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1. Introduction

More than 70 years ago, Gravitational Waves have been predicted as one of the con-
sequences of Einstein’s Theory of General Relativity [1]. They are clearly one of the
fundamental building blocks of our theoretical picture of the universe and there is
some circumstantial evidence pointing to their existence [2]. But in spite of numer-
ous attempts over the last 30 years, their direct detection remains as one of the great
unsolved problems of experimental physics.

1.1. The birth of gravitational astronomy

Today, the technology seems to be in hand to finally tackle this problem and this article
is aiming at outlining the current efforts to bring non-linear gravity into confrontation
with experiment through the detection of gravitational waves. But the final aim is
not a mere proof of the existence of gravity waves, rather to make them useful for ob-
servational astronomy through the creation of a world-wide network of detectors. We
have to realize that the information carried by gravitational waves is complementary
to the information carried by electro-magnetic radiation. Whereas electro-magnetic
radiation is an incoherent superposition of radiation mostly emitted by thermally ex-
cited atoms and high-energy electrons, it is the coherent, bulk motion of huge amounts
of mass that produces significant levels of gravity waves. Electro-magnetic radiation is
easily scattered and absorbed, but gravitational radiation is transmitted almost undis-
turbed through all forms and amounts of intervening matter [3]. The introduction of
Gravitational Astronomy would thus literally open a new window to the universe [4].

2. The detection of gravitational waves

Gravitational waves change the metric of space-time. They can be detected through
the strain in space created by their passage. Consider a gravity wave impinging per-
pendicular to the plane of a circle, see Fig. 1. During the first half-cycle of the wave,
the circle will be deformed into a standing ellipse and during the second half-cycle into
a horizontal ellipse. It is the fractional change in diameter that is commonly quoted
as a measure for the amplitude, h = 2dL/L, of a gravitational wave. The principle
behind the detection of gravity waves is thus a simple length measurement. The prob-
lem is that the length change is so small. As an example, consider a supernova in
a not too distant galaxy. This might produce a relative length change here on earth
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Figure 1. Gravitational waves change distances by squeezing space.

of 1 part in 102!, Such a relative length change corresponds to the diameter of one
hydrogen atom on the distance from here to the sun,

2.1, Bar antennas

The history of attempts to detect gravity waves began in the 1960s with the famous
bar experiments of Joseph Weber [5]. Even though these experiments have not yet
detected gravitational waves, they had the undisputed effect of alerting the scientific
community to the possibility of experimentally detecting gravity waves. Bar detectors
have in the meantime been developed and refined in several places all over the world.
Being supercooled to mK temperatures and equipped with very sophisticated length
transducers [6], they have now reached a sensitivity (h &~ 10~*# for millisecond pulses)
where they could expect to see the next supernova in our own galaxy, and they are
likely to remain an important ingredient of the world-wide gravity wave-watch. But
being resonant devices, they are in practice sensitive only in a relatively narrow band
around their central frequency. They are also limited in their sensitivity through the
quantum-mechanical uncertainty of their mechanical state, although this limitation
may in principle be overcome by QND techniques, and so their usefulness will in all
likelihood remain limited for the forseeable future.

2.2. Laser interferometers

Although the seeds of the idea can already be found in early papers by Pirani [7)
and Gertsenshtein and Pustovoit [8], it was really in the early 1970s when the idea
emerged that laser interferometers might have a better chance of detecting gravity
waves, mainly promoted by Weiss [9] and Forward [10). Large interferometers would
offer the additional advantage of having broad-band sensitivity and they would not be
limited by the uncertainty principle until well below a sensitivity of 10722, A Michelson
interferometer measures the phase difference between two light flelds having propagated
up and down two perpendicular directions, i.e. essentially the length difference between
the two arms. This is exactly the quantity that would be changed by the passage of &
properly oriented gravitational wave, see Fig. 2.

Immediately obvious at this point is the need for long interferometer arms. The
quantity measured is the absolute phase difference between the fields. But the gravity
wave induces a fractional length change. So the phase difference measured can be
increased by increasing the arm length or, equivalently, the interaction time of the light
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Figure 2. Michelson interferometer.

with the gravity wave. This works up to an optimum for an interaction time equal to
half a gravity wave period. For a gravity wave frequency of 1 kHz this corresponds to
half a millisecond or an arm length of 75 kilometers.

2.8. Long light-path

While it is clearly impractical to build such a large interferometer, there are ways
to increase the interaction time without increasing the physical arm length beyond
reasonable limits. Historically, two approaches have emerged: storing the light in the
arms in resonant optical Fabry-Perot cavities [11] and literally folding the light back and
forth in optical delay lines [12). Nowadays this distinction is beginning to disappear,
because with the development of Dual Recycling [13], a new optical technique, we
now have a hybrid arrangement in our hands that combines the advantages of both
approaches and more,

3. Prototypes

Several small prototypes of laser interferometric gravitational wave detectors have been
developed in the world, a delay-line based interferometer with 80 m arm length at the
Max-Planck-Institut fiir Quantenoptik in Garching, a Fabry-Perot based instrument
with 10 m arm length at the University of Glasgow, a delay-line based instrument with
10 m arm length at the Institute for Space and Astronautical Science in Tokyo, and
a Fabry-Perot based instrument with 40 m arm length at the California Institute of
Technology. With arm lengths on the order of a few tens of meters these prototypes
are clearly too small to permit observations of real gravity waves. Their sensitivities
have continually been improved over the years, and the larger ones have all reached
sensitivities for millisecond pulses roughly equivalent to the best bar detectors, but in
addition they are broad-band devices.

While the absolute sensitivity reached by the prototype detectors is certainly en-
couraging, it is much more important that they are well-understood devices. That is,
the various physical processes creating noise sources at the various frequencies have to
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Figure 3. Noise analysis of the Garching 30-m prototype.

be identified in order to find ways to improve on those. In Fig. 3 we see such a noise
analysis for the Garching 30-m prototype [14].

Shown is the spectral density of the apparent mirror displacement as expected from
the most important noise sources. For comparison, the measured spectral density of
displacement noise is also given. Very good agreement between the measured and the
expected noise is found. The additional sharp peaks at frequencies of & few hundred
Hertz are due to violin string resonances of the suspension wires holding the mirrors.
The sensitivity of the prototype is presently limited by residual ground motion at fre-
quencies below 1 kHz (labeled ¢ in Fig. 3), by the photon shot noise corresponding
to the available laser power at frequencies between 1 kHz and 6 kHz (labeled a), by
the thermallly excited internal mechanical vibration of the mirrors in a narrow peak
at 6 kHz (labeled f), and by residual frequency fluctuations of the laser at higher
frequencies (labeled g). At the present level of sensitivity, the refractive index fluctu-
ations due to the Brownian motion of the residual gas in the vacuum pipe (labeled b)
are unimportant. Also unimportant at this level are the above-resonant wing of the
thermally excited mirror suspension pendulum resonance (labeled €), the sub-resonant
wing of the mirror internal mechanical resonance (labeled a), and the noise introduced
by the electronic damping system for the mirror suspension (labeled d). While the
particular noise sources are different, the level of understanding reached for the other
major prototypes is comparable to the one shown for the Garching prototype.
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4. Large interferometer projects

After almost two decades of rescarch on small prototypes, the time had come to pro-
ceed towards the construction of full-scale interferometers with arm lengths of several
kilometers, and several such proposals were submitted at the end of the 1980s. Out of
ten research groups in Germany and Britain, the GEO collaboration was formed (15],
aiming at the construction of a laser interferometer with 3km arm length near Han-
nover in the German state of Niedersachsen. The French-Italian VIRGO collaboration,
comprising 9 research groups from both countries, is planning a detector with 3 km arm
length near Pisa [16]. The American LIGO project [17], with scientists at MIT and
Caltech, wants to build two detectors, with 4km arm length each. Just recently, the
Australian AIGO collaboration has proposed a 3-km detector near Perth (18].
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Figure 4. Noise sources relevant for laser interferometric gravitational wave detectors.

As an example, Fig. 4 shows the significance of the various noise sources for the
final design sensitivity of a fully optimized GEO-type interferometer to broad-band
gravitational wave bursts. At low frequencies, the sensitivity will be limited by the
thermal noise of the mirror suspension, at intermediate frequencies by thermal noise due
to internal mechanical mirror vibrations, and at high frequencies by photon shot noise.
In the following, the main problems encountered in the design of such an interferometer
and the envisioned solutions for the major noise sources are highlighted, sometimes
using the GEO project as an example. But it should be emphasized that the problems
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are common to all projects and that there actually is a very strong coordination and
sharing of tasks between the various collaborations. An overview of the current status
(summer of 1992) of the world-wide efforts is given at the end.

5. Vibration isolation

We are trying to measure very small length changes due to the action of gravitational
waves and so it is extremely important to ensure that no other effect moves the test
masses. By far the largest disturbance is the random ground motion because of the
natural seismic activity. The spectral density of displacement due to seismic ground
motion typically falls of as
2
#(f) ~ 10"m/vHz [Ef@] y (1)
At a frequency of 1 kHz, this is about 107 times larger than the effect we are trying to
measure and we require an effective way of vibration isolating the test masses.
Passive vibration isolation is, in principle, straightforward [19]. The object to be
isolated gets suspended by a pendulum. If a disturbance shakes the suspension point
of the pendulum with a frequency below its resonant frequency, then the pendulum
will transmit the disturbance unattenuated. But a disturbance above the resonant
frequency f, will get attenuated with the ratio (f,/f)? up to a frequency Qf,, where
the frequency dependence changes to a linear slope. The resonant frequency f, should
thus be as low as possible. Due to practical limitations on the pendulum length to
around one meter, horizontal resonant frequencies are usually limited to around 1 Hz.
Vertical resonant frequencies are normally a bit higher because the spring has to be
stiff enough to support the full load. Several of these stages can be cascaded to achieve
a very steep fall-off above the highest normal mode of the coupled oscillator system.

5.1, Stacks

A very simple, yet very effective way of achieving vibration isolation at moderately
high frequencies (above 100 Hz) is the use of vibration isolation stacks. A detailed
analysis of stack systems has recently been carried out by Cantley et al [20]. Stacks
are basically alternating layers of a high-density material (like lead) and rubber. Each
layer acts as a 3-dimensional pendulum, although with a fairly low Q. But since it
is easy to use several such layers, a rather steep fall-off towards higher frequencies
can be achieved. As an example, Fig.5 shows a comparison between calculated and
measured transmissibility of a small 4-layer lead-rubber stack intended for the Garching
prototype.

Because of their low mechanical Q-factor, such stacks show a rather high thermal
noise. The last two stages of the suspension should accordingly be very high-Q wire
pendulums of low resonant frequency. These will also give an additional 1/ f* filtering
in the horizontal direction where it is most critical (this is the direction of the laser
beam; in principle, vibration isolation in the vertical direction is only required because
of the unavoidable cross-coupling between the two degrees of freedom).
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Figure 5. Transmissibility of a 4-layer stack; (a) measured, (b) calculated.

5.2. Low-frequency isolation

Extending vibration isolation down to lower frequencies becomes increasingly difficuls.
The ground noise spectrum increases towards lower frequencies like 1/f% and the isola-
tion decreases because one is moving closer to the highest normal mode of the pendulum
chain. Some very promising work on low frequency passive isolation has been done in
Pisa [21]). The Superattenuator uses a cascade of an inverted pendulum, 7 gas springs,
and a wire pendulum. The use of gas springs has the advantage of offering isolation in
the vertical direction comparable to that in the horizontal. This is further improved
through the addition of magnetic anti-springs acting in the vertical direction. This
design should achieve efficient vibration isolation all the way down to about 10 Hz.
The control problems associated with this approach seem tractable and it could be an
alternative to the use of stacks.

Another way of achieving isolation at very low frequencies would be the use of
active or combined active/passive vibration isolation systems. Some very promising
work, aiming at achieving isolation all the way down to 1 Hz, is going on at the Joint
Institute for Laboratory Astrophysics in Boulder, Colorado [22].

6. Position control and feed-back

An interferometer with as many components and degrees of freedom as a gravitational
wave detector requires sophisticated control systems to keep all parameters at their
optimal operating points. The guiding principle behind the position control of the
optical components is easily stated: At low frequencies the optical components must
be rigidly held relative to each other to keep them from drifting and to prevent the
interferometer and the recycling cavities from losing lock. On the other hand, at
higher frequencies, where gravitational wave signals could be detected (above 100 Hz,
or, possibly, above 10Hz), the test masses must be totally free and the system used
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to prevent them from moving at low frequencies must not exert any residual forces at
high frequencies. Three main classes of control systems are used:

6.1, Local controls

The suspension of the optical components via high-Q pendulums is an efficient way to
isolate them from high-frequency vibrations and pendulum thermal noise. But at the
resonant frequencies of the undamped suspension, large vibration amplitudes can occur
that will greatly exceed the dynamic range of the detector (a pendulum with a Q of 107
can, at its resonance, lead to an amplification of up to 107). The resonance must thus be
damped. But damping it in the usual dissipative way will degrade the Q and introduce
thermal noise. The damping is instead done in an active and frequency-selective way.
This technique is routinely used on the prototypes. The position of the masses is
sensed with a low-noise local sensor. This signal is then electronically filtered to a
narrow frequency range around the resonance and then fed back to a force transducer
acting on the mass selectively in this band around the resonant frequency only. On
the prototypes the position sensing is usually done via shadow sensors consisting of
a LED-photodetector pair with the light path partly interrupted by a movable vane
mounted on the test mass. The force is applied through a coil acting on a magnet on
the mass. Such systems typically show a sensing noise of around 10~ m/v/Hz. In the
full scale detector we are trying to measure displacements smaller than 10~20m/v/Hz.
So the servo gain would have to roll off by 9 orders of magnitude in the small frequency
range from a few Hz to 100 Hz, which is clearly a formidable task. The problem can
be solved by sensing the motion of, and applying feed-back to, a higher stage in the
suspension system and using the passive 1/f2 filtering of each stage. Such systems are
currently being tested in the prototypes.

6.2. Global controls

In order to optimally align an optical interferometer, and keep it aligned regardless of
drift or stability of the optical components, some kind of automatic alignment system is
required. The guiding principle is that the alignment signals for such a system should
be derived directly from the existing interfering beams without introducing additional
components into the high-sensitivity /high-intensity part of the interferometer. Suitable
feed-back should then be applied to all the relevant optical components.

For example, consider the case of two interfering beams, where a differential high
frequency phase modulation is applied and the overall phase difference is determined
by coherently demodulating the intensity of the interfered output. Relative angular
misalignment introduces a differential phase gradient between the two beams which
can be sensed using a split photodiode and coherently demodulating as before. Lat-
eral misalignment may be detected using another split photodiode and a suitable lens
arrangement to cause laterally offset beams to converge.

An illustration of this techniques for a Fabry-Perot cavity is given in Fig.6. All
4 degrees of freedom necessary for alignment can be extracted. An extension of this
technique can be used to automatically align all degrees of freedom for all components
of the interferometer. A system similar to the automatic alignment system intended
for the large interferometer is being installed and tested in the Glasgow prototype [23].
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Figure 6. Automatic alignment of a Fabry-Perot cavity.

6.5. Fast feed-back

While high-frequency ground motions can be efficiently suppressed by the suspension
system, there are very-low frequency seismic motions (1Hz and less) that are very
difficult to isolate against. This very-low frequency seismic motion may lead to rms
differential arm length changes of several microns. Unsuppressed, these would lead to a
severe limitation of the sensitivity of the detector, because an interferometer operating
away from its null fringe by an amount 6z becomes sensitive to the intensity fluctuations

8I of the laser according to

bz 61
hnoise = %T (2)

The sensing in this case is no problem, because the main interferometer output
itself provides the signal. But these deviations from the null have to be suppressed
by at least 10° which requires a fast servo with a bandwidth of order a kHz. This
feed-back is best applied relative to a reaction mass suspended from the same isolation
system to avoid coupling ground motion back in through the actuator. An alternative
would be feed-back relative to ground using constant-gradient coils. These coils exert
a force essentially independent of the position of the coil. Ground vibrations are
thus decoupled from the test mass if the constant-gradient volume is large enough to
accomodate the residual motion.

7. Thermal noise

7.1. Mirror internal noise

The mirrors are macroscopic objects and, correspondingly, have internal mechanical
vibration modes. Even for perfectly well isolated mirrors, these resonances will still get
thermally excited. At the resonant frequencies the mechanical vibration amplitudes are
too large and will overwhelm any mirror motion due to a possible gravitational wave.
The only solution is to shift all mechanical resonances out of the frequency range of
interest by a suitable choice of mirror shape and material. The best compromise is
obtained for cylindrical mirrors with a length about half the diameter. For synthetic
quartz this yields resonant frequencies of a few kHz, - above the interesting frequency
window.
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But even though the resonances are outside the observation window, the sub-
resonant wings of those resonances do cause a stochastic motion of the mirror surface.
The strain spectral density due to these motions is given by

~ 16kT
hw \ T3 3 Qe 2’ (3)

where p is the density, £ the arm length, v, the sound velocity, and @nt the mechanical
quality factor of the mirror material, Note that this expression is independent of mirror
size. It is mandatory to use a material with very low internal damping (very high Q).
Single crystal Silicon suggests itself for the non-transmitting components with a Q of
up to 108, but even synthetic quartz gives a Q of a few hundred thousand, whereas
low-expansion Zerodur only has a Q of about 1000. Special attention has to be paid to
the way of suspending the mirrors, because any way of dissipating energy, like friction
of a rubbing suspension wire, will immediately destroy an internal Q as high as this.
The problem of material Q as a function of experimental parameters is currently being
investigated [24].

It should be noted that the noise density due to thermal mirror noise will be strictly
constant in frequency only if the internal damping mechanism has viscosity-like be-
haviour. Sub-resonant thermal noise like this has never been measured directly, but
it is highly likely that the mechanical mirror resonance will behave much more like a
harmonic oscillator with a complex spring constant [25]. In this case the thermal noise
would actually increase from the quoted level towards lower frequencies like the inverse
of the square-root of the frequency.

7.2, Suspension noise

Thermal noise is also present in the last stage of the vibration isolation system. This
will be a simple wire pendulum made from a sling supporting the mirror. In this case
the resonant frequency is about 1Hz, and the frequency window of observation is on
the above-resonant wing. The spectral density of apparent strain noise due to this

effect is given by
~ 16kTwo
PR Qs )

where m is the mirror mass, w, the resonant frequency and Qs the mechanical quality
factor of the suspension pendulum. This Q can be much higher than the internal Q
of the wire material because most of the energy of the pendulum is in the form of
potential and kinetic energy of the swinging bob and not in the elastic energy of a
bent wire. But it is extremely important that the wire support points be properly
designed to avoid friction. Pendulum Qs as high as 107 have been experimentally
observed [26], (meaning that a 1 Hz pendulum will oscillate for more than 4 months
before its amplitude has decreased to one-third).

8. The laser source

The sensitivity of a simple Michelson interferometer with optimized arm length to
gravitational wave bursts is limited by the photon shot noise to

-1/2 3/2
hpp ~ 2.4 x 10721 [ Lo ] [ f (5)

S0W 1kHz ’
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where ¢ is the quantum efficiency of the detector, I, is the laser output power, and f
is the center frequency of the burst. Green light and a bandwidth of half the center
frequency have been assumed. The first problem to be solved is thus the construction
of a laser with sufficient output power in a stable single transverse and longitudinal
mode. Moreover, frequency as well as amplitude of the laser have to be stabilized to
unprecedented values.

8.1, Output power

Currently all operating prototypes use Argon ion lasers as light sources. The most
powerful commercially available lasers of this type offer a single-mode output power
of about 5 W. The coherent addition of several such lasers phase-locked to a master
oscillator to reach higher output power has been demonstrated experimentally [16]. But
this approach does not seem promising because of the poor energy efliciency of these
lasers (only about 10™%), their complexity and high cost of operation, and their poor
free-running noise that requires elaborate means for stabilization. The laser sources
under development for all large projects are all-solid state YAG lasers pumped by
laser diodes. YAG lasers have traditionally been pumped by discharge lamps, but the
dramatic advances in the development of laser diodes in the last few years have now
made it possible to replace the noisy and inefficient lamps with diode lasers {28].

The laser developed in the GEO project is based on a diode-pumped miniature
monolithic ring laser oscillator with an output power of a few hundred milliwatts.
The oscillator incorporates an electro-optic phase modulator to permit fast tuning
and easy frequency stabilization. The output of this oscillator is then amplified in a
diode-pumped YAG rod enclosed in a ring resonator. The oscillator is operational and
by the end of 1992 the final laser system is expected to deliver a single-mode output
power of more than 50 W at a wavelength of 1064 nm. The fundamental wavelength
of this laser could be used in an interferometer, offering advantages concerning ease of
operation, fundamental absorption in optical components, and required figure accuracy
of the optics. Nevertheless, the GEO and LIGO projects are investigating the option
of doubling the frequency to obtain light in the green at 532 nm. Because of the
shorter wavelength in the green only half the power is required to reach the same
shot-noise limited sensitivity. Also the optical components can be smaller because the
diffraction-limited beam-diameter is smaller in the green by the square-root of two.
Doubling efficiencies around 50 percent have been achieved for powers around 10W
and much more seems possible [29].

8.2. Frequency noise

A perfect interferometer is entirely insensitive to frequency fluctuations of the laser.
But in a real interferometer, noise signals can be created if at the output of the in-
terferometer there is interference of lightbeams that have a different history. Such a
situation can arise if the storage times in the arms are not identical, or if stray light can
reach the output through a path different from that of the main beam. If the relative
amplitude of stray light capable of interfering with the main beam is o, then the arm
length change % simulated by a frequency change 67" of the laser is

Y4 ov
—_— =g—
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if stray-light with a path-difference of one full round-trip dominates.

The prototypes use relatively noisy Argon lasers that require sophisticated frequency
stabilization techniques. Figure 7 shows as an example the unstabilized frequency noise
of the laser previously used on the Garching prototype, curve (a). Curve (b) shows
the noise after prestabilization onto a rigid Fabry-Perot reference resonator, and curve
(c) shows the noise after final stabilization onto the average arm length of the 30-m
interferometer. A lowest value of about 5 x 10~3Hz/v/Hz is reached in the relevant
frequency range. The Argon laser in the Glasgow prototype, being stabilized onto the
10 m long Fabry-Perot cavity in one of the interferometer arms using similar techniques,
reaches a frequency noise of a few times 10~%Hz/+/Hz.
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Figure 7. Frequency noise of the Garching Innova 90-5 laser:

(a) upper curve: unstabilized laser,

(b) middle curve: laser stabilized onto a 25-cm rigid Fabry-Perot,
(c) lower curve: laser stabilized onto the interferometer arm length,

For a full-scale detector, the frequency-noise out of the laser must be smaller than
10~°Hz/v/Hz. But for the diode-pumped YAG laser the unstabilized frequency noise is
orders of magnitude smaller than for an Argon laser. So achieving the same gain in the
feed-back loop as for the Argon laser is already enough to reach the desired stability
goal,

9. Recycling

Clearly the sensitivity of a simple Michelson interferometer is not sufficient, even if
very strong lasers are used. Two techniques have been developed that improve the
interferometer sensitivity to a level that would allow the detection of gravitational
wave signals with high confidence. These techniques are known as Power Recycling
and Signal Recycling, and the combination of both as Dual Recycling [13].

Power Recycling makes use of the fact that the interferometer output is held on a
dark fringe by a feed-back loop and almost all the light goes back towards the input,
i.e. the locked interferometer behaves as a mirror. By placing a mirror in the input of
the interferometer (see Fig. 8), a resonant optical cavity can be formed that uses the
whole locked interferometer as an end mirror. So the circulating light power inside the
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interferometer will be higher than the laser power by the inverse of the losses in the
interferometer.

Signal Recycling works similarly, except that it leads to a resonant enhancement
of the signal instead of the light. A gravity wave shaking the mirrors will phase
modulate the reflected laser light, or in other words create side-bands of the laser
frequency. These side-bands exit through the output port of the interferometer, By
placing another mirror there (see Fig. 8), a resonant cavity for the signal-containing
side-bands is formed. Depending on the reflectivity of this mirror, the detector can
be made to operate narrow-band or broad-band, and by changing the position of this
mirror the interferometer can be tuned to specific gravitational wave frequencies, As
an additional advantage, this configuration greatly reduces the power losses due to
bad interference, because the light can no longer escape the interferometer through
the output port, which is now closed by the signal recycling mirror. Just as the signal
recycling cavity enhances light at its resonant mode and frequency, it suppresses light
which, through aberrations, got diffracted into non-resonant modes of the light field.

The shot noise-limited sensitivity of a Dual Recycled interferometer to gravitational
wave bursts is given by

—-1/2 1/2 -1/2
aom | el, 1-R I
ho ~ 10 [1kHzJ [50W] [5 X 10—5] [3km ' (7)

where f is the center frequency of the burst, e is the quantum efficiency of the detector,
1, is the laser output power, £ is the arm length, and R is the mirror reflectivity. Green
light and a bandwidth of half the center frequency have been assumed.

9.1, Mirror losses

In order to make these recycling techniques work, we need mirrors with extremely small
losses. This requires substrates with a microroughness on the order of an Angstrom
and reflective coatings with very small scatter and absorption. Fortunately, the last
few years have brought us tremendous advances in the art of making superpolishes and
supercoatings. Mirrors with reflection losses of much less than 50 parts per million are
now available from several sources.
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But it is not just the linear reflection losses that are responsible for the total losses
in the Power Recycling cavity. One of the "mirrors” of this cavity is actually a very
complicated object, - an interferometer locked to a dark fringe. So any effect that
degrades the interfering wavefronts will let light leak out the wrong port of the inter-
ferometer. Though some of this light can be recovered by the Signal Recycling mirror,
this is a serious loss process for the Power Recycling cavity.

There are two main reasons for a degradation of the interference in the interferom-
eter: wavefront deformation because of imperfections of optical elements and because
of thermal effects in the optical elements. Both processes can be addressed through
optical modeling and numerical wavefront propagation calculations.

9.2. Thermal Distortions

Thermal effects can arise because of absorption in the optical coatings or in the bulk of
elements used in transmission. This will cause a deformation of the substrates and/or a
lensing effect through thermally induced refractive index changes. Figure 9 is the result
of a model calculation including thermal effects for the main mirrors [30]. It shows
the interference minimum as a function of the thermally induced mirror deformation.
For increasing light power, the interference quality deteriorates in a very non-linear
fashion, even approaching chaotic looking behaviour above a certain threshold.
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Figure 9. Power loss due to thermal effects:
interference minimum as a function of local mirror deformation.

To this end, we have studied the absorption in coatings produced in ion beam
sputtering chambers. Fortunately, the absorption in modern coatings is only on the
order of very few parts per million and thermal effects seem very tractable. Absorption
in the bulk of the beam-splitter will probably be the limiting process at circulating
powers of many kilowatts.

9.8. Mirror quality

Existing supermirrors with almost negligible losses have been developed for applications
using spot sizes of a millimeter or so. For large laser interferometers the beam size will
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be on the order of several centimeters and the high demands on the surface quality
now extend to much larger lateral dimensions. Surface deformations on length scales of
several centimeters will behave just as the microroughness does for the smaller beams.
But it is not the substrate alone that determines the surface quality. The reflective
dielectric multilayer stack coated onto the mirror can show variations of its effective
thickness that may overwhelm the surface variations of the substrate.
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Figure 10. Surface errors of a Garching prototype mirror.

9.4. Optical modeling

Optical modeling is an important activity in all large interferometer projects, Using
a numerical wavefront-propagation code running on the Garching Cray Y-MP, we are
studying the effects of surface deformations on the light fields in the interferometer.
Currently this code can propagate optical wavefronts on a 4000x 4000 grid. So it is
possible to even include scattering to angles large enough for the light to miss the
end mirror entirely and to hit the vacuum tube after & few hundred meters. The
code takes as its input assumed or measured surface profiles of the relevant mirrors.
Surface deviations from the ideal shape can be measured with today’s state-of-the-
art to an accuracy of a few Angstroms over a fleld of a quarter of a meter with a
lateral resolution of half a millimeter [31]. As an example, Fig. 10 shows the spectral
density of surface errors as a function of spatial frequency for one of the 25-cm mirrors
in the Garching prototype detector. A strong increase of the errors for large spatial
wavelengths is obvious. It can also be seen that the process of coating deposition used
in this case has increased the long-wavelength errors considerably. The code permits us
to simulate all kinds of mirror distortions and to predict the performance of a specific
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mirror in practice. Through an R+D contract with Zeiss we are addressing the mirror
manufacturing and coating geometry problem and we are confident that in 1992 the
first prototype mirrors with the required quality will be finished,

In addition to these static simulations, we are interested in optimizing the whole
optical lay-out of the interferometer. Through a combination of numerical and analyt-
ical modeling, we are able to take into account all relevant physics, including thermal
effects and the important power recovery through signal recycling. We are especially
interested in finding the best compromise between storage time (or number of bounces)
in the arms and storage time in the signal recycling cavity.

10. Status of efforts in the world

10.1. Proposals

The American LIGO proposal [17] calls for the construction of two detectors with 4 km
arm length. It was approved in the fall of 1991 and funds have been appropriated by
Congress. Two sites were selected in the spring of 1992, one in Hanford, Washington
and the other in Livingston, Louisiana. Construction is expected to begin in 1993 and
commissioning may start as early as 1997.

An Australian proposal (AIGO) for a 3-km detector near Perth [18] has been sub-
mitted, but so far has not been able to obtain approval.

In Japan, a proposal for an intermediate 100-m interferometer (TENKO-100) [32]
has been funded. Construction may be finished in 1994. In parallel, plans are being
developed for a 3-km interferometer.

The French-Italian VIRGO collaboration [16] has proposed a 3-km interferometer
to be built near Pisa and the German-British GEO collaboration [15] has proposed a
3-km interferometer to be built near Hannover. Both interferometers have been coor-
dinated under the EUROGRAV framework. A consolidation and tighter integration
of European efforts is currently being prepared. The French government has recently
approved funding and a decision from the remaining relevant funding bodies in Europe
is expected in 1992.

10.82. A world-wide network

All these projects are not in competition with each other. On the contrary, each of the
projects is crucially dependent on the others. To sort out gravitational wave events
from the ever-present noise background requires observation in coincidence of several
detectors. So two gravitational wave detectors are the absolute minimum to even prove
the existence of gravitational waves. But to fully unravel the information contained
in the signals with respect to the source direction, time structure and polarization
requires a world-wide network of four detectors [33].

If all goes well, this network can be in place by the end of this decade, and at the
beginning of the next millenium we may be able to mark the beginning of the age of
Gravitational Astronomy.
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