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A review on the fundamental formulation for the scattering problem of underwater acoustics
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Abstract
As an elementary approach to scattering problems in ocean acoustics, the fundamental formulations for
obtaining some expressions of the scattered field are reviewed. Beginning with an overview of the solutions
to the Helmholtz equation, the scattering of plane waves incident on an infinite circular cylinder and the
scattering of spherical waves incident on a rectangular surface will be discussed. For both scattering
problems, the spatial distribution of the scattered intensity was found to vary depending on the ratio
between the scale of the scatterer, such as the diameter of the cylinder or the size of the rectangle, and the
scale of the sound field, such as the observed wavelength. Although the results presented in this report are
approximate solutions under a simplified problem setup, the formulations provide important suggestions
for applications to real-world scattering problems, such as those characterized by keywords characterized

as the Rayleigh/geometric scatterings and the Fraunhofer/Fresnel regions.
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Fig. 1. Schematic for the problem of Section 3.1, the
modeling of the scattered field around an infinite
cylinder by an incident plane wave. The 2-D plane
(r,0) transects the infinite rigid cylinder with
radius a. The circle represents the cross-section
of the cylinder. The incident plane wave e*”
travels towards the right of the figure.
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SOBNEIFFICHEEE 2 5.

3.1.6 Oikam & kR, HH%E 1500 m/s & L, %
PR WK 12 kHz, 90 kHz, 400 kHz O & 2%
V54 %8 LT, Rayleigh il & ik
FLICHHIS S 2 MBIZ A r — VB EZ B 2 LITT
5. ka~01K0ka~10%0723 L)% a %k
WhHE, TNENRDLHIIIRS.

_6_



ka = 0.4 (A = 5wa)

A review on the fundamental formulation for the scattering problem

of underwater acoustics

nj2

3nm2 3nm2

nj2

3n2 3n/2

2
ka = 2.0 (A = na) ka = 3.0 (2 = 3ma)

3n/2 3n/2

1 2
ka=60(1= gn:a) ka=9.0(1 = 6n'a)

ka = 1.0 (A = 2ma)

3n/2

5
ka=164= Zna)

n2

3n/2

1
ka=40(4= -z-n'a)

/2

o

Incident plane wave
coming from the left

3n/2
[151? maximum amplitude
normalized to be 1.0

Fig. 2. Angular distribution of the scattered field intensity around the rigid cylinder by incident plane wave for different
ka (ratio of the cylinder circumference to the wavelength). Note that the intensity is normalized so that the
maximum value is 1. The ¢ =0 is oriented in the direction to the incident wave travels.
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a ~
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EoWRIT LTI ITEELSAE L5 2 L3 E 2
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B, ENENa DA — VA1 - 2 Mkl
ANEL Y, EEOImmBEU T T
Rayleigh 4L, P25 1 mm F2EE DL ECTH X%
HELE BB 2 ENEZOND.

3.2 HEKIC K B5EFE_EOEE
3.2.1 [MiE%E
2.4 i T/~ L 72 Helmholtz-Kirchhoff O f& 253\ %

10«3 4
Geometric scattering
~ regime
o
=)
K 10
Il
S
N
%)
=
— Rayleigh scattering
regime
107! 10° 10!
ka (= 2ma/l)

Fig. 3. The ka-dependence curve of the backscatter
intensity |w, (¢ =n)|. The ka represents the
ratio of the circumference of the target cylinder
to the wavelength. The backscatter intensity
asymptotically approaches a constant value for
sufficiently large ka (geometric scattering). In
the opposite case, the power law well
approximates the intensity (Rayleigh scattering).
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(3.19)
C OIS Xz DT MM 2o THE D,
FOEENz=L(E,n) THAH. T, HEFEN
MEr \ZHsbEL, WS ETHEUZEEWE A
BrTHUWTAZILEETSD. rf L r DEE2S
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_ x = rsinf cos ¢
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y = rsinf sin ¢
Source position 14 z=—rcosb
?\ 0 0 Receiver position
NS -
e g
kA N pe= i
W i N
o o — X
‘ oAy L b
Lk ds i
€A oo --> Surface S
Wy
o=(n9
y § € [—wy/2,wy/2]
\J n € [-wy/2,w,/2]
? {=40xy)

Fig. 4. Schematic for the problem of Section 3.2, the
modeling of the scattered field around a
rectangular surface by an incident spherical
wave. The surface S is defined over a rectangle
on the ¥ —y plane. The surface irregularity in the
zdirection is represented by the function ¢ (x.).
The vector a=(&, i, ) represents the position of
the surface facet dS. The source and the receiver
are located at r; and r, respectively.

4, 32 W OWELMEIZBIT 2 20K, x—y FiE
DI HEIL CTEZ SN2 SIC2WT, 2 Ko
MMt ¢ @y) TEENSE. X7 Mva=(E,n,0)
TS L ORyNEI dS OfLE % RS,
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322 B ORI RBL

RS IREELESNLEDEL, ZD
A
ik|x|
pi(x) = PoD iR (3.21)

TEYT. ST REAT—Y Y 70720 DR,

FEBRORMEE LT 0L L &b, BE
WX BIRIBHRIEHTE 20D LT 5.

M SICBITEEREMAE LT, 24K
Kirchhoff 25 W o &3 4. bbb, #
BLIE O I O HE A B A ST E O & K O
HECENENRBIL, o pIREIm L —%
DEFRB T THZLNEbDLETEH. DL X,
LY 72 5, 2173802k

r ra pliklr—al

EL%(PL'(G) = 0|>d5

_MJ-Di<eik(lrl_al+lr_al)
4w )i on\|r; —ol|r — 0|

ps(r) =
) as (3.22)

EERENL, ZZT, oldiS LA THD, K
DEHITKRLTBL.

o=(&EnEm)ES (3.23)
3.2.3 WA B OB,

pr) DR BB % WS 5 2 i o B A
Ir—o| & r-o|iZoWT, EBH¥TLEZNTH
KDL 5.
= (r;sin6; + &)? +n? + (rycosH; + {)?
=1r? 421 (Esinf; + {cosB;) + &2 +n? + {?

(3.24)

Ir; — ol

|r — a|?> = (rsinf cos ¢ — §)? + (rsin @ sin ¢p — n)?
+ (rcos + Q)2
=712+ 2r(—¢&sinf cos¢p —nsinf sin g + { cos )
+&8+n? + 7
(3.25)
W, roridm S ot TwsEL, WS
FEOXRZ M VoD EREIMAREALEDL DL
T5. E,nF2RET, LF1IRFETHALTE
NENWEBZNL Z L1255, §hE, KDLH
It I s,

[y

s — ol =1y (1 2. 5in 0y +2¢ cos By ++ ot S )
r{—o|l=n —¢ Sin —( COS —S T T
! ! n ! " ! o

. n
zrl+<§sm91+(cost91+i+2—rl (3.26)

2 2
|r — 0'|=r<1—;fsin0cosqb——nsinesinqb

2 2
+- {c059+E +—+Z >2

2 2
~r—¢&sinfcos¢p —nsinfsing + { cos b +2—+%

(3.27)
ZhiCk-T, 2o0HEEOANZ
|r,—o|l+|r—a|l=mnr+r
+&(sin 6; — sin 6 cos ¢) + n(—sin O sin ¢)

1 1
+{(cos8; + cos ) + (62 +1?) (E + Z) (3.28)

b,
—7, 2 OOEEORILER AT
LrnrCTEEEZONLIDEL, T/,
G O TR A o

2B 2 Lk
(ES YIS
THZWZIONDE DL T 5.

Thabb, ROLBYEXEZZIT).
|ry —ollr — a| = nyr (3.29)
g X 9 3.30
o (3.30)

CoLE, WELLGIEIRD &) 5EXIT%B.

ps(r) = f T elkri=ol+ir=algg

4nr1r

_ ikPyI’(cos 6, + cos §)e'*(1+7)

4mtryr

Wy Wy
2 2
f dé¢ f dn D exp {ik (E(sin 6, — sin 6 cos ¢)
wx T ) Wy
2 2

+ n(—sin 6 sin ¢) + {(cos 6; + cos )

)

(3.31)

A S FTHL %HEL % Kirchhoff #18L % F v
Titak L 72 & @ 5 ik, HelmholtzKirchhoff-
Fresnel f&%5 & i-i¥M % (Medwin and Clay, 1998,
7.2.31 X).

@41 (5
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324 P ETHEL BB EEL O
COMEORBRRYE L LT, TR BN O
BT HSE — Ao z i ECH Y, TS ASP & s
LY EEEZA. ITEBI I, MEEPIOA
5 BB % L O B AR

B EVSZZIRRICHYT . ZOROBEXN %
Fig. 5 IZ/R3. ToL X,
0,=0=0, r=r, (=0 (3.32)

En. 7o, HEofEAMIE D=1 L TBL.
Helmholtz-Kirchhoff-Fresnel #4312 211 5 &2 4 A
THERDEIIZR A,

) = BB g (e 339)
2
Z ZC, Fresnel fi4)
— * T 2
C(x) :fo cos (Eu )du (3.34)
— * : T 2
S(x) =J; sin (Eu )du (3.35)

ZEATL. IALEHONE, LOBDIZRD
X%k 5.

T kg2 T kg2

fw er dé= f e r dé

X 0

. [mr \/%Wx T, d

= ﬁfo exp(lis) s

(3.36)

EM'[(\/;WX>

FoT, CZZTHEHLELALEEEIZHWT,
Helmbholtz-Kirchhoff-Fresnel & 7512k ® X 5 12
&F &5 (Medwin and Clay, 1998, 7.3.7 XD %

TERR) .
_ipre® (1 ) (1
- r ar "y

(3.37)
SFRIAERRIZIL A > TV B AL, w,w, —oD

Ds (T‘) Wyx,Wy

R 2 AL v,

Z Z T Fresnel #5471

1
C() = S(0) = 2 (3.38)

LB MO NTWANS, ThZ2HWwWAE
BEL S 1k o X 9 12 7% % (Medwin and Clay,
1998, 7.3.10 XD ZFHR) .

iPylet?kr

Pe(eoeo = A+

PoreiZIcr
== (3.39)

® Source and Receiver position r

x=0
y=0
zZ=-r

» X
A

£ ds
€ --> Surface S

o=(n79

y Eel-w/2,w/2]
\J ne€[-w/2,w/2]
zZ €= 0

Fig. 5. Schematic for the special case of Fig. 4. Now the
source and receiver are in the same position on
the z-axis. The rectangle is replaced by a square
with a side length of w.

5. Fig. 4 DRDOK LG 2 K L7, HiR
EZERE zE Lo —DWiTich b E L, 4
BB —BOEE R wDIEFIETEEHZ S
nNTns.

3.2.5 Fresnel #ig & Fraunhofer 1

WE, ORI w OEFBEBIC X 5
GlEYr L, RS X 2 HELESOEEOLE
LHZLEEZD.

1
2|17 |—

=2|C% — 5% 4 2iCS| = 2(C? + S?) (3.40)
Ih&z7ay b45EFig.6 DXHIZ%%. Fig.
6 ORI IEHTEOKRE S w, WEANOHELIE
POENEE CONEEr OB E B oTWAS, &
FI7OWERLE, whVIriZx LTHa/hEn

|ps (r)w,w | _
[P co.00
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LEIEERATL CGEMTE, w~ V25
w~10VIr BEOMIZ1OEL) ZRHL, w
VIR LT RES 2D E LIHIEST 5 2
EDb0b. HEEOWA1 v 0k, IEHE#H
B ERSEAR E W —HTEDL I L2 ERT S, %
EPEWEER r VNS WG, IR EEO
YA APRENUITERE L %< & B BERPAR L [/ —
MTEDL LT D, FRADH Y o HIRIZ
Fraunhofer % & ’:(Z, 2 OAMilIZ Fresnel 78
B & i 5 (Medwin and Clay, 1998). 7z 3,
AEO i I HEB O co iz Z/E L
Twiawn/eo, HEOHELZHS L TIIR R
HWThb.

—plE LT, SEMNEEOMERN (~10 -
100 kHz) {281} %, Fresnel %D WA 72 A 7 —

103 4
Fresnel region

10-2 raunhofer region

107 10° 100
w/NAr

Fig. 6. The intensity ratio of the scattered pressure over
the square with length w on the side to that over
the infinite plane. The horizontal axis w/yvir
represents the scale of the scatterer normalized
by the wavelength and the distance from the
receiver. The scattered field is asymptotically
identical to that on an infinite plane when the
scale w/y/Ar is sufficiently large (Fresnel region).
Conversely, in the Fraunhofer region, the power
law well approximates the intensity ratio.

B16. MERRFIIIC X AHGELE IS 5, —LORS
BwDEFBIZE2HEEEDL ¥ 7> ¥ T4
DY, R w/ VA EBIIEE & B S ol
HECRIAEAL L 28R D 2 r — VIS T 5.
COAT = VBTl KREVEE, EHELO
BOEL S (T BRSPS & M — BT & 5
(Fresnel $H38). M7, Fraunhofer %838 (2 B\
TRIDA 7 vy 7 4 HIEEEAT X P
s,

NERD D, 31 TR LML R IR
A3 12 kHz, 90 kHz, 400 kHz 0 3 Fio#%e: %
i L, Edz 1500 m/s &9 5. Bl 5 o
A= LT—B5mDIENEEEZ,
w/VAr=10 £ %5 X9 % r xRKDDLKD LS
7% 5.

2m (12 kHz) w
r=<15m (90kHz) s.t w=5m—=10
67 m (400 kHz) Var

CORRENS, WiEHOWEE (~ 10 kHz) @
LA BN R COWBED S m FRE TR
FAUTIERR AR E [{— T & wvw—7, &iEHO
WZEEE (~ 100 kHz) O34 121, Bl %9
THtTmENRTYH, 5mUGTOIELTETHNIE
HEFRPAR & [~ TE B2 &b hb. wiC,
Wt coWiEEr 100 m ICEHZEL, w/vir
=10 %2 X9 % wERDDE, RKDXH Ik
5.

{351n (12 kHz)
w =

w
13m (90kHz) s.t. r =100m,— =10
6m (400 kHz) Var

Thbb, BNNSETI00mBERELTHS
Yt WiEHOMERE (~ 10 kHz) 1220w Tid
BRI D A — Vi —BE+ m L TR
FTUSHERR AR & 7] — T & v ds, i ol
B (~ 100 kHz) D% A5 13 mBEEORE S TH-
THMPBRFRE A —HTEDL I LD hr5.

4 BBHYIC

ARTIE, WA B A ELHE 2 %)
LN LIRS E G 25 X0 &, IR
DHRERYH -7z, EBEOREIZHEH T 5729012
E, BEROMRIRHEER, HEAIEMMAKTH 5 2
WX BHR, HWhoEERE, SESELUR
MRDOEND. KROSELIIZIZLTD X ) BIb
AWM ZERDEFICIEREINTEY, 4%, %
B 7 — & D RIIFNT & o 72 BARRY 22 fioEL I
BEPOPITIE, DIEHEL L2 —%fTo TV E&
72\,
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Kz L2 H20, EX2TOmE
T 27y 7, RONEDORFAIIHFST
HEWBIREZ W WIBAORHE IR L,

% O =

X ®
MR B (2004), WHEESEEO
314pp., BILEFIE, HEL
Medwin, H. and C. S. Clay (1998) Fundamentals of
acoustical oceanography, 712pp., Academic
Press, Cambridge MA.
Morse, P. M. and K. U. Ingard (1968) Theoretical
acoustics, 927pp., McGraw-Hill, New York.

HBE LB,

T 8
{14% A Bessel B9%, Neumann B RV
Hankel B8% & Z DHE
Al BBOES
Bessel Of5r it (2.830) OMOIERIE %
R@=c, J,@+c; N,,@) (e, €C) LEL L&,
I EN, ZROEHIZEKBITE L LDPHILNT
W5,

(oo}
m+2k

_ (-1) z
In(2) = kzom(z) (A.1)

Jm(z) cosmm — ]_,(2)
sinmm

Jn 1& m K @D Bessel B £ (%5 1 #f Bessel B %),
N, 13 m ¥k ® Neumann F% (4% 2 # Bessel B%%)
THb mHPFEAEKD L X1, Bessel I
D\ T Gamma BT (m+k+1) DB T (m+k)!

EE#z 5N, F72 Neumann BELIC DWW T
d@&@@ﬁﬂ’i’ EHTET, RDEHICEHEINS.

(=) g mH2k
£ (m + k)L k! (E)
N,.(2) = lim 1u(2) cos put —J-u(2)
u-m Sin um

(mer (A4.2)

N (2) =

Jm(2) = (m€Zy) (A.3)

(me Zzo)
(4.4

Hankel B %1%, Bessel B #t & Neumann B £t ®
IR EL LTRD I I ICEHREINS.

HP (2) = J(2) + iNpy () (A.5)
HP (2) = Jm(2) = iNpy(2) (A.6)

22T, HY 134 1 i Hankel BA %, H® 1342
i Hankel % & #NFNIEN A,

A2 RBOHFERGERUMIMCET HMHE

FEEEFIR D Bessel EUICOWT, K m D
WFEZ R L BRIV E LS.
_ o > (-=1)* 2\ 2k
Jm@= lim J(2) _uli@mkz_o T(u+k + Dk! (E)
) (A.7)
TdH 5%, Gamma BAEUIIFIEEERIC 1 oM %
O, utk+l <0 DEFHIZBWTIE
. 1 _
Eb. INEEETDHE,
> (-=1)* 7\ —m+2k
Jn®= 2, Sy )
( 1)m( 1)5 m+2s
L sl(m+s)! ( ) (4.9)

Thb. 4GB EZHs=—mt+k DB EHZ %2 .
£ o T, Bessel EIE KB DFF 5 LI DWW T
RKROMWE % b O EDHEID ST
J-m(@) = (=)™ Jin(2) (4.10)
72, FERERIR O Bessel D e h 5
Bessel BFIFL DM IC B L TR D 2 D DA 238 A
na5.

d
E (Z ]m(Z))

d ® (—l)k 1 m+2k
2m+2k
dz (m+k)'k'(_) z

m-—1+2k
— Zmz ( l)k 1 Zm—1+2k
(m—-1+Kk)k!

@ (A.11)
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d -m

E(z ]m(Z))

B d @ (_1)k 1 m+2k
ey (m+k)!k!<§) 2

m-—1+2k

Z—1+2k

_ D 1
- =1(m+k)1(k—1)!<§)
B © (_1)k 1 m+1+2k e
- =Om(z) i

=z " m11(2) (A.12)
Iht 2K, ROBBRADIIRENS.
d
E(z ]m(Z)) J
= mZm_llm(Z) +z™m Elm(z) = Zm]m—l(z)
o (D) = s @) = = J2) (4.13)
d -m
E (Z ]m(Z)) 4
=-mz " (2) +27" E]m(z) ==z m41(2)
d m
And d_]m(z) = ~Jm+1(@) + —Jn(2) (A.14)
z z

Bx R LEDLENIE, Bessel OB IZOW
TOBRADRKD L HITKE 5.

d
ZE]m(Z) = Jm-1(2) = Jm+1(2) (A.15)

CZTIERE WD, RED BRI IZDW»
TIX Neumann P %4 H Bessel B & M AR I2HE 5
WA ENAMOENTWDS

N_p(2) = (=)™ N (2) (4.16)

d
Zd_ N (z) = Npp—1(2) — (A.17)

ZD7%, %1 KO 2 # Hankel BIEIZ D W
THRBROHADE ) LD Z L Hb Db
H® @) = (—D™HP (2) (k =1,2)

Npn41(2)

(4.18)

d
2—- HP ) =HP (2) —H¥ (2) (k=12)

(A.19)
{1$% B FEHD Bessel BEIZ & 2 ER
HAB SRR e 0 o SR 31 2 BRI

BHTHA (29) XzEM5. £7, Bk
ZRNTEHKT 5.

t—tt
g(Z,t)EeXP<Z > ) (B.1)
T8 8B %c» Maclaurin SEUEBIZE D, KDL H
WCETENTES.
g(z, t)=ez7te_%
1 zt\ 1 z
=;F<_> Om ‘z (B.2)
CZT, MATEm=l-kEEHRT DL,
b had ( 1)k 7t m+k
9@ t)=k20mzk(m+k)'k'( )
i i (=1 E)m+2k
L Ly Gm+ Tk 6
ER (-1)* m+2k
- Z £ m+k)'k'() 5-3)
k_?(LiLaurentﬁB@fi OB > TW5HEDT,

ZTOR¥E],@ EBLZEIZTA. J,@ 1Em
W@%lfiBesselﬁgiﬁ 5> TW5b.

(25— ) - 2 (@)t

S (1ﬁ z
s (m+k)!k!(i)
B, Mg DOERN,S

9z, —t™) =g(z,t)
THH15, (B4) RohBIZONWT

Z I (=" = Z Jm(D)E

m=—0o

(B.4)

m+2k

Jm(2) =

(B.5)

(B.6)

YD LI s, 2D LEHIZLTYH, (A10)
K& O KRB O 5 KRl DWW ToOWE

Jom(2) = (1) (2) (B.7)
DHEND NS,
XT, gt |2 z=ky, t=ie" R AT B, THE,

(B4) XOEBIIRD I 5.

i =i
g(kr,ie™®) = exp (krile +21e ) = glkrcosd
(B.8)
F72, (B4) XofHHBIz>o>\T,
—oo<m <1, m=0, 1<m<000)300)$11[#l 57
L CRT- O 5 s OME = Hwvwih

—oco<m <o %
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[oe]

Z Jn(kr)imeime

m=—oco

= Jo(kr) + Jon (kr)imeime
+ ) Ju(kr)(=Dnime "¢
=Jo(kr) + Y Ju(kr)i™(em® 4 e~im9)

=Jo(kr) +2 Z Jm (kT)i™ cos(me)

EEITE A, Lo T, Bessel & HW-H
2 ST D% O SR B

(B.9)

glkr cos¢ =]0(k7') +2 z im cos(m(p)]m(kr)
m=1 (B- 10)
DRI N7,

{48% C Helmholtz-Kirchhoff DIES =
HLHMME S CHENHEVEEZD. nk

S EOWEMNZ bvE L&, X7 MVLFIC

DWW, Gauss DFEREIARD L 9 1Y 32D,

fF-ndS=fV'FdV
s v

WF, Helmholtz H R, (V2+E)u=0 OHTH
H20DANT=Hru & u, BIWEL, X7 M
Yu, Vu,) Zfo T NICREHRZHEHT S
&,

(€c.1)

jul(vuZ) -ndS = JV . (ulvuZ) av
N 14
= J(Vul . VU,Z + ulvzuZ) av

14

= J (Vu1 . Vuz + kzuluz) av (C. 2)
v

Ihidu & ou, 2 ANBFEZTHHRY OO0 5,

BAGIATROXZG5.
f(ul(VuZ)—uz(Vul)) -ndS =0 (c.3)
s

Vu-n %10 S EoOPFRM s —ou/on THEHZ 5 &,
ROXDEPNSD.

(€c.4)

J‘ ( du, aul) s =
s U T "2 B

Fig. 7. Schematic of the integral domain for deriving the
Helmholtz-Kirchhoff integral. The surface S
represents the scatterer. The source and receiver
positions are enclosed by surfaces S, and S,,
respectively. The direction of the normal vector n
is selected toward the inside of the hatched
integral domain.

7. HelmholtzKirchhoff # 43 % &1 3 % 72D O FE 5
FIRORK, WS EEE AR E RS, FlRe =
BT H N S, LS, TH
FNTWD. FEHRART MV n o & EHEHET) S
NG FIROMZ [ L9 ITERIRL T 5.

KT, 220 AN T —¥ & LT, Helmholtz 5
BRXOM22RKRAMOEEp=p@r) &, [ L L
Helmholtz 5 ¥ O % T & 2 i % */r 2% 2
. WE, mr=r \ZHEEXH Y, FE»LFREE
SN F AP MNG S THGEL L, S r=r, THIN
ENDLVIHIRREEZ L. TSP H
S, TP A&, Bl Ao EMZ Al S, T, £
LT, S, S MRS 20 PHEr K& 2Pl S,
RIET A, BT HEEE Fig. 70 XH12E D, 1
DEMFME S, S, KTSITOWTIEHmE,
So ETRAMEICELZEICTHE, R
UVASR
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Lkr a
p>&
r on

ikr Lkrap
oL balT) -
e Lkrap
+f( 6n<r> T %)ds

(C.5)

N Kl etkr lkrap dS “o
,Loo p% r ) 1 on h
WE, dS=dkdQrEX a0 OWEE L 2L, S,
FIRE S

9 eikr lkT ap
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— 1 A _ L I
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Lih. F7z, dS=dQLiE VT e = 0 DR %

ZEzhZ EEL, Hr=r,llBUIJLEE%
1i£r011>(")=l>s EEE, S, B
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Thb. T, HoHEEE L&y ok R
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ZEIRTMOMSo/or \CiE &2 72, (C.8) K
ELIEMTSE

R . op
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L% 57, SEMGEIC B B HIE imp@) 12k B B
BEMHTLb0L L, SOICHMILEICBT L
IR Z2IRZFENE LT
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ﬁffﬁﬁf’ SN XD WM (Sommerfeld DK

&) BRETAHE, S, EHEESOHEZ O &
f%é.UL@%ﬁ X0, pr) 2V TOR
’\ﬁfl‘iﬁ (Helmholtz Kirchhoff ® 73 3%) 23K
DEH /LN,

1 9 [T\ oikr g
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CORNS, BEARIICBT % HE & HEAR
DU, BELRSHER O B o I BT % L
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XD WRELZRDLEN) DD B>TEY, D
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o TWhb,

p(r,) = ps
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R BB 2 HELMENORSRN 2 7 7
O—F& LT, W O0OELEHOERX 215
72D DIEAN R ERIZOVWTL Y 2 -7 5.
Helmholtz /i X OO > SIEF Y, HERRH
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