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SUMMARY

The propagation characteristics for the TE,,, TM,,, and hence TE,,
- and TM,; modes in a cylindrical metallic guide having a coaxial structure
with two different dielectrics have been derived. The result indicates
that the phase velocity for a given modecan be adjusted to a preassigned
value by a suitable choice of the dielectric constants and radii of the two
media. The calculation of the power flowing through the guide in the
case of the TE; mode shows that most of the power is l'oca.ted ‘in tl?e
medium having higher dielectric constant. The energy dlstnbu‘tmn in
the radial direction in the case of the TE;; mode has been obf,amed by
plotting the real part of the complex Poynting vector vs. radius.

INTRODUCTION

’ .

The present paper is a continuation of _thc_ previous one (Chatterjee,
1953) and deals with the theoretical investigations on the propagation
characteristics of the TE mode. The object is also to make a comparaél:
study of the propagation characteristics of the two TEm and TMj; m'oneﬁ
It is also shown that the phase velocity can be adjusted to a p?ez:f]s;gtwo
value by a suitable choice of the dielectric constants and ra&;} ]o r (;:947)
dielectrics as pointed out by Frankel (1947), Bruck and Wiche .

Banos, etc. (1951).
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FieLd CoMPONENTS OF THE TE MODE

it follows from Maxwell’s equations that the field components E’s and
H's for the TE mode are related by the following cquations

E,=0
L o — gt = JuEr
Hr_ e _ o,
: o UHO) =, 557 = (1)
= %EQ = — jouHy
= — e,
é ;,.( rEq ""i: o — — Jjop Hy

From equation (1) the following differential equation in E, and E, is obtained :

ekt gL G R ] 5 [ 5] =0 2)

dz2

The electric E and the magnetic H field intensities are expressed in terms of
the Hertz vector IT* as follows (Stratton, 1941):

E=-——p.bbtv X II*

H=vy xy x II*

- Let us consider propagation in the z direction only. Then 11, =0, IT, = 0,
I, £ 0 (i.e.,) if IT* is directed along the z-axis, the components of E are

.k d I,
Y [_5“9"]
Bo =t 5 [bn* ] (3)

or
E. =



15]
Substituting (3) in (2) the following equation ijs obtained
d [aﬂ 2T*, (3 IT*
2 Lazz\ 37 )+ “"2‘”“(' 'b'Fz) T abr {i‘ia?r 3137:2)}
O (1 d2T*,
+ e {,‘.z PYL: }] Ea (4)

As the time variation is €xpressed by exp. (jwt), the equation (4) reduces to

as jwp # 0.
Let
1+, — ROZ, . (5a)

where R =f(r), ©® = f(8) and Z = f(z) only.

Substituting (5 @) 1n (5), making the constants of integration equal to zero
and dividing both sides by R®Z, the following differential equation is

obtained :

1d?Z 112 Ry, 1120, ,

72 tRiw o)t on et ke (©)
Let

1 d*Z

z2d2=" -
and

—1‘51(2@——;:".!2

O dez

where y and m are constants independent of r, 8, z. The equations (6a)
when solved for Z and © respectively give

Z= "oyzand O = md (7)
From (6) and (6 a) the following equation in R is obtained.
dzR 1 dR o 2y Qi_: I 0 \ (8)
b +“;.'d',:+R[(“’F~€+}’) r-]
which when solved gives
(8 a)

R = Al (rv/olpe +92) + BYm (rveipe + 7*)
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From (5a), (7) and (8 a) IT*; is given as follows:
%, = (Al (v wiue + ¥2) + BYm 1V e + y9)] 52 mb Z(2) (8 by

which can be written as

1*, = [Alp (kr) -i- BY (k1) 50a mb €Y% (9)
where
Z(z) =e-
and
k =/ wlue + 9.

Considering the time variation as given by exp. (jwt), substituting (9) in (3)
and omitting e’»t for ¢onvenience, the different components of E’s are

Er = — jop ' [Abp (kr) + BY p (kr)] 2z m6 &2

E, = jou [kA ¥V (kr) + kBY 'y, (kP)] ©* m e=72 (10)
Ez vt O

From (1) and (10) the components H, and H, are
Hy = — y [kAY' py (kr) + kBY' 1, (kr)] @5 m8 e—?

H,

~ v 3 [Alm (kr) + BYm (kr)] 5o m &2 (10 q)

From (1) and (3), the expression for H, in terms of I7 *2 1s obtained as follows :

— — Z
H, PR A (10 6)

From (10 6) and (9), the following expression for H, is obtained:

2m?
He = (k2 — )[AJm (kr) + BY,, (kr)] cos 1) g-V2 (10 )
as (Gray and Mathews, 1922 Dwight, 1949)

2 Y (kr) = (m® - m — k22 Y (kr) 4+ kr Ty (kr) (10 d)
and |

kr Jm (kry = m J,, (kry — kr Jp iy (ki)
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The components of E’s and H's for the
(10), (10@) and (10 ¢) are ¢ TE mode collected together from

. om

— — jwu ; [AJm (kr) -+ BY’{n (kr)] :?; b e—rz
Eﬁ = Jop [kA Jf‘m (kr) + kBY!m (kr ain 110 o672
Ez == 0

Hy= — y [kA Y, (kr) + kBY'r (kr)] ®* m8 -2 (11)

sin

Hy= —y T [AJm (kr) + BYp, (kr)] « mf e-v=

Hy= (k2 . ",_.2“) [AJm (kr) + BYy, (kr) o= ml e-72

From (11) the field components in the two media can be written as follows.
First medium :

r2 ( r < r1
En = —Jjou ‘[:.1 [Ay Jm (ki) + B Yo (k7)) re mb e 1%

Ey = jou, [kiAy Vo (kir) + kB Y m (kar)] 20 m8 &7

En=0
Hyy= — 7 [kiAJ ' m (kyr) + kB Y 'm (kir)] S mb e~7* (12)

Hp= — 7" [Adm (kr) + B Ym (k)] Sy mb e

Hp, = (‘!‘l2 - g‘;n? [AIJm (k,7)+B1Ym (klr)] g mble"?

In the second medium Yq's have infinite discontinuities in the axial region
which is physically inadmissible. Hence Y,,'s are omitted from the expres-

sions for the field components in the second medium.

Second medium : 0<<r<r,

Epe = — joite T [Ag I (k)] 2in mb €77

Egy = jwpta [kaAn J'm (Kol aia mé e7+*
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Ezg = (0
Hre= — 2 [k2A2 I'm (kor)] sia mo e7Y:* (12 q)

Hpe= — 72 ”; [Ag Jm (ker)] 5 mO e773%

= (ka2 — 2”? [ Addm (kyr) | sz e

EVALUATION OF A, AND B; IN TERMS OF A,
The boundary conditions are
H,, = H_, at r=1r,
E,n =0 at r=rn, (13)
py Hpy = ps Hep at r=r; as v-B=20

Applying the boundary conditions, and assuming the dielectric to be lossless,
ie, yp=0a, + jBr = jB, and vy, = a, + jB; = jB, the following equations
are obtained from (12) and (12 a):

B'Ay I'm (kyrs) elBZ + B'B,Y'm (kirs) elf? — p'k’ Ay Y (kerg) =0
Ay (kyry) + B, Y (kyry) =0 (13 a)

2m?*

(ke = 2% ) A Gl €87 + (2 — 2 ' )B1Ym (kury) ele= —

2
""'(kl‘q'2 2::; ) Ag Jm (kgrz) = ()

where
Bo—Br=28, k' = kolky, B = B1/Be 1 = o/,

In order that A,, B, and A, be non-vanishing, the determinant of their co-

efficients must vanish. From (134) A, and B, can be expressed in terms
of A, as follows

Al — Ag-A’ &Ild Bl —_ Az- B! (13 b)
where
, _ KK V'm (Kgrs) Y'm (kyry) -
A , r m 2 m \""1'1 P 182
ﬁ J'm (kyira) Y'm (klrl)'_ J'm (klrl) Y'm (kire) & o .
B = p'k’ Vo (kqrs) Im (kary)

J j z
B YV Gerd Vm Gerr)) — YV o) T Geird) € F
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EVALUATION oF A,

A; can be evaluated from the ex

_ pression for ¢ :
the guide which is " the peak power flowing through

Fi

Pz = f f [Er, H*3 — Eg, H*.,1 rdbdr

r=ry f=0
Y9 27

% f /| [Era H*py — By, H*,,] rdbdr (14)

The equation (14) when evaluated with the help of (12), (12 a) shows that

P, is some function of py, py, By, By, 4y, ks and ry, r,. So, P, can be
written as

I‘; — 277@A22 [F (P‘l’ ﬁl: k].! Fis r2) F' (PE! st kza ra)] (14 a)
which gives the value of A, as
A = (Pt (14 b)
where
P
;o 14 ¢
P [2m T F,)] (14 ¢)

The field components of the TE mode in both the media can be expressed
in real parts from (12), (12a), (13 b) and (14 b) as follows:

First medium :

Ery= — e (P [ATm (kr) + B'Ym é’clr)] cos m0 sin Byz

Ep = pw (P, [A") ' (Ky7) + B'Y'm (kyr)] cos m8 sin Bz

B ol (15)
Z1 T

H,, = — Biki (P [A Vi (kyr) + BY'm (kir)] cos m8 sin B,z

Hyy=— B 0 (PP [ATm (kar) + B'Y, (kyr)] cos mf sin Bz
r

B'Y ,, (k,r)] cos mf cos Bz

Ha= + (klz 2_!‘” )(p (A Im (Ky7)
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Second medium :

11 (p )t [Im (kor)] cos mb sin B,z

Ero = — ppw
Egs = pew ko (P [J'm (kyr)] cos mb sin Byz

Eez =0
H,ys = — Bok, (P')} [J'n (kor)] cos m0 sin B,z

Hpa= — ﬁz p T (PY [Jom (kor)] cos m8 sin Baz (15 a)

2
H,s = + (kg2 — 2?:-) (P [J o (kor) cOs mO cos Byz

PROPAGATION CHARACTERISTICS (TE;n, MODE)

Applying the boundary condition p; Hyy = peHye at r = r, the following
equation is obtained from (15) and (15a):—

— By ky (PR [A" Ty (kyra) + B'Y i (kyrp)] cos mb sin B,z

— pafBs ky (P')E [J'm (korp)] cOs mf sin B, 2 (16)
Substituting the values of A" and B’ from (13 ¢), the equation (16) reduces to

-_I_ ‘m (kqrs) Xf’m (kary) Y'm (Kare) — 3 (kor 2) I'm (ki) Ym (kqrs)
Vm (kire) Y'm (kyry) — Vo (kyry) Y (kyrs)

T 1B i -
which can be reduced to -
cos (By — Py) z + j sin (By — By) z = SN Bz (16 b)

sin B,z

Separating the real and imaginary parts the followi
from (16 b). : P ng expressioas are obtained

cos (B — B) z = ::g g‘ﬁ
2

sin (8, — B)z=0

or
52 Bl"l“‘ (16
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The equation (16 (‘) gi\:es a relali()n be[“e,;-
media. Applying the boundary condition
relation

n the phase constants of the two
Hzl -— Hz: al r = r', Uﬁliﬂﬂg the

A - __Y__'m QCI" )

— | e

B~ I i)

substituting A’ from (13 ¢) and using the relation (16 ), the following equa-
tion is obtained from (15) and (15 a):

Im (kire) Y'm (kyry) —Jm ki) Y (klfa_)
‘m (kirs) Y'm (ki) — V' kyr) Y (kyrs)

o 2
P"k’ klz . L’ﬂa JI‘m (ks"a)
rs*

For large arguments J's and Y’s can be written as follows (Dwight,
loc. cit.)

I () = (jx )* cos (x =7 —7)
e (--71?5")i sin(x =" —4) (17 a)
Ym(x) = (sz)* sin (x ”;r g)

o= (2) o= -

ons (17 a) in (17), the following relation between k, and

Applying the relati
ko 1s obtained;

p-
e [kt - x| etk (== " g
1
mm __ T\ pipz (17 8)
>~ 4)

' jons are
Separating the real and imaginary parts the following relati

obtained :
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2 ’ ; 2m*
! [klﬂ i 2’]‘ ] CO lk (f’l s rq) ﬁr l [kE‘! _:22] cot (k2r2—-

,.k:l rz }L kg
’_"'2”" - :) cos Bz (17 ¢)
ﬁ' 1 _2m ’m" sin Bz =0 17 d
'k L T | cot(kare ="y — §) sin (17d)

; : m
From (17d) it is evident that either sin 8z =0 or cot( kot's «— .2""' _ ‘Z )
vanishes. Considering the second relation the value of k&, is given by

Ka = ;!2 [(m -+ 21’1)"'2T — g] (18)

-

As k, = [w?uses + vo2J}, so the value of y, is given by the following expres-
sion

Ye = [riz {(m T 2”); — 2}2 — wuy€, ]ir (18 a)

In order that propagation may take place through the second medium v,
must be imaginary (i.e.)

1 2
w?pges > o [(m + 2m)] — Z] (18 b)
The equation (18 @) can be written as
: : 1 | 274
Yo = @3 + jBs = J [‘”2#252 - ’?{(m 4 2?1); — g} ]

So, the attenuation constant a, = 0 and the phase constant B, in the second
medium is given by

Bs = [‘”2!‘2‘: — ;ig {(m T 2’1); — ;}2] & (18 ¢)

For propagation to take place 8, must be real and the condition (18 b) must
be fulfilled. The equations (18 ) and (18 ¢) indicate that there must be a
cut-off frequency f. given as follows below which there will be no propa-
gation through the second medium

fa=7, ra(m +2m7 - 3] (18 )
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where ¢ = 1/v/use, is the free wave velocity in the sec

ond medium havi
constants u, and e,. The cut-off wavelength A ving

cz corresponding to f, is

Ny 2‘rrra‘Irr ,
o 18
[(m +2n) 5 4] (18 ¢)
The phase velocity cpe of the wave in the second medium is
w w
cpz-_.-:”:._*__,__.____-- o 2;
e [wtne ~ o f0n+ 20)7 — i | (18.)
The group velocity cgein the second medium is
274
P R A ek it 13 (18 )
‘o2 = / - ok pats
The guide wavelength Age in the second medium is
2n 2n
Age = g~ = i 18 A
# B [mgpzez——{(m-l-?ﬁ)—-—%}] 184

The value of k, can be found from (17 c) and (18) as follows:"

2m? cotky (ra—ra) _ cot ky (ry — I3) = ﬁ___lg_ cos fz

.2 & ! S
cot (2n — l)g (19)
where
(m + 2?1)2 ~ 4 = q
[(met 205 — ""']‘2 _om?=b (19 a)
and
n=20,1234......
As cot (2n — 1) k, is obtained from (19) as .
(19 )

ky

{

" 2 -
+ V2
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As k% = wu, & + y1° the value of the propagation constant y, in the first

medium s
2 4
vy = [2*}1_1 — wip & ] (19 ¢)

In order that propagation may take place through the first medium y; must
be imaginary and

m®

w?u, €, must be > 2;-2 (19 d)
2

Using the same arguments as followed above in the case of the second medium,
the following constants for the first medium are obtained :

2m2}
By = [ w3, € — ;;‘72] (19 ¢)
c,m
Jao= =+ V;”’a (191
where
¢ = lvme
i = o Y2 (19¢)
2ma7d
) Cp1 = w/[wzplel ::;] (19 h)
2m37t
Cg1 = [ wu € — T.?a‘“] /‘"Pﬁl (19 1)
2m*74 _
s 277/[(.”%.51 - | (19 /)

PROPAGATION CHARACTERISTICS OF THE TMy,, MODE

In the case of the TM mode the propagation characteristics in the second
medium have been given (Chatterjee, 1953) in terms of A, which contains k;.
In the present paper k, and k, are separated and their valuss are given in
a much simpler form.

Applying the boundary condition Hy = Hye at r = r,, utilising the
relation

e _Aﬂ — Ym (krﬁ)
4 Jm (klrl)

(20)
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and substituting
k:ﬁr J' (k
c= B Vm kary) I (k)
€ Ym (kyra) I (kyry) — Vmkirs) Y gn (kyty) (20 q)
the following equation is obtaine , _
part. 1l) 5 ¢q Is obtamed from (19) and (19 a) (Chatterjee, /oc. cit.,
= B (kory) = j™1 1 (k7 re) (20 b)
which gives
B = B, (20 ¢)

Applying t}?e boundary condition E;; = E,,at r — r, and utilising the rela-
tion given in (20), we obtain the following relation from (19) and (19 a).
(Chatterjee, loc. cit., Part 11).

A [Yf_n (k171) Jm (kyre) — Yo (Kyrp) Im (klrl)]
; Jm (kyry)
2 7 kE ’ m2 . B
= [ ky* 3'm (kor) + 7, Vm (kors) — ro2 Jm (kzrz)] elf (20 d)
Utilising the relations given in (10 d) and substituting A, from (20 a), the
equation (20 d) reduces to

T (Kory) [ Yo (ki )m (kars) — Y (kyrg) Im (kyry) ]
I (kors) LY 'm (K172) Im (kyry) — V'm (kirz) Ym (kyry)

ke jigz 20 e
s krB! eJ ( )

Using the values of J,,'s and Yy, 's for large arguments as given in (17 a), the
equation (20¢€) can be reduced to the following:

. omm T\ ig-
kl o ﬂ
Separating the real and imaginary parts, the following relations arc obtained

from (20f1):

1
K

mm T\ .
g,' k2 cot (k2r2 s 2 - '4) sin B"' 0

y— 27— F)cospz (208)
tan ky (ry — r2) = BET k, cot ( Kols 5 4) cos B

(20 A)
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From (20 A) it is cvident that cither
omm T\ _
sin Bz = 0 or cot (ch..‘,r2 — 5 = 4) =0 (20 i)

Considering the latter relation, the following value of k, is obtained:

_ L [mm 32 o _"fr] 1)
ke =, |5 + @+ 15+
Following the same arguments as in the case of the TE mode, the following

constants for the second medium are obtained:

2 %
Yo = [riz {'—gﬂ + (2n + 1) g :} e ‘Uzﬂ-zfz] (21 a)
1 (mn )24
po=[wtme — 2]y + @+ D +4} | (21 )
for= o |75+ G+ D7 + il Al
N = s = 2nr, | o
C Imn T .
|+ @ut D]+ 7]
l (mm T ) 274
. m/[ R — &-2{-2- +@n+ D7+ 7] ] 21 ¢)
; 294
Cge = [ Wy € — ;.;1“2 {mzt + (27 + l)g T :} ] /“’szs (211)
. l (mmn m) 274
=27 [ @l — el @+ 0] )] (21 g)

In order to find the constants in the first medium we proceed as follows:
From (20 g) and (21) the following equation is obtained: .

1 __ € | [mnm ™

k, tan k; (r; — ry) = ﬁ'!‘z[ o + (2n 4+ 1) ?

+ Z]cot [(Zrz + l)g] cos fz (ZZi
For

n=0,1,2...... ,’: tan ky (ry ~ry) = 0 (22 a)
, 1 L



P ropagmfon of Jtﬁcmu ! '
‘aves through ¢ ¢ indrical '
Yiindrical Metalli d
¢ Gmde--ln

which gives 16
b o B
Yoo — Fo
” (22 b)
I'he other constants of the first medium are
nr ¢ |
_[( } .
Y1 [( r, = rg) = "-”2!‘151] ‘ (22 ¢)
C
Bl s [wzﬂ-lel - (-q_.{?f )2]*
ry—ry (22 d)
. i
2r—rg (22 ¢)
Aer = 2(’-1; £2) (2
21)
Ag), = 25 /[‘UEP'I € — ‘,."“Jr:{}l_z‘,'.')2]1L (22 g)
1— T2
. e — (YT
p1 m/[ WLy € ("1 ) ] (22 h)
e nr \21
[ @gis1 (,. __._'}") ]
. ] ! (22 )

C =
o Wiy €y

For microwave propagation generally the lower modes TMy, (m = 0, n = 1),
TEy,, m =0, n=1) and TMy,; (m=1, n=1) are used. The propaga-
tion characteristics for the TE,,, and the TMy,, modes are collected together
‘1 Table | for convenience of reference. The propagation characteristics
for the TEg, and the TM;, modes have been deduced from Table 1 by using
proper value§ for the mode subscripts and are given in Table 11 The follow-

ing conclusions can be drawn from the tables.

1. Phase Velocity.—In the case of both the TE and the TM wave the

can be adjusted by adjusting the values of ¢ and €. For
compared to ¢, the velocity of the wave in the
lowered. This method of slowing
the electronic devices. such as travel-
it is necessary to slow down

phase velocities
example, by increasing e,
second medium may bc considerably
down the wave may find application in
ling-wave tube, linear accelerator, etc., where
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the wave along the axis in order that efficient interaction may occur between
the wave and the clectrons.

In the case of the TE,. wave the ratio of thc phasc velocities Cp1/Cpy In
the two media is given from Table 1l as

("D}) 5 \/1‘262[1 _ 9 ]é

Ot
el €g e e
N ’\/el [ ] 32 w?r,? 52!.42] (23)

TABLE |

Propagation Characteristics of TEp,, and TM mn Modes

T — —— — e — = S

TE,,,
First Medium ] Second Medium
. |
k M 1 [ L
‘\/ Fo fo (m + 2”) 2 4]
. 2m” ’ 3 I 7 m)?2 . $
7 [?2?'" Wy € ] | [;.2—2' {(m +2’?)§‘—'a} —'“’"szz]
2me s ] 2
‘B [wmlel — 7,-2?] , [w2p,252 — Y {(m 2n) g _ :_‘,’} ]i
Gm | € T ow
| v, gory |07+ 205 =]
V2, .
m [n+2m)7 — ]
@ w
’ 2 2m*Th TF, - 73
[wf-‘l":l_";.;z] [‘L'ﬂafz“ﬁ{(m—l—zn):)‘——z}']
2 i
- 2mE i
2 . A 274
. [‘" H1€1 j,.22] [‘”2#262 - = {(m T 2n); — :} ]
Wity €4 Wo€y
2 -
‘ 21r
. [ ET | ; s s Sl
w?u, € —-—-——] - [ 2 _ I T w7
r22 Wha €9 r22 {(’H + 2”) 2— — a} ]
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TABLE | (Contd.)

- v

Frrst Medlum
k B flr
Iy —7Teg
[(755,) —wtma]
d i R "z) m'ult-l]
B [wzple - i 2]*
' 'y — I
Gy
fc _
| 2(ry— ry)
A‘ 2 (!‘1 =il rz)
M
CF
- 2
| ol (’1 ‘- ’2) ]
5 -
[w ol ("1 e "2) ]
(}', Wity €y
Aﬂ
[ FIEI - ("1 = "») ]

—————

Second Medium

,.l [m +@n 417 4_4]

e

I
[w2p252 . ;.;_ {nm +Q2n+ 1) L7 }2]£

Co | mm S
Sar| 3 +(2n+l).2..1.4]

+ Sk I) " } - "“'»‘%'-z#ﬁ]i

2nr,

mm ¥ e
K +@n+ D5 +7]

2
| e Gz ten+ng+7] [
wy€p
2
1 W'j—-' 7z 7))
[cup.2£2 S{T+ e D3 +3} |

At microwave frequencies

Cpl/ Cps = \/E;/?l

(23 a)

In the caso of the TM,, wave the ratio of the phase velocities in the two

media is given from Table IJ as

(z;)m,, & '\/ € [ l[

| —

81 7* ]
32 w?ry® pgey (24)

772 ]
- 2wipy € (1 — o)’

' 2lati 23 a).
At microwave frequencies this reduces to the same relation as (23 a)

b2
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TaBLE 1l
Propagation Characterisiics of TEy and TM,y Modes
| TE{;}_ TMII
| First Mediuml Second Medium First Medium Second Medium
e | o  3n/dr, ml(rs — 12) I /dr,
1‘}' jw A/ €1 [,‘;2 16 “-"’l‘zt’a] | _(,.1___,.2 = F:EJ] 167, Wy €9
s - On® 1t | T 2]* [ 5 81n? ]i'
B w1 € [‘“2M €2 ]6!‘2*2] L“-’z#l € F;z) Wlhp €9 {6rst
Lf; 0 3¢,/8ry c1/2 (ry — 1r3) 9¢,/8r,
A, | ©© 8rg/3 2(ry — 1) 8ry/9
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In the case of TE, wave c¢p,/cpe is independent of the radius of the outer
dielectric and depends only on the radius of the inner dielectric. But in
the case of the TM,;, wave the ratio cp/cps depends on r, as well as r;.  Let
us consider the following example. Suppose a TE, wave is to be set up at
w = 3-10' per second travelling at one-tenth the velocity of light in vacuum
so that cpe = 3-10° metres per second. The value of r, is obtained as
r, = 2 mm., if the following values for the constants of the® two media are
used

¢, = 10-*/36 # Farad/meter
€, = 10-7/18 # Farad/meter (Relative dielectric constant = 200)

pp = pe = 47-10~7 Henry/meter.,

This shows that a dielectric rod of diameter 14 mm. and having a relative
diclectric constant 200 placed at the centre of a cylindrical guide filled with
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air will slow down a TE,, wave to One-tenth the s

It 1s to be nqtlced that the wave will be slowed down to ope tenth of its f
' - s free

: txternal dielectric
case of the TM wave the radiys of the external dielectric comes i;uolr; l;};e

Using the above constants for the medi
il nedia and r, = 7 mm_. in
TM wave, it is found from the equation (24) that a rad} o case of the

electric necessary to reduce the speed of the TM wave
free space value is 49 mm.

2. Phase Constant.—The phase constant B, in the second medium can

be equal to the phase constant B: in the first medium (equation 20 ¢) in the

case of the TM,,,, mode only when the following relation between ¢, and
EE iS flllﬁued. 1‘

o= [(Z5) - AT+ @] + 7]

pw? l\r, —r, ry?
For TM;; mode the abdve condition reduces to

w

. l 81
pw? [(rl — ry)? 167'52] (25)

When @ = 3-10 per second, r,=0:049 meter, r,=0-007 meter,
p = 4x.10-7 Henry per meter, the dielectric constants for the two media

are related by the following relation

€ = € + 14:618 x 10-?

This shows that ¢, has to be always greater than ¢, in order that the wave
may be slowed down in the second medium.

PoweRrR FrLow IN THE Two MEDIA

The peak power flowing through the two media is given by the follow-
ing expression

B i)l T i:)z =r='Ze‘£ (Ery H*g1 — By H*yy) r ddr _l:-:'u/.a'-{;

(Er2 H*gg == Egg H*Tﬂ) rdfdr (25 a)

The ficld components for the TE, mode are given from (15) and (15 a) as

follows
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E;, = Epy = HGI = ()
Egpy = py w (PW & [AY, (Kr) + B'Y'y (k)] s1n B2

Hpy == — 8, K1 (PO [A')'g (kyr) + B'Y’y (k7)) sin B,z
H, = k2 (PR [A" 3y (ki) + B'Y, (kyr)] cos B,z (26)

Ega = pow k, (P J'g (kor) sin Byz
Hpg = — By ko (P g (Kyr) sin B2
H,s == ko2 (P')t Jg (kor) cos Bs2z

For the TE, mode k; = 0, so there 1s no power flow through the first
This means that the power flow is concentrated only in the second

medium.
medium. So the total peak power flow is given from (26) and (25) as
P =P, = Asin® 8,z [ l 1 {Jﬂ,2 (kor) + 3,2 (kor) 2o (kgr) J. (kar) T
- 2 kor . "

bl

(27)

where A = — 2mu.,wf, k,°> P’ may be considered as the amplitude term.
The factor inside the bracket in (27) when plotted vs. r fromr =0tor =1,
gives the power distribution along the radial line in the second medium. It
is evident that the power flow takes place throughout the volume of the
second medium with a node along the axis and that the power flow is an
increasing function with the radius of the dielectric. From equation (27)
it is obvious that the power flow varies with z and the power flow can be
considered as consisting of a term independent of the distance and a term

varying consinusoidally with distance.
FIELD PATTERN FOR THE TE,; MODE

The field pattern for the TE;; mode in the second medium can be found
from (26) by introducing exp (jwt). This gives the folfowing expression

for H; and H,
Hze = kp2 (P')E ], (kyr) cos B,z eiwt
Hyp = — ﬁ2k2 (Pf)i ,]r0 (kgr) sin B,z pluwl

A plot of the magnetic field at any instant of time may be obtained by putting
t = constant = 0 and forming the differential cquation for the lines of force

(Barrow, 1936).
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which gives the following differential equation for the second medium

| Heo| _ _ koo (Kor)

| Hrs[ J’ o (K5 )COt Boz = Ky Jy (kyr)

Bu 1 (leer) O Pe* @)

The above equation when solved graphically gives the ;ield distribution at
any instant of time. The wave propagation may be considered to be a move-
ment of the field structure down the tube with the phase velocity given in
Table II and without any alteration _of shape or of magnitude. The field
pattern for the TM;; mode can be found similarly.
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