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ELECTRONICS FOR THE IBM GRAVITY WAVE DETECTOR--CONCEPT,
IMPLEMENTATION, AND EXPERIENCE

James L. Levine
and
Richard L. Garwln
IBM Thomas J. Watson Research Center
Post Offlce Box 218
forktown Helghts, NY 10598, USA

i
Our apparatus--antenna, transducer, whereas all other evidence points to an
slgnal processor, and callbrator--was 10
designed to settle the question of the age on the order of 10 years. Thus
exlstence of gravity waves at 1.7 kHz of there was great |Interest among theorlsts
the numbers and Intensitles clalmed at In this problem of the large-scale
the time we began (end-1971). Thus our structure of matter and Its coupling with
deslgn criteria were: (1 modest gravity. It was simllarly of Interest to
sensitivity, (2) sensitivity Independent see whether the observatlons were sound.
of signal arrival time and state of Greatest Importance lay not In
excltatlon of the antenna, (3) absolute verlfying the detalls of some calculatlion
calibration with pulsed = mechanlcal of gravitatlional radlation, but rather In
excltation of the antenna, (&) full determining whether '"large pulses" of

gravity waves ("GW") were IiIncident on
earth several times per day.

Detectlion of GW requires
consideration of several processes, only
some of which are wunder the control of
the experimenter: ;

1. source of GW
2. transmisslon to earth
3. exclte GW antenna

simulation of the apparatus, (5)
hands-off computer analysis with every
polnt published. H

We recognlzed that a single bar
would wultimately be 1imited by some
Boltzmann distribution of noise at
sub-thermal temperature (18 K for our bar
at 300 K), and that such an ldeal antenna
would be equivalent to an Ideal

coincldence palr of antennzs, each of 4. energy transfer to transducer
half the mass. Transducer, amplifier, 5. ampllfy transducer signals
6. reduce redundancy

signal processor, and programming were
all done by the experlimenters|In order to 7. record without loss of
reduce the cycle time for |Introducing significant data .
improvements.  Before the antenna and 8. efficient computer search
amplifler were ready, the processing for gravity wave slgnals

the antenna Is exclted

algorlthms were developed and tested with In step (5),
= : d not only by gravity waves (If they are
dlgitally slmulates Antenng Butpyr; 20 incldent) but by thermal excltation and

: ) local

:g?:eprDElgfida“°'fgd beAny Z:???zlently by local vibration and acoustic nolse.
infrequent so that the single antenna Similarly, In step (5) the amplificatlon
could negate claims by Weber of the of the transducer signal 1Is afflicted
I 1 with thermal and non-thermal clrcult
detection of gravitatlonal radlatlon. nolse. Our results are summarlzed In

The computer processing obviated the need 2,3,4,5 d
for temperature control of the antenna or several papers. " a4 hwor tﬁe
for tracking of the bar resonant showed  (as have others) that &
detectlions reported by Weber were not due

frequency with the reference osclllator. ‘o nutsec GF previtatfonal radlariom,

and, In some cases, not to any phenomenon

Introduction
: of physical Interest. X
' In our published papers, we _have
Benoral  relativity Aaligws, ede to analyzed In conslderable detall the nolse

calculate the radlatlon of gravitatlional

[}
ener%y by accelerated masses (or more and the detectlon efflcliency of Weber's

order to be able to

1y, b a time-varyin mass electronics, In
§S§§r3§o¥e) YBut the effiZIeﬁcy of compare the senslﬁl¥:ty 2f our agpaizt::
: ; with hls. We sha no repea 0
radlatlon from slowly moving objects Is N e e conFining ourself .

small, and the couplling with masses which

might be used as detectors Is also discusslon of electronics of our own

small. Thus the few eTents pft:rd day experiment.

it Vi, T s
corresponded to the'transfornatlon o2 bar o L 1oy “typa Jorech 150-cm
e ationsl radiation, lsading to the  long by 38-cm dlameter and welghing 480
dlsappearance of much of the mass of our kg. The lowest 1ong|tud|¥a;

F,=1637 Hz.
galaxy over a perlod of 108 years, compressfonal mode has Fg .
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bar Is operating ‘In a vacuum of less than
0.2 Torr In a normal laboratory. It Is
supported, axls' horlzontal and orlented
east-west, by a steel cable from a
three-stage mechanical fllter of 50-kg
cast-lron masses separatec by rubber
vibration Isolators. The vacuum chamber
with lts contents Is further Isolated at
low frequenclies by suspension from a
pneumatic servo lsolatlon frame.

The amplltude of vibratlion of the
resonant bar |s measured by a transducer
coupled to the end of the bar, A

plezoelectric ceramic cube

a few
millimeters on a slde (lead zlrconate
tlitdnate--PZT-4) provides a silgnal

proportlonal to the dlsplacemen

the end of the alumlnum Ear and ; :EF:;?Q
mass (5 kg) which Is supported by steel
wires from pins set Into the alumlnum
bar. (Flg. 1) The resonant frequency of
the selsmic mass with the stlffness of
the ceramic Is Fx-BDU Hz, so that the

mass Is a nearly statlonary anvil from
which to measure the vibratlon of the bar

at Fus
B BALL JOINT
PZT-4
11\
/
ALUMINUM BA -mgamg" MASS

FPig. 1. The pieaocelecstric

ceramie transducer measures the

displacement of the end of the

aluminum bar with reference to

the seiemic maes suspended by

wires from the end of the bar.

In princlple, then, @ pulse of
gravitatlonal radlatlion Incldent upon the
bar at rest will exclte [t Into
osclllatlon at FB’ whlch osclllation will

persist for the natural damping time of
the bar (Q/2m cycles to '1/e of the
Inltlal energy). Clearly, whatever the
preexisting state of osclllation of the
bar, the Incldence of the pulsed gravity
wave wlll yleld preclisely the same
additlonal vector amplitudej Since the
ringing time of the bar Is on the order
of 1.4 sec; and because the preexlistling
energy of the bar Is In any c¢ase not zZero
because of the presence of thermal
excltatlon drawn from a Boltzmann
distribution at room temperature  Tp
GW pulses can best be detected by means
of an algorlthm which essentlally
subtracts from the amplitude at the end
of the sampling Interval the amplltude at
the end of the previous sampling
Interval. In thls way, detection of
gravity waves can be made |ndependent of
the preexlisting state of osclillatlion of
the bar, and the system can have uniform

sensitivity to gravitational radiation.
The simple subtractlon of wvector

amplltudes thus allows measurements to be
made with good time resolution wlthout

Interference from preexlsting exclitatlon
of the bar. It makes nelther economlc
nor physical sense to choose an
infinltesimal sampllng Interval T--as
we shall see there Is an optlmum for the
detectlon of slgnals In the presence of
thermal amplifler nolse and bar dampling.
Flnally, we shall see that an algorlthm
slightly more compllicated than simple

subtractlon of vector amplltudes Is .

deslrable In order that the system have a
unique response to a glven gravity wave
Iinput (even In the absence of nolse)
Independent of the arrival time of the

gravlity wave Impulse wlithin a sampling
Interval t. We shall [Illustrate this
point, by a brief comment on the

publicatlion by Bramantl, et .

Implementation

5 Sy ﬁ»&n;i:.:g. =t B
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A preamplifier (Flig. 2) consisting o

g2z Q0038
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Fig. 2. Schematic of pre-
amplifier mounted on seismic
mass. Piezoelectric ceramic
transducer of 28 pf capacitance
ig connected at input. Note
that injudicious chotce of C;»

together with stray capacitance
€, ecan result in placing

aeross the input a noiseless
registor of magnitude
R = (I/gm)(CL/C;), where g _

ig the transconductance of the
input FET. More generally, if
the first op-amp has a gain G

with a 90° phase lag at fo

(before external feed-back via
a resistor 34) then the input

admittance of the FET becomes

L

1 4
ﬁ = gmh!cF( ‘_“—NCL-— 'I——rG J-

Thue the amplifier may damp the
bar, decrease its apparent
losses, or even render it
ungtable, depending on the
seemingly irrelevant values
of Ry and G. Similar
effecgs may have troubled
other workers, espectally
those without facilities to
injeet known mechanical ener-
gies into their baras.

CAPACITORS IN MICROFARADS, EXCEPT AS NOTED
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ot a fleld-effect transistor followed by
two Integrated-clircult op-amps Is mounted
on the selsmic mass, and the! output
(proportional to the dlsplacement of the
bar) Is led via cables along the bar and
Its support. The signal Is then fed In
parallel to two phase-sensitlve detectors
(synchronous reversling swltches) operated
respectlvely by dlrect and quadrature
slgnals from a stable osclllator of
frequency fa (Fo-fB+Af; -1<Af<1 Hz). The

outputs feed resettable
At the end of each Interval

detector
Integrators.

T (40 cycles of f0 or ~ 24 msec), the
outputs of the Integrators are diglitlzed
(10 v full scale) by 8-blt A/D
converters yleldling two B8-bit (1l-byte)

amplltudes which are wrltten (plus parity
bits). onto an Incrementing magnetic
tape. The Integrators are then rzset.
The data are wusually grouped In
blocks of 16,384 bytes (3 min of elapsed

time), which Include 4 bytes of time
Iinformation from a quartz-crystal
counter. About 40 h of data can be

single 1200-ft magnetlic

accumulated on a
Is then processed

tape. Each data block
by a computer which flrst computes the
autocorrelatlion functlon and from It the
decrement § of the bar (G:HTfD/Q) and Its

then used

offset f -fB These data are
to predlgt from each palr of amplltudes
[a vector v(t ) in the phase plane] the

amplftudes of the next 1 seconds later,
v*{tn+1)zv{tn)exp(-6), (1)

after obvlous correctlons for frequency
offset. Predicted amplltudes are then
subtracted from the measured amplltudes,
with result |

d(tn)'Ev(tn-fT)-\f*(tn*'T). (2)

represent estimates

amplifier nolse) of the
changes during the

The d(tn)

(corrupted by
successive amplitude

Interval t by virtue of the coupling of
the bar to the reservolr at room
temperature (dampling) and through the

absorptlon of any gravity waves. 'To each
of the d{tn) corresponds an energy E_

which would be glven to a bar at rest by
its Impulslive excltatlon to an amplltude
d(e ). If a large callbratlon pulse can

be calculated a prlorl to glve the bar at
rest an energy EC, and |If the normal

computer processing as outllined above
ylelds for the Interval contalnlng the
callbratlon pulse an amplltude change dc’

then the d(tn) may be taken to represent

energles

)

2
E =€ [d( )/d 1%

The sensitivity of thls system to an
Impulse s independent of the
pre-exlsting state of osclllation of the
bar, unlike systems which require
threshold crosslngs.

Flgure 3 shows a
auto-correlatlon functlon AC(mt)
bar In thermal equilibrium at
calculated from 8000
polnts with an Interval
autocorrelation functlon
compute the

typlcal
for the

295 K
successive data
=24 msec. The
may be used to
mean bar energy. If AC+ Is

the extrapolation to zero delay, the
average bar energy lIs

( il 2

Eg)ayg™ (vt )], (E.7d “IACk. ()

o CX{e KT D ICKI e XIS

B (XY irer' D 4 SRR Se (VIS

e os o is 26 23 30 33 40 45 80
TIME DELAY T° (S£C) ;

Fig. 3. The normalized auto-
eorrelation funetion AC(mt) for
x (curve a) and the orosa-
correlation function for z and
y (curve b) computed from the
digital data of 14 March 1972.
Then AC(0):=1, and the measure
of amplifier noise is the
deviation from 1 of the extrap-
olated value AC* of AC(mt) ae
ag m+0. Here AC*=0.94. The
correlation functions osocillate
with frequency fB—fo.

Thls measured (EB}avg Is used to defline a

B’ kTBEEB.

excltatlon of the bar, and nolse from the
amplifler, should vresult |In E, belng

Boltzmann distributed wlth frequency of
N-Ncexp(-En/kTe). The
expected for T as a

bar temperature T Thermal

occurrence value

result of bar

temperature and "amplifler nolse may now
be calculated as
Te*=2Tg[6+(1-AC*)/AC*] . ()

Large 1 allows a larger Influence of bar
temperature [the flrst term 1In Eq. (5)],
and short T a wlder-band contribution of
nolse from the amplifler [the second term
In Eq. (5)]. To provide sensitivity
Independent of Impulse arrival time
wlthin the Interval =, we use an
algorithm similar to Eq.(2), but
involving

V(tni'mTJ’(m--Z,-'l, 1i2)y

for which the expected effectlve value of



Te s

- + + (1-ACw
T *=2T, 6 15—1%§35~11 i S (¢)
With 1=24 msec (40 cycles), (1-AC*)/AC»
=0.06; &=0.010,. Te*=33 K, as compared

with the observed 1-day averages of
TB=3GD.1 K and Te=28.9 K. Thus, for our

bar Q/n=4200. (In Eq.(6), K=2m+l.)

To provide a known osclillatlon
energy to the bar, we wuse N perliods of a
callbrating voltage, the value of which
In successive half-cycles of the bar
reference osclllator f, Is +V,0,-V,0.

The energy glven to a 1long thin bar by
this signal applied to a plate of area A
spaced s ¢cm from the end of the bar Is
(cgs-esu) .

2,24 24 -
E =ASNSVY/baMpu,©s”. | (7)

We have A=257 cmz; 5=0.17 cm; N=5. In
deriving Eq. (7), we make use of the fact
that the osclllation energy of a long bar
is related to the peak amplitude a as

E=1/2M wlal, with the effedtive mass of

the bfr M_=1/2Mz.  With |V=10V"=10/300

esu, E _=4.31x10 13 erg or 3130 K, The
mean enérgy of the bar Is thus determined
from Eq.(4) to be 300.1 K, In reasonable
agreement with the room temperature of
295 K.

The slgniflcant data from the
experiment are contalned [ the palr of
numbers d(t ) computed each T seconds

which represents the vectar change In

amplitude of osclllation of the bar. A
typlcal distribution® of the energles E

corresponding to the observed amplitude

.changes Is shown In Flg. 4. The straight

line I's o N=Njexp(-E/KT_),| with an
effective temperature Te=1$.5 K. Except

possibly for one pulse, ths totality of
data reduced thus | far s
indistinguishable from the thermal
distribution which would b2 obtained In
the absence of gravity waves. The
Isolation against mechanlical and
electrical disturbances Is evidently good
enough to make such extraneous Influences
negliglble contributors  to the
osclllation energy of the bar.

The energy scale of Flg. b Is
determined by comparlison with an
electrostatlc callbrator and are glven In
convenlence in units of the mean
osclllation energy kT, (Tr-room

temperature), the straight 1ine
(Boltzmann dlstribution) belng the result
expected If only thermal and amplifier
nolse were present. Data blocks
containing callbrator pulses are
processed together with regular data just
11ke any other block, and the callbrator
pulses are ldentifled as [1f they were

— 80 —
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Fig. 4. Histograms of obser-
ved impulse energies. Solid
curve, Boltzmann distribution
with effective temperature
?e=18.5 X.

gravity waves. The slope of tHe I1ne
defines an effective temperature
Te=0.063T_ which characterlzes the

experiment. The histogram Includes

4.1x107 values obtained during a 27-day
period (3-30 December 1973)., Only one
measurement Interval (time: 23:01 :22*1
sec, E.S.T. 12 December 1973) contained a
pulse substantially above the nolse, We
will discuss this pulse below.

We have obtalned the efficliency for
detecting pulses of energy Eg above a

threshold value Et' both theoretically

and experimentally. Let a large number
of such pulses occur. In the presence of
Boltzmann-distributed nolise characterlzed
by mean value kTe, the detection

algorithm will return a distribution of
apparent pulse energles E, related to the
Riclan distribution functlong

FCE)=(1/KT ) exp[=(E+E ) /KT 115(X), (%)

. 1/2
X [Z{EEg) ]kTe'

where IO(X) is the modlfled Bessel

function of zero order. Expanding, we
find
F{E) = [lf(hnEnge) ] _
2
Xexp[-(Eg+kTe-E) ]/hEnge, (9)

E , E_DKT_.
|E-E 1By, E>0KT,
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Equation (9) |Is plotted In Flg.5(a) for
Eg-SkTr and the value of kTe obtalned

from Flg. 4. The detectlon efflclency
Pd{Eg,Et} Is the represented by the

shaded area In Flg.5(a):

it
" E)dE.
PylEg Ep) |7 F(E) (1o)
E
t
L} T T T T T
100 PULSES (a}
3T, EACH
50} -
DIFFERENTIAL DISTRIBUTION
E 40t .
8 sl d
8
20 i
§ 0= E, |7 b
0 1 x/ i I ks ..ﬁ"::' L
0 10 20 30 40 80 €0
APPARENT ENERGY (kT,)
T T T T T 1
Y oo f— 18) -
§ 80 100 PULSES -
s IKT, EACH .
v eol ]
s T CUMULATIVE DISTRIBUTION
E’ 40 N i
& L |
w o gl -
3 Q- 1 1 L L 1 1 ]
() 020 30 40 80 €0
THRESHOLD ENERGY E, (kT,)
Fig. 5. (a) Differential |

distribution of calibrator
pulses detected with normal
procedures. (b) Cumulative
distribution of above pulses.
The solid curves are theoret-
ical (see text) and free of
adjustable parameters.

E?uatlon (10) .may be evaluated | In terms
of the tabulated Integral, and |5 plotted
(sotid curve) In Flg.5(b), agaln for
Eg-SkTr.

To verlfy that Eqs.(9) and (10)
correctly describe our complete detectlon
system, 100 pulses of energy EkTr were

Introduced at random times by the

electrostatic force callbrator.2 These
were detected "blind" by. thé normal
detectlion algorithm, 98 being found above
the (normal) threshold E.,=1.1kT_. These

are plotted (solld points) In Figs.5(a)
and 5(b), the agreement belng
satisfactory.

Programming

Data reductlion must start with the
16,384-byte records on magnetic tape, a
palr of bytes representing the x and y
components of the osclllation ampl [ tude
In a frame rotating at the frequency of
the reference osclllator. The
phase-sensitlve detectors feed
Integrators with an Infinlte relaxation
time, which are reset after each sampling
Interval. Thus, for Instance, Impulse

nolse affects onl
Interval. y a single sampling
Since a computer was necessary In
any case to reduce data, we deslgned the
experiment to preserve as much of the
orlglinal Informatlon as possible, and the
use of Integrators wlthout
Interval-to-Interval memory Is In accord
with this phllosphy. The actual data
reductlon program then has a number of
steps:

1. read data
2. convert format
3, calculate autocorrelatlion functlon
to determine frequency offset
and damplng
L. set parameters In algorithm
to determine d(t )--the palrs

of numbers whlch represent
best estlmates of the Impulse applled
to the bar in each Interval
5. Scan data to update hlstograms
and Identlfy polnts above some threshold
6. Compute and output statlstlics
7. Output neighborhood of candidate
. gravlity wave
1T 15 one thing to state what Is required
of a program and another to produce a
program which actually performs these
tasks and no others. The program was
wrltten by the authors In APL, a powerful
Interactive system. In order to test the
processing programs, mock data were
prepared by a completely different set of
APL programs. These programs accept the
parameters of the experiment 1t was
deslred to simulate (FB’ FD’ 5, jjﬁ

etc.) and provide at flrst a set of
thermal Impulses, asslgn arbltrary phase
angies wlth respect to the reference

osclllator and with amplitudes drawn from
a Boltzmann distributlion appropriate to
the experiment. Another program (CALSIM)
could be wused to generate the 1lnear
consequences of applying a callbrating
Impulse of arbltrary amplltude at any
time. In thls way, the processing
programs were thoroughly tested, a few
bugs removed, and thelr efficlency
Increased untll they returned the known
parameters of the simulated gravity
waves. For simulated data where no
simulated gravlty waves were Introduced,
the output was satlsfactorlly Boltzmann
distributed.

At thls polnt, a programmer Wwas
hired to turn the APL programs Into
faster-running FORTRAN programs, which
were then tested on the same mock-data
streams, and a few bugs removed untll the
outputs from the FORTRAN programs and the
APL programs were Identlcal. When real
data from the gravity wave antenna became
avallable, the computer programs were
used to provlide Information about the
apparatus. The flrst few minutes of
observatlon showed that the energy
autocorrelatlon functlon was almost zero

from 100 mli11lseconds to about 150
milllseconds. At this time, the servo
Isolatlon support had not been

Incorporated, and the problem was that



the ampllitude of osclillatlon of the
transducer due to bullding vibratlons was
sufficlent to drive the preamplifier Into
saturation perfodically and thus to
produce wlide zeros In the autocorrelation
function. Reductlon of the transducer
galn below a few hundred hertz, together
with the wuse of the pneumatlc support,
eliminated thls problem.

Days of operatlon wlth the data
recorder looklng at 'a signal generator
rather than at the gravlity wave apparatus
showed about one Interval per day wilth a
substantial amplltude,d(t)Thls was due to
an Interchange between x and y channels,
caused by the fact that the reference
osclllator for the Tlock-Iin-detectors and
a reference clock In the data Interface
were asynchronous. A logical flaw In the
design of the Interface was uncovered and
remedied by redesign. We also provided a
programming modlflcation which, although
Introduced to detect and | automatlcally
reject '"popcorn nolse'" from the Input
transistor, also would have rejected this
data Interface pulse had we not been able
to remedy the hardware. The program
applled automatically a test of
reasonableness to the successive vector
amplltudes v , noting that whatever the

arrlval time of an excltatlon within the
sampling Interval, the vector Vo should

outside a band
p+1‘ i
although only the two
channels were recorded,

protectlon agalnst people
apparatus, and so we

not lle very far
connectling Vp-l and v

Flnally,
quadrature data
we wanted some
banging on the

provided a delayed marker in the data
channels themselves, whereby the
wlde-band preamplifler | output was
monltored before the lock-In detectors,
and when a threshold was exceeded, the
data channels were blanked In a
distinctive pattern beglinning two

sampling Intervals after the detectlon.
The computer output Included the
number of blanks and bursts (popcorn
nolse) and printed out the detalls of the
nelghborhood of these occurrences. We
wanted all determinations to be made
automatlcally, so that no data-dependent
blas could be Introduced by the
experimenters. In fact, we never had
occaslon to questlion the computer‘s
judgment In rejecting these polints.

Callbratlon

Callbratlon
about once a day at
experimenter, and were recovered by the
standard computer program; Even large
callbration pulses drlving the bar to
6000 K of energy dld not trigger the

burst detector nor blank the data
In the wlde-band

pulses were Introduced
the wish of the

channels by detection

signal. Therefore we do rot belleve that
any gravlty waves were rejected In this
way.

- about
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In order to determline the
sensitivity and efflclency of the
apparatus, no detalled analysls Is
requlired. The mass and length of the

bar, the dlameter and spacling of the
electrostatlc callbrating plate, and the
amplitude and number of cycles of the
square-wave callbrating pulse provide all
the data requlired to determine efflclency
for detectlon of pulse gravitatlonal
radlatlion of any assumed wave form (see
Eq.(7)). The experlimental histogram of
Impulses can then be Interpreted In terms
of the expected Boltzmann dlistributlon,
and any excess taken as an upper limlt ta
the rate of Incldence of gravitational
radlatlon.

Experlence

The data of physical Interest have

already been pub!fshed.z’s’u We have
reviewed the performance of the apparatus
for the 27 days of data taken
December 1973. Over thls period the Q of
the apparatus Increased unl formly by

about 5%, (vnz) (bar thermal energy
plus amplifler noli® within the bandpass
of the lock-Ins) was 329%4 (rms) K over
the 27 days, with no significant trend.
The effectlive nolse (kTe) dropped from

18.6 K to about 17.4 K unlformly over the

month,
We have evaluated the performance of

the computer determination of (fB-fOJ
which 1s wused automatically to derotate
the data to avold Impulses appearing
sIimply to due to frequency offset of the
reference osclllater. The rms accuracy

phase advance appears
radlans, contributing
18 K T, of our

In determining the
to be about 0.00h
0.04 K to the

experiment.

We ran our agaln for

experiment

about a month.  In January 1975, wlthout
adjustment from the previous run In
December 1973. A simllar Boltzmann

distributlon resulted, the parameters of
the apparatus having changed by less than
2 percent.

Our data reduction programs have not
changed since mid-1973. We make no clalm
that our system |Is optimum In any
mathematlcal sense. We do clalm that lts
performance has been simply demonstrated
by our dependence on the electrostatlic
callbrator. As we have shown, an

otherwise excellent experlment7 suffered
about a factor 10 unnecessary loss In
sensitivity by the employment of a
0.3 sec filter on the ampl| tude
components, before sampling at 0.1 sec

In addlitlion, these workers had
an excess of Impulses In the tall of the
Boltzmann dlstribution, because they did
not derotate the data by computer and did
not have sufficlently precise tracking of
the bar frequency with the reference
osclllator. Thus for gravity waves
Incldent at the rate of one per day thelr

lnterval.8




sensltivity was about 2 kTr’ whereas the

ellmination of the 0.3-sec fllters would
have grovlded a sensitivity -of about
0.19 kT _.

Conclusion

We designed our experiment so that
different elements of It (antenna,
transducer, data Interface, computer

processing, slmulation packages) could be
tested agalnst one another. We were
confldent that we could not deslgn and
bulld an experlment without error the
first time. Therefore, we concentrated
on testling and Improving--wherever
possible wunder clrcumstances where we
were not senslitive to gravitational
radlatlon. To a large extent, our
confldence In the results Is due to the
simple nature of the apparatus  made
possible by use of computer processling,
by the dependence upon simple and
transparent slmulatlion program, and by
the wultimate rellance on the absolute
nature of electrostatic callbration to
determine sensitivity and nolse
performance.
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DISCUSSION

Maeder : [ have two questions. Oue is the Q-factor of the de-
tectar: o which extent is this affected by the different devices
mounted at the cnds?

Garwin : Well, the initial Q of the detector was about 300,000
without any transducer on it. The loaded transducers have an
inherent Q of the material (Qyp) of about 1000 and so, if one
transfers the energy into electric energy, natwrally the Q of the
detector is reduced. Our first detector of 120 kg had a loaded
Q of 4200 which was negatively affected by the electrostatic
calibrator on the other end and owr 500 kg detector had a
loaded Q) up to about 40,000,

Maeder @ [s it possible (o express the efficiency of the trans-
ducer by a factor which compares to the § value that is used
by other workers? What counts for the overall sensitivity is

the product 3.Q... .

Garwin = Yes, that is right. Our §is 2%. Is it a reasonable
number?

Macder : 2% is a reasonable munber for a § value if you have
a low (.

Garwin : We have p Q < ¢ (Jgy where B is the fraction of bar
ascillation energy present as electrical energy in the transdu-
cer and € is the electro-mechanical coupling of the transducer
material (0.4 - 0.7). Our §() ways 100 - 200, But we do not
use these numbers very much, what we use is the calibrating
pulse, in order to detcrmine the energy scale and 1 can go over
this with you privately,

Maeder @ Then | have a final suggestion. You mentioned an
effeetive noise temperature of 18°K (after the filtering) and
from this [ conclude that you are close 1o optimum filtering
asswming that the noise temperature of vour wnplifier is about
1°K, because one can show that the cffective noise temperati-
re of the overall system is the geometric mean of the detector
temperature which is 300° K and the amplifier noise tempera-
ture

m " . o g, Q ps = o g
Tupl - \ITdclcch:-r Tampliﬂu = ‘!'?00 K- I"K » gk

Do you agree with this interpre tation ?

Garwin @ Yes, that is quite right. What one wants to do is to
choose the sampling time 150 as to minimize the overall noise
The noise comes in two ways, one at 300°K from the bar, and
the other contribution from the wide band amplifier. The
choice of sampling time is indeed determined by such consi-
derations, long v leading to a greater influence of 300°K bar
oscillation noise and short v a preponderance of wide-band
amplifier noise [see eqs. (5) and (6)]. 1f vou change any of
these parameters you get only the square root because you
reoptimize as you said.
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