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Crosshole EM 2.5D Modeling by the Extended Born Approximation

Cho, In Ky and Suh, Jung Hee

2 ok : HAAGAA Bom FANE oAl A7 S o) 3A7) gle T midedM e dapger dix g Wy
2 2% AA7] AFRHEM scattering)EA| & A=) del AREH 3 gl wHelth 2lv Bom 2AbE ol dAle A
7} 598 vl do) vgte] WE I, oA 200t 2 we e B ZA#E viehdct 738 Bomn AR S o]
g BomnAle] EA1F & Al Asr] A3k Aok o o)Al W) AE gET dM et 93 Ar)ge] Foz ZAks
= o)t g AAlRAle] 331 $ADE ALEshE 231 2HE e $2 3R f3hevgo] ol &E ST dukA
2.2 o5 & HFE o] 83k 23k WAL Bl 3309 $A9 A9 14 S $15le] Fourier HE-& F3) mi4
% 9 (wavenumber domain)© 2 o] £l Whileo] AL&E]o] ghth mat ghred Hof 4] A4t A= Fourier WS 31 o}
Al F3rd 9 (space domain)2 2 o] Fdok sl WA REo] Utk wEbA o & WhEE Al4atalTle] Hol Aelx o) dAr) gl
AE a2 F8eok st $XAMA tige) 7194 Besith B Aol E Born 2Ake] BAlH 9 AR EA)
2219 =X 334 $49 BAE AT 5 Yt B39 Bom AP TAT AAHA 2509 Ble L2 a9S A
Stgith o REE T2 awg ol g3t 2 A7) HERE AL R s AEFT AAEAPE e 23 AR ALt
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T F g ATT Aol s Belth bab B Aol At 254 Bom At 23k 25309 mElEe o] A9 et
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Abstract : The Born approximation is widely used for solving the complex scattering problems in electromagnetics.
Approximating total internal electric field by the background field is reasonable for small material contrasts as long as
scatterer is not too large and the frequency is not too high. However in many geophysical applications, moderate and high
conductivity contrasts cause both real and imaginary part of internal electric field to differ greatly from background. In the
extended Born approximation, which can improve the accuracy of Born approximation dramatically, the total electric field
in the integral over the scattering volume is approximated by the background electric field projected to a depolarization
tensor. The finite difference and elements methods are usually used in EM scattering problems with a 2D model and a 3D
source, due to their capability for simulating complex subsurface conductivity distributions. The price paid for a 3D source
is that many wavenumber domain solutions and their inverse Fourier transform must be computed. In these differential
equation methods, all the area including homogeneous region should be discretized, which increases the number of nodes
and matrix size. Therefore, the differential equation methods need a lot of computing time and large memory. In this study,
EM modeling program for a 2D model and a 3D source is developed, which is based on the extended Born approximation.
The solution is very fast and stable. Using the program, crosshole EM responses with a vertical magnetic dipole source are
obtained and the results are compared with those of 3D integral equation solutions. The agreement between the integral
equation solution and extended Born approximation is remarkable within the entire frequency range, but degrades with the
increase of conductivity contrast between anomalous body and background medium. The extended Born approximation is
accurate in the case conductivity contrast is lower than 1:10. Therefore, the location and conductivity of the anomalous
body can be estimated effectively by the extended Born approximation although the quantitative estimate of conductivity is
difficult for the case conductivity contrast is too high.
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AREAPEL A FUQeA 713 g AHEE 1 e
HEAQ 2R 71€F vz X5 & E oA A
9, Aets 5 2A0) 488 v Yt A2 ES L B
72 B2BA} 7149 o0 o3 FAAl Uy e shuz Al
F3 AAEA B A E$AQ A7 #E" 3 g 28
U AR S ol2e] Bstn Add a2 A
7ee) BAg 9sld, AAEel o) Hsld FAH L
2 23 Hol ot

A e Al AAgAPEe] 2 ol $8. AFF A
Agrtd oM 093 F2718 M2 e AlFF 93]
AHERCER RS SRt R IEEPES T
47 S 2P Bk AgHE FoE & HeolA
4 MHz7HA] 7Vedtd, & FA AlFF 4, A1FF Aol
BF A7 AEE, T F& £F 5 ODFR AR
me A% Foeg AFed AMgEHA 80 EE 2 87
EEAY A% dil & AIFF HEd distd F4
MHz ©]}e] nFaE AH8ste Foltt BA7L AMSEI =
e, nF st el Ak AEA Ao Bt 3
ABE R AFF 3HF 0] Y BSodle Aol oHA At}
uet JFHAEE F7HA17] sl e 4] Hzoll A 4
kHzo| F3sel RS $Adoz AHEste AARAL
(induction EM)7} AA&H, o]2lg Fo4 theddlals Hxt
o] AFL AR Ao vty ol A2 A}
Wgel dANE IR A7 S99 v Yo (e
and Xie, 1993; Zhou and Becker, 1993; Spies and Habashy,
1995), 53] EM ER ¥ e @45, Holtt 2 A7) ¥lA
@ 2RISR @ S 2% FURA 1S g
3 AFAIr} RaE3 itk (Alumbaugh and Morrison,
1995; Torres-Verdin and Habashy, 1994; Wilt =, 1995). 18|
U N33 AARAEL A AFE vlsh 2o AAluie)
e BASY W2 ofd BA s471%0] Aeslo]
UA @& AAo|t}. 53] EM ERa# T 7|& ES 9
A= AGAIZ] g A 2dF 7ol Bashy
olAIZA HEE EM Y Z2aP e fe s o /¥R
BH =8 A}g8lm QtH(Fox et al., 1980; Lee, 1978; Stoyer
and Greenfield, 1976). ¥WtE o2 o|& wli WA & o] &
3k 23 AAEAL Rd o= 33 S419 2A19 3
2 9Ql3lel Fourier W3-& E& 14 Y (wavenumber
domain)ol A AsHe Wo] ALgHo] gt BE Yy
A AArE AT Fourier §¥ S Eale] UA| 219 Y
(space domain)2. & o] E8jjo}l 3= HARLo] gr}. E3 o]
AL Qe AGE 842 B0 S ulE PR
2 A 4AIZEe] Bo) ARl & 7)) $-Fo) et g
A g dessin AGAMNTE TEATI H8 o) FAgl

A71A-E o FA glg A9 dAFE Y| S Bom
ZAE 2ol ALEE 3 9l oy, Bomn ZARE oA e AER
7t 3 uj Qo) vgte] R A, o)A 2717 E W)
= A3 £ Ee 294E Jehd

E AT E 3713 v R Wyl E Bom DAL E34)
AL HAasly] 98 HWete @ Bom 2AME e gd
Born #AH(Habashy &, 1993)c] 2]3t F3k3-7kol| A< 2.5z
A AAGA} 2dla T2 oA Asia olF A]FFL A
Agatel] A28ttt o] Wy ALt Py o] 7kaslr] WE
o AxkxZre] S B ol A BE A5 ui% A
ol A3}E Hole Ao Yeyit) o) Rdy =2 a3S o]
g8l £7 27 HEAE $AYe R e AlFFE AR
AP o]l thek 23} 2] FAA RS A Atstn HE B
Ao o3 33kl 2l (=17], B8, 1998) Ast H|
&2, At A F3 el 23E Bom ZA 9
3 25219 A Auprt 33 2y Ao o9 3 43
st ok 28y ol A e BYzte] ARRE Alol7t & B¢
e &€ Bom FAM % 37t 233 Aoz vERyt
o mWaEpd B Ao AdE g9 Bom Al &g
25219 Ry L o] dA ¢} Bte] AR Ao|7t UF A
A B AE oA AN L 4 gt wig AAHL
Aoz 7|yt

Az vfdelM Arge ohea 2e dE g5 A4
& grE3tH(Habashy &, 1993).

VXVXE(Y) - kZE(r) =

— i g0 (DE(X) — £ otpdp () — £ 0ptg VoM () )
(DA A k= 398 v ZellA 9] g (wavenumber)Z A

ki=—i op o, + aPLys, 2

2 Folath (oA oy Wde) A7) AEE o5 o]
A AEE Ho|2

a.(t) = a(r)— 0, 3
2 ZAodr} (A A Jdr), Me(r)2 A 7] (electric) 2 271

(magnetic) 7€ (current sources)o]t}. (1) sl= Foizl
7374]552‘1% ﬂ-ég}é Green E‘]]_/\‘]i’ 0] Green Eﬂ/\.]j‘_‘_; E}__g__
WA S RSt

VXVXG(r, ¥) ~ kiG(r, ¥) = 1&r — ') 0)
®H AN Ie T Green A olT},

TR BRI Ui @A sle

G, )= —61_b— [kzl + VV] g(r,r) 5)
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olH, g(r, r')e T& F-3HZ7kol thak scalar Green 3h42A]

The3 o] Foizith.

e—ikp [r-1'|

gr,r)= ©)

dr|r-r|’

1A 9] Sl A) 2% Fredholm A ¥ Wbyl o2 =23 (field
point) ro] o] A 2] EAT Aol

E(®) =E,(r) + | LG, 1) 0 () B@)d,  révs (7a)
o] B, vhato] AT A Fols
E(r)=Ep(r) + Gib [k,,21+ ][, 805 1) 0.0 By
re v (Tb)

29 e

L
ro

o] C}(Hohmann, 1988). (7)2]clA] Ex(r)2 o

717 (primary electric field)© & (1)2]-& 93t} &=
o7 FoAE F WA 2 oA 2l 2314 (secondary
field, scattered field)o|t}. (7b)2] AR oA r=r'el Aol
scalar Green < g(r, r'V} 24kstez Alibo] Fo)71 € Q.
Bt} @ ()20l A 2347F-& T3} o] Faradaye] A7)
SR olgt {5 F(induction current)e} FEH A S}
o8l A3PA F(galvanic current)® Vo), 418 7hgt

A 5] A

-

o
2o

=]
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E(r)=E(r) + k[, g(x,1) G () BQ)a/
+VY[ g(61)-6 @) E@) ©)

OX A R WA ARl FEAFE JehiE T A AR
Pol AT A 2342 Jrl@eh. (AT ©)AA
olel S AL QA4 o Ao H=E A
ol B VAARGE L ASAFY AP 22749
Foz Fojzlrh

kYN

[0

DgEl

e 7 wA el 33k AE® oAt EAE S
A7) (Ty29] A|2F Fredholm WHA 2l 0 2 FolxTh. (7)
29 & F317] AsiA = 4 o) FA S o e wAk &
AAR U ohE 7 vlaAoe] AP FE Aol &
ok 124 Well A e] 7)ol dAsttta 73l (ThyA]-&

1
Ca

N
JSC (r) = EP (r) + Z I(l', rn) ‘ Jsc (rn) (10)
n=1

o} 7o) 1A £ 4 k. (9l
rar,=| Gerr)d, (11)

Jo(r)2 A olaF A Ak Folvh (1A AM =
+N2 Uiro] Azbe 4= 9l ow, I3 Faraday H 2o 2]
3t =2 F(vortex current)E N ©)4Ae] ¥ 3R
FERAS7E Coulombe] Y| & WYX= Wt F
(galvanic current)yE WEFATH N9 AAEE o] We] glo
U B dFoxe TRl fojsta FEer}t Hold
Aoz dex xzel Felikel AR ZAPH (Hohmann,
19882 ALg-atth. ©|A] T2 A nl&Ag o] AadF
7b myAR waAY FHd vAe 9FE AdTE
Green Tensorg} 3P (10)2]& t}-&-3} 2ol 14 & &= 9}

1 g, w "
— Je=Ep + Lon - Jse 12
o e =Er 21 (12)

! —
Z|: Smn_rmn:|'Jsc=EP (13)

n=1

o] Hv, (13)2] | A
I for m=n
Jmn = {O for m=#*n 14
otk o] w} 0% 0 ¥iMolth Uk (13)2]L o] &3ta] o] 4]
Wolld el A 77F Al S el H71 2 A
7

AL g5 4% o] 83l s] AArE 4 Uth(Hohmann,
1988).

Em)=Ep() + [ Ge(r,x) J; () &/ (15)
HI) =Hp (1) + | Gy(r, 1) Jo() & (16)

(15), (16)4olX Gg ¥ Guz F-3HF3 ] tigh [717 9 =
7172] Green A o]t}

ot

ZHEl Born ZAMY

Bomn ZAPH -2 (T)Al4 o] G Al A 2] 717342 o A
e ASel WAt W7o BAlsis Wgelth &

E@) =E, @) + KT+ VV] [ g(r.x) &) Ep@) &V,
re vg. a7

utetA Born ZARHO] A&t s & Uehl 7] HsiA= o)
Aol H7]7e] ol dA7t fl& 7o A7 Lot
of gt} zejut o] ZAPEE o)Al AxEEV) i e
o] Az vlgted U7 2 ZAfoll= A o] E7Hsd Ao
2 gl gtk 3] Bomn ZAAA (A9 f=AFE B
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24 A TALE & Yout, ASAFE AEE Hol 7}
F A%d v ¢ 2R Aer dA Yt} o|HF EA
Mol 9)2E Asko] =98 Wlo] §48 Bom Aol
(Habashy 5, 1993).

(DA o)A W2 d3dolA

=

E(r) = Ep(r) + {[1+ VY[ & g(x, 1) 6()} - E(r)
+[, & G, ) 8- [B@) - E®), re v (18)

2 B2EE 5 Ut (184 L FEH oz g Agolv £
YHo 2 vl T8 guE et (18)4L (A4
vehdes Eite] glofzl Fejeltt. & (18)29] F WA A%
& AHER r=r'd HoAM F HA o] FEsA 237
= 9u|siH E(r)-E(r)=0°]22 FEo] 7lsditt. (18)4&
ohA] Aelskd

E(r)= [(@)- [Ep(@) + [ & G(r, ¥) &(r')- [E() - E@)]],
re v (19)

olth. 7|4 M) @& (depolarization) €A Bz]H
(Habashy 5, 1993)

T =[-KI+VV)] &/ gcr) 60 re v (20)

2 Folath. Q¥HASl Bom Al e ol 4A oAl
AL oAt & B9 YAFoR 2NN, &
€ Bom SAINE ol 3A WielAel A713E et
2o) AR,

E® =~ I'(t)-Ex(r), rev _ (21)

NAAA A=A UFoA Y A7 F2 r=r'dd ¥ 72
oA €] Green §lA G(r, r')gkol]l ). o]&= G(r, 1)) r=
r'el oA #dslr] wEolth. (18)AoA Al WA g
€ Born ZAA 9] @ Algte] Rt wiEl (21)2] 9] &7
¥ Bom ZAR7} B3t sl R 8 E dabge] &
2pgtoll Hlste] w9 Aof g}, &

|Ex@)] > |], & G, ¥) 60)- [E@)-E@)]|, revs (22)

o] 2U& W&, WF A7) r=r' F2oA ¢ &t
3HAl WEBlaL G(r, r')e] FE3HA ZAAFThE 21)ae &
7@ Born ZAME A3 ZAPHOl "t (22)2] 04 £
AE2 r=r'd FHellA E@')-E(r)=0°]H G(r, r') Fikete
2 o 2L g 71E 5 Aok mEkA] o] AL G,
r')o] r'7} roll x| Hojo wte} wf % whe) ZAskw, R A
Z174e] wi-¢- esiA HE A e} 2AF Ao =3
27 Born DA UWbEQl Born 2ASHE €] AEE o]
2} 0,9 th3le] v]Adgo)lv =2 Localized nonlinear AR £
2]7]1% §ch(Habashy 5, 1993).

2t&El Born ZAMHO 28t 2.5k ZEE

©
T
o
by
lo
b

21g 2dye ftasyol faxkEy
5o v Aol 2 AMEE A ot ol& AAFA
A AMEEE $4lgo] 3xdelnz 25 RdE 231 o2
7133 %= Fourier ¥ $Hg- 0]-8-3l¢] 3314 $419 A& 342
glof st ©l, A8 WA e A5 2o vF EdsiR 1
S Fourier H¥A] AF2 3] HS 3ok st &7k
21 el o] glojA|7] wiiolt}.

olAl A3} wjdo] y& W3S we} At gle 23 =
4 7P skA. A 23 FAREE nlaA|e] #e] Dol &
Az} 319, 2049 FoAlE HELS

ol

~ N v
FO=0-A+VV) Y [ o[ g@wr)dyy ava T (23)
j=1

9} o] £ 5 it (233]0lA ASE A 23 AH2HY o)
2Ao] AARS ou|lc}. (23] A scalar Green T4=2]
y'oll g AE-& o288 o2 Aitetd

[Te@n &= Kiliky p) @4)

o] AtHHEE A). o] W] p’=(xx)V+(z-z'), Ko A 2% Bessel &
Foltt. (24)29] Aol 829 yatdl F5HA &< °l
fE A5t Zllo] 231 o8 y'o] AEFZe] -cod| A c00]7]
wj&olth. o] A9 yo] Fo] M= (24)2 2] HEolE o
H dgo] glth. o] EHoE yIFOo 2 o8] Ho|E 2
£ o] Aol 2% o] e ©A] x-z A Aot 95
o 2349 y FE e FHEE vt 12y 3349
Aol AT AL y R FFolnE 24)49] B¢
= T2t (23)4 0 24)3S sk

¢

i3

ro=[0+ i & A (25)
j=1

2 2rd3] 189 o714

N
1o ,
A;=—(A+VV) ; J x5, 3 Kokl p) ds (26)
N N |
1+ 64z 0 Y 6jAx
j=1 i=1
~ 1 N
1"=3 0 D/(1+ &;Ay) 0 2N
j=1
N
Y 6 Ax 0 1+ 6,An
j;l ji=1

o|", D& ThaT LTHEE B).

N N N N
D=(1+Y8A)A+ Y 6Az) = Y, 6,Au- Y, 64 (28)
j=1 ji=1 j=1 j=1
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@7, 8)H A idx}b 74 kol Hu|Rg ofn|gict. o)A

@DAE (A EF PN 71 E ARE 5
sick.
E()=E,®)+ ], 6, ) 0.() T Ep(r) ' 29)

22 FojZint. 3 2714 Ampereo] H ol A

H() =y (@)~ - (;uo V[ Gt 1) 6() Fr)- Ep () dv/ (30)

ol S84, GOyol ()21 & Tl

HEO) =Hp () + [, Ve@r) x 0, () () Ep(') dv/ @31)

ol HEE 271 3S ANE 4 ek 31 yol Bat A%
A o)Eye y'el @47t o B 45z AgHH, @)
I 20y & o] &3t AX AEE ANT 4 Yok

(B1)2le] AR o]iz‘sﬂﬂ— EA3IA] e}, 73 74 )
Ao 7] 7] B2} o) Az} Ao

mk(1 + ik, {r—r;|) e—ﬂglr—ryl )

Ex(r)=
»(©) 4ro, |r—rp |2
Y —¥r X =Xy
- > h 32
[r—r] [r—r| ¢ 32)

olth. 71X me Falde] 2] HIA RAE, r=(x,, yr,
2 FA19e 93] WElelth vg(r, r)y& (6)40) FoiA ut
o} Zol 41719l 3] #E ro] ol 2717 1A
A S (31)4 & uhbre] 29 w2

N o —~
HO=H,0+Y 0, [ [ [Ver)x I():
j=1 '
E.()dy | dx d7 (33)

o] oA FAHE g5 vl RedA Hslsiy vyl 3t

ol Al whet ul$- WA FHsng A FAR
9] Al4to] 7k 3t}

(334 9] 49 Born ZALE o] &3 2.5319
=3 &2 oldo] Ut 941 2549 =g A9 HES
& Fourier HEho] W Q3}x] git}. o] Fourier &BighA|
HA3 A2 249 4% Fol FtEE o8 WX
T ow, A 95t Frddoa e e T
e Zd el £85E AMAE 958 5 Ytk dAl o
& AZEA 25319 2dye {3 e gol vt fakatE
9 & WA o8l glon, o] A$ dojAE A
B WF A9 27171 AN A4kAZEe] Bol 74‘?J ¥ oljet g
o] B E A% £F LAY g (3344 Y
Bt uhel o] g Born TAPHG 23 mdlgdxE o

At ABAR AR Vehio), AXAZME o) ¢ #h 99
o] W32 Bomn ZAlo] ¥IE| & B FetA] 9t o) 2jx] Al

rdge o

gt Atelez A3 7t d &

3 UH"]TJ'-"’] ARX zto]7t & ZFolle 1 eA7) 43
AX e Ao g2 dejA glvh(Habashy 5, 1993; Torres-Verdin
and Habashy, 1995).

2558 W XY DY A
2 eRddE 349 2dd A9e rlzew BYw
Bon A1) o§ 25409 2= Ao} YL AEH L
A %tk o 2 Slelale e Tl Qo7 Ak ol4o)
Hofof 339 o3 23 ol AAR AN E & ATt
9@ FZol BLsTh Fig 1] el uks} Lol o 3A)9)

x 2 23} F71E 10 mx 10 m2 A7) 31, Fekskyd
ghel AolE MINFMA 23 A1 AS Abeigrt. o] o
zW ojFe] Ary] AEEE 0.01S/m, o] AHe ATEE 0.1
S/melw, AbEE FuE 10kHz, § A A|FF 3L
50 mOlE‘r. %D:i }‘]To ')‘]“I‘:L 241}5‘*}011*% % ¢ﬂ@°
z‘g—/ﬂ- A] x|
T 5 1Z+7u Azl #--Hot. w}am ol FA o FgF
1F Aol g A|FF Alole] 7THA 02 Yiro] & Zheol ¥
upE 2245 Fig. 2] JEIAT

Fig. 2¢] Jepd nle} o] 3xk¢l mdg)o] 3¢ y& Wk

P

i

0 ' ' : ' 0
10 - L 10
20 - L 20
30 30
— 40 - 40
\E/ Tx
% 503,,> 0.15/m Rx ¢ 50
a
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70 - - 70
80 - - 80
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100 — . . 100

0 10 20 30 40 50
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Fig. 1. Cross section of 2D model. A vertical magnetic dipole
provides the source of excitation and is located on the point (0,
50). The receiver is fixed at the point (50, 0).
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o729 o)A Ho|7t Ftghel uhgt 2x17go] AP Aoz
STV & Al AT 2HA S 29 o) /do] HWA 1
she AFE HodFa Qi) 53] oA B LeolA] o]n
TFHIe FEE Ho|n, FHAET & 28] ojide] HW
e gl R FH Fopr) AAEA g8 TN E
(skin depth)7} F7}FaHAl o) F3F WEke] Aozl o] F7s)
of 2214l 713 -& 2531 Al ¥ ti(Spies and Habashy, 1995). 1
21} Fig. 19 Foix mdo) A% Ful4+5 1 kHzE & 7
ol ko] dofrt & 4l AlFF 7H4 9] 24) o)
o] E 10 kHzol| X ¢} Zo] H ). 0|23t A= duky
o2 NFF ARGANA o)A o] Holr} AFF 2HF e
24 olito] HWH 39 o] FHE 2314 o] AR Holx T
Wt 27 §H, o] Spies and Habashy(1995)2] A=}
o= dX|gic}.

2735 Born A 931 2.5+ dle] Ao AL
HESY] $late] A& W 4ol o3¢ 3xtd =g Ao}
v arsle] Hgith o] & 9JsiA] Fig. 3olx ek Zo] 2t4 100
mQl F A|FF Apelo] 7] 20mx20mQl FLE F 7
oAt g ZAFoll et 23S FHFE WA FIHA
AbstAet. o] W) F=3 wiEe] A7) AE%E 0.1 S/m, o]
Aol AEE= 1S/molth & F2YL A% 50 mol] 1733}
A}, o] 2d& Torres-Verdin® Habashy(1994)7} &-74%
Born AR AMPARE f3F 2pEHel AZH(Druskin and
Knizhnermna, 1992)¢}e] Bl E ¢sle] A}g-3 2da} 2},
Fig. 4= Torres-Verdin¥} Habashy(1994)2] Z3}ele] vlwE
et TL3 20L& ALY d3E Yehd Aol Fig.
49 Torres-Verdin¥} Habashyo] AWE FAstR= edgko
v, 2 A7 AR WA o] 83 39 B Axe}
A% YAskn Ak A BE Bom Ak oI Az
< olske o] eapvt glovt AvtA oz e FEE A
& Bolx 3t} 0|2 gk 22} Torres-Verdin?} Habashy &=
2ES dx 9] ALS At o] dAE dale] AE 84
2 o] £ vlste] B Ao o] 948 84= 71
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Fig. 2. Secondary magnetic feid (Hz) plotted as a function strike
length, for the model in Fig. 1.
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o] ANAEEe FH wjdo A71HAERE vlo|th. 4 Fig.
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Fig. 3. Cross section of the 2D model used in validating the EM
scattering under the extended Born approximation. A vertical
magnetic dipole is located on the point 90, 50), and the receiver
is fixed at the point 90, 40, 83).
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