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Introduction 

One of the clearest illustrations of the unity and universality of physics is 
the observation that in more than 400 years its basic questions —in spite of 
many revolutionary revisions of concepts and insights— have remained the 
same: what is the nature of matter, what is the origin of force, what does 
motion tell us about the character of space and time? 

To be sure, the answers that physicists have given to these questions have 
changed several times during the past centuries. Nevertheless, more often 
than not such changes have resulted in theories with a larger domain of 
validity, which still include the older physical ideas as a model for phenomena 
in a restricted range of time-, distance- or energy scales. Nowadays such 
inclusion has in fact almost become a matter of principle for theoretical 
model builders. 

In the history of physics, the study of gravitational forces and phenomena 
has often taken an important place. Newton's law of gravity was the first 
succesful theory of a fundamental force of nature. It explained extremely well 
on the basis of a single principle the earth-bound phenomena of free fall and 
the motions of the heavenly bodies, thus extending the validity of physical 
laws to the domain of astronomy. 

Later developments, in particular those connected with the study of electric
ity and magnetism, made clear the importance of the concept of fields as 
the origin of physical forces. Fields of force, which act locally and through 
which disturbances propagate with a finite velocity —for example, the veloc
ity of light in the case of electro-magnetism, or of sound in the case of fluid 
dynamics— replaced the older notion of instantaneous action at a distance. 
Logic and consistency then almost inevitably required the field concept to 
be applicable to gravitational forces as well. 

The field theory of gravity which has replaced Newton's action-at-a-distance 
law, and which so far has turned out to be consistent with all known ob
servations, is General Relativity. The full equations for the dynamical grav
itational field were first written down by Einstein in 1915 [1]. They were 
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succesfully applied to a number of physical problems in which relativistic 
effects were important, like the well-known precession of the perihelion of 
Mercury and the bending of light by the sun. Such static effects, including 
for example the redshift of light in a gravitational field, or the recently ob
served phenomenon of gravitational lensing, all agree within the experimental 
error with the predictions of General Relativity. 

However, already one year after he published his field equations, Einstein 
showed that they also predicted the propagation of timt-dependend gravita
tional fields in vacuo, the speed of propagation being that of light [2]. This 
phenomenon is the gravitational counterpart of the electro-magnetic waves 
first observed as radio-frequency waves by Herz, who thereby firmly estab
lished the unification of optics and electro-magnetism. Einstein also showed, 
that in contrast to electro-magnetic waves, gravitational radiation is basically 
quadrupolar in character, and he derived a formula expressing the power ra
diated by a source of gravitational waves in terms of the time-change of its 
quadrupole moment. 

Gravity is an extremely weak force. This is testified for example by the typical 
sizes of gravitation ally bound systems with large masses, like stars, which is of 
the order of millions or even hundreds of millions of kilometers. This should 
be contrasted with the typical binding radius measured in angstrpms for 
electrically charged particles in atoms and molecules, or in fenni's for quarks 
bound by colour forces in a proton. Therefore gravitational radiation is very 
difficult to detect: a single gravitational wave from astrophysical sources will 
typically induce vibrations with an amplitude of the order of 10-19 or less 
of the size of the detector, corresponding to 10~3 proton diameters for an 
antenna of 10 meters. Hence it is not surprising that so far gravitational 
waves have never been observed directly. The best piece of evidence we have 
for their existence is the observation that certain double stars, known as 
binary pulsars and fitst observed by Hulse and Taylor [3], lose energy at a 
rate consistent with Einstein's quadrupole formula [4]. These difficult but 
very precise measurements earned Hulse and Taylor the Nobel prize in 1993. 

In view of this, astrophysics is a likely testing ground for gravitational wave 
phenomena. However, as so often progress in this area of fundamental physics 
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hinges on technical advances. Since over three decades, attempts to detect 
gravitational waves have been undertaken. During that period new cryo
genic techniques, superconducting devices and tools for data analysis have 
become available. As a result, there are good prospects for gravitational 
wave detectors to become operational in the near future. For astronomers 
and astrophysicists this could open up a new field of investigation, providing 
an entirely new window on the universe. 

Stimulated by this prospect, several physicists from various institutions have 
started a discussion on the feasibility of designing and constructing a new 
gravitational wave detector in the Netherlands. This discussion was initiated 
by prof. Frossati from the university of Leiden, who suggested a spherical 
resonant mass detector as proposed by Forward [5]. As a first step it was 
decided to organize a symposium on the state of the art concerning gravita
tional wave antennae and the problems to be faced in constructing the next 
generation of these devices. Support for such a meeting was obtained from 
the Stichting Physica, the Kerkhoven-Bosscha Foundation in Leiden and the 
Foundation for the Fundamental Research of Matter (FOM). The sympo
sium took place on May 24, 1994 at the National Institute for Nuclear and 
High-Energy Physics (NIKHEF) in Amsterdam. 

The contributions to this report form a summary of most of the material 
presented at the symposium. A discussion of the astrophysical sources of 
gravitational waves by prof. E. v.d. Heuvel of the university of Amsterdam 
is followed by a discussion of the NAUTILUS experiment at the National 
Laboratory of the INFN in Frascati, Italy, by dr. E. Coccia of the university 
of Rome. Read-out and data-analysis of gravitational wave-antennae are 
discussed by dr. P. Astone of the same institute. This is followed by the 
contribution of Prof. G. Frossati of the university of Leiden, who presented 
his proposal for a spherical gravitational wave antenna in Leiden (GRAIL). 
The report concludes with a discussion of the metallurgical and engineering 
aspects of manufactoring large copper structures by ir. E. de Mulder of LIPS 
Industries BV. He presented details of an experiment carried out by LIPS, 
to cast a test sphere of 0.5 m diameter, and investigate its homogeneity and 
microscopic structure. Other contributions to the symposium, by prof. H. 
Rogalla of the Technical University of Twente on squids, and by prof. K. 
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Danzmann of the University of Hannover on Laser Interferometers, are not 
covered here. 

This report is intended as a reference source for those who have attended the 
symposium, and a guide to ideas and problems in the physics of gravitational 
radiation for those who take an interest but did not attend. A follow up on 
this symposium is envisaged in the form of working groups to study in more 
detail various aspects of the detection of gravitational waves, with the aim to 
obtain accurate estimates of the specifications a detector will have to meet. 

As chairman of the symposium and editor of this report, I would like to take 
the opportunity to thank all the speakers for their helpful co-operation and 
the authors of the contributions to this report for their efforts in keeping, 
appropriately, within the constraints of space and time. 

J.W- van Holten 
NIKHEF-H, Amsterdam 
May24/August 1,1994 
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ASTROPHYSICAL SOURCES OF GRAVITATIONAL RADIATION 

E.P.J. VAN DEN HEUVEL 
Astronomicml Institute ard Center for High Energy Astrophysics 
Unnernty of Amsterdam 
Knislaan 403, 1098 SJ Amsterdam, the NttkerUnds 

Abstract. The sources can be divided roughly into two categories: 
1. Sources at high frequencies, — 10—10* Hz; the most likely ones are burst sources, which can be 
due either to stellar collapse (supernovae) or to the coalescence of close binaries consisting of two 
stellar-mas* compact objects, such as two neutron stars. 
2. Sources at low frequencies, 10—4 -1 Hz. These either are burst sources due to the coalescence of 
supermassive black hole binaries in galaxy nuclei at cosmological distances, or continous galactic 
sources. The latter are a variety of types of galactic close binaries. 
The expected event rate and/or signal strength at Earth expected from these various tv-- : of 
sources is discussed. 

1. Introduction 

For earlier and more extensive reviews on the subject I refer to Douglas and Bragin-
sky (1978), Shapiro and Teukolsky (1983), Thorne (1987) and Schutx (1989, 1993). 
We will assume that general relativity (i.e.: in Einstein simplest form) is correct. 
Gravitational radiation is much more difTncult to detect than electromagnetic radi
ation. 

This is due to two facts: 
1. The sources are extremely weak. This is because the lowest order type of radi

ation generated is quadrupole radiation (Einstein 1918), whereas in the case of 
electromagnetic radiation the lowest order type is dipole radiation. This differ
ence is due to the fact that the 'charges' of the gravitational field, i.e. masses, all 
have the same sign, while in the case of electromagnetism two types of charges 
occur, with opposite sign. 

2. Gravitational waves, even when strong, give an extremely weak signal in a de
tector; this is due to the fact that one cannot directly measure the acceleration 
of a mass by a passing gravitational wave, but can only measure the difference 
in acceleration between two masses separated by some distance in space. The 
reason for this is that all objects have mass and therefore are accelerated in the 
same way by a passing gravitational wave. Thus, contrary to the case of elec
tromagnetism, where one directly measures the acceleration of an electron in an 
antenna due to the passage of an electromagnetic wave (a 'dipole detection'), 
here one can only measure differentially, resulting in a much weaker detection 
(one might say: a 'quadrupole detection'). 

To illustrate the case of source strength, consider a metal bar of length 1, thickness 
R and mass M, rotating around a central axis perpendicular to its length, with tip-
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speed T. This will generate a Gravitational Wave (GW)-luminosity of (cf. Douglas 
and Braginsky, 1978): 

128 G (M\2
 6 

LGW = «•? \T) v (1 ) 

It turns out that one of the strongest possible laboratory sources one can create in 
this way is a bar of beryllium with I = 17m, R = 4m, mass M = 60.000 tons, rotating 
near break-up with u = 103 s~l. This source generates 

LGW = 10-7ergs/s, (2) 

a completely negligible luminosity. From this example it will be clear that in order 
to have sources of interesting strength one must go to astronomical masses. The 
GW-luminosity generated by a binary system with component masses mi, m2 (in 
units of a solar mass M@ = 2.1030KG) and orbital period and eccentricity P, e is: 

tGW = 3 . 1 0 ^ , / , ) / ^ , (H) * ?m(e) ( 3) 
(T»! +m2)> \ r J 

where g«(e) is a function of the eccentricity, of order unity. Inserting the values for 
the Hulse-Taylor binary pulsar, a double neutron star with mi % m2 = 1 42 M 3, 
P = 7 / f45m, e = 0.615, one finds: 

LGW = KPhrgs/s (4) 

which is roughly comparable with a normal stellar luminosity, like that of the sun: 
L 3 ~ 4.1033 ergs/s. Indeed, the gravitational-wave power emitted by this system 
is so large that it has already caused a detectable decrease in the orbital period of 
the system over the past twenty years (cf. Taylor and Weisberg 1989). 

Concerning the detection of gravitational waves: as said, this can only occur dif-
ferentaiHy. Consider two points C and B separated by a distance 1 (figure 1). If one 
places a solid object, such as a metal ball, with its center of gravity in C then, when 
a gravitational wave passes, the rest-frame of C is - at the same moment in time -
accelerated slightly differently from that of B (e.g.: the wave may pass C slightly 
earlier or later than B). The acceleration felt by the metal ball is that of its center of 
gravity, thus: of C. Therefore, a point A at its surface, dose to the point B will be 
a little bit displaced with respect to B. This displacement is what one may measure 
with a GW-detector. In astronomical terms: one measures a 'tidal' acceleration. 
This is perfectly similar to the tidal acceleration produced by the moon at the sur
face of the Earth: there one deals with the difference between the two accelerations 
produced by the moon at the center of the Earth and its surface, respectively. 

Of course, metal bar detectors are a bit more sophisticated than described in 
the above example: the difference in acceleration between C and A may cause the 
metal ball or bar to start vibrating when the wave passes, and it is those vibrations 
that one may attempt to measure. But as said, one always measures an extremely 
weak effect: tidal accelerations are always much smaller than the full accelerations 
themselves, they represent a higher order effect. 
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Fig. 1. Detection of * gravitational wave: the deformation of space caused by the passage of 
the wave causes all masses to be accelerated. As the accelerations in the points B and C are - at 
the same moment in time - slightly different, a solid object centered in C is accelerated (slightly) 
with respect to B, such that a point A on its surface will show a slight change in position A 1 with 
respect to B, which can be measured. 

The sensitivity of GW-detectors is usually expressed in terms of the relative 
displacement h between B and C: 

2. The shape of the deformations of spacetime produced fay a gravita
tional wave 

A gravitational wave has two linear polarisations which are usually indicated as + 
(plus) and x (cross). These are associated with gravitational wave fields h+ and hx 

that osculate in time and propagate with the speed of light. Each wave produces 
tidal forces - stretching and squeezing forces - on any object or detector through 
which it passes. Relative to the objects center of mass the forces have quadrupolai 
patterns as shown in figure 2 (after Thorne 1993, 1994). For example, consider a 
ring of masses in the X-Y plane. A wave coming in along the Z-axis will cause a 
deformation of the ring into a ellipse with axes Li, and L2 in the X- and Y-directions. 
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*7. 

Fig. 2. The squeezing* and stretchings of space associated with the two polarizations of a 
gravitational wave (from Abramovici et al. 1992). 

One can express A L = L ] - L 2 a s a function of time as: 

(«) 

where h + and hx are the deformations dne to the passing + and x waves, respec
tively. 

For a wave coming in from an arbitrary direction one has, similarily: 

*M = F+k+= Fxhx(t) (7) 

where the coefficient» F+ and P x are of order unity and depend on the directions 
between source and detector-axes. The most easily understandable GW-detectors 



Q 

ASTROPHYSICAL SOURCES OF GRAVITATIONAL RADIATION 

we those that make use of laser-interferometry, by means of which one measures the 
variations in the lenghts Li and L2 of two arms of the detector that are oriented 
perpendicular to one another. The construction of ground-based detectors of this 
type, the LIGO/VIRGO systems that are presently by being built, makes that they 
are sentive in the frequency range of about 10 - 1000 Hz as depicted in figure 3 (after 
Thorne 1993, 1994). Space-based detectors of this type, like the planned LISA-
mission (cf. ESA document SCI (94)6, May 1994) are sensitive in the frequency 
range 10 - 4 — 1 Hi (see figure 5). 

3. Burst sources of gravitational waves 

The strongest signals to be expected in the frequency range 10 - 103 Hi are those 
generated by the collapse of a burned-out stellar core to a neutron star, which occurs 
in a supernova (SN) event, and the coalescence of two compact stars. We will briefly 
discuss both types of events. 

1. Supernovae and neutron-star formation. 

Since an amount of mass of order 1.4 solar masses is accelerated here to half the 
speed of light and subsequently decelerated to tero velocity, in a timespan of order 
one milli-second, a burst of gravitational radiation is generated. Unfortunately, tb* 
fraction of the released collapse energy - about 0.15 Mc2 - that will be converted 
into gravitational waves is not well known. A conservative estimate is that this will 
be at least a few percent, i.e. ~ 0.003 Mc2. Assuming M = 3 .10^, this yields 
a burst of 10" ergs released in 10"3 s, so a burst-strength of 1053 ergs/s. If this 
event occurs in our galaxy at roughly the distance of the galactic center - 3.1022 

cm - this will create a GW flux at Earth of 102 Watt/cm3. This will at Earth 
produce a deformation h = A 1/1 of about 10~17. The entire Earth, with diameter 
-~ 10* cm will thus be deformed by about one Angstrom - the size of one atom. Still, 
amazing though it may seem, it is expected that future high-frequency detectors like 
LIGO/VIRGO will be able to detect bursts that produce deformations h ~ 10~21 

to 10~22 at Earth (Thorne 1993, 1994), as depicted in figure 3. Supernovae occur 
in our galaxy roughly once per twenty to hundred years. Out to the distance of the 
Virgo cluster, 107 pc, the rate is some twenty times higher and the signal strength 
will be ~ 10"20, sufficient to be detected by LIGO/VIRGO in the future. In fact, 
with the ultimate threshold sensitivity of LIGO indicated above one may expect to 
observe several dozen supernova events per year. 

2. Coalescing doub'e neutron stars. 

This is the only type of burst source for which one can be confident both of the 
source strength and of the lower limit to the rate of occurrence per galaxy, since 
three such systems are now known in our own galaxy, from which the minimum rate 
of coalescence of such systems per galaxy can be estimated. Because of their impor
tance, much work has recently been done on the expected signal shape and strength 
of a coalescing neutron star binary, as well as of systems consisting of a neutron star 
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10 100 1000 
frequency, Hz 

10000 

Fig. 3. Expected L1GO/VIRGO interferometer sensitivities compared with the strengths of 
the waves from the last few minutes of inspiral of compact binaries. The two «olid curves at the 
bottom of the stippled regions (labeled hm , J are the rms-noise levels for broad band waves that hare 
optimal direction and polarisation. The tops of the stippled regions (labeled h$B for 'sensitivity to 
bursts') are the sensitivities for confident detection of broad-band waves from random directions, 
with random polarizations (after Thome 1994) 
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and a black hole or of two black holes. The lattei two types of systems are also 
expected to exist in nature, though they have not (yet) been found obseivationally. 
Gravitational wave losses, while reducing the orbit-size, also circularize the orbit. 
Therefore, at the time of coalescence the orbit is expected to be circular. The orbital 
period and time to coalescence of a system consisting of stars with masses mj and 
m2 and orbital radius a then are (Clark and Eardley 1977): 

p = ('-4*10-3'> (20k)'<m i +"•*>"' (8) 

and 

Tcoau.c = (2.0.) (rr^rY ^ — r (9) 

and the GW-luminosity emitted by the system is: 

LGW = 1.6 x 1051(erffs/s) ( ^ ( " ' ^ h +^2) (10) 

During the last about 104 revolutions before coalescence - the last about ten 
minutes of the life of the neutron star binary - the gravitational wave signal of the 
system, with a frequency increasing from ~ 10 Hz to ~ 103 Hz, is already very 
strong and since it is (quasi-)periodic, with slowly decreasing characteristic period, 
it might be detectable already with GW-detectors like LIGO/VTRGO, as depicted 
in figure 3. 

Figure 4 shows the evolution on time of this signal, during the last about 15000 
revolutions. Each depicted wave represents several hundreds of sinewaves of about 
the same period (as calculated, for example, by Rasio and Shapiro 1992; cf. Abramovici 
et al. 1992). One experts this 'chirp' and the final burst of GW's at coalescence to 
be observable with the LIGO/VIRGO system out to a distance of at least 40 Mpc. 
This is depicted in figure 3. With the ultimate LIGO/VIRGO system one expects 
to observe it out to ~ 200 Mpc. 

4. The expected rate of observable coalescence events of double neutron 
stars 

The times till coalesence of the three presently known double neutron star systems, 
which have orbital periods between 7.75w and 10.2W, range from 3.108yrs to 1.5 
xlO9 yrs, i.e.: only a small fraction of the age of the Universe and of the galaxy. 
Since it is estimated that the roughly 600 radio pulsars that are presently known 
represent only a fraction of about two pro-mille (=550) of the total galactic pulsar 
population, there must be at least some 1500 close double neutron stars in the galaxy. 
To make a more accurate estimate of the total population of such systems in the 
galaxy one has to take into account the selection effects that affected the various 
pulsar surveys. 

Doing this properly and using the above mentioned lifetimes till coalescence - and 
adopting a steady state of formation and death of these systems in the galaxy, which 
is a justified assumption for this relatively young population, Phinney (1991) and 
Narayan et al. (1991) estimated the galactic rate of coalescence of double neutron 
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Fig. 4. Waveforms from the inspiral of a compact binary, computed using Newtonian gravity 
for the orbital evolution and the quadrupole moment approximation for the wave generation (from 
Abramovici et al. 1992). 

stars to be around 10~5 yr~'. This is a very conservative observational lower limit to 
the galactic coalescence of these systems. The actual rate may be mach higher, since 
the three known double neutron stars are a rather peculiar sample; their neutron 
stars have magnetic fields that are some two orders of magnitude weaker than usual 
for pulsars, and their spinrates are some five to ten times faster than average. Due to 
this, they remain observable as radiopulsars for a much longer time (> 108yrs) than 
usual for pulsars (~ 5.106yr«). For this reason they have a much higher probability 
to show up in pulsar surveys than pulsars with normal strong (ss 1013~13G) magnetic 
fields. There may, therefore, well be a population of such strong field close double 
neutron stars that is an order of magnetic larger than the population of weak-field 
ones, without them having been detected to far. 

On the basis of evolutionary calculations one indeed expects a much larger birth-
and death-rate of close doable neutron stars, of order 10"3 to 10"* yr"1 (Clark, Van 



13 

ASTROPHYSICAL SOURCES OF GRAVITATIONAL RADIATION 

den Heuvel and Sutantyo 1979; Meurs and Van den Heuvel 1989). The evolutionary 
calculations are, however affected by considerable uncertainties, due to oui pooi 
knowledge of the important phase of 'common-envelope evolution', and since there 
is much recent evidence that neutron stars receive large 'kick-velocities', of order 
450 km/s, at birth (Lyne and Lorimer 1994), which may disrupt many systems during 
the formation of their first as well as their second neutron stars. Still, correcting for 
these effects it seems difficult to reduce the theoretically predicted galactic formation 
rate of double neutron stars much below 10 - 4 yr_ I (Van den Heuvel 1992; Tutukov 
and Yungelson 1993; see particularly the discussion in Van den Heuvel 1994), as 
such a rate is already almost two orders of magnitude below the deathrate of their 
progenitors, the massive close binary systems. 

10-20!-
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Fig. 5. LISA measurement sensitivity compared with source strength (from ESA document 
SCI(94)6, May 1994) 
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It is, of couise, safest to use the above mentioned 'observational' estimate of the 
lower limit to the coalescence rate pet galaxy of 10~5 yt~ll Since black holes don't 
receive a kick at birth, more NS+BH and BH+BH systems are expected to survive 
as binaries. The rate of coalescence of such systems is therefore expected to be at 
least similar to the 'observational' rate for the double neutron stars. Assuming this 
is to be the case one expects to observe several coalescence events per year out to 
a distance of 200 Mpc. If the double neutron star coalescence rate is an order of 
magnitude higher (i.e.~ 10 ~4 yr_ 1 in the galaxy) one will see several dozen such 
events per year out to 200 Mpc distance and one or a few per year out to 40 Mpc. 
As we consider a rate of ~ 10 - 4 yr - 1 for our galaxy a very reasonable estimate, we 
thus expect the first generation LIGO/VIRGO system to see a few such events per 
year. 

5. Low-frequency sources: v — 10 - 4 — 10° Hz 

For the expected signal strength of these sources, as compared to the detection limit 
of the proposed space GW-detector system LISA, I refer to figure 5 (after ESA -
SCI(94)6, May 1994). The normal binary system t Boo, the nova-like binary WZ 
Sge (P = 80 min) and the close low-mass X-ray binary 1830-30 (P= 11 min) are 
above the detection threshold, as are the double white dwarf systems. Furthermore, 
the coalescence events of black hole binaries with component masses of~ 106 Mc 
- in galaxy nuclei at cosmological distances - produce signals that are far above the 
detection threshold. 

6. Conclusions 

With detector sensitivity thresholds below h=10~2° it is expected that at least a few 
burst events with frequency in the range 101 — 103 Hz will be observable per year. 
If the threshold is < 10~22, dozens of such events will be observed per year. As to 
the low-frequency sources (10~4 - 1Hz): with a detection threshold < 10~21, many 
continuous sources in the galaxy will become detectable, and the coalescence events 
of supermassive black holes at cosmological distances will become easily observable. 
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Abstract 
Direct detection of gravitational waves, for physical or astrophysical study, is one of the 

great challenges of contemporary experimental physics. The problem is the extremely small size 
of the effect one wishes to measure. The advantages emerging from cooling a resonant antenna 
to very low temperatures are discussed in the first part of the lecture, together with the main 
requirements and features of cryogenic systems for gravitational wave experiments. In the 
second pan we report on the ultralow temperature detector NAUTILUS. The goal of this new 
generation antenna is to detect bursts of gravitational radiation from sources located at distances 
up to the Virgo Cluster of galaxies. NAUTILUS is installed in the Frascati INFN Laboratories 
and should start operating at the end of 1993. 

1 - INTRODUCTION 
The goals of a gravitational wave (g.w.) experiment are to verify directly the existence of 

gravitational radiation, to study its features and to use this new tool for astronomical 
observations. 

A variety of possible events could cause significant bursts of g.w. These include the 
coalescence of binary black holes, or neutron stars, the collapse of white dwarfs to form 
neutron stars, the collapse of neutron stars to form black holes, and supernova events in which 
stars collapse to form neutron stars or black holes. 

The detector first developed by Weber [11 and subsequently used by other experimental 
groups consists of a carefully suspended resonant mass object, usually a cylindrical bar, whose 
vibration normal modes having the appropriate symmetry should be excited by g.w. bursts. 
The detector is equipped with an electromechanical transducer converting the mechanical 
vibration in an electric signal. 



The problem of the detection of short bursts of g.w. has been clarified in its main aspects 
since many years [2-5]. The detector is assumed to be a single large mass quadnipole, and the 
energy absorbed AEa, due to g.w., can be calculated by means of the cross section I , which 
for the most favorable polarization, direction of propagation and antenna mode of vibration (the 
first longitudinal one), takes the form [6]: 

1= (8GM/7CCXVS/C)2 (1) 

where vs is the sound velocity n the antenna material and M the mass of the antenna. 
The energy absorbed can be written as: 

AEa = f(coR) I (2) 

where fftüR) is the spectrum energy density of g.w. at the resonant frequency. 
The energy absorbed by the antenna must be large compared to the energy fluctuations in 

the detector. The energy noise can be written as the sum of three contributions: 

AEn = kTAt/T + kTn (PtöRAt)-1 + kTn (j}(öRAt) (3) 

where T is the thermodynamic temperature of the antenna, x the relaxation time of the mode of 
vibration, J3 is the ratio of the electromagnetic energy in the transducer to the total energy of the 
antenna, Tn is the noise temperature of the amplifier connected to the transducer and At is the 
measurement sampling time, much smaller than x. There is an optimum value of At which 
minimizes the noise of the system: At0pt = ((ÏCDR)-1. Then the energy noise takes the simple 
form: 

AEn = kT/BQ + 2kTn (4) 

where Q =Ü)R T is the quality factor of the mode of vibration. 
If we use the parameters of a typical room temperature aluminium cylindrical bar (T=300 

K, QslO5) equipped with a resonant capacitive transducer (p=10~3) and a FET amplifier 
(Tn=lK), we find that we can observe with SNR=1 a spectral energy density at the Earth of the 
order of 1 J m -2 Hz -1. This value corresponds to a collapse occurring in our Galaxy, at a 
distance of 5 kpc in which 10-2 MQ are convened in a millisecond burst. The g.w. amplitude h, 
which is of the order of the relative antenna displacement ALA', is in this case h -AL/L-10~17. 
The discouraging expected rate of such collapses is of the order of 1 per 100 years. Thus the 
achievement of a reasonable rate of events implies to improve the sensitivity, for extending the 
observing range beyond our Galaxy and the Local Group of galaxies. 

1.1 - The role of the thermodynamic temperature 
It is straightforward from the above formulae that the low temperature is necessary to 

reduce the random thermal fluctuations kT in the antenna itself. The first term in eq. (3), 
kTAt/x, is in fact due to the Brownian motion of the antenna, which i? exactly analogous to die 
Nyquist noise of an LRC circuit, and represents the tow frequency part of the black body 
spectrum of internal excitations. The mean energy of the fundamental mode of the antenna 
(determined from the low-frequency approximation to the Plank radiation formula) is simply 
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equal to kT, but the effective noise is determined by fluctuations in this noise energy since the 
measureme.it of a gravitational wave is a measurement of the change in amplitude of the bar 
during the time interval At. The rate of fluctuation is related to coupling between the 
fundamental mode and rhe thermal reservoir. This coupling itself determines the acoustic loss of 
the bar. Thus the effective nets* energy reduces as the relaxation time z (or the quality factor Q) 
increases. The discovery [7] that at low temperature it is possible to take advantage of the steep 
increase of the quality factor Q for aluminium alloys convinced most of the experimental groups 
to use of these materials. In particular Al 5056 presents Q- 107 -10 s below 10 K [8J. 

The second noise term in eq. (3), kTn (ptORAt)-1, is due to the measurement process 
itself. It is simple additive or series noise due to the transducer and amplifier which read out the 
motion of the antenna. This noise has the familiar Nyquist form as experienced in most areas of 
electronic instrumentation. We can model the measurement system as an antenna coupled to a 
noiseless transducer, coupled to a noisy amplifier. Then this noise can can be attributed wholly 
to the amplifier, which has a noise temperature Tn, and therefore a noise energy of kTn per unit 
bandwidth, which reduces as narrower the measurement bandwidth, that is as longer the 
sampling time, is. 

The third term in eq. (3), kTn (pcoRAt), is given by the noise due to the measurement 
process acting back onto the system being measured (back action noise). This noise causes 
fluctuations in the antenna in much the same way that the thermal reservoir of modes in the bar 
couples to the fundamental mode causing the Brownian noise of the antenna. 

It is of paramount importance for the reduction of these noise terms that the low 
temperatures make it possible the use of the properties of superconductors to make very low 
noise parametric amplifier based on the Josephson effect (SQUID) [9], whose noise 
temperature can in principal approach the quantum limit (Tn = Mco/k = 10~7 K for frequencies 
operation around 1 kHz). 

From the optimized eq. (4) it is clear that a large value of (J is necessary for reducing the 
noise. It is worth noting that a large vale of p is also necessary to get a large detector banwidth 
B, as B - At~'= (3cuR. For instance, if (3 is close to 1, the antenna can have a bandwidth 
comparable with its resonant frequency. 

Low temperatures improve the features of low loss capacitive transducers and allow the 
use of superconducting inductive transducers. 

1.2 - The three generations of resonant detectors 
The thermodynamic temperature of the antenna has been used to classify in different 

generations the g.w. experiments: the low cost and high reliability room temperature antennae 
developed by Weber in the '60s are said to be of the first generation. The 4.2 K cryogenic 
detectors developed in the 70s and beginning to be operationals in the 80s are of the second 
generation. In 1986 three of such cryogenic detectors (Rome, LSU, Stanford) have set a new 
upper limit on the intensity of g.w. bathing the Earth [10]. In 1989 The Rome antenna 
EXPLORER, cooled at 2.0 K with superfluid helium, xeached the record sensitivity of h - 7 
10"19 [11,12], soon followed by the LSU detector ALLEGRO. These detectors can observe 

http://measureme.it
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collapses taking place up to the Large Magellanic Cloud. The expected rate is of the order of 1 
per 10 years. 

Third generation experiments, making use of ultralow temperature tecniques, will operate 
soon with the goal of increasing the expected rate of events to several per year, reaching an 
instrumental sensitivity such as to observe burst sources occurring at distances of the order of 
that of the Virgo Cluster (2500 galaxies at ~19Mpc). We report in Table I the main features of 
the three generations of resonant antennae, with the minimum detectable value of the g.w. 
amplitude h for a conventional g.w. burst of 1 ms duration. In the last column it is reported the 
distance d from the Earth to the collapse in which 10 -2 M0, isotropically converted in g.w., 
would give the indicated value of h. 

TABLE I - Main features of three generations of resonant g.w. detector. 

Generation 

I 
n 
in 

T(K) 

300 
4.2 
0.1 

B 

10-4 

io-3 

io-2 

Q 

105 

106 

107 

Teff(K) 

10 
10-2 

io-7 

hc 

io-17 

io-19 

io-21 

d(kpc) 

5 
50 
10* 

Likely events from Virgo cluster will cause a strain in a resonant bar of the order of 
10'21, which means an energy captured by the antenna as low as 10 -31 J, corresponding to a 
temperature of the order of 10~7 K. In term of vibrational energy this is equivalent to one 
phonon. Sensitivity at the single phonon level is described as the quantum limit. 

There are no fundamental limitations in reducing the Brownian noise term kT/BQ of eq. 
(4) even below this level, while the noise kTn of any linear amplifier has a fundamental 
limitation: cannot be less than nca ,̂ because of the uncertainty principle. 

The achievement of a quantum limited macroscopic oscillator is the challenge of the third 
generation ultracryogenic detectors. In order to reach this goal, the experimental parameters 
which determine the detector sensitivity must be pushed at the extreme limit of the existing 
conventional and quantum technologies. 

The strategy of the Rome group consists in the use of the highest Q aluminium alloy as 
antenna material (Al 5056), the use of a resonant capacitive transducer [13J with (MO-2, the 
development of a dc SQUID amplifier [14] with noise temperature near to the quantum limit 
(Tn~ Hci>R/k - 10"7 K) and the cooling of the bar below 0.1 K temperatures using a 3He-4He 
dilution refrigerator [15]. 

In the years 1982-1984 a feasibility study was conducted to establish the technical 
possibility of the cooling of a multiton Al 5056 bar to millikelvin temperatures [16]. In 1986 
INFN financed the Rome group project of an ultralow temperature antenna, NAUTILUS. In 
1989/91 the detector has been assembled and tested to ultralow temperatures in the CERN 
laboratories [17]. In 1992 NAUTILUS has been installed in its operating site at LNF (INFN 
Laboratori Nazionali di Frascati) and is now ready to start a first period of observations. Two 
more ultralow temperature detectors are in the assembling or testing stage: one, AURIGA, at 
LNL (INFN Laboratori Nazionali di Legnaro), and another at Stanford University. 
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In the next section we report some considerations about cryogenics and gravitational 
wave experiments. In sec. 3 we present the results of the feasibility study for the third 
generation ultralow temperature detectors. In sec. 4 the NAUTILUS detector is described. 

2 - CRYOGENICS AND G. VV. EXPERIMENTS 
The need of the low temperatures in the gravitational wave research was clear since the 

'60s, when Joe Weber was beginning the operation of a separated pair of room temperature 
g.w. antennas in coincidence. 

The intriguing results of these measurements and the fascination of this field of research 
stimulated, among the others, the birth of the g.w. groups of Stanford, Baton Rouge 
(Louisiana) and Rome. From the very beginning (1970) the plan of these groups was to build 
cryogenic detectors, making use of the major improvements of the low temperature technique. 
Bill Fairbank, leader of the Stanford group, presented at that time an ambitious project for 
cooling at 3 mK a large antenna by combining the use of a 3He-4He dilution refrigerator and of 
the adiabatic demagnetization of a CMN salt. 

In 1971 Weber cnoIed for the first time a 1.5 ton aluminium cylinder to liquid helium 
temperatures and.."Immet'.ately after cooling, a very large amount of noise was observed. 
Some of the excess noise appeared to be associated with internal structural relaxation of the 
cylinder. Some noise was due to acoustic coupling of high intensity noise associated with the 
liquid nitrogen and liquid helium system" [ 18]. 

These considerations reflected the difficulties of operating a g.w. antenna at low 
temperatures, demonstrated by the twenty years efforts of several researchers in 4 continents. 
The problem was that for the first time a high Q resonant mass of various tons had to be cooled 
to 4.2 K or below, being free to move and isolated so well from the rest of the world to allow 
the detection of a displacement of the order of AL-10-18 m. 

In a low temperature system for a g.w. antenna, cryogenics and acoustic isolation 
requirements are strictly joined; they can be summarized as follows: 

a) ensure a long operation time, with rare and short interruptions in the data taking for 
cryogenic manteinance; 

b) ensure a constant and uniform temperature of the antenna; a stationary gaussian 
distribution of the amplitude of the bar vibrations, in absence of signals, is an important 
condition for a reliable antenna. 

c) do not add extra mechanical noise, in order not to excite the vibrational modes at a 
detectable level; 

d) preserve the inherent high mechanical quality factor Q of the bar. 

The peculiar problem of a cryogenic g.w. experiment is to put a large resonant mass at the 
same time in good thermal contact but in very poor mechanical contact with an effective and 
long autonomy cooling source. 

At 4.2 K a liquid helium bath surrounding the antenna vacuum-chamber serves as heat 
sink and some helium exchange gas is used to rapidly thermalize the detector. The gas is then 
pumped out before the data taking. The antenna temperature remains about 4.2 K as long as the 
vacuum chamber it is completely surrounded by the liquid helium. It is found that the source of 
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mechanical noise constituted by the evaporating liquid helium must be attenuated by a factor 
10~7 to not disturb the detector. This attenuation is provided by the suspension system, which 
is carefully designed to act as an efficient mechanical filter. 

Temperatures as low as 0.8 K or 0.25 K can be reached by pumping on a bath of liquid 
4He or 3He, rexpectively. In the first case the superfluidity of the liquid may help to fulfill the 
cryogenics and acoustic requirements. 

Using the adiabatic demagnetization of a suitable paramagnetic salt much lower 
temperatures are possible. With cerium magnesium nitrate (CMN) 2 mK can be reached. 
Another method allowing to reach l mK is Pomeranchuk cooling, i.e. cooling by adiabatic 
compression of a liquid-solid mixture of 3He [12]. These methods have a drawback: they are 
"one shot" rather than continuous methods of cooling. 

The only method able to mantain temperatures as low as 4-10 mK continuously and in 
presence of large thermal inputs is 3He-4He dilution refrigeration [12]. 

As the temperature decreases below 1 K, the only effective cold transfer mechanism 
between the antenna and the cooling source becomes the conduction by solid. This makes the 
mechanical isolation from the cooling source of an ultralow temperature antenna a much more 
difficult task than for an antenna at liquid helium temperature. 

3 - FEASIBILITY STUDY FOR MILLIKELVIN DETECTORS 
A dilution refrigerator coupled to a g.w. detector must be silent and have enough cooling 

power to absorb the residual heat leak below 0.1 K and to cool the bar reasonably quickly. The 
thermal contact with the refrigerator will be on the central section of the bar, where 
requirements c) and d) are easier to fulfill. 

3.1 -Thermal inputs 
We have considered the thermal inputs on our antenna cooled at 0.1 K and surrounded by 

a shield at 1.0 K. Table n resumes the various contributions. 
We have neglected all the time dependent heat leaks due to relaxation fenomena, mainly 

present in dielectric materials and depending strongly on magnetic fields. 

Table II - Estimated thermal inputs on the antenna at 100 mK if the antenna is 
supposed surrounded by a shield at temperature about 1 K, at a residual pressure of 
10" mbar, and suspended to it by a traditional central section cable of titanium. 

Conduction by solid 

Conduction by residual gas 

Radiation 

Cosmic rays 

luW 

20 nW 

30 nW 

20 nW 

It turns out that the main thermal input come from the residual gases, which at a pressure 
of the order of 10"9 mbar may give a heat leak of the order of 0.3 nW/cm2 (20 u.W total). 

There are no systematic studies of the residual heat leak in ultra-low temperature 
apparatuses, the knowledge of them being mainly based on conclusions from trial-and-error 
improvement work. Some considerations present in the specialised literature [20] indicate an 
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upper limit of I nW/crrr for the residual heat leak below 0.1 K. which is compatible with our 
estimates. I nW/crrr means 60 uW of total thermal input on the antenna. This figure determines 
the minimum cooling power of the refrigerator at those temperatures. 

A further reduction is obtainable surrounding the antenna with shields cooled below IK. 

3.2 - Thermal gradients 
The antenna material Al 5056 becomes superconducting at the critical temperature 

Tc=0.925 K [16]. Consequently the thermal conductivity ic becomes very low at millikelvin 

temperatures. The experimental data follow below 1 K the law: 

K = 2 . 5 T ~ 3 [ W m ~ l K ~ 4 ] 

Because of the low thermal conductivity, at very low temperatures the residual heat leak 
may cause a very large thermal gradient along the antenna, which does not depend on the 
performance of the refrigerator. The mixing chamber of the dilution refrigerator will be in fact 
in contact with the central section of the cylindrical bar, keeping it at a certain temperature, 
while the ends temperature (which is also the transducer temperature) will stabilize at some 
warmer temperature, depending on the amount of thermal inputs on the antenna. The uniform 
thermalization of the antenna at 100 mK, within 20%. is compatible with a maximum heat leak 
of 10 u.W. Uniform cooling at 50 mK would require an heat leak not larger then 1 u,W. These 
heat leaks also express the required values of the refrigerator cooling power at those 
temperatures. 

3.3 - Cooling times 
The thermal time costant of a bar of mass M. length L, cross section A, density p, 

specific heat c and thermal conductivity K, cooled from one end, is: 

Mc . 2 c 

For a 3 m long Al 5056 bar in the temperature range 4.2K - 0.05K tc is of the order of a 
few hours, indicating a reasonable cooling time. 

Using the measured thermal properties of the antenna material [16] and numerically 
integrating the heat diffusion equation, the exact time dependence of the temperature of a 2300 
kg Al 5056 bar, 3 m long, 0.6 m of diameter, thermally anchored to a dilution refrigerator at the 
middle section, can be computed [21]. The antenna can be supposed initially thermalized at 1 
K. and put, at the time t = 0, into contact with 0.1 K thermal ground. The results of these 
calculations have been reported in refs. 16 and 21: we recall here that six hours are necessary to 
reach 0.110 K and the heal flux is, apart for an initial interval of some tens of minutes, well 
below the cooling power reachable by commercial dilution refrigerators. 

These estimates indicate that the uniform cooling below 0.1 K of a large antenna is 
possible. The cryogenic apparatus must be consequently designed with the main goal of 
reducing the total heat leak to the antenna at the level of few uW. A configuration of various 
intermediate shields around the antenna, at temperatures below 1 K, is useful to cryopump the 
residual gases. As a consequence of the high thermal insulation, the required cooling power of 
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the dilution refrigerator is quite low (as low as the residual heat leak). It is clear that the 
refrigerator has to be specially designed to constitute part of a large cryostat and cool 
intermediate shields. 

3.4 - Thermal contact and mechanical isolation 
The possibility of measuring g.w. amplitudes of the order of 10~21 (which means an 

antenna displacement of the order of 10"'1 m) imposes severe limits on the sources of 
mechanical vibration present in the experimental apparatus. For instance the boiling of liquid 
helium in the cryostat container of the 4.2 K antennae must be attenuated of at least a factor 
10~7 by mechanical filters placed between the helium container and the antenna. In the new 
milliKelvin criostats this noise source is suppressed by the use of several shields below 1 K, 
which constitute intermediate masses for the needed mechanical filters between the noise source 
and the antenna. Only the new source constituted by the refrigerator should become relevant. 

An operating dilution refrigerator works with a circulation of almost pure 3He gas. The 
circulation is sustained by a room temperature leak tight mechanical pump. Bodi the mechanical 
noise of the pump, transmitted along cables and pipes, and the noise due to the 3He circulation 
are carried to the mixing chamber, which is the coldest part and has to be in good thermal 
contact with the aluminium bar. 

The main experimental problem is to provide at the same time an excellent vibration 
isolation and a good thermal link between antenna and mixing chamber. 

The simplest design is that of suspending the bar with the traditional central section cable 
whose ends are thermally anchored to the mixing chamber of the dilution refrigerator (see 
Fig. 1). 

Let us hnd a precise requirement for the refrigerator mechanical noise source 
SR[mHz'1/2], applied at the upper ends of the suspension cable. The resulting excitation of the 
antenna mode of vibration is [22]: 

X 0 = S R Q A X A V - I / 2 

where x0 is the amplitude of vibration of the antenna ends, Q is the quality factor and Av the 
bandwidth of the antenna resonance, A is the attenuation provided by the suspension and X is 
an adimensional factor which expresses the ability of the external vibration to excite that 
vibrational mode and depends on the geometry of the contact between suspension and antenna. 
For instance if we want to observe amplitudes x0 of the order of 10"20 m, it turns out that SR 
has to be kept below I(T19 mHz"1/2 around 1 kHz. 

This appears as the major experimental problem of the third generation detectors. 
In order to minimize SR, the flow of 3He in the heat exchangers and in the mixing 

chamber must be minimized. Low flow causes low cooling power. The resulting indication is 
to use a dilution refrigerator with high cooling power (say of the order of 1 mW at lOOmK) 
when 3He is fully circulating (generally some millimoles/s), so that it still has the needed few 
U.W when set in a minimum flow condition. Moreover the vibrations trasmission can be 
damped using soft multiwires copper braids as thermal paths between the refrigerator and the 
antenna. 
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FIG. 1 - Schematic layout of the dilution refrigerator and its connections to the cylindrical bar 
and to the three copper shields. The shields are suspended each other and are cooled by 
different stages of the refrigerator. The external shield (2090 Kg) is cooled to 1.3 K by the 1 K 
pot, the heat exchanger I cools to about 350 mK the intermediate shield (860 Kg) and the heat 
exchanger H cools to about 180 mK the internal shield (800 Kg) surrounding the bar. The bar 
(2350) Kg is cooled to below 100 mK by the mixing chamber, via the copper cable suspension. 

3.5 
i) 

ii) 

- Feasibility study conclusions 
The cooling of a 2.3 ton Ai 5056 bar, 3 meters long, below 0.1 K temperatures is 
possible using a 3He-4He dilution refrigerator, a cooling power of the order of IOOJIW is 
sufficient to thermalize the bar at 0.1 K in half a day time. 
A multishield configuration at temperatures below 1K is necessary in order to: 
a) reduce the heat leak to few u,W for obtaining the thermalization of the whole bar 

uniformly at temperatures below 0.1K. 
have a sufficient number of intermediate masses for variuos mechanical filters 
needed to isolate the antenna from the noise of the boiling liquid helium. 
allow the refrigerator to work with a minimum 3Hc flow, in order to reduce the 
influence on the antenna of the acoustic noise coming from the heat exchangers and 
the mixing chamber. 

These results determined the design of the NAUTILUS antenna. 

b) 

0 
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4 - NAUTILUS 
In 1986 INFN financed the Rome group project of the ultralow temperature antenna 

NAUTILUS and in 1989/91 the detector was assembled and tested to ultralow temperatures in 
the CERN laboratories 1171. 

In 1992 NAUTILUS has been installed in its operating site at LNF (INFN Laboratori 
Nazionali di Frascati). where it has been placed on a special platform which can rotate for the 
proper orientation of the detector with respect to either an array of detectors or even a fixed 
source. 

NAUTILUS is now ready to start a first period of observations. 

4.1 - The cryogenics 
The general layout of the cryogenic apparatus is shown in Fig. 2 [17]. We recall here that 

the relevant feature of the cryostat is its central section, which is shorter than the cylindrical bar 
antenna itself. This section contains two helium gas cooled shields, the liquid helium (LHe) 
reservoir (2000 liters of capacity), three OFHC copper massive rings and, through the top 
central access, a special 3He-4He dilution refrigerator [23]. End caps are fastened at each stage 
of the cryostct to complete the seven shields surrounding the bar. The shields are suspended to 
each other by means of titanium rods and constitute a cascade of low pass mechanical filters. 
The overall mechanical vibration isolation at the bar resonant frequency (about 900 Hz) is of the 
order of-260 dB. 

The first copper shield is thermally anchored to the 1 K pot of the refrigerator. The 
intermediate and inner shields are in thermal contact with two step heat exchangers of the 
dilution refrigerator; the mixing chamber [24] cools the bar by means of an OFHC copper rod 
wrapped around the bar central section [25]. The thermal path in these cases is constituted by 
soft multiwire copper braids, in order to minimize the transmission of mechanical vibrations to 
the bar (see Fig. I) [26]. We recall here that the bar has a mass of 2350 kg, length of 3 m and 
diameter of 0.6 m. 

Fig. 3 shows the bar temperature during the first cool-down. About three weeks were 
needed to reach 77 K, using 8000 liters of liquid nitrogen, and about one week to achieve 4.2 
K, using about 5000 liters of LHe. We then kept the bar temperature in the range 4.2-8 K for 
about two weeks, to perform various tests. 

When we started the ultralow temperature cooling, we filled the IK pot with LHe at low 
pressure and started to condense and circulate the 3He-4He mixture in the dilution refrigerator. 
After three days the calibrated Ge thermometers indicated a temperature of 95 mK on the bar 
end face and of 63 mK on the mixing chamber. As far as we know, it was the first time that 
such massive bodies were cooled at these very low temperatures. 

The observed features of the cooling agree with the model [21]. From the measured 
thermal gradient between the mixing chamber and the bar end (about 30 mK) we deduce an 
upper limit of 10^W for the antenna heat leak (corresponding to 1.7 u.Wnr2). 

The overall LHe evaporation rate at regime was 50 litres/day. 
We remark that in this run we could not optimize the 3He flow, because of an electrical short in 
the still heater, so that all of the above results were obtained with a reduced refrigerator cooling 
power. We think that a bar temperature of about 50 mK is possible. 
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FIG. 2 - Layout of the NAUTILUS antenna. 
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FIG. 3 - Temperature of the cylindrical box versus time, The arrows indicate the 
main cryogenic operations, described in the text. 

4.2 - Transducer and SQUID amplifier 
NAUTILUS is equipped with a resonant capacitive transducer and a dc SQUID 

preamplifier (see fig. 4), following the electrical measurement configuration developed for the 
EXPLORER detector [12], in operation at CERN. 
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FIG. 4 - Electrical scheme of the experimental apparatus. The vibration of the bar are 
convened into electrical signals by a capacitive transducer, resonating at the antenna frequency 
in order to improve the energy transfer from the bar to the electronics. Bar and transducer form 
a system of two coupied oscillators. The signals are applied to the input coil of a dc SQUID 
amplifier by means of a superconducting transformer, which provides the required impedance 
matching. The output signal from the SQUID intrumemation contains the informations on the 
vibrational state of the antenna and can be properly processed. 
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The vibrations of the bar are convened into electrical sygnals by a capacitive transducer 
resonating in its first flexural mode at a frequency v t equal to that of the bar: vt=vD=916 Hz, in 
order to improve the energy transfer from the bar to the electronics. The transducer is 
schematically shown in fig.4 and has been described in refs [12,13]. In order to have a high Q. 
the transducer is made of the same material of the bar and is very carefully clamped on the bar 
end face. When charged with a constant electric charge q, the voltage v(t) across its plates 
changes with time as the mean distance d(t) between the plates: 

5v(t) = (q/eoS) 5d(t) 

Bar and transducer form a system of two coupled oscillators with resonant frequencies 

v + = v b ( l + * i 1 / 2 / 2 ) 

v_ = vb(l-u.1 / 2 /2), 
where 

*i = W / W> 

is the ratio of the reduced mass of the transducer mt to the reduced mass mb = M/2 of the bar 
The transducer capacity Ct is of the order of 4 $¥, the plates having about 18 cm diameter and a 
gap of the order of 50 fim. The applied voltage is around 300 V, which means an electrical field 
of about 5 106 V/m between the plates. 

The voltage signal 5v(t) needs to be amplified. This is done with a dc SQUID amplifier. 
The dc SQUID is perhaps the most sensitive low frequency amplifier yet invented, at least 

for low impedance sources, and for that reason it plays an important role in g.w. detectors. 
Our dc SQUID, described in refs [12, 27], is a planar device with a multiloop geometry, 

it has very low intrinsic noise and good coupling with the external world. Its inductive input 
impedance is of the order of <aLs - 10 -2 CI, since the input coil has inductance Ls * 1.6 ^H. 
Since the output impedance of the transducer is much larger (1/wCt -5 lO4^), the signals are 
applied to the input coil of the dc SQUID by means of a special superconducting transformer, 
which provides the impedance matching. The output voltage is proportional to the magnetic flux 
across the SQUID. 

The SQUID is biased with a dc current and a signal at the modulation frequency v r a of 
about 70 kHz, applied through a coil. The output voltage is applied to a differential input low 
noise FET amplifier through an LC resonant circuit tuned at v m which provides the proper 
noise impedance matching. This is followed by a lock-in driven at v m whose output V(t) is fed 
back to the SQUID for stabilising its operating point. For monitoring continuously the SQUID 
operation, a reference magnetic field is applied at a frequency v c through the same coil used for 
the moulation. The experiments! wide band noise, expressed in terms of magnetic flux, is 
<|>n - 1,5 10"6 «)>o/ Hz1/2 (unilateral), where $Q= 2.07 10~15 Wb is the flux quantum. 

The output signal V(t) from the SQUID instrumentation contains the informations on the 
vibrational state of the antenna and can be properly processed. 



29 

4.3 - Vetoes 
As a consequenece of its quadrupolar nature, a gravitational wave can excite only the odd 

longitudinal modes of a resonant bar. Then the output of a transducer monitoring the second 
longitudinal mode of the bar constitutes a powerful intrinsic veto, able to discriminate the 
gravitational nature of the excitation. For this reason a second resonant transducer , tuned at 
1800 Hz. with a second SQUID amplifier have been placed at the free end of the NAUTILUS 
bar. 

The detector is completed with seismic, electromagnetic and cosmic rays veto systems. 
The necessity of a cosmic rays detector is due to the fact that extensive air showers or 

energetic single panicles (muons or hadrons) interacting in the antenna may produce signals 
whose rate increases with the increasing sensitivity of the antenna to g.w. [28]. For instance 1 
cosmic ray event per day is estimated for NATILUS having Teff - 1 mK. This rate increase to 
103 when Teff -1 u,K and to 10 if the quantum limit Teff~ tfcöfc/k - 0.1 uJC is reached. 

The veto system consists of two layers of streamer rubes for a total of 102 counters. The 
first layer (6x6 m2) is located on the top of the cryostai. The second layer (6x2.5 m2) is under 
the cryostat. The system detects about 50% of the single track events leaving in the antenna 
more than 10 Gev (corresponding to Teff - 1.5 \iK). For extensive air shower the efficiency is 
almost 100%. 
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FIG. 5 - Planned sensitivity of NAUTILUS to g.w. pulses. It is assumed that the pulse 
consists of one sinusoidal cycle with the frequency reported in the abscissa. On the right we 
report the expected g.w. amplitudes at the Earth corresponding to the conversion of solar 
masses into g.w. isotropically emitted from the indicated distances. 
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4.4 - Sensitivity 
The effective noise temperature in the first run, end 1993, should be of the order of 800 

uK. To obtain a sensitivity near the quantum limit (fraction of uK) requires the transducer to be 
better matched to the SQUID and the SQUID amplifier itself to be of quantum limited 
sensitivity. Intensive work is in progress in this direction. 

In Fig. 5 the pulse sensitivity of NAUTILUS at the quantum limit is shown. 

5 - FUTURE DEVELOPMENTS 

5.1 - The quantum limit problem 
It has been realized that the quantum limit is not a limit at all [29]. This limit arises 

because of the way in which we make our measurements. It arises because we measure using a 
pair of quantum-mechanically conjugate observabtes. These are conventionally denoted Xj and 
X.2- Since they are conjugate, the maximum sensitivity is limited by the uncertainty principle 

AX,AX2> H/ma> 

Usual linear devices lead to the quantum limit, because they measure Xt and X2 

symmetrically. The uncertainty in each variable is equal and AXj=AX2=(h7m(i>)1/2. 
If a phase sensitive transducer is used, sensitive to X} but insensitive to X2, then the 

uncertainty principle is satisfied for AXj«AX2. A signal is then observed by making high 
resolution measurements of Xj, and the resolution can allow the detection of energies less than 
Hco. Back action forces (which in fact can be used to illustrate how the uncertainty principle 
arises) feed into the unmeasured X2 coordinate, while observing Xj. 

The development of the so-called "quantum non demolition" (QND) devices involves a 
major technical effort. 

In order to push the NAUTILUS sensitivity towards and possibly beyond the quantum 
limit, new non linear schemes of amplification and electromechanical transduction are currently 
under investigation. 

5.2 - Gravitational wave observatories 
It is crucial for the unequivocal detection of g.w. that various antennae of comparable 

sensitivity and bandwidth operate in continuous and well coordinated coincidence. This is also 
necessary for a complete reconstruction of the incoming g.w., i.e. the determination of 
amplitude, polarization and direction of propagation of the burst. 

Proposed strategies of detection involve the use of an array of 6 properly oriented 
ultracryogenic bars to recognize the distinctive properties of the Riemann tensor of the 
gravitational perturbation [30]. 

It is natural to plan in the near future coincidences between NAUTILUS and the ultralow 
temperature antennae AURIGA, in preparation at LNL, and the one in preparation at Stanford 
University. 

At present the advantages of an omnidirectional g.w. observatory constituted by two 
spherical resonant detectors are under study. 
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The future operation of the large interferometric g.w. antenne UGO and VIRGO, which 
sensitivities extend to low frequency down to 10 -100 Hz, opens interesting perspectives of 
measurements in coincidence between complemetary detectors: resonant and non resonant 
antennae. 
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1 The experimental apparatus 
The bar detector is, typically, a metallic cylindrical bar, usually of high quality allu-
minum alloy. The mass of the bar needs to be as large as possible in order to capture 
the largest possible energy from the impinging gravitational wave (g.w.). When the 
bar is hit by a g.w. it starts to vibrate at those resonance modes that are coupled to 
the g.w. The vibrations of the bar are usually observed at its first longitudinal mode, 
with frequency v0 = nv/L, where v =5400 m/s is the velocity of sound in alluminum, 
and L is the bar lenght. 

The Explorer detector of the Rome group [1] is a 3 meter long bar, weighing 
about 2300 kg, and with u0 about 900 Hz. The vibration £(t) of the bar's end 
face is converted into an electrical signal by an electromechanical transducer with 
characteristic constant a. The electrical signal from the transducer is amplified with 
a wideband very low noise SQUID preamplifier. The detector has actually more than 
one resonance frequency. When using a resonant electromechanical transducer there 
are two resonance frequencies: 

v-+ = v*(l± ^pj (1) 

where fi («C 1) is the ratio of the transducer and the bar masses. 
The output signal V(t) from the Squid instrumentation is processed by means of two 
different procedures (Fig. 1): 
1) it is filtered with a bandpass filter with flat responce in the frequency range (902 — 
926) Hz, that includes both the resonance frequencies of the apparatus i/_ and v+. 
2) it is sent to four lock-in amplifiers. A lock-in amplifier extract the Fourier com
ponents of the input signal at a chosen frequency. The two output signals of each 
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lock-in are proportional to the real and imaginary part of the complex oscillation of 
the observed antenna mode. 

The data processed with lock-ins may be sampled at a relatively slow rate, related 
to the lock-in actual bandwidth rather than to the frequency of the carrier wave. 
The lock-in amplifiers demodulate the signal at the frequencies of the two resonance 
modes, i/_ and i/+, at the frequency of the calibration signal, that is a signal we use 
to monitor the gain of the SQUID, and at a frequency, say ~ 909 Hz , that provides 
information on the wideband noise in the region between the two modes. 
The experimental apparatus includes also auxiliary signals, that we may use as vetoes 
in the data analysis. There are two seismic sensors, one at low frequencies and the 
second one at the antenna resonance frequency, and a magnetic field sensor. These 
sensors monitor the environment of the laboratory. Another signal is the output of 
the antenna seen through the SQUID instrumentation and bandpass filtered between 
20 and 70 Hz, that is the range of the mechanical filters used in the suspension of the 
antenna. There are also some vacuum and cryogenics sensors. 

2 Data acquisition 

The Data acquisition system of the Rome group antennas is handled by a /tVax, 
operating under Vms, equipped with an ADC card with 16 input (DEC ADV11-D) 
and with an IEEE-488 card (DEC IEQll), to control the instrumentation. The /*Vax 
is connected to the international network, and then it can be remotely operated. The 
DAGA2 acquisition system manages all the aspects of data acquisition, storage and 
performs also on-line analysis that represents a very important task, expecially for 
diagnostical purposes. 
AU the programs are written in Fortran and DCL. In the future we plan to use Digital 
Alphastations, operating in Open Vms whose velocity should be of the order of 163 
Specmarks (1 Specmark ~ 1 Mips), that is more than twenty times the actual (about 
5 Specmarks on the Explorer and Nautilus computers). 
The Timing problem is of basic importance in our experiment and it has two différ
ents aspects: absolute timing and uniform sampling. For the absolute time determi
nation we record in the data the /zVax time. The computer internal clock is corrected 
every half an hour by means of a radio controlled clock, the swiss time signal HBG 
(in the near future we will use GPS, the global position system). The quality of the 
timing is continuously checked by comparing the information from the two clocks. 
The time accuracy that we obtain with this cross-check method is of the order of the 
sampling time, that is actually 4.5 ms (with the new Vax stations we plan to sampling 
the data at 0.2 ms). The sampling time is obtained for the Explorer detector by di
viding digitally the frequency 5MHz of a Rubidium clock. The data of the channels 
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processed by lock-in are then subsampled in software before being recorded, at a rate 
of 0.29 s. Also the data from the auxiliary channels are subsampled at the same rate. 
We will refer in the following to the two different data processing as the "fast" and 
"slow" data. 

3 Data analysis 

One of the most important goals in the gravitational wave research is to detect the 
very short burst due a gravitational collapse. A short burst is a signal that we may 
model in the analysis as a 8 function and this is possible if its time duration r9 is very 
small compared with all the time constants of the apparatus, including the sampling 
time (you may note that this is very different in the "slow" and in the "fast" data). 
Fig.2) shows the expected response (in the absence of noise) of the bar to a burst 
signal. The burst amplitude is h and its time duration rg. The displacement of the 
bar end face is: 

((t) = — e~t/T* ff(u>o)sin(a>oi)sin26cos2<f> = ^ e ~ t / r ' sin(a>0t) (2) 
7TZ 

where H(ur0) ~ hrg is the Fourier component of the burst at u>o, TV = - ^ = l/(3\ 
is the relaxation time (Q is the merit factor), B is the angle between the incoming 
wave and the bar axis and <f> is the angle between the wave polarization plane and the 
bar axis. There is an oscillating term at the resonance frequency and a decay term. 
Actually for the Explorer detector the decay time is of the order of 2000 s, that is 

(3i = uo/[2Q) ^ 1/2000 rad/s 

It is interesting to go back to the general scheme of the apparatus (Fig. 1) to evaluate 
what would be the value (expressed in Volt) of the signal in the various points of the 
chain if a Supernova explodes in Galaxy converting into g.w. 0.01 of a solar mass (that 
is quite optimistic). Table I gives these numbers and also the comparison between the 
signal we would have after the SQUID instrumentation and the level of the brownian 
noise apparatus. If the bar temperature is T = 2 K then the brownian noise level is 
comparable to the signal (both of the order of 40mV). If the Supernova explodes in 
Virgo than the signal decreases of a factor 1000. 
The noise in the detector is due to the brownian noise of the mechanical oscillators, 
related to the thermal bath of the antenna environment, and to the Squid and asso
ciated instrumentation, that contributes a flat (in theory) noise spectrum and also 
heats the antenna with a backaction force, which adds up to the Nyquist force and 
increases the brownian noise to an equivalent temperature level Tt. 
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Fig-3) shows a power spectrum, obtained with two hours of the Explorer recorded 
data, during October 1991. The frequency range is (900-927.5)Hz. The wideband 
noise level is in this case of the ordeT of 2 • 10-6$o/\j{Hz). We hope in the future to 
reach a level lower than this of one order of magnitude. In the graph it is possible to 
observe the two resonances and the peak due to the calibration signal. The variance 
of the brownian resonant noise is ~ 10~4$Q, for both the resonances. In addition 
to the fundamental noise that we may model, there may exists some excess noise of 
nonstationary nature, which shows up as pulses or as spurious resonance peaks. 
Fig.4) represents the two squared lock-in outputs for the minus and plus modes, over 
a period of time of ~ 87^. This graph is interesting because it shows what it could 
be a real event, in the presence of relatively high noise of mechanical (brownian) and 
electronic (wideband) origin. The arrow shows a "signal". This is a very big signal. 
Is is possible to note, and this can be exactly demonstered, that the noises of the two 
modes are not correlated, while if a burst signal is present (which may be completely 
imbedded in noise and cannot be observed without a proper data filtering) it appears 
in both the resonant modes. In the next section I will show how this signal appears 
after a proper data filtering. 

4 Data filtering 

The best estimation of an input short signal, modeled as a 8 function, whose efLct is 
to modify the vibration status of the observed mode, is obtained by using a Wiener 
filter. I will describe now the filtering of the data of the "slow" line, that is with 
the data processed by means of lock-in amplifiers. With this configuration the two 
resonant modes are observed and filtered separately. If we consider the data after the 
lock-in amplifiers it is possible to show [2] that the system can be represented with 
the equivalent model given in Fig.5), where Suu is the narrowband noise spectrum at 
the resonance frequency and 50 is the wideband noise spectrum observed sufficiently 
far from the two resonance frequencies. W\ — &\l(fi\ + ju>) represents the transfer 
function of the mechanical oscillator, as seen through the lock-in amplifier, and W2 = 
@il{@i + jw) represents the filtering action of the lock-in. 

In the absence of signals and of non-Gaussian disturbances the two outputs of the 
lock-ins are Gaussian variables (the noise, both thermal and electronic, has Gaussian 
distribution with zero mean). If x{i) and y(t) are the two output components of the 
lock-in, we usually consider the quantity 

r(t)=[x\t) + y>(tf2 

whose square represents the energy of the antenna's resonant mode. The variable 
r2(t) has exponential distribution with mean value Te. 
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The estimation of the two components of the input signal is obtained by filtering each 
of the two streams of the samples x(t) and y(t) with the transfer function [3] 

where (33 ~ /3i/T* defines the overall bandwidth of the detection system (i.e. in
cluding the filter), T = SQ/S^ is the spectral ratio, typically «C 1 (actually in the 
Explorer detector it is of the order of 10 -7). 

This bandwidth is much larger than the mechanical bandwidth of the antenna 
oscillator (03 » &), as can be simply understood noticing that the bar responds 
in the same way to an excitation due to the g.w. and to the brownian noise and, 
therefore, its bandwidth is limited only by the noise of the electronic amplifier. 

In the filter transfer function l/Wi Wi is an inverse filter that cancels the dynamics 
of the antenna, and /3f/(/3f + u?2) is a non causal smoothing filter, that minimizes the 
contribution of the wideband noise. 
Losses of performances of the filtering may derive from an imperfect knowledge of 
the parameters required for building the optimum filter, from the effect of time vari
ations of these parameters and also from a possible inadequacy of the model used to 
represent the noise (assumed as the superposition of two Lorentian curves and a flat 
spectrum). To avoid these problems we use adaptive filters, whose parameters are 
derived from the estimation of the actual noise spectrum of the data and are there
fore periodically updated. However, when using this procedure, we must perform a 
spectrum estimation and a very critical point results to be the nonstationarity of the 
data during the period used for estimating the spectrum. Typically we upgrade the 
filter every two hours [4]. 
The method discuiied in this section applies to the "slow" data. In general, if we 
want the optimum filter for the "fast" data it must be clear that the optimum filter 
transfer function will be different, but the basic philosophy doesn't change. 
Another approach to an adaptive optimum filter consists in applying the theory of 
the matched filter (both to the "slow" and "fast" data). A matched filter aims at 
detecting the presence of a signal of a given and known shape in the presence of noise, 
and at determining the time of occurrence t0 by maximizing the signal-to-noise-ratio 
at the time to- If S( ju>) is the Fourier transform of the system responce to an input 
S burst and if N(u) the estimated noise spectrum, then the matched filter transfer 
function is: 

W m / f » = K S"(ju)/N(u,) (4) 

where K is a constant determined by calibrating the filter. It is possible to show 
that the matched filter, aimed at detecting the responce to a S input function, is 
equivalent to the Wiener filter, in the sense that they have the same transfer function. 
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frequency domain. The filter is applied to the data by multiplying its transfer function 
by the Fourier transform of the data. The output is then obtained by performing the 
inverse Fourier transform. 
The overall sensitivity of the apparatus for short burst detection, obtained by means 
of optimum filters, is usually expressed by the effective notse temperature 

TeSf ~ 4TeVf (5) 

kTeff is the minimum detectable energy, with signal-to-noise-ratio (SNR) equal 1. 
Fig.6) represents the results of the filtering of the data shown in Fig.4). The first 
graph has been obtained with the optimum filter applied on the "slow" data at the 
u+ resonance. The second one with the optimum filter applied on the "fast" data. 
The energy of the i/+ event is ~ 0.25#, that is h ~ 4 • 10" ld. This means that if this 
event were due to a gravitational collapse in Galaxy then the energy converted into 
gravitational wave were ~ 0.01 of a solar mass. It is necessary to point out that using 
the "slow" data we process the two modes separately and then we have to combine 
properly the information that they both provide. We usually combine the two mode 
outputs in a single stream by selecting, at each time of the discrete sequence, the 
minimum of the two outputs. For short bursts of the incoming gravitational radiation 
we expect the energy in both the modes be approximately (because of the noise ) the 
same. The information provided by the "fast" data is quite different, because it is 
equivalent to an average of the contribution of both the modes. In absence of noise 
and of time discretization effects for a very short input event we expect both the 
"fast" and "slow" filtered data have exacly the same energy. 

5 The bandwidth for the resonant antenna 

As shown in the previous section, the bandwith of the resonant antennas is limited 
only by the noise of the electronic preamplifier, because the bar responds in the same 
way to the excitation due to the g.w. and to the browr^an noise. Fig.7) has two 
different curves. The first one represents the brownian noise, obtained with : 
T = \.1K ; M = 2300fc$ ; Q = 107 ; Teff = A.SfiK. This Ttff level is what we aim to 
obtain in the future with the Nautilus detector. The second curve is the bandwidth 
obtained after optimum filtering on a burst signal and it represents also the SNR for 
a monochromatic wave detection, as a function of the frequency of the wave [5]. The 
bandwidth for the mechanical oscillator is : 

VQIQ = ( f t /* ) = 9-2 • 10 - 5 Hz (6) 
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The overall bandwidth of the detector is : 

(u0/Q) • T/Tm„ = (A/2x) = 320 Hz (7) 

Note that the bandwith can be very large, but this is done at the expenses of the sen
sitivity: if we reduce the temperature 7\ then 7^// also decreases but the bandwidth 
becomes smaller. 
For Explorer in 1991 the overall bandwidth was ~ 1Hz. This shows that in order to 
reach our goal we have still a lot of work to do. 

6 Experimental results 
We have applied both the filtering procedures to the Explorer data from 19 June to 
16 December, 1991. We have limited the analysis to this period because from June 
1991 the data were in coincidence with the data of the Lousiana Allegro detector. We 
excluded from the analysis the data recorded during the tests, the cryogenics refillings 
and the data with clear signs of unproper functioning of the apparatus. Then we have 
used a procedure for cleaning the data, by the use of the auxiliary channels as vetoes. 
The effective number of days is 122 days, that is a duty cicle of 67%. In the future 
we plan to have duty cycles ~ 90%. 
The sensitivity with both the optimal filters is: 
"slow" data @290ms : Ttff a 8mK, that is h ~ 7.1 • 10" 19 
"fast" data 8 4.5ms : Teff ~ &mK, that is h ~ 6.2 -10" 19 

7 Coincidence analysis 
Due to the presence of noises of unknown origin it is not possible to reveal the presence 
of a real g.w. signal without performing a coincidence experiment between the data 
of at least two different detectors. Using one detector it is only possible to establish 
an upper limit on the rate and strenght of the g.w. reaching the Earth during the 
observation time. 
During 1991 the Explorer and the Allegro (Lousiana State University) detectors op
erated simultaneously. Each group performed its own data filtering, to reveal a 8 
burst and the event lists were exchanged. An event is defined by a threshold crossing: 
each time the filtered data have energy greter then a fixed level we have an event 
(characterized by the time of the maximum, the starting time, its time duration and 
its energy). We exchanged data with energy thresholds at lOOmüf for the Allegro 
detector and 80mK for the Explorer detector, but until now we have performed the 
coincidence analysis only for those events with energy greater than 200müf. For our 
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detector we have only used the "slow" data (because the "fast" filtering only recently 
has been completed ). The number of events are NL™. = 2440 and Arflome = 264. The 
difference is due to the different sensitivity level of the detectors at that time, but 
we have to remark that the actual sensitivity of the Lousiana detector is of the order 
of 5-6 mK and that Explorer has been inactive for a long period after 1991 and has 
actually a sensitivity ~ lOmK. The result of the coincidence analysis for the 1991 
data is that no coincidences were found within a coincidence window of ± 1 s, at the 
energy threshold of 200mK. 
This means that, for example, the very big event of Fig.6) was not due (or at least 
seem not to be due...) to a g.w. We have chosen this coincidence window in agreement 
with the Lousiana group. It is interesting to point out how to perform a coincidence 
analysis between two different detectors. The standard formula to calculate the ex
pected number of accidental coincidences is 

nezp = Ni Ar
2 wlU, (8) 

where u; is the coincidence window, t„f,t is the observation time and A7!, A^ the events 
number of each detector. It is possible to use the Poissor statistics to evaluate the 
probability of a given result to be accidental, but the Poisson statistics applies only 
if the entire process is stationary. We prefer to estimate the probability by using 
the method of the "shifted coincidences". We find n,{8i) coincidences shifting all the 
occurrence times of one of the two data series by a given amount of time H . Then 
we repeat this operation N times and we determine how many times m 

n,{H) > nc 

nc are the "real" coincidences, that is the coincidences we have with 6t=0. 
The experimental probability that nc be accidental is then 

p = m/N 

and it is equal to the Poisson probability if the process is stationary. 
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Supernova in Gala-tv; 1 % Mo in g.w. 

Bar vibration amplitude 310*18 m 

Transducer vibration 510*16 m 

Voltage signal (o= 107 V/m) 510-9 V 

Magnetic flux in SQUID 310-19 Wb 
1.510-4 Oo 

Tank circuit output 500 nV 

FET amplifier output 200 [LV 

Lock-in output 200 îV 

PAR amplifier 40 mV 

Brownian noise (T=2 K) 40 mV 
(T=0.02 K) 4 mV 
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Cryogenic aspects of cooling large masses to miUikeb in temperatures: 
application to a 100 ton 10 mK spherical gravitational wave detector. 

Giorgio Frossati 
Kamerlingh Onnes Laboratory, Leiden University, PO Box 9506, 2300 RA Leiden. 

The Netherlands 

Abstract 
Large metallic cylinders of several tons of mass have been cooled to 
liquid helium temperatures and recently have been cooled to 
T - 100 mK leading to the most sensitive gravitational wave detector 
(NAUTILUS). The sensitivity is still not enough to detect waves from 
distances so large that the number of events would be several per year. 
Cooling spherical detectors of mass around 100 ton to temperatures 
around 10 mK could achieve this goal. 

INTRODUCTION 

The main motivation of cooling very large masses to extremely low temperatures, at present 
is to build gravitational wave (g.w.) telescopes using resonant masses (Weber detectors). 

Gravitational waves were predicted by Einstein in 1916, in the framework of his 
General Theory of Relativity, but they have never been detected despite intensive efforts of 
many experimental groups in the last 30 years.[l] One of the reasons is that only accelerated 
masses possessing a quadrupole moment can give rise to g-waves since the time derivative of 
the dipole moment d ^ m ^ , (where i labels the particle of mass raj and position Xj ) 
represents the total momentum of the system, which is conserved. The power radiated has 
thus a term in 1/c5 instead of 1/c3 as for electromagnetic waves. As an example, [1] a 
cylindrical steel bar of 1000 ton, 100 m long rotating at the largest possible speed before 
breaking (co = 20 rad/s) around an axis perpendicular to the axis of the cylinder would emit 
1Q-26 w. This is an extremely small value, but could still be detected, eventually, if we had a 
detector which could absorb all the energy emitted. Unfortunately the cross-section of even 
the best detectors is extremely small. For those acquainted with low temperature problems 
this is easy to see since this is analogous to the Kapirza resistance problem. In fact Einstein's 
equations are similar to the equations of elasticity in common materials, except that the spring 
constant c 4/8 n G has dimensions of force instead of force/length. Here G is the gravitational 
constant G = (6.6720±0.0041)x l O ' ^ r a ^ K g and c is the speed of light As D.Blair 
discusses in his book [1] the space-time continuum can be seen as an extremely rigid elastic 
body (since the "elastic constant" is of order lO^N), where the g-waves are like sound waves 
propagating at the speed of light. The characteristic impedance pv/a of a solid to a sound 
wave (where o is the area facing the wave), can be assimilated to c3/G for space-time. For 
liquid helium and copper, the ratio of the impedances is (pv)cu/(pv)ne = 1.8 x 103 . while 



that between space-time and copper is of order 1028. This means that g-waves go unimpeded 
through ordinary matter. Transferring energy from these high velocity "phonons" to a massive 
antenna is thus very inefficient, the cross section being 2^ = 0.68 GV2M/TCC5 (for a wave 
coming in the optimum direction [2]) where v is the speed of sound in the detector material 
and M is the mass of the detector. The cross-section of present detectors, with masses around 
2 tons and sound velocities of order 5 km/s is thus limited to about lO^n^Hz. Supposing we 
have a detector of that size tuned to our rotating bar. the power absorbed would be of order 
lO'^x 10*26=10~51W which is a ridiculously small number corresponding to the power 
absorbed in the detector due to one (3 Hz) quantum every 1011 years! 

For the above reason only gravitational waves of cosmic origin like supernovas, 
coalescence of double stars, trapping of stars by black holes, etc. are candidates for emitting 
gravitational waves detectable on earth. The frequency of such events is very low in our 
galaxy. Supernovas are expected every 30-40 years while binary coalescence might happen 
once every 100.000 years. If a large black hole exists at die centre of the galaxy it might trap 
a star every 1.000 years [3]. We see that much larger volumes of space must be explored if 
gravitational waves are to be detected. Events from the large Virgo cluster situated at 
10-20 megaparsec (1 Mpc-3.6 million light-years) which has about 2.500 galaxies are the 
preferred target, since there should be several events per year. 

Two types of antennae have been developed in the last 20-30 years. The Weber 
antenna and the laser interferometer antenna [1]. Both use the fact that g.w. deform the metric 
tensor h so that matter interacting with the wave is subject to strain in the direction 
perpendicular to the propagation of the wave. Such strain h = AUL is very small due to the 
small interaction cross-section of the wave with matter. A supernova collapse in the centre of 
our Galaxy (10 Kpc) with 0.1% of one solar mass being converted in gravity waves should 
produce a strain h ~10*18 on Earth. 

The interferometer antennae use very long-arm interferometers with relatively heavy 
mirrors reflecting laser light which goes back and forth many times so as to produce a very 
long effective L. Such antennae have great potential sensitivity and wide band capability 
(~ lKHz) but for the moment are still quite less sensitive than Weber antennae. By the turn of 
the century the VIRGO (3 km) and LIGO (4 km) interferometers should be ready widi strain 
sensitivities around 10"20, if the enormous problem of low frequency damping, high vacuum, 
laser stability, long term operation, etc. are solved. 

The Weber antennae [4] are made of high quality-factor materials (Q is usually several 
million) suspended so as to damp as much as possible the external vibrations at the resonant 
frequency. Nowadays the bars are cooled to decrease the brownian noise. When the wave 
passes through the antenna, in a few milliseconds, it induces a (quadrupole) vibration which 
lasts for a time of the order of Q/co. The vibration energy is transferred to a detector, a much 
smaller mass (or masses) attached and tuned to the bar frequency which thus vibrates with a 
much larger amplitude. This motion is detected in many ways, either capacitively [5,6,7,8] or 
inductively [9,10,11,12] or even optically using a Fabry-Perot transducer [13,14,15]. One of 
me electrodes of, say, the capacitor is the small mass transducer, with the larger displacement 
amplitude, while the other electrode is fixed to the bar and moves with the same amplitude as 
that of the bar (Fig.l). The capacitor is charged and the modulated voltage sjgnal is detected 
with a state-of-the-art superconductive quantum interference device (SQUID). The resonance 
frequency of the bar is chosen to be the most probable for the predicted wave, typically a 
pulse of increasing frequency with most of the energy being emitted in milliseconds at a few 
hundred to a few thousand Hertz [1.2,3]. 
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Fig. I Electrical scheme of a capaciave transducer. The vibrations of the bar are convened 
into electrical signals by a capacibve transducer, resonating at the antenna frequency in order 
to improve the energy transfer from the bar to the electronics. Bar and transducer form a 
system of cwo coupled oscillators. The signals are applied to die input coil of a dc SQUID 
amplifier by means of a superconducting transformer, which provides toe required impedance 
matching. The output signal from the SQUID instrumentation contains the informations on 
the vibrational state of the antenna and can be properly processed. 

Schematic views of Stevenson's silicon inductive transducer (paik type) and associated 
electronic circuit are given in Fig. 2 and 3 [12]. 
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Fig. 2 The prototype silicon-niobium thin film transducer design. The silicon diaphragm is 
bonded to the silicon slug either with an Al/Si eutecne bound, an epoxy adhesive, or else with 
some other technique 



52 

ext 

Col Heat 
i Switch i 

5x 

SQUID Heat 
I Switch I 

WW- 1 

a. 

Fig. 3 The equivalent electrical circuit of the Paik transducer showing the charging current 
supply and beat switches necessary for storing current in the coil loop but not in die SQUID 
input loop. 

Increasing the number of resonating masses increases the sensitivity and the band 
width at the cost of added complexity. A three mode optical scheme is shown in Fig. 4 [15] 
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Fig.4 Layout Richard's optical transducer 
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The need for low temperatures in such gravitational wave detectors was clear since 
the 60's. when Weber operated a separated pair of room temperature g.w. antennas in 
coincidence. In fact the ultimate sensitivity which can be achieved with a resonant mass g.w. 
antenna can be written in terms of the energy spectral density f(v0) of the g.w. burst: 

/w>i; if kT \ 

(i) 

The mass is resonant at v0 with quality factor Q and temperature T. It is assumed that 
the motion is detected by a transducer whose electrical energy is a fraction (3 of the total 
antenna energy and is amplified with an electronic device of noise temperature T3. Most 
groups throughout the world use cylindrical bars made of the high Q aluminium alloy 
Al 5056 (vs=5.1 103 m/s), whose length, of about 3 m. is fixed so as to resonate at a 
frequency co0 around 1 kHz, where the signal spectral energy density is expected to be largest. 
The typical mass is about 2 tons. 

In equation (1) the first term on the right represents the noise due to the thermal 
fluctuation in the antenna (brownian noise). The rate of fluctuation is related to coupling 
between the fundamental mode and the thermal reservoir. This coupling itself determines the 
acoustic loss of the bar. Thus the effective noise energy reduces as the relaxation time x (or 
the quality factor Q) increases. The discovery that at low temperature it is possible to take 
advantage of the steep increase of the quality factor Q for aluminium alloys [16,17] convinced 
most of the experimental groups to use this material. 

The second noise term in equation (1) is due to the measurement process itself. It 
is due to the electronic noise of the transducer and amplifier. This noise has the familiar 
Nyquist form as experienced in most areas of electronic instrumentation. Josephson effect 
SQUID amplifiers, whose noise temperature can in principle approach the quantum limit 
(Tn = hv/k = 47 x 10"9 K at 1 kHz), are very important to g.w. antennae. 

One can classify the different generations of Weber antennae by their thermodynamic 
temperature. The room temperature antennae developed by Weber in the '60s are said to be of 
the first generation. The 4.2 K cryogenic detectors developed in the 70s and operational in 
the '80s are of die second generation. In 1986 three of such cryogenic detectors (Rome, LSU, 
Stanford) have set a new upper limit on the intensity of the g.w. reaching the Earth [18]. In 
1989 the Rome antenna Explorer, cooled at 2K with superfluid helium, reached the 
>?nsitivityof/2-7x 10'19[19]. 

ANTENNAE OPERATING BELOW IK 

In order to further reduce the effective temperature of the antennae, striving to reach the 
quantum limit of sensitivity it was suggested to cool them to millikelvin temperatures, by 
W. Fairbanks and his group. They considered cooling the antenna to 2 mK using electronic 
demagnetization of the well known paramagnetic salt CMN (Cerium Magnesium Nitrate) [20]. 
This was never done and it is only with the development of powerful dilution refrigerators 
that cooling tons of metal became possible. The first group to succeed was the Rome group 
with their NAUTILUS antenna [21], They demonstrated for the first time that a 2.3 ton mass 
can be cooled to below 100 mK. It will soon be followed by the AURIGA detector at the 
LNL (INFN-Legnaro) and the Stanford University detector. These antennae belong to the 
third generation. 
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Potentially NAUTILUS could reach a sensitivity of 3 x 10"21 when cooled to 30 mK 
with a SQUID amplifier working at the quantum noise limit. The strain on Earth caused by an 
event in the Virgo cluster with 0.1% of a Solar mass being converted into a gravitational wave 
pulse is - 2 x 10"21. corresponding to an energy density at 1 KHz f(v0) = 3 x 10*6 J/m2Hz. The 
cross-section of NAUTILUS for the best possible wave orientation is I 0 = 8.44 x lO'^n^Hz). If 
one averages over all polarisations and over all directions the cross-section is decreased by a 
factor about 7.5. The energy absorbed in the antenna, given by f(v0)lQ is only 3.4 x 10"31 J 
which is less than one quantum at 1 KHz. Further increase in sensitivity requires quantum 
nondemolition techniques, now understudy [22]. 

SPHERICAL DETECTORS (FOURTH GENERATION WEBER DETECTORS) 

R. Forward [23] first suggested a spherical detector as a true g.w. observatory. A free elastic 
sphere has 5 degenerate quadrupole modes of vibration interacting strongly with a g.w. A 
cylindrical bar has only one mode. Each mode can act as a separate antenna oriented towards 
a different polarization and direction. The source direction and wave polarizations can be 
determined from the amplitudes of the quadrupole modes of the sphere. Moreover comparing 
a sphere to a cylindrical bar of the same material and same resonant frequency (this condition 
is roughly given by die equality: length of the bar = diameter of the sphere), the sphere has a 
larger cross section because it has a larger mass and because it is omnidirectional [24]. For 
instance, an aluminium sphere resonating at 1 kHz like die NAUTILUS cylindrical bar, has a 
diameter of 3 m and a mass of almost 38 tons, a factor 17 more than the typical bars. The 
cross section improves by the same factor with respect to the optimally oriented cylinder and 
about a factor of 100 if averaging over all directions. 

Since the technical feasibility of reducing the noise and approaching the quantum limit 
appears independent of whether the detector is a bar or a sphere, the above improvement in 
cross section is to be found in the final sensitivity. This means that if the sensitivity of a 
quantum limited cylinder, optimally oriented, is h = 3 x 10"21, the sensitivity of the sphere is 
h = 3 x 10'22 whichever the source direction, since h is proportional to M1/2. If instead of Al 
one were to use a heavier alloy like CuBe or CuAl provided the sound velocity were about the 
same, one could gain further a factor 1.7 in h, going to about 2 x 10"22 without having to rely 
on quantum-nondemolition techniques. A spherical detector can detect in a very natural way 
not only the tensorial waves (spin 2) predicted by general relativity, but also the scalar waves 
(spin 0) predicted by the other metric theories of gravitation, like the theory of Brans and 
Dicke [25]. The scalar radiation is not excluded by the upper limits imposed by solar systems 
experiments. This type of radiation could be emitted by rime variations of the source monopole 
moment, like in the radial oscillations of vibrating neutron stars, and should be detected by 
monitoring the excitations of die monopole mode of the sphere. 

These facts were ignored for many years, perhaps because a spherical resonator was 
not considered practical and simple as a cylindrical bar. New facts give today to the 
experimentalists the necessary confidence to start such an ambitious project: 

-die reliability reached by the cryogenic resonant antennas; 
-the feasibility of the cjjoüag to below 0.1 K of the new generation of resonant 
antennas, demonstrated by NAUTILUS; 

-the feasibility of a nodal point suspension to support a large resonant mass [26]; 
-the determination of a clear method for the oriemational deconvolution of the signal 

from a set of transducers coupled to a spherical resonant mass [27] 
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The problem remains of developing transducers with lower noise temperature (at 
present about 1 mK) and larger coupling (5 

CRYOGENICS OF LARGE-MASS G.W. DETECTORS: THE NAUTILUS 

The peculiar problem of a cryogenic g.w. experiment is to put a large resonant mass at the same 
rime in good thermal contact but in very poor mechanical contact with an effective and long 
autonomy cooling source. Besides the 4.2 K cold bath another cold source must be provided 
for ultracryogenic antennae. As we said before the only refrigerator able to maintain 
temperatures down to 10 mK continuously even in die presence of large thermal inputs is 
die 3He-4He dilution refrigerator (D.R.)[28]. The most powerful D.R.'s in the range of 
50 mK and below (down to 1.9 mK) have been built at the Kamerlingh Onnes Laboratory 
and can absorb 25 U.W of heat applied outside the mixing chamber [29], at a temperature 
of 10 mK with circulation rates up to i0"2 mol/s. 

D.R.'s are themselves sources of noise. Care must be taken to design them so as to 
minimize effects of turbulence and friction of the moving fluids. One should use the minimum 
flow compatible with the heat leak on the antenna and shields. As the temperature decreases 
below 1 K, the most effective heat transfer mechanism between the antenna and the cooling 
source becomes me conduction by solid. This makes the mechanical isolation from the 
cooling source of an ultralow temperature antenna a much more difficult task than for an 
antenna at liquid helium temperature. The details of the first ultracryogenic antenna, 
NAUTILUS, are described by E. Coccia in his paper presented at this conference. We will 
remaind here the relevant features. 

The general layout of the cryogenic apparatus is shown in Fig. 5 and 6. The central 
section contains two helium gas cooled shields, die liquid (He) reservoir (2000 liters of 
capacity), three OFHC copper massive rings and, through the top central access, and a 
3He-4He dilution refrigerator [30]. End caps are fastened at each stage of the cryostat to 
complete the seven shields surrounding the bar. The shields are suspended to each other 
by means of titanium rods and constitute a cascade of low-pass mechanical filters. The overall 
mechanical vibration isolation at the bar resonant frequency (about 900 Hz) is of the 
order of-260 dB. 

The first copper shield is thermally anchored to die 1 K pot of die refrigerator. The 
intermediate and inner shields are in thermal contact with two silver heat exchangers of the 
dilution refrigerator; the mixing chamber [31] cools the bar by means of an OFHC copper rod 
wrapped around the bar central section. The thermal path in die above cases is constituted by 
soft copper braids, in order to rninimize die transmission of mechanical vibrations to die bar [32], 

Fig. 7 shows the bar temperature during the cool down. About tfiree weeks were 
needed to reach 77 K, using 8000 liters of liquid nitrogen, and about one week to achieve 
4.2 K using about 5000 liters of helium. The bar was kept at a temperature in the range 
4.2-8 K for about two weeks, to perform various tests. Then the ultralow temperature 
cooling was started. The initial temperatures of me bar and of the three copper shields were 
at about 8 K. After filling the 1 K pot with helium at low pressure the mixture was condensed 
and circulated in die dilution refrigerator. After three days die calibrated Ge diermoroeters 
indicated a temperature of 95 mK on the bar end face and of 63 mK on the mixing chamber. 

From me measured thermal gradient between die mixing chamber and die bar end 
(about 30 mK) around 10 jiW for die antenna heat-leak (corresponding to 1.7 ju.W/m2) was 
deduced. The overall helium evaporation rate was 50 litres/day. 
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From the measured thermal gradient between the mixing chamber and the bar end 
(about 30 mK) around 10 |iW for the antenna heat-leak (corresponding to 1.7 nW/m2) was 
deduced. The overall helium evaporation rate was 50 litres/day. 

Fig. 5 Layout of the NAUTILUS anteima 
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Fig. 6 Schematic Layout of the dilution refrigerator and its connections to the cylindrical bar 
and to the three copper shields. The shields are suspended to each other and are cooled by 
different stages of the refrigerator. The external shield (2090 Kg) is cooled to 1.3 K by the 1 K 
pot, die heat exchanger 1 cools to about 350 niK die intermediate shield (860 Kg) and die heat 
exchanger II cools to about 180 mK die internal shield (800 Kg) surrounding the bar. The bar* 
(2350 Kg) is cooled to below 100 mK by die mixing chamber, via die copper cable suspension. 
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Fig. 7 Temperature of die cylindrical bar versus time. The arrows indicate the main 
cryogenic operations. 
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THE NEXT STEP 

Using of the recent experience of NAUTILUS we are now considering the next step in g.w. 
detectors, that is, the spherical antennae. Since at least 5 transducers are required for the 5 
resonant quadrupole modes and one more for the monopole mode, it is to be expected that 
the very high Q obtained witii Al 5056 will be significantly reduced, possibly by a factor 2-3 
per transducer. It thus seem reasonable to look for alloys which could be cooled to lower 
temperatures so as to keep or decrease Teff = T/pQ. Copper alloys are quite interesting 
particularly CuBe and CuAl which are not superconducting and are about 3 times denser than 
Al 5056. Bom Be and Al can dissolve in copper up to 10% giving sound velocities around 
4500 for CuAL For 5% Be in Cu v = 4300 m/s and for 10% v = 5300. BeCu of lower 
concentrations was measured to have Q - 107 [33]. 

At a density of 7.58 g/cm^ a CuAl sphere of 3 meters diameter would weigh 107 ton. 
Fig. 8 shows a concept of such a detector which we call GRAIL (Gravitational Radiation 
Antenna In Leiden). A similar project will be developed for the successor of NAUTILUS. 
Other spherical detectors are under study at Louisiana. Stanford, Maryland and Brazil. 

Let us discuss by parts some of the important aspects of the GRAIL project. 

a) Cooling from room temperature to 4 K 
The shortest rime constant for cooling a sphere from room temperature is given by T = R2/D 
where D is the diffusion coefficient D = k/pc which for the alloy 5056 is D = 4,5 x 10'5 m2/s 
and for CuAl 10% is 1.76 x 10*5 m2/s. For R = 1.5 m we have T s 13 hours for AL 5056 
and x = 33 hours for CuAl. These values drop quickly with temperature being a few seconds 
at 2 K. The cooling down time of NAUTILUS shows that the main thermal resistance is due 
to the thermal conductivity of the gas and an extrapolation to the 3 m CuAl sphere gives 
several months cooling down time. 

Cooling the sphere by direct contact with cold helium gas, in a way similar to that 
used at CERN [34] could decrease considerably the cool down time. Cold helium gas should 
be circulated through a heat exchanger cooled by liquid N2 and injected at the bottom of the 
sphere until T = 80 K. (about 10 days). Pumping on the N2 is also desirable. At this point 
cooling conld proceed from a 1501/h helium liquefier and it would require about 10 days to 
cool to 4 K. After pumping out the inner vacuum can (TVC) the sphere can be cooled in the 
usual way by contact with the D.R. During purapdown of the IVC the 15000 liters helium vessel 
should be filled, and the liquefactor disconnected from the cryostat to reduce vibrations. 

b) Cooling to 10 mK 
The NAUTILUS experiment has shown that the heat leak on the bar is abouc 10 u\W or 
1.7 (iW/m^. For the sphere this would be about 50 JIW (supposing the heat leak is 
proportional to the area). Taking a factor two for safety we require a cooling power of 100 uW 
at 10 mK, which is only a factor four more than the refrigerators we have built at Leiden [29]. 

The circulation h rate needed can be obtained from the cooling power expression: 

h = - ^ T = 3x l0" 2 mol / s 
82T2 

This circulation will give a cooling power of about 100 raW at 200 mK. 
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For cooling from 1 K to 200 mKL one must remove H = f cCudT with CQU ~ 10"4 J/gm 

or H = 104 J. If we suppose the D.R. to be at 200 mK we need about one day to reach this 
temperature. 

Cooling to 10 mK requires further removal of H=J 10"4TdT=2xlO"6J/gm or 

200 J. supposing the heat capacity is that of Al 5056 (we have no experimental data on CuAl 
at very low temperatures). In this case, with enthalpy and cooling power decreasing as T2 we 
need one day to cool to -10 mK. It thus seems that cooling die spherical 100 ton antenna 
from room temperature to 10 mK can be done in less than one month. Great care must be 
taken in avoiding magnetic impurities which could increase the cooling down time at the low 
end by one or two orders of magnitude. In the process of cooling with circulating helium gas 
it is important to avoid condensation impurities on the sphere and transducers, which could 
decrease the Q-factor. The use of a non-superconducting metal with a thermal conductivity 
100 to 1000 times higher than the 5056 alloy will ensure for a small (a few mK) thermal 
gradient across the sphere. 

In the project shown in fig. 8 two dilution refrigerators are considered as a precaution 
in case a blockage of one of them should occur after several months of operation. 

c) Suspension 
In order to measure a displacement of 10'21 m enormous precautions have to be taken to 
avoid extemai vibrations at me resonance frequency, from reaching the antenna. If we assume 
a typical amplitude of 106 m at 1 KHz on the ground, we must have an attenuation of better 
than -320 dB or a factor 10-16 attenuation. 160 dB can be provided by room temperature 
attenuators using rubber and steel stacks. An important precaution at room temperature is to 
decouple the boiling helium vessel from the sphere, as can be seen from fig. 8. 

The heat shields, to which the D.R/s a*-e bolted provide attenuation for the noise generated 
by the refrigerators and are separately attached to the concrete structure. For larger attenuations 
the thermal noise becomes the dominant factor and damping at low temperature must be provided. 

One interesting possibility is to use a new type of low temperature vibration 
attenuator based on bellows filled with liquid helium. 

At a pressure of 20 bar helium deforms by 15% as compared to steel with Young's 
modulus E = 2 x 1011 Pa which deforms by about 0.2% under maximum load. 

If we take care that the pressure be below solidification (say 20 bar) then the 
frequency of such a spring would be nearly 10 times less than that of an equivalent steel 
spring. The estimated attenuation per element of suspension (two copper plates 
containing eight 30 cm diameter bellows would be about 55 dB against 30 dB for a similar 
but conventional suspension [35]. In this way one could hope for a total attenuation of say 
160 dB at room temperature plus 165 due to the helium suspension and 70 dB due to the 
copper rod which holds the sphere. This is nearly 400 dB, at least on paper. 

These suspensions, besides a more effective damping, offer the possibility of some 
external action. If some spurious resonance is close to the sphere resonances changing the 
spring length by adding or removing some helium could displace it to a less dangerous 
position. Another possibility is to use a mixture of ^He in ^He which would allow the helium 
suspensions to act as non-metallic thermal links between the copper plates and the dilution 
refrigerator. All we need is to use sintered silver inside the faces of the bellows support 
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Fig. 8 GRAIL: 100 ton 10 mK Spherical Antenna 
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COSMIC RAY EFFECTS 

Cosmic rays produce heating in the antenna due to energy deposited by muons. hadrons, 
extensive showers (ES), multiple hadrons, etc. 

A detailed study of the frequency of events and total energy has been done by 
G. Mazzitelli in his thesis work [36]. The effective temperature (to be compared to that of the 
antenna + transducer) and the event rate per day of different components of cosmic rays are 
siven in the table below. 

Temperature 
effective T(K) 

10-7 

10-6 

10-5 

10-4 

10-3 

10-2 

io-i 

events/d 
muons 

2380 

182 

21 

4.4 

0.07 

0.002 

— 

events/d 
hadrons 

6400 

466 

51 

7.3 

1.19 

0.16 

— 

events/d 
ES 

180 

34 

6.2 

1.3 

0.2 

4 x 10'2 

8 x 10'3 

events/d 
multiple 
hadrons 

— 

— 

5.25 

3.5 

1.2 

0.1 

— 

events/d 
total 

8960 

682 

83 

17 

2.7 

0.3 

8 x IQ'3 

Cosmic ray cameras on top and below me cryostat are needed in order to vetoe the 
cosmic ray signals. Although a natural veto exists since G-waves excite only quadrupole 
modes while cosmic rays excite all modes of the antenna, continuous excitation is a serious 
problem. There is still quite a lot of room in sensitivity gain from the present 1 mK effective 
temperature of the best antennae to the quantum limit of 10'7-10*8 K but clearly 'lie future 
(quantum limited) detectors will need very good shielding and eventually will have to go 
underground. 

CONCLUSION 

Increasing the sensitivity of present gravitational wave antennae by cooling a sphere of 100 tons to 
miliikelvm temperatures seems feasible. In fig. 9 we have plotted the strain sensitivity of spherical 
detectors to gravitational bursts at their resonant frequency. According to a recent work [37] the 
second excited quadrupole moment (at double frequency) should have a cross-section only 
2.5 times lower than the first quadrupole mode. If transducers are developed to measure both 
frequencies then the detection bandwidth could be significantly increased. Although die detection 
bandwidth Af/f of a resonant detector with resonant transducers is at present only 50-100 Hz for a 
monochromatic wave, a pulse of short duration has Fourier components at the resonant frequency 
of the antenna even when the central frequency of the burst is somewhat different, hence the rather 
broad (burst) sensitivity curve of resonant detectors, shown in fig. 9 [38]. 
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The predicted sensitivity of the LIGO interferometer in the configuration expected to be 
operational by the year 2000 and that of the advanced LIGO. to (monochromatic) gravitational 
waves, is shown for comparison. 

Burst sensitivity for CuAl spherical detectors 

10 •18 

10-l9-lr 

mm 

I I I I I I ! 

10; 

Burst frequency (Hz) 

Fig. 9 Burst sensitivity for CuAl spherical detectors 

It is interesting to note that the operation of two G.W. antennae relatively close to each other (less 
than one wavelength) working at the same frequency could allow to study the stochastic 
gravitational background which is supposed to exist, originaring from the very first moments of 
the Big-Bang. In fact G-Waves are the only signals which could propagate freely from Plank's era. 
Although very little is known about this background, one way of studying at least one frequency 
component of it would be to have for instance a spherical detector of 1.5 ra diameter resonating at 
a frequency double that of the fundamental quadrupole mode of the 3 m sphere. Both detectors 
could thus be operated simultaneously in order to try to extract a coherent signal out of the 
background noise. A small spherical detector is anyway necessary for all tests related to the larger 
one so it could be built with this interesting possibility in mind. 

These spherical detectors together with the laser interferometers should open a new 
window on our universe, creating an astronomy as important as radio or optical astronomy. 
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METALLURGICAL AND ENGINEERING ASPECTS OF 
MANUFACTURING LARGE COPPER STRUCTURES. 

E. DE MULDER, LIPS B.V., DRUNEN. 

1. Lips b.v. 

Lips is a world leader in design and production of ship propulsion 
systems. 

Lips is the only major propeller manufacturer producing fixed pitch 
propellers, controllable pitch propellers, side thrusters, steerable thrusters 
and waterjets of any size. 

Lips'activities span the globe. The headquarter is in Drunen where some 
500 employees are working. 

1.1 The products 

Fixed pitch propellers with diameters up to 12 meters or mass up to 
80,000 legs. 

Controllable pitch propellers have the advantage of stepless 
adjustment of the blade angle, thereby offering more flexibility for 
ships with wide-ranging mission profiles. 
The maximum thrust ever generated by a Lips controllable pitch 
propeller amounts to 450 tons. The power absorbed by this propeller 
is 45,000 kW. 
The hub of the strongest CPP ever produced by Lips has a diameter 
of 2.8 meters and weights 19 tons. 

Side thrusters mounted in bow or stern of vessels enhance 
manoeuvrability often to such an extend that tugboat assistance can be 
avoided. 

Steerable thrusters are fixed or controllable pitch propellers which 
are connected through a right-angle gear and steering pipe to the ship. 
By rotating the steering pipe the thruster can be swivelled around its 
vertical axis generating thrust in any required direction. 
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Waterjet propulsion is frequently used in military, civil and leisure 
craft high speed vessels. The pump rotor is generally built in Duplex 
type stainless steel. 

Special non-ferrous castings and machining 
A spin-off of the extensive knowledge that Lips has developed in the 
casting of non-ferrous materials is the non-ferrous department. From 
this activity result casting for all kind of applications such as 
pumphousings, impellers, condensorplates, even special castings for 
the work of ailists. 

1.2 Production facilities. 

The castings can be divided in 4 groups: 
large monobloc propellers 
small propellers 
blades 
CPP-parts and special products. 

Each group of products has a special equipped foundry. 

In the machine shop the 2D and 2.5D parts are machined with NC-
controlled mills and lathes. All propeller blades are milled with a 5-
axis milling machine. 

The monobloc propellers are grinded manually to the finishing 
dimensions. 

1.3 The limits of the production facilities. 

Mr Frossati of the Kamerlingh Onnes laboratory has asked Lips to 
cast a sphere with a diameter of 3 meters in Aluminum bronze. 
This sphere will have a net weight of 108 tons. Including the 
feeders, runners and gatings this casting will have a rough weight of 
289 tons. 

The melting capacity is 140 tons and the hoisting capacity of the 
monobloc propeller plant is 180 tons. So we have to take measures. 
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2. The production of a 3 m sphere. 

The solidification in a casting has to be progressive towards the feeders 
and risers. The shrinkage at the solidification frontier should be fed from 
the risers. Therefore the cross sections towards the feeder surface has to 
be increased as shown in figure 1. Our task is to decrease the dimensions 
of the riser without feeding problems. We can realize this by isolating the 
riser and by placing a furnace on the top of the riser, which keeps the 
riser fluid until the sphere has been solidified completely. These measures 
give a mass reduction up to 150 tons. 

2.1 Solidification simulation. 

For the optimization of the casting system the real complex physics of 
heat and fluid flow during filling and solidification have to be taken in 
account. This process can be simulated on a computer. For this 
purpose Lips is using the simulation software of Magma Gmbh. This 
is a not empirical package with a solver based on a final difference 
method. This package has been developed by the RWTH Aachen. 
Magma Gmbh has made a commercial product of it. 

2.2 Casting experiments. 

To be sure that the correct thermal physical values of the alloy and 
foundry sand are applied we have to tune the output of the simulation 
model to the results of the casting experiments. For this purpose we 
have cast a sphere of .5 meters in diameter with a riser of 250 mm 
corresponding with the proposed measures (figure 2). Thermo couples 
were placed in the sand and in the melt for temperature 
measurements. 

2.3 Results. 

Casting defects can only be found with a destructive method. X-rays 
and ultra sonic are not applicable for a sphere of 3 meters in 
diameter. With dye penetrant examination only surface defects can be 
detected. To check the quality the casting was cut in two parts. 

In the output of the Magma soft simulation we saw that the measured 
temperatures in the sand deviate 5 % from the calculated temperatures 
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and that the sphere is free of porosity and defects (figure 3). 

In the real casting the porosity of the riser came just in to the sphere 
and small defects less than 2 mm equal divide over the cross section 
were found. 

This means that the thermal physical data used in the model meet 
nearly the real values and can be applied for scaling up the model to 
the real dimensions of 1.2 meters and 3 meters spheres. 

The crystals at the border are larger than in the centre. The out most 
part of the cross section 3-7 has been cooled slower than the centre 
(figure 4). 

2.4 Machining of a 3 meters sphere. 

Lips can machine the sphere with a 5 axis milling machine. This 
would be an efficient method- With this machine also the geometry 
can be measured. But the foundation of this machine and ihe hall 
crane have not been designed for such heavy loads. 
An other solution is a vertical lathe. IHC, Stork services or a large 
machine shop in Germany have such machines. 
For transport and fixing of the sphere on the machine we can use a 
supporting ring. 

The machining inaccuracy will be less than .5 mm. 

3. Conclusions. 

* Based on solidification simulations and casting experiments Lips can 
cast a sphere of 3 m in diameter within the limits of their foundry. 

* The crystal structure is not homogeneous. 

* Casting defects can not be detected. 

* The casting is not free of defects. 

* The machining inaccuracy is .5 mm. 
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Figure 1: Feeding system design. 
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Figure 2: Running and gating system .5 m sphere. 



Figure 3: Results solidification simulation. 
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Figure 4: Crystal structure 


