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Calculation of coherent backscattering of elastic waves in an infinite isotropic random medium is
presented. Despite the simplicity of this geometry, this calculation highlights several specific aspects
for seismic detection: near field detection, polarization, and the symmetry of the source. Line
profiles and enhancement factors are seen to be time independent and are calculated for kinetic,
shear, and compressional energy. 2801 Acoustical Society of America.

[DOI: 10.1121/1.1388017

PACS numbers: 43.20.Gp, 43.20.Bi, 91.30.[&C]

I. INTRODUCTION waves is necessary to facilitate its observation in seismic
data.

Coherent or enhanced backscattering finds its origin in  The presence of three polarizations and two different
interference effects in multiple scattering of waves. Basic isspeeds makes any multiple scattering problem in elasticity
the reciprocity principle which states that partial wavesconsiderably more complicated than in electromagnetism.
propagating in opposite directions interfere constructively afrhe technical aspects have been studied in great detail by
the source from which they originate, no matter how com-wWeaver?! Turner and Weave? and Papanicolaoet al*
plex the wave path.These ideas were originally developed Seismic observations are characterized by a number of addi-
in condensed mattérwhere such constructive interferences tional specific aspects, and the present work aims to address
give rise to the so-called “weak localization” corrections to some of them.
the electrical conductance. In the beginning of the 1980s, First, seismic measurements are always carried out in
coherent backscattering of light was observed independentlhe near field, i.e., near or in the scattering medium, in con-
by different groups:* Since then, a lot of theoretical and trast to previous far-field scattering studies with light and
experimental efforts have been undertaken to understand thigoustic waves. Our first stud$,carried out for acoustic
novel effect in detail, such as the role of an external magnetiguaves, has revealed that observation of enhanced back-
field, which breaks time-reversal symmetfchirality® line  scattering of seismic waves requires detection within ap-
shapé/, enhancement fact8rstimulated emissiod,and Ra-  proximately one elastic wavelengtiypically 100 m to 1
man scattering” More recently, time-dependent enhancedkm) from the seismic source, making it a genuine near field
backscattering was reported for acoustic waves. effect. This characteristic distance is quite different from the

Wave scattering is also of interest in seismic applica-one in the far field, where it equals the much longer mean
tions. Since the pioneering work of ARiand Aki and free patt! The line shape of enhanced backscattering can
Chouet® three decades ago, seismic coda is interpreted dse defined as the ratio of enhancement near the source, nor-
elastic waves scattered from randomly distributed inhomogemalized to the energy measured far way. Studies with3fght
neities in the Earth’s crust. The seismic coda refers to thand acoustic wavésin the far field showed this ratio to be a
exponential time tail observed in the seismograms of locafunction of time. In the near field, atableline shape was
earthquakes in the frequency band 1-10 Hz. Whereas earpredicted at times longer than the mean free time, with a
work*>1415tried to model the coda as singly scattered wavesnaximal enhancement factor equal to 2 at the source and a
in a uniform space, recent numerical studies suggested thgpical distance of one wavelength for the enhancement to
importance of multiple scatterifd~*° In the above- vanish. The present work investigates the precise line profile
mentioned frequency band the mean free path of the elastior enhanced backscattering in an infinite medium, using the
waves is estimated to be~20—70km?° Given a typical full theory of elasticity. The complex role of the nearby free
velocity of 3.5 km/s the mean free time between two scattersurface, which induces mode conversions, is left to future
ing events would be 20 s maximum. This time scale supportsvork.
the view that seismic coda, which often lasts for more than  The second specific aspect is that seismic sources are
200 s, is a genuine multiple scattering phenomenon. A deknown to be highly polarized. The role of polarization has
tailed theoretical study of enhanced backscattering of elastibeen shown to be crucial in optical studies, since the reci-

procity principle applies only when detector and source have
3Electronic mail: tiggelen@belledonne.polycnrs-gre.fr the same polarizatioh’ The explosions have a diagonal seis-
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mic moment tensor, releasing compressional energy onlydeal, isotropic explosion can be characterized by the seismic
Being relatively under control, they seem good candidatesnoment tensoM;; =M &;; . Earthquakes are believed to be
for enhanced backscattering studies. Unfortunately, becauskslocations with very small volume changes. This reduces
of the low shear velocity, multiple scattering rapidly convertsthe model to one with two compensating dipolar couples,
most elastic energy into shear excitatiéhsnd an observa- hence the name “double couple.” Only vulcano eruptions are
tion of enhanced backscattering with explosions segams-  examples of seismic sources for which a net fofgew) is

ori hopeless. On the other hand, earthquakes are often mobelieved to exist.

eled by a dislocation, with a traceless, symmetric seismic  The force fieldf;(r,) acts as the source term in the
moment tensor, characteristic of a source involving a doublelastic wave equation for the displacement veatigfr),
couple?’ The diagonal elements of the seismic moment tenwhose Green’s tensor is denoted Gy 2" From Eq.(), it

sor of an earthquake, corresponding to volume changes, afellows immediately that the elastic wave released at the
estimated to be small, typically of the order of 2%. This source is

particular symmetry of the source has never been discussed

in the context of multiple scattering and enhanced back-  Uj(w,r)=M;;(®)d,Gjj(w,r). 3)
scattering.

Our study is closely related to a recent study by DeThis source field will be used as a starting point for coherent
Rosny, Tourin, and Firff and Weaver and Lobk#s, which ~ backscattering calculations. In an isotropic homogeneous
involve the enhanced backscattering effect of elastic waveglastic medium the elastic Green’s tensdf is
in a reverberant cavity. The main difference is that in rever-
berant cavities the mixing of the waves is caused by the 3rifj— o (/B .
chaotic nature of their boundaries, and not by elastic scatter- Gij(@r)=- 4rr3 fr/a dy yexpiwy)
ers inside. Second, in a finite cavity, an additional character-
istic time exists, the Heisenberg time, beyond which the en-

-

i

j .
hanced backscattering factor changes from 2 to 3. This " Amwa®r explior/a)
Heisenberg time is infinite for an infinite random medium. In L
this paper we show that the enhancement factor for coherent + Fif = i) explior/B). (4)
backscattering in an infinite elastic medium is necessarily B

less than or equal to 2. Sometimes the enhancement can be

so small that observation is very unlikely, since the effect isThe inequalitya# B of the two elastic velocities gives rise
easily overwhelmed by measurement errors. The study by D the first near-field term.

Rosny et al?® of two-dimensional enhanced backscattering

of elastic waves in a chaotic silicon wafer has revealed adll. COHERENT BACKSCATTERING IN THE NEAR

very unconventional line shape, vanishing exactly at thé-IELD

source and with two maxima at roughly one wavelength
from the source. This line profile was explained by thigo-

lar nature of the sourc&.

In the following we assume that multiple scattering does
not affect the frequencys, and often drop the frequency
label. The basic observable used in radiative transfer of elas-
tic waves is the correlation function of two elastic displace-
ment vectorgu;(r — 3x,t)u’ (r+ 3x,t')) at two different po-

In general, seismic sources can be described by a forcgitions and for two different times. One time label can be
field f(r,t) localized in space and time. This force field transformed away in favor of a central carrier frequeacy
contains a wide range of frequenciesand we shall repre- The time label that remains describes the time evolution of
sent it by its Fourier transforni;(r,w). For sources small the “slowly varying” envelope of the pulse, which is much
compared to the elastic wavelength, the following multipoleslower than the harmonic cycle.

Il. SOURCE: EXPLOSIONS AND DISLOCATIONS

expansion applies: The kernelLj; _(ry,r,—rs,rq,t) describes the trans-
fer of the displacement correlation function from sou(dis-
fi(r,w)=F,(w)5(r)—M;,(w)d,o(r)+---. (1) placement indiceg j and positions, r,) to detector(dis-

placement indicesk, | and positionsrs, r,). Standard
The net forceF; and the seismic moment tensbt;, are radiative transfer theory neglects all interference effects in
defined by the vertexL and assumes that the fieldand its complex

conjugateu* travel along exactly the same paths, so that

their phase difference cancels. This leads to the diagram-
Fi(“’)EJ dr fi(r, ), Mi”(“’)zf dr rafi(r,), @ matic “ladder” representation of shown in Fig. 1a). The

solid lines denote a Green'’s tensor that quantifies the radia-
where the integral is carried out over the whole source. Théion from one scatterer to the next, displayed as crosses. We
process initiating the source has no external perturbations, smphasize that the diagram denotes the propagation of the
that the net forcem; and the net coupléV;;—Mj; (i+#]) displacement Stokes tens@w}*). Both the release of en-
must vanish. Thus, the seismic moment tensor mustybe  ergy by the source and the measurement carried out at the
metric. The diagonal elementd;; induce no couple but cre- detector can be described by some linear operation of this
ate compressional deformations, typical of explosions. ArStokes tensor which will be specified in the following.
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rx/2 r+2 ~ &, - This means that the interferen€vanishes for any
§ D component orthogonal to the polarization of the source. This

i—)}—)f%—);{—)l(—- k would be very useful to determining the polarization of a
Source ! : ' Detector L seismic source with waves in the regime of seismic coda,

f— X k> X —X— | where multiple scattering is believed to occur.

Ll - A. Coherent backscattering near a seismic source

§ Dy The above-mentioned arguments have been shown to
142 T2 apply to experiments carried out in the far field for both
S. D light®> and acoustic wave's,where the factor of 2 was con-

V— Ko kpm k= — k firmed. For light also the absence of intensity enhancement
Source __j:;,’e\:'___\ Detector C in the orthogonal polarization channel has been established.

J— E XS —x— | The seismic situation is more complicated in view of the

aspects of the source and the near field detection.
TS'X/Z fl;Y/z We restrict our analysis to elastic wave diffusion in an
, infinite medium, whose translational symmetry facilitates a

P42 Pyl study of the vertex_ in the Fourier space. Evidently, the

. study with plane waves is a natural choice in optiéshe

j—— XX~ X—Xx— k oon g ) )

i i | ! L « convent|o[1 is shownlm Fig. (&), mtroducmg the four mo-

Sowee ' 0t Detector ) mentap= 1q andp’ = q. Note the bottom line that travels in

je— K X X — X | P the opposite direction since it represents the complex conju-

n g gate of the displacement vector, so that the law of momen-
M p tum conservation is obeyed, as required by translational sym-
FIG. 1. Diagrammatic representations of incoherent propagation of elastiénetry. At times longer than the mean free time, the four-rank
displacementgtop), and interference between time-reversed wamildle). tensorL is dominated by its second-rank eigenfunctigp
Crosses denote scatterers, a solid line denotes the Green’s function of ”Eﬁat corresponds to the eigenvalue closest to zero. This ei-
elastic wave equation. Dashed lines connect identical scatterers. The bottom lue is qi bv-Da2+ 1/ ith D the diffusi '
diagram denotes the incoherent propagation in Fourier space. genvalue 1S glven_ y-Dq°+ 1/7, wit - t_e _' usion con-
stant andr, allowing for some small dissipatioiSee Refs.

1 and 31 for more technical detailVe get for the vertex in
The basic physics of the coherent backscattering is théhe momentum representation,

interference between time reversed paths. If the sequence of 5

scattering events, which starts at the source and ends at the Lijkipp(t,0)—€~ P9 V7S (p,q)Si(p’,q). (7
detector is time reversed, the diagrafb)lis obtained, rep- ) o ) )
resenting the verte. The reciprocity principle gives a very The symmetric form of the vertex, which is invariant with

simple relation between both verticks, respgct to_ interchanging the source gnq the detector, is a
manifestation of the reciprocity principle. The tensor
Cijta (t,r1,T2—T3,74) = Lip (t,11,14—T3,12), (5)  Sj(p,q) determines the polarization of the diffuse field

propagating in the directiop, and fixes the elastic Stokes
i.e., polarization labels and positions of bottom line simplyparameters completef§?? It is given by
interchange. _ 1 * 1
The interference contributio is not contained in clas- Sij(P.@)=Gij(p+z0) ~ Gji(p—20) ®)
sical radiative transfer, but will significantly modify the en- in terms of the elastic Green's tensor defined in &g, the
ergy coming back to the source. This can best be seen for trsterisk denoting the complex conjugéte.
simplified case of a measurement @fi,(rq)|?), which is For our purposes we need the real space formulation,
proportional to the average kinetic elastic energy at the dewhich can be obtained by the Fourier transformation,
tector, and a genuine monopole souf@(aw).ﬁ(r—rs). The L (T30 )
last property means that the source emits the wave field
G(w,r—rg)-f(w) and not the one described by E@). In _( dp dp’ dg
that casel ;i andC;, correspondexactlyto the observa- _f (2m)3 f (277)3f (2m)°
tion. Equation(5) implies A A o
X @l (P+a/2):T10=i(p=a/2) - Toa—i(p' +0/2) 13

Ciikk(t,rs,Ts— g, g) = Ligki(t, s, Fg—=Tg,r's)- (6) Xei(p’7q/2)-r4efDq2tft/TaSij(p,q)a*k(pr,q)
This relation means th&@ =L at all times for detection at the e U dp dp’
source (s=r4) provided that the displacement componentis  ~ (Dt)s/zf (Zw)gf 2m)? e'Pn
measured along the polarization of the sourcek). Since
C may be expected to vanish away from the source, we X e 1P T2giP Taglp’ T4 |m Gij(p)Im Gy (p")
would find a local enhancement of kinetic energyesfictly o
a factor of 2. In addition, at very long times we may expect  _ (r.— _
incoherent radiation to be completely depolarizegl(t) (Dt)SzlmG”(rl 2)IM Gulrs=ra)- ®
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The approximation carried out in the second line holds forcorrelation function{u,u;) as measured at or near the
large lapse times, where typicallyg~0. The factor source.

e Y72/ (Dt)%? is reminiscent of a diffusion process in three

dimensions. In the rest of this paper we neglect absorption.

The vertexC can be easily constructed using the reciprocity

. B. Enhancement of kinetic ener
relation(5), 9y

Seismic studies address the three components of the dis-
Cij (t,F1,T2—T3,T4) placement fieldu(t). Let us assume that the detection pro-
cess produces the correlation functiguog(r,t)u;* (r,t)) be-
tween two displacement vectors at the same point.k=olr
- (Dt)332Im Gi(r1=ra)IM Gi(rz=rs). 10 ihis is the kirl?etic elastic energy density, er())portionaI to
w?u?. For the source described in EE), incoherent and
This tensor describes the displacement correlation functiofoherent contributions tou,u;®) at the detector may be ob-
(uk(rs)uf (r,)) which is due to constructive interference, for tained from Eqs(9) and (10), respectively, by carrying out
an arbitrary source. It is nonzero only near the sourge the spatial differentiation,
~r, and rz~r,). This analysis confirms the conclusion,

which was reached previously for acoustic waves, that the —w?

line profile C/L around the source independenof time2* Lig(@,rg,rg)~ —=—351M G (w,0)
e ) . ! . . (Dt)

The characteristic length in the line profile B(x) is typi-

cally the wavelength of compressional or shear waves, i.e., in XM pi(@)M (@) dmdn

the near field the phenomenon of coherent backscattering is

diffraction limited. For a given distance from the source, XImG;jj(w,x=0),

the relative enhancement factGrL is highly dependent on 11
frequency, typically proportional to Sifwx/a)/x’w?. This w2
specific near-field feature may facilitate its observation. Cu(w,rs,rg)~ 7(Dt)3/2Mmi(w)Mnj(w)
In the following sectiond_,, and Cy, are, respectively,
the incoherent and coherent contribution to the displacement X I IM G (@,X) 3 IM Gy (w,X).
A) EXPLOSION & DISLOCATION: POTENTIAL ENERGY CONE B) EXPLOSION: KINETIC CONE
20— T . .
r 1015 .
18} i [
= L 4 = -
& 18 ] 4 .010f- i
o o | ]
g 14 ] g | ;
z [ z | ]
b 1.005- -
1.2+ - i FIG. 2. Enhancement profiles as a
[ ] | function of the distance from the
L L) ] L . source, in units of the shear wave
1,0 Lol 5 Lt 1.000 L o . length, for an infinite Poissonian me-
DISTANCE [lombda S] DISTANCE [lombdo S] dium. (a) The enhancement of the po-
tential energy for an explosiofsolid)
] and a dislocation(dashedl (b) En-
C) DISLOCATION: KINETIC CONE BETWEEN SEISMIC AXES D) DISLOCATION: KINETIC CONE ALONG SEISMIC AXES hancement profile for the kinetic en-
b y L T L ergy near an explosioiic) and(d) En-
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[ 1 1.04F 3 axes of a dislocation source.
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As usual, the implicit summation over the repeating indices M(w)?w*sir? 6

is assumed, and=r4—r denotes this distance. The inco- Culo,x,t)= 1672(D1) 7230 [Si(@,x)?sir? 6sir? 2¢
herent background,, is independent of the distance of the
source. Explicitly, we have +Sy(w,X)2(1—sir? 6sirf 2¢)],
. (14
Li(w t):5kl%}i<i3+i3) i5_ is) _ Mot (1 2)( 2 8
’ 487%(D1)*?\ o® " B3|\ a® B L @,x,t) = 1672(D1) %2 27 B 1525 " 158°
2TrM%+(Trm)? 1 M2 15
% 15 Tgs TV (12 ith the two line-shape functions,
The factors,, implies that the orthogonal displacements are 9
decorrelated by h.igh qrders ?n muIt'ipIe scattering. Feor Si(w,X)=— —z[ysCosys—sinys—Yy, cosy,+siny,]
> B, true for a Poissonian solid, the incoherent background Ys
is dominated by shear waves, that is fhéerms in Eq.(12). 4 2 3
The coherent backgroun@,, decays as an oscillating +— ;) siny,— —zsinyg
power law away from the source. Somewhat surprisingly, we Ys Ys
find that C,_;(x=0)=0, that is at the source we have a 1/(B\3
destructiveinterference. This is not a violation of the reci- — 5 | | COSYyy,
procity principle, since the different operations performed by S (15)

the sourcéthis operation is specified in E¢3) and involves

a spatial derivativeand the detectofthe detector is sup-

posed to measure the displacement itself, and thus no spatial

derivative is involved break their mutual symmetry. 5
We proceed by considering the coherent enhancement of 2 (ﬁ) 3 1

6 ) .
S)(w,x)=+ >7[yS COSYs—Sinys— Y, COsy,+siny,]
S

——|—| siny,+ —5Sinys— —cosys,
kinetic energy cone in two special cases. y§ e Ve y§ Ys Ys Vs
1. Explosion given in terms of the dimensionless distanges wx/B and
An isotropic explosion is characterized by a seismic moYp=®X/a.
ment tensoM;; =M (w) 8;; . Using Eq.(11) we find Part of the double-couple structure of the source may be
. . recognized from the angular dependence of the line profiles,
M(w)2w® WX which are different along and between the two seismic axes
Cua(@, X, ) =Pl 15— DU 12(7). of the dislocation(i.e., the two axes in its nodal plane with

respect to which the seismic moment tensor is diagpaad
vanish perpendiculard=0) to the nodal plane. The two top
figures in Fig. 3 show two different views of the enhance-
ment of kinetic energy in the seismic plané={ 7/2). Four

i . ) major maxima may be recognized between the seismic axes.
The coherent profile vanishesxat 0, 8., at the source, and pegpite the fact that both coherent and incoherent radiation
has its first maxima on a shell at=3\p away from the 416 gominated by shear waves, the enhancement factor still

source. Only radial, longitudind? waves contribute t0 the 55 not exceed 10%, and vanishes at the sdisee Fig.
coherent background whereas the incoherent background ﬁd)].

dominated by shear waves. This lowers the maximal en-

hancement factor of the total kinetic energy to only

0.1(8/ «)3~0.017. Figure &) shows the line profile for the

kinetic energy around an explosion. Therefore, an observae- Enhancement of potential energy

explosion source, is rather unlikely; these measurements Wil an infinite medium is proportional toa?(div u)?

(13
M(w)?w® 1 2
Lia(@ X0 = duzg 2 52,5 (?+ ,6’_3) '

be dominated by statistical fluctuations. + B%(rotu)?. The first term represents the energy of the lon-
gitudinal P waves and the second, of the transve3seaves.
2. Dislocation In this section we will calculate the coherent enhancement

A dislocation source may be defined by a slip vectorProfiles of both terms.

along thex axis and a plane normal to tzeaxis?’ It offers a
generally accepted model for an earthquake. Its seismic m
ment tensor isM;; =M (o) (X;¥;+¥i%;). The xyz frame de-
fines the azimuthal anglé in the nodal plane and the poloi- The compressional energy is proportionakte(div u)?.

dal angled in the usual way. Starting with Eq11), a long Its coherent enhancement near a source with the seismic mo-
but straightforward calculation giveS,, andL,, (summed ment tensorM;;(w) may be calculated from the vertex
over all componentg) near the source, as Cijki(t,r1,ro—r3,r4) given in Eq.(10), as follows:

% Enhancement of compressional energy
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B 5
_~_(;) sin @'sir? 26 5(y,)?, (19

where the azimuthal angl¢ is defined in the seismic plane.
The operation of measuring the compressional enéirgy,
(divu)?) yields a very small value when applied to the
double-couple source. This is due to the fact that the dislo-
cation sources release most of their energy as shear waves.
Hence, the source and detector are highly “orthogoitial’a
sense that will be made explicit in Sec.)I¥o that the en-
hancement vanishes rapidlas x*) near the source. The
small factor (8/«)® in Eq. (19) expresses the efficief—S
mode conversion, which seriously hampers the enhancement
of compressional energy near a dislocation source.

2. Enhancement of shear energy

The operation of measuring the shear energy is
Bzeijkein,ajuk&nuf, with €, the antisymmetric Levi-
Cevitta tensor. Together with the operation carried out by the
source, coherent and incoherent contributions to the shear

FIG. 3. Enhancement profiles of kinetic energgp) and potential energy  €nergy at the detector become, respectively,
(bottom) in the seismic plane of a dislocation, from two different views.

Distance is in units of the shear wavelength. The white axes denote the two Y (3) 5(4) 4(1) 5(2)
seismic axes. 9 Cs=p Mni(w)Mmj(w)equfprlaq dr n I

XCiji(t,r1,r2—7T3,ry)

Cp=a"Mpi(@)M (@) 3L I 33 0V Cijpa (1,11, 12— 13,1 0) e 12
= 167T2(Dt)323812(ys) IXX[M(w)-X]|%,
:WMni(w)Mmj(w)anal Im G (@,X) Imdx (20)
w® 1 1)\2TrM2+(TrM)?
leG“;(w,X) . , Lszﬁ_sﬂ_z(Dt)?)le?) ?_E 15
S VAP RYIOR I S LLE BT VIO
1672(Dt) 725 |12V Y ' +i5TrM2]
(16 38
We recall thaty,=wx/a. Similarly, the incoherent back- Not unexpectedly for an explosion the coherent enhancement
groundL becomes vanishes entirely. For a dislocation source it vanishes only
near the sourcéas x*). The enhancement of shear energy
w® 1 1 does not suffer from mode conversions but is only 0.09 at the
Lp(w,x,t)= 167200’ <a5 E) first maximum located at 12 on the seismic axifsee Fig.

2(a)]. In Fig. 3 (bottom we display the enhancement factor
of the total potential energ$+ P in the seismic plane which,

in a Poissonian elastic medium, is largely dominated by the
shear energy.

For an isotropic explosioM;; =M (w)d;; the enhancement
ratio simplifies to IV. RECOVERING THE FACTOR OF 2

2Tr M2+ (Tr M)? 1TM2 L
X 15 +3—185r . (17)

In most cases that we have studied, the enhancement
&:jo(yp)z_ (18)  factor vanishes exactly at the source. Our explanation is that
Lp the operation carried out at the detector has a symmetry
which is different to the source.
This result is exactly the same as for an acoustic medium and  To clarify this point, we investigate if there exists a mea-
a monopole sourc# including the factor of 2 enhancement surement of the typé\,;d,u; that restores the factor of 2
over the background. When measuring the compressional efamiliar from the optical and acoustic studies. In view of Eq.
ergy, the symmetry between the explosion source and dete€3), the choice oN=M, i.e., an operation equal to the seis-
tor is restored, so that the reciprocity principle applies agairmic moment tensor of the source, seems to be a good candi-

[see Fig. 2a)]. date, since it restores the symmetry between source and de-
For a dislocation source M =0 the enhancement of tector. The second point that we have to establish is
compressional energy becomes uniqueness of this choice.
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RESTORED CONE ALONG SEISMIC AXES RESTORED CONE BETWEEN SEISMIC AXES
20— ———— 20—

FIG. 4. Restoration of enhanced back-
scattering by carrying out exactly the
same operation at the detector as at the
dislocation source. Dashed line de-
notes the line profile for an acoustic
source in an infinite medium. Distance

1 is in units of the shear wavelength.
vxvﬁ__l —. |
2

0 0
DISTANCE [lombdo S] DISTANCE [lombdo S)

ENHANCEMENT
ENHANCEMENT

12F \\ ‘ ] 12F /\)
10k AVALY IR YIAVANZ N 1.0l N
2 -2

-2

Upon measuringN,;d,U;, the coherent enhancement “restored” profile is still anisotropic, with four significant
becomes secondary maxima at=0.7\4 in between the seismic axes
of the nodal plane.

1) 4(2) 4(3) 4(4
C= MniMijpqulfg(n )(7I(’T‘I)(9(p )(9; )Cijk|(t,r1,r2—>r3,r4)

1
= By X MuNqdndgIm Gy ()2, (219 V- CONCLUSION

We have calculated the spatial line profiles of the coher-
ent enhancement factors of various elastic energies near the
source. We have emphasized the seismic aspects of this elas-
tic problem, in particular the specificity of the near-field de-
tection. The first consequence of the near-field detection is
the typical decay distance of the enhancement, which equals
the elastic wavelengtl) and not the mean free path, as for
the far-field detection. Second, the near field has a huge im-
pact on the precise line profiles of the different measurable
From Eg. (21) we conclude that ifM=N then C(x=0) elastic energies. The operation performed at the detector
=L. This confirms our conjecture that the enhancement facimeasuring kinetic energy, potential energy, ets well as
tor is fully restored if the detector carries out exactly thethe precise symmetry of the source al play a crucial role. We
same operation as the source. The uniqueness of this choihave shown thabne uniqueoperation carried out at the de-
for a dislocation source among all possible choiceN @fith  tector shows the maximal possible enhancement of two. The
a vanishing trace may be readily demonstrated. Using thenhancement of kinetic and potential energy vanishes at the
Green'’s tensof4) for an homogeneous isotropic elastic me-source and does not exceed 10%. It is also hampered by

For the incoherent background the same operation yields

1
L= WMniMmj&n’?mlm Gij(X:O)

XNpqu|(9p(9q Im Gk|(X:0). (21b)

dium and Eq(21), the enhancement factor becomes mode conversions in multiple scattering. Only for an explo-
sion source and a measurement of compressional energy is
C(x=0) (TrM-N)? an enhancement of two is expected.
L TrMZTrN @2
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enhancement near the source. Equat®) also shows ex-

plicitly that the orthogonality of operations at source and
detector I_eads to \(anishing enhancement at _the SOUrce.  \ppENDIX: LINE PROEILE OF RESTORED

Our final task is to calculate the line profile correspond-z\HANCEMENT
ing to the ideal choice. The scalar function
M,iM 11idndmGij(X) for a general seismic moment tensor is The restored line profile is given by E@Q13), in which
presented in the Appendix. In Fig. 4 we show the restoredigures the scalar functioM ;M ;d,dm IMm Gj;(x), which we
line profile for a dislocation source, and compare it to thestate here without derivation for the case of a pure disloca-
enhancement factal8) which has been calculated for an tion that obeys TM =0. Using the notatiorys=wx/g8, y,
explosion. Near the source they look very similar, but the= wx/«, andR= /g,
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