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The gravitational wave detector NAUTILUS
operating at 7= 0.1 K

P. Astone ®, M. Bassan °, P. Bonifazi ¢, P. Carelli ¢, E. Coccia ™*, C. Cosmelli *

V. Fafone ° S Frasca ?, A Mar1n1 , G. Mazzitelli ¢, Y. Minenkov °, I. Modena
G. Modestmo , A. Moletl , G.V. Pallottino 2, M.A. Papa ®, G. Plzzella be
P. Rapagnani ?, F. Ricci %, F. Ronga ¢, R. Terenzi °, M. Visco ¢, L. Votano °

* Dipartimento di Fisica, Universita di Roma **La Sapienza’ and INFN Sezione di Roma. Roma. ltaly
b Dipartimento di Fisica, Universita di Roma *‘Tor Vergata' and INFN Sezione di Roma. Roma, taly
© Istituto di Fisica dello Spazio Interplanetario, CNR, Frascati and INFN Sezione di Roma, Roma, ltaly
d Dipartimento di Fisica, Universita dell’Aquila and INFN Sezione dell’Aquila, L'Aquila, Italy
© INFN Laboratori Nazionali di Frascati, Frascati. Italy

Received 19 September 1996; revised 10 March 1997

Abstract

We report on the ultralow-temperature resonant-mass gravitational-wave detector NAUTILUS, operating at the Frascati
INFN Laboratories. The present aim of this detector is to achieve a sensitivity sufficient to detect bursts of gravitational
radiation from sources located in our Galaxy and in the local group. Progress in transducer technology is likely to lead to
sensitivities that will enable us to observe events from sources as far away as the Virgo cluster of galaxies. We describe the
cryogenic apparatus, readout system, cosmic-ray veto system, and give first results obtained during one year of continuous
operation at T= 0.1 K. In particular the Brownian noise of the detector at 7= 0.1 K was measured. The measured strain
sensitivity was k= 6 - 10722 Hz™ /2 at the frequencies of the two modes, 908 Hz and 924 Hz, with bandwidths of about 1
Hz. © 1997 Elsevier Science B.V.

PACS: 04.80.-y

1. Introduction the fundamental longitudinal mode of a cylindrical
bar, can be excited by a GW with nonzero energy
spectral density at the mode eigenfrequency, which
is typically chosen to be about 1 kHz.

The mechanical oscillation induced in the antenna
by interaction with the GW is transformed into an
electrical signal by a motion or strain transducer and
then amplified by an electrical amplifier. Unavoid-

* Corresponding author. ably, Brownian motion noise associated with dissipa-

The gravitational wave (GW) detector first devel-
oped by Weber [1] and subsequently adopied by
other experimental groups [2,3] consists of a care-
fully suspended body whose vibrational normal
modes having a mass quadrupole moment, such as
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tion in the resonant mass, and electronic noise from

the amplifier, limit the sensitivity of the detector.

Typically the detector output is filtered by a suitable

linear filter that is designed to optimize the signal-

to-noise ratio to particular signals [4-6].

Sources of GWs for resonant-mass detectors can
be divided into three groups, according to the spec-
tral character of the signal produced [7]:

- Burst sources: collapsing and bouncing of super-
novae cores, coalescence of compact binary sys-
tem, births of black holes, collisions between
black holes and between black holes and neutron
stars, star quakes in neutron stars, and speculative
sources, such as the coalescence of a population
of compact MACHO’s in the galactic halo [8,9].

+ Continuous sources: rapidly rotating (millisecond
period) deformed neutron stars.

+ Stochastic sources: fluctuations in the density of
the early universe, backgrounds based on cosmo-
logical string models [10].

The sensitivity of a resonant-mass detector can be
given in term of the spectral density of strain S(f),
or its square root h (the spectral amplitude). S(f)
represents the input GW spectrum that would pro-
duce a signal equal to the noise spectrum actually
observed at the output of the antenna instrumenta-
tion. In a resonant-mass detector, this function is a
resonant curve and can be characterized by its value
at resonance S{f,) and by its half height widih Af.
S(f,) can be written as [11]:

kT, |
2 MulQf, (1)
where T, is the thermodynamic temperature of the
detector, T, plus a backaction contribution from the
amplifier, which is very small for the present readout
system, M is the mass of the bar, v, is the speed of
sound of the bar material, and Q is the quality factor
of the mode. The half height width of S(f,) gives
the bandwidth of the resonant mode:
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where I' is the spectral ratio between electronic and
Brownian noise [11] (usually I' < 1):

T,

= BQnT . (3)

T, is the amplifier noise temperature and S the
coupling parameter of the transducer to the bar.
Egs. (1) and (2) characterize the sensitivity of a
resonant-mass detector. The optimum performance
of the detector is obtained by filtering the output
with a filter matched to the signal. The energy
signal-to-noise ratio of the filter output is given by

[12]:

+=H(f)P
SNR=f_x —SEf; df (4)

where H(f) is the Fourier transform of the signal
waveform A(t).

The detector sensitivity to short burst can be
expressed as the minimum detectable (SNR = 1) GW
Fourier component at the resonant frequency, can be
easily calculated from Eq. (4) and is usually written
as:

KT ¢
M

L
Ho ) = = (5)

where L is the bar length and T is the detector
effective noise temperature, representing {(in kelvin)
the minimum detectable energy innovation:

T =4TC'/2

In order to express the sensitivity in terms of the
dimensionless GW amplitude h(z), we need to make
assumptions on the GW spectrum. If, conventionally,
we assume a flat spectrum from O to f,, as roughly
expected from a featureless waveform of amplitude
h and duration T =f ' much smaller than the detec-
tor damping time, then A, = H.. /7,

Several resonant-mass detectors, cooled to liquid
helium temperatures, are monitoring, since several
years, the strongest potential sources in our Galaxy
[13]. Cryogenic operation, superconducting electron-
ics, improved vibration isolation and increased
acoustic Q-factors have contributed to a 10* fold
improvement in energy sensitivity over Weber’s
original antennas. Three such detectors (Stanford,
ALLEGRO at LSU, EXPLORER at CERN) already
in 1986 set an upper limit on the intensity of GW
bathing the Earth [14]. In 1989 EXPLORER, cooled
to 2.0 K with superfluid helium, reached a sensitivity
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h=7 1077 [15), soon followed, at this sensitivity
level, by ALLEGRO [16] and then by the Perth
detector NIOBE [17]. The expected rate of event is
of the order of 1 per 10 years. Much higher rates
(many events per year) could be obtained by extend-
ing the observable range to the Virgo cluster of
galaxies. These events would cause a strain in a
resonant bar of the order of A=~3 107%!, which
means an energy captured by the antenna as low as
103! ], corresponding to an effective noise tempera-
ture of the order of 107 K. In terms of vibrational
energy this is equivalent to one phonon.

It can be demonstrated that in the limit of very
low T/BQ the effective noise temperature is bound
to the amplifier noise temperature, which for any
lincar amplifier has a fundamental limitation: k7,
cannot be less than % w because of the uncertainty
principle [5] (T, > Aw,/k = 10~7 K). Sensitivity at
the single-phonon level is referred to as the standard
quantum limit. The achievement of a quantum-limited
macroscopic oscillator is the challenge of the future
resonant-mass detectors. To reach this goal, the ex-
perimental parameters determining the detector sen-
sitivity must be pushed to the extreme limit of
existing technology.

A fundamental step in this direction is represented
by two new generation detectors, designed to operate
at a thermodynamic temperature of about 100 mK,
which have been constructed in Italy: NAUTILUS
[18], at Frascati INFN Natl. Labs, and AURIGA [19],
at Legnaro INFN Natl. Labs.

The NAUTILUS program started with the feasi-
bility study of the cooling below 0.1 K of a large,
high-Q aluminium mass [20]. It was planned to
develop a resonant capacitive transducer [21] with
large B and a dc SQUID amplifier [22] with noise
temperature as near as possible to the quantum limit.
The detector, constructed in Italy, was assembled
and tested to ultralow temperatures in the CERN
laboratories [23], and then moved to Frascati, where,
after an intense setting up period, is now operating.

2. The cryogenic apparatus

The layout of the NAUTILUS cryogenic appara-
tus is shown in Fig. 1. The most important feature of

the cryostat is its central section, which is shorter
than the cylindrical Al 5056 bar antenna (hereafter
indicated as the bar) of mass 2350 kg, length 3.0 m,
and diameter 0.6 m. The central section contains:

— two aluminum alloy shields cooled by helium
gas,

— a stainless steel liquid helium (LHe) reservoir
(2000 liters capacity),

— three massive copper rings,

— a special *He—*He dilution refrigerator [24-
26], through the top central access.

End caps are fastened to each stage of the cryostat
to complete the seven shields surrounding the bar.
The shields are suspended one from the other, form-
ing a cascade of low-pass mechanical filters. The
attenuation of each individual filter has been mea-
sured and is reported in Table 1.

The bar suspension and the thermal link to the
refrigerator were defined after experimental tests on
various solutions [27]. We adopted a U-shaped
(Weber type) oxygen-free high-conductivity (OFHC)
copper cable, wrapped around the bar central section
and hung from the central ring of the innermost
shield of the cryostat. This cable suspension also
provides the necessary thermal path between the
refrigerator thermal contacts and the bar.

The internal copper shield hangs from the inter-
mediate copper shield by means of two U-shaped
titanium rods (alloy Ti64). The middle shield is
suspended from the external shield by four Ti64
cables with intermediate lead masses. The liquid
helium vessel and the two external shields cooled by
the helium gas are suspended by four Ti64 cables,
hung at room temperature to a stack of 8 rubber and
steel disks.

The overall mechanical vibration isolation at the
bar resonant frequency (about 900 Hz) is about
—260 dB. In order to eliminate the acoustic noise
from the boiling liquid helium, the helium bath is
kept in a superfluid regime, at a pressure of about 20
mbar.

The external copper shield is thermally anchored
to the 1 K pot of the refrigerator. The intermediate
and inner shields are in thermal contact with the two
step heat exchangers of the dilution refrigerator; the
mixing chamber [26] is in thermal contact with the
ends of the bar suspension cable. Here the thermal
path is provided by soft multiwire copper braids, in
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Fig. 1. Layout of the NAUTILUS cryogenic apparatus.
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Table 1
Attenuation of the various filtering stages of the apparatus

Load mass Elastic element of filtering stage Mean vertical attenuation (dB)
A15056 bar Cu rod —-88+5
Cu internal ring 2 U-shaped Tié4 rods -40+5
Cu middle ring 2 U-shaped stainless steel threads -40+5
Cu external ring 4 Ti64 cables with intermediate Pb masses —-504+5
Liquid He vessel 4 Ti64 cables + 4 X 8 rubber disks -50+5

order to minimize the transmission of mechanical
vibration to the bar (see Fig. 2).

The dilution refrigerator cooling power is shown
in Fig. 3. The mixture is circulated by a roots blower
(1000 m® /h) and a primary rotary pump (120 m* /h),
both leak tight. A similar pumping system is used for
the 1 K pot.

The thermal behavior of the cryostat is monitored
by a thermometry system, designed to monitor the

Room temperature flange ——.

IK Pot

Still

Heat exchanger [
Heat exchanger Il ——-
Mixing chamber

Copper cable

cooling of each shield and of the antenna from room
temperature down to the millikelvin region. A total
of 20 GaAs diodes are used to measure the tempera-
ture of the two helium gas shields and of the liquid
helium reservoir. In the experimental vacuum, each
one of the copper shields is monitored by a GaAs
diode in order to measure the temperature down to
1.5 K, and by two calibrated Ge thermometers, one
at the center and the other at the end of one of the

Thermal contacts

P

———Copper shields
7/

\—Cylindrical bar antenna

Fig. 2. 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 cooled by different stages of the refrigerator. The external shield (2090 kg) is cooled to 1.3 K by the 1 K pot;
the intermediate shield (860 kg) to about 350 mK by the heat exchanger I; the internal shield (800 kg) to about 180 mK by the heat
exchanger II. The bar (2350 kg), is cooled to below 100 mK by the mixing chamber, via the copper cable suspension.
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Fig. 4. Temperature of the cylindrical bar versus time during the
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calibrated holes made in the cylindrical bar to ensure
a gOuu thermal contact.

Fig. 4 shows the bar temperature during a typical
cooldown. About three weeks are 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. The 1 K pot is then filled with LHe at low
pressure and the *He-*He mixture condenses and
circulates in the dilution refrigerator. After a few

days, the calibrated Ge thermometer indicates a tem-
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perature of about 90 mK on the bar end face and 45
mK on the mixing chamber, As far as we know, the
NAUTILUS detector was the first massive body
cooled to these very low temperatures.

The characteristics of the cooling agree with those
of an early model [25]. From the measured thermal
gradient between the mixing chamber and the bar
end (about 30 mK) we deduce an upper limit of 10
uW for the bar heat leak (corresponding to 1.7
uWm~2),

Fig. 5 shows the temperature of the inner copper
shields during cooldown. The overall LHe evapora-
tion rate at regime is about 90 liters /day (40 from
the helium reservoir and 50 from the 1K pot).

In order to operate the detector, the pressure of
the residual gas in the antenna vacuum must be
lower than 107° mbar; otherwise, the capacitive
transducer (see below) cannot be biased with the
necessary dc voltage. The bar has two stable equilib-
rium temperatures: about 100 mK, if the refrigerator
is in full operation, and about 1.3 K, if just a very
low flow is maintained in the refrigerator, which
then acts as a good thermal link to the 1 K pot.

3. Readout system

The configuration of the electronic instrumenta-
tion of NAUTILUS (see Fig. 6) is similar to that
developed for the EXPLORER detector; we address
the reader to [15] for technical details. We recall here
that the vibrations of the bar are converted into
electrical signals by a capacitive transducer resonat-

ing at the antenna frequency in order to improve the
energy transfer from the bar to the electronics. The
signals are applied to the input coil of a dc SQUID
amplifier by means of a superconducting trans-
former, which provides the required impedance
matching.

The capacitive transducer bolted to one end of the
antenna consists of a vibrating disk with mass M, =
0.32 kg and of a fixed plate with a gap of d =49
pm and total capacitance C, =3.95 nF. The trans-
ducer and the bar form a system of two coupled
oscillators which are perfectly coupled when the
transducer biasing voltage is ~ 300 V, since the
frequency f, of the lowest symmetrical flexural mode
of the transducer is then very close to that of the first
longitudinal mode of the bar f,. The frequencies (f_
and f,) of the resulting normal modes are spaced by
about f, u!/2, where u=242X%107* is the ratio
between the effective masses of the transducer disk
and the bar.

The high-impedance transducer is connected to
the low-inductance (L,, =1 uH) input coil of the
SQUID through a decoupling capacitance (C, = 100
nF) and a superconducting transformer with a high
turn ratio (N = 1270), primary inductance L, = 2.86
H, secondary inductance L, = 0.8 wH, and coupling
factor &, = 0.8. The electrical circuit exhibits a reso-
nance at f, = 1780 Hz, so we have a third (electri-
cal) mode, which is, however, only very weakly
coupled to the mechanical modes.

The dc SQUID is a planar device with a multiloop
geometry having very low intrinsic noise and good
coupling to the external world [21]. The device is

ultra low temperature

it

Fig. 6. Schematic of the electronics of the experimental apparatus. The vibrations of the bar are converted into electrical signals by a
resonant capacitive transducer and applied to the SQUID amplifier by a superconducting transformer. The output signals from the SQUID
instrumentation contain information on the vibrational state of the antenna and can be properly processed.
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biased with a dc current (about 40 wA) and an ac
modulation flux at f, =90 kHz applied through a
coil and is operated in the flux-locked loop configu-
ration. Its output signal is applied to a low-noise
differential FET amplifier through a cooled LC reso-
nant circuit (Q =70) tuned at f, (tank circuit),
which provides the proper noise impedance match-
ing. The FET amplifier is followed by a lock-in
amplifier, driven at f,,, whose output V(¢) is fed
back to the SQUID via a weakly coupled coil in
order to stabilize its operating point and to linearize
its input—output (V/¢) characteristics. The gain of
the SQUID amplifier is continuously monitored by
means of a calibrated reference signal of known flux
amplitude ¢, applied to the SQUID at a frequency
1., between the frequencies of the two modes, through
an additional coil. The corresponding output signal is
used to normalize the data during the analysis. The
main features of the detector are resumed in Table 2.

The output signal from the SQUID instrumenta-
tion is directly sent to the acquisition system as well
as to four lock-in amplifiers, which extract the Fourier

Table 2
Main features of the NAUTILUS detector in the first run

components at the mode frequencies (f_, f,), cali-
bration flux frequency (f.), and in the region be-
tween the modes (f,,) to obtain information on the
detector wide-band noise. The use of a lock-in am-
plifier at each frequency f_ and f, allows one to
demodulate the signal in a bandwidth defined by the
integration time ¢, =0.3 s of the instrument. Both
the outputs of the two-phase lock-in amplifier, i.c.,
the ‘in phase’ and ‘quadrature’ components p(t) and
q(1), are needed to reconstruct the signal amplitude.
The signal energy E(t) is proportional to r?(¢)=
pH(1) + ¢*(2).

For calibrating the detector we can use two de-
vices: (a) a second capacitive transducer, mounted at
the opposite end of the bar; (b) a piezoelectric (pzt)
ceramic glued on the bar surface near the central
section. The calibrator (a) can be used for exciting
the first longitudinal mode of the bar with a given
known force. It can be also used, being tuned at the
bar second longitudinal mode frequency, to monitor
the second harmonic vibrations, thus providing a
veto for non GW signals.

Frequency of the bar (first longitudinal mode)
Mass of the bar

Frequency of the transducer (first flexural mode)
Mass of the transducer (disk)

Ratio of the two equivalent masses
Transducer gap

Active capacitance of the transducer
Stray capacitance of the transducer
Decoupling capacitance

Electrical field in the transducer
Frequency of the modes

Merit factors of the modes

Decay times of the modes

Energy coupling factors

Frequency for the wide-band noise
Frequency for the SQUID calibration
Transformer primary inductance
Transformer secondary inductance
Transformer coupling constant
SQUID input coil inductance
SQUID inductance

SQUID coupling factor

d.c. SQUID flux noise (one-sided)
Modulation frequency of the SQUID
Brownian fluxes (T = { K)
Bandwidths

f-=908343 Hz
Q_=126-10°
r_=440s

B_=35-10"*

$_=85-107° P,
Af_=15Hz

f,=9158Hz
M = 2260 kg
£,=9242Hz
M, =032kg
w=242-10"4
d=49 um
C,=395nF
C, =091 nF
C,=97nF

E=64-10°V/m
f.=923.817 Hz
Q,=23-10°
T,=780s
B.,=39-10"*
fus =518 Hz
f.=916.15Hz
Ly=286H

,=05
®,=510"° b, /yHz
fn=98.1 kHz
&, =87-10-5d,
Af,=085Hz
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We have actually calibrated the antenna using the
pzt. After measuring the pzt coupling constant, we
applied a wave packet of short duration to the pzt.
We then compared the measured pulse energy at the
output of the SQUID instrumentation with that com-
puted from the knowledge of the equivalent circuit
of the detector. With signals of the order of 5- 10°
K, we found a ratio computed /experimental of 1.3
for the — mode and of 1.4 for the + mode.

4. Acquisition and data analysis

The data-acquisition system is based on a VAX
3800 minicomputer, which is connected to the INFN
network and can be remotely operated. This machine
performs the acquisition and permanent recording of
the data in a suitable form for further off-line analy-
sis as well as various functions of on-line analysis
for diagnostic purposes.

The data are analyzed using three different tech-
niques: the standard Wiener filter with fixed parame-
ters (on line); an adaptive Wiener filter (off line)
[28], which accounts for the nonstationary nature of
the noise, thereby improving the sensitivity; and an
adaptive matched filter (both on-line and off-line)
[29,30] operating on the signal directly sampled at
the output of the SQUID instrumentation.

Analog-to-digital conversion and acquisition of
the data are performed inside the VAX by an ADQ32
card with 32 input lines (see Table 3). The first 12
channels (except channel 6) are subsampled before
being recorded with sampling time Az = 0.29 s (slow
sampling). Channel 6, called ‘direct acquisition’ and
used for the maiched filter, provides the antenna
signal taken before the lock-in amplifiers, which is
recorded at the rate of 220 Hz (fast sampling). We
also have slow channels, recorded every 29 s, to
monitor the behavior of the cryogenic system (tem-
peratures, pressures, levels and flows of the cryo-
genic liquids).

Each block of recorded data contains the timing
information, which is obtained by combining the
data from a GPS device and a radio receiver tuned to
a standard-time broadcasting station.

The software also has monitoring and diagnostic
facilities for operating the detector. All the results
(statistics, time histories, distributions and spectra) of

Table 3

Data acquisition channels and sampling periods

CH I pCe) an f_ 0.2908 s
CH2 g(at £ 0.2908 s
CH3 plt)at £, 0.2908 s
CH 4 g(yat £, 0.2908 s
CHS calibration signal at f_ 0.2908 s
CH6 direct acquisition 4.544 ms
CH7 wide band noise at f,, 0.2908 s
CH8 accelerometer 0.2—100 Hz 0.2908 s
CH?Y accelerometer 900-940 Hz 02908 s
CH 10 search coil 0.2908 s
CH 11 clock 02908 s
CH 12 antenna at low frequency 20-70 Hz 0.2908 s
CH 13 helium bath pressure 0.2908 s
CH 14 helium evaporation flow 0.2908 s
CH IS isolation vacuum pressure 0.2908 s
CH 16  inner vacuum pressure 0.2908 s
CH 17 pzt on the inner copper shield 0.2908 s
CH 18 1 K pot level meter 29.08 s
CH 19 1 K pot pressure 29.08 s
CH 20 refrigerator flow 29.08 s
CH 21 mixing chamber temperature 29.08 s
CH 22 antenna temperature 29.08 s

the recorded data and the filtered data (see above)
can be displayed, thereby providing a powerful diag-
nostic tool for managing the experiment.

5. Vetoes

NAUTILUS has been equipped with a cosmic-ray
veto system [31] consisting of layers of streamer
tubes [32] placed above and below the antenna cryo-
stat. A cosmic rays detector is necessary because
extensive air showers (EAS) or energetic single par-
ticles (muons or hadrons) interacting in the antenna
may produce detectable signals whose rate increases
with increasing sensitivity of the antenna [33-35].
For instance, with a sensitivity of T = 1 mK, about
two cosmic-ray events per day are expected, but the
rate increases to about 5 - 10* if the quantum limit is
reached.

The cosmic-ray detector has a modular structure
that facilitates disassembly during the GW detector
maintenance operations. The detector consists of
seven layers of limited streamer tubes (LSTs), three
(6 X 6 m?, 24 LSTs each) mounted above the cryo-
stat and four layers (6 X 2.75 m?, 11 LSTs each)
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placed at ground level (see Fig. 1). The LSTs are
6-m-long large-size coverless plastic tubes operating
in the limited streamer regime. The analog readout of
the LST wires allows one to measure the multiplicity
of the particles impinging on the detector.

The trigger logic is designed for detecting high-
energy muons and hadrons interacting in the antenna
as well as EAS. Three different triggers can be
selected. The first ( w trigger) is used for a periodic
calibration of the system. The second (interacting
particle trigger) selects those events in which one or
more particles interact with the gravitational wave
detector; the trigger rate is about 2 Hz. The third
(neutral particle trigger) requires that no particles
cross the top module, while more than 20 particles
cross the bottom module (the rate is about 2 Hz). It
should detect neutrons interacting in the bar or the
large-angle charged particles that do not cross the
upper telescope.

The cosmic-ray veto system has demonstrated
good performance, well up to the physics require-
ments of the experiment and the simulation results.

The experimental apparatus includes others ve-
toes, such as a vibration sensor {accelerometer) and a
magnetic-field sensor (search coil) both located on
the cryostat, which monitor the laboratory environ-
ment. Another signal used as a veto is the output of
the antenna seen through the SQUID instrumentation
and bandpass filtered between 20 and 70 Hz, a
region where some resonances of the suspension
system may be observed.

6. Experimental results

The NAUTILUS detector had a first run of data
taken from December 1994 until June 1995. In this
run we had a major problem of a non-stationary
noise excess due to an up-conversion mechanism
likely acting on the last stages of the suspension
system. For this reason NAUTILUS was warmed up
on July 1995, in order to make some changes in the
suspension system for a more stable position setting.
A second run is underway since December 1995.
The main results so far collected are resumed below.

+ In the one-year period December 1995 to De-
cember 1996 the detector temperature was continu-
ously at 0.1 K, except during few interruptions for

maintenance and for the repairing of a pump. The
thermal duty cycle was of about 85%. This is the
first reported long term operation of a large massive
body at ultralow temperature.

In Fig. 7 we show the experimental strain
sensitivity of the detector. The quantity plotted is the
GW spectral amplitude h [Hz™'/?]. There are max-
ima sensitivities at about 908 Hz (f_) and 924 Hz
(f.) where we could measure with SNR = 1 a spec-
tral amplitude % = 6 10722 Hz~'/?. The half-heigth
bandwidths are of about 1 Hz. However, it is inter-
esting to note that the spectral amplitude is better
than 2 - 10~2° Hz"'/? in a total bandwidth of about
25 Hz. New upper limits on a stochastic background
of GW could be obtained with two detectors at this
sensitivity [11].

- In Fig. 8 we show the detector amplitude
distribution of three hours of data filtered with an
optimum matched filter. The bar thermodynamic
temperature was 0.1 K. The experimental data are in
very good agreement with a gaussian distribution,
whose variance directly gives T, =4.1 mK. This
corresponds to a millisecond GW burst amplitude
h, =5-1071°.

- In Fig. 9 we show a Brownian noise measure-
ment. We report the detector energy E(t) in a period
lasting about 3 hours, and the relative distribution.
The contribution to the measured average value due
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Fig. 7. Experimental strain sensitivity of the detector in a three
hours period in October 1996 (input noise spectral amplitude in
units of Hz7'/2?). The bandwidths of the two peaks at the
resonances of the detector are given in Table 2. The peak in
between corresponds to the calibration reference signal.
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reported average value is in agreement with the
detector thermodynamic temperature (T=110 mK),
as measured by a calibrated germanium thermometer
located at one end of the bar. To our knowledge this
i1s the first time that such a low temperature is
measured by using the Brownian noise of a mechani-
cal oscillator.

We report preliminary results of the search for
coincidences between the GW and cosmic-ray dete
tors, during a period of 130 hours in which the
hourly average of the experim
20 mK, during the first months of 1996. A lower
energy threshold of 100 mK was applied to the GW
detector data processed with the adaptive Wiener
filter. We used a + 1 s coincidence time window and
considered two kinds of cosmic-ray events: (a) EAS
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cles/m* on the top module; (b) single interacting
particles with the requirement of zero or one particle
in the top module and more than 500 particles in the
bottom module. For (a) we found zero coincidences
with an expected number of accidentals {n),. = 2.4,
corresponding to an upper limit at 90% CL of 0.7
coincidences per day; for (b), 11 coincidences with
{nYuc = 8.2, corresponding to an upper limit at 90%
CL of 1.6 coincidences per day. The {7n),. is ob-
tained experimentally by random changes of the
occurrence times of the cosmic rays.

These are the first resuits of the cosmic-ray
(hadrons, muons, and EAS) effects on a cryogenic
antenna at sea level [36]. At Stanford [33] only EAS
events were considered, and the detector was under 1
meter of concrete shielding. From the Monte Carlo
simulation, at energies above 100 mK, we expect
about 1072 events /day to give detectable signals in
the antenna. Hence, higher statistics and better sensi-
tivity are required in order to reach a significant
excess of coincidences. Data are being collected.

NAUTILUS is at present in continuous data tak-
ing. The detector duty cycle is limited to 85% by
cryogenic operations. The percentage of time during
which the detector can see with SNR > 1 a gravita-
tional collapse with 10~ solar masses converted in a
millisecond GW burst at Galactic center (correspond-
ing to T < 50 mK) is of about 60%. We know we
can increase the sensitivity, by solving residual non
stationary noise excess problems. We are studying
these residual effects.

Improvements in the transducer {small-gap de-
sign) and dcSQUID amplifier (higher coupling with
the input coil), as well as the implementation of the
high-frequency data acquisition and on-line analysis
system, are currently underway in parallel to the
detector operation. We plan to reach in a few years
T =10 nK, and to be sensitive to a GW spectrum
of the order of #=5-10"2* Hz~'/? over a band-
width of the order of 10 Hz.
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