatial sampling of the

optical wavefront, thus providing robust error signals for an angular servo system. The

. wavefront sensing system was successfully implemented on a table-top scale fixed mirror

interferometer (FMI) featuring an optical configuration very similar to LIGO: a power
recycled Michelson interferometer with Fabry-Perot cavities in the arms. In the FMI
experiment four longitudinal degrees of freedom were controlled to maintain resonance
and the measured wavefront sensing signals were also used to feedback to the angle
actuators of the interferometer mirrors, making this the first interferometer wifh a LIGO
configuration to accomplish closed loop servo control of all fen angular degrees of
freedom. Good agreement was found between the model predictions and the measured
wavefront sensing signals, with typical experimental errors of order £20%. Quantitative
understanding of the alignment sensitivity and imp]emenfation of an automatic alignment
system using the wavefront sensing technique marks significant progress towards

achieving the sensitivity goals of LIGO.
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Chapter 1

Introduction

1.1 Laser interferometric gravitational wave defectors

Einstein’s theory of general relativity predicts the existence of gravitational waves [1].
Radiated by all accelerating aspherical mass distributions, gravitational waves are a ripple
in the curvature of spacetime, propagating at the speed of light. They are essential for
preserving causality since a gravitational field cannot change instantaneously [2]. The
impetus to detect gravitational radiation is great: a direct detection of gravitational waves
would unequivocally prove their existence and would be the first measure of their
propagation characteristics; more importantly, since astrophysical sources are believed to
be the most likely emitters of detectable gravitational radiation and since all known forms
of matter are extremely transparent to gravitational waves, it would provide a new and
hitherto unexplored window into the universe. Also of profound interest is the physics of
strong gravitational fields at the source.

Gravitational radiation produces a strain in space transverse to the direction of
propagation. In the weak field limit, using the transverse-traceless gauge, the

gravitational-wave strain,
h = 2% )

is a measure of the fractional change, AL, in a length of space, L, caused by a passing
gravitational wave. The amplitude of the gravitational radiation from even the most
promising astrophysical sources is tiny; for neutron star binaries in the nearby Virgo
cluster it is typically kA = 10" in the dimensionless units of strain [2]. Since
gravitational waves are quadrupolar, the strain has opposite signs along two transverse
orthogonal axes, causing a differential displacement of free masses placed on these axes.

Variants of a Michelson interferometer have been proposed to measure the gravitational




wave strain by detecting differential changes in the arm lengths, as shown in Fig. 1.1 [3],

[4]. For a path length change, AL, the light power detected at the antisymmetric port is

P, = P, sin®(2kAL) @

anti

| P r ¥ omto

Figure 1.1: A gravitational wave incident normal to the plane
interacts with the “freely” suspended mirrors of a Michelson
interferometer with arm length L, alterately stretching and
shrinking the orthogonal arms by AL each half-cycle.

For gravitational waves with periods much greater than the round-trip time of light in
the .arm of a Michelson interferometer the optical path length change is
AL(#) = h(1)L/2, so the relative change of phase between two interfering beams is
AG(t) = 4mh(t)L/), where X is the wavelength of the light. If the Michelson arms are
made longer, the phase sensitivity increases until the round-trip time becomes comparable
to the gravitational wave period. A maximum is reached when the arm length is equal to
one quarter of the wavelength of the gravitational wave.

From an astrophysical standpeint it is desirable to detect gravitational waves at very
low frequencies, which would require very long Michelson arms. But practical
considerations limit the arm lengths td a few kilometers, and a high phase sensitivity is
obtained by using “multiple-bounce” techniques in the interferometer arms [4], [3].

The Laser Interferometric Gravitational-wave Observatory (LIGO) comprises of two

long baseline interferometric detectors, currently under construction in Hanford, WA, and



Livingston, LA [6). For a strain 8h=10" /. /Az and antenna arm length L = 4 km, the
Path length change is 8L = §h L~ 107"° m/ J/Hz, which corresponds to an optical phase
80 = 4nbL8h/c ~ 107" rad/ JHz!. To achieve this sensitivity, required to measure
strains of astrophysical interest, the LIGO interferometers, along with their international
Counterparts, are up to 4 km long and comprise of optical configurations which are
significantly more complex than a simple Michelson interferometer, A typical
interferometer configuration, currently planned for the LIGO interferometer, is comprised
of a Michelson interferometer with Fabry-Perot optical cavities in each arm and a partially
transmitting “power recycling” mirror between the input laser and the beamsplitter (see
Fig. 1.2).

8 FABRY-PEROT
¥ ARM CAVITY

| MICHELSON 1
INTERFEROMETER]

LASER

A . ’,
RECYCLING L
MIRROR ANTISYMMETRIC PORT

Figure 1.2: Optical tomponents of a realistic gravitational
wave antenna.

The sensitivity of the detector is limited by displacement noise, due to mirror motions
caused by stimuli other than gravitational waves and phase noise, due to quantum
mechanical shot noise in the detection of photons [7). These nojse sources dominate the

detector noise budget in different frequency bands: seismic noise, for example, is a

I. Here b ~ 100 is the bounce number, that s, the mean number of times the photons traverse
each arm of the Michelson interferometer. This is explained in Section 2.1.



dominant noise source at frequencies below 70 Hz, while shot noise limits the detector

sensitivity at frequencies above 200 Hz.

1.2 Sensitivity to alignment

Since angular misalignment of the interferometer mirrors can both decrease the power
built up in the arm cavities and increase the shot noise load at the gravitational wave signal
extraction port, the sensitivity of the interferometer to gravitational wave strain depends
on good angular alignment of the interferometer with respect to the incoming laser beam.
To set the scale of the alignment precision required for the LIGO interferometer, we
observe that directing the laser beam down the 4 km arms and having it return to within
one spot diameter (typically ~10 cm) requires a pointing precision of ~10° radian. For the
purposes of interferometry, however, the beam overlap must be correct to within a tiny
fraction of the beam diameter. In fact, to ensure that mirror misalignment does not degrade
the gravitational wave sensitivity in LIGO by more than 0.5% of the maximum for a
perfectly aligned interferometer requires the absolute alignment of each mirror relative to
the incoming laser beam to be better than 108 rad [8], {9]. Furthermore, static or low
frequency misalignment of the interferometer mirrors couples input beam jitter (direction
fluctuations) into differential phase shifts which lead to spurious signals in the
gravitational wave readout. To prevent this effect from degrading the gravitational wave
sensitivity by more than 0.5%, the fluctuations of the input beam direction at 100 Hz must
be less than 107" rad/ JI-_Ii, assuming an rms alignment of 1078 rad per mirror [10].

Moreover, it is not sufficient to align the mirror angles individually relative to a local
frame by using, for instance, optical levers. For typical environmental noise inputs to the
interferometer, and after attenuation by passive isolation stacks and local damping, the
LIGO suspended optics are expected to drift by ~10"7 rad over a 100 sec timescale [11].
Since these drifts are an order of magnitude larger than the required alignment tolerance
(per degree of freedom), there is no viable local fiducial point, and interferometric
alignment of the detector is imperative. More importantly, for maximum sensitivity, the
incident laser beam is intrinsically the best reference frame to which the interferometer
must be aligned. To this end, we use the light already circulating in the interferometer to

sense angular misalignments, a technique we call wavefront sensing.




1.3 Purpose of this work

In this work we present a detailed quantitative study of the effects of angular
misalignment in gravitational wave detectors. Prior to this, an analytical treatment was
used to develop an alignment system for a two mirror resonator [12],-but this formulation
was not readily extensible to other optical systems. To analyze more complex optical
configurations we have developed a mathematical formalism which is powerful enough to
accurately predict the effects of misalignment in coupled cavity systems, such as the
LIGO interferometer [13). This formalism describes misaligned mirrors and free space
Ppropagation as operators acting on the eigenmodes of the perfectly aligned system and
treats distortion effects as perturbations. Operators representing complicated optical
Systems are recursively built upon simpler ones, allowing a straightforward generalization
to arbitrarily complex optical confi gurations. This model has been pivotal in determining
the sensitivity to misalignment of the LIGO detector (highlighted in Section 1.2) and for
designing an automatic alignment system for an interferometer with ten angular degrees of
freedom. Phase modulated light circulating in the interferometer is used to discriminate
different angular degrees of freedom and to accurately measure misalignment angles. This
wavefront sensing technique enables sensing of the angular misalignment of the
interferometer mirrors relative to the incoming laser beam by spatial sampling of the
optical wavefront, thus providing robust error signals for an angular servo system. The
wavefront sensing system was successfully implemented on a table-top scale fixed mirror
interferometer (FMI) featuring an optical configuration very similar to LIGO: a power
recycled Michelson interferometer with Fabry-Perot cavities in the arms. In the EMI
experiment four longitudinal degrees of freedom were controlled to maintain resonance
and the measured wavefront sensing signals were also used to feedback to the angle
actuators of the interferometer mirrors, makin g this the first interferometer with a LIGO
configuration to accomplish closed loop servo control of all ten angular degrees of
freedom. Good agreement was found between the model predictions and the measured
wavefront sensing signals, with typical experimental errors of order +20%. Quantitative
understanding of the alignment sensitivity and implementation of an automatic alignment
system using the wavefront sensing technique marks significant progress towards

achieving the sensitivity goals of LIGO.
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Chapter 2

Optical configuration of the interferometer

2.1 Optical layout of the interferometer

The principle of interferometric detection of gravitational waves is based on
measuring optical phase shifts due to changes in the path length caused by a passing
gravitational wave. The goal then is to convert gravitational wave strain into optical phase
shifts as efficiently as possible, This leads to the optical layout of a LIGO-like
gravitational wave detector shown in Fig. 1.2. The laser light enters the interferometer
through the partially transmitting “power recycling” mirror, gets amplified by the Fabry-
Perot cavities in the arms of the Michelson interferometer and the gravitational wave
signal is detected at the antisymmetric port, which is often called the signal extraction port

or dark port.

2.1.1 Michelson interferometer

Before discussing the full LIGO configuration we first consider a simple Michelson
interferometer [14]. It is formed by the beamsplitter, the in-line (collinear with the incident
laser beam) and perpendicular arm input mirrors. The phase shift per length change in
each arm is given by d¢/dl = 4n/) (here A is the wavelength of light) or

2nc

rrT (3)

do(t) = h(t)T

where 1, = 2L/c is the round-trip travel time for photons leaving and returning to the
beamsplitter. Eqn. (3) is only valid if T,; « T,y For longer arms h(r) cannot be considered -

constant over the length of the antenna. This leads to the interferometer response for

arbitrary 7,,:
do(1) = h(1)T, 25 sinc(Rf T, ) eXp(imf 1, 1,) 4

From eqn. (4) the phase sensitivity has a maximum at T = Tg/ 2. A gravitational wave
with f,, = 100 Hz corresponds to a maximum phase sensitivity for 1,, = 5 msec or

L = 750 km . This is an impractical length for interferometer arms which must span the

13




curved surface of the earth in a vacuum. To make the arm lengths shorter but retain
maximal phase sensitivity at 100 Hz, optical “folding” schemes to increase the time the
photons spend in the arms have been proposed [4], [5]. In the simplest case (delay line)
photons bounce b times in the arms, that is, the light makes b round trips, then the round-
trip time, T,,, in eqn. (4) can be replaced by the storage time 1, = b1, = 25L . In this
case, the photons traverse the gravitational wave strain induced length change b times. If
the arms are 4 km long, for example, b = 200 would give T, = 5 msec, the storage time
for optimal detection of a gravitational wave at 100 Hz. Thus “folding the arms of the
interferometer allows for shorter arm lengths while retaining maximum phase sensitivity
by “storing” the photons. Two examples of light storage schemes are illustrated in Fig. 2.1.
In the optical delay line the light strikes the mirror at a different spot on each traversal of
the arm. In the resonant Fabry-Perot cavity light in a single spot constructively interferes

at each traversal, effectively averaging the field in the cavity over several traversals.

— 1
\

Delay line interferometer Fabry Perot interferometer

Figure 2.1: Two kinds of light “storage” schemes.

2.1.2 Fabry-Perot arm cavities
In LIGO the light storage scheme of choice is Fabry-Perot cavities in the arms of the

Michelson interferometer. The interferometer response for such a scheme is given by

8nc 1
do(r) = h(t)= Jl +(41rfg..t) (5)
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