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Preface

For many years there has been steady progress towards the detection of gravita-
tional radiation. It has now become clear that the next major step should be the
construction of a number of long-baseline detectors around the world. An array of
detectors of this type is expected to allow the observation of gravitational waves
from a range of astrophysical sources, leading to improved insight in many areas
including stellar collapse, binary coalescence and the expansion of the Universe.

We propose that one of these detectors be built by a collaboration formed around
the gravitational wave groups in Britain and Germany. In this document we
present our case for this collaborative venture and outline the design philosophy
of our proposed instrument — an interferometric detector with arms of length close
to 3Lkm.

Two detectors of the same general type are planned for the USA (L1GO project),
one is planned for Italy (Italian/French VIRGO project) and another is proposed
for Australia (AIGO project). It is expected that all the long baseline detectors to
be built will operate as part of a coordinated worldwide network.
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Chapter 1

Introduction

Gravitational waves are ripples in the curvature of space-time produced by the acceler-
ation of mass. Because the gravitational interaction is very weak, large masses and high
accelerations are needed to produce gravitational waves of significant amplitude. These
are the very conditions that occur during violent astrophysical events. If the gravita-
tional wave signals from such processes can be detected, new types of information will
be gained, qualitatively different from those produced by any other observations. This
is the goal of this proposal — the opening of a new window on the Universe.

Despite the prediction of the existence of gravitational waves early In this century,.
it was not until the early 1960’s that it was appreciated by Joseph Weber that the
extremely weak signals might be experimentally detectable. His pioneering searches
appeared to yield positive results, which he interpreted as being due to gravitational
waves of astrophysical origin. These findings caused a sensation in the astrophysical
community because of the strength of the signals as well as their frequency of occurrence.
However, since then, these observations have not been confirmed by other groups who
have repeated searches for gravitational waves, some using improved techniques. It is
only within the last few years that the researchers in the field have been able to see how
to build detectors of enough sensitivity to allow the detection of gravitational waves at

the levels predicted by astrophysics.

In this proposal, we outline the very significant returns to be gained from the ob-
servation of gravitational waves resulting from various types of astrophysical sources.
Subsequently we describe the technology which the German /British group proposes to
adopt for its detection system, and give a detailed estimate of the technological and

engineering effort required.

1.1 Gravitational Wave Detection

The effect of a gravitational wave passing through a system of particles (or test bodies)
is to induce a strain in space that changes the distances between the particles. The
amount of this change is proportional to the amplitude of the gravitational wave and
to the separation of the particles. It is this change in separation which has to be

1



2 CHAPTER 1

experimentally detected against a background of perturbing influences. As is outlined
in Chapter 2 the strains in space caused by predicted gravitational wave events are
exceedingly small - of the order of 107%? to 102! over bandwidths of several hundred
Hz; the predicted frequency range of interest extends from tens of Hz to a few kHz.

Two main schemes for earth based detection of gravitational waves are being developed
~ sensing of the excitation of resonant bar detectors cooled to very low temperature,
and laser interferometry between widely spaced test bodies.

1.1.1 Resonant bar detectors

Variants of the resonant bar detector are being developed by a number of research
groups: at Stanford University, Louisiana State University, University of Maryland,
University of Rome, University of Western Australia and by a collaboration in Japan.
Currently Stanford, Louisiana and Rome, with bars of several tons mass cooled to below
4K by liquid helium, have achieved strain sensitivities of close to 1078 for pulses of
millisecond duration. Further improvement can be expected, but it seems likely that
such detectors will have great difficulty in reaching an amplitude sensitivity better than
~ 10720, At this level the sensitivity limitation due to the Heisenberg Uncertainty
Principle in the detection of displacement begins to play a role. Although theoretical
schemes for circumventing this limitation have been proposed, the problems in imple-
menting them seem considerable. Furthermore, the fact that a solid bar is resonant in
nature will tend to restrict its bandwidth of operation to a small fraction of its resonant
frequency. This imposes a further limitation on the applicability of such detectors.

1.1.2 Detectors using laser interferometry

A totally different technique for the measurement of gravitational waves forms the basis
of this proposal. The detector will use laser interferometry to sense the displacement
changes between widely separated test bodies. This method offers the highest potential
sensitivity and widest bandwidth for the detection of different types of sources.

The interferometric method was pioneered by Forward [1] and Weiss [2]. Prototype
detectors of this type, with arm lengths ranging from 1m to 40 m, have been constructed
and operated at the Max-Planck-Institut fiir Quantenoptik, Garching, at the University
of Glasgow, at Caltech, at MIT, and at ISAS in Japan. The best sensitivities achieved
so far are comparable to those of the cooled bar detectors.

In principle the change in separation of two test bodies hung a distance apart can be
measured against the wavelength of light from a very stable source, but the degree of
wavelength (or frequency) stability required of the source is unreasonably high. It is
much more practicable to measure the distance between test bodies along one arm with
respect to the distance between similar masses along a perpendicular arm - i.e. to use
a Michelson interferometer arrangement as in Figure 1.1. This layout is particularly
appropriate since the effect of a gravitational wave is quadrupole in nature and so tends
to cause the opposite sign of length change in the two arms.
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Test masses on pendulum suspensions

4/\«

3km long arms

A

Detector

Laser Beamspl i tter

Figure 1.1: Diagram illustrating the basic principle of a gravitational wave detector us-
ing Michelson interferometry.

Sensitivity can be enhanced by separating the masses by a long distance (3km in this
proposal) and having multiple reflections in the arms of the detector — either by using
optical delay lines or resonant Fabry-Perot cavities. These ideas form the basis of the
prototype detectors at Glasgow and MPQ and of the present joint proposal from these
establishments. Further details may be found in earlier proposals from Glasgow (3] and

MPQ [4].
There are a number of factors which may limit the sensitivities of such detectors. For
example the effects of —
e photon counting statistics (photon noise) on the precision of the measurements of
displacement,
e thermal motions of the test masses,
e seismic and local mechanical noise on the movement of the test masses,

o refractive index fluctuations in the residual gas in the vacuum system enclosing
the detector,

o fluctuations of the frequency, power and beam geometry of the light from the
illuminating laser,
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o light scattered inside the interferometer.

Again, the significance of each of these sources of noise has been assessed in the earlier
proposals [4, 3], and schemes have been pointed out for reducing them to an acceptable
level. -

1.2 Proposed British/German Detector System

1.2.1 Scientific objectives

The overall objective of the international gravitational wave community is the observa-
tion and interpretation of gravitational wave signals from astrophysical sources such as
stellar collapses, coalescing compact binary systems, pulsars, and from various processes
in the early evolution of the universe. Such observations will allow new information to
be obtained — for example on the mechanisms of stellar collapse, on the expansion of
the universe and on the equation of state of neutron star material. The consensus of
opinion is that to achieve this goal requires the construction of a worldwide network of
at least four laser interferometer detectors.

The British and German research groups involved wish to construct and operate one
of these detector systems. Two detectors are planned to be built in the USA (LI1GO
project, [5]), one is planned for Italy (Italian/French VIRGO project, [6]), and one is
being proposed in Australia (AIGO project, [7]).

1.2.2 Research groups and their experience

Considerable experience in the design and operation of prototype versions of inter-
ferometric detectors has been gained by the research groups at Garching and Glasgow,
both of which have been active in the gravitational wave field since the early 1970’s.
The experimental group at Glasgow has been greatly strengthened over the last few
years by collaboration with a theoretical group interested in analysis of signals from
gravitational wave detectors, led by Professor B.F. Schutz at the University of Wales.
Important engineering support is being provided by the Rutherford Appleton Labora-
tory. Right from the start, the work of the experimental group at Garching has benefited
considerably from close contact with colleagues at the Max-Planck-Institut fiir Astro-
physik, especially with the Department of General Relativity led by Professor Jurgen
Ehlers.

With our prototypes in Garching and Glasgow we have achieved some of the best sen-
sitivities with laser interferometers. In addition we have recently demonstrated the
potential for long term operation of laser interferometric detectors by carrying out a
100 hour period of coincident observation using the 30 m arm length delay line system
at Garching and the 10m arm length Fabry-Perot based system at Glasgow. More
details on the prototypes and the data run are presented in Appendix A.
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Well known noise sources, particularly thermally excited vibrations of the mirror sub-
strates, but also the fundamental limit due to the Uncertainty Principle, do not allow
the present prototype detectors to be upgraded to the sensitivity level required for a
realistic prospect of detecting gravitational wave signals from predicted sources. These
limitations can be overcome only by the use of a long baseline detector system. The
British and German groups are now committed to a joint proposal for such an instru-
ment. The prototype detectors will henceforth provide a testbed for new technologies,
techniques, and concepts before they are implemented in the full-scale detectors.

1.2.3 The British/German proposal

It will become clear in the next chapter that if a high probability of making gravita-
tional wave observations is to be achieved a sensitivity goal equivalent to 10722 over a
bandwidth of several hundred Hz is necessary for each detector in the network. In order
to meet the high sensitivity requirements we propose a large interferometer, with arms

of 3km in length.}

Nevertheless the envisaged sensitivity cannot be expected to be achieved initially in
the operation of a detector system, but must be approached in stages. To allow for
this, and in an effort to maximise the returns from the capital investment, we believe
that we must plan for two interferometer systems to be installed in our detector; one
interferometer may then be developed while another is operating.

We would anticipate that the first interferometer installed should reach a sensitivity
approaching 10~2" for millisecond pulses within about three years of the facility being
commissioned and then would be operated for several years. During the operational
phase some development would be carried out with the aim of improving the sensitivity
to 10~22 for millisecond pulses. Also during this time another interferometer system
would be developed to operate down to lower frequency (~ 100 Hz) with high sensitivity
(< 107?%). The two interferometers mentioned above would lie parallel to each other in

the same vacuum housing.

The geometry envisaged is two arms with an opening angle of either 90° or 60°, both
variants having their own merits. The choice depends on various boundary conditions,
particularly on the choice of the site and on the plans for possible future extension.
Further discussion of this question is presented in Chapter 8.

114 should be noted that this proposal differs from the earlier British proposal in that a longer arm
length — 3km — is being suggested at the first stage. This change has been made to allow the
sensitivity goals to be approached with a higher level of confidence and to bring the detector design
more into line with those being planned elsewhere.






Chapter 2

The Scientific Case

2.1 Introduction

The scientific case for building a large interferometric gravitational wave detector was
fully made in the proposals submitted by the two groups in 1986 and 1987 [3,4], and since
then some extensive reviews have appeared (especially [8] and [9]). In this section we will
give a brief review of the case, stressing what we have learned since the proposals were
submitted. We will tie the discussion to the planned progression of the interferometer
installation: a first stage reaching a sensitivity level of 10~2! over a 1kHz bandwidth,
followed by progress to 10-22 at kHz frequencies, a second detector optimised for low-
frequency observing down to 100 Hz, and a final extension of sensitivity down to lower

frequencies.

2.1.1 Gravitational waves

Gravitational waves are a property of any theory of gravity in which influences propagate
at a finite velocity. Einstein’s theory of general relativity is the only theory of gravity
today that has passed the stringent experimental tests of the past two decades [10].
For our purposes one of the most important of these tests is that general relativity
correctly predicts the rate of orbital decay of the Binary Pulsar PSR 1913+16 due
to gravitational radiation. This is the only test so far of the predictions of the theory
regarding gravitational waves, and it is an indirect one, in that the waves themselves are
not detected. A direct detection of gravitational waves is still of the greatest importance
for physics, and we shall see that our proposed detector can perform a range of other

direct tests as well.

Within general relativity, gravitational waves travel at the speed of light, have two
independent transverse polarisations, and are characterised by an amplitude that is
conventionally called k, which is twice the strain induced in a system of free particles
by the gravitational wave. In the optimal orientation, a laser interferometric detector
measures twice this strain, so the minimum detectable h characterises the detector’s
sensitivity. The maximum amplitude of gravitational waves expected from sources in

7
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our Galaxy is 1078, and that only once every decade or so. The maximum amplitude
expected from extragalactic sources that might occur more than once per year is 1072,
which could come from supernovae in the Virgo Cluster, where there are several thou-
sand galaxies. Our design is aimed at providing amplitude sensitivity ten times better
than this.

Although gravitational waves are difficult to detect, they carry enormous amounts of
energy. The energy flux of a gravitational wave of frequency f and amplitude h is given
by

2 2
_ -3 f h -2
Few =32%10 [lkHz] [10_22] W m2. (2.1)

In astronomers’ language, a 1kHz wave with amplitude 107?? is as bright as a star
of apparent magnitude —13, some 10° times brighter than the brightest star in the
night sky. By integrating this equation over a sphere of radius r for a time 7 we find
the relation between the amplitude h of an isotropic wave and the energy F it carries
during a time 7:

E 1/2 F 1. q-1/2 - -1
h=14x10"2 =] . .
kb [10-2 M@cﬂ] [1 kHz] 1ms 15 Mpec el

For convenience we normalise total energies to 1072 Mgc? (a fairly large burst for a
conventional supernova) and distances to the distance to the Virgo Cluster.

2.1.2 Key characteristics of the detector

While many factors affect the ultimate sensitivity of a detector, they combine into
relatively few key properties that determine how much science they can do. These are,
in order of importance,

¢ Broadband sensitivity. The usual way of characterising the performance of
a detector is to give its sensitivity to the sort of broadband bursts that are ex-
pected from supernova explosions: a typical frequency of 1 kHz and a bandwidth of
500 Hz. With various combinations of laser power, mirror reflectivity, length, and
other factors, it seems possible with our proposed design to reach a photon-noise-
limited strain sensitivity of 10722 or even better. We shall denote the standard
deviation (o) of the broadband noise of a detector by op,. This is given in terms of
the characteristics of the detector in Equation 3.6 . If the arms of a detector make
an angle o with each other, then oy, will contain a factor of sin«, the reduction
in sensitivity relative to a right-angled detector. In all our equations, we shall
assume that such a factor is included in oy, where appropriate. This angle does
not affect any sensitivity formula in any other way.

A detector that is capable of reaching a certain broadband sensitivity can be used
for other kinds of observing, such as looking for lower-frequency coalescing bina-
ries, pulsars, or a stochastic background. As we discuss in Chapter 3, by recon-
figuring a detector’s optics, it can be optimised for low-frequency sources (near




































































































































































































































