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THE LEAF-SPRING SEISMOMETER: DESIGN AND PERFORMANCE

By E. WIELANDT* AND G. STRECKEISENT

ABSTRACT

A small vertical seismometer whose inertial mass is supported by a leaf spring
has been developed as a replacement for conventional long-period (LP) seis-
mometers. The mechanical sensor has a virtually infinite natural period and is
operated in a force-balance feedback configuration with an overall response
identical to that of a 20-sec LP seismometer. Main considerations in the design
were economic production and efficient shielding against environmental disturb-
ances. The sensor is thermally coupled to the ground and protected from
atmospheric pressure variations by a vacuum bell. This allows increasing the
useful gain at very long periods by two orders of magnitude compared to a
standard LP seismograph. The instruments resolve ground noise at least from a
0.3- to 300-sec period (typically, from about 0.1 to 3000 sec) and have a dynamic
range of 140 dB. Leaf-spring seismometers have been tested since 1976 as part
of wideband, LP, and very LP seismographs. Matching horizontal sensors are
also available. This paper discusses the design principles and the initial calibra-
tion, and presents test results and typical seismograms.

DEVELOPMENTS IN LoNG-PERIOD (LP) SEISMOMETRY

Electromagnetic LP seismographs have been in use since the beginning of this
century, and it is surprising how little their general appearance has changed since
then (cf. Galitzin, 1914, Figures 96 and 97). Major improvements resulted from the
use of elinvar springs, the invention of a spring geometry with a constant and long
free period (LaCoste, 1934), and the development of gold-foil suspension galvanom-
eters. The last significant improvement, the rigid environmental control of the
seismometer in a pressure tank, was implemented in the high-gain long-period
(HGLP) project (Savino et al., 1972). This installation marks at the same time the
end of the technical development of the electromagnetic seismograph. A more
detailed account of earthquake seismograph development has recently been given
by Melton (1981).

Since about 1960 the introduction of active electronic sensing and feedback
permitted the construction of LP seismographs with much smaller mechanical
receivers that could more efficiently be protected from environmental noise. The
first instrument of this kind was a modified LaCoste-Romberg tidal gravimeter with
a three-plate capacitor for displacement sensing and electrostatic force feedback
(Block and Moore, 1966). Today, most existing very-long-period (VLP) seismographs
still make use of the same principle (Agnew et al., 1976; Nakanishi et al., 1976).
These instruments have an excellent resolution in the free-mode and tidal bands
but cannot replace conventional seismometers because their dynamic range is too
small and their short-period response insufficiently controlled.

Once the problem of LP resolution was solved, attempts were made to build
wideband seismometers that would have the potential to record the whole spectrum
of teleseismic signals. An effort by Block and Moore (1970) to overcome the
mechanical limitations of the LaCoste-Romberg gravimeter with a quartz torsion
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accelerometer was technically successful but did not result in an instrument simple
enough for wide distribution. Several other, more conventional constructions have
reached series production. Among these, we mention the Teledyne-Geotech borehole
seismometer model 36000 developed for the SRO project (Peterson et al., 1976), the
miniature wideband sensor developed by Usher et al. (1978) on the basis of a
Willmore MKIII short-period seismometer, and the triaxial electronic seismometer
EDS-1 of Unterreitmeier et al. (1978). However, none of these instruments appears
to be useful for free-mode recording.

Our intention was primarily to build a small one-component wideband seismom-
eter that could replace the bulky conventional LP instruments. The most difficult
part to manufacture in a LaCoste-type seismometer is the zero-length helical spring;
we have replaced it with a rectangular leaf spring as described later in this paper.
The feedback circuit was adopted from an earlier experimental seismometer (Wie-
landt, 1973; Wielandt and Mitronovas, 1975). It generates a strong differential
feedback force that overdamps the mechanical sensor so that its response becomes
flat to velocity over a wide-frequency band. A prototype leaf-spring sensor was
ready in 1976 when the German wideband seismic array GRF (Harjes and Seid],
1978) was under construction. It was tested there against a Sprengnether High-

Al K

10s

F1c. 1. Digital wideband records from a Sprengnether high-performance S-5100V seismometer and a
prototype leaf-spring seismometer, plotted on top of each other. Only the superimposed station codes
indicate that two signals were plotted. Earthquake in China on 15 November 1976 at 13:53 UTC.
(Courtesy of D. Seidl, GRF Observatory.)

Performance S-5100V seismometer with digital recording in a passband from dc to
5 Hz and with a dynamic range of 132 dB. The records from the two instruments
were visually identical (Figure 1; differences which exist between the instruments at
very long periods cannot be seen in an unfiltered wideband record). The leaf-spring
instrument was preferred for its smaller size and because it could be delivered
precalibrated and ready for installation. An order of 18 instruments for the GRF
array by the Deutsche Forschungsgemeinschaft initiated the commercial production
and also the development of a matching horizontal seismometer of the “garden-
gate” type.

At the time of writing, about 30 of the new vertical seismometers (Figure 2) and
20 horizontal ones are in service with a variety of recording characteristics: as
wideband seismometers in the GRF array, as sensors of a telemetric HGLP network
in Switzerland, and as wideband, LP, and VLP seismometers in other seismological
observatories. The present paper reports mainly on the vertical instrument that has
extensively been tested in the past 5 yr. The horizontal instrument appears to be of
equal performance but requires an underground installation for a serious test. A
suitable site is the Black Forest Observatory at Schiltach (West Germany) where a
three-component set has been installed; results are to be published later.
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THE CoLD THERMOSTAT

The requirements for short-term temperature stability in a VLP seismometer are
severe. Even if the mechanical system is compensated for slow variations of the
temperature, it will exhibit a noticeable sensitivity to variations whose periods lie in
the seismic band because its mechanical components have different thermal re-
sponse times. The temperature coefficient of a mechanical sensor at seismic fre-
quencies can hardly be smaller than a typical thermal expansion coefficient, say
107° per °C. If we want to resolve ground noise between 50- and 500-sec periods, at
a level of roughly 107" (rms) of normal gravity, then we must avoid temperature

F16. 2. The leaf-spring sensor with its cover removed. Outer dimensions with cover are approximately
18 X 18 X 12 cm.

fluctuations greater than 107° °C in that band of periods. Active temperature control
with such a precision would be difficult to realize, but the thermal inertia of the
sensor can provide the necessary short-term stability. The thermostat in gravimeter-
type VLP instruments serves mainly to eliminate long-term temperature drift of the
suspension which would otherwise saturate the displacement sensor or the feedback
electronics within a short time. Due to its large dynamic range, the leaf-spring
seismometer can be used as a VLP sensor without a thermostat provided that it is
thermally coupled to the ground and well isolated against the ambient temperature.
At the same time, the sensor must be protected from variations of the atmospheric
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air pressure; its seismic mass would otherwise experience a variable buoyant force
at least three orders of magnitude larger than the seismic background noise, even
under quiet weather conditions (Figure 3). The sensor must also be shielded from
magnetic fields because all presently available temperature-compensated spring
materials are ferromagnetic.

We install the sensor under a vacuum glass bell of 25 ¢cm diameter resting on a
glass plate that is cemented to the ground. Figure 4 illustrates the arrangement.
The sensor has a massive aluminum cover to increase its thermal inertia and stands
free inside the other shields. These comprise a Permalloy cylinder for magnetic

Fic. 3. VLP seismic traces from a completely shielded leaf-spring sensor, with the vacuum bell open
(top) and sealed (bottom). The length of each trace is 75 min. This test indicates that variations of the
atmospheric pressure must be suppressed at least by three orders of magnitude to become insignificant.

Glass Bell

Aluminum

Permalloy

SEISMOMETER

18 x I8 x 12¢cm

Aluminum Cover

FiG. 4. Arrangement of the sensor and its shields inside the vacuum bell.

shielding and an aluminum container whose lower surface is cemented to the glass
plate and, thus, in thermal contact with the ground. Electrical connections go
through the silicone rubber fitting between the bell and the glass plate. The glass
bell is evacuated to some 10 mbar, which is sufficient to suppress internal convection.
The quality of the vacuum is not critical, and no later pumping is required. Fiber
wool, heat reflecting blankets (“space blankets”), and a styrofoam cover provide
additional isolation. Temperature changes in the seismic vault have no visible effect
on the VLP record; however the instruments exhibit a slow seasonal drift and must
be recentered a few times a year.
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THE MECHANICAL SENSOR

The mechanical design of a LP seismometer lost much of its former significance
when electronic sensing and feedback were introduced. While the maximum mag-
nification of an electromagnetic seismograph is directly related to the size of its
inertial mass, an electronic seismograph can have any desired gain. The magnifica-
tion is only limited by the presence of environmental and instrumental noise. The
inertial mass must, however, be chosen sufficiently large such that its thermal
(Brownian) motion remains smaller than the seismic noise. The product of inertial
mass, free period, and mechanical quality factor must exceed some minimum value
in the order of 1 kg sec (see the section on “Instrumental Noise” ). A minimum value
of the free period is imposed by the relationship Ag = Ax* 47%/T? (Melton and
Kirkpatrick, 1970) which relates the acceleration resolution Ag at long periods to
the free period T and the resolution Ax of the displacement transducer. For a
resolution of 10™"'g, possible combinations of T and Ax are: 10® m resolution at a
free period of 60 sec, 107" m at 6 sec, and 107> m at 0.6 sec. Although it is an
attractive idea to record LP seismic signals with a miniature instrument of a 0.6-sec
free period, and both Block and Moore’s quartz accelerometer and Usher’s minia-
ture, wideband sensors have demonstrated that such a construction is possible; the
price that must be paid for the “elegant” solution is high. A displacement sensor
whose resolution is in the order of 107> m necessarily has a very small range. It is
difficult to test and calibrate and imposes severe restrictions on the feedback system
that must keep the seismic mass within the range. We have, therefore, preferred to
make the free period of the suspension as long as the available space permitted, and
use a displacement transducer with a less extreme resolution. A resolution of 107
m (peak-to-peak) is sufficient for short-period teleseismic recording. To resolve
ground noise at long periods, we then need a mechanical system with a free period
of at least 6 sec.

Until recently, vertical LP siesmometers could only be realized with LaCoste-type
suspensions. The use of a leaf-spring suspension for the same purpose has been
suggested by different authors (Willmore, 1966; Jacoby, 1971; Unterreitmeier, 1974)
but no practical results have been published. The restoring force of a LP seismometer
suspension must not only be small but also constant; this implies that the first 249
derivatives of the elastic potential with respect to the mass position must vanish.
Apparently, it has not been possible to satisfy these two conditions by trial and
error. However, the mathematical analysis of the problem is difficult. A leaf spring
under load assumes a shape described by elliptic integrals (Born, 1906) that cannot
be solved explicitly for the geometric parameters. We use an originally flat leaf
spring that assumes a roughly semi-circular shape under load. Our concept is, thus,
in a way, similar to that of the 100-yr-old Gray Milne seismograph (Milne, 1888);
however we do not provide an auxiliary period-lengthening device and have the
spring clamped at both ends. Another similar construction dating from 1949 is
reported by Melton (1981). To determine the geometrical parameters, the suspension
was modeled numerically with a finite-element scheme. A systematic search revealed
that useful LP suspensions can be derived from a variety of starting configurations
by moving the spring clamps outward from the hinges such that the spring assumes
a somewhat elongated shape. One of the many possible solutions was published
earlier (Wielandt, 1976). Two prototype seismometers with that geometry were
built; one of them is the instrument from which the noise spectrum in Figure 10 was
obtained. For the commercial version, the spring geometry was modified in order to
eliminate a parasitic resonance at 27 Hz. The new system (Figure 5) has a shorter
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and stiffer spring whose lowest resonance is at 80 Hz. Both suspensions have the
desirable property that the restoring force has a minimum when the mass is
centered; this assures that the mass will always return after a large deflection. As
with the LaCoste suspension, the free period can be made virtually infinite and can
be adjusted by tilting the whole instrument. In the feedback configuration, the
mechanical free period is longer than 30 sec. We have not noticed any shortcomings
of these leaf-spring suspensions against LaCoste suspensions in seismological appli-
cations.

TEMPERATURE COMPENSATION

When the leaf spring is made from an elastically self-compensated material such
as elinvar, the changes in spring geometry resulting from the thermal expansion of
the frame cause a positive overall temperature coefficient (T'C). An ordinary
uncompensated spring material gives a strong negative T'C. With two parallel strips
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Fic. 5. Spring geometry of the leaf-spring seismometer.

of different material we can theoretically obtain a perfect temperature compensation.
However, since the TCs themselves depend on temperature, this will work only in
the vicinity of a specified temperature. The operating range of the leaf-spring
seismometer is normally from 0 to 30°C. In high gain applications where the LP
output signal is dc-amplified before band-pass filtering, the temperature range is
reduced according to the gain, and recentering may be necessary after a temperature
change of a few degrees. This does not cause any serious problems but must be
taken into account in the design of VLP passband filters.

TRANSDUCERS

The leaf-spring seismometer has three cartridge-shaped transducers mounted
horizontally on top of the frame (Figure 2). Two of these are moving-coil electro-
magnetic transducers and generate the feedback force. They are arranged antipar-
allel to each other so that second-order terms in the electromagnetic force are
cancelled which are expected to occur in a single transducer.

The third transducer is a displacement sensor of the linear variable differential
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transformer (LVDT)-type. It was especially designed for this seismometer and
resolves 107'° m peak-to-peak. Its operating range is 0.5 mm. The LVDT principle
was chosen for practical reasons: LVDT transducers are insensitive to environmental
conditions and do not require active electronic components inside the vacuum
chamber. On the other hand, compared to capacitive transducers, LVDTs have
inferior resolution and exert more force on the seismic mass. Quantitative informa-
tion of these effects is given in the section on “Instrumental Noise.” Our test results
indicate that the use of a LVDT transducer does not limit the performance of the
leaf-spring sensor for any kind of teleseismic recording; however, the displacement
resolution is insufficient for microearthquake recording.

THE FEEDBACK CIRCUIT

The feedback circuit used with the leaf-spring sensor is of the force-balance type
that is now standard in electronic seismometers. Since the force-balance principle
has sufficiently been covered in the seismological literature (Melton, 1976; Usher et
al., 1978), we shall only summarize the basic results and then discuss some properties
of the actual circuit.

The difference between a conventional and a force-balance seismometer can in a
simplified way be described as follows. The idea behind a conventional LP seismom-
eter is to measure the motion of the ground against an inertial reference, i.e., against
an elastically suspended mass that is supposed to stay at rest when the ground
moves. A force-balance system senses the ground motion after the same inertial
principle, but provides an additional electrostatic or electromagnetic restoring force
that causes the mass to follow the motion of the ground. This principle reduced
greatly the relative motion between the mass and the frame and facilitates the
mechanical design. As long as the feedback circuit is efficient in keeping the relative
motion of the mass small, the driving force is nearly proportional to ground
acceleration and nearly independent of the circuit that controls it. The electric
voltage or current that generates the force is used as an output signal. The precision
to which we are able to measure the ground motion depends essentially on the
precision of the force transducer, in the same way as the precision of a potentiometric
recorder depends on the quality of the potentiometer. Electromagnetic force trans-
ducers can have a much better linearity and dynamic range than any available
mechanical suspension or displacement transducer.

Figure 6 is a simplified circuit diagram of our feedback electronics. Three parallel
feedback paths are provided: proportional feedback over the resistor R,, differential
feedback over the capacitor C, and integral feedback over the integrator and the
resistor R;. The components have been chosen such that the differential feedback
force dominates at periods shorter than 20 sec and the integral force at longer
periods. Since the feedback current adjusts itself nearly proportional to ground
acceleration, the voltage across the capacitor—i.e., at the BRB output—is nearly
proportional to ground velocity up to a 20-sec period. Neglecting the mechanical
restoring force and damping of the suspension, the impedance of the feedback coils,
and complications arising from the circular motion of the mass, the response V
exp(iwt) of the BRB output to a harmonic ground motion X exp(iw?) is obtained as

vV iw*M/oC
X  —iw’M/aoC — &® + iw/R.C + 1/7R:C

An explanation of the symbols and approximate values of the components are given
in Figure 6. Apart from the term with «? in the denominator, this equation represents
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the transfer function of an electrodynamic seismometer with the angular eigen-
frequency wo’ = (tCR»)™* = 27/20 sec, the damping constant 2’ = (2R,) '(rR2/C)}
= (.71, and the electrodynamic transducer constant M/ecC = 2500 V/m. In fact, the
feedback system has been designed to replace a conventional LP seismometer. R;
has the function of a damping resistor; damping can be removed for test purposes
by disconnecting R,, without changing the other parameters of the system.

The term with w® in the denominator indicates a deviation from the response of
a conventional instrument. It becomes significant at periods shorter than 0.2 sec
where the loop gain falls below unity. A further deviation results from the resistance
of the coil for differential feedback. We can, however, maintain the analogy with
conventional equipment if we insert an additional first-order low-pass filter with
about a 0.2-sec corner period into the output circuit. The overall response can then
be made identical to that of a 20-sec LP seismometer coupled to a 0.2-sec recording
galvanometer. We make use of this analogy when we calibrate the feedback system
against an electronic standard circuit as described later.

The signal at the LP output is a time integral of the BRB signal and corresponds
to the output signal of a conventional LP seismometer with a displacement trans-
ducer. This signal is preferably used for acceleration recording in the free-mode

d
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displ. 220K 10w 320]k
transducer BRBO out integrator | LP out
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feedback

ground accel.

Fic. 6. The feedback circuit.

band but is also useful to record displacement at intermediate periods for magnitude
and moment determinations. The low gain of about 800 V/m permits us to observe
surface waves of 70 mm peak-to-peak amplitude at a 20-sec period without clipping.

The leaf-spring sensor can as well be operated with the integral feedback discon-
nected. The response at the BRB output is then proportional to ground velocity at
periods shorter than 20 sec and proportional to acceleration at longer periods. The
modified system combines the broadband and the LP responses in one output and
has a larger dynamic range. However, its response is no longer compatible with that
of conventional instruments.

INSTRUMENTAL NOISE

Even if the seismometer 1s operated under constant environmental conditions and
has no mechanical imperfections, four potentially significant sources of intrinsic
noise must be considered: (1) the Brownian motion of the mass; (2) the noise of the
displacement transducer; (3) the integrator noise; and (4) the noisy component of
the electromagnetic force acting on the core of the LVDT. The spectrum of the
Brownian noise is white in terms of acceleration, i.e., it has a constant acceleration
power density. The other three components result from semi-conductor noise whose
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power density increases approximately with 1/f at low frequencies; such noise has
a constant power in frequency bands of equal relative width. The values given below
refer to a bandwidth of one sixth of a decade, e.g., to the bands from 100- to 147-sec
periods, from 147 to 215 sec, from 215 to 316 sec, etc. Each component of the noise
can be expressed as an equivalent ground acceleration. The results are plotted in
Figure 7 in terms of spectral power density.

(1) Brownian motion. After Melton (1976) or Usher et al. (1978), the Brownian
motion of a suspension with the inertial mass M, free period T, and mechanical
quality factor € corresponds to an acceleration power density

X2/Af = 107" m? sec™/MTQ.

By coincidence, the prefactor 107"° m® sec ~? is the limit below which the instrumental
noise of a VLP sensor can be neglected against the seismic noise; this value forms
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Fic. 7. Intrinsic noise of the leaf-spring seismometer in terms of equivalent ground acceleration
(decibles relative to 1 m® sec™®). (1) Brownian motion, for MTQ = 200 kg sec; (2) displacement noise of
the LVDT; (3) integrator noise—(a) BRB output and (b) LP output; (4) electromagnetic force of the
LVDT; (5) minimum observed ground noise, compiled from Berckhemer (1970), Agnew and Berger
(1978), and Figure 10 of this paper.

the baseline of our Figure 10. A VLP sensor should have MTQ > 1 kg sec. The leaf-
spring suspension has a MTQ product of several hundred kilogram seconds; its
Brownian noise is therefore well below the critical value.

(2) Displacement noise. The transducer has an equivalent noise of 15 pm rms in
{ decade. As is apparent from Figure 7, this noise is of concern only at the short-
period end of the seismic spectrum. Most stations have, of course, a much higher
short-period noise level than assumed in Figure 7, so the rise in instrumental noise
at short periods is in most cases insignificant.

(3) Integrator noise. The equivalent input noise of the integrator is typically 0.1
uV in § decade. Its effect is different at the two outputs of the system. The integrator
noise is below the seismic noise in the passband of each output, but may become
noticeable when the LP output is used at short periods, or the BRB output at very
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long periods. The small margin between the seismic noise and the integrator noise
at a 400-sec period is a deliberate feature; it can be enlarged at the expense of
operating range.

(4) Electromagnetic noise from the LVDT. Due to small deviations from mechan-

ical and electrical symmetry, the LVDT exerts a force in the order of 107° N (1
dyne) on its movable core. Fluctuations of this force contribute to the instrumental
noise. Using a modified seismometer whose spring was removed and whose boom
was balanced with respect to the axis of rotation, we determined that the force noise
is less then 107" N rms in § decade, corresponding to an acceleration smaller than
2.10"" m® sec™ rms. This is negligible over most of the seismic band except near a
400-sec period where the electromagnetic noise is only a few decibels below the
seismic noise. Since the electromagnetic force is proportinal to the square of the AC
voltage that excites the LVDT, it will be reduced by a factor of 100 when the
primary voltage is reduced by a factor of 10. The original responsivity and resolution
can be restored with a preamplifier in the secondary circuit. It is planned to include
this modification in future instruments.

Dynamic RANGE

The dynamic range of a signal processing system is defined as the interval between
its noise level and its clipping level. It depends on frequency and on the bandwidth
in which the noise is measured. The clipping level at the output is normally
determined by the voltage of the power supply while the noise level is within certain
limits proportional to the gain. There are two considerations which impose a lower
limit to the gain and, thus, an upper limit to the dynamic range. First, the smallest
output signal of interest must still be large enough to be recorded. The dynamic
range of a feedback system may, therefore, be determined by the filtering and
recording facilities available at the time of design rather than by some intrinsic
limitations of the feedback circuitry. Second, although the signal-to-noise ratio is as
a rule independent of the gain, the noise at the output does not decrease indefinitely
with the signal when the gain is reduced. In a closed-loop system, noise generated
in the feedback loop excites the mechanical system and appears at the output with
an amplitude that is virtually independent of the gain. The dynamic range of a
feedback seismometer can be as large as that of its feedback loop. It is presently
limited to about 140 dB when the feedback path includes active components, but
can be substantially larger when the feedback path is purely passive.

The feedback system of Figure 7 is not purely passive but is predominantly
passive if we use the appropriate output at each period. At periods shorter than 20
sec, the passive feedback from the BRB output dominates the active integral
feedback. At longer periods, the integral feedback dominates; its path is passive as
seen from the LP output. A quantitative analysis based on the noise spectra of
Figure 7 shows that the dynamic range exceeds 140 dB for periods between 0.2 and
130 sec at the BRB output, and for periods longer than 5 sec at the LP output.
These figures refer to a bandwidth of one-sixth of a decade.

The maximum permitted seismic signals can be determined by dividing the
maximum electric signal at each output by the appropriate transfer function. We
give only the results here: the system accepts displacements up to +0.25 mm,
velocities up to £8 mmy/sec, and accelerations up to £2.5 mm/sec’ (whichever is
largest) at any frequency. It would not be saturated by vibrations of £0.1 g at
frequencies above 10 Hz. To our knowledge, none of the leaf-spring seismometers
installed in Switzerland or in the GRF array has ever been saturated. In contrast, an
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accelerometer with the same LP response as the LP output of our system would
have a clipping level of £0.00025 g at all frequencies, and could easily be saturated
by traffic noise or small local earthquakes. Certainly this is one of the reasons why
sensitive wideband accelerometers, although technically feasible, have not found
wide use for seismic recording.

We illustrate the dynamic range of our instrument with Figure 8 that reproduces
a series of playbacks of a digital wideband record of the second strong Friuli
earthquake in 1976. Magnifications range from 100 to 600,000 at 1 Hz. New details
appear each time the gain is increased. A signal six times stronger could still have
been recorded.

LINEARITY

Linearity is essentially for seismometers when weak LP signals must be recorded
in the presence of strong short-period noise. Such a situation is quite common since

@ M=100 ® M=1K
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Fic. 8. Playbacks of a digital wideband record of the second large Friuli earthquake 15 September
1976, 09:21 UTC, m, = 5.4 (USGS, A = 400 km). The magnifications M refer to the original figure where
the peak-to-peak amplitude of trace (a) is 47 mm. (Courtesy of D. Seid], GRF Observatory.)

marine microseisms and man-made noise can have amplitudes many orders of
magnitude larger than LP seismic signals, especially when measured as an acceler-
ation. A nonlinear system would convert amplitude variations of short-period signals
into spurious LP signals. Block and Moore (1966) mention that the sensitivity of
their LaCoste-Romberg gravimeter system in the free-mode band was most probably
limited by its nonlinear response to short-period signals.

The linearity of a system can be tested by applying two sinusoidal signals of equal
amplitude and nearly equal frequency to the input and observing their low-frequency
intermodulation products at the output. A test procedure for the SRO system based
on this method has been described by Peterson et al. (1980). Following a suggestion
by Jon Peterson, we have subjected three of our instruments to the same test. When
the input signal drives the instrument through half of its operating range, the
distortions at the output are typically 80 dB below the signal or 0.005 per cent of the
operating range. This is comparable to the distortion level in the SRO seismometer
but indicates a substantial difference between the two systems: our instruments




2360 E. WIELANDT AND G. STRECKEISEN

were, according to their greater operating range, tested with a signal of 50 mm/sec?
peak-to-peak, which is 2300 times stronger than used for the SRO system.

Figure 9 is another illustration of the linearity of the leaf-spring system. It shows
the VLP signals recorded at Ziirich during three local magnitude 4 earthquakes, and
a 6 pgal calibration pulse for comparison. The events occur in the center of each
trace; the short-period seismic signals are suppressed by the VLP passband filter.
Only a single, very slight deflection barely above the background noise appears in
each trace, even after the third event, one felt at Ziirich. It is possible that these
deflections indicate LP components of the seismic signal; we suspect, however, that
they are due to a small nonlinearity in the VLP passband filter.

MEASUREMENTS OF VLP GROUND NOISE

We have obtained a great number of LP noise spectra with the prototype leaf-
spring seismometer which is installed in a vault next to the building of the Institute
of Geophysics of ETH Ziirich. (A 40-m thick layer of postglacial sediments makes
the site unattractive for short-period recording.) Most of the spectra were computed
on-line with a digital spectral analyzer. The noise samples were in a few cases up to
240,000 sec long when the teleseismic activity permitted. Our results are represented

M =4l A=74km

M =4l A=90 km

STEP 6 pgal /

M =45 A=107km

Fic. 9. Response of the VLP trace to three regional magnitude 4 earthquakes. Time interval shown
is 10 min before and 10 min after each event. The third trace shows a calibration pulse. The earthquakes
were: 26 March 1976, at 22:28 UTC; 2 September 1977 at 22:47 UTC; 16 January 1978 at 14:31 UTC; all
in southwest Germany.

in Figure 10 by a hatched band into which about 90 per cent of all individual
observations fall. The noise power density has been smoothed over a constant
relative bandwidth of one-sixth decade.

Our observations are in remarkable agreement with those of Agnew and Berger
(1978; dotted line in Figure 10) and permit two conclusions.

1. The vertical VLP ground noise at Ziirich is not larger than at the best IDA

stations.

2. The leaf-spring seismometer does in fact resolve ground noise in the free-mode

band as predicted by Figure 7.

The formal alternative—that ground noise at Ziirich is lower than anywhere else
but is not resolved—appears fairly remote.

A partial confirmation was obtained from a cross-spectral analysis between the
output signals of the prototype sensor and a newly manufactured instrument. The
correlation between the signals was good up to a 500-sec period. At longer periods,
the new instrument showed a slightly elevated noise level due to small transient
disturbances in its output signal. We observe these in most new instruments. They
have an amplitude of about 100 ngal, initially occur every few hours, and usually
disappear within 1 yr in a permanent installation. In any case, the transients are so
small that they are barely seen in a high-gain VLP record, and never in a normal LP
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record. It is not clear from which part of the seismometer they originate; we suspect
that stresses in the mechanically overdetermined frame may be responsible. Re-
cently introduced modifications in the manufacture of the frame appear to have
substantially reduced the occurrence of such disturbances.

CALIBRATION

When the transfer function of a seismometer is sufficiently stable, as is the case
for a properly designed feedback seismometer, it need be calibrated only once after
manufacture. This can save much tedious work during the installation where
convenient test equipment is often not available. We describe the essential steps of
the calibration of a leaf-spring seismometer; most of these can equally be applied to
other force-balance seismometers.

Mechanical adjustments. After manufacture, the mechanical system is adjusted
such that: (i) the linear trend of the free period is minimized over the range of the
displacement transducer; (ii) the sensitive axis is precisely vertical; (iii) the free
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Fic. 10. LP seismic noise, including instrumental components, expressed as acceleration power density
relative to 1 m” sec (right-hand scale). Broken line, after Fix (1972); dotted line, after Agnew and Berger
(1978); hatched band, observations with the leaf-spring seismometer at Ziirich.

period is virtually infinite. These three steps require repetitive adjustments of the
length and position of the spring, the size and position of the seismic mass, and the
neutral position of the displacement transducer. The spring is adjusted after com-
puter-generated diagrams that describe the influence of small changes in the clamp
position on the free period. The sensitive axis is vertical when the sensor indicates
maximum gravity on a tilt table, as described below.

Feedback system. The transfer function at the BRB output is calibrated against
an electronic reference circuit that simulates a 20-sec seismometer coupled to a 0.2-
sec glavanometer (the reason for this choice has been mentioned above). The
comparison is made by means of an X-Y plotter that plots the difference between
the two output signals versus the input signal when the seismometer and the
reference circuit are excited with the same sine wave. The Lissajous figure does not
only indicate calibration errors but also nonlinear distortions if present. The feed-
back components are adjusted until a satisfactory agreement with the reference
circuit is obtained over the whole passband. Residual errors in the phase delay are
normally less than 5 msec or 0.001 of the signal period whatever is larger. Errors five
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times as large may be caused by transportation, installation under different condi-
tions, and aging; this is still a better precision than most conventional LP seismom-
eters would have when calibrated after installation. The LP output does not require
a separate calibration because it delivers simply the integrated BRB signal.
Absolute calibration. Gravity is used as a reference to calibrate the absolute gain
of the LP output at zero frequency. The sensor is put on a tilt table and the voltage
at the LP output monitored as a function of the tilt angle. When the sensor is tilted
by an angle ¢ against the vertical, it responds only to the component go cosg of the
gravity go. The responsivity to accelertion at zero frequency is determined by
forming second-order differences of the output voltage V(p) with respect to ¢

AV 1 A’V

Ag &0 Ap®’
Horizontal seismometers are calibrated in a similar way but this time first-order
differences are evaluated

We estimate that the precision of the absolute calibration is better than 1 per cent;
the agreement with shake table experiments is also within this margin.

Installation. The only adjustment that remains to be done at the time of
installation is to bring the sensor again into that position with respect to the vertical
in which it was during calibration. While the geometrically well-defined transverse
axis can be adjusted with a bubble level, this is in general not possible with the
longitudinal axis because it is not geometrically determined. We level it using the
restoring force of the suspension as an indicator. Due to the previous mechanical
adjustments, the restoring force disappears in the correct position. To monitor the
restoring force, we disconnect R, (Figure 6) and observe the free oscillations of the
closed-loop system at a period of 20 sec. A positive mechanical restoring force has
the same effect as a negative proportional feedback, i.e., it damps the closed-loop
oscillations. Thus, a constant amplitude of these oscillations indicates that we have
found the correct position. The procedure may appear complicated in theory but is
very convenient in practice. A precise alignment of the vertical axis is important not
only for the transfer function but also because a misadjusted vertical sensor would
respond to horizontal ground noise and not reach its full resolution.

LP RESPONSES

In this chapter we collect some information on four LP responses that have been
realized with the leaf-spring sensor and visible recording. This is, of course, not the
latest technology but still an economic one for specific applications. The need to
shape the response with analog filters is eliminated when digital wideband recording
is available, any desired response can later be obtained by digital filtering (Harjes
and Seidl, 1978; Seidl, 1980). Figure 11 illustrates the usefulness of the wideband
concept: it shows an original SRO-LPZ record from GRFO and filtered wideband
data from a leaf-spring seismometer in a surface installation at the same site. Not
only the signal but also the noise is identical in both traces.

The gain of a conventional LP seismograph is normally limited by microseismic
and environmental noise, and its response is not sufficiently flexible to be adapted







