
Abstract

The ultra-cryogenic gravitational wave detector NAUTILUS has taken

data in Frascati (Rome), in its second science run from June 1998 to

March 2002. The measured strain sensitivity at the two resonances was

4 · 10−22 Hz−1/2 over a bandwidth of 1 Hz. The result of the coincidence

analysis with the detector EXPLORER in the year 2001 and the discov-

ery of a potential source in the Large Magellanic Cloud (a faint optical

pulsar remnant of the supernova SN1987A) set new sensitivity require-

ments. During 2002 the detector’s read-out chain has been upgraded.

We present here the work done on the electronic part of the read-out and

the preliminary results of NAUTILUS 2003.

Detectors of spherical shape are being developed in Brasil and Hol-

land. Their potentialities have not been fully exploited yet. The work

of this thesys aims at approaching the final configuration of a complete

detector.

One of the main limitations on the sensitivity of the operating reso-

nant gravitational wave detectors, both cylindrical and spherical, is the

noise of the first stage amplifier. A two-stage dc SQUID amplifier is be-

ing realized for the resonant gravitational wave detectors of the Rome

group, in order to increase their sensitivity. The SQUID will be coupled

to a high-Q electrical resonator, used as simulator of the real detector,



in order to characterize and solve most of the problems arising in these

particular systems.
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Chapter 1

Introduction

Gravitational waves are predicted by Einstein’s General Relativity. Ac-

cording to the same theory, gravitational waves are supposed to propa-

gate at the speed of light and they represent a time-dependent distortion

of the local space-time. Analogous in many ways to electromagnetic

waves, gravitational waves are produced by the acceleration of masses,

but while only a single charge is needed to produce electromagnetic

waves, at least two masses are required for gravitational waves. Due

to the low value of the coupling constant of the gravitational field, as

Einstein himself stated, it is impossible to produce detectable gravita-

tional waves in a laboratory. So, only astronomical scale events, such

as supernovae, merging of binary systems or spinning neutron stars, are

supposed to emit gravitational waves with a detectable amplitude. Di-

rect detection of gravitational waves from astrophysical sources will fund
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a new kind of astronomy. At present, the most sensitive antennas, such

as the INFN NAUTILUS detector, are capable of recording only events

occurring within our Galaxy. To stretch the frontier, for instance, to the

Virgo Cluster, the energy resolution of the detectors must be improved

by 6 orders of magnitude.

1.1 Gravitational Waves

In this section we will give a brief overview on gravitational waves within

the frame of the General Relativity. Starting from the Einstein equation

in vacuum

Rik = 0 (1.1)

and solving it in the weak field approximation, gik = g0
ik + hik, where g0

ik

is the Minkowsky space, one finds that the solution satisfies the waves

equation [1] h,l
ik,l = 0. As the gravitational field is transverse an traceless,

then the only non-zero components of the of the wave field are h22 = h33

and h23 = −h32 (if the wave is supposed to propagate in the z direc-

tion). So the field has only to polarization states. Then we can define to

polarization amplitudes and write them in the plane waves format:

h+ = A+ei(ωt−kx)

h× = A×ei(ωt−kx) (1.2)
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Figure 1.1: Distortion of a ring of test particles under the effect of the
polarizations h+ (upper figure) e h× (lower figure).

The two polarization states only differ for a π
4

rotation about the prop-

agation axis as shown in figure (1.1).

Astrophysical sources of gravitational waves [2], [3] can be grouped

into three classes: bursts, continuous and stochastic waves. Gravitational

waves bursts are high energy emissions lasting a very short time, of the

order of a few milliseconds. This kind of sources includes: collapsing star

into a neutron star or a black hole, coalescence of compact binary sys-

tems, supernovae explosions. The non-spherically simmetric collapse of a

star of M = 6M� at the centre of our Galaxy would produce waves with

a relative amplitude on Earth of h0 ∼ 3 · 10−17 [4]. But the rate of these

events is a few over a century. If we consider a bigger volume, as big as to

include the Virgo Cluster, the rate would grow to 1 event/week, but the

strenght of the waves would decrease to h0 ∼ 1.4 · 10−20 [4]. Continuous
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waves differ from bursts, because they last longer but the energy emitted

is order of magnitude smaller. Tipical sources of continuous waves are

rotating compact objects or binary systems, e.g. the pulsar PSR 0532,

in the Crab Nebula, would emit gravitational waves with an amplitude

of the order of h0 ∼ 10−26 [4]. The stochastic background can have two

origins: as a relic of the time when the gravitons decoupled from matter

(analogous to the CMB); a pop-corn like signal due to the superposition

of the radiation emitted by a large population of collapsing objects in all

the galaxies. The spectrum of primordial stochastic background exstends

through the entire frequency range [2], from f ∼ 10−18 Hz to f ∼ 1−104

Hz and beyond. Constraints on the amplitude of this background come

from Nucleosyntesis and the CMB anisotropy. See Table (1.1) for details.

1.2 Gravitational Waves Detectors

Gravitational waves antennas can be divided into two groups: reso-

nant mass detectors and interferometers. To the first group belong both

the cylindrical bars (ALLEGRO at LSU [5], AURIGA at LNL [6], EX-

PLORER at CERN [7] and NAUTILUS at LNF [8]) and the spheres,

MiniGRAIL [9] in Holland and Mario Shenberg [10] in Brasil. While

the interferometric detectors presently in operation are LIGO [11] in the

US, VIRGO [12] in Italy, GEO600 [13] in Germany and TAMA300 [14] in

Japan. In this section we will give a brief overlook on both resonant mass

and interferometric detectors, focusing our attention on the NAUTILUS
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Table 1.1: Sources of gravitational waves.

Table 1

Frequency Sources Detection method

10−16 Hz Primordial Anisotropy of Cosmic microwave
Background Radiation

10−9 Hz Primordial Timing of millisecond pulsars
Cosmic Strings

10−4 to 10−1 Hz Binary stars Doppler tracking of Spacecraft
Supermassive
BH(103-107 M�) Laser interferometers in Space

10 − 103 Hz Inspiral of NS& BH Laser interferometers on Earth
binaries(1 - 103 M�)

103 Hz Coalescence of NS & BH Resonant-mass detectors
binaries
Supernovae
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Figure 1.2: A schematic diagram of a laser interferometer gravitational
wave detector.

GW Antenna.

1.2.1 Interferometric Detectors

The basic idea behind this kind of GW detector is the Michelson inter-

ferometer. A laser interferometer gravitational detector consists of four

masses that hang from vibration-isolated supports as shown in figure

(1.2), and the indicated optical system for monitoring the separation be-

tween the masses. Two masses are close to each other, at the corner

of an “L”, and one mass is at the end of each of L’s long arms. The

arms lengths are nearly equal, L1 ≈ L2 = L. When a gravitational wave,

with frequencies higher than the masses’ pendulum frequency (≈ 1 Hz),

passes through the detector, it pushes the masses back and forth rela-

tive to each other as though they were free from their suspension wires,

thereby changing the arm-length difference, ∆L ≡ L1 −L2. That change
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is monitored by laser interferometry in such a way that the variations in

the output of the photodiode (the interferometers output) are directly

proportional to ∆L(t).

The interferometer’s output is a linear combination of the two wave

fields h+ and h×:

∆L(t)

L
= F+h+ + F×h× ≡ h(t) (1.3)

The coefficients F+ and F× are of the order of unity and depend in a

quadrupolar manner on the direction to the source and the orientation

of the detector [15].

Test masses are made of transparent fused silica, though other mate-

rials might be used in the future. The masses’ inner face are covered with

high-reflectivity dielectric coating to fit the mirror requirements, while

the masses outer faces are covered with anti-reflection coatings. The two

mirrors facing each other on each arm form a Fabry-Perot cavity. A

beam splitter splits a carefully prepared laser beam in two, and directs

the resulting beams down the two arms. Each beam penetrates through

the antireflection coating of its arm’s corner mass, through the mass, and

through the dielectric coating (the mirror); and thereby - with the length

of the arm’s Fabry-Perot cavity adjusted to be nearly an integral number

of half wavelengths of light - the beam gets trapped in the cavity. The

cavity’s end mirror has much higher reflectivity than its corner mirror,

so the trapped light leaks back out through the corner mirror, and then
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Figure 1.3: The predicted sensitivity curve for the VIRGO interferome-
ter.

hits the beam splitter where it recombines with light from the other arm.

Most of the recombined light would go back toward the laser but it is

returned to the interferometer by a “light-recycling mirror”, so that the

output of the interferometer is kept on the dark fringe.

When a gravitational wave hits the detector and moves the masses,

thereby changing the lengths L1 and L2 of the two cavities, it shifts each

cavity’s resonant frequency slightly relative to the laser frequency, and

thereby changes the phase of the light in the cavity and the phase of the

light that exits from the cavity toward the beam splitter. Corrispond-

ingly, the relative phase of the two beams returning to the splitter is

altered by an amount ∆Φ ∝ ∆L, and this relative phase shift causes

a change in the intensity of the recombined light at the photodiode,

∆Ipd ∝ ∆Φ ∝ ∆L ∝ h(t). Thus, the change of photodiode output cur-
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Figure 1.4: The TAMA 300 actual displacement noise level compared to
the goal level.

rent is directly proportional to the gravitational-wave strain h(t). This

method of monitoring h(t) is capable of very high sensitivity.

1.2.2 Resonant Mass Detectors

Resonant-mass antennas for gravitational radiation were pioneered by

Joseph Weber about 40 years ago [16], and have been pushed to ever

higher sensitivity by Weber and a number of other research groups since

then. At present there is a network of such antennas [17], operating with

a noise level for broad-band gravity-waves bursts of h � 6 × 10−19.

A resonant-mass antenna consists of a solid body that (heuristically

speaking) rings like a bell when a gravitational wave hits it. This body

is usually a cylinder, but at least two spheres are being built [9] [10].
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The resonant mass is typically made of an alloy of aluminum and weighs

several tons, but some have been made of niobium or single-crystal silicon

or sapphire. To reduce thermal noise, the resonant mass is usually cooled

to liquid-helium temperatures or below.

The resonant-mass antenna is instrumented with an electromagnetic

transducer and electronics, which monitor the complex amplitude of one

or more of the mass’s normal modes. When a gravitational wave passes

through the mass, its frequency components near each normal-mode fre-

quency f0 drive that mode, changing its complex amplitude; and the

time evolution of the changes is measured within the bandwidth ∆f by

the transducer and electronics. In the past, resonant-mass antennas were

narrow-band devices (∆f/f0 � 1), but in the last few years, the efforts

of researchers managed to increase the bandwidth [6] [7].

We will now have a closer look to bars and spheres.

Cylindrical Antennas

Bars have been the first gravitational waves antennas to be operated,

and one of the reasons for this choice is the simplicity of the model, since

(as will be clear below) a cylinder behaves as an harmonic oscillator.

Since Weber time, the conceptual scheme of the detector has not been

modified, but, thanks to technological progress, the sensitivity of these

detectors has improved by a factor of one thousand.

Let us consider a cylinder of mass M and length L, with its axis par-
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allel to the z axis of our reference frame. We cut the bar into infinitesimal

cylindrical slices of thickness dz. If we define ξ(z, t) the relative move-

ment at time t of two free-falling slides simmetrically located with respect

to the centre of mass, it is straightforward to see that the equation obeyed

by this quantity is

ρξ̈ − Y
∂2ξ

∂z2
− D

∂

∂t

∂2ξ

∂z2
=

ρz

2
ḧ (1.4)

where ρ is the density of the bar, Y and D are respectively its Young

modulus and dissipation coefficient. The term ρz
2
ḧ is the gravitational

force. Using the Fourier transform χ(ω, z) of ξ(t, z) and imposing the

right boundary conditions, the solution of equation (1.4) can be written

as

χ (ω, z) =
z

2
H (ω) − H (ω)

2

sin αz

α cos αL
2

(1.5)

where α =
√

ω2ρ
Y

√(
1 − i

Q

)
and Q = Y

ωD
is mechanical quality factor of

the bar. So it is easy to see that the transfer function of the bar is [4]

Tb =
1

2

(
z − sin αz

α cos αL
2

)
(1.6)

that has resonances for ωk = (2k + 1)ω0 with k ∈ N , ω0 = πv
L

and

v =
√

Y
ρ

is the speed of sound of the bar. We notice that only odd

harmonics are excited by gravitational radiation due to its quadrupolar

nature. Since the distance between two consecutive harmonics is usually
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very large, we can compute equation (1.6) in the limit ω → ω0 and

Q 	 1, and neglecting the z term, one finds

Tb
∼= Lω0 sin αz

π2
(
ω − ω0 − iω0

2Q

) (1.7)

By calculating, in the same approximations, the transfer function of an

harmonic oscillator of equation ξ̈ + 2β1ξ̇ + ω2
0ξ = l

2
ḧ we find

T0
∼= l

4

(
ω0

ω − ω0 − iω0

2Q

)
(1.8)

Looking carefully to equations (1.7) and (1.8), it is evident [18] the anal-

ogy between a cylindrical bar and a simple harmonic oscillator. Actually

the two transfer functions equal when we put l
4

= L
π2 sin αz. So we can

write the solution of the motion equation of a cylindrical bar near the

first resonance frequency as

ξ (z, t) = −2L

π2
H (ω1) ω0e

−β1t sin (ω0t) sin
(ω0z

v

)
(1.9)

This oscillation has a maximum at the ends of the bar and is zero at its

center (see figure (1.5))

Another important parameter in the study of the interaction between

gravitational waves and a cylindrical bar is the cross section. In the case

of an h+ wave coming from any direction, the cross section is found to
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Figure 1.5: The amplitude of the oscillation of a bar as a function of z.

be [4]

Σθϕ =
16Gv2

πc3
M cos4 θ sin2 2ϕ (1.10)

And when it is averaged over all possible directions of the impinging wave

Σ =
32

15π

GM

cn2

(v

c

)2

(1.11)

Spherical Antennas

The next generation of resonant-mass gravitational wave detectors will

have spherical shape. At present, two of these detectors are being built,

Mario Shenberg [10] (Sao Paulo, Brasil) and MiniGRAIL [9] (Leiden, The

Netherlands). Both are spheres made of an alloy of copper and aluminum

with a diameter of 65 cm and a mass of 1150 kg and a resonant frequency

of 3160 Hz. The goal sensitivity of these detectors is h � 10−20.

Spheres have several advantages with respect to bars. First of all,
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a spherical detector is omni-directional, it is equally sensitive to a wave

from any direction and it can also measure the polarization state of the

wave. A single sphere is able to determine the source direction [19]. Be-

sides, as will be shown below, the energy cross-section of a sphere is about

70 times larger than a typical bar at the same resonant frequency. Fur-

thermore, the spherical geometry can, in principle, help in discriminating

between different metric theories of gravity [20].

According to the classical theory of elasticity, it is possible to see [21]

that the eigenfunctions of the quadrupolar modes can be written as a

combination of spherical harmonics

Ψlm = [αl(r)r̂ + βl(r)R∇]Ylm(θ, φ) (1.12)

where l is odd and αl(r) and βl(r) are the radial eigenfunctions and

determine the motion in the radial and tangential directions respectively.

We can describe the interaction of a gravitational wave with a body as

a “tidal” force density

fGW
i (x, t) =

1

2
ρ
∑

j

∂2hij(t)

∂t2
xj (1.13)

The gravitational effective force F s
m for the mode m of the sphere is given

by

F s
m ≡

∫
V0

Ψm · fGW d3x (1.14)
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Figure 1.6: The deformation of the 5 quadrupolar modes of a sphere. For
each mode we show two deformations differing by half a period.
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So, using equations (1.12) and (1.13) we find

F s
m(t) =

1

2
ḧm(t)msχR (1.15)

Thus we can think the effective force F s
m as the product of the mass of

the sphere ms, an effective length χR and the gravitational acceleration

1
2
ḧm, where we use hm to denote the 5 amplitudes of the gravitational

wave. So from equation (1.15) we can infer that there is an univocal

correspondence between the 5 quadrupolar modes of a sphere and the 5

amplitudes of a gravitational wave. So, thanks to a spherical detector,

it would be possible to measure all the components of the tensor hij and

thus to discriminate between different metric theories of gravity.

The total cross section of a sphere for each quadrupolar mode is given

by [22]

σn = Fn
G

c3
Msv

2
s (1.16)

where n is the order of the quadrupole mode, Ms is the sphere mass, vs

the sound velocity and Fn is an dimensionless coefficient characteristic

of each quadrupole mode. It is interesting to note that the cross section

of the second-order quadrupolar mode is only a factor 2.61 lower than

that of the first-order quadrupole mode. This means this detector can

potentially be used at two frequencies.

It has been known for some time that a sphere has a gravitational

cross section 18 times larger than that of an equivalent bar at the same
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frequency [19] for a single component of the gravitational tensor. This

statement, however, ignores the fact that a sphere can detect all 5 in-

dipendent components of the gravitational strain tensor, compared to

only one for the bar. For a bar detector, it is well known that averag-

ing over source direction and polarization [15] leads to a loss of energy

resolution, compared to the optimum, by a factor 15/4 = 3.7. Thus

the net result is that the angle-averaged energy resolution of a sphere is

3.7 × 18 = 67 times better than the equivalent bar detector (or about 8

times in h).
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Chapter 2

Resonant Mass Detectors

2.1 On the sensitivity of a bar detector

Any vibrational mode of a resonant body that has a mass quadrupole

moment, such as the fundamental longitudinal mode of a cylindrical an-

tenna, can be excited by a gravitational wave (GW in the following) with

nonzero energy spectral density at the mode eigenfrequency.

The size of a resonant antenna is determined by the frequency and

the velocity of sound vs in the material used. Since vs is always orders of

magnitude less than the speed of propagation of gravitational radiation,

resonant-mass antennas are always much smaller than the wavelength

of the radiation. Typical antennas are thin cylindrical bars made of

alluminum with a fundamental longitudinal resonance in the frequency

band around 1 kHz.
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Because of the forces responsible for the antenna’s elasticity, the GW

performes work and, in the case of a thin cylindrical bar, deposits energy

only in the odd-order longitudinal modes. Because of the quadrupole

nature of the radiation, the even-order modes are not excited.

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.

Equations governing the motion of a bare cylindrical bar have already

been given in Section 1.2.2.

2.1.1 The motion sensor

After a signal has been picked up by the antenna, it must be amplified

and recorded for analysis. The only viable way to achieve this is to

transform the signal into electromagnetic energy, and then use state-of-

the-art techniques for electromagnetic amplification and read-out.

The electromechanical transducer can be represented with the com-

ponents of the Zij matrix which connects the input variables (force f(t)

acting on the transducer and velocity ẋ(t) of the transducer mechanical

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

f(t) = Z11ẋ(t) + Z12i(t) (2.1)

v(t) = Z21ẋ(t) + Z22i(t) (2.2)
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In important 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:

β =
1

mω

|Z21|2
Z22

(2.3)

The principle of all transducers is to store electromagnetic energy in a

very small volume, usually a narrow gap, one of the walls of which is

part of the antenna. The motions of this wall, arising from vibrations in

the antenna, induce a modulation of this energy which is detected and

amplified as an electrical signal. Transducers of the sensitivity required

to detect the extremely small signals of gravitational radiation are not

available commercially. Development of transducers and components of

the read-out system are therefore an important part of the R&D efforts

of all gravitational wave experiments.

Strain transducers are classified as belonging to the following three

categories: capacitive (electrostatic), inductive (magnetostatic), optical

(electromagnetic).

Piezo-electric, magnetostrictive and µ-wave cavities are respective ex-

amples of such transducers. We can also distinguish between passive and

active transducers. Passive transducers are linear transducers in which

the source of energy in the gap is a permanent field, either electric or

magnetic or both. These transducers preserve a linear phase and am-
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plitude relation between input and output. Because of their relatively

simple construction they are widely used.

In active transducer the gap is fed with an oscillating bias field at

high frequency ωp. The mechanical vibration of frequency ω0 modulates

the phase of this oscillating field and produces side-bands which contain

the information of the mechanical signal. Good performance of this type

of transducer is expected because of the gain ωp/ω0 resulting from the

conversion of the pump frequency ωp into the antenna frequency ω0.

An important breakthrough in increasing the sensitivity of resonant-

mass detectors was achieved when resonant transducers were introduced

[25] (which can be active or passive).

In a resonant mass transducer an oscillator with a small effective mass

mt is coupled in resonance with the antenna, which has a large effective

mass m. The maximum amplitude of the motion of the small oscillator

will then be increased by a factor
√

m/mt relative to the amplitude of

the antenna. In the expression of β the antenna mass is thus replaced by

the transducer mass.

Several groups have analyzed resonant transducers and have devel-

oped their own designs [25, 26, 27, 28].

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
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following combinations:

Tn =

√
V 2

n I2
n

K
(2.4)

Rn =

√
V 2

n

I2
n

(2.5)

Tn is called the amplifier noise temperature and Rn the amplifier noise

resistance. Another parameter, useful to express the matching between

transducer and amplifier, is

λ =
Rn

|Z22| (2.6)

A large fraction of the technological complexity of resonant mass detec-

tors results from the optimization of the quantities β, Tn and Rn.

2.1.2 Noise

Two classes of noise source have to be considered in the sensitivity anal-

ysis of a GW antenna:

• the intrinsic noise sources such as the thermal and electronic ones,

which have Gaussian statistics and can be accurately modelized,

and

• the external noise sources such as seismic noise and disturbances

from cosmic rays, which are more difficult to characterize because

they are non-Gaussian and often also non-stationary.
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The tail of the Gaussian distribution and the effects of the external

noise can be efficiently eliminated by coincidence measurements with

several detectors located far away from each other.

The thermal, or Brownian, noise is due to chaotic motion of the de-

tector atoms in the thermal bath at the temperature T . The power

spectrum of the stochastic force acting on the oscillator is

SF (ω) = 4β1mkT (2.7)

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, with a power spectrum

Sf = |Z12|2I2
n = mβω0|Z22|I2

n (2.8)

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 at temperature Te > T where [4]

Te = T

(
1 +

βQTn

2λT

)
(2.9)

The other term is an additive noise due to amplifier, its power spec-

trum is

S0 = V 2
n + I2

n|Z22|2 = kTn|Z22|(λ + 1/λ) (2.10)

26



If the Z22 impedance is a smooth function of the frequency, the power

spectrum S0 can be considered white in the antenna bandwidth.

Another convenient dimensionless parameter is

Γ =
Tn(λ + 1/λ)

2βQTe

(2.11)

that gives the ratio of the wide band noise in the resonance band width

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 (as

if it were a GW spectral density) and is usually indicated as Sh(f). This

function as a simple analytical expression showing an anti-resonance at

f0 [29]. It can be written as:

Sh(f) =
4Te(2πf0)

1
2
ml2Q(2πf)4

{
1 + Γ

[
Q2

(
1 − f 2

f 2
0

)2

+
f 2

f 2
0

]}
(2.12)

Sh(f) represents the input GW spectrum that would produce a signal

equal to the noise spectrum actually observed at the output of the an-

tenna instrumentation. This function is independent of any assumption

about the signal waveform. The half height width of this function gives

the bandwidth of a resonant detector:

∆f =
f0

Q
√

Γ
(2.13)
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This is much larger than the pure resonance linewidth f0/Q. It is inter-

esting to note that in the limit Γ → 0, expression (2.12) can be obtained

by simply equalizing the power spectrum of the stochastic force 4kTemβ1

to the power spectrum of the GW induced force (mω2l/2)2Sh. In this

limit the bandwidth becomes infinite. A natural way to express Sh(f0)

is by means of the total integrated cross section:

Sh(f0) =
G

c3

4kTe

σtotQf0
(2.14)

Equation (2.12), or (2.13) and (2.14), characterizes completely the sen-

sitivity of a resonant-mass detector.

2.1.3 SNR

The problem of extracting a signal h(t) from a noise with given spectrum

Sh(f) is deeply treated in the information theory.

The optimum performance of a detector is obtained by filtering the

output 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

[30]

SNR =

∫ +∞

−∞

|H(f)|2
Sh(f)

dω (2.15)

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,
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the Nyquist band is (−1/2∆t, 1/2∆t).

Let us consider the SNR for various GW signal.

• Burst

We model the 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

2
h0τg. From the eq (2.15) we get:

SNR =
1
2
m(2πf0)

4l2H2
0

4kTe

√
Γ

(2.16)

The numerator is the energy that the burst would have deposited

in the detector mode if it had been initially unexcited. The denom-

inator characterizes the overall noise in the detector and is usually

expressed as kTeff . The minimum detectable value of H0 (SNR =

1) can then be written as

Hmin
0 =

[
kTeff

1
2
ml2(2πf0)4

]1/2

(2.17)

and the minimum GW amplitude hmin
0 is equal to 2τ−1

g Hmin
0 . As

for Teff , it can be written in a convenient way as

Teff = 4kTe

√
Γ � 2

√
2Tn

(
1 +

2T

βQTn

)1/2

(2.18)
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where the approximate equality holds if we put λ � 1. The strat-

egy to optimize burst detection is to have Tn as small as possible

while satisfying the condition βQTn 	 T (brownian noise negligi-

ble respect to the amplifier noise). This condition makes desirable a

strong coupling of the transducer to the antenna, widening the de-

tection bandwidth. In fact, the bandwidth ∆f , taking into account

equations (2.9) and (2.11), can be rewritten as (λ = 1)

∆f = 2−1/2f0β

(
1 +

2T

βQTn

)1/2

(2.19)

If β approaches unity, the bandwidth may become as large as f0.

The limit (obtainable with λ 	 1) Teff = 2Tn expresses the so

called amplifier limit for burst detection. This limit cannot be sur-

passed, except using back action evading techniques. As discussed

by Giffard [24] in the context of GW detectors, any linear ampli-

fier is limited by the uncertainty principle to a noise temperature

greater then h̄ω0/k, leading to a fundamental sensitivity limit on

the burst noise temperature of a resonant-mass GW detector given

by Teff > h̄ω0/k, which is equal to 50 nK at 1 kHz.

From eq (2.15) we can derive the relation between the sensitivities

expressed in term of spectral amplitude
√

Sh(f0), which has units
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Hz−1/2, and the dimensionless burst amplitude hmin
0 [29]:

SNR =
2π∆fH2

0

Sh(f0)
(2.20)

for SNR = 1, and using the equation (unilateral) Hmin
0 = hmin

0 τg,

we find

hmin
0 = τ−1

g

[
Sh(f0)

2π∆f

]1/2

(2.21)

• Monochromatic

We consider a sinusoidal wave of amplitude h0 and frequency fg

constant for the entire observation time tm. The Fourier transform

amplitude at f0 is 1
2
h0tm with a bandwidth given by t−1

m . The SNR

can be written as

SNR =
1
4
m(2πfg)

4l2h2
0tmQ

4kTe(2πf0)

{
1 + Γ

[
Q2
(
1 − f 2

g /f 2
0

)
+ f 2

g /f 2
0

]}
(2.22)

The SNR bandwidth ∆f is given by eq. (2.13). For SNR = 1 we

obtain the minimum detectable value of h0, which at fg = f0 is

hmin
0 =

[
4kTe

1
4
ml2(2πfg)3Qtm

]1/2

(2.23)

The detection of continuous signals places different requirements

respect to the burst detection case. The strategy here is to reduce
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Te to the sole contribution of the Brownian noise, making negligi-

ble the electronic noise, i.e. T 	 βQTn , and lower T as much as

possible. In this case the requirement on the antenna-transducer

coupling is less severe then in the burst detection case. Actually a

weak coupling helps the thermal noise to be dominant. Following

this strategy one gets a smaller bandwidth. This is not surpris-

ing, as the usual optimization for monochromatic signal detection

prescribes to maximize the SNR of the instrument over a narrow

bandwidth centered on the signal frequency fs (of course this re-

quires knowledge of fs). For instance the nearby pulsar [31] PSR

J0437-4715, at a distance of 150 pc, should emit at 347 Hz a GW

amplitude (optimistically) of 2 · 10−26. This would give SNR = 1

on a resonant-mass bar of M = 10 ton, Q = 107, Te � T = 20 mK,

after integrating the signal for 1 year.

• Chirp

The gravitational waveform of increasing amplitude and frequency

emitted by a compact binary system (consisting of either neutron

stars or black holes) in the inspiral phase, when the two stars get

closer and closer as a result of GW emission caused by their or-

bital motion, is called chirp [32, 33]. Binary system have received

a lot of attention as GW sources because of the existence of PSR

1913 + 16 and of the clean analytic behaviour of the emitted GW.

If the masses of the two compact object are small enough (a few
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solar masses) the chirp signal sweeps up to the kHz region of fre-

quency and then can excite resonant-mass detectors. From the

resonant-mass detector viewpoint, the chirp signal can be treated

as a transient GW, depositing energy in a time-scale short respect

to the detector damping time τ [34]. We can then use eq. (2.15)

to evaluate the SNR, where the Fourier transform H(f0) ≡ H0 at

the resonant frequency f0 can be explicitly written as

H0 =

{[∫
h(t) cos(2πf0t)dt

]2

+

[∫
h(t) sin(2πf0t)dt

]2
}1/2

(2.24)

Substituting in (2.24) the well known chirp waveforms for optimally

oriented orbit of zero eccentricity [15], the SNR for chirp detection

is:

SNR =
21/35

48
G2/3 σtot

kTeff

1

r2
M5/3

c (2πf0)
−1/3 (2.25)

Mc is the chirp mass defined as Mc = (m1m2)
3/5(m1 + m2)

−1/5,

m1 and m2 are the masses of the two compact objects and r is the

distance to the source. For example, a system of two neutron stars

or black holes having m1 = m2 = 1.4 M� at 10 Mpc distance will

give SNR = 1 in an aluminum cylindrical bar of mass M = 2.3

ton resonating at f0 = 915 Hz and having kTeff = 2πh̄f0.

• Stochastic background

In this case h(t) is a random function and we assume that its power
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spectrum, indicated by Sgw(f), is flat and its energy density per

unit logarithmic frequency is a fraction Ωgw(f) of the closure den-

sity ρc of the universe:

dfgw

dlnf
= Ωgwρc (2.26)

Sgw(f) is given by

Sgw(f) =
2G

π
f−3Ωgw(f)ρc (2.27)

The measured Sh(f) of a single resonant detector gives automati-

cally an upper limit to Sgw(f) (and hence to Ωgw(f)). Two differ-

ent detectors with overlapping bandwidth ∆f will respond to the

background in a correlated way. The SNR of a GW background in

a cross-correlation experiment between two detectors located near

one another and having power spectral density of noise S1
h(f) and

S2
h(f) is [35]

SNR =

(
S2

gw

S1
hS

2
h

∆ftm

)1/4

(2.28)

where tm is the total measuring time. Detectors that are separated

by some distance are not as well correlated, because GW coming

from within a certain cone about the line joining the detectors will

reach one detector well before the other. The fall-off in the correla-

tion with separation is a function of the ratio of the wavelength to

the separation, and it has been studied for pairs of bars and pairs of
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interferometers [36, 37]. Supposing two identical detectors are co-

located and aligned for optimum correlation, the background will

reach a SNR = 1 if Ωgw is

Ωgw � 2·10−5

(
f0

1 kHz

)3
(√

S1
h(f0)S2

h(f0)

10−46Hz

)(
10Hz

∆f

)1/2(
107s

tm

)1/2

(2.29)

where the Hubble constant is assumed to be 100 km s−1Mpc−1.

Equations (2.28) and (2.29) hold for whichever cross-correlation

experiment between two GW detectors adjacent and aligned for

optimum correlation. An interesting consequence is that it may be

worthwhile in the near future to move an advanced resonant mass

detector very near to a large interferometer to perform stochastic

searches near 1 kHz [38].

2.2 A brief history of bar detectors

Joseph Weber [23], back in the ‘60s, was the pioneer of resonant-mass

detectors. His antennas were bare alluminum cylinders, read by piezo-

electric ceramics. His work stimulated other groups to start this kind of

research. But people working on gravitational waves, soon realized that

room temperature detectors would not be sensitive enough for gravita-

tional waves detection.

Cryogenic resonant-mass detectors were conceived in the ‘70s with

the aim of improving the sensitivity of the room temperature Weber
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detectors by many orders of magnitude, by reducing the temperature of

the resonant-mass to or below liquid helium temperature (4.2 K) and

employing superconducting electronic devices in the readout system.

The first cryogenic detector was operated at the beginning of the ‘80s

by the Fairbank group in Stanford [39], followed by the Rome group de-

tector EXPLORER [40] placed at CERN and by the LSU group detector

ALLEGRO [41]. Already in 1986 these three cryogenic detectors have

put an upper limit on GW bursts bathing the Earth [42]. Only at the

beginning of the ’90s, however, the cryogenic detectors entered in the con-

tinuous operational mode and hence in the field of reliable instruments

of physics. The Stanford detector, damaged by the 1989 earthquake, was

shut down. Another detector, called NIOBE, started operating in Perth

[43] in 1993. In table (2.1) we give a summary of the presently operating

cryogenic detectors. The date of the data taking indicates the initial time

of the detector continuous operation, although sometimes this moment

has been preceded by tests with various periods of data taking alternated

by the upgrading of the apparatus.

The sensitivities refer to a GW burst lasting 1 ms. All the detectors

are cylindrical bars. We remark that h = 6 · 10−19 corresponds to a

millisecond GW burst due to the total conversion of about 10−4M� in

the Galactic center. The spectral amplitude sensitivity is of
√

Sh �
10−21 Hz−1/2 with bandwidth of a few Hz.

Duty cycles of cryogenic bars, including interruptions for periods of
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Table 2.1: Main features of the operating cryogenic detectors. Teff ex-
presses (in Kelvin) the minimum detectable energy innovation and de-
termines the detector sensitivity to short (1 ms) bursts, indicated with
hmin.

ALLEGRO AURIGA EXPLORER NAUTILUS
material Al5056 Al5056 Al5056 Al5056

lenght (m) 3.0 2.9 3.0 3.0
M (kg) 2296 2230 2270 2260
f− (Hz) 895 912 905 926
f+ (Hz) 920 930 921 941
Q × 106 2 3 1.5 0.5
T (K) 4.2 0.25 2.6 3.5

Sh(f)1/2 1 · 10−21 2 · 10−22 1 · 10−21 2 · 10−22

∆f (Hz) �1 � 1 � 9 � 6
Teff (mK) 10 2 2 2

hmin 6 · 10−19 4 · 10−19 4 · 10−19 4 · 10−19

latitude 30o27’00”N 44o21’12”N 46o27’00”N 41o49’26”N
longitude 268o50’00” 11o56’54” 6o12’00” 12o40’21”

maintenance, are better than 70%. We can confidently say that today

the strongest sources in our Galaxy and in the local group will not pass

unnoticed when at least two resonant-mass detectors are in operation.

This fact is extremely important as the search for GW is based on

the technique of coincidences among two or more detectors. At present

the cryogenic bars are aligned parallel to each other, so the same GW

burst would produce in the detectors signal of the same amplitude.

Up to now the analysis of the data has been focused in searching for

short GW burst [17, 56]. The data of each detector are filtered with

matched filters for δ-like bursts. A list of energy innovations above a

given (a priori) threshold and the corresponding occurrence times is then

37



produced for each detector. The number nc of coincidences at zero delay

in a given (a priori) time window ∆t is compared with the number of

accidental coincidences < n >. This number can be calculated for the

stationary cases with the formula

< n >=
N1N2∆t

tm
(2.30)

where N1 and N2 are, respectively, the number of events for each of the

two detectors in the period tm of data taking. The probability to have

nc coincidences while expecting < n > can, of course, be estimated with

the Poisson statistics.

A more general and model independent procedure is to determine

experimentally this probability by looking for the coincidences nc(δt)

obtained after shifting the time of occurrence of one detector by δt, and

repeating this for N different values of δt, obtaining N numbers nc(δt).

The accidental background is calculated from the average number of the

nshift shifted coincidences obtained from the N time shifts

< n >=

∑N
j=1 nshift(j)

N
(2.31)

This experimental procedure for evaluation of the background has the

benefit of handling the problems arising when the distribution of the

events is not stationary. No significant coincidences excess has been

reported until now, except that in [56].
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Figure 2.1: The layout of the NAUTILUS detector.

Among the remarkable performances of this generation of detectors it

is worth mentioning the upper limits provided to the existence of exotic

particles [44] (which passage through the bar should excite the vibrational

mode) and the absolute calibration of the EXPLORER detector with the

gravitational near field generated by a small mechanical rotor [45].

2.3 The ROG detectors

The ROG group operates two detectors: EXPLORER (at CERN) and

NAUTILUS (at INFN Frascati National Laboratories). Both are cylin-

drical bars made of alluminum 5056, with a mass of 2350 kg, length of

3 m and diameter of 0.6 m. A layout of NAUTILUS is shown in figure

(2.1). Inside to the external vacuum chamber, the cryostat contains two

helium gas cooled shields, the liquid helium (LHe) reservoir (2000 liters

of capacity), three OFHC copper massive shields and, through the top
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Figure 2.2: The layout of the EXPLORER detector.

central access, a special 3He-4He dilution refrigerator [46, 47]. The shields

are suspended to each other by means of titanium rods and constitute

a cascade of low pass mechanical filters. The bar is suspended to the

first shield by a U-shaped copper rod wrapped around the bar central

section. The overall mechanical vibration isolation at the bar resonant

frequency (fb= 915 Hz) is of the order of -250 dB. The thermal path from

the mixing chamber of the refrigerator to the bar is constituted by soft

multiwire copper braids, connected to the ends of the copper suspension

rod [48]. This detector has been the first massive body cooled at these

very low temperatures.

The layout of EXPLORER (see figure (2.2)) is much similar to that

of NAUTILUS, except that EXPLORER is not equipped with a dilution

refrigerator. So the bar is cooled through termal contact with the helium

bath, which is kept at 2.6 K, below the superfluid transition.

The vibrations of the bars are converted into electrical signals by a
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resonant capacitive transducer [49]. The signals are applied to the input

coil of a dc SQUID amplifier by means of a superconducting transformer,

which provides the required impedance matching. The capacitive trans-

ducer bolted to one end of the antenna consists of a vibrating disk with

an effective mass mt = 0.750 kg and of a fixed plate with a gap d � 10 µm

and a total capacitance Ct � 10 nF. The transducer and the bar form

a system of two coupled oscillators. The frequencies (f− and f+) of the

resulting normal modes are spaced of about fb
√

µ, where µ is the ratio

between the effective masses of the transducer disk an the bar.

The output signal from the SQUID instrumentation is sent to the

data acquisition system, which is connected to the network and can

be remotely operated. This machine performs the acquisition and the

permanent recording of the data in a form suitable for further off-line

analysis and various functions of on-line analysis for diagnostic purposes.

The experimental apparatus includes a vibration sensor (accelerometer)

located on the cryostat. This sensor monitors the environment of the

laboratory. Its output signal may be used as a veto. Another signal,

which is used as a veto, is the output of the antenna seen through the

SQUID instrumentation and bandpass filtered between 20 and 70 Hz.

The detectors have also been equipped with a cosmic-ray veto system.

For NAUTILUS the system consists of layers of streamer tubes [50] placed

above and below the antenna cryostat. While EXPLORER has been

equipped with plastic scintillators. The need for a cosmic rays detector
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is due to the fact that extensive air showers or energetic single particles

(muons or hadrons) interacting in the antenna may produce signals with

rates which increase with the increasing sensitivity of the antenna to GW

[51, 52, 53, 54]. For instance with a NAUTILUS sensitivity of Teff ∼ 1

mK, about 2 cosmic ray events per day are expected. This rate increases

to about 5 · 103 if the quantum limit is reached.
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Chapter 3

The read-out of NAUTILUS

The ultra-cryogenic GW detector NAUTILUS started its second science

run in June 1998, after a partial overhaul of its mechanical suspensions

and thermal contacts. We summarize here the results obtained during

that run and the goals of the third science run, started in June 2003.

The results obtained from June 1998 to March 2002 show a consid-

erable improvement in the rejection of non-stationary noise and in the

sensitivity of the apparatus, with respect to the first science run 1995-

1997 [55]. We show in figure (3.1) the strain sensitivity of the detector,

expressed in units of Hz−1/2. The sensitivity at the two resonances is

about 4·10−22/
√

Hz. The spectral amplitude is better than 3·10−20/
√

Hz

over a band of about 25 Hz. The central peak at 914.6 Hz is a calibration

signal fed into the d.c. SQUID to monitor the gain of the electronics. We

also show in figure (3.2) the detector noise temperature over a sample
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Figure 3.1: Experimental strain sensitivity of NAUTILUS in 1999 (input
noise spectral amplitude in units of Hz−1/2).

periods of two days. This sensitivity allows the detection, at SNR = 1,

of an impulsive GW signal of duration 1 ms at amplitude h � 4 · 10−19.

For the third science run we upgraded the NAUTILUS with a new

bar, resonating at 935 Hz, and a new read-out system, similar to the one

which is showing very good performances on EXPLORER [7]. The read-

out consists of the new rosette transducer, a new high-Q superconducting

transformer and a Quantum Design d.c. SQUID.

The goals of this run are to confirm the result of the coincidence

analysis performed on the data of 2001 [56] and to get an unprecedented

sensitivity for continuous signals at the frequency of 935 Hz.

The study of the coincidences between the GW detectors EXPLORER

and NAUTILUS during 2001, showed an important result. With the 2001

data, an interesting coincidence excess is found when the detectors are
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Figure 3.2: The detector noise temperature versus time, averaged over
1 hour, for a period of two days of 2001. The red line corresponds to a
Teff � 3 mK. The peaks are due to a daily cryogenic operation.

favourably oriented with respect to the galactic disc (see figure (3.3)).

The energy of the signals associated with the coincidences is, roughly

speaking, about 100 mK. This corresponds, using the expression for the

the classical cross-section (see equation (1.11)), to a conventional burst

with amplitude h � 2 · 10−18 and to the isotropic conversion into GW

energy of 4 · 10−3M�, with sources located at a distance of 8 kpc. The

observed rate is much larger than what the models available today pre-

dict for galactic sources. We note, however, that this rate of events is

within the upper limit determined by IGEC for short GW bursts [57].

As can be seen from equation (2.20), to increase the SNR one must

increase the strain sensitivity and bandwidth of the detector. This means
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Figure 3.3: Result of the coincidence analysis. The graph shows the
number of coincidences nc indicated by the red bars and the average
number n̄ of experimental accidentals versus sidereal time.

acting on the parameter Γ and the ratio T/βQ.

Middleditch et al. [58] reported evidence of a faint optical pulsar,

remnant of the SN1987A in the Large Magellanic Cloud. The measure-

ments indicate that the pulsar has a period of 2.14 ms, modulation period

of about 1000 s and a spindown rate of 2÷3 ·10−10 Hz s−1. The spindown

of a normal pulsar is believed to be caused by magnetic dipole radiation

and relativistic pulsar winds. However, the low luminosity reported in

the electromagnetic spectrum of this pulsar and the fact that the rela-

tion between spindown rate and modulation period can be explained at

the same time by the existence of a non-axisymmetric component of the

moment of inertia, support the idea that the spindown can be caused by

radiating GW.
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In this case, we can estimate the amplitude of the GW as [59]

h � 4.7 · 10−26

(
I

1.1 · 1045 g cm2

)( ε

10−6

)( fg

935 Hz

)2(
50 kpc

D

)
(3.1)

where I is the moment of inertia of the neutron star, ε its non-axisymmetric

oblateness, D its distance from the Earth and fg the frequency of the GW

signal (twice the pulsar rotational frequency).

We now evaluate the sensitivity of the NAUTILUS required to ob-

serve such a signal. From equations (2.15) and (2.22), the SNR on the

resonance can be written as

SNR =
1
2
h2

0t
2
m

Sh(f0)
(3.2)

where we consider a sinusoidal wave of amplitude h0 and frequency fg,

constant for the entire observation time tm.

The value of h0 from the signal of the pulsar in SN1987A, detectable

with SNR=1, is hmin
0 = 4.6 · 10−26 at 935 Hz. This value can be reached

with a peak strain sensitivity of 6 · 10−23 Hz−1/2, integrating the signal

for 1 month.

The detection of a continuous signal of known frequency places dif-

ferent requirements with respect to the strategy for burst detection. A

large bandwidth is not required, but again the effort must be focused on

achieving the lowest possible value of the factor T/Q.

As can be seen from picture (3.4), the read-out of a GW detector is
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made of several parts, the most important are: the resonant transducer

(developed at the University of Rome Tor Vergata), the superconducting

transformer (developed at INFN Frascati National Laboratories) and the

d.c. SQUID. But also the other components play an important role as

Figure 3.4: The read-out scheme of the EXPLORER and NAUTILUS
detectors. In the box is the superconducting transformer and Mt is its
mutual inductance, while C is the capacity of the resonant transducer.
Rp are the polarization resistances and Cd is the decoupling capacitor
needed to “charge” the transducer. Ms is the mutual inductance between
the d.c. SQUID and its input coil.

we will see in the following. A part of the work of this thesis was focused

on the problem of matching the electronic components of the read-out.
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Figure 3.5: Scheme of the amplification electronic.

3.1 Influence of the electronic components

on the sensitivity to bursts

As can be seen from equation (2.17), the quantity kTeff characterizes the

overall noise in the detector. The purpouse of this section is to describe

the role of the electronic components on the value of Teff , which has

to be as low as possible. From figure (3.5) we see that the capacitive

transducer (Ct and its parasitic capacitance Cp) is coupled to the d.c.

SQUID1 via a superconducting high-Q transformer. The effect of the

transduction can be represented by an equivalent voltage generator

vg = E(y − x) (3.3)

1A detailed study of the d.c. SQUID will be done in the next Chapter.
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where E is the electric field stored in the transducer and y − x is the

relative motion of the transducer with respect to the face of the antenna.

We can neglect the losses of the superconducting transformer [60] because

of the high Q and while the resonance frequency of the electrical mode

is far from mechanical modes. Using the Thevenin Theorem, the voltage

across the transducer is

v′
g = vg

Ct

Ct + Cp
(3.4)

By defining the following parameters:

• M1 = k1

√
L0L is the mutual inductance of the transformer and k1

is its coupling coefficient;

• M2 = k2

√
LinLSQ and k2 are the mutual inductance and the cou-

pling coefficient between the d.c. SQUID and its input coil respec-
tively;

• Cd is the decoupling capacitor, needed to charge the transducer;

• L0 and L are the inductances of the primary and secondary coil of
the transformer respectively;

• Lin is the inductance of the input coil of the SQUID and LSQ that
of the SQUID itself;

• γs = L
L+Lin

.

It is possible to see that, neglecting the effect of the SQUID, the

current flowing in the secondary coil is

i = vg

(
Ct

Ct + Cp

)⎛⎝
√

L0

L

jωL0k1 − 1
γsk1

( 1
jωC

+ jωL0)

⎞
⎠ (3.5)
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where

C =
Cd(Cp + Ct)

Cp + Ct + Cd
≈ Cp + Ct (3.6)

is the equivalent capacity as seen from L0, while the second equality is

true only if Cd 	 Cp +Ct. By introducing the effective transformer ratio

Ne =
√

L0

L
k1γs we obtain

i = vg
Ct

Ct + Cp

Ne

Z0(ω)
(3.7)

where the total impedance has been introduced

Z0(ω) =
1

jωC
+ jωL0(1 − γsk

2
1) =

1

jωC

(
1 − ω2

ω2
el

)
(3.8)

with the resonance frequency of the electrical mode

ω2
el =

1

CL0(1 − γsk
2
1)

(3.9)

Now we can relate the magnetic flux in the SQUID, Φ = M2i, with the

mechanical signal

Φ = M2i = αφ(y − x) (3.10)

and

αφ =
Ct

Ct + Cp

NeM2

Z0(ω)
= jωCt

NeM2(
1 − ω2

ω2
el

) (3.11)
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We get the expected result2 that, as long as ωel > ω±, (ω± are the

frequencies of the mechanical normal modes) αφ does not depend on Cp.

Besides, it is clear that to maximize the signal fed to the SQUID

it is necessary a transformer with a high coupling constant and a high

effective transformer ratio.

In this case the parameter Γ, defined in equation (2.11), can be writ-

ten as

Γ =
φ2

n

2τΦ2
Br

(3.12)

and, accordingly, the signal on the SQUID due to the brownian noise is

[60]

ΦBr = αφ

√
kbTe

2myω2±
(3.13)

Inserting equations (3.11), (3.12) and (3.13) in equation (2.18), for Teff

one has

kTeff =
4φn

M2CtE

[
1

Ne

(
1 − ω2

ω2
el

)]√
kTemy

τ
(3.14)

Where φn is the intrinsic noise of the SQUID, my the mass of the trans-

ducer and τ is the common decay time of the modes.

From equation (3.14) it is clear that to minimize Teff it is necessary

to have a low noise (φn) and high coupling (M2) d.c. SQUID, Ct as high

as possible and a high τ . Since τ is related to the Q by the well known

formula

Q = πντ (3.15)

2The reasons why ωel is kept higher than ω± will be discussed in Section 3.2.
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the last condition corresponds to a high Q. Both the bar and the trans-

ducer have Qs of the order of 106 and the overall Q of the detector is,

roughly speaking, given by

Q−1
tot ∝ Q−1

bar + Q−1
trasd + Q−1

el (3.16)

In this sum the dominant term is the lowest, and, in the previous runs,

Qel has been of the order of 103. So the necessity to increase Qel by at

least two order of magnitudes, is clear.

3.2 The superconducting transformer

The most important limiting factor of Qel are the electrical losses of

the superconducting transformer, arising from parasitic capacitance and

dielectric losses of the coating of the wire. So the first step on the way to

increase Qel has been the realization of a truly high-Q superconducting

transformer.

Other groups [61] have already investigated the issue of the realization

of high-Q superconducting resonators. The work done in this section is

very similar to that of [61], but it is also different in two fundamental

aspects: the final goal and the measurement set-up. Here we intend

to build a high-Q superconducting transformer, and we will see in the

following that the current flowing in the secondary coil has a big influence

on the quality factor of the resonator. Differences in the measurement
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set-up will also be clear to the reader.

Since the superconducting transformer is needed to match the high

output impedance of the transducer to the low input impedance of the

SQUID, the values of the inductance of the primary coil (L0) and that

of the secondary coil (L) must fulfill the following conditions

1

ωC
= ωL0, L = Lin (3.17)

Since C is of the order of 10 nF and the working frequency of the detector

is around 1 kHz, the perfect matching value of L0 is [62] around 4 H, but

in this case ωel would be tuned to the mechanical modes. In this situation

the three modes are highly coupled and can influence each other very

deeply. Since the Q of the electrical mode varies with the working point

of the d.c. SQUID, it is possible that also the Qs of the mechanical modes

are influenced by the SQUID. To preserve the high intrinsic mechanical

Qs, we decided to work with the electrical mode close but not tuned to

the mechanical ones, so we agreed to build a superconducting transformer

with L0 � 2 H. The value of L is determined by the SQUID used, but it

is of the order of 1 ÷ 2 µH.

The transformer must also be compact, as the box in which it is

housed together with the SQUID, the decoupling capacitor and the polar-

ization resistances, is quite small. Besides, the dimensions of the holder

must be designed in such a way to take into account the fact that the

spools of Nb wire available are 1 km long.
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Figure 3.6: Picture of the transformer before insertion in the PVC box.
It is possible to notice the weldings on the primary coil.

The inductance of the primary coil is a complex function of the follow-

ing parameters: the diameter and the length of the holder; the number

of layers and the number of turns on a single layer. So we wrote a code

with Matlab c©3 that uses formulas and tables of [63] to determine all these

parameters. The holder (see figure (3.7)) is made of Teflon PTFE. We

used Nb wire coated with FORMVAR c© 80 µm thick and 1 km long. The

number of turns per layer is 170, spaced by 20 µm, the number of layers

is 55 and the total number of turns is 9317. To minimize the parasitic

capacitance, we inserted a Teflon PTFE foil, 90 µm thick, to increase the

distance between each layer.

Since the Nb wires are very thin and fragile, we welded them on two

Nb foils, 100 µm thick, with a capacitive discharge welder. Then, on the

3See Appendix A for an example.
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same foils and with the same technique, we welded a twisted pair of Nb

wires, 125 µm thick, inserted in two Teflon tubes. Furthermore, since Nb

cannot be soft-soldered, we welded the ends of the pair on two Cu foils,

50 µm thick, and then plated with SnPb. We performed an inductance

measurement at room temperature4, getting L0 = 2.36 H, against the

expected value of 2.35 H. Then we inserted the transformer into a PVC

box. To minimize the effect of external magnetic fields, this box has been

totally enclosed in two Pb shields5. Another effect of these shields is that

they couple with the transformer lowering the value of the inductance of

the primary coil. This effect becomes larger as the shields get closer to

the transformer. Once the transformer has been cooled to liquid helium

temperature (4.2 K) we repeated the inductance measurement obtaining

L0 = 2.09 H.

But the most important measurement is that of the Q. To perform

this measurement we built an LC circuit and observed the decay of the

resonant mode. Figure (3.8) shows the experimental setup. Two require-

ments must be fulfilled: the coupling between the pick-up coil (Lp) and

L0 must be very low (10−3 or less) in order not to perturb the decay; the

capacitor must be a high-Q one6.

Since the capacitor has a capacitance of C = 8.91 nF at 4.2 K, we

expected a resonance at ν = 1166 Hz. The measured frequency of the

4All the measurements are done with the HP4192A LCR Meter.
5The Pb becomes superconducting below 7.2 K.
6The high-Q Teflon capacitors have been bought from Eurofarad, 75540 Paris

Cedex 11, France.
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Figure 3.7: Design of the transformer holder, all measures are mm.
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Figure 3.8: Experimental setup for the measurement of Q. F.G. is a
function generator.

electrical mode was ν = (1170.94 ± 0.01) Hz, in good agreement with

the expected value. Then we excited the mode and observed the decay,

shown in figure (3.9). Data points were acquired once every 30 seconds.

The data have been fitted with an exponential decay of equation

y = A · e−t
τ (3.18)

We obtained for τ the value of 286.8 seconds, and thus from equation

(3.15), we get Q = 1.05 · 106.

But the transformer is not yet complete: it needs a secondary coil.

As already stated, the value of L must be of the order of a few µH. This

has been achieved by winding 3 turns of Nb wire, 125 µm thick, around

the primary coil. In this case the predicted inductance is 1.5 µH, while

the measured value is 1.8 µH at room temperature and 1.3 µH at liquid

helium temperature.

This secondary coil has been made to keep the coupling coefficient k of
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Figure 3.9: Decay of the electrical mode. Circles are the experimental
data and the straight line is the fit.

the order of 0.40. We needed to do so, because it has been shown [64, 65]

that a SQUID-high-Q resonator system is not stable. It is also possible

to see that for a superconducting transformer, the coupling coefficient is

given by

k =

√
1 − L1

L0
(3.19)

where L1 and L0 are the values of inductance of the primary coil when

the secondary coil is short-circuited and open respectively. Since we

measured L1 = 1.71 H, and L0 = 2.09 H, one has k = 0.42.

Now that the superconducting transformer has been fully character-

ized, we can integrate it with the other circuital components of the read-

out chain.
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Electronic
     box

Cu wires

Figure 3.10: The position of the electronic box with respect to the bar
and transducer (TRX).

3.3 The electronic box

All the elctronic components of the read-out chain are housed in a box,

screwed on the last Cu thermal shield, as shown in figure (3.10). To

improve the thermal link between the components and the Cu shield,

the box is made of Cu OFHC. Besides, to shield the components from

external magnetic fields, the box has been plated with Sn40%Pb60%.

The box is composed of three separate chambers: one to house the su-

perconducting transformer, another for the decoupling capacitor and the

polarization resistances and the third for the SQUID. To avoid mechani-

cal vibrations of the components, they are all firmly screwed on the box

with an appropriate holder, different for each component. For instance,

as can be seen from figure (3.11), the decoupling capacitor and the polar-

ization resistances are screwed on a Teflon holder. We performed several
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Figure 3.11: The electronic box. On the left it is possible to see the
polarization resistances, while on the center of the picture we can see the
decoupling capacitors and the contacts with the primary coil. The empty
chamber on the right is that for the SQUID.
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measurements, adding one component at a time, to study its influence

on the electrical Q. The basic circuital scheme is that of figure (3.8).

As already stated in Section 3.1, the decoupling capacitor must fulfill

the condition that Cd 	 Cp + Ct, so we used two commercial Teflon

capacitors, of the same kind of that used for the Q measurements. These

capacitors had measured capacitances of Cd1 = 193 nF and Cd2 = 93 nF

at room temperature. They were connected in series, so that their total

value at 4.2 K was Cseries = 64 nF.

So we measured the Q of the LC circuit, where, now, C is the series

of the capacitor simulating the transducer and the decoupling capacitors.

The measurement was again performed observing the decay of the elec-

trical mode. The result is that now Q = 5.2 · 105. So the decoupling

capacitors lower the Q by a factor of two.

The polarization resistances are directly connected to the transducer.

We then chose high value resistors to filter all the possible disturbances.

As in the past runs it happened that some of these resistors broke, we

assembled them in a redundant configuration, building a series of two

parallels. We used four resistors each with a measured resistance of Rp =

5 GΩ. As they are not directly in the read-out circuit, their influence

on the electrical Q, should be, in principle, null. Anyway, we decided

to verify this assumption. We built a parallel LCR circuit and, again,

we measured the decay of the electrical mode. The measurement did

not confirm our hypothesis, since we obtained Q = 4.3 · 105. So the
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Figure 3.12: The complete scheme of the read-out electronics.

polarization resistances decrease the Q by more than a factor of two. This

could be due to parasitic capacitance effects. We then added the complete

charging line of the transducer, which is made, besides the polarization

resistances, of a coaxial cryogenic cable7, made of NbTi in CuNi matrix,

insulated with FORMVAR c© and Teflon, and a radio-frequency filter.

The complete scheme of the read-out circuit is shown in figure (3.12).

As can be seen from figure (3.10), when mounted on the detector, the

transducer is connected to the electronic box via a pair of thin Cu wires,

to avoid shortcircuiting the last stage of the mechanical suspensions. So

we wanted to determine their influence on the electrical Q and what

would be the difference if using Nb wires. The result is that in the case

of Cu wires Q = 1.4 · 105, while with Nb wires Q = 2.2 · 105. Even if the

Q is higher almost by a factor of two with Nb wires, we decided to use

7The cable has been bought from Leiden Cryogenics.
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Figure 3.13: Comparison of the decay of the electrical mode when the
transducer is connected to the electronic box via Cu or Nb wires. Circles
and squares are the experimental data and the straight lines are the fit.

Cu wires in the final configuration, because the mechanical strength of

thin (50 µm) Nb wires is very poor.

All the measurements up to now have been performed keeping the

secondary coil open. But in our final configuration, the secondary coil will

be connected to the input inductance of the SQUID. So, to simulate this

condition, we performed a Q measurement shortcircuiting the secondary

coil. The short circuit was made with pressure contacts, since they have

a critical current much higher than electrical discharge weldings. By

solving the transformer equations, it is easy to see that when in the

primary coil the current is i1 and the secondary coil is closed on a generic
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load Z, the current i2 circulating in the coil is

i2 =
ωk

√
L0L√

Z2 + ω2L2
i1 (3.20)

Since in our case Z = 0, the previous equation becomes

i2 = k

√
L0

L
i1 (3.21)

and with our values of k, L0 and L, we see that i2 � 5 · 102i1. With this

setup, me obtained Q = 1.3 · 105.

We can then say that we succeded in increasing the electrical Q by

two orders of magnitude.

3.4 SQUID measurements

Before installing the electronic box on the detectors, a few checks must

be done.

The secondary coil of the transformer is connected to the input coil

of the SQUID via pressure contacts. It is crucial that these contacts

are superconducting. Figure (3.14) shows the experimental setup used

for this measurement. The idea is that when a costant magnetic flux is

fed to the L − Lin loop, a superconducting permanent current arises to

cancel the effect of the external flux. The net effect is that a costant

voltage arises across the SQUID. So the measurement consists in feeding
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Figure 3.14: Scheme of the experimental setup for the measurement of the
superconducting contacts. V.G. is a voltage generator. The resistances
and the capacitor on the feed line are radio-frequency filters.

a constant voltage, of the order of 100 mV, to the L−Lin loop, observing

the output of the SQUID for some time (some minutes) and checking that

this output is really a constant. The result of the measurement is shown

in figure (3.15). The data can be fitted with an exponential decay, where

the time constant τ is given by R/L, to obtain an upper limit on the

resistance of the contacts. By doing so we obtained R ≤ 2.57 · 10−12 Ω.

But the most important measurement is the one that verifies if the

SQUID is working connected with a high-Q resonant circuit. In this case

the scheme is that of figure (3.12). We noticed that the SQUID would

lock quite easily and was very stable. We found the resonance of the

electrical mode at νel = (1316.860 ± 0.001) Hz, in very good agreement

with the expected value of νel = 1322 Hz, given by the formula

νel =
1

2π

√
L0

(
1 − k2 Lin

L+Lin

)(
CtrxCd

Ctrx+Cd

) (3.22)
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Figure 3.15: The measurement of the superconducting contacts. The
vertical axis is the voltage across the SQUID and the horizontal axis is
time in seconds.

The Q of the mode ranged from 2 · 104 to 3.7 · 105, deeply influenced by

the working parameters of the SQUID. We also performed several noise

measurements, obtaining, as the best result, 2.9·10−5 φ0/
√

Hz. Since this

value is a factor of ten worse than what it is possible to measure with

the SQUID alone, we think this value is limited by the intrinsic noise of

the cryostat.

3.5 Preliminary results of NAUTILUS 2003

The detector was reassembled during December 2002 and, after a month

of pumping over the experimental and isolation vacuum, the cooling
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Figure 3.16: The peak resonance of the electrical mode as seen from the
SQUID.

started in January 2003 and ended two months later.

Since the detector is totally new, starting from the bar itself, we

decided not to turn on the dilution refrigerator. So now the thermod-

inamical temperature of NAUTILUS is 3.5 K, reached by pumping on

the helium reservoir, which is kept below the superfluid transition, also

to get rid of the extra noise due to the bubbling.

So we started the operations needed for optimal tuning and cali-

bration of the detector. We chose the SQUID parameters in order to

minimize the wide-band noise and to increase the stability.

Then the detector has been calibrated. Calibrations are made by

exciting the detectors’ modes with signals of known energy, via a PZT

ceramic glued on the bar, and reading the output from the SQUID.

In the following we present the preliminary results obtained thanks to
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Figure 3.17: Teff of NAUTILUS in June 2003. Units on the vertical axis
are K.

the new read-out chain. Figure (3.17) shows the noise temperature Teff

of the detector over two days of June 2003 averaged over one minute.

As it can be seen from figure (3.17), the daily disturbances are not

present anymore. So that the detector is sensitive 24 hours a day. This

must be compared to figure (3.2). The most striking feature is that Teff

is constantly well below 3 mK, even if the thermodinamic temperature

of the bar is higher than that of 2001 (1.5 K). This can also be seen by

computing the distribution of Teff in 2001 and 2003.

Figure (3.18) shows the distributions of Teff of NAUTILUS in June

2003 (upper figure) and the whole 2001 (lower figure). To better compare

the two results, we took out all the periods of cryogenic operations from

the 2001 data. What is really evident is the decrease of Teff from 3.5 mK

to 1.3 mK. Furthermore, we must notice that the horizontal scales of the

two distributions are very different. The scale of the distribution of the
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Figure 3.18: Distribution of Teff of NAUTILUS in June 2003 (upper
figure) and the whole 2001 (lower figure), where the periods of cryogenic
operations have been taken out.
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Figure 3.19: Experimental strain sensitivity of NAUTILUS in 2003 (red
line) and GASP prediction (blue line).

2001 data goes from 0 to 50 mK, while that of the 2003 data ranges from

0 to 5 mK. This is another point that accounts for the better stability of

the detector in 2003.

The decrease of Teff is very important, since it is now possible to look

for events with lower SNR.

Another way to look at the improvement of the NAUTILUS perfor-

mances is to calculate the strain sensitivity reached in 2003, shown in

figure (3.19). The figure shows both the experimental result (red line)

and the prediction (blue line) of the GASP model [62]. The peak sensi-

tivity is 2 · 10−21/
√

Hz at 935 Hz.

A direct comparison between figures (3.1) and (3.19) is impossible,

since the bar temperature in 1999 was 0.15 K. But what is evident is
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Figure 3.20: The expected strain sensitivity of NAUTILUS when cooled
to 0.15 K.

that bandwidth of NAUTILUS 2003 has been increased by a factor of

five, going from 6 Hz at the level of 10−20/
√

Hz to more than 30 Hz at

the same level. Since the agreement of the model to the experimental

data is so good, we can compute the sensitivity of the detector when it

will be cooled to 0.15 K. The result is shown in figure (3.20). The two

curves only differ by the electric field stored in the transducer and they

show the ability of the detector to work in both narrow-band and wide-

band modes. In the first mode the peak sensitivity is 1.6 · 10−22/
√

Hz

at 935 Hz, that would allow the detection of the GW from the pulsar

1987A integrating the signal for three months. While in the case of the

wide-band mode, we can see that the bandwidth of the detector would

be of the order of 60 Hz at the level of 10−20/
√

Hz.
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At the moment of writing this thesis, no coincidence analysis or search

for the pulsar have been performed yet.
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Chapter 4

The d.c. SQUID

4.1 The Josephson junction

A Josephson junction is made by inserting a thin layer of insulating ma-

terial between two superconducting elements. If the layer is thin enough,

it is possible that Cooper pairs cross the potential well of the insulating

material thanks to a tunneling effect. Picture (4.1) shows a scheme of a

Josephson junction. We suppose that the superconductors S1,2 are equal

and that the junction be symmetric. We call ψ1,2 the wave functions of

the Cooper pairs in the two superconductors. They will decrease expo-

nentially, but if the insulator is thin enough, they will penetrate enough

to overlap. Then the total energy of the system will decrease. When

the coupling energy becomes higher than the thermical fluctuations, the

phases of the two wave functions are connected and the Cooper pairs
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Figure 4.1: Scheme of a Josephson junction.

cross the junction without loosing energy. We will see that the tunneling

of the pairs occurs even if there is an applied voltage to the junction: in

this case the phases are not connected, but vary according to the applied

voltage.

We can write the Schrödinger equations as [66]

ih̄ψ̇1 = U1ψ1 + Kψ2

ih̄ψ̇2 = U2ψ2 + Kψ1

(4.1)

where U1,2 are the energies in the fundamental state of the two supercon-

ductors, and K is the amplitude of the coupling. This parameter gives

a measure of the interaction energy of the superconductors and depends

on the nature and dimensions of the junction.

If we apply a voltage V across the junction, the fundamental state is

translated by a quantity e · V and |U2 −U1| = 2e · V . We define the zero
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energy at half the junction so that equations (4.1) become

ih̄ψ̇1 = eV ψ1 + Kψ2

ih̄ψ̇2 = −eV ψ2 + Kψ1

(4.2)

It is possible to show that putting ψ1,2 =
√

ρ1,2e
iθ1,2 , where ρ is the density

of the Cooper pairs and θ is the phase, and separating the imaginary and

real parts, we get

ρ̇1 = 2
h̄
K
√

ρ1ρ2 sin δ

ρ̇2 = − 2
h̄
K
√

ρ1ρ2 sin δ
(4.3)

and

θ̇1 = K
h̄

√
ρ1

ρ2
cos δ + eV

h̄

θ̇2 = K
h̄

√
ρ1

ρ2
cos δ − eV

h̄

(4.4)

where δ = θ1 − θ2 is the phase between the two superconductors. The

current density is J = ρ̇1 = −ρ̇2. By using equation (4.3), becomes:

J =
2

h̄
K
√

ρ1ρ2 sin δ (4.5)

If we assume that ρ1 = ρ2 = ρc = constant, we can write the previous

equation as:

J = Jc sin δ (4.6)

where we defined Jc = 2Kρc/h̄. If K is constant over all the surface S of

the junction, then Ic = JcS is the critical current of the junction. This

current depends on many factors, but a way to define a good junction is
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that Ic weakly depends on the temperature when T < Tc.

We must notice that, even if the density of Cooper pairs is constant,

its time derivative is non zero. From equations (4.4) we obtain

δ̇ =
2eV

h̄
= 2π

V

φ0

≡ ωJ (4.7)

and it follows that

δ(t) = δ0 +
2e

h̄

∫
V (t)dt (4.8)

where we indicated with δ0 the value of the phase for t = 0.

Equation (4.6) and (4.7) completely describe the Josephson effect.

If V = 0, then δ is constant, so across the junction flows a current

even if there is no applied voltage. This is the DC Josephson effect.

When V = 0, we can see from equations (4.6) and (4.8) that AC

currents are present

J = Jc sin

(
δ0 +

2eV

h̄
t

)
(4.9)

The quantity νJ = 2eV
h̄

= V
φ0

is called Josephson frequency and

νJ

V
= 483.6 MHz/µV (4.10)

This is the AC Josephson effect.

Figure (4.2) shows the I − V characteristics of a Josephson junction

current polarized. It is possible to see a hysteresis effect: for polarization
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Figure 4.2: I − V curve of a Josephson junction.

currents |I| < Ic, the voltage across the junction is zero, a supercurrent

flows due to the tunneling of Cooper pairs; as soon as |I| > Ic, a voltage

appears across the junction1; incresaing the current, the voltage increases

and the curve tends to the line I = V/Rn. When the current is decresed

below Ic, the voltage does not disappear immediately, but goes down

along the curve and becomes zero only if |I| � Ic. The part of the curve

corresponding to |V | < 2∆/e can be approximated with a line of slope

1/RSG and represents the current due to the electrons in the normal ares

of the electrodes due to the impurities and, at T = 0, to the tunneling of

quasi-particles.

1Measurements show that |Vg| > 2∆/e, where ∆ is the value of the gap in the
BCS Theory.
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Figure 4.3: Model of a resistively shunted junction.

4.2 RSJ model

The hysteresis effect of a Josephson junction is usually an unwanted char-

acteristic on a SQUID. This problem can be solved by inserting in paral-

lel to the junction an appropriate resistance, called shunt (Mc Cumber,

1968; Stewart, 1968). Figure (4.3) shows a model of a shunted junction.

Beside the shunt resistance, there is a current noise generator IN(t), con-

nected with this resistance, the capacity of the junction and a tunneling

element with critical current Ic. The circuit equations, neglecting the

noise contribution, are

V

R
+ Ic sin δ + CV̇ = I (4.11)
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where I is the applied current and

V =
h̄δ̇

2e
(4.12)

By replacing equation (4.12) into (4.11) we obtain

h̄C

2e
δ̈ +

h̄

2eR
δ̇ = I − Ic sin δ (4.13)

that we can rewrite in adimensional way

βc
d2δ

dτ 2
+

dδ

dτ
= i − sin δ (4.14)

by defining the following quantities

βc = 2πIcR2C
φ0

= ωJRC

τ = t
φ0/2πIcR

= ωJt

i = I
Ic

(4.15)

The quantity i is called reduced current, while for the Josephson fre-

quency one has
ωJ

2π
=

2eV

2πh̄
=

2eIcR

h
(4.16)
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Equation (4.14) can only be solved numerically, but if I is constant and

βc � 1, an analytical solution can be found [67]

δ(t) = 2 tan−1

[√
i2 − 1

i2
tan

πt

T
− i

]
(4.17)

where

T ∝ 2π

ωJ

[
I

Ic

]− 1
2

(4.18)

is the oscillation period. From equation (4.17), it is possible to study the

behaviour of the voltage since

V (t) =
h̄

2e
δ̇ (4.19)

As for polarization currents higher than the critical current, T � 1 ns,

the junction behaves as a voltage oscillator, with frequency equal to the

Josephson frequency and amplitude proportional to the average volt-

age [67]

〈V 〉 =
h̄

2eT

∫ T

0

δ̇(t)dt = IcR

√(
I

Ic

)2

− 1 (4.20)

Figures (4.4) and (4.5) show the behaviour of equations (4.19) and (4.20)

for different values of I/Ic and βc = 0. From the analysis of the figures

it is possible to state the following:

• if I < Ic, in the junction flows a constant supercurrent and 〈V 〉 = 0;

• if I ≥ Ic, a voltage, given by periodic pulses of frequency νJ , arises
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Figure 4.4: Behaviour of the output voltage (in units of IcR) as a function
of time for two values of I/Ic with βc = 0.

Figure 4.5: I − V characteristic of a SQUID with βc = 0.
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across the junction;

• if I > Ic, the voltage across the junction is given by an oscillating

term with zero average, superimposed to a constant signal that

represents the contribution of the normal currents.

In general, if βc > 1, the characteristic of the junction is hysteretical. In

this case if I < Ic, two states are possible: V = 0 and V = 0. For this

reason, only junctions with βc < 1 are used in a SQUID.

4.3 The d.c. SQUID

A d.c. SQUID is realized by cutting a superconducting ring with two

identical symmetrical Josephson junctions, both shunted to eliminate the

hysteresis phenomenon. Figure (4.6) shows the schematic of a SQUID

[68]: L is its inductance, Ic is the critical current, R and C the resistance

and capacity of the shunt. A d.c. SQUID is polarized via a constant

current Ib, in such a way that the currents flowing in the two branches

are Ib = I1 + I2, where currents I1,2 are functions of the voltages V1,2 and

of the phase differences across the junctions

I1,2 = Ic sin δ1,2 +
V1,2

R
+ CV̇1,2 (4.21)

We define the total current in the SQUID as

J =
I1 − I2

2
(4.22)
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Figure 4.6: Circuital scheme of a d.c. SQUID

The phases and the voltages are connected by the second Josephson

equation:

δ̇1,2 =
2e

h̄
V1,2 (4.23)

So, the voltage across the SQUID becomes:

V = V1L1İ1 + Mİ2

= V2L2İ2 + Mİ1

(4.24)

where we used L1,2 as the self inductances of the two branches of the

SQUID and M is their mutual inductance. The phase difference are

bound to the flux quantization condition

δ1 − δ2 =
2πΦ

φ0
(4.25)
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Φ is the total flux linked to the SQUID, given by the sum of the external

flux and that associated to the current J , Φ = Φext + LJ .

If we consider the simplified case, where the shunt resistor, the self

inductance of the ring and the capacity of the junctions are negligible.

We then put R = 0, and since L = 0

βL =
2LIc

φ0
= 0 (4.26)

furthermore C = 0 =⇒ βc = 0, with βc given from equation (4.15) Thus

equations (4.21) become

I1,2 = Ic sin δ1,2 (4.27)

and thus:

Ib = Ic(sin δ1 + sin δ2) (4.28)

Since L = 0, it follows that Φ = Φext and so δ1 − δ2 = 2πΦext

φ0
. We can

rewrite equation (4.28) as

Ib(Φext, δ1) = Ic sin δ1 + Ic sin

(
δ1 − 2π

Φext

φ0

)
(4.29)

Maximizing with respect to δ1, we find that the critical current depends

on the external flux in the following way

IcS(Φext) = 2Ic

∣∣∣∣cos π
Φext

φ0

∣∣∣∣ (4.30)
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From the previous equation it is clear that the critical current is modu-

lated by the external flux. We note that the critical current varies from

0 to 2Ic for (2N − 1)φ0

2
≤ Φext ≤ Nφ0. If we consider a dissipative term,

with βc = βL = 0, R = 0 and Ib = constant, summing equations (4.21)

we obtain two equations from which it is possible to obtain the output

voltage of a d.c. SQUID

Ib = IcS sin ϕ +
h̄

eR
ϕ̇ (4.31)

and

V (t) =
h̄

2e
ϕ̇ (4.32)

where ϕ = δ1−δ2. Equation (4.31) formally similar to (4.13), from which

we obtained the behaviour of a single Josephson junction with βc = 0.

So we can extend the observations done on δ(t) to ϕ(t). The solution of

equation (4.31) is oscillating with period

T ∝ 2π

ωJ

[(
Ib

IcS

)2

− 1

]− 1
2

(4.33)

and the average voltage is given by

〈V 〉 =

⎧⎪⎨
⎪⎩

R
2

√
I2 − I2

cS(Φext) if |Ib| > IcS(Φext)

0 if 0 ≤ |Ib| ≤ IcS(Φext)

(4.34)

When the external flux is zero, the phase difference is zero and the
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SQUID behaves as if it was a single junction with a critical current equal

to the double of the critical current of each junction. If Φext = 0, the

currents are out of phase. If Φext = Nφ0 then the phase difference is an

integer multiple of 2π and the junctions oscillate in phase, otherwise the

phase shift is maximum. In this case the supercurrents interfere destruc-

tively, no critical current exists and the SQUID behaves as a resistor. In

equation (4.21) the terms in sin(δ) become zero and the equation reduces

to

I =
2V

R
(4.35)

where we used R/2 to indicate the parallel of the two shunt resistances.

We can then summarize the behaviour of a SQUID in the following

way: a change of the linked flux, causes a change of the critical current,

that, in its turn, causes a change both of the oscillation period of the

voltage across the SQUID and of the average of this voltage. We must

take in to account, that this voltage is the sum of two terms: a supercur-

rent that arises because of the AC Josephson effect when we polarize the

SQUID with a current higher than IcS, and a normal current that arises

to keep the total current constant. Both these contributions oscillate at

the same frequency with average values different from zero and cause a

voltage with average value non zero.

If R, L, C = 0, calculations become somewhat more difficult [69], but

it can be shown that the behaviour of a real d.c. SQUID is not much

different from the ideal one. The only difference is that the minimum
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Figure 4.7: Input coil-SQUID system.

value of the critical current is not zero anymore, but, as Φext varies, it

depends on βL.

4.4 The SQUID as an amplifier

In the GW research field, the d.c. SQUID is used as a current low noise

amplifier. To do so, it is necessary to couple to the SQUID a coil that

converts the current in magnetic flux. It is possible to draw the behaviour

of the SQUID as a current amplifier in the following way

δi ⇒ δφs = Mδi =
∂V

∂φ
δφs =

∂V

∂φ
Mδi (4.36)

A variable current flowing in the input coil, causes changes of the flux φs

in the superconducting ring. This changes of φs cause, at the output of

the SQUID, a variable voltage proportional to the input current. Because

of the very high sensitivity of the SQUID, any external flux, coupled to
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Figure 4.8: Vout produced by a modulating flux in different polarization
conditions.

the input coil or to the SQUID itself, would change the working point and

the responsivity of the SQUID. The solution is to make use of a feedback

network to stabilize the working point and linearize the characteristics.

Picture (4.8) shows that the output voltage of a SQUID is proportional

to an external field, at the frequency of a modulation signal, that is sent

back to the SQUID to keep the working point at φext = nφ0, where the

V −φ characteristics are linear and ∂V/∂φ is maximum. It is, thus, clear

that to measure the flux changes it is necessary to send to the SQUID, via

an appropriate coil, a modulation flux at the frequency νmod, with peak-

to-peak amplitude of ≈ φ0/2. From picture (4.8) we can see that if the

total flux is an integer multiple of φ0, then Vout has a big component at the

frequency 2νmod, while if the flux increases, the amplitude of the output

signal of the SQUID increases at the frequency νmod. Increasing again

the flux, the signal goes back at the frequency 2νmod, but with opposite

phase. Picture (4.9) shows a typical read-out scheme of a SQUID [70].
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Figure 4.9: Modulation and feedback network for a d.c. SQUID.

The output signal from the SQUID is sent to a LC integrator circuit,

resonating at νmod and acting as an impedance matching between the

output impedance of the SQUID and the input impedance of the amplifier

at room temperature. The output of the amplifier is then sent to a lock-

in, that demodulates the signal at νmod. If the static flux coupled to the

SQUID is an integer multiple of φ0, the output signal will be at 2νmod, and

the lock-in output will be zero. Otherwise, if the flux equals (n + 1
4
)φ0,

the frequency of the output signal will be νmod and the lock-in output

will be maximum.

The SQUID is an extremely sensitive device, capable of revealing

magnetic fields of the order of 10−14 Tesla. So to shield external fields

slowly varing, that could induce it to work in a saturation or non-linear

regime, the SQUID is usually housed in a box, made of superconducting

material. Besides, it has been proved that a SQUID must be shielded

from radio-frequency noise, since this can lower its responsivity.
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Chapter 5

The read-out of MiniGRAIL

As already said in Section 1.2.2, in Leiden, Holland, a spherical detector is

being built. The sphere is made of CuAl6%, with a diameter of 65 cm, the

mass is 1150 kg and the resonance frequency is around 3160 Hz (see figure

5.1). Thanks to an agreement between the Leiden and the Rome groups,

the detector will be equipped with a read-out chain similar to that used

on EXPLORER and NAUTILUS. Before equipping the detector with a

complete read-out chain, we performed a measurement to characterize

the overall noise of the antenna.

The next run of MiniGRAIL is expexted to start in the second half

of December 2003.
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Figure 5.1: The MiniGRAIL detector. The picture shows the last stages
of suspension system and of the dilution refrigerator.
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5.1 Noise measurement with a PZT trans-

ducer

The calculations that follow, can be applied to any geometry resonant

detector. It is possible to see [4] that a resonant antenna mode of effec-

tive mass m at a temperature T is subject to a brownian noise of energy

kT = mω2
0ξ

2
0 , where ξ0 is the displacement of the antenna and T the

temperature of the quadrupole mode. As already stated in Section 2.1.2,

this temperature is in fact higher than the thermodynamic temperature,

because of back-action and brownian noises (see equation (2.9)), and will

be later indicated by Te. In comparison with a bar detector, a spherical

antenna at the same thermodynamical temperature has (potentially) a

brownian displacement 3.4 times smaller. We describe here some pre-

liminary measurements of the temperature of the quadrupole modes of

MiniGRAIL, using a piezolelectric transducer (PZT).

5.1.1 The equivalent circuit

We will give a brief review of the noise sources involved in the experiment.

It can be shown [71, 72] that a mechanical oscillator can be represented

by an equivalent electrical RLC circuit, since the equations involved are

formally identical. We assume that the mass of the PZT is negligible

with respect of that of the antenna m. The output voltage of the PZT is
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Figure 5.2: The equivalent circuit of the mode and the PZT with a FET
amplifier. The noise sources of the FET amplifier are represented by In

and Vn, while the electrical dissipations of the PZT are represented by
R2, with a voltage noise source equal to V2.

related to the displacement of the surface of the sphere by the equation

V (t) = αξ(t) (5.1)

and the equivalent parameters of the sphere-PZT system are defined as

follows

L1 = m
α2C2

2

R1 = ω0m
2Q

1
α2C2

2

C1 = 1
L1ω2

0
=

α2C2
2

ω2
0m

(5.2)

where C2 is the capacitance seen at the output of the amplifier and

includes the capacitance of the PZT, that of the cable and that of the

amplifier. Figure (5.2) shows the equivalent circuit and all the noise
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sources.

5.1.2 Noise sources of the system

The resistances R1 and R2 introduce noise in the circuit (Johnson noise)

with spectral density

V 2
i = 2kTRi

[
V2

Hz

]
(5.3)

The other noise sources are given by V1, V2 and those of the amplifier.

• The noise contribution of the voltage generator V1, due to the brow-

nian motion of electric charges and phonons in the antenna, is rep-

resented by R1. Its power spectrum is given by

S1(ω) = V 2
1 |T1(ω)|2 (5.4)

where T1(ω) is the transfer function given by

T1(ω) =
1

L1C1

1(
ω2

r − ω2 + ω
τ0

tan δ
)

+ i
(

ω
τ0

+ (ω2 − ω2
0) tan δ

)
(5.5)

where τ0 is the decay time of the mode and

ω2
r = L−1

1 (C−1
1 + C−1

2 ) = ω2
0

1

1 − β
(5.6)

The tan(δ) term represents the electrical losses of the PZT. The

transfer function T1(ω) has a maximum for ω � ω0. The average
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square value of the output voltage is given by

V 2
b =

∫ ∞

−∞
S1(ω)

dω

2π
=

2α2kT

mω2
r

(5.7)

• The noise voltage V2 is caused by the electrical dissipations in the

PZT, and can be represented by a current noise generator in parallel

to R2 equal to I2 = V2/R2. This generator sees an impedance

Z(ω) =
R1 + iωL1 + (iωC1)

−1

iωC2(1 − i tan δ) [R1 + iωL1 + (iωC1)−1 + (iωC2(1 − i tan δ))−1]
(5.8)

and thus brings a contribution to the output voltage spectral den-

sity equal to

∫ ∞

−∞
|Z(ω)|2I2

2

dω

2π
=

QC2
1

2ωrC4
2

I2
2 +

∫ ∞

−∞

I2
2

ω2C2

dω

2π
(5.9)

Which is a sum of a narrow-band and a wide-band contribution.

The first term can be calculated for ω � ωr

V 2
2 =

QC2
1 tan δ

C3
2

kT [V2] (5.10)

While the wide-band term has a spectral density

S2 =
2kT tan δ

ωC2

[
V2

Hz

]
(5.11)

• The current noise source of the amplifier IN generates a noise that
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is identical to that obtained for I2, since it is in parallel with R2

and sees the same impedance. So the narrow-band noise amplitude

is

V 2
Nn =

QC2
1

2ωrC4
2

I2
N [V2] (5.12)

and the wide-band spectral density is agin given by an equation

equal to (5.11)

SN =
2kT tan δ

ωC2

[
V2

Hz

]
(5.13)

The voltage noise of the amplifier VN is simply added quadratically

to the other wide-band noises. The total narrow-band noise is then given

by

V 2
nb =

2α2kT

mω2
r

(
1 +

βQI2
N

2ωrC2kT

)
(5.14)

This noise can be seen as a pure brownian noise at a temperature Te larger

than the thermodynamic temperature T . The increase in temperature is

mainly due to the back-action of the current noise of the amplifier. We

can than write

V 2
nb =

2α2kTe

mω2
r

(5.15)

where

Te = T

(
1 +

QβI2
N

2ωrC2kT

)
(5.16)

The total wide-band noise spectral density is given by

V 2
0 = V 2

N +
2kT tan δ

ωC2
+

I2
N

ω2C2
2

(5.17)
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Figure 5.3: The scheme of the measuring setup.

5.1.3 Measurement of Te

Picture (5.3) shows the experimental setup for the measurement. A low

noise amplifier directly reads the output of the PZT, than the signal is

furtherly amplified and sent to a two-phase lock-in. The lock-in outputs

x(t) and y(t) can be seen as the real and imaginary components of the

Fourier trasform of V (t) at ωs

x(t) = 1
t0

∫ t

−∞ V (t′)e−
(t−t′)

t0 sign(cosωst
′)dt′

y(t) = 1
t0

∫ t

−∞ V (t′)e−
(t−t′)

t0 sign(sin ωst
′)dt′

(5.18)

These quantities were acquired on a PC by a LabView program. Than,

on a different PC, another LabView program would perform the on-line

analysis. The outputs of the lock-in amplifier were used to build the
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quantity

r2(t) = x2(t) + y2(t) (5.19)

It can be shown [4] that r2 has a Gaussian distribution

F (r2) =
1

2σ2
0

e
− r2

2σ2
0 (5.20)

were σ0 is the variation of the distribution of the signal at the output of

the lock-in amplifier. This variation is the sum of narrow-band and wide

band terms

σ2
0 = V 2

nb +
S2

0

t0
(5.21)

where t0 is the lock-in integration time.

So, the on-line data analysis program (see figure (5.4)), computes r2

and shows the real-time behaviour of r2 versus time. Besides it computes

the histogram of r2 and performs a fit to evaluate Te. The slope of the

histogram is −1/2σ0, since in our case S2
0 � V 2

nb, from equation (5.15) it

turns out that Te is given by the formula

Te =
C2

kβ
V 2

nb (5.22)

To evaluate β, the PZT must be calibrated. This calibration can

be done using the equivalent circuit of the mode of interest. A known

amount of energy is fed to the mode, by exciting the PZT with a known

voltage Vg, for a time short compared to the decay time of the mode. In
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Figure 5.4: Control Panel of the on-line analysis program. The plot on
the left is the histogram of r2, while that on the right shows the real-
time behaviour of r2 versus time. The plot refers to 6 hours of data
acquisition.
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this way we can estimate C1 from the equation

C1 =
V0C2

Vg∆tπf0

(5.23)

where V0 is the output voltage from the PZT at t = 0 (time when the

excitation was stopped and the decay started) and f0 is the resonance

frequency of the mode. Then we can define

β =
1
2
C2V

2
2

1
2
CV

(5.24)

the ratio between the energy stored in the PZT and that stored in the

mode. Since

C =
C1C2

C1 + C2
and V2 =

C1

C1 + C2
V (5.25)

we get

β =
C1

C1 + C2
� C1

C2
(5.26)

In our case we had C2 = (950±50) pF, C1 = 3.7·10−17 F, so β = 3.7·10−8.

The best measured value of the equivalent temperature was Te = 1750 K,

against the expected value of 0.081 K. The reason why the expected

equivalent temperature is so low is due to the fact that β is extremely

low, so there is little back-action on the sphere and the thermodynamic

temperature T would be barely increased. The fact that the measured

Te is much higher than expected, clearly shows that the mode was being

excited by extra non-brownian noise.
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5.2 The MiniGRAIL electronic box

The previous measurement also showed that the coupling β between the

modes and the PZT is extremely small. To increase the β it is necessary

to use a resonant capacitive transducer. Besides, to lower the electronic

noise, a SQUID must also be used. So the necessity to build a read-out

chain equal to that used by the Rome group. So the need for a new

electronic box, built following the lines outlined during the design of the

NAUTILUS read-out chain.

As for NAUTILUS, all the elctronic components of the read-out chain

are housed in a Cu OFHC box, plated with Sn40%Pb60%. Picture (5.5)

shows the chamber that houses the decoupling capacitor and the polariza-

tion resistances. Since the MiniGRAIL rosette transducer has a capacity

of the order of 1 nF, the decoupling capacitor is much smaller than that

for NAUTILUS. Its capacity has been chosen to be of 15 nF. Again we

used high-Q Teflon capacitors. The chamber that houses these compo-

nents is quite small, so we could not use the usual polarization resistors.

So, to build the redundant configuration of a serie of two parallels, we

were forced to use tiny SMD resistors.

The superconducting transformer is quite similar to that of NAU-

TILUS. The holder has exactly the same dimensions and design, but

the material is different: this time we used MACOR, a vitreous ceramic

with a resistivity ρ > 1016Ω/cm. The number of turns per layer and

the number of layers has been chosen in order to give an inductance of
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Figure 5.5: The electronic box for MiniGRAIL.

the primary coil of the order of 0.5 H at room temperature. Again we

used Nb wire, 80 µm diameter, coated with FORMVAR c©. The room

temperature value1 of L0 is 0.55 H, while that at 4.2 K was 0.37 H.

We performed two Q measurements: one placing the transformer in

the usual PVC box, shielded by Pb foils, and the other replacing the PVC

box with a Cu box plated with Sn40%Pb60%. Both the measurements,

done observing the free decay of the electrical mode, gave Q � 3 · 105.

We added two different secondary coils, one with a coupling coefficient

of 0.4 and the other with k � 0.18.

After connecting all the electronic components of the read-out chain,

1Measured with the HP4192A LCR Meter.
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we moved to Leiden, to perform the last Q measurement, that gave Q =

1.8 · 105 with the decoupling capacitor and the polarization resistances

connected to the circuit, and some SQUID measurements.

5.3 Measurements with single and double

SQUID systems

These measurements turned out to be very important. This electronic

box was meant to be connected to a two stage amplifier based on a DROS

SQUID [73]. But when we connected this system to the secondary with

k = 0.4, we saw that the SQUID was so unstable that could not lock at

all. We then tried the secondary with k = 0.18. This time the SQUID

was able to lock, even if the range of the parameters (bias current and

modulation amplitude) was very narrow. Besides the measured noise was

very high, of the order of 2 ·10−5 φ0/
√

Hz, when the double SQUID noise

is usually one order of magnitude lower.

So we decided to use a single Quantum Design SQUID, the same used

on EXPLORER and NAUTILUS, connected to the k = 0.4 secondary

coil. The result was that the SQUID could lock quite easily with a wide

range of parameters, and the noise was lower by more than a factor of

two. Figure (5.6) shows a part of the spectrum of the output signal of the

SQUID. The large peak at the centre of the plot is a calibration signal,

fed to the SQUID to monitor its gain and test its stability.
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Figure 5.6: A part of the spectrum recorded with a single QD SQUID.
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Chapter 6

Double SQUID system for the

Rome detectors

In most practical applications the sensitivity of a SQUID with a stan-

dard modulation readout is usually good enough. There are, however,

fundamental physics experiments, such as GW detectors, that require the

highest possible sensitivity of a d.c. SQUID. In this case the standard

readout may not be the best solution, because the overall sensitivity can

be limited by the room-temperature preamplifier noise. Furthermore it

can be seen [74] that the energy resolution of a single SQUID system is

ε � 3000h̄.

But it has been shown [73, 75, 76] that a double SQUID system can

reach quantum limit energy resolution, as can be seen from figure (6.1).

Besides, it has also been shown [77] that a double SQUID system can be
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Figure 6.1: Experimental spectral noise density of the double SQUID
system of Carelli et al..

arranged in a stable configuration when connected to a high-Q resonant

circuit.

So, the last part of the work of this thesis has been devoted to arrange

the system of [75] in a configuration that can be used on one of the GW

detectors of the Rome group.

The first SQUID (sensor) is made at the Institute of Photonic and

Nanotechnologies of CNR, while the second SQUID is a commercial

Quantum Design d.c. SQUID. We expect that when, connected to a

high-Q resonant circuit, this system will show the tipical instabilities of

such systems, as those already observed on the Dutch double SQUID (see

section 5.3). So that most of the work will be done on removing these

effects.
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Figure 6.2: Scheme of the feedback networks of the double SQUID sys-
tem.

6.1 First closed loop operation

The measurement reported in figure (6.1) was made with the sensor

SQUID in open loop configuration. It means that no feedback was sent to

the sensor SQUID to stabilize its working point. Instead, the Quantum

Design SQUID was working in closed loop operation. Since this setup is

not suitable for a GW detector, we built a feedback network to close the

loop on the sensor SQUID. Figure (6.2) shows the scheme of the double

SQUID feedback networks.

We acquired the V − φ characteristics for different bias currents (see

figure (6.3)) to determine those with highest slope, so the best sensitivity.

Then, we performed a noise measurement with this setup to see if the

feedback network would introduce extra noise and if some unexpected

instabilities would arise. The result of the measurement is reported in

figure (6.4). No instability of the system was found. We were able to
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Figure 6.3: The V − φ characteristics for different bias currents. As can
be seen the shape of the curves is very sensitive to Ib but the heigth of
the curves is almost unaffected.
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Figure 6.4: Measurement of the double SQUID noise in closed loop op-
eration.

lock the whole system in a wide range of the parameters. This setup

also allows us to choose the point, along the V −φ characteristics, where

to lock the SQUID. Furthermore, as it can be seen from picture (6.4),

the output noise spectrum is very clean and flat for a wide range of

frequencies. The best noise result was 1.5 · 10−7 φ0/
√

Hz at 1 kHz and

even lower at higher frequencies. This corresponds, roughly speaking, to

an energy resolution of ε � 30h̄.

We also explored different feedback setups, i.e. closing the loop on

the sensor SQUID and keeping it open on the second, but the noise

measurement were at least a factor of two worse and the selection of the

working point was much more difficult.
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These measurement have been performed keeping the input coil of the

sensor SQUID open. But this is not a real setup, since when installed on

a GW detector, the double SQUID system will be connected to a high-Q

resonant circuit.

6.2 Characterization of the high-Q input

circuit

The high-Q input circuit has been built following the indications given

by the same work done for the NAUTILUS. At this time of the work, the

absolute values of the inductances of the primary and secondary coils are

of no importance. The inductance of the primary coil is 123 mH at room

temperature and decreases to 96.7 mH at 4.2 K. The inductance of the

secondary coil is 1 µH at room temperature and 0.5 µH at liquid helium

temperature. The coupling coefficient is k = 0.61. Since this transformer

has been equipped with two auxiliary coils of very low inductances, we

also measured their coupling to the primary coil and found k1 = 0.03 and

k2 = 0.38. These coils have been used as pick-up coils to perform the Q

measurements.

Since our laboratory has been equipped with an acquisition system

based on LabView1, we were able to characterize the tranformer more

deeply. We measured2 the impedance of the primary coil from 10 Hz

1See Appendix B for the diagram of the LabView VI.
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Figure 6.5: Bode plot of the inductance of the primary coil.

to 520 kHz. As can be seen from figure (6.5), the measurement shows

that the primary coil behaves as an ideal inductor over a wide range

of frequencies. The same measurement has been performed both on the

secondary coil and on the high-Q Teflon capacitors, with the same results.

Then we performed several Q measurements, since it is important

that this transformer is truly high-Q. The first measure was done by

closing the inductance of the primary coil on the same capacitor used for

the measurements for the NAUTILUS read-out chain. We observed the

free decay of the electrical mode and obtained Q = 8.6 ·105, which is high

enough. We also verified that the value of Q does not depend on which

auxiliary coil is used for the measurement. But since the inductance of

the primary coil is very low, it turns out that the resonance frequency

is very high, and it has been found to be νel = 5441 Hz. This would be

too far from the region of interest, that is around 1 kHz. So the only

2We acquired the output of the HP4192A LCR Meter via a GPIB 488.2 board.
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Figure 6.6: Decay of the electrical mode, data points are acquired every
ten seconds.

way to decrease νel is to increase the value of the capacitance. We then

used a capacitor with C = 95.7 nF at 4.2 K. But, unexpectedly, the Q

was 2.2 · 105, lower by a factor of four with respect to the previous value.

Fortunately we had another capacitor with high capacitance, C = 86.9 nF

at 4.2 K. The result of the measurement is shown in figure (6.6). The

resonance frequency is now νel = 1735 Hz and the Q, obtained by fitting

the data with an exponential decay, is 6.7 · 105.
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Chapter 7

Conclusion

The main goal of this Ph.D. thesis was to develop the electronic part of

the read-out chain for advanced GW detectors. The preliminary results

obtained with NAUTILUS 2003, such as the increase by a factor of five

of the detector’s bandwidth and the decrease by more than a factor of

two of the detector’s noise temperature, clearly show that the work done

is on the right way. We need to wait for the next year to have the results

of the coincidence analysis and of the search for the pulsar remnant of

supernova 1987A.

Results similar to that of NAUTILUS are expected from the Mini-

GRAIL detector. It is easy to foresee a decrease of the noise temperature

by at least a factor of 1000. Its next science run is scheduled to start by

the end of this year.

On the other hand, it has been shown that it is possible to push the
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noise of the first stage amplifier close to the quantum limits. At present,

we are working to realize a new read-out chain based on a double SQUID

amplifier to be implemented on the detectors of the Rome group.
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Appendix A

A Matlab c© code example

Here is the subroutine used to determine the inductance of the primary

coil. The complete program is made of a number of other subroutines

with a similar structure. The total length of the complete program is

more than 2000 lines.

%code to calculate the inductance of the primary coil

%a=average radius; b=length; c=radial dimension;

%N=total number of windings;

%nb=number of windings on each layer;

%nc=number of layers; p=dimension of the wire.

disp(’1)Calcolo dell induttanza del primario’);

disp(’2)Menu principale’);

o=input(’Scegliere ’);

if o==1

rm=input(’Inserisci il raggio minimo (cm) ’); %

b=input(’Inserisci la lunghezza della bobina (cm) ’);%
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nc=input(’Inserisci il numero di strati ’); %

p=input(’Inserisci lo spessore del filo (um) ’); %

p1=p*1e-4; %calculation of some

a=rm+p1*nc/2; %equivalent parameters

c=p1*nc; %

N=b*c/p1^2; %

n=b/p1; %

for i=1:nc %

r(i)=rm+i*p1; %

s(i)=2*pi*r(i)*n; %

end %

m=sum(s); %

load D1; %loading some of the

load E1; %Grover tables

load F1; %

rho=c/b; %more equivalent parameters

alfa=c/(2*a); %

mu=1/rho; %

nu=b/(2*a); %

if rho<=1 %procedure to look into the

y=D1(:,1); %Grover tables

x=D1(1,:); %

f=y-rho; %

d=x-alfa; %

for i=2:22 %

for j=2:22 %

if rho==y(j) & alfa==x(i)%

k=D1(j,i); %

else %

if d(i-1)>-0.05 & d(i)<0.05 %first order Newton

if f(j-1)>-0.05 & f(j)<0.05 %linear interpolation

dx1=D1(j-1,i-1)-D1(j-1,i); %

dy1=D1(j-1,i-1)-D1(j,i-1); %

u=-d(i-1)/0.05; %

v=-f(j-1)/0.05; %
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k=D1(j-1,i-1)-u*dx1-v*dy1; %

end %

end %

end %

end %

end %

end %

if mu<=1 %

y=E1(:,1); %

x=E1(1,:); %

f=y-mu; %

d=x-alfa; %

for i=2:22 %

for j=2:22 %

if mu==y(j) & alfa==x(i) %

k=E1(j,i); %

else %

if d(i-1)>-0.05 & d(i)<0.05 %

if f(j-1)>-0.05 & f(j)<0.05 %

dx1=E1(j-1,i-1)-E1(j-1,i); %

dy1=E1(j-1,i-1)-E1(j,i-1); %

u=-d(i-1)/0.05; %

v=-f(j-1)/0.05; %

k=E1(j-1,i-1)-u*dx1-v*dy1; %

end %

end %

end %

end %

end %

end %

z=F1(:,1); %

d=nu-z; %

for i=2:101 %

if nu==z(i) %

K=F1(i,2); %
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else %

if d(i-1)<0.01 & d(i)>-0.01 %

dx1=F1(i-1,2)-F1(i,2); %

dx12=F1(i,2)-F1(i+1,2); %

dx2=dx1-dx12; %

u=d(i-1)/0.01; %

K=F1(i-1,2)-u*(dx1-(1-u)*dx2/2); %

end %

end %

end %

disp(’La induttanza del primario in microH’)

L=0.019739*2*a^2*N^2*(K-k)/b %inductance calculation

disp(’Lunghezza del filo in Km’) %quantity of needed wire

lung=m*1e-5 %

primario %

end %

if o==2

trasformer

end
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Appendix B

LabView code example

Here we show both the Control Panel (figure (B.1)) and the Diagram

(figure (B.2)) of the VI used to acquire the data used to characterize

the circuit elements. The VI acquires and saves to a file the following

parameters: |Z|, the phase θ, R, L, C and also the Q. The behaviour of

these quantities versus frequency is displayed on-line.
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Figure B.1: The Control Panel of the LabView VI. It is possible to set the
starting, stop and step frequency of the acquisition and the amplitude of
the signal.
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Figure B.2: The Diagram of the LabView VI.
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