
Vor.vME 3I, &vMazR 5 PHYSICAL REVIEW LETTERS )0 JUz, v 1975

O. Hausser, J, S, Geiger, W. G. Davies, M. A. Lone,
and J. C. D. Milton, Atomic Energy of Canada Limited,
Chalk River Nuclear Laboratories, Report No. CBNL-
754, 1972 (unpublished).

ST. Sikkelsnd, Phys. Bev. 185, B669 (1964).

~ A. H. Wapstra and N. B. Gove, Nucl. Data, Sect. A

9, 267, 303, 857 (1971).
~ R. D. Griffioen and B. D. MacFarlane, Lawrence Ra-

diation Laboratory Report No. UCRL-10023, 1961 (un-
published) .

Null Search for Bursts of Gravitational Radiation

J. A. Tyson
Belt Laboratories, Moray IIil/, Nese Jersey 07974

(Received 16 April 1973)

A calibrated detector of kilohertz-band gravitational radiation has been built which has
sufficiently improved sensitivity over Weber s apparatus to allow comparison with his
two-detector coincidence results. No events were observed by us at 710 Hz during a re-
cent three-month period of observation. Weber's data at 1661 and 1030 Hz would imply
that we should have seen more than 400 events. During these observations, our sensi-
tivity to gravitational bursts was many times that of Weber during 1969-1970. Absolute
limiting flux values are given.

Large bursts of kilohertz-band gravitational ra-
diation have been reported by Weber. ' ' The
most significant features of Weber's observations
and analysis are his claims of (1) excess coinci-
dences (above chance due to noise) in a two-detec-
tor system and (2) a sidereal correlation of these
coincidence events. Estimates" of Weber's de-
tection sensitivity to gravitational radiation im-
ply mass loss rates of (10'-10')mo/yr for our
galactic nucleus, if the source is there. Ques-
tions regarding Weber's sensitivity claims have
been raised by others. ' ' We examine here only
the implications of claim (1). Sufficiently large
bursts should produce unmistakable output on a
single, large detector of adequate sensitivity. A
two-detector experiment is not necessary if local
interference is small. Although Weber's detec-
tors are not calibrated directly, existing data on
his system provide some yardstick for compari-
son of our independent results. In this Letter we
examine Weber's limiting noise using published
data, "report our observations, and compare our
flux limit with our estimate of Weber's minimum
detectable flux.

It is necessary to perform the classic Weber
two-detector coincidence experiment in order to
verify the claimed flux of gravitational radiation
(GR); occasional signals in a one-detector sys-
tem might come from some local source of inter-
ference. However, given this claimed observa-
tion of GR above a certain flux level, a more sen-
sitive single-detector null result is sufficient to
disprove the claim.

For the mechanically resonant aluminum bar
(one-dimensional oscillator) detectors discussed
here, the energy of oscillation varies slowly, ex-
cept during shock excitation. Per mode, the res-
onant bar has an rms thermal potential or kinetic
energy (Brownian motion) of 2kT Asu—dden . in-
crease in this energy due to a burst of gravita-
tional radiation can be distinguished from Brown-
ian motion. For two detectors in coincidence,
this ultimate energy resolution depends on the
type of signal processing and extra noise present.
In nuclea, r counting, the signal-to-noise ratio (S/
N) is greatly improved by using two detectors in
coincidence because the "noise" pulses are brief
compared to the time between pulses. However
the detection systems discussed here are limited
(see below) by wide-band white noise, and a two-
detector coincidence system gains no more than
a factor of 2 in S/N over one detector. More ex-
actly, a two-detector coincidence system is not
more than twice as sensitive than one detector if
the signal is less than the limiting Brownian-mo-
tion and preamplifier noises. However, a two-
detector system does offer immunity from occa-
sional local interference. Finally, in a null-
check experiment of this kind, we must be care-
ful to address the questions of detector frequency,
threshold sensitivity, and signal signature as-
sumed in the data analysis.

In maximizing the sensitivity of a detector sys-
tem to gravitational radiation, we must optimize
several parameters. ' The transducer has capaci-
tance C, . We define P as that fraction of the
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mechanical energy in one longitudinal mode and
one degree of freedom (i.e., potential energy) of
the bar which is present instantaneously as elec-
trical energy —,'C, V' at the transducer output. "
The integrated absorption cross section fo(v) dv

over the antenna resonance at frequency co is pro-
portional to m~'l', where m is the detector mass
and l its length. The fraction of a gravitational
wave burst of energy spectral density e (erg em '
Hz ') appea. ring as electrical energy is then pro-
portional to m&a'PeP. Similarly, the Brownian
motion appears as an electrical energy &kTP if
the electromechanical transducer s instrument
either the bar potential or kinetic energy. Howev-

er, as in the classic Brownian motion problem"
where the particle and observer have different re-
sponse times, the effective electrical energy due

to Brownian motion is given by 2kTP multiplied

by t/T, where t is the observation time and T is
the decay time of the amplitude of vibration of the
bar (t«T) Of c.ourse, the preamplifier contri-
butes noise, proportional to the electronics band-
width ( t'). T-he general expression for the pow-
er signal-to-noise ratio for one degree of free-
dom is given by

S/N= nm~'l'eP(kTPt/2T +N/t) ',

where n = G/c' and N(~) is an electrical noise
factor given (for high input impedance preampli-
fiers) by

N =(4/m)AT(R, C, + &a 'tan5)

+ (preamplifier parallel noise).

This expression for N gives the electrical noise
arising from the three remaining irreducible
sources (5 = transducer loss). Generally, the
term containing the preamplifier series-noise re-
sistance R, is the largest, for state-of-the-art
field-effect transistors.

Equation (1) indicates that in order to maxi-
mize sensitivity to GR at some fixed frequency

one should maximize m&u2l'PT-mfa, and

choose some integration time t such that the two

terms in the noise denominator are equal. If am-
plifier parallel noise is much greater than trans-
ducer parallel noise, one must choose a trans-
ducer such that R, C, = v ' tan5. We have done
this with an 8000-lb aluminum bar as the detec-
tor mass. We shall now describe the system and
our observational results, and compare this with
the Weber system and observations. Although we
have previously used other detection schemes em-
ploying various types of transducers and demodu-

lation methods, we confine this description to the
system which produced the three months' results
quoted herein.

The 3.6@10'-g, 357-cm-long aluminum bar is
instrumented with four symmetrically placed
PZT-8 ferroelectric transducers around its mid-
dle. These are wired in parallel and go to four
parallel preamplifiers (each R,=40 0). These
outputs are added and narrow-banded at the bar's
first longitudinal mode frequency (710 Hz) with a
bandwidth of 3 Hz. The antenna has a loaded Q
of 220000. Linear detectors in phase quadrature
detect the 710-Hz signal (reference oscillator
within 5 ppm). These quadrature components (av-
era.ged 100 msec) are recorded on a digita, l tape
system (10 Hz sampling rate) and a.re also squared,
summed, and square rooted to obtain the distance
from the origin in the complex plane (amplitude).
This averaged amplitude (1 sec) is recorded on a
chart recorder (4 sec/mm) alongside outputs of
a narrow-band microphone at 710 Hz and other
seismic and magnetic detectors. The antenna is
in a vacuum of &10 ' Torr and the vacuum tank
is floating on triaxial air mounts of & Hz reso-
nance. This system is inside an acoustic enclo-
sure and the electronics and data acquisition are
isolated from the power line and electromagneti-
cally shielded.

The antenna is calibrated' by introducing known

mechanical forces through a capacitively coupled
end plate. The Brownian motion (Fig. 1) is easily
observed and is thermal (290'K) in spectrum, en-

ergy probability distribution, and absolute value
(from calibration). Other relevant parameters
are the transducer capacitance C, = 50 nF, and
the total coupling p =2x10 '. This represents a
10'-fold increase in P Q over Weber's 1969-19VO
system. Qur Brownian motion observed corre-
sponds to an rms strain b.//l = 3x10 ". We have
increased our S/N over Weber's detectors by
raising the differential absorption cross section
(x6) through increased mass and length (this low-
ered the resonant frequency from 1660 to 710 Hz),
larger electromechanical coupling, higher Q, low-
er noise preamplifiers, and optimization of trans-
ducer capacitance. As a result, total wide-band
noise is —,

' the total Brownian motion, correspond-
ing to a limit strain of Al/l =3.5x10 "and, for
the computer-processed data, an instrumentation
noise temperature of 10'K. (In this program, the
computer looks at the differences between the ex-
pected and actual positions of the antenna vector
in the complex plane. ) We now report observa-
tions with this detector.
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Because of the increased S/N, we do not search
far below the noise. We have closely examined
our chart records for 10 December 1972 through
14 February 1973, and 5 March through 4 April
1973 looking for an increase in potential energy
(risetime ~ 1 sec) of 4kT or larger, followed by
the expected long decay [see Fig. 1(b) for signa-
ture]. We have found no such events. We should
have seen &1 due to chance. Our results are con-
sistent with purely thermal (Brownian) noise
down to a threshold of Al/l =2x10 ". We have
routinely applied precise low-level mechanical
shocks, 710-Hz mechanical bursts, and slowly
swept signals from our calibrator of intensity
4kT, reproducing the expected output [Fig. 1(b)].

LOG SIDEBAND FREQUENCY (Hz)

FIG. 1. (a) Line shape of our detector resonance ob-
tained through computer analysis of our data tapes.
The power spectral density at the line center (Brown-
ian motion) is 34 dB above the wide-band preamplifier
and transducer noise spectral density. Integrating our
spectrum, this wide-band noise limit corresponds to a
limiting strain sensitivity of Al/l =3.5x 10 '~. The
noise spectrum of the bar drops off at 20 dB/decade
above (4y) ~ Hz exactly as expected for linear detection
of a resonance with Lorentzian (Breit-signer) shape.
Included is our estimate of Weber's 1970 noise spec-
trum (dashes) . In (b) is shown our detector amplitude
signature (typical) for an artificial 4W shock excita-
tion, In several hundred seconds the baseline wanders
over a range kT/2 due to Brownian motion.

[There is some evidence for signals fa.r below the
noise. Continuous convolution" of the tape data,

for the detector complex-plane output with the ex-
pected (measured) response to shock excitation
has shown that our detector is occasionally excit-
ed (in nonthermal fashion) at a level as high as
kT/8 A.t this time we cannot rule out local inter-
ference at this level (&kT/8). ] Our null observa-
tions imply e Jo(v) dv &ST/4, with burst duration
&1 sec. This gives an upper limit to the GR en-
ergy spectral density per burst of e &3 &10' erg
cm ' Hz ' at 710 Hz. Corresponding burst ener-
gy densities range from 3x10' erg cm ' (1 sec
duration) to 3 x10' erg cm ' (10 ' sec duration).

We now show that, if claim (1) is correct, and

if similar GR bursts were incident during our ob-
serving period, we should have clearly seen more
than 400 events during these reported observa-
tions. To do this, we must compare our S/N to
that of Weber. We use his system of 1969-1970
(hereafter called Wl) as a means of comparison
for several reasons: The system parameters for
his 1969-1970 detector are published'; in addi-
tion, this was the period of time during which he
obtained most of his data' (published) which yields
a large coincidence excess and sidereal effect;
improvements in his system (-10x in S/N) have
apparently not produced a notable increase in
event rate. " We first show that it was impossible
for the W1 system to resolve the Brownian mo-
tion of the bar in 0.5 sec or less. The W1 sys-
tem' had the following parameters: ~ = 2s(1661)
sec ', C, = 100 nF, p = 5 x 10 ', Q = 7.7 x 10'. Al-
though not reported, the series-noise resistance
R, of Weber's Nuvistor pentode must have been
at least 700 Q.' Nevertheless, much of the re-
sulting wide-band noise was rejected by Weber's
inductive input feedback (Rz) preamplifier. Using
Weber's' equivalent circuit, we compute Brown-
ian-power —to-wide-band-noise ratio (S/N)s re-
ferred to the output of the preamplifier. The
mean signal voltage squared in this case is (Vs„„„')
= 4kThvRf'/R„where Av = ~v, /2Q is the noise
bandwidth of the bar resonance. Summing the
squares of all the wide-band noises, we obtain

R, '{S/N), '=(~f/~v)[R, (R, +R,)'/R, 'R, '+R, '+R, ']+R,R,

where bf =1 Hz is the electronics noise bandwidth.
With his values of R& = 3 &10' 0, R, = 2600 0, and

R, =2x10' 9, we obtain (S/N)~ =1.
Thus, we estimate that the W1 system was

wide-band-noise limited at kT, i.e., at the rms
Brownian noise level (T,ff-600'K). We can now

make a direct comparison of our (S/N)zrL with the
Wl system: (S/N)sr~/(S/N)w, =—R. This relative
S/N for detection of GR will be the product of the
relative absorption cross section and the relative
S/N for observation of the bar's Brownian motion.
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Using all the above data, we obtain R = [(m &u'l'), T~/
(m~'l')w, ][kT/kT(t/T)sTL]=3(t/r)sTL ' for the rela-
tive S/N, where (t/T)»L =10 ' (see Fig. 1), cor-
responding to our values t = 0, 1 sec, 7 = 10' sec.
This gives a relative improvement in S/N over
the W1 system of &10', if the two systems were
limited by thermal-like noise alone. However,
this is calculated for both systems exactly at the
noise level (wide-band noise limit). We must con-
sider the thresholds in the two systems, taking
into account the spectrum and statistics of the
noise. The W1 system was thresholded so that
the threshold was crossed 77 times per day (N„Ns
=6000).' Since the Wl system had' t(0.5 sec, the
threshold would have been crossed (on the aver-
age) about once per second if it had been set at
the average Brownian plus wide-band noise level
(,'kT+-,'k-T). Therefore, since Weber had a mean
of (N„Ns)'" = 77 crossings per day (86 400 sec),
the threshold had to be at a value which gave a
decrease of roughly 86400/77=10'=e' in cross-
ing probability. Thus, we estimate that Weber
was thresholding above 7kT. Similarly, we did
not threshold at our wide-band noise limit, but
rather at &AT. Therefore we have an estimated
increase in S/N for GR of 3 x 7 x 4 = 84 over the
W1 detectors.

Also we consider the question of detection effi-
ciency. Experimentally, we detected test pulses) 4kT with —60% efficiency (we look for sudden
decreases as well as increases). The Wl system
counted only positively going, fixed-threshold
crossings and its efficiency has variously been
estimated at ( 10%, in rough agreement with his
quoted" triples-versus-doubles ratio. Account-
ing for the additional factor of 2 due to two detec-
tors in the Wl system, this relative power S/N
of 80/2 and relative efficiency of six gives a total
sensitivity increase to GR bursts in excess of
that required to perform a single-detector null
search.

Recently, Weber has been detecting - 5 events
per day, "about the same as the W1 system. Al-
so, he reports" that there are as many events at
1030 Hz as there are at 1660 Hz. Thus, we
should have seen at least 450 events (most of them

off scale) during our period of observation, even
assuming that the events detected by Weber are
the only existing kilohertz events. A more rea-
sonable pulse height distribution would predict
many thousand. From Weber's experiments, "if
he had been detecting short bursts of GR, the
flux at 710 Hz would not be expected to be signifi-
cantly less than at 1030 Hz. We do not speculate
here on what Weber is observing, but it seems
unlikely that these events are gravitational radia-
tion (splash, slowly swept, "or otherwise) parti-
cularly since our detector is a Weber-type ener-
gy detector (t-1 sec) and therefore is relatively
insensitive to details of the wave form of the met-
ric curvature. "
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To masquerade as Brownian motion, a narrow line
source must sweep slower than ~/2~Qv( 10 Hz/sec
(0.1 ppm/sec!

'~We plan coincident operation with an identical detec-
tor being built by D. H. Douglass, at AE ( kT/10.
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