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A NEW GENERATION OF GRAVIMETRIC SENSORS
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L. M. Starosel’tseva,1 L. S. Elinson,1
L. K. Zheleznyak,3 and V. N. Koneshov®

The development and experimental studies of a new gravimetric sensor intended for use in the mobile
Chekan gravimeters are discussed. The design of the gravimetric sensor and its major components are
described. Data from calibration and tests of the gravimeter in a climate chamber are analyzed. The
experimental data show that the instrumental error of this gravimetric sensor is significantly lower than
that of its earlier analog.
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The mobile gravimeter Chekan-AM was developed at the firm TsNII Elektropribor in 2001 and is now in widespread
use by Russian and foreign geophysical companies for marine and airborne gravimetry in the search for oil and gas forma-
tions [1-3]. During operation of Chekan-AM systems, it has been found that the ultimate quality of a gravimetric scan is
influenced significantly by the accuracy of the gravimetric sensor which, in turn, depends on a number of factors: ambient
temperature variations, the stability and drift of the zero-point, the degree of damping of the sensor element, the accuracy
with which the data are gathered, etc.

During the development of a new mobile gravimeter in the Chekan series, considerable effort has been put into
reducing the instrumental error of its gravimetric sensor through the development of a small sized sensor element, as well as
updating the opto-electronic transducer and designing a new thermostatic system.

Design of a Gravimetric Sensor with a New Sensor Element. In all the gravimetric systems built at TsNII Elektro-
pribor, the sensor elements have been various modifications of a torsional double quartz elastic gravimetric system developed
by the Institute of Earth Physics, Russian Academy of Sciences [4]. The design of the new gravimetric sensor is shown in
Fig. 1. The output quantity from the elastic gravimetric system is the angle ¢ by which the pendulum arm 3 turns, which
varies when the acceleration of gravity changes by an amount Ag as

Ap = KAg,

where K is the sensitivity of the elastic system, which can vary over 0.3—1.5 “/mGal, depending on the torsional rigidity.
The elastic gravimetric system consists of two torsion systems 2 made of specially pure fused silica contained in a

single housing /0. The systems are arranged in the horizontal plane by 180° relative to one another. The housing of the elastic

gravimetric system is filled with a organosilicon liquid // which serves for damping the system, thermal compensation, and
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Fig. 1. The configuration of the gravimetric sensor: /) fused silica frame; 2) fused
silica torsion element; 3) pendulum with test mass; 4) television camera; 5) beam
splitter; 6) LED; 7) lens; 8) transparent window in housing; 9) mirror; /0) housing
of elastic gravimetric system; //) damping liquid.

pressure isolation. As a material, fused silica has a number of advantages: workability; obeying Hooke’s law all the way to frac-
ture; and a positive thermoelastic coefficient, so that thermal compensation can be carried out by simple design features.

The elastic system of the gravimeter is completely welded and has no control components, so that its reliability is
much greater. Because of improvements in the technology for building the elastic gravimetric system, the quartz (silica) sys-
tems are very similar in terms of sensitivity and damping. This means that there is essentially no error through cross-coupling
from mutual influence of the vertical and horizontal accelerations.

During development of the new elastic gravimetric system, its size has been reduced by a factor of 1.5 compared to
the elastic gravimetric system used in the Chekan-AM gravimeter. The sizes of the quartz frames, torsion elements, pendula,
and other components of the quartz system have been substantially reduced. The range of perturbing accelerations for damp-
ing the pendulum oscillations in the new elastic gravimetric system was extended by using polymethyl siloxane fluid with a
viscosity of 65 Pa-sec, which is a factor of 3 higher than that of the liquid used in the sensor of the Chekan-AM gravimeter [5].

Data on the angular position of the pendula of the elastic gravimetric system are collected using an opto-electronic
converter operating in an autocollimation mode [6—8]. A specialized 5-megapixel black and white CMOS array is used as the
photodetector in the opto-electronic converter. In order to reduce the size of the gravimetric sensor, the focal distance of the
objective in the opto-electronic converter is reduced by a factor of 2, but this did not lead to a reduction in the resolution of
the autocollimator since the resolution element (a pixel) of the CMOS array is a third the size of the pixels in the previously
used CCD array.

The crucial feature of the design for the new gravimetric sensor is the placement of the elastic gravimetric system
together with the opto-electronic converter in a single thermostat. This makes it possible to reduce the influence of changes
in the ambient temperature on the gravimeter readout by many times. Another advantage of the new thermostat design is a
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Fig. 2. A plot of the residual error owing to the nonlinearity of the calibration
characteristic for the two calibration procedures (7, 2).

substantial reduction in the thermostat temperature for the sensor from 32 to 15°C, which leads to a reduction by several times
in the drift of the zero-point in the new gravimeter. In addition, the design for the new elastic gravimetric system and opto-
electronic converter are rigidly attached without any additional regulator components for the first time; this greatly simpli-
fied the process of assembling and aligning the gravimetric sensor and increased the long-term stability of the position of the
sensitivity axis of the gravimeter.

Calibration of the Gravimetric Sensor. The coefficients in the calibration curve for gravimeters are traditionally
determined by the incline method [9]. The gravimetric sensor is subjected to a series of inclinations at a fixed angle and its
steady-state readouts are recorded. The inclination angle is measured with an accuracy of better than 2” and the data are used
to calculate the projection of the acceleration of gravity on the sensitivity axis of the gravimetric sensor. Then a least squares
method is used to determine the coefficients b and a of the gravimeter calibration curve, which gives the dependence of the
gravimeter readouts Ag in mGal on the number of counts m in pixels:

Ag =bm + am®.

The scale factors for each of the fused silica systems of the elastic gravimetric system were determined during the
calibration: b| = 6.346548 mGal/pixel and b, = 6.402359 mGal/pixel. The coefficients were calculated with a coefficient for
the squared term of a = 75.04 nGal/pixelz. Thus, the sensitivity of the fused silica systems differed by less than 0.5%.

Figure 2 is a plot of the residual error &g owing to the nonlinearity of the calibration curve for the gravimetric sensor
for measurements in the range Aa from 0 to 4000 mGal in two series of tilts. The limiting error does not exceed 0.3 mGal.
The error that depends on the nonlinearity of the calibration curve has been reduced by roughly a factor of 1.5 compared to
that of the Chekan-AM gravimeter and is highly reproducible for all inclination angles. This, however, is most likely
explained by the improvements in the calibration technique because of the use of an Acutronic AC3367-TCC high precision
triaxial rotatable stand, rather than by the new gravimetric sensor design.

Zero-Point Drift of the Gravimeter. Estimates of the drift rate of the zero-point and all subsequent tests were car-
ried out after the gravimetric sensor had been mounted on the gyro-platform. The gravimetric sensor was stabilized continu-
ously in the horizontal plane to within the error in the gyro-vertical.

Based on continuous measurements for 3 months, the zero-point drift rate of the gravimeter was estimated to be
C = 0.56 mGal/day.

This preliminary value of the drift rate is a factor of 5-7 lower than for the sensors of the Chekan-AM gravimeter.
The drift is reduced significantly because of the reduction in thermostat temperature of the elastic gravimetric system to 15°C.
Many years of experience with quartz gravimeters shows that the zero-point drift gradually decreases over the first three years
by a factor of 2-3. Thus, we can assume that the zero-point drift will decrease further to a level of 5-10 mGal/month, which
is close to the zero-point drift of the La Coste gravimeter.

Effect of Changes in Ambient Temperature. Instability of the temperature of the quartz sensor element of a
gravimeter has a great influence on the accuracy of the measurements. The static temperature coefficient for quartz systems
immersed in a damping liquid is usually 3—-5 mGal/°C.
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Fig. 3. Output of the gravimeter in a thermostated vessel.

Figure 3 shows the readout Ag of the gravimeter in the thermal chamber as the ambient temperature is varied over the
entire working range from +5 to +35°C. This graph shows that changing the temperature by 5°C leads to a transient with an
amplitude of up to 1 mGal that lasts about 4 hours. The duration of the transient in the new gravimetric sensor is comparable to
that in the Chekan-AM gravimeter, but its amplitude is several times smaller. In addition, under steady-state conditions there is
essentially no systematic component in the gravimeter readout error owing to changes in temperature; this is of fundamental
importance in aerogravimetric measurements, where the diurnal variations in the ambient temperature can reach tens of degrees.

Experimental Estimate of the Sensitivity of the Gravimetric Sensor. The sensitivity of the gravimeter was deter-
mined experimentally on a Normal-3S vertical displacement stand. This stand consists of a platform that moves vertically with
the instrumentation mounted on it. It is equipped with an optical system for recording the position of the platform to within
1 mm. The platform can be set to oscillate with an amplitude of up to 2 m and a range of periods from 14 to 200 sec. This stand
is usually used to test the gravimeter parameters during calibration with dynamic amplitude perturbations of up to 40 Gal.

An additional method in which measurements were made with the platform in a fixed position at different levels was
used for estimating the sensitivity of the gravimetric sensor. A series of measurements was made with changes in the level of
0.5 m within a range of +2 m, i.e., a change in the input signal for the gravimeter by 0.15 mGal was specified within a range
of 0.6 mGal.

The increment in the acceleration of gravity Ag as a function of the change in the level H was calculated using the
formula Agg = —0.3086AH.

The discrepancies between the gravimeter readings and the calculated increments of the elastic gravimetric system

were calculated as
dg; = Ag.— Mgy,

where Ag.. is the increment in the gravimeter readouts as the level H is varied.

The results of the measurements are given in the table.

These data show that the mean square deviation did not exceed 0.03 mGal. This confirms that the sensitivity of the new
gravimetric sensor is comparable to that of earthbound gravimeters and does not place limits on marine and airborne operation.

The sensitivity of the gravimetric sensor was also determined experimentally by comparing the gravimeter readings
on a fixed base with data on the changes in the acceleration of gravity owing to the action of lunar and solar tides.

The results of this comparison are shown in Fig. 4. The amplitude of the diurnal variations in the acceleration of
gravity is 0.015-0.05 mGal. These data reveal a high degree of correlation between the gravimeter readings and the calcu-
lated tidal data. The mean square difference between the gravimeter readouts and the calculations over a 6 day period did not
exceed 0.02 mGal.

Conclusion. The firm TsNII Elektropribor together with the Institute of Earth Physics of the Russian Academy of
Sciences has developed a new gravimetric sensor for use in the Chekan series of mobile gravimeters. The design of the gravi-
metric sensor has been substantially modernized through the development of a small sized elastic gravimetric system, a new
opto-electronic converter based on a CMOS array, and a thermostatic system for the elastic gravimetric system. Comprehensive
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TABLE 1. Experimental Estimate of the Sensitivity of the Gravimetric Sensor

AH, m Agy, mGal Ag,, Gal dg, mGal
0.53 -0.164 —-0.131 0.033
0.53 —-0.163 —-0.164 —-0.001
0.59 —-0.183 0.140 0.043
0.61 —-0.188 —0.153 0.035
0.49 -0.151 —-0.175 —-0.024
0.51 —-0.157 —-0.166 —-0.009
0.41 -0.127 —-0.122 0.005
0.32 —0.099 —-0.113 -0.014

—-0.46 0.142 0.113 -0.029

—0.65 0.201 0.168 —-0.033

-0.64 0.197 0.182 —-0.015

-0.52 0.161 0.165 0.004

-0.43 0.133 0.104 -0.029

-0.44 0.135 —-0.138 -0.003

-0.44 0.135 0.142 0.007

-0.41 0.127 0.114 -0.013

Average -0.002
Mean square dev. 0.023
Ag, mGal
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Fig. 4. Comparison of the gravimeter readouts (2) with the calculated tidal values (/).

testing of the gravimetric sensor on a test stand shows that its instrumental error is significantly lower than that of the previous
analog. The effect of the ambient temperature on the gravimeter readouts has been substantially reduced, the zero-point drift
is lower, and the dynamic range of the measurements is greater. Using the new gravimetric sensor in the Chekan series of
gravimeters will enhance both the accuracy and the spatial resolution of marine and airborne gravimetric scans.
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