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1. Introduction '

Since around 1970, the advent of low-loss optical fibers and their
associated technologies added new aspects to the advance of Maxwell's
wave optics. Some of them pertained to the mathematical development of
the asymptotic theory of Maxwell's equations. In the early days of
fiber optics, a lot of people were involved in complicated mathematical
problems subject to the medium environment including inhbmogenéous
anisotropic materials. Design technologies therefore demanded simpler
theories that describe the principal characteristics of modal waves
propagating along multimode fibers [1]1. The use of ray optics was
very instructive for intending designers, beginners and experts, so
that the ray-optical 'considerations contributed greatly to the
establishment of the design theory' of multimode optical fibers.
Al though the recent technology has shifted to the monomode fiber
.communications, ‘the need for the establishment_of the simplest theory
in the monomode fibér system may perhaps remain unchanged. The ray
approaches are still useful for understanding the prdpagation
properties of guided light in a wider range of wavelength. However,
certain questions may arise as to the ray tracing in an outer clad
region where the ray fieid is evanéécent and thﬁs,inviéible because of
its exponential decay. 7

For ins{ance, the modal rays are associated with the modal waves and
travel in zigzags between two dielectric interfaces. These rays give
rise to the interference of two waves coming from upper and lower
interfaces. This interference or resonance results in an eigenstate of
the modal wave. If, however, the ray of a narrow beam wave is reflected
upbn the dielectric interface, the ray shift or the Goos-Hanchen shift
takes place at the reflection point ([2]. Nevertheless, no ray shift
takes place when the modal rays mentioned above are reflected, as
illustrated in standard text books. There are no inconsistencies
between these two theories. The former deals with the dynamical rays
whereas the latter deals with the stationary rays. These two rays
become coincident in continuous isotropic media but different in
anisotropic media or isotropic media including discontinuous inter-
faces. The stationary ray is defined as the locus of wave-normal
vectors which are strictly perﬁendicular to the wavefronts, thus
denoting the direction of propagation of the wave. On the other hand,
the dynamical ray is defined as the path of a wavepackét. In this
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Chapter, the dynamical ray and the stationary ray are called the energy
ray and the wave-normal ray, respectively. The dynamical thebry of °
 geometrical optics is historically established by the ray tracing of
energy rays [3]. Despite the most attractive features, however,
Hamilton's dynamical approach fails at discontiduous boundaries such as
an air-dielectric interface in a dielectric rod. To cope with this
difficulty, the stationary optics has newly replaced the classical
dynamical optics. _

It is the purpose of the present Chapter to give a brief review of °
the recent development of the stationary optics described in terms of
wave-normal rays [4-20], and thus it is not the'pufpose to give a self-
contained paper that provides the full theory the readers can fo;low.
The wave4normal ray description is useful for modal waves in visible
and invisible regions. It is shown that the stationary theory of
geometrical optics can - be deduced from Maupertuis' 'variational
principle; It is also shown that the conventional ray description, on
the other hand, is obtained from Hamilton's variational principle.
Comparisons between the two theories are given from a purely ph&sical
point of view. The contents to be presented here are partly based on an
invited talk at the Seminar on Analytical and Numerical Methods in
Electromagnetic Wave Theory, June 3-8, Adana, Turkey. Because of the
limited space, only the main ideas is outlined. The interested reader
should refer to the references cited or the more extended revieﬁ paper
"Geometrical . Optics of Guided Waves: Stationary Optics for Modal
Waves", which will be published in Chapter One of the book "Analytical
and Numerical Methods in Electromagnetic Wave Theory", edited by
M.idemen, M.Hashimoto, O.A;Tretyakov.'Science House Co. Ltd., Tokyo.-

2. Historical Note . .

In dynamics of a wavepacket of fight, Professor Synge was primarily
concerned with Hamilton's mathematical works collected in Mathematical
papers of Sir W¥illiam Rowan Hamilton (211]. 'He_ studied Hamilton's
variational principle (223 subject to the cohservat;on law’of energy
F(r,p,0)=0 where r is the position vector, p is ~the normalized
wavevector (I§I= refractive index (= n)), and o is the angular
frequency. His variational principle was written in the form slightly
different from the well-known form in nonrelativistic quantum
mechanics. He then showed that all paths of energy réys are détermined
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from Hamilton's law written in Euler's form in which the independent
variables of the Lagrangian function are r,p, and @. The variation of ©
produces a wavepacket in space, so that the principle provides the path
of the dynamical motion of a wavepacket. The theory is named Hamilton's
optical work [23] or simply Hamiltonian optics. If we want further
information on the wavefronts of the wave of light, we have to plot
equiphase lines, drawing a number ofAenergy rays in the neighborhood
of the principal ray. The physical science based  on this procedure is
called geometrical optics. To distinguish it from others, we use the
terminology "the conventional ray optics" or "the conventional
geometrical optics".

The ray tracing of wave-normal rays is the technique of determining
the wavefronts directly. The curvatures of the wavefronts are traced
along the wave-normal ray [6,8,10,11]. When the ray impinges upon a
certain discontinuous boundary and penetrates into another medium, the
value of the curvature of the wavefront jumps to a different value. The
successive tracing of the .wavefronts is found to be equivalent to the '
‘tracing of a ray bundle of energy rays 'in space. In thé first decade of
the twentieth century, Gullstrand [24] first introduced this idea into
classical optics, thereby establishing - his theory of human eye [25].
After about twenty years, Hastings [26] applied the same idea
independently to the design theory of optical lenses. Quite recently,
Gullstrand's approach was restudied by several authors [27,28].
Stavroudis named it the generalized ray tracing [28] to extend the idea
of ordinary ray tracing to include the calculation of wavefronts.

All of them, however, seem to have been unaware of the fact thaf the
wave-normal rays they treated have other properties different from
those that the energy rays have. This is because they were concerned
with isotropic media in which all differences between two definitions
to the rays disappear. [f the value of © is fixed in the dispersion
equation F(r,p,0)=0, the variational principle by no means produces
a wavepacket. Instead, it describes the motion of a stationary wave
operated by a single frequency. The original expression of Maupertuis'
principle was given in this style (refer to Subsection 3.c¢) and later
altered in a complete style by Lagrange. In the beginning of the
nineteenth century, Hamilton pointed out [22] that Maupertuis'
principle of least action had a mathematical drawback when it applied
to the dynamical system of motion of a particle. Since then, -the
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prxncxple cf. least action seems to have lost its validity in physics.
We point out that Maupertuis' principle becomes valid agaln for the
stationary system of wavemotion such as the progagation of a wave of
monochromatic light in isotropic/anisotropic inhomogeneous media.

3. Variational Principles

It has been shown that there are two ways of discussing the
geometrical configurations of a wave in terms of two different rays.
Each gives complete information on the wave mechanism of propagation in
time-space domain. Basic rules that constitute.different ray configura-
tions in the medium environment are deduced from different variational
principles [4,5]. These are outlined in this section.

a. Ray Concepts o

Figure 1(a) shows a schematic of propagation of a plane wave in a
homogeneous anxsotrop1c medium. Since the wavefronts are plane, the
directions of wave-normal rays are straxghtforward as indicated. b?
bold lines with arrows. The energy ray is also a straight line (broken
line), but it is directed toward the other direction. Figure 1(b)
shows the case of propagatxon of a spherical wave. The direction of the
energy ray constructed by a superposxtlon of spher:cal wavelets remains
unchanged. On the other hand, the wave-normal rays curve apparently
»according to the variatiohs of the wavefronts, and thus, the ray
directions  are uniquely determined 1if the initial shape of the
wavefront at an initial position from which the ray starts is given
(6,8,10,11]. ' )

In inhomogeneous and anisotropic media, the ray pictures become
more complicated. For example, in magneto-ionic media, the wave-normal
pictures may exhibit curious curves that have "cusps" when a spherical
wave moves keeping the same radius of curvature of the wavefronts (see
Fig.2). These cuspidal curves of the wéve;nprmal rays contrast well
with the gentle curves of the energy rays indicating the paths‘ of
energy transport. Obviously, no physicalb anomalies occur at these
cusps. Booker [29] concluded that only the tracing of energy rays is
geophysically meaningful. ‘ : ‘ ' ’ V

b. Hamfltan's Principle .
Hamilton's dynamical principle provides a systematic plan for
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writing down the ray equations of dynamical motion of a wavepacket in
any system. These ray equations describe the real paths of energy
transport. The principle states that thé integral of the Lagrangian L
over the time axis has a stationary property when the ray moves apart
from the real path [22]:

5/ Ldt =0 @)
The times of departure and arrival, however, are fixed, and further,

the disperéioh relation H = 0 is satisfied on the real path (see
Fig.3). The function L 1is )

L =p-vg - H, ' (2
H = H(r,p)
=Vc(p2/n2-l)/2 (3)

where vg is the ray velocity, n is the refractlve index SDelelEd by
a function of the position vector r and the unit vector i, normal to
‘the wavefont, p is defined by irn, and ¢ is the velocity of light in
vacuum. 'Letting the first variation of the integral with six degrees
of frge&om be.zero, we obtain the ray equations

E_E_i( ' 18'*’)

T2%p (4)

2
bl P S i (53

which afe basic equations in Hamiltonian optics.
-In what follows, we con51der a var1at1on of the functlonal in a
system with three degrees of freedom. )

c. MNaupertuis® Principle and its Hadiffed Version

The ray equations for the wave-normal rays depicted in space are
obtainable from Maupertuis' original statement "PRINCIPE GENERAL"
‘reported in 1746 [30,p.36], '
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"Lorsqu’il arrive quelque changement dans la WNature, la quantité
d'action, necessaire pour ce changement, est la plus petite qu'il soit
possible. La quantité d’action est le produit de la masse des crops,
par leur vitesse & par l'espace qu'ils parcourent. Lorsqu’un corps est
transportée d’un lieu dans un autre, l'action est d’autant plus grande
que la masse est plus grosse, que la vitesse est plus rapide, que
1'espace par lequel il est transporté est plus long.”

His statement will be expressed
in the form

38 = 0 (6)

where
S = [ p+dr (7)

and the integration 1is ~carried out over the interval between the
fixed starting and arriving points. Instead, the times of departure
and arrival are not fixed (see Fig.4). Since  1is constant, the
dispersion relation F = 0 between'p, r and o is reduced to the relation

H = 0 which describes an wow-coservative system of motion. The two
parameters, p and r, are thereby restricted by the conservation
relation H = 0. The vector p is now regarded as a function of the

vector r possessing three arbitrary components, provided that the unit
wave-normal vector ip is specified iﬁ space by i,(r). This means that
our system of motion has been reduced to a system of three degrees of
freedom. Then, taking variations for S with respect to r, we obtain
[71 ' .

& S p=iN

at ~ P P ' @
dp_c N

dt ~ Nor

(9
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where N is the refractive index represented as a function of the single
‘pérametér r, N = n(r,ie(r)). The value of the refractive index written
by N should be distinguished from the value of n. The (8) and (9) are
the desired expressions for the ray equatiohs of wave-normal rays.
Comparisons with Hamilton's ray equations ((4) and (5)) are naturally
more helpful in recognizing the difference between the stationary path
and the dynamical path.
For two-dimensional cases, we obtain a set of the three eqﬁations
from (8) and (9)

er [4 ) .
dt = 2P _ (10)

dp_cn lcdn . con 8_“+l3_“)
dt ndr Rndi, 'n?di, \dr Rdi, (11
R0, A1\, v _ 0% (121
7=t e T a\R) R T e » :

vhere R is the radius of curvature of the wavefront, Vo deﬁotgs the
phase velocity c¢/n  and s 1is the coordinate measured along the
wavefront, as shown in Fig.5. The third equation describes the future
evénts on the wavefront. The (10),(11) and (12) are mathematically the
same with (8) and (9) in two dimensions. The advantage of using these
expressions instead of (8) and (9) is that they breseht explicit

formulas for the radius of curvature of the wavefront. This is very
- desirable for a systematic determination of .‘the wavefront. In
anisotfopic media, these thfee equations are coupled with each other,
and thus, the local nature of = wavefronts affects not only the
direction of the ray but also the position of the ray (10,11].
Therefore, the ray configurations. - for the wave-normal rays in
anisotropic media depend on the initial shape of the wavefront. If,
however, the medium is isotropic, (12) holds independently of the
first and second equations, so that any ray path in an isotropic medium
is uniquély determined irrespective of whether the shape of the
~wavefront is planar or spherical.
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Another expression for Maupertuis' principle is often given as the
principle of least action, containing the two independent parameters p
and r with six degrees of freedom. It is worth noting that this
variational expression of six arbitrary parameters leads to another
goal, Hamilton's ray equations of dynamical motion, as is well-known in
dynamics. The readers should be careful not to confuse this with (6).

Suppose, next, the ray is reflected‘at the discontinuous interface.
The ray field undergoes the phase increment ¢ at the reflection point.
I1f the reflection boundary is the surface of the perfeétly conducting
material, the value .of ¢ is exactly equal to . In most cases,
. -however, the value of & decreases as the value of the (complementary)
. angle: of incidence 6: increases. For the most general cases when the
vélue of ¢ varies with 6i, the validity of Maupertuis' principle
mentioned above is quite unsatisfactory . because it does not describe
the influence of ¢ .in the hhenomenon of ‘reflection, which is
characterized by the high order theory of wave optics. To extend his
idea of least action, we sﬁbtract'¢/k from the -action integral S. The
~exact value of' ¢ is unknown for ever unless we solve Maxwell's
equations as -a boundary value problem. However, since the value of’¢/k
is of the order 1/k, ¢ can be approximated by the phase of Fresnel's
- reflection coefficient.valid for the plane wave incidence upon a plane
interface. This modified version of Maupertuis' principle

8S =0 ‘ ‘ (13)
with
S = [ pdr - &/k : - (14) .

will be applied later to the reflection problems encountered frequently
“in waveguides.

4. Ray Tracing of Wave-Normal Rays and Wavefronts-

The ray equations, (8) and (9) or (10),(11) and (12), can be solved
efficiently by means of 'a. digital computer, provided that the
refractive index of the medium and the specific numerical initial data
on the wavefront and the ray position are given [6,8,10]. For a few
lI'imited cases [19), we can find  rigorous analytical solutions.
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-Figure 6(a) shows an illustrative example [10,11] of the ray tracing
for an extraordinary wave in an inhomogeneous anisotropic calcite with

S 2
v,=u°1/1“1*%;;‘—” (15)

where the optic axis and the inhomogeneity axis are assumed to be X and
Y, respectiﬁely. b is constant and 6 is the angular coordinate measured
in a counterclockwise sense. The initial wavefront contains convex
and concave parts in the upper and lower sides, from which the
diverging wavelets and the. bconverging wavelets start upward. . The
converging ones ére focused ' at the locations which are distributed
-in space. These distributed focusing points make a line called the
caustic that is inaccessible by raf optics. The wavefront tracing as
well as the ray tracing will cease on this line (probably placed below
the Arabic numerals for S in Fig.6(a)).

Comparisons are given in ‘Fig.6(b) for checking the validity of the
method. - A number of curved. lines represent the energy rays
starting with the initial ray directions on the initial wavefront. The
cuts marked on the ray curves indicate equiphase planes (wavefronts).
Some rays are. found to intersect on the lower right corner; these
intersects make an optically .inaccessible caustic as has already been
expected by tracing the wave-normal ray. Results based on the
stationary optics (Fig.6Ca)) and the dynamical optics (Fig.6(b)) are
in excellent agreementﬂ

5. Tracing of Geomstrical Optics Fields along Wave-Normal Rays

The power of light passes through a tube of energy rays, conserving
the total energy at any cross section. From this law of ‘energy
conservation, we obtain the expression for the intensity 1. of light
-along the wave-normal ray [10]

Ry [ (v-tena25fR)dy (16)

I= Io'ﬁe

where - the subscript 0 denotes the quantities defined at the initial

<10>



position, a is the angle between the directions of the wave-normal ray
and the energy ray (see Fig.5), £ is the local coordinate' measured
along the wavefront and 7 is the known quantity on" n. The values of
tana and v are given by

tana = (9v,/00) [, an
T= 7(£t 7]) .
_ 9 2tana 8v, , R 8%, ' (18)
= Ez-tana + vy 66 vp afz

respectively. The amplitude of the geometrical optics fields can
therefore be obtained from (16). Since, in general, the direction of
the wave-normal ray differs from that of the energy ray (* tana # o,
the field‘amplitude cannot be determined uniquely from the previoué
data on the wavemotion along the wave-normal ray. The method of field
construction thus- requires the additional information on ' the
neighboring ‘rays, or exactly speaking, we need to calculate the
derivative of the curvature of the-wavefrohts with respect to £ (see
the second term in the integrand of (16))[10]. This term describes a
factor of coupling between the two wave-normal rays in anisotropic
media. All neighboring rays are thereby coupled so that all initial
data on the initial wavefront‘éontribute to the local ray fields. The
strength of coupling is diminished when the media are weakly
anisotropic and vanishes absolutely when isotropic. Therefore, the
rays are decoupled in isotropic media. A numerical example for
calculating the ray fields in an inhomogeneous calcite by the present
method is illustrated in Fig.7 where the field amplitude on the
initial wavefront is assumed to be inhomogeneous and have ‘a peak at a
certain point. It is shown that a train of ihe peaks running away from

'Differentiation with respedt to s in (12) involved the two types of
differential operations with respect to the position r and the
direction ‘ip- The 3/3¢ indicates the first type of differential
operation with respect to r, thus neglecting the variation of ip with
r. Hence, 9/9s = 8/8§ + (1/R)3/36. For any homogeneous media, we have
3/9¢ = 0.
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the initial poiht makes a line close to the expected path of energy
transfer. '

6. Total Reflection of Wave-Normal Rays upon a Dielactric Interface

The idea described so far is applied to monochromatic spherical'
waves emanating from point sources and totally reflected at a
dielectric interface. Geometrical rules of total reflection for such

. waves having curved wavefronts differ from those for a plane‘wave. The

modified version of Maupertui's principle provides the law of
reflection for stationary waves [12,14]. This will be summarized below.

~Figure 8 shows that a two-dimensional spherical wave (a cylindrical
wave) starting from Point P.is reflected at Point A and propagates
toward. the observation point Q. Point P’ indicates the mirror point
of Point P. Poinf P” is.the real image -point of Point P, from which the
reflected wave comes directly. The observer looks at Point P” as an
image source instead of the real source although the real propagation
undergoes a phase increment ¢ by the total reflection. The value of ¢
(is calculated from Fresnel's reflection . formulas, and thus
depends on the va]ue.aflei. Point P” is located near Point P’ as
ihdicafed in Fig.8 where primes denote differentiation with respect to
0: and k is the wévénumber in free space. We note. that, in general,
the (complementary) angle of reflection er' is  larger than ;.
- However, in. the limit of a plane wave incidence where the radius of
© curvature of the wavefront at the fncidenca point is infinity, the
value of 6r becomes equal to the value of 8;. We also note that the
bhase of the  image source must Se ¢ + 0" when the phase of the
. afiginal souf&e is zefq, and in addition to this, the amplitude of the
image source must be equal to the amplitude of the original source, as
referred to as the .invariant principle [31].

The above geometrical rules for the location of the image source can
again be stated equivalently as follows:

sind; 9% -

cosb; — cas()r = IR 75, | (19

and
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vhere Ri and R. are the radii of curvature of the incident and
reflected wavefronts at Point A, respectively (+ Ri = PA, R = P"A).
The fofmula. (19), 1is simply derived by applying the variational
principle to the "virtual rays" passing near the real path and the
second formula, (20), is derived by applying (19) again to a ray
adJacent to the relevant ray, both of which constitute a ray bundle
diverging at Point P or Point P". Aﬁalytical_details_for_these results
are given in Ref.[12]. The mathematical evidence is exactly involved
in the high order asymptotic theory of Maxwell's equations [32]. We do
not glve further explanation for this because it is beyond our scope.

. The dynamxcal path of a wavepacket startxng from Point P and
arr1V1ng at Point Q should obey Hamilton's rules 1n the upper denser
medlum Howaver, these rules become invalid in the Jower-rarer medium
because the wave of light is invisible, and therefore, there is. no
method_qf.tracxng the ray path. Although the dynamiéal principle fails
fdr the cage when the medium includes a discontinuous boundary between
the two regions, the geometrical rules for dynamicél waves can be
deduced from the statlonary rules obtained above. To show ihis, we

first pay attention to the fact [5] that the path of a wavepacket

coincides thh the path of a beam wave which is a '"spatial packet" of
stationary Mavelets. The path of this spatxal packet is determined as
follows Hy ‘means of complex réy techniques ‘[33—37]. Changing the
position of the image source P" downward to the direction Q?A?P" by
the complex amount jb (see ”Fig.g). thé reflécted spherical wave
represents, in real space, a Gahssian beam wave propagating along the
path AQ. By letting P" move in complex space, Point P' (the mirror
point of Point P) moves along a line parallel to AQ while Poinf P
moves upside down. Then, the incident energy ray makes an angle 0
with the interface, and as a result, it crosses the interface at Point
A" that shifts to the left from Point A. This shift is called the ray
shift or the Goos-Hanchen shlft The above simple rule for .the
locatxon of the image source can be generalized as the "law of image

-sources# which holds valid in general 1nhomogeneous media [203. The

resulting rules .summarized for the particular case in F1g 8 .are
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'applicable to. the general case when the .incident ray curves in an
inhomogeneous medium and is reflected upon the interface or when the
curved incident ray passes through the minimum point at which the ray
is reflected énd does not impinge on the interface. However,f‘the
invariant principle of source amplitudes must beihodified slightlyf?l].

7. Applications to Guided Wave Problems

First, we consider whispering gallery waves in a dielectric
circular rod in which a progressive wave is incident upon the curved
interface from the inside and is reflected backward, and is incident
again upon ‘the other part of the 1nterface (see Fig.10). An infinite
number of the wave-normal rays travel along the curved interface. Their
envelope appearing in the rod is called the caustic or the dlstrnbuted
source plane from which the rays irradiate the interface. In familiar
text books, the angles of incidence and reflections are shown to be
équal. However, no ‘answer to " the 'questioh of why the angle of
reflection must be equal to the angle of incidence is given. The
present ‘theory can explain why it is so [14]. In fact, we can obtain
the reflection formulas for curved boundaries, instead of (19) and (20)
(see Fig.14). The ‘term on the right hand side of (19) should be
replaced by (1/k)(3®/31) where ! is the coordinate along the curved
boundéfy. Let an incident ray come from a certain sdurce point located
on the causiic (a circle), making an éngle 0; with the reflection
boundary. If this boundary is circular, then thé neighboring ray
starting from the same source point impinges on the boundary, making
the same angle 6: with it at the neighboring point. This means that
mathemat1cally 38:/91l= 0 or 99/3!= 0. Therefore, we find 6; = Br‘from
cosfi - cos6r = 0. The same argument cannot hold in dielectric
elliptic rods. | o o

Secondly, we apply the statiohary theory to the analysis of
dielectric tapered waveguides with the widths of the input end di and
the output - end d2, the lengﬁh L and the refractive index unity. For
convenience, ' the refractive index of the surrounding medium is
assumed to be 0. 9954 Point P is located on the center of the input
end and Point Q is located somewhere on the transverse axis
perpendicular to the waveguide axis (the x axis) (see Fig.ll).

There are la number of'rays starting from Point P and arriving
at Point Q. One is a straightforward ray and the others are all zigzag
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rays; they are reflected at the upper énd lower interfaces. These
zigzag rays come from the image sources directly. without receiving any
reflection, as have been illustrated in Section 6. Figure 11 shows an
example of the locations of the image sources. Such locations shift
slightiy when Point Q moves along the transverse axis, keeping close to
the x axis. However, this shift does not have much effect on
calculations of the field distribution unless Point Q moves beyond the
range of interest. Therefore, the locations of the image sources are
determined by setting Point Q on the X -axis. - They shift also.when
Point Q moves along the longitudinal axis (the X axis). The number of
the image sources increases as the observer moves toward the right.
This effect is nonnegligible. Geometrical optics fields -are calculated
as a sum of spherical waves coming from the real source and the image

. sources.

We omit partially reflected rays or refracted rays that describe a
leakage of the wave since we are concerned with:guided waves.. However,
when ‘the observer looks at the image sources in .complex space, he
observes the complex refracted rays. These complex rays represent the
evanescent waves in the rarer medium. The image sources of the complex
refracted rays are located in complex space and their locations are
determined uniquely [16]. Geometrical optics fields that represent the
evanescent fields in the surrounding medium are calculated in a similar
manner. .

Letting Point P shift toward the left by a complex amount jkwe2, the
image sources also shift toward the left by the same amount. The
resulting complex rays rebresents‘in real space a Gaussian beam wave
with 1/Je-waistsize wa [34,371. Figure 12 shows numerical examples of
‘beam wave propagation. The wavelength is 0.63 um, the values of di.and
dz are, respectively, 20um and 10um, and the value of L is 5000 gm or
3000um. In this wéveguide. several modes are supported along the x axis
so that some high order modes radiate from .the interfaces between the
input and output ends and a few low order modes remain. at the final
goal. An example-of the fundamental mode excitation with we = 6.3um, L
=5000um, x=4000-4500¢m is given in Fig.12(a). For comparison purposes?,
the two . examples of the multimode excitation with we = 2.3um,
L=5000um, x=4000-4400um and with wo = 2.3um, L=3000um, x=2000-2650um
are given in Figs.12(b) and 12(c), respectively. It is also possible at
the input end to excite the second or third taper mode which leaks out
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from the waveguide.

2Those results were checked by comparing with the beam propagating
method (BPM) solutions [38] based on paraxial wave optics, although
such a comparison has no significance in testing the validity of the
method because of their different bases of approximation. On the other
..hand, analytical comparisons with the wave solution [39] obtained from
the geometrical optics solution by means of analytical continuation in
“a spectral domain are fully suggestive.

8. Summary ,

The theory. -of stationary optics. for guided waves in waveguides
has briefly. been reviewed and various rules derived for the stationary
ray which is called ‘the wave-normal ray. are discussed in comparison
with the conventional dynamical optics rules. It has been mentioned
that these two definitions -are compatible - in representing high
frequency waves. The ray of light in the stationary optics indicates
~the direction of motion of stationary waves, which is perpendicular to
the wavefronts, and in genéral,_ it does not indicate the direction
of the transport of energy of a wave. We have made a clear
distinction between the two descriptions of geometrical' optics
according as we have:. treated a monochromatic wave or a wavepacket.
Figure 13 shows a schematic for the two ways of describing deduction
optics. Both can be consistent with each other and perhaps present the
same solution in continuous media. The prominent advantage of the
stationary optics is that the ray traveling near the discontinuous
-interface can always be traced in the -visible region if the phase
.increment due to the reflection is specified by a function of the angle
of reflection; we need not calculate the complex ray path to evaluate
the effects of the evanescent field in the invisible region. This is
summarized in Fig.14.:

The framed question marks denote unknown formulas which can never
be ‘derived from Hamilton's dynamical principle. The directions of
-arrows represent the directions of deduction where Ri or Rr is the
radius of curvature of the wavefront of the incident or reflected wave
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at Point A. The new dynamical theory of optics has been established by
letting the source location in the stationary optics shift toward the
complex location. The well known principle of equal angles for the
incident and reflected dynamical waves has been explained in this way.
A close examination of the modified Maupertuis' principle from which
-the geometrical law for wave-normal rays are -deduced supports the
validity of the present theory within the range of the order 1/k. We
believe that the  theory can hold valid -for much more complicated
configurations of motion of three-dimensional waves of which the
wavefronts rotate around the principal ray.
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Figure Captions

Figure 1 Energy rays (broken lines) and wave-normal rays (bold lines)
-in an anisotropic medium. The directions of wave-normal rays are
. defined to be perpendicular to the wavefronts. (From Hashimoto [5]1, by
..permission of the IEICE.)

Figure 2 Example of the wave-normal ray (solid line) and the energy
ray (broken line) in an inhomogeneous magneto-ionic medium. (After
Booker [291.) ‘

-.Figure .3: ‘Real path for a stationary wave traveling with o and p from
.~Point :P-.-to. Point Q@ and its virtual path for another stationary wave
1:With :0+8@ and p+3p. The times of departure at Point P and arrival at
.. Point ;Q are fixed. These two stationary waves produce a beat wave
v.(dynamical  wave) along the energy .ray of which the path is independent
of the values of 8w. (From Hashimoto, loc. cit., by permission of the
Science House Co., Ltd..) .

Figure 4 Real path and virtual path for stationary waves traveling
with .the same. Qalue of o from Point P to Point Q. The times “of
departure and arrival are not fixed. (From Hashimoto, loc. cit., by
permission of the Science House Co., Ltd..)

Figure 5 Ray coordinates for a two-dimensional wave. The coordinate 73
(s=0) denotes the principal ray.

Figure 6 Ray tracing in an inhomogeneous anisotropic medium in which
the phase velocify is given by (15) with g=0.244[mm '], b=0.04[mm ']
and vo/¢=0.603 [10]. (a) Tracing of a wave-normal. ray and associated
wavefronts, (b) the paths of energy rays and = their equiphases
calculated by (4) and (5). -

'Figure 7 Geometrical optics fields along the wave-normal ray (n axis)
calculated in Fig.6(a). The initial field on the initial wavefront is
assumed to be Gaussian. A train of the peaks denoted by a dotted line
indicates the path of the maximum intensity of light, which is very
close to the energy ray. (Hashimoto and Komiyama .[10], by permission of
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the 1EICE.)

Figure 8 Total reflection of a spherical wave on a plane interface. P
is a location of the real source and P" is its image. -9"/k and -&/k
indicates the shifts of the image source from the mirror point P' where
primes denote differentiation with respect to 8. (From‘Hashimoto and
Zhou [18), by permission of the IEICE.) ’

Figure 9 Wave-normal ray, energy ray and ray shift. When the image
source P" shifts to the direction A®P" in complex space, the reflected
spherical wave takes the form of a beam wave whose beam axis coincides
. with the energy ray. The real source P then shifts upward to the
direction A"2P in complex space, and thus therincident spherical wave
also takes the form of a beam wave and this energy ray is directed
toward Point A" making an angle 6 equal to the angle of reflection.
The shift A"A is. called the ‘ray shift. (From Hashimoto {123, - by
permission of the IEICE.) o T

Figure 10 Ray configurations of whispering gallery waves. Why is the
angle of reflection equal to the angle of incidence upon a circular
boundary and why does this not hold upon an elliptic boundary? To
explain this, the reflection formulas for the radius of the reflected
wavefront (refer to the framed equations in Fig.14) are applied to the
incident spherical waves whose sources are distributed and located on a

circular modal caustic [14].

Figure 11 Wave-normal rays in a dielectric tapered waveguide. The real
source P is located at the center of the input end. A number of rays
arrive at the observation point Q, passing along zigzag paths. Some
rays leak out, and as a result, the remaining rays are observed as the
guided rays whose sources are located equivalently at the points marked
crosses. (From Hashimoto, loc. cit., by permission of the Science House
Co., Ltd.,)

Figure 12 Geometrical optics fields calculated for the monomode and
multimode propagation along tapered waveguides. (a) Monomode
propagation; we= 6.3um, L= 5000um, x= 4000-4500pm. (b) Multimode
‘propagation; wa= 2.3um, L= 5000¢m, x= 4000-4400um. (c) Multimode
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propagation; we= 2.3um, L= 3000um, x= 2000-2650um. (From Hashimoto and
Zhou [18], by permission of the IEICE.)

Figure 13 The two theories of deduction optics in continuous
anisotropic media. The stationary theory is deduced from Maupertuis'
principle whereas the dynamical theory is deduced from Hamilton's
principle.

Figure 14 Flow diagram for the stationary theory of deduction optics,
illustrating how to explain the phenomena of reflection and ray shift.
The dynamical principle describing the geometrical features of energy
rays in continuous media becomes invalid for the media that contain
abrupt discontiquities such as an air-dielectric interface.
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C D W(m,A) ZH—{t Window EFFTFE T, (24 + 1) 2 Window &L D £ 7

C ORI/ SN Di(f,) 1E kBBOBEMICHT IS RBEBCETT . kOMEER
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5.1 BROM2EDEE
RiCEOH 2 EOMEEERET. HELZAL. BARBIIEE bET I,
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Li& LOB¥EEIE, SNBRETT~8IBE—EHOBAIVFZLLLTHEI L%
RUTOET, UL, B—EH0BEa L EmNK 2 HORATIE, SNROERLEHRN
REZOTHEOHBICIIPPMENS DX T,

APDY 2 V-Ya iR Tit, FAROXVOFBMETHA2ERDMD X LT,

- X

[1] Tizuka et al. ’Step-frequency radar’, J. Appl. Phys. 56, pp. 2572-2583, (1984)

[2] Nakayama et al. ’Optical fiber fault locator by the step frequency method’, Appl.
Optics, 26, 440-443, (1987)

[3] Iizuka et al. *Optical step-frequency reflectmeter’, J. Appl. Phys. 68, pp. 932-936,
- (1990)

[4] Nakayama et al. 'Differential frequency response and its a.pphcatxon to a step
frequency sonar’, Acoustical Imaging, 19, pp. 761-768, (1989).

12,



[5] Nakayama et al. *Application of differential hologram to acoustical imaging’, Proc.

ISNCR-89, pp. 154-159, (1989).
[6] Nakayama and Nakamura, 'Accurate target location by means of differential phase’,
Jap. J. Appl. Phys., 30 Suppl 30-1, pp. 65-67, (1991)

3



AN EHRIEE
| ®HES | RS 924 |

SUFLRNY » PIT & BFHE B ORE

mHEE  ldi—
( RRTZHERE T35 )

199245 H 29 B



1 JFUHIC

BRRACEETIVHROREIZ, BHNE LCEMHRS Y ARMMNERDZ ENBL, #oT EBO
BEKENT 3205 VT ASOEBRERRMIOERNIIMOR) S EHRAGICLERHLLIERETHIELE
A5,

AWM Tt J.Nakayama and T.Nishio(1991) I &3 5 V¥ ALEK & 3 ¥ FEUE ' ORBHEEL LTS V¥
LBREEHOBEKR MY » TiITk 5 FEEBREMIMEERD LiF5. #EX M vy TRED THEZBRT
HIHEE FAFHE. FERANCLT VT FEORMNEBL LOBITIC K 5 EAMELELSHDTH S,
W T RENS V¥ LEMNEHFSBESOEFREA. BALRLLHA. ERNICHERDIC HEDTHKE
BANEEA D, KKobayashi IZ& W RENELRRTH ZHTICL 3 FEROKEME™® 2WAN TN S04
BOXRTHT v ¥ ARBEREOHZHOMRENL B, T I TR REOMONELTHRABRIETER
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dB*(\,w) = dB(-A,w) , dB(\T%w)=e"**dB(\,w)
@BOLW) =0 , (dB(),w)dB"(V,w)) = §(A — N)dAdX 4)
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8,(+0, Tw|s) — &,(~0, T?w[s) = —oJ (T*w|s) f(T*w) a7
ZUTS 2=0TD 6,(z,2,w), ¢.(z zw)Dz>1, 2 < -l IZBFBHE Do-Fourier B $H 4RO LI
EET 3,
Oo iza na ¢l(z: 03 W) _ _~—isz e"'w+(T’w|s)
'/'.—re D { ¢ (z,0,w) }da = { eyt (T2u|s) - (18)
-l]-z —isl. —
ssapya ) $s(z,0,w) —isz ) €W (TFwls)
./—DO €D { ¢,(£ 0 w) }da =€ { e—illw—’(Tzwls) } (19)
CORENIDS ‘

[ wH(T?w|s), wt' (T¢ws) : Im s > —kzcosb;
[ w"(T’w|s),w"'(T‘w|s) : Im s < kycosé;
TEMTH %, (8) A% (11) AKRAU [~1-=2,l1—z] T D*-Fourier E# 2 M LEE TS &

i{l — ik sin ;0 f(T*w)}
s —kcost;
D,(+0,T°w|8) + o f(T*w) @, (40, T*w|s)

et (T7wls) + e (Towls) + o f(T) e wt (Towls) + e~ (Towls)}]  (20)

i(a—kcoa ;) __ —i(s~kcos@;)ly
(e e )=

HE5hd, .
WE. R MYy TEEOHXIRRICHATHSNMENEES (ko < 1) ZEET . 8,(2, Tw|s), &, (z, T*wls)
IKHU o L’)L\T(Dﬁﬁﬁﬁﬁ%ﬁj &

D,(z,T*wls) | _ | ®,0(zls) B,1(z, T"w|s) L
{ &)(z, Twls) }‘ { & o(zls) }”{ &),(z, T=wls) }+ @
&133, %72 (6) Ric D-Fourier £#H %4 L7 D-Fourier Q’E&ﬁﬂi‘o)&ﬁ?’iﬂﬁ

{-(%; 2i :+—a—-——(s —kz)}‘l’(z T*wls) =0 @2)

EHEIS ©,(2, T7w|s) FWRTH & &, BRBES TORBEEEERUT. 4,(2,z,w) BR FYy SEEOM
hEET (3) RONKEPENBBIEDD 3,(2, T?w|s) 2RAD & I ICEBEM & Wiener A THRLTE S,
3, (2, T*w|s) = G (s)e~ (Nl 4 afw C(s,A)e~7CHNNE=A2gdB (3 W) 4 ... (23)

ZITs C¥(s),CE(s,)) OHDHEAFED +,— i3 z DERAIHIET 30 Fity 7(s) DEBEE DAL

vs)=Vs2 -k , ¥(0)=—ik (24)
EF 5. Ty wE(Twls), w* (T7wls), J(T?w|s) i3 UT b ARRICHE B & Wiener BATELTHL &
wt(Tuls) | _ [ wE(e) = [ wie)) | o
{ w*'(T’w]s) } = { wgl(s) +U/:m wiy(s”\) € dB(},w) + (25)

5



. [+ .
J(T*wls) = Jo(s) + a/ Ji(s,Ne~**dB(A,w) + -
-00
ZDERNS
w (s), wi (8, A), wi'(s), wi'(5,)) : Im s> —kpcost;
wy (5), wi (5, A), wy ' (s),w'(8,4) : Im s < kycost;

TIERAERET B0 Jo(s), Ji(s,\) HLHR s -SFETEAMTH 30

(26)

DS-Fourier 28 SB35 1 SIS &,(2, T?wls) iDWT 320, (16), (17) KRT* (20) Rl (21),(25) X

U (26) RERALTEET L 0 ZOWTOESREST
o 12T D 0 ROBYHED S

®,0(+0]s) — ®,0(—0]s) = 0
®,0(+0}8) — ®}o(~0]s) = Jo(s)

Baa(+0l8) — {e1uf () + e*lug (5)} = (iemkomdl _ gmilemkecsti

—_—
s —kcosb;
T RDNTD 1 ROBYEH, S

[ ®,1(+0, T7w|s) — @,1(—0,T"w|s) = — f(T=w)Jo(s)-

D,1/(+0, T*w|s) — 8,1/ (-0, T%w|s) = J1(T*w|s)
< .

i : %, N .
£SO JLR0) (b consl _ =il ) = 340, T%0le) + H(T70) @0 (-0, 771
| -l (Twls) + ey (T2ls) + F(Tow){elud (T=wls) + el (Twls)}]
=85,

5T\ (25),(27),(28) R B0 IZDOTD O RDFYHHEE LT
CF (s) = C5 (8) (= Co(s))

~A(sHCE (5) + C5 ()} = Ju(s)

: - ] - . Y —i(8— .
Cg‘(s) - {e"lwg'(s)+ e“"wo (s)} = Py — (e‘(’ Ecosd;) _ il kcosa.)l)

¢ KOVTO I ROJEEE LT
[ Ct(s,A) — Cr(8,A) = —F(A)Jo(s)
=7(s + M{C (s,2) + C7 (5,0)} = Ja(s, 1)
. k“"sin _"‘Zf——f;‘”) (f—keontil _ gmilo=keenbidly = O} (s, X) — 1(8) F(A)Co(s)
L =l (5,2) + FO)wd ()} — e~ {uw (s,1) + F(\wy (s)}

%185, v
HUEX I hI (29),(30) RNERMICH VT Wiener-Hopf HEHWTHEL,

27

(28)

(29)

(30)



3 TBEAKEER
3.1 O R|EPADTE MKW
(29) XS o K2 TO O RFEYHITH T 3 Wiener-Hopf HBEAER 5.
W (s) + Jo(s)7H ()77 (8) + e~ W5 (8) = 0 ‘ (31)

FRBHRER |Im 5| < kacos®; THRUT 5. ZZT

i i )
W&E(s) = woi(.s) + me# k cos 8;l | 32

o =2 et EE) eI = =) =77(0) c)

1

27(s)

THh,
Wg(s): Ims> —kacosb;
Wy (s): Im s < kzcosé;
‘7+(8) Im s > ~k»
¥7(8): Ims<ky

W) 2t s=k cosl? 'COJ 1B L DERBEH DI LERVLTLTR %ﬂt@ﬁﬁ‘(’ﬁﬂﬂfiﬁ%o

(31) ROFHAI ——— ;/; ERUTHMBAEENKL |s] » 0o TORBOEERT S ELDVETOHREET

ROBIUKDHBEAEH 5.

WO— (3) 1 oo-iT 2“1W+(t) gt =

F@ ) ore TOC—
(34)
Wé"(s) je—ikcoséil 1 oo—iT —2xﬂWo (t) dt=0 )
7¥()  FF(kcos8;)(s — kcosf;) *tom —co—ir 1T ()2 - 5)
{J7| < k2 cosb;)
(3) DLORIH UTESR s —» —s . TORRHUTERER t - ~t ZHUAROMEEZEMS &
Xg"(s) ie—ikooao.-l 1 oHiT 2’"Xa”(t)
T7) T (os 00— K on0) T 3L Jrasis T F A (35)
ZIT .
X (s) = Wi (s) = Wy (-3) (36)

THD. s=kcost; TO DB XBHREZRNT Im s > —kycosd; TERITH S,

(35) ROMBAMEBPD () OTF Vv FHy MERBE t=k Dt =k+ico "EJFHRICEDHZE
ETSVFHy MBS EDICEET S, SOl 1OBt=keost KEDFARDFEETS VFH vy MR
BORDOFBMIHELT, ORFBUHC>OLTORANBERER LSR5,

a oikcos il Jeik con 8l 1 k+ico 62‘”)(6"(1)
Xo"(s) =74 (s){7+(kcosﬂ)(s—-kcosﬁ) T (heosBi)(o —Feos) T i Jy | 7_-’(5(—[t)+—s)dt} (87)

SO0 KBEEIZR MY w PN S ILIBAISHIG U HIA I K.Kobayashi OF BEERERE T LS5 FHE
WO ETEE 78 OBFR Fourier ZRR TO 0 REWHOREBREEXHANICALHOTH S,
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3.2 1 REBHHOEXNBRER
2 RRIT (30) RS o IKOWTO 1 RE\EBYEICBT 5 Wiener-Hopf HEAEH 3,

W (s,0) + Ty (s, DTH(a + A7~ (e + X) + =1 W (5,0) = 0

(38)
LRBBRER |Im 5| < k2cos8; TRUT B, ST

Wl (5,2) =wj (s ,\):I:F(,\)wi (s) £ ._]ffl:lo_’_p(,\)e;:-kcau

(39)
TH , '

Wit(s,A) : Im s> —kacosb;

Wi (s,A) 0 Ims < kycosb;

Fr(s+2): Im(s+ 1) >~k

¥ (s4+2A): Im(s+A)<ks
WQ@A)#s_kmw'vm1mw&u;aﬁﬂﬁ%ﬁo_a%%wrwfhﬁutoﬁmrmwfbao

exis
(38) RO FEAI T ERUTHBBEERU |s] > co TORBWEERT I LLVETORREE

BETROMURS HEAXE D,

Wr(s,d) 1 CoHT G2y (1,)) Q=0
T (s4+X) 27 Joopir T+ A)(E ~8)
(40)
Wi(s,2) _ ksinfF(A)e=ibeostil L L 2 W) Lo
FHs+A)  FHA +kcosh)(s—kcosh) ' 2mi J_omir YT HA)E - 8)
(Ir] < k2 cos8;)
(40) RicH LT :
s+A=p 41
{ t+A=yq )
LEBRL.
Wi (p,3) = eFNWE(p = 4, 0) (42)
ELTEETSL
Wipd) _ 1 (=" W @), o
@) 2 Jecopir T @@-P) L
(43)
Wi(p,)) __ ksingF(\)e=iOHconti) N R O P
@) Y (A +kcos){p— (A + kcos 9-)} 278 J_coir 7 (9)(@— D)
SO DLOARHUTER p— —p . TORIHUTEHER ¢ - —¢ ZHUAROMEEEMS &
X8 (5,2) _ __ ksingiP(A)e=iOEcorti) 1 /°°+" X @D 4 g (44)
@)  FT(A+ kcosf;){p— (A + k cosb; )} F o ) oorir T@@+D) 1
ZoT,
X3 (0,0) = W (p,3) £ W1 (=2, (45)



THYD. p= A+ kcost; TO 1D L BHREARNT Im p > ~kacost; TEHITH 3,
ORBHHEADRE L2 ARTRSFEET S J&T 1 RABEC OV TORANBERZB LR S,

XA = 7+p) [ ksin 8; F(A)e— ik cos i)l ksin 8, F(A)es(+¥ cos 0.1
LR =T FHA + kcosi){p— (A+kcosfi)} = 7~ (A+ kcosfi){p-+ (A + kcosb;)}
L1 [ HX1(g,))
7y 7 (9)(g +p)

(46)



4 WA

FIOHTH o KONTD O RFWYE. 1 WREHE TS S Wiener-Hopf HEROTE A MM RS (37),(46)
KB, UL, 5408 3 FRAMME X2 (s), X2 (0, )) 2 HRAMKICSURERL, XFHY OBR
WUABEL>TND. EIH BIHLB2HLEHBERVTS V¥ AEFEED Winer-Hopf FEXDOBER
Bl E—HEICREEREERUBEA—HT 3. #-Ts BIFLBE2EHN Ly NS STHEHENER
AAERLTOILEL NS &N S, B3HRT y UNTOFET IS ER K AHEAROHERAIC LD
EHTHD EMRTED, SOLIBHERIOVTRA MY v TOENBERIHRTHIALBEEZKET 5,
COBE, B1HE, B HICHRTHEHOEBIWNESLE LB 505, £ T, [kl — 0o DEHETTO

RONENRALEE BT = LT 5, '

41 OREEHHOHLER
WERI S W2 (s) 2D & D IKEHL X' (s) hOKARESMT 5,

Wa (s) = wi (s) + wy (~5) ’ (@7

Che (32),(36) A5 jeikcosdil  joikcostil

Xo"(s) = Wo(s) + s—kcosf; * s+ kcosd;

EB50TRARE Wy (s) IKRFXEB, Wi,

(48)

_1_ k+4i00 ez""Xg"(t)
iy @)t +s)

= j: /k-Hm fz_‘ﬂwa ’(t) dt + w—ikcoa@ l/ ktico = ‘ et
i | Ji @)t +s) & (@) + 8)(t — kcosb; )

ikcotyt [TV g%t
e 'A “ma+ﬂu+hmm)} v (49)

Iy (s)

EB{o CO IM(s) OB 2. 5 SHORAEETORMICL hROK S KBEICERTE 3 2 LHRE N3,

k+4ico ezm u,d 50
/k G )EE ko) = i () 0
bl U
od o e¥F o {—2i(s + k)} = Co{—2i(1 F cos 8;)k!}
() = T s+ kcosh;
_ £(s) — E(xkcost)
- s+ kcost; D
2k .
£(5) = Spo{~2ils + K)) (52)
n+d -t
Ca(s) = / tHes | (n>—-g : Iargs|<1r) (53)
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¥l BE1HOBBIIOWTRTS vFHy FERAORSGICHET 3NEBRMOMEER® £+ 88T 54

k+4ioo e!tﬂWﬂ '(t) i .(2H+1) 0 in n s
L St g = et S 3 b+ 0 |
= W] (1t — c0) )

&l EﬁﬂghéaJTEﬁﬁ%mb Bz Lickd
Ig ’(s) —Wo "(k)(o{—?!(&‘ + k)l} gtk costil "(8) :erlkcosa il d(s) (55) '

%185, kT (37),(48),(52),(55) Rk b

W' (s) = 7¥(s)lie™* = {P3(s) ¥ ’70(8)} % ie'* mo"{P (3) Fno(s)} £ Wo (k)E(s)] (56)
o4 (A PN
Foi(s) = sF klcosa.- {'7T(k <1:os ;) ’y“’l(s)} : (57)
&93, ST
X5 (s) = ieTH N PYlod(s) — gtk el g () (58)
L3 (56) i
' W' (s) = 7 (s){x3(s) % x5(s) £ Wo"* ()é(s)} ' (59)

EEATE B (50) AT 6= k EBLT WP (K) I2o0TRE (55) RICRA L (52) DEXRF 32T
a,s 3t(k k) & k ~ikcos u ik cos
15 (0)~ TCUEB 20O () giemiremnityy(s) 2 i orrini() (60
EB5. TRISED X0*(s) DESHD [kl - o0 OFMT TOMELMRE -7 DT (36),(37) REEMUET
DEHEATEIEITED Wi () OFEBERD L5123,

jeFikcos&il " "
W3 6) =70 (oo s ) By | (o)
ot o VN
pud = TG () +x5 A7+ aem) | 2)

1— {yF(k}E(K)}

(23),(27),(29),31) REL W BERD ¢ 122 T D 0 RFYH ,0(2]s) i3

Buozls) = Co(s)e™ M, Cofs) = -5"5’? W (5) + Wy () (63)
&7 B DT D°-¥ Fourier BB Ik Y REMITH I BREAAD ¢ iZOWTO 0 RFEBE,0(2,2) REITD&

FIEKRDOH |l - o OFHF T TONEREEX 3.

1 oo+iT

$10(2,2) e~ B,0(T7w|s)ds _

2 —co4ir

1 o+ .
T {e"" W (s) + e~ "Wy (s)}e 70N -0 g
—oo+iT

$s01(2,2) + dso2(z,2) , |r| < kacost; - (64)

]
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P4 o4 VR

3 1 coir ,7+( s)ie-’s'kco-ad sl
dur(2,2) = P Lq-n {’7*(!: cos;)(s — kcosb;)
T~ (5)'.8“ cos il —1‘:!} ~y(8)z)~isz 7,
F-(kcost;)(s — kcos ;). | °© ds (65)
1 co+ir . i
do2(z,2) = o o [+ () {—ie* = ' ni(s) + ByE(s)}e”
1 Jootir

+7 (8){—ie~ ¥ =%l g8 (—s) + Bie(—s)}e e 7(sImisngs
|7| < kacosb; (66)
4.2 1 REBHHOWER
ORBYHDOBELLALFHTHERREBLZENTE 5,
Wi (p,%) = e wf(p— 3,3) + F)u (p— N} £ g (-p = AN+ FOug (-p =N} (67)

EUT. Shé (39),(41),(42),(45) Kb 5

: -i(;\+koosa,~)l ; i (A+E coa 8;)!
ie ie } (68)

p—(A+kcosb;) ~ p+{(A+kcosb;)
(B30T, RAERE W (p,)) KAKIEZ. RIOXRBYFHORA LAMCKOBY X' (p,2) 28UH
RELEFMT DL

S e e”*'X""(q ,\)
Id,l ,A — _:f 1 1]
A 7 (g +p)

X3 (p,\) = Wi (p, ) — ik sin 6, F(X) {

e2ikl

it

3 Wi (k, A)o{~2i(p + k)I} :
—ik sin 0; F(A){—ie~$Mtkcos 0l 3 jei(AHkcosb0lpd(yy 33} (69)

XM 0o {—2i(p + k)} — Gol~2i{k F (A + k cos i) }H]

. u,d
7(p, A) sy pEt(A+kcost;)

§(p) — §{F(A + kcosdi)}
pEt(A+kcost;)

(70)

ny(p, A)

= gd(s) , (1)
A=0 )

KEEET 5. :
ORFEHHOH A ERARMTETORBICKD W (R, X) £R® (69) RNTRAL (52) AEERT S &

15 7H(k)E(K) .
_ie—i(H»k cos 8)! '7'1‘ (P, A) T iefi(k'*'k cos Ua)l’lii(p, ’\)} (72)
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2N -
xtll.d(p’ A) = '-c:pi(A+kcoa8;)le.d(p,,\) - iei-‘(“keoaaa)lnr,d(p, ) (73)

u,d _ 1 1 _ 1
A "’"‘)‘pq=<A+kcoso.-){7*(A+kcose.-) -7+(p)} - ™
hol -¥-% Y
KA =x3%s) Pl“"(p,x)| = P}"%(s) (75)
A=0 A=0
EET 5.

chizk b X2'(p,)) O SHD |kl — co DERET TOWEMDORE - 72D T (45), (46) REZRULET O _
BEFBC LD W, (p,)) ORGERIZRD & 517 50

' jeFiOHkcosd)l

FE + kcos ;) (p — kcos 6;)

Wi ) ~ —iksinfiF(A\)7(p) [i-

—igH O en gt 3) 1+ BONE(D)] (Il o0) (76)
B (42) XS
Wi(s,A) = —iksingiF(A)erNyt(s + 1) [*-‘r* o k:::e(;:i“(;); Foos O]
gk cos gl {o (54 2), A} + By (e (s + A)}]
= FOW; () (&}t = oo) (17)
£ B, 272Uy | o s
Bigy = O Y"_*% ; Zfl:)-fgs;z)v (RER)} )
ThY. £ (5)RX&LD
B _ =B (79)

KEET 5,
(23),(27),(30),(38) AL O BEARD o IZDWTD 1 KWBWE ,1(2, T7w]s) T

Bz, Towls) = [ Gh(a, e+ 0l-RmaB(3,0)
=00

CEOY) =~ LFON(s)
= &HWH(s, ) £ 1(IW (8)F(V)}
+e 7 W (3,A) £ ¥() W5 (5)F(A)}
= FO)EW (5,0) £ ()W (s))

e 7 (5,3) & ()W (5)}] ®0)
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L ADT, D°-¥ Fourier £# It & W HEMIZL Y AUERD. o KO0 TD 1 KFEFS,1(2, 2,0) 1T

1 co+iT A
$a1(z, z,w) / e 9%®,1 (2, T°wls)ds

27 Jootir

—-ca —00

O+4iT ) ‘
*2%/ i 1{a){e*' W3t () + e'"'W;(s)}e-‘<'~+*>*-v<'+*>l=lds] dB(),w)

-00

|7] < kacost;

ELTRDSH [E)l — 0o DEBET COWNEREEX 3,
B RESLEETIE,

bur(z,2,0) = / 7 FO){(—iksini)g (s, 2, A) % g2(z, 2 N)}dB(A,w)
%185, 12U, BER z OFERICHEL. gl1(z,2,1),02(z, 2,)) i

91(z,2,0) = Pz, 2,2) + da12(x,2,A)
gZ(lel’\) = ¢,1;($,Z,A)+¢,14($,Z,A)

_ 1 004§ '7+(8)ie-"(‘\+kc°“")’ il
bus(2,4) = o —coir [7+(A + kcosf;){s — (A + kcos 9.-)}3
_ 5~ (8)ief\+Ecosdi)l c“"} e=1(sl=is g
¥~ (A + kcos8;){s — (A + kcosb;)}
1 ot i(A+k ?-id isl
$a2(2,2,8) = 5= [y (s){—ie CHEeor0dlnd(s, X) + BY(A)E(s)}e™
~cotir
+‘i'(s){—-‘ie—i('\+kc°'9")lﬂi‘ —5,)) + Bi’(k)f(-s)}e-m]e_"(')ltl—‘”ds
1 co+ir ’-e—i(x-{-kcosﬂg)l il
_ $as®:2,) = o= /_mw [2»7+(kcose.-)7-(s —M){s— (A + kcoséy)}

seiO+Ecos8)l
—2’7—(15 cos8;)31 (s — A){s — (A + kcost;)} ¢

-ial] e—1(a)lxl~—i:zd5

da1a(2,2,)) = 51;/

—0O4iT

T [—igikcontilnd(s — )) + BFE(s — A) gila=Mt
277 (s - 2)

+ —jg=ikcos 0‘1713 {—(8 - ’\)} + Bgf{_(s - A)}c—i(a—A)I] e--y(a)lzl-in.tds

27t (s— )

CIT o DT D0 KA (74),(76) A S

= ¢,02(2, Z)

¢111(212»A) =¢101($12) ’ ¢,12(£,2,A)
A= A=0

14

0 oo+ir e
o) [il;f {eMTY (5, A) + T (5, 1) e N1+ DIl gg
ir

(81)

(82)

(83)
(89)

(85)

(86)

(87)

(88)



ERBDT
n(z,z, A) = @s0(2, 2) . (89)

*18%,
BT\ REMITH ZHELIRIZ (21) RD  DO-5¥ Fourier Lk

82(2:2,0) = a2, 2 + 06us(2,2,0) | (50)
& (82),(89) REANT
@@A@=m@mm+a[:HMK4hmMm@anim@LMMM&m 1)
EMERYE B, THITL D REBOTE & D8z (4) RO dB(\w) OREH SEBIRBHR
(#s(z,2,w)) = g1(z, 2,0) (92)

(I¢s(z,2,w) = (s (z, 2, W))|?) = & / [P = ik sin big1(z,2,A) gg(:c z,A)|%d) (93)

-00

L3 (92) RFKEBD 0 KOVTOORBYUHZO LD TH D X b U o FEEIMWSHTH 3 B4 OME
BESXBIE-LY MIFAERT, (93) R 0 12OVTO L KEMET Ab L. X MY » PEREILS V5 A
BMLHEET I REOBABORELER S, vaE— V/bﬂmﬁ%Tb\E§®57YAé®A7 —ZANR
7 MV [FQ)P? #5252 ,TRHBSNB,
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5 &9

KRN TS V¥ AREEEHESWER } Y v i & 3 FERBREHRENEENY L, REDOT V& LS
WEES Y AABELTESNBBAEKEL. TE BRAMICHT 3 “RTGHEMEE  Do-Fourier Z# HH
TERAM L, Sh% Wiener-Hopf B EHBBEEAVTA M v TREDHIERTNFA-FTROVTOOR
OEBE. 1 ROBEFEAEZX D°-Fourier £ B COBANMERLERDI. Tl A MY » THEINAHE
DUEI HNTHARIIBAITDNT D°-Fourier T FRIZH 13 5 HERBTERBI,
4%k Do-¥ Fourier K8 I & 3WERD & ) BAMARTERD. HABOSHRHBLHMITHBT S
L THEBORMEELT S FETH 3. '
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2 RET 4 LFELOME L= HAIE
AR, FAREAT
(FRER K TR BFT2HE)

1 Fare&

LI — BRI TEI NS 1 RTT V¥ ARE LD Green B3, T4 bbHE LA ICAET 5 ABRORST
Bh . FEEANOSKELEEL2 SR TLIEICE ) I 0¥ ART +ETHESOIENE LTRANITRD, &
nEAWTEED SEENER ICBIT 5 EENGOENIR 2 BifaEic X DFHEL, aek— LY FBITf ok -
L b EEER OB LT ) Ot D 5 WISBELED 2 R, B, RRMECEELREICH ) EHICS
T AEENEOBNE T b AARRICHIT L TEADE LR 2 A 20—, Bit20r2HiEL T2 RTT » ¥
AEE ED Green T 2 b bEKE - EHICES 5 SHEFEOES 3 KTLAH 7 —BEHONBEREEHAL KD, &
NERWTES OREIEOEIET ¥ BEICHT L6 6, OB, 2 XK HEEOERIC o W TORT
i3, BAORBED DT hbid o725, 4EEINIZOVTHRET S,

2 2RET H LREIC S 3 FEEDEE
E CHICPHEERELORRE T LD D, 3RTMERS b br = (z,y) = (z,y, 2) BREEES X UEREE
r

(46, ©)por = (T, 2)ey1 (1)
(py)eyt, p=rsind, z=rcosb 2

THFET, i3 2 KTTFE Ry EOMENRY bV, pldFDOEETH B,
2 RILT V¥ AKE & — AR

T

z=faw@=i/e“¢FQﬂBQw% wealmeng . (3)
Rz '
THETo dB(A,w) 1 2 RILHEE Gauss 7 V¥ AJET
| @B(N) = 0 @
<dB (%ydB (,\’)> = §(A—A)dAdN (5)
OWHED D, () I EET, 7V AKEITTEHE 0 THEEE
R@) = (F@ra®)= [ A=FQPa, Aek (6)
Rz i
> = RO)= [ |FM)Pdx - (7

Rz
::?WQWﬁ7yy4§E®XN9FW%%K%bXN7Pﬂ0?%U\Hﬁﬁﬁ?‘iﬁﬁé%iToﬁ=0
FEYEIIET %o 3 RTLEMOBHAZ b V% (1)(2) IS L.

k= (k a’_ﬂ)POl = (A, 5(A))ent 8
A= (Am’\y) = (Avﬂ)cy] . (9)



1 9>F AKEIC L A PEBEDOHE

TEY, 2T
A = ksina, (10)
SA) = VE2-X=kcosa (11)

S(A) DMEIZarg S =0, k2> A2, argS=n/2, k<A ORICLBIDET S,
KR ABHES & CETERGFHEDBERAR Y MV kky, koL ETIE

(R0s S(A0))eyts A (reflection)

kO = (k’ 00y <P0)pol
(A0, =S(A0))cy1, (incidence) ) (12)

kf) = (k,m — 6o, <P0)pol
Ao = (ksinbo, po)cyt

Z T TOIIASH ., ol ANAZRT
B D Wk DFEEREA 2 KTET VY ARAECAFT L DL L, ZOHEOBEEY(x, 7 w|o) IXHEENS
FES:o ‘
(VE+EDY(2, 0 | M) =0, z> f(T®w), z€R (13)
2HREL. 7 VY ABRE 2 = f(T°w) LTHRSEMY = 0(Dirichlet). ¥ 72138¢/0n = 0(Neumann) 2R L.
BEH z > oo THHEEHLHTIOLT D, ThODEMITTEE » = 0 L THMERLH

[1/; + _fg—f = 0 (Dirichlet) (14)

1 oy %y
7 —(Vf-V¢)+E+f- 5;]2=0

0 (Neumann) (15)



Lo TEBMICREL., UTFCRCRE 5 V¥ AREDEF L E AT,
RERS b vk DFERA— R T ¥ ¥ AFEEICASTT 2354 Floquet DEEOHOWENEI

¥(@, 50|Ao) = 0@ [¢miSA2 2 A0z £ (T, 2|20)| (16)
(72512 Dirichlet 33 & OF Neumann £FHITHIE) O B, ST, 1. %2 Hido? = 0 (SEiNEH) OBA

DASH FAFEBEEHE L %3 Hido? > 0 ($8) OPEOBEEER T, U(T 0, 2|A0) 1% Ry LO— RIS
THo T —HRIC dB(X) DERIEI UL IZ X D Wiener-1to BRDOEICBHTE %: -

U(ng‘;}, 2| X)) = i Un(me,z | o) ) | 1n

n=0

Un(T®w, z | Ag)

// A+ 4 A L) BHS Ao+ A )z
R,

XAn(A1,++ s AnXo) B [AB (A1) ,+++,dB(An)], n=0,1,2,-- (18)
TZT, An(An -+ Anlho) i n KD Wiener BT (Ag,«++, An) (KM LIHRTH B o U, DEANEEKOTIEIT 5

(TaUm) = bamn! f . / e~ HmSAt Akt An)z| 4 (A1 oo, A Ag)PdAs -+ - Ay
R, .
n,m=0,1,2,.-. ‘ (19)

T AR KT 5 BATARAEIN

S(Xo) S(f\o) 2 / /
2) 1+ Ap(Ao) 2+ 5 ! So+A1+--+A
k | ( O)I fg (Ao+A1+- (-FAD )’(I:’ n)

X |An(A1, ", n |A0) l2 dA] dA (20)

DT D, T2 Wiener A DRT T, £ Vo — L FELEES. Thbh, ASMs © = (60, %0)
xt L, BUREERL VBEA 0 = (0,0) HIRMAN MY ) OFHBHTA

S(9|90)=k20080[l AI(A"'AOIAO) |2 +2!/ IAQ(A—AO—AZ Iz\u) ’2 dAg +--- » (21)

ICEYRDOLND, STTITA =g+ A; +- = (ksinf,¢)cy, S(A) = kcosf, Ag = (ksm%, (po)cylﬂ)Bg%
PHY. A= Xld Bragg X2 F )1’L7Fﬁ:-."i'§'5o

ERICT VT D REKADREIHEREMN: (14)(15) LFE . RIS Wiener % Ao(N), AI(AI,\), Rl E
HTEL, DTFISEPSE25IET S,

Dirichlet &f4- {7]
4 = SN = -2B) Be
AR = SMa(ly) | (23)
Z() = SNER) (24)
_ | .
R EEEYERY g
_ —2iF(A)
aluld) = -{1+S(A)«A)l[1+s§§+xl)eu+xl)1 (26)
_ [ SOMIF =P, '
= e e sone) P &
~ / S|PV = A)2aN’ (28)
Ry .



BT = kICBW TR D L2

Zo(k)=0, Ao(k)=0, Ai(Ai]k)=0 (29)

Neumann &4
A(A) = —2+S(>\)ao(,\)='—li_zg—l(:(‘z\) (30)
A1) = S(A)ar(MA) - (31)
Zy(A) = % (32)
2
OB T VETeY o )

—~2i [k% — (A4 A1) - A] F(Ap)

S A GEVESTEV P SN e W) (34

_ [ BP=XPIFN -, ]

o[ [B=XPIFN NP,
~ /R 2 % dA | (36)
ZN(,C) =00, 2 + Ao(k) =0, A,l (Allk) =0 (37)
—RCWTROBREHD S L THROBFAIRY L2,
An(Ar, 0, Anlk) = S(k)an(Ag,- -+, Aﬂll") =0, n=12,--. (38)
%7 AR (22),(30) BB TH o T

1+ Ag(A) = %&‘; /=D,N (39)

HED LD, 1 +A(A) i, Te— VY M EORSRERTH LB, 2,0 =D,N 25 V¥ AETDTHHFEA >
Y~ VA LBRTE S, '
3 2Rx7>F LTRELD Green BIE5H

BEONEE Py:rg= (TO,BOx‘PO)pol = (wO: zO)cyla ﬁﬁu,ﬁ@ﬁﬁﬁ% P:r= (1',9, SD)POI = (I, y)cyl’ 2,202 0
£ 3%, Green B8 G(MSEEERR) IZ BB HEER

(V2 + k)G (=, 2|20, 205 w) = —6(z ~ z9)8(2 — 29), 2,20>0 . (40)

b TR AN (14),(15) BEHEHZHZT DO TH 5, WRA PRI (0,2) ThbL 2B ECHEBET 2 bDL
T 50 HEBEDOWIFAE (x0, 2) KBTS Green HHIIROERTESICELNE:

G(z, z|@o, 20;w) = D™ G(z, 2[0, 20; w) = G(z — @0, 2|0, 20; T w) (41)
13 COITKREAPRZEE (02 = 0) DA D Green B Go(z, 2]0, 20) PEHZRLTBL,

(V2 + K)Gy (2, 2], 0, 20) = —5(2)5(x — 20) (42



ZA
3

RRER Ry

B 2: 7 ¥ AKE EORIR Py, $HSIEIR P, BRIA P

k
o [P eR) 7 RO (kR

: AT
_ e 1S\ )z—20] — iS(A)(z+20) ,
= m/ SO0 [e ol e Jax (43)

Go(w, 2|0, zg)

T ZTh( () 1445 1 TE3R Hankel B, R, R 1ZZRENBIE Py = (0, 2), $5& P} = (0, —z0) B HEHUL P = (,2)
T TOMBERER T, BIEFIER 2 = 0 LD Dirichlet, Neumann £ 5,
Green Bi%(%0? = 0 ® primary waveGy & 5 > ¥ AKEIC X AHELBT 2B secondary wave Go DHITH T

G(z, 2|0, z0;w) = Go(z, 2|0, z0) F Gs(2, 2|0, z3;w), 2,2 >' 0 - (44)

Z T4 Dirichlet, Neumann AR T 50 & ZT (16)(43)(44) % 2 < 2 @ﬁiﬁ?ﬂ:@t@“mi Green %
li 2 < DEFRT
RETP VPN
G(z, 2|0, zp;w) = ———/ Az [ e~iS( Nz FelS Az 3 U(T%w, z|A)] S()\) z2< 2z (45)
DHARD BB Tz > 20 THE (83) 15580, EROM DS 2,20 EERTRILE W ﬁﬁof‘ Green %
DYELES GsRRDOTIET B .

. A)
. - AT T
Gs(z, 2]0, 203 w) = 5 /R7 U(T w,z[A) 5 ———d\, zT€ER,, z,zo'>0 (46)
U(T®w,2z|]\) = e‘s(’\)=,40(,\)+i / / At A0) BHSA+ A 4+ X)2
. Ry
xAn(Mse s An|Aha[dB(M), -+, dB(A), 2> 0 (47)

(47) XY, HERS G AT L — LY b (T) B g b4 YT — LY b (BR) B g5 TE

GS(Q,ZIO, 20;‘"’) = gC(wyzl(), ZO) +gic(Z,ZIO, Zo;(d) . (48)



i : : Ag(A .
gc(z, 20, zp) ! / e’)"“”‘s(’\)(”"’)—So((,\))de\ (49)
Ry

8x2
gic(®, 2]0, 205 w) = ‘/I; K(z,z,29|A\1)dB ()q) + - (50)
2
K(z,2,20)A1) = 817 / ei()\+z\1).z+is(z\+/\1)z+is(z\)zoa1(AI[,\)d,\ (51)
R, -

= 8—;2- SATHSNHSA-Az0g (AN = A1)dN, z€Ry, 2,2>0 (52)
R;

Lo T, &3k —VL ¥ MG GAZROFICET 5:
Gc(m, le, ZO) = Go(fv, ZlO, ZO) F gc(a"s ZIO) ZO)

8—;2- /E 2 5;?—; [eiSle=zol (14 Ag(W)ISNE+] dN 2,20 > 0 (53)
T T Ag(A),ar (A, [A) 1xt LT (22),(25),(26),(30), (33),(34) VX, 775 AEREM TS Green
MEAFLONAT LR D, '

(60) THEZLNRBA YO LY Mgk, TVF AKE (3) A—REHDFE. R LIEROMNE T HE A
z=00Fh ) DEEIEH L TEHLHRETHLZ LIRSS,

ae—VL Y MEGHIBELTid, 7Y ARE T ICGA T 55MEHE L ERTH I LATTE 5, FEBE(49) THX
BND gt BT SN0 A(A) RBLY BT IZEHZEMD Green B¥ g0 lRE T 255 ROBICEXHENS:

ge(®, 2|0,29) = /R go(z -,z = 2)Qc(r")dr’ _(54)

T ZTQc(r),r = (z,2) BOMEET
Qc(r) = 8(z+ 20)gc(z) , (55)
we(z) = (-271r)_2 /R AT 45(A)dA (56)

Fiebb g (o) HREFLRE 2 =~ LT, T LY b g BEHT BRRE RS,

4 Green BFABOEER — REICA D EHDKENE -

BESRIETIXBIR & O BENTE S OBBYG LR TH Do PRDKLE P ARE S H&  BOVALEICEE L7 H4E,
Bl PAOSBIRB & UKE & ) B H DFED Green ROWHER., T2b5 EFOBEHI DV TIRERIH

LR 8, z Tk, EEOBRIA POMESKES HE 2O Green EOBAT. THbbHECH
I BT ERICOVWTERT H2% 1R T V5 AKEICHT 55 12U FORIC 2 KT T ¥ ¥ AKEDBHE
CHERERT 2,

4.1 Green Eﬁﬁo} de—-L>b %Bﬁ@ﬁi&ﬁz

TAE—LL RS  Green MEOTL—L > M S G OWERERD Do MHEOIDICT > ¥ ARTIZES L
FHUL, P(A) = F(A), Ao(A) = Ao(A), A= [A| = /A2 £ 02, 290 0o —RHERKD & %  BHINLE (2, 2),
z = (p;Q)eyts p = |x] DHIAIZp =0 £ T 5, (49) &Y 2RFEDO I —L ¥ MBS g\ p — 00 DFEIC

. . Aol
ge(2,2]0,20) = e"“’°°s°‘+'5(")_(‘+’°)—'S—?(—E\-)—)AdAda (57)

1
2
8w R



cut

é/ : arg § =0

k
_ g 5= £ —*— 9
f cut ) arg § =0
4 A Vi A
B 3: APEAEY Y b LR B4 MFERTHORD
i it i 2420 AO(A)
= 4—“‘/0 Jo(Ap)elSN =+ )W,\d,\ (58)
L TY @Sz ANy 4y _
~ ZE/(, Py (Ap4) SV 50 AdA (59)
o AL 7 sy Aod)
T in\an /_oo oT so) _ (60)
= LS [T +iS()(z+20) A0(A(S))
T 4rx\ 2mp /_we g VO] ds . (61)

(60) TI Bessel B%% Jo(Ap) DELETL % FIv 7o, BEMABIC X o THAROHRFHLND, R 3DTIHL
B 4DRICE Ly ROBEEH: '

s= (K =2)"2, As)= (K =s?)"?, Adr=-sds (62)

LRI (61) HR DB, T OEBUIFEEN = kBB & —BcF 2700, NPEOMLELO 2 L 116
BIRERT B0 THE, DT LI GDFER (43) K LTHRBIATREV I 25, LichfoT, £TD2
v— L v P G OEERICH L TIRROBIERI L b A:

1 / i,
Ge( 210, 20) ~ - ﬁ /_ Ne"‘(‘)"f(s)ds N (63)

—_ 1 e—is z=24) eia(z z.‘;) 3 '
fs) = @{ R i (B2 CY0)) S (64)
T = e~is(z=20) _ gla(z+20) [1 4 gaq(A(s 65)
| m{ [1 sao(Ms))] } (
ao(,\)=—1—ffsz, (Dirichlet) (66)
ap(A) = 3?71’ (Neumann) . | 67)



A=y B 57

. -._.~ cut ;
: s L i

T -~ Saddle point
I — -
arg A= 2 N

[N s=0 J
-k; arg A=0| Sy k

J:"! cut Seen

B 5: s FHEDEA v b LRI HE. BEA L REGER

BRRAICS MR  ZOWTEp > 0 ISHLTRLSL, COBTELIER 2 $ DML b L
ERET 50 BT X, kp — oo, 0 LEERAEL 28T 5,

. N(s)=—sVk2—-52=0 (68)
L NEERRIE s =0 (A\0) = k) Th b, RILEBR~DOERELEH s — ¢
‘ Ns)=VsT—k = ik—t?, —0<t<oo

(69)
s=s(t) = tvV/EE—2ik
BT R
s 2 V/=2ikt = e I"/4V/2kt (= 0) (70)

LY, RBEEE L s FHEETERS s = 0 2AEr/4 TEAT 5 (M5) MO BEHIDROMEERSL S
na: '

/ewmms=wfe%ww (71)
-0 —o0 .

1kp F(2n) 0 I‘ n+ "
Z (2n)(' )-—pn_) i [\/_F(O)+ ‘/EF 0)+--- (72)
LT,
ds & F™ '
Fo) = [ =3 F_nT@t“ v . (73)
n=0 : .
F(0) = f(0)vV—2ik
(74)
F"(0) = f"(0)[~2ik]*/? + £(0) g,
(63) DEFRAUCBVT HEETIHEICIE, (65) & D
' F0)=0 (75)



THEPL. fﬁ:&&ﬁﬁ(m) a)%llﬁutzﬁx\ %zﬁﬁzi"w)éo (65)« (74) RV
(Z,ZIO zO) ~ —\/_kaf”(l)) (k )2 . (76)

£0) = %[2220:}:1(z+zo)ag(k)q: 2 aolk)

J

EhBo SETs %3@@%;1%75%0(,\ ) DT UAFT BT LRIz, T ao(h) 1€ (25)(39) &AL
XTZ) &M%')Z’o

() = % {220 +1(z + 20)€(k) — &2(k)} (Dirichlet) (78)
= —\}% {zzo +i(z+ zo)ﬁ - ;17175} (Neumann) (79)
€= [ SOIP(A- k)P (80)
aw = [ B rga - kran | (81)

L7zt Ty Zhb % (76) KRATHIZ, KEICHIEHFCBITBaL—-L Y} i&oﬁ‘n&%
Ge(@, 20, 20) ~ ;‘:r (‘,’;:;2 [220 +i(z + 20)€(k) — €2(k)]  (Dirichlet) 82)

k3 ke 1

~ 5 g2 [zzo +i(z - zo)Tk) - ;’4’(_%:)-] (Neumann) . (83)

_ ko> K/l = 1/(ko)*
BE OB, 22751, (83) i S NS T CBBT 5.

“chiEp” (2617 SRR (Neumann $&F, BEBAANOEOKE)  Neumann £HEDEE. ag(M(s)) K (67)
&Y s = —pllBEFFD, ik (ko)2DF—F OETH B9 7 ¥ F AKEHFFH ko — 0 ISR MITRITBIR A
s = 0TI Y Bo BEBRUCBI BRFIE (76) i< BV T, (71) DePOBIRE L =0 & btzivwﬁm nl/v2E
ik, e P OBEOEAL = 1/ & D HAREV,

Inl/VZE > 1/+/5 _ (84)
Lz Lite ik (ko204 —5 T B35 S D%
kp>> [k/n? ~ 1/(ka)? ’ (85)

EENTH LV, Thiat(83) ORMFTH D, MIC BT DE AL, 7 |y| dHDELEEORE kodt
TN EVHEICIE, BABERBAOIEAL WICAS 720, LB SFHMEL FOMICEEL 517 500, EECH
9 ﬁﬁ@ﬁﬂiﬁﬂﬁ@ﬁ[ﬁﬂﬂ BIR L SGE DM 2 + 2012 U T Fraunhofer F3RICH 5 2%,

[k(z + 20)]* <« kp < [k/nl? 2 1/(ko)* (86)

P HEE T ST B L LU k> [k/n20O8E % “EEM & LCKSITAE L12F 5, Neumann
KAEOTEROBA . f(s) & LT (64) DERERB: |

f(8) = fols)+ fu(s) : (87)
1 —is(z—zp is(z+20
fls) = m{e (=) 4 o=+ >} | (88)
s) = eis(é z0) s _ 1e(z 20) 1



MO0y = (k) £ BE 2 BEEN = kOMBICERT Bo fi(s) DRITCERIEHS (69)(70) 2474 21T

0 is(2+4z20) 1
iA(s)p = - IA(a) €
/_ _POrp(s o [ O (90)
' o o & ~t2p (1) VE(z+20)t __L
= .2”—\/—— °<>e e | t+1]0dt (91)
RN 1
o~ - : 2
x _9pe” 2 / e [14+ (L +i)VE(: +20)t+0(¢ ) ot 92)
ikp . 1 .
= = ni/_ / {(1 +i)VE(z +2) + P [1 —no(L+i)VE(z + zo)] } dt(93)
= 'MW{“ +i)VE(z + zo)\/§+ [1=m(1+1)VE(+ )] I(p)} (94)
Yih, 2ZT
= L =l a+im=p+i (95)
Mo = mn = 2\/"6‘ 1)yn=p q
o dt )
16) = [ et =h()-ihi) (96)
= [T ete__ttp
) = /_ooe Oy o
= [Tete__ 9
L(p) = /_ et (98)
LBV, Lo T, 2REDI— LY MRS g DERETEE LT
i 21 [ s ) i
ge(2,2]0,2) ~ W”-ﬁ-/—me"‘( )”f}(s)ds (99)
i e““’ 1 +i T ik, .
~ —ﬂﬁT(Z +2) - ﬂmﬂ e P[1 —in(z + 20)}(p) (100)
A EIRLIRE G 2 Eb&ae— LY M G DEHERL.
L 1+i ; .
Ge(x,2[0,20) ~ ‘5;"7[1 —in(z+20)] -7 %e k[ — in(z + 20)}(p) (101)
[k(z + 20)]* < kp < |K/9f?
DHBITRKD LIS,
KEM Atk E VIBEITIE, (96) 13 :
© . dt 1 7, 11
I(p) = ~th_— [+ S g
(o). /_ooe t+m M \/:[ TRt 1oz)

DRCREATE Do CORA, (92) DEMIX2OEE TR, BiC GoOWAHILE 2 HETHVD L, 1 Hid g,
D I(p) D1 FHH HIMBESF LI T FRE LT, GoDHE 2T, I(p) D 2 WDFEAFRED T, Ge = Go+4c
DECEAITE® (83) ICETH I LARE D, ﬁémm«t; QL R EVGHEOHEEL f(s) £ LT (65)
LBVBRAEFBERICROLNS,

B8 Green BIMOMER.  Green FAH®D primary wave(SEHEHIE). 2 F 0 FHEAIEH (02 = 0) BFEDHE
BI4id (43) TH-X 1B, Dirichlet £ DR kp — co TOBETIZ (77) D 1 5% (76) ITRALT
B3 eikp

Go(z, 210, zp) ~ (Dirichlet) (103)

2 (kp)2
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5% 515, Dirichlet AHFTIIHE - = 0 LTHBBH0 &% 5o 1/kp RIS 5 M B ROBBSAHTIY
ST, 1/(kp)? ICHBI L TR CRET HEEH 2 b2 —77, Neumann FHDFAIL (64) T Ao =0 BV
BOEREE THEP 5, (72) DE1EHERVWIESC

7 k elkr
2 kp
THXbNBe T IUEEHZN Green WO 2 AN Ly BS k USHEA & OBAIFER., 1L b 0T
EOERBHDE 1 HIL 2, 2K S R, '

Ok—L>b Green BISOMAH DR  KEATT V5 A (02 > 0) B¥&. Dirichlet FMHCH$ HEMHEIC
H. . RSB AEREHIL (82) TH X S, Neumann £H0HEIL. ZEMOWIIZIL (83) T, I
BEOEHIEL (101) TH-2 6N 5,

(82) D% 1 Bid 1 2K Green BI% (103) {THIH L. #2. HEITFT VFAKECLA\HHF T, p2 00 T
EEDOEEL 1/ DRFICE Y EDT 5, SHITK L, Neumann FEDHE, (101) i & ) PEHICBWTI,
7 ¥ ARHMOM ST 7213 (ko)? AP BV E & GoDHLET (104) & FRRE 1/p DEFEHIEN TH 545 0,
(ko DRE SIS LT (101) D 2 WAZIRE b Do (85) TR EEREDHEICIZ, (83) (TRY & I Dirichlet
SHOEE L FRLRERT 1/p° 2 b2 COZ L, BHTIRT V¥ AKEIZH A b Dirichlet KEOML B
RBTERFRL TS, $%bD Neumann FHEDHE, EHITBWTETHE (0 =0) &£ T V5 LK (0 > 0)
EEHELAMEERICTH I XD 5,

Go(z, 2|0, 29) ~ (Neumann) (104)

" 4.2 Green BB 1 > O—L > b EBH O
Wiener OWEH 4 ¥ab—L > MBS (50)

gic(®, 2]0, z05w) = /R K(z, 2, 20|A)dB(Ay) + - - ' (105).
2

DHGETL Wiener # K (x, 2, 20|M1) D kp — co TOWREH & RONIZL Ve ZOI®, /35 X & X DERFR
Ro 2BITRT 2 DOHR Dy, Do i3RI L M DFAIR Dy, Do I L TEREN KOFFEK (51), (52) 2FV5:

s 0 27 .
LeiAl-z/ AdA/ ei)\pcnsa+iS()\+A1)z+iS(A)zaal(AIIA)da, Al € Dl (106)
0 0

K(Z,Z, ZUIAI) 87I'2

i 00 2r iSO\ A .
= &3 /o AdA /0 girpeosatiS(A)z+S(A-Adzo g, (A A — Aj)da, A €Dy (107)

PeFELT T (26), (34) IS E D
a1(AJA = A1) = a1 (-A1]A) (108)

OIENSH B, —BEREI LR, 20OHAEe=0LT5: z = (p,O);ylo kp — co DIFHEI, T T
DR EANARE TS 50 B AIa=0, 7THEPL, 2200F52EDET

1 i i"r“’/w idp L [LiSO+A)z+iS(N)z0
47”/_ il B ﬁ[e v ai(lA)] _ MdX, M e Dy (109)

= L0 [ e L [iSA)s+HS(A=A)zo _
- 41:1/2@/_003 ﬁ[e “a (A M) M\ M eD; (110)

LY B, £ (109) KBVT, a(M|A) bEDT, ARELEOSERTE<B, S(\) = S(A) = VEE = MO
AN = 2 TH Y, SO\ + Ny) DAMBLEN = Akt ' :

K(:B, Zy 20]’\1)

A2 = K2 =22 422 200 cosony = K2 =0 . (111)
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Msinaoy

A Aicos oy

X 6: A

2ENT

Axr = At ,/kﬂ -, (112)

Alz = Al cosay, Aly = A] sin @

b, o 'CAZFEJ:O cut iXE 7 (Re A+ < kDHE) DRRC L P) ADFERCH Y T BSERE S NS, T
Ty A DR Dy IXROBIC 951 kDERICH 5:3 bbb

- Dy: Reli<k ' (113)

L BREIC b UL, ESBHISEO = B TR AORICEHTE | G, & FACBE A ST E 5, (113)
A1 = (A2, A1y) FmET
(Mz+EP+AE, > E, Myl <k
(114)
Az > =k, Ayl >k

&2 DR (K 8DOFHRE) 2 BT 50 D1 D R, LOHHEEE Dy '(‘i‘i‘o FIRRIZ LT (110) DAFE LS
v oy (R4
Ny = Ao £ /K-, - (115)

Re X, <k (116)

&b MFE ORI (110)(108) & Y D) = {=A1, A1 € D1} %2525, LIS, D, c D THB, Liz
Do TEDENTNOFRT I L — L > b (61) D & FIHRIC (109)(110) ICBV TRBEHR

= VETX, As)=VE-& wn

2R ZE. M OB LITEERS s =0 (\ = k) & s FHEOMBOFHE AP 5 &iﬁ’nz, DT, (76) & FREZR SR
C WEOBT ZEAHESTE B: (108) DBFEEHAVS L

b )]

1

K(z,z,20|A1) = = 21rp el ""/ "\(‘)”f(s|z 2g|A1)ds, /\1 €D (118)
1 [ .
= @\ /L e"‘(")"f(slzo,z!—)q)ds, M eD; (119)
=Lz e |
Sl ) = e (s —— (120)

\/)\( 8)
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by
“«

A FiHE

N |

\
® \ Aix
-k / k
D \* \
2
\
A
X 8: A SFHE DR Dy, D,
p(s) = SA+Xx) = VE—(A+A)2 = \/32 - A -2\ Acosay (121)
M| = VIS 2() = 4k - 524 A 4 20\ (s) cosan (122)
1
a(sly) = —2F(A Dirichlet 123
) = O oI T e ] e (123)
X 2 — A(s)A1 cosa
= —2F() d Neum 124
O o) + iy e (129
LBz, HiT, (124) DFFid
B~ (A+A)-A= s — A(s)\ cosa (125)
’&Fﬁlﬂf:o _}:'@)\1 — —4\10)1’;5.&@3:,\1 — —Alif.:iial — a1+ ﬂi‘ﬁ[ﬁi’ﬂ‘%o
Wiener ¥OMBEROBRARME  BHMAs=0 (A =k) CBVT (120) i
_ f(0]z, z0]A1) =0 (126)
EiBs, (118)(119) DEREFEE LT, (76) & RIROEEAZ b b:
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6b. M

auﬁamammﬁmuﬁﬁuém%aﬁxmura%mﬁﬁmnmronr%za mﬁmﬁﬁﬂ &
SRR BV, IRRE. Eﬁ@&@w&)t@mmﬂm%&“fﬁlU&ﬁ«?b»pﬁ@ﬂf%i%h
TWa. mﬂ&maamarwéqtvn& RERRADPLRDLNE. ) .

. nq= p+vré—1+G)NV (p-N)N - o '(ﬂﬂ

‘C'nlriﬁﬁﬂﬁiﬁﬂ Nli?fiiﬂ'\? MVTH B %bﬁi@ﬁ@iﬁﬁ@ﬁﬁiﬁliz&ﬁ'\7 b}vqiﬁzlf‘-b
‘(ki‘:fglfaﬁé '

‘ o w—u+nq, ’ y._v+nq., ' z—w+nqwt 1 ' - (61b) -
1@#?;5:&{%@&&«7 b)l/d)liiﬁ'liﬁ‘lﬁ‘ﬁd)%AtﬁLl9&.51'&'(%& #&%li /
. ng, =sinfcosd+’ 'R—°059°°s¢+ —smng-i-——[K—cos(?]‘ :

: ntj,, = | Rz - cos 6} . (61c) -
n .-K+H -—-s1n0+— ‘fcos —. ke ‘inesin .
“aaa.:: N SR
K =Vn?-sin%9, H._, -2 . (61d)

K

Thod. ﬁ'ﬁa%%bé'\’nt'?/li(58(1)75’65251’@”55&”[;19%.3?&)6 E#T% ‘_0)%%0).,
AnB.Jli&iﬁﬂ)&')L&é . ) »

K —cosf coszﬁcdsz¢ . sinz o cos? 8
By = —_— = = (- =
nBuy = -—p= + —& tE . nBig ntx ( & T Rz) sm¢c08¢
o - 1 cosfy ., : , ‘ K —cos® cos?fsin?¢ . cos’¢
By = H(— 8 -
A=l (Rcl + R, )sm C‘?” n'B”_ "Reo + Ry + R,
© nBgy = H(- L + cosg)'sinﬂcosqb " nBs =sinfcos¢ nBsy= —sinfsing, nBaz=—cosf
: ) R, R, i R : ’ -

(622)
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nA; —K : L

B n? — sin 05111 ¢ =n —sm29cos é n? cos? ¢ 17
: n?4; =—H[ Rey + o 'ch : ] K[nZ—sm 0)R1+E;]‘i , : L
. n? c0329 n2H2K cos? § sin? cos 1 ycos?fcos? ¢ sin? ¢
_“SA“‘ = KR1R2'+ RaRa ~n'H [Rcl( By ¢' + Rj)* Rcz( Ry an R, );6.2,1))
_namﬁﬂiﬂmvaaﬁﬂ&oﬁmw$a$#ﬁu ' I |
L __(Q +D) ' T (620)
1,2 o S
LRT aﬁréa.ub? L o
n?cos?@ - 1  Hn?-sin?fsin?¢ 2?2 —sin?fcos? 7.
Q=@-MMm+E—E[ Ra " Ra ],
_ [ n?cos?f 1 ]2 4n2H? +( )2[n2 —sin?@sin®¢  n? —sin?cos? 72 _
(n2 — sin? 9)R1 cch2 K Rcl C Ry ’ (62&)
+ 2H [n2c0320(n —sin 6)sm ¢ — n2 cos ¢+ n? cos? (,6 (n? — sin? §) sin® ¢] - :
KR, . Rl(nz—sm 6) ‘ : ' R2 ' :
+ 2H [nzcoszﬁ(n — sin 8)cos ¢ —n?sin? ¢ + n?sin? ¢ — (n? — sin? §) cos? ¢] '
I(Rcz Rl(n2 — sin 0) . : Rg‘ . ’

: Hﬂo%Aaermmﬁﬁkmmaﬁxmtr%Aész QW%QBUQ=RT;UW&I=Rﬂ=
R)Thopb o L
' KR, : nR,_.

ro
: i nH T HK
r% 3, bolowﬁ&LT@E&#WE%EhA%L%%AHRlIb—RIQ—HnRaﬁaﬂfﬁ -

" (62¢)

Ty =

' éiJ‘fo

n2 —sin? ¢

(62f)

rn=nR = =

% b. hhéwﬁﬂl;‘\ Jarnes[S]V)ﬁ%t EAEE

ncos? 8

3.7 ﬁ%ﬁﬁﬂiﬁ?’/r*)'mﬁﬁﬁi&o)‘&&#ﬁm[m]
7a, BRARFRAONYE '

BRAZKOFPHKE = eXP[“szlﬁ‘MEd)ﬁﬁﬁﬁﬂa‘ﬁk]\m Lf %A@fim‘ﬁwﬁz‘iﬁéibé HEV)
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C ORERSRICE 2 TEE ORS00 T.o M KM% 4R 125\ T i3 Spencer and Hyde[11]o 2 4 T %

“7nebuumﬁaa._hruﬁnﬁ+maﬁrfaﬁﬁ(ﬁw)ﬁﬁrsﬁﬁtauﬁﬁfféa&v!V”

‘ 6 HEa wﬁﬁﬁb’iﬁﬂﬁd)ﬁﬂ'ﬂi

z ‘n= smA cos Bl, + smAsm Biy + cos Al, o (63a)

- u + 7 +w =a
'C'%‘iﬁ)f’l;%‘.‘ / (u v,w) ‘iﬁﬁﬁ@i@ﬁ@ﬁﬁ@ﬁ?ﬁo (a AB) li?‘fﬂ?‘f%ﬁ?@gf?}') hi
£ | : B
' » ‘w =.asin Acos B, v—-asmAsmB, _ w=acosA (63b)

.f@mmﬂaagﬁm&w&m&}rw&p;mn+mg+mhafaa;n&1 _

- Ps "‘.—s1n2AcosB :‘py —sm2AsmB ‘p,-=.—cos2A S (63c)

TEALNB. wmﬂuﬁﬁk%bfﬁﬁu&h&h_t&ﬁbfhé Wsﬁmuss—ﬁm$ﬁmrg

3. ﬁﬂfz&mﬂﬁm&ﬁﬁ%ﬁi&}til} = ~E; _+2(n Ei)n » 5 «xm‘tie::g@bh:a. ‘

) Erzo = —c<‘)s.2 Ab+‘sin2Acos 2B vl«IT,yo = :‘;inzAsiﬁ 2B o .Erzo =‘vs.in 2AcosB'." .:‘ (63d) .

ﬁmwh%&%iﬁmHammﬁdfﬁgf : |
. T dz B . dy - dz

E=P$ . Ei_:};py. - d—t "_""Pz ’ (640‘)»
%—0 éf_’!.—o d_p,__
i - cdt T dt T

R E tﬁf%é.ggtﬁﬁﬁﬁﬁf$ﬁﬁtbétﬁibt. RtEER IR RS R
RYNTA—5TH5. (642) EMPRHE T =149 =12 = W,Pr = Ps0y Py = Pyos Pz —pzombfnﬂ.
gT(%%w)@mmwmmﬂiw%ﬂwdk$z1%& MRk ‘

‘ k T =u+pgol, - y—v+pyot , z—'w+p,g‘t '  : ‘ i ~(64b)
Aktcé E%&@ﬂ%ﬁiﬁ#%&%‘r'ﬂi (64b) i)*é&t@):?t‘?k&‘)éhé v
B, = Fyo(u,0)J" 1/2exp[ SR ', C O (64e)

zS_waé %at? L&mgwmﬂoﬂ wwm0«mmﬁ&mrhn Jkﬁ?éiTi»
umﬂv5zena : '

| D(t) -

7= D@ R
D)= %&%3 op . | 0m 0w Gp| o ()
bt du- T Bv 8v+3v, -
Pz Py . P

TR ot 1
, ’ "".f—'(};_‘c:OSA)(a. cosA) _
(M@oaaanﬁuﬁprza.&ﬂ%#@aﬁﬁuu

2cosA

N

1= tygn = -;-cosA t =ty = (650)

g DEFTIREL AL 7:: 32,22 - ¢ t;a,,,t,ag ti{- h%’h tangent1a1 sagittal foca.l length THB. tign & t;;g
CHFLLK LRV ARERIE LS. (64d) 2 0 L ¥ 5 RO BB tion 2 H LTI

’

Z. #'asinaAcosB, " yc=uasin® 4sin B, 2c = acosA— glcds2A coéA (65b)

16



a=400x

T=36.9" _ o
‘ EED , Schelt:Frasnel Integration Without Obliquity Foctor . . L
‘ Hyds:Stationary Phase Approximation Without Obtiquity Factor . - g ?.:;8}
200 Thomas:Modol Anolysis ) ' r{=0.560
© Mastov's Method ; 08 ~ Hyde

===+ Ricaordi
—== Mastov's Me'hod_ .
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' g'os
" 100} : §M
d
8 wf
. : v ha % . - % - ) . pa—
" 04T 050 o5 o - ——S5 /3 | . “ O(deq)
I8 ﬁiﬂi:&f‘;’iﬂ)%ﬁ?ﬁ (a) m_hﬂ)ﬁ?ﬁ (b)m* i@ LONH
e, t,agt‘.frmc;t | . ’
: - .a
‘ T = 0, - Ye =0, c = 2cosA (656) .
2:’2‘6 ' ' BEE \
Caustw:&f%’(b&i?‘%ﬁfriﬂi ’ ,
/ f (,(,7(’ ,Z;)] .eXP[ Jk(t"-”lfopx‘ yopy+xpz+ypy)]dp,dp, ~ (66a)

PLRBDENE, T z‘oﬂoli(Gf&b)ﬂ)fﬁEEAEﬁ:ﬁ(nypy,z)fibf*i,mfz@‘)& Ja(p,,p,,)/a(x,y)
Y U S _

: 6(17:,:05,) COS o o ‘ ) .
Il - o4 IR (668)

;awaena MUY Te WIZRLTHS, - :
\ ﬁﬁ%s;&&(m,pg)# (u,v)uwm,ak(u v)f;» (A B)k%ﬁ!'ﬁ‘ét(%a)ﬂ)ﬁﬁ#&

27 : '
- E (x, Y, z) = Jka / / E,sin 2A exp[- J2ka cos A + ]kr(sm fsin'24 cos(¢ B) + cos fcos 2A)]dAdB

(66c)

~bt6.HHTMﬁﬂ~ ‘ o ’
) : ‘_up,—vpy—wpz=2‘lcosx‘1 (:v-rmnecosqs,y-rsmf)squ,z_rcose) :‘>(66d
:z:p,, + ypy + #p, = rsinfsin 24 cos(qS B) + rcosfcos2A - )

_ ﬂﬁﬁ L, (660)'( Tliﬁﬁ&ﬁfﬁ@iﬁ*ﬁﬂ)@&wﬁﬁﬁ‘6E7’*E§§ﬁi'€ ?)% Bklﬁﬂ'éﬁﬁli%fh“ﬁ‘
Yt tﬁ"(% BesselN&@ﬁﬁ?&r"\fi‘*wﬁﬁ'h&d{‘ﬁwx7&‘726

E,s = —jka[P(r,0) + Q(r, 6) cos 24] ‘ . L E

E,y = —jkaQ(r, 8)sin 2¢ L o - (67a)
- . E,., = —Jka.R(r,O) cos¢ ' : L

‘C P(r,@) Q(r,O),R(r,g) lid(‘ﬁ'(-’i—z. 61‘15 ‘

T . , .

P(r,8) = / cos® A sm 2AJo(kr sin 931n 2A)exp[ —j2ka cosA - Jkr cos § cos 2A]dA

0
. . T ' o
CQ(r,0) = -12-/ sin? Asin 2A'J2(kr sin 6 sin 2A) exp[eija cos A— jkr cos § cos 2A)d A . (67b)
R(r,8) = / sin? 2AJ; (kr sin 8 sin 24) exp[—j2ka cos A~ jkr cos § cos 2A}d A
’ Jo -v‘/ ‘ - .
Th.  WEAKIEBEMK

a7
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L’b( t#@ﬁtiE’S/BA—O BS/aB OnZHENL - -
asmA—rsm(2A 0)_0 ¢;,-B—_-0 ' ‘ (6,8.6)

tﬁ?b&h% ﬁ%ﬁﬂ)zmﬁfﬁﬁli

Sas = —-2acosA+4rcos(2A+0) = 2acosA 4, ' Spp =rsinfsin 24 = I:Z(:;“‘l--t]fsin2 24 (68¢) -

rgzena.b;zmmf

,rcos(2A:F9)—acosA—t | :l:rsmﬂ.- 2COSA—t] sm2A |
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©

9. ﬁﬁﬁﬁm%kﬁ@&ﬁww%@%ﬁﬁﬁhkmpwﬂz=0@m@kup®ﬁz-05wa®kmps
, z.—05a_ :

MMWmﬁ&hiéﬁ%tHWﬁm¥M¢MﬂKHM®ﬁ&P$6%%mﬁﬁfu ﬁ?& thon
ru#rnﬁ«t, TS mﬁﬁkowfmﬁﬁéﬂﬂ K-H iz & 5 92

—u 2
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' J)Bﬂﬁi?)‘?)é (690) (4 paraxxa.l,&{y"gﬁgg ‘ ‘ R,

- F(a:,y, z)= py exp( qk;)/ / » exp[J 2%
* o . pi+pi<(ka/f)?

,k&é.:C?%ﬁwﬁmnw*hdﬂm—%mﬁﬁﬁv#(ﬂdemwwﬁﬁfﬁbﬁﬁﬁtﬂb

AT#iéhé'—ﬁ&ﬂmﬁuFmﬂﬁﬁ%%ﬁaf&@lok%?ﬁ#f%b

' F((L', Y, 2) = / / G(p,,py,z) exp[—g(pza: +pyy)]dpxdpy - S ’(.’69b)

'(ﬂhmwﬂuﬁﬁmﬁQWEmmenéFMNHEmT&D g&mmrmubnaﬁau

G(pxapy’z) = G(pm pyvo) exP[ JV k2 - P - pyz] o - (696)

: 2 » 2 . . x . .
+ . :
pa(p:npyz) G(p.m pyy 0) exP[ sz +Jp Py 2] E S (69d) .

| . 2k
rha. w%)éw%)kﬁlbﬁﬂﬁ&%ﬁmfét‘f‘ '

ik ke ky S S ’
Ffar(a"’ y,z) —'_exP("sz)GPﬂ [_ 0 O] €xp [ jkz +y ] (696)
H1g 6116 G(px,py,O) li&mm 2=0 0 f(u 'u) 2) Fourier ﬁﬁa'( Hn.
G(px,py,O)-/ / f(u,v)exp[](p,u+pyv)]dudv U o (70a) ,

mrsaf;ﬁﬁam (69d) % (69b) ut}\vz, 2

, 1 2 4 ‘ o
F(w,y,Z) —exp —sz)/ / G(pz,py,o)eXP[ i 2kp”z-1(pxw+pyy)]dpxdpy - (705)

é:’?:% fﬂ]t L“C

f(u v)_exp[yk 2fv] ‘u2+vz <a? - flwv)=0: v +42>a? - (Tl)

L

wﬁa%#zxa.:wﬁu

i jofx P2 + p2
G(pzy Py 0) = =1 eXP[—J “u ”f] |
Gpa=0 X8 PR +p) > (ka/f)

2 4 .2 L2 2
+ Pz +
pyz-Jpz pyf

- J‘(szv'*‘ pyy)] dpxdpg ,(7 lc)

nmThs. dtk(GQa.)h‘(?Ob)iJ’f:iﬁtﬂéné t’&'”r’é" (69d)(70a)§‘(69b)t-ft)\'§‘62:

. F(x,y,z) » 47r,‘,//‘/‘/f(U V)exp[]

E%B. TITHER

Lz — JPx(-’Z' —v ) = pr(y V)] dp,dp,,dUdV (71d)

NG —U)2

| /exp[j%)z-'jpx(é:‘—‘U)Q]dp,_ ~ (_Iz_c_) ' exp[ jk~—r 2 +.]4] ‘ (?le)’ |

E‘ﬂfﬁ‘?‘hli (70b) 13 K Hoxmz (603,) k’l‘% ha iie%kTT k HTE 6

- 7d. BEAME :
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aW _sinAcos B o ﬂ_'_sinAéinB 84 | .cosB . aA \smB
U cosAd -’ 8V T cosA U ~ acosA’ v a,cosA' ‘
aB sinB " - 0B _  cosB apz 2( A' . sinzAcoszB) '
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G_p!_ lsmzAsin 9B . 0ps - _2_sm 24 cosB‘ Bpx: lsm Acos9B
U a cosA T U " a CcosA T 8V a cosA -
op, - 2/ sin? Acos? B 8p, - 9sin2A4sin B
5?”"“@°A' cos A ) BV T o cosd

LZEMEREHMATHERDLIHRELB S, ')%kJa(Pz,py)/a(z',y)é’fﬁ?‘é r;af;;tU U(px,py),
z;vV V@mm)&UVTﬁﬁf5a¢&#@eha i
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:nemuw@,mdwh:mywyavmﬁmonrﬁ<a&ﬂﬁﬁena;

;6U;13 o A;ﬁﬁAﬁfB]; 23__1mw_aul;amnAmmB
QaV = T 2cos24 5% cos A I’ dp, = QU Py - “4cos Acos 24
- BV 1 8px - e .\ sin? Acos?By *© (pz,py)
= QU T T2es2a cosA = T A . e= oY) eos2d

“*_newﬁgaﬂm?aaammmﬁ%ﬁa.

a(Pmpy) 1 a(pmpy’z)
o) Dm)muvo

—5 cos 294

38 NIAIRMMICLZFEEOKSN | BEAH[16][17]
-mﬁ@ﬁmﬁﬁktmmwﬁﬁ%%i% @it E = hum,mqﬁ
B +v? ::—4f(w f) S ‘ : . (720)

Tﬁéhé@ﬁﬂ%ﬁ(h7f7)klﬁt%%*mﬁﬁﬁkont%ié.hhfhmﬂﬂuﬁﬁﬁi
fmﬁwﬁﬁmﬁfﬁb fuﬁﬁﬁmfbé HManﬁEﬁmKMﬁnaﬂuxouwwen BRI

 Ps —P:cO’ . m=pe P2 \/l—pz - } - (72p)

r=udpt, . y=udpl, z=w+\’/1—P§?p§i S (720)

%5, ﬁﬁﬁw&ﬂ&ﬁ«7bwnu | L N
{ - A ,/u2+v2.
- gtan A = ——r

M =_sinAcos Bl, +sin A’si-n Biy +cosAi,' . tth = 1—{} ,
\/u2+'vz+4f2 S ‘ 2f u
| (724)
T%iahé Iiﬁh&m&&'\ﬁva p£1,+py1y+pzlzti<x0)200)mf¥ait#63kab6hé
' ' ‘n=-p-n - i;xn=pxn ‘ P (73a)
R , S o i : o
pe = —sin 2A cos B, py = —sin24sinB,  p, =—cos24 (73d)
L%, macmm)#e(mwﬂumﬁmummpnrﬁgryu ' ’
| D(t)1 »_.6(:1:,1/,2) _ cos? A 12 E . N
J D(O) D(t) T 8w t) [ f f 1] : . (730)

THZbRE. U%)mﬁ&uSaﬁerfbé &mmmm%ﬁ<§&%mm¢ma»ismnm&m'
| 'E, = -E; +2(n-Ei)n R (raa)
PHRD LR, %@Eﬁ@%&%ﬁ&ﬁr%iéhé o |

S : _ ‘ E,,o_—0082A+sm Acos2B - . : o .
A E,yo = sin? Asin ZB ’ ; o : - (74b)
E,,o0=sin24cosB- S ' :
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| 'E;=Er0[1' ] exp|—jk( 2f-T)] - .(746)
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T So(‘u, 'U)'l't _x(pxapy:z)pw : y(pzva Z)Py
) z—w ’ (pz+py)(z— w)

—SO(UV)'*‘—————-- o .
/ o < (75b)
1_pz_py \/I_Px‘_l’y » L ( )

.—w —PzU— py”‘*‘\/l"p —pyz—'w) ‘ |

&Zﬁbéhé Bﬂﬁiﬁ’w Pru = Pyv—Pz —w—p r0—2,f§ﬂﬁi‘§'6&!i§f&@§7“‘iii
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E,; ='—-exp[—12kf] / / Ef.o g)s—fcos—] exp[-Jk(xm +ypy + zpz)]dpxdpy

94 cos® A1-1/2 [cos® Acos2A |
E?S———-—c-?f-——-] [Qs__f_;f_] exp[ Jk(:rpx-}-ypy +zp,)]d'u.dv ‘
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s (t = z,¥, z) THY. 2R ﬂam‘ta(pmpg)/a(u, v) = cost Acos 2A/f2 & FIM L7 . BB (z,v) 5 b
ﬁfﬁ (A B) k?ﬁ&ﬂm L& Ghﬁﬁ’]}ﬁﬁﬁﬁﬁﬁ (x,y,z) PO ER (7‘,9 (25) kﬂ% i’ﬁk’. 5t (75C) li
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