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A wideband laser-interferometer gravitational-radiation antenna was constructed and used to search for
gravitational radiation in the frequency band from 1 to 20 kHz. The antenna consisted of a Michelson
interferometer with the beamsplitter and retroreflectors attached to masses on soft suspensions that allowed
essentially free motion above the suspension frequencies. The strains in the gravitational radiation produce a
differential path length change in the two arms of the interferometer which is detected by a pair of balanced
photodetectors. The interferometer used a folded-path configuration with an effective length of 8.5 m. The
sensitivity of the interferometer was calibrated with signals from a piezoelectric displacement transducer. The
strain noise in a 1-Hz bandwidth was less than 0.3 fm/m from 1 to 3 kHz, and less than 0.1 fm/m above 3
kHz, where it was essentially photon-noise limited. (For comparison, the KT strain noise in a room-
temperature, 2-m long, 1000-kg, elastic solid bar antenna is 0.14 fm/m.) The laser interferometer was
operated as a detector for gravitational radiation for 150 h during the nights and weekends from the period
4 October through 3 December 1972. During the same period, bar antennas were operated by the Maryland,
Glasgow, and Frascati groups, with 18 events reported by the Frascati group in their single bar, 22 single-
bar events and no coincidences reported by the Glasgow group in their two bars, and 28 coincidences
reported by the Maryland group between the Argonne bar and the Maryland bar and/or disk antennas. The
various bar antenna systems were quite different but in general were sensitive to gravitational-radiation strain
spectral components with an amplitude of the order of 0.1 fm/m in a narrow band of frequencies about the
resonant frequency of the bar. The wideband interferometer data was analyzed by ear, with the detection
sensitivity estimated to be of the order of 1-10 fm/m (depending upon the signature of the signal) for the
total of the gravitational-radiation strain spectral components in the band from 1-20 kHz. No significant
correlations between the Malibu interferometer output and any of the bar events or coincidences were
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observed.

I. WIDEBAND INTERFEROMETER ANTENNA

The wideband laser-interferometer gravitational-
radiation antenna consists of a laser-excited
Michelson interferometer with the beamsplitter
and reflectors attached to kilogram-sized masses
on soft suspensions that allow essentially free
motion above the suspension frequencies. As
shown in Fig. 1, when the direction of gravitational
radiation is along one of the interferometer arms,
that arm does not experience any differential mo-
tion between the beamsplitter and retroreflector,
and thus acts as a reference arm for the inter-
ferometer. The strains produced by the gravita-
tional radiation (of proper polarization) then act
on the other arm of the interferometer, causing
a differential ac motion of the beamsplitter and
retroreflector at the frequency of the gravitational
radiation.!”? When the direction of the gravitational
radiation is at right angles to the plane of the in-
terferometer, one arm will decrease in length and
the other will increase, resulting in a doubling of
the signal.

A. Coupling of radiation to antenna

Gravitational radiation couples to the laser-in-
terferometer antenna by causing relative motion

17

between the beamsplitter and mirrors in the inter-
ferometer. The strains and relative motions in-
duced by the gravitational radiation are readily
derived from the weak-field approximation to the
Einstein field equations,

871G
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The gravitational-radiation field is assumed to
be a weak perturbation on the metric g,, =7,
+h,,, that propagates as a tensor wave:

92p 1 dh
—af _ _ __af -
ax,% ¢ at? 0. @
The general form of a gravitational wave propa-
gating in the z direction will have the character?®

hog=(hytys +hySyg)e Hwizke) 3)

where h, and &, are the scalar amplitudes of the
two states of polarization of the wave. For linearly
polarized radiation one state of polarization is the
tension-compression polarization represented by
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FIG. 1. Wideband laser-interferometer antenna.

or hy,, =—h,,, which consists of a tension along the
x axis and a compression along the y axis [ see
Fig. 2(a)] .

The other state of polarization is the shear
polarization represented by

0000
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or h,=h, , which consists of shear forces along
the bisectors of the x and y axes [ see Fig. 2(b)].
From inspection it is easily seen that the two
polarizations are orthogonal since sast“":O and
that the shear polarization s, is just the tension
polarization rotated through 45° (demonstrating the
spin-2 characteristics of the radiation).

If desired, the flux of this gravitational radiation
in power per unit area can be obtained from the
relation*

I= 167G [ Ry5% + %(hu - hyp)] . (8)

Each arm of the interferometer consists of a
pair of freely suspended masses holding a beam-
splitter or a retroreflector and separated by a
distance ¢#=1° + £8(f), where I8 is the nominal

v

(a) (b)

FIG. 2. The two states of polarization of tensor gravi-
tational radiation.

separation distance of the masses without excita-
tion, and £8(¢) is the time-varying portion of the
displacement caused by the radiation.

The gravitational radiation interacts with the
pair of masses through the equation of geodesic
deviation for small, nonrelativistic motions as
follows:

d2g8

dt == czRBanga ~ —CZRBOaOla ° (7)

If the detecting masses are entirely free, then the
equations simplify to give the relative displace-
ment £# between the masses in terms of the gravi-
tational-field strength,

é‘s=_ C2RA, o1® =§ﬁ“al°‘ i (8)

The equivalent strain e"a =8 /1@ over the distance
I« is then given by

EBa == CZRBOaO = % .};Ba ’ (9)

which shows that the strain is a direct measure
of the gravitational-field strength.

The Michelson interferometer used as the an-
tenna consists of two orthogonal arms of the same
nominal length /. The interferometer produces a
change in output when there is a difference in the
two path lengths. For an antenna with one arm
along the x axis and the other along the y axis,
the output is

R (U (10)
or
At =3(hy, - byl =1lh , (11)

where h,z is measured in the coordinate system
of the antenna. This scalar output can be obtained
by assuming a tensor format for the combined
response of the two arms of the antenna

00 0 O

A0B = 01 0 0 L, (12)
00-10
00 0 0

and carrying out the operation

Af=3h , A8 . (13)

B. Detection-sensitivity pattern

The detection-sensitivity pattern of the laser-
interferometer antenna for the gravitational radia-
tion of different polarizations coming from dif-
ferent directions is a complex one.

In Fig. 3 we assume that the laser-inter-
ferometer antenna lies in the x-y plane with one
arm along the x axis and the other along the y
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FIG. 3. Coordinates for calculation of interaction of
antenna with radiation.

axis, while the gravitational radiation is arriving
from an arbitrary direction (6, ¢) with an arbi-
trary polarization. In the coordinate system
(x'",y'",2'") of the gravitational radiation, we can
separate the radiation into its two linear polariza-

0 0 0

taB

0 (1+cos?6)sing cos¢ sin®¢p — cos?d cos?¢p

0 siné cosf sing —sinf cosf cos¢

The antenna response to this polarization is
Ag =%h“ A®B=3h,t , A%
=3hl(1+cos?0) cos2¢ . (18)

a8

The shape of the antenna-response pattern in the
azimuthal and polar directions are given in Fig. 4.
Plane-polarized radiation propagating along the
z'" direction and polarized in the shear direction

to the x’’-y’’ axes,
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h;’5=hss:’x;§= 0100 hs ’ (19)
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is converted by the rotation matrix into the an-
tenna-coordinate system by

Sag =B8R 20

0 cos?¢p — cos?0sin®p (1+cos?6) sing cos¢

tions ¢,,, with the tension lying in the x-y plane
of the antenna, and s, at 45° to it.

To convert the two tensor polarizations from
the radiation-coordinate system to the antenna-
coordinate system, we use the general form of
the rotation matrix® with ¥ =0:

1 0 0 0
0 cos¢ sin¢ 0

)
wR
1}

0 -cosfsing cosfcosp sind

0 sinfsing —sinbcos¢ cosb

(14)
Plane-polarized radiation propagating along the
z'’ direction and polarized along the x’’-y’’ direc-
tion
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is then converted by the rotation matrix into the
antenna-coordinate system by the operations

t,s=R™',tIiR% (16)

or
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FIG. 4. Detection sensitivity pattern for linearly
polarized gravitational radiation with one direction of
polarization in plane of the antenna.
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or

0 0 0 0

_ | 0 —sin2¢ cosf cos2¢ cosd cos¢ sind
aB ’
0 cos2¢ cos® sin2¢ cosbd sing sinb

0 cos¢ sind sing sinf 0

(21)
and the antenna response to the polarization is
Ab=3h,, A =3hss 4 A%
=— hgl cosf sin2¢ . (22)

The antenna response patterns in the polar and
azimuthal directions are shown in Fig. 5.

When we analyze the response of each arm in-
dividually we see that each has a cos?6 radiation
pattern, similar to that of a simple mass quad-
rupole, and is the same as that of an elastic solid
bar antenna (neglecting Poisson ratio effects). The
combined antenna pattern is thus seen to be the co-
herent addition of two orthogonal cos26 type pat-
terns.

The total combined response of the antenna to
the radiation of arbitrary polarization is a com-
plex shape—an artist’s conception of the pattern
is shown in Fig. 6.

When the antenna was operated as a detector for
gravitational radiation, it was situated in the base-
ment laboratory of the Hughes Research Labora-
tories, Malibu, California. The Research Labora-
tories are located at 119° west longitude and 34°
north latitude. The arms of the antenna were
tangent to the earth’s surface and were pointing
at 53° and 143° from north.

mi2
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FIG. 5. Detection sensitivity pattern for linearly
polarized gravitational radiation with a bisector of the
polarization directions in the plane of the antenna.

FIG. 6. Radiation pattern of Malibu wideband-inter-
ferometric gravitational antenna.

From Fig. 6 we see that the major response of
the antenna was in the directions normal to the
plane of the antenna. The secondary-response
characteristics of the antenna were along the four
tangential lobes aligned with the antenna arms. If
we translate the antenna pattern to the center of the
earth, then the main lobes were at

119° west longitude, 34° north latitude—Malibu,

61° east longitude, 34° south latitude—South-

west Pacific,
while the four tangent lobes lie on a great circle
with Malibu as the center and were located at

7° west longitude, 29° north latitude—Morocco,

173° east longitude, 29° south lattitude—New

Zealand,

65° west longitude, 43° south latitude—Argentina,

115° east longitude, 43° north latitude—Gobi

Desert.

(One pair of antenna nulls was oriented close to
the polar directions.)

The New Zealand lobe strongly overlaps the an-
tenna patterns of the Glasgow bar antennas, while
the Argentina and Gobi Desert lobes overlap the
Maryland bar-antenna pattern.

For the night hours of the fall of 1972, the center
of the galaxy passed under the earth so the antenna
sensitivity was a maximum for gravitational radia-
tion from that direction. With the combination of
the multilobed pattern and the earth rotation, most
of the sky (except for the poles) was scanned during
the period data was collected.

II. ANTENNA DESIGN

A. Interferometer

The interferometer used was a folded Michelson
interferometer. The light source for the inter-
ferometer was a large laser on a 3-m granite slab
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FIG. 7. Schematic of folded optical path.

on low-frequency air mounts. As is shown in Fig
7, the beam from the laser enters through a win-
dow in a 0.5-m-diameter cylindrical vacuum tank
and is separated into two beams by a 50/50 beam-
splitter inside. One beam travels down a 2 m
length of evacuated aluminum irrigation pipe to a
second cylindrical vacuum tank containing a high-
quality optical-corner-cube retroreflector. The
beamsplitter and retroreflectors were mounted in
support blocks designed to have no internal mech-
anical resonances below 25 kHz. The reflected
beam returns down the pipe to the center vacuum
tank where it strikes a mirror mounted on the
same support block as the beamsplitter. The mir-
ror is also coupled to a stack of piezoelectric
length transducers that are used in a low-fre-
quency servo system to maintain the inter-
ferometer pathlength constant at the lower fre-
quencies. The beam returns to the retroreflector
where it is again reflected (in the process can-
celing some of the optical errors in the retro-
reflector) and sent back down to the beamsplitter.
The second beam from the beamsplitter travels
down another evacuated section of pipe to another
cylindrical vacuum tank mounted on a separate
vibration isolation table. The laser beam in this
arm is reflected from the retroreflector and re-
turns to a mirror also mounted on the same block
as the beamsplitter. This mirror is coupled to a
piezoelectric disk that can be driven with cali-
brated voltages to induce a known high-frequency
mirror motion that can be used to calibrate the
interferometer. This beam also goes back through
its retroreflector and returns to the beamsplitter
where it is combined with the first beam. In this
folded configuration, the effective length of each
arm is 4.25 m. For gravitational radiation ortho-

gonal to the plane of the interferometer, the ef-
fective length of the interferometer is 8.5 m.

The combined beams from the two arms were
then brought out through windows where they were
detected by a differential pair of silicon photo-
detectors.

B. Isolation system

The primary isolation table for the interferom-
eter was a 0.3 X1 X3 m 2300-kg granite slab on
four Firestone 1 X 84D-1 air mounts. The re-
sulting combination had a resonant frequency of
approximately 1.5 Hz.

A second isolation table of 0.3 X1 X1 m granite
slab on similar air mounts was used for support
of the other arm of the interferometer. The inter-
ferometer was enclosed in a vacuum housing that
was kept evacuated to nominal forepump vacuum
levels (<100 u Hg).

The vacuum system and isolation tables were
designed so that after an initial checkout and opera-
tion with 2-m sections of aluminum irrigation pipe
(8.5 m total interferometer pathlength), those sec-
tions could be replaced with longer sections (up to
1 km) with a substantial increase in interferom-
eter-gravitational radiation-strain sensitivity for
the same photon-noise-limited displacement sensi-
tivity.

C. Retroreflectors

The retroreflectors used at the ends of the arms
in the interferometer were 5-cm-diameter fused-
silica corner cubes. The return beam from a
corner retroreflector is elliptically polarized. If,
however, the beam is reflected back on itself, then
the ellipticity of the polarization is corrected. This
characteristic of the retroreflector and the desire
to have all the active components in the system at
one location (near the beamsplitter), to keep the
remote portions of the antenna as simple as pos-
sible, led to the folded-beam configuration of Fig.
7. A flat mirror was used for the intermediate
reflection at the end of the beam (back at the beam-
splitter) to prevent beam translation with corner
rotation.

D. Suspensions

The beamsplitter and the retroreflectors were
mounted in holes bored into aluminum cubes ap-
proximately 10 cm on a side. With these dimen-
sions, the first longitudinal vibrational mode is
about 25 kHz, above the 1 to 20 kHz search band.
No additional modes in the 1 to 20 KHz band should
have been generated by the holes. These optical
support blocks were placed on top of stacks of
alternating 6-mm neoprene rubber pads and 2.5-
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cm brass plates stacked to the desired height.
These suspensions had a typical frequency of 10
Hz. Although they would not be adequate in a
search for radiation at pulsar frequencies 0.1

- 100 Hz, they were more than adequate for a
search in the 1 to 20 kHz band.

E. Laser

The laser used in the interferometer was a modi-
fied Spectra-Physics Model 125, which nominally
emits a 65-mW multimode. The laser was first
modified by a new etalon design® to produce be-
tween 35 to 55 mW single mode. The new etalon
design had high stability (11 min. between mode
hops) and low noise, except when the etalon was
exactly on its center mode, when it was noticeably
noiser.

The noise in the 1 to 20 kHz region was further
reduced by replacing the Spectra-Physics power
supply with a Fluke precision high-voltage power
supply, and then deliberately inducing a laser-
plasma oscillation at 100 kHz. With these modifi-
cations, the laser noise was drastically reduced
from the normal noise level of the Model 125.
Figure 8 shows the laser-noise spectrum for 9 mA
of detector current as measured through a 10-Hz
bandwidth filter. The actual laser noise above 2
kHz is about 5 times the photon-noise limit of the
detected photons.

The noise measurement was then repeated using
a beamsplitter and optics to simulate the balanced
detector operation of the actual interferometer.
Figure 9 shows the laser-noise spectrum as mea-
sured by a pair of balanced photodetectors, each
carrying about 2.2 mA of photoelectrons. The mea-
sured noise is now very close to the photon-noise
limit of the detected photons.

F. Photodetection system

The photodetectors used in the interferometer
were United Detector Technology Type PIN-25
Schottky barrier photodiodes. They had an active
area of 6 cm?® (2.8 cm diameter) and a linear range
of 10 mW/cm? (better than 60 mW per detector).
This was more than adequate for the 10 to 20 mW
expected at each detector. The linearity of the
detectors used in the interferometer was checked
up to 6 mA of detected current (about 24 mW in-
cident power).

The optical transmission through the inter-
ferometer beamsplitter mirrors and retroreflec-
tors was measured as 0.7. The reflection loss at
each photodetector was 0.6 and the quantum detec-
tion efficiency was 0.7, for a combined optical
efficiency of 0.3. Thus, for a nominal 35 mW of
single-mode laser power, 24 mW made it through
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FIG. 8. Laser noise measured in 10-Hz bandwidth.

the interferometer, 14 mW reached the photodetec-
tor, and 10 mW was detected. All of these ef-
ficiencies could have been improved somewhat with
further effort. The most obvious improvement
would have been to have the photodetectors fabri-
cated with a front surface-contact layer that would
be compatible with an antireflection coating.

The photodiodes were operated at a nominal bias
voltage of 10 V, which gave a capacitance of 1700
pF and a dark current of 5 pA. The load resistor
used with the photodiodes was nominally 5 kQ
which gave a 3 dB frequency rolloff at 20 kHz.

The photodetectors were operated as a balanced
pair in a circuit configuration (see Fig. 10) with a
special filter that allowed the signals in the 0.5 to
25 kHz band to pass on to the preamplifier while
blocking the high-frequency plasma oscillation at
100 kHz (induced for laser-noise reduction) and
the low-frequency line harmonics that could have
saturated the preamplifier.

The circuit also allowed for the extraction of the

; MEASURED NOISE

PHOTODIODE NOISE CURRENT x 10710 A

THEORETICAL PHOTON NOISE
) ! 1 1 1

] 1 2 3 4 5
FREQUENCY, kHz

FIG. 9. Laser noise in 10-Hz bandwidth with
balanced detectors.
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160-Hz pathlength servo signal that was used in a
narrow-band feedback circuit to control a piezo-
electric stack in one arm of the interferometer to
maintain equal illumination of the two photodetec-
tors.

The bandpass filter used in the circuit was a
special design consisting of a 5 kQ impedance,
5-pole, high-pass Butterworth filter with a low-
frequency rolloff of 550 Hz and a slope of 26 dB/
octave. This was followed by a 5 kQ impedance,
5-pole, low-pass, Tschebyscheff filter with a
high-frequency rolloff of 25 kHz and a slope of 30
dB/octave (see Fig. 11) The insertion loss of the
filter was less than 1 dB from 1 to 20 kHz (see
Fig. 12).

III. INTERFEROMETER S/N ANALYSIS

In the Michelson interferometer shown in Fig.
13, the single-mode laser power P entering the
interferometer produces a photon flux at the en-
trance to the beamsplitter of

P
bo=75 > (23)
0.0377 uF  0.069 uF | 50 mHy 50 mHy
INPUT | ouTPUT
0.94 Hy 10Hy}  49Hy | 2180 pF 2700 pF 21300 pF J 5K
> | T T ]— .
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FIG. 11. Low-insertion loss wideband filter.
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FIG. 12. Filter bandpass attenuation.

where
h=6.626 X 10-3* Jsec ,
v=4.74 X 10* Hz ,
hv=3.14x10"1°J

(A single-mode laser power of 50 mW is equiva-
lent to a photon flux of 1.6 x 10'7 photons/sec.)

The laser beam is divided at the 50-50 beam-
splitter. One half travels down arm one and is
delayed by the pathlength ¢, =1, + £,(¢) of arm one,
while the other half travels down arm two and is
delayed by that pathlength £, =1,+ £,(f). On their
return to the beamsplitter, the two beams are
again split and one half of each beam is combined
with one half of the other at the two photodetectors.

The photon flux reaching the two photodetectors
is then given by

47
e de[1-cos e, -], (24)
47
¢,=7 %—" [1+cos (¢, /;2)] (25)
where 7 is the transmission efficiency of the optics
.
&0
F

-——-'ifzmlt——
{

S—

DETECTOR
2

DETECTOR
1

FIG. 13. Michelson interferometer schematic.
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in the interferometer, and the difference in the
pathlengths of the two arms of the interferometer
is

Ei=8p=l =1+ 8§ =&
or
AL =Al+AE . (26)

The detectors were operated in a differential
signal mode. For maximum sensitivity the nomi-
nal pathlength I, of one arm was adjusted by the
low-frequency pathlength servo so that there was
nominally half the total power on each detector.
This occurs when

4781 T
X ——2—117 (27)
or
AA
Al=—8' i-‘i . (28)

At this interferometer setting,
cos 4—:(AI+A£)=—sinéxﬂA§z_é—:A£ (29)

[where we have assumed A£(¢) is small compared
to the wavelength].
The flux incident at the two detectors is then

sonde (1020 a) (30)

¢2=n%‘!(1_4—:4\g>. (31)

As the pathlength difference A£(¢) due to the gravi-
tational-radiation strains changes with time, the
flux at one detector will increase, while the flux
in the other will decrease.

In a measurement time interval 7, the number
of photoelectrons produced in each detector is

4
N;-’%‘(u—;’mg) , (32)
NPT 4m )
N, =1 (1- T ag) (33)

where the quantum efficiency of the photodetector
is now included in the efficiency coefficient 7.

The number of photoelectrons in each photodetec-
tor has an average value” of

(N,) ={Np) ==3(n7{D,)) , (34)
and a variance of
varN, =varN, = ((N, — (N))?) =(N,) (35)

that is proportional to the average number of de-
tected photons.

Each measurement interval has a measured num-
ber of photoelectrons that is different (usually)
from the average number; this difference,

AN, =N, - (N,) , (36)

is greater or less depending upon the length of the
measurement time (number of measured photo-
electrons). The time average of this difference is

(37)

The spectral intensity in photoelectrons?/sec? Hz
of the noise is then given by’
S(f) =lim 27(an,?)

T >

=lim

T >

5 (AN?)
T

=lim 2Ny Ny

T >

=n<¢o>

_1{P)
T

(38)

This spectral intensity of photoelectron noise S
produces a squared noise current in a bandwidth
B given by
I,,l2 =I,,22 =e?SB
2 _n{P)e’B
e*n(¢o) B = —5—

=2¢(I)B , (39)

where (I) =3(n(¢,))e is the average photocurrent
in each photodetector. The noise current is the
same in both photodetectors since their average
detected flux levels are kept equal.

The signal currents and the noise currents from
the photodetectors are converted into voltages by
means of the load resistor of nominal resistance
R =5 kQ that terminates the wideband filter (see
Fig. 11). The load resistor also contributes the
following Johnson noise voltage:

V.2=4kTBR ,

where
k=1.38%x10"23 J/K , (40)
T=290K .

The Johnson noise of a 5-kQ resistor in a 10-Hz
bandwidth is

Ve =(4kTBR)'/?
=2Tnv . (41)

During the operation of the interferometer, the
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load resistor was carrying a photocurrent that was
never less than 2 mA. This level of photocurrent
would generate in a bandwidth of 10 Hz, a noise
voltage due to shot noise of the photoelectrons of

Vp,=(2eIB)/?R
=370 nV . (42)

Thus, in all cases, the photocurrent shot noise
was very much larger than the Johnson noise in the
load resistor, so we can ignore the noise con-
tribution of the Johnson noise in our analyses.

The low-noise differential amplifier used in the
experiment was a PAR CR-4, with selected front-
end FETs. The amplifier noise figure for the 5-kQ
load was 0.2 dB. This had a negligible effect on the
overall system performance.

The time-varying signal voltages are coherent,
while the photoelectron noise currents are in-
coherent. Thus the differential amplifier mea-
sures a squared signal voltage as follows:

Vsz = (V1 - Vz)z
=(I, - I.‘.)"’R2

2
= (0 - opetmr=( 1AL ) g (ag)

while in a bandwidth B it measures a squared shot-
noise voltage given by
V=V, 24V, = (1, 2+, )R?
=2¢e’*n¢,BR? . (44)

Thus the signal-to-noise (S/N) power of the mea-
sured differential signal is

For unity S/N, the detection sensitivity is then

(46)

A K2 A2 A2
"B 2n¢, 2nP/hv  2I/e ’

where ¢, and P are the initial flux and power of
the laser, 71 is the light incident to photoelectron-
conversion efficiency, and I is the combined photo-
current of the two detectors.

For nP =10 mW of detected laser power, the
theoretical photon-noise limited displacement
sensitivity is

aE A - 1/2
BI77 = @nb o)t 5=0.4 fm/Hz'/? . 47

If we assume an interferometer pathlength of 8.5
m, this converts to a strain sensitivity of 0.5
x 10"¢ m/mHz!/2,

IV. DISPLACEMENT TRANSDUCER CALIBRATION

To calibrate the interferometer for displacement
sensitivity we used a piezoelectric disk attached to
the back of one of the interferometer mirrors (see
Fig. 7). The mirror was first driven by a high dc
voltage on the piezoelectric until the illumination
on the photodetectors went from minimum to maxi-
mum. The interferometer pathlength thus had
changed by /2 and the mirror had moved 1/4.

The displacement sensitivity obtained was

0=1.6X10"°m/V . (48)

The drive on the piezoelectric crystal was then
reduced from a very high level down to a drive
level where the signal was hidden by the laser
noise. During this decrease in the drive level the
interferometer output remained a linear function
of the drive level (to within the noise level of the
measurements).

The piezoelectric displacement calibration tech-
nique was also cross-checked at the low drive
levels by the use of a potassium dihydrogen phos-
phate (KDP) optical modulator. The KDP modu-
lator was calibrated for a half-wavelength path
difference and found to have a displacement sen-
sitivity of

0,=2.0X10"" m/V . (49)

The voltage on the KDP pathlength modulator
was then reduced to where it gave the same inter-
ferometer response as the piezoelectric displace-
ment transducer. The calculated pathlength dif-
ference from the KDP modulator was 1.0 pm,
within 10% of the displacement calculated for the
piezoelectric modulator for the same interferom-
eter output.

V. INTERFEROMETER SENSITIVITY

The sensitivity of the interferometer as a func-
tion of frequency was determined by a frequency
scan of the interferometer output using a spectrum
analyzer with a 10-Hz bandwidth filter (see Fig.
14). During the scan a calibration signal of 100
LV rms was placed on the calibration piezoelectric
displacement transducer to insert a 16-fm ampli-
tude signal. The amplitude of the calibration sig-
nal was about 5.7 times the noise level in the re-
gion between 4 and 5 kHz. The amplitude of the
noise measured through a 10-Hz bandwidth filter
in that region is therefore about 2.8 fm or 0.9 fm
for a 1-Hz bandwidth.

If we assume that the effective length of the in-
terferometer is 8.5 m then the equivalent strain
sensitivity is 0.1 fm/m per root Hz at the higher
frequencies, rising slightly to 0.3 fm/m per root
Hz at 1 kHz. For comparison, the 27T strain noise
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FIG. 14. Strain sensitivity of interferometer antenna.

in a room-temperature, 2-m long, 1000-kg elas-
tic solid bar antenna is 0,14 fm/m.

V1. OPERATION OF THE ANTENNA

Qur ultimate plan for the antenna system was to
move the interferometer to a remote site and re-
place the 2-m evacuated pipes with much longer
sections of evacuated irrigation pipe. Similar
laser interferometer systems up to a kilometer
in arm length had already been demonstrated by
many others for geophysical studies.® Since the
sensitivity of the interferometer was fixed at a
certain level of displacement sensitivity by the
photon noise, an increase in interferometer arm
length should give a proportional increase in
strain sensitivity for the same laser-power level.
The funding for this next move proved to be un-
available so we concluded the program by oper-
ating the system as it was, despite the high level
of acoustic, electromagnetic and vibrational noise
from the other activities in the building.

Since the output of the laser interferometer was
a wideband analog signal in the audio region, the
signal was recorded directly onto magnetic tape
through one channel of a high quality stereo tape
recorder. The other channel of the recorder was
used as the monitor channel. To monitor the sys-
tem and environmental noises we combined the
outputs of a photodetector to detect the audio-fre-
quency noises in a sample of the laser beam, a
microphone to detect acoustic noises in the room,
a wideband seismometer to detect floor motion,
and an -amplifier to detect audio voltages on the
power lines. The combined signal was then placed
on the monitor channel.

To provide a constant time and amplitude cali-
bration, an accurate 2-kHz signal of about 10-fm
amplitude was maintained on the calibration trans-
ducer. At 15-min intervals, the time from WWV
would be acoustically introduced into the system

and recorded on both channels.

Later analysis of the magnetic tapes revealed
that about once every two minutes there would be
a short coherent signal audible to the ear over
the white-noise hiss of the photon noise. Most of
these were chirps from a spurious laser mode
mixing with the main laser mode, clicks as the
laser switched modes, and tones from thermal
contractions exciting mechanical vibrations in
structures. Nearly all of these were also found
in the monitor channel. About once every ten
minutes there would be an audible chirp or tone
that was not on the monitor channel. Some of these
were digitally analyzed and compared with the
calibration signal. A typical audible signal was
about 1 to 5 times the power of the calibration
signal or about 20 to 100 times the photon-noise
limit in a 1-Hz bandwidth.

VII. CALIBRATION OF EAR

When the interferometer was working well, we
were able to hear single-frequency 3- to 10-kHz
tones of 10-fm rms amplitude introduced into the
interferometer by the piezoelectric displacement
transducer.

Since the noise level of the interferometer in
that band is about 0.9 fm/Hz!/?, this means that
the audio system, including our ear-brain com-
bination, had an effective detection bandwidth of
about 120 Hz.

Although the detection capability for single tones,
chirps, and impulsive events will be different, we
feel that if we were listening carefully for a signal
that exceeded an rms amplitude of about 10 fm or
a strain amplitude of 1 fm/m, that we would have
detected it by ear. We could then pin down the
exact position on the tape and carry out a detailed
digital analysis of that section of tape that would
produce data with time resolution of 40 usec, am-
plitude resolution of 0.9 fm/Hz,'/? and strain reso-
lution of 0.1 fm/m Hz'/2.

However, because of the uncertainties in the
signatures of gravitational-radiation signals and
the capability of our ear-brain combination to
recognize an unknown signature as something “un-
usual” in a background of white noise, we will be
conservative and say only that a gravitational wave
with a total strain level of 10 fm/m over the audio
band (1 to 20 kHz), would have been easily de-
tected by ear on our tapes.

To give an example of the detailed structure that
can be extracted from a short signal with a so-
phisticated digital signal processor replacing the
analog ear-brain signal processing system, we
analyzed one short (~ 10 msec) tone that occurred
at 09 h 46 min 21 sec GMT Sunday 3 December
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FIG. 15. Time history of typical signal.

1972. The detailed signature can be seen in the
digitized time history of the signal (see Fig. 15),
and the frequency spectrum can be seen in the
power spectral density plot of Fig. 16. (The peak
at 3000 Hz is the calibration signal of about 10 fm.)
Although this signal occurred within 3 sec. of a
coincidence between the two 1660 Hz antennas in
the Maryland system, it is not a good candidate.
The energy at 1660 Hz is negligible and the time
delay exceeds the estimated errors in the mea-
surement of absolute time (0.6 sec) in the two sys-
tems.
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FIG. 16. Power spectral density plot of typical signal.

VIII. COMPARISON OF DATA WITH OTHER OBSERVERS

During October 1972 the Frascati group were
operating a single elastic-solid type gravitational-
radiation antenna.® During the hours when the
Malibu antenna was in operation between the dates
from 15 to 25 October 1972, the Frascati group
recorded 18 instances when the antenna output
produced a significant level of response. None
of these coincided with a signal in the Malibu
antenna.

During the fall of 1972, the Glasgow group were
operating a pair of wideband (BW ~ 800 Hz) elastic-
solid type antennas. During the hours when the
Malibu antenna was in operation, their system
responded to 22 events where the signal from one
or the other of their two antennas exceeded a pre-
viously set threshold. None of these coincide
with a signal in the Malibu antenna. The one
“distinctive signal” reported by the Glasgow
group'® occurred at 13 h 07 min 29 sec GMT 5
September 1972, which was prior to the start of
the Malibu data collection period.

Gravitational-radiation antennas of the elastic-
solid type have been under development at the
University of Maryland since 1959.'' Statistically
significant numbers of coincidences between an-
tennas at the University of Maryland and the
Argonne National Laboratory have been reported
since 1969.!2

During the fall of 1972, the Maryland group was
recording coincidences between a 66-cm diameter,
1.5-m long resonant aluminum cylinder at College
Park, Maryland and a similar cylinder at Argonne,
as well as coincidences between a resonant
aluminum disk at College Park and the cylinder
at Argonne. The Argonne and College Park
cylinders had a nominal resonant frequency of
1660 Hz. The disk was originally designed to
search for 1660-Hz scalar radiation and was con-
structed to have a radially symmetric mode at
1660 Hz that would be excited by scalar radiation.
It was also instrumented to detect a mode at 1100
Hz that would only be excited by tensor gravita-
tional radiation.

During the time that the Malibu antenna was
operational, the Maryland group recorded 28
coincidences between either the bar at Argonne
and the bar at Maryland, or the bar at Argonne
and the disk at Maryland. Because of triple co-
incidences and close-spaced coincidences, the
28 Maryland coincidences fell into 20 two-minute
time blocks. Of the 20 time blocks, 7 blocks (con-
taining 17 coincidences) had audible signals in the
Malibu interferometer that were within 10 sec of
the Maryland coincidences and were not audible
in the monitoring channel.
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Both raw power and derivative power-squared
digitized data plots digitized to 0.1-sec accuracy
were obtained from the Maryland group and com-
pared with the 0.2-sec accuracy Malibu data. None
of the audible Malibu signals fell within 0.6 sec of
a Maryland-Argonne coincidence.

It is difficult to compare the relative detection
capabilities of the various antennas since their
amplitude sensitivities, bandwidths, and signal
processing techniques differ widely.

In general we can say that the bar-antenna detec-
tion systems responded to gravitational-radiation
strains with spectral components near the reso-
nant frequency of the bar that had an amplitude of
the order of 0.1 fm/m, while the interferometer
antenna responded to gravitational-radiation
strains with spectral components in the band from
1-20 kHz. The sensitivity of the interferometer
is highly dependent upon the signature of the signal
and the processing technique and varies from 0.1
fm/m for known narrow-band signals to 10 fm/m
for noiselike signals.

However, the lack of a significant correlation
between the interferometer output and the bar
events and coincidences can be used to put an
upper limit on the gravitational-radiation strain
amplitude during the bar coincidences and events.
Thus, at the time one of the bar-antenna systems
produced an event or coincidence corresponding
to a gravitational-radiation signal with an ampli-
tude of 0.1 fm/m due to spectral components in a
narrow band around the bar resonance, the ampli-
tude of the gravitational-radiation spectral com-
ponents in the entire band from 1-20 kHz was
definitely less than 10 fm/m and was probably less
than 1 fm/m.
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