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Figure 42: This transfer function between two piezoelectric strain transducers
bonded to an instrumented dummy test mass like the one depicted in Figure 9
shows a large number of mechanical resonances in the band of interest. The
quality factors @ of the most prominent modes were measured by exciting them
individually and timing their ringdown after cutting off the excitation.
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Figure 43: Each vibrational mode depicted here was mapped by exploring a
dummy test mass with a small accelerometer (see text). The frequencies and @’s
of (a) and (c) would be altered for a mass suspended by wires at the center rather
than sitting on soft rubber as in the tests. The effective mass and coupling to
mirror displacement can be estimated from such diagrams.
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from the different suspension, the lack of air damping, and the different number
and arrangement of optical mounts change the frequencies and Q’s somewhat.
To estimate the contribution of thermal noise in the modes we identified we
took the measured @ and frequency along with estimates of the parameters
a and m. from the accelerometer maps. In units appropriate to the 3.2 kHz

resonance measured on Huey, the RPSD of strain at the peak due to thermal

noise (Equation 14 with f = 1) should be

[0 (2 (2) (B) (228 T_L

Me

matching heights of peaks near this frequency in the strain spectrum (Figure 11,

upper curve) within a factor of two.
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Appendix B

Principle of the Optical Phase

Detection

In this appendix we present a heuristic explanation of the modulation technique
developed by Drever et al: [60] for determining the relative phase or frequency
error between a Fabry—Perot optical cavity and an incident laser beam.

Returning to the pictorial language of Figure 5, recall that the light reflected
from a Fabry—Perot cavity whose length is somewhere near an integral number
of half-wavelengths has two dominant contributions to its electric field. One is
the field promptly reflected from the input cavity mirror, E; this is of course
just a sample of the laser output at the time. The second piece, E;, is light
which has entered the cavity in the past. This will itself be the vector sum
of components which entered 2l/c¢ ago and bounced once, 4//c ago and bounced
three times (once at the input mirror), 6//c and bounced five times,. .., leaking
away some energy with every bounce.

We want to measure the phase difference between the two components. To
do this, we tag the laser field E, with a distinctive signature. We impose on it a
phase modulation at radio frequency w,,. The original field is passed through an

electrooptic (Pockels) cell driven by a sinusoidal voltage, effectively introducing a
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sinusoidally varying time delay with period 27 /w,,. This is depicted in Figure 44,
where we have kept our frame of reference locked to the laser field before the
modulation is imposed (i.e. our frame still rotates at a constant rate equal to
the mean frequency of the laser light). Now, it is true that light entering the
cavity will also have this modulation on it; but unless by lack of foresight the
chosen modulating period is an integral multiple of the round-trip light travel
time 21 /c, the average effect of the phase dithering on the sum E; will wash out to
zero. The cavity “cleans off” the phase modulation. Looking at it briefly in the
frequency domain, the phase modulation puts sidebands on the optical carrier;
these sidebands are spaced w,, away from the carrier, so that if the carrier is
resonant with an optical cavity of bandwidth Aw <« w,,, the sidebands are not
resonant and are reflected. The frequency w,,, in our case 2w x 12.335 MHz, is

chosen to satisfy this condition.

With E, stripped of the modulation, whatever the average phase difference
is between the laser light and the cavity leakage field, a component of that phase
difference will increase when our imposed “tagging” phase increases and decrease
when the imposed phase decreases. Again referring to Figure 44, this means
that a component in the reflected light intensity (the quantity |E0 + E1|2) will
fluctuate at w,, if the mean phase difference is not precisely zero. In fact, the
intensity will fluctuate in sympathy with our modulation if the mean relative
phase is negative, say, and against the modulation if the mean relative phase is
positive. Providing we keep track of the modulation imposed by the Pockels cell,
we can decide which way and by how much the laser phase differs from the phase
of the light stored in the cavity by the sign and magnitude of the fluctuations
seen in the reflected light at the modulation frequency.

The reflected light is shone on a photodiode; the photocurrent is bandpass—

filtered to transmit only components near w,,. Then, the filtered current is
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Figure 44: A phasor representation of the phase modulation fringe discrimina-
tor. The laser field (solid, at left) is phase modulated at a radio frequency be-
tween the two extremes shown (dotted and dashed to denote opposite swings of
the modulating waveform). On reflection from the cavity input mirror the laser
phase is shifted by m radians. This Ey is added to returning cavity light E,;
if E.,, bears a retarded phase (§¢ < 0) with respect to the mean laser phase,
the resultant E, will be longer at the dotted portion of the modulation cycle
than at the dashed portion (top), and the light power, which is proportional to
|E.|?, will be greater in the dotted half cycle than in the dashed half cycle. If the
relative optical phase is instead advanced, F, (and the reflected power) will be
larger during the dashed half cycle of the modulation (bottom); at zero relative
optical phase the reflected power will be the same during symmetric swings of
the modulation waveform (center), and no net fluctuation at the modulating fre-
quency will appear. Multiplying the reflected power (detected on a photodiode)
by the modulating waveform and integrating the result over several periods gives
a signal proportional to the component fluctuating at the modulating frequency,
and therefore proportional to the optical phase error §4.
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multiplied (usually in a diode bridge balanced mixer) by the modulating signal
itself. This picks out the piece which is coherent with the modulation, and
after low—pass filtering the product provides a pseudolinear representation of the
desired optical phase difference. The result is presented in Figure 45, showing
the reflected light intensity and the mixer output voltage obtained by scanning

a laser through the resonance of a small cavity.

A final, but critical subtlety; because the cavity stores light from the past,
there is a difference in its response to changes of laser phase depending on how
rapidly they occur. For changes that are sudden with respect to the storage time,
the cavity will not reach equilibrium with the laser; but for gradual changes (like
the scan which produced the picture in Figure 45), the light inside the cavity
will tend to catch up in phase. The sensing system works differently in the two
regimes. For short durations, the demodulated signal follows the instantaneous
phase difference; over longer durations, the signal reflects the rate of change of
the phase difference, i.e., the frequency difference. The effect is the same as that
of a simple RC lowpass network, with time constant RCa 27., where 7, is the

cavity storage time (see Equation 13).
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Figure 45: Picture captured as the laser was scanned through the resonance of
a 30 cm cavity. Trace (a) is the total photocurrent detected from light reflected
from the cavity, showing the dip in reflection when the laser passes through
resonance. The ratio K = (lnar — Imin)/Imas is the fringe contrast. Trace (b)
is the filtered output of the RF mixer; near the resonance the voltage is roughly
proportional to the frequency difference between the cavity and the laser. A tiny
dip in the total light on either side of the main resonance is just visible, with
corresponding phase signals in the mixer output. These are the resonances of
the cavity with the modulation sidebands themselves, which are 12 MHz away
from the optical carrier (setting the frequency scale of the picture). In the 40
meter cavities, which are equipped with much better mirrors, the resonances are
3,000 times narrower. Note that the phase signal has an opposite slope at the
sidebands; this keeps a servo from accidentally locking onto a sideband instead
of the carrier.
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Appendix C

Burst and Coalescing Binary Sources

C.1 Short Bursts of Gravitational Radiation

Burst sources of gravitational waves have been sought most often by experiments
to date, and the early his.tory of the field was largely driven by an explicit or
implicit assumption that bursts from supernovae were most likely to provide the
first confirmed detection. We can define as a burst any waveform h(¢) which is
zero before some initial instant, has appreciable amplitude for only a few cycles,
and then dies off. Fitting this category are the wide variety of waveforms postu-
lated to emanate from stellar collapse to a neutron star or black hole [1,80,81],
or infall of material into a black hole [82]. At present there is no firm consensus
regarding how strong these waves are or how frequently they might be generated
in a given volume of space.

As far as we know, no detailed mechanism has been proposed by which a
supernova remnant might emit a large burst of gravitational radiation days or
weeks after its collapse. While this ignorance could well be interpreted as an
incentive to look for such events, we will for now assume that detectable bursts
belong to the class of signals not associated with the supernova, and thus having

no particular a priori reason to have occurred just when we were looking. Thus,
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we address chances for detecting signals at strengths and/or event rates not ruled
out statistically by previous experiments.

The best published limit to date on gravitational wave bursts has been set by
observations with the Stanford University cryogenic bar antenna [66]. In com-
paring their limit, which is expressed in terms of energy deposited in the bar’s
fundamental mode of vibration, to the detectability threshold of a broadband in-
terferometer it is necessary to specify the waveform under consideration. This is
of course not generally possible, so investigators have proposed model “canonical
forms” for bursts, varying a finite number of model parameters (e.g. amplitude,
number of half-cycles, and characteristic frequency) to span an infinity of be-
lievable theoretical waveforms [84,86,87]. The approach has its pitfalls. The
energy deposited in a narrowband bar! is essentially determined by the value
of the impinging signal’s power spectrum evaluated at the bar frequency. Sharp
discontinuities in the canonical waveform or its derivatives, taken for simplicity
of calculation, can serve to redistribute the pulse energy over a broader spec-
tral band than the comparatively smooth natural waveform being approximated.
This causes an overestimation of the bar’s response to bursts having characteris-
tic frequencies far from the bar frequency, analogous to the spectral leakage seen
in Fourier analysis of data which have been too sharply “windowed”.

A further subtlety not addressed in some comparisons of bars and interferom-
eters is also related to the bandwidth issue. When translating the quoted mean
noise level of an instrument into a statistically measurable rate of astrophysical
events, it is important to define the time interval over which the detector out-
put has some acceptably small probability of exceeding a certain threshold in

the absence of any signal. Narrowband bar detectors, when filtered optimally,

!The cryogenic resonant bar detectors operated so far have had bandwidths of order 1% or
less of their resonant frequency [88,89].
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are interrogated about once every tenth of a second to one second, almost in-
dependent of the expected signal duration; the quoted mean noise level is on
average exceeded once in every e such intervals. By contrast, an interferometer
has time resolution of order At ~ 7./rSNR where 7. is the characteristic length
of the burst, and SNR is its detected signal-to—noise ratio. The broadband ex-
perimenter pays for knowing the exact pulse arrival time by having to quote a
mean noise level that is actually exceeded once in e milliseconds (for bursts of
that length). As Thorne [1] points out, if the detector noise is perfectly Gaussian
or if one combines an ensemble of independent detectors such that the aggregate
noise approaches a Gaussian distribution, this merely requires setting a slightly
higher threshold for the interferometer to reach the desired “accidental detection”
rate, say three false alarms per year. Single detectors tend to have significant
excesses of large events over the Gaussian model [37,66,86], with typical spurious
event rates falling much more slowly than an exponential with increasing event
energy. This can leave a longer way to go for the “broadbander” to achieve an
acceptable false alarm rate.

With these caveats in mind a look at the Stanford results shows a tough mark
to match. I used one of the better-behaved short pulse waveforms considered by
Dewey? [86], and varied the characteristic timescale of the burst (not adhering to
any particular model, but once again as a convenient parametrization) between
.25 and 2 milliseconds. The published bar event rate limits have been replotted
against the approximate R.M.S. signal amplitude ko they represent for this para-
metric family of burst waveforms (Figure 46). Also plotted is the projected event
rate seen by a hypothetical broadband detector whose noise is white between 500

Hz and 4 kHz (and very high elsewhere), with a Gaussian probability distribution,

2The waveform is derived from a numerical simulation of a particle falling into a rotating
black hole performed by Kojima and Nakamura [82].
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and with a mean noise level given by §,(f)!/? &~ 5x10-19/y/Hz. Nearly Gaussian
noise at this level might conceivably be achieved in a coincidence analysis of data
from the Glasgow and Caltech interferometers as they were operating in March
of 1987, but the curve should not be taken too seriously. It really represents a
“best case” scenario.

The calculations indicate that the interferometer data would not place any
new limits on the rate of occurrance of bursts having this particular form. Had
the observing run been extended for some weeks, it might have been possible
with coincidence analysis to explore some new territory.

Choosing a different waveform with more cycles at the characteristic fre-
quency, i.e. a higher Q, affects the analysis by narrowing the spectrum of the
signal. Bursts like this could be more likely to have “missed” exciting the Stan-
ford bar if at frequencies far from the bar frequency, while registering in a more
broadband detector. At this point, however, the limited event rate floor imposed

by the short coincidence time seems discouraging.

C.2 Coalescing Compact Binaries

The only type of gravitational wave signal with a highly predictable waveform,
a known strength, and a fairly predictable event rate is the “chirp” generated
by the inspiral and coalescence of a compact binary system comprising black
holes and/or neutron stars [1]. The unique form of the signal may also allow
accurate and independent determination of the Hubble constant, if the source
can be identified with an optical display or if a large sample of waveforms can be
examined statistically [6]. Planned large—scale gravitational wave observatories
[90] may be able to see such events occurring anywhere in the observable universe.

The waveform, which is described extensively elsewhere [8,37,87,91], begins
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Figure 46: Published upper limits on the rate of gravitational wave bursts re-
ported by Boughn et al. [66] for the Stanford bar experiment are here rein-
terpreted as R.M.S. strain for the class of waveforms h(t) depicted (really a
waveform calculated by Kojima and Nakamura [82] for a specific burst mech-
anism, pressed into service as a general-purpose short pulse). The timescale
7 of the burst is varied from .25 to 2 milliseconds; at both extremes the Stan-
ford results place a limit on burst event rates as a function of Ag shown in curve
B. The bar is optimally sensitive to bursts with timescale equal to the bar’s pe-
riod (1.2 ms); the limit for such bursts is shown as curve A. Line C represents
a hypothetical limit which could conceivably result from coincidence analysis of
the Caltech and Glasgow data from the 1987 observations (it is nearly indepen-
dent of the burst timescale); however, since the coincident observations spanned
at most a few hours, event rates below 10 per day (dotted portion of curve C)
are inaccessible. For fairness, the limit quoted in [66] for a coincidence search
with two similar bars is also interpreted for 7 = 1.2 ms (D); recent coincident
observations (now being analyzed) between comparable bars at LSU, Stanford
and CERN could probe this range.
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as a sinusoid at the frequency of the nearly classical initial orbit. Gravitational
radiation reaction removes orbital energy and angular momentum, and the am-
plitude and frequency increase with time as the objects spiral closer together and
revolve faster. The final burst, when the objects are tidally disrupted, is likely
to be very complicated for neutron stars, but for black holes numerical simula-
tions should be able to calculate the waveform. From the detection standpoint,
however, relatively little of the total emitted energy is left at the coalescence; the
lion’s share will have been radiated away during the long inspiral. Strategies are
therefore being developed [37,92,93] which concentrate on filtering the outputs
of broadband detectors to follow the rising frequency and integrate over many
cycles, taking advantage of the pseudo—coherent release of orbital binding energy
over a long period. The time variation of the signal depends on a single “mass
parameter,” which is the r.educed mass of the binary system multiplied by the
total mass raised to the 2/3 power. This parametrization, as well as some phys-
ical insight as to the maximum gravitational wave frequency achieved before the
system breaks up (e.g., about 500 Hz for two neutron stars or 10 solar mass black
holes [1]), allows filtering for all possible mass combinations simultaneously in
real time [93].

Once again, there seems to be no compelling reason to link this specific
mechanism with the aftermath of a supernova; indeed, the known size of this
kind of signal essentially puts the location of the supernova out of range of
our apparatus®. The Stanford search of 1982 [66] places the strictest published
limit on the rate of these signals as well as for short bursts. Following Dewey’s
estimates of bar and interferometer response to these signals, we can compare

the bar and interferometer signal-to—noise ratios for a given source distance and

3The range of the search performed, about 25 parsecs for neutron star pairs, is limited by
factors discussed in [37]. It encompasses a volume highly unlikely to contain enough such objects
to expect a coalescence during the observations.
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mass parameter. The low-frequency limit of the interferometer is important; as
pointed out above, the bulk of the energy is emitted at low frequencies (the signal
power spectrum falls as f~7/3). Reducing the low—frequency cutoff frequency to
300 Hz instead of 500 Hz would increases the collected signal energy by almost a
factor of two, allowing detections /2 farther away and encompassing 2%/? ~ 2.8
times more volume in the “detectability envelope.” In practice, of course, the
seismic noise which forces the cutoff has a complicated spectrum, and the filter
should be given an optimal shape to account for this. For this observing run,
the coalescing binary search performed by Sheryl Smith included frequencies as
low as 300 Hz, although this was not optimal for all mass parameters considered
[94].

For very massive black hole pairs (M; ~ M, > 10M;) there might be negli-
gible excitation of an 850 Hz bar detector if the coalescence itself doesn’t pro-
duce a large high—frequency burst, while a broadband detector sensitive at 500
Hz might still pick something up. This is one possibility not ruled out by the
general-purpose 1982 Stanford search, although it is admittedly a narrow one.
Once again, however, the very limited length of the observing run combined with
the small volume of the universe observable at this sensitivity make it unlikely
that such a binary might go off within range in such a short time. Even assum-
ing a distribution of compact binary masses “designed” to evade the 850 Hz bar
frequency, one or more coalescences per few hours within our own galaxy is ir-

reconcilable with the observed galactic matter density [1].
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Appendix D
Data Acquisition

Some technical details of the data acquisition and timing systems are presented
in this Appendix. Relatively little work could be spent on refining the hardware
and software, since (as we mentioned in Chapter 4) the system was assembled in
a mad hurry. This probably makes it all the more important to describe it fully,
as things were not generally done in a way someone with more time to think

would have done them.

D.1 Signal Preparation

The data acquisition computer, a Masscomp MC-500 equipped with 12-bit mul-
tiplexed ADC’s and a single 1600 bpi magnetic tape drive, was programmed to
digitize analog signals on each of five input channels sequentially; the five-sample
sets were recorded into memory buffers which were sequentially dumped to the
tape drive in raw 16-bit binary integer form. No headings, markers, or other frills
were recorded. Simultaneously a wider array of auxiliary signals was recorded
on an eight-channel analog chart recorder, using “pulse stretching” circuitry to
insure registration of impulsive events in the broadband signals.

The actual strain signal recorded was a heavily filtered version of the feedback
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voltage applied to the secondary cavity piezoelectric mirror. This signal reflects
any differential length change between the two cavities in that it is an applied
correction, and is relatively independent of various electronic and optical transfer
function characteristics providing the gain of the secondary cavity loop is kept
high (a condition satisfied for much of the frequency spectrum to be considered).
The actual signal used for routine diagnostic monitoring of the interferometer,
derived from an Ithaco 1201 FET-input preamp sensing a high-impedance tap
on the HV mirror drive, was further filtered by a commercial Rockland 452 active
filter set to pass frequencies between 400 and 4000 Hz with the equivalent of
two cascaded 4-pole Bessel filters. The schematic is shown in Figure 27 . With
our typical sampling rate of 10k (samples/sec)/channel, the Nyquist rate of 5
kHz is rather close to the corner frequency of the lowpass filter section, and so
some aliasing can be expected to have occurred at the high end of the frequency
spectrum. This potential ambiguity was accepted in order to cover as much
bandwidth as possible.

Four other analog signals were also digitized and recorded concurrently on the
computer tape. The high-voltage laser feedback from the primary cavity/laser
servo loop served as a monitor of laser misbehavior, mode hops, mechanical or
acoustic disturbances, or temporary overloading “glitches” as the primary servo
approached its dynamic range limits. The output of a Ranger seismometer,
placed underneath the vertex optical table and oriented to sense vertical accel-
erations, was amplified and filtered; this low-frequency signal was added to the
high-pass filtered amplified output from a microphone, hung by its cord above
the laser table, and the sum was recorded on a third channel. A filtered version
of the output of a WWYV VLF receiver (HP117A) was recorded on the fourth
channel, as a coarse absolute timing reference. Finally, the light power falling on

the secondary cavity photodiode was recorded, monitoring the fringe contrast on
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this cavity and thus telling when both cavities were locked to fringes!.

All these signals were digitized at equal intervals and at the same rate. All but
the strain signal and perhaps the microphone diagnostic signal require minimal
bandwidth for faithful reproduction, and would have served equally well had they
been recorded at much lower rates. This would in turn have allowed recording
other signals which might be used as added diagnostics or event vetoes while
still maintaining the overall data rate below the limits set by our hardware, or
alternatively, might have reduced the outrageous speed with which we filled up
tapes, but the programming for such an efficient algorithm was too complex to
complete and debug in time.

To partly satisfy the need for additional monitoring of the interferometer per-
formance, and also for overall redundancy, a multichannel analog chart recorder
running at 1 em/minute was supplied with all the signals going to the com-
puter (except the WWYV timing) and several others. The laser intensity falling
on an auxiliary photodiode served to normalize the fringe contrast on both sec-
ondary and primary cavities (also recorded). A differently filtered version of the
secondary cavity mirror feedback, emphasizing low-frequency drifts and trends,
provided insight into the overall expansion and contraction of the laser table
and the interferometer arms. The microphone and strain signals were processed
by special pulse-stretching circuits®? intended to make sure that rapid transients

would still show up on the trace in rough proportion to their peak amplitude.

1 Losing lock on the primary cavity automatically throws the secondary out, as it is unable to
track the much larger fluctuations in the unstabilized laser wavelength.

2Essentially a full-wave rectifier driving a fast peak hold circuit, which is arranged to have a
droop time longer than the pen response time of the chart recorder. The unit was designed and
built by colleagues in Glasgow.
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D.2 Timing

A complete clock and WWYV receiver system was put together very quickly for
us by Robert Carlson, with some equipment borrowed from the Jet Propulsion
Laboratory and a handbuilt counting circuit. The ADC sampling was synchro-
nized by an HP 105B oven-stabilized quartz oscillator. The 1 MHz output of
the oscillator was counted down by the counting circuit which gave out a TTL
pulse every n oscillator periods, with n adjustable. The circuit was externally
gated by one line of the BCD time code output from a Systron-Donner 8120
Time Code Generator, which was itself clocked by the same quartz oscillator.
The gating was rigged so that at 20-second intervals, every odd ten seconds,
the countdown circuit was enabled and (if cleared and armed by the operator in
the last 20 seconds) started giving out clocking pulses at the selected intervals.
Each pulse triggered the ADC to digitize one sample on one channel, and the
channels were addressed cyclically, starting with the gravitational wave strain
channel. During most of the observing run the countdown circuit was set to
n = 20, giving an aggregate sample rate of 50,000 samples/second, or 10,000
(samples/second)/channel.

The time code generator was manually set to within 50 milliseconds of Uni-
versal Time by use of a WWYV receiver tuned to the 10 or 15 MHz WWYV broad-
casts. After the run the absolute time and the rate of the quartz oscillator were
checked more accurately using a portable cesium beam standard; during the run
the drift of the oscillator was also constantly checked by long-term phase com-
parison with the 60 kHz VLF WWYV broadcast signal, using the HP 117A VLF
Phase Comparator. The adjustments indicated by these comparisons are far be-

low the level of precision required by any of the analyses discussed here, but for
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future searches these data can probably be corrected to 100 microsecond abso-
lute timing accuracy if needed.

The starting time (time of the first sample on the first channel) of each tape
was recorded by the operator from the display on the time code generator; the
known sampling interval kept time from that point onward for that tape. The
system was briefly checked for missed samples and other obvious errors. The
WWYV VLF signal recorded on one of the tape channels served as an independent
check for gross timing errors. A spot check of one tape showed this signal was
continuous and in agreement with the sampling interval.

At the inefficient data rate quoted above, each reel of tape lasted only 7
minutes 13 seconds. Although after some difficulty we were able to borrow a
second tape drive, our computer persistently rejected the implant and we were
unable to get two drives working in complementary fashion. Hence we were forced
to accept some “dead time” while rewinding each tape and mounting a fresh one.
After some initial training, we were able to do this in about 135 seconds (largely
limited by the tape drive rewind time) for an overall duty cycle of 70% . It should
be mentioned that the other major source of dead time in this run, loss of fringe
lock in one or both cavities of the interferometer, occurred during 20 to 40% of
the observing time, depending on a large number of environmental factors. Both
losses are associated with unfortunate, though far from inevitable, peculiarities of

the apparatus, and can be made insignificant with modest attention in the future.

D.3 Calibration

Uncertainties in the secondary cavity servo loop gain may introduce complica-
tions in the straightforward interpretation of the mirror feedback signal as a

strain. A major cause of fluctuating servo gain was the changing fringe contrast
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in the cavity, caused by alignment variations and exacerbated by the distorted
condition of the mirrors. During this observing run, the servo unity-gain fre-
quency probably fluctuated between 3 and 4 kHz, leading to some variation
in the calibration above 2 kHz. The actual transfer function was occasionally
checked by exciting the calibration piezo transducer on Huey (end mass of the
primary cavity) to induce an artificial strain. The piezoelectric constant of this
piezo had been measured to about 1 dB accuracy before the mass was installed
in 1984, and several independent checks have since verified that this value was
stable over time. A further concern, that the piezo might not respond linearly
at the extremely small displacements (of order 1 Fermi R.M.S.) used to cali-
brate the antenna, was answered directly by crosschecks against the magnetic
force transducers installed subsequently. At intervals during the observing run
several different test waveforms were applied to this piezo, including sine waves
at various frequencies, step functions, and broadband pseudorandom noise. This

allowed accurate compensation for the frequency response of the readout.
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