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ABSTRACT

Radiation from a slot antenna in an anisotropic plasma with the stﬁtic'
magnetic field in arbitrary‘direction has-been’investigated; The field dis-
tributions at the slot aperture have been derived mssuming transverse electric
excitation at the feea point and are found,toréupport'plane waves of both or-
dinary and extraordinary modes . Using the aperture fields aslequivaient
electric and magnetic current sheets the fields dutside the slot are derived
in triple Fourier integral forms which are evaluated by residue theorem and
saddle point method to obtain the radiﬁtion field. Numerical calculations of
the time averanged Poynting vector were carried out for a half wavelength slot
antenna and for plasma parameters corresponding to the region {a) of Clemmow-
Mullali-Allis (CMA) diegram.- The radial component of the power flow vector
normalized by the maximum power density for a half-wave slot in free-space is
plottéd to obtain the directional patterﬁ. Plots of the directional patterh
show that.two.strong pencil beams are radiated - one along the ground plane in
a direction perpendicular to the slot axis and the other perpendicular to the
plané of the slot. The radiation is dominated by the ordinary-mode power with
a comparatively negligible extraodinary—modé power. With the static magnetic
field in the vz-plane of an xyz-system, the inclinﬁtion of the static magnetic
- field does not sigﬁificantly influence the radiation pattern of an x-directed
slot but has considerable effect for y and z-directed slots.In the latter
cases the beam maxima are also slightly tilted from the z and y-axes due to

the lack of propagation symmetry in the yz-plane.
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CHAPTER -— 1

General Introduction



The spaée* ;le!;;égram and the prospect in nuclear fusion prov1ded in-
creased motivation for research on properties of antennas in plasmas. Antennas
are well-known not only as important parts of communication system but also as
useful deviceé for diagoﬁostics of the surrounding medium.These important

.properties of an antenna are determined by its physical shgpeﬁ the properties
of the surrounding medium and its feeding conditions.Again the presence of
boundaries and obstacles in the vicinity of an antenna cén greatly modify the
transmitted ‘'and received signal pattern. When the medium  is
anisotropic,studies of antenna propérties in the presence of these obstécles
and boundaries are expected to have diverse applications in ionospheric
research, thermonuclear fusion énd ferrite technology.In this fhesis a
theoretical study has been given to the radiation from a slot éntenna in an

anigsotropic plasma,

Radiation blachkout has long been a problem to satellite
communication,When a spaée satellite enters the ionosphere during its return a
sheath of positive charges is formed around its hot body which causes a
_capacitance between the satellite and the surrounding plasma.At microwave
fréquencies which are chosen for commmication with the satellite,this
capacitance will Abe a short circuit for the transmitting signal blocking

radiation from the satellite antenna.At frequencies in the range 3JMHz to 12

MHz over which plasma effects are prominentlphis capacitance effect wiliiﬁe_
mﬁch wenker and it can be investigated to see whether radiation_is posgssible in
‘this frequency range.Dipole and monopole type of antennas for this frequency
range will be very long in size for effective radiation of the signal .Moreover
the installation of" suéh antennas on a high speed space vehicle is not
mechanically feasible.Hence a slot antenna can be an alternative from the
mechanical point of view.However, it is still remaining as a problem to inves-

tigate the electrical characteristics of a slot antenna in this frequency



range where accounts must be taken of the influence of the anisotropy of the

medium around the antenna.

Research on radiation from sources in anisotropic plasma has é wide past
hisﬁory,[l]-[lS]; Most. of these works were done on probes,monopole,dipole and
cylindrical antennas.Very few works have been done on a slot antenna in
anisotropic plasmg;Wait [19] and Burman [20] formulated the theory af
electromagnétic radiation‘ into a continuously stratified magnetobiasma half
space from aﬂ infinitely long slot in a perfectly conducting plane of infinite
extent with the static magnetic field parallel to the slot axis. Radiation
from a circular waveguide in an anisotropic plasma has been studied by Smirnov
and Yablochkin [21] for the static magnetic field perpendicular to the
aperture.A mathematical formulation of the problem has been given by
Brandstatter [22] assuming a transversé electric excitation of a rectangular
slot. Ag none of these papérs illustrated either numerical or e;perimehtal
plot of the rﬁdiatioh pattern,it is difficult to get a physical picture of
radiation from a slot in an anisotropic plasma.ﬂumerical plots of radiation
for axially slotted plasma—ciad cylinders were shown in [23] ; [25] .Their
analysis is.restricfed,to a thin plasma layer around the cylinder. Slots on
flat grdund plane covered with a thih plasma layer with an axial magnetic
field were studies in [26] - {29] .However,in the preseﬁt study we shall con-
sider that the plasma medium over the gropnd plane is of infinite extent and
the direction of the static magnetic field is arbitrary. lTo this author's

knowledge study of such a model has not yet been reported.

In the present work in studying the radiation from a slot antenna the ar-
bitrary direction of the static magnetic field has been taken into considera-

tion because of the fact that during revolution of the satellite the slot an-



tenna will be arbitrarily inclined with reépect to the earth’s magnetic
field.The medium properties corresponding to various combinations of plasma
parameters have been discussed with  the, hélp of wave number
" surfaces.Fundamental relations between the field components for plane waves

propagating in arbitrary directions with respect to the static magﬁetic field
' vwere derived.These derivations were used Lo obtain the field diétributién in
the slot aperture.Using these distributions as sources of radiation the fieldé
outside the slot were derived from Maxwell’s equations.Chapter-2 deals with )
the polarization and propagation of plane waves’ in arbitrﬁry
directiohs.ChapterfS "deals with the derivation of aperture field distfibution
of a slot.In chapter-4 the field solution outside the slot is given in Fourier
integral form.In chapter-5 the far field evaluation of the infegral is’ per-
formed by residue calculation and saddle point method.in chapter-6 the radia-
tion pattern of a half—wavélength slot antenna placed along different axes and
planes with arbitrary inclination of the static magnetic field is. calculatéd
ana plots of difectional_ pattern are shown.The thesis is concluded with a

general discussion in‘cﬁapter~7.



CHAPTER — 2

A Perspective of Wave Propagation in Anisotropic Plasma



2.1 Introduction

The présent chapter deals with the wave propagation in an anisotropic
plasma.The propégation éf a plane wave throQgh a plasma in the presence of a
static magnetic field is an appropriate model forrpyopagation 6f wave through
the ionosphere and through some laboratory plasma. A plasma. medium contains
enormous number of ions and electrons. it may be hot or cold . We shall con-
sider the cold plasma'model only.The distinguishing feature of 'cold plasma
model 1is that ions and eleclrons in ﬁhe unperturbed state are motionless by
the zero temperature assumption. One essential'propertf which distinguishes
la plasma. from an ordinary gas is that the almost free streaming of the par-
ticles is completely missing in a cold plaém; model . Heré each particle of the
plasma oscillates about of a fixed position in.spabe under the influence of
the electromagnetic field of the wﬁve. All the dissipation effectslincluding
collisions are neglecﬁed. The model does not include acoustic field, particle

bunching, Landau damping and plasma shock waves [30] .

2.2 Anisotropy in Presence of a Static Magnetic Field

~In presénce of a static magneﬂic'field the dielectric behaviour of a
plasma depends on the movement 6f the charged particles., An electric field
component transverse to the 'magnetic field can give rise to transverse
electron motion. Electrons and ions in’the ionosphere moving under the in-
fluence of . the electric field of a passing electroﬁhgnetic wave, experience
force because of their velocity in the presence of static magnetic field. The
anisotropy of plasma can be describéd with reference to the principal axes
‘represented by the x y“z co-ordinates as shown in fig.2.1 .in'.which the

static magnetic field Ho is along the zZaxis at an angle 2 with respect to



Fig.2.1 : Co-ordinate system for relative permittivity

tensor in an anisotropic plasma.



the z-axis of a fixed co-ordinate system xyz.

Taking into account the effect of the static magnetic field Ho s but
neglecting frictional forces due to collision between electrons and gas

molecules, the equation of torce on the particlg can be written asE5%]

d;r .
= | . o2

Fz= @(£+ VXB,)=m

where

E I= C?—xfx 7‘_ 57"6—),, 1‘ q'—zJEZI

<1
T
O

Ve #G) W F VL
Ay =8, P = Gy ptobe

where E’is the electric field, v”is the electron velodity,&}}gaza;’are unit
vectors in the x,y/and z’directions_reépectively.Assuming all the field vari-

ables to be time~periodic with angular frequency &., equation{2.1) becomes

B+ Who = 252 W (2.2)
E;—'leBo = )&;M V; . (2-3)
L - L“é_”lv{ . . (2.4)

Solving (2.2), (2.3), and (2.4) simultaneously,

" - JW(e/m)Ex + (&/m)yly | | I T {2.5)

b ke T
&J’{—du'
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where &y = (e/m)/3. is called the angular cyclotron frequency.

Maxwell's second equation for a region. in which there is a convection current

density Nev ‘becomes.

oxi = JwGE ANeV’ o - (2.8)
' - ~

Substituting Vv~ by the relations (2.5)-(2.7), equation (2.8) can be written

as
VX 7= jw e éX E . (2.9)

A-“- - v . . . .
where £, is the relative permittivity tensor of the medium

€= | g & o _ o (2.10)
o o 53’
— —
in which
& = /“X/(/f')’m)
€& = /- X
'6'1’ = XY/("’YL)
X = gy



Y.: dJ”/(d

Now with reference to the xyz-system the relative permittivity of the medium

takes the following form:

— a

7 -)61 J&

& = |6 € &

(2.11)

-6 & €3
where
b = GCOSH + €y SIN K
G = 6 Sin'H+E 05K
&
L3
g = (&~6) S/n Cosec

&4 CoSec
(—1;’ Sf‘n 4

I}

The derivation of (2.11) from (2.10) is shown in appendix-A. Relative permit-

tivity of the form(2.11) has also been used by Matin et al. [2] .It is inter-
esting to note that the permittivity tensor éiven'by {2.10) and (2.11) are not
equivalent unless ®=0°.This indicates 'that a rotation of the static magnetic
field wit’.h' regpect to the z-axia can give different results in the medium
permittivity. This is due to the a.nisoi;rcipic property of the medium. Such a
situation is not encountered in the case of an isotropic medium, because in
an isotropic medium the medium pe‘r'rﬁittivity ia invariant with any arbitrary

- transformation of the co-ordinate 'syst.em

2.3. Dispersion into Ordinary and Extraordinary Modes of Propagation

In art 2.3 we have seen how anisotropic property is developed in a plasma -

10



in the presence of a static magnetic field. Let us now review the propagation

characteristice in the medium.The electromagnetic field must satisfy Maxwell’s
: . . . Jwt

equations in a source free region with e  variation suppressed,

vxE =i | | | o (2.12)
vxh = el E | (2.13)
Taking curl of equation{2.12) and using (2.13) we gef

er?xf—&q’éfzo | , (2.14)

where o= w' M€, 18 the free space propagation const;ant. Equation (2.14) is
called the vector wave equation. -

For a plane wave of the form £ =£ e-_jigx—)'kl Y- faz the ‘;:aVe.nmnbers
ki ,kz ,ks can be obtained as the roots of the characteristic equation which
follows by introdﬁcing equation (2.11) int_o equation(2.14) and setting the

determinant of the wave matrix to zero (detmiled analysis is shown in

" appendix-B}):

TIPS G I) (657 & 1% 6167+ 26 K iy ~ 7 55/6) + a5k, Kig) =0 (2.15)

where

AlK Kk ~3) 2 k(G K PG kg 1 Cp KT h Gy e K,
, K2, K3 ¢ ’ 21"‘33"6‘?2—5)

<= §Cr-e/¢)

(‘2‘_-': G_;m'(Ca'sq’oc - 651/6)

= e‘.,”’( s/ - €5/&)
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Cp=—2Srnex Gosx 6,’1"
Il—

7 = g{(ﬁ?:ey‘)

Equation

{(2.15) is called the dispersion equation and with reference to the

X y z system it takes the following form:

7 1 - .
kST (2 6667 Co reg) kI k5 + (K g w) (G426 6T al) =0 (2.16)

s P P
where K= \//‘/ ¥

In the above k; ,l'{z/ and K3 are the wave numbers assumed along x,y’ and

s ke g A = KT
o . . - g —H XNy 73 . : .
z” directions respectively of a plane wave, E = E e . The dispersion

equation has two pair of roots corresponding to each wave number. For example

the solution of the roots with respect to ks is given by

Ya

7 ;oA
e ’ ,1—+\/ _ 2 - , PR R
b = 2| 2OG R GG T (‘:;J) &7 - 4665 KK S 6K {2.17)
&

The positiﬁe sign inside the bracket corresponds td the ‘ordinary’ or the
O-mode and the negative sign corresponds'to the ‘extraordinary’ or the X—mode
of propagation. For studying radiation problems it is necessary to obtain the
real roots of the characteristics equation. Because any complex root will
cause attenuation of the wave. For this purpose the medium is assumed to be
lossless by neglecting electron-ion collision. Resonances and cut-offs of
wave propagation takes place for frequencies at which ¢ =0 orab,eit&7=0 ,Q;EO
'and &= These phenomena can be shown in anX-Y plot as s'ho-wn in Fig.2.2.
Propagation modes will exist for X-Y values lying beyond any of the resonance
lines. Thus there are eight regiona of wave propagation in the X-Y plane [31}
corresponding to these eight regions the plots of ki versus k“are shown in

Fig.2.3. The plots are symmetrical about the axis of the static megnetic field

12
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and are called wave surfaces or dispersion surfaces in the wave~space. For an
arbitrary direction of the static magnetic field the disperéion surfaces will
be inclined with respect to the k; - axis whichris the z-axis in real space.
Fig.2.2 is called the Clemmow-Mullali-Allis (CMA) diagrem.

The wave number surfaces are very useful for having a physié;l‘picture
of radiation in such medium. Because the complex power flow vector or Poynting
vector for a certain wave number can be shown to be normal'to the wave number
surfacel[S] . This helps tracihg the rays in the real space isometrically from

the normals on the wave number surfaces.

2.4. Plane Waves parallel to the Static Magnetic Field

-For a uniform plane wave Eééfé?kgz traveling along the static mag-
netic field we have giz o and.gL.uo . Hence the fields are governed by'
. ¥

. the equations (details shown in appendix—d )

257 _ j cope . ) | (2.18)
_ggr)%;,; o ” - (2.19)
o =4 . e
_%i;é :Jj(«)&,(éé} -je,,"E,’) : | (2.21)
231;3;.. = jwés (_)'6;’5,, * & Ey) | \ (2.22)
o =z | | o | (2.23)
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Since E;i =0 and H:i= o, then the propagation along the‘static magnetic field is
in the form of a TEM-wave . The wave number ki can be obtained from the above

relations as:

- 7 '
ks = 2k (G2 &) | , (2.24)

The +ve and ~ve signs inside the bracket correspond to the O-mode and the X-

mode of propagation respectively .From appendix-C it can be noted that the
following relations hold:

Ey=+jEx " for O-mode
By == jEx : for X—mode

This indicates that the fields of the lwo modes are 90° out of phase and if
one mode is ,polarized-in the clockwise direction the othér is polarized in the

counter clochwise direction. The difference of wave numbers will create

Faraday rotation of the field [32]) .

~ 2.5. Plane Waves perpendicular to the Static Magnetic Fi'e]._d

e o KX '
Let us congider a plane wave E = kg€ traveling along the x-direction

which is perpendicular to the static magnetic field. Then we have %;:0 and

'g__;" "Here the fields are governed by the equations (details shown in
Fia

appendix-C):

M=o (2.25)
. aé_‘-;_ ] X ,

Tx - e dy (2.26)

e RS TAY Y,
IRV (2.27)
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Ex = J&7€) £y , - ' (2.28)

‘ -_?3_';5' = jwes(jesEx +6 ) | (2.29)
24 jawe e EL | _ (2.30)

From the above equations the electric field components are found to satisfy

the wave equation

3o’ ooy, .

ifi = k(2 ) gy (2.31)
I P " . ’

L R | : (2.32)

Sirice Hx=0,then the propagation perpendicular to the static magnetic field is

in the form of a ™ wave.The wave number k; is given by

k&, = 2 Ko §;3§T . for X-mode (2.33)
4
Kig = 2 A;./Q; .for O-mode " (2.34)

The O-mode is a TEM wave having the field components E; and H; .The X-mode is

a ™ wave having the field components E;,E;,and H; [?q].

2.6. Plane Waves in Arbitrary Directions

So far we have investigated plane wavaspropagating parallel and perpen-
dicular to the static magnetic field. Now we shall consider plane waves
propagating in arbitrary direction witﬁ respeét to the static magnetic field.
The mechanism of wﬁvé prbpagation in arbitrary direction with respect to the

static magnetic field is more complicated than the two cases studied above.

17



2.6.1. Waves in the x-direction for Static Magnetic Field in the yz-Plane
- _ -JKX ' '
For & plane wave EzE¢€ traveling along the x—direction the field equa-
tions are same as (2.24)-(2.29). | By co-ordinate transformation we can find

the field components in the y and z-directions.

£y = E),’Co sac‘ + EF Sinea ' : : (2.35)
£z7 = £7 0% - £ sinx . - o | (2.36)
Hy = //y’cosuc.f Ky Sinec a ' o {2.37)
Hr= Kz Cose- HyIS/'h?(; ' _ {2.38}

'2.6.2.Waves in the y-direction_for Static Magnetic Field in the yz-Plane

- Ik . ‘
For a uniform plane wave E =E; € traveling in the y-direction we have

%-,: =0 and % zo . Here the field components are governed by the equations
{details shown in appendix-D):

by =o ' g o (2.39)
;fl:jw/q;”z ' i (2.40)

iix = Jwp {2.41)
%izjw&(sfx—j6157f)€5£zg | ' (2.42)
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Oz (JEkx + €26y + & 1Fp) : {2.43)

2 . +
.—-3—”;%2')wéo(—)fg.Exf'&Ey*GJEz) {2.44)
Since Hy=0, then the propagation along the y direction is in the form of a

™ wave. The wave number k: can be obtained as

for X-mode , L ¥

. ke P ’

_ (g 1*(‘;’) - 51;1&05“5(.' - 'V[é:’(FZ""' 65") - 571'-7 - 76F3 C@EF;L) 2.45
KZ/ - : 262 . ' ( * )
for O-mode - — - - 9%

o . Vs Vd z
. | ECear€d)-6f cos'H 4y G CEres) - €7 - 7663 (6= &7) 2. 46
k22. = - — 2€ ( . )
2

For ol =0° these are the transverse wave numbers as obtained in Art. 2.5 and

for € =90° these are the longitudinal waveé numbers as obtained in Art. 2.6

From appendix -D the field components are:

For A-mode _

x " g6 Srmec ki Ex : (2.47)
L ° wEgHC K> e5-tar) + K (6= €32 &) sinx R
Y —~j €4 cosa (1G7€"~K3T) Kat e (2.48)
& = Kl en) (Red - kil ) + kiy (6% €5 qes)simal

£ oasX ' :

Hz = --—-‘j—m——af‘. _ (2.49)

b - 64,('5’51’7)0( &2} T2 Ay (2.50)
o = dme &= &%) (K€5— K7 ) + ko) (€7 €72 €64) LY 4 ’

For () -mode '
L
50 - ').61’5/')')« ’(’.;-\‘ E"_!o - ' . (2.51)

kc;y(ﬁ‘-'- E.;-]j -6 K;;
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O KEsmacesn [ GEEZGG)] KereY-omil-G ekt | 20 (2.52)
o

Ko €5 (€~ e4%) K g.;"j - € /Y
. -0
o_ J 24 ,
= T By (2-59)
Fo) ’ --Fflsfﬂd kz;_l— BEZO
P (2.54)

“fo [ (e 672) ~ 6 K2 ] PV

Ford;Oo,Ef* =0, Eqx =O,Plg’;0§o that the (J-mode in this case consists-of E; and Hx
[ -

only.Regarding the X—mode fields for =0, we have E;=0,Hy;=0 and this mode con-

sists of Ex,Ey and H: only. These are consistent with the two simple cases

described in Art.2.4 and Art 2.5.

2.6.3. Waves in the z-direction for Static Maénetic Field in the yz “Plane
"

For a uniform plane wave E=Eo traveling along the z-direction we
have :;?; =0 and %:0 . Here the field components are governed by the equations

given below {details shown in appendix-D}:

Ky =0 ' (2.56)
2? - by (2.56)
2L _ -

52 STerRMy (2.57)
oMy . . . -

2 jwea (€ -G Ey €5 Es) (2.58)
;gx .w- .

=2 Jwéo (Jegbu + €26y + &£2) (2.59)
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0z w6 (jésk »&byt Gbz) | (2.60)

Since H; =0, then the propagation along z-direction is in the . form of a ™

wave.,The wave number ks can be cobtained as

3 ' Ve
(& €5 (e coss) — (€5 €) s/n=] ;‘/ (&) s/no - €6&Grcose] ™
- 4 L~ en
], FGE5(G= ) (2.61)
K32 2€z
The +ve and +ve signg before the square root inside the 3rd bracket cor-
respond to the ¥-mode and the O-mode of propagation respectively.
From appendix-D the field compcnents are related as:
For _X-mode
x : 7 - &/ & Cosx kay” X
~ ' . Ex (2.62)
& Y66 652) — K3y [(6% 6*) 50 # § €5 s ] :
X Jsine [le e e 65) fiES (8= &%) - k3T 665 ) - k,‘;e;"g,f’jé_ X (2.63)
£Z - - B &‘L{ql(;,], (GJ’E'GJy x .
X / . - F,’F;‘Ca Sof /(;;L . afxx
M = ———— [=ao= P s EF3 (2.64)
WA [KIE (62 6Y) ~ kst [Cr=&f>) s + €,€5 cos™en]
- X
X
Wow o 3 (2.65)
For ()-mode
£O _ J.@’Cosx f(;:l o ) ' (2 66)
N 7 B :
e ’ -
L0 L Ksisina s raile-6) # I GEG 665D [0 ) o)
2 " AT K(§* €5%) - K35 €, 4 i
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o _J 25 - -
He = =7 _—1’-32 ' . {2.68)
6-9’@ kv o
. - - S )
40 - 32 2£&y (2.69)

Wfto [KT (&= €4%) - k35 €/ 22

For (X =0° " and 90° ,the above relations are consistent with those discussed

in Art., 2.4 and 2.5 .

2.7. Discussion

In the above a study has been given on the mechanism of plane wave
propagation in a cold anisotropic plasma for an arbitrary direction of the
static magnetic field. The dispersion characteristics of the mediums is such
fhat plane wave is dispersed into an ordihary mode and an extra-ordinary mode
advancing in different phase velocities. The wave number surfaces for the two
modes weré found to have diverse curvatures depending on the plasma parameters
. Fundamental relations between the field components for,planeranes éropagat—
ing in arbitrary directions with respect to the static magnetic field vere
derived from Maxwell’s equations. In the next chapter these results will be
used to derive the aperture field distribution of a élot antenna excited by

plane waves.
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CHAPTER — 3

Plane Wave Excitation of the Aperture of =a

Slot "Antenna in an Anisotropic Plasma
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3.1 Introduction

To find the electric and magnetic field radiated from a slot antenna in
the medium it is necessary to know the field distribution at the aperture.In
this chapter we shall deduce the field distribution at the aperture of a nar-
row rectangﬁlar slot excited by a plane wave with the static magnetic field
in an arbitrary direction. This will be carried 6ut by making use of the

results of plane wave polarization obtained in chapter-2.

3.2. A Narrow Rectangular Slot along the x-axis
iZ

e < [
Vs
’

/’/
" /

-y

Fig 3.1: A narrow rectangular slot along the x-axis and lying in

the xy-plane
As shown in Fig.3.1, let us consider a narrow rectangular slot albng the

- x-axis on a ground plane of infinite extent lying in the xy-plane. The slot is

excited by a plane wave‘traveling along the x-direction. Analysis similar to
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art 2.6.1 shows that the ordinary mode of TEM type and the extraordinary mode
of ™ +type will be excited at the aperture. Let us designate the aperture

field components as:

q_ ~Qo, ~ax C
EX-EX *EX (3.1)

9 _ Qe ax
£z &y 4 £ (3.2)
EZQ=EZQO7¢EZ?X (3.3)
and
ax _ ’ q’s
Ex" = )(4/¢) £ (3.4)
¢'7x q”/
£'% = £y cosx (3.5)
ae a’,
£ = Fz s (3.6)
;L -
Efxz.-ﬁfsvnm (3.7)
Ezqa fansl EZQ/COS‘;L

(3.8)

The superscripts ‘a’ refer to the aperture field and ‘o’ and ‘'x' refer
to  the O—-modé and the X-mode fields respectively. In this case since the O-
mode has no field cofnponent in the x-direction then Ex20=0. For the slot the
field components must satisfy the.boundary conditions Ex2=Eya=0 at x=+a/2 and

also on the ground plane. Substituting these conditions in Maxwell’s equations
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we find also that E;a=0 at x=*a/2.To meet these conditions the corresponding
O-mode and the  X-mode fields traveling at'different phase velocities must
separately vanish.at the surface of the ground plane. From the superposition
of positively and negatively traveling waves the aperture field components

are foﬁnd to have sinusoidal distribution of the forms:
£ = Asink (a/2-/%/) : (3.9) .
&= B sink (9/2~/x/) | (3.10)

where A and B are arbitrary constants. Resolving Ey2 and E:2 into components

along and transverse to the static magnetic field we find that the transverse

field components travel with a wave mumber ky;; and the longitudinal com-
ponents travel with the wave number kj2 , so that

Eya’: (Acosa—BS/nx) Sin kK, (‘?/1-/"/) ' : (3.11)

EZQ/Z (AS/'na(-fBC"s"Q s/ kia (Ya~/%) ' - (3.12)

Hence 7 '

erq: (A syna cosa + /3('0515() Sin Kz (‘?/2. "/X/)

' ' : (3.13)
~ (A Sinet Cosa- B sina) sin ko (afa=/%/)

Also it ;s assumed that the field component perpendicular to the slot
i.e.,BEz? is zero albng the feed line i.e., at x=0 . This assumption is quite
reasonable because only at the feed point we can expect a purely transverse -
electric field excitation. In the case of isotropic medium this is true for

all pdints in the slot. Hence from the condition Ez=0 at x=0 we get the rela-

tion between A and B,
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Simec cosea [5/n(kyQa) — sin(Ki292)]
sin'a s/n(K,9/2) + Co s sin (1929/2)

V2 -

The magnetic field components are obtained as

/,r;/: + ju/;z (AS/ina 4+ cosa) Cosk,, (as —/%/), X2 0
, ) /< )
A{za :_;_" i}/;: (A Cgsﬂf—ﬁffhd) CO.S/(// (a/:—/X/) 3 X)AO

3.3. A Narrow Rectangular Slot along the y-axis

2

(3.14)

(3.15) °

(3.

16)

AN \\\‘

/

X

.Fig 3.2: A narrow rectangular slot along the y-axis

and lying in the xy-plane
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As shown in Fig.3.2 let us consider a narrow rectangular slot along the y-axis
excited b& a plane wave traveling along the y-direction. Analysis similar to
art 2.6.2 shows that ordinary and extraordinary modes of TM type will be ex-
cited at the aperture. Each field component can be represented as the_summa~

tion of two mode as before.

For the slot along the y-axis lying in the xy-plane the field components
must satisfy the boundary condition Ex?z=Eya=0 at y=+b/2 as well as on the
ground plané. To satisfy Maxwell’s equations E:? will also be zero at
y=tb/2.This requires that the corresponding O-mode and the X-mode fields
tfaveling at different phase velocities must separatély vanish at the surface
of the ground plane so that from the‘suﬁerpbsition of positively and nega-
tively traveling waves thé‘field components at the aperture are found to have
sinuscidal distribution. Accordingly the fwo field components from which fhe

other field comppnents can be found by using equations (2.46) and (2.53) are

given by
&ax = Psink, (&2 -/7/) (3.17)
é_za'o' = dS/.ﬂkzz(b/?_—/Y/) | ’ (3.18)

where P and Q are arbitrary constants.Substituting (3.17) into (2.46) and im-
posing the condition, E:2= 0 at y =0, we find that P and Q are related as
. F . 1 . .
-) €5 €3 S/ Kas Srm (K2, 8/2)

a = A 5,7 (Kzzb/Z) '/9 ' . (3'19)

where
, : pH 11—- 4 N
A = (GXG) (Re-kT) + K (6 666 ) simec

Equation (3.19) establishes the relationship between the two modes of excita-
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tion at the slot aperture.

3.4. A Narrow Rectangular Slot along the z-axis
‘ ' a
Z“

’////

Ho

X .
Fig 3.3: A narrow rectangular slot along the z-axis and

lying in the xy-plane.

As shown in Fig.3.3 Let us consider a narrow rectangular slot along the
.z-axis excited by a plane wave traveling along the z-direction. Analysis
similar to art 2.6;3 shows that ordinary and extraordiﬁary modes of T type -
will be excited at the aperture. Each field component can be'fepresentéd as

the summation of the field components of two modes as before.
For the slot along the z-axis in the yz-plane the field components must

satisfy the boundary condition Ey?=E;2=0 at 2z=+c/2 and also on the metal

sheet. To satisfy Maxwell’s equation Ez2 will also be zero at z=tc/2.This
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requires the that corresponding to the O-mode and the X-mode traveling at dif-
ferent phase velocities must separately vanish at the surface of the metal
sheet and from the superposition of positively and negatively traveling waves
the field components at the aperture can be shown to have sinuscidal
distribution. Accordingly the two field components from which the other field

components can be found by using equations (2.61)-(2.66) can be expressed as

1]

£° = R sinksz (S2-/7) | (3.20)

E* = S sinks, (52-/2/) o ' (3.21)

where R and S are arbitrary constants.Substituting (3.20) into (2.63) and ap-

plying the condition Ex2=0 at 2=0 we get

4 1
)& cosx Kza S/7 (K3292)

S - (3.22)
- C S5/n (K3/G/z_)

where

C= k(6%&) —kaz €

Equation(3.22) represents the relationship between the two modes of excitation

in the slot aperture.

3.5. Discussion

In the above we derived the field distribution at the aperture of a nar-
row rectangular slot excitedr by a plane wave in an anisotropic medium by
using the fundamental concepts éf plane waves given_in chapter-2. Here we made
use of the boundary condition that the tangential'field components must vanish

at the slot edge and also on the ground plane. To obtain relationship between
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the two modes the electric field component perpendicular to the slot is con-
sidered to be zero at the feed point. With the knowledge of the apérturé field

distribution we are now in a position to find the fields outside the slot.
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CHAPTER ~— A4

Field of a Narrow Rectangular Slot

Antenna in an Anisotropic Plasma
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4.1. Introduction

" iIn the previous chapter we deduced the field distribution at the aﬁera
ture of a slot excited by x,y and z directed traveling waves. In the present
chapter we shall derive the field components produced outaide the slot. We
shall first obtain the general solution of the field components for aperture
type of sources and then apply them to find the field components for narrow

rectangular slots along x,y and z directions.

4.2 General Sclution for Aperture Type of Sources

The electromagnetic field outside -the slot is governed by

VXE = —j s, K~ Im | (4.1)

vX7 = jueEf iTe | 4.2)

where Jn and J. are equivalent magnetic and electric current sheets in the

slot.

T = EIXTT = @ Tmx + Gy 7;7,,' # dz Tmz (4.3)'

Je = DX KT = 5,-, Tex + Ay Jey + T Tex ‘ -_ (4.4)

where n is a unit vector normal to the slgt, i; and ﬁ; are aperture field
" . distributions.

Taking the curl of equation(4.1) and substituting 7x# by equation(4.2) we get
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VAU E ~KG&E = ~) i e - VX Im | : (4.5)

Let us write the field solution in Fourier trénsfonm pair.

By

E£(r) = @3 /dk_-;,/d/(_, E(k) e (4.6)
and

+IRP o
EI%Q 6/7 d@’ CVZ'E:(%) e . (4.7)

Now by Fourier transformation equation (4.5) can be arranged as

CFREXER) - kXS () = [ Bx Tun (k) — Ze (%)) (4.8)
also

KX T () ~ Wi, Fe (&)

= OXN(K) + Ay (K)+4dz O(K) , (4.9)
where )
(&) = Ky Tmz (K) = Kg Tomy (k) = @/% Tex (x) \
N(ff) = Kz J:-nx(k) —K Tmz 0") A -7e)f (/() »‘ (4.10)
O(/f) = /\’/ Jrny(K) -K;_jmx(/\’)"- wfr,, Jez (k) o)

Introducing (4.9) into (4.8) and after several operations we.can arrange
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equation{4.8) in the following form:

y —

Exk)

Ey(®)

£z (K}

det 3

Ay

) AZ/

Az

Asa

- A2z

A3z

A3

A2z

A3z

_‘ .

2

167

(|

(4.11)

The elements A;; in the ;3 X 3 matrix on the right hand side are as shown in

appendix-B. Fourier transform of the electric field conmponents are given by

& (k)

£y (k)

& (K)

where

X()

Y (k)

Z (k). = Az M(K) + As2 V() + A3 O (K)

n

1

—~= X(%)

A// M(K) f‘A/z/V(K) ¥ /4/30(/\")

Az, M(K) + /121/\/(1?) # A2z O(K)

(4.12)

(4.13)

(4.14)

(4.15)
(4.16)

(4.17)

In terms of the electric field components the magnetic field components are
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given by

Hx (i) = = [kz_ £ (K) - K5 £y («)j | (4.18)
!
/fy(/():—w—;g- [@fx(@ - k£, (/27 49y ]

. Hz (k) = T"ﬁ:-[x,/.-'y(/(')- Ky Ex (/27 | o (4.20)

The inverse Fourier transforms by equation (4.6) give the field components in

the real space.

4.3 Solution for a Narrow Rectangular Slot alqng the x-axis

Field distribution at the aperture of a narrow rectangular slot along the
x-axis excited by a plane wave will have all the field components except

Hx2=0 (chapter -2)

1) Slot on the gy-plane

we have, |

Im = ETx 7

GGt E # 5 ES) x G 5(2)

z(GE -G &) 5(2) | (4.21)

yhere 5 (z) is Dirac’'s delta function and indicates that the magnetic cur-
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rent sheets are along the xy-plane at 2z=0

Je = nx g™

= Gx(@Hr GHs) 5(2

=- cirﬁ; §(z) (4.22)
“Tmy = E;J(Z) '\
Jmf :—-Exq J(Z)
sz =4a (4'23)
| Jex = "-/'/)?J(Z)
J()r =0
Jex =0 ‘ J
Using relations (4.23) and (4.10) we get
r (k)= ks Ex(x, ko) + wp iy (ki k)
N(K) = ks £ (K, k2) (4.24)
O(/Q = _@ Exq(ﬂf/“ /(1) - /<2_ t—:yq(/\’,, kz)
IT) Slot along the xz—plane
We have,
j-m = £—"’X ;J- .
= (Gl + Gy 57 +TeEy ) X Gy 5(¥)
= (—C_?}Ez“ # 9z Ex) 5’(?) (4.25)
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and
J-’e:‘ﬁXF?"‘ .
= @y x(Ouy+ G H) SO

= & 47 5Cy) , (4.26)

Jex = Hz 6C%)

Tmx = = &7 8(7)

me =0

Imz = Ex () - (4.27)
Jey =0

Jez =0

Using relations {(4.27) and (4.10) we get

M) = k B (K, fy) — @ b2 (#,K3)

1§

w (&) "rkBE:(k/,ks) - K 5] (’“7, K ) (4.28)
O(K) = kb5 (&, Ks)

4.4. Solution for s Narrow Rectangular Slot along the y-axis

Field distribution at the aperture of a narrow rectangular slot along the

y-axis excited by a plane wave will have all the field components except Hy2=0

(chapter-2).

1} Slot along the xy-plane

we have
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Using relations (4.31) and (4.10) we get

(k)

= k3 Exq(‘&;; /"2)
N () = Ks EF (K, Ka) ~ wje K (K, Ka)
O (k) = -k EGF(K},ﬂi) - kh‘E;,<%9Jk¥)
11) Slot along the yz-plane
we have

j'-m = é-:"xﬁ

(% 5+ CYES + BES) x @7 §(2)

(Gx &5 - ci,ff) 5¢2)

n

and
5¢ - /:5 X /;;Q
= Gax (G 1+ T HE) 5(2)
= Gy hd 5 (2)
Thereforef we have

me = - E;‘J(‘z)

Jmz = 0O
Jex = O

a
.76}1 = Hx J(Z)
Tez =0

and

e

= (GEI+ TGE + T E°) ¥ & 5(x)

(ay £° - éifat)fféj

fi

= 7‘7_)(/;’-“

= Gex (G i + 5Eﬁ&i) d(x)
= ~ay #z' 8(x)
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(4.30)

(4.31)

(4.32)

(4.33)

(4.34)



Therefore, we have

Tmx = © \

Tmy = EFS(x)

Jmz = -Eyacf(x) >

Jex =0 (4.35)
Fey =-HzdR . , )

Tez =20 J

Using rel&tions (4.355 and (4.10) we get

M(R) = 15 E7 (kg Ks) — K3 &L (K3, K3)
N (k) = K EF (Ko, Ks) # cofe Hz (Ka, K3) (4.36)
0 (k) = K E2 (K ,K3)

4.5. Solution for a Narrow Rectangular Slot along the z-axis

Field distribution at the aperture of a narrow rectangular slot along 2z~
axis

excited by a plane wave

will have all the field components except H:2=0
(chapter-2}.

1) Slot along the yz —plane

we have

T - Z?QX-E

(é}b—xqfory E’a fa_éfzq) 1 4 0-; J(X)

) (4.37)
= (H&-267) S0y
and _
e = WX M7
= O x X+ Oy 1y ) S(x
[} X( x T+ Uy y) (J | ) 7 (4.38)
=G Ky S0 ' '
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Therefore,we have
Jmx =0 :
Imz =~£&7 5(x)
Jmy =&45CX) .

Je x

I

o

(4.39)
.7e>¢ =0

Tez. = Hy S(x)
Using relations (4.39) and (4.10) we get
Mk) = ka7 (%3, 3) —kz E8° (K3, Kk3) \

O(K) = 1 EL (K2, k3) = «py Hy (K3, 0c3)

- II} Slot along the xz-plane

we have

Tm = Eox ay $0)
= (::Z,E,,"-;f—é, Ey + @z EF) xayS(y) (4.41)
= (-5 +az £x7) §(v)

and ‘ ..

72 X Ha

Je

1]

H

Gy X (G T Ay HY) SO

"

_ , - , (4.42)
-z A S(Y) - : .

Therefore we have

Tmx = - ESSCY)
-791-1)/ =0

Tenz= Ex S(v)
Jex =0

{4.43)
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Using relations (4.43) and (4.10) we get

M) = Ky & (K, Ka)

1]

N(K) = -Ka b2 (K1, K3) -k EC (ki) K3) - (4.44)

o )

i

a
A2 EZG(K/; KB) > W Hx (Kz,Kz.)

4.6. Discussion

In the above we have found a sdlution in integral form of the field out-
aide a slot assuming the sources as equivalenti-magnetic and electric current
sheets in the slot. For various‘slot positions with respect to the static mag-
netic field. the equivalent electric.and magnetic currents were obtained. - In

the next chapter the field integrals will be evaluated by taking residues and
saddle points.
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CHAPTER — 5

Closed Form Evaluation of the Radiation Field

Al
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5.1. Introduction

In the previous chapter the field integrals were derived in triple

Fourier Integral forms and can not be generally evaluated in closed forms.

The integrands contain pole and branch point singularities which must be in-

vestigated separately. For pole-singularities it is necessary to employ
résidue evaluation. Asymptotic techniques should be applied .for obtaining
the radiation field or far ' field in closed form. One of the integrals is

evaluated by taking residue with respect to the wave number parallel 'to the

. slot axis. The remaining field integrals are évaluated by two dimensional

saddle points.
5.2. Residue Evaluation of an Integral
a

From the Fourier transforms of- the field components given by(4.12)-

{4-14),the inverse Fourier transformers are

X0 -k x-jlay-)Ks2 -
x) e
’ - oK, oAy ol A i
E(x)',) (”)///o,em 7 e s (5.1)
' o ”f)k;xijkiyijk3z
= ] Y(x) e :
£ = - & of Ky o & .
Ly (X,y,2) Cz,y)g/// 1) | dh oK, ,(3 (5.2)
. "‘Q i .

— )k x =)y ¥-) K2

] zk) e - | |
R ‘ L, o K5 o / 5,3
202 &)3//4.9%» | - Theradhs )

One of the integrals can be evaluated by taking residue with respect to the

wave number parallel to the slot axis. The residue evaluation requires that
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R : .
det A be factorized in terms of the wave numbers parallel to the slot axis.

5.2.1. Reaidqe Evaluation for Slot along the x-axis

) ~
In terms of the x-directed wave numbers detA can be expressed as

detaz—‘&}ﬁ(&—fz'ﬁ) (&-fz')(@~ﬁ1*)(/$'6’f) (5.4)

4 . .
where (7 corresponds to the X-mode wave numbers in the + x-directions
and /2% corresponds to the (-mode wave mumbers in the + x directions.

Referring to equations (5.3), the k; - integral is given by taking residues

4 - -
at ki (ﬁ,f and ki-#i remembering the facts that r?+=—-rf,’, and 4, = -7y

o ’ ;
—)(.'«’ﬁ/“/ et =G y-aAkz2Z .
! x(6r)e f__._X(”’;)e "/V? /Ky oK (5,5)
ECon®) 2y a2 2 (62

-

_)/’Oz_*/x/ _.)Kl)' -JKJZ

. o ) - g
_j(fﬂ,
£ (oyz) = — //__270‘%* 2 y@i)e € Jydks (5.6)

1

4R 2, (ﬁf.f) Da (’521‘)

o - g ’* ¥ ;
o /x <6g Jxy [ ~arksz
y / Zm’+)€ ”/ /f Z({,}zf)e fZ/ e

; —_— Ik ok
£, = - . 293 (5,7)
: (J; % Z) {‘”17%7?1 g, (’;/v D"(’glf :
where gl ‘
0, ((‘I’I+) = (ff, f”?/-) (ﬁff - ﬁ';) ((duf" 61-) (5.8)
Cpalest) = (G- &7) (8 -67) (#d-62) (5.9)
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5.2.2. Residue Evaluation for Slot along the y-axis

In terms of the y-«directed wa?e numbers

det 7\—;—&“’&(@—@:’) (k2= 37) (k- B ) (K1) (5.10)
Where;gflborrespond to the Y-mode wave numbers in the + y-direction
and;g;rcorrespond to the p-mode wave numbers, in the + y-direction,

Referring to equations(S.lj -{5.3) the k2 - integral is evaluated by taking

residues at kasg7,ke44} for y) 0

| o s NPTy SV P |
~i8Z +y A2z
Ex (¥ y2) == : /X(&F)e '2/)’*"———“)((&1)6 e /K, /K3 (5.11)
s ¥ e ™ r z
. —e

-igfy] =fxiksz

(e,)e ialy RACHLS € ok I3 |
. s RACTIE , 9R3 . (5,12)
y (y2) = 4,,,\,’»(//{ 2,(4,%) D2(4,%) ©yxo

o i RV
;o z? eﬂé’!" 2)e éf)’ s
iz J.
&3 (% T < + dk, &Kz (5,13)
2 (x, %) 4/»"7;’?.;/ 2, (%) p,_ (62__) 4 |
where
Df(fg ) ( “@;) (é/‘&:)(@/ (az.f) . {5.14)

401(@:) (gz —@2) (@z" 2./) (;2 - fgz/) - {5.15)

It can be noted that @:# &, and F;# 22 for arbitrary of ,indicating that

there is no propagation symmetry between +y and -y directions.
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5.2.3. Résidue Evalmtion for Slot along the g-axis

In terms of the z-directed wave numbers
det A = —k'&s (kz-6)) (Ks-57) (k3- 37 ) (ka-(33) (5.16)

. ' +
Where (93/2‘ corresponds’ to the ¥-mode wave numbers in the + z-direction and %3
corresponds to the (J»mode wave numbers , in the + z-direction. Referring to

- -+
equations(5.1)-(5.3), the ky- integral is given by taking residues at ka-w‘:’ﬁ,ka_,f;f

for z2 0.
~ - K x—jk
-jarz 4,703 SLALILIY A
x(@&E e
Ex(x:)ﬁz) - (‘%/) + ;32 - af/(/-qsz_ {(5.17)
4”1&1’(3 D,(:“) -’-(PJJ.) Z)LO
ec et L et, [ Ikxky
. -hBTZ +, N1z
EGoy ’ rit)e ™ Ye T Lgn e
%Y, —5 a7 , .
Y 4/74’?3 2,(A47) 23 (73,3) / 2% 0
,;;,_ gz VkrUlkay
z¢a7)e” 2(@E)e e ek |
( — 7 G ARz 5.19
LCZ(',Y,"-) 77 % yﬁf/ ’(‘93, pi(%zz‘) z)Q { )
where z
. .
0,062) =(a’-a7)(6F-65) (a7 -53) (5.20)
02 (AE) = (61 -a0) (52 &) (A -63) (5.21)

Note that F,, # 4, and /;:;é 4, for arblt,rary oK 1ndlca.t,1ng the lack of

propagation symmetry between +z and -z directions.

47



5.3 Evaluation of the far field

The double Fourier integrals in art 5.2 can be evaluated asymptotically
by the method of saddle points. The method is briefly described in appendix-E.
An asymptotic evaluation of these field integrals requires evaluation of two
dimensional saddle points such that the phase is minimum with respect "to the

transverse wave number 1i.e.

2¥ ' . (5.22)

where ¥ =kixtkzy+ksz is the phase of each wave and ki=(kii,ki2) is the
transverse wave number which is (k:z,ka),(ks,k:) and (ki,k2) for slots along

x,¥ and z-directions respectively.

The contribution of the saddle points to the magnitude of each wave of

type éjg is given by Matin et al.[3]l.

/\7 - (5.23)

( 9"% ( Y2
a’(é/s akézs 2/(&,5 ake‘_z’

where k¢15,kizs are the two dimensional saddle points satisfying equﬁtion

(56.22) for a stationary phase of the propagating waves.

The phase is determined by

. . ’L 'L' '
o = E}p ,Jw(khgjfﬁzg)f)'ll ﬂ?k g t ?"ZK_VI ’

kf’/s k€'15

. _ . (5.24)
. 3#@5 EY 7 Dﬂhs
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. i . .
o Iy ¥y - 3% vy
Kers | dKeas | AKars | P Kegdkezs 9"(5:5

etc. for slots in different directions are shown in Appendix-E

The expressions for

The saddle points can be detenninedleither by solving equation(5.22) or
graphically from the wave surfaces. Only those saddle points for which the
wave numbers are real, yield propagating wave éontribution to the radiation
field; the field associated with complex wave numberé is exponentislly damped

and will not be considered for the radiation field.

For plane wave analysis in the xy- and xz-planes the saddle points are
determined by the real roots of.the characteristic equation éétting ks and ke
equai to zero respectively in equation (2.15}) . 1In the two cases there is =&
symmetry of wave gurfaces for an arbitrary inclination of the static magnetic
field. For studying waves in the yz-plane the determination of the saddle
points from the characteristic equation -is analyticelly difficult for ar-
bitrary due to the presence of the cross terms kzki,kz?ka? ,k23ks,k2ks? etc.
Alternatively these can be determined graphically from the wave number éur—
faces in the kj-kz plane for an arbitrary inclination of the static magnetic

field.The field integrals are obtained asymptotically in closed form:

_ / an /"7??.5 C’(n_s
EX 2, {5-25)
7R 6/,_2.,3 D?L.S
' Rl
£ / . Yoes Mns Xns (5.26)
7 17KE, 23 Dns )
n=f2
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= / T ‘—7?75/!/?15 (’(7’5
1/71’&’1/6/,2,3 2??.5

n=r2

{5.27)

~ where Xne,Yns ,Zns and bna are the values of X(®e}, Y(ef),Z(€f) and D{EFf) at
séddle peints respectively‘ . The subscripts n=1,2 refer to mode no.1 and
mode no.2 respectively and €,,2,3 stand for slots along x,y, and =z axes

resbectively.

5.4. Discussion

The field integrals of a slot antenna in anisotropic plasma as derived in
chaptér—4 have been evaluated by residue theorem and saddle point method.
This evaluation have been done for plasma parameters corresponding to the
region {a) in the (MA diagram where the wave number surfaces have regular
shapes permitting the saddle point evaluation.The other regions of CMA.diagram
which contain turning points, saddle point method can not be applied in a
straight forward manner. The magnetic field components can be obtained readily
from the electric field components. In the next chapter the power density

will be calculated by evaluating the POynfing vector.
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Radiation Pattern of a Slot Antenna in an

Anisotropic Plasma
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6.1 Introduction

With the closed form evaluation of the.radiatioh field given in the pre-

vious chapter we are now at a stage to calculate the radial.component of the
- Poynting vector. In this chapter the computation of the Poynting power flow in
various directions has Eeen carried out to find the radiation pattern of a

slot along different axis and planes at arbitrary angles with respect to the

static magnetic field.
6.2 Calculation of the Radiation Pattern

Magnetic field components Hx ,Hy ,H: are obtained from Maxwell's equations
in terms of E¢,Ey,E. as derived in chapter-5. ' The field components are then

transformed into gpherical co-ordinates using the transformations:

£y = £Ex OSSR Casgof-fy(asas/n# -fz_sr'né 7, : (6.1)
£y = ~Fx5in® + £y05P | (6.2)
Yo = Hx CoSS Cosp+ HyCosOSInP - HaS/m8 T (6.3)
Hp = —hx Sind + Hy 0SF | - (6.4)

Then the time averaged poynting vector ia calculated from :

,r’;.-:—:zﬁzee[;oﬁp*—f;?/f{] o ' (6.5)

A computer program for the directional power pattern is run by an IBM-

4331 .VM at the BUET Computer Center for evaluating the radiation pattern of a
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Slot placed along the x,y and z-axes. The computed power intensity is normal-
ized by the maximum power density of a half-wavelength slot antenna in free

space and expressed in decibel by

ol

/‘DI"MO

(6.6}

cfb::ﬂoé%ﬁ;

where Prmo iSs the maximum power density for a half-wavelength slot radiating

in free space.
6.3. Radiation Pattern of a Slot along the x-axis lying in the xy ~plane

In this case the angle of radiation is calculated from the saddle points
by '

%an;é:-jf;/ T (8.7)
k3=-° .

for xy plane pattern and

ot =28

(6.8)
9/(’3

/(J_: [e]

For xz-plane pattern

Using the procedure stated above normalized power in db is computed for a
half wavelength slot placed along the x-axis lying in the xy-plane. Power pat-
tern is plotted for xy and xz -plane for various inclination of the static

magnetic field and is illustrated in figs. 6.1 - 6.2 .

It is found that the radiation is dominated by the O-mode with negligibie

radiation in the form of X-mode. A very sharp beam is radiated symmetrically
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Fig.6.1 :

for a slot along the x-axis lying in the xy—plane.'1
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SLOT ALONG X- AXIS .

XZ-PLANE _PATTERN
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_Fig.6.2 : Normalized radiation pattern in the xz-plane with OX(=0°,30°,60°,90°
for a slot along the x-axis lying in the xy-plane. The dotted patt-
ern is the image of the solid pattern since radiation is considered

in the anisotropic half-space over the ground pléne filling the re-
gion z>0.

55



about the y-axis in the xy-plane and about the z-axis in - the xz-plane.The
peaks are at perpendicular directions with respect to the plane wave excita-
tion at the slot aperture. In both the cases there is a slight wvariation 1in
db. power with the change of inclination of the static magnetic field which is
due to the fact that while the static magnetic field rotates iﬁ the yz -plane
it remains always perpendicular to the slot axis. The Blight‘vafiation in the
" radiation pattern can, theréfore, be attributed to the variation of inclina-

tion of the static magnetic field with respect to the ground plane.

6.4. Radiation Pattern of a Slot along the y-axis lying in the xy plane

In this case the angle of radiation.is calculated from the saddle .poinfs
- by

Cobt g = - ‘;f:/ (6.9)
K ' . . .

/
. 3:0

for xy plane pattern and °

__ 3k
COt&"Tki _ : (6.10)
k=0 .
for yz plane pattern

The xy-plane pattern is shown in Fig.6.3 . For the yz-plane the sadﬂle points
were determined graphically from the plot of wave surfaces shown in Fig.6.4.
The correspondiﬁg'pattern is shown in Fig.6.5. Fig.6.3 indicates that a sharp
beam is radiated symﬁetrically about the ﬁ~axis in the xy-plane. This ten-
dency is also observed in the yz-plane pattern (Fig.6.5) for X=0° and 90e°.

But for (OC=30° and X(=60° the beam maxima is slightly tilted from the z-axis
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Fig.6.3 : Normalized radiation pattern in the xy-plane with OC=0°,30“,60°,90u

for slot along the y-axis liing in the xy-plane.
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Wave number surfaces in the yz-plane
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Fig.6.5

: Normalized power pattern in the yz-plane with o =00 300,600,900

for slot along the y-axis lying in the xy-plane. The dotted pa-
ttern is the image of the solid pattern since radiation is con-

sidered in the anisotropic half-space over the ground i;la.ne fi-

ling the region z>0.
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This is due to ﬁhé lack of propagation symmetry in the yz-plane for ar-
bitrary (. Figs.6.3 and 6.5 indicate aiso that the power pattern is quite
sensitive to the wvariation of the angle (X . Along the x-axis the minimum
power is radiated for (X=90° and the maximum for (X=0° . Plot shows that the
lgtter case is identical to the cagse of radietion along the yaéxis from an x-

directed slot with o(=0C.

6.5. Radiation Pattern of a Slot along the z-axis lying the yz-plane
In this case the angle of radiation in the yz plane is given by

. _2ks _ o
ban @ = _WZ_/K,FO : {(6.11)
and the angle of radiation in the xz-plane is given by

- _ 2k ' - | .
lan 6= - M’/ | (6.12)
fg=0 : o

The xz-plane pattern for (= 0° , 30° ,60° , and 90° is shown in Fig.
6.6 and the yz -plane pattern is illustrated in Fig. 6.7 for oO( =00 300,600
and 90° . For 0(=30° and 60° an analytical solution for the characteristic
equation (2.15) could not. be obtained beéause of the appeﬁrance of the cross
terms involving ki3 and ks . Hence the séddle ﬁoints were obﬁained graphically
from Fig.6.4. In this case glso the arbitrary direction of the static magnetic
‘field tilts the beam direction slightly away from the y-éxis due to the lack

of propagation symmetry in the yz-plane.
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Normalized power pattern- in the xz-plane with o =00 , 300,600,900
for slot along the z-axis lying in the yz-plane. The dofted pa-
ttern is the image of the solid pattern since radiation is con-

4

. aidered in the anisotropic half space over the ground plane fil-

"ling the region x>0.
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SIOT ALONG Z-AXIS

]

YZ-PLANE PATTERN
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Fig.6.7 : Nornalizéd power pattern in the yz-plane with o{(=0°,300,600 ,90¢

for slot along the z-axis lying in the yz-plane.
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- 6.6. Discussion

Numerical results and plots of directional pattern show that two sharp
beams of power is radiated from a nérrow rectangular slot in an anisotropic
medium. One beam is along the ground plane in a.direction perpendicular to the
slot axis and the other in a plane perpendicular to the plane of the slot. No
power is radiated along the axis of the sldt.This highly " directive radiation
is dominated by the O-mode power . Thg X-mode radiation is quite negligible
compared to the O-mode radiatidﬁ. The variation in inélination of the static
magnetic field with respect to the ground plane of the slot does not effect
the radiation pattern significantly for the x-directed slot with the static
magnetic field in the yz-plane . For slots along f and z-axes considerable ef-
fect of the inclination oflthe stétic magnetic field on the radiat;gn pattern
can be observed . Alsc an arbitrary inclination of the static magnetic field
can tilt the beam maxima slightly away from the z and y-directions fpr slots

along vy and z-axes regpectively.
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CHAPTER — 7

~ General Discussions and Conclusions
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'Inlihe above an investigation has been carried out to find the radiation
from a slot antenna in an anisotropic plasma with the static magnetic field
in an arbitrary direction. For this purpose the polarization of plane ;aveé at
an arbitrary direction. with respect to the static magnetic field has been
studied. The results have been used to determine the plane wave excitation in

narrow rectangulaf slots radiating in such medium.

The field‘ distribution in the slot aperture has been derived assuming a
transverse electric excitation. Both ordinary and extra-ordinary modes of ex-
citation with seinusoidal electric field distribution were found to exist in
the slot aperture. Derivation -of the field disﬁribution in the slot aperture
enabled us to find the full-Maxwell fiel& in the medium resulting from the
plane wave excitation of the slot. The field is obiained in triple Fourier in-
tegral form. One of the integrals was tackled‘ by residue evaluation with
respect to the wave number parallel to the slot axis .It was found that the
waves are dispersed into the ordinary and the extraordinary modes of propaga-
tion - a phenomenon that is predictable also from the characteristic equation
of the medium. In an xyz co-ordinate system if the static magnetic field is
arbitrarily inclined in the yz-plane, a lack of field symmetry talkes place in

this plane.

s

For obtaining the radiation field of the antenna the remaining double
Fourier integral was asymptotically obtained by the saddle point method. The
saddle points are the real solutions of the characteristic equation and were

used to find the magnitude and direction of power flow from the antenna.
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Using the far field components, the radial component of the power flow
vector was obtained. 'The numerical results of the radial power flow were
plotted to obtain the directional power patﬁern of a slot antenna placed at
different angular ﬁositioﬁs with respect to the static magnetic field. al-
culations were carried out for the (a) region of the CMA diagram where the
agymptotic field theory by saddle point method is valid for both the ordinary

and the extra-ordinary modes of propagation.

‘Séme interesting electromagnetic phenomena wére obserqu from the plot of
the numerical radiation pattern of slot antennas radiating in an anisotropic
plasma. For a narrow rectangular slot along'fhe.x—axis with the static mag-
netic field ﬁrbitrarily directed in the yszlane , the variation in inclina-
tion of the static magnetic field does not significantly influence the radis-
tion pattern. However, for an y-directed slot significant change in the
radiation pattern can be observed with the change of inclination of the static
magnetic field in the y-z plane. Similarly significant variation in the
radiation  pattern can be observed in the xz-plane pattern for a z-directed
élot lying in the yz-plane.Iln both the cases the beam maxima are slightly
tilted from the z and y-axes for arbitrary inclination of the étatic magnetic

field in the yz-plane causing a lack of propagation symmetry in this plane.

The most interesting feature is that a strong pencil beam is radiated
from the slot along the ground plane in a direction transverse to the slot
axis and another pencil beam is radiated perpendicular to the plane of the
slot. The 'maximum intensity of these pencil beams has been found to be about
66 db compared with the maximum intensity of a similar slot radiating in free

space. 'These indicate that there may be concentfated field regions in the
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directions perpendicular to the slot aperture . If such type of phenomena
occurs physically in a plasma environment it will be helpful in plasma heat-

ing as well as in communicetion using very low frequency during the re-entry

‘blackout periocd of the space vehicle,

in conclusion it can be said that the results should be experimentally
verified for confirmation of the theory. The impedance of the antenna also

remains to be a major problem for further investigation.
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Derivation of the relative pemittivity tensor ' )

A,

APPENDIX -A -

-

4~ by rotation of axis.

from the tensor

For static magnetic field in the z’-direction' the relative permittivity

tensor with refe

&
A, .,
.é-p = )6‘4
o

The Xyz—-system

rence to the x ylz’ -gsystem is given by :

& p
€ o
o &<

in Fig.2.1 _'1‘5 related to the

transformations:
¥/ =y cosa«- 2z sinsL
z/ = z coso(+ ¥y sin«&
2 P ‘ 2
—_— = Cosel( 2. _. ol <L
357 ?5 3 Srm F¥1
2 2 . 2
= Cosa& = _

327 o EY * Sra 5y
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x y” 2z’ system by the

(A-2)

(A-3)

(A-4)

{A-5)



Now we have

V/Xf'/’-'-’ )G)€a€;'f'

G ay % [ e, e’ ol [_é;
(A-6)

2 a 2 - . v v

2 2y° 2z | FA¥% |G € o - &

ﬁx ”y/ //z/ o O €3 Ezl
L _ | - _
The co-factor of ax is given by

k2 Ay .

dy- T Tz RWE (& Ex ~) & 57/)

This by (A-2)-(A-5) becomes

(Coso{:%; — Si'o XBQE) (,t/,_ Cos& £ iy 5/':709 - (Co 5"(';2 +s/no(a_%}(ﬁ, Casm—-/fzﬂ:nap

= )coéa {6, Ex *)@’(E}, Cosa~ frz St'm 6}()}

or :

2 M2 24 . . . ) . '
ay sz Y= jwe (€& )G &y 1) €sty) "~ {A-a)

The co-factor of ay/ is given by

2 #x Y - . ’
22 - o we(Uge +6&)
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This by (A-2) (A-5) become

2 . . .
(Cosd + Send ) H x ;x f‘/z(Osﬂ(v‘/fy-f/h'() = ywée (_)6;/5; ,u_:/g:y’)

CoSa(

a//y o D« 3 Y
s - EL 7 Ay
£ Srng 3y Cosa > SsSrnx x

= ) & €p ();('"4’5,, + & Cosa £7 - € Sllnf(.f'z) (A-T)
The co-factor of az/
/’
9#)’ & Hx . ’ 7/
ax = oy~ WG Es £z
By {A-2) - (A-5) this becomes
2
3‘7(//}«(059(—/{25/)7’9 -—(CGS’(,- 32"—5'/270( A x
. 4
= )6 €3 (Ez(osd + Ey Sf':»w()
or
1 24y — S/ 25z - 2= 3 A
CosxX "5y rnd ST T@sA S sin e« 5
(A-8)

. ' .
= ) W6E3 (7 CosAt Eysyna)

Multiplying {A-7) by sin%. and (A-8) by cos¥ and adding

(Cos’a+8/n'x) 5 a”x ('.:o YK+ 5/ nx) a:f

. s . : . .
= jw & {_)é; Cosel £, + (EI Cos'w +E3/5/7;“7=r_) Ey +(€3-€,) 5,‘;—,,{(05‘,(?

= ;w af/z - ;
> 2L - J W& (g Ex +€;E,+£‘£z) (A-b)
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Again (A-8) x cos™ - (A—7)' X sinX gives

2 . : -

Equations (A-a); {A-b), (A-c) can be arranged in the following form

— — — —
G ay ) | & ey ses| | &
2 2 2| =jwel| & €2 € £y
B 2y 2| 7 g
) "'-565_ €g €x( - £z
fo Ay Az RRE
or

Hence the transformed dielectric tensor is

& & J€s
Ep = | & €3 % -
(A-9)
pidy & =3
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where

.52 = ‘G/Cdsqfo(' + 63/5/'?7"’%

€z = €& sinVu+ €3 @3'c
Fa

€Eq = 651 (os e

€5

&7’ S/ 75 et

,€6

11

Cf:‘:/" € ) Srned Coset
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APPENDIX - B

Derivation of Wave Matrix and Characteristic Equation

. _ =)k
For a plane wave of the form £=4£, e equation (2-f4} can be writ-

ten ag

DR xS RxE(k) - k"enECk) = AE(K) =0

or

BXRXEQR) 7+ GG E(K) S - AEK) =0 | (B-1)

R ~
where A 1is the wave matrix

K=k + &k v Ok | (B-2)
E(K) = ’éx Ex(K) + & E, (&) + 0 & (/c)' o . (B-3)
A= G x +‘a}y+022_ - - (B
Now

B % @
KXE(K) = & & /s

Ex(k) £y (k) Eszi

- 5{("’252(,&) - ksff(k)) + ay (ks Ex (#) _/751(@) * a7 (& (x) - Ky G (X))
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Then

Tx ay %
AkXR XE(K) = 7 % Ks
@_Ef_(k) ~ K3 Ey (k) ka3 Ex(i)~4 Ea(r) KEy (K) - Ky Ex (k)
N, ——
= O"Jr[k,/g_ Ey (8 =k  Ex (&) ~i<3 Ex (k) + & k3 E5 ()]
+ -8 [hatkg £ 00 — I 6y () ~ 15 Ey (1) + by K £ (0] ' (B-5)
7 ‘E[;(/k_?fx(k) ""’/Pé_z (%) ‘kzbEz(k) * Kzl E)’(’Q] .
Using relation (B-5) , (B-1) can be written as
I — —_ ) |
) "'kzL— /(31— ‘ k} /(’2 i /\’, /(3 EX (k) r G/ —)6'7
<y Ky ' "@?Lkéb 514 B (&) + ‘ Jé? €2
ERZ k3 K3 - k,"'-k;: £2(k) | -)€s &
(B-6)
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—

] — -
e e & k Ky ~) & KT Kks1jesir| Ex (1),
a ' )
K, (<3 #) o AT e € K [k + Gl Ey(r) | ==AER) =0
Kz ~) €5 15" I k3 # €g 1o AT T £z(K)
— . — | -
or ' ‘ ,
Asy A2 A3
N
A= Az, Az2 A2z
L A3y A32 A3z
where L _]
P A A N e K2 KKy ) & kY N3 = KKa £) 2 2t

. Az

: 2 ky Rz # €I
/(//(2 7")(?/(,1’ )22___ —/'91’_/(:;‘—-+leal 13 2 %% Q%

A3y

Frisjes T P32z Kyks £ €k Azz =-r GGG

The inverse wave matrix c¢an be computed by Cramer’s rule

A A :
A7 - . - . (B-7)
e’ X : ' '

where 2\\ is the adjoint and det 5 is the determinant of the wave matrik x

Ay Az Az
n _
A = Az, Azz Az
A3y As Az
L 2 3
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where

Ay = Aza 233 <223 D32 ' A= Ay3 P32 - 22 Aza - As3= Az2 Dyz = D3 A2z

Ay = A23 A3, ~Az, X33 _ Az2 = Ay A3z -3 23, Az3 =3 Az, - Ay A2

Az; T P2, A32 - A22 A3y Agz = A2 A3, -2y A3z Azz = Ay Az2 — X2 g,

A . - ° .
det » = - k;”[ (/91'-/-/(21—-!-/(31"— 6,/(,") (‘5/(,1? & k:'?" 5 k31'+ 2G kK43 -9, /q:”/s/ + LD (R, ’(!)/) :
where

a4 (K/J %, K'-") = k:’( S K ez.kz'b’" Cy k3™ +G Ay K3)
. L1 ‘ L
C= & (/- €5/€)
G = ef'( Cos"! - 63’/6’7)
. (3 = EJ}CS/‘nvO( - L‘_;//F/) .

G = - 25/ ndcws &

N = (6= &)

The dispersion equation or the characteristic equation is given by

A
det A = o
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APPENDIX - C

Plane Wave Propagation along and parallel to the Static Magnetic Field-

With the static magnetic field Ko in z"- direction Maxwell's
JweE

equa-

tions in the x y” z/ system with e variation of f ield‘component.s become ,

Gx gy a-
D 9 . _l - - — —_— s -— rd 3 _
% 2y’ 227 == ) f (dx Hx 'f“a)'”)’?‘azﬁz.) (C-1)
\_ —
and
E . iy — ]
2 2 2 | - oo s '
2x -;-),_/‘ 3z SIwWE e & o E} (C-2)
‘ 4 4 4
#x . “r He | o o] - & LE:.

For plane wave traveling along 11

=z 0o which gives
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@ %’
o
T R T =
Ey/ - “":Z‘
945’ :)'w/&ﬁx (0_4)7
o - ) (C-5)
2z D e ﬁy
://z’ o
Again
) . _ S
o ay’ 2 < e g. Ex
o o = = jwé | & & o & (C-7)
K" Hy o o ° “ s
or
(C-8)

s L
3?): :),@Fo(éfx _)Ff E)’)

—
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2K x

—_—

22- Jwé () 6‘;5 *+ & 57’) : | * | : te=9)

O = J)@&€sLs (C~10)

Using C-4) to (C—Q) ‘we ‘get

e '
+ ' 4
Sz = - K:’(J (‘.1/5)\' ""6/5)') : (C-11)
"
£y 1 .
51 = ~ /% (6Fx -I&EY) (C-12)
The above equations can be written in the following form’
’__ - o a9 7
£ € . &y o Ex
!7’_
K3 - - . ’
(C-13) .
74 J o o} 63: o

which ¢an be further arranged as

79



— — m
PRy } Q-
6~ K5 /ke WAL o £x
J& &-4/8" o & | = | o ©(C-14)
Lo o : €3 a o

Then the characteristic equation is

,-lr. v e .
K3 = k5(€+6) : ' (C-15)
Then for O-mode k-;': _—f/(,l/é/ + €4 . (C-16)
and for X. mode K3 = tkete-s | (C-17)

From (C-14)-(C-17)

(&= &3 JhY) Ex =) €5 Ey =0

C%LG _ k3/l)
ey Ea )

J & K-
or
é}’=_)' Ex . for O-mode ‘
' (C-18)
and - for X-mode
E)’f = “)l E)r !
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For plane wave perpendicular to Ho

For a plane wave along x-direction, %, =0 , a?z’ =0
Then from {(c-1) and .(c-2) ‘we have ‘
D ay’ ‘7;-7
* o o | =dem(Gux a4+ T HE)
Ex £ £
or
O.= Hy ) ’ (C-16)
2ES .
- 55 =k /,'),’ (C-17)
35  _ . . ' ' |
3}(__’: = - )Wk Hz o {C-18)
And
[ _ _, . B . b i
e dy dz & ~}&y Q Ex
3 o s ’
?x o © T )W & & e £,
Hx Hy by o o € &
L | _ L _ N
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b :J(«)Ea (& Ex -)-67/57,) (C-19)

— ;a/f = )'wcfa (J.F.;’Ex 1“65;) (C-20)
24 4 o
5y = JOeEs £z (C-21)
Using (C-17) and (C-21) we get
1 s
o £z s,
Sz = ~ e €362 (C~22)
Using (C-18), (C-19) and (C-20) we get
Ex = )CS/6) Ey (C-23)
and
L 1 L N -
2 Ey _ __' - 6’ - €7 -
Tk =-m( = ) & (C-24)

From (C-22) and (C-24) the wave numbers are given by -

o=+ Ko \/€ 3' . which represent O-mode
el
K=t K f€ ' which represent X-mode
/

82



APPENDIX - D

1
i

Plane Waves along Arbitrary Direction

With static magnetic field Ho along z/-direction. in the ¥z plane '

making angle of with the z-direction of the x v z system (fig 2.1) we can
-t
write Maxwell’'s equation with eJ variation surpressed

O & Iy
2 2 51 . _ _ _ '
3% 3y 57| @ (dxhxt TyHy p GpHz) (0-1)
Ex £y £z
- ]
and
= _ = — , = -
e Ty Gz € L Pl rEx
2 P 2 o : -
EX 3y 2z | =96 V& 2 & | 5| (p-2)
M x Hy Mz ’ :-Jﬁg‘ s Es £z

L . L I

For plane wave travelling along the y-diirction’

Hereai =0, __9_=O'.', so that
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o g% o = :)ay% (;;ﬁg-fcifﬂf f&iﬁk) . (D-3}
Lf} £y éi_J
or
£, .
3y = Tk (D-4)
o = &y (D-5)
P _ .
sy Tz (0-6)
From Maxwell’s second curl équation
_ . - . . I S
ax Ay g € & D £x
o % o :)'MEU‘ )&i, ¢ & Ey (0-7)
Hx o) Mz ) L_-J.GF ég &3 LE?.
or '
24 : B .
-,—f :)“"é-a(élfx“)‘éf £y ?*,)6557_)
(0-8)



g = )5\)6'5 ()Ief E), +€2,Ey +%£—z_) . C (D-9)

2 . . .
- -3-}‘{ = Jewés (—_)F;fx + & Ey 1"€3EzJ (0'10)

From equations (D-4),(0-6).{(D-8) and (0-10) we get

‘

E : .

g‘a;m- = k(G Ex ~)ég Ey * )€ £z2) - (p-11)
z “L- - o

-.3-;/—1- = — /e (—)fs' Ex + G-‘ E)/ +éj [_‘.;9 ' (D12}

Equations (D—g),(D—il) and (p-12) can be arranged as

| P _ 0
Ex € ~) & J€s £y
k| o =k | e & & £, - (0-13)
SR B . ) L

Which can be written as
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£y & D€
s -
_K:i o = J e’? . €,
r.> -)€s s

This can be written as

€~ kIR -)€& Jés
) &g & . €&
C -)Es 74 €x- k;rf,é

J&s

%

The characteristic equation is given by

det [M]}=0 which gives

(D-14)

(p-15)

/ nS ’ - ,
° o GlEtes) — € osn ¢ '\/[é((z+e3) —E;ﬁ?of&] - FE€3°C6 &)

k= K

From (0-14) we can wWrite

2€,
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B — S Bt B
Ex i & €& )6] Ex
' A ,
57 = E"’ Jc—q €5 6; a
£y —'.).65' & €z €z
R | _ L
€ J&  Js Ay By, Gy
: o
J& € & | 07;7‘[_5’7 Az Bz Ga
Jés & Eﬂ Az A2x G
L L —_—

det [ép] = (&™&>) €3

and

rs
Ay = €€z

32,7 )€ & cosor -

Czs =

- 67’63/5/516(

.o
A-/Z: —:)@ 63/Co Ly~ &

. C /o
Baa= (667 )5/ nWar G650 H

2 ,
(327 (€& =663 ) simnex cos

equation (D-17) becomes

™

T & (6 €5

'€ k217f<131') .

rd
& €3

& /s

_)'E;("_;/Sf')? o

. /.
)G Cosx

. A
(6 e s/n %+ €608 X

e c—y":c—,-f'_-.') S/ne o5
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-4D-17)

Y
ﬂ/3: J 64 635/’70(.

ST .
ez = (6/— 67’-'6/63) Srna Cos
t: 3 = (6)1: Ey’ ) Co Sqa’-l- G, 55/51.?;\:%.
s . 1 & ]
~ & E s na Ex
(6‘:.5;.1.'.56’) Sineiosat °
1 /-lf - [ q‘;( EZ
e E osArGEs 5/
(¢4 ) L4

(0-18)



of

> C_ o 7 | ‘
Ex = -~ € s Ex - €5 srmnx &y {D-19)
&?3 (-62(?,29 -/3 X _)57 3. ‘ i

ko C -y ' 1 PR .
£y = {—)g €3’ Csx by +(6-&F-66G) Sinacosa £ D-20)
7 &vfsf((?-‘f- 6:{9 7 * . ) (

R . s A e |
Egz €3 S/ na L, +/("'—’ Cosq + €6z 5, X f &z
Z &”6;’(@’:.9;’) J&E3 x G —& ) Cos /€3 5/ (D-21)

From equation (D-21) we have

)l‘-y/fg,’-S/ho( ke ¥ =y }
£z = e (D-22)
(&= 67’1) (k7€ “kzv NG = 5/"‘5’) 515

Substituting equation (0-22) into equation (0-20) we get

. /7 ’
- 51 /(;_’L-(asﬂ( (J’(,q’fgf- f()_’b) Ex

£y = — - -
4 LY /l6 =g ) (RYe-KY) 16T &L ges ) S »d/ (0-23)
Equation (D-19) gives
& Srma Ky
£ & (0-24).
X K¥( 6= E?Iv _kzq.—e-l -Z_ | ( )
Using equation (0-24) in equa.tidn (D-24) we have
£y = /(11’51,'9:« osa |cacqees) f6C6 %) ,""(2‘1?/_;“ s,’lé,’gﬂfgz (0-25)
I ACYCETS)) et &Y - A
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For Plane Wave in z-direction

39; =0 , -%;:0 which gives
Ay ay %
o o  Z| = Dafe(Gat Gty rRi)
(0-26)
Ex £y £z
_ S, —
or
25 . : ' : '
5 = Jwbx o o _ (0-27)
25 - ' ' -
o = &2 ' (D-29)
and
- - = P - S5l I B
[:?k ay a € )& J& £y
0 o = |3we g € i £y
' {0-30)
b o] Proe e | a]
My R . .
- 37 = )6 CG/EX—J€'7 Ey +)€s {L) (0-31)
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2z

o =

24 . . _
Sz jwee(JegEx +€; Ey *&Ez)

jwe (€5 Ex +&GEy+ €xkz)

(D-32)

(D-33)

From equations (0-27),(0-28),(0-31),(0-32) we can write

2Z

a'&

223

L
ny _ 1 ' — :
5 = Tk (Jé,fx-fe;e,vtgfz)

D k3'Ey = k" (I EEx + € Ey + €5 E2)

- k:/CG/ Ex —-_)'6‘? E}, -'f-)‘és_f-z)

:> k}"’E}(: /<o’v(6/£4\' -)éle;f 7‘)65‘52_-)

(0-34)

(0-35)

Equations (D-33),(D-34),(0-35) can be arrénged as

or

©

- -

H

Je&

s
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— S T T [

€= "317&1’ )&y Jfs Ex oT

D& € - ks n & g | =] o (0-37)
")-55' s € £ o

- el A R ]

or [M][E] =0
Characteristics eciuapion is given by

det [M]=0 which gives

€z K3 +k3 "’[&é—é,)s:noc - &€z C/?‘(a.‘ia\’j - g(&; & )}g

g, ‘ 7 ; 7 i
_ . _ r 4 +6 - L—(f 6,.") ‘/DOC €1&(’+(asa(
[E Q A -G ey A I G )

2 €z

AL
(0-38)

Equation (0-36) , may be written as

— 7 [ : 7] -1
£y & i) JEs Ey
i
) O
£z - €5 € -
| f= E Y

of
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e s
Ex
el :
£7 = s Cﬁ“:éf 9 - Eq,@/c’ s
£z J&€ssin
— L

L
Iy 63/(95 <

6= 69’1') SR+ € €3 Cos Vot

(6™ &=6€3") 5/ nn Gos

From equation (D-39) we can write

1
£y =2
T K G &)
Ey = k5~
- kB ™
2 T e e o)

€/ (‘-3/5)( .7#')'{.7(€3/CO SXE?I]

From equation {0-40) we get

& st k-

£y =

£
(6= &) - 5V, 4

' Using equation (f-43) in equation (0-42) we have

92

~ _)' %’(3"/"]“ . —

LI DEXT. ST
(6 =& -6€x) S v losx

¢ 6"2 f.-{") Co s K+ 6€5 s /m v

(0-40)

s - &'es cosa sy +Z((6156;’1)5/n"5rf Ff_s’¢-‘§?7(0—41 )

"').@%3’5/270(.-}(e}f‘f-éy’q:qgi)smo((asdﬁ, (D-42)

{D-43)

Ex

(o-39)



£ = ks sa | ASCEs-€) # K6 Y- & 63’)7 £ (0-44)
z > T ey 1% (™ &) - k;,,&_/ ¢ '

Again from equation (D-41) we have

& e osH s

Ey 2 —x=7 T - 5 £x (D-45)
Y L€ E G ) - gt) sind + €37 cos =/ :

From equation {D-40) we can write’

ko 63 (&2 &%) — kx e €37

J’ ‘“'; 5315’31’ .

Cbsﬂ(E?, = Ex - (0-46)

Using equation (D-46) in equation (0D-42) we have

', 1 Pl 1 -’ P -’
Sl ST GG (6L &) - ke s ) - & e
= :

-
= = '] Ev (D-47)
kVedes (6= & 0)
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- AFPENDIX - K

E-1 ° Saddle Point Method of Integration

Under certain conditions complex integrals of the type

9 PEA)

,c(,a) ;/(/5) e b | R (B-1)

—can'be evaluated approximatel§ by the method of éaddle—point integration. Tﬁe
ke& conditions are that / be a large number compared to unity and.¢(h), whose
magnitude is of the order of unity, have an extreme value at a certain peint
ho, so0 that sﬁih; )} = o. The function f(h} is assumed to be a slowLy vary-
ing function in the neighborhood_of he . We consider ¢{h) to be an analytic

function of the complex variable h = 5+ jn =so that
v6) = u(e,n) +iv(En) o (E-2)

then u and v satisfy the Cauchy-Riemann relations
K ' 2V . '
T T I T S (E-3)

A three-dimensional plot of the surface z:II(i,?{)shows that in the neighbor-
hood of the point h = ho or ¥=¢ and 7\f N the surface has the
" shape of a saddle because l
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as a result of the Cauctheimann relations. The family of curves described by

v(in)=c

for different values of c has the appearance shown in Fig. E-1 in the ﬁeigh—

borhood of the saddle point, where u» = Lf(in’yb)

Fig. E-1 :The femily of curves describéd by ﬁ(f;ﬂ) =c.

The above description also applies to the function u(g,n ) and the
family of curves cbfrequnding to ut%qv= const. are orthogonal to those
shown in Fig.E.1 . We now change the path of integration guch that the con-
tour would pass through ho and follow- a path corresponding to

u(g.n) = u

in the neighborhood of the saddle point. A section of this path is shown in
Fig.E.1 by the dotted,line; Under that condition the original integral can be

gritten in fhe form
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Ty
Fﬁ")=c//6s)e ! ﬂwe o

PV i
The function GEP has a significant value along & small segment of the

path near the saddle point. Thus we may approximate the function }kh) by a
series expansion in the neighborhood, of he by retaining only the first

three terms, that ig, .
T (h) = &(he) + P (ko) Ch-hs) + £ - Xe) (A—-‘y"? ¢(Ao)+i¢/’(“m)(6-69?— (E-4)

For the slowly varylng function f{h) it can be replaced by f(hs}. The orlglnal

1ntegral then, can be approx1mated by

5006 hotak jj p Cho) (h-nl)™” .
/:(Ei) e (Z?i//‘ - {(E-5)
o— A4

This can be simplified if we let .

e
A-—Ao = SE€E
¢”(/70) :/gﬂ”(Ad/eJﬂ
then

" REEL AL 7Y
FLEP A (hte) = £ A/ P Cra)/ T €

In order to confine the path of integration along the contour u = w , the

angle o must be so chosen that

=4£(4-13)
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Under this condition, (E-5) reduces to

J[r"ci’@n) 24 /7_7 ‘)3f°¢("-J5
/-_(P) = (”")

(E-6)

where 7= /A/»/. The last integral can be evaluated by a cﬁa.nge of variable to

E/) . y?-
[52] s
y 2

and in the limit as

. Ya.
/o/ @ (4o)/ e
2

becomes very large we obtain [34]

: B CONC *”/_7
Fe)= fo/w()/f"‘”e -

—oKyx =) ky Y- ) P2

Let us consider an 1ntegral of the form //L( K ko, P) € &Ky
St.artlng with the integration of K; ,we have the saddle points - ~ determined
by
¥ _ -
or — X _ Kis : : : . {E-8)
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and contribution to each saddle point kyg is

(E-9)‘

The integration now becomes

oY _J/(/_,_r Skay-jeZ ifsgn(
‘/é(@s G_} P// / . e
3/‘;5/

For the k: -integration ,the saddle points are ‘determined by

.
5%%)

L/, (E-10)

P _ 2P dk,_., >F L
dhs | Pk o[kz.s ks . ’ ' (E-11)

i
Njx
!

Differentiation of (E-11) gives

2 O{P): ?VP d Kis ?’VP -0 (E-12)

A ks \dkas 3 #2534 T ds Pl A

Again using (E-12) we can write

(a{ P ) (4 S
dKZ.S dkz.s 9/“25 ?ksasz) )k YR . - (E_13)

Therefore, contribution from each two dimensional saddle point is given by

: Y2
| i Yo% /o
/ 9&5 ?kzs 245 2k.5./ 2L

/ 3/"15 Bk,_s ?kf’ 7/(15
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and the integration becomes

_)'k,,,\’-'J.kzs )"‘ 2
Ly, kus P) /7€ e

where
A = EXP{”/G’/;/’R (9 V’) 9 kzszkzs)/;k/s‘]/

E-2 Some Useful Derivatives

E.2.a For slot along the x-axis
' 2
The phase.of each wave is given by W= &7 /X koy+Ks
Taking the first derivative of ¥ with respect to ks ,the saddle points are

determined by
2% _ /x/i&: 42 =0
A3

2Kz
__.) - 3"/’/ = = CO?L(?
PA3 /x/

Now utilizing the characteristic equation {equation (2.15)) we find that

2K, A
243 /(’—pg,"' N 3 =215,

K2 Kn s Kz > kys .
Where . . |

. o g 1- 3
A= g&lks + 661K +6Ek K3 +6& IG5 + 61k +€ 64K 26634

1 - : "
Po= 2677 £ 66 Kl -+ € €3k k3" £ 26 & [ /9_/(3-’1/&17‘-’/ + § kK,

' 1
+ €U, — €L k) ko + C € ko K,
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and

-
'D—\/y’ _ / X/ > ’
9k3"' - 2 Az -

“differentiating —~5£;- with respect to ka we have

2 % :ak
R S DRI
37k, >

A3 kgs ‘

where

’

£ =€ €s i+ €63k + 6K+ &€ K + 66 €3Kx + 66 & I3 ks

v
~N, - 6 €3 A6 kY

= FECsk fn €& Rk 1-‘?&12}*3

D
1 1 o ) o DR P 1 3 L
C = CER 466k 4 §E3kT 1+ 266 M ka3~ KT+ 6K+ € s — Gk + C,6 K

Taking the first derivative of: -y'with respect to k2 the saddle points are

determined by -
..//af?/ +Yy =o

tgn‘?

Now from characteristic equatioh we- get

. _ ~ '
K —pt T )k —a7

Ky = Az 5 Ky—Dhsy g

)/fz_

X = - ak; /x/

where .

F= 562/-;, Ko + 6,66/9 k-_., -6 & /q, Y + zt?;(zkza' +C,€3k,_/<3 +3€;&.*z_ K3 - "Lka K2

and

"t
-g—\/y, I.‘/X/ a7
24 &

2 &5 :
differentiating 4~527- with respect to k: we have
> ‘
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.’

? K _ , (r >4,

v ==/ H a(ﬂf—ah) + < (5%
il e, =57
/r)_—')klj [ kl

s X
where

. ST
Go= 966K K + 96 &K K3 + 96 (5K

: o -~
H = &€ k" &K >4 €3k T+ 66 & Ky (3 - Nk T+ G 6K
L& VA Cr 6+ 66 € Ky

i

we know
. +

ria 247,

—_— b ¢ —_ .

?/(_, had / / Dka 7+ 2
then

'3'1/\1/ _ /X/ ?’Vﬁ;‘- .
k3 2k T 2330,

Differentiating ikV with respect to k2 we have

> %, (2% & (2% ) & /r
‘kagkz_ - }/(2) ?/(3) 3/\’3 )KJ_
5=,

Ky > ey 8
Ay k} 5

where

F o= 66%ﬁ7

-+ 2.6/ 43/(2_/(3 + 36€Sk2

F 26€xk k3 + 3G G b
~ &6 I+ Cq €/ 1

E.2.b. For slot along the y-exis

kz
The phase of each wave is determined by W kK x Tt @7 ﬁb'ﬂiu)/ﬂ/+ 3
Taking the first derivatives of ¥ with reapect to ki,

the saddle points are
determined by
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Now from characteristic equation {equation 2.15) we have

/<2 - AL ’ .
2’/(, k2_>,‘9 f3’ kz—'p(a ..

kg o, 2,5

where

- 1 RS
A= 26 %>+ 6,62 Kply +€1€310 K3+ 26 Eh,ky K3 =2, 167K,
+ €% Epts, + & ry k3 — &3ko %, +C, & 1o 1,
ﬂ’ = G/EZ /(, kz_ + & 66 K//(“l" €, /</ /(2_. 7+ ZE/EZ K23 + Ef€3 /(3 kz.+ 36f€‘k3kl rLf Ko k:-.

+ GE2 k3K, € E kS -G € ko g - 6 sk L Ca G kg # 0?6’/(3&/2

and.
2

)=
2% ., 9%

differentiating EQSE

wilh respect. Lo ki we have
<
T
?kz "
o -/t DI( Dk,) * Cf( :/«) /
B 72
vhere
C= €€ K7+ 61 € GELIG + € €3k FEGEK ks - ), Ko

+ €, €2 /(3"’7_ & Ve, /o U+ Co & K

- ' 1
D, = 46 62_/9,(‘2- - GGGz A+ FE e hy
" _
£ = 667 + ©€kIF + € €3 k3¥r 266 2Ky — 7&’“’1_
1 - - 5
tGha PG kP — G+ &€ 1T

Taking first derivative of W

with respect to ks , the saddle points are

given by,
z
[ . = Cof ®
24 z+/v/ 2 20 or - 22 = =
= — = PYs yy
2y T b

Now characteristic equation gives
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where
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F= 5/53/(/ k3 o € Ep bk ky + € €3Ny Ky + G A7 + & 14 ks + G2/ R

/ . .
' ' % 23, e 1. &
4 26ET 5 + BE g Ky i3 - @koq’k: ~ € €3 khs — § &Kyl + 3K k-'f #Co G K2 k"/?—

[
-

and

"l/
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a2 with respect to ki gives

Differentiation of
k3
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o ka 2 A 1
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Kz Kz

‘where
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we known

/Y/ 2k, + X

then
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2/4 Lith respect to ks gives .

differentiation of £ =%
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where

. 3

£ =

E.2.c. For slot along the z-axis
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' + +
The phase of each wave is given by w = K x+/Gy +¢7 (A or Bd ) <

Taking the first derivative of % with respect to k: , the saddle points are
determined by ‘ '

2 ar
> K, = x"'/z/ak

=y - = -/a])&
> 9/‘/ /Z/

Now from characteristic equation

2 K3 A
2K = T A
/ Ky~ /3‘ Ky—=>~
& DR &, 7K s

where
e

A = 2653+ 66 Ky Ko¥ + €€ K3 YK, + 2 €6 K [y k3 — »n, lea /<,
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1 \

= 2,
/32_ €/ €3 k ks +FE Gk TRy £ €&E€3 /27K3 o+ & & /(23 + & /\71’,{—3 * & k;“’/(.s
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and
.
me’ - /Z/ (a
dlfferentlatlng 9k3 with respect to k1 we get

r2s 2 A /3
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L3/ .
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: 11—
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Taking the first derivative of ¥ with respect to k: ,the saddie points are

determined by
S _ 272 .
2K - /2/ 242 i

_ 28 _ Y. . ganrns
= 3% =% a

now using characteristic equation

2K3 £y
20 T .
where
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FLOW CHART OF CALCULATION

t,. ftp, fH

Slot dimensions

=0 36 68 9f

Solution ot the characteristic eguation

Aperture tield distribution

Far tield components
0-mode tields and X-mode tields

l

Power tlow vector
O-mode power & X-mode power

Output
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71

SLOT ALONG X~AX1S ON XY  PLANE )
FOR X-Y PLANE PATIERN AND X-Z PLANE PATTERN OF O & X MODE
- STATIC MAGNETIC FIELD MAKES AN ARBITRARY ANGLE WITH Z-AXIS

COMPLEX U,V,Al,A2,DEIR,DT,AAl,AA2,F1,F2,C12,C13,C21,C31,A12,
+A13,A21,A23,A31,A32,EXAO, HYAP, HZAP, HYAO, HYAX , HZAO, HZAX , HYA , HZA,
+HXA,X1,Y1,21,EX0,EYO, EZO,HXO, A22,A33, '
+HYO, HZ0, ET0, ESO, HIOQ, HSO,CH1O, CHS0,

~ +CK3,CK4, FRC1, FRC2

DIMENSION AK1(4)

OPEN{UNIT=4, FILE="OUT’ ,STATUS='NEW® )
PA1=3.141592654
V=(1.0,0.0)
U=(0.0,1.0)

C=3.0E+08
FR=300.0E+06
AW=2.0%PA]¥FR
AKO=AW/C
AWP=160.0E+06%2,0%PAT
AWH=180.0E+06%2, 0XPAT
X=AWPXAWP/ ( AWXAW)
Y=AWH/AW.

Z=1-Y*Y

El=1.0-X/Z

E3=1,0-X

FA=XXY/7,

O 60 N=0,3
ALPHA=NXPAI/6.0

 ALP=ALPHAX180.0/PAI

CWRITE(Y9,71) ALP ,
FORMAT (4X, 'ALPHA IN DEGREE=’,F4.1)
CA=COS{ALPHA)
SA=SIN(ALPHA)

G=E3/El '
ESP2=E1*¥CA*CA+E3*SAXSA
ESP3=E1*SA*SA+E3*CAXCA
ESP4=E4%CA

ESP5=E4*¥SA
ESP6=(E3-E1)*SA*CA
EEL=E1*F1

EEA=F4%E4
C1=FEA*(1.0-G)
C2=1E4 % {CAXCA-G)
C3=EEA¥({SAXSA-()
CA=-2.0%SAXCAXEE4
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73

81

74

B2
75

76

B3

77
84

121
78

21

22
23

ZETA=E3*{EE1-EE4) ~
Ch={(EE1-EEA4) /E1
AK11=AKOXSQRT(CD)
AK12=AKOXSQRT(E3)
AAK11=AK11%AK11
AAK12=AK12%AK12

HERE I=1 FOR XY PLANE PATTERN
HERE 1=2 FOR X7 PLANE PATTERN

DO 50 1=1,2 ,
IF(1 .FQ. 1) GO TO 73
IF(T .EQ. 2) GO T0 74
WRITE(S,81) '
FORMAT(//,4X, 'X-Y PLANE PATTERN®)
GO 1O 75

WRITE(9,82)
FORMAT{//,4X, 'X~Z PLANE PATTERN')
DO 40 J=1,3,2 '
IF(J .EQ. 1) GO 10 76
IF(J .EQ. 3) GO TO 77.
WRITE(S,83)
FORMAT (4X, ' FOR X-MODE’ )
GO TO 78

WRITE(9,84) _
FORMAT{ 4X, ' FOR O-MODE’ )
WRITE(9,121)
FORMAT (6X, ' POWER’ , 6X,'ANGLE', 72X, "NOR.DB’)}
DO 30 K=-140, 140

IF(K .EQ. 1) GO TO 30
AK2=FLOAT{K-1) /20
AK3=FLOAT(K~1)/20

IF(I .EQ.1) GO T0 21
IF(1 .EQ.2) GO TO 22
AK3=0.0

CO TO 23

AK2=0.0

CONTINUE

AAK2=AK2*AK2
AAK3=AK3I*AK3
AAKO=AKO¥AKO

BI=E1%{E1+ESP2) *AAK2+ (C1*E1-E1xx3-ZETA ) *tAAKO+E 1% (E1+ESP3) *AAK3
Al=Bl1xvV

BZ:E]*HSPZ*AAKZ*AAK2+(CZ*EI—EEI*ESPZ—ZEFA)*AAKO*AAK2+.
+ZETA*E1*AAKO*AAKO+E1*ESP3*AAK3*AAK3+(C3*E1—EE1*ESP3-ZEFA)*AAKO*
+AAK3 : :
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15

AZ2=B2*%V
DETR=A1*A1-4.0*EE1XA2
DT=CSQRT(DETR)
Q=2.0%EE]
_AA1=(-A1+DT)/Q
AAZ2=(-AL-DT)/Q
F1=CSQRT(AA1)
F2=CSQRT(AAZ)
AK1(1)}=REAL{F2}"
AK1(2)=-AK1(1)
AK1(3)=REAL(F1)
TAK1(4)=-AK1(3)
TF(AIMAG({F1) .EQ. 0.0 .OR. AIMAG(F2) .FQ. 0.0) GO 10 15
GO TO 30 '
CONTINUE . )
IF (AK1(J) .EQ. 0.0) GO 10 30

" K1 FROM GIVEN VALUES OF K2 OR K3 IS DETERMINED

DETERMINATION OF FIRST DERIVATIVE

-AA:EI*ESP3*AK1(J)*AK1(JJ*AK3+E1*ESP6*AK1(J)*AKl(J)*AK2+
+E1*ESP3*AAK2XAK3+E1 ¥ESPO*AAK2 $AKZ+EE1*AK1 { J ) *AK1(J ) *AK3+
+E1¥ESP2¥AAK2*AK3+2,0¢E1¥ESP3* (AK3%%3)+3,0tE1 ¥ ESPEXAK2 ¥ AAK 3
+ZETAYAAKO¥AKI-EE1 ¥ ESP3¥AAKOXAKJ-ELE1 $ESP6 * AK2 ¥ AAKO+
+CI*E1*xAKIXAAKO+CA ¥ E1 ¥ AK2 X AAKOX0. 5

BB=2.0%EE1XAK1{J) *AK1(J) *AK1 (J)+E1*ESP2%AK1(J) *AAK2+E1 *ESP3%
+AK1(J) ¥AAK3+2. O*E1*ESPE XAK 1 () ) ¥AK2*AKI-ZETASAAKO*AK1{J ) +EE1%
+AAK2¥AK1 (J) +EEL¥AAK3*AK] (J) - (E1%¥%3) ¥AK1(J ) ¥AAKO+C1*E1 XAAKO*AK1(J)

_ CC=6.0%¥EE1¥AK1(J)¥AK1 () 4E1*ESP2¥AAK2+E1*ESP3XAAK3+2 . 0OXE1 *ESP6 %
+AKZ*¥AK3-ZETAXAAKO+EE 1 *AAK2+EE 1 *AAK3-EE 1 ¥E1 *AAKO+C1*E1¥AAKO

DD=4 ,0¥E1*ESP3*AK1(J) *AK3+4 ., 0XE1¥ESPEXAK1(J ) *AK2+4 . O*EE1*
+AK1(J)*AK3 _ '
EE=E1XESP3*¥AK1(J) ¥AK1 (J)+E1*ESP3*AAK2+E1¥AK1 (J ) XAK1{J )+
+E1XESP2*AAK2+6 . 0¥E1*ESP3*AAK3+6 . 0X*E1X*ESP6¥AK2¥AK3-ZETA X AAKO—
+EE1*ESP3¥AAKO+C3*E1 *AAKO

FF=E1¥ESPZ*AKI (J )} *AK1 (J) *AK2+E1 ¥ESP6*AK1 (J ) ¥AK1(J) *AK3+EE1*AK1(J) x
+AK1(J) *AK2+42 . 0¥E1XESP2* (AK2¥%3) +E1 tESP3*AK2*¥AAK343. 0%E1 XESPE XAAK2 %
+AK3-ZEFA*AAKO¥AK2+E1*ESPZ*AAK3*AK2+E1*ESP6*(AK3¥*3)—EE1*

+ESP2¥AAKOXAK2-EE1¥ESP6 *AK3XAAKO+C2¥E 1 XAAKOXAK2+C4 *E1 XAK 3XAAKO

GG=4.0*E1XESP2¥AK1(J ) *AK2+44 . OxE1*ESP6¥AK 1 (J) *AK3+4 . OXEE1 %
+AK1 (J)¥AK2 '

HH=ETXESP2*AK1 (J) *AK1(J ) +EE1*AK] (J ) *AK1(J } +E1 $ESP3%AAK3+6 . 0XE1%
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+ESPEXAKZXAKI-ZETAXAAKO+E 1 ¥ ESP21AAK 3-EE1 ¥ ESP2 ¥ AAKO+C 2 ¥E 1 ¥ AAKO+

+6.0XE1¥ESP22AAK2 —
PP=E1XESPE*AK] (J ) ¥AK1 (J )42, 0¥E1 #ESP3*AK22AK3+ 3. 0¥ E1*ESPGXAAK 2+

+2.0*E1*ESP2*AK2*AK3+3.()tEl*ESPB*AAK:i-EEl ¥ESPB¥AAKO+CA¥E1 *AAKO

31

32

33

11

12
13

I'13=-AA/BB

DT23=-(EE+DD*DT13+CC*DT13%DT13) /BB
priz=-rFF/BB ’
DT22=- (HH+GGXDT12+CCxIT12%D112) /BB

DIM=—( PP+CCXDT12xD1'1340 . 5*UGHDT13+0.5%DD*YI'12) /BB

DETERMINATION OF ANGHE
1F (I JEQ. 1) GO 10 31
IF (I .EQ. 2) GO TQ 32
SHI=ATAN(-DT12)

" ANGLE=SHI*180.0/PAIL
GO TO 33
THETA=ATAN(~1.0/DT13}
ANGLE=THETAX 180 .0/PA1
CONTINUE
IF(J .EQ. 1) GO TO 11
IF(J .EQ. 3) GO TO 12

DDl:(AKl(l)—AKl(Z))*(Al(i(l)—AKl(S))*(AKl(l)-AKIM))

GO TO 13

DD1=(AK1(3}~AK1(1))*(AK1{3)-AK1(2))*(AK1(3)-AK1(4))

AAA=DT232DT22-DIM*DIM
AAAT=ABS(AAA)
AAAZ=SQRT{AAAL) -
ACI=2.0%xPAT/AAAZ

ACZ2z4 . 0¥PAT¥PAI XAAKOXE1%DD1
AC=AC1/AC2

DETERMINATION OF MATRIX ELIMENTS
C11=-E1 *AAKO+AAK2+AAK3
C12=-AK1(J ) *AK2+U$ESPA¥AAKO
C13=-AK1(J) *AK3-UXESP5*AAKO
C21=-U*ESPA*AAKO-AK1(J) ¥AK2
C22=AK1({J)*AK1 (J ) +AAK3-ESP2¥AAKO
C23=-ESP6*AAKO-AK2¥AK3
C31=-AK1(J) *AK3+UXESP5*AAKO
C32=-ESP6¥AAKO-AK2¥AK3
C33=AK1(J) *AK] (J ) -ESP3*AAKO+AKZ*AK2
A11=C22%C33-C23%C32.
A12=0132032-C12*C33
A13=C12%0C23-C13%(22
A21=C23%C31-C21*C33
A22=C11*%C33-C13xC31
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AZ23=C13*C21-C11*C23
A31=C21%C32-C22*C31
A32z=C12xC31-C11xC32
A33=Cll*022~012*031
| .

MATRIX ELEMENTS ARE DETERMINED

DETERMINATION OF FOURIER TRANSFORM OF APERTURE F1ELD
AMIU=4.0%PAIX1,0E=-07

A=0.5H

B=0.02

AMz=AWEAMIU

PI=AK11%A%0.5

P2=AK12*A%0.5

P3=AK1({J)*xA%(.5

S1=S1IN(P1)
. 82=851IN{P2)

CC1=008{P1)

CC2=C0S(P2)

CC3= COS(P3)

BP=SAXCA%(S1- SZ)/(CA*CA*SZ+SA*SA*SI)

DEIERMINATION OF FOURIER TRANSFORM OF SINE & COSINE ANGLE
CK1=2. 0*xAK11%B/(AK1(J)*AK1(J)-AAK11)

CK2=2.0%AK12%B/ (AK1(J)*AK1(J)}-AAK12)

CK3=U*2.0xAK1(J}*B/ (AK1(J)*AK1(J)-AAK11)
CKA=U*2.0xAK1{J)*B/{AK1(J)}*AK1(J)~-AAK12)
FRS1=CK1x(CC1-CC3)

FRS2=CKZ2*({CC2-CC3}

FROI=CK3* (CC3-CC1)

FRCZ=CKAX (CC3-CC2)

DETERMINATION OF FOURLER 'TRANSFORM OF APERTURE FIELD
EYAP=CAXFRS1-BP*SA*FRS1 :
EZAP=BPXCAXFRSZ+SAXFRS?2

HYAP=-U* ( BP*CA+SA) *AK12¥FRCZ2/AM

HZAP-U*AK11x (CA-BP*SA) ¥FRC1/AM

EXAO=UXE4*EYAP/E1

EYAO=EYAPXCA

EYAX=EZAPX5A

EZAX=EZAPXCA

EZAO=-EYAPXSA

HYAX=HYAP*CA

HYAO=HZAP*SA

HZAX=-HYAPXSA

HZAQ=HZAP*(CA

EXA=EXAO

EYA=EYAO+EYAX

FZA=EZAO+IZAX

HYA=HYAO+HYAX
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41

42
43

28
30

29
40

50.

60

HZA=HZAO+HZAX

X1=({A11%¥AK3-A13%AK1 (J) ) ¥EXA+(A12¥AK3-A13¥AK2 ) *EYA+A11XAMXHYA
Y1=(AZ21xAK3-A23%AK1 (J) ) *ENA+ (AZ22¥AK3-AZ3¥AKZ ) XEYA+AZ1*AMYHYA
Z1=(A31£AK3-A33%AKI (J) ) ¥EXA+ (AJ2¥AK3-A33%AKZ ) *EYA+A31 ¥ AMXHYA -

EXO=AC*X1

EYO=AC%Y1
EZ0=ACxZ1

HXO= { AK2*EZO-AK3*¥EYO) /AM
HYO={AK3*EXO-AK1{ J ) *EZO) / AM
HZO={ AK1(J ) ¥*EYO-AK2*EXO} /AM

IF (1 EQ. 1) GO TO 4]

IF (I .BEQ. 2) GO 10 42

THIETA=PAT /2.0

GO TO 43

SHI=0.0

ET0=EXO*COS ('THETA } *COS { SHI ) +EYOXCOS ( THETA ) *SIN(SHI ) ~EZO*S1N('THETA)
ESO=~EXO*SIN(SHI ) +EYO*COS(SHL )

HTO=HXO*0O0S ( THETA ) #00S (SHI } +H{YO*COS ( THETA ) *SIN(SHI ) ~-HZO*SIN(THEIA)
HSO=~HXO*SIN(SH1 ) +HYO*COS(SHI) '
CH10=CONJG (HTO}

CHSO=CONJG (HSO)

AX=SIN(THETA)*COS(SHI )

AY=AX*AX

POO=0 . 5¥REAL { ETOXCHSO-ESO*CHIO)

PO=PO0/AY '

S1KO=SIN(AKO*A/4)

SS1=4.0%S1KO% %4,

RI=SSI$BXB/{8.0% 120XPALXPATXPAT )

RPP=PO/RH '

RCA=ABS (RPP)

1F (RCA .EQ. 0.0) GO TO 30

RP=10.0*ALOG10(RCA)

IE(RP .LT. 0.0) GO TO 30

WRITE({9,28) PO,ANGLE,AK1(1),AK1(3),AK11,AK12,RH,RP
FORMAT(2X,E12.5,1X,F8.4,1X,6(1X,E12.5))

CONTINUE

WRITE(9,29)

FORMAT(4X, ONE MODE IS COMPLETE’)

CONTINUE :

CONTINUE

CONTINUE

S0P

END

113



-ALPHA LM DEGREE= 0.0

I-Y PLANR PATTEEN

FOR ¥-HODB

OKR MODR 15 COMPLETR

FOR 0-MODE
. POWER
0.31006E-04
0.155068-05
0.46731B-06
0.2i475B-06
0.119948-06
0.750328-07
0.505668-07
0.359258-01
0,26553E-07
0.202408-07
0.158138-07
0.158138-07
0.202408-07
0.26553B-017
0.35925R-017
0.505668-07
0.150328-01
0.119948-06
D.214758-06
0.46731B-06
0.155068-05
0,310068-04

ANGLB
-85.6975
-81.0320
-18.0601
-15.6871
-13.6484
-11.8318
-10, 1760
-68.6422
-67.2088
-65,8554
-64.5697
64,5697
65,8554
67,2088
68.6432
70,1760
11.8318
73,6484
75,6811
18,0607
81,0320
85,6975

~ ONB NODB 1§ COMPLEBTE

%-7 PLANB PATTERN

FOR X-MODB

ONB MODB 15 COMPLETE

FOR 0-HODE
~ POWRR
-0.202008-05
-0.446428-06
-0.181638-06
-0.941858-07
-0.556548-01
-0.356698-07
-0.241588-01
-0.170178-07
0.170178-07
0.241558-01

ANGLE
-7,6665
-11.0035
-13.551%
-15.6999
-17.5953
-19. 3127
-20.8959
-32,3133

22,311
20,8959

0.00000R+00
0.000008+00
0.000008+00

0.000008+00

0.00000R+00
0.000008400

. 0.000008+00

0.000008+00
0.000008+00
0,000008+00
0.00000B+00
0.000008+00
0,000008+00
0.000008+400
0.000008400
0.000008+00
0. 000008400
0.000008+00
0.000008+00
0.000008+00
0.000008+00
0.00000B+00

0.398738+00
0.828508+00
0.109958+01
0.131408+01
0. 149638401
0.16572B401
0.180258401
0.193568401
0.205898+01
0.21740B+01
0,228238401
0.228238+01
0.217408401
0.205898+01
0.193568401
0. 180258401
0.165728+01
0.149638+01
0. 131408401
0.108958401
0.828508400
0.398738400

0.00000B+00 0.707088+00

(.000008+00
0.000008+00
0.000008+00
0.000008+00
0.00000R+00
0.00000E+00
0.000008+00
0.0C000R+00
0. 00000B+00

0.101138+0]
0.124108+01
0.143268+01
0.15938B401
0.17497E+01
0.18BB3B401
0.201238+01
0,20123E+01
0.18863R+01

0. 410848401
0.410848+0}
0,41084B+01
0410848401
0.410848+01
0.41084E+01
0.410848401
0. 410848401
0.410848401
0. 410848401
0.410848401
0.410848+01
0. 410848401
0,410848+01
0410848401
0.410848+01
0.41084B401
0410848401
0.410848+01
0410848401
0.41084B401
0.410848+01

0.410848+01
0.410848401
0.410848+01
0.41084R401
0.410848+01
0.410848+01
0. 41084E+01
. 410848401
0.410848+0]
D.AI0R4E+01
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0.531508+01
0.531508401
0.531508401
0.531508+01
0.531508+01
0.531508+01
0.531508401
0.531508401
0.531508401

0.531508401 .

0.531508401
0.531508+01
0.531508401
0.531508+01
0.531508+01
0.531508401
0.531508+01
0531508401
0.531508401
0.531508+01
0.531508+01
0531508401

0.531508+01
0.531508+01
0.531508401
0.531508401
0.531508401
0.531508401
0531508401
0.531508+01
0.531508401
0.531508+01

“0.134388-07
0.134388-01
0.134388-07
0.134388-07
0.134388-01
0.134388-01
0.124288-01
0.13438R-07
0.134388-01
0.134388-07
0.134388-07
0.134388-01
0.134388-0
0.134388-07
0.134388-01
0.134388-01
0.134388-07
0.134388-07
0. 13438801
0.134388-01
0.134388-07
0.134388-07

NOB.db
0,336318402
0.20§228402
0.154138+02
0.12036R402
0.95063R401
0.74691B401
0.575528401 -
0. 427058401
0,295778401
0.177868401
0.706648400
0.706648+00
0,177868401
0.29577R401
0. 427058401
0.575528+01
0,746918401
0.9506 38401
0.120368402
0.154138402
0,206228402
0.336318402

HOR.db

0.13438B-07 0.217708402

0.134388-07
0.134388-017
0.134388-07
0.134388-07
0.134388-07
0.134288-07
0.134388-07
0.134285-01
0.134388-01

0.152148+02
0. 113088402,
0.845648401
0.617168+01
0.423958+01
0.25467E+01
0.10255B+01
0.102558+01
0.25467B+01



- 0.356698-01
0,556548-07
0.94185B-07
0.181638-06
0. 446428-06
0,202008-05

13,3121
11,5953
15,6999
13,5518
11,0035

7.6665

OHE MODE IS COHMPLETE

ALPHA IN DEGREE=30.0

I-Y PLANE PATTERN

FOR X-HODR

ONE MODE 1§ COMPLETE

FOR 0-HODB
POYER
0.569518-04
0,234398-05
0.697178-06
0,320508-06
0.179618-06
0.112778-06
0.762558-07
0.54323R-07
0.402288-07
0.306988-07
0.239938-07
0.191218-07
0.154898-07
0.154898-01
0.191218-07
0.239938-07
0.306988-07
0.402288-07
0.543238-07
0.762558-07
0.112778-0§
0.179618-06
0,320508-06
0.697178-06
0.234398-05
0.569518-04

ANCLE
-85.9462
-81.0966

-18.0715.

-15.6648
-13.6024
-11, 7665
-10.0946
-68.5482
-67.1019
-65,17379
-64.4430
-83.2070
-62.0221
§2.0221
63,2070
64.4430
65.7319
67.1019

68,5482

70,0946
71,1665
13,6024
15,6648
18.0715
81.0966
85.9462

ONE KODE 13 COMPLETE

1-1 PLANE PATTBEN

FOR I-MODB

ONE HODE 18 COMPLETE

0.000008+00
0.00000R+00
0.000008+00
0.000008+00
0.000008+00
0.000008+00

0.00000B+00

0.000008+00

¢.00000E+00
0.00000B¢00
0.000008+00
0.000008+00
0.000008400
0.00000E+00
0,00000E400
0.00000B+00
0.000008+00
0,000008+00
0.000008+00
0.00000B+00
0.000008400
0,00000E400
0.00000E+00
0.000008400

0.00000B400

0.00000B¢+00
01.000008+00
0.000008+00
{1.00000E400
0.000008+00
0.00000B+00
0.00000E+00

0. 174978401
0.153988+401
0.143268401

0. 12410840}

0.101138+01
0.70708E+00

0.370178+00
0.810508400
0.108258401
0129688401
. 147878401
.16391B+01
0.178388401
0.191628401
0.203898401
0.21535840]
0226118401
0236298401
0245348401
0245948401
0.236208401
0.226118+04
0.215358+01
0203898401

0.19162R401

0.178388+01
0.163918401
0.147878401
0.129688+0!
0.108258401
0.810508+00
0.370178400

0.41084B401
0.41084R+0]
0.43084B40%
0.41084B+01
0.410848+01
0.41084E8+01

0410848401
0.41084R+01

0. 410848401

0.41084B+0]
0.41084B+01
0.41084B+01
0.410848+01
0. 410848401
0. 410848401
0.41084E+01
0.41084B+01
0.410848+01
0.410848+01
0.410848+01
0.410848401
0. 410848401
0.41084E40)
0. 410848401
0.410848+01
0.410848+01
0.410848401
0.410848+01
0.41084E+01
0. 410848401
0.41084B401
0.41084R401

L[15

¢,53150B+01
0.53150B401
0,531508+401
0.53150R+0]
0.531508+01
0.53150B401

0.53150B+01
0,531508+01
0,531508401
0.531508401
0.53150B+01
0.53150B401
0.53150401
0.531508+01
0.531508+01
0.531508401
0.531508401
0.53150R+01
0.531508+01
0.531508401
0.531508+01
0.531508401
0.531508401
-0.531508+01
0.531508+01
0.53150B+401
0.531508+01
0.531508+01
0.531508+401
.0,531508+01
0.531508401
0.531508401

0.134388-07
0.13438R-07
0.134388-01
0.134388-01
0.134388-07
0.134388-07

0.134388-07
0.134388-07
0.13438R-07
0,134388-01

0.134388-01

0.134388-07
0.134388-07

0.134388-07

0.134388-07
0,134388-01
0.134388-07
0.134388-07
0.134388-07
0.134388-07
0.134388-07
0.134388-07
0.134388-07
0.134388-97
0.134388-07
0.134388-07
0.134388-01
0.134388-07
0.134388-07
0.134388-07
0.134388-01
0.134388-07

0.42395E401
0.61716E+01
0.84564R+01
0.113088402
0,15214B+02
0.217708+02

NOR.db
0.36272B+402
0.22416E402
0.171508402
0.137758402
0.11260E+02
0.92387E+401
0.75393R+01
D.60664B401
0.47619E+01
0.358788401
0.25174B+0%
0.15318B+01
0.6167T6R+0D
0.616758¢00
0.153188¢01
0.25174B+01
0.358788401
0.476198+0!
0.60664E+01
0.753938401
0.923878401
0. 112608402
0.137758402
0.171508+02
0,224168402
0.36272R402



FOR 0-HODE
POWER
-0.383528-0§
-0.68663B-06
-0.266478-08
-0.136758-06
-0.811508-07
-0.526598-01
-0.362868-07
-0.261118-07
-0.194098-07
~0.147988-07
0.14798R-07
0.194098-07
0.261118-07
0.362868-07
0.526598-07
0.811608-07
0.136758-06
0.Z6647E-06
0.686638-06
0.383526-05

ANGLS
-£.9083
-10.5046
-13.1611
-18.3131
-11.3116
~19.0605
~20.6680
~2L. 1645
-23.5717
-24.904)
24,9003
23511

22,1645

20.6680
19,0605
17,3118
15,3131
13.1611
10.5046

6.9083

ONE HODE I§ COMPLETE

ALPHA [N DBGEBE-60.0

1-¥ PLANE PATTERN

FOR X-HODB
0.466118-07
0.46611B-07
ONB HODB I3

FOR 0-MODB
POWRR
0.131168-04
0.234208-05
0.907438-06

0.465408-06

0.276338-08
. 0.179548-06
0.12400B-06
0.89520B-017
0.66824R-017
0.512048-07
0,400778-07.
0,319158-01
0.257868-017

-20.7651
20.7651
CONPLRTR

ANGLE

0918
A954
8330
6210
6884
9195
3320
B335
A28)
0956

6105
Ai28

.8259-

0.000008+00
0.00000R+00
0.00000B+00
0.000008+00

"0.000008400

0.00000B+00
0,000008400
0.00000B+00
0.000008400
0.000008+00
0.00000E400
0.00000B+00
0.00000B+00
0.000008+00
0.00000B+00
0.00000B+00
0,000008+00
0.000008+00
0.000008+400
0.00000E+00

0.39131B+01
0.38131E+01

0.000008400
0.000008+00
0.00000R+00
0.000008+00
0.000008+00
0.000008+00
0.000008+00
0.000008+00
0.000008+00
0.00000B84+00
0.00000B+00
0,000008+00
0.000008+00

631568400
J6008B+00
11987R+01
139548401

RULITNY
185658401
198408401
.210258401
L221368401
221368401
.210258401
198408401
185658401
AT181B401
156598401
139548401
0. 119878401
0.950088+00
0.53356R400

QQOQQQQGQQQQQQQG°

0.523198+01
0.523198+01

633558400
.960078+00
119878401
J13954B+01
J5659R401
JAT1818s01
185658401
L19839R+01
.210Z5R+01
L2L1368401
231828401
24178401
J511ER404

I T — N N B — R — R — -

136598401

=

41084B+0]
A1084R401
410848401
10848401
A 10848401
10848401
10848401
A1084B401
10848401
A10848401
410848401
410848401
410848401
410848401
410848401
10848401
410848401
410848401
410848401
A1084R401

0.410848401

[— T — T — T —— T — T T — B — Y — I — . — B — B —

A1084R¢01

JAL0B4R401.

A1084E+0]
410848401
10848401
AL084B101
410848401
10848401
-A1084R+01

410848401

AL084E401

410848401
410848401
A1084B401

- 116

0,5315084+01
0,531508+01
0531508401
0.53150R+01
0.53150R401
0.531508+01
0.531508401
0.531508+401
0.531508401
0.531508+01
0.531508401
0.531508401
0.531508401
0,531508401
0.531508401
0.53150R+401
0.53150B40}
0531508401
0,531508401
0.531508+401

0.531508401
0.531508401

0.531508401
0.531508+01
0.531508401
0.531508+01
0.531508401
0.53150R+0}
0.53150840}
0.531308+01
0.53150R+01
0.531508+01
0.531508401
0.531508401
0.53150840)

0,134388-07
0.134388-07
0.13438E-07
0.134388-01
0.1343BE-07

0.134388-07

0. 13438801
0,134388-017

¢.134388-07,

0.134386-07
0.134388-07
0.134388-01
0.134388-01
¢.134388-07
0.134388-07
0. 134388-01
0.134388-01
0.134388-07
0.134388-01
0.134388-07

0.124388-07
0,134388-01

0.134388-07
0,134388-07
0.134388-01
0.134388-01
0.13438R-01
0.134388-07
0.134388-07
0.134388-07
0.534388-07
0.134388-07
0.134388-07
0.13438E-07
0.134388-01

NOR.db

0.24554R402
0.170848+02
0.12973B402
0,100768+02
0.7R100R+01
0.593148+01
0.43141B+01
0.28R48840}
0159678401
0. 418568400
0. 418568400
0.159678401
0.288488401
0431418401
0.59314R+01
0.781008+01
0,100758402
0.129738+02
0, 170848402
0.24554R402

0.540138+01
0.540158401

NOR.db
0.298958402
0.224138402
0.182958+402
0.153958402
0.131318402
0.112588+02
0.965098401
0.823588401
0.§96598+01
0.581008401
0.47T456B+01
0.375668401
0.283058401



0.210928-07
0,174368-07
0. 14546807
0. 145468-07
0.174368-07
0.210928-01

©0.257868-07
9.319158-01
0,400778-07
0.512088-07
0.669248-07
0.895208-01
0.124008-06
0.179548-06
0.276338-06

- 0,465408-06
0.907438-06
0.234208-05
0.131168-04
ONE MODE 18

-60.3161
-59,2270

-58.1712

58,1712
§9.2210
§0.3161
614425
§2.6105
§3.8259
§5.0956
§6.4283
67,8155
§9.3320
10,9395
12.6884
14,6210

16,8390
19.4954
83.0918

COMPLETE

" 1-7 PLANE PATTEEN

FOR X-MODR

-0.312038-01

0.312038-07
ONB KODE IS

FOR 0-MODB

PO¥ER
-0.375228-04
-0.157858-05
-0.479068-06
-0,224388-06
-0.127938-06
-0.816088-07
-0,559898-07
-0.404178-07
-0.302928-07
-0.233678-01
-0.184338-07
-0.148228-07

0.148228-07
184398-07
233678-07

A0§17B-01
.559898-01

[— T — I - — I —

302928-07

~13.13
3.1
COKPLETE

ANGLB

-1.0541

-8.9035
-11.9286
-14.,3352
~15.3916
-18.2336
-19.3054
-21.4518
-22.8981
~24.2620
-25.5570
-26.7930
26,7930
25,5570
24,2620
22.8981
21,4518
13.9054

0.00000B+00
0.000008400
0.000008+00
0.000008400

0,000008400

0.,00000B+00
0.00000R+00
0.000008+00
0.000008400
0.00000E+00
0.00000B+00
0.000008+00
0.000008+00
0.000008+00
0,000008+00
0.00000B+00
0.000008+00
0.000008400
0.00000E+00

0.39522R401
0.395228+01

0.000008+00
0.000008+00
0.000008+00
0.000008+00
0.000008+00
0,000008+00
0.000008+00
0.000008+00
0.000008+00
0.00000B+00
0.000008+00
0.000008+00
0.000008+00
0.000008+00
0. 000008400
¢.00000B+00
0.000008+00
0.000008+00

0.260128401
0.268708401
0.276928+01
0276928401
0268708401
0.260128401
0251148401
0.241738401
0231828401
0.221368401
0.210258401

0.198398401

0. 185658401
0.17181B+01
0.15659B401
0,139548401
0.119878404
0.96007B+00

0.63355R400.

0.52176B+01
0.521768401

0.370218+00
0.810528+00
0.108258401
0129688401
0141878401
0.163918401
0178388401
0.191528401
0203898401
0.215358401
0.226118401
0.236298401
0236298401
0226118401
0.21535R401
0.203898+01
0.191628401
0.178388401

P S A — N — - — T — T — T — T — N — B — B I

(=]

410848401
410848401
410848401
A10B4B01
410848401
410848401
10848401
410848401
410848401
410848401
A1084R+01
ALOB4BH01
A10848401
410848401
10848401
A108¢R401
A1084B401
410848401
410848401

oc.ﬁacoﬁcooc@co@aoc

0.41084B+01
0.410848+01

410848401
410848401
410848401
410848401
410848401
410848401
10848401
10848401
410848401
10848401
410848401
410848401
410848401
410848401
410848401
410848401
410848401
10848401

117

0.53150R+01
0.53150B+01
0.531508401
0,53150B+401
0.531508401
0,$31508+01
0.531508401
0.53150B+01

0.531508+01

0.531508+01
0.531508401
0.53150B+01
0.53150B401

0.83150B+01

0.531508+01
0.531508+01
0.531508+01

0.531508+01

0.53150B401

0.531508401
0.531508+01

0,53£50B401
0.531508+01
0.53150R401
0,531508+01
0.531508401
0.53150R+01

0.531508+01

0.531508+01
0,531508401
0.531508+401
0.531508401
0.5150B+401
0.531508401
0.53150B+01

0.531508+01

0.531508401
0.53150840]
0.531508401

0.134388-07
0.134388-07
0.134388-07
0.134388-07
0.134388-07
0.134288-07
0.134388-07
0.134388-07
0.134388-07
0.134388-07
0.134388-07
0.134388-07
0,134388-07
0.134388-07
0.134388-07
0.134388-07
0.134388-01
0.134388-07
0.134388-07

0.134388-07
0.134388-07

0.134388-07
0.134388-07

0.134388-07

0.134388-07
0.134388-07
0.134388-01
0.134388-01
0.134388-07
0.134388-01
0.134388-01
0.134388-07
0.134388-01
0.134388-07
0.134388-07
0.134388-07
0.134388-07
0.134388-01
0.134388-07

0. 195788401
0113118401
0. 344188400
0. 34418R400
0. 11311B401
0195788401
0.28305R+01
0.375668401
.47456B+01
0.58100B+01
0.696598+01
0.823588+01
0.965098401
0.112588402
0.13131B402
0. 153958402
0.182958403
0.224138+02
0,29895B+02

0.44224R401
0.44224R401

HOR.db

0.344608402
0.206998402
0.155208402
0.12226B402
0.978638+401
0.183398401
0.61911R+01
0478238401
0.352998+01
0.240268+01
0.137418401
0,425588+00
0.425588+00
0. 137418401
0.24026B+01
0.352998+01
0.47823E401
0.61977B401



0.816088-07
0.127938-06
0.22438E-06
0.473068-06
0.157858-0%
0.375228-04

18,236
16,3976
14,3352
11,9286
B.9035
£.0541

ONB MODE L3 CONPLETR

ALPHA IN DBGRER=90.0

I-7 PLAKB PATTERN

FOR ®-KOOB
0.223588-07
0.223588-07

-21.5619
21,5619

OKE HODR I3 CONPLETE

FOR 0-MODR
POWER
0.112208-04
0.251828-05
0.104248-05
0.551058-06
0.332588-06
. 0.218168-06
0.151538-06
0.109748-08
0.820408-01
0.628828-07
0.481808-07
0.39106E-07
0,315318-07
0.257258-07
0.212018-07
0.176278-07
0.147688-07
0. 147688-07
0.176278-07
0.212018-07
0.257258-01
0.315318-07
0.391068-07
0.491808-07
0.628828-01
0,820408-07
0.10974R-06
0.151538-08
0.218168-06
0.3325%8-06

ANGLE
-82.,3335
-18,9965
-16. 4484
-14.3001
-12.4046
-10.6873
-69.1041
-61.6261
-§6.2352
-§4.9153
-§3.6561
-62.4495
-61.2888
-§0.1686
-59.0844
-58.0321
-57.0103

57,0103
58,0321
59,0844
60,1686
§1.2888
62,4495
§3.6561
64.915)
66,2352
67.5267
69,1041
70,6873
12.4048

0.00000B+00
0.00000E+00
0.00000B+00
¢.000008+00
0.000008+00
0,000008+00

0.39141B401

0.381418+01

0.000008+00
0.000008+00
0.00000B+00
0.000008+00
0.000008+00
0.000008400
0.000008+00
0.000008+00
0.000008+00

- 0.000008400

0.000008+00
0.000008+00
0.00000B+00
0.00000B+00
0.000008+00
0.000008+00
0,000008+00
0,000008400
0.000008400
0.000008+00
0.00000E+00
0.000008+00
0.00000B+00

0.00000B+00

0.000008+00
0.00000E+00
0.00000E+00
0.00000B+00
0.00000B+00
0.00000E+00

0.163918+01
0. 147878401
0.12968B+01

0.108258401

0.81052B+00
0.3T021E+00

0.524608+01
0.524608401

0.707078+400
0.101138+01
0. 124108401
0. 143268401
0.15398B401
0.174978401
0.188638+01
0.201238401
0.212978401
0.22398R40}
0.234378+01
0.244208+01
0.253558401
0.262478401
0.271018401
0.27918R40]
0.287048+01
0.207048+01
0.279188+01
0.2710184+01
0.262478+01
0.253558401
0.244208401
0.234378401
0.22398R401
0.212978401
0.20123R+01
0.188638+01

0. 174978401

0.159988+401

0.§1084E+01
0. 41084B401
0.41084R+01
0.4]10848401
0.41084R+01
0.410848+01

0.410848+01
0.410848401

0.41084R401
0.41084R401
0.410848+01
0.410848+01
0. 410848401
0.410848401
0.41084B+01
0410848401
0.41084B401
0.41084R401
0.41084B401
0.41084B+01
0410848401
0.41084B+01
0. 41084401
0.410848401
0.41084R+01
0.41084R+01
0.410848+01
0.41084B401
0. 410848401
0.41084E+01
0.41084R+0]
0.4t0848+01
0.41084E401
0.41084E+01
0. 410B4B+0)
0.41084B401
0.110848+01

0410848401
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0,53150R401
0.531508+01
0.531508+01
0.531508+01
0.53150R+01
0.531508+01

0.53150R+01
0.531508401

0.531508401
0.531508401
0.531508401
0,531508401
0.531508401
0.531508401
0.531508+01
0.531508+01
0.531508401
0.531508401
0.531508401
0.531508+01
0.531508401
0.531508401
0.531508401
0.531508+01
0.531508401
0.531508+01
0.531508401
0.531508401
0.531508+01
0.531508+401
0.531508401
0.53150840t
0.5315084+01
0.5315084+01
0.531508401
0.531508+01
0.531508+01
0.531508401

0.134388-07
0,134388-07
0.134388-07
0.134388-017
0.134388-01
0.134388-01

0.134388-07
0.134388-01

0.134388-01
0.134388-01
0.134388-01
0.134388-07
0.134388-07
0.134388-07
0.134388-01
0.134388-01
0.134388-01
0.134388-017
0.134388-01
0.,134388-01
0.134388-07
0.134388-01
0. 11438E-07
0.134388-01
0.134388-01
0.134388-07
0.134388-07
0.13438E8-07
0.134388-01
0.13438B-07

0.134388-07

0.134388-07
0.13488-07
0.13438E-07
0.134388-01
0.134388-01
0,134388-07
0.13438E-07

0.183398401
0.978638401
0.122268+02
0.155208+02
0,206398+02
0.34460R+02

0.221108401
0.221108401

HOR.db
0.2921784+02
0.22728B4+02
0.188978402
0.161298402
0.139368402
0.121048+02
0.105228402
0.91203E8401
0.78569R+01
0,670198401
0.56345B401
0.463918401
0.37041B+01
0.282028401
0.198028+01
0.117838401

0409718400

0.409718+00
0.117838+01
0.198028+01
0.282028+01
0.370418401
0.4635318401
0.56345E401
0.67019E+01
0.785698+01
0.912038401
0.105228402
0.12104B+02
0.139368+02



- 0.551058-06
0.104248-05
0.251828-05
0.112208-04

14.3001
76.4484
78.9963
82.3335

ONB HODGE 1S COMPLETE

" 1-Z PLANB PATTER

FOR X-HODE

ONE MODB I8 COMPLETE

FOR 0-MODR
POYER
-0,465838-04
-0.24360E-0%
~0,763968-06
-0.363908-06
-0.209908-06
-0.135158-06
-0.934448-07

-0.679088-07.

-0.512008-07
-0.397098-01
-0.114898-07
-0.254288-07
-0.208368-07
-0.172898-07
-0.144998-07

0.144998-07
_0.172898-07

0.208368-01

0.254268-07

0.314398-07

~ 0.397038-07
0.512008-07
0.67308E-07
0.934448-07
0.135158-06
0.209908-06
0.363908-06
0.76396R-06
0.243608-05
0,465838-04

ANGLE
-4.3031
-8.9681
-11.9394
143131
-16.3516
-18.1683
-19.8240
-21.3568
-22.1913
-24.1446
-25,4304
-26.6519
-21,835)
-28.9686
-30.0626

10,0626

28,9686

27,835

26,6579
25,4304
24,1446
22,1913
21,3568
19,8240
18,1683
16,3518
14,313
11,9394

8.9581

(.30

ONB HODR I3 COHPLBETH

0.000008+00
0.00000B400
0.00000B400
0.00000B+00

0.000008+00
0. 000008400
¢, 000008400
0.00000B+00
0.000008+00
0.000008+00
¢,00000B+00
#.000008+00
0.000008+00
0.000008+00

0.000008400- -

0.000008+00
0.00000B+00
0.000008+00
0.000008+00
0.000008+00
0.00000B+00
0.000008+00
0.00000B+00
0.00000B +00
0.000008+00
0.000008+00
0.000008+00
0.000008+400

0.000008400

0.000008+00
0.000008400
.000008+00
.000008+00
0.000008+00

0.143268401
0.124108401
0.101138401
0.70707B+00

0.39880B+00
0.828528400-
0.109958+01
0.131408+01
0.149638401
0.165738+01
0.180258+01
0.19356840]
0.205898401
0.21741B4+01
0.228238+01
0.238468+01
0.24811840)
0.257428+01
0.266258+01
0.26625R+01
0.257428401
0.248175404
0.238468401
0.22823R401
0.217418401
0.205898401
0.193568+01
0.180258+01
0.165738+01
0.149638+01
0.131408401
0.109958+01
0.828528400
-~ 0.198B0B400

0.41084B+01
0.410848401

0.41084R401.

0.410848+01

0410818491
0. 41084B+01L
0. 410848401
0410848401
0. 410848401
0. 410848401
0. 410848401
0. 410848401
0410848401
0. 410848401
0. 410848401
0. 11084R401

410848401

10848401

10848401

ALOB4R4DL

0
0

0

0

0.410848401
0.41084B+01
0.410848401
0.410845+0)
0.41084B401
0410848401
0.410848401
0.410848401
0.410848401
0.41084840]
D.41084840]
D.410848401
0.41084B401
0.41084E+01
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0.531508+01
0.53150B+01
0.531508401
0.531508401

0.531508401
0.531508401
0.531508401

0.531508+401
0.531508401

0.531508401
0.531508+01
0.531508+01
0.531508+01
0.531508401
0.531508401
0.531508+01
0.531508+01
0.531508+01
0.531508+01
0.531508401
D.531508401
0.531508+0)
0.531508+01
0.531508+01
0.531508+01
0.531508401
0.531508401
0.531508+01
0.531508+01
0.53150B+01
0.531508+401
¢.531508+401
0.531508+01
0,53150B+01

0.134388-01
0.134388-07
0.13438B-07
0.134388-01

0.134388-01
0.134388-07

0.134388-07

0.134388-07
0.134388-01
0.134388-01
0.134388-01
0.134388-07
0.134388-07
0,134388-01
0.134388-01
0.134388-01
0.134388-01
0.134388-07
0.134388-01
0.134388-01

0.134188-01

0.134388-01
0,134388-01
0.134388-07

0.134388-01

0.134388-01
0.134388-07
0.134388-01
0.134388-01
0.134388-07
0,134388-07
0.134388-01
0.13438B-01
0.13438B-07

0.161238+02
0.188978402
0.22728B402
0.292178402

NOR.db
0.35399R+402
0.225838402
0.175478402
0.143268+402
0.11937R402
0.10025B402
0.84221R401
0.703588+01
0.580938+01
0: 470558401
0.369838401
0.276938401
0.190488401
0.10044B401
0.329908+00
0.329908+09
0.10944B+01
0.190488401
0.276938+01
0.369838401
0. 470558401
0,580938401
0.703588+01
0.842218401
0.100258+02
0.119378+02
0.143268+02
0.175418402
0.225838402
0.153998402

e
Bt
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