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SUMMARY 

The propagation characteristics for the TE„,„, TM 	hence TEci  
and TMH  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 mode can be adjusted to a preassigned 
value by a suitable choice of the dielectric consunts and radii of the two 
media. The calculation of the power flowing through the guide in the 
case of the TE 01  mode shows that most of the power is located in the 
medium having higher dielectric constant. The energy distribution in 
the radial direction in the case of the TE ol  mode has been obtained 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 comparative 

study of the propagation characteristics of the two TE01  and TrO n  modes. 

It is also shown that the phase velocity can be adjusted to a preassigned 

value by a suitable choice of the dielectric constants and radii of the two 

dielectrics as pointed out by Frankel (1947), 13ruck and Wicher (1947), 

Banos, etc. (1951). 

bi 	
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FIELD COMPONENTS OF THE TE MODE 

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

I Mit es  1.11,1 iwEEr  
r DO 	bz 

Mi r 	b fig tx_.- jai EE0  
bz 

1 eI elir  - (rH 	= 0 
r Dr 	r ?u (1) 

_DE0  

bEr e fropno  

b 1 bEr  -57  0E0) 	–s-o  = — jcop- Hz  

From equation (1) the following differential equation in E 9  and ET  is obtained: 

D [I b 	 D [1 DEr  co 2  iteE9 	--r  -s-i (rEe) 	— 	= 0 	(2) 

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

E = 12. bt  V X 17* 

H =v xv x II* 

Let us consider propagation in the z direction only. 
H, LA 0 (i.e.,) if H* is directed along the z-axis, the 

• 
Then 111  = 0, H2 = 0, 
components of E are 

r Dt 

Eo = aped 
br (3) 

Ez  =. 0 
• 
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Substituting (3) in (2) the following equation is obtained: 

[j
2 011:*zN _4_ 2 ( n E eff ) *Z 	 1 	'll*z11 bt L 	k zr ) 	 / 	r r 	h 
I 1 b 2.il* z ) 

(4) lr 2  Z8 2  j —  ° 

As the time variation is expressed by exp. (fiat), the equation (4) reduces to 

I _Tritz\ 	b2Thitz  + &ILE ii*k+  r 	)   =- Constant (5) 

as fray, # 0. 

Let 
-U t z= Rez, 	 (5a) 

	

where R = f(r), e = f (0) and Z 	(z) only. 

Substituting (5 a) in (5), making the constants of integration equal to zero 
and dividing both sides by Rez, the following differential equation is 
obtained: 

d 2Z
+ 	

bR) 	2(91 
- 	r z dz2 	R r Zr 	Zr 	e 	be2 artLE 0 	 (6) 

Let 
d2Z 	2 	 (6 a) 

Z dz 2—  
and 

1d2& 	,n2  
? 602 

where y arid in are constants independent of r, 0, z. The equations (6 a) 

when solved for Z and e respectively give 

Z 	cosh 
eun h yz and 0 	m0 	 (7) 

From (6) and (6 a) the following equation in R is obtained. 

d2R 1 dR m 21  

dri 	di 	R  [ (w2li 	v2)  - 71,1 ° (8) 

which when solved gives 

R=-- Akin  (r 0112-11 E 	 BYm (ry cotLE + y2 ) 
	 (8 a) 
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From (5 a), (7) and (8 a) H* z  is given as follows: 

11*z  =--- [Ai m  (r co2pe ± 	± BYm  0. -V7D2/2.€ ± 	:17: 	Z (z) (8 b) 

which can be written as 

[Ai m  (kr) -N BY m (kr)]r: Ind e-YZ 
	

(9) 

where 
Z (z) =e- Y 2  

and 
k 1r- V co 2p.€ ey2  

Considering the time variation as given by exp. (frot), substituting (9) in (3) 
and omitting tziwt  for convenience, the different components of E's are 

Er 	jays/. irn  [Aim  (kr) + BYm  (kr)Jsc i.:: m0 e- Yz 

E9  flop. [kA J' (kr) kBY'm  (k r)} mo e—yz 

Ez  = 0 

From (1) and (10) the components 11, and H o  are 

= — y RAJ 'pi  (kr) ± kBY'm  (kr)] r: m0 rYz 

H o  = 	[AJm  (kr) + BYm  (kr)1:::: m0 e-Yz 

( 10) 

(10 a) 

• 

From (1) and (3), the expression for H z  in termsof/1*z  is obtained as follows: 
)211* z 	I 	z 	1 our z  __

Fitz = 	r ir 	g72 	 (10 b) 

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

2/7/ 2  (k 2 	-- r2  [Mm (kr) -I-- BYm  (kr)] es-71:, m0 e-Yz 	(10 c) 

as (Gray and Mathews, 1922; Dwight, 1949) 

k 2r2  J"m  (kr) =-- (in 2  -in — k 2r2 ) m  (kr) + kr Jmn  (kr) 	(10 d) 
and 

kr .1' m  (kr) =-- 171 Jm  (kr) -- kr 3 m El  (kr) 
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The components of E's and H's for the TE mode collected together from 
(10), (10 a) and (10 c) are 

ET 	from. [Aim  (kr) + BY pi  (kr)jr: ma e-n 

E0  = /cop, [kA J'm  (kr) + kBY'm  (kr):11,1, tne e -Yz 

Ez  = 0 

Hr  = y [kA rm  (kr) + kBY'in  (kr)jr: me ern 

Ho 	y 
r 

[A4, (kr) + BYin  (kr)]"s me r2sin 

2m 2  Ht = (k 2  — —2  [Min, (kr) + BYin  (kr) nna a 	YZ 1. 	 sin l er 

From (i1) the field components in the two media can be written as follows. 
First medium : 

r2 < r 

in 
En -=-- 	 [A 1  Jim (k ir) + %Yin  (k ir)] 3 ' n  MO e— YI Z  

En.  re jw,a 1  UciAl J'm  (k ir) + 	(kini est: me e-Yiz 

= 0 

Hr1 =-- — Yi RiAirm, (k ir) + ki l31Y' m  (kin]:: me  e-Yiz 
	

(12) 

1-
UI  

1 91 	Y -r ['kJ nz, (kir) + BlY (k ir)] sin  mO e-Y 'Z 

H21 = (k1 2  — 2-12 ) [Ass iJin  (k ir)-1-13i Y m (k
I 
r)]cos mee-Yiz 
 sin 

In the second medium Yam's have 
which is physically inadmissible. 
sions for the field components in 

r- 

 

infinite discontinuities in 
Hence Yin's are omitted 
the second medium. 

the axial region 
from the expres- 

Second medium : 0 C r < r2  

in  [A2  J in 	sin me r'aos 

= p.0122  ik 2A 2  J' m  (k 2r)].7,7 me e-"tz 
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Ez2 o 
1-1, 2  = — 72 [k2A2 J im (kin :rs: me er-12z 

	
(12 a) 

m  H 92  = — 712 	2  [A Jm  (k2r)]::: me e-hz 

2w 2  
Hz2 (k2 2 	71 [ A 2J711. k lefts me e-Y2Z  

ssn 

EVALUATION OF Ai AND Bi  IN TERMS OF A2 

The boundary conditions are 

H 1 = HZ2 	at r r 2  

at r = (13) 

Pi fin ih2 Hr2  at r = r 2  as 17 •B = 0 

Applying the boundary conditions, and assuming the dielectric to be lossless, 
i.e., yi r- ± 13i -t- 131 and 72 a2 	* 

	
the following equations 

are obtained from (12) and (12 a): 

P I& J'm 	edgz 	(Ic1r2) SP' — it' k' A2 in (k2r 2) = 0 

A1  J'm  (1c1r0 Bi  Y'm 	= 	 (13 a) 

2m2 	 0  2M2  
(k1 2  - 	) A J (0.2) ej fiz + (kr — — T )B iY (k 1r2) 132  — r2 2 	m 	 r2  

2M 2  A 	f ir 	n  
r22) 	%PM ktv2r2/ = 
I 2 

where 
/32 --- fil 	-4= 	P 	Pilf329 p=  p2Ithe 

In order that A 1, B1  and A2 be non-vanishing, the determinant of their co- 
efficients must vanish. From (13 a) A 1  and B1  can be expressed in terms 
of A2 as follows 

m (k2r2) Y'm (kiri)  
in 	J'm  (kin) 

A1 = A2. A' and B 1  = A2. B' 
	

(13 b) 
where 

A' = Pail  
P 1  in (kr 2) 

	 rigz 
"in  (k ir2) (13 c) 

B' J'm (k2r2)Jm (kirt)  
(kir2) Jim  (k in) 	'm (kris) J'm  (k ir2-) eriflz  
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EVALUATION OF A 2  
A2 can be evaluated from the expression for the peak power flowing through 
the guide which is 

./ 	2, 
Pz = f f [Eri  H* 	14* 1 aRri — 	n 	tot r r= r2  0= 0  

tr2  Zr  t

.1 {En H *02 — EQ.  2 H ilird rdOdr (14) 
t=r) 0=0 

The equation (14) when evaluated with the help of (12), (12 a) shows that 
Pz  is some function of p i , 	Ph , 13 2, k 1 , k2  and r 2, r i . so, 	can be 
written as 

= 2ina2 2 [F (P1.1 fl1, kil r 1 , r2) -1- F' (/L2, /62, k21 r2)] 	(14 a) 

which gives the value of A2 as 

A2 = 	 (14 b) 
where 

Pi = 	is  
2no (F [ 	

(14 c) 

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

First medium: 

En 	Pdi tt)  (r)1 Mr  [Alm (k ir) + B'Y matr)] cos ti/0 sin 131z 

Eel  = pito (P')4  k1 [A'rm (k ir) 4 - B'Y' m (k ir)} cos mO sin 

En ; Ct 

14 	(P') [ATTn, (k ir) + 	(k ir)] cos me sin g1z 

1-1 9 , 	g, mr  (P') 4  [A'..1 7,, (k in+ B'Y m,(k ir)} cos me sin thz 

2/71 2  
1-1 z1 	(k 1 2  — - 2- ) (13')i (A` Ifft  (k ir)+B'Ym (k ir)] cos mO cos fillz 
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Second medium : 

= plco (P'$ 	R2r)] cos mO sin 132z 

E82  = 1z2to k2  ant m (k2r)] cos mo sin fl2z 

Ez2 = 0 

fl2k2 One m (ki)} cos mO sin i62z 

H02 = — 1327 (V)4 	(k2r)} cos m8 sin /32z (15 a) 

2m 2) Hz2 ± (k2 2 	--r-2– (P ')I Pm, (k 2r) cos mO cos /32z 

PROPAGATION CHARACTERISTICS (TEnva MODE) 

Applying the boundary condition /Ai  Hri  — ii2FIr2  at r — r2  the following 
equation is obtained from (15) and (15 a): - 

— i1fl1  ki (PI)4  [A' J'm (Icir + BrY'm (kir 2)1 cos me sin ifIlz 

k2 (P')i int (k 2r2)] cos ?n0 sin #2 Z 
	

(16) 

Substituting the values of A' and B' from (13 c), the equation (16) reduces to 

i f= (lc 2r 2) Y'm 	ar m (Icira 'Um (1c2r2) m  (kir')  Y'm  
rm (kira Ylm (kira 	m (kir].) Yint (k1r2) 

re Jim (k 2r 2) ,
sin 132Z

132  sin fliz 
which can be reduced to 

gi;r& 
cos 	— flu) z + I sin ($2 — #1) z = sin  Piz 

sin /32z 

(kir.) 

(16 a) 

(16 b) 

Separating the real and imaginary parts the following expressions are obtained 
from (16 b). : 

sin fi lz cos 032  — 	z 	. 	- sin ' 
sin 02  

or 

(16 c) 
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The equation (16 c) gives a relation bemeen the phase constants of the two 
media. Applying the boundary condition H z, -= Hz2 at r r IN  utilising the relation 

A' 	m  (k iri) 
Fin  (kira' 

substituting A' from (13 c) and using the relation (16 c), t 
tion is obtained from (15) and (15 a): 

he following Num- 

Jm(kirarm(kiri) — i tm(kiri)Ym  (ic if's) 

r m (kir?) r m (kir') — r m (k ir 1) Sirm (ices) 

2,m2  
k2' ins  P' 	 

- 	

k12  - 

2771 
1 	r 

2
2 

I  

Jrrt (IWO. eip 
jim (kit) 

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

Jmoo = (7,2x  ) 
??Iir 	IT 

COS (X 	- - 2- __ 4 

2 y . 	Imr 
Yin 	

nr 
(x) = — 	 --2-- — 4

) 
 (17 a) 

2 •i 
774 

sin (x — 

(x) Gic2 )1 Mr 
CO S (X - -2-- 

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

k2  is obtained ;  

12m2  
- [k 2  - - 2  COt kt 	— 1'42) =--- 

ki 	r2  

pt  1 [k t 211_11 COt (kit 
k-2 2 	'IC 

Mir 79 ej 
-2 	4,1 

07 b) 

Separating the real and imaginary parts the following relations are 

obtained: 
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1 b 	2In 2 	 iv 	k 	2m 2  

	

[ne 	 k, (r„ 	r 2) ------ 	[1.2 2  — —2  cot (k 2r,-- 
k r,z 	 k 2 	 r2 

ir) cos flz 	(17 c) 
2 	4  

ir  k  Lk22 
2m2 . 

] cot (k 2  r 2 	4  - 2  — 	sm flz = 	 (17 d) 
i 	2 	 r 22  

tinr 	tr) 

From (17 d) it is evident that either sin flz =-- 0 or cot ( k 2r2  
4 

vanishes. Considering the second relation the value of k 2  is given by 

1 
r 2  

(18) 

As 1(2  = [c0 2/22 E2  -I- y2 211 , so the value of y2  is given by the following expres- 

sion 
r 1 

• re.  I. 	± 2n) 11  — 71' 1
2  

r 2 	2 	— Y2  	it2e2 (18 a) 

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

1 	 .17T 	IT  2 
a) 2 142 E2 r2 2 
	2n)7kM -T-  n/7  — 4  

] 

 
(18 b) 

The equation (18 a) can be written as 

1 
72 az + sigz = [42122E2 	{km 2n) 2 4

•
7411 

So, the attenuation constant a2  = 0 and the phase constant 13 2  in the second 
medium is given by 

1 
(18 P2  = [ to 2  p2 E2  — —2 	+ 2n)

; 7;1 2] 
• r 2  

For propagation to take place p2  must be real and the condition (18 b) must 
be fulfilled. The equations (18 b) and (18 c) indicate that there must be a 
cut-off frequency fc  given as follows below which there will be no propa- 
gation through the second medium 

77 — SL -F 2n) -2  — 4] 2 C2  — 77t2  (18 d) 
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where c2  =-- I Vil2 €2  is the free wave velocity in the second medium having 
constants lit, 2  and e2. The cut-off wavelength A c2  corresponding to Ls IS 

2ns 	on.  Act 

 

The phase velocity cp2 of the wave in the second medium is 

Cu 	 OJ 
CI, 2 	02 	r  

c2/12 62 — o 	 r2 2 (On + 20 7  — 
2 4 

The group velocity co  in the second medium is 

1 	 IT  

bil2
2
1112E2 	i2-t 1 	+ Di)  2 	4j  

Cu P2e2 

The guide wavelength A92 in the second medium is 

2/T 
ifl 2  A92 

277 

p 2  = [ 2 	 I  { (ni ± 2n) 2  — 4 
17  I tt)  P'2 €2 	r-22 

(18 e) 

(18f)  

(18g) 

(18h) 

The value of k 1  can be found from (17 c) and (18) as follows: 

	

2m 2  cot k1  (r1  r2) 	„ 	 b 

r22 	4;- 	
k cot k 1  (r 1  r2) 	cos fiz 

pi ar 2  

cot (2n —1); (19) 

where 

(m + 2n)  

[One+ 2n)3 — 741 2m2  =is= b 
	 (19 a) 

and 
n-0, 1, 2, 3, 4 	 

As cot (2n — 1) ; 0, k 1  is obtained from (19) as 

ki 	\12 1-r7-14 
	 (j9 b) 
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As k1 2  = (0 2iL1c1 	7/1 2, the value of the propagation constant y i  in the first 

medium is 

1 2m2  
Y1 = r2 

_ L0 2 121E11
' 

(19 c) 

In order that propagation may take place through the first medium y l  must 

be imaginary and 
2m 2  

CO 2/11 El must be > --2 	 (19 d) 
r2  

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

2m 2ii 
= [ ca2th — r-2-2 	 (19 e) 

	

I'd i  = 	-111-71- 	 ( 19f ) 
A/27Tr2  

where 

= I Will 

A/27772  

	

= 	 (19 g) 

	

2 	 2] I 	 (19 h) cipi  = calk Psi 	r22 

2m 2] 1  (19 0 r 2 

	

Co r.-= 	Pt 	 /will-El 

Agj
2m 2  14  

(1 9 j) 

	

== 2111[ CO 2P1 	1.22 

PROPAGATION CHARACTERISTICS OF THE Tivfmn  MODE 

In the case of the TM mode the propagation characteristic; in the second 
medium have been given (Chatterjee, 1953) in terms of A4 which contains k 1 . 
In the present paper k 1  and k2  are ;eparated and their values are given in 
a much simpler form. 

Applying the boundary condition H o  = 1-1 92  at r 	r2, utilising the 
relation 

A3 Ym  (kiri) 

	

As 	Jm  (kir') 	 (20) 

4. 
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A 	k'13' 	 (k2r  n4  — e Y'm  (k 1r2),I nt  (k in) — m (k irdY Res t) 
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(20 a) 

the following equation is obtained from (19) and (19 a) (Chatter*, 
Mc. cit., Part 11) 

fiTm (k2r2) = .i m+1 	(k°2112) 	 (20 b) 
which gives 

P2 = P1 	 (20 c) 

Applying the boundary condition E 1  = En at r---r- r 2  and utilising the rela- 
tion given in (20), we obtain the following relation from (19) and (19 a), _ 	. 	_ 

A 4  [Y .  in  (kir') int (k1r2) 	Yrri _ 	(k1r2) int  (k1141)]  
Jm  (0.1 ) 

[ k22  ram, (k 2r 2) 	7,2  rm(k 2r2) 	0 Jrz (k2r2)] LAP' 	(20 d) 
• 2 

Utilising the relations given in (10 d) and substituting A4 from (20 a), the 
equation (20 d) reduces to 

r in (k2r a[ Y in (kir 10 m (k1r2) —  Ym  (kird  Jut  (kiri)  I 
Jam (k2r2) 	Yi  m (kira .1  m (kiri) — J i  in (kir 2) Y 7  (kiri) i 

_k22e ;az 
k-c13-1 e  gra 	(20 e) 

Using the values of J im's and Yin's for large arguments as given in (17 a), thc 

equation (20 e) can be reduced to the 'following: 

. 	mrt 	d B, 
n 1  (ti t 	r2) 	k E tap k 	 2  cot ( k 2r2.— 	 (20!) 

lc, • 	 fit 	 2 --- 41 

Separating the real and imaginary parts, the following relations are obtained 

from (20! ): 

	

1 	 c MIT 	V 

ki  tan k i  (r i  — r2) --t-  - k 2  cot ( k r — -- — ) cos fl.: 	(20 g) 
PI 	2 2 	2 	4 

	

E 	 MIT  
k 	

r) 	 (20/0 
- 	2 	

2- 	cot (k 2r — - — - 	' n 19z — 0 
Tr 	 2 	4

si 

 

(Chatterjee, toe. cit., Part 11). 
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From (20 h) it is evident that either 

Inv 	7T 	0 
Sill 19.7 = 0 or cot (k2r2  — 2- — 4) ---= (20 0 

Considering the latter relation, the following value of k 2  is obtained: 

h unt =-- 	- + (2n + 1) 27  + 47T ] 
" 
	r2 L L 

(21) 

Following the same arguments as in the case of the TE mode, the following 
constants for the second medium are obtained: 

ni  2 
(21 a) _ r IT.  + (2n + 1 ) 2 ± 41 	u)2142E2  72  L r2 2  t 2 

1 fair 4.  (2n  + 0 ; 	 (21 b) .7•2 2  ( 2 

.43= 2Cir2r2 [17 (2/1  + 1) 2 + 1474] 	
(21 e) 

27172 ACS 	rster   
+ (2n+ 1) 72  + 74] 	 (21 d) 

 

=-- (0/[ cd 2pl e2  — -1  1 1-7 + (2n + 1) 7T  + c 	 r 2 i 	(21 e) 2 4} i in r2
2

Z. 

eg2 -:- [ 2  E 	1 2  {Mt  + (2n + 1) Ti + 1-1 21/ Wii2E2  - - 	_ 	-Pr 	CO C.L 2 2  — -i--2- 	- 2-- 
2 4 	 (21f) 

{Purr , ,, 	, II 	i

;} i 
2 / 

Ag2= 217/[ 0121L2€2 — 
1 

;..-2 -0)" -t -  k‘n -t-  14 et 	s 	 (21g) , 2 	,c, 

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

tan k, (ri 	r2) =ea: e 1  [ "1-7  ki 	 fr 	+ (2n + 1) ; r2  

anzl icot [(2n + 1) 7.7] cos 13.7 	(22) 
For 

1 n =-- 0, I, 2 	 
' k 

tan k, (r, 	r2 ) 	0 	 (22 a) i  
1 
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(22 b) 

(22 c) 

(22 d) 

I -he other constants of the first medium 

117T 	 1 
Y1 = 	 -) 

2 	
2
141 r1 — r 2  

131 	[ W 2/21 E  \ 2 14 
r2  

are 

ism 	- n  
2 ri 	1:2  (22 e) 

2(r1  — r2) 
= n-- (22f)  

arm A g , 	27T /[ 2i-ti El 	r1 — r2 ) 2  .1 (22g)  

Mr 	2] \ I 
ep 1 = (111[ C°  2,11 E1 	(ri 	r2i  

	 ) 2-p fnir 

N,r1 	r2/ j 
--.  	

(22 h) 

(22 0 

4 

For microwave propagation generally the lower modes TM ot 	0, n = 1), 

TE01 	--= 0, n = 1) and TM, / 	== 1, a = 1) are used. The propaga- 

tion characteristics for the TE nin  and the TM inn  modes are collected together 

in Table I for convenience of reference. The propagation characteristics 

for the TE01  and the TM 11  modes have been deduced from Table I by using 
proper value for the mode subscripts and are given in Table II. 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 

phase velocities can be adjusted by adjusting the values of E l  and E 2. For 

example, by increasing E2 compared to 	the velocity of the wave in the 

second medium may be considerably lowered. This method of slowing 

down the wave may find application in the electronic devices, such as travel- 

ling-wave tube, linear accelerator, etc., where it is necessary to slow down 
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the wave along the axis in order that efficient interaction may occur between 
the wave and the electrons. 

In the case of the TE O;  wave the ratio of the phase velocities cp i/c22  in 
the two media is given from Table 11 as 

(
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At microwave frequencies 

Cpik– 2 p 	E-2-frt (23 a) 

in the caso of the TIVI ni  wave the ratio of the phase velocities in the two 
media is given from Table II as 
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At microwave frequencies this reduces to the same relation as (23 a), 
le 2 
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TABLE 11 

Propagation Characteristics of TE01  and TAI ii  Modes 
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In the case of TE01  wave cp1 /cp2  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 TivI ll  wave the ratio cp1 icp2  depends on r2  as well as ter 	Let 
us consider the following example. 	Suppose a TE01  wave is to be set up at 
to = 3-1010  per second travelling at one-tenth the velocity of light in vacuum 
so that cp2  =---- 3.107  metres per second. 	The value 	of 	r2  is 	obtained 	as 
r2  7=-- 2 mm., if the following values for the constants of the 	two media are 
used 

El  = 1ff-9/3677 Farad/meter 

E2 	10-7 /18 IT Farad/meter (Relative dielectric constant 	200) 

/12 = 477- 10-7  Henry/meter. 

This shows that a dielectric rod of diameter 14 mm. and having a relative 
dielectric constant 200 placed at the centre of a cylindrical guide filled with 
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 wave to one-tenth the speed of light in vacuum. 
It is to be noticed that the wave will be slowed down to one-tenth of its free 
space value irrespective of the diameter of the external dielectric. In the 
case of the TM wave the radius of the external dielectric comes into play. 
Using the above constants for the media and r 2  = 7 mm., in the case of the 
TM wave, it is found from the equation (24) that a radius of the outer di- 
electric necessary to reduce the speed of the TM wave to one-tenth of its 
free space value is 49 mm. 

2. Phase Constant. The phase constant t3 2  in the second medium can be equal to the phase constant fl u  in the first medium (equation 20 c) in the case of the TM men, mode only when the following relation between 
El and €2  is fulfilled. 

,2, 
1  r(  "17 	) 2 	

{ + (2n + 1) 27  +741 r2  2  2 
—2 au  co  L 	ril 

For TIg n  mode the abdve condition reduces to 

7T 
2 	 1 	81 

E 2 	129-----„,2 [0.1 	
— r232 -2 	F6-r2 2 	 (25) 

When co = 3-101° per second, ri  = 0-049 
= 47.10-7  Henry per meter, the dielectric 

are related by the following relation 

meter, 	r2  = 0-007 	meter, 
constants for the two media 

E2 	± 14-618 x10-9  

This shows that E2 has to be always greater than E l  in order that the wave 
may be slowed down in the second medium. 

POWER FLOW IN THE Two MEDIA 

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

ri 	21r 	 27 

= + is 2 f f (Ert H *01 — F611 Fi tn) r dOdr f 
rcr2 OcIO 	 re° e•c0 

(En H *92 1E92 frr2) rdadr (25 a) 

The field components for the TE oi  mode are given from (15) and (15a) as 

follows 
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EZI 	Erl H 91  0 

Eel 	Psi Cu (Ini k i  [AT 0 (kir) --I- 	0  (k ir )] sin fl iz 

lin  = 	fl k1  (ni [ATo (kir) ± B'Y' 0  (kir)] sin giz 

Fin = k1 2  (PT [A' J 0  (kir) -I- WY 0  (k ir)] cos Piz 	 (26) 

E62  --= pia) k2 (Fib aro (k,r) sin 192z 

lin  == 	fl2 k2 	(k,r) sin P2z 

Li :2= k2 2  (Ink -1 0 (k2r) cos /322 

For the TE o, mode kl  = 0, 
medium. This means that th 
medium. So the total peak 

a 	,.. 
P P2  rn-  A sin 2  82z 

so there is no power flow through the first 
e power flow is concentrated only in the second 
power flow is given from (26) and (25) as 

[

1 / .2 {J2 (k2r) J 1 2 (k2r)__ 2.10 (k 2r) (k20 -12 
2 k2r . Jo 

(27) 

where A 	27ry 2a)/3 2  k2 2  P' may be considered as the amplitude term. 
The factor inside the bracket in (27) when plotted vs. r from r =0 to r = r 2  
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 n oi  MODE 

The field pattern for the 
from (26) by introducing 
for Hz  and 1-1, 

TE01  mode in the second medium can be found 
exp (foil). 	This gives the following expression 

Hz2 = k2 2 	(k 21 cos /6 2z eiwt 

F172 	- 13 2k on' .Y 0  (k 2r) sin 132z Scut 

A plot of the magnetic field at any instant of time may be obtained by putting 
t = constant = 0 and forming the differential equation for the lines of force 
(Barrow, 1936). 
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d (flz)I Fiz  
Jr 	IfLr I 

which gives the following differential equation for the second medium. 

I Hni ==. 	k2   
I 1-421 	

Cot g2  z 	1(2 Jo (k2r) 

18.2 t(k2r)cot $zz 
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(28) 

The above equation when solved graphically gives the field 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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