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Abstract

The passage of cosmic rays (Extensive Air Showers) has been observed to excite mechanical vibrationsin the
resonant-bar gravitational wave detector NAUTILUS operating at temperature of 100 mK. A very significant
correlation is found (more than ten standard deviations).

1 Introduction:

Beron and Hofstander, already in 1969, carried out experimentsaiming to detect oscill ationsof piezoelectric
discsexcited by a GeV e ectron beam.

Their results brought the authors to suggest that a very large cosmic-ray event could excite mechanical vi-
brationsina metalliccylinder at itsresonance frequency
and they could provide an accidental background for ex-
periments on gravitational waves(Beron,1969).

Later a group at the University of Milan (Grassi,1980)
gave a rough estimation of the possible effects of par-
ticles on a small metalic cylinder and made an exper- I
iment that was in agreement with the calculations, al- oo -
though with rather large experimenta errors. The phys- I
ical mechanism consistsin the heating produced by the
energy lost by the particle along itstrgjectory in the bar.
The energy loss produces a mechanical wave whose am- I
plitudedependson thethermal expansion coefficientand
the specific heat of the material. The ratio of these two
guantitiesis the Gruneisen coefficient. It turnsout that .,
whileboththe expansi on coefficient and thethermal con- e
ductivity depend on temperature, the Gruneisen coeffi- e mmome e e Szmez;
cient practically doesnot. Thislast statement iscertainly

truefor aluminiumdownto 1 kelvin, butitremainstosee Figurel: Theweighted average energy over 92 (for
what happensat lower temperatureswhenthe aluminium M=10") stretches of NAUTILUS data versus time.
becomes superconductor. A large signa appears at the cosmicray arriva time.
Subsequently morerefined cal culationswere made by several authors (Allega, 1983),(Bernard, 1984), (Amaldi,
1984), (Barish, 1988) for a cylindrical resonant gravitational wave (g.w.) detector.

Theresonant ultracryogenicdetector NAUTILUS (Astone, 1997a) consistsof an auminium 2300 kg bar cooled
at 100 mK. The mechanical vibrations are converted into an electrical signal which is amplified with a dc-
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SQUID. NAUTILUS has been equipped with a cosmic ray detector (c.r.) system (Coccia,1995) consisting of
seven layers of streamer tubesfor atotal of 116 counters. Three superimposed layers, each one with area of 36
m? arelocated on the top of the cryostat. Four superimposed layers are under the cryostat, each one with area
of 16.5 m?. The signal from each counter is fed to an ADC to measure the charge, which is proportional to
the number of particles. For extensive air showers (F AS) the efficiency is closeto 100 %, but the systematic
error on the absolute number of particles crossing the apparatus is of the order of 30 %. In addition, a satu-
ration begins to show for multiplicity greater then 10007““’“’;;#. In the present data analysis we have put a
lower threshold on the multiplicity of the bottom layer detection, A7 > 10%, such that signals of the order of 1
mkelvin should be detected.

2 DataAnalyss.

The data regarding the vibrations of the bar have been correlated with the data obtained by the cosmic ray
detector in the period October 1998 to January 1999.

TheNAUTILUSdata, recorded with asampling time of 4.54 ms, are processed with afilter (Astone,1997b)
optimized to detect impulsivesigna sappliedto thebar. Forinves-
tigating the effect of cosmic rayswe have selected theNAUTILUS
dataasfollows:
a)for each c.r. event we have used 20,000 samples (for atota time
of 90.8 s) centered at the times when the number of particles (due
to the c.r. event) crossing the lower detector exceeded M = 10*.
Considering the geometry of the cosmic ray detector, in order to
obtain the number of particles per square meter we divide M by
16.5 (with a systematic error of 30 % as stated above).
b)the data stretches with the noise temperature 7 ; ; (obtained by
averaging thefiltered data over 6 minutes, included thetime of the
cosmic ray event) larger than 5 m K were rejected, in order to se- :
lect periodswhen the detector was not disturbed and thenoisewas ¢ e or o s o e 0w
of the order of the expected signals. _ o _

In this way we selected 93 stretches for M > 10* during atotal Figure 2: Distribution of maximum val-
time of 47.7 days. One of the 93 stretches of data contained alarge UESin Kelvin (see text).

(about 0.5 K) mechanical excitation at a delay of + 6.2 s and was removed from the analysis, although there
was no externa veto.

Using these datawe make wei ghted averages superimposing the sel ected stretches of datataken at the same
timerelativeto thecosmic ray trigger time. Inthisway we expect anoisevariancethat reduces with the number
of stretches. The weighted averages are defined as follows:

Ei(k)
Fulh) = 21 (1)
2T

where T; isthe noisetemperature (7, ; ;) of the apparatusfor the ! detected cosmic ray event and F; (k) isthe

energy of the k** samplefor the corresponding i** stretch of NAUTILUS data. Because of our above selection

criterion b), it turns out that the various 7; do not differ one from each other by more than a factor of two.

Theresult of thisanalysisis shownin fig.1, where we plot the weighted averages for each data sample (4.54

ms) versus the time relative to the cosmic ray trigger. Thereisa20 o excess at thetimet = 0 respect to the
background.

It is important to verify that the observed average effect is due to several events and not just to one. In

order to do this we have considered each cosmic ray event and taken the maximum energy value in the time

range from -64 ms to 64 ms, obtaining 92 maximum vaues near zero time (fig 2 upper part). We repeat this




procedure for the time interval 10.000 + 0.064 s obtaining a new set of maximum values (fig 2 lower part).
Thetwo distributionsare different and the upper one showsa spread of values, so to justify our conclusion that
the observed effect is due to several events.

For checking that the observed signalsare due to mechanical oscillationsof the bar and not just to electrica
noise we have performed the following two tests:

TEST |
We computed the average spectrum of the data
both at the time of the c.r. trigger and at two
other times off the c.r. trigger (fig 3). More
precisely, we computed spectrum 1 by averag-
ing the 92 spectraobtained from 4096 samples
(18.6 s), centered at the trigger time, for each
of the 92 stretches of data. We then repeated
the same procedure for the 4096 samples from
-45.4 sto0 -26.8 s, and for those from 26.8 to
45.4 s, obtaining the spectra 2 and 3, respec-
tively. Fig 3b refersto the zoom of fig 3aoff of
the resonance. Figure 3c and 3d are the zoom
of figure 3aat the two resonances. The plots of
fig.3 show that only at thetwo resonances (the .. £
detector hastwo resonances (Astone 1997a) at 20 £
frequencies of f,=906.40 and f, =921.95) the 15
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to mechanical excitations of the g.w. detector.

TEST II.

We have checked that the observed events are Figure 3: Power spectra (see text)

due to mechanical excitationsof theg.w. detector also by examining in greater detail the time behaviour of the
signalsnear zero delay. We know (Astone 1997b) that, after filtering, the responseto a pul se excitation has an
oscillation behaviour decaying with time, with the envelope following the law

E(t) = E, e~ A It )

wheret, isthetime of the excitation and A f isthe bandwidth of the detector. We have verified that the value
of A f from fig 3 isthe same of the one computed from equation (2).

We now calculate the expected energy of the signals due to the cosmic rays EAS. Taking into considera-
tion the characteristics of the apparatus at the liquid helium temperature, in particular putting v = 1.6 for the
Gruneisen coefficient, we obtain from (Barish 1988),(Coccig,1995) the formula to convert the dissipation of
an energy W, expressed in GeV, inasigna ¢ expressed in kelvin units:

€="T7.64-1072W? . f(z,,600) (3)

Where f is a geometrical factor (Barish ,1988) and the energy W is dissipated by the M secondaries due to
each EAS. We have computed the expected EAS signa from eq 3 using the EAS density distributions (Coc-
coni,1966),(Coccia, 1995) and the antenna geometry. In addition we have done the following simplifying as-
sumptions:

1) No particle absorptionin the bar (all particle go through). Thisapproximation isjustified from the small ra-
diationlengthin the bar compared to the total radiation length in the atmosphere. Actually, dueto the different



M portides | calculated | detected | E
nujgzer nujgzer [mK] [mK]
10* 600 £ 200 | 3.3 +0.95 1.96 24=+16 | 8.6 =21

1.5-10% | 900 £ 300 | 1.6 =~ 0.45 0.98 8+26 | 16 +-31

Table1: Comparison of thetheoretical predictionswith the observations. ¢; isthe expected event energy aver-
aged from the given multiplicity to oc. Inthelast columnwereport thelower and upper limitsfor the measured
average excess E.

critical energy in aluminium with respect to the air, we have seen an increase of the number of particlesin the
cosmic ray detector under the cryostat with respect to the detector above the cryostat.

2) The energy lossfor asingle particleis computed assuming ionization energy lossesfor e ectrons having the
aluminium critical energy.

3) We have used the showers angular distribution as reported in reference (Aglietta, 1994).

4) We have neglected the contribution of hadrons that could be present in the core of the showers.

With athreshold of 10* particlesin the lower detector we obtain with this calculation 8 mK. Using the ex-
perimental multiplicity as measured with the lower detector we obtain 2.4 mK. The discrepancy, wethink, is
due to the saturation effects in the streamer tubes. The result of the calculation is reported in the table 1 and
provides arange of vauesthat depends on the simplificationsin the cal culations and on the systematic error in
measuring the particle multiplicity. In thelast column of table 1 we report the lower and upper limits for the
measured average excess of the antennasignal. The agreement between the valuesin the last two columns of
table 1 is satisfactory, taking in account the large uncertaintiesinvol ved.

3 Conclusions:

We have detected, for the first time, cosmic ray signalsin a gravitationa wave bar detector. The experi-
ment shows that the Gruneisen coefficient of superconducting aluminium is similar to the one for the normal
aluminium, that NAUTILUS is properly working, and, in particular, that the efficiency of our matched filter
algorithmto detect small signalsembedded into noiseis experimentally well proven. Thisexperiment, further-
more, givesuseful information for designing future resonant detectorsof gravitationa wavesand for evaluating
apossible use of underground laboratories to reject the background due to cosmic rays.
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