DEVI CE AND METHOD FOR GENERATI NG A BEAM OF ACOQUSTI C
ENERGY FROM A BOREHOLE, AND APPLI CATI ONS THERECF
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of rock formations around a borehole and nore
particularly to using the conbination of an acoustic
source including a single transducer or an array of
transducers in the wellbore coupled to a non |inear
materi al for producing an acoustic beam as a probing

tool froma borehole to interro e the properties of
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inggiioB. Hi gh frequency signals have a relatively short
penetration distance, whilgghew frequency signals
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sources in this frequency range have | ow bandw dt h,
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beam spread t hat depen equency, such that
as the frequency decregégggGkﬁgmﬁ%an1spread i ncreases.
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formation and minimize unwanted signals within the well bore. It is difficult to generate a
collimated acoustic beam signal in the 10 kHz — 100 kHz range from the borehole to probe
the rock formation surrounding a borehole with conventional low-frequency transducers.
Conventional low-frequency acoustic sources in this frequency range have low bandwidth,
less than 30% of the center frequency, and very large beam spread that depends on the
frequency, such that as the frequency decreases, the beam spread increases. Sharp focus
requires a number of conditions to be satisfied, including a long source array, uniform
coupling of all the transducers to the rock formation around the borehole and knowledge of

the acoustic velocities of the rock formation. In the borehole environment, these conditions



[ 0004] Acoustic beam sources based on a non-Iinear
m xi ng of acoustic waves have been proposed for
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[0006] In accordance with an aspect of the invention, a method of generating a beam of
acoustic energy in a rock formation penetrated by a borehole is disclosed. The method
comprises generating a first acoustic wave at a first frequency; generating a second acoustic

wave at a second frequency different than the first frequency, wherein the first acoustic



wave at a second frequency different than the first
frequency, wherein the first acousticwave and second
W@ewom02667 wave are generated by a transducer |RPCEHUSH09/047934
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BRIEF DESCRIPTION OF THE DRAWINGS



plural referents unless the context clearly dictates
ot herwi se. BRI EF DESCRI PTI ON OF THE DRAW NGS[ 0009]
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produci ng the collimted beamin accordance with an
aspect of the invention. [0010] Figures 2a, 2b and 2c
show di fferent nodes of generating a difference
frequency through a non-linear process in accordance
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[0019] Figure 11 shows the corresponding axes of rotation of the acoustic beam guide in
accordance with an aspect of the invention.

[0020] Figure 12 shows an aspect of the invention where the collimated beam, produced by
the non-linear mixing process using the 310M ceramic block as the non-linear material,
penetrates a metal pipe casing.

[0021] Figures 13a and 13b show an aspect of the invention where the collimated beam
after steering with an acoustical mirror exits the metal pipe casing.

[0022] Figure 14 shows an aspect of the invention where the device is used with or without

an acoustic focusing system to look straight down a borehole.



[0021] Figures 13a and 13b show an aspect of the

i nvention where the collimted beam after steering
wowrdaih/oesoacousti cal mrror exits the metal pi ppCTYHSI009047934

[0022] Figure 14 shows an aspect of the invention

where the device is used wth or wi thout an acoustic

focusing systemto | ook strai ght down a
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composed of over 99% pure fused silica ceramic and provides low thermal expansion and
conductivity, high thermal shock resistance and high thermal reflectance. 310M has a
density of 0.80 g/cm’® and a speed of sound of 1060 m/s. Another non-limiting example of
the non-linear material is a urethane foam board material. This type of foam is typically

used for Computer Numerically Controlled (hereinafter, “CNC”) machining. The CNC
foam has a density of 0.48 g/cm’ and a speed of sound of 1200 m/s. Depending on the



conposed of over 99% pure fused silica ceramc and
provi des | ow thermal expansion and conductivity, high
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e-anp and anp i ed si
mgamghEHMMngayed on a digitizer, such as a dlgltal
osci | | oscope 180. The digital oscilloscope 180 can be

[wwtﬁigirbseﬁa BY aad Conrtput éilffeﬂaﬁ()mod'dﬂ @f gomgpating theldffeicade frequency
1naa non- Pnear magerlalo e n%lortgtllons? 11 an feg %g g%tt(r)erqug'n]ég'signals. The
signals received from the source 110 and the power ampliﬁer 120 by a transducer 210, enter
a non-linear material 220. After a certain propagation length, the difference frequency is
generated in the non-linear material 220. Figure 2a shows the generation of a difference
frequency f> — f; by applying two different signals having two different frequencies f; and f>
to the same transducer 210. Figure 2b shows the generation of a difference frequency 4f by

applying an amplitude modulated signal of frequency f and a modulation of 4f". Figure 2c



[0028] Figures 2a, 2b and 2c show different nodes of
generating the difference frequency in a non-linear
woreq1e/002)7 The notations / and/ refer to high PCBUNOYYTI34
signals. The signals received fromthe source 110 and
the power anplifier 120 by a transducer 210, enter a
non-linear material 220. After a certain propagation
| ength, the difference frequen is generated in the
shewn -thg g@)&fatlﬁﬁtoé @i Hiferonag frqqlu@quJ od1 SheRRlynggwo different signals
hAGReS fist RBquRhcydy, & £ fﬁ?sﬁ %ﬁsﬁuée? 0G4 ENEY becond irlYieRBRP Vb R%econd
two different S|9na s having two different
trgnsgepge ). eBire lglhiirequencyt brems greslap rim Hedieo dineqr rgaterijl gugd produce

n2RiRhNs £l eration of a difference frequency Af
y1 ap&l yfrn 3%82 I i tude nodul ated si gnal of frequency
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is O. C mat ed .acousti c bea era
Frgepiyarange OIS O AP BB it dP R (P ARAnE and the
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chizen Qngbencdlt pegodineieq yenst @a@niﬂrt@ HRIEHR{O FagEMeiher ei n
the first frequency is a q%é nharrow band frequency
1093 Iflrﬁémgéé@ﬁéimfefl@q@éﬁe&hmaéed Ptis £8¢aded withgy grarprying code,

whRR 9% 0 infr6 RUMERE EGer RO Brsf b BE s HRALERE Yor BRY. @h@ﬁ’m@-@arymg
swept across a broad range of frequencies as well
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stgnal or an’uncoded chirp. One benefit of
re@@mmtgm rayigE godd ofjthe @qllgln@tbd bamnesindw userd fogneasure a time-of-flight
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secon ITSt an
piséicioond basegnal ien-lihhe m@mgmmédvalve [0) 52k ez 1ALV ﬂgo@odtecoomctxmms are
use
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néli@ed qirépagatoﬁdafbaeamm aravéz;ecah readedeteddvia theoKikabdv-Zhtlotskaya-

%rnlggg\réi/{é@§aa%%c' o5 Caélt éBfVFé E}E g &lglte gift{er%n eeapSIommate scheme.
The KZK equation explains various nonlinear characteristics such as diffraction of sound
pressure, attenuation of sound pressure (i.e., absorption), and generation of a harmonic
frequency component (i.e., non-linearity), and models the shape of an acoustic signal as a

sound pressure given such parameters as initial transmission sound pressure, transducer



fixed. Thus, the resulting third beanmi-/ will be swept
across a wde frequency range. [0031] Figure 3 shows
WO 20000 Df | aborat ory neasurenments in rel ati oPCT/US2009/047934
t heoretical predictions based on non-linear mxing and
wave propagation theory. Acoustic waves are distorted
by the nonlinear characteristics of the nediumthrough
whi ch t hey propagate. The nonlinear propagation of
digmetgs andctransduser @y gsemetnd Srepgeaisddiptpree, and medium. The KZK non-
111@3954?966‘11@%&194'&9& %!f(@syﬁfo FAME 1 Qmb I rEAUGH di@Heti oMbk Brption,
can be solved by a finite difference approximate
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%??{éln u}S 432{&% th%j)%gmge?é ggg{ﬁgﬁ%&ﬁ 80 e%r SerJ Hltdtlegﬁf&sﬁlr %0 ustic
lﬂgﬁnemﬁﬂmﬁmmvaf a harnoni c frequency conponent (i.
non-linearity), and nodels the shape of an acoustic
si gy as (@ ggoumd)ppr eszsugp@ i vgn sﬂp’n paranmeters as
i nipHAr §§_b gym
transducerdi anet er “an trans er array geonetry,
propagat ed di stappe, and nedlunr The KZK non |inear
par abol i ¢ equation takes into account the conbi ned
whtib ect 5 9F, b fdthacd 198 vardBROF RiInRN ¢, iRAAMBD @?hélﬁ&ﬂﬂ sp¥ed, r =
,n directive sound beams. The KZK’equati on
(axi gymts |r%,dlasl olitfancs efiipm t hatz prid rih‘@atfrégl the eqnéer Of the beam),
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varrable ist naI sound speed,

= (x2 + y is a radial dlstance fronrthe z axis
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nmbi en ensrt Pof the fluid. Furthernore
Tl ¢oeﬁi0Aant of montlh@a@m undefaied bugf wil /D4, whetrh érmvhcspmrseter of
bul k visco e shear
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for ABrSRRE |(ff0b10511@? Bff&ctsathe GEUdRY @ MOAbHEML @) nddthe FHMItE:m for non-
res ectlvely. “The coefficient of non- linearity is

liggarifyd dhqpftepuating megiupia Furiipradeteilpom thedony gndyuse aﬁ%&eéﬁz%fnodel

map e ItbiRah ¥ Y-SOL ed, MuRRAEM b 1uEHE of teSKZIK *LMRA thihBulsed finite
i ght - hand side of equation (1) accounts for

aralplrtréeawrlé) eipoEudicHpgViEspyseltids.” Ph. JdssHaiane ks fversity of
TARS Qtrfmshﬁ M99 ﬁ%h‘cﬂ@s ﬁel?éﬂtirqnctoﬁ{oﬁlatéd)ﬁy REANORAL! ehﬂre%zf the

attenuating nedium Further detail’s on the form and

[0035) 1r N80 iy TRAG e B, (REtERURE: W XcitedSit Ol9g§ MHz and 1.036

Nunerical soldtion of the KZK equation for pul sed
MHzdgading to a collimated beam having a frequency equal to the difference of 1.036 MHz

— 0.953 MHz = 83 kHz. The collimated beam was produced by the non-linear mixing
process using water as the non-linear material. Figure 3a shows the amplitude of the
generated beam for a range of z and x positions of a hydrophone receiver. Figure 3b shows

a plot of the observed axial intensity profile, in good agreement with theory.

[0033] Figure 4a shows the results obtained by exciting the transducers at a variety of
different frequencies, and thus producing the collimated beam having a different frequency.

The results are shown as a plot of amplitude as measured by a voltage, versus a position



anpl i tude sound beans in thernoviscous fluids,"” Ph.D.

Di ssertation, The University of Texas at Austin
W@ 2@98)2600hi ch is hereby incorporated by refereCyEsiond/ 047934

its entirety. [0032] For the |aboratory neasurenent,

the transducer was excited at 0.953 MHz and 1.036 Mz

| eading to a collinmated beam having a frequency equal

to the difference of 1.036 MHz - 0.953 MHz = 83 kHz.
alypthe gaki fHEGIEN Brearweteis npHigretse dnplis {akerafpsntept erdlimated beams
R R H—@dﬁfagclmtm K25, DA PR 1Ak RLSI00 &z, As

Figure 3a shows t l'i tude of the generated beam
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results 1ndicate that the collinmted beamat a variety
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beam can have a rel ati veI])r/ narrow frequency range,
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are typically in the hundreds of kHz to MHz range. One benefit of such an arrangement is

The
orehole teIeV1ewer—type band that

that the use of a wide bandwidth chirp signal source in a borehole would tend to result in an
improved signal to noise ratio in comparison with a non-chirped source. The chirped signal
further may allow for an improved time-delay estimation that would be beneficial in

imaging applications.



30 cm 40 cm 50 cmand 60 cm The plot of anplitude
as determ ned by vol tage versus xaxi s di stance shows
w0 bav/oedee’ beam spread is small and rel ativel y PORES2009/047934
and i ndependent of distance in the z-direction from
the transducer. A frequency spectrum of the collimated
beamis shown in Figure 6¢c. The figure shows that the
usabl e frequency range for this particul ar arrangenment
[0036]¢ Figge o skews ths coplomaied, beaph produggddiydthg fmixing niegsfeusing the

Cfﬁteﬂ)'dﬁlnﬁl)écl{ dfe ﬁml&% ARtchiOW @S transkitidr %H‘gy I7?0 QN Icbfnﬁgured to
limted by the size of the borehole. Oh frequency

piodyrg corsiic evaidpanancics hel.0¢ Mﬂwéd 08é awz nERagnpdpicer array
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range and bor eho e te evi ewer -t
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cdomathd beanwouthel ti'n&ndbmamn nes ll:altetrah mstmelqmﬂwmo(x&xghaid 4mpaxial
n0|sert|o with a non

ARRSGPP R SPgRar iyt b QBRI ey domain

havinger @eh@yeakat Nz on t hat woul d be beneficial in
i magi ng applications.[0036] Figure 7a shows the
[01)37]I Higmat &ds mam tp Fducadblghdviethatollimerep beaaesld) deseragd by the

CNC fo th 0 i near ,material. A
wypieStiarer oo pig e Tkt Bl FatieBE s pPGucR el Y A
shoame thatentloQ el 8AC i sn aluminudOPipbaviag dn ove@H 18dzh off BES mm, an
.trans.ducer $|s couJedtothe CNC foam 720
infgrRal lafnl‘?té’r? a\%"ﬁ&‘% MR 1a§16Wf ' ]f%ln?ﬁ‘ng a

| Lmat ed bea havi_n f requenc 7 kHz. The
0@&% Fisim pisodmt ?fatQOFé%‘“%@a %Pﬁ?é%qtﬁ? golfi %ﬁf“& redyged by the
n&ﬂlllﬂelaffﬁﬁ)ﬁﬁig Pﬁ)@éﬁs ﬁfsfﬂ@&ﬂ@gﬁ(ﬁ\/[ Jeta@iE 810ék as M@NSort IMRar material. A

nplitude of the collimted beam.in the time donmain

at
tr%{lei%qeé%%ﬂy U4t enEiguise toproduee exustls Sgnaky fr&ﬂueélsae%lpf 1353 MHz

arfll AR, O’Thezgaﬂgﬁﬂc@?ar%'ﬁb) is doliBIdd eo thE€3 ﬁim@am%lock 920 where
collimted beamin the freq uencg domai n havi ng

the v o AgpupEatkenats g7 fepging 4 gdlmytedbepint B0havigie e, ffﬁq}l%ncy 0§87 kHz.
Tfl:é 91’51\?: czﬁmlp Hloc® @QMast he 16 Qhhl %@Mﬁg f%@Wh%othg %Qﬁﬁﬁ%eﬁ doeam

by the transducer array 820 and CNC foam bl ock
prapagarede disvian i rseeaninghe flglgg,rfée gdifmaind bstroas silh h)bes that extend
r al
e AR e 25 P o T O TR R b e S o the ceramic
black; bxtvever,aheselsiderber doofot &ESdmto thedBBHB{1d Figgurad t1@ biegm.
simlar to Figure 7a and shows the collinmted beam
(098« dliged 1B yhavrseanrropect pitbainventicnrghepr e és‘e'ceuis iunggl tolebaracterize
|
oS EREP et e bGP OM D370 TEHES 1 neBi s o
a ﬁirgn:aidsa atcohd et‘cpqemyesThaef sL’gn'Zﬂ5 3rd\/t-112nsamﬂ3d1t044051g°ﬁblz amifhiger or
arB]i)lb&r(s g f ¢ aé%,rgycongigureg toC C1)n% éagedthteopot\xbe? O:i)’:lﬂgvlmgnals ﬁle signals
modified by the amplifier 1010 are transmitted to one or more transducers 1015 that are

configured to generate acoustic waves at the first and the second frequency. The acoustic
waves are transmitted to a non-linear material 1020, which mixes the waves by way of the

mixing process to produce a collimated acoustic beam 1025.

[0040] The collimated acoustic beam 1025 can be steered in a particular direction by an

acoustic beam guide 1030. The acoustic beam guide 1030 can be an acoustic reflector or an

10



the two acoustic signals mx formng a collimted beam
930 having a frequency of 87 kHz. The 310M ceram ¢
Whb@ekoB20 has a 110 nm aperture from whi ch t hRCT/US2009/047934
col | i mat ed beam propagated. As can be seen in the
figure, the collimted beam has side | obes that extend
into the near field region at around a few centineters
fromthe aperture of the ceram c bl ock; however, these
acougis Ipshekhecrsordie reflactongan he @ maiwiaf yiithfdifirent ageyistip ingpedance
frBﬁ%@ﬁﬁ%n&i%@dimﬁ'i&%ﬁh 1 ﬁe@ﬁvﬁoﬁgat&s A&kt no‘ﬂflirﬁiﬁﬁ‘g example of
I nvention where the device is used to characterize
suchrareacowtis rafieptasris meatadrileip.s Theacoustie leysrielronfaguraheo tacus the
cdIRhGed 9(;&1&?0913611910& a a?t%ldpa? fcct'agﬂcﬁhtsanﬁtdi@ctfo!nraﬂi leﬂa\% a concave
second frequency. e signals are transmtted to a
shepgnal Framel-iybé enirrar aranpdmednt eansald@bOuseddbr the @coustic beam guide.

e A
adht@nd 08 complel tor e spie ps sAGAB it mate detail gomigugunéd Ihosome

nerate acoust.i c, waves, a he first and the,second
RS R SRR Pl o0y bt A, fiACu® EGRMcd boan

whdld ptdpagad alomy B¢ ids oftdP2Boredid. ch i xes t he waves by way
of the m xing process to produce a collinmated acoustic
[00¢HMHEORBim4tED A& T col bd redlieeteld atfoilis touikle HO®3Madd 2feered to a

can_ be.steered in .par t.i cul i rection ..
P B R A st e B8 o it L o e Bt SMnormosgaities of
thé @rmRagoNsudE a4kt 1045 dredtadfac@it baniacesilby theB&m Wiegenerate
r can a materi.al ith di fferent

coustic reflec b
rele g B Seatisieg Gie *Ff DHE™ b ﬁﬁﬁﬁ?wﬁldﬁa‘iﬁﬁ?ﬂ Fves 1050 are

rodbli &byt b hreasi RERRRBALBS in PR ame botdhblet(Fod GhLe’BF En@t well
such an_acoustic reflector is netal ﬁl ate. The

impeBigs o1 B Jnefisr parchabnfipythe sasetof reevs!itipmasiagt | Theaeesdvers 1055

cACOUSbipfedRam: aluiR RRD! L& Wl lthd Rl e®Urdofred to receive the
direction and can have a concave shape. A Fresnel-type

refipetpdovaes d B bhguida 381y ch e Thasdghaisgecoived baclnrseqivers 1055

cRORTBMh AR tof cé%?iﬁ%‘_%febt?on‘&%ai%g %rda%al%lg Pe pRERLIRE electronics
Into a particular ofientation by use of one or nore

160t ot oncdnde 08 Bomputet edtht apirbsiagpuisefevarasfos lpbgvactenizippthe rock

il - . . dj t acQust i

i, schdigufRudde ' I BIPRCLERE Rl P RChbnote

inbteementioh ¢ honaydag ar encidsaad 06 he paxmis stafdatdreclblogghgberations.
[0041] The collimted beam 1040 can be reflected off

[00W Igusboule ag@86 oAtk isvaipedh¢ entae davitd noluding dher easduwars 1015,
towar.d an_obj of [nteres 045, near the ehol e,

e AR e £ oGt P L0 B AEBRIRITHE opgtn of

thobo@holady megnt pheidulhofoahewn abaniy hdiehobe avionbielr, the entire device

nerate reflectionQr scatterin %athe.a ust i :
wHE SR Mol PRl Sitat B ke ddvige &t G dplstole to image
foi@aeiny @tan) ziddi€had dirdteioRaro@thy Bershald)55 i n t he sane
borehole (for the case of single well imaging) or in

[0aA3yt HHigire DOkl the {drefpinbiag aasef edtatnas an weluktid eagi gugle. 1105.
T}Teh(?lrerct?gneéf\ltﬁg csoll}nqgeSd beam is steered by selectively controlling the azimuth of the
guide by rotation around the guide axis 1110, and the inclination 1115, the angle between
the plane of the front of the guide and the guide axis. By use of actuators (not shown) the
plane of the guide can be effectively controlled in azimuth and inclination. The actuators

can thus be used for steering or changing the direction of the collimated beam.
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can be coupled to the guide 1030, so that the
receivers are configured to receive the reflected
W@mes02b060 as the gui de 1030 noves. The si gnaPGI/US2009/047934
recei ved by the receivers 1055 can be transmtted to
processi ng el ectronics 1060 for analysis. The
processing el ectronics 1060 can include a conputer
with appropriate software for characterizing the rock
[00441Feei®d 2 shewes thgicalingicsldisemngrodesed by by pailacer grixipg grocess
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tregsdycat foAysl20§ ownfigured wavieduge progstis segnals Ihevmg]gtemen@ﬁﬁ, of 1.000
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carpvigblagy 12h0l whorerthe heo banmgfichsigifalst inix foonieb @l @llinmtédreggm 1215
- ' fQrmt | I | e, e
AL At B, R AP A SROE R B B R g The
trgddudorarrayt 120 £ dandreautathd talveind ficdorgfituding akorod el berdhole to image a

i e formati,ons jn.an Zl thal direction around the
o PR o ST RS aihole T80 fo B e R koA S A6 can
baxesvalfbyrdat af mofe rodeinars (actdlisdtiatd piaaln guéhdé: ok 10 motheRBorehole.
irection of th ol limted beam,s. steered by .
TRGTCRAYSY EnyPe CoIT EO Y FHEeAF e oS Brrotian g gimjiar pgnner such
th?lpﬂlla_iréﬂé&_e@ bﬂlgﬂd:ﬂisctitg@e(glaﬁaﬂﬁs a@lé'bi&gcﬂ-b)lthl Qeceﬁf@ﬁi. ltAtSQ:an b? seeﬁ in the
I ncl]nati on . 1l 15, the. an e et ween t he plane 0O t he
figyreyfhe epmymaintaigs %CO&WW@%W&@%A&% getalgRipq aging 4 220.
tuators (not own) the plane of the gui de can be .
l0§5=’rlenglf%|1§a %f{’ﬁo%@whﬁ r?Oﬁ%wﬁﬁk pragnfter r?E?F‘i“h%fVi“g 0 apppstical
m@edr4ad SlifnCAB nlehY Bipb BasHe Fidudds 1Sk 8RS 1 IHrOSimARRD Fidide 12, with
the direction of tﬁe coll i mated beam [0044] Figure 12 .
ths Kifgench dhat Gha parelinser Beiami! (PrstiicB wyo)tinaroduiog fhegwp-lincar
bAFXhIBE BIeQHES Sndidk Marh NE sBHEMoGEs B Giel REken@SulhN® the initial
non-linear material, penetrating a netal pipe casing. ,
prapagetersditpston with thy helpeban acopyienl migioa plateo Aptrangduser array 1305 is

cc%fﬁg!é‘%& mr?)h?dgaécéusﬂé¥1gﬂﬂs Ill_ @‘P%‘? ﬁ‘é@%ﬁcﬁéf Go£00HL a6 Mz,

r exanple. e transducer array 1205 Is
for swphpel The traesdB8x0 Mreed 3 is chipek ol non-likeer matehiel (waeer) 1310
ti ) o i . : :
wREEHRLME phEBELRIR i BLMRY Buthod diEh A% PRARS L eneyey of
83 kEzmreliidl roliege fioasthngecdR@@] niiher 1326 rsd poprgaesrtbrypudl? 0% metal
can_be atgd _around the longitudi nal _axis of the .
pS Pty [265 Fradotili bre R SRR By & b Mgy ot
exithid the tradalopipd askeCcERS cireldcdnesneds il metaéd by apatbd dre a@austical

be r. ived b ' ) il t ed).
it e g e T ol TR P ErIGRed hea BEh BT Cieure
13tashowethe Gegrh edering thdd eestitauisa Ubemirat 13030 hkg B&entrotatedt at e

in asimlar manner such that the reflected or

[Ooagiksigat U @ kledvshaagpetisofitigciaiantion Biiert e deeceisuredwitlAsn acoustic
can be seen_.in the figure,%%ge beamnaintains.its

fgiing M9 rOnt PRSPy 11 PRAMUAS PEE Wadifiy 4op second
fr{:c?@ﬂ@l Fhoubss d3arandittddlio shaal BeplaRk lok ARbRHrPQAID that are
after steering with an acoustical , ,
configured to increase the power of the signals. The signals modified by the amplifier 1410
are transmitted to one or more transducers 1415 that are configured to generate acoustic
signals at the first and second frequencies. The acoustic signals propagate to a non-linear
material 1420, which mixes the signals by way of the mixing process to produce a

collimated acoustic beam 1425.
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mrror and exiting the netal pipe casing. Figures 13a
and 13b are simlar to Figure 12, with the difference

W@ bav/0odee7 non-1inear material (water in this cBGEYS1089/047934
produci ng the non-1|inear beam al ong the pipe and the
beamis steered out of the pipe perpendicular to the
initial propagation direction with the help of an
acoustical mrror plate. A transducer array 1305 is

[094Hf In goime amberipersy dlefewél@m}@é reousicdsan d 4hnipiipgdeat on an acoustic
f&ﬁ%%féﬁl 1300 ﬂl%%om%t&ln%aﬂl tgﬁ)’(ﬁ tYHave g%rta@ﬁ( BOR! SprealinQhich

transducer array 1305 is coupled to a non-Ilinear
inrgpsss iaalthe bmtmepl)opaga@@ thyireghe the rraclosyse dicouripd)c  Jibggnlegam spread
mg%rfé élgaq B{TA E‘&T\Aﬁl Ade ecftﬂg %an{ir OI br]rglﬂll ghg gééa!ggfglﬂglgFeE%g%H ¥ walls
oflBQ @ncémdrepwbphgaaﬁew frbdugeighdesinablanefteats. Jihpecapatsd fogusing system
lé%%gducﬁsthl% elggtio%e?ﬁle bréaél 'élﬁd Ihe %Ifqglgs’uret \D%ﬂnls %S%qu%g %e‘%egl’?i, and
ItUs corlimatt on after exit1ng metal prpe casing
thii8 Bdpciag the bamm bpreahs”ﬂhwfosmsa@mdd byt redicatthenigeatohgrofile to a point,
co S n
o Bt o Qo et B h Db BEAE i gue 1o e
reIchbloﬁiﬂﬁ‘m& thé ezabﬁafhfhs esddsiureg sudhahat ﬁl&slbﬂatrSprmhle nioéé‘lﬁiot spread too

m.rror 1320 _has en rotate 046 ure. 14 sh
myeh 38, @ P“‘f F?B“ H\}E}%t ?%pr%w%ég‘ 14 “58%3 Célémﬁs”f}%‘& 230 is
Fl\%ﬂeh 1Al RGO US PlegighQCcstSitg nsy&aRthat Gifn %plﬁpﬂ’laﬂelﬁ QLiped Seduces
405 prodcll.lce signals at a first and a secg
thP S SAEHd The 267 feusipe systemhd Y saddinelgdee gty of materials

in@RBinifd Shantfer 3MRY IWite h ihfHLOf HRken@ BurfiOfeb® Wka@0tht Chon-linear
i ncrease the power of the signals. The signals

maisEplfin dhe glostie et theicepmbey mprapfélw appdntithepgonyex gheoncave

d&endI®g &n %@%&ﬁﬂ%@)@ﬁcﬁsplé]d]ﬁ i) Qéﬁereﬁ” Qﬁﬂffriagﬂlraﬁg réRonably matched
generate acoustic Slgna s at the irst and second

inf aceptie iapedgnceTyigh debefsthe sosiigmamstopplbpabaerclqspresan be used as
th@ggloug{fl@fggﬁ l%%ggﬂlqhmmzo whi ch nixes the signals by
way of t

XI n rocess to produce a collimated
[09d8]us tspme b@mﬁlmm% tlEe(HOm?S}w fesusingrey sterbiBld D ettt g5edtvihen the beam

oust;i | n
SRR AN Gy PERTIAA WRLRELPANS PR o e
artdedmdsndt opreal/eo auck am@lamlyb éatnssypsee thd beavh il €29 dxite theamial 1420

W%ﬁouttFaVlnﬁewbeen rr%% agat.es through the enclosure (i.

eam sp read means that at a certain
[0049t Arhoesifig Oﬂbﬁcﬂteubemﬁ as |cgmﬁgurddhte Hvasoanl $uppomtiler @axisducers

th the walls o sure, which ten to
st Dt e @i 0180 FRE UG el SsleB Fhiou Spgpe or more
reS%iSér@ M@%eﬁﬁdﬂf{?ﬁcoﬁgﬁﬂc}?wﬁﬂh@ ﬂﬁt&idﬁm%rfgfth& heis gﬁﬁhmhaﬁmlng 1435
the enc sure S QCcuslLn t eam an
ardely eﬁﬁg ©h écaﬁ‘éra%f@ﬁlr %hﬂmeﬁr ﬂ?%%?% ﬂ@e@%ﬁ“%&a diglude
inhbi@o RBSITEPIN Ahd o8k FPmAIRUEH as iRdedBERE WhPEDRYESNG Wil dasing,
defined beamthat is not distorted or attenuated due

dqrgpgedh gonesf frastired Anch r Wit gARhiGlaYPdng foasticrladn @f Bighragparent dip,

i §U‘Pd? ﬁ@atangl@ewagam Riah L1l e10dogH f&)%atﬁﬁE)ea‘ihE QRN 1440 are
angul arly. One non-limting exanple of the acoustic

canfigwistl iy rosgize e refieated; o sgattered signal 1455 and the signal is processed by
processing electronics 1450.

[0050] Figures 15a, 15b and 15¢ show an experimental set-up and results of the imaging of
an object outside of the pipe in accordance with an aspect of the invention. Figure 15a

shows the experimental set-up that is similar in design to Figure 10, wherein a source
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Fresnel | ens nade of Plexiglass or other materials
t hat when appropriately shaped reduces the beam
W@ prieaoke0The acoustic focusing system 1430 canP@rub20d%047934
a variety of materials including a chanber filled wth
a liquid of different sound speed than the non-Ilinear
material in the enclosure, where the chanber is
properly shaped, either convex or concave dependi nhg on
tr%qﬁéuqer a%qudls sonhgrahwesracralerrcausie signals 4n¢ neaualefl 49 atmgatinear
m'at%rlﬁlel%§@ﬁ1§p1% }‘,Oﬂﬁlfeﬁqg pﬂoﬁu&%%ﬁin‘la@ed‘ ADEHEBESn V¥ 1t5h)y NRh-linear
he non-linear material in the enclosure can
mug@pragew hdhasowst frenstlsgend PRy cayla diyen4soa scﬁt@@ﬂg}neuawr and a
nt s, a S Y,
pﬁgﬁ%@ﬂgw\&gﬁl 1{1 sh%\l?@m &9%&5165%6%8%‘3 3 kl%% a815 E%”n{sl‘é&‘?ﬁ dured to
hensx thadgrannluedid 5%ﬁlanoarllntzﬂt2@at¢rsﬂ S 6iFCE ax:welihad yn acoustic beam gulde
I fi t~Sp I
1%%;? % dfjoglecoggﬁejorgﬁgelg%§§5w Jo)ﬁ(l téd?a%oﬁgﬂn% Eg%qg? Sif;i é%l’ected out
ofht hodidsutvaldi2f iy hleeavobic tbhen gn'lddllﬁlﬁe dBy W@agilonﬂhrhiniug ierggnple,

) encl osu 1435 confl

inc s P PAATHTE LR ytE SRR 5T ouf R iR s R B recoted

cdltr@atad Oetsi i1 830F B G dang o W todjectl 4536, ouddidt @le Oficloifeel520. The
receiLyvers .144 The focused. aco i c beam | s di rected

O TSV HR B o RS G 1B ool Sris Bichds fyhfEirShss. the

cdhteat tine dwith 0BasaR, AbRgéd GhndsNt Ricaséd 144&, sthag@epljieClyering
1445 can i.ncl ude i nhaonogeneities in the rock forggtlon

(naffichlag a4 h%%@@ar%%g e, fpdighanglsevals Hurelaiv Hly loys(lip gormations).

TRACGE e BRES154D f@fét:éi(f&ﬁbyzﬂa@ BRe oﬁ&B@trb&{v’éf?smsgo (@6 lobed in
(partlcularly at hig ﬁparent di p,

: hi gh
thg gne basshels of #n %@F@f ?ovr@ Qle)| AR I&Sfr@ﬂ%fiu%rbgskscam@d from the
Ogjg‘&qg%ers 1440 are configured to receive the reflected
or scattered signal 1455 and the signal is processed

(0851 Ign deeeswrigentlsetwoef IHgure 460 th gog0varrejued d60f Bhout an axis
15]4§b4n@ %aéa?&neiﬁc%éﬁ@g:b%&‘%ﬁé {Tahd %(Igenglﬁ; aslllpco?(ﬂeq bgr ?&EIVEI% 1‘§§0 In

he 1 nmagi n ect out si
th@c@@bum ahe doj Quit tL A3 iawam, pdiltbledk affaduniinye mlthmshgﬁﬂjg uregulabshape,

plg V‘%}ﬁi’{){?mﬁélg & 1I Sﬁ'gﬁl Wht§§ 1pL<l—:p wglli] at Bétﬁ tﬁé :i]gygaa{ndi {llli 5bd%ck were

ure I'n a sourcetransducer
inrgerglnh ivgtar e ¢ 1guoe gﬁm\pm e palao pk)t Dﬁths |ngeaair@1 @flektédsintensity and
to a

Flgureq 5C ghow& 3o 112 Plot op Hah measure1 b etctl%n tl me %oth ]i gures !I.%)l%ld 15c,

duce a co Aloudt
mbynﬁs@mnmhbﬁmamhmnmnmgkpk®£ﬂ®3m1ﬂm@nmﬂumﬁewﬁhamsﬂnmﬁaidMa
1505 ca sour ce t or

ven
AL PR Enath gt AR EnA BBt 8¢ BT s psiion
maxipife ,thei efle@sf sighkl ad tHeOriJEBi)lekiBS:Lo e Thhe ehﬂﬂﬁ&d&‘éﬁéseﬁé%face of the
t he non i n I‘ tel‘l as acoust |
blsganﬁ 1g4F éjéc é‘r’i‘%?‘gtjhf@g@r Ar%beeblsgﬁﬂeé r%?ds e‘fsfg%?s C%ﬁ%?orward
arfilOletd e Mh@ﬂglﬂg?ﬂl@%thpdlﬁmtﬂ@sjoﬁnd Bedl hRAGH g%p@ te.Oft i§ B®lerstood
encl osure 1520 by the acoustjc beam

that in{B¢, bpichgle 'C?Fgl%%%l tge intensity image wi be obtalned by r0¥at10n of the

device.  Thus the amplitude of the reflected signal represents reflections from
inhomogeneities around the perimeter of the borehole.

[0052] The recordings of the received waveforms are processed to generate an image of the
reflection or transmission characteristics of the formation. The propagation direction of the
beam and the time-of-flight may fix the locations where scattered waves are generated,

distinguishing this device from normal sonic imaging techniques using conventional non-
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in this arrangenent, the acoustic beam guide 1525 is

an acoustic reflector. The reflected collinmated beam
waz80/00%07 nci dent on an object 1535 outsi de of PETIES2009/047934

encl osure 1520. The object 1535 can include

I nhonogeneities in the rock formati ons such as invaded

zones, the cenent bond with casing, damaged zones,

fract ured zones, stratigraphic layering ( artlcularly
dlgﬁctlﬁqaé ﬁloaﬂp)éer m dlg(pl?) soyrees., Arf @poqaﬁt%ef&ﬁ‘gq) sig) 4 keappcompared
w[‘tﬁlc%h'!fe\ﬁﬁbﬁ/al | QWi R fn@f PRt éd?ﬁ]ﬁl}a'tloﬂ_ hg 40 ﬁdg@%fe&@ﬁﬁﬁ{‘ acoustic

I's received by the one or nore receivers 155

PIPE¢rt1¢ﬁe1iila§I’ oetacadrd s dethitedsppaifigpipeobithe ek faymaney fhéqﬂocﬂy field.

RO EL S L o B AL
infirgNer the ABiALY tphéen@ﬁsj dietlooatign wherattedwda9 aeeb@ﬂtct@noraszat@red In
pa]rééh?araﬁl% &E@%ﬁé&gg%‘?%é oﬂ@ﬁt%ga&e hgfbe% X‘?’t?r%n%e t8§161%§411‘z¥s the

as retor recelvers
savigjee of reﬂ:&rﬁéd mtterad wavdscldng olnd<baafn (hteumnnn and tlwettllrneaielay locahzes

o3 AT 2 LARSSUL TR DR PR PR R i

bdamE@0Ee qirelséhtmilﬁhphﬁd%hglu el r&&iﬁ:tlsrhm\hﬁlca“canI af thpkiedl tiafe image in

eV Rroprroby G d-RanatbEh i BRI AY A et RSBl petcio

mbild UbeSondltation df #rCID iMgeC IMFHeHREE,ibaued tHehRa@l il MbJAHA and
bl ock .i s sh%vvn for conparison with the neasured dat ﬁi
Stoealbi dnpr PR NG CEnaigp VIt resp et {sthg bprgpefe TS igeginewmal! tend to

hdvB @idhRE RsQhtidih@abbGigiked §ith R RnR@Sba @bt lE%)"@o&f%% tih€ method
reflected _signal at the receiver. Thus, each peak

aljopysr o5 dlaplech imaging of fepeespingluding thgalgl% Zquss, GYNRRRG bpRrding with
cstsingeda%age(f kdngb tfracﬁ?'edtﬂaﬁesb Et%%rabﬁlc ﬁa%ﬁ%ﬂam&ﬁﬁlyf ADFh apparent

cone forward and recede, changi ng otal di'stanc
dip H&les@ghobebé@m thaglapy Obﬂ)@ﬁ&gdﬂpé anql thej Rlanpnprspasitlisplar tonﬁlte tool

a;zvlmgl Itﬁb & RAISARY & 5&@&%& Qéﬁﬁxﬁfrbcﬁﬂo?ﬁ faﬁ tﬂegh%'ﬂﬁbﬁ Yanlﬁus 1 kHz to

e obtal ne rotati evi ce '
1Ghbizt Jde loF cnhef rﬂelﬁ Ifeequandy singnalse egpddyesins: conventlonal sonic

e
N T
thm\:serkorﬂmsbcatrrewplvrowsmbdnd oangbenenca)ﬂal ahe plgm«geto orfmst: tratio of the
de];rteecftedest‘i:%tnlalowov%rl1 bcte annrs]l era Ie(r)lﬁan Icf aef?e;r: %)rgo:c]!esfsj]fnlg %ﬁd 8% 0d1 n}]g Bacause of
tht Ibeoaidbare- hEﬁmfdhh@btbnsﬁﬁy Wﬁﬂh)gretalttﬁ? dlepxhaif ipeﬁhSramble aiel higher signal to

scatter ves ner i ng I ng,this.
"GRortE ionorRares i Seitlghit Tkh G b B ygling andor
claaRweipitioanaf Mﬂiﬂbire@fdpemai doRRROFkemafich dinPolte fluid contents
sour ssoci ated effect of using a beam conpared
S‘WOPH IE%%Qﬂﬁeﬁﬁﬁal sources is that the conputati on of

ge of forpmtion acoustic properti es nay
(0031 e varioe can @S Aribad B ricBrl £eS a5t or Th e purposes of
1llﬁl§tfdﬁ6ﬁ iofly. sme@ifiegiohy td el dnfighhigidak eRABA a0 feH JtRE tapSItations
of t he beam and the tinme-of-flight nmeasurenent
W§h‘?ﬁ§ ?H%;tlngnféom the invention. For example, in the Logging Whlle Drilling (LWD)
and pipe conveyed configurations, using technology that allows the tool to pass through the
bottom of the drill string, the compact acoustic beam generation device will enable efficient
look ahead of the bit resulting in the detection of over-pressured zones or significant
changes in the rheology of the formation before they are reached by the drill-bit. Steering

of the beam also enables the indirect measurement of the dip and azimuth of reflecting
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inprove the ability to identify the |ocation where the
waves are reflected or scattered. In particular, the
wopowedge of the orientation of the beam exi t PCyUSI089/047934
tool |ocalizes the sources of recorded scattered waves
along the beamdirection, and the tine delay |ocalizes
the position of scattered sources al ong the beam path.
Thus, the borehole imagi ng with a beam source presents
begdiasianend; ofjtiedtit. otnodleg amg@af&ni ip fhej detegtiierftfaylhgapmstry ebgad of the
pikinal tinme image in contrast to conventional (not
beam) sources which require an accurate detail ed

[Owgi]oz&litﬂoﬁgMthénQBn QAR %Eicﬁﬁed)fn ddag %Ptﬂer@ﬁ’ﬁose of illustration
Furt hernore, because the beamis focused and

baspden atiakis quirenthi pansidergd do bp @l Vapatlyi drisefiut pmbedipents, it & to be
. ’ . . ¢ o e
R R Bk S I K PP Bk Bl B AR imice
thp ghsejosgbembalimaitie byttdnodic abhttans it artendled 40 Iceckr immaldfiqagons and
GC%EV e%?gllﬂffn%gmérgg {hl'a{{j Jclrg ity ﬁl%% irft F(? §008g %Fﬁl@t apBQr{zlgél UWims. For
th casi g, damaged zones, Tractured zones,
exsitup, thgngipleferencajsanddadepartd acumputbry that miny phludppaenerd purpose
di t he angl.e.between the an f the, beddin nd .
oty SRS Gut TGRS, 0o aRuBhe RSP LB fyroctons
arhigirdgrainink € reedxeentd tha mditiogs, aroampufeo arrdyh@ netwwoelntor other appropriate
ranges .from,1 kHz to .100 kHz, The w end of this.
oG RHET Ko vn ks all Y 14 Ol Bied b eSeupry would
uldREWI soGe haRkSingad hik\e@Beratofeiih MmeaforpRnid 1oal, bPMardMitted up hole
one hundred feet. It is inportant to note %hat, Si&fﬁl
for Hrtise RFCPS Igr B4 dHARRE- Aid BARCTHEBRCo deld,©© PRNETTERe that the
ple@nh @ive@iohadonR@nPlatdshBatd @) Betens b@Rdle, WasI e e features of any
consi derably enhanced after processi ng and decoding.
erplrsdina cyr be gembiice At 2Re OB At PHiaY Pel @abodinast.
greater depth of penetration and hi gher signal to
noi se rati o due to encodi ng, the nethod al so all ows
for detailed imagi ng and/ or characterization of
non-1linear properties of rock formation and its fluid
contents surroundi ng the borehole. [0053] The vari ous
configurations described in detail above are for the
pur poses of illustration only. Mdifications to the
configurations can be nade for other applications
wi t hout departing fromthe invention. For exanple, in
the Logging Wiile Drilling (LWD) and pi pe conveyed
configurations, using technology that allows the too
to pass through the bottomof the drill string, the
conmpact acoustic beam generation device will enable
efficient | ook ahead of the bit resulting in the
detection of over-pressured zones or significant
changes in the rheol ogy of the fornmation before they
are reached by the drill-bit. Steering of the beam
al so enables the indirect nmeasurenment of the dip and
azimuth of reflectingbodi es ahead of the bit. Another
application is the detection of fault geonetry ahead
of the

16



bit. [0054] Although the invention has been descri bed
in detail for the purpose of illustration based on
wokan/odoturrently considered to be a variety BPET/USHDUN47934
enbodi nents, it is to be understood that such detai
is solely for that purpose and that the invention is
not limted to the disclosed enbodi nents, but, on the
contrary, is intended to cover nodifications and
V@EﬁTU%@ﬁﬁH”EPﬂ%ngenents that are within the spirit and
scope of the appended clains. For exanple, though
Ly ef e dpidee, Pesitipmad wibin @i wellihore cordigpiod &g genpryfosanggifect an
adolSc %tsg%m&rnﬁmafgg&mm R the ALY BAFHAL! | t
computer, an ASI C I ncl udi ng machi ne execut abl e
i nsta wotck oordigared tp gangratmmint signabxadustdretcyrendwspsondzignal
y or network, or other appropriate
m%%%%ﬁ?%%gﬁ%ésice. As shown in Figure 10 and 14, the
dat a tcobdweet @dfipyed foecacere ehogensraied ik anthttle sqgondsogral and
PIORSRSINO AN 1A &L FRRLSLANGH LOTHIRL NN he
PO *“OPE Vans M t'f €4 uﬁwhépe Por urt her processi ng
and sicorlage. mAsia couplederthexanglices, cortfigusd t@gdnerate a collimated

understood that the present inventio nt enpl at es
byt ¢ Bequsiesapaide 1B QR e bR B DG PenERGtp 4% sgfond
fr?ﬁMn@l igierel olfﬂﬂﬁlbarﬁﬂiﬁirr]l@ @r&@dnbi bw'dlﬂﬁéin \thel fon Qidear@iatdiI Bcludes one or
eatures o ny. .ot her enbodj ment . WHAT IS CLAINMVED | S:
mere Oﬁaalazsﬁuaeeqf%ﬁwéfa@isa & oy rﬁlafgrleée?mbaég?deﬁnc FGured
eth@lsiggner ate and direct an acoustic beaminto a rock
formati on around a borehole, the device conprising: a
source configured to generate a first signal at a
2Fir sk abvi&aH8A%Ydaatdy fh SEEPN GurdcBB@hprRingd second
frequency; a transducer configured to receive the
genemngecetie peast s¢rconfiguredoameiedhqiedimateitboamae a geven
JiakALstic waves at the first frequency and the second
frequency; and a non-linear material, coupled to the
transducer, configured to generate a collimted beam

ith . . .
3.\fN: N Sz% G?Jlée‘%ﬂ YELEHnEAY 01519[1 5 %g ;II tfhg Eceorﬂlgtgc l%gﬁl\éﬁ%g 11{0111%65 an

requency and the secon requenc
aqoosticlrefiestr, amaxousge pnooebah. wherein the non-1i near
mat eri al includes one or nore of a m xture of Iiquids,
a solid, a granular material, enbedded m crospheres,
4.0r akdevitd isiaarrdadce witlddwinck funtheacomrrdangce with cl aim

1, further c ri.sing:.. apn acoustic be i de
confd 507 GaTT G de e B PP RRCE G BEA TS R dlegehor

batkscagdredftom 3n irhofhe¥dneRy innthateditbance with claim 2,
wherei n the acoustic beam gui de incl udes an

5. A device in accordance with claim 4, wherein the receiver includes more than one

receiver arranged along an axial direction of the device within the borehole.

6. A device in accordance with claim 4, wherein the receiver includes more than one

receiver arranged in a different borehole.

7. A device in accordance with claim 1, wherein the transducer includes more than one

transducer arranged in an array.
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acoustic reflector, an acoustic lens, or both. 4. A
device in accordance with claim1, further conprising:
w@201e0@6ver configured to receive the col | i mat BCI/b82009/047934
after it has reflected or backscattered from an
I nhonogeneity in the formation. 5. A device in
accordance with claim4, wherein the receiver includes
nore than one receiver arranged al ong an axial
8.di r et pder ipRoqorlenereyith@aifi T Ayhereiti@e pidvetinesd ig a lincar, a
ci%}/a'r,%eﬁlleﬁ_cﬁ'@l@,cHrq§%$e wnﬁgulﬁii&i m 4, W_her ein the ]
recei ver includes nore than one receiver arranged in a
di fferent borehole. 7. A device in accordance with
0.01 a1 Mydvicd LRI nld\ic LRRPSGALCr LARYHAGS. MOre than one
transducer arranged in an array.8. A device in
acc oy lhasiog caifighred lt@hons & the whendagen, thhreonalincaymatenia agkdici n
' , Cl: filled circle, or a square
“%8%??%%%§Pﬁ8H?%ﬁﬁhﬁﬁﬁgg?%e in accordance with claim 2,
further conprising: a housing configured to house the
ransducer., the non-l.i near erial and the acoustic
I earty G AFORIACT FE P ehara SR eyt ce i n
accamndangler winfiburedl ai gicdde thaidlliveite Closaprwisi N@me-&#rying code by
. encoder configured to ench the colli ed beamw th
INFOYoHE- AR Y 1Y 8 6YBP B TR T BRRICRY MRS PRIy FHEP e of
frERRRGNOREp ok Weihe Gird B @E sdtohEsi@fals r equency chirpi ng
or frequency sweep to one of the first and the second
signals. 11. A device in accordance with claim 10,
1Wher £g8yitdng abdofRndAK ¥ AGint UTRARRHLtRe ek MdBeR@omponents include
variation in anplitude, frequency, and/or pﬁase. 12. A
a Yaipfiein amphigklsr iirgrensyvitndior ehf-m 3, wherein the
acoustic reflector is configured to control the
direction of propagation of the collimted beam 13. A
1Hevi4 devigr in eecordgasrceitingleim T vdicrimsthe agpaptes raflecs is configured to
' : ' af e the col li mat ed
¢ gfg}rJrlﬁ‘>IE ?ﬁ?cltlg\g ?jt;e r?%aggﬁd (ggﬁceor g glgaéée%glt%h claim1, wherein
the collimted beamis anal yzed by a processor to
rea - .0C
15or anaratt ipdBefie AR BTG A Eilgyred
fosinethecollitmhted bevage 1s a t hree-di nensional image. 16. A
device in accordance with claim11, wherein the
col l i mat ed beam has a frequency
14. A device in accordance with claim 1, wherein the collimated beam is analyzed by a

processor to create an image of the rock formation around the borehole.

15. A device in accordance with claim 14, wherein the image is a three-dimensional

image.

16. A device in accordance with claim 1, wherein the collimated beam has a frequency

between 1 kHz and 100 kHz.

17. A device in accordance with claim 1, wherein the frequencies of the first and the

second signals are between 300 kHz and 2 MHz.
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bet ween 1kHz and 100 kHz. 17. A device in accordance

wth claiml, wherein the frequencies of the first and
w0 baosesond signals are between 300 kHz and 2 RERUIB09/@47934

device in accordance with claim11l, wherein the | ength

of the non-linear material is between 5 cmand 2 m

19. A nethod of generating a beam of acoustic energy

in a rock formati on penetrated by a borehol e, the o
Iret Wydodesnprrerdsgee wishdpiat | ndeeein the ngthobthsmior-Tigeay nagarial is
bawkdn'sdm Ef£amency; generating a second acoustic wave

at a second frequency different than the first

frequency, wherein the first acoustic wave and second

acoustic wave are generated by a transducer |ocated

19 t Wi methied obgnersginga beanpefapustic prergdhia afrpeksfornagtign pepstrated by

i es. into an acoustically non-1inear

aﬁ@%@ﬁ%ﬁ%gﬁggghﬁgﬁ@gﬁgblIinated beam by a non-1i near

mi Xi gegerplingcerst acoireir eviape dthdirgdichienay.ed beam pr opagat es

thro - he -] dj ' ' t

o (b, Q00 L ORREMITEL Tl eARIE, HHEERLL AN
frosanensy, avheleinalse frsfacegptie maye agsadontl ecausiid Vi eraengmerfedbhe
UL{ré%rﬁngafhﬁhﬁ%%%%%manUStiC waves, wherein the

nsioger ised WP T bort P Ses one or nore of a mixture of
| i quiratismitiéngsthd fidt amdl thy @beddaicourdit eavalinto embeastadily non-linear

i.crospheres, qr an enulsion; and directing the.
g ROAH Rea T Re PR TP BEAT g RERg Ny irain the
colehhtb®b&ni fibgughidethi Qgk tHealoRBint@Meddbn inA samt ettion as an initial
further c

accordance wth claim19, npri sing:
dipoctien eﬁﬂﬁgﬁh@démﬂ? AERUBHE WREhTRM oA d eBenR P} i aglifpnge of
theffik®nd the Basnd fbli8ktRfe WhBRRKEE At Be@tnédi@NiRMNides one or
|nhonngene|%¥ in the formation, materials near the

mpgEsra RNELreH lighith 2 sohd, a gravplenpatcripl. erekedrermicersphares. or an
cfihig@binah9, wWherein the one or nore receivers are
| ocat’ed in the borehole. 22. A nethod in accordance
wi t Mikrnetha oollimpied kdam inpeivshdiregtiopgiay frema) wadlbgredpta the
Hkg@g&ggxin anot her borehole. 23. A nethod in
accordance with claim19, wherein the transducer
includes a plurality of transducers arranged in an

rra ! i s Qr i . i m20,
2(5\",{1 e r% F%ﬁltoﬁgh %ng)@?%ﬁt“g%l%gag%r%g?@ ﬁg?r\rgg{l:lp relsgh%y a focusing
devireeivingthadolhgard beanatshi or mefel reccivors, aftanit hesoudcted or

ba!cﬁs%satteorgd Roorgl Dlh inhomogeneity in the formation, materials near the borehole, or both.

21. A method in accordance with claim 19, wherein the one or more receivers are

located in the borehole.

22. A method in accordance with claim 19, wherein the one or more receivers are

located in another borehole.

23. A method in accordance with claim 19, wherein the transducer includes a plurality

of transducers arranged in an array.
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25. A nmethod in accordance with claim?24, wherein the
transducer, the acoustically non linear nmedium the
W0 00828 g7 devi ce, and the receivers are arrangedl/ub1ond/ou7934

an enclosure. 26. A method in accordance with claim

21, further conprising: analyzing the collinmted beam
after it has reflected or backscattered from an

i nhonogeneity in the fornmati on to generate an i mage of

%ph:éll

24-he 4 &EKhofl &t spapidanee witckimaDsWhsep wstedhspra is @fected by 2
fo@ﬁ’stlﬁ% dekite i RINAdc bR tiEREREGRRE S oM ticherds R b&h 26,

f er conprising: encoding the collimted beamw th

a time-varyi ng code by |ntrodUC|ng a timevarying
253 ORI 11{1%06'1%5&@ W& 1 ?&:r&fl tlﬁ:ma QﬂuE& 4k acou d;1cally non-

frequency sweep to one o0 the rst an

lizgeomsdiing, i fwatisg depmer @idrihg feeciwmadry slrr@gcdawphlmge Snct]@lurﬁg

the encoding to nmeasure a tine-of-flight of the third

signal. 28. A nethod in accordance with cl aim 27,
2@her@hmﬂmh$1mrmmmuawymngnmdﬂpmnbnESmpﬂﬁm;ises a

varlat on i.n a de

ot 104 P MR SR ed i e e GRAR o P g AS Front s
1nh®[ﬁ'@geln61mg ‘theafoahatioh Rggdnb@tecmlinbgedfeict loelaforadtioar mhteridi@scar

ted or backscattered from an i nhonogeneity in

mfﬁgmggFﬁﬁPP%n to generate an image of the rock

formati on between the boreholes and to generate

i nformation to characteri ze |jnear and non-linear

2hr opreiched ipgeopidance yeth a8 ERCISARPHYIRE d cont ent s
sur rQusEhd e tHBMBRA BERA Rith 8 dmeAaFRINQde b ind6SRAFHINGRe-

with claim?29, further conprising: encoding the
VHHNE PORRRENtIRCAING 11§ 08 Mot chEPIYE AlfTedyEReYIsyeep to one of the first

aldthé Q:gé&fd eﬁgus@ic LichRY Q\rh)éfeﬂgthg IRt QS ibid: B e%b%hn%rto
nmore of chi rp &é@@rr equency sweep to one of the

megspireta tipjof fhigh deipipdt i ¢ signals, wherein the
anal ysi s conprises using the encoding to neasure a
time-of-flight of the third signal.31. A nethod in

2&ccoh datiod ivicchrdeicaiwith3timaiewlksrein thedimd-vaeyivgegpipegents

@9&89&6&&%&1 g./%[nlp§ﬁlﬁg f%ﬁﬁé@;@ %ﬁ‘/ofﬁh@g’m i tude,

requency, {0d in accordance
with claim?22, further conprising: analyzing the

ol | bean1after ecte
hacks BRHER LGP Mt 2aa FhugShitgE | oc
f or nblyeing &mcbolmta&rdlbahrﬁ afietfit low neflengd bhieackenedhal forh an

. generate | nvaded zones, .cenent_bond
i B, B e lgn DS o RSELgTTTh G on Detween the
bdraydsiai@to @ncraganfoaRtiodto G@AkicAse linear and non-linear properties of the

rock formation and fluid contents surrounding the borehole.

30. A method in accordance with claim 29, further comprising:

encoding the collimated beam with a time-varying code 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, wherein the analysis comprises using the encoding to

measure a time-of-flight of the third signal.

20



33. A nethod of generating a beam of acoustic energy
in arock formation penetrated by a borehole, the
worgdihoekeednpri si ng: generating a first acousti BCIEHS®OH047934
a first frequency; generating a second acoustic wave
at a second frequency different fromthe first
frequency, wherein the first acoustic wave and second
acoustic wave are generated by a transducer | ocated
314 t W fethed ibscedancs wWithclag f0t Whangin thedinieryagying empropents

co?ﬁ%@@%ﬁ%%ﬂﬂ &M&?fré@%&y%d%%H&E.i cal 'y non-1Iinear

mediumto produce a colli mated beam by a non-1inear
m Xi ng process, wherein the non |inear nmedi umincl udes

ne L X HEe - Qf 5] 4 Qi -solid, a
DN RinclRll Sy Kool tithchi o Wbl Cmpige! ¢ 2
erul welyping derceltimateg bietre alierl it havacliedte eabackysattergl ran
1nﬂblll}|$ Ceﬂléi?lgs h %e"ro&!‘@nﬁé’d%% afl(? [nq%{'lhlg rs‘ﬁrro%ﬁ&‘iné ﬁl%%lo}/elhglg t(g ge%erate
colPrmat ed beam at one or nore-recelvers afcer irte has
intagfd @it ededronba cksambomline dfmagml ames, fraotwoglennedst strakigraphic

the formati on terials near the borehole, or both.
layertng, and sources df scatter”

33. A method of generating a beam of acoustic energy in a rock formation penetrated by
a borehole, the method comprising:

generating a first acoustic wave at a first frequency;

generating a second acoustic wave at a second frequency different from the first
frequency, wherein the first acoustic wave and second acoustic wave are generated by a
transducer located within the borehole;

transmitting the first and the second acoustic waves into an acoustically non-linear
medium to produce a collimated beam by a non-linear mixing process, wherein the non-
linear medium includes one or more of a mixture of liquids, a solid, a granular material,
embedded microspheres, or an emulsion;

directing the collimated beam in a given direction into the rock formation; and

receiving the collimated beam at one or more receivers after it has reflected or

backscattered from an inhomogeneity in the formation, materials near the borehole, or both.
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