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1 Introduction

The resonant-mass gravitational wave (GW) detector NAUTILUS, an alu-
minum 2300 kg cylinder cooled at 100 mK [1], has recently recorded signals
due to the passage of cosmic rays [2].

In 1969 Beron and Hofstander had already carried out experiments aim-
ing to detect oscillations of piezoelectric disks excited by a GeV electron
beam. The results led the authors to suggest that a very large cosmic-ray
(CR) event could excite mechanical vibrations in a metallic cylinder at its
resonance frequency and could provide an accidental background for ex-
periments on GW’s [3, 4]. Later, a group at the University of Milan [5]
estimated the possible effects of particles on a small aluminum cylinder and
made an experiment which verified the calculations, although with rather
large experimental errors.

The mechanical vibrations originate from the local thermal expansion
caused by warming up due to the energy lost by the particles crossing
the material. The effect depends on the thermal expansion coefficient and
the specific heat of the material. The ratio of these two quantities is the
Grüneisen coefficient. It turns out that while both the expansion coeffi-
cient and the specific heat vary with temperature, the Grüneisen coefficient
practically does not. In the case of aluminum, this is certainly true above
1 K, but no data are available at lower temperatures when the aluminum
becomes superconductor.

Subsequently, more refined calculations were made by several authors [6]-
[10]. All these models agree in predicting, for the vibrational energy E of the
excited fundamental mode of an aluminium cylindrical bar like NAUTILUS,
the following formula:

E = 7.64 · 10−9W 2f (1)

where E is expressed in kelvin, W , in GeV, is the energy released by the
particle to the bar and f is a geometrical factor of the order of unity. The
above formula has recently been verified with an experiment at room tem-
perature [11], using a small aluminium cylinder and an electron beam.

NAUTILUS has been operating in continuous data taking at the INFN
Frascati Laboratory for three years. The measured strain sensitivity at the
two resonances is 3 ·10−22 Hz−1/2 over a bandwidth of 0.5 Hz, corresponding
to a noise temperature Teff of about 2 mK, with a duty cycle only limited
by cryogenic operations.

NAUTILUS is equipped with a CR detector [12]. The data regarding the
vibrational energy of the bar have been correlated with the data obtained by
the CR detector. Very large signals, at a rate much greater than expected
have been detected [13].

In order to investigate this matter and account for these anomalous re-
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sults we propose to measure the effect of the passage of charged particles
in a low temperature mechanical oscillator in a controlled environment. We
plan to use the DAΦNE electron Beam Test Facility (BTF) at LNF to excite
mechanical vibrations in a small cylindrical bar made of the same aluminum
alloy as NAUTILUS. The measurements will be performed in both super-
conducting and normal regime of the aluminum bar.

Moreover, the measurement will be done using energies of the order of
1 TeV. This is the typical energy released in the bar by the extensive air
showers producing the ”anomalous signals”. It means an improvement in
sensibility of about 104 - 105 with respect to past experiments.

In section 2 we describe the main concepts of the thermo-acoustic model
and give a summary of the experiments performed up to now to study the
excitation of mechanical vibrations in metallic bodies impinged by elemen-
tary particles. In section 3 we summarize the results obtained with the CR’s
in the NAUTILUS detector. In section 4 we briefly review the physics of
the interaction of radiation and ionizing particles with superconducting ma-
terials in the form of bulk or thin films, covering the aspects that, in our
present opinion, could be relevant for the development of the RAP project,
and we examine a recently proposed effect (charge effect) associated with
the passage of CR’s through a bar detector. In section 5 we describe the
experimental set-up and in the last section the costs and the schedule of the
proposed experiment.

The results of this experiment will be important to understand the in-
teractions of ionizing particles with bulk superconductors and also to under-
stand the limitations due to CR’s to the sensitivity of the future gravitational
resonant detectors not shielded against CR’s.

The proponents are grateful to D. Babusci, M. Bassan and G. Giordano,
for their contributions to this proposal.
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2 The thermo-acoustic detection of particles in
gravitational wave detectors. Experimental facts.

2.1 Introduction

The production of mechanical vibrations in solid or liquid materials by ele-
mentary particles has been widely considered for many applications.

As an example, in the case of liquid absorbers, sound detection has
been proposed for shower calorimetry or muon identification in massive deep
underwater telescopes, mainly dedicated to neutrino astronomy. In ref. [14],
which also summarizes the theoretic and experimental knowledge in this
field, results of experiments performed at BNL and Harvard University are
reported, demonstrating that a detectable signal is produced by energetic
proton beams in traversing a liquid medium and that the observed acoustic
signal is consistent with the prediction of the thermal expansion model.

In this section, however, attention is focused on the results obtained in
the detection of mechanical vibrations in metallic bodies impinged by ele-
mentary particles, and, in particular, in the experiments that motivated this
research with the argument that the generated vibrations could in principle
limit the sensitivity of GW resonant detectors exposed to CR’s. All the
experiments reported were conducted at room temperature.

2.2 The thermo-acoustic model

The underlying model for the acoustic detection of high energy particles is
based on the assumption that the energy released by a particle traversing a
material gives rise to local heating and thus to a mechanical tension leading
to a pressure pulse. Various authors [4]-[9] have evaluated the effect due
to the passage of particles in a metallic bar. The following is the estimate
given in [10] for the vibrational energy, E, in the n − th longitudinal mode
of a metallic cylinder:

E = (4k/9π)(γ2/ρLv2)(dW/dx)2Fn(z0, θ0, l0) (2)

with:

Fn(z0, θ0, l0) =
[

sin
(

nπz0

L

) sin nπl0cosθ0
2L

nπRcosθ0
L

]2

(3)

where in (2) k is the Boltzmann constant, ρ the density of the material,
L the length of the bar, v the sound velocity in the material, dW/dx the
energy loss of the particle in the material and γ the adimensional Grüneisen
parameter:

γ =
αKT V

CV
(4)
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containing the material thermal expansivity, α, the isothermal bulk modu-
lus, KT , the constant-volume heat capacity, CV ; γ is considered constant
with temperature and for aluminum this is true above T ≈ 1K, but no data
are available at lower values of temperature, where the material behaves as
a superconductor.The track and the absorber geometric properties are fac-
torised in (3) and, in particular, R is the radius of the bar and z0, θ0, l0 are,
respectively, the distance of the track midpoint from one end of the bar, the
angle of the track with respect to the axis of the bar and the length of the
track in the bar; the fundamental mode is considered when (3) is applied to
the RAP case.

2.3 The experiments

Beron, B.L. and Hoftstadter, R., in their pioneering work [3], reported on
the observation of radial and compressional modes of vibration of a set of
piezoelectric disks impinged by electron beams of 0.2-1.0 GeV energy. The
authors also explicitly mentioned that a very large CR event could excite
mechanical vibrations in a metallic cylinder at its resonant frequencies and
could provide an accidental background for experiments on GW’s.

Grassi Strini, A.M. et al. [5] deemed the results obtained in the Beron
and Hoftstadter experiment not exhaustive due to the fact that a set-up with
no calibration capacities was used, that the interpretation of the results was
merely qualitative and that the observations could have been affected by
the energy spread in the absorber caused by the showering electrons. In the
Grassi Strini et al. experiment a cylindrical bar, 20 cm in length and 3 cm in
diameter, made of an aluminum alloy and suspended in a vacuum chamber
by a steel wire, was used. Two piezoelectric transducers, one placed in cor-
respondence to the central cross section of the bar and the other displaced
with respect to that section, provided the readout of the oscillations, also
enabling even harmonics detection. The whole system was calibrated by
exciting the bar with an oscillating electrical force. The bar was exposed
either to a 29.3 MeV pulsed proton beam with a peak intensity of 5 µA
and time duration ranging from 10 to 50 µs or to a 500 eV pulsed electron
beam with currents of several mA and time duration between 10 and 50 µs.
The maximum oscillation amplitude of the first, second and third harmonic
as a function of the energy delivered in the beams was the experimental
observable, with a quoted total error of ±20%. Comparison with the predic-
tions of a simplified model was performed (assuming that: (1) all the beam
energy is transformed into thermal energy, (2) the bar can be described as a
unidimensional elastic system, (3) the energy of the beam spreads out uni-
formly on the whole cross section of the bar, (4) the beam pulse duration
is short with respect to the oscillation period of the highest order harmon-
ics). The agreement was very satisfactory in the case of the proton beam.
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The less satisfactory agreement found for the electron beams was referred
to the limitations of the theoretical model adopted, and in particular to
the unfulfilment of the third hypothesis, since the electron energy was too
low to allow for penetration inside the bar material, leaving the localisation
of the electron energy loss in the regions near the surface and, thus, not
allowing the use of a unidimensional model (second hypothesis) as a good
approximation.

Verification of the thermo-acoustic model, as described in [5], was also
attempted by Bressi G., et al. [15] using a suspended cylindrical test mass,
length 20 cm and diameter 3 cm, made of an aluminum alloy with an inno-
vative transducer [16] detecting the change of the tunneling current when
there is a variation of the gap between a tip and the surface of the macro-
scopic body to be monitored. Various calibrated set-up were exposed to
proton beams in order to detect the effect. The first attempt was made at
LNL with a 5 MeV proton beam with a negative observational result, which
was ascribed to unfulfilment of the third hypothesis in the above indicated
model, since the range of a 5 MeV proton is 0.18 mm. The second attempt
was made at the LNL Tandem by using a proton beam of 30 MeV energy,
in order to insure the uniformity of the energy release in the bar, being 4
mm the proton range at this energy. The negative observational result was
related to the time duration of the proton pulse, not optimally matching
the fourth hypothesis of the model. The last attempt was made at CERN
using LEAR, delivering 50 MeV protons with pulse time duration shorter
than LNL Tandem; this set-up was subject to a irrecoverable environmental
seismic noise, with effect also in the tunneling current, and electrical in-
duction on the sensors. The dismission of LEAR made improvement of the
experimental conditions impossible.

A recent experiment [11] has confirmed the applicability of the model
by using different set-up exposed to a ≈ 600 MeV electron beam operating
in single bunch mode with a pulse width of up ≈ 2µs and adjustable inten-
sity of 109 − 1010 electrons per bunch, provided by the Amsterdam linear
accelerator, MEA, now dismissed.
One set-up consisted in a cylindrical bar, made of an aluminum alloy and
of 20 cm length and 3.5 cm diameter. The bar was suspended by a plastic
string connected to a horizontally movable gliding structure, allowing for
displacement of the bar with respect to the beam spot, inside a vacuum
chamber. Different arrangements of sensors and calibrators were used in
order to verify the feasibility and then to perform the measurement. In
the latter case a piezoelectric sensor was placed 1 cm off center on top of
the bar; one end of the bar was equipped with an accelerometer, the other
end facing a capacitor plate. The calibration of the piezoelectric sensor was
performed against the accelerometer, by using the excitation provided by
a loudspeaker, and the stability of the piezoelectric device was monitored
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Figure 1: Correlation between the Fourier amplitude of the 12.6 kHz vibra-
tional mode and the beam charge. Data points(*) and straight line fit(-). -
From ref.([11])

during the runs by electrically driving the capacitor plate.
Calculations using the thermo-acoustic model agreed well with the data, as
demonstrated by the variations of the excitation strength with the absorbed
energy, inferred from the linear dependence between the Fourier amplitude
of the modes on the integrated charge in the beam pulse at a fixed beam
position (Fig.1), and by comparison of the amplitudes with the model pre-
dictions as a function of the beam hit positions along the cylinder. A con-
version factor of 7.4± 1.4 nm/J was found for the first longitudinal mode of
the resonator, while the prediction of the model is 10 nm/J.
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3 Summary of the Experimental Data with Cos-
mic Rays in NAUTILUS

3.1 Introduction

In this section we summarize the results of the CR’s obtained by the ROG
collaboration with the NAUTILUS antenna, published in [2, 13]. A discus-
sion of possible sources of the large amplitude events is reported. We also
anticipate results obtained by the ROG group with a NAUTILUS run at
non superconductor temperature suggesting that at least the large events
are correlated to the temperature.

3.2 NAUTILUS data : normal low amplitude events

NAUTILUS is equipped with a CR detector system consisting of seven layers
of streamer tubes for a total of 116 counters [12]. Three superimposed layers,
each with an area of 36 m2, are located over the cryostat. Four superimposed
layers are under the cryostat, each one with area of 16.5 m2. Each counter
measures the charge, which is proportional to the number of particles. The
detector is able to measure particle density up to 5000particles

m2 without large
saturation effects. and it gives a rate of showers in good agreement with
the expected number [12, 17], as verified using the particle density in the
streamer tubes over the cryostat (up particle density), which is not affected
by the interaction in the NAUTILUS detector.

The rate of events due to CR in the NAUTILUS antenna was calculated
using GEANT to simulate NAUTILUS and the CORSIKA [18] Montecarlo
to simulate the effect of the hadrons produced by the CR interactions in the
atmosphere. The results are in table 1.

Since the expected signal amplitude is quite small in the first [2] search
for signals due to CR’s, analysis using a zero threshold method was per-
formed, that is, a search adding the NAUTILUS data streams with a time
offset given from the CR events (selected with a cut on the particle density
bigger than 600 particles/m2). The conclusion of this work was that the am-
plitude of the detected signal was in rough agreement with the calculations
(within a factor 3).

Table 1: Calculated events/day due to cosmic rays.
Energy(K) Muons Ext Air Showers Hadrons Total

10−5 12.7 50 24.2 87
10−4 1.2 7 3 11.2
10−3 0.18 0.8 0.33 1.3
10−2 0.002 0.1 0.05 0.15

Later on a few events having very large amplitude in the NAUTILUS
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antenna were found, so a search of coincidences started.

3.3 NAUTILUS data : large amplitude events

Using the same data as in [2], coincidences between the NAUTILUS events
and the signals from the CR NAUTILUS detectors were searched, for a total
observation time of 83.4 days [13]. As result of this analysis a clear coin-
cidence excess above background is found, when the showers have particle
density large enough to give a signal in the bar. There are 18 coincidences
for the down particle density greater than 300 particles

m2 , while the expected
number of accidentals is n = 2.1 For a particle density greater than 600
particles

m2 the coincidences reduce to twelve, with n = 0.78.
An unexpected, extremely large NAUTILUS event in coincidence with

a CR event, with energy E = 57.89 Kelvin was found, corresponding to 87
TeV released in the bar. Both the up and down particle density of the CR
detector are the largest in this case. The time of the NAUTILUS event is
obtained with good accuracy from the data, given the very large value of
SNR=15860: to = 2123.928 s with an error of the order of 10 ms. The time
when the event is observed is 2123.9222 s with a time error better than 1
ms. The difference of 6 ms is within the experimental error of the G.W.
time events (at present time accuracy for the NAUTILUS apparatus has
been improved). The good agreement between the two times excludes the
possibility that the large amplitude signals are due to electrical noise on the
SQUID.

The 57.89 Kelvin value should be compared to the value obtained using
the down particle density under the hypothesis of electromagnetic showers.
In the previous work [2], finalized to the study of small signals, it was found
that this energy is given by E = Λ2 4.7 10−10 Kelvin where Λ is the number
of particles in the bar. For the biggest event the above equation gives E =
0.019 K, which is more than three orders of magnitude smaller than the
recorded 58 K. In the same way energies much smaller than those reported
for all the coincident events are obtained. The conclusion is that all or most
of the observed NAUTILUS events are not due to electromagnetic showers.

On the contrary, when using the NAUTILUS measurements at zero time
delay with energy of the order or below the noise and adding them up at
the CR trigger time, as in the previous analysis, it was found that the elec-
tromagnetic showers account for the energy observations within a factor of
three. For the previous result [2] the energy of the small signals is corre-
lated with the CR particle density. By contrast, no correlation with the
lower particle density is found for the 18 large signals. This is shown in
fig. 2, and confirms the idea that the observed large events are not due to
pure electromagnetic showers. In conclusion, the NAUTILUS signals are as-
sociated with two distinct families of CR showers. In one family the signals
can be interpreted as due to the electromagnetic component of the showers,
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Figure 2: Correlation between the NAUTILUS signals and cosmic ray parti-
cle density. The upper graph shows the correlation of the NAUTILUS energy
at zero delay (with respect to the cosmic ray events) versus the corresponding
cosmic ray lower particle density, for the 92 data points considered in the
previous analysis. The correlation coefficient is 0.30, with a probability of
being accidental of less than 1%. Instead, the lower plot shows no correla-
tion between the energy of the NAUTILUS coincident events analysed in this
paper and the corresponding cosmic ray particle density (from ref. [13]).
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Figure 3: Comparison between calculations and measurements (from ref.
[13]). The asterisks indicate the integrated number of coincident events ver-
sus the energy released by the cosmic ray to the bar, expressed in GeV units,
to be compared with the points having error bars, which give the number of
events due to hadrons we expect in the NAUTILUS bar. The dashed line is
the experimental integral spectrum for the hadronic component of the show-
ers, for the 83.4 days of observation, obtained by the Kascade experiment.
See text.

in the other family the known CR particles in the shower do not justify the
amplitude or the rate of the observed signals.

One must consider the possibility that the large events are due to the
contribution of hadrons in the showers. The rates calculated in table 1 ap-
pear to disagree with the observation by more than one order of magnitude.
In figure 3 the calculated numbers are compared with the integrated num-
ber of coincidences versus the NAUTILUS event energy. Using eq. (1) it is
possible to express the integral number in terms of the energy released to
the NAUTILUS bar by the CR’s.

In this figure there are also recent measurements [19] of the hadronic
components of extensive air showers, the number of hadronic showers versus
their total energy measured with usual particle detectors. Comparison of
these measurements with the result of the Monte Carlo calculation shown in
fig. 3 with the error bars proves that the calculations have been performed
correctly, since, because of the small diameter of the bar, only a few percent
of the hadronic energy should be absorbed by the bar, just as shown in fig. 3.

An immediate finding is that the highest energy event occurs in a time
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Table 2: Coincidences Cosmic Rays - NAUTILUS.
Data Temp. Days Events Accidentals Rate

(K) (ev./day)
Sept-Dec 1998 0.1 83.4 18 2 0.19 ± 0.051
Feb-Jul 2000 0.1 31.8 13 2.3 0.33 ± 0.11

Total T=0.1 K 0.1 115.2 31 4.3 0.23 ± 0.048
Aug 00 Aug 01 1.1 65.7 6 3.4 0.04 ± 0.04

period more than one hundred times shorter than estimated under the hy-
pothesis that the signals in the bar are due to hadrons. This big specific
event could be explained as due to a large fluctuation, but a large disagree-
ment between predicted and observed rates also appears for all other events.
Thus our observations exceed expectations by one or two orders of magni-
tude.

Other possibilities to explain these results must be considered, such as
anomalous composition of CR’s (the observed showers might include other
particles, like nuclearites [8, 20, 21] or Q-balls [22]).

We must also take into account the possibility that formula (1) does
not always apply, either because the Grüneisen coefficient might be larger
at the temperature of NAUTILUS when the aluminum is superconductor
and the specific heat rapidly approaches zero, or because the impact of a
particle could trigger non-elastic audiofrequency vibrational modes with a
much larger energy release. This has already been suggested [23] for the
case of the interaction with GW’s, to explain cross-sections possibly higher
than calculated. However, in this case the agreement found for the small
signals between experiment and calculation using eq. (1) requires that the
breaking of the model occur rather infrequently.

The favourite hypothesis is currently the one related to an anomalous be-
haviour of superconductive aluminum. In fact since August 2000 NAUTLUS
has been running at a temperature higher than the critical temperature for
aluminum. The result of the coincidence analysis for the overall NAUTILUS
data is shown in table 2.

In order to have a direct comparison, the event selection is very similar
to the one for the 1998 data (noise temperature less than 10 mKelvin, signal
noise ratio bigger than 19.5, particle density greater than 300particles

m2 ) . From
this table there is evidence at about 3 σ level that the rate is related to the
aluminum temperature. This supports the hypothesis that equation (1) for
a fraction of the CR events does not apply to superconductive aluminum.
This result is the main motivation for our proposal.

However it must be stressed that the rate probably does not go exactly
to 0 for T=1.1 Kelvin as could appear from table 2. Enlarging the data set
by applying a very loose noise cut (1 Kelvin) 200 useful days are obtained,
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an increase of a factor 3. The results are shown in table 3. At high particle
density, a small event excess is found; this result is preliminary because it
concerns high noise data.

Table 3: Coincidences cosmic rays - NAUTILUS with non superconductor
aluminum and high noise - 200 days.

particles
m2 Events Accidentals
300 61 63.4
600 25 17.5
1200 13 3.9
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Figure 4: Rate of events in superconducting and normal aluminum state.
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4 Possible explanations

4.1 Introduction

Among the possible explanations of the observed discrepancy, we can men-
tion some mechanism of mechanical origin in the NAUTILUS bar, such as
creep mechanisms or instabilities of plastic deformations at very low tem-
peratures (see sec. 5.2), some unexpected behaviour of NAUTILUS due to
its superconducting state (the presence of metastable magnetic domains, or
a behaviour of the Grüneisen parameter not taken into account in equation
(2)), or some effect of electromagnetic origin, such as the recently proposed
“charge effect” or magnetostriction effects. Magnetostriction is present in a
ferromagnetic crystal when magnetization induces deformations in the crys-
tal lattice. We do not consider this effect important in our case, because
Al5056 is a very weak paramagnetic material, the bar is a polycristal cylin-
der and the magnetic field produced by the passage of CR’s is very low.
In the following we will treat in more detail the charge effect, and we will
give a brief review of superconducting detectors in order to evidence a possi-
ble relevance of superconductivity for the RAP project. Other possibilities
to explain our observations could be considered, such as the presence in
the shower of exotic particles like nuclearites [20] for instance. Previous
searches for these particles with resonant GW detectors have given upper
limits [10, 21] not inconsistent with the present experimental data. We note
that a resonant GW detector is able to observe particles with a mechanism
different from the usual CR detectors.

4.2 Superconductive Detectors

The phenomenon of superconductivity [24] , i. e. the vanishing of electrical
resistance and onset of perfect diamagnetism (Meissner effect) below specific
critical temperatures and magnetic fields, has for several decades attracted
the interest of scientists working in the field of electromagnetic radiation
and elementary particles interaction with matter[25, 26]. This attention is
generated essentially by the fact that relatively small energy is required in
order to break the superconducting groundstate locally. This groundstate
is formed by coherent electron pairs (Cooper pairs) whose binding can be
destroyed by energies of the order of a few meV. Electromagnetic radiation
or ionizing particles releasing such amount of energies to superconductive
bulk materials or thin films can perturb the groundstate in a way that can
be well detected with room temperature or superconductive electronics.

It is worth recalling here that in 1986 a new family of superconducting
materials having transition temperatures above the liquid nitrogen boiling
point (77K) was discovered [24] . Although the physics of these new mate-
rials having a ceramic (perovskite) structure is surely very stimulating, no
reliable microscopic theory explaining the onset of superconductivity in them
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has yet appeared. This fundamental lack, along with the poor mechanical
properties of the materials, has not generated much radiation and particles
detection interest for systems based on this new type of superconductors.
For the remainder of these notes we will always consider low temperature
superconductors, namely superconductors whose temperature is below 25
K: the structure of these materials is metallic in most of the cases.

Several energy transfer concepts depending on the specific particles or
radiation to be detected have been analyzed; however, the peculiarity of all
systems and detectors proposed so far is represented by the higher sensitivity
of superconductive detectors. Along with the above described low threshold
for the breaking of Cooper pairs, the fact that the superconductive systems
are operated at temperatures below 10K (in several cases even in the mK
region) surely improves sensitivity due to the limited amount of thermal
noise. The low thermal noise, however, is not necessarily related to specific
physical effects enhancing detector sensitivity.

In the next section we review experiments and processes that represent
useful conceptual schemes for the future interpretation of the data to be
produced by the RAP experiment. Here, however, we should point out that
none of the experiments that we shall be reporting contained a low frequency
detection scheme similar to that of the NAUTILUS GW antenna.

4.2.1 Superconductive Detection Schemes

• Superheating-supercooling detectors

This scheme of detection was based on the superheating and super-
cooling properties of microspheres and granules (diameters from a few
tens up to a few hundred microns) of type I superconductors embedded
in dielectric materials. The samples, biased by an external magnetic
field in the metastable superheating-supercooling region, were sup-
posed to undergo a transition from superconducting to normal state
as a result of the interaction with particles and radiation. The materi-
als used were typically indium and tin, and for these materials it was
estimated that the system could produce evidence of the interaction
even with very weakly interacting particles such as solar neutrinos.
The detection system exhibited encouraging sensitivities down to low
β and γ sources (the latter down in the keV range) and remarkable
sensitivity was reached for the readout electronics up to the point that
the switchings of individual granules could be recorded. The practical
usefulness of the detection scheme was limited by severe technological
problems such as the uniformity of the size of the spheres or granules
(along with their large scale production). Nevertheless, we note that
this experiment produced evidence of superconducting-normal transi-
tions of microgranules of type I superconductors having radii down to
10µm.
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• The superconducting bolometers

A bolometer consists of an absorber and a thermometer in contact
with the absorber. When a particle hits the absorber the released en-
ergy creates phonons and heat increase. If the heat capacitance of the
absorber is low, a condition that can be met at low temperatures, the
temperature variations can be measured by the corresponding vari-
ations of the thermometric parameters. We note that the absorber
itself can also be used as a thermometer. Several systems have been
suggested in which the absorber is also made of a superconductor;
other typical absorber materials are pure silicon, sapphire or diamond
given their low thermal capacity and high diffusivity. Instead, as sensi-
tive thermometers, semiconductor thermistors, superconducting films
or superconducting tunnel junctions are used. The basic difference
between superconducting and semiconducting absorbers is simply the
fact that the process of phonon creation is slightly different in the
two cases : for the superconductors, indeed, the deposited energies
can also release extra phonons due to electron pairs breaking. The
development of bolometers combining semiconducting absorbers and
superconductive thermometers is currently a field of intense research
and development. These studies have generated, for example, powerful
tools in solid state physics in the field of phonon propagation.

• The tunnel junctions

Superconductive tunneling, beside representing an extremely interest-
ing and active research field in condensed matter, has generated a
countless number of devices based on SIN (Superconducting-Insulating-
Normal), SIS (SuperconductorInsulatingSuperconductor) and Joseph-
son junctions. Tunnel junctions represent the core of superconducting
electronics; these have been proposed as ultra-fast descriminators, as
thermometers for bolometers, like high-sensitivity direct particle de-
tectors. SIS mixers, Josephson junctions arrays and SQUIDs today
represent the best known results of the achievements in superconduct-
ing electronics, a field in which several quantum-limited electronic de-
vices have been fabricated.

The junctions might take advantage of two basic working points on
their current-voltage characteristics : the zero-voltage Josephson cur-
rent and the gap discontinuity. The energy gap discontinuity is gener-
ated by the absence of electron tunneling for voltages below the energy
gap of superconductors. The discontinuity is accompanied by a very
abrupt discontinuity in the current-voltage characteristics, which can
be used as a bias point for the detection (particles and radiation) pro-
cesses. The Josephson current is generated by Cooper pairs when the
tunneling barrier is thin enough to allow maintaining the coherence
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of the pair itself. The Josephson current can be modulated by weak
external magnetic fields, a phenomenon which can give rise to fast
switching processes and quantum-limited magnetic field detection.

• The strip detectors

The thin film strip detectors attracted noticeable attention in the last
decade when some groups proposed their use in the framework of the
SSC (Superconducting Super Collider) project, as basic building block
for minimum ionizing particles detectors and 1µm resolution spatial
discriminators. The principle of operation of a strip detector is based
on the fact that ionizing particles and radiation can locally destroy
superconductivity in very thin films (width of the order of 1µm or
below). This Cooper pairs breaking generates a pulse because of the
abrupt change of resistivity of the film and the pulse, in turn, can
be recorded with room temperature electronics. Several experiments
were performed on the strip detectors and, in principle their potential-
ity was demonstrated. However, very little data exist in the literature
concerning the most important part of the principle of operation: the
self-recovering pulses. The “hot-spots” generated by the incoming par-
ticles must be self-recovering : when the pulse has been transmitted the
strip must become superconductive again, otherwise the whole prin-
ciple of the detector is worthless because the “hot-spots” propagate
along the strip giving rise to extended normal regions. Although the
strip detector represents the simplest device for radiation and particles
detections, it has not, since the SSC collider project ended, received
much attention.

4.2.2 Possible relevance of superconductivity for the RAP project

Although the experimental evidence indicates that superconductivity of the
NAUTILUS bar could be a possible reason for the observation of the anoma-
lous signals recorded at low frequencies, it is not easy at the moment to
furnish a consistent and complete explanation. One thing that we tried to
make clear in the previous section is the fact that the difference between a
normal state and a superconducting state is the condensation of electrons in
the form of Cooper pairs. The breaking of these pairs by the energies coming
from magnetic fields and temperature gradients represents the characteristic
common to all superconducting detectors. Thus, since no difference exists
in the crystal structure between a normal metal and a superconductor, any
possible explanation must be attributed to an electronic process in which
the lattice acts only as an energy transfer vehicle.

The fact that the energy gap of aluminum is of the order of 1 meV
shows that that lattice phonons in the submillimeter and infrared region of
the spectrum can be excited by Cooper pairs breaking. The propagation
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and the mutual interaction of these excitations in a polycrystalline mate-
rial represents an important point for future speculation. We believe that
conclusive data from the NAUTILUS detector (both above and below the
critical transition temperature of the aluminum bar) and well focused mea-
surement runs on the bar of the RAP experiment will help clarify the reasons
for the anomalous events recorded in coincidence with CR’s showers.

4.3 Charge effects

Very recently, R.F. O’Connell has suggested [27] the existence of charge
effects associated with the passage of cosmic rays through a bar detector.
The analysis of this author is based upon the independent-oscillator (IO)
model developed by Ford et al. [28]. This is a very general dissipative
microscopic model founded on a well defined Hamiltonian, and that leads
to an equation of motion in the form of a generalized quantum Langevin
equation (GLE).

This equation is usually met in the solution of many dissipative problems
arising in various areas of physics (an example being GW detection). For a
quantum particle of mass m, the GLE assumes the following form:

mẍ +
∫ t

−∞
dτ µ(t − τ) ẋ(τ) + dV/dx = F (t) + f(t) , (5)

where µ(t) is the so called memory function, F (t) is the random (fluctuation
or noise) force, f(t) is a deterministic external force (e.g., due to a GW) 1,
and V (x) a generic external potential. It has been pointed out [28] that
the GLE corresponds to a description of a quantum system interacting with
a quantum-mechanical heat bath. In fact, in the IO model the system is
assumed to be described by the following Hamiltonian:

H =
p2

2m
+ V (x) − xf(t) +

∑

j

p2
j

2mj
+

1
2

mj ω
2
j (qj − x)2 , (6)

where x and p are, respectively, the coordinate and momentum operators
for the quantum particle, while qj and pj are the corresponding operators
for the heat bath oscillator j with mass mj and frequency ωj .

A bar detector is usually described as an oscillator of mass m (half of
the bar mass) and natural frequency ω0, dipped in an “Ohmic” (the Fourier
transform µ̃ of the memory function is a real function of ω) heat bath at
temperature T . Since the detector is sensitive only in a narrow frequency
region around ω0, µ̃(ω) can be assumed to be a constant (= mγ). It can be
shown [27] that under the further assumption of weak coupling (γ # ω0),

1In Eq. (5) x(t) is a generalized displacement operator, so that, for instance, ∆x could
represent an electrical voltage.
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the mean square displacement of the oscillator due to the heat bath assumes,
in the limit h̄ω0 # kT , the following form [27]

< x2 > =
kT

mω2
0

=
2kT

h̄ω0
< x2 >Q . (7)

where < x2 >Q = h̄/2mω0 is the well known expression for uncertainty in
the position of a free (γ = 0) oscillator at T = 0.

If the detector acquires a stray charge q, then it will interact with the
e.m. fields associated with the ambient blackbody radiation. As a conse-
quence of this interaction the function µ̃(ω) will present a strong frequency
dependence. In this case the analysis of the problem is complicated by the
mass renormalization of QED. As explicitly derived in ref. [27], denoting
with M the renormalized, i.e. physical, mass of the charge q, we have:

µ̃(ω) =
MτqΩ2

ω2 + Ω2
ω (ω − iΩ) , (8)

where Ω is a large cut-off frequency and τq = 2q2/3Mc3. In general, among
M , Ω and the bare mass m∗ of the charge the following relation holds:

M = m∗ + τq ΩM ,

from which we see that for Ω = 1/τq we have m∗ = 0 (the usual choice for
the bare mass of the electron in QED), but the choice Ω < 1/τq would lead
to a positive non-zero value for m∗. In that case, for T = 0 we obtain [27]

< x2 >q =
2
π

ω0 τq < x2 >Q ln
M

m∗ ω0 τq
, (9)

with < x2 >Q specialized to the case of a quantum oscillator of mass M .
This equation shows that the mean-square displacement of a charged oscil-
lator, as a consequence of the interaction with the zero-point oscillations of
the radiation field, is very sensitive to the value of m∗.

Let us now consider the RAP detector (M ∼ 25 kg, ν0 ∼ 4.5 kHz). In
that case (< x2 >Q)1/2 = 8.6 × 10−19 cm (for T = 0.1 K this displacement
increases by a factor about 1000). By assuming a stray charge of 1 pC we
obtain ω0τq & 2. × 10−37. But, this very small number appears also in the
denominator of the log argument, together with m∗ that, if non zero, has
at least a very small value. Actually Eq. (9) is logarithmically divergent as
m∗ → 0, thus leading to a < x2 >q much greater than < x2 >Q. The author
of ref. [27] speculates that this divergence could be cured by a non-zero
value for m∗ (which would have implications for mass renormalization in
QED) or by anharmonic terms which will come into play as < x2 > grows
large. He also stress the necessity to implement the calculation including
also retardation and relativistic effects.
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In summary, the calculations of ref. [27], although still incomplete, sug-
gest a possible origin for the large non-gravitational signals observed with
bar detectors and, as a by-product, identify a possible test for determining
the bare mass of the electron. In the light of these results, the possibility to
investigate the behaviour of a charged detector in a controlled experiment
appears very interesting.
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5 Experimental set-up

We plan to use for the proposed experiment a cylindrical bar, cut from
a bulk made of the same aluminum alloy (Al5056) as NAUTILUS. The
dimensions of the resonator are 205 mm in diameter and 585 mm in length;
the resonance frequency of the first longitudinal mode is about 4600 Hz.

In the following we describe the cryogenic system for cooling the bar
down to 0.1 K, the mechanical filters needed for isolating the detector from
external and internal disturbances, the read-out scheme, the main features
of the Beam Test Facility (with a Monte Carlo simulation of the interaction
of the beam with the bar) and the data acquisition system.

5.1 Cryogenics

The cryogenic system for the RAP experiment follows basic concepts for
any experiment aiming to detect weak effects on a harmonic oscillator at
low temperatures:

1. No direct contact between cryogenics and detector, except for the weak
thermal connections between refrigerator and suspension system, to
minimize the acoustic interference.

2. Fast pre-cooling down to liquid-helium temperatures.

The design of the cryostat is largely determined by the choice of the cool-
ing method, the requirement of long-term operation at mK temperatures,
and the design of the low-noise suspension system. It must also take into
account the assembling of a detector equipped with sensors. Finally, it must
allow for an overpressure compatible with the integrity of the sealing of the
inner vacuum vessel. The cryostat is provided by the ROG group and will
be available at the end of 2001.

The cooling of the bar and the attached apparatus proceeds in two stages:
first, pre-cooling to liquid He temperature, and then the final cooling to
100 mK using a 3He−4He dilution refrigerator.

The first stage determines almost entirely the cool-down time. Calcu-
lations made [30] show, that the pre-cooling lasts one day. This can be
obtained by forcing He gas directly on the surface of the bar and suspen-
sion.

When a temperature of 6 K has been reached, the pre-cooling phase ends,
the inner space of the cryostat is evacuated, and the He bath is filled with
liquid He. From that point on the dilution refrigerator takes over and the
final cooling stage is entered. On extrapolating the measured heat leak of
the NAUTILUS detector at 100 mK, a cooling power of 100 µW at 100 mK
is a safe design value for the dilution refrigerator. Collaboration with Leiden
University has been established and costs have been estimated.
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5.2 Mechanical suspensions

The main purpose of a mechanical suspension of a detector is to contribute to
the reduction of the seismic noise of the surroundings to a level comparable
to the sensitivity of the measuring instruments. In ultra-cryogenic detectors,
such as RAP, another aim of the mechanical suspension is to provide the
thermal link between the test mass and a dilution refrigerator to allow a good
heat sink; furthermore, the mechanical suspension should also provide the
thermal insulation between the same dilution refrigerator and the top of the
cryostat to avoid heat leakages. Conceptually the suspension is a cascade of
attenuation stages [31] (mechanical filters), each consisting of a flexible joint
connecting and supporting an inertial mass. The aim of the cascade is to
assure the requested level of attenuation inside a proper working frequency
window. For the purpose of this experiment, an attenuation of about -150
dB at the bar resonant frequency is needed.

Referring to the mechanical design of the suspension, the use of a finite
element code is recommended since the usually adopted spring-mass analyt-
ical scheme is sometimes misleading (not to say erroneous), even for simple
rods, because it does not take into account: a) cross section shear and rotary
inertia effects on high order modes [32]; b) coupling between flexible joints
and inertial masses; c) reflection and transmission of waves at discontinu-
ities; d) structural damping, and so on. A “massive” finite element model
of the whole suspension is advisable in conjunction with experimental tests
on single stage models; as an example of this approach a simple comparison
between two stage solutions will be reported later.

In the following pages we give a quite complete discussion of the suspen-
sions for a generic gravitational bar detector; we wish, however, to stress
that the requirements of the RAP experiment are less critical than those of
a GW experiment, and can easily be satisfied.

5.2.1 Design Criteria

Even if the RAP suspension should carry a very light load (say 100 kg), its
design may follow some general criteria which are applied to the suspensions
of other cryogenic test facilities carrying much heavier loads, as follows:

• achieve the best “global attenuation” per unit length stage;

the “global attenuation” per unit length is the ratio (expressed in dB)
between the modulus of the resulting displacement and the modulus
of a completely arbitrary perturbing displacement; since the available
room for the suspension is limited by the height of the cryostat, the
“global attenuation” per unit length (vertical) is the performance in-
dex of the single stage of the suspension;

• prevent the so called “up conversion” perturbing mechanism;
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low frequency perturbations may produce the relative sliding of two
surfaces in contact; the rupture and reformation of the “micro-weldings”
in the contact zone lead to high frequency noise; therefore welded
joints are preferred instead of any sliding contact such as in bolts,
pins, wound cables and soforth;

• avoid stress concentrations and relieve residual stresses;

“Hertz type” contacts (as in threads, knife edge supports, wound ca-
bles) and sharp fillets are usually the “loci” of the concentration of
stresses which can be suddenly released during the life of the appara-
tus; these stresses are due to the gravity load acting on the structure
and their concentration should be avoided in order not to activate the
release process which should be very similar to the creep mechanism;
welded joints and rounded fillets are recommended; at the same time,
any kind of hardening process (such as cold working, surface machin-
ing, drilling and so on), as well as the solidification process of the cast,
leave residual stresses which, on the contrary, do not depend on the
gravity load; these stresses could be suddenly released and a stress
relieving heat treatment is recommended; last but not least, welded
and brazed joints between dissimilar materials should be avoided since
also the different thermal expansion coefficients give residual stresses
which can be dramatically enhanced during the cool-down;

• take into account cryogenic creep;

the creep mechanism may be seen as a noise source too [34, 35]; low
stress design is a general rule to avoid creep at any temperature; at
cryogenic temperatures the creep mechanism is still present in many
metals and only at very low temperatures vanishes (as example the
OFHC -Oxygen Free Hight Conductivity- copper does not exhibit a
steady state creep at the liquid helium temperature only; see fig. 5);
therefore the low stress design is mandatory for the upper part of the
suspension which provides the thermal insulation between the dilution
refrigerator and the top of the cryostat; on the contrary, the lower part
of the suspension (usually made of OFHC copper) may be subjected
to high stresses since its working temperature is well below the liq-
uid helium temperature; nevertheless a low stress design for the lower
part of the suspension should also be recommended both to have the
same working stress level2 in all the suspension and, of course, for the
safety point of view; furthermore [33] there are still some unexplained

2If the suspension is made of different materials, the same working stress level is gained
by the same ratio between the working stress and the yield stress; the ratio is usually
expressed in terms of percentage and common values belong to the range from 10% to
20%.
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Figure 5: Creep strain of OFHC copper at nitrogen and liquid helium tem-
perature (from ref.[36]).

phenomena (as far as the writers know) which develop at very low tem-
peratures, summarized as follows : metal and alloy softening during
the superconducting transition (in lead, indium); somewhat strange
temperature dependence of the yield stress at very low temperatures
(in silver); instability of plastic deformation at very low temperatures
(in aluminum and its alloys, see fig. 6); all these items may suggest a
low stress approach to the careful designer.

5.2.2 Preliminary design of OFHC copper final stages: tubes and
rods suspensions

Due to the light load of the RAP suspension, a good attenuation (in the
order of one or two hundreds of dB, as required) can be attained in a small
room; as pointed out before, the lower part of the suspension thermally
anchors the aluminum cylindrical bar to the refrigerator and must be made
of OFHC copper.

OFHC copper is probably the most widely studied cryogenic material;
the yield strengths corresponding to the commercially available products are
given in table 4; the solutions corresponding respectively to two low design
stresses (10 Mpa and 80 Mpa) will be compared3; the choice between the

3In a completely axially loaded structure high design stresses lead to improved levels
of attenuation whatever may be the material.
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Figure 6: Effect of the temperature and of the impurity content on the dis-
continuos behaviour of the plastic deformation in aluminum - stress-strain
plots (from ref.[33]).

Table 4: Design Stress

STATE YELD STRESS DESIGN STRESS (20% of yield stress)
annealed 50 ÷ 60MPa low working stress: 10 MPa

cold worked 180 ÷ 350MPa low working stress: 80 MPa

two design stresses depends mainly on the welding or brazing procedure to
be performed and, of course, on the safe margin to be taken into account.

Three values of the inertial mass have been considered (respectively 2,
6 and 10 kg) for a “3 rods” type and a “tube” type suspension; by means
of a rough finite element model the single stage “global attenuation” per
unit length (vertical) versus the beam length has been obtained and the
results are reported in figs. 7 to 10. The attenuation of the stage has been
computed for a frequency of 4500 Hz.

It follows that:

1. the ”global attenuation” per unit length4 decreases as the beam length
4The “global attenuation” per unit length is defined as the ratio between the attenu-

ation and the beam length increased by 10 mm in order to take into account the room
between two consecutive stages.
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increases (short beams);

2. the “ 3 rods” type curves exhibit more peaks than the “tube” type
curves (tuning problem);

3. a “3 rods” solution works better for medium and long beams; for short
beams the two solution are more or less the same;

4. increasing the inertial mass usually improves the level of the attenua-
tion.

The high levels of “global attenuation” per unit length obtained for a
single stage are somewhat misleading since there can at times be a substan-
tial lowering of this value when more stages are coupled together; for this
reason this kind of approach should be repeated for the whole assembled
suspension in order to evaluate the real efficiency of the solution5.

Four design points A, B, C, D have been selected in order to make a
preliminary comparison; the points A and B (corresponding to the “3 rods”
type) have been taken in the middle of two consecutive peaks; the points
C and D (corresponding to the “tube” type) have the same beam length
respectively as points A and B; the inertial masses correspond to the best
attenuation for the selected lengths (10 kg for A and B, 2 kg for C and 6 kg
for D, see table 5).

The design point C is more theoretical rather than practical due to the
very thin tube thickness of 0.5 mm; nevertheless for loads much heavier than
100 kg the OFHC copper design stress of 80 Mpa leads to more feasible
solutions. Figs. 11 and 12 show the attenuation curves of all the design
points and give a preliminary evaluation of the attenuations, windows and
so on of the two solutions.

From the above considerations, it appears that the tube suspension might
be preferable with respect to the 3 rods solution, even if further investi-
gations are still in progress. In figs.13, 14 a schematic view of the tube
suspension is shown.

5This approach is computer-time expensive and requires a high degree of detail of the
finite element model.
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Table 5: Design Point A, B, C, D

Working Stress: 80 MPa Working Stress: 10 MPa

“ 3 rods DESIGN POINT A DESIGN POINT B
type” inertial mass: 10 Kg inertial mass: 10 Kg

rodlength/diameter: 58/2.3 mm rodlength/diameter: 93.5/6.5 mm
attenuation: -45.6 dB attenuation: -33.4 dB

attenuation p.u.l: -671.1 dB/m attenuation p.u.l: -322.7 dB/m
left/right window: 2045/2069 Hz left/right window: 2055/2086 Hz

“tube DESIGN POINT C DESIGN POINT D
type” inertial mass: 2 Kg inertial mass: 6 Kg

tubelength/diameter: 62.5/7.5 mm tubelength/diameter: 83/19 mm
tube thickness: 0.5 mm tube thickness: 1.5 mm
attenuation: -44.2 dB attenuation: -44.4 dB

attenuation p.u.l: -609.4 dB/m attenuation p.u.l: -477.3 dB/m
left/right window: 3958/3959 Hz left/right window: 3768/3711 Hz

Figure 7: 3 Rods Suspension - 80 MPa design, stage global attenuation p.u.l.
(dB/m) versus rod length (mm).
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Figure 8: 3 Rods Suspension - 10 MPa design, stage global attenuation p.u.l.
(dB/m) versus rod length (mm).

5.3 Sensitivity and read-out

The mechanical oscillation induced in a resonant-mass detector is trans-
formed into an electrical signal by a motion or strain transducer and then
amplified by an electrical amplifier. Inevitably, Brownian motion noise as-
sociated with dissipation in the antenna and the transducer, and electronic
noise from the amplifier, limit the sensitivity of the detector. Typically, the
detector output is filtered with a suitable linear filter designed to optimize
the signal-to-noise ratio. We briefly report here the basic notions on the
readout systems; for further information see references [37, 38, 39].

The electromechanical transducer can be represented with the compo-
nents of the Zij matrix which connects the input variables (force f(t) acting
on the transducer and velocity

.
x(t) of the transducer mechanical parts) with

the output variables (voltage v(t) and current i(t)):

f(t) = Z11
.
x (t) + Z12i(t) (10)

v(t) = Z21
.
x (t) + Z22i(t) (11)

In most common cases the Zij components satisfy the relationships Z11Z22

= Z12Z21 and Z12 = Z21.
An important parameter is the ratio β of the electrical energy in the

transducer to the total energy in the resonant body:
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Figure 9: Tube Suspension - 80 MPa design, stage global attenuation p.u.l.
(dB/m) versus rod length (mm).

Figure 10: Tube Suspension - 10 MPa design, stage global attenuation p.u.l.
(dB/m) versus rod length (mm).
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Figure 11: 3 Rods Suspension attenuation.

Figure 12: Tube Suspension attenuation.
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Figure 13: Schematic view of the tube suspension. The upper five insulation
stages are made of stainless steel, in order to provide the proper thermal
insulation between the top of the cryostat and the antenna. The three lower
stages are made of OFHC copper. Thermal contact with the dilution refrig-
erator will take place between the stainless steel and the copper stage.
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Figure 14: Section of the tube suspension. The tubes are made of the same
material as the surrounding masses.
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β =
1

mω

|Z21|2

Z22
(12)

where m is the effective mass of the monitored mode and ω its angular
frequency.

The transducer is connected to an electrical amplifier whose noise can
be characterized by two parameters. The two parameters are, usually, the
power spectra of the voltage and current noise, V 2

n and I2
n, or their following

combinations:

Tn =
√

V 2
n I2

n

K
(13)

Rn =

√
V 2

n

I2
n

(14)

Tn is called the amplifier noise temperature and Rn the amplifier noise re-
sistance. Another parameter, useful to express the matching between trans-
ducer and amplifier, is

λ =
Rn

|Z22|
(15)

Two classes of noise source have to be considered in the sensitivity anal-
ysis of a resonant-mass antenna:

• the intrinsic noise sources such as the thermal and amplifier ones,
which have Gaussian statistics and can be accurately characterized,
and

• the noise sources such as seismic noise and disturbances from cryogenic
liquids, which are more difficult to characterize because they are non-
Gaussian and often also non-stationary.

The thermal, or Brownian, noise is due to chaotic motion of the detector
atoms in the thermal bath at the temperature T.

The electronic noise has two terms: one is the back action stochastic
force exerted by the current noise generator. This acts on the oscillator like
the Brownian force.

The effect of the back action noise can be seen as an increment to the
oscillator temperature T. The sum of Brownian noise of the oscillator at
temperature T and back action noise can be attributed to the Brownian
noise of an oscillator with a mechanical quality factor Q at temperature
Te > T where

Te = T
(

1 +
βQTn

2λT

)
(16)
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The other term is an additive noise due to amplifier and can be considered
white in the antenna bandwidth.

Another convenient dimensionless parameter is

Γ =
Tn(λ + 1/λ)

2βQTe
(17)

which gives the ratio of the wide band noise in the resonance bandwidth to
the narrow band noise (in practice Γ # 1).

The sum at the output of the contributions given by the Brownian noise
(at temperature Te) and by the wide band electronic noise gives the total
detector noise. This can be referred to the input of the detector and is
usually indicated as Sh(f):

Sh(f) =
1
π3

kTef0

ml2Qf4




1 + Γ



Q2

(

1 − f2

f2
0

)2

+
f2

f2
0








 (18)

where f is the detector resonance frequency, l the effective length and k the
Boltzmann constant.

The half height width of this function gives the bandwidth of a resonant
detector:

∆f =
f0

Q
Γ−1/2 (19)

This is larger than the pure resonance linewidth f0/Q.
The problem of extracting a signal of a given shape h(t) from a noise

with given spectrum Sh(f) is treated in depth in the information theory.
The optimum performance of a detector is obtained by filtering the out-

put with a filter matched to the signal. The energy signal-to-noise ratio
(SNR) of the output of the filter is given by the well known formula

SNR =
∫ +∞

−∞

|H(f)|2

Sh(f)
df (20)

where H(f) is the Fourier transform of h(t). Although the integration range
is infinite in theory, in practice it will be reduced to the Nyquist band for
any specified set of sampled data. For a sampling interval ∆t, the Nyquist
band is (−1/2∆t, 1/2∆t). In our case, the passage of a cosmic ray in the
bar can be described as an impulsive signal. We model this burst signal as
a featureless waveform, rising quickly to an amplitude h0 and lasting for a
time τg much shorter then the detector integration time ∆t = ∆f−1. Its
Fourier transform will be considered constant within the detector bandwidth
∆f : H(f) & H(f0) = H0 & 1

2h0τg. From eq. 20 we get:

SNR =
1
2m(2πf0)4l2H2

0

4kTe

√
Γ

(21)
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The numerator is the energy that the burst would have deposited in the
detector mode if it had been initially unexcited. The denominator charac-
terizes the overall noise in the detector and is usually expressed as kTeff ; it
represents the minimum signal detectable with signal to noise ratio equal to
1. Teff (in Kelvin units) can convenientely be written as

Teff = 2Tn

[
λ + λ−1

λ
+

2T (λ + λ−1)
βQTn

]1/2

(22)

In our experiment we decided to use a read out scheme made with a
piezoelectric ceramic (PZT) followed by a FET amplifier, because of its
simplicity and in consideration of the goals of the experiment. If we use a
commercial PZT ceramic, for which β of the order of 0.3-0.4, and a global
mechanical quality factor of 103 can be achieved, and a FET amplifier with a
voltage noise Vn ≈ 1nV/

√
Hz and a current noise In ≈ 10−15A/

√
Hz, values

of Teff of the order of 0.3-0.4 K, and a bandwidth of about 0.2 Hz can be
achieved for a bar cooled at 0.1 K.

The calibration of the detector equipped with the PZT transducer will
be performed by the usual PZT self-calibration technique (applying a known
signal to the PZT and detecting it from by the PZT itself [40]). An additional
calibration can be performed with a calibrated accelometer.

5.4 Beam characteristics

A Beam Test Facility (BTF) was planned in DAΦNE, the φ–factory oper-
ating at the Laboratori Nazionali di Frascati of INFN; the main accelerator
began operations in 1999, and the BTF will be commissioned in fall 2001
[41, 42].

The BTF is a transfer line starting from the end of the DAΦNE-Linac
consisting of by two bending magnets, correctors and four quadrupoles in
order to adjust the beam characteristics on the target. The layout of the
magnetic elements is shown in fig. 15. The experimental hall (about 100 m2)
is going to be equipped with a multi-head gas system – mostly for particle
detector tests – and with cryogenic and water cooling systems. A full data
acquisition system, based on VME and NIM standard crates and modules,
will also be available for beam-test data taking. A number of signal cables
have already been installed from the experimental area to the BTF control
room.

The main characteristics of the BTF electron beam are listed in table 6.
Even if the maximum Linac energy is 800 MeV, when working in parasitic
mode to the main DAΦNE experiments the beam energy is 510 MeV. We
will refer to this operating mode in the following. An example of the op-
tical function, calculated with the MAD code, is shown in fig. 16: a wide
range of beam spot size can easily be spanned to match the experimental
requirements.
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Figure 15: Layout of the DAΦNE-Linac transfer line and BTF.

Table 6: Main characteristics of the DAΦNE BTF electron beam.

Maximum beam energy 800 MeV e−, 550 MeV e+

Repetition rate 50 Hz
Pulse duration 10 ns
Maximum current per pulse 250 mA (& 1010 particles)
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Figure 16: Calculation of the optical function of the BTF.

In order to adjust the number of particles in the beam, an energy selec-
tion system is used: a moveable target of variable thickness can be inserted
in the main Linac line; the beam is then scraped with a slit system before
and after entering a bending magnet. Only particles matching the nominal
line energy of 510 MeV survive this energy selection (acceptance & 1%).
The typical attenuation factor with a two radiation length target is of order
107. A fine tuning of the particle number can be performed by modulating
the Linac current between the minimum detectable by means of wall current
monitors (about 1 mA) and the maximum Linac current. The full range of
the BTF beam is then 1÷1010 electrons.

The operating mode for the RAP experiment should be around 104 par-
ticles per burst (see section 5.7).

5.5 Beam intensity measurement

The measurement of the number of particles in the beam is a crucial point
for the evaluation of the effective energy release in the acoustic resonant
detector. Moreover, the actual energy deposited should also be monitored,
in order to control the “leak” of particles escaping the acoustic detector.

The conventional beam monitors are not effective at low intensities, be-
low 106 charged particles, so that particle detectors are necessary. On the
other hand, the burst is very short in time (& 10 ns), so that a particle
detector directly exposed to the beam must be carefully chosen. Moreover,
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measurement should be nondestructive, introducing a minimum perturba-
tion to the beam.

A good candidate for such a ’Front detector’ could be an ionization
chamber: it could be operated in proportional mode in a wide range of
gains, according to the beam intensity regime; it is easy to build and op-
erate; it is well known and easy to monitor. Moreover it could provide a
direct measurement of the beam intensity once calibrated with an absolute
reference. The perturbation to the beam of such a gas detector should be
completely negligible. On the other hand, saturation effects have to be
carefully controlled: for this purpose the possibility of a secondary emission
monitor (SEM) is also under study.

The BTF will be also equipped with a lead/scintillating fiber calorime-
ter, for general purpose energy, time and multiplicity measurements. This
detector was adapted from the “prototype 0” of the KLOE electromagnetic
calorimeter. It is made up by two parallelepipeds, made up by 0.5 mm
grooved lead foils alternating with cladded 1 mm scintillating fibers (Ku-
raray SCSF-38 and SCSF-81), glued together, 40 cm length, 14 cm height
and 24 cm depth, corresponding to 15 X0. The readout is via light pipes
matching 5 layers of 3.5 × 3.5 cm2 portions of the endface to circular photo-
cathodes, plus two bigger cells, 7.0 × 6.5 cm2 for a total of 2× 22 chan-
nels. Typical measured energy and time resolution for this calorimeter are
5%/

√
E(GeV) and 70ps/

√
E(GeV); further details on the characteristics

and performances of this detector can be found in [43].
Such a calorimeter could be very useful as ’Back detector’ for the RAP

experiment in order to monitor the actual energy lost by the particles in-
side the resonant detector. Even if the resolution for the residual energy
measurement downstream of the acoustic detector on the single electron is
poor, this would be a valuable check for the large anomalous effect that is
the objective of the RAP experiment for a shot of 103 ÷ 104 particles (see
sec. 5.7).

5.6 Analytical Estimation of the expected signal

In order to compare the signal expected due to particle interaction with
the sensitivity of the bar, we can express, according to eq. (2), the sig-
nal in Kelvin units. Assuming a bar made of Al5056 (ρ = 2700kg/m3,
v = 5400m/s, γ = 1.6 [8]) with length of 58.5 cm, the relation for the
fundamental mode is the following:

Tsignal = 1.42 × 10−14
(

dW

dx

)2

F1 Kelvin

Neglecting the form factor F1, that is & 1 for impinging particles perpendic-
ular to the longitudinal bar axis, and assuming that all the energy is released
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along a path equal to the diameter of the bar (20.5 cm that is about 2.3
X0), the previous relation can be approximated as follows:

Tsignal & 3.36 × 10−13 × N2
e ×

( ∆We

MeV

)2

where Ne is the number of particles impinging the bar, and ∆We is the
energy released by a single particle.

In our estimation we assume the DAΦNE nominal energy of 510 MeV
higher than the critical energy of aluminum (about 60 MeV) so that the
dominant energy loss process is the electromagnetic shower. The idea is to
modulate the number of electrons impinging on the apparatus in order to
release energy inside the bar and excite a detectable mechanical oscillation.
From the Monte Carlo simulation (see next section) we know that the aver-
age energy released by an electron of 510 MeV is & 224.3 MeV, so that the
signal due to a beam of Ne electrons is:

Tsignal & 1.67 × 10−8N2
e

Assuming a reasonable noise bar temperature of 0.5 Kelvin, the signal due
to the impinging particles is:

SNR =
(

Tsignal

Teff

)

=
(

1.67 × 10−8N2
e

0.5

)

From this simple evaluation we can estimate that a signal to noise ratio
greater than 100 can be achieved using a beam of about 5.5× 104 electrons.
We are working on a full Monte Carlo simulation (described in the next
section) in order to evaluate all possible fluctuations and uncertanties, due
to energy leakage, beam stability, and thermo acoustic relation uncertainty.

5.7 Monte Carlo simulation

In order to design the experimental setup, to understand the perturbation of
the beam due to the cryostat, and the effectiveness of the calorimeter energy
measurement, we developed a Monte Carlo simulation based on GEANT
3.21/13 [44]. Another important point is to evaluate the possibility to in-
stall the experiment at some distance from the beam line output, in order
not to move the setup during other activities at the BTF; in this case the
degradation of the beam due to the air layer is to be evaluated.

In the first version of the Monte Carlo program a 510 MeV electron
beam with a reasonable emittance, 105 m rad−1, 1% of energy spread and
1 cm of transverse dimensions, is impinged on the resonant detector (bar)
enclosed in the cryostat after travelling 1.5 m of air. The bar is a 10.25
cm radius, 58.5 cm long Aluminum cylinder, while the cryostat consists of
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Figure 17: Example of simulated Monte Carlo events.

four concentric aluminum shields of 1, 5, 5, and 6 mm thickness. The inner
cryostat radius is 39 cm.

The response of the lead/scintillating fibers calorimeter described in the
previous sections is also simulated; the real lead/scintillating fibers geometry
is replaced by alternating layers of lead and scintillator with an equivalent
radiation length and energetic resolution (see details in [45]).

An example of simulated events is shown in fig. 17 with the back detector
placed at 20 cm from the cryostat.

The effect on the beam spread due to the cryostat and the air for a 104

electrons shot is shown in fig. 18: the low energy tail is mainly due to soft
photons irradiated when crossing the thin aluminum shields.

The energy loss in the bar can be used to evaluate the response in terms
of temperature increase in the acoustic detector.

The energy deposited in the resonant detector can also be correlated
with the response of the calorimeter. As shown in fig. 19, with 103 e−

shots accuracy on the energy release in the bar of the order of 3% can be
achieved (for an ideal calorimeter, the real performances taking into account
photoelectron statistics should be better than 5%).
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Figure 18: Beam spread due to cryostat (before entering the resonant detec-
tor): transverse plane distribution and energy distribution before (up) and
after (down) crossing the cryostat walls; the shaded distribution refers to
photons.
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calorimeter (MeV) for 400 runs of 103 e− impinging on the apparatus.
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Figure 20: Schematic layout of the DAQ chain.

5.8 Data acquisition

The acquisition should collect data from the various parts of the experiment
(as shown in fig. 20) both from the acoustic detector and from the beam
intensity monitors:

• the piezoelectric and the accelerometer signals from the acoustic de-
tector;

• the beam monitor before hitting the resonant detector (Front detec-
tor);

• the beam energy measurement from the calorimeter downstream of
the acoustic detector (Back detector);

• some auxiliary sensors, like thermometer, seismic sensors, etc., to mon-
itor all the experimental conditions.

Concerning the resonant detector, the data acquisition is intended to

• measure the Brownian motion and electrical noise of the mechanical
resonant detector;
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• measure the resonance amplitude due to the energy loss by particles
hitting the detector;

• measure the anomalous amplitude (large energy events);

These characteristics translate into the requirement for the DAQ system
of good accuracy and sensitivity over a wide range of event amplitudes.
Moreover, the system must also have a good sampling accuracy in order to
avoid spurious signal reconstruction (such as aliasing).

In order to use well known and common-use standards at DAΦNE ex-
periments, we plan to use an VME-based acquisition system [46]:

• VMEbus single-board computer VMIC VMIVME 7751 with Linux
operating system;

• VME peak sensing ADC, CAEN, 12 bit range;

• custom KLOE splitter board [43];

• VME charge ADC and TDC for the KLOE calorimeter, CAEN, 12 bit
range (see [43]);

• TDC.
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6 Summary and requests

6.1 RAP detector main parameters

Figure 21: Schematic layout of the apparatus.
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Table 7: RAP detector main parameters

test mass Al5056 cylinder; lenght = 585 mm,
diameter = 205 mm, M = 52 kg,
resonance frequency & 4.6 kHz

cryostat commercial aluminum cryostat;
height = 3200 mm, diameter = 1016 mm

3He −4 He dilution refrigerator base temperature = 100 mK,
cooling power at 120 mK = 1 mW

suspension multistage stainless steel-copper
suspension system; overall
attenuation around 4 kHz & −150 dB

read-out piezoelectric ceramics + FET amplifier
with calibration capabilities

beam 500 MeV energy e−,
pulsed/single shot operation mode
maximum current per pulse = 250 mA

acquisition VME based on-line acquisition
samplig rate = 100 kHz

6.2 The Collaboration

Implementation of the experiment requires the construction of the detector
and its installation at the DAΦNE BTF at LNF.

The institutions involved in the experiment are LNF, Roma Tor Vergata,
Leiden and Barcelona. LNF and Roma are involved in the aspects related to
the set-up of the experiment and data analysis. The Leiden group is involved
in the cryogenics and Barcelona in the theoretical and phenomenological
aspects of the project, as well as in data analysis.

The Leiden and Barcelona group will use TARI European funds for travel
and data taking.

6.3 Costs of the experiment

The main costs of the experiment are: dilution refrigerator (45 kEuro),
vacuum pumps (40 kEuro), suspensions and apparatus assembly (20 kEuro),
data acquisition (10 kEuro), sensors and electronics (9 kEuro).

The cost due to specific requirements for the beam of the experiment
will be covered by the DAΦNE operation group. A cryostat borrowed from
the ROG group will be used.

The overall cost of the project is 147 kEuro, mainly concentrated in the
first year of the experiment implementation.
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6.4 Time schedule

We plan to conclude this research in three years, starting from the approval,
according to the following milestones:

Tapproval + 12 months Construction and first measurements
Tapproval + 24 months Data taking with the DAΦNE BTF facility
Tapproval + 36 months Data analysis and, if necessary, further

data taking with the beam
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