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The Debye series expansion expresses the Mie scattering coefficients into a series of Fresnel coefficients and
gives physical interpretation of different scattering modes, but when an infinite multilayered cylinder is ob-
liquely illuminated by electromagnetic plane waves, the scattering process becomes very complicated because
of cross polarization. Based on the relation of boundary conditions between global scattering process and local
scattering processes, the generalized Debye series expansion of plane wave scattering by an infinite multilay-
ered cylinder at oblique incidence is derived in this paper. The formula and the code are verified by the
comparison of the results with that of Lorenz-Mie theory in special cases and those presented in the literatures.
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I. INTRODUCTION

Many bodies of practical interest may be considered as or
closely approximated by infinite multilayered or radially in-
homogeneous cylinders, for example, biological media [1],
graded-index polymer optical fiber (GI-POF) [2], optofluidic
wave guides [3], water-coated glass rod [4], etc. The electro-
magnetic scattering and absorption characteristics of these
bodies are of great importance in many practical problems,
such as radar cross-section studies, microwave hazards,
chemical reactions, attenuation of microwave in forest, de-
tection of objects under earth, particle sizing, optofluidic
wave-guide measurement, etc. It is more commonplace that
the bodies are obliquely illuminated by electromagnetic
waves. The research on the interaction between infinite mul-
tilayered cylinders and oblique incident plane wave is par-
ticularly important in the study of the characteristics of such
objects. But when an infinite multilayered cylinder is ob-
liquely illuminated by electromagnetic plane waves, the scat-
tering process becomes complicated because of cross polar-
ization [5].

Many researchers have been devoted to the scattering of
cylinders obliquely illuminated by plane waves. Wu has
treated the high-frequency scattering of a perfectly conduct-
ing circular cylinder by using geometrical optics [6]. By con-
sidering the creeping waves the cross section is expressed by
asymptotic expansion. Wait [7] first presented the exact so-
lution of interaction between infinite homogeneous cylinders
and oblique plane waves. In their literature, Kerker [8], van
de Hulst [9], Bohren and Huffman [10] also gave the exact
solution of light scattering by tilt infinite homogeneous cyl-
inders. Barabds [11] solved the problem of inhomogeneous
cylinders obliquely illuminated by plane waves, but his algo-
rithm was limited by the size and the layers of particles. In
order to solve the problem of large particles with many lay-
ers, Jiang et al. [2] introduced an improved algorithm. Lock
[5] employed the angular spectrum of plane waves to solve
the scattering of obliquely incident focused Gaussian beam
by an infinitely long homogeneous circular cylinder. Ren et
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al. [12] and Mees et al. [13] studied the interaction between
Gaussian beam and infinite homogeneous cylinders at nor-
mal and oblique incidence, and they have introduced the lo-
calized approximation to accelerate the calculation of the
beam shape coefficients for cylinder. Barton [14] presented
the internal and near-surface electromagnetic field for an in-
finite cylinder illuminated by an arbitrary focused beam.

Whereas their solutions are all complicated combinations
of Bessel functions, and the mathematical complexity ob-
scures the physical interpretation of scattering. In these re-
searches only the total fields are given and there is no access
to the contribution of different modes. The Debye series ex-
pansion (DSE) [15] is an efficient technique to make explicit
the physical interpretation of different scattering modes
which is implicit in the Lorenz-Mie theory. After the DSE is
presented by Debye [15] in 1908 for the interaction between
electromagnetic waves and cylinders, the DSE for electro-
magnetic scattering by homogeneous [16], coated [17], mul-
tilayered spheres [18], multilayered cylinders at normal inci-
dence [19], homogeneous cylinder at oblique incidence [20],
and spherical gratings [21] are studied. These theories have
been widely employed to analyze various phenomena, such
as rainbow [17,22], glories [22,23], multiple reflections and
attenuation of electromagnetic plane waves in a stratified sea
substratum [24], transient radiation from a Hertzian dipole
antenna in a cavity in a medium [25]. However, the method
used in the DSE is, in our knowledge, not applicable to the
scattering of an infinite multilayered cylinder obliquely illu-
minated by plane waves because of cross polarization.

The generalized Debye series expansion (GDSE) employs
the matrix form to expand the global scattering process in a
series of local scattering processes, and has been employed
to the acoustic scattering of concentric and nonconcentric
multilayered cylinder [26-28] where the fields are scalar. But
up to now, the GDSE has not been used for the electromag-
netic scattering. Because of polarization, the process of elec-
tromagnetic scattering is more complicated than that of
acoustic scattering. This paper is devoted to the development
the GDSE of obliquely incident plane wave scattering by
infinite multilayered cylinders.
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This paper proceeds as follows: Section II derives the
GDSE for homogeneous cylinder, and in Secs. III and IV, the
GDSE is, respectively, extended to coated and multilayered
cylinders. A numerical algorithm is presented in Sec. V. Our
formula and code are verified by comparison to the presented
results in special cases in Sec. VI and results of the GDSE
are also presented. Section VII is devoted to the conclusions.

II. HOMOGENEOUS CYLINDER

In this section, after presenting the global scattering pro-
cess, we obtain the Fresnel coefficients according to two fic-
titious local scattering processes: Incoming-wave scattering
and outgoing-wave scattering. Finally, employing the rela-
tion between the matrix introduced by boundary conditions
for the global scattering process and that for the local scat-
tering processes, we obtain the GDSE formulation which ex-
pands the global scattering coefficients in a series of Fresnel
coefficients.

In this paper, Lock’s notations [5] w and & are used to
denote the polarization states. u-polarization corresponds to
the case that the magnetic field is perpendicular to the inci-
dent plane and e-polarization to that of the electric field is
perpendicular to the incident plane. It is necessary to point
out that in this paper the case for the w-polarization is de-
rived in detail, while the result for the e-polarization is given
directly for simplicity thinks to the similarity in the deriva-
tion for these two polarization cases.

A. Global scattering process

We consider first a homogeneous cylinder (region 1) of
radius a and refractive index m; embedded in a medium
(region 2) of refractive index m,. The axis of the cylinder
coincides with the z axis of the Cartesian coordinate system,
and the incident waves are in the x—z plane. A monochro-
matic plane wave is incident on the cylinder making an angle
& with x axis. The time dependence of the incident waves is
exp(—iwt). The geometry of the system is given in Fig. 1.

Suppose a u-polarized plane wave

lﬁitll;cz 2 gan(XZ)’ (1)

is incident on the cylinder. Then the waves in both regions 1
and 2 can be expressed as

Y= 2 E,CH I, (x), (2)
Y= 2 E,DF I, (x), (3)
Y= 2 ELJ,(x) - BHH V()] (4)
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FIG. 1. Geometry of incident plane wave scattering by homo-
geneous cylinder at oblique incidence.

=2 E,0"H(x), (5)

n=-—o0

where Ci'| and D/, are the internal field coefficients, and
B!} and Qi are the scattering field coefficients. Dy, and
", are coefficients of the cross polarization. The superscript
w and the subscript 1 of all coefficients, respectively, repre-
sent the polarization states and the number of layers. The

common factor &, is defined by
gn — (_ l-)ne—iwr—ihzﬂn&" (6)

J,(x) is the Bessel function of the first kind, H,(:)(x) and
Hf)(x) are, respectively, the first and the second kind Hankel
functions. For the sake of conciseness the following nota-
tions are used:

sz\’k]g_hz, (7)
kamjko, (8)
X;= KT, 9)

h=kgsin &, (10)

where N\ and ky=2m/\ are, respectively, the wavelength and
the wave number in free space, and m; the refractive index in
region j with j=1,2 for homogeneous cylinder. This index j
will extend to 3 for coated cylinder and to /+1 for / layered
cylinder in the following sections.

For convenience, we define also two parameters related to
the radius of each layer r;,

;= Kji1Tj, (11)

Bj= Kjrj. (12)

By using the relation
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T = 3[HP () + H ()], (13)
Eq. (4) can be rewritten as
ph= 2 ELH (x) + St HY ()], (14)
where
Shi=1-2B,. (15)

The scattering coefficients B}, can in return be written as

(16)

n,1

B, = 5(1 Shi).
The first term in Eq. (16), 7, according to the analysis of
scattering coefficients by van de Hulst [9], should be the
diffraction of incident waves around the particle, which is
independent of the characteristics of particles. The second
term corresponds to the incoming incident waves Hff)(kzr)
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The electric and magnetic fields must satisfy the follow-
ing boundary conditions at r=a, namely their tangential
components must be continuous:

d h

Eg, ¢£ in Y = const, (17)

ar mkor
mE
E, lﬂ"‘ const, (18)
mko

J h

H,, m—w—lzf const, (19)
or kor

H, (mzk% — h?)yf = const. (20)

By institution of Egs. (2), (3), (5), and (14), into Egs.
(17)-(20), and by taking into consideration of Eq. (13), we
can obtain the following equation system:

which are dependent of the characteristics of the particles. Dixf=hr, 21)
Hereafter we will derive the coefficient S ;. where
|
inh inh
—Ha) 2=08) 2B kH ()
k k]a
2 2
K2 (1) Ki
—H,(« 2—J, 0 0
Dy =| my (a) , a(B) ’ (22)
1y , inh inh (1)
myroH, (@) 2mikiJ,(B) 2_1 (B ——H, (a)
0 0 2KIJ B KZH;”(a)
1 1 T
st=[sn gcn aoi ol (23)
inh K5 , r
We = | —HP(@) Z2HP(a) myuH? (@) 0 (24)
kya nmy
|
To conserve the conventional notations for homogeneous Xf:][)llhgxtl (26)
cylinder we use here « and 8 which are related to the nota-
tions in this paper by a=kx,a=a; and B=kja=0. with
The vector xf* in Eq. (21) contains scattering coefficients . . ’
to be determined. hf, ; is the u-polarized excitation imposed xj= [Qi,] EDZ,l Eci,l ﬁl] (27)
to the cylinders (external excitation). D; is the specific op-
erator introduced by the boundary conditions (global opera- and
tor), and it is independent of the excitation. Generally speak- A T
ing, the soluti.on pf a s.cattering prgblem in a .separable he, = KZH(Z) (@ 0 - in H(Z)( @) K% Hﬁ?)( )
geometry consists in finding the solution of such linear sys- koa

tem obtained from the boundary conditions. The operator 1
being reversible, the solution can be written as

L=D'h# (25)

ext,1*

For e-polarized wave incidence, we can obtain the similar
equation:

(28)

Therefore, the complete solution to the global scattering pro-
cess is given by Egs. (25) and (26). In order to develop the
scattering process into Debye series we study in the follow-
ing section the local scattering process.
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B. Fresnel coefficients

The Fresnel coefficients are obtained by two fictitious lo-
cal scattering processes corresponding to incoming and out-
going waves. The outgoing wave is related to the wave that
penetrates into the cylinder and locally interacts with the
internal interface. Because of the cross polarization, there
are, respectively, two polarizations for outgoing and incom-
ing waves. Therefore, in order to obtain the GDSE, we must
take into consideration of four fictitious local scattering pro-
cesses: u-polarized incoming wave, u-polarized outgoing
wave, g-polarized incoming wave, and e-polarized outgoing
wave.

1. p-polarized incoming waves

When u-polarized incoming wave in region 2 encounters
the interface, it is partially reflected with w polarization
(R212) and & polarization (R# %), and partially transmitted
Wlth M polarization (Tilﬁ) and ¢ polarization (T21) The first

and second subscripts of all Fresnel coefﬁc1ents represent,
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R212

(y

R212

e

FIG. 2. Geometry of fictitious problem corresponding to
p-polarized incoming waves.

respectively, the polarization states of waves before and after 2) 212 44(1)
interaction with interface. Figure 2 depicts the geometry of n_z_x ELH, " (x) - R (2], (31)
such fictitious process. Then the complete waves in two re-
gions are given by
. Y= 2 ERTH, (%)), (32)
=2 ETLHD (), (29) o , ,
n=—o The boundary conditions lead to the following equation sys-
tem,
. JI-:)L lﬁm 1= ]hm 1> (33)
= > T H (x)), (30)
n=—% where
|
mh inh , ,
k2 1)( @) kl H(Z)(B) KlHﬁzz) (B KZHS) (@)
Sy L) 0 0
Dp=| m ny , (34)
, , inh inh
myH () i HY'(B) = —H(B) ——H,(a)
koa koa
I 0 0 HP(B)  KZH(a)
m = [R2]2 T21 Tilg RI2-LISZ T’ (35)
inh P , g
oa=| H2(@ SH @) mHY (@) 0] (36)

2

The four Fresnel coefficients Rillf T21 Tils, and Rilsz
can be obtained from Eq. (33) by using Cramer’s rules
and are given in Appendix A. It is necessary to point out that

Dy is an operator introduced by local boundary conditions

and is independent of the excitation. Therefore, D; ; is the
same for u-polarized incoming wave, u-polarized outgoing
wave, g-polarized incoming wave, and e-polarized outgoing
wave.
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FIG. 3. Geometry of fictitious problem corresponding to
pm-polarized outgoing waves.

2. p-polarized outgoing waves

When u-polarized outgoing wave hits the interface, it is
partially reﬂected with u polarization (Rm) and & polariza-
tion (R1 ), and partially transm1tted W1th o polarization
(T]2 ) and & polarization (T -). Figure 3 depicts the geometry
of such fictitious process. Then the complete waves in the
two regions are

Y= 2 EH (x) - RIHD (x))], (37)

E £ RmHz)(xl) (38)
lﬁg’: g g T:LZMHS)(Xz), (39)
Y= 2 ETIH ) (x,). (40)

The boundary conditions lead to the following system:

Dt buet = houe 15 (41)
where

oull [T]Z/_;, R/I.LZ/JI,R;ILZEI T/l.l,28 T’ (42)

inh %

W =|-—H"B) -—H(Pp)

1

T
—leng)’(,B) 0] . (43)

All the Fresnel coefficients 77,. Rl'f#' RLZEI, and TLZ are ob-
tained from Eq. (41) by using Cramer’s rules and listed in

Appendix A.

3. e-polarized incoming and outgoing waves

For the e-polarized incoming and outgoing-waves scatter-
ing, the system of boundary conditions is similar to the case
for u-polarized waves and are expressed as follows.

For e-polarized incoming waves
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DL lJFm 1~ hfn 1 (44)
with
asIRE T TORNL
@ inh ) 2 |
hiy = - M, (B) 0 - EH” (B)  wH,”(B)
0
(46)
For e-polarized outgoing waves
DL lfout 1= houl 1 (47)
with
foun =T Ry Rep' Tol (48)
) T
b1 = | =i, (B) 0 H(”(B) wiH,(B)
(49)
The Fresnel coefficients Téi, jo, R\ T2 R22 T2 Tﬁ;,

and Ri}f are also listed in Appendix A.

C. Generalized Debye series expansion

This section is devoted to the derivation of GDSE that
expresses the global scattering process in a series of local
scattering processes, namely expresses the Mie scattering co-
efficients in a series of Fresnel coefficients.

In order to employ the above fictitious local scattering
processes to expand Mie scattering coefficients in terms of
Fresnel coefficients, it is necessary to isolate the internal out-
going waves Hfll)(,B) and local operator D; ; from the opera-
tor D,. By using the relations (13), the operator Dl expressed
in Eq. (22), which contains the incoming waves H (,8) out-
going waves H'”(a) and H"(B), can be separated as

Dl DL 1= Him,l s (50)

where D, ; is the local operator %wen by Eq. (34) and con-
tains the incoming waves H (B) and outgoing waves

1)(oz) and Hf | contains only the outgoing waves H(')(,B)
Because of the cross polarization, there are two kinds of
outgoing waves Hf,')(,B) with different polarizations, so Hy,
consists of two parts. The 4 X4 matrix I, ; is composed of
two operators h% | and h, | defined by Egs. (43) and (49)
as

out, out,

Hin1 = [0, héy 1 houe 1,01 (51
By inserting Eqgs. (41) and (47) in Eq. (50), we can write
Dy =DL,1(]_Finl,l)’ (52)
I is the identity matrix and I, is defined by
Fin1 =[085, 1-£6ue1501- (53)

By means of Egs. (21), (33), and (52). the solution of the
problem is finally expressed by

xif=(- Fim,l)_lfil;,l (54)

which can then be developed in series form,
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=2 (Fing 1 £ - (55)
p=0

Equation (55) is the GDSE of problem concerning the
pm-polarized incident waves. The term of mode p, as in DSE,
corresponds to the wave which has penetrated in the scatterer
and has been submitted to p local interactions before leaving
the scatterer. By solving Eq. (54), the scattering coefficients
can be expressed in Fresnel coefficients,

1
212 12 121 12112 21
S’::'J:RM +D_C[T##(1_R88)+RM8TSM TM_L

¥
1
+ D—[T;i(l R +T,.RENT., (56)
C
1
Chi = [0 =RENT,, + RET,], (57)
C
1 121\ 721 121421
D¥ = D—C[(1 —RIDTL+RIT) ], (58)

1
K=RL+ D—[ijs(l R+ T RDIT)
C

ee e /A0 pp
e TR -RED + RETOIE. (59)

with
De=[1-R21-R1-R2RE). (60)

For the case of e-polarized wave incidence, we can obtain
the solution with the similar way written as

xi=(- Fint,l)_]fisn,l (61)

or developed in series form

X = D [Fin A2, (62)
p=0

Here again, each term presents the contribution of a single
mode.

By solving Eq. (61), we can obtain the final scattering
coefficients

. 1
Se =R+ D—C[Tg(l =R +RUITIT,,

eu * ue

1
+ T =RED + TR T, (63)
c
1
Dhi=p [ =RT, + RTE], (64)
C
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1 121\ 21 121421
2’1=D_C[(1 —RMM)T88+R#8 Ts,u.]’ (65)
and

1
212 12 121 12 p1219421
Qi,l = Rs,u + D_C[Ta,u,(l _R,u,u) + T,u,,u,RS/.l, ]Tss

1
+ D_c[T‘l‘z“(l -RZN+RTSIT,. (66)

In the case of normal incidence, h=0, the results of Lock
[20] are recovered.

III. COATED CYLINDER

Consider now a coated cylinder embedded in a medium
(region 3) of refractive index m; illuminated by a plane wave
which propagates in x—z plane and makes an angle & with
positive x axis. The radius and refractive index of the core
(region 1) are, respectively, r; and m,, and the radius and
refractive index of the coating (region 2) are r, and m,.

When the plane wave interacts with the cylinder, the total
waves in each region are expressed as

Y= 2 ELHY (x3) + S4H D (x3)], (67)
Pi=— 2 E0%HD(x3), (68)

W= E[EHP () - GHHV ()], (69)

n=—w

W= X ELF*HD (x) - HY,H Y (x)], (70)
W= E gncﬁl‘]n(xl)s (71)
Yi= 2 DY, (), (72)

where EV,,G),,Fl',,H!, are the internal coefficients in the
coating. The fields must be matched at each of the two
boundaries r=r; and r=r,. Applying the boundary condi-
tions, we can obtain

Dyx =hk . (73)

where
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DY HG,
]D2=l : MR (74)
HZ, DP
1 1
h=[si, By Fi, O Ghy 3Gk 3Dk, HL' (75)
inh K> ' r
WA o= —HP(a) ZHP(a) mycH? (@) 0 0 0 0 0 (76)
' ksry ms
with
inh inh , /
—H @) —HB) 1HY (1k3r7)  k3H) (o)
ksry kory
K (1) K ®)
—HNa)  —ZH(B) 0 0
D)= ms m, (77)
’ ’ lnh lnh
m3K3H,<11) (@) mszHﬁ,z) (B, __Hiz)(ﬂz) —_H,(ql)(az)
kors kors
0 0 SHY (B KBH ()
inh inh , ,
_Hil)(al) 2—1.(B)  2kJ,(BY) H Y (ay)
kory kyry
K% (1) K%
—H, (ay) 2—J,(B) 0 0
D =| m m , (78)
(1)’ lnh lnh )
my ko H, (ay) 2mykyJ,(By) =2——J,(B) -—H, (ay)
kory kory
I 0 0 —2:7,(B) - kK2HD(a)) |
inh ) ay
“lon, (B) 0 0 —sH (By)
K% (1)
-—H 00 0
HoL=| m " () : (79)
’ l}’lh
- myoH," () 0 0 = H,'(8)
02
L 0 00 _KgHz(Il)(,Bz)_
lnh ’
0 _H,gz)(al) —Ksz) (ay) O
kory
2
K3 100
O __H (al) O O
HY), = my, " : (80)
’ lnh
0 —myHY (@) (@) 0
0”1
0 0 KHP () 0

D, is the global operator introduced by the global boundary
conditions and is separated into four parts. ]D(Ll)2 is the opera-
tor of local interactions at the first interface (interface be-
tween regions 2 and 3) which contains the incoming waves
H'"(a,) and outgoing waves HZ(8,), while ]D(Lz; is the op-

erator of the global interaction at the second interface (inter-

face between regions 1 and 2). Hféfz is the operator of the

internal excitations at the first interface which contains the

outgoing waves H;l)(ﬁz). Hi(it),z is the operator of the internal

excitation at the second interface which contains incoming

036602-7



LI, HAN, AND REN

waves Hﬁ,z)(al). Then D, can be separated as follows:

Dy =Dy 5 + Hin o, (81)
where
Dl 0
D, ,= ’ s 82
o w

He)
" } . (83)

" 0
U

The local interaction between the external excitation and the
first interface is contained in hf , which has similar defini-

tion as h{; |, and given by the equation system
Dy ofina=hips. (84)
{2 is the vector of “primary interaction” and contains the

response of the first interface to the external excitation ex-
pressed by the external reflection and transmission coeffi-
cients. It can be obtained from Eq. (33),

Y _p323 32 2 323
f{;,Z - [R,u,u T/L/L wa R,us 0 00 O]T, (85)

where the Fresnel coefficients Rfjf, Rff:, Tff#, and Tffs are
similar to those for a homogeneous cylinder given in Appen-
dix A.

The equation system for excitations in region 2 is
DI ==~ HE . (86)

where [} is an operator containing all local internal reflec-
tion and transmission coefficients at the first interface and all
coefficients describing the global scattering process of the
core to the excitations in region 2. So the excitations in re-
gion 2 can be divided into two parts: One is the internal
excitations to the first interface, and the other is the global
excitations to the core. Therefore, the operator F4 can be
obtained from two fictitious scattering processes: Internal ex-
citation to first interface, excitations imposed to the core.

The equation system for scattering of internal excitations
is

DfFEY = HAY, (87)
where
Hll:;(t,lg = [hgul,Z 0 0 h(iut,Z] . (88)

Fé‘“) contains all the local internal reflection and transmis-
sion coefficients at the first interface, and can be obtained by
replacing Egs. (41) and (47) in Eq. (87),

1 - .

Fg( ) = [1[ (l:ut,Z 0 0 ﬁcs)ut,Z]’ (89)
h&os hguas fhuos and 3, , have similar definition with
hgut,l’ h(‘;;ut,l.’ 1[gut,l’ and 1[gut,l . .

The excitations imposed to the core is written as
2 2
Df o1 =~ 13, (90)

where

PHYSICAL REVIEW E 79, 036602 (2009)

e =[hE, 0 0 hi,l. (91)

Fé‘(z) contains the response of the core to the excitations, and
can be obtained by replacing Egs. (21) and (26) into Eq.
(90),

AP =0 = ¢ 0]. (92)

The comparison of Eq. (92) with Egs. (23) and (27) shows
that Fg<2> gives the effect of the core to whole coated cylin-

der scattering [18,19]. Then, the operator I'4 is finally ob-
tained from Egs. (89) and (92),

FE = U (93)
@ o |

Employing the similar derivation, we can obtain the final
GDSE for coated cylinders as follows:

xb =[1-F4]'% , (94)
or
b= 2 [F4TPre . (95)
p=0

For the case of e-polarized wave incidence, the GDSE is
expressed as

x5 =[1-F517'f5,, (96)
or
x5 = > [F5Pfe, (97)
p=0
with
1 1 T
=05, Fi, E5, S8, HS, iDi, iCi, G5,

(98)

e _ [p323 32 32 323
][in,Z_[Rs,u T‘s,u, Tss Rss

0 0 0 0], (99)

FS = F4. (100)
Equations (94)-(97) give the GDSE for coated cylinder scat-
tering, on the basis of which the GDSE for multilayered
cylinder scattering is derived in the next section.

IV. MULTILAYERED CYLINDER

An [-layered cylinder can be considered as a coated cyl-
inder whose coating is the layer / and whose core is the /
—1 layered cylinder [18,19], so we can obtain the GDSE for
multilayered cylinder scattering on the basis of GDSE for a
coated one. For u-polarized wave incidence, the GDSE is
expressed as

xp=[1-FfT' e, (101)

or developed in series form
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= > [FfPrs,, (102)
p=0
where
“ﬁfL=[SZL,1 Erlf,z Fnl QZL,I fo,l Cnl %Dﬁl H#l]T’
(103)
0 F;L(l)
= s 104
F=l g (104)
J+1 J+1
o0 0 T
Li1+1,1 Li+1,1
pp=| B 00 e (105)
Rill;rl,l 00 Rls,i+l,l
T g o T
w20 <M, x5, 0], (106)
fml [Rl+lll+1 TJl:rlil Tllzrsll Rl+1,l,l+1 0 0 0 O]T.
(107)

The superscript [ represents that the cylinder is / layered.
Ff‘“) is an operator containing all the local internal reflection
and transmission coefficients at the interface between layers [
and [+1 (surrounding). ]Ff‘(z) contains the response of the
core to the excitations imposed to the core. 4 ; contains the
response of the interface between layer / and I+1 to the
external excitations. The Fresnel coefficients are similar to
those for a homogeneous cylinder scattering. All scattering
coefficients can be expressed as the Fresnel coefficients ac-
cording to Eq. (101),

l+lll+1 Li+1,01+1
Snl_R nl lSn 1—1)(R T’

1
E{[(Qr/f,z—1Qfl,1—1

A+ I+, I+1
— T RLY) — TS -

+ (S5 10 ni-190 1 1)(7“+1 L
08, T”” T””S 1]74,;1’1»

I+1 1,1
nl ITJ . ]Tl+

l,l+l,lTl,l+1

(108)

n,l—

1
M :Rl+l,l,l+1 + D_{[(anfl_]Qz,[_l _ S;lll:[_ e l)(R/ L+l ITJ I+1

A+l pli+1,] I+1 LI+1 1,/
_Tlp.; Rs£+ ) in ITJ . Tl,u.: Sfll:l—l]TJ/:-p.

U+l pll+1,] J+ 1 pli+1,]
+[(Q51—1Qi,l—l_ nl— l l)(IJ,us RS/.L _Tfee R,u,u

_Tll+1 nl— nl— TJI+1]TJI-;1,I , (109)
ZLZ — _[( 1+ ll+1 lQn o +Rl I+1, [Sn l—l)Tl;:—;iJ
+( Snl 1Rl,’l;ll Rll+1l nl 1)7J+81J , (110)
#lz _[( Rl I+1, lSnl . Rl 1+1,1 e 1_ )Tt;il
+mﬁﬂ®m4+ﬁ”” K nﬂgJ,(un
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ffF_{[(Sn =151 = O 11O 1)R”+”_S#1 1]7J+,i’1

& N
n,l—l]f;:—sl ’
(112)

+ Q51100 im1 = S -1 S 1)R”+”

l 1)Rll+ll+(c

{[(Cn I—le,l—l - SrlzL,Z— lsi,l—l

n,l—

LI+,
_in anl I)R N _Cnl—
Li+1,0
=S 1Chi )Rs;: +(Sy Dy oy —

_Dal l]Tl+61,l ,

]TM’I"' [(fo,/_lDZ,l—l
LI+1,1
fl’:l—lQ;l—l)RM;
(113)
LI+1.1
1 \E, - 1)R s+

ffl = _{[( nl- lQn -1

LI+l
+(F}iSn i1 = On i En DR, .
+ (O 1 B = Sh i Fi )RZH”

1l
n l—1:|TJ+p,

Li+1,0 10
+ (S B #,Z—lQn,l—l)Ru; ", l—l]TJ+s )
(114)
LI+l A
ZL] = _{[(in lQn -1 n l—lSz,l—l)R,u; " l— ]TH—I‘IL

+[(Sy =010 1)R1’Z1’I_Si,l—1]f;sl’l >

(115)

n,l-1 nl—

Dy =[1= (85 LR = DRSS = 1) = (05 Ry
_1)(Q o\ 1R11+ll_1)+Rll+ll L 1in_1R”+”
+Sn S B lRzz+1 1R11+1z (116)

and they can be calculated by the upward recurrence.
For the e-polarized wave incidence, the GDSE is written

as
=[1-F;1'5 (117)
or
Ewwmh (118)
where
s=[o5, F, E, S, H, 3D, 5Ci, Gl
(119)
0 e
" = , 120
=g (120)
JA+1 L+l
n# 00 ﬁﬂ
1I+1,1 LI+1,0
F8(1)= RMM O 0 RS:“ (121)
1 RZI;—],Z O 0 RQQ—]J ?
ﬁﬁ 00 T:!
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FrO _ )| (122)
£ = [R1+111+1 74;;:1 THM REMEL g0 0 0],
(123)

The notations ¢V, 152 and £ in, have the similar meaning
with that used for the u- polanzed wave incidence. All scat-
tering coefficients are expressed in Fresnel coefficients ac-
cording to Eq. (117),

Ss Rl+l ll+1
1=

1 & LI+1,1 L1
E{[(er:l—lQn,l—l_ S (R e LI

Tll+1Rll+1 l) Q Ti:,?l TJ[+1Snl 1]7—\(;’;},1

n,l-1
+ (S} 1Som = Q1O 1—1)(7'.2?11?2[;1’1—Rféifl’lf;l?l)
YJMSn 1= Qe 17”“]7421’[ ) (124)

1
LI+ LI+1, 0 141
in—R+ ’ E{[(QZI—IQ;/—I nl—lSnl 1)(R s+ TJS,:

S+l pl I+ I+ I+1 1
- TJ;L; Ra£+ ) in lTl . Tl . SMI I:ITJ-:.L

1111 I+1 S+l 41
+ Q01101 = S 1S 1)(R . Tl . Ti:; R,L; )

QL Tol —Tytse 1T, (125)
Fy = —[( 1 +Rl I+1, lin . +RI I+1, lSn 1—1)7"{6;1’1
+( Rll+1 lin_ nl ]Rll+1 l)T,’+1 l] (126)
EZF—[( Rll+ll . R”“ lSnl— )TI;LI’I
+(Rif;"’5“z JHREEOE - 1)THEM, (127)

L1, 1l
H, = _{[(Sn 1S = OO )R = S 1—1]7481

L1, 10
+[(Qy 11Qm1-1 = S-S 1)R . Qi,z-dﬁ; )
(128)
LI+,
D3,1= {[(Enl 1Smim1 = Onimi B )R . +(E} 11O i
_Sn,l—l n, 1—1)R”+H_EM1 l]Tl+ll+[(Snl—1Fil—l
Li+1,0 Li+1,0
—Ey 10 )R . +(O) 1 F = Sp Enie 1)R .
-Fo- ATy, (129)
Li+1,0
nl_ {[( I—ISnl 1 #,l—l nl—l)R s+ ( n,l- lin—
_Sn,l—l nl—l)Rl Ml_FMl 1]74“’1‘*‘[(551-1152 -1
LI+, LI+,
- ﬁ:l—lQn,l—l)R;L; +(Qy 1 Ep 1 = Sp i Frs )R ;
- E5, Ty, (130)
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E, = {[(Qn 1190 -1 _Sﬁl-lsft,l-l)RZ@l’l_ -1 74.;;”
+[(Snl ISn -1 Qﬁ,l—lQi,l—l)R”H I_Sn l—l]Ti;]J .
(131)

It is noticeable that when {=0 the cylinders are normally
illuminated by plane waves. By the relations

h=kysin £=0, (132)
and
K=k —h*=kj, (133)

all scattering coefficients for the cross polarization Q) and
Q;,; are 0, and all other scattering coefficients and Fresnel
coefficients are the same as those for normal incidence [20],
as expected.

V. NUMERICAL ALGORITHM

In principle, the scattering problem has been solved in the
above sections and we can calculate all the fields with these
formulas. But in numerical simulation, two pitfalls will be
met in the calculation of Fresnel coefficients. First, when the
imaginary part of x is very large. Hﬁll)(x) will overflow. Sec-

unstable [2,29]. In order to overcome such pitfalls, an im-
proved algorithm is presented.

First, we define the logarithmic derivatives of Hankel
functions as [2,19,20]

('
() H"(l)((’;), (134)
O
D= (139)

The logarithmic derivatives can be well calculated by the
following recurrence algorithm:

A,x)=1/[(n-1)/x-A,_,(x)]-n/x, (136)

where A,(x) stands for D(1 (x) or D(2 (x). The initial values
of DV(x) or D'?(x) are, respectlvely,

Dgl)(x) = Hol)()c)/H(l1 (x) = 1/x
and
D (x) = HP (x)/HP (x) — 1/x

All Fresnel coefficients are expressed in terms of logarithmic
derivatives, and listed in Appendix B.

From Appendix A, we find that all transmission coeffi-
cients Tz] (i,j=m,&) have the ratio of Hankel functions of
second kinds H(z)(xz)/ H(z)(xl) and all T'j2 have the ratio of
Hankel functions of first kinds H(l)(xl)/ H(l)(xz) When n is
lar%er than the parameter of Hankel functions, both the ratios

(xz)/H(z)(xl) and H(l)(xl)/H(l)(xz) diverge quickly and
cannot be calculated directly. By consideration of the physi-
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cal scattering process and of Eqs. (108)—(116) and (124)-
(131), we find that transmission coefficients T?jl and T}jz exist
together in all scattering coefficients. Therefore, we define T,

as the product of Hflz)(xz)/Hf)(xl) and Hgll)(xl)/H,gl)(xz),
H (xy) Hy(x))

" H () HY (x))

The ratios Hf)(xQ)/ H,(f)(xl) and Hﬁll)(xl)/ Hfll)(xz) can then be
obtained by the ratio Hﬁll)(z)/ H,(f)(z) (z=x, or x;), which can
be calculated by the following recurrence relation:

(137)

HV(2) B H',(2) DP(z2) + n/z
H?(x) " H?,(2) DV(2) +niz

with initial value H"(z)/H?(z). The numerical evaluation
by this equation is stable.

(138)

VI. FAR-FIELD SCATTERED INTENSITY

When all scattering coefficients are obtained, we can cal-
culate the far-field scattered intensity according to the fol-
lowing formulas:

Iim(a)=|5im(9) g (139)

L(6)=|S.. (0, (140)

2 (141)

1,.(0)=|5,,.(0)

2 (142)

1,,,(6) = S,,,(6)
where Iiw, L., Iiw, and IiM are, respectively, the scattered
intensities corresponding to the wu-polarization-preserving
scattering, e-polarization-preserving scattering, and cross-
polarization scatterings. S”’s are the corresponding scattering
amplitudes written as

o

SL,=Bl+ 2% B* cos(n), (143)
Sl =B:+ 2% BE, cos(n#), (144)
She= 21'% 0¥ sin(n0), (145)
SL,= 2i§ 0% sin(n6). (146)

Because the scattering amplitudes for the two cross-
polarization channels differ only in sign, namely Siwz—SfS "
[30], the scattered intensities for two channels are the same
(I,,=I.,).

To verify our algorithm and code, the GDSE is first em-
ployed to the study of the simplest case, namely homoge-
neous cylinders obliquely illuminated by plane waves. Liou

PHYSICAL REVIEW E 79, 036602 (2009)
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FIG. 4. Far-field scattered intensity for absorbing homogeneous
ice cylinders obliquely illuminated by plane waves with different
tilted angles (¢=10 um, N\=10 um, m=1.152-0.0413i). The log
scale is to the base 10.

[31] calculated the far-field scattered intensities. We compare
our results of GDSE with theirs. Figure 4 depicts the far-field
scattered intensities for absorbing homogeneous ice cylin-
ders obliquely illuminated by plane waves with different tilt
angles that correspond to Figs. 4 and 6 of Ref. [31]. The
parameters used are a=10 um, A=10 um, m=1.152
—0.0413i, and £=5°, 45°, and 85°, respectively. We find that
our results are in good agreement with that of Liou. It is
worth to note that the cross-polarized intensity [Fig. 4(c)] is
very important in oblique-cylinder scattering and is absent in
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FIG. 5. Far-field scattered intensity for a doubly clad image-
transmitting fiber obliquely illuminated by plane waves with tilted
angles ¢=45° (r;=5.6 um, m;=1.62, r,=6.3 um, m,=1.505, r;
=7.0 wm, m3=1.56, A\=633 nm). The log scale is to the base 10.

sphere scattering and normal-cylinder scattering.

For the case of multilayered cylinder scattering, the
GDSE is employed to the simulation of far-field scattered
intensities for a doubly clad image-transmitting fiber ob-
liquely illuminated by plane waves which is studied by
Barabds [11] using Mie theory. Figure 5 depicts the far-field
scattered intensity for a doubly clad image-transmitting fiber
(solid line for TM polarization, dashed line for TE one) that
correspond to Figs. 6(a) and 6(c) of Ref. [11]. The radii and
refractive indices of the three-layered cylinder are r,
=5.6 um, m;=1.62, r,=6.3 um, m,=1.505, r;=7.0 um, and
m3=1.56. The wavelength of incident waves is A=633 nm,
and the tilt angle is §=45°. The scattering intensity distribu-

4

3.5

3

2.5+

Scattered intensity (log)

L s e e e e B s me e e e s e
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Scattering angle (deg)
(a) &€=45.0°
4
20 3.5
2
2
'z
]
L 34
g
]
2
8
S 25+
A
T T T T T T T
170 171 172 173 174 175 176 177 178 179 180

Scattering angle (deg)
(b) € =50.72°

FIG. 6. One-internal-reflection portion of the scattered intensity
for homogeneous cylinder with m=1.484 and 27ra/\=1000.0. The
log scale is to the base 10.
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tion in Fig. 5 is in agreement with that of Barabds.

The DSE can be employed to simulate single-mode con-
tributions easily and conveniently. Lock [20] employed the
DSE to analyze the first-order rainbow produced in scatter-
ing of obliquely incident plane wave by homogeneous cylin-
ders. The one-internal-reflection portion of the partial-wave
scattering amplitudes is

Brlf,] —_ %(TZI R121T12 + T21R121T12 + T21 RlZlTii

pptppt pp peten T up Pt pe
21 pl121-412
+ TueRos Tep) (147)
e 121 121412 21 pl121-412 21 pl12112
nl =" Z(TasRss Tss + TSMRMS Tes + TssRs,u TMS
21 pl12112
+ T R Ty (148)

w _ Lol pl2lpl2 21 p121p12 21 121412
Q1="72 TRy Te + TpoRep Tyie + TR T

+T2]R12]T12

uetee “Teel

(149)

For the verification of our code, we show in Figs. 6(a) and
6(b) the one-internal-reflection scattered intensity obtained
by our code in the same case as for Fig. 4 of Ref. [20] for a
homogeneous cylinder with refractive index m=1.484, size
parameter 27a/N=1000.0 and £=45.0° and 50.72°, respec-
tively. The scattered intensity associated with the complete
partial-wave scattering amplitudes of Egs. (56), (59), and
(63) is shown in Fig. 7 which correspond to of Fig. 6 of Ref.
[20]. Because of symmetry only the part between 170° and
180° is given while the part between 180° and 190° is ne-
glected. We find that the agreement of scattered intensity

Scattered intensity (log.)
" .
|

A I S L B
172 173 174 175 176 177 178 179 180
Scattering angle (deg)

— T
170 171

(a) & =45.0°

Scattered intensity (log)
&
|

T T O
170 171 172 173 174 175 176 177 178 179 180
Scattering angle (deg)

(b) &=50.72°

FIG. 7. Scattered intensity for homogeneous cylinder with m
=1.484 and 2ma/N=1000.0. The log scale is to the base 10.

036602-12



GENERALIZED DEBYE SERIES EXPANSION OF ...

4000

3000

20004

10004

Scattered intensity (arb. units)

0155 C1S6 157 1% 159 160 161 162
Scattering angle (deg)

FIG. 8. Scattered intensities of twin first-order rainbows by a
coated cylinder. The wavelength of the incident plane wave is \
=632.8 nm. The refractive indices for the core and the coating are,
respectively, 1.5 and 1.33. The corresponding diameters are d;
=0.485 mm and d,=0.505 mm. The tilt angle is §&=10°.

distribution calculated by our code with that of Lock is ex-
cellent. It is necessary to point out that when all modes are
taken into account, the results obtained by GDSE is identical
to that of Mie theory.

DSE permits to identify the contributions of each mode of
rays, and can be employed to the research on electromagnetic
scattering by homogeneous and multilayered spheres, cylin-
ders at normal incidence, and homogeneous cylinders at ob-
lique incidence. But when cylinder is obliquely illuminated
by plane waves, the DSE is not applicable. GDSE is just
developed to such problem and it provides an efficient tool to
study the contribution of different scattering modes. Multiple
first-order rainbows formed by a multilayered cylinder is a
typically example [4,17].

When a coated cylinder is illuminated by plane waves,
twin first-order rainbows can be observed. Adler et al. [4,17]
experimentally studied the twin primary rainbows when a
water-coated glass rod is normally illuminated by plane
waves. When the rod is obliquely illuminated by plane

FIG. 9. Debye model for the formation of twin first-order rain-
bows of a coated cylinder.

PHYSICAL REVIEW E 79, 036602 (2009)
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FIG. 10. Polarization-preserving component of twin first-order
rainbows simulated by GDSE.

waves, we can also observe twin first-order rainbows, but the
twin primary rainbows is more complicated than that for the
normal incidence. Figure 8 depicts typical twin first-order
rainbows produced by a water-coated glass rod obliquely il-
luminated by plane waves of wavelength A=632.8 nm. The
refractive indices of the core and the coating are m;=1.5 and
my,=1.33. The corresponding diameters are d;=0.485 mm
and d,=0.505 mm. The refractive index of the surrounding
is 1.0. The tilt angle is £=10°. GDSE is employed to the
research of such twin first-order rainbows. Figure 9 illus-
trates the rays of the first-order rainbows, denoted a and
B, each of which undergoes one internal reflection on one of
the two surfaces of the cylinder. Figure 10 depicts the
polarization-preserving component of twin first-order
rainlbows produced by « ray and B ray with B%z
—_Lg32 21 pl2ipl2 23 and B,
:—gT%TEﬁT%R{%T%T&TﬁL. The scattered inte?nsitic?s
produced by single rays of a ray or S ray are also given in
Fig. 10. From the comparison of Fig. 8 and 10, we can find
that the main bows between 155° and 158.5° and those be-
tween 159° and 162° are produced, respectively, by a ray
and S ray, while the high frequency or ripple structure is due

3x10°?
2 2.5x107'2 *
2x10712 7
1.5x10712

1x10712

0.5x10712 -

Scattered intensity (arb. units)

0 qM’y?'“s“M 2] ' ‘

T T T P \
155 156 157 158 159 160 161 162
Scattering angle (deg)

o IR STy a

T \g

FIG. 11. Cross-polarization component of twin first-order rain-
bows simulated by GDSE with Bgzz—%TZZ#TiLRL?T;inBM and
BB —_Ly32 q21 12 p232721 i2 403

n27T 20t s g pe ept ppt g
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FIG. 12. Cross-polarization component of twin first-order rain-
bows vs tilt angle.

to the interference between these rays and the reflection rays.

When the rod is obliquely illuminated, there exists also
the cross polarization. The cross-polarized intensity for
twin primary rainbows produced by « ray with B,
= %732 7! RmT]2 T23 and B ray with Biz

% %:Tf? Rfj:zT gflT 2 T, 3 .. is considered as an example.
Flgure 11 depicts the cross polarization component of first-
order rainbows produced by such two rays. By comparison
of Fig. 10 and 11. we can find that the polarization-
preserving intensity and the cross-polarization one have
same angular positions, but the magnitude of polarization-
preserving intensity is much greater than that of the cross-
polarization one.

It is necessary to point out that the cross-polarized inten-
sity is very sensitive to tilt angles. Figure 12 gives the cross-
polarized intensities of twin first-order rainbows with various
tilt angles (10°, 15°, and 20°). When tilt angles become
larger, both first-order rainbows move toward larger scatter-
ing angles, and the magnitude of intensities becomes more
important.

VII. CONCLUSION

The generalized Debye series expansion (GDSE) for elec-
tromagnetic scattering is derived on the basis of the GDSE
for acoustic scattering by using the relationship of boundary
conditions between global scattering process and local scat-
tering processes for the scattering of infinite multilayered
cylinders obliquely illuminated by plane waves. The GDSE
expresses the Mie scattering coefficients in a series of
Fresnel coefficients, and gives the physical interpretation of
scattering modes. An improved numerical algorithm is pre-
sented which permits the simulation for plane-wave scatter-
ing of cylinders of large size parameters and great number of
layers. The formula and code are verified by comparison of
our results with that presented in the literatures, and good
agreements are obtained. GDSE is employed, as an example,
to the study of the twin primary rainbows produced by
coated cylinders obliquely illuminated by plane waves.

APPENDIX A: FRESNEL COEFFICIENTS

By solving corresponding equations using Cramer’s rules,
we can find all Fresnel coeffiecents as follows:
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m : Y, m Y .
U=t (@ H) (B~ =2 H} ()H(B).

2 my
(A19)
V= ioH (@) HY (B) - o HO(B)HY (@), (A20)
W;=HY (DHL) - HPWH (L), (A21)
- inh(s — k) (A22)

kia

B =1,

B {a i=2. (A23)

APPENDIX B: REFORMED FRESNEL COEFFICIENTS
USING LOGARITHMIC DERIVATIVES

Using logarithmic derivatives, we can obtain reformed
Fresnel coefficients as follows:

212 _ H5z2)(a) ”zhz("% - K§)2 - Klekoa U22V21

= B1
121 _ H(l)(ﬁ) }’lzhz(K - K2)2 k(z)(l K1K2V21U” (Bz)
A H;(12)(IB) DZ
Rzlz_ng(a)nzhz(K K2)2 kéa K1K2U21V22 (B3)
EE n
H, (a) Dy
121 _ HV(B) '’ (k1 = 13) - kga ki k35U Vi , (B4)
TP Dj
(2)
a)W
R2l —l<2c1111hl<11<2(1<1 K2) () 3, (B5)
n (a) DL
(1)
H,(B) W,
R1281 = klainhKlK%(K% - K%) = (B6)
. HY(B) D]
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2 ngz)(a) W,

Ri:f: kzainhKZK%(Kg - KI)H(I)(a) E, (B7)
n L
121 . 22 2 HY(B)w,
RE/L :klamhKle(Kz— KI)H(Z)(ﬂ)E’ (BS)
n L
H?(a) Vy,W.
T = klkZaZKlKgH?Z)E,B; _2[1)” = (B9)
n L
(1)
W,V
T, = KoK kikoa? E'I)E'B;#,ZI, (B10)
n « L
H?(a) Uy W
Til k(z)a2 (2)( ) Uz 2, (B11)
H,”(B) Dj
HY(B) vy, W
12 = kkyd? it ;’l)(ﬁ) 2oL (B12)
n (Cl{) DL
H(a) W,
72 = foainh(s — K2 ’ B13
ue = Kodain (ki = Kz)Ksz)(ﬁ) D! (B13)
12 3,2 2 Hil)(ﬁ) W,
T,,.=kiainhi (k) - Kz)H(l)(a) o (B14)
n L
H?(a) W,
TgL:klainhK%(K%— K%)H(z)(B)D_'%’ (B15)
n L
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