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Abstract

The basic ideas underlying the use of SCRF cavities for
the detection of high frequency gravitational waves are dis-
cussed. Experimental results on prototypes are presented.
The outline of a possible detector design and its expected
sensitivity ae also shown.

INTRODUCTION

In the last decades, several laboratories all around the
world have promoted an intense effort devoted to the di-
rect detection of gravitational waves. The detectors, both
those in operation and those being developed, belong to
two conceptually different families, massive elastic solids
(cylinders or spheres) [1] and Michelson interferometers
[2]. Both types of detectors are based on the mechanical
coupling between the gravitational wave and a test mass,
and in both types the electromagnetic field is used as mo-
tion transducer.

In a series of papers, since 1978, it has been studied
how the energy transfer induced by the gravitational wave
between two eigenmodes of an electromagnetic resonator,
whose frequencies w;, and ws are both much larger than
the characteristic angular frequency 2 of the g.w., could
be used to detect gravitational waves [3, 4]. The en-
ergy transfer is maximum when the resonance condition
lwe — wi] = Q issatisfied. Thisis an example of a fre-
quency cornverter, i.e. anonlinear device in which energy
istransferred from a reference frequency to a different fre-
guency by an external pump signal.

In the scheme suggested by Bernard et al. the two modes
are obtained by coupling two identical high frequency cavi-
ties[4]. Each resonant mode of theindividual cavity isthen
split in two modes of the coupled resonator with different
spatial field distribution. In thefollowing we shall call them
the symmetric and the antisymmetric mode. The frequency
difference of the two modes (the detection frequency) is
determined by the coupling, and can be tuned by a careful
resonator design. Animportant feature of thisdeviceisthat
the detection frequency does not depend on its mechanical
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properties (dimensions, weight and mechanical modes res-
onant frequencies), though, of course, the detector can be
tuned so that the mode splitting equals the frequency of a
mechanical resonant mode. The sensitivity inthisand other
experimental situations will be discussed in the following.
Since the detector sensitivity is proportional to the electro-
magnetic quality factor, Q, of the resonator, superconduct-
ing cavities should be used for maximum sensitivity.

An R&D effort started in 1998 and will be completed at
theend of 2003 (PACO, 1998-2000; PACO-2, 2001-2003)
[5, 6, 7, 8, 9]. Its main objective is the development of
a tunable detector of small harmonic displacements based
on two coupled superconducting cavities. Severa cavity
prototypes (both in copper and in niobium) were built and
tested, and finally adesign based on two spherical cellswas
chosen and realized (Fig. 1). The feasibility of a spherical
detector based on Nb/Cu technology was also investigated
[10].

The detection frequency, i.e. the frequency difference
between the symmetric and antisymmetric modes, was cho-
sen to be: wy — wy ~ 10 kHz (the frequency of the modes
being wy 2 ~ 2 GHz). An electromagnetic quality factor

Q < 10! was measured on a prototype with fixed cou-
pling (Fig. 2).

Figure 1. Artistic view of the coupled spherical cavities
with the central tuning cell

The tuning system was also carefully studied. The cou-
pling strength, and thus the tuning range, is determined
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Figure 2: Niobium spherical cavities (fixed coupling)

by the diameter of the coupling tube and by the distance
between the two spherica cells. A central dliptica cell,
which can easily be streched and squeezed, was found to
provide a tuning range of several kHz (4-20 kHz in the fi-
nal design). A prototype with the central elliptical cell was
built and is now being tested (Fig. 3). A second tunable
cavity (two spherical cells and the central cell) will be built
by the middle of 2004.

Figure 3: Niobium spherical cavities (variable coupling)

The system was also mechanically characterized, and the
mechanical resonant modes in the frequency range of inter-
est were identified. In particular the quadrupolar mode of
the sphere was found to be at 4 kHz, in good agreement
with finite elements calculations.

The detection electronics was designed. Its main task is
to provide the rejection of the symmetric mode component
at the detection frequency. A rejection better than 150 dB
was obtained in the final system.

Starting from the results obtained in the last six years,
we are now planning to design and set up an experi-
ment for the detection of gravitational waves in the 4-10
kHz frequency range (MAGO, Microwave Apparatus for
Gravitational waves Observation). Our main task isthe de-
sign and construction of the refrigerator and of the cryo-
stat (including the suspension system), which houses the
coupled cavities. The refrigerator must provide the cryo-
genic power needed to keep the superconductiong cavities
aT ~ 1.8 K (approx. 10 Watts) without introducing an ex-
cess noise from the external environment. A design based
on the use of subcooled superfluid helium is being invesi-
gated. The expected time-scale is four years (2004-2007).

In the following a detailed description of the various is-
sues aforementioned will be given. Expected system sensi-
tivity will also be discussed.
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PHYSICSMOTIVATION

The spectrum of gravitational waves of cosmic origin
targeted by currently operating or planned detectors spans
roughly from 10~* to 10* Hz.

The f < 10! Hzregion of the gravitational wave (GW)
spectrum, including galactic binaries [11], (super)massive
black hole (BH) binary inspirals and mergers[12], compact
object inspirals and captures by massive BHs [13], will be
thoroughly explored by LISA [14], which might be hope-
fully flown by year 2015. Ground based interferometers
and acoustic detectors (bars and spheres) will likewise co—
operate in exploring the f > 10 Hz region of the spec-
trum, including compact binary inspirals and mergers[15],
supernovae and newborn black-hole ringings [16], fast-
Spinning non-axisymmetric neutron stars[17], and stochas-
tic GW background [18].

The whole spectral range from 10~* — 10* Hz, how-
ever, isfar from being covered with uniform sensitivity, as
seen e.g. from Fig. 4, where the fiducial sensitivity curves
of LISA and LIGOI are shown side by side. Plans are
being made for small-scale LISA-like space experiments
(e.g., DECIGO, [19]) aimed at covering the frequency gap
10~ — 10! Hz between LISA and terrestrial detectors.
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Figure 4: LISA—L1GO comparison

Severa cryogenic/ultracryogenic acoustic (bar) detec-
tors are also operational, including ALLEGRO [20], AU-
RIGA [21], EXPLORER [22], NAUTILUS [23], and
NIOBE [24]. They aretuned at ~ 10% Hz, with bandwidths
of afew tens of Hz, and minimal noise power spectral den-
sities (PSD) of the order of 10~2! Hz~1/2,

Intrinsic factors exist which limit the performance of
both interferometers (IFOs) and acoustic detectors in the
upper frequency decade (f 2103 Hz) of the spectrum.

The high frequency performance of laser interferometers
is limited by the oc f? raise of the laser shot-noise floor.
While it is possible to operate IFOs in a resonant (dual)
light-recycled mode, for narrow-band increased-sensitivity
operation the pitch frequency should be kept below the sus-
pension violin-modes [25], typically clustering near and
above ~ 5 - 102 Hz.

Increasing the resonant frequency of acoustic detectors
(bars, spheres and TIGAS), on the other hand, requires de-
creasing their mass M. The high frequency performance
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of bars and spheresis accordingly limited by the oc M —1/2
dependance of the acoustic detectors' noise PSD.

The next generation of resonant detectors will be proba-
bly spheres or TIGASs (Truncated |cosahedral Gravitational
Antennas, [26]. The MINIGRAIL [27] spherical prototype
experiment under construction at Leiden University (NL),
aswell asitstwins planned by the Rome group [28] and at
S3o Paulo, Brazil [29], isarelatively small (CuAl (6%) al-
loy, # 65cm, 1.15ton) spherical ultracryogenic (20mK) de-
tector with a 230Hz bandwidth centered at 3250Hz, and a
(quantum limited) strain sensitivity of A ~ 4-10~2%. Spher-
ical (or TIGA) detector might achieve comparable sensitiv-
itiesupto f ~ 4-10% Hz.

Summing up, the GW spectrum below f ~ 10° Hz
might be adequately covered by ground-based and space-
borne interferometers. The range between 10° Hz and
~ 4 - 103 Hz could be sparsely covered by new-generation
acoustic detectors. The high frequency part (f 2 4-103 Hz)
of the gravitational wave spectrum of cosmic origin is as
yet completely uncovered. Within this band, GW sources
might well exist and be observed . Indeed, the ultimate
goal of gravitational-wave astronomy is the discovery of
new physics. In this spirit, the very existence of gravita-
tional wave sources of as yet unknown kind could not be
excluded a-priori.

The above brings strong conceptua and practical moti-
vationsfor the MAGO proposal. The MAGO design iseas-
ily scalable, and may be constructed to work at any chosen
frequency intherange 103 — 10* Hz, with uniform (narrow-
band) performance. On the other hand, the MAGO instru-
ment appears to be comparatively cheap and lightweigth,
thus allowing to build as many detectors as needed to en-
sure adequate covering of the high frequency (f Z 4103
Hz) GW spectrum. In view of their limited cost, MAGOs
might also be nice candidates for many—detector networks,
to achieve very low false alarm probabilitiesin coincidence
operation. In addition MAGO-ike detectors operating at
f ~ 10% Hz might hopefully provide coincident observa-
tions with both acoustic detectors and | FOs, based on a dif-
ferent working principle.

Before al this might come into reality, it will be nec-
essary to build and operate one or more MAGO prototypes
so that some basic issues might be efficiently addressed and
solved, viz.:

o efficient decoupling from platform — suspensions de-
sign;

e efficient and quiet cooling to 1.8K — cryostat design;

e efficient readout — microwave feeding and tapping
networks, and low noise amplifier design.

1A well known back-of-an envelope estimate (motion at the speed of
light along body-horizon circumference) gives the following upper limit
for the spectral content of gravitational waves originated in a process in-
volving an accelerated mass ~ M: foup ~ ~ 104(Mg /M)
[HZ] .
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In paralel, a start-to—end simulation codes should be
implemented, in order to tune all design parameters for
best operation. In particular, criteria for obtaining the
best tradeoff between detector bandwidth and noise levels
should be investigated, with specific reference to selected
classes of sought signals.

DETECTOR LAYOUT
Electromagnetic Design

In order to build an efficient detector, a suitable cavity
shape hasto be chosen. According to some general consid-
erations, a detector based on two coupled spherical cavites
looks very promising (Fig. 1) [9]. The choice of the spher-
ical geometry is based on several factors. From the point
of view of the el ectromagnetic design the spherical cell has
the highest geometric factor GG, thusit has the highest elec-
tromagnetic quality factor Q, for a given surface resistance
R, (Q = G/R,). For the TEy;; mode of a sphere, the ge-
ometric factor has avalue G ~ 850 €2, while for standard
elliptical radio-frequency cavities used in particle acceler-
ators, the TMg1o mode has avalue G ~ 250€). Looking
at the best reported values of surface resistance of super-
conducting accelerating cavities, which typically arein the
10~8 2 range, we can extrapolate that the electromagnetic
quality factor of the TEj;; mode of a spherical supercon-
ducting cavity can be Q ~ 1010 — 10'!.

In the first generation of detectors, dedicated to the de-
velopment of the experimental technique, the internal ra-
dius of the spherical cavity will be » ~ 100 mm, corre-
sponding to a frequency of the TEy;; mode w ~ 2 GHz
Theoverall system massand length will be M ~ 5 kg (with
awall thicknessw ~ 2 mm) and L ~ 0.5 m. The choice
of the wall thickness is made considering both practical
and design constraints. On one hand, the wall thickness
should be kept small enough to allow an easy fabrication
while maintaining sufficient stiffness to withstand the ex-
ternal pressure once the cavity is evacuated. Furthermore,
wall thickness was chosen to optimize the cavity cooling
process, and to guarantee optimum stability against point—
like thermal dissipation due to possible defects present on
the cavity inner surface. On the other hand, wall thick-
ness can be used to design a particular mechanical resonant
frequency and it is obviously related to the mass of the de-
tector, which plays an important role in the signal to noise
ratio.

Since this type of detector is ideally suited to explore
the high frequency region of the g.w. spectrum, we plan
to build atunable cavity with 4 kHz< wy — w; ~ 10 kHz,
which isoutside the spectral region covered by the resonant
and interferometric detectors, both existing and planned,
and is still in afrequency region where interesting dynam-
ical mechanisms producing g.w. emission are predicted
[30, 31, 32].

The interaction between the gw. and the detector is
characterized by a transfer of energy and angular momen-
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tum. Since the hdlicity of the g.w. (the angular momentum
along the direction of propagation) is2, the g.w. caninduce
a transition between the two levels provided their angular
momenta differ by 2. The optimal field spatial distribution
has the field axes in the two cavities which are orthogonal
to each other (Fig. 5). Different spatial distributions of the
em. field (eg. with the field axes aong the resonators
axes) have a smaller effect or no effect at al. This can be
achieved by putting the two cavities at right angle or by a
suitable polarization of the electromagnetic field inside the
resonator. The spherical cells can be easily deformed in
order to induce the field polarization suitable for g.w. de-
tection.

Figure 5: Electric field magnitude of the TEq;; mode. Note
the alignment of the field axis

A tuning cell isinserted in the coupling tube between the
two cavities, allowing to tune the coupling strength (i.e. the
detection frequency) around the design value. The depen-
dence of the detection frequency on the distance between
the two coupled cellsis shownin Fig. 6.
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Figure 6: Detection frequency vs. coupled cells distance

A first detector based on two spherical niobium cavities
(with fixed coupling) has recently been built and tested at
CERN (Fig. 2). A second detector with variable coupling
has also been built and is now being tested (Fig. 3).

The first test on the cavity in Fig. 2, showed a quality
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factor Q < 10'° (see Fig. 7). This corresponds to a sur-
face resistance R, ~ 50 nf2, a factor of ten higher than
the best values reported for superconducting accelerating
cavities. The obtained result is very satisfactory. In fact,
the whole fabrication procedure (including surface treat-
ments) is optimized for the elliptical cavity geometry used
for high energy particle accel eration. Some development is
still needed to tailor the technique to the spherical shape of
our resonator and to obtain a surface quality comparable to
that routinely obtained on eliptical cavitiesthat would lead
to aquality factor Q ~ 101,

100
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Figure 7: Quality factor vs. stored energy for the fixed—
coupling cavity of Fig. 2

A single—cell, seamless, copper cavity was built to in-
vestigate the applicability of the Nb/Cu technology in the
fabrication of a spherical resonator. The cavity, shown in
Fig. 8 was built at INFN-LNL (E. Palmieri). It was then
electropolished and tested at CERN [10]. The measured
surfaceresistance, shownin Fig. 9, correspondsto aquality
factor Q ~ 10! at low fieldand 7' = 1.5 K, and Q < 101°
at the maximum magnetic surface field H,,,.p ~ 120 mT,
at the same temperature.

Figure 8: Single—cell, seamless, copper cavity
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PACO scaled to 1.5 GHz
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Figure 9: Surface Resistance of the single—cell spherical
cavity

Mechanical Design

From the mechanical point of view it iswell known that
a spherical shell has the highest interaction cross-section
with a g.w. and that only the quadrupolar mechanical
modes of the sphere do interact with a gravitational wave
[33]. The mechanical design is highly smplified if a hol-
low spherical geometry is used. In this case the deforma-
tion of the sphere is given by the superposition of just one
or two normal modes of vibration and thus can be easily
modeled. In fact, the proposed detector acts essentially as
an electro-mechanical transducer; the gravitational pertur-
bation interacts with the mechanica structure of the res-
onator, deforming it. The em. field stored inside the res-
onator is affected by the time—varying boundary conditions
and a small quantity of energy is transferred from an ini-
tialy excited em. mode to the initially empty one. We
emphasize that our detector is sensitive to the polarization
of the incoming gravitational signal. Once the em. axis
has been chosen inside the resonator, a g.w. with polar-
ization axes along the direction of the field, will drive the
energy transfer between the two modes of the cavity with
maximum efficiency. With standard choices for the axes
and polar coordinates, the pattern function of the detector
isgivenby F'yx = — cos(f) sin(2¢), and is equal to the pat-
tern function of one mechanical mode of a spherical res-
onator.

SENSITIVITY

Let us focus our attention on the system based on two
spherical niobium cavities working at wy ~ ws ~ 2 GHz
with amaximum stored energy in theinitially excited sym-
metric mode of U; ~ 10 J per cell (corresponding to a
maximum surface magnetic field H,,,, = 0.1 T, half the
critical field of niobium). Thisisasmall-scale system with
an effective length of 0.1 m and atypical weight of 5 kg.
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The lowest quadrupolar mechanical mode is a w,, ~ 4
kHz. Inthefollowing, we shall consider an equivalent tem-
perature of the detection electronics 7., = 1 K .2

A possible design of the detector uses both the mechani-
cal resonance of the structure, and the em. resonance. Due
to the tuning system, the detection frequency can be made
equal to the mechanical mode frequency w,, ~ wy — ws.
The expected sensitivity of the detector for w, — w; =
wmm = 4 kHz is shown in figure 10, for a mechanical qual-
ity factor Q,,, = 102 (solid line) and @,, = 10° (dashed
line). Note that, in the two cases, the optimum sensitivity
is obtained with different values of stored energy. In both
cases the stored energy has been optimized for maximum
detector bandwidth. When the mechanical quality factor is
higher (Q,, = 10°) the stored energy has to be maintained
much under the maximum allowed value.

When wy — w1 = wy,, the detector sensitivity is lim-
ited by the walls thermal motion. In this case, alower T,
would increase the detection bandwidth.
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Figure 10: Calculated system sensitivity (w,, ~ ws —wy ~
4KkHz, Q = 1010, T = 18K, T,, = 1K, and ) Q,, =
103, stored energy U ~ 10 J per cavity (solid line); b)
Qm = 106, stored energy U ~ 0.1 J per cavity (dashed
line))

Since our detector is based on a double resonant sys-
tem (the mechanical resonator and the electromagnetic res-
onator) it can be operated also for frequencies wy — wy #
wm- At frequencies wy — wy < 1 kHz the master oscilla-
tor phase noise will, in general, completely spoil the sys-
tem sensitivity, while at frequencies w, — w; > 10 kHz
the noise coming from the detection electronics will dom-
inate. The expected sensitivity of the small—scale detector
for wy — wy = 10 kHz isshown in figure 11.

In order to increase the expected sensitivity alarge-scale

2The equivalent (or noise) temperature of the amplifier is equal to the
temperature (in Kelvin) of a 50 ohm termination at the input of an ideal
noiseless amplifier with the same gain and generating the same output
noise power. It is defined as: 7., = T (107/10 — 1), where N is the
noise figure of the amplifier (in dB) and 7' isits working temperature.
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Figure 11: Calculated system sensitivity (w,, ~ 4 kHz,
we —wy ~ 10kHz, @ = 1019, T = 1.8 K, T, = 1K,
stored energy U ~ 10 Jper cavity and @) Q,,, = 10? (solid
line); b) Q,,, = 10° (dashed line))

system has to be developed. A possible design could be
based on two spherical cavitiesworking at w; ~ wy ~ 500
MHz, with w,,, ~ 1 kHz. This system could have a max-
imum stored energy of U; ~ 1200 J per cell, an effective
length of 0.4 m and a typical weight of 2300 kg. With a
reasonable choice of system parameters one could obtain
the sensitivity shown in figure 12, for the double-resonance
case (w2 — w1 = wm). Asin the previous (small—scale)
case the energy store in the initialy excite mode has been
optimized for maximum bandwidth, and it has to be much
less then the maximum allowed. Also in this case lowering
T.4 corresponds to an increase of the detection bandwidth.
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Figure 12: Calculated system sensitivity (w,, ~ wo —w1 ~
1kHz, @ = 10", Q,, = 10%, T = 1.8 K, T,;, = 1K,
stored energy U ~ 1 J per cavity)

Obviously the large—scale system could also be used at

TUO10

higher frequencies; in this case a good sensitivity can be
achieved in a narrow detection bandwidth (see Fig. 13).

It isworth noting that the narrow detection bandwidth is
not an unavoidable drawback of the system. Actualy its
value is determined by the coupling coefficient of the anti-
symmetric mode at the A port of the output magic-tee, and
can be adjusted changing this coupling. This corresponds
to changing (lowering) the quality factor of the antisym-
metric mode, leaving the quality factor of the symmetric
mode unaffected. Of course an increased bandwidth corre-
spondsto alower sensitivity, since the latter is proportional
to the antisymmetric mode quality factor. The possibil-
ity to increase the detection bandwidth is also interesting
for other possible applications of this detection technique
which is based on the parametric frequency conversion be-
tween two electromagnetic modesin a cavity (for example,
in connection with recently proposed detectors based on
the dual resonator concept [34, 35, 36]).
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Figure 13: Calculated system sensitivity (w,, ~ 1 kHz,
wy —wy ~ 4kHz, 9 = 10'9, Q,, = 10%, T = 1.8 K,
T.q = 1K, stored energy U ~ 1200 J per cavity)
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