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Summary

Figure la illustrates this idea for the STM (Binnig and Rohre
1986; Bai 2000) where a conducting tip (a few atoms in width)

We propose a seismic scanning tunneling macroscope (SSTM)ig pjaced within a few Angstroms from the conducting surface

that can detect the presence of sub-wavelength scattares i
near-field of either the source or the receivers. Analytioio-

las for the time reverse mirror (TRM) profile associated vaith
single scatterer model show that the spatial resolutioit tion
be, unlike the Abbe limit ofA /2, independent of wavelength
and linearly proportional to the source-scatterer sejmaras
long as the point scatterer is in the near-field region; if the
sub-wavelength scatterer is a spherical impedance discent
ity then the resolution will also be limited by the radius bét
sphere. Therefore, superresolution imaging can be acheve
the scatterer approaches the source. This is analogouB an
tical scanning tunneling microscope that has sub-wavéheng
resolution. Scaled to seismic frequencies, it is theocasyic
possible to extract 100 Hz information from 20 Hz data by
imaging of near-field seismic energy.

Introduction

Recently, Cao et al. (2011) used TRMs to locate trapped min-
ers. They exploited the high-resolution and super-staginp-
erties of TRMs, but did not attribute this property to evanes
cent waves. Moreover, they only used the TRM methodology
to locate trapped miners, not to characterize the distabugf
scatterers in the earth.

This article shows both theoretically and experimentdibt it

is possible to use far-field seismic energy for high-resotut
detection of sub-wavelength scatterers at seismic freziegn
The key idea is that seismic energy scattered from sub-eagth
objects located in the near-field of the source or receiver ca
be refocused with sub-wavelength resolution by the TRM op-
eration to the source location. This is similar to opticahgn

ing devices that include a super lens in the near-field of the
source (i.e., within a half-wavelength distance) that eots/

of the object. The goal is to map out the topography of the
conducting surface to within a few Angstroms of resolution.
If the object is within the near-field of the tip, electronsica
tunnel through the vacuum gap to create a current between the
tip and object. This near-field current measured at the tip is
very sensitive to slight changes in the height of the surfase
illustrated by thel (h) vs h plot on the right. Consequently,
scanning the tip just above the surface (i.e., in the nekt-fie
region of the object) can map out the surface topography to
within a few nanometers. If the tip is too far away from the
surface, i.e., the farfield region, then current fluctuatidone

to topography variations are too weak to be reliably measure
and distinguished. Analogously, the seismic scanningelinn
ing macroscope illustrated in Figure 1b relies on the faat th
the scattered seismic energy from a sub-wavelength seatter
is very sensitive to the changes in the near-field separation
between the source and scatterer. This is due to the strong
variability of sensitivity of the geometric spreading tefinfr

to small near-field changes in the source-scatterer sémarat

r (see Amplitude v$ curve in Figure 1b). Equivalently, the
evanescent wave from the source converts to a propagating
body wave at the near-field scatterer, which is then recorded
by the far-field receivers (see Figure 2).

To utilize the evanescent energy in seismic waves, a suleleagth
scatterer should be located in the near-field of the pointcgou
as shown in Figure 2. In the earth, scatterers can be smail bou
ders buried near the source location. Here, the point sasirce
located as = (0,0) and is embedded in a homogeneous elastic
medium with a near-field point scatterersgt= (0, €); and the
pressure field data are recorded along the line of receiters a
g= (Xg,Zg) in Figure 2 that can be in the far-field of the source.
To understand the properties of imaging this point scattere

the evanescent energy to propagating waves (de Fornel 2001a TRM we first derive its point scatterer response function.

Lerosey et al. 2007; Fink 2006). Analogous to the seismie tun
nelling microscope (STM), we propose a seismic scanning tun

neling macroscope (SSTM) that can be used for sub-wavédiengt

imaging in the near-field of the sources or receivers.

SEISMIC SCANNING TUNNELING MACROSCOPE

Our proposed seismic scanning tunneling macroscope shares
the same principle as the scanning tunneling microscope in

producing images with high spatial resolution: small nigeld

changes in the separation of the source-object lead to enor-
mous changes in the measured field. In the case of the STM,

the measured field is the current at the scanning tip and éor th
SSTMitis the amplitude changes in the scattered field.

Point Scatterer Response of the Nearfield TRM Operator

Assume scattered data generated by a harmonic point source
located as and a scatterer a}:

G(g]s)*™" = G(g|s0)G(s0l9), 1)

where the scattering coefficient of 1 is conveniently assuime
andG(x|x’) is the Green’s function that solves the Helmholtz
equation for a point source &t and a receiver at in a back-
ground velocity model. For mathematical convenience we as-
sume an acoustic medium with the understanding that this pro
cedure is applicable to an elastic medium. For a band-lanite
point source as with wavelet spectruriV(w), the TRM im-
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Figure 1: lllustration of a) Scanning Tunneling Microscd8d M) and b) transmission Seismic Scanning Tunneling Msmpe.
In the STM (SSTM) example, small changes in the source-blfgeuirce-scatterer) separation lead to enormous changés i
measured current (trace amplitude of scattered energy$ured at the tip (geophone). It is assumed that both the eipr(sc
source) and object (seismic scatterer) are sub-waveléngfimension and are separated by less thd@. A key difference
between the STM and SSTM is that the SSTM receivers can be ifatHield of the scatterer.
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Figure 2: Single scatterer in the nearfield of the source hadeophones are in the farfield region. The horizontal uéisol limit
of the source image is proportional éddor a homogeneous background medium.

age of the point source diB;s for a continuous distribution of ~ where the near-field geometrical spreading fact(s, s, ) is
geophones alonBy is given by

L
1
w L aos) = e | o @
deB; m(s’):/ /k|W(w)|2 Is—solls' —sol J_ |9—%0|?
—ap J —L

scattered data extrapol ator Equation 3 is used to compute the TRM profile for the trial

source positions along a specified line that intersects the ac-
G(g150)G(s0l5) Glgls0) " G(s0l8)” dgdcw. @ ol source position &t

If the background medium is homogeneous with velogity ~ The first zero-crossing ofn(s') is given bys' that satisfies

the background Green'’s function takes on the f@fm|x') = y = [Iso—s| — [so— S]] = —A0/2, and, under the traditional
Rayleigh resolution criterion, determines the spatiabigson

of the imaged source location; hetg= 2t/ wy.

éw\x—x’\/c

S where the wavenumber Is= w/c. The frequency
band of the flat source spectrum is betweeaiy and ay, and
the recording aperture id 2vide. The extrapolatds(g|so)* G(sp|s ) *For the scatterer & = (0, €), the source at= (0,0), and the

plays the rolg of focusing the recorded energy back to thé tri  ial source a = (X,0), y becomesy = [& — \/&‘24—7} _
source location . —Mo/2. Fore ~ 0 the first zero-crossing is &t= Ag/2, which

is the Abbe limit and the sinc-like function is illustrategt b
the solid-line curves in Figure 3. As expected, the sine-lik
function widens as the point scatterer is moved further away
from the point source.

For convenience, assumé&(w)|2 = 1/k so that plugging the
Green’s function into equation 2 gives

W dw(|so—s|—[so—s])/c Lo However, the first zero-crossing is not the only determimdint
m(S’) = 2d97

w 15— %0llS —so @ L 19— o] the spatial resolution limiix because the near-field geomet-
_ rical spreading facton (s, s, ') in equation 4 is proportional

_ a(ss,8)sin(ap[|so— 9 —[s0—S1]/0) 3) to rlsol‘ which spikes the central part of the sinc-like func-

[Iso—s|—Iso—5]] tion for smalle and|s — sp|. This spiking is illustrated by the
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Figure 3: Plots of sinc-like function (solid lines) in eqiast 3 and inverse-distance function (dashed lines) in égudtfor a point

scatterer 2 m (left plot) and 90 m (right plot) from the poiatisce.

dashed-line curves in Figure 3, where the half—widthg,eﬁgl

is AX = Be. Consequently, the near-field horizontal resolution
becomes better as the point scatterer approaches the gpadrce
sition. Here 3 is a constant that depends on the type of resolu-
tion criterion and is equal to 2 if a half-power criterion sedl.

In the Figure 3 example, the dominant wavelength of the tran-

DISCUSSION AND SUMMARY

The theory for a SSTM is presented and validated with syn-
thetic data. The key assumptions are that there are sublenatie
scatterers in the near-field of the source, the geophonesecan
in the farfield of the source, and scattered energy can be sepa

sient source is 120 m. Beyond the source-scatterer distanceated from the strong direct arrivals.

of aboutA /2 the sinc-like function determines the horizontal
resolution limit (i.e., Abbe), otherwise it is controlley the
inverse-distance function to yield sub-wavelength retsmu

The near-field resolution limit says that the evanescentggne
introduces an effective horizontal wavelength that isdihe
proportional to the distance between the scatterer andoingé p
source. And for source-scatterer separations greatertjian
the sinc-like function controls lateral resolution, not thear-
field geometrical spreading factor in equation 3.

SYNTHETIC DATA TESTS

Synthetic data are used to test for sub-wavelength resalbti

the SSTM, where an acoustic Born modeling procedure with
ray tracing is used to generate the scattered data. Figure 4
depicts a shot gather of scattered arrivals for the two eeatt
model in Figure 4b with a source €80,0) m. Here, the scat-
terers are separated by 10 m and located 5.2 m from the sourc
line atz=0. These data are recorded 45 m above the source
line and are used to create the TRM profile in Figure 4c; here,
the TRM profile clearly distinguishes the separation of the t
scatterers from one another, despite the 100 m wavelength.
The horizontal resolution of this scattered wave TRM prasile
approximatelyA /20. In contrast, the TRM profile associated
with the direct wave in Figure 4d is diffraction limited.

e

By reciprocity, geophone locations can be interchangetl wit
source locations, so if sub-wavelength scatterers are@inghr-
field of the geophones then the TRM operation can be applied
to the reciprocal dat&(g|s) to get TRM profiles at the geo-
phones with sub-wavelength resolution. The source-receiv
configuration for achieving this type of imaging is a line of
source locations and a roughly parallel line of receiveaioc
tions that are located either in the near-field or the fadfiel
gion of the source locations. This configuration can be aekie
with vertical seismic profile, surface seismic profile, coss-
well field experiments, and applying the TRM operations for
the different scattered shot gathers gives the profiles efsa s
mic scanning tunneling macroscope.

A practical use of a SSTM might be to migrate evanescent en-
ergy in downhole data to estimate the crack intensity along

%he borehole. Broad smooth peaks in the TRM profiles indi-

cate a negligible density of sub-wavelength cracks in tte ne
field, while sharper peaks indicate a higher density. Sinbda

a spectroscope, the data can be low-pass filtered to extend th
region of the near-field and assess its crack density. Th&/SST
can employ surface waves as the generators of evanescent en-
ergy, and use the scattered Rayleigh (or Stonley) waves as a
high-frequency indicator of near-surface velocity vadas.
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Figure 4: a). Shot gather for the two-scatterer model in b the point source is &t,z) = (60,0)m; here the far-field geophone
positions are along a horizontal line 45 m above the horagasurce line. The scatterers are located in the near-figjwbm
of the source (5.2 m source-scatterer separation), wherevdlrelength of the source is 100 m. The TRM profile at0 for a
source as = (60,0)m using only scattered arrivals shows a horizontal reswiutif approximatelyA /20; here the horizontal axis
indicates the trial source positish In contrast, the TRM profile using only the direct arrivadri d). and shows diffraction-limited
resolution.



