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ABSTRACT 

This  f i n a l  r epor t  desc r ibes  t h e  t h e o r e t i c a l  design 

of a high e f f i c i e n c y  i n j e c t e d  beam c rossed - f i e ld  ampli- 

f i e r  s u i t a b l e  for space borne app l i ca t ions .  The CFA i s  

intended t o  serve as t h e  output s tage aboard a synchronous 

s a t e l l i t e  which broadcas ts  FM t e l e v i s i o n  s i g n a l s  a t  a 

power l e v e l  of 5 kw and a frequency 6f 2 GHz. The de- 

s i g n  emphasizes maximum o v e r a l l  e f f i c i e n c y  and an ex- 

pected l i f e  of a t  l e a s t  t w o  y e a r s .  

Experimental and a n a l y t i c  s t u d i e s  were performed 

w i t h  v a r i a t i o n s  of t h e  Karp i n t e r a c t i o n  c i r c u i t .  These 

r e s u l t s  were used with small-s ignal  and l a rge - s igna l  

computer analyses  t o  optimize i n t e r a c t i o n  e f f i c i e n c y  for 

t h e  narrow ( 3 0  MHz) bandwidth requirements of t h e  in-  

tended a p p l i c a t i o n .  Mult i-element depre ssed c o l l e c t o r s  

were analyzed using e l e c t r o n  energy d i s t r i b u t i o n s  from 

t h e  l a rge - s igna l  i n t e r a c t i o n  s t u d i e s .  Overall  e f f i c i e n c i e s  

i n  excess of  80% were computed f o r  t h e  output ampl i f i e r  

s tage  using a conventional c ros sed - f i e ld  i n t e r a c t i o n  r e -  

gion. 

Less conventional e f f i c i e n c y  enhancement techniques 

were evaluated i n  order  t o  ob ta in  even higher device e f -  



f i c i e n c y .  Phase focus ing  and nega t ive  l i n e  pre-  

bunching a r e  p a r t i c u l a r  techniques which should re- 

s u l t  i n  t h e  at ta inment  of  a m p l i f i e r  e f f i c i e n c i e s  g r e a t e r  

t h a n  85%. 
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SECTION 1 
INTRODUCTION 

This report describes an analytic study program 

to develop the theoretical design of an injected-beam 

crossed-field amplifier. The intended application is 

f o r  a high power space borne FM television transmitter. 

Long life, high reliability and very high conversion 

efficiency are parameters of prime importance for 

this application. 

Injected-beam crossed-field amplifiers which are 

currently available or in development are designed for 

instantaneous bandwidths of 10% to an octave or more. 

Airborne applications have heretofore emphasized 

reasonably high efficiency consistent with the require- 

ment of power supply simplicity. As a result multi- 

segment collector geometries have not been considered 

practical in broadband amplifiers. The most common 

CFA collector consists of one element operated at anode 

potential and one element operated at cathode potential 

(10% depression). 

generally provides the path f o r  recirculating current 

and additional collector power supplies are not required. 

An internal tube connection 
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This study focused on exploring new techniques 

and design concepts which should advance the present 

state of the art of the injected-beam crossed-field 

amplifier. The particular areas of investigation in- 

cluded: 

1. New methods of multi-segment beam col- 

lection at depressed potentials. 

2. Improved interaction efficiency with 

electron beam phase focusing and pre- 

bunching. 

3. A study of interaction circuits in 

order to optimize tradeoff's between 

efficiency and bandwidth. 

2 



SECTION 2 
PROGRAM OBJECTIVES 

The prime ob jec t ive  of t h i s  program i s  t o  o b t a i n  

an optimized a n a l y t i c  des ign  of an advanced in j ec t ed -  

beam c rossed - f i e ld  a m p l i f i e r  f o r  use as an o r b i t i n g  

t e l e v i s i o n  t r a n s m i t t e r .  This a p p l i c a t i o n  r e q u i r e s  a 

l igh tweight  a m p l i f i e r  which w i l l  opera te  r e l i a b l y  a t  

very high o v e r a l l  e f f i c i e n c y  f o r  a per iod  of  a t  l e a s t  

t w o  yea r s .  

2 . 1  DEVICE SPECIFICATIONS 

The major s p e c i f i c a t i o n s  f o r  t h i s  des ign  include 

t h e  following: 

1. CW Output Power 

2. Center Frequency 

5000 wat ts  

2000 MHz 

3. Instantaneous Bandwidth 30 MHZ 

4. Modulation Type FM 

5. Signa l  t o  Noise Rat io  (Min) 32 db 
(Des i red)  45 db 

2 
0.015' /MHz 

6. Second Der iva t ive  Phase 
Response (Min) O.OS0/MHz 

( De s i r e d  ) 

7 .  Gain - Amplifier Chain 40 db 

8. VSWR, Input  and Output 1.05 

9.  V ib ra t ion  

a )  S inusoida l  (20-400 Hz ) 5 g peak 
(400-3000 Hz) 15 g peak 

3 



10. Shock ( 8  mi l l i second d u r a t i o n )  30 g 

11. Cooling 

12. L i f e  

Radiat ion 

20,000 H r s  

2.2 BACKGROTTND 

The injected-beam c rossed - f i e ld  a m p l i f i e r  ( IBCFA) 

i s  one member of a family of high e f f i c i e n c y  dc t o  micro- 

wave energy conver te rs .  Other c ros sed - f i e ld  devices  in -  

clude t h e  magnetron o s c i l l a t o r .  M-type backward-wave 

o s c i l l a t o r ,  c ros sed - f i e ld  backward-wave a m p l i f i e r  and 

d is t r ibu ted-emiss ion  CFA. Crossed-f ie ld  devices  d i f f e r  

f r o m  l i n e a r  beam (0 - type )  devices  i n  t h e  b a s i c  mechanism 

of energy exchange. 

A crossed-f i e l d  a m p l i f i e r  converts  po ten t  l a1  energy 

d i r e c t l y  i n t o  rf energy. Figure 1 i l l u s t r a t e s  t h e  con- 

cept  of a CFA energy box. Only a small  f r a c t i o n  of t h e  

t o t a l  beam power i s  represented  by t h e  e l e c t r o n  beam 

v e l o c i t y .  

t o t a l  cathode t o  c i r c u i t  p o t e n t i a l  f o r  high e f f i c i e n c y  

Synchronous vol tage  i s  t y p i c a l l y  5-15% of t h e  

des igns .  The m a j o r  p o r t i o n  of beam energy i s  p o t e n t i a l  

energy. I n t e r a c t i o n  of t h i s  low v e l o c i t y  beam with a 

nea r ly  synchronous rf wave r e s u l t s  i n  a n e t  conversion of 

beam p o t e n t i a l  energy i n t o  rf energy of t h e  amplif ied wave 

without any in te rmedia te  k i n e t i c  energy power transfer. 

Throughout t he  c ros sed - f i e ld  i n t e r a c t i o n  reg ion  beam 

k i n e t i c  energy remains nea r ly  cons t an t .  E lec t rons  are 

4 
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phase focused and a r e  constrained t o  s t a y  locked i n t o  

synchronism with t h e  r f  wave. Fu l ly  i n t e r a c t e d  e l e c t r o n s  

a r e  c o l l e c t e d  along t h e  i n t e r a c t i o n  c i r c u i t  with only 

t h e i r  l o w  k i n e t i c  energy corresponding t o  synchronous 

ve loc i ty .  

Figure 2 shows t h e  schematic r ep resen ta t ion  of 

an injected-beam c rossed - f i e ld  ampl i f i e r .  Neither e lec-  

t r o n  beam nor r f  c i r c u i t  i s  r e -en t r an t .  Af te r  a beam has 

t r a v e l e d  t h e  length  of  an i n t e r a c t i o n  reg ion  i t  i s  poss ib l e  

t o  recover a major p o r t i o n  of  t he  remaining energy a t  de- 

pressed p o t e n t i a l  l e v e l s .  Kine t ic  energy can be r e a d i l y  

converted i n t o  p o t e n t i a l  energy i n  the  c o l l e c t o r  reg ion  

by simply reducing the  r a t i o  of dc e l e c t r i c  t o  magnetic 

f i e l d .  Energy s o r t i n g  i s  a b u i l t - i n  f e a t u r e  of crossed- 

f i e l d  c o l l e c t o r s  s ince  t h e  p o t e n t i a l  energy of  each e l e c t r o n  

i s  a func t ion  of i t s  p o s i t i o n  between a negat ive s o l e  e l ec -  

t rode  and a p o s i t i v e  anode. 

2 - 3  STATEMENT O F  PROBLEM AND GENERAL APPROACH 

Space borne app l i ca t ions  impose severe r e s t r i c t i o n s  

on the  des ign  and performance of a high power t r a n s m i t t e r .  

High systems e f f i c i e n c y  and long l i f e  a r e  absolute  requi re -  

ments f o r  a successfu l  mission. 

Crossed-f ie ld  devices  a r e  wel l  e s t ab l i shed  as high 

e f f i c i e n c y  sources of microwave power. Conventional crossed- 

f i e l d  tubes  have demonstrated conversion e f f i c i e n c i e s  i n  

6 



excess of 7%'. 

amplifiers have been designed for bandwidths several 

times the bandwidth required f o r  a satellite tele- 

vision transmitter. 

Previous injected-beam crossed-field 

A tradeoff between bandwidth and efficiency exists 

in the design of many microwave devices. This tradeoff 

as it applies to a conventional injected-beam CFA was 

thoroughly examined throughout this program. Analytic 

and experimental studies were conducted to develop an 

optimum high impedance interaction circuit. The result- 

ant circuit is a modified Karp structure. Electrical, 

thermal and mechanical design considerations were inte- 

grated into the circuit optimization study so that the 

final design was consistent with the objective speci- 

fications. 

Recovery of a major portion of the electron beam 

energy with a multi-potential depressed collector was 

analyzed for many interim designs. Output stage ef- 

ficiencies in excess of 8% were computed for the final 

composite design. 

Other less conventional techniques for efficiency 

enhancement were studied. Those which require additional 

analytic and experimental verification are discussed in 

detail. 

7 



2.4 METHOD OF ANALYSIS AND COMPUTATION 

Figure 3 i l l u s t r a t e s  i n  block form t h e  p r i n c i p a l  

s t e p s  lead ing  t o  an optimized o v e r a l l  des ign  of a h igh  

e f f i c i e n c y  injected-beam crossed- f ie ld  ampl i f i e r .  A 

des ign  study of t h i s  type necessa r i ly  involved extensive 

c a l c u l a t i o n  of many parameters.  Whenever these  calcu-  

l a t i o n s  became s u f f i c i e n t l y  involved, so t h a t  manual 

so lu t ions  were not p r a c t i c a l ,  use w a s  made of d i g i t a l  

computer programs t o  a id  i n  the  analyses .  These pro- 

grams can be c l a s s i f i e d  as:  

1. e x i s t i n g  programs used i n  o r i g i n a l  form 

2. e x i s t i n g  programs modified f o r  t h e  problem 

under cons idera t  i on  

3. new programs developed f o r  a p a r t i c u l a r  prob- 

lem when no e x i s t i n g  programs were ava i l ab le  

Another c l a s s i f i c a t i o n  w i l l  d i s t i n g u i s h  between t w o  

types of program processing. Batch programs a r e  those 

which a re  processed with ou t s ide  computer f a c i l i t i e s .  

Timeshare programs a r e  those which a r e  processed with 

in-house f a c i l i t i e s .  The p a r t i c u l a r  t imeshare computer 

used i n  t h i s  study w a s  a GE-265, coupled t o  a remote 

t e l e t y p e  te rmina l .  Timeshare computation provides  l o w -  

cos t  program de-bugging of i nd iv idua l  po r t ions  of l a r g e  

batch programs o r  complete short  programs. The time- 

share  system i s  engineer-oriented and highly i n t e r a c t i v e .  



I Preliminary Design Calculations 1 

8r C T  DATA 
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General Design Flow Diagram 
Fig.3 
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It eliminates much of the need for constant availability 

of a programmer. It also provides iterative solutions 

with nearly real-time output. This allows for rapid 

program modification without delay and useless computa- 

tion when program errors exist. 

U s i n g  outside facilities for batch processing one 

can generally use a longer program with a more complete 

and accurate model. For example, acceleration and space 

charge terms can be included in large-signal interaction 

programs if' batch processing is used. Also long programs 

do not require constant monitoring by an engineer or pro- 

grammer. In addition the print and plotter capabilities of 

batch processing are significantly greater than those of 

timeshare. 

The following brief description of the computer pro- 

grams which were used in this design study is expanded in 

Appendix A. 

1. SSCFA - is an algebraic solution for 
crossed-field amplifier interaction 

parameters and dimensions using the 

notations of Gould2 and Pierce3. 

is useful for determining the basic 

electrical design tradeoffs for a wide 

range of design parameters. 

It 

10 



2. KARPlE - i s  a slow-wave s t r u c t u r e  a n a l y s i s  

program p a r t i c u l a r l y  designed for analyzing 

t h e  Karp c i r c u i t .  It i s  based upon t h e  theory  

of b a r  l i n e s  developed by F l e t c h e r  4 , and l a t e r  

extended by Walling 5 . This program cons iders  

t h r e e  d i s t i n c t  reg ions  ac ross  the  c i r c u i t  and 

inc ludes  t h e  e f f e c t  of  a s o l e  e l ec t rode  as wel l  

as the  Karp s t r u c t u r e  loading geometry. 

3 .  CTDATA - i s  a program used t o  reduce slow- 

wave c i r c u i t  d a t a  obtained a t  cold t e s t .  It 

computes and p r i n t s  such q u a n t i t i e s  a s  phase 

v e l o c i t y ,  group ve loc i ty ,  phase s h i f t ,  i n t e r -  

a c t i o n  impedance, e t c .  

The L i t t o n  l a rge - s igna l  i n t e r a c t i o n  and e l e c t r o n  

t r a j e c t o r y  a n a l y s i s  programs a r e  discussed i n  g r e a t e r  

d e t a i l  i n  Sec t ion  3.4. 
Each c o l l e c t o r  a n a l y s i s  r e q u i r e s  a r e a l i s t i c  charge 

and e l e c t r o n  v e l o c i t y  d i s t r i b u t i o n  f o r  se t t ing-up  

i n i t i a l  condi t ions .  The l a r g e  s i g n a l  space-charge i n t e r -  

a c t i o n  programs provide t h i s  information i n  t h e  f o r m  of  

punched ca rds  a t  s p e c i f i e d  i n t e r a c t i o n  lengths .  

11 



SECTION 3 
DETAILED DESIGN ANALYS IS 

3.1 SLOW WAVE STRUCTURE CHARACTERIST ICs 

The e l e c t r i c a l  p r o p e r t i e s  of a slow-wave s t r u c t u r e  

may be cha rac t e r i zed  by t h r e e  q u a n t i t i e s :  

1. B r i l l o u i n  ( d i s p e r s i o n  o r  a - p )  diagram 
2. I n t e r a c t i o n  impedance 
3. At tenuat ion  

A n  w-p  diagram i s  commonly drawn w i t h  values  of 

frequency on t h e  o rd ina te  axis and phase s h i f t  p e r  per iod  

on t h e  absc i s sa .  F igure  4 i l l u s t r a t e s  t h e  genera l  form 

of  a B r i l l o u i n  diagram f o r  fundamental forward-wave and 

fundamental backward-wave c i r c u i t s .  

Phase v e l o c i t y  of a t r a v e l i n g  wave ( v  = w / p )  i s  rep- 
P 

resented  by t h e  s lope of a s t r a i g h t  l i n e  extending through 

t h e  o r i g i n  and a po in t  on t h e  a-p curve.  Group v e l o c i t y  

( v  =aw/ap) i s  represented  by t h e  s lope of t h e  0-p curve 

a t  any po in t  on t h e  curve.  
g 

Severa l  passbands and stopbands a r e  shown i n  t h e  

f i g u r e .  The frequency band from A t o  B r e p r e s e n t s  a f o r -  

ward wave reg ion  of t h e  fundamental passband of a forward- 

wave c i r c u i t .  The 0-p diagram f o r  a fundamental backward 

wave c i r c u i t  shows t h e  r eg ion  C t o  D as t h e  f i r s t  forward- 

wave space harmonic. E i t h e r  reg ion  i s  s u i t a b l e  f o r  forward- 

wave i n t e r a c t i o n  between an e l e c t r o n  beam and an rf wave i n  

a t r a v e l i n g  wave a m p l i f i e r  (TWA).  

12 
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The a-p diagram a l s o  provides  information r e -  

l a t e d  t o  t h e  p o t e n t i a l  ampl i f i ca t ion  bandwidth of a 

c i r c u i t .  Dispers ion  (d=av /ao) def ines  t h e  frequency 
P 

range over which an e l e c t r o n  beam and a t r a v e l i n g  wave 

remains i n  near  synchronism. The bandwidth of a par-  

t i c u l a r  ampl i f i e r  des ign  a l s o  depends upon l a r g e  s ig -  

n a l  i n t e r a c t i o n  parameters,  neve r the l e s s  t h e  d i s p e r s i o n  

curve i s  u s e f u l  f o r  eva lua t ing  each slow-wave s t r u c t u r e .  

I n t e r a c t i o n  impedance i s  def ined by: 

where E i s  t h e  magnitude of t h e  r f  e l e c t r i c  f i e l d  com- 

ponent which i n t e r a c t s  with t h e  e l e c t r o n  beam, p i s  the  

c i r c u i t  phase s h i f t  and P i s  the  t o t a l  power flow i n  the  

c i r c u i t .  Zi d e f i n e s  the  degree of coupling between beam 

and wave. High i n t e r a c t i o n  impedance i s  des i r ed  f o r  high 

g a i n  per  u n i t  l eng th .  T h i s  implies  s h o r t e r  i n t e r a c t i o n  

l eng th  f o r  a given ga in  requirement,  hence l e s s  c i r c u i t  

l o s s  and h igher  e f f i c i e n c y .  

C i r c u i t  a t t e n u a t i o n  i s  a complex func t ion  o f  c i r c u i t  

geometry, frequency and mode( s ) of propagation. Low a t -  

t enua t ion  pe r  c e l l ,  0cc, a l s o  r e s u l t s  i n  higher  g a i n  pe r  

u n i t  l ength ,  consequently lower c i r c u i t  l o s s  and higher  

device e f f i c i e n c y .  These concepts,  as wel l  as impedance- 

d i spe r s ion -a t t enua t ion  t r a d e o f f s  a r e  d iscussed  i n  g r e a t e r  

d e t a i l  i n  Sec t ion  3.4. 



3.2 SLOW-WAVE STRUCTURE TYPES 

Any attempt t o  c l a s s i f y  t h e  l a r  nwnber of ex- 

i s t i n g  and proposed i n t e r a c t i o n  c i r c u i t s  w i l l  r e s u l t  

i n  an a r b i t r a r y  t a b u l a t i o n .  Many c i r c u i t s  can s h i f t  

from one c l a s s i f i c a t i o n  i n t o  another  by simple geo- 

me t r i c  modi f ica t ion .  

I n t e r a c t i o n  c i r c u i t s  s u i t a b l e  f o r  use i n  a f o r -  

ward-wave c rossed - f i e ld  t r a v e l i n g  wave ampl i f i e r  may be 

c l a s s i f  l ed  as: 

1. Fundamental backward-wave c i r c u i t s  de- 

signed f o r  ope ra t ion  i n  t h e  f i r s t  space har- 

monic mode. 

2. Fundamental f orward-wave c i r c u i t s  designed 

f o r  opera t ion  i n  t h e  fundamental mode. 

a. Hel ix  der ived c i r c u i t s  

b. P e r i o d i c a l l y  loaded t ransmission l i n e s  

3.2.1 Fundamental Backward-Wave C i r c u i t s  

Many microwave a m p l i f i e r s  and o s c i l l a t o r s  

use fundamental backward-wave i n t e r a c t i o n  c i r c u i t s .  For  

backward-wave i n t e r a c t i o n  i n  e i t h e r  0 o r  M type devices  

t h e  phase v e l o c i t y  and group v e l o c i t y  a r e  oppos i te ly  d i -  

rec ted .  Int r a c t i o n  i s  gene ra l ly  wi th  t h e  fundamental 

backward-wave symmetric mode, as i n  an  M-BWO with an 

i n t e r - d i g i t a l  l i n e .  



on the  slow-wave s t r u c t u r e .  The s p l i t - f o l d e d  wave e 

c i r c u i t  (SFWG) i s  a u s e f u l  high power de lay  l i n e .  CFA's 

f r equen t ly  use t h i s  c i r c u i t  f o r  bandwidths l e s s  t h a n  4.078, 
p a r t  i c u l a r l y  a t  f requencies  above C band. 

A backward-wave c i r c u i t  i s  gene ra l ly  t w o  t o  t h r e e  

t imes t h e  s i z e  of a forward wave c i r c u i t  w i t h  equiva len t  

phase v e l o c i t y .  I n t e r a c t i o n  impedance a t  the  c i r c u i t  

plane (KO) i s  lower t h a n  f o r  a s i m i l a r  forward-wave c i r -  

c u i t  s ince  space-harmonic opera t ion  impl ies  values  of  

phase s h i f t  p e r  per iod ( p p )  g r e a t e r  t h a n  IY. Another f ac -  

t o r  which reduces t h e  e f f e c t i v e  i n t e r a c t i o n  impedance 

( Z i )  a t  t he  e l e c t r o n  beam p o s i t i o n  i s  the  exponent ia l  

decay i n  rf f i e l d  s t r e n g t h  p ropor t iona l  t o  epx. 

values  of KO a r e  5 t o  20 ohms f o r  u s e f u l  SFWG c i r c u i t s .  

Since high i n t e r a c t i o n  e f f i c i e n c y  r e q u i r e s  high i n t e r -  

a c t i o n  impedance, fundamental backward-wave c i r c u i t s  a r e  

Typical 

n o t  compatible w i t h  t h e  requirements of t h i s  des ign  study. 

w a s  a r e c t  The simple h e l i x  an excel-  

u i t  f o r  broad bandwidth a p p l i c a t i o n s .  

wave tubes  (0-TWT) have used t h i s  c i r -  

16 



c u i t  success fu l ly  f o r  s e v e r a l  y e a r s  i n  l o w  power de- 

v i ces ,  and i t s  e l e c t r i c a l  c h a r a c t e r i s t i c s  a r e  wel l  

understood. Recent advances i n  m a t e r i a l s  technology 

have improved t h e  h e l i x  thermal c a p a b i l i t y .  Average 

power output i n  excess of 1 KW has been demonstrated 

i n  an X-band TWT7 and i n  a broadband CFA8. 

v ice  a h e l i x  w a s  brazed t o  high thermal conduct iv i ty  

bery l l ium oxide supports .  

I n  each de- 

A p r a c t i c a l  c ros sed - f i e ld  e l e c t r o n  beam i s  i n  t h e  

form of a r ibbon of f i n i t e  th ickness .  For t h i s  reason 

a r ec t angu la r  h e l i x  i s  gene ra l ly  used i n  broadband CFA's 

below C-band. One or more p l ana r  f a c e s  of  t h e  h e l i x ,  

i n  conjunct ion with a s o l e  e l ec t rode ,  a r e  used t o  e s t -  

a b l i s h  t h e  s t a t i c  de e l e c t r i c  f i e l d .  I n t e r a c t i o n  t akes  

p lace  with rf f i e l d s  ou t s ide  t h e  h e l i x  per imeter  r a t h e r  

t han  with i n t e r n a l  f i e l d s  a s  i n  t h e  0-TWT. 

I n  a conventional c ros sed - f i e ld  tube t h e  beam width 

i s  l i m i t e d  t o  t h e  l eng th  of a s ing le  face  of t h e  t o t a l  

h e l i x  pe r iphe ra l  l ength .  

curves  for a rec t angu la r  h e l i x  supported and unsupported. 

The free-space he l ix  e x h i b i t s  TI phase s h i f t  p e r  t u r n  

when t h e  pe r iphe ra l  l eng th  i s  approximately one-half 

Figure 5 shows t y p i c a l  o-(3 

wavelength (In = h / 2 )  at  t h e  TI mode frequency. 

h e l i x  thermal c a p a b i l i t y  i s  increased ( i . e . ,  smal ler  

loading f a e t o r ,  F) l eng th  i s  decreased f o r  a f i xed  value 

of f requency. 

A s  t h e  
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I n t e r a c t i o n  impedance a t  t h e  h e l i x  beam face ,  KO, 

i n c r e a s e s  f o r  lower va lues  of phase s h i f t  and decreases  

with inc reas ing  thermal c a p a b i l i t y .  A high impedance S 

r e s u l t s  i n  higher  i n t e r a c t i o n  impedance, hence a t y p i c a l  

des ign  i s  l i m i t e d  t o  (3p 5 60° .  This  corresponds t o  a maxi- 

mum h e l i x  per imeter  of approximately F <$ ( h / 6 ) .  

Thermal and e l e c t r i c a l  requirements impose l i m i t s  

on t h e  h e l i x  aspec t  r a t i o .  Values ranging from 1 t o  5 
appear t o  be f e a s i b l e .  Maximum beam width v a r i e s  from 

Fh/24 t o  Fh/ l4 .  This corresponds t o  a width of  6.3 t o  

10.3 mm a t  a frequency of 2 GHz f o r  an unsupported h e l i x .  

This  width i s  reduced t o  4.7 t o  7.7 mrn f o r  a thermally 

adequate h e l i x  with F = 0.75. 

The r e l a t i o n s h i p  between beam width,  cathode loading  

and o the r  des ign  parameter t r a d e - o f f s  i s  discussed i n  

g r e a t e r  d e t a i l  i n  Sec t ion  3.4. For  t h e  present  d i scuss ion  

one must conclude t h a t  a simple r ec t angu la r  h e l i x  pro- 

v ides  a l i m i t e d  i n t e r a c t i o n  width which cons t r a ins  t h e  

opt imiza t ion  of  o the r  des ign  parameters.  

3.2.3 Plodified Hel ix  C i r c u i t s  

This  genera l  category includes many slow-wave 

s t r u c t u r e s .  Those which a r e  c u r r e n t l y  used i n  crossed- 

f i e l d  devices  include t h e  h e l i x  coupled vane c i r c u i t  

(HCV) ,  t h e  s t u b  supported h e l i x  (SSH) and t h e  h e l i x  

coupled ba r  l i n e  (HCBL). 



Bandwidths of t h e  a v a i l a b l e  c i r c u i t s  range f 

A t r adeof f  of ban 1% t o  g r e a t e r  t h a n  an octave.  

f o r  impedance i s  p o s s i b l e  wi th  t h e  modified h e l i x  c i r -  

c u i t s ,  p a r t i c u l a r l y  f o r  low va lues  of phase s h i f t .  

F igures  6 and 7 i l l u s t r a t e  a n a l y t i c  and experimental  

r e s u l t s  of  s eve ra l  modified h e l i x  c i r c u i t s  which were 

obtained on a previous con t r ac t  .9 

impedance gene ra l ly  decreases  f o r  high values  of phase 

s h i f t  a high impedance c i r c u i t  i s  r e l a t i v e l y  narrow. 

This c h a r a c t e r i s t i c  l i m i t s  t h e  a v a i l a b l e  i n t e r a c t i o n  

Since i n t e r a c t i o n  

width i n  a convent ional ,  s i n g l e  beam c rossed - f i e ld  de- 

v ice .  Attempts t o  optimize i n t e r a c t i o n  e f f i c i e n c y  f o r  

those modified h e l i x  c i r c u i t s  which were s tud ied  i n d i -  

cated t h e  d e s i r a b i l i t y  of a wider i n t e r a c t i o n  reg ion  

w i t h  h igh impedance a t  high values  of  phase s h i f t .  

3.2.4 Periodic  ally-Loaded Transmi s s ion  Lines  

Included i n  t h i s  c l a s s i f i c a t i o n  of i n t e r a c t i o n  

c i r c u i t s  a r e  coax ia l  l i n e s ,  s t r i p  l i n e s ,  p l ana r  con- 

duc to r s  and waveguide. Each t ransmiss ion  l i n e  can 

become a use fu l  slow-wave s t r u c t u r e  by pe r iod ic  loading 

with s tubs ,  vanes, s l o t s  o r  f ins .  

Two v a r i a t i o n s  of t h e  loaded coax ia l  l i ne  a r e  shown 

i n  f i g u r e  8. Included i n  t h e  f i g u r e  a r e  experimental  w-p 

and i n t e r a c t i o n  impedance curves f o r  s eve ra l  variations 

of the f a m i l i a r  disc-loaded rod c i r c u i t  (DLR)  . S t r u c t u r e  9 
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DLR-4 i s  p a r t i c u l a r l y  i n t e r e s t i n g  f o r  c ros sed - f i e ld  ap- 

p l i c a t i o n s  s ince  i t  provides  a p l ana r  beam face  opposi te  

t h e  s o l e  e l ec t rode .  Other v a r i a t i o n s  a r e  more s u i t a b l e  

f o r  h o l l o w  beam TWT c i r c u i t s  when d i e l e c t r i c  loading 

m a t e r i a l s  a r e  moved from t h e  l o c a t i o n  shown t o  the  a rea  

between adjacent  d i s c s .  

Reasonably high impedance can be maintained a t  high 

values  of phase s h i f t ,  p r imar i ly  because of decreasing 

group v e l o c i t y  ( a d d i t i o n a l  s to red  energy) a t  high f r e -  

quencies.  Dispersion and bandwidth a re  d i r e c t l y  r e l a t e d  

t o  group v e l o c i t y  dev ia t ion .  The obvious impedance-band- 

width t radeoff  i s  c h a r a c t e r i s t i c  o f  per iodica l ly- loaded  

t ransmiss ion  l i n e s .  

The loaded s t r i p  l i n e  includes t h e  comb l i n e  commonly 

used i n  masers, and t h e  meander l i n e  used i n  many micro- 

wave devices  including broadband c rossed - f i e ld  ampl i f i e r s .  

The experimental  d a t a  i n  f i g u r e  9 show t y p i c a l  e l e c t r i c a l  

c h a r a c t e r i s t i c s  of  t w o  p r a c t i c a l  meander l i n e s  .9 Band- 

width can be var ied  from a few p e r  cent  t o  more than  an 

octave by modifying c e r t a i n  s t r u c t u r e  and ground plane d i -  

mensions. In genera l  t h e  thermal c a p a b i l i t y  of t h i s  c i r -  

c u i t  i nc reases  as bandwidth and impedance decrease.  En- 

ergy s to rage  i n  a d i e l e c t r i c  support  medium tends t o  reduce 

t h e  u s e f u l  i n t e r a c t i o n  impedance, p a r t i c u l a r l y  i n  a high 

power s t r u c t u r e .  
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Another common s t r i p  l ine c i r c u i t  i s  t h e  i n t e r -  

d i g i t a l  l i ne .  This  c i r c u i t  e x h i b i t s  

backward-wave s mode, and i s  c u r r e n t l y  used 

i n  most M-BWO's .  Many at tempts  have been made t o  use 

t h i s  c i r c u i t  f o r  space harmonic forward-wave operat ion.  

However, t h e  unperturbed c i r c u i t  propagates  an  anti-  

symmetric forward mode wi th  zero e l e c t r i c  f i e l d  along 

t h e  c e n t e r  of each bar. Mis reg i s t e r ,  o f f s e t  ba r s  

and o t h e r  mul t i -per iodic  techniques have been used t o  

suppress t h i s  undes i rab le  mode. I n t e r a c t i o n  impedance 

f o r  space harmonic ope ra t ion  i s  considerably lower than  

f o r  o t h e r  fundamental forward-wave slow-wave s t r u c t u r e .  

Loaded waveguide i n t e r a c t i o n  c i r c u i t s  can be de- 

signed t o  have high power c a p a b i l i t y  and e x h i b i t  high 

impedance f o r  va lues  of phase s h i f t  per  per iod  g r e a t e r  

t han  100°c. Three slow-wave s t r u c t u r e s  which belong 
12 t o  t h i s  group a r e  t h e  Karp 'OY1' c i r c u i t ,  t h e  F e i n s t e i n  

c i r c u i t  and t h e  Millman13 c i r c u i t .  

The Karp c i r c u i t  i s  a r idged waveguide coupled t o  

a l adde r  c i r c u i t  which forms one broad waveguide w a l l .  

The F e i n s t e i n  c i r c u i t  i s  a l s o  a ridged waveguide, but 

the  l adde r  c i r c u i t  i s  replaced by a vane c i r c u i t  w i t h  

coupling through a s e r i e s  of s l o t s .  The s implest  of  t h e  

r e s ,  t h e  M i l l m a n  c i r c u i t ,  con- 

s is  s e r r a t e d  r idge  i n  the waveguide. 
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Loaded-waveguide c i r c u i t s  o f f e r  a d e f i n i t e  ad- 

vantage is s t r u c t u r e  width.  With m i n i m a l  

each s t r u c t u r e  propagates a s i n g l e  f uency which has  

a wavelength equal  t o  twice t h e  c i r c  width. Use- 

f u l  s t r u c t u r e s ,  when loaded t o  o b t a i n  t h e  d e s i r e d  pass- 

band, r e t a i n  a c i r c u i t  width nea r ly  h /2 .  Ear ly  

i n t e r e s t  i n  t h e s e  c i r c u i t s  w a s  t o  u t i l i z e  t h e  r e l a t i v e l y  

l a r g e  dimensions t o  minimize t h e  f a b r i c a t i o n  problems 

a s soc ia t ed  wi th  mi l l ime te r  tubes.  Each c i r c u i t  w a s  

o r i g i n a l l y  used wi th  a r ibbon e l e c t r o n  beam, although 

subsequent modi f ica t ions  r e s u l t e d  i n  c i r c u i t s  which were 

a l s o  s u i t a b l e  for s o l i d  or hollow 0-type beams. 14 
This  genera l  c i r c u i t  eva lua t ion  phase r e s u l t e d  i n  

a d e c i s i o n  t o  expand e x i s t i n g  knowledge of p e r i o d i c a l l y -  

loaded t ransmiss ion  l i n e s .  The Karp c i r c u i t ,  i n  par-  

t i c u l a r ,  appeared t o  o f f e r  t h e  g r e a t e s t  p o t e n t i a l  f o r  

des ign  opt imiza t ion  of a higher  power, high e f f i c i e n c y  

ampl i f i e r  

3.3 ANALYTIC AND EXPERIMENTAL O P T I M I Z A T I O N  OF A 
KARP C I R C U I T  

In t h e  s imples t  form t h e  Karp c i r c u i t  c o n s i s t s  of 

a r idged r ec t angu la r  waveguide whose broad w a l l  conta ins  

an a r r a y  of t r ansve r se  s l o t s  ( f i g u r e  l o a ) .  Without r idge  

loading  a s l o t t e d  a r r a y  o r  l adde r  l i n e  a c t s  as a zero- 

passband c i r c u i t .  Each s l o t  i s  a half-wave ape r tu re  wi th  
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7~ phase s h i f t  between ad jacent  s l o t s  a t  

frequency. Ridge loading  i n  t h e  c e n t e r  

adds shunt capaci tance t o  unbalance t h e  

duc t ive  and c a p a c i t i v e  susceptances.  

F igure  10b i l l u s t r a t e s  an approximate equiva len t  

c i r c u i t  which neg lec t s  coupling between s l o t s .  Capa- 

c i t i v e  loading  due t o  t he  r idge  c r e a t e s  a fundamental 

forward-wave c i r c u i t  which propagates a delayed rf wave 

i n  a frequency band which i s  above t h e  cu to f f  frequency 

of t h e  unperturbed r idged waveguide and below t h e  s l o t  

resonant frequency. 

Coupling between ad jacent  s l o t s  can be included 

i n  t h e  equivalent  c i r c u i t  a n a l y s i s  by adding elements.  

However t h e  r e s u l t i n g  l adde r  network becomes q u i t e  com- 

p l i c a t e d .  

An a l t e r n a t e  a n a l y t i c a l  approach w a s  appl ied  t o  t h e  

Karp c i r c u i t  with exce l l en t  r e s u l t s .  The method was 

o r i g i n a l l y  s tud ied  by F le t che r4  and l a t e r  extended by 

Walling 5 . C i r c u i t  p r o p e r t i e s  a r e  determined by con- 

s i d e r i n g  an a r r a y  of p a r a l l e l  conductors which support  

one or more TEM waves propagating i n  t h e  d i r e c t i o n  of 

t h e  conductors.  D e t a i l s  of t h e  a n a l y s i s  and a d i g i t a l  

computer program developed around t h e  a n a l y s i s  a r e  con- 

t a ined  i n  Appendix A. 
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Ridged Rectangular Waveguide 

( a )  General Form 

( b )  Approximate Equivalent Circuit 
For Widely Separated Slots. 

General Form And Equivalent Circuit Of 
Karp Slow -Wave Structure. 
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Figure  11 i s  a ske tch  of t h e  gener 

under cons idera t ion .  The l abe led  ons a r e  used 

i n  subsequent f i g u r e s  t o  de f ine  t h  

which were s tud ied .  Preliminary e l  

c u l a t i o n s  ind ica t ed  t h e  importance of accu ra t e  d i spe r -  

s i o n  and impedance d a t a .  Cold t e s t  s t r u c t u r e s  were fab-  

r i c a t e d  t o  o b t a i n  t h e s e  measured va lues ,  and t o  determine 

t h e  l i m i t s  of t he  a n a l y t i c  c i r c u i t  model. 

A s  t h e  composite thermal,  e l e c t r i c a l  and mechanical 

des ign  was optimized i t  w a s  necessary t o  r e t u r n  t o  t h e  

a n a l y t i c  c i v c u i t  model. C i r c u i t  des ign  c a l c u l a t i o n s  were 

performed t o  avoid f a b r i c a t i n g  a l a r g e  number of slow-wave 

s t r u c t u r e s .  New c i r c u i t s  were f a b r i c a t e d  only when t h e  

des i r ed  c i r c u i t  q u a n t i t i e s  devia ted  s i g n i f i c a n t l y  from t h e  

e s t a b l i s h e d  l i m i t s  of t h e  model, o r  when accura te  a t t e n u a t i o n  

data were requi red .  

A t o t a l  of twelve bar  l i n e s  and t w o  ground plane-sole  

assemblies were f a b r i c a t e d .  meven cold t e s t  s t r u c t u r e s  were 

designed with t h e  s l o t  resonant frequency i n  low S band. 

One l a r g e r  c i r c u i t  w a s  designed with a s l o t  resonant f r e -  

quency i n  L band. 

f a b r i c a t i o n  and measurement problems, and because very l i t t l e  

s c a l i n g  would be requi red  f o r  t h e  f i n a l  des ign  a t  2GHz. The 

L band c i r c u i t  w a s  used t o  s tudy f i e l d  d i s t r i b u t i o n  and mode 

n f i g u r a t i o n  in  t h e  fundamental and h igher  passbands. Most 

he cold t e s t  c i r c u i t s  contained t e n  pe r iod ic  c e l l s ,  an 

S band c i r c u i t s  were chosen t o  minimize 
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i d e a l  number f o r  measuring phase and impedance. 

c i r c u i t s  conta in ing  24 and 30 c e l l s  were used t o  o b t a i n  

more accura te  c i r c u i t  a t t e n u a t i o n  da ta .  

Two 

Figure 12 shows the  e l e c t r i c a l  c h a r a c t e r i s t i c s  of  

f o u r  r ep resen ta t ive  cold t e s t  s t r u c t u r e s .  C e r t a i n  dim- 

ensions were var ied  i n  a systematic  manner w i t h  those 

c i r c u i t s  which were of p a r t i c u l a r  i n t e r e s t  t o  t h i s  de- 

s ign.  Independent v a r i a b l e s  included: 

P c i r c u i t  p i t c h  

d P  gap t o  p i t c h  r a t i o  

bar  th ickness  outs ide  the  i n t e r a c t i o n  region 

bar th ickness  i n  the  i n t e r a c t i o n  reg ion  

r idge  t o  bar  spacing 

r a t i o  of i n t e r a c t i o n  w i d t h  t o  t o t a l  
ba r  l eng th  

dl 

d2 

Wb2 
12/1 

The m o s t  obvious c h a r a c t e r i s t i c  o f  t h e  Karp c i r c u i t  

i s  high impedance with l a r g e  phase s h i f t .  The t rade-off  

between i n t e r a c t i o n  impedance and bandwidth i s  con t ro l l ed  

by t h e  energy s to red  p e r  unit length ,  wS 

v = P/WS 
g 

( 3 - 2 )  

where P i s  the  t o t a l  power propagating on t h e  c i r c u i t ,  

and v i s  t h e  group or energy v e l o c i t y  of t h e  wave. The 

q u a l i t a t i v e  t r a d e o f f s  i n  the  reg ion  of i n t e r e s t  f o r  t h i s  

des ign  a re  i l l u s t r a t e d  i n  f i g u r e  1 3 .  With each dimension 

Q 
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normalized t o  t h e  c i r c u i t  p i t c h ,  and f o r  0.5 i Pp/n 0.8: 

A. Beam v e l o c i t y  vol tage and bandwidth in- 

c rease  wi th  p i t c h  while  t h e  t o t a l  c i r c u i t  a t tenu-  

a t i o n  decreases .  

B. I n t e r a c t i o n  impedance and beam v e l o c i t y  increase  

as t h e  r idge  loading i s  decreased. Maximum band- 

width and lowest impedance r e s u l t  from heavy loading .  

C.  B a r s  which a r e  wide i n  t h e  d i r e c t i o n  of prop- 

aga t ion  r e s u l t  i n  high thermal capac i ty .  Maximum 

impedance i s  obtained for bar  and gap widths ap- 

proximately equal .  

D.  Width of t h e  loading  r idge  c o n t r o l s  t h e  s to red  

energy pe r  u n i t  l ength .  Heavy loading corresponds 

t o  l o w  beam v e l o c i t y  and l o w  impedance wi th  in -  

creased bandwidth. 

E. A t h i c k  b a r  has high thermal capac i ty .  Impedance 

and t o t a l  c i r c u i t  a t t e n u a t i o n  decrease wi th  increas ing  

ba r  th ickness .  

F. A s o l e  e l ec t rode  does not  a f f e c t  impedance o r  

bandwidth except when the  s o l e - c i r c u i t  gap i s  con- 

s ide rab ly  less t han  t h e  c i r c u i t  p i t c h .  
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The significant of circuit attenuation is discussed 

in conjunction with large signal efficiency optimization. 

Attenuation of many slow-wave circuits - including the 
Karp circuit - is a quantity which is difficult to deter- 
mine analytically. Cold test measurements were performed 

with two circuits and various loading geometries to deter- 

mine the tradeoffs between attenuation, bandwidth and im- 

pedance. 

tests in order to improve measurement accuracy. 

Circuits with 24 and 30 cells were used for these 

Figure 14 shows the dispersion and attenuation char- 
acteristics for circuit K - 5 - a  with the loading dimensions 

noted. Attenuation per cell is approximately 0.03 db ex- 

cept for the region near the slot resonant frequency where 

loss increases. Experiments were conducted to determine 

if the attenuation of the copper circuits could be reduced. 

Photomicrographs were obtained for two circuits in the as- 

machined condition. Attenuation data and photomicrographs 

were obtained after each of several stages of  electro- 

polishing. No significant change in attenuation was observed 

during any of these experiments although the total material 

removed was nearly 2% of the original. 

Another important circuit parameter which is not treated 

adequately in the literature is transverse variation of inter- 

action impedance. 

loading exhibits a sin (x) electric field distribution where 

x varies from 0 to 1 ~ .  (Figure 1Sa) The resulting impedance 

A conventional bar line with minimal ridge 
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v a r i e s  as s i n 2  (x). 

Experiments were performed wi th  t h r e e  Karp c i r c u i t s  

t o  determine optimum b a r  and r idge  geometries which 

minimize t h e  t r ansve r se  impedance v a r i a t i o n .  Analytic 

impedance values  were gene ra l ly  2O-3O$ higher than  

measured values .  Cold t e s t  impedance d a t a  were obtained 

by pe r tu rb ing  r f  e l e c t r i c  f i e l d s  with d i e l e c t r i c  s l abs  

(Appendix 3 )  as wide as t h e  a n t i c i p a t e d  e l e c t r o n  beam. 

These values  represented  the  average i n t e r a c t i o n  i m -  

pedance whereas the  a n a l y t i c  r e s u l t s  considered imped- 

ance only a t  t h e  c e n t e r  of t h e  ba r s .  N a r r o w  s t r i p s  and 

s m a l l  diameter d i e l e c t r i c  rods were used f o r  measuring 

l o c a l  impedance a t  var ious  p o i n t s  across  t h e  c i r c u i t s .  

From these  data t h e  t r ansve r se  impedance v a r i a t i o n  f o r  

each c i r c u i t  con f igu ra t ion  w a s  e s t ab l i shed .  

The b a r  and r idge  geometry shown i n  Figure 1 s c  r e -  

s u l t e d  i n  an impedance v a r i a t i o n  of  l e s s  t han  25% across  

a use fu l  beam width of one inch. Severa l  bar  and r idge  

combinations were found t o  g ive  s i m i l a r  r e s u l t s .  In 

each case t h e  loading  w a s  g r e a t e s t  a t  t h e  c e n t e r &  t h e  

bars. 

One p r a c t i c a l  v a r i a t i o n  of t h e  p l ana r  Karp c i r c u i t  

i s  shown i n  Figure 16. Folding t h e  low impedance p o r t i o n  

of t h e  ba r s  i n t o  a ground plane provides  a narrower 

magnet gap while r e t a i n i n g  t h e  f u l l  u se fu l  beam width. 
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Modified "T" Bar Folded Karp Circuit 

Fig. 16 



Two v a r i a t i o n s  of t h i s  s t r u c t u r e  were s tud ied  a t  cold 

t e s t .  Dispers ion  and impedance c h a r a c t e r i s t i c s  of  t h e  

fo lded  Karp c i r c u i t s  were s i m i l a r  t o  those obtained 

with p l a n a r  s t r u c t u r e s  except t h a t  t h e  e l e c t r i c a l  bar  

l eng th  w a s  reduced by approximately 10% i n  t h e  folded 

geometry. The T shaped r idge  reduces the  degree of 

loading near  t h e  bar ends. With a g r e a t e r  r i dge  t o  bar  

s epa ra t ion  t h e  bar  c ros s  s e c t i o n  can be more massive 

f o r  a given impedance, hence t h e  bar cen te r  can operate  

a t  a lower temperature f o r  a given power d i s s i p a t i o n .  

3.4 RF-BEAM INTERACTION 

The t h e o r e t i c a l  maximum e f f i c i e n c y  of i n j ec t ed -  

beam c rossed - f i e ld  ampl i f i e r s  i s  very high because of 

t he  na ture  of c ros sed - f i e ld  i n t e r a c t i o n .  Ins tead  of 

convert ing p o t e n t i a l  energy of t h e  power supply t o  k i n e t i c  

energy and then  i n  t u r n  convert ing t h e  k i n e t i c  energy of 

t h e  beam i n t o  use fu l  rf energy, t h e  c ros sed - f i e ld  amp- 

l i f i e r  beam i s  i n j e c t e d  i n t o  t h e  i n t e r a c t i o n  space with a 

r e l a t i v e l y  l o w  v e l o c i t y  ( k i n e t i c  energy) but with r e l a -  

t i v e l y  high p o t e n t i a l  energy. It i s  t h e  p o t e n t i a l  r a t h e r  

t han  k i n e t i c  energy of t h e  beam which i s  then  converted 

d i r e c t l y  i n t o  r f  energy. 

In crossed e l e c t r i c  and magnetic f i e l d s ,  e l e c t r o n s  

have an average d r i f t  v e l o c i t y  given by 

( 3 - 3 )  E 
B y  

v = -  



where E i s  t h e  dc e l e c t r i c  f i e l d  and B i s  t h e  t r a n s -  

verse  magnetic f i e l d .  

Consequently, when an e l e c t r o n  i s  c o l l e c t e d  on a 

slow-wave s t r u c t u r e ,  k i n e t i c  energy i s  converted i n t o  

hea t .  I f  a l l  non-cycloiding e l e c t r o n s  a r e  c o l l e c t e d  on 

t h e  slow-wave c i r c u i t ,  t h e  t o t a l  power d i s s i p a t e d  by t h e  

beam i n  t h e  c i r c u i t  i s  

'diss = v* Ib Y ( 3-4 1 

where Vo i s  t h e  beam k i n e t i c  energy p o t e n t i a l  and Ib i s  

t h e  beam c u r r e n t .  Thus, t h e  maximum e l e c t r o n i c  e f f i c i e n c y  

f o r  a t h i n  non-cycloiding beam of e l e c t r o n s  i s  given by 

T T  
V 
0 qe(max) = 1 - - 

'k 
, (3-5 1 

where Vk i s  t h e  ca thode- to-c i rcu i t  vo l tage .  

f e a s i b l e  t o  des ign  a c rossed - f i e ld  ampl i f i e r  wi th  e l ec -  

t r o n i c  e f f i c i e n c y  g r e a t e r  t h a n  90 percent  a t  S-band. I n  

any p r a c t i c a l  c ros sed - f i e ld  a m p l i f i e r  t h e r e  are seve ra l  

f a c t o r s  which l i m i t  o v e r a l l  e f f i c i e n c y  t o  a value l e s s  than 

the  t h e o r e t i c a l  e l e c t r o n i c  e f f i c i e n c y .  

It i s  

The m o s t  obvious f a c t o r  which reduces c ros sed - f i e ld  

a m p l i f i e r  e f f i c i e n c y  below the  i d e a l  i s  r f  c i r c u i t  l o s s .  

Another very important cons ide ra t ion  i s  t h e  d i f f i c u l t y  i n  

bu i ld ing  a c rossed - f i e ld  ampl i f i e r  which d u p l i c a t e s  t h e  

i d e a l  model assumed i n  t h e  c a l c u l a t i o n  of e l e c t r o n i c  e f -  

f i c i e n c y .  F i n a l l y  and perhaps most important,  i s  t h e  very 

42 



nature  of c ros sed - f i e ld  i n t e r a c t i o n ,  which makes i t  

imprac t i ca l  t o  opera te  an injected-beam CFA s o  t h a t  a l l  

e l e c t r o n s  undergo complete i n t e r a c t i o n  and a r e  c o l -  

l e c t e d  on t h e  slow-wave c i r c u i t .  I n  a conventional 

c ros sed - f i e ld  ampl i f i e r  it i s  advantageous t o  recover t h e  

k i n e t i c  and p o t e n t i a l  energy of  t h e  spent beam on a mul t i -  

element depressed c o l l e c t o r .  

The fol lowing s e c t i o n  exp la ins  i n  d e t a i l  t he  above 

observat ions.  

The o v e r a l l  o r  t o t a l  e f f i c i e n c y  of a c ros sed - f i e ld  

simplifier may be w r i t t e n  a s  

- To - rle Tc Y ( 3 - 6 )  

where q 

i s  t h e  c i r c u i t  e f f i c i e n c y .  The maximum e l e c t r o n i c  e f -  

f i c i e n c y  i s  only obtained i f  t h e  c ros sed - f i e ld  a m p l i f i e r  

i s  operated so  t h a t  a l l  o f  t h e  beam i s  co l l ec t ed  on t h e  

slow-wave c i r c u i t .  Due t o  the formation of a secondary 

e l e c t r o n  bunch which undergoes unfavorable i n t e r a c t i o n  

and moves c l o s e r  t o  t h e  s o l e ,  it i s  imprac t ica l  t o  op- 

e r a t e  an injected-beam c rossed - f i e ld  ampl i f i e r  s o  t h a t  100 

percent  of t h e  e l e c t r o n s  a r e  c o l l e c t e d  on t h e  c i r c u i t .  

For  any p r a c t i c a l  case wi th  f i n i t e  c i r c u i t  a t t enua t ion ,  

t h e  maximum e f f i c i e n c y  occurs a t  a tube l e n g t h  a t  which 

l e s s  t h a n  t h e  t o t a l  beam has been c o l l e c t e d  on t h e  s t r u c -  

t u r e .  Another reason f o r  not  opera t ing  t h e  tube a t  100  

i s  t h e  a c t u a l  e l e c t r o n i c  e f f i c i e n c y  and qc e 
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percent  c i r c u i t  c o l l e c t i o n  i s  t h e  r e l a t e d  problem of 

small-s ignal  ga in ,  which cont inues t o  inc rease  a t  t h e  

same r a t e  i n  the  s a t u r a t i o n  region,  while t h e  s a t u r a t e d  

g a i n  s t a y s  nea r ly  cons tan t .  

Of course,  i nc reas ing  the  tube l eng th  i s  not t h e  only 

way t o  provide t o t a l  beam c o l l e c t i o n  on t h e  slow-wave 

c i r c u i t .  One can a l s o  increase  t h e  input  power i n  order  

t o  fo rce  t h e  tube t o  s a t u r a t e  at  any give l eng th .  Again 

because of c i r c u i t  l o s s  and t h e  formation of t h e  secondary 

bunch, maximum e f f i c i e n c y  occurs a t  a value of input  power 

l e s s  t h a n  t h a t  needed t o  achieve t o t a l  beam c o l l e c t i o n .  Also, 

when t h e  c ros sed - f i e ld  a m p l i f i e r  i s  operated much beyond the  

knee of t h e  curve of power g a i n  as a func t ion  of input  power, 

reduced power g a i n  r e s u l t s .  Thus, consider ing maximum power 

g a i n  and maximum e f f i c i e n c y ,  f o r  a given tube length ,  it 

has been found t h a t  t h e  c ros sed - f i e ld  a m p l i f i e r  should be 

operated where t h e r e  i s  s t i l l  a r a t h e r  l a r g e  f r a c t i o n  of t h e  

beam a v a i l a b l e  f o r  c o l l e c t i o n  a t  depressed p o t e n t i a l s  a t  t h e  

end of t h e  i n t e r a c t i o n  region.  

A l l  of t h e  above l i m i t a t i o n s  on c rossed - f i e ld  e f f i c i e n c y  

were s tud ied  under t h i s  program. The main t o o l s  used for 

t h i s  s tudy were l a rge - s igna l  computer ana lyses .  These l a r g e -  

s i g n a l  programs made it poss ib l e  t o  study var ious  e f f i c i e n c y  

improvement schemes quickly and ( i n  comparison w i t h  exper i -  

mental  s t u d i e s  ) inexpensively.  
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3.4.1 Small-Signal Parameters 

In order to determine the relative importance of 

various design parameters on the efficiency of a con- 

ventional CFA one should examine small-signal para- 

meters. Small-signal equations are particularly useful 

during the initial design phase since explicit para- 

metric relationships can be established. 

Consider the interaction circuit and sole cross 

section sketched in figure 17. The electronic efficiency 

given by Eq. (3-5) may be rewritten as 

The interaction impedance at the position of  the beam is 

sinh 2 @xo 
Zi = KO 

2 sinh2 @a 

where KO is the impedance at the beam face of the 

circuit. The gain of a crossed-field amplifier is most 

influenced by D, the gain parameter, given by 



Schematic Drawing Of Crossed - Field Amplifier 
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o r ,  us ing  Eq. (3-8) ,  

1 /2  
w - K~ sinh2P ( a-d ) 

2 
D =  - 

C 'dc 4 s i n h  pa 0 

where Zdc = V o / I b .  

I f  we choose t o  optimize t h e  product of gain parameter and 

i q t e r a c t i o n  e f f i c i e n c y  

M = Dqe (3-11 

which l e a d s  us  t o  t h e  r e l a t i o n s h i p  

We can  now solve t h i s  equat ion  f o r  t h e  optimum d/a f o r  a 

g iven  pd and W / w c .  

O / W c  varying from 0.5 t o  1 0  ( t h e  va lues  of i n t e r e s t  f o r  most 

c ros sed - f i e ld  a m p l i f i e r s ) .  The r e s u l t s  give an optimum beam 

i n j e c t i o n  p o s i t i o n  r a t h e r  c l o s e  t o  t h e  l i n e .  

The r e s u l t s  a r e  shown i n  f i g u r e  18 for 

Simi la r  parametr ic  r e l a t i o n s h i p s  were obtained for o the r  

condi t ions  of opt imizat ion.  (product  d e r i v a t i v e s ) .  The r e s u l t s ,  

however, d i d  no t  i l l u s t r a t e  r e a l i s t i c  t r a d e o f f s  as w e l l  as solu-  

t i o n s  t o  t h e  a c t u a l  s m a l l  s ignal equat ions .  

Another important parameter,  r e l a t i n g  noise  growth i n  a 

c rossed - f i e ld  beam t o  d e s i r e d  signal growth, i s  def ined  as 

'b S= (3-13 1 
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where h i s  t h e  beam width i n  the d i r e c t i o n  of magnetic 

f i e l d ,  c 0  i s  t h e  p e r m i t i v i t y  of f r e e  space and o t h e r  

parameters a r e  as previous ly  def ined .  Values of S l e s s  

t han  2 a r e  necessary f o r  a s t a b l e ,  low-noise ampl i f i e r .  

A computer program w a s  w r i t t e n  t o  eva lua te  t h e  

a l g e b r a i c  small-signal equat ions over a w i d e  range of 

parameters.  A l i s t  of t h i s  program i s  included i n  Ap- 

pendix A. Severa l  assumptions were made f o r  each s e t  of 

s o l u t i o n s  i n  order  t o  t r e a t  t h e  fol lowing parameters as 

incremental  v a r i a b l e s .  

Parameter 

vk ( k V )  

Bo (Gauss ) 

'k/'o 

Region Examined Increment 

2 - 20 2 

500 - 7000 500 

5 - 25 5 
xo/a 0.3 - 0.7 0.05 

V /V i s  t h e  r a t i o  of cathode vol tage  t o  synchronous k o  
vol tage  and x /a i s  t h e  r e l a t i v e  beam i n j e c t i o n  p o s i t i o n  

between so le  and slow-wave s t r u c t u r e .  Ce r t a in  r e s t r i c t i o n s  

were imposed t o  l i m i t  s o l u t i o n s  t o  those  wi th  p r a c t i c a l  

s i g n i f i c a n c e ,  i . e . ,  space charge parameter S l e s s  t han  4, 
impedance a t  beam i n j e c t i o n  p o s i t i o n  2 g r e a t e r  than 1 ohm, 

de vol tage g rad ien t  i n  i n t e r a c t i o n  r eg ion  l e s s  than  500 

vo l t s /mi l ,  and i n t e r a c t i o n  l e n g t h  (corresponding t o  DN = 0.5) 
l e s s  than  20 inches.  Addit ional  r e s t r i c t i o n s  were i m -  

posed i n  subsequent i t e r a t i o n s  t o  de f ine  thermal d i s s i p a t i o n  

0 

i 
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and cathode cu r ren t  d e n s i t y  l i m i t a t i o n s .  

Fixed parameters f o r  each s e t  of s o l u t i o n s  were: 

1. To ta l  dc beam power, Vk Ib 

2. I n t e r a c t i o n  impedance a t  t h e  c i r c u i t  beam 

KO f ace  , 
3. C i r c u i t  phase s h i f t  p e r  per iod ,  Pp 

4. Frequency, f' 

5. C i r c u i t  a t t e n u a t i o n  pe r  per iod ,  0~ 

6. Normalized cathode length  (Kino u n i t s ) , L k  

The following dependent v a r i a b l e s  were computed and 

0 

P 

t abu la t ed  by t h e  program: 

1. Sole t o  c i r c u i t  spacing, a 

2. C i r c u i t  p i t c h ,  p 

3. Space charge parameter,  S 

4. Cathode cu r ren t  d e n s i t y ,  J 

5. Small-signal g a i n  parameter,  D 

6. I n t e r a c t i o n  impedance a t  xo, Zi 

7 .  Sole t o  cathode p o t e n t i a l ,  Vsole 

8. DC e l e c t r i c  f i e l d  i n  i n t e r a c t i o n  region,  Edc 

9 .  C i r c u i t  a t t e n u a t i o n  p e r  u n i t  l eng th  oc 

10. I n t e r a c t i o n  l e n g t h  corresponding t o  DN=O.S, L 

where N i s  t h e  nwnber of space-harmonic wave- 

l e n g t h s  i n  t h e  l eng th  L 



Fixed c i r c u i t  parameters were measured va lues  ob- 

tained from cold  t e s t  s t r u c t u r e s .  A p o r t i o n  of t h e  data 

from each computer run  w a s  p l o t t e d ,  analyzed and pro- 

j ec t ed  t o  t h e  next l o g i c a l  choice of parameters.  

F igu re  19 i s  a t y p i c a l  family of  curves  f o r  t h e  

case Bo = 3000 gauss ,  xo/a = 0.5, KO = 300 52, Pp = 0 . 8 ~ ~ ~  

mp = 0.3 db p e r  p i t c h ,  Pdc = 6500 w a t t s  and fo = 2000 MHz. 

Values of Vk/Vo for each curve are ind ica t ed  on t h e  r i g h t  

s ide  of  t h e  f i g u r e .  For t h e  prev ious ly  def ined in-  

cremental  v a r i a b l e s ,  t h e  dependent parameters vary i n  t h e  

fol lowing manner: 

1. a v a r i e s  from 0.050 t o  0.300 i n .  wi th  

la rger  va lues  corresponding t o  h igher  e l e c -  

t r o n i c  e f f i c i e n c y  (qe = 1 - v0/vk) 

2.  L v a r i e s  from l e s s  than  0.5 i n .  t o  t h e  con- 

s t r a in t  value of 20 i n .  Decreasing V implies  

h igher  Ib, hence h igher  g a i n  p e r  u n i t  l e n g t h  and 

a s h o r t e r  l eng th .  

k 

3. At tenuat ion  i s  l e s s  than  0.02 db/ in .  for a 

high v e l o c i t y  c i r c u i t ,  and g r e a t e r  t han  0.5 

db/in.  for an extremely shor t  i n t e r a c t i o n  length .  

4. S i s  l i m i t e d  t o  2 by t h e  c o n s t r a i n t ,  and is 

as low as 0 .1  for a high v e l o c i t y  c i r c u i t .  
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5.  D v a r i e s  from 0.3 t o  0.002, r e f l e c t i n g  higher  

g a i n  p e r  u n i t  l eng th  for more beam curren t  and 

lower cathode p o t e n t i a l .  

v a r i e s  w i t h  Vk i n  an  almost l i n e a r  fash ion  6 *  'sole 
i n  o rde r  t o  maintain a cons tan t  beam i n j e c t i o n  po- 

s i t i o n :  

xo/a = (Vsole + Vo)/(Vsole + v k )  

Another family of curves i n  f i g u r e  20 w a s  p l o t t e d  

from t h e  same d a t a  t abu la t ion .  However magnetic f i e l d ,  

i s  now the  independent v a r i a b l e  and Vk i s  he ld  con- *O' 

s t a n t  a t  8000 v o l t s .  S imi la r  parametric relationships 

e x i s t  with higher  g a i n  and beam impedance corresponding 

t o  lower values  of S andL as magnetic f i e l d  i s  i'ncreased. 

These p a r t i c u l a r  f i g u r e s  a r e  shown s ince  they  bracket  

t h e  des ign  reg ion  of g r e a t e s t  i n t e r e s t .  Ce r t a in  d e s i r a b l e  

parametric combinations were analyzed i n  g r e a t e r  d e t a i l  

w i th  l a r g e  s i g n a l  i n t e r a c t i o n  programs. These des igns  

a r e  evaluated i n  t h e  following sec t ion .  

3.4.2 Large-Signal Analysis 

The m a t h e m t i c a l  models used t o  analyze beam-wave 

i n t e r a c t i o n  i n  crossed e l e c t r i c  and magnetic, f i e l d s  a r e  

s i m i l a r  for each of t h e  L i t t o n  l a r g e  signal computer pro- 

grams. Di f fe rences  between t h e  programs a r e  p r imar i ly  i n  

t h e  degree of complexity (space-charge o r  no space-charge, 

e t c .  ), t h e  type of computer used, and i n  t h e  p r i n t  and 
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plot output capability of each. 

The programs designed f o r  batch processing (LSCFA 

002, LSCFA 022 and LSCFA 122) include space charge and 

acceleration terms, and provide for beam-wave asynchronism. 

Each model requires certain basic assumptions in order to 

reduce the complex problem of crossed-field interaction 

to a tractable procedure. These assumptions include the 

following: 

1. An electron beam is periodic along the 

length of interaction, and when interacted 

upon by a traveling rf wave, the beam forms 

periodic bunches. 

2. Only one wavelength of the electromagnetic 

wave and the portion of beam which corresponds 

to this wavelength are considered simultaneously. 

3. An electron beam travels at less than one- 
fourth the velocity of light so that relativistic 

effects can be neglected. 

4. A beam is considered as a finite number of rods 

of charge. Up to 200 rods are used to simulate one 

wavelength of a beam. Each rod is as long as the 

beam width in the direction of magnetic field. 

5. RF-beam interaction occurs with a single space- 
harmonic of the composite circuit wave. 
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6. Boundaries a t  s o l e  and c i r c u i t  have i n f i n i t e  

conduct iv i ty .  Doubly p e r i o d i c  e l l i p t i c  func t ions  

t r e a t  image charges r e f l e c t e d  by conductive p lanes  

t o  compute space charge e l e c t r i c  f i e l d s .  

7.  A modified Lagrangian formulat ion i s  used t o  

c a l c u l a t e  rod t r a j e c t o r i e s  by a f i n i t e  d i f f e r e n c e  

procedure.  

8. Energy exchange between rods and rf wave i s  

computed by summing v e l o c i t y  and work done on 

t h e  rf f i e l d s  of each rod .  

9 .  No v a r i a t i o n s  e x i s t  ac ross  t h e  beam i n  t h e  

d i r e c t i o n  of  magnetic f i e l d .  

10. C i r c u i t  v e l o c i t y  and dc e l e c t r i c  f i e l d  may 

vary as the  i n t e r a c t i o n  progresses  i n  any prede- 

termined fashion.  

11. I n i t i a l  rod p o s i t i o n s  and v e l o c i t i e s  may des- 

c r i b e  B r i l l o u i n  flow f o r  any f i n i t e  beam th ickness ,  

o r  may be def ined  ind iv idua l ly  i n  any reasonable 

m a n n e r  which adequately desc r ibes  a r e a l i s t i c  e l e c t r o n  

beam. 

The original l a r g e  s i g n a l  i n t e r a c t i o n  program, CFA022, 

has been used for s i x  y e a r s  as t h e  primary a n a l y t i c  des ign  



t o o l  f o r  L i t t o n  injected-beam CFAs. Improvements 

incorporated i n t o  t h e  o r i g i n a l  program, and more r ecen t  

ve r s ions  w r i t t e n  f o r  o the r  computer f a c i l i t i e s ,  have 

decreased computation time and added t o  program f l e x i -  

b i l i t y .  However, t h e  bas i c  program func t ion  - t he  

a n a l y s i s  of  ga in ,  power growth and e f f i c i e n c y  f o r  any 

s p e c i f i c  s e t  of parameters - has not changed. 

The value of any mathematical  formulat ion desc r ib ing  

CFA i n t e r a c t i o n  can be determined by i t s  a b i l i t y  t o  pre-  

d i c t  t h e  performance of experimental  devices .  A v a l i d  

comparison of nonl inear  t h e o r e t i c a l  analyses  with exper i -  

mental  d a t a  can be complicated by t h e  d i f f i c u l t y  i n  d e t e r -  

mining accu ra t e ly  t h e  a c t u a l  beam th ickness  and p o s i t i o n  

i n  an experimental  device.  By consider ing r e a l i s t i c  beam 

approximations we have con t inua l ly  improved agreement 

between experimental  and a n a l y t i c  r e s u l t s .  Predicted and 

experimental  values  of s a t u r a t e d  g a i n  and e f f i c i e n c y  

gene ra l ly  agree w i t h i n  5% f o r  c u r r e n t  CFA designs which 

have a beam width a t  l e a s t  f o u r  t imes t h e  width of t h e  

i n t e r a c t i o n  gap. (h / a  2 4 ) .  For t h e  des igns  s tud ied ,  on 

t h i s  program h/a v a r i e s  from 6 t o  8. 

When l e s s  d e t a i l e d  des ign  information was des i r ed  i n  

the  e a r l y  phase of t h e  s tudy we used seve ra l  v a r i a t i o n s  

of t h e  t imeshare l a r g e  s i g n a l  program, PVL 6. The model 

i s  s i m i l a r  t o  t h a t  used i n  LSCFA 002 except t h a t  space- 
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charge and a c c e l e r a t i o n  t e r m s  are neglected.  A l so  t h e  

approximate model assumes synchronism between beam and 

wave. 

Var i a t ions  of PVL 6 were q u i t e  u se fu l  f o r  es tab-  

l i s h i n g  l a r g e  signal parametr ic  tradeoff 's .  Approximate 

s o l u t i o n s  were obtained f o r  a f r a c t i o n  of t h e  c o s t  of 

t h e  more complex space-charge so lu t ions .  Following a 

s e r i e s  of i t e r a t i v e  s o l u t i o n s  where one o r  more des ign  

v a r i a b l e s  were incremented, t h e  more favorable  cases  

were repeated wi th  a ba tch  program inc luding  space-charge, 

a c c e l e r a t i o n  terms and asynchronism. 

Se lec ted  r e s u l t s  from t h e  l a r g e  s i g n a l  study a r e  

i l l u s t r a t e d  i n  f i g u r e s  21 - 25. The o rd ina te  a x i s  f o r  

each graph r ep resen t s  r f  power on t h e  c i r c u i t ,  and each 

absc i s sa  r ep resen t s  i n t e r a c t i o n  l e n g t h  measured from t h e  

rf input  p o r t .  Design parameters f o r  each f i g u r e  a r e  s l i g h t  

pe r tu rba t ions  about t h e  optimum values  t abu la t ed  i n  f i g u r e  

25 as des ign  J-3/93xx. 

t o  d i s t i n g u i s h  between the  var ious  pe r tu rba t ions ,  with vol- 

t ages ,  beam cur ren t  and c i r c u i t  v e l o c i t y  f ixed .  

L e t t e r s  fol lowing 5-3/93 a r e  used 

The e f f e c t  of inc luding  space charge i n  a l a r g e  s i g -  

nal analysis i s  i l l u s t r a t e d  i n  f i g u r e  21. Somewhat higher  

g a i n  i s  ev ident  near , t he  input  without space charge.  A 

t h ree - l aye r  beam with a th ickness  equal  t o  1% of t h e  inter-  

a c t i o n  gap shows a 2-3% higher  power a t  s a t u r a t i o n  when space- 

charge i s  included.  
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Boxes shown in the figure represent profiles 

of rod positions within the moving frame at the lengths 

noted. Striations are obvious within each bunch. Space 

charge fields also tend to curl the profile of those rods 

which are in the most favorable initial phase. 

For synchronous beam-wave interaction in preliminary 

designs it is not particularly enlightening to include 

space-charge in the calculations. Detailed analysis of  

interaction efficiency, bandwidth md collector eff iciency 

require space-charge fields. 

The necessity of detailed and accurate cold test 

attenuation measurements is obvious from figure 22. 

All parameters were held constant excegt circuit attenuation 

which was allowed to vary from zero to 0.6 db/in. 

length required to reach a power level of 5 Kw is 25% 
greater f o r  0.6 db/in attenuation than f o r  measured values 

of 0.3 db/in. If it were possible to reduce attenuation 

of present circuits by a factor of two one could expect 

an additional 3-5% increase in interaction efficiency. 

Circuit 

Figure 23 illustrates the relationship between sat- 

urated output power, interaction efficiency and inter- 

action impedance. The analytic and experimental circuit 

study verified the impedance-bandwidth trade o f f  which 

exists f o r  variations of the Karp circuit. 

in excess of 1000 ohms were measured at pp = 0.7n f o r  

Values of KO 
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seve ra l  c i r c u i t s  w i th  high d i spe r s ion .  

For  t h e  midband synchronous c a l c u l a t i o n s  p l o t t e d  

i n  f i g u r e  23 impedance w a s  var ied  from l o o - T O O  ohms. 

The case wi th  KO = 100 ohms r e q u i r e s  nea r ly  t h r e e  t imes 

t h e  i n t e r a c t i o n  l e n g t h  t o  reach s a t u r a t i o n  as t h e  case 

with KO = T O O  ohms. The d i f f e r e n c e  i n  i n t e r a c t i o n  e f -  

f i c i e n c y  amounts t o  nea r ly  10% f o r  t h e  two extreme cases .  

F igure  24 i l l u s t r a t e s  t h e  e f f e c t  of input  s i g n a l  

l e v e l  on the  r a t e  of  power growth and t h e  i n t e r a c t i o n  

e f f i c i e n c y  wi th  a l l  o t h e r  parameters f ixed .  Lower d r i v e  

power r e q u i r e s  a longer  i n t e r a c t i o n  l e n g t h  t o  reach a 

p a r t i c u l a r  power l e v e l .  Decreased c i r c u i t  l o s s e s  and 

higher  e l e c t r o n i c  e f f i c i e n c y  r e s u l t  from a s h o r t e r  i n t e r -  

a c t i o n  c i r c u i t .  

Overal l  conversion e f f i c i e n c y  i s  t h e  r a t i o  of r f  

output power t o  t o t a l  input  power, inc luding  r f  d r i v e  

power. Highest output s t age  o v e r a l l  e f f i c i e n c y  f o r  t hese  

J-3/93xx des igns  occurs with d r i v e  power between 75 and 

150 wat t s .  The requi red  output s tage  gain f o r  t h e  f i n a l  

design,  J-3/93EY w a s  s e l ec t ed  as 16 db. 

This e s t ab l i shed  t h e  requi red  CFA d r i v e  power a t  

125 w a t t s .  

gain i s  requi red  i n  t h e  d r i v e r  s t age .  These requirements 

a r e  r e a d i l y  met by number of  e x i s t i n g  microwave amp- 

l i f i e r s .  

For  40 db g a i n  i n  t h e  ampl i f i e r  cha in  24 db 
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Large s i g n a l  ana lyses  were used t o  e s t a b l i s h  a 

reasonable  t r a d e  off between d i s p e r s i o n  and i n t e r a c t i o n  

impedance. Each band-edge frequency (1985 MHz and 2015 MHz) 

and t h e  c e n t e r  frequency (2000 MHz) were analyzed f o r  

f i x e d  dc e l e c t r i c  and magnetic f i e l d s .  The h ighes t  d i s -  

pe r s ion  which r e s u l t e d  i n  nea r ly  uniform s a t u r a t e d  out- 

put power ac ross  t h e  30 MHz band w a s  approximately 6% 

corresponding t o  a KO v a r i a t i o n  f r o m  216-277 ohms. 

25 i l l u s t r a t e s  t h e  l a r g e  s i g n a l  power response f o r  V a l -  

ues of b y  t h e  beam-wave v e l o c i t y  d i f f e r e n c e ,  equal  t o  

-5.4%, - 1.3% and + 0.4% a t  low,  m i d  and high f requencies  

r e s p e c t i v e l y .  Other choices  of  synchronous v e l o c i t y  

r e s u l t e d  i n  h igher  power a t  one o r  t h e  o t h e r  band edge 

and g r e a t e r  power v a r i a t i o n  across  t h e  frequency band. 

Figure 

Optimum device e f f i c i e n c y  r e q u i r e s  high i n t e r a c t i o n  

e f f i c i e n c y  i n  conjunct ion with high c o l l e c t o r  e f f i c i e n c y .  

Throughout t h e  l a r g e  s i g n a l  study we considered the  d i s -  

t r i b u t i o n  of k i n e t i c  and p o t e n t i a l  energy i n  t h e  un- 

c o l l e c t e d  p o r t i o n  of each beam a t .  any p a r t i c u l a r  d i s t a n c e  

along t h e  c i r c u i t .  I n t e r a c t i o n  d i s t a n c e s  were normalized 

s o  t h a t  var ious des igns  could be compared. The common 

method of normalizat ion r e f e r s  t o  t h e  f r a c t i o n  of t o t a l  

beam cur ren t  which has  been c o l l e c t e d  on t h e  c i r c u i t  

( i . e . ,  a 70% c o l l e c t i o n  plane i s  t h a t  i n t e r a c t i o n  l e n g t h  

a t  which 70% o f  t h e  t o t a l  beam c u r r e n t  has  reached t h e  

c i r c u i t ) .  
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Figure 26 i l l u s t r a t e s  t he  d i s t r i b u t i o n  of p o t e n t i a l  

Axes of energy a t  c o l l e c t i o n  p lanes  of  l%, 62% and 81%. 

t h e  f i g u r e  represent  r e l a t i v e  e l e c t r o n  dens i ty ,  i n t e r -  

a c t i o n  l e n g t h  and p o t e n t i a l  energy referenced t o  c i r c u i t  

p o t e n t i a l .  P o t e n t i a l  energy i s  zero f o r  an e l e c t r o n  

grazing t h a t  p o r t i o n  of a slow-wave s t r u c t u r e  which i s  

adjacent  t o  the  e l e c t r o n  beam, and i s  maximum f o r  an 

e l e c t r o n  grazing t h e  so l e  e l ec t rode .  

The formation of t w o  d i s t i n c t  e l e c t r o n  bunches i s  

evident  a t  t h e  2050 w a t t  power l e v e l  where t h e  f i r s t  

favorably phased e l ec t rons  a re  in t e rcep ted  by t h e  c i r c u i t .  

Those e l e c t r o n s  which began i n  an unfavorable phase a r e  

shown bunched about a p o t e n t i a l  l e v e l  s l i g h t l y  below t h e  

energy l e v e l ,  Vo,  about which they  were in j ec t ed .  

Fur ther  along t h e  i n t e r a c t i o n  l eng th ,  where t h e  

c i r c u i t  power has reached 5045 w a t t s ,  mos t  of t he  

favorably phased e l e c t r o n s  have been co l l ec t ed .  Those 

e l ec t rons  which have n o t  been co l l ec t ed  a re  spread out 

between s o l e  and c i r c u i t .  A s u b s t a n t i a l  po r t ion  of t he  

beam i s  bunched about an energy l e v e l  near ly  3KV below 

cathode p o t e n t i a l .  This  energy i s  recoverable,  as d i s -  

cussed i n  s e c t i o n  3.5. 
The t h i r d  energy p r o f i l e  i s  beyond the  reg ion  of 

u se fu l  i n t e r a c t i o n  f o r  t h i s  p a r t i c u l a r  choice of i n t e r -  

a c t i o n  parameters s ince  c i r c u i t  l o s s  i nc reases  a t  near ly  

t h e  same r a t e  as t h e  amplif ied wave. 



Potential Energy Distribution Along Interaction 
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Parameters which r ep resen t  an optimum combination 

of high i n t e r a c t i o n  e f f i c i e n c y  and high c o l l e c t o r  e f -  

f i c i e n c y  are def ined  as des ign  J-3/93E. 

meters are l i s t e d  i n  Table I. 

These para-  

3.5 COLLECTOR ANALYSIS 

The l a r g e - s i g n a l  i n t e r a c t i o n  s tudy showed t h a t  i n  

a l l  convent ional  CFA designs a s u b s t a n t i a l  f r a c t i o n  of 

t h e  t o t a l  beam energy was recoverable .  I n  order  t o  com- 

pare  pre l iminary  designs we assumed a hypo the t i ca l  fou r  

element c o l l e c t o r .  P o t e n t i a l s  were chosen which r e s u l t e d  

i n  recovery o f  each e l e c t r o n  with p o t e n t i a l  energy g r e a t e r  

t han  t h e  p o t e n t i a l  of t h e  e l ec t rode  with t h e  l a r g e s t  de- 

p re s s ion  l e s s  t han  t h e  e l e c t r o n  p o t e n t i a l  energy. De- 

t a i l e d  c o l l e c t o r  analyses  were conducted only f o r  c e r t a i n  

p r a c t i c a l  e l e c t r i c a l  designs which exh ib i t ed  extremely 

high e f f i c i e n c y .  

The l a rge - s igna l  space-charge programs provide a 

p r i n t o u t  of ve loc i ty ,  energy and charge d i s t r i b u t i o n  in -  

formation a s  a func t ion  of i n t e r a c t i o n  l eng th .  A t  any 

p a r t i c u l a r  r f  power l e v e l  o r  i n t e r a c t i o n  d i s t ance  t h e  

computer program can d i r e c t  d a t a  ca rds  conta in ing  t h i s  

information t o  be punched i n  a format s u i t a b l e  f o r  any 

one of t h e  t r a j e c t o r y  a n a l y s i s  programs. 

Early in  t h e  c o l l e c t o r  study a ques t ion  was r a i s e d  

regarding t h e  p r a c t i c a l i t y  of  recovering e l e c t r o n s  a t  
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TABLE I 

J-3/93E DESIGN SUMMARY 

F r e  que ne g D ep end en t P a r  m e  t e r s 

Frequency 
Phase Constant 
I n t e r a c t  i o n  

Imp e d anc e 
Gain Parameter 
Space Charge 

Parameter 
C i r c u i t  

A t  t enuat  don 
Computed Gain 

Output Power 

C o l l e c t o r  
Current 

A synchronous 
Parameter 

19 85 
873 

216 
0.046 

0.960 

0.36 
16.06 

5045 

407 

-5.4 

2000 

917 

237 
0 045 

0.991 

0.37 
16.06 

5042 

319 

-1 .3  

Frequency Independent E l e c t r i c a l  
and Geometric Parameters 

C i r c u i t  P i t c h  
Beam Width 
So le  -c i r e  u i  t 

I n t e r a c t i o n  

C i r c u i t  -Cathode 

gap 

Length 

P o t e n t i a l  

S o l e  -Cathode 
Potent  i a l  

T o t a l  Beam 
Current  

Transverse Mag- 
n e t i c  F i e l d  

RF Input  Power 
70 

p ( i n )  
h ( i n )  

a ( i n )  

L ( i n )  

0.0944 
1 * 000 

0.132 

3.022 

0000 

-5360 

1.100 

3000 

125 

2015 

9 41 

277 
0.047 

0.954 

0.39 
16.18 

5187 

308 

+0.4 



a p o t e n t i a l  below t h a t  of t h e  cathode. M-type i n t e r -  

a c t i o n  i s  p r i m a r i l y  t h e  conversion of beam p o t e n t i a l  

energy i n t o  r f  energy, while k i n e t i c  energy remains 

r e l a t i v e l y  cons tan t  throughout t h e  i n t e r a c t i o n .  A 

favorably  phased e l e c t r o n  moves from i t s  i n j e c t i o n  

p o s i t i o n ,  x toward t h e  c i r c u i t .  The t o t a l  energy 

given t o  t h e  rf wave by a s ing le  non-cycloiding e l e c -  

t r o n  t h a t  i s  c o l l e c t e d  on t h e  slow-wave s t r u c t u r e  i s  

0 ,  

e ( V k  - Vo) where Vo i s  t h e  k i n e t i c  energy vol tage of 

t h e  e l e c t r o n  and Vk i s  t h e  cathode t o  anode p o t e n t i a l .  

E lec t rons  which e n t e r  t h e  i n t e r a c t i o n  reg ion  i n  an 

unfavorable phase w i l l  i n i t i a l l y  ga in  energy from the  r f  

wave and move toward t h e  so l e .  Since r f  f i e l d s  decay 

exponent ia l ly  f r o m  t h e  c i r c u i t  t h e  unfavorably phased 

e l e c t r o n s  w i l l  not  acqui re  s u f f i c i e n t  energy t o  reach the  

s o l e ,  but w i l l  even tua l ly  move i n t o  a avorable phase 

and t r a n s f e r  energy t o  t h e  r f  wave as they  a r e  d r i v e n  

toward t h e  c i r c u i t .  For  t h e  reasons discussed i n  Sec t ion  

3.4 t h e  optimum i n t e r a c t i o n  l e n g t h  i s  l e s s  t han  t h a t  

requi red  f o r  t o t a l  beam c o l l e c t i o n  on t h e  c i r c u i t .  Hence 

a c e r t a i n  f r a c t i o n  of t h e  beam w i l l  have p o t e n t i a l  energy 

g r e a t e r  t han  cathode p o t e n t i a l  a t  t h e  end of  a high e f -  

f i c i ency  i n t e r a c t i o n  region.  

Recovery of a p o r t i o n  of t h e  spent e l e c t r o n  beam 

on a c o l l e c t o r  element b iased  more negat ive than  cathode 



p o t e n t i a l  has been shown t o  be q u i t e  r e a l i z a b l e  i n  

experimental  CFAls and i n  a n a l y t i c  c o l l e c t o r  s t u d i e s .  

However, t h e  power supply requi red  for each c o l l e c t i o n  

element biased more negat ive t h a n  cathode p o t e n t i a l  

must t r a n s f o r m  e l e c t r i c a l  energy t o  a d i f f e r e n t  vo l t age .  

Such a supply i s  not considered p r a c t i c a l  f o r  present  

a i rborne  o r  ground-based a p p l i c a t i o n s  where t h e  ad- 

d i t i o n a l  supply complexity outweighs t h e  advantage of  

increased system e f f i c i e n c y .  For spaceborne a p p l i c a t i o n s  

t h e  premium on system e f f i c i e n c y  outweighs t h e  compli- 

c a t i o n  o f  convert ing a high energy stream of e l e c t r o n s  

i n t o  usable  power a t  another  p o t e n t i a l  l e v e l .  Thus a l l  

conventional e l e c t r i c a l  designs were analyzed during t h i s  

s tudy wi th  t h e  assumption t h a t  e l e c t r o n  c o l l e c t i o n  a t  t h e  

highest  poss ib l e  energy l e v e l  w a s  d e s i r a b l e .  

In a d d i t i o n  t o  p o t e n t i a l  energy t h e  spent e l e c t r o n  
2 beam has  k i n e t i c  energy equal  t o  mv / 2  p e r  e l ec t ron .  

r e p r e s e n t s  only a s m a l l  f r a c t i o n  of  t h e  t o t a l  beam power 

i n  a h igh  e f f i c i e n c y  des ign  y e t  t h e  recovery of  a t  l e a s t  

6% of t h e k i n e t i c  power i s  both poss ib l e  and d e s i r a b l e .  

This  

One p r a c t i c a l  method involves  conversion of k i n e t i c  

energy i n t o  p o t e n t i a l  energy i n  a slowly decreasing e l e c t r i c  

f i e l d .  Average e l e c t r o n  v e l o c i t y  i s  g iven  by Eo/B and t h e  

dc e l e c t r i c  f i e l d  i s  Eo = V S / a .  

sole-anode spacing and/or a decrease i n  p o t e n t i a l  provides  

0 

Hence an increase  i n  t h e  

7 2  



t h i s  c o l l e c t o r  t h e  average k i n e t i c  energy i s  only 227 eV. 

1 power involved i n  t h e  convers ion  from k i n e t i c  

t o  p o t e n t i a l  energy amounts t o  (563-227) eV 4:- 11 1nA=370 

w a t t s .  (Each charge group f o r  t h i s  c o l l e c t o r  des ign  

r e p r e s e n t s  a c u r r e n t  of l l m ~ ) .  

Twenty seven i n d i v i d u a l  elements were s e t  up f o r  

t h i s  c o l l e c t o r  geometry. For t h e  1985 MHz case  ( i l l u s -  

t r a t e d )  e l e c t r o n s  were c o l l e c t e d  on only 16  elements i n  

a d d i t i o n  t o  t h e  anode. Th i s  i s  i n  p a r t  due t o  t h e  pa r -  

t i t i o n i n g  of  t h e  e l e c t r o n  beam i n t o  a f i n i t e  number of 

r o d s  o r  charge groups.  To o b t a i n  rod i n i t i a l  cond i t ions  

f o r  mos t  c o l l e c t o r  s t u d i e s  of J-3/93xx des igns  t h e  beam 

w a s  r ep resen ted  by 100 rods .  Following t h e  i n t e r a c t i o n  

r e g i o n  3340% of t h e  i n i t i a l  beam c u r r e n t  w a s  a v a i l a b l e  

f o r  c o l l e c t i o n  a t  depressed p o t e n t i a l s .  

Computation t ime f o r  t h e  l a r g e - s i g n a l  space-charge 

r e a s e s  approximately as t h e  

rods  used i n  t h e  c a l c u l a t i o n s .  

equate  number of analyzing g a i n  

l a r g e r  number w a s  chosen f o r  co l -  

mpromise between accuracy and c o s t .  
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Up t o  200 rods  can be used f o r  any computation when 

a d d i t i o n a l  t r a j e c t o r y  d e t a i l s  a r e  des i r ed .  

The p o t e n t i a l  d i s t r i b u t i o n  f o r  t h e  c o l l e c t o r  shown 

i n  Figure 27 w a s  chosen s o  t h a t  e q u i p o t e n t i a l  l i n e s  curved 

downward i n t o  each element. The geometry and crossed 

e l e c t r i c  and magnetic f i e l d s  a r e  arranged s o  t h a t  secondary 

e l e c t r o n s  have a low p r o b a b i l i t y  of  reaching a more pos i -  

t i v e  e l ec t rode .  Also  t h e  p o s s i b i l i t y  of secondary e l e c t r o n  

avalanche i s  m i n i m a l  because of t h e  s t rong  component of 

t r ansve r se  magnetic f i e l d .  

The depressed c o l l e c t o r  elements and t h e  s o l e  e l ec -  

t r o d e s  i n  m o s t  L i t t o n  CFA's a r e  f a b r i c a t e d  w i t h  s l o t t e d  

sur faces  exposed t o  t h e  beam t o  minimize secondary e l e c t r o n  

emission. I n  t h e  complete c o l l e c t o r s  s tud ied  i n  con- 

junc t ion  wi th  t h i s  des ign  t h e r e  was i n s u f f i c i e n t  reso lu-  

t i o n  t o  include t h e  e f f e c t  of s l o t t e d  c o l l e c t o r  f aces .  

It i s  q u i t e  f e a s i b l e ,  however, t o  expand any p o r t i o n  of 

t h e  c o l l e c t o r  geometry f o r  a more d e t a i l e d  analysis w i t h  

t he  space-charge t r a j e c t o r y  program used i n  t h i s  s tudy 

( ~ ~ ~ 3 6 0 ) .  

Grooved o r  s l o t t e d  sur faces  have l i t t l e  e f f e c t  on 

primary e l e c t r o n  t r a j e c t o r i e s ;  however, any secondary 

e l e c t r o n s  which a r e  generated i n  a s l o t  a r e  sh ie lded  from 

e l e c t r i c  f i e l d s  and gene ra l ly  remain i n  the  s l o t .  This i s  

equiva len t  t o  reducing t h e  secondary y i e l d  of t h e  co l -  

l e c t i o n  sur face  by t h e  r a t i o  of t h e  grooved a r e a  t o  t h e  
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ungrooved a r e a  of t h e  s o l e  f ace .  

Attempts t o  convert  more t h a n  60-7% of t h e  e l e c t r o n  

k i n e t i c  energy i n t o  p o t e n t i a l  energy i n  t h e  simple co l -  

l e c t o r  geometry i f  f igure  27 r e s u l t e d  i n  excessive cycloid-  

i ng  due t o  high space-charge f o r c e s  in  t h e  r eg ion  near  t h e  

s o l e  e l e c t r o d e .  I f  t h e  c o l l e c t o r  were allowed t o  expand i n  

t h e  d i r e c t i o n  of magnetic f i e l d ,  a f l a r e d  geometry might 

permit add i t  i o n a l  k i n e t i c  -energy recovery.  

We analyzed another  c o l l e c t o r  geometry which resembled 

a common two s t a g e  c o l l e c t o r  used i n  c e r t a i n  CFA's. The 

s o l e  e l ec t rode  w a s  transformed i n t o  seve ra l  p o t e n t i a l  s t e p s ,  

each a t  a more nega t ive  p o t e n t i a l  t h a n  t h e  previous element. 

Each s t e p  w a s  designed t o  provide an abrupt decrease i n  e l ec -  

t r i c  f i e l d .  E lec t rons  e n t e r i n g  a decreased f i e l d  should 

cyc lo id .  If c o l l e c t i o n  occurs a t  t h e  lowest po in t  of a 

cyc lo ida l  t r a j e c t o r y  a l l  k i n e t i c  energy w i l l  be converted 

i n t o  p o t e n t i a l  energy s ince  each e l e c t r o n  i s  a t  r e s t  a t  t h e  

i n s t a n t  of c o l l e c t i o n .  

A t e n  s t e p  c o l l e c t o r  w i t h  t h i s  geometry d i d  not  y i e l d  

u s e f u l  r e s u l t s  during t h e  shor t  t ime it w a s  s tud ied .  Un- 

f o r t u n a t e l y  an abrupt change i n  e l e c t r i c  f i e l d  does not  

r e s u l t  from a simple s t e p  i n  e l e c t r o d e  p o t e n t i a l  or e lec t rode  

spacing. More complex e l e c t r o d e s  could be designed t o  

c r e a t e  p o t e n t i a l  we l l s  i n t o  which e l e c t r o n s  could be trapped. 

In a similar manner it should be poss ib l e  t o  i n h i b i t  t h e  

a c c e l e r a t i o n  of secondary e l e c t r o n s  emit ted from w i t h i n  a 



well by proper geometries and/or materials with low 

secondary yield. 

The collector geometry of figure 27 can be fabri- 

cated and experimentally optimized without diff iculty. 

Each element can be supported on shielded strips of high 

thermal conductivity dielectric blocks such as beryllium 

oxide ceramic. 

A concentration of current on the -2620 V electrode 

indicates the need for additional potentials between -2KV 

and -3KV. Similarly, fewer potentials are required 

between 2KV and 6KV. 

Table I1 is a summary of efficiency calculations 

for this particular collector following the interaction 

region described by design J-3/93E. Overall computed 

conversion efficiency is 81.4%. 

3.6 COMPOSITE DESIGN ANALYSIS 

The electrical parameters defined as design J-3/93E 

describe a conventional injected beam CFA which is fully 

compatible with the objective specifications. Throughout 

the electrical design phase we performed the necessary 

thermal and mechanical design calculations to assure that 

reasonable tradeoffs were being evaluated. 
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TABLE I1 SUMMARY OF EFFICIENCY CALCULATIONS 

Element  

N 

7 
8 
9 

11 
12 
1 3  
17  
19 
21  
22 
23 
24 
25 
26 
27 
28 

sws 
Sole 

PO t e nt i al’+ 
(Vo l t s  ) 

Vcn 

7160 
6790 
641 0 
5640 
5280 
49 00 
3230 
2480 
1580 

0 
loto 5 0  
-520 

-1130 
-1810 
-2620 

Total C o l l e c t o r  
8000 

-5600 

Current 
( m A )  

I cn  

11 
22 
11 
11 
11 
11 
11 
22 
11 
22 
11 
22 
33 

110 

370 

730  
0 
Q 
0 

1100 
6000 

0 

2; - 

_I_ 

Power 
(Watts 1 

78.8 
149 - 4  
70.5 
62.0 
58.1 
53 09 

17.4 
2Z:Z 
22.9 

6.2 
0.0 

-17.2 
-37 3 
-99 e 6  

-288 2 
167.0 

5840 0 
0.0 
0 .0  
0.0 

4007 * 6 
37.8  

0.0 

822 * 7 

8l&$ 
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3.6.1 FLectron Gun 

Modified Kino  guns operate  success fu l ly  i n  many 

MBWO and injected-beam CFA tubes .  F igure  28 i l l u s t r a t e s  

t h i s  type of gun. Cathode supports  form an i n t e g r a l  p a r t  

of t h e  cathode body and provide a r i g i d  assembly with 

good thermal i s o l a t i o n .  A hea t e r  i s  supported i n s i d e  t h e  

cathode body by ceramic p o t t i n g  f o r  optimum v i b r a t i o n a l  

c h a r a c t e r i s t i c s  and uniform cathode temperature.  The 

complete assembly i s  supported on a r ig id  one p iece  

ceramic i n s u l a t o r .  

The emi t t ing  sur face  i s  a P h i l l i p s  B impregnated 

cathode. The r e l a t i o n s h i p  between cathode temperature,  

ava i l ab le  cur ren t  dens i ty  and cathode l i f e  i s  shown i n  

f i g u r e  29. The design range ind ica ted  i n  t h e  f i g u r e  

provides  an adequate s a f e t y  margin f o r  a m i n i m u m  amp- 

l i f i e r  l i f e  o f  20,000 hours .  (65,000 hours p red ic t ed  l i f e  

a t  970" C with a max imum cur ren t  dens i ty  of 1 Amp/cm ). 2 

Tota l  beam cur ren t  of 1 . 1 A  r e q u i r e s  1.1 cm2 emi t t i ng  

a r e a  for a cur ren t  dens i ty  of 1 A/cm . Dimensions of t h e  

emi t t ing  su r face  a r e  1.000 x 0.170 in. for t hese  con- 

d i t i o n s .  

2 

We have r e c e n t l y  s tud ied  a new type of e l e c t r o n  gun 

which should allow opera t ion  wi th  cathode cur ren t  dens i ty  

l e s s  than  200 mA/cm f o r  t h i s  design..;: This type of gun 2 

4: D r .  T .  V a n  Duzer, Consultant t o  Crossed-Field Dept. , 
L i t t o n  I n d u s t r i e s  
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Mounting Channel 1 

Note - Drawing is Simplified for Clarity. Cathode End Shield 
and Heater Connections pre Not Shown. Part Radii and 
Some Ceramic Grooves are Also Eliminated. 

Electron Gun Mechanical Assembly 
Fig. 28 
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uses a magnetic s h i e l d  around t h e  cathode. Reduced 

magnetic f i e l d  a t  t h e  cathode sur face  i n c r e a s e s  t h e  

cyc lo ida l  l eng th  of emit ted e l e c t r o n s ,  hence t h e  

phys ica l  cathode l e n g t h  can be increased without de- 

grading beam o p t i c s .  

Three s h i e l d  v a r i a t i o n s  were analyzed for an 

e l e c t r o n  gun designed t o  produce a 2.5 amp beam i n  a 

magnetic f i e l d  of 2800 gauss.  E lec t ron  t r a j e c t o r i e s  i n  

varying B f i e l d s  have been synthesized by solving t h e  

p a r a x i a l  r a y  equat ions f o r  s p e c i f i e d  va lues  of conver- 

gence and curva ture .  F i e l d  p l o t s  ( f i g u r e s  which were 

obtained from t h e s e  d a t a )  were converted i n t o  computer 

input  d a t a  s o  t h a t  t h e  t r ansve r se  component of magnetic 

f i e l d  could be computed a t  a l l  p o i n t s  which were on t h e  

r e s u l t a n t  t r a j e c t o r i e s .  

Higher e f f i c i e n c i e s  a r e  expected from ampl i f i e r s  

with sh ie lded  guns. Preliminary a n a l y t i c  r e s u l t s  i n -  

d i c a t e  t h a t  low-noise t h i n  beams with minimum cgclo id ing  

and crossovers  can be obtained from cathodes s i t u a t e d  

i n  a magnetic s h i e l d .  Experimental v e r i f i c a t i o n  o f  

a n a l y t i c  designs must precede the  a c t u a l  use of sh ie lded  

guns i n  c rossed - f i e ld  tubes.  

3.6.2 Thermal-Mechanical Design 

Figure  30 i l l u s t r a t e s  one p r a c t i c a l  tube mounting 

conf igura t ion .  I n  order  t o  main ta in  m a x i m u m  i n t e r n a l  
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1 )-Radiator 

Tube Mounting Configuration For Dual 
Panel RF Joint Concept 

Fig. 30 



tube temperatures  below 500°C, mounting p l a t e  temp- 

e r a t u r e  should not  exceed 2 5 O o C .  Heat from t h e  tube  

mounting p l a t e  t r a n s f e r s  t o  a s u i t a b l e  r a d i a t o r  through 

p e r i p h e r a l  heat  p ipes .  

Figure 31 shows t h e  r a d i a t o r  a r e a  requirements as 

a func t ion  of  radiator  temperature for 1250 w a t t s  d i s -  

s i p t a t i o n  for an assumed thermal emis s iv i ty  of 0.8. 

The curve shows t h a t  a 550 in2 r a d i a t o r  w i l l  main ta in  a 

p l a t e  temperature of 250°C f o r  t he  worst  poss ib l e  com- 

b i n a t i o n  of parameters.  If d r i v e  power were removed 

with a l l  c o l l e c t o r  elements prev ious ly  optimized for t h e  

case with s a t u r a t e d  d r i v e  power, t o t a l  CFA d i s s i p a t i o n  

should n o t  exceed 750 w a t t s .  

Overall  CFA dimensions a r e  1.25 i n .  wide by 2 i n .  

high by 9 i n .  long wi th  a t o t a l  volume of 22.5 in .3  and 

weight of approximately 4 pounds. 

Magnetic focusing can be obtained from a sh ie lded  

permanent magnet assembly. Using Alnico 9 i n  t h e  con- 

f i g u r a t i o n  shown i n  f i g u r e  32 one may es t imate  t h e  s i z e  

and weight of t h e  o v e r a l l  package. 

Area and l e n g t h  of magnetic m a t e r i a l  a r e  r e l a t e d  by: 

Am = F B A / Bm and lm = f B 1 / Hm, 
g g  g t 3  

where t h e  s u b s c r i p t s  g and m r e f e r  t o  gap and magnet 

r e s p e c t i v e l y  . 



Temperature O f  Radiator(OC1 

CFA Radiator Area Vs. Radiator Temperature 
Fig.31 85 



A magnetic field of 3000 gauss across a 1.250 in 

gap is required. Assume B = 3300 gauss to allow f o r  
l3 

1% stabilization and thermal compensation. 

factors f o r  this geometry are approximately f = 1.2 

and F = 5.0 f o r  pole tips 0.8 in. high. 

and Hm = 1300 oersted at the region of  highest energy 

product f o r  a normal Alnico 9 design. 

Leakage 

Bm = 7700 gauss 

Magnet cross sectional area is Am = (5 )  (3300) 
(018)/7700 = 1.71 in.2, or 1.71 in. height per inch of 

magnet length along the tube. 

Total magnet length in the direction of magnet- 

ization is 

= (1.2) (3300) (l.25)/l3OO = 3.8 in. 'm 
With 1.9 in. of Alnico 9 and a pole tip 0.2 in. 

thick on each side of the CFA, the inside dimensions of 

the return path are approximately 5.5 in. x 3.8 in. 
Armco iron 0.200 thick is adequate to prevent sat- 

uration in the shielded return path. The mean peripheral 

length around the return path is 2(5.7 + 4.0) = 19.4 in. 

These requirements may be summarized as f o l l o w s :  
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C omp onen D imens ions Volume Density 

CFA 2 ~ 1 . 2 5 0 ~ 9  22.5 0.180 

Magnet 1 . 7 1 ~ 3 . 8 ~ 9  58.4 
Pole Tips 0 . 8 ~ 0 . 4 ~ 9  2.9 

Return Path 0 . 2 ~ 1 9 . 4 ~ 9  34.8 

Fittings, waveguide, heat sink, etc. . . . . . . . . 
Total weight, CFA and shielded package . . . . . . . 

Weight 

lb. 

4.1 
15.3 

8.0 

9.8 

37-2  

9 .0  

46.2 

Figure 32 also shows the type of adjustable magnet 

which has proven to be of great value in optimizing CFA 

efficiency during test. The magnet is held stationary 

with respect to the tube on one side, while the opposite 

magnet is segmented to allow f o r  minor individual gap ad- 

justment. Following optimization the adjustable segments 

are locked in place, the adjusting mechanism is removed, 

and a lightweight protective cover is installed. 

3.7 NEW EFFICIENCY ENHANCEMENT CONCEPTS 

Design J-3/93E discussed in the preceding sections is 

the result of optimizing a conventional CFA interaction 

region f o r  highest efficiency eo tent with other ob- 

jective specifications. It sho emphasized that, 

with the exception of the nt collector and 

ve 
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Design J-3/93E differs from t 

a new high impedance interac 

timized for the narrow-bandw 

spaceborne FM television transmitter. 

This section outlines a number of new techniques; 

concepts which have not been verified in experimental 

devices. We studied several new methods which could 

result in a significant increase in the normally high 

efficiency of crossed-field interaction. 

3.7.1 Phase Focusing 

One factor which limits the efficiency of a 

conventional injected-beam crossed-field amplifier is 

the interaction of an out-of-phase group of electrons with 

the R F  circuit wave. This interaction extracts energy 

from the slow-wave circuit and causes the unfavorably 

phased electrons to move toward the sole. This group of 

unfavorable electrons is generally referred to as the 

secondary bunch. I f  a crossed-field amplifier is made 

l o n g  enough the secondary bunch will move into a favorable 

phase and be collected on the slow-wave structure, thus 

converting potential energy into rf power. It would be 

most desirable to avoid the secondary bunch entirely. 

igated the tec 

tic and/or electro-static focusing of 

the out-of-phase electrons. One method f o r  preventing 
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gion .  Consid 

ch 

f i e l d  shown i n  f i g u r e  33. If we i n j e c t  t h e  beam i n t o  a 

uniform magnetic f i e l d ,  t h e  i n t e r a c t i o n  of t h e  favorably  

phased e l e c t r o n s  w i l l  no t  be a f f e c t e d  s i n c e  they  move 

toward t h e  slow-wave c i r c u i t  through a uniform magnetic 

f i e l d .  However, when t h e  e l e c t r o n s  of  t h e  secondary bunch 

begin  t o  move toward t h e  s o l e ,  t hey  see a n  i n c r e a s i n g  

magnetic f i e l d .  T h e i r  average v e l o c i t y  a long t h e  tube  w i l l  

dec rease ,  s i n c e  

*x v ( a v e )  = - z B 
Y 

( 3-14) 

These unfavorably phased e l e c t r o n s  w i l l  cont inue 

t o  be slowed wi th  r e s p e c t  t o  t h e  moving frame u n t i l  they 

reach  t h e  favorable  phase.  

I n  o r d e r  t o  check t h e  q u a l i t a t i v e  arguments g iven  

above, t h e  l a r g e - s i g n a l  computer program w a s  r e w r i t t e n  t o  

a l low t h e  dc magnetic f i e l d  v a r i a t i o n  shown i n  f i g u r e  33. 

The very encouraging r e s u l t s  of using magnetic focus ing  

f o r  a t y p i c a l  c r o s s e d - f i e l d  a m p l i f i e r  computer c a l c u l a t i o n  

a h f i  e a  
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point of beam injection to the sole, the power output 

is 48% greater than for a conventional crossed-field 
amplifier of the same length. Even more impressive is 

the fact that without magnetic focusing, the conventional 

crossed-field amplifier saturates at a much lower value 

of output power even at a normalized length of 1.4. 
Figure 35 shows a comparison of the bunching for 

conventional and magnetically-focused crossed-field 

amplifiers at various lengths along the slow-wave circuit. 

Each dot represents a rod of charge positioned in the 

moving frame (v = Ex/By). In the magnetically-focused 

case nearly all of the beam is collected at a normalized 

length of .875 and there is no secondary bunch, while in 

the conventional case there is still 29% of the beam in 

Z 

a secondary bunch at a normalized length of 1.4. 
Conventional magnet geometries provide B (x) 

variations which are nearly linear when the interaction 
Y 

region is offset in the x direction with respect to the 

center of the pole pieces. Using B values which decreased 

linearly 10% from sole to SWS the total increase in inter- 

action efficiency for design J-3/93E was only 10% and 1% 

at collection planes of 83% and 92% respectively. 

Y 

The difficulty associated with obtaining higher order 

B (x) variations, and the limitations of the present 

analyses become clear when the three-dimensional nature 
Y 
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of the problem is considered. Although the concept of 

phase focusing is basically sound, the computer program 

neglects transverse variation of the magnetic field in 

the near sole region. Numbers which it predicted for 

efficiency are reasonable only for an electron beam 

which is narrow in the direction of magnetic field. It 

is impossible to obtain the correct magnetic profile for 

magnetic focusing without introducing some transverse 

variations in magnetic field. In order to get a vari- 

ation in magnetic field in the sole-anode region greater 

than linear, the variation in the transverse direction 

has to be such that the magnetic force used to confine the 

beam in the transverse direction becomes negative, so that 

the beam tends to be forced out past the end hats. Elec- 

tric confinement then could be used to confine the beam. 

Experimental verification of a technique to obtain 

a magnetic focusing scheme without a transverse velocity 

gradient has not been established. The following analysis 

is given to indicate the problem involved. 

The average velocity of the beam is given by: 

- B x a  
B - B  

v =  

In two dimensions (assuming no variation of E or B in 

the longitudinal direction), this equation is 
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E B  - E B x  
(3-16 x y  

VZ(X.’Y)  = 
B2 

Since t h e  problem i s  a s t a t i c  one, E and B can be 

w r i t t e n  as g r a d i e n t s  of  s c a l e r s  

Thus , 

Now a l s o  

2 v c p = o  

and 
2 v o = o  

(3-20)  

(3-21 

Thus t h e  problem i s  t o  solve Eqs .  (3-20)  and (3-21) w i t h  

t h e  boundary condi t ions  t h a t  

acp ao acp ao 
ax ay aT ax - - - - -  

2 2 s ( x )  = 
ao ao 
ax a Y  
- + -  

(3-22)  

i s  a s p e c i a l  func t ion  only of x (no t r ansve r se  v a r i a t i o n )  
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For many additionally imposed boundary conditions 

a solution to this does not exist. The overall solu- 

tion and understanding of this velocity variation 

problem is the most important problem in crossed-field 

amplifier production today. In it are the roots of the 

instability problem; i.e., multi-velocity beams pro- 

viding a path for feedback and thus decreasing the ef- 

ficiency o f  the device. 

The mathematical problem is as follows: given the 

above equations, find the shape of the equipotentials to give 

the desired variation. It is felt that even if this most 

ideal condition cannot be obtained, nevertheless the 

efficiency of the crossed-field traveling-wave tube 

should be significantly increased by the magnetic focusing 

scheme even if multivelocity components of the beam exist 

in the near sole region. 

As previously discussed, the efficiency of the 

crossed-field amplifier should be improved if the magnetic 

field increases as the beam moves toward the sole. This 

not only slows the electrons down and moves them out of 

unfavorable phase, but also exerts a magnetic pressure 

which tends to push the electrons toward the anode. Com- 

puter calculations have indicated that a linear variation 

of magnetic field across the whole interaction space does 

little t o  enhance efficiency. An x2 or more rapid vari- 
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ation, however, does markedly increase the calculated 

e f f ic iency . 
Ideally one would desire a constant value of trans- 

verse magnetic field between the circuit and the point of 

beam injection, x and a rapidly increasing magnetic 

field between xo and the sole. 

is zero variation in magnetic field in the direction of 

beam velocity. With these constraints a solution to Max- 

well’s equations requires a variation in magnetic field 

across the beam width. If this variation is too large 

0’ 

An additional requirement 

a part of the beam will not be synchronous and will not 

interact efficiently with the circuit wave. 

The problem may be approached analytically to deter- 

mine the complexity required to obtain a second order 

variation in the transverse component of magnetic field. 

Assume the desired variation at the center of the 

beam is 

and 

Bx = 0 = Bx (x,o) 

Then, using 

o * s = o  

(3-24 

(3-25) 

and 
o x B = o  (3-26 1 
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we o b t a i n  i n  t h e  x-y plane 

3B 

X Y 

- + 2 = 0  aBX 
a a 

and 

(3-27 ) 

D i f f e r e n t i a t i n g  t h e  des i r ed  v a r i a t i o n  g iven  by equat ion 

(3-23) ,  and using equat ion  (3-251, we o b t a i n  

(3-29 

I n t e g r a t i n g  t h e  second q u a l i t y  i n  t h e  above equat ion 

and equat ion  (3-27) ,  we o b t a i n  

Bx = 2axy + f ( x )  and B = -ay2 + g ( x )  (3-30)  Y 

However w e  d e s i r e  t h e  v a r i a t i o n  

B = 1 + ax2 = B ( x , o )  
Y Y 

at  y=O, and t h e r e f o r e  

2 g ( x )  = 1 + ax 

Thus, 

2 2 B = l + a x  - a y  
Y 

(3-31 ) 

(3-32) 

(3-33 1 
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Since 

Bx(x,o) = 0 from (3-24)  

then  
Bx(x,o)  = 2ax(o )  + f ( x )  = 0, f ( x )  = 0 

and 
Bx = 2axy 

If we l e t  .6, be t h e  magnetic s c a l a r  p o t e n t i a l ,  t h e n  

- a+ 
Bx - ax 

and 

( 3-34.) 

(3-35) 

I n t e g r a t i n g  again,  w e  o b t a i n  

2 
+ = y  1 + a x 2 - =  (3-37 1 

3 

By examining t h e  above equat ion,  w e  can find t h e  shape of 

t h e  pole  p i eces  requi red  t o  give t h e  d e s i r e d  v a r i a t i o n  of magnetic 

f i e l d ,  s i n c e  t h e  edges of such po le  p i eces  must be along equi- 

p o t e n t i a l  sur faces .  

It i s  observed t h a t  y = O  i s  an e q u i p o t e n t i a l  l i n e ,  but t h i s  i s  

t h e  plane of symmetry. Also,  

desc r ibes  e q u i p o t e n t i a l  l i n e s .  

ques t ion  a r e  sketched i n  f i g u r e  36. 

The hyperbolas def ined by t h i s  
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This analysis indicates that certain complex pole piece 

geometrics can provide higher order B (x) variations. Similar Y 
variations can be obtained if magnetic pole pieces are placed 

inside the vacuum envelope directly under the sole electrode. 

Additional three dimensional analyses are necessary 

to establish electric field variations which confine the 

electron beam with minimum velocity variation. 

3.7.2 Line-on-Sole Structure 

One factor which limits the electronic efficiency 

and the total efficiency of a crossed-field amplifier is 

the rapid fall-off of gain-per-unit-length as the beam is 

injected nearer to the sole. This is true because as one 

designs f o r  a high electronic efficiency (small Vo/Vk, beam 

injected close to the sole), the longitudinal electric field 

approaches zero. One possible solution to this problem is 

a crossed-field amplifier with an electrically insulated rf 

circuit in the plane of  the sole electrode. DC potential 

of the line-on-sole portion of the circuit could be approxi- 

mately that of the sole electrode. 

For this structure, the longitudinal electric field 

increases as the beam is injected closer to the sole. Such 

a crossed-field amplifier is shown schematically in figure 

37. In order to determine the usefulness of the line-on 

sole structure, the adiabatic large-signal computer analysis 

was modified to include this case. Since the only difference 
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between the line-on-sole and conventional structure is 

in the nature of the rf electric fields, the program 

modif ?cat ion was relatively minor. 

Whereas in the conventional interaction there is a 

bunching of electrons about the favorable phase (that 

phase about which the electrons give energy to the cir- 

cuit) and a de-bunching about the unfavorable phase, in 

the line-on-sole structure the bunching is exactly oppo- 

site. This can best be understood by considering the 

fields of the line-on-sole structure shown schematically 

in figure 38. Consider an electron at z=O. Neglecting 

acceleration, the velocity of an electron (in a frame 

moving at E /B ) will be given approximately by 
dc Y 

*X v = - -  
Y Z B 

and 

v =+r EZ 

Y X 

(3-39 1 

(3-40 1 

At z=O, as can be seen in figure 38, E = 0 and 
X 

E > 0. 

arrow. Using this same procedure, one finds that the 

electrons tend to move in a manner perpendicular to the rf 

electric field and in the directions shown by the heavy 

arrows. Thus, one can see that the electrons will tend 

to bunch about the h/2 and - h / 2 ,  or unfavorable, PO- 

Therefore, vx is positive, as shown by the heavy 
Z 
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s i t i o n  and they  w i l l  be debunched about t h e  z=O, o r  

unfavorable,  p o s i t i o n .  This  means that t h e r e  w i l l  

be a n e t  l o s s  of energy from t h e  slow-wave c i r c u i t  

t o  t h e  beam and a consequent decrease i n  power on t h e  

c i r c u i t  as t h e  beam moves f u r t h e r  down t h e  c i r c u i t .  

Therefore t h e  l ine-on-sole  s t r u c t u r e  cannot g ive  ga in ;  

however, i t  does bunch t h e  beam. 

We have compared t h e  i n t e r a c t i o n  e f f i c i e n c y  of  a 

conventional c i r c u i t  w i th  t h a t  of a negat ive l i n e  

( l i ne -on- so le )  s t r u c t u r e  using t h e  a d i a b a t i c  l a r g e  s i g -  

n a l  i n t e r a c t i o n  program PVL 6. F igure  37 shows t h a t  a 

s l i g h t  increase  i n  power can be obtained by coupling 

toge the r  t w o  i d e n t i c a l  c i r c u i t s .  The negat ive  l i n e  

r eg ion  f o r  t h i s  case extends t o  a d i s t a n c e  a t  which c i r -  

c u i t  power i s  equal  t o  1 w a t t .  

To ta l  c i r c u i t  l o s s  i s  lower f o r  t h e  negat ive l i n e  

design s ince  t h e  g a i n  pe r  u n i t  l ength  i s  higher  i n  t h e  

output s e c t i o n  and t h e  l eng th  of power s a t u r a t i o n  i s  

l e s s .  The p a r t i c u l a r  choice of input  c i r c u i t ,  however, 

i s  not optimum. Since no beam i n t e r c e p t i o n  occurs i n  

t h i s  reg ion  t h e  input  c i r c u i t  could have much h igher  im-  

pedance wi th  a corresponding decrease i n  thermal capa- 

c i t y .  

Another f e a t u r e  which could increase  t h e  g a i n  r a t e  

i n  t h e  output s e c t i o n  i s  a change i n  p o t e n t i a l  between 

t h e  negat ive l i n e  and t h e  output s o l e  e l ec t rode .  If t h e  
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output sole were more negative t h a n  t h e  input  c i r c u i t ,  

and t h e  so l e  t o  output c i r c u i t  gap larger t o  main ta in  

a uniform dc e l e c t r i c  f i e l d ,  t h e  bunched beam could 

e n t e r  r e l a t i v e l y  c l o s e  t o  t h e  output c i r c u i t .  Although 

the  phys ica l  d i s t a n c e  from beam t o  c i r c u i t  does not  

change, t h e  r e l a t i v e  d i s t a n c e  i s  l e s s  when t h e  s o l e  t o  

c i r c u i t  gap i s  l a r g e r .  This  r e s u l t s  i n  higher  i n t e r -  

a c t i o n  impedance. 

Addit ional  a n a l y t i c  and experimental  e f f o r t  should 

be d i r e c t e d  toward optimizing CFA i n t e r a c t i o n  using tech-  

niques o u t l i n e d  i n  t h i s  s e c t i o n .  



4.0 
CONCLUSIONS 

The results of this analytical study program 

have shown that the performance of injected-beam 

crossed-field amplifiers can be significantly im- 

proved when new design features are included. 

A high impedance type of interaction structure 

(a variation of the Karp circuit) was selected for 

a detailed analysis of the potential efficiency - 
bandwidth tradeoff. 

were employed to obtain a circuit with highest inter- 

action impedance consistent with a 30 MHz instant- 

aneous bandwidth, minimum transverse impedance vari- 

ation and adequate thermal capability. 

Experimental and analytic methods 

Multi-element depressed collectors were analyzed 

in conjunction with large-signal interaction computer 

studies. 

existing at the end of a high efficiency interaction 

region was shown to be feasible. The optimum collector 

geometry is one which transforms kinetic-energy into 

potential energy, then recovers each electron at o r  

near its potential level without emitting secondary 

electrons from the collection surfaces. The collector 

Recovery of nearly 8% of the beam energy 

described in section 3.5 approached the ideal char- 

acteristics by geometric field shaping, adiabatic con- 

version of electron kinetic energy to potential energy 
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and p o t e n t i a l  s o r t i n g  a t  t h e  c o l l e c t o r  elements.  

Computed e f f i c i e n c i e s  of g r e a t e r  t h a n  8% were 

obtained f o r  a t h i r t y  element c o l l e c t o r  coupled t o  a 

high e f f i c i e n c y  i n t e r a c t i o n  region.  

Other l e s s  conventional techniques f o r  optimizing 

i n t e r a c t i o n  e f f i c i e n c y  were s tudied .  Negative l i n e  

i n t e r a c t i o n  and phase focusing by e l e c t r o s t a t i c  and/or 

magnetic f i e l d  shaping were shown t o  r e s u l t  i n  im-  

proved e f f i c i e n c y ,  and i n  c e r t a i n  cases ,  simpler co l -  

l e c t o r  design.  These concepts r equ i r e  experimental  

v e r i f i c a t i o n  before  they  can be incorporated i n t o  an 

o r b i t a l  t r a n s m i t t e r .  

The conventional optimized design (J-3/93E, summar- 

ized  i n  Table I )  i s  compatible with o t h e r  e l e c t r i c a l  and 

mechanical s p e c i f i c a t i o n s  f o r  t he  proposed app l i ca t ion .  

The des ign  r e q u i r e s  t h a t  t h e  CFA basepla te  temperature 

remain below 25OOC. T h i s  can be accomplished w i t h  

p e r i p h e r a l  heat  p ipes  connecting t h e  base p l a t e  t o  s u i t a b l e  

radiator  pane ls  on t h e  e x t e r n a l  su r f ace  of t h e  c r a f t .  

The ob jec t ive  opera t ing  l i f e  of g r e a t e r  than  20,000 

hours i s  we l l  w i th in  t h e  p red ic t ed  c a p a b i l i t y  of  t he  

tungs ten  matrix cathode which i s  proposed f o r  t h i s  device.  

Cathode temperature of 970" C i s  adequate f o r  t h e  re -  

quired cathode loading of 1 ampere/cm , and t h e  cathode 

l i f e  should exceed 60,000 hours.  

2 
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5.0 RECOMMENDATIONS FOR VERIFYING EXPERIMENTS AND 
LONG TERM DEVELOPMENT 

The design of a high efficiency injected beam 

crossed-field amplifier is discussed in detail in 

Section 3 of this report. Most of the design is con- 

ventional and within the present state of the art. 

Certain new design concepts, however, will require a 

thorough evaluation to verify feasibility before a 

prototype tube can be designed and developed. Design 

refinement and qualification should follow the proto- 

type development phase. 

5.1 VERIFICATION OF Nl3W DESIGN CONCEPTS 

A twelve month series of vacuum experiments will 

be required to verify feasibility of several new design 

concepts. These experiments should include: 

1. A study of collector efficiency, including 

suppression of secondary electron emission. 

2. A study of beam generation and focusing with 

emphasis on uniform, low cathode loading and 

extended cathode life. 

3. An extension of those novel concepts designed 

to enhance interaction efficiency (as dis- 

cussed in Section 3.7). 
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501.1 Collector Efficiency 

Vacuum experiments must be performed to evaluate 

any complicated collector geometry. 

design phase one must assume a value of secondary emission 

coefficient. Computed electron trajectories depend upon 

this assumed value to determine space charge and subse- 

quent trajectories. In a vacuum environment it is highly 

unlikely that a uniform value of secondary electron yield 

will exist throughout a multi-element geometry. Hence 

the actual trajectories and the true collector efficiency 

may differ from calculated values. 

In the preliminary 

The distribution of electron kinetic and potential 

energies at the end of an interaction region has been 

shown to be a complex function of many interaction para- 

meters. Large signal computer studies were used to 

approximate the positions, velocities and energies of 

the recoverable portion of  the electron beam throughout 

this study. However, certain limitations exist in any 

mathematical model. These approximations are discussed 

in Section 3.4 as they apply to rf beam interaction in 
the Litton large-signal interaction computer programs. 

Experimental verification of collector efficiency 

should include a realistic electron beam which has ex- 

perienced rf interaction over a prescribed length of 

slow-wave circuit. These experiments can be conducted 
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either in an existing CFA, modified for each test, or in 

a demountable vacuum test vehicle. 

The demountable approach is generally considered 

superior to modification o f  an existing device when more 

than two or three iterations are anticipated. Further- 

more, extensive monitoring of critical test parameters 

(pressure, temperature, potential, current, etc. ) is 

feasible in a large vacuum enclosure although difficult 

in a compact amplifier. 

5.1.2 Beam Generation and Focusing 

1 Recent developments at Litton in 3-dimensional 

crossed-field electron guns indicate that significant 

design improvements are possible. Longer life can be ex- 

pected from reliable Phillips cathodes if current density 

and cathode temperatures are reduced. 

Injection guns presently used in military and com- 

mercial crossed-field devices are of the two dimensional 

variety. Magnetic-field is parallel to an emitting sur- 

face, and electron motion is perpendicular to the direction 

of magnetic field. 

By allowing both electric 

along a beam it is possible to 

and magnetic field variation 

inject a low-noise, thin beam 

into a high efficiency interaction region. Computer studies 

have shown that cathode current density is quite uniform for 

certain three dimensfonal guns, while total cathode loading 

112 



can be reduced by a factor of five. The relationship 

between beam noise and device efficiency is not fully 

understood. Experimental verification of optimum gun 

design is considered necessary f o r  maximum device 

efficiency. 

As in the case of  collector optimization, one must 

perform vacuum experiments to verify any computer 

design. Factors which are not included in a practical 

computer analysis include 

1. lateral focusing 

2.dnoise growth 

3. thermal velocities 

4. local temperature variations at cathode surface 

A demountable vacuum system should also be used 

for electron gun optimization before committing any new 

type of  gun to a particular design. Long term tests are 

advisable in separate vacuum enclosures (sealed-in bottles 

with internal or external magnets) since this avoids 

constant usage of extensive vacuum equipment. Cathode 

life tests should include conditions duplicating those 

which exist in an operating device rather than conventional 

diode experiments without magnetic field. 

Electron gun characteristics should be evaluated by 

measuring and analyzing beam transmission, thickness and 

noise characteristics of each new iteration. Experimental 



results should be compared with those obtained from 

analytic computer studies. 

5.1.3 Enhancement of Interaction Efficiency 

Several novel concepts of efficiency enhancement 

were studied during this program. Section 3.7 contains 
a complete discussion of those technique which should 

significantly improve device efficiency. 

Phase focusing by electrostatic and/or magnetic field 

shaping has been shown to yield nearly twice the gain per 

unit length of an equivalent design without field shaping. 

This three-dimensional effect is not adequately described 

by existing mathematical models. However, the composite 

gun-collector model requires a demountable interaction 

circuit for complete analysis. It is logical to extend this 

vacuum model to include verifying experiments with phase 

focusing along the length of interaction. 

Similarly, it is practical to experimentally verify 

efficiency enhancement due to prebunching. This requires 

only slight modification of the demountable circuit and 

sole electrode. 

The tests and experiments outlines will provide veri- 

fication of those design concepts which have not yet been 

evaluated in operating crossed-field devices. Use of de- 

mountable components in a bakeable vacuum system should 

result in rapid evaluation with great flexibility for subse- 

quent iterations. 



5 e 2 PROTOTYPE DEVELOPMENT PHASE 

The preceding experiments are considered necessary 

to verify high efficiency concepts for an advanced de- 

sign injected-beam crossed-field amplifier. The logical 

extension to these experiments is the development of a 

prototype amplifier with optimum parameters. These para- 

meters should be determined by analyzing specific broad- 

cast mission requirements as they relate to the design 

tradeoffs defined in the experimental phase. 

The prototype development phase should include the 

design and demonstration of a suitable heat pipe con- 

figuration. These experiments could be performed in- 

dependent of the transmitter development. However, the 

simulations would utilize dimensions and parameters 

determined by requirements of the C F A  and other space- 

craft components. 

Operation of long-life cathodes should continue 

throughout this period. An accumulation of at least 

30,000 hours of operation for each of six or more gun 

assemblies would be desirable. 

The estimated time interval for prototype develop- 

ment is 24 months. During this period a total of ap- 

proximately twelve tubes should be processed and evaluated. 

5.3 DESIGN REFINEMENT AND QUALIFICATION PHASE 

Approximately six tubes from the prototype devel- 



opment phase should be available for modification and 

rework during this phase. 

should be performed as part of the total environmental 

qualifications program. 

Shock and vibration tests 

Any design limitations evident during environmental 

testing should be eliminated, and a quantity of new tubes 

with optimum design features should be fabricated. From 

these tubes at least two space qualified crossed-field 

amplifiers should be available for specific mission re- 

quirement s. 

The design refinement and qualification phase should 

extend approximately 24 months. Life tests begun during 

the prototype development phase would be supplemented by 

final design tubes for qualification tests. 

The total estimated time for these three phases is 

five years from initiation of the design concept veri- 

f ication phase. 
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6.0 SYMBOLS 

A 

Am9Ag 

a 

Bm’Bg 

b 

C 

cB 

cH 

d 

d 

dl d2 
D 

e 

E 

Eo ’ Edc 
F 

h 

h 

c r o s s  s e c t i o n a l  a r e a  of d i e l e c t r i c  pe r tu r -  
b a t i o n  

c r o s s  s e c t i o n a l  area of magnet and magnet 
gap 

s o l e  t o  c i r c u i t  dimension ( s e e  f i g u r e  11) 

t ransve r se  component of magnetic induct ion  

magnetic induct ion  i n  magnet and magnet gap 

components of magnetic induct ion  ( s e e  f i g u r e  31) 

asynchronous parameter (-1 + ve/v ) 

v e l o c i t y  of l i g h t  i n  vacuum 
P 

capaci tance p e r  u n i t  l eng th  between adjacent  bars 

capaci tance p e r  u n i t  l eng th  between ad jacent  h e l i x  
t u r n s  

d i s t ance  f r o m  c i r c u i t  t o  cen te r  of  e l e c t r o n  
beam 

d i s p e r s i o n  

c i r c u i t  dimensions ( s e e  f i g u r e  11 ) 

g a i n  parameter 

e l e c t r o n  charge 

charge t o  mass r a t i o  of  e l e c t r o n  

peak r f  e l e c t r i c  f i e l d  

s t a t i c  e l e c t r i c  f i e l d  i n  i n t e r a c t i o n  reg ion  

h e l i x  d i e l e c t r i c  loading f a c t o r  

magnet leakage f a c t o r s  

opera t ing  fpequencg o r  resonant  frequency 

gap dimension between adjacent  c i r c u i t  con- 
duc to r s  

width of e l e c t r o n  beam i n  d i r e c t i o n  of 
t r ansve r se  magnetic f i e l d  

c i r c u i t  dimension ( see  f i g u r e  6 )  117 



ac c I a c c e l e r a t o r  c u r r e n t  

t o t a l  beam cur ren t  

I C  

I C N  

c o l l e c t o r  c u r r e n t  

cu r ren t  t o  Nth c o l l e c t o r  element 

f i lament  cu r ren t  

s o l e  cu r ren t  
S 

I 

J cathode cu r ren t  dens i ty  

i n t e r a c t i o n  impedance a t  plane of c i r c u i t  

normalized radian frequency (o /c  ) 

K 
KO , 
k 

k genera l  constant  

L i n t e r a c t i o n  l eng th  

Lk cathode l eng th  i n  d i r e c t i o n  of beam v e l o c i t y  
(Kino  u n i t s )  

1 c i r c u i t  dimension: h e l i x  p e r i p h e r a l  l eng th ,  
b a r  half  - length 

c i r c u i t  dimensions ( see  f i g u r e  11) 

1 'mJ g l eng th  of magnet and magnet gap 

M general  product term 

i n t e g e r  const  ant s 

c i r c u i t  pe r iod ic  length  

rf power 

P 

P 

I N  rf input  power 

P 
0 

rf output power 

c i r c u i t  d i s s i p a t i o n  due t o  beam i n t e r c e p t i o n  

gap between adjacent  c i r c u i t  conductors 
'diss 

S space charge parameter 

time t 
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'k 

V 
S 

'SKY 'SOLE 

' G  

'act 
vO 

VY v, 

V 
g 

V 
P 

v v v  xJ y )  2 

'dc 

'i 

z O  

CX 

K c c  
c y  P 

K 
T 

P Y  Po 

E 
0 

€ r 
x 

cathode t o  c i r c u i t  p o t e n t i a l  

so l e  t o  c i r c u i t  p o t e n t i a l  

s o l e  t o  cathode p o t e n t i a l  

g r i d  t o  cathode p o t e n t i a l  

a c c e l e r a t o r  t o  cathode p o t e n t i a l  

k i n e t i c  energy vol tage  (v2/2q) 

average e l e c t r o n  v e l o c i t y  

group v e l o c i t y  of r f  wave 

phase v e l o c i t y  of  r f  wave 

coord ina tes  of e l e c t r o n  v e l o c i t y  
( see  f i g u r e  31) 

s to red  energy p e r  u n i t  l ength  

c i r c u i t  dimensions ( see f i g u r e  11) 

beam i n j e c t i o n  p o s i t i o n  above so le  
e l ec t rode  

beam impedance ( V o / I b )  

i n t e r a c t i o n  impedance a t  p o s i t i o n  of beam 

c h a r a c t e r i s t i c  impedance 

c i r c u i t  a t t e n u a t i o n  per  u n i t  l eng th  

c i r c u i t  a t t e n u a t i o n  p e r  c e l l  o r  pe r iod ic  
length  

t o t a l  c i r c u i t  a t t e n u a t i o n  

phase s h i f t  p e r  un i t  l ength  (fundamental 
mode ) 

p e r m i t t i v i t y  of f r e e  space 

r e l a t i v e  p e r m i t t i v i t y ,  d i e l e c t r i c  cons tan t  

wave 1 eng t h 



e l e c t r o n  charge t o  mass r a t i o  

o v e r a l l  e f f i c i e n c y  

c i r c u i t  e f f i c i e n c y  

e l e c t r o n i c  e f f i c i e n c y  

r ad ian  frequency 

cyc lo t ron  frequency (q B o )  

permeabi l i ty  of f r e e  space 
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APPENDIX A 

DESCRIPTION AND LISTING 

OF THREE COMPUTER PROGRAMS 

The following pages list three digital computer pro- 

grams which were written for solving particular problems 

associated with this study. Each program is written in 

a flexible version of Fortran 2 which is compatible with 

the General Electric 265 Mark I timeshare computer. 

KARP CIRCUIT ANALYSIS 

The Karp circuit, anti-Karp circuit and ridge- 

loaded stub-supported meander line were analyzed using 

the Fletcher' method by Froom, et all4. The curves of 

interaction impedance and dispersion were more comprehensive 

than any others in recent literature. Nevertheless only 

the special cases of  uniform ridge loading and particular 

bar thicknesses were included. 

KARPIE is a computer program which computes and 

tabulates circuit parameters over any parti cular region 

of phase shift for any combination of bar and loading 

ridge dimensions. Equations are based upon the analysis 

by Walling 5 . 
by Fletcher 4 predicts dispersion characteristics which 

Walling's extension of the bar line analysis 

agree well with experimental measurements for a wide range 

of geometric configurations. Predicted values of inter- 

action impedance are generally higher than measured 



values ,  p r imar i ly  because t h e  a n a l y s i s  neg lec t s  trans- 

verse  f i e l d  v a r i a t i o n s .  

Input data include a c t u a l  c i r c u i t  dimensions as 

def ined i n  f i g u r e  7.  Program output i s  t abu la t ed  f o r  

increas ing  values  of normalized phase s h i f t  from a 

minimum t o  a maximum spec i f i ed  value.  Output v a r i a b l e s  

are:  symmetric mode f requencies  (MHz)  i n  t h e  funda- 

mental and second passband, normalized fundamental 

symmetric mode frequency (kl), equivalent  ve loc i ty  vol- 

tage ( V o  i n  eV), fundamental mode i n t e r a c t i o n  impedance 

a t  t h e  c i r c u i t  (KO), delay r a t i o  (c /v  ) and c i r c u i t  

match impedance (Zo  ) . 
P 

REDUCTION OF COLD TEST C I R C U I T  DATA 

Cold t e s t  determinat ion of i n t e r a c t i o n  c i r c u i t  

parameters involves  measurement of  p a r t i c u l a r  f r e -  

quencies and changes i n  frequency as a func t ion  of 

phase s h i f t .  Manual c a l c u l a t i o n  of c i r c u i t  parameters 

i s  q u i t e  time-consuming when many c i r c u i t  v a r i a t i o n s  

a re  s tud ied .  

CTDATA i s  a shor t  program which converts  experi-  

mental data i n t o  u se fu l  q u a n t i t i e s .  The methods of 

ob ta in ing  data and determining i n t e r a c t i o n  impedance a r e  

ou t l ined  i n  Appendix B. 

Input data include c i r c u i t  dimensions, t h e  number 

of c e l l s  i n  the  cold t e s t  s t r u c t u r e ,  resonant f r e -  



quencies,  dimensions of t h e  p a r t i c u l a r  d i e l e c t r i c  

p e r t u r b a t i o n  element, i t s  d i e l e c t r i c  cons tan t ,  and 

frequency s h i f t s  which r e s u l t e d  from t h e  pe r tu rba t ions .  

The program output i s  a t a b u l a t i o n  of t h e  following 

q u a n t i t i e s :  normalized phase s h i f t  (pp /n) ,  t h e  cor-  

responding frequency, normalized frequency ( k l  ), i n t e r -  

a c t i o n  impedance a t  t h e  c i r c u i t  (KO), t h e  r a t i o  of  

phase v e l o c i t y  t o  group v e l o c i t y  ( v  /v ) and phase s h i f t  

pe r  u n i t  l ength .  
P &  

CALCULAT I O N  OF SMALL SIGNAL INTERACT I O N  PARAMETERS 

The computer program SSCFA i s  use fu l  f o r  examining a 

w i d e  range of CFA design parameters.  Ce r t a in  q u a n t i t i e s  

a r e  held constant  while o the r s  a r e  t r e a t e d  a s  incremental  

v a r i a b l e s .  I n  add i t ion ,  t h e  program includes c e r t a i n  

c o n s t r a i n t s  which avoid computation of use le s s  parametric 

combinations. 

Input data include: frequency, dc input  power, 

phase s h i f t ,  c i r c u i t  impedance and a t t enua t ion ,  beam width 

i n  the  d i r e c t i o n  of magnetic f i e l d ,  and the  range of each 

incremental  v a r i a b l e .  Output d a t a  are:  cathode p o t e n t i a l ,  

magnetic f i e l d ,  beam v e l o c i t y  vol tage,  so l e  t o  c i r c u i t  

gap, c i r c u i t  p i t c h ,  g a i n  and space charge parameters,  

so l e  p o t e n t i a l  with respec t  t o  cathode, c i r c u i t  l ength  

requi red  for DN=O.S, c i r c u i t  a t t e n u a t i o n  per  u n i t  l ength  

and i n t e r a c t i o n  impedance a t  t h e  p o s i t i o n  of t h e  input beam. 
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630 630: 
640 I r I + l  *ASSUME DY/DPHI = 1 FOR FIRST S T E P  

680 1 2 8  Y Y S l e  

720 22: YY=CY1NIYlO)/CXN-X13) - ( Y ~ N / Y ~ N ) * C Y ~ N - Y ~ Q ) / C ~ ~ X ~ ~ )  
730 1 3 8  CONTINUE 
740 N=O 
750 Y 1BLD=YlQ=Y 1 N I  Y2QLD=Y20=Y2Nt XOLD=XO=XN 
760 
780 
800 RADAtUG=PHIN/2 +N*PI 
820 ~QVERZ=CSIN<PHIN/2)/RADANG~2*SIN<A*RADANG)/A) t 2 
840 ZIOS=ZOS*KNQVERZ 'FUND MODE INTERACTI iM IMPEDANCE AT SWS FACE' 
860 21 1S=ZlS*KNQVERZ 'FIRST SPACE HARMONIC 21 ' 

660 I F C I )  12r12B22 

690 GOTi3 13 

ZOSoSINC KOS*L1 )/CCOSCKOS*L2 ) t 2*CQSC K O S I L  1 )*YY+ 1E-8 2 
21 S = S X N ( K l S * L l ) /  CCQSC K l S t L 2 )  t 1  2*CQSC K I S * L l )  *YY+IE-B 

920 9 1 8 P R I N T  41 r 
925 + CQVPrABSCZOS)  
940 41 8 FORMATC F6.3r 2 18r  F8* 2s 18) 

7000 SUBRQUTINE ROci)TSYM(XLaXHsXKS) 
7020 REAL L l r L B r K S  
7040 COMMON LlrL2rAN 
7060 IX=OJ EPS=. 0001 
7070 XHSTORE=XH 
7080 VALCKS ) = S I N  ( KS*L1 )/COSCKS*L 1 1 -  ) * S I N <  KS*L2)/COSCKS*L2) AN 
7100 GOTO CHK 
7120 S H I F T 8  I X = I X + 1  

7150 XHS Ti3 RE= XH 

X I  FOS* 1E06r F1 S* 1 E - 6 r  KOS* (L 1 +12) r VOr ABS( 2 1 OS) 

950 GO TO NEW DATA 

7140 X L S l o  02*cXXSTORE3 XHzl* 3*XL 

7160 IF< S X - 5 )  C H K I N Q R I ~ Q T ~ N Q R ~ ~ Q T  
7180**.***0 IS THERE A SkIW BETWEEN XL AND XH////////??????????/ 
7200 CHKt I FC VAL( XL)  *VAL<XH 1 > SKI Pr S H I  FTI S H I F T  
7220 S K I P :  ITff=O3 XRANGE'ABSCXH-XL)Z XLSTl?RE=&3 XHST13REmXl-i 
7260 AGAIN: IF< ITN-4*0.434*LQGCXRANGE/EPS) ) EVALr EVALs S H I F T  
7280 EVAL: VAL1=VAL((XL+XH)/2)3  VAL$=VAL<XL)i I R J = X T N + 1  
7320 COMPARE I 
7340 CHKS I GN 8 I FC VAL1 *VAL2 1 S 1 GNCHANGEr NOS I m C H A N a r b k 3 S  I GNCHANGE 

I FC ABS< VAL 1 3 -EPS 2 ROOT1 a ROOT1 I ROOT2 

7360 SIGNCHANGE: XH=CXH+XL)/2 
7380 GkITO AGAIN 
7400 NOS I GNCHANGE: a=< XL+XH ) /2  
7420 GOTO AGAIN 
7440 ROOTlI XKS=CXL+XH)/2f RETURN 
7460 ROQT28 I F C A B S ( V A L 2 I - E P S )  ROOT3r Rlh1T3s CHKSIGN 
7480 RlJlJT3t XKSCXLI RETURN 
7500 NORWT: XKS=O 
7520 RET8 RETURN3 END 
7720 S K I P 2  ITNpO3 XRAN(3E=eABS<wI-XL) 
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8000 FUNCTION SC W) 
8004 REAL Ll. L2 
8005 
8010 SM=O 
8020 S=O 
8030 M2=2*M 
8040 DO 119 Ia01M2 
6050 MlaI-M 
8060 Xl=(PHIN/2)+Ml*PI 
8070 X2=W*CPHIN+2*Ml +PI )/P 

CIIMtJN L 1 a L28 AN0 PH1[Na PI PI 8 WB 1 0 y820 WSI PHI I MIA 

8072 IFCABS( X2)  1 70) OK, OK. BAD 
8074 BADS IFtX2)  ~JWDL~IWIHIGH 
8076 LOWS X2=-17Se 
8077 GOTO OK 
8078 HIGHS X2S1750 
8079 OKs CONTINUE 
8080 
8090 S M ~ ~ ~ - l ~ t M l ~ ~ ~ Q T H X * S I f f C ~ l - A ~ ~ ~ l ~ * S I N C A * X l ~ / C A * ~ l ~ A ~ * ~ l ~ 2 ~  
8100 S=S+SM 
8110 119: CONTINUE 
8120 RETURN3 END 
9900 $DATA 
9910 47 94 62 62 132 50 
9920 30 500 936 
9930 2 1 e 1  1. 0 1  

COTHX=C EXPCX2) +EXP( 0x2 1 1 1  C EXPCXZ!) -ExPC 0x2 ) ) 
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APPENDIX B 

MEASUREMENT TECHNIQUES FOR INTERACTION CIRCUITS 

Cold t e s t i n g  of i n t e r a c t i o n  c i r c u i t s  involves  the  

measurement of d i s p e r s i o n  (a-p diagram), i n t e r a c t i o n  

impedance, e l e c t r i c  f i e l d  d i s t r i b u t i o n  and c i r c u i t  a t t en -  

ua t ion .  Various techniques a r e  known f o r  t hese  measure- 

ments, many of which a re  descr ibed i n  t h i s  Appendix. 

A cold t e s t  c i r c u i t  i s  gene ra l ly  made seve ra l  t imes 

a s  long as t h e  s t r u c t u r e  pe r iod ic  length .  If each end 

i s  shorted a t  a plane of symmetry, t he  s t r u c t u r e  becomes 

a resonant c a v i t y .  A swept frequency source and a f ixed  

o r  movable d e t e c t o r  probe w i l l  i n d i c a t e  resonant frequen- 

c i e s  i f  rf energy i s  loosly coupled i n t o  the  s t r u c t u r e  

with a s i m i l a r  probe. Resonant f requencies  correspond 

t o  lengths  equal  t o  an i n t e g r a l  number of half-wavelengths 

ca l cu la t ed  w i t h  t h e  fundamental phase constant  Po. 

The p a r t i c u l a r  resonance number can be i d e n t i f i e d  by 

any of  s eve ra l  techniques.  For t h i s  program we gene ra l ly  

measured t h e  d i s t ance  between adjacent  minima with a 

t r a v e l i n g  d e t e c t o r  probe, o r  perturbed t h e  resonant f r e -  

quency w i t h  a s m a l l  moving d i e l e c t r i c  bead a t tached  t o  a 

s t r i p  c h a r t  recorder  d r ive  mechanism. A s  the  t r a v e l i n g  

probe o r  p e r t u r b a t i o n  d e t e c t s  adjacent  minima separated 

by a d i s t ance  x, t h e  fundamental phase constant  can be 

ca l cu la t ed  from t h e  r e l a t i o n  



where n i s  the  t o t a l  number of pe r iod ic  l eng ths  ( c e l l s )  

i n  t h e  c i r c u i t  under t e s t  and m i s  a p o s i t i v e  i n t e g e r .  These 

resonant f requencies  with the  corresponding values  of 

phase s h i f t  can be p l o t t e d  i n  var ious ways as an 0-6 d ia -  

gram o r  d i s p e r s i o n  curve.  

I n t e r a c t i o n  impedance a t  any frequency i s  determined 

by measuring t h e  s h i f t  i n  resonant frequency due t o  a known 

pe r tu rba t ion .  The r a t i o  ( A f / f )  i s  used i n  t h e  following 

equat ion t o  o b t a i n  t h e  i n t e r a c t i o n  impedance a t  t h e  c i r c u i t  

beam face  f o r  a t h i n  d i e l e c t r i c  s l a b  as wide as the  a n t i -  

c ipa ted  e l e c t r o n  beam 15 . 

where 

A = c ross  s e c t i o n a l  a r e a  of d i e l e c t r i c  pe r tu rba t ion  

f = unperturbed resonant frequency 

A f =  frequency s h i f t  due t o  per turb ing  d i e l e c t r i c  

A € =  change i n  d i e l e c t r i c  constant  between 

c = v e l o c i t y  of l i g h t  i n  vacuum 

v = group v e l o c i t y  of unperturbed wave 

Po= fundamental phase constant  

per turbed and unperturbed condi t ions  

Q 

Appendix A inc ludes  a d e s c r i p t i o n  and l i s t  of CTDATA, a 



computer program which determines KO, as well as 

other electrical parameters, at each measured frequency. 

Group velocity is normally estimated as the tangent to 

the 0-p curve at each frequency of interest; however 

CTDATA computes this quantity by linear interpolation 

from quantized input data. 

Many interaction circuits, including the Karp 

structure, exhibit a transverse variation in K . Since 

normal impedance measurements are performed with a di- 

electric slab as wide as the anticipated electron beam, 

measured values of K are average values. In certain 

instances it is desirable to measure the transverse im- 

pedance variation. For these measurements a narrow 

dielectric slab or a small diameter dielectric rod is used 

as the perturbing element. Successive measurements at 

different locations across the circuit provide the in- 

formation needed to plot KO as a function of transverse 

dimension at a given frequency. 

0 

0 

Circuit attenuation can be determined by simple 

substitution techniques or by measuring return l o s s  of a 

shorted structure. The former method generally results in 

more repeatable results, particularly if the circuit under 

test contains twenty or more cells. 

Electric field distribution and mode determination 

measurements can be rather involved, dependfng upon the 

problem under consideration. One type of measurement 



which i s  o f t e n  of i n t e r e s t  i s  t h e  de te rmina t ion  of' 

t he  type of propagating mode: 

1. symmetric, with max imum e l e c t r i c  f i e l d  midway 

between the  s i d e  w a l l s ,  o r  

2. antisymmetric,  w i th  zero e l e c t r i c  f i e l d  i n  t h e  

c e n t e r  and t w o  maxima, opposite i n  phase, each l o -  

ca ted  between a s i d e  w a l l  and c e n t e r  plane of t h e  

c i r c u i t .  

For  these  measurements a d i e l e c t r i c  p e r t u r b a t i o n  o r  e l e c t r i c  

f i e l d  probe-detector  combination i s  moved across  t h e  c i r c u i t  

by a micrometer head ( i . e . ,  a depth micrometer wi th  the  

sp indle  replaced by a low d i e l e c t r i c  constant  r o d ) .  Data 

are recorded as a func t ion  of micrometer p o s i t i o n .  

Another technique which r equ i r e s  accura te  determinat ion 

of  d i s t ance  i s  t h e  measurement of f i e l d  decay as a pe r tu r -  

bing d i e l e c t r i c  i s  moved away from t h e  c i r c u i t .  With a 

s o l e  element spaced a d i s t ance  ' a '  from t h e  c i r c u i t ,  t h e  

fundamental mode impedance should decrease a s  s inh 2p( a-x ) 

/ s inh  pa where (a-x ) i s  the  d i s t ance  from t h e  c i r c u i t  t o  

d i e l e c t r i c .  Deviation f r o m  the  t h e o r e t i c a l  r e l a t i o n s h i p  can 

0 
2 

0 

i n d i c a t e  t h e  r e l a t i v e  magnitude of  higher  order  f i e l d  com- 

ponent s. 
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