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ABSTRACT 

The o b j e c t i v e  o f  t h i s  program was t o  d e v e l o p  a microwave a m p l i f i e r  o r  

o s c i l l a t o r  c a p a b l e  o f  p r o d u c i n g  200 kW, CW power o u t p u t  a t  28 GHz. The u s e  

of t h e  g y r o t r o n  o r  c y c l o t r o n  r e s o n a n c e  i n t e r a c t i o n  was p u r s u e d .  

A room t e m p e r a t u r e  h o l l o w  core s o l e n o i d  magnet  w i t h  an i r o n  c a s e  was 

d e s i g n e d  t o  p roduce  t h e  m a g n e t i c  f i e l d  r e q u i r e d  for e l e c t r o n  c y c l o t r o n  

r e s o n a n c e .  

Three  p u l s e d  g y r o k l y s t r o n  a m p l i f i e r s  were b u i l t  p r o v i d i n g  i n c r e a s i n g  

s t a b l e  o u t p u t  powers  o f  6,  65 and '96 kw. A back-up p u l s e d  g y r o t r o n  

o s c i l l a t o r  produced  248 kw. 

A c e r a m i c  cone broadband w a t e r  l o a d  was d e v e l o p e d .  

The f i rs t  CW o s c i l l a t o r  d e s i g n  was p u l s e d  tes ted  up  t o  167 kw peak and 

20 kW a v e r a g e  o u t p u t .  CW t e s t i n g  o f  t h e  t u b e  was s a t i s f a c t o r y  p r o v i d e d  

p a r a m e t e r s  were set f o r  z e r o  microwave o u t p u t ,  b u t  o p e r a t i o n  w i t h  CW o u t p u t  

was p lagued  w i t h  g a s s i n g  and a r c i n g  i n t e r n a l  to  t h e  t u b e .  

A second t u b e  was c o n s t r u c t e d  w i t h  minor  d e s i g n  c h a n g e s  t o  e l i m i n a t e  

t h e  g a s s i n g  p rob lems .  T e s t i n g  o f  t h i s  t u b e  i n d i c a t e d  improvement .  

The second  CW o s c i l l a t o r  d e s i g n  was p u l s e  t es ted  up t o  132 kw peak  and 

20 kW a v e r a g e  o u t p u t .  In  s u b s e q u e n t  CW t e s t i n g ,  t h e  t u b e  was o p e r a t e d  w i t h  

f u l l  640 kW beam power and w i t h  CW o u t p u t  of  105 kW. A t  t h a t  power c l u t p u t ,  

a t h e r m a l  b reak  o c c u r r e d  i n  t h e  o u t p u t  window. The t u b e  was r e b u i l t  w i t h  no 

d e s i g n  c h a n g e s ,  s h i p p e d  t o  Oak R idge ,  and c o n s i d e r a b l e  o p e r a t i o n  was 

r e a l i z e d  a t  power l e v e l s  up t o  50 kkl C W ,  This i n c l u d e d  o p e r a t i o n  h e a t i n g  a 

p lasma l o a d  i n  EBT-S. 

M o d i f i c a t i o n  o f  t h e  second Cbf o s c i l l a t o r  w i t h  t h e  new d o u b l e - d i s c  

o u t p u t  window d e s i g n  i s  desc r ibed ,  and tes t  results f o r  t h e  m o d i f i e d  t u b e  

a r e  p r e s e n t e d .  F u l l  0;J t e s t i n g  was n o t  c o m p l e t e d ,  however ,  b e c a u s e  o f  a 

problem i n  t h e  window c o o l i n g  s y s t e m .  This r e q u i r e d  an a d d i t i o n a l  r e b u i l d  



of t h e  t u b e .  It was r e b u i l t  w i t h  a number of minor  d e s i g n  c h a n g e s ,  and 

produced  92.1 kW Ckl a t  V a r i a n  f o r  a s h o r t  time b e f o r e  f a i l u r e  a s  a r e s u l t  o f  

a vacuum l e a k  a t  t h e  o u t p u t  window. 

With  minor  m o d i f i c a t i o n s  s ince  p r e v i o u s  t e s t i n g ,  i t  was o p e r a t e d  t o  

100 kw p u l s e d .  It f a i l e d  a t  63 kW CW a f t e r  s e v e r a l  h o u r s  o f  o p e r a t i o n ,  d u e  

t o  a c r a c k e d  co l l ec to r  ceramic. The s u c c e e d i n g  miter bend t u b e ,  S/N 7, 

i n c o r p o r a t e d  s e v e r a l  c h z n g e s  i n t e n d e d  t o  r e d u c e  t h e  h e a t i n g  of t h a t  c e r a m i c .  

C o n s t r u c t i o n  o f  a t h i r d  CGJ o s c i l l a t o r  i n c o r p o r a t e d  a number of d e s i g n  

c h a n g e s .  One c h a n g e ,  a r e d u c e d  beam t u n n e l  d i a m e t e r ,  was v e r i f i e d  i n  p u l s e d  

o s c i l l a t o r  tests. O t h e r  c h a n g e s  p e r t a i n e d  t o  damping of u n d e s i r e d  

r e s o n a n c e s  and t h e  u s e  o f  a d i e l e c t r i c - c o o l e d  d o u b l e  d i s c  o u t p u t  window. 

T e s t  r e s u l t s  a r e  d e s c r i b e d .  The d e s i g n  c h a n g e s  d i d  n o t  r e s u l t  i n  

s i g n i f i c a n t l y  improved p e r f o r m a n c e .  

Tube No. 4 was made, a s  much a s  p o s s i b l e ,  i d e n t i c a l  t o  t u b e  No. 2 .  

Both t u b e s  were i n t e n d e d  f o r  100 kW o p e r a t i o n  a t  Oak Ri.dge. 

Tube No. 4 ,  which  u s e d  a miter bend o u t p u t  s y s t e m ,  was t e s t e d  t o  

97.2 klrI CW o u t p u t  a t  V a r i a n .  I t  was s h i p p e d  t o  Oak Ridge and f a i l e d  from rf 

h e a t i n g  damage t o  t h e  co l l ec to r  c e r a m i c  i n s u l a t o r .  

A l t e r n a t i v e  o u t p u t  c o u p l i n g  schemes were s t u d i e d  w i t h  e m p h a s i s  on 

a x i s y m m e t r i c  c o u p l i n g  s t r a i g h t  t h r o u g h  5" o r  2.5" beam c o l l e c t o r s .  Computer 

s i m u l a t i o n  was used  t o  a n a l y z e  beam power d i s t r i b u t i o n  i n  t h e  c o l l e c t o r  

r e g i o n s .  

The d e s i g n  of CW o s c i l l a t o r  No. 5 i s  d e s c r i b e d .  T h i s  t u b e  u s e d  an  

a x i s y m m e t r i c  o u t p u t  c o u p l i n g  s y s t e m  w i t h  a 5 - i n c h - d i a m e t e r  c o l l e c t o r  r e g i o n  

t a p e r i n g  down t o  a 2.5-inch d i a m e t e r  o u t p u t  g u i d e .  

C o n s t r u c t i o n  and cold t e s t i n g  of t u b e  No. 5 a r e  d e s c r i b e d .  It was 

t e s t e d  i n  p u l s e d  o p e r a t i o n  b u t  a l a r g e  r e f l e c t i o n  from t h e  o u t p u t  window 

a s s e m b l y  r e s t r i c t e d  t h e  power o u t p u t  t o  120 kw. Tests were made u s i n g  a 

i v  



s h o r t  pu l se  o s c i l l a t o r  w i t h  e x t e r n a l  s t r u c t u r e s  t o  s imula te  t h e  c o l l e c t o r  

waveguide t a p e r s ,  and window of  t h i s  tube.  The r e s u l t s  supported t h e  

conclusion t h a t  an anomaly i n  t h e  window was t h e  cause of t h e  low output .  

Tube No. 5 was a l s o  operated i n  equi l ibr ium at f u l l  dc beam power under 

non-osc i l la tory  cond i t ions  t o  check t h e  c o l l e c t o r  d i s s i p a t i o n  c a p a b i l i t y .  

Tube 5 R l  was r e b u i l t  t o  incorpora te  a new water-cooled c o l l e c t o r  seal 

and was success fu l ly  opera ted  a t  a measured power output  of 212 kW 

e s t a b l i s h i n g  a new world record f o r  CW power genera t ion  a t  28 GHz.  

tes ts  with va r ious  output  guide components s imula t ing  t h e  EBT-S load  were 

made. This tube  w a s  shipped t o  ORNL and success fu l ly  i n s t a l l e d  and 

operated . 

Fur ther  

S/N 6 ,  t h e  second axisymmetric t ube ,  was t e s t e d  t o  200 kW, CW a t  50.3% 

e f f i c i e n c y  and 52% e f f i c i e n c y  a t  170 kW. The t u b e  w a s  de l ivered  t o  Oak 

Ridge. 

Miter bend output  t u b e ,  S / N  7M was designed t o  reduce c o l l e c t o r  

resonances by reducing t h e  coupl ing t o ,  and t h e  load ing ,  of the  c o l l e c t o r .  

Tes t ing  of mi t e r  bend tube  S/N 7M w a s  completed and the tube  shipped t o  

Oak Ridge. Unfortunately,  it su f fe red  a vacuum l e a k  and was returned t o  

Palo Alto where it was r e p a i r e d ,  t e s t e d  and re turned  t o  ORNL. It w a s  then 

operated a t  50 t o  60 kW CW i n t o  t h e  EBT-S plasma. 

S/N 7 RM was re turned  t o  Palo Alto a f t e r  opera t ion  ceased due t o  an 

open h e a t e r .  It was replaced by S/N 12M which w a s  t e s t e d  t o  113 kW CW arid 

shipped t o  ORNL. 

Two a d d i t i o n a l  axisymmetric t ubes ,  S/Ns 8 and 11 w e r e  b u i l t ,  and 

t e s t i n g  w i l l  be completed on a follow-on program. 

V 



C o n s t r u c t i o n  of miter bend t u b e s  S/Ns 9 and 10 was terminated.  The 

l a s t  miter bend t u b e ,  S/N 12, was d e l i v e r e d  t o  Oak Rdige a f t e r  p r o d u c i n g  

113 kW Od a t  Varian. 

A h i g h  power mode f i l t e r  was d e s i g n e d  and t e s t ed .  
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I. INTRODUCTION 

The o b j e c t i v e  of t h i s  program i s  t o  d e v e l o p  a microwave a m p l i f i e r  

c a p a b l e  o f  p r o d u c i n g  200 kW of CW power a t  a f r e q u e n c y  o f  28 GHz. 

a d d i t i o n ,  t h e  program is i n t e n d e d  t o  s e r v e  a s  t h e  f i r s t  s t e p  toward  

development  o f  an a m p l i f i e r  t o  produce  a s i m i l a r  power l e v e l  a t  a f r e q u e n c y  

of  120 GHz. F e a s i b i l i t y  f o r  t h e  120 GHz d e v i c e  w i l l  b e  demons t r a t ed  

whenever p r a c t i c a l  i n  t h e  d e s i g n  of t h e  28 GHz a m p l i f i e r .  T u n a b i l i t y  o r  

bandwidth  is n o t  c o n s i d e r e d  an i m p o r t a n t  pa rame te r  i n  t h e  d e s i g n  b u t  

e f f i c i e n c y  is. Mode p u r i t y  i n  t h e  o u t p u t  waveguide i s  n o t  a r e q u i r e m e n t  f o r  

t h e  d e v i c e ,  b u t  t h e  c i r c u l a r  E mode i s  c o n s i d e r e d  d e s i r a b l e  b e c a u s e  o f  i t s  

low l o s s  p r o p e r t i e s .  

I n  

With t h e s e  o b j e c t i v e s  i n  mind ,  t h e  d e c i s i o n  was made t o  pu r sue  an 

approach  based  on a c y c l o t r o n  r e s o n a n c e  i n t e r a c t i o n  between an electron beam 

and microwave f i e l d s .  Tne d e t a i l e d  a rguments  l e a d i n g  t o  t h i s  c h o i c e  a r e  

c o n t a i n e d  i n  t h e  f i n a l  r e p o r t  o f  t h e  p r e c e d i n g  s t u d y  program.’ 

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

The d e v i c e  

i n  r e c e n t  l i t e r a t u r e . 2  

c y l i n d r i c a l  r e s o n a t o r s  o f  t h e  TE c l a s s .  The e x p e r i m e n t a l  g y r o t r o n s  

d e s c r i b e d  i n  t h e  l i t e r a t u r e  have a l l  been  o f  t h e  form o f  s i n g l e - c a v i t y  

o s c i l l a t o r s .  However, a s i m i l a r  d e v i c e  h a s  d e m o n s t r a t e d  modera te  ( 1  6 dB) 

g a i n  a s  an a m p l i f i e r .  

It employs a h o l l o w  e l e c t r o n  beam i n t e r a c t i n g  w i t h  

Om 1 

3 

A g o a l  o f  t h i s  deve lopment  program is t o  a c h i e v e  an a m p l i f i e r  having  

s i g n i f i c a n t l y  h i g h e r  g a i n  (30  d B ) .  S t a b i l i t y  o f  t h e  d e v i c e  becomes a v e r y  

i m p o r t a n t  t e c h n i c a l  c o n s i d e r a t i o n  a t  t h i s  l e v e l  o f  g a i n .  To f u l l y  

c a p i t a l i z e  on t h e  a d v a n t a g e s  of  t h e  c y c l o t r o n  r e s o n a n c e  i n t e r a c t i o n ,  l a y g e  

beam d i a m e t e r s  a r e  used .  T h i s  e x p o s e s  t h e  d e v i c e  t o  t h e  e f f e c t  o f  microwave 

c o u p l i n g  between a m p l i f i e r  s t a g e s  t h r o u g h  t h e  beam t u n n e l .  P r e v e n t i o n  o f  

t h i s  c o u p l i n g  is an i m p o r t a n t  c o n s i d e r a t i o n  i n  t h e  d e s i g n .  

The optimum beam f o r  t h e  c y c l o t r o n  r e s o n a n c e  i n t e r a c t i o n  i s  one  i n  

which  t h e  e l e c t r o n s  have  most  o f  t h e i r  e n e r g y  i n  v e l o c i t i e s  p e r p e n d i c u l a r  t o  

t h e  a x i a l  magne t i c  f i e l d .  Another  r e q u i r e m e n t  i s  t h a t  t h e  s m a l l  component 

o f  a x i a l  v e l o c i t y  be e s s e n t i a l l y  t h e  same f o r  a11 e l e c t r o n s .  An e l e c t r o n  



which h a s  a d i f f e r e n t  a x i a l  v e l o c i t y  w i l l  n o t  i n t e r a c t  e f f i c i e n t l y .  

G e n e r a t i o n  o f  a beam w i t h  h i g h  t r a n s v e r s e  v e l o c i t y  and s m a l l  a x i a l  v e l o c i t y  

s p r e a d  i s  a n o t h e r  i m p o r t a n t  d e s i g n  problem. 

The approach  chosen  t o  g e n e r a t e  t h e  beam is  a magnetron t y p e  o f  gun a s  

was used i n  t h e  d e v i c e s  d e s c r i b e d  i n  t h e  Russ ian  l i t e r a t u r e .  With t h i s  t y p e  

o f  g u n ,  t h e  s h a p i n g  of t h e  magne t i c  f i e l d  i n  t h e  gun r e g i o n  becomes q u i t e  

i m p o r t a n t  

As t h e  program p roceeded ,  e x p e r i m e n t s  w i t h  pu l sed  g y r o t r o n  o s c i l l a t o r s  

gave  power o u t p u t s  well i n  excess o f  200 klol, whereas  e x p e r i m e n t a l  p u l s e d  

g y r o k l y s t r o n s  were s e v e r e l y  l i m i t e d  i n  per formance  by  v a r i o u s  t e c h n i c a l  

d i f f i c u l t i e s .  The main t h r u s t  of t h e  program, t h e r e f o r e ,  s h i f t e d  t o  

g y r o t r o n  o s c i l l a t o r s ,  and t h e  g o a l  o f  t h e  program became t h e  deve lopment  and 

c o n s t r u c t i o n  o f  t h e s e  t u b e s  f o r  u s e  i n  t h e  EBT-S sys t em.  

2 



rr .  REPORTS 

The Development  Program for  a 200 kW, CW, 28 GHz G y r o k l y s t r o n  e x t e n d e d  

from t h e  second q u a r t e r ,  A p r i l  20,  1976 t h r o u g h  t h e  t h i r d  q u a r t e r  o f  1980. 

S e v e n t e e n  q u a r t e r l y  r e p o r t s  were i s s u e d  d u r i n g  t h i s  p e r i o d .  The e i g h t e e n t h  

q u a r t e r l y  report i s  i n c l u d e d  as p a r t  of t h i s  f i n a l  report. The q u a r t e r l y  

r e p o r t s  g i v e  d e t a i l s  of t h e  e x p e r i m e n t a l  work i n  c h r o n o l o g i c a l  o r d e r .  T h i s  

f i n a l  r e p o r t  s u m m a r i z e s  t h e  i m p o r t a n t  f e a t u r e s  o f  t h e  work a c c o r d i n g  t o  

s u b j e c t .  The two p r i n c i p a l  t e c h n i c a l  p o r t i o n s  o f  t h e  f i n a l  r e p o r t  d i s c u s s  

g y r o k l y s t r o n  a m p l i f i e r s  i n  S e c t i o n  I11 and g y r o t r o n  o s c i l l a t o r s  i n  

S e c t i o n  IV. 
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111. GYROKLYSTRON AMPLIFIERS 

This s ec t ion  covers work on gyroklystron m p l i f i e r s  through 

cons t ruc t ion  of gyroklystron pulsed ampl i f ie r  No. 4 .  Subsections A through 

K descr ibe  design d e t a i l s  of tube components and pe r iphe ra l  equipment, such 

as t h e  electromagnet and water load.  

pe r t a in ing  t o  ind iv idua l  models and d iscusses  cold and hot t e s t  da t a  

obtained with t h e  tubes .  A t  t h e  t i m e  of cons t ruc t ion  of No. 4 ,  very 

s i g n i f i c a n t  results had been obtained i n  p a r a l l e l  e f f o r t s  with gyrotron 

o s c i l l a t o r s ,  and t h e  main t h r u s t  of t h e  program w a s  r ed i r ec t ed  toward work 

Section L l is ts  s p e c i a l  design d e t a i l s  

with 

A. 

those tubes .  

ELECTRON GUN 

An e lec t ron  gun of t h e  magnetron i n j e c t i o n  type  w a s  chosen as t h e  

prefer red  approach. 

wi th  a t r ansve r se  t o  a x i a l  v e l o c i t y  r a t i o  of two-to-one. To m i n i m i z e  

v e l o c i t y  spread., t he  gun e l ec t rode  shapes were ad jus ted  and t h e  results 

evaluated us ing  computer s imulat ion.  A simulat ion of" t h e  e lec t ron  

t r a j e c t o r i e s  i s  shown i n  Figure 1. The s imulat ion predicted a spread i n  

t r ansve r se  v e l o c i t y  of 3% and a corresponding a x i a l  v e l o c i t y  spread of 11%. 

The goals  of  t h e  gun design were an 80 kV, 8 A beam 

The cathode emi t te r  i s  a conventional impregnated type .  The surface i s  

pol ished t o  minimize roughness. 

The gun anode is of copper with i n t e r n a l  passages f o r  o i l  cool ing.  

Similar  passages a r e  included i n  the  focus e l e c t r o d e ,  i n  c lose  proximity t o  

t h e  cathode. Cooling of t h i s  e l ec t rode  served t o  minimize o r  e l i m i n a t e  

unwanted primary emission. 

B. INPUT CAVITY 

The geometry of t he  f i r s t  input c a v i t y ,  determined from cold t e s t  

measurements, is shown i n  Figure 2. The 0.280" x 0.140'' rec tangle  

represents  t h e  in s ide  dimensions of t h e  input  vavegui.de. Three coupling 

holes  were used ins tead  of one i n  order  t o  minimize e x c i t a t i o n  of t h e  TEll 
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and TE 

c o u p 1  i n g  

The 

t es t .  A 

modes. rhese modes c a n  p r o p a g a t e  i n  t h e  d r i f t  t u b e s .  Round 

h o l e s  were employed t o  e n h a n c e  d i m e n s i o n a l  c o n t r o l .  

s e n s i t i v i t y  o f  Q t o  c o u p l i n g  h o l e  d i a m e t e r  was m e a s u r e d  i n  c o l d  

g r a p h  o f  t h e  t e s t  d a t a  i s  s h o r n  in F i g u r e  3. D i m e n s i o n a l  
L 

s e n s i t i v i t y  o f  c a v i t y  r e s o n a n t  f r e q u e n c y  i s  i n d i c a t e d  i n  Table 1. 

TABLE f 

F r e q u e n c y  Sen si t i v i t  y o f  I n p u t  C a v i t y  

P a r  ame t er S e n s i t i v i t y  ( M H z / m i l )  

C a v i t y  L e n g t h  -1 2 

C a v i t y  Diameter -4 6 

C o u p l i n g  Hole D i a m e t e r  -1 0 

The e f f e c t  of t h e  d i a m e t e r  of t h e  c o u p l i n g  h o l e s  on f r e q u e n c y  i s  shown 

i n  F i g u r e  4 .  It was a n t i c i p a t e d  t h a t  c a v i t y  d i m e n s i o n s  would r e q u i r e  

t r i m m i n g  a d j u s t m e n t s  t o  e n s u r e  t h e  correct  r e s o n a n t  f r e q u e n c y  i n  a c t u a l  t u b e  

m o d e l s .  

A l o s s y ,  s i l i c o n  c a r b i d e  l o a d e d  b e r y l l i a  r i n g  was i n t r o d u c e d  i n  t h e  

i n p u t  c a v i t y  used  i n  t h e  s e c o n d  p u l s e d  a m p l i f i e r  t o  l o a d  a l l  modes w i t h  

a x i a l  c a v i t y  wall c u r r e n t s .  One s u c h  mode, t h e  TE was s u s p e c t e d  of 

c a u s i n g  o s c i l l a t i o n  a t  27 GHz. D e t a i l s  o f  t h a t  i n p u t  c a v i t y  g e o m e t r y  a r e  

shown i n  F i g u r e  5. 

21 2' 

'l'he t h i r d  p u l s e d  a m p l i f i e r  d i d  n o t  make use o f  t h e  l o s s y  r i n g ,  r e l y i n g  

i n s t e a d  on i n c r e a s e d  d r i f t  t u n n e l  l o s s .  The f o u r t h  p u l s e  a m p l i f i e r ,  

however ,  r e t u r n e d  t o  employment o f  t h e  l o s s y  r i n g .  I n  a d d i t i o n ,  t h e  t h r e e  

c o u p l i n g  p o r t s  were i n c r e a s e d  i n  a r e a  t o  l o w e r  t h e  l o a d e d  Q from 333 t o  110.  

It was a n t i c i p a t e d  t h a t  t h e  c h a n g e  would make t h e  d r i v e r  match l e s s  

s e n s i t i v e  t o  beam l o a d i n g .  F u r t h e r ,  a m a t c h i n g  element was used  i n  t h e  

i n p u t  d r i v e  l i n e  t o  i m p r o v e  t h e  m a t c h  a t  i n p u t  c a v i t y  r e s o n a n c e .  
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c. INPUT WINDOW 

T h r e e  i d e n t i c a l  windows were employed w i t h  t h e  i n p u t  c a v i t y ,  o n e  fo r  

e a c h  o f  t h e  c o u p l i n g  h o l e s  ( i r i s e s ) .  The d e s i g n  made use o f  a half-wave-  

l e n g t h  t h i c k  a l u m i n a  d i s c  c e n t e r e d  between two TE 

s p a c e d  for r e f l e c t i o n  c a n c e l l a t i o n .  F i g u r e  6 shows t h e  i n p u t  window 

a s s e m b l y .  A c o l d  tes t  model  of t h e  window showed 1.08 VSWR a t  28 GHz and 

under  1.3 VSWR between 2 7 . 4 5 3  and 29.459 CHz. 

- T E o  t r a n s i t i o n s  10 1 1  

D. OIJTPUT CAVITY 

I n  e x p e r i m e n t i n g  w i t h  an X-band s c a l e d  c a v i t y ,  i t  soon became a p p a r e n t  

t h a t  o u t p u t  c a v i t y  l o a d i n g  t h r o u g h  t h e  c y l i n d r i c a l  c a v i t y  wall  would b e  b o t h  

e x t r e m e l y  d i f f i c u l t  and time consuming E f f o r t s  t h e n  c e n t e r e d  on c o u p l i n g  

t h r o u g h  t h e  end of  t h e  c a v i t y .  TEO, mode c o u p l i n g  r e s u l t e d  i n  a m i n i m u m  Q, 

o f  a b o u t  430, c o n s i d e r a b l y  i n  excess o f  t h e  d e s i r e d  v a l u e  o f  t h e  195. TEi2 
mode c o u p l i n g  o b t a i n e d  w i t h  a s u b s t a n t i a l l y  l a r g e r  i r i s  d i a m e t e r ,  however ,  

y i e l d e d  an a c c e p t a b l e  v a l u e  o f  Q The X-band s c a l e d  c a v i t y  d a t a  a r e  siraown 

i n  F i g u r e  7 .  The c o l d  t e s t  d a t a  l e d  t o  t h e  28 CHz o u t p u t  c a v i t y  g e o m e t r y  o f  

F i g u r e  8. It was a n t i c i p a t e d  t h a t  some o f  t h e  d i m e n s i o n s  would r e q u i r e  

t r i m m i n g  t o  o b t a i n  t h e  r e q u i r e d  r e s o n a n t  f r e q u e n c y  i n  a c t u a l  t u b e s  

L' 

The X-band c o l d  t es t  o u t p u t  c a v i t y  used  i n i t i a l l y  had microwave 

c o u p l i n g  s lots  i n  t h e  c y l i n d e r  w a l l ,  not a d e s i r a b l e  f e a t u r e  i n  a c t u a l  

2 8  GFIz o u t p u t  c a v i t i e s .  Cold t e s t  t e c h n i q u e s  were, t h e r e f o r e ,  i n v e s t i g a t e d  

t o  a v o i d  t h i s  form of  test  s i g n a l  c o u p l i n g .  A T E I O  t o  T E O I  t r a n s i t i o n ,  a 

mode f i l t e r  made up o f  a l t e r n a t e  c o n d u c t i n g  and n o n c o n d u c t i n g  r i n g s ,  and a 

d i e l e c t r i c - l o a d e d  d r i f t  t u b e  a t  t h e  e l e c t r o n  gun end o f  t h e  o u t p u t  c a v i t y  

were used  f o r  s i g n a l  i n j e c t i o n .  A dummy d r i f t  t u b e  w i t h  a d i a g n o s t i c  

c o u p l i n g  s l o t  was p o s i t i o n e d  j u s t  o u t s i d e  t h e  o u t p u t  c a v i t y  i r i s  f o r  t es t  

s i g n a l  de t ec t ion .  P e n e t r a t i o n  o f  t h e  d i e l e c t r i c  p l u g  i n t o  t h e  d r i f t  t u b e  

and a d j u s t m e n t  o f  t h e  s i z e  of t h e  d e t e c t i o n  c o u p l i n g  p a r t  p e r m i t t e d  a 

compromise between s e n s i t i v i t y  and d e t u n i n g  . The a r r a n g e m e n t  proved 

m a r g i n a l l y  s a t i s f a c t o r y  f o r  t e s t i n g  a c t u a l  t u b e  o u t p u t  c a v i t i e s .  

0 
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E. OUTPUT COUPLING 

A l t h o u g h  c o u p l i n g  from t h e  o u t p u t  c a v l t y  d i r e c t l y  i n t o  c y l i n d r i c a l  

waveguide  g a v e  a s a t i s f a c t o r y  Q t h e  problem o f  c o u p l i n g  t o  t h e  o u t s i d e  

r e m a i n e d .  Two b a s i c  s y s t e m s  o f  o u t p u t  c o u p l i n g  were s t u d i e d .  The f i r s t  

case i n v o l v e d  u s e  of  t h e  c y l i n d r i c a l  co l l ec to r  a s  an o v e r s i z e d  w a v e g u i d e ,  

w i t h  r f  o u t p u t  t h r o u g h  a window s t r u c t u r e  beyond.  The second c a s e  made use 

of a miter bend and a s e p a r a t e  o u t p u t  waveguide i m m e d i a t e l y  f o l l o w i n g  

c o u p l i n g  from t h e  o u t p u t  c a v i t y  and p r i o r  t o  t h e  c o l l e c t o r .  

L’ 

I n  t h e  f i r s t  d e s i g n  c a s e ,  an a t t e m p t  a t  e x t r a c t i n g  r f  t h r o u g h  t h e  

co l l ec to r  used  a 6- inch-long 8- inch-d iameter  co l l ec to r  w i t h  27 d e g r e e  h a l f  

a n g l e  l i n e a r  t a p e r s  from t h e  waveguide a t  t h e  o u t p u t  c a v i t y  and t o  t h e  

2.5- inch-diameter  o u t p u t  waveguide  t o  t h e  window. A c o n c e r n  f o r  t h i s  c a s e  

was t r a p p e d  r e s o n a n c e s  i n  t h e  co l l ec to r .  A s t r u c t u r e  t h e  s i z e  o f  t h e  

c o l l e c t o r  c o u l d  s u p p o r t  c i r c u l a r  e l e c t r i c  modes up t o  t h e  TE F i g u r e  9 

shows a mode c h a r t  f o r  c i r c u l a r  e l e c t r i c  modes up  t o  TEO6. 

mode s p a c i n g  f o r  a l l  v a r i e t y  o f  modes would b e  a b o u t  150 KHz, t h a t  f o r  

c i r c u l a r  e l ec t r i c  modes a b o u t  9 MHz. Approximate ly  15 TE resonances 

would e x i s t  i n  t h e  b a n d w i d t h  o b t a i n i n g  f o r  a Q o f  195. T h i s  o r d e r  o f  

r e s p o n s e s  would p l a y  havoc w i t h  t h e  c a v i t y  impedance p r e s e n t e d  to t h e  

e l e c t r o n  beam s ince  some c o u p l i n g  o f  modes by  t h e  t a p e r s  i s  u n a v o i d a b l e .  

These e f fec ts  were v e r i f i e d  b y  c o l d  t e s t  measurements .  It was a l s o  v e r i f i e d  

t h a t  r e d u c t i o n  o f  c o l l e c t o r  volume by  s h o r t e n i n g  t h e  l e n g t h  d e c r e a s e d  t h e  

number o f  e x t r a n e o u s  r e s o n a n c e s ,  and o p e n i n g  up t h e  c o l l e c t o r  end h o l e  from 

t h e  o r i g i n a l  2 .5  i n c h e s  d e c r e a s e d  t h e i r  a m p l i t u d e s .  

0, l a -  
The e s t i m a t e d  

o nm 

L 

Two a p p r o a c h e s  were t a k e n  t o  minimize  t h e  e f f e c t s  of t r a p p e d  r e s o n a n c e s  

i n  t h e  co l l ec to r .  One made use o f  smooth ,  l o n g ,  r a d i u s e d  t r a n s i t i o n s  

b e t w e e n  d i a m e t e r s .  The second employed l o n g e r  l i n e a r  t a p e r s .  En e a c h  c a s e  

t h e  co l l ec to r  was 8 i n c h e s  l o n g  and 5.75 i n c h e s  i n  d i a m e t e r .  The l i n e a r  

t a p e r s  proved t o  be t h e  b e t t e r  a p p r o a c h .  

En t h e  second d e s i g n  case,  a c i r c u l a r  e l e c t r i c  waveguide  miter elbow 

w i t h  a s u i t a b l e  beam hole  was i n t r o d u c e d  i m m e d i a t e l y  f o l l o w i n g  t h e  o u t p u t  

c a v i t y  c o u p l i n g ,  a s  shown i n  F i g u r e  10, a l l o w i n g  o u t p u t  c o u p l i n g  and 

16 



Axial  Variations 

1 

2 ( in  - MC) 

Figure 9. Mode Chart for Cylindrical TE,, Modes 
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c o l l e c t o r  problems t o  be t r e a t e d  sepa ra t e ly .  Preliminary cold t e s t s  were 

encouraging, though they  showed s e n s i t i t y  t o  t h e  angular  pos i t i on  of t he  

output waveguide. It w a s  thought t h a t  t h i s  problem might be m i n i m a l  with 

symmetrical exc i t a t ion  of t h e  output  cav i ty .  

The magnitude of resonance d i s t o r t i o n  appeared approximately similar 

f o r  each of t h e  design cases  d iscussed*  Both approaches were pursued. 

F. OUTPUT WINDOW 

The i n i t i a l  output window design incorporated a half-wavelength Be0 

ceramic d i s c  brazed t o  copper cups and surrounded by a s t a i n l e s s  s t e e l  water 

j a c k e t .  With rf energy t ransmi t ted  i n  a c i r c u l a r  e l e c t r i c  mode, i n  which 

w a l l  cu r r en t s  flow c i r cumfe ren t i a l ly ,  it was f e a s i b l e  t o  i n t e r r u p t  t h e  

conducting w a l l  at a plane perpendicular  t o  t h e  a x i s .  The edge of the  

ceramic window d i sc  protruded i n t o  the  coolan t ,  providing loading of 

evanescent modes and g iv ing  t h e  bes t  poss ib le  window edge cool ing.  

i n i t i a l  design is shown i n  Figure 11. 

The 

Later i n  t h e  program, a double-disc window design w a s  used. FC-75 

coolant w a s  channeled ac ross  t h e  waveguide between t h e  t w o  d i s c s  t o  cool  

them. Details of t h i s  design w i l l  be described i n  a l a t e r  sec t ion .  

G -  DRIFT TUBE COUPLING AND LOSS 

One of t h e  a reas  of concern i n  t h e  microwave design is  the  p o s s i b i l i t y  

of feedback from t h e  output cav i ty  t o  the  input  c a v i t y  by v i r t u e  of one of  

21 
t h e  propagating d r i f t  tube modes. Of primary concern, a r e  t h e  TE and  TE 

11 
modes. A v a r i e t y  of d r i f t  tube conf igura t ions ,  including smooth bores of 

d i f f e r e n t  l eng ths ,  d r i f t  tubes  with TE loading po r t s  ( r ec t angu la r  waveguide 

with E-field perpendicular  t o  tube  a x i s )  and TM p o r t s  ( r ec t angu la r  waveguide 

w i t h  E-field p a r a l l e l  t o  a x i s )  were t r i e d *  None of these proved t o  g ive  

adequate a t t enua t ion .  

A t u n a b l e  cav i ty  with a diameter of 2.68 A i n  t h e  d r i f t  tube w a s  t r i e d .  

Nulls i n  d r i f t  tube  t ransmission were found f o r  c a v i t y  lengths  of 0.49 A ,  

19 
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0.60 A, 0.84 A ,  and 1.60 A .  However, pe r fo rmance  was s e n s i t i v e  t o  d r i f t  

t u b e  end c o n d i t i o n s  o f  t h e  s y s t e m .  

The most e n c o u r a g i n g  r e s u l t s  were o b t a i n e d  by b r e a k i n g  t h e  d r i f t  t u b e  

and a l l o w i n g  a p o r t i o n  o f  t h e  TE and TE modes to r a d i a t e  i n t o  f r e e  
1 1  21 

s p a c e .  The f i r s t  e x p e r i m e n t  c o n s i s t e d  o f  0.8 X l ong  d r i f t  t u b e s  a t t a c h e d  t o  

t h e  i n p u t  and o u t p u t  c a v i t i e s .  The d r i f t  t u b e s  had f l a t  p l a t e s  on t h e  e n d s .  

A s  t h e  c a v i t i e s  were s e p a r a t e d ,  t h e  r e l a t i v e  t r a n s m i s s i o n  a s  a f u n c t i o n  o f  

g a p  l e n g t h  was measured a s  shown i n  F i g u r e  12. The t r a n s m i t t e d  power was 

f a i r l y  c o n s t a n t  up t o  a g a p  o f  X/2, a t  which p o i n t  t h e r e  was a s h a r p  n u l l ,  

t o o  s h a r p  t o  a t t e m p t  t o  u t i l i z e .  A s  t h e  gap  was i n c r e a s e d  beyond x / 2 ,  

t r a n s m i t t e d  power f e l l  a s  l / r  . 2 

O b s e r v a t i o n  of t h e  r a d i a t e d  a n g u l a r  p a t t e r n  i n d i c a t e d  TE a s  t h e  

p r i m a r y  mode o f  t r a n s m i s s i o n .  Low g a i n  d r i f t  t u b e  a n t e n n a s  were d e s i g n e d  b y  

removing t h e  p l a t e s  from t h e  e n d s  of t h e  d r i f t  t u b e s  and making t h e  d r i f t  

t u b e s  X /2 l o n g  f o r  t h e  TEZ1 mode. 

o f  1.71 X on e a c h  c a v i t y .  For a g i v e n  g a p  l e n g t h ,  t h i s  d r i f t  t u b e  l e n g t h  

g a v e  maximum loss .  However, t h i s  d r i f t  t u b e  l e n g t h  proved t o  be  t o o  l o n g  

f o r  t h e  3 X s p a c i n g  between i n p u t  and o u t p u t  c a v i t i e s  de t e rmined  by 

a m p l i f i c a t i o n  c a l c u l a t i o n s .  The d r i f t  t u b e s  were s h o r t e n e d ,  keep ing  t h e  

s p a c i n g  between c a v i t i e s  c o n s t a n t .  The l o s s  for an e f f e c t i v e  3 X c a v i t y  

s p a c i n g  f o r  d i f f e r e n t  d r i f t  t u b e  l e n g t h s  is shown i n  Table  2. 
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T h i s  co r re sponded  t o  a d r i f t  t u b e  l e n g t h  
g 

TABLE 2 

R a d i a t i n g  Drift Tube Loss 

Drif t  Tube Snout  Length Minimum Loss 
( A >  (dB1 

1.45 

1.30 

1.16 

1.01 

0.86 

0.71 

2 1  

23.8 
28.1 

29.9 

32.7 
36.4 

>4 5 
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Figure 12. Coupling Between Cavities with Variable Air Gap in Drift Tube 
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The amount o f  a t t e n u a t i o n  measured w i t h  t h e  s h o r t  s n o u t  r a d i a t i n g  d r i f t  

t u b e s  appea red  p romis ing .  

The n e x t  s t e p  in t h e  d r i f t  t u b e  loss p r o c e d u r e  was t o  s i m u l a t e  free 

s p a c e  i n  a vacuum enve lope .  S e v e r a l  a p p r o a c h e s  were c o n s i d e r e d ,  i n c l u d i n g  a 

b e r y l l i a  c y l i n d e r  wa te r  l o a d ,  a l o s s y  c y l i n d e r ,  l o s sy  p l a t e s ,  and s i l i c o n  

c a r b i d e  loaded  b e r y l l i a  wedges and p i l l s .  

I n  c o n j u n c t i o n  w i t h  t h e  b e r y l l i a  c y l i n d e r  water l o a d  approach ,  t h e  

d i e l ec t r i c  c o n s t a n t  and l o s s  t a n g e n t  o f  wa te r  a s  a f u n c t i o n  of  t e m p e r a t u r e  

were c a l c u l a t e d . 2 1  

l o s s  t a n g e n t  i s  p l o t t e d  i n  F i g u r e  1 4 .  A r e a s o n a b l e  match c o u l d  p r o b a b l y  be 

made u s i n g  a 3 1/11 t h i c k  Be0 c y l i n d e r .  However, it would be f r e q u e n c y  and 

t e m p e r a t u r e  s e n s i t i v e .  

The d i e l e c t r i c  c o n s t a n t  i s  p l o t t e d  i n  F i g u r e  13. R e  

A l o s s y  c y l i n d e r  was s i n u l a t e d  by a c y l i n d e r  o f  r e s i s t a n c e  paper  X/4 

from t h e  c y l i n d r i c a l  wall a s  shown i n  F i g u r e  15.  A r e s i s t a n c e  o f  1500 t o  

3000 ohms pe r  s q u a r e  g a v e  -45 dB loss .  A r e s i s t a n c e  o f  400 ohms pe r  s q u a r e  

g a v e  > 45 d B  of  l o s s .  

Loss p l a t e s  were s i m u l a t e d  by s h e e t s  of' r e s i s t a n c e  paper  X/4 from t h e  

end w a l l s  o f  t h e  d r i f t  t u b e  c a v i t y ,  a s  shown i n  F i g u r e  16. A r e s i s t a n c e  o f  

8000 ohms pe r  s q u a r e  gave  a l o s s  of  -40 dB. A resis tance of  1100 ohms per  

s q u a r e  g a v e  > 45 d B  l o s s .  

h s s y  wedges were s i m u l a t e d  by p l e a t e d  r e s i s t a n c e  paper  a s  shown i n  

F igu re  17. Twenty-four p l e a t s  o f  8000 ohms pe r  s q u a r e  pape r  gave  > 115 d $  

loss 

Loss p i l l s  were s i m u l a t e d  by a h a n d f u l  af  s i l i c o n  c a r b i d e  l o a d e d  

b e r y l l i a  p i e c e s  of random s i z e  and shape  p a r t i a l l y  f i l l i n g  one s i d e  o f  t h e  

d r i f t  t u b e  c a v i t y ,  a s  shown i n  F i g u r e  18. This e x p e r i m e n t  a l s o  g a v e  > 45 dB 

loss .  
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Figure 13. Relative Dielectric Constant of Water at 28 GHz 
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LOSSY CYLINDER 

Figure 15. Lossy Cylinder 

LOSSY PLATES? r 

Figure 16. bossy Plates 
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figure 67. Lossy Wedges 
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Figure 18, Silicon Carbide Loaded Beryllia Loading 
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The n e t  r e s u l t  o f  t h e  d r i f t  t u b e  l o a d i n g  e x p e r i m e n t s  i s  t h a t  a 

r e a s o n a b l e  d e g r e e  o f  f l e x i b i l i t y  i s  shown i n  how t h e  l o s s  i n  t h e  d r i f t  t u b e  

c a v i t y  can  b e  a t t a i n e d .  

An a d d i t i o n a l  expe r imen t  i n  d r i f t  t u b e  l o a d i n g  c o n s i s t e d  o f  c o a t i n g  t h e  

c o n d u c t i n g  c y l i n d e r  o f  t h e  d r i f t  t u b e  c a v i t y  w i t h  Kanthaltm (Kan tha l  i s  a 

t r ademark  o f  Kan tha l  C o r p o r a t i o n  for an i r o n  b a s e  e l e c t r i c  r e s i s t a n c e  

a l l o y . )  The l o s s  for t h e  Kantha l  c o a t e d  c y l i n d e r  was n o t  much more t h a n  t h e  

uncoated  c y l i n d e r  and was much l e s s  t h a n  t h e  s i l i c o n  c a r b i d e  loaded  b e r y l l i a  

l o a d i n g  

H. COLLECTOR 

The c o l l e c t o r  d e s i g n  i s  s t r o n g l y  i n f l u e n c e d  by t h e  t y p e  o f  o u t p u t  

sys t em chosen .  If microwave o u t p u t  i s  s e p a r a t e d  from t h e  beam immedia t e ly  

f o l l o w i n g  t h e  o u t p u t  c a v i t y  i r i s ,  g r e a t e r  mechan ica l  d e s i g n  f l e x i b i l i t y  i s  

possible f o r  t h e  c o l l e c t o r .  One c a n  c h o o s e  c o l l e c t o r  d i a m e t e r ,  l e n g t h ,  and 

a x i a l  p o s i t i o n  and t h e  t a p e r s  on e i t h e r  end independen t  o f  microwave 

c o n s i d e r a t i o n s .  The c o l l e c t o r  migh t  a l s o  b e  b u i l t  w i t h o u t  t h e  need f o r  

c o l l e c t o r  f o c u s i n g  c o i l s ,  t hough  t h i s  might  r e q u i r e  an awkwardly l a r g e  

d i a m e t e r .  

If microwave o u t p u t  i s  b rough t  o u t  t h r o u g h  t h e  c o l l e c t o r ,  a s m a l l  

d i a m e t e r  i s  d e s i r e d  from a microwave p o i n t  o f  v i e w ,  and t a p e r s  a r e  c r i t i c a l .  

C o l l e c t o r  c o i l s  a r e  r e q u i r e d .  High power c o l l e c t o r s  have  been known t o  

deform s l i g h t l y  a t  h igh  power d e n s i t i e s .  T h i s  migh t  c a u s e  u n d e s i r a b l e  mode 

c o n v e r s i o n  . 
E l e c t r o n  t r a j e c t o r y  c a l c u l a t i o n s  were made t o  d e t e r m i n e  t h e  beam 

d i s t r i b u t i o n  i n  t h e  c o l l e c t o r  r e g i o n  f o r  a v a r i e t y  o f  c o n d i t i o n s  w i t h  no 

e x t e r n a l  c o l l e c t a r  magnet c o i l s .  V a r i a t i o n s  i n  t r a n s v e r s e  e n e r g y ,  

s i m u l a t i n g  r f  o u t p u t  c o n d i t i o n s ,  and v a r i a t i o n s  o f  s p a c e  c h a r g e  were 

a n a l y z e d .  For a 10-inch-diameter  c o l l e c t o r ,  t h e  maximum pawer d e n s i t y  was 

a p p r o x i m a t e l y  900 W/cm . 2 
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A c o l l e c t o r  geometry was analyzed f o r  20 f t / s e c  v e l o c i t y  water flow a t  
2 0 

100 l b / i n  a b s o l u t e  p r e s s u r e  a t  35 C t empera tu re  f o r  power d e n s i t i e s  o f  900, 

1200 and 1500 W/cm , The c o l l e c t o r  geometry c o n s i s t e d  o f  a 10-inch-inside- 

d i ame te r  c y l i n d e r ,  0.71 3 inch t h i c k  w i t h  120 3/16-inch-diameter water  

pas sages  centered 0.3 i n c h  from t h e  heated s u r f a c e .  The e q u a t i o n s  used  i n  

2 

t h e  

f o r  

h =  

k =  

d =  

u =  

v =  

P =  
P 

D I =  

w =  

c =  

a n a l y s i s  a r e  : 

k ud O S 8  1 /3  
h = 0.023 - (-) pr  

d v  

normal convect ion where 

average h e a t  t r a n s f e r  c o e f f i c i e n t  CBtu/hr f t  F 1  

the rma l  c o n d u c t i v i t y  [Eku/hr f t  F1 

diameter  E f t  I 

2 

v e l o c i t y  C f t / s e c l  
2 v i s c o s i t y  I: f t  /set] 

Prandt 1 number = 7where 

thermal  d i f f u s i v i t y  [ f t  / h r ]  = - where 

weight d e n s i t y  [ l b / f t  1 

h e a t  c a p a c i t y  C B t u / l b  F J ,  

V 

2 k 
wc 

3 

q = r a t e  o f  h e a t  t r a n s f e r  CBtu/hr l  
z 

A = a r e a  6 f t  1 
t = t empera tu re  CFI, 

and 
1 /3 - ) u  5 u1/3 

+ 4800 ( t s a t u r a t i o n  tcdater 
( q / A )  = 4 X 10 

for  t h e  burnout peak heat  f l u x .  

The wa l l  t empera tu res  c a l c u l a t e d  f o r  900 W/cmL a r e  shown i n  Table  3. 

The water  channel  burnout wall t empera tu re  o f  199.4'C makes t h i s  c a s e  

m a r g i n a l ,  c o n s i d e r i n g  t h e  p o s s i b l e  c i r c u m f e r e n t i a l  v a r i a t i o n s  o f  power 

d e n s i t y  of a beam emit ted by a temperature- l imited cathode.  F u r t h e r  

c a l c u l a t i o n s  cons ide red  v a r i a t i o n s  i n  water v e l o c i t y ,  h o l e  diameter  and 

number of  h o l e s .  
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TASLE 3 

Collector Wall T e m p e r a t u r e s  

Wall 

Heated f a c e  

Hot s i d e  of  h o l e  

Cool s i d e  o f  h o l e  

Rear f a c e  

- T e m p e r a t u r e  ( ' e )  
351 

197.7 

1 0 8  

117 

I n  g e n e r a l ,  t h e  a r e a  o f  g r e a t e s t  c o n c e r n  i n  t h e  co l l ec to r  i s  t h e  p o i n t  

o f  tnaximum power d e n s i t y .  T h i s  u s u a l l y  occurs  a t  t h e  i n t e r s e c t i o n  o f  o u t e r  

beam edge  and t h e  c o l l e c t o r  c y l i n d e r .  F u r t h e r  i n s i g h t  t o  t h e  problem c a n  be 

g l e a n e d  by c o n s i d e r i n g  t h e  f o l l o w i n g  a p p r o x i m a t i o n ,  shown i n  F i g u r e  19. The 

a s s u m p t i o n s  made i n  t h e  a p p r o x i m a t i o n  a r e  t h e  beam e m a n a t e s  from a p a i n t  

s o u r c e  o n  t h e  a x i s ,  and t h a t  t h e  c u r r e n t  i s  u n i f o r m l y  d i s t r i b u t e d  o v e r  a 

s p h e r i c a l  segment .  The maximum power d e n s i t y  on t h e  co l l ec to r  s u r f a c e  i s  

t h e n  g i v e n  b y  t h e  f o l l o w i n g  e q u a t i o n :  

0 
P.D. = 

2irR(2.54I2 \cas  [ tan  -1 (=)I R - cos [tan-' ($-)I 1 
Where P = Beam power i n  k i l o w a t t s  

R = Col lec tor  c y l i n d e r  r a d i u s  i n  i n c h e s  

R = A x i a l  d i s t a n c e  i n  i n c h e s  from p o i n t  s o u r c e  t o  

0 

i n t e r s e c t i o n  o f  outer  beam e d g e  and co l l ec to r  c y l i n d e r  

L = Axial l e n g t h  of  beam i n t e r c e p t i o n  a l o n g  c o l l  

c y l i n d e r  i n  i n c h e s  
2 

P.D. = Maximum power d e n s i t y  i n  k i l o w a t t s / c m  

The a b o v e  e q u a t i o n  was e v a l u a t e d  for  d i f f e r e n t  v a l u e s  o f  R ,  

a s s u m i n g  a beam power of 640 kW. R e p r e s e n t a t i v e  r e s u l t s  are s h o  

'c t o r  

II and L 

rn i n  T a b l e  4.  

Same o f  t h e  cases i n  T a b l e  4 w i l l  be  i m p o s s i b l e  t o  r e a l i z e ,  w h i l e  o t h e r s  
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Figure 19. Model for Calculating Collector Dissipation Assuming a Point 
Source of Electrons 

31' 



R 
( i n c h e s )  

1.250 

1.250 

1.250 

1.5 

1.5 

1.5 

2.0 

2. 5 

2.5 

2.5 

2.5 

2,875 

2.875 

2.875 

3 
4 

5 
5 

5 
5 

5 

5 

5 

5 

5 

5 

TABLE 4 

Approximate Maximum Power Densities 

f o r  D i f f e r e n t  C o l l e c t o r  Geometries 

2, 
( i n c h e s )  

24 

30 

30 

a 
8 

12 

8 

4 

a 
10.781 

10.781 

a 
10 

i o .  781 

8 

8 

3 
4 

4 

6 

6 
6 

8 

8 

8 

8 

1. 
( i n c h e s )  

36 

18 
m 

10 

18 

18 

8 

18 

18 

9 

18 

8 
8 
5.943 

6 

6 

24 

5 
24 

3 
24 

m 

3 
6 

12 
W 

P . D a 2  
(kW/cm 1 

1.27 

1.40 

0.85 

3.26 

2,88 

2.10 

2.58 

2.62 

1.65 

1 .64 

1.34 

1 .74 
9.55 
1.72" 

1.85 

1.33 

0.86 

1.22 

0.85 

1.59 

0.77 

0.72 

1.53 

1.02 

0.78 
0.63 

* 
Case co r re sponds  t o  Figure 22 o f  Q u a r t e r l y  Report No. 5 assumi.ng t h e  beam 

fo l lows  t h e  f l u x  l i n e s .  
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w i l l  be d i f f i c u l t  b e c a u s e  of r e q u i r e d  shap ing  of  t h e  magne t i c  f i e l d  i n  t h e  

c o l l e c t o r  r e g i o n ,  

A s p e c i a l  c a s e  o f  no c o l l e c t o r  c o i l s  was s t u d i e d  making t h e  a s sumpt ion  

t h a t  t h e  beam would f o l l o w  t h e  magne t i c  f l u x  l i nes .  The p a r a m e t e r s  R and L 

were a d j u s t e d  a s  a f u n c t i o n  of  R t o  match  computed f l u x  l i n e s  i n  t h e  

c o l l e c t o r  r e g i o n  due  t o  l e a k a g e  from t h e  main s o l e n o i d .  The maximum power 

d e n s i t y  a s  a f u n c t i o n  of R i s  shown i n  F i g u r e  20. The r e s u l t s  o f  t h i s  model 

are r e a s o n a b l y  c o n s i s t e n t  w i t h  t h e  more exact c a l c u l a t i o n  d i s c u s s e d  e a r l i e r  

which l e d  t o  a power d e n s i t y  o f  900 W/cm w i t h  a 10-inch d i a m e t e r .  2 

It was concluded  t h a t  t h e  most c o n s e r v a t i v e  d e s i g n  f o r  t h e  c o l l e c t o r  

would i n v o l v e  a 10-inch d i a m e t e r ,  which  would have  a t o l e r a b l e  power d e n s i t y  

w i t h  l i t t l e  of no s p e c i a l  s h a p i n g  of  t h e  magne t i c  f i e l d .  CW o p e r a t i o n  wi th  

s m a l l e r  c o l l e c t o r  d i a m e t e r s  was f e a s i b l e  b u t  would r e q u i r e  c a r e f u l  magne t i c  

s h a p i n g .  

I. MAGNETICS 

V a r i o u s  magne t i c  c i r c u i t  a p p r o a c h e s  i n c o r p o r a t i n g  i r o n  p o l e  p i e c e s  were 

e v a l u a t e d  on t h e  computer .  The DOE program TRIM was used t o  e v a l u a t e  d e s i g n  

a l t e r n a t i v e s  for t h e  s o l e n o i d .  The g o a l  was t o  a c h i e v e  a d e s i g n  w i t h  l e s s  

t h a n  0.4% c a l c u l a t e d  v a r i a t i o n  i n  magne t i c  f i e l d  i n  t h e  c e n t r a l  5 i n c h e s  ( o f  

a x i a l  l e n g t h )  o f  t h e  s o l e n s i d ,  w i t h  a g o a l  of 1% v a r i a t i o n  i n  t h e  a c t u a l  

s o l e n o i d .  The c o n c e n t r a t i o n  of  ampere t u r n s  was chosen  t o  b e  c o m p a t i b l e  

w i t h  t h e  c a p a b i l i t i e s  o f  ho l low-core  c o n d u c t o r s .  The i n i t i a l  t h i c k n e s s  

chosen  f o r  t h e  i r o n  pole p i e c e s  was 1.25 i n c h e s .  The g o a l  was t o  o b t a i n  t h e  

d e s i r e d  f i e l d  wi th  t h e  same v a l u e  of cu r ren t  i n  a l l  t h e  c o i l s ,  w i th  an upper  

l i m i t  o f  500 amperes .  Two approaches  were c o n s i d e r e d :  v a r y i n g  t h e  

c o n d u c t o r  s i ze  and number o f  t u r n s  from c o i l  t o  c o i l ,  and v a r y i n g  t h e  

s p a c i n g  between i d e n t i c a l  c o i l s .  The l a t t e r  approach  was d e c i d e d  upon 

b e c a u s e  of  f l e x i b i l i t y  o f  t h e  d e s i g n  and c o i l  i n t e r - c h a n g e a b i l i t y .  
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In F i g u r e  21, t h e  r e s u l t s  o b t a i n e d  f o r  t h e  f i e l d  on a x i s  i n  t h e  c e n t r a l  

r e g i o n  of t h e  s o l e n o i d  a r e  p l o t t e d .  The v a r i a t i o n  i s  abou t  40 g a u s s ,  o r  

a b o u t  0.365%, m e e t i n g  t h e  d e s i g n  g o a l .  Twelve i d e n t i c a l  c o i l s  of 41 t u r n s  

e a c h  were u s e d ,  w i t h  a c u r r e n t  of 488 amperes.  However, t h e  peak f i e l d  i n  

t h e  i r o n  r e a c h e s  19.2 kGs,  an e x c e s s i v e  v a l u e  i f  t h e  e f f e c t s  of s a t u r a t i o n  

are t o  b e  avoided .  T h e r e f o r e ,  t h e  i r o n  p o l e  p i e c e s  were i n c r e a s e d  i n  

t h i c k n e s s  t o  1.75 i n c h .  

The Var ian  program LAPLACE was used t o  s t u d y  d e s i g n  a l t e r n a t i v e s  f o r  

p roduc ing  t h e  d e s i r e d  magne t i c  f i e l d  i n  t h e  r e g i o n s  o f  t h e  gun and t h e  

c o l l e c t o r .  The b e s t  approach  seemed t o  b e  t h e  use  o f  supp lemen ta ry  c o i l s  i n  

t h o s e  r e g i o n s ,  w i t h  a s s o c i a t e d  i r o n  s h i e l d i n g .  In F i g u r e  22 ,  t h e  r e s u l t s  

a re  p l o t t e d  showing f l u x  t u b e s  and magne t i c  e q u i p o t e n t i a l s  f o r  a r a d i a l l y  

t h i n ,  5 - inch-d iameter  c o i l  f o r  use i n  t h e  gun r e g i o n .  The f i e l d  on t h e  a x i s  

i n  t h e  r e g i o n  o f  t h e  gun is  p l o t t e d  i n  F i g u r e  23. A n a l y s i s  o f  t h e  beam 

o p t i c s  u s i n g  t h e  two-dimensional  f i e l d  i n d i c a t e d  t h a t  t h e  o f f - a x i s  f i e l d  

shape  was n o t  o p t i m a l  w i t h  t h e  e f f e c t i v e  gun c o i l  d i a m e t e r  a s  small a s  

5 i n c h e s .  C a l c u l a t i o n s  were t h e n  performed s i m u l a t i n g  r a d i a l l y  t h i c k  c o i l s  

o f  mean d i a m e t e r  l a r g e r  t han  5 i n c h e s .  F i n a l l y ,  a c o n f i g u r a t i o n  was chosen  

u s i n g  a 5.5-inch e f f e c t i v e  d i a m e t e r  and two c o i l s  f o r  f l e x i b i l i t y  o f  

ad  ju s tmen  t . 
F i g u r e  24 shows a sample  o f  a LAPLACE a n a l y s i s  a p p l i e d  t o  t h e  c o l l e c t o r  

r e g i o n .  In t h i s  case,  t h e  i n t e n t  was t o  d e s i g n  c o i l s  f o r  a c o l l e c t o r  w i t h  a 

5-3/4-inch i n s i d e  d i a m e t e r .  Two c o i l s  were used i n  t h e  c a l c u l a t i o n ,  one 

j u s t  above t h e  c o l l e c t o r  p o l e  p i e c e  and one  around t h e  upper  end o f  t h e  

c o l l e c t o r .  The 1-3/4-inch t h i c k  c o l l e c t o r  pole p i e c e  r e p r e s e n t i n g  t h e  f i n a l  

d e s i g n  f o r  t h e  main magnet was assumed i n  t h e  c a l c u l a t i o n .  The f l u x  t u b e s  

r e p r e s e n t i n g  t h e  o u t e r  and i n n e r  e n v e l o p e s  o f  t h e  beam i n  t h e  center o f  t h e  

s o l e n o i d  a r e  shown a s  dashed  l i n e s .  The d e s i g n  l i m i t  f o r  mean power 
2 d i s s i p a t i o n  i n  t h e  c o l l e c t o r  i s  1 kW/cm . For t h e  c a s e  o f  F i g u r e  24,  t h e  

mean d i s s i p a t i o n  would b e  0.924 kW/cm2, based on t h e  f l u x  t u b e s  t h r e a d i n g  

t h e  e n v e l o p e s  o f  t h e  beam i n  t h e  s o l e n o i d .  The s o l e n o i d  c o i l s  a r e  s i m u l a t e d  

by  f i e l d s  s p e c i f i e d  a t  t h e  mean c o i l  r a d i u s ,  a t e c h n i q u e  t h a t  compares  

r e a s o n a b l y  w e l l  w i t h  r e s u l t s  from TRIM. 
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C o m p u t a t i o n s  o f  t h e  ac tua l  beam t r a j e c t o r i e s  i n  t h e  f i e l d s  o f  t h e  

s o l e n o i d  p l u s  c o l l e c t o r  c o i l s  i n d i c a t e d  t h a t  t h e  co l l ec to r  f i e l d  n e e d s  t o  b e  

c u t  o f f  more s h a r p l y  t h a n  i n d i c a t e d  b y  a f l u x  t u b e  a n a l y s i s  b e c a u s e  t h e  

e l e c t r o n s  do  not  fol low f l u x  l i n e s  e x a c t l y .  The c a l c u l a t i o n s  a l s o  i n d i c a t e d  

t h a t  t h e  v e c t o r  v e l o c i t y  d i r e c t i o n  of  t h e  e l e c t r o n s  on e x i t i n g  t h e  o u t p u t  

c a v i t y  may s i g n i f i c a n t l y  i n f l u e n c e  t h e i r  t r a j e c t o r i e s  i n  t h e  c o l l e c t o r .  

The magnet  frame, a s  it was f i n a l l y  i m p l e m e n t e d ,  c o n s i s t s  o f  a t o p  and 

b o t t o m  p o l e  p i e c e ,  a t h r e e - p i e c e  c y l i n d r i c a l  o u t e r  r e t u r n  p a t h  and an i n n e r  

nonmagnet ic  c y l i n d r i c a l  core. The two p o l e  p i e c e s  a re  1.75 i n c h e s  t h i c k  

w i t h  4- inch d i a m e t e r  center h o l e s .  

sec t ions  from a s i n g l e  c y l i n d e r  19 i n c h e s  i n  o u t s i d e  d i a m e t e r .  T h e s e  

s e c t i o n s  a r e  1 . 4  i n c h e s  t h i c k  and a r e  b o l t e d  t o  t h e  pole p i e c e s .  The 

mater ia l  fo r  b o t h  t h e  p o l e  p i e c e  and t h e  body i s  a low c a r b o n  s t e e l  a l l o y  

Tne r e t u r n  p a t h  i s  made up o f  t h r e e  113' 

(<0.22%C). - 

The i n n e r  c y l i n d e r  core, t h r o u g h  which  t h e  t u b e  w i l l  b e  i n s e r t e d ,  h a s  a 

m i n i m u m  i n s i d e  d i a m e t e r  of  3.85 i n c h e s .  It i s  h e l d  i n  p l a c e  be tween t h e  two 

p o l e  p i e c e s .  Its p u r p o s e  i s  t o  r e s t r i c t  t h e  c o i l s  from s h i f t i n g  r a d i a l l y .  

It i s  made from t y p e  304 s t a i n l e s s  s t ee l .  

The d e s i g n i n g ,  m a c h i n i n g ,  and a s s e m b l i n g  of t h e  f irst  m a g n e t  frame was 

a c c o m p l i s h e d  a t  V a r i a n .  However,  t h e  f i r s t  se t  o f  main s o l e n o i d  c o i l s  and 

t h e  gun c o i l s  were d e s i g n e d  and c o n s t r u c t e d  a t  Oak Ridge  N a t i o n a l  

L a b o r a t o r y  and O g a l l a l a  E l e c t r o n i c s ,  r e s p e c t i v e l y .  

The main s o l e n o i d  c o i l  d e s i g n  was g r e a t l y  a f f e c t e d  by t h e  two c r i t e r i a  

o f  h i g h  f i e l d  and h o m o g e n e i t y  of t h e  near a x i s  f i e l d .  The t h r e e - i n - h a n d ,  

d o u b l e - p i e  pancake  w i n d i n g  used  m i n i m i z e s  t h e  amount o f  t r a n s v e r s e  m a g n e t i c  

f i e l d  p r o d u c e d .  The h i g h  f i e l d ,  hence  h i g h  c u r r e n t  d e n s i t y  r e q u i r e m e n t s ,  

d i c t a t e d  t h e  u s e  o f  h o l l o w  c o r e  c o n d u c t o r s .  T h i s  i n  t u r n  c a u s e d  t h e  magnet  

r e t u r n  p a t h  t o  b e  s l o t t e d  a s  m e n t i o n e d  e a r l i e r - .  The s l o t s  i n  t h e  r e t u r n  

p a t h  a l l o w  e a c h  c o n d u c t o r  t o  be b r o u g h t  o u t s i d e  t h e  magnet  for  water 

c o n n e c t i o n .  
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The c o o l i n g  wa te r  f o r  t h e  main s o l e n o i d  and the  two gun c o i l s  i s  

d i s t r i b u t e d  from a man i fo ld  s u p p o r t e d  on t h e  magnet f rame.  The c o n n e c t i o n s  

between t h e  man i fo ld  and t h e  c o i l s  a r e  made t h r o u g h  l e n g t h s  of 3/8 i n c h  OD 

p l a s t i c  t u b i n g .  The d e s i g n  v a l u e  for t o t a l  magnet wa te r  f low was 17 

g a l l o n s / m i n  U t e .  

The two gun c o i l s  h a v e  i n s i d e  and o u t s i d e  d i a m e t e r s  o f  5 .5  and 11.0 

i n c h e s ,  r e s p e c t i v e l y ,  and a r e  2 i n c h e s  long .  Each gun c o i l  i s  e n c l o s e d  i n  a 

r e t u r n  p a t h  w i t h  1/8 i n c h  t h i c k  w a l l s .  The gun c o i l s  a r e  s u p p o r t e d  by a 

p l a t e  a t t a c h e d  t o  t h e  bottom pole piece of t h e  main s o l e n o i d .  The i n c h  gap  

between t h e  main s o l e n o i d  and t h e  gun c o i l s  i s  0.848 i n c h .  

The magne t i c  f i e l d s  on t h e  s o l e n o i d  a x i s  were measured u s i n g  a d i g i t a l  

gauss-meter  and s t a i n l e s s  s t ee l  p robe  a l i g n m e n t  f i x t u r e s .  F i r s t  , e a c h  o f  

t h e  f o u r  main magnet s e c t i o n s  was excited and t h e  f i e l d s  measured.  These 

a r e  p l o t t e d  a g a i n s t  the  a x i a l  c o o r d i n a t e  i n  F i g u r e  25. N e x t ,  a l l  c o i l s  were 

exc i ted  and a measurement was made of a x i a l  and t r a n s v e r s e  f i e l d .  

Nowhere was the  t r a n s v e r s e  magne t i c  f i e l d  g r e a t e r  t h a n  30 g a u s s .  The 

a x i a l  f i e l d  was i n  c l o s e  agreement  w i t h  t h a t  p r e d i c t e d  b y  computer  s t u d i e s .  

F i g u r e  26 compares  e x p e r i m e n t a l  and p r e d i c t e d  f i e l d s  i n  t h e  r e g i o n  between 

t h e  c a t h o d e  and t h e  main s o l e n o i d  w i t h  b o t h  t h e  main magnet and t h e  gun 

c o i l s  exc i ted .  

J .  TUBE LAYOUT 

F i g u r e  27 shows an e a r l y  v e r s i o n  o f  a CW a m p l i f i e r - s o l e n a i d  assembly .  

I n  t h i s  c a s e ,  t h e  rf  microwave o u t p u t  was channe led  t h r o u g h  t h e  c o l l e c t o r ,  

which was reduced  i n  d i a m e t e r  t o  minimize  c o l l e c t o r  r e s o n a n c e  e f fec ts .  A t  

t h e  time of  t h i s  i l l u s t r a t i o n  a 5 .75-inch-diameter  c o l l e c t o r  was b e i n g  

c o n s i d e r e d .  

It was i n t e n d e d  t h a t  t h e  a x i s  o f  t h e  t u b e  shou ld  b e  v e r t i c a l  d u r i n g  

o p e r a t i o n ,  w i t h  t h e  e l e c t r o n  gun down and immersed i n  o i l .  The l a y o u t  shows 

a proposed o i l  t a n k  a r r a n g e m e n t ,  The h i g h  v o l t a g e  coax l eads  from t h e  

s u p p l y  c a b i n e t s  a r e  shown t e r m i n a t i n g  i n  t h e  s i d e  of t h e  t a n k  wi th  f l e x i b l e  
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l e a d s  c o n n e c t i n g  between t h e s e  t e r m i n a l s  and t h e  t u b e  s o c k e t .  With t h i s  

a r r a n g e m e n t ,  t h e  combina t ion  o f  t u b e ,  s o c k e t ,  and magnets  c a n  b e  l i f t e d  o u t  

o f  t h e  t a n k  f o r  i n s p e c t i o n .  A l t e r n a t i v e l y ,  t h e  t u b e  a l o n e  can  b e  l i f t e d  o u t  

of  t h e  magnet and s o c k e t  assembly .  In t h e  l a t t e r  c a s e ,  t h e  c o n n e c t i o n s  t o  

t h e  gun c o i l  can come o u t  t h r o u g h  t h e  lower  end p l a t e  o f  t h e  main magnet o r ,  

i f  f l e x i b l e  l e a d s  a r e  u s e d ,  t h e y  c o u l d  go t o  t h e  s i d e  o f  t h e  t a n k .  

K. OUTPUT WATER LOAD 

The rf o u t p u t  waveguide ,  a s  e n v i s i o n e d ,  was t o  be  a 2.5-inch-diameter 

t u b i n g  p r o p a g a t i n g  circular e l ec t r i c  modes. Three  b a s i c  d e s i g n s  were 

c o n s i d e r e d  for a water load:  a l o n g  lossy  t u b i n g ,  a qua r t e r -wave leng th  

ceramic d i s c  t r a n s f o r m e r  w a t e r  l o a d ,  and c o n i c a l  c e r a m i c  l o a d .  

A b r u t e  force approach  would be  t o  p r o v i d e  a l o n g  l o s s y  t u b i n g  which 

would b e  w a t e r  c o o l e d .  The a d v a n t a g e  o f  t h i s  a p p r o a c h  i s  t h a t  t h e  l o a d  

would have  an e x c e l l e n t  match  for  a l l  modes. The d i s a d v a n t a g e s  a r e  

a s s o c i a t e d  wi th  t h e  p h y s i c a l  size. C i r c u l a r  e lec t r ic  modes a r e  famous f o r  

t h e i r  low wall losses,  r e s u l t i n g  i n  an e x c e s s i v e l y  l o n g  Length.  If bends  

a r e  r e q u i r e d ,  it i s  d i f f i c u l t  t o  match a l l  modes. The l a r g e  s u r f a c e  a r e a  

would make t h e  c a l o r i m e t r i c  measurement  d i f f i c u l t .  I t  would r e q u i r e  

a v o i d i n g  h e a t  losses  due t o  c o n d u c t i o n ,  c o n v e c t i o n ,  and r a d i a t i o n  b e t  ween 

t h e  i n p u t  and o u t p u t  t e m p e r a t u r e  measurements .  

A quar t e r -wave leng th  ceramic d i s c  t r a n s f o r m e r  w a t e r  l o a d  would u s e  

b e r y l l i a  a s  t h e  t r a n s f o r m e r  medium between a i r  and w a t e r .  F i g u r e  28 shows 

t h e  r e q u i r e d  t h i c k n e s s  o f  a 2.5-inch-diameter EkO d i s c  w a t e r  l o a d  window. 

For a p r a c t i c a l  sys t em,  a X/4 window would b e  t o o  weak, a 3 X/4 window would 

b e  m a r g i n a l  w h i l e  a 5 X/4 window would be p r a c t i c a b l e .  The 3 A/4 and 5 X/4 

windows would b o t h  b e  nar rowband,  t e m p e r a t u r e  s e n s i t i v e ,  and a poor match 

f o r  many modes. 

A c o n i c a l  ce ramic  wa te r  load which was choosen  a s  t h e  f avored  approach ,  

used t h e  cone shown i n  F i g u r e  29. The cone was p l aced  i n s i d e  t h e  e y l i n d r i -  

c a l  g u i d e  a s  a water  barr ier .  Because o f  i t s  l o n g  t a p e r  and l a c k  o f  

dependence  on t h i c k n e s s ,  i t  i s  a broadband match t o  a l l  modes. The CW wate r  
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l o a d  was d e s i g n e d  to  p a s s  a p p r o x i m a t e l y  75 g a l l o n s  o f  water p e r  m i n u t e  o v e r  

t h e  cone  i n s i d e  a s t a i n l e s s  s teel  c y l i n d e r .  See F i g u r e  30. 

L. PULSED GYROKLYSTRON AMPLIFIERS 

The t h e o r y  of  g y r o k l y s t r o n  a m p l i f i e r s  i s  g i v e n  i n  Appendix A. T h i s  

s e c t i o n  of t h e  r e p o r t  g i v e s  d e t a i l s  r e l a t i n g  t o  g y r o k l y s t r o n  p u l s e d  

a m p l i f i e r s  No. 1 t h r o u g h  No. 4. G e n e r a l  d e s i g n  d e t a i l s  f o r  t h e  components  

o f  t h e s e  t u b e s  are c o v e r e d  i n  S e c t i o n s  1 1 1 - A  t h r o u g h  111-K. A d d i t i o n a l  

d e s i g n  d a t a ,  a s  p e r t i n e n t  t o  e a c h  e x p e r i m e n t a l  model t u b e ,  a r e  g i v e n  i n  t h e  

i n d i v i d u a l  sections c o v e r i n g  t h e  t u b e s .  

Dur ing  e x p e r i m e n t a l  work w i t h  28 CHz p u l s e d  g y r o k l y s t r o n  a m p l i f i e r s ,  

p a r a l l e l  e f f o r t s  were c a r r i e d  on i n  t h e  f i e l d  o f  28 GHz g y r o t r o n  

o s c i l l a t o r s .  By t h e  time work was b e i n g  c a r r i e d  on w i t h  g y r o k l y s t r o n  p u l s e d  

a m p l i f i e r  No. 4 ,  v e r y  s i g n i f i c a n t  r e s u l t s  had b e e n  o b t a i n e d  w i t h  g y r o t r o n  

o s c i l l a t o r s ,  and t h e  m a j o r  t h r u s t  o f  program work was t h e n  c e n t e r e d  on 

e x p e r i m e n t a t i o n  w i t h  t h e s e  t u b e s  and t h e  d e l i v e r y  o f  r e p r e s e n t a t i v e  m o d e l s  

for  u s e  by t h e  c u s t o m e r .  

1 .  P u l s e d  A m p l i f i e r  No. 1 

The f i r s t  e x p e r i m e n t a l  a m p l i f i e r  was p l a n n e d  a s  a p u l s e d  t u b e  t o  

tes t  d e s i g n  c o n c e p t s  w i t h  minimum c o n s t r u c t i o n  c o m p l i c a t i o n .  A p u l s e d  

m o d e l ,  f o r  example ,  w i t h  g r e a t l y  r e d u c e d  a v e r a g e  power, would a l l o w  t h e  u s e  

o f  a s u b s t a n t i a l l y  s m a l l e r  co l l ec to r  t h a n  n e c e s s a r y  w i t h  a Ct l  t u b e .  The 

f i rs t  p u l s e d  t u b e  c o l l e c t o r  had a 2- inch- inner  d i a m e t e r .  F o l l o w i n g  t h e  

co l l ec to r  r e g i o n ,  t h e  o u t p u t  g u i d e  t a p e r e d  up  t o  a 2.5-inch d i a m e t e r  t o  f i t  

t h e  d i a m e t e r  of  t h e  Cd window. The p u l s e d  t u b e  was b u i l t  w i t h  no 90 bend 

be tween t h e  c o l l e c t o r  and t h e  window. By a d d i n g  t h e  bend o u t s i d e  t h e  

vacuum, t h e  t u b e  c o u l d  b e  t e s t ed  to  g e t  a d i r e c t  e v a l u a t i o n  o f  t h e  e f f e c t  o f  

t h e  bend on t u b e  p e r f o r m a n c e .  S i m i l a r l y ,  a s t r u c t u r e  e q u i v a l e n t  t o  t h e  CW 

c o l l e c t o r  c o u l d  be microwave t e s t e d  by a d d i n g  it o u t s i d e  t h e  vacuum. The 

2- inch-d iameter  c o l l e c t o r  a l l o w e d  t e s t i n g  a t  a d u t y  f a c t o r  of up  t o  5 % .  

0 
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The o t h e r  d i f f e r e n c e  i n  t h e  p u l s e d  t u b e  was t h a t  t h e  body o f  t h e  

t u b e  d i d  n o t  i n c l u d e  i n t e g r a l  c o o l i n g  c h a n n e l s .  With t h i s  s i m p l i f i c a t i o n ,  

t h e  t u b e  c o u l d  be a s s e m b l e d  and m o d i f i e d  much more q u i c k l y .  

I n  o t h e r  r e s p e c t s ,  t h e  p u l s e d  t u b e  was s imi la r  t o  t h e  CW d e s i g n .  

It used  t h e  same b a s i c  magnet  s y s t e m ,  w i t h  n o  co l l ec to r  c o i l s .  The i n i t i a l .  

d e s i g n  used  two c a v i t i e s  w i t h  a s o l i d  metal d r i f t  t u b e  s e p a r a t i n g  them. The 

microwave  c h a r a c t e r i s t i c s  o f  t h e  c a v i t i e s  were t h e  same a s  p l a n n e d  fo r  t h e  

CW t u b e .  The e l e c t r o n  gun  d e s i g n  was t h e  same. The i n p u t  window d e s i g n  was 

t h e  same. A l a y o u t  o f  t h e  t u b e  i s  shown i n  F i g u r e  31. 

a .  O u t p u t  C a v i t y  

The measured  v a l u e s  o f  Q and  r e s o n a n t  f r e q u e n c y  fo r  t h e  o u t p u t  

c a v i t y  o f  t h e  p u l s e d  t u b e  compared t o  t h e  d e s i g n  v a l u e s  are shown i n  

T a b l e  5. 

TABLE 5 

Out p u t  C a v i t y  Par ame ter  s 

P a r a m e t e r  

Design Value 

E x  p e r  i r n e n t a l  Tube 

b .  I n p u t  C a v i t y  

Q 
195 

192 

- F r e q u e n c y  (GHz) 

28.000 

27.984 

The c h a n g e s  i n  Q and f r e q u e n c y  a s  t h e  i n p u t  c a v i t y  p a s s e d  

t h r o u g h  v a r i o u s  c o n s t r u c t i o n  p h a s e s  a r e  shown i n  T a b l e  6. 
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TABLE 6 

I n p u t  C a v i t y  Par meters 

- P a r a m e t e r  

Design Value 

Before Braze 

After B r a z i n g  Two 

Vav eg u i  d e E l  bows 

E!e fo re  Ba k e o u t  

After Bakeout  

a 
333 

34 6 

304 

2 6 7  

250 

F r e q u e n c y  (GHz) 

;r8.oao 

28.021 

28- 01 0 

28. a i  o 
28.904 

c .  I n p u t  Windows 

The VSWR o f  t h e  i n p u t  windows d u r i n g  c o n s t r u c t i o n  a r e  shown i n  

T a b l e  7. The b u l k  o f  t h e  f i n a l  window mismatch was c a u s e d  by  t h e  b e n d s  

w h i c h  t y p i c a l l y  h a v e  a VSWR o f  1.2. 

TABLE 7 

I n p u t  Window Matches 

2 - 1 - Window 

After Window Braze 1.08 1.12 

After Waveguide Bend Braze  1.28 1.34 

3 - 

1 - 0 9  

1.21 

d .  D r i f t  Tubes 

The o r i g i n a l  d e s i g n  used  l o n g  l e n g t h s  o f  cons t an t  d i a m e t e r  

d r i f t  t u b e s  i n  t h e  a n o d e ,  i n t e r c a v i t y  d r i f t  s p a c e ,  and co l l ec to r  r e g i o n s .  

T h e r e  was c o n c e r n  t h a t  s u c h  l o n g  l e n g t h s  c o u l d  p o t e n t i a l l y  p r o v e  t r o u b l e s o m e  

b e c a u s e  r e s o n a n c e s  a t  t h e  c u t o f f  f r e q u e n c i e s  o f  v a r i o u s  modes m i g h t  r e su l t  

i n  o s c i l l a t i o n s .  To a v o i d  o s c i l l a t i o n ,  s l i g h t  t a p e r s  were used i n  t h e  f i r s t  

t u b e  i n  t h e  three d r i f t  spacers  ment ioned  above.  The small end of t h e  

c o l l e c t o r - t o - w i n d o w  t a p e r  was opened up from 2.00 i n c h e s  t o  2.05 i n c h e s  

d i a m e t e r .  F i g u r e  32 i s  a p h o t o g r a p h  o f  g y r o k l y s t r o n  No. 1 .  
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S i g n i f i c a n t  performance for a g y r o k l y s t r o n  a m p l i f i e r  was 

demonstrated i n  t es t s  o f  No. 1. A summary o f  t h e  r e s u l t s  and s t a n d a r d  

d e v i a t i o n s  for a series of measurements i s  g i v e n  i n  Table  8. 

TABLE 8 

A m p l i f i c a t i o n  R e s u l t s  

Peak Power Output 5.81 - +o. 73 kw 

Gain 12.6 - +3.1 dB 

Cathode Current  2.04 +o. 12 A - 

These r e s u l t s  were o b t a i n e d  a f t e r  overcoming problems i n  e a r l y  

s t a g e s  of t es t .  The first problem was t h a t  of s t r a y  beam e l e c t r o n s  l a n d i n g  

on t h e  o u t p u t  window r e s u l t i n g  i n  t h e  window c r a c k i n g .  T h i s  c r e a t e d  a smal l  

vacuun l e a k ,  which was r e p a i r e d  with Vacsealtm (Vacseal  i s  a Space 

Environment L a b o r a t o r i e s ,  Inc. ,  t rademark  f o r  a h i g h  vacuum l e a k  s e a l a n t . )  

s e a l a n t .  The t e s t  problem was so lved  by adding a second o u t p u t  window and 

e v a c u a t i n g  t h e  volume between the two  windows and by adding  a t r a n s v e r s e  

magnet ic  f i e l d  of 630 g a u s s  a p p l i e d  between t h e  collector and t h e  window. 

T h i s  reduced t h e  c u r r e n t  r e a c h i n g  the  window assembly from 1 6  mA t o  1 8  PA. 

A second problem was t h e  mass of t h e  c a l o r i m e t e r  des igned  for 

200 kW CW o p e r a t i o n .  A low mass l o a d  c o n s i s t i n g  o f  p o l y e t h y l e n e  t u b i n g  

c o i l e d  i n s i d e  a copper t u b e  was used for t h e  c a l o r i m e t r i c  power o u t p u t  

measurements g iven  h e r e i n .  

Gain and power o u t p u t  l e v e l s  were l i m i t e d  by t h e  o n s e t  of 

s p u r i o u s  o s c i l l a t i o n s ,  which occurred a s  t u b e  parameters  were a d j u s t e d  for 

optimum a m p l i f i c a t i o n .  Three parameters  were observed t o  have a s i g n i f i c a n t  

effect :  bean c u r r e n t ,  main magnet f i e l d ,  and gun co i l  f i e l d .  S t a b l e  g a i n  

was achieved  o n l y  when one o r  more of t h e s e  parameters  was backed off from 

t h e  o p t i m m  d e s i g n  va lue .  According to  t h e o r y ,  t h e  g a i n  should be approxi-  

m a t e l y  p r o p o r t i o n a l  t o  t h e  s q u a r e  of t h e  d c  beam c u r r e n t .  ?he main magnet 

f i e l d  d e t e r m i n e s  t h e  c y c l o t r o n  frequency. A change o f  a few p e r c e n t  i n  

c y c l o t r o n  frequency should  have a s i g n i f i c a n t  effect  on g a i n .  The gun co i l  
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f i e l d  a f f e c t s  t h e  g a i n  by  changing  t h e  r a t i o  of t r a n s v e r s e  t o  a x i a l  beam 

v e l o c i t y  . 
The r e s u l t s  i n  Tab le  8 r e p r e s e n t  t h e  s i t u a t i o n  where beam 

c u r r e n t  was reduced t o  about  252 o f  d e s i g n  v a l u e ,  and t r a n s v e r s e  beam 

v e l o c i t y  was reduced from t h e  d e s i g n  va lue  by o p e r a t i n g  wi th  h i g h e r  gun c o i l  

f i e l d .  The main magnet f i e l d  appeased t o  be s l i g h t l y  o f f  t h e  optimum v a l u e ,  

a s  well. Opera t ion  a t  i n c r e a s e d  beam c u r r e n t ,  f o r  example, r e q u i r e d  f u r t h e r  

backing  o f f  o f  main magnet o r  gun c o i l  f i e l d s  t o  ma in ta in  s t a b i l i t y ,  and t h e  

r e s u l t i n g  s t a b l e  g a i n  was e s s e n t i a l l y  t h e  same. 

The r e s u l t s  of Tab le  8 were v e r y  encouraging  when it was 

c o n s i d e r e d  t h a t  g a i n  should be  p r o p o r t i o n a l  t o  t h e  squa re  o f  beam c u r r e n t .  

An i n c r e a s e  i n  beam c u r r e n t  by  a f a c t o r  o f  4 t o  t h e  d e s i g n  va lue  should  

i n c r e a s e  t h e  g a i n  Sy 12 dB. Tnis would be  r e a s o n a b l y  close to  t h e  

c a l c u l a t e d  and d e s i g n  v a l u e s  f o r  g a i n .  

The g a i n - l i m i t i n g  s p u r i o u s  o s c i l l a t i o n s  occur red  p r i m a r i l y  a t  

f r e q u e n c i e s  n e a r  26 and 27 G H z .  

magnet f i e l d ,  and gun c o i l  f i e l d  over a f a i r l y  wide r a n g e  o f  v a l u e s ,  it was 

possible t o  obse rve  o s c i l l a t i o n s  a t  o t h e r  f r e q u e n c i e s .  To g a i n  a s  much 

i n f o r m a t i o n  a s  p o s s i b l e  about  s p u r i o u s  o s c i l l a t i o n s ,  a s t u d y  was made o f  a l l  

detected o s c i l l a t i o n s .  These o s c i l l a t i o n  f r e q u e n c i e s  a r e  summarized i n  

F i g u r e  33. Cutoff f r e q u e n c i e s  f o r  t h e  0.428-inch-diameter d r i f t  t u b e  a r e  

shown f o r  comparison. 

However, by va ry ing  beam c u r r e n t ,  main 

It is b e l i e v e d  tha t .  t h e  o s c i l l a t i o n s  were o f  two g e n e r a l  

c l a s s e s .  I n  t h e  f i r s t  c l a s s  were modes which Cou ld  ex i s t  i n  t h e  i n p u t  

c a v i t y ,  n o t  loaded  by t h e  i n p u t  waveguides o r  d r i f t  t u b e s .  The TE mode 

was observed i n  co ld  tes t  a t  26.705 GHz. T h i s  could account f o r  a t  l e a s t  

p a r t  o f  t h e  problem in t h e  26.495 t o  26.967 GHz r ange .  The TM mode was 

observed i n  co ld  t e s t  from 27.419 t o  27.460 GHz.  Th i s  could account f o r  t h e  

o s c i l l a t i o n  a t  27.466 G H z  . 

21 2 

111 

In t h e  second c l a s s  were modes t h a t  may i n v o l v e  t h e  e n t i r e  t u b e  

Length from t h e  gun t o  t h e  o u t p u t  waveguide system. These may be i n f l u e n c e d  



Observed 
Osci I lation 
Freq ue nc ies 

0.428 inch dialnet 
d r i f t  space cutoff 
f req ue nc ies 

36.878 TE31 fc 

33.635 TMll f( 

28.033 - 28.075 

26.810 TE2] fc 

- 

Figure 33. Oscillation Frequencies 
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by t h e  t u b e  su r round ings  through t h e  gun ce ramics ,  This may e x p l a i n  t h e  

narrow frequency spac ing  o f  some o f  t h e  modes. 

These two g e n e r a l  c l a s s e s  o f  modes sugges t  two g e n e r a l  

s o l u t i o n s .  The f i r s t  would be t o  i n t e r r u p t  and load r a d i a l  and a x i a l  wa l l  

c u r r e n t s  a t  t h e  c o r n e r  of t h e  i n p u t  c a v i t y .  The second would be t o  load  t h e  

d r i f t  t u b e  b o r e ,  which m u s t  p l ay  an e s s e n t i a l  r o l e  i n  any o v e r a l l  t u b e  

resonance.  

It was concluded from t h e  t es t s  on No. 1 t h a t  t h e  beam q u a l i t y  

and performance were q u i t e  good and v e r y  c l o s e  t o  d e s i g n  e x p e c t a t i o n s .  This 

was an impor t an t  achievement s i n c e  t h e  c h a r a c t e r i s t i c s  o f  t h e  beam were 

r a d i c a l l y  d i f f e r e n t  from t h o s e  o f  t y p i c a l  l i n e a r  beam microwave t u b e s .  

Amplif ier  performance appeared to  be r easonab ly  c l o s e  t o  d e s i g n  p r e d i c t i o n s  

except  f o r  l i m i t a t i o n s  due t o  s p u r i o u s  o s c i l l a t i o n s .  The i n t e r f e r i n g  

o s c i l l a t i o n s  appeared t o  b e  t h e  main problem r e q u i r i n g  s o l u t i o n  t o  o b t a i n  

full a m p l i f i e r  performance. 

2. Pulsed Ampl i f i e r  No. 2 

Two g e n e r a l  d e s i g n  changes were made to t h e  second pulsed 

a m p l i f i e r ,  b o t h  d i r e c t e d  a t  improving s t a b i l i t y .  The f i r s t  was t h e  a d d i t i o n  

o f  Kanthal t o  the  i n s i d e  s u r f a c e  o f  t h e  anode tunne l  and t h e  tunne l  between 

i n p u t  and o u t p u t  c a v i t i e s .  

sprayed on to  copper s u r f a c e s .  Its composi t ion is  given i n  Table  9.  

Kanthal i s  a r e s i s t a n c e  a l i o y  t h a t  i s  flame 

TABLE 9 

Kan t h a l  Composition 

Iron 72% 

Ch rami ~ n n  22 I 

A 1  um i n  um 5.5% 

C o b a l t  0.5% 

It i s  commonly used a s  a l o s s y  microwave c o a t i n g  i n  high power 

microwave t u b e s .  The d e t a i l s  o f  t h e  bore with Kanthal a r e  shown i n  
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F i g u r e  34. The Kantha l  was i n t e n d e d  t o  p r o v i d e  l o s s  for  r e s o n a n c e s  i n  any  

g e o m e t r i c  c o n f i g u r a t i o n  t h a t  i n c l u d e s  t h e  b o r e .  The second change  d i r e c t e d  

a t  improving  s t a b i l i t y  was t h e  a d d i t i o n  o f  a Lossy  r i n g  t o  t h e  i n p u t  c a v i t y  

s t r u c t u r e .  This d e s i g n  f e a t u r e  was d i s c u s s e d  i n  s e c t i o n  1114, " I n p u t  

Cav i ty" ,  and was i l l u s t r a t e d  i n  F i g u r e  5. 

The pu l sed  a m p l i f i e r  No. 2 was t e s t e d  i n  two c o n f i g u r a t i o n s .  The 

f irst  was a c o n v e n t i o n a l  a m p l i f i e r  d r i v e n  by t h e  k l y s t r o n  d r i v e r  t u b e .  The 

second was an a m p l i f i e r  d r i v e n  b y  a sample  o f  i t s  own o u t p u t  t h r o u g h  a 

f eedback  l o o p ,  r e s u l t i n g  i n  an o s c i l l a t i n g  sys tem.  The h i g h e s t  powers  

o b t a i n e d  f o r  t h e s e  two c o n d i t i o n s  a r e  shown i n  T a b l e  10. 

In t h e  c a s e  o f  t h e  k l y s t r o n  d r i v e ,  i n p u t  power was l i m i t e d  by 

d r i v e r  p r o t e c t i v e  c i r c u i t r y  m o n i t o r i n g  back  power r e f l e c t e d  from t h e  i n p u t  

c a v i t y .  The i n p u t  c a v i t y  v o l t a g e  r e f l e c t i o n  c o e f f i c i e n t  a s  a f u n c t i o n  o f  

f r e q u e n c y  i s  shown i n  F i g u r e  35. Although t h e  s t a r t i n g  c u r r e n t  f o r  unwanted 

o s c i l l a t i o n s  was f o u r  times h i g h e r  t h a n  i n  t h e  f i rs t  pu l sed  a m p l i f i e r ,  t h e  

g a i n  was l i m i t e d  aga in  by o s c i l l a t i o n s ,  t h i s  time from 26 .2  t o  27.62 GHz, 

f rom 41.445 t o  41.455 GHz, and f rom 43.565 t o  43.6 GHz. These o s c i l l a t i o n s ,  

a1 though i n  u n d e s i r a b l e  modes,  p roduced  some f a i r l y  r e s p e c t a b l e  o u t p u t  

powers as shown i n  Table  1 1 .  
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KANTHAL 

A 
0.859 dia 

KANTHAL 

0.972 dia 0.433 dia 
0.428 dia 

0.545 dia \ 04.41 dia 0.863 dia \ 0.470 dia 

1.035 -d I 
1.137 dia 

Figure 34. Bore Details of Second Pulsed Amplifier:. Dimensions Assume 0.020inch 
Diameter Change of Kanthal 
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TABLE 10 

Best Test R e s u l t s  f o r  t h e  Second Pulsed Ampl i f i e r  

Peak Output Power (kW) 

Peak D r i v e  Power (W) 

Gain (dB) 

Beam Vol t age  (kV) 

Beam Cur ren t  ( A )  

E f f i c i e n c y  ( % )  

Gun Anode t o  Cathode Vol tage  (kV) 

Magnet Coil C u r r e n t s  ( A )  

Main 1 

2 

3 
4 

Gun 1 

2 

Klys t ron  

24.9 

3 05 

19.1 

80.5 
7.8 
3.97 

%0,4 

405 

512 

4 80 

440 

12.2 

10.0 

TABLE 1 1  

Unde s i r e d  Osc ill a t  i o n s  

F r  e qu e n c  y 
(GMZ) 

26.960 

41.450 

43.565 

Feedback Loop 
65.4 
3 885 

12.3 

80.7 

8,6 
9.42 
21.2 

403 

51 0 

4 89 

41 0 

13.5 

10.1 

Power 
(kW) 
167 

18.4 

31.0 

With r e f e r e n c e  t o  Table 1 0 ,  it should be  noted t h a t  t h e  peak power 

o f  24.9 kw f o r  t h e  c a s e  wi th  k l y s t r o n  d r i v e  i s  n o t  s a t u r a t e d ,  b u t  r a t h e r  i s  

l i m i t e d  by t h e  a v a i l a b l e  d r i v e  power and g a i n .  In  t h e  c a s e  o f  t h e  feedback  

l o o p  d r i v e n  a m p l i f i e r ,  i t  i s  not  c l e a r  whether t h e  t u b e  was s a t u r a t e d  o r  

not. The t u b e  i n  t h i s  c o n f i g u r a t i o n  o p e r a t e s  w i th  a g a i n  equa l  t o  t h e  l o s s  

o f  t h e  feedback  l o o p .  Th i s  l o s s  o f  12.3 dB was n o t  r e a d i l y  a d j u s t a b l e .  

Re fe r r ing  t o  F igure  3 6 ,  our  v i s i b i l i t y  is l i m i t e d  to t h e  12.3 d B  l i n e .  The 

r e a l  performance o f  t h e  t u b e  c o u l d  be anywhere from a sma l l - s igna l  ga in  o f  

12.3 dB t o  a s a t u r a t e d  g a i n  of 12.3 dB. The pa rame te r s  used t o  o b t a i n  t h e  
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Figure 36. Uncertainty of Saturation for Feedback Loop Driven Amplifier 
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65.2 kW number may n o t  b e  t h e  optimum p a r a t m e t e r s  were t h e  12.3 d B  g a i n  

r e s t r i c t i o n  l i f t e d .  A d d i t i o n a l  measurements of t h e  performance o f  t h e  

second pu l sed  a m p l i f i e r  a r e  inc luded  i n  t h e  F i f t h  Q u a r t e r l y  Report  . 8 

The emiss ion  c h a r a c t e r i s t i c s  of t h e  gun were s t u d i e d .  F igu re  37 

shows c a t h o d e  current a s  a f u n c t i o n  o f  h e a t e r  power wi th  beam v o l t a g e  a s  a 

parameter .  I n  t h e  tes t  set  used for t h e s e  measurements, gun anode v o l t a g e  

was d e r i v e d  from t h e  beam v o l t a g e  through a po ten t iome te r .  The re fo re ,  beam 

and anode v o l t a g e  v a r i e d  p r o p o r t i o n a l l y  excep t  for b i a s  v o l t a g e  and a sma l l  

series r e s i s t a n c e  d r o p .  These same d a t a  are p l o t t e d  i n  a d i f f e r e n t  format  

i n  F igu re  38, where c a t h o d e  c u r r e n t  is shown a s  a f u n c t i o n  of  gun v o l t a g e  

wi th  h e a t e r  power a s  a parameter .  It can b e  seen t h a t  t h e  ca thode  was 

n e i t h e r  space-charge- l imi ted  (I = kV3'*) nor t empera tu re  l i m i t e d  

(I = c o n s t a n t ) ,  b u t  was o p e r a t i n g  i n  a t r a n s i t i o n  r e g i o n .  

3. Pu l sed  A m p l i f i e r  No. 3 

Design work on t h e  t h i r d  pulsed  a m p l i f i e r  cons ide red  two 

a l t e r n a t i v e s .  One approach was t o  add a d d i t i o n a l  l o s s y  elements i n  t h e  t u b e  

t o  t r y  t o  a c h i e v e  s t a b i l i t y  wi th  t h e  d e s i g n  v a l u e  o f  beam p e r p e n d i c u l a r  

energy. The o t h e r  was t o  a c c e p t  beam pa rame te r s  a s  t h e y  were wi th  s t a b l e  

o p e r a t i o n  o f  t h e  second a m p l i f i e r ,  and t o  add a t h i r d  c a v i t y  t o  ach ieve  t h e  

r e q u i r e d  ga in .  To de te rmine  t h e  beam pa rame te r s  a t  t h e  maximum s t a b l e  g a i n  

c o n d i t i o n ,  t h e  measured beam and gun v o l t a g e  and measured magnetic f i e l d s  

were used wi th  t h e  gun s i m u l a t i o n  code. 

and a B of" 0.3 compared t o  t h e  r e s p e c t i v e  d e s i g n  v a l u e s  o f  0.45 and 0.225. 

As a f u r t h e r  check  on t h e s e  beam pa rame te r s ,  t h e  expec ted  ga in  f o r  the 

c o n f i g u r a t i o n  o f  t h e  second a m p l i f i e r  was c a l c u l a t e d  us ing  t h e  sma l l - s igna l  

b a l l i s t i c  a n a l y s i s .  The r e s u l t  was a p r e d i c t e d  g a i n  o f  18 dB, which agreed  

web1  wi th  t h e  measured g a i n .  

"he r e s u l t s  i n d i c a t e d  a 8, o f  0.4 

z 

One concern wi th  t h e  proposed t h r e e - c a v i t y  a m p l i f i e r  was t h e  

p robab le  r e d u c t i o n  i n  e f f i c i e n c y  due t o  reduced e f f e c t i v e  l e n g t h  of t h e  

o u t p u t  c a v i t y ,  caused  by  t he  h igh  . Because o f  t h i s  conce rn ,  it was 

dec ided  t h a t  work should  proceed on a two-cavi ty  a m p l i f i e r  wi th  added loss .  
z 
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Figure 37. Beam Current as a Function of Heater Power (Second Pulsed Amplifier) 
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Figure 38. Beam Current as a Function of Gun Voltage (Second Pulsed Amplifier) 
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I n  t h e  meant ime,  l a r g e - s i g n a l  c a l c u l a t i o n s  were performed on a t h r e e - c a v i t y  

a m p l i f e r  d e s i g n .  

Accord ing ly ,  a t t e n t i o n  was c e n t e r e d  on schemes t o  produce  l o a d i n g  

at. l o c a t i o n s  i n  t h e  t u b e  where e n e r g y  i s  s t o r e d  i n  u n d e s i r e d  modes. Cold 

t e s t  work on models  of  t h e  r f  c i r c u i t r y  showed t h a t  some e n e r g y  s t o r a g e  

o c c u r r e d  i n  t h e  s t r a i g h t  d r i f t  r e g i o n s  a t  t h e  c u t o f f  f o r  t h e  TE mode. I t  

was h y p o t h e s i z e d  t h a t  t h i s  l o n g  r e g i o n  ( a p p r o x i m a t e l y  7.5 w a v e l e n g t h s )  

formed a s i n g l e - c a v i t y  o s c i l l a t o r ,  t h e  c a u s e  o f  one  of t h e  more p e r s i s t e n t  

o s c i l l a t i o n s  encoun te red  i n  t e s t  

21 

11' 
A t  28 GHz, t h e  0.428 d i a m e t e r  d r i f t  t u b e  can  s u p p o r t  o n l y  t h e  TE 

TE21 ,  and TM 
lossy w a l l  c o a t i n g s ,  a s  used i n  t h e  second a m p l i f i e s .  To e v a l u a t e  v a r i o u s  

c o a t i n g s  sample  measurements  were performed u s i n g  c o a t e d  s e c t i o n s  af WR-28 

r e c t a n g u l a r  g u i d e ,  2 i n c h e s  i n  l e n g t h .  %he i n s e r t i o n  l o s s  fo r  t h e  dominant  

mode was measured f o r  each  s e c t i o n .  The resu l t s  a r e  shown i n  Table  1 2 .  

Compare t h e s e  v a l u e s  wi th  a t h e o r e t i c a l  a t t e n u a t i o n  o f  a b o u t  0.02 dB/in f o r  

copper  g u i d e .  

modes. The f i rs t  a t t e r n p t s  a t  l o a d i n g  t h e s e  modes c o n s i d e r e d  
01 

TABLE 12 

A t t e n u a t i o n  In  Lossy Rec tangu la r  Guide a t  28  GHz 

Loss M a t e r i a l  C o a t i n g  Method A t t e n u a t i o n  

0.05 dB/ in  Nichrome Vacuum Depos i t ed  

Kan t h a l  Vacuum Depos i t ed  0.32 dB/in 

Kantha l  Flame Sprayed 0.37 dB/ in  

t m  

( t m  Nichrome i s  a D r i v e r - H a r r i s  Co. t r a d e m a r k  f o r  a s p e c i a l  n i c k e l  chromium 

alloy m a t e r i a l  used f o r  r e s i s t a n c e  wire and s t r i p . )  

The n e x t  e x p e r i m e n t s  used l o s s y  r i n g s  i n  c i r c u l a r  g u i d e  wi th  

0.428-inch i n n e r  d i a m e t e r .  Test s e c t i o n s  were c o n s t r u c t e d  from aluminum 

r i n g s  a l t e r n a t e d  w i t h  l o s s y  ( i n  t h i s  c a s e  402, S i c )  r i n g s .  The purpose  was 

t o  p r o v i d e  a s t r u c t u r e  which would b r e a k  up t h e  l o n g i t u d i n a l  w a l l  c u r r e n t s  

GG 



i n h e r e n t  i n  non-TE modes.  The lossy r i n g s  had a s l i g h t l y  l a r g e r  i n s i d e  

diameter (0.435 i n c h e s )  t h a n  t h e  aluminum r i n g s .  This  was i n t e n d e d  t o  

shadow t h e  lossy r i n g s  from beam i n t e r c e p t i o n  i n  a r e a l  device.  A wave 

was excited i n  t h i s  g u i d e  by  t a p e r i n g  d i r e c t l y  from a TE,O r e c t a n g u l a r  

g u i d e ,  and t h e  i n s e r t i o n  l o s s  was measured as b e f o r e .  T a b l e  13 g i v e s  t h e  

r e s u l t s .  These  may b e  compared t o  a t h e o r e t i c a l  a t t e n u a t i o n  o f  a b o u t  

0.007 dB/in for coppe r .  

O,n 

TABLE 13 

A t t e n u a t i o n  In Lossy C i r c u l a r  Guide 

F requency  A t t e n u a t i o n  

27 .5  1.52 d B / i n  

28.0 2.72 dEVin 

28.5 3.67 dB/ in  

It was dec ided  t h a t  t h e  t h i r d  p u l s e d  a m p l i f i e r  would u t i l i z e  t h i s  

k ind  o f  d r i f t  t u b e  l o s s ,  b u t  t h a t  i n  o t h e r  r e s p e c t s  it would be l i k e  t h e  

second  a m p l i f i e r .  Thus ,  t h e  most  s i g n i f i c a n t  change  i n  No. 3 concerned  t h e  

method by which r f  l o s s  was accompl ished  i n  t h e  d r i f t  r e g i o n s  o f  t h e  d e v i c e .  

The t h i r d  p u l s e d  a m p l i f i e r  c o n t a i n e d  l o s s y  r i n g s ,  ( 4 0 %  S i c ,  60% B e O )  

a l t e r n a t e d  w i t h  copper  r i n g s ,  i n  t h e  c o n s t a n t  d i a m e t e r  r e g i o n s  be tween 

c a v i t i e s  and p r e c e e d i n g  t h e  i n p u t  c a v i t y .  The b o r e  d e t a i l s  c a n  be seen  i n  

F i g u r e  39. T h i s  i s  i n  c o n t r a s t  t o  t h e  second pu l sed  a m p l i f i e r ,  which 

u t i l i z e d  K a n t h a l  i n  t h e s e  r e g i o n s .  

b r i n g  h o t  tests,  No. 3 gave  a peak o u t p u t  power o f  '96.3 kw a t  

s a t u r a t i o n  w i t h  a g a i n  of 41.1 dB. With d i f f e r e n t  o p e r a t i n g  p a r a m e t e r s ,  a 

s a t u r a t i o n  g a i n  o f  45.4 dB was o b t a i n e d .  Although a d e q u a t e  g a i n  was 

a v a i l a b l e ,  t h e  t u b e  was l a c k i n g  i n  e f f i c i e n c y .  Many t e s t  expe r imen t s  were 

d i r e c t e d  a t  i n v e s t i g a t i n g  t h i s  sho r t coming .  O s c i l l a t i o n s ,  which were l e s s  

of  a problem wi th  t h i s  t u b e ,  were a l so  i n v e s t i g a t e d .  

The t u b e  was i n i t i a l l y  set up w i t h  t h e  p a r a m e t e r s  used t o  o b t a i n  

65.4 kW from t h e  p r e v i o u s  a m p l i f i e r  when d r i v e n  w i t h  the f eedback  loop.  The 
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r e s u l t  was 19.7 kW, l i m i t e d  by o s c i l l a t i o n s .  With t h e  pa rame te r s  used t o  

o b t a i n  24.9 kW from the  p r e v i o u s  a m p l i f i e r  when d r i v e n  by t h e  k l y s t r o n  

d r i v e r ,  5.5 kW was o b t a i n e d .  I n v e s t i g a t i o n  o f  o u t p u t  power and g a i n  a s  a 

f u n c t i o n  of f r equency  r e v e a l e d  maximm o u t p u t  power a t  28.068 (312 and a 

broad  maximum i n  g a i n  h ighe r  i n  f r equency ,  a s  shown i n  F i g u r e s  40 and 41. 

The i n p u t  c a v i t y  p r i o r  t o  test  was a t  28.000 GHz, A VSWR c a l c u l a t i o n  based 

on measurement of  forward and r e f l e c t e d  power i n  t h e  test  s o c k e t  i n d i c a t e d  

t h a t  t h i s  was s t i l l  p l a u s i b l e ,  a s  shown i n  F i g u r e  42. Baaed on t h e  r e s u l t s  

o f  F i g u r e s  40 and 41 t h e  o u t p u t  c a v i t y  r e sonance  may have  been h ighe r  i n  

f requency  t h a n  expec ted .  

A comparison of  t h e  best performance o f  t h e  t h r e e  a m p l i f i e r  t u b e s  

b u i l t  t o  d a t e  is  shown i n  Table 14 .  I n  a d d i t i o n  to  t h e  i n c r e a s i n g  power 

l e v e l s  and g a i n s ,  one can o b t a i n  an approximate i n d i c a t i o n  o f  t h e  improved 

s t a b i l i t y  and i n c r e a s e d  t r a n s v e r s e  power a v a i l a b l e  f o r  i n t e r a c t i o n  from t h e  

normal ized  ( E / B )  i f a c t o r .  For t h i s  r e l a t i v e  compar ison ,  E i s  t a k e n  a s  t h e  

gun anode v o l t a g e ,  B a s  t h e  magnetic f i e l d  a t  t h e  c a t h o d e ,  and i a s  t h e  

ca thode  c u r r e n t .  

2 
0 

0 

In an e f f o r t  to  unders tand  t h e  low e f f i c i e n c y ,  t h e  fo l lowing  c u r v e s  

were p l o t t e d :  r e l a t i v e  sma l l - s igna l  ga in  a s  a f u n c t i o n  o f  gun anode v o l t a g e  

( F i g u r e  431, s a t u r a t e d  power o u t p u t  and ga in  a s  a f u n c t i o n  of  gun anode 

v o l t a g e  ( F i g u r e  441, power and power d i v i d e d  by t h e  s q u a r e  of t h e  beam 

c u r r e n t  ( F f g u r e s  45 and 461, and o u t p u t  v s  i n p u t  power ( F i g u r e  4 7 ) .  

Tne sma l l - s igna l  g a i n  has an optimum gun anode v o l t a g e  ( t r a n s v e r s e  

ene rgy)  a t  low beam c u r r e n t  a s  shown i n  F i g u r e  43. Simple b a l l i s t i c  t h e o r y  

would p r e d i c t  t h a t  g a i n  would mono ton ica l ly  i n c r e a s e  a s  t r a n s v e r s e  energy  

i n c r e a s e d .  The observed  peaking of g a i n  i s  presumably caused  by v e l o c i t y  

sp read  effects which may come from a b e r r a t i o n s  i n  t h e  gun or from space  

c h a r g e  effects i n  t h e  d r i f t  l e n g t h  between c a v i t i e s .  These measurements 

were made a t  v e r y  low beam c u r r e n t s  to  avoid s p u r i o u s  o s c i l l a t i o n s ,  which 

would appear f o r  c u r v e  ( a ) ,  f o r  example, a t  a gun anode v o l t a g e  near  23 kV 

a t  normal beam c u r r e n t .  
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Figure 40. Third Pulsed Amplifier Peak Output Power vs Frequency with Operating 
Parameters Optimized a t  Each Point 
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figure 41. Third Pulsed Amplifies Gain ab Saturation vs Frequency 
with Operating Parameters Optimized 
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POWER FOR CONSTANT SMALL SIGNAL DRIVE FOR 
DIFFERENT TEST CONDITIONS 

CURVE (a) (b) 
BEAM VOLTAGE (kV1 82 82 
MAGNET COIL CURRENYS: 

MAIN1 (A)  40 1 490 
2 (A)  535 490 
3 (A )  511 490 
4 (A) 428 490 

GUN 1 (A) 13.7 15.0 
2 (A) 9.5 3.0 

CATHODE 
CURRENT (mA) 270 260 

FROM ENGINEER'S NOTEBOOK NO. 3043 pp 2-3 
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GUN ANODE VOLTAGE (kV) 

figure 43. Third Pulsed Gyroklystron Relative Peak Output Power for 
Constant Small-Signal Drive for Different Pest Conditions 
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F i g u r e  4 4  shows t h a t  s a t u r a t e d  power and g a i n  at. s a t u r a t i o n  v a r y  

o p p o s i t e l y  w i t h  r e s p e c t  t o  anode  v o l t a g e  or t r a n s v e r s e  e n e r g y .  It was 

c o n c l u d e d  t h a t  e v e n  i n  t h e  r e g i o n  where i n c r e a s e s  i n  gun a n o d e  v o l t a g e  

TABLE 14 

Best P e r T o m a n c e  o f  F i r s t  T h r e e  G y r o k l y s t r o n s  

D r i v e r  

Peak O u t p u t  Power (kW) 

Beam Voltage (kV) 

Beam C u r r e n t  ( a )  

E f f i c i e n c y  ( % I  

Gun V o l t a g e  ( k v )  

Gain ( d B )  

Magnet Coil C u r r e n t s  ( A )  

Main 1 

2 

3 

4 

Gun 1 

2 

F i r  st Second T h i r d  

K l y s t r o n  K l y s t r o n  F e e d b a c k  K l y s t r o n  

5.81 

81 .O 

1.95 

24.7 

12.6 

408 

52 9 

481 

465 

11.0 

11.5 

24.9 

80.5 

7.8 

20.4 

19.1 

405 

512 

4 80 

440 

12.2 

10.0 

65.4 

80.7 
8.6 

21.2 

12. a 

403 

51 0 

4 89 

41 0 

13.5 
10.1 

76.3 
78.4 
11.2 

9 
24.4 

44.1 

4 47 

5 82 
44 8 

420 

15.2 

2.9 

2 

1 .BO 2.64 2.82 4.95 Normal ized  ('-) i 0 

p r o d u c e  i n c r e a s e s  i n  g a i n ,  t h e r e  is a mechanism i n  e f fec t  which c a u s e s  a 

d e c r e a s e  i n  e f f i c i e n c y .  

F i g u r e s  45 and 46 a re  l i m i t e d  on t h e  low c a t h a d e  c u r r e n t  s i d e  b y  

i n s u f f i c i e n t  g a i n ,  and b y  h i g h  r e f l e c t e d  power i n  t h e  i n p u t  waveguide  a s  

we l l  as  b y  o s c i l l a t i o n  on t h e  h i g h  c u r r e n t  s i d e .  However, t h e r e  was e n o u g h  

r a n g e  t o  i n d i c a t e  t h a t  s p a c e  c h a r g e  e f fec ts  c o u l d  c a u s e  t h e  r e d u c e d  
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e f f i c i e n c y  b y  making t h e  d r i f t  l e n g t h  b e t w e e n  t h e  c a v i t i e s  too l o n g  FOP 

optimum p e r f o r m a n c e ,  S t a t e d  s i m p l y ,  o u t p u t  power, P ,  may be e x p r e s s e d  i n  

terms of rf  c u r r e n t ,  I , ,  beam cur ren t ,  Ib, and a c o n s t a n t .  o u t p u t  c a v i t y  

imped anc  e ,  R . 

2 

2 

Normal ly  t h e  d e p t h  o f  m o d u l a t i o n  s h o u l d  be c o n s t a n t  so t h e  P/12 s h o u l d  b e  

c o n s t a n t ,  i n d e p e n d e n t  of I 

t h a t  r f  c u r r e n t  m o d u l a t i o n  d e c r e a s e d  a s  t h e  beam c u r r e n t  i n c r e a s e d ,  This 

s t r o n g l y  s u g g e s t e d  t h a t  a s p a c e  c h a r g e  e f f e c t  was e a s u i n g  t h e  p r o b l e m .  

b 
However,  i t  c a n  b e  s e e n  from F i g u r e s  45 and  46 

b '  

A g a i n  c o m p r e s s i o n  o f  5 t o  6 dB from s m a l l - s i g n a l  to  s a t u r a t i o n  i s  

shown i n  F i g u r e  4'9. T h i s  i s  a f a i r l y  t y p i c a l  number fo r  microwave t u b e s .  

The e f f e c t  of  l o a d  c o n d i t i o n s  on o u t p u t  pwer and o p e r a t i n g  

p a r a m e t e r s  was s t u d i e d ,  

( T e f l o n  is an E . I .  DuPont d e  Nemours and Ccr., Pnc . ,  t r a d e m a r k  f o r  a 

f l u o r o c a r b o n  r e s i n )  disc w i t h  VSWR - 1.6,  t h e  same load d i s p l a c e d  

o n e - q u a r t e r  w a v e l e n g t h ,  and a 0 .062- inch  t h i c k  T e f l o n  disc, VSWR - 2.2. The 

r e s u l t s  are cempared t o  a r e f e r e n c e  c o n d i t i o n  w i t h  no i n t e n t i o n a l  m i s m a t c h e s  

i n  Table 15. It c a n  b e  s e e n  t h a t  t h e r e  was a g e n e r a l  t e n d e n c y  f o r  t h e  

o u t p u t  power and g a i n  t o  f a l l  o f f  w i t h  i n c r e a s i n g  m i s m a t c h .  

The load  t r i e d  i n c l u d e d  a 0.030-inch t h i c k  T e f l o n  t m  

D u r i n g  t e s t i n g ,  o s c i l l a t i o n s  were o b s e r v e d  from 21.243 GHz t o  

29.503 GHz, from 21.796 GHz t o  21.952 GHz, and 24.792 GHz. These a r e  

b e l i e v e d  t o  be nen-TE i n t e r a c t i o n s .  Addi t iona l .  l o a d i n g  would b e  r e q u i r e d  

t o  e l i m i n a t e  them. In  a d d i t i o n ,  w i t h  v e r y  h i g h  v a l u e s  ef t r a n s v e r s e  e n e r g y  

a m p l i f i e r  No. 3 s e l f - o s c i l l a t e d  a t  28.066 GHz, a p p a r e n t l y  u s i n g  t h e  TE 

mode i n  t h e  o u t p u t  c a v i t y .  The o u t p u t  power was 113 kw. S m a l l - s i g n a l  

on 
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Load 
I__ 

c a l c u l a t i o n s  p r e d i c t  o s c i l l a t i o n  i n  t h e  o u t p u t  c a v i t y  when t h e  t r a n s v e r s e  

e n e r g y  i s  somewhat above  t h e  d e s i g n  v a l u e ,  

Xn a f i n a l  e x p e r i m e n t  a m p l i f i e r  No. 3 was r a i s e d  0.055 i n c h  i n  t h e  

s o l e n o i d  t o  d e t e r m i n e  t h e  e f f e c t  of ax ia l  t r a n s l a t i o n  of t h e  c a t h o d e  i n  t h e  

m a g n e t i c  f i e l d .  A p e a k  o u t p u t  wwer of 61.1 kW w i t h  39.2 d 8  g a i n  was 

o b t a i n e d .  T h i s  was c o m p a r a b l e  t o  t h e  76.3 kW, 41.1 dB g a i n  best p e r f o r m a n c e  

o b t a i n e d  i n  t h e  lower p o s i t i o n .  

TABLE 15 
Effect of h a d  on A m p l i f i e r  O p e r a t i o n  

Peak Output  Power (kW) 

F r e q u e n c y  ( G H z )  

Beam V o l t a g e  (kV b 
Beam C u r r e n t  ( a )  

E f f i c i e n c y  ( % I  

Gun Anode V o l t a g e  (kV)  

Gain  ( d R )  

Magnet C o i l  Currents ( A )  

Main 1 

2 

0.030" O.03Of' R i c k  0.062" 
Thick  T e f l o n  Disc T h i c k  

Reference T e f l o n  Disc plus X/4 S p a c e r  T e f l o n  Disc 

3 

4 

Gun 1 

2 

63.8 

28.068 

80.9 

1%. 1 

7 

22.1 

37.5 

481 

5 86 

444 

41 6 

15.2 

2.9 

4. P u l s e d  A m p l i f i e r  No. 4 

56.5 

28.068 

80,8 

13.6 

5 

21.4 

30.1 

4 76 

581 

443 

41 8 

15.1+ 

2.9 

50.7 

28.068 

80.3 

13.4 

5 

21.2 

28.7 

4 76 

5 85 

44 7 

41 4 

15.0 

2.9 

45.7 

28.068 

80.8 

13.7 
4 

21.2 

24.4 

4 76 

5 85 

447 

41 4 

15.0 

2.9 

A p u l s e d  amplifiel-  No. Y was d e s i g n e d  w i t h  an  a d d i t i o n a l ,  c a v i t y  

be tween t h e  i n p u t  and o u t p u t  c a v i t i e s  and w i t h  sho r t e r  d r i f t  l e n g t h s  b e t w e e n  

a l l  c a v i t i e s .  The added  c a v i t y  was c h o s e n  a s  a TE c a v i t y  w i t h  a l e n g t h  

of 1.33 X and a t o t a l  Q o f  700. I n t e r c a v i t y  d r i f t  l e n g t h s  were d e s i g n e d  t o  
02 1 
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b e  1.2 A .  Assembly o f  the  pulsed  a m p l i f i e r  No. 4 was s topped  when t h e  

program was r e d i r e c t e d  t o  d e v e l o p  o n l y  g y r o t r o n  o s c i l l a t o r s .  More d e s i g n  

d e t a i l s  o f  t h e  four th  a m p l i f i e r  are g iven  i n  Q u a r t e r l y  Report No. 7 . 10 
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I V .  GYROTRON OSCILLATORS 

Work on gy ro t ron  o s c i l l a t o r s  was undertaken i n i t i a l l y  a s  a backup t o  

e f f o r t s  i n  t h e  g y r o k l y s t r o n  a m p l i f i e r  p o r t i o n  of  t h e  program. Notable 

s u c c e s s  w i t h  o s c i l l a t o r s  and r e l a t i v e  l a c k  o f  it wi th  a m p l i f i e r s  l e d  t o  

c o n c e n t r a t i o n  on g y r o t r o n  o s c i l l a t o r s .  

models were designed and c o n s t r u c t e d .  The f i r s t  t ype  e x t r a c t e d  rf microwave 

energy immediately fo l lowing  t h e  o s c i l l a t o r  c a v i t y ,  p r i o r  t o  t h e  c o l l e c t o r ,  

u s i n g  t h r e e  miter bends i n  ser ies .  Hence, these t u b e s  became known a s  

" t r i p l e  miter bend" models. The second t y p e  employed s t r a i g h t  through 

c o l l e c t o r  r o u t i n g  of rf microwave energy,  i n  which t h e  c o l l e c t o r  per se was 

t r e a t e d  a s  a component of t h e  o u t p u t  coup l ing  system. Tubes u s i n g  t h e  

s t r a i g h t  through c o l l e c t o r  s t r u c t u r e  became known a s  "axisymmetric" models. 

P r i o r  t o  t h e  CW o s c i l l a t o r s  t e s t s  were conducted w i t h  two pulsed models 

having 2-inch-diameter axisymmetric c o l l e c t o r s .  

Two g e n e r a l  t y p e s  of  CW o s c i l l a t o r  

I n  g e n e r a l ,  s e c t i o n s  IV-A through IV-M d i s c u s s  t h e o r e t i c a l  

c o n s i d e r a t i o n s ,  d e s i g n  f e a t u r e s ,  tes ts  of  pulsed o s c i l l a t o r s ,  o p e r a t i o n a l  

problems, and subsequent  d e s i g n  m o d i f i c a t i o n s .  S e c t i o n s  cove r ing  expe r i ence  

w i t h  t h e  CW t u b e  models a r e  

I V - I  ' ITr iple  Miter Bend Modelsv' 

I V -  J '' Ax is ymm e t r i c Mod e 1 s It 

Twelve CW t u b e  models a r e  covered i n  t h e  d i s c u s s i o n ,  s i x  of each type.  Many 

o f  t h e  models were r e b u i l t  s e v e r a l  times w i t h  m o d i f i c a t i o n s .  The 

i d e n t i f y i n g  s e r i a l  numbers expres s  t h e s e  changes by t h e  a d d i t i o n  o f  R 1 ,  R2, 

e t c .  a f t e r  t h e  r e g u l a r  s e r i a l  number. A number of model t u b e s  were shipped 

t o  ORNL f o r  f u r t h e r  tests and o p e r a t i o n  with t h e  EBT system. Reference,  i n  

some c a s e s ,  i s  made t o  t h i s  expe r i ence .  

A .  OSCILLATOR C A V I T Y  DESIGN 

O s c i l l a t o r  des ign  s t u d i e s  led t o  t h e  cho ice  of  a 5-wavelength long 

r e s o n a n t  c a v i t y  €or  t h e  f i rs t  experimenal tube.  T h i s  corresponded t o  a 

c a v i t y  l e n g t h  of 2.108 inches .  For t h e  TE resonance,  a 0.946-inch- 
02 1 
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6 1  and TE 22’ TE02’ d i a m e t e r  c a v i t y  was r e q u i r e d .  Cutoff d i a m e t e r s  fo r  TE 

modes a r e  shown i n  T a b l e  16. A c o u p l i n g  i r i s  d i a m e t e r  e x c e e d i n g  

0.900 i n c h e s  would b e  r e q u i r e d  t o  a v o i d  t r a p p i n g  t h e  TE mode. 
22 

TABLE 16 

C u t o f f  D i a m e t e r s  a t  28 GHz 

Mod e 

5 2  
TE02 

TE6 1 

Diameter 

0.900 

0.941 

1 .so7 

With l o n g  o s c i l l a t o r  c a v i t i e s  i t  is g e n e r a l l y  d i f f i c u l t  t o  a c h i e v e  a 

low enough l o a d e d  Q. The lower l i m i t  on Q i s  g i v e n  a p p r o x i m a t e l y  by  t h e  

d i f f r a c t i o n  Q: 

2 
Qd i f f  = 4rr (+” 

For L = 5X t h e  d i f f r a c t i o n  Q h a s  a v a l u e  of 314.  

s u g g e s t e d  t a p e r e d  d i a m e t e r  o s c i l l a t o r  c a v i t i e s .  If t h e  d i a m e t e r  is  r e d u c e d  

be low 0.941 i n c h ,  t h e  f i e l d s  may b e  e x p e c t e d  t o  d e c a y  e x p o n e n t i a l l y .  If t h e  

d i a m e t e r  is  i n c r e a s e d  much above  1.007 i n c h e s ,  a t r a p p e d  TE r e s o n a n c e  may 

b e  e x p e c t e d .  

R u s s i a n  l i t e r a t u r e z 2  h a s  

61 

Design  o f  t h e  o s c i l l a t o r  c a v i t y  was i n f l u e n c e d  by a d e t e r m i n a t i o n  of 

t h e  i n t e r a c t i o n  l e n g t h  r e q u i r e d  t o  a c h i e v e  an rf o u t p u t  power of  200 kW. 

F i g u r e  48 shows t h e  resu l t s  of a c a l c u l a t i o n  of o u t p u t  power a s  a f u n c t i o n  

of n o r m a l i z e d  c a v i t y  f i e l d  f o r  a 5X c a v i t y .  The l o a d e d  Q r e q u i r e d  t o  

a c h i e v e  a g i v e n  f i e l d  a m p l i t u d e  is  a l s o  p l o t t e d .  The c a l c u l a t i o n s  show t h a t  

a l o a d e d  c a v i t y  Q of 225 would y i e l d  260 kW of rf o u t p u t  power.  A s i m i l a r  

c a l c u l a t i o n  f o r  a 2~ c a v i t y  i n d i c a t e d  p a o r e r  r e s u l t s  and was n a t  g i v e n  

f u r t h e r  c o n s i d e r a t i o n .  

The h o r i z o n t a l  l i n e  i n  F i g u r e  48 r e p r e s e n t s  t h e  t h e o r i t i c a l  minimum Q 

a c h i e v a b l e  w i t h  a c o n s t a n t  d i a m e t e r .  From t h e  same f i g u r e ,  it i s  c l e a r  
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Figure 48. Oscillator Power and Cavity Q vs Normalized Cavity Field 
for b = 5h, PIE021 Mode, Beam = 80 kV, 8 8  
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t h a t  a Q i n  t h e  r a n g e  o f  100 t o  400 s h o u l d  r e s u l t  i n  o v e r  200 kW o f  r f  

o u t p u t  power. To e n s u r e  a Q t h i s  low,  c o l d  t e s t  models  were b u i l t  w i t h  a 

t a p e r  a s  i n d i c a t e d  i n  F i g u r e  49. The a d d i t i o n  o f  t h e  t a p e r  was a l s o  

i n t e n d e d  t o  i n c r e a s e  beam e f f i c i e n c y ,  a s  d i s c u s s e d  by Bykov and 

Go l ' denbe rg  . F i v e  c o l d  t e s t  models  were b u i l t  and t h e  r e s u l t s  a r e  shown 

i n  T a b l e  17. Model No. 5 was chosen  a s  a s a t i s f a c t o r y  d e s i g n .  

22 

I n  t h e  a n a l y s i s  of t h e  c o l d  t e s t  models ,  p r imary  c o n s i d e r a t i o n  was 

g i v e n  t o  a x i a l  e n e r g y  d i s t r i b u t i o n .  E f f i c i e n c y  c o n s i d e r a t i o n s  de t e rmined  

t h a t  t h e  a x i a l  f i e l d  p r o f i l e  shou ld  ex tend  a p p r o x i m a t e l y  2.1 i n c h e s  (5x1 and 

a l s o  t h a t  t h e  peak  f i e l d  shou ld  be  o f f  c e n t e r  a s  much a s  p o s s i b l e  towards  

t h e  o u t p u t  i r i s .  T h i s  would g i v e  an ex tended  low-ampli tude r e g i o n  a t  t h e  

b e g i n n i n g  o f  t h e  c a v i t y .  The e n e r g y  d i s t r i b u t i o n  was measured by  drawing  a 

d i e l e c t r i c  p e r t u r b a t i o n  a x i a l l y  t h r o u g h  t h e  c a v i t y  and o b s e r v i n g  t h e  change  

i n  r e s o n a n t  f r equency .  F i g u r e  50 shows t h e  r e s u l t .  The downward s h i f t  i n  
2 f r e q u e n c y  is  p r o p o r t i o n a l  t o  E i n  t h e  c a v i t y .  

TABLE 17 

O s c i l l a t o r  C a v i t y  Dimens ions ,  Frequency ,  and Q 

F requecny  Q - F - E - D - C - 9 - A T r i a l  - 
1 0.850 1.59' 1.800 0.950 0.700 0.920 28.189 479 
2 0.860 1.43' 1.800 0.950 0.700 0.920 28.030 480 

3 0.920 0.48' 1.800 0.950 0.700 0.920 27.941 490 

4 0.928 0.148' 1.300 0.950 0.700 0.930 27.961 453  
5 0.927 0.45' 1.400 0.950 0.720 0.940 28.010 430 

B. FIRST EXPERIMENTAL PULSED OSCILLATOR 

A p u l s e d  o s c i l l a t o r  t u b e  was assembled  t o  check  o u t  t h e  d e s i g n .  The 

first model was a pronounced s u c c e s s ,  p roduc ing  248 kw peak rf power o u t p u t  

a t  28.020 GHz w i t h  an e f f i c i e n c y  o f  35%. O p e r a t i n g  p a r a m e t e r s  f o r  t h i s  t e s t  

a r e  g i v e n  i n  T a b l e  18. 
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Figure 49. Oscillator Cavity 
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TABLE 18 

Best Test  R e s u l t s  for t h e  F i r s t  Pu l sed  O s c i l l a t o r  

Peak O u t p u t  Power 

Frequency  

Beam V o l t a g e  

Beam C u r r e n t  

E f f i c i e n c y  

Gun V o l t a g e  

R f  P u l s e  D u r a t i o n  

P u l s e  R e p e t i t i o n  Rate  

R f  Duty 

Average Power 

Magnet Coi l  C u r r e n t s  

Main 1 

2 

3 
4 

Gun 1 

2 

248 kW 
28.020 GHz 

81.5 kV 

8.7 A 

35 % 
23.6 kV 

27.5 p 

60 PPS 

1.65 x 

440 W 

401 A 

535 A 

511 A 

428 A 

13.Y A 

9.5 A 

Many t r a d e - o f f s  were p o s s i b l e  among gun v o l t a g e  and magnet c o i l  

c u r r e n t s ,  a l l  g i v i n g  n e a r l y  t h e  same o u t p u t  power. 

I n  an e f f o r t  t o  o p t i m i z e  p a r a m e t e r s ,  e f f i c i e n c y  was p l o t t e d  a s  a 

f u n c t i o n  o f  gun anode v o l t a g e ,  F i g u r e  51. For  e a c h  p o i n t ,  all magne t i c  

f i e l d s  were r e o p t i m i z e d .  The o p t i m i z a t i o n  in gun magnet f i e l d  was 

p a r t i c u l a r l y  n o t a b l e .  I n  g e n e r a l ,  it appea red  t h a t  e f f i c i e n c y  was 

i n c r e a s i n g  as a f u n c t i o n  of gun v o l t a g e  up t o  31.6 kV, a t  which p o i n t  t h e  

l i m i t  of c u r r e n t  c a p a b i l i t y  o f  one  of t h e  gun c o i l  magnets  was r e a c h e d .  I n  

s p i t e  of t h e  t r e n d  o f  i n c r e a s i n g  e f f i c i e n c y  w i t h  gun v o l t a g e ,  h ighes t ,  

e f f i c i e n c y  was o b t a i n e d  a t  23.6 kV. If t h e  magne t i c  f i e l d  were h e l d  

c o n s t a n t ,  e f f i c i e n c y  dropped  r a p i d l y  w i t h  d e c r e a s i n g  gun v o l t a g e ,  a s  seen  i n  

F i g u r e  52. 
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Another  a r e a  of i n v e s t i g a t i o n  was t h e  dynamic r a n g e  o f  o s c i l l a t o r  

o u t p u t  power. Two v a r i a b l e s  s t u d i e d  i n  d e t a i l  were c a t h o d e  c u r r e n t  and 

gun No. 1 c o i l  c u r r e n t .  V a r i a t i o n  o f  o u t p u t  power w i t h  c a t h o d e  c u r r e n t  i s  

shown i n  F i g u r e  53. The g raph  i n d i c a t e s  l ess  t h a n  4 dB dynamic r a n g e  b e f o r e  

t h e  g y r o t r o n  d r o p s  o u t  o f  TEO2, mode o s c i l l a t i o n .  V a r i a t i o n  of o u t p u t  power 

w i t h  gun No. 1 c o i l  c u r r e n t ,  shown i n  F i g u r e  54, proved t o  be a much b e t t e r  

method,  e a s i l y  p r o v i d i n g  10 t o  15 dB dynamic r a n g e .  

An a v e r a g e  rf power o u t p u t  o f  10.7 kW was demons t r a t ed  i n  one  

e x p e r i m e n t ,  and one  m i l l i s e c o n d  p u l s e  d u r a t i o n  o p e r a t i o n  was a c h i e v e d  i n  

a n o t h e r .  S t i l l  o t h e r  e x p e r i m e n t s  i n v o l v e d  s e n s i t i v i t y  t o  v a r i o u s  o p e r a t i n g  

p a r a m e t e r s ,  o s c i l l a t i o n  b e h a v i o r  f o r  d i f f e r e n t  l o a d  c o n d i t i o n s ,  and s p u r i o u s  

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

P a r a m e t e r s  u sed  i n  t h e  h i g h  a v e r a g e  power and l o n g  p u l s e  d u r a t i o n  

e x p e r i m e n t s  a r e  shown i n  T a b l e  19, a l o n g  w i t h  t h e  h i g h  peak power r e s u l t  

o b t a i n e d  i n  e a r l i e r  t es t s .  A s  t h e  p u l s e  d u r a t i o n  was i n c r e a s e d ,  power 

s u p p l y  p u l s e  d roop  became a problem. Q u a n t i t i e s  based on a v e r a g e  v a l u e s  and 

p u l s e  d u r a t i o n  y i e l d e d  "ave rage  peak18 v a l u e s  r a t h e r  t h a n  t r u e  peak v a l u e s .  

T h i s  shows up i n  t h e  peak o u t p u t  power and e f f i c i e n c y  numbers.  A t  t h e  

h i g h e r  a v e r a g e  power l e v e l s  power d i s s i p a t i o n  i n  t h e  o s c i l l a t o r  c a v i t y  

h e a t e d  t h e  c a v i t y ,  e n l a r g i n g  it and l o w e r i n g  i t s  f r e q u e n c y .  A p l o t  o f  

o s c i l l a t i o n  f r e q u e n c y  as a f u n c t i o n  o f  a v e r a g e  power i s  shown i n  F i g u r e  55. 

A c o r r e s p o n d i n g  t e m p e r a t u r e  r i se  can  be  c a l c u l a t e d  and a c a v i t y  t e m p e r a t u r e  

a s  a f u n c t i o n  of a v e r a g e  power can be g e n e r a t e d ,  also shown i n  F i g u r e  55. 

A t  t h e  h i g h e r  a v e r a g e  powers ,  it was n e c e s s a r y  t o  r e a d j u s t  t h e  main magne t i c  

f i e l d  downward t o  t r a c k  t h e  r e d u c t i o n  i n  f r e q u e n c y .  

A t  low d u t y ,  a series of e x p e r i m e n t s  was per formed t o  d e t e r m i n e  t h e  

s e n s i t i v i t y  o f  o u t p u t  power t o  gun magnet c o i l  c u r r e n t ,  h e a t e r  v o l t a g e ,  gun 

anode v o l t a g e ,  beam v o l t a g e ,  and main magnet c o i l  c u r r e n t .  The r e s u l t s  a r e  

t a b u l a t e d  i n  T a b l e  20. These d a t a  show t h e  main magnet c o i l  c u r r e n t  t o  be 

t h e  most s e n s i t i v e  and t h e  gun magnet c o i l  currt-ent;  t o  be  t h e  l e a s t  

s e n s i t i v e .  I n  p r e v i o u s  t e s t s  it was found t h a t  t h i s  l a t t e r  pa rame te r  cou ld  

be  used  t o  o b t a i n  a w i d e  dynamic r a n g e  o f  o u t p u t  power. Although t h e  o u t p u t  

power was q u i t e  s e n s i t i v e  t o  t h e  a b s o l u t e  v a l u e  o f  t h e  m a g n e t i c  f i e l d  i n  t h e  
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TABLE 19 

Best Average Power Test R e s u l t s  for  t h e  Firs t  Pulsed  O s c i l l a t o r  

Peak Output Power (kW) 

Beam Vol tage  (kV) 

Beam Cur ren t  ( a )  

Efficiency ($1 
Gun Vol tage  ( k v )  

RF Pu l se  Dura t ion  (w) 

RF Duty (%I 
Average Power (W) 

Frequency (GHz) 

P u l s e  R e p e t i t i o n  Rate  ( p p s )  

Magnet Coil C u r r e n t s  ( A )  

Main 1 

2 

3 

4 

Gun 1 

2 

High 
Peak 
Power 

248 

28 e 020 

84.5 

8.7 

35 
23.6 
27 - 5  
60 

0.765 

410 

40 1 

5 35 
51 9 

428 

13.7 

9.5 

High 
Av el- age 
Power 

223 

27 908 

83.7 

8.5 
31 

27.7 
4 00 

120 

4.8 
10,700 

398 

5 33 

498 

389 

1 4 . 4  

9.0 

Long 
P u l s e  

160 

27.980 

81.2 

7.55 

26 

26.3 
1000 

15 

1.5 
2400 

398 

540 

490 

389 

14.5 

9.0 
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Figure 55. Pulsed Gyratron Frequency and Calculated Cavity 
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TABLE 20 

Output Power S e n s i t i v i t y  t o  V a r i a t i o n  o f  Parameters  

Parameter 

Gun Magnet Coil C u r r e n t  (2  s u p p l i e s  t o g e t h e r )  

Heater  Voltage 

Gun Anode Voltage 

Beam Voltage 

Main Magnet C o i l  Cur ren t  ( 4  s u p p l i e s  t o g e t h e r )  

Sen s i t  i v i  t y 
(dB/% 1 

-0.1 1 

0.32 

0.39 

0.54 

-1.21 

o s c i l l a t o r  c a v i t y ,  t h e r e  appeared t o  be a r e l a t i v e  i n s e n s i t i v i t y  t o  f i e l d  

shape. 

ove r  200 kw o f  peak rf o u t p u t  power. 

Figure 56 shows t h e  extremes o f  magnet ic  f i e l d  shapes  which y i e lded  

The r e a c t i o n  o f  t h e  o s c i l l a t o r  t o  changes i n  t h e  o u t p u t  gu ide  was 

tes ted w i t h  two c o n f i g u r a t i o n s .  These included a double  miter bend and 

Teflon d i s c s  o f  two t h i c k n e s s e s  i n s e r t e d  i n  t h e  o u t p u t  waveguide run.  With 

magnetic f i e l d s  set up f o r  t y p i c a l  o p e r a t i o n ,  i n s t a l l a t i o n  o f  a double miter 

bend r e s u l t e d  i n  a non-TE o s c i l l a t i o n  a t  26.872 GHz. I n  an e f f o r t  t o  

suppres s  t h i s  o s c i l l a t i o n ,  b e l i e v e d  t o  be a s s o c i a t e d  wi th  TE mode i n  t h e  

anode t u n n e l ,  a magnet ic  p e r t u r b e r  i n  t h e  form o f  an i r o n  c y l i n d e r  was 

On 

21 

placed  aroiind the anode. With t h e  presence of  t h e  i r o n  c y l i n d e r  it was 

necessa ry  t o  r e a d j u s t  t h e  magnet c o i l  currents t o  o b t a i n  high o u t p u t  power. 

With t h e  magnet c o i l  c u r r e n t s  r e a d j u s t e d ,  230 kw peak r f  power o u t p u t  was 

o b t a i n e d  w i t h o u t  t h e  double  miter bend. Re in t roduc t ion  o f  t h e  double miter 

bend reduced  the  o u t p u t  t o  196 kw but; w i t h  parameter r ead jus tmen t  o u t p u t  

recovered t o  239 kw. 

With t h e  double  miter bend removed and a 0.030-inch t h i c k  Te f lon  d i s c  

(VSWR - 1 . 6 )  i n s t a l l e d ,  o u t p u t  power snapped back and f o r t h  between 25.007 

GHz and a non-TE o s c i l l a t i o n  a t  26.902 GHz, With r ead jus tmen t  of 

pa rame te r s ,  214 kw peak o u t p u t  power was ob ta ined  free of i n t e r f e r i n g  

o s c i l l a t i o n s ,  However, a t  lower v a l u e s  of t r a n s v e r s e  e n e r g y  an o s c i l l a t i o n  

appeared a t  28.5 GHz, p o s s i b l y  t h e  TE resonance.  E f f e c t  of  t h e  

On 
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Figure 56. Pulsed Gyrotron Oscillator Magnetic Field Extremes 

98 



o s c i l l a t i o n  i s  shown i n  F i g u r e  57, which p l o t s  e f f i c i e n c y  a s  a f u n c t i o n  of 

gun magnet No. 1 c o i l  c u r r e n t .  Note t h a t  h igh  v a l u e s  of  gun c o i l  current 

r e s u l t  i n  lower t r a n s v e r s e  energy.  I n  t h i s  case, t h e  i n t e r f e r i n g  

o s c i l l a t i o n  l i m i t s  t h e  dynamic range of  t h e  desired o s c i l l a t i o n .  With 

r ead jus tmen t  o f  pa rame te r s ,  w i d e  dynamic range free of t h e  28.5 GHz 

o s c i l l a t i o n  was r e s t o r e d  a l though  a t  a lower power o u t p u t ,  a s  i n d i c a t e d  i n  

F igu re  58. 

With a 0.062-inch t h i c k  Teflon d i s c  (VSWR - 2 - 2 )  i n s t a l l e d ,  power 

o u t p u t  dropped t o  100 kw bu t  w i th  parameter  adjustment  was r e s t o r e d  t o  

164 kw. However, a t  t h i s  power l e v e l  t h e  f i r s t  6 microseconds o f  t h e  p u l s e  

were a t  28.038 GHz, t h e  n e x t  8 microseconds a t  28.020 GHz, and t h e  remaining 

17 microseconds a t  28.057 GHz, presumably a l l  v a r i a t i o n s  o f  t h e  TEO2 mode. 

Again, w i t h  parameter  adjustment  s i n g l e  f requency p u l s e s  could be ob ta ined  

ove r  a wide dynamic range a t  lower power l e v e l s ,  a s  shown i n  F i g u r e  59. 

A d j u s t m e n t  of  pa rame te r s  f o r  b e s t  o u t p u t  power u n d e r  d i f f e r e n t  load 

c o n d i t i o n s  a r e  summarized i n  Table 21. 

The s p u r i o u s  o s c i l l a t i o n s  observed du r ing  o p e r a t i o n  o f  t h e  pulsed 

o s c i l l a t o r  were i n  t h r e e  ranges:  from 26.822 GHz t o  26.899 GHz, near  

27.212 GHz, and from 28.498 GHz t o  28.528 GHz. Add i t iona l  mode suppres s ion  

was des i rab le  to suppres s  t h e s e  s p u r i o u s  f r e q u e n c i e s .  
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BEAM VOLTAGE = 81.6 - 82.5 kV 
GUN ANODE - CATHODE VOLTAGE 25.9 kv 
CATHODE CURRENT = 7.9 - 8.4 a 
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iw kw 
O Q  

MAIN 

GUN 

0 

1 = 401 A 
2 = 535.4 
3 = 509.4 
4 = 401 A 

1 = Variable 
2 = 9.0 A 

0 0 

0 
0 

8 
6 

28 GHr I 
28.5 
G H z  I 6 

0 

0 

0 

I I I 1 1 I I I 1 I I I 
14.0 14.2 14.4 14.6 14.8 15.0 1 5 2  15,4 15.6 15.8 160  16.2 16.4 

CURRENT (A) 

Figure 57’. Pulsed Gyrotron Oscillator Efficiency as a Function of Gun No. 1 
Cod Current with 0.030-inch Thick Teflon Disc in Output Guide 
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BEAM VOLTAGE = 81.5 - 82.5 kV 
GUN ANODE - CATHODE VOLTAGE = 25.1 kv 
CATHODE CURRENT = 7.8 - 8.5 a 

MAGNET COtL CURRENTS 
MAIN 1 = 401 A 

2 = 535 A 
3 = 511 A 
4 = 428 A 

GUN 1 = Variable 
2 = 9.5 A 

4 I I I 1 1 
14 15 16 19 98 

CURRENT (A) 

Figure 58. Pulsed Gyrotron Osciliator Efficiency as a Function of Gun No. 1 
Coil Current with 0.030-inch Teflon Disc 
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Figure 59. Puked Gyrotrsn Oscillator Efficiency as a Function of Gun No. 1 
Coil Current with 0.Q62-inch Thick Teflon Disc 
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TABLE 21 

E f f e c t  o f  Load on O s c i l l a t o r  Operat ion 

w i t h  Magnetic P e r t u r b e r  

Double 0 e 030" 0 .062's 
Miter Thick Thick 

9_ Load Reference - Bend Teflon Disc Te f lon  Disc 

230 

28 .? 020 

80 , l  

8.5 

34 

26.0 

36 

60 

0.216 

498 

401 

535 

500 

40 1 

13.7 

9.0 

239 
28.030 

79,8 

34 

25 -3  

36 

60 

0.216 

517 
40 a 
5 35 

4 99 

40 1 

13.7 

9 - 0  

a ,7  

214 

28.038 
80.7 

8 - 2  

32 

25.7 

34 

60 

0,204 

436 

40 1 

535 

504 

40 1 

14.4 

9.0 

164 

28.057 

89.2 

8.3 
24 

24.2 

31 
60 

0.186 

304 

40 1 

5 35 
514 

400 

13.7 

6.5 

6 .  SECOND EXPERIMENTAL PULSED OSCILLATOR 

Chrono log ica l ly ,  t h e  second pulsed o s c i l l a t o r  was b u i l t  fo l lowing  work 

with t h e  f i r s t  two CW o s c i l l a t o r s ,  d i s c u s s e d  i n  S e c t i o n  IV-H. T h e  t ube  was 

d e s i g n a t e d  VGA-8050 S/N 2 ,  and t h e  main purpose of  t h e  d e v i c e  was t o  tes t  a 

beam t u n n e l  diameter  change under c o n s i d e r a t i o n  f o r  u se  i n  t h e  t h i r d  CW 

o s c i l l a t o r .  Beam t r a n s m i s s i o n  and u n d e s i r a b l e  s p u r i o u s  o s c i l l a t i o n s  were 

a r e a s  of  concern,  The new beam t u n n e l  i n c o r p o r a t e d  a l t e r n a t e  copper and 

Sic-Be0 r i n g s .  The i n s i d e  diameter of  t h e  coppe r  r i n g s  was 122 smaller than 

t h a t  of t h e  Lossy Sic-BeQ r i n g s ,  which had t h e  normal 0.43-inch i n s i d e  

diameter. The arrangement r e p r e s e n t e d  a s u b s t a n t i a l  change from t h e  

Kanthal-coated anode of" t h e  f i r s t  pulsed o s c i l l a t o r .  
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The s e c o n d  p u l s e d  o s c i l l a t o r  r e s o n a n t  c a v i t y  was w a t e r  cooled t o  

s t a b i l i z e  d i m e n s i o n s  w i t h  v a r y i n g  d u t y  f a c t o r .  The f i rs t  p u l s e d  o s c i l l a t o r ,  

w h i c h  had  no c a v i t y  c o o l i n g ,  had shown r e l a t i v e l y  l a r g e  l o w e r i n g  of  

r e s o n s a n t  f r e q u e n c y  w i t h  i n c r e a s i n g  a v e r a g e  power.  

The f i rs t  se t  of e x p e r i m e n t s  p e r f o r m e d  w i t h  S/N 2 i n v o l v e d  

i n v e s t i g a t i o n  of how v a r i o u s  p a r a m e t e r s  c o u l d  b e  a l t e r e d  w h i l e  m a i n t a i n i n g  

o p e r a t i o n  i n  t h e  d e s i r e d  mode. Each p a r a m e t e r  was v a r i e d  i n d e p e n d e n t l y  o f  

t h e  o t h e r s ,  w h i c h  were k e p t  a t  b a s e l i n e  v a l u e s  g i v e n  i n  T a b l e  22. 

TABLE 22 

B a s e l i n e  E x p e r i m e n t a l  O p e r a t i n g  P a r a m e t e r s  

Magnet C o i l  C u r r e n t s  

Main 1 

2 

3 

4 

Gun 1 

2 

Beam V o l t a g e  

Beam C u r r e n t  

Gun Anode V o l t a g e  

R f  P u l s e  D u r a t i o n  

P u l s e  R e p e t i t i o n  Rate 

R f  Duty 

Average  O u t p u t  Power 

Peak  O u t p u t  Power 

E f f i c i e n c y  

F r  e qu en c y 

410 

5 30 

530 

490 

i2.a 

9.0 

81 .O 

8.0 

26.0 

100 

60 

0.60 

-0.69 

-1 15 

17.7 
28.065 

A 

A 

A 

A 

A 

A 

kV 

A 

kv 

vs 
PPS 

% 
kW 

kw 

% 
GHZ 

F i g u r e s  60 t h r o u g h  63  show t h e  c h a n g e  i n  rf o u t p u t  power o b s e r v e d  f o r  

c h a n g e s  i n  t h e  c u r r e n t s  o f  t h e  f o u r  main magnet  s e c t i o n s .  As t h e  magnet  

c u r r e n t s  were decreased, t h e  o u t p u t  power i n c r e a s e d  L i n e a r l y ,  u n t i l  a p o i n t  

was r e a c h e d  where  t h e  o s c i l l a t o r  jumped mades. For  t h e  two s e c t i o n s  n e a r e s t  
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t h e  c o l l e c t o r  ( F i g u r e s  60 and 611, t h e  a l t e r n a t e  mode produced approximate ly  

60 kw o f  peak power a t  26.8 GHz. For t h e  two s e c t i o n s  n e a r e s t  t h e  anode, 

t h e  a l t e r n a t e  mode caused  excessive g a s  p r e s s u r e  which t u r n e d  t h e  t u b e  o f f ,  

making f r equency  i d e n t i f i c a t i o n  d i f f i c u l t .  I n c r e a s i n g  t h e  c u r r e n t  o f  each  

c o i l  from t h e  basel ine v a l u e  resu l t s  i n  a d e c r e a s e  of r f  o u t p u t  power and 

f i n a l l y  a jump t o  a mode which gave 10 kw of peak power o u t p u t  a t  27.2 GHz. 

I n  main-mode o p e r a t i o n ,  t h e  o u t p u t  f requency  v a r i e d  d i r e c t l y  w i t h  magnet 

c u r r e n t  between t h e  two end p o i n t  v a l u e s  shown i n  t h e  f i g u r e s .  

V a r i a t i o n s  o f  o t h e r  pa rame te r s  such  a s  gun c o i l  c u r r e n t s ,  beam v o l t a g e ,  

and beam c u r r e n t  d i d  not i n t r o d u c e  any new s p u r i o u s  f r e q u e n c i e s .  The 

s p u r i o u s  f r e q u e n c i e s  near  26.8 and 27.2 GHz were similar t o  t h o s e  observed  

p r e v i o u s l y .  It was concluded t h a t  t h e  d imens iona l  change i n  t h e  beam t u n n e l  

diameter d i d  n o t  c r e a t e  any new s p u r i o u s  microwave o u t p u t s .  

It was a l so  noted t h a t  t h e  peak body c u r r e n t  d i d  n o t  exceed 15 ma 

d u r i n g  normal o p e r a t i o n ,  i n d i c a t i n g  good beam t r a n s m i s s i o n  through t h e  

reduced d i ame te r  beam t u n n e l .  The re fo re ,  t h e  d i ame te r  change was cons ide red  

s a t i s f a c t o r y  f o r  u s e  i n  t h e  t h i r d  CW o s c i l l a t o r .  

I n  t h e  c o u r s e  of making t h e  measurements d e s c r i b e d ,  a peak r f  o u t p u t  

power o f  255 kw was achieved .  The a p p r o p r i a t e  o p e r a t i n g  pa rame te r s  f o r  t h i s  

o u t p u t  a r e  l i s t e d  i n  Tab le  23. 
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TABLE 23 

Best Test R e s u l t s  f o r  t h e  Second Pu l sed  O s c i l l a t o r  

Magnet Coil C u r r e n t s  

Main 1 

2 

3 
4 

Gun 1 

2 

Beam V o l t a g e  

Beam C u r r e n t  

Gun Anode V o l t a g e  

RF P u l s e  D u r a t i o n  

P u l s e  R e p e t i t i o n  Ra te  

R f  Duty 

Average Output  Power 

Peak Output  Power 

Efficiency 

Frequency  

350 

530 

530 

w a  
12.0 

9 - 0  

80.8 
8.8 

26 .O 

100 

60 

0.60 

1.53 

255 

35.8 

28.025 

A 

A 

A 

A 

A 

A 

kV 

a 

kv 

Is 

PP s 

% 

kW 

kw 

B 

GHz 

D .  CW OSCILLATOR DESIGN 

The e a r l y  success o f  t h e  e x p e r i m e n t a l  p u l s e d  g y r o t r o n  o s c i l l a t o r  l e d  t o  

a d e c i s i o n  t o  make t h e  f i r s t  CW t u b e  an o s c i l l a t o r .  Work on p u l s e d  

g y r o k l y s t r o n  t u b e s  up t o  t h i s  p o i n t  had not y i e l d e d  t h e  d e s i r e d  r e s u l t s ,  and 

it appea red  t h a t  a l o n g  and d 5 f f i e u l t  deve lopment  p e r i o d  might  b e  r e q u i r e d  

b e f o r e  s a t i s f a c t o r y  a m p l i f i e r s  would be  p o s s i b l e .  F u r t h e r ,  work on CW 

o s c i l l a t o r s ,  it was f e l t ,  would i n  f a c t  g i v e  many r e s u l t s  l a t e r  a p p l i c a b l e  

t o  g y r o k l y s t r o n  d e s i g n .  Major d i f f e r e n c e s  i n  d e s i g n  o f  t h e  CW t u b e  from i t s  

p r e d e c e s s o r s  a r e  l i s t e d  below. 

1 .  The beam t u n n e l  between t h e  gun and t h e  o s c i l l a t o r  c a v i t y  used  

Kan tha l  i n  t h e  t a p e r e d  r e g i o n  n e a r  t h e  gun and a l t e r n a t e  r i n g s  o f  

coppe r  and S i c  - Be0 i n  t h e  main u n t a p e r e d  p o r t i o n .  
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2. 

3 .  

4.  

The 

The water  cooled r e s o n a n t  c a v i t y  was e l e c t r i c a l l y  t h e  same a s  used 

i n  t h e  pu l sed  gy ro t ron  o s c i l l a t o r  b u t  had i n c r e a s e d  water  coo l ing .  

The o u t p u t  waveguide i n c o r p o r a t e d  a t r i p l e  m i t e r  bend t o  e x t r a c t  

microwave power p r i o r  t o  t h e  c o l l e c t o r ,  See F igu re  64.  The 

o u t p u t  waveguide was water  coo led .  

P rov i s ion  was made f o r  passage o f  t h e  e l e c t r o n  beam th rough  a 

s u i t a b l e  h o l e  i n  t h e  f i r s t  miter bend and i n t o  a water  cooled 

t u n n e l  of i n c r e a s i n g  diameter  l e a d i n g  t o  a 10.2-inch diameter  

c o l l e c t o r .  Maximum csl lectar  power d e n s i t y  was expected t o  be 

c l o s e  t o  1000 w a t t s  pe r  squa re  c e n t i m e t e r ,  The c o l l e c t o r  was 

e l ec t r i ca l ly  i s o l a t e d  t o  permit  monitor ing of  body c u r r e n t .  

f i r s t  CW o s c i l l a t o r  b u i l t  wi th  t h e  fo rego ing  des ign  f e a t u r e s  was 

des igna ted  VGA-8000 S/N 1. T e s t  results a r e  descr ibed i n  S e c t i o n  I V - I ,  

" T r i p l e  ) l i t e r  Bend Models", Subsect ion 1 and a l a y o u t  drawing of t h e  tube  i s  

shown ( F i g u r e  64).  

E. CW OSCILLATOR DESIGN CHANGES CONSIDERED 

Chrono log ica l ly ,  in te res t  i n  t h e  des ign  changes cons ide red  i n  t h i s  

s e c t i o n  of  t h e  r e p o r t  came a f t e r  c o n s t r u c t i o n  and t e s t  o f  t h e  f i r s t  two CW 

o s c i l l a t o r s ,  VGA-8000 S/Ns 1 and 2. I n  e f f e c t ,  t h e s e  changes r e f l e c t e d  t h e  

need f o r  improvements i n d i c a t e d  by expe r i ence  wi th  t h e s e  tubes.  They a r e  

l i s t e d  a s  fo l lows :  

1 .  Reduction i n  Power Output: Loss o f  power o u t p u t  and e f f i c i e n c y  i n  

CIJ t u b e s ,  a s  compared t o  pulsed o s c i l l a t o r s ,  suggested an i n t e r f e r e n c e  

problem i n  t h e  microwave c i r c u i t  des ign .  Microwave cold tests o f  i n d i v i d u a l  

elements making up t h e  rf  o u t p u t  system; c a v i t y ,  miter bends, t a p e r s ,  e tc .  

i n d i c a t e d  t h a t  t h e  d e s i r e d  microwave c h a r a c t e r i s t i c s  were be ing  achieved.  

However, more e x t e n s i v e  measurements with t h e  components o f  S/N 2 i n d i c a t e d  

r a t h e r  complex microwave i n t e r c o u p l i n g  e f f e c t s  among v a r i o u s  elements;  

i n c l u d i n g  t h e  o s c i l l a t o r  r e sonan t  c a v i t y ,  miter bends ,  o u t p u t  waveguide, 

c o l l e c t o r ,  and e l e c t r o n  gun. Such i n t e r c o u p l i n g  e f f e c t s  may cause  s p l i t t i n g  
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and l a c k  of r e sonance  symmetry i n  t h e  o s c i l l a t o r  c a v i t y ,  t h u s  a l t e r i n g  t h e  

e f f e c t i v e  Q. T h i s  would e x p l a i n  l o s s  i n  power o u t p u t  and e f f i c i e n c y .  To 

o b t a i n  improvement, it appeared  d e s i r a b l e  t o  pu r sue  d e s i g n  changes i n v o l v i n g  

t h e  c o l l e c t o r ,  t h e  method o f  c o u p l i n g  r f  power o u t ,  and a p o s s i b l e  means o f  

decoup l ing  t h e  electron gun r e g i o n  from t h e  o s c i l l a t o r  r e s o n a n t  c a v i t y .  

Decoupling t h e  gun r e g i o n  would not on ly  enhance e f f i c i e n c y ,  b u t  would a l s o  

r educe  microwave h e a t i n g  o f  t h e  ca thode .  

2. Output Window: A window f a i l u r e  a t  18 kW ave rage  power o u t p u t  was 

p robab ly  s i g n i f i c a n t l y  a f f e c t e d  by t r apped  energy  i n  t h e  o u t p u t  waveguide. 

Yet s u f f i c i e n t  concern e x i s t e d  t o  warrant i n v e s t i g a t i o n  o f  a l t e r n a t e  

d e s i g n s .  One p o s s i b i l i t y  cons ide red  was t h e  u s e  o f  a doub le  d i s c  

a r rangement ,  two ce ramic  d i s c s  s e p a r a t e d  s u i t a b l y  t o  a l low passage  of a low 

l o s s  d i e l e c t r i c  c o o l i n g  l i q u i d  such a s  t h e  f luo roca rbon  FC-75 . (FC-75 i s  

a t rademark  o f  Minnesota Mining and Manufac tur ing  Co. f o r  a f lou roca rbon  

l i q u i d . )  Losses  i n  t h i s  l i q u i d  a t  28 GHz were found t o  be  abou t  1% f o r  a 

l e n g t h  o f  0.080 i n c h .  A second p o s s i b i l i t y  was f a c e  c o o l i n g  o f  a s i n g l e  

window by means of a f o r c e d  d r a f t  of gas .  C a l c u l a t i o n s  were unde r t aken  t o  

de t e rmine  t h e  r e l a t i v e  merits o f  t h i s  t echn ique .  

t m  

3. Open-Ended Cavity:  Work was s t a r t ed  on an open-ended o s c i l l a t o r  

c a v i t y ,  w i t h  no end w a l l  a t  t h e  e l e c t r o n  gun end .  Th i s  was done t o  avoid  

t r a p p i n g  unwanted modes, which could  p ropaga te  i n  t h e  c a v i t y  i t s e l f ,  b u t  

which were c u t  o f f  i n  t h e  beam t u n n e l  l e a d i n g  toward t h e  e l e c t r o n  gun. 

I d e a l l y ,  unwanted modes would r a d i a t e  o u t  of t h e  open end o f  t h e  c a v i t y  and 

i n t o  free space .  I n  a p r a c t i c a l  t u b e ,  however, it is n e c e s s a r y  t o  c l o s e  t h e  

vacuum envelope. Two approaches  cons ide red  i n  a t t e m p t i n g  t o  approximate a 

f ree-space  t e r m i n a t i o n  were t h e  u s e  o f  a me ta l  c y l i n d e r  coa ted  w i t h  l o s s y  

m a t e r i a l  and t h e  u s e  o f  a ceramic c y l i n d e r  w i t h  water  ou t s ide  a s  a l o a d .  

The coa ted  me ta l  arrangement proved r a t h e r  i n e f f e c t i v e .  However, 

t h e  ceramic  w i t h  wa te r  behind it gave f a i r  r e s u l t s .  A cold test was 

performed u s i n g  s i m u l a t e d  t u b e  p a r t s ;  t h e  power going  toward t h e  gun was 

reduced by a f a c t o r  o f  f i v e .  F u r t h e r ,  t h e  c a v i t y  r e sonance  cu rve  was much 

less  s e n s i t i v e  t o  changes  i n  o r i e n t a t i o n  of t h e  miter bend and o u t p u t  

waveguide. A d d i t i o n a l  i n v e s t i g a t i o n  of t h i s  system was p lanned .  

113 



4 .  Collector Resonance  Effects: E x t e n s i v e  work was c a r r i e d  o u t  t o  

document  microwave e f f e c t s  of t h e  co l l ec to r .  It was o b s e r v e d  t h a t  t h e  

a d d i t i o n  of l o s s  r e s u l t e d  i n  r e d u c e d  s p l i t t i n g  of  t h e  o s c i l l a t o r  c a v i t y  

r e s o n a n c e  c u r v e .  F u r t h e r ,  i t  was d e t e r m i n e d  that d i m e n s i o n a l  d e t a i l s  of t h e  

pumpout t u b u l a t i o n  a t  t h e  t o p  of t h e  co l lec tor  had c o n s i d e r a b l e  e f f e c t  on 

c a v i t y  r e s o n a n c e .  A co l l ec to r  a u x i l i a r y  microwave l o a d i n g  p o r t  was g i v e n  

some c o n s i d e r a t i o n .  

5. O u t p u t  C o u p l i n g  Sys tem:  It had  been  o b s e r v e d  i n  cold t e s t  t h a t  

l i n e  l e n g t h s  be tween t h e  v a r i o u s  miter b e n d s  i n  t h e  o u t p u t  waveguide  s y s t e m  

h a d  n o t i c e a b l e  e f f e c t  on c a v i t y  r e s o n a n c e .  A d d i t i o n a l  t e s t s  were p l a n n e d  t o  

o p t i m i z e  t h e s e  l e n g t h s .  A s y m m e t r i c a l  o u t p u t  waveguide  coming o u t  t h r o u g h  

t h e  l a r g e  c o l l e c t o r  volume was now u n d e r  c o n s i d e r a t i o n  as  an  a l t e m a t i v e  

o u t p u t  s y s t e m .  The a r r a n g e m e n t  c o u l d  t a k e  t h e  form of t a p e r s  g o i n g  u p  t o  

t h e  co l lec tor  d i a m e t e r  and t h e n  b a c k  down t o  t h e  d e s i r e d  o u t p u t  g u i d e  

d i a m e t e r .  Another  a l t e r n a t i v e  was t h e  u s e  of s p h e r i c a l  mirrors t o  f o c u s  t h e  

o u t p u t  power t h r o u g h  t h e  co l l ec to r  r e g i o n .  Cold tests were car r ied  o u t  t o  

e v a l u a t + e  t h e s e  a p p r o a c h e s .  

Work on t h e  o u t p u t  window and on o u t p u t  c o u p l i n g  s y s t e m s  i s  

c o v e r e d  i n  g r e a t e r  d e t a i l ,  a s  t h e  e f f o r t s  p r o g r e s s e d  i n  

S e c t i o n  IV-F " O u t p u t  \JindowtP 

Seci ton IV-G "Output  C o u p l i n g  Sys tems"  

F. OUTPUT WINDOW 

O u t p u t  window work r e p o r t e d  i n  t h i s  s e c t i o n  began  a s  t h e  r e s u l t  of a 

window f a i l u r e  i n  VGA-8000 S/N 2,  touched upon i n  S e c t i o n  IV-E, S u b s e c t i o n  2 .  

The d e s i g n  g r o w i n g  o u t  of t h i s  e F f o r t  made u s e  o f  two ceramic d i s c s  

s e p a r a t e d  by a s n a l l  d i s t a n c e  t o  permit;  t h e  p a s s a g e  of c o o l a n t  b e t w e e n .  The 

c o o l a n t  i s  a low l o s s  f l u o r o c a r b o n ,  FC-75. The a r r a n g e m e n t  g i v e s  direct ,  

f a c e  c o o l i n g  a t  t h e  s o u r c e  of window h e a t .  The r e q u i r e m e n t  for a c l o s e d  

FC-75 c o o l a n t  c i r c u l a t i n g  s y s t e m  i s  a d i s a d v a n t a g e ,  t o  be s u r e ,  b u t  t h e  

d e s i g n  makes f o r  v e r y  h i g h  power c a p a b i l i t y  i n  t h e  o u t p u t  window. 
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C a l c u l a t e d  VSWR f o r  t h e  new double-disc window showed a near  p e r f e c t  

match a t  28 GHz and low VSWR over  s u b s t a n t i a l  bandwidth above and below. 

C a l c u l a t i o n s  were done f o r  both alumina and b e r y l l i a  windows. The 

c a l c u l a t i o n s  f o r  two b e r y l l i a  windows, shown i n  F i g u r e s  65 and 66, i n d i c a t e d  

improvement i n  bandwidth over  t h o s e  f o r  an alumina window, given i n  

F igu re  67. Th i s  r e s u l t  was not  unexpected,  s i n c e  b e r y l l i a  h a s  a lower 

d i e l e c t r i c  c o n s t a n t  t han  alumina. On t h e  o t h e r  hand, alumina i s  a much 

s t r o n g e r  m a t e r i a l .  B e r y l l i a  window d i s c s  wi th  t h e i r  w i d e r  bandwidth l e a d  t o  

improved l o a d i n g  o f  unwanted modes through t h e  window s t r u c t u r e .  

Some comparisons have been made o f  t h e  v a r i o u s  tube  windows and t h e i r  

r e s p e c t i v e  l o s s e s .  Of t h e  measurable l o s s e s ,  ve ry  l i t t l e  i s  i n  t h e  ceramic 

i t s e l f .  With t h e  Alumina window, 93% of  t h e  t o t a l  l o s s  is i n  t h e  FC-75. 

With t h e  B e r y l l i a  window, 98% o f  t h e  l o s s e s  a r e  i n  t h e  FC-75. The re fo re ,  

l ook ing  a t  t h e  FC-75 d i s s i p a t i o n  w i l l  be a good i n d i c a t i o n  o f  window 

pe r  formance. 

The Alumina window h a s  a sma l l e r  FC-75 gap than t h e  B e r y l l i a  window, 

0.032” and 0.05011, r e s p e c t i v e l y .  The Alumina window would then  be expected 

t o  have lower l o s s e s .  F igu re  68 shows a comparison o f  B e r y l l i a  and Alumina 

windows. Tube No. 5R2 shows t h e  lower FC-75 d i s s i p a t i o n  achieved w i t h  t h e  

Alumina window. With t h e  b e r y l l i a  window, t h e  FC-75 i n  t h e  gap does 

d i s s i p a t e  more r f ,  b u t  t h e  FC-75 has  a h ighe r  flow a t  a given p r e s s u r e ,  and 

therein l i e s  t h e  t r ade -o f f .  I n  F igu re  68, t u b e  No. 12M shows a c u r v e  which 

s t a r t s  off w i t h  a s l o p e  a s  would be p r e d i c t e d  by c a l c u l a t i o n ,  and t u b e  No. 6 

h a s  a steeper s l o p e  than p r e d i c t e d .  Tube No. 6 i s  an axisymmetric t u b e ,  and 

No, 12 is a mi t e r  bend tube .  There  is no e v i d e n t  answer f o r  why No. 6 h a s  

more d i s s i p a t i o n .  I t  does appear t h a t  t h e  d i s s i p a t i o n  could be a s  low a s  

t h a t  o f  No. 12M and f u t u r e  windows w i l l  p rov ide  more d a t a .  The curve upward 

o f  t he  d i s s i p a t i o n  i n  t u b e  No. 12M is exp la ined  by t h e  multi-moding o f  t h e  

miter bend t u b e  o u t p u t  worsening w i t h  t h e  i n c r e a s e  i n  o u t p u t  power, 

F igu re  69 shows t u b e  No. 5R window d i s s i p a t i o n  with and wi thou t  a s l i g h t l y  

mismatched load .  It c l e a r l y  shows an i n c r e a s e  i n  FC-75 d i s s i p a t i o n  d u e  t o  a 

mismatched load.  I t  appea r s  t h a t  t he  window d i s s i p a t i o n  can be a f f e c t e d  by 

t h e  load a p p l i e d  t o  t h e  t u b e .  
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Figure 65. Tube No. 8 Beryllia Window 

f 16 
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C o m p u t e d  VSWR . f o r  28 GHz Double-disk W i n d o w  
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Figure 67. Tube No. 5 Alumina Window 
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Figure 69. FC-75 Dissipation S/N 5R2 
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G. OUTPUT COUPLING SYSTEMS 

The s u b j e c t  o f  t h i s  s e c t i o n  was in t roduced  i n  S e c t i o n  I V - E ,  "CW 

O s c i l l a t o r  Design Changes Consideredt t ,  Subsec t ion  5. Output coup l ing  

systems t h a t  came t o  be o f  i n t e r e s t  i n  t h e  program were: 

1. T r i p l e  miter bend 

2. S p h e r i c a l  m i r r o r  

3. S t r a i g h t  through c o l l e c t o r  

The t r i p l e  m i t e r  bend o u t p u t  coup l ing  system came under c l o s e  s c r u t i n y  

when tes t  of CW gy ro t ron  o s c i l l a t o r  t u b e s ,  VGA-8000 S/Ns 1 and 2 ,  showed r f  

power o u t p u t  lowered from e a r l i e r  pulsed t u b e s ,  a p p a r e n t l y  because o f  

i n t e r c o u p l i n g  e f f e c t s  both i n  t h e  microwave o u t p u t  c i r c u i t r y  and a l s o  

i n v o l v i n g  t h e  e l e c t r o n  gun and c o l l e c t o r .  The s p h e r i c a l  m i r r o r  sys t em,  a 

p o s s i b l e  a l t e r n a t i v e ,  a t t e m p t s  t o  t r a n s m i t  t h e  microwave s i g n a l  a c r o s s  t h e  

c o l l e c t o r  r e g i o n  by means o f  o p t i c a l  t echn iques .  S t r a i g h t  through cc l l l ec to r  

systems t r e a t  t h e  c o l l e c t o r  a s  a microwave waveguide element of  t h e  o u t p u t  

waveguide. Three p o s s i b l e  s t r a i g h t  through c o l l e c t o r  systems were s t u d i e d ,  

each i n c o r p o r a t i n g  d i f f e r e n t  s i z e  combinat ions of c o l l e c t o r ,  o u t p u t  

waveguide, and window. 

1. T r i p l e  Miter Bend 

C a l c u l a t i o n s  based on t h e  a n a l y s e s  o f  both M a r c a t i l i  and 

Katsenelenbaum f o r  TE mode conversion i n  s i n g l e  miter bends  were 

s u f f i c i e n t l y  d i s c o n c e r t i n g  t o  prompt f u r t h e r  s tudy .  The a n a l y s e s  d e a l  
01 

c h i e f l y  wi th  t h e  TEO1 l o s s  and t h e  f r a c t i o n  of l o s s  converted t o  TE Of 
0 2  a 

immediate in terest ,  was l o s s  i n  a TE p ropaga t ing  wave and degree  o f  
02 

conversion t o  modes o t h e r  t han  TE . Much of t h e  power i n  t h e s e  modes i s  
on 

wasted i f  a mode f i l t e r  is used. The i r  p re sence  p l a c e s  an unnecessary 

burden on t h e  window. 

C a l c u l a t i o n s  showed t h a t  f o r  t h e  1.125-inch-diameter gu ide  a t  

28 GHz, TEO, loss  i s  1.7 d 3 ,  i .e . ,  more t h a n  30% of  power i s  t r a n s f e r r e d  t o  

12 1 



o t h e r  modes. The f r a c t i o n  c o n v e r t e d  from TE t o  TE was c a l c u l a t e d  t o  b e  

10%. A TEO2 mode i n c i d e n t  on t h e  miter would be e x p e c t e d  t o  f a r e  even  

worse.  

01 0 2  

Measurements of mode p u r i t y  weye made by p r o b i n g  t h e  r a d i a t i o n  

p a t t e r n s  w i t h  a r e c t a n g u l a r  MR-28 waveguide and a c r y s t a l .  The waveguide 

was mounted on a c a r r i a g e  i n s i d e  a s m a l l  wedge, min imiz ing  t h e  r e f l e c t i o n  

from t h e  h o l d e r .  The r e f l e c t i o n  a t  t h e  d i s c o n t i n u i t y  between t h e  end of t h e  

c y l i n d r i c a l  g u i d e  and f r e e - s p a c e  was n e g l i g i b l e  a t  28 GHz f o r  TE 

modes. I n  o t h e r  words ,  t h e  r a d i a t i n g  g u i d e  behaved l i k e  a matched g u i d e .  

F i g u r e  70  shows t h e  main e l e m e n t s  o f  t h e  a r r angemen t .  The r e c t a n g u l a r  g u i d e  

was t r a n s l a t e d  a c r o s s  a d i a m e t e r  o f  t h e  c i r c u l a r  g u i d e  u s u a l l y  a t  a d i s t a n c e  

of 0.3 i n c h  f r o m ' t h e  p l a n e  o f  t h e  end of t h e  g u i d e .  V o l t a g e s  c o r r e s p o n d i n g  

t o  p o s i t i o n  and c r y s t a l  c u r r e n t  were f e d  t o  an X-Y r e c o r d e r ,  The v a l i d i t y  

o f  t h e  t e c h n i q u e  was d e m o n s t r a t e d  f o r  s i m p l e  TE and TE modes p r o p a g a t i n g  

i n  a 2 .5- inch-diameter  waveguide.  Some l o s s  o f  r e s o l u t i o n  was e x p e r i e n c e d  

i n  measurements  a t  t h e  end o f  a 7.125-inch-diameter waveguide,  b u t  

n e v e r t h e l e s s  t h e  t e c h n i q u e ' s  s i m p l i c i t y  had much t o  commend it. G r o s s  

p e r t u r b a t i o n  of TE modes by t h e  sampl ing  g u i d e  was n e g l i g i b l e  f o r  

p r a c t i c a l  p u r p o s e s ,  Measurements were made w i t h  d i a m e t r i c  s c a n s  i n  

o r t h o g o n a l  d i r e c t i o n s  A A '  and B B s ,  and e a c h  s c a n  was c a r r i e d  o u t  twice, once  

w i t h  t h e  nar row dimens ion  o f  t h e  g u i d e  p a r a l l e l  and once  p e r p e n d i c u l a r  t o  

t h e  s c a n  d i r e c t i o n .  

and TEO2 01 

01 02 

On 

2 The r e s u l t i n g  X-Y p l o t s ,  t h e n ,  co r re sponded  c l o s e l y  t o  E: and E 
r 

a l o n g  t h e  two s c a n  l i n e s  a t  a s i n g l e  p l a n e  of t h e  b e a t  p a t t e r n  of t h e  modes 

i n  t h e  g u i d e .  Sometimes more e x t e n s i v e  measurements  were made f o r  d i f f e r e n t  

l e n g t h s  o f  g u i d e  and a t  d i f f e r e n t  l o c a t i o n s  a c r o s s  t h e  g u i d e  a p e r t u r e .  I n  

p r i n c i p l e ,  a comple t e  a n a l y s i s  i s  f a c i l i t a t e d  i n  t h i s  manner. I n  t h e  

p r e s e n c e  o f  more t h a n  two o r  t h r e e  s i g n i f i c a n t  modes, however ,  t h e  a n a l y s i s  

p r e s e n t s  a f o r m i d a b l e  problem. 

2 
F i g u r e  71 shows t h e  modal o u t p u t  ( E  and E:) a l o n g  a s i n g l e  

d i a m e t e r  o f  a 1 .125-inch-diameter  g u i d e  e x c i t e d  i n  t h e  TE mode. T h i s  

d i a m e t e r  is c l o s e  t o  t h a t  of  t h e  g u i d e  used  i n  the  t r i p l e  miter. Note t h e  

absence  o f  r a d i a l  e l e c t r i c  f i e l d  a c r o s s  t h e  d i a m e t e r .  Adding a s i n g l e  miter 

r 

02 
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Figure 70. Mode Probing Arrangement 
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I I 

Figure 71. Modal Output Along Diameter of 1.125-inch Diameter Guide 
(Guide Wall Position Indicated) 
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i n  t h e  same diameter gu ide  gave r ise t o  a c o n s i d e r a b l e  change i n  t h e  

p a t t e r n ,  c o n s i s t e n t  w i t h  some conversion i n t o  TE 

i n c i d e n t  mode, t h e  o u t p u t  appeared t o  be p r i m a r i l y  TE 

and TE,2. For t h e  TEO, 11 
TEO2, TE,,, and 01’ . T h e o r e t i c a l l y ,  mode conversion is less f o r  t h e  TE than  f o r  t h e  TE12 01 

TEO2. 
i s  i n c r e a s e d .  For example, a t  28 GHz,  a miter i n  a 2.5-inch guide r e s u l t s  

i n  a c a l c u l a t e d  power conversion o f  about  11% f o r  t h e  TE and 36% f o r  t h e  

Lower conversion o c c u r s  a s  t h e  d i ame te r  of t h e  guide o r  t h e  frequency 

01 . A t  120 CHz, v a l u e s  f o r  t h e  same 2.5 inch  gu ide  become 1.2% and 4 8 ,  
TE02 
r e s p e c t i v e l y  

When t h e  s i n g l e  miter i s  r e p l a c e d  by t h e  t r i p l e  miter, t h e  modes 

from TE e x c i t a t i o n  measured i n  s c a n s  p a r a l l e l  t o  and pe rpend icu la r  t o  t h e  

a x i s  o f  t h e  f i r s t  gu ide  a r e  shown i n  F i g u r e s  72 and 73, r e s p e c t i v e l y .  Note 

t h e  emergence of s i g n i f i c a n t  E 

TEO2, TMOl and TMO2. 

i s  converted by t h e  t r i p l e  m i t e r  i n t o  non-TE modes. 

02 

f i e l d .  The dominant modes appear t o  be 
r 

It  is roughly e s t i m a t e d  t h a t  a t  l e a s t  30% o f  t h e  power 

on 

For TEO, e x c i t a t i o n ,  t h e  conversion i s  less b u t  n e v e r t h e l e s s  

s i g n i f i c a n t .  I n  terms o f  t u b e  performance, t h e  resul ts  o f  mode conversion 

a r e :  added window stress, a few p e r c e n t  added t r a n s m i s s i o n  loss between 

tube  and l o a d ,  e x t e n s i v e  mode conversion a t  subsequent  miters, and 

c o n s i d e r a b l e  o u t p u t  power monitor ing d i f f i c u l t y .  On t h e  o t h e r  hand, i f  t h e  

proper  e f f i c i e n c y  can be ach ieved ,  t h e  window can be adequa te ly  coo led ,  and 

d e s i g n  of t h e  t r i p l e  miter o u t p u t  h a s  much t o  commend it .  

2. S p h e r i c a l  Mi r ro r s  

I n  coope ra t ion  wi th  work a t  ORNL, an i n v e s t i g a t i  

multimode coup l ing  t o  t h e  plasma is  s a t i s f a c t o r y ,  t h e  compact mechanical 

d n was c a r r i  

on the use  of s p h e r i c a l  m i r r o r s  l o c a t e d  i n  t h e  c o l l e c t o r  t o  t r a n s f e r  t h e  

microwave power i n  semi -op t i ca l  f a s h i o n  from t h e  i n p u t  a p e r t u r e  a c r o s s  t h e  

c o l l e c t o r  t o  t h e  o u t p u t  waveguide. Microwave power i s  r a d i a t e d  from t h e  

a p e r t u r e  A Figure  7 4 ,  towards mi r ro r  2. Sepa ra t ion  of t h e  m i r r o r s  i s  

chosen such t h a t  w i t h  a given 

o r  T E 0 2 ) ,  t h e  ang le  subtended by t h e  2.5-inch-diameter a p e r t u r e  i n  t h e  

second mi r ro r  c o n t a i n s  o n l y  a few p e r c e n t  of t h e  i n i t i a l l y  i n c i d e n t  wave. 

1’  
a p e r t u r e  a t  A and a given c a v i t y  mode (TEOI 1 

u t  

E25 



Figure 72. Modal Output After Triple Miter Scan Parallel to Axis of Gyrotron 
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Figure 43. Modal Output After Tripie Miter Scan Perpendicular to Gyrotrora Axis 
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S i n c e  t h e  r a d i a t i n g  beam h a s  a hollow c o r e ,  t h i s  may be done wi th  r e l a t i v e l y  

sma l l  mi r ro r  s e p a r a t i o n ,  abou t  16 inches  f o r  a 2.5-inch-diameter a p e r t u r e  a t  

AI.  The reason f o r  minimizing t h e  i n t e r r u p t i o n  o f  t h e  i n i t a l l y  i n c i d e n t  

wave a t  t h e  second a p e r t u r e  is t h a t  t h e  boundary c o n d i t i o n s  there  may resul t  

i n  h igh  o r d e r  axisymmetric modes. Some of t h e s e  would be r e f l e c t e d  and l o s t  

t o  t h e  o u t p u t ;  t h e  remainder would i n t e r f e r e  and b e a t  w i t h  t h e  wave 

r e f l e c t i n g  from t h e  m i r r o r s .  The r a d i u s  of  c u r v a t u r e  o f  a m i r r o r  i s  chosen 

such t h a t  f o r  an e f f e c t i v e  s o u r c e  at, or near A a s p h e r i c a l  wave f r o n t  

becomes p l a n a r  a f t e r  r e f l e c t i o n  a t  mi r ro r  2 ;  i . e . ,  A should be a t  t h e  focus  

o f  a pa rabo lo id  m i r r o r  2. For a pa rabo lo id  approximated by a s p h e r i c a l  

s u r f a c e  t h e  r a d i u s  o f  c u r v a t u r e  is twice t h e  a x i a l  d i s t a n c e  t o  A The 

p lane  wave then  f a l l s  on m i r r o r  1 ,  which may have t h e  same r a d i u s  o f  

c u r v a t u r e  a s  mi r ro r  2 ,  t h u s  producing a s p h e r i c a l  wave which converges on 

l o  

1 

1 '  

2' 
t h e  a p e r t u r e  A 

The diameter  of  

sma l l  amount of o v e r s p i l l  

g e n e r a l ,  t h a t  t o o  w i l l  be 

t h e  m i r r o r s  should be such  t h a t  t h e r e  is on ly  a 

from t h e  i n i t i a l l y  i n c i d e n t  wave s i n c e ,  i n  

l o s t  from t h e  o u t p u t .  l vOver sp i l l "  and r e f l e c t i o n  

of  t h e  i n c i d e n t  wave a t  t h e  a p e r t u r e  w i l l  r e s u l t  i n  t r apped  modes, which may 

g i v e  r i se  t o  u n d e s i r a b l e  r e sonances  u n l e s s  t h e y  are s u i t a b l y  loaded. The 

lower h a l f  of  F igu re  74 shows a p o r t i o n  of t h e  in t ended  p a t h  of t h e  

axisymmetric e l e c t r o n  beam. The upper h a l f  shows g e o m e t r i c a l  o p t i c a l  r a y s  

through t h e  system. For 12-inch-diameter m i r r o r s  w i t h  a 32-inch r a d i u s  of  

c u r v a t u r e  spaced 16 i n c h e s  a p a r t ,  t h e  pa th  difference 4 between an a x i a l  

r a y  and one which t r a n s i t s  v i a  t h e  p e r i p h e r y  of t h e  second m i r r o r  i s  such  

t h a t  &/A = 0.1199, measuring t o  t h e  p l ane  pe rpend icu la r  t o  t h e  a x i s  a t  t h e  

i n t e r s e c t i o n  of mirrar 2 wi th  t h e  a x i s .  The p a t h  d i f f e r e n c e  f$ would be 

ze ro  f o r  p a r a b o l i c  m i r r o r s .  The maximum d i f f e r e n c e  i n  a x i a l  p o s i t i o n  

between t h e  i d e a l  pa rabo lo id  and t h e  s p e r i c a l  s u r f a c e  i s  o n l y  5 m i l  a t  t h e  

c i r cumfe rence .  A t  a 5-inch r a d i u s ,  it i s  only 2.4 m i l .  I n  t h e  c a s e  o f  t h e  

mode, on ly  a few p e r c e n t  of t h e  power l i e s  o u t s i d e  t h e  5-inch r a d i u s .  
TEO 1 
Thus, t h e  s p h e r i c a l  approximation seems j u s t i f i e d .  Pu re ly  from o u t p u t  

c i r c u i t  c o n s i d e r a t i o n s ,  t h e  TE 

because of i ts  i n c r e a s e d  d ive rgence  f o r  a given a p e r t u r e  A and f o r  a given 

mode is  less d e s i r a b l e  than  t h e  TEO, 
02 

1 
i n c i d e n t  i n t e r r u p t i o n  a t  A I n  f a c t ,  t he  c e n t r a l  l obe  of  t h e  TE mode 

d i v e r g e s  i n  a very s i m i l a r  f a sh ion  t o  t h e  complete TE beam. Thus, for t h e  
2 '  02 

01 
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TEO2 mode, l a r g e r  d i a m e t e r  m i r r o r s  become n e c e s s a r y .  

r e q u i r e  c l o s e r  p a r a b o l i c  form. 

These  would t h e n  

F i g u r e  75 shows t h e  l o c u s  o f  t h e  maxima and minima of E a s  a Q 
f u n c t i o n  o f  a x i a l  d i s t a n c e  f rom t h e  a p e r t u r e  for  t h e  TE mode. For  

r e f e r e n c e ,  a 12-inch-diameter  m i r r o r  s u b t e n d s  a s e m i - v e r t i c a l  a n g l e  o f  

20.56' a t  t h e  15  i n c h  d i s t a n t  f o c a l  p o i n t .  

a s  t h e  r e s u l t  o f  a ser ies  o f  s c a n s  made p e r p e n d i c u l a r  t o  t h e  a x i s  of t h e  

2.5- inch-diameter  a p e r t u r e  i n  a 12-inch-diameter  m i r r o r  f e d  by a 0.52-inch- 

d i a m e t e r  c i r c u l a r  g u i d e  and a t a p e s  s e c t i o n .  Some h i g h e r - o r d e r  mode f i e l d s  

The p r e s e n c e  of t h e s e  modes i n f l u e n c e d  were d e t e c t e d ,  p a r t i c u l a r l y  TE 

t h e  d e t a i l s  o f  t h e  d i s t r i b u t i o n .  I n  a d d i t i o n ,  i f  h i g h e r - o r d e r  modes were 

p r e s e n t ,  a s h o r t  s e c t i o n  o f  c i r c u l a r  g u i d e  between t h e  t a p e r  and m i r r o r  

would change  t h e  r e l a t i v e  p h a s e  a t  t h e  a p e r t u r e .  T h e r e f o r e ,  t h e  f i e l d  

d i s t r i b u t i o n  would a l s o  be  changed ,  

selected p l a n e s .  

01 

F i g u r e s  75 and 196 were o b t a i n e d  

02' 

F i g u r e  76 shows E: d i s t r i b u t i o n s  a t  

A TEO,l c a v i t y  whose d i a m e t e r  co r re sponded  t o  t h e  i n n e r  modal. 

s u r f a c e  of  t h e  TEO2 c a v i t y  was a l so  e x c i t e d  and used  t o  feed t h e  m i r r o r  

sys tem.  The e f fec t  o f  t h e  sys t em on t h e  c a v i t y  f r e q u e n c y  r e s p o n s e  c u r v e  was 

examined,  p a r t i c u l a r l y  a s  a f u n c t i o n  o f  t h e  second m i r r o r  p o s i t i o n .  As t h e  

second m i r r o r  was moved a x i a l l y  o v e r  a h a l f  wave leng th ,  t h e  r e s p o n s e  c u r v e  

is changed a s  i n d i c a t e d  i n  F i g u r e  77. Note t h a t  a change  i n  s e p a r a t i o n  o f  

30 mils may produce  a marked change  i n  t h e  r e s p o n s e .  A ser ies  o f  Q 

measurements  was made f o r  mirrors s e p a r a t e d  by a d i s t a n c e  c o r r e s p o n d i n g  t o  

t h a t  of t h e  upper  and lower  c u r v e s  o f  F i g u r e  77 and f o r  o t h e r  s e p a r a t i o n s  o f  

a ha l f -wave leng th  inc remen t .  A minimum 8 ,  c o r r e s p o n d i n g  t o  minimum c o u p l i n g  

back t o  t h e  c a v i t y ,  was o b t a i n e d  a t  a m i r r o r  s e p a r a t i o n  o f  t h e  f o c a l  

d i s t a n c e ,  F i g u r e  78. The r e s o l u t i o n  of t h e  measurement was t h e  h a l f -  

wavelength  s t e p .  U n s u r p r i s i n g l y ,  t h i s  m i r r o r  s e p a r a t i o n  was a l s o  found t o  

be optimum from t h e  p o i n t  o f  view o f  mode p u r i t y  a t  t h e  o u t p u t  g u i d e  

a p e r t u r e  o f  t h e  second mirror. 

2 
F i g u r e  79 shows t h e  ( E  d 2  and ( E r )  f i e l d s  measured a t  t h e  mouth 

of t h e  o u t p u t  g u i d e .  Note t h a t  i n  none of t hese  p a r t i c u l a r  e x p e r i m e n t s  was 

t h e  c y l i n d r i c a l  c o l l e c t o r  s i m u l a t e d .  The e f f e c t  o f  such  a s i m u l a t i o n  is  t o  
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Figure 76. Eo 2 Perpendicular to and Across the Axis of the Aperture as a Function of 
Distance from the Aperture 
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Figure 79. Butput from 2.5-inch Diameter Guide After Reflection Through Mirrors 
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produce  a s p i k e d  r e s p o n s e  because  o f  t r a p p e d  modes. As was found a t  O R N L ,  a 

gap  of 1/2 i n c h  between t h e  c y l i n d e r  and a m i r r o r  caused  s u f f i c i e n t  l o s s  i n  

t h e s e  modes t o  r e d u c e  them t o  a p o s s i b l y  t o l e r a b l e  l e v e l .  I n  p r a c t i c e ,  t h i s  

might  be accompl ished  by a l a r g e  d i a m e t e r  c e r a m i c  window and a w a t e r  l o a d .  

It  i s  of i n t e r e s t  t o  n o t e  t h a t  t h e  a d d i t i o n  of a s i n g l e  miter i n  

t h e  2.5- inch-diameter  o u t p u t  g u i d e  produced  an u n d e t e c t a b l e  e f fec t  on t h e  

r e s o n a n c e  c u r v e  b u t  mod i f i ed  t h e  f i e l d s  a t  t h e  o u t p u t  of t h e  miter t o  t h o s e  

shown i n  F i g u r e  80. T h i s  i s  c o n s i s t e n t  w i t h  o u r  e x p e c t a t i o n  t h a t  t h e  mode 

c o n v e r s i o n  exc i tes  p r e d o m i n a n t l y  fo rward  p r o p a g a t i n g  modes. 

Most o f  t h e  measurements  d i s c u s s e d  above a p p l y  t o  t h e  TE mode. 
01 

o p e r a t i o n  r e q u i r e s  t h e  u s e  o f  l a r g e r  d i a m e t e r  (15 inches ) .  p a r a b o l i c  
TE02 
m i r r o r s ,  t h e  second of which must be w a t e r  c o o l e d  because  of e l e c t r o n  beam 

c o l l e c t i o n .  A s e p a r a t i o n  o f  16 i n c h e s  and a f o c a l  l e n g t h  o f  32 i n c h e s  

shou ld  r e s u l t  i n  a 3% o r  4% loss  o r  mode c o n v e r s i o n  due  t o  t h e  d i r e c t  p a t h  

a t  t h e  second a p e r t u r e  and an e s t i m a t e d  5 %  t o  10% l o s s  a t  t h e  p e r i p h e r y .  

F u r t h e r ,  a s i m i l a r  l o s s  o r  c o n v e r s i o n  would be e x p e c t e d  i n  c o u p l i n g  back 

i n t o  t h e  o u t p u t  g u i d e ,  Alignment and p r o p e r  s epa l - a t ion  a r e  c r i t i c a l .  The 

s e p a r a t i o n  must be se t  t o  a b o u t  1 /2  mm,  tilt must be less t h a n  a b o u t  0.1'. 

The fo rmer  p r i m a r i l y  a f f e c t s  c a v i t y  r e s p o n s e  when t h e  m i r r o r s  are close t o  

t h e i r  optimum s e p a r a t i o n .  The l a t t e r  is ev idenced  by i n c r e a s e d  mode 

c o n v e r s i o n  and t r a n s m i s s i o n  l o s s .  The p r e c e d i n g  t o l e r a n c e  s t a t e m e n t s  a r e  

e s t i m a t e s  based  on measurements  s u c h  a s  t h o s e  o f  F i g u r e  80. O b t a i n i n g  and 

h o l d i n g  such  c l o s e  dimensional .  t o l e r a n c e s  would requlere c a r e f u l  

c o n s i d e r a t i o n  o f  c o l l e c t o r  t h e r m a l  d i s t r i b u t i o n  d u r i n g  t u b e  o p e r a t i o n .  

Changes i n  c o l l e c t o r  t e m p e r a t u r e  would have  a n o t i c e a b l e  e f f e c t  on rf  power 

o u t p u t  u n l e s s  m i r r o r  s e p a r a t i o n  were made t h e r m a l l y  i n d e p e n d e n t .  

F u r t h e r  work on s p h e r i c a l  m i r r o r s  was deferred a t  t h i s  p o i n t  i n  

t h e  program, w h i l e  s t u d i e s  o f  s t r a i g h t  t h r o u g h  c o l l e c t o r  sys t ems  were 

u n d e r t a k e n .  C a r e f u l  e v a l u a t i o n  of t h e  s p h e r i c a l  m i r r o r  sys t em s u g g e s t e d  

t h a t  w h i l e  d imens iona l .  c o n s t r a i n t s  were p robab ly  t o l e r a b l e  i n  l a b o r a t o r y  

cold tes t  e x p e r i m e n t s ,  t h e y  would l i k e l y  be  e x t r e m e l y  d i f f i c u l t  t o  m a i n t a i n  

i n  p r a c t i c a l .  t u b e s .  
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Figure 80. Effect on Output of a Single Miter Bend Following a Mirror System 
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3. S t r a i g h t  Through C o l l e c t o r  

The s t r a i g h t  through c o l l e c t o r  o u t p u t  coup l ing  s y s t e m ,  a s  t h e  name 

s u g g e s t s ,  t r ea t s  t h e  c o l l e c t o r  a s  an element of t h e  o v e r a l l  microwave o u t p u t  

sys tem.  S u i t a b l e  t a p e r s  are employed between d i f f e r i n g  component d i ame te r s .  

The name "axisymmetric outputs '  came t o  be a p p l i e d  t o  t h i s  t y p e  of" o u t p u t  

coup l ing  system. Tubes i n c o r p o r a t i n g  it came t o  be known a s  l laxisymmetric*l 

models. Three p o s s i b l e  arrangements  of c o l l e c t o r ,  window, and o u t p u t  

waveguide were cons ide red .  The d i f f e r e n c e s  among them concerned component 

d i ame te r s .  Table  24 i d e n t i f i e s  t h e s e  a r e a s  of in te res t  and i n d i c a t e s  t h e  

r e p o r t  s u b s e c t i o n  i n  which each i s  d i s c u s s e d .  

TABLE 24 

S t r a i g h t  Through C o l l e c t o r s  

Report 
Subsect ion 

a. 

b ,  

C, 

C o l l e c t o r  Window o u t p u t  
Diameter Diameter Diameter 

5 m 0" 5 0 0" 5 .Of f  

2.5'' 2.5'9 2.5" 

5.8" 2. 5fv 2.5" 

I t  was recognized,  o r  a t  l e a s t  s u s p e c t e d ,  a t  t h e  o u t s e t  t h a t  t h e  

5-inch window diameter  of Subsect ion a. would l i k e l y  prove t o  be t o o  l a r g e ,  

t h a t  t h e  2.5-inch c o l l e c t o r  diameter  of Subsec t ion  b. would probably be t o o  

s m a l l ,  and t h a t  t h e  arrangement o f  Subsect ion c. probably r e p r e s e n t e d  t h e  

b e s t  compromise. Neve r the l e s s  each of t h e  t h r e e  d e s i g n s  was pursued c l o s e l y  

t o  determine e l e c t r i c a l  and mechanical l i m i t a t i o n s .  

a >  C o l l e c t o r ,  Window, and Output A l l .  5-inch Diameter: A paper 

des ign  f o r  t h i s  t y p e  of  c o l l e c t o r / o u t p u t  i s  shown s c h e m a t i c a l l y  i n  

F igu re  81. An 8 degree taper is used  between t h e  TE o s c i l l a t o r  c a v i t y  

and t h e  5-inch-diameter c o l l e c t o r .  Beam t r a j e c t o r y  c a l c u l a t i o n s  showed t h a t  

t h e  a d d i t i o n  of  a s h o r t  magnet c o i l  would s h i f t  t h e  maximum of t h e  beam 

power d e n s i t y  t o  t h e  r eg ion  of t h e  j u n c t i o n  of t h e  t a p e r  and c y l i n d e r .  The 

beam would t h u s  be spread over  a l a r g e r  a r e a ,  r e d u c i n g  power d e n s i t y  a t  t h e  

wal l  by a t  Least  a f a c t o r  of  about two compared t o  a 2.5-inch d i ame te r .  A 
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t r a n s v e r s e  magnet provided a f i e l d  g r e a t e r  than 300 gauss  t o  p r o t e c t  t h e  

window from e l e c t r o n  bombardment. The l e n g t h  of t h e  o u t p u t  s e c t i o n  from t h e  

t o p  o f  t h e  e x i s t i n g  p o l e  p i e c e  t o  t h e  window was 40 i n c h e s .  A paper d e s i g n  

was a l s o  completed f o r  a double  FC-75 face-cooled 5-inch-diameter window. 

The t h i c k n e s s  o f  each o f  t h e  5-inch-diameter windows had t o  be i n c r e a s e d  t o  

a t  l e a s t  one guide wavelength t o  enab le  t h e  windows t o  wi ths t and  t h e  

atmospheric  and c o o l a n t  p r e s s u r e s .  The i n c r e a s e d  window t h i c k n e s s  would 

l e a d  t o  p r o p o r t i o n a t e l y  l a r g e r  microwave power loss. With respect,  t o  

t he rma l  c o n d u c t i v i t y  t o  t h e  f a c e ,  t h e  l a r g e r  power l o s s ,  because o f  t h e  

inc reased  t h i c k n e s s ,  a r e  more than  o f f s e t  by an i n c r e a s e d  a r e a  a v a i l a b l e  f o r  

f a c e  coo l ing .  The obvious advantage o f  t h i s  approach would be t h e  l a r g e  

c o l l e c t o r  d i a m e t e r ,  which would make beam sp read ing  less c r i t i c a l .  The 

window would have i n c r e a s e d  power l o s s  b u t  reduced c o o l a n t  i n t e r f a c e  power 

d e n s i t y .  The 5-inch o u t p u t  guide could be useds  but  t h e r e  would c l e a r l y  be 

p r a c t i c a l  inconveniences and d i f f i c u l t i e s  because o f  t h e  l a r g e  s i z e .  

Overal l ,  t h e  approach d i d  no t  appear t o  be optimum. 

b )  C o l l e c t o r ,  Window, and Output All 2.5-inch Diameter: Obvious 

advantages of t h i s  t y p e  of d e s i g n  are t h e  e l i m i n a t i o n  o f  t h e  down t a p e r  and 

freedom from t h e  mode d e n s i t y  i n h e r e n t  with a l a r g e  d i ame te r  c o l l e c t o r .  

However, des ign  of a 2.5-inch-diameter c o l l e c t o r  is  c r i t i c a l l y  dependent 

upon e l e c t r o n  beam c o n t r o l .  Knowing cathode magnetic f l u x ,  magnet ic  f i e l d ,  

and i n t e r a c t i o n  r eg ion  e l e c t r o n  v e l o c i t y  components; one may show t h a t  

adequate  magnetic f l u x  i s  a v a i l a b l e  a t  t h e  c o l l e c t o r  f o r  beam c o n t r o l .  The 

e l e c t r o n  beam expands a d i a b a t i c a l l y  i n t o  t h e  c o l l e c t o r  i f  r e d u c t i o n  of  t h e  

magnetic f i e l d  i s  s u i t a b l y  g r a d u a l .  

In  t h e  i n t e r a c t i o n  r e g i o n ,  t h e  maximum space-charge f o r c e  

a s s o c i a t e d  with t h e  dc beam is  less than  0.4% o f  t h e  magnetic f o r c e .  A t  t h e  

c o l l e c t o r  w a l l ,  t h e  space-charge f o r c e  on t h e  o u t e r  e l e c t r o n s  i n c r e a s e s  t o  

about  10% of t h e  r a d i a l  magnetic f o r c e .  This  means t h a t  f o r  a real  beam, 

o u t e r  e l e c t r o n s  w i l l  be i n t e r c e p e d  by t h e  c o l l e c t o r  e a r l i e r  than they  would 

be  wi th  z e r o  space-charge.  Inne r  e l e c t r o n s  would a r r i v e  a t  t h e  c o l l e c t o r  a t  

p o i n t s  c l o s e r  t o  space-charge-free c a l c u l a t e d  va lues .  Thus, t h e  e f f e c t  o f  
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space-charge is t o  g i v e  a modest r e d u c t i o n  i n  t h e  power d e n s i t y  a t  t h e  

c o l l e c t o r  wa l l .  C a l c u l a t i o n s  based on space-charge-free c o n d i t i o n s  a r e  

c o n s e r v a t i v e .  

T r a j e c t o r y  c a l c u l a t i o n s  were carried ou t  i n  t h e  c o l l e c t o r  

r e g i o n  us ing  a n a l y t i c  

low-power s o l e n o i d s .  

are c o n s t a n t s .  

F igu re  

c o l l e c t o r  wall. N i n e  

magnetic f i e l d s  t h a t  could be s y n t h e s z i e d  by long 

The f i e l d s  had the  form BZ = a / ( b  c Z), where a and b 

52 shows t h e  i n t e r c e p t i o n  o f  i n n e r  t r a j e c t o r i e s  a t  t h e  

equispaced e l e c t r o n s  were in t roduced  around a c i r c u l a r  

c r o s s  s e c t i o n  o f  a c y c l o i d a l  o r b i t .  The i r  t r a n s v e r s e  and a x i a l  e n e r g i e s  

corresponded t o  t h e  magnetic f i e l d  a t  t h e  p l ane  o f  i n t r o d u c t i o n .  S i m i l a r  

t r a j e c t o r i e s  f o r  o u t e r  e l e c t r o n s  a r e  i n t e c e p t c d  i n  a s h o r t e r  d i s t a n c e  

t r a n s l a t e d  by about  6 i n c h e s  towards t h e  c a v i t y .  The c u r r e n t  d e n s i t y  a t  t h e  

c o l l e c t o r  may be determined from t h e  summation o f  such sets  of  t r a j e c t o r i e s .  

Th i s  t a k e s  t h e  form shown i n  F igu re  83. The magnetic f i e l d  f o r  t h i s  c a s e  i s  

shown i n  F igu re  84. Note t h a t  t h e  maximum d c  c o n d i t i o n  power d e n s i t y  i n t o  

t h e  c o l l e c t o r  would be  Y kW/cm . C o l l e c t o r  power d e n s i t y  d i s t r i b u t i o n s  

were e s t i m a t e d  f o r  a v a r i e t y  o f  o p e r a t i o n a l  modes. I n  a l l  c a s e s ,  t h e  

maximum power d e n s i t y  was less  than  1.25 kW/cm . To p reven t  excessive 

movement o f  t h e  beam i n  t h e  c o l l e c t o r  a s  t h e  gun c o i l  currents were 

a d j u s t e d ,  it was planned t o  program t h e  c o l l e c t o r  magnet s u c h  t h a t  c o l l e c t o r  

magnet c u r r e n t  I = 9 + 1 where I i s  t h e  c u r r e n t  of gun c o i l  No. 1.  

2 

2 

C e7 ' GI 

The complete c o l l e c t o r  is shown i n  F i g u r e  85. A 3.5' t a p e r  

ex tends  from t h e  o s c i l l a t o r  c a v i t y  t o  t h e  2.5-inch diamet.er. This  is 

followed by an i n s u l a t e d  gap,  which e n a b l e s  body c u r r e n t  measurement and 

a c t s  a s  a mode suppres so r  f o r  TE modes. The c o l l e c t o r  is cooled by 36, 

0.187-inch-diameter c y l i n d r i c a l  channe l s  w i th  a water flow of 200 gpai a t  a 

p r e s s u r e  head of  180 p s i .  A t r a n s v e r s e  magnetic f i e l d  o f  g r e a t e r  than 600 

gauss  p rov ides  a b a r r i e r  f o r  h igh  energy secondary e l e c t r o n s .  The window 

would be mounted i n  l i n e  so t h a t  e x t e r n a l  mode suppres s ion  ( e x t e r n a l  t o  t h e  

vacuum t u b e )  could be provided between t h e  window and the  f i r s t  miter bend 

of t h e  o u t p u t  waveguide. Mode conversion from t h e  TE t o  o t h e r  c i r c u l a r -  

e l ec t r i c  modes would be l e s s  t han  5% on a power b a s i s .  

on 

0 2  
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Es t ima tes  were made o f  t h e  r e q u i r e d  t o l e r a n c e s  on c o l l e c t o r  

a l ignment  with t h e  beam c o n t a i n i n g  f l u x  t u b e s .  These were prac t ica l .  

However, t h e  recent examination o f  minor beam damage i n  a 10-inch-diameter 

c o l l e c t o r  i nd ica t e s  c o n s i d e r a b l e  l a c k  of a x i a l  symmetry i n  t h e  gu id ing  f l u x  

t u b e s  of  t h e  main magnet a t  QRNL. While d e t a i l e d  c a l c u l a t i o n s  have not  been 

made f o r  such an asymmetry i n  t h e  2,5-inch-diameter c o l l e c t o r ,  it i s  c l e a r l y  

u n d e s i r a b l e  and must be g r e a t l y  reduced t o  make t h i s  approach p r a c t i c a b l e .  

c >  C o l l e c t o r  5 i n c h ;  Window and Output 2.5-inch-diameter: With 

a p p r o p r i a t e  magnetic f i e l d  d i s t r i b u t i o n  t h e  5-inch-diameter c o l l e c t o r  a l l o w s  

a maximum e l e c t r o n  beam d i s s i p a t i o n  under 1 kld pes squa re  c e n t i m e t e r .  

F u r t h e r ,  t h e  d e s i g n  l e a d s  t o  r e a d i l y  a c h i e v a b l e  t o l e r a n c e s  a c c e p t a b l e  with 

respect t o  both d i s s i p a t i o n  and dimensional  e f f e c t s  on t h e  o s c i l l a t o r  c a v i t y  

resonance.  

The d e s i g n  i s  i l l u s t r a t e d  i n  F igu re  86. A smooth t a p e r  

ex tends  from t h e  c a v i t y  t o  t h e  5-incki-diameter gu ide ,  which becomes t h e  

c o l l e c t o r .  P r i o r  t o  t h e  c o l l e c t o r  r e g i o n ,  t h e r e  is  an annu la r  gap bound by 

a ceramic window and a water  l oad .  Th i s  p rov ides  s e l e c t i v e  suppres s ion  o f  

bo th  non-axisymmetric modes and, t o  a deg ree ,  o f  higher-order  axisymmetric 

modes, a l lowing  t h e  lower-order axisymmetric TE modes t o  pas s  w i t h  

n e g l i g i b l e  l o s s .  The mode suppres so r  a l s o  p rov ides  e l ec t r i ca l  i s o l a t i o n  o f  

t h e  c o l l e c t o r .  The d i s s i p a t i o n  r eg ion  of  t h e  c o l l e c t o r  i s  beyond. I t  

ex tends  from about  6 i n c h e s  from t h e  suppres so r  t o  halfway down t h e  f a r  

t a p e r .  This t a p e r  i s  t h e  same as t h e  e n t r a n c e  t a p e r .  A t r a n s v e r s e  magnet ic  

f i e l d  e x i s t s  a t  t h e  2.5-inch-diameter gu ide ,  ex tend ing  over  a 6 i n c h  l e n g t h  

o f  the  waveguide t o  a c t  a s  a barrier f o r  secondary e l e c t r o n s  produced a t  t h e  

c o l l e c t o r  w a l l .  Then f o l l o w s  an i n s u l a t e d  gap s e r v i n g  p r i m a r i l y  t o  

e l e c t r i c a l l y  i s o l a t e  t h e  window from t h e  c o l l e c t o r .  The window uses two 

ce ramic  d i s c s  w i t h  f a c i n g  s u r f a c e s  cooled by FC-75. The s t r u c t u r e s  s i m i l a r  

to t h e  window a r e  d e s c r i b e d  i n  S e c t i o n  IV-F. Because of t h e  a x i a l  symmet ry  

o f  t h e  sys t em and t h e  reduced mode conve r s ion ,  t h e  maximum power d e n s i t y  a t  

t h e  window f o r  a given power o u t p u t  should be less than t h a t  i n  e a r l y  CW 

t u b e s .  The power coupled o u t  r a d i a l l y  from t h e  window i n t o  t h e  FC-75/water 

load should a l s o  be less. 
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The t a p e r s  a re  d e s i g n e d  f o r  less t h a n  25% mode c o n v e r s i o n .  

Less t h a n  1 %  is  c o n v e r t e d  i n t o  h i g h e r - o r d e r  a x i s y m m e t r i c  modes which  c o u l d  

b e  t r a p p e d  be tween t h e  t a p e r s .  A t  28 GHz, a l l  TE modesp u p  t o  and  

i n c l u d i n g  TE a r e  t r a n s m i t t e d  by t h e  2.5- inch o u t p u t  g u i d e .  It  i s  

i m p o r t a n t ,  t h e r e f o r e ,  t h a t  c o u p l i n g  t o  t h e  TEO6 and h i g h e r  modes is  k e p t  a s  

small  a s  possible .  An a p p r o x i m a t e  c a l c u l a t i o n  i n d i c a t e s  t h a t  t h e  c o n v e r s i o n  

t o  t h e  TE06 mode i s  less t h a n  -30 dB. 

c o u l d  p r o d u c e  an a t t e n u a t i o n  of -0.25 dB, t h u s  a r e l a t i v e  i n s e r t i o n  l o s s  of 

-0.5 dB. 

r e s o n a n t  c o n d i t i o n  were s a t i s f i e d  fo r  t h e  TE mode i n  t h e  r e g i o n  be tween 

t h e  two t a p e r s  . With  c o n v e r s i o n  t o  TE less  t h a n  -40 dA, power l o s s  i n  

t h e  TEO2 mode would be u n d e r  2%. 

-30 dB and -40 dR; t h u s ,  o n e  m i g h t  e x p e c t  power l o s s  t o  t h e  TE i n  t h e  

r a n g e  of 10% t o  2%, The c o n v e r s i o n  t o  h i g h e r - o r d e r  a x i s y m m e t r i c  modes is  

n e g l i g i b l e ,  and  w h i l e  p r e c a u t i o n s  must  b e  t a k e n  t o  m i n i m i z e  c o n v e r s i o n  t o  

non-axisymmetr ic  modes b y  m a i n t a i n i n g  good a x i a l  a l i g n m e n t  i n  t h e  co l lec tor ,  

a n y  small c o n v e r s i o n  t h a t  does o c c u r  i s  p r e v e n t e d  from r e a c h i n g  a s e r i o u s l y  

r e s o n a n t  and l o s s y  C o n d i t i o n  by t h e  a t t e n u a t i o n  of t h e  a n n u l a r  gap .  

On 

05 ' 

The effect  of t h e  g a p  on t h i s  mode 

T h i s  would amount t o  -10% power l o s s  i n  t h e  TEO2 mode, i f  t h e  

06 5 
06 

The a c t u a l  c o n v e r s i o n  t o  TE l i e s  be tween 
06 

02 

The s y s t e m  shown i n  F i g u r e  85, c o n s t r u c t e d  of aluminum € o r  

co ld  t e s t i n g ,  was e x i t e d  from a c a v i t y  o p e r a t i n g  i n  t h e  TE mode. The c a v i t y  

r e s o n a n c e  and t h e  power a t  t h e  e x i t  of t h e  2 .5- inch-d iameter  g u i d e  were 

m o n i t o r e d ,  The c a v i t y  r e s o n a n c e  was examined f i rs t  w i t h  t h e  c y l i n d r i c a l  

c o l l e c t o r  s e c t i o n  and s e c o n d  t a p e r  removed. The l a t e r  s e c t i o n s  were t h e n  

added and f o u n d  t o  p r o d u c e  n e g l i g i b l e  e f f e c t  on t h e  r e s o n a n c e  c u r v e ,  

p r o v i d e d  t h a t  a small ( -1 /4pt )  g a p  was m a i n t a i n e d  a t  t h e  l o c a t i o n  of t h e  

p r o p o s e d  mode f i l t e r .  Moreover ,  t h e  r e s o n a n c e  c u r v e  was i n s e n s i t i v e  t o  

l o n g i t u d i n a l  t r a n s l a t i o n  of t h e  c y l i n d e r  and second t a p e r  and t o  t ilt  and 

r a d i a l  d i s p l a c e m e n t  c o n s i d e r a b l y  g r e a t e r  t h a n  t h a t  which  would o c c u r  i n  a 

c o m p l e t e  t u b e .  With t h e  g a p  c l o s e d ,  some h i g h  Q r e s o n a n c e s  were o b s e r v e d  i n  

t h e  c a v i t y  r e s o n a n c e  c u r v e  w i t h  d i p s  on t h e  o r d e r  of 5%. T h e s e  r e s o n a n c e s  

were more pronounced  i n  t h e  t r a n s m i t t e d  power.  With t h e  g a p  a g a i n  o p e n e d ,  

t h e  t r a n s m i t t e d  power t h e n  showed r e s o n a n t  d i p s  of less t h a n  3%. The 

02 1 
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a d d i t i o n  o f  a doub le  window c o n t a i n i n g  FC-75 and wa te r  i n  t h e  p rope r  

compartments and t u b e s ,  had n e g l i g i b l e  e f f e c t  on t h e  r e l a t i v e  ampl i tude  o f  

t h e  d i p s .  

T h i s  s i t u a t i o n  was markedly changed, however, when a 2.5-inch 

m i t e r  bend was added t o  t h e  2.5-inch waveguide a f t e r  t h e  second t a p e r ,  I t  

was then  found t h a t  -25% d i p s  i n  t h e  r e sonance  cu rve  and a lmost  100% d i p s  i n  

t h e  t r a n s m i t t e d  cu rve  could  be o b t a i n e d  due t o  s t r o n g  r e f l e c t i o n  and mode 

r e sonances  f o r  which t h e  collector w a l l s  and gap produced i n s u f f i c i e n t  

a t t e n u a t i o n .  A mode f i l t e r  of a l t e r n a t i n g  SIC-Be0 and copper  r i n g s  p l aced  

between t h e  2.5-inch gu ide  and t h e  miter bend smoothed bo th  t h e  c a v i t y  

resonance  cu rve  and t h e  t r a n s m i s s i o n  cu rve  t o  v a r i a t i o n s  of less t h a n  3% and 

6%,  r e s p e c t i v e l y .  I n i t i a l l y ,  it had been planned t o  p l a c e  t h e  window a f t e r  

t h e  miter f o r  added i s o l a t i o n  from c o l l e c t o r  secondary  e l e c t r o n s .  The 

d e s i r a b i l i t y  o f  p l a c i n g  a d d i t i o n a l  mode f i l t e r i n g  between t h e  miter bend and 

t h e  t u b e  s t r o n g l y  sugges t ed  t h a t  t h e  window should  be p l aced  i n  l i n e  w i t h  

t h e  t u b e  so  t h a t  t h e  mode f i l t e r  need n o t  be p a r t  of t h e  t u b e  and, 

t h e r e f o r e ,  not s u b j e c t  t o  vacuum and i n i t i a l  t u b e  p r o c e s s i n g .  

To i n c r e a s e  t h e  i s o l a t i o n  from secondary  e l e c t r o n s  of t h e  

window p o s i t i o n e d  on a x i s ,  t h e  l e n g t h  o f  t h e  r e g i o n  ove r  which t h e  

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

pulsed  tubes .  Thus, a t r a n s v e r s e  f i e l d  o f  500 gauss was provided over a 

6-inch l e n g t h .  

The g o a l  of t r a j e c t o r y  c a l c u l a t i o n s  was t o  de te rmine  a 

magnetic f i e l d  c o n f i g u r a t i o n  t h a t  would sp read  t h e  dc beam i n t o  t h e  

c o l l e c t o r  i n  such  a manner t h a t  t h e  maximum power d e n s i t y  would be less t h a n  
2 1 kW/cm . A s a t i s f a c t o r y  d i s t r i b u t i o n  was a s c e r t a i n e d  by f i r s t  expanding 

t h e  beam a d i a b a t i c a l l y  t o  a p o i n t  t h r e e  q u a r t e r s  o f  t h e  d i s t a n c e  a long  t h e  

f i r s t  t a p e r  and then  removing t h e  f i e l d  more d r a s t i c a l l y ,  a t  t h e  same time 

m a i n t a i n i n g  f l u x  i n  t h e  c o l l e c t o r  a t  roughly  t h e  same magnitude a s  t h a t  

t h r e a d i n g  t h e  f ron t  of t h e  gun. The a c t u a l  f i e l d  over  t h e  c y l i n d r i c a l  

p o r t i o n  o f  t h e  c o l l e c t o r  v a r i e d  from 50 g a u s s  t o  30 gauss .  F u r t h e r  

c a l c u l a t i o n s  were aimed a t  de t e rmin ing  i f  t h e  e x t e n t  oF t h e  f i e l d  could be 

reduced  somewhat w i thou t  s e r i o u s  e f f e c t  on t h e  e x t e n t  of t h e  d i s t r i b u t i o n .  
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As i n  p r e v i o u s  d e s i g n s ,  t h e  maximum p r e s s u r e  of t h e  c o o l i n g  w a t e r  a n d ,  

t h e r e f o r e ,  maximum d i s s i p a t i o n  c a p a b i l i t y  i s  a t  t h e  gun e n d  of t h e  co l l ec to r  

where  maximum power d e n s i t y  o c c u r s .  A w a t e r  flow r a t e  of 350 gpm w i t h  a 

maximum p r e s s u r e  of 180  p s i  i s  i n d i c a t e d  for c o l l e c t o r  c o o l i n g .  

H. VFA-8000-A3 MODE FILTER 

The VFA-800043 mode f i l t e r  was d e v e l o p e d  d u r i n g  t h e  program t o  p r o v i d e  

a means of s e l e c t i v e l y  a t t e n u a t i n g  n o n - c i r c u l a r  modes i n  a waveguide .  The 

f i l t e r  h a s  2 .5- inch  i n n e r  diameter,  it mates d i r e c t l y  t o  t h e  waveguide  

f l a n g e s .  A t t e n u a t i o n  is p r o v i d e d  t h r o u g h  u s e  of e l e v e n  c o n c e n t r i c  s l o t s  a t  

t h e  i n n e r  c o n d u c t o r  wal l .  T h e s e  open  t o  a ceramic c y l i n d e r  and t h r o u g h  t o  

c i r c u l a t i n g  c o o l i n g  w a t e r ,  which  p r o v i d e s  d i s s i p a t i o n .  T a b l e  25 l i s t s  

i m p o r t a n t  c h a r a c t e r i s t i c s  of t h e  f i l t e r ,  

TABLE 25 

C h a r a c t e r i s t i c s  of VFA-8000-A3 Mode F i l t e r  

A t t e n u a t i o n :  N o n - c i r c u l a r  Modes 4 - 6 d B  

C i r c u l a r  Modes .3 - .5 %J 

Power: Mode D i s s i p a t i o n  50 kW 

Flow Through >200 kW 

C o o l i n g :  Water Flow 5 CPM 

P r e s s u r e  Drop 120 PSI 

T e m p e r a t u r e  & go c 

F i g u r e  87 is  a p h o t o g r a p h  of t h e  VGA-8000-A3 mode f i l t e r .  

I ,  TRIPLE MITER BEND MODELS 

T r i p l e  meter bend models i n c o r p o r a t e d  o u t p u t  c o u p l i n g  s y s t e m s  

i n t r o d u c e d  i m m e d i a t e l y  f o l l o w i n g  t h e  o s c i l l a t o r  c a v i t y  o u t p u t  i r i s ,  p r i o r  t o  

t h e  c o l l e c t o r .  

microwave power t o  t h e  o u t s i d e .  S i x  m o d e l s  o f  t h i s  t y p e  were b u i l t ,  

VGA-8000 s/N's 1 ,  2 ,  3 ,  4 ,  7 and  12.  

T y p i c a l l y ,  t h r e e  waveguide  miter t e n d s  were u s e d  i n  r o u t i n g  
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The i d e n t i f y i n g  s e r i a l  number of a model was m o d i f i e d  whenever  a change  

or r e p a i r  r e q u i r i n g  r e b u i l d  was i n t r o d u c e d .  A t u b e  i d e n t i f i c a t i o n ,  

therefore,  migh t  g o  t h r o u g h  a series of c h a n g e s  s u c h  as  those  f o l l o w i n g :  

VGA-8000 S/N 1 I n  i t i a 1  C o n s t r u c t  i o n  

VGA-8000 S/N 1 R  F i r s t  Rebu i ld  

VGA-8000 S/N 1R2 Second Rebu i ld  

and so on.  

P r e l i m i n a r y  t e s t i n g  of t u b e  models  was f r e q u e n t l y  accompl i shed  u s i n g  

p u l s e  t e c h n i q u e s .  CW t es t s  f o l l o w e d  once  b a s i c  t u b e  c h a r a c t e r i s t i c s  were 

e s t a b l i s h e d .  The p r a c t i c e  is  common i n  test of e x p e r i m e n t a l  microwave 

t u b e s .  

1. VGA-8000 S/N 1 

Tube S/N 1 was r e b u i l t  three times f o l l o w i n g  i n i t i a l  c o n s t r u c t i o n ,  

each change  was t h e  r e s u l t  of t h e  need  for m o d i f i c a t i o n  or r e p a i r .  The 

f i n a l  v e r s i o n  of t h e  model s t i l l  d i d  n o t  meet rf e x p e c t a t i o n s ,  a l t h o u g h  d c  

b e h a v i o r  was a d e q u a t e .  The t u b e  was s h i p p e d  t o  t h e  cus tomer  for u s e  i n  

c h e c k i n g  mechan ica l  and e l ec t r i ca l  c o m p a t i b i l i t y  w i t h  t h e  sys t em.  

a. S/N 1 ,  I n i t i a l  R e s u l t s  

I n i t i a l  t e s t i n g  was l i m i t e d  t o  p u l s e d  o p e r a t i o n .  A peak  

o u t p u t  power of 145 kw was a c h i e v e d .  

v o l t a g e  breakdown p rob lems  o u t s i d e  t h e  vacuum enve lope .  

a p p a r e n t l y  l i m i t e d  by u n d e s i r e d  modes i n t e r f e r i n g  w i t h  t h e  main c a v i t y  

r e s o n a n c e .  Average  power pe r fo rmance  was l i m i t e d  by rf h e a t i n g  of t h e  

VacIon (VacIon is  a V a r i a n  Associates, I n c . ,  t r a d e m a r k  for  an i o n  pump.) 

Pump. 

E a r l y  t e s t i n g  was hampered by h i g h  

Peak rf o u t p u t  was 

(33 

A r c i n g  o c c u r r e d  between t h e  gun anode  c o n n e c t o r  and t h e  gun 

c o i l  i n n e r  s u p p o r t  c y l i n d e r .  

v o l t a g e  c e r a m i c ,  a s  shown i n  F i g u r e  88. 

T h i s  r e s u l t e d  i n  damage t o  t h e  uppe r  h i g h  

Water had been  t r a p p e d  
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i n a d v e r t e n t l y  a t  t h e  base of t h e  upper high vo l t age  ceramic.  A d r a i n  ho le  

was added t o  t h e  corona sleeve t o  prevent  f u t u r e  accumulation of  water.  To 

f u r t h e r  guard a g a i n s t  breakdown, sheets o f  Teflon,  w i t h  a d ie lec t r ic  

s t r e n g t h  g r e a t e r  than t h a t  o f  t ransformer  o i l ,  were added between t h e  gun 

anode connector and t h e  gun c o i l  case.  The tube  ceramic was r epa i r ed  by 

cover ing  t h e  damaged a rea  w i t h  epoxy. 

TEol mode o s c i l l a t i o n s  were observed from 28.000 GHz t o  

The ou tpu t  power curve was d iscont inuous ,  w i t h  a gap between 

28.050 G H z .  Peak power output  as a func t ion  of frequency is shown i n  

F igure  89. 

28.019 and 28.040 GHz. 

occurred du r ing  t h e  pulse .  Beam parameters  var ied  a s  a func t ion  of 

i n t r a p u l s e  time. A comparison of t h e  performance f o r  t h e  pulsed CW 

o s c i l l a t o r  and f o r  t h e  e a r l i e r  pulsed o s c i l l a t o r  is  given i n  Table 26. 

Competing o s c i l l a t i o n s  were detected from 26.804 GHz t o  26.847 GHz, from 

26.897 GHz t o  26.900 GHz, and from 27.145 GHz t o  27.180 GHz and a t  

26.950 GHz. 

Under some cond i t ions  two c l o s e l y  spaced f requencies  

Operat ion o f  t h e  t u b e  a t  r f  d u t i e s  h i g h e r  than 1.8% was 

l i m i t e d  by rf hea t ing  of  t h e  copper exhaust  t u b u l a t i o n  pinch-off and VacIon 

Pump. An a t tempt  was made t o  water cool  these h o t  spo t s .  Pinch-off cool ing  

was success fu l .  The i n t e r n a l  "egg-crate" s t r u c t u r e  of t h e  VacIon pump could 

n o t  be cooled. High gas  p re s su re  l i m i t e d  rf opera t ion .  

Using an o s c i l l a t i o n  i n h i b i t i n g  magnetic f i e l d ,  beam duty was 

run up t o  ob ta in  high duty  information.  The modulator du ty  l i m i t  was found 

a t  9.6%, 240 pps a t  400 psecs f o r  a f l a t  t o p  pulse .  

i nc reased  t o  202, 510 pps a t  390 psecs, a 45 degree ramp occurred over t h e  

l a s t  160 psecs of  t h e  pu lse .  Peak body c u r r e n t  was 30 mA. 

When beam duty  was 
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TABLE 26 

Comparison o f  t h e  F i r s t  P u l s e d  CW O s c i l l a t o r  and 

t h e  F i r s t  E x p e r i m e n t a l  P u l s e d  O s c i l l a t o r  P e r f o r m a n c e  

E x p e r i m e n t a l  P u l s e d  
P u l s e d  cw 
Osc i l l a to r  O s c i l l a t o r  

Peak O u t p u t  Power (kw) 

F r e q u e n c y  (GHz) 

Beam V o l t a g e  (kV) 

Beam C u r r e n t  ( a >  

E f f i c i e n c y  ( % >  

Gun V o l t a g e  ( k v )  

Magnet Coil C u r r e n t s  ( A )  

Main 1 

2 

3 

4 

Gun 7 

2 

248 

28 020 

81.5 

8.7 

35 
23.6 

40 1 

535 

51 1 

428 

13.7 

9.5 

145 

28.010 

80.7 

8.8 
20 

24.3 

394 
5 34 
511 

425 

12.4 

11.3 

b. S/N l R ,  Changes and T e s t  R e s u l t s  

F i v e  m o d i f i c a t i o n s  were made, a s  l i s t e d  be low:  

1. New e l e c t r o n  gun ceramics 

2. New VacPon pump 

3. VacIon pump rf s c r e e n  

4. O u t p u t  s l e e v e  r e b o r e d  t o  0.428 i n c h  

5. A d d i t i o n  of 40-60% Sic-Be0 r i n g  

The Sic-Be0 r i n g  was i n s t a l l e d  be tween t h e  c o l l e c t o r  and t h e  Vacbon pump t o  

r e d u c e  mode c o m p e t i t i o n  w i t h  t h e  o s c i l l a t o r  c a v i t y  r e s o n a n c e .  

A peak  power o u t p u t  of 168 kw was o b s e r v e d  d u r i n g  t e s t ,  

s u b s t a n t i a l l y  h i g h e r  t h a n  o b t a i n e d  d u r i n g  i n i t i a l  t e s t s ,  when t h e  model was 
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n o t  p rov ided  w i t h  t h e  l o s s y  Sic-Be0 r i n g .  Peak o u t p u t  power i s  shown a s  a 

f u n c t i o n  of f r e q u e n c y  i n  F i g u r e  90. Peak o u t p u t  power and e f f i c i e n c y  a r e  

shown a s  f u n c t i o n s  o f  peak c a t h o d e  c u r r e n t  i n  F i g u r e  91. Again,  unde r  some 

c o n d i t i o n s  c l o s e l y  s p a c e d  compet ing  modes were d e t e c t e d  a c r o s s  t h e  p u l s e  a t  

26.742 GHz, 26.858 GHz, 26.865 GHz,  and 26.878 GHz. 

When a v e r a g e  rf power was i n c r e a s e d  t o  11.8 kW, t h e  Be0 d i s c  

c e r a m i c  o u t p u t  window s e p a r a t e d  a t  t h e  m e t a l i z i n g  on t h e  a i r  s i d e  of t h e  

window. The o u t p u t  waveguide f i l l e d  w i t h  w a t e r .  The l e a k  was r e p a i r e d  w i t h  

epoxy and tests were c o n t i n u e d .  An a v e r a g e  rf power of 19.0 kW was r e a c h e d  

momentar i ly .  However, i n c r e a s i n g  g a s  p r e s s u r e  p r e v e n t e d  t a k i n g  a comple te  

set  of d a t a .  The t u b e  was t h e n  o p e r a t e d  c o n t i n u o u s l y  a t  18.3 kW a v e r a g e  

power. A t  t h i s  p o i n t ,  t h e  o u t p u t  window f a i l e d  showing t h e  Y-shaped c r a c k  

t y p i c a l  of t h e r m a l  f a i l u r e .  The t u b e  and waveguide f i l l e d  w i t h  water. Best 

peak  and a v e r a g e  power per formance  o f  S/N 1 R  i s  shown i n  T a b l e  27. 

F low-pressure  d a t a  were o b t a i n e d  f o r  t h e  c o l l e c t o r  and body 

c i r c u i t s  b e f o r e  t u b e  f a i l u r e .  C o l l e c t o r  f low vs p r e s s u r e  d r o p  is shown i n  

F i g u r e  92. Body f l o w  v s  p r e s s u r e  d r o p  is shown i n  F i g u r e  93. 

Upon d i s a s s e m b l y ,  minor  damage was no ted  on one edge  o f  t h e  

beam h o l e  in t h e  f i r s t  miter bend of t h e  o u t p u t  g u i d e  s y s t e m ,  a p p a r e n t l y  

c a u s e d  by beam i n t e r c e p t i o n .  The i n n e r  s u r f a c e  o f  t h e  c o l l e c t o r  showed 

s l i g h t  i n d i c a t i o n s  of o x i d a t i o n .  I n  o t h e r  r e s p e c t s ,  t u b e  c o n d i t i o n  was 

f a i r l y  good. 
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TABLE 27 

Best Peak and Average Power Performance of t h e  

R e b u i l t  CW O s c i l l a t o r  

Peak Output Power (kw) 

Frequency (GHz) 

Ream Voltage (kV) 

Beam Current ( a )  

E f f i c i e n c y  ( % I  

Gun Voltage ( k v )  

RF P u l s e  Durat ion ( u s )  

P u l s e  R e p e t i t i o n  Rate ( p p s )  

RF Duty ($9 
Average Power (kW) 

Magnet Co i l  C u r r e n t s  ( A )  

Main 1 

2 

3 
4 

Gun 1 

2 

High 
Peak 
Power 

168 

27.990 

80.9 

8.5 

24.4 

22.4 

172 

60 

1.03 

1.73 

4 96 

4 72 

468 

4 82 

10.6 

8.5 

High 
Average 
Power 

157 

27.930 

79.1 

10.0 

19.8 
29.4 

390 

299 

14.7 

18.3 

492 

4 70 

4 60 

4 97 
10.1 

9.6 

c. S/N 9R2, Test R e s u l t s  

Cold tests i n d i c a t e d  t h a t  SIN 1 R  had s u f f e r e d  window f a i l u r e  

because of  microwave r e f l e c t i o n s  i n  t h e  e x t e r n a l  o u t p u t  waveguide. It was, 

t h e r e f o r e ,  decided t o  r e b u i l d  t h a t  model w i t h  no b a s i c  changes p e r  se and t o  

b u i l d  a mode f i l t e r  t o  load ex t r aneous  resonances i n  t h e  o u t p u t  l i n e .  F i r s t  

t e s t s  were accomplished wi thou t  t h e  mode f i l t e r ,  which was no t  y e t  

a v a i l a b l e .  Bu t  t h e  e x t e r n a l  o u t p u t  waveguide was s i m p l i f i e d  by removal o f  a 

m i t e r  bend, thought  t o  be c o n t r i b u t i n g  t o  t h e  mode resonance problem. 
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During p u l s e  t e s t i n g ,  a peak power o u t p u t  o f  167 kw was 

o b t a i n e d ,  and a f t e r  a g i n g  an ave rage  power o u t p u t  o f  20.4 khT was reached  a t  

t h e  modulator l i m i t .  Peak power o u t p u t  v s  f requency  is shown i n  F i g u r e  94. 

Peak power o u t p u t  and e f f i c i e n c y  v s  ca thode  c u r r e n t  a r e  shown i n  F i g u r e  95. 

The d a t a  o f  F i g u r e  95 may be compared t o  t h a t  f o r  t h e  pu l sed  g y r o t r o n  

o s c i l l a t o r  VGA-8000 S/N X-1R3, shown i n  F i g u r e  96. D e s p i t e  promis ing  p u l s e d  

tes t  b e h a v i o r ,  S/N 1R2 showed g a s s i n g  and a r c i n g  d u r i n g  CW o p e r a t i o n ,  even 

a t  low l eve l s  of power o u t p u t .  The power o u t p u t  reached  was a t  t h e  15.2 kW 

l eve l .  Table  28 compares pulsed  and CW o p e r a t i o n .  

Re tu rn ing  t o  pu l sed  o p e r a t i o n ,  a d d i t i o n a l  experiments were 

conducted. I n  one ,  an a t t e m p t  was made t o  determine r e g i o n s  of h igh  power 

d i s s i p a t i o n .  Temperature d i f f e r e n t i a l s  were observed a c r o s s  i n d i v i d u a l  body 

water  c o o l i n g  c i r c u i t s  w i t h  reduced c o o l a n t  flow. With reduced c o o l a n t  

f l ow,  however, r f  behav io r  changed. The o s c i l l a t o r  f requency  s h i f t e d  w i t h i n  

a r e g i o n  nea r  28 GHz. Higher r a t e s  of c o o l a n t  flow i n  anode and o s c i l l a t o r  

c a v i t y  were accompanied by h i g h e r  VacIon pump c u r r e n t s .  This sugges t ed  a 

contact problem between t h e  Sic-Be0 mode l o a d i n g  r i n g s  and t h e  copper p a r t s .  

The n u t s  on t h e  s u p p o r t  rods  between t h e  anode and o u t p u t  waveguide block 

were t i g h t e n e d  t o  more t i g h t l y  clamp t h e  Sic-Be0 t o  copper j o i n t s .  The 

f i r s t  time t h e  t u b e  was run fo l lowing  t h i s  p rocedure  it ran  w e l l .  But a f t e r  

t h e  r f  was t u r n e d  o f f  and ano the r  a t t e m p t  was made t o  r u n  w i th  r f ,  t h e  t u b e  

a g a i n  gassed .  T h i s  sequence sugges t ed  t h a t  t h e  copper deformed when hea ted  

by r f ,  and j o i n t s  re-opened when rf was removed and t h e  t u b e  coo led .  

I n  a second exper iment  it was found t h a t  u s e  o f  gun c o i l  

No. 1 t o  control o u t p u t  power r e q u i r e d  working through gassy  modes. 

Ad jus t ing  gun anode v o l t a g e  t o  i n c r e a s e  rf o u t p u t  proved t o  be less 

t roublesome.  The t e s t  set  was conver ted  t o  CGJ o p e r a t i o n  aga in  t o  t r y  t h i s  

method o f  t u r n i n g  on t h e  o s c i l l a t o r .  Opera t ion  w i t h  CW o u t p u t  was s t i l l  

e x c e s s i v e l y  gassy .  The tes t  set  was conver ted  back t o  pu l sed  o p e r a t i o n  f o r  

f u r t h e r  expe r imen t s .  
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TABLE 28 

Best Power Per formance  of S e r i a l  Number 1R2 

Peak Output  Power (kw) 

Frequency  (GHz) 

Beam V o l t a g e  (kV) 

Beam C u r r e n t  

E f f i c i e n c y  (%I 
Gun V o l t a g e  

RF P u l s e  D u r a t i o n  (us> 

P u l s e  R e p e t i t i o n  Rate  ( p p s )  

RF Duty ( $ 1  
Average Power (kW) 

Magnet C o i l  C u r r e n t s  ( A )  

Main 1 

2 

3 
4 

Gun 1 

2 

Highes t  
Peak 
Power 
Pu l sed  

167 

27.992 

79.9 

10.5 a 

19.9 

21.5 kv 

2 00 

60 

1.2 

2 

49  1 

479 

462 

4 80 

10.1 

8.2 

H i g h e s t  
Average 
Power 
Pu l sed  

147 

27.953 

80.1 

6.8 a 

27.0 

23.6 kv 

300 

46 1 

13.8 

20.4 

45 3 

508 

486 

4 70 

10.7 

9.0 

Tests t o  i d e n t i f y  s p u r i o u s  o s c i l l a t i o n s  showed 

H i g h e s t  
cw 

Power 

15.2 

27.992 

79.5 

4.2 A 

4.6 

20.0 kV 

cw 
cw 
cw 
15.2 

4 80 

51 1 

470 

4 60 

12.6 

6.0 

c o m p e t i t i o n  

from modes i n  t h e  f r e q u e n c y  r a n g e s  26.802 t o  26.845 GHz and 27.223 t o  

27.236 GHz and a l s o  a t  26.538 GHz. 

A number of o t h e r  m i s c e l l a n e o u s  t es t s  were c a r r i e d  o u t  w i t h  

S/N 1R2, b u t  i n  no c a s e  was s a t i s f a c t o r y  g a s  f r ee  o p e r a t i o n  o b t a i n e d .  I n  

v i e w  o f  t h e  good d c  beam pe r fo rmance  o f  t h e  model ,  however ,  it was d e c i d e d  

t o  s h i p  t h e  t u b e  t o  t h e  cus tomer  fo r  u s e  i n  check ing  e l e c t r i c a l  and 

mechan ica l  c o m p a t i b i l i t y  w i t h  t h e  sys t em.  
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2. VGA-8000 S/N 2 

Experience with S/N 1 i n d i c a t e d  t h e  need f o r  a number o f  d e s i g n  

m o d i f i c a t i o n s .  The changes made i n  S/N 2 a r e  d e t a i l e d  i n  Q u a r t e r l y  Report 

No. 8 ,  January - March 1978 . S/N 2 was r e b u i l t  n i n e  times, f i n a l l y  

f a i l i n g  a t  t h e  c o l l e c t o r  ceramic i n s u l a t o r  d u r i n g  CW o p e r a t i o n  a t  about 

60 kW power o u t p u t .  

1 1  

The t u b e  developed an open h e a t e r  du r ing  bakeout.  

b. S/N 2R, Test R e s u l t s  

After h e a t e r  r e p a i r ,  S/N 2R was processed wi thou t  f u r t h e r  

i n c i d e n t .  The model was f i r s t  t es ted  under pulsed c o n d i t i o n s .  A peak power 

o u t p u t  of 175 kw was ob ta ined  a t  an average power o u t p u t  of  7.6 kW. The 

d a t a  a r e  shown i n  F igu re  97. Peak power o u t p u t  and e f f i c i e n c y  v s  peak 

ca thode  c u r r e n t  a r e  shown i n  F i g u r e  98. 

E x t e n s i v e  CW o p e r a t i o n  was never at tempted on t h i s  t u b e ,  

because such o p e r a t i o n  was accompanied by excessive gun a r c i n g ,  ca thode  

backhea t ing  and h e a t i n g  o f  t h e  c o l l e c t o r  s e a l  weld f l a n g e .  The brazed 

waveguide j o i n t s  were s u c c e s s f u l  i n  keeping t h o s e  j o i n t s  c o o l ,  but  t h e  

change i n  t h e  c o l l e c t o r  s e a l  was c l e a r l y  detr imental .  

I n t e r f e r i n g  o s c i l l a t i o n s  were detected from 26.695 t o  

26.725 G H z ,  from 16.927 t o  27.230 Ghz, and between 50 and 60 G H z .  As with 

t h e  f i r s t  CW o s c i l l a t o r ,  a s  magnetic f i e l d  was con t inuous ly  changed, t h e  

frequency and mode of  o s c i l l a t i o n  would d i s c o n t i n u o u s l y  change. An example 

of t h i s  i s  shown i n  F igu re  99. 

The best  power performance parameters  f o r  S/N 2R a r e  shown i n  

Table 29. 
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TABLE 29 

Best Power Per formance  o f  S e r i a l  Number 2R 

Peak O u t p u t  Power (kw) 

F r e q u e n c y  (GHz) 

Beam V o l t a g e  (kV) 

Beam C u r r e n t  ( a >  

E f f i c i e n c y  ( % I  

Gun V o l t a g e  ( k v )  

RE' P u l s e  D u r a t i o n  (PSI 
P u l s e  R e p e t i t i o n  Rate ( p p s )  

RF Duty ( % >  

Average  Power (kW) 

Magnet Coil  C u r r e n t s  ( A )  

Main 1 

2 

3 

4 

Gun 1 

2 

H i g h e s t  
Peak 
Power 

175 

27.878 

80.8 

9.5 

22.8 

23 .P 
195 

60 

1.2 

2.05 

41 0 

490 

495 

4 98 

9.0 

10.3 

H i  ghe st 
Aver a g e  
Power 

80.1 

27.877 & 27.889 

78.0 

6.0 

17.1 

23 .O 

395 

24 0 

3.48 

7.6 

403 

502 

4 97 

5 02 

7.9 

10.3 

c. S/N 2R2, Changes and T e s t  R e s u l t s  

I t  was d e c i d e d  t o  r e b u i l d  S/N 2 u s i n g  t h e  o r i g i n a l  c o l l e c t o r  

s e a l  g e o m e t r y ,  which had shown lower t e m p e r a t u r e  i n c r e a s e  i n  t h e  p r e s e n c e  of 

microwave o u t p u t .  F u r t h e r ,  l o s s y  Sic-Be0 r i n g s  were b r a z e d  i n t o  t h e  anode .  

and  new h i g h  v o l t a g e  ceramics were u s e d .  I t  was e x p e c t e d  t h a t  these c h a n g e s  

s h o u l d  p e r m i t  CW o p e r a t i o n  up  t o  a b o u t  100 kW power o u t p u t ,  I t  was o b v i o u s  

a t  t h i s  p o i n t  t h a t  a d d i t i o n a l  microwave c h a n g e s  would b e  needed i n  a 200 kW 

t u b e .  
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SIN 2R2 produced lo5  kW, CW power output ,  when the  output 

window f a i l e d ,  ev iden t ly  because of excessive temperature grad ien t  between 

window cen te r  and edge, about 126'~. 
shown i n  Table 30. 

Best power performance for SIN 2R2 is 

Spurious o s c i l l a t i o n s  were detected f o r  some magnetic f i e l d  

condi t ions .  

between 50 and 60 GHz. Tube behavior was improved with respec t  t o  cathode 

rf hea t ing ,  though f o r  CW operat ion at over 50 kW power ou tpu t ,  hea t e r  

vo l tage  required constant  a t t e n t i o n  t o  maintain constant  cathode cu r ren t .  

These were found from 26.460 t o  27.070 Ghz, at 28.981 Ghz, and 

TABLE 30 

Best Power Performance of S e r i a l  Number 2R2 

Peak Output Power (kw) 

Prequendy ( G H ~  

Beam Voltage (kV) 

Beam Current 

Ef f ic  iency ( % 
Gun Voltage 

RF Pulse Duration 

Pulse Repet i t  ion R a t  e 

Rf Duty 

Average Power (kW) 

Magnet Coi l  Currents ( A )  

Main 1 

2 

3 

4 

Gun 1 

2 

Highest 
Peak 
Power 

132 

27.863 
83 -3 

7.6 a 

20 *g 
22.2 kV 

285 us 
541 PPS 

15.4 % 
20.4 

410 

492 
493 

494 
9 
io .8 

Highest 
cw 
Power 

105 

27.872 

74 -9  

8.0 A 

17.5 
20.9 kV 

cw 
cw 
cw 
105 .0 

400 

500 

490 
490 
10 -7 

10.7 
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d.  S/N 2R3, T e s t  R e s u l t s  

The t u b e  was r e b u i l t  w i t h o u t  change .  A 28 GHz microwave 

power s o u r c e  was needed  a t  ORNL and t h e  e x i s t i n g  d e s i g n  would g i v e  u s e f u l  

CW p e r f o r m a n c e  a t  up t o  50 kW power o u t p u t .  

A CW power o u t p u t  of 50 kW was r e a c h e d  a t  a beam i n p u t  of 

70 kV a t  8 Amperes. Power o u t p u t  s e n s i t i v i t y  t o  gun c o i l  No. 1 c u r r e n t  i s  

shown i n  F i g u r e  100, t o  gun a n o d e  v o l t a g e  i n  F i g u r e  101. T e s t s  were 

c o n d u c t e d  w i t h  a mode f i l t e r  i n  t h e  rf o u t p u t  l i n e .  Mode f i l t e r  and window 

l o s s e s  o b s e r v e d  a re  l i s t e d  i n  T a b l e  31. 

TABLE 31 

Mode F i l t e r  and lrlindow Losses f o r  VGA-8000 S/N 2R3 

Power Mod e Mode Window 
D e l i v e r e d  F i  1 ter  F i l t e r  Window Center 
To Load Power Loss Power T e m p e r a t u r e  
(kW) (kW) (dB) (IJ 1 - ( O C  1 

* 4.04 

* 9.84 

* 12.8 

14.8 

* 11.0 

19.3 

19.7 

19.7 
21 .o 
30.6 

0.792 

1.58 

2.16 

1.85 

3.25 

3.96 

3.25 

5.44 

5.41 

8.45 

0.8 7 45 

0.6 2 90 

0.8 145 

0.6 2 90 
0.9 - 
0.8 435 
0.7 -- 
1.1 -- 
1 .o 725 

1.1 870 

21 

21 
-- 
I 

-- 
62 

-- 
60 

* T h r e e  of t h e  t e n  s i l i c o n  c a r b i d e  l o a d e d  b e r y l l i a  r i n g s  i n  t h e  mode f i l t e r  

were r e p l a c e d  w i t h  c o p p e r  r i n g s  f o r  t h e s e  t e s t s .  

The t u b e  was d e l i v e r e d  t o  Oak Ridge  N a t i o n a l  L a b o r a t o r y ,  

where 45 kW, CW was d e m o n s t r a t e d  on 20 June 78. T'ne t u b e  l o s t  vacuum on 

30 J u n e  78 and was s h i p p e d  t o  V a r i a n  for  a n a l y s i s  and r e b u i l d .  
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6o 1 I I I 

VGA-8000 S/N 2R3 
BEAM VOLTAGE = 70.0 t 0.5 kV 
BEAM CURRENT = 8.0 i 0.3 A 
GUN ANODE VOLTAGE = 51.1 t 0.3 kV 
MAGNET COIL CURRENTS: 

M A I N  1 = 411 A 
2 = 493 A 
3 = 498 A 
4 = 493 A 

GUN 1 = VARIABLE 

GUN COIL 1 1  CURRENT (A)  

Figure 100. CW Power Output Sensitivity to Gun Coil No. 1 Current 
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VGA-8000 S/N 2R3 
BEAM VOLTAGE = 70.0 f 0.5 kV  
BEAM CURRENT = 8.0 2 8,5 A 
MAGNET COIL CURRENTS: 

MAIN1  = 411 A 
2 =  493 A 
3 =  498 a 
4 =  493 A 

GUN 1 = 9.6 A 
2 = 10.9 a 

16 17 18 19 20 

GUN ANODE VOLTAGE ( & V I  

Figure 101. CW Power Output Sensitivity to Gun Anode Voltage 
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e. S/N 2R4 

The vacuum l e a k  i n  t h e  p r e v i o u s  r e b u i l d  model proved t o  have 

occur red  i n  t h e  ca thode  stem c o o l i n g  o i l  channel .  After r e p a i r ,  t h e  t u b e  

was p u t  i n t o  bakeout .  However, a c o l l e c t o r  vacuum b r a z e  j o i n t  opened d u r i n g  

t h i s  p r o c e s s i n g .  

f .  S/N 2R5 

The co l lec tor  vacuum b r a z e  j o i n t  was r e p a i r e d .  Bakeout and 

p r o c e s s i n g  was c a r r i e d  o u t  w i thou t  i n c i d e n t .  The t u b e  was p u l s e  t e s t e d  

f i r s t  t o  87.2 kw power o u t p u t ,  t hen  CW aged t o  37.1 kW power o u t p u t .  

Opera t ing  pa rame te r s  f o r  t h e s e  tests are shown i n  Table 32. Spur ious  

o s c i l l a t i o n s  were d e t e c t e d  under some c o n d i t i o n s  o f  magnetic f i e l d  from 

26.665 t o  26.801 GHz, from 26,930 t o  26.932 GHz, and from 27,010 t o  

27.134 GHz. The t u b e  was sh ipped  t o  t h e  customer,  where con t inued  ag ing  

brought  CW power o u t p u t  up t o  50 kW. 

After some use  i n  t h e  sys tem,  t h e  t u b e  was r e t u r n e d  by t h e  

c u s t o m e r . f o r  a window change aiming a t  an o p e r a t i o n a l  l e v e l  o f  100 kW CW 

power o u t p u t .  

g. S/N 2R6 

A double-d isc  f a c e  cooled  window was used i n  t h i s  r e b u i l d  

m o d i f i c a t i o n  t o  i n c r e a s e  window power hand l ing  c a p a b i l i t y .  During bakeou t ,  

however, t h e  t u b e  c o l l e c t o r  developed a vacuum Peak. 

h. S/N 2R7 

The c o l l e c t o r  vacuum l e a k  was r e p a i r e d .  Bakeout and 

p r o c e s s i n g  were c a r r i e d  o u t  w i thou t  i n c i d e n t .  A f t e r  p u l s e  t e s t i n g  t o  peak 

power o u t p u t  o f  138 kw, CW a g i n g  proceeded t o  a power l eve l  of  32.5 kW. A t  

t h i s  p o i n t ,  t h e  window f a i l e d .  Subsequent examinat ion  showed t h a t  t h e  
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window u n i t  had been i m p r o p e r l y  a s s e m b l e d  and t h a t  t h e  window, i n  f a c t ,  had 

had no c o o l i n g  d u r i n g  t e s t .  

TABLE 32 

O p e r a t i n g  P a r a m e t e r s  a t  Varian fo r  t h e  F i f t h  R e b u i l d  

of t h e  Second CW O s c i l l a t o r  

Peak O u t p u t  Power 

F r e q u e n c y  (GHz) 

Beam V o l t a g e  (kV) 

Beam C u r r e n t  

E f f i c i e n c y  ( % I  

Gun Anode V o l t a g e  

RF Pu l se  D u r a t i o n  ( u s )  

P u l s e  R e p e t i t i o n  Rate ( p p s )  

RF Duty ( % I  

Average  Power (kW) 

Magnet Coi l  C u r r e n t s  (A) 
Main 1 

2 

3 
4 

Gun 1 

2 

P u l s e d  

82 7 kw 
27.895 

68.1 

8.6 a 

14.1 

17.1 kv 

2 78 

42 1 

11.7 

9.68 

427 

4 97 
500 
5 62" 

8.6 

11 .o 

CW - 

37.1 kW 

27.874 

70.3 
7.0 A 

7.54 

18.6 kV 

CW 

CW 

CW 

37.1 

444  

4 89 

4 90 

568" 

10.2 

10.7  

*Hain c o i l  4 was p a r t i a l l y  s h o r t e d .  E f f e c t i v e  c u r r e n t  was less.  

i. S/N 2R8 

A p r o p e r  d o u b l e - d i s c  Pace c o o l e d  window s t r u c t u r e  was u s e d  i n  

t h i s  r e b u i l d .  A number o f  o t h e r  c h a n g e s  were a l s o  i n t r o d u c e d .  These a r e  
c o v e r e d  i n  d e t a i l  i n  t h e  Q u a r t e r l y  R e p o r t  No. 12, January-March 1979. I 5  

Bakeout  and p r o c e s s i n g  were c a r r i e d  o u t  w i t h o u t  i n c i d e n t .  The t u b e  produced  

92.1 kM CW power o u t p u t  p r i o r  t o  t h e  o c c u r r e n c e  of a vacuum l e a k  i n  t h e  



o u t p u t  window m e t a l l i z i n g .  F a i l u r e  a n a l y s i s  o f  t h e  t u b e  i n d i c a t e d  p o s s i b l e  

improvements in a number of a r e a s .  

j. S/N 2R9 

The t u b e  was r e b u i l t  as  an i n t e r m e d i a t e  l e v e l  power 

o s c i l l a t o r ,  c a p a b l e  of 50 t o  100 kW CW power o u t p u t ,  which it had been 

d e l i v e r i n g  when t h e  o u t p u t  window m e t a l l i z i n g  f a i l e d .  The key changes  made 

were a s  fo l lows :  

1. 

2 .  

3. 

The double-d isc  Be0 t y p e  o u t p u t  window was assembled 

u s i n g  less  b r a z i n g  m a t e r i a l  and w i t h  window cups  t h a t  

were s t i f f e n e d  a t  t h e  end o p p o s i t e  t h e  window; 

A p l u g ,  w i t h  s m a l l e r  pump-through h o l e s F  was brazed i n t o  

t h e  t ee  l e a d i n g  t o  t h e  VacIon pump; 

An e x t e r n a l  c o o l i n g  channe l  was added t o  t h e  s t a i n l e s s  

s t e e l  col lector  s u p p o r t  plate: 

Changes t o  t h e  window assembly were des igned  t o  reduce  

mechanical stress and f a t i g u e  o f  t h e  Be0 ceramic  caused by t empera tu re  r i s e  

and t empera tu re  c y c l i n g .  S imul t aneous ly ,  t h e y  were expec ted  t o  a l l e v i a t e  

b u c k l i n g  o f  t h e  a t t a c h e d  copper r i n g .  The purpose of t h e  s m a l l e r  h o l e s  i n  

t h e  tee-p lug  l e a d i n g  t o  t h e  VacIon pump was t o  c u t  o f f  t h e  t h i r d  harmonic r f  

ene rgy  and t h u s  e l i m i n a t e  pump r f  h e a t i n g .  

A h i g h  q u a l i t y  f i l t e r  was i n s t a l l e d  in t h e  test  s t a t i o n  FC-75 

c o o l i n g  system. Higher v e l o c i t y  flow was used  t o  coo l  t h e  double-d isc  

window. 

During t e s t ,  CI4 power o u t p u t  was i n c r e a s e d  g r a d u a l l y  Lo a 

l e v e l  of 63 kW. D i f f i c u l t y  was expe r i enced  i n  keeping  t h e  t u b e  "onTT f o r  

more than  a f e w  minutes  because  o f  power supp ly  o v e r c u r r e n t  and crowbar. 

Overcu r ren t s  were caused  e i ther  by t r a n s i e n t  gas  b u r s t s  or by microwave 

power r e a c h i n g  t h e  e l e c t r o n  gun. 
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During t e s t  of S / N  2R9, thermocouples were used t o  monitor 

t he  weld i n  t h e  v i c i n i t y  of  t he  c o l l e c t o r  metal-ceramic. The temperature 

went up as CW power output increased.  After severa l  high power CW runs of  

approximately one hour dura t ion ,  t h e  c o l l e c t o r  ceramic cracked, l e t t i n g  the  

tube  down t o  a i r .  Figures 102 and 103 show the region of f a i l u r e .  The 

ceramic cracks a r e  highl ighted by means of dye. It appears t h a t  

c i rcumferent ia l  s t r e s s  caused by nonuniform power flow through t h e  ceramic 

and heat ing caused by rf l o s s e s  i n  the  ceramic and adjoining metal p a r t s  may 

have been responsible .  

3. VGA-8000 SIN 3 

This tube included t h e  following changes: 

a )  Addition of an i n t e r n a l  water load i n  t h e  beam tunnel  

b )  

c )  

d )  Relocation of VacTon purup 

e )  

Waveguide length  change between cav i ty  and f i r s t  mi te r  bend 

Use of double-disc Re0 output window 

Addition of c o l l e c t o r  t o p  spurious microwave output system 

Details of these  changes a r e  given i n  Quarter ly  Report No. 10 ,  

Ju ly  - September 1978. 13 

Bakeout and processing were uneventful .  The tube was t e s t e d  

on a pulsed b a s i s  t o  a power output l e v e l  of 71.2 kw peak. Operating 

parameters a r e  shown in  Table 33, a t  t h i s  power l e v e l  26.9 !&w peak was a l s o  

absorbed i n  the  i n t e r n a l  water load. Total  microwave power removed from t h e  

beam w a s  a t  l e a s t  equal t o  t h e  SUM of these  two. Such a l a r g e  amount o f  

power del ivered t o  t h e  i n t e r n a l  load was considered unacceptable.  The 

in t roduct ion  of t h e  i n t e r n a l  load and t h e  change in  guide length  between t h e  

cav i ty  and miter  bend apparent ly  changed the  c a v i t y  Q ,  l ead ing  t o  low 

e f f i c i ency .  Because of the e f f i c i e n c y ,  it was impossible t o  eva lua te  

improvement i n  t h e  FC-75 face-cooled window. 
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The new pos i t i on  of t h e  VacIon pump el iminated t h e  need t o  

i s o l a t e  t h e  e l e c t r i c a l  connections t o  t h e  pump. Heating of t h e  mi te r  bend 

a t  t h e  t o p  of t h e  c o l l e c t o r  was found t o  be caused by e l ec t ron  bombardment. 

An external water-cooled p l a t e  was added t o  t h e  miter p l a t e  t o  remove h e a t .  

Spurious o s c i l l a t i o n s  were observed at 26.828, 26.860, and 26.870 GHz . 
TABLE 33 

Pulsed Operating Parameters f o r  the  Third CW Osc i l l a to r  

Peak Output Power (kw) 

Frequency ( GHz)  

Beam Voltage (kV) 

Beam Current ( a )  

Eff ic iency ( % ) 
Gun Anode Voltage (kv) 

RF N s e  Duration (PS) 

Pulse Repet i t ion Rate (pps)  

RF Duty (%I 
Average Power (kW) 

Magnet c o i l  Currents ( A )  

Main 1 

2 

3 
4 

Gun 1 

2 

b .  SIN 3 R  

71.2 
28 -006 
78 -7 

9 - 5  

9 -52 
22.7 
275 
120 

3 -3 

2.35 

492 
463 
500 

478 
11.8 
10.2 

The tube  was r e b u i l t  without t h e  i n t e r n a l  cav i ty  load.  

Bakeout and processing were uneventful.  

output of 171 kw and an average power of 18.5 kW. 

t h e  c o l l e c t o r  t o p  load was 17.5 kw. CWtest ing a t  Varian was cut  shor t  by 

f a i l u r e  of a main magnet power supply. The tube was shipped t o  ORNL where 

Pulse t e s t i n g  yielded a peak power 

Peak power observed i n  

183 



it was operated up t o  a CW output level  of 38 kW. 

t h e  f i r s t  rebui ld  of S/N 3 are shown i n  Table 34. 

Operating parameters f o r  

TABLE 34 

Pulsed Operating Parameters f o r  t h e  Rebuild of t h e  Third CW O s c i l l a t o r  

4.  

Peak Output Power (kw) 

Frequency ( GHz ) 
Beam Voltage (kV) 

Beam Current (a)  

Eff ic iency ( ’$ ) 
Gun Anode Voltage (kv) 

RF Pulse Duration (US) 

Pulse Repet i t ion Rate (pps )  

RF Duty ( % )  
Average Power (kW) 

Magnet c o i l  Currents ( A )  

Main 1 

2 

3 

4 

Gun 1 

2 

VGA-8000 S/N 4 

147 

27 0975 

79 09 

8.8 

20 -9 

24.4 

300 

420 

12.6 

18.5 

502 

481 

482 

496 

11.5 

4 05 

This tube  used a new e l ec t ron  gun assembly, a new anode design,  

and a miter  bend output assembly similar t o  t h a t  used i n  SIN 2. The 

c o l l e c t o r  was a repaired u n i t  taken from SIN 2R6. 

a .  SIN 4 

Bakeout and processing proceeded without inc ident .  Pulse 

t e s t i n g  opera t iona l  da t a  a r e  shown i n  Table 35. The c o l l e c t o r  developed a 

vacuum leak  during CW beam only t e s t s .  No CW r f  da t a  were obtained.  
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TABLE 35 

Operating Points  f o r  Maximum Peak and Average Power i n  Fulsed 

Operation for  t h e  Fourth CW Osc i l l a to r  

Peak Output Power (kw) 

Frequency ( G H z )  

Beam Voltage (kV) 

Beam Current ( 2 )  

Eff ic iency  (%)  

Gun Anode Voltage (kv) 

RF Pulse  Duration ( p s )  

Pulse Repet i t ion  Rate (pps)  

RF Duty ( X )  
Average Power (kW) 

Magnet Coi l  Currents ( A )  Main 1 = 
2 =  

3 =  

4 =  
Gun 1 = 

2 =  

Max 
Peak - 

138 

27 -973 
80.2 

a .6 
20 

21.9 

290 

240 
6.96 

9.58 

500 

484 

501 

500 

10.6 

11.3 

Max 
Average 

119 
27 -970 

80.6 
8.4 
17.6 
21 a7 

290 
500 

14.5 
17.2 

499 
494 
500 

500 

10.7 
11.2 

b .  S/N 4R 

The c o l l e c t o r  vacuum leak vas at t l - ibuted t o  metal poros i ty .  

The t ube  was r e b u i l t  using t h e  c o l l e c t o r  from S / N  2x7. Bakeout and 

processing were uneventful .  

t es t  data a r e  shown i n  Table 37. 
Pulsed tes t  da ta  a r e  shown in  Table 36. CW 

S / N  4 R  was shipped t o  ORNL. Even though t h e  tube had 

produced 97 kW CW i n  t e s t i n g  a t  Varian, it was found t o  be d i f f i c u l t  t o  

opera te  a t  ORNL. The model u l t ima te ly  f a i l e d  at  ORNL because of a vacuum 

l e a k  i n  t h e  c o l l e c t o r  ceramic. The tube was returned t o  Varian f o r  ana lys i s  

and poss ib l e  r e p a i r .  
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A n a l y s i s  r e v e a l e d  c o l l e c t o r  ceramic damage, shown i n  t h e  

pho tographs  of F i g u r e s  104,  105, and 106, D e t a i l s  of t h e  a n a l y s i s  a r e  g i v e n  

i n  Q u a r t e r l y  Repor t  No. 12 J a n u a r y  - March 197915. F u r t h e r  r e b u i l d  of S/N 4 

was n o t  p l anned .  

TABLE 36 

Pul sed  O p e r a t i n g  P o i n t  for t h e  R e b u i l t  

F o u r t h  CW O s c i l l a t o r  

Peak Outpu t  Power 

F r e qu en  c y  

Beam V o l t a g e  

Beam C u r r e n t  

E f f i c i e n c y  

Gun Anode V o l t a g e  

RF Pulse D u r a t i o n  

P u l s e  R e p e t i t i o n  Rate 

RF Duty 

Average Power 

Magnet Coil  C u r r e n t s :  Main 1 = 
2 =  

3 =  
4 =  

Gun 1 = 
2 =  

137 kw 

27.972 GHz 

80.3 kV 

8.2 a 

20.8% 

21.3 kv 

300 us 
120 s-l 

3.6% 
4.93 kW 

496 

47 1 

4 98 

499 

10.0 

11.2 
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TABLE 37 

VGA-8000 S/N 4R CW Test Data 

OPERATING PARAMETERS 

Collector Water Flow 

Body Water Flow 

Window Water Flow 

Collector Seal Tubing Water Flow 

FC-75 Flow 

350 gpm C 70 psi  drop 

4 gpm 8 138 psi  drop 

2.1 gpm C 69 psi  drop 

0.25 gpm @ 23 psi  drop 

2 gpm C 8 psi  drop 

Magnet C o i l  Currents: 

Beam Voltage 

Gun Andoe Voltage 

Cathode Current 

Body Current 

Power Output 

FC-75 Temperature Rise 

Window Water Temperature Rise 

Normal Operating Tube Pressure 

Main 1 = 492 A 

2 = 513 A 

3 = 499 A 

4 = 498 A 

Gun 1 = 9.5 A 

2 = 11.2 A 

82.4 kV 
26.6 kV 

8.6 A 

38 mA 

b 

97.2 kW @ 27.968 GHz 

9' C @ 1.5 gpm 

3.5' c 8 2.1 gpm 

<loo8 Torr 
i '  
I 
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5 .  VGA-8000 S I N  7 

This tube  had a c o l l e c t o r  similar t o  SIN 3 with a 2.5-inch 

diameter waveguide loading t h e  t o p  of t h e  c o l l e c t o r .  S ign i f i can t  f e a t u r e s  

were as fol lows:  

1. Double-disc Be0 window, FC-75 cool ing 

2. Optimized spacing between t h e  i n t e r a c t i o n  c a v i t y  and t h e  f irst  

m i t e r  bend. 

3. Osc i l l a to r  c a v i t y  with a groove t o  detune TM modes. 

4. Secondary e l ec t ron  magnetic t r a p  on t h e  waveguide coming out  

t h e  t o p  of t h e  c o l l e c t o r .  

Details of t hese  f ea tu res  may be found i n  Quarter ly  Report No. 13, 

Apr i l  - June 1979. 

a.  S/N 7 

Bakeout and processing proceeded without inc ident .  Pulsed 

t e s t i n g  yielded.  120 kw peak power output .  CW t e s t i n g  gave l e v e l s  of 50 t o  

70 kW power output under var ious  s e t s  of opera t ing  condi t ions.  Deta i l s  of 

t e s t i n g  are given i n  Quarter ly  Report No. 1 4 ,  J u l y  - September 1g7g.I7 

tube  w a s  shipped t o  ORNL. It went down t o  a i r  s h o r t l y  a f t e r  turn-on and w a s  

re turned t o  Varian f o r  ana lys i s  and poss ib le  r e p a i r .  

The 

b. S / N  7RM 

The l e t t e r  M was added t o  t h e  serial  number t o  ind ica t e  a 

mi te r  bend model. The S/N 7 vacuum l e a k  w a s  found i n  a cracked ceramic i n  

t he  loaded d r i f t  tube  assembly. After  r e p a i r ,  tube  bakeout and processing 

proceeded without inc ident .  Pulsed mode t e s t i n g  y ie lded  127 kw peak power 

output .  

d i f f i c u l t i e s  were encountered during CW tests and these  are discussed i n  

CW t e s t i n g  y ie lded  up 69 kW power output .  Various opera t iona l  

de t a i l  i n  Quarter ly  Report No. 15, October - December 1979. l8 cw 
opera t iona l  t e s t  data are shown i n  Table 38. The tube  was shipped t o  the  

customer f o r  system use.  It operated s a t i s f a c t o r i l y  a t  the  50 kW CW power 
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o u t p u t  l eve l  over a p e r i o d  o f  s e v e r a l  months, when i t  developed an open 

h e a t e r .  It was r e t u r n e d  t o  Varian f o r  a n a l y s i s .  

The a n a l y s i s  o f  VGA-8000 S/N 7RM is t h e  s u b j e c t  of a s e p a r a t e  

r e p o r t  submi t t ed  t o  t h e  customer.  H i g h l i g h t s  are g iven  i n  Q u a r t e r l y  Repor t  

No. 17, A p r i l  - June 1980.20 There was no 

p l a n  f o r  a f u r t h e r  r e b u i l d .  

The t u b e  was p l aced  i n  s t o r a g e .  

TABLE 38 

VGA-8000 

S e r i a l  Number 7RM Opera t ing  Pa rame te r s  

C o l l e c t o r  Water Flow 350 gpm 

Body Water Flow 4 gpm 

Window Water Flow ( b o t h )  1 gpm 

Magnet Water Flow 16 gpm 

FC-75 Flow 2.5 gpm 

Upper Water Load 2 gpm 

Magnet Coil  C u r r e n t s :  Main 1 552 A 

2 = 512 A 

3 = 480 A 

4 = 480 A 

Gun 1 = 10 A 

2 =  1 0 A  

Beam Vol tage  

Gun Anode Vol tage  

Cathode C u r r e n t  

Body Cur ren t  

Power Output 

Frequency 

77.5 kV 

30.6 kV 

8.2 A 

18 mA 

67 kW 

27.86 GHz 
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c .  VGA-8000 S / N  12M 

This model w a s  i d e n t i c a l  with SIN 7 except f o r  a loaded Q 

reduced from 750 t o  about 500. A t  t he  t ime,  it w a s  imperative t h a t  t h e  tube  

be completed and shipped t o  t h e  customer as a backup f o r  SIN 7RM. 

Rakeout and processing proceeded without i nc iden t .  Fulse 

t e s t i n g  y ie lded  130 kw peak power output .  Eff ic iency vs  beam curren t  ranged 

from 22 t o  34%, Figure 107. 

during a CW t e s t  per iod of t en  hours. Then 103 t o  113 kW power output was 

obtained f o r  over one hour. The l i m i t i n g  f a c t o r  was c o l l e c t o r  seal  

temperature rise. A number of s p e c i a l  tes ts  r e l a t i n g  t o  modal content of 

t h e  output waveguide were conducted. Details of t hese  are given i n  t h e  

Quarter ly  Report No. 16, January - March 1980.~’ 

rout ine  tes t  performance. The tube  was shipped t o  t h e  customer i n  March 

The tube  produced up t o  60 kW power output 

Table 39 summarizes 

1980. 

During system opera t ion ,  d i f f i c u l t y  was reported in  

a t tempting t o  increase  beam curren t  and power output .  Crowbars occurred 

f requent ly .  After power supply r e p a i r  and adjustment,  a power output o f  

65 kW was achieved. After  a number of experiments, SIN 12M was removed from 

t h e  socket and replaced wi th  VGA-8000 S/N 5R2, an axisymmetric model. 
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BEAM CURRENT (a) 

Figure 107. VGASOQO Gyrotron, S/N 12M Efficiency vs Beam Current in 
Pulse Mode; 8% Duty 
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TABLE 39 

VGA-8000 S/N 12M Test Performance 

O P E R A T I N G  PARAMETERS 

Collector  Water Flow 

Body Water Flow 

Window Water Flow ( b o t h )  

FC-75 Flow 

Upper Water Flow 

Magnet C o i l  C u r r e n t s :  

Beam Voltage 

Gun Anode Vol tage  

Cathode Cur ren t  

Body Cur ren t  

Power o u t p u t  

Fr e qu en c y  

J .  AXISYMMETRIC MODELS 

274 gpm 

3.8 gpm 

1 gpm 

3 .0  gpm 

1.8 gpm 

Main 1 = 500 A 

2 = 480 A 

3 = 479 A 

4 = 469 A 

Gun 1 = 10.5 A 
2 =  1 0 A  

80.5 kV 

20.1 kV 

5.9 A 

20.0 mA 

107 kW 

2'7.991 GHz 

Axisymmetric models i n c o r p o r a t e d  s t r a i g h t  th rough c o l l e c t o r  o u t p u t  

coup l ing  sys t ems ,  i n  which t h e  co l lec tor  took  on t h e  d u a l  r o l e  of abso rb ing  

e l e c t r o n  beam d i s s i p a t i o n  and a c t i n g  a s  a waveguide microwave component. 
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Six models of  t h i s  type  gyrotron CW o s c i l l a t o r  may be i d e n t i f i e d ,  VGA-8000 

S/N's 5 ,  6 ,  8 ,  9 ,  10 ,  and 11. Figure 108 i s  a layout  showing t h e  e s s e n t i a l  

f ea tu re s  of an axisymmetric CW gyrotron o s c i l l a t o r .  

1. VGA-8000 SIN 5 

This model used an output waveguide t ape r ing  t o  a 7-inch-diameter 

c o l l e c t o r  and then taper ing  back t o  a 2.5-inch diameter a t  t h e  output  

window. Details of microwave c i r c u i t  cold t e s t i n g ,  e l ec t ron  beam 

d i s s i p a t i o n  cons idera t ions ,  and tube  cons t ruc t ion  a r e  given i n  Quarterly 

Report No. 12, January - March 1979. 1 5  

After  bakeout and processing t h e  tube was pulse  t e s t e d .  A 

peak power output of 75 kw ~ ' B S  obtained. This l e v e l  was t h e  maximum 

poss ib l e  with t h i s  model, ev ident ly  because t h e  loaded Q was too  high by a 

f a c t o r  of t h r e e  or four .  Various experiments were conducted i n  ana lys i s  of  

t h e  problem and it was eventual ly  t r aced  t o  a d i s t o r t i o n  which had caused a 

mismatch a t  t h e  window. Details of these  t e s t s  and d iscuss ion  o f  t h e  

d i f f i c u l t y  a r e  given i n  Quarter ly  Report No. 13, Apri l  - June 1979. It 

was decided t o  rebui ld  t h e  tube  with an improved window design.  

b.  SIN 5 R 1  

Pulse t e s t i n g  a f t e r  rou t ine  bakeout and processing y ie lded  a 

peak power output of 195 kv, t h e  highest  so far a t t a i n e d  with a CW tube .  

Data f o r  t h e  pulse  tests a r e  shown i n  Figure log. CWtest ing gave 66 kW 

power output i n t e r m i t t e n t l y  over a period of severd l  hours,  when a vacuum 

l e a k  developed in  t h e  collector-ceramic seal .  The l e a k  was temporar i ly  

repa i red  with s e a l a n t ,  but it was decided t o  rebui ld  t h e  model. 
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I .  MAIN MAGNET COILS 7. COLLECTOR MAGNET COILS 
2. GUN MAGMET COIL 
3. ELECTRON GUN 

8. OUTPUT GUIDE UP-TAPER 
9. OUTPUT GUIDE DOWN-TAPER 

4. CAVITY 
5. OUTPUT WAVEGUIDE AND WINDOW 
6. BEAM COLLECTOR 

10. LOWER COLLECTOR GAP 
11. TRANSVERSE FIELD MAGNET 

Figure 108. Layout Drawing of an Axisynimetric CW Gyrotron with Tapered Output Waveguide 
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After  r e p a i r  and rou t ine  bakeout and processing,  t h e  tube w a s  

t e s t e d  i n  the  pulse  mode. A peak power output of 213 kw w a s  ob ta ined ,  

d e s p i t e  some turn-on d i f f i c u l t y  w i t h  modes a t  32.5 and 33.2 GHz.  Several  CW 

experiments were conducted with the  tube t o  cha rac t e r i ze  t h e  VGA-8000 

gyrotron o s c i l l a t o r  and t o  provide information leading  t o  b e t t e r  

understanding of gyrotron opera t ion .  Figures 110, 111, and 112 show CW 

power output and frequency vs  main magnet c o i l  No. 2 cu r ren t  f o r  bea.m. 

cu r ren t s  of  3.6, 4.9, and 6.0 amperes, respect ively. '  Examination of t he  

curves shows two important f a c t o r s .  

1. An optimum magnetic f i e l d  e x i s t s  at each l e v e l  of beam 

cur ren t .  

2 .  The frequency decreases with decreasing magnetic f i e l d .  

Eff ic iency vs  beam curren t  with optimized e l ec t ron  gun anode vol tage i s  

shown i n  Figure 113. A maximum value of 48.7% w a s  noted. For beam cur ren t s  

l a r g e r  than 5.2 amperes, e f f i c i e n c i e s  higher  than the  ind ica ted  values  may 

have been poss ib l e ,  bu t  t e s t ing 'was  adminis t ra t ive ly  r e s t r i c t e d  t o  power 

output of no more than about 200 kW CW. Fur ther ,  e f f i c i e n c i e s  higher  than 

those  of Figure 113 might be poss ib le  with f u r t h e r  main magnetic f i e l d  

opt imizat ion.  On February 1 2 ,  1980, t he  tube produced 212 kW CW. T h i s  

represented a major milestone i n  gyrotron development. Key CW t e s t  results 

a r e  summarized i n  Table 40. Two curves of e f f i c i ency  vs e l ec t ron  gun anode 

vol tage  are given i n  Figures  1 1 4  and lly* 

One of t he  output window s t r u c t u r e  ceramic d i s c s  f a i l e d  during a 

t e s t  i n  which t h e  output waveguide system included a miter bend between two 

mode f i l t e r s .  Fortunately,  it w a s  the  ou te r  window t h a t  had f a i l e d ,  t h e  

tube  s t i l l  had vacuum. A d e t a i l e d  ana lys i s  of t h e  window f a i l u r e  and 

discussion of improvements are given i n  Quarter ly  Report No. 17, 

Apri l  - June 1980.20 Further detai ls  r e l a t i n g  t o  t es t  r e s u l t s  w i t h  S / N  5 ~ 2  

are given i n  Quarter ly  Reports Nos. 16 and 17 ,  January through 

June 1980. 19-20 The outer  window d i s c  w a s  replaced and t h e  tube w a s  
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operated again i n  pulsed and CW modes and found t o  be performing t h e  same as 

before .  The decis ion w a s  made t o  sh ip  t h e  tube t o  ORNL f o r  f u r t h e r  t e s t i n g .  

TABLE 40 

VGA-8000 S/N 5R2 T e s t  Performance 

OPERATING PARAMETERS 

Collector  Water Flow 

Body Water Flow 

Window Water Flow (both)  

FC-75 Flow 

Col lec tor  Sea l  Flow 

Magnet Coi l  Currents : 

Beam Volt,age 

Gun Anode Voltage 

Cathode Current 

Body Current 

Heater Voltage 

Heater Current 

Power Output 

Frequency 

261 gpm 

3.6 gpm 

1 gPm 

3 00 gpm 

2.5 gPm 

Main 1 = 475 A 

2 = 469 A 

3 = 460 A 

4 = 478 A 

Gun 1 = 12.5 A 

2 = 11.0 A 

80.2 kV 

25.3 kv 

6.7 A 

25 mA 

10.8 v 
6.03 A 

212 kW 

27.870 GHz 

Following t h e  i n i t i a l  i n s t a l l a t i o n  a t  ORNL i n  June 1980, t h e  tube  

w a s  t e s t e d  by ORNL and Varian personnel with rf output waveguide 

configurat ions appropr ia te  f o r  connection t o  EBT-S. 

i n t o  the load conf igura t ions  shown on the  following page. 

The tube  w a s  operated 
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Configuration No. 1 (Figure  116) 

Tube - Mode F i l t e r  No. 1 - S t a i n l e s s  S t e e l  Section No, 1 - Miter 

Bend - Mode F i l t e r  No. 2 - S t a i n l e s s  S t e e l  Section No. 2 - Miter 

Bend - Copper Guide - Load. 

Load power 

Tube output power 
The t ransmission e f f i c i ency  was ‘70.3% 

Configuration No. 2 (F igure  117) 

Tube - Mode F i l t e r  No. 1 - S t a i n l e s s  S t e e l  Section No. 3. - Miter 

Bend - Copper Guide - Sta in l e s s  S t e e l  Section No. 2 - Miter Bend 

Copper Guide-Load. The t ransmission e f f i c i ency  w a s  82.1% 

Configuration No. 3 (F igure  118) 

Tube - Mode F i l t e r  No. 1 - S t a i n l e s s  S t e e l  Section No. 1 - Mode 

F i l t e r  No. 2 - Miter Bend - Copper Guide - Sta in l e s s  S t e e l  

Section No. 2 - Miter Bend - Copper Guide-Load. The 

t ransmission e f f i c i ency  was 83.6%. 

Varian VFA-8000~2 Mode F i l t e r s  were used i n  these  t e s t s .  

It w a s  observed t h a t  t he  window FC-75 power d i s s i p a t i o n  followed 

t h a t  of t h e  Mode F i l t e r  No. 1 c l o s e l y  as t h e  tube parameters were ad jus ted ,  

suggesting t h a t  t h e  window i tself  i s  operat ing as a f i l t e r  f a r  non-circular 

e l e c t r i c  modes. 

During t h e  month of September 1980, t h i s  tube w a s  operated at, 100 

kW CW i n t o  t h e  EBT-S plasma a t  ORNL. 
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LOSSES 

M F # 1  - 7.5kW 
S.S.#l - 1.6 kW 
M F # 2  - 14.6kW 
S.S. #2 - 2.1 kW 

CLI AND MITER BENDS - 2.6 kW 

TUBEPo = 95.6kW 
H20 LOADPO 67.2kW 

cu 

Figure 116. Waveguide Configuration No. 1 
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LOAD 

LOSSES 

MF#1 - 9.8 kW 
S.S. #1 - 2.2 kW 
S.S. #2 - 3.9 kW 

CU AND MITER BENDS - 6.4 kW 

TUBE Po = 112kW 
H20 LOADPo = 89.7 

Figure 117. Waveguide Configuration No. 2 
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2. VGA-8000 S/N 6 

This model w a s  similar t o  S/N 5 except f o r  modification i n  the  

following tube  areas: 

1. L o w e r  c o l l e c t o r  i n s u l a t o r  modified t o  e l imina te  t h e  rubber 

water s e a l  used on S/N 5 .  

2. Upper c o l l e c t o r  i n s u l a t o r  e l iminated 

3. Improved design double-disc Be0 window 

The poss ib le  use of a wa.ter load mounted d i r e c t l y  on t h e  tube ins tead  of t he  

normal output window w a s  contemplated, but t h e  model was f i n a l l y  constructed 

using t h e  dauble-disc Be0 window. The ceramic of t h e  lower c o l l e c t o r  

i n s u l a t o r  was 5 / 4  wavelengths t h i c k  with water i n  d i r e c t  contac t .  

f e a t u r e  w a s  expected t o  reduce microwave r e f l e c t i o n s  and t o  provide 

exce l l en t  cool ing.  

This 

AFTER NORMAL BAKEOUT, PROCESSING, AND PULSED OPERATION, S/N 6 WAS 

t e s t e d  i n  t h e  CW mode. 

Tube No. 6 w a s  operated with 50.3% e f f i c i ency  a t  t h e  200 kW l e v e l .  

Eff ic iency of 52% was achieved a t  t h e  170 kW l e v e l .  This i s  t h e  highest  

gyrotron e f f i c i ency  demonstrated t o  da te .  During August 1980, t h e  tube w a s  

operated at  t h e  200 kW CW l e v e l  f o r  more than 12 hours. Included i n  t h i s  

w a s  a h-hour i n t e r v a l  of continuous operat ion.  

Figure l l g  shows autput  power and e f f i c i e n c y  vs the  beam cur ren t .  

The ca lcu la ted  power curve of Figure 119 i s  ca l cu la t ed  using a number of 

f ixed  parameters which may or  may not remain f ixed  i n  a c t u a l  opera t ion .  

Some o f  these  parameters are perpendicular  energy, magnetic f i e l d ,  and  t h e  

beam and gun anode vol tages .  As shown i n  Figure 119, t he  peak e f f i c i ency  

occurs around 4 amps. This is probably due t o  t h e  Q of  t he  cav i ty .  For t h e  

peak e f f i c i ency  t o  occur a t  6 t o  8 amps, the  Q would have t o  be lowered, but  

t h e  tube  would be harder t o  start at t h e  correct frequency. 
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DC BLOCK 

Because t h e  window i s  at t h e  same vol tage  as t h e  c o l l e c t o r  S/N 6 ,  it i s  

necessary t o  have a dc i n s u l a t o r  i n  t h e  waveguide run between t h e  windox and 

ground. 

t e f l o n  sheet separa t ing  t h e  waveguide sec t ions .  This dc block had 

success fu l ly  operated f o r  many hours on the  tube  and w a s  used a t  t h e  200 kW 

r f  power l e v e l .  

The dc block model VEA-8OOOC1 c o n s i s t s  of a t h i n  water-cooled 

Mode F i l t e r  and Miter Bend Tests  

Three high power mode f i l ters  (Var i an  Model VFA-8000A3) were assembled, 

cold t e s t e d  and flow t e s t e d .  The maximum flow r a t e  a t  141 p s i  was increased 

t o  26 GPM. 
w i l l  permit a d i s s i p a t i o n  of 68 kW. 

0 
Presuming a 10 C temperature d i f f e r e n t i a l  i n  t h e  water, t h i s  

These mode f i l t e r s  were t h e n - t e s t e d  and evaluated i n  t h e  conf igura t ion  

shown i n  Figure 120 using t h e  VGA-8000 S/N 6 gyrotron as t h e  power source.  

The tube w a s  operated i n  t h i s  conf igura t ion  for 40 minutes after which 

t e s t i n g  was hal ted  because of arcing.  This was found to  be due t o  over- 

heat ing and oxidizing of mi te r  bend No. 2 which c rea ted  p a r t i c l e s  of copper 

oxide which f e l l  on t h e  output window. During t h i s  t es t  t h e  t o t a l  r f  power 

d i s t r i b u t i o n  w a s  : 

Mode F i l t e r  No. 1 6.8 k~ cw 
Mode F i l t e r  No. 2 9.3 kW CW 

Water Load 159.0 kW CW 

T o t a l  Power Output 175.1 kw cw 

The mi te r  bends a r e  being modified f o r  water cool ing f o r  fu tu re  use.  

The window w a s  cleaned and t h e  tube re - tes ted  t o  200 kW CW output  for t w o  

hours. A comparison of f e a t u r e s ,  s i g n i f i c a n t  events and opera t ing  

parameters f o r  the  VGA-800082 and VGA-8000A3 mode f i l t e r s  i s  shown i n  

Figure 121. A f t e r  consul ta t ion  with ORNL, t e s t s  were ha l t ed  due t o  t h e  need 

t o  sh ip  tube No. 6 t o  Oak Ridge, 
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12" ST. 

POWER 
MODE FILTER #1 6.8 kW CW 

MODE FILTER #2 9.3 
159.0 
175.1 kW CW 
--- WATER LOAD 

Figure 120, Mode Filter, Miter Bends and Tube Configuration for Testing 
High Power Mode Filter VFA-8QOQA3 
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VFA-8000 A2 MODE FILTER 

FEATURES 
0 12 kW Power Handling Specification 
0 Pulse and CW Operation 
0 4-6 dB Attenuation - Non Circular Modes 
0 .3 to .5% Attenuation - Circular Modes 

SIGNIFICANT EVENTS 
0 Tested to 183 kW Peak Power Flow - Mar 25 
a Tested to 148 kW CW Power Flow 
0 Two Units Delivered to ORNL - May 29 
0 Tested to 14.6 kW CW Power Absorption 
0 at ORNL - July 9 

OPERATING PARAMETERS 
0 Water FiowlPressure = 5 GPM - 120 PSI 
0 Water Temperature A T = 9°C 

VFA-8000 A3 MODE FILTER 

50 kW Power Handling Specification 

Tested to 9.3 kW CW August 26 
Testing to be continued 

25 GPM - 130 PSI 
A T  = 9 %  

Figure 121.. Comparison of VFA-8000A2 and VFA-8000A3 Mode Filters 
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Shipping 

Tube No. 6 w a s  shipped t o  ORNL i n  September. Accelerometers were 

placed a t  both ends of the  tube  as w e l l  as along t h e  a x i s  of t h e  tube .  The 

accelerometer on axis r eg i s t e red  15 G s .  A t  t h e  c o l l e c t o r  end, t h e  v e r t i c a l  

read 22.5 Gs and t h e  ho r i zon ta l  vas 2.5 Gs. A t  t h e  gun end, they  were 25 G s  

v e r t i c a l  and 7.5 Gs hor i zon ta l .  

3 -  VGA-8000 S/N 8 

This model was similar t o  S/N 6 except f o r  t h ree  modif icat ions:  

1. Cooling vater system redesigned 

2. Addition of a n  ou ter  shroud 

3. Col lector  seal modified f o r  improved s t r eng th  

The new cool ing water system aimed at improved tube  cool ing.  The new ou te r  

shl-oud s impl i f ied  plumbing connections and had t h e  secondary e f f e c t  o f  

improving tube  appearance. The outer  r i ngs  of t h e  c o l l e c t o r  s e a l  were 

fashioned o f  mane1 ins tead  of  s t a i n l e s s  steel  t o  more c l o s e l y  match 

temperature c o e f f i c i e n t s  of metal and ceramic, minimizing t h e  d i f f e r e n t i a l  

expansion problem. 

After rout ine  bakeout t e s t i n g  of t h i s  tube began on September 11. 

It was successfu l ly  h ipot ted  with no abnormal behavior observed. The t e s t  

set was then connected f o r  pulse  operat ion and t e s t i n g  continued. Cathode 

emission was low i n i t i a l l y  and increased slowly t o  i t s  r a t e d  8 amperes a f t e r  

approximately 30 hours. 

The s l o w  increase  of emission is judged t o  be due t o  the  long 

s torage t i m e  of t h e  gun assembly. It was s tored  i n  a warm ni t rogen  

atmosphere for approximately four  months. Since ea r ly  September, a l l  

completed gyrotron gun assemblies have been s tored  i n  a vacuum chamber t o  

f u r t h e r  minimize t h e  p o s s i b i l i t y  of contamination. 
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A t  t he  start of t e s t i n g ,  t h e  c o l l e c t o r  exhib i ted  a water flow 

problem. A t  high flow rates a "water-hammer'' e f f e c t  took place.  Using 

x-ray techniques,  a s i n g l e  channel i n  t h e  c o l l e c t o r  water flow w a s  found t o  

be blocked with braze material. 

flow, 108 gpm vs 240 gpm. 

The tube was run using a lower c o l l e c t o r  

This is  not  seen t o  be a c r i t i c a l  problem. 

The tube  has been processed up t o  144  kw of  peak output  power a t  

7.2% duty.  Further t e s t i n g  is  planned on a follow-on program. 

4. VGA-8000 SIN 11 

T h i s  model w a s  designed t o  be s i m i l a r  t o  S/N 8 except f o r  

o s c i l l a t o r  c a v i t y  modif icat ions aiming at improved mode separa t ion .  It 

incorporated an  a lumina  window similar t o  t h a t  used i n  SIN 5 and t h e  new, 

K-8002 e l ec t ron  gun. Unfortunately,  a. number of problems involving vacuum 

leaks  were encountered during assembly. These problems were resolved by t h e  

end of t h e  development program. 

Di f f i cu l ty  was encountered with a vacuum leak  i n  the  d r i f t  tube  

load assembly. The l e a k  was t raced  t o  a "pipe" through t h e  stainless s tee l  

outer  member. This was repaired by brazing but  a second l eak  developed i n  a 

brazed j o i n t  near t h e  weld f lange  which j o i n s  with the  anode. This was also 

repa i red  and the  assemby was found t o  be vacuum t i g h t .  

A l l  subassemblies were completed, and f i n a l  assembly began on 

Unfortunately,  an i r r epa rab le  l e a k  developed i n  t h e  weld September 26. 

j o i n t  between the anode and d r i f t  tube load.  It i s  bel ieved t h a t  a l loy ing  

of t h e  braze ma te r i a l  used ea rb ie r  embri-ttled the weld f lange  t o  a degree 

where a vacuum t i g h t  weld could not be made. 

Eecause of t h i s  f a i l u r e  and similar experience w i t h  some of t h e  

previous assemblies ,  t he  s t a i n l e s s  s teel  bar  from which the  p a r t s  were made 

was i d e n t i f i e d ,  l oca t ed ,  sampled, and examined by Varian me ta l lu rg i s t s .  It 

was found to be within spec i f i ca t ions  but  not recommended for thin c ross  
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sec t ions  i n  t h e  plane orthogonal t o  the  "pipes". A design modification has 

been i n i t i a t e d  which g r e a t l y  reduces t h e  "pipe" problem. It i s  planned for- 

incorporat ion i n  tube  No. 11. 

This tube has an alumina window i d e n t i c a l  t o  t h a t  i n  VGA-8000 

No. 5 .  It a l s o  w i l l  have t h e  f i r s t  K-8002 gun. 

This gun was developed during fiscal year  1980. The f i r s t  assembly was 

completed i n  e a r l y  September. 

The K-8002 with respec t  t o  e lec t ron  o p t i c s  is i d e n t i c a l  t o  t h e  K-8000 

but incorporates  s eve ra l  changes. The most notable  change is  a r a d i a t i o n  

heated cathode but ton compared t o  t h e  "potted" hea te r  i n  t h e  K-8000. The 

i n t e r n a l  stem s t r u c t u r e  has been redesigned t o  improve hea te r  e f f i c i e n c y  by 

b e t t e r  heat sh ie ld ing  and optimized rout ing  of t he  cool ing o i l .  The t o p  of 

the  s t e m  has been redesigned t o  e l imina te  t h e  top  screw which w i l l  l e s s e n  

t h e  problem of spu t t e r ing  on t h e  upper ceramic seal, 

d .  VGA-8000 SIN 9 

This model w a s  designed t o  use a 5-inch-diameter double-disc Be0 

window, thus e l imina t ing  t h e  t a p e r  between t h e  5-inch-diameter c o l l e c t o r  and 

t h e  window assembly. E f fo r t  on the model w a s  ha l t ed  with the  success of 

a x i s m e t r i c  tubes incorporat ing t h e  2.5-inch-diameter double-disc windows. 

These l a t t e r  models had produced 200 kW CW power output .  

e. VGA-8000 S/N 10 

This model, l i k e  SIN 9, was designed t o  use aa 5-inch-diameter 

double-disc Be0 window. Effor t  on the tube  was discont inued for  t h e  same 

reason. 
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V. SUMMARY 

In  1975, Var ian  A s s o c i a t e s ,  Inc. ,  completed a s t u d y  of a 120  GHz, 

100 kW, CW g y r o k l y s t r o n  a m p l i f i e r .  I n  1976, Var ian  was funded t o  s t a r t  a 

hardware  deve lopment  program w i t h  t h e  g o a l  o f  a 28 GHz, 200 kW, CW 

g y r o k l y s t r o n  a m p l i f i e r  t o  p r o v i d e  e l e c t r o n  c y c l o t r o n  r e s o n a n c e  h e a t i n g  f o r  

t h e  Elmo Bumpy Torus  - S c a l e  e x p e r i m e n t  ( E B T S ) .  In t h e  d e s i g n  o f  t h i s  

d e v i c e ,  it was t o  be k e p t  i n  mind t h e  u l t i m a t e  h i g h e r  f r e q u e n c y  g o a l .  

The e a r l y  g y r o k l y s t r o n  development  r e s u l t e d  i n  t h e  deve lopment  o f  a 

room t e m p e r a t u r e  ho l low core c o n d u c t o r  s o l e n o i d  magnet and an e lectron gun 

d e s i g n  t h a t  would be  used t h r o u g h o u t  t h e  development  program. Computer 

programs were used q u i t e  s u c c e s s f u l l y  f o r  d e s i g n i n g  t h e  s o l e n o i d  magnet w i t h  

iron p o l e  p i e c e s  and c a l c u l a t i n g  e l e c t r o n  t r a j e c t o r i . e s  f o r  o p t i m i z i n g  t h e  

gun d e s i g n .  

The e a r l y  deve lopmen t s  a l so  produced t h e  a l t e r n a t i n g  copper  and s i l i c o n  

c a r b i d e  l o a d e d  b e r y l l i a  r i n g s  s u c c e s s f u l l y  used f o r  p r e v e n t i n g  r f  from 

p r o p a g a t i n g  back t o  t h e  gun r e g i o n .  

Another s u c c e s s f u l  deve lopment  of t h i s  program h a s  been t h e  c e r a n i c  

cone  mult imode broadband wa te r  l o a d .  There h a s  neve r  been  a w a t e r  l o a d  

f a i l u r e .  "he f i r s t  water l o a d  i s  s t i l l  i n  use  a t  Var i an .  

Feedback c o u p l i n g  th rough  t h e  beam t u n n e l  slowed s u c c e s s f u l  

g y r o k l y s t r o n  development .  Each s u c c e e d i n g  expe r imen t  i n c r e a s e d  t h e  s t a b l e  

g a i n  and o u t p u t  power b u t  e f f i c i e n c y  was l i m i t e d  t o  9 - 10%.  

The back-up o s c i l l a t o r  was i n  i n s t a n t  s u c c e s s  r e l e g a t i n g  f u r t h e y  

g y r o k l y s t r o n  development  to  t h e  b a c k  b u r n e r .  The f i r s t  pu l sed  g y r o t r o n  

o s c i l l a t o r  produced 248 kw o f  rf  o u t p u t  power. 

E f f o r t s  t o  s e p a r a t e  t h e  rf o u t p u t  c o u p l i n g  from t h e  s p e n t  e l e c t r o n  beam 

c o l l e c t i o n  by means o f  a t r i p l e  miter bend were s c u t t l e d  by mode c o n v e r s i o n  

i n t o  n o n - c i r c u l a r  e l e c t r i c  modes and t h e i r  d e l e t e r o i u s  e f f e c t s  on g u n s ,  mode 

s u p p r e s s o r s  , c o l l  ec tor i n  s u l  a t o r  s , Vac Ion  pumps , and windows ~ 
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The use  of  an axisymmetric d e s i g n  and t h e  i n t r o d u c t i o n  o f  t h e  FC-75 

f a c e  cooled double-disc  window t o  g y r o t r o n s  r e s u l t e d ,  on February 12, 1980, 

i n  t h e  p roduc t ion  of 212 kW, CW, a t  28 GHz. This  r e p r e s e n t s  a major 

mi l e s tone  i n  the  development o f  gy-o t rons .  
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A P P E N D I X  A 

THEORY OF GYROKLYSTRONS 

A .  COMPARISON OF SMALL-SIGNAL THEORY WITH BALLISTIC CODE 

The g a i n  of  a g y r o k l y s t r o n  was d e t e r m i n e d  u s i n g  t h e  b a l l i s t i c  

t r a j e c t o r y  c o d e  and then  was c a l c u l a t e d  u s i n g  t h e  s m a l l - s i g n a l  t h e o r y  

o u t l i n e d  i n  a p r i o r  r ep01- t . ’~  The p a r a m e t e r s  l i s t e d  i n  Table  A-I were used 

i n  t h e  c a l c u l a t i o n s  and a r e  t h o s e  we p l a n  to  use for t h e  f i r s t  e x p e r i m e n t a l  

t u b e  

T a b l e  A - I  

Gyro k l y s t r o n  Pa rame te r s  

L1 
I n p u t  c a v i t y  l e n g t h ,  

Output  c a v i t y  l e n g t h ,  L 2  

Drif t  t u b e  l e n g t h  

Beam v o l t a g e ,  

&am c u r r e n t ,  

8, = v / C  
1 

’b 

5 3  

$,, = v / c  
y = (1 I‘ - 6, 2 - 8112)-1’2 

k n  = W / V  = 271 c/f3 A 

Beam r a d i u s ,  r 

O p e r a t i n g  f r e q u e n c y / c y c l o t r o n  f r e q u e n c y ,  w/n 
V = r n c / e =  

11 II 

b 

2 
n 0 

1.5 

2.0 x 
3.0 X 

80 kV 

8 A  
0.45 

0 .225  

1.157 

0.293 X 

1.06 

511,000 v 

I n  t h e  computer  c a l c u l a t i o n ,  r e l a t i v e l y  low v a l u e s  o f  i n p u t  and o u t p u t  

c a v i t y  f i e l d s  were chosen  i n  o r d e r  t o  a s s u r e  s m a l l - s i g n a l  c o n d i t i o n s  i n  t h e  

c a v i t i e s .  U n f o r t u n a t e l y ,  a s  w i l l  b e  d i s c u s s e d  l a t e r ,  b e c a u s e  o f  t h e  l o n g  

d r i f t  l e n g t h ,  t h e  i n p u t  c a v i t y  f i e l d  was n o t  q u i t e  s m a l l  enough t o  p r o v i d e  

much margin  be low c u r r e n t  s a t u r a t i o n .  The f i e l d s  were E A = 7472 V i n  t h e  

i n p u t  c a v i t y  and E X = 14,943 V i n  t h e  o u t p u t  c a v i t y .  The computer  gave  an 

ave rage  e n e r g y  l o s s  of 7640 V f o r  e i g h t  electrons s t a r t e d  a t  e q u a l  phase  

1 

2 

A- 1 



i nc remen t s  d u r i n g  a c y c l e .  The power o u t p u t  f o r  t h i s  ex t r eme ly  ove r loaded  

c a s e  was 7640 V m u l t i p l i e d  by 8 A ,  o r  61,120 W. The load  conductance  was 

t k  e F e for e 

r e s u l t i n g  from t h e  i n t e r a c t i o n  o f  t h e  beam Ge2' The e lec t ronic  conduc tance ,  

wi th  t h e  o u t p u t  c a v i t y  c a n  be  c a l c u l a t e d  us ing  Equation 5 i n  t h e  

reference . It i s  -0.582 x 10 . The t r ansconduc tance  may a l s o  be  
23 -4 

c a l c u l a t e d  using fo rmulas  i n  t h e  r e f e r e n c e  e 

i n  which 

R =  'b"n 

1 + v / v  
b n  

For t h e  pa rame te r s  l i s t e d  i n  Table A-I, 0 t h e  c a v i t y  midplane-to-midplane 

d r i f t  ang le  is  132.64 r a d i a n s .  M f o r  t h e  41.88 r a d i a n  i n p u t  c a v i t y  a t  6% 
1 

s l i p  between t h e  s i g n a l  f r equency  and c y c l o t r o n  f requency  i s  0.758. 

t h e  55.85 r a d i a n  o u t p u t  c a v i t y  i s  0.900 and R is  0.135. 

10.01 x 10'' mhos. 

conductances  g iven  above have been c o r r e c t e d  t o  compensate f o r  t h e  f a c t  t h a t  

t h e  maximum e l e c t r i c  f i e l d  a t  t h e  electron o r b i t  is 93% o f  t h e  maximum 

c a v i t y  f i e l d .  

21' 

M 2  for 

Gz1 is t h e r e f o r e  

Both t h e  coup l ing  c o e f f i c i e n t s  and t h e  e l e c t r o n i c  

By t h e  use o f  Equation 3 i n  t h e  r e f e r e n c e ,  i t  i s  p o s s i b l e  t o  v e r i f y  t h e  

small-signal. t h e o r y  by c a l c u l a t i n g  

A-2 



E, X = E2 X p.2 + G02 i- 'E2) 
G 

21 

Noting t h a t  G i s  n e g l i g i b l e  compared t o  t h e  o t h e r  conductances,  one 

o b t a i n s  E X = 7,297 V which compares w i t h  7.472 V used i n  t h e  computer 

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

0 2  

1 

"here is  one problem with t h i s  comparison, and t h a t  is  t h a t  G i s  21 
based on t h e  small  argument approximation of J ( 2 ) ;  t h a t  i s ,  a s  s t a t e d  i n  

Reference 23 
1 

= 2 Ib J 1  (1.267) 

= 1.029 Ib 

f o r  E X = 7.472 V. 

n o n l i n e a r  bunching i s  cons ide red  e 

Using t h i s  v a l u e  o f  current g i v e s  E X = 15,144 when 
1 2 

A comparison of t h e s e  c a l c u l a t i o n s  i s  g iven  i n  Table  A-11. 

Table A-11 
C a l c u l a t i o n  Cornpar i s o n  

Method of  C a l c u l a t i o n  E2 X / E ,  X 

Corn pu ter 1.399 

% a l l - s i g n a l  , l i n e a r  bunching 2.0477 

Small-s ignal  , non-l inear  bunching 2.026 

B. SPACE-CHARGE G A I N  ENHANCEMENT 

An equa t ion  d e r i v e d  i n  t he  f i r s t  q u a r t e r l y  r e p o r t  4 p e r m i t s  u s  t o  

e s t i m a t e  t h e  e f f e c t  of space charge  on t h e  g a i n  o f  the  Gyroklystron. 

e qua t  i on  wa s 

The 
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k Z /  0 + e-k 1 1 ~ / 0  
2 e I1 

i n  which 

n1 = 377 ohms, t h e  c h a r a c t e r i s t i c s  impedance o f  f ree  space ;  t h e  o t h e r  

parameters  a r e  a s  d e f i n e d  i n  Table A - I ,  and 6 and C a r b i t r a r y  c o n s t a n t s  

used  t o  match t h e  growth r a t e  o f  radio-frequency c u r r e n t  on t h e  beam t o  t h e  

deg ree  o f  angu la r  v e l o c i t y  modulation a t  t h e  f i r s t  c a v i t y .  (Note t h a t  B i n  

t h e  above expres s ion  is a d r i f t  a n g l e  f o r  exponen t i a t ion  o f  t h e  current 

modulation and 02, = k z is  t h e  d r i f t  l e n g t h  between c a v i t i e s .  Beyond 

t h e  f a c t  t h a t  t h e y  a r e  both d r i f t  a n g l e s ,  t h e r e  is  no r e l a t i o n s h i p  between 

them.) The r a t i o  f requency c u r r e n t  i n  t h e  beam i s  g iven  b y  

4 2 

II 21 

b 
I 

consequen t ly ,  a t  t h e  c e n t e r  of 

c u r r e n t  i s  zero and i n c r e a s i n g  

v o l t a g e ,  t h i s  s l o p e  w i l l  b e  

'b 

t h e  i n p u t  c a v i t y  where we assume the r f  

with a s l o p e  determined by  t h e  f i r s t  c a v i t y  

M I R  [<) 
From Equation 7 and t h e  i n i t i a l  c o n d i t i o n s  above, we can t h e r e f o r e  write 

c 1 4  = o  ( 9  1 2 
and 
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3 Using a g a i n  E l  X = 7 , 4 7 2  V ,  V b  = 
0 2 50 r a d i a n s  which  was c a l c u l a t e d  i n  a p r i o r  report , we o b t a i n  

C1 = 0.239 and C2 = -0.239. 

m i d p l a n e  of t h e  o u t p u t  c a v i t y  we h a v e  (I /I  1 = 3.34. T n i s  c o m p a r e s  w i t h  

1.26 b a s e d  o n  l i n e a r  b u n c h i n g .  The p r e d i c t i o n ,  t h e r e f o r e ,  i s  t h a t  s p a c e  

c h a r g e  e f f e c t s  c o u l d  i n c r e a s e  t h e  g a i n  b y  20 log  (3.34/1,26) = 8.46 clB. 

80 x 10 V ,  M, = 0.758, R = 0.135, and 
4 

If t h e s e  v a l u e s  are used  i n  E q u a t i o n  7 ,  a t  t h e  

r f  b 

Two comments s h o u l d  b e  made a b o u t  t h i s  c a l c u l a t i o n .  The f i r s t  is  

t r i v i a l  and is t h a t  t h e  v a l u e  of  I / I  of  3.34 i s  l a r g e r  t h a n  t h e  maximum 
rf  b 

v a l u e  of 2 which  can b e  a c h i e v e d  for  i n f i n i t e l y  s h o r t  c u r r e n t  b u n c h e s .  A 

more r e a l i s t i c  v a l u e  would h a v e  r e s u l t e d  had we u s e d  a lower v a l u e  o f  E A. 

The i m p o r t a n t  a n s w e r ,  t h e  8.46 d B  g a i n  i n c r e a s e  d u e  to s p a c e  c h a r g e ,  would 

n o t  h a v e  b e e n  a n y  d i f f e r e n t ,  however .  

1 

The second comment i s  more i m p o r t a n t .  'he a s s u m p t i o n  used  i n  t h e  

d e r i v a t i o n  of  E q u a t i o n  7, t h a t  a l l  e l e c t r o n  h e l i x  axes a re  c o n t a i n e d  by a n  

i n f i n i t e l y  t h i n  c i r c u l a r  c y l i n d e r ,  makes t h e  e f f e c t  o f  t h e  s p a c e  c h a r g e  much 

g r e a t e r  t h a n  would b e  t h e  case i f  t h e  a x e s  were c o n t a i n e d  i n  a c y l i n d e r  o f  

some wall t h i c k n e s s .  We t h e r e f o r e  b e l i e v e  t h e  estimate o f  a 8 .46 dB 

i n c r e a s e  i n  g a i n  due  t o  s p a c e  c h a r g e  i s  r e a l l y  an u p p e r  bound on t h e  

m a g n i t u d e  of  t h e  e f fec t .  

C. BEAM COUPLING AND LOADING FOR H I G H E R  ORDER A X I A L  MODE NUMBERS 

Because we have  had so much d i f f i c u l t y  l o a d i n g  l o n g  o u t p u t  c a v i t i e s ,  

h a v i n g  a s i n g l e  h a l f - s i n u s o i d a l  f i e l d  v a r i a t i o n ,  t o  a Q low enough t o  

p r o v i d e  e i t h e r  an o p t i n m  l o a d  OF s t a b i l i t y ,  we d e c i d e d  t o  i n v e s t i g a t e  t h e  

i n t e r a c t i o n  o f  t h e  beam w i t h  c a v i t i e s  h a v i n g  more h a l f - s i n u s o i d s  of f i e l d  

v a r i a t i o n  a l o n g  t h e i r  l e n g t h .  Such c a v i t i e s  a re  more e a s i l y  l o a d e d  t o  low Q 

b e c a u s e  o f  t h e  h i g h e r  g r o u p  v e l o c i t y  o f  t h e  waves i n  them. 

In  p r i o r  r e p o r t s ,  a c o u p l i n g  c o e f f i c i e n t  was d e r i v e d  which r e l a t e d  

t h e  e n e r g y  c h a n g e  o f  an e l e c t r o n  to  t h e  c a v i t y  v o l t a g e  V 3 E A,  i n  which E 

i s  t h e  p e a k  v a l u e  o f  e l ec t r i c  f i e l d  i n  b o t h  s p a c e  and time and X is  t h e  free 

A-5 
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s p a c e  wavelength .  

v a r i e s  a s  a h a l f - s i n u s o i d ,  it was shown t h a t  t h i s  c o u p l i n g  c o e f f i c i e n t  i s  

FOP c a v i t i e s  i n  which t h e  t r a n s v e r s e  e l ec t r i c  f i e l d  

i n  which 
f 

c o s 2  ( 6k ,!L/2 ) J-zq-r= 

L i s  t h e  l e n g t h  o f  t h e  c a v i t y  and 6 = ( w  - Q)/w is 

which t h e  s i g n a l  f r e q u e n c y  w exceeds  t h e  e l e c t r o n  c 

The e x p r e s s i o n  for g ( 6 k  L )  h a s  been  g e n e r a l i z e d  to  
/I 

any number,  2 ,  o f  h a l f - s i n u s o i d  f i e l d  v a r i a t i o n s .  

e x p r e s s i o n  for g is  

t h e  no rma l i zed  amount by 

y c l o t r o n  f r equency  Q. 

a p p l y  t o  c a v i t i e s  hav ing  

The g e n e r  a l i  zed 

F i g u r e  A-1 shows 4- for  R = 1 ,  2 and 3. It is  i n t e r e s t i n g  t h a t  t h e  

maximum v a l u e  of  t h i s  f u n c t i o n  r a p i d l y  approaches  0.79 a s  L i s  i n c r e a s e d .  

0.79 i s  t h e  v a l u e  o f&-  f o r  R = 1 and 6kIIL = T(, so it is  c lear  t h a t  f o r  

h i g h e r  v a l u e s  of R, maximum c o u p l i n g  i s  ach ieved  when t h e  a n g u l a r  c o o r d i n a t e  

o f  t h e  e l e c t r o n s  advances  b y  'II w i t h  r e s p e c t  t o  t h e  r a d i o  f r e q u e n c y  f i e l d  i n  

o r d e r  t o  compensate  f o r  each  s p a t i a l  phase  r e v e r s a l  o f  t h e  s t a n d i n g  wave i n  

the c a v i t y .  

The e x p r e s s i o n  for  beam l o a d i n g  h a s  a l so  been  g e n e r a l i z e d .  The form o f  
24 

t h e  e q u a t i o n  r e m a i n s  a s  b e f o r e ,  
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b u t  now g i s  a s  g iven  by Equation 12 and 

2 
2 & L/n 

II 
a. 

f ( b k l l L )  = [ R2 - 3 [*:cos 9. T s i n  bk I1 L + - ?r - R2 - (GkllL/a)  2 

I ( 6k II L/?r ) 

(1 - COS R TI COS 6kIIL)  

The f u n c t i o n s  f and g a r e  shown i n  F i g u r e s  A-2, A-3 and A 4  f o r  R = 1 ,  2 and 3,  

r e s p e c t i v e l y .  

r e l a t i v e l y  independent  o f  mode number, E, so it should b e  p o s s i b l e  t o  make use 

o f  h ighe r  modes when d e s i r e d .  

It can  be seen t h a t  t h e  maximum v a l u e s  o f  t h e  f u n c t i o n s  a r e  

D. LARGE-SIGNAL GAIN AND EFFICIENCY 

Add i t iona l  c a l c u l a t i o n s  were made to s t u d y  t h e  c h a r a c t e r i s t i c s  o f  t h e  

two-cavity a m p l i f i e r .  The c a l c u l a t i o n s  used an i n p u t  c a v i t y  1.5 A l o n g ,  a 

d r i f t  l e n g t h  o f  3 A ,  and an o u t p u t  c a v i t y  2 long.  The magnetic f i e l d  was s e t  

for a s l i p  o f  6%. 

F igu re  A-5 shows a c a l c u l a t i o n  o f  o u t p u t  power a s  a func t ion  o f  i n p u t  

c a v i t y  f i e l d  with t h e  o u t p u t  c a v i t y  f i e l d  held c o n s t a n t  a t  a f a i r l y  low v a l u e .  

I n  e f f e c t ,  t h e n ,  t h e  c u r v e  shows t h e  microwave component o f  beam c u r r e n t  a s  a 

f u n c t i o n  o f  i n p u t  c a v i t y  f i e l d .  The cu rve  i n d i c a t e s  t h a t  bem current i s  v e r y  

near  t o  its maximum va lue  f o r  normalized inpu t  c a v i t y  f i e l d s  r ang ing  from 

0.001 t o  0.002. This  range o f  i n p u t  c a v i t y  f i e l d s  corresponds t o  i n p u t  power 

o f  100 t o  400 W with a Q o f  519; which i s  t h e  d e s i g n  v a l u e  i n c l u d i n g  beeam 

load ing  e f f e c t s .  

Figure A 4  shows o u t p u t  power a s  a f u n c t i o n  o f  o u t p u t  c a v i t y  f i e l d  with a 

f ixed  i n p u t  c a v i t y  f i e l d .  T h i s  c u r v e  co r re sponds  t o  t h e  behavior  t h a t  would be  

o b t a i n e d  i f  one v a r i e d  the  coup l ing  between t h e  ouput c a v i t y  and the external .  
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microwave l o a d .  The r e l a t i v e l y  s h a r p  peak of t h i s  c u r v e  i n d i c a t e s  t h a t  o u t p u t  

c a v i t y  l o a d i n g  is a f a i r l y  i m p o r t a n t  p a r a m e t e r .  

In  a p r e v i o u s  q u a r t e r l y  r e p o r t 4 ,  c a l c u l a t i o n s  had been r e p o r t e d  ~ O P  i n p u t  

c a v i t y  a m p l i t u d e  = 0,001 and o u t p u t  c a v i t y  a m p l i t u d e  = 0.01. Refe rence  t o  

F i g u r e s  A-5 and A-6 i n d i c a t e s  t h a t  t h e s e  v a l u e s  were s u f f i c i e n t l y  close to t h e  

optimum v a l u e s  t o  be k e p t  a s  d e s i g n  v a l u e s .  Accord ing ly ,  t h e  t o t a l  l oaded  Q o f  

t h e  o u t p u t  c a v i t y  shou ld  be a b o u t  200. 
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