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Principle of operation of  resonant-mass detectors

E. Coccia - LISA 2002

GWs excite those vibrational modes 
of a resonant body that have  a mass 
quadrupole moment, such as the 
fundamental longitudinal mode of a 
cylindrical antenna.

u(x,t) = Σn An (t)ψn (x)

Ý Ý A n(t)+τ−1 Ý A n(t)+ω0
2An(t) =Fn(t)

Fn (t) = M−1Riojo ψn
i∗ x jρd3∫ x

Force acting on the n-mode, 
described by the eigenfunction ψn

F1L ≠ 0 ;    F2L = 0
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Bars with respect to IFOs

• Technology                     
different principles and instrumentation

• Frequency Band             
Complementary; HF signals allow to study unique features 
of  compact objects 

• Symmetry properties      
discriminating the signal quadrupole character



E. Coccia - LISA 2002

Detectors main features
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The mechanical 
oscillator

Mass  M
Speed of sound  vs

Temperature  T
Quality factor  Q

Res.  frequency fr

The transducer

Efficiency β

The amplifier

Noise temperature Tn
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Principle of a Resonant Transducer

The displacement of the 
secondary oscillator
modulates a dc electric or 
magnetic field or
the frequency of a s.c. cavity

x m =
M
m

x M
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The peak sensitivity
depends on T/MQ

The bandwidth depends 
mainly on the

transducer and amplifier

Calibration peak
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The AURIGA sensitivity 
(first run 97-99)

h=2.5 10-19

4 10-22 Hz-1/2

B=6 Hz at 10-21 Hz-1/2
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A STATIONARY AND VERY 
HIGH DUTY CYCLE DETECTOR: ALLEGRO

Tobs=
328 days !

h=1x10-18

ALLEGRO 
1998



E. Coccia - LISA 2002

D et ect ab le  sig nal s today
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more
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Burst event for a present bar: a millisecond pulse, a signal made by a few 
millisecond cycles, or a signal sweeping in frequency through the detector 
resonances. The burst search with bars is therefore sensitive to different kinds 
of gw sources such as a stellar gravitational collapse, the last stable orbits of an 
inspiraling NS or BH binary, its merging, and its final ringdown.

Real data:  the arrival of a cosmic ray shower on NAUTILUS
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Unfiltered 
signal (V2)

The signal
after 
filtering
(kelvin)
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No detection  of g.w. bursts above h = 4 10-18

That is,  0.07 solar masses in the GC

IGEC is currently analysing the observations from 1997 to 
2000 (up to 4 det. operating simultaneously)

•1detector •1322 days
•2 detectors •713   days
•3 detectors •178   days
•4 detectors •29     days
•5 detectors •0       days

Total observation 
time = 1460 days

Three detectors in accidental coincidences 1 / 104y
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Explorer and Nautilus 2001
• NAUTILUS (LNF)
• ON from January to December
• Bandwidth = 0.4 Hz
• T = 1.5 K
• Duty Cycle=291/365 =80%
• Average sensitivity            

h=5. 7 10-19  
2 10-4 M0  in GC

• EXPLORER (CERN)
• ON from March to December
• Bandwidth =  9 Hz
• T = 2.6 K
• Duty Cycle=267/294=91%
• Average sensitivity            

h=4.5 10-19  
1.2 10-4 M0  in GC

Coincident operation for 213.5 days
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EXPLORER and NAUTILUS Feb. 1997

Crosscorrelation measurement of 
stochastic background of GW with two 

resonant detectors
Astron. Astrophys. 351, 811 (1999)

Stochastic Background

ΩGW < 60

12 hours of data

B = 0.1 Hz

S12< 1 x10-22 Hz-1/2



Stochastic background

Limits of Ωgw < 1 achievable cross-correlating data from a 
bar-bar couple or from a bar-interferometer couple:

• The cross-correlation of 4 months of NAUTILUS and 
AURIGA data, at the sensitivity expected in the next run, 
would put the limit at Ω gw ≤ 0.1

• Joint analyses with VIRGO, NAUTILUS and AURIGA may 
put limits at the level Ωgw≤3-5 10-3 (1y integration time, 
NAUTILUS upgraded and AURIGA phase 2, and VIRGO 
at 10-22 Hz-1/2 @900 Hz
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Continuous waves

• ALLEGRO put upper limits (4 10-23 over 1 Hz band) on signals from the GC and 
47Tucanae using one month of data 

• Limit for signals in the GC, using 95 days of EXPLORER data  hc=3x10–24

(Astone et al. PRD 65, 022201, 2002) 

• Overall sky search over 2 days of data is now running: limit at the level of   
hc=3x10–23 (1 million points, by choosing spin-down parameter and position 
randomly) (Astone, Borkowsky, Jaranowsky, Krolak, PRD, 65,042003, 2002)

• Collaboration with VIRGO-Rome group. Application of the strategy for the 
pulsar search to the EXPLORER and NAUTILUS data 
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The search of continuous signals

• The search method is based on a hierarchical 
method.

– Filling a Short FFT data base ( the data are divided in different band of 
frequencies)

– Construction of  Time Frequency maps 
– Hough Transform
– Candidate Selection
– Coherent search in the selected frequency ranges (Zooming, Doppler 

correction , FFT…..)
– New iteration

• The search is applied on the reduced data 
transferred in Rome and stored in the SFFT data 
base
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Detector calibration  - Deviation from Newton law

V = −
Gm

r
1−αe− r / λ( )

EXPLORER, J.of Phys. C (1999)
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Al 5056;  

L= 3m; D=0.6 m

M=2300 kg

T= 0.1 K

f±=907 Hz, 922 Hz

h= 3 x 10-22 Hz-1/2

hpulse= ∆L/L = 4 x 10-19

∆E = 2 mK = 0.3 µeV
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Cosmic ray 
interaction in the bar
Thermo-Acoustic Model:

the energy deposited by 
the particle is converted in a 
local heating of the 
medium:

γ = Gruneisen "constant”

Excitation of the longitudinal modes
of a  cylindrical bar

A resonant gw detector used as a
particle detector is different from 

any other particle detector

δT =
δE

ρCV0

δ p = γ
δE
V0

            γ =
αY
ρC
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• The interaction of a particle with a superconductor is
an interesting problem. Theoretician are working.

Summary 1

• We have found  for the first time the cosmic rays
induced signal in a resonant cryogenic detector.
Very nice technical result (∆x≈10-18 meters!)

• Several checks   show that  we have indeed a
mechanical excitation of the bar.

• The thermo-acustical model is ≈ correct for most
of the events. But for a fraction ≈ 10% of the
showers we have signals much larger (2 order of
magnitude) than expected.

• Interesting problem involving  gravitational
waves,  cosmic rays, particle detection and low
temperature physics

• Perhaps no more large signals for  non-
superconductor  Aluminium...but not yet firm
conclusion (≈2 standard deviation). Moreover to be
sure we need to see again the signal at 100 mKelvin.

This unexpected result was obtained with a 
NAUTILUS bar temperature of 0.14 K (below 
Tc=0.92 K)
The are no anomalous large signals if the bar 
temperature is 1.5 K (normal material)

Summary of results 

1999-2001



The cosmic ray possibility to explain data

As was pointed by Barish and Liu (PRD 61, 271, 1988) acoustic detectors are 
different from normal particle detectors based on ionization.

In a gas detector for example you need to excite some atomic level==>> 
threshold in velocity (around β»10-3)
In acoustic detectors no threshold

Several kind of massive slow particles proposed in the past (monopoles,
nuclearites..etc) would give rise to large events in a resonant-mass detector
Cabibbo Lett. Nuovo Cim. 83, 263  (1983), De Rujula Nucl. Phys. B 242, 93 (1984)

Very good limits have been set to these particles (for example with the MACRO) 
with underground experiments but not with experiments at sea level

The energy of the NAUTILUS anomalous events is in the region of the cosmic 
ray knee where we know that something should happen 

E. Coccia - LISA 2002



Study of this effect in a 
controlled environment: the 

RAP experiment

we plan to excite vibrations of a 
small aluminium cylindrical bar at 
temperatures below and above 1 
Kelvin, using the 500 MeV electron 
beam  of the DAFNE BTF in 
Frascati

• useful for the future generations of
gw detectors, including 
interferometers

• of general interest to understand the 
effect of particles on a 
superconductive medium
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NEWS on the detectors
ALLEGRO:  

It has been  relocated and  will be cooled soon with a new  
transducer  and with a  QD SQUID amplifier.

The expected bandwidth is 5-10 Hz, and the expected  strain 
sensitivity 1 x10-21 Hz-1/2

Data of a short run have been included in the LIGO datastream 
for the engineering upper limits run (2.0 x 10-21 Hz-1/2 B= 1 Hz)

AURIGA:

•New double stage SQUID amplifier: measured noise energy 200 h
at 1.5 K coupled to resonant loads

•New transducer + amplifier chain: three modes operation 
(2 mechanical + 1 electrical) to optimize the signal coupling

•New mechanical suspensions: fully modeled cryogenic stages 
(attenuation >360 dB @1kHz

The  system will be in operation at the end of 2002. 
The  expected strain sensitivity is  

6 x 10-22 Hz-1/2 B=40 Hz @1 x 10-21 Hz-1/2 Phase I  (2002)
2 x10-22 Hz-1/2 B=80  Hz @1x 10-21 Hz-1/2 Phase II   (2003)

EXPLORER: 

It is taking data, equipped with the rosette transducer 
and QD SQUID.

A record noise temperature of 500 µK has been reached
The peak strain sensitivity is 1.5 x 10-21 Hz-1/2

the bandwidth is 27 Hz @10-20 Hz-1/2

Cosmic ray detectors installed

NAUTILUS:  

New transducer  and SQUID (the same EXPLORER readout).
We expect: 6 x10-23 Hz-1/2 @935 Hz

(possible pulsar in SN1987A)
Third science run: at the end of 2002.

NIOBE: 

Actually in stand-by
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The expected AURIGA  strain sensitivity:
Phase I (2002)

Operating Temperature 1.5 K

Sh=(6 10-22 Hz -1/2)2

B=40 Hz @ 1 10-21 Hz-1/2

h=1.3  10-19(burst)

Phase II (2003)
Operating Temperature 100 mK

2 10-22 Hz-1/2

B=80 Hz @ 1 10-21 Hz-1/2

h=5 10-20(burst)



AURIGA Optomechanical readout

Bar motion read by Fabry-Perot cavity mounted between bar and 
resonant transducer. Length reference given by external Fabry-Perot 
cavity. T Room bar operated for 30 days.
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July 2001
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MICROMECHANICS MICROMECHANICS 
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The rosette capacitive transducer; gap=9µm
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Evidence for a triaxial faint pulsar associated 
with SN1987a has been found in data taken 
from 5 detectors in the optical/near-infrared 
bands in the years 1992-1996 (Middleditch et 
al., New Astronomy, 5, 243, 2000).

P = 2.14ms;  

P
•

≈  2 ⋅  10-10  Hz/s; 

Pmod ≈  103 s

⇒ fGW = 935.0Hz
⇒ hmax ≈ 4.7 ×10−26



NAUTILUS
INFN Frascati Nat. Labs

If the observed pulsar spindown is due 
to GW emission, we expect  
h=4.7x10-26 on Earth.

NAUTILUS can reach this sensitivity 
(SNR=1) with 1 month integration time 
if its spectral sensitivity at 935 Hz is
h=6x10-23 Hz-1/2

2002: Tuning of the Nautilus antenna at 935 Hz
for a possible detection of GW from the pulsar 
associated with SN1987A
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Bars

• Operating bars are capable of monitoring the strongest galactic sources with a very low 
false alarm probability when at least three detectors are in simultaneous operation.

• R&D to improve the readout and enlarge the bandwidth are giving results

• Confidence of detection can be increased by the possible measurement of the signal 
tensor character

Bars and Interferometers

• FRAMES to exchange data in a collaborative data analysis with GEO, LIGO1, TAMA 
and VIRGO

• Interferometers-Bars correlation perspectives: GW transient signals, Stochastic 
Background, ms pulsars. 



Exploiting the resonant-mass detector technique:
the spherical detector

• 5 quadrupole modes 
• Source direction
• Wave polarization

M = 1-100 tons
Sensitivity:
10-23 - 10-24 Hz-1/2;  
h ~ 10-21 - 10-22

TIGA,  PRL 1993
Hollow sphere,  PRD 1998
Dual sphere,   PRL 2001
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Strain sensitivity (Hz-1/2)
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~
Sensitivity to short bursts:    hc ~   hpeak ∆f -1/2 τ-1

Detectors having the same burst sensitivity hc

detector strain sens.     ∆f hc

EXPLORER 10-21 Hz-1/2 10 Hz 5 10-19

Equivalent 5 10-21 Hz-1/2 250 Hz 5 10-19

NAUTILUS, AURIGA 2 10-22 Hz-1/2 1 Hz 4 10-19

Equivalent 5 10-21 Hz-1/2 600 Hz 4 10-19

Advanced bar 10-22 Hz-1/2 50 Hz 3 10-20

Equivalent 5 10-22 Hz-1/2 1000 Hz 3 10-20
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Here is the test to find whether 
your mission on earth is finished:

If you are alive, it is not.

Richard Bach
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