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CHAPTUR 1.

INTRODUCT iON

Plasma study has recelved a great deal of attention
in the last two decadess The problem of complets blackout
suffered by the space vehicle whlle 1ts re-entrance into the
earth's atmosphere, wave phenomenon like Whistlers, Luxembrough
effect, and some other ihospheric guiding properties-encouraged
the sclentists to do research in the fleld of electromagnetie
wave propagation in the plasma mediume. The indication of
the presence of multiple narrow radlation peaks in the compu=-
tation of the radiation pattern of an antenna on models of

re-entry vehiclesi™2

» the exclitation of complex waves on plusma

geometriess, and the excltation of leaky waves on eylindrical
P

plasma geometrles” S have motivated the ressarch vork reported

here.

Much work has been done in the field of electromagnetic
radiation from sources immersed in plasma. A good reviey of
/ thls study has been given by Bachynk16. These studies are
mainly concerned with the characteristic performance of antennas
in plasma environments. Relatively less work has been done in

the fleld of waveguiding properties of plasmg geometries,



Seshadri and his co=workers have discussed the axcitation
of surface waves on different types of plasma columns (1sotropic
plasma column?, warnm plasma column;, axially magnetised plasma
co].umn9 ) by electric dipole in the plasma. This phenomenon
is mainly found in the opaque region (w/ wp). Tanirl® also
discussed the excitation of surface waves and complex waves
on infinite grounded plasma slab excited by infinte magnetic

1line source.

In 1962 Tamir®> did a remarkable work in the field of
waveguiding properties of plasma surfaces. 1In case of grounded
infinite plasma slab excited by an infinite magnetic line source,
4hey havepredicted the presence of forward and backward surface
waves and complex waves on the plasma surface. In tihe trans=
parent region ( w > w,), they predicted the presence of leaky
waves on plasma surface. They calculated the rcdlation field
of an infinite magnetic line source in grounded plasma slab by
thres different methods ((1) by the usual method of calculating
the far field,the saddle point integration method, (2) by near
field consideration of the proper excited leaky wave (3) by
geometrical optical considerations ) and showed that in the
transparent region ( v » wp) all these methods predict the
presence of radiation peaks before the eritical angle

( sin*e.= €p e

1
Harris - ( in 1968), 1in case ol ungrounded infirte
plasma slab excited by an infinite magnetic line source,



indicated the presence of well enhanced radiation peaks beyord
the critical angle. He pointed out that the air gap betwecen
grounded plane and plasma slab 1s mainly responsible for the
formation of radilation peaks beyond the critical angle. He
attributed these radiation peaks to the excitation of leaky

waves on plasma surfacee.

Characteristics of leaky waves have been discussed

by many authors+2~12,

An excellent suwmary and bibliography
1s given by Fe J. Zuckerlg. Ieaky waves are fast waves suppor-
ted by the Interface of two medla. As they progress,they

continuously radiate energye.

Meltz and Shor920 discussed the excitation of leaky
vaves on an-isotropic plasma slab excited by a magnetic line
source and a magnetic ring source of electromagnetic waves,
They showed that the radlation pattern caleulated by the
usual method of saddle point Integratlon and by using Kirchoffe-
Huygens principle coincides well near the radla ¢ ion peaks,
However, the physical reallsation of an infinite plasma slsb

and an infinite magnetic line source is not very convenlent,

Much work has been done in the field of excitation
of leaky waves on varlous surfaces like inductive grid structurezl
reactance surface and the sheath helixaz, rectangular wavaee-

gu1d914 and circular waveguidal5- Samaddar and Yi1diz®



hinted the excitation of leaky waves on plasma column by
magnetic ring source in the plasma. They did not go deep

into the phencmenone. Gupta23

studied the radilation pattern

of magnetic ring source in plasma column and predicted the
emergence of radlation peaks and expected these radiation
peaks to be due to the excltation of l-aky waves on plasma
column. Dimensions of the plasma geometry required for his
case are quite large. To have a plasma geometry of !argp
dimensionsis in itself a big problem. So the attention was
focused in the dirsction of searching for a practically
feasible plasma geomaetry excited by a suiltable source of
electromagnetic waves to get well enhanced and sharp radise
tion peaks. The work reported in this thesis suggests various
practically feasible plasma geometries excited by some
practically convenient sources of electramagnetic waves. The
deslgns are expected to support leaky waves and to account

for the formation of well enhanced and sharp radiation peaks
in the radiation patterns. The directions of these radintion
peaﬁs can be changed by changing the plasma density., Number
Of radiation peaks can be controlled by suitably adjusting

the values of different parameters. Based upon these results,

it 1s suggested to develop an electronically scannable narroy

beam plasma antenna system. FPlasma 1s assumed to be an iSOtropic’



[

incompressible and lossless dielectric mediumhaving ¢, as @

3V

relative dielectric constant given by the relatlonc, = 1=

SN l’cﬁ

vhere w is the source freguency and w, is the electron plasma
frequencye. The work reported here is concerned with the trans-

parent region ( w . wp) .

The radiation pattern of a magnetic ring source in a
plasma column having central conductor along 1ts axis has been
discussed in chapter 2. In this case the radiation peaks near
and before the critical angle are formed. The importance of
the central conductor has been emphasized in the work. It is
an important addition, and is mainly reponsible for the forme
ation of the radlation peaks before the ecritical angle. 1In
this study it 1s found that the radius of the magnetic ring
source does not change the direction of the radiation peak
formed near and before the eritical angle. Radiatlon pattern
of an electric ring source in a plasma column having central
conductor along its axis has also been discussede The cases
of more practically feasible sources of electromagnetic
waves such as open ended co=sxial line excited in TEM mode ,
open ended circular waveguide excited in circular symmetric

modes ( ™, and TEol.mode ) have also been discussed.

Chapter 3 is concerned with the radiation patterns
of circular symmetric sources ( Magnetic ring source, Electrie
ring source, open ended co=axial line exclted in TEM mode ,
open ended circular wavegulde excited in cirecular syumetrie

modes (MM , mode and TE,, mode )) in an air core having



central conductor and surrounded by an annular plasma column.
This study of the radiation patterns of different sources in
an air core having central conductor along its axis and surroun-
ded by an annular plasma layer predictsthe formation of well
enhancaed and sharp radiation peaks beyond the critical angle.
It is pointed out that the air core having central conductor
along its axis is an Important addition and is mainly respon-

sible for the formation of well enhanced radilation psaks beyord
the critical angle.

Radiation patternsof cirecular symmetric sources ( magnetic
ring source, electric ring source, opcn onded co=-zxial line
excited in TEM mode, open ended circular vavezuide excited in

cirenlar symmetric modas ( mol and TEo mode ))in plasma

column having central conductor and suri;unded by two more
annular plasma layers have been discussed in chapter 4. 1In
these cases also sharp radiation pesks beyond the critical
angle of the layer having least relative dieslectric constant
are formed. The lmportance of the innermost plasma column

haring central conductor along its axis has beaen stressed,

Chapter 5 1s concerned with the radiation pattern of
magnetle ring source in compressible plasma column having
central conductor along its axise. It 1s pointed out that the
compressibility of +he plasma 1is responsible for the excitation

of acoustic waves in the plasma. In this ease it is shown



that it is possible to separcte plasma modes and electro=-
magnetic modes in the plasma region. Compressibility of the
plasma affects the radiation pattern of the magnetic ring

source in a complicated waye

Chapter 6 contains the summary concluding remarks

and suggestions for the further worke
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CHAPTER 2.

EXCITATION OF ISOTROPIC INCOMPRESSIBLE PLASMA COLUMN
HAVING CENTRAL CONDUCTOR ALONG ITS AXIS.

2e1 Excltation by Mapgnetic Ring Sourcss

2.1.1 INTRODUCTION:= Tamir and Oliner® (1962) in case of
an infinite grounded plasma slab excited by an infinite
magnetic 1line source predicted the presence of sharp
narrow radiation peaks near and before the critical angle.
They concluded that these radiatlon peaks in the radiation
pattern off?nfinite magnetic line source in the infinite
grounded plasma slab are due to the excltation of leaky

waves on the plasma surface.

These predictions encouraged to look for the
similar phenomenon in case of more practically feasible
eylindrical plasma geometry ( plasma column having central
conductor along its axis) excited by suitable electromag=

netic source ( magnetic ring source in the plasma column).

The present study is concerned with the radlation
pattern of the magnetic ring source in the plasma column
having a conductor along the axis. Scuree form of the
Maxwell's equations is used resulting into an inhomogeneonsg
wave equation. Subjected to proper boundary conditions,
the solution of the resulting inhomogeneous equation is

obtained by the usual techgnique of method of Integral



transformss This ylelds the solution for the field in the
form of a definite integrales Radiation field is obtained
from the asymptotlc evalnation of the integral by means of
saddle point integration. It is found that a well enhanced
radiation peak 1is formed near the eritical angle and its
direction can be scanned by varylng the plasma density.
Diameter of tha ring source has no effect on the direction

of radiation peak but affects its amplitude.

2sle2 ANALYSISs- The geometry of the configuration
analysed is shown in fig«&.de. An infinitely long plasma
column of radlus b and having a conductor along the axis

is oriented with 1ts axis along the Z axis of the eylindrieal
coordinate ( ry #, Z ) system. The source of electromagnetic
radiation is a ring of magnetie current of radius a ( a / b)
ccncentric with the plasma column and situated at 2 = 0
plane. This source of electromagnetie radiation is

mathematically represented by
M=8 §(r=-2a)6(3z) (2.1)

where o represents Kroneckert!s delta function, a is a ¢
unit vector In therg;direction. Here circular symmetrie,
mode 1s considered. Source form of the Maxwellts equationg
geverning electromagnetic fleld written in the differential

form for e Wt time dependence can be written ag



JXE=Jjum b -H" (2.2)

vXH=-wcE (2.3)

Taking curl of eguation (2.3) and substituting the value
of Vx E from equation (2.2) we get

- 2 - =)
VX 7XH-v meH=}J weM (2.4)
Now considering circular symmetric mode we have
[VXVXI-{] - wo EH =] web(r -a) & (2) (2.5)
@ n g ‘

Expanding it in the c¢ylindrical coordinstes we have,
d“Hﬁ 1 dHy,

N

1
P (K2 - =y 278
dr® r 4ar e d z2
==] webd(r -a)s(z) (2.6)
whereK --w2

The equation(26) 1s solved w thrhelp of integral transforms,
Let the Fourier transfom of Hy (r, Z ) be defined as,

, 0
/

h(z, 5)= | H,,(r,z)eJ Z az

— <

and inverse transform be given by,

Hy (T, 2) = 1'“ J-h(r,g)ejgzd

Multiplying each term of equation (2.6) by e™3 32 59
Integrating over the infinite range with respect to 3



wo h_;et )

—ﬁ‘—2+—L b, (k% - - A )n= JwéeA(r=- a)
dar r dar r

-

The source variation 6( Z ) vanishes because
o0

r
§Cz)ed82 gz =1

Yo

Equation (2.7) 1s considered to be an ordinary differential
equation with - as a parameter constant. Boundary condi=
tions on h follow from the boundary conditions on its
inverse Fourier transform. Taking into account the proper
boundary conditions on h and Ats derivative with respect to
r the solution for it 1s obtained in the free space. Its
inverse Fourler transform gives the radiation field in free

spaces

COPUTATION OF BOUNDARY VALUL PR 7

Consider the inhomogensous differential equation

(2.7)¢ The delta function 1is related by the relatilon,

§{(r=a)=1 for r = a

#

S(r=a)=0 forr#£a

For all values of r other than r = a the equation (2.7)
reduces to a homogeneous differentlal equation '

d2h2+1 LL+(K2- !

(2:7)

dr r ar - 2 ) h =0 (2.8)



The delta function é( r = a) imposes boundary conditions on

h which must be satisfied at r = a. Multiplying equation(2.7)
by d ry integrating over the Interval 2 A fromr = a -4

tor =a + A , assuming the continuation of h around r = a
and taking limlt as A —~ O we have,

d h
d r

d h
dr

= =3 w ‘:'r (2,9)

a+A a=A

The remaining boundary conditions on h (:r,g ) follow from
the boundary conditlons imposed on Hy ( r, 2) and E,( v, 2)

by the Maxwell's equations. As shown in fig. (2.1) the

rogion between r = ay to r = a is denoted as region I, between

T =a tor =D region II and the region for r >b as region

III. The solution of equation (2.8) in the region I is given

as
h = Ay Jl(vl r) + By Yl( v, )
2 _ .2 _ =% 2_ 2
where v{ = K g eand K, =wme,

In the region II as,

h=A40:(v, 2) + By Y,(vy r?

In the region III 4 also taking into account the radiation

condition on Hy we have the solution of equation (2.8) as

h:'-AaH (vor)

1

2_., 2 2 2 2
vhere v, = Kb -5 4 K =v" (=9



b=
o

fl, 1is the Hankel functlon and ¢ 1s the dielectric constant
of the free space.

The contlnuation of Hg at any r for all the values of

Z implies that

fe )

h (ry 3 ) = [_I_;p(r,z)e'33zdz
must also be continuous. From the Maxwell's equations we
have

E= ( —:%;77 ) v xH
A A

The continuation of B, ( r, Z) at any r for all the values
of Z also implies that

- e f Sk 3 B )

J\(t—' g T T -
be continuouse Where ¢ 1s the dielectrie constant of

that medium.

1) At (r = al) the conductor surface the tangential

electric vector namely EZ( ry 2) is continuous. So ve have

_ 1 d h & h - 0
Jw .‘;F azx r
| T = al 4
d h h
dr r
r = 8 +4




2) At (r = a ) the locatlon of magnetic ring source ,
continuation of iy and equation (2.9) gives

h = h
a = a +
dh d—_tl_ = - jw
o= f
dr dr
a+ 4 a=

3) At (r =Db) the boundary of 4he plasma column ,

comtinuation of E, amd Wy Bives

A - [I
b2 b+
© dp dr o P
b+ 4 b =4 b+ 4

Applying all these boundary Conditions on the solution
for different ragions ye have,

AIJO(vl al)+B1!°(vl al) =0

Al.{(vl a)J, (v, 3)=J, (v, a}} +Bl{'(vl a)¥, (vy a?-Yl(vla?}
-Az{ (vy a)J,,(vla)-Jl(vla)} -3y {(v,a)¥ (i)=Y, (via) | =jwe,a
AlJl(vla)+B1Yl(vla)-Ale(v1a)_ngl(vla) = 0

AgT 4 (v,b) +B,Y, (vyb) - AgH, (v b) = 0



Ay { D) T () =3, (wi) ] 4By { (vyD) Yo (vyb)-¥; (wp)} -

€,
— by | 2 WD) How D)-H, (v, )] = 0
Here we have five equations and five constants. Solving

these equations the expression for Aa will be,

Ag JwELca {Jo(v;al)Yl(V;a)'Yg (Vﬂ)Jl(Vﬁ-‘) }

H, (vob) (v4P) { Yo (vya1)35 (v1b) =T (Va3 )Y, (vlb)} -
o (rb) R (TDIY, (v1a;)T (v b)=T, (viag) x

Therefore,the solution in the free space is

h = A3Hl( Vo r) (2.11)

and taking the inverse Fourier transform,

Hy (ry 2) = _2.1:1— } A3Hl(v° r) o932 dE (2.12)
LCULATION O 3 RADIATIO :

The variables v, and Vv, which appear in the integrand
of equation (2.12) are multiple-valued functions in the

neighbourhood of vy = O and Vo = 0 respectively. It can be
shown, by expanding the lIntegrand about vy = O that it is an
even function of VvV, o  But at Vv, = O the Hankel function which
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appears in the integrand has logarithmic singularity, hence
Vo = C gives branch points of the integrand.

ConsildaT the intezral of equation (2.12) as contour
integral in ¥ plane, the method of saddle point integration
is applied to evaluate the integral (2.12) . Introduce the

transformation,

3 =K, sin¥

i

wheTe V= © + JA

This transformation transforms the region of integration

in % plane into a strip in the W plane, which 1is bounded

by two curved lines corresponding to the branch cuts E= 4 K
o]

in the ° plane. The branch cuts in 7y plane are given by,
sin © CoshA =4 1

This transformation ylelds,

vo::KoCos\‘/

" = 34N>
vl-Konp-Oin\f/

The equation (2.12) transforms to

! = +JKosin't2

Hy( Ty Z) = o J Ag(’Y )Hl(Kor Cosy ) vho3iR KoCosy d'y
o

shifting from cylindrical coordinate system ( r, @, 2) to

spherical coordinate system (R, @, # )( Fig. 2.1) with the

(2.13



help of the transformation

r = R Cos @&
Z =R Sin &

equation (2.,13) transforms to

Hg(R,6) = Eln_ Az( "y )H, (RK, Cos 6 CosY) expl JHK, Sin & %

(=
% siny K, Cos'y ay (2.14)

Taking approximate value of Hankel functlon of the integrand

of equation (2.14) for large valuc of R, namely

-4( 30
Hq (RK, Cos @ Cos '}V ) oxp (JBK, Sin € sin V) e 102

i

p 2
3 ( KB-? e NP)*exp JK R Cos (V= 6 )
o 0s os .
we have
g -3 ( 31_) / &
y Ry ) —— | Age 4 k K ‘
Bl

-2 *
2T R Cos &

iK-R Cos (V= @
3K Y= a4y for k@ 1 (2.15)

% (Cos W )i
The saddle point of this integral 1s given by
d ,
s 00 (¥ =9 ) =0
ay

which gives Y = @ as saddle point,
The steepest descent path ( S«DeP.) is given by the constant



phase of the exponentlial factor of the integrand of equation
(2.15)and is to pass through the saddle point. So we have,

Im j Ces ( %Y= 0 ) = constant and 1s to pass through '/ = @
which gives
Cos ( C =6 ) Cosh A = L
Sin ( T «+ % - 8 ) Cosh)h =1
Applying the standard method (given in appendix A ) of
saddle point Integration, the lowest order approximation
of the integral is given as
- _ =fjw =y e JKOR
Hy ( Ry 8 ) = T F(06) B (2.16)

F(0) _____aMV]}a)-YO (Vlal) J]_:(vl a) }

Hy (voP) (vy3) { ¥y (v;81 )30 (vyD) =T, (V121 )Y (V) } -

Ho (ob) {2 (vgb)¥, (7487)F1 (V10)=To(v121)Y, (v b))

Vo = K, Cos e

- 2
v, = Ky Jép- Sin“ ©

Hy (R, ©) gives the radiation field in free space.
20103 cs OF D 0 E :

The radiation pattern gilven by equation (2.16)
(Variation of F ( & ) with @ ) has becen computed with the
help of computer IRM~1130 for K,b = 651  , K,aq = .09,
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Koa = 1y ¢€p = «5and €5 = «9. 1In both the cases, well
enhanced radiation peak 1s formed near and before the
critical angle ( Sin® o, = ¢p)e The detailed structure of
these peaks 1s shown in fig. 2.3, The half power beam width
for cp = +5 1s 4044° and for ¢, = .9 1s .086°. The effect
of different parameters on the shape of the radiation pattern

1s discussed belows

Effect of the dismeter of tha mognetie ring sourcgi-

It 1s found that the direction of the radilation peak
1s independent of the dlameter of the magnetic ring source
of electromcgnetic waves but the ampli3tude of the radiation
peak depends upon it. It is found that with the increase
in the diameter of the magnetic ring source, the radiation

peak amplitude decreasese. This behaviour 1s shown in fig, 2.5,

sifecy o ameter of ¢ r copnductopri=-

The diameter of central conductor has little effect
on the amplitude of the radiation peak but affecis its
direction « It 1s shown in fig. 2.6.

ct of the @ r of na ¢ te

Diameter of the plasma column affects the direction
as well as the amplitude of the radlation peak. With the
increase in the diameter of the plasma column, the radiation



peak becomes stronger and move closer to the critical angle.

It is shown in fig. 2.4.
ffect O 1l d 3

Here the plasma is consldered to béﬁisotrOpic,
jncompressible, lossless dielectric medium characterised

O

by the relative dlelectric comstant tp=1-~- Eg

W
The direction of the radlation peak mainly depends upon

Eps and for constant source frequency w 1t depends upon
the plasma density ( wp &M )« Radiation peaks for ¢;=0.5

and Gp= 0.9 are shown 1n figc (2.2).

2ele4d DIGCUSSIONS-

The main observation in the present study is that
a sharp radiation peak formed near and before the critical
angle is consistent with the results of Tamir and Oliner®
who in the case of an infinite grounded plasma slab excited
by the infinite magnetic line source of electromagnetic
waves predicted the presence of the radiation peak near and
before the critical angle. This radiation peak obtained is |
expected to be due to the axcitation of the leaky wave on the ¥

plasma column surfacee.

In fig. 2.6 it 1s found that the amplitude of the

radlation poak increases with the decrease in the diameter

of the central conductor. But the speculation that the absence
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of the central conductor may give rise to stronger radiation
peak 1s not correct. Also the expression for the radiation
pattern of the magnetic ring source in the plasma column

in the absence of the central conductor can not be deduced
from that of magnetic ring source in the plasma column having
central conductor along its axls by merely putting the

value of the diameter of the central conductor equal to

zero in it.

It 1s because that the very presence of the central
conductor imposes forced boundary conditions on the filelds
of electromagnetic wave. The expression for the radlation
pattern of the magnetic ring source in the plasma column
In the absence of the central conductor has been derived by
Gupta and Garés(197l), They have shown the presence of
radiation peaks in the radiation pattern in thelr case also.
But those radiation peaks found are guite broad and require
quite higher wvalue of Kbb. Comparing these two cases, we
£ind that the very presence of the central conductor modifies

the whole radilation patterns

2.2 X ELECTRIC G_SQURCE:

2421 INTRODUCTION:-~ In section 2¢1 the radistion pattern
of magnetie ring source in plasma column having central
conduc-tor along its axis has been dliscussed. On the same

lines the radiation pattern of elactrie ring source in plasmg



)
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column having central conductor along its axis can be studied,

The present study 1s concerned with the radiation
pattern of the electric ring source In the plasma column
having a conductor along the axis. Source form of the
Maxwell's equations 1s used resulting into an inhomogencous
vave equation. Subjected to proper boundary condltions,
the solution of the resulting inhomogeneous equation is
obtained by the usual tech¢nique of method of integral
transformse. Thils yields the solution for the field in the
form of a definlte Integral. Radiation field 1s obtained
from the asymptotic evaluation of the integral by means of
saddle point integration. It is found that well enhanced
radiation peaks are formed before the critical angle and

their direction can be scanned by varying the plasma density,

20202 ANALYSIS:-

The geometry of the configuration analysed 1s shown
In fige27. An infinitely long plasma column of radius b
and having a conductor along the axis is oriented with its
axis along the Z axis of the cylindrical coordinate ( r, @, z2)
systeme The source of electromagnetic radlstion is a ring
of electric current of radius a ( a Z b ) concentric with
the plasma column and situated at Z = O plane. Thils source
of electromagnetie radilation 1s mathematicelly represented by



H=g8C(r-a)s(2z) (2.17)
where § represents Kronecker's delta function, 9-5 is a
unit vector in the @ direction. Here circular symmetrie
mode 1s considered. Source form of the Maxwell's equations
governing electromagnetic field written in the differential

form for e d¥' time dependence can be written as
v XH=1=JweE + M (2.18)

Iwp H (2.19)

<

=
fes|
"

Taking curl of equation (2.,19) and substituting the wvalus of
v x H from equation (2.i8) we got,

-7 X% xE+w2/ue ﬁ:-jwlfuﬁ (2.20)
Now considering circular symmetric mode we have
(v xv xE )ﬁ -wz,ueEﬁ = Jwp $(r-a)d (2) (2.21)

Expanding it in the cylindrical coordinates we have,

2. a%e |
d [ . L dBa (Kz_ J: ) Eﬁ + ___g._ = —JWAJ( r=a) 5(2) (2422

d ré r dr = d 2

The equation (2.22) is solved with help of integral transforms,
Lot the Fourler transforms of By ( ry 2) be deflned as,

hir,s ) = ( Egl ®y 2) 0™ 32 gz

and inverse transform be given by



od

Eﬂ,(r, z):—{— [h (ry = )a-"izdg

Multiplying each term of equation (2.22) by e 9° % ang

integrating over the infinite range with respeects to Z we

get,
d%n 1 dh 2 5

4+ +(K-g-_L)h=—;]w 5 ( r=- ) Se
d r¢ 1 4r PR - ) e

The source variation & ( 2 ) vanishes because

®

§( 2 ) e-J?’Z az = 1

—_—o0
Equatlion (2.23) 1is considared to be an ordinary differential
equation with ¥ as a parameter constant. The boundary
conditions on h follow from the boundary conditions on its
inverse Fourlsr transform. Taking into account the proper
boundary conditions on h and its derivative wlth respect
to r the solution for h is obtained in the free space.
Its Inverse Fourier transform gives the radiation fileld in

free spacee.

CO ON OF B UR LEM

Consider tha inhcmogensous differential equation
(2.23)s The delta function is related by the relation,

S(r=a)=1 for r = a

3{r-a)=0 for v # a
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For all values of r other than r = a the equation (2.23)

reduces to a homogeneous differentlal equation

dzh d h 2
s + L. + (K° = 512 - —l§- J)h =0
dr r dr r

(2.24)

The delta function J (r - a ) imposes boundary conditions
on h which must be satisfied at r = a. Multiplying equation
(2.23) by dr and integrating over the interval r = a -4

from tor = 3 + 4 . Assuming the continmiation of h

around r = g and taking limit as = O we have,
d—tl - d h = -JU/u (2.25)
» ar
a+ A a =5

The remaining boundary conditlons onh (ry = ) follow
from the boundary conditions imposed on Eg (ry, 2) by
the Maxwell's equations. As shown in f£ig. (2.7) the
Tregion between r = ay to r = a 1s denoted as region I,
batween r = a to r = b reglon II and the region for r > b
as region III. The solution of equation (2.24) in the

region I 4s given as,

h = Ax;l( vy T+ BlYi( vy r)

2 _ .2 2 -2 _ .2
where vl-Kl— g andx\l-w /uep

In the region II as,

h = Ale( vy ) + BzYi( vy T)



In the region Ill,also taking into account the radiation
condition on Eg ( r, Z), we have the solution of equation
(2.24) as

h = AQHL ( v, T )

2 2 2 2 o
where Vo = Ko = E LK, =W omeE

H, 1is the Hankel function and €, 1s the dielectric constant

of the free space.
The continuation of Eﬁ at any r for all the values of 2

implies that
-3 52

hi{r, ) = Eg (ry 2) e dz
must also be continuous. From the Maxwell's equations we
have,
H = L (VIE)
Jw
_ 1 d E E
Hy = g + g )

JWﬁ1 ( ar r

The continuation of Hz( r, 2 ) at any r for all the values
of Z implies that

d E B
__EL__. ( st + s 8 )
jwﬂ dr r -

be continuous.,



1) At the conductor surface the (r = al) the tangential

eiectric vector namely Eﬂ (r, Z ) 1is continuous, Therefore,

h =0

2) At the location of magmetic ring source of electromagnetic

waves (T = a ), the continuation of Eﬁ and the equation

(2.25)%Lw"' !
h = h
a - a+A
d h _ d h -- 3w
dr dar
a+A /a-“\

3) At the boundary of the plasma column ( r =Db ), the
cdntinuation of Eﬂ and Hz glves

h = h
h =A b + 4
d h h d h h
— e — = + e
dr r dr r
b-A b+x'\

Applying all these boundary conditions on the solution

for different regions we have,



cJ

AlJl( vy 81) +WlYl( vy al) = O

A]¥v1 a)Jo(vl a)-Jl(vl a) +B1{(vl a) Y’o(v1 a)= Yl(vl a)}_

-Aa{(vl a) Jo(v1 a)-Jl(vl a)}-Bzf(vl a)Yb(vl a)=Y, (vy a)}=
=] w na

AlJl(vl a)+ﬁlY1(vl a)-Ale(vl a)-B2Y1(v1 a) = 0

AzJ'l(vl b)+B,Y; (vy h)-AaHl(vo b) =0
Ag vy DI, vy B)=F, (vy D) 4By {(vy b)Y, (vy B) =Y} (v) B)} -
~Ag{(vy B) B (v, b) -H, (v b)|= ©

Here we have five equations and flve constants. Solving
these equations the expression for Ag will be,
:Jwﬂla'{;Lizl ay) ¥, (v, a)=¥, (v, a;)J, (v, a)}

Hy(v DY(vy B) [¥,(v; ay)T,(vy D)=J, (vy ag)¥plvy b?} -

A3
- By (v, b) {(v, D)Y (vy 1), (vy BI=T;(v; a))Y, (vy b)f

Therefore,the solution in the free space is,
ho=agH (v,T) (2.26)

taking the inverse fourier transform,

o )

By (ry 2) = e Asﬂl(vo r)o3¥2 g § (2.27)

2T

— o0



3U

C ON R 0 IIDs -

The variables vy and wnich appear in the integrand
of equation (2.27) are multiple valued functions in the
neighbourhood of v, = O and v, = O respectively. It can be
shown, by expanding the integrand about ¥, O that the
integrand is an even function of = . But at Vo = O the
Hankel function which appears in the integrand has logari-
thmie singularity, hence vo = 0 gives branch points of
the Integrard.

Consider the integral of equation (2.27) as
aply
contour integral in 3 plane,|/the method of saddle point
integration to evaluate the integral (2.27), introduce

the transformation
z= Ko Sin V¥
vhere Y= v+ JA

This transformation transforms the region of integration
in 3 plane into a strip in the Y plane, which is boumnded
by two curved lines corresponding to the branch cuts 3= 4 K,

in the °} plane. The branch cuts 1nnplane are given by,

+ 1

sin © Cosh A



This transformation yields,
'Vo = KO Cos Vv

_ i

The equation (2.27) transforms to

] JEoCos Y 2
A30¥ ) B (Egr Cosy) ol (2. 28)
¢
shifting from cylindrical coordinate system ( r, &, Z )

Ez(r’Z)=—L—
21

to spherical coordinate system ( Ry ©, # ) with the help

of the transformation

r =R Cog &
Z = R Sine

eguation (2,28) transforms to

r JKoRSin @ ' 4
Eg(r: e ) =;—J'|_|—JA3('+) H'l(KOR Cos © Cos 'V ) 2 fofiSin go«?(z.za)

C
Taking approximate wvalue of Harkel function of the

integrand of equation (2.29) for large value of R

We have

;i'ﬂ
E¢(3:9)=—;,—[A39'3( 2 ( %a \.*.
e 2 TR Cos ©/

3 a;u«:o R Cos( '}~ e)d "

%( Cos ') (2.30)

The saddle point of integral of equation (2.30) is given by

o5 (V-0)=0

a7y



which gives ‘t = © as saddle point.
The steepest descent path ( S« D. P.) is given by the constant
phase of the exponentlal factor of the integrand of equation
(2430) and is to pass through the saddle point. So we have,

Im j Cos ( VY= @ ) = constant and is to pass through V= 6
which gilvee,
Cos ( v =@ ) CoshAh = 1
Sin('c‘-t-lg_-e)Cosh}\:l

Applying the standard method of saddle point integration
( see appendix A ) the lowest order approximation of the
integral 1s glven as,

J
Eﬁ(n,e)=3‘fnﬂ1 F(Q)—%—EOB (2.81)

plo)e 21910V a)¥ (v a)-¥, (v @) 7, (v a)]
H,y (vy ) (vy b) {Yl(vl a1 )0, (vy PI-T(vy a))¥ (v, b)} -

=H, (v b) {(vo b)Yl(vlal)Jl(vl b)-J, (v al)Yl(vl b)}

vo-"-'l{OCOSO

| 2
vy = K, Jep- sin® @

By (Ry © ) gives the required radiation field in the free

SPace «
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2.2.,3 CHARACTERISTICS OF THE RADIATION FIRLD:-

The radiation pattern given by equation (2.31)
(variation of F ( @ ) with 6 ) has been computed with the
help of computer IBM~-1130 for Kob = 61, Koal = 409, K, a= 1,

“p
before the critical angle ( Sin® 8, =“| ) are formed. The

= «5 and ép = ,%. In both the cases radiatlon peaks

detalled structure of stronger peaks 1s shown in fig. 2.9.
The effect of different parameters on the shape of the

radiation pattern is discussed below.

Effect of the diameter of the electric rinz gource;-

Diﬁeter of the eleckric ring source of the electro-
magnetie waves does not affect the direction of the radiation
peak but affects its amplitude. Higher values of the
dlameter of the electric ring source of electiramagnetic

vaves give rise to stronger radiation peak. This bshaviour

iS Shown in figo (2-11)'

The diameter of the central conductor affects the
direction as well as tho amplitude of the radiation peak.
Bigher values of the central conductor give rise to weaker

radiation peaks. It is shown in fig. 2.12.
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Stronger and sharper radiation pesk i1is formed
before and near the critical angle for larger dilameter of
the plasma column. Number of radiation peaks also increases
with the increase 1n the dlameter of the plasma column.

The varilation of radiotion peak amplitude with the digmeter
of the plasma column for fixed value of source frequency

is shown in fig. (2.10).

Effgct of plasms densitys~—

Here the plasma medium 1s considered to be
isotropie, incompressible, lossless characterised by the

relative dada¢ﬁutcﬁnﬂba.p given by (=1 = Wg o The
2
peak w
direction of the radiation,mainly depends upon ¢4 and for
the constant source frequency ( it depends upon the plasma
density ( wg < T.o))se The radlation peaks for ﬂ,: « 5 and
fh= +9 are shown'in fig. (2.8).

2.2.4 DISCUSSION:-

This study of the radiation pattern of electric
ring source in the plasma column having central conductor
along its axis shows the presence Of more than one radiation
peak: before the critical angle. These radiation peaks

are expected to be due to the excitatlon of leaky waves op



the plasma surface. The number of radiation peaks corresp-

onds to the number of leaky waves excited.

In fig. (2.12) it is found that the amplitude of
the radiation peak increases with the decrease in the
diameter of the central conductor. But the speculation
that the absence of the central conductor may give rise to
stronger radiation peak is not correct. Also the expre-
ssion for the radiation pattern of the electric ring
source in the plasma column in the absence of the centrsl
conductor can not be deduced from that of electric ring
source in the plasma column having central conductor along
its axls by merely putting the value of the diameter of the
central conductor equal to zero in it. It 1s because, the
very presence of the central conductor imposes forced
boundary conditions on the fields of electromagnetic wave.
The expression for the radiatilon pattern of the electric
ring source in the plasma column in the absence of the
central conductor has been derived by Gupta and Gargs(1971).
They have shown the presence of radiation peaks in the
radiation pattern of the electric ring source in the plasma
column. But those radiation peaks found are quite broad
and require quite higher value of Kbb. Comparing these
two cases (plasma column with and wilthout the central

conductor ), we find that the very presence of the central



conductor modifies the vhole radlation pattern to give
stronger and sharper radiation peak near and before the

critical angle.

2.3 ECITATION BY OPEN GTNDED CO-AXIAL LINE:

Pe3el NTRODU: ONz2=-

In the previous study of the radiation pattern
of magnetic ring source in plasma column having central
conductor along its axis 1t is found that the diameter of
the magnetic ring source has little effect on the direction
of the radiation peak but affects its amplitude. 1In the
same study the source of excitation is ai magnetic ring
source of field distribution given by Kronecher's delta
function. The physical realization of such anldeal
magnetic ring source is not very convenlent . Thils stuay
of the radiation pattern of an open ended co~axlal line
excited in TEM mode in plasma column having central conductor
along its axis is an attempt in the direction of studying

the case of more practically feasible source of electro-

magnetic wavese.

The prasent study 1s concerned with the radiation
pattern of an open ended co=axlal transmission line exciteq

in the TEM mode in a plasma column having a central conductor
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along the axis. The field distribution at the open end
erosg-section of the co-axlal llne 1s assumed to be
equivalent to the vector sum of magnetic current rings of
various radii ranging from the outer radius of the inner
conductor to the inner radius of the outer conductor of the
co-axial line. The radiation fleld is obtained as a vector
sum of field components due tO individual rings of magnetlc

current.

This type of gecmetry glves rise to a well enhanced
radiation peak near and before the eritical angle. Its
amplitude depends upon the diameter of the plasma column,
the outer diameter of the inner conductor and the Iinner
diameter of the outer conductor of the co~axial line., The
direction of the radiation peak depends upon the plasma
density. There is a small change in the amplitude and
HPBW of the peak with change in the plasma density.

2e3e2 ANALSS;ﬁS-

An infinitely long plasma column of radlus b having
a central conductor of radius a; along its axls is oriented
with 1ts axis along the 2 axis of the cylindrical coordinate
(ry , Z ) systen( £ige 2:13)¢ The source of clectro=-
magnetic radiation 1s an Open ended co=axial line, with ofey
end at the 2 = 0 plane.
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The expression for the radlation pattern of
magnetic ring source in plasma column having central conductor

along 1ts axis as derived in section 2.1 ( equation 2.16)
. ,
& JKoR

-1 wre

Hﬁ (Ry @ ) = 01‘ ~" F(8 ) =

R
F(e)=F (0) Fy (8)

F1(8 ) =aq 3, (vy a)) ¥, (v a)=¥,(v; ay)d, (v, a) }
1
Fy (8) =

Hy (vg D) (vy B) { ¥, (vy 21)3,(vy BI-To(v; 21)¥) (vy b)}-

o (Vo B) e lvy BIY vy a1)3; vy BI=T, (via)¥) (vib)}

The field distribution at the open aend of the
comaxial line ( at the Z = O plane) is assumed to be equivalent
to the vector sum of magnetic current rings with various
radii ranging from the outer radius of the inner conductor
(al) to the inner radius of the outer conductor (ag) of the
co=axial 1line at the Z = O plane. The magnitude of the
magnetic current in each ring 1is assumed to be proportional
to the value of Hy at that particular location in the
co=axial line. For a co=-axial line excited in the TEM
mode Hﬂ is taken to be given by the relation Hg = o

OB

2'I‘I"a
where I, is the total current. The total radiation fiscl4

is obtained as a vector sum of fleld components due to the

individual rings of magnetic current. S0 in the case of the



co=axial line excltation F ( & ) is modified to

o (2

3
F (0 )= —9_ F
ﬁ gdm L (6 )F;, (8)da
a,
0z
= F~( © ) 1 1 7. G i YY1 B
. o T 0} o a{\ S e | vla)
In,
'Yb(vlal)Jl(Vla)} da
F,(8) 1 ¢
2 | 3 _
B i Io — l \To (vlad)YO(vlal)
2 m vy
i
-Jo(vlal)Yo(vlgs) f
2e343 QHABAQIEBlEIIQﬁ_QE_EﬂE_EﬁDIAEIQN_EIELE"

The radiation patterns ( variation of F (@) with )
have been computed with the help of an 1M=-113C computer, —
for Kob = 19, K2, =0.09, Ky83 = 0.9y Ep= .3 and €,=.7
(see f£ige. 2.14). In both the cases & well enhanced radiation
peak is formed near and pefore the critical angle ( Sin2~9c
= €p)s The detailed structure of these peaks is shown in

fig. (2.15). The half powel beam width for €p= 0.3 1s
0.07° and for © = 0.7 is 0.048% The offect of different

parameters on the shape of the radiation pattern 1s discussed

belows

Effect of K0b=—

The radiation peak becomes sharper, stronger and

moves closer to the eritical angle as the value of de\s



increased. That means that for a fixed value of K, the
increase in the dlameter of the plasma column gives rise
to a sharper and stronger radiation peak near and before
the critical angle. The wariation of peak amplitude with
Kob is shown in fig. 2.16.

EBffect of K,oa33-

K°a3 dogs not afi'sct the dlrection of the radiation
peak of the radiation pattern but affects its amplitude .
For excltation of the TEM mode in a co=axial line Koag
should be < 1 . The variation of peak amplitude with
K,23 1s shown in fig. 2.17.

EBffect of Ko%l:-

It affects the amplitude and sharpness of the
radiation peak and to a small extent affects 1ts direction
toocs. A smzller value of K, a; givss rise to a sharper and

stronger radiation peak. The variation of peak ampiitude

with Koal is shown in flg. 2.18.

The direction of the radiation peak depends upon
the plasma density. The location of the radiation peak

for two different value of ¢ , whlch for a constant soypce
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frequency corresponis to different plasma densities, is
snovn in fig. 2e14. It 1s found that the half power beam
width increases and the amplitude decreases with the decrease

in plasma density l.e. with increase ineﬁ.

2.4 EXCITATION BY WAVEGUIDE EXCITED IN CIRCULAR SYMMETRIC

MODES ( TMO AND TEO MODE)

1 1

2.4.1 JINTRODUCTIONS

In the case of magnetic ring source excitation as
vell as electric ring source excitation of the plasma column
having central conductor along its axis it 1s found that the
diameter of the ring source has little effect on the diraction
of the radlation peaks but effects their amplitude. In thig
case ring source of electromagnetic waves (s mathematically
represented by Kroneckerts delta functions. The physical
realization of sucﬁf&deal ring source is not very convenlent,
In case of co=axial line excitatilon ( section 2.3 )} of
plasma coluvmn having central conductor along its axis it
is found that the poak amplitude increases with the Increase
in the inner radius of the outer conductor of the co-axial

line at the open end. But for the TEM mode excitation

in co=axisl 1line Kpag £ 1 ( Ky is the free space prepagation
constant and ag is the lnner radius of the outer conductor
of the co=axial line at the open end). This fact inspireq
the author to look for the wave-gulde excitation which



provides larger values of K a3 ( 2.4 / Kyaq £ 3.5 in case

of circular wave-guide excited in TMO mode and 3.83 / Kjag

1
L 5¢13 in case of circular wave=-guide excited in TEq7 mode).
Here ag 1s the inner radius of the circular wave guide at
the open end. This study of the radiation pattern of open
ended circular cylindrical wavegulde (excited in circular
symmetric Mgy and TE,; mode) in the plasma column having
central conductor along its axls 1s an attempt in the
direction of studylng the case of more practically feasible

source of electromagnetic wave.

The fleld distribution at the open and cross=section
of the cireular wave=gulde excited in ™,y and TE ; mode is
assumed to be equivalent to the vector sum of current rings
of various radii ranging from the outer radius of the centra]
conductor te the inner radius of the circular wave-gulde at
the open end. The radlation pattern 1s obtalned as a vector

sum of field components due to indlvidual rings of current,

In both the cases ( wave=guide excited in TMol and TEq
mode), this type of geometry gives rise to a well enhanced
radiation peak before the critical angle. The amplitude of
the radiation peak depends upon the dlameter of plasma column,
the diameter of the central conductor and the diameter of waye-
gulde at the open end. In case of the wave=-guide excited in

TEol.m°de the number of radidation peaks formed 1s more than



that of the wave=guide excited in TMol mode., The direction

of the radiation peak depends upon the plasma density.
2.4¢2 ANALYGIS:-

An infinitely long plasma column of radius b having
a central conductor of radius a1 along its axis is orientegd
with 1its axis along the Z axls of the cylindrical coordinate
(ry 8 4 Z ) system (fig. 2.19). The source of electromagnetic
radiation is an open ended wave-guide ( excited in ™, and
TEyq Mode ) with open end at Z = O plane.

Woveguide excitation( wave gulde excited in TM,, mode);~

Equation (2.16) gives the expression for the radiation
pattern of magnetic ring source in plasma column having
central conductor along its axls. Thls after some modification

can be put in the form
oI

=Jw €,
i L

Hy(Ry, © ) = F(e?

F(e)=F(08)F (6)

Fl(e) =a {J, (v, ay)¥; (v a) Yo (v, a)3, (v a) }

Fo(0)= 1
Hy (v, b) (vy b){ Y, (vy 8,)7,(vy b)- ~Jo(v121)Y, (vb)}-
- Hy(wob) {2 (voP)Yo (Vlal)Jl(vlb)'Jo(Vlal)Yl(Vlb)}
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Consider the case when plasma filled wave=-guide
carries a circular symmetric TMol mode. The field in the
excitation aperture ( i. e. interface between the plasma
filled wave=-guide and the plasma column) is assumed Lo be
same as that of the incident wave in a plasma filled wave=-
gulde. Under these conditions the fileld distribution at the
open end of the wave=gulde can be consildered to be equivalent
to the vector sum of magnetic current rings with various radii
ranging from the outer radius of the central conductor to the
inner radius of the ecircular wave=gulde. The magnitude of the
magnetlc current in each ring 1s assumed to be proporticnal
to the value of Hy at that particular lecation in the wave~
guide. In the wave-guide for circular symmetric TM,, mode,
Hyg is proportional to Jl( h r ) where hy in the case of
circular symmetric TM mode, is given by the root of Joth ag)=0
where ag is the inner radius of the plasma fllled wave-guidé,
8o in the case of wave=zuide TMol.mOdB excitation F( @ ) is

modified to

n_: N
F(9)=jF(e) 71(h a) d a = Fg(6) Fl(e)i}'(ha)da
: o, magnetic ring
Q3
= F,(8) }aa { I, (v, “1)Yl(vla)'yo("1“1)‘71("1&)}‘7'“58
. F&.‘?’_ [ (ryag)7; (hag) | %o (ryayigogag) -
2
v2h
*q

-Jo(vlal?ro(vlaa) } + 2 = Jo(ha;) 1%
R

for h # vy



= O.SEl&J{ag :.rl (ha3) {JO (hal)Yl(hag)-Yo (h.'ll):fl (haa)} =

o <—?T—-; Jo(hal) +:'VI%L/I| (7%) Jl(ha.l) =

a
- ;3 Jo(hal)Yo(haa)Jl(has) ( for h = vy

= -

Waveguide excltation (Waveguide excited in TE,, mode)s

In section 3.2 equation 2.31 gives the expression
for the radiation pattern of elsctric ring source 1in plasma

column having central conductor. This after some modification

can be put as

Eg(ﬂ,@): v o F (9) %LKAR
i

where
Ft(8) = Fi(e) Fé(e)

F1(@) = a { J1 (vlal)Yl (v,8)-Y, (v187)7, (v;a) }
1
H; (vob) (v;b) { Y3 (vy29)3, (v D=3, (vya, )Y (vyb) } -

F'z(e? r=

=H (v, b) { (vob)Y, (vy81)33 (vib)=, (v21 )Y, (vyb) },

Consider the case when the plasma filled wave=guide
carries a circular symmetric TE,; mode. The field in the
excitation aperture ( i.e. interface between the plasma filleqd
wave-guide and the plasma column) is assumed to bs same as

that of the Incldent wave In plasma filled wave=guide. The



field distribution at the excitation aperture ( open end
cross-section of circular wave=gulde) can bs considered to

be equivalent to the vector sum of electric current rings with
various radii ranging from the outer radius of the central
conductor to the inner radius of the circular wave-guide at
the open end cross=section of the circular wave=gulde. The
magnitude of electric current in each ring is considered to

be proportional to the valus of By at that particular location
in the wave=guide. For circular symetric TE,, mode, Eﬁ is
proportional to J;( hr ), where h, in case of circular
symmetric TE,; mode, 1is given by the first root of .T; (ha3)

= 0y ag 1s the inner radius of the circular wave=-gulde at the
open end. In the case of wave-guide TE,; mode excitation

F (8 ) ig modified to
Qa Qs

(e )= \ F* () I, (ha)da= Fé(e)f Fi(O)J‘l(ha)da
M Electric ring -Youy -

A
=F} () J a 17, (vy2))Y) (v,a)=Y¥y (v;2, )7, (vy2) T, tha)ae

(W)

F! (8)
e~ e

2 2
v l-h

(agh)i, (hag) {7, (v)a1)¥; (v a3) -

-Jl(vlaa)Yl(vlal) } + {% ) v Wy (hal)}

for h # vy



4

FL(e
= ; ) ag Jo (.hﬂ.3) { Yo (haa)Jl(hal)*Yl (hal)Jﬂ (ha3) } +

2 a [ 2 ) a
+ —— 7, (nay) ;J- -5 Tetay) -

- B 91 tay)Y Gagiyag) | forh = vy

The radiation pattern ( variation of F (8) with 6 )
has been computed with the help of IBM=-1130 computer for the
wave=guide excited in My, with the parametric value K, b = 6T,
Ko2q = <09, Kjag = 2.4, Ep= o1y €,= +5 and for the wave=~
gulde excited in TEol mode with parametric value Kb = 67 ,
Koy = +09, Koag = 3.83, €= .1, €= «5 ( see fig. 2.20),
In all these cases a well enhanced radiation peak is formed
near and hefore the eritical angle ( Sin2 8, =¢cp)e After
the eritical angle the amplitudo of the radiation field falls
Off rapidly., The detalled structure of these peaks is shown
in figa. 2.21a and fig. 2.21b « The effect of different

parametars on the radiation field is discussed below,

Effect of Kbbs

In case of wave=-gulde exeited In T,y mode the radiatiop

peak becomes sharper, stronger and moves closer to the

critical angle as the value of Kb is increased. But in cuse



of wave-guide excited in TEyy mode we find the opposite effect
i.e. the increase in Kob results in to the formation of broader
and weaker radiation peak before the critical angle. This is

shown in fig, 2.22.

Effect of Koaas

in both[2;Zes ( wave=gunide excited in T™My1 and TEqq
mode) Kol8g does not affect the direction of the radiation peak
of the radlation pattern but affects 1ts amplitude. Considers=
tion for proper excitation of TMol and TEol.mode in circular
wave=guide limits the value Koas. In circular cylindrical
wave-gulde for TM,, mode the passband extends from Kodsg = 244
to K,33 = 3.5 and for TE,; mode the passband exterds from K,a,
= 3.83 to Koa3 = 5,13, The variation of peak amplitude with
X,23 ( K a5 varied only in the passband ) is shown in fig.
24232 and 2.23b.

Effect of Kbals

In both the cases ( wave-guide excited in T , and
TEqy mode ) K 23 affects the amplitude and sharpness of the
radistion peak and to a small extent 1t also affects its
directions, Smaller value of Kya, glves rise to a sharper ang
stronger radiation peak. The variation of peak amplitude

with K,29 i1s shown in fig. 2.24a and fig. 2.24b,



Gffect of plasma donalty:
The direction of the radiation peak depends upon

the plasma density. The location of radiation peak for
different values of €, which for constant source frequency,
correspords to different plasma densities are shown in fig. 2.20.
In the case of wave-gulde TM,q mode excitation half power
beam width of the radiation peak for “.= .1 is 0.65 for

“r = 5 1s 0.044?50. In the case of wave=guide TEqy1 mode
excitation half power beam width for€z!is1.18 and for €,.=0.5
is «77°. It is found that in both the cases ( wave-guide
excited in TM,y and TEol'mode) the amplitude of the radiation
peak decreases with the decrease in plasma density. In both
the cases ( wave-guide excited in T , mode and wave=guide

excited in TEo mode) the half power beam width decreases

1
with the decrease in plasma densitye.

L 2k
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EXCITATION OF ISOTROPIC INCOMPRESSIBLE ANNUILAR PLASMA COLUMN
SURROUNDING AN AIR CORE HAVING CENTRAL CONDUCTOR ALONG ITS

AXIS.
3.1 EXCITATION BY MAGNETIC RING SOURCE:

3elel INTRODUCTION:

Harris“ (1968) studied the radiation patfern of an
infinite magnetic line source in air gap vatween groundegd
plane and plasma slabe 1In this case he predicted the presance
of well enhanced and sharp narrow radiation pesks bayond the
eritical angle., It is an interesting result. He explained
that the emergence of sharp narrow radiation peaks 1s mainly
due to the alr gap between plasma slab and grounded plane,
This phenomenon ( the emergence of sharp narrow radiation
peaks beyond the critical angle) was not found in the case
of grounded plasma slab exclted by magnetic line source
studied by Tamir® (1962). Harris”(1968) attributed these
radiation peaks(formed‘beyond the critical angle in case of
ungrounded plasma slab excited by infinite magnetic line
source) to the excitation of leaky waves on the plasma
surfaces This study encourged to look for the similar
phenomenon { the emergence of well erhanced radiation peaks
beyond the critical angle) in case of more practically feasible
cylindrical plasma geometry ( Annular plasma column surroun-

ding an air core having central conductor along its axis)



excited by the corresponding circular symmetric ring source

(Magnetic ring source in air core).

3.1.1 ANALYSISS

The geometry of the configuration analysed is shown
in fig. 3.1l. 4n infinitely long air column of radius as having
an infinitely long conductor of radius a,along its longitudinal
axls and surrounded by an annular plasma column of Inner radius
a5 and outer radius b is oriented with its =axils along the
7 axis of the ( ry #, Z ) cylindrical coordinate systeme The
source Of electromagnetié radiation is a ring of magnetic
current of radius a ( a / ay) concentric with the air column

and éiuated at Z = 0 plane. ‘This source of electromagnetic

radlation 1s mathematically represented by

M=BNr-a) 5(2)

where § represents Kronacker's delta function, # 1s a unit
vector in the # direction. Hers ths ecircular symmetric mode
4s considered. Tho source form of Maxwellls equatlons governing
the olactromagnetic fileld written in differential form for an
a~dWt  t4me dependence can be written as,

vxE=jwp HE-N
JxH==Jw <€ E

Taking curl of second equation and substltuting value of v x ﬁ



from first equatlon,

- O -
wvx v x H=-w m ¢ H =Jwel
consldering circular symmetric mode , we have,

('\'/J:fof)g ~w2pr-H¢=Jwe8(r-a? S (@)

Expanding it in cylindrical ccordinates we have,

2y
q4u 1 dH 3 a4 .
o | =
__-% 4+ - —L +(K 8% | )H¢ + ——g ="JV‘ (()(I‘-&) :‘)(Z) (3.1)
ary r ar r~ d 2¢

vhere K2 = wz M€

In order to solve wquatlon (3.1) we apply the method of integral
transforms « Iet the Fourler transform of Hg( r, Z) be defined
as

h(ryg) = | Hglm 3) e B0 ez

d—oo

and inverse transform be given by

H Gy 2) = -%-T;Sh (r, &) eI > ax

Now multiplying each term of 'eooquation (3.1) by B'JEZ &hd
integrating over the infinite range with respect to zZ we get,

a1 db (k2 €2 - L) h=~jve Str~a) (3

. " ’ «2)
T r d4ar

Equation (2.2) is considered to be ordinary differential

equation with £ as a parameter constant. Boundary conditions

op h follow from the boundary conditlions on its inverse

Fourier transform. As a result of proper boundary condiitions

the solution for h in free space 1is found out and then itg



inverse Fourier transform gives us the field in free spacCe.

The details are worked -ut in the following seactionse
Computation of Bou r rob H

Consider the inhomogeneous differsntial equation

(3.2). The delta function js related by the relation,

8( p =g )=1 forT =28
g(r-a)zo for r £ a

so far all values of r other than T =28 equation (3.2) reduces

to homogeneous differential equation

d%n a 2
2 ro
dr T a.r

Delta function 8( r - g) implies poundary conditions on h which
must be satisfied at T = a- Multiplying equation (3.2) by
dr and integrating oveT the interval o /A from r = a=A to

r =a+ A and assuming the continuation of haround © = a

and taking 1imit as O = 0 we have

d h dh —
ez - —— - - wé
a+ > a =~ ‘

vhere ¢, is dielectric constant of the medium.
The remaining boundary conditions on h (ry € ) correspond

to the bourdary conditions imposed on Hg(r, 2) and B,(r, 2)



oV

by Maxwell's equation. As shown in fig. 3.1 region between

r = ay tor = a 1s denoted as reglon I, betweenr = a to r = PN
as reglon II, between r = a5 to r = b as region III and the
region for vhich r > b as region IV,

Now solution of equation (3.3) in region I is given as
h = AIJl(vl r) +B1Yl(vl r)

where v? = Ki - BR gy K? = wz/uél

In region II 1s given as
B = Ale( v, T) o+ BzYl(vl r)

In reglon III 1s given as

h = ASII(VZ r) —l'BaKl(Vz r)

2 2
where V2= gz-K§9K2=w2ﬂ(r,

1
1
In region IV, also taking into account the radlation condition

and K, are modified Bassel functlons
&

oh Hy we have solution of equation (3.3) as

2 _ .2 2 2
h =A4H1 (v, r?,where v, = K=E% K, = T.,.,2/u€c'

H.L is Hankel function
Continuation of Hﬂ at any r for all Z 1mplies that

h(r, £ ) = Hﬂ (ry, 2) e 452 az

“Teq
must also be continuous,.
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From Maxwell's equations we have

B = T vz H
By (ry Z2) = = = ( E_Eﬁ + E;.H )
Jw ¢ dr r ¥

so the continuity of E,( ry Z) at any r for all Z implies that

b (4h ., b.) pe continuous
Jw¢ dr r -

vhere ¢ 1s the dlelectric constant of that medium.

(1) Now at ( r = a;) conductor surface tangential electriec

vector namely E,(r, 2Z) is continuous, so we have,

L d h h

- e S =0
Jw €, dr T

r:al-o-[;

dh _ h _ 0
dr 5 o
= AN
‘ T a1+

(2) At (r =a ) the location of magnetlc ring source of

olectromagnetic waves we have, from equation (3.4) and conti-

nuation of Hﬁ

h = h
a =4 8 +4
d h d h
- = = J we
dr dr
at+ L a =0\




(3) At r = ap continuation of E, and Hg glves

Z
h = h
9.2-[- ag+ Lo
- dh_ + ( I(' - A )y & = 0
d ) ar 'fL, r
agta a= L. antd
i 2+‘A
(4) At r = b continuation of Eg and Hg gives
h = h
b= £ b+ 2
d iy e dh + ( _‘.-.l.. =32 k_l = 0
dr dr Te r
b+ A b= 4 b+ A

Applying all these boundary conditions on the solutlon in

different regions we have

8 (viay) To(vyay) +B1(vya;) Yp(vyay) = 0

A7 l(vla)-l-BlYl(vla?-Ale(vla)-BzYl(vla? =0

Al'{(vla) Jo(vla?-xl(vla?} +B1{(vla) Yb(vla?'Yi(Vl ai}_

~Ag f (v,8)75(vy8)=T; (v2) | By f( (v,2) ¥ (vla)-Yl(vla)'lf = jw€a
Ang(v1§2?+BzYl(vlaz)-Aall(vzaz)_gaKl(vzaz) =0

Ag {(vlaz?Jo(vlgz)qu(vlaz?} +Bo, {(vlaz?yb(Vlag)-Yl(vlaz)}

3 5 &
~Ag {__é_’)(72a2?10 (v2a2 ?-I 1(V232)} +33 j —%' (Vzaz)Ko (Vgag )-l-Kl (Vgaz )}

=
=i



ABIl(VZb)+B3Kl(v2b)-A4Hl(vob? = 0

Ay { (gP)Io (vgh)T, (vph) ) +By §= (vab)Kq (vab)-K; (wyb)| -
€

~hy {—éécvob) Hy (vgh) =H (v ,B)} =0

Here we have 7 constanfe and 7 equgtions. Our main aim here
is to find out Ay whicli, in turn, by inverting the Fourier
transform in free space will give us radiation pattern in

free space. By solving these equations we have,

Ay = Jw 6 F (vgy ¥y V)
a (vgb) { T3 (upb Ky (7)1, (v DIK, (vzb)]
#?Jo(vlaz)Yl(vla)-yb(vlal)Jl(vla)}
F(Vosvpvz):. ‘

f i 1
367 ‘( 3.12 (8.76 Xl-a75 xz)"’all (376 x3 8.75 X4)f -
_3.77 { 312 (a66 Xl-a65 X2)-a11 (366 xa-aes Xé)}

X1 = agg a3 ~2,5 853» X2 = 355 243™%4¢ *53

/

\

X3 = ag 3,47 845 8540 X4 T %56 2447246 954,
all =J'o (vlal)‘, 8.12= YO (Vlal), a43 = Jl(vlaz), 3_442 Yl(vlaz) y
ays = 'Il(vzaz), a53=(vla2?30 (vlaz)-Jl(vlaa)’

asa™ (vq8p)Y, (V33501 (v,3,)5 ags= Ue. (V38214 (Vaa0)~1, (v, ﬁ,
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ez
agy ==H, (v;P), agg = (v,b) I,(vgb)-1, (v;b),

age==] (VgP) Ko(abhek, (v agp= = { Z2 (v b)H, (voh)-i1, (v_b)}

so solutlion in free space is

h ( 'y = ) = A4H1(vo r)

Inverting it, &
H,(ry 2) = —h— l hir, 3 )ej‘gzdg

[/ N 2
1 i 3zz
- _[“f4ﬁl(v0r) e dz (3.5)
C TLATICN B 0 LD

Consider integral (3.5) as contour integral in
Z blane. The varlables v, and v, which appear in the integr-
and of equation (3.5) are multiple valued functions in the
neighbourhood of 3 = t K, and 3 = x K, respectively., It
can be shown, by expanding the integrand about vy = 0 ang
v, = O that the integrand is an even functlon of v, and Vg
respectivelye But at v, = O, the Hankel functions which
zppear in the integrand have logarithmie singularity’ so

z = & K, are branch points of the integrand,

Iet us now apply the method of saddle point
integration to evaluute the Integral (3,5). Introduce the

transformation
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tT= K, sinY¥
where V= T+ JA

This transformation transforms the reglon of integration
in ¢ plane into a strip in the v plane, vhich 1s bounded
by two curved lines correspording to the branch cuts
( g=21 Kyo) in the v plane. Branch cuts in ¥ plane are
given by

Sin - CoshA =% 1
This transformation yilelds

v. = Ko Cos\}’
e
A

Ko “!E- Sinxp

= o By e
vy = Ky JSin v éf_,

Equation (3.5) now transforms to

4
il

Si
a,( "\,U) H) K, T Ceay )eJK" nly 221{0 Cosy dv

(3.6)
For large T, replacing +he Hankel function ln the mtegrand'

Hﬁ(r, Z)=

of equation {(3.6) by 1its asyaptotic value and shifting to
cpherical coordinate system ( Ry @, # ) as shown in fig. (3.1),

— F i.
g T A T RCos @ = -

. JK R Cos (\v=8)
%;]Cos}b e VO ay (3.7)

The saddle polnt of this integral 1is given by



d
W COS(V"G):O

as o
which glves vy = Ohsaddle point,

The steepest descent path ( S. D. P. ) 1s given by the constant
phase of the exponential factor of the integrand and is to

pass through saddle point. S0 we have
In § Cos { V=0 ) = constant and is to pass through V= @

which givas

Cog ( T'= 98 ) Coshh =1

Sin (’7”+'[.J£-9)Cosh)x = I
Applying the standard method ( see appendix A ) of saddle
point integration, the lowest crder approximation of integral

is glven as

_ JKoR
Hy(R, 6) = 36 pee) o (3.8)
i T R
vhere
F(@) = Flvgys Vp» v5)
: —_
Seled CHARLAC

Rediation patterns ( variation of F(0) with o
for @ greater than a critical angle given by sinz 8, = )
bean computed ( fig., 3.2) for K.b = -
have bee P 4 ) Ko 6, Koal = «09,

Ko@ = 8T 4 K&, =71y Sp= el and for ¢ = ,5, The detalleq

structure of thess two peaks 1s shown in fig. (3.3). The half
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power beam width for ¢€,= .1 1s .00000015  and for €.= o5
15 +00000032°%: The effects of different parameters on the

radiation pattern are discussed below.

Effcct of the diameter of the magnetic ripe sourcet

Diameter of the magnetic ring source does not
affect the directlons of the radiation peaks but affects their
amplitudes Thils behaviour 1s shown 1n fig. 3.5.

Bifect of K,b:

Higher wvalues of Kbb gives rise to stronger
rodiation peaks. To some extent Kb also affects the
direction of the radiation peaks Thils bshaviour is shown
in flg. 3.4.

Effect of Ky&.3

1

Ko a, affects the amplitude of the radiation

peaks. This behaviour 1s shown Iin fig« 3«&. To some extent
1t also sffacts the direction o the radlation peagks,

Effact of Ky803

Kc8g affects the directlon ¢ | as well as the
number of radiatlon peaks formed. This behaviour is shown

in table Sele
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Effoct of plasma density:

As the plasma medlum 1s characterised by the relalive
2
dielectric constant €= ( 1- EB ) so as plasma

frequency( wg X Mo where n, is plasma density) 1s
increased dielcctric constant of the medium decreases.

Here only the transparvent region (w > Wp) i3 consldered
1.0+ it corresponds to a positive value for Q,. A change

in ¢, changes the direction of the radiation peak. Radlation
peaks corresponding to different value of ¢, are shown

irl fig [ ] 3.3.

3¢led DLSCUSSIONS

In this case of annular plasma column surrounding
an air core having central conductor along its axis and
exclted by the magnetic ring source in air core, well
enhanced radiation peaks beyond the critical angle are formed,
This 1s consistant with the Tesults of Harris' (1968),who
analysed corresponding planer plasma geometry exclted by
magnetic line source. Here the radlation peaks formed beyond
the critical angle are mainly due to The air core present.
These are expected to be due to the excltation of leaky waves

on plasma surfacee

3.2 IXCITATION BX RLECTRIC RING SOURGE



3¢2.1 INTRODUCTION:

In section 3.1 of this chapter, the radiation
pattern of magnetie ring source in air core having central
conductor along its axis and surrounded by an annular plasma
column has been studied. On the similar lines in this section,
the analysls of the radiation pattern of the electric ring
source in air core Having central conductor along its axisand
surrounded by an annular plasma column has been presented.

In thls case also well enhanced radiation peaks beyond the
critical angle are found. The dlrectionsof these radiation
peaks depend. upon the inner and outer diameter of the plasma
column??guter diameter of the central conductor. The

diameter of the electric ring source has no effact on the
directions of the radiation peaks but affects thelr amplitude,
Directions of the radiation peaks can be changed by changing

the plasma densitye.

3¢2.2 ANALYSIZS

The gecmetry of the configuration analysed 1s as
shown in fige 347+ An infinitely long air column of radins
azihaving infinitely long conductor of radius a; along
longitudinal axis and spurrounded by annular plasma colump
of inner radius a, and outer radius b 1s oriented with its
axis along the Z axis of the cylind¢rical coordinate system

(ry #y 2 ) « The source of electromagnetic radiation is a



ring of electric current of radius a ( a L,a2) concentriec
with the air column and situated at the Z = O plane., This
source of electromagnetic radiation 1s mathematically
represented by

H=085Cr-a) §(z)
where & represents Kronecker's delta function, 5 is a unit
vactor in the # direction. Here the circular symmetric mode
(TEolhmode) is considered. The source fvGn of Maxwell's
equations governing electromagnetic field written in
differential fom for an e~IVl time dependence can be written
asy

vX B

J v A H

VxH=-] weE + M
Taking curl of fus! equation and substituting value of =v«j

from swond gquation we have,
-VxWx§+w2ﬁ19§=-meﬁ

Q
Now congidering circular symm}:ric mode we have,

(vaxﬁ)-w2ﬂ6E¢=dwp5(1‘-a) 5Cz)

Expanding it in cylindgrical coordlnates we have,

a%E 1 48y o ., OE
::5 + :— ;2 + (K%~ &2) g + ng ==Jwm Str=a) $(2)

(3.9)
In order to solve equation (3.9) we apply the method of |

integral transforms. Let the Fouriler transform of By (ry2)



60

be defined as,
Fes -i
h (ry% )= |Eglr, 2) @52 az

and inverse transform be given by,
Eﬂ(r,z) = _éTJ h(r, ¥ yad 52 dEg

% i3 2

Now multiplying each term of éﬁuation (5.9) by e ¥ and

integrating over the infinite range with respect to Z we got,

Lah__ i. db (K2_£2 - & ) h == -
dr® ' : dr ! = . i S(r @)

(3%10
Bquation (3.10) 1s considered to be ordinary differential

aguation with E 2s a pazameter constant. Boundary conditions

on h follows from the boundary conditions on 1lts inverse

Fourier transform., As a result of proper boundary conditions

the solution for h in free space is found out and then its

inverse Fourier transform gives us the fisld in free spage,

the details are worked out in the following sections,

Consider the inhomogeneous differential equation

(3.10)« The delta function is related by the relation,
S(r-a)zl for r =2

S(r-a)zo for »r # a

So for all values of r other than r = a squation (3.10)

roduces to homogensous differentlal equation

_QEE_.,..L_ do , (k¥ ~x2. 2 _
dr? r dr ,_.2) h =0 (3.11)



Delta functilon %( r - a) impbSes boundary conditions on h

which must be staisfled at r = a » Multiplying equation(3.10)
by dr and integrating over the interval 224 from r = a =/ to
r =a +2A and assuming the continuation of h around r = a and

taking limit as A =0 we have,

4h - ¢k = = Jwa (3.12)

dr dr
a+A & =&

there . is permfab,i,lity constant of the medium. The
remaining boundary conditions enh ( ry © ) correspond to
the bourdary conditions imposed on Eg ( r,.Z ) and Hz(r, Z)
by Maxwell's equations. As shown in fig. (3;7) Tegion
betweenr = a, tor =a 1is denoted as region I, between
r=ator= ay as rogloa I, between r = a, 0 2 = b as

region IIY and the region for vhich r > b as region 1V,

Now solution of equation (3.11) in reglon I is given as
2 _ .2 .2 g _ 2
whaTe vl=Kl-€ :a.r:d(Kl:v..r/\;“r
In rogion II is glven as
h=aJ,(vy T) +B8Y;( vy )

In region III 1s given as

h = A31 (vo T)+ BaKl( Vo r)
where vg _-Ka,KzaW/ué



I, and K1 are modified Bessel functions,
In region 1IV,also taking into account the radiation condition
on By we have solution of equation (3.11) as
_ 2 _ 2 -2 2
h = A4Hl\ v T) where v, = Ko ES K, = wo €
Hl is Hankel function.

Continuation of Eg at any r for all Z implies that

rOO
hr,€) = 1E¢(r,z)e-jgz az

‘&~ aC

must also be continuous.

From Maxwell's eaquations we have

H = -aeaa- (vxE ?

Hy = — ( %4 , E ) (3.13)
Jwm dr r -

so the continuation of H, (ry, Z ) at any *© for all Z implieg
that

1 dE 5
—— ( 2., £ )
Jwp - 4r r -

ba continuous

(1) Nowat (r = al) the conductor surface tangential

electric vector namely Ey( Ty 2) 1s contimous so ve have,

h = 0
a]_-l-A



(2) at (r = a ) the location of electric ring source of

electromagnetic waves we have from equation (3.13) and

continuation of Eﬁ

h = h\
a= A la + A
d h - ©° WA I
dr dar M
a+ A a =4

(3) At(r= ag) continuation of Ey and Hy glves

\ \
n = n

.

32. AN lnzq- B

ag" L ag+ A

(4) At ( r = b) continuation of H, and By glves,

dh d h
b= = 0
ar dr
Ib.LL b+
h = h
|« WA b+ L

Applying all these boundary conditions on the solution in

different regions we have



] Y

Ala'l(vlal? + B¥,(vy a3) =0 (3.14)

437 (vq 3)+B3Y; (vq 8)=AgT; (v 2)-BoY, (v 8) = 0 (3.15)

Aq { (v18)75(v18)= Ty (vla}_.]l- + By % (vq8) ¥, (v,a) -Yl(vla)} <

-Ao j (vla?J' ovy8)=J1(via ) } =By k. (v18)Y, (vq2)-Y; (v4a )} =jwma (3.16)
Agdq (v982)+BoY, (vlaz)-a 3L (voag)=BgK, (voag) = 0 (3.17)

hg | (v1a2)70 (vy25)-Ty (v135) ( 4B, -‘(vlaz)xo (v432)- (v,a5)} -

~Ag {(vzaz)lo (voag)=I; (vzaz)} +Bg Sl (voa5) K, (voas ) +Ky (vzaz)} =0 (3.1f
Agly (vob) 48Ky (vob)=pgH, (vob) = 0 (3.19)

Ay { (vob)Ig (vob) =1 1(V2b)} -Bj { (vob)K, (vzb? ~Ky (vzb)_} — |

~0g{ (VD) (rgD)H, (w0} = © (3.20)

Here we have 7 constants and 7 equations. Our main aim here
is to find out A4 which,in turn,by inverting the Fourier
transform will give us radiation pattern 1in free space. By

solving these equations we have,

ag =3 w paF (g vis va)



[ a(rgd)| 11 (7p0)%, (vg)+1, (v50)K (vgb)

! (Vo, VisV2) elj{

ag7layaars Xymags Xp)=ay; lagg Xgmagg X‘Q\j'

~a77{812 @ge¥ 17265 X2)-211 (866 X3m365 X.Q}
X1= agg 843785 ag3y Xz =agg 8437846 8539 x3=355 844=8453549
X, =agg 84478468541 891% J1{via1), ay0= Y, (vy84), 34377, (Vqan)
a%=Y1(v132), agg= (v485) J'o(vlaz?-&l'l(vlaz),
By =(v985)Y0 (v185)-Y, (v;85), 355=-{(vzaz)xotvzaz>-11(v2a2>} .
asg =(v2a2)K°(v282)+Kl(v2&2), a65=Il(v2b),a66=K1(v2b),
aa7=-i1 Vb, a7e= - {(vPIK, (vgb)eky (WbY o
agg = = {(7gh) Holvgh) - By (7gD))
So solution in free space 1s,

h (%) =g (V™

Inverting it we have

Eg (ry 2) = —::l- J A4H1Cvo r) od 52 at (3.21)

CALGULATION OF RADTATION FIEID!

The variables vy and vy, which appear: in the
integrand of equetion {(3.21) are multiple~valued functions

in the neighbourhood of ¥ = g Kl and T = 4 K2 raspectively,



It can be shown by expanding the integrand about v, = O
and vg = O that the integrand 1s an even function of v; and
Vg respoctively. But at vy = O, the Hanksel functions which
appear in the integrand have logarithmic singularity, so
=4 K, are branch points of the Integrand.

ILet us now apply the method of saddle point
integration to svsluate the intezral (3.21)+ Introduce the

transformation

g = KO Sin\//
vhere V= T + JA

This transformation transforms the reglon of integration in

g plane into a strip in the Y plane, which is bounded by
two curved Lines corresponding to the branch cuts ( ¥= g K )
in the 'y plane. Branch cuts in°y plane are given by,

This transformation yields
Vo = Ko COS'\f/

vy =K (€= s1n®y )

o /.U

v = Ko JSinz”lp —F‘}



Now eaquation (3.21) transforms to

35 (1" Z) = ;?' A4(.\'P )H_L KO T Cos Y, )GJKO Sin'\’,Uz*.

xkCos'y dy (3.22)
Now for large r replacing Hankel function in the integrand '
of equation (3.22) by its asymptotic value and shifting to
spherical coordinate system ( Ry 6, # ) us shown in fig. (3.7)
® y

we have

§3 71 / ,
W - 1'4" ' . ;
4 \ 27TR Cos &,

Ag (V) (Gos"f’)i e JEgh Gomtes © 9 av

-

c

The saddle point of this integral is given by

—%T Cos(xy-o)-o

which gives saddle point at V=@ .
The steepest descent path ( SeDsP.) 1s given by the constant

phase of the exponertial factor of the Integrand and is to

pass through saddle point. So we have
Imj Cos ( W= 6 ) = Constant end 1s to pass through v = ¢

which glives
Cos (7+=-© )Cosh) =1

sin (7+ L =) Cosh) =1

Applying the atgndard method ( see appendix 4) of saddls
point integration, the lowsst order approximation of integral

is glven as,



!
Y

eJK°R

Bglry @) = AL g(p) = (3.23)
where |
F(8) = F(vys vy Vo) | (3.24)
V=6

3.2.3 CHARACITRISTICS OF THE RADIATION FIELD:

Radiation patterns ( wariation of ¥(6) with ©
for © greater than critical =ngle given by Sine °c‘;“ﬁl> have
bcon computed for X b = 6T , Kj81 = +09, Kya = 57 ,
Ko2g = T and éb = o1 an® for ﬁfa o5« In both the cases
we 3zet well enhancad and narrow radiation peaks beyond the
critical angle « It is shown in fiz. 3.8. The detailled
structure of these peaks is alse shown in fige. 3.9. The

half power beam width for f}3= .1 15 +00000038° and
for &,= .5 1s 000000335 » The offect of different para-

meters on the radiation pattern is discussed below.

Effect of K,bs

Higher values of Kb give rise to weaker radiation

peaks. This behaviour is shown in fige. 2.10,

Effect of Kgags

Number of radiation peaks formed beyond the
eritical angle increoases with the Increase in the values of
K,8ge This behaviour is shiown in Table No. 3.2,



Effect of Kyai

K8 does not affect the direction of the radlation
peaks but affects thelr amplitude. This behaviour is showm

in £ig. 3.11.

Effect of K,838

Incresse in the wvalue of Kbal Tesults into the

decrease in the amplitude of the radiation peak . It is

shown in fige. 3.12.

2
: we
éb(é#= L _5 ) affects the direction of the
'}

radiation peak of the radiation pattern. So for constant
source frequency, the directlon of the radiacion peak can
be changed by changing the plasma density ( w§<g«no )
Radiation patterns for two diffsrent valuesor. 9 1.e. ‘
different values oZ plasma densily are shown in fig. 3.8,

9.2.4 DISCUS $

In this section the radlation pattern of electrie
ring source in air core having central conductor and sSuUrrouns
ded by an annular plasma column has boen discussed., In this
case we get well enhanced radiation peaks beyond the eritiea)

angle. Theso ave Yery ane~p poaks. Thaso are expected to be



due to the excitation of leaky waves on the Plasma surface,
In this geometry the air core is an important addition and
1s responsible for the formation of radiation peaks beyond

the critical angle.

3e3

3e3¢le JINTRODUCTIONSZ

In section 3.1 of this chapter the radiation
pattern of the magnetic ring source in air core having central
conductor along 1ts axis and surrounded by an annuiap plasmg
column has been discussed. 1In that case it is found that the
diameter of the magnetic ring source of electromagnetie wvaves
does not affect the directions of the radiation peaks but
affects their amplitudes Moreover,the physiegl realization
of the 1deal magnetic ring source with field distribution
given by delta function 1s not very convenient., The study of
the radlation pattern of the open ended coaxial 1ine in air
core having central conductor along its axis ang surrounded
by an annuler plasma column is an attempt in ihe direction
of studying the case of the more practically'feasible source

of electromagnetic wavess

The present study is concerned with the Tadlation
pattern of an open ended co-axilal line excited in Tmy mode



in air core having central conductor and surrounded by an
annular plasma column. Well enhanced multiple radiation
peaks are formed beyond the critical angle. Number of
radiation peaks in radlation pattern depends upon the inner
and outer diameter of the annular plasma column. Directions
of the radiation peaks do not depend upon the imner Jiamoter
of the outer conductor of co=axial line at the open end,
Central conductor also affects the directions of radiation

peaks. The directions of these radiation peaks can be

changed by changing the plasma density.

3.3.2 ANALYSLSS

The geometry of the configuration analysed is as

shown in fige (3¢13)e An infinitely long air core of radius

a, having infinitely long corductor of radius a, along the
lognitudinal axis and surrounded by an anmular plasma column

of inner radius ag and the outer radius b is oriented with

its axis along the 2 axls of the cylindrical coordinate

system ( ry &5 Z)e
ed co=axial line excifed in TEM mode with its

The source of electromagnetic radiation
is an open end
open end at Z = 0 plane. The expression for radiation pattern
of magnetic ring source of radlus'a' in air core having

am
central conductor and surrounded by.annular plasma ¢olumn,

(the aquation (3.85>after some simplification can be written

as



JKoR

v, F (e
T ) = (3.24)

H¢(3,9)=-

where F( 8 ) = F,(8) Fy(9)

) {13 (vpb)Rg (vab)+Io (vgb)K, (D)}

F.(8) =
1
agy {alz(a.?s X185 Xz?-all( fng X3%8, x4 )'{"_

F,(8) = & Jg (v,8,) Y, (vja)=¥,(v,8,)7, (v;a)
X, = agg 243 ~845 3531 X2 = 856 43 "6 353»
p a -, Qa9 X,= 8 a,,."a a

=Jo (v 31"_' 313 = ¥ ("1&1?’ 843 = T1(v,35),

*11

8,4= Ip (Vlag) ) 253% (v1a2? 9o ("'1"2? =7, (vy35),

agq = (7132? Yo(vlaz)-Yl(vlag?, Bgs= = {%F(vzaz)lo (1:?29.2)..;[1(,,2%i
agem - (voha) Fo(aip)*i1(Ve%2) | :

ags= T1(7zP)s age™ K1 (V2P ag7=-H) (Vob),

A { (vgb)Ko (v2b)+Ky ( ¥p b)|.
. ;

az7 = - {"eb‘ (v ) Ho v D)= By (7g I}

v. = Ko Cos o, Yy = Koﬁk -smz o, vzdofé,- Sinz e

€ =€

) 6



wﬂ-ll';t .
€ 1s, dielectricemst of free space. Ko is free space propa-

n
of first kind, second kind, function of first kind, modifisd

gation constant. J., Yh, HB: In’ K » are Bessel functions

Bessel functions of first kind, second kind and of n th
order respectively. F(8) is a factor which determines the
variation of fileld with 8. Fg(@)ucontains source terms,

The field distribution of an open ended co-axial line at

Z = O can be considered to be equivalent to the vector sum
of the magnetic current rings with various radii ranging
fprom the outer radius of the lnner conductor to the inner
radins of thae outer conductor of the co=axial 1line. The
magnitude of the magnetic current in each ring is considered
to be proporticnal to the value of Hg at that particular
jocatinn in the co-axial line. For the co-axlal line
excited in TEM mode,,ng is proportional to 10/2'ntL,

where 10 is the current. The total radiation pattern of
open ended co=axlal line with 1ts open end at Z = O plans can
be obtained as a vector sum of the field components due to

individual rings of magnetic current. F(®) in this cose

is modified as
.1,3
F(e) = |F(o)._ln__ du
J&'mnﬂmﬁcn'wa 2 Ta
where a, is the outer radius of ths inner conductor, ag is

the inns?T radius of the outer conductor of the open ended

co=axlal line at Z = O plane,



&U

It reduces to
a,

r
F(e) = Fy(8) | Fp(0) O
'Jm - 2Ta

da

3 -
- . = a

F18) I

I (vy8g)¥, (V8,7 (v,8)%, (vlaa)} @.25)
2 mvy '

3.3.3 CHARACTEZRISTICS OF THE HADIALION FISLD:

Ratiation pattern ( variation of F(8) with 6 )

for different parameters has been computed with the help

of IRM~1130 computer .
narrow radiation peaks beyond the critical angle,

This configuration results into

multiple

Number ©Of radlation peaks depends upon the inner and outer

diameter of the annular plasma column. This behaviour is

shown in table No.

with +hiﬁ%r annular plasma
Compromising parametric values ( Kb =

Ka:.g, Eb=.1’ E#::.s)

3.3, Radiation peaks also become sharper

column and shifts towards emd

fire directione

Kyag = 2454 Ko7 »09)
are selected to give rise to single narrow beam radiation
peak beyond the eritical angls. Computed results are

araphed in £ig. Be14y Fige 3.15 glves the detailed
structure of these radiation peaks.

gffect of Plagua Denaliy!

pirections of the radlation peaksfor constant source



frequency depend upon the plasma density. As is clear

from £ige. 2¢14, lucrease in plasma density results into

sharper radiation peaks. Half power beam width for ¢ 1
!3 =

.0031° b= )

Effect of Kpat

the
Direction ofhradiation peak does not depend upon

Qe 3,16 sho
Ky Fige 16 s va‘:i c‘.then variation of radiation peak

amplitude with Koahin t
of TEM mode in co=axial line K,a 1)

he allowed limits ( for excitation

3.4 EXCITATION BY WAVEGUIDE EXCITED IN CIRCULAR SYMMETRIC

MODE ( MM, AND TE 4 MODE ) s

3,441 OpUCTIONS

In case of magnetic ring source excitation (sectio
n

3,1 ) and in case of electric ring source excitation

(secéion 3.2), 4t 18 fourd that the diameter of the ring

8 ﬁOt
their amplitudese. In case of co=axlal line

gource 4oe affact the directions of radlation peaks

but affects
excitation ( section 3.3 ) 1t is found that the amplitude
of the radiation pea

r diameter of tha out
r the propsr exeitation of TEM in co-axial line put
]

k increases with the increase in the

some er conductor. But the consider
a-

tion fO

14mits on the tnner diameter ( ag) of the outer conductor



( o283 £ 1 for TEM mode excitation in coaxial line).
Cireular waveguide provides higher values of K,as ( for

TM,, mode 2.4 £ Ko83 Z 3.5 and for TE,; mode 3.83 / K ag
[ 5.13 vhere ag 1s the inner diameter of the outer conductor

of the wavegulde at the open end). This faect inspired to
look for practically feasible and promising case of wave=

gulde excitatione.

This section 1s concerned with the study of the
radiation pattern of an open ended ¢lrcular wavegulde in the

air core having central conductor along its axls and surroun-

ded by an. annular plasma columne The field distribution

at the open end eross=section of the circular wavegulde

excited in M, and TE,q mode is assumed to be equivalent to

the vector sum of current ring
onter radius of tha centBal conductor to the inner

s of various radii ranging

from the

radius of the circular waveguide at the open end. The

radiation pattern 4s obtained as a vector sum of fileld

components due tO individual rings of current.
in both the cases ( waveguide excited in T ; and

TE,, mode ) this type of geometry gives rise to well

enhanced and narrow radiation peaks beyond the critical

angle ®

3,4.2 ANALXGIS!

An infinitely 1ong air cora of radius a5 having a



central conductor of radius ay along 1its axis ang surrounded
by an annular plasma column of inner radius ag and outer
radlus b is oriented with its axils along the 2 axls of the
¢ylindrical coordinate system (r, #, Z ) shown in fig. 3.17

The source of electromagnetic radiation is an open ended

waveguide ( excited in TM,, and TE,; mode ) with open eng

at Z = 0 plane.

Waveguide Excitation (Waveguilde Excited in M 4 Mode):

The expression for the radiation pattern of magnetie

ring source 1n an air core having central conductor and
surrounded by an annular plasma column is given in equation
)e After some simplification it can be put as

LL F(Q)BJKOR

Hy (R4 8 ) = = .
g H mignet:lcT
ring

(3.8

magnetic ring
(veb) { I (vgD)Ko (v2b)+Io (vab)K; (vyb) )

Fl(e) = ) ? E
ag7 | 812 (076 17375 X272y, (a7 X3mar5 X)) -
~agy {812066 ¥17%65 X270y (agg Xgmagg X))
- 84)J
Fz(e) = 0 {Jo(vlal?yl(vla) ¥, (vy 1? l(vlaﬂ
The expressions for a;j» 812» %g5? 8662 %G7r 8759 Ancy 2o

% are given in section(3.1.2 ). 1The fielg

xl’ xz’ X3 and 4



in the excitation aperture ( cross- sectlon of open onded

wavaguide at Z = O plane ) 1s assumed to be same as that

of incident wave in the wavegulde at Z = O plans. Under
these conditions the field distribution at the open end

of tha waveguide can be considered to be equivalent to the

vector sum of magnetic current rings with various radii

ranging fram the outer radius of the central conductor to

the inner radius of the circular waveguide. The magnitude

of the magnetlc ecurrent in each ring is assumed to be

proportional to the value of Hg at that particular location

in the waveguide. In the waveguide for circular symmetric
™, , mode, Hy 35 proportional to J1(h r ) where h, in the

case of circularl symmetric ™o1,

mode 1s given by the first

root of Johag) = O» 23

The total radiation pattern of open ended

at Z = 0 plane.
mode with open end at Z = O plane

waveguide excited 1n TMol
a vector sum of the fileld components due to

is obtained as
¢ magnetic eurrentes S0 in the case of

individual rings ©

mode excltation 7(0) 1s modified to

wavegulde THMy3

LS
F(e) = F(e) Jp(ha) da
¢ magnetic ring
a

! a

& Fl(e) [
Y

3
Fz(G) Jq (ha) da



a,
&

i |

F.(8)
- ;é:;ﬁ- (vla3)Jl(h83)i.Yo(vlal)Jo(vla3)'Jo(vlal)Yo(Vla3n
1 .
2 -
* = Jothag) ( h )} for h # v,. (3.27)

vl 19
=.5F, (0) | A a2 I, (hao)!-Y, (ha, )7, (ha '.
i 3 v WRg/|“To\Rq /)y 3)*30(11&1)21(11&3)1,-

/ "\ e Y \

a —?
- Ha Jo(hal)yb(ha3)J1(h33i],for h = vy. (S.28

vaveguide Excitatlon ( Waveguide Excited in TE:] Mode)s

The expression for the radiation psttern of electrie
ring source in air core having central conductor and surroundeg
by an annular plasma column 1s given in equation (3.24 ),

After some simplification 1t can be put in the form

Jvu Ft(e) _gixon

By (Ry 8 ) = = o/ R (3.29)
' Blectric ring

F1(e-) = (9) Fy (8)

Electfic ring
(vgb) I, (vab)Kq (vp)+T, (Vo)K7 (vob) )
Fi(e) = ” 4

867 { a5 (876 Xy=agg Xg)=ay; (6 Xgma g X4)} .

"ﬂ‘??{a:.z(EL 1"%65 X2’ ™11 @66 Ta s 4’)



Fb (6) = a % Iy (vlal) Y, (vy8)-Y; (vlal)J 1 (v4a) |

The corresponding expressions for a
) g exp 11° 812’ 8g5? 8gg? ng?

8ngs 267! Son Xys Xg» X, and X, are given in section (3.2.2),

The field in the excitation aperture ( i.e. at the
erogs-section of the open ended waveguide at Z = 0 plane)
is agsumed to be same as that of the incident wave in the
wavegulde at 2 = 0 plane. The field distribution at the

excitation aperture can be consldered to be equivalent to

the woctor sum Of electric current rings with various radii

ranging from the outer radius of the central conductor to

the innar radius of the circular waveguide at the open end
cross=-section of the circular wavegulde. The magnitude of

olectric current i1n each ring is considered to be proportional

to the valus of Eﬂ at that particular location in the

For circular symmetric TEol.mode, Eﬁ is propor-

wavegu idae.
tional to Ty (hr), where h, in case of circular symmetrie,

15 given by the first root of 3% (hag) = 0, ag

TEgq moday
of the cilrcular waveguide at the open

4= the innerl radius

erd. The total radiation pattern of open ended waveguide

oxelted in TEoL
be obtained as & vector sur of the fileld components due to

individual ringsof el
mode excitation) F! (8) 1is modified to

mode with its open end at Z2 = O plane can

ectric currante 1In the case of wave

guide ( TEyy

3
F1{8) = F!(0) Jy (ha) da

aElectri.c ring
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a,
jFé(O) J’l(ha) da
Q

o,
R (e

)
22,
Fi(6) jJl(vlal)Yi(vla)-Yl(vlal)Jl(vla); 2 J; (ha)da
w ‘
- i@;_[m:,h).r hag) 7, (v,8))Y, (v-a,)-g. ¢
vi?‘_-h i 0 s hp B BT lvlaS)Yl(vJ_al)}f
+# Jo (hal)7’for bt vi.  (3.30)

F1(0) = .5 Fi(o>1§
ES

2
30
/!
% % Tathay) {2 L7 rhay-

The radiation patterns ( variation of F(8) with e)
have been computed with the help of IBM=1130 c¢omputer fror éha

waveguide excited In TM,; mode with bParametric ValuesKob = 67

Eo2q = 409, Ky23 = 244y Kjap = 7, €L= o1, L= .5
(see fige 3.18) and for the waveguide exelted 4n TEol mode
with parameteric valuesK,b = 67, Ka, = .09 K.a3 = 3.83,
Koaz = 1.5 TT, (,)' .1, (’,’a S (599 fig. 3.23). In all
thege cases well enhanced and narroy Tadiation Peaks

2
beyond the eritical angle ( Sin 0, = ‘L) are formeq, The
detailed structure of these peaks is shown yn g, (3.19)
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and fige. (3.24)., The effect of different parameters on
the shape of the radiation pattern necar the radiation Peaks

1s discussed below.

Effect of K, b3

In both the cases ( waveguide excited in ™ 1
o
mode and TEol mode) with the increase in the value of X b
o
the amplitude of the radiation peaks increases. This

behaviour is shown in fig. (3.20) and fig. (3.25),

Effect of Eo83!

In both the cases ( wavegulde excited in ™yq
and TE J_mode ) Ko23 does not affect the directions of the
radiation peaks but affects their amplitudes Consideration
for proper excitation of TM,, mode in circular waveguide
In eircular cylindrical wave=

1imits the value of Koaa'

guide for ™, mode the passband extends from K 023 = 2.4

to Kyag = 3.5 and for TE 1.mode the passband extends from

Kaa
tude with K 23 ( K 023 variled only in the passband) is shown

3.83 to Koaa 50130 The Variation of peak ampli_

in fige. (3.21) and fig. (3.26).

nffect O d :

Directions of the radiation peaks depend upon the
plasma denwity. The location of radiation peaks for different

values of €p(which for constant source frequency, Corresponqg



to different plasma densities ) is shown in fig. (3.18)
and fig. (3.23),

Effect of Kyas8

with the lncrease in the value of K,ao ( i.e. for
thiner annular plasma column) the number of radiation
peaks formed beyond the critical angle Increases. This

45 shown in Table (3.4).

L Ll
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CHAPTER 4.

EXCITATION OF THREE ANNULAR PLASMA LAYERS OF DIFFTRENT PLASMA
DENSITIES HAVING CENTRAL CONDUCTOR ALONG ITS AXIS.

4.1 INTRODUCIION®

Chapter 2 1is concerned with the radiation pattern
of different circular symmetric sourcesof electromagnetic

waves in plasma column having central conductor along its

axis. 1In these cases enhanced radiation peaks near and

before the eritical angle are formed. Chapter 3 is conce=

rned with the radiation pattern of different sources in air

core having contral conductor along its axls and surrounded

by an annular plasma colunmn. In this case well enhanced

and quite shaTp radiation peaks are formed beyond the

oritical angle. In this geometry, the importance of an

ajr core has been stressed and 1t is pointsd out that air

core is mainly respons

aks beyond the critical angle.

1ble for the fommation of radiation

pe

in chapter 2 the plasma is assumed to be an
i1gotropic 1ncompressiblo and homogeneous medium. Practical
realization of nomogeneous plasma 1s very difficult. In

actual practice the plasma column of radius b having central

conductor of radius 2, will have maximum plasma density
b
near T = and minimum near r* = b and r = a, dus to

aiffusion affectse A practically feasible geometry which

i3 approximatelY comparable to that of discussed in
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chapter 2 is a plasma colunn of three anmular layers of
differon: plasma densitlies having central conductor

(shown in fig. 4.1 The relative dlelectric constant of
1st layer is higher than that of 2nd layer. Comparing
this geometry with that of discussed 1in chapter 3, we

£ind that first layer corresponds to alir core,2nd layer to

annular plasma layer and there is an oxtra third annular

layer surrounding the 2nd layeTe

The present study 1s concerned with the open ended

co~-axlal 1linse excitation and cpen ended wavegulde excitation

in 1st layer
two more anmilar P

as discussed 4in chapte

having central conductor and surrounded by
lasma layers. Following the same lines,
r 2 and 3, the expressions for the

radiation pattern of open ended co-axial line excited in

TEM mode and open ended waveguide excited in mol mode in

1st laye¥® having central conductor along its axis and

surrounded by two more annular plasma layers hawe been derived.

In both the casesSy well enhanced radlation peaks beyond the

eritical angle corresponding to the plasma layer having

st relative dielectric constant, are formed.

lea

.o EXCITATION BY OPEN ENDED CO~AXTAL LINR EXCITED IN
TEM MODE ¢
4.2.1 ANALXSIS?

The configuration of the geometry analysed is showm

4
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in fig. 4.1s An infinitely long plasma column of radius

aclalive

and dislectric constant €, having centrsl conductor of

a
a

radius a;
a layers is located such that its longitudinal axis

along its axls and surrounded by two more annular

plasm

corresponds to the 2 axis of circular cecylindrical coordinate

system ( ry £, 2). The second annular plasma layer

extends from T = &
The third annular plasma layer extends

tor = a, and has 1ts relative dlelectric

constant as €, »

from r = an tO0 T = b and has its relative dielectric constant

ag C.es The source of excitation 1s an open ended co=axial

11ng excited in TEM mode in lst plasma column with 1ts open

end at Z = © plane. The expression for the radiation pattern

of magnetic ring soO

column, following the same
ter 2 and 3 ean be put in the forma.
K R

9
j%l‘ F(0) R (4.1 )

urce of radius a' in the first plasma

guide lines as dlscussed in
chap

Hy (Fy ©) =

p(e) = F(8) Fy (&

F,(0) = at{ 3, (vy81) Yi(vla')-Yb(vlal) Jy(vqat) §

(2r6 255™%66 a55)(‘18'? a9g ~agg Agyp)

Fo(0) =
)X, -(a
an{ (agg 2447245 %54 56 2447248 a.54) X }

-a121(ags 2437245 ag3!X1"(8s6 2437846 2530, |
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NS

Xy = (agy aggmagy agg) (agg aggmagy 2gg) ~

-(3.78 366"‘368 376) (3.87 agg-agr? 8.89)’

X, = (a77 ags ~8gy 875/ (agg 899 "dgg a89? -
- (aqg 865™25, 875 (agp agg=magq 8gn)y
a )" T (viay)y ayo= Yolviay), a,= 7 1 (vlaz) ) 8, =Y, (vlazJ "
a45=-T (Vo80)s ag6=-Y; (v 25)y a54= (vlaz)Jo(vlaz)-Jl(vlaz),
asg = (Vlaz)yo (vlaz).yl (vlaz) y 8= -{ ’?‘2 (Vzag?Jo (vzaz)-J'l (vyag)},
agg =~ (Vo32) ¥, (VaRp)=Y) (V85) | yage=T, (voaz) 0 &=¥1 (Voa),
ag, =T, (Vya3)s agg=-Y) (Volg)y 8,57 (vp83)7 (voag)-7, (vpay),
a6 (vza 3)3[0 (728'3?-:{1 (vzas? y BT {%(vaaa ?J o (v3a3) ~Jq (v3a3)} .
g =] S (vg85)¥, (Vig)=Y (v333)p agy™T; (vgb), agg=Y. (vyb),

agg=-H, (vob)y agy=(VaPNolvgP)=J, (v B)

~={ €3
agg =(vg DI¥, (v3)=¥; (gP)s agg= {= (vgb)m (Vob)=1, (v, D)} ,
= K A€ = 51n° 0 , vo= K_J€ 2 o
Vg Ko Cos @, V3 oN I ? V2= RV E2=S1n 3

Ry 2 _ 2
Vg = ICoJG:-S:l.n2 , K, =W Moo
F({8) is a factor which determines the variation of radiation

£101d with 6. Fy(®) is independent of the source parameter
and Fq (@) contains source parameter. The field distributiop



of an open ended co-axial line at Z = O plane can be
considered to be equivalent to the vector sum of the
magnetic current rings with various radii ranging from the
outer radius of the inner conductor to the inner radius of
the outer conductor of the co-axilal line. The magnitude

of the magnetic current 1ln each ring is considered to be
proportional to the value of Hy at that particular location

For the co=-axial line, excited in

TEM mode, Hy 1s proportional to —EZ%—;T— where I, 15 the

in the co=-axial line.

total current in the line. The total radiation pattern of
open ended co=-axlal line with its open end at Z = 0 plane
can be obtalned as a vector sum of the field components due

to individual rings of magnetic current,F(8) in this case

15 modified as
D)

I
r(e) = |F(8) e da’
2Tma’

-ilflagnetic ring source
js the outer radius of the inner conductor, a is

wheTe a1
the inner radius of the outer conductor of the open ended

co=axial line at Z = 0O plane.

It reduces to
Fo(0) Io

viﬁ

4.2.2 CHARACTERISTICS OF IHE RADIATLON FIRLD:

Radlation pattern (variation of F(6) with @) for



different parameters has been computed with the help of
IBM=1130 computer. In these computed results the plasma

layers are taken to be of equal radial thickness i.e. Ko8o

= Kbb/s’ Kbaa = { g ) Kbb' The radiation pattern for Kob= 6T
K,y = «09, Ko8 = «Qy €, =45, €,= o1 and €3= «5 1s shown ’
in fige 4.2, In this case we get sharp radiation peaks beyond
the critical angle of the layer having least relative dielec-

tric constante

The detalled structure of these radiation peaks is
shown in fige 43« The half power beam width for these
radiation peaks 1is .06o and .0001o recpectively. It is
expected that with the increase in plasma densities in differ-~
ent layers, the directions of the radiation peaks will change .

The effect of different parameters on the shape of the radis=

tion pattern is discussed belowe

Effect of K,D3

with the increase 1in the value of Kyb, the amplitudes
of the radiation peaks Increase: « For the sharper radiation
o
peak, formed approximately at 44.2585"y the behaviour ig

Effect of K83
pirections of the radiation peaks do not depend upop

The variation of radiation peak amplitude, formed at

Koa.



o
44,2585 with K,a vaeried in the ullowed limits ( for
excitation of TEM mode in co-axial line K,/ 1 ) is show

n

in fige 4.5,

4,3 EXCITATION BY OPEN ENDED CIRCULAR WAVEGUIDE EXCITED IN

TMol_AND TEo; MODE$

4,3.1. ANALYSLOS®

vhe ;hoc?ﬁ?;guration of the geometry analysed is shown
in figs 4.6.,. The only diiference between the prasent
geometry and the one discussed in section 4.2 is that of the
source of excitation. Here, the source of excitation is an
open ended circular cylindrical waveguilde excited in circular
symmetric modes ( TM,q and TE,; mode)s The expression for
the radiation pattern of magnetic ring source of radius a!

in place of open ended wavegulde is given in equation 4.1

Following on the similar lines the expression for th
e

radiation pattern of electric ring source in place of openm
an be put in the form
JK, R

(R, ©) = ﬂ-’wﬁ— F'(6) —

ended waveguide ¢
E
¢ R

F1(e) = F} (& F (6)



q)
u

F18) = a' { 7, (vya)Y, (vyat)-¥; (vy31) Iy (vya")}

( 376 ags = 366 a55) (387 agg= 388 8.97)

Fy(e)
a1 { (ags 4ga =245 354)0%1"(B56 244 =246 2500, | -

~ayp | (ag5 2437 245 3539%1" (@5g 3437346 250K, |

%, = (2 2667%7 276) (8gg 899™89g 9g9) -

- (apg 266268 3767 (ag7 399 "O97 %o)s

X, = (8,5 865 ~%7 ag5) {agg 899 "Rgg 830 -

~(a g 25 ~268 2757 887 %99 ~%97 o)y

au r’Jl(Vlal), 8.12= T{l(vlal), 3.43 = J‘l(vlag), aﬁzgl(vlag)’

8453 dJl(vzaz) . 3462"‘(1 (Vzaz) 9 a53 = (Vlaz) Jo (vlaz)-Jl (vlaz) ’

aga™ (v185)¥, (718201, (V1%2)s 855 == {5303, (va8)-7, (o))

a56=‘KV232)Yb(7232)'Y1(V2a2)}’ 25571 (v233)s age=Y, (v,a3),
agy =31 (v283)s 8681 (Vaa)s 276=(Valg)o (vaag)-d; (vpay),

a76 =<vza3?Yo(V233)'Y1(vza3?’ a77~ '{(V3a3’Jo‘V333"31(V333)}»
o o { (V38-3)Yo (v3a3)-Y1 (vsas)} ,387=Jl (Vab) » 888=Yl (vab) 9

agp”® _Hl(vob) 3 a97= (Vsb?:ro (Vab )-Jl (Vsb) s 8gg= (Vab)Yo (vab )-Yl (Vab:
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8qg==1{ (vgD)H, (vob)"Hl(Vob?}’ Vo=Ko Cos 8, v, = Ko‘-|‘ “i -sin® 6 ,

. 2 e N ; 2
Vg = KO'J Gz ~3in~ @ , Vg = I'\o'\/ 6’3 -S:I.na e ’ KO ) w2 Mo €
F'(6) is a factor whlch determines the variation of radlation

f£ield with 6. Fate) is independent of the source parameter

ka' and Fj (6) contalns source parameter.
wvave guide Sxcitation (vavegulde excited in H,, mode) .-

The field in the excitation aperture (cross-section
of the open ended waveguide at 2 = O plane) is assumed to
be same as that of incldent wave in the waveguilde at Z = 0
plane, Under these conditions the field distribution at the
open end of the waveguilde can be considered to be edquivalent
to the vector sum of magnetic current rings with various
radii ranging from the outer radius of the central conductopr
to the inner radius of the clrcular wavegulde. The magnitude
of the magnetic current in each ring 1s assumed to be
proportional to the value of Hy at that particular location
in the wavegulde. The total radiatlon pattern of open endeq
waveguide excited in TMy; mede can be obtained as vector sum
of field components due to individual rings of magnetic
current. In the wavegulde for eircular symmetric ™, mode,
Hy 1s proportional to J1(h ), where h in the case of
circular symmetric ™1 mode 1s given by the first root of
Jo(hal= 0y a is the Inner radlus of the wavegulde at

Z = 0 plane. So in the case o waveguide M,) mode excitatiop



F(8) is modified to
a

J F(e) J,(ha') da!
. Magnetic ring
Fs (@) o

) o
£

vl-h“

F(e)

(vla)Jl(ha)} Yo(vlal)Jo(vla)-Jo(vlal):_ro(vla-)j_+

+ 2 ( - ) J |
= 1 o (halv for h £ v,

| r |
| a® 7 (ha) { 3o (ay)Y; (ha)-Y, (hay )7, (ha) fe

=5 Fy(8)
- 2 ﬁg_ Wolhay)+ &l 2, J1(ha;p) -

hz R

a
- = Jo(hal)Yb(ha)Jl(ha)]’ for h = vy

Waveguide excitation (vaveguide excited in TE,, mode):

The field in the excltation aperture ( i.e. at the
cross=section of the open ended wavegulde at Z = 0 plane) is
assumed to be same as that of the incident wave in the Wave =
guide at Z = O plane. The fleld distribution at the excitation
aperture can be consldered to be equivalent to the vector sum
of electric current rings with varilous radij ranging from the
outer radius of the central conductor to the inner radiys

of the circular waveguide at the open end cross=section of

the circular waveguide. The magnitude of electric current

in each ring 1s considered to be proportional to the value
of By at that particular location in the waveguide, For

circular symmetric TE,y modey Ey 1s proportional to I (ar)
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where h in case of circular symmetrie Trl , mode 1s given
by the first root of J4(ha) = 0 , a is the inner radius of
the cirenlar waveguide at the open endes The total radiation
pattern of open ended waveguide excited in TE,, mode with

open end at Z = 0 plane 1is obtained as a vector sum of the

rield components due to individual rings of electric current.

In this case of waveguide in TEol mode excitation F'(8) is
modified ato

£ (8) dy(hat) da

a Blectric ring

E’é (9) { (ha)Jo (ha) { "Tl(vlal)yl(vla)dl(vla)yl (Vlal) ‘{ +
2 .2 '

v 1-1'1

Ft(e)=-

/2 1
4,;\‘_17_) T, W ay) J -. for h # v,

2.5 F15(0) \ 2%, M) | Yo (ha)Jy (ha))=¥) (ha))T, (ha) | -

2 a 2 an
- -T-rJo(hal) (H]‘ )+ (—.,r)(h—t" ) Jl(hal)—

o Jl(hal?Yl(ha).To(ha )J? for h = v

h 1

CrARACTERISTICS OF THE RADTATION FIZLD:

44302
Radiation patferns (variation of F(8) with ©) have

been computed With the help of IEM=-1130 computer for the

guide excited in TM , mode with parametriec values
b

wave K, 4
Ko2g = 35— 9 Ko23 = K2 (5§ )y Kyay =.09,

Kob=6Tr’



Kod = 244, ¢ = .5, €= ey E,= o5 (see fige 4.7) una
for the waveguide excited in TEol mode with Parametric valyes
Kob = 67 y Kjag = E%E‘ » Kol = %K&“-Koal = «09,

K a =3.C3, €, = o5, =0l €= 5 (see rig. 4,19),
In case of wavegulde excited in TMol.mOde wve get twp radiation
peaks beyond the critical angle corresponding to thg layer
having least relative dielectric constants But ip case of
wvavegulde exelted in TEyq moda, only one radiation peak
beyond the critical angle c¢orrasponding to the lager having
least relative dielectrie constant 1ls formeqd, The detaileg
structure of these radiation peaks is shown 1s ig, 4,5 and
fig. 4.13. Effect of different Parameters on the shape of

the radiation pattern is discussed below,

Effect of Kobs

In both cases, with the increasge in the value of Kbb
the amplitude of the radiation peaks increases, This
behaviour is shown in fige 4.3 and in fig, 4,14,

Effect of Kyas

In both the cases ( waveguide excited in ™y, and
TE,; mode) K & does not affect the directions of the radlation
peaks but affects thelr amplitudes Consideration for
proper excitation of TMbl and TEol mode in circular wava=
guide limits the value of K,a. 1In circular eylindries]
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wvavegulde for TMOl mode, the passband extends from Kba =2¢4
to K a = 3.5 and for TE,; mode the passband extends from
Koa = 3483 to Ky& = 5.13. The wvarilation of peaks amplitude

with K 2 ( K,3 varied only in the passband) is shown in

fige 4410 and fige. 4¢15,

(L]
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CHAPTER NO. 5.

Radiation from Magnetic Ring Source in Compressible Plasma Column.

501 JINTRODUCTION:-

The interaction of radlation from an antenna surrounded
by a plasma 1s one of the important recent topics in Physics

and Engineerings It 1s because of 1ts application to

satellite-borne antennas used to make measurements within

the earth's atmospheree. The radlation pattern of an antenna

in free space 1s entirely different from that of an antenna

irmersed in plasma environments. The distortion in the
radlation pattern of an antenna immersed in plasma due to
plasma enviromment has been widely investigated, but larger
number of published work on the studles has been based on the

assumption that the plasma is an incompressible isotropic

and dielectric medium char%cterised by the relative dielectric

’ W,
comstant ¢,26,1 = =)+ This type of mediun does
w

the
not prodictfpossibility of excitation of acoustic waves and

their coupling with alectromagnetic waves.

Now it is well recognised that the finite compressibi=-

lity of the plasma plays an important role in determining the

shape of the radiation pattern of the antenna

.
COheﬁffiQGI) and other workers

17
Ched (1964), Wa1f¥(1964)) have

resultant

{mmersed in plasmae
nd shmo;rsj26 (1962)

{(Hessel a ’ A
shown that electrﬂmagnetic sources placed in a compressible
an electroacoustic wave in addition to an

plasma can gxcite



100

electromagnetic ( EM ) wave. Much worﬁgﬁgz been done in the
field of sources immersed in compressible plasma. These
studies are mainly concerned with the characteristic
performance of antennas and the excitation of acoistic

waves along with electromagnetic waves in?%lasma Lltself.
Comparitively less work has been done in the direction of
excitation of leaky waves or surface waves on compressible
plasma geometries. Chegs(i9ﬁﬁ5) has given a good discussion

on basic equations with source terms in compressible and

incompressible plasmase

Samuddar5(1964) discussed the excitatlon of electro-

acoustic and alectromagnetic waves on compressible plasma

column excited by magnetic ring source In plasma, He hinted
the excitatlon of leaky waves on such a geometry. Chen' (197@)
found out the radiation pattern of magnetic ring source

placed co-axially out gide the compressible plasma column.

In this chapter the electromagnetic and plasma waves
oxcited by magnetic ring source in plasma column having
central conductor along 1its axls are discussed. To simplify
the mathematics involveds rigld boundary conditions instead
of sbsorptive boundary econditions are used. Source form

of Maxwell's equations

of motion for alectron ar
<ible to separate electromagnetic and

case also, it 1s POS¥

and linearized hydrodynamic equations
e usede It 1s shown that in this

1sing Fourier transformation and the

selectroacoustic modes.s
gaddle point integration) for calculating

standard method (
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the far field , it 1is concluded that the compressibilty
of plasma affects the radiation pattern of the magnetic

ring source in plasma column having central conductor in

a complicated waye.

5.2 ANALYSIS:-

The geometry of the configuration analysed is shown

in fig. 8.1, An infinitely long plasma column of radius b

having infinitely long central conductor of radilus a1 along

jta longitudinal axis, is oriented with 1its axis along

z= axis of the (ry P 4 2 ) cylindrical coordinate system.

£ excitation of electromagnetic waves is a magnetic

£ radius a (a3 Za b ) and is situated
plasma column at Z = O plane. Such a

Sourca O
ring source O
co-axially inside the

magnetic ring source can mathematically be represented by the

relat jon [y

EepMi(r=-a) i(z)

where & represents Kronecker's delta functlon, # is a unit

vector in @ directio
Assumptions made here a
(1) Plasma is 2 continuous

n and M 1is the amplitude factor,

Ires
neutral fluid of electrons and

ions.
stationarye

(2) Ions are
o collisions ore negligible.

(3) Losses due t
the 1deal gas lawse

(4) The plasma obeys
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(56) It has adiabatic motion and is stationary as a whole,
(6) Plasma is a compressible fluild and its compressibility

is characterised by the nonvanishing perturbed ( deviation

from the mean ) pressurgfzf the electrons.
(7) Plasma is homogeneous having n, as electron density
and averuge electron velocity V.
Under these assumptions, on the basis of single- fluig
linearized theory ( Ostefwf1960)) for small signals. The
following set of linearized equaﬁions in the plasma region

can be written,

vxE=jwmgH~-K (5.1)
YxH==jw¢ E-en V (542)
jwmn, V=n5,eE+ VP (5.3)
u’m ng Vv=3wP (5.4)

In the above equations e-Jvt is assumed as time dependent

factor and 1s ommittede First two equations are source

formsof Maxwell's equations, third one 1s the lilnearized

hydrodynamic

one is a linea

equation of motion of electrons and the fourth
rized combined equation of continuity and the
equation of statee gquation from ( 5.1 } to (5.4) can be

"
combined to have the following two homogenesous Helholt:z

equations in H and P

. - e C € v
VQxH + wz /110 EQGPH .1 W E, PK (5.5)



The total electric field E can be written as a sum of a
solenoidal vector E; and an irrotational vector Ep ( Cohen

1965 ) as,

E=E_ + E
e o (547)
3 . '
Uez —— Y X H
w Eofp ot
Bia i 9
o o een T (5.9)

here, Ee correspords to electromagnetic modes and Ep
corresponds to plaswa modes ( acoustic modes ).
So we have,

(2) In plasma reglonj

(1) Electromagnetile mode

a® n 1 daHy a®H
'/ PO + @ 2 C.e
= + (w A o" p "~ 12 IR
i ro r dr d z ¥ g
= - j WEOEPK (5.10)
J ( ¢ By g
E = o
ez w E. Ep dr r ) (5.].1?
(11) Plasma mode
- 4% 1 4P a% . y
+ P
d r2 r ar d z2 u? i R
o dP

pz - T 42m €.€p dz (5"13?



(b) In free region

af, 1 dH, a2 H 2
L * ool ) H, =
d r? r dar a z2 Mo ‘;2?6‘0 (6.14)
_ daH H
By ~ (— . &) (5.15)
W €, d r r

Bquations (5.10), (5.12) and (5.14) can be solved with the

help of integral transfdms. Let the Fouriler transform of

G ( ry 2 ) he dofined as,

, o)

(ry2 )= |G (r2)ed%%az (5416)

and its inverse transform be gilven by the relation

-l

G (ry, = )ed¥ % gz  (5.17)

(=Y

1

72 ) = i i
¢ {1y iR

transformation to equation (5.10) to

Applying Fourier
(5.15) we get
(2) In plasma regionj

(1) glectromagnetic mode

- i 5 i -

d“ H ol pallis” + L —%2- )Kﬂ = =Jwe.5H & (r=a)

+

A 2 r ar
“r (5.18)

Source Variation g ( 2 ) VaniSheS because

the \
fﬂ::e"“’ o =1 .
Tt \d Hy . Hy .
Boz ®  yech aP P _ +19)

5* (5.20)



(1i) Plasma mode

%P L L d P -
— * Y P =
d r2 T dr p 0 (5.21)
2 ] e P
i z— (5.22)
W &g,
w2 - g2
where v_ = - Sp= 3 (5.23)
u
(b) In free space
a4y 1 a Hy 2 -
o +(V"—-2—1 JHy =0 (5.24
d re r dr 9 r s )
- 3 d H H :
E, = —f .2 (5.25)
weO dl‘ ) -
oy (5.26)

2 2
where vo =W /uoéo- £

These equations are considered to be ordinary differential
equations with § as ¢ parameter constant. The important
equations are (5.18), (5.21) and (5.24). All other vectors

of the waves can De easily derived from H¢ and Ps The

boundary conditions on Hy
itions on their raspective inverse Fourler transforms.

and P follow from the boundary

cond
Taking into
its derivatl

gecount the proper boundary conditlons on Hy and
ve with respect to r, the solution for ﬁﬂ in

free space 1s obtained, Its Inverse Fourier transform Hgy

gives the radiation field in free space.

Comnuitatio ry U =
consider the innomogeneous differential equation ( 5.18).
The delta function 18 raelated by the relation



§{rewa)=0for r£a

=1l for »=a

For all values of r other than r = a the equation (5.18)

reduces to a homogeneous differential equation

2 e ~
- + (v7 - Y By =0
d rz - q B p 1 -%2_ ﬂ (5027)

The delta function A(r =a) imposes boundary condition
= as Multiplying

on ﬁb which must be satisfled at r =
equation (5.18) by dr, integrating over the interval 24
s assuming the continuation of'ﬁﬁ

froma -4 toa + A

e and taking limit as4—» O we havs
d ﬁﬁ a +A, :
= - w E M
dr s -n 0 (5.28)

at r =

The remaining boundary conditlons on Vﬂ‘ﬂ follow from the
boundary conditlons imposed on Hd and 1ts derivative by
Maxwell!s equations, Hydrodynamic equation of motion, equation
of comtinuity and the equation of state. As shown in fig.(5.1),
the whole region 1s devided into three regions, the region

between I = 8, to r = a 1is denoted as region I, between r =
b as reglon II and the reglon for r > b as region III.

to =

The solutions of equation (5.27) and (5.21) in the

region I are glven a3

Hy=4, 9y (v T+ B % (vpr) (5429)
S = AI T (v.r)+ BI Y (
P = 10 P 170 vpr) (5-30)
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In the region Il as,

Hy = A7, (v T ) + By L, (v, 7) (5431)
P =aYJ7 (v.r)+BrY ( )
= A 7, . B A Y r (5.32)

In the region III also taking Into account the radiation

condition on Hﬂ s the solutions for Hg and 5 can be written

as
Hy=AgH, (voT) (5.33)
5 =0 (5.34)

At the boundaries of these fhree reglons the transformed

quantities obey the following conditlonss
(1) () At ¢ = ay (conductor surface), the tangential

component of the electric fleld is continuous

- + Jes +
P ( =0
Eez( al? ¥ P me, <, 8 ) (5435)

(b) At T =8y (conductor surface) the normal component

of the electron velocity is zero (because of the

rigid boundary condition assumed)

- +
dP (ay ) npe§ =
. €p

a ( magnetic ring source), ons is already

2 (a) At r=
mentioned boundary condition ( equation No, 5.28),

namelye " a +A
d H -
_L = = J w (;’.,._ M (5.37)
dzr



b=t
e
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(b) Hﬂj is continuous at r

which gives

ﬁﬁ ( a-) = ﬁﬁ ( a+) (5038)

3, (a) At r =b ( Boundary of plasma column), continuation
of the tengential components of the electric and

magnetic flelds gives,

- Q R - Y = e +
0D S FODSE G0 e
ﬁg (™) = Hy (b7 (5040)

(b) AL T =D ( Boundary of plasma column), the normal

component of the electron velocity is zero (because

of the rizid poundary conditions assumed) giving

ap@®) n, e -
i O__i; ﬂ (b ) -
dr w €o

spplying all thesa boundary conditlions on the solution

for different regions we have,

@£ ay

v, a
1%1

L 1oa T (vqeay) #BY (v ag) + —

1o~ "171 1% wszaGP

wécef

( AZ'L Jo( vp al)_ + Bi Yo( vp a4 )) =0 (5.41)

a, Ny ¢ &
L ( AlJl( vy al) % Bl Yl( vy al)) -
w €

1 1
(v 81) ( Al chvp al)- Bl Y1<Vp al)) =0 (5442)



AlJ’l(vla)+B1Y1(vla)-A2Jl(vla)-

-

—132‘_{ (vla)zo (543)

A (v a2 ) d, (vya) -3, (v, )) + By ((v; a ) Yp(vy2)=
-Y, (vl a))= Cy ((vl a) I, (Vl a) - J, (vl a ))-
-p, ((v; a) ¥, (vya) = ¥y (vp a)) =] weel a (5.44)

p
-Ai‘(vpb)Jl(vpb)-Bl(vpb)Yl(vpb)+

N esb _
B = (Cy I, vy b) + Dg ¥ (v, b)) =0 (5.45)
W €.€p
e i Db 1 1
Y 2 (AL I (v, bB)+ By X (v b))~
1 (Vl b)) + w%n Qoep 10 P p S o vp ))
N S W M (v, D0) =0 (5.46)
W €, .
Az Jl( \£1 b) + Bz Yl(vl b)- A3H]_( Vo b? =0 (5.47)

TheTe are seven ggquatlons involving seven constants. Solving

these equations for Ag Ve haves

Aaﬁ —

D
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tion in frec space is given as

Therefora the solu

(vo T ) (5448)

The radiation field in free space can be found out by taking
e Tra

the inverse Four ler pransform of H¢ as shown

oo Jsz
i i B0 v, B) a*=2" 4 (5.49)
Hy (ry 2) = *5”1?’ I 3 1 o 5
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5.3 SURFACE WAVE AND BADIATION FIELD:-

To evaluate the intasgral of eguation (5.49),1t is
first necessary to examine the nature and location of the
singularitics of the integrand in the complex 3 plane. The
variables Vv, and o which appear 1in the integrand of equation
(5.49), are multiple valued functions in the neighbourhood of

-1
"i‘(‘.—;[ ' ‘ .

r-+k,f,and I ==

It can be shown by expanding the integrand about

c- +KoJe, and E =1 [, U that it is an even function of v,

and v . However, since Hankel functions have a logarithmic

singularity 4t the origin 3= & kqoe = & k, are branch

points of the 1ntegran#contr1buting to the radiation field,

Poles of the integrand ar

5 and v,) for
1dues a2t these poles contribute to the

a those values of = ( hence the

value of V1, which the denominator D ( 3 )

vapnlishes. The res

surface waves which can pe guided by the plasma column. The

e surface=- wave fields, Hy (r, 2)

general expression for th
ocitive 2 direction iIn the region

which propagate in the P

r>b is given by
_ 182
> N (Ee) Hi (V) &
r. 2 )= 3 D(z)
ﬁ ( ? = (\.(FE - «Q, r=b

- =3
— ay -

Leaky wave is faster than 1ight wave In free space. It

usly radiates onergys It corresponds to a complex

continuo
if the medium 1s lossless.,

wave pumber even

transverse
the wave number

For leaky waves z which 1s a root of



equation D ( £ ) = O 1is also complex. If one can compute
the location of these leaky poles with the help of equation
D ( 2 ) = O then leaky wave fleld can be computed Just like

that of surface waves,

For leaky wave poles, 1t 1s difficult to solvs equation
D ( 5 ) = Ovhich Involves Bessel and Hankel funetions with

complex argumentse Numerical methods may be helpful in

solving equation D ( § ) = O for leaky wave poles,

Iet us focus our attention again on integral of
equation(5.49). Consider this integral as contour integral

in z plane., Introduce the transformation,

= k,Sin'y

o+ 3 (5.,50)

This transformation transforms the region of integration
in z plane into a strip in the ¥ plane, which is bounded by

two curved lines corresponding to the branch cuts in the 3

plane. The branch cuts in 'V plane are given by,

gin r Cosh A =4 1

This transformation ylelds,

v, " K Cos V

'— 2
vy = Kmkp- Sin™ VY

n‘
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In order to shift from cylindrieal coordinate
system (ry $ , Z ) to spherical coordinate system (Ry, &, & )

introduce the transformation

' = R Cos ©
(5.51)

VA R 8in ¢

Taking appropriate value of Hankel function in the Integrang
of equation (5.43) for large value of R, namely,

J52 -.{-‘) 2 . 2 JKRCs(y-8)
Hl( vy, B Cos 8) o T KoRCosecoS‘P}l e “(5452)
we have
Yo :
2K -1 (31/4) dXR Cos(
Hy = /_....._ e Cos A S8\ Y= @)
d R Cos 9) . {HD 3 . C"\f (5.52

The saddle point of integral of equation (5.53) is given by

Cos (V=0 ) =

a ¥
Which gives v = @ as a saddle point, The steepest descent

path ( Se De Ps ) 1s glven by the constant Phase of the
exponential factor of the integrand of equation (5,53) ang
is to pass through the saddle point, So ye have

Im [j Cos (Y -0 )]= constant and ig to
= © which gives

Cos (Z'G)z

pass through Y
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part contributed by leaky wave poles on the path of integration
and a radiation part arising from the branch points of the
integrand. In the near fleld the contribution due to surface
wave and 1-aky waves :i8: domlinant and in the far field
radiation part is dominant. Compa-ring equation(5.549w1th
equation ( Se1C )y 1t follows that the compressibility

of the plasma affects the radiation pattern in a complicated

vaye



Applying the standard method of saddle point integration
(see Appendix A ), the lowest order approximation of the

integral 1s given as

2 A ‘HJI
fo Q) _m"é e
— T (5454)

-med value of Ag , 1. 0.  to say

muxﬂaat "P:O.

This gives the radiation fiesld in free spacs, 1np
this analysls it has been assumed that leaky wave poleg are
not very close to the saddle point. 1In case they are very
close to the saddle point, special ecars must be taken to
include their effect on the asymptotic evaluation,

5.4 DISC ION:=-

Inslde the plasma column both electromagnetic
and electroacoustlc modes can be exciteqd and they are
mutually ccuplieds Compressibility of the plagmg glves
rise to acoustic waves and the boundary conditions tries
to couple electromagnetic and electroacoustic waves. In
this analysis regid boundary conditionsg are assumed which
is a special case of more appropriate absorptiye bourdary
conditions. Outslde the plasma columm thge Tield consists
of three parts, a surface wave part, contributeq by the

surface wave poles on the path of Integration leaky wave



e\
2%}
L &1

part contributed by leaky wave poles on the path of integration
and a radiation part arising from the branch points of the
integrand. In the near field the contribution due to surface
wave and 1 aky waves .48 dominant and in the far field
radiation part is dominant. Compa-«ring equation(5.54)with
equation ( 2.1@ ), 1t follows that the compressibllity

of the plasma affects the radiation pattern in a complicated

vaye



C TR NO, 6.

Summary, concluding remarks and suggestions

for further work.

Gel

Ge2

63

sSunmarye
Concluding remarks.

suggestions for further work.

)



127

CHAPTER €.

SUMMARY, CONCLUDING REMARKS AND SUGGESTIONS FOR FURTHER WORK.,

6.1 SUHMARYS

The radiation pattern of a magnetic ring source in
a plasma column having central conductor along 1ts axis has
been studied. Plasma is considered to be an lsotropic, Incom-

pressible and homogeneous medlum characterised by azrelative
W,

;%_ 9 where

w 1ls the source frecusncy and wb is the plasma freguency.

dielectric constant given by the relation € = 1 =~

source form of the Maxwell!s equations 1s used. Differential

equation 1§ solved by applying the method of integral trans-
forms yielding the solution for the {ield in the form of a

definite integrals The radiation pattern is obtained by the

asual method of saddie point integration. In this case the

rodiation peak pefore and near the ecritical angle is formed.

The effect of different parameterson the radiation pattern of

» magnetic ring source in a plasma column having central conductor

along 1ts axls i1s discussed In seccion 2.1 of chapter 2., On the

some guilde 1ines the radiation pattein of an electric ring

source in a plasma column having central conductor along its

axis has been studied in section 2.2 or the second chapter.

Hore, more than one radiation peak: before the critical angle

are formed.
falls off rapidlye. In the magnetlic ring source excitation

Reyond the eritical angle the radiation field
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as well as in electric ring source excltation the importance
of the central conductor has bheen emphasized. In botp the
cases of ring source exeitation, it is found that the decrease
in the value of the radius of the central conductor fop
constant source frequency gives rise to stronger radiation
peaks before the critical angle. The Speculation that the
absence of the central conductor in Plasmg column may give
rise to strongest radlation peak before the critical angle

1s not correct. The expression for the radiation pattern of

a ring source in a plasma c¢olumn ean not:aeduced from that of
the ring source in a plasma column having central conductop
along its axis simply by putting zero in place of a1 ( radiys
of central conductor) in the latter eXpression. The very
presence of the central conductor changes the form of boundary
conditions to be satisfied at the surface of the central
conductor. In both the cases of the ring source excitation
it 1s also found that the radius of the ring source does not
affect the directions of the radiation Peaks byt affectstheip
amplitude. The more practically feasible case of COo=axial
line excitation has also been dilscussed in section 2,3 of
chapter 2. The fleld distribution at the excitation aperture
(at the open end of the co=axial line in the Plasma column
having central conductor and excited in TEM mode) is considereq

to be equivalent to the vector sum of magnetie current ringg

with various radil ranging from the outer Fadius of the
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central conductor to the inner radius of the outer conductor
of the co=axigl line at its oren end. The magnitude of
magnetic current in each ring is considered to be equivalent
to the value of Hy at that particular locatiopn in the co-axial
line. The total radiation pattern 1is obtained as a vectop sum
of fleld components due to individual rings of magnetic
curre-nt. In this study of the radiation Pattern of open
ended co=axial line excited in TEM mode in plasma column
having central conductor along its axls, it is found that a
radiation peak near amd before the critical angle 1s formeq,
The amplitude of this radiation peak increases with the
increase in the Inner radius of the outer conductor of
co-axial line at the open end. Another Practically convenient
case of wavegulde excitatlon ( waveguide excited in cirenlap
symmetric mode 1.e. TMol and TEol mode in a plasmg column
having central conductor along its axis) has also been studieq
in section 2.4 of chapter 2. Here also it ig found that
radiation peak near and before the criticgl angle 1s formeq,
Its amplitude increases with the increase in the inner ragiys
of the wavegulde at the open end. In all these cases ( magne=
tic ring source excitation, electric ring source excitation,
co=axial line excitation in TEM mode ang waveguide excitation
in TMol and TE,y mode in plasma colump having central conductor),
it is found that the direction of the radiation peak formed
near and before the critical angle can bg Changed by changing
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the plasma density,

The radiation pattern of a Dagnetic ring source in
air core having central conductor along its axis ang surrounded
by an annular plasma molumn has been discussed in section 3el
of chapter 3. In this case well enhanced radiation peaks
beyond the eritical angle are formed. Number of radlation
peaks formed depends upon K,b, K a, and Ko21e Kya does not
affect the dlrections of the radiation Peaks but affects their
amplitude. On the similar lines the expression for the
radiation pattern of a electric ring souree In air core
having central conductor and surroundeg by an annular plasma
column has been derived. In this case also well enhanced
radiation peaks beyond the critical angle are formed. The
number of radiation peaks depends upon Ksb, Koay and Kodso,
K,2 does not affect the directions of the radlation peaks but
affectstheir amplitudes This 1s discusseq in section 3,2 of
chapter 3. In both of these cases ( magnetie ring source
excitation and electric ring source axcitation), the
directions of the radiation peaks can be changed by changing
the plasme density of the plasma column, The importance of
the central conductor and air core has beep emphasized, Tt
is pointed out that the air core is mainly responsibie for
the formation of well enhanced radiation paaks beyond the

ceritical angle. The more practically convenient cases of
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Co=axlal line ( excited in TEM mode ) excitation ang vave =
guide ( excited in cireular symmetric modes i.e, M, and

TEol mode ) excitatlon has also been discussed,

The expression for the radiatiop pPattern of the
magnetic ring source in a plasma column having centra] conductor
and surrounded by two more annular Plasma columns has besap
derived 1n chapter 4, On the similar lines the eXpression
for the radiation pattern of eleetrie ring sourcee in Plasma
column having central conductor ang surrounded by two more
annular plasma column has also been derived, Practically
convenient cases of co-axial line ( excited in Tmy mode )
excitation and waveguide ( excited ip ¢ircular symmetric
modes i.e. 1M, and TEy; mode ) excitation have been discusseqd,
In case of co=axlal line excitation ang vaveguide excitation,
radiation peaks beyond the critical angle, Corresponding to
the layer having 1gst relative dielectric eonstant. are formeq,

The expression for the radiastion bPattern of the
magnetic ring source 1n a compressible plasmg column having
central conductor along 1its axis has been derived in chapter 5
It is shown that the finite compressibility of the Plasma
gives rise to the excltation of acoustie waves in the pPlasma,
The compressibility of the plasma affectg the radiation
pattern of the magnetiec ring in plasma column having central
conductor along 1ts axls in a complicateqd way.
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62 GONCLUDING REMARKS :

The work reported in this thesis is mainly concerned
with the radiation pattern characteristics of different sources
In different plasma geometries. Attempt has been made in the
direction of selecting practically feasible geometries with
proper parametric values, excited by Practically convenient
sources of electromagnetiec waves so as to give well enhanced
radlation peaks in their radiation pattern. The study of the
radlation patterns of circular symmetric sources ( magnetie
ring source, electric ring source, co~axial line excited in
TEM mode, wavegulde excited in TMol and TEol mode) in air cora
having central conductor and surroundegd by an annular Plasma
column reveals the emergence of well enhanced ang quite sharp
radiation peaks beyond the critical angle corresponding to the
annular plasma layer. But the angle through vhich the direce
tions of these radlation peaks can be changed by changing the
plasma density 1s quite small as compared to that of the case
discussed in chapter 2. The most promising case from practieal
point of view with an eye on having larger seanning angle
|\ seoms to be that of co-axial line excitatiop In a plasmgy
.column having central conductor along its axis. Baseg upon
these results it is suggested to develop: ap electronically
gcannable narrov boam plasma antenna - system, The direction
of the radiation peak can be changed by changing the Plasma



density. A d.c. discharge can be used to generate the Plasma
column and its density can be changed by changing the plisma
current. Different circular symmetrie sources ( magnetic
current ring, electric current ring, open ended CO=axial line
excited in TEM, open ended circular wavegulde excited in ™ ol
and TEgj modes ) of electromagnetic waves can be used as source
of excitation. The fleld distribution ( § ( p-~ ) 6(2)) or
a magnetile ring source can Physically be approximated by g
o=axial line excited in the TEM mode and tapered to g narroy
annular aperture. In case of an open endeqd CO=-axial line
excitation the inner conductor of the Co-axial line ean be
extended to serve as a central conductor, Special care
should be taken iIn the case of waveguide excitation. The
central conductor should be introduced in such a way so ag
not to disturb the fleld configuration st the open end of
the open ended wavegulde. It is suggesteq that the centrai
conductor should be tapered, small portion of tpe tapersd
pin should go inside the waveguilde and it should attain itg
required dimenslons near the open end of the obren ended
waveguide. The experimental results may not axactly agree with
the corresponding theoretical results. It 4g because,
the radial wvariation of plasma deneity, ang the effect of
plasma container ( glass insulation) have not beep taken

into account in the theoretical enalysise The Plasmg state

can also be simulated with the help of the atifieqsy dielectp
°
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42
In solids ™, the plasma state can be achleved by an injection

process and the plasma density can be varied by varying the

injection current.

SUGGESTIONS FO THER WORK:

In all the geometries considered, the radiation peaks
formed in the radiation patterns of corresponding sources
are expected to be due to the excitatlon of leaky waves on
the plasma surfacese. It 1s proposed to do theoretical analysis
of caleulating radiation fleld from the near field considerati-
on of properlyexcited leaky waves by Kirchoff Huygen integra-

tion method. For thls purpose, first the location of leaky

wave poles is to be calculated. Analytical calculation for

the location of leaky wave poles 1s difficult because of the
involvement of Bassel functlongwith complex agruments. Numerical

methods may be helpful in calculating the location of leaky

wave polese

In all the cases considered, plasma is assumed to
be a: homogeneous medium. In practice it is not possible
to achieve a homogeneous plasma mediums. The radial variation
of plasma density should be taken into account. The pPlasma
density is minimum near the walls of the container, It is
suggested to coleulate the radiation pattern of cirenlsr Symmetyic

gource in n annular plasma layers of different densities,
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Then the limiting case ( with n ==t and thickness of differant
annular layers—= 0 ) will be tha eXpression for the radiation
pattern of the circular symmetric source in continuouys pPlasma

column having central conductor along 1its axis,

The temperature effect ( compressibility ) or plasma
state snould also be taken into account in all geometries,
In chapter 5, rigid boundary conditions have been assumed,

It 1s suggested to do the analysis with actual absorptive

boundary conditions,

Throughout this present study plasma ig assumed to bg
an 1sotropic mediaum, An-lsotropy introduced due to the earth's

magnetic fieid in the plasma formed aroumd SPace vehicle

should also be taken into account,

The theoretical analysis of the waveguide having
holes on its surface and containing plasma should be done,
This geometry 1is expected to give rise to leaky wave radig=
tion peaks, and the directions of these radiation Peaks may
be changed by changing the plasma density, Fop obtaining a
radiation pattern with a limited extent in a=Zimuthal plane,
1t 1s necessary to exclilte a dipolar or multipolar mode on
the plasma cdlumn. Excitation of these highep order modes on
the plasma @olumn could be studled both theoretically'and

experimentally-
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On the basts of presented theoretical results
and guldelines it 1s suggosted to do experimental work. 1In
order to observe experimentally the excitation of leaky
waves on the surfaces of already dlscussed configurations

1t is suggested to simulate ideal plasma meddun = € 1.0s

an incompressible isotropic medium having uniform plasma

density )
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Representation in the steepest descent rlane

involves a transformation

_? = KO Sin ¥ (A-l)
with
Y=7T + JA (4.2)

This transformation will map the two=gheeted

E -plane into a connected strip of the "y« plane as shown
in fige Ae2. The path of integration about the branch=cut
in € =plane then maps into the path P in the VWeplane. The
path of integration is next deformed into tine path of steepest

descent, shown as SDP in fig. A.2, 1ts equation is given by
Re Cos (’Y—O):COS (7T =@ ) Cosh A = "} (A.a)

The latter path goes through the 'saddle point' at V=8, 8

being a polar angle. For integration over the SDP, the

integral? may be written as
GS(R, e )= F(‘P? exp JK,R Cos (V- @) ay o

7o evaluate this integral we choose a transformation

2
Cos (Y ~€J)=1+Ju (4.5)
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where u 13 purely real. The integration will now run along

the real values of u ( = «©0CU<«) and BEq. (A.4) 1s trange
formed as

ol

GS( R, © ) = L) exp ( =KjiR v.z) du (4.6)

-pd

where
L) = F (y) exp ( JKR ) dy/du

For K, R >>1 assuaing that L(u) 1s a well=behaved and
slowly-varying function, the integral is given by the asygplotie

approximation as,

I,
Gg( By € ) ~ ( 7T /K R)Y L)

us0
At u =90, 7= 8, we have
dy _ & __9
du sin(y=- € ) dv

Ue=o
=0 du
u=09

Hence ",
a v = ("2.1)
du 4 =0

Making these substitutions,



pod
%28
it

!
G (R, @ )~ (2 YT'/KOR)/"F(@) exp {;1 (K R- 7T/4)} s F(8) £ 0
(4.7 )

If however, F(G) =Cat © = 90, L(U.) is expanded
first in a Taylor's series in the neighbourhood of u - Oa

u2
L(u) =u L'(0) + — L''(0)
L' (0) 3 s =5/2
Gg(Ry €) = — T/ (RoR)Z} + O(R,R)

Evaluating the second dcrivative of L(u)

L't (u) = exp (JKoR) [F"W’) (L3, am(y) L 25V
L . du du
3
Yy A
du
At u = 0y W= 85 F{6,) = 0 and gf%h- = 0, only the
first terns remains. Substituting of dY._ - ( -29) /-
yields, Iy
~ ¥ 2TT/(K°R)3} F'1(8,) exp {J(KOB + 7:‘/4)},
G (Ry ©) { o F(8,)=0
(4.8)

This analysis 1s valid when the leaky wave
poles are not very ciose tc the saddle point. 4f lsaky wave
poles are located very close to the saddle point then the

saddle point integration method 1s to be modified to include

4
thely efioct“so

~ae
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