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INTRODUCTION

The results of research and design works forming
the basis of vector geoacoustics—a new promising
branch of geophysical instrumentation that uses the
method of magnetoelastic conversion of mechanical
stresses into electrical voltage—are considered. This
method, which has been recently recognized in mea-
surement technology, proved to be quite promising and
was used for solving many technical problems, where it
successfully competed with conventional methods for
measuring forces and vibrations. However, its applica-
tion was confined for a long time to measuring large
static forces for internal mechanical stresses up to 

 

10

 

8

 

 Pa
in a magnetoeleastic transducer.

The research and design work performed by the
author of this paper confirmed the applicability and
efficiency of the magnetoelastic method for mechanical
stresses below 

 

10

 

−

 

3

 

 Pa. This indicated that the range of
mechanical stresses being converted was at least 220 dB
and formed the basis for the development of a new
trend in the force measurements and vibrometry. In par-
ticular, magnetoelastic conversion was used for design-
ing, fabricating, and testing acoustic sensors and geo-
phones, which reliably detect vibrating displacements

in the frequency range from 16 to 200 Hz for an elec-
tromechanic coupling coefficient of 

 

10

 

–3

 

 V s

 

3

 

/m.

Geophones with magnetoelastic acoustic sensors
[1] can measure the parameters of motion in solid, liq-
uid, and mixed media in an amplitude range exceeding
260 dB. This is ensured by the shape of their ampli-
tude–frequency characteristic, for which the sensitivity
increases in proportion to the cube of frequency.
Acoustic vibrations with displacement amplitudes
greater than 

 

10

 

–4

 

 m in the low-frequency region of the
frequency range and smaller than 

 

10

 

–15

 

 m in its high-
frequency region can be measured simultaneously. The
need in such measurements is dictated by the very low
values of the background hum amplitudes in actual
geological media at frequencies up to 2000 Hz. Fine
variations of these amplitudes carry new independent
information on the changes in the stressed state of the
Earth’s crust and can be used for the on-line control
over a local seismic hazard.

The first geoacoustic measurements were made by
the well-known Italian seismologist Professor Michel
Stefano de Rossi at the end of the 19th century [1]. He
obtained interesting data concerning the possibility of
short-term forecast of local earthquakes. Rossi used a
carbon seismic microphone invented by himself [2] and
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Abstract

 

—The process of earthquake origination is associated with the action of intrinsic forces of both natural
and artificial origin, which substantially change the stress fields in the Earth’s crust. These slow movements are
accompanied by acoustic noise (acoustic emission). Broadband measurements of acoustic emission from natu-
rally deposited rocks is an effective tool for an instrumental monitoring of the Earth’s crust that is aimed at
earthquake forecasting. Considerable advances in this direction have become possible with the development of
a new type of acoustic sensors with a velaccelerometric characteristic, for which the sensitivity increases by
three orders of magnitude when the frequency increases tenfold. In geoacoustic observation systems, this makes
it possible to considerably expand the amplitude–frequency range of investigation and creates new opportuni-
ties for a detailed analysis of the earthquake origination process. The results of observations of high-frequency
underground acoustic noise, which were carried out in various regions of the Earth, in wells and edits, with the
using of hardware/software systems containing new broadband magnetoelastic acoustic geophones, have con-
firmed experimentally its relation to slow deformations in the Earth’s crust. It turns out that underground hum
in the frequency range from 16 to 2000 Hz contains new independent information on the changes in the stressed
state and is a sensitive indicator of tectonic and tidal movements. Practical investigations performed by
researchers from the Institute of Volcanology, Far East Division of the Russian Academy of Sciences, in Petro-
pavlovsk-Kamchatski have convincingly proved that acoustic noise variation may serve as a reliable seismic
alert. The present publication is devoted to the history of the development and application of magnetoelastic
geophones. 
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the Bell telephone invented in 1876; however, outstand-
ing achievements of the Italian seismologist were unde-
servedly forgotten for a long time. Until recently,
seimologists all over the world have been using electro-
dynamic seimometers whose sensitivity increases in
proportion to the frequency of vibrations being mea-
sured. Such instruments cannot be used for measuring
the background vibrations in the acoustic frequency
range, since their amplitudes decrease by approxi-
mately three orders of magnitude as the frequency
increases only tenfold. High-frequency measurements
are also complicated by the fact that microseismic
vibrations with frequencies up to 10 Hz and amplitudes
of about 

 

10

 

–6

 

 m are always present in the Earth’s crust.
For this reason, the limited dynamic range of analog
channels used for measuring the velocities of displace-
ments does not allow one to increase the amplification
coefficient. A small gain comes from the instruments
measuring the acceleration, which have a sensitivity
increasing in proportion to the squared frequency (i.e.,
increases by two orders of magnitude upon a tenfold
increase in frequency); however, their actual sensitivity
is insufficient for detecting the underground hum.

FUNDAMENTALS OF MAGNETOACOUSTIC 
CONVERSION

Instruments based on magnetostriction have been
used in hydroacoustics since 1920. The direct magneto-
striction effect discovered by Joule in 1847 is used in
hydroacoustic emitters, while the inverse effect discov-
ered by Villari in 1868 is used in receivers. These
effects have been studied comprehensively. Some
researchers believe that the magnetoelastic and magne-
tostriction effects are identical; however, no convincing
proofs of this fact have been obtained so far. On the
contrary, obvious evidences exist that these effects
often accompany each other but have noticeable dif-
ferences. For example, nickel is known to exhibit
magnetostriction whereas the magnetoelastic effect is
not observed in it. By contrast, electric steel with a
high concentration of silicon does not show any
noticeable magnetostriction after special mechanical,
chemical, and thermal treatment while the magne-
toelastic effect clearly manifests itself in this material.
In addition, the frequency doubling effect observed in
magnetostrictive transducers is not typical of magne-
toelastic transducers.

Magnetoelastic conversion was first described in
[3], where a deformable element made of a ferromag-
netic material placed into a measuring coil was pro-
posed for measuring the mechanical stress. Subsequent
publications on magnetoelastic conversion appeared
only after 1953 [4]. However, magnetoelastic force and
moment meters appeared on the measuring instruments
market as soon as in 1954 under commercial names
PRESSDUKTOR and TORDUCTOR, respectively;
these instruments were manufactured by ASEA (Vas-
teros, Sweden).

1

 

Magnetoelastic (magnetoanisotropic) conversion is
associated with intrinsic processes of interaction
between magnetic and mechanical fields, which occur
at the boundaries of ferromagnetic crystal structures.
A rigorous theoretical description of these processes
has not been obtained as yet, and experimental studies
involve considerable technical difficulties. Among the
theoretical studies devoted to the interaction of electro-
magnetic and force fields in ferromagnets, works by
E.I. Kondorski

 

œ

 

 are of most interest [5]. In these works,
the conditions for the displacement of boundaries
between adjacent domains 

 

k

 

 and 

 

l

 

 are considered. Such
a displacement may take place if the free energy density

 

W

 

e

 

 of external forces has different values on different
sides of the wall separating the domains. The magnetic
domains forming a polycrystal structure of a ferromag-
net have a size of about 

 

10

 

–5

 

 m and a uniform saturation
magnetization 

 

M

 

s

 

; the average magnetization of the
entire volume of the ferromagnet may be zero for an
appropriate orientation of magnetic domains. The mag-
netic moment of each domain is determined by its vol-
ume 

 

V

 

 and by the magnitude and direction of magneti-
zation 

 

M

 

s

 

, which can be noticeably changed only by
varying the temperature in the vicinity of the Curie
point. However, the free energy 

 

W

 

 of a domain in an
external magnetic field 

 

H

 

 changes due to the appear-
ance of a new term 

 

W

 

h

 

 representing the energy of the
magnetic moments of domains in the4 external field:

where 

 

µ

 

0

 

 is the magnetic constant (

 

4

 

π ×

 

 10

 

–7

 

 H/m). As
a result, the domains acquire an equilibrium state with
their arrangement other than in zero magnetic field. The
specific work done on the displacement of domain
walls is given by the expression

where 

 

Θ

 

k

 

 and 

 

Θ

 

l

 

 are the angles between vectors 

 

M

 

s

 

 in
domains 

 

k

 

 and 

 

l

 

 and the direction of magnetic field vari-
ation 

 

δ

 

H

 

, which may differ from the direction of 

 

H

 

 in
the general case. If the displacement of the walls
between magnetic domains is caused by a change in the
uniform mechanical stress 

 

δσ

 

, the work done on the
displacement of domain walls is given as

where 

 

ϕ

 

k

 

 and 

 

ϕ

 

l

 

 are the angles between the directions of
magnetization of domains 

 

k

 

 and 

 

l

 

 and the direction of
mechanical stress variation 

 

δσ

 

, and 

 

λ

 

s

 

 is the magneto-
striction corresponding to the easy magnetization axis.
The reversible change in the volume of the 

 

k

 

th domain
under the simultaneous action of magnetic field and

Wh µ0 MsHδV ,∫–=

δ We( )l We( )k–[ ] µ 0Ms Θkcos Θlcos–( )δH ,=

δ We( )l We( )k–[ ] 3/2λ s ϕkcos
2 ϕ lcos

2
–( )δσ,=
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mechanical stresses is described by the Kondorski

 

œ

 

 for-
mula

where 

 

C

 

kl

 

 = 

 

d

 

/

 

dn

 

[(

 

W

 

i

 

)

 

k

 

 – (

 

W

 

i

 

)

 

l

 

 + 

 

d

 

σ

 

kl

 

(1/

 

R

 

1

 

 + 1/

 

R

 

2

 

)]

 

 is the
gradient of internal forces and 

 

R

 

1

 

 and 

 

R

 

2

 

 are the curva-
ture radii of the walls.

The Kondorski

 

œ

 

 formula yields a fundamental solu-
tion to the problem of reversible displacements of
domain walls in homogeneous ferromagnetic materials
when the magnetic stray fields can be ignored. The
main difficulty in the practical application of this for-
mula for specific materials is associated with the deter-
mination of the gradients of internal forces, which are
complex functions of the structural state of the sample
and the energy density 

 

W

 

i

 

 of internal forces. At the
same time, this formula explains the general regulari-
ties, which are independent of random properties of
individual samples. It can be seen, in particular, that
mechanical stresses play the same role as the external
magnetic field in the displacement of walls and in the
change of magnetization. This is confirmed experimen-
tally by the fact that an emf emerges in the measuring
coil connected with the sample upon a change in
mechanical stresses (in accordance with the law of
electromagnetic induction), as well as upon a change in
the magnetic field. Changing the conditions at the
boundaries between magnetic domains, the mechanical
stresses induce and/or facilitate the rotation of sponta-
neous magnetization vectors 

 

M

 

s

 

, which gives rise to
electromagnetic induction. In all probability, this is the
mechanism of magnetoelastic conversion of a force
(mechanical stress) into an electric voltage; in this case,
many parameters determining the state and the behav-
ior of the ferromagnet in electromagnetic and mechan-
ical force fields change. It has been established experi-
mentally that the relation between mechanical stresses
and their electrophysical properties is quite stable in
some ferromagnets. This property is successfully
employed in a large group of magnetoelastic measuring
transducers.

MAGNETOELASTIC CONVERSION OF FORCE

During three decades following the publication of
the results on magnetoelastic meters in 1954, the main
trends in research and design were formed and the pros-
pects of the development of the method for the magne-
toelastic conversion of force into electric signal were
determined. Unique potentialities of transducers devel-
oped by this time determined the main fields of their
application: the measurement of strong forces (up to
several millions of newtons) in rolling mills and
presses, the measurement of large moments at propul-
sion shafts of large sea vessels, and the measurement of

δnkl µ0Ms Θkcos Θlcos–( )δH[
lsk

∫
l k≠
∑=

+ 3/2λ s ϕkcos
2 ϕ lcos

2
–( )δσ ]dSkl/Ckl,

weight and force for heavy-duty metallurgical, mining,
and chemical plants. The operation principle and the
design of widely used force transducers are described
in detail in technical literature. Therefore, below, we
will consider only those fundamental and structural
results that can be used in some way or another in the
development of geoacoustic instruments.

From the variety of designs of magnetoelastic trans-
former force transducers (transducers with ac magneti-
zation, as well as those with magnetizing and measur-
ing coils), the following three groups with basically dif-
ferent designs can be singled out.

A representative of the first group of magnetoelastic
transformer force transducers is known as PRESS-
DUCTOR (Fig. 1a). This device was developed for
measuring very large compressive forces (from several
tens to several millions of newtons) [6]. The main
advantage of this transducer is its large rigidity and
durability. Its drawbacks include its inability to mea-
sure small and alternating forces, nonuniformity of the
mechanical stress field in the magnetic core, instability
of contact stresses at the surfaces of force application,
and nonlinearity of conversion due to the strong effect
of magnetostriction.

The second group (Fig. 1b) found its application in
transducers employed for measuring moderate tensile

W2

(a)

+ F

+ F

(b)
– F

– F

W1

W1

W2

± F(c)

W2 W1

Fig. 1. Schematic diagrams of magnetoelastic force trans-
ducers.
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forces [7]. The main advantage of this group of trans-
ducers lies in the possibility of a multiple increase in
their sensitivity by connecting several elementary cells
of the transducer in series. Such a connection does not
increase the cross-sectional area of the active zone of
the magnetic core, which makes it possible to reduce
the lower boundary of the measuring range to 300 N. A
further lowering of the boundary of the measuring
range in this group is hindered by the influence of the
uncompensated magnetostriction, which excites inter-
nal mechanical stresses in the active zone of the core.
These stresses vary at doubled frequency of the magne-
tization current, reach values of 2.5 Pa, and bend the
initial segment of the static characteristic of conversion.
To ensure the linearity of such transducers, they must
be artificially loaded with a constant force reaching
25% of the measurement limit. This sharply reduces the
dynamic range and makes impossible the measurement
of alternating forces.

In the third group (Fig. 1c), the force being mea-
sured is replaced by the moment. This immediately
made it possible to eliminate most of the above-men-
tioned drawbacks and opened new possibilities. The
most significant of these features are the conversion of
alternating forces, the reduction of the lower boundary
of the force measurement range to a few thousandths of
a Newton, the high linearity of conversion, the differen-
tial measuring technique, the invariance to ambient
temperature and electromagnetic fields, and the com-
pensation of the effect of internal magnetostriction. All
the three design groups belong to transducers of the
transformer type [8], in which the coupling between the
windings varies depending on the magnitude, direction,
and sign of mechanical stresses in the active zone of the
core. In the differential method of measurements, two
groups of windings are used. Some windings are
located in the compression zone, while others are in the

extension zone. The force being measured changes the
coupling between the primary and secondary windings
of the transducer. This coupling increases in the exten-
sion zone and decreases in the compression zone,
which makes it possible to implement the differential
method of measurement in the simplest way at the very
initial stage of conversion.

To obtain an analytical description of the operation
of a magnetoelastic force transducer, we can use its
electric model in the form of a transformer with varying
coupling between the primary winding W1 fed by alter-
nating current and the measuring secondary winding
W2 (see Fig. 1). The coupling between the windings
varies and depends on the force being measured, which
can be conveniently represented in the form of an aver-
aged mechanical stress σ in the zone of the windings;
this makes it possible to compare various designs of
transducers. In the case of a cantilever transducer, a
transition from the measured force F or bending
moment Mb to mechanical stresses σ is carried out
using the familiar formulas

σ = F/Sm or σ = Mby/Jx,

where Sm is the area of the active cross section of the
core, Jx is the moment of resistance of the cross section
to bending, and y is the distance from the neutral axis of
the core to the point of cross section under investiga-
tion.

We assume that mechanical stresses in the region of
the windings are uniformly distributed over the core
cross section, the magnetic permeability is independent
of magnetic induction B, and magnetostriction is
absent. The static characteristic of the transducer is
determined by the dependence of the output voltage U2
across the secondary winding on the mechanical stress
σ being measured:

U2 = w2dΦ2/dt = f(σ), (1)

where Φ2 is the magnetic flux through the plane of the
measuring winding W2 placed in holes B and D (Fig. 2)
and w2 is the number of turns in winding W2. The mag-
netic flux Φ2 is defined as

where S is the area of the diagonal plane bounded by
holes B and D with the measuring winding, B is the
magnetic induction in the diagonal plane, and n is the
normal to this plane. The magnetic induction arizing in
the plane bounded by holes B and D due to current i1 in
the magnetizing winding W1 placed in holes A and C
cannot be determined, since the function describing the
variation of magnetic permeability from the longitudi-
nal to transverse direction is unknown. For this reason,
the longitudinal (Φl) and transverse (Φt) magnetic
fluxes are determined through the plane bounded by
holes A and B (or D and C) and through the plane
bounded by holes A and D (or B and C), respectively.

Φ2 B S B n,( ),cosd
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∫=
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Fig. 2. Elementary cell of a magnetoelastic transducer.
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The magnetic fluxes Φb and Φn can be determined
assuming that they are excited by equal and opposite
currents in two conductors, i1w1, passing through the
holes at corners A and C of rectangle ABCD:

(2)

In the absence of stray fields, in accordance with the
first Kirchhoff rule for a branched magnetic flux, we
can write

(3)

Solving Eqs. (2) and (3) together and performing
some simplifying transformations, we obtain the
expression for the flux through the plane of the second-
ary winding of the elementary transducer:

where µl and µt are the permeabilities along and across
the direction of the mechanical stress and H is the core
thickness.

For a multielement single-row transducer, allow-
ance should be made for the effect of the magnetizing
current in the nearest hole of the neighboring cell,
which doubles the first term in expression (2) for the
longitudinal flux Φl. In this case, the flux through the
plane of the secondary winding is

The static characteristic of the n-element single-row
force transducer with a series arrangement of the cells
is defined, in accordance with Eq. (1), as

or

where kn = µ0w1w2hn/2π, kl = ln(2b1cosα/dsin2α), and
kt = ln(2b1 /d) are constant structural coefficients.

For the linear segment of the transducer, we can
write

where k is the sensitivity factor depending on the elec-
trophysical properties and the state of the core material;
µl0 and µt0 are the initial values of the longitudinal and

Φn Bc S B n,( )cos Ba S B n,( ),cosd

s

∫+d

s

∫=

Φb Ba S B n,( )cos Bc S B n,( ).cosd

s

∫+d

s

∫=

Φ2 Φl Φt.+=

Φ2 µ0i1w1h/2π µl 2b1 α /dcot( )ln{=

– µt 2b1 α /dtan( )ln } ,

3

Φ2 µ0i1w1h/2π µl 2b1 α /d αsin
2

cos( )ln{=

– µt 2b1 α /dtan( )ln } .

U2n µ0w1w2hn/2πdi/dt=

× µl 2b1 α /d αsin
2

cos( )ln µt 2b1 α /dtan( )ln–{ } ,

U2n kndi/dt µlkl µtkt–( ),=

αtan

Kl kt– µl0kl0 µt0kt0 kσ,+–=

transverse permeabilities in the absence of mechanical
stresses due to external forces, or

(4)

where U2 is the output voltage of the transducer, U0 is
the initial output voltage, and kf is the proportionality
factor between the force F being measured and the out-
put voltage U2. The initial output voltage U2 is deter-
mined to a greater extent by the anisotropy in the prop-
erties of the core; the proportionality factor kf depends
on the magnetoelastic sensitivity of the ferromagnetic
material. The design of the core affects the values of
both coefficients.

In the simplest case, the bending moment transducer
(Fig. 1c) has the form of a cantilever beam whose bend-
ing moment is produced by a force F applied to the free
end. The proportionality factor kf in Eq. (4) linearly
increases with the distance between the point of appli-
cation of the force on the core axis and the locus of the
holes with the windings, while initial stress U0 remains
unchanged. An increase in the distance between the
holes with the windings and the neutral axis of the core
also linearly increases the proportionality factor kf
without affecting the value of U0. An increase in the
number of turns w2 in the secondary winding linearly
changes the values of U0 and kf. The total current i1w1
of the primary winding and its frequency f also affect
the value of U0. Figure 3 illustrates this dependence.

MAGNETOELASTIC CONVERSION
OF ACOUSTIC SIGNALS

A magnetoelastic transformer-type transducer (see
Fig. 1c) developed as a small alternating force meter
and supplied with an inertial mass can be used in geo-
physics as a one-component accelerometer. In this case,
the upper frequency of the inertial force variation is
limited by the frequency of the magnetizing current,
and the accuracy of conversion is determined by the

3

U2 U0 k f F,+=

0.5

0 100 f, Hz

0.7

200

Sσ

0.6

0.8

0.9

1.0

300 400

Sσ = F(fi), i1 = const

Sσ = F(fi), U
1 = const

Fig. 3. Sensitivity of a magnetoelastic transducer as a func-
tion of the magnetization current frequency.
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instability of this current. Such a transducer has no
advantages over conventional piezoelectric crystal
accelerometers. It can be used in seismometry for con-
version of strong vibrations with frequencies up to
10 Hz. For higher frequencies, better results can be
obtained when magnetization by a direct current or per-
manent magnets is used [9, 10]. In this regime, the con-
version parameters are satisfactory at frequencies from
1 to 30 Hz and unique at frequencies exceeding 30 Hz.
This is due to the fact that, for magnetization by a con-
stant magnetic field, an increase in sensitivity upon an
increase in the frequency of vibrations to the principal
mechanical resonance is 60 dB per decade of frequency
growth.

By way of example, we can compare the efficiencies
of operation of a magnetoelastic transducer intended
for measuring the inertial force F emerging in inertial
mass m at a magnetizing current frequency of 250 Hz
(the maximal frequency of effective magnetization) and
at magnetization by a static field (velocity-acceleration
measuring mode) for inertial force F varying at a fre-
quency of 1 Hz (ω = 2π).

If the base of the transducer is displaced in accor-
dance with the law

This force, which varies with frequency ω = 2π, modu-
lates the constant magnetic flux Φ = Φ0kF, where k is a
constant coefficient characterizing the generalized
parameters of the transducer. For a constant magnetic
flux, the output voltage of the transducer is given by the
expression

Uout.0 = dF/dt = kΦ0mω3X0cosωt.

X X0 ωt, we have Fsin m2X0 ωt.sin= =

For a varying magnetic flux due to magnetizing current
of frequency 250 Hz (ωn = 2π 250), the output voltage is

Uout.250 = kΦ0mω2X0(sinωntcosω + ωntcosωntsinωt).

Since ωn � ω, we can write

Uout.250 = kΦ0mω2X0ωncosωntsinωt.

Comparing the amplitude values of the output voltage
for various regimes of magnetization, we can easily
verify that

Uout.250/Uout.0 ≈ ωÌ/ω = 250.

In other words, the magnetization at a frequency of
1 Hz by an alternating current of frequency 250 Hz
leads to a gain, which is numerically equal to the fre-
quency of the magnetization current. However, such a
regime creates additional difficulties and noise, since it
requires a stable ac source of a comparatively high
power and gives rise to intrinsic noise from the magne-
tostriction and Barkhausen effects.

Transducers with a wide frequency band require the
regime of a constant magnetic flux. Although such a
regime sets a limit of approximately 10 Hz on the lower
frequency of effective conversion, it has indisputable
advantages at high frequencies. In particular, Fig. 4
shows the characteristic of a velaccelerometer (1),
which shows a sensitivity growth rate of 60 dB per
decade of the frequency increase in the force being
measured to the resonance frequency of 2500 Hz and
makes it possible to compensate an analogous decrease
in the level of the underground hum in actual geological
media. The sensitivity characteristics of the accelerom-
eter (2) and velocimeter (3) are also shown for compar-
ison.

A complete independence of the transducer with a
magnetic flux produced by a high-energy permanent
magnet paved the way for designing multipurpose
acoustic detectors operating in the low-frequency
region of the acoustic frequency range, in which the
range of displacements being measured may exceed
260 dB. This is ensured by the sharp (as ω3) ascent of
the amplitude–frequency characteristic of the trans-
ducer with frequency, the high frequency of the
mechanical resonance, the low level of intrinsic noise,
the absence of power consumption, the thermal endur-
ance, strength, stability, and unlimited service life.

MAGNETOELASTIC SENSORS

Among the various possible designs of magne-
toelastic sensors, we consider the structural schemes
forming the basis of magnetoelastic acoustic seismom-
eters (geophones) of various purpose. The first and sim-
plest design of a sensor (Fig. 5a) is formed by a cylin-
drical magnetoelastic element 1 (other shapes of the
cross section are also possible) with a length-to-equiv-
alent diameter ratio of about 10 [11]. The magnetoelas-
tic element is magnetized in the axial direction by a
magnetic field produced by permanent magnet(s) 2

100

100

V/m

Hz
103102101

103

106

109

10–3

1

2

3

Fig. 4. Comparative characteristics of sensitivity of (1) a
velaccelerometer, (2) a velocimeter, and (3) an accelerometer.
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embedded in casing 3. Measuring coil 4 is wound on
this element. Upon a change in the axial force applied
to the end of magnetic element 1, the magnetic flux in
it changes, and an emf induced in measuring coil 4
serves as the output signal. The output signal is propor-
tional to the rate of variation of the applied force. Along
with obvious advantages of the design of this simplest
axial sensor, it has a serious drawback, namely, the sen-
sitivity to an applied varying magnetic field whose
effect is difficult to get rid of (especially at frequencies
below 10 Hz). Another design of a sensor (Fig. 5b) is
distinguished by the fact that two symmetric measuring
coils 4 and 5 are coupled with magnetoelastic element 1
that has a rectangular or other cross section. Each coil
embraces the same cross-sectional area of magne-
toelastic element 1 magnetized by permanent mag-
net(s) 2. Coils 4 and 5 are connected in series, which
virtually eliminates the effect of external magnetic
fields and axial force. In this design, the input quantity
is the transverse and not axial force. Although we
obtain a gain in noise immunity, the design of the sen-
sor with a transverse transducer is inferior to the design
with an axial transducer in simplicity and rigidity of the
magnetoelastic element, which lowers the mechanical
resonance frequency and the upper limit of the conver-
sion frequency. Both schemes of sensors are used for
designing geophones.

Magnetoelastic conversion forms the basis of acous-
tic geophones determining the displacement vector
components in a solid medium in a rectangular or other
coordinate system. The use of the same type of trans-
ducers makes it possible to obtain practically identical
transfer characteristics in all components. However, a
combination of two types of transducers (axial and
transverse) should be used in some cases associated
with a limited space (wells) [1]. Without dwelling on
design features, let us consider the possibility of
designing multicomponent sensors, proceeding from
the fact that the sensitive magnetoelastic element is
magnetized by a permanent magnet. This will be
denoted conditionally by poles N and S.

The problem of determining the displacement vec-
tor projection onto a horizontal plane for particles of the
medium in a wave field can be solved by using any of
the two above-mentioned sensors. Figure 6 shows the
diagrams of decomposition of the horizontal compo-
nent of an acoustic signal in orthogonal directions of
the longitudinal axes of axial-sensitivity transducers.
The scheme of decomposition into two X and Y compo-
nents can be implemented either using two transducers
(Fig. 6a) or four pairwise coaxial transducers (Fig. 6b).
In the latter case, the main disadvantage of axial trans-
ducers is compensated for, since the emfs induced by
the longitudinal component of the external magnetic
field in coaxial coils Ux1 and Ux2 or Uy1 and Uy2, con-
nected in series or against each other, are mutually
compensated, while the desired signals are added.
When a narrow directional pattern is necessary, the
number of coaxial pairs can be increased. Supplement-
ing any of the schemes shown in Fig. 6 with one or two
vertical coaxial transducers, it is possible to record
three projections of a space vector.

The sensitive element of the magnetoelastic trans-
ducer for an intrawell sensor shown in Fig. 7 has the
form of a beam with a cross section in the form of a
rectangular cross. If its longitudinal axis coincides with
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the vertical, the difference in the emfs induced in coils
Ux1 and Ux2 is proportional to the component corre-
sponding to horizontal direction H1, while the differ-
ence in the emfs induced in coils Uy1 and Uy2 is propor-
tional to the component corresponding to horizontal
direction H2. The emf of the winding embracing the
entire cross section of the sensitive element is propor-
tional to the vertical component V of the space vector.
The combined sensor has drawbacks typical of axial
and transverse transducers. The axis (vertical) compo-
nent V in it has a broader frequency band but is not pro-
tected against the external magnetic field. The two hor-
izontal components H1 and H2 are well protected from
external magnetic fields but are frequency-limited to a
certain extent. In spite of this, such a compromise
proved to be quite effective for seismic measurements
in wells, since electromagnetic noise in wells is insig-
nificant while the frequencies of the signals under study
are practically within the frequency range of magne-
toelastic combined sensors.

MAGNETOELASTIC GEOPHONES

Geoacoustic instruments are used for seismic pros-
pecting of minerals, in engineering seismometry, and in
seismology. In seismic prospecting, seismometers
(geophones) are used in large groups on the surface.
The working conditions determine the main require-
ments to surface instruments. Above all, this is a small
mass, reliability, and low cost. In connection with the
development of high-resolution seismic prospecting in
recent years, elevation of the upper frequency (up to
250 Hz) of the detectable reflected signal has become a
vital problem. This increases the resolution of seismic
prospecting by the method of reflected waves and

increases the elaboration depth of well logs being stud-
ied.

Figure 8 shows the block diagram of a one-compo-
nent magnetoelastic geophone intended for surface
detection of reflected waves in the frequency range up
to 2500 Hz with a displacement amplitude range
exceeding 250 dB. The geophone consists of magne-
toelastic element 1, permanent magnet 2, pole pieces 3,
external core 4, measuring coil 5, casing 6, preampli-
fier 7, and gasket 8. The geophone is connected to the
ground via rod 9. It should be noted that instead of the
casing of the geophone, its sensitive element is directly
connected to the object under investigation (ground).
This makes it possible to increase the actual frequency
range to the maximal possible extent and to consider-
ably suppress the effect of atmospheric acoustic noise
during surface measurements. Preamplifier 7 ensures
the matching of the signal from the measuring coil of
the geophone with an extended transmission line.

For three-component measurements of acoustic
emission and for reflection seismic prospecting with
vertical seismic profiling, the combined magnetoelastic
sensor shown in Fig. 7 is supplied with an inertial mass
and is fixed in a high-strength sealed casing. The sche-
matic diagram of an intrawell three-component magne-
toelastic acoustic geophone of the MAG-3S type is
shown in Fig. 9. The geophone consists of sensitive ele-
ment 1, heavy-duty permanent magnet 2, lower pole
pieces 3, a high-strength casing and external core 4,
inertial mass 5, vertical component measurement coils 6,
preamplifier unit 7, upper pole piece 8, and sealed con-
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nector 9. The amplitude–frequency characteristic of the
MAG-3S geophone makes it possible to detect acoustic
signals in the range from 16 to 1250 Hz, as well as seis-
mic-prospecting signals of any frequency, which can be
excited by a seismic vibrator. Axial-sensitivity one-
component transducers (see Fig. 5a) can also be used
for constructing multicomponent geophones and
acoustic antennas, in which the displacement vector of
the net mass can be decomposed into the required num-
ber of components along preset directions. The magne-
toelastic transducer makes it possible to design geo-
phones in which the sensitive element is in a direct con-
tact with the medium being controlled and ensures a
rigid connection of several sensitive elements to the
same inert mass. Such a connection is possible in view
of the large linear conversion range ensuring indepen-
dent measurement of weak high-frequency signals
against the background of large and slowly varying
static loads (e.g., from thermal deformations in struc-
tural elements) and high-intensity low-frequency vibra-
tions. Multielement antenna systems for passive and
active location of noisy and moving objects in the fre-
quency range from 30 to 3000 Hz in liquid media can
be constructed on the basis of a magnetoelastic trans-
ducer with direct action of a force on the sensitive ele-
ment. Such systems can be used for determining not
only the azimuth of propagation of vibrations but also
the direction to the source.

It was noted above that magnetoelastic geophones
can be successfully used for detecting reflected waves
in vertical seismic profiling. Three-dimensional mea-
surements of the displacement vector by one-compo-
nent magnetoelastic sensors in an intrawell geophone
has no fundamental limitations. However, the available
materials and technologies ensure the required conver-
sion parameters only for a comparatively large inertial
mass and for a large size of the sensing element. In this
connection, a slight difference in the amplitude–fre-
quency characteristics of the vertical and horizontal
channels was accepted in designing a three-compo-
nent magnetoelastic geophone for intrawell applica-
tion [12]. The mechanical resonance has a frequency
of about 1.2 kHz for the vertical component and about
350 Hz for the horizontal component. The mechanical
resonance frequency of horizontal components can be
increased by raising the structural rigidity of a modified
sensor [13]. The features of intrawell magnetoelastic
geophones make it possible to use these instruments not
only for solving prospecting and engineering problems
but also for solving fundamental problems related to
monitoring the variations of the stressed state of the
medium for forecasting purposes [14]. In addition, a
high-strength magnetoelastic sensor with a very large
linear conversion range makes it possible to use a large
inertial mass (up to several tons) for performing unique
experiments (e.g., detection of dynamic gravitation).

AMPLIFICATION AND FORMATION
OF OUTPUT SIGNALS

The source of the output voltage in a magnetoelastic
acoustic sensor is an inductive–resistive element (cop-
per coil wound on a ferromagnetic core), whose resis-
tance varies from 100 to 5000 Ω depending on the
design. Like any resistive element, it is characterized by
a certain level of thermal noise voltage. According to
the Nyquist–Johnson, the mean square of thermal noise
voltage U across the terminals of the electric coil of
resistance R in thermal equilibrium at absolute temper-
ature T is U2 = 4kTRδf, where k = 1.38 × 10–23 J/K is the
Boltzmann constant; δf is the frequency band in hertzs,
in which the thermal noise voltage is measured. At
room temperature T = 293 K, we have 4kT = 1.62 ×
10–20 V2/Hz Ω. A 5000-Ω conductor at room tempera-
ture has an rms thermal noise of about 0.7 µV in a fre-
quency band up to 10000 Hz and 7 nV in a band of
100 Hz. According to its spectral composition, thermal
noise belongs to the Gaussian white noise type. It is
associated only with physical phenomena and cannot
be reduced. Schottky noise emerging due to fluctua-
tions of the current passing through a conductor and
flicker noise emerging due to fluctuations of the resis-
tance of the sensor coil are also of this type. Their total
amplitude is much smaller than that of thermal noise.
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Fig. 9. Schematic diagram of an intrawell magnetoelastic
geophone.
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The total intrinsic noise of a magnetoelastic trans-
ducer in the frequency range from 16 to 2000 Hz with
a measuring coil whose resistance is up to 5 kΩ does
not exceed 0.2 µV under normal conditions; this noise
is of the white noise type and depends on the frequency
band being measured. Consequently, in designing the
analog part of the amplification channel, one must
ensure an input noise from the preamplifier (PA) at the
same level and the required amplification. In addition to
signal amplification, the PA must ensure optimal
matching of the output resistance with the extended
cable transmission line, which may be 5000 m long.
The coasting cable has a resistivity of 25.5 Ω/m of the
conducting core and large distributed capacitance and
inductance. The amplification coefficient of the PA may
reach 60 dB; its transmission band ranges from 10 to
5000 Hz and the output resistance does not exceed
10 Ω. In the PA circuit developed by us, two operational
dc amplifiers are used. The first amplifier (153UD5A)
is connected as a noninverting amplifier with a coeffi-
cient of 40 dB, while the second amplifier (544UD1A)
is connected as an inverting amplifier with a coefficient
of 20 dB and is supplemented with high-power transis-
tors. After preamplification, the broadband geophone
signal is additionally amplified by a matching amplifier
with coefficients of 6, 12, 26, 32, or 38 dB. The match-
ing amplifier has a band from 10 to 5000 Hz and intrin-
sic input noise below 5 µV. Its output resistance is also
designed for operation with a cable transmission line up
to 5 km long.

In the simplest monitoring system, amplified signals
are fed to the input of an three-channel four-band ana-
log amplifier, in which the signals are additionally
amplified by 34 dB in 1/3 octave bands with central fre-
quencies of 30, 160, 500, and 1000 Hz. Then, these sig-
nals are detected and slightly filtered to ensure the sup-
pression of the carrier frequency but preserve the
dynamics of its amplitude fluctuations. The resulting
low-frequency dc signals are converted into a digital
form and recorded by a PC according to the program
developed for continuous and prolonged monitoring.
This program also provides the computation and
recording of the minute average signal amplitude in
each of the 12 channels.

CONCLUSIONS

Magnetoelastic geophones had been successfully
tested under field conditions for 15 years in various
regions of the Northern Hemisphere in wells, edits, and
mounds. Occasional monitoring was carried out in con-
tinental regions of central Russia, Belarus, and North-
ern Caucasus, as well as on the Pacific coast of Califor-
nia (USA), Honshu island (Japan), and Petropavlovsk-
Kamchatskii. Currently, continuous monitoring of
underground sound is carried out in central Russia
(Obninsk), northern Caucasus (Kislovodsk), and Kam-
chatka (Petropavlovsk-Kamchatskii). Each study of
broadband underground sound confirms in some way or

another its natural origin. The relation between this
sound and tidal variation of gravity always manifests
itself in a certain way. However, the nature of this rela-
tion remains enigmatic. In particular, a daily peak in
underground noise is observed in almost all cases.
Many researchers attribute this peak to anthropogenic
noise. However, after a continuous monitoring in sum-
mer and in winter, it was found that the daily peak in
winter is observed at midnight rather than during the
daytime. The variation of the daily peak phase in under-
ground sound was found to occur during vernal and
autumnal equinoxes. These data suggested an energy
model of the variation of underground hum on the basis
on the variation of the strain rate magnitude associated
with the solar component of tide [15–17]. All this has
made it possible for the researchers from the Institute of
Volcanology, Far East Division of the Russian Acad-
emy of Sciences, Petropavlovsk-Kamchatskii, on the
basis of the data of a continuous geoacoustic monitor-
ing carries out by a magnetoelastic geophone in a deep
well since the end of 2001, to regularly submit the con-
clusions concerning possible seismic hazards to the
local commission on earthquake forecast. With rare
exception, all submitted conclusions (exceeding 40 in
number) were confirmed by subsequent events.

Destructive earthquakes occurring in 2003 in Cali-
fornia (USA) and Iran proved that earthquake forecast
remains an urgent problem. Its solution requires that all
available means, including geoacoustic monitoring by
magnetoelastic geophones, be used. Geoacoustics is the
most effective instrument for studying the earthquake
origination processes. This method has become practi-
cable after the development of magnetoacoustic geo-
phones, which ensure reliable measurements of dis-
placements with amplitudes smaller than 10–12 m in a
solid medium. Magnetoelastic geophones made it pos-
sible to automatically determine the amplitudes of low-
intensity underground sound and the direction to its
source; this, in turn, opens up new prospects for esti-
mating the anisotropy of the stressed state of minerals
at the measurement site. This can be done using a mag-
netic geophone recording three components of the
acoustic signal vector. Three components are mechani-
cally formed in the total inertial mass and are singled
out by three individual coils, each of which is con-
nected with the orthogonal axes of the directional pat-
tern. The signal detection scheme is determined by the
specific measurement problem. The simplest monitor-
ing can be carried out using the scheme of analog sep-
aration of several frequency bands and digital recording
of the signal amplitude averaged over a certain period
in each band. The position of the geophone and the fre-
quency bands for monitoring can be chosen using an
information system with a digital amplitude–frequency
analyzer in real time. The time of averaging can be
operatively varied in accordance with the scale and task
of monitoring.

The technique and strategy proposed for earthquake
forecast are rather simple. The extent of seismic risk for
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a specific territory (a large city or an atomic power
plant) is determined by the methods of classical seis-
mology, for which a seismic hazard control system is
developed. Magnetoelastic geophones are installed in
three deep wells on this territory. Each geophone is
connected with the monitoring center via a mobile
communication system ensuring high-quality transmis-
sion of three signals in frequency bands from 16 to
2000 Hz. At the monitoring center, acoustic signals can
be authentically reproduced and recorded on a digital
medium and then placed on local computer networks
and Internet using modern computer processing equip-
ment. A real-time visual observation system can be
developed on the basis of conventional multimedia
computers.

Analysis of underground hum variations in the cho-
sen frequency bands at all points of observation (Insti-
tute of Volcanology, Far East Division of the Russian
Academy of Sciences, Petropavlovsk-Kamchatskii) is
the first statistically verified stage of earthquake fore-
cast. The analysis was carried out in comparison with a
model series on a time interval of 30 days, which was
renewed every day. At this stage, an indication of a pos-
sible earthquake is the gradual disappearance of the
pronounced daily variation of the underground sound
amplitude in individual frequency bands (over months
or weeks). A stable observation of this feature is a
premise of transition to the next stage of forecast. The
models of prediction features of the second and third
stages of the forecast can be substantiated after carrying
out a statistical analysis of the actual origination and
evolution of earthquakes recorded by magnetoelastic
geophones at a special test site (e.g., the USGS test site
in Parkfield, California). A feature of the second stage
may be a sharp and substantial increase in the under-
ground hum amplitude level in most of the frequency
bands (this stage lasts for 12 h according to the data
from Nagano prefecture, Japan, 1996). The observation
at the second stage should be performed in real time on
a monitor screen during a time interval of about five
days with renovation at every 6 min. The second feature
is, in turn, a premise of transition to the third (final)
stage and consists in an avalanche-like increase in seis-
moacoustic emission in high-frequency bands immedi-
ately before an earthquake (the duration of this stage is
on the order of tens of minutes or minutes according to

the data of underground observations). The final stage
is accompanied by a sound specific for each observa-
tion point. This feature must be observed on the screen
of a monitor within an approximately two-hour time
window with a 10-s renovation interval.
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SPELL: 1. undeservedly, 2. arizing, 3. permeabilities


