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Abstract

This note describes a simple lab bench technique for calibrating the sensitivity
and dynamics of the Mark Products L4C geophones used at SLAC for measuring
microseismic ground motion and mechanical vibrations of accelerator support
structures. Calibration results for SLAC’s three L4C geophones are recorded.

1 L4C geophone

The L4C geophone is a seismic instrument producing a voltage proportional to the velocity
difference (ẋ−ẋg) between its proof mass M and its housing. Voltage is generated in a pickup
coil wound on the proof mass when a permanent magnet attached to the housing moves past
it. The suspension system consists of a 1 kilogram proof mass suspended on soft springs with
resonant frequency around 1 Hz. A photo of the instrument and the instrument’s schematic
are shown below:

Figure 1: Vertical L4C geophone



In the righthand schematic, the proof mass M (kg) is suspended by spring stiffness k (n/m)
and mechanically damped by dashpot b (n/m/sec). The motion sensing coil is mounted
above proof mass M and is represented by inductance Lc in series with coil resistance Rc.
The dynamics of this instrument are derived in NLC ME Note 1 [?]. In short it acts as
a damped mechanical oscillator electromagnetically coupled to the output by the moving
field of a permanent magnet attached to the housing. For ground motions above mechanical
resonance, the output signal follows the ground velocity ẋg (µm/sec). For frequencies below
resonance, voltage falls as proof mass motion starts to follow ground motion. By its self, the
L4C is underdamped (damping ratio ζ = .2) and resonates with ground motion around 1 Hz
delivering exaggerated output and shifting phase for seismic frequencies near its resonance.
To damp this resonance it is customary to shunt the geophone output with an external
resistor Rs sufficient to critically damp (ζ = .707) the resonance. This damping resistor is
connected across the output inside a small Lemo box on the output cable shown in the left
photo of figure 1.

2 Calibration Procedure

Calibration is based on the step-release method described by Rodgers et al [?] and sketched in
figure ??. In this method a DC current is applied to the geophone’s pickup coil. This current
displaces the instrument’s proof mass from it equilibrium position. A double pole double
throw switch is used to abruptly disconnect the geophone coil from the current source and
connect it to a digitally recording oscilloscope which records the voltage output as the proof
mass returns to equilibrium. The measured step release voltage transient is then numerically
fit to the damped sinusoidal response of the geophone:

e(t) =
K

ω
e−σ(t−to) sin(ω(t− to))u(t− to) volts (1)

In this equation u(t− to) is a unit step function starting at time t = to which accommodates
the offset between the scope trigger and the start of motion. The other 3 constants to be fit
which determine the geophone’s dynamics are:

• ω ≡ geophone damped oscillation frequency (radians/sec)

• σ ≡ geophone damping constant (1/sec)

• K ≡ geophone step response constant (volts/sec)

This method of calibration is entirely electrical and does not involve shake tables or mea-
suring micron displacements. Assuming a linear system, the only parameter which must
be taken on faith from the manufacturer is the proof mass, an easily measured and stable
instrument parameter.
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Figure 2: bench top calibration of L4C geophone

3 Geophone Generator Constant

The main goal of the calibration is to determine the geophone’s generator constant G
(volts/(m/sec)) or (newtons/amp) which relates voltage to instrument velocity. G depends
on the strength of the magnetic field and the design of the instrument’s coil. Note that the
same constant G determines both voltage and force in this electromechanical system:

• vcoil = G(ẋ− ẋg) volts

• Fcoil = −Gicoil newtons

During calibration it is assumed that the ground motion xg is completely negligible compared
to the coil motion x set up by the calibration current. The relation between G and output
voltage waveform after release depends on initial conditions and the geophone’s equations
of motion. Before being switched from the power supply to the scope, the current in the
geophone coil is io = vin/Rc where vin is the measured supply voltage and Rc is the measured
geophone coil resistance. This current is the same irrespective of any shunting damping
resistor Rs across the geophone output. Current io causes proof mass displacement xo =
−Gio/k = −Gvin/Rck where k is the spring stiffness (newtons/m) of the geophone’s proof
mass suspension. k is related to the proof mass and natural frequency by k = Mω2

o . A
typical calibration displacement of the proof mass can be calculated using data from the
calibration of geophone No.635:

xo =
Gvin

RcMω2
o

=
(301 newtons/amp)(.954 volts)

(5510 Ω)(.958 newtons/m/sec2)(7.408 radian/sec)2
= 0.991 mm (2)
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When the DPDT switch disconnects the power supply the current stops abruptly. With
no damping resistance shunting the output the inductive energy in the geophone coil is
dissipated in a tiny arc at the switch contact, probably in microseconds. With a shunting
resistor connected the time constant Lc/(Rs + Rc) ' (6.05 henries)/(12 kΩ) ' .5 milli
seconds. This is still a very brief interval compared to the 1 second oscillation period of the
instrument. So the initial conditions upon release are i = 0, x = xo, ẋ = 0. Ignoring Lc

di
dt

,
the equations of motion are:

proof mass force equilibrium Mẍ + bẋ + kx + Gi = 0

voltage sum around circuit Gẋ− (Rs + Rc)i = 0 (3)

The Laplace transforms of these 2 equations including initial condition xo are

force (Ms2 + bs + k)X(s)− (Ms + b)xo + GI(s) = 0

volts GsX(s)−Gxo − (Rc + Rs)I(s) = 0 (4)

X(s) can be eliminated between these 2 equations and a transfer function written between
I(s) and initial condition xo. Substituting I(s) = Vsig(s)/Rs which is true if the scope input
impedance is high enough to ignore and substituting initial condition xo = Gvin/Rck:

Vsig(s) =
(

Rs

Rs + Rc

) (−G2vin

RcM

) [
1

s2 + 2σs + ω2
o

]
(5)

ωo ≡
√

k

M
, 2σ =

1

M
(b +

G2

Rc + Rs

), ω ≡
√

ω2
o − σ2, ζ ≡ σ

ωo

The inverse Laplace transform of eq(??)has the same form as eq(1):

vsig(t) =
(

Rs

Rs + Rc

) (−G2vin

RcM

) [
1

ω
e−σt sin ωt

]
(6)

The step response depends on G2 because G determines both the initial displacement and
later the voltage output. Comparing derived eq(??) to the measured waveform e(t) =
K
ω
e−σt sin ωt, eq(??), the geophone generator constant G can be extracted from a fit for K

in the measured waveform using the manufacturer’s value for M , measured resistances Rs

& Rc and the voltage vin used to initially displace the coil.

G =

√(
Rs + Rc

Rs

)
MK

vin/Rc

(7)

G is the generator constant of the instrument by itself. Signals measured with a damping
resistor Rs shunted across the output are attenuated so that the effective generator constant
for a damped geophone is:

Gd =
(

Rs

Rs + Rc

)
G (8)
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4 Measurement Results

The procedure followed in calibrating the L4C geophones was to first measure the response
directly without damping resistor. Then a resistor was selected which brought the step
response to approximately critical damping. Response signals were digitized on a TEK-
TRONIX 3032 digital scope. Each response record is 10000 samples long. To simultaneously
determine the best fit to the 4 parameters to, ω, σ and K in equation (??), a Matlab func-
tion fminsearch was used. To converge, this function requires a vector of initial guesses for
[to ω σ K]. Calibration results follow in Table 1. The first 2 geophones No.634 horiz. and
No.635 vertical have quite similar responses but geophone No.636 has a natural frequency
of 1.5 Hz instead of 1 Hz. Its damping is lower and it puts out a weaker signal. These
3 geophones were purchased in 1995. Images of their factory calibration data sheets are
appended. All 3 factory calibration sheets look similar. Somehow in the intervening years,
something has happened to No.636 to lower its damping and raise its resonant frequency.
Possibly its mechanical suspension has been damaged. Figure(??) shows the response of all
three geophones both without and with damping resistor Rs.

L4C Geophone Calibration Constants

634 635 636
Serial No.

Horiz. Vertical Vertical units

mass M .9666 .9583 .9653 kg
coil res.(meas.) Rc 5430 5510 5470 Ω

No external damping resistance
Vstep 1.052 0.998 0.891 volts
f 1.0874 1.1462 1.5038 Hz
σ 1.6172 1.73478 1.7798 1/sec
ζ 0.2303 0.2342 0.1851 damping ratio
fo 1.1174 1.1790 1.5302 Hz
K 17.164 17.119 13.244 volts/sec
G 292.64 300.95 280.15 volts/m/sec
G(mfg, 1995) 284.64 288.97 287.01 volts/m/sec

With external damping resistance
Rs damping 6802 6487 3488 Ω
Vstep 2.944 2.961 3.074 volts
f 0.6791 0.6276 0.8532 Hz
σ 5.335 4.9399 5.155 1/sec
ζ 0.7809 0.7815 0.6931 damping ratio
K 24.560 22.298 17.191 volts/sec

Damped Generator Constant
Gd 162.73 162.73 109.08 volts/m/sec

Table 1: Geophone Calibration Results
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Figure 3: Geophone Calibration Response
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