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Abstract

The sensitivity of resonant gravitational wave detectorsviiewed.The effect of cosmic
rays on a large spherical detectoc@sidered. It is showthat thesensitivity to shorbursts,
to monochromatic and to stochastic GW is not significantly degraded by casysicFor a
two-detector experiment, only one detecateeds to be installed in amderground laboratory.
This supports the idea to install a resonant detector at sea-level near a GW interferometer.
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1 — INTRODUCTION
The purpose of this note is évaluate the effect of cosmiays on a resonant GW detector.

This is important for deciding whether or not an underground laboratory, which gnesslya
perfectshielding, isneededwhen the resonant detectors will reach a sensitivity ggmod to
respond very much to cosmiays. Inparticular thenew proposals for very massigpherical
detectors should take into consideration the problem of a possible degraddtiersenisitivity
by a cosmic ray effect.

Before dealing with this problem we have considenséful to overviewthe present
situation with the resonant detectors, so to help the design and discussion on the more advanced
and very massive resonant GW antennas.

2 — SENSITIVITY OF A RESONANT DETECTOR FOR GRAVITATIONAL
WAVES
The sensitivity of a cylindricatresonant detectofor gravitational waves (GW)can be
expresse&) at a level of signal-to-noise ratio (SNR) equal to unity by means of the formula
mKkTg 1
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with the following meaning for symbols:

fy resonance frequency of the detector

S(f,) the power spectrum at the resonance frequency of the gravitational poténdiatan
be detected with SNR=1 (spectral sensitivity).

Te the thermodynamic temperature of the detector plus adesrto the transducer back-
action. This is negligible when a SQUID amplifier is used.

M mass of the bar

Q quality factor of the detector

% sound velocity in the bar material

We notice thakeq. (1) doesiot depend on the transducer characterigpies/idedthe back-
action is neglected.
The frequency bandwidth of the detector is given by
_ fo 4Te
af= Q Teff
where T4 is the noise temperature for burst detection, that is the average value of tredtenise
applying to the GWdata a filter matched to delta-likgnals. Itcan beshown D that the
frequency bandwidth depends heavilytbe transducer and associaédctronics. It turns out
thatAf can approach 100 Hz if one is able to operate the detector near the quantuthalinst,
Tes= 107 K.
From egs. (1) and (2) one can derive the antenna sensitivity to various types of GW.
For bursts with durationg the sensitivity (we do not forget, with SNR=1) is given by

(2)
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Another useful formula can be derived by egs. (1) and (2)
L kT
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For monochromatic GW, integrating over a continuous tjgéhe minimum wavemplitude

that can be detected with SNR=1 is
Vo 25 o
| tm

Finally eq.(1) gives immediately the sensitivity to a GW stochastic background in terms of an
upper limit only, since it is practically impossible to subtract from the measured power spectrum
the contribution due to noise. In order to measure the stochastic background one neesis to
correlate the output of two antenhds obtaining the measurement of the cross-spectrum

S (F) Sy ()

vtho f
where [, is the total time ofcrosscorrelation andf is the frequencybandwidth incommon
between the two detectorBhe standard deviation of this measurement is eahm the same
S, given by eq. (6).
Fromthe measured;Sve can calculate the value O, the ratio between the GW energy
density and the energy density needed for a close Universe, using the following formula

47'[2 f3

Q= — — Sy (7)
3 H

S, (f) = (6)

where H is the Hubble constant.

We notice that it is important to have a lafgequency bandwidtlfattainablewith a good
transducer followed by a very low nois&ctronic amplifier)for burst detection. It is less
important for the stochasticmeasurement. Fomonochromaticwaves the sensitivity is
independent on théandwidth, but darger bandwidth allowshe exploration of a larger
frequency region.

There are five cryogenibars inoperation (AIIegra), Auriga4) , ExploreF) Nautilu® and
Niobe7)). They have at present roughly the same experimental sensitivity given below.

Niobe, made with niobium, has resonance frequency of HB, the otherones, with
aluminum, have resonance frequency n&&0 Hz. The above minimumvalues for
monochromatiavaves and fothe quantityQ have been estimated lognsidering one year of
integrationtime (for Q we suppose to ustie cross-correlation ofwo antennas).These
experimental quantities are in agreement with eq. (1) for the valee®.6 K and Q= 1.5 16
(i.e.:Explorer) or with 7= 0.16 K and G= 10° (i.e.:Nautilus).



Table 1. Sensitivity of the resonant detectors in operation

resonance VS, frequency [ minimum minimum minimumQ
frequency | at resonance bandwidth h h for
1~NHz Af for Ims | monochromatic
[Hz] [Hz] bursts waves
900 7 10%? 05-1 |4-610° 2 10%° 0.1
700

The burst sensitivity for all bars can be increased by improving the transducer and associated
electronics. It haveen estimaté® that a factor of 50 bavithin the technicalpossibility. In
addition to improving the bandwidth, Auriga and Nautilus can improve their spectral sensitivity
by making full use of their capability to gown intemperature, J= 100 mK. Atpresent the
major difficulty is due to excess noise, sometimes of unknown omagitywork is in progress
for eliminating this noise. For a bandwidth of 50 Hz and a spectral sensitivity corresponding to
Te=100 mK and Q:ﬂ)(see next section) the target sensitivity for Auriga and Nautilus is then

Table 2. Target sensitivity for Auriga and Nautilus

VS, frequency | minimum minimum minimum
at resonanc¢ bandwidth h h for Q
1NHz Af for 1Ims monochromatid
[HZ] bursts waves
6 1023 50 31041 2 1026 104

The searcHor signals due to GWursts is donafter theraw data have been filteredith
optimum filteralgorithmg'lo'll? These algorithms may havarious expressions bttiey all
have in common an optimum integratitme that isroughly the inverse of thedetector
bandwidth and all give approximately the same valug,gf(dll algorithms being optimal filters
for short bursts).

3 - MAJOR PROBLEMS ENCOUNTERED FOR THE RESONANT
DETECTORS

The design and construction of resonant bar cryogenic detectors has sta@eq.ifforeach
an operational phase litas taken much longer than expected. This happened because the
research programwas rather optimistic and thevork startedwhenmany necessary techniques
were not developed yet.

Finally in 1990 Explorerjnstalled atCERN, wasthe first cryogenicantenna to enter in a
steady operation, joined soon at various times by the other four antennas.

We would like here to present and briefliscussthe majorissues which wéave dealtvith
during the almost thirty year ofvork, so tohelp thedesign and construction of new resonant
detectors.

a) Unexpectedhoise. This is perhapshe most difficult problem tosolve. Wehave found
experimentally that the noise distribution does not follows the behealmrlatedunder the
assumptiorthat theonly present noise ithe thermabne and the electronic orieom the



transducer amplifierAdditional noise of mechanicaland electromagnetic naturenters in
the apparatusrom the laboratoryenvironment. Therefore it isnportant to improve the
mechanical as well the electsbields.The design ofthe mechanical filters ifoday much
simpler, due tahe availability ofpowerful computer utilities. Also theslectromagnetic
shields can take advantage from special materials and diagnostic instrumentation.

b) The quality factor Q. It is important to have detectors with high quality factors. The original
decision to cool the antenweas due to the need to reduce ttieermal noise. But an
unexpectedonuscamewith it. It was foundthat atlow temperature the quality factor of
various materials increases byrders of magnitud@). Q values over one billion were
found!®. However it was soon also fourdat the practical Q is that obtained after the
electromechanical transducer is mounted oratitenna. This Q includes aldwe electrical
lossesdue to thetransducer, whicltan bevery Iargé4). For all experiments in operation
the loaded Q today issthan 10 million. In some cases is lasv as a few hundred
thousands. Weelieve that a detectavith an operating Q othe order of 10million is
already agood achievemenaind so we shall consider aqur calculations the value Q:10
for future resonant cryogenic detectors.

c) The matching of the electromechanitahsducer to the bar @phere.The GW interacts
with the antenna leaving in it only a very tiny amounenérgy. Thus it ismportantthat
this energy bextracted as much gm®ssible for measuremenithen the requirements for
the transducer are that itsechanical part be well matched to #r@enna, and itslectrical
part well matched to the electronic amplifier. In the past this has posed severe problems and
it is worth to invest a good effort in this area.

4. SENSITIVITY OF A LARGE SPHERICAL DETECTOR

In order to further increasthe sensitivity ithasbeenproposed to construct new resonant
detectors of much largenas<®16:17:18.19) The pest geometryior an heavy detector is the
sphericalone, because a sphehasthe largespossible mass for given occupied space and
because a spherical detector can be instrumevitadransducers installed warious locations
on itssurface,allowing thebestdetection of a GWvith any direction and polarizaticstatus.
Among various proposals an aluminum sphere witdiameter of 3 mhaving themassM=38
ton and operating at.¥20 mK has been considered. To estimate the sensitivity fodetestor
we makeuse ofthe aboveformulas and obtairthe sensitivity given intable 3. We have
assumed that the detector operates near the quantum limit, that i@fy\ﬁiﬂ()'l7 K.

Table 3. Target sensitivity for a 38 ton resonant spherical detector at SNR=1

Furthermore we must consider that the sphere is sensitive to GW with any incoming direction

VS, frequency minimum minimum minimum
at resonanceé bandwidth h h for Q
1NHz Af for Ims monochromatid
[HZ] bursts waves
6 1024 50 3 10%2 2 1027 106




and degree of polarization. Among the othewposals a spheraadewith a differentmaterial
for a mass greater than 100 ton has been also conédered

Before concluding this section we have to make the following considethtibapplies to all
GW detectorsWhen we state that theurst sensitivity is & 3 1022 at SNR=1 wemplicitly
admit that at this level many small signals, due to noise, are prespracticewhen searching
for coincidences betweetwo antennas one has take into consideration theaccidental
coincidences. It can be shown that for a numbexcoidentals vergmall, say 3 peyear, one
has to move up the energy threshold by at least one order of magnitude. This gistigsed
in the following section.

5. EFFECTS OF COSMIC RAYS ON A RESONANT DETECTOR

Oneproblem with a largenassdetectorarises fromthe effects of cosmicays. Calculations
have shown tha%l), whenthe detector is sensitivenough, anumber of impulsive signals
should be observediue to interaction of thearious components of cosmrays with the
material of thedetector. In fig.1 we showhe results ofcalculations made biazzitelli and
Pap&z) for an aluminum sphere with 3 m diameter.
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Fig. 1— Integral number of signals per day due to the various components of cosmic rays
versus the energy released in the detector.

We show in fig. 1the number ofsignals perday, having energy equal or greater than
€, which are expected to bgeen by a 308-ton spherical detector, due to cosays. The
energy is expressed ikelvin units for better comparisorwith the noise that is usually
expressed in kelvin. We notice that near the quantum lingit=Te = 107 K, there will be more
than 18 signals/day due to cosmic rays.

We go now to estimate the effect of the cosraigs onthe measurement of tharious types
of GW.



5.1 Burst detection

Let usstart by consideringhe effect of cosmicays on asimulated coincidence experiment
made with two equal M=38 ton spherical detectors. The raw data be filtered with ogdtit@um
for burstsdetection and the samplirigne be 20 msequal to the optimum integraticime
corresponding to detectorbandwidth of 50Hz. The detector operate near the quantum limit,
that iswith T = 2 107 K. In the case of well behavemisethe number of samples of one
detector, after filtering, which have energy greater than E is given by

E
T
N(E) = Nye ©f 8)

where N=t /20 ms (t, is the total measuring time).

The number ofaccidental coincidencewith energy greater than Hor the two identical
detectors, is

E
T./2
N(E) = Ngje of @)
To these accidental coincidences we must add the accidental coincidences due to cosmic rays.

In fig.2 we have considered a simulated coincidence experiment between two 38 ton spherical
detectors located iwvarious laboratories agea-level andunderground and operating at the
guantum limit. Weshow the calculatechumber ofaccidental coincidencgser day due to the
background, including the cosmic ray signals.

The first important result from this figure ithat thenumber of accidentals at very low
energies is not influenced by the cosmags whichbegin to enter in the game extergies one
order of magnitude larger thdahe noise ofthe detector. We have considered sospecial
cases:

a) If thetwo detectors ardooth located at sea-level theumber ofaccidental coincidences
exceeds the arbitrary threshold of 3/year already at enerd/ 04 K (corresponding to a
pulse sensitivity & 1.4 10%9).

b) A veto system reducing the cosmic ray contribution to%daslows to go down, at 3/year,
to E= 2 10°K (h=4 10%1).

c) With one underground detector and one at sea-level with a cosmic ragysetim we can
reach E =10 K( h= 1 10%1).

No much more is gained by having both detectarglerground. Thuthe real sensitivity for
bursts detection without the use of an underground laboratory turns out te el . we
notice that if wedrop the requirement to be able dbserve just 3 events/year anddpwn to
one event/day the sensitivity improves {gF 2 10° K, correspondingtoh 1.4 10°1.

We now estimate the time span the detestould not beoperative if a veto fronthe cosmic
ray sensor is applied. For aptimum integrationime of 20 ms avetofor a duration of 3x20
ms=60 ms for each cosmic ray pulse is appropriate. Thenfigorh we notice that a.r. veto
at a threshold of IBK will make the detector inoperative for 1000 times 60 ms, that is for 60 s
per day, and at a threshold of R the detector is inoperativfer 20,000times 60ms, that is
for 1200 s per day.
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Fig. 2— Number of accidental coincidences per day with two quantum limited 38 ton
resonant detectors, located in various places: a) both detectors at sea-level, b)both detectors at
sea-level with 80% cosmic ray veto systems, c) one detector at sea-level with c.r. veto and the
other one in an underground laboratory
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5.2 Stochastic and monochromatic GW detection

We aregoing now to considethe sensitivityfor stochastic background amdonochromatic
waves. The situation here is completaljfferent, asthe most important quantity ithe power
spectrum (). The effect of the cosmic rays here is to increase the valug(f)f $ie minimum
power spectrum of GW that can be detected.

We calculate this increase in the following way.

From the previouscalculations of the effect of cosmiays on aspherical detector, we can
model the effect of the cosmic rays as an additional brownian noise, a series ofgnaseagy
distributed intime thatshould produce gemperature increase of tliesonant mode of the
detector-oscillator. For calculating this increase of temperature we cotgdaumber rg) of
pulses per day due to cosmaysthat deliver arenergy greater thatpereachpulse.This is

obtained from fig.1 using a least square fit with power law:

n(¢) = 0.063 ¢ 7092 9)

The average energy of the oscillator at ¢lg@ilibrium, limiting ourselves here tthe energy
delivered by cosmicays, isobtained by equating this input energy ttee losses of the
oscillator.

For calculating the total energy delivered per day by the cosmic rays we perform the following
integral

E
max d n(&
b= | (€) ede = 0.8 (E )0'08 (10)
o de max

where ., is chosen at suchlevel that the cosmicay effect is negligible or it can tiaken



care for. If we take k., =1 K, by extrapolation of the calculati@mown in fig.1 wefind that
we expect only one c.r. event in 16 days, delivering an energy greater than lbkliéve that
if this happens it can be easily spotted and two or three hodisathat includsuch arevent
can be vetoed.

The energylossper second by an oscillator with resonant angular frequeneynd quality
factor Q is

dE Ew
— = — (12)
dt Q
The equilibrium average energy of the oscillator is obtained by equating the input energy due
to cosmic rays to the losses

Ew
— 86400 = 0.8 (Emax)o'08 (12)

Q
where 86400 is the number of seconds in one day. Taking#l K we obtain E =0.019 K.
This meansthat the effect of cosmicays is equivalent to increase the thermodynamic
temperature of the detector by about 20 mK.

If the choice of £, = 0.1 K is made (just one event in two days delivering an ergregter
than 0.1 K) then the equivalent increase of the temperature turns out tanti€, Bhowing, as
expectedthat the greatest contribution confesm the low energyregion. It isclear thatthis
heating effect cannot be eliminated by a c.r. veto system.

Our conclusion it that the cosmic ray at sea-level degrade the power spectrum sensitivity of the
resonant spherical detector by the fa¢gy mK+T)/T, that is a factor ofwo if the detector is
cooled at T = 20nK. As a consequence, the worst case oftwo detectors at sea-level, the
minimum value of h that can be measufedmonochromatiavaves increases lje factor of
V2, and the minimur@ value for a stochastic background measurement increagbs factor
of two.

6. CONCLUSIONS

From the above considerations we conclutat, for atwo-detector experiment, only one
detectomeeds to be installed in amderground laboratory, gaining nobre than a factor of
four in burst sensitivity with respect to two sea-level detectors equipped with veto systems.

It seems thus very reasonalile idea byAstone, Lobo and Schuf® to install a resonant
detector in the proximity of a large interferometric antenna that is being constructed, perhaps at a
distance of a few km. An important advantagéhé&t the interferometer issensitive to cosmic
rays. Therefore it carbe, ideally, considered equivalent to a perfectly shieldedere.Thus,
assuming that the interferometer might reach a sensitivity of the order of a quiamtedlarge
sphere, one should consider curve c) of fig.2, which shows a sensitivity of I K (h=1
10 21) for 3 accidentals/year.

In this way one wouldhavepowerful systems of pairs of GW antennas. Both antennas in
each paihaving similar sensitivity butealizedwith different techniguessomplementing each



other. The resonant detector being very sensitive the kHz frequency region and the
interferometer covering in particular, with large sensitivity, the frequencies below 1 kHz.
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