Sensor coupling in acoustic media using reciprocity
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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 sertker
scattering object. The sensor coupling is affected by two factors: the ratio of the density of the
sensor and of the embedding medi(gmound, and a frequency-dependent factor depending on the
geometry of the sensor. @999 Acoustical Society of Amerid&80001-496609)02204-3

PACS numbers: 43.38.Ar, 43.20.TBLE]

INTRODUCTION examined. In practice, spikes of geophones are made of steel,
, ) . _so in the analysis the sensor is considered to be a rigid,

A sensor is a devpe tha}t converts' a phySIC_al quantl.t)_/ novable object. It must be stressed here that although these

an electric signal. In this article focus is on motlon-sensmvepromemS are taken from a geophysical practice, the results

and press_ure-sensi@ive sensors. What_the sensor is meantyg o pertain to a much more general audience of people who
measure is the motion of the medium if the sensor were not,ncern themselves with coupling problems

there at all. This can never be the case since the measuring ggngor coupling involves two phenomena: scattering

device itself is present. When an acoustic wave arrives at g,e to the sensor being there, and boundary effects of the
contrasting medium—e.g., a measuring device—a reflectedsnor que to bad contact between the sensor and the embed-

wave will exist. As a consequence, the original acoustiGying medium. The first problem is called the interaction cou-

wavefield will be disturbed. Since it is the goal of measuringpjing denoted byC,, and the second contact coupling, de-

devices to obtain values for the original acoustic wave,giaq byCc. Then the total sensor coupling can be written

field—the wave field that would exist if no device was 4.

present—it is important to have an idea about the magnitude

and behavior of the disturbing acoustic field. The fact that a

device meant for the detection of an acoustic wave field dis- Csczvsenspc Usens _ C,Ce. )

turbs this wave field exists in general. In this article, focus is Umed Usenspc

given on the specific case of an acoustic device—a pressure

or velocity measuring sensor, embedded medium—e.g., |n the case of interaction coupling, no slip or friction can

the earth. It must be stressed here that although the examplggcur, and the particle velocity shows a continuous behavior

in this paper are taken from seismological practice, the thewhen approaching the sensor. Because of differences in ma-

oretical results have an impact on many more fields of appliterial properties between the medium and the sensor, mate-

cation, like in nondestructive testing, underwater acousticssal displacement in absence of the sensor is not exactly the

etc. It will be shown here that if true amplitudes for any same as the sensor displacement. The sensor can be consid-

acoustical application are desired, a correction must be madged to be a contrasting domain in a half-space, e.g., the

for the coupling of the sensor to the probing medium, theearth. In practice, however, slip and friction may occur, and

amount of which is quantified in this paper. the sensor will not exactly follow the motion of the material
The sensor coupling is defined to be the ratio betweenn the immediate vicinity of the sensor. This effect is sepa-

the velocity of the sensorv(end, and the velocity of the rated in the above by the fact@r. As an extreme case of

medium @ med in absence of the sensor: this situation, the sensor may be in completely loose contact
with the medium. In this paper this situation will not be
c _ Usens 2 addressed; only the interaction coupling will be considered,
5 Umed where perfect contact between the sensor and the embedding

medium is assumed. In this case the disturbance of the wave

In the past, different models were used in order to defield, due to the presence of the sensor, has to be investi-
scribe the problem of the sensor coupling. This research wagated.
started to address the problem of the sensor coupling as used The paper is built up as follows. First, a homogeneous
in seismic exploration, where the sensor on land is the gedialf-space is considered, and then the effect of a contrasting
phone. The geophone is an electro-magnetic device, which omain in the half-space is formulated. The special case of a
put on top of a spike which furnishes the coupling to thecylindrical sensor will be considered for its analytical conve-
ground. In most theoretical studies for geophones, the sensaience: Most of the integrals can be determined analytically.
was simulated by its case only, neglecting the spike. Tam\lso, a block-shaped contrast will be analyzed where some
(1987 was the first to notice that the spike is too importantintegrals can also be determined analytically. A few numeri-
to ignore. In this study, the influence of the spike will be cal results will be shown.
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. THEORY oH(x,5)=— %9 TH(xIx,5). )

A. Basic acoustic equations In these expression the Green’s functions are introduced for

An acoustic medium is considered with constitutive co-a homogeneous half-spad'! andT'}, for the pressure and
efficients p and «, wherep is the volume density of mass, the particle velocity, respectively; the superschptefers to
given in kgm 3, and« is the compressibility, given in PA.  the half-space, and the supersciftefers to the source po-
The wave field in a point of an acoustic medium is fully sition. The Green'’s functions are given by
defined by its pressurp and the three components of the AH S - s - -
particle velocityv,. In the medium, two kinds of sources G (x7x,8) = G(x=x%8) = G(x=x> ,8) (10
may be present;: monopoles and dipoles. A monopole sourcgnd
is described by, the volume source density of injection rate ‘s - S - ot
[1/s]. A dipole source is quantified bfy,, the volume source [ (x7%,8) = 9 (G(X—X>,5) = G(X— X~ ,5)) (11)
densit.y. of volume forcegN m‘3). In the 'notation of thgse with é(x,s) being defined as:
guantities and the wave field description, the notation of

Fokkema and Van den Befd993 is closely followed. S
: o ) ; - exp — =|X|
With these quantities, the basic equations describing . c
wave motion are given by Newton's second law, the equa- G(X:8)= Galx| (12
tion of motion,

S* is the mirror image of the source positi@
Ip+p dwi= Ty, 3

and by the deformation equation, using a linear, instanta—C Contrasting domain in half-

neously reacting isotropic medium in the low-velocity ap-
proximation: Now an acoustic half-space with a contrasting domain,

e.g., a geophone-spike, is considered. The total wave field in
Iyt K Ip=q, @ an acoustic half-space due to a dipole source located some-
where g, stands for differentiation with respect to time, and where in the medium, but outside a contrasting dondfg.
dy denotes differentiation with respect to the spatial coordi-can be decomposed into two wave fields: an incident wave
natex,. The analysis is performed in the Laplace domain,field and a scattered wave field. The incident field is now

space

where the Laplace transformation is given by considered to be the half-space response. Then, the total
. pressure is expressed by
= | e -svaivat, G px9) =) +pExs). 13

where ¢ can be any quantity, a hat on top of a quantity _In the derivationg SO far, the_ expression followeq
denotes that it is in its Laplace-domain representation,sand straightforwardly. In this section use is made of the acoustic

is the Laplace transform parameter. By applying the one_reciprocity theorem as elaborated in Fokkema and Van den

sided Laplace transformation with respect to time, the abov&€'9 (1993. The acoustic reC|pr0(_:|ty theorem is a very elf
equations are written as egant way to formulate a scattering problem, especially in

. geometries of laterally varying structures. In the reciprocity
AP+ spv=Tfy (6) theorem two states are defined for the acoustic source, the
material parameters and wave field quantities. In the case of
. L a contrasting domain, the states for the sources are the same,
vkt skp=q, (7)  while the states of the material parameters and the wave field
quantities are different in the area of the contrasting domain.
Since the incident field is source-free in the contrasting
domain, one can write for a poinf outside the contrasting
domain[Fokkema and Van den Berg, 1993, £E§.46)]:

and

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

B. Homogeneous half-space A “H
. . . —f [GM(xR[x,5)0¢'(%,5)
A homogeneous acoustic half-space is considered. The xe dDggy
half-space is of infinite extent in both sides for theandx ~ N
b teandx; +TH(XR|x,5)pH(x,5)IncdA, xReD.,. (14)

directions. Thex; axis is perpendicular to the bounding sur-
face, and points downward into the half-space. Since there i$he scattered field is source-free in the domain exterior to
a contrasting plane, the incident waves will be reflected athe contrasting domain, leading [fokkema and Van den
the boundary of the half-space, giving rise to a scattere@erg, 1993, Eq(8.47)]

wave field. From Fokkema and Van den B&1®93, it fol-

lows that the total wave field due toa monopole source in a f)sc‘(xR,s):J [é”(xR|x,s)6§°‘(x,s)
homogeneous acoustic half-space is given by xe dDget

pH(x,5)=G%(s)GH(xS|x,9), (8) +TH(xR|x,5)pS(x,5) IncdA,  xReD.,.
and (15
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The scattered field is obtained in terms of the total field bywhere it is understood that the undisturbed state is the field

adding Eqgs(14) and(15). However, the goal is to find rep- of the half-space, denoted by the superscHptin order to

resentations for the limiting behavior where the considerediefine the coupling coefficienfj needs to be converted to

point xR approaches the bounda# .. From Fokkema and vy, or vice versa.

Van den Berg'f1993 Eq. (8.56), it follows that the acoustic First, the ratiop®/p™ is considered. For this ratio the

pressure in a point located at the boundary of the sensor isefficientsv,* cannot be determined only in terms pf",

given by unless a motion only ilmnedirection is assumed. Assuming

fsct R v 1At R only a motion in thevertical direction one can write

Pip (X »S)= zP (X",S)
~tot__ 1 ftot

+J [GH(xR|x,5)0(x,5) '3 SPeanda @y

XG(?DSC[\(X:XR)

fR R as follows from Eq.(18). The scattered fieldlEq. (20)] is
+ T (XR|x,5)p'(x,8) In d A, (16)  written as

where integration over the scattering domain now excludes i  r ~H R
) . ) A (X™,8)—pyp_(X7,9)

the singular point of observation, which is represented by the sct

term (1/2)p'"t

1 1

— Atot R Atot R

= 5P (X",s)— (x7,s)
2 P SPsen ?Ffp

D. Rigid movable object

The condition that the contrast is a movable rigid object X f GH(xR|x,s)n3 dA
will be used now, so the particle velocity is constant in X€IDseb(x=x7)
space. Therefore, this particle velocity is denoted with a 1. r R
capital:V|”'. The equation of motion applied to the scattering +mPUX ,S)J' o X3l (xT|x,s)n dA
. L 3 Xe IDgMX=X")
domain gives
. =Bp(x%s), xReD (22)
f pn dA=— SVI(Otf PsensdV 17
xe dD xeD

whereB is the factor which can be determined for any con-

in which pgensis the density of the sensor. An expression forﬁgurauon:

the pressur as a function of the spatial constant velocity 1 1 R
V, is given b =———f GH(xR|x,s)n;dA
K Ag y . 2 Speen¥s xe D gp(x=xF) | 3
ptot: - Spsené(lvfmr (18 1 A
which can easily be shown by substituting this solution in oo \(X:XR>X3F|H(XR|X,S)n| dA. (23)
Eqg. (17) and applying Gauss’ divergence theorem. This leads 3 st
to So the interaction coupling coefficien€, for pressure-
) R sensitive sensors can then be determined as
V|f X dv= ka dv (19) R
xeD xeD ptOt 1 (24)
and the posed solution obeys the equation of motion in glo- " pf o 1-B°

bal form. So then, for a rigid movable contrast, the scattered

field becomes: This analysis is valid for pressure-sensitive sensors. For

sensors sensitive to particle velocity, the equations of motion
pSI (xR s)=1p Y(xR,s) are used to introducg, and the scattered fielEq. (20)]
st can be written as

_l_\"/totf GH(xR X,8)N dA _ R~ tot R RAH (R
k) xeapepix=xR) (< K SPsenXkVk (X,S) +SpXyv (X7,S)
RA ~
~ ot “H, R :_%Spseng(kULOI(XRvs)+U|t<0t(XRaS)
— Spsend/k R X7 (X |er)
oD f GHORIX, )N, dA—Spoend PR, $)
X xR|x,8)N, dA—Spgend (XR,s
xn dA,  xRedD., (20) xe D g (x=x%) >
where nowV!® is taken outside the integral, since it is a -
k : 9 X xIH(xR|x,s)n, dA. (25)
constant along the scattering surface. xe dD oo (x=xR)
sct

Again, the coupling coefficient for each componéptcan-

not be determined, unless one-dimensional motion is as-
The goal of this paper is to obtain a coupling coefficientsumed. Again, say that only a motion in the vertical direction

as defined in the introduction, either PiPYp" or by 0|70},  exists. Then it holds that

E. Coupling coefficients for one-dimensional motion
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mantle of the cylinder. Second, the Green’'s function
G"(xR|x,s) vanishes at the surface;=0, which follows
from Eq. (Al). The top of the cylinder is assumed to be at
the free surface, so this holds for the integral 0¥Bx,. It
follows that

f GM(xR|x,s)ns dA= f GH(xR|x,s)dA.
Xe ﬁDsct\(x—xR) X €& dDpot
(28

Using Eqg.(Al), and considering that atDy, X3=h, the
integral over the bottom of the cylinder can be evaluated

R

FIG. 1. Configuration for cylinder-shaped contrast.

analytically:
— $Psend GO, 9) + spx5OH (xR, 9) J GH(xR|x,s)dA
XEﬁDbot\(be:XR)
1 N 1
sene3|2 Spseng(g F{— §r)
g :
X J GH dA r=0* 477 r
XEaDsc[\(x:xR)
S
1 A exp — —ré+4h?
e x3FH(xR|x s)n, dA} (xR,s) B c drde
X3 J xe aDgeh(x=xR) m rar
_Spsen§(3 tOt(X S), (26) pC s s
- | — — _ - w2 2
where the factoB was as defined befoldq. (23)]. So the ~ 2 ex;{ c R +exp{ C R°+4h
interaction coupling coefficier@, for velocity-sensitive sen-
i s
sors can be determined as 11— exp{ —22h (29)
{;‘3‘“ p 1 ¢
=7 =T 7 _&»- (27 Next, consider the second integral in the expression for
U3 Psensl—B

B. Sincel“g is bounded a#D,,, the integral over the top of
the cylinder vanishes sinog is zero at the top. At the bot-
tom of the cylindern is given by(0,0,3, andx is constant
The above expression for the coupling coefficient in-(=h). On the mantle of the cylinded'n, is given by

cludes the factoB, which is geometry-dependent. In this FlH cos¢9+1“§ sin#. Because of these considerations,
section the object is considered as a cylinder, since it re
sembles the spike of a geophone, which is a veIocity—J ngF(XR|X,S)n|dA
sensitive device. For such an object some of the integralg xe dDsc(x=x")
involved can be determined analytically. f

X

+hf TH(xRx,s)dA.

Xe dDpoh(X xR)

F. Cylindrical contrast

The origin of the coordinate system is chosen as the
midpoint of the top of the cylinder. The configuration is
given in Fig. 1. The scattering surfad® ¢ is divided into
three parts: the topdD..p), mantle @D sy, and bottom of
the cylinder gD .

First, the first integral in the expression fBris consid-
ered. Firstn, is zero, thus the produdty'n; is zero at the

x3(I'M coso+TH sing)dA

€dDman

(30

Now, the integral over the mantle of the cylinder can be
written as

s s
ex —E\/R2+(x3—h)2) ex —E\/R2+(x3+h)2

3L (xR|x,s)n dA= — —

J S

< Dyman R*+(x3—h)? R%+(x3+h)?
s s
ex —E\/R2+(x3—h)2) ex —E\/R2+(x3+h)2
- dxs d6. (31)

(R2+(X3_h)2)3/2 (R2+(X3+ h)2)3/2

Using Eq.(A4), the integral over the bottom of the cylinder can be evaluated analytically:
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. h2 (2= (R s
h 'Y (xR|x,8)dA= — f exp — - \/r7+4hz)
27 Jo=0Jr=0* Cc

S
exp(—z—h)
c

S 1 1
}rd

- +
JXE&Dbm\(xbfo) c (r’+4h? ' (r?+4h??3?

h? F{ S
=h expg — = VR*+4h?|. 32
2 JRZ+4h? c (32
The total expression foB becomes:
1 1 pc S S S
B—E—m? —ex;{—ER)—FeX —E\/R +4h -‘rl—EX[{—Zeh)}
ZSh h S\/R2 4h? S\/R2 h)?2
+ex —27 exg — ¢ + szh s| &P ¢ +(x3—h)
_ Xa| =
2 JRZ+ 4h? 2h Jy,=0 2l ¢ R%+(xg—h)?
S 2 2 S 2 2 S 2 2
ex —E\/R +(x3t+h) ex —E\/R +(x3—h) ex —E\/R +(xgt+h)
- RZ+ (xat h)2 + (RZ+ (xa—h)2) %2 (RZ+ (xa+ )22 dxs. (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 approximated by the
first few terms of its Taylor expansions. The largest term occurring in the exponential functiosis)i§R?+4h?, so the
approximation for the whole expression fBrholds for s<c/\R?+4h?, which means small spikes, or equivalently, low
frequencies.

In the expression foB, terms are taken only up to the ordgt The integrals irB can be determined analytically, using
the tables from Gradshteyn and Ryzlil©80, Tables 2.214.2, 2.145.2, 2.271.4, 2.271.5, 2.271.7

ex —zm) ex —gm)

fh dxa= S| | 2h a4
><3=0X3 R+ (xg—h)? RZ+ (x3+h)? X3~§ n R an? +§arcta =ik (34)
S S
h exp ~ ¢ R2+(X3—h)2) exp — ¢ R2+(x3+h)2)
fxs_oxa (RZ+ (xg—h)2)3? R+ (xz+ 0232 dxz
L 1 2h? s[1 (RP+4h?) h 2h N
T TR JReran? | ReyRerang] cl2 TR ) TRYCMR)) (35)

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

C = p2h\R?+4h?
" psenkR2+4h%— RyRZ+4h?) — p(R?+ 4h?— (R+2h) JRZ+4h?)

(36)

What can be remarked here is tt@t does not contain any lowed. A full expression for the coupling and an analytical

phase factor, and not even any veloafynotice also thaC, approximation for low frequencies will be given.

is unity whenp= pens The configuration is given in Fig. 2. Again, the point of
observation is chosen in the midpoint of the top of the block.
The block is divided into the topiD ), the sides ¢Dgjged

H. Block-shaped contrast and the bottom dDy).

This contrast is chosen because, for seismological sta- First, the first integral in the expression fBris consid-
tions, sometimes concrete blocks are used for mounting. Thered. As for the cylinder, the contributions for the top and the
procedure as used for the cylindrical contrast will be fol-sides vanish. As a consequence,
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R Next, the second integral in the expressionBais con-
Lew \(x:xR)G (x¥[x,8)nz dA sidered. The contribution frondD,,, vanishes sinces is
st zero. It follows that
- ~AH( R ~
_LEoD G x.s)dA f x3F|H(xR|x,s)n|dA
bot xe dD gp(x=xR)
_re s .
=7 |1-expg —;2h =f xsI'1'n, dA
x€ dDgijges
2pC (= S
3 e"p( — ¢ Vi +dtar o+ ah® +hf THO®|x,$)d A (39)
Xe dDpop(X bfxR)
S . .
—exg — >y d%tarf o }d&. 37) The mt(_égral over the sides all have the same shape, and add
c up to give

[ wairormemaa=- [0 1 ) S
XaIM(xR|x,s)n dA= — — Xa| = -
XEﬁDsidess ! : T Xl:0 X3:O 8 c r2+(X3_h)2 r2+(X3+h)2
S 7 S Vi
ex —E\/r +(x3—h) ex| 3 r<+(xz+h)
+ (71 (xa— )22 (21 (xa 1 1)) 32 dxzdxq, (39

in which r is given byr?=x2+d?2. The integral over the I. Analytical expression for low frequencies for block-
bottom becomes: shaped contrast

In the cylindrical case, an analytical expression was de-
hj F3(xR|x s)dA rived for low frequencies; in the case of the block, the ex-
X€ PDpop (X=X pressions are more elaborate and therefore the expression has
4h2 4 m s only be determined fow=0. This means that here it is not
- f e — E\/err4h2 shown directly that the first-order term vanishes, although
numerically it also showed a negligible small contribution in

s 1 the first-order(imaginary term.
X CTIne + (r2+4h2)3’2}r drdé The integrals for the block-shaped contrast have again
be determined using the tables from Gradshteyn and Ryzhik
h s (1980, Tables 2.271.4, 2.141.2, 2.275.4
=-exp —=2h
2
ane e exp(——\/d2+d2tan2 0+ 4h? Jxl OL o +(X3 P+ (xs—h)»)¥
f de. 1
=0 d*+d?tarf 6+ 4h? -
I T2+ (277 P 0%

(40)

With these expressions, the exact total coupling coefficient =

N ’( 2h )
—arcta

can be determined as for the cylindrical case. (d+y2d*+4h?) d V2d*+4h?
(41)
y 4
x <_£b‘ f [JdZ+ dZtar? 6— A2+ d? tar? 0+ 4h%]de
| i n °
| B g A (et
' (d+2d?+4h?) (V2—-1 )1’2
d d YRRV,
v2d“+4h
i i +2harctan ———— (42
FIG. 2. Configuration for block-shaped contrast. 2h
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0 250 500 750
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FIG. 3. Velocity-coupling function for cylinder as function of frequerfcy
Psen=3000 kg/n?, p=1500 kg/mi, h=0.1 m, R=0.005m, ¢=200 m/s.
Solid line: exact; dashed line: low frequency approximation.

w4 1
[ a
0o Jd’+d?tarf 6+4h?

J2d%+4h?

=" %arctar( >h

(43

The total expression for frequency zero then becomes

-
! Psend1—pb3’
in which b, andb, are given by:

C (44)

2 d?
b;=1- —arctan ——
' m '(h\/2d7+4h7
d | (1+2)2(d?+4h?)
— —1n ,
mh" (d+ 202+ 4h?)2
J2d%+ 4h?

2h

(49)

4
b,=1— —arcta
o

d (V2+1)  (d?+4h?)

——I .
w0 (J2-1) (d+ y2d?+ ah?)?

(46)

1.0

1

-

0 01 02 03 04

————— h(m)

0.5

0

FIG. 4. Velocity-coupling function for cylinder as function of heigft f
=200 Hz, psene=3000 kg/ni, p=1500 kg/ni, R=0.005m, c=200 m/s.
Solid line: exact; dashed line: low frequency approximation.
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FIG. 5. Velocity-coupling function for cylinder as function of radiRs f
=200 Hz, pgen=3000 kg/ni, p=1500 kg/nt, h=0.1 m, c=200 m/s. Solid
line: exact; dashed line: low frequency approximation.

II. NUMERICAL RESULTS

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

In the next two figures, the influence of the geometry of
the spike is shown. In Fig. 4 the influence of the heilglié
shown; the approximation is very good for common values
of the geophone dimensions and coincides with the exact
value. Notice here that for the limit to zero height, the cou-
pling approaches unity. In Fig. 5, the influence of the radius
R on the coupling is shown. Again, the approximation is very
good for these parametera and coincides with the exact val-
ues; for the limit to zero radius, the coupling approaches
Pl psens

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

Cy

0

0 500 1000 1500

——— f(H)

FIG. 6. Pressure-coupling function for cylinder as function of frequency
psens=1500 kg/ni, p=1000 kg/ni, h=0.005 m,R=0.025 m,c=1500/s.
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FIG. 9. Velocity-coupling function for block as function of widitly f

FIG. 7. Velocity-coupling function for block as function of frequenty 25Hz 3000 kg/nd 1500 kg/m, h=1 m, c=200 m/s
=< y Psens™ » P= , = ,C= .

Psen=3000 kg/n?, p=1500 kg/mi, h=1m, d=1m, ¢=200m/s. Solid
line: exact; dashed line: low frequency approximation.
sity of the sensor and that of the surrounding medium. In that

pressure-coupling for a hydrophone is shown as a function diase, the coupling coefficient would be different in their den-
the frequency. It turns out that this coupling is not very de-S'Y term. o ,

pendent on the frequency. In the next figures, the velocity-  1he @pproach in this paper is that a welded contact be-
coupling for a blocked shape with larger dimensions an&ween thg sensor and the surrounding medllum is assumed. In
using lower frequencies is calculated. The values here argractice, it often occurs that the coupling is not good, and

chosen for realistic circumstances of seismological stationfen the model developed here does not account for it. One
as used in seismology. From Fig. 7, it follows that the low@PProach would be to introduce slip along the sensor, by

frequency approximation is very good again for these sizedtroducing a linear-slip model along the sensor, or by intro-
of the block. Again, the coupling does not vary much as ad4cing @ small “boundary layer” which has damping ef-
function of the frequency. In Figs. 8 and 9, the influence of €CtS- This will be part of future studies.

the geometry is shown. The same behavior as for the cylin-

der is observed. Geometry factors do have a larger influendd/- CONCLUSIONS

on Iarge Objects than on small ObjeCtS. A better COUpling is In this paper, a genera| approach for describing the dis-
achieved when using thin blocks with large horizontal di-turbance of a wave field due to the presence of a measuring
mensions. device has been developed. It was shown that, even when
there is perfect material contact between the device and its
environment, the measured wave field differs from the wave
field that would exists if no measuring device was present.

In the results, it can be seen that the dominant effect ig his effect is called the interaction coupling.
the density effect; if there is no density contrast, the coupling  The interaction coupling is mainly dependent on the
coefficient is unity. However, it should be realized that thedensities of the materials of the measuring device and the
density contrast has arisen because the point of observatigurroundings, and on the geometric dimensions of the de-
is onthe scattering object and the density has been chosen wice. The frequency spectrum of the waves is only of minor
be the density of the sensfsee Eq.(17)]. It is arguable importance, as was shown via the low frequency approxima-
whether this density should be the average between the detions. These low frequency approximations clearly show the
main physics of interaction coupling.

Ill. DISCUSSION

APPENDIX: GREEN’'S FUNCTIONS FOR CYLINDRICAL

OBJECT
1.0+ In this Appendix explicit expressions are given for the
o) Green’s functionsG" and T for the half-space which are
needed for evaluating the interaction coupling. The contrast-
0.5 ing domain is considered as a cylinder, so it is advantageous

to turn to cylindrical coordinates. The cylinder is vertically
planted and with its upper plane equal to the surface of the
earth. The middle of the cylinder’s upper plane is taken to be
0 . the origin of a cylindrical coordinate system. Tkgaxis is
0 0.4 0.8 pointing downward. Use will be made of E{.6), where the
— hm) fixed pointx® has to be located on the boundary of the cyl-
FIG. 8. Velocity-coupling function for block as function of height f inder. For this reason, the fixed point is taken to be the
=2.5 Hz, psens=3000 kg/ni, p=1500 kg/ni, d=1 m, c=200 m/s. middle point of the cylinder’s lower plane.
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The Green’s functioiG" becomes:

s s
ex ——\/r2+(x3—h)2) exp — = Vr+(xg+h)?

~h Rl . SP c c
GH(xR|x,5)= — - , (A1)

e N TG

while the Green’s functiorf“t| is given by

x|~ SO e - S GG

f‘H R rcoséys s
1 (X7x.8)= 47 (c r2+(x3—h)? r’+(x3+h)?
S = 2 S =2 2
ex —E\/r +(x3—h) ex —E\/r +(x3t+h)
+ (r2+(X3_h)2)3/2 - (r2+(X3+h)2)3/2 1 (AZ)
S S
, exp — = Vré+(xs—h)?| exp — =\r?+(xg+h)?
R rsinfq s c c
I (xR|x,s)=— N 7 2 - 2 2
47 | cC r<+(xz—h) r<+(xz+h)
S =2 2 S = 2
ex —E\/r +(x3—h) ex —E\/x +(x3+h)
P L N AL A3
S =2 2 S = 2
1ls (xz3—h)ex —E\/r +(x3—h) (Xgth)ex —E\/r +(X3zth)
I";(xR|x,s):—— by 2 2 ) 2
47 ( C r<+(xz—h) r<+(xs+h)
S S
(Xxg—h)exp — p Jris (X3— h)z) (Xgt+h)exp — p \/rz+(x3+ h)2
+ - , A4
(r2+(X3_h)2)3/2 (r2+(x3+h)2)3’2 ( )
[
where the following relation has been used: Fokkema, J. T., and van den Berg, P. (#1993. Seismic Applications of the
Acoustic Reciprocity Theorefilsevier, Amsterdam
~ 1 ~ Gradshteyn, I. S., and Ryzhik, I. M1980. Table of Integrals, Series and
I‘E(XR|X,S) =—9G"(xR|x,s). (A5) Products(Academic, Orlando, FL
Sp Tan, T. H.(1987. “Reciprocity theorem applied to the geophone-ground

coupling problem,” Geophysics§2, 1715-1717.
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