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Abstract

In this paper a new wave splitting is suggested that simplifies the analysis of
wave propagation in reciprocal bi-isotropic media. Two different methods to
solve the scattering problem are analyzed; the invariant imbedding and the
Green function approach. The medium is modeled by constitutive relations
in the time domain (time convolutions) and the slab is assumed to be inho-
mogeneous with respect to the depth. It is showed that the cross-polarized
contribution to the reflected field at normal incidence is zero for the general
reciprocal inhomogeneous slab. Moreover, the rotation and the attenuation
of the wave front are calculated explicitly in the general inhomogeneous slab
case. Special attention is paid to normal incidence and to the homogeneous
semi-infinite medium.

1 Introduction

The increasing interest in wave propagation phenomena in bi-isotropic (chiral) me-
dia is well documented, see, e.g., [7,22] for a recent overview of the field. This paper
is a generalization of the analysis is Ref. [20], where scattering by transient elec-
tromagnetic waves of normal incidence was investigated. The incident wave in this
paper impinges on the slab at an arbitrary oblique angle and the slab is assumed to
be inhomogeneous with respect to the depth. The scattering problem in Ref. [20]
was solved by the use of wave splitting techniques [2—4, 23], which have been suc-
cessfully applied to several different wave propagation problems in the time domain,
see [1,5,8-11,14,16-19, 21, 23, 24].

In this paper a new splitting is adopted, which shows strong affinity to the
general wave splitting for Maxwell equations in three dimensions introduced by
Weston [24]. The new wave splitting has direct physical interpretations. This is
in contrast to the one given in [20], which made it necessary to introduce non-
physical kernels in an intermediate step in the calculations. The new splitting has
also advantages in the numerical implementations of the problem. Furthermore,
with this new splitting, it is possible to show that the inhomogeneous slab has no
cross-polarization contribution in the reflected field. This result holds for normal
incidence with an arbitrary reciprocal inhomogeneous (with respect to depth) slab
and therefore generalizes the results from the homogeneous slab case. Moreover,
the rotation and the attenuation of the wave front can be calculated in the general
inhomogeneous slab case at oblique incidence. Specifically, this result gives the wave
front behavior of the transmitted field.

2 Basic equations

The aim of this paper is to investigate electromagnetic wave propagation in the time
domain in a reciprocal bi-isotropic medium. The medium is a slab bounded by the
surfaces z = 0 and z = L, respectively, see Figure 1. Outside the slab, (z < 0 and
z > L), the medium is assumed to be homogeneous with constant permittivity epe



and permeability pop. For simplicity these constant values of the permittivity and
permeability hold throughout the space. Generalization of this problem to phase
velocity mismatch at the boundaries of the slab is not considered in this paper,
c.f. [18].

Due to the slab geometry it is pertinent to rewrite the fields in a transverse and
a perpendicular part with respect to the slab interface. Specifically, introduce the
following notation:

E(r,t) = E|(r,t) + 2E.(r,1)

and

.0
V—VH-l-Z&

where
EH(r,t) =Z2x (E(r,t) x 2)

and similarly for all other vector fields. Throughout this paper a 2 x 2 matrix
notation is adopted and all such matrices are typed in upright boldface and vectors
in slanted boldface!. Furthermore, no distinction is made between vectors and their
representation as column vectors of cartesian coordinates in this paper.

The Maxwell equations are the basic equations that model the dynamics of the
electromagnetic fields.

V x E(rt) = —%
v x Hr1) = 2270

The z- and y-components of Maxwell equations can be written as

9 (JEy\ _ 9 (=B  (IV|E:
0z \JH| ot D, JV | H,

The 2 x 2 matrix J is defined as the constant matrix

= (1)

Notice that the matrix J, considered as an operator on the vectors in the x-y-plane,
can be written as

J=2x1

where the 2 x 2 identity matrix I is

=)

and, therefore, the matrix J is a rotation of —m/2 around the z-axis. Notice also
that
JJ=-1

LAt a few occasions 4 x 4 matrices are introduced. They are also written on upright boldface.
From the context it is obvious whether a 2 x 2 or a 4 x 4 matrix is regarded.



The z-components of the Maxwell equations are also used.

0 (=B.\ _ (0.E,—0,E,
oo\ D, ) \o,H,—0,H,

It is appropriate to rewrite the z- and y-components of the Maxwell equations

2 EH _18 CJB” + V”Ez (2'1)
0z 77JH|| c Ot CUDH nJV”HZ

and the z-components as

%% (;7%) - (_(JOV)t —(%)t> (nflyf) (22)

(T )= 5 8)

and the phase velocity ¢ and the wave impedance 7 are

as

where

1 Co
NGORG]
/ Hoft \/7
The permittivity, permeability, wave impedance and phase velocity of vacuum are
denoted €y, po, Mo and cy, respectively. The constants € and p are the relative
permittivity and permeability, respectively, of the medium. The form of the Maxwell
equations in (2.1) and (2.2) is appropriate for the analysis below.

The constitutive relations model the dynamics of the constitutive charges of the
medium. In Ref. [12] (see also [13]) it was proven, under very general assumptions,
that the constitutive relations must be of the form of time convolutions. In this
paper a slightly altered version of these constitutive relations is used (for a relation

between the two different versions, see Appendix A). The constitutive relations that
are appropriate for the treatment in this paper are

anD(r,t) = E(r,t) + (G = E)(r,t) + n(K « H)(r, )
cB(r,t) = —(K % E)(r,t) + nH(r,t) + n(F « H)(r,t)

Cc =

(2.3)

where time convolution is denoted by a %, i.e.,

t
(G E)(r,t)= / G(r,t —t"E(r,t')dt

The kernels G and F' model the ordinary dispersive effects in the absence of bi-

isotropy. The kernel K is a measure of the bi-isotropy of the medium. Notice that

the kernel K appears in both equations in the constitutive relations and therefore

the medium is reciprocal [13]. The kernels G, F' and K are zero for t < 0 due to



causality. Furthermore, these kernels are assumed to be continuously differentiable
functions of ¢ for ¢ > 0 for each r.

In Section 3 the inverse of the constitutive relations in (2.3) are also used. To
avoid cumbersome notation it is therefore convenient to introduce the inverse of
(2.3) explicitly. The inverse of (2.3) is

B(r1) = enD(r,1) + enlg = D)(r 1) + el + B)(r,1) -
nH(r,t) = —cn(k * D)(r,t) + cB(r,t) + c(f * B)(r,t) '

where the three new kernels g, f and k are defined in terms of the original kernels
G, F and K as
k+(F+G+GxF+K«+«K)xk=—-K

g+G+gxG=kxK (2.5)
f+F+f+xF=kxK

From these equations it is immediately clear that the first equation determines the
kernel k uniquely, since it is a Volterra equation of the second kind in k. With the
same arguments the second and third equations uniquely determine the kernels g
and f, respectively. Conversely, it is also clear that G, F' and K can be recovered
from g, f and k. This is easily seen from the equations in (2.5), which imply that

K+ (f+g+g*xf+kxk)xK=—k

This is again a Volterra equation of the second kind in K if g, f and k are known.
The kernels G and F' can then be computed from the second and the third equations
in (2.5), respectively.

3 Oblique incidence

The analysis and the equations in Section 2 are general. No assumption about the
material has been made so far. In this section certain assumptions are made to
handle the oblique incidence case. It is assumed that the slab is inhomogeneous
only with depth z. The susceptibility kernels are therefore functions of z and ¢, i.e.,
G(r,t) = G(z,t) and similarly for all other susceptibility kernels. The geometry of
the problem is depicted in Figure 1. All fields are assumed to vary as a function of
space T and time ¢ as

E(r,t) =2E,(z,5) + 9L, (z,5) + 2E.(2, s)
H(r,t)=2H.(2,5) +yH,(2,5) + 2H.(2,s)

where .
ysinf

s=t
c

and @ is the angle of incidence. The fields are only functions of depth 2z and the time
coordinate s = t — ysinf/c. This assumption implies that the fields at a certain
point and time (r,t) is identical to the fields at an earlier time ¢ — ysinf/c at the



point ¥y = 0 and depth z. Therefore, at constant depth z, the history of the fields is

translated in time with y sin #/c. The time convolutions in the constitutive relations,
(2.3), are changed

t s

G(z,t—t')E(z,t'—ysin&/c)dt’:/ G(z,s — s )E(z,5')ds

—0o0

(G* E)(r,t) = /

These assumptions imply that all derivatives in the Maxwell equations are simplified.

0 0 0 sin 0
8$ = —_— = O’ 8 = — = 887 = —_— = ——as

or Lot Y oy c
and the Maxwell equations (2.1) with the constitutive relations (2.3) imply that the
x- and y-components satisfy

0
Cﬁ EH B —KxJ (1 —+ F*)I 2 E” B Sineg E,
0z \nJH, N (1+GxI —K=xJ ) 9s 77JHH ds | —nH.
0
)
1
0
€1 €, 1 €,
G(z,t) =0 G(z,t) #0 G(z,t) =0
F(z,t)=0 F(z,t) #0 F(z,t)=0
K(z,t)=0 K(z,t) #0 K(z,t)=0
z
0 L

Figure 1: Geometry of the problem.

The z-components of the fields in the last term are now eliminated. The consti-
tutive relations (2.4) and the Maxwell equations (2.2) imply that the z-components



of the fields satisfy
O (E.\ _ ([ kx 1+4gx\ 09 (B,
Os \nH,) \1+ fx —kx ) 9s \enD,

N L N U W

o 1+f>l< —kx 0 0 0 -1 0s 77JH||
Thus, it is possible to eliminate the z-components and obtain an equation in the
transverse components of the electric and the magnetic fields only. The result is

CQ EH . —KxJ (1+F*)I 2 EH
02’ 77JH|| B (1+G*)I —KxJ 85 77JH||

0 0 0 0 (3.1)
.9 ko 0 0 —1—g>|< 2 E”
SO 00 ke | 8s \nIH,
0 00 0

The second term on the right hand side vanishes at normal incidence. Note that the
first term on the right hand side contains the constitutive relations, (2.3), and the
second term contains the constitutive relations given by (2.4).

4 Wave splitting

In this section the new wave splitting for the bi-isotropic medium is introduced. The
idea of wave splitting has been used in several scattering problems [2-4,23]. The
wave splitting used in this paper has several similarities with the three-dimensional
wave splitting for the Maxwell equations suggested by Weston [24].
Mathematically, the wave splitting is a change in the dependent variables. The

definition is +( ) (2.5)
E"(z,s)\ E(z,s
(&) =® (amih) “y)
where the 4 X 4 matrix P is defined as
P 1 cosI —SS
" 92cosh \cosOI SS
with inverse

p-1_ I I
—cosfS7'S™! coshS~!S!
The 2 x 2 matrices S, I and J are

() 0 () e



Notice that S and J do not commute.

In these new fields, E*(z,s) and E~(z, s), the transverse electric and magnetic
fields are

E\(z,s) = Ef(z,5) + E (z,s)
H(z,s) = %COS 0JS7'S™' (E*(2,5) — E™(z,5))

Compared to the wave splitting employed in Ref. [20], this new splitting has the
advantage that the fields E*(z, s) and E~(z, s) are continuous over the slab bound-
aries. This property facilitates the treatment of the scattering problem.

E (z,1) lEJr(z,t!

0 z L
Figure 2: The wave splitting.

Outside the slab, i.e., 2 < 0 and z > L, where

D(z,t) = ecoE(z,t)
B(Zv t) = NMOH(Z’ t)

the fields E*(z,s) and E~(z,s) represent the right and the left going parts of the
solution, respectively. More specifically,

E*(z,5) = f(s — zcosB/c)

E " (z,5) = g|(s + zcosb/c)
where f and g are the electric fields of the general plane waves propagating in the
direction of incidence and reflection, respectively, see also (5.1). The definition (4.1),

however, is well defined even inside the medium where G # 0, F # 0 and K # 0,
see also Figure 2 and a formal picture of the wave splitting.

5 Dynamics

The transverse components of the electric and the magnetic fields satisfy the system
of equations in (3.1). The plus and minus fields E*(z,s) and E~(z,s), defined in
Section 4, satisfy similar system of equations. These equations are equivalent to
(3.1) and straightforward to derive using (3.1) and (4.1).

(5 )= (0 1) (5)
GGG &) )

(5.1)



where the longitudinal phase velocity v is
v =c/cosb

and the 2 x 2 matrix kernels a;, 3, v and & are

<: ?) —X+Y (5.2)

The 4 x 4 matrix kernels X, Y are defined as

B 1 -G-F-2K -G+F (5.3)
-~ 2co0s26 G-F G+ F-2K :
and
f —k—K f k— K
tan®d [k + K g E—K —g
Y="%5 | -y k-K -5 -k-K (5:4)
k—K g kE+ K —g
where

G=GSS, F=Fcos’S7'S™!, K=KJ

The terms in equation (5.1) are organized such that the term containing the 4 x 4
matrix Y vanishes at normal incidence, # = 0. Both the 4 x 4 matrices X and
Y contain the generalized sucseptibility kernels and vanish if there is no slab, i.e.,
G(t) = F(t) = K(t) = 0. The first term gives the dynamics for the free space
contribution.

6 Propagation of the wave front

Before the general scattering problem is addressed, it is interesting to analyze the
propagation of singularities in the bi-isotropic medium. This analysis gives infor-
mation about the rotation and the attenuation of the wave front as it propagates
through the medium. Specifically, the wave front of the transmitted field can be
explicitly given in terms of the incident field. In Appendix B a general derivation
of the problem is given.

The propagation of singularities in the positive z-direction for the dynamic sys-
tem (5.1) depends on the matrix a(z,+0).

~ 2cos20 2 k+ K
1 -G -—-F 2K
~ 2cos20 ( —2K -G - F) (2, +0)

This is the upper left corner contribution on the right hand side of (5.1). Moreover,
in the simplification of this result, equation (2.5) has been used. The other matrices

a(z,+0)—;(—G—F—QK)(2,+O)+M( / _kg_K) (2, 40)



B, v and & play no role in the propagation of the wave front in the positive z-
direction.

Assume there is a finite jump discontinuity in the plus field E™ at z = 0. This
finite jump discontinuity propagates through the medium and the finite jump dis-
continuity at depth z is related to its value at z = 0 as

[E* (2,54 z/v)] = Q(0,2) [E*(0, )]

where the 2 x 2 matrix Q'(0, z) quantifies the rotation and the attenuation of the
discontinuity. The square bracket [E*(z, s + z/v)| denotes the finite jump discon-
tinuity of the field at the point (z,s + z/v). The field E~ shows no finite jump
discontinuity of this kind and therefore the total field E has exactly the same fi-
nite jump discontinuity as the field E* above. Notice also, that the finite jump
discontinuity [E+(0, s)] is the same on either side of the interface of the slab.

The matrix Q'(0, z) satisfies the following first order differential equation found
by use of propagation of singularity arguments.

d 1
ZQ(0.2) = ~Sa(z,+0)3 Q0. 2)
Q'(0,0) =1
To solve this system of equations it is convenient to introduce a new matrix
Q=57'QS

i.e., the matrix Q' is similarity transformed. The matrix Q satisfies a simpler initial
value problem.

cos

Q(0,0) =1

; a(z,+0)Q(0, z)

This matrix equation can be explicitly solved and expressed in the following general
notation:

_ 5 [P2(G(# ,H+0)+F (2 ,+0)) dz’ [ COS ¢(Zl7 ZQ) —sin qb(zl’ ZQ)
— 2ccosf Jz
Q(z1,22) = e ' <sin P(21,22)  cos@(z1, 22)

where the angle of rotation of the wave front ¢(z1, 22) is

1
ccosf

925(217 22) - =

/ YK 0)dY (6.1)

Notice that this result holds for an inhomogeneous slab with arbitrary susceptibility
kernels G(z,t), F(z,t) and K(z,t).

The matrix Q' will play an important part in the definition of the imbedding
kernels and the Green functions in (7.1) and (11.1), respectively.



10

7 Scattering operators

The reflection and the transmission kernels of the slab give the impulse response
on both sides of the slab for an excitation from the left, i.e., the reflected and the
transmitted field, respectively, for a delta pulse excitation.

The imbedding approach to solve the scattering problem uses the idea of studying
a one-parameter family of problems. At one end of the parameter interval the
scattering problem is trivial while for the other endpoint of the parameter interval
the full scattering problem is solved. This idea has been used extensively to solve
scattering problems in the time domain during the last decade [1,2,4,5,9-11, 15—
20, 23].

»Z
0 z L

Figure 3: The imbedding geometry.

Consider a subsection [z, L] of the physical slab [0, L], see Figure 3. The relation
between the fields E*(z,s), E~(z,s) and E*(z,s), ET (L, s+(L—2z)/v), respectively,
are given by the following definitions (for more details of how these relations are
derived, see [4,6]):

{ E (z,5)= (R/(z,) * ET(2,)) (5)

Ef(L,s+(L—2)/v)=Q'(z L) {E+(z, s) + (T’(z, Yx EY(z, )) (s)} (7.1)

where the time convolutions are defined as
(R'(z,") x E*(z,")) (s) = / R/(z,5s — §)E*(z,5')ds

and the matrix-valued kernels R’ and T’ are

, B Ry1(z,s) Ri2(z,5)/ cos @
R (Z,S) o (ng(Z, 8) COS@ RQQ(Z,S) )

, Ti1(z, ) Ti2(z,8)/ cost
T (Z’t) - (Tgl(Z,S) cos T22(Z7S> )

Note that the kernel R/(z, s) has identical off-diagonal entries (apart from the cos 6
factor). This follows from a more general Ansatz due to the reciprocal nature of the
problem. In the second equation in (7.1) a delta measure has been subtracted from

the scattering kernel. Thus, the precursors are determined by the remaining part
T.
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These kernels, R’ and T’, can physically be interpreted as the reflection and
transmission imbedding kernels for the subsection [z, L] of the slab. They are defined
in the region (z,s) € [0, L] x (—o00,00) and are referred to as imbedding kernels.
Note that the kernels R/(0,s) and T'(0,s) are the physical scattering kernels of
the slab and that the kernels R/(L, s) and T’(L, s) are zero since the fields E* are
continuous at z = L (no scatterer is present as z = L). Moreover, R/(z,s) and
T’(z, s) are zero for s < 0 due to causality.

To simplify the equations below, it is convenient to use the matrix S, see (4.2),
explicitly and to introduce reflection and transmission kernels R and T.

(e = 8 e 8 = (R(e) Haleo)

and

ey _ (Tul(z,s) Tia(z,s)
T(z,5) =S T'(2,5)S = (T21(z, 5) Twlz S))
The transformation with S is a similarity transformation.

The imbedding kernels R and T are equal to zero for s < 0 and have finite jump
discontinuities at s = 0. T is continuously differentiable for s > 0 and so is R except
on the line s = 2(L — z)/v, where R has a finite jump discontinuity.

The imbedding kernels R(z, s) and T(z, s) satisfy partial differential equations.
These equations, the imbedding equations, will be presented in the next section as
well as the finite jump discontinuities of the kernels.

8 The imbedding equations

The imbedding equations are easily derived from the dynamic equation (5.1) and the
definition of the imbedding kernels (7.1), see also (B.3) and (B.4) in Appendix B.
The result, valid for s > 0,0 < z < L and s # 2(L — 2) /v, is

vO.R—20,R=0,{v+d*R—R*xa—Rx*x03xR} (8.1)
00, T =z, +0)T — O {a+ B+ R+ Txa+Tx* B xR} (8.2)
R(L,s)=0
T(L,s) =0

1
R(z,40) = —57(2, +0)

where the four matrices o, 8, v and § are defined in (5.2), (5.3) and (5.4). Note
that the imbedding equations are matrix equations and that the matrices o, 3, v
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and 0 have only six independent elements. These are

( ajp = —011 = @(—G — Fcos® 0 + fsin®6)

fr1 = —711 = @(—G + Fcos® 0 + fsin®0)

Qog = —0g9 = @(—G cos’f — F + gsin® )

Bog = —Y22 = @(—Gcof@ + F — gsin®0)

Q1 = —Qg = 012 = —0g1 = @(Q[( — (k + K)sin? )
\ Pz =bu =m2="m = 2001s2 0((k — K)sin® )

The value of the matrices at s = 0 can be simplified by using (2.5). The result is

( 1 -G—-F 2K
a(z,+0) = 020 ( 9K (G — F) (2,40)
1 G — Fcos20 2K sin?6
B(z,+0) = T 9cos20 ( 2K sin’f G cos20 — F) (2,+0)

(2, 40) = 1 G — Fcos20 —2Ksin?6 (2,+0)
MHT) = 50020 \ —2Ksin?0  Geos20 — F)

1 G+ F 2K

2(30829<—2K G+F)(z’+0)

The values T(z,+0) follows from (8.2) by integration along the z-axis. The result
is, see also (B.5) in Appendix B

0(z,40) =

\

VT (2, +0) = / Q. 2) {ucx — By/2} (', +0)Q(z, =) d

The finite jump discontinuity in R along the line s = 2(L — z)/v is denoted by
[R](2), ic.,

R|(z) =R(2,2(L — z)/v+0) — R(z,2(L — 2) /v — 0)

The discontinuity is found by standard propagation of singularity arguments, see [6],
using (8.1). The result is, see also (B.6) in Appendix B

(2) =%e><p{/:5(z’,+0)d7z/}7(L, +0) exp{/zLa(Z/,—f—O)dTZ/}

=exp {—Ccise /ZL(G(z’, +0) + F(2',+0)) dz'} (8.3)
(R i) (0D D)
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where ¢(z, L) is given by (6.1).

The imbedding equations (8.1) and (8.2) both consist of a set of three and four
coupled partial differential equations, respectively. The four entries in the matrix
equation for the reflection imbedding equation are:

( 00, R11—20;R1y = as{—ﬁll — 2aq1 * Ryp + 2009 % Ryp
— Ryp * (Bu1 * Ruy + Bra * Riz) — Rig * (i * Ruy + [ao * RlQ)}
00, R19—20; Ry = as{ﬁlz — (a1 + agg) * Rig + g * (Rap — Rip)
— Ry1 * (Bu1 * Rig + Bra * Ryg) — Rug * (Bra2 * Rig + [ao * R22)}
00, Rys—20;5Ryy = as{_622 — 2ag * Rog — 2ai19 * Ry
L — Rug x (Bi1 * Riz + Bra * Roz) — Rag * (Bra * Rag + Bag * R22)}

The corresponding entries in the matrix equation for the transmission imbedding
equation are:

(00, Ty =11 (2, +0)Th1 + aga(z, +0)Thy

— 83{0411 + aqy * Tip — ag * Tig + Biy * Ryy + Bz x Rig

+ Ty # (B11 % Riy + Pz * Riz) + Tz * (12 * Rix + Boz % Ri2) }
00, Ty =an1(z, +0)T12 + aia(z, +0)Th

— Og{ang + g % Tyy + vgo % Tyg + Py % Rus + Pro * Ry

+ Ty * (P11 * Rig + Bro * Rao) + Tio * (Biz * Rig + Bz * R22)}
00, Toy = — (2, +0)T11 + (2, +0) 1oy

- as{—Oéu + gy * Ty — ang x Tog + Pro * Riy + Bag * Ry

+ To1 % (1 * Ry + Bra * Rig) + Tao * (Bi2 * Riy + Pag * R12)}
00, Toy = — (2, +0)Tha + (2, +0) Ty

— 83{0422 + ag * Toy + qgp * Tog + Bia * Rig + Bz x Rag

+ Ty * (B11 % Rz + Pra * Rag) + Toa * (B12 * Rio + Boz % Rao) }

\

Note that to solve the transmission kernels 7;; the reflection kernels R;; have to
be known. Despite the complexity of these equations they are very well suited for
numerical calculations. Numerical results are reported in a sequent paper.

9 The Imbedding equations at normal incidence

The imbedding equations in Section 8 give the equations for general oblique inci-
dence. In general, the scattering problem is solved by a system of four coupled
partial differential equations. In this section the simplifications that occur for nor-
mal incidence are explicitly pointed out.

At normal incidence, 6 = 0, equation (7.1) is simplified. Due to axial symmetry
of the problem, the reflection and transmission kernels have only two independent
entries and, furthermore, S = I and s = t. The reflection and transmission kernels
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for normal incidence are

{E‘(z,t) = (R(z,) * E*(2,") ()
EY(L,t+(L—2)/c)=Q(z, L) {E"(z,t) + (T(2,-) x E*(z,")) (t)}

where

[ Ri(z,t) —Ry(z,t)
R(z,1) = (Rg(z,t) Ru(z,1) )

T1<Z7t) —TQ(Z,t)
T(z,t) = (TQ(z,t) Ti(z1) )

It is easy to see that all 2 x 2 matrices of this form commute.
The imbedding equations, (8.1) and (8.2), and the finite jump discontinuities
simplify to

and

200.R—40R=0,{G-F+2(G+F)«R+ (G —F)«R=«R} (9.1)
R(L,t)=0

R(z,+0) = _ G(z,+0) 4— F(z,40)

R)(z) = GE10) - F(L,~+0) eXp{_/ (G + F)(2'. +0) de}

for the reflection kernels, and for the transmission kernels the result is
+{(G-F)«(R+Rx«T)}
T(L,t) =0

(9.2)

8¢T(z,+0) = /L {(G—F)*-40,(G +F +2K)} (¢, +0) d=’

Notice that G = GI and F = FT for normal incidence. The domain of definition
for these equations is {(z,t) : ¢ > 0,0 < z < L and t # 2(L — z)/c}. Also note that
R=0if G=F.

Equation (9.1) shows that Rs(z,t) = 0, since the imbedding equation (9.1) has
only diagonal entries and no off-diagonal terms (this assumes unique solubility of
the equation). The reflection kernel then simplifies to R(z,t) = Ry (z,t)I = R(z, 1)1,
where I is the 2 x 2 identity matrix. As a consequence of this, the cross-polarized
part of the reflected electric field from the finite or semi-infinite (reciprocal) bi-
isotropic slab will be zero even if the slab is inhomogeneous. This result holds for
any susceptibility kernels G, F' and K and is therefore a general result.

Finally, for completeness the explicit entries of the imbedding matrix equations
(9.1) and (9.2) are given.

200,R—40,R=0,{G—F+2(G+ F)* R+ (G—F)* R* R}
200,Ty = 8, {G + FY * To + 20, {KY * Ty + 8, (2K + (G — F) R+ Ty}
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10 Homogeneous, semi-infinite slab

If the slab is homogeneous and semi-infinite, see Figure 4, R is independent of z
so that equation (8.1) can be integrated (with respect to s). Hence, equation (8.1)
simplifies to

2R+v+d0+*R—Rxa—R+*BxR=0, s>0 (10.1)
or equivalently

[ 2R11—P11 — 2001 % Ryy + 2042 * Ry
— Ry % (Bi1 % Ri1 + Big * Riz) — Rig * (B2 * Ruy + Poo * Rip) =0
2R19+ P12 — (11 + o) * Rig + ag * (Roz — Riy)
— Ry % (B11 % Rig + Big * Ryg) — Rig * (P12 * Rig + foo * Rap) = 0
2R9y— [ — 20109 ¥ Rop — 20119 * Ry
. — Ry * (11 % Rig + P12 * Roz) — Rog * (B12 * Rig + Pog * Ry2) = 0

These equations give the solution to scattering problem for a semi-infinite, homo-
geneous medium at oblique incidence. Notice that this is a system of non-linear
Volterra equations of the second kind in R. Equations of this kind are very stable
and easy to solve numerically, see Ref. [20].

€, €, b
G(t)=0 G(t)=0
F(t)=0 F(t)=0
K(t)=0 K(t)=0
—
0

Figure 4: Geometry of the semi-infinite slab problem.

Again, at normal incidence simplifications occur in (10.1). The reflection equa-
tion then reduces to

AR+ G —F+2(G+F)«R+(G—F)«R«R=0, t>0

This result agrees with the result given in Ref. [20] for the case of F'(t) = 0 (use the
result of Appendix A).

The results in this section can also be used in the homogeneous but finite slab
in the region {(z,5): 0 < z < L and 0 < s < 2(L — z)/v}. The effect of the back
wall reflection is not effecting the reflection in the interval 0 < s < 2(L — z)/v.
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11 The Green Functions

In this section a different way of obtaining the scattering kernels is presented. The
approach of Green functions was originally introduced by Krueger and Ochs [21]
for the dispersionless case and by Kristensson [15] for the isotropic medium with
dispersion. The method also gives the internal fields of the slab.

The Green functions G'*(z,s) and G’ (z,s) are defined for (z,s) € [0,L] x
(—00,00) through the relation between the fields E*(z,s) and E (z,s) and the
excitation E*(0, s).

Ef(z,s+z/v) = Q(0,2)ET(0,s) + (G/+(z, ) *Q'(0,2)ET(0, )) (s)

(11.1)
E™(2,5+2/v) = (G (2,)  Q(0,2) E*(0,)) (s)

where
(G’i(z, )+ Q(0, 2) EX (0, -)> (s) = /_ OO G (2,5 — &)+ Q0,2)E(0,5) ds’

and

+ B Gfi(z,8) G5 (2,8)/ cos
G (z8) = (G;tl(z,s) cos 0 G(2,8)

The Green functions are zero for s < 0 due to causality. The matrix G'~ has a finite
jump discontinuity at s = 2(L — z) /v. The entries in the matrices G’ are otherwise
continuously differentiable functions for s > 0.

As in Section 8, it is convenient to introduce the following similarity transfor-

mation: Gi(z,5) Gz, s)
+ -l _ 111%, 5 1217, 8
G (z,5) =S7'G' 7 (2,9)S = (G§1(273) G;g(z,s))

It is easy to derive the following relationship between the imbedding and Green
function formulations from their definitions, see (7.1) and (11.1):

{ Q(L,2)GT(L,s)Q(z, L) = G*(2,8) + T(z,5) + (T(z,-) *x GT(z,-)) (s) (11.2)

G (z,5) = R(z,s) + (R(z,-) * G¥(z,")) (s)

The boundary values are found analogously

G (0,s)=0

G (0,s) = R(0, s)

G+(L7 S) = Q(07 L)T(07 5>Q(L7 0)
G (L,s)=0

In the same way as the imbedding kernels, the Green functions G satisfy partial
differential equations. Straightforward calculations give that, in the region {(z,s) :
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s>0,0<z< Lands # 2(L — z)/v}, the Green functions satisfy, see also (B.9)
and (B.10) in Appendix B
v9,GT = -GTa(z,+0) + 0, {a+ ax G+ B+ G~} (11.3)
v9,G™ —20,G” = -G a2, +0) + O, {v +v* Gt + 6« G} (11.4)
G™(2,40) = =7(2,+0)/2 = R(z, +0)

where a, 3, v and d are defined in (5.2), (5.3) and (5.4).
The value G*(z,40) can be obtained from (11.3) by integration. The result is

oG ot0) = [ Q) (0= B/ (2 H0)QE ) i

The finite jump discontinuity in G~ along the line s = 2(L—2z) /v is denoted [G~](z),
ie.,

G7)(2) =G (2,2(L—2)/v+0) — G (2,2(L — z)/v—0)

The discontinuity is found from propagation of singularity arguments, or simpler
from (11.2) and (8.3).

G)() = %exp {/L 5(=',+0) d%} (L, 40) exp {/L a2, +0) d—zl} — [R]()

v

The Green function equations (11.3) and (11.4) are two coupled matrix equations.
The entries of (11.3) are
(0v0,Gf, = — an1(z, +0)GY; + ara(z, +0)GT,
+ 0y {onn + anr * Gy + aup % G5y + Puy x Gy + Prax Gy }
v0,GT, = — an(z, +0)Gf, — aia(z, +0)GT;
+ 05 {1z + a1y * Gy + a1a % G5y + i1 % Gy + Prz % Goy }
v0,GH, = — ai(z,+0)G3;, + aia(z, +0)G,
+ 05 { —u2 + aoa * G5 — o x Gy + Pog x Gy + P2 * Gy }
v0,G3, = — an(z,+0)G3, — aia(z, +0)Gy;
X + O, {04224—0422*(;;2—0412*Gf2+522*G52+512*Gf2}

and the corresponding entries of (11.4) are

(00.G1—20,Gyy = —an(z, +0)Gyy + aia(z, +0)Gyy
+ s {—ﬁn — b1 % G} + Pra x G3; — any * Gy + aqa * Gz_l}
00,G1y—20,G 1y = —an(z, +0)Gr, — ana(z, +0)Gy
+ 0, {512 — B * Gy + Bra * G3y — a1 * G, + g % G;g}
v0,G5, —20:G5; = —an1(2,+0)G5 + a1z, +0)Gy,
+ s {512 — Baz % G314 Pra x G} — agp % Gy — g % Gﬁ}
00,G55—20sGoy = —ana(2,+0)Goy — a12(2,+0)G4;
0 + 05 { =Pz — Boo % G35 + Pro x Gy — o % Gy — 12 % G, }
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This system of equations is an alternative set of equations to solve the scattering
problem. It is a system of eight coupled equations. However, the system is linear
in contrast to the imbedding equations, which were non-linear, but only contained
four coupled equations. Despite the complexity these equations are very well suited
for numerical treatment, see also Ref. [20].

12 The Green Functions at normal incidence

Simplifications, similar to the ones found for the imbedding equations, occur at
normal incidence. In this section these simplifications are explicitly pointed out.
At normal incidence equation (11.1) is transformed into (S =1 and s = )

{ E*(z,t+z/c) = Q(0,2)E*(0,t) + (G*(z,-) * Q(0,2)E*(0,-)) (¢)
E (z,t+z/c)= (G (z,-) *Q(0,2) E*(0,-)) (¢)

where

i (Gt —Gil=t)
G (z,1) = <G§E(z,t) Gli(zvf))

due to axial symmetry. All 2 x 2 matrices of this form commute with each other.
The Green functions equations for normal incidence are

2c0,GT = (G(z,40) + F(z,+0) + 2K(z, +0))G*

- (12.1)
~9{G+F+2K+(G+F+2K)«G"+(G-F)xG™}
G*(0,t)=0
8cGt(z,+0) = / {(G—F)* - 49,(G +F +2K)} (¢, +0) d=’'
0
for the matrix G* and
2c0,G™ —40,G™ = (G(2,40) + F(z,+0) + 2K(z,+0))G~ (12.2)

+%{G-F+(G-F)xG"+(G+F—-2K)+«G}
G (L,t)=0
G (2,40) = ~(G(z, +0) ~ F(z, +0))
G(L, +0) ; F(L, +0) exp {—/ (G+ F)(#,+0) %Zl}

for the matrix G—. Notice that G = GI and F = FT for normal incidence. The
region of definition in both these cases is {(z,t) : t > 0,0 < z < L and t #

2(L — z)/c}.

(G7](2) =
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The explicit entries of the matrix equations (12.1) and (12.2) are
(2c0.GT = {G(z,+0) + F(z,4+0)} G — 2K (2,+0)G§
— 0 {G+F+ (G+F)+«Gf —2K*G} + (G- F)*Gy}
2c¢0,G5 = {G(z,+0) + F(2,+0)} GF + 2K (2, +0)G{
— 0, {2K+ (G+ F)«G3 +2K «G{ + (G- F) G5 }
2¢0,G{ — 40,G7 ={G(z,40) + F(z,40)} G] —2K(2,+0)G;
+0,{G-F+(G-F)«Gf +(G+F)*Gy +2K x G5 }
2¢0,G5 —40,G5 ={G(2,40) + F(z,40)} G5 +2K(2,+0)G,
\ +0,{(G-F)«G3 +(G+ F)*Gy —2K Gy }

The explicit relation between the imbedding kernels R and T and Green function
formulations at normal incidence follows from equation (11.2).

{ GT(L,t) = G*(z,t) + T(z,t) + (T(z,) * GT(2,-)) (t)
G (z,t) = R(z, )L + (R(z, ) xGT(z,4)) (1)

since all matrices commute. The kernels T(z,¢) and R(z,t) = R(z,t)I are the
kernels introduced in Section 9.

Appendix A Relation between constitutive rela-
tions

For the convenience of the reader an appendix with the transformation between the
constitutive relation used in Ref. [20] and the present paper is given.
In Ref. [20] a slightly different set of constitutive relations was introduced.

D(r,t) = eoe{E(r,t) (G * E)(r,U) + |(K * B)(r, u)}
H{(r,t) = coe{ c(KC + B)(r,L)) + | [B(r,0) + (F = B)(r, )] }

Specifically, in Ref. [20] these constitutive relations were introduced with F = 0.
The relation between this set of constitutive relations and the ones in (2.3) is given
in terms of the resolvent of F(r, ).

F+F+F*xF=1

This is a Volterra equation of the second kind. The relation between the kernels G,
F, K and G, F, K is easily found.

G=G-K+«K=G-Kx(K+F=*K)
K=K+FxK
These equations can be used to transform the kernels G, F, K into the kernels G,

F, K. Conversely, they can also be used to transform the kernels G, F', K into the
kernels G, F, IC, by solving suitable Volterra equations of the second kind.
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Appendix B General equations

In this appendix the derivations of the imbedding equations and the Green function
equations for a general 2 x 2 system are presented. The rotation and the attenuation
of the wave front are also given.

The dynamics for a general 2 x 2 matrix system are assumed to be:

o0 (ET\ 1/-I+atx [ 0 (E*
o (p )=t (5 La) s (7) .

where the four 2 x 2 matrices a® and 8% are assumed to be continuous functions of
space and time. The region of domain for this equation is ¢t € (—00,00), 0 < z < L
and the field E~(L,t) is assumed to be zero. This last condition ensure that no
sources are present on the right hand side of the slab.

Let tT € (—00,00) and 0 < 2* < L. Furthermore, assume there are finite jump
discontinuities in the fields E* along the lines t = t* & (2 — z%)/c, respectively.
The finite jump discontinuity in the field E~ is relevant if there is a phase velocity
mismatch at the back wall of the slab. The finite jump discontinuity in E* at (z,t)
is denoted by square brackets [E*(z, )], i.e

[E*(2,1)] = E*(2,t +0) — E*(2,t — 0)

Propagation of singularity arguments show that the finite jump discontinuities sat-
isfy
P [B* (2,17 £ (2 — 25)/0)] = —a® (2, +0) [EF(2,tF £ (2 — 2F) /)]
z

The matrices 8% have no effect on the propagation of the discontinuities of the

fields. Assume that the finite jump discontinuity in the slab is related to the jump

at z = 2T as

[B* (21" £ (2 = 24)/0)] = Q* (<", 2) [B*(=*,1Y)]

The matrix-valued functions Q* (2%, ) then satisfy

d 1
%Qi(zi> Z) = Eai<z> +0)Qi(zi> Z)
Q*(z,2) =1
Qi(zi7 Z:F) = Qi<z7 Z:F)Q:t(zia Z)
The last equality implies that Q*(z, 2T) as a function of its first argument satisfies

Q4= 7) = —1Q* () 2 40)

Also note that
Q* (27, 2) = Q¥ (2, 2F)
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The imbedding kernels that relate the plus and the minus fields are defined by
the following relations:

{E‘(z,t) = (R(z,) * E*(2,") (t)

E*(L,t+ (L —2)/c) = QF (2, L) {E*(2,t) + (T(z,-) * E*(2,-)) (1)} 2

In the region {(z,t) : t > 0,0 < z < L and t # 2(L — z)/c} the imbedding
kernels satisfy

cE)ZR—QE)tR:E)t{,6++a_*R—R*oﬁ—R*B‘*R}
R(L,t)=0 (B.3)
1

and

{c@ZT:a+(z,+0)T—8t{a++5_*R+T*a++T*,8_*R} (B.4)

T(L,t) =0

These imbedding equations are found by differentiating (B.2) w.r.t. z and using the
dynamics of the plus and minus fields in (B.1).

Evaluation of the imbedding equation for T at ¢t = 0 and using the explicit value
of the reflection kernel at t = 0 implies

cd,T(z,+0) =a™(z,+0)T(z,+0) — T(z, +0)a™ (2, +0)

— {@oﬁ(z, +0) — %B‘(z, +O)B+(z,+0)}

The reflection kernel has a finite jump discontinuity along the curve t = 2(L — z)/c.
This discontinuity is denoted in square brackets, i.e.,

R)(2) = R(2,2(L — 2)/c 4+ 0) = R(,2(L — 2)/c - 0)
The imbedding equation, (B.3), for the reflection kernel implies

d

¢ [RI(z) = a” (2, +0)[R](2) — [R](z)a" (=, +0)

From these equations it is easy to obtain
L 1
cT(z,40) = / Qf (7, 2) {8ta+ - §ﬂ_ﬁ+} (2, +0)Q" (z, 2) d7’ (B.5)
and

[R](2) = Q" (L, 2))[R)(L)Q7 (2, L) = %Q_(L, 2)B7(L,+0)Q" (2, L)  (B.6)

respectively.
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The imbedding kernels R and T relate the plus and minus fields at z (for trans-
mission at z = L) to each other. The Green functions relate the plus and minus
fields at z to the excitation at z = 0. The explicit definition of Green functions is

{ E*(z,t+2/c) = QH(0,2)E*(0,t) + (GT(2,-) * QF(0,2)E*(0,-)) (t)

E (z,t+z/c) = (G_(z, ) xQT(0,2)ET(0, )) (t) (B.7)

The relation with the imbedding kernels and the Green functions is easily found by
repeated use of (B.2) and (B.7).

QY (L, 2)GT(L,t)Q*(z,L) = G*(z,t) + T(z,t) + (T(z,-) *x GT(2,-)) (t)
G (z,t) =R(z,t) + (R(z,) * G*(z,-)) (¢) (B.8)

The boundary values of the Green functions are also related to the scattering kernels
of the problem.

G*(0,t)=0

G (0,t) = R(0,1)

G*(L,t) = Q"(0,L)T(0,)Q"(L,0)
G (L,t)=0

In the region {(z,t) : ¢t > 0,0 < z < L and t # 2(L — z)/c} the Green functions
satisfy
c0.G" = -Gra’(z,+0)+ 0, {a" +at«GT+ 37+ G} (B.9)

and

c0,.G~ —20,G™ = -G a"(z,+0) + 0 {ﬁ+ + BT+ Gt +a G_}
1 (B.10)
G (z,40) = —§6+(z, +0) = R(z, +0)

These equations are found by differentiating (B.7) w.r.t. z and using the dynamics
of the plus and minus fields in (B.1). Evaluation of (B.9) at ¢t = 0 gives

c0,GT(2,40) =a™ (2, +0)GT (2, +0) — G*(z, +0)a™ (2, +0)
+ {&goﬁ(z, +0) — %B_(z, +0)8% (2, —I—O)}
It is then easy to obtain the value of GT at t = +0.
cGT(2,40) = /OZ Q* (7, 2) {oat — B~ 87 /2} (¢, +0)Q* (z,2) d7’

The Green function G~ has a finite jump discontinuity along the line ¢t = 2(L —z)/c.
The discontinuity is denoted in square brackets.

(G )(2) = G (2,2(L — ) /e +0) — G~ (2,2(L — 2) /e — 0)
From (B.10) or (B.8), it follows that the explicit value of the discontinuity is

G)(2) = Q(£,2)[G(1)Q7 (= L) = [R](2) = 5Q (L, 2)87(L 40)Q* (=, )
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