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In this paper the coupling of a sensor to an acoustic medium is discussed. Based on the acoustic
reciprocity theorem, an expression is derived for the motion of the sensor as a function of the
undisturbed motion of the embedding medium. What is special here is that the sensoris the
scattering object. The sensor coupling is affected by two factors: the ratio of the density of the
sensor and of the embedding medium~ground!, and a frequency-dependent factor depending on the
geometry of the sensor. ©1999 Acoustical Society of America.@S0001-4966~99!02204-3#

PACS numbers: 43.38.Ar, 43.20.Tb@SLE#
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INTRODUCTION

A sensor is a device that converts a physical quantity
an electric signal. In this article focus is on motion-sensit
and pressure-sensitive sensors. What the sensor is mea
measure is the motion of the medium if the sensor were
there at all. This can never be the case since the measu
device itself is present. When an acoustic wave arrives
contrasting medium—e.g., a measuring device—a reflec
wave will exist. As a consequence, the original acous
wavefield will be disturbed. Since it is the goal of measuri
devices to obtain values for the original acoustic wa
field—the wave field that would exist if no device wa
present—it is important to have an idea about the magnit
and behavior of the disturbing acoustic field. The fact tha
device meant for the detection of an acoustic wave field
turbs this wave field exists in general. In this article, focus
given on the specific case of an acoustic device—a pres
or velocity measuring sensor, embeddedin a medium—e.g.,
the earth. It must be stressed here that although the exam
in this paper are taken from seismological practice, the t
oretical results have an impact on many more fields of ap
cation, like in nondestructive testing, underwater acoust
etc. It will be shown here that if true amplitudes for an
acoustical application are desired, a correction must be m
for the coupling of the sensor to the probing medium,
amount of which is quantified in this paper.

The sensor coupling is defined to be the ratio betw
the velocity of the sensor (vsens), and the velocity of the
medium (vmed) in absence of the sensor:

CSC5
vsens

vmed
. ~1!

In the past, different models were used in order to
scribe the problem of the sensor coupling. This research
started to address the problem of the sensor coupling as
in seismic exploration, where the sensor on land is the g
phone. The geophone is an electro-magnetic device, whic
put on top of a spike which furnishes the coupling to t
ground. In most theoretical studies for geophones, the se
was simulated by its case only, neglecting the spike. T
~1987! was the first to notice that the spike is too importa
to ignore. In this study, the influence of the spike will b
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examined. In practice, spikes of geophones are made of s
so in the analysis the sensor is considered to be a ri
movable object. It must be stressed here that although th
problems are taken from a geophysical practice, the res
here pertain to a much more general audience of people
concern themselves with coupling problems.

Sensor coupling involves two phenomena: scatter
due to the sensor being there, and boundary effects of
sensor due to bad contact between the sensor and the em
ding medium. The first problem is called the interaction co
pling, denoted byCI , and the second contact coupling, d
noted byCC . Then the total sensor coupling can be writt
as:

CSC5
vsens,pc

vmed

vsens

vsens,pc
5CICC . ~2!

In the case of interaction coupling, no slip or friction ca
occur, and the particle velocity shows a continuous beha
when approaching the sensor. Because of differences in
terial properties between the medium and the sensor, m
rial displacement in absence of the sensor is not exactly
same as the sensor displacement. The sensor can be co
ered to be a contrasting domain in a half-space, e.g.,
earth. In practice, however, slip and friction may occur, a
the sensor will not exactly follow the motion of the materi
in the immediate vicinity of the sensor. This effect is sep
rated in the above by the factorCC . As an extreme case o
this situation, the sensor may be in completely loose con
with the medium. In this paper this situation will not b
addressed; only the interaction coupling will be consider
where perfect contact between the sensor and the embed
medium is assumed. In this case the disturbance of the w
field, due to the presence of the sensor, has to be inv
gated.

The paper is built up as follows. First, a homogeneo
half-space is considered, and then the effect of a contras
domain in the half-space is formulated. The special case
cylindrical sensor will be considered for its analytical conv
nience: Most of the integrals can be determined analytica
Also, a block-shaped contrast will be analyzed where so
integrals can also be determined analytically. A few nume
cal results will be shown.
22524)/2252/9/$15.00 © 1999 Acoustical Society of America
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I. THEORY

A. Basic acoustic equations

An acoustic medium is considered with constitutive c
efficientsr and k, wherer is the volume density of mass
given in kg m23, andk is the compressibility, given in Pa21.
The wave field in a point of an acoustic medium is fu
defined by its pressurep and the three components of th
particle velocityvk . In the medium, two kinds of source
may be present: monopoles and dipoles. A monopole so
is described byq, the volume source density of injection ra
@1/s#. A dipole source is quantified byf k , the volume source
density of volume force~N m23!. In the notation of these
quantities and the wave field description, the notation
Fokkema and Van den Berg~1993! is closely followed.

With these quantities, the basic equations describ
wave motion are given by Newton’s second law, the eq
tion of motion,

]kp1r ] tvk5 f k , ~3!

and by the deformation equation, using a linear, instan
neously reacting isotropic medium in the low-velocity a
proximation:

]kvk1k ] tp5q, ~4!

where] t stands for differentiation with respect to time, an
]k denotes differentiation with respect to the spatial coor
natexk . The analysis is performed in the Laplace doma
where the Laplace transformation is given by

f̂~s!5E
0

`

exp~2st!f~ t !dt, ~5!

where f can be any quantity, a hat on top of a quant
denotes that it is in its Laplace-domain representation, as
is the Laplace transform parameter. By applying the o
sided Laplace transformation with respect to time, the ab
equations are written as

]kp̂1sr v̂k5 f̂ k ~6!

and

]kv̂k1sk p̂5q̂, ~7!

where temporal initial conditions of the wave field are tak
into account in the sources.

B. Homogeneous half-space

A homogeneous acoustic half-space is considered.
half-space is of infinite extent in both sides for thex1 andx2

directions. Thex3 axis is perpendicular to the bounding su
face, and points downward into the half-space. Since the
a contrasting plane, the incident waves will be reflected
the boundary of the half-space, giving rise to a scatte
wave field. From Fokkema and Van den Berg~1993!, it fol-
lows that the total wave field due to a monopole source i
homogeneous acoustic half-space is given by

p̂H~x,s!5q̂S~s!ĜH~xSux,s!, ~8!

and
2253 J. Acoust. Soc. Am., Vol. 105, No. 4, April 1999
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v̂k
H~x,s!52q̂S~s!Ĝk

H~xSux,s!. ~9!

In these expression the Green’s functions are introduced
a homogeneous half-space,ĜH andĜk

H , for the pressure and
the particle velocity, respectively; the superscriptH refers to
the half-space, and the superscriptS refers to the source po
sition. The Green’s functions are given by

ĜH~xSux,s!5Ĝ~x2xS,s!2Ĝ~x2xS* ,s! ~10!

and

Ĝk
H~xSux,s!5]k~Ĝ~x2xS,s!2Ĝ~x2xS* ,s!! ~11!

with Ĝ(x,s) being defined as:

Ĝ~x,s!5

expS 2
s

c
uxu D

4puxu
. ~12!

S* is the mirror image of the source positionS.

C. Contrasting domain in half-space

Now an acoustic half-space with a contrasting doma
e.g., a geophone-spike, is considered. The total wave fiel
an acoustic half-space due to a dipole source located so
where in the medium, but outside a contrasting domain]Dsct

can be decomposed into two wave fields: an incident w
field and a scattered wave field. The incident field is n
considered to be the half-space response. Then, the
pressure is expressed by

p̂tot~x,s!5 p̂H~x,s!1 p̂sct~x,s!. ~13!

In the derivations so far, the expression followe
straightforwardly. In this section use is made of the acou
reciprocity theorem as elaborated in Fokkema and Van
Berg ~1993!. The acoustic reciprocity theorem is a very e
egant way to formulate a scattering problem, especially
geometries of laterally varying structures. In the reciproc
theorem two states are defined for the acoustic source,
material parameters and wave field quantities. In the cas
a contrasting domain, the states for the sources are the s
while the states of the material parameters and the wave
quantities are different in the area of the contrasting dom

Since the incident field is source-free in the contrast
domain, one can write for a pointxR outside the contrasting
domain@Fokkema and Van den Berg, 1993, Eq.~8.46!#:

05E
xP]Dsct

@ĜH~xRux,s!v̂k
H~x,s!

1Ĝk
H~xRux,s! p̂H~x,s!#nk dA, xRPDsct8 . ~14!

The scattered field is source-free in the domain exterior
the contrasting domain, leading to@Fokkema and Van den
Berg, 1993, Eq.~8.47!#

p̂sct~xR,s!5E
xP]Dsct

@ĜH~xRux,s!v̂k
sct~x,s!

1Ĝk
H~xRux,s! p̂sct~x,s!#nk dA, xRPDsct8 .

~15!
2253J. Vos et al.: Sensor coupling in acoustic media
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The scattered field is obtained in terms of the total field
adding Eqs.~14! and ~15!. However, the goal is to find rep
resentations for the limiting behavior where the conside
point xR approaches the boundary]Dsct. From Fokkema and
Van den Berg’s~1993! Eq. ~8.56!, it follows that the acoustic
pressure in a point located at the boundary of the senso
given by

p̂]Dsct

sct ~xR,s!5 1
2 p̂tot~xR,s!

1E
xP]Dsct\~x5xR!

@ĜH~xRux,s!v̂k
tot~x,s!

1Ĝk
H~xRux,s! p̂tot~x,s!#nk dA, ~16!

where integration over the scattering domain now exclu
the singular point of observation, which is represented by
term (1/2)p̂tot.

D. Rigid movable object

The condition that the contrast is a movable rigid obj
will be used now, so the particle velocity is constant
space. Therefore, this particle velocity is denoted with
capital:V̂k

tot . The equation of motion applied to the scatteri
domain gives

E
xP]D

p̂totnk dA52sV̂k
totE

xPD
rsensdV ~17!

in which rsensis the density of the sensor. An expression
the pressurep̂ as a function of the spatial constant veloc
V̂k is given by

p̂tot52srsensxlV̂l
tot , ~18!

which can easily be shown by substituting this solution
Eq. ~17! and applying Gauss’ divergence theorem. This le
to

V̂lE
xPD

]kxl dV5V̂kE
xPD

dV ~19!

and the posed solution obeys the equation of motion in g
bal form. So then, for a rigid movable contrast, the scatte
field becomes:

p̂]Dsct

sct ~xR,s!5 1
2 p̂tot~xR,s!

1V̂k
totE

xP]Dsct\~x5xR!
ĜH~xRux,s!nk dA

2srsensV̂k
totE

xP]Dsct\~x5xR!
xkĜl

H~xRux,s!

3nl dA, xRP]Dsct8 , ~20!

where nowV̂k
tot is taken outside the integral, since it is

constant along the scattering surface.

E. Coupling coefficients for one-dimensional motion

The goal of this paper is to obtain a coupling coefficie
as defined in the introduction, either byp̂tot/p̂H or by v̂k

tot/v̂k
H ,
2254 J. Acoust. Soc. Am., Vol. 105, No. 4, April 1999
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where it is understood that the undisturbed state is the fi
of the half-space, denoted by the superscriptH. In order to
define the coupling coefficient,p̂ needs to be converted t
v̂k , or vice versa.

First, the ratiop̂tot/p̂H is considered. For this ratio th
coefficientsvk

tot cannot be determined only in terms ofp̂tot,
unless a motion only inonedirection is assumed. Assumin
only a motion in thevertical direction one can write

v̂3
tot52

1

srsensx3
p̂tot ~21!

as follows from Eq.~18!. The scattered field@Eq. ~20!# is
written as

p̂tot~xR,s!2 p̂]Dsct

H ~xR,s!

5
1

2
p̂tot~xR,s!2

1

srsensx3
R p̂tot~xR,s!

3E
xP]Dsct\~x5xR!

ĜH~xRux,s!n3 dA

1
1

x3
R p̂tot~xR,s!E

xP]Dsct\~x5xR!
x3Ĝl

H~xRux,s!nl dA

5Bp̂tot~xR,s!, xRPDsct8 , ~22!

whereB is the factor which can be determined for any co
figuration:

B5
1

2
2

1

srsensx3
R E

xP]Dsct\~x5xR!
ĜH~xRux,s!n3 dA

1
1

x3
R E

xP]Dsct\~x5xR!
x3Ĝl

H~xRux,s!nl dA. ~23!

So the interaction coupling coefficientCI for pressure-
sensitive sensors can then be determined as

CI5
p̂tot

p̂H 5
1

12B
. ~24!

This analysis is valid for pressure-sensitive sensors.
sensors sensitive to particle velocity, the equations of mo
are used to introducev̂k

tot , and the scattered field@Eq. ~20!#
can be written as

2srsensxk
Rv̂k

tot~xR,s!1srxk
Rv̂k

H~xR,s!

52 1
2 srsensxk

Rv̂k
tot~xR,s!1 v̂k

tot~xR,s!

3E
xP]Dsct\~x5xR!

ĜH~xRux,s!nl dA2srsensv̂k
tot~xR,s!

3E
xP]Dsct\~x5xR!

xkĜl
H~xRux,s!nl dA. ~25!

Again, the coupling coefficient for each componentv̂k can-
not be determined, unless one-dimensional motion is
sumed. Again, say that only a motion in the vertical directi
exists. Then it holds that
2254J. Vos et al.: Sensor coupling in acoustic media
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2srsensx3
Rv̂3

tot~xR,s!1srx3
Rv̂3

H~xR,s!

52srsensx3
RF1

2
1

1

srsensx3
R

3E
xP]Dsct\~x5xR!

ĜH~xRux,s!n3 dA

1
1

x3
RE

xP]Dsct\~x5xR!
x3Ĝl

H~xRux,s!nl dAG v̂3
tot~xR,s!

52srsensx3
RBv̂3

tot~xR,s!, ~26!

where the factorB was as defined before@Eq. ~23!#. So the
interaction coupling coefficientCI for velocity-sensitive sen-
sors can be determined as

CI5
v̂3

tot

v̂3
H 5

r

rsens

1

12B
. ~27!

F. Cylindrical contrast

The above expression for the coupling coefficient
cludes the factorB, which is geometry-dependent. In th
section the object is considered as a cylinder, since it
sembles the spike of a geophone, which is a veloc
sensitive device. For such an object some of the integ
involved can be determined analytically.

The origin of the coordinate system is chosen as
midpoint of the top of the cylinder. The configuration
given in Fig. 1. The scattering surface]Dsct is divided into
three parts: the top (]D top), mantle (]Dman), and bottom of
the cylinder (]Dbot).

First, the first integral in the expression forB is consid-
ered. First,n3 is zero, thus the productv̂3

totn3 is zero at the

FIG. 1. Configuration for cylinder-shaped contrast.
2255 J. Acoust. Soc. Am., Vol. 105, No. 4, April 1999
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mantle of the cylinder. Second, the Green’s functi
ĜH(xRux,s) vanishes at the surfacex350, which follows
from Eq. ~A1!. The top of the cylinder is assumed to be
the free surface, so this holds for the integral over]D top. It
follows that

E
xP]Dsct\~x5xR!

ĜH~xRux,s!n3 dA5E
xP]Dbot

ĜH~xRux,s!dA.

~28!

Using Eq. ~A1!, and considering that at]Dbot, x35h, the
integral over the bottom of the cylinder can be evalua
analytically:

E
xP]Dbot\~b f x5xR!

ĜH~xRux,s!dA

5E
u50

2p E
r 501

R sr

4p
F expS 2

s

c
r D

r

2

expS 2
s

c
Ar 214h2D

Ar 214h2
G r dr du

5
rc

2 F2expS 2
s

c
RD1expS 2

s

c
AR214h2D

112expS 22
s

c
hD G . ~29!

Next, consider the second integral in the expression
B. SinceG3

H is bounded at]D top, the integral over the top o
the cylinder vanishes sincex3 is zero at the top. At the bot
tom of the cylinder,n is given by~0,0,1!, andx3 is constant
(5h). On the mantle of the cylinder,Ĝl

Hnl is given by
Ĝl

H cosu1Ĝ2
H sinu. Because of these considerations,

E
xP]Dsct\~x5xR!

x3Ĝl
H~xRux,s!nl dA

5E
xP]Dman

x3~ Ĝl
H cosu1Ĝ2

H sinu!dA

1hE
xP]Dbot\~x2xR!

Ĝ3
H~xRux,s!dA. ~30!

Now, the integral over the mantle of the cylinder can
written as
E
xP]Dman

x3Ĝl
H~xRux,s!nl dA52

R2

4p E
u50

2p E
x3501

h

x3
H s

c
F expS 2

s

c
AR21~x32h!2D

R21~x32h!2 2

expS 2
s

c
AR21~x31h!2D

R21~x31h!2
G

1

expS 2
s

c
AR21~x32h!2D

~R21~x32h!2!3/2 2

expS 2
s

c
AR21~x31h!2D

~R21~x31h!2!3/2
J dx3 du. ~31!

Using Eq.~A4!, the integral over the bottom of the cylinder can be evaluated analytically:
2255J. Vos et al.: Sensor coupling in acoustic media
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hE
xP]Dbot\~x2b f xR!

Ĝ3
H~xRux,s!dA5

h2

2p E
050

2p E
r 501

R

expS 2
s

c
Ar 214h2D F s

c

1

~r 214h2!
1

1

~r 214h2!3/2G rd

5h

expS 22
s

c
hD

2
2

h2

AR214h2
expS 2

s

c
AR214h2D . ~32!

The total expression forB becomes:

B5
1

2
2

1

srsensh

rc

2 F2expS 2
s

c
RD1expS 2

s

c
AR214h2D112expS 22

s

c
hD G

1

expS 22
s

c
hD

2
2

h expS 2
s

c
AR214h2D

AR214h2
2

R2

2h Ex350

h

x3
H s

c
F expS 2

s

c
AR21~x32h!2D

R21~x32h!2

2

expS 2
s

c
AR21~x31h!2D

R21~x31h!2
G1

expS 2
s

c
AR21~x32h!2D

~R21~x32h!2!3/2 2

expS 2
s

c
AR21~x31h!2D

~R21~x31h!2!3/2
J dx3 . ~33!

G. Analytical expression for low frequencies for cylindrical contrast

When the arguments of the exponential functions are smaller than 1, the exponential functions can be approximat
first few terms of its Taylor expansions. The largest term occurring in the exponential functions is (s/c)AR214h2, so the
approximation for the whole expression forB holds for s,c/AR214h2, which means small spikes, or equivalently, lo
frequencies.

In the expression forB, terms are taken only up to the orders1. The integrals inB can be determined analytically, usin
the tables from Gradshteyn and Ryzhik~1980, Tables 2.214.2, 2.145.2, 2.271.4, 2.271.5, 2.271.7!:

E
x350

h

x3
H expS 2

s

c
AR21~x32h!2D

R21~x32h!2 2

expS 2
s

c
AR21~x31h!2D

R21~x31h!2
J dx3'

1

2
lnS R2

R214h2D1
h

R
arctanS 2h

R D , ~34!

E
x350

h

x3
H expS 2

s

c
AR21~x32h!2D

~R21~x32h!2!3/2 2

expS 2
s

c
AR21~x31h!2D

~R21~x31h!2!3/2
J dx3

'F2
1

R
1

1

AR214h2
1

2h2

R2AR214h2G1
s

c F1

2
lnS R214h2

R2 D2
h

R
arctanS 2h

R D G . ~35!

Using these approximations, the expression for the coupling coefficient for motion-sensitive sensors is obtained

CI5
r2hAR214h2

rsens~R214h22RAR214h2!2r~R214h22~R12h!AR214h2!
. ~36!
st
T
ol

al

f
ck.

the
What can be remarked here is thatCI does not contain any
phase factor, and not even any velocityc; notice also thatCI

is unity whenr5rsens.

H. Block-shaped contrast

This contrast is chosen because, for seismological
tions, sometimes concrete blocks are used for mounting.
procedure as used for the cylindrical contrast will be f
2256 J. Acoust. Soc. Am., Vol. 105, No. 4, April 1999
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lowed. A full expression for the coupling and an analytic
approximation for low frequencies will be given.

The configuration is given in Fig. 2. Again, the point o
observation is chosen in the midpoint of the top of the blo
The block is divided into the top (]D top), the sides (]Dsides),
and the bottom (]Dbot).

First, the first integral in the expression forB is consid-
ered. As for the cylinder, the contributions for the top and
sides vanish. As a consequence,
2256J. Vos et al.: Sensor coupling in acoustic media



add
E
xP]Dsct\~x5xR!

ĜH~xRux,s!n3 dA

5E
xP]Dbot

ĜH~xRux,s!dA

5
rc

2 F12expS 2
s

c
2hD G

1
2rc

p E
0

p/4FexpS 2
s

c
Ad21d2 tan2 u14h2D

2expS 2
s

c
Ad21d2 tan2 u D Gdu. ~37!
ie

2257 J. Acoust. Soc. Am., Vol. 105, No. 4, April 1999
Next, the second integral in the expression forB is con-
sidered. The contribution from]D top vanishes sincex3 is
zero. It follows that

E
xP]Dsct\~x5xR!

x3Ĝl
H~xRux,s!nl dA

5E
xP]Dsides

x3Ĝl
Hnl dA

1hE
xP]Dbot\~x5b f xR!

Ĝ3
H~xRux,s!dA. ~38!

The integral over the sides all have the same shape, and
up to give
E
xP]Dsides

x3Ĝl
H~xRux,s!nl dA52

2d

p E
x150

d E
x350

h

x3
H s

c
F expS 2

s

c
Ar 21~x32h!2D

r 21~x32h!2 2

expS 2
s

c
Ar 21~x31h!2D

r 21~x31h!2
G

1

expS 2
s

c
Ar 21~x32h!2D

~r 21~x32h!2!3/2 2

expS 2
s

c
Ar 21~x31h!2D

~r 21~x31h!2!3/2
J dx3 dx1 , ~39!
de-
x-

n has
t
gh
in

ain
zhik
in which r is given by r 25x1
21d2. The integral over the

bottom becomes:

hE
xP]Dbot\~x5xR!

Ĝ3
H~xRux,s!dA

5
4h2

p E
u50

p/4 E
r 501

Ad21d2 tan2 u
expS 2

s

c
Ar 214h2D

3F s

c

1

r 21h2 1
1

~r 214h2!3/2G r dr du

5
h

2
expS 2

s

c
2hD

2
4h2

p E
u50

p/4
expS 2

s

c
Ad21d2 tan2 u14h2D

Ad21d2 tan2 u14h2
du.

~40!

With these expressions, the exact total coupling coeffic
can be determined as for the cylindrical case.

FIG. 2. Configuration for block-shaped contrast.
nt

I. Analytical expression for low frequencies for block-
shaped contrast

In the cylindrical case, an analytical expression was
rived for low frequencies; in the case of the block, the e
pressions are more elaborate and therefore the expressio
only be determined forv50. This means that here it is no
shown directly that the first-order term vanishes, althou
numerically it also showed a negligible small contribution
the first-order~imaginary! term.

The integrals for the block-shaped contrast have ag
be determined using the tables from Gradshteyn and Ry
~1980, Tables 2.271.4, 2.141.2, 2.275.4!:

E
x150

d E
z50

h

x3F 1

~r 21~x32h!2!3/2

2
1

~r 21~x31h!2!3/2Gdx1 dx3

52 ln
~11A2!~d214h2!1/2

~d1A2d214h2!
1

h

d
arctanS 2h

A2d214h2D
~41!

E
0

p/4

@Ad21d2 tan2 u2Ad21d2 tan2 u14h2#du

51d ln
~Ad214h2!

~d1A2d214h2!

~A211!1/2

~A221!1/2
2hp

12h arctanSA2d214h2

2h D ~42!
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p/4 1

Ad21d2 tan2 u14h2
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5
p

4h
2

1

2h
arctanSA2d214h2

2h D . ~43!

The total expression for frequency zero then becomes

CI5
r

rsensb12rb2
, ~44!

in which b1 andb2 are given by:

b1512
2

p
arctanS d2

hA2d214h2D
2

d

ph
ln

~11A2!2~d214h2!

~d1A2d214h2!2
, ~45!

b2512
4

p
arctanSA2d214h2

2h D
2

d

ph
ln

~A211!

~A221!

~d214h2!

~d1A2d214h2!2
. ~46!

FIG. 3. Velocity-coupling function for cylinder as function of frequencyf;
rsens53000 kg/m3, r51500 kg/m3, h50.1 m, R50.005 m, c5200 m/s.
Solid line: exact; dashed line: low frequency approximation.

FIG. 4. Velocity-coupling function for cylinder as function of heighth; f
5200 Hz, rsens53000 kg/m3, r51500 kg/m3, R50.005 m, c5200 m/s.
Solid line: exact; dashed line: low frequency approximation.
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II. NUMERICAL RESULTS

In Fig. 3, the velocity-coupling for a cylindrical object i
plotted as a function of the frequency. The parameters
chosen for realistic circumstances of geophones as used
land seismics. Both the results of the analytical approxim
tion for low frequencies and the exact representation—
integrals are calculated using a numerical technique—
shown. It is clear that the approximation for low frequenc
is useful for these sizes of the sensor, since their values
most coincide on the figures. Also, the coupling is rath
insensitive for frequency changes. In this figure, the contr
ing domain is rather small. Notice that for the limit to ze
frequency, the coupling reaches the valuer/rsens.

In the next two figures, the influence of the geometry
the spike is shown. In Fig. 4 the influence of the heighth is
shown; the approximation is very good for common valu
of the geophone dimensions and coincides with the ex
value. Notice here that for the limit to zero height, the co
pling approaches unity. In Fig. 5, the influence of the rad
R on the coupling is shown. Again, the approximation is ve
good for these parametera and coincides with the exact
ues; for the limit to zero radius, the coupling approach
r/rsens.

Geophones are velocity-measuring devices, while
drophones are pressure-measuring devices. In Fig. 6

FIG. 5. Velocity-coupling function for cylinder as function of radiusR; f
5200 Hz, rsens53000 kg/m3, r51500 kg/m3, h50.1 m, c5200 m/s. Solid
line: exact; dashed line: low frequency approximation.

FIG. 6. Pressure-coupling function for cylinder as function of frequencf;
rsens51500 kg/m3, r51000 kg/m3, h50.005 m,R50.025 m,c51500/s.
2258J. Vos et al.: Sensor coupling in acoustic media
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pressure-coupling for a hydrophone is shown as a functio
the frequency. It turns out that this coupling is not very d
pendent on the frequency. In the next figures, the veloc
coupling for a blocked shape with larger dimensions a
using lower frequencies is calculated. The values here
chosen for realistic circumstances of seismological stati
as used in seismology. From Fig. 7, it follows that the lo
frequency approximation is very good again for these si
of the block. Again, the coupling does not vary much a
function of the frequency. In Figs. 8 and 9, the influence
the geometry is shown. The same behavior as for the cy
der is observed. Geometry factors do have a larger influe
on large objects than on small objects. A better coupling
achieved when using thin blocks with large horizontal
mensions.

III. DISCUSSION

In the results, it can be seen that the dominant effec
the density effect; if there is no density contrast, the coupl
coefficient is unity. However, it should be realized that t
density contrast has arisen because the point of observ
is on the scattering object and the density has been chose
be the density of the sensor@see Eq.~17!#. It is arguable
whether this density should be the average between the

FIG. 7. Velocity-coupling function for block as function of frequencyf;
rsens53000 kg/m3, r51500 kg/m3, h51 m, d51 m, c5200 m/s. Solid
line: exact; dashed line: low frequency approximation.

FIG. 8. Velocity-coupling function for block as function of heighth; f
52.5 Hz, rsens53000 kg/m3, r51500 kg/m3, d51 m, c5200 m/s.
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sity of the sensor and that of the surrounding medium. In t
case, the coupling coefficient would be different in their de
sity term.

The approach in this paper is that a welded contact
tween the sensor and the surrounding medium is assume
practice, it often occurs that the coupling is not good, a
then the model developed here does not account for it. O
approach would be to introduce slip along the sensor,
introducing a linear-slip model along the sensor, or by int
ducing a small ‘‘boundary layer’’ which has damping e
fects. This will be part of future studies.

IV. CONCLUSIONS

In this paper, a general approach for describing the d
turbance of a wave field due to the presence of a measu
device has been developed. It was shown that, even w
there is perfect material contact between the device and
environment, the measured wave field differs from the wa
field that would exists if no measuring device was prese
This effect is called the interaction coupling.

The interaction coupling is mainly dependent on t
densities of the materials of the measuring device and
surroundings, and on the geometric dimensions of the
vice. The frequency spectrum of the waves is only of min
importance, as was shown via the low frequency approxim
tions. These low frequency approximations clearly show
main physics of interaction coupling.

APPENDIX: GREEN’S FUNCTIONS FOR CYLINDRICAL
OBJECT

In this Appendix explicit expressions are given for th
Green’s functionsĜH and Ĝk

H for the half-space which are
needed for evaluating the interaction coupling. The contra
ing domain is considered as a cylinder, so it is advantage
to turn to cylindrical coordinates. The cylinder is vertical
planted and with its upper plane equal to the surface of
earth. The middle of the cylinder’s upper plane is taken to
the origin of a cylindrical coordinate system. Thex3-axis is
pointing downward. Use will be made of Eq.~16!, where the
fixed pointxR has to be located on the boundary of the c
inder. For this reason, the fixed point is taken to be
middle point of the cylinder’s lower plane.

FIG. 9. Velocity-coupling function for block as function of widthd; f
52.5 Hz, rsens53000 kg/m3, r51500 kg/m3, h51 m, c5200 m/s.
2259J. Vos et al.: Sensor coupling in acoustic media



The Green’s functionĜH becomes:

ĜH~xRux,s!5
sr

4p
F expS 2

s

c
Ar 21~x32h!2D

Ar 21~x32h!2
2

expS 2
s

c
Ar 21~x31h!2D

Ar 21~x31h!2
G , ~A1!

while the Green’s functionĜk
H is given by

Ĝ1
H~xRux,s!52

r cosu

4p
H s

c
F expS 2

s

c
Ar 21~x32h!2D

r 21~x32h!2 2
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s
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1
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c
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~r 21~x32h!2!3/2 2
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s

c
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r sinu

4p
H s

c
F expS 2

s

c
Ar 21~x32h!2D

r 21~x32h!2 2

expS 2
s
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G

1
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s
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Ĝ3
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c
F ~x32h!expS 2

s

c
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r 21~x32h!2 2

~x31h!expS 2
s

c
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nd
where the following relation has been used:

Ĝk
H~xRux,s!5

1

sr
]kĜ

H~xRux,s!. ~A5!
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