Abstract
The idea of detecting gravitational waves (GWs) predicted by Einstein is being
depicted in this report. I begin with a very brief introduction to general relativity and
then move on to describe resonant detectors for gravitational waves. The quadrupole
modes of a resonant detector will be excited when a gravitational wave passes by. The
amplitudes caused by a gravitational signal are expected to be of the order of 10 -20
meters. A transducer converts the mechanical oscillations into an electrical signal,
which is being amplified with a SQUID. An overview of the various types of
transducers conceived and tried to improve the sensitivity of the detector is made.
Then I give a brief introduction to the SQUID amplifier with special focus on
feedback and stability. In particular I describe the new feedback system we tried to
develop and compare it with the existing feedback system. Finally I present an
overview of our MiniGRAILl as a gravitational wave detector (GWD).
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1.Introduction
In Newtonian physics we always consider space as a 3 dimensional rigid grid of
Cartesian coordinates. Einstein emphasized in his theory of general relativity, that
instead of considering space as different from time we should think of SPACETIME
as a four dimensional deformable dynamical medium in which the time is measured in
light-travel distance, and all dimensions are lengths. The deformation or the curvature
of spacetime is described by Einstein’s stress tensor G. The magnitudes of the
components of G express the magnitude of the spacetime curvature. The source of the
spacetime curvature is expressed by the stress energy tensor T, which describes the
distribution of mass, energy and momentum in the system. The relation between the
above two quantities is[1]:
c4
T=
G …………………………….(1)
8π G
where c is the speed of light and G is the gravitational constant.
A closer look at the above equation shows that it is of the form p = Eh where p is

the
pressure, h is the strain and E is the modulus of elasticity. We can compare T ( source
of the gravitational field) with p and G (curvature) as h. By this analogy we expect the
solution to (1) to be a wave equation. A significant feature of the elastic constant
c4/8πG has very large magnitude (10 43 N). From (1) we can say the following:
Spacetime is an elastic medium: therefore it can sustain waves.
Spacetime has extremely high stiffness: hence extremely small amplitude waves have
a very high energy density.
Thus we move from the Newtonian space of infinite rigidity to the Einstein’s space
time which is “extremely” rigid. Because of the extreme high magnitude of the elastic
constant it is very difficult to detect the GWs. Examples of these relativistic
corrections to the Newtonian mechanics can be found in the bending of starlight past
the Sun, the precession of the perihelion of Mercury, and the gravitational redshift of
clocks changing t with altitude in the Earth’s Field.
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2.Gravitational Wave Detectors[1]
A GW acts to distort the ring of test particles as can be seen from the following
figure:

Figure 1 Left: The deformation of a ring of test particles during one cycle of a plane
gravitational wave. The figure shows the two linear polarizations h + and h×
respectively. Right: The quadrupole force field of plus and cross polarization of a
gravitational wave (picture from ref [2]).
A simple picture is obtained by considering a mass quadrupole simple harmonic
oscillator. A GW will perform work on the oscillator. We can replace this simple two
mass quadrupole system by a continuous distributed mass system like a bar or a solid
sphere. According to Weber, the effect of a GW on a piezoelectric mass would cause
a voltage across the piezo. A resonant transducer system could be used to read out the
motion of the resonating mass. An important feature of distributed mass systems as
compared to the idealized harmonic oscillator is, that unlike the latter the distributed
mass system has many fundamental modes of oscillations. Their sensitivity towards
GWs falls as the order of the mode increases due to the reduced time-varying
quadrupole moment: even modes are not excited at all, while the effective crosssection for odd modes falls as 1/n 2, where n is the mode number. Hence there is no
use of making long antennas unless they are desired to use at low frequencies.
Next we address the problem of detecting GWs. From (1) we find that the stiffness of
the spacetime is extremely large. A GW has to travel in this medium. It is a well
known fact that if an acoustic wave travels from one medium to the other than the
coupling between the two mediums is maxim is the impedances of the two mediums
are approximately same that is ρ1V1 = ρ2V2 where p is the density of the medium and
V is the velocity of the sound in the medium. Now with the analogy of acoustic waves
and from (1) we can define the impedance of the space-time as c 3/8πG that has the
value 4.5x1035. For an antenna made steel and of reasonable cross section the
impedance ρV is ~ 108. Thus on entering a molecular sold the total impedance to a
gravitational wave increases fractionally, by a multiplicative factor of (1 + 4.5x10 -27).
This solid therefore has a tiny effect on the wave motion and the interaction is very
weak. The problem of detecting gravitational radiation can then be understood as an
impedance-matching problem. Only objects such as neutron stars have V s close to c
and are more closely impedance matched with respect to GWs, but they are not
practical to experimentalist. Individual nuclei are not useful as well, though they have
high densities and sound velocities because their dimension is very small compared to
the huge wavelength of the GWs which at 1 KHz is 300 km.

4

2.1Resonant Detectors
The principle of operation of a resonant mass detector is based on the fact that when a
GW passes through a mass it excites the quadrupole mode of the mass. Since the mass
has finite rigidity the GW does work on the mass and energy is deposited in the mass.
The resonant mass will oscillate during and after the GW has passed through it for a
time that is determined by the mechanical quality factor of the material. Being an
oscillating mass-spring system the antenna will amplify the incoming signal by a
factor that depends on the quality factor of the mass at f=f 0, which is the resonant
frequency of the antenna. Hence the detector is most sensitive at its resonant
frequency. The dimensions of the antenna and the velocity of the sound in the
material determine the resonant frequency of oscillation. The typical shape of a
resonant detector is a large cylinder with a typical length of a few meters having a
mass of one or two tons.
Weber constructed the first resonant-bar gravitational radiation antennas [3]. The
schematic is presented below:

fig2. showing the schematic of the first GWD designed by weber. Picture taken from
[7].

He made massive aluminum bars, suspended and vibration isolated in a vacuum
container.
Blair has given a beautiful analogy of the GW with a water wave [1] that I would like
to mention here:
A GW is like a water wave, a ripple in the curvature of spacetime. But the space is
very stiff and normal mass is like a tissue: very light. So it moves with the waves
absorbing negligible amount of energy of the wave. More over this displacement
cannot be measure relative to any other tissue paper as the latter too moves with the
waves and there is negligible relative displacement between the two. The same is the
problem with the mass and detector attached at its end. That is a local measurement
cannot detect the wave.
But if the bar is resonant then after the wave has passed the bar will continue to
vibrate. This can be detected.
The major problem with the detection is, as we have seen, due to the impedance
mismatch only a very little part of the energy is coupled to the detector. The typical
amplitudes of waves associated with bars a few meters long are 10 -18. This is 1000
times less than the typical intrinsic thermal vibration of an antenna cooled to a few
degrees above absolute zero. To reduce the effect of the temperature the antenna ring
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down time that is the relaxation time must be large, because a bar with a low acoustic
noise will experience thermal noise in times comparable to the relaxation time.
Thus we can outline characteristics of a good GW resonant mass detector:
Ø It must be massive, so that the work done by the GW is as large as possible.
Ø Large relaxation time to downsize the thermal effects.
Ø It must be operated at very low temperatures.
Ø It must be equipped with a vibration sensor capable of detecting changes in
vibration of less that 10 -18 m.
Ø It must have a good vibration isolation system to eliminate the vibrations from
the environment effectively.
The typical read out for a GWD is strain amplitude of 10 -18 to 10-20. This requires
transducers with sensitivity of 10 -18 to 10-20 m. This involves a very careful
elimination of the noise. There are basically three types of fundamental noise
characterized:
Ø Brownian noise: this represents the low-frequency noise of the black body
spectrum of internal excitations. The inherent thermal noise of the resonator is
equal to kT, but we are concerned with the fluctuations in this mean noise
since the measurement of a gravitational wave is a measurement of the change
in amplitude of the bar. And this rate of fluctuation depends on the coupling of
the fundamental mode to the thermal reservoir. The effective noise energy
then reduces with the increase in the relaxation time and is given by kT τm/τa
where τa is the relaxation time and τm is the integration time.
Ø Series Noise: This noise is associated with the read out electronics itself and is
similar to the Nyquist noise. It can be modeled by a noisy amplifier with noise
energy of kTA per unit bandwidth. The narrower the measurement bandwidth
that is the more is τm the less this noise.
Ø Back action noise: This noise is due to the back “pouring” of the noise from
the read out to the antenna. As the amplifier always has a finite level of noise
associated at its input this noise gets transferred back into the antenna since it
is impossible to have a transducer with zero reverse transductance.
The effect of both a) and c) is the same as that of thermal noise causing fluctuations in
the antenna. While a) and c) decrease with decreasing τm b) increases. So there is an
optimum for τm. Another important requirement is that the coupling between the
antenna and the transducer should be very high so as to increase the measurement
bandwidth.
We have already seen that the Brownian noise to be kTτm/τa. to reach the quantum
limit and achieve bandwidth of 1 kHz we need Brownian noise to be less than
(h/2π)ωa. This requires high quality factors (which is the fractional energy loss per
cycle).
Impedance mismatch between the antenna and the transducers is a major problem,
which is the reason for using multi mass transducer system. The acoustic energy of
the antenna is transduced into an electromagnetic signal either inductively [4] or
capacitively[5]. A signal in the bar will couple well to the transducer if there is no
impedance mismatch between them. That is the mechanical stiffness of the bar should
match the electromechanically stiffness of the coupling field of the transducer. In the
simplest case the coupling of the transducer is determined by the ratio of the field
energy of the transducer, compared with the elastic energy of that part of the antenna
to which it is coupled. Because the field energy is low, the back-action forces are
6

small, but the transductance is also small, so that series noise dominates the
measurement. The sensitivity generally increases with field strength, but eventually
either electric-field breakdown occurs (capacitive) or else magnetic breakdown occurs
(inductive) in the form of the superconducting critical current or critical field being
exceeded. For solving this problem of impedance mismatch now a days a two stage
[for ex. See [2]] (or a three stage [6]) transducers are used in which the second (third)
mass of much smaller mass than the resonator are coupled to the resonant antenna.
This results in increasing the amplitude of vibration thus matching the impedance
with the readout stage. The disadvantage of this system is that for half the time the
energy resides in the bar and is inaccessible to measurement, leading to an inevitable
loss of bandwidth. Consider a two-mode system:

Fig3:depicting the shematic of a two mode antenna[2].

The antenna is modeled by the mass m 1 and the spring k1. The spring K1 is so chosen
that the frequency F1=(K1/M1) . 5/2π is equals the frequency of the fundamental
longitudinal mode of the antenna. The mass M2 of the resonator and its spring
constant K2 are chosen such that the frequency F2=(K2/M2) . 5/2π is equal to F1.
Solving the lagrangian for the above system we obtain two frequencies for the normal
mode:


µ
µ
v− = v1 1 −
, v+ = v1 1 +
With µ = m2 / m1 << 1




2 
2 


while the motion of the resonator mass is found to be greater than the motion of the
antenna by a factor of µ-1/2.When a GW strikes the antenna both the modes are excited
and the energy from the antenna to the resonator is transferred in a time inverse of the
beat frequency ν+-ν-. So the ultimate bandwidth cannot exceed the beat frequency.
The optimum choice for M2 depends on the amplifier noise and on the electrical
coupling, which can be achieved with the selected transducer scheme.
When we extend the above analysis to a three-mode system we still gain over twomode system. We find that the motion of the third mass is greater than the motion of
the antenna by a factor of µ-1when now µ = m2/m1= m3/m2 but the beat frequency
and the energy transfer time has the same form as that for a two mass case and hence
the bandwidth is enhanced this time.
The problems associated with the transducers would be addressed separately in the
section devoted to transducers.
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3.Transducers

An electromechanical transducer is any device, which converts the mechanical energy
of a moving antenna into electrical signal.
As we have seen the transducers used on a resonant bar should have extreme
sensitivities, of the order of 10 -18 or less. Previously piezoelectric crystals were used
for this purpose but they have been abandoned because of high intrinsic losses. Two
types of transducers are in use today viz. the passive transducers and the active or the
parametric transducers. We give description about passive transducers.

3.1Passive transducers

Passive transducers are linear transducers in which the source of energy in the gap is a
permanent field, either electric (capacitive transducer [5]) or magnetic (inductive
transducer [4]) or both (optical transducer).
3.1.1Capacitive Transducer:
The modulated resonant dc biased capacitive transducer was proposed and developed
by Richard at the University of Maryland US. He mentioned two advantages of such a
system viz. the antenna, the sensor and the preamplifier can be matched very
effectively by proper choice of the sensor parameters and the system can be used at
room temperature as well as at low temperatures (Richard 1976).

Fig4:showing the schematic of a capacitive transducer coupled to an antenna and connect to an
amplifier. Figure from [7]

In the above figure m f represents the final mass in the multi mode system. A
capacitance plate is mounted on this resonant suspension. The capacitance is biased at
some dc voltage V 0 through a low noise resistor R b whose value is large enough to
make its own thermal noise current negligible. A low leakage high electrical Q
blocking capacitor C B isolates the amplifier from the dc supply. The displacement of
the bar is amplified at the resonant capacitance plate and generates an ac voltage,
which is detected with a super-conducting quantum interference device. C 2 is the sum
of the input capacitance of the amplifier and parallel stray capacitances. R describes
the losses of that circuit; v n and in include amplifier noises. We find the coupling β =
E02C12[1-E02C12/mfω12]-1/mfω12C.
A noise analysis is important for such systems because the smallest possible
averaging time τ or the largest possible system bandwidth for which the fluctuations
in the output due to antenna thermal noise sources are larger than or equal to the
fluctuations due to other noise sources. The rigorous calculations can be found in [5] .
Practical values for the electric field are 5exp (7) the capacitance = .2 nF. The primary
inductance of the transducer coil is typically of the order of 1H while the input
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inductance of the amplifier (that is the inductance of the SQUID) is of the order of
1µH. The major problem of the capacitive transducer is to efficiently couple a coil
with such a large inductance to a small coil. As can be seen the coupling factor β can
be increased either by increasing the electric field or by increasing the capacitance. A
large increase in the electric field generally leads to a deterioration of the mechanical
Q. For making the capacitance as large as possible we need to make the surface area
of the plates large. But in a multi mode system this poses some difficulties as the last
mass of the system is very small and hence has a comparatively small surface area.
One alternative to this problem is the mushroom transducer, which would be
discussed later.
3.1.2Inductive Transducers
In this section I describe briefly the inductive transducer, which was first introduced
by Paik. I mainly follow Dr.Stevenson [9]
The components of the Paik Transducer are depicted below while the operation is
summarized in the next figure.

fig5:showing a Paik inductive transducer. fig from [9].

The idea lies in the fact that a superconducting circuit tries to resist any flux change
through it. The resonator, which forms a ground plane between the inductances of the
superconducting coils, can move. Now the inductance of the windings is proportional
to their distance from the ground plane. So the movement of the ground plane causes
fluctuations in the inductance and hence it causes alterations in flux through the
superconducting circuit. The flux quantization of the condition requires an alteration
in the flowing current. This gives rise to a time dependent component to the persistent
current which is then read out by a dc SQUID. If the SQUID input impedance is not
equal to the inductance of the transducer coils then a matching transducer is to be
used for optimum sensitivity.
Problems encountered with this kind of transducer:
Ø It was difficult to improve the electrical quality factor of the transducer
because the Paik transducer was very complicatedly built and it could not be
reproduced again and again making it difficult to make repeated
measurements. Typical experimental values of the electrical Q of Paik
transducers have been around 40,000.
Ø In order to have a larger noise impedance (larger the noise impedance larger
the bandwidth and lower the antenna Q requirements)we need to increase the
electrical spring constant which requires a transducer with larger area and a
smaller gap. It is difficult to produce a gap in the Paik design that is smaller
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than about 50µm because of limitations on the flatness of the machined Nb
surfaces and the coil and because of problems with particulate contamination
in the gap.
Ø As with the case of capacitive transducer the problem of matching the
impedance matching still remains (though less stringent this time).
3.1.3SiNb thin film Transducer
Dr. Stevenson’s thesis [9] mentions the use of SiNb thin film design transducers to
ameliorate the above-mentioned problems of Paik transducer. The working principle
is essentially that of a Paik transducer but the fabrication process is different. The
figure below depicts the design.

fig6:depicting a SiNb thin film inductive transducer. fig from [9].

I enumerate briefly some of the potential advantages of using such design (though the
work on this has stopped after Dr. Stevenson):
Ø The use of silicon for the mechanical resonator and niobium thin-films for the
superconducting circuits decouples the properties of the superconducting
material from the requirement of a high mechanical Q. Si is shown to have a
very high mechanical Q at cryogenic temperatures (2exp(10) at 20 KHz), so
one is free to experiment independently with Nb films without worrying about
Nb.
Ø Various fabrication technologies are available which offer both reproducibility
and ease in varying the coil geometry.
Ø Si is an excellent substrate for mounting the DC SQUID and coupling
transformer chips.
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Ø The diaphragm is bonded directly to the substrate bearing the coil to form
monolithic transducer, which requires no bolts or shims for assembly. This
should also improve reproducibility.
Ø The prototype made by Stevenson had the following features:
Ø Inductance of 200nH, which is comparable to the SQUID, input inductance.
Ø The mechanical resonant frequency of the diaphragm is about 400 Hz, and its
effective mass is 0.6g, which could be further optimized to that required by a
3-mode 400mK detector.
Ø It has the advantage of reaching β = 0.5. it is useful to attain such large β for
two reasons viz. it allows the resonant frequency to be tuned through a large
range (40%) so that accurate measurements of the electrical Q are possible and
the larger β is the less stringent is the requirement on the mechanical Q in
order that the contribution to the force noise from the mechanical Q in order
that the contribution to the force noise from the mechanical loss in the
transducer be negligible.
Ø The noise impedance is ~ 3 exp (-7) which is just below the goal of exp(-6).
3.1.4Lever transducer
We have already seen the operation of a multimode transducer. The lever transducer
was step ahead in this series to enhance the bandwidth of the spherical transducers.
Lever transducers for spherical detectors were described by Paik et.al. in [10],[11]. It
is known that for satisfactory operation of spherical detectors a fractional bandwidth
of at least 5% is required. The lever transducer is capable of yielding a 10 fractional
bandwidth for massive spherical antenna. They propose that the lever transducer can
alleviate the complexity of the multi mode system. The following figure depicts the
lever transducer:

Fig7: depicting the lever transducer proposed by paik et al. fig from [11].

M’ acts as a balancing mass and the lever masses are coupled to the superconducting
sensing coils.
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M’=δ2Meff
Where Meff is the effective mass of the antenna. The gain of the lever is given by:
G=cotθ. The fractional bandwidth was calculated to be:
δ = G2/3.
They estimated G to be around 36 so that the fractional bandwidth was found to be
10%. They also assert that G can be improved. If G could be made to 1000 then the
fractional bandwidth is 100%! But some reasons are mentioned in the reference,
which may limit the achievable G. another proposed advantage of such a system is
that the lever transducer can be operated off resonance. They believe that though the
off resonance results in loss of amplification but the lever gain is not lost. This effect
might be used to monitor the monopole frequency to check for scalar gravitational
radiation, the dipole frequency to check for scalar gravitational radiation, the dipole
frequency as a possible veto, or higher quadrupole frequencies to observe other
astronomical phenomena.
3.1.5Allegro
At the Louisiana state university people have developed an inductive transducer using
the mushroom configuration [12]. The advantage of using the mushroom [13]
configuration is it provides large area to couple to the superconductancing circuit
effectively reference. The mass of the transducer was so chosen to minimize the
detector’s noise temperature. They used a transducer with a single pickup coil in a
parallel plane geometry. The advantages of using this configuration are:
Ø The single coil design allows the entire electrical superconducting circuitry to
be easily separated from the resonator. To clean or change the gap between the
pickup coil and the resonator we do not have to disconnect an of the electrical
circuitry.
Ø Adjusting the gap involves the alignment of only two surfaces.
Ø Compared to the conventional two-coil design, there are fewer
superconducting joints needed, hence improving reliability.
Ø The mushroom-shaped resonator of Rapagnani is ideal for a single coil pickup,
because it provides a large dynamic are and the appropriate dynamic mass.
Ø A large stiff base mass integrally connected to the mushroom resonator helps
reduce the mechanical losses that can occur between the base and its
attachments.
Ø They obtained an electrical Q of the order of exp (5) and a gravitational burst
strain sensitivity of 6exp (-19) (the squid used was a 50000h/2π).

fig8: showing the schematic of the ALLEGRO transducer[12]
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fig 9: shows the mushroom shaped inductive transducer for ALLEGRO[12].

3.1.6New transducer designs proposed by Bassan et.al. [14]
As we have seen the transducer mass has to be optimized for two factors viz. 1) to
minimize the contributions of the thermal noise (that is large for lighter transducers
and amplifier) 2) amplifier wide-band noise in the signal bandwidth (that is larger for
heavier transducer). They assert the use of heavy transducers giving the following
reasons:
Ø Since we employ SQUID amplifiers for read out whose noise is falling rapidly
accordingly we need to increase the transducer mass. [reference]
Ø When a capacitive read out is employed the capacitor and the primary of the
matching transducer (described earlier) form a LC circuit, which should
resonate at the resonant frequency of the antenna. The antenna, the transducer
and the electrical resonance circuit effectively form a three mode oscillating
system and for the typical values of the effective mass of the antenna and the
effective mass of the LC circuit the performance is best if the transducer has a
mass in the range of 2-5 kg.
Ø Shifting from two mode to a three mode system with the transducer as the last
mass also requires it to be of the mass ~2.5kg.
Ø The problem with existing diaphragm or the mushroom transducers is that to
attain a mass of 2 kg their diameters have to be the order of 30cm. This is
practically not feasible and we wish the dimensions to be ~ 230mm.
New designs:
3.1.6.1Mushroom on cantilevers:
This type of design is a modification of cantilever transducer. The long cantilever
is made to extend over the whole of the radial part, while the mushroom like
central mass is displaced on to a different plane. The mushroom must be made
thick enough to avoid unwanted resonances in frequency range of operation. The
problem with this type of design was a consistent low Q.
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fig 10: mushroom on cantilever [14]

3.1.6.2Rossette Resonators:
This was another and better modification of the cantilever resonator. As can be
seen the outer supporting ring the resonator and the cantilevers are all in the same
plane. The cantilevers have been curved to extend for a larger length than allowed by
narrow radial space. This design is particularly appealing for the following reasons:
Mass and frequency can be almost independently chaosen, due to the numerous
unconstrained design parameters, and can be adjusted for fine-tuning.
The whole resonator is cast from a single mass so there is no need for extra things like
sacers. A precise control over the gap can be had.
Both sides of the resonator are available for coupling to an e.m.field; thus such
geometry is particularly suited for a push-pull readout configuration.
.

fig 11: Rosette Resonator [14]

They also suggested a two resonances and multi-resonance transducer in which using
only one readout channel more than one modes of the antenna can be monitored by
using a transducer whose electrodes consist of two rosette resonators, that would pick
up signal from the motion of both oscillators
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3.1.7Back Action Evasion transducer:
The BAE transducer was first proposed by Caves et al. [15]. Figure below represents
the basic BAE transducer scheme:

fig 12: BAE transducer scheme [16]
A detailed analysis is carried out in [16]. I summarize here the main points of this
transducer. In their experiment the mechanical oscillator is the central electrode of a
differential transducer. This configuration allows to reduce the effect of the force due
to the biasing field, on the mechanical resonator. The noise coming from the biasing
field sources, which acts on the electrical circuit, is reduced inserting the transducer in
a capacitive bridge. The noise due to the biasing field generators does not affect the
voltage output of the system if the four arms of the bridge have the same impedance,
i.e. if it is ηz=0, where ηz is the balancing parameter defined as the ratio between the
difference of the impedance of one of the arms of the bridge and its equivalent
impedance. The transduction coefficient is given by:
αBAE=EoQe/4
with the values of Qe reaching the values of ` exp (6) the transduction coefficient can
be made very large with comparatively low electric fields permitting high sensitivity
and high reliability of the transducting apparatus.
In systems where the mechanical part of the antenna is strongly coupled to the
electrical part the system lost lots of energy through electrical dissipation. But it is
claimed that by the use of back action technique there would be no effect of electrical
losses on the mechanical art of the system:
QBAE = Qm.
The mechanical energy of the system under study is not dissipated by the circuit,
which was in agreement the theory, which shows that the decay time of the harmonic
oscillator is not affected by the electrical circuit. With a capacitor gap of 100 µm, Eo =
4 exp (6) V/m the found a T eff = 80 µK with a FET amplifier. While they predict that
with the use of SQUID amplifier, temperature down to 100 mK, capacitor gap of 25
µm, and Eo = 2.5 exp (6) V/m a T eff = 2 µK can be achieved while with a conventional
method with all the above parameters the minimum T eff = 100 µK.
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3.1.8Non-resonant transducer designs:
Blair has described a method to increase the amplitude of the disturbance in the
antenna by coupling the vibration of the antenna into a transverse wave in a tapered
rod. The amplitude increases with tapering. They proposed two types of design. The
first being the uniformly tapered beam and the second being the stepped whip A
stepped beam consists of several quarter-wavelength sections of uniform beam with
successfully reducing mass. Ideally all the sections are quarter wavelength long and
their thickness and widths are determined by the impedance matching relation. These
designs were supposed to be promising wideband impedance matching transformers.
But these designs are not being implemented.
Another non-resonant transducer design is the lever design suggested by Paik[20].
A lever is a mechanical analog of a transformer, an intrinsically wide-band matching
device, whereas a resonant mass is an analog of a tank circuit, a narrow-band
matching device. Ideally, a long, massless and rigid, lever is a perfect displacement
amplifier. The new lever resembles a scissor jack in which to lever arms are folded
into two orthogonal directions to form an angle. A large displacement gain is obtained
by making this angle small, while using short and fat lever arms. He asserts that a
non-resonant mechanical amplifier achieves the same coupling as a resonant
transducer, but now with instant energy transfer to the readout circuit. This relieves
the problem of beat motion in the resonance systems. More over by putting two
scissor jack transducers in series we can achieve a fractional bandwidth of 100%.
The above concludes the chapter on the various passive transducer designs being
investigated.
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4.SQUIDS
4.1Basics

Superconductor: H.Kammerlingh Onnes in 1911 discovered that below a critical
temperature the metals lose their resistivity completely. This phenomenon was termed
superconductivity and the materials, which exhibited such phenomena, were called
superconductors. Later Meissner demonstrated that superconductors were perfect
diamagnets with χ = -1. they were strongly repelled by magnetic fields and they
expelled magnetic field from their interiors by generating a screening current. The
magnetic field is reduced to zero within a characteristic thickness of the
superconductor λ, called the London penetration depth. This is called Meissner effect.
Nowadays superconductors are characterized by their perfect diamagnetism rather
than zero resistance.
BCS Theory:
According to this theory it is energetically favorable for the electrons in a
superconductor to pair up at fermi energy due to the strong electron phonon
interaction. These pairs were termed as cooper pairs.
Flux Quantization: Flux quantization results from the condensation of electrons into
cooper pairs all occupying a single quantum state. They all can be represented by a
single wave function ψ. The squared amplitude is proportional to the density of
conduction electrons that are condensed into superconducting state. The phase ϕ of
the wave function is dependent on the supercurrent density J s and the magnetic vector
potential A through:
∇ϕ = 2π (2m/hne * j + 2e/h*A)
Where symbols have their usual meanings and n is the number of of superconducting
electrons per m3.
Now since the wave function is unique so the integral of above along a close path
should be a multiple of 2π. Integrating around a closed loop much inside the London
penetration depth of the superconductor we get, where the current density is 0:
ϕ = 2π*2e/h ∫c A.dl = 2π*2e/h ∫c B.da = n2π,
where n is an integer. This can be rearranged to:
∫c B.da = ϕ = n h/2e = nΦo.
the quantity Φo is called the flux quantum.
Josephson tunnel junctions[19][20]
If two superconductors are separated by very thin insulating layer then wave function
in both the electrodes overlap and some of the cooper pairs tunnel through the
junction giving rise to a super current which has the form:
ICP = I0 sinφ:
But the voltage across the junction is still zero. But as we can see I CP has some
maximum value I0. if the super current exceeds this value a voltage develops across
the junction. The phase difference across the junction changes according to the
relation:
∂φ/δt = 2π/Φ0V.
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This is the Josephson equation.
Hysteretic and non hysteretic josephson junctions:
At temperature T=0K all conduction electrons are condensed into Cooper pairs at the
Fermi energy. At finite temperatures however, some Cooper pairs are thermally
exvited and electron-like and hole-like charge carriers, the quasiparticles, are formed.
If a voltage bias smaller than the gap voltage. V g = (∆a + ∆b )/e is applied to the
Josephson tunnel junction, only the thermally excited quasiparticles can tunnel
through the insulating barrier, resulting in a small, temperature dependent tunnel
current. Here, ∆a,b are the energy gaps of the electrodes. At bias voltages above V g the
potential difference supplies enough energy to break Cooper pairs. The result is that
the quasiparticle tunnel current suddenly increases at V – Vg, as is shown in the
following figure. At voltages much larger than V g, the Josephson tunnel junction
shows ohmic behaviour with a normal resistance R N. the hysteretic and the non
hysteretic behavior of the Josephson tunnel junction is assessed by a model name
RCSJ model. We define the so-called Mc Cumber parameter as:
βC = 2πI0Rj2Cj/Φ0,
where Rj and Cj are the stray resistance and capacitance associated with josephson
junction. If βC > 1 the junction shows hysteretic behavior while if βC < 1 it shows
non-hysteretic behavior. So to remove the junction hysteresis, the junction can be
shunted with an additional resistance R, which should be small enough such that the
McCumber parameter becomes smaller than unity. A simulated I-V characteristic of a
shunted non-hysteretic junction is shown in Fig.2.1b.

fig 12(a): showing the hysteretic I-V characteristics, (b): showing non hysteretic I-V characteristic of a
josephson junctions.[20]

4.2The dc SQUID

We have already discussed the two important phenomenon underlying the operation
of SQUIDS viz. the flux quantization and the josephson tunneling. Next we go a step
further to describe the operation of a dc SQUID.
Following figure depicts the SQUID
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fig 13 (a)shunted dc SQUID, (b) critical current versus applied flux
characteristics of a dc SQUID[20].

The cross represent the josephson tunnel junction the resistors R have been shunted to
the junction to remove hysteresis.
A constant dc bias current I b is applied to the circuit as shown. The signal flux Φsig is
applied as shown. The bias current is distributed according as:
Ib = I1 + I2 = I0 sinφ1 + I0sinφ2
φ1 and φ2 are phase difference across the junctions.
Now if we apply a magnetic flux then by screening current flows in the loop
following the flux quatization phenomenon such that the screening flux is given by:
Φscr = LSQIscr = LSQ(I2 – I1)/2
For the moment we neglect the phase difference across the junction. Then according
to flux quantization:
Φsig - Φscr = n Φ0
So now if the applied flux is equal to a integral multiple of the flux quantum then the
screening current distributes equally through the two junctions and the critical current
of the device is just the sum of the critical current of the two junctions: I C (n Φ0) = 2I0.
If a signal if an extra signal of < Φ0 /2 is applied then a screening current Iscr = ∆Φsig/
LSQ circulates in the loop to cancel out this extra signal our the integral multiple of the
flux quantum. Now this screening current adds to current in one arm and subtracts to
the current in the other arm. So the critical current of reached when: I b/2 + Iscr = I0.
Hence the critical current now is I b = 2I0 – 2Iscr.
So the screening current decreases with increasing applied flux up to when ∆Φsig< Φ0
/2. But it must be noted that the screening current minimizes itself so as to make the
flux thorough the superconducting coils to the nearest integral multiple of the flux
quantum. Hence when the extra signal flux exceeds Φ0 /2 then instead of increasing
the screening current reverses its direction and starts to decrease. So if the applied
flux is like:
nΦ0 < Φsig < (n+1/2) Φ0
then the screening current is such that the total flux thorough the loop is made n Φ0
while if the signal flux is such that:
(n+1/2)Φ0 < Φsig < (n+1) Φ0
then the screening current will change its direction and try to make the total flux
through the loop to be (n+1) Φ0. This phenomenon is depicted in the figure 13(b).
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So now we see that there is a minimum and a maximum for the critical current
depending on the external flux applied to the SQUID loop. Consider the following
figure

fig 14 (a): showing the I-V characteristics of a dc SUQID for different applied flux, (b): VΦsig characteristics of a dc SQUID.[20]

So depending on the critical current the I-V characteristics of the SQUID changes.
If we bias the dc SQUID at a current slightly higher than the maximum critical current
(as indicated by the dotted line) than by modulating the applied flux we can alter the
output voltage from a minimum of V 1 to a maximum of V 2. The resulting V Φ
characteristics are depicted below. The modulation depth of the critical current is
given by:
∆IC ~ [1/(1+βL)]*2I0.
This approximation is only valid as long as the screening parameter,
βL = 2I0Lsq/ Φ0
thus we see that a dc SQUID is a non hysteretic flux to voltage converter with V- Φ
characteristics as shown above. The usable voltage swing, 2 δV = V2-V1, is optimum
for bias currents just above the maximum critical current of the SQUID. the maximum
slope of the V-Φ characteristic, the flux-to-voltage transfer, is estimated as
∂V/∂Φ = [2βL/ (1+βL)]R/ Lsq.
The typical values or the flux-to-voltage transfer is of the order of 100 µV/Φ0.
I now shortly describe the noise sources of a dc SQUID:
The Johnson noise or the white noise is caused by the shunt resistors associated in
parallel by the SQUID loop. The current noise spectral density is given by:
SI = 4KBT/R
The voltage noise spectral density, which is the noise, caused by the in phase
components of the current at the output voltage is given by:
SV = γ2KBTR
Where R is the shunt resistance. So finally we get the flux noise spectral density
for βL ~ 1 as:
SΦ = SV/(∂V/∂Φ)2~γ2KBT L2sq/ R [(1+βL)/ 2βL]2
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The Johnson noise described above is a white noise that is the spectral density is
uniform. But at low frequencies of operation there is another noise which has the form
1/f where f is the frequency. There are mainly two reasons for such noise viz. the
critical current fluctuations and the motion of the trapped flux. [Reference].
We have seen that the typical flux to voltage transfer ratio of a dc SQUID is
100µV/Φ0. To increase this ratio to about 1 mV/Φ0 second-generation dc SQUIDs
were developed of which I develop the one relevant to out purpose namely the Double
Relaxation Oscillation SQUID.

4.3Operation of the DROS
Relaxation Oscillations

fig 15 (a): hysteritc josephson shunted in parallel to an inductor and a resistor, (b) the characteristic
curves of the circuit in (a).[21].

Relaxation oscillations[21], shown in the figure above, can appear when a hysteric
Josephson junction is shunted with an external inductor L sh and a resistor Rsh and
when IbRsh < Vg. The voltage V is determined by the I-V characteristic of the junction.
Let’s assume that at t=0, the current I 1 through the Joshephson junction is zero which
is therefore in the superconducting state with V=0V. The current I 2 will decay
exponentially with a time constant L sh/ Rsh and with this I1 will increase until the
crittical current of the junction is reached and the junction switches to the voltage
state. This voltage V g > IbRsh will appear accros the L sh - Rsh shunt and the current I 2
increases and with this the current through the junction decreases. When I 1 is zero, the
junction will switch back to the superconducting state and the whole process will
repeat itself.
Double Relaxation Oscillation SQUID (DROS)
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fig.16 (a): DROS, (b) characteristic curves of a DROS.[21]
The DROS makes use of the relaxation oscillations as mentioned above. It consists of
two SQUIDs, a signal and a reference SQUID in series, shunted with an inductor and
a resistor, Lsh and Rsh. This time the SQUID with lowest crittical current will cause
the relaxation oscillations and will switch between zero voltage and voltage state. The
other SQUID, with higher crittical current, will remain superconductive.
Suppose the signal SQUID is participating in the oscillations. By changing the flux
through the signal SQUID, its crittical current will change. If its crittical current will
get higher than that from the other SQUID, the referece SQUID, the signal SQUID
will not get into voltage state and will stay superconductive, while now the reference
SQUID will participate in the oscillations.
The output of the DROS is the voltage over the reference SQUID. This is measured
by roomtemperature electronics using a flux locked loop (FLL) with a bandwidth
much smaller than the relaxation oscillations, which are typically around f RO ≈ 1GHz.
This way, only the time-averaged dc component <V> = V c of the voltage pulses is
measured.
When the crittical current I c of the reference SQUID is lower than that of the signal
SQUID, the electronics will measure V c caused by the relaxation oscillations. When
the crittical current of the reference SQUID is higher than that of the signal SQUID,
the reference SQUID will stay in the superconductive state and no voltage, <V> = 0V,
will be measured. Meanwhile the signal SQUID will be taking part in the oscillations.
So in short, if Ic,sig(Φsig) < Ic,ref(Φref) the outputvoltage <V> = 0V. If I c,sig(Φsig) >
Ic,ref(Φref), the outputvoltage <V>= V c.
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Flux-to-Voltage Transfer
Because of the temperature, there will be thermal crittical current noise which is
represented by the grey region around the I c curve. This region causes the transition
width ∆Φ, where the voltage goes from zero to V c or backwards. The flux-to-voltage
transfer is given by:
V
∂V
= c
∂Φ sig ∆Φ
This flux-to-Voltage transfer of the DROS is in the order of ∂V/∂Φ0 ≈ 1 mV/Φ0
which enables direct voltage detection with a room temperature dc amplifier without
Fig 16(b) reproduced with specific details[21]

degradation of the sensitivity. This flux-to-voltage transfer is highest in the middle of
the modulation curve as can be seen in the figure below, where a realistic <V>- Φ
curve is shown. The amplitude of this modulation is in the order of V c = 70µV.

Fig 17 where a realistic <V>- Φ curve is shown[21]
The DROS we are using has a gradiometric layout. Below you can see a picture of a
gradiometric DROS with a reference SQUID (a) and its schematic drawing (b). For
the gradiometric DROS the signal SQUID consists of two washer-shaped inductors,
arranged in a gradometric “figure-8” configuration. The washers are connected in
series with the Josephson junctions and therefore homogeneous magnetic fields do not
induce large screening currents in the washers. With this layout, the shielding
requirements are easier.
We also have DROSs which operate with a reference Josephson junction instead of a
reference SQUID. This junction is designed with the appropriate critical current, but
is not tunable. However, this reduces the number of wires to room-temperature
electronics by two and results show that this does not lead to a serious reduction of
sensitivity.
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Fig.18

4.4Feedback

Lets have a closer look at the feedback and the control electronics now as this was the
important part of my internship.
The control electronics of a dc SQUID must fulfill two requirements: a low noise
readout and amplification chain, in order not to degrade the noise performance of the
sensor, and a suitable feedback network, in order to increase the dynamic range of the
device. These requirements are usually fulfilled by using the Flux Locked Loop (FLL)
technique, which has been discussed earlier, with a modulation readout. The general
scheme is shown in following figure.

Fig 19: complete transducer electronics[22]

The The SQUID output voltage signal is sent
to a room temperature low noise FET preamplifier through an impedance matching
network: for this purpose either a tank LC circuit tuned to f or a ferromagnetic
transformer are employed. After the amplification the signal is demodulated and
filtered. The signal can be eventually fed back to the SQUID in order to linearize the
characteristic and increase the dynamic range (FLL or closed loop mode). Otherwise
the
SQUID can be operated as small signal amplifier without feedback (open loop mode)
by
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setting a working point near (n±1/4)Φ0, where the V-F characteristic is linear. Of
course
the input flux signal must be much smaller than 1 Φ0 in order to avoid non-linearities.
Let us now develop the feed back equations. The feedback operation of the loop is
characterized by the following figure:

Fig20: the schematic of a amplification and the feedback of the transducer readout[22]

The feedback operation of a SQUID (FLL mode) is schematized in Fig. 2.5. The
SQUID acts as a summator, in which the feedback flux Ff, proportional to the output
voltage V, is subtracted from the input flux F. The error flux signal is defined by:
Φe = Φsig - Φf
Φf =G1G2 Φe
where G1 = VΦGAGI
with GA = gain of the amplifier
GI = gain of the integrator
VΦ = flux to voltage transfer ratio of the squid
And
G2 = Mfb/ Rfb
Solving the above we get:
Φf =[G/(1+G)]* Φ
Φe=[G/(1+G)]* Φ
Vout=[G/(1+G)] Rfb/ Mfb * Φ
Now from the theory of control systems we know that the system is stable of the loop
transfer function has all its poles on the left half of the plane. But in most cases it
happens that after the loop is closed the high frequency poles of the various electrical
components employed shift towards the unstable region of the complex plane. If this
happens then the system enters a regime of oscillations and due to the strong coupling
between the readout and the antenna these oscillations cause the driving of the whole
system to saturation. Thus the bandwidth must be limited for stable operation by
means of a filtering stage, typically a 1-poleintegrator or a 2-pole and 1-zero
integrator [27]. The maximum cut-off frequency of the closed loop system is then
given by the frequency wc where the total phase shift of G(wis equal to π and the
maximum open loop gain attainable before going into instability satisfies G(wc)=-1.
For w<<wc the frequency dependence of G is essentially due to the integrator stage.
The input impedance of a dc SQUID amplifier is given approximately by the input
coil
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inductance jwLi. However there exist effects, related to various feedback mechanisms,
which produce additional terms in the input impedance, typically at least two order of
magnitude smaller than the input coil inductive impedance. These are the coupling of
the SQUID screening current which reflects into the input circuit. This contribution to
the input impedance has both the real and imaginary components. The next is the
capacitve coupling of the voltage V across the SQUID. This contribution is real.
But the important problem, which was the subject of my study, was the spurious
coupling between the input coil and the feedback coil. This problem has been
discussed in detail in a previous article [23].

Fig. 21: analysis of a complete capacitive transducer circuit with readout .

Consider the above scheme:
The above picture depicts the equivalent circuit of the transducer + transformer +
SQUID + room temperature electronics + the feedback. We now analyze the circuit.
Capacitor C is the capacitive transducer; R denotes all the resistive losses in the
transducer.
From the derivations done elsewhere we have:
Φf = MfIf= [G/(1+G)]* Φ=[G/(1+G)]* MiIi
Ip(jwLp+R+1/jwC)+jwMI i=V
MIp+(Ls+Li)Ii+MfIf+MiJ=0
As shown in [23] the term M iJ has negligible contributions to the Q. Hitherto we
neglect the term.
MIp+(Ls+Li)Ii+MfIf = 0.
MIp+(Ls+Li)Ii+[G/(1+G)]* MiIi=0.
Ii = - M/[(Ls+Li)+ G/(1+G) Mi].Ip
So:
Ip[jwLp+R+1/jwC)-jwM2/[(Ls+Li)+ G/(1+G) Mi]]= V
Ip[R + 1/jwC + jw(L p - M2/{(Ls+Li)+ G/(1+G) Mi}] =V
As we know that G is a function of frequency i.e. G=G(w).
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Let us put G/(1+G) = A +jB
Where A and B themselves are functions of frequency.
Then we have:
IP[R + 1/jwC +jw(L p - M2/{(Ls+Li)+ (A+jB) Mi}] = V
IP[R + wBM2Mi/{(Ls+Li+ A Mi)2 + (BMi)2}+ 1/jwC + jw{Lp - M2( Ls+Li+AMi)/
(Ls+Li+ A Mi)2 + (BMi)2)}] = V
Thus we see that the above circuit can be modeled by a simple LCR circuit with
following components:
Reff = R + wBM2Mi/{(Ls+Li+ A Mi)2 + (BMi)2}
Leff = {Lp - M2( Ls+Li+AMi)/ (Ls+Li+ A Mi)2 + (BMi)2)}
Ceff = C.

Fig 22.
So the quality factor of the circuit is given by:
Q = wLeff / Reff
= w{Lp - M2( Ls+Li+AMi)/ (Ls+Li+ A Mi)2 + (BMi)2)}
R + wBM2Mi/{(Ls+Li+ A Mi)2 + (BMi)2}
Next we develop the same equations with a different feedback scheme:

Fig. 23
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The above picture depicts the equivalent circuit of the transducer + transformer +
SQUID + room temperature electronics + the feedback. We now analyze the circuit.
Capacitor C is the capacitive transducer; R denotes all the resistive losses in the
transducer. This time the feedback is on the transformer. The idea is that any
fluctuation in Ii will be sensed by the electronics and fedback by the feedback inductor
and will consequently control the I i and linearize the response of the SQUID. We
assume that the variations in I i are sinusoidal, so that the feedback signal also varies
sinusoidaly. Based on this assumption we proceed further:
V = ∂(MfIf)/∂t = jw MfIf
I’ = V/jwLtr = MfIf/Ltr = Φf/Ltr
Ie = Ii-I’= I-Φf/Ltr
Φ e = M iI e
Φf =G1G2 Φe = GΦe = G MiIe.
Ie = Ii - G MiIe/ Ltr
Ie = Ii/(1+G Mi/ Ltr)
Φf = MfIf=GΦe = [GMi/(1+G Mi/ Ltr)]Ii.
Ip(jwLp+R+1/jwC)+jwMI e=V.
MIp+(Ls+Ltr+Li)Ie+MfIf+MiJ=0
Neglecting MiJ:
MIp+(Ls+Ltr+Li)Ie+MfIf = 0.
MIp+(Ls+Ltr+Li)Ie+ G MiIe=0.
So:

Ie= -[M/((Ls+Ltr+Li)+ G Mi)].Ip
Ip(jwLp+R+1/jwC)-jwM[M/((L s+Ltr+Li)+ G Mi)].Ip =V.
Ip[R+1/jwC +jw(Lp-M2/((Ls+Ltr+Li)+ G Mi)] = V.

Suppose G(w)=A+jB,ofcourse A and B are functions of w
Then we have:
Ip[R+1/jwC +jw(Lp-M2((Ls+Ltr+Li)+MiA-jMiB)/((Ls+Ltr+Li+MiA)2+(MiB)2)] =V
Ip[R+w M2(MiB)/((Ls+Ltr+Li+MiA)2+(MiB)2) +jw((Lp-M2(Ls+Ltr+Li+MiA)/
((Ls+Ltr+Li+MiA)2+(MiB)2) + 1/jwC] = V.
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The above is the same as for a series LCR circuit but with the following
modifications:
Reff = R+w M2(MiB)/((Ls+Ltr+Li+MiA)2+(MiB)2)
Leff = ((Lp-M2(Ls+Ltr+Li+MiA))/ ((Ls+Ltr+Li+MiA)2+(MiB)2)

fig.24
Hence the quality factor of the above system is:
Q = Leff/ Reff
= w((Lp-M2(Ls+Ltr+Li+MiA))/ ((Ls+Ltr+Li+MiA)2+(MiB)2
[R+w M2(MiB)/((Ls+Ltr+Li+MiA)2+(MiB)2)].
It has to be noted that the definitions of A and B is different in the two cases. In the
first case G(w)/[1+G(w)] = A+jB
While in the second case: G(w) = A+jB.
A and B depend on the feedback configuration (depending on the electrical
components) and hence to have an idea of the difference in above to topologies we
need to vary A and B by varying the frequency and the electrical components and
compare the results of the two.
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5.MiniGRAIL
5.1Properties:

Detection of gravitational waves is one of the most challenging arenas of fundamental
physics currently. According to Theory of General Relativity proposed by Albert
Einstein, gravitational force is described as a curvature of spacetime. Gravtiational
Waves (GWs) can be seen as tiny deformations of this curvature, which propagate
with the speed of light. Various detectors are in use currently to detect GWs. We here
present an overview of our MiniGRAIL as a Gravitational Wave Detector (GWD).
Spherical detectors have been predicted to have inherent advantages over the bar
detectors as early as 1971 [26]. Spheres have larger sensitivity due to larger mass for
the same resonant frequency, the omni directionality and the possibility to obtain the
direction and polarization of the GW. This would be done by placing at least five
sensors on special positions of the sphere to read out the five modes of oscillation that
interact with a GW. Soon the TIGA (Truncated Icosahedron Gravitational wave
Antenna) arrangement was proposed [27] in which six transducers are placed on the
pentagons of the upper hemisphere of a truncated icosahedral and developed a simple
algorithm to reconstruct the gravitational signal, using fixed combinations of
transducer outputs. Soon after may spherical detectors came into scene [28].
MiniGRAIL (Gravitational Radiation Antenna In Leiden) is the first spherical GWD.
The MiniGRAIL is a cryogenic 65 cm diameter spherical gravitational wave antenna
made of CuAl(6%) alloy with a mass of 1150 Kg, a resonance frequency of 3250 Hz
and a bandwidth around 230 Hz, possibly higher. The quantum-limited strain
sensitivity dL/L would be ~4x10 -21. The antenna will operate at a temperature of 20
mK. Two other similar detectors will also be built, one in Rome and one in São Paulo
(already financed), which will strongly increase the chances of detection by looking at
coincidences. The sources we are aiming at are for instance, non-axisymmetric
instabilities in rotating single and binary neutron stars, small black-hole or neutronstar mergers etc [29]. The sphere was made of CuAl(6%) because of the high quality
factor of 20 million we have obtained with small (15kg) spheres and reasonably good
thermal conductivity at low temperatures since it doesn’t become super-conducting as
the present Aluminum bar antennas. Table 1 gives the properties of the antenna.
Table 1 MiniGRAIL material properties
Material
Density
Diameter
Mass
Sound velocity
Resonant frequency

CuAl6%
ρ = 8000 kg/m3
↓ = 0.65 m
M = 1150 kg
v s = 4000 m/s
f = 3160 Hz

A schematic drawing of the MiniGRAIL detector is shown in Figure25. The sphere is
suspended from the center with a non-annealed, gold-plated copper rod with a
diameter of 20 mm. The vibration isolation stages consist of seven masses, the upper
four made of CuAl(6%) and the last three made of copper. The masses were
connected to each other with rods, replaced before the last run by rods provided with a
circle-shaped spring (see Figure.) Each stage has a mass of 130 kg and should provide
an attenuation of about 40 dB at the resonant frequency of the sphere to give an
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Fig 25. Schematic picture of the MiniGRAIL set up. The sphere is suspended
from the center and hangs from a vibration isolation stack consisting of a
seven mass-spring stages. The upper mass of the stack hangs from the top
flange of the cryostat with three stainless steel cables. A dilution refrigerator is
installed for cooling the sphere to ultra-low temperatures (the ultimate goal is
about 20 mK). The sphere will be equipped with six resonant transducers in
the TIGA arrangement.
overall attenuation of about 300 dB. The upper CuAl mass is suspended by three
stainless-steel cables of 6 mm diameter attached to the top flange of the dewar. The
dilution refrigerator is mounted off center. The mixing chamber is thermally anchored
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by copper ‘spaghetti’ 1 to mass number 5 (see Figure), the first copper mass of the
vibration isolation system. The stack works as an attenuator for external vibrations
and also vibrations generated by the dilution refrigerator i. The antenna should
ultimately operate at a temperature of 20 mK and has a calculated quantum limited
strain sensitivity of hQL = 4 × 10 −21 for GW bursts, with a bandwidth larger that 220
Hz.

In section A we describe the 7-mass-suspension which we designed to decrease to
negligible values the contribution of the seismic noise. Since we are interested in
obtaining a very low thermodynamic temperature of the sphere, possibly 20 mK, and
in a short time, possibly a few days instead of a month as the other antennas,
cryogenics has been dealt more carefully in Section B. Section C concentrates on the
transducers and the SQUID amplifiers being employed to amplify the GW signal. We
describe a three mode inductive transducer that has been proposed and that is on its
way to being employed instead of the capacitive transducer. Problems related to
SQUID amplifier and sensitivity have been discussed in details. Finally in Section D
we give our preliminary results with the experiments and our plans in near future.

5.2 Suspensions.
The MiniGRAIL attenuation system consists of a room temperature part and a
cryogenic part. As already discussed in the first paragraph of this chapter, the cryostat
is suspended from a concrete support, which is built on specially designed low
vibration islands. The concrete platform, which holds the dewar rests on a stack of
rubber and wooden rings that works as a low frequency absorber. The low pass
mechanical filter, consisting of a stack of masses and springs, is mounted inside of the
cryostat. Seven masses and springs are suspended from the top flange of the cryostat
with three stainless steel cables, hanging from three helical springs meant to damp
low frequency vibrations. The stack is inserted in the neck of the cryostat. The
stainless steel cables hold the upper mass (number one), while the other masses hang
from each other by means of stainless steel springs and copper rods. Ten radiation
shields are mounted between the upper mass and the top flange. The fifth intermediate
shield is thermally anchored to the nitrogen reservoir of the cryostat and the last shield
is coupled to the helium reservoir. The stainless steel cables are thermally anchored to
both shields with flexible copper braid. The stack begins with four CuAl6% masses
followed by three copper masses, denoted as mass number one to seven in Figure 26.

1

To thermally anchore a resonant detector to a dilution refrigerator, the connection needs to
be very soft to damp vibrations, but maintaining a very high thermal conductivity to cool
several tons of material. The Italian group developed a thermal anchoring consisting of many
thin copper rods or wires, which look a bit like spaghetti.

32

Figure 26 Left: Schematic picture of the damping system of MiniGRAIL. The
suspension consists of seven stages, the upper four made of CuAl followed
by three copper masses. The upper CuAl mass is suspended from the top
flange of the cryostat by stainless steel cables hanging from helical springs.
Mass number 5, the first copper mass, will be cooled by the dilution
refrigerator. Right: Picture of the four CuAl masses hanging from the top
flange.
Mass two to five are suspended from three stainless steel springs, 120 ° apart. They
were water-cut from a steel plate having a tensile strength of 950-1100 N/mm 2. The
load on the stainless steel springs is about 25% of the tensile strength for the springs
connecting mass 1 and 2, decreasing to 19% for the springs connecting mass 4 and 5.
The copper masses 6 and 7 are both suspended from three gold-plated copper rods
( L = 30 cm , ↓ = 8 mm ). The rods are gold plated, because they need to provide for a
good thermal coupling between the masses. A layer of copper oxide would reduce the
thermal conduction between the two surfaces. Assuming a tensile strength of 300
N/mm2, the load is about 30% of the tensile strength. The sphere is suspended from
the center with a conical connection, from a copper rod of 20 mm diameter, 48 cm
long. The copper rod is suspended from the last copper mass with a conical nut.
Measurements of transfer function:
The transfer function was measured between several stages of the
vibration isolation system. A schematic view of the measurement of the transfer
function between two masses is shown in Figure 27(a). The upper mass is excited
with a piezo-ceramic crystal and the displacement of both masses is monitored by an
accelerometerii. The attenuation was measured between mass 6 and mass 7, which are
connected with three copper rods. One accelerometer was mounted on mass 6 and one
on mass 7 using superbond (cyanoacrylate glue). Mass 7 was excited using a piezo
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ceramic crystal. The results are shown in figure 27(b) for a frequency range around
3kHz.

Figure 27(a): Schematic view of the measurement of the transfer function
between two masses of the vibration isolation system.(b): Attenuation
between copper masses 6 and 7, connected with three copper rods,
measured at room temperature in air. The blue transparent line marks the
frequency band of the five spheroidal quadrupole frequencies of the sphere.
The attenuation within the frequency band of all five quadrupole modes was
between 30 and 55 dB. It has to be pointed out that these measurements
were done at room temperature in air. Because the frequency increases with
decreasing temperature due to the increasing of the Young’s modulus, the
attenuation at the resonant frequency at low temperatures could differ from
the above shown data.

5.3 CRYOGENICS:
The Cryostat:
Figure 28 below. depicts the dewar used by us.
The outer diameter is 1 m and the cryostat is 3 m high. The upper part contains the
nitrogen and the helium reservoirs. The bottom part of the cryostat consists of 3
radiation shields at 4 (indium seal), 77 and 300 Kelvin. The volume of the nitrogen
and the helium reservoirs are 200 and 340 litres respectively. The helium evaporation
rate is about 1.5 ltrs/hr. Four clear shot tubes give access to the IVS (Inner Vacuum
Can). Two of them, with a diameter of 19mm will be used for the wiring of the
dilution refrigerator and for the input of the forced helium flow, that can be used for
rapid cooling down to 4.2 k. The two 600 mm diameter feedthroughs will be used as
the 1 K pot pumping tube and as a feed through for the SQUID wiring. The fifth tube
will be used to guide the 3He pumping tube.
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Figure 28 The MiniGRAIL dewar

Cooling with a forced helium flow:
Assuming the same exchange coefficient, as for the bar antennas [5],
cooling the sphere with exchange gas would take about one month. The total enthalpy
that has to be removed is in the order of 10 8 J. The time needed to cool down the
sphere to 77 K could be reduced to:

108
= 2 × 105 sec ~ 2.5 days
500
where the power of the He flow is 500 W/m 2.
The enthalpy of copper at nitrogen temperature is 6 J/g, so the total enthalpy of the
sphere will be about 6 exp6 J. Thus we can estimate the time needed to cool down
from 77 K to 4 K to be about:
7 × 106
t 77− 4 K ≈
~ 104 sec ~ 4 hours .
500
t=
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The total helium consumption from room temperature to 4.2 K is about 600 liters.
The above results were put to examination by an experiment [31]
which consisted of cooling a small sphere of CuAl6% (the same material used for
MiniGRAIL), which measure 15 cm in diameter and weighed 14 kg. The sphere was
suspended in IVC filled with liquid nitrogen. Evaporating helium from a vessel by
using a heater produced the flow of the He gas. The precooled helium gas (from a
copper heat exchanger) was forced along the sphere from the bottom of the IVC. FIG
29 shows the relaxation time τ as function of the flow. The highest flow we could
achieve in this experiment was about 120 mmol/s, which corresponds to ~500 mmol/s
for a 65 cm sphere, if we take the ratio of the perimeters. A sharp transition is visible
around 4 mmol/s. This is probably a transition from laminar to turbulent flow.

Fig29 Relaxation time for cooling a small spherical CuAl6% sample down to 77 K.

Fig 30. Depicts the exchange coefficients calculated for cooldowns with
exchange gas at 1 bar pressure and with flow of 32 mmols/s and 120 mmols/s. These
results were applied to calculate the cooldown time of MiniGRAIL from room
temperature to 77 K at 120 mmol/s and the results are shown in fig 31.
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Figure 30 Exchange coefficient as a Figure 31 Calculated cool-down time for
function of temperature for different flows. a 65 cm diameter CuAl6% sphere.
These data were calculated from the
exchange coefficient for a flow of 120
mmol/s measured with a small

Forced helium flow applied to MiniGRAIL:
The setup for the forced flow for the MiniGRAIL is shown in fig 32. A closed circuit
was built in which the helium gas could be circulated through a nitrogen bath using
two dry pumps in series. The cool-down procedure is as follows: The IVC of the
dewar and the rest of the closed circuit is filled with 1 bar of helium gas. When the
pumps are switched on, the gas is pumped away from the top flange of the dewar
through a 50 mm flexible tube. Two Roots pumps are placed in series, one of 1200
(with hydrokinetic drive) and the other of 250 m 3/s. The frequency of the Roots 250
can be changed to control the circulation rate. The gas is pre-cooled using a threemeter long flexible tube with a diameter of 40 mm, immersed in liquid nitrogen, as a
heat exchanger. From the nitrogen dewar a double-wall tube is inserted into the 19
mm feed through of the MiniGRAIL dewar, that goes down to the IVC. Inside of the
IVC a 13 mm copper tube is mounted to guide the helium gas to the bottom of the
sphere. The gas flows along the sphere up through the neck of the dewar, thus cooling
the seven masses (each about 140 kg) of the suspension. The helium and the nitrogen
reservoirs were also filled with liquid nitrogen. The total nitrogen consumption from
300 down to 90 K was about 3000 liters and it took 20 hours to reach 90K. This was
in very good agreement with the experiment done with the small sphere in the
turbulent regime. The speed of the Roots 1200 backed by the 250 roots pump is about
0.04 m3/s or 1.8 mol/s at p=1bar. With a sphere diameter of 0.65m and a 50 mK shield
diameter of 0.74m we obtain an average velocity at 100K of 0.17 m/s and the
Reynolds number is about 3x10 4. The regime is thus indeed turbulent. [32].
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Figure 32 Experimental set up for forced helium flow used to cool the sphere
to 80 Kelvin. The helium gas is pumped out of the cryostat from the top,
through a nitrogen reservoir and injected again at the bottom of the sphere.
Using this method, the sphere plus suspension system, having a total mass of
over 2 tons, can be cooled down to 80 Kelvin in one day.
Another cooldown was performed without a forced flow by filing only the helium and
nitrogen reservoirs and using 1 bar of helium exchange gas to cool from 300 to 90 K.
It took 66 hours for the cool down which was completely different from the expected
1 month obtained by extrapolation with Nautilus results. The reason was that in our
case the cooling was done by natural convection of the helium gas in the cryostat
while in Nautilus and other antennas with annular helium and nitrogen dewar the
liquid levels are most of the time are or below the antenna level and no convection
was possible. Cooling is thus only by thermal conduction through the gas which is
very poor. The nitrogen consumption was around 1000 liters, which showed that the
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cool down could be sped up using larger amounts of nitrogen rendering the forced
flow as an option. But the forced flow is a must when we want to heat up the sphere
since there we have no convection because the sphere is always the coldest spot.

Figure 33 Cooldown of MiniGRAIL compared with a typical cooldown time of
a 2 tons cylindrical gravitational wave detector. The total mass to cool for
MiniGrail is about 2.5 ton including attenuation masses and shields, while for
Nautilus this is about twice as much. The heat capacity of Al is also a factor 2
higher that that of Cu.
A dilution refrigerator is being employed to cool down the
MiniGRAIL to very low temperatures of about 20 mK compatible with the
requirements of low noise capacitive transducer coupled to a SQUID. Taking the
specific heat of copper at 4K as C Cu=1.3x10-5J/cm3

H = ∫ CdT = 10−4 Jg −1 ⇒ H ~ 100 J

With a dilution refrigerator of 1 mW at 100 mK, it would take about 30 hours to cool
down to 100 mK. The enthalpy at 100 mK is about 0.1 J and the cooling power of the
DR about 10µW at 10 mK and so t<3 hours. Using a forced helium flow and a
powerful dilution refrigerator, the Minigrail can be cooled from room temperature
down to 20 mK in 4 days so tests and experiments could be done very quickly. The
fig. 33 bellow depicts the DR employed for MiniGRAIL.
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Figure 33 Overview of the MiniGRAIL cryogenics and pumping system.
1
2
3
4
5
6
7
8
9

4 Varian turbo pumps (550 l/s each)
Edwards mechanical booster (2500 m 3/h)
Pfeiffer Unidry (60 m 3/h)
1K pot pumping tube
1 K pot + 1 K radiation plate
3
He pumping tube
Still + still radiation shield
50 mK plate + 50 mK radiation shield
Mixing chamber
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Thermal anchoring of the sphere and suspension
The three stainless steel cables, which suspend the upper mass, are thermally
anchored to the 4 K plate with copper braid (fig. 26). Mass one and two are thermally
“floating”. Mass three is thermally anchored to the still and mass four to th e 50 mK
plate. The first copper mass (mass number five), is thermally coupled to the mixing
chamber of the dilution refrigerator. The thermal anchoring of mass 3, 4 and 5 consist
of copper rods (16 mm diameter) screwed into the masses of the suspension on one
side and screwed to copper spaghetti on the other side. Copper spaghetti is used to
create a soft connection for filtering vibrations coming from the dilution refrigerator.
The copper spaghetti consist of a stack of copper plates (62 x 140 x 0.5 mm),
machined with slits to form a row of copper slabs with a width of about 4 mm.

Figure 33 Left: Schematic picture of the thermal anchoring of mass 3, 4 and
5. While mass 1 and two are thermally floating, mass 3, 4 and 5 are thermally
anchored to the still shield, 50 mK shield and the mixing chamber
respectively. Each thermal anchoring consists of a 16 mm diameter rod, which
is screwed into the mass on one side and connected to the copper spaghetti
on the other side. Right: Photograph of the thermal anchoring of mass 3 and
4. The copper spaghetti is screwed onto the copper blocks, which makes it
easy to change them without having to disassemble the whole system.
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Heat capacity:
The heat capacity of MiniGRAIL agrees well with the heat capacity of CuAl6%. The
total heat leak of about 460 µW on the mixing chamber should come from the sphere
while the contribution to the heat leak from the heat capacity of the sphere is only 1
µW, which is indeed very small.

Figure 34 Specific heat MiniGRAIL (blue/cyan stars) compared with several other
copper alloys. The measurements agree well with measurements we did earlier on a
small spherical CuAl6% sample (blue dots). All measurements on the copper alloys
were performed on ~15 Kg spherical samples like the ones described in chapter 3.
The specific heat of pure copper and CuNi denoted with (*) were added to the graph
for comparison. The Shottky contribution of the magnetic impurities is visible in the
CuNiAlFe and CuNi.
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Temperature dependent heat leak

fig 35.(run 3)

fig 36.(run 4)
Figure 35 and 36 show the two last cool-downs of the sphere. There is a sharp
transition in cooling speed at about 630 mK for the first and at 300 mK for the
second. The relaxation time increased from about 11 hours to almost 300 hours,
due to a time dependent heat leak. During the first cool-down we have warmed up
the sphere three times by different means. The first time by heating the mixing
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chamber of the dilution refrigerator, so the sphere was heated from the center. The
second time, the sphere was heated with a heater mounted on the surface of the
sphere and the third time we heated up the whole system by shaking the whole
cryostat by lifting and shaking the sphere with the hydraulic system. After each
time the sphere would relax back very quickly, with a relaxation time of about 19
hours, after which it would go back to the “slow” relaxation curve, having a
relaxation time of almost 300 hours. The fast relaxation time is consistent with the
electronic heat capacity of the sphere that we measured. This kind of behavior was
also seen on smaller copper samples cooled to ~1K by the group of Neganov in
Doubna [32].
We believe that the long relaxation time is due to a time dependent heat leak
caused by the ortho-para conversion of molecular hydrogen, which is confined in
micro-bubbles inside of the sphere. This process is a well-known problem in nuclear
refrigerators, used for cooling below 2 mK, where a copper stage with a typical mass
of 10 kg is cooled to temperatures typically below 100 µK (ref 33). Time dependent
heat leaks are observed in nuclear stages at the beginning of an experiment typically
of the order of 100 nW, reducing in time.
The Hydrogen atom has a nuclear spin I = 1/ 2 . Its molecule has two possible
states that depend on the relative orientation of the nuclear spins. If the spins are
oriented anti-symmetrically the total nuclear spin is zero and the molecule is in the
state called para-Hydrogen. The spin degeneracy is 2 I + 1 = 1 and hence m=0 is the
only possible spin degeneracy. If the nuclear spins are oriented parallel to each other
then I = 1 and the spin-degeneracy is 2 I + 1 = 3 , so m=0, +1 or –1. The molecule has
also rotational energy and the rotational state is indicated by the rotational quantum
number J=0,1,2,.. The total degeneracy of the molecule is the product
d=(2I+1)(2J+1). The rotational energy of the molecule is given by

Er =

h2
J ( J + 1)
2θ

with θ = 4.59 × 10 −48 Kg.m2 the moment of inertia of the molecule relative to its
center of massError! Bookmark not defined.. For J=1 the rotational energy is
already 188K, while for J=2 this is three times higher and is not populated at room
temperature. For our low temperature conditions only the lowest energy states with
J=0 and J=1 are important. Because of this and because of the degeneracy, the
concentration of ortho molecules at room temperature is 75% (the para concentration
is then 25%).
Since the para molecule has an energy ~170K lower than the ortho molecule, when
cooling the ortho-molecules convert to para-molecules with a very significant
emission of heat, equal to 1.063 KJ/mole H 2 with a concentration 75% orthohydrogen. Because of the smallness of the nuclear (dipole-dipole) interaction, such
relaxation occurs mainly through collision of molecules with themselves or with the
walls of the container where field inhomogeneities can be present, for instance due to
magnetic impurities. The relaxation process is thus very slow, particularly when the
Hydrogen solidifies, below 20K.
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Figure 37 Rotational states of the
hydrogen molecule. Since there is
a large splitting of the rotational
states, at room temperature only
the J=0 and J=1 will be populated.

Figure 38 Temperature dependence of the ratio of ortho to para hydrogen
[33]
In solid Hydrogen, just below solidification, relaxation occurs at a rate k
=1.8% per hour[8]. The amount of heat released can be calculated as follows:
If x is the concentration of ortho-hydrogen: its variation in time is given by
dx
= − kx 2
dt
so that the concentration is
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x(t ) =

x0
1 + x0 kt

where x0 is the initial concentration of ortho-hydrogen. The amount of heat released
by n mole of molecules is
kx02
dx
Q& = −Un = Un
dt
(1 + x0kt ) 2
where Q& = 1063 kJ / mole is the conversion energy and n is the number of moles of
molecular hydrogen.
In copper and aluminum the hydrogen remains in molecular state (unlike some
metals that separate the molecules into atoms) and the solubility is low. They usually
aggregate at grain boundaries or near impurities, forming bubbles that have been
observed with a microscope to be of the order of 0.2 µm in diameter. The typical
concentration of H2 in copper is between 10 and 100 ppm.
At temperatures above 10K, Kolac et al.[32] found a faster relaxation to a fast
diffusion coefficient D that depends strongly on temperature and is ten orders of
magnitude higher at 12K that at 1.6K for instance[32]. The fast relaxation allows
catalysis to happen at the surface in a very efficient way. Kolac et al measured a heat
release 31 times faster at 25K tan at 1.3K, but the relaxation time was very dependent
on the initial conditions, particularly the ortho concentration. The last MiniGRAIL
cool-down took about two days to go from room temperature to ~80K. If we assume a
coefficient khigh=30klow, then the concentration at 80K should be the equilibrium one,
about 50%. To go from 80K to 4K it took 12 hours. We haven’t recorded the time to
cool to 20K and we assume 10 hours (cooling to 4 K is rather fast because of the low
heat capacity of the sphere). If we use k high, the concentration should be around 14%.
If we take the total time spent below 1K of 1176 hours and x 0=14%, and use the
estimated heat leak of 45 µW we can find the amount of H 2.

n=

2
Q& (1 + x0 kt )

Ukx02

= 1.89 mol

Since the sphere has a mass of about 1100 kg of copper (plus 6% aluminum)
and if we add the three copper masses of 150 Kg each with 63 g/mol for copper we
have 2.46x104 mol and a H2 the concentration of 76 ppm. If we double X 0 the initial
concentration drops to 58 ppm. Both values are well within what we could expect
from commercial copper. Clearly a good selection of copper with low H 2 is needed
for the final sphere. At any rate it is convenient to stay at 10-15K for a longer period
of time since there the relaxation ortho-para is much faster.

5.4 The Transducer
Principle of Operation: A transducer converts the mechanical signal of the
oscillations of the antenna into an electromagnetic signal. The resonant transducer
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amplifies the mechanical signal before it is converted. A resonant transducer consists
of a secondary mechanical resonator coupled to the antenna with a spring and tuned to
the resonant frequency of the mode of interest. In the simulation, the membrane acts
as a spring, which couples the resonator mass to the transducer support. The support is
a conical ring, which is clamped inside a hole in the sphere using differential
contraction. The mechanical amplification of the signal is proportional to the square
root of the ratio of the effective mass of the sphere and the transducer mass.
Transducer location
To measure the response functions of the five degenerate quadrupole modes, we will
put six transducers on the sphere in the TIGA configuration proposed by Merkowitz
and Johnson. In the TIGA layout, the six transducers are placed on the pentagons of
the upper hemisphere of a Truncated Icosahedron (TI). The advantage of this
configuration is that the frequency splitting of the modes is symmetric and all
transducers are the same. The frequency pattern consists of two degenerate
quintuplets symmetrically positioned around one singlet. One up shifted in frequency
and the other downshifted around the resonant frequency of the uncoupled sphere.
The six outputs of the transducers can be converted to five so- called “mode channels”,
by a linear combination of the measured amplitudes. The mode channels give the
amplitudes of the five quadrupole modes, which have a one to one correspondence
with the gravitational wave amplitude. The frequency dependence of the response
function is similar to that of a bar detector coupled to a resonator, so the same data
filtering methods can be used.

fig. 39

transducer location (www.MiniGRAIL.nl)

Three mode inductive transducer
We are developing a two mode inductive SQUID-based transducer [34] to detect the
sphere mode excitations caused by an incoming gravitational wave. Such a transducer
has to be sensitive to displacement of the order of 10 -20 meter. The amplification of
the signal coming from the sphere is performed in three steps. The first two are
mechanical and are realized by a series of two resonators with decreasing masses,
coupled to the sphere, and resonating at the same frequency of 3.1 kHz. The last step
is electrical: the last resonator displacement modulates the magnetic field produced by
a superconducting coil. A pick-up coil coupled to a dc-SQUID will detect the
modulation. The first resonator will be in CuAL6% (the same material as the sphere)
and will have a mass of about 0,4 Kg. On top of it, the second resonator will be pressfitted using thermal differential contraction technique. The second resonator will be in
Al 5056 and will have a mass of few grams and an effective area of about 7 cm 2. The
amplification depends on the mass ratio between the three oscillators (sphere, first
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CuAL resonator, second AL 5056 resonator) and is of the order of 900. In order to
reach the required sensitivity, the resonators must have a mechanical quality factor as
high as the sphere. Tests have been done on a scaled-size transducer press-fitted into
an hole of a small CuAl6% sphere of 150 mm diameter to see how the clamping
effects the quality factor. To fit the transducer into the hole we first cool it to nitrogen
temperature and then leave it to expand while it is inside the hole. A robust clamping
is obtained without the need of using screws. A Q factor of about 1 million has been
reached at 4K with a "rosette" design transducer.

fig 18: Picture of a test transducer press-fit into a hole of a test
sphere(www.Mineral.nl)

fig 40:Scheme of the electrical amplification stage
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The top surface of the last resonator will be niobium plated thus forming a
superconducting disk. The disk displacement modulates the inductance of a
superconducting 400nm Nb film coil patterned on a silicon (or sapphire) plate at a
distance of 20 micron from the superconducting disk. The inductance changes will be
read out with high sensitivity, using a superconducting quantum interference device
(dc-SQUID[10].), which is located next to the transducer. To enhance the sensitivity,
the pick up coil has to carry a current as high as 6 A in a persistent mode. The
superconducting coils and the persistent switches are patterned on a silicon disk using
standard lithographic techniques. See picture below.

fig 41:Picture of a test transducer press-fit into a hole of a test sphere

Transducer in Run 5.
In this run we have incorporated two transducers: Y and L, on the sphere.
Transducer Y is a two mode capacitive transducer. The sphere-transducer system
behaves as a two-mode oscillator, where the transducer motion is amplified with
respect to the motion of the sphere because of the smaller transducer mass. A plane
capacitor, charged with an electric field in the [106 V/m] range, is formed between
the second oscillator and a plane rigidly connected to the sphere, but electrically
insulated. The transducer motion modulates the capacity C, and an electric current
signal proportional to the transducer displacement is then produced and read out,
through a matching superconducting transformer, by a low noise, Superconducting
Quantum Interference Device (SQUID) current amplifier.
The small flux-to-voltage transfer of conventional dc SQUIDs results in an output
voltage noise that is about one order of magnitude smaller than the room-temperature
dc preamplifier input noise. As a result the noise of the preamplifier rather than that of
the SQUID dominates the noise of the detector. To eliminate this problem we are
using a two stage SQUID for the read out. The firs stage is the conventional DC
SQUID, which is used to sense the signal from the transducer. The second stage
comprises of the Double Relaxation Oscillation SQUID, which acts as a low noise
preamplifier for the sensor SQUID. The matching network between S1 and S2 is a
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simple resistor Rm that converts the S1 output voltage into a current that is inductively
coupled to S2. The amplifier SQUID is then read out by a conventional electronics.

Conclusion

A very brief overview of resonant detectors for gravitational waves was present.
Transducers were dealt with in detail and a brief review of various types of
transducers was presented. This would be very useful as new transducer designs are
being developed and tried by gropus around the world to reach the ultimate
sensitivity. In such a situation this review gives a knowledge of what has been done in
the pas and what were the advantages and disadvantages of various designs. The most
important work of this internship was development of feedback equations for the
SQUID and analyze the stability of the circuit. We also proposed a new feedback
scheme and have tried to derive the equations governing them. But still lot of work
needs to be done on it. Finally a short description of our MiniGRAIL as GWD is
presented. Spheres have been shown to be having some inherent advantages over their
rival bar detectors. This has been discussed. Then various components of MiniGRAIL
were described. The results of the final run (run 5) couldnot be presented here.
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