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Abstract In 1984 Reece, Reiner and Melissinos (RRM), built a
detector of the type proposed in the 10 GHz frequency
First experimental results of a feasibility study of aange, and used it as a transducer of harmonic
gravitational wave detector based on two coupleshechanical motion [2]. In order to measure the
superconducting cavities are presented. Basic physisansitivity limit of the detector, one of its walls was
principles underlying the detector behaviour anéxcited by an harmonic perturbation (by a piezoelectric);
sensitivity limits are discussed. The detector layout isith a quality factor of the superconducting cavity equal
described in detail and its rf properties are showed. The 3 - 10 and a stored electromagnetic energy
limit sensitivity to small harmonic displacements at thapproximately equal to 0.1 mJ they showed a sensitivity
detection frequency (around 1 MHz) is showed. Thw relative deformationsdx/x = 10" (Hz)** Since in the
system performance as a potential g.w. detector RRM experiment the interest was to measure small

discussed and future developments are foreseen. harmonic displacements and not gravitational effects,
they used two identical cylindrical cavities mouneasul-
1 INTRODUCTION to-endand coupled via a small circular aperture in their

. . common endwall. We wish to repeat the RRM
The detection of weak forces acting on macroscopic . . . L
periment and improve its sensitivity by a factof, 10

bodies often entails the measurement of extremely smaft X o R
ﬁ]gs reaching a sensitivity to harmonic displacements of
order 1% (Hz)™. If these goal would be obtained

displacements of these bodies or their boundaries. Thisﬂ%e
detector could be an interesting candidate for the

the case in the attempts to detect gravitational Wav%sIS
(g.w.) or in the search for possible new long rang(‘:?gtection of gravitational waves or in the search of long

interactions. In 1978 Bernard, Pegoraro, Picasso an . : : )
Radicati suggested that superconducting coupled cavitigs' 3¢ interactions of weak intensity.
could be used as a sensitive detector of gravitational
effects, through the coupling of the gravitational wave 2 BASIC PHYSICAL PRINCIPLES

with the electromagnetic field stored inside the cavitieA parametric converter is a nonlinear device which
[1]. It has been shown that the principle that underligsansfers energy from a reference frequency to a signal
this detector is analogous to the one used in parametnith different frequency, utilizing a nonlinear parameter
processes and in particular in frequency converters, i(@ reactance) of the system, or a parameter that can be
in a device which converts energy from a referencearied as a function of time by applying a suitable signal.
frequency to a signal at a different frequency as Bhe time varying parameter may be electrical or
consequence of the time variation of a parameter of theechanical; in the latter case the device acts as a
system. In more detail the rf superconducting coupladansducer of mechanical displacements.

cavities detector consists of an electromagneticThe basic equations describing the parametric
resonator, with two levels whose frequencigsand w, converter are the Manley-Rowe relations [3]. They are a
are both much larger than the frequerizyof the g.w. set of power conservation relations that are extremely
and satisfy the resonance conditian- w, = Q. In the useful in evaluating the performance of a parametric
scheme suggested by Bernard et al. [1] the two levels alevice. We will not derive here the complete Manley-
obtained by coupling two identical high frequencyRowe relations, but we will just describe the
resonators. The frequenay is the frequency of the level fundamental ideas upon which the parametric converter
symmetrical in the fields of the two resonators, anis  behavior is based.

that of the antisymmetrical one. The g.w. trough its Let us consider a physical system which can exist in
coupling to the electromagnetic energy can induce teo distinct energy levels. To fix our ideas let us take as
transition between the two levels, provided their angul@n example a system of two identical coupled resonant
momenta along the directia@of propagation of the g.w. cavities like those of the RRM experiment. If the
differ by 2. This can be achieved by putting the tweoesonant frequency of the unperturbed single cethjs
resonators at right angle. then the frequency spectrum of the coupled system
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consists of two levels at frequencies and w, where SinceP, is proportional to the electromagnetic quality
w=w-0w and w=w+dw, where 20w/ w=K, is the factor, superconducting resonant cavities should be

coupling coefficient of the system. employed to achieve maximum sensitivity.
We can store some electromagnetic energy in the
system at frequencyw; if some external harmonic 3 SENSITIVITY LIMITS

perturbation at frequenc2 = w-w, induces the time E

iati ¢ ¢ ¢ h gsuation (6) could be a good starting point for a detailed
variation ot one system parameter we can have SOMi. ssion of the sensitivity limits of the detector. To

energy transfer between the two energy levels, i.e. froI[ﬁ'ake guantitative statements we need to know in some
w, 1o w, The external perturbation can equally well b

h : dulati f th " d wall whi fhore detail our detector geometry. We choose a
an harmonic modulation ot the cavity end wail, whic onfiguration very similar to the RRM experiment with
causes the variation of the system reactance, or, in

N | cylindrical niobium cavities coupled through a small
case of the passage of a gravitational wave, the |nduc&> ular aperture on the axis. The operating mode is the
time modulation of the permittivity of the vacuum.

. ., at 3 GHz which, due to the coupling, splits into a
Wlée(t:aunsvf/:fil'::ap the total power absorbed by the dEEV'Cesymmetrical and an antisymmetrical mode respectively

at frequencyw, and w, The system is designed so that
P =P, +P, = Nghtdg + N, Ao, (1) Mode separation is about 1 MHz (see next section for
more details on system design). For our geometry the
where N; is the time variation of the number of photongelation between the maximum energy that can be stored
nigl a superconducting niobium cavity and the frequency
of the electromagnetic field is (in the following were not
differently specified we takey= w,= w)

in leveli. If we assume that the total number of photo
in the systemsl = N, + N, is conserved we have

I\]a = _Ns =N (2 dg
3 - 31 Qa
The total power absorbed by the system is therefore WU max =8.9010% Joul e @)
P=N#(w, -ws) ®3) From eq. (7) we find at 3 GHz:

and the power transferred to the upper level is given by 31

o . WU i = —8'9%0 ~2500%50ue’®? ()

Py =Nhw, =—— hw, =2 P (4) w sec
(wgy —Wg) Q

Deriving h from eq. (6) and using the above result we

The amplification factorw/Q is characteristic of 9et:
parametric frequency converters. _

To get deeper insight into eq. (4) we have to know the ~H R, Hyz
exact expression oP; in fact the power exchanged in~Hl*UmaxH
between the external perturbation and the system is
proportional to the square of the fractional change of thghere P,™ is the noise power spectral density in our
time varying system parameter. If we denote thi§ystem. From eq. (9) is apparent that to get better
quantity withh, we can write for our coupled resonatorgensitivity lower frequencies and higher quality factors
system: are preferred.

_ 2 For example at 3 GHz wit) = 10° and setting a noise
P =QuU,0h (5) e min g 22
power spectral densify,""=10" Watt/Hz we geh,,, = 2

From eq. (4) and eq. (5) we can easily derive thel0” (Hz)" while at 300 MHz, withQ = 10" and the
expression for the power transferred to the initiallp@Me noise power spectral density one shoulti,get 6

(H2) 7 :10_16(%3%"1 gé(Hz)_}é ©)

empty level - 10% (H2)™. _
To give a more realistic estimate Bf™ we have to
P, :waUSQhZ (6) discuss the various noise contributions present in our
apparatus.

In the last equatioll, is the energy stored in levglQ
is the electromagnetic quality factor of the resonai.1 Symmetrical mode leakage
cavities.

The quantityh above may represent the fractiona
change of the system reactance, or of the system len
being harmonically modulated oX/x), or the
dimensionless amplitude of the g.w.

l'I'o operate our device we have to feed microwave power
[p one resonant mode and then to perturb one system
arameter at a frequency equal to the mode separation,

in order to detect the energy transfer between the full

and the empty mode. Here we suppose that the initially
full mode is the symmetrical one, and that this same
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mode is the lower frequency one. This is very likely tgpectral densityP™™ = kT = 2.5 - 16° Watt/Hz atT
be the case, but is not at all crucial for the following1.8 K.
discussion.

To feed power into our device we shall use a voltac
controlled microwave oscillator locked onto the cavity
symmetrical mode, at frequenay. If we assume a
lorentzian power distribution and a constant power of tr
lower (symmetrical) level we get:

4P,Q
P = Wg Watt (10)
Hz
1+ Q2 W _9s
s W

Here and in the following equations the suffiabels
quantities related to the symmetric mode, while the
suffix a stands for the antisymmetric mode. From th&igure 1: Schematic view of the experimental detection
above equation we can estimate the local oscillator noiggheme in reflection and in transmission.
power spectral density at the antysimmetric frequency,

i.e. the leakage of modeat the frequency of mode 3.2 TWT Input Noise
4RQ The rf signal atw, feeding the cavity is generated by a
_ Wy _ Watt VCO and amplified by a TWT amplifier before entering
PaOS((%)——~RGg_;%§E (1) the first magic tee. The TWT amplifier is a Logimetrics

1+Qz%_ws§ A340/S withA = 42 dB nominal gain at 3 GHz and a
0y noise figureN. = 18.7 dB. The noise power spectral

N dth _ | g density input in the system is given by
\gutegrzezwai_z)je the approximate relat@ = wU.an P™= KT-10"°.10" =KT, = 5-10° Watt/Hz (12)

Ris a number which depends upon the details of thg 300 K. This value is, for the time being, the most
measurement; if the receiver does not discriminate tR@yere limitation to system sensitivity, as we shall
parity of the field at frequency, R is of order one. djscuss in section 3.4. This huge noise power should be
Discrimination of the parity, as in the RRM experimentattenuated by the mode discrimination system described
would considerably reduce this value. RRM made use pf the previous section. In fact the antisymmetric mode
a magic tee to excite the symmetric mode trouththecomponem excited by the TWT noise at frequengy
port, and to detect the antisymmetric mode troughtheshould be rejected by a factor of ordetby the input
port (see fig. 1a). With careful adjustments they obtaingflagic tee. First measurements performed on the system
70 dB isolation between theandA ports of the magic showed that, while the symmetric mode amplitude is
tee R= 10). attenuated by a factor of 10by the discrimination

Additional noise suppression should be achieved Ry stem, this noise spectrum is virtually unaffected, being
improving the mode discrimination and detectifgin  |owered, at most, by a factor of 10. This shows that the
pure transmission (see fig. 1b). With the use of twgansmission detection scheme, while very promising,
additional cavity couplings and another magic tee, thequires very careful adjustments fth the input and
input and output signals could be optimally separatedutput couplings to be effective.

The input couplings would be balanced so as to null the
excitation of the second cavity mode produced by phage2 Low Noise Amplifier Input Noise

noise in the input. The output couplings would IlkeW|sg.Pe input Johnson noise of the first amplifier in the

be 3 alal_: Cfg. to null the tra;ntshmls,?s(;ogBo.f tTet.symr.nemcaetection electronics has to be evaluted and added to the
mode. By this arrangement the /4 db 1Solation glven.t} rmer to establish the overall system intrinsic noise
a balanced magic tee is used twice. In fact numeri

simulations performed on this system configuration gave
R= 10" for the transmission detection scheme. With thig,
calculated value oR, settingU, = U, andQ = 10° we

osc __ 19 —
get, at 3 GHzp, ™= 1(.) Watt/Hz forQ =1 KH.Z' ALQ This leads to a thermal noise power spectral density at
= 1 MHz, the contribution of the symmetrical mOderoom temperature equal to

width is negligible compared to the thermal noise
P "=KkT-10"™" =KkT,=5-10" Watt/Hz ~ (13)

The rf amplifier we are using is a JCA23-4029,
anufactured by JCA Technology, Inc. which provides
48 dB gain at 3 GHz with a noise figuxke= 0.6 dB.
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We point out that this value is obtainedTat 300 K former expression in two limiting cases. Wha@n~ w,
which corresponds td,, = 340 K. In principle using a we have
cryogenic preamplifier one should gain more than an

. 2 _
order of magnitude and g&™ = 2.8 - 16° Watt/Hz (hB’) ~ 4kT(§m %(Hz) 1 (17)
with an equivalent temperatufe, = 20 K. mL® Q
3.3 Brownian motion noise while if Q >> ¢ we have
Since we plan to operate our device as a mechanical ( Br )2 4T 1 o 4
motion transducer we must consider mechanical noise h =———(Hz) (18)

2 4
sources as well as electronic noise sources. In fact using mL* Qm Q
eg. (6) we can write the brownian noise spectral densityFrom egs. (14), (17) and (18) we can write for the

as brownian noise power spectral density
B Br |2
P,B = U SQ(h r) (14) pBr = KT 5 @y (19)
mL2 Q3

To derive an explicit expression ¢f" we have to
develop a mechanical model of our system. Since it figr Q = w,, and
quite difficult to treat the problem in the general case, AT Q wyw
and since we are interested in an order of magnitude PE = a_m
estimate of the relevant quantities, we shall focus our mL? Qm Q*
attention on the longitudinal vibrational behaviour (i.e
on the mechanical displacements that change the ca\;l?r = 2> Wy . . . :
length) in two limiting cases: Yo give a nume_rlcal estimate of this quantity the
€ng 9 ' mechanical properties of the resonator should be known.
If we setT =1.8 K,m=10 Kg,L =1 m,Q, = 100,Q =
10° andU = U, _, we get near a resonance ®r w,= 1

Br _ 11 . .
dimensional vibrational spectrum can be describéﬁHZ’ P_a = 10~ Wait/Hz. From the_above cc_)r_ls_ldergtlon_s
Is easily seen that to get an high sensitivity, in this

by a discrete set of isolated resonances;

U (20)

TC
e alow frequency Iimit@um = TS@ where the one-

- experimantal configuration, we should avoid to work at
* an high frequency Iimit%om »TS% where the frequencies near to the detector mechanical resonances.

system can be considered an elastic continuum.  3-3.2 High frequency limit

Let us start our analysis by asking which is the mean
vibrational energy per unit bandwidth in our system. We
The mean square displacement spectral density neakrew that the mean energy per resonant mode=i&T ,

3.3.1 Low frequency limit

mechanical resonance is given by [4] where we can safely neglet quanto-mechanical
4KTo corrections for all frequencies of interegtQ <<kT . )
m
5 W m?2 To find out the mean energy per unit bandwidth we have
[X(w)|” = m — (15) to multiply the mean energy per mode by the number of
2 2\2 +_nmm Hz modes per unit bandwidth at frequenQy o(Q). It is
(@ = wm) HQ, well known that for a one-dimensional system this
B number does not depend on frequency and is equal to
This amplitude is, from the parametric conversion _ L . L .
process point of view, equivalent to the externaP(Q) _T[C_s, wherec, is the sound velocity in the solid

perturbing signal. In other words we can associate
brownian motion a fractional change of the characteris
system length.

tE:%nsidered. We have for the mean vibrational energy per
it bandwidth:

B1/2 <E> = kTL (21)
H 4K Ty, dQ TCs
O O
pBr <1 |x(o)|2 10 mQn o 1 (16 If we compare the above expression with the energy of
L LO , o, S JHz a one-dimensional harmonic oscillator at frequency
ﬁ‘*’z ~Gh) +_Qm u Q we can write <dE>:m§22<x2>dQ, where <x2> is

. L . the mean square displacement spectral density and we
Obviously the relevant contribution of brownian q P P y

motion noise is fow = Q. We can slightly simplify the can easily derive an expression (0‘2> 1
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(L
mQ? TCs

(-

(22)

3.4 System sensitivity

All of the noise sources are incoherent. The total noise

At this point is straightforward to find the expressiorpower spectral density is the sum of all the noise

that givesh™ as a function of system parameters:

2
(hBr)2:<X >:i kT
L2 TCs mQZL

(23)

Using eq. (23) and setting= 1.8 Km=10Kg,L =1

m, ¢, = 4.75 - 1dm/sec,Q = 10° andU = U

for Q =1 MHz,P” =

10%° Watt/Hz.

max?

we get

sources:PMN = p2s¢.+ pTWT 4 pamp 4 pBr

Using the expressions found above we find the
behaviour shown in fig. 2 of system sensitivity as a
function of detection frequency. The values plotted in
fig. 2 have been calculated for a signal to noise ratio of
1.7, corresponding to 90% confidence level for gaussian
probability distribution. Due to the strong dependence of
detector sensitivity to the mechanical properties of the
device a detailed study of those properties is needed.
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Figure 2: System sensitivity vs. detection frequency. Plotted values are for a signal to noise ratio of 1.7 (90%
confidence level)
2
4 MECHANICAL AND f,Hav
ELECTROMAGNETIC DESIGN OF THE
DETECTOR

The detector is built using two coupled RF cavities. The dheim lik | loadi ; q
geometry of the resonators gives us the electromagnelf“ﬂ)rr1 eim Ih'e nonlresqnar;_t Eectron hoa |ng% 1 modes
field needed for the detection of the wanted physic&\f't vanishing electric field at the surface are
- mandatory.
quantities. The af ioned i t the field
Because the ultimate sensitivity of the detector at a © a_orer_nentlone requirements —on e ne
given frequency is related to tigeand the stored energy configuration in the coupled r'esonator forpe us to_follow
of the resonator, a resonator geometry with higwe same path of Reece, Reiner and Melissihossing

: ; . TE mode for the cavities.
eometric magnetic factdris preferred, where a .
9 9 P Early analysis of the best resonator shape suggested to

use two spherical cavities coupled trough an [Bis

I =wpHo (24)

foH 2ds

To avoid rf electronic vacuum discharges and Fowler-
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nonetheless the higher cost of this choice and the
dimension of the spherical resonator suggested us to use
as a first step a conservative and lower cost approach
using two cylindrical cavities coupled trough an axial
iris.

The choice of the frequency, at this stage, was
imposed by the maximum dimension for the resonator
that can be housed in our standard test cryostat in a
comfortable way; in our case the inner diameter is 300
mm giving us enough room for a 3 GHz resonator.

The naive choice to start our design is a couple of Figure 3: View of the final design of the detector.
cylindrical resonators having the heightequal to the
diameterd.

For this configuration we can compute all the relevant 5 EXPERIMENTAL RESULTS
quantities, as geometric factor and frequencies, startifge electromagnetic properties were measured in a
from analytical expressions for the fields, or using thgertical cryostat after careful tuning of the two cells
Bethe[6] perturbation theoryfor the evaluation of the frequencies.
coupling coefficient and mode separation. The symmetric mode frequency was measured at

Using a pill box like TE geometry nevertheless 3.03431 GHz and the mode separation was 1.3817 MHz.
should be a little bit upsetting due to the degeneracy ofThe unloade® at 4.2 K was 5 - Ipand no significant
the TE and TM modes; sure this problem is quite mildimprovement was found lowering the helium bath
in our case: due to the very higd value of the temperature at 1.8 K. Even after a second chemical
superconducting cavities, any distortion of the cavitpolishing, performed at CERN, which removed
geometry will split the TE and TM modes avoidingaPproximately 30Qum of niobium from the surface, no
unwanted interactions. improvement was observed. We believe that this very

Nevertheless we would like to enhance the splitting #W Q value is due to hot spots on the surface caused by
be sure to remove any possible interaction between ¢ aforementioned welding problems. A second
TE and TM resonance. resonator, with slightly modified geometry, is under

To do that we design the cavity with a little modifiedconstruction, and will be ready at the end of 1999.
geometry substituting the straight end plates with aAdjusting the phase and amplitude of the rf signal
spherical segment; the effect of this modification is tgntering and leaving the cavity, the arms of the two
move away by 50 MHz the TMmodes. magic tees were balanced to launch the symmetrical

To compute the resonant frequency and the fpode at the cavity input and to pick up the
quantities relevant for our experiment we used o@ntisymmetrical one at the cavity output. With 30 dBm
Oscar2D codg]. of power at thex port of the first magic tee, -50 dbm

The coupling iris is a circular hole on the cavity axisVére detected at th port of the second one, giving an
The effect of the coupling gives a symmetric fielverall attenuation of the symme'grlc m.ode of 80 dB..
distribution at the lower frequency and the anti 1h€ energy stored in the cavity with 30 dBm input
symmetric at the higher frequency, i.e. the coupling RROWer was approximately 1 mJ.
electrical. The signal emerging from thA port of the output

On the basis of the results of the simulations the finglagic tee was amplified by the LNA and fed into a
design of the cavity was decided: the constructiofPeCtrum analyzer. The signal Ieyel at the antisymmetric
drawing of the PACO resonator is shown on figure 3. Mode frequency was —120 dBm in a 1 Hz bandwidth; the

Unfortunately, during the electron beam welding of th'&in contribution to this signal was the input noise of
bottom plates on the cylindrical barrel, two holes wer®¢ TWT amplifier used to feed the cavity. Since the
produced on the niobium sheet. This caused a sevd@T noise passes trough the system with practically no
degradation of the cavity surface and, as a consequerf@éenuation and the rejection of the symmetric mode is
of the quality factor. The detector, before being testetglatively poor (four orders of magnitude worse than the

was chemically polished at CERN with standard niobiuf@xPected value) the adjustments at the input and output
recipes. port have to be improved.

System sensitivity at this stage is given by

— P ~ -16 -1/2
h= /—wUQ 61076 (Hz) (25)

This value is quite far from our goal bfs10%° (Hz)".
Since, to our knowledge, this is the first example of a
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parametric detector operated in trasmission, and sinseurces could be done by correlating two (or more)

this configuration requires very careful adjustments afetectors put at a distance small compared to the g.w.

the input and output ports balancing, we believe thatavelength (so that the signals could be correlated) but

significant improvements are obtainable. Furthermodarge enough to be sufficient to decorrelate local noises.

the new cavity under construction should show the higWith this experimental arrangement sistem sensitivity

quality factor needed to reach high sensitivity. could be increased by several orders of magniftle
making possible the detection of very low signal levels.

6 FUTURE PLANS AND CONCLUSIONS
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measurement.

At the end of the experimental tests on the cylindrical
detector, we shall build and test the spherical cavities
detector configuration, which should give best
performances in view of gravitational waves detection,
due to the more favourable electromagnetic geometric
factor. Moreover, using niobium sputtered copper
cavities, we should take advantage of the very high
quality factors obtained so far with this technique.

If the goal sensitivity would be obtained, the proposed
detector could be an interesting candidate in the search
of gravitational waves or long range interactions of weak
intensity. In fact it is conceivable to push down the rf
operating frequency in the 300 MHz range and the mode
splitting in the 10 kHz range, thus making a series of
similar detectors, working at different frequencies and/or
mode separations, covering the' 2010 Hz range. This
frequency range is beyond the resonant bar and large
bandwidth interferometers operating frequency so that
the proposed detector could be useful to cover the high
frequency region of the spectrum.

Recent work§8] focused their attention on the dection
of stochastic g.w. sources and in particular of the relic
g.w. background and pointed out that a relic background
detected at high frequency would be unambiguously of
cosmological origin. The detection of stochastic g.w.
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