METHOD AND SY.STEM FOR DETERMINING NON-LINEAR INFORMATION OF A ROCK
FORMATION PENETRATED BY A BOREHOLE BY COLLINEAR MIXING OF ACOUSTIC BEAMS
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acoustic source including a single transd(éeAGOAIBAaBEHANMAsducers in the wellbore and the
acoustically non-linear near wellbore rock formation as the source of an acoustic beam.
BACKGROUND [0003] Acoustic interrogation of subsurface features tend to be limited by the size and
power of practical sources, and in practice, the output of-downhole acoustic transducers is limited by
the power transmission capabilities of the wire line cable. High frequency signals have a relatively
short penetration distance, while low fre§uiEnBRMyHAEIgeHetBIl§ require large sources, clamped to the
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Johnson et al (1987). The signals from non-linear mixing at an angle are extremely weak and diffuse,
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including a single transducer or an amray of transducers in the wellbore and the

acoustically non-linear near wellbore rock formation as the source of an acoustic beam.

BACKGROUND

[0003] Acoustic interrogation of subsurface features tend to be limited by the size and
power of practical sources, and in practice, the output of downhole acoustic transducers is
limited by the power transmission capabilities of the wire line cable. High frequency
signals have a relatively short penetration distance, while low frequency signals generally
require large sources, clamped to the borehole wall, to maximize energy transfer to the
formation and minimize unwanted signals within the well bore. Aftempts have been made
to produce such a low frequency signal, but each has had its own shortcomings. For
‘example, U.S. Patent No. 5,521,882 by D’ Angelo et al. discloses an acoustic tool designed
to record non-linear waves that propagate along the borehole wall and refract back into the
well, with limited penetration onto the surrounding rock formation, U.S. Patent No.
7,301,852 by Leggett, III et al. discloses using a bottom hole assembly having an array of
transducers located in opposite ends of the assembly to produce the signals that converge
at an angle, as reported by Johnson et al (1987). The signals from non-linear mixing at an

angle are extremely weak and diffuse, and would not penetrate deep into the



SUMMARY [0004] In accordance with an aspect of the invention, there is provided a method of
generating a beam of acoustic energy in a rock formation penetrated by a borehole, the method
comprising: generating a first acoustic signal at a first frequency; generating a second acoustic signal
at a second frequency different than the first frequency, wherein the first acoustic signal and second
acoustic signal are generated by an array of transducers located within the borehole, wherein the first
acoustic signal and the second acoustic signal are collinear and produce, by collinear mixing, a
collimated, AGRSI FobERMLININ° PRt armalion:eerling AADS hRie CRlNelR. faigra e rock
formation, a receive S|gna1 that results from the interaction of the Collimated acoustic beam with an
inhomodeth &M dHRE FOMIEFSHTIAHGACEE e cbRiPREREY dE St HE AT §3rdi9aEStes through the rock
formation; and analyzing the received signal t Kﬂkﬂe information about the rock formation. [0005]
In accordance with an aspect of the invention, there IS provided a system for determining information
about a rock formation penetrated by a borehole, the system comprising: one or more transducers
configured to generate a first acoustic signal at a first frequency and generate a second acoustic signal
at a secmod4irdquencyadifferentfropedhe firstreguventyrandaridadechinpt ot peerdiyoadetinear mixing
between g firshaceysiGienahand BesprantAroustisianaeheplinaieh acouslichepmn the

rock formation; one or more receivers configured to detect through the rock formation a received signal
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formatimhaasithérgoﬂm&tg:gl, aﬁmﬁﬁelbé‘am apmﬂ‘qg@ges Hmmtgh}ﬂq&asmic ﬁ'agmaak@rgemekeai mmes_sor
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information”about the rock formation. [0006] There is also disclosed a system for characterizing a
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the first frequency, wherein the array is arranged in the first borehole; one or more receivers, arranged
in a secé‘fﬂ&%r@%&ézf%%ﬁ%@mﬁ%gﬁl&mh g@ﬁﬁ%’é‘;oﬁ‘i‘é BRaRENS thnsativetsimd radsiverie

- configurathte:detedidhnbughithiesrackdormation a third signal that results from the interaction of the first
and the second acoustic signals in region of the rock formation outside the first borehole, wherein the
detected®Hifll Sigtraridagetetttd afeperavelify thrsvigihathoetsnrbridedrckyisim AtiofcraiEfecting
from an jibemegearily; anskia RFSLESSOspEaaEaNNablerwitih: MRChiRe eXxaswiabig insk ugtigas for
analyzing,(he,ecelved sional o determine informiation, about the rpck formation n e nondipgar
interaction region betwaen theTirst and the second boreholes. f@o %c_fuleﬁgse ang other ijects,
featuresiaptieHgrat e risticenst tisausresdrtarsve fimenthadivie ey ridihoarset bpersich And
functionsofdhie retaigdeiements otsiodctucaiand the combinatioue!paksandcoanedesfic
manufacture,. will become more apparent upon considetation of the following description and the
mpenae B R D e
specificatfst e istei hiksvdfefontbniniertn bl rateaistespoitihsapaits n thevesfsed Mgures. It
is to be expressiyrndensteode howeves thatthe skawingsaare-fonthgpurposekofitusimationaad
description.only and.are netnisnded ase definition of e Iimits, of the invention, A% wsed In fhe
specificgtion and-in the ¢ aims, the singular form o "“aﬁ,wanq, and "the”in uge plura reférents unless

the contéXtEisryeicmiesbiewiEEk BRIEF'DESCRIPTION OF THE DRAWINGS [0008] Figure |

generall how the three wave mixing phenomenon for P-waves in the presence_ of a borehole
occure, Mo A eN A0S STID HHETBA WAL ACEL TR TP e HrArhe T Rhmation
and, as peresgitddfthénydreithelar preprtiescomtiiscformation, lead to the generation of a third wave with

a low frequency off =f2- ff. [0009] Figure 2 shows an experimental test design set-up in accordance
with an aspect of the invention.



[0010] Figures 3a, 3b and 3c show some results from the experimental test design set-up of Figure 2,
illustrating the clear coherent 51cHz beam signal generated by mixing two primary beams with
frequencies 38 and 43 kHz. WO 2009/152416PCT/US2009/047184 [0011] Figure 4 shows the
geometry of tREPSSlM &2 €ated at a borehole and the mixing region locate BGRIESRIEDE drehole
where the signals from the sources mix. [0012] Figure 5 is a schematic illustration of a transducer
array along with the definition of the phase shift A q, and the angle of steering O. [0013] Figure 6 is a
schematic illustration illustrating an example of how control of the azimuth and inclination of the plane

of the arra ' rotation around the borehole axis, and rocking.in a plane
perpendicérz{\gr]?(})/ %%%%%&%%%ﬁ@%‘(%ﬂ]a%ig Gre 7's (()%{vflsi.| ?ﬁ%“é%és r%%nt%)ra? Jf #1‘% ggﬂ%@?o%e array
used for tHEWEHEriBREASECRFHE Figinled' 2 Scwwnsh 81001 5] iFiguresiéa dnd Bivtsfrayusrexperimental

results obtaiedrasaing distHbianoisowses e Bansauess atayl Bl shquipgthat the 5
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source in thaditstdarahals mnpaveshanalbnand seeeivadataplitality Qidocations. within.a second
borehole in %onfil%utration desi &ed for, cBos_s-vv-eII formatjon property and bedding interpretation.
instructions for anaiyzzngg e recetved signal to determine information about the rock formation

in the non-linear interaction region between the first and the second boreholes.

[0007] These and other objects, features, and characteristics of the present mvention, as well as
the methods of operation and functions of the related elements of structure and the combination
of parts and economies of manufacture, will become more apparent upon consideration of the
following description and the appended claims with reference to the accompanying drawings, all
of which form a part of this specification, wherein like reference numecrals designate
corresponding parts in the various Figures. It is to be expressly understood, however, that the
drawings are for the purpose of illustration and description only and are not intended as a
definition of the limits of the invention. As used in the specification and in the claims, the
singular form of “a”, “an”, and “the” include plural referents unless the context clearly dictates

otherwise.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] Figure 1 generally shows how the three wave mixing phenomenon for P-waves in the
presence of a borehole occurs, in which two incident waves at two different frequencies, f; and _]?
are emitted in the formation and, as a result of the non-linear propertics of the formation, lead to
the generation of a third wave with a low frequency of /' =3~ f.

[6009] Figure 2 shows an experimental test design set-up in accordance with an aspeet of the
mvention.

[0010] Figures 3a, 3b and 3¢ show some results from the experimental test design set-up of
Figure 2, illustrating the clear coherent 5kHz beam signal generated by mixing two primary
beams with frequencies 38 and 43 kHz.



[0019] Figure 12 shows system components for producing the third signal in accordance with an
embodiment of the invention. DETAILED DESCRIPTION [0020] In an embodiment, an array of
transducers is used to generate an acoustic beam in the non-linear rock formation around the borehole
via a three-wEBZ#IAg Phenomenon by mixing two collimated primary acftEHEX¥RHE S higher
frequency, as illustrated in Figure 1. The two collimated primary acoustic signals 110, 120 can be
generated over a wide range of higher frequencies by a compact array since high frequency sources
can readily fit inside a borehole 130. The non-linearity of the rock formation 140 around the borehole
eads o UGS elaln ol WO 200N PRCTILS20093047 150 acalimated agoustio beam 150
commonly refetred 1o as a param%?rlc aWay beam, having a frequency equal to the differénce between
the primaryatsustie didgrabsmhelwvithesifficiegnadtizen ieeqwopanate a considerable distance into the
rock formaggrn) As:howR LhenBichifraauensnsau ees AR JistiRuird inaupBRa Aaiale! dedhe axis of
the borehole. The primary sources can be of several types, depending on the application, such as a
monopolersosr sk iy iwditfopicgadifition)grta dipole source (i.e., equivalent to point forces), or a
collection ole haffled sources clamped.to the borehole wall, or fixed tg a tqQol located within
the boren U DORTE fHe i ks, DU BPs Rator ol PR h o o ne.
analysis ofitfénplopérties tf Plevavesresuitingiftobs tebitheddwenration xingphéedrmrehdn misyhich two
incident wayes, attwe, differeni-frauencies fhandibngibuig;generate third frequency components at the

harmonics and intermodulation frequencies 1'2 - fr, 2 + ft 2j) and 2fi, etc. In an aspect of the invention,
the three WAVAIJBRHEArRIXIME DABHBIHEON idusdiiTeat o cear wstrdidiitrstanaitbiste. Only the

resulting thir¢h wavecob diffesgace frequency f2 - fl is of interest to this application. The third wave may

be record B e or more receivers located in.the same or another wellbgre. This arrangement is
iIIustrated(Eélb |&%?gu iciglv%eaflédtﬁké Seig]g\rx{ér% 5h of t aclar Sﬁ? gvrg)\})af\?ien %a\ﬁ%r&{ eegérqlffgbﬁlennocneo?rseodl Lrj%ers?(l:rf/ is shown
produced by tiosgrivaamrao eicExui@ (2 shominkelinsthn celidreddlitnenprifmeqyesoytsesiacemdreanged as

a monopole baffied souices thasavreesare gl baffled;inthe.plane ol the sriay Aad &RR be in

contact with the barehole wall, Within the transducer array, some sources or transducers are driven at
one frequéhiey 2 WiRPRINK: $'dreeSithulitstons Iy ark i aRberh dbieHey i pdfaBERk i the
wellbore, a:daWs tieguesncy Kkl ddsenssareqiestpy nonlinear mixing in the formation of the two

high frequ imaries. # is,the nonlinear parameter that characterizes the nonlinear relationship
peeen 1 B e e R s R s on (3 e
(1 + fie + thcevhimnsionatisageplrevstdusbicadm@doulk modulus and c the strain. fi typically ranges from

200 to 10@ghier fagks 1GNNS RWEICH thelid-Waye IS frealRd S Jivel RYeragR? LT, where ais

a radius encompassing the sources and LT is a length related to the attenuation of these frequencies.
It should B&OABldetst He AREALRGEAY S atBEFhabAT RARRAITS b MET R e arictdnZBe rdecrease to
1/e of the mmpliludepisveeiidaipwandycthneed vesgearilithef astatehisgivanBycdiborehoie in a
2009/152%%%%%;%%%59595}«{95' onfscg'osswwcll. formation property and bedding interpretation.

[0019] Figure 12 shows system components for producing the third signal in accordance with an

embodiment of the invention.

DETAILED DESCRIPTION

[0026] In an embodiment, an array of transducers is used to generate an acoustic beam in the
non-linear rock formation around the borehole via a three-wave mixing phenomenon by mixing
two collimated primary acoustic signals of higher frequency, as illustrated in Figure 1. The two
collimated primary acoustic signals 110, 120 can be generated over a wide range of higher
frequencies by a compact array since high frequency sources can readily fit inside a borehole

130. The non-linearity of the rock formation 140 around the borehole leads to the generation of



La- Qc2gf(1) where fisthe frequency (Hz), Q is the quality factor and c is the wave velocity (m/s).
LT is the total attenuation length expressedas= L/4 + L24 2L/'. 100231 The difference frequency signal
is generated and propagates from the volume V, to a receiver or receiver array in the same borehole
by reflection #éhittNéPPAEEs with contrasting acoustic impedance, or by bZEKSEaHEP fE$
inhomogeneities, or by transmission to a second borehole. The propagation occurs in a collimated
beam, the width of which is determined by k Li, where k is the wave number of the third wave: k = k2-
Icj = 2rr (f2 -f') | c. [0024] Another length of interest is the so called Rayleigh distance LE, that defines

the limit bgt%?ﬁﬁaqgg Qc%%ttzlcelige%qqyae cfgxgmqon yi Of the e? %grrymél’tnc array gan% %avmg a
frequency cqual to the difference between the primary acoustic signals and with sufficient
strength to propagate a considerable distance into the rock formation. As shown, the high
frequency sources are distributed in a plane parallel to the axis of the borehole. The primary
sources can be of several types, depending on the application, such as a monopole source (i.c.,
isotropic radiation) or a dipole source (i.e., equivalent to point forces), or a collection of
monopole baffled sources clamped to the borehole wall, or fixed to a tool located within the

borehole,

{0021} The non-linear behavior of a formation may be characterized through the analysis of the
properties of P-waves resulting from the three wave mixing phenomenon in which two incident
waves at two different frequencies, f; and f3, mix to generate third frequency components at the
harmonics and intermodulation frequencies f> ~ f1, /> + /1. 2/7 and 2/, etc. Tn an aspect of the
invention, the three wave collinear mixing phenomenon is designed to occur in the vicinity of a
wellbore,  Only the resulting third wave of difference frequency /> — f7 is of interest to this
application. The third wave may be recorded by one or more receivers located in the same or
- another wellbore. This arrangement is illustrated in Figure 1 where the generation of the third

wave having the difference frequency is shown produced by two primary sources.

[0022] In the instance where the primary sources are arranged as a monopole baffled sources,
the sources are rigidly baffled in the plane of the array and can be in contact with the borehole
wall. Within the transducer array, some sources or iransducers are driven at one frequency f;,
while others are simultaneously driven at another frequency /5. Adjacent to the wellbore, a low
frequency (f_ = f> — f;) wave is created by nonlinear mixing in the formation of the two high
frequency primaries. £ is the nonlinear parameter that characterizes the nonlinear relationship
between the stress and the strain and, for example, in one dimension, appears in the equation 6 =
K& (1 + fe + ...}, where o 1s the applied stress, K the bulk modulus and ¢ the strain. S typically
ranges from 200 to 1000 for rocks. The volume in which the third wave is created is given by ¥_
= ma’Ly where a is a radius encompassing the sources and Ly is a length related to the
attenuation of these frequencies. It should be noted that the attenuation (or absorption) length Z,,
of a wave characterizes a decrease to //e of the amplitude, is well known by those versed in the

art and is given by



where k is the wave number, i.e. k = 27r fp /c and a is the radius of the source. The frequency fp refers
to the primaries. The near field region corresponds to a distance L less than L. In this region, the beam
is unchanged in size. In the far field region, i.e. for L"> 4, the beam amplitude decays as Lp | Lx, which
is the beam SPReAHWR{Ta®or. [0025] Figure 2 shows an experimental test BEERzee¥04p1#4 accordance
with an aspect of the invention. In the set-up, the dimensions of a block of Berea sandstone 210 were
1.8 m x 0.4 m x 0.4 m. The individual sources 220 that comprise the array 230 are 2.5 cm in diameter,
arranged within a circle of 6 cm radius. Half of the sources were excited with a frequencyf2 = 43 kHz
and the other half with a fre Cencyft = 38 kHz. The third wave then had a frequency f = 43 kHz - 38
kHz = 5 kHz. Each of tHe s%efs 220 having a frequency fi are driven by a signal penerator 240 that
is configured to generate a fé al at a frequencyft and an amplifier 250. Similarly, each of the sources

220 having,a frequencyfi are dri nQ signal generator, 260 that is configured to generate a signal at
a frequenc%%‘fr% g’ﬁ%ﬁ%ﬁ?@#@%. )ﬁe% i |§ﬁtg%ltce€%%a%?ffé1|§et " ‘échfé%%V flséd fettelf with a
laser vibrdpirteitcpsgivuckathenitiresoppobitesie of itiebidek of Berea sandstone 210, ensuring that
there was no possible electronic interference in the strain measurement. WO

2009/1524dBBCTHE $2R0HNQATFIQAI00 26 Figues BacBhanst 3o aresansmniesof sikainymaps,at three

frequencies for the set-up of Figure 2, corresponding to ti%ie rimary frequencies and the difference
frequencyr,efgévgrrd%rdr{?\?ﬁh Et:ﬁéu-fggelf}\fl érg%néetg)?) Q%B?elgr]lo ar |85%3P, |gHL11r1(’el(gl§§a SROWEh PR &ignal at
43 kHz arigPigigrénstyGhowsnhptheskpritterrfreignahan@gidiisFigure Bershowsthie thisebsignal of

frequencype,iitreulling, from;ipramelrl arayielirgt of.neRe0AiRear MAG.CAINE ingAmaries. As

is seen in Figure 3c, this third signal has inherited the collimated properties of the primaries. For the

laboratory kb ETEdt Ui qiramRy raktes Bidovara b wdve beTottyor.2000 mis, the attenuation

length for rimaries is 0.37 in and 0.42 in (respectively for 43 kHz and 38 kHz), while it is 3.2 m
for the thimg\/’%}p ?‘flggr Fi%lﬁtélié)ﬁ 1(%{5 gﬁcg,tgvﬁtﬁcacgggﬁ(?ceaﬁafd%}; (IJSftaél%eih{‘i% %ﬁ %‘Pgﬁg}aﬁ ¢.2 m. This
demonstraees anaihehecatizihl anddbe fenfishisogions aftebinathe far field region. [0027] Figure 4 shows
the geometry of the source located within a borehole and the mixing region outside the borehole where
the signals from the soErc_gi%e gdﬂ@lgd. The strength of the difference (f2 -fi) beam source and the
focusing effect of the beam Zlepend ©n the strengths of the primary sources fi and 2, the non-linear
properties of the rock formation surrounding the borehole and the wave numbers of the primary source

and resulting diffdeiick bt &y T Rure 4% & dAdH( 3 Ths thavedumpbheasssatddwith the
primary frequencies, fictsndd mesprativaly The iedihaneneinobespsseciatedivitidhe thisdnwave of
frequency, (f2 - fi) generated by nonlinear mixing in the formation,. The angle. 0 i cqunted from the
horizontaILWhgé’ha%%rrr%:sg(ﬁ%n%g %ﬁ :lsougﬁliéfm E'f%gé}p“’gfweds fo! eaézfiir%gtﬁe%‘ﬁgé’cfi?jn%%?a’tﬁ/&{otﬁqe
borehole. beam prindindsdirse aré.ddnsiducbdsthbbeaistibtabgfeat@ircle of radius a. [0028] A
dimensionless equation for the strain field at the receiver borehole associated with the third wave,

denoted biyezs] Capuheatermineskframmente les6162¢Q 603 h(kad@atDffitkkan LipdangR) .(4)
invention. .In the set-up, the dimensions of a block of Berea sandstone 210 were 1.8 mx 04 m x
0.4 m. The individual sources 220 that comprise the array 230 are 2.5 cm in diameter, arranged
within a circle of 6 cm radius. Half of the sources were excited with a frequency /3 = 43 kHz and
the other half with a frequency f; = 38 kHz. The third wave then had a frequency / = 43 kHz -
38 kHz = 5 kHz. Each of the sources 220 having a frequency f; are driven by a signal generator
240 that is configured to generate a signal at a frequency f; and an amplifier 250. Similarly, each
of the sources 220 having a frequency /3 are driven by a signal generator 260 that is configured to
generate a signal at a frequency /> and an amplifier 270. The motions at the difference frequency
were detected with a laser vibrometer 280 located on the opposite side of the block of Berea
sandstone 210, ensuring that there was no possible electronic interference in the strain

measurement.



Q) (2 wherein fi is the nonlinear parameter of the formation, ; is equal to k_L, where k_= k2- ki
and L is the borehole separation. ci and 62 are the strains at frequenciesfi andf2, respectively. The
functions DA and Dw (of the angle theta measured from the beam axis) are directivities that WO
2009/1524168€F385860/047184 arise from the finite width a, and lengt TP/ 4Gt
respectively. The directivity DA is given by:

[0026] Figures 3a, 3b and 3¢ are a series of strain maps at three frequencies for the set-up of
Figure 2, corresponding to the primary frequencics and the difference frequency, recorded with
the laser vibrometer 280. In particular, Figure 3a shows a primary signal at 43 kHz and Figure
3b shows another primary signal at 38 kHz. Figure 3¢ shows the third signal of frequency 5 kHz
resulting from parametric array effect of the non-Hinear mixing of the two primaries. As is seen
in Figure 3c, this third signal has inherited the collimated properties of the primaries. For the
laboratory experiment, using a quality factor of 50 and a wave velocity of 2000 m/s, the
attenuation length for the two primaries is 0.37 m and 0.42 m (respectively for 43 kHz and 38
kHz), while it is 3.2 m for the third wave. The Rayleigh distance, with a source radius of 6 cm,
is roughly equal to 0.2 m. This demonstrates that the strain measurements were made in the far

ficld region.

[6027] Figure 4 shows the geometry of the source located within a borehole and the mixing
region outside the borehole where the signals from the sources are coupled. The strength of the
difference (/2 — /1) beam source and the focusing cffect of the beam depend on the strengths of
the primary sources f; and f3, the non-linear properties of the rock formation surrounding the
borehole and the wave numbers of the primary source and resulting difference frequency. In
Figure 4, k; and %, are the wavenumbers associated with the primary frequencies f; and f3,
respectively, & is the wavenumber associated with the third wave of frequency (£ ~ 1)
generated by nonlinear mixing in the formation. The angle # is counted from the horizontal
which corresponds to & = 0 and corresponds to the azimuth direction relative to the borehole.

The primary source are considered to be distributed in a circle of radius a.

[0028] A dimensionless cquation for the strain field at the receiver borehole associated with the
third wave, denoted by ¢ _, can be determined from

/g

e ~fee, (al S—— D, atnd)D, [k L, (and)), @

{H R e T —
(2)

wherein £ is the nonlinear parameter of the formation, ¢ is equal to & L, where k= ky -
k; and L is the borehole separation. & and &, are the strains at frequencies f7 and f3, respectively.

The functions D and Dy (of the angle theta measured from the beam axis) are directivities that



21(k_atan 0), katan (5) where J1 is the Bessel function of order | with DA (0) = 1. The
directivity Dw due to Westervelt) is given by: D" (0)- (6)

WO 2009/152416 PCT/US2009/047184

arise from the finite width g, and length Ly of the source respectively. The directivity D, is

given by:

)= 2.J, (k_atan 6)

D
A( k atan@

&)

where J; is the Bessel function of order 1 with D4 (0) = 1. The directivity Dy due to
Westervelt) is given by:

D, 0= | ]+Ix2 , ©)

kL.
X, = —=—rt 2“’“’“" an’ @ | (7)

{0029} Usually, Lour. is the attenuation length Ly so that

Ok _ tan’ 0, (8)

Xy = 1k,

[0630] Note that similarly to Dy, D (0) = 1, (namely the directivity factor is a maximum on-axis

of the beams),

[0831] Figure 5 shows a schematic array along with the definition of the phase shift 4@ and the

angle of stecring 6:

A(p—“—%dsinﬁ . (8)
where w is the frequency of the primary, f; or f>that is to be steered, 4 is the distance
between the sources and ¢ is the P-wave velocity of the formation, In the illustration, the
primary sources having the frequency of f; and /> alternate along the x-axis and the steering
angle 6 is measured away from the z-axis and towards the x-axis, wherein the x-axis and the z-

axis are mutually perpendicular.

[0032] In some embodiments, the direction of the beam is steered by selectively controlling the

azimuth of the array by rotation around the tool axis, and the inclination, the angle between the



k L"xw -2 w" tan 0, [0029] Usually, L.rce is the attenuation length LT so that Qk x4k: tan2 0 , [0030]
Note that similarly to DA, Dw (0) = 1, (namely the directivity factor is a maximum on-axis of the
beams). 100311 Figure 5 shows a schematic array along with the definition of the phase shift A co and
the angle of SHEEHIEG24& -csin 0, cod (8)  where co is the frequency BETHESHIBAISH or 2 that is
to be steered, d is the distance between the sources and c is the P-wave velocity of the formation. In
the illustration, the primary sources having the frequency of fi andf2 alternate along the x-axis and the
steering angle 8 is measured away from the z-axis and towards the x-axis, wherein the x-axis and the
z-axds are pyuaiyperpendipuiar. J0932] Insome; epkodients, the direction of the beam is steered
by selectively controlling the

illustrated in Figure 6. By use of actuators (not shown) the plane of the array can be effectively

controlled in azimuth and inclination. The actuators can thus be used to steering or changing the

direction of the primary frequencies f7 and f5.

{0033} In some embodiments, the inclination of the primary signals f; and f; is achieved by
controlling the relative phase of some of the elements in the source array, noting that the third
signal within the formation will inherit the direction of the primaries. An example of such control
realized in the laboratory is shown in Figure 7. By way of a non-limiting example, the array
used in the laboratory was divided into five regions or several arrays referred to as “columns”.
In column I, two transducers are shown both labeled “1” that are configured to produce a
frequency of f; without any phase delay. In column 2, four transducers are shown wherein the

transducers labeled “2” are configured to produce frequency f; having been offset by a phase of

4@ and the transducers labeled “3” are configured to produce a frequency /> having a zero phase

offset. In column 3, five transducers are shown wherein the transducers labeled “4” are

configured to produce frequency f; having been offset by a phase of 24 and the transducers

labeled “5” are configured to produce a frequency f; having been offset by a phase of 4¢ . In

column 4, four transducers are shown wherein the transducers labeled “6” are configured to

produce frequency f; having been offset by a phase of 34¢ and the transducers labeled “7” are

configured to produce a frequency £ having been offset by a phase of 24 . In column 3, two

transducers are shown wherein the transducers labeled “8” are configured to produce a frequency

[z having been offset by a phase of 34@. In the laboratory demonstration, the phase difference

between each of these “columns” chosen to steer the primaries 15 degrees from the perpendicutar
to the plane of the transducers. In this non-limiting example, the transducers were attached to the
sandstone block as shown in Figure 2. Other configurations are also possible without diverting
from the scope of invention. For example, more or fewer transducers may be used, the
transducers may be arranged in alternative patterns, and the relative phase of the signals may
differ considerably from the example described, so long as phase differences among the primary

acoustic signals result in steering or control of their direction of propagation.



azimuth of the array by rotation around the tool axis, and the inclination, the angle between the WO
2009/152416PCTIUS2009/047184 plane of the front of the array and the tool axis. The corresponding
axes of rotation are illustrated in Figure 6. By use of actuators (not shown) the plane of the array can
be effectivelyt@RAtIIEEH azimuth and inclination. The actuators can thuFB&EHE¥E%43i8&ring or
changing the direction of the primary frequencies.f) andf2. [00331 In some embodiments, the
inclination of the primary signals fi and j9 is achieved by controlling the relative phase of some of the
elements in the source array noting that the third signal within the formation will inherit the direction of

the prim 4@% exa of Sy h control Je geljlzed AN tgg glo |s shown in Fi ure 7. 7. BI}/ way of a
n[%% 1 ows resulis obfaine ci;:rm (in w
non-limiti e array use orat ory was ded |nto ive Tegions or geVeral arrays

referred t@%@e é@rﬁmrﬁgphnd beturen ttwt l'aiah%”dNdél@FaB@Isr&@Whothab@létiWMHh‘@pang sonfigured

to produca@rr&@qu@mexaf{@wmﬂt@mgh@@s%@@4@}{0%%h@?ﬂe%af%&rmg%a@ég mgn wherein
the transducers labeled "2" are configured to produce fre uenc%fl havmg been offset ase of A

q, and theafr‘ah@aﬁ‘aﬁ’sqgégIlé}az'énda?es?f‘t?ﬁﬂ@ﬁré’ae@t%%@% ey Mﬁ’ésaa%ﬁﬂlﬁﬁase offset.
In columno3stivephidmisdubersae shewanshereinpiloaitans ciicksi-iabeted dcqiencppiigurgd-to produce

frequencys g(ﬂ?{hagm qgéfge %cht d;_? 031%0 v nncc:ior[lhre srarﬁ:’gl &S apealred\ll 3 arl%%o%gured to
produce a equency having been offset by a phasé of ﬂq T A, TGhP tanSdiees e Sre shown
wherein thBaraseeidetestaibelbth "Blagira (E@ﬁ#@wrﬁeﬁ tor preeiile dfagole néyic Havingbde matfsét by a

phase of 34gd.aaesthg tRNSAUGRESIAReIGEL "o are offsct from the center of the array on the
opposite face of the sandstone block indicated by the circle in the figure.

[0035] In some embodiments, the third signal 18 encoded with a time-varying code, which can be
introduced into either the first or the second signal, or both. The time-varying code may include
one or more of a variation in amplitude, a variation in frequency, and/or a variation in phase of
the first, the second, or both the first and the second signals. The received time-varying code of
the third signal can be used to measure a time-of-flight of the third signal. Additionally, in some
embodiments, the collimated difference beam can be broad band if one of the primary
frequencies is swept through a range of frequencies while the other is fixed on a particular

frequency. Thus, the resulting third beam /> f; will be swept across a wide frequency range.

{0036] Figures 9a and 9b show an aspect of the invention used to create images, including three-
dimensional images, around the borehole. The collimated difference beam (f> — ;) generated by
the method described in this invention is suitable for creating an image of the rock formation
around the wellbore. The difference beam can be aimed in a particular direction to investigate a
particular region of the rock formation. Inhomogencities of the formations localized along the
beam will generate reflection, linear or scattering of the seismic waves. The reflected and
scattered waves are recorded by receivers arrays in the same borehole (for the case of single well
imaging). Figures 9a and 9b illustrate ¢xamples of the many possible measurement and tool

configurations.

[0037] In Figure 9a, an array of transducers is arranged on a circular array 905 with a borehole
910. Two primary frequencies f; and f> are produced by the array and mix in a non-linear region
outside the wellbore 925 to produce the difference frequency f;. The difference frequency beam

is reflected or scattered from an adjacent bed or other body and this reflected beam 930 is
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configured to produce a frequency f2 having been offset by a phase of 24 . In column 5, two
transducers are shown wherein the transducers labeled "8" are configured to produce a frequency J 2
having been offset by a phase of 34 q). In the laboratory demonstration, the phase difference between
each of thes&¥@a#ifki3#18hosen to steer the primaries 15 degrees from thEFEBEAURIIEF to the plane
of the transducers. In this non-limiting example, the transducers were attached to the sandstone block
as shown in Figure 2. Other configurations are also possible without diverting from the scope of
invention. For example, more or fewer transducers may be used, the transducers may be arranged in
altemative pafiens, AndLugeiatve Phese aldie sinals may difer consideraRboliom Jig example
described, so Yong as pFlase Ifferences among the primary a@coustic signals reSult in steenﬁg or

control of feledireetidh ot bp apiidrir Wo 2099 thezagbrd ty $oobole0a 7184 6034} ®igure 8a

shows thergxpeimeaiahtasiisoabtaned vwithino.sigerind finwhichsase tho Riaseshiftisaieplied
between the, "columns™) while Figure 8b shows the resnélts when steering is applied for the set-up

shown in BIgTRES ORTILSHBIRYiIN ETGLTR B8 K BT BPiFANSUUCBYE ot Aty B B FragEnr 8t 60 KHz

and a secongl sehfiperaiingdad a5 ddriz Sheitiexibf whithuhaSanytphase offeetappliedsiditheid respective

transducefg, produges %f‘ti%db%%%%lc‘{v‘ﬁ?ﬂ%ﬁ%ﬂyfrﬁ%% 2l ‘é?&%&%ighést%o% “a§&‘sdt s,iglicated by the
| i ed i

. & X .
circle. In contrast, when steering is applied by using the plhase control described in relation to Figure 7,

the locatidmresfiesehfermndofipstavi the uelrle frequencies, as well as, the difference signal, are offset
from the center of the array on the opposite face of the sandstone block indicated by the_circle in the

figure. 00987 $h SBmEeniBsdib ARSI tRireIgmAI T eRosasEvith SRFHEC Aty NG %048, Yhich can
be introdueédciiio eithersihadisstobrtiecsetond signatparibothTHehéidtntsigacyitlg bode méayhnclude one

or more of;a yaaiign i AT, BRI JRAMEN Sl RO JHer ANAIBIORIRBNRAR e frst, the

second, or both the'first and the second signals. The received time-varying code of the third signal can
be used t@l¢ricadive Bt -BRfidRReRthEhRausSToRare AdaTtoHems) nAnsérfelienbouiABs e

collimatecygifierenseheamcan heaikimad ang ona.af hepprinamnieguencias sswent through a
range of frequencies while the other is %i ed on a particular frequenc’é.ag;l'hus, the,resulgg thjrd

beam/2-- Wil BERUFARE a2 d8s Foite HralTBREY rAYE (oSBT ERSuPAe I BABE SRAE HIFGspect of
the inventipecifsad do dfeatdaritadesd iclidingtHiendimelibodialaivitged, thrdamd the therehole. The

collimated, difference Healn(tyss ol 9Sa ARE by e Mahad deseribed nhia Irsotien fautable for

creating an image of the rock formation around the wellbore. The difference beam can be aimed in a

particular #itaetisr e tvisatigzate B purtictian BeiovealtHe b CRIHPAISAM TRBItfolsAdTaR h6f the

formation%de%@&&d@l&ﬁedtlg@@a@mm%gﬁ&eg ate &H&CHQ&,‘{{HE&&D&%Q%H@r&aﬁﬁﬁ&@iﬁi%ic waves.
The reflected and §c ttered wg\ves are.reco de%gj tgt\{ re%ei\(ﬁqrs arrays in tpe. same bo.rghole for the case
< at us [f‘

of single Wi ifL mg?. SI‘Efigtftﬁlr'ﬁfés YA 5?13151% Ustite S(amplescg ?hé’rﬁ\hzgniflﬁg S 1f[neaag ff€ment and
tool configuratio ns:sfE37 simMif creodagranredvatjcof iramsducery i dreafigyddroga oircularsanay 905

with a borghple, 910, Ty numAL, feguangissh.Andiz Are-Rrodused Ruthe Ay RRd MbsRA

non-linear region outside the wellbore 925 to produce the difference frequéncy f3'. The difference

frequency BRI AR OISR ERERTTERT R SalfaT Hitt et & Bnerbul skrtrtiisthefeeted beam
930 is W@:200Q{ 22ABRC I SR00MO4 lB4tivity with respect to the borehole, and the imaging

would tend to have higher resolution than a conventional source with little directivity and
consequent ambiguity as to the origin of the reflection. The anticipated difference beam
frequency for the invention ranges from 500Hz tol10kHz. The low frequency part of the range is
at the very low end of the range used by conventional sonic logging tools, which implies a
greater depth of penectration, up to several hundreds of feet, due to less attenuation. It is
important to note that, simce the beam 1s being generated in the formation outside the borchole,
this low frequency beam generation mechanism will not lead to the generation of borehole
modes, such as the Stoneley wave, that capture a large part of the energy generated in the

borehole by conventional sources. Moreover, the backscatter of acoustic energy can be used to
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received by the receivers 915 in the borehole 910. The array on the circular array 905 including the
receivers 915 can be moved up and down the length of the borehole to image a particular formation
near the borehole. Moreover, the array can be rotated around the axis of the borehole to image
formation in ak{ #iféefisri%around the borehole. Figure 9b shows an alternEEVEHARKI0ATIAY
configuration 920. Figure 9b is similar to Figure 9a, but shows a linear array configured along the axis
of the borehole. Either array may be rotated around the tool axis to achieve imaging of formations
around the borehole. 100381 The recordings of received waveforms are processed to generate an
image of theareflac?_gltligg L g&gg&]isgior% Ko lgrlie}%tgrist{gg of &he {or ation. dTIhe directivit ofE] beam and
the time 0??“6?\'[ may fix the locations where Sca ttélredavr\lla\}%cs%arlem&éﬁléraf’é%ﬁrdlﬁs(ﬁ/ﬁ & éﬁfhis device
from nornfarasoiie #nagthg keshaligues using conventional non-directional monopole and dipole
sources. An associated effect of using a heam compared with conventional sources is that the
computatiB-SHdrsiade SRt RS ACS IRECTHFapt Tas R mdtE sire s demneadpecieation of a
velocity fietddiamtiyerangk fotmation Thiedirectivityahther heartignd the ime-of fighi-measigement
simplify ang ri{rp%{gvgoggﬁoﬁbilci%t%édenth dthl% Igcgrtics)sr] V\élﬂege FJtlhe waves are refI%cted qr stcattered. In
particular, the directivity of’the array beam source focalizes e SouTces of TecoriedREEsHaed wave
along the bedlmraivesstibnhepel reaitineé delsypiovatimeisstiistipositiorcaiitherstatieteg sdurceoadong the
beam pathycTihus he hedehaledmaging g@&ﬁ%ﬁ%@ﬁ@ﬁ%ﬁ@@gm& s RUAGatRR AR eduction in

uncertainty of the final image in contrast to conventional (not beam) sources which require an accurate
detailed véotéi’ﬁ/Wﬂ%I%rgﬁ%ﬁﬁ?ﬁcﬁom%tﬁt%ﬁ?%?%fﬁ@“iHﬁg@rméﬂ%ﬁéﬁﬁg’é‘%@é&% beam is
focused and<tesrabi, thetarmdp béam fuasnazbmngtodl aocoinclivationdirestdtyapith wspactio the
borehole, and the;imaging would tend to, Qg%%t‘g{%ge‘r[a;esgl%iogethggra conve t;%nal soyrce with little
directivity and consequent ambiguity as to the origin of the Tefiecion. e Carﬁtlglpae%ldw(ﬁ efence beam
frequencyPfoFeFedrivihienotsriges sranhy50094 P roIG IS Theblaiw frepuensyipanioftbatyange is at the
very low engafuthe @eaensehoYeRNVeRIRNAb SIS lRggingtogis, Whishimpliss.adgieaisrfepth of

penetration, up tg several hundreds of feet, due to less attenuation. It is important to note that, since

the beam 18B&inJ g &REPaLaH e daoRnattb ACRsisBY e BRI detftoTow fréguEn el bilall
generatioremedhamisimlwilimableadtfghetgenatatienofbareligial masies, suehmasdy Siongley wave,

that capt | f ‘ ted in the,b entipnal, .M ,
the ek e e e e A s s B PSR 26 image

around th&Bdtiehole by rotation in azimuth and inclination, and linear movement of the array 920 along
the borehogle. [0039] Figyre 10 shows an aspect of the invention for performing cross-well tomography.
The frequﬁ?&ﬁ% e %gﬁcﬁl—ﬂ ﬁ&'ié’i%ﬂ’%,%iﬁﬁp&%ﬁgg‘%ﬁ?ﬁ%&?@é{ﬂ&ﬁ% s, &I UR SIS feet from
the borehbleslodn benappliesidthasobssaivel imaging By fdmaegsaphytiapplisaiian. dorsibrrmare, the
beam natiig alihe spuras ARG diPiRchRitessing Metodglodies Iptcipsene Limpaging. and
cross-well tom%graph hat differ from approaches’using no%-?écu&; sources. RIS aspect, the
beam soubeEhAd 698 Prerrthgrdréhiosifen Sretisle IBDOMRIdetefctowion-ioseiverpataoy 040,
1050 in a gecRatvkarehe e d06Anincrass Rl lampgraiy. the SiavelimesaRdampliludes.of direct

arrivals between various source and receivers between wells are processed with various tomography
inversion AHGthods t SEISTAS SURLE Lish g‘ VLIB&Ry SR G pRshiieton Ieiarhiof s i dormation
between theatiel ¥ Withsecstd drable lpakantietniccheasd sguithe Mehedin Tansbaeccanneddang detected
oy an anay, fldetecplol /bl dBdnsereadagreho Indiiecapliaaes, s magmum
signal would systematically sweep sequentlal?y across the receivers ma%klng the détection of the direct
arrival ea&igtading thbibifehissnt[boutie s rysrImagyakiol thestibnodVépdol MEheYinverribhewherein
the sourcespthgofiestiyonrhaledsmeyed axially.and receivad.ataa'yalimakioatians within a second

borehole. In this aspect, the parametric array beam source generated by mixing within the rocks
around thél%?&%%ﬁgce?’aﬁ%o OMTRUITET TATEBBlE: (Y TrRsEing B deraurarsnbe v tReWdAchRensy
propertieskof thegneariaelborenteigion nndisctingepaae thixng Decwiscibthiscenfiguation the
parametric,array. js erated.from aJdocation X1 in,.one borehole and steered toward many
receivers ga}%%l%ega{%ig n g}il{i%%?sgegégjnedoggﬁgﬁg é?rﬁet%ae%( cr)ﬁiea%ﬁsreadwscll %%I(?bagﬁ&i ,O e% néﬁl $Bilitce is
moved uptdletda foeatlan X2 and similar data are collected to give a measured signal of M(X2, Y1).
From Equation (4), it is evident that the sum over many Y1 of the ratio of M(XI,Y1)/M(X2,Y) would be
proportional to the ratio fi (Xi)/fl (X2), where fi are non-linear properties within a mixing distance (a few
feet) of the source borehole. By repeating the measurements over many locations X, a log of relative
strengths of non-linear properties close to the sousece borehole and within a chosen depth interval can
be obtained from Equation (4) as a weighted average of a signal ratio such as the formula WO
2009/152416PCT/11S20091047184 fi (X1)Meaured Signal (X,,Y1) xWeight(Y;) (9)



fl(x2)Measured Signal(X2, Y [0041] It is understood that the above relation applies to the signal whose
dominant frequency is the difference frequency, i.e. (f2 - fi). Another relative measurement of the
non-linearity of the formation near the borehole can be made by taking the amplitude ratio of the
received signdPA%1& fétfuency (f2-f)) to the one emitted at the source. [ODEDIFAMBIE HFg strong
reflections surrounding a borehole, the source can be configured in tools to measure and create a log
of non-linear properties very close to the borehole. Because the statistical distribution of the reflection
strengths of the earth, the earth reflectivity response would be a slowly varying function of the source

location while the QN Iinearﬂ%g er i S 0 {E}e k just around the borehole would vary more rapidly
with respectto s I@(ﬁﬁ%ﬁe&%&é—ug%mmml{% high spatial frequency log of the /3
function can be g)eneﬁr%&sﬁfé‘?f{gﬁé’ﬁﬁfa(%n (9). [0043] Figure 12 shows system components for

producing the third signal. A first generator 1210 configured to generate a first acoustic signal at a
frequencyeEng r SecapdigeN2EAtaE 18472 canfigursaIiQ acnerale A sasanehaseusticgignal at a

frequency 2 coupled to a transducer assembly 1220 arranged within a borehole, A heam steering
A o adT T SR BT e S P A0 A 8L to the

control sys &m
transducefoasstnubiyat 2R0bard deecoohfigurddbto tskiey tieafirslittlie maoaridhandfdvddotiy thieafirst and

the seconglg,méw'm% gﬁmgmc%g Inglination control mechanism 1230 can be configured to steer by

either modulatin%the phase of the first, the second, and/or both the first and the second signals or

activating MeAtEr&eR e tFaRgdaleriess svpny toifediieintol B tratseamsba qedigverd assembly
1235 can helloecatresinsitiaiihe breboiecontaipngdhrdransdiuseiassamihs k220 Qnia arother
borehole. The receiver.assemhly, 1235 includes one or more receiyers configured to receive the third
signal. Thsetgr][é%lecf\g}e‘éwiﬁll%ns?@n% télﬁnl%?éeg%?eg%ngﬁrsav(\’/%ﬁf:aC%E?brggr.iaﬁ%or PSRy fsing a
signal prosessbbd 24bWheapyvecsetiodatbtcascbesioratbandhdisthlayed yea pomptitarcf250. The

receiver asRemuly GALAP ARNDSCIRILIMAARY SRBIRLAEA0 A Algnal ROCeIRRT AgdpIhough a

wired or wireless connection. The computer 1250 can include machine readable instruction configured
to process Bfigfanisingta firelsrodssedighteraialvdumimsappmrdnthe\fdunction can be also
2009/1524 1 6R6dd W320QR4044 184 [0044] Although the invention has been described in detail for the

purpose of illustration based on what is currently considered to be the most practical and preferred
embodimé%‘ﬁ Dl TR B SRR ;@%%réwgfé%ﬂtﬁ%ef%ame Anthae I Rivention is
not !imitedt m&merdiguiodsecdgemb@dmfemscdmﬁ@gﬂlé @W@mﬂ@zij‘}t&ﬁmedmmg_ﬁﬁdfmﬁiimwions and
equivalent gianaeme s At are WHAJR AP UL AT SERg e apRandBil e, fghexample,
though reference is made herein to a computer, this may inclu g general'purpose computer, a
purpose-iEEs fatd 2HAAS @ ifilrdhvichedehind este clreble RestFabiviiemahelprattaresed to

execute theimaihests i BamEHBHASI aYeh HEM AN ©kQBSIARPIO KAl COMRKING HBYiIgef\s shown
in figure 12, the data collected by the receivers would undergqQ some processing and are either stored
S ok HaP T b e e

in memonyf the tBole BF trinirrtttat tip Hofe F6 P e e D S AAY RS SR AE F i tHEF example,
it is to be snderbtastithbtdhe presehtiedention IA30tem platesfibatd otitece kieritipossitiléstone or more

reatures ohLBRE BedD LA RESAMAINGS: B e ALIalE lRatsR oL amMonieLapgg ment

Claims: 1. A‘method of generating a beam of acoustic ene@gy in'a rock formation penetrategd by a
§i

borehole, ¥HE3REINSIORIPHBIHG: FERktieg Honfeatslisfithsigramat 4 fieseiveicrsasmably 1235

can be located in either the borehole containing the transducer assembly 1220 or in another
borehole. The receiver assembly 1235 includes one or more receivers configured to receive the
third signal. The received third signal can be stored in a raw data recorder 1240 and processed
using a signal processor 1245. The processed data can be stored and displayed by a computer
1250. The receiver assembly can be connected to the data recorder 1240 and signal processor
1245 though a wired or wircless connection. The computer 1250 can include machine readable

instruction configured to process and manipulate the processed date as would be apparent.
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generating a second acoustic signal at a second frequency different than the first frequency, wherein
the first acoustic signal and second acoustic signal are generated by an array of transducers located
within the borehole, wherein the first acoustic signal and the second acoustic signal are collinear and
produce, by c¥lia&EfIMkdihg, a collimated acoustic beam in the rock formatfSHUS209&e&1l8mg at one or
more receivers, through the rock formation, a received signal that results from the interaction of the
collimated acoustic beam with an inhomogeneity in the rock formation as the collimated acoustic beam
propagates through the rock formation; and analyzing the received signal to determine information
about the ormation., 2..A methqd in accordance with clai wherein the one or more receivers
are IocateIg}%%a{nj%:)[t%(e)1?1 fl]otrhe lgfgll%ﬂzz ?ﬁeﬁ%ag ?ﬁcélgggrl a%éaélf\‘/vg]trrﬁ%ﬁé)l%pf,s?/v%}geﬁieulsﬁrﬁ?@%c ?eed signal
is receivedibyhheis persniiorensslcedddestoyticansshissidival efid gtioftrandebdokdsoatterings t¢.bA method
in accordapae-witclain.tn WherEin e PR BLMRFSIRCRINeRS A IRcalshin the sama hotgbole. 5. A

method in accordance with claim 1, further comprising rotating the array of transducers about an axis

of the bor8K6I&HT SFRAHB TN ABFSORY Y tHe HFidsddtihe a Brifkebortiend GAaI&lst A method
in accordaneagsithrtiaim: hrfurities deraprisingt conyolling appinckoalianof Hae solimlategbagoustic

beam in a_plane Qassin(% Ejhro%gth the bor?holﬁ—-axis. .7..A,method ig accordance with claim 6, wherein
Crence 1s ma CTCUTio

a computer, this may inélpde a : i -
the controlling comprises ntroducing A control of & relative pRase beween at IBASt (e ot tive

transducebyilh apranateayen ASIC including machine executable instructions and programmed to exccute
the methods, a computer array or network, or other appropriate computing device. As shown in
figure 12, the data collected by the receivers would undergo some processing and are either
stored in memory in the tool, or transmitted vp hole for further processing and storage. As a
further example, it is to be understood that the present invention contemplates that, to the extent
possible, one or more features of any embodiment can be combined with one or more features of

any other embodiment.
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8. A method in accordance with claim 6, wherein the controlling comprises the use of one or more
actuators to change the inclination of the array. 9. A method in accordance with claim 1, further
comprising: controlling the azimuth and an inclination of the collimated acoustic beam relative to
the borehole. 10. A method in accordance with claim 1, 7, 8 or 9, wherein the analyzing further
comprises processing the received signal to generate an image of the rock formation. 11. A method in
accordance with claim 1, further comprising:  encoding the collimated acoustic beam with a
time-varginaggeode by introducing a time-varying component including one or more of chirping or
frequency sweep to one of the first and the second acoustic signals, signal. wherein the analyzing
comprisésAstah efegrnoding tobrasasirerustirecdy flightoktfemeteivedetrated by a borehole, the

method comprising:

generatiné a first acoustic signal at a first frequency;

~generating a second acoustic signal at a second frequency different than the first frequency,

wherein the ﬁrst acoustic signal and second acoustic signal are generated by an array of transducers
located within the borehole, wherein the first acoustic signal and the second acoustic signal are collinear
and produce, by collinear mixing, a collimated acoustic beam in the rock formation;

recelving at one or more receivers, through the rock formation, a received signal that results from
the interaction of the collimated acoustic beam with an inhomogeneity in the rock formation as the
collimated acoustic beam propagates through the rock formation; and

analyzing the received signal to determine information about the rock formation.

2. A method in accordance with claim 1, wherein the one or more recejvers are locaied in another

borehole.

3. A method in accordance with claim 2, wherein the received signal is received by the one or more

receivers by transmission, reflection and backscattering.

4. A method in accordance with claim 1, wherein the one or more receivers are located in the same

borehole.

5. A method in accordance with claim 1, further comprising rotating the array of transducers about an axis

of the borehole in order to control an azimuth of the first and the second acoustic signals.

6. A method in accordance with claim 1, further comprising:

controliing an inclination’of the collimated acoustic beam in a plane passing through the borehole

axis.

7. A method in accordance with claim 6, wherein the controlling comprises introducing a control of a

relative phase between at least two of the transducers in the array.

8. A method in accordance with claim 6, wherein the controlling comprises the use of one or more

actuators to change the inclination of the array.
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12. A method in accordance with claim 11, wherein the time-varying components comprises a variation
in amplitude, frequency, and/or phase. 13. A method in accordance with claim 4 or 5, further
comprising using feedback from the one or more receivers to orient the combined first and second
acoustic signals to maximize a signal strength of the received signal, 14. A method in accordance with
claim 3, further comprising generating a measurement of non-linear properties of the rock formation
proximate the borehole, in accordance with fi(X1)(X2) which is equal to the product of E ((measured
signal (X1, Y,)) (measured signal (X2,Y;))) and a weighting factor for Y1, for all i, wherein X1 is a first
generatlrbngcaﬁhoEIW|th|n flrst kghor?hol is a second generating location within the first borehole,

and .1717s an ith réceving foeation with S HPBYPehole, to determine the relative strengths of a

non-linear form&tiigiirsuhd drinfatht %@r@hdl@lnmﬁod\ ofigthocoitirmaedrstanak Withchimik whaeein the
collimateshageustic beam has well-defined directivity in both an azimuth and an inclination direction.
16. A system for determining information about a rock fonnation penetrated by a borehole, the system
comprising: one or more transducers configured to generate a first acoustic signal at a first
frequenciPafidnginé iatecepsiioonditicdustit, Sighal 3t ehsetorid reguencydifesentHerptbadst

frequencyanReAsangRtiiRIaaNcs 1By sallinear mixing petween the first acoustic signal and the
second acoustic signal, a collimated acoustic beam in the rock formation; one or more receivers

configured to detect through the rock formation a received signal that results from the interaction of the
collimateld-atoeine besarditivcaninbeimdg Emity dmrtprisirack formation as the collimated acoustic beam

propagates thraygyihaosl FARAR.ANbean GBI ARISVAIMIAIIIRNIE Wil machine exectiable

mstructlons for analyzmg the received signal to determine information About the Tock ToriLYIBR.

including one or more of chirping or frequency sweep to one of the first and the second acoustic

signals,

wherein the analyzing comprises using the encoding to measure a time-of ~flight of the received
signal.

12. A method in acc_ordance with claim 11, wherein the time-varying components comprises a variation in

amplitude, frequency, and/or phase.

13. A method in accordance with claim 4 or 5, further comprising:

using feedback from the one or more receivers to orient the combined first and second acoustic

signals to maximize a signal strength of the received signal,

14. A method in accordance with claim 3, further comprising generating a measurement of non-linear
properties of the rock formation proximate the borehole, in accordance with B(X)/(X;) which is equal to

the product of ¥ ((measured signal (X;, Y})) (measured signal (X5,Y7)) and a weighting factor for Y, for
all 1, wherein X, is a first generating location within a first borehole, X is a second generating location
within the first borehole, and Y; is an i rec_:eiving location within a second borehole, to determine the

relative strengths of a non-linear formation around the first borehole.

15. A method in accordance with claim 1, wherein the collimated acoustic beam has well-defined

directivity in both an azimuth and an inclination direction.
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17. A system in accordance with claim 16, for characterizing a non-linear property of said rock
formation, wherein: the one or more receivers are arranged in a second borehole; and the
processor determines information about the rock formation in between the borehole and the second
borehole. 18. A system in accordance with claim 16 or 17, wherein the one or more transducers are
configured in an array. 19. A system in accordance with claim 16 or 17, wherein the processor is
further programmable with machine executable instruction for producing an image of the rock

formationg. A system for determining information about a rock formation penetrated by a borehole, the system

comprising:

one or more transducers configured to generate a first acoustic signal at a first frequency and
generate a second acoustic signal at a second frequency different from the first frequency and arranged to
produce, by a collinear mixing between the first acoustic signal and the second acoustic .signai, a
collimated acoustic beam in the rock formation;

one or more receivers configured to detect through the rock formation a received signal that
results from the interaction of the collimated acoustic beam with an inhomogeneity in the rock formation
as the collimated acoustic beam propagates through the rock formation; and

a processor programmable with machine executable instructions for analyzing the received signal

to determine information about the rock formation.

17. A system in accordance with claim 16, for characterizing a non-linear property of said rock formation,
wherein:

the one or more receivers are arranged in a second borehole; and

the processor determines information about the rock formation in between the borehole and the

second borehole.

18. A system in accordance with claim 16 or 17, wherein the one or more transducers are configured in an

array.

I9. A system in accordance with claim 16 or 17, wherein the processor is further programmable with

machine executable instruction for producing an image of the rock formation,
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