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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 3km.

Two detectors of the same general type are planned for the USA (LIGO 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
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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 10722 to 1072! 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
~ 1072°. 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 1 m 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 — z.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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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 —

photon counting statistics (photon noise) on the precision of the measurements of
displacement,

thermal motions of the test masses,
seismic and local mechanical noise on the movement of the test masses,

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

fluctuations of the frequency, power and beam geometry of the light from the
illuminating laser,
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e 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 (LiGO
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 107%? 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™%! 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 10722 for millisecond pulses. Also during this time another interferometer system
would be developed to operate down to lower frequency (~ 100 Hz) with high sensitivity
(< 10722). 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.

11t 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 1072! over a 1kHz bandwidth,
followed by progress to 10722 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 1913416 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 h, 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

f 27 5 12
Few =3.2%x107° W m™. 2.1

& [1 kHz] [10—22] o (21)
In astronomers’ language, a 1kHz wave with amplitude 10722 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 E it carries
during a time 7:

E 1/2 ) f -1 T _1/2 r -1
petaon [ E ] S
1410 [10‘2 M@cz] [1 kHz] 1ms 15 Mpc (2:2)

For convenience we normalise total energies to 1072 Myc? (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,

e 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 ow,,. This is given in terms of
the characteristics of the detector in Equation 3.6. If the arms of a detector make
an angle a 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
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100 Hz, say), or narrow-banded to search for specific continuous wave sources.
Since we are designing it to reach the photon-noise sensitivity limit over most
of its useful observing spectrum, its ultimate effectiveness will depend at least
in part on the sensitivity it would achieve if optimised for broadband observing.
We will therefore quote sensitivity limits for various kinds of sources in terms of
opp. Thus, we will make statements such as: A 10722 detector, when optimised
for detecting coalescing binaries, can see such binaries at 100 Mpc distance with
a signal-to-noise ratio of 25.

e Lower cutoff frequency. Photon noise, however, may not be the dominant noise
at all frequencies. Seismic noise and thermal noise in the suspension rise at low
frequencies, so there is a lower cutoff frequency fi. below which our photon-noise-
limited sensitivity formulas do not apply. If the cutoff is due to seismic noise, whose
spectral density rises steeply at low frequencies, then fi. is essentially the lowest
observing frequency. If the seismic cutoff can be pushed to very low frequencies,
then the suspension’s thermal noise will still force fi. to stay at about 100 Hz,
but some kinds of observations may yet be possible below this frequency against
the more gradually rising thermal noise spectrum. In this scientific case we will
emphasise mainly the observations that can be made above 100 Hz, but we will
note the improvements that extending the range down to lower frequencies could
bring.

e Mirror reflectivity and arm length. There are two other important charac-
teristics of the detector, the length ¢ of each arm and the quality of the mirrors,
which is given by the mirror losses 1 — R, where R is the reflectivity of the mirrors
in the arms. For observations of supernovae and coalescing binaries, arm length
and mirror quality affect sensitivity only through the one parameter oy, so they
do not need to be considered separately. For certain kinds of observing, however,
such as pulsars and stochastic sources, these parameters are independent and need
to be included in our sensitivity formulae. (See, for example, the formula for the
narrow-band sensitivity o, Equation 3.7.) We shall normalise the length ¢ to
3km and the mirror losses 1 — R to 5 x 1075,

2.1.3 Observing in a worldwide network

Gravitational wave detectors cannot operate alone; detections must be confirmed by
coincidences between two separated detectors. But two detectors cannot supply enough
information to reconstruct the gravitational wave itself, i.e. to infer its amplitude, po-
larisation, and direction of travel. Solving this “inverse problem” is crucial to get-
ting scientific information from the detectors, and it requires at least three detectors
around the world. In order to allow for non-optimal orientation, operational down-time,
special-purpose uses such as narrow-banding, and detector development, detectors at
four separated sites worldwide is a sensible minimum.

We will see in Chapter 3 that it is not optimal to span the entire frequency range of
interest (100 Hz to several kHz) with a single detector. Each site will need at least
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two, one optimised for low frequencies, the other for high frequencies. There are further
advantages from having three differently oriented (hence, differently polarised) detectors
on one site. Detectors on the same site lie in the same plane, and this allows a clean
measurement of polarisation, without the complications of using separated detectors
of different polarisation that lie in different planes. Detectors on the same site also
have no propagation time delay; this allows lower thresholds (see next paragraph) and
permits simpler cross-correlation experiments. The system currently proposed has been
designed to allow for an extension to three detectors.

Since detector sensitivity is limited by internal and local noise sources, presumably
uncorrelated between separated sites, coincidence experiments have a lower false-alarm
rate (noise-generated coincidence rate) at a given threshold than individual detectors do.
For a given false-alarm rate (we adopt once per year in this proposal), the more detectors
a network has, the lower will be the threshold it can operate at. Thus, each additional
detector improves the performance of all the others. The performance of a network is
somewhat degraded by the fact that one needs to allow coincidence “windows” for the
propagation of a gravitational wave from one detector to another. All these effects are
fully taken into account in the threshold levels assumed in this proposal [11].

Much coincident observing among separated detectors can be done by exchanging lists
of candidate “events”, where the detector output has crossed a threshold either in the
time series data or in various matched filter outputs. (Matched filters for coalescing
binary signals will be discussed below.) But, as we show later, some observing may
involve cross-correlation of the full data sets, such as searching for unknown sources,
and especially looking for a stochastic background. Moreover, even simple coincidence
detections can be made with a lower threshold if the data are added coherently before
filtering, rather than subjecting each data stream to individual filters that must each
cross the threshold, as we have assumed above.

Recognising this, the international laser interferometric detector community has resolved
to cooperate on key areas, two of which are to standardise data taking conventions and
to agree on data analysis and exchange protocols. It is therefore important that all
detector projects make adequate provision for analysing not only their own data but
also for the joint analysis of all sites’ data. We return to this in Chapter 7.

Of course, we will also watch for possible coincidences with other instruments, par-
ticularly bar gravitational wave detectors and neutrino detectors. The effectiveness of
coincidence runs between laser interferometers and bars will depend on how sensitive
bars eventually become; their narrow bandwidth and poorer time resolution are further
complications. Neutrino detectors should prove to be very effective coincidence partners
for gravitational collapse events in our Galaxy; they should allow gravitational wave de-
tectors to operate at a threshold as low as 2 o, for such events. But they are unlikely
to be able to register neutrinos from collapses in the Virgo Cluster in the foreseeable
future.

We shall now turn to an examination of the most likely gravitational wave sources,

expressing the detectability of each source in terms of the key detector characteristics
described earlier and those of the source. After that we will be in a position to discuss
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the ultimate justification for building this detector: the science that it will do. The
reader who is more interested in the scientific possibilities than in the details of source
estimates and detector noise performance may go straight to that section, which is
self-contained.

2.2 Detectability of Possible Sources of
Gravitational Radiation

The following list of sources is by no means exhaustive, but it contains those that are
the most likely to be detected, based on our present understanding of them.

2.2.1 Supernovae

Supernovae, or more generally gravitational collapses, have been the primary goal of
gravitational wave detector development. We know little about the precise waveform to
expect, but numerical modelling and theoretical arguments suggest that the burst will
have a central frequency of about 1000 Hz and will last for one or two cycles. Provided
we can model such a burst at least crudely, the signal-to-noise ratio depends on oy, on
the total energy E released in the burst, and on the distance r to the source:

= 1/2 -1
(5) = 10[ Tbb ] b : . (2.3)
N supernovae 10-22 10-2 1\4@(32 15 Mpc

Because detector noise will generate spurious “events”, a detection threshold must be
set that allows, say, only one such false alarm coincidence in a network of detectors per
year. A reasonable threshold on the signal-to-noise ratio is 4 for a network of 3 or 4
detectors. A first-stage high-frequency detector, with op, = 10721, could detect a large
burst of 0.1 Myc? energy from the Virgo Cluster, and could see a collapse in our own
Galaxy that generates as little as 1077 Mgc? of gravitational wave energy. A supernova
in Virgo could be seen by the next stage detector (operating at 10722) if it releases only
1073 M c? of energy in gravitational waves. An event that releases 1072 M c? of energy
could be detected as far away as 40 Mpc, a volume of space in which there are several
“starburst” galaxies and several hundreds of supernovae per year.

It is difficult to predict the strength of the radiation from a typical supernova, because
perfectly spherical gravitational collapses produce no radiation at all. With a small
amount of rotation a collapse becomes nonspherical but remains axisymmetric, and
numerical simulations suggest that the formation of a neutron star in this way will yield
between 107° and 10™* solar masses of energy [12]. With more rotation, instabilities
should force the collapsing stellar core into a non-axisymmetric form, with the likely
emission of much larger amounts of energy. If the burst is still short-lived, then our
estimates above mean that the 10722 detector will have an excellent chance of seeing
one from Virgo. If the energy comes out over several rotation periods, then numerical
simulations will be required in order to provide a template waveform with which to filter
the data; but in this case the sensitivity of the detector will be likely to be higher than for
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a millisecond burst of the same energy [13]. The numerical modelling of gravitational
collapse is under development in a number of research groups, including Cardiff and
Garching (MPI fir Astrophysik), using Cray X-MP computers. It is very likely that
useful template waveforms will have been produced before the first-stage 10~2! detectors
are operating,.

The amount of rotation in a typical collapse is hard to predict, but the case for occa-
sional events in which rotation dominates would be strong if the report of a pulsar in
the remnant of SN1987a, with a pulse period of nearly 2kHz, is confirmed [14]. Studies
of neutron star models show that a star rotating that fast must either still be subject
to a slowly-growing gravitational wave instability, or else it must be very close to such
an instability. It would be very hard to form such a star without its having undergone
nonaxisymmetric deformation, with the emission of considerable gravitational wave en-
ergy either as a burst or over a relatively few cycles of rotation.! Given the detection
range of 60 Mpc, it would be surprising indeed if none of the thousand or so supernovae
per year in that volume produced radiation of this magnitude.

2.2.2 Coalescing binaries

Since most stars begin as members of binary star systems, it is likely that a substantial
fraction remain binary after the individual stars have completed their evolution and
become either white dwarfs, neutron stars, or black holes. A small number of these will
have been brought so close together during earlier phases of binary evolution that their
orbital lifetime against the loss of energy to gravitational radiation is less than the age
of the Universe. Such systems will coalesce in an astronomically short time. Systems
containing white dwarfs are not of interest to us here, since they coalesce before their
orbital radiation reaches a frequency we could observe. But those composed of highly
compact objects — neutron stars and/or black holes — can produce observable radiation.

Coalescing binaries give off a great deal of energy before they coalesce. As the radiation
from a system consisting of two 1.4 M neutron stars changes from 100 to 200 Hz, the
waves carry away some 5 X 1072 M c? in energy, comparable to a decent supernova burst.
Because this energy is spread out over many cycles, the waves’ amplitude is smaller than
one would expect from a supernova. Nevertheless, by matched filtering it is possible to
attain a much higher signal-to-noise ratio than for a comparable supernova.

There is one well-known binary coalescence precursor system in our Galaxy: the famous
Binary Pulsar, PSR 1913+16, which has a remaining lifetime of about 10® years before
it will coalesce. Importantly, a second such system, PSR 21274+11C, has very recently
been discovered in the globular cluster M15 [15]. Its pulse and orbital characteristics
are remarkably similar to those of PSR 1913+16. The masses of the component stars
will not be known until the periastron shift is measured, but if we assume a pulsar mass
of 1.4 M, then the minimum companion mass allowed by the mass function is 0.94 M.

!The report by Pizzella and collaborators of apparent coincidences between bar detectors and neutrino
detectors near the time of SN1987a has nothing to do with this scenario. Pizzella himself points out
that these coincidences are inconsistent with standard general relativity.
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This implies a mazimum remaining lifetime of 10? years. If we take the likely companion
mass to be 1.4 My, then the lifetime of PSR 2127411C is half that of PSR 1913+16.
Furthermore, it is possible that PSR 0021-72A, in the globular cluster 47 Tuc, is also
a precursor with a short lifetime [16]. Unfortunately, this pulsar is at the limit of
detectability, and exhibits a number of unexplained features, so it is too soon to draw
conclusions about it.

There are two aspects of the coalescing binary signal that favour detectors with good
low-frequency sensitivity. First, since most of the power in the signal is concentrated
at low frequencies, the ability to detect coalescing binaries is critically dependent on
the lower cutoff frequency fi.. Second, at low frequencies (100-500 Hz) the coalescing
binary system is well modelled by Newtonian point masses in circular orbits; corrections
due to tidal, mass-exchange, and post-Newtonian effects are significant only in the high-
frequency phase of the signal. If the detector has good sensitivity at 100-200 Hz, it will
not be necessary to model these extra effects in the matched filters in order to obtain
good signal to noise.

Assuming that no observing is possible below the lower cutoff frequency, Krolak [17]
showed that the best signal-to-noise ratio attainable for a binary at a distance r when
observed with a low-frequency detector (one whose optics are optimised for finding
coalescing binaries, but which would reach a sensitivity oy, if it were optimised for high
frequencies) is

1 ~7/6 5/6 -1
O S A 1Y R S
N J coalescing binary 10-22 100 Hz Mg 100 Mpc

where M is the mass parameter of the binary system, defined in terms of the reduced
mass p and total mass M by

M — N3/5M2/5-

This signal-to-noise ratio applies only when the detector and source are optimally ori-
ented with respect to each other; in the general case there will be a factor smaller than
unity in the equation. To attain this best signal-to-noise ratio, the data must be anal-
ysed with a family of filters matched to the signal expected from a variety of possible
systems. The filter parameters are M and the phase of the signal on arrival. In partic-
ular, the mass parameter determines how fast the frequency of the signal increases as

the orbit decays: ) p

8/3 5/6

I _qg| -1 M (2.5)
f 100 Hz M@

The threshold for detection with an acceptable false alarm rate must take into account
the fact that there will be many filters, perhaps as many as a thousand. But this is
partly compensated by the fact that there are fewer independent measurements per
filter in a given time — roughly 100 per second — than for broadband bursts — 1000 per
second. And in any case, at S/N ~ 4 we are so far out on the Gaussian tail of the noise
distribution that the false alarm probability changes very rapidly with threshold, so the
large number of filters makes a small change in the required threshold. This issue has
been discussed in detail elsewhere [11].
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We shall illustrate the possible observations by again assuming a threshold S/N of 4
for a detector in a worldwide network of 3 or 4 detectors. Our first-stage 10~%! detector
will have a range of ~ 30 Mpc if optimised for kHz bursts with a low-frequency cutoff
at 100 Hz, increasing to 65 Mpc if it is optimised for low frequencies. We will see below
that events at these distances are likely to be rare, but our present uncertainty about
the event rate would allow perhaps two events per year in the Virgo Cluster, and up
to 50 per year out to 65 Mpc, of which the worldwide network could expect to detect
roughly 10% (see below).

Our 10722 detector optimised for low frequencies, could see binaries composed of two
1.4 Mg neutron stars at threshold at a distance of 650 Mpc. If the low-frequency cutoft
can be lowered to 40 Hz, and if the dominant noise below 100 Hz is thermal noise from
the mirrors’ suspension, then detailed calculations using the shape of the thermal noise
spectrum show that this range is roughly doubled to 1.3 Gpc.

Equations 2.4 and 2.5 contain an important relation: the masses of the stars enter only
in the mass parameter M. By measuring the signal amplitudes and the rate of change
of the frequency, the two equations can be combined to yield a single unknown, the
distance to the source. In fact there is not enough information from a single detector to
make a measurement of the orientation angles needed to determine the maximum signal
amplitude used in Equation 2.4, but a network of three detectors could do so. In this
way, coalescing binaries become distance indicators, and this has important implications
for astronomy, to which we return later.

Not all binaries will consist of neutron stars. The statistics of X-ray binaries suggest
that perhaps one percent will contain a black hole of roughly 14 My; it is possible that
a further one percent of these might consist of two such black holes. The signal-to-noise
ratio of the two-black hole system would be some 6.3 times larger than that of two
neutron stars at the same distance, so the range of the optimised second-stage detector
for binary black holes would be more than 4 Gpe, approaching a cosmological redshift
of 0.5.

The maximum range of the detector is not the whole story, since orientation-dependent
effects will reduce the probability that any given coalescence will be seen. Tinto [18]
has made a detailed study of these effects in a network of 4 or 5 detectors, and has
concluded that it would register about 50% of all coalescences that take place within
half of its maximum range, and it will see some 5-10% of all those within its maximum
range. These numbers would not change greatly if the worldwide network had only 3
or 4 detectors.

An important question that we touched on above is the quality of the predicted waveform
that is used to construct a filter for these signals. It assumes a point-mass Newtonian
binary with a circular orbit. The circular assumption is a good one for binaries this close,
since eccentricity decreases faster than orbital radius under the action of gravitational
radiation reaction. The influence of tidal, mass-exchange, and post-Newtonian effects
have been considered in detail by Krolak [17], who found that they begin to be important
above 500Hz or so. The estimates we have used here for signal-to-noise ratios are
dominated by the power in the signal between 100 and 200 Hz, so they will be insensitive
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to any such corrections. On the other hand, if such effects can be modelled reliably
then they can be used to improve the signal-to-noise ratios we have quoted here, and
to extract further astrophysical information from the observations.

The event rate out to any distance is very uncertain, however, since our estimates rely
on the two firmly identified precursor systems, PSR 1913416 and PSR 2127+11C. The
most likely value for the rate is probably 3 events per year out to 100 Mpc [19], which
would give an event rate in a network of 3 or 4 optimised 1072? detectors of 40-80 per
year. We had elsewhere estimated [11] that this rate may be uncertain by a factor of 100
either way, allowing a detection rate that could range from one every two years up to
several thousand per year. But the recent discovery of the second coalescence precursor
PSR2127+411C [15] considerably reduces the small-number-statistics uncertainty in this
estimate, placing the likely event rate between 3 and several thousand per year. Further
pulsar searches currently underway by the same group may well raise this yet again by
overcoming some of the selection effects that inhibit the discovery of pulsars in highly
eccentric binaries.

2.2.3 Pulsars and other continuous-wave sources

There are many possible long-lived or continuous sources of gravitational radiation in the
frequency range accessible to our proposed detector. These include pulsars with “lumps”
in their crust; unstable pulsars spinning down after having been formed with too large
an angular velocity; and unstable accreting neutron stars where the instability is being
driven by the accretion of angular momentum (“Wagoner stars”). Little is known about
how many such sources in our Galaxy emit significant amounts of radiation, but the
proposed detector would be able to set very stringent limits on this.

In Chapter 3 we discuss various ways to configure the optics of a detector in order
to make it narrow-band, with enhanced sensitivity near the expected frequency of a
particular source [20,21,22]. Equation 3.7 gives the narrow-band sensitivity oy, of a
photon-noise limited detector; it can be seen to depend not only on o}, but also on
the quality 1 — R of the recycling mirrors used and the length £ of the detector’s arms.
Equation 3.8 gives the minimum bandwidth of such a detector; it is typically about
2Hz. However, as Figure 3.4 shows, thermal noise from mirror vibrations is likely to
dominate the photon noise, by a factor of perhaps up to 5.

The sensitivity achievable on a continuous source increases with the square root of the
observation time 7. One might contemplate narrow-banding a detector for a period
of up to a few months in order to make an important observation; a significantly longer
observation might not be desirable, given the importance of searching for bursts and
for continuous sources at other frequencies. For a continuous wave of amplitude h,
the expected signal-to-noise ratio of such an observation would be (if it is photon-noise
limited)

S o[ h Jow 1™ var 1—R 17V ¢ 1V )
(N) pulsar = D | 1027 [10—22] [107] 5><10] Skm| - 29

photon noise
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If thermal noise does dominate, as seems likely, this becomes something like

S h Tint ]1/2
(F) e =12 [10—27] [107s] ' (2.7)

thermal noise

In these equations, we have allowed a factor of 1//5 reduction in signal-to-noise to take
account of the fact that the typical source will not be optimally oriented with respect to
the detector. For waves from a pulsar whose frequency is known, the threshold does not
need to be set very high: 2 would be enough to make one interested in extending the
observation, and 4 would be convincing. Analysing the data from such an observation
will be easy: the heterodyning technique described by Schutz [23] reduces even four
months’ worth of data to a manageable size.

We find that a source with a gravitational wave frequency of 4kHz at a distance of
50 kpc (such as the reported pulsar in SN1987a) would need to radiate only 2 x 10?2 W
to be detectable above thermal noise. This is well below the upper limit of 7 x 10** W
inferred from the reported observations of the pulsar [14]. The achievement of better
thermal noise (see Figure 3.4) would improve on this gravitational wave luminosity limit
by a factor of 10.

Even if the detector is not optimised for a particular frequency, it would be possible to
use data from a broadband recycling detector to search for a known source. In this case,
photon noise would be expected to dominate thermal noise, as in Figure 3.3. The signal-
to-noise ratio is then independent of the length or mirror quality of the detector except
as they influence oy;,. For frequencies below the optimum frequency of the detector
(say, 1kHz), a 10722 detector can reach h ~ 2 x 10727 in 735, ~ 10”s (again allowing
a factor of 1/4/5 for antenna-pattern effects). This is still a very interesting level for
several pulsars. For frequencies above 1kHz, the signal-to-noise ratio falls off from the
above value inversely with the pulsar frequency. This would give a 20 sensitivity of
about 2 x 10726 for the pulsar in SN1987a, at which level it would be radiating about
6 x 10> W. This would still be an interesting observation.

Another interesting class of sources are Wagoner stars, where accretion drives a non-
axisymmetric Chandrasekhar-Friedman-Schutz (CFS) instability of the neutron star,
causing it to radiate gravitational wave energy at a rate proportional to the accretion
rate and hence to the X-ray luminosity. This leads to the relation, for a narrow-banded
detector dominated by thermal noise, and allowing for typical antenna-pattern effects,

<£) gl S “/2[ Fx ]1/2 Tint]1/2 (2.8)
N/ Wagonerstar | 300 Hz 10-11 W m—2 107 s '

where Fx is the X-ray flux from the system. Several X-ray sources exceed the reference
flux of 10~ Wm™2. For a narrow-band observation to be possible, the gravitational wave
frequency must be known in advance, at least to within the bandwidth of the detector.
It may be possible to infer this frequency from low-amplitude modulations of the X-ray
flux. In order to keep the bandwidth as large as possible, a thermal-noise-dominated
detector would probably be operated with less-than-maximum narrow-banding, with
the bandwidth adjusted to set the photon noise (which falls with the square root of the
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bandwidth) just below the thermal noise. For the noise levels indicated in Figure 3.4,
the bandwidth could be as large as 50 Hz.

There may be pulsars in the solar neighbourhood that are not visible electromagnetically
(because they are beamed elsewhere or because they are old and radio-quiet), but which
could still be radiating gravitational waves. But the problem of conducting an all-sky
search for such signals is formidable: the Earth’s motion produces Doppler effects that
need to be removed from any observations lasting longer than about 30 minutes, and
these corrections are different for each different location on the sky. The longer an
observation lasts, the better will be its directional resolution, and therefore the greater
will be the number of possible locations that have to be looked at. Simply performing
the data analysis on 4 months’ worth of data over a 2Hz bandwidth is beyond the
capacity of present computers [23].

One would normally expect to have to analyse a data set in a time no longer than
the time it took to take the data in the first place. Given a computer capable of
performing fast Fourier transforms (FFTs) at a computation speed of 300 Mflops, the
longest duration of a narrow-bandwidth (2 Hz) observation on which one could perform
an all-sky search is about 5 days at 100 Hz. This would give a signal-to-noise ratio in
our proposed 10722 detector (when thermal-noise-dominated, and allowing for antenna-

pattern effects) of
1/8
<§) _o|_n 5 : (2.9)
N/ rpT 10-26 | | 300 Mflops

where § is the speed of floating point operations in an FFT on the computer. A pulsar
could thus be reliably identified even for h ~ 1072%; this is quite an interesting sensitivity
level for pulsars.

Another possible way of looking for unknown pulsars is by cross-correlating the output
of two er more detectors. Cross-correlation requires much less computing but has a
sensitivity that is lower than the optimum achievable in a single detector in the same
observation time Tiy:

S _(5 1 -1/4
(N)correla.tion N (N)Optimum X (2BTmt') ? (210)

where B is the bandwidth of data being correlated. Since the optimum signal-to-noise
. . 1/2 . . . . . .
ratio increases as 7y , it follows from this that a correlation experiment lasting a time

T. and a single-detector observation lasting 7, will have the same sensitivity over a
bandwidth B if

Te = %Brf.

The single-detector observation lasting 5 days could only be matched over a 2 Hz band-
width by a correlation experiment lasting 6,000 years! So cross-correlation is not a
serious alternative to direct analysis of a single detector’s data for a narrow-band all-sky
pulsar search.

In order to conduct an all-frequency (up to 2kHz), all-sky search in a fixed time of,
say, 107 s, analysing the data with a 300 Mflops computer, the best strategy would be to
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make a series of observations restricted to successive bandwidths of about 13 Hz, each
lasting 18 hours. The sensitivity of such a search would be a few times 1072¢ for h in
the thermal-noise-dominated case. If further information suggested that a particular
frequency band was interesting — for example a newly formed pulsar was spinning down
at a significant rate that wasn’t well determined by electromagnetic observations, or a
frequency was indicated by X-ray data in a Wagoner star but not well determined —
then a narrow-band search could further improve the sensitivity.

2.2.4 Stochastic background radiation

There have been many predictions of a measurable background of gravitational radi-
ation, usually as a by-product of theories to explain other things in cosmology, such
as phase transitions or galaxy formation. One of the most interesting, since it makes
definite predictions, is the cosmic string scenario for galaxy formation. If strings did
actually provide the seeds around which galaxies condensed, then their decay must
have produced a gravitational wave background that is detectable by cross-correlation
between two detectors.

The signal-to-noise ratio of a cross-correlation to find the stochastic background can
be found from our cross-correlation formula for searches for continuous sources, Equa-
tion 2.10, provided we interpret (S/N )optimum correctly. It is given by the ratio of the
typical amplitude of the stochastic field within the bandwidth B of the correlation ez-
periment to the narrow-band noise o, in the detector in the same bandwidth. The
radiation’s amplitude within a bandwidth B can be expressed in terms of the energy
density in the radiation per unit logarithmic interval of frequency, Qgw:

dEg,

1
QSW(f) = Z d3.7:dlnf’

(2.11)

where p. is the critical closure density of the Universe — about 1.75 x 107°J m™® if
Hubble’s constant Hy is 100 km/s/Mpc — and where dE,,/d>z is the energy density of
stochastic gravitational radiation. Then the radiation in a bandwidth B about frequency
f has an effective amplitude given by

h=18x10°% |1 _ _3/2[ B ]1/2 gw]"/” Ho L (212)
' 100 Hz 2Hz 10-8 100 km s~ Mpc—!

In order to optimise the experiment, the bandwidth should be chosen to make photon
noise, thermal noise from the suspension, and thermal noise from mirror vibrations
roughly equal. The exact details will depend on the performance of the real detector,
but a typical bandwidth might be 10 Hz. Using the photon noise oy, multiplied by v/3
to allow for the three noise sources, and allowing the usual factor of 1/5 for orientation,
we find that one can achieve a signal-to-noise ratio of

(5) o[ e ) e (2.13)
N/ stochastic | 100 Hz 10-22 10-8 100km s—1 Mpc—1! '




THE SCIENTIFIC CASE 19

over an observation lasting 10”s in our proposed 10722 detector. This detector should
be able to reach (g ~ 1078, considerably below the predictions of cosmic string theory
and well below the sensitivity one could expect from pulsar timing.

Correlation experiments require, of course, two independent detectors. When we have
only one detector operating, we will do such experiments with our international collabo-
rators. An important consideration is that sensitivity falls off if the separation between
detectors is larger than \g,/27. Baselines within Europe are therefore preferable, but
even on the shortest conceivable one — between Munich and Pisa — the sensitivity begins
to fall off significantly above 100 Hz. (There is still a solid angle in which the sensitivity
is high, but this does not help a stochastic search, since the effective wave amplitude will
decrease with decreasing solid angle of acceptance for such an experiment. In fact, this
argument can be elaborated to show that the sensitivity will fall off with separation d
roughly as d~/2.) On a baseline between Scotland and Pisa we should be able to reach
Qgw ~ 2 x 107%, and even in a transatlantic correlation experiment we could get to
~ 2 x 1077, which is still interesting in terms of the predictions of cosmic string theory.

2.2.5 Unpredicted sources

As with the opening of any other window in astronomy, one can be confident that there
will be unexpected sources of gravitational waves at some level. If they are strong
enough to stand out above the broadband noise, then they will be readily detected
and studied. If they are weaker but have some structure, such as the coalescing binary
signal, then they may still be detectable using cross-correlation between detectors. The
signal-to-noise ratio is less than the optimum obtainable by matched filtering using prior
knowledge of the waveform by the same factor as in Equation 2.10 above, (%BTint)l/ 4
where B is the bandwidth and 7 the correlation time.

For example, suppose two 10722 recycling detectors optimised for broadband bursts
observe a weak signal lasting 1s with a typical frequency of 200 Hz, not very different
from the parameters of a coalescing binary. In this case, photon noise dominates.
Allowing for antenna-pattern effects, and using a 200 Hz bandwidth gives

S E 1/2 r -1
— =11 .
(N)hypothetical [10_2 M@C2] [15 Mpc]

So a source radiating the same energy as a coalescing binary could be seen in the Virgo
cluster. Whether such sources exist and are frequent enough to give a reasonable event
rate is a question that will only be answered by observation. Certainly such correlations
should be done after supernova events, for example, in order to look for neutron star
spindown or any unpredicted aftermath radiation.
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2.3 Scientific Output of an Interferometric

Detector

Having reviewed various sources of gravitational waves in the previous section, we shall
organise the present section according to the scientific questions that gravitational wave
observations are likely to answer. In many cases such answers will come from combining
observations of several different kinds of sources. We will begin our list with three new
tests of relativistic gravity that observations of gravitational waves can perform.

Test of gravitational wave polarisation. Simply seeing gravitational waves
would, of course, be a milestone for relativistic gravity. But many theories pre-
dict gravitational waves, and a network of detectors can distinguish among them.
With four or more detectors, one has redundant information in the observations.
Using general relativity one attempts to deduce the amplitude, polarisation, and
direction of the wave. If the resulting data are self-consistent, then general relativ-
ity provides a good model of the wave, particularly of its polarisation properties.
If they are not self-consistent, then a different theory of gravity may be necessary.

Speed of propagation of gravitational waves. If a supernova at 15 Mpc were
seen optically and detected by the gravitational wave network, there should be
less than a day’s delay between the gravitational wave and the optical detections,
provided the gravitational wave travels at the same speed as the light from the
supernova. Over a travel time of some 45 million years, the coincident arrival of
the waves within a day would establish that their speeds were equal to within one
part in 10%°,

Test of strong-field gravity. A further test can be made if black hole coalescing
binaries are detected. Computer simulation should soon be accurate enough to
make detailed predictions of the dynamics of the merger of the holes, and of the
radiation they emit, with only a few parameters (such as the masses, spins, total
angular momentum, and impact parameter of the collision). Given a reasonable
signal-to-noise ratio, matching the observations to the predictions could provide
a stringent test of strong-field gravity.

Morphology of the supernova core. Observations of bursts from gravitational
collapses tell us a number of things about supernovae themselves. We could learn
how many collapses do not produce visible supernovae; how often rotation plays
an important role in the collapse; whether the collapse has formed a neutron star
or a black hole; and what the mass and angular momentum of the compact object
are.

Neutron star equation of state. This is one of the most important areas where
gravitational wave astronomy can provide information that is crucial to nuclear
physics: the interactions of neutrons in these conditions are poorly understood and
inaccessible to laboratory experiments. Supernova gravitational wave observations
constrain the equation of state by telling us what the timescale of collapse and
rebound is, what the mass and angular velocity of any neutron star formed in the
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collapse might be, and what the upper mass limit of neutron stars is. Coalescing
binaries similarly offer information on neutron star masses (through the mass
parameter M) and on mass exchange once the initial point-mass approximation
breaks down. Observations of pulsars radiating from frozen-in mass deformations
constrains the solid crust equations of state. Observations of the frequencies of
CFS instability modes either in new neutron stars spinning down or in Wagoner
stars provide a very sensitive constraint on the equation of state, and also give
information about neutron matter viscosity, another poorly understood subject.

e Compact-object statistics. It is very hard to devise unbiased indicators of the
numbers and distribution of pulsars, old neutron stars, and black holes. Obser-
vations of gravitational waves from supernovae and coalescing binaries can give
a new measure of the mass functions of these populations and of their formation
rate. Searches for unknown pulsars, if successful, could give a relatively unbiased
indication of their distribution in the solar neighbourhood.

¢ Hubble’s constant. If the event rate of coalescing binaries is sufficient to give
a few per year from within 100 Mpc, then the fact (noted above) that coalescing
binaries are reliable distance indicators allows one to measure Hubble’s constant
to within a few percent in a year or two of observations [24]. This in turn will
determine the age of the Universe and the distance scale to external galaxies.

¢ Cosmological mass distribution. Given a reasonable event rate, coalescing
binaries are good tracers of the stellar distribution out to 500 Mpc or (for black
holes) a few Gpc. Their distribution would indicate structure out to 500 Mpc with
a resolution of 10-100 Mpc, a length scale on which we have little information at
present. Such observations could provide a stringent test of the homogeneity and
isotropy of the Universe.

e The early Universe. By confirming or ruling out a stochastic background of
gravitational radiation as predicted by cosmic string theory, gravitational wave
observations can be crucial to the cosmic string theory of galaxy formation. If
other backgrounds are detected, they will have to be explained by some physics
in the early Universe. If the explanation has to do with phase transitions, for
example, then this would have implications for particle physics; if an early gen-
eration of very massive objects is the cause, then this has implications for galaxy
formation as well.
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Chapter 3

Interferometric Gravitational Wave
Detectors — an Outline

A gravitational wave curves the spacetime through which it passes. This results in a
change in the time it takes for light to travel between two free masses or, equivalently,
in a change of apparent separation. The phase shift on the light may be detected if it
is converted to an intensity change by interfering two beams of light which have been
differently affected by the gravitational wave, such as in a Michelson interferometer.

For optical path lengths small compared with the wavelength of the gravitational wave
(300 km for a 1kHz signal) the phase shift is proportional to the length of each arm.
Thus, one can gain in sensitivity both by increasing the physical arm-length of the
interferometer, and by bouncing the light back and forth many times in each arm before
interference takes place at the beamsplitter (see Figure 3.1).

3.1 Interferometer Types

Two different techniques for achieving the required long optical path length in the arms
of an interferometer have been proposed. These are the optical delay line (originally
invented by Herriot, Kogelnik and Kompfner [25]) developed at MIT and the Max-
Planck-Institut, and the Fabry-Perot scheme investigated at Glasgow and Caltech. A
major difference between these approaches is that in the delay line the multiple traverses
of the light within an arm are spatially separated, whereas with the Fabry-Perot they
are coincident.

At first sight the Fabry-Perot system would appear to offer considerable advantages since
it requires much smaller mirrors and the light beams occupy a much smaller volume in
the interferometer arms. It should thus be possible to fit more receivers into a given
vacuum pipe diameter. Additionally it is possible to achieve a very large number of
effective traverses in the arm with a Fabry-Perot, while delay lines with 3km long arms
are limited to 50 to 100 beams even with the largest mirrors that can reasonably be
used.
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Figure 3.1: Schematic diagram of the proposed multi-pass Michelson interferometer.

Set against these advantages, however, are potential practical complications. These
include possible thermal lensing effects on the focussing of the light transmitted through
mirror substrates, the requirement for very high stability of mirror alignment, and in
particular the fact that Fabry-Perot receivers are somewhat more complex to operate.
An insight into this complexity can be gained by noting that for a Fabry-Perot receiver
to operate at all it is required that each of the two arms independently stays closely in
resonance with the input laser light. The ultra narrow optical linewidth of very long
high finesse cavities, together with the typical levels of laser frequency noise, means that
extremely precise control of laser frequency and/or arm length are needed to maintain
the resonance condition. In addition, one must control the relative phase of the beams
returning from the two arms. The delay line need only provide this relative phase
control — a significant simplification. Despite these factors the Fabry-Perot prototypes
have proved very successful and have achieved sensitivities similar to that obtained with
the delay line prototype.

3.2 Sensitivity and Noise Sources

The magnitude §¢ of the phase shift out of a delay line in which the light is stored for
a time 75 18

?sin(ﬂfrs), (3.1)
where h is the amplitude of a continuous gravitational wave of frequency f and v is the
frequency of the sensing light. It can be seen that maximum signal is obtained if the
storage time 7, is half the period of the gravitational wave. (The sign of the gravitational

66 = h
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wave reverses every half period, tending to cancel the induced signal.) So if we have a
detector of length ¢ and wish to observe a gravitational wave of frequency f, maximum
phase shift is obtained if a delay line has a number of reflections N of

c ¢ 17! f !
N = 2f =950 [3km] [1 kHz] ’ (3.2)

where c is the speed of light.

3.2.1 Shot noise in a simple interferometer

The induced phase shift produces a power change at the output of the interferometer.
If this is to be detectable, it must be larger than the \/n uncertainty associated with
an average count of n photons (unless squeezed light techniques are used). This photon
shot noise will limit the detectable gravitational wave amplitude in a simple delay line
to

TAAS )m f 53)

elye sin(m frs)’

where % is Planck’s (reduced) constant, A is the light wavelength, A f is the measuring
bandwidth, € is the photodetector quantum efficiency and Iy is the light power in the

hDLZ(

interferometer. Operating in the storage time limited regime (f7, = %), the pulse
sensitivity of such a simple interferometer is therefore limited to
el -1/2 f 3/2
hpr, ~ 2.4 x 107 [—] 3.4
b 50 W 1kHz| (3:4)

where it is assumed that a bandwidth Af = f/2 is chosen and that light of wavelength
A = 532nm is used.

In Chapter 2 we have seen that our eventual goal must be a sensitivity for kHz bursts of
~ 10722, The shot noise limit of Equation 3.4 must therefore be considerably improved.

3.2.2 Shot noise in recycled interferometers

A method for increasing the effective light power and so reducing the photon noise
was suggested in 1981 independently by Drever [26] and Schilling. The interferometer
normally operates with its output on a dark fringe, so virtually all of the light coming
back from the arms of the interferometer travels back towards the laser (see Figure 3.1).
By suitable placement of the recycling mirror My, this light may be coherently added to
the incoming light. Since the number N of reflections in the arms of the interferometer
is quite low (cf. Equation 3.2) and mirrors of loss 1 — R < 10™* are available, little light
is lost on a single round trip and the power enhancement from this recycling may be

high.

In order to match the storage time to the gravitational wave frequency, optimising a
detector for lower frequencies (< 500 Hz) requires a number of reflections, and thus a



26 CHAPTER 3

mirror diameter, that becomes impracticably large with a delay line system, though
there is no problem if optical cavities are used. The signal storage time may, however,
still be matched to the gravitational wave period by placing a partially reflecting mirror
Ms in the output port of the interferometer (see Figure 3.2). This technique, which

=

=

Figure 3.2: Schematic diagram of a multi-pass Michelson interferometer showing the
two recycling mirrors.

ensures that both the laser light and at least one gravitational-wave-induced sideband
are resonant within the optical system, is known as dual recycling [22]. A signal storage
time 7/, determined by the reflectivity of Mj together with that of the delay line (or
cavity), gives a detector bandwidth of Af ~ 1/7/ while the frequency of optimum sen-
sitivity is determined by the positioning of Mj3. This allows good broadband sensitivity
to be achieved at low frequency.

If the losses in the delay line mirrors dominate the losses due to imperfect fringe contrast,
the photon noise limited sensitivity for an optimised detector becomes

ALfFAf(1—-R
For pulses, a choice of Af = f/2 gives a sensitivity
—-1/2 1/2 /2
o om| efo]l[l—R} 4
oL = ou, = 10 L kHzJ [50 W 5x10-5] |3km]| (3:6)

So a 10722 detector should be possible as long as it is feasible to obtain and use high
laser power, in combination with good quality mirrors.
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To allow maximum recycling gain, power must not be allowed to escape via the output
port of the interferometer; this places a stringent requirement on the fringe contrast that
has to be achieved. For example an effective contrast ratio of ~ 107* will be required
to avoid degrading the sensitivity of a detector optimised for 1kHz signals.

It is also possible to enhance the sensitivity within a narrow bandwidth and so improve
the detectability of continuous gravitational wave signals. This is achieved by dual
recycling with long signal storage times. The best shot noise limit for narrowband
signals, again assuming the mirror losses are dominant, now becomes

R P\ %(1—-R)_10_28[610]_%[1—R] ¢ _l[ﬂ]_%
DL = Tnb &\ T e 15W 5x 10-3] | 3km 107s] 7

(3.7)
where Ty is the integration time. The detector bandwidth in this optimised case is
(1 - R) ¢ ‘1[1—12]
N —— =2 Hz. 3.8
Af~— [3 km] 5x105) (38)

Other narrowbanding arrangements have been proposed: resonant recycling [20] and
detuned recycling [21]. However, dual recycling has better tuning properties and can
be added naturally to a broadband high-frequency system; it therefore seems the best
choice.

In the long run when tens of watts of laser power will be used, heating of optical
components due to absorption may produce significant distortion of the beam shape. In
the case of a reflecting mirror the deformation of the wavefront is due to the expansion
of the heated material, and in the case of a mirror used in transmission is also due to
a change in the index of refraction. Wavefront distortion degrades the coupling into
cavities for mode cleaning and recycling and into the interferometer arms in a Fabry-
Perot based system. In addition it degrades the fringe contrast inside the interferometer
and thus reduces the recycling gain. To control these effects, materials of low absorption
and carefully chosen thermal properties will be used, and the interferometer will be made
as symmetrical as possible.

As will be seen shortly, the power level required to attain a given photon noise limited
sensitivity may be reduced if it is possible to use the noise reducing properties of squeezed

light.



28 CHAPTER 3

3.2.3 Other noise sources

There are, of course, noise sources other than photon counting fluctuations. The most
important of these are:

e Optical noise: Fluctuations in the frequency, power and geometry of the light,
possibly coupled via scattered light, may produce spurious phase fluctuations.
Careful design of the interferometer optical system together with active control of
laser beam quality are required. Further consideration of these topics appears in
Chapter 4.

e Seismic noise: Ground vibrations may induce motion of the test masses. Isola-
tion measures are discussed in Chapter 6.

¢ Thermal noise: Each normal mode of the test masses will have thermal motion
associated with it. The normal modes must be arranged to lie outside of the
frequency region of interest, so that the noise observed is only from the tails of
the resonances. A high mechanical Q reduces this noise. The relevant modes
include both the internal acoustic modes of the test masses and the pendulum
modes of their suspensions. The Q of the latter may be higher than that of the
materials involved since only a small fraction of the energy of motion is stored in
the flexures.

e Refractive index fluctuations in the vacuum: these fluctuations determine
the maximum allowable gas pressure for a given strain sensitivity.

Fluctuations of the number of molecules in the light path lead to small changes
in the refractive index. The resulting apparent path length variations depend on
the magnitude of these index fluctuations and on the degree to which they can
coherently affect the multiple traverses of the light within an interferometer arm.
The largest coherent effect occurs when Fabry-Perot cavities are used; some small
correlation is also inevitable with delay line systems.

The “vacuum noise” lines on the sensitivity graphs (Figures 3.3 and 3.4) indi-
cate an upper bound for the noise due to index fluctuations in thermodynamic
equilibrium, assuming the vacuum specifications laid down in the beginning of
Section 5.2, i.e. < 108 mbar for hydrogen and < 10~° mbar for heavier molecules,
such as water and nitrogen.

e Quantum limit: Heisenberg’s Uncertainty Principle limits the accuracy of the
displacement measurement.

The significance of the most fundamental noise sources in the proposed interferometer
is shown in Figures 3.3 and 3.4.
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Figure 3.3: Some burst sources and relevant noise levels. The ordinate is the effective
amplitude heg, which is defined as (S/N)ow(f), where S/N is the signal-
to-noise ratio given for different sources in the text and op,(f) 28 the value
of the photon noise at the burst’s central frequency f, as shown in the figure.
For sources that have to be picked out by filtering, the effective amplitude 1s
approzimately hy/n/2, where h is the true amplitude and n is the number
of cycles of the waveform over which the signal can be integrated.
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3.2.4 Some basic noise formulae

Two of the main noise limits shown in Figures 3.3 and 3.4, photon noise and seismic
noise, are discussed in detail in Chapters 3 and 6 respectively. The other noise limits
are calculated from the following formulae, further details of which can be found in our

previous proposals [3, 4].
For:
e test masses — mass m, density p, speed of sound in material vs, internal quality
factor QiNt,
e pendulum suspensions — angular frequency wo, quality factor Qs,

e vacuum system — residual pressure p of gas of refractive index no (measured at
standard pressure pg) and thermal molecular speed vy,

e optical parameters — arm length ¢, mean beam width 2w,

and detector operating frequency f = w/27, the squared spectral density of the resulting
apparent gravitational wave amplitude is given by —

Thermal noise due to internal modes:

16kT

Baa-
%nf’pvsa QN 2

(3.9)

(where a ~ 2.5 allows for the summation of the effects of a number of resonant modes);

Thermal noise due to pendulum suspension:

77:2N 16’CT(.00 .

~ W 3 (3-10)
Heisenberg Uncertainty Principle:
~ 8h

Refractive index fluctuations:

72 Y2 (0 — 1) (3) . (3.12)

Novg - £ 17{) Po
X

8

where Ny is the number of molecules per unit volume (2.7 x 10%molecules /m?), and the
other symbols have their standard meanings.
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3.3 Squeezed Light Techniques

The use of “squeezed light” was originally proposed as a means of reducing the shot-
noise level in laser interferometer gravitational wave detectors [27, 28]. Its use could
allow our design goals to be achieved with less laser power and consequently reduced
demands on the thermal properties of the optical components. Squeezed light has since
been produced experimentally [29] and used to enhance the sensitivity of conventional,
relatively small, interferometers [30]. The extension to interferometers such as those
considered in this proposal is in principle straightforward.

For the squeezed-light method to be useful, it is necessary that the interferometer sen-
sitivity be limited by “shot noise” (also called “photon noise”). This limit may be
understood as follows. If n photons enter the interferometer during the sampling time
interval, then the smallest detectable change in the relative phase of the light from the
two arms is 1/4/n. Operation at this quantum limit is desirable and has been achieved
in several of the prototype interferometers discussed in this proposal. (Photon pressure
fluctuations, which are another kind of “quantum noise,” would limit the sensitivity only
at light power levels much higher than envisaged for the planned large interferometer
[27]). The shot noise limitation of a Michelson interferometer with two equal arms is
caused by quantum noise introduced by the stochastic nature of the beamsplitter. The
1/4/n limit holds only if the noise imposed by the beamsplitter is not correlated with
the phase of the laser beam illuminating the interferometer.

Caves [31] realised that the impact of the stochastic nature of the beamsplitter on
the field fluctuations of the transmitted and reflected beam may be manipulated by
coupling light with special properties into the second, normally unused, input port to
the beamsplitter. This injection may be carried out, when the output beam spatially
overlaps the input beam (as is the case for the Fabry-Perot interferometer, and most
likely for the 3km delay lines), by using a Faraday isolator and a polarisation-sensitive
beamsplitter. This is illustrated in Figure 3.5, which shows the squeezed light being
coupled into the system along the same path followed by the return, signal beam.

The properties of this light necessary for achieving a reduction of the shot noise level
cannot be described in the framework of a classical field theory. The fluctuations in
the light are then in a regime where they are dominated by Heisenberg’s uncertainty
relation. In order to achieve the noise reduction in one quadrature of the field the
uncertainty relation has to be fulfilled asymmetrically, hence the name squeezed light.
The best experimentally observed reduction of the noise power is 70% and more than
90% is expected to be reached in the near future [29].

When handling squeezed light one immediately finds it to be extremely fragile. Any dis-
sipation such as absorption and non-unity detector quantum efficiency introduces fluc-
tuations and the initially squeezed light changes its properties in the direction towards
the regular shot noise level. As a result the shot noise reduction achievable in an inter-
ferometer will always be limited. In a real interferometer the limitation will arise mostly
from wavefront aberrations that affect the fringe visibility V' = (Lmax — Imin)/ (Imax + Imin)
and from the efficiency 7 of the detection system [32]. With these practical limitations



INTERFEROMETRIC GRAVITATIONAL WAVE DETECTORS 33

/)

Recycled
Interferometer

H

=

Lc1ser> F
[]FR
-

, i PBS
Squeezing
Interaction TfrPD

Figure 3.5: Schematic diagram showing a possible application of squeezed light tech-
niques to a recycled interferometer. Squeezed light is injected via a polaris-
ing beamsplitter (PBS) using the directional properties of a Faraday rotator
(FR) arranged to rotate the plane of polarisation by 45°. The same Faraday
rotator and polarising beamsplitter direct the interferometer output light to

the photodetector (PD).

in mind, Equation 3.3 has to be multiplied by the following factor:

1
—\/—ﬁ[\/i(l—V)l/“rl—nJrne]l/z,

where € < 1 is a factor describing reduction of noise power at the interferometer output
due to squeezing. For perfect squeezing (¢ — 0), perfect interference fringe visibility
(V — 1) and perfect detection efficiency (n — 1) the factor goes to zero. Such complete
noise reduction will of course never be reached, since infinitely large squeezing requires
an infinite amount of energy in the light field. With numbers already demonstrated
experimentally (n = 0.9, € = 0.2 and Vyototype = 0.98) the noise reduction factor would
be 0.7. It is sensible to expect some improvement in these numbers which would have
a noticeable effect on the noise reduction: e.g., n = 0.95, ¢ = 0.05 and V = 0.999,
leading to a noise reduction factor of 0.35. Such a reduction factor, corresponding to
a ten-fold increase in light power, would have a significant impact since the threefold
increase in strain sensitivity means that the gravitational-wave detector will look three
times further out into space.

Alternatively, and perhaps more importantly, the use of squeezed light may make it
possible to reach the target sensitivity for much lower laser power. In the example just
given, 5 W of power with ¢ = 0.05 would be the equivalent of 50 W with ¢ = 1, and
would avoid potential mirror heating problems altogether.

It is important to note that the squeezing technique is compatible with conventional (or
“broadband”) light recycling [14]. Thus both methods can be combined to give an even
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further increase in sensitivity. On the other hand, squeezing would be less useful with
the narrowband recycling schemes (such as resonant recycling and dual recycling [22]),
if these are pushed to the limit, s.e., if they are used to increase the effective interaction
time of the gravitational wave with the light all the way up to the limit determined by
the absorption losses. Such large total losses (resulting from the very long interaction
time) would destroy any initial amount of squeezing. In practice, however, one would
probably not envisage operation at quite the loss-limited bandwidth, and for any broader
bandwidth (¢.e., shorter signal recycling time) the use of squeezed light would still bring
about an increase in sensitivity (or make possible a reduction in laser power).

Finally, one should note that the option to use squeezed light at some stage places no
restriction on the design of the detector; in particular, one may obtain squeezing at any
desired wavelength. In the method of subharmonic generation in a nonlinear crystal
(optical parametric oscillator) one can double the frequency of the laser light and then
down-convert it again, via the parametric process, into squeezed light at the frequency
of the laser and coherent with it. (This is symbolised in Figure 3.5 by the box labeled
“squeezing interaction.”)



Chapter 4

Proposed Detector System

Both to allow maximum flexibility in the short term and also to provide for possible
long term developments, we believe the detector should be designed so that either the
delay line or Fabry-Perot optical system can be accommodated.

Further, to ensure the fastest route to possible scientific results, it is proposed to con-
struct first a delay line system optimised for millisecond pulses. For this type of signal
the optical path in the interferometer arms achievable with delay lines is close to opti-
mal; and the relative simplicity of control and operation should allow the most rapid
development to useful gravitational wave sensitivity.

Following successful development of this receiver it is planned that a second interfer-
ometer optimised for lower frequency performance will be constructed. For this role
the long optical path lengths available using Fabry-Perot cavities may prove to be an
important practical advantage.

Each of the proposed receivers will incorporate appropriate recycling techniques to im-
prove shot noise limited performance; such schemes have been discussed in the preceding
chapter. Further improvements in the shot noise limit, or alternatively the achievement
of a given sensitivity with lower laser power, should be possible in the longer term by
employing squeezed light techniques.

A description of a receiver using delay lines will next be given, since such a system forms
the first goal of this proposal. Following this is a brief outline of a possible Fabry-Perot
system — a candidate for the second interferometer.

4.1 The Proposed Delay Line System

It is important that the form of delay line system adopted is compatible with the
eventual addition of a second receiver. Furthermore it would be a desirable feature if
the interferometer could also operate with light of 1 um wavelength, though it should be
stressed that the plan and expectation is that 0.5 ym light will be used. (Refer to the
section on lasers for further discussion of this point.) Both of these considerations make
it important to use an arrangement of the multiple beams in the delay lines that is as
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compact as possible. Such an arrangement will increase the potential for noise coupling
to the interferometer output via scattered light effects, but estimates show that suitable
(and achievable) control of arm length and laser frequency can eliminate this problem.

Two possible delay line schemes have been devised which give reasonably compact lay-
outs — the modified Herriot delay line (Figure 4.1), and the modified White cell (Fig-
ure 4.2). Both of these techniques share the important feature that the light beam
is returned along its path by an extra mirror, after half the number of traverses have
been accomplished. This gives two significant advantages: twice the optical path length
is obtained with a given number of spots on the mirrors; and the outgoing light beam
from an arm is coincident with the ingoing beam, making the implementation of the
recycling optics particularly straightforward.

The conventional Herriot scheme used in the prototype interferometer at the Max-
Planck-Institut employs two large concave mirrors, with a hole in the near end mirror
through which the laser beam enters and exits. Repeated traverses of the laser beam
within the delay line cause a circular or ellipsoidal pattern of spots to appear on each
mirror. The number of traverses before the beam exits is controlled by the ratio of the
mirror separation to their radius of curvature, while the ellipticity of the spot pattern on
the mirrors is controlled by the direction of the input laser beam. The outgoing beam
behaves to first order as if it is reflected at the input hole and hence is not collinear
with the input beam. In the proposed modified Herriot system an extra hole is used in
the mirror at the near end of the arm. The laser beam exits the delay line through this
hole and is reflected back along its original path by an additional mirror — the ‘retro’
mirror.

The modified White cell uses a different arrangement of mirrors. The main feature
is that at the remote end of each arm are two medium sized concave mirrors, while
at the near end there is one large segment of a concave mirror, together with a small
retro-mirror used to return the beam. The mirrors are oriented so that the laser beam
is repeatedly reflected from one of the remote mirrors to the large segment at the near
end and then back to the other remote mirror. As the traverses take place, two columns
of spots are formed on the large mirror segment, until one spot misses the mirror and
is caught and redirected back by the separate retro-mirror. The multiple spots on each
of the two far mirrors are closely coincident. An additional feature is that with suitable
choice of mirror radii it is possible to arrange that the (separated) spots on the near
mirror are all significantly smaller than those (coincident) on the remote mirrors. It
is thus possible in principle to use smaller mirrors than in the Herriot case. Practical
tolerance limits on the mirror curvatures may, however, reduce the benefit that can be
obtained using this idea.

It is planned to use mirrors of diameter up to 0.45m, allowing an optical path length
per arm of ~ 30 x 3km to be achieved using either of the proposed optical systems.

Each main mirror will be suspended directly as the lower mass in a double pendulum
system; if necessary the small retro-mirrors may be attached to larger suspended masses.
Reaction masses will be provided for the mirrors that require axial feedback control.
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4.2 Commissioning of the Delay Line
Interferometer

It is planned that the interferometer will be commissioned in a number of stages of grad-
ually improving gravitational wave sensitivity requiring increasing complexity. Initially
the system will be operated as a standard Michelson interferometer, the signal from the
interfered output being used to hold the system locked on a dark fringe. This requires
some modulation technique.

The simplest modulation scheme, both conceptually and operationally, utilises Pockels
cells inside the interferometer arms to modulate the optical path length difference. A
simplified diagram of this internal modulation technique is given in Figure 4.3. The
Pockels cells also serve as fast control elements to keep the interferometer locked to
a dark fringe. Although the internal modulation technique has been quite successful
on the prototypes, this simple approach contains a significant flaw which will limit the
sensitivity in our proposed delay line. Existing Pockels cells are known to cause irregular
wavefront distortions and to absorb power. These effects would seriously reduce the
efficiency of recycling.

A more general consideration arising whenever the control element affects the incoming
and outgoing beams, is that there is both an immediate and a delayed (echo) effect.
Their combination renders the phase control feedback loop ineffective at a frequency of
half the free spectral range of the delay line (and at odd multiples of this frequency).?

Several schemes have been studied to modulate the light externally, which avoids hav-
ing the Pockels cells inside the interferometer arms. For example, one can frequency
modulate the input laser beam which together with a static path length difference in
the two arms yields a modulated output signal.?

Another possibility is to combine the output of the interferometer with a modulated
external beam derived from the main beam (first suggested in this context by Drever).
In this case it is necessary to maintain the optimum phase relationship between these
two beams. This modulation scheme has been experimentally verified by the Orsay
group.

Figure 4.4 outlines one possible candidate scheme for external modulation which is
consistent with high power operation and recycling, both of which are necessary for high
sensitivity operation. The extra (external) coherent light beam is obtained by reflecting
a small fraction of the light from one arm at the rear surface of the beamsplitter. This
light is rf phase modulated and then interfered at an auxiliary beamsplitter with the
signal light coming from the main output port of the interferometer. The resulting rf
intensity fluctuations are detected (with opposite polarities) by the photodiodes at the
two outputs of the beamsplitter. Demodulation of the rf difference signal then yields the

1The free spectral range of the delay line is defined as the reciprocal of the light storage time in one
arm.

2This scheme was proposed by L. Schnupp at a European Collaboration Meeting on Interferometric
Detection of Gravitational Waves, Sorrento, 1988.
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Figure 4.3: A simplified internal modulation scheme.

producing a signal at the photodiode proportional to small deviations from

a dark fringe. The correction voltage s then derived by mizing this signal
The path difference i3 servoed to a null us-
ing two phase adjusting elements: the large low frequency contributions are
compensated by shifting one mirror and the high frequency corrections are
made with the other Pockels cell. This correction voltage provides the output
signal of the interferometer. (In practice both Pockels cells are modulated

with the reference oscillator.

and used as fast correction elements.)

One Pockels cell is modulated
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signal for arm length difference control (the gravitational wave output signal). The low
frequency component is used to move the main mirrors in the detector arms, while the
high frequency corrections are achieved by moving the main beamsplitter. The echo,
caused by moving the beamsplitter, is cancelled by applying the same signal, delayed
by half the storage time, to the retro-mirror.

Frequency pre-stabilisation of the laser will be provided by a small stable reference
cavity using the standard rf reflection locking technique [34]. Geometry stabilisation
of the laser beam (mode cleaning) will in the first stage of development be provided
by passing the input light through a single mode optical fibre — a technique currently
successfully used on the prototype instruments at Garching and Glasgow.

A second stage of frequency stabilisation together with control of absolute arm length
will then be added; the signal from this will be derived by mixing a small amount of
input light with the bright fringe output from the beamsplitter. Again this is a technique
that has been very successfully developed on the Garching prototype.

As part of the progression to the use of higher laser power, the fibre will then be replaced
by a long mode-cleaning resonator, with the cavity length actively controlled so that it
remains on resonance with the laser light. (This mode cleaning provision is described
in greater detail in a subsequent section.)

In preparation for the eventual addition of recycling, another stage of frequency sta-
bilisation will be added using the mode cleaner as a frequency reference. This will be
followed by the installation of a second mode cleaner (placed in front of the one used
as the frequency reference), the length of which will be actively controlled to maintain
it on resonance.

Broadband recycling will then be implemented by installing a recycling mirror in the
input beam line before the beamsplitter. The overall cavity formed by the recycling mir-
ror and the interferometer arms will be kept on resonance by a servo system controlling
the axial position of the mirrors in the arms, the correction signal being obtained using
the standard rf reflection locking technique for cavities. Fast phase correction, which
may be required during the acquisition of lock of the recycling cavity, and which can
also be used for further frequency stabilisation, will be obtained using an electro-optic
modulator following the mode cleaning cavities.

As a final stage dual recycling will be implemented. To achieve this the position of
the mirror which is added to increase the signal storage time will be adjusted so that
the desired gravitational wave frequency is resonant. This will be achieved by taking
a small fraction of the incident light, frequency shifting it by a free spectral range of
the recycling cavity plus the gravitational wave frequency, and using this to rf reflection
lock the signal cavity.
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Figure 4.4: A possible locking system to maintain the interferometer output on a dark
fringe. F1 1s the tf source used for the main phase modulation discussed in
the text; the gravitational wave signal will appear in the output of demodu-
lator X1 (The fast correction is applied to the beamsplitter and, in order to
cancel the echo, 1s time delayed and applied to the retro-mirror.) For this
main modulation technique to work, the phase of the externally modulated
beam meeds to be controlled so that the gravitational wave signal has mazi-
mum size and well-defined sign. A small differential arm length modulation,
stmulating a gravitational wave signal, 18 imposed by modulating one of the
retro-mirrors at frequency F2 (~ 10kHz). The amplitude (for the partic-
ular value of the phase of the external beam) of the resulting modulation
signal in the main interferometer output appears at the output of demodu-
lator X2. The optimum phase of the external beam may then be found by
dithering this phase at frequency F3 (~ 10 Hz) and feeding back a phase
correction signal from the output of demodulator X3.
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4.3 Proposed Second Detector with Fabry-Perot
Cavities

This interferometer based on Fabry-Perot cavities will use two 400kg test masses in
each arm and is mainly intended for operation at lower frequencies between 100 Hz and
a few hundred Hz. The mirrors may be an integral part of the test masses, achieved
by either fusing or optically contacting the optically ground mirror substrates to larger
test masses. The cavities will be of the flat/curve arrangement with flats at the near
end and curves of 4.5km radius at the far end. Reaction masses will be provided for
each test mass to allow control of cavity lengths. A possible arrangement for controlling
the interferometer is shown in Figure 4.5.

Recycling and dual recycling will be added as for the delay line case. Note that care
must be taken that the phase modulation for the main cavity locking signals is able to
pass into the overall cavity formed by the recycling mirror and the arms; this can be
achieved by using a frequency at a free spectral range of this overall cavity.

To ease acquisition of lock of the whole system one possibility is to use a separate optical
interferometer to damp and lock the inner interferometer formed by the beamsplitter
and the near end test masses. This would be illuminated by a stabilised Helium Neon
laser. It would be expected that this auxiliary interferometer would be turned off when
the system is fully locked with the main illuminating laser.

4.4 Interferometer Control Systems

4.4.1 Axial control of main interferometer components

For the delay line based interferometer there are four control systems associated with
the axial control of the main interferometer components — to control differential arm
length to keep the interferometer on a null fringe and provide the main signal out-
put for searching for gravitational waves; to control absolute arm lengths to minimise
light scattering problems; to maintain the overall cavity formed when recycling is used
on resonance; and to maintain the correct resonance conditions for the dual recycling
system.

For the possible Fabry-Perot based system for the second interferometer an extra control
system to allow independent locking of the two Fabry-Perot cavities is required, and it
would be advantageous to have two further auxiliary systems to help with acquisition

of lock.
4.4.2 Alignment control of the interferometer and associated
optical components

There are many places in any design of interferometric receiver where it is vital that rela-
tive alignment of interfering light beams be optimised and actively controlled. Examples
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Figure 4.5: A possible locking scheme for a Fabry-Perot based interferometer. Phase
modulation of the light sent to the two cavities s applied by PCI1 — a Pock-
els cell electro-optic modulator. A small fraction of the light reflected from
one cavity 18 detected by photodiode D3 and after demodulation the resulting
low-pass filtered signal is used to control the cavity length. An external mod-
ulation scheme 13 indicated for detecting the main differential displacement
stgnal which 18 used to maintain the correct operating point of the Michel-
son interferometer formed by the two cavities and the main beamsplitter.
This 18 shown 1n more detail in Figure 4.4. The second cavity 1s kept at its
correct resonance condition by a slow feedback signal derived from the small
amount of light diverted to photodiode D4. Standard recycling involves plac-
ing @ marror between PC1 and the main beamsplitter. In this situation the
phase modulation frequency will be chosen to correspond to a resonance fre-
quency of the overall recycling cavity. A further reflection locking system,
using an additional (and different rf frequency) phase modulation by PCI,
will be used to deriwe the signal to control the laser frequency and com-
mon mode length of the two arms so that the recycling cavity remains on
resonance.
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include the alignment of the mode cleaning cavities for maximum power throughput,
the adjustment of the beams returning from the two interferometer arms to optimise
fringe visibility, and the alignment of the mirrors used for standard and dual recycling.

For precision of adjustment, the signals used to maintain alignment of two interfering
beams will have to be derived from a direct measurement of the phase gradient between
the beams. The proposed method of achieving this is to employ an extension of the
standard differential phase modulation technique used to obtain the signal to lock the
relative average phase of two beams. The addition is that a two axis photodetector
(such as a quadrant device) is also used to monitor the interference pattern. Decoding
the signals from this detector gives a measure of the differential phase gradient in two
orthogonal directions. Information on all four degrees of freedom is obtained by making
such a measurement at two spatially separated locations along the beam path. This
technique has been successfully applied to the case of cavity alignment on the 40m
prototype at Caltech.

Valid signals for this type of alignment scheme are only available when the relative phase
of the interfering beams is stably locked. It is therefore necessary that there are other
coarser controls which are sufficiently accurate for initial alignment. Optical levers and
other motion sensitive optical sensors will be used for this, and will also provide the
method of maintaining alignment during short losses of lock of the interference. They
will also provide signals to allow damping of some of the mechanical degrees of freedom
of the optical components involved. Two optical levers will be used for each mass to
be controlled; one will act locally to the mass, while the other will operate with higher
precision by acting over the characteristic length of the relevant optical cell — up to
300m for the mode cleaners, and 3km for the main arms of the interferometer. These
systems will use either He-Ne light or possibly light from a solid state laser. Automatic
systems will handle the transfer of feedback control signals from the three alignment
monitors.

Systems of the type described above will be used for —
e alignment of each of the two mode cleaner cavities,

e alignment of each of the two interferometer arms (either delay lines or Fabry-
Perots, and

e alignment of each of the two recycling systems.

The systems will also allow damping of some mechanical movements of the optical
components involved.

Simpler systems using optical levers and other motion sensitive optical sensors will be
used to align and stabilise the positions of other suspended optical components such as
modulators, mode matching lenses and beam steering mirrors.

There will be six control systems for alignment of the cavities and arms, each operating
in two dimensions, and approximately thirty systems for control of orientation and
movement of components, each operating in up to four degrees of freedom.
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4.5 Laser Stabilisation Requirements

4.5.1 Mode cleaning and frequency stabilisation

Experience with the prototypes have shown that fluctuations in shape, orientation,
and position, of the input laser beam are important noise sources. These geometry
fluctuations can be considered to be variations in the mode content of the beam. They
can be attenuated by transmitting the light through “mode cleaning devices”, such as
single mode glass fibers (as suggested by Weiss), or resonant cavities [35].

To reduce geometry fluctuations of the laser beam to an acceptable level, it is considered
essential that mode cleaning is incorporated in the design of both delay line and Fabry-
Perot systems. To achieve our desired sensitivity goal the mode cleaning has to provide
a reduction in the major fluctuations in the geometry of the beam by a factor of ~ 103
in the hundred Hz region and somewhat less at higher frequencies [3]. Resonant cavities
should be able to handle much higher optical power than the currently used single mode
fibres, and will also provide the important additional benefit of passive filtering action
for fast fluctuations of laser amplitude and frequency.\

High efficiency of optical throughput is of prime importance both for good sensitivity
in the interferometer, and also to avoid possible problems due to heating of the mode
cleaner mirrors when many tens of watts are being transmitted. Following a conservative
approach, knowing from experiment that ~ 0.25W loss per mirror can be tolerated,
and making the reasonable assumption that mirror losses will be ~ 100 ppm, it seems
appropriate to choose a finesse for the cavity of ~ 100. Such a cavity will use equal
reflectivity mirrors of R ~ 97%, and with curvatures suitably chosen for optimum mode
cleaning action [35], giving good power transmission.

In order to achieve the required mode cleaning performance two similar cavities will
therefore be used in cascade. One mode cleaner cavity will also be used as the fast
reference for the second stage of frequency stabilisation of the laser. It is therefore im-
portant that it is long enough for sufficient (shot noise limited) stability to be obtained.

A reduction of laser frequency noise down to ~ 3 x 1078 Hz/,/Hz should be sufficient
to keep direct coupling by scattered light to the interferometer output to an equivalent
level of h ~ 1072*/,/Hz — our eventual sensitivity goal at ~ 100 Hz as limited by photon
noise. Somewhat better stability would be useful with a Fabry-Perot system, though
in this case balancing of the responses of the cavities in the two arms also helps reject
any residual frequency fluctuations. With recycling the overall cavity formed in the
interferometer system will have a linewidth of ~ 3 Hz and will therefore provide passive
filtering of laser frequency fluctuations by a factor of ~ 60 at 100 Hz and more at higher
frequencies.

It seems appropriate to opt for a relatively long mode cleaning cavity — 100 m. This will
give a shot noise frequency stability of the transmitted light of ~ 1.7 x 107 Hz/,/Hz
with 10 W of light, which seems a satisfactory level of performance.

To achieve this level of stability will require adequate mode cleaning of the light prior
to the cavity used as the frequency reference. This will come partly from the first 100 m
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cavity, with any extra geometry stabilisation necessary being provided by an active beam
pointing system, or by an additional short resonant cavity. Very high servo gain will be
required to reach the frequency stability goal. As mentioned earlier, pre-stabilisation
of the laser to a small stable reference cavity (and possibly to an atomic line) will be
performed, both for good long term stability, and also to ease the achievement of the
necessary high gain. Two stage frequency stabilisation systems have been developed
for both the Garching and Glasgow prototypes. At Glasgow, using a small rigid cavity
together with a 10m higher finesse cavity, loop gains of ~ 10® at 1kHz have been
achieved without any intracavity device in the laser. Already this performance would
be satisfactory if Nd:YAG or argon lasers are used.

It should be noted that the design of the vacuum system is such that it would be
straightforward to increase the length of the mode cleaning cavities should extra passive
filtering of fast fluctuations of laser frequency and amplitude be required.

4.5.2 Power stabilisation

Stabilisation of the low frequency power fluctuations of the illuminating laser is required
primarily to avoid the coupling of this noise to the interferometer output due to un-
avoidable slight offsets of the fringe locking point. Another potential route for coupling
is via unbalanced radiation pressure effects in the two arms.

A satisfactory technique developed for high gain stabilisation of power fluctuations is
to compare the photocurrent produced by a sample of the light with a reference value,
and use the resulting signal to feedback to the laser power supply. This has been
demonstrated at Orsay (VIRGO) and at MPQ to provide performance which should
be adequate for our proposed system. If more gain-bandwidth is required the feedback
signal can be used to adjust an electro-optic attenuator placed in the optical path before
the pickoff point. A suitable attenuator for plane polarised light can be constructed using
multiple Pockels cells, together with an analysing polariser, and such a system has been
studied in detail at Glasgow [36].

4.6 Laser Systems

Currently there are two types of lasers suitable as light sources for interferometric gravi-
tational wave detectors: argon ion lasers and Nd:YAG lasers. The principle advantage of
the argon ion laser is that the technology already exists. At present all major prototype
experiments are using argon ion lasers operating at 514 nm. Nd:YAG lasers suitable for
our purposes, on the other hand, are just now being developed and the state of the art is
progressing rapidly. The chief advantage is that they are more efficient and have higher
output power. Another consideration is that the Nd:YAG high power line is at 1064 nm
which then must be frequency doubled in order to obtain light with a wavelength close
to that of the argon laser. This wavelength is preferred because shorter wavelength
allow smaller beam diameters leading to smaller optical components. Another practi-
cal advantage is that visible light is easier to work with than infrared. Thus, on the
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whole, the doubled Nd:YAG laser approach is the favoured scheme when the technology
becomes available.

4.6.1 Argon ion laser

At present the argon ion laser is still the best choice if one considers power to wavelength
ratio, mode purity of the beam, stability, and reliability. The most powerful argon ion
lasers commercially available offer a multi line power of 25 W. For single mode operation
this corresponds to about 6 W, perhaps up to 8 W under optimum conditions. To arrive
‘at higher light powers it has been proposed to add the output of several lasers coherently.
For this purpose these lasers could be seeded with the light from a stabilised master
laser, in this way forcing all lasers to oscillate locked in phase. The feasibilities of
this technique and of other schemes for coherent addition have already been verified
experimentally in Orsay and in Glasgow [37,38]. The major disadvantage of this type
of laser is its rather poor efficiency. For the required single line, single mode operation
only a few times 107* of the input power is converted into light. This means that 1 MW
of continuous power would be necessary to sustain laser light powers of around 100 W.

4.6.2 NdA:YAG laser

Over the last few years a very promising alternative to the argon ion laser has been
under development: the Nd:YAG laser. Although mainly used as a pulsed laser in the
past, there are now commercially available models offering up to 1kW of continuous
wave light power, although in multi line mode. These types are pumped by discharge
lamps, giving an efficiency of about 1%.

Frequency doubling techniques are under active development and already 2W single
mode of continuous frequency doubled light have been observed from a flash lamp
pumped laser at MPQ and 6.5W cw have been obtained from a similar laser by a
research group in the Research Institute of Synthetic Crystals, Beijing, China.

Semiconductor laser diodes can pump Nd:YAG much more efficiently than flash lamps
(~ 10% has been achieved). So far only low power versions of this type are commercially
available, the main reason for this being the fact that the price for laser diodes is still
rather high. But the evolution in this field is rather spectacular, and the price is
expected to drop to an economical level in the relatively near future. Development
of diode-pumped Nd:YAG lasers is progressing worldwide. The Laser-Zentrum at the
Universitat Hannover is working on such systems and on the provision of frequency
doubled light in support of this proposal. Similar laser development is being pursued
at Stanford and Orsay in support of the LIGO and VIRGO projects respectively.

For Nd:YAG lasers to be used for gravitational wave interferometers they must, like the
argon ion lasers, be operated, single line, single mode, and also need to be frequency
stabilised. First experiments is this field with light at 1064nm [39] showed (for an
output power of 100 mW) that the Nd:YAG laser can definitely compete with the argon
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ion laser in terms of noise performance. Very recent results from Orsay suggest this is
also true for much higher laser powers (up to 18 W).
Our intention is to use frequency doubled Nd:YAG light for the interferometers. In

the unlikely circumstance of suitable Nd:YAG laser systems not being ready for initial
operation of the interferometers, we still have the possibility of starting using argon ion

lasers.
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The Vacuum System

5.1 Introduction

In order to accommodate two interferometer systems with reasonable ease of access,
separate vacuum tanks are provided for the test masses of the delay line and for the test
masses of the Fabry-Perot based system. Thus two tanks are required at each end of
both arms. These tanks are chosen to be of 3m diameter with access horizontally from
the side, the size being determined by the need to accommodate a double pendulum
suspension and five layer isolation stack for each test mass, and also to accommodate
reaction masses for the test masses whose axial positions have to be controlled. The
pipe diameter has to allow free passage of the beams for the two interferometers, and
design indicates that a free internal diameter of 1.26 m is adequate. The basic diameter
of the pipe has to be some 12cm larger to allow for bafHles to be installed to reduce
the effects of scattered light on the operation of the interferometers. A central tank
to accommodate the beamsplitters and other optical components is required and this
should be 4m diameter. One input and one output tank is also required for each
interferometer to hold beam conditioning and recycling optics. The proposed vacuum
system is shown in outline in Figure 5.1.

A further design feature of the interferometers is the use of long mode cleaning cavities
for the input light, as discussed in Chapter 4. The two mode cleaners for a single
interferometer would be housed in a pipe of 0.4 m diameter running parallel to one of
the arms; the mode cleaners for the second receiver would be housed in a similar pipe
lying along the other arm.

5.2 Detailed Description

As discussed widely in earlier proposals a high vacuum is required for the system.
To achieve the goals of this proposal the average pressure should be no greater than
~ 1078 mbar (hydrogen) with a partial pressure of heavier molecules, such as water and
nitrogen, not exceeding ~ 10~° mbar in total.

49
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5.2.1 The tube

The tube is constructed from welded stainless steel sheet, 0.56 mm thick, corrugated
as shown in Figure 5.2 to give the required strength when under vacuum. The mean
diameter is 140.5 cm, with a clear bore of 138 cm. Approximately 70 circular stainless
steel baffles, with an aperture of 126 cm, are uniformly spaced inside the tube.

R25

¢ BN/,

Figure 5.2: Cross section of proposed corrugated tube wall. (All dimensions in mm)

The tube is supported on lightweight electrically insulating legs at approximately 4m
intervals to limit the sag of the tube to less than about 5 mm. This leaves a clear bore
of about 125.5 cm for the laser beams of the interferometers.

5.2.2 Tanks

The experiment tanks are constructed from stainless steel and contain the pendulums,
suspension systems, optics and electrical/electronic equipment.

5.2.3 Vacuum system design

An outline of the proposed pumping system is shown in Figure 5.3, and a more detailed
schematic of the pumping for the five centre tanks is presented in Figure 5.4.

It is necessary to gain access to the tanks frequently and hence it is important to pump
the tanks down to operating pressure in as short a time as reasonable. The tube, on the
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other hand, contains no equipment and should not need to be accessed. Therefore large
gate valves of 125 cm bore are used to isolate the tanks from each 3km length of tube.
Other gate valves isolate the various tanks in the centre station, enabling modifications
to be carried out whilst part of the detector is still operating.

The processing and pump down of the tube can take several weeks. The tanks should
be down to pressure in several days.

To reduce the pumping requirements, the whole system is built to UHV standards using
only metals and ceramics in the vacuum except for Viton seals in the large gate valves.
The tube will be given a light bake, 150°C to 200°C, in air for 24 hours followed by a
vacuum bake at the same temperature for 3 days. Experiments show that the benefits
of the air bake are retained after letting the system up to air. The vacuum bake must
be repeated after each let up. The specific surface outgassing rate has been measured
to be ~ 1072 mbarl/s/cm? with this treatment after 3 days.

The tanks cannot be baked at this temperature when full of equipment. At best, a 80°C
vacuum bake is assumed, to drive off most of the water. The surface areas of the tanks
and equipment are not well known but are estimated at 10® cm? per tank. The specific
surface outgassing rate is assumed to be 10~ mbarl/s/cm?.

With the above parameters the pumping system can be designed. The two tanks at
the ends of the tubes are pumped by a 50001/s turbomolecular pump. Another 50001/s
turbomolecular pump at each end of the two tubes contributes mainly to the tank
pumping when the 125 cm diameter gate valves are open. A further 50001/s and four
22001/s turbomolecular pumps are used to pump the centrally located tanks.

In addition to the turbopumps at the ends of each 3km arm there are four 14,0001/s
non-evaporable getter pumps spaced along each of the arms. The pumping system
shown in Figure 5.3 should produce an average pressure below 1078 mbar at the stated
outgassing loads.

The turbomolecular pumps have gate or butterfly valves to isolate them from the vacuum
tanks and tube. Like the tube gate valves, these are all-metal, except for the Viton gate
seals.

The turbomolecular pumps are backed by a special high compression ratio turbomolec-
ular pump which can be operated at high backing pressures. This latter feature enables
the use of a dry (oil free) diaphragm-type backing pump.

The roughing pumps consist of a combination of roots, claw and rotary vane pumps,
located at both ends of each tube arm. Roughing is expected to take 18 hours from
atmosphere to 10~2 mbar for the tubes and 20 minutes for the two tanks on the ends of
the arms. These pumps are also to be used to back the turbomolecular pumps at the
higher throughputs.

The NEG pumps do not require backing pumps, but need activating at 800°C by elec-
trical (ohmic) heating from a suitable power supply.
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5.2.4 Bake-out

The tubes are heated by passing a dc current down the entire 3km length of each arm;
see Figure 5.5. The steady state power loss is reduced by thermally insulating the tube
with 100 mm thick mineral wool blanket. The dc power supply, rated at 1800V and
900 A, is located at the centre station.

The tanks are heated by commercial heater tapes.

5.2.5 Monitoring and control

Simple quadrupole mass analysers monitor the system and help to detect leaks. The
heads are installed in the tanks and every 300m along the tubes. In addition ion and
wide range Pirani gauges are used to assess the total vacuum pressuresin the appropria<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>