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Recently significant advancements have been made towards the realization of a large spherical gravitational 
wave detector. Research and development activities have already begun in several countries. We present here the 
main features and capabilities of a spherical gravitational wave detector. In particular, we discuss the interaction 
between a spherical antenna and cosmic rays that may require a large detector to be placed underground. 

1. Introduction 

Several resonant-mass gravitational wave de- 
tectors are now in continuous operation with sen- 
sitivities that should allow the detection of the 
strongest sources in our Galaxy and in the Local 
group [l]. With further improvements to these 
detectors and the addition of several large laser 
interferometers now under construction [2], the 
prospects for gravitational astronomy arc quite 
good. 

Many consider the next generation of resonant- 
mass antennas will be of spherical shape [3]. Re- 
search and development activities towards the re- 
alization of a large spherical detector have already 
begun in several countries, in particular Italy and 
the Netherlands. 

A spherical antenna has a number of proper- 
ties that make it an unique and interesting in- 
strument. A sphere is equally sensitive to gravita- 
tional waves from all directions and polarizations. 
Only a single sphere is necessary for determining 
the directional information and tensorial charac- 
ter of a gravitational wave. Finally, because of 
its large mass, a sphere will have a larger cross 
section than the present bars (with the same res- 
onant frequency). 
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The realization of a spherical detector leads to a 
number of possibilities. First, the large cross sec- 
tion and omnidirectionality broadens the number 
and types of observable sources, opening up the 
possibility of new astrophysical measurements. 
Second, the measurement of the direction, polar- 
ization states, and the scalar-tensor discrimina- 
tion allow the study of gravitational physics. Fi- 
nally, the different features and technology makes 
a spherical detector complementary to an inter- 
ferometer. It emerges that an observatory com- 
posed of both a sphere and an interferometer will 
have unprecedented sensitivity and signal charac- 
terization capabilities. 

A working group (SFERA) has been formed in 
the ROG collaboration to start an R&D activity 
for a spherical gravitational wave detector. We 
intend to carry out studies and measurements es- 
sential to define a project of a large spherical de- 
tector, 40 to 100 tons of mass. In order to define 
this project, it is necessary to face and solve var- 
ious specific problems regarding the cryogenics, 
vibration isolation, signal processing, and back- 
ground reduction, including the effects of cosmic 
rays. 

Following recent computations [4], the effects 
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of cosmic ray interactions in a spherical detector 
may set a limit to the sensitivity in an unshielded 
environment. Part of the SFERA R&D will be 
to determine if it is necessary to put the detector 
underground in order to reduce the background 
noise due to this interaction. This research will 
proceed in collaboration with the groups of the 
GRAIL project in the Netherlands. 

2. Features 

A gravitational wave is a traveling time- 
dependent deviation of the metric perturbation. 
The primary physical effect of a passing gravi- 
tational wave on an elastic body is to produce 
a time dependent “tidal” force on the material. 
This force will cause an observable change in the 
amplitude and phase of some of the vibrational 
modes. In order to eliminate other mechanisms 
that can excite these modes, the elastic body 
must be cooled to ultra-low temperatures (reduce 
Brownian motion) and mechanically isolated from 
the outside world. 

In general relativity, the 5 quadrupole modes of 
vibration of an elastic sphere will strongly couple 
to a gravitational wave. For an ideal sphere they 
are degenerate, having the same eigenfrequency, 
and are distinguished only by their angular de- 
pendence. The effective force F,(t) that a sravi- 
tational wave will exert on a quadrupole mode m 
of the sphere is given by the overlap integral be- 
tween the sphere’s eigenfunctions *km(x) and the 
gravitational tidal force fGW(x, t) 

F,,(t) ?? s XPEI,(x). fGW(x, t) d3x 

= $&) M xa. 

Each spherical component of the gravitational 
field determines uniquely the effective force on the 
corresponding mode of the sphere, and they are 
all identical in magnitude. We can interpret the 
effective force F,(t) in each mode as the product 
of: the physical mass of the sphere M, an effec- 
tive length xa (a fraction of the sphere radius), 
and the gravitational acceleration :h, (t). 

By monitoring the five quadrupole modes of the 
sphere, one has a direct measurement of the com- 

ponents of the effective force on the sphere, and 
thus the spherical amplitudes of the gravitational 
wave. The standard technique for doing so on 
resonant detectors is to position resonant trans- 
ducers on the surface of the sphere that strongly 
couple to the quadrupole modes. The outputs 
of the transducers can be combined into “mode 
channels” that are constructed to have a one-to- 
one correspondence with the quadrupole modes of 
the sphere and thus the spherical amplitudes of 
the gravitational wave [5,6]. With measurement 
of these amplitudes the direction and polarization 
of the wave can be calculated. 

In the following, we discuss the sensitivity of 
a spherical detector to a number of astrophysi- 
cal sources. For this discussion we assume a 3 m 
diameter, 100 ton, spherical detector cooled to 
50 mK, with a sensitivity corresponding to the 
standard quantum limit. The assumed detector 
is resonant at 725 Hz with a bandwidth of approx- 
imatively 100 Hz. Therefore, the detector has a 
spectral amplitude of h = fi = 3 x 10-24Hz-1/2 
within the useful bandwidth. This translates into 
a burst sensitivity of @” N 1O-22 for a 1 ms 
burst centered about the fundamental frequency 
of the sphere. 

The sensitivity of our example detector would 
allow the detection of the gravitationa. wave col- 
lapses occurring in the Virgo cluster with a level 
of energy release of 10-4A4a. A very interest- 
ing burst source is the formation of black holes. 
When a binary whose total mass M is greater 
than the maximum neutron star mass coalesces 
the likely outcome is a mass M black hole. The 
excitation of a fundamental quadrupole mode of 
the resulting black hole generates gravitational 
waves lasting for a few cycles and with frequency 
inversely proportional to the black hole mass. For 
Schwarzschild black holes, our example spherical 
antenna is sensitive to formation of black holes 
with mass of the order of 15 Ma with a signal-to- 
noise of several out to 200 Mpc [7]. 

Among the more interesting monochromatic 
sources for a high frequency detector is a rapidly 
rotating, non-&symmetric neutron star. Assum- 
ing a reasonable neutron star distribution in space 
and in frequency, we can expect to detect several 
sources in one year observation time with non- 
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axisymmetry c of 10e6 out to 1 Mpc with our 
example antenna [7]. 

Another interesting signal is the one emitted by 
an inspiraling and coalescing binary system of two 
black holes or neutron stars. It has been demon- 
strated that our example sphere is sensitive to a 
1.4 M. neutron star-neutron stars inspiral out to 
100 Mpc [8]. Using the second set of quadrupole 
modes and a double passage technique, one can 
determine the rate of frequency acceleration and 
thus the “chirp mass.” 

Two gravitational wave detectors with overlap- 
ping bandwidth Af will respond to a stochastic 
background in a correlated way. Spherical detec- 
tors can set very interesting limits on the grav- 
itational wave background at kHz frequencies, 
reaching levels below the limits set by nucleosyn- 
thesis, i.e. 0 sw < 10e5. In particular, following 
recent, estimations based on cosmological string 
models [9], it emerges thal experimental measure- 
ments performed at the level of sensitivity attain- 
able with large spherical detectors would be true 
tests of Plank-scale physics. An interesting con- 
sequence is that it may be worthwhile in the near 
future to move an advanced resonant mass detec- 
tor near to a large interferometer, like VIRGO, to 
perform stochastic searches near 1. kHz. 

3. Cosmic ray effect 

A cosmic ray crossing the sphere produces a 
local overheating in the medium which can be rc- 
lated to a local over pressure. Such perturbations 
propagate acoustically throughout the detector 
and the net effect on each oscillation mode can 
be estimated. The relation between the particle 
energy loss dE along a path dX and the energy 
E, in the nth vibrational mode [lo] is: 

(1) 

where lo is the total track length of the cosmic ray 
in the detector and V its the volume. y, p and 
v are the Gruneisen’s dimensionless parameter, 
the mass density, and the speed of sound in the 
medium respectively. The “form factor” G, is 
related to the eigenmodes of the sphere and is 
expected to be of order unity. 

Different kinds of particles can interact with 
a resonant detector: muons, electrons, and 
hadrons. A complete calculations of the effect 
due to single isolated particles muon and hadrons 
is in Ref. [ll]. The calculations were performed 
using a Monte Carlo method with the GEANT 
package to calculate the energy absorbed in the 
sphere. The muon and hadron fluxes were taken 
from the experimental measurements. 

The effects due to the interaction of multiple 
particles (electrons, muons, or hadrons from the 
core of a cosmic ray cascade) is more complicated 
to evaluate. This is due to the fact that the cas- 
cade produced in the atmosphere from a primary 
cosmic ray is a very complicated process not yet 
fully understood in detail and that there are lech- 
nical problems due to the huge number of parti- 
cles involved. We have done a rough estimation 
of the rate for extensive air showers and multiple 
hadrons using simplified hypotheses. In table 1 
we summarize the results obtained in 141 for an 
aluminum sphere 3 meters in diameter. 

There are basically two possibilities for deal- 
ing with the cosmic ray background for a single 
antenna: use an active veto with a cosmic ray 
detector or put the antenna in an underground 
site. The ra1.e of the cosmic rays impinging on 
a 3 m sphere is of the order 2 kHz. This means 
it is not possible to have a veto system with a 
single layer of detectors signalling all the cosmic 
rays. This is because the resolution time of the 
antenna is in the range of tens of milliseconds. 
Therefore, the veto should be capable of select- 
ing events with the probability of having a large 
fra.ct,iou of energy a.bsorl~ed in thp ant,enna. This 
means that the veto should be capa,ble to iden- 
tify energetic muons, hadrons and showers. This 
should be done on the top of the antenna. In fact, 
due to the large mass of the sphere no secondary 
particles will come out from the sphere in case 
of interaction. A very interesting application of 
this detector will be the possibility to compare 
the direction measured from the cosmic ray de- 
tector for single particles with the one measured 
from the sphere using the excitations in the differ- 
ent modes. In this way a continuous calibration 
of the sphere capability to measure the direction 
will be possible. 
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Table 1 
The number of cosmic ray events per day calculated from a Monte Carlo simulation for a 3 m diameter 
aluminum sphere. 

Mode energy ev./day ev./day ev./day ev./day 
threshold (K) 

ev./day 
muons hadrons (HAS) multi had. total 

1o-6 10870 8200 535 - 19600 
10-S 940 1110 100 22 2180 
10-4 84 120 19 20 245 
10-s 10 12 4 17 43 
10-s 0.5 1.3 0.6 2 4.4 

Another solution is to shield the antenna from 
the electromagnetic and hadronic components of 
the cosmic ray with absorber and use detectors 
only for energetic muons (for example a TRD). 

In another scenario, two sphere detector could 
be built. In this case a further and better reduc- 
tion in the accidental noise will come from the 
use of the two detectors in coincidence. However, 
the cosmic rays will still put intrinsic limitations 
in the search for rare signals. For example in the 
same ideal noise hypothesis and for a coincidence 
window of 50 ms we have an accidental rate of 
70 ev/year (due to cosmic rays) with a threshold 
of 10e2 K. The conclusion is that the cosmic rays 
are a strong limitation in the performance of a 
spherical detector. This effect should be elimi- 
nated to reach the best limit sensitivity. 

In Fig. 1 we illustrate the number of acciden- 
tal burst events due to cosmic rays for the var- 
ious scenarios discussed above. The R&D pro- 
gram in this particular field will focus on a better 
evaluation of the effects due to cosmic ray cas- 
cades, simulations of the cosmic ray excitation of 
the sphere in the different modes, further anal- 
ysis of the NAUTILUS cosmic ray detector, and 
a better understanding of the thermo-mechanical 
model. This work will be in strong contact with 
the GRAIL group that is currently doing a test 
experiment. 

temperatures for long periods of time is possible 
and was demonstrated by the operation of the 
2.5 ton NAUTILUS antenna at 100 mK since De- 
cember 1995 [12]. The 5 quadrupole modes of a 
real spherical mass are independent and have the 
required high mechanical & at ultra-low temper- 
atures [13]. Practicality of the truncated icosa- 
hedrsl symmetry for the positioning of the trans- 
ducers was demonstrated and coupling of mul- 
tiple resonant transducers with the 5 quadrupole 
modes of a spherical mass is understood [14]. The 
possibility of obtaining large pieces of material 
suitable for use as spherical antennas was inves- 
tigated. Large pieces of A15056 with high quality 
factors [13] ca,n be obtained by means of cxplo- 
sive bonding, and high quality factors of CuAl 
alloys (which can be cast in large pieces) were 
measured [15]. 

Interest in spherical gravitational wave detec- 
lors is preseni in Australia, Braxil, Italy, Japan, 
Netherlands, Spain, and USA. A collaboration 
between these groups was formed several years 
ago called OMEGA (OMnidirectional Experi- 
ments with Gravitational Antennas). In partic- 
ular, coordinated research efforts are already in 
progress in Italy and the Netherlands. 
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Figure 1. The number of accidental coincidences per day as a function of the detector burst threshold 
for different pairs of 40 ton aluminum spherical detectors. 

(World Scientific, Singapore, 1997). 
3. Omnidirectional gravitational radiation ob- 

servatorg: Proceedings of the first interna- 
tional ,workshop, ediled by W. F. Vclloso, 
0. D. Aguiar, and N. S. Magalhaes (World 
Scientific, Singapore, 1997). 

4. G. Maxxitelli and M. A. Papa, in [3]. 
5. W. W. Johnson and S. M. Merkowitz, Phys. 

Rev. Lett. 70, 2367 (1993). 
6. J. A. Lobo and M. A. Serrano, Europhys. 

Lett. 35, 253 (1996). 
7. L. S. Finn, in [3]. 
8. E. Coccia and V. Fafone, Phys. Lett. A 213, 

16 (1996). 
9. R. Brustein, M. Gasperini, M. Giovannini, 

and G. Veneziano, Phys. Lett. B 36, 45 
(1995). 

10. C. Bernard, A. D. Rujula, and B. Lautrup, 
Nucl. Phys. B 242, 93 (1984). 

11. E. Coccia et al., Nucl. Instr. and Meth. A 
355, 624 (1995). 

12. P. Astone et al., Astropart. Phys. 7, 231 
(1997). 

13. E. Coccia et al., Phys. Lett. A 219, 263 
(1996). 

14. S. M. Merkowitz and W. W. Johnson, Phys. 
Rev. D 56, 7513 (1997). 

15. G. Frossati, H. Postma, A. de Waard, at.nd 
J. P. Zendri, in Proceed,ings of the Jutema- 
tional Conference on Gravitational Waves: 
Sources and Detectors, edited by I. Ciufolini 
and F. Fidecaro (World Scientific, Singapore, 
1997). 


