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ABSTRACT 

The o r i g i n a l  o b j e c t i v e  o f  t h i s  program was t o  develop  a microwave 
a m p l i f i e r  or o s c i l l a t o r  c a p a b l e  of producing 200 kW CW power o u t p u t  a t  
110 GHz. The u s e  of c y c l o t r o n  resonance i n t e r a c t i o n  was pursued,  and t h e  

d e s i g n  phases  of t h i s  e f fo r t  a r e  d i s c u s s e d .  

Later, however, t h e  program's o b j e c t i v e  was changed t o  develop  a family 

of o s c i l l a t o r s  c a p a b l e  o f  producing 200 kw of peak o u t p u t  power a t  60 CHz 

and a t  some h i g h e r  f requency ,  p o s s i b l y  90 o r  110 GHz, w i t h  p u l s e  d u r a t i o n s  
of I00 m s ,  30 s, and CW. The h i g h e r  f requency o b j e c t i v e s  were l a t e r  
d e l e t e d .  To a i d  i n  t h e  60 GHz d e s i g n ,  g y r o t r o n  behavior  s t u d i e s  were 
performed a t  28 GHz t o  o b t a i n  g e n e r i c  d e s i g n  informat ion  a s  q u i c k l y  as  
p o s s i b l e .  

The f irst  exper imenta l  d e v i c e  a t  60 GHz produced over  200 kw of peak 

power a t  a p u l s e  d u r a t i o n  of 20 us. A body h e a t i n g  problem caused by a 
d r i f t  t u b e  o s c i l l a t i o n  was i d e n t i f i e d  and a c o r r e c t i o n  designed f o r  a 

subsequent  exper imenta l  tube .  A collector h e a t i n g  problem above t h e  w e l l -  

cooled r e g i o n  of t h e  c o l l e c t o r  was i d e n t i f i e d .  The f i rs t  t u b e  a l so  s u f f e r e d  
from mode i n t e r f e r e n c e  from undes i red  c a v i t y  and beam t u n n e l  modes. 

The second exper imenta l  t u b e  i n c o r p o r a t e d  an opt imized gun l o c a t i o n  b u t  

a l so  s u f f e r e d  from mode i n t e r f e r e n c e ,  

The t h i r d  exper imenta l  t u b e  inc luded  m o d i f i c a t i o n s  t h a t  reduced mode 

i n t e r f e r e n c e .  It demonstrated 200 kw of peak o u t p u t  a t  100 m s  p u l s e  
d u r a t i o n .  The t u b e  proved t o  b e  e a s i e r  t o  o p e r a t e  t h a n  p r e v i o u s  
exper imenta l  t u b e s  because  of t h e  m o d i f i c a t i o n s .  

The f o u r t h  exper imenta l  t u b e ,  which used an o l d e r  rf c i r c u i t  d e s i g n  b u t  
i n  a CW c o n f i g u r a t i o n ,  produced 71.5 kW CW. 

The f i f t h  exper imenta l  t u b e  i n c o r p o r a t e d  a t h i n n e r  double-disc o u t p u t  
window which improved window bandwidth and reduced window loss. T h i s  t u b e  
a l s o  i n c o r p o r a t e d  m o d i f i c a t i o n s  t o  t h e  d r i f t  t u n n e l  and c a v i t y  c o u p l i n g ,  



which had proven s u c c e s s f u l  i n  t h e  t h i r d  expe r imen ta l  p u l s e  t u b e  tests. Pie 

produced 123 kW o f  CW o u t p u t  power a t  60 GHz b e f o r e  sf load c o o l a n t  b o i l i n g  

and t u b e  window f a i l u r e  t e rmina ted  t h e  t es t s .  A new waterload was designed 
and c o n s t r u c t e d ,  and a l t e r n a t i v e  window d e s i g n s  were exp lo red ,  

A t  t h i s  s t a g e  o f  t h e  development program, t h e  fo l lowing  was a l s o  
accomplished : 

1) 

2) 

39 

4 )  

5 )  

I n  a r e b u i l d  of t h e  t h i r d  exper imenta l  p u l s e  t u b e ,  a modif ied 
c a v i t y  was demonstrated t o  have improved dynamic range. 

A secondary t a s k  o f  deve loping  a 56 GHz CW t u b e  produced i n  excess 

of 100 kW CW a t  t h i s  a l t e r n a t e  f requency.  

A water load us ing  a l a r g e r  cone d iameter  was t e s t e d .  R e s u l t s  were 
no t  s a t i s f a c t o r y  and i n d i c a t e d  a l a c k  of rf beam divergence .  

An a d d i t i o n a l  t a s k  was undertaken t o  s t u d y  c o l l e c t o r  f a t i g u e .  

Window work stressed t h e  implementat ion of an FC-75 c h i l l i n g  

system and a thermal  imaging system f o r  viewing t h e  o u t p u t  window. 

T e s t i n g  of t h e  s i x t h  exper imenta l  t u b e  r e s u l t e d  i n  o p e r a t i o n  a t  CW 

o u t p u t  power i n  t h e  range  of 200 t o  206 kW for an hour. This demonst ra t ion  

s a t i s f i e d  one of t h e  program's major m i l e s t o n e s  and s e t  a new world r eco rd  
f o r  CW power a t  f r e q u e n c i e s  above 28 GHz. 

Output mode p u r i t y  of t h e  seven th  exper imenta l  t u b e  was measured a t  95% 
TE The t u b e  was ope ra t ed  for about  f o r t y - f i v e  minutes  wi th  C'd power 
ou tpu t  over 200 kW. 
02' 
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I. INTRODUCTION 

The o r i g i n a l  o b j e c t i v e  of t h i s  program was to  develop a microwave 
a m p l i f i e r  or o s c i l l a t o r  c a p a b l e  o f  producing 200 kW of CW power a t  110 GHz. 
T u n a b i l i t y  o r  bandwidth was n o t  cons idered  an impor tan t  parameter  i n  t h e  

d e s i g n ,  b u t  e f f i c i e n c y  was impor tan t .  Mode p u r i t y  i n  t h e  o u t p u t  waveguide 
was n o t  a requi rement  for  t n e  d e v i c e  o r i g i n a l l y ,  b u t  t n e  c i r c u l a r  e lec t r ic  
mode was considered d e s i r a b l e  because of i t s  low loss  p r o p e r t i e s .  

Wi th  these o b j e c t i v e s  i n  mind, an approach based on a c y c l o t r o n  

resonance  i n t e r a c t i o n  between an e l e c t r o n  beam and microwave f ie lds  was 
pursued. The d e t a i l e d  arguments which l e d  t o  t h i s  approach a r e  c o n t a i n e d  i n  
t h e  f i n a l  report of a preceding  s t u d y  program.' 
of  p a r t i c u l a r  i n t e r e s t ,  c a l l e d  g y r o t r o n s ,  have been discussed i n  r e c e n t  
1 i t e r a t  ure . 2-5 

c y l i n d r i c a l  r e s o n a t o r s  of t h e  TEOml class. 
d e s c r i b e d  have been of both t h e  a m p l i f i e r 3  and o ~ c i l l a t o r ~ - ~  type .  

28 GHz, an ampl i f ie r  w i t h  76.0.kw peak o u t p u t  power a t  41 d B  g a i n  has been 
r e p o r t e d .  

The d e v i c e  c o n f i g u r a t i o n s  

They employ a hollow e l e c t r o n  beam i n t e r a c t i n g  w i t h  

The exper imenta l  g y r o t r o n s  
A t  

3 

For t h e  a m p l i f i e r  a l t e r n a t i v e  a power g a i n  of 20 dB was chosen a s  a 

r e a s o n a b l e  goa l .  S t a b i l i t y  of an a m p l i f i e r  i s  a v e r y  impor tan t  t e c h n i c a l  
c o n s i d e r a t i o n .  To c a p i t a l i z e  f u l l y  on t h e  advantages  o f  t n e  c y c l o t r o n  
resonance  i n t e r a c t i o n ,  diameters l a r g e  w i t h  respect t o  a wavelength a r e  
used.  T h i s  exposes  t h e  d e v i c e  t o  t h e  effect  o f  microwave c o u p l i n g  between 
amplif ier  s t a g e s  through the beam t u n n e l .  P r e v e n t i o n  of t h i s  c o u p l i n g  is an 
impor tan t  c o n s i d e r a t i o n  i n  t h e  des ign .  

The optimum beam for t h e  c y c l o t r o n  resonance  i n t e r a c t i o n  is one i n  

which t h e  e l e c t r o n s  have most of t h e i r  energy 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  magnet ic  f i e l d .  Low a x i a l  v e l o c i t y  spread  is a n o t h e r  requi rement .  

Electrons which have d i f f e r e n t  a x i a l  v e l o c i t i e s  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  e 

A magnetron i n j e c t i o n  gun6*' was chosen 
similar gun was used on t h e  28 GHz g y r o t r o n ,  

t o  g e n e r a t e  t h e  beam. A 

also developed for ORNL (Oak 
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Ridge Na t iona l  Labora to ry ) .  With t h i s  t y p e  of gun, t h e  shap ing  o f  t h e  
magnet ic  f i e l d  i n  t h e  gun r eg ion  is q u i t e  impor tan t .  

The e a r l y  phases  of t h e  200 kW, 110 G H z  a c t i v i t y  concen t r a t ed  on t h e  
d e s i g n  o f  a pulsed  o s c i l l a t o r  i n c l u d i n g  t h e  e l e c t r o n  gun, superconduct ing  
s o l e n o i d  magnet, i n t e r a c t i o n  c i r c u i t ,  o u t p u t  coup l ing  schemes, c o l l e c t o r ,  

and ou tpu t  window. 
o s c i l l a t o r s  and a m p l i f i e r s ,  

Most of t h e s e  e lements  would be common t o  bo th  

2 The e l e c t r o n  gun d e s i g n  u t i l i z e d  a ca thode  l o a d i n g  of 4 A / c m  and a 
maximum cold  n e g a t i v e  e lec t r ic  f i e l d  g r a d i e n t  of < l o 0  kV/cm. 

A TE021 o s c i l l a t o r  c a v i t y  f o r  t h e  pulsed  t u b e  was des igned  and p a r t s  
were ordered .  Cold t e s t  hardware for e v a l u a t i n g  v a r i o u s  o u t p u t  coup l ing  

schemes i n  con junc t ion  wi th  t h e  c o l d  t e s t  o s c i l l a t o r  c a v i t i e s  was ordered. 

A f a c i l i t y  was des igned  t o  f u r n i s h  rf d r i v e  power for  t h e  110 G H z  

a m p l i f i e r .  The des ign  was based on a m o d i f i c a t i o n  of an e x i s t i n g  tes t  se t  
t o  o p e r a t e  a gy ro t ron  o s c i l l a t b r  a s  a d r i v e  power source .  

I n  December o f  1979 t h e  o b j e c t i v e  o f  t h e  program was changed t o  develop  
f a m i l i e s  of microwave o s c i l l a t o r s  capab le  of producing 200 kw o f  peak power 
o u t p u t  a t  60 GI42 and some h ighe r  f requency ,  p o s s i b l y  90 G H z  or  110 G H z ,  w i th  

p u l s e  d u r a t i o n s  of 100 m s ,  30 s,  and CW. 

The 110 G H z  gy ro t ron  des ign  work was t e rmina ted .  Pr ior  t o  t e r m i n a t i o n ,  

t h e  e l e c t r o n  gun computer des ign  was completed and mechanical  d e s i g n  
s t a r t e d .  A d r i f t  t u b e  load  c a v i t y  had been designed.  Cold test 
measurements d i r e c t e d  a t  de t e rmin ing  t h e  e f f e c t i v e  i n t e r a c t i o n  c a v i t y  length 

were completed. A v a r i e t y  of o u t p u t / c o l l e c t o r  coup l ing  schemes were 
cons idered .  A window was des igned  and ce ramics  were rece ived .  Piece p a r t s  
f o r  t h e  waterload and f requency  sampler and a r c  d e t e c t o r  were rece ived .  

2 



A gun w i t n  a ca thode  l o a d i n g  of' 3 A/cmL was des igned  for  t h e  68 GMz 
gyrot ron .  Modifications t o  t h e  gun to reduce  i o n  s p u t t e r i n g  and improve 
t u b e  l i f e  were s t u d i e d .  

S i n c e  we expected t o  r e t u r n  to a h igher  f requency  l a t e r  i n  t h e  program, 
the ampere-turn l o c a t i o n s  determined for t h e  110 GHz gyrotron 

superconduct ing  s o l e n o i d  magnet were used t o  procure  t h e  magnet. I d e n t i c a l  
co i l  p o s i t i o n s  w i t h  lower c u r r e n t s  were used f o r  t h e  60 GHz gun d e s i g n ,  A 

c o n t r a c t  was awarded to Magnetic Corpora t ion  of America for t h e  b a l a n c e  of 

t h e  d e s i g n  and c o n s t r u c t i o n  of t h e  f i rs t  magnet. The first superconduct ing  

s o l e n o i d  magnet system was r e c e i v e d  December 30, 1980. Transverse  f i e l d  

measurements demonstrated a need for  improved c o i l  a l ignment .  Mod i f i ca t ions  

t o  t h e  d e s i g n  were made t o  improve c o i l  a l ignment ,  a l l o w  more beam s t e e r i n g  

and reduce  t n e  l i q u i d  helium boil-off. A s p e c i f i c a t i o n  and acceptance  test 
procedure for  t h e  magnet were proposed and a spare magnet system procured.  

Techniques €or l o a d i n g  t h e  anode d r i f t  t u b e  were selected fo r  t h e  f i rs t  
two t u b e s .  Based on t e s t  r e s u l t s  of t h e  first t u b e ,  t h e  d r i f t  t u b e  d e s i g n  
was modified for t h e  t h i r d  exper imenta l  tube .  F u r t h e r  m o d i f i c a t i o n s  were 

made on subsequent  t u b e s  t o  l e s s e n  t h e  problem of mode compet i t ion .  

A method of  improved ca thode  pumping was i n c o r p o r a t e d  i n  t h e  60 GHz 
tubes  a s  compared t o  t h e  28 GHz des ign .  T h i s  involved a change i n  
mechanical  d e s i g n  t o  a l l o w  l a r g e r  vacuum p a s s a g e s  l e a d i n g  t o  t h e  gun r e g i o n .  

Based on tests of t h e  f irst  e x p e r i m e n t a l  pu lsed  t u b e s ,  t h e  c a v i t y  was 
modified t o  improve e f f i c i e n c y  and reduce  mode compet i t ion .  The r educed  

mode c o m p e t i t i o n  made t h e  t u b e  less s e n s i t i v e  t o  power supply  v a r i a t i o n s  and 

i n c r e a s e d  t h e  a v a i l a b l e  dynamic range,  The improved e f f i c i e n c y  was achieved 
by r e s h a p i n g  t h e  c a v i t y ,  These e f for t s  culminated i n  t h e  development of t h e  

s t e p  c a v i t y .  

The major e f fo r t  on collector des ign 'concerned  four  a reas :  e l e c t r o n  

t ra jector ies ,  h e a t  t r a n s f e r ,  f a t i g u e  l i f e  and mode conversion.  Computer 
c a l c u l a t i o n s  of magnet ic  f i e l d  and e l e c t r o n  t ra jec tor ies  were made t o  a d j u s t  
t h e  l o c a t i o n  of t h e  beam l a n d i n g  si te.  Computer c a l c u l a t i o n s  were made of 
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h e a t  t r a n s f e r  and t empera tu re  c y c l e  d a t a ,  w i t h  p u l s e  d u r a t i o n s  r e l e v a n t  for  
f u s i o n  exper iments .  Improvements i n  col lector  f a t i g u e  l i f e  through t h e  use 
of h igh  s t r e n g t h  copper a l l o y s ,  d i spe r s ion - s t r eng thened  copper or metal 
matrix composi tes  were s t u d i e d .  Cool ing geomet r i e s  t o  minimize f a t i g u e  

e f f e c t s  were a l s o  s t u d i e d .  

An edge-cooled, s i n g l e - d i s c  b e r y l l i a  window was designed for t h e  100 ms 

p u l s e  tube .  S e v e r a l  face-cooled, double-disc CTlJ window d e s i g n s  were 
t h e o r e t i c a l l y  e v a l u a t e d  u s i n g  FC-75 a s  a c o o l a n t .  (FC-95 is a Minnesota 
Mining and Manufacturing Co. trademark for a f luo roca rbon  l i q u i d . )  

A l t e r n a t e  window d e s i g n s  were cons idered .  Window f a i l u r e s  and newly 

a v a i l a b l e  v a l u e s  of d i e l e c t r i c  loss ,  measured a t  t h e  Massachuse t t s  I n s t i t u t e  
of Technology under c o n t r a c t  w i t h  Oak Ridge N a t i o n a l  Labora to ry ,  i n d i c a t e d  a 
need for improved window d e s i g n s  for both pulsed  and CW tubes .  Methods for 
measuring t h e  t empera tu re  of t h e  window d u r i n g  o p e r a t i o n  were s t u d i e d  and 

found t o  be f e a s i b l e .  A system us ing  an IR camera for t h i s  purpose was 

implemented. An improved s i n g l e - d i s c  window des ign  was developed for p u l s e  
tubes .  The double-disc window des ign  was opt imized .  A n o n l i n e a r  a n a l y s i s  
of t h e  CW window was performed. An FC-95 ch i l le r  was implemented fo r  
improved window cool ing .  A s t r a i n  gage a n a l y s i s  of t h e  window edge was 
s t u d i e d .  A new d i s h  window concept  was in t roduced .  

t m  

Gyrotron behavior  s t u d i e s  u t i l i z i n g  28 GHz tes t  v e h i c l e s  s t u d i e d  h igh  

v o l t a g e  gun a r c i n g ,  new ca thode  mater ia ls ,  rf behav io r ,  and c a v i t y  and 
o u t p u t  t a p e r  des ign .  

A v a r i e t y  of waveguide components i n c l u d i n g  w a t e r l o a d s ,  mode f i l t e r s ,  
miter bends and f l a n g e  a d a p t e r s  were des igned ,  These d e s i g n s  were l a t e r  
mod i f i ed  t o  i n c l u d e  Oak Ridge f l a n g e s .  CW t e s t i n g  i n d i c a t e d  t h a t  t h e  
i n i t i a l  l oad  des ign  could  n o t  hand le  f u l l  CW power. Three  new loads were 
developed: a f i ve - inch  diameter cone load, a j e t  load and an e l e c t r o m a g n e t i c  
r a d i a l  d i v e r t e r .  Tne load f i r s t  used for  a c h i e v i n g  200 kbb CW was a 2.5 i n c h  
diameter ceramic cone load w i t h  modif ied wa te r  flow combined w i t h  a water 

wal l  s e c t i o n  of gu ide  used a s  a p re -a t t enua to r .  Work on t h e  e l e c t r o m a g n e t i c  
r a d i a l  d i v e s t e r  l oad  con t inued  a t  low p r i o r i t y  and was e v e n t u a l l y  

4 



t e r m i n a t e d .  A mode f i l t e r  for  p r e f e r e n t i a l l y  a t t e n u a t i n g  n o n c i r c u l a r  
e lectr ic  modes w i t h  r e s p e c t  t o  c i r c u l a r  e lectr ic  modes was developed.  

The f l a t n e s s  and r e g u l a t i o n  of pulsed  v o l t a g e s  a v a i l a b l e  from t h e  t e s t  
s e t  proved t o  b e  inadequate  i n  e a r l y  t e s t i n g .  Modi f i ca t ions  were made t o  

improve t h e  test set  performance. 

The first experimenal  t u b e  y i e l d e d  promising r e s u l t s  i n  terms of 
demonst ra t ing  t h e  peak o u t p u t  power. A body h e a t i n g  phenomenon was 
i d e n t i f i e d  as a d r i f t  t u b e  o s c i l l a t i o n .  A collector h e a t i n g  problem beyond 

t h e  well-cooled p o r t i o n  of t h e  c o l l e c t o r  was i d e n t i f i e d .  

The second exper imenta l  t u b e  i n c o r p o r a t e d  a c a t h o d e  i n  an opt imized  

l o c a t i o n  and a water-cooled anode. Tests on t h e  second t u b e  confirmed t h e  

problems w i t h  t h e  first t u b e  and provided some u s e f u l  collector t e s t  d a t a .  

The t h i r d  exper imenta l  t u b e  i n c o r p o r a t e d  a mod i f i ed  d r i f t  t u b e .  200 kW 

a t  100 m s  p u l s e  d u r a t i o n  were demonstrated w i t h  t h i s  tube .  F u r t h e r  
m o d i f i c a t i o n s  t o  t h e  beam t u n n e l  and c a v i t y  were made i n  a r e b u i l d  o f  t h i s  

t u b e  e 

The f o u r t h  e x p e r i m e n t a l  t u b e  was t h e  first CW v e r s i o n  of t h e  60 GHz 

gyrot ron .  T h i s  t u b e  produced 71.5 kW o f  CW rf o u t p u t  power. RF t e s t i n g  was 
hal ted  by collector mel t ing .  

The f i f t h  e x p e r i m e n t a l  t u b e  (second CW t u b e )  i n c o r p o r a t e d  t h e  X-3R rf 

c i r c u i t  i n  a CW c o n f i g u r a t i o n  and a t h i n n e r  double-disc  window. The t u b e  
demonstrated 100 kW CW, l i m i t e d  by t h e  waterload. E f f i c i e n c y  h y s t e r e s i s  
effects were noted d u r i n g  CW o p e r a t i o n .  T h i s  t u b e  was o p e r a t e d  i n  a new 

superconduct ing  s o l e n o i d  magnet. A n a l y s i s  r e v e a l e d  no collector mel t ing .  

The s i x t h  exper imenta l  t u b e  ( t h i r d  CW t u b e )  i n c o r p o r a t e d  f u r t h e r  d e s i g n  

m o d i f i c a t i o n s  directed toward ease of  o p e r a t i o n  and a w i d e r  dynamic range.  
An improved double-disc  window des ign  was i n c o r p o r a t e d  i n  t h i s  tube .  A s t e p  

c a v i t y  was i n c o r p o r a t e d  t o  s u p p r e s s  competing modes and enhance e f f i c i e n c y .  
The c a v i t y  r e s u l t e d  i n  good mode s u p p r e s s i o n  b u t  no s i g n i f i c a n t  change i n  
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e f f i c i e n c y .  T e s t i n g  r e s u l t e d  i n  o p e r a t i o n  a t  CW output-. ~ Q W W  i n  t h e  r ange  

of 200 t o  206 kW for  one hour.  T h i s  s a t i s f i ed  one of t h e  program's major 
m i l e s t o n e s  and se t  a new world r eco rd  i n  CW power a t  f r e q u e n c i e s  above 28 
GHz. 

T e s t i n g  of t h e  seventh  expe r imen ta l  t u b e  inc luded  o p e r a t i o n  for about  
f o r t y  minutes  wi th  CW power o u t p u t  exceeding 200 kW. 

A 200 kW CW, 56 GHz g y r o t r o n  development t a s k  was added t o  t h i s  

program. The t u b e  produced 280 kGb a t  44% e f f i c i e n c y  pu l sed ,  and 105 kW CW 

a t  43% e f f i c i e n c y .  
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11. SUPERCONDUCTING SOLENOID MAGNET 

A. DESIGN 

A superconducting magnet was designed using a 0.020-inch diameter wire 

of filamentary niobium-titanium (NbTi)  embedded in a copper matrix, with a 

copper to NbTi ratio of 1.8 to 1. 
characteristics shown in Table 1. 

The wire has the typical short sample 

Table I 
Typical Superconducting Niobium-Titanium 

Short Sample Characteristics 

Field 
Maximum Current 
Before Quenching 

45 KG 
50 

55 
60 

65 
70 

131 Amps 

119 

106 

95 
85 
77 

The magnet consists of a Helmholtz pair centered at the circuit to give a 

homogeneous (to + 0.5%) field region at 45 KG 2-1/2 inches long. A small 
bucking coil is included as part of the coil system ta give the desired 

field profile characteristics in the gun region. 

The superconducting magnet has the specifications given in Table 2. 
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Table 2 
Main Superconduct ing Solenoid  Magnet S p e c i f i c a t i o n s  

ED = 6" (winding)  
OD = 8.25'' (winding)  
Length = 3" ( p e r  c o i l  of Helmholtz p a i r )  
C e n t r a l  F-Eeld = 45 KG 
Peak F i e l d  = 67.6 KG (a t  winding I D )  
Amp Turns = 315980 x 2 
Current  =: 81, Amps 
Turns =: 3900 x 2 
Conductor = 0.020'' D i a  Nb-Ti Mult i f  ilamentary 

1.8:1 Cu R a t i o  
No. Layers = 52 
Turns / Laye r = 150 

The magnet is housed i n  a s u p e r i n s d a t e d  4" warm h o l e  dewar. 

Both on-axis and o f f - a x i s  a x i a l  and r a d i a l  components of f l u x  d e n s i t y  
and v e c t o r  p o t e n t i a l  were computed us ing  t h e  Var i an  magne tos t a t i c  program. 

The magne tos t a t i c  program computes t h e  normalized f l u x  a r r a y  f o r  an 
i r o n - f r e e  magnet system i n  a form s u i t a b l e  f o r  i ise i n  t h e  Varian gun 
progrm. 

The diameter  of t h e  bucking c o i l  is l a r g e r  Lhan t he  main c o i l s  t o  

ach ieve  b e t t e r  v o l t a g e  hold-off  c h a r a c t e r i s t i c s .  

The superconduct ing  s o l e n o i d  magnet des ign  c o n s i s t s  of a s p l i t  pa i r  of 

c o i l s ,  fo r  t h e  main magnetic f i e l d ,  and a bucking c o i l  i n  t h e  gun r e g i o n ,  

f o r  shaping t h e  magnet ic  f i e l d  nea r  t h e  magnetron i n j e c t i o n  gun. Two p a i r s  
of t r a n s v e r s e  trim c o i l s  are a v a i l a b l e  f o r  beam s t e e r i n g .  The main c o i l s  
and bucking c o i l  are wound on t h e  same bobbin t o  ensu re  c o n c e n t r i c i t y .  The 
t r a n s v e r s e  c o i l s  are o u t s i d e  t h e  main c o i l s .  The en t i r e  c o i l  assembly 
o p e r a t e s  i n  a l i q u i d  hel ium b a t h .  The l i q u i d  hel ium v e s s e l  i s  surrounded by 
consecu t ive  l a y e r s  o f  vacuum, a l i q u i d  n i t r o g e n  t empera tu re  h e a t  s h i e l d ,  
vacuum, and t h e  room t empera ture  s h e l l .  

The room tempera tu re  s h e l l  has  a f l a n g e  which mounts on an e x i s t i n g  

f l a n g e  i n  t h e  t es t  s e t  a i l  t ank .  The superconduct ing  so leno id  magnet has a 

v e r t i c a l  bo re .  A socke t  i s  a t t a c h e d  t o  t h e  bottarn o f  t h e  dewar t o  accept, 
t h e  t u b e  gun. Leads and s e r v i c e  ports e x i t  t h e  room tempera tu re  s h e l l  a t  a 
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45' a n g l e  on t h e  o u t s i d e  d i ame te r  o f  dewar. 
s u r f a c e  o f  t h e  dewar a v a i l a b l e  f o r  any room tempera tu re  c o l l e c t o r  co i l s  and 
s u p p o r t s  wnich may become necessa ry .  

T h i s  arrangement l e a v e s  t h e  t o p  

After topp ing  t h e  l i q u i d  helium and l i q u i d  n i t r o g e n  l e v e l s ,  t h e  i n i t i a l  

t he rma l  d e s i g n  allowed f o r  one d a y ' s  o p e r a t i o n .  After be ing  s h u t  o f f  f o r  a s  
long  a s  a weekend, t h e  l i q u i d  r e s e r v o i r s  merely had to b e  f i l l e d ,  since t h e y  

had no t  warmed t o  a t empera tu re  which r e q u i r e d  coo l ing .  

The o u t l i n e  drawing of t h e  c o i l  and dewar assembly is  shown i n  

F i g u r e  1. 

The superconduct ing s o l e n o i d  magnet was o rde red  from Magnetic 

Corpora t ion  of America. 

The p e r t i n e n t  c ryogen ic  d a t a  f o r  t h e  superconduct ing so leno id  magnet 

dewar are given i n  Table  3. 

Table  3 
Superconduct ing Solenoid Magnet 

Dewar Cryogenic Data 

Guaranteed C a l c u l a t e d  

Liquid Nitrogen B o i l o f f / L i t e r s  p e r  hour 0.17 0.13 

Liquid Nitrogen Hold Time/Hours 120 160 
Liquid Witrogen/Total  Volume i n  Liters 21 21 

Liquid Helium B o i l o f f / L i t e r s  p e r  hour,  0.70 0.56 
C o i l  on* 

Liquid Helium B o i l o f f / L i t e r s  pe r  hours 0.42 0.33 
C o i l  on** 

Liquid Helium Hold Time/Coil on* 32 41 

Liquid Helium Hold TimeiCoil  off** 135 172 

Liquid H e l i u m  Volume/Above t h e  23 23 
C o i l / L i t e r s  

T o t a l  Helium Volu rndLi t e r s  57 57 

C a l c u l a t e d  w i t h  l i q u i d  he l ium above t h e  co i l  only.  

** C a l c u l a t e d  w i t h  e n t i r e  l i q u i d  helium volume. 
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D i f f i c u l t y  was encountered. i n  winding t h e  c o i l s .  I n  a d d i t i o n ,  an  

a c c i d e n t  i n  magnet o p e r a t i o n  at Magnetic Corpora t ion  of America r e s u l t e d  i n  
a partial s h o r t  i n  one of t h e  main c o i l s ,  r e q u i r i n g  c o i l  r e p a i r  and 
rewinding.  T e s t i n g  of the superconduct ing  s o l e n o i d  magnet system was 

completed a t  Magnetic Corpora t ion  of America i n  December 1980. The system 
was r e c e i v e d  at Varian on December 30.  

"he superconduct ing  s o l e n o i d  magnet e x h i b i t e d  some d imens iona l  
problems. The s h o r t  c y l i n d r i c a l  s e c t i o n  of t he  b o r e ,  which mates wi th  t h e  

O-ring at t h e  bot tom of t h e  t u b e  body and p rov ides  a l ignmen t ,  was 
u n d e r s i z e d ,  t a p e r e d  and o u t  of round, 

welding of t h e  p l a t e  and s h e l l  dewar assembly. 
o p e r a t i o n  was a p p a r e n t l y  o m i t t e d .  

This c o n d i t i o n  l i k e l y  occur red  du r ing  

A procedura l  machine 

Th i s  mechanical  problem, which prevented  i n s e r t i n g  the gyro t ron  

comple te ly  through t h e  bo re  o f  t h e  dewar, was solved a t  Varian by s e t t i n g  up 
the  e n t i r e  dewar i n  a m i l l  and bo r ing  ou t  t h e  i n s i d e  s u r f a c e  t o  t h e  c o r r e c t  

diameter 

After evacua t ing  t h e  vacuum chamber of t h e  dewar, t h e  b o i l - o f f  of 
l i q u i d  hel ium and l i q u i d  n i t r o g e n  w a s  approximate ly  as expec ted .  

An axial magnet ic  f i e l d  measurement vas made a t  Varian t h a t  agreed  w i t h  

t h e  f i e l d  measurement at t h e  vendor and w i t h  c a l c u l a t i o n s .  

The o n l y  remarkable  electrical  problems involved  t h e  t i m e  r e q u i r e d  t o  
change the magnetic f i e l d .  The coils were des igned  t o  o p e r a t e  a 110 GHa 

g y r o t r o n .  Consequent ly ,  t h e y  have more induc tance  than  a b s o l u t e l y  necessa ry  
t o  o p e r a t e  a 60 GHz gyro t ron .  
suitable r e s i s t a n c e  i n  series wi th  t h e  power  s u p p l i e s  and main c o i l s ,  

T h i s  problem was a l l e v i a t e d  by i n t r o d u c i n g  a 

During i n i t i a l  tube o p e r a t i o n ,  it was necessa ry  t o  t r i m  t h e  mechanical  
a x i s  of the g y r o t r o n ,  with r e s p e c t  t o  the mechanical a x i s  of the dewar, t o  

improve beam t r a n s m i s s i o n .  
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T h i s  d i sc repancy  i n  t h e  dewar between t h e  mechanical  and magnet ic  axes  
i n  t h e  magnet ic  system is  a s s o c i a t e d  w i t h  t h e  minimal mechanical  s u p p o r t  
c o n s i s t e n t  w i t h  h igh  performance boil-off c h a r a c t e r i s t i c s .  

b. TRANSVERSE FIELD MEASUREMENTS 

Measurements of t h e  t r a n s v e r s e  f i e l d s  o f  t h e  superconduct ing  magnet 

were conducted t o  de te rmine  t h e  cause  of t h e  beam i n t e r c e p t i o n  problem 

exper ienced  w i t h  t u b e  X-1. A t r a n s v e r s e  h a l l  effect probe was used i n  a 

f i x t u r e  des igned  t o  p rov ide  a x i a l  movement of t h e  probe a long  t h e  bore .  
To minimize errors caused by a misal ignment  o f  t h e  probe h o l d e r  a x i s  and t h e  

bore a x i s ,  t h i s  f i x t u r e  a l l o w s  r o t a t i o n  of t h e  probe w i t h i n  a wel l -a l igned 
c y l i n d e r .  

The a c t u a l  t i l t i n g  o f  X-I was 0.0644's a t  an a n g l e  of 3.6'. Tube X-3 
was i n s t a l l e d  and a tilt of 0.O9gfg at; an ang le  of 37.2' was necessa ry  t o  
minimize beam i n t e r c e p t i o n .  The measured t r a n s v e r s e  f i e l d  was s t r o n g  enough 

t o  cause  t h e  observed beam d e f l e c t i o n ,  and t h e  d i r e c t i o n  o f  t h i s  d e f l e c t i o n  
corresponded w i t h  t h e  d i r e c t i o n  i n  w h i c h  t h e  t u b e s  were t i l t e d .  To c o r r e c t  

t h i s  problem, t h e  s p e c i f i c a t i o n  for  t h e  superconduct ing  magnet was changed 
t o  c a l l  o u t  more spec i f ic  t r a n s v e r s e  f i e l d  measurements and t o  i n c l u d e  

t r a n s v e r s e  f i e l d  c o r r e c c i o n  c o i l s  t e n  t imes a s  s t r o n g  as t h e  o r i g i n a l  ones.  

A q u a d r a t u r e  method of d a t a  a n a l y s i s  was used for  measuring t r a n s v e r s e  

f i e l d .  T h i s  i nvo lves  t a k i n g  measurements a t  f o u r  angu la r  p o s i t i o n s  spaced 

n i n e t y  d e g r e e s  a p a r t .  These d a t a  a r e  t h e n  combined t o  d e r i v e  a t r a n s v e r s e  
f i e l d  v e c t o r  magnitude and angle .  The t echn ique  g i v e s  an a c c u r a t e  
i n d i c a t i o n  of t h e  a n g l e  o f  t h e  t r a n s v e r s e  f i e l d ,  to a i d  i n  t u b e  al ignment .  

0 0 0 Measurements were made w i t h  t h e  dewar a t  0 , 90 and 180 w i t h  r e s p e c t  
t o  t h e  environment ,  t o  de te rmine  i f  t h e  t r a n s v e r s e  f i e l d s  were caused by t h e  

magnet ic  environment i n  which t h e  dewar is s i t u a t e d .  

A comparison o f  measurements i s  g iven  i n  F i g u r e  2. The measurements 
i n d i c a t e  good r e p r o d u c i b i l i t y  of  T e s u l t s .  P l o t s  of B and % w i t h  t h e  dewar 
i n  t h e  Oo, 90' and 180' p o s i t i o n s  w e  g iven  i n  F i g u r e s  3, 4, and 5 ,  

X Y 
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r e s p e c t i v e l y .  The f a c t  that  the d i r e c t i o n  o f  the t r a n s v e r s e  f i e l d  was 

r e l a t i v e l y  independent  o f  t h e  dewar o r i e n t a t i o n  i n d i c a t e d  t h a t  t h e  major  
t r a n s v e r s e  f i e lds  were not  caused  by any asymmetries i n  t h e  magnetic 
environment .  These tests demonstrated t h a t  the  t u b e  t i l t i n g  necessa ry  t o  

o b t a i n  beam t r a n s m i s s i o n  was mainly due t o  t r a n s v e r s e  f i e lds  w i t h i n  t h e  
s o l e n o i d s .  This  t r a n s v e r s e  f i e l d  was, i n  a l l  l i k e l i h o o d ,  due t o  a 

misal ignment  o f  t h e  c o i l s  w i t h i n  t h e  dewar, o r  t o  v a r i a t i o n s  i n  t h e  windings 
themselves .  

Var ian  and MCA minimized t r a n s v e r s e  magnet ic  f i e l d s  i n  subsequent  

magnets by r e v i s i n g  t h e  s p e c i f i c a t i o n  and accep tance  test  procedure  and by 

p a t i e n t  a t t e n t i o n  t o  c o n s t r u c t i o n  details .  

C. SPARE SYSTEM 

Because of the lead t i m e  r e q u i r e d  f o r  any p o t e n t i a l  repair of the 

superconduct ing  s o l e n o i d  magnet sys tem,  it was deemed prudent  t o  provide  f o r  

a spare. 

America. 
The s p a r e  magnet system was orde red  from Magnetic Corpora t ion  of 

Based on t h e  expe r i ence  of t e s t i n g  X - 1  i n  t h e  first superconduct ing  

s o l e n o i d  magnet sys tem,  s e v e r a l  changes w e r e  sugges ted .  I n  a d d i t i o n  t o  
several minor convenience items , the  t w o  m j o r  changes were an o r d e r  of 

magnitude i n c r e a s e  i n  t h e  c a p a b i l i t y  o f  t h e  t r a n s v e r s e  s t e e r i n g  c o i l s ,  and 
t h e  S p e c i f i c a t i o n  of p o w e r  s u p p l i e s  with h ighe r  dynamic impedance f o r  t h e  
main coils. The h i g h e r  dynamic impedance decreased  s e t t l i n g  t i m e  when 

changing c o i l  c u r r e n t s .  

A new f i e l d  measuring f i x t u r e  was developed.  Great c a r e  was taken  t o  

ensu re  a l ignment  of t h e  probe element w i th  t h e  mechanical  a x i s  of t h e  dewar. 

P r o v i s i o n s  were made t o  p rov ide  a con t inuous  r eco rd ing  of magnet ic  f i e l d  

s t r e n g t h  as a f u n c t i o n  of p o s i t i o n .  

This f i e l d  measuring f i x t u r e  was tested on t h e  s p a r e  magnet -which was 

the first u n i t  of t h e  second-genera t ion  magnet sys tem,  The second-generat ion 
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system d i f f e r s  from t h e  f i r s t - g e n e r a t i o n  system i n  t h e  fo l lowing  

ways : 

- The dewar was changed t o  a s s u r e  proper  a l ignment  of the magnet ic  
and mechanical  axes, and t o  reduce  t h e  hel ium b o i l - o f f  rate.  

- The manufac tur ing  procedure  was changed t o  ma in ta in  t h e  a l ignment  

of magnetic. and mechanical  axes. 

- I n t e r l o c k s  were added t o  t h e  e l e c t r o n i c  c o n t r o l  system f o r  over- 

c u r r e n t  and t o  p rov ide  a c u r r e n t  se t  p o i n t  r eadou t .  

- The powel- s u p p l i e s  f o r  t h e  main c o i l s  were changed t o  p rov ide  a 

h ighe r  dynamic ou tpu t  r e s i s t a n c e ,  which r e s u l t e d  i n  a reduced 

s e t t l i n g  t i m e .  

- The trim c o i l s  were inc reased  from 500 amp-turns t o  5000 amp- 

turns, which e l i m i n a t e d  t h e  necessity of p h y s i c a l l y  t i l t i n g  t h e  

t u b e .  

- P o l a r i t y  swi t ches  were added t o  t h e  t r i m  c o i l s .  

- The wire  connec t ions  t o  t h e  superconduct ing  c o i l s  were changed t o  

f u r t h e r  reduce the  bo i l -o f f  r a t e .  

The f i r s t  system wi th  t h i s  c o n f i g u r a t i o n  was r ece ived  and t e s t e d .  An 

Acceptance T e s t  Plan (ATP) was developed t o  a u t o m a t i c a l l y  judge  t h e  
s u i t a b i l i t y  o f  a magnet system f o r  gy ro t ron  a p p l i c a t i o n s .  This  was used on 
t h e  first second-generat ion u n i t  and t h e  magnet was found t o  b e  a c c e p t a b l e .  
The t r a n s v e r s e  f i e l d  was a f a c t o r  o f  3 lower  t h a n  on t h e  p ro to type  u n i t ,  as 

shown i n  F igu re  6. 
a l ignment  of t h e  probe f i x t u r e  was checked by making a s e r i e s  of f i e l d  

measurements wi th  t h e  f i x t u r e  r o t a t e d  t o  v a r i o u s  p o s i t i o n s .  The o f f s e t  
computed from t h e s e  d a t a  was 0.002"6 

r a d i a l  p o s i t i o n s ,  t h e  e f f e c t  of t h i s  o f f s e t  can b e  e l i m i n a t e d  from t h e  
measurements. The b o i l - o f f  rate was reduced from 1.2 R/hr on t h e  p r o t o t y p e  

The new probe f i x t u r e  gave r e p r o d u c i b l e  results. The 

By ave rag ing  t h e  data f r o m  t h e  various 
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u n i t  t o  0.6 & / h r  on t h e  second-genera t ion  u n i t .  
power s u p p l i e s  func t ioned  adequa te ly  and produced the  expected r e s u l t s .  

The new e l e c t r o n i c s  and 

I n  summary, t h e r e  were s e v e r a l  accomplishments wiYn r e s p e c t  t o  

superconduct ing  so leno id  magnet sys tems,  A t echn ique  f o r  measuring 
t r a n s v e r s e  f i e l d s  i n  so l eno id  magnets which gave a c c u r a t e  and r e p r o d u c i b l e  

results was implemented and" t e s t e d .  The vendor .improved t h e  d e s i g n  
s i g n i f i c a n t l y  i n  response  t o  t h e  feedback from t h e  o p e r a t i o n  of t h e  
p ro to type  u n i t .  The first u n i t  with t h e s e  des ign  changes was t e s t e d  and 
m e t  t h e  c r i t e r i a  f o r  a c c e p t a b l e  performance.  An ATP and s p e c i f i c a t i o n  were 
w r i t t e n  t h a t  enabled t h e  vendor and u s e r  t o  independen t ly  de te rmine  t h e  

a c c e p t a b i l i t y  o f  a gy ro t ron  magnet system. 

The ques t ion  of supply ing  a r e l i a b l e  magnet system t o  users f o r  
gy ro t ron  o p e r a t i o n  was t h e n  addressed .  Seve ra l  u n i t s  of t h e  second- 
g e n e r a t i o n  des ign  were t e s t e d  and accep ted .  Viey corafirmed t h e  reduced 

b o i l - o f f  rate o f  approximate ly  0.5 R/hr seen on t h e  f irst  u n i t  o f  t h i s  
des ign .  The s i g n i f i c a n t  improvement in t r a n s v e r s e  f i e l d  noted p r e v i o u s l y  
was s u b s t a n t i a t e d  by t h e  t e s t  r e s u l t s  o f  t h r e e  new u n i t s .  A graph of t h e  

r a t i o  o f  t r a n s v e r s e  f i e l d  t o  axial .  f i e l d  ( B  / B  ) as a f u n c t i o n  of p o s i t i o n  

i s  g iven  i n  F igu re  7 f o r  t h e  f o u r  second-genePation u n i t s  a,nd t h e  p ro to type  

u n i t .  It shows c o n s i s t e n t  improvement has been made. 

t z  

One o f  t h e  new magnet systems was i n s t a l l e d  a t  t h e  Varian t e s t  

f a c i l i t y .  Gyrotron tests were conducted t o  de te rmine  t h e  e f f e c t  of t h e  
improved des ign .  m e  i n s t a l l a t i o n  and i n i t i a l  o p e r a t i o n  o f  t h e  system 
i n d i c a t e d  no adve r se  e f f e c t s  due t o  sh ipp ing  With t h e  t u b e  mechanica l ly  
c e n t e r e d  i n  t h e  magnet system, tests were conducted wi th  t h e  t r i m  c o i l s  t o  

de te rmine  beam c e n t e r i n g  and i n t e r c e p t i o n  p o i n t s .  The t r i m  c o i l s  were found 

t o  be  unnecessary f o r  fu l l  beam t r a n s m i s s i o n .  With t h e  beam p r e c i s e l y  
c e n t e r e d ,  each t r i m  c o i l  c u r r e n t  was i n c r e a s e d  u n t i l  the o n s e t  of beam 
i n t e r c e p t i o n .  Using t h a t  c u r r e n t  v a l u e  and t h e  expe r imen ta l ly  d e t e m i n e d  
t r i m  c o i l  f i e l d  p r o f i l e s ,  t h e  ne t  flux l i n e  d e f l e c t i o n  r e q u i r e d  t o  cause  
beam i n t e r c e p t i o n  was computed. This  t u rned  ou t  t o  be  10.7 m i l s ,  which was 

i n  good agreement wi th  h a l f  t h e  d i f f e r e n c e  between t h e  expected beam 
diameter  and t h e  d iameter  of t h e  t u n n e l  at t h i s  point,. The maximum 
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a l lowab le  B / B  
assumed t h e  worst c a s e ,  w i th  t h e  t r a n s v e r s e  f i e l d  a l v a y s  p o i n t i n g  i n  t h e  

same d i r e c t i o n ,  which is u s u a l l y  not t h e  case. Fur the r  experiments  w i th  
d i f f e r e n t  t u b e s  and magnet systems v e r i f i e d  t h e s e  f i g u r e s .  

r a t i o  determined by t h i s  experiment was 0.2% t o  0.25%. This  t z  

With t h i s  i n  mind, t h e  m g n e t  vendor conducted experiments  t o  

demonst ra te  t h e  f e a s i b i l i t y  of reducing  t h e  t r a n s v e r s e  f i e l d s  by mechanical  
ad jus tmen t s  of t h e  magnet bore .  The tests i n d i c a t e d  t h a t  o b t a i n i n g  a B /Bz 

r a t i o  of about  0.10% does no t  appear  t o  be d i f f i c u l t  us ing  t h i s  method of 
magnet c o n s t r u c t i o n .  R e p e t i t i o n  o f  t h i s  t e s t  a l s o  v a l i d a t e d  t h e  results. 

t 

These test r e s u l t s  showed t h a t  a reduced B / B  s p e c i f i c a t i o n  was 
t z  

f e a s i b l e  and a t t a i n a b l e .  The updated s p e c i f i c a t i o n  f o r  t h e  t h i r d - g e n e r a t i o n  

u n i t s  s t a t e d  t h a t  t h e  B / B  r a t i o  would not  exceed 0.2$,  from t h e  middle  of 

t h e  bucking c o i l  t o  t h r e e  inches  above t h e  t o p  c o i l .  With t h i s  magnitude o f  
t r a n s v e r s e  f i e l d ,  there w i l l  be no magnet-induced p r o b l e m  wi th  beam 

t r a n s m i s s i o n .  Other changes t o  t h e  s p e c i f i c a t i o n  inc luded  a l i q u i d  hel ium 

b o i l - o f f  r a t e  of less than  0.75 E/hr and o t h e r  misce l l aneous  c l a r i f i c a t i o n s .  
With t h i s  s p e c i f i c a t i o n ,  it is  p o s s i b l e  f o r  any gyro t ron  u s e r  t o  
independent ly  o b t a i n  a magnet system s u i t a b l e  f o r  Varian g y r o t r o n s .  To 

accompany t h i s  s p e c i f i c a t i o n ,  a f i n a l  r e v i s i o n  o f  t h e  Acceptance Test Plan 

was completed t o  a l low t h e  u s e r  t o  a u t o m a t i c a l l y  de te rmine  t h e  a c c e p t a b i l i t y  

of a magnet system for  gy ro t ron  usage. The f irst  p ro to type  magnet system 
was r e b u i l t  t o  t h e  latest s p e c i f i c a t i o n  ( B  / B  < 0.2%). 

t z  

t z  

An au tomat i c  magnet probe was c o n s t r u c t e d ,  i n c l u d i n g  a s t e p p i n g  motor- 
d r i v e n  probe p o s i t i o n i n g  f i x t u r e .  
d i g i t i z e d  and s t o r e d  i n  a desk-top computer. The computer a l s o  hand les  t h e  

d a t a  a n a l y s i s  and p r o v i d e s  p l o t s  o f  t r a n s v e r s e  and a x i a l  f i e l d s .  

The m a l o g  ou tpu t  of t h e  gaussmeter  i s  

22 



111. 110 GHz 200 kW CW OSCILLATOR 

A* ELECTRON GUN COMPUTER D E S I G N  

The des ign  of the gyro t ron  gun took  i n t o  account  p rev ious  gy ro t ron  gun 

d e s i g n s  and a n a l y s e s  a t  V a r i a n  and e l sewhere .  
r e s p e c t  t o  t h e  a x i s ,  t h e  e f f e c t s  of varying mean cathode r a d i u s  and l e n g t h  
w e r e  estimated t o  a c h i e v e  g iven  v a l u e s  o f  ca thode  l o a d i n g  ( i .e . ,  c u r r e n t  
d e n s i t y ) .  
f i t  the results from a r e p r e s e n t a t i v e  computer s o l u t i o n  f o r  a gyro t ron  gun. 

The s imple  e q u a t i o n s  used were: 

For a ca thode  s loped  i o o  w i t h  

The c o n s t a n t s  i n  t h e  s imple  p l a n a r  gun e q u a t i o n s  were a d j u s t e d  t o  

a = 1.25h 

and 

- - Elk d f c o s 9  
k 

k 
where 0 

d 

h. 

B 
k 

0 

0 

B 
r 

r 
k 

E Lk 

s l o p e  a n g l e  of ca thode  

spac ing  along normal from ca thode  t o  f i r s t  anode 
maximm spac ing  o f  o u t e r  bean envelope from ca thode  

magnet ic  f i e l d  at ca thode  = 0.98 - 1.. 
magnetic f i e l d  i n  i n t e r a c t i o n  c i r c u i t ,  45 kGs 
mean beam radius i n  i n t e r a c t i o n  c i r c u i t ,  0.798 mm. 
m e a n  r a d i u s  of ca thode  
e l e c t r i c  f i e l d  component at ca thode  that is normal t o  

W n e t i c  f i e l d  
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= d e s i r e d  t r a n s v e r s e  v e l o c i t y  i n  i n t e r a c t i o n  c i r c u i t  .) 1.35 
8 10 

V 

x 10 m / s  o r  0.449 c ( f o r  64 KeV t r a n s v e r s e  enerLe;y and 80 
KeV t o t a l  energy)  

= v o l t a g e  rise Prom 'a1 
rl = charge/mass ratj.0 

ca thode  t o  f i r s t  anode 
f o r  e l e c t ~ o n  

Fur the r  s t u d y  v e r i f i e d  t h a t  far 8 given  ca thode  l e n g t h  t o  mean r a d i u s  r a t i o ,  

t h e  space  charge  l i m i t e d  c u r r e n t  v a r i e s  approximate ly  as t h e  i n v e r s e  t h i r d  
power of t h e  mean r a d i u s .  

The maximum ca thode  load ing  cons ide red  w a s  7.5 A/cm2 and %he minimum 

was 3.0 A / c m  . It was assumed d e s i r a b l e  t o  o p e r a t e  as low as p o s s i b l e  i n  
t h i s  range f o r  s t a b l e ,  r ea sonab ly  uniform emiss ion ,  and f o r  t h e  m a x i m u m  

d u r a t i o n  of u s e f u l  ca thode  l i f e .  

2 

It was f u r t h e r  assumed t h a t  t h e  space  charge  l i m i t e d  ciirrent should be 

a t  beast t h r e e  t i m e s  t h e  o p e r a t i n g  c u r m n t ,  o r  24 amperes, t o  avoid 
d e l e t e r i o u s  and s e v e r e  space  charge  e f f e c t s .  In p a r t i c u l a r ,  t h i s  assumption 
l i m i t e d  t h e  maximum p e r m i s s i b l e  ca thode  r a d i u s .  

It  vas a l s o  assumed t h a t  t h e  r a t i o  of l e n g t h  t o  mean r a d i u s  f o r  t h e  

ca thode  should not be g r e a t e r  t h a n  1.75, t o  avoid  d e l e t e r i o u s  v a r i a t i o n s  i n  
t h e  beam. T h i s ,  and t h e  l i m i t  assumed fo r  ca thode  l o a d i n g ,  r e s u l t e d  i n  a 

lower l i m i t  f o r  ca thode  r a d i u s .  Another d i sadvan tage  of u s i n g  a small 
ca thode  r a d i u s  is t h a t  it r e q u i r e s  h igh  e l e c t r i c  f i e l d  g r a d i e n t s  i n  t h e  gun. 

This  s t u d y  r e s u l t e d  i n  f o u r  i n i t i a l  c a s e s  worthy of f u r t h e r  

c o n s i d e r a t i o n .  These are t a b u l a t e d  i n  Table  b e  

24 



Table  4 
Early Cathode Cases Considered 

Cathode Loading 

The high  e l e c t r i c  f i e l d  g r a d i e n t  expected necessa ry  f o r  t h e  f o u r t h  c a s e  l e d  

t o  i t s  e l i m i n a t i o n .  A s  a r easonab le  trade off  between minimizing ca thode  
l o a d i n g  and maximizing space  charge  l i m i t e d  c u r r e n t ,  t h e  t h i r d  c a s e  above 
was chosen as t h e  i n i t i a l  c a s e  f o r  o p t i m i z a t i o n  on the computer. The 

magnet ic  f i e l d  shape cons ide red  i n i t i a l l y  had a p o i n t  of i n f l e c t i o n  i n  t h e  

f l u x  l i n e s  at t h e  p l ane  t a n g e n t  t o  t h e  t i p  of t h e  f r o n t  focus  e l e c t r o d e ,  and 
a slope of 6' at t h a t  plane f o r  t h e  flux tube t h r e a d i n g  t h e  cen te r -p l ane  of 

t h e  ca thode  at a r a d i u s  1% g r e a t e r  t h a n  t h e  mean ca thode  r a d i u s -  
ca thode  end f u r t h e s t  from t h e  c i r c u i t ,  t h e  slope of t h e  f l u x  l i n e  w a s  

assumed t o  be zero.  Experience has i n d i c a t e d  t h i s  approximates  an  optimum 
f i e l d  shape f o r  a " shor t "  ca thode .  For t h e  "long" ca thode  s t u d i e d  

i n i t i a l l y ,  t h i s  d i d  not  appear  t o  be  t r u e ,  I n  a d d i t i o n ,  it was found t h a t  
t h i s  magnet ic  f i e l d  shape could  no t  be  achieved  wi th  t h e  r e l a t i v e l y  l a r g e  
d iameter  f i e l d  c o i l s  r e q u i r e d  for  t h i s  d e v i c e ,  

A t  t h e  

An " ins ide-out"  gun approach was also cons ide red ,  f o r  which t h e  f i r s t  

anode would be i n s i d e  a hollow, c o n i c a l  ca thode ,  However, t h i s  approach had 
no advantage  ove r  t h e  conven t iona l  gy ro t ron  gun approach which used a 

ca thode  of t h e  same mean r a d i u s ,  and ,  i f  a n y t h i n g ,  t h e  " ins ide-out"  gun was 

more d i f f i c u l t  t o  des ign .  

A number o f  e l e c t r o d e  and magnetic f i e l d  c o n f i g u r a t i o n s  w e r e  s imula t ed  
One of t h e  better c a s e s  is shown 

The accompanying graph ,  F i g u r e  9 ,  shows t h e  t r a n s v e r s e  energy 

by t h e  computer for the 10' ca thode  case. 

i n  F igu re  8. 
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Figure 9. Transverse Energy Profile for IO" Cathode with 5A/crn2 Loading 



as a function of t r a j ec to ry  number. The numbering starts at the rear of %',he 
cathode. The cathode loading fo r  t h i s  case 5.0 A/cm ~ some tr ials were 2 

made f o r  7.5 A/cm2 loading, before it was decided t h a t  such a high loading 
was untenable e 

The veloc i ty  var ia t ion  is calculated by scaling the  t ransverse energies 

of each t r a j ec to ry  up t o  45 kG from i t s  value i n  the  uniform f i e l d  region at 
the  r igh t  end of the t r a j ec to ry  p lo t .  The inner t r a j e c t o r i e s  a re  weighted 

by a fac tor  of two by finding the s t a t i s t i c s  of a sample consisting of each 
inner t ra jec tory  counted twice and each outer counted once. The formulas 

used are:  

N 

n- 1 

N = 2 ( N  -1) where N = number of t r a j e c t o r i e s ,  
T T 

n E = t ransverse e n e r o  associated with observation n. 

The veloci ty  var ia t ion  is .- f 1/2 o 9  or  more accurately,  (r;: - 1) , 

2 Although the  veloci ty  var ia t ion  for  t he  5 A/cm case is  on the  order of 
+ 5 $ ,  the t r a j e c t o r i e s  a re  out of phase, 
described i n  an a r t i c l e  by the  Russians , simulations were made using a 

cathode angle of 23 . The Russian results were achieved by assuming a 
desired f l o w ,  and f r o m  t h i s ,  by analytic continuation, determining the  
necessary electrode boundary parameters. The magnetic f i e l d  was assumed t o  

be uniform. 

Therefore, based on the  r e s u l t s  
8 

0 

Figures 10,  11 and 12 show the t r a j e c t o r i e s  fo r  a 23' cathode with 

d i f fe ren t  lengths of f ront  focus electrodes.  The shorter  the electrode,  the 
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higher the t ransverse energy and the  steeper the  slope of t ransverse energy 

versus t r a j ec to ry  number, as can be seen i n  t he  pl.ots i n  Figure 13. 

The mean t ransverse energy and velocity var ia t ion  a t  the magnetic f i e l d  
2 stPength i n  the in te rac t ion  c i r c u i t  fo r  these three cases,  with 4 A/cm 

cathode loading, i s  given i n  Table 5 .  

Table 5 
Tmnsverse Energy and Velocity 

Spread fo r  Three Gun Designs 

Pron t Focus Mean Transverse 
Electrode Energy, eV 

743149 
61720 
47806 

-__I II._....~-...Î_ 

Velocity 
Variation 

- +6 .BO% 
7.40% 
3 2 5 %  

The t r a j e c t o r i e s  for  the best  design v i t h  5 A/cm2 loading are shown i n  

Pigut-e 1 4 .  
i n  Figure 15. 

The variat ion of transverse energy among t r a j e c t o r i e s  i s  shown 

The mean t ransverse enera-  for t h i s  case i s  64904 eV. The veloci ty  

var ia t ion i s  - + 2.1%. 

The optimum cathode angle was determined, but 3 A/crn2 cathode loading 

could only be achieved at a 0.168~~ mean cathode radius by using a compound 

curvature of the  cathode surface,  ra ther  than a conical surface.  For ease 

of construction, a loading of 4 A/cm2 was selected f a r  the  110 GHz gun 

design. 

Various designs using a 25' cathode angle instead of 23' were t r i e d  on 

the computer with good r e su l t s .  The t ransverse energy p ro f i l e  f o r  the  bes t  
25' design i s  shown i n  Figure 16. The t ransverse veloci ty  var ia t ion  a t  t he  

in te rac t ion  c i r c u i t  fo r  t h i s  case i s  - +2.45$. 
the  computer simulation. Figure 17 is  the  p lo t  of these t r a j e c t o r i e s  as 

computed by the  XGUN program. Computer runs were made using t h i s  design t o  
determine the  s e n s i t i v i t y  of t he  t ransverse energy p ro f i l e  t o  various 
parameters. 

Mine t r a j e c t o r i e s  were used i n  
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Figure 13. Variation of Transverse Energy Profile with length of Front Focus Electrode 
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Figure 95. Transverse Energy Profile for 23" Cathode with 5A/cm2 Loading 
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The first anode v o l t a g e  for t h i s  d e s i g n  i s  15,800 v o l t s .  Two 

a d d i t i o n a l  computer r u n s  were made - one a t  15,500 v o l t s  and one a t  16,100 

v o l t s ,  The r e s u l t i n g  t r a n s v e r s e  energy p r o f i l e s  are  shawn i n  F i g u r e  18. 

To de termine  t h e  e f fec t  of changing t h e  a n g l e  o f  t h e  f i rs t  anade,  f i v e  
compute? r u n s  were made wi th  t h e  fo l lowing  ang le s :  

1. 25.590' 

2, 26.362' 
3. 27.604O 

4. 28.724' 

5. 29.930' 

The r e s u l t s  of t h e  Puns a r e  p l a t t e d  i n  Figure 19. I n  t h i s  c a s e ,  e i g h t  
t r a j e c t o r i e s  were used and t h e  graph  shows t h e  t r a n s v e r s e  energy a t  t h e  

i n t e r a c t i o n  c i r c u i t  for each  t r a j e c t o r y  and each  f irst  anode ang le .  

S ince  t h e  c u r r e n t  i n  t h e  bucking c o i l  a t  t h e  ca thode  would be  t r i m m e d ,  

we wanted t o  de te rmine  t h e  s e n s i t i v i t y  of t h e  gun performance t o  nominal 

Changes i n  t h i s  c u r r e n t .  

i n p u t  magnet ic  f i e l d  p r o f i l e s  f o r  changes i n  t h e  bucking c o i l  c u r r e n t  of 

-10% and -20%. The e f f e c t s  o f  t h e s e  changes on t h e  t r a n s v e r s e  energy 
p r o f i l e  a r e  seen  i n  F igu re  20. Ra i s ing  t h e  c u r r e n t  i n  t h e  bucking c o i l  is 
tantamount  t o  lowei-ing t h e  f i e l d  a t  t h e  ca thode ,  T h i s  has  t h e  same e f fec t  
as lower ing  t h e  v o l t a g e  a t  t h e  f i p s t  anode. 

Two a d d i t i o n a l  r u n s  were made by recomputing t h e  

From t h e s e  same computer r u n s ,  it was p o s s i b l e  to determine  t h e  beam 

r a d i i  a t  t h e  i n t e r a c t i o n  c i r c u i t  f o r  each  of t h e  three e a s e s p  assuming 

ad iaba t ic  compressian,  A graph  of t h e s e  r e s u l t s  can  be seen in F i g u r e  21. 

F igu re  22 shows t n e  r e s u l t s  of sma l l  p e r t u r b a t i o n s  i n  t h e  d i s t a n c e  from 

t h e  c e n t e r  o f  t h e  ca thode  t o  t h e  t i p  of t h e  f irst  anode. 

The nominal Beam cul-rent is 8 amperes. Since t h e r e  may be  o c c a s i o n s  
when d i f f e r e n t  beam c u r r e n t s  may be  used,  t h e  effect  of changing t h e  beam 
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Figure 38. Transverse Energy Profile as a Function of 1st Anode Voltage 
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Figure 19. Variation of Transverse Energy Profile with 1st 
Anode Angle (Curved Back FOCUS Ekctrode) 
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Figure 20. Transverse Energy Profile as a Function of Bucking Coil Ampere-Turns 
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c u r r e n t  on t h e  t r a n s v e r s e  energy  p r o f i l e  was i n v e s t i g a t e d .  Three runs were 

made on a s i m i l a r  des ign  a t  5 A / c m 2  loading .  
F i g u r e  23. 

The e f fec ts  ZIP€! shown i n  

B. INTERACTION C I R C U I T  

1.  LEO21 Cav i ty  Design 

The TEOz1 o s c i l l a t o r  c a v i t y  dimensions were s c a l e d  d i r e c t l y  from 

t h e  28 G H z  c a v i t y .  I n  a n t i c i p a t i o n  of t h e  t i g h t e r  machining t o l e r a n c e s  

r e q u i r e d  a t  110 G H z ,  cold test  c a v i t i e s ,  a s  well a s  a c t u a l  c a v i t y  t u b e  
p a s t s ,  were b u i l t  t o  i n v e s t i g a t e  d i f f i c u l t i e s  encountered  wi th  t h e  r e q u i s i t e  
t o l e r a n c e s .  O p t i c a l  t echn iques  f o r  checking  t h e  c a v i t y  p a r t s  a f t e r  

f a b r i c a t i o n  were explored .  

2. TE Cav i ty  Design 
-03 I 

A 110 G H z  o s c i l l a t o r  c a v i t y  opepa t ing  i n  t h e  TE mode was a l s o  
03 1 

cons ide red  f o r  s e v e r a l  reasons .  F i r s t ,  t h e  l a r g e r  r a d i u s  of  a TE c a v i t y  

s i m p l i f i e s  mechanical  des ign ,  machining, and a l lows  l a r g e r  t o l e r a n c e s  for 

t h e  c a v i t y  dimensions.  Also,  a s  i s  shown i n  F igu re  24 ,  t h e  f i g u r e  o f  merit 
f o r  t h e  t u b e  o p e r a t i o n  wi th  a TE c a v i t y  i s  50% b e t t e r  t han  t h a t  f o r  t h e  
TEOz1 c a v i t y .  

03 1 

03 1 

C o l d  t e s t  c a v i t i e s  a t  28 G H z  and 110 GHz and o u t p u t  t a p e r s  were 
f a b r i c a t e d  and were tested for  resonance c h a r a c t e r i s t i c s  and mode p u r i t y .  

3. Load Cav i ty  Design 

The t r ansmiss ion  loss  of TE r a d i a t i o n ,  launched a t  the 71 
o s c i l l a t o r  c a v i t y  d r i f t  t u b e  through t h e  load c a v i t y  des igned  f o r  t h e  170 

G H z  o s c i l l a t o r ,  was measured. The l o s s  e lement  i n  t h e  load  c a v i t y  was a 

water-cooled l o s s y s  s i l i c o n  carb ide- loaded  b e r y l l i a  cepamic, r a t h e r  t h a n  a 

water-backed ceramic window, as had been used i n  t h e  28 GHz des igns .  The 

advantage  of t h i s  approach is  a broader- band load  c a v i t y .  The load c a v i t y  
t r a n s m i s s i o n  c o e f f i c i e n t  i s  p l o t t e d  v e r s u s  f requency  for  v a r i o u s  load  c a v i t y  
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Figure 24. Figure of Merit for Circular Electric M o d e s  
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d r i f t  t u b e  gap sizes i n  F i g u r e  25. A t  l a r g e r  gap s i z e s ,  t h e  lass became 
less s e n s i t i v e  t o  frequency.  A 1.27 X gap provided about  7 dB of l o s s  a t  
110 GHz. These r e s u l t s  were encouraging,  and mechanical  d e s i g n  of a s c a l e d  

v e r s i o n  of t h i s  load  c a v i t y  was l a t e r  s t a r t e d  for  t h e  60 GHz tube .  

4. E f f e c t i v e  I n t e r a c t i o n  Cav i tv  Length 

The r e a c t i v e  l o a d i n g  p r o p e r t i e s  of a d ielectr ic  bead were used t o  

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

dielectric bead a f f e c t s  t h e  overmoded c a v i t y  t r a n s m i s s i o n  resonance  s i g n a l  
i n  two ways. F i r s t ,  there is t h e  familiar dielectr ic  d e t u n i n g  of t h e  

( z >  . A second resonance  f requency ,  fo, by some frequency s h i f t ,  A f  - 
effect  dominates  when t h e  bead i s  l a r g e  (i.e.,  when (bead s i z e )  f ( c a v i t y  

s i z e )  << 1 is  n o t  s a t i s f i e d ) .  I n  t h i s  case, t h e  bead imposes boundary 
c o n d i t i o n s  which couple  t h e  c a v i t y  f i e l d s  t o  p ropaga t ing  (non-evanescent) 
waveguide modes. T h i s  d imin i shes  Q 

t h e  v a l u e ,  
The r e s u l t i n g  reduced c a v i t y ,  
p o s i t i o n ,  z. Using a s imple argument, one can show t h a t  t h e  f r a c t i o n a l  

change i n  QEXT i s  r e l a t e d  t o  t h e  c a v i t y  f i e l d  ampl i tude  accord ing  to: 
(l-QEXT(z)/QL - E 

v a l i d  o n l y  when zcl is s a t i s f i e d ,  where 1 is t h e  l e n g t h  of t h e  c a v i t y .  For 
2 2 1 ,  t h e  bead p a r t i a l l y  ref lects  t h e  c a v i t y  o u t p u t  s i g n a l .  In t h i s  r e g i o n ,  

w h i l e  t h e  d a t a  p r o v i d e  no exact i n f o r m a t i o n  on e lec t r ic  f i e l d  ampl i tudes ,  
local maxima i n  Q ( 2 )  a r e  observed a t  a x i a l  p o s i t i o n s  where t h e  e lectr ic  
f i e l d  is a t  a n u l l .  

Ef3 

t h e  e x t e r n a l  Q o f  t h e  c a v i t y ,  from EXT’ 
t h e  loaded Q of t h e  c a v i t y ,  measured when t h e  bead is a b s e n t .  QL , 

i s  a f u n c t i o n  of t h e  a x i a l  bead 
Q~~~ 9 

2 ( Z ) ,  where z is t h e  a x i a l  p o s i t i o n .  T h i s  e x p r e s s i o n  i s  A 

EXT 

An experiment  was performed t o  de termine  t h e  rf f i e l d  s t r u c t u r e  

w i t h i n  t h e  i n t e r a c t i o n  c a v i t y  and t h e  nearby  o u t p u t  waveguide s t r u c t u r e .  A 

small (0.13 cm x 0.13 em> c y l i n d r i c a l  d i e l e c t r i c  bead was drawn through t h e  

110 GHz TEO2 c a v i t y  ( c a v i t y  r a d i u s  = 0.31 em) on a nylon thread  a l o n g  a l i n e  
p a r a l l e l  t o  t h e  axis of symmetry and w i t h  a r a d i a l  d i sp lacement  
cor responding  t o  t h e  p o s i t i o n  of t h e  first electric f i e l d  maximum i n  t h e  

c a v i t y .  The c a v i t y  was excited i n  t h e  TE mode and t h e  peak h e i g h t  of t h e  

t r a n s m i s s i o n  resonance s i g n a l ,  which  1s roughly  p r o p o r t i o n a l  t o  t h e  c a v i t y ,  
02 

was observed a s  a f u n c t i o n  of bead p o s i t i o n .  A t y p i c a l  set  of da ta  QExT 
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is shown i n  F igu re  26. The c a v i t y  c o n t a i n s  a one-half  wavelength e lectr ic  
f i e l d  v a r i a t i o n ,  which e x t e n d s  s l i g h t l y  beyond t h e  c a v i t y  s t r u c t u r e  toward 
t h e  o u t p u t  waveguide. From t h e r e  t o  t h e  collector,  t h e  guide  wavelength of 
t h e  rf f i e l d  d e c r e a s e s ,  a s  seen  by the  d e c r e a s i n g  s e p a r a t i o n  between t h e  

l o c a l  maxima i n  t h e  d a t a .  The e f f e c t i v e  l e n g t h  of t h e  c a v i t y  is t h e  

d i s t a n c e  between t h e  first two local  maxima, i n  t h i s  c a s e  1.8 cm o r  about  
6,6 A ,  

c. OUTPUT/COLLECTOR 

S e v e r a l  d i f f e r e n t  o p t i o n s  were cons idered  f o r  t h e  o u t p u t  coupl ing ,  a s  
shown i n  F i g u r e  27, inc lud ing :  

1) a gradual. t a p e r  to  a 2-1/2" c y l i n d r i c a l  waveguide, 

2) a g radua l  t a p e r  t o  a two-sect ion compound t a p e r  t o  a 5" waveguide, 

3 )  a s i n g l e  miter bend t o  a 2-1/2" waveguide, and 

4 )  a t r i p l e  miter bend t o  a 2-1/2" waveguide. 

S t r o n g e s t  c o n s i d e r a t i o n  was g iven  t o  t h e  first two o p t i o n s .  The f i r s t  
and second o p t i o n s ,  t h e  s t r a igh t - th rough  col lectors ,  offered t h e  b e s t  mode 

p u r i t y  a t  t h e  ou tpu t  and allowed less r e f l e c t i o n  t o  t h e  o s c i l l a t o r  c a v i t y  
than  t h e  t h i r d  and f o u r t h  o p t i o n s ,  t h e  miter bend ou tpu t s .  On t h e  o t h e r  

hand, t he rma l  d e s i g n  of t h e  collector was more d i f f i c u l t  f o r  o p t i o n s  1 and 

2,  s i n c e  these d e s i g n s  r e q u i r e d  a smaller s u r f a c e  a r e a  for  e l e c t r o n  beam 
c o l l e c t i o n .  

1. Gradual  Taper t o  2-1/2" Waveguide 

T h i s  was t h e  choice for o u t p u t  c o u p l i n  i n  t h e  experiment 

o s c i l l a t o r ,  as  it provided t h e  b e s t  mode p u r i t y  w i t h  t h e  s i m p l e s t  

1 pulsed  

c o n s t r u c t i o n  and p e r m i s s i b l e  v a l u e s  of ave rage  e l e c t r o n  beam power d e n s i t y  
a% t h e  collector walls.  
other Eon modes, which occur red  a t  t h e  j u n c t i o n  of t h e  c o n i c a l  t a p e r  and 

The problem of mode convers ion  from t h e  TEO2 t o  
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A) GRADUAL TAPER TO A 2.5 INCHES DIAMETER CYblNCPR ICAL WAVEGUIDE 

8 )  GRADUAL TAPER TQ A TWO SECTION COMPOUND TAPER TO A FlVE INCH DIAMETER WAVEGUIDE 

C) SINGLE MITER BEND TO A 2.5 INCHES DIAMETER WAVEGUIDE 

D) TRIPLE MITER BEND TO A 2.5 INCHES DIAMETER WAVEGUIDE 

O O c R i t y  + 

Figure 27. Output Coupling Options Considered 
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o t h e  c y l i n d r i c a l  2-1/2'* guide  tdas ana lyzed ,  For a 5 t a p e r ,  roughly  30% a i  
t h e  TE mode-power is conver ted  t o  b a t h  t h e  TE and TE modes, w i th  5% of 

t h e  power going  i n t o  t h e  TE and h ighe r  o r d e r  TE modes, as shorn i n  
02 01 03 

0 k on F igure  28. 9 

2 E  Gradual  Taper  to Compound 'Taper to 5" Waveguide 

This  o p t i o n ,  mort? compat ib le  wi th  t h e  h igh  average  power c o l l e c L a r  
w a l l  l oad ing  i n  a CWtube ,  i s  a s o l u t i o n  t o  t h e  s e v e r e  mode convers ion  which 
QCCUPS when a simple t a p e r  i s  extended t o  a 5'' d iame te r  gu ide .  The f r a c t i o n  

of r f  power, 
c o n i c a l - c y l i n d r i c a l  j u n c t i o n ,  s c a l e s  acco rd ing  t o ,  

conve r t ed  from t h e  TE t o  o t h e r  TE modes at a pmz , 02 0 11 

2 2 2  Pn2 - B f 8 

f o r  s m a l l  t a p e r  a n g l e s ,  8." 

c y l i n d r i c a l  waveguide d i ame te r .  
c o n i c a l - c y l i n d r i c a l  j u n c t i o n ,  t h e  mode c o n v e r s i ~ n  i n c r e a s e s  by a f a c t o r  
of b .  

The wave f requency  i s  P ,  and D i s  t h e  

I n  gain@; from a 2-1/2" t o  5" d iameter  

To correct t h e  mode conve r s ion ,  des ign  o f  a compound t a p e r ,  shown 
i n  F igu re  2 7 ,  was started. One a d d i t i o n a l  t a p e r  s e c t i o n  was requ i r ed  f o r  

c a n c e l l a t i o n  o f  each unwanted TE 

t h e r e f o r e ,  necessaqy i n  t h i s  case because  t h e  s imple  c o n i c a l - c y l i n d r i c a l -  

j u n c t i o n  t ends  t o  c o n v e r t  t h e  TE 
unwanted modes, t h e  TE and TE . The a n g l e s  i n  t h e  compound t a p e r  were 

chosen t o  c r e a t e  s p e c i f i c  mode convers ion  c o e f f i c i e n t s  for t h e s e  two 
unwanted modes. The l e n g t h s  o f  t h e s e  a d d i t i o n a l  t a p e r  s e c t i o n s  were then 

chosen sa t h a t  upon s u p e r p o s i t i o n  c o n t r i b u t i o n s  from t h e  unwanted ruodes 

d e s t r u c t i v e l y  i n t e r f e r e .  

mode. A two-sec t ion  compound taper was, on 

mode predominant ly  i n t o  two o t h e r  
02 

01 03 

3. High Power Mode Probe 

Mechanical des ign  of a high power mode probe was completed,  as 

shown i n  Figure 29. T h i s  i n s t m m e n t  was in t ended  t o  provide  a complete  
p i c t u r e  o f  t h e  gy ro t ron  ou tpu t  r f  f i e l d  p a t t e r n .  When mounted on a 2-1/2" 
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or  5'$ waveguide, t h e  d e v i c e  vould probe t h e  magnitude and d i r e c t i o n  of t h e  
r f  f i e l d ,  b o t h  r a d i a l l y  and a z i m u t h a l l y ,  a c r o s s  t h e  g u i d e ,  
was des igned  t o  minimize wave r e f l e c t i o n  back down t h e  waveguide. 

of kJR-10 g u i d e  wi th  a coup l ing  a p e r t u r e  on one end w a s  t o  be  used as the  

probing  element.  
crystal d e t e c t o r .  The c o u p l i n g  a p e r t u r e  s i z e  may be v a r i e d ,  depending on 

t h e  peak rf power d e n s i t i e s  expec ted  i n  t h e  ou tpu t  waveguide o f  t h e  tube. 

The in s t rumen t  was des igned  t o  be ope ra t ed  by remote c o n t r o l  d u r i n g  t e s t s  on 

l i v e  t u b e s ,  bu t  o f  c o u r s e ,  may b e  used i n  c o l d  t e s t  exper iments  as w e l l .  It 
was anticipated t h a t  t h e  t u b e s  would be t e s t e d  with t h i s  d e v i c e  a t  f u l l  peak 
power and up t o  1 t o  2 kW ave rage  power. 

The probe  mount 
A p i e c e  

It would couple  t h e  sampled rf power i n t o  a broadband 

D e  OUTPUT WINDOW 

Microwave d e s i g n s  f o r  f lou roca rbon  l i q u i d  f ace -coo led ,  double-d isc  
alumina and b e r y l l i a  windows were completed a 

. The des ign  o f  t h e  alumina window c o n s i s t e d  of a 5 X  / 2 - th i ck  vacuum 

window, one-half wavelength of f lou roca rbon  l i q u i d ,  and a 2X - t h i c k  a i r  
window. 

Q 

g 

The des ign  of t h e  bery1li.a window c o n s i s t e d  of two 2X - t h i c k  windows 
Q 

s e p a r a t e d  by one-half  wavelength of f lou raca rbon  l i q u i d .  

!These des igns  would a l l o w  a t  least s ix ty  pounds p e r  squa re  inch 

a b s o l u t e  pressure c a p a b i l i t y  for t h e  vacuum windows 

Assuming a lass t a n g e n t  of 0.006, a loss of 3.7 k i l o w a t t s  was expec ted  

i n  t h e  f lou roca rbon  l i q u i d .  T o t a l  loss i n  t h e  two discs was expected t o  be 

O,5 k i l o w a t t s  f o r  a lumina and 1.0 k i l o w a t t  f o r  beryllia. 

The l ong  lead t i m e  a lumina and b e r y l l i a  discs  were r e c e i v e d .  

Mechanical des ign  of the  remaining p a r t s  was t e r m i n a t e d  w i t h  the 

r e d i r e c t i o n  t o  60 GHz. 
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IV. TEST FACILITY 

An i n v e s t i g a t i o n  was i n i t i a l l y  made t o  de te rmine  which t e s t  s t a t i o n  
would be most s u i t a b l e  f o r  t e s t i n g  a 110 GHz a m p l i f i e r .  T h i s  would r e q u i r e  

two s u p p l i e s ,  one f o r  t h e  d r i v e  power sou rce  and one for  t h e  a m p l i f i e r .  The 
s t a t i o n s  having  t h e  r e q u i r e d  c a p a b i l i t i e s  were e v a l u a t e d ,  t a k i n g  i n t o  

accoun t  e x i s t i n g  s c h e d u l e s  and t h e  amount of f l oo r  space  a v a i l a b l e .  .The  
d r i v e  f a c i l i t y  had t o  be  near  t h e  a m p l i f i e r  f a c i l i t y .  The Super  Power Test 

Set w i t h  its nearby d r i v e r  f a c i l i t y  was de termined  t o  be t h e  best choice.  

P l a n s  were made to  move t h e  28 GHz p r o j e c t ,  which was c u r r e n t l y  be ing  t e s t e d  

t h e r e ,  t o  a new locat ion.  

Based on t h e  p r o j e c t  r equ i r emen t s ,  m o d i f i c a t i o n s  and new equipment 

r equ i r emen t s  were o u t l i n e d  t o  upgrade t h e  e x i s t i n g  d r i v e r  f a c i l i t y  t o  
p rope r ly  o p e r a t e  t h e  110 GHz gyro t ron  d r i v e r .  

The gy ro t ron  d r i v e r  s o c k e t  r e q u i r e d  a h igh  v o l t a g e  beam power s u p p l y  

sou rce  wi th  p r o p e r l y  i n t e r f a c e d  i n t e r l o c k  p r o t e c t i o n  and a mul t i channe l  
crowbar l o g i c  scheme t o  d i v e r t  t h e  c a p a c i t o r  bank 's  s tored energy i n  t h e  
event  o f  a load f a u l t .  C a l i b r a t e d  in s t rumen ta t ion  was a l s o  r e q u i r e d  t o  
measure t h e  beam power supp ly  v o l t a g e  and load c u r r e n t s ,  

A new crowbar l o g i c  assembly would have been i n t e r f a c e d  t o  t h e  e x i s t i n g  
power supp ly ,  which would have al lowed a c c u r a t e  read-out sf t h e  f a u l t  
s i g n a l ' s  t r i p  l e v e l s  i n  each  of t h r e e  a v a i l a b l e  i n p u t  channels .  The u n i t  

would have provided  p r o t e c t i o n  a g a i n s t  e x c e s s i v e  peak p u l s e  or average  
c u r r e n t  l e v e l s  as monitored by s e n s o r s  p l aced  i n  t h e  c i r c u i t s  of concern. 

Another power supp ly  would have been r e t r o f i t t e d  t o  p rov ide  both t h e  
p u l s e  vo l t age  parameters  i n  t h e  f i rs t  s t a g e s  of development and l a t e r  t h e  d e  

v o l t a g e s  r e q u i r e d  €or t h e  modulat ing anode of t h e  gy ro t ron  d r i v e r  device .  
C a l i b r a t e d  i n s t r u m e n t a t i o n  fo r  both  modes of o p e r a t i o n  would have been 

i n s t a l l e d  t o  p r o p e r l y  e v a l u a t e  t h e  d r i v e r ' s  performance. 

The gy ro t ron  s o c k e t  would have been i n  an o i l  f i l l e d  t a n k  which would 
have been des igned  and b u i l t  t o  a l s o  i n t e r f a c e  t o  t h e  superconduct ing  



salenoid magnet dewar. The t a n k  w o i ~ l d  have a l so  contained the p u l s e  

instrumentation components. 

A separate water manifold would have been designed and b u i l t  t o  
properly channel and control the d r ive r ' s  coolant, T h i s  would have incl iaded 

flow instrumentation and flow inter lock protection. A special  heat 

exchanger, u t i l i z i n g  FC-75 would ~ I S Q  h a ~ e  been interfaced in to  t h e  cosl.ant 

system t o  provide coolant t o  the output windows, 

For protection a g a i n s t  waveguide arcs, a new arc-detector wou ld  have 

been ins ta l led  i n  the dr ive waveguide and connected eo the  e lec t ronic  f a u l t  
protection. 

When the program was redirected t o  develop a 60 G H z  o s c i l l a t o r  

ra ther  than 3 110 GHi amplifier,  tnese p l a n s  t o  m o d i f y  the Scapes Power Test 

Set  were dropped. The discussion was made then t o  t e s t  the 60 GHz 
o s c i l l a t o r s  i n  the Nike  Zeus Test Set. Considerable modification of t h e  

Wike Zeus Test Set  was ult imately required t o  achieve proper gyrotron 

operation w i t h  pulse durations up  t o  30 seconds. 
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V. WAVEGUIDE COMPONENTS 

A var ie ty  of waveguide components was developed for  use with the  

1x0 GHz, and l a t e r  the  60 GHz gyrotron, including both pulsed and CW 

waterloads, frequency samplers and are  de tec tors ,  mode f i l t e r s ,  m i t e r  bends, 

f lange adapters and a t tenuators  

A. WATERLOAD 

The waterbond t o  be used with the  I10 GHz tube was ident ica l  t o  tha t  

used with the  28 GHz tube. 

cone load was expected t o  be broadband, t h e  change t o  60 GHz was not 

expected t o  change t h e  basic design. 

waterload was modified t o  prevent flange arcing and heating at high CW 
powers i n  multimode waveguide systems. This new flange design u t i l i zed  a 
disposable copper gasket captured by s t a in l e s s  s t ee l  flanges e 

The waterload i s  shown i n  Figure 30. Since the  

However, the  flange used on the  28 GHz 

Both a pulsed and CW load were designed and b u i l t .  The pulsed 

waterload design allowed more turbulent flow a t  lower water flow r a t e s  and 

had a smaller thermal masse The out l ine  of the  pulsed waterload is shown i n  

Figure 31. 

During the  program, Varian was directed t o  change flange designs and 
incorporate the  Oak Ridge flange, 

flange is shown i n  Figure 32. 

The CW wateyload with the Oak Ridge 

Work was performed t o  improve the  waterloads a f t e r  two pulsed. r f  loads 

had f a i l ed  during long pulse operation. 

adjustable  ba f f l e  at low flow, 3 gpm and 5 gpme 
d i f f i c u l t  t o  know precisely where t h e  b a f f l e  was located. 

t h a t  t h e  b a f f l e  ac tua l ly  touched t h e  ceramic a t  a p o i n t  and cut off  the 

coolant flow and ,  thereby, cracked the  ceramic. The f i r s t  load was broken 
a t  6% duty, with 60 millisecond pulses of 200 kw a t  3 gpm of water flow; the  

second broke a t  1% duty, 100 milliseconds, 150 kw at  5 gpm. 
prompted the  use of an accelerometer t o  l i s t e n  fo r  boi l ing i n  the  
w a t  erloads 

Both loads were used with an 

Unfortunately, it was 
It was possible 

These f a i l u r e s  
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Figure 31. Pulsed Waterload 
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The f i r s t  CWtests showed t h a t  with t h e  ex is t ing  waterloads and  136 gpm 

flow, boi l ing occurred a t  85 kW. 
only 2.4OC. 

f ac to r  of two. 
ra ised the  power l e v e l  at which boi l ing occurred at 110 kW. A second ba f f l e  
was designkd t o  increase the  water veloci ty  at the  i n n e r  e l e c t r i c  f i e l d  
maximum by a fac tor  of seven. However, t he  second b a f f l e  only increased the  

power l eve l  at which boi l ing occurred from 110 kW t o  115 kW. 

veloci ty  was then a t  46 ft /secand. 

i n  t he  2.5-inch diameter waveguide. 

60 GHz , only a small volume of water was heating e 

This was for a bulk temperature rise of 
A b a f f l e  was inser ted which increased the  flow ve loc i ty  by a 

This did not decrease the flow from the 136 gpm r a t e ,  but 

The water 

The problem was the  high power density 
Because of its small skin depth a t  

Boiling i n  the  2.5-inch diameter waterload was detected both 

acoust ical ly  and by observing t h e  detected r f  pulse from the  frequency 

sampler. Cavitation erosion was observed on the  cone surface at the 

locat ion of the inner E-field maximum f o r  the  TE mode i n  2.5-inch diameter 
02 

guide. Attenuation measurements for a 2.5-inch diameter water-backed, 

ceramic cylinder indicated a l o s s  of only 1 dB/ft .  These observations 
suggested there  was nei ther  s ign i f i can t  mode conversion nor r f  'beam 

divergence i n  t he  system. 

TE mode impinging on the  cone. The power density at the  inner E-field 
maximum was calculated as fallows: 

Therefore, one could assume a 2.5-inch diameter 

02 

Let Pa = power densi ty  amplitude constant i n  W/cm 
P = t o t a l  rf power 
a = radius of cone = 1.25 inch 

h = height of cone = 12.5 inches 
PaJ:(A:r)= power density i n  W/cm 2 

- 

= second root  of J (x) 
A2 1 
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h + e2 is  t h e  f a c t o r  account ing  for t h e  g r a z i n g  i n c i d e n c e  on J 2  a 
where 

the cane, 

1 

P =  aF Pd 1 a x J12 (h2r) d (a x )  
a 

Q 

Pr: 2 

C 
Let A 

-l 

P 

A J  Pd = 
c 0 '(%) 

2 x l o 5  

2 2 2 2 12.5) + (1.25) (2.54) (0.3) = 

2 Pd = 6.98 k W c m  

The power d e n s i t y  a t  t h e  i n n e r  E- f i e ld  maximum is 

fPd J, (1.84) = 6.98 (0.5819) = 2.36 kW/cm 2 2 2 

(11 )  
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Because t h e  s k i n  dep th  of t h e  water  is so  t h i n ,  0.005 - 0.010 i nch ,  t h e  

h e a t i n g  of t h e  water  can be l i k e n e d  t o  h e a t i n g  by a h o t  cone. A more 
de ta i l ed  a p p r e c i a t i o n  of t h e  problem can be gleaned from a p e r u s a l  o f  
Appendix A,  concern ing  d ie lec t r ic  p r o p e r t i e s  of water .  As we know, 

2.5 in .  cone 

5 in .  cone 

2 2.36 kW/cm is not t r i v a l ,  p a r t i c u l a r l y  a t  t h e  low p r e s s u r e s  ( <  40 p s i g )  
found i n  the water load .  

I n n e r  E O u t e r  E Average O v e r  cone 

2.36 kW/cm2 836 W/cm2 628 W / c m 2  

590 W/cm2 209 W/cm2 157 W/cm2 

ma x ma x 

By going  t o  a 5-inch d iameter  cone, t h i s  power d e n s i t y  would be reduced 
If it acts  2 t o  590 W/cm , i f  t h e  TEO2 mode follows t h e  guide  wi thou t  mixing. 

more l i k e  a d i rec ted  energy beam, t h e  power d e n s i t y  may be close t o  
2 

2 kW/cn . The p e r f e c t  mix, though u n l i k e l y ,  would r e s u l t  i n  uniform power 
d e n s i t y  ove r  t h e  5-inch d i ame te r  cone. 

2 = P = 157 W / c m  - 
C 

A 
'd 

Same limits a r e  g iven  i n  Table  6 f o r  200 kW. 

(18) 

Another approach cons ide red  was t o  a l i q u i d  o t h e r  t han  water  i n  t h e  rf 
load. Some of t h e  materials examined were t r ans fo rmer  o i l ,  e t h y l e n e  g l y c o l ,  
FC-75itm (FC-75 is a Minnesota Mining and Manufactur ing Co., t rademark f o r  an 
i n e r t  e l e c t r o n i c  f lou roca rbon  f l u i d ) ,  and DC-200 (DC-200 is a DQW Chemical 

Company t rademark for  a s i l i c o n e  f l u i d ) .  The first q u a l i t i e s  examined were 
s k i n  depth  and microwave match. The numbers used for c a l c u l a t i n g  t h e  s k i n  
dep th  were g e n e r a l l y  10 GHz v a l u e s  of dielectr ic  c o n s t a n t  and loss t angen t .  
The v a l u e  of t h e  l i q u i d s '  60 GHz s k i n  depth was t h e n  c a l c u l a t e d  from 

t m  
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1 c(  i n c h / s e c )  2.654 1 

Table  7 shows t h e  microwave match f o r  t h e  f l u i d s  t e s t e d .  A CW l o a d  was 
f i l l e d  wi th  t h e  f l u i d  and t h e  c a v i t y  l a u n e h w  technique'-' w a s  used to 

determine  t h e  VSkfEa ( v o l t a g e  s t a n d i n g  wave r a t i o ) ,  

'Table 7 
Ca lcu la t ed  Skin Repth and Measured Load 

VSWR for Various L iqu ids  

Water 

100% Ethylene Glycol  
FC-'[5 
DC-200 - 50 cs 

Transformer O i l  

Skin Depth 
( C a l c u l a t e d )  

vsm 
(Measured a t  60 GHz)  

1.01 

1.01 

1.02 

1.06 
1.11 

The measured VSWR of t h e  t r ans fo rmer  o i l  wits t o o  h igh  f o r  u s e  wi th  t h e  
g y r o t r o n .  It is  assumed t h a t  t h e  l a r g e  s k i n  dep th  o f  t h e  o i l  s l lowed power 

t o  be r e f l e c t e d  from t h e  m e t a l l i c  can. The s k i n  depth  of e t h y l e n e  g l y c o l  

was only a f a c t o r  of 2 b e t t e r  t h a n  t h a t  of water. 

FC-75 or DC-200 would be l o g i c a l  c h o i c e s  f a r  a l t e r n a t i v e  f l u i d s .  The FC-75 
is. about  100 t i m e s  as expens ive  as t h e  DC-280, so De-200 was tried first. 

F i f t y  c e n t i s t o k e  v i s c o s i t y  DC-200 w a s  s e l e c t e d  because  it was r e a d i l y  
a v a i l a b l e  i n  t h e  r e q u i r e d  q u a n t i t y  and d e l i v e r y  t i m e .  F igu re  33 shows t h e  
microwave response  of t h e  DC-200 rf l o a d .  The DC-200 l o a d  was t r i e d  on X-5. 

The t u b e  was opera t ed  a t  120 kW CW w i t h  100 gpm DC-200 f low. There w a s  some 

b o i l i n g  d e t e c t e d  at t h i s  l e v e l .  It appeared t h a t  a 200 kW s o l u t i o n  would 
r e q u i r e  some improvement t o  t h e  e x i s t i n g  DC-200 l o a d .  

It appeared t h a t  either 

The next  load des ign  t e s t e d  used a 5- inch d iameter  cone ,  as opposed. t o  

t h e  s t a n d a r d  2-112-inch d i ame te r  cone. A d d i t i o n a l l y ,  a 12-inch long  t a p e r  
s e c t i o n  was i n s t a l l e d  between t h e  2-112-inch d iameter  waveguide and the  

5-inch d i ame te r  water load .  The o u t e r  s h e l l  of t h i s  l o a d  was f a b r i c a t e d  from 
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clear p l a s t i c ,  so any b o i l i n g  which might occur  could  be  observed on a 

c l o s e d - c i r c u i t  "V system. 

load  

The 56 GHz CW g y r o t r o n  was used t o  e v a l u a t e  the 

This  l oad  w a s  des igned  t o  reduce t h e  power d e n s i t y  i n  the first, r a d i a l  
m a x i m u m  rrom: 

2 Pd = 2.36 kW/cm 
t o  

2 Pd = 590 #/cm 

assuming: t h a t  t h e  rf energy would spread  by t h e  squa re  of the r a t i o  of t h e  
d i m e t e r s .  S ince  m y  b o i l i n g  could be observed on a real t ime b a s i s  with 

t h e  'rV sys tem,  t h e  energy sp read ing  coirld be determined r e a d i l y .  

During o p e r a t i o n ,  b o i l i n g  i n i t i a t e d  wi th  t h e  5.-inch cone a t  t h e  same 

power l e v e l  as t h e  2-1/2-inch l o a d ,  and at t h e  same diameter  on the cone as 

t h e  2-1/2-inch l o a d .  

spread  very slowly as a f u n c t i o n  of d i s t a n c e ,  e s s e n t i a l l y  independent  of t h e  

waveguide d i ame te r ,  It was obvious that  a l t e r n a t e  d e s i g n s  were necessa ry  i n  

ordey t o  o b t a i n  a r e l i a b l e  200 kW CW c a l o r i r a e t r i e  l o a d .  

I n  o t h e r  words, t h e  rf energy i s  h i g h l y  o p t i c a l  and 

Two a d d i t i o n a l  c a l o r i m e t r i c  load concepts  were then  evalusted.  These 
were a s e l e c t i v e  c o o l i n g  l o a d ,  r e f e r r e d  t o  as t h e  j e t  l o a d ,  and an  rf 
sp read ing  l o a d ,  r e f e r r e d  t o  as t h e  e l ec t romagne t i c  r a d i a l  d i v e r t e r  ( E R D ) .  12 

The j e t  l o a d  was t e s t e d  u s i n g  a 60 GHz pu lsed  t u b e  a t  m i l l i s e c o n d  p u l s e  
d u r a t i o n s .  The j e t  load  had a clear p l a s t i c  j a c k e t  a l lowing  b o i l i n g  t o  be  

observed v i s u a l l y ,  by us ing  a c losed  c i r c u i t  TV s y s t e n ,  and a u d i b l y ,  by 

u s i n g  an acce le romete r .  

I n  the j e t  l o a d ,  t h e  i n l e t  water i s  s p l i t  i n t o  two p a t h s .  One p a t h  i s  

designed t o  coo l  t h e  end of t h e  cone, wh i l e  t h e  main path i s  designed t o  

d i r e c t  a h igh  v e l o c i t y  j e t  at a known area of h igh  power d e n s i t y  a long  the  

ceramic s u r f a c e ,  as shown i n  F igu re  34, The j e t  f low was d i r e c t e d  above t h e  
h igh  p o w e r  d e n s i t y  area shown by t h e  darkened p o r t i o n  of t h e  ceramic .  
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B o i l i n g  was d e t e c t e d  a t  a r easonab ly  low power l e v e l ,  about; 80 kW 
pulsed .  V i s u a l l y ,  it was determined t o  be b o i l i n g  j u s t  above and j u s t  below 

t h e  point* where t h e  j e t  s t r u c k  t h e  cone. The area which had p r e v i o u s l y  
b o i l e d  w i t h o u t  t h e  j e t ,  was no longer  b o i l i n g .  

The j e t  was a x i a l l y  a d j u s t e d  by p u t t i n g  i n  some shims. B o i l i n g  a g a i n  
occur red  i n  t h e  same p o s i t i o n s  r e l a t i v e  t o  t h e  j e t .  T h i s  evidenced a very  
low water v e l o c i t y  i n  t h e  a r e a s  a d j a c e n t  t o  t h e  j e t ,  probably no more than  a 
few fee t / second.  It a l s o  po in ted  o u t  t h a t ,  a l t hough  t h e  p h y s i c a l  damage t o  
p rev ious  l o a d s  occur red  a t  t h e  aforementioned h o t  s p o t ,  t h e r e  i s  
c o n s i d e r a b l e  power d e n s i t y  th roughou t  t h e  e n t i r e  t o p  end o f  t h e  cone and 

care  must. be t aken  t a  adequa te ly  cool t h i s  e n t i r e  area.  

I n  ana lyz ing  t h e  w a t e r l o a d s  b u i l t  and t e s t ed  u s i n g  t h e  ceramic cone,  i t  

was obvious  t h a t  s e l e c t i v e  c o o l i n g  of t h e  cone was n o t  a s  e f f e c t i v e  a s  

coo l ing  t h e  e n t i r e  cone wi th  a b a f f l e  which k e p t  t h e  water  v e l o c i t y  h i g h  

ove r  t h e  e n t i r e  s u r f a c e .  A d d i t i o n a l l y ,  it proved very  h e l p f u l  t o  be a b l e  t o  

see t i e  b o i l i n g ;  consequen t ly ,  subsequent  expei-imental l o a d s  were b u i l t  i n  

t h i s  manner. 

The nex t  load  e v a l u z t e d  was t h e  e l e c t r o m a g n e t i c  rad ia l ,  d i v e r t e r  ( E R E ) ,  

shown s c h e m a t i c a l l y  i n  F i g u r e  35. I n  t h i s  d e s i g n ,  t h e  rf e n t e r e d  t h e  load ,  
was sp read  by t h e  d i v e r t e r  and c o l l e c t e d  a t  a veduced power d e n s i t y  a t  t h e  
ceramic c y l i n d e r .  

One load of t h i s  des ign  was b u i l t  and tested.  The 56 GHz CW Lube was 
used a% a tes t  v e h i c l e .  No b o i l i n g  was observed up t o  a power level.  of 

8Q kW CW, However, some load  a r c i n g  was n o t i c e d  and t h e  t e s t s  were 

terminated.  The load was r e b u i l t  w i t h  an improved d i v e r t e r  d e s i g n  and an 
improved t e r m i n a t i o n  between t h e  cone and ceramic. 

The n e x t  wa te r load  des igned ,  b u i l t ,  and tes ted  improved t h e  coo lan t  
en t r ance  c o n d i t i o n s  and k e p t  t h e  water v e l o c i t y  h igh  ove r  t h e  e n t i r e  ceramic 
cone,  which had proved e s p e c i a l l y  impor t an t  i n  t h e  t o p  povt ion  of t h e  cane. 
Th i s  is shown i n  F i g u r e  36. 
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The b a f f l e  was es sen t i a l ly  the  same as the  one used w i t h  the  pulsed 

load,  except for  the  taper ing a t  the top. This design was chosen over 
previous CW load ba f f l e s  because previous designs were somewhat se lec t ive  i n  
increasing t h e  water ve loc i ty  i n  spec i f ic  areas. 
showed conclusively that t h i s  i s  undesirable and that  the  water veloci ty  
must be kept high over the e n t i r e  surface of the cone, especial ly  the  top  
end. 

Tests with the  j e t  load 

As can be seen from. Figure 36? there i s  a very smooth, nozzle-like 

t r a n s i t i o n  from the l a rge  3" diameter Victaulictm (Victaul ic  i s  a trademark 

of Victaul ic  Co. of America fo r  pipe couplings and f i t t i n g s )  t o  the  end of 

t he  cone where the  b a f f l e  starts,  and the  flow i s  w e l l  organized r igh t  from 

t h e  start. Additionally,  t h i s  load w a s  made from c lea r  p l a s t i c ,  which had 

two benef i t s .  F i r s t ,  the  areas  of boi l ing can be observed using a video 
camera, and second, because O-rings are used, t h e  b a f f l e  can be l ined up 

exactly with the  cone, which ensures constant water ve loc i ty  around the  
cone. 

a t  a flow of 100 GPM. 
The load w a s  designed t o  have a constant water ve loc i ty  of 50 f t f s e c  

This load was tes ted  using VGE-8006, SIN X-6. It was used both with 

and without a waveguide at tenuator  during these tests. With the load by 

i t s e l f ,  160 kW CW was obtained with no boi l ing at 100 GPM water flow. Power 

was l i m i t e d  t o  t h i s  l e v e l  during the t e s t ,  due t o  the unavai lab i l i ty  of t he  

I R  camera fo r  monitoring window temperature at the time. The flow was 

lowered t o  60 gpm, 30 f t / s e c  and boi l ing  s t i l l  d i d  not occur a t  160 kW. 

30 gpm, l o c a l  boi l ing was observed at 82 kW CW and at 40 gpm, boi l ing  w a s  

observed a t  1 2 1  kW CW. A t  t h e  200 kW CW operating l e v e l ,  a waveguide 

at tenuator  was used i n  f ront  of the  load. Completely s t ab le  200 kW 

operation wa.s obtained with no boi l ing  observed i n  e i t h e r  the  at tenuator  or  
t h e  waterload. 

was d i s s i p a t e d  with no detectable boi l ing a t  75 gpm. 

combination of waterload and at tenuator  appears t o  work s a t i s f a c t o r i l y  a t  

the  200 kW CW, 60 GXz l e v e l ,  it is hard t o  extend the  ceramic-cone-load 

A t  

I n  another t e s t  on a 60 GHz pulsed tube,  234 kW, a t  100 m s  
Although t h i s  
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concept  t o  much h ighe r  power and f reqdency  l e v e l s .  T h i s  i s  due t o  t h e  h i g h  

c o n c e n t r a t i o n  of power, c h a r a c t e r i s t i c  of t h e  modes of i n t e r e s t .  

t h i s ,  work cont inued  on t h e  e l ec t romagne t i c  P a d i a l  d i v e r t e r .  

Because of 

For t h e  d i v e r t e r  l o a d ,  an analysis was capi-ied out  u s ing  geomet r i ca l  
O p t i c s  p r i n c i p l e s  t o  s o l v e  t h e  problem of h i g h  power at; t h e  t e r m i n a t i o n  

between t h e  ceramic c y l i n d e r  and t h e  me ta l  d i v e r t e ?  which r e s u l t e d  i n  
f a i l u r e  of t h e  f irst  ERD. The a n a l y s i s  showed t h a t  by choos ing  t h e  i n i t i a l  
a n g l e s  o f  t h e  cone c a r e f u l l y ,  t h e  power could  indeed be sp read  ove r  a much 
l a r g e r  a r e a  of t h e  ceramic  c y l i n d e r  and g r e a t l y  reduced a t  t h e  t e r m i n a t i o n  
which had f a i l e d  p rev ious ly .  T h i s  concept  is shown i n  F i g u r e  37. 

Two loads were des igned  using t h e s e  p r i n c i p l e s .  One was similar t o  t h e  

first ERD l oad  us ing  a 2-1/2" I D  ceramic  c y l i n d e r .  The second was a l a r g e r ,  
more c o n s e r v a t i v e  ve r s ion .  A cold tes t  model of ehe  s m a l l e r  ERD was 
c o n s t r u c t e d  and tested us ing  a c a v i t y  exciter. It has  an e x c e l l e n t  match t o  
bo th  t h e  TEO2 and t n e  TE 
confirmed t h e  geomet r i ca l  o p t i c s  a n a l y s i s  r e l a t i n g  t o  power d i s t r i b u t i o n .  

c a v i t y  modes. Cold Lest probing  of  f i e l d s  a l s o  
22 

One conclus ion  which came o u t  of  t h e  wof-k done i s  t h a t  waveguide 

a t t e n u a t o r s  a r e  u s e f u l  i n  r educ ing  t h e  power which must be handled by t h e  
water load .  Th i s  w i l l  l i k e l y  become i n c r e a s i n g l y  impor tan t  i n  t h e  f u t u r e  for 

h ighe r  power and f requency  requi rements .  

The work on calorimetric l o a d s  was de-emphasized a t  t h i s  p a i n t  by 

d i r e c t i o n  of ORNL. Some c o n s t r u c t i o n  work was done on t h e  second r a d i a l  
d i v e r t e r  water load  on a low p r i o r i t y  b a s i s .  

The ceramic cone water load  wi th  improved t ape red  water flow, shoGsn i n  

Figure  36 was tested u s i n g  X-6 wi thou t  t h e  p re load  a t t e n u a t o r  t o  198 k19. 
No b a i l i n g  was observed;  b u t  minor a r c i n g  could  be seen  a t  t h e  cone t i p  When 
t h i s  bevel, was reached.  

Because o f  this a r c i n g ,  t h e  p rea t t enua to r -wa te r l aad  combinat ion was 
used on subsequent  chv t e s t i n g .  
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This combinat ion m s  used on X-7, which had a r e l a t i v e l y  pure (-90%) 

TEO2 mode. 
d u r a t i o n .  

N o  b a i l i n g  was observed a t  215 kW r f  power a t  500 m s  p u l s e  

'This concluded development work on t h e  wa te r load .  

B. FREQUENCY SAMPLERS AND mf.2 DETECTORS 

A combinat ion frequency sampler  and a r e  d e t e c t o r  was des igned  for 

PI0 GWz, and p a r t s  were r e c e i v e d .  

A f t e r  t h e  program w a s  r e d i r e c t e d  t o  60 G H z ,  t h e  f requency sampler  and 

a r c  d e t e c t o r  were r edes igned ,  The f requency  sampler  p o r t i o n  was designed t o  

c u t o f f  up t o  t h e  t h i r d  harmonic of t h e  des ign  o p e r a t i n g  frequency of t h e  

gy ro t ron  t o  prevent  rf l eakage  i n t o  t h e  f i b e r  o p t i c s  l i g h t  guides. The arc 
d e t e c t o r  inc luded  a test lamp f o r  checking t h e  a r c  d e t e c t o r  system. The 
u n i t  also i n c l u d e s  a gas p o r t  for i n t r o d u c i n g  d r y  n i t r o g e n  i n t o  t h e  
waveguide s e c t i o n  in t ended  f o r  a p p l i c a t i o n s  l o c a t e d  i n  humid c l i m a t e s  e The 
o u t l i n e  i s  shown i n  F igu re  38. 

C. MODE FILTERS 

Three ty-pes of mode f i l t e r s  were des igned .  'The f i r s t  was a water- 

coo led ,  s t a i n l e s s  steel waveguide. The second f i l t e r  a l t e r n a t e d  s t a i n l e s s  

s tee l  r i n g s  and gaps ,  which were backed up by a water- loaded ceramic 
c y l i n d e r .  The t h i r d  c o n s i s t e d  o f  a t h i n ,  ceramic c y l i n d e r  backed by wa te r  
as a l o s s  material. 

The water -cooled ,  s t a i n l e s s  steel waveguide u t i l i z e d  t h e  d i f f e r e n t i a l  
i n  l o s s  between non-c i r cu la r  and circular e l e c t r i c  modes. One of t h e  

advantages  of rf h e a t i n g  i s  t h a t  t h e  gy ro t ron  can be l o c a t e d  a t  a remote 
l o c a t i o n  w i t h  r e s p e c t  t o  t h e  plasma v e s s e l .  Long waveguide runs  of 
s t a i n l e s s  steel guide would enhance t h e  r a t i o  of c i r c u l a r  -to n o n c i r c u l a r  
modes. 
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In a d d i t i o n  t o  t h e  d i f f e r e n t i a l  loss  mechanism of t h e  s t a i n l e s s  s teel  

waveguide, a l t e r n a t i n g  s t a i n l e s s  r i n g s  and gaps create b r e a k s  i n  t h e  
conduct ing  wall. f o r  n o n c i r c u l a r  e l e c t r i c  modes b u t  not  f o r  c i r c u l a y  
e l e c t r i c  modes. Measurements, u s i n g  a c a v i t y  l a u n c h e r ,  i n d i c a t e d  a VSWR of 

1.04 o r  l e s s  from 50 - 60 GHz.  
mode, and would be i n c r e a s e d  i f  a s m a l l e r  d iameter  waveguide were used .  

The i n s e r t 4 o n  lo s s  was l dB f o r  t h e  TEll 

The water-backed,  ceramic c y l i n d e r  mode f i l t e r ,  shown s c h e m a t i c a l l y  i n  

F igu re  39, was bo th  co ld  and h o t  t e s t e d .  
t es t  r e s u l t s  f o r  n o n c i r c u l a r  e l e c t r i c  mode t r a n s m i s s i o n ,  c i r c u l a r  e l e c t r i c  

mode t r a n s m i s s i o n  and r e a c t i o n  back on a 60 GHz c a v i t y .  I n  FiguPcs 40 and 
41, t h e  heavy cu rve  i s  t h e  measured t r a n s m i s s i o n  i n  each case .  

cu rves  are r e f e r e n c e  l e v e l s .  

e s t ima ted  l e v e l s  ob ta ined  by p l a t t i n g  a smooth curve  through t h e  peaks of 

the  r e f e r e n c e  cu rves .  These results were very  c l o s e  t o  the o r i g i n a l  c o l d  

test s e t u p ,  g i v i n g  r e s u l t s  of -4 dB a t t e n u a t i o n  f o r  t h e  TE 

0.4 dB a t t e n u a t i o n  for  t h e  TE mode, and a s l i g h t l y  b e t t e r  match f o r  t h e  
c a v i t y ,  due t o  improved mechanical  des ign .  

Figures 46, 4 1  and 42 show co ld  

The l i g h t e r  

The d o t t e d  curves  i n  F igu re  40 are t h e  . 

mode, - 0.3 t o  
11 

01 

The f i l t e r  was ho t  t e s t e d  u s i n g  a 60 GHz pu lsed  t u b e .  A t t enua t ion  f o r  
t h e  TEo2 mode was very c l o s e  t o  t h e  cold test resul ts  of 0.3 dB, and 
a t t e n u a t i o n  f o r  t h e  TE mode was 3 dB, compared t o  the  co ld  t es t  of 4 dB. 

A t t e n u a t i o n s  f o r  a group of low power modes which were observed between 49 
and 51 GHz were 1.2 t o  1.4 dB. 

22 

F u r t h e r  e v a l u a t i o n  of t h e  water w a l l  mode f i l t e r  is  summal-ized i n  

Table 8. 
s e v e r a l  t u b e s  at s e v e r a l  f r e q & n c i e s ,  $3, 56 and 60 GNz.  

reducing  t h i s  circular mode a t t e n u a t i o n  were s t u d i e d .  The b e s t  approach 

s t i l l  appea r s  t o  be  some kind of h e l i c a l  s t r u c t u r e  i n  t h e  water  w a l l  

mvegu ide  . 

The c i r c u l a r  mode a t t e n u a t i o n  was verified at about 0.35 dB on 

Methods of 

The 6" water wall f i l t e r  appea r s  t o  be a reasonab le  compromise between 
forward power l o s s ,  and. gy ro t ron  p r o t e c t i o n  from r e f l e c t i o n ,  i n  o p e r a t i n g  
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TABLE 8 TEST RE§UbTS----6q WATER WALL MODE FtLTER 

TEST 

~ ~~ 

CIRCULAR NONCIRCULAR 
MODES MODES 

COLD TEST 0.35-0.4 dB 4 TO 4.5 dB 
TE01 TEl1 

HOT TEST 0.4 dB 
TE02 

3-3.2 dB 
TE22 

NOTE: 
1.2TO 1.4 dB 

50 GHz 
MODES 

COMPARISON OF WATER WALL, TO OPEN WAVEGUIDE 

CIRCULAR MODES: MODE FILTER: = 0.4dB 
AIR GAP = 0.7 dE3 

NONCIRCULAR: MODE FILTER: = 3 8  dB 
AIR GAP = 4.2 dB 



systems. Further e f fo r t s  t o  improve the discrimination between c i r cu la r  and 
noncircular modes would be desi-rable, and w i l l  still. require  much more 

e f f o r t .  

I9. MITER BEND 

A 90° miter bend vas designed, b u i l t  and cold ’cested. Measiirenents, 

using a cavi ty  launcher, indicated a VSWR of 1.06 or  l e s s  i n  the f‘requency 

range of 59 t o  60 G H z ,  An out l ine  of t he  elbow i s  shown i n  Figure 113. 

E. FLANGE ADAPTER 

Adapters for  male and female 28 GHz f langes,  copper-gasketed flanges 

and Oak Ridge flanges were designed and b u i l t  t o  allow use of a11 waveguide 

components ava i lab le ,  ‘The adapters consisted of sho r t  sect ions o-f 

2-1/2-inch diameter copper waveguide with various flanges mounted QYI t he  

enas e 

P. ATTENUATORS 

Two approaches were investigated fo r  a t tenuators .  The f i r s t  was a 

lossy metal w a l l  waveguide, atid the second was the  water w a l l  guide 

previously described i n  the mode f i l t e r  section of t h i s  r e p r t .  

Several lossy waveguide coatings were evaluated a t  60 GHz. These 

included s t a in l e s s  steel, chrome oxide ( i .e e 

s t e e l ) ,  barium t i t a n a t e ,  and t i t a n i u m  dioxide. 

a 318” c i rcu lar  waveguide. These tests showed tha t  chrome oxide had twice 

the attenuation of s t a in l e s s  s t e e l ,  i s  easy t o  obtain,  and very s t ab le  over 
a wide range of temperatures. T i t an ium dioxide showed, by rar , t h e  mast 
a t tenuat ion ,  but the e f f ec t  of the r e l a t i v e  roughness of the applied plasma 

spray i n  the 318” guide was not evaluated, 

wet hydrogen-f i r e d  s t a i n l e s s  

These were a l l  evaluated in 

Some in te res t ing  observations were made with the  9” long water w a l l  

a t tenuator  used i n  conjunction w i t h  the  waterlaad on X-6. There was much 
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more power d i s s i p a t e d  i n  t h e  a t t e n u a t o r  t han  had been expected on a simple 
dB/ f t  e x t r a p o l a t i o n  from t h e  6" water wall mode f i l t e r .  

Comparing t h e s e  results wi th  t h e  a i r  gap  measuremenix showed tha t , ,  
i ndeed ,  t h e  d R / f t  e x t r a p o l a t i o n  i s  i n v a l i d  i n  h i g h l y  o p t i c a l  systems past. a 

l e n g t h  of about  6" f o r  60 GHz TE modes i n  2-1/2" waveguide. 
metallie waveguide is severed and t h e  gap r eaches  a c e r t a i n  v a l u e ,  t h e  
a t t e n u a t i o n  i n c r e a s e s  more r a p i d l y .  This i s  reasonab le  because  t h e  seve red  
g u i d e  should look  more l i k e  an an tenna  as t h e  gap is  i n c r e a s e d .  As a 

result, p r a c t i c a l  waveguide a t t e n u a t o r s  can b e  b u i l t  f o r  TE modes wi thout  
r e q u i r i n g  mode convers ion .  For the  wa te r  wall, for i n s t a n c e ,  t h e  r e l a t i o n  

between l e n g t h  and a t t e n u a t i o n  was 0.4 dB f o r  6", 1.4 dB f o r  9 " ,  and 3 dB 

fo r  12". The a t t e n u a t i o n  of t h e  a t t e n u a t o r  used i n  X-6 was s l i g h t l y  more 

t h a n  1.4 dB, bu t  t h a t  was probably  t h e  result o f  mode impur i ty .  

When t h e  
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VI. 60 GHz 200 kw PEAK OSCILLATOR DESIGN 

A. ELECTRON GUN 

The gun was designed using a mean cathode radius of 0.22", with a 
2 cathode loading of 3 A/cm . 

po ten t i a l  was 22 kV. 

clearance between the beam and the  f i r s t  anode. 

The cathode angle was Z5O. The f i r s t  anode 

A 67% f i l l i n g  fac tor  at the  gun e x i t  allowed adequate 

A t r a j ec to ry  calculat ion for  t h i s  design, using eighteen t r a j e c t o r i e s ,  

Assuming adiabat ic  compression, the mean t ransverse is shown i n  Figure 44. 
energy at the  c i r c u i t  was 64,755 vo l t s .  

was 2 1.3%. 
t ransverse energies of each t r a j ec to ry  

The t ransverse ve loc i ty  var ia t ion  
This var ia t ion  was calculated s t a t i s t i c a l l y  from the weighted 

A p l o t  of t he  t ransverse energy p ro f i l e  for  a 42.5' slope rear  focus 
0 0 

electrode is shown i n  Figure 45. 
slopes of the  rear  focus electrode,  but 42.5 
fo r  40' and 4 5 O  are shown i n  Figures 46 and 47. 

Simulations were a l so  run f o r  40 and 45 
0 gave the  best  r e su l t s .  Plots  

The normalized t ransverse veloci ty  p r o f i l e  for  the f i n a l  design is  

shown i n  Figure 48. 

The e f f ec t  of a longi tudinal  displacement of t he  gun, with respect t o  

the magnetic f i e l d ,  was studied during the preliminary design phase. The 
r e su l t s  of a - +0.015" displacement a re  shown i n  Figure 49, 

The saae superconducting solenoid magnet c o i l  locat ions as i n  the  

110 GMz design were assumed, though of course, the  c o i l s  would be run at 

lower current.  The f i e l d  at the  in te rac t ion  c i r c u i t  is  25 KG. The f i e l d  at 

the  cathode i s  approximately 1300 gauss, 

The magnetic f i e l d  values used i n  the simulations w e r e  computed from 
t h e  magnet's off-axis vector po ten t ia l s .  

complete e l l i p t i c  in tegra ls .  The difference between t h i s  method and t h a t  

These were calculated by means of 
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computed by expansion from a x i a l  f i e l d  on t h e  t r a n s v e r s e  energy p r o f i l e  i n  a 

t y p i c a l  case can be seen i n  F igu re  70.  

The nominal beam c u r r e n t  i s  8 amperes. S imula t ions  were made f o r  beam 

c u r r e n t s  of 6 and 10 amperes, These r e s u l t s  are shown i n  F igu re  51.  

The t r a n s v e r s e  v e l o c i t y  spread  fo r  a 6 ampere beam was - +1.6%, and f o r  a 
10 ampere beam was +2.f$, compared t o  t h e  - +1.3$ f o r  t h e  des ign  v a l u e  of 

8 amperes. 

The 60 GHz gun des ign  was s u b j e c t e d  t o  computer a n a l y s i s  t o  c a l c u l a t e  
t h e  magnitudes of t h e  dc e lectr ic  f i e l d  normal t o  t h e  s u r f a c e s  of t h e  
nega t ive ly -b ia sed  e l e c t r o d e s ,  This  work was done t o  ensu re  t h a t  s u r f a c e  

g r a d i e n t s  would c o n t r i b u t e  minimally t o  t h e  g e n e r a t i o n  of an a r c  i n  t h e  gun 

reg ion .  

The c a l c u l a t i o n s  were done u s i n g  a Varian computer program which s o l v e s  

L a p l a c e ' s  equa t ion  i n  c y l i n d r i c a l  c o o r d i n a t e s  (by  f i n i t e  element methods) 
fo r  t h e  p o t e n t i a l  i n  a given two-dimensional region. The f i e l d s  were t hen  
determined by c a l c u l a t i n g  t h e  g r a d i e n t  of t h e  p o t e n t i a l  d i s t r i b u t i o n  i n  a 

d e s i r e d  d i r e c t i o n .  Sur face  g r a d i e n t s  were t hen  ob ta ined  by matching a power 
dependence on r a d i u s  of t h e  f i e l d  t o  cal .culated v a l u e s  near the  e l e c t r o d e ,  

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

F igu re  52 d e p i c t s  a computer-generated plot. of t h e  e l e c t r i c a l  geometry 
i n  t h e  gun r e g i o n ,  showing t h e  ca thode  suppor t  and focus ing  s t r u c t u r e ,  t h e  
gun anode, and t h e  body of t h e  tube.  It a l s o  shows t h e  gun ceramic and t h e  
so l eno id  dewar. I n  t h e  computer program, t h e  gun ceramic i s  modeled as a 

f i n i t e  t h i c k n e s s  c y l i n d e r .  The f i g u r e  shows t h e  p o t e n t i a l  d i s t r i b u t i o n  when 
t h e  t u b e  i s  t u r n e d  on ( i . e . ,  w i th  t h e  gun anode a t  25 kV and t h e  body a t  

80 kV, wi th  r e s p e c t  t o  t h e  ca thode  p o t e n t i a l ) .  The s u r f a c e  g r a d i e n t  w a s  

c a l c u l a t e d  bo th  f o r  t h i s  turned-on c o n f i g u r a t i o n  and f o r  t h e  turned-of f  
case, wi th  t h e  gun anode b i a s e d  2 kV below ca thode .  'En g e n e r a l ,  the s u r f a c e  
g r a d i e n t  was h ighe r  f o r  t h e  turned-of f  c a s e  at t h e  gun anode s u r f a c e ,  and 

was h i g h e r  i n  t h e  turned-on case at t h e  t i p  of t h e  ca thode  s t r u c t u r e  ( f r o n t  
focus  e l e c t r o d e )  e 
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A t t e n t i o n  w a s  focused on l o c a t i n g  t h e  m a x i m u m  s u r f a c e  g r a d i e n t s  of t h e  

gun anode and ca thode  f r o n t  focus  e l e c t r o d e .  These two amas are shown i n  
F igu re  52. F igu re  53 i s  a magnif ied view o f  these t,wo l o c a t i o n s ,  i n d i c a t i n g  
where t h e  s u r f a c e  g r a d i e n t  was c a l c u l a t e d  t o  be  ma.xiwiun. 

Gun anode v o l t a g e  g r a d i e n t  r educ t ion  was d e s i r a b l e .  The most 

s t r a i g h t f o r w a r d  approach was t o  i n c r e a s e  t,ke r a d i u s  of" cirrvature  of the gun 

anode p i e c e  t h a t  had t h e  maximum c a l c u l a t e d  srrrOsce g r a d i e n t .  I f  t h e  
maximum o u t s i d e  d iameter  and l e n g t h  of t h e  gun anode were t o  remain c o n s t a n t  

( t o  p r e s e r v e  beam o p t i c s  and ceramic g r a d i e n t s ) ,  a l a r g e r  r a d i u s  of 
curwature  could  e a s i l y  be accommodated. This change i n  t h e  shape of t h e  gun 

anode is shown i n  t h e  computer-generated p l o t  of Figure 5 4 ,  which shows the 
change i n  p o t e n t i a l  d i s t r i b u t i o n  f o r  t h e  new shape, The c a l c u l a t e d  maximum 

s u r f a c e  g r a d i e n t  was i n  t h e  same d i r e c t i o n  as fo r  t h e  p rev ious  d e s i g n ,  b u t  
t h e  magnitude of t h e  maximum g r a d i e n t  decreased  by 20%. 

small change i n  gun des ign  geometry,  accompanied by a ve ry  s i g n i f i c a n t  
dec rease  i n  t h e  maximum s u r f a c e  gradient . ,  l e s s e n e d  the  chances of arc 

format ion  i n  t h e  gun. 

This r e l a t i v e l y  

For t h e  c a s e  shown i n  F igu re  54 ,  t he  m a x i m u m  v o l t a g e  g r a d i e n t s  a t  t h e  

gun anode and t h e  t i p  of t h e  ca thode  focus  e l e c t r o d e  a r e  g iven  i n  Table 9 
f o r  on and off c o n d i t i o n s .  

Table  9 
Vol tage  Grad ien t s  

The hea tey  r e q u i r e d  20.5 w a t t s  of h e a t e r  power for  8 A beam c u r r e n t ,  
abou t  30% of t h a t  pequi red  f o r  t h e  28 GHz gyrotron. This  i s  t h e  resul-t of 
bo th  a smaller ca thode  b u t t o n  and an improved p o t t e d  h e a t e r  des ign .  

The beam q u a l i t y  from t h i s  gun is  good from t h e  s t a n d p o i n t  of o b t a i n i n g  
200 kW rf power from t h e  60 GHz gyro t ron .  The main beam parameters  which 
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Figure 53. Magnified View of the Gradient for the Original Gun 

96 



L
 

g
,
 

0
 

9
7
 



affect  rf performance are  t h e  t r a n s v e r s e  v e l o c i t y  r a t i o  (v,/v,) and the  

v e l o c i t y  spread (AvI/vI). These pa rame te r s ,  t o  some e x t e n t ,  a f f e c t  t h e  

dynamic r ange  o f  t h e  t u b e ,  t h a t  is, i n  t h e  v a r i a t i o n  o f  t h e  rf o u t p u t  power 
u s i n g  the  gun anode vo l t age .  

The p r i n c i p a l  l i m i t  on dynamic r ange  i s  mode compe t i t i on ,  p r i m a r i l y  

from t h e  TE mode. Add i t iona l  r e s t r a i n t s  a r e  set  up by t h e  v a r i a t i o n  of 
t r a n s v e r s e  v e l o c i t y  w i t h  gun anode v o l t a g e .  The v a r i a t i o n  of o u t p u t  power 
w i t h  gun anode v o l t a g e  f o r  a t y p i c a l  e a r l y  60 GHz gyro t ron  i s  shown i n  
F i g u r e  55. 

221 

A t y p i c a l  o s c i l l a t i o n  map shows t h a t  TEO2 power can be o b t a i n e d  over  a 
gun anode v o l t a g e  r ange  o f  about  1000 v o l t s  a t  t h e  high e f f i c i e n c y  magnetic 

f i e l d  s e t t i n g .  However, because o f  t h e  v a r i a t i o n  o f  power shown i n  

F i g u r e  55, 200 kW o u t p u t  power could be achieved ove r  o n l y  about  350 v o l t s  
of t h i s  r ange ,  W h i l e  t h i s  a f f e c t e d  o p e r a t i n g  s t a b i l i t y ,  it was n o t  t h e  

l i m i t i n g  f a c t o r  i n  o b t a i n i n g  a l a r g e  dynamic range. For t h i s ,  t h e  mode 

compe t i t i on  problem needed t o  be  r e s o l v e d .  

An a r e a  o f  concern i n  t h e  p r e s e n t  gun is s p u t t e r i n g  o f  m a t e r i a l  from 
t h e  f r o n t  focus  e l e c t r o d e  when it is bombarded by i o n s  coming down t h e  

c e n t e r  of t h e  hollow e l e c t r o n  beam. T h i s  m a t e r i a l  ends up on a d j a c e n t  
e l e c t r o d e s ,  a s  well as on t h e  high v o l t a g e  i n s u l a t o r .  The s p u t t e r i n g  does 

n o t  appear  t o  a f f e c t  t u b e  performance a v e r  t h e  s h o r t  tern. However, because 
of t h e  ceramic,  it may have an effect  on long l i f e  and it d e f i n i t e l y  slows 
down t u b e  p rocess ing .  

Design work t o  decrease o r  e l i m i n a t e  t h e  s p u t t e r i n g  t o  c r i t i c a l  a r e a s  

was performed. F i r s t ,  c o n s i d e r a t i o n  was g iven  t o  making t h e  f r o n t  f o c u s  
e l e c t r o d e  o u t  of Poco Graph i t e  ( A  h igh  performance g r a p h i t e  f o r  s p e c i a l t y  
a p p l i c a t i o n s  manufactured by Poco Graph i t e ,  I n c . ,  a f f i l i a t e d  w i t h  Union O i l  
Company o f  C a l i f o r n i a . )  t o  minimize i o n  s p u t t e r i n g  e f f e c t s .  Second, s e v e r a l  
computer r u n s  were made on p o s i t i o n i n g  t h e  ca thode  back f a r  enough t o  
e l i m i n a t e  l i n e  of s i g h t  s p u t t e r i n g  on t h e  ceramics, 
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As a f a b r i c a t i o n  tes t ,  Poco g r a p h i t e  was s u c c e s s f u l l y  b r a z e d ,  u s i n g  a 

d i f f u s i o n  b r a z i n g  t e c h n i q u e ,  t o  molybdenum. High s t r e n g t h  d i f f u s i o n  bonds 

were s u c c e s s f u l l y  made through the fo rma t ion  of c a r b i d e s .  

P i ece  p a r t  drawings cand f a b r i c a t i o n  were completed f o r  the  gun w i t h  a 

Poco g r a p h i t e  f ron t - focus  e l e c t r o d e ,  and assembly was started. Assembly 
inc luded  a d d i t i o n a l  p inn ing  which had been recommended f o r  t h i s  material. 

A sample c a l c u l a t i o n  of' t h e  recessed ca thode  des ign  is shown i n  

F igu re  56. 
F i g u r e  44. 
v e l o c i t y  r a t i o )  and v e l o c i t y  spread  were p rese rved  from t h e  o r i g i n a l  des ign .  
For example, t h e  c a l c u l a t i o n  o f  Figure 56 r e s u l t e d  i n  a beam wi th  CL = 1.6 
and A v , / v , ,  = 4.8%. 
v a l u e s  of a = 2 and Av,,/v,, = 5%. 

This  can be compared w i t h  t h e  o r i g i n a l  des ign  shown i n  
The impor tan t  parameters  o f  a ( t r a n s v e r s e  v e l o c i t y  t o  axial 

A s l i g h t l y  h ighe r  anode v o l t a g e  r e s u l t e d  i n  c a l c u l a t e d  

Both t h e  Poco g r a p h i t e  and recessed ca thode  gun e f f o r t s  were 

t e rmina ted .  Some s p u t t e r i n g  of molybdenum on t h e  gun e l e c t r o d e s  and ceramic  
i s  s t i l l  seen ,  and some d i f f i c u l t y  i n  i n i t i a l .  t u b e  ag ing  c o n t i n u e s .  These 

e f f e c t s  are minor enough t h a t  f u r t h e r  work on t h e  gun was not  cons ide red  
necessa ry .  I n  a d d i t i o n ,  t h e  r eces sed  ca thode  could  a d v e r s e l y  a f f e c t  

microwave performance,  and the p r e s e n t  o p e r a t i o n  of t h e  gun is  reasonab ly  

s a t i s f a c t o r y .  

B. ANODE 

The beam t u n n e l  d e s i g n  i s  ske tched  i n  F igu re  57.  This  assembly i s  

composed of t h e  second anode e l e c t r o d e  face on one end,  and the l o a d  c a v i t y  

on t h e  o t h e r  end. Fol lowing t h e  a d i a b a t i c  compression of t h e  e l e c t r o n  beam, 

the beam t u n n e l  diameter c o n t r a c t s  as it ex tends  toward the i n t e r a c t i o n  

c i r c u i t .  To p reven t  p a r a s i t i c  o s c i l l a t i o n s  i n  t h e  beam t u n n e l ,  t h i s  r eg ion  
was des igned  f o r  h i g h  rf loss. 

loss r i n g s  were a l t e r n a t e d  w i t h  m e t a l  beam shav ing  r i n g s  t o  p rov ide  an 
axisymmetr ic  loss s t r u c t u r e .  The Sic-Be0 r i n g s  are recessed, w i t h  a l a r g e r  
i n n e r  d i sme te r  than t h e  beam shaving  r i n g s ,  t o  p reven t  e l e c t r o s t a t i c  
cha rg ing  by stray e l e c t r o n s .  To avoid  any c y l i n d r i c a l  s t r u c t u r e  which i s  

Sic-Be0 ( s i l i c o n  carb ide- loaded  beryl l ia)  
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capab le  of e x c i t i n g  o s c i l l a t i o n s ,  t h e  i n d i v i d u a l  metal beam shave r s  have 
con ica l ly - t ape red  beam h o l e s .  A v a r i e t y  of b r a z e  j o i n t s  used i n  t h e  ceramic 
anode subassembl ies  were t e s t e d  f o r  s t r e n g t h ,  bonding u n i f o r m i t y ,  and t h e i r  
a b i l i t y  t o  wi ths t and  t h e  thermal  c y c l i n g  of subsequent  b r a z i n g  o p e r a t i o n s .  
These subassembl ies  r e q u i r e d  a bond between t h e  f a c e s  of a s i l i c o n  ca rb ide -  

loaded b e r y l l i a  washer and t h i n  cropper c a p s ,  as shown i n  Figure 58. 
f a b r i c a t i o n  t r ia l s ,  two of t he  most a p p r o p r i a t e  Varian a c t i v e  me ta l  b raze  
p rocesses  were s e l e c t e d .  The a c t i v e  metal b r a z e  r e q u i r e s  e x c e l l e n t  s u r f a c e  
c o n t a c t  between the  copper c a p s ,  t h e  ceramic ,  and t h e  a c t i v e  metal b r a z e  

material. The b r a z e  f i x t u r e  is designed t o  gua ran tee  good s u r f a c e  c o n t a c t  
by t a k i n g  advantage of d i f f e r e n t i a l  expansion between t h e  j i g  and t h e  
assembly t o  hold  t h e  j o i n t  under  compression at braze t empera tu re ,  

For t h e  

The anode subassembly shown i n  F igu re  58 r e p r e s e n t s  a p a r t i c u l a r l y  

d i f f i c u l t  a p p l i c a t i o n  of t h i s  t echn ique  because  of t h e  l a r g e  d i f f e r e n t i a l  
r a d i a l  expansion between t h e  ceramic and t h e  copper.  Once t h e  braze j o i n t  
is formed at  h igh  t empera tu re ,  t h e  d i f f e r e n t i a l  radial c o n t r a c t i o n  

d u r i n g  cooldown (approx ima te ly  0.014") t e n d s  t o  shear t h e  j o i n t .  

j o i n t  i s  i n i t i a l l y  s t r o n g ,  bu t  b r i t t l e ,  then  du r ing  cooldown e i t h e r  t h e  
j o i n t  o r  t h e  ceramic w i l l  c r ack .  If ,  on t h e  o t h e r  hand, a weaker but more 

d u c t i l e  bond is  employed, t h e  shea r  can be r e l i e v e d  by t h e  e l a s t i c i t y  of t h e  
j o i n t .  I n  s p i t e  of i t s  lower s t r e n g t h ,  t h e  d u c t i l e  j o i n t  was chosen for t h e  
anode subassembl ies  because of i t s  r e s i s t a n c e  t o  c r a c k i n g ,  even a f t e r  
r epea ted  thermal  c y c l i n g .  

Tf t h e  

To check the m e t a l l u r g i c a l  q u a l i t y  o f  t h e  b raze  j o i n t s  i n  t h e  tes t  

samples,  a c r o s s  s e c t i o n  of t h e  brazed  assembly was examined w i t h  t he  

scanning  e l e c t r o n  microscope f o r  a c t i v e  m e t a l ,  s i l i c o n ,  and copper.  The 

cross s e c t i o n  i s  shown i n  F igu re  53. No s i g n  ol" e x c e s s i v e  a c t i v e  me ta l  
mig ra t ion  i n t o  t h e  copper  o r  t h e  ceramic w a s  e v i d e n t ;  no d i f f u s i o n  of 
s i l i c o n  i n t o  the  copper cup was found, either. These scans indicated tha t  

t h e  assemblies were brazed  f o r  t he  p rope r  t i m e  and t e m p e r a t m e  and t h a t  t h e  
a c t i v e  metal b r a z e  j o i n t s  were p r o p e r l y  formed. 
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The s t r e n g t h  of t h e  b m z e  j o i n t s  was determined  by p e e l  t e s t i n g .  The 

a s sembl i e s  were c u t  i n t o  s e m i c i r c u l a r  h a l v e s  and t h e  copper  cups were pee led  
o f f .  The p e e l  s t r e n g t h  was then  de termined  accord ing  t o  

Pee l  f o r c e  ( l b )  

Width of peel s t r i p  ( i n )  
P e e l  s t r e n g t h  ( l b / i n )  = 

The brazed  a s sembl i e s  were a l s o  s u b j e c t e d  t o  the rma l  c y c l i n g  on a 

schedu le  similar t o  t h a t  which would be r e q u i r e d  o f  each  subassembly d u r i n g  
subsequent  b r a z e s  of the f i n a l  anode assembly. The subassembl ies  were 

p laced  i n  a molybdenum b o a t ,  f i r e d  i n  dry hydrogen a t  10IO°C f o r  10 minutes  
and allowed t o  cool t o  room tempera tu re .  This  c y c l e  was repea ted  t w i c e  

b e f o r e  p e e l  t e s t i n g .  S i x  samples were brazed  and t e s t e d .  The r e s u l t s  a r e  
g iven  i n  Table 10. 

From t h e  s i x  tests,  one j o i n t ,  made of d u c t i l e  braze a l l o y ,  sample 3 ,  
demonstrated t h e  h i g h e s t  p e e l  s t r e n g t h ,  even after thermal  cycling. 

However, samples 5 and 6 showed s u b s t a n t i a l l y  lower p e e l  s t r e n g t h s .  
b r i t t l e  b r a z e  a l l o y  j o i n t ,  Sample 4, a l s o  showed a h igh  bond s t r e n g t h .  
break i n  t h i s  sample d i d  no t  occur  i n  t h e  i n t e r f a c e ,  b u t  i n  t h e  s i l i c o n  

carb ide- loaded  beryll ia.  
t h e r m a l  expansion d i f f e r e n c e s  between t h e  m a t e r i a l s .  The poor bond 

s t r e n g t h s  of samples  1 and 2 are due t o  i n s u f f i c i e n t  braze a l loy  a t  t h e  

i n t e r f a c e s  

The 
The 

F i g u r e  60 shows t h a t  t h e  b reak  w a s  caused by t h e  

Although t h e  number of samples was inadequate  t o  o b t a i n  s t a t i s t i c a l l y  

v a l i d  measurements o f  b r a z e  j o i n t  p r o p e r t i e s ,  t h e  q u a l i t a t i v e  ev idence  
f a v o r s  the  use of t h e  d u c t i l e  b r a z e  j o i n t  i n  t h e  anode subassembl ies ,  
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Cracked Silicon Carbide Loaded 
Beryllia Piece on Copper Ring 

Copper Ring with Pieces of Silicon Carbide 
Loaded Beryflia Attached 

Figure Cracked Surfaces After Thermal Cycling 
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Table 10 
Peel T e s t s  

+ 

Sample No. 

1 

2 

3 

4 

5 

6 

Braze J o i n t  

B r  i t t l e  

B r i t t l e  

Ductile 

Br i t t l e  

Duct i 1 e 

Ductile 

Peel Strength 
( l b / i n )  

32 

43 

Remarks 

No thermal cycle. 

Top copper piece f e l l  
o f f  of s i l i con  
carbide-loaded 
b e r y l l i a  r i n g  during 
thermal cycle. 
Insuff ic  l en t  braze 
alloy. 

After three thgrmal 
cycles at 1010 C. 

Two t e s t s  were 
performed: 
(1) Peel t e s t  befor 

( 2 )  The remaining 
thermal cycle.  

par t s  of the  
sample were 
t h e r w  cycled a t  
1010 C three 
times. No peel 
test wits done, 
because the j o i n t  
f a i l ed  under the 
r ad ia l  shear 
caused by thermal 
expansion mismatch 
between the two 
materials. 

Na thermal cycle. 

Afteg thermal cycle a t  
1010 c. 

To avoid cathode poisoning during gas bursts  i n  the  tube,  it i s  

necessary t o  provide suf f ic ien t  (21 L/sec) pumping speed at the gun. 

Unfortunately, because of' space r e s t r i c t i o n s ,  t he  gyrotron VacIon pumps 
(VacIon is a Varian Associates, Inc .  trademark for an ion  pump) must be 

located a t  the co l lec tor  end of the tube. The beam t u n n e l  is  then used as 
the  pumping path t o  the gun. 
necessary i n  high frequency gy-rotrons because, as the beam tunnel diameter 

t b  

A separate gun pumping manifold has become 
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is  reduced, t h e  pumping speed o f  t h e  beam t u n n e l  drops  s h a q l y ,  as shown i n  

Table  11. 

Table  11 
Funping Speed 

The gun pumping manifold sur rounds  t h e  beam t u n n e l  assembly and t e r m i n a t e s  
nea r  t h e  face of t h e  second anode. p m p  connec t s  

i n t o  t h e  pumping manifold v i a  a long  l a r g e  d iameter  pumping l i n e ,  which r u n s  
toward t h e  c o l l e c t o r  end of t h e  t u b e .  

W s e p a r a t e  8 L/sec VncIon 

P a s t  expe r i ence  has  shown t h a t  t h e  gun end of t h e  pumping mnifo1.d must 

be b a f f l e d  wi th  an rf s i e v e  t o  avoid rf h e a t i n g  of t h e  a u x i l i a r y  VacPon 
pump. The s i e v e  must a t t e n u a t e  rf wi thout  c u t t i n g  down on the pumping 

speed. Assuming t h a t  t h e  s i e v e  w i l l  c o n t a i n  a l a r g e  number of long ,  

c i r c u l a r  c r o s s  s e c t i o n  h o l e s ,  t h e  optimum hole s i z e  fo r  good pimping speed ,  
combined witah good r f  a t t e n u a t i o n ,  l i e s  i n  a narrow range, as shown i r n  

F igu re  61. 

pumping speed e s t ima ted  t o  h e  2 L/sec a t  t h e  gun. 

With t h i s  s i e v e  d e s i g n ,  t h e  gun pumping system p rov ides  a t o t a l  

C INTERACTION CIRCUIT 

Cold test c a v i t i e s  for t h e  60 GHz o s c i l l a t o r  were f a b r i c a t e d ,  and t h e  

TEo2 c a v i t y ,  when p r o p e r l y  loaded ,  had an external .  Q o f  520 - +- 50.  

Experience wi th  t h e  28 GIIz o s c i l l a t o r  i n d i c a t e d  t h a t  modes o t h e r  than  
the  d e s i r e d  c a v i t y  mode my compete fo r  i n t e r a c t i o n  w i t h  the e l e c t r o n  beam, 

P a r t i c u l a r l y  t roublesome modes were t h o s e  wi th  t h e  sane r a d i a l  mode t imber  
and roughly t h e  same frequency  as t h e  d e s i r e d  mode. The competing mode 
d e n s i t i e s  of a 60 GHz TE and a 60 GHz TE 

62. S i s t e r  modes of TE and TE wi th  a x i a l  mode numbers g r e a t e r  t h a n  
u n i t y ,  and all o t h e r  modes wi th  a x i a l  mode numbers g r e a t e r  t han  s i x ,  have 

c a v i t y ,  are campared i n  F igu re  
01 ’ 02 

011 021 
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Figure 61. Normalized Pumping Speed vs Normalized Channel Diameter at Fixed rf 
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been o m i t t e d  fo r  c l a r i t y .  The TE mode f a m i l y  have p roven  t o  be  
t roub le some  i n  t h e  28 GHz d e v i c e s ,  which o p e r a t e  i n  t h e  TE c a v i t y  mode. 

The TE mode f a m i l y  may a l s o  have  been i n  mode c o m p e t i t i o n  i n  t h e s e  
d e v i c e s ,  b u t  t h e s e  a r e  too f a r  removed from t h e  TE i n  f r equency  t o  c a u s e  

s i g n i f i c a n t  problems.  

22P 
02 1 

32P 
02 1 

A s  shown i n  F i g u r e  62, a TE o s c i l l a t o r  would be  s u b j e c t  t o  a f a r  

lower compet ing  mode d e n s i t y  t h a n  a TE d e v i c e ,  a l t h o u g h  t h e  TE and t h e  
TE may p rove  d i f f i c u l t ,  For  t h i s  r e a s o n ,  t h e  p o s s i b i l i t y  of u s i n g  t h e  

G 1 1  

021 21 6 

31 1 
c a v i t y  made for  t h e  60 GHz o s c i l l a t o r  was e x p l o r e d .  A TEOl c o l d  test  

T E O 1  1 
c a v i t y  was made. 

A t h e o r e t i c a l  model was a l s o  deve loped  t o  i n v e s t i g a t e ,  with t h e  a i d  of 
a computer  code ,  t h e  vacuum e l e c t r o m a g n e t i c  p r o p e r t i e s  o f  t h e  ?'E r e sonance  

f o r  t h e  i n t e r a c t i o n  c i r c u i t  geometry.  The model p r o v i d e d  e x c e l l e n t  

agreement  w i t h  c o l d  t e s t  d a t a  on c a v i t y  Q. 

on 

Some of t h e  problems overcome i n  t h e  g y r o t r o n  d e s i g n  i n c l u d e d  h e a t i n g  

of t h e  c a t h o d e  by rf and u n d e s i r e d  i n t e r a c t i o n  i n  t h e  t u n n e l  between t h e  gun 

and t h e  c a v i t y .  Two p r e c a u t i o n a r y  measures  i n c l u d e d  i n  t h e  d e s i g n  of t h e  

beam s h a v e r  and o u t p u t  s s sembly  were: 

a. a Sic-BeO-loaded c a v i t y  p r e c e d i n g  t h e  o s c i l l a t o r  c a v i t y ,  

b. a beam s h a v e r  t u n n e l  of a l t e r n a t i n g  molybdenum and Sic-Be0 washers  

p r e c e d e  t h e  t h e  Sic-Be0 l o a d e d  c a v i t y .  The Sic-Be0 washe r s  a r e  

b razed  t o  coppe r  washe r s ,  which i n  t u r n s  are b r a z e d  wi th  t h e  

copper  beam s h a v e r s  t o  coppe r  water t u b i n g  fo r  c o o l i n g ,  

F u r t h e r  a n a l y t i c a l  work on t h e  i n t e r a c t i o n  c i y c u i t  i n c l u d e d  t h e  

ma themat i ca l  s o l u t i o n  f o r  t h e  vacuum e l e c t r o m a g n e t i c  f i e l d s  i n  a c a v i t y  

geomet ry ,  which was s u f f i c i e n t l y  a r b i t r a r y  t o  o b t a i n  any r e a s o n s b l e  
combina t ion  of e x t e r n a l  Q, r e s o n a n t  f r q u e n c y ,  and a x i a l  e lec t r ic  f i e l d  

p r o f i l e  by v a r y i n g  t h e  g e o m e t r i c  p a r a m e t e r s .  The s o l u t i o n  was o b t a i n e d  i n  
t h e  f o l l o w i n g  manner: 
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An " i n i t i a l  v a l u e "  s o l u t i o n  f o r  t h e  vacuum f i e l d s ,  E and B,  was d e r i v e d  
f o r  modes TE from a Debye p o t e n t i a l  o f  a form such  t h a t ,  mn 1 

(239 

-b 
where e is t h e  u n i t  v e c t o r  i n  t h e  d i r e c t i o n  o f  p r o p a g a t i o n  ( a l o n g  t h e  z 
a x i s ) ,  c is t h e  speed  o f  l i g h t ,  and 'IT is  t h e  Debye p o t e n t i a l  which s a t i s f i e s  

t h e  wave e q u a t i o n ,  

alr = 0. (24) 

The boundary c o n d i t i o n s  on t h e  components o f  t h e  ePec t romagnet , ic  f i e l d s  a r e :  

( A )  0 = 0 a t  c o n d u c t i n g  b o u n d a r i e s ,  ( 2 5 )  
2 

(26) z '  a t  b o u n d a r i e s  I Z 
- 

w h i l e  t h e  i n t e g r a t e d  Poyn t ing  f l u x  is a l s o  matched a t  b o u n d a r i e s  J. zz: 

(D) t h e  r a d i a t i v e  boundary c o n d i t i o n  is a p p l i e d  fo r  z +. -c- A). (28) 

The Var i an  i n t e r a c t i o n  c i r c u i t  computer  code ,  which was set; I n  t h i s  

a n a l y t i c a l  f ramework,  can  p r e d i c t  t h e  c a v i t y  e l ec t r i c  f i e l d  p r o f i l e  f o r  

c i r c u l a r  e l ec t r i c  c a v i t y  modes. F i g u r e  63 shows a p l o t  of t h e  c a l c u l a t e d  
e lec t r ic  f i e l d  p r o f i l e  a t  t h e  f i rs t  r a d i a l  maximum of t h e  e l ec t r i c  f i e l d  

v e r s u s  a x i a l  p o s i t i o n  f o r  t h e  TEO2, c a v i t y  mode. 

d i f f i c u l t i e s  were e n c o u n t e r e d  i n  e x t e n d i n g  t h i s  work t o  n o n c i r c u l a r  electric 

c a v i t y  modes. 

Some c o m p u t a t i o n a l  

113 



30 

20 

10 

0 

4 -2 -1 8 1 2 -4 
f l r  

Figure 63. Azimuthat Electric Field Squared for the TEo2-l 
Oscillator Cavity in Arbitrary Units vs Normalized 
Axial Position, Z/a, at the Fixed Radius Cor- 
responding to the First Radial Maximum of the 
Electric Fkld 



A p r e v i o u s  c a l c u l a t i o n  of ohmic losses i n  t h e  g y r o t r o n  r e s o n a t o r  c a v i t y  

was mod i f i ed  t o  show, e x p l i c i t l y ,  t h e  dependence  of c a v i t y  power d i s s i p a t i o n  

on t h e  e x t e r n a l  c a v i t y  Q. S e v e r a l  s i m p l i f y i n g  a s s u m p t i o n s ,  g e n e r a l l y  v a l i d  
f o r  g y r o t r o n s ,  were made: 

a. 

b e  

C .  

QEXT is  independen t  o f  t h e  ohmic Passes i n  t h e  c a v i t y  and is, 
t h e r e f o r e ,  e q u a l  to QL; 

t h e  e l ec t r i c  f i e l d  p r o f i l e  i n  t h e  c a v i t y  h a s  an a x i a l  dependence  

o f  - s i n  TZ/L where z is t h e  a x i a l  p o s i t i o n  and L is t h e  c a v i t y  

1 en g t h  ; 

The c a v i t y  l e n g t h  I s  ’ large compared to i t s  r a d i u s ,  a .  

With t h e s e  a p p r o x i m a t i o n s ,  we f i n d  t h e  r e s u l t  f o r  t h e  a v e r a g e  power 

d i s s i p a t i o n  i n  wat t s /em2 i n  t h e  c a v i t y  w a l l s  for  a TEOnl c a v i t y :  

where I3 is  t h e  c a v i t y  outputs power i n  w a t t s ,  f is t h e  c a v i t y  r e s o n a n t  

f r e q u e n c y  i n  h e r t z ,  c is t h e  speed  o f  l i g h t  i n  cm/sec, L i s  t h e  c a v i t y  
l e n g t h  i n  u n i t s  of X = c / f ,  x 
J , ( x )  = 0, and a is t h e  rf c o n d u c t i v i t y  of t h e  c a v i t y  w a l l s  i n  c g s  u n i t s .  

0 

i s  t h e  nth p o s i t i v e  root of t h e  e q u a t i o n  I n  

FOP a coppe r  c a v i t y :  

P (kW) f ( G H z ) ~ ’ ~  dP 2 -8 QExT 0 - (kW/cm 1 = 4.87 x 10 
dA 

(30) 

E q u a t i o n s  29 and 30 e x p l i c i t l y  i n c l u d e  t h e  dependence  o f  d i s s i p a t i o n  om QEXT 

and B The s t r o n g  f r e q u e n c y  dependence  o f  t h e  d i s s i p a t i o n  -fT” is c l e a r l y  
On 
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e v i d e n t ,  a s  i s  t h e  a d v a n t a g e  of u s i n g  h i g h e r  order TE c a v i t y  modes. For  on 
t h e  60 GHz, 200 kW, TEO2 c a v i t y  mode o s c i l l a t o r ,  Equa t ion  30 g i v e s  dP/dA = 
440 watts/cm2 for L/A = 5 and QEXT = 400. 

1. Large-Signal  C a l c u l a t i o n s  

a .  8 X C a v i t y  E f f i c i e n c y  

To f u r t h e r  compare t h e  o p e r a t i o n  of t h e  60 GHz t u b e  w i t h  

t h e o r e t i c a l  p r e d i c t i o n s ,  a series of l a r g e - s i g n a l  computer  s i m u l a t i o n s  were 
carried o u t  u s i n g  t h e  TRAJ computer  code . The code i n t e g r a t e s  t h e  

r e l a t i v f s t i c  e q u a t i o n  of  motion for an  e l e c t r o n  i n j e c t e d  i n t o  t h e  

e l e c t r o m a g n e t i c  f i e l d s  a p p r o p r i a t e  for  TE or  TM modes i n  a closed, 

r i g h t - c y l i n d r i c a l  c a v i t y .  A d c  magne t i c  f i e l d  g u i d e s  t h e  e l e c t r o n s  t h r o u g h  

t h e  c a v i t y .  To o b t a i n  t h e  e f f i c i e n c y  for  g i v e n  c a v i t y  p a r a m e t e r s  and rf 
f i e l d  a m p l i t u d e ,  t h e  f i n a l  e n e r g i e s  of an ensemble  of e l e c t r o n s  i n i t i a l l y  

e q u a l l y  spaced  abou t    IT of rf phase  are  c a l c u l a t e d .  I f ,  fo r  example,  e i g h t  
e l e c t r o n s  a r e  used ,  t h e  e f f i c i e n c y  i s  g i v e n  by: 

13 

mnP mnP 

where E .  and E a r e  t h e  i n i t i a l  and f i n a l  e n e r g i e s ,  r e s p e c t i v e l y .  
1 f 

There  are two main d i f f e r e n c e s  between such  an  e f f i c i e n c y  
c a l c u l a t i o n  and t h e  a c t u a l  s i t u a t i o n  encoun te red  i n  t h e  t u b e .  F i r s t ,  no 
s p a c e  c h a r g e  effects  a r e  inc luded  i n  t h e  program. Second,  a g y r o t r o n  c a v i t y  
h a s  open e n d s  and is u s u a l l y  t a p e r e d  r a t h e r  t h a n  r i g h t - c y l i n d r i c a l .  
i n s t e a d  of hav ing  rf f i e l d s  w i t h  a s i n u s o i d a l  v a r i a t i o n  w i t h  r e s p e c t  t o  t h e  

a x i a l  v a r i a b l e ,  t h e  f i e l d s  resemble a skewed Gaussian.14 
p r e v i o u s l y  de t e rmined  t h a t  s u c h  f i e l d  p r o f i l e s  Can improve t h e  e f f i c i e n c y  o f  

t h e  g y r c t r o n  . S i n c e  TRAJ c a n n o t  h a n d l e  t h i s  ‘ g e o m e t r i c a l  c o n s i d e r a t i o n ,  
t h e  s i n u s o i d a l  v a r i a t i o n  r e s u l t s  s e r v e  a s  a lower l i m i t  for t h e  rea l  c a s e .  

Thus, 

It h a s  been  

15 
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For t h e  i n i t i a l .  c a l c u l a t i o n s ,  a c a v i t y  length  of tSx w a s  
chosen as a poss ib le  upper l i m i t  on t h e  e f f e c t i v e  l eng th ,  which is 

equivalent  t o  t h e  tapered cav i ty  used i n  t h e  60 GHz tube. 

far t h i s  set of runs are given i n  Table 12. These were chosen t o  col-respond 

as c lose ly  as possible to t h e  design values  for t h e  60 GKz tube ,  

Fixed parameters 

Table 12 

Values of Parameters Used i n  % F A T  Computer Simulations 

Perpendicular Veloci ty  
Divided Speed of Light ,  BI 

P a r a l l e l  Veloci ty  Divided by 
Speed of Light ,  

I, 

1 
R e l a t i v i s t i c  Fac tor ,  

Normal Pos i t ion  of Beam Guiding Center ,  
R 21rr 
e e 

~ 

Xcutof f 

Vavelength Divided by Cutoff 
Wavelength, X f Xc 

Mode 

Magnetic F ie ld  and RF Fie ld  Amplitude 

a .45 

0.225 
- 

4. .I57113 (80.28 k V )  

I_ 

1.84118 

-- 

0.99804 f o r  8X 
c a v i t y ,  fo r  nX 

TE021, 

Varied i n  Calcu la t ions  

For each value of rf f i e l d  amplitude,  A ,  a series of magnetic 
field values  are input  t o  optimize t h e  e f f i c i ency  e I n  such a manner a 

curve l i k e  tha t  shown i n  Figure 64 is generated f o r  each value of A .  Since 

t h e  Q of a cav i ty  is def ined by: 

WU 

P 
Q -  ~ 

out  
( 3 2 )  
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Where U i s  t h e  s t a r e d  ene rgy ,  P 

is t h e  r a d i a n  rf f r equency .  The normal ized  rf f i e l d  a m p l i t u d e ,  A ,  i s  
r e l a t e d  t o  t h e  q u a n t i t y  P Q. For  TE modes i n  a closed, r i g h t -  o u t  mn? 
c y l i n d r i c a l  c a v i t y  we have: 

t h e  power l e a k i n g  o u t  of t h e  c a v i t y  and w o u t  

where F = 1 fo r  m = 0 o r  m f 0 w i t h  c i r c u l a r  p o l a r i z a t i o n  o r  F = 2 f o r  in f: 0 

w i t h  l i n e a l -  p o l a r i z a t i o n ,  where E 

p e r m e a b i l i t y  of free s p a c e ,  r e s p e c t i v e l y ,  where r /L i s  t h e  r a t i o  of t h e  
c a v i t y  r a d i u s  t o  c a v i t y  l e n g t h ,  V i s  t h e  electron rest e n e r g y ,  511 kV,J i s  

a Besseb f u n c t i o n  o f  o r d e r  rn, and x i s  t h e  nth r o o t  o f  J ( x )  = 0. 

and uo a r e  t h e  p e r m i t t i v i t y  and 
0 

6 

N I  I rn 

mn m 

The r e s u l t s  of t h e  8 1  r u n s  a r e  shown i n  F i g u r e  65, where 

e f f i c i e n c y  is  p l o t t e d  versus power hav ing  used  t h e  maximum e f f i c i e n c y  

( c o r r e s p o n d i n g  t o  optimum magne t i c  f i e l d )  for e a c h  v a l u e  of A. 

s e l f - c o n s i s t e n t  beam cilrrent f o r  each  p o i n t  a s  shown i n  Figul-e 65 c a n  b e  

c a l c u l a t e d  s i n c e :  

A 

where 11 is t h e  e f f i c i e n c y  d e f i n e d  i n  E q u a t i o n  34, and V and I a r e  t h e  
e l e c t r o n  beam v o l t a g e  and c u r r e n t ,  r e s p e c t i v e l y .  The e f f i c i e n c y  and power 

a s  a f u n c t i o n  of c u r r e n t  are shown i n  F i g u r e  66. 

b b 

F i g u r e s  65 and 66 show t h e  double-peaked n a t u r e  of t h e  

e f f i c i e n c y  a s  a f u n c t i o n  of power and c u r r e n t .  T h i s  b e h a v i o r  h a s  been  
not iced  i n  p r e v i o u s  i n v e s t i g a t i o n s  by K.R. Chu a t  t h e  Naval Resea rch  Lab 

and C.S. Nusinovich  i n  t h e  U.S.S.R l7 , l8 .  

phenomenon d i s a p p e a r s  for  s h o r t e r  c a v i t y  l e n g t h s  ( i .e .  when fewer c y c l o t r o n  

o r b i t s  are execu ted  by t h e  electrons w h i l e  i n  t h e  c a v i t y ) .  

16 

It is  b e l i e v e d  t h a t  such  a 
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A n o t h e r  p e c u l i z r i t y  of t h e s e  r e s u l t s  was t h e  e r r a t i c  b e t x v i o v  

of t h e  e f f i c i e n c y  as a f u n c t i o n  of m a g n e t i c  f i e l d  for  l a r g e  v a l u e s  of t h e  rf 

a m p l i t u d e  A.  T h i s  phenomenon is shown i n  F i g u r e  65 a n d  may b e  c o n t r a s t e d  

w i t h  t h e  r e s u l t s  f o r  l o w e r  A shown i n  F i g u r e  64. The optinium e f f i c i e n c y  

p o i n t s  shown i n  F i g u r e s  65 and  66 were sometimes d i f f i c u l t  t o  i d e n t i f y  

b e c a u s e  o f  t h e  j igged n a t u r e  of c u r v e s ,  l i k e  t h o s e  i n  F i g u r e  67. Again ,  
t h i s  phenomenon is b e l i e v e d  t o  b e  due  t o  t h e  e x c e s s i v e  l e n g t h  of t h e  c a v i t y .  

b.  Compar ison  of NRL and V a r i a n  L a r g e - S i g n a l  Codes 

S i n c e  t h e  8X c a v i t y  r e s u l t s  were n o t  e n t i r e l y  a s  e x p e c t e d ,  

t h e  TRAJ c o d e  r e s u l t s  were compared w i t h  t h o s e  o b t a i n e d  by Chu e t  a l .  a t  NRL 

( r e f e r e n c e  1 9 ) .  P a r a m e t e r s  f o r  d a t a  p o i n t s  18-22, a s  p u b l i s h e d  i n  an  N'KL 

p u b l i c b t i o n  , were i n p u t  w i t h  TRAJ f o r  c o m p a r i s o n .  The r e s u l t  of t h i s  
c o m p a r i s o n  is shown i n  T a b l e  13. 

1 9  

T a b l e  13 
Compar ison  of T R A J  and NKL Results 

N R L  P o i n t  # NRL R e s u l t  TRAJ  Result  C a v i t y  L e n g t h  

18 38.5% 40.9% 3.1 A. 

1 9  41.2% 36.7% 4.9 x 
20 40.2% 40.3% 5.6 X 

24 34.1% 18.9% ( 3 2 . 0 ~ > *  8.1 a 
22 29.7% 34.7% 8.9 X 

The e f f i c i e n c y  of a l l  t h e  p o i n t s ,  e x c e p t  p o i n t  number 24, 

were i n  a g r e e m e n t  t o  w i t h i n  5% e f f i c i e n c y .  T h i s  was t h o u g h t  t o  b e  
a c c e p t a b l e  c o n s i d e r i n g  t h e  r e d u c e d  number of s i g n i f i c a n t  d i g i t s  of the 
p a r a m e t e r s  q u o t e d  i n  R e f e r e n c e  1 9 ,  and t h e  p o s s i b l e  errors e n c o u n t e r e d  i n  

r e n o r m a l i z i n g  t h e  NRL p a r a m e t e r s  t o  TRAJ p a r a m e t e r s .  NRL p o i n t  number 21 

was f o r  B v e r y  l o n g  c a v i t y  ( L  - 8.1 A > ,  where  t h e  e r r a t i c  n a t u r e  of t h e  
e f f i c i e n c y  as a f u n c t i o n  of m a g n e t i c  f i e l d  had  been  n o t e d  i n  t h e  p r e v i o u s  
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8 x study. Upon Chu's sugges t ion ,  t h e  magnetic f i e l d  fo r  poin t  2 1  was 

varied s l i g h t l y  ( B  = 11.22 + B 
0 0 

t o  those  of  Chu, as noted by asterisk i n  Table 13. 
= l l . O g ) ,  and t h e  results were comparable 

C .  Ef f ic iency  vs  Cavity Length 

To  add f u r t h e r  i n s igh t  i n t o  t h e  behavior of e f f i c i ency  versus  
c a v i t y  l e n g t h ,  another  set of la rge-s igna l  c a l c u l a t i o n s  was performed. 
these runs, two va lues  of  P ou t  
and 210 kW, l eav ing  a l l  of t h e  parameters,  o the r  than cav i ty  length ,  t h e  

same as f o r  t h e  8 1 case. Runs were performed f o r  31, 41, 5 1 ,  6 1  and 71  
c a v i t y  lengths .  

each power l e v e l  for each c a v i t y  length .  The results of t hese  c a l c u l a t i o n s  
are shown i n  Figure 68. 

I n  
were examined f o r  cons tan t  Q (= 3301, 146 kW 

The magnetic f i e l d  was optimized f o r  maximum e f f i c i ency  f o r  

As expected, e f f i c i e n c i e s  were indeed, higher  for sho r t e r  

In  add i t ion ,  the ragged na ture  of c a v i t i e s ,  peaking between 41 and $A, 

t h e  curves  shown i n  Figure 47 disappeared as t h e  c a v i t y  was shortened. 

. 2. S t a r t i n g  Current Calcu la t ions  

To b e t t e r  understand t h e  operat ion of the  60 GHz tube under 
threshold condi t ions ,  that  i s ,  i n  the small s i g n a l  regime, the s t a r t i n g  

611 cu r ren t s  fo r  t h e  opera t ing  TE mode and t h e  neighboring TE " and TE 
021 221 

modes were calculated. The c a l c u l a t i o n s  were done us ing  the expression f o r  
s t a r t i n g  cu r ren t  obtained by Nusinovich and me ca lc f i a t ions  assume 
t h a t  t h e  rf f i e l d  p r o f i l e  with respec t  t o  t h e  axial c a v i t y  coordinate  ( z )  i s  

a Gaussian with t h e  form: 

To relate the 60 GHz c a v i t y  length  t o  t h a t  def ined by E i n  
Equation 35, the a c t u a l  rf f i e l d  p r o f i l e  of t h e  tapered  60 GHz c a v i t y  was 

ca lcu la t ed  using the  theory of Derfler, e t  alDi4 
Figure 69, where t h e  square of t h e  rf f i e l d  is p l o t t e d  as a funct ion of the 

This p r o f i l e  is  shown i n  
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normalized a x i a l  va r i ab le .  An e f f e c t i v e  length  of t h e  c a v i t y  can be defined 

by 1/e poin ts  of E f i e l d  with t h e  result a : 5.75, where a i s  the c a v i t y  

radius .  

is not a t r u e  Gaussian. In t e r m s  of t he  opera t ing  wavelength of t h e  TE021 

mode, 3 6.4. Scal ing t o  t h e  TE and TE modes, E' Z 6.12 and 6.84 
are obtained,  respec t ive ly .  

L' 

There is some question i n  doing t h i s  because the curve i n  Figure 69  

E '  
22 I 6 11 x 

Using t h e s e  cav i ty  l eng ths ,  t h e  s t a r t i n g  cu r ren t s  normalized t o  

c a v i t y  Q f o r  t h r e e  modes are p lo t t ed  i n  Figure 70 as a funct ion of magnetic 
f i e l d .  For each mode, t h r e e  d i f f e r e n t  va lues  of a ,  t h e  r a t i o  of 

perpendicular  t o  p a r a l l e l  v e l o c i t y ,  were ca l cu la t ed .  The c a v i t y  frequency 

was kept constant  f o r  each mode and given by 57.7 G H z ,  60.0 GHz, and 6b01 

and TE: modes, r e spec t ive ly .  The bean vol tage  
221' TE021' 611 GHz f o r  t h e  TE 

was 80 kV i n  a l l  cases .  

i n f i n i t e s i m a l l y  t h i n  and loca ted  at t h e  inner  e l e c t r i c  f i e l d  max imum of t h e  

TE mode. From the  p l o t ,  it is  evident  t h a t  f o r  a = 1.0,  t h e  TE and  

TE s t a r t i n g  cu r ren t s  a r e  qu i t e  c lose ly  spaced, but  with increas ing  values  
of a they tend t o  separa te .  The TE mode has much higher s t a r t i n g  

cu r ren t s  than t h e  o the r  t w o  modes, s ince  the beam pos i t i on  i n  t h e  c.avity i s  

qu i t e  far from being optimized f o r  t h i s  mode. 

I n  t hese  ca l cu la t ions ,  t h e  beam i s  assumed t o  be 

021 221 

021 

6 11. 

20 A s t a r t i n g  cur ren t  expression derived by Kreischer and Temkin 

y i e l d s  results similar t o  those of Nusinovich and Erm,  where both 

de r iva t ions  assume weakly r e l a t i v i s t i c  e l ec t rons .  However, Kreischer and 

Temkin have explored the  e f f e c t s  of v e l o c i t y  spread on t h e  s t a r t i n g  c u r r e n t ,  

as opposed t o  t h e  cold bean approximation of Nusinovich and E m .  

r e s u l t s  i nd ica t e  t h a t  increas ing  v e l o c i t y  spread lowers t h e  s t a r t i n g  cu r ren t  

s l i g h t l y  and s h i f t s  t h e  curves t o  higher  magnetic f i e l d .  A f u l l y  

r e l a t i v i s t i c  theory f o r  TE 
ins tead  of a Gaussian rf f i e l d  p r o f i l e ,  a s inuso ida l  p r o f i l e  was employed 

corresponding t o  the idea l i zed  geometry of a c losed ,  r igh t -cy l indr icak  

cav i ty .  Calculat ions using t h i s  theory y i e l d  s t a r t i n g  cu r ren t s  t h r e e  t o  

f i v e  t i m e s  g r e a t e r  than those  done following Nusinovich and E m  f o r  t h e  

Their 

modes has been c a r r i e d  out  by Chu,*' hut  on 

mode a t  60 GHz.  T h i s  disagreement was cause for concern and further 
"*02l 
i nves t iga t ion .  Clear ly ,  one problem was the  method of def in ing  e f f e c t i v e  

l eng th  with var ious f i e l d  d i s t r i b u t i o n s .  
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3. Cavity Design Modification f o r  X-38 
-II_ 

En l i g h t  of t he  t es t  performance of pulsed tube  X - 3 ,  it was 

decided t h a t  minor changes in  t h e  design of t h e  output  cav i ty  might improve 

t h e  dynamic range and e f f i c i ency  of t h e  des i red  isode of o s c i l l a t i o n ,  t h e  

'YE mode. S p e c i f i c a l l y ,  t h e  i n a b i l i t y  t o  con t ro l  t h e  'TE o s c i l l a t i o n  
021 02 

using t h e  gun anode vo l t age ,  except over a very narrow range, ind ica ted  that. 

t h e  loaded Q of  t h e  TE: mode might be too l o w .  In  add i t ion ,  nonl inear  

c a l c u l a t i o n s  (Sect ion V I . C . 1 . c )  ind ica ted  t h a t  t h e  e f f e c t i v e  i n t e r a c t i o n  

length of t h e  c a v i t y  might be shortened t o  enhance t h e  e f f i c i ency  of the 

tube e 

021. 

To inves t iga t e  a cav i ty  change tha t  would, bo th ,  raise t h e  loaded 

Q and shorten t h e  i n t e r a c t i o n  length  of t h e  TE mode, t h e  theory of vacuum 

electromagnetic p rope r t i e s  of tapered c a v i t i e s  of Derfler, e t  sl. w a s  

employed, Calculat ions using t h e  Derfler theory ind ica ted  t h a t  such a 

change could be implemented by varying t h e  output t a p e r  angle of t h e  cav i ty .  

14 021 

A design was chosen which would increase  t h e  loaded Q by 26$, and 

shorten t h e  e f f e c t i v e  in t e rac t ion  length  by 25%.  Cold t e s t s  were performed 

on the  new c a v i t y  design and gave r e s u l t s  i n  rough agreement with 

t h e o r e t i c a l  p red ic t ions  f o r  t h e  loaded Q. 

The design was then in t eg ra t ed  i n t o  the output  t ape r  sec t ion  of 

the e x i s t i n g  pulse tube  design and incorporated i n  a rebui ld  of X-3 (X-3R). 

4. D r i f t  Tube Modification 

The d r i f t  tube  sec t ion  of t h e  tube  which precedes t h e  output  

cavity was previously modified i n  tube  X-3 t o  combat a spurious osci l - la t ion 

i n  t h e  d r i f t  tube sec t ion .  The o s c i l l a t i o n  caused body heat ing and l imi t ed  

t h e  dynamic range ava i l ab le  t o  t h e  des i red  TE mode. T e s t  r e s u l t s  on X-3 
ind ica ted  t h a t  t h e  modification had only p a r t i a l l y  a l l e v i a t e d  the problem. 

FuPther cold tes ts  were c a r r i e d  out t o  f ind  a design which would e l imina te  

02 
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t h e  oscillztion, A d e s i g n  wzs c h o s e n  and i n c o r p o r a t e d  i n t o  a r e b u i l t  t u b e ,  

X-3R,  a d  was s u c c e s s f u l  i n  s u p p r e s s i n g  t h e  unwanted  o s c i l l a t i o n .  

5. Effects of Window Mismatch o n  C s v i t y  R e s o n a n c e s  

T e s t s  were p e r f o r m e d  t o  s t u d y  t h e  e f f e c t s  of t h e  n a r r o w  b a n d w i d t h  

o f ,  b o t h ,  t h e  d o u b l e - d i s c  and s i n g l e - d i s c  windows on t h e  v a r i o u s  c a v i t y  

r e s o n a n c e s .  T h e s e  t e s t s  i n d i c a t e d  t h a t  a t  59.5 GHz, mode c o m p e t i t i o n  
p r o b l e m  are g r e a t l y  a g g r a v a t e d  by t h e  h i g h  VSWR fo r  modes o t h e r  t h a n  t h e  

o p e r a t i n g  TE mode. S e v e r a l  methods  of w i d e n i n g  t h e  b a n d w i d t h  o f ,  b o t h ,  

t h e  p u l s e d  and  CW window d e s i g n s  were s t u d i e d  ( S e c t i o n s  V1.E a d  V1XI.B). 
02 1 

6. Mode S u p p r e s s i o n  

To s u p p r e s s  modes c o m p e t i n g  w i t h  t h e  d e s i r e d  TEO2 mode, v a r i o u s  

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

S p e c i f i c a l l y ,  t h e s e  a p p r o a c h e s  t o o k  a d v a n t a g e  of 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  t h a t  exis t  i n  t h e  p r e s e n c e  of n o n c i r c u l a r  modes, b u t  which a r e  
a b s e n t  f o r  c i r c u l a r  e l ec t r i c  modes, s u c h  a s  t h e  TE mode. E i t h e r  

c o n d u c t i v e  or d i e l e c t r i c  t y p e s  of l o s s  n e a r  t h e  e n t r a n c e  of t h e  c a v i t y  wa l l ,  
where l o n g i t u d i n a l  wall c u r r e n t s  are maximum, w i l l  i n h i b i t  t h e  o s c i l l a t i o n  

of n o n c i r c u l a r  e l ec t r i c  modes. Cold t es t s ,  p e r f o r m e d  u s i n g  a c o n d u c t i v e  

t y p e  of loss ,  i n d i c a t e d  t h a t  t h e  l o a d e d  9 of t h e  TE mode c o u l d  be 

decreased by a fac tor  of two. C a v i t i e s  u s i n g  d i e l e c t r i c  loss were tes ted  a t  

N R L ~ ~  w i t t i  some s u c c e s s .  

02 

22 1 

7. E f f i c i e n c y  Enhancement  

Methods of i n c r e a s i n g  t h e  e f f i c i e n c y  of t h e  60 G H z  t u b e  i n c l u d e  

o p t i m i z i n g  t h e  e lec t r ica l  l e n g t h  of t h e  c a v i t y ,  and p r o f i l i n g  t h e  c a v i t y  
f i e l d  i n  s u c h  a way t h a t  some pre-bunching  of t h e  e l e c t r o n  beam o c c u r s  a t  
t h e  f r o n t  of t h e  c a v i t y .  E x p e r i m e n t a l  r esu l t s  from p u l s e d  t u b e  X-3R 
(Section IX.C.2) a n d  CW t u b e  X-5 (Section 1X.E) i n d i c a t e d  an anomalous  

decrease i n  e f f i c i e n c y  as  t h e  gun anode  v o l t a g e  was i n c r e a s e d  p a s t  a c e r t a i n  
p o i n t .  One p o s s i b l e  e x p l a n a t i o n  for  t h i s  phenomenon was t h a t  t h e  e lec t r ica l  
l e n g t h  of t h e  c a v i t y  was too l o n g ,  s u c h  t h a t  t h e  e l e c t r o n s  r e a c c e l e r a t e d  
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near t h e  end of the  c a v i t y ,  reducing t h e  i n t e r a c t i o n  e f f i c i ency .  Since most 

of t h e  e l ec t ron  energy is i n  t h e  t r ansve r se  d i r e c t i o n ,  t h e  e l e c t r i c a l  l ength  

of t h e  cav i ty  depends c r i t i c a l l y  on t h e  number of cyclotron o r b i t s  e x i s t i n g  

i n  the  cav i ty .  

energy, xLl1 change t h e  e f f e c t i v e  i n t e r a c t i o n  length  e 

Therefore,  v a r i a t i o n  of t h e  gun anode vo l t age ,  o r  t r ansve r se  

I n  Figure 71, t h e  ca l cu la t ed  e f f i c i ency  versus  beam curren t  i s  

shown fo r  a c a v i t y  with L = 6 ~ ,  f o r  e l ec t ron  beams with th ree  d i f f e r e n t  

perpendicular  t o  p a r a l l e l  v e l o c i t y  r a t i o s ,  a = B , / B , ,  =: 1 . 5 ,  2.0, and 2.5. 
The s imulat ions employed an 80 kV e l ec t ron  beam i n t e r a c t i o n  with t h e  7% 

c a v i t y  mode, assuming a s inuso ida l  axial  dependence of t h e  rf e l e c t r i c  

f i e l d .  

beam c u r r e n t ,  and the t h r e e  curves are optimized with respect  t o  magnetic 

f i e l d  . 

021 

A loaded Q of 410 was assimed i n  ca l cu la t ing  t h e  se l f - cons i s t en t  

These r e s u l t s  ind ica ted  t h a t  for beam cur ren t s  of i n t e r e s t  f o r  t h e  

60 GHz tubes ,  2-8 A ,  t he  m a x h u m  e f f i c i ency  occurred f o r  a = 1.5 or 2.0, 

while cs = 2.5 y ie lded  a lower e f f i c i ency .  This phenomenon explained the  

behavior of the output power as a funct ion of gun anode vol tage ,  

so lu t ion  t o  t h i s  problem wits t o  shorten t h e  cavi%y physical.ly, and 

e l e c t r i c a l l y ,  t o  a pa in t  where the  e f f i c i ency  was optimized f o r  t h e  range of  
t r ansve r se  energ ies  access ib l e  t o  t h e  e l ec t ron  beam. 

The 

The ca l cu la t ions  of Figure 71 were extended t o  model t h e  a c t u a l  rf 

f i e l d s  of t h e  60 GHz c a v i t y ,  r a t h e r  than t h e  f i e l d s  of a closed r igh t  

c y l i n d r i c a l  cav i ty .  Figure 72 shows t h e  results of e f f i c i e n c y  ca l cu la t ions  

f o r  t he  60 GHz c a v i t y  for var ious magnetic f i e l d s  as a funct ion of beam 
curren t .  The perpendicular  t o  p a r a l l e l  v e l o c i t y  r a t i o ,  a, was s e t  a t  two 

f o r  these s imulat ions.  

2.5. By l i n k i n g  a t o  t h e  gun anode vol tage  i n  t h e  e l ec t ron  gun, from 

simulat ions of the  e lec t ron  gun performance, output  power can be rebated to 

gun anode vol tage .  I n  Figure 73, output power versus  gun anode vol tage  i s  

p lo t t ed  f o r  d i f f e r e n t  magnetic f i e l d s ,  holding t h e  bean cu r ren t  t o  8a. The 

decrease i n  output power for increased gun anode vo l t age ,  OF u, compares 

Similar  c a l c u l a t i o n s  were performed f o r  a = 1.5 and 

13 1. 



5 8  

30 

s 
1. 2 0  
W 

0 

82-2236 FED 

BEAM VOLTAGE = 80 kV 
TE021 MODE 
MAGNETIC FIELD OPTlMlZED 

5 18 15 2 8  25 

Figure 71. Efficiency vs Beam Current for Optimum Magnetic 
Field 

132 



0 - 22.81 kG CURVE 1 
0 - 22.83 kG CURVE 2 
6 - 23-05 kG CURVE 3 
A-23.17kG CURVE 4 
a - 23.36 kG CURVE 5 
'V - 23.42 k 6  CURVE 6 

m 

I I I I I I 1 
0 2 4 6 8 18 12 14 

BEAM CURRENT (a) 

Figure 72. Efficiency vs Beam Current for Various Values 
of Cavity Magnetic Field 

133 



DWg 82-2261 FED 

300 

250 

- 200- 3: 
Y 

LT 
tu 

Y 

s 8 150- 

100 

50 

- 

- 

- 

- 

BEAM CURRENT = 
BEAM VOLTAGE = 

Q, 

B = 23.30kG 
8 

L 

I I I 1 1 

Figure 73. Output Power VE Gun Anode Voltage (Related to a)  for Two Values of Cavity Magnetic Field 



with experimental observat ions made on X-5 (Sec t ion  1X.E) , as w e l l  as on 

var ious pulsed tubes ,  but the quan t i t a t ive  agreement i s  not as good as one 

would hope ( c f  Figure 55) e 

As noted previous ly ,  t h e  decrease in output power f o r  increased 
gun anode vol tage ,  present  i n  Figure 73, i s  due t o  an excessive i n t e r a c t i o n  

length  i n  t h e  cav i ty  . A long pre-bunching region,  followed by a shor t  

i n t e r a c t i o n  region,  gives  t h e  most e f f i c i e n t  exchange of energy between t h e  

e l ec t ron  beam and t h e  rf f i e l d s .  

8. Resistive-Coated Cavity 

Res i s t ive  loading was incorporated i n t o  t h e  c a v i t y  of  pu lse  tube  

P-lR3.  The loading was loca ted  i n  t h e  input  t a p e r  po r t ion ,  gun end, of the 

c a v i t y ,  where the competing TE mode has axial wall cur ren t s .  Cold tes t s  

of the  cav i ty  ind ica ted  t h a t  the  loaded Q of t h e  TE mode was lowered by 

30% from t h a t  of a cav i ty  without t h e  r e s i s t i v e  coa t ing ,  while  t h e  TE 

mode remained unaffected.  Cavity tes ts  were performed t o  ensure t h a t  the 

coat ing was s t i l l  e f f e c t i v e  a f t e r  exposure t o  high temperatures during 

cons t ruc t ion  of t h e  tube.  No changes i n  t h e  microwave p rope r t i e s  of t h e  

c a v i t y  were observed during these  tes ts ,  though some migration of t h e  

coat ing i n t o  the  copper s u b s t r a t e  was noted. P. manufac1;uring procedure was 

developed f o r  t h i s  cav i ty  design.  An assembly was fab r i ca t ed  and o r i g i n a l l y  

scheduled f o r  X-6, a CW tube .  T h i s  assembly was subsequently used on P-LR3, 

a pulsed tube  t o  enable an e a r l i e r  t e s t .  

221 

221 

021 

Tests  on tube  P-1R3 employing t h e  res i s t ive ly-coa ted  cav i ty  were 

performed and ind ica ted  t h a t  some improvements i n  the dynamic range of t he  

tube  had been made. These results w i l l ,  be discussed i n  d e t a i l  i n  Sect ion 

1X.F. 

9. Modified E l e c t r i c  F ie ld  P r o f i l e  - 

A c a v i t y  was designed with a longer  pre-bunching region and 
shor t e r  i n t e r a c t i o n  sec t ion  than any previous design. These modif icat ions 

would enhance t h e  mode s e l e c t i v i t y  of t h e  cav i ty  and optimize t h e  length  of  
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t h e  cavi ty  over which energy is extracted.  

f ea tu re s ,  the input t ape r  angle was reduced, while t he  length of the  input 

t a p e r  sect ion was lengthened and the  s t r a i g h t  sect ion was shortened. Figure 
74 shows, schematically,  t he  geometric changes involved i n  making these  

modifications.  When varying t h e  lengths and angles of t h e  cav i ty ,  t h e  

loaded Q of t he  cav i ty  must remain approximately constant fo r  optimum 
gyrotjron performance with given beam parameters. 

To achieve t h e  aforementioned 

Figure 75 shows the  r e s u l t s  of l a rge  s igna l  computer ca lcu la t ions  
for t he  f i n a l  modified cavi ty  geometry design. This p l o t  of e f f ic iency  

versus beam current  f o r  various magnetic f i e l d  values may be compared with a 
s imi la r  plot f o r  t he  o r i g i n a l  60 GHz cav i ty  shown, i n  Figure 72 .  Figure 76 
shows a p lo t  of e f f i c i ency  versus.beam current  fo r  t h e  modified and present 

cav i ty  designs for  optimum m g n e t i c  f i e l d .  Some improvements i n  performance 

fo r  t he  modified cav i ty  design can be noted, e spec ia l ly  at higher current  

values.  A p l o t  of output p o w e r  versus magnetic f i e l d  f o r  a beam current  of 

8 A for the  o r i g i n a l  and modified c a v i t i e s  i s  shown i n  Figure 77. The 

calculated e f f ic iency  fo r  t h e  t w o  c a v i t i e s  is s i m i l a r .  However, t h e  optimum 

magnetic f i e l d  is  s h i f t e d ,  desp i t e  t he  f a c t  t h a t  both designs have the  same 

resonant frequency . 
The above ca lcu la t ions  ind ica te  t h a t  the e l e c t r i c  f i e l d  of t he  

modified cav i ty  may improve e f f i c i ency ,  but s ince  t h e  ana lys i s  i s  for a 

s ing le  cav i ty  mode, t h e  extent  t o  which mode competition with t h e  TE 
221 

diminishes is  not known. Small s igna l  ca lcu la t ions  show t h a t  the  two 
designs have similar s t a r t i n g  condi t ions,  except t h a t  t he  magnetic f i e l d  f o r  

a given s t a r t i n g  current  is sh i f t ed  t o  a higher value fo r  t h e  modified 

design, as shown i n  Figure 78 

mode 

10. TEoll/TE021 Step Cavity 

Another method of e f f ec t ive ly  pre-bunching t h e  electron beam t o  
avoid mode competition is  t o  employ an in i t i a l .  pre-bunching cav i ty ,  resonant 

at the  desired frequency, 60 G H z ,  i n  a lower order mode, where mode 

competition i s  absent,23 The pre-bunched bean then en ters  t h e  main cav i ty ,  

13 6 



PRESENT DESIGN 

Figure 74. Schematic Diagram of the Geometry of the Present 
Cavity and of a Cavity Modified to Lengthen the 
PreBunching Region and Shorten the ~ ~ t ~ ~ a ~ t ~ ~ ~  
Section 
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where energy is ex t rac ted  i n  t h e  des i r ed  opera t ing  mode. 
p r e f e r e n t i a l l y  bunched f o r  t h e  des i r ed  mode, s t a r t i n g  condi t ions f o r  t h e  

des i r ed  mode should be reduced, and the competing mode should be impeded. 
s t e p  c a v i t y  a t  35 More r e c e n t l y ,  experiments at using a TE 

GHz were successfu l  i n  suppressing mode competit ion with t h e  competing TE 

mode. Work a t  Varian was aimed a t  designing a TE 
use on t h e  60 GHz gyrotron. 

Since t h e  beam i s  

011/TE041 

241 
s t e p  cav i ty  f o r  

0 11 ' TEo 21 

s t e p  c a v i t y  is shown i n  Figure 79. The orl/TEo*l An example of TE 
l i n e s  shown i n s i d e  t h e  s t e p  c a v i t y  are magnetic f i e l d  l i n e s ,  o r  l i n e s  of  

cons tan t  r E  The "+" and 'I-" s i g n s  i n  t h e  two c a v i t y  sec t ions  i n d i c a t e  

t h a t  t h e  t w o  s e c t i o n s  are 180' out of phase at t h e  pos i t i on  of t h e  inner  

electi-ic f i e l d  maximum ( t h e  loca t ion  of t h e  e l ec t ron  beam i n  t h e  60 GHz 

gyrot  ron) 

Numerous c a v i t y  geometries similar t o  those  shown i n  Figure 78 
were inves t iga ted  t o  obta in  c a v i t i e s  with t h e  des i r ed  TEoll/TEo21 
electromagnet ic  f i e l d s ,  with varying r a t i o s  of t h e  peak e l e c t r i c  f i e l d  of 

t h e  TE sec t ion  t o  that of t h e  TE sec t ion .  E l e c t r i c  f i e l d  r a t i o s  of 
between 1.5 and 5.0 were obtained.  To analyze a given s t e p  c a v i t y  des ign ,  

once t h e  e l e c t r i c  and magnetic f i e l d s  i n  t he  c a v i t y  have been obta ined ,  

e l ec t rons  are in j ec t ed  i n t o  t h e  cav i ty  f i e l d s  with a given energy and 

perpendicular  t o  p a r a l l e l  v e l o c i t y  r a t i o ,  a. 
is  then determined by t h e  average amount of energy las t  by the  e l ec t rons  

during t h e i r  t r a n s i t  through t h e  c a v i t y .  

geometry, c a l c u l a t i o n s  must be performed f o r  a range of magnetic f i e l d s ,  and 

for a range of electric f i e l d s  corresponding t o  a range of output power 
l e v e l s .  

021 011 

The e f f i c i e n c y  of t h e  c a v i t y  

To f u l l y  analyze a given c a v i t y  

The loaded Q o f  t h e  c a v i t y  is determined pr imar i ly  by t h e  TE 
021 

sec t ion  of t h e  s t e p  cavity. Since t h i s  s ec t ion  is s h o r t ,  loaded Q ' s  of such 
c a v i t i e s  are q u i t e  low when coupled t o  t h e  output  waveguide by a gradual  

t a p e r  as was done with t h e  o r i g i n a l  type of  60 GHz cav i ty .  To raise t h e  
loaded Q ,  an iris was i n se r t ed  at  t h e  end of t h e  cav i ty .  Using irises of 
d i f f e r e n t  widths and diameters ,  one would expect t h a t  a w i d e  range of loaded 
Q ' s  could be obtained.  The iris s i z e  was determined i n  cold tes t  by 
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expe r imen t ing  w i t h  d i f f e r e n t  irises t o  o b t a i n  t h e  d e s i r e d  loaded  Q. 

was confirmed w i t h  a computer code which h a n d l e s  open cavi t ies  w i t h  a b r u p t  
changes  i n  t h e  c a v i t y  w a l l s ,  a s  is t h e  c a s e  when an iris is i n s e r t e d  a t  t h e  

end of a s t e p  c a v i t y .  An example of t h e  o u t p u t  of t h e  open c a v i t y  computer 
program is shown i n  F i g u r e  80. 
de t e rmine  d imens iona l  t o l e r a n c e s .  T h i s  program canno t  hand le  t h e  e f f i c i e n c y  
c a l c u l a t i o n s  p r e v i o u s l y  d i s c u s s e d .  E f f i c i e n c y  is  c a l c u l a t e d  u s i n g  t h e  

closed c a v i t y  program which produced F i g u r e  79. A l l  of t h e  programs 
d i s c u s s e d  here a r e  v e r s i o n s  of t h e  well-known SUPERFISH code. 

T h i s  

Var ious  iris s i z e s  were c a l c u l a t e d  t o  

F i g u r e  81 shows e f f i c i e n c y  c a l c u l a t i o n s  for s t e p  c a v i t y  H1 f o r  

v a r i o u s  magnet ic  f i e l d s  and no l i n e a r  magnetic f i e l d  t a p e r  alolag t h e  c a v i t y .  
Taper ing  of t h e  magnet ic  f i e l d  had l i t t l e  effect  on t h e  e f f i c i e n c y  and 

s t a r t i n g  c u r r e n t  of t h i s  des ign .  Tapers  i n v e s t i g a t e d  were i n c r e a s i n g ,  
l i n e a r  t a p e r s .  F i g u r e s  82 and 83 show similar c a l c u l a t i o n s  for s t e p  c a v i t y  
# 3 ,  f o r  magnetic t a p e r s  o f  0% and 12%, r e s p e c t i v e l y .  I n  t h i s  case, t h e  

magnetic, t a p e r  was v e r y  i m p o r t a n t ,  a l l o w i n g  much h i g h e r  e f f i c i e n c i e s .  I n  
a l l  of t h e  above c a l c u l a t i o n s ,  a loaded  Q o f  350, s i m i l a r  t o  t h e  loaded  Q of 
t h e  o r i g i n a l  60 GHz c a v i t y  was assumed. 
c a v i t y  81 and s t e p  c a v i t y  S3 was t h a t  t h e  TE021/TE0,1 r a t i o  of e l ec t r i c  
f i e l d s  for  t h e  two c a v i t i e s  was much h i g h e r  i n  s t e p  c a v i t y  81 t h a n  it was i n  
s t e p  c a v i t y  S3. 
e f f i c i e n c i e s  i n  excess of  50% were p r e s e n t  ove r  a ve ry  wide r a n g e  of beam 
c u r r e n t s  and magnetic f ie lds .  
of t he  modified c a v i t y  shown i n  F i g u r e  75. Magnetic f i e l d  t a p e r i n g  i n  
c o n v e n t i o n a l  c a v i t i e s  is i n  g e n e r a l  no t  s u c c e s s f u l  because  of i n c r e a s e d  mode 
cornpet i t ion  caused  by t h e  low magnet ic  f i e l d  a t  t h e  beg inn ing  o f  t h e  c a v i t y ,  
b u t  i n  t h e  s t e p  c a v i t y ,  t h e  pre-bunching s e c t i o n  makes it p o s s i b l e  to u s e  a 
magnet ic  t a p e r  s i n c e  mode c o m p e t i t i o n  is  g r e a t l y  reduced. 

The main d i f f e r e n c e  between s t e p  

I n  F i g u r e  83, e f f i c i e n c i e s  of up t o  70% were o b t a i n e d  and 

These c a l c u l a t i o n s  may be compared w i t h  t h o s e  

S e v e r a l  a d d i t i o n a l  s t e p  c a v i t y  d e s i g n s  were i n v e s t i g a t e d ,  u s i n g  
t h e  open-cavi ty  v e r s i o n  of SUPERFISH to p r e d i c t  t h e  loaded 9. S i n c e  t h e  

p r e s e n t  TE /TEO2 s t e p  c a v i t y  des igns2  r e q u i r e  t h e  p re sence  of an iris t o  
a c h i e v e  a s u f f i c i e n t  loaded  Q, computer codes t h a t  a r e  based on weakly 
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60 GHz STEP CAVITY #3 

BEAMVOLTAGE = 80kV 
UI = 2.0 

MAGMETICTAPER = 0% 
B = 358 

5EAM CURRENT (A) 

Figure 82. Efficiency vs 6eam Current for Various Magnetic Fields for Step Cavity No. 3 



ORNL - DWG-83-2109 

80- 

ao 

60 

-. 5Q-  
8 
Y 

ro * 40- !!! 
2 
u. 
LL w 30 

20 

10 

- 

- 

- 

- 

- 

L 

1 1 I 1 

23.04 kG 
23.16 kG 

23.28 kG 
-23.41 kG 

60 GHz STEP CAVITY #3 

BEAMVOLTAGE = 80kV 

MAGNETIC TAPER = 12.0% 
a = 2.0 c Q = 350 

Figure 83. Efficiency vs Beam Current for Various Magnetic Fields for Step Cavity No. 3 
With an increasing Magnetic Field Taper of 12% 



varying waxeguide theory ( i .e. where abrupt s t eps  i n  t h e  wall are not 
allowed) are not capable of providing co r rec t  va lues  of t he  loaded Q ,  and a 

code l i k e  SUPERFISH must be used. 

In  Figure 84, an open-cavity SUPERFISH p l o t  i s  shown of s t ep  

c a v i t y  design # 3 ,  exc i ted  a t  t h e  resonant frequency of t h e  cav i ty .  It i s  

easy t o  observe t h e  e f f e c t  of t h e  iris in  containing t h e  cav i ty  f i e l d ,  thus 
increas ing  t h e  loaded Q f r o n  tha t  of an open c a v i t y  with no i r is .  

In Figure 85, a t y p i c a l  resonance curve obtained from SUPERFISH 

f o r  a s t e p  c a v i t y  with an i r is  is  p lo t ted .  

the loaded Q and resonant frequency t o  t h e  i r is  diameter is shown, Tris 

diameter i s  referenced t o  the  ir is  chosen f o r  s t e p  c a v i t y  design #3. The 

thickness of t h e  ir is  was f ixed  in  a l l  of t h e  ca l cu la t ions .  ‘There vas good 

agreement between t h e  ca l cu la t ed  value of t h e  loaded Q and t h e  cold Les t  

value for  s t e p  c a v i t y  design # 3. However, t h e  resonant frequency ms 
somewhat d i f f e r e n t  f o r  the ca l cu la t ions  and t h e  cold t e s t  measurement, a 

r e s u l t  which is not ye t  understood. 

In  Figure 86, t h e  s e n s i t i v i t y  of 

The s t e p  o r  complex cav i ty  concept g r e a t l y  enhanced t h e  s t a b i l i t y  

01’TE02 of the  present  60 GHz gyrotron,  as nvidenced by t h e  success of t he  TE 

s t e p  cav i ty  design i n  reducing mode competit ion with t h e  TE 

Comparisons of t h e o r e t i c a l  p red ic t ions  of tube  e f f i c i ency  with tube  

measurements made on X-6 w i l l  be discussed i n  Sect ion 1X.G.  However, one 

experimental observat ion made during t h e  t e s t i n g  of X-6 po in t s  toward the 

p o s s i b i l i t y  of  fu r the r  optimizing t h e  s t e p  c a v i t y  design. S p e c i f i c a l l y ,  

l a r g e  (6%) magnetic t ape r s  across t h e  c a v i t y ,  which were required f o r  

optimum e f f i c i ency  , caused e lec t ron  beam-relate9 problems which a f f ec t ed  

body curren t  and gun-anode c u r r e n t ,  and even reduced t h e  perpendicular  t o  

p a r a l l e l  v e l o c i t y  r a t i o .  

e f f i c i e n c i e s  without a magnetic f i e l d  taper would  probably e l i m i n a t e  those  
problems e 

mode i n  X-6. 221 

A s t e p  or complex c a v i t y  design which y i e l d s  good 

One such design was discussed previously ( i d e n t i f i e d  as s t e p  
c a v i t y  design #1) as a possible choice for use i n  X-6. The reasons that, i t  

was not used were: 1) it appeared t o  have comparatively higher s t a r t i n g  
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cur ren t s  (less bunching of t h e  beam i n  t h e  TE sec t ion )  and 2 )  the  highest; 

e f f i c i ency  achievable  with or without a magnetic f i e l d  t a p e r  was 60%; 

whereas t h e  design chosen f o r  X-6 (denoted s t e p  c a v i t y  design #3) had a 

ca l cu la t ed  peak e f f i c i ency  of  70%. 
with no magnetic t a p e r .  
mode f o r  a given design i s  hard t o  determine from t h e  way s t a r t i n g  cu r ren t s  

are presen t ly  ca l cu la t ed .  It is  poss ib l e  t h a t  only a small amount of 
e l ec t ron  bunching i n  t h e  TIE c a v i t y  i s  enough t o  i n h i b i t  exc i t a t ion  of t h e  

TE221 mode. 
of 45% f o r  m g n e t i c  t a p e r s  of 6% and lower, use of s t e p  c a v i t y  design #a 
would improve t h e  e f f i c i e n c y  dramat ica l ly ,  were i t s  mode suppression 

p rope r t i e s  adequate. 

01 

However, t h e  60% value  w a s  achievable  

The mount. of suppression of  t h e  unwanted TE2211. 

01 
Since the c a v i t y  used i n  X-6 had a ca l cu la t ed  peak e f f i c i e n c y  

Other complex cav i ty  designs were inves t iga ted  i n  an e f f o r t  t o  

achieve a design with t h e  mode suppression q u a l i t i e s  of design #3 (used i n  
X-6) and capable of r e t a in ing  a high e f f i c i ency  without a magnetic f i e l d  

t a p e r ,  as i n  design #l. One such design is  shown i n  Figure 87. The k a l l  of 

the TE sec t ion  is tapered t o  p r o f i l e  the  a x i a l  dependence of the r f  

e l e c t r i c  f i e l d .  Ef f ic iency  c a l c u l a t i o n s  for  t h i s  c a v i t y  are shown i n  Figure 

88. 
81, and design # 3  ( X - 6 )  shown i n  Figure 82,  f o r  no magnetic f i e l d  t a p e r .  I n  
genera l ,  when compared t o  design #1, t h e  range of s t a r t i n g  cu r ren t s  i s  

somewhat narrowed and lowered f o r  a given range of magnetic f i e l d s .  The 

s t a r t i n g  cu r ren t  range is  similar t o  t h a t  of design #3. 'The peak e f f i c i ency  

of 50% i s  an improvement over t h e  35% e f f i c i e n c y  s f  design # 3 ,  though not as 

high as t h e  60% of design #1. 

r e f in ing  of t h e  e l e c t r i c  f i e l d  p r o f i l e  m y  lead  t o  a design with t h e  des i r ed  

c h a r a c t e r i s t i c s  having L i t t l e  or no magnetic f i e l d  t a p e r .  

02 

These r e s u l t s  can be compared with those  of design #I shown i n  Figure 

These simple comparisons ind ica t e  tha t  

c a v i t y  design where the  r e l a t i v e  lengths  of  the two 
A TEol/TEo2 

c a v i t y  sec t ions  Were d r a s t i c a l l y  a l t e r e d  is  shown i n  Figure 89. Though the 

e f f i c i e n c y  ca l cu la t ions  f o r  t h i s  design,  shown i n  Figure 9 0 ,  show no d r a s t i c  

improvements (aga in  f o r  no magnetic t a p e r ) ,  t h e  wide range of geometries 

t h a t  must be considered t o  a r r i v e  at an i d e a l  TE /TE complex c a v i t y  

design is  obvious. 
01 02 
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11. Mode P u r i t y  of C a v i t y  Des igns  

The o u t p u t  mode c o n t e n t  of t h e  g y r o t r o n  c a v i t y  used  on X-3R and 
X-5 and t h e  s t e p  c a v i t y  used on X-6 ( d e s i g n  83) were c a l c u l a t e d  and 
compared. The c a l c u l a t i o n s  were performed u s i n g  t h e  open c a v i t y  SUPERFISH 
code d i s c u s s e d  p r e v i o u s l y .  Both c a v i t i e s  were exci ted a t  t h e i r  r e s o n a n t  
f r e q u e n c i e s ,  and t h e  o u t p u t  mode, 6 em from t h e  b e g i n n i n g  of t h e  c a v i t i e s ,  
w e l l  i n t o  t h e  o u t p u t  t a p e r  s e c t i o n ,  was a n a l y z e d  by  ma tch ing  t h e  f i e l d s  of 

and TE modes. The c o e f f i c i e n t s  of t h e  o u t g o i n g  wave t o  t h e  TEO1, TEOp 
each of t h e  modes t h e n  gave  a measure  of t h e  o u t p u t  mode c o n t e n t .  The 

r e s u l t s  of these c a l c u l a t i o n s  a r e  shown i n  F i g u r e  91. Both c a v i t i e s  y i e l d  

03 

modes t h a t  are a t  l e a s t  98.52 p u r e ,  i n d i c a t i n g  t h a t  t h e  mode p u r i t y  of TE02 
t h e  two c a v i t i e s  is s i m i l a r .  Though t h e  effects  of the  e l e c t r o n  beam and 
s m a l l  a symmet r i e s  i n  a c t u a l  t u b e  c a v i t i e s  might  a l t e r  t h e  r e s u l t s  somewhat, 
these r e s u l t s  show t h a t  t h e  u s e  of t h e  i r i s  w i t h  t h e  s t e p  c a v i t y  does n o t  
a p p e a r  t o  d e g r a d e  t h e  p u r i t y  of t h e  o u t p u t  mode and t h a t  t h e  c a v i t y  s e c t i o n ,  
i n  g e n e r a l ,  does l i t t l e  t o  d i s t u r b  t h e  made p u r i t y  of t h e  g y r o t r o n .  

De OUTPUT/COLLECTOR 

One problem commonly e n c o u n t e r e d  i n  g y r o t r o n  d e s i g n  is t h e  c r e a t i o n  of 
modes other  t h a n  t h e  i n t e n d e d  mode of o s c i l l a t i o n .  The unwanted modes a re  
g e n e r a t e d  a t  d i s c o n t i n u i t i e s  s u c h  a s  miter bends ,  g a p s ,  and c o n i c a l -  
c y l i n d r i c a l  j u n c t i o n s  which o c c u r  i n  t h e  c i r c u l a r  cross s e c t i o n  o u t p u t  
waveguide  of t h e  t u b e .  The p a r t i c u l a r  problem of mode c o n v e r s i o n  a t  
c a n i c a l - c y l i n d r i c a l  j u n c t i o n s ,  is a d d r e s s e d  i n  d e t a i l  f o l l o w i n g  t h e  more 
a b r i d g e d  d e r i v a t i o n  of Solymar . The d e r i v a t i o n  g iven  i n  Appendix B 

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

9 

I n  t h e  assumed problem, a s i n g l e  TE mode p r o p a g a t e s  down an expand ing  on 
l i n e a r  overmoded waveguide t a p e r ,  c h a r a c t e r i z e d  by t h e  h a l f  a n g l e ,  8 i n  
r a d i a n s .  [See F i g u r e  92.1 A t  r a d i u s  a ,  t h e  t a p e r  is j o i n e d  t o  a 
c y l i n d r i c a l  waveguide and ,  a t  t h i s  j u n c t i o n ,  t h e  TEon mode is p a r t i a l l y  

c o n v e r t e d  t o  other  TE modes, The power c o n v e r s i o n  c o e f f i c i e n t ,  P t h e  

r a t io  of power c o n v e r t e d  i n t o  t h e  TE mode t o  t h e  i n c i d e n t  power i n  t h e  om 
TE j u n c t i o n  r a d i u s ,  a ,  and 

0’ 

om mn ’ 

mode, a s  a f u n c t i o n  of t h e  t a p e r  a n g l e , g  
on 0’ 

15 8 
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Fl'geaas 92. Taper to Cylinder Waveguide Junction 
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free s p a c e  r a d i a t i o n  w a v e l e n g t h ,  A ,  w i l l  be computed.  S e v e r a l  s i m p l i f y i n g  
a s s u m p t i o n s  . w i l l  be made. The t a p e r  a n g l e s  a r e  assumed t o  b e  small 

( L  << 1 1 ,  and t h e  waveguide  overmoded (a/A >> 1 ) .  The t r e a t m e n t  a l s o  
i g n o r e s  r e f l e c t i o n s  a t  t h e  j u n c t i o n ,  a s  well. as  t h e  p r e s e n c e  o f  a n y  

non-axisymmetpic  modes. 

0 

It is shown i n  Appendix B t h a t  t h e  complex c o e f f i c i e n t ,  T for  mn ' 
d e t e r m i n i n g  t h e  power c o n v e r s i o n  is g i v e n  by 

1 (36)  

where X = t h e  n t h  p o s i t i v e  root  of t h e  e q u a t i o n  J (XI = 0 l t l  1 
t Z b /b 4 40 

u , b l 0  = a s  d e f i n e d  i n  F i g u r e  2 in Appendix B 

K = d e f i n e d  i n  E q u a t i o n  20 i n  Appendix f3 
1 

C o n s i d e r  t h e  case o f  t h e  l a r g e  taper- a n g l e  (1ral-i / A  > 1, LJ << 1) .  The 
0 0 

t o t a l  power i n  t h e  TE made is g i v e n  by 
om 

T h u s ,  t h e  r a t i s  of P /P  m n  
TE mode a t  t h e  j u n c t i o n  t o  t h e  TE mode is 

5 PmnP w h i c h  is t h e  power- c o n v e r s i o n  f r o m  a pipe 

on Om 

2 2  

2 2  
Jo ( X l m )  

Jo CX,n) 

(38) 

For  a small t a p e r  a n g l e  (iraC, / A  < 1 ,  LJ << I ) ,  Equa t ion  (38)  reduces t o  
0 0 



A physical  i n t e r p r e t a t i o n  of t h e  results 
l i m i t s  1~a0 / A  < 1, 0 << 1, and a/x >> 1, Pm 
between t w o  modes i s  symmetric. Furthermore, 

0 0 

x2 x2 

(x, - Xln) 

- l m  I n  
2 2 4  pm 

which shows t h a t  mode conversion is s t ronges t  
modes, and falls off r ap id ly  as 

can be given. F i r s t  , i n  t h e  

- Prim, OP mode conversion 
p scales according to, 

- 

m 

between “neares t  neighbor” 

2 as shown i n  Figure 93. F i n a l l y ,  P a l s o  scales as (a0 / A )  . If t h e r e  i s  

an upper l i m i t  on t h e  va lue  of P 
upper bound on 0 

mn 0 
t h e r e  is a n  pmn which can be t o l e r a t e d ,  mn 

0 

In  Figure 94 ,  t h e  funct ion P is  p l o t t e d  versus  (3 f o r  t h e  s p e c i a l  case  of 
f = 110 GHz and 2a = 2 1/2”. Put t ing  i n  some numbers for a TE o s c i l l a t o r  
at 60 G H ~ ,  ana looking f o r  a value of P~ =: 57 at  a, 2 1/21’ conical-  

c y l i n d r i c a l  j unc t ion ,  we f i n d  0 = 3.3 e 

mn 0 

02 

MAX 38 
0 

A mode probe, or t r a v e l i n g  wave i n d i c a t o r ,  w a s  designed and b u i l t  t o  
a id  i n  cold test ana lys i s  of  t h e  mode Conversion p rope r t i e s  of various 

multimc~de waveguide s t r u c t u r e s  such as mode f i l t e r s ,  waveguide bends, and 

ou tpu t / co l l ec to r  assemblies. 

t h e  instrument can be used with multimode waveguides f o r  which 
Tests of t h e  mode probe a t  28 GHa showed t h a t  

where d is t h e  waveguide diameter ,  X is t h e  free space wavelength, and I., 
(- 1. meter) i s  a l eng th  over which it i s  practical t o  measure the  beat 

p a t t e r n  of two waveguide modes. The mode probe was used successfully t o  



Figure 93. Mode Csnwersiare 
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Figure 94. Mode Conversion as a Function of Tapes Angle 
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determine the  mode conversion p rope r t i e s  of t h e  VGA-8000 S N  6 (28 G H z ,  200 

kW CW) ou tpu t / co l l ec to r  assembly on a cold t e s t  b a s i s .  

An ana ly t i c  framewopk was developed f o r  i n t e r p r e t i n g  the t r a v e l i n g  wave 

measurements made with t h e  mode probe, The a n a l y s i s  was intended t a  be 

s u f f i c i e n t l y  genera l  t o  apply not only t o  simple mode conversion problems, 

such as t h e  conversion of a s i n g l e  TE mode to other  TE modes, but a l s o  

t o  t h e  conversion of a s e t  of modes TE and TM i n t o  a second se t  of modes 
and TM The ana lys i s  and experimental cons idera t ions  a r e  'llM 

discussed i n  Appendix C .  

on 011 

mn Pg 

n'n' p'g ' 

1. Thermal Analysis 

a. Heat Flow Study 

'The problem of t r a n s i e n t  hea t ing  i n  t h e  gyrotron c o l l e c t o r  

was analyzed t o  determine t h e  e f f e c t  of hydrodynamic and geometric 
parameters on heat t r anspor t  i n  t he  bong pulse  regime. As a f i rs t  s t e p  i n  

t h e  a n a l y s i s ,  one dimensional t r a n s i e n t  hea t  t r anspor t  ca l cu la t ions  were 

made. Two dimensional modeling, c a r r i e d  out  with t h e  a i d  of a t r a n s i e n t  

hea t  t r anspor t  code, and f u r t h e r  work an t h i s  t o p i c  w i l l  be discussed i n  
Section VI .D -1 .b-d o 

The one dimensional t r a n s i e n t  heat t r anspor t  ana lys i s  i s  

based on " i n i t i a l  value" ca l cu la t ions .  The r e s u l t s  are, the re fo re ,  v a l i d  

only f o r  a s i n g l e  heat f l u x  pu l se  of amplitude 6 (watts/cm ) and durat ion T 

(sec, .  I n  p r a c t i c e ,  of course,  a l l  pulsed devices  w i l l  be required t o  
withstand f i n i t e  du ty ,  v 2 r / h  vhere a i s  the  pulse  r e p e t i t i o n  period. 

very low d u t i e s ,  t he  s i n g l e  pulse  ana lys i s  i s  v a l i d ,  but f o r  v - > 0.02, t h e  

presence of t h e  r e s idua l  temperature p r o f i l e ,  r e s u l t i n g  from an i n f i n i t e  

pulse  t r a i n ,  must be considered. 

2 

For 

The s i n g l e  heat, impulse is  turned on at  t h e  c o l l e c t o r  w a l l  a t  

t ine ,  t = 0 ,  and terminated at  t = T. FOP very shor t  t i m e s ,  the  heat  pu lse  

w i l l  not pene t ra te  the  c o l l e c t o r  w a l l  material t o  t h e  cool ing channels.  The 

I65 



c o l l e c t o r  wall, t hen ,  appears  t o  be semi- inf in i te  as shown i n  Figure 95. 
The one dimensional. heat d i f fus ion  equat ion ,  

a2AT ( x , t )  1 a A T ( x , t )  
= o  , - - 

D a t  2 ax 

f o r  t h e  temperature rise, AT(x, t ) ,  above t h e  ambient ( coo lan t )  temperature,  
has  been solved.  The parameter D is t h e  thermal d i f f ' u s iv i ty  of the 

Tc 
c o l l e c t o r  wall mater ia l .  The boundary condi t ions  f o r  t h e  semi- inf in i te  slab 

model are 

AT ( ~ ~ 4 ; )  = 0 . 
25 me s o l u t i o n  is 

If we se t  x = Q i n  Equation 46, we f i n d  that  t h e  q u a n t i t i e s  i n  t h e  c u r l y  
brackets go to un i ty .  The peak temperature rise at the  c o l l e c t o r  w a l l  i s  

then 

AT( x=o) = 2 q h G  I m x  F K  
(47) 





2 For copper ,  w i t h  an i n c i d e n t  h e a t  f l u x  o f  1 kW/cm , Equat ion 47 becomes 

By i n s p e c t i o n  of Equation 46, we see t h a t  t h e  heat p u l s e  p e n e t r a t e s  the 
c o l l e c t o r  wa l l  a d i s t a n c e  
d i s t a n c e  L from t h e  c o l l e c t o r  w a l l ,  t h e n  t h e  h e a t  p u l s e  w i l l  r each  t h e  water  
channel. i n  a time t - L /4D. For t h e  pulsed c o l l e c t o r  d e s i g n ,  t h i s  time i s  
on t h e  o r d e r  of 50-100 ms, There fo re ,  f o r  a p u l s e  d u r a t i o n  i n  excess of  50 

m s ,  t he  a n a l y s i s  m i l s t  b e  g e n e r a l i z e d  t o  c o n s i d e r  t h e  heat  t r a n s f e r  i n t o  t h e  

c o o l a n t .  The g e n e r a l i z e d ,  one-dimensional geometr ic  model is shown i n  

F i g u r e  96. The h e a t  d i f f u s i o n  Equation 44 must now be solved s u b j e c t  t o  a 
new set of boundary c o n d i t i o n s :  

- ?fie If' t h e  water channe l s  are l o c a t e d  a 

- 2  

where h ( t >  is t h e  heat  t r a n s f e r  c o e f f i c i e n t  o f  t h e  water channe l  boundary 
l a y e r .  By invoking Equat ion 50, t h e  water  channe l  boundary l a y e r  is assumed 
t o  a )  have zero heat c a p a c i t y  b )  be s p a t i a l l y  much t h i n n e r  t han  t h e  w a l l  

t h i c k n e s s ,  L, and c) s u p p o r t  h e a t  flow which may always b e  cons ide red  s t e a d y  
s t a t e  compared to t h e  o t h e r  thermal  time s c a l e s  in t h e  problem. 

The heat  t r a n s f e r  c o e f f i c i e n t ,  h, is, i n  g e n e r a l ,  a 
complicated f u n c t i o n  o f  t h e  hydrodynamic pa rame te r s ,  a s  well a s  t h e  a b s o l u t e  
t empera tu re ,  T ,  o f  t h e  water channe l  wa l l .  Q u a l i t a t i v e l y ,  h is roughly 
independent  o f  T in t h e  "convect ion cool ing" regime ( T  - 100°C). 
water  channe l  wal.1 t empera tu re  exceeds t h e  b o i l i n g  p o i n t ,  t h e  boundary layer 
s u p p o r t s  t h e  formation of sma l l  bubbles  which a r e  c o n t i n u o u s l y  reabsorbed i n  
t h e  bulk  of t h e  coo lan t .  T h i s  regime o f  o p e r a t i o n ,  " n u c l e a t e  b o i l i n g " ,  
improves heat t r a n s p o r t ,  and t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  I s  a strongly 
i n c r e a s i n g  f u n c t i o n  o f  T u n t i l  t h e  burnout  c o n d i t i o n  o c c u r s  . A t  burnout  

< Once t h e  

26 
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Figure 96. Slab of Finite! Thickness 



t h e  t u r b u l e n t  f l u i d  boundary l a y e r  is r e p l a c e d  by a b l a n k e t  o f  supe rhea ted  

steam and t h e  h e a t  t r a n s f e y  c o e f f i c i e n t  d r o p s  r a d i c a l l y .  

As l ong  as  t h e  wa te r  channe l  w a l l  t empera tu re  does  n o t  exceed 
IOOOC, w e  may approximate  h ( t )  = h = c o n s t a n t .  

27 can be solved s u b j e c t  t o  Equa t ions  49 and 50 . 
Then f o r  t < T, e q u a t i o n  44 

2 2  
-Dy. t / L  e 1  

R ' +(I-:) - 2 1  
i 

, (51)  

where B : h L/K is t h e  thermal conductance  o f  t h e  water channe l  boundary 
l a y e r  normal ized  t o  t h e  thermal conductance  of  t h e  c o l l e c t o r  w a l l ,  and t h e  

y 's a r e  t h e  p o s i t i v e  roots of i 

Y 

B 
- cot  y = ( 5 2 )  

The sum i n  Equation 51 r e p r e s e n t s  a spec t rum of h i g h l y  damped Weat waves'' 
w i t h  %avenumberstV which are tvresonant 'q acco rd ing  t o  Equat ion  52. The f i rs t  
t h r e e  r o o t s  of Equat ion  52 a re  p l o t t e d  i n  F i g u r e  97 v e r s u s  t h e  thermal 
conductance  parameter ,  B. T y p i c a l l y ,  o n l y  t h e  first and, p o s s i b l y ,  t h e  

secondg r o o t s  of Equat ion  52 are r e q u i r e d  for a p p r o p r i a t e  convergence  of t h e  

sum 1 i n  Equat ion  51, 

Equat ion  51 t o  o b t a i n  

i 

For times t > P, Duhamel's theorem can  be a p p l i e d  t o  
i 

Equa t ions  (51) and (53) were used t o  calculate t h e  t r a n s i e n t  
t e m p e r a t u r e  p r o f i l e s  f o r  a case of p a r t i c u l a r  interest  f o r  t h e  60 GMz, 
100 ms p u l s e d  t u b e  a s  shown i n  Table 74. 



WATER CHANNEL THERMAL CONDUCTANCE PARAMETER ,B 

Y Figure 97. Roots sf Cot y= I_ B 
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Table 1 4  
Parameters f o r  Cooling Calcula t ions  (F igure  98) 

coolant  temperature 
coolant  pressure  

coolant  v e l o c i t y  
coolant  flow rate 
coolant  heat t r a n s f e r  c o e f f i c i e n t  

inc ident  hea t  f l u  

wall t h i  c h e s s  

wall thermal conduct iv i ty  
wall thermal d i f  fus i v i t y  

pulse  dura t ion  

duty 

35OC 
100 ps ig  
0.91 f t / s e c  

2 @;pm 
o .22 watts/cm2-OC 
1 kWfcm 2 

0.5~18 cm 

4 .O watts/cm- C 
2 1-12 cm / s ec  

100 mec 

0 

The cool ing parameters i n  Table 1 4  were chosen t o  provide suf f ic ien t ;  
2 coa l ing  f o r  t h e  average p o w e r  (1 w a t t / c m  ) . The r e s u l t i n g  time h i s t o r y  f o r  

t h e  temperature p r o f i l e ,  as i n  Figure 98, shows t h a t  t h e  cool ing parameters 

are indeed s u f f i c i e n t  t o  hold temperature excursions within t h e  design 

l i m i t s .  Note t h a t  t h e ' t h e r m b  conductance of t h e  water channel f o r  t h i s  

case is very low compared t o  t h a t  of t h e  copper w a l l ;  t h e  water channel 
boundary a c t s  as an i n s u l a t o r  during t h e  hea t  pu lse .  

cons tan t ,  which was used i n  ca l cu la t ing  t h e s e  p r o f i l e s  i s ,  i n  h inds igh t ,  

v a l i d  because t h e  water channel w a l l  temperature never exceeds t h e  poin t  of 

t r a n s i t i o n  ( m  100 C )  from convection cool ing t o  nuc lea te  bo i l ing .  On a 
tinescale l a r g e  compared t o  t h e  pulse  dura t ion  , t h e  temperature p r o f i l e  

l abe led  as t = 0.2s decays uniformly t o  the  coolant  temperature i n  a t i m e  - 
LK/hD - 10 seconds. 

- 25 C, while t h e  average bulk water temperature excursion is  - 2.5 C.  

The assumption, h = 

0 

Thus, t h e  peak bulk water temperature excursion i s  
- 0  0 

From t h e  temperature p r o f i l e s  shown i n  Figure 98, we expected 
t h a t  for t h e  cool ing parameters i n  Table 14 and pu l se  dura t ions  on the order  

of s eve ra l  hundred mi l l i seconds ,  t h e  temperature excursion a t  t h e  water 
channel wall would not exceed the burnout temperature.  The one-dimensional 

c o l l e c t o r  c a l c u l a t i o n s  a r e  summarized i n  Figure 99.  These prel iminary hea t  
t r a n s f  eir c a l c u l a t i o n s  suggested t h a t  more d e t a i l e d  computer c a l c u l a t i o n s  be 
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Figure 99. Pulse Duration Regimes for Gyrotron Colkcton 
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performed t o  determine behavior at the  water channel.  

funct ion of pos i t ion  and t i m e ,  both during and a f t e r  a pulse ,  was required 

f o r  s t r e s s  ca lc i i la t ions .  It was necessary t o  determine the s u i t a b i l i t y  of  

the  c o l l e c t o r  f o r  repeated long pulse  operat ion and t o  determine t h e  

c o l l e c t o r  cool ing water flow rates required f o r  l e s s  than continuous 
operat ion.  

'The temperature as a 

Proposals were s o l i c i t e d  from outs ide  vendors t o  perform 

these  ca l cu la t ions .  

burnout ca l cu la t ions  during t h e  28 GHz gyrotron development. 

half t he  cos t  of t h e  proposed e f f o r t  was f o r  computer time. The hea t  flow 

i n  t h e  c o l l e c t o r  was s tudied  by means of mathematical modelin$ on t h e  TACO 

computer program at  t h e  National Magnetic Fusion Energy Computer Center at 

Lawrence Livermore National Laboratory i n  Livemore ~ CaPiPornia e 

One vendor had been used previously t o  perform CW 

Approximately 

TACO*' is a tvo-dimensional imp l i c i t  f i n i t e  eleluent code f o r  

heat  t r a n s f e r  ana lys i s .  It can perform both l i n e a r  and rionlinear analyses  

and can be used t o  so lve  e i t h e r  t r a n s i e n t  or s teady-state  problems. E i the r  

plane or  axisymmetric geometries can be analyzed. The c o l l e c t o r  is a 

nonlinear ease  

TACO i s  capable  of handling t i m e  or ~%mperature-dependent 

material p r o p e r t i e s ,  and ma te r t a l  may be eik'ner i s o t r o p i c  OF orthot.ropic. A 

var i e ty  of time and temperature-dependent 'Loadings and boundary condi t ions  

a r e  a v a i l a b l e ,  including temperature,  f l u x ,  convection, and r ad ia t ion  

boundary condi t ions  and in te r r ia l  heat generat ion 

b. The Mesh 

In  t h e  'TACO program, t h e  region t o  be analyzed f o r  heat 

t r a n s f e r  i s  represented by a mesh. Because of c o l l e c t o r  symmetry, there are 
a number of i d e n t i c a l  cross sec t ions  and the i r  mirror  images. Each sec t ion  

is centered on one of t he  channels through vhich cool ing water fl.ows. By 

symmetry, it can be assllmed t h a t  no heat flaws between adgacent cross 

sec t ions .  It wzs a l s o  assumed, f o r  s i m p l i c i t y ,  t ha t  no hea t  flows ac ross  

t he  outer  radius  of t h e  c o l l e c t o r .  A f u r t h e r  a s s ~ ~ ~ p t i o n  i s  t h a t  heat flows 

l a  5 



i n t o  a s e c t i o n  a c r o s s  t h e  vacuum-copper boundary,  which r e p r e s e n t s  t h e  i n n e r  
r a d i u s  of t h e  c o l l e c t o r ,  and o u t  of t h e  section a c r o s s  t h e  copper-water  
boundary,  which r e p r e s e n t s  t h e  wa te r  c h a n n e l .  

C a l c u l a t i o n s  were performed w i t h  a mesh of 174 nodes  and 140 

elements, i n c l u d i n g  two t r i a n g u l a r  elements on t h e  water channe l  s u r f a c e ,  
Due t o  t h e  l a r g e  amount o f  computing time r e q u i r e d  for  t h e  174-node mesh, a 
coarser mesh, w i t h  96 nodes  and 72 mesh cel ls ,  was c a l c u l a t e d .  A l l  cells i n  
t h e  coarser mesh a r e  q u a d r i l a t e r a l ,  i .e.,  there a r e  no t r i a n g l e s .  

Each mesh mode r e p r e s e n t s  a p o i n t  a t  which t h e  t e m p e r a t d r e  i s  

s p e c i f i e d  or is t o  b e  c a l c u l a t e d .  Each c e l l  r e p r e s e n t s  a volume of u n i t  
dep th .  Heat f l owing  a c r o s s  t h e  ce l l  b o u n d a r i e s  is s p e c i f i e d ,  or  i s  
c a l c u l a t e d  by t h e  program. The two meshes are  shown i n  t h e  p l o t s  i n  F i g u r e s  

100 and 101. Dimensions a r e  i n  c e n t i m e t e r s ,  

c. Boundary C o n d i t i o n s  

TACO can  o p e r a t e  i n  e i t h e r  t h e  s t e a d y - s t a t e  or t h e  t r a n s i e n t  

made.. I n p u t  h e a t  f l o w  a c r o s s  t h e  i n n e r  r a d i u s  of t h e  col lector  is s p e c i f i e d  
a s  a c o n s t a n t  h e a t  f l u x  ( e o g S p  1 kW/cmL) f o r  t h e  d u r a t i o n  of a p u l s e ,  o r  a s  

zero a f t e r  t h e  p u l s e  is t u r n e d  o f f ,  Output  h e a t  flow across t h e  wa te r  

c h a n n e l  boundary is r e p r e s e n t e d  by a tempera ture-dependent  c u r v e  

approx ima t ing  normal c o n v e c t i o n  c o o l i n g  a t  lower  t e m p e r a t u r e s ,  a s  g i v e n  by 

t h e  e q u a t i o n  29 

where hL = coeff ic ient  of  h e a t  t r a n s f e r  between f l u i d  and s u r f a c e  

based  on l o g a r i t h m i c  mean A t 9  [E tu /h r  f t 2  OF1 

C = s p e c i f i c  h e a t  a t  c o n s t a n t  p r e s s u r e  f o r  b u l k  CBtu/lb°F] 
Pb 

G = mass v e l o c i t y  Clb /hr  f t 2  of c r o s s  s e c t i o n ]  
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Figure 160. VGE-8066 Collector - Steady State ( 1  kW/em2 1 - 28 Ft&c Flow Rate Mesh Plot 
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I) = diameter (it) 

= v i s c o s i t y  of f l u i d  [lb/hr ft] 

k = thermal conduct iv i ty  of  f l u i d  [Btu/hr  ft OF] 

= I t ,  .+ t J / 2  f 
= far film t 

f 
Subscript  

= bulk 
b 

Subs c r i p t  

Subscr ipt  = wall w 

30 and f i l m  b o i l i n g  at higher temperatures,  as given by %he equat ion,  

!d-kere t = surface temperature 
W 
t = s a t u r a t i o n  teaperature of ~ i q u i d  ["PI 

2 
qfp, = heat P$U [ ~ t ; u / h r  it 1 
p = pressure ( ~ b / i n  absolute] 

sat 

2 

An exampbe of such a curve is  shown i n  Figure 192. When f i l m  b a i l i n g  

reaches a c r i t i c a l  po in t ,  i t  is no longer an  e f f e c t i v e  cool ing mechanism a n d  

'sbumout'p occurs, as given i n  the equation 31 
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. Figure 102. Heat Transfer Coefficient at 20 FdSee, 100 p i g ,  
35" c 
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The objec t ive  of t h e  c a l c u l a t i o n s  on TACO was t o  determine t h e  combinations 

of heat input f lux  ( c o l l e c t o r  d i s s i p a t i o n )  pu l se  dura t ion ,  and water 

pressure and flow r a t e  t h a t  can be expected without "burnout". 

d .  Resul ts  

h example of t h e  output  from TACO i s  shown i n  Figure 103, a 

p l a t  of temperatures at se l ec t ed  nodes versus  time for- a 2.0 second pulse ,  

The node numbers are indica ted  in  Figure 100. I n i t i a l  temperature of t h e  

e n t i r e  c o l l e c t o r  body was assumed t o  be 35OC,  t he  same as the  bulk water 

temperature.  

heated wall. 

9. Burnout temperature is 212 C. 

The maximum temperature reached by any node was 31Ioc, on t h e  

The maximum temperature on t h e  water channel was 192'C a t  node 
0 

A p l o t  of isothermal  l i n e s  for  the s teady-s ta te  so lu t ion  w i t h  

t he  same flow r a t e  is shown i n  Figure 104, The highest  temperature reached 

by any node on t h e  water channel is approximately 200°c. 

By s e t t i n g  t h e  heat f lux  across t h e  inner  rad ius  t o  zero,  and 

i n s e r t i n g  t h e  i n i t i a l  node temperature obtained a t  the  end of t h e  computer 

rim i n  Figure 103, it i s  poss ib l e  t o  c a l c u l a t e  t h e  temperature decay 

following a 2-second pulse .  The r e s u l t s  me shown i n  Figure 105. Node 

numbers a r e  t h e  same. 

Purther work with t h e  TACO computer program included : 

1) ca lcu la t ion  of t i m e  t o  burnout for  seve ra l  water flow 
3 rates at input  heat f luxes  ( d i s s i p a t i o n s )  of I kTnT/cm'- 

and 2 kW/cm2, 

2 )  c a l c u l a t i o a  of pulse  decay rates and pu l se  rise-decay 

cyc le s  

7 )  ca lcu la t ion  o f  temperature rise and f a l l  t o  be used f o r  

stress analysis 
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D = 1.50QE-bO2 
E = 7.600&+02 
F = 1.700E-kO2 
S = 1.80OEsQ2 
H = 1.900EsBB2 
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K = 2.200Es02 
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0 = 2.600E-bO2 
P = 2.700E*02 
SB = 2.800E+02 
w = 2*0QOE+02 
s = 3.QOOE+Bi? 
T = 3.lOClE-b02 
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i. Time- t 0- Burnout 

Time-to-burnout was ca lcu la ted  by running TACO i n  t h e  

t r a n s i e n t  mode u n t i l  the  temperature of t h e  h o t t e s t  node on the  water 

channel reached burnout temperature.  The r e s u l t s  of t h e  time-to-burnout 

ca l cu la t ions  with 'TACO a r e  tabula ted  i n  Tabbe 7.5. The results are p l o t t e d  

i n  Figure 106. 
2 2 kW/cm and 50 f t / s e c  flow rate is shown i n  Figure 107. 'The elapsed t ime 

t o  reach the burnout temperature of 215.46'~ i s  1.48 seconds. Notp t h a t  fol- 
1 kW/crn2 and a flow r a t e  of 20 f t f s e c ,  a s teady-s ta te  condi t ion was reached. 

There was no burnout. 

An example of t h e  temperature V ~ F S I ~ S  time behavior for 

Steady-state  temperatures a r e  ca l cu la t ed  by 'TACO i n  t h e  

nonl inear ,  s teady-s ta te  mode. 

f t / s e c  flow r a t e  i s  shown i n  Figure 108. Tsotherrml l i n e s  are p l o t t e d ,  

An example fo r  a 1 kkr/cm2 input flux and 40 

ii. Pulse Cycling 

I n  t h e  t r a n s i e n t  pulsed ca l cu la t ions  descr ibed 
previously,  the input hea t  f l ux  was en twed  i n t o  the program as a constant  

over t h e  inner radius  sur face ,  

Pulse  cycl ing can be modeled by en te r ing  t h e  input  heat 

f lux  along the  inner  sur face  as a piecewtse-lineap funct ion of t i m e .  One 

ca l cu la t ion  was made for a 1 kU/cm2 pulse  and cool ing water flow r a t e  of 40 

f t / s e c .  

cyc le  was repeated th ree  times. Resul ts  of t h e  cycl ing ca l cu la t ion  are 

shorn i n  Figure 109. Peak temperatures were 273 C for  the  heated w a l l  and 

152 C f o r  t he  hot spot  on t h e  cool ing c h a n n ~ l .  A t  t h e  end of the pulse  
decay, j i i s t  before r e s t a r t i n g  the  pulse ,  the  temperature on t h e  heated w a l l  

had dropped t o  36.9 C and t h e  temperature of t h e  hot spot  on the cool ing 

channel was 36.7OC. 
a t i m e  s t e p  of 0.025 ~ e c o n d s ,  i s  shorn i n  Figure 110, 

The pulse  was on f o r  3 seconds and o f f  f o r  3 seconds and t h e  on-off 

0 

0 

0 

A s i n g l e  cycle  of t h e  same pulse  t r a i n ,  ca'l.culated with 

f 85 
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iii. Conclusions 

' A t  higher cooling water flow ra tes ,  t h e  r i s e  of 

temperature a t  the cooling channel w a l l  i s  very gradual and only a s l i g h t  

change i n  temperature occurs over a re la t ive ly  long time. It is  important 
t o  careful ly  consider the safety fac tors  required t o  avoid burnout of an 
ac tua l  col lector .  For example, i n  t h e  case represented by Figure 107, a 

"one degree safety factor" i n  burnout temperature w i l l  reduce the  

time-to-burnout pulse duration from 1.48 seconds t o  1.31 seconds. 
a l s o ,  tha t  as the flow r a t e  increases, the temperature spread narrows 

between the  onset of surface boiling and actual  burnout. 

Notice, 

2. Magnetic Field and Collector Electron Trajectory Calculations 

The X - l  col lector  melted near t h e  top of the cooling channels. 
The electrons appeared t o  be landing too high i n  the col lector .  

f i e l d  calculations and t ra jec tory  simulations i n  the col lector  region were 

done t o  see i f  "hot spot" problems could be solved by replacing a 

non-magnetic flange with a polepiece made of magnetic material. 

Magnetic 

Figure 111 shows the  magnetic f i e l d  on a x i s  i n  the  co l lec tor  

region for  three cases: 

1. N o  polepiece 

2. 5" I D  polepiece 
3. 4't I D  polepiece 

It can be seen from t h e  plot  i n  Figure 111 t h a t  the most pronounced ef fec t  

on the magnetic f i e l d  occurs at about 11 t o  15 inches from the center of t h e  

interact ion c i r c u i t  e 

runs were made f o r  the three cases above. 
Using a beam simulated by 24 t r a j e c t o r i e s  computer 

Figure 112 shows a cumulative current d i s t r ibu t ion  for  these three 
cases. The t o t a l  current collected is incremented by the amount of current 

represented by t h e  t ra jec tory  at the point where the t ra jec tory  impinges on 

the co l lec tor  wall. It can be seen t h a t  the addition of the  polepiece 

19 2 
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causes t h e  cu r ren t  t o  be co l l ec t ed  seve ra l  inches closer t o  t h e  i n t e r a c t i o n  

c i r c u i t .  For t h e  4" polepiece case ,  a least  squares f i t  polynominal w a s  

ca lcu la ted  y i e ld ing  t h e  formula: 

( 5 7 )  
2 I = -22.15 -+ 1.44786 x -0.01'7438~ , 

CUm 

where x i s  t h e  d is tance  f r o m t h e  cen te r  of the i n t e r a c t i o n  c i r c u i t .  This 
smoothed cu r ren t  d i s t r i b u t i o n  is  shown in  Figure 117. The power 

d i s t r i b u t i o n  was derived from t h e  smoothed cu r ren t  d i s t r i b u t i o n  and i s  

p lo t t ed  i n  Figure 114. The break i n  the  curve a t  x 3 30 occurs at the  

t r a n s i t i o n  from conica l  t o  c y l i n d r i c a l  walls, 

Improving Col lec tor  -- Fatigue L i fe  3. ------ 

Pusion app l i ca t ions  subjec t  t h e  collector t o  t he  repeated thermal 
shock of extended pulse  dura t ions  and poss ib le  f a t i g u e  f a i l u r e .  One 

so lu t ion  would be t o  f ind  a cons t ruc t ion  material b e t t e r  su i t ed  t o  fusion 

app l i ca t ions .  Since f a t i g u e  l i f e  i s  d i f f i c u l t  t o  p red ic t  a n a l y t i c a l l y ,  

experiments were performed t o  measure t h e  fatigue l i f e  of the ?resent  

cons t ruc t ion  material, OPHG copper (OPHC is an AMAX I nc .  trademark f o r  high 

conduct iv i ty  oxygen-free copper) 

The experimental  equipment cons is ted  o f  planar  diodes us ing  a 

staaidard e l ec t ron  gun from a UHF-TV transmitter tube.  The anodes were 

f ab r i ca t ed  from OFHC copper and used cooling channel geometries and cool ing 
f l u i d  parameters i d e n t i c a l  t o  those  of t h e  c o l l e c t o r .  'The water v e l o c i t y ,  

p ressure ,  and i n l e t  temperature were con t ro l l ed  during t h e  tes t .  The 

e lec t ron  gun m s  adjus ted  t o  produce a beam of uniform e l ec t ron  dens i ty ,  and 

t h e  dens i ty  at t h e  anode pos i t i on  vas measured i n  t w o  dirnensions,  w i t h  

e x i s t i n g  equipment, before  t h e  diodes were assembled. By ad jus t ing  t h e  

anode vol tage ,  the  power dens i ty  could be s e t  a t  any va lue .  The anode 
vol tage  was switched on and off for equal time i n t e r v a l s  until the tes t  was 

completed, The t i m e  i n t e r v a l s  were set equal t o  th ree  collector thermal- 
t i m e  cons tan ts  s 
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Figure 113. Smoothed Current Distribution 50 GWz Gyrotson Coltector 
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The co l lec tor  is manufactured from a copper forging, but a brazing 
0 temperature of 1000 C i s  s u f f i c i e n t l y  high t o  completely anneal any of the  

su i tab le  col lector  materials,  thus removing any strength acquired during t h e  
forging operation. A l s o ,  a f t e r  the  tube is assembled, it must withstand 
several  hours of bakeout at 500°c. 

0 The ideal  material has a melting point above 1000 C ,  has a t  l e a s t  
t m  75% of the thermal conductivity of OFHC 

strength by solution heat t rea tment  only, without cold working, and i s  able 

t o  age at the bskeout temperature of 5oo°C. 
recover the thermal conductivity l o s t  during t h e  quenching cycle. 

copper, produces maximum t e n s i l e  

The aging i s  necessary t o  

Since fat igue l i f e  i s  proportional t o  the ultimate t e n s i l e  
s t rength,  the two most important parameters, t e n s i l e  strength and thermal 

conductivity, for  a var ie ty  of candidates a re  shown i n  Table 16. 
expected that  the  maximim temperature of t h e  co l lec tor  w i l l  not exceed 3 7 5 O C  

during normal. operation, thus,  the strength of a l l  the candidate materials 
must be tes ted  at tha t  temperature. Most of the  material  properties are 

known only at ambient temperatures, which a r e  the  values shown i n  Table 16. 

It i s  

As can be seen from the  comments column i n  Table 16, a large 

number of these materials have s ignif icant  disadvantages. Alloy 10 i s  not 

commercially avai lable .  Numbers 8 and 9 are  not acceptable due to the very 

high vapor pressure of cadimum; s i l v e r  is not sui table  for  the saae reason. 

Magnesium has a moderately high vapor pressure, thus , a l loy  number 6 w i l l  

not be considered fur ther .  However, number 7 is acceptable since the amount 

of magnesium i s  only 0.05%. 

looks a t t r a c t i v e ,  but its high temperature strength i s  not s ign i f icant ly  

be t te r  than OFCH copper. The remaining candidates 4, 7, 12 and 13 a r e  

examined i n  de ta i l  later.  

Because of i t s  high conductivity, Number 5 

Alloy #2, OFHC copper was tes ted t o  es tabl ish a base l i n e  for the 
experiment. Figure 115 shows the t e n s i l e  and yield s t rength,  along with 
elongation and reduction of area for  annealed OFHC copper as a function of 

19 8 



CANDIDATE MAbBEIRiALS FOR !IMPROVED COLLECTOR FATIGUE LIFE 

COMBQSsBlclN COMMENTS 
ALLOY TRADE WEIGHT THERMAL (1) ITENSILE (2) AND 

NUMBER NAME PERCENT CON DUCT! W ITY STRENGTH RESTRlCTlONS 
1 Sliver IOQQh Ag 4.3 Expensive, high vapor pressure 

lQO%0 cu 3.8 30( 85) 

c u  +- 0.15Ar 3.3 58(85) 

5 ASWSBL"" ,Cu + 0.892Ag 3.6 40(50) 

6 ssc-155 Cba -k 0.041 Ag + Q . O W  ii O.%dMg 3.4 45(0) Mg has high vapor pressure 
7 AMAX-MZC Cu -b B.Q6Mg + Q.15Zr e U C r  3.2 60(40) 

Icu 3 0.02 Fe + 1.OCd I 3.4 38(37) !Cd has a very high vapor pressure 
9 pEd " 135 Phelps Dodge I 3.1 1 50(0) /Cd has a very high vapor pressure 1 

10 B-D Copper Boron Deoxidized Cu + 0.01B 3.6 30(85) No longer commercially available 
I 1  CUBE-Alloy"" * CU -+ 0.5Be02 2.1 70(50) t o w  Conductivity 
12 IGLlOCOP AL-45 3.5 60(555 May contain oxygen 

(1) Thermal Conductivity Wlcml "C 
(2) Tensile Strength X IO3 p a .  Numbers in parentheses am YO reduction during cold working prior to measuring tensile strength. 

* Trademark for oxygen-free copper plus kircesniesm manufactured by AM AX Pnc. 

* * *  Tradernark for dispersion hardened copper manufactured by Hamdy and Harman. 
" Trademark %or silver-bearing copper rnanulactured by AMAX Inc. 



1 
I 

1 
1 

I 
1 

I 
I 

2
8

0
 



temperature e 3 2  The t e n s i l e  s t r eng th  at  the  projected opera t ing  temperature 

of 375 C i s  approximately 15 k s i .  The objec t ive  was to  f ind  a, copper a l l o y  

t h a t  i s  s i g n i f i c a n t l y  s t ronger  than OFHC at 375 C af te r  being subjected t o  

1000 C brazing temperature e 

0 

0 

0 

An exanpbe of work-hardened OFHC copper i s  shown i n  Figure 116. 
It is i n t e r e s t i n g  t o  note that  a l l  of t h e  s t r eng th  due t o  cold working has 

been l o s t  at  t h e  brazing temperature of lo00 e ,  t h e  t e n s i l e  s t r eng th  is only 

2 .O k s i .  

0 

33 

Alloys 3 ,  4 arid 7 are a l l  from t h e  same rQanufacturet-, and they 
recommended number 7 as t h e  b e s t  of the  t h r e e  f u r  t h i s  app l i ca t ion  since i t  

has higher t e n s i l e  s t r eng th  at  e levated temperatures.  Thus, alloys 3 and 4, 
were 110 longer considered. ‘fie s l i g h t  Loss in thermal conduct iv i ty  of a l l o y  

34 is due pr imar i ly  t o  the  presence of chromium, 8 s  shown by Figure 117. 

Alloy number 7 would be p a r t i c u l a r l y  well  su i t ed  i f  the braz ing  

cyc le  coiild be followed by a rapid water quench and then aged a t  400 t o  

yjo°C, which matches t h e  bakeout cyc le .  
undoubtably cause dfmensional. changes, as w e l l  as severe oxidat ion of the  

sur faces .  It is not known whether an i n e r t  gas quench w i l l  be rapid enough 

t o  produce s i g n i f i c a n t  improvements i n  s t r eng th ,  I f  alloy niunber 1 2  cannot, 

be obtained i n  s u i t a b l e  condi t ion  and/or sizes, a prel iminary tes t  could be 

made ora alloy rambet- 7 t o  tes t  i t s  a b i l i t y  t o  be heat t r ea t ed  without 

dimensional changes. Figure 118 i nd ica t e s  t h a t  a stress l e v e l  of 25 k s i  can 

be used and s t i l l  produce EO 

However, a water quench w i l l  

6 35 cyc le s  t o  f a i l u r e  even without cold working. 

Alloy 13 (NAREOY-Z) is  a p ropr i e t a ry  material containing s i l v e r  

and zirconium as a l loy ing  elements. The ma te r i a l  w a s  developed by the  

Rocketdyme Division of Rockwell In t e rna t iona l  Corporation and has been 

t e s t e d  for  NASA by Ebttiflg Aerospdce Company.36 

St rength  ( T U S )  at 3 7 5 O C  i s  33 ksi, which i s  considerably b e t t e r  than OPHC 

copper. The t e n s i l e  s t r eng th  and t h e  ultimate y i e l d  stPength (TYS) i s  shown 

as a funct ion of temperature i n  Figure fig. The s t r e s s - s t r a i n  r e l a t i o n s h i p  

f o r  t h i s  a l l o y  is shown i n  Figures  120 and 121.  The low-cycle f a t igue  
f a i l u r e  i s  given at 537 C, with a s t r a i n  rate of 0.002 see-’-, as shown i n  

The U l t i m a t e  Tens i le  
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Figure 4 47. increase of Esectrical Resistivity of Copper with Admixtures sf Various 
Elements 

6Q 
a 
4 

E r n  
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B 

Figure 118. Room Temperature Fatigue Strength of AMAX- 
MZC in Various Conditions 
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Figure 119, Tensile Strength ws Temperature for NAWLOY Z 
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Figure 127. 810.9' K {lQOQ'F) Cycle Stress-Strain Curves for NARLOY Z.  



Figure 122. If a l i n e a r  ex t rapola t ion  is  nade t o  40,000 cyc le s ,  t h e  maxiiniun 

strain range i s  0.35%. Again, doing some in t e rpo la t ing  on Figure 120 t o  
ob ta in  t h e  opera t ing  temperature of 375 C ,  t h e  stress l e v e l  i s  20 k s i  to  

produce a s t r a i n  range of 0.35%* 

0 

As a reference ,  t h e  same information given f o r  Alloy 13 i s  also 

shown f o r  Alloy 2 (OFIIC copper) i n  Figures 123, 124 and 125.35 
t e n s i l e  s t r eng th  (TUS) as shown i n  Figure 123 i s  1 4  k s i  a t  375'C. 

stress-strain r e l a t i o n s h i p  i s  presented i n  Figure 124. Extrapolat ing Figure 

125 t o  40,000 cyc le s  produces t h e  s t r a i n  range of 1 3 ~ 3 5 % ~  which is  the  same 

as NARLOY-Z. Again, the low-cycle f a t i g u e  da ta  were taken at 537 C ,  which 
i s  above the  opera t ing  temperature of 3'15 c .  Fxamining Figure 124 at t h i s  

s t r a i n  range, we see t h a t  t h e  s t r e s s  l e v e l  i s  l imi t ed  t o  6.5 k s i  t o  produce 
t h e  same value of 40,000 cyc le s  t o  fa i lure  as i?imLOy-Z at 20 ksi. 

The i l l t imi t e  

'me 

0 

0 

5 .  Dispersion Strengthened Copper 

The Glidden Metals Division of the SCM Corporation has an 

experimental mater ia l  called GLCEOP AL-159 mmber 12 i n  Table 16, which 
ob ta ins  i t s  high temperature s t r eng th  by t h e  addi t ion  of a s m a l l ,  0.3% by 

e The manufacturing process i s  wt. e mount  of aluminum oxide,  

complicated. It involves con t ro l l ed  amounts o f  oxygen added t o  a rnixturs o f  

elemental. alurainim and copper i n  povdere? form at e leva ted  t e q e r a t u r e s  i n  s 

con t ro l l ed  atmosphere f'usnace, The f i n a l  product must be extruded, o r  for  

sizes required f o r  c o l l e c t o r s ,  it must be hot - i sos ta t ica l ly-pressed ,  A 

sample of t h i s  material w a s  suppl ied by SCM and checked f o r  g ra in  s i z e  and 

oxygen content .  The sample vas sec t ioned ,  f i r e d  i n  d r y  hydrogen a t  l o O D  C 
u n t i l  t he  part had reached thermal equi l ibr ium, pol i shed ,  acid-etched and 

photographed a t  100 magnif icat ion and 400 magnif icat ion,  shown re spec t ive ly ,  

i n  Figures  126 and 127. 

t h e r e f o r e ,  t he  ayes at the top i s  OFHC copper and the area at the  bottom i s  

A l  0 dispersion-hardened copper. As can be seen from t h e  photographs, t h e  
g r a i n  growkh i n  t he  OF'ZIC copper approached 0.5 iim i n  diameter,  whereas t h e  

AL-15 gra in  s i z e  was a t  least dn order  of magnitude smaller. There w a s  no 

evidence of oxygen i n  the sample material., s ince  hydrogen at t h i s  

temperature will reduce coppel- oxide t o  copper and water vapor. The w a t e r  

111203 

0 

'This sample vas extruded i n  an OFHC copper cup; 

2 3  
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Figure 122. Typical bow-Cycle Fatigue Life of NARLOY Z 
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Figure 123. Tensile Strength vs Temperature far OFHC 
Copper Amnealed Condition 
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Figure 125. Typical Low-Cycle Fatigue Rife sf 6 F H C  Copper 
Annealed 
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Photo 0681-82 

Figure 126. Giiddsra Al-15 (Oxygen Free) After 10M)°C 
Dry Hydrogen Firing lOOX Magnification 

Photo 0682-82 

Figure 127. Glidden AL-I5 {Oxygen Free) After dO00"C 
Dry Hydrogen Firing 4OOX Magnification 
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vapor becomes steam and ruptures  the sur face  producing v i s i b l e  voids when 
viewed under s u f f i c i e n t  magnif icat ion 

An earlier s a r p l e  received from SCM d id  contain oxygen i n  t h e  form 

of copper oxide,  which was r e a d i l y  reduced by the hydrogen during t h e  f i r i n g  

cyc le .  The black areas, shown i n  Figures  928 and 3-29 are voids caused by 

hydrogen penet ra t ion  i n t o  t h e  material 

Dispersion-hardened copper behaves quite d i f f e r e n t l y  from the  

copper a l l o y s .  It does not, requi re  heat treatment or aging and maintains 

i t s  s t r eng th  a t  much higher temperatures than t h e  a l l o y s ,  SCM corpora t ion  

has not produced f u l l  s p e c i f i c a t i o n s  f o r  t h e  AL-95 material. However, they  

T t  

can be noted from Table 16 t h a t  t h e  thermal conduct iv i ty  of AL-15 i s  92% of 

the value fo r  OFHC copper. 

state tha t  it is  very similar t o  AL-20 except f o r  t h e  lack of  oxygen. 37 

The s t r eng th ,  hardness and  elongation is given i n  Figlire 130 as a 

funct ion of cold work. A t yp ica l  forging o r  hot press ing  vi11 achieve a 50% 

mduct ion  i n  thickness  ‘Yherefore t h e  room temperature t e n s i l e  s t r eng th  i s  
xpproximntxly 70 ksi, whiek is  super ior  t o  all t he  o the r  mater ia l s  

c o n s i d e ~ e d ,  An i nd ica t ion  of i t s  high temperature p rope r t i e s  can be seen i n  
Figure 131. 

s t r e n g t h  at  e levated temperature can be ween i n  Figlire 132. 

The dramatic improvement of fi-20 over OFBC copper i? rupture  

A sample of AIJ.-15 and OPHC wd8 checked f o r  hardness before  and 

after 10oo°C hydrogen f i r i n g .  ”he r e s u l t s  are shown i n  ‘Table 17. 

‘Table  17 
Material Hardness Reduction 

* DPH = Diamond pa in t  hardness numbers, which are the  same as Vickers 
hardne 8s numbers 

2 13 



Photo 0684-82 

Figure 128. Glidden AL-20 (Oxygen Bearing) Unfired 4OOX 
Magnification 

Photo 0685-82 

Figure 129. Glidden AL-20 (Oxygen Bearing) After Dry 
Hydrogen Firing a t  1oOOo6 at 400X 
magnification 
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Figure 131. Effect of Qne Hour Elevated Temperature Exposure on the Room 
Temperature Mechanical Properties of At-20 G LlDCOP Strip 





Since hardness is proportional t o  t e n s i l e  s t rength,  which is a 
measure of fa t igue l i f e ,  it is  apparent tha t  AL-15 i s  much stronger 

i n i t i a l l y .  

str-ength after being subjected t o  1000 C . 
It a l s o  does not lose  a s ignif icant  amount of room temperature 

0 

I f  AL-l5 can be consis tent ly  produced oxygen f ree ,  i n  s izes  

suf f ic ien t  for col lector  fabr icat ion 'B it c lear ly  is the bes t  material l i s t e d  
i n  Table 16. Therefore, the a l loy  numbers of in te res t  a re  2 ,  '7 ,  12 and 13. 

6 .  Metal Matr ix  Composites 

Most of the composites have been developed for  aerospace 

applications,  where high strength t o  weight r a t i o  i s  paramount. Therefore, 

most of t h e  mat r ix  materials have been aluminum and magnesium. However, 

there has been a minor development e f f o r t  which uses copper as the m a t r i x  
material .  The most promising cambination for  water-cooled co l lec tors  i n  

pulsed applications i s  OFHC copper strengthened by graphite f ibers .  Only 

two companies were located that  had worked with t h i s  material .  Materials 

Concepts, Inc . ,  i n  Columbus, Ohia, had coated. graphite yarn with copper, but 

not in an oxygen-free environment e DWA, Lne . , i n  Chatsworth, California , 
was strengthening copper with continuous filaments of A l  0 , supplied by 

E.I. DuPont de  Memours and Co., Inc., but again, t h e  work was n o t  done i n  an  

oxygen-free environment A s ignif icant  development program wouLd  ?lave t o  be 

funded t o  develop OFHC metal, mat r ix  composites. 

2 3  

Beam Distribution Measurement 

The power d is t r ibu t ion  i n s i d e  gyrotron co l lec tors  was determined 

experimentally. When the gyrotron is  operating under beam-only condi%ions 

the electrons have a s m a l l  spread of energies, This allows the use of x-ray 

detection techniques t o  accurately determine the r e l a t i v e  power density.  A t  

parameters su i tab le  for 200 kw operation, t h e  electron energy d is t r ibu t ion  

i s  very broad with a median energy of 55 kV. The col lector  power 
d is t r ibu t ion  w a s  measured under these conditions. 

2 18 



Under beam-only c o n d i t i o n s ,  e i t h e r  f i l m  o r  TLD detectors can be  

used  t o  determine t n e  r e l a t i v e  x-ray d e n s i t y  and ,  d i r e c t l y ,  t n e  beam c u r r e n t  

l a n d i n g  i n  a p a r t i c u l a r  a r e a .  With a wide  s p r e a d  of e l e c t r o n  e n e r g i e s ,  and ,  
t h e r e f o r e ,  a w i d e  s p r e a d  o f  x-ray e n e r g i e s ,  a means must be  p rov ided  t o  

d i f f e r e n t i a t e  %ne x-ray e n e r g i e s p  a s  w e l l  a s  d e t e r m i n e  t h e i r  d e n s i t y .  A 

s c i n t i l l a t i o n  detector  can  do t h i s ,  b u t  t h e  c o r r e l a t i o n  between beam c u r r e n t  

and c o u n t  s a t e  is n o t  well  de f ined .  Another  drawback t o  t h i s  method i s  t h a t  

x- rays  below 60 kV w i l l  be  a t t e n u a t e d  almost e n t i r e l y  by t n e  coppe r  wall of 

t n e  c o l l e c t o r .  T h i s  i s  v e r y  d i s c o u r a g i n g ,  since t n e  m a j o r i t y  of t h e  power 
of“ tsle s p e n t  beam l i e s  below tnis l e v e l ,  

A second t e c h n i q u e  was t o  measure  t h e  t e m p e r a t u r e  d i f f e r e n c e s  

c r e a t e d  on t h e  o u t s i d e  s u r f a c e  o f  t h e  c o l l e c t o r  by t h e  i n c i d e n t  beam power. 

Tila t h i s  case, t h e  r e l a t i o n s h i p  between the o b s e w e d  change  i n  t e m p e r a t u r e  

and the i n c i d e n t  beam f l u x  was we14 d e f i n e d ,  To u s e  t h i s  t e c h a i q u e ,  t h e  

c o l l e c t o r  c o o l i n g  w a t e r  was t u r n e d  of f  t o  p r e v e n t  t h e  r a p i d  removal  o f  t h e  

i n c i d e n t  p ~ w e r .  There  were two e x p e r i m e n t a l  o p t i o n s  w i t h  t h i s  method. One 
was t o  u s e  an i n f r a r e d  camera t o  measure  t h e  t e m p e r a t u r e  d i s t r i b u t i o n .  The 

other t e c h n i q u e  was t o  u s e  an a r r a y  of s u r f a c e  t e m p e r a t u r e  s e n s o r s .  The 
i n f r a r e d  camera approach  would have had t h e  a d v a n t a g e  o f  b e i n g  easy t o  se t  
up ,  and t h e  equipment  was a l r e a d y  on hand. The s u r f a c e  t e m p e r a t u r e  s e n s o r s  
were more a c c u r a t e  and d i d  n o t  s u f f e r  from p rob lems  w i t h  background 

t e m p e r a t u r e s .  Both o f  t h e s e  approaches  were i n v e s t i g a t e d .  

The r e l a t i o n s h i p  between i n c i d e n t  power f l u x  and o u t s i d e  s u r f a c e  

t e m p e r a t u r e  is e a s y  t o  s p e c i f y  f o r  a one-d imens iona l  model.. Fo r  a s l a b  of  
f i n i t e  t h i c k n e s s  w i t h  c o n s t a n t  h e a t  f l u x ,  F, a t  X = L for  p u l s e  d u r a t i o n ,  r, 
and no h e a t  flow a t  X = 0 ,  t h e  t e m p e r a t u r e  is: 38 

2 19 



FOP t > p 

(2n + 1) L - X 
2 (cr(t-r>> 1/2  

(2n + 1 )  L + X 

2 ( a ( t - r>  

+ 

i e r f c  1’2 

- ( a ( t - a ) )  ’’* ie r f c  

2 1 -x 
where i e r f c  X -- e - X erfc  X -fi 

/ 
( 5 9 )  

where a i s  t h e  t h e r m a l  d i f f u s i v i t y  and k is t h e  t h e r m a l  c o n d u c t i v i t y .  

Using t h e s e  e q u a t i o n s ,  t h e  i n n e r  w a l l  t e m p e r a t u r e  a t  X = L as  a 

f u n c t i o n  of time for  d i f f e r e n t  p u l s e  d u r a t i o n s  was d e t e r m i n e d  and i s  shown 

i n  F i g u r e  133. 
g i v e  a t  l e a s t  a f a c t o r  of two s a f e t y  margin.  As can  b e  s e e n ,  a p u l s e  
d u r a t i o n  of 0.250 second  g i v e s  a t o l e r a b l e  t e m p e r a t u r e  rise. With t h e  p u l s e  

d u r a t i o n  f i x e d ,  we p l o t t e d  t h e  outer  w a l l  t e m p e r a t u r e  a t  X = 0 a s  a f u n c t i o n  
of time f o r  v a r i o u s  i n c i d e n t  power f l u x  l e v e l s ,  a s  shown i n  F i g u r e  134. A 

power f l u x  l e v e l  as  low a s  100 W/cm s t i l l  c a u s e s  a d e t e c t a b l e  t e m p e r a t u r e  
rise. 

A maximum i n c i d e n t  power f l u x  of  2 kW/cm2 was assumed t o  

2 

The s p a t i a l  r e s o l u t i o n  of t h e  expe r imen t  was l i m i t e d  by t h e  

t r a n s v e r s e  d i f f u s i o n  o f  t h e  h e a t .  The co l l ec to r  was o p e r a t e d  uncoo led  for  a 

s i n g l e  p u l s e  of 5 t o  20 m s .  
t e m p e r a t u r e  r i se  which c o u l d  be  compared t o  t h e o r e t i c a l  c o r r e l a t i o n s  between 
i n c i d e n t  power f l u x  and t e m p e r a t u r e  rise. Tempera tu res  were r e c o r d e d  a t  
f o u r  a z i m u t h a l  p o s i t i o n s  ( c a l l e d  n o r t h ,  s o u t h ,  e a s t  and west) t o  check  for  
a symmet r i e s  e 

The p u l s e  caused  a s m a l l ,  b u t  d e t e c t a b l e ,  

220 



2 2%
 



m
 

m
 

b
 

N
 

m
 

N
 

m
 

N
 

cu 

N
 

In
 

h
 

--. 

In
 

4
 

m
 

cu 
4
 

c
4
 

In
 

b
. 

Ln 

m
 

N
 

m
 

222 



1 1 , ~  L I A t u r s L L c i i  L I I O C ~ ~ ~  i b  LI L~a-diriieris;.oiiaI, rectaangular ,  

c y l i n d r i c a l  Eiociel computed on a f i n i t e  element code known a s  K A h C  8:nalysis. 

Figure 1 j5  gives  the ca lcu la ted  temperbthre r i s e  as a function o f  time and 

pos i t ion  for- a 1 kW/cm2 i n p u t  heat f lux  over one square cent imeter ,  w i t h  no 
heat f lux  over the  r e s t  of the  surface.  The peak temperature r i s e  is about 

0 . 1 4 O C .  

Lhen the peak temperature r ise is about 0,6 C. The ac tua l  e f f e c t  of" 

d i f fus ion  away from small a reas  of high powet" dens i ty  i n  the  tube probably 

r e s u l t s  i n  temperature r i s e s  between these twa values.  I n  c a l i b r a t i n g  t h e  

measurements, no azimuthal heat  flow away from hot. spo t s   as assurfled; i . e . ,  

t he  0.6 C case.  Indicated d e n s i t i e s ,  by doing this, were ac tua l ly  somewhat 

lower than the t r u e  values.  

2 I f  the heat f lux is a constant  1 kW/cm over the e n t i r e  sur face ,  
0 

0 

Early temperature readings were made on an osc i l loscope ,  l imi ted  

t o  viewing two sensors  a t  a time. La ter ,  a comput+t?r-based data  acqu i s i t i on  

system, caljable of recording 1 6  readings simultaneously has developed. The 

computer a l s o  automatical ly  converted temperature r i s e  t o  inc ident  heat  

f luxes .  This system allowed q u i c k  and r e l i a b l e  explorat ion of many more 

magnet c a i l  configurat ions.  A schematic of the system is shown i n  
Figure 136* 

The co l l ec to r  sec t ion  of X-8 was made 12 inches longer than t h a t  

of X-7, t o  allow a bucking c o i l  t o  be moved higher and t o  provide mare 'oom 

a t  the bottom of the co l l ec to r  for  d i f f e r e n t  c o i l  conf i&ur&t ions ,  

Two c o i l  configurat ions were t r i e d .  The f i r s t ,  was i d e n t i c e l  t o  

t h a t  used on X-7: a bucking c o i l  near the top ,  and an aiding c o i l  Jus t  above 

t h e  main magnet dewar. The power-density measurements a re  summarized i n  
Figures  137 and 138- 

The  second configurat ion had an ex t r a  a id ing  coil a t  the  bottom of 

the c o l l e c t o r ,  and the bucking c o i l  was moved six inches higbep. Results 

a r e  shown i n  Figures  939 and 340. The magnetic f i e l d s  f o r  the  two 

conf igura t ions  are  shown i n  F i g u ~ e  1 4 1 0  
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Figure 135. Calculated Collector Wall Temperature Rise 
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Figure 136, Schematic of Computer Data Acquisition Systam 
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Figure 137. Measured Collector Power Density in X-8: 2 coils 
with rf 

226 



1200 1 

200 

0 

Figure 138. Measured Power Density in X-8, 2 Coils, No RF 
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Figure 148. Measured Power Density in X-8: 3 Coils no rf 
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Figure 141. Collector Magnetic Field with 2 and 3 Coils 
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The d a t a  i n d i c a t e  p e a k  power d e n s i t i e s  of a b o u t  700 K/cm2 w i t h  r f ,  

and 900 W/crn2 w i t h o u t  r f ,  for  b o t h  c o i l  c o n f i g u r a t i o n s ,  

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

s h o r t  of t h e  a c t u a l  b e a n  pawer by 33% w i t h  r f ,  and '45% w i t h o u t .  Therefore, 

t h e  power d e n s i t i e s  were s c a l e d  up t o  c o r r e c t  t h e  t o t a l  power d e p o s i t e d ,  

g i v i n g  p e a k  i n c i d e n t  f l u x e s  of 1 .O kN/cm2 w i t h  rf , and 1.6 kh'/cm2 fo r  t h e  
beam-only case 

However, 

F i g u r e s  137 t h r o u g h  140 assumed a r e c t a n g u l a r  c o o r d i n a t e  model .  

Mhen t h e  model  was improved t o  use c y l i n d r i c a l  c o o r d i n a t e s ,  t h e  i n c i d e n t  

power f l u x e s  i n c r e a s e  s l i g h t l y .  

R e s u l t s  f o r  t h e  t h r e e - c o i l  c o n f i g u r a t i o n ,  w i t h o u t  c o r r e c t i o n  f9r 

t o t a l  power d e p o s i t e d ,  are shown i n  F i g u r e s  I 4 2  and 143. NQCI,  w i t h  r f ,  t h e  

p e a k  f l u x  i s  900 W / c m  , and w i t h o u t  r f ,  it is 1.2 kW/cm After  c o r r e c t i n g  

f o r  t h e  t o t a l  power d e p o s i t e d ,  t h e s e  v a l u e s  i n c r e a s e  t o  l . C  kkJ/cm2 and 

1.3 kM/cm , r e s p e c t i v e l y .  Such  power d e n s i t i e s  a re  c l e a r l y  t o o  h i g h  f o r  

r e l i a b l e  CW o p e r a t i o n ,  p a r t i c u l a r l y  when we c o n s i d e r  t h a t  t h e  rfleasurement 

method may not g i v e  t r u e  p e a k  v a l u e s  b e c a u s e  of t r a n s v e r s e  h e a t  d i f f u s i o n  i n  

t h e  t h i c k  c o p p e r  co l l ec to r  

2 2 

2 

The s h a p e  of t h e  power d e n s i t y  p r o f i l e s  for t h e  two c o i l  

c o n f i g u r a t i o n s  is e s s e n t i a l l y  t h e  same. The main d i f f e r e n c e  is t h a t  t h e  
p a t t e r n  h a s  s h i f t e d  upward a b o u t  s i x  inches, F i g u r e  141 r e v e a l s  t h a t  t h e  

n u l l  i n  t h e  m a g n e t i c  f i e l d  h a s  a l s o  s h i f t e d  upward a b o u t  s i x  i n c h e s .  The 

b u c k i n g  c o i l  causes t h i s  n u l l  and e s s e n t i a l l y  d e t e r m i n e s  where t h e  beam 

l a n d s .  

From t h e s e  d a t a ,  two c o n c l u s i o n s  were drawn. F i r s t ,  t h e  l a r g e  

d i a m e t e r  c o i l s  used  i n  t h i s  e x p e r i m e n t  d i d  not p r o v i d e  enough s e n s i t i v i t y  
and c o n t r o l  t o  p r o p e r l y  s p r e a d  t h e  bean o u t  a l o n g  the c o l l e c t a r .  S e c o n d ,  t n  

a l t e r n a t e  means of p r o t e c t i n g  t h e  t o p  of t h e  co l l ec to r  needed  t o  be f o u n d ,  

b e c a u s e  t h e  b u c k i n g  c o i l s  bunched  t h e  beam a t  t h e  bottcdni of t h e  coX1ectoT.  
0 

C a l c u l a t i o n s  were p e r f o r m e d  u s i n g  a computer  code, COLECT, t o  

model  t h e  p a r t i c l e  t r a j e c t o r i e s  i n  t h e  ca l l ec to r .  T h i s  code is an e x t e n s i o n  
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Figure 139. Measured Power Density in X-8: 3 Coils with rf 
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of the  code used f o r  la rge-s igna l  e f f i c i e n c y  c a l c u l a t i o n s .  A s  a r e s u l t ,  t h e  

code allows t h e  r f  t o  be  switched of f  a n d  on t o  check t h e  e f f e c t  of r f  on 
the power dens i ty  d i s t r i b u t i o n .  
code is shown in  Figure 144. 

A sample of a t r a j e c t o r y  ? lo t  using ' t h e  

COLECT has  only radial space charge,  which saves substant ia l .  
computer t i m e  compared t o  t h e  f u l l y  two-dimensional space charge model. Tne 
ssvings i n  computer time al lows more p a r t i c l e s  t o  be used, which g ives  

g r e a t e r  accuracy i n  determining power dens i ty .  
been used. 

Up t o  200 p a r t i c l e s  have 

One of t h e  problems i n  ca l cu la t ing  t h e  power dens i ty  i n  t he  

gyrotron c o l l e c t o r  i s  properly accounting for  t h e  radial th ickness  of t h e  

beam, as w e 1 1  as t h e  angular  phase d i s t r i b u t i o n  of e l ec t rons  around each 

o r b i t  c e n t e r ,  If one uses t o o  few o r b i t  c e n t e r s  or too few e l ec t rons  

d i s t r i b u t e d  i n  phase around each o r b i t  center then t h e  ca l cu la t ed  power 

d e n s i t i e s  tend t o  be qu i t e  lumpy. By randomly s e l e c t i n g  phases and guiding 

c e n t e r s  of" t h e  particles,  a smooth, r e a l i s t i c  power dens i ty  curve w a s  

obtained.  

VGE-8006A S/N 104 was i d e n t i c a l  in  s t r u c t u r e  t o  X-8. Both of 

t hese  tubes used t h e  extended l eng th  c o l l e c t o r  t o  provide more room fo r  

p r o f i l i n g  t h e  spent beam. 

using t h e  computerized measurement system and varioiis conf igura t ions  of 

s m a l l  c o l l e c t o r  coils. The small c o l l e c t o r  c o i l s  were wrapped d i r e c t l y  on 
the tube and f i t  underneath the  c o l l e c t o r  support  b a r s .  

A series of measurements was performed on S / N  104 

Previously,  a l a r g e  diameter bucking c o i l  had been used t o  p ro tec t  

t h e  top  o f  t h e  tube  from melting. This arrangement caused the  beam t o  bunch 
a t  t h e  bottom of t h e  c o l l e c t o r ,  r e s u l t i n g  i n  excessively high power 

d e n s i t i e s .  The small diameter c o i l s  were necessary to  he lp  spread t h e  beam 

before too  much cu r ren t  reached the t o p  of t h e  c o l l e c t o r  where otherwise it 

would be  d ive r t ed  by the  t r ansve r se  magnets t h a t  p ro tec t  the window from 
s t r a y  e l ec t rons .  The r e s u l t i n g  power d e n s i t i e s  i n  t he  t r ansve r se  magnet 
area w o u l d  cause c o l l e c t o r  melting if CW opera t ion  were attempted. 
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Figure 144. Simulated Electron Trajectories 
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The power dens i t ies  i n  the col lector  were measured with various 
combinations of smll diameter co i l s .  The f i n a l  configuration used two 
aiding co i l s .  The resul t ing power dens i t ies  are given i n  Figure 145. The 

indicated (uncorrected) peak power density was 550 watts/em The current 
reaching t h e  window protection transverse magnet region was found t o  be 

negligible.  
ac tua l  beam power. Applying the e r ror  as a correction term t o  tine measured 

power dens i t ies  resulted i n  a peak power density of 910 watts/cm 
l e v e l  of power density is  within the cooling capacity of the co l lec tor  and 

indicated t h s t  CY operation should be possible.  

2 

The integrated power for t h i s  measurement was 40% below the 

2 This 

Analysis of the power density data indicated tha t  two-thirds of 

the beam power wds deposited on one s ide of the col lector .  The asymmetrical. 
beam col lect ion could be caused by e i ther  tube misalignment, magnet 

misalignment , or environmental asymmetries. Tube misalignment was rified mit, 

because the asymmetrical col lect ion was the  same from tube t o  tube. To 

investigate whether the  magnet or  the environment was the  cause of the  

asymmetries, a power density measurement was made with the magnet rotated 

18s degrees. 
t h e  pattern of power density inside the col lector  should a l so  ro ta te  180 
degress. The results of the power density measurements a re  given i n  
Figure 146. 
magnet was i n  i t s  proper or ientat ion.  Tne t e s t  results indicated tha t  the 
mgnet was not the cause of the  asymmetrical beam col lect ion.  This l e f t  

only the environment as the possible cause of the asymmetries. The 

asymmetries produced by the environment i n  the Nike Zeus T e s t  Set are not of 

a degree t o  preclude CW operation. However, t o  provide consis tent ,  r e l i a b l e  
CW operation i n  any tube socket, i t  may be necessary t o  require the 

i n s t a l l a t i o n  of extensive aagnetic shielding. 

If the =net was the primary cause of the  asymnetries, then 

The pattern of power density was nearly the  same as when the 

To provide a complete picture  of the co l lec tor  power densiky on 

The S / N  104, measurements were made with the col lector  c o i l s  turned of f .  
r e s u l t s  of these measurements a re  given i n  Figure 147. 
density was 1050 watts/cm . 
t h e  actual  beam power. Applying t h i s  as a correction factor  resulted i n  a 

The peak power 
2 The t o t a l  integrated power m s  33% less than 
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2 
peak power d e n s i t y  of 1500 watts/cm . 
n e c e s s a r y  t o  p r o v i d e  f o r  safe CW o p e r a t i o n .  

C l e a r l y ,  t h e  c o l l e c t o r  c o i l ;  a r e  

C a l c u l a t i o n s  t o  compare t h e  t h e o r e t i c a l  model w i t h  e x p e r i m e n t a l  

measurements  were made. The r e s u l t s  of" t h e s e  measurements  a r e  g i v e n  i n  
F i g u r e  148. For  e a c h  c a l c u l a t i o n  200 p a r t i c l e s  were used.  The c u r v e s  
l a b e l e d  I f t h r e e  l a r g e  coi ls"  and "two l a r g e  coilsvf refer t o  two 
c o n f i g u r a t i o n s  of l a r g e  d i a m e t e r  collector co i l s .  
measurements  c o r r e s p o n d i n g  t o  t h e s e  two cases are shown i n  F i g u r e s  138, 140 
and 142. The c u r v e s  f o r  two small co i l s  and no collector co i l s  c o r r e s p o n d  

t o  t h e  measurements  shown i n  F i g u r e s  146 and 147,  r e s p e c t i v e l y .  There  was 

excellent agreement  between t h e  c a l c u l a t e d  r e s u l t s  and t h e  e x p e r i m e n t a l  
r e s u l t s .  

The e x p e r i m e n t a l  

8. Coo l ing  Improvements  

In a d d i t i o n  t o  m a t e r i a l  changes  t o  improve collector f a t i g u e  l i f e ,  

a change  i n  t h e  c o o l i n g  c h a n n e l  geometry  was a l so  c o n s i d e r e d ,  

change  would r e d u c e  t h e  t e m p e r a t u r e  d i f f e r e n t i a l  i n  t h e  m a t e r i a l .  

A geometry  

The c u r r e n t  col lector  c o o l i n g  c h a n n e l  geometry  i s  shown i n  F i g u r e  
149, a l o n g  w i t h  t h e  l o c a t i o n  of t h e  f i n i t e  e l e m e n t  map used  f o r  c a l c u l a t i n g  

the t r ans i en t  t e m p e r a t u r e  d i s t r i b u t i o n .  

The d e t a i l s  of t h e  f i n i t e  element; map a r e  shown i n  F i g u r e  150. 

Mode seven  is t h e  h i g h e s t  t e m p e r a t u r e  p o i n t  on t h e  c o l l e c t o r  s i n c e  it is t h e  
g r e a t e s t  d i s t a n c e  from a c o o l i n g  c h a n n e l .  The nodes i n  c o n t a c t  w i t h  t h e  

c o o l a n t  a r e  a l l  v e r y  near t h e  same t e m p e r a t u r e ,  t h e r e f o r e  t h e  maximum 

t e m p e r a t u r e  d i f f e r e n t i a l  w i l l  b e  between nodes  7 and 43. 

The t e m p e r a t u r e  a s  a f u n c t i o n  o f  time is shown i n  F i g u r e  151. The 

t e m p e r a t u r e  d i f f e r e n t i a l  between node 7 and node 43 is 127OC, 
is p r o p o r t i o n a l  t o  t h i s  number. Note t h a t  t e m p e r a t u r e  e q u i l i b r i u m  is 
r e a c h e d  i n  1.5 seconds. T h e r e f o r e ,  any  p u l s e  d u r a t i o n  g r e a t e r  t h a n  t h i s  
v a l u e  w i l l  p roduce  maximum t h e r m a l  stress. Also, t h e  maximum t e m p e r a t u r e  o f  

node 43  is l8O0C, 10°C above  t h e  s a t u r a t i o n  t e m p e r a t u r e  of t h e  c o o l a n t  a t  

The stress 

240 



I
 

(
*
)
c
y
 su 

Ill 
i

l
;

 
i

l
:

 

I 
I 

I 
I 

I 
1

 
I 

1
 

I 
k 

I 
I 

I 
I 

2 4%
 



ORNL - DWG-83-2112 

COOLING CHANNEL 

OFHC COPPER 

Figure 149. A Partial Cross Section View of the Current 
Collector Cooling Channel Geumetry Showing 
the location of the Finite Ejernent Mag 

Q R N L  - DWG-83-2113 

Figure 150. Finite Element Map Used for Calculating 
Temperature - Time Wefationship for Existing 
Cooling Channel Geometry 
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NODE 7 

NODE 43 

Figwre 151. Transient Temperature for Two Critical N0des 
for the Current Colleetor Cooling Channel 
emmetry 
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100 p s i g ,  which i s  t h e  o p e r a t i n g  p r e s s u r e  a t  t h e  center of t h e  c o l l e c t o r .  

Thus, a t  maximum power d e n s i t y ,  t h e  c o o l a n t  w i l l  be  o p e r a t i n g  i n  t h e  

n u c l e a t e  b o i l i n g  regime. However, t h e  improved h e a t  t r a n s f e r  c o e f f i c i e n t  
w i l l  more than  compensate f o r  t h e  IOOC o f  s u p e r h e a t .  

The new c o o l i n g  channe l  geometry is shown i n  F i g u r e  152. The o n l y  
change is t h e  movement o f  t h e  c h a n n e l s  0.100 i n c h  closer t o  t h e  source o f  

h e a t .  The f i n i t e  element map used t o  c a l c u l a t e  t h e  t empera tu re  p r o f i l e  i s  
shown i n  F i g u r e  153. Again, a s  shown i n  F i g u r e  154, t h e  maximum tempera tu re  

d i f f e r e n t i a l  is between nodes 7 and 36. The t e m p e r a t u r e  d i f f e r e n t i a l  w i t h  

t h i s  geometry is 67 C; a r e d u c t i o n  of 60 C ove r  t h e  c u r r e n t  geometry. S i n c e  

t h e  stress is p r o p o r t i o n a l  t o  t h e  t empera tu re  d i f f e r e n t i a l  p e r  u n i t  l e n g t h ,  
t h e  r e d u c t i o n  i n  stress w i l l  not be  s i g n i f i c a n t .  However, t h e  t empera tu re  

r e d u c t i o n  w i l l  r educe  t h e  p o s s i b i l i t y  of  me l t ing .  The c o o l a n t  w i l l  be  i n  
t h e  n u c l e a t e  b o i l i n g  regime s i n c e  t h e r e  w i l l  be  13 C of supe rhea t .  

0 0 

0 

With p rope r  beam d i s t r i b u t i o n ,  t h e  f a t i g u e  l i f e  t e s t  r equ i r emen t s  

of 35,000 c y c l e s  o f  f u l l  power p u l s e s  a t  50% d u t y  c y c l e  w i l l  be  met, i f  not  
w i t h  t h e  p r e s e n t  col lector ,  t h e n  wi th  t h e  u s e  of s t r o n g e r  m a t e r i a l s  and t h e  

r e d u c t i o n  i n  t empera tu re  due t o  improved c o o l i n g .  

9. Mechanical F a t i g u e  L i f e  Tests 

The t h r e e  most promis ing  c a n d i d a t e  materials f o r  improving t h e  

c o l l e c t o r  f a t i g u e  l i f e  were d ispers ion-hardened  copper from SCM M e t a l s  

P r o d u c t s ,  d e s i g n a t e d  AL-15, and two a l l o y s  from Amax, Tnc., cal led MZC and 
AMZIRC, The complete s p e c i f i c a t i o n s  for t h e s e  m a t e r i a l s  were shown i n  

Tab le  16. 

Varian provided  samples  o f  these t h r e e  materials t o  Oak R i d g e  

N a t i o n a l  Labora to ry  f o r  t e s t i n g ,  u s i n g  t h e i r  mechanica l  f a t i g d e  t e s t i n g  

f a c i l i t i e s .  A l l  of t h e  samples  went t h rough  a dummy b r a z e  c y c l e  i d e n t i c a l  

t o  t h e  b r a z i n g  t echn ique  used for c o l l e c t o r s  a t  Varian.  The f a t i g u e  tests 
were performed under vacuum a t  3 O O 0 C ,  Which i s  t h e  same environment i n  which 

t h e  material w i l l  be  s u b j e c t e d  i n  t h e  a c t u a l  t ube .  The t e s t  r e s u l t s  no ted  
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Figure 152. A Partial Cross Section View of a Proposed 
C ~ l l e ~ t o s  Coding Channel Geometry with the 
Channels 0~100" Closer to the Beam, Also the 
Finite Element Map Location is indicated. 

Figure 153. Finite Eiemeaat Map Used for Calculating 
Temperature - Time Relationship for the 
Proposed Cooling Channel Geometry 
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i n  T a b l e  18 i n d i c a t e  t h e  s u p e r i o r i t y  of d i s p e r s i o n  h a r d e n e d  c o p p e r  and  an 

a p p a r e n t  p r o b l e m  w i t h  AMZIWC. 

With  OFCH c o p p e r ,  a c c o r d i n g  t o  a s i n g l e  t e s t  r u n  a t  ORNL, t h e  
a d d i t i o n  of g o l d  p l a t i n g  s t r e n g t h e n s  t h e  c o p p e r  well beyond t h e  s t r e n g t h  o f  

t h e  p a r e n t  m a t e r i a l ,  a s  shown i n  T a b l e  18, However, t h e  a l l o y s  and t h e  

d i s p e r s i o n - h a r d e n e d  c o p p e r  would p r o b a b l y  nota p r o f i t  from g o l d  p l a t i n g  t o  
t h e  same d e g r e e ,  d u e  t o  t h e i r  own i n h e r e n t  s t r e n g t h e n i n g  e l e m e n t s  which are  
a l r e a d y  p r e s e n t .  

T a b l e  18 

R e s u l t s  of M e c h a n i c a l  F a t i g u e  T e s t  of High S t r e n g t h  
39 Copper  Alloys 

(3) Material  

OFHC 

OFHC 

AMZERC 

MZC 

A&-95 

AL-9 5 
AL-9 5 

X S t r a i n  C y c l e s  t o  F a i l u r e  

17,000 

lqo,080 

9 9 000 

2411,000 

( 1 )  

(2 )  

800,000 No f a i l u r e  

406 000 

17900Q 

I- 

Cornmen t s 

Gold P l a t e d  

A b o r t e d  

T e s t  S t o p p e d  

100,000 p s i  ( 4 )  

Only one s a m p l e  p l a t e d  w i t h  3004 o f  go ld  p l a t i n g  by s p u t t e r i n g ,  t h e n  

f i r e d  i n  vacuum a t  1000°C before tests were s t a r t e d .  

T h i s  m a t e r i a l  s o f t e n e d  d u r i n g  t e s t  and e x c e s s i v e  e l o n g a t i o n  c a u s e d  t h e  

s a m p l e s  t o  e x c e e d  t h e  r a n g e  of t h e  f a t i g u e  machine .  T e s t  a b o r t e d  a f t e r  
9000 c y c l e s .  

A l l  s a m p l e s  s u b j e c t e d  t o  2 hours a t  88S°C and t h e n  2 m i n u t e s  a t  915'C 

u n d e r  vacuum. A l l  d a t a  were t a k e n  at, 300°C u n d e r  vacuum s t r a i n  r a t e ,  

one c y c l e  p e r  s e c o n d .  

Stress l e v e l  peak-to-peak,  f i r e d  a t  9025°C i n  vacuum. 



Table  19 summarizes t h e  r e s u l t s  o f  mechanica l  f a t i g u e  tes ts  r u n  a t  Oak 
Ridge N a t i o n a l  Labora to ry  on brazed  samples  u s i n g  t h e  c a n d i d a t e  m a t e r i a l s  
brazed  w i t h  two d i f f e r e n t  a l l o y s .  

10. Thermal F a t i g u e  Diode L i f e  Test R e s u l t s  

To a d e q u a t e l y  t e s t  c a n d i d a t e  m a t e r i a l s  f o r  improved c o l l e c t o r  
f a t i g u e  l i f e ,  it is i m p e r a t i v e  t h a t  t h e  m a t e r i a l  be stressed i n  t h e  same 

manner and in t h e  same environment as  t h e  a c t u a l  g y r o t r o n  c o l l e c t o r .  T h i s  

r equ i r emen t  i m p l i e s  t h e r m a l l y  induced stresses i n  a water-cooled sample 
m a t e r i a l  w i t h  t h e  same c o o l a n t  v e l o c i t y ,  t h e  same s a t u r a t i o n  p r e s s u r e  and 
t h e  same power d e n s i t y  as expec ted  i n  t h e  gy ro t ron .  The t es t  a l s o  must be 

performed under vactium and, i d e a l l y ,  t h e  power d e n s i t y  should  be provided  by 
e n e r g e t i c  e l e c t r o n s ,  a g a i n ,  s i m u l a t i n g  a c t t i a l  t u b e  o p e r a t i o n ,  A p l a n a r  
d i o d e  was chosen as  t h e  b e s t  geometry t o  f u l f i l l  these r equ i r emen t s .  

11. Diode D e s c r i p t i o n  

The advantage  of a p l a n a r  d i o d e  as  a test v e h i c l e  is the  low t o t a l  

power r e q u i r e d  f o r  a g iven  power d e n s i t y ,  making t h i s  geometry more 
a t t r a c t i v e  than  a c o n v e n t i o n a l  c y l i n d r i c a l  d iode .  The a v a i l a b i l i t y  of a 
p r o d u c t i o n  e l e c t r o n  gun which cou ld  be e a s i l y  modi f ied  t o  produce an 
e l e c t r o n  beam l a r g e  enough t o  b r i d g e  s e v e r a l  wa te r  c h a n n e l s  and ma in ta in  a 

uniform power d e n s i t y  a c r o s s  i ts  a r e a  is a n o t h e r  economic advantage .  The 

d i o d e  is  comprised of t h e  e l e c t r o n  gun, t h e  anode and t h e  c o o l i n g  system. 

12. E l e c t r o n  Gun 

The e l e c t r o n  gun must be a b l e  t o  p r o v i d e  a uniform d e n s i c y  
e l e c t r o n  beam w i t h  s u f f i c i e n t  d i ame te r  t o  b r i d g e  a t  l e a s t  three c o o l a n t  
c h a n n e l s ,  and be c a p a b l e  o f  producing  a power d e n s i t y  of 1 kW/cm . A 

s t a n d a r d  p roduc t ion  gun was modi f ied  by changing  a few dimens ions  t o  produce 
a more uniform d e n s i t y  ove r  an a r e a  of 0.700 i n c h  in diameter. 
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The e l e c t r o n  t r a j e c t o r i e s  were c a l c u l a t e d  u s i n g  an e x i s t i n g  
computer  code ,  and t h e  p l o t t e d  r e s u l t s  a r e  shown i n  F i g u r e  155. S u c c e s s i v e  
c a l c u l a t i o n s  were made w h i l e  a l t e r i n g  t h e  d imens ions  of t h e  f o c u s  e l e c t r o d e ,  
gun anode  and t h e  c a t h o d e  r a d i u s  t o  o p t i m i z e  t h e  e l e c t r o n  d e n s i t y  a c r o s s  the  

beam. The d e n s i t y  is i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  s p a c i n g  of  t h e  e l e c t r o n  

t r a j e c t o r i e s .  It was n e c e s s a r y  t o  change  t h e  c a t h o d e  r a d i u s ,  make a new gun 

anode, and s l i g h t l y  a l t e r  t h e  f o c u s  e l e c t r o d e  t o  o b t a i n  t h e  d e s i r e d  r e s u l t s  

shown i n  F i g u r e  156. The e l e c t r o n  d e n s i t y  is un i fo rm to  w i t h i n  220% ove? a 
beam d i a m e t e r  of 1.78 cm, which w i l l  b r i d g e  t h r e e  c o o l i n g  c h a n n e l s  w i t h  a 
un i fo rm power d e n s i t y .  

Since t h e  c u r r e n t  d e n s i t y  is un i fo rm t o  w i t h i n  - +20% o v e r  a 

d i a m e t e r  of 0.70 i n c h  o r  1.78 cm, and t h e  d e s i r e d  power d e n s i t y  i s  
1.0 kW/cm t h e  a r e a  is 2 

2 (1.7812 = 2.48 c m  TD A =  - -  - 
4 - 4  t 

t h u s ,  t h e  power r e q u i r e d  is 

P = IE = 2.48 kw e 

-6 
Since t h e  measured p e r v e a n c e  is 1.63 x 10 , 

1 -6 - = 1.63 x 10 $2 P 

combining  E q u a t i o n s  61 and 62 ,  

E = 4.74 kV 

( 6 0 )  

(61 1 

( 6 2 )  

( 6 3 )  

t h e  c u r r e n t  w i l l  be 

I : =  - 2'48 = 0.527 A e 4.71 ( 6 4 )  
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The peak power i n  t h e  center of  t h e  beam w i l l  b e  20% n i g h e r  t h a n  t h e  
a v e r a g e ,  o r  1 .2  kW/cm . T h i s  w i l l  be t h e  l e v e l  w e d  d u r i n g  t h e  f a t i g u e  

t es t s .  

2 

The e l e c t r o n  d e n s i t y  p r o f i l e ,  shown in F i g u r e  156, was measured 

w i t h  a Fa raday  cup  which c a n  be moved i n  known i n c r e m e n t s  i n  two d i r e c t i o n s .  
The C o n f i g u r a t i o n  i s  shown i n  F i g u r e  157. The r e a s o n  for  t h e  s p l i t  

c o l l e c t o r  i s  t o  more e a s i l y  de tec t  t h e  minimum e l e c t r o n  d e n s i t y  when 
measu r ing  p r o d u c t i o n  guns.  A t y p i c a l  p r o d u c t i o n  gun,  w i t h  beam d e n s i t y  

p r o f i l e s ,  i s  shown i n  F i g u r e  158. The change  i n  e l e c t r o n  d e n s i t y  a c r o s s  t h e  
beam is p l o t t e d  i n  F i g u r e  159 f o r  t h e  s t a n d a r d  d e s i g n  and a mod i f i ed  

v e r s i o n .  A s l i g h t  m o d i f i c a t i o n  was made t o  o b t a i n  t h e  f ina l .  beam p r o f i l e  
t a k e n  a t  the l o c a t i o n  of t h e  d i o d e  anode a s  shown i n  F i g u r e  156. The 

c a t h o d e  c u r r e n t  v e r s u s  h e a t e r  p o w e ~  c u r v e ,  a s  shown i n  F i g u r e  160 ,  was 

measured t a  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  t h e  c a t h o d e  c u r r e n t  t n  changes  i n  
h e a t e r  v o l t a g e .  The o p e r a t i n g  p o i n t  selected is 6.0 v o l t s  at. 16.0 amps. 

1 3 0  Anode D e s c r i p t i o n  

The d i o d e  anode h a s  t h e  same c o o l a n t  c h a n n e l  geometry  a s  t h e  

g y r o t r o n  c o l l e c t o r ,  e x c e p t  t h e  c h a n n e l s  have  been moved closes to  t h e  s o u r c e  

.of h e a t .  In t h e  c u r r e n t  col lector  d e s i g n ,  t h e  d i s t a n c e  from 

c h a n n e l s  t o  t h e  f r o n t  s u r f a c e  i s  0.200 inch and one sample w 

geometry was tested.  The d i s t a n c e  was reddeed to 8,108 inch 

f a t i g u e  t e s t  sample.  Accord ing  t o  c a l c u l a t i o n s ,  this change  

l i t t l e  e f fec t  on f a t i g u e  l i f e ,  b u t  pPQduCe a ~ O O C  r e d u c t i o n  

t h e  edge  o f  t h e  

t h  t h i s  

on a n a t h e r  
shou ld  have  

n f r o n t  s u r f a c e  

t e m p e r a t u r e ,  a s i g n i f i c a n t  improvement w i t h  r e s p e c t  t o  co l lec tos  m e l t i n g .  

Tne d i o d e  anode h a s  been d e s i g n e d  t o  s i m u l a t e  t h e  c o l l e c t o r  a s  n e a r l y  as 

poss ib le .  The anode is r e s t r a i n e d  around t h e  e d g e s  by a s t a i n l e s s  s t e e l  
f l a n g e ,  a s  mown i n  F i g u r e  161, backed by a r e l a t i v e l y  r i g i d  s t a i n l e s s  s t ee l  
p l a t e  t o  s i m u l a t e  t h e  t h i c k  copper  c o l l e c t o r .  The c o n s t r a i n t s  imposed on 
t h e  d i o d e  anode  a r e  somewhat more Severe t h a n  i n  t h e  a c t u a l  c o l l e c t o r ,  thus, 

the f a t i g u e  l i f e  i n  t h e  d i o d e  tests will be c o n s e r v a t i v e  r e l a t i v e  to t h e  

g y r o t r o n .  A s e c t i o n a l  view o f  t h e  d i o d e  is shown i n  F i g u r e  162. 
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14. Cool ing  System 

The c o o l i n g  sys t em was d e s i g n e d  t o  m a i n t a i n  t h e  c o o l a n t  v e l o c i t y  
a t  27 ft/sec, which was the  same v a l u e  as i n  t h e  co l lec tor ,  and a t  t h e  same 
time, m a i n t a i n  t h e  p r e s s u r e  i n  t h e  c e n t e r  of t h e  anode a t  100 p s i g ,  which 

was a l s o  the  same v a l u e  as  i n  t h e  col lector .  The t o t a l  c o o l a n t  flow 
r e q u i r e d  t o  produce t h e  above v e l o c i t y  was 40 GPM. I n  o r d e r  t o  m a i n t a i n  
both t h e  v e l o c i t y  and p r e s s u r e  c o n s t a n t  w i t h  chang ing  i n p u t  p r e s s u r e ,  it was 
n e c e s s a r y  t o  have a flow and p r e s s u r e  r e g u l a t o r  a s  i n d c i a t e d  i n  F i g u r e  163. 
There  a r e  two moto r -ope ra t ed  v a l v e s ,  which a r e  i n t e r l o c k e d  w i t h  t h e  p r e s s u r e  
s e n s o r s  such  t h a t  when a wate r  l eak  o c c u r s ,  i n d i c a t i n g  a f a i l u r e ,  t h e  i n l e t  
and r e t u r n  water a r e  blocked and t h e  sys t em d r a i n e d .  The i n l e t  and o u t l e t  
water t e m p e r a t u r e  were moni to red  t o  c o r r e l a t e  t h e  t e m p e r a t u r e  d i f f e r e n t i a l  
w i t h  c a l c u l a t i o n s .  

A ser ies  r e g u l a t o r  was added t o  an e x i s t i n g  20 kV, 4 A power 

s u p p l y  t o  m a i n t a i n  t h e  o u t p u t  v o l t a g e  w i t h i n  - +1% wi th  a - +lo% change i n  l i n e  
v o l t a g e  and w i t h  a 0 - 0.5 A l o a d  change.  

The first d i o d e  f a t i g u e  t e s t  had an OFHC coppe r  anode w i t h  a w a l l  

t h i c k n e s s  of 0.200 i n c h  be tween t h e  h e a t e r  s u r f a c e  and t h e  wa te r  c h a n n e l ,  
s i m i l a r  t o  t h a t  used  i n  t h e  CW g y r o t r o n s .  F i g u r e  164 shows t h e  s u r f a c e  
a f t e r  38,000 c y c l e s  of 2.5 sec on 50% d u t y  and a power d e n s i t y  of 1.0 
kWcm . The w h i t e  d o t s  a r e  f o r e i g n  material embedded i n  t h e  s o f t  c o p p e r .  
They glow whi te  h o t  when t h e  beam is on. One of t h e  h o t  s p o t s  can  be s e e n  
a t  h i g h e r  m a g n i f i c a t i o n  i n  F i g u r e  165, and it is a p p a r e n t  t h a t  a f a t i g u e  
c r a c k  has s t a r t e d  under  t h e  hot  s p o t .  

2 

The d i o d e  was reassembled w i t h  a new area of t h e  anode exposed t o  
t h e  e l e c t r o n  beam. An a d d i t i o n a l  38,000 c y c l e s  were r u n  a t  a h i g h e r  power 
d e n s i t y  of 1.6 kWcm . The r e s u l t s  are shown i n  F i g u r e  166. Notice t h e  

l a r g e  g r a i n  s t r u c t u r e  and l o c a l  m e l t i n g  nea r  t h e  c e n t e r .  F i g u r e  167 is  t h e  
same view a t  h i g h e r  m a g n i f i c a t i o n .  Notice t h e  f a t i g u e  crack which h a s  
started nea r  t h e  c e n t e r .  F i g u r e  168 shows a n o t h e r  ho t  s p o t  w i t h  a f a t i g u e  
c r a c k  which has  s t a r t ed  d i r e c t l y  under  t h e  s p o t .  

2 
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Again, t h e  diode was reassembled with a new area of the  anode 

exposed t o  t h e  beam and 38,000 cyc le s  were pun at a power dens i ty  of 

2.0 kW/cm 

view at higher magnification. 

and the  r a t h e r  severe melting i n  the cen te r .  Figure 171 is  a view 

off-centey showing f a t i g u e  cracks forming under a hot  spot .  

2 The r e s u l t s  a r e  shown i n  Figure 169. Figure 170 is  the  same 

Notice t h e  numerous cracks which have formed 

Next, t h e  diode was reassembled with the beam i n  t h e  sane l oca t ion  

and an add i t iona l  32,000 cyc le s  were accumulated making a t o t a l  of 70,000 
2 cycles  a t  2.0 kW/cm power dens i ty  without a f a t i g u e  f a i l u r e .  

The anode was removed, sect ioned through t h e  center  of the t h r e e  

t e s t  areas, polished and photographed a t  var ious  tnagnificatjons.  The 

1.0 kW/cm area is  shorn i n  Figure 172 w i t h  t h e  heated sur face  at t h e  top .  
Notice t h e  very Parge g ra in  s i z e ,  but very l i t t l e  d i s t o r t i o n  of the  heated 

su r face  and no f a t i g u e  cracks v i s i b l e .  

shown i n  Figure 173. Again t h e  g ra in  s ize  i s  q u i t e  l a r g e ,  but no cracks are 

seen; however, t h e  heated sur face  i s  i r r e g u l a r  due t o  l o c a l  melting. Figure 

174, shows the  area bombarded at 2.0 kW/crn e 'Phe gra in  s i z e  a t  t h e  sur face  

i s  small due t o  complete mel t ing of t h e  sur face  copper. Toward t h e  bottom 

of the  p i c t u r e ,  near t h e  water cool ing channels ,  t h e  g ra in  s i z e  i s  l a r g e  due 

t o  high temperatures,  bu t  without mel t ing.  

2 

The a rea  t e s t e d  at  1..6 kW/cm2 i s  

2 

It is  apparent t h a t  fatigue cracks are Po-Ptning, but before  they  

can propagate t o  t h e  cooling channels,  t h e  copper p a r t i a l l y  m e l t s  at the  

heated sur face ,  s ea l ing  t h e  cracks and e l imina t ing  them. It may be 

imprac t ica l  t o  operate  a gyrotron at  these  extreme power d e n s i t i e s  because 

vaporizat ion and ion iza t ion  of t h e  copper m y  t r a n s p o r t  material through t h e  

gyrotron and c r e a t e  problems, f o r  example, i n  the #can region. 

Figures  175 and 176 are photographs of t h e  anode taken through t h e  
view por t  with the beam on and o f f ,  r-espective1.y. The b r igh t  spots  when t h e  
beam is  on are caused by impur i t ies  embedded i n  t h e  copper moiie, The anode 

as seen through the  v i e w p r t  has a reddish co lor  when the  beam i s  o f f ,  This 

i s  the  resiiPt of a r e f l e c t i o n  from t h e  cathode, and not an ind ica t ion  of 

anode temperature. 

2 67 



I 8
 
I
 

e
 I 2 ' .. 
.. 
.* 
. 

r4 E 
3
 

0
 
a
 

&
 

B 2 

268 





X
 

u3 
N
 0
 
0
 

m
 

2 i
 

b
 
0
 

2 

270 



2'3%
 



PI 

.
E
 

B 0
 

b
 

Y
 

b
 

ru
. 

0
 

0
 



b
 
6
 

2 

273 



z
 
0
 

b
 

0
 

2 0' f 0
 

L
 

274 



t
 

cs E 

3
 

0
 
a
 

Y
 



Four t h i n  w a l l  (0.100 i n c h  wall t h i c k n e s s )  d i o d e s  were run  a t  50% 

d u t y  c y c l e ,  2.5 second p u l s e  d u r a t i o n  u n t i l  t h e r m a l  f a t i g u e  f a i l u r e .  The 

first d i o d e  anode was made of p u r e  OFHC c o p p e r ,  t y p i c a l  of  t h a t  used  i n  
g y r a t r o n  collectors.  T h i s  m a t e r i a l  f a i l e d  a t  52,000 c y c l e s .  The second and 

t h i r d  anodes  were o r i g i n a l l y  l i k e  t h e  f irst ,  b u t  were t h e n  s p u t t e r - p l a t e d  
w i t h  500 A of g o l d ,  t h e n  f i red a t  1090°C i n  a hydrogen b r a z e  f u r n a c e .  T h i s  

caused  t h e  go ld  t o  m i g r a t e  i n t o  t h e  immediate  s u b s u r f a c e  o f  t h e  anode f a c e .  

These anodes  were c y c l e d  u n t i l  f a i l u r e  a t  61,000 and 73,000 c y c l e s .  T h i s  
imp-ovement o v e r  p u r e  OFHC may be due  t o  t h e  g o l d ' s  f l u i d  p r o p e r t i e s  d u r i n g  
g r a i n  r e f o r m a t i o n .  A f o u r t h  anode was p r e p a r e d  w i t h  10 microns  of g o l d  

s p u t t e r e d  o n t o  t h e  s u r f a c e ,  t h e n  b r a z e  f i red  a t  1090OC. 

p r e m a t u r e l y  a t  38,000 c y c l e s .  The go ld  l a y e r  had f l a k e d  o f f  u n d e r  e l e c t r o n  

bombardment, l e a v i n g  behind  a rough OFHC s u r f a c e .  Although t h e  go ld -p la t ed  

sample had a l o n g e r  f a t i g u e  l ifetime t h a n  t h e  p l a i n  OFHC samples ,  t h e  tes ts  
dane t o  d a t e  a r e  no t  suf f ic ien t  t o  draw firm c o n c l u s i o n s .  

T h i s  anode f a i l e d  

An i n t e r e s t i n g  r e s u l t  of t h i s  t e s t i n g  was obse rved  by v a r y i n g  t h e  
w a l l  t h i c k n e s s .  I n  t h e  d i o d e  expe r imen t  comple ted  i n  June  1983, t h e  t h i c k -  

w a l l e d  (0.20OW) OFHC anode was t e s t e d  t o  70,000 c y c l e s  w i t h o u t  s i g n i f i c a n t  
f a t i g u e  ( t h e  expe r imen t  was h a l t e d  t o  a l l o w  d i s a s s e m b l y  and p r e - f a i l u r e  

i n s p e c t i o n  o f  t h e  anode) .  Thin-wal led ( O . l O O f t >  anodes  were t h e n  tested t o  

o b s e r v e  t h e  t r a d e o f f s  between t h e  improved c o o l i n g  and d e c r e a s e d  mechan ica l  

s t r e n g t h .  Although o n l y  one  d i r e c t l y  comparable  t e s t  was r u n  a t  e a c h  

t h i c k n e s s ,  it was a p p a r e n t  t h a t  t h e  effects of t h e  improved c o o l i n g  d i d  n o t  

s u f P i c i e n t l y  o f f se t  t h e  decreased mechan ica l  s t r e n g t h .  T h i s  caused  t h e  

th in -wa l l ed  samples  t o  f a i l  well before t h e  t h i c k  sample had shown 
s i g n i f  icant f a t i g u e .  

Two o t h e r  i n t e r e s t i n g  phenomena were obse rved  a t  h i g h  power 

d e n s i t i e s :  small g r a i n  formation and h e a l i n g .  Smal l  g r a i n  f o r m a t i o n  o c c u r s  

a s  a r e s u l t  o f  s t r a i n  h a r d e n i n g  due  t o  r e p e a t e d  t h e r m a l  expans ion  and 
c o n t r a c t i o n  c y c l e s .  Crack h e a l i n g  occurs when l o c a l i z e d  copper  t e m p e r a t u r e s  

a r e  s u f f i c i e n t l y  h i g h  t o  c a u s e  a n n e a l i n g  and mol ten  f low of t h e  copper  i n t o  
t h e  c r a c k s .  
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2 A thick-walled OFHC anode w a s  then t e s t e d  a t  1.5 kW/cm beam 

loading f o r  110,000 cyc les  without f a i l w e .  

cyc le  time f i v e  seconds e A f t m  disassembly, extensive sur face  cracking w a s  

observed, but none of t h e  cracks had propagated t o  the  water j acke t .  

The duty cyc le  was 4%; t he  

The colJ.ector f a t igue  t e s t  diode is  a near ly  complete thermal 

model of t h e  gyrotron c o l l e c t o r .  Although minor f a c t o r s ,  such as rf 
heat ing asymmetric heat d i s t r i b u t i o n ,  and s l i g h t  sur face  curvature  a r e  not 

considered. The e f f e c t s  of d i f f e r e n t i a l  temperature expansion, boundary 

cons t r a in t  stress and w a l l  th ickness  were w e l l  modeled i n  these  t e s t s .  The 

repeated a b i l i t y  of t h e  OFHC diode model t o  survive over 100,000 thermal, 

cyc les  enhances confidence i n  t h e  a b i l i t y  of  the OPHC t o  survive the  

spec i f i ca t ion  requirement. of 35,000 cyc les  i n  the gyrotrcsn c o l l e c t o r .  The 

f i n a l  a n d  most app l i cab le  tests were an ~o9~9-ectol- model anodes with 0.200'' 

wall th ickness  (Lo water channel) and an average power dens i ty  of  l o S  

These tes ts  cannot make determinations heyondl t h e  f a t igue  

l i fe t ime t o  vacuu111 i n t e g r i t y  f a i l u r e .  'Phis would become a concern i f  t h e  

c o l l e c t o r  sur face  had prematurely roughened enough t o  cause excessive mode 

conversion and/or rf loss .  

QFHC has been determined '60 be a suFFicient ly  strong c o l l e c t o r  

inaterial  POP a l l  fo~seeabl?  operat ing condi t ions ,  'This study confirmed t h e  

c o l l e c t o r  cool ing geometry design and mnaxim~m inc ident  p o w e r  change t h a t  

w i l l ,  ensure fu tu re  tube  l i f e ,  The experimental da t a  shown i n  Table 20 a r e  

s u f f i c i e n t  t o  make c e r t a i n  genera l  conclusions about the thermal behavior of 

OFHC gyrotron c o l l e c t o r s .  
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Table 20 
OFHC Diode Fat igue Results 

Using e 0.200'' Wall Thickness 
e SO$ Duty Cycle, 12 PPM 

Beam Power ( A V ~ )  T e s t  Length Resul ts  

1.6 m/cm %a ,OOQ S1 i gh t  Surf ace Melting 
No F a i l u r e  
Test Halted f o r  
Sect ioning 

2 

2 
1.5 m/em 

70,OQO S l i g h t  Surface Melting 
No F a i l u r e  
Test Halted for 
Sect ioning 

110 QQO WQ Surface Melting 
Onse t  of Cracking 
No F a i l u r e  
T e s t  Halted f o r  
Sect ioning 

1.5 m/cm 2 102,000 No Surface Melting 
Onset of Cracking 
T e s t  Halted Due t o  
Power Supply Fa i lu re  

E. WINDOW 

A s ingle-d isc  b e r y l l i a  window was designed for t h e  experimental  pulsed 

o s c i l l a t o r s .  To ensure mechanical i n t e g r i t y ,  t h e  window th ickness  was 

chosen as 1.5 X or 0.117". 
g 

The computed VSWR f o r  a 1.5A-thick be ry l l i a .  window i s  shown by t h e  

dashed curve i n  Figure 197. It was recognized t h a t  t h e  l imi t ed  bandwidth of 

t h e  window may prove t o  be a problem by r a i s i n g  t h e  Q of adjacent  tube  

resonances. Work was done t o  broaden t h e  bandwidth of t h e  window using 

soph i s t i ca t ed  techniques.  The computed VSWR f o r  a simulated improved window 

is shown by t h e  s o l i d  curve i n  Figure 177. 8 

Cold t e s t i n g  of 60 GMz s ingle-disc  b e r y l l i a  windows was undertaken 

using two d i f f e r e n t  techniques as shown i n  Figure 178. A conventional 
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Figure 978, Window Cold Test Arrangements 
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measurement of t h e  s tanding wave r a t i o  of t h e  window d i s c s  was performed 
using the set-up shown i n  Figure l78a. 
used t o  launch a TEo 

measured with a s l o t t e d  l i n e  i n  t h e  TE 
This technique has several  disadvantages.  F i r s t ,  c i r c u l a r  e l e c t r i c  mode 

t ransducers  are c h a r a c t e r i s t i c a l l y  narrow band and poorly matched, even a t  

t h e i r  cen ter  frequency; t h i s  prevents an accura te  broadband measuyement of 

window VSWR. Second, t h e  a c t u a l  mode of i n t e r e s t  f o r  t h e  window cold t es t  

A t ransducer  (TRG model #V330) was 

wave toward the window and t h e  s tanding wave r a t i o  was 
01 

por t ion  of t h e  t ransmission l i n e ,  
$0 

i s  t h e  TE mode. The match of t h e  window f o r  t h e  TE' mode must be 
02 -02 

simulated measuring 

t h e  absc issa  of t h e  

wavelengths f o r  t h e  

VSWR versus frequency f o r  the T E ~  

r e s u l t i n g  VSWR curve by t h e  r a t i o  of t h e  guide 

TEol and t h e  TEO2 modes, 

mode ana then s c a l i n g  oa 

0 0 

The cold test arrangement shorn i n  Figu~e 178b was a l s o  used ts 

study t h e  window match. POP t h i s  setup, a cold tes t  model of the  a c t u a l  

60 GRz tube  was b u i l t  t o  s imulate  t h e  rf prope r t i e s  of t h e  region from t h e  

cav i ty  t o  t h e  end of t h e  c o l l e c t o r .  This str?ict;uane was terminated w i t h  

various window d i s c s  and t h e  e f f e c t  on t h e  cav i ty  resonance curve w a s  

observed. Tlne th ickness  o f  each window d i s c  w a s  ad,justed u n t i l  the  window 

mismatch did not cause an appreciable  change in the  loaded cav i ty  Q. The 

d i s c  thickness  necessary t o  provide an acceptab le  match was found t o  be  

c r i t i c a l ,  s ince  t h e  bandwidth f o r  a 3x12 window i s  only a few t i m e s  l a rgey  

than t h e  c a v i t y  resonance bandwidth. 

I 

A procedure was developed f o r  f ab r i ca t ing  s ingle-d isc  window 

assemblies which ensured t h e  proper d i s c  th ickness .  The e a r l y  Innmetalized 

d i s c s  were f ab r i ca t ed  t o  t h e  s p e c i f i c a t i o n  shown in Figure 173. Note t h a t  

t h e  to l e rances  on para l l e l i sm and f l a t n e s s  are s t r i n g e n t .  The former was 

required t o  maintain a nniform r e f l e c t i o n  c o e f f i c i e n t  across  the window face  

while t h e  l a t t e r  was needed t o  allow subsequent gr inding operat ions which 
can maintain the requisite para l le l i sm.  A f t e r  t h e  mismatches o f  the 

u m e t a l i z e d  dics were measured, each individual  d i s c  was ground down by an 

appropr ia te  mount  and cold t e s t e d  aga in ,  T h i s  process was repeated as 

necessary u n t i l  each d i s c  w a s  mtched .  The d iscs  weye then metalized arid 
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brazed i n t o  t h e  window assembly. In e a r l y  ba tches ,  within a s i n g l e  batch 

t he re  was a v a r i a t i o n  i n  d i e l e c t r i c  constant; of -0.5%, while an -1.0% 

v a r i a t i o n  from batch t o  batch was observed, 

A thermal ana lys i s  of t h e  e a r l y  60 GBz s i n g l e  d i sc  window revealed 

t h a t  t he  cool ing w a t e r  reached t h e  b o i l i n g  point. at the  edge with 10% duty 

operat ion due t o  t h e  s m a l l  flow v e l o c i t y  (0.33 f t / s e c )  and l imi ted  a rea  f o r  
hea t  t r a n s f e r  . 

me o v e r a l l  geometry. and loading condi t ions  for t h e  window are 

shown i n  Figure 180. Spec i f ic  design parameters a r e  shown i n  Table 21. 

Table 21 
Three -Inch Diameter S ingle  Disc W-Lndow Analysis Conditions 

Window Mater ia l  Re ry l l i a  99.5% 

Frequency 60 GHz,  TEO2 mode 

Power Transmitted 200 kW, 100 mscc pulse  a t  

r e p e t i t i o n  s a t e  of 1 Hz 
Attenuation Constant 

Calculated Heat Transfer  

so04 bSepers/cm at 25% 

22 03 ~datts!in2-oC Coeff ic ien t  (before  bo i l ing )  
. _ . ~ -  1 - - . ~ 1 -  - 

Temperature d i s t r i b u t f o n ,  based on t h e  pre-boi l ing heat  t r a n s f e r  

c o e f f i c i e n t ,  was ca lcu la t ed  by the  Vastan computer code VTJECAN a n d  t he  

r e s u l t s  are shown i n  Figure 181.. The thermal stresses corresponding t o  t h e  

temperature d i s t r i b u t i o n  were ca lcu la ted  by SAPIV f i n i t e  element code, The 

results a r e  shown in Figures  182 and X830 

It can be seen t h a t  t he  tangent ia l  t e n s i l e  stress is  the  highest  

at  t h e  edge of the  d i sc .  Judging from the magnitude, failiare probably 

starts t h e r e .  It is noteworthy t h a t  %he stress d i s t r i b u t i o n  is  dis’tuybed 

near the  braze r i n g ,  The therm1 stress is  expected t o  be more severe i f  

t h e  loss as a f’unctfon of  l o c a l  temperature is  considered. 
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Two a r e a s  o f  t h e  hardware d e s i g n  were s i g n i f i c a n t l y  improved. 

F i r s t ,  t h e  c o o l a n t  pas sage  around t h e  edge o f  t h e  d i s c  was narrowed t o  

i n c r e a s e  flow v e l o c i t y ;  second,  t h e  d i ame te r  of t h e  d i s c  was i n c r e a s e d  t o  
p r o v i d e  a l a r g e r  h e a t  t r a n s f e r  a r e a .  An added advantage  of a l a r g e  d i ame te r  

d i s c  is t h e  r e d u c t i o n  of the rma l  hoop stress at; t h e  edge due t o  t h e  
r e s t r a i n i n g  e f f e c t  of  t h e  c o l d e r  mass a t  t h e  o u t e r  r i m .  

F i g u r e s  184 and 185 show t h e  c a l c u l a t e d  t e m p e r a t u r e  d i s t r i b u t i o n  
and t h e  co r re spond ing  the rma l  stresses f o r  t h e  a n a l y s i s  C O n d i t i Q n S  shown i n  
Table  22. 

Tab le  22 
Four Inch  Diameter Single-Disc  Window 

A n a l y s i s  C o n d i t i o n s  

Window M a t e r i a l  

Opera t ing  Frequency 

Power Transmi t t ed  

A t t e n u a t i o n  Cons tan t  

C m l a n t  Type 
Coolant  S u r f a c e  V e l o c i t y  

C a l c u l a t e d  Heat T r a n s f e r  

C s e f f i c i e n  t 

B e r y b l i a  99.5% 
60 GHz, TEOZ Mode 

200 kW, 100 ms p u l s e s  a t  
1 p u l s e  p e r  second (10% 

d u t y )  
0.073 Mepers/cm 

Water 
3 ft /sec 

5,86 W/in2'c 

Compared t o  t h e  a n a l y s i s  f o r  t h e  o l d  d e s i g n  a s  p re sen ted  i n  
F i g u r e s  182 and 183, i t  can  be  s e e n  t h a t  t h e  maximum hoop stress has been 

reduced from 17.3 k p s i  t o  7.0 k p s i .  Fur thermore ,  t h e  t empera tu re  a t  t h e  
edge  of t h e  d i s c  is reduced  t o  mere ly  27OC. 

F. MECHANICAL DESIGN 

The expe r imen ta l  g y r o t r o n  c o n s i s t e d  of s e v e r a l  major subassembl ies :  
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1. 

2, 

3. 
4. 

5. 
6. 
7 .  

a. 
9 .  

10. 

11. 

12. 

S i n g l e - d i s c  window assembly  
C o l l e c t o r  e x t e n s i o n  assembly  

Two c o l l e c t o r  ce ramic  a s s e m b l i e s  
T u b u l a t i o n  assembly  
C o l l e c t o r  assembly  

VacPsn pump assembly  
Ou tpu t  t a p e r  assembly  

Three  elbow a s s e m b l i e s  
Body c y l i n d e r  a s sembly  

Beam s h a v e r  and o u t p u t  assembly  
Anode shroud assembly  

K-8860 f i n a l  c a t h o d e  assembly  

These  major  s u b a s s e m b i l e s  a r e  j o i n e d  tcr one a n o t h e r  w i t h  t u n g s t e n  i n e r t  
gas-welded j o i n t s .  This modular  c o n s t r u c t i o n  a l lows  e a s e  o f  m o d i f i c a t i o n  

and r e b u i l d i n g ,  T h i s  t y p e  o f  c o n s t r u c t i o n  i s  a l s o  n e c e s s a r y  t o  r e d u c e  t n e  
number o f  b r a z e  c y c l e s  and t o  accommodate c o n s t r u c t i o n  of a s s e m b l i e s  t o o  

l a r g e  to f i t  i n  t h e  nydrogen b r a z e  f u r n a c e s .  

The K-8860 f i n a l  c a t h o d e  assembly  is composed o f  two a s s e m b l i e s ,  t h e  

f i n a l  c a t h o d e  stem assembly  and t h e  n i g h  v o l t a g e  s e a l  a s sembly ,  which a r e  

j o i n e d  a t  t n e  b a s e  of t h e  t u b e  by a t u n g s t e n  inert  g a s  w e l d ,  R a d i a l  

a l i g n m e n t  i s  accompl ished  by ma t ing  c y l i n d e r s  a t  tile base.  Axia l  a l i g n m e n t  

i s  a s s u r e d  by a machined s t e p .  

The anode  shroud assembly  c o m p r i s e s  s e v e r a l  s t a i n l e s s  s teel  body 

s n r o u d s  and a weld r i n g .  I t  forms t h e  lower p o r t i o n  o f  t h e  vacuum e n v e l o p e  

s u r r o u n d i n g  t h e  anode  and p r o v i d e s  s t r u c t u r a l  s u p p o r t  between t h e  K-8060 
f i n a l  c a t h o d e  assembly  and t h e  body c y l i n d e ?  assembly .  

T h e  beam s h a v e r  and o u t p u t  assembly ,  which is housed w i t h i n  t h e  anode 
shroud assembly  and t h e  body c y l i n d e r  a s sembly ,  i n c l u d e s  a hydrogen f u r n a c e -  
b r a z e d  c o l l e c t i o n  o f  rf load r i n g  a s s e m b l i e s ,  t h e  o u t p u t  c a v i t y ,  t h e  anode 

assembly  and w a t e r  c o o l i n g  t u b i n g ,  
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The body c y l i n d e r  assembly is  a welded s t a i n l e s s  s t ee l  p l a t e  and s h e l l  

assembly which forms t h e  vacuum envelope  su r round ing  t h e  upper p o r t i o n  o f  

t h e  beam shave r  and o u t p u t  assembly and t h e  lower p o r t i o n  of t h e  o u t p u t  
t a p e r  assembly. It  a l s o  p r o v i d e s  s t r u c t u r a l  s u p p o r t  between t h e  anode 

shroud assembly and t h e  o u t p u t  t a p e r  assembly. 

Three  elbow a s s e m b l i e s  c o n s i s t i n g  of a c o o l a n t  t ube  brazed  t o  weld 

a d a p t e r s  p rov ide  c o a l i n g  water t o  t h e  beam shave r  and o u t p u t  assembly and t o  

t h e  lower end o f  t h e  o u t p u t  t a p e r  assembly, a l l  of which a r e  i n s i d e  t h e  body 

c y l i n d e r  assembly. 

The o u t p u t  t a p e r  assembly is composed of a t a p e r e d  copper  waveguide. 

I t  is surrounded by a s t a i n l e s s  steel wa te r  j a c k e t  and a s t a i n l e s s  s tee l  
p l a t e  and s h e l l  section a t  t h e  t o p ,  which p r o v i d e s  s t r u c t u r a l  s u p p o r t  

between t h e  body c y l i n d e r  assembly and t h e  lower c o l l e c t o r  ceramic  assembly. 

The assembly a l s o  p r o v i d e s  a water p i p e  for t h e  t o p  of t h e  t a p e r  assembly 

and an elbow t o  connec t  t o  t h e  VacIon pump assembly. 

The VacPon pump assembly is comprised of two s t a i n l e s s  s tee l  

t u b u l a t i s n s ,  a s t a i n l e s s  s teel  m a n i f a d  and an e igh t - l i t e r -pe r - second  VacIon 

pump. The t u b u l a t i o n  o f  t h i s  assembly c o n n e c t s  t o  an elbow on t h e  o u t p u t  

t a p e r  assembly. The purpose  o f  t h i s  pumping channe l  is t o  pump t h e  ca thode  

r e g i o n  of t h e  t u b e  throilgh t h e  anode shroud,  body c y l i n d e r  and o u t p u t  t a p e r  

a s s e m b l i e s ,  independent  of t h e  beam t u n n e l .  

The c o l l e c t o r  assembly i n c l u d e s  a s t a c k  of WateP-COQled, c y l i n d r i c a l  

copper  sections wi th  s t a i n l e s s  s t e e l  p l a t e  and s h e l l  wa te r  man i fo lds  a t  t h e  

t o p  and bottom, Four s t a i n l e s s  s tee l  s t i f f e n i n g  b a r s  p rov ide  s t r u c t u r a l  

s u p p o r t  between t h e  t u b e  l i f t i n g  e y e s ,  welded t o  t h e  t o p  water man i fo ld ,  and 
t h e  lower wa te r  mani fo ld .  The c o l l e c t o r  assembly p r o v i d e s  s t r u c t u r a l  

s u p p o r t  between t h e  upper and lower c o l l e c t o r  ceramic  assembl ies , ,  

The c o l l e c t o r  ceramic  a s s e m b l i e s  which are  m e t a l  and ceramic  a s s e m b l i e s  

a r e  used t o  e l e c t r i c a l l y  i s o l a t e  tile c o l l e c t o r ,  which  e n a b l e s  mon i to r ing  of  

body, c o l l e c t o r  and window c u r r e n t .  The c o l l e c t o r  ceramic  a s s e m b l i e s  
p r o v i d e  compress ive  s u p p o r t  between t h e  o u t p u t  t a p e r  assembly and c o l l e c t o r  
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assembly ,  and a l s o  between t h e  c o l l e c t o r  assembly  and c o l l e c t o r  e x t e n s i o n  
assembly .  T e n s i l e  s u p p o r t  is p r o v i d e d  by i n s u l a t e d  b o l t s .  

The co l lec tor  e x t e n s i o n  assembly  c o n s i s t s  o f  a 2.5$v i n s i d e  d i a m e t e r  
coppe r  waveguide,  w a t e r  coo led  by a s t a i n l e s s  s t e e l  p l a t e  and shell w a t e r  

j a c k e t .  The assembly  a l s o  i n c l u d e s  a s t a i n l e s s  s tee l  p l a t e  and s h e l l  vacuum 
pumping man i fo ld  f o r  e v a c u a t i o n  and pumping t h r o u g h  t h e  gap  between t h e  

c o l l e c t o r  and c o l l e c t o r  e x t e n s i o n  a s s e m b l i e s .  The p l a t e  and s h e l l  s e c t i o n s  
p r o v i d e  s t r u c t u r a l  s u p p o r t  between t h e  uppe r  c o l l e c t o r  c e r a m i c  and 
s i n g l e - d i s c  window a s s e m b l i e s ,  

The t u b u l a t i o n  assembly  i n c l u d e s  two s e a l i n g  s i n g s  and a p i e c e  of 

t u b u l a t i o n .  The assembly  goes  between t h e  collector e x t e n s i o n  assembly  and 

t h e  pumping s t a t i o n  d u r i n g  bakeout. After bakeoiat, p a r t  of t h j s  assembly i s  

p inched  o f f .  

The s i n g l e - d i s c  window assembly  i s  composed of:  

9 .  The b e r y l l i a  window d isc ;  

2- a s h o r t  waveguide s e c t i o n  on t h e  vacuum s ide ,  e n d i n g  i n  a copper 

cup  for t h e  window b r a z e ;  

3. a shor t .  waveguide s e c t i o n  on t h e  a i r  s i d e  with a coppe r  cup  on one  

end for t h e  window b r a z e ;  

4 -  a s t a i n l e s s  s t e e l  waveguide f l a n g e ,  t e r m i n a t i n g  t h e  t u b e ,  and 
5. a p l a t e  and s h e l l  w a t e r  j a c k e t  p r o v i d i n g  s t r u c t u r a l  s u p p o r t  f o r  

t h e  window waveguide.  
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VII. GYROTRON BEHAVIOR STUDY 

A g y r o t r o n  behav io r  s t u d y  was under taken  u s i n g  t h e  28 GHz CW g y r o t r o n ,  
t h e  VGA-8000, as  a test  v e h i c l e  t o  i n v e s t i g a t e  a r c i n g ,  c rowbars ,  v o l t a g e  
g r a d i e n t s ,  t r apped  e l e c t r o n s ,  t u b e  p r o c e s s i n g  and bakeout ,  rf b e h a v i o r ,  
c a v i t y  and o u t p u t  t a p e r  d e s i g n ,  and maximum power l i m i t a t i o n s .  

A. ARCING AND CROWBAR INVESTIGATION 

T i m e  was s p e n t  working w i t h  v a r i o u s  t u b e s  t o  f i n d  a c a u s e  f o r  t h e  

f r e q u e n t  c rowbars  i n  t h e  VGA-8000 and VGA-8050 t ubes .  The purpose  of t h i s  

work was t o  e l i m i n a t e  some of t h e  d e s i g n  problems i n  g y r o t r o n s  and t o  h a s t e n  

development work a t  h i g h e r  f r e q u e n c i e s .  

A t a b l e  was fo rmula t ed  of e v e n t s  w h i c h  would probably  occur  w i t h  

d i f f e r e n t  t y p e s  o f  f a u l t s .  T h i s  enabled  s p e c i f i c  f a u l t s  t o  be  i d e n t i f i e d .  
To h e l p  i n  t h i s  m a t t e r ,  a c a p a c i t i v e  d i v i d e r  was p laced  between ca thode  and 
ground t o  moni tor  cathode v o l t a g e  f l u c t u a t i o n s  around t h e  time of a crowbar. 

D i f f e r e n t  t y p e s  o f  o s c i l l o s c o p e s  were used t o  de te rmine  t h e  t iming  
between e v e n t s ,  such  a s  changes  i n  magnitude of gun anode c u r r e n t  and 
c a t h o d e  c u r r e n t .  The t iming  d i f f e r e n c e  between these two c u r r e n t s  a t  

crowbar is u s u a l l y  u n d e t e c t a b l e .  Many crowbars  were observed ,  and i n  98% o f  
t h e  c a s e s  t h e  crowbar occur red  d u r i n g  t h e  p u l s e ,  Only a few i n t e r p u l s e  
crowbars were observed .  I t  was a l s o  noted  t h a t  t h e  c rowbars  occur red  o n l y  
when there was some amount of  beam c u r r e n t .  
similar i n  t h e i r  c h a r a c t e r i s t i c s ,  The t iming  o f  v a r i o u s  c u r r e n t  i n c r e a s e s  
and v o l t a g e  d e c r e a s e s  were t h e  same time a f t e r  time and t h e  a m p l i t u d e s  of  

c u r r e n t  were a lways  about  t h e  same.' Most of t h e  f a u l t  c u r r e n t  is seen  i n  
t h e  c o l l e c t o r  and n o t  i n  t h e  body. T h i s  would seem t o  i n d i c a c e  an upper 
s e a l  a r c .  

Most of t h e  c rowbars  were ve ry  

Data t aken  d i d  n o t  show any c o r r e l a t i o n  between t h e  ca thode  t empera tu re  
and t h e  f r equency  of crowbars. 
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Four  a n t e n n a s  were p l a c e d  i n  t h e  o i l  t a n k  n e a r  t n e  g y r o t r o n  gun t o  look 

f o r  rf i n  t n e  gun r e g i o n .  I n v e s t i g a t i o n ,  u s i n g  a d i g i t a l  s t o r a g e  scope  w i t f l  

50 nanoseconds-per -poin t  s p e e d ,  snowed t n a t  t h e  r f  fo l lowed  t n e  gun anode 
arc by 100-200 nanoseconds .  T h i s  rf c o u l d  b e  due eo t h e  n i g h  beam c u r r e n t  

dl-awn when t h e  gun anode v o l t a g e  a p p r o a c h e s  ground p o t e n t i a l .  

Using t h e  t a b l e  o f  p r o b a b l e  e v e n t s  tha t ,  would o c c u r  w i t h  v a r i o u s  t u b e  
f a u l t s ,  aPb t y p e s  o f  f a u l t s  were seen .  Observed were t h e  f o l l o w i n g :  

1. gun anode arc t o  ground ( F i g u r e  1 8 6 ) ;  

2. gun anode a r c  t o  c a t h o d e  ( F i g u r e  187) ;  

3. c a t h o d e  a r c s  t o  ground w i t h  t h e  gun anode f o l l o w i n g  ( F i g u r e  188)  

These  t h r e e  f i g u r e s  were t aken  w i t h  t h e  d i g i t a l  s t o r a g e  scope dup ing  

t h e  CW o p e r a t i o n  of t h e  VGA-8000 S/N 11. F i g u r e  186 shows t h e  mod anode  
v o l t a g e  go ing  q u i c k l y  towards  ground p o t e n t i a l ,  w h i l e  a t  t h e  same i n s t a n t  

t h e  gun-anode c u r r e n t  g o e s  i n  t h e  d i r e c t i o n  o f  d i s c h a r g i n g  t h e  c a p a c i t a n c e  

i n  t h e  modu la to r  between gun-anode and anode,  As @an b e  seen  i n  F i g u r e  186,  

t h e  tlme c o n s t a n t  f o r  t h e  d i s c h a r g i n g  o f  t h a t  c a p a c i t a n c e  is q u i t e  l ong .  

F i g u r e  187 shows a lover  s e a l  a r c .  T h i s  seems to b e  much less f r e q u e n t  t h a n  

an upper  s e a l  a r c .  I n  F i g u r e  187, t h e  gun-anode v o l t a g e  tries t o  go more 
n e g a c i v e ,  and a t  t h e  same i n s t a n t ,  t h e  c u r r e n t  g o e s  far  a s h o r t  time i n  t n e  
d i r e c t i o n  of c h a r g i n g  t h e  c a p a c i t a n c e  i n  t h e  modu la to r  from gun-anode t o  
anode.  The crowbar  t h e n  f i res  and t h e  v o l t a g e s  go t o  zero.  F i g u r e  188 

shows an a r c  from c a t h o d e  t o  ground.  T h i s  is v e r y  seldom s e e n ,  The 
gun-anode v o l t a g e  goes  t o w a r d s  t h e  c a t h o d e  v o l t a g e ,  and y e t  tfle mod-anode 

c u r r e n t  is go ing  i n  t h e  d i r e c t i o n  o f  d i s c h a r g i n g  t h e  mQd-anOdf? t o  anode 
c a p a c i t a n c e  i n  t h e  modu la to r .  

I n  t h e  e v e n t  shown i n  F i g u r e  187, t n e  beam s h o u l d  s n u t  o f f  withoclt  a 

c rowbar ,  b u t  t n i s  d o e s n ’ t  seem t o  be  t n e  c a s e .  Dur ing  p u l s e  o p e r a t i o n ,  tfle 
gun anode v o l t a g e  t e n d s  t o  go more n e g a t i v e ,  r a t h e r  t han  more p o s i t i v e ,  w i t n  
t n e  s t a r t  of t h e  crowba?. WnPle i n  CW o p e r a t i o n ,  t h e  failure mode seems bo 

be t n e  gun anode v o l t a g e  go ing  mare p o s i t i v e ,  i n d i c a t i n g  an a r c  fr-om gun 
anode t o  ground.  
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Differen t  types  of f a u l t s  were catalogued t o  d i f f e r e n t i a t e  between tu'oe 

Using the  VGA-8050 S f N  7 ,  it was r e l a t e d  and power supply r e l a t e d  problems. 

ohserved t h a t  90% of the  arcs occurred during t h e  pulse  and 85% occurred i n  
t h e  f i r s t  ha l f  of the  pulse .  

It appears t h a t  t he  28 GHz design does not have a dc grad ien t  problem. 

The tubes  t h a t  tend t o  arc from gun anode t o  ground, do so on ly  with t h e  

beam present .  

Experiments were done with an antenna i n  t h e  oil tank t o  observe any 

o s c i l l a t i o n s  i n  t h e  gun region of t h e  tube .  With a CW tube ,  no gun 

o s c i l l a t i o n s  were observed u n t i l  a f t e r  t h e  tube  fault. Using a pulse  tube,  

VGA-8050 S f N  7 ,  o s c i l l a t i o n s  were observed i n  t h e  gun region whenever there  

rsas rf i n  the  t u b e ' s  output .  There were uo condi t ions where rf ms observed 

i n  t h e  gun region without t h e  same rf frequency being de tec ted  at t h e  tube  

output .  The d i f f e rence  between t h e  CW and piLsc tube i n  t h e  gun region w a s  

t h a t  t h e  CW tube. had a lossy coat ing on t h e  anode and the  pulse  -tube did 

Plot 0 

While t e s t i n g  VGA-8000 SIN 8B9 it was observed tha t  when the  1003 

r e s i s t ance  was added i n  s e r i e s  with t h e  cathode, the tube  gas pressure at 

crowbar rose t o  1 x t o r r .  While without t h e  100R, t h e  pressure i n  t h e  

gun rose t o  5 x lo-' t o r r .  

r e s i s t a n c e  was 1.8 x lo'-' t o r r  at crowbar. 

gun pressure  was genera l ly  t h e  same as t h e  c o l l e c t o r  pressure.  

i nd ica t e s  t h a t  t h e  power supplied t o  an arc becomes excessive without t h e  

lOOQ r e s i s t o r  i n  t he  l i n e .  Because of power d i s s i p a t i o n ,  the p a r t i c u l a r  

l 0 O Q  r e s i s t o r  used could not remain i n  t he  liiie f o r  CW opera t ion .  The gun 

anode cur ren t  a t  crowbar with the l O O R  r e s t s t o r  was about 300 amperes, 

whereas it was 600 amperes without t h e  lOOR r e s i s t o r  i n  t h e  l i n e ,  
mount  of gas l i b e r a t e d  from t h e  a rc ing  ind ica t e s  t h a t  the gas is  being 

f reed  from a volume, and not j u s t  a sur face ,  condi t ion.  

The pressure  i n  t h e  c o l l e c t o r  without t he  l O O R  

With t h e  lOOR r e s i s t a n c e ,  t h e  

Thls 

Also, t h e  
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Be VOLTAGE GRADIENTS AND TRAPPED ELECTRONS - COMPUTER INVESTIGATIOY 

Voltage gradients i n  the  gun were investigated. The gradient from the  

gun anode was found t o  be 65 kV/cm when the  tube is pulsed on and 111 kV/cm 

when pulsed of f .  The gradient from the  surface of the front focus electrode 

i s  109 kV/cm when the  tube is  pulsed on and 74 kV/cm when the tube is  pulsed 
off .  These gradient values a re  acceptable but have a m i n i m a l  safety factor .  
By moving the gun 0 . 3  inches away from the  body, the  gradients a t  the gun 

anode could be lowered t o  92 kV/cm. 
i f  t h i s  movement would be detrimental t o  beam quality,  

Further work would be necessary t o  see 

Sputtering of metals on the ceramic insulators  of the gun led t o  an 
The investigation of ion bombardment of the t i p  of the focus electrode. 

computer calculations showed tha t  any ions formed i n  the  interact ion region 

of the tube w i l l  indeed s t r i k e  %he front  focus electrode. The diameter of 
t h e  ion  impact area is  dependent on the atomic number of t h e  ions. Chemical 
analysis of the  material  sputtered on the ceramics found a l l  materials 

normally used in  vacuum tubes. After exposure t o  the a i r ,  t h i s  coating w a s  
found t o  be non-conducting. 

Electron t ra jec tory  calculat ions of the focus electrode emission showed 

t h a t  electrons emitted from the front focus electrode and anode will go down 

t h e  d r i f t  tube, while those from the  rear  focus electrode Will s p l i t ,  some 

s t r ik ing  the anode and the reminder  going down the d r i f t  tube. None seem 

t o  s tay for  any appreciable t i m e  i n  the region of the  gun. 

e. PROCESS AND BAKEOUT 

The bakeout t i m e  f o r  the t e s t  vehicle,  VGA-8000 S / N  11, was doubled t o  
release and eliminate more gas from t h e  metal wal l s  of the tube. This new 

bakeout. schedule made an improvement i n  tube processing and was used on 
subsequent tubes.  

The VGA-8000 S/N 8B was baked out at 45OoC for  9 hours. The cathode 
was processed for  4 hours. While i n  operation, the tube gases were analyzed 
using a residual gas analyzer ( R G A ) .  The analysis showed that  there  w a s  



sti l l  a l o t  o f  hydrogen g a s ,  which shou ld  have  been removed i n  bakeou t  and 
p r o c e s s i n g .  It appea red  t h a t  t h e  g y r o t r o n  shou ld  b e  baked o u t  fa r  a l o n g e r  

p e r i o d  o f  time, p e r h a p s  twice as l o n g  a t  t e m p e r a t u r e .  The h e a t e r  shou ld  b e  
r u n  a t  s a t e d  power for 12  h o u r s  b e f o r e  g o i n g  t o  t es t .  When a p p l y i n g  power 

co t h e  h e a t e r ,  t h e  hydrogen and ca rbon  monoxide g a s e s  evo lved  a r e  s u f f i c i e n t  

ta s low t e s t i n g  time b u t  a r e  of  low IOp7 tosr  p r e s s u r e ,  Tt is d i f f i c u l t  f o r  

bakeou t  s t a t i o n s  t o  g e t  t h e  t u b e  p r e s s u r e  below lom7 t o r r .  T h e r e f o r e ,  a 

l o n g  p r o c e s s i n g  time w i t h  t h e  VacIon pump, which can  g e t  t h e  pressire much 

lower, would be  u s e f u l ,  T h i s  would n o t  occupy t h e  bakeou t  s t a t i o n .  The 12 

hour  c a t h o d e  p r o c e s s i n g  c o u l d  be done  o v e r n i g n t .  

B. RF BEHAVIOR 

Al though VGA-8000 S/N 8 was not a p e r a t e d  w i t h  h i g h  l e v e l  r f ,  t h e  t u b e  

was found t o  have a c r a c k e d  o u t p u t  window. The c r a c k  appea red  t o  be from 

p r e s s u r e r  r a t h e r  t h a n  any  t n e r m a l  or rf induced  problem. 

VGA-8000 SIN 11 was p u l s e  tested t o  200 k~d  peak power. Curves  were 
t aken  t o  sho&r t h e  t y p e s  of  e x c u ~ s i o n  p o s s i b l e  i n  magnet c u r r e n t s  and gun 

anode v o l t a g e ,  F i g u r e s  189-191. 

F i g u r e  189 snows t h e  o p t i m i z e d  power output .  a t  a g i v e n  gun anode 

v o l t a g e .  En F i g u r e  189 ,  t h e  magne t i c  f i e l d s  Mere v a r i e d  t o  o p t i m i z e  t h e  
peak power o u t p u t ,  F i g u r e  190 shows t h e  peak o u t p u t  power v a r i a t i o n  f o r  a 

g i v e n  change  i n  main magne t i c  f i e l d .  The main magnet c u r r e n t  was lowered  
u n t i l  the t u b e  o s c i l l a t e d  i n  a mode o t n e r  t n a n  t h e  FE 

how t h e  o u t p u t  power v a r i e s  w i t h  gun c o i l  magnet c u r r e n t .  The t l tbe is 

n o r m a l l y  o p e r a t e d  w i t n  no gun anode  c u r r e n t  b e i n g  drawn. A t  12.6 A of  gun 

c o i l  No. 1 c u r r e n t ,  t h e  gun anode began drawing  c u r r e n t .  Above 12.1 A ,  
t n e r e  is no gun anode  c u r r e n t .  

F i g u r e  191 shows 021 * 

R e s u l t s  of an e x p l o r a t i o n  o f  paramete r  space a r e  s n o m  i n  F i g u r e  192. 

F i g u r e  192 shows k h a t  t h e  b e s t  way t o  s t a r t  t h e  t u b e  o s c i l l a t i n g  i n  t h e  
correct mode is t o  b e g i n  w i t n  a low gun anode  v o l t a g e  and a h i g n  magneeic  
f i e l d ,  t h e n  r a i s e  t h e  gun anode  v o l t a g e  t o  t h e  d e s i g n  v a l u e  and t h e n  lower  
t h e  magne t i c  f i e l d  t o  g e t  t n e  d e s i r e d  o u t p u t  power. F i g u r e  193 shows t n e  
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Figure 189. Optimized Power vs Gun Anode Voltage 
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Figure 190. Power vs Main Magnet Current 
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Figure 191. Power vs Gun Coil No. 1 Current 
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da ta  f a r  VGA-8050 S / N  9 ,  a pulse  tube.  

i l l u s t r a t e s  t h a t  t h e  operat ion of t he  CW and pulse  tubes  i s  very  similar, 

except f o r  two apparent d i f fe rences .  

and t h e  pulse  tube  does not ,  F'urther examination will have t o  be done t o  

i d e n t i f y  t h i s  mode. mode 

was a t  a lower magnetic f i e l d  than t h e  28.4 GHz and TE modes, as it i s  

a l s o  at lower f i e l d  than t h e  TE mode i n  the pulse tube .  The second 

d i f fe rence  occurs a t  t h e  low gun anode vol tage  1eve1s. P t  appears more 

d i f f i c u l t  t o  opera te  i n  t h e  c o r r e c t  mode unde7- CW condi t ions  than under 

pulsed condi t ions e 

Comparing Figures 192 and 193 

F i r s t ,  t h e  CVtube has a 28.4 G B z  mode 

Though it i s  not shown i n  Figure 1 9 2 ,  t h e  'YE 221 

021 

021 

A t  high magnetic f i e l d s ,  t h e  32.4 GHz mode o s c i l l a t e s  d t h  l o w  power. 

This made does not seem t o  be a problem because it, can be avaided with t h e  

appropriate  magnetic f i e l d  s e t t i n g .  

s e r ious  problem. As can be seen i n  Figure 194, t o  obta in  high output power, 

t h e  main f i e l d  i s  lowered and then t h e  TE221 mode becomes t h e  lower l i m i t  i n  

main magnet f i e l d ,  and the  upper l i m i t  f o r  power output 

The 'TE22p mode appears t o  be a more 

' Figure 19)+ shows the  chasac ter i s t , i cs  o f  t h e  VGA-8QOO S/N $1. It wits 

operated f o r  per iods of a few hours a t  t h e  200 k W  CW l e v e l .  

compares w e l l  with t h e  previous curves foP S/M 5R2 and S/N 6. 
achieved 40% e f f i c i ency  e 

'This curve 

This tube  

CW Tube No. 11 w a s  operated both pulsed and CW with  the i d e n t i c a l  load 

condi t ions to determine if t h e r e  were any apparent behavior d i f f e rences  w i t h  

t h e  two modes of operat ion.  

d i f f e rences  between pulsed and CW operat ion.  

CW operat ion has more made competit ion than t h e  pulsed operat ion.  

moderate gun anode vo l t ages ,  t h e  tube  s t ays  i n  t h e  c o w e c t  mode over a wider 

range with CW than with pulsed operat ion.  This i s  probably due t o  t h e  f a c t  
t h a t  once an o s c i l l a t i o n  has started,  it w i l l  dominate as t h e  magnetic f i e l d  

i s  changed, whereas i n  pulsed operation, o s c i l l a t i o n  must restart w i t h  every 

pulse .  

second harmonic at 5 5 - 3  GHz which would g ive  a f a l s e  wavemeter ind ica t ion  at, 

32.4 GHz. 

p i c t u r e s  may a c t u a l l y  have been 27.15 G H z ,  However, as can be seen i n  

Figures  195; and 196 show t h a t  t h e r e  are 

A t  low t r ansve r se  energy, t h e  

A t  

While tak ing  d a t a ,  it was discovered t h a t  t h e  27.15 GBz mode had a 

We now be l i eve  the  frequency l i s t e d  as 32.4 i n  previous mode 
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VGA-8000 S/N 11 - CW 
POWER VS MAIN MAGNET #3 
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Figure 194. Power and Frequency Sensitivity to Main Magnet 
No. 3 Current 
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Figure 196. VGA-8000 S/N 11 CW Oscillation Map 



Figures  195 and 196, t h e r e  i s  a 32.3 GHz mode t h a t  i s  peal .  

t h a t  would explain d i f f e rences  between these  parameter space p l o t s  and 

previous ones,  i s  t h a t  t h e  output window had t o  be changed. While 

previously opera t ing  VGA-8000 S/N 11 t h e  output waveguide arced.  Normally, 
t h e  operator  has t o  r e s e t  the arc de tec to r  before  an i n t e r l o c k  allows t h e  

high vol tage  t o  come on again.  A t  t h e  t i m e  of t h e  f a i l u r e ,  t h i s  i n t e r lock  

was apparent ly  not working c o r r e c t l y  and t h e  high vol tage  was allowed t o  

come on without t h e  a rc  de tec tor  being r e s e t .  Therefore,  t h e  tube  was being 

operated without a func t iona l  arc de tec to r .  When t h e  waveguide arced again,  

t h e  a r c  w a s  not extinguished f a s t  enough, and it cracked t h e  a i r  s i d e  of the 

output window. The crack was due t o  t h e  extreme heat  from t h e  a r c .  P a r t  of 

t h e  window was replaced and the  tube  operated with the  r e s u l t s  seen i n  

Figures 195 and 196. 

Another f a c t o r  

In  conclusion, t h e  tube opera t ion ,  pulsed and CW, i s  very similar. The 

few d i f f e rences  can be explained by t h e  f a c t  t h a t  CW opera t ion  w i l l .  s e t t l e  

i n t o  a p a r t i c u l a r  mode and tend t o  s t a y  the re .  In  f a c t ,  t h e r e  i s  some 

h y s t e r e s i s  when going from one made t o  the next.  However, with pulsed 

opera t ion ,  t h e  o s c i l l a t i o n  shuts  off  and restarts with every puLse and, 

t he re fo re ,  can e a s i l y  start i n  any mode where t h e  co r rec t  condi t ions e x i s t .  

E. CAVITY AND OUTPUT TAPER 

Computer simulation was used t o  design a new c a v i t y  and output, t a p e r  

fo r  low mode conversion. The e x i s t i n g  c a v i t y ,  i f  used with t h e  new output 

t ape r  conf igura t ion ,  would have a Q less than 200. 

design has a Q of  430, which was used i n  the e a r l i e r  28 GHz work. 

The new c a v i t y  and t a p e r  

Work was performed on two schemes f o r  a better cav i ty  design. The 

f i r s t  idea was a c a v i t y  t h a t  was a l r eady  being used, but with p ins  o r  vanes 

added for mode suppression. The second scheme was a two-section cav i ty  

which would pre-bunch t h e  beam i n  the  f i r s t  sec t ion  and extract energy from 

t h e  beam i n  t h e  second, The pinned o r  vaned cav i ty  i d e s  was not new, bu t  

the  design method, maintaining t h e  cool ing and necessary mechanical f ea tu re s  

was chal lenging,  Vanes were t e s t e d  and worked very w e l l ,  bu t  p ins  seemed a 
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simpler solution. 
interference from TE221 mode. 

This work was directed at reducing the  poss ib i l i ty  of 

Cold tests of the pinned cavity demonstrated the importance of pin 

diameter. P i n s  that  were 0.080~~ diameter affected the TE mode, whereas 
pins of 0.061" diameter were not detrimental t o  the  TE mode. "he depth 
of penetration of the 0.061~~ diameter pins was 1/8". 
t h e  pins were determined by cold t e s t a .  With the pins i n  place, the Q of 
the TE mode remains unchanged, whereas t h e  Q of the  mode is reduced 

021 
from 350 t o  150. 
drawing a d i e l e c t r i c  bead through the cavity t o  measure the e l e c t r i c  f i e l d  
of" the cavity. 
cavi ty  with pins and without an ir is  t o  the e f fec t ive  length of the exis t ing 
cavity used i n  the previous 28 GRz gyrotrons. 
O.38Of8 longer. The e l e c t r i c a l  length i n  cold t e s t s  appeared t o  be 0.7 X 

free-space (f.s.1 longer than the 3.1 X f.s. length of the exis t ing 
c a v i t i e s ,  In t h i s  comparison, the lengths a re  defined using the points 
where the e l e c t r i c  f i e l d  is  l / e  of the peak value. 

021 

021 
The best  locations for  

The effect ive length of the  cavity was determined by 

A comparison w a s  made of the  effect ive length of the new 

The new cavi ty  length i s  

The 

1. 

2. 

3 .  

4, 

5 .  

6 -  

following modifications weye made an the VGA-8000 S/N 8B. 

There were 7 posts i n  the cavity t o  detune the TE mode. The 
posts were 0.061" diameter by 0.12" long (. 

22 

The cavi ty  had no iris: i ts  Q w a s  420. 

The cavi ty  was 0.380'' longer. I n  cold t e s t s  it appeared t o  be 3.8 

X f .s .  long, as opposed t o  i t s  previous 3.1 X f . s .  length. 

It had a new alumina window. 

There was a 0.2 L/sec pump a t  the gun end of the  tube t o  monitor 
the pressure at the gun. 

There was a vacuum valve for  a residual gas analyzer connection, 
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RF t e s t i n g  of t h e  tube ms done i n  t h e  pilLsed mode. Figure 197 shows 

how t h e  output power var ied  with the  beam curpent.  In  t h i s  experiment, t he  

gun anode vol tage  was 24.6 kv and t h e  gun c o i l  1 and 2 s e t t i n g s  were 11.5 A 

and 10.0 A ,  respec t ive ly .  The main magnets were var ied  t o  achieve optimum 

power. This curve is sidlaw; t o  those  of previous tubes  except t ha t  t he  

maximum power achieved w a s  only 146 kw, as opposed t o  200 kw, 

power achieved with t h e  VGA-8000 SIN 8B was 176 kw, This was a t  8 - 2  a beam 

curren t  and 11.0 A i n  gun c o i l  No. 1 with 23.9 kv an t h e  gun anode vol tage .  

The maximum 

The operat ion of S/N 8B showed some pecu l i a r  r e s u l t s .  The following 

f igu res  poin t  out some unusual behavior pa t t e rns .  Figure 198 shows t h a t  a t  

high power operat ion t h e  tube e f f i c i e n c y  goes towards a peak, but t h e  peak 

i s  not  defined. Figure 199 shows how a smal .P change i n  t h e  gun anode 

vol tage  and gun c o i l  cu r ren t  a f f e c t s  t h e  output power but  does not change 

t h e  shape of t h e  curve.  Figure 200 compares with Figure 201. Only the beam 

vol tage  and gun anode vol tage  were changed. Notice how t h e  curve now goes 

pas t  t h e  peak e f f i c i ency  poin t  and de f ines  t h e  peak. One of t h e  major 

reasons f o r  t h i s  t u b e r s  c a v i t y  modif icat ions was t o  be ab le  t o  f ind  t h i s  

peak i n  e f f  i c iency  . Previously tubes  had power versus  magnet cu r ren t  

curves t h a t  looked l i k e  Figures  198 and 199. 

e f f i c i ency  poin t  shown but t h e  peak output  power i s  not acceptable .  

Figure 201 shows t h a t  at lower gm anode vol tage  and lower gun c o i l  cu r ren t ,  

t h e  p w e r  f a l l s  very ~ Q W  before changing modes. 

high t r ansve r se  energy but a d i f f e r e n t  diameter beam.) 

Figure 200 has the peak 

 his case i s  still a t  a 

M t h  Figures 280 and 

201 show t h a t  t h e  i n t e r f e r i n g  mode is  not, t h e  TF mode a t  26.8 G H z ,  but  22 
another  mode a t  the low magnetic f i e l d  va lues .  

Figures  202, 203, and 204 are mode o s c i l l a t i o n  maps f o r  t h e  VGA-8000 

SIN 8 A .  Figure 202 shows t h e  b e s t  TE operat ing condi t ions.  The only 

problem is  t h a t  t h e  peak power i s  much too  low, as was seen i n  Figure 201. 

Figures  203 and 204 depic t  t he  resulLs of a t tempts  t o  get t o  a higher output 

power regime. 

70 kV l e v e l .  

o s c i l l a t i o n  maps. 

highest  p o w e r  l e v e l  

02 

A t  80 kV9 t h e  mode picture i s  much more complex than a t  t h e  

Figures 205 and 206 compare t h e  80 kV and 70 kV beam vol tage  

Figure 286 shows t h e  d t f f i c u l t y  i n  opera t ing  a t  t h e  
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These maps point out tha t  the TE mode has not 'oeen eliminated, but 
t h a t  it has been changed. The main d i f f i c u l t y  is  t h a t  i n  changing the  TE 

mode, other modes have been introduced or accentuated, 
changes made i n  t h i s  tube have not brought about the desired changes i n  tube 

performance. 

22 

22 
It appears t h a t  the 

P. MAXIMUM POWER LIMITATIONS 

The VGA-8000 S/N 11 w a s  operated a t  higher pawer than any previous 

gyrotron. A summary of performance data is shown in Table 23. Previous 

28 GHz gyrotrons were operated at the 80 kV, 6.25 Amp l e v e l  with 200 kW 

output. 

increased t o  260 kW. 

A with 42% efficiency. 

81.5 kV with 7.4 - 8.27 Amps and e f f ic ienc ies  i n  the  39% - 42% range. 
experiment was performed a t  t h i s  power l e v e l  t o  determine the e f fec t  of beam 

voltage versus beam current.  

achieved only 272 kW output (40% eff ic iency) .  
same and the tube behaved s imilar ly  i n  both cases. Therefore, with t h e  same 

beam powers the  higher efficiency was seen with higher current and lower 

voltage. 

The beam current was raised t o  8 Amps and the output power 

To get 250 kW output, t h e  beam power w a s  80.5 kV, 7.4 
Most of the 250-280 kW d a t a  were taken a t  80.5 - 

An 

The tube was operated at 80 kV, 8.5 Amps and 

me magnet se t t ings  were the 

As seen with earlier tubes, t h e  peak ef f ic ienc ies  of about 50% occurred 

a t  4 t o  5 Amps of beam current ,  but the  voltage was always held constant a t  

8a kV. 
41.776 e f f i c i e n t ,  

operation was above 35% efficiency. As can be seen, t h e  ultimate power 

achieved was 342 kW. This occurred with 84.2 kV, 10.9 Amps input. The 

operation at t h i s  point was not d i f f i c u l t ,  but at t h i s  power l e v e l ,  the air 
s ide of the output window broke. 

A t  80.5 kV and 7.96 Amps, t h e  output power was 268 kw, which i s  
Table 23 shows the power achieved. A l l  of the high power 

The tube operated a t  342 kW f o r  

12 minutes before the  window broke. The arc detector w a s  tes ted and  found 
t o  be working properly. The response t i m e  from arc  u n t i l  crowbar w a s  

- < 6 ps. 
309-319 kW l e v e l  the tube was rw for  1 hour without crowbar. 

The tube operated for  1-3/4 hours at 300 kW OF g rea te r ,  A t  t h e  
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During t h e  h i g h  e f f i c i e n c y  o p e r a t i o n ,  there was a d e t e c t a b l e  l e v e l  of 
rf i n  t h e  gun r eg ion .  T h i s  rf was o f  t h e  same f requency  a s  t h e  o u t p u t  r f .  
The rf  appeared  a t  a l l  v o l t a g e  and c u r r e n t  l e v e l s  whenever t h e  main magnets 

were lowered t o  a c h i e v e  h i g h  e f f i c i e n c y  o p e r a t i o n ,  T h i s  u s u a l l y  c o r r e l a t e d  
' w i t h  an i n c r e a s e  i n  t h e  col lector  s e a l  h e a t i n g .  I t  a p p e a r s  t h a t  i n  t u n i n g  

f o r  maximum e f f i c i e n c y  there is  a g r e a t e r  mismatch i n  t h e  o u t p u t ,  which 

a l l o w s  more mode conve r s ion .  A t  t h e  342 kW l e v e l ,  there was a l a r g e  amount 
o f  rf i n  t h e  gun r e g i o n .  T h i s  would p o s s i b l y  p r o h i b i t  a l a r g e  i n c r e a s e  i n  
power above t h e  324 kW l e v e l .  

The t u b e  was s t i l l  under vacuum a t  t h e  end of  t h e  b e h a v i o r  s t u d y  and 
was a v a i l a b l e  t o  Department of Energy programs. 

6. CATHODE INVESTIGATION 

D i s c u s s i o n s  were he ld  w i t h  those involved  i n  cathode d e s i g n  a t  Var ian .  
Some d a t a  were o b t a i n e d  on r e s u l t s  from t h e  ca thode  s t u d y  programs a t  Varian 
and elsewhere. The M-type and mixed-metal  m a t r i x  cathodes appear  t o  be  
worthy o f  i n v e s t i g a t i o n .  They can  have lower work f u n c t i o n s  than  t h e  barium 
c a t h o d e s  a s  w e l l  a s  h i g h e r  emis s ion  d e n s i t y  w i t h  good l i f e .  The M-type 
c a t h o d e s  t y p i c a l l y  seem t o  have a more uniform s u r f a c e  emis s ion ,  w h i c h  i s  

good fo r  lower v e l o c i t y  s p r e a d  due t o  s u r f a c e  roughness  and s p o t t y  emiss ion .  

A more thorough s t u d y  could  be made by b u i l d i n g  an Auger microscope and 
o b s e r v i n g  t h e  u n i f o r m i t y  of emiss ion .  T h i s  could  be  done on a modest 

budget ;  b u t  t h e  r e a l  q u e s t i o n  ar ises  i n  t h e  v e l o c i t y  sp read ,  T h i s  

measurement would r e q u i r e  b u i l d i n g  a good beam a n a l y z e r .  A t  t h e  moment, 
none exists f o r  magnetron i n j e c t i o n  guns and c o n s t r u c t i o n  of a beam a n a l y z e r  
wauld r e q u i r e  a s u b s t a n t i a l l y  l a r g e  budget 

Heater t empera tu re  d a t a  have been t aken  for  t h e  new K-8002 gun. To 
o b t a i n  1000°C t empera tu re  a t  t h e  cathode, t h e  h e a t e r  t empera tu re  must b e  

1806OC. 

ca thodes .  For t h i s  r e a s o n ,  it a p p e a r s  best t o  use  t h e  K-8000 gun, w i t h  a 
p o t t e d  h e a t e r ,  fo r  t h e  t u b e s  t o  be used i n  plasma exper iments .  

T h i s  exceeds t h e  t empera tu re  c o n s i d e r e d  good f o r  l ong  l i f e  
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The Behavior Study Inves t iga t ion  was t o  accomplish four  main goa ls .  

One goa l  was t o  determine t h e  u l t imate  power capac i ty  of t h e  VGA-8000 tubes .  

This goal  w a s  accomplished when tube No. 11 w a s  suecessfu l ly  operated a t  

342 kW, CW. A second goal was t o  improve s t a b i l i t y  and s t a r t i n g  

c h a r a c t e r i s t i c s  0% gyrotrons.  This was p a r t i a l l y  accomplished with t h e  

development of o s c i l l a t i o n  maps t o  b e t t e r  con t ro l  the turn-on procedures of 
gyrotrons.  Work was also done t o  improve t h e  design of high power windows, 

as w e l l  as t o  c o l l e c t  a l a r g e  da t a  base for  fu tu re  gyrotron development, -4 

t h i r d  goal w a s  t o  minimize gun arc ing  and decrease tribe processing t ime, 

Diagnostics were developed t o  determine t h e  types o f  a r c s  occurr ing.  These 

arcs were pr imar i ly  gun anode t o  ground, during t h e  pulse.  The vol tage  

g rad ien t s  and gun pressure  were checked and no problems were found, Using a 

r e s idua l  gas ana lyzer ,  it determined t h a t  the  tube processing t i m e  i n  

test could be reduced by better bakeout psoceduyes, This has been shown t o  

be  co r rec t  i n  subsequent tubes.  The four th  goa l  was t o  improve mode pu r i ty .  

Computer analyses  and cold tests were done to achieve t h i s  goal. In tube  

t e s t s  it was found t h a t  t h e  cav i ty  design of tube  No. 8 introduced o r  

enhanced other modes than those  seen i n  t h e  regular  cav l ty ,  Although these  

tes t s  did not r e s u l t  in s i g n i f i c a n t  improvements to mode p u r i t y ,  they d i d  

provide use fu l  design i n f o m t f o n  ,, 
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VIII. 60 GHz 200 ktd CW OSCILLATOR 

With t h e  e x c e p t i o n  of t h e  c o l l e c t o r  and window, t h e  d e s i g n  o f  t h e  

p u l s e d  o s c i l l a t o r  was s u i t a b l e  f o r  CW o p e r a t i o n .  The d e s i g n  of these two 
impor t an t  a s s e m b l i e s  f o r  CW o p e r a t i o n  i s  d is .cussed  i n  t h i s  s e c t i o n .  

A.  COLLECTOR 

1. Mode Conversion 

a. Taper Design for 4-Inch Diameter C o l l e c t o r s  

Measurements on X-6, which w i l l  be descr ibed  l a t e r  i n  t h i s  

r e p o r t ,  i n d i c a t e d  t h a t  mode conve r s ion  t o  TE and TE was unaccep tab ly  
h igh  i n  t h e  X-6 d e s i g n  fo r  u s e  i n  pu re  mode ECW sys tems.  
pu l sed  t u b e  r e s u l t s ,  which w i l l  a l s o  be d i s c u s s e d ,  sugges t ed  t h a t  a major 
p o r t i o n  of t h e  mode conver s ion  took  p l a c e  i n  t h e  c o l l e c t o r  t a p e r s .  A 

computer code, cal led TAPER, based on two-mode coupled  t e l e g r a p h e r q s  
e q u a t i o n s ,  was used t o  c a l c u l a t e  mode conve r s ion  i n  t h e  X-6 c o l l e c t o r .  The 

01 0% 
A comparison w i t h  

r e s u l t s  i n  F i g u r e s  207 and 208 show t h a t  s i g n i f i c a n t  mode conve r s ion  does  
indeed occur  i n  t h e  c o l l e c t o r  t a p e r  s e c t i o n s ,  A r e d e s i g n  of t h e  c o l l e c t o r  
t a p e r  was performed to l i m i t  t h e  o u t p u t  TE and TE mode conve r s ion  l e v e l s  
t o  - < 16 dB, s i m i l a r  t o  t h e  leve ls :  t h a t  might a r i s e  from assembly t o l e r a n c e s .  
Other  d e s i g n  c r i t e r i a  i nc luded :  1) l i m i t  maximum t u b e  l e n g t h  t o  t h e  p r e s e n t  
CW t u b e  l e n g t h ,  2) make t h e  c o l l e c t o r  s e c t i o n  as l a r g e  i n  d i ame te r  as  
p o s s i b l e ,  and 3) check t h e  bandwidth t o  de t e rmine  s e n s i t i v i t y  t o  f requency  
s c a l i n g  

01 03 

A made conver s ion  a n a l y s i s  was performed u s i n g  TAPER, w i t h  

t h e  Gauss ian  up and down t a p e s  s e c t i o n s  r e p l a c e d  w i t h  s imple  l i n e a r  5' 

t a p e r s .  The r e s u l t s ,  d e p i c t e d  i n  F i g u r e s  209 and 210, showed mode 

conve r s ion  was s t i l l  severe. A r e d u c t i o n  i n  t h e  a n g l e  OF t h e  l i n e a r  t a p e r  
t o  abou t  2' would decrease t h e  mode conve r s ion  l e v e l  t o  an a c c e p t a b l e  v a l u e  
a t  t h e  expense  of g r e a t l y  i n c r e a s i n g  t h e  t u b e  l e n g t h  or r e d u c i n g  t h e  

d i a m e t e r  of t h e  collector.  Thus, a complex n o n l i n e a r  taper  was cons ide red .  
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Based on a n a l y s e s  b y  Unger4' and Tang41s  a %-inch d i a m e t e r  CObbeCtOr d e s i g n  

was d e v e l o p e d  t h a t  s a t i s f i e d  t h e  a b o v e  c o n s t r a i n t s .  

F i g u r e s  299 and 212 show t h e  c o n v e v s i o n  of t h e  TE mode t o  

r e s p e c t i v e l y ,  for t h e  new 4-inch co l l ec to r  d e s i g n .  Note t h e  
62 

TEO1 a n d  TE 
s i n g l e  p e a k s  i n  t h e  up and down t a p e r s  t h a t  show c o n v e r s i o n  and 

r e c o n v e r s i o n .  F o r  t h e  r e g i o n  i n  which  mode c o n v e r s l o n  i s  -10 d 8  or h i g h e r ,  
t h e  two-mode a s s u m p t i o n  made i n  t h e  a n a l y s i s  may be v i o l a t e d .  S i n c e  t h e s e  

r e g i o n s  are r e a s o n a b l y  s h o r t ,  c o n v e r s i o n  i n t o  modes o t h e r  t h a n  t h e  two 
c o n s i d e r e d  i s  p r o b a b l y  s t i l l  low, and t h e  r e s u l t s  of t h e  c a l c u l a t i o n  s h o u l d  

b e  r e a s o n a b l y  v a l i d .  C a l c u l a t i o n s  u s i n g  t h e  two-mode a n a l y s i s  for TE t o  
1E ( w h i c h  show low f i n a l  c o n v e r s i o n  l e v e l s )  a r e  n o t  v a l i d  s i n c e  s imi la r  

amounts  of c o n v e r s i o n  may d e v e l o p  v i a  t h e  %E - TE - TEay r o u t e .  The 
b a n d w i d t h  of t h e  collector i s  e x c e l l e n t  from 50 - 64 GHa for  -16 dB %Eo, o r  
TE mode c o n v e r s i o n  l e v e l s .  

03' 

82 

04 

02 03 

03 

The 4- inch d i a m e t e r  co l lec tor  has  t h e  a d v a n t a g e  of h a v i n g  

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

c a n t o u r i n g  o f  t h e  m a g n e t i c  f i e l d .  A d e s i g n  r e f i n e m e t a t  das p u r s u e d  t o  
improve  t h e  mode p u r i t y  o f  the i n i t i a l  4- inch d e s i g n ,  

The a n a l y s i s  o f  mode c o n v e r s i o n  i n  t h e  4- inch c o l l e c t o r  was 

performed u s i n g  TAPER, R e f l e c t i o n s  i n  t h e  tapersp beam-induced 
p e r t u r b a t f o n s ,  and window reflectiens or  mode canversion are n o t  i n c l u d e d  i n  

t h e  c a l c u l a t i o n s .  Also, TAPER c a l c u l a t i o n s  assume a p u r e  TE mode coming 
o u t  of t h e  c a v i t y .  However,  p r e v i o u s  a g r e e m e n t  be tween TAPER, OPENCAV and 

a c t u a l  mode p u r i t y  m e a s u r e m e n t s  g i v e s  good c o n f i d e n c e  i n  t h e  a c c u r a c y  of t h e  

r e s u l t s  when mode p u r i t y  is  h i g h .  A new 4- inch  d e s i g n  ( d e s i g n  11) a c h i e v e d  

t h e  f o l l o w i n g  o u t p u t :  3.5% T E O , ,  94.4% TEgZ and 2.0% TE 
t h e  b a n d w i d t h  of t h e  d e s i g n  11, a g r a p h  of t h e  mode c o n v e r s i o n  l e v e l  of t h e  

and TE modes as a f u n c t i o n  of frequency i s  shown i n  F i g u r e  213. 
TEO1' TEo3 04 
Mote t h a t  t o t a l  mode c o n v e r s i o n  a c t u a l l y  d e c r e a s e s  at. lower f r e q u e n c i e s  w i t h  
a minimum a t  a b o u t  53 GHz, 

02 

To i l l u s t r a t e  03' 

The p h y s i c a l  l e n g t h  of t h e  d e s i g n  I1 4-inch d i a m e t e r  
co l lec tor  i s  a few i n c h e s  l o n g e r  t h a n  t h e  col lector  l e n g t h  be tween t h e  lower 
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and upper s e a l s  on X-6. 
r e l o c a t i n g  t h e  upper s e a l .  A l t e r n a t i v e l y ,  F i g u r e  213 s u g g e s t s  t h a t  one 
might take advantage  of t h e  mode conve r s ion  minimum a t  53 GHz and s h i f t  it 
i n  a new d e s i g n  t o  60 GHz. F u r t h e r  work t o  d e c r e a s e  t h e  l e n g t h  of t h e  

c o l l e c t o r  would be r e q u i r e d  t o  i n c o r p o r a t e  t h e  4-inch d e s i g n  wi thou t  changes 
i n  t u b e  l e n g t h ,  

I n c o r p o r a t i o n  o f  t h i s  d e s i g n  would r e q u i r e  

A four - inch  c o l l e c t o r  was des igned  t o  match the  o r i g i n a l  
lower seal  d i ame te r  a s  on X-6. Th i s  would f a c i l i t a t e  r e t ro f i t s  w h i l e  

m a i n t a i n i n g  t h e  h igh  mode p u r i t y  and l e n g t h  r equ i r emen t s .  TAPER 
c a l c u l a t i o n s  inc luded  t h e  c a v i t y  5' o u t p u t  t a p e r  followed by a 2' t a p e s  t o  
t h e  lower seal .  The n o n l i n e a r  u p t a p e r  was then  matched a t  t h e  lower s e a l  by 
d i a m e t e r  and s l o p e ,  T h i s  r e s u l t e d  i n  an e x c e l l e n t  mode p u r i t y  a t  60 CHz: 

96.81 TEO2* 0.8% TEO,?  2*1% TEO3 and 0.3% TEoy. 

4-inch collector were h a l t e d  by agreement w i t h  ORWL. 

F i n a l  drawings on t h e  

M o d i f i c a t i o n s  of t h e  mode p robe  %o minimize r e f l e c t i o n s  and 
improve r e s o l u t i o n  hawe y i e l d e d  a s i g n i f i c a n t  improvement. T h i s  work was 

performed c o n c u r r e n t l y  w i t h  t h e  4-inch d i ame te r  c o l l e c t o r  t o  pe rmi t  c o l d  
t e s t i n g  o f  a h igh  mode p u r i t y  c o l l e c t o r .  

T h i s  work was a l s o  h a l t e d  by agreement wi th  ORNL. 

b. 2.5-Inch Diameter Collector 

C a l c u l a t i o n s  on l i n e a r  t a p e r s  used between t h e  i n t e r a c t i o n  
c a v i t y  and 2.5-inch diameter c o l l e c t o r  have been performed u s i n g  t h e  OPENCAV 

code. OPENCAV is a f i n i t e  e lement  code which s o l v e s  for  t h e  complete 
e lec t r ic  and magnet ic  f i e l d s  a t  eve ry  p o i n t .  Unl ike  TAPER, OPEMCWV i s  v a l i d  
w i t h  m u l t i p l e  modes and l a r g e  amounts of mode conver s ion ,  b u t  i t  is  a 

d i f f i c u l t  and time-consuming code to  u s e ,  and u n t i l  r e c e n t l y  was n o t  c a p a b l e  
of c a l c u l a t i n g  ove r  l a r g e  volumes compared t o  a wavelength.  The l i n e a r  
t a p e r s  g e n e r a t e  less mode conve r s ion ;  however, t h e i r  d i s a d v a n t a g e  is  t h a t  
t h e y  a r e  g e n e r a l l y  longer  than  t a p e r s  having  more complex shapes ,  I n  t h e  

c a s e  of t h e  p r e s e n t  g y r o t r o n s ,  a 2' l i n e a r  t a p e r  can  s a t i s f y  t h e  
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requirements  of o v e r a l l  l e n g t h  and low unwanted mode c o n t e n t ,  provided t h e  

c o l l e c t o r  d i ame te r  is  not  g r e a t e r  t han  2.5 inches .  

60.085 

60.08 

68.0734 
59.9565 

The t a p e r  d e s i g n ,  which has been analyzed i n  d e t a i l ,  s t a r t s  
a t  t h e  r a d i u s  o f  the  i n t e r a c t i o n  c a v i t y ,  W z 0.564 cm, shown i n  Figure 214,  
and t h e  t a p e r  r a d i u s  i n c r e a s e s  l i n e a r l y  up t o  t h e  i n t e r a c t i o n  s e c t i o n ,  a t  

which p o i n t  t he  p r o f i l e  f o l l o w s  a c i rc le  s e c t i o n  o f  l a r g e  r a d i u s  t o  blend t o  
t h e  3.175-cm r a d i u s  o u t p u t  gu ide ,  With t h e  r a d i u s  of c u r v a t u r e  R = -115 cm, 

a 4 cm l ong  s e c t i o n  makes a smooth t r a n s i t i o n .  

1.82 98.18 
1.72 98.28 

3.8 96.03 
0.98 94.5 

The des ign  i n  F i g u r e  214 was used for  mode conversion 
c a l c u l a t i o n s  up t o  the  t o t a l  l e n g t h  of 76.81 crm. The r e s u l t s  o f  t h e  
c a l c u l a t i o n s  a r e  shorn i n  Table 24. The t a b l e  shows t h e  amount of mode 
convers€on t o  v a r i o u s  TE modes w i t h  t h e  c a l c u l a t i o n  t e rmina ted  a t  s e v e r a l  

d i f f e r e n t  l e n g t h s  a long the  c o l l e c t o r  i n  o r d e r  t o  determine mode c o n t e n t  a t  
v a r i o u s  p o s i t i o n s .  The r e s o n a n t  f requency of t h e  system changes by a very 

Om 

small  amount, depending on t h e  l e n g t h ,  a s  noted i n  t h e  f irst  column i n  t h e  
t ab le  

Table 24 
c a l c u l a t e d  Mode Conversion a t  S e v e r a l  z P o s i t i o n s  

i n  2.5-Inch Diameter C o l l e c t o r  w i t h  L inea r  2 Taper 
(Using OPEMCAV) 

0 

9.3457 0.7948 
1.2674 

76.89 3.175 0.92 

The c o n t e n t  of t he  TE09 mode i n  t h i s  d e s i g n  does n o t  exceed 
1% at. a z p o s i t i o n  of 76.81 cm ( i n  t h e  o u t p u t  waveguide). The TE mode and 
h i g h e r  order node c o n t e n t  does  no t  exceed 5% o f  t h e  t o t a l  power, wh i l e  t h e  

c o n t e n t  of t h e  TE mode is over  94%. 
02 

03 
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The c a l c u l a t i o n s  were done for b o t h  a t a p e r e d  and a s t e p  
c a v i t y  followed by a 2' l i n e a r  t a p e r .  
between t h e  two cases .  

There were no s u b s t a n t i a l  d i f f e r e n c e s  

If t h e  beam is allowed to  fo l low t h e  n a t u r a l  f r i n g i n g  f i e l d  
sf the  s o l e n o i d ,  the  2.5-inch diameter c o l l e c t o r  has  a marginal  s a f e t y  
f a c t o r  far  beam power d i s s i p a t i o n  on i ts  w a l l ,  w i t h  r e s p e c t  t o  t h e  maximum 
a l lowab le  f o r  CW beams'or  p u l s e s  l o n g e r  than  100 msec. 

Mode c o n t e n t  measurements i n d i c a t e d  t h a t  mode conversion was 
much mare severe i n  CW t u b e s  wi th  t h e  f ive- inch diametey than  i n  p u l s e  
t u b e s ,  The two major d i f f e r e n c e s  between these t u b e s  a r e  t h e  c o l l e c t o r  and 
window d e s i g n s .  

Table 25 summarizes t h e  mode c o n t e n t  measurements t aken  t o  
d a t e .  Comparison of X-6 and X-8 s u g g e s t s  t h a t  most o f  t h e  mode conversion 
seen i n  t h e  CW t u b e  X-6 is  due t o  t h e  n o n l i n e a r  t a p e r s  used i n  t h e  ?-inch 
c o l l e c t o r  s e c t i o n .  Comparison o f  X-8 and Culham t u b e s  i n  Table  25 s u g g e s t s  
t h a t  t h e  CW double-disc window cou ld  be r e s p o n s i b l e  f o r  about 10% mode 
canve r s ion .  However, t h e  number of measurements was too small t o  draw a 
firm COplClUSiOn 

Table 25 
60 GHz Gyrotrcsn Mode Content Measurements 

CuPham 

Duty - 

cw 
6&9 

P u l s e  
P u l s e  

Call ec tor- 
D i  %met er 

5" 
2 0 5'4 

2*5w 
2.5" 

Cavi ty  Window 

Complex Double-Disc 
Complex Double-Disc 
Complex Single-Disc 
Tapered Single-Disc 

Mode Content 'X, 

Prev ious  c a l c u l a t i o n s  for t h e  complex and t a p e r e d  c a v i t i e s  
showed both had mode p u r i t y  g r e a t e r  t han  98.5% TE i n  good agreement w i t h  

t h e  r e s u l t s  f o r  Culham and 61/G2. 
02 ' 
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Table 26 shows the  ca lcu la ted  mode conversion i n  t h e  % i n c h  

c o l l e c t o r  with non-linear t ape r s  u s e d  in X-6. Cases 1 ,  2 and 6 were done 
w i t h  the computer code TAPER, which so lves  t h e  t e%egraphe r?s  equat ions.  

T h i s  code was recent ly  upgraded t o  handle 20 modes. TAPER does not account 
fo r  t h e  presence of the cav i ty ,  c o l l e c t o r  seal g a p s ,  waveguide and window 

r e f l e c t i o n s  and beam-induced e f f e c t s ,  These s i rnp1if icat ions a re  probably 
the  source of the disagreement between cases  2 and 3. 

Table 26 
Node Content of" the  5-Inch Collector  

Mode Content ($1 
PE04+ TE TE 

_o_ 02 cI_. 03 -_I-- 

-______.. - _  . _____ 

2-Mode TAPER 38 50 Q 
2 20-Mode TAPER 

3 Measured W/W.G. Couplers 

4 

'5 
6 

7 

INTERMEDIATE CA&CU&ATTONS 
. 

1-Step OPENCAV 

4-Step OPENCAV 

5-Step OPEISCAV 

20-M~de TAPER 

37.4 2.4 41.6 18.9 

40.8 9.3 24.4 25,s 

38.6 1 4 , l  20.1 2'7.1 

3 5 . 3  49.3 15.8 38.4 
_I__j- -I___ 

Case 3 g i v e s  t he  mode content  of X-6 a s  measured using 

waveguide couplers  borrowed from GA Technol.ogies. The h e l p  of 

Dr. Charles Moelles of CAT is g r a t e f u l l y  acknowledged. 

Cases 4 ,  5 and 6 were ca lcu la ted  using the  f ini te-element  
code OPENCAV. OPENCAV models t he  cav i ty  and waveguide system, b u t  still 

does not account for  collector s e a l  gaps,  window r e f l e c t i o n s  or beam-induced 

e f f e c t s .  The mesh s i z e  necessary t o  p r o p e r l y  r u n  OPENCAV l imi ted  t h e  

ove ra l l  s i z e  o f  ca lcu la t ions  t h a t  could be made; t hus ,  t h e  intermediate  

c a l c u l a t i o n s  o n l y  model the  tube from t h e  c a v i t y  t o  t he  end of t h e  co l l ec to r  
uptaper.  I n  cases  5 and 6 ,  t h e  so lu t ion  was divided i n t o  severa l  s t eps .  
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R e f l e c t i o n s  from one  s e c t i o n  back  t o  a n o t h e r  were i g n o r e d  i n  t h e s e  
c a l c u l a t i o n s .  T h i s  approach  t ended  t o  lower t h e  c a l c u l a t e d  h ighe r -o rde r  
mode c o n t e n t  s l i g h t l y .  
con f idence  t h a t  b o t h  TAPER and OPEMCAV, when used  c a r e f u l l y ,  y i e l d  u s e f u l  
and r e l i a b l e  r e s u l t s .  

The close agreement  between c a s e s  6 and 7 g i v e s  good 

T a b l e  27 summarizes  mode c o n v e r s i o n  d a t a  for t h e  2-1/2 i n c h  
cal lector  w i t h  2' l i n e a r  t a p e r s .  
waveguide t r a n s i t i o n s  he lped  t o  o b t a i n  e x c e l l e n t  agreement  between OPENCAV 
c a l c u l a t i o n s  and expe r imen t s .  Th i s  good c o r r e l a t i o n  i m p l i e s  t h a t  t h e  

effects  of n e g l e c t i n g  t h e  window, col lector  s e a l  gaps  and beam-induced 
e f f e c t s  i n  t h e  c a l c u l a t i o n s  a r e  q u i t e  small. 

Smoothing i n  t h e  c a l c u l a t i o n  of a b r u p t  

Table 27 
Mode Con ten t  of t h e  2-1/2 Inch  Collector 

Case - Technique  

OPENCAV ( s h a r p  t r a n s i t i o n s )  
OPENCAV ( smooth t r  an s i  t i o n  s 1 
10-Mode TAPER 
2-Mode TAPER 

*Measured W/W.G. Coup le r s  - 
*Measured WfW.6. C o u p l e r s  - 

S t e p  C a v i t y  

Tapered C a v i t y  

Mode Con ten t  ($1  

7 91 2 <1 

4 94 2 <1 

1.5 95.9 2.5 <1 
1.1 96.0 2.7 Q 

4 9491 - 2 <1 

3 9691 - 1 <1  

I n c l u d e  S ingle-Disc  Mindow 

TAPER c a l c u l a t i o n s ,  which n e g l e c t  c a v i t i e s  a s  w e l l ,  a r e  a l s o  
i n  e x c e l l e n t  agreement  w i t h  measured mode c o n v e r s i o n  v a l u e s .  

The a d d i t i o n a l  mode c o n v e r s i o n  t h a t  a p p a r e n t l y  r e s u l t s  from 

use o f  a doub le -d i sc  window, r a t h e r  t h a n  a s i n g l e - d i s c ,  may have s e v e r a l  
o r i g i n s .  Mode e o n v e r s i o n  may o c c u r  i n  t h e  window i t s e l f  or t h e  window may 
reflect r f ,  which t h e n  c o n v e r t s  i n  t h e  t a p e r  s e c t i o n s .  S t a t i c  p r e s s u r e  
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loading on double-disc windows causes s l i g h t  deformations of t h e  ceramics,  
which may a l s o  cont r ibu te  t o  made conversion. 

Calculation r e s u l t s  of the. mode conversion i n  a preliminary 

four-inch c o l l e c t o r  design a re  summarized i n  Table  2 8 ,  The four-inch 
co l l ec to r  has the  advantage of having lower power d e n s i t i e s  than the  2-4/2 

inch. The r e s u l t s  again show good agreement between TAPER and OPENCAV. 

Table 28 
Mode Content of t h e  4-inch CoPTbectsr 

Mode Content (I> 
03 

TE 
02 TE 

__II_ --_- 
~~- -.-_ --.- I 

2-Mode TAPER 98 0.7 

20-Mode TAPER 87.4 2.6 

INTERMEDIATE CALCULATIONS 
-. __.. .111_. 

87.2 7.9 I :::; 88.0 5.9 

-.,.-- 

I-Step OPENC4V 

20-Mode TAPER 

A cold t e s t  using the  mode probe modified t o  minimize 

r e f l e c t i o n s  and improve reso lu t ion  and a TE transducer- followed by a 

f i l t e r  i n t o  a 2' t aper  t o  t h e  2-112 i n c h  diameter c o l l e c t o r  yielded 

exce l l en t  agreement with a TAPER ca l cu la t ion :  

61 

03 
TE 

TE02 
.__I_ I- ____ 

TEO 1 

TAPER 97 8% 2 "  1% 0,4% 
Mode Probe 98.3% a .51 003% 

This work was a l s o  h a l t e d  by agreement w i t h  ORNL. 
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5 e WINDOW 

For CW o p e r a t i o n ,  t h e  o r i g i n a l  doub le -d i sc  windows w i t h  f a c e  c o o l i n g  

(FC-75) were d e s i g n e d  w i t h  0.050Te , FC-75 gaps  u s i n g  b o t h  AL-995 and ' Be0 

(99.5%) ce ramics .  A computer  program was w r i t t e n  and used  t o  determine t h e  
ceramic t h i c k n e s s e s  needed f o r  a match a t  60 GHz. These v a l u e s  were 
0.524 X fo r  AL-995 and 0.529 X for Be0 (99.512). I n  terms of a c t u a l  
d imens ions ,  these t r a n s l a t e d  t o  0.0413" and 0.0338", r e s p e c t i v e l y .  To 
e n s u r e  t h a t  t h e  ceramic cou ld  w i t h s t a n d  stress d u e  t o  h e a t i n g  and p r e s s u r e ,  

Q i3 

Be0 c e r a m i c s  w i t h  t h i c k n e s s e s  of 1.529 X (0.f20n) and 2.529 X (0 .1981) ,  
and AL-995 c e r a m i c s  w i t h  t h i c k n e s s e s  of 1.524 a (O.Ogglc) and 2.524 x 
(0.163") were f a b r i c a t e d ,  

g g 

g Q 

The computed VSWR fo r  an FC-75 face -coa led  a lumina  doub le -d i sc  window 

is shown i n  F i g u r e  215. By compar ison ,  t he  computed VSWR for an FC-75 
face-cooled  b e r y l l i a  doub le -d i sc  window i s  shown by t h e  dashed  c u r v e  i n  
F i g u r e  216. The lower d i e l e c t r i c  c o n s t a n t  of t h e  b e r y l l i a  r e s u l t s  i n  a 
wide r  bandwidth compared t o  a lumina .  

face-cooled  b e r y l l i a  doub le -d i sc  is shown by t h e  s o l i d  c u r v e  i n  F i g u r e  216. 
The computed VSWR of an improved FC-75 

The e l e c t r i c a l  p r o p e r t i e s  (bandwidth  and d i e l e c t r i c  l o s s ) ,  a s  well a s  
t h e  mechan ica l  p r o p e r t i e s  ( d e f l e c t i o n  and thermal stress), of doub le -d i sc  

FC-75 face -coa led  window a s s e m b l i e s  were i n v e s t i g a t e d .  A summary of t h e  
d e s i g n  results is g i v e n  i n  Table 29 for s i x  d i f f e r e n t  assemblies employing 
b a t h  b e r y l l i a  and a lumina  d i s c s .  

1. L o c a t i o n  of Passbands  

For  each  of t h e  s i x  d e s i g n s  p r e s e n t e d  i n  T a b l e  29, t h e  gap s i z e  
was o p t i m i z e d  t o  p r o v i d e  a p e r f e c t  match a t  t h e  o p e r a t i n g  f r e q u e n c y  of t h e  
VCE-8060 S/M X-I, namely 59.7 GHz. The e x p e r i m e n t a l  t u b e  a l so  tended  t o  
jump i n t o  an u n d e s i r e d  mode, t h e  TE22q,  a t  a f r equency  of 5'7.7 GHz. For 
t h i s  r e a s o n ,  it was d e s i r a b l e  t o  match t h e  CW window assembly  for t h i s  
f r equency  a s  w e l l  a s  t h e  d e s i r e d  f r equency .  The computer  VSWR i s  p l o t t e d  
v e r s u s  f r equency  i n  F i g u r e s  217 and 218 fo r  e a c h  of t h e  window d e s i g n s  under  
c o n s i d e r a t i o n .  C h a r a c t e r i s t i c a l l y ,  t h e  CW window passband t a k e s  a d o u b l e  
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Figure 217. Computed VSWW vs Frequency for BeryKa 
Double-Disc Window Designs 
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notch form a s  shown i n  F i g u r e s  247 and 218. It i s  p o s s i b l e ,  by c h o o s i n g  an 
a p p r o p r i a t e  window t h i c k n e s s ,  t o  a p p r o x i m a t e l y  c e n t e r  one  passband on each  
of t h e  f r e q u e n c i e s  obse rved  w i t h  X-1. The doub le -d i sc  window w i t h  5/2 1 

a lumina  d i s c s  is one  such  c o n f i g u r a t i o n  as d e s c r i b e d  i n  Tab le  29. 

2. Bandwidth 

The bandwidth of each passband shou ld  be as  wide  a s  possible, b u t  
i n  any  c a s e ,  must exceed the  o s c i l l a t o r  r e sonance  bandwidth ,  f /Q. 

c r i t e r i o n  i m p l i e s  an upper  l i m i t  on t h e  a l l o w a b l e  e lec t r ica l  t h i c k n e s s  of 

t h e  CW window assembly .  
bandwidth c r i t e r i o n .  However, t h e  5/2 X a lumina  window assembly  a p p e a r s  t o  
have  reached  t h e  a b s o l u t e  l i m i t  i n  e lec t r ica l  t h i c k n e s s ,  a s  it p r o v i d e s  a 
passband for a VSWW of 1.2:l of only 300 MHz. 

T h i s  

A l l  t h e  d e s i g n s  l i s t e d  i n  t h e  t a b l e  meet t h i s  

3. Dielectric Loss 

The power lost  i n  these  window a s s e m b l i e s  t h rough  d i e l ec t r i c  

d i s s i p a t i o n  is expec ted  t o  be h i g h e r  t h a n  t h a t  obse rved  a t  28 GHz because  * 

ttfe windows, i n  numbers of ha l f  wave leng ths ,  a r e  t h i c k e r .  A l l  t h e  window 
a s s e m b l i e s  c o n s i d e r e d  i n  Table 29 shou ld  e x h i b i t  d i s s i p a t i o n  i n  t h e  r ange  of 
2-3 kW, most of which i s  due  t o  d i e l e c t r i c  loss i n  t h e  FC-75 c o o l a n t  i t s e l f .  
A s  t h e  amount of loss  is similar for a l l  t h e  d e s i g n s  c o n s i d e r e d ,  t h i s  

p r o p e r t y  d o e s  n o t  p r e s e n t  any s t r o n g  argument  i n  f a v o r  of any p a r t i c u l a r  
d e s i g n .  It is n o t e d ,  however ,  t h a t  b e c a u s e  b e r y l l i a  h a s  a h i g h e r  l o s s  
t a n g e n t  t han  a lumina ,  t h e  d i s s i p a t i o n  i n  t h e  b e r y l l i a  assemblies w i l l  b e  

s l i g h t l y  h i g h e r  t h a n  i n  t h e  a lumina  a s s e m b l i e s .  

4. D e f l e c t i o n  S t r e s s  

There  are two major  s o u r c e s  o f  stress on t h e  ceramic d i s c s  i n  
these CW window d e s i g n s .  There  i s  a d e f l e c t i o n ,  and t h e r e f o r e ,  a r e s t o r i n g  
d e f l e c t i o n  stress, caused  by t h e  load of t h e  p r e s s u r i z e d  FC-75 d i s t r i b u t e d  
a c r o s s  t h e  face of each d i s c .  The d i s c  on t h e  vacuum s i d e  must ,  i n  
a d d i t i o n ,  w i t h s t a n d  t h e  l o a d  of  a tmosphe r i c  p r e s s u r e .  When r u n n i n g  w i t h  an 
FC-75 p r e s s u r e  of 30 p s i g ,  t h e  l o a d  on the vacuum-side d i s c  w i l l  be  45 p s i  

35 0 



a b s o l u t e  load p r e s s u r e .  T h i s  l eads  t o  a d e f l e c t i o n  stress at. t h e  c e n t e r  of 
t h e  window, as  l i s t e d  i n  T a b l e  29. E x c e s s i v e  d e f l e c t i o n s  are e n c o u n t e r e d  

when t h e  discs  are  less  t h a n  o n e  t e n t h  of an i n c h  i n  t h i c k n e s s .  

5. Thermal  S t ress  

As t h e  h e a t  d i s s i p a t e d  i n  t h e  ceramic d i f f u s e s  toward t h e  c o o l a n t ,  
t h e  t e m p e r a t u r e  d i f f e r e n c e  b e t w e e n  t h e  faces of t h e  d i s c  i n d u c e s  a t h e r m a l  
stress i n  t h e  ceramic. B e r y l l f a ,  b e c a u s e  ~f i t s  e x c e l l e n t  t h e r m a l  
c o n d u c t i v i t y ,  is s u b j e c t  t o  an order  of m a g n i t u d e  l e s s  thermal,  stress t h a n  

a l u m i n a .  For  a g i v e n  ceramic mater ia l ,  t h e  t e m p e r a t u r e  d i f f e r e n c e  be tween 
t h e  d i s c  faces  are  h i g h e r  fo r  t h i c k e r  d i s c s ,  a l t h o u g h  t h e  t h e r m a l  stress 
r e m a i n s  w i t h i n  sa fe  l i m i t s  f o r  a l l  of t h e  d e s i g n s  i n  T a b l e  29. Idhen b o t h  
thermal and d e f l e c t i o n  stress are c o n s i d e r e d  t o g e t h e r ,  t h e s e  i s  a n a r r o w  
r a n g e  of d i s c  t h i c k n e s s e s  which s i m u l t a n e o u s l y  p e r m i t  low d e f l e c t i o n  and low 
t h e r m a l  stresses. 

1__ Comparison of  CW D e s i g n s  

The window d e s i g n s  of" T a b l e  29 h a v e  b e e n  ra ted  a g a i n s t  t h e  

c r i t e r i a  d e s c r i b e d  a b o v e  a s  shown i n  T a b l e  30. The l a b e l s ,  p l u n a c c e p t a b l e l * ,  
" m a r g i n a l " ,  and " a c c e p t a b l e I n  a r e  a p p l i e d  t o  those window p r o p e r t i e s  which 

d i f f e r  s i g n i f i c a n t l y  among t h e  d e s i g n s  under  c o n s i d e r % t , i o n .  Accord ing  t o  
the r a t i n g  s y s t e m ,  t h e  5/2  a l u m i n a  window was the clear  W ~ ~ K I ~ P  for t h e  

F i r s t  60 GHz Cpsd window d e s i g n ,  a l t h o u g h  it had t h e  d i s a d v a n t a g e  of a n a r r o w  
b a n d w i d t h  for t h e  p a s s b a n d  c e n t e r e d  a t  59.7 GHz. Once t h e  window 

%2 
aSSeRbly was c o m p l e t e d ,  it was n e c e s s a r y  t o  r e t u n e  t h e  window s l i g h t l y  by 

a d j u s t i n g  t h e  FC-75 g a p  s i z e  t o  p r o v i d e  a p e r f e c t  match fo r  t h e  TE mode a t  

59.7 GHz. 
02 

7. =rnina Double-Disc Wimdou 

S e v e r a l  window g e o m e t r i e s  isere i n v e s t i g a t e d  S,c) d e t e r m i n e  t h e  

o p t i m a l  t h i c k n e s s  and diameter c o m b i n a t i o n  t h a t  would y i e l d  t h e  lowest 

t h e r m a l  hoop stress. 
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Property 

TE02 1, Bandwidth 

TE221, VSWR 

Deflection 

Deflection Stress 

Beryliia Asurnha 
2/2 h 3/2 h 4/2 h 3/2 a\ 4/2 A 5/2 h 

Acceptable Acceptable Marginal Marginal Marginal Marginal 

Unacceptable Unacceptable Unacceptable Unacceptable Marginal Acceptable 

Unacceptable Acceptable Accepxable Unacceptable Acceptable Acceptable 

Unacceptable Marginal Accepta bfe Unacceptable Marginal Acceptable 



The s p e c i f i c  c a l c u l a t i o n  c o n d i t i o n s  used  a r e  shown i n  T a b l e  31. 

Tab le  31 
Doubl e-Di sc Window C a l c u l a t i o n  Gandi t i ons  

Window M a t e r i a l  Alumina 99.5% 
Frequency 6Q GHz, TEOZ Mode 
Power T r a n s m i t t e d  120 kM cw 
A t t e n u a t i o n  Cons tan t  0.071'95 FOepers/cm 
Heat  T r a n s f e r  C o e f f i c i e n t  2.5 V / i n 2 O C  

Coo 1 a n t  FC-75 
F l u i d  Pressure a t  S u r f a c e  

of Disc 30 p s i a  
-- _----_. S . l  

F i g u r e s  219 t h r o u g h  228 show t h e  t e m p e r a t u r e  d i s t r i b u t i o n  and 
c o r r e s p o n d i n g  t h e r m a l  stresses f o r  each  case. It  i s  c l e a r  k h a t  a 4- inch 

d i a m e t e r ,  3X/2-t,hick d i s c  would be t h e  b e s t  c h o i c e  o f  t h o s e  shown because  i t  

h a s  the lowest t h e r m a l  hoop stress, a s  S ~ Q M I  i n  F i g u r e  228. 

8. Thermal Imaging of" G y r ~ t r ~ n  Windows 

An i n f r a r e d  t h e r m a l  imaging t a s k  was under t aken  t o  e s t a b l i s h  t h e  

f e a s i b i l i t y  of t h e r m a l  imaging  g y r o t r o n  windows. The t h e r m a l  imaging t a s k  

comprises two p a r t s :  9 )  an a n a l y s i s  of the e f f e c t .  of" v iewing  t h e  o u t p u t  
window t h r o u g h  an a r r a y  of small h o l e s  i n  t h e  waveguide w a l l  u s i n g  an 
i n f r a r e d  imaging sys tem and 2 )  t e s t s  wi th  an i n f r a r e d  camera l o o k i n g  a t  
v a r i o u s  h e a t e d  o b j e c t s  t h r o u g h  a sample g r i d  of h o l e s .  

The t r a n s m i s s i o n  t h r o u g h  t h e  g r i d  is a f u n c t i o n  o f  t h e  p o i n t  on 
t h e  g y r o t r s n  window b e i n g  imaged by t h e  i n f r a r e d  camera ,  In t h e  d e r i v a t i o n ,  

t h e  g r i d  is  assumed t o  b e  P a r g e  enough t h a t  i t s  edges  do n o t  h i m i t  t h e  f i e l d  

sf v i e w ,  The g r i d  f a b r i c a t e d  wi th  h o l e s  around t h e  e n t i r e  c i r c u m f e r e n c e  of 
t h e  waveguide would meet t h i s  r e q u i r e m e n t  The t r a n s m i s s t a n  a s  a f u n c t i o n  

of t h e  l o c a t i o n  o f  t h e  obse rved  p o i n t  on t h e  n i n d ~ w  w i l l  be cal led t h e  

G r i d  Transmiss ion  Func t ion  e 
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a .  Determinat ion o f  t h e  Grid Transmission Funct ion 

The g r i d  t r a n s m i s s i o n ,  T ,  can b e  expressed a s  t h e  product  o f  
three f a c t o r s .  The f irst  f a c t o r  is t h e  e f fec t  of a r e s t r i c t i n g ,  o v e r a l l  

g r i d  a r e a ,  S ince  t h e  g r i d  h a s  h o l e s  a l l  t h e  way around t h e  p e r i m e t e r ,  t h i s  
is 0.196, since t h e  f a c t o r  becomes u n i t y .  The second f a c t o r ,  Aho les /Agr id  ' 

g r i d  h a s  1/32'' h o l e s  on 1/16'' c e n t e r s .  The t h i r d  f a c t o r ,  Aclear/Aholes is 

t h e  h o l e  wall blockage f a c t o r .  T h i s  f a c t o r  i s  more d i f f i c u l t  t o  e s t i m a t e ,  
and i s  the subject.  o f  a c a r e f u l  s t u d y ,  as  d e s c r i b e d  below. 

i. C a l c u l a t i o n  o f  t h e  Hole Wall Blockage 

S e v e r a l  s t e p s  were involved i n  c a l c u l a t i n g  t h e  h o l e  w a l l  
blockage f u n c t i o n  : 

a >  An expres s ion  was ob ta ined  for  h o l e  wa l l  blockage 

when viewing p o i n t s  on t h e  window l o c a t e d  on a v e r t i c a l  d i ame te r  a s  a 
f u n c t i o n  o f  8 t h e  a n g l e  between t h e  a x i s  of these g r i d  h o l e s  and t h e  a x i s  

of t h e  waveguide, 
V '  

b) An expres s ion  was d e r i v e d  f o r  8 a s  a f u n c t i o n  of x ,  
t h e  p a s s i t i o n  of t h e  observed p o i n t  on t h e  ver t ical  window d iame te r .  

c >  Using the  results of a )  and b ) ,  t h e  h o l e  wa l l  
blockage f a c t o r  f o r  p o i n t s  a long t h e  ver t ical  window d iame te r  was 
c a l c u l a t e d .  

d )  An expres s ion  was d e r i v e d  f o r  t h e  h o l e  wall blockage 

f a c t o r  f o r  p o i n t s  on the h o r i z o n t a l  Window d iame te r  ( p e r p e n d i c u l a r  t o  FG i n  
Figure 229)  as a f u n c t i o n  o f  cb t h e  a n g l e  between t h e  a x i s  o f  t h e  h o l e s  and 
t h e  r a y s  t r a v e r s i n g  them. 

H' 

e) Except f o r  p o i n t s  on t h e  ver t ica l  window d i a m e t e r ,  
an ana l ly t i ca l  expres s ion  f o r  4,  t h e  ang le  between t h e  h o l e  a x i s  and t h e  

t r a v e r s i n g  r a y ,  i s  d i f f i c u l t  t o  d e r i v e ,  so a 3-D model was b u i l t  and used t o  
measure t h i s  ang le  f o r  a l l  l o c a t i o n s  on t h e  window. 
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f )  The v a l u e  o f  9 from e> was combined w i t h  t h e  r e s u l t s  

of a> and d )  t o  c a l c u l a t e  t h e  h o l e  w a l l  b lockage  f a c t o r  for  a l l  p o i n t s  on 
t h e  window e 

These  s t e p s  w i l l .  now be descr ibed i n  d e t a i l .  

( a )  C a l c u l a t i o n  of A / A  v s  9 
c l e a r - h o l e s  .- Y 

is  g i v e n  by Equat ion  65 c l  e a r  "holes  The f r a c t i o n  A 

where f = f r a c t i o n  of h o l e  d i a m e t e r  which a p p e a r s  unblocked t o  t h e  camera:: 

f z 9 + ( t / d a  ( c 0 s  R - s i n  0 c o t  OY) (66)  

t = waveguide w a l l  t h i c k n e s s  where h o l e s  d r i l l e d  

d = h o l e  d i a m e t e r  

O = a n g l e  between g r i d  h o l e  a x i s  and a x i s  of waveguide 

!3 k3 - 

g 
= a n g l e  between waveguide a x i s  and l i n e  of s i g h t  t o  p o i n t s  

on t h e  wlndow l y i n g  on t h e  l i n e  HC i n  F i g u r e  229. 

( b %  C a l c u l a t i o n  of 0 as  a F u n c t i o n  .- of x 
V 

A v a l u e  of 8 can  be de te rmined  w i t h  r e f e r e n c e  
V 

to F i g u r e  229 a s  follows: 
p o i n t  on t h e  g r i d  j o i n i n g  t h e  c e n t e r  o f  t h e  window t o  t h e  c e n t e r  of t h e  

camera l e n s .  From t r i a n g l e  DGF it is s e e n  t h a t  GD = GF csc 9 

Let h b e  t h e  h e i g h t  ( above  t h e  window) of t h e  
f3 

mere GF = D g / 2  + l / $ lp  x sec e GF = B / 2  4 x sec 8 
f3 a 

Also, s i n c e  t r i a n g l e s  ACE and CFE a re  similar:  
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AE AE x csce - - - - -  x AE 
CF EG GC-EC h +GI)-EC h +GD-xcotQ 

----= - - 
g 

(68 )  

With t he  p r e s e n t  AGA camera bemas (no o p t i c a l  
reSay1, D = 2.%9ve I n  our p r e s e n t  arrangement, h Z. 2.75 i n c h e s ,  SO t h a t  

c g 

Inserting these  values  of D and h and e i n t o  
C g V  k3 

Equat ion  69 ,  it r e d u c e s  to :  

S o l v i n g  f o r  8 :  

( e >  C a l c u l a t i o n  of A / A  vs X clt?a~--holt?s __ 

Knowing e from Equation 72, we c a n  use Equa t ions  

for  v a r i o u s  v a l u e s  of % ,  t, d and e 
CP ear%9$es @; 

65 and 66 t o  c a l c u l a t e  W 

In c a l c u l a t i n g  microwave Leakage t h r o u g h  t h e  

grid, t h e  e f f e c t i v e  length, 1, of t h e  grid holes must  be known, T h i s  c a n  be 
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calculated with the aid of Figure 230. Here the value of 1 is equal to the 

length DC, which can be evaluated as follows: 

The grid characteristics are given in Table 32. 

Table 32 

Grid Characteristlcs 

Characteristic Dimensions 

Hole Diameter, d (in) 1 / 32  

Wall thickness, t (in) 3/64 

Grid area 2'? wide ( a >  

Angle between hole axis and 

WavE?guj.de axis, 0 (deg) 24 

Effective hole length, 1 (in) 0.045 

Ratio of 'l/d 1.44 

Q 

(a) The grid extends around the entire perimeter of waveguide. 

The results of applying Equations 65, 66, 72 and 
73  to the grid are presented in Table 33. Note that with increasing 0 the 

V' 
f a l l s  off. The value of T, grid transmission, Aclear/Aholes 

obtained by multiplying the ratio Aa 

A 

/A dear holes by 0.196 (the va lue  of 
), is a l s o  ineluded in Table 33. hob e s l A  g r i d 
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T a b l e  33 
C a l c u l a t e d  Value of Transmiss ion  of Gr id  when Viewing a 

Vertical Line  Through t h e  Cen te r  of t h e  Window 

0.25 15.4 

0.5 17.8 

0.75 20.0 

1 .a 22.3 

1.25 24.4 

1.5 26.6 

1.75 28.6 

2.0 30,6 

2.25 32.5 

2 - 5  34.4 

900 
6 * 7  
4.4 

1.8 

0 

2.1 

4.2 

6.2 
8.1 

10 

The v a l u e  

f Aclear T 

Aholes 

0.12 0.049 0.0096 

0,43 0.32 0.061 

0.66 0.58 0.41 

0.85 0.81 0,16 

1 .o 1 .o 0.20 

Oe88 0.85 0.17 

O a 6 9  0.61 0.12 

0,61 0.52 0.10 

0.54 0.44 0 085 

0*78 0,72 0.14 

>f O V t  t h e  a n g l e  between the  ax is  of 
%he g r i d  holes and t h e  r a y s  go ing  th rough  them t o  p o i n t s  a n  t h e  v e r t i c a l  
d i a m e t e r  of t h e  window, i s  g i v e n  by 

The v a l u e s  sf $ are i n c l u d e d  i n  Tab le  33. v 

/ A  c 1 e a r - h o l e . S  $I ( d )  C a l c u l a t i o n s  of A 

m e n  a g r i d  h o l e  is viewed "broads ide1*,  i .e.,  
normal  to its l e n g t h  From a p o i n t  l y i n g  i n  t h e  p l a n e  c o n t a i n i n g  t h e  a x i s  of 
the g r i d  holes  and t h e  waveguide,  it a p p e a r s  as  shown i n  F i g u r e  236. I n  
t h i s  c a s e ,  t h e  f r a c t i o n ,  
blocked by t h e  hole wall is 

of t h e  d i a m e t e r  of t h e  hole  which is  n o t  f H '  

3'3 Q 



Figure 231. Calculation of fH 
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Values of fH, t o g e t h e r  with t h e  co r re spond ing  

v a l u e s  of Aclear/Aholes9 and T a r e  p re sen ted  i n  Table  34. , 

Tab le  34 
C a l c u l a t e d  Values o f  f A / A  and T vs  $ H H' c l e a r  h o l e s  

0 
2 
4 
6 
8 

10 
12 
14 
15 

1 
0,87 
0-75  
0,62 
0.49 
0.36 
0.23 
00095 
0 0 027 

/A c l e a r  h o l e s  
A 

1 
0.84 
0.68 
0.53 
0.38 
0.24 
0.13 
0.035 
0.6054 

T 

0. I96 
0,46 
0.43 
8.10 
0,074 
0.048 
0.025 
0,8068 
O.OQ11 

The values of T from Tab les  33 and 34 are  p l o t t e d  as 
a f u n c t i o n  of 4 i n  F i g u r e  232. Note t h a t  t h e  v a l u e s  of T a r e  symmetr ical  i n  
t h e  h o r i z o n t a l  d i r e c t i o n ,  bu t  i n  t h e  ver t ical  d i r e c t i o n  t h e  t r a n s m i s s i o n  
f a l l s  o f f  more r a p i d l y  when changing t h e  l i n e  af s i g h t  from t h e  center 
towards t h e  t o p  than  towards t h e  bottom. Th i s  i s  t o  be expected from an 

examinat ion of  the h o l e  geometry. 

(e)  Measmement of d, i n  t h e  General  Case Using a 

Mechanical Model 

The d e t e r m i n a t i o n  of 4 ,  t h e  a n g l e  between the  

g r i d  h o l e  a x i s  and t h e  r a y s  t r a v e r s i n g  t h e  h o l e s ,  is  s t r a i g h t f o r w a r d  f o r  

p o i n t s  l y i n g  on a v e r t i c a l  d i ame te r  of t h e  window, l i n e  FG i n  F i g u r e  233. 

In t h i s  case, 4 i s  found by combining Equat ion 72 and 74. For any o t h e r  

p o i n t  on t h e  window, t h e  a n a l y t i c a l  c a l c u l a t i o n  of 0 i s  complex. To avoid 

this complexi ty ,  a model was f a b r i c a t e d  which pe rmi t t ed  measurement of 4 for  
any p o i n t  on t h e  window. 
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Figure 232. Grid Transmittance Along Vertical and 
Horizontal Diameters ws 4 
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F i g u r e  234 i s  a p h o t o g r a p h  of t h e  m o d e l ,  w h i l e  
F i g u r e  235 is a s k e t c h  of it. The model  u t i l i z e d  two s t a i n l e s s  s teel  r o d s .  

One of t h e s e  r o d s ,  AB i n  F i g u r e  235, r e p r e s e n t s  t h e  a x i s  o f  t h e  w a v e g u i d e ,  
whose wal l s  are r e p r e s e n t e d  b y  t h e  d a s h e d  l i n e s .  The o t h e r  rod, C D ,  

r e p r e s e n t s  an i n f r a r e d  ray t r a v e l i n g  from a r e p r e s e n t a t i v e  p o i n t ,  E ,  on t h e  

window, FG, t o  t h e  cen ter ,  H ,  Q €  t h e  f r o n t  s u r f a c e  of t h e  camera l e n s .  The 
rods were s t a b i l i z e d  b y  p a s s i n g  t h r o u g h  H ,  E ,  J, and K t h r o u g h  cardboard 

s u r f a c e s ,  LM and NO, which are  s i m p l y  t h e  s i d e s  of c a r d b o a r d  boxes. The r o d  

AB c a r r i e s  a v a n e ,  PQRS, which  s l i d e s  f r e e l y  a l o n g  its l e n g t h ,  and ro ta tes  
f r e e l y  a b o u t  t h e  a x i s  AB.  The s i d e  QS of' t h i s  v a n e  is 1-1/4" l o n g ,  so t h a t  

t h e  p o i n t  Q a l w a y s  l i e s  on t h e  i n n e r  s u r f a c e  OF t h e  i m a g i n a r y  waveguide .  

The s i d e  PQ i s  i n c l i n e d  t o  AB by t h e  a n g l e  0 , so t h a t  PQ is  a l w a y s  p a r a l l e l  
t o  t h e  h o l e  i n  t h e  waveguide  which  p a s s e s  t h r o u g h  t h e  p o i n t  Qo 

To m e a s u r e  $ 9  t h e  v a n e  i s  a d j u s t e d  u n t i l  p o i n t  Q 

j u s t  t o u c h e s  t h e  r o d  CB. The a n g l e  be tween PQ and t h e  r o d  CD is  t h e n  

m e a s u r e d .  T h i s  a n g l e  is  4 ,  t h e  a n g l e  between t h e  waveguide  h o l e  and t h e  r a y  
u t i l i z e d  i n  o b s e r v i n g  p o i n t  E. The rod CB is t h e n  removed and p a s s e d  from H 

t h r o u g h  a n o t h e r  hole i n  NO, r e p r e s e n t i n g  axaatkkr p o i n t  on t h e  window, and 
t h e  measurement  is r e p e a t e d .  T h i s  p r o c e s s  was r e p e a t e d  for t h e  76 holes  

c o v e r i n g  t h e  area of t h e  window, as shown i n  Figure 234, with the r e s u l t s  
shown i n  F i g u r e  236. The d a s h e d  l i n e s  i n  t h i s  f i g u r e  r e p r e s e n t  l i n e s  of 
c o n s t a n t  b S  w i t h  v a l u e s  sf 8, 92 and 96 d e g r e e s ,  

Knowing + as  a f u n c t i o n  of l o c a t i o n  of t h e  point ;  

on t h e  window b e i n g  v i e w e d ,  t h e  g r i d  t r a n s m i s s i o n  a l o n g  t h e  v e r t i c a l  
diameter of t h e  window c a n  be c a l c u l a t e d  from E q u a t i o n s  65 and 66, and a l o n g  
t h e  h o r i z o n t a l  d i a m e t e r  from E q u a t i o n s  65 and 75, (OP i n  b o t h  c a s e s  from 

F i g u r e  232). I n  t h e  a b s e n c e  of an exact p r o c e d u r e  for  o t h e r  p o i n t s  on t h e  
window, E q u a t i o n  66 was assumed t o  a p p l y  t o  t h e  e n t i r e  u p p e r  and lower 
q u a d r a n t s  of t h e  window, t h e  p o s i t i v e  s i g n  r e f e r r i n g  t o  t h e  lower quadrant ; .  
S i m i l a r l y ,  E q u a t i o n  75 vas assumed t o  a p p l y  t o  both t h e  r i g h t  and t h e  l e f t  

q u a d r a n t s  

The r e s u l t s  of t h i s  p r o c e s s  are s h o r n  i n  F i g u r e  
237. L i n e s  of i s o t r a n s m i t t a n c e  a re  a g a i n  i n d i c a t e d .  
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Photo 0686-82 

Figure 234. Photograph of Model Used in Measuring Planar 
Grid 
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Figure 235, Model Used in Measuring 4 
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Figure 236. Angle, @, Between Grid Hole Axis and IR Ray 
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ii. Observance of t h e  Window Through t h e  G r i d  

A checke rboa rd  p a t t e r n  was observed  th rough  t h e  g r i d .  
It  was no ted  t h a t  a c o n s i d e r a b l y  l a r g e r  area of t h e  window cou ld  be seen  
t h r o u g h  t h e  v i e w f i n d e r  t h a n  is  i n d i c a t e d  i n  F i g u r e  237. Perhaps  t h e  method 

used  to g e t  F i g u r e  237 was t o o  c o n s e r v a t i v e  - r a y s  other  than  t h e  c e n t e r  one  
c o n s i d e r e d  may p r o v i d e  u s e a b l e  s i g n a l s  i n  areas labe l led  l1Zerotf i n  

F igu re  237. 

b) The T e s t s  

The performance  of an AGA 780 camera,  i n c l u d i n g  

tests t h rough  t h e  g r i d  i n  t h e  60 GHz waveguide,  was demons t r a t ed .  The g r i d  
was comprised of 1/32!" d i a m e t e r  holes th rough  a 1/32" w a l l .  The holes  were 
on 1/16's c e n t e r s  and i n c l i n e d  22.6' t o  t h e  wall. The p a t t e r n  ex tended  ove r  

t h e  r a t h e r  small, a r e a  of 3/4n x l -1/4rs .  The s e n s i t i v i t y ,  r e s o l u t i o n ,  and 
f i e l d  of view th rough  t h e  g r i d  were checked ,  t o g e t h e r  w i t h  t h e  ease of 

a l ignmen t  th rough  t h e  g r i d  

"The r e s u l t s  and c o n c l u s i o n s ,  d e s c r i b e d  i n  d e t a i l  
below, can  b e  summarized as follows: 

1 )  The camera worked well, and was c o n v e n i e n t  t o  

use D 

21 Alignment  of t h e  camera t o  see t h r o u g h  t h e  g r i d  
was e a s y  ( n o t  c r i t i c a l ) .  

3)  T r a n s m i t t a n c e  of t h e  g r i d  was r o u g h l y  15% on 

axis of holes. S e n s i t i v i t y  t h r o u g h  t h e  g r i d  was 

a b o u t  0.7OC a t  t h e  c e n t e r  of t h e  f i e l d  of view,  

4 )  "%e r e s o l u t i o n  a t  t h e  window was be t t e r  t h a n  
2 mm, 
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F i e l d  of v i e w  was l i m i t e d  b y  t h e  g r i d .  (Changes 
i n  s h a p e  and s i ze  of s u b s e q u e n t  g r i d s  minimized  

t h i s  l i m i t a t i o n . )  

The  camera foca l  s e t t i n g  needed  t o  be i n c r e a s e d  

to bet ter  d e f o c u s  t h e  gr id  h o l e s .  

was n o t  s e r i o u s ,  

T h i s  effect  

The c a m e r a ,  combined w i t h  a new g r i d ,  would h e  

s u i t a b l e  for  window temper-a ture  measurement .  

E n v i r o n m e n t a l  p r o b l e m s  c o u l d  be  s o l v e d  w i  t k  t h e  
a i d  of an o p t i c a l .  -relay, i f  n e c e s s a r y .  

F i g u r e s  23% and 238 are s k e t c h e s  ~f t h e  e x p e r i m e n t a l  
I n  F i g u r e  238 t h e  object  mounted i n  t h e  v i s e  is t h e  waveguide ,  a r r a n g e m e n t ,  

F i g u r e  239 shows t h e  r e m a r k a b l e  s e n s i t i v i t y  o b t a i n e d  

wi th  t h e  IR camera t h r o u g h  t h e  g r i d .  The g r e y  object  i n  t h e  c e n t e r  i s  a 

f i n g e r  viewed a g a i n s t  an a m b i e n t  b a c k g r o u n d ,  The w h i t e  ob jec t  ato t h e  r i g h t  
is t h e  base of t h e  finger viewed direct . ly,  

F-Egure 240 i s  a r e s o l u t i o n  c h e c k ,  The a r r a n g e m e n t  

is the same as t h a t  i n  F i g u r e  239 e x c e p t  t h a t  two v e r t i c a l  bar c h a r t s  gere 
interposed between t h e  f i n g e r  and t h e  g r i d .  The bar c h a r t s  were a c t u a l l y  

s i x  slits c u t  i n  t h e  c a r d b o a r d  s p a c e r  t u b e ,  a3 shawn i n  Figure 233; e a c h  
s l i t  was 2m w i d e ,  and t h e  o p a q u e  r e g i o n  be tween s l i ts  was a l s o  2 mm. The 
a r r a n g e m e n t  of s l o t s  was l i k e  t h i s :  0 0 c] 
b a r e l y  r e s o l v e d  Also,  in Figure 241, t h e  v e r t i c a l  and h o r i z o n t a l  

r e s o l u t i o n s  a p p e a r  about t h e  same,  2 mm. 

0 0.  he s l i ts  were 

F i g u r e  242 and 243 r e p r e s e n t  a d e m o n s t r a t j o n  sf 
t e m p e r a t u r e  d i s t r i b u t i o n  m e a s u r e m e n t s  across t h e  Pinger through t h e  g r i d c  

I n  F i g u r e  242, t h e  Isotherm was set a t  t h e  edge  of t h e  f i n g e r ,  The  w h i t e  

s q u a r e  i n d i c a t o r  a t  t h e  left of t h e  s c a l e ,  combined w i t h  P e n s  a p e r t u r e ,  

t h e r m a l  l e v e l ,  and  t h e r m a l  r a n g e  s e t t i n g s  ( w h i c h  c o r r e s p o n d  t u  9 q b r i g h t n e s s "  
and l P c o n t r a s t f l  s e t t i n g s  on a TV s e t )  i n d i c a t e d  an isotherm of 2 6 O C .  In 
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Figure 238. Overview od Thermal Imaging Experimental 
Arrangement 
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PHOTO 0687-82 

Figure 239. Finger Viewed Through Grid with !W Camera 

Photo 0688-82 

Figure 240. System Resolution Check 
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Photo 0692-82 

Figure 241. Hot Black Can Viewed Through Grid and 
ChecDterboatd Pattern 
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Photo 068982 

Figure 242, 26OC isotherm on Finger viewed Through Grid 

Figure 243. 26.4OC Isotherm on finger Viewed Through 
Grid 
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0 F i g u r e  243, t h e  i s o t h e r m ,  moved t o  t h e  c e n t e r  of t h e  f i n g e r ,  i s  26.4 C. 

These f i g u r e s  conf i rm h i g h  s e n s i t i v i t y  th rough  t h e  g r i d .  The r e c t a n g u l a r  
o u t l i n e  of t h e  g r i d  can be seen  i n  t h e s e  photos .  Also, t h e  h o r i z o n t a l  rows 
of g r i d  h o l e s  can  be  p e r c e i v e d .  T h i s  w i l l  be d i s c u s s e d  l a t e r .  

F i g u r e s  244 and 245 a r e  s i m i l a r  t o  F i g u r e s  242 and 
243 ,  b u t  i n  F i g u r e s  244 and 245, t h e  g r i d  was removed, so t h e  camera 
obse rved  t h e  f i n g e r  d i r e c t l y .  

due ts d i f f r a c t i o n  a t  t h e  g r i d  is no l o n g e r  p r e s e n t .  The i s o t h e r m s  were a t  

34.4OC and 34OC, r e s p e c t i v e l y .  The e q u i v a l e n c e  of t h i s  0.4OC d i f f e r e n c e  t o  

t h e  vallue o b t a i n e d  t h r o u g h  t h e  g r i d  is  n o t  r e g a r d e d  as  e s p e c i a l l y  
s i g n i f i c a n t ,  b e c a u s e  i n  b o t h  cases t h e  o u t s i d e  i s o t h e r m  r i d e s  t h e  l i n e  

between f i n g e r  and background,  and so, its s e t t i n g  may not have  been e x a c t .  

Note t h e  i n c r e a s e d  s h a r p n e s s  when b l u r r i n g  

The p r e v i o u s  f i g u r e s  were a l l  made w i t h  ambient  
background.  A t  t h i s  p o i n t  a b l a c k - p a i n t e d ,  1 -ga l lon  p a i n t  t h i n n e r  c a n ,  s een  

a t  t h e  c e n t e r  of F i g u r e  238, was f i l l e d  w i t h  h o t  water to  p r o v i d e  an 
ex tended  h o t  s o u r c e  fo r  measur ing  t h e  f i e l d  of view. To accompl ish  t h i s ,  a 

"checke.rboardql ca rdboa rd  c a p  was p l a c e d  o v e r  t h e  end of t h e  s p a c e r  t u b e .  

The checke rboa rd  compr ised  5 mm s q u a r e  h o l e s  i n  rows w i t h  10 mm c e n t e r - t o -  

center s p a c i n g ,  a s  shown i n  F i g u r e  246, Adjacen t  rows were o f f s e t  by  5 mm. 

The checke rboa rd  o p e n i n g s  are r e p r e s e n t e d ,  edge-on i n  F i g u r e  233, by  heavy 

v e r t i c a l  l i n e  segments  a t  t h e  r igh t -hand s i d e .  

F i g u r e  241 shows t h e  checke rboa rd  p a t t e r n  th rough  
t h e  g r i d .  I n  F i g u r e  247,  a p i e c e  of masking t a p e  p a r t i a l l y  b locked  t h e  

center h o l e  t o  i d e n t i f y  i t .  

246 and 241 t h a t  a p p e a r s  n o t i c e a b l y  f a i n t e r  t h a n  t h e  o t h e r  h o l e s .  The f i e l d  

o f  view,  shown i n  F i g u r e s  246 and 241 i s  i n d i c a t e d  by t h e  dashed con tour  

l i n e  i n  F i g u r e  246. Note t h a t  t h e  s e n s i t i v i t y  i s  e s s e n t i a l l y  uniform ove r  

t h e  obse rved  f i e l d  of v iew,  and t h a t  t h e  walls of t h e  g r i d  h o l e s  d o  n o t  
b l o c k  t h e  v iew v e r y  much. However, t h e  f i e l d  of v i e w  is  q u i t e  nar row a t  t h e  

t o p  of t h e  f i e l d  of view.  I n  an e f f o r t  t o  d e t e r m i n e  whether  t h i s  cou ld  be 

due t o  b l o c k a g e  by t h e  edge  of t h e  g r i d ,  F i g u r e s  247 and 248 were drawn. 
These f i g u r e s  a r e  n e a r l y  a t o p  v iew of F i g u r e  233. F i g u r e  247 is a view 
normal t o  t h e  p l a n e  c o n t a i n i n g  t h e  row of g r i d  h o l e s  closest t o  t h e  window 

It is  t h e  c e n t e r  h o l e  i n  t h e  t o p  row o f  F i g u r e  
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Photo 0683-82 

Figure 244. 34.4'92 %ssthesm on Finger 

Figure 245. 34OC isotherm on Finger 
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and t h e  l i n e  j o i n i n g  t h e  c e n t e r  of t h e  camera l ens  t o  t h e  c e n t e r  member o f  

t h i s  row of h o l e s .  The checkerboard  h o l e s  are i n d i c a t e d  a t  t h e  r i g h t .  Note 

t h a t  3-1/2 h o l e s  r e p r e s e n t  t h e  extreme range  o f  coverage ;  t h i s  e x p l a i n s  why 

o n l y  t h r e e  h o l e s  a r e  v i s i b l e  i n  t h e  t o p  row o f  F i g u r e  241. 

F i g u r e  248 i n d i c a t e s  why a l l  f i v e  h o l e s  i n  t h e  bottom row were observed  i n  
F i g u r e  241. The g r i d  a p p e a r s  t o  l i m i t  t h e  h o r i z o n t a l  f i e l d  o f  view n e a r  t h e  
c e n t e r  o f  t h e  window. 

S i m i l a r l y ,  

F i g u r e  249 r e p r e s e n t s  an e f f o r t ,  by changing  t h e  
p o s i t i o n  of t h e  camera, t o  see a r e a s  of t h e  window c l o s e r  t o  t h e  nea r  wa l l .  

The c e n t e r  h o l e  of t h e  checkerboard  is  nea r  t h e  c e n t e r  h o l e  i n  t h e  lower 

raw. Note t h a t  o n l y  one ve ry  s h o r t  ( 2  h o l e s )  row of h o l e s  above c e n t e r  is 
v i s i b l e .  A l l  o t h e r  rows a r e  located below t h e  g r i d  (below t h e  l i n e  j o i n i n g  

t h e  camera l e n s  t o  t h e  nea r  end of t h e  g r i d ) .  T h i s  i s  f a i r l y  cons is ten t  
wi th  what one would e x p e c t  from an examinat ion  of F i g u r e  233, b u t  may be  due 

t o  b lockage  by t h e  h o l e  w a l l s .  

The second g r i d  h a s  h o l e s  around t h e  e n t i r e  

c i r cumfe rence ,  so o n l y  b lockage  by t h e  g r i d  h o l e  w a l l s  comes i n t o  p lay .  
T h i s  e f f e c t  w i l l  now be  examined in g r e a t e r  d e t a i l .  

F i g u r e s  250 and 251 r e p r e s e n t  a demons t r a t ion  of t h e  

t empera tu re  g r a d i e n t  measurement a c r o s s  t h e  f r o n t  s u r f a c e  of t h e  water can ,  

th rough t h e  g r i d .  
and 2S1, r e s p e c t i v e l y .  Again, l i t t l e  s i g n i f i c a n c e  i s  a t t a c h e d  t o  t h e  

d i f f e r e n c e ,  2.8 C. 
were t aken .  

The i so the rms  are set  a t  36.4OC and 3 9 . 2 O C  i n  F i g u r e s  250 

0 The water t empera tu re  was 51.7'C when t h e s e  p i c t u r e s  

I so the rms  pe rmi t  a c a l c u l a t i o n  of t h e  g r i d  

t r a n s m i t t a n c e ,  from t h e  r e l a t i o n :  

Ta Tg (1-T) -+ T T = T s g + T (Ts - Tg) 

where T is  t h e  a p p a r e n t  t empera tu re  of t h e  s o u r c e  seen through t h e  g r i d ,  
and T and T a r e ,  r e s p e c t i v e l y ,  t h e  t e m p e r a t u r e s  of t h e  s o u r c e  and t h e  

g r i d  

a 

s g 
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Photo 42 4 3-82 

Figure 249. Field of View hooking CIaser to Near Wall 
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Figure 251 

Figure 250. Black Paint 
Through GI 
at 36,4'6 
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F i g u r e s  252 shows t h e  h o t ,  p a i n t e d  s o u r c e  t h r o u g h  
t h e  g r i d .  The c o n t r a s t  and b r i g h t n e s s  a d j u s t m e n t s  were se t  t o  maximize  t h e  

v i s i b i l i t y  of t h e  g r i d  e l e m e n t s .  The f o c u s  may a l s o  h a v e  f a v o r e d  t h e  g r i d .  
The s e v e n  rows o f  g r i d  ho les  are c l e a r l y  v i s i b l e ,  and i n d i v i d u a l  h o l e s  a r e  

f a i n t l y  v i s i b l e ,  a s  t h e y  were i n  F i g u r e s  242, 243, 256 and 251. P e r h a p s  t h e  
camera s h o u l d  n o t  h a v e  been  set  a t  its s h o r t e s t  foca l  d i s t a n c e ,  which  was 
l o c a t e d  4.9" from t h e  f r o n t  l e n s  s u r f a c e .  The g r i d  was 3.5Is away,  and t h e  
window was 6 . 5 s i  away. If t h e  f o c u s  were se t  o u t  f a r t h e r ,  j u s t  u n t i l  t h e  

window becomes d e f o c u s s e d ,  t h e  g r i d  would be  d e f o c u s s e d ,  and t h i s  s t r u c t u r e  

would v a n i s h .  The c o n t r a s t  had t o  b e  t u r n e d  up q u i t e  h i g h  t o  get, t h i s  

p i c t u r e .  

The a n a l y s i s  of t h e  e f f e c t  of  v i e w l n g  t h e  o u t p u t  

window t h r o u g h  an  a r r a y  of small  h o l e s  i n  t h e  waveguide  wal l  using an 
i n f r a r e d  i m a g i n g  s y s t e m  was e n c o u r a g i n g .  T e s t s  w i t h  an AGA 786 i n f r a r e d  

camera l o o k i n g  at; v a r i o u s  h e a t e d  objects t h r o u g h  a s a m p l e  g r i d  of holes  
d e m o n s t r a t e d  t h e  p o t e n t i a l .  o f  s u c h  a d i a g n o s t i c .  Next,, t e s t s  were p e r f o r m e d  

w i t h  t h e  IR camera  an P-IW3, a p u l s e d  200 kw, 66 GHz t u b e  ( a t  1% d u t y ,  
maximum p u l s e  d u r a t i o n  of 30 m s l 0  

The v e r t i c a l  p o s i t i o n  of t h e  o u t p u t  waveguide  

O e c e s s i t a k e d  p l a c i n g  a f r o n t - s i l v e r e d  mirror i n  t h e  IR o p t i c a l  p a t h  t o  l i m i t  

t h e  a n g l e  of d e c l i n a t i o n  of t h e  camera, a s  shown i n  F i g u r e  253. T h i s  was 

d o n e  t o  p r o l o n g  t h e  LN h o l d i n g  time and f a c i l i t a t e  access t o  t h e  LN dewar 

i n  t h e  camera .  The a t t e n u a t i o n  fac tor  of t h e  mirror was n e g l i g i b l e ,  b u t  t h e  

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

254. A s o l u t i o n  t o  t h i s  problem w i l l  be d i s c u s s e d  l a t e r .  

2 2 

Before placing t h e  c a m e r a  i n  s i t u ,  problems i n  t h e  

g y r o t r o n  e n v i r o n m e n t  had t o  be addressed.  P o t e n t i a l  e n v i r o n m e n t a l  h a z a r d s  

to t h e  IR camera i n c l u d e d :  
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1 )  x - r a y s  
2 )  microwave l e a k a g e ,  and 

3)  p i c k u p  or  g r o u n d  l o o p s .  

T h e s e  h a z a r d s  m i g h t  h a v e  c o n t r i b u t e d  t o  enhanced  n o i s e  l e v e l s  i n  t h e  IR 

c a m e r a ,  d e g r a d e d  t h e  l o n g  term p e r f o r m a n c e  af t h e  c a m e r a ,  or even  damaged 
t h e  ind ium a n t i m o n i d e  d e t e c t o r  i n  t h e  camera. Measurements  of t h e  x-ray 
l e a k a g e  i n d i c a t e d  t h a t  a l e a d  p l a t e  below t h e  camera would s u f f i c e .  The 

microwave  l e a k a g e  a t  t h e  s u r f a c e  of t h e  g r i d  was measured  u s i n g  a c a l i b r a t e d  

t h e r m i s t o r  and a h o r n  a n t e n n a .  A p e a k  power of 0.1 Y t o t a l ,  c o r r e s p o n d i n g  

t o  much less t h a n  10 mW/cm2 a t  t h e  camera was m e a s u r e d .  

were minimal .  
P i c k u p  p r o b l e m s  

The t.hermal e m i s s i v i t y  of both a l u m i n a  and b e r y l l i a  

i n  t h e  i n f r a r e d  was measured t o  b e  E = 0.95. T h i s  f n d i c a t e d  t h a t  an IW 
measurement  of t h e  p u l s e d  or CW window was a s u r f a c e  t e m p e r a t u r e  

measurement  and t h a t  t h e  i n n e r  vacuum window i n  t h e  C'JJ t u b e  c a n n o t  be 
a n a l y z e d  u s i n g  t h i s  t e c h n i q u e .  This  was c o n f i r m e d  i n  a test p l a c i n g  a 330 C 

s o l d e r i n g  i r o n  b e h i n d  an a l u m i n a  window a t  room t e m p e r a t u r e .  

s o P d e r i n g  i r o n ,  window and camera a l o n g  a h o r i z o n t a l  a x i s  r e d u c e d  t h e  

c o n v e c t i v e  h e a t i n g  e f fec ts  on t h e  window. 

Mas o b s e r v e d  even  when i t  was p l a c e d  qVv b e h i n d  t h e  window. 

0 

A l i g n i n g  t h e  

No image of t h e  s o l d e r i n g  i r o n  

Pol ished c o p p e r  and aluminum are  e x c e l l e n t  

ref lectors  of 3-5 um l i g h t .  T e s t s  w i t h  a window a s s e m b l y  i n d i c a t e d  t h a t  

r e f l e c t i o n s  m i g h t  become a problem.  T h i s  was s o l v e d  by c o a t i n g  t h e  o u t s i d e  

c o p p e r  w a v e g u i d e  and h o l e s  w i t h  a f i n e  l a y e r  of  f l a t  b l a c k  p a i n t .  T h i s  t h e n  
r e q u i r e d  t h a t  t h e  waveguide  b e  k e p t  cool ;  room t e m p e r a t u r e  was s u f f i c i e n t .  

F i g u r e  254 shows a measurement  of  t h e  t r a n s m i s s i v i t y  of t h e  g r i d ,  u s i n g  a 

6Q°C b l a c k b o d y .  
b r i g h t  arc i n  t h e  f i g u r e  i s  t h e  b o u n d a r y  o f  t h e  ltwindawlt. Note t h e  d im 

r e g i o n  below t h a t  arc i s  d u e  t o  r e f l e c t i o n  t h e  i n s i d e  c o p p e r  waveguide  
laall ,  The i n s i d e  wall r e f l e c t i o n  can be r e d u c e d  b y  PqpaintlragsP t h e  wall 
black and k e e p i n g  it cool. The w h i t e  s q u a r e  b o u n d a r y  i n  F i g u r e  254 

r e p r e s e n t s  t h e  e l e c t r o n i c  v i e w i n g  area for c a l c u l a t i n g  t h e  maximum t h e r m a l  

l e v e l ,  a s  d i s p l a y e d  on t h e  lower r i g h t .  

The c e n t e r  of t h e  P'windowft i s  d e n o t e d  by a 4. The lowest 
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F i g u r e s  255, 256 and 257 a r e  t h e r m a l  imaging r e s u l t s  

of t h e  P-1R3 window. F i g u r e  255 shows t h e  I R  image of a h e a t e d  t e m p l a t e  f o r  
a l i g n m e n t  and c a l i b r a t i o n  a s  viewed t h r o u g h  t h e  g r i d  i n  s i t u .  The c e n t e r  of 

t h e  window i s  marked wi th  8 +. Note r e f l e c t i o n s  o f  t h e  f l a n g e s ,  e t c . ,  a t  
t h e  t o p  of t h e  p i c t u r e .  F i g u r e  256 shows t h e  t h e r m a l  image of a c o l d  

window, no r f ,  and u s i n g  t h e  i s o t h e r m  c o n t o u r  c o n t r o l .  F i g u r e  257 shows t h e  
r e s u l t a n t  t he rma l  p a t t e r n  of a 30 ins, 200 kw p u l s e .  Note t h e  cu rved  

c o n t o u r .  The r e s u l t a n t .  image i s  a combina t ion  of t h e  g r i d  t r a n s m i s s i o n  
f u n c t i o n  and t h e  window t h e r m a l  p r o f i l e ,  The maximum t e m p e r a t u r e  change  

measured was o n l y  AT 4-5 C a t  a p p r o x i m a t e l y  t h e  c e n t e r  of t he  window. No 
unusua l  h o t  s p o t s  were o b s e r v e d .  F ~ P  longer p u l s e s ,  t h e  t e m p e r a t u r e  rise 

w i l l  be much g r e a t e r  which w i l l  improve t h e  t h e r m a l  image. The use of a 
l a r g e r  g r i d  s u r f a c e  would i n c r e a s e  $Re observed window a r e a ,  A computer  

a n a l y s i s  of t h e  g r i d  t r a n s m i s s i o n  f u n c t i o n  can  improve t h e  t h e r m a l  image and 

i s  h i g h l y  d e s i r a b l e .  These r e s u l t s  from P-IR3,  a pu l sed  t u b e ,  a r e  h i g h l y  

encourag ing  e 

0 

An improvement i n  t h e  a p p a r e n t  s i z e  o f  t h e  window 

a r e a  on t h e  I R  mon i to r  s c r e e n  was made by  chang ing  t o  a l e n s  wi th  a nar rower  
f i e l d  of v i e w ,  The new sys tem h a s  two advan tages :  4 )  t h e  f i e l d  of v iew i s  
d e c r e a s e d ,  t h u s  i n c r e a s i n g  t h e  a p p a r e n t  s ize  of t h e  PW m o n i t o r ,  and 2 )  t h e  

foca l  d e p t h  of  f i e l d  is r e d u c e d ,  t h u s  r e d u c i n g  t h e  effect  of t h e  g r i d .  

The pho tos  i n  F i g u r e s  2 5 t h  and 258b show t h e  

improved image u s i n g  a t e m p l a t e  w i t h  h o l e s  d r i l l e d  in r a d i a l  p a t t e r n s .  The 

neb! l e n s  h a s  enab led  b e t t e r  v iewing  of t h e  thermal.  p a t t e r n  on t h e  window and 
he lped  d e t e r m i n e  t h e  e f fec ts  of v a r i o u s  o p e r a t i n g  c o n d i t i o n s .  

The f i rs t  o p p o r t u n i t y  t o  t e s t  t h e  PR sys tem on t h e  
60 GMz f a m i l y  of CM t u b e s  was on VCE-8005 S/N 1 (56 SHz C W .  T h i s  t u b e  had 

a doub le -d i sc  a lumina  window, 312 X t h i c k .  

The photo  i n  F i g u r e  259 i s  a t h e r m a l  image of  t h e  

window a t  910 kW CW. The c e n t e r  o f  t h e  window is deno ted  by a 8p+70  and t h e  

edge  of the window was s k e t c h e d  i n .  The s m a l l ,  b r i g h t  spot, at, the upper  
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Figure 255. iW Image of Template for Alignment and 
Calibration of II R System 
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(b) New Lens 

6RNL PHOTO - 0081-83 

Figure 258. Improvement of the Thermal Image ~f a 
Tewaphte with Radial Pattern ad Holes. The 
Center is Denoted with a "+". 

40 1 



ORNL PHOTO - 0082-83 

110 kW 

t FC-75 FLOW DIRECT1ON 

Figure 259. VGE-8005 S/N 1 Thermal Image at 110 k W  
Output Power. Center of the Window is Denoted 
by ''+''. 1 R Camera: F/1.8. 
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l e f t  i s  due t o  a s p e c k  of m a t e r i a l  t h a t  had f a l l e n  o n t o  t h e  window s u r f a c e .  
The l a r g e ,  w h i t e  s p o t  a t  t h e  window c e n t e r  i s  t h e  ''hotti r e g i o n  of t h e  

window. FC-75 c o o l a n t  f l ow i s  7.8 gpm i n  t h e  d i r e c t i o n  i n d i c a t e d .  Moving 
t h e  camera t o  a d i f f e r e n t  p o s i t i o n  r e s u l t e d  i n  v i r t u a l l y  t h e  same image,  

F i g u r e  260 i s  a g r a p h  of t h e  t e m p e r a t u r e  a t  t h e  

f i r s t  maximum a s  a f u n c t i o n  of o u t p u t  power. A l i n e a r  r e g r e s s i o n  c u r v e  f i t  

t o  t h e  d a t a  e x t r a p o l a t e s  t o  90°C t e m p e r a t u r e  a t  200 kW. 

t e m p e r a t u r e  were de te rmined  by v a r y i n g ,  w i t h i n  r e a s o n a b l e  limits, t h e  
ambient  (background)  t e m p e r a t u r e  and t r a n s m i s s i o n  f u n c t i o n .  Note t h e  e r r o r  

ba r s  a r e  s l i g h t l y  l a r g e r  a t  lower t e m p e r a t u r e s  t h a n  at h i g h e r  t e m p e r a t u r e s .  

The FC-75 i n l e t  t e m p e r a t u r e  was found t o  rise 8.5'C d u r i n g  t h e  course o f  t h e  
measurements .  FC-75 f l o w  r a t e  was 7.8 gpm. S l i g h t  b o i l i n g  o f  t h e  wa te r  

load was d e t e c t e d  a t  496 kW, The measured maximum window t e m p e r a t u r e  was 

much less t h a n  100 C ,  t h u s  t e m p e r a t u r e  g r a d i e n t s  were n o t  expec ted  t o  c a u s e  
l a r g e  t h e r m a l  stresses.  

E r r o r  b a r s  on t h e  

0 

A r a d i a l  t e m p e r a t u r e  p r o f i l e  was t aken  a t  110 kW 

o u t p u t  powerp ips shown i n  F i g u r e  269, h t h  peaks appea red  t o  occur  a t  
s m a l l e r  r a d i i  t h a n  i n  an empty waveguide for TE 
flow is -loo of f  from t h i s  r a d i a l  d i r e c t i o n .  

o b s e r v e d  a s  a f u n c t i o n  of a n g l e  e x c e p t  f o r  t h e  s m a l l  h o t  s p o t  ment ioned  

e a r l  i er  

"%e d i r e c t i o n  O f  FC-75 
02' 
No unusua l  asymmetr ies  were 

A c r i t i c a l  dependence  of t h e  FC-75 flow on t h e  

window t e m p e r a t u r e  a t  t h e  f i rs t  maximum is  shown i n  F i g u r e  262. A t  v a r i o u s  

o u t p u t  powers ,  t h e  flow of FC-75 i s  v a r i e d .  It a p p e a r s  t h a t  a t  h i g h e r  

powers ,  t h e  rise i n  t e m p e r a t u r e  for reduced  flow sates i s  s h a r p e r .  An 

e x t r a p o l a t i o n  a t  130 kW i n d i c a t e s  t h a t  b o i l i n g  of FC-75 might  o c c u r  n e a r  

4 gpm. The b o i l i n g  p o i n t  of FC-75 a t  25 p s i  i s  a b o u t  136°C. 

There  was some concern that b o i l i n g  i n  the w a t e r l o a d  
might  c a u s e  severe mismatching  or mode c o n v e r s i o n ,  which would r e s u l t  i n  R 

r e f l e c t i o n  o f  power t o  t h e  window, 
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I n  F i g u r a  263,  a compar ison  of t h e  window 
t e m p e r a t u r e  v e r s u s  o u t p u t  power for two d i f f e r e n t  wa te r load  flows are  sham. 

The o n s e t  o f  b o i l i n g  i n  t h e  wa te r  l o a d  is i n d i c a t e d .  No s h a r p  d e v i a t i o n  i n  
t h e  window t e m p e r a t u r e  o c c u r r e d  even a s  t h e  b o i l i n g  in t h e  w a t e r l o a d  became 
v i o l e n t .  The o f f s e t  i n  t e m p e r a t u r e  for  t h e  two d i f f e r e n t  c a s e s  is mostly 
due t o  changes  i n  t h e  FC-75 i n l e t  t e m p e r a t u r e ,  

One can  compare t h e  r e s u l t s  shown i n  F i g u r e s  256 and 

263,  t o  d e t e r m i n e  t h e  c o n s i s t e n c y  ( r e p r o d u c i b i l i t y )  of t h e  IR camera 
measurements .  Taking i n t o  accoun t  s l i g h t  d i f f e r e n c e s  i n  FC-75 flow and 

FC-95 i n l e t  t e m p e r a t u r e ,  r e p r o d u c i b i l i t y  is  well w i t h i n  error l i m i t s ,  

Measurements w i t h  t h e  FC-75 c h i l l e r  i n d i c a t e  an 

8.5OC a + 2OC s e d u c t i o n  of t h e  first maximum for a 13'C FC-'75 i t l let  

t e m p e r a t u r e  r e d u c t i o n  o p e r a t i n g  a t  95 kW. 

of t h e  window t e m p e r a t u r e  was measured for a l o ° C  FC-75 i n l e t  r e d u c t i o n .  
The measurements  were performed by n o t i n g  t h e  t e m p e r a t u r e  under  normal  

o p e r a t i o n ,  t h e n  s h u t t i n g  down t o  make a plumbing change.  S l i g h t  v a r i a t i o n s  

in t h e  o p e r a t i n g  p a r a m e t e r s  may r e s u l t  $a, d i f f e r e n t  mode m i x t u r e  or  phas ing  
wta%ck may accoun t  for t h e  l a r g e r  t e m p e r a t u r e  r e d u c t i o n  a t  75 kW. 

A t  75 kkd, a 43'C - -+ 2 O C  r e d u c t i o n  

Measurements were made u s i n g  t h e  IR camera sys tem t o  

view t h e  outpert  window of X-6. Figure 254 i s  a p a i r  o f  t he rmographs  (saw 

data)  which were t aken  a t  t h e  same o u t p u t  power (143  kW CMl on X-6, b u t  a t  

two s l i g h t l y  d i f f e r e n t  t u b e  o p e r a t i n g  c o n d i t i o n s .  The window c e n t e r s  are 
i n d i c a t e d  by a ''+", and t h e  waveguide wal l  edge  of t h e  window i s  s k e t c h e d  

i n ,  The w h i t e r  p o r t i o n s  of t h e  thermographs  r e p r e s e n t  a combina t ion  of t h e  
h o t t e r  p a r t s  o f  t h e  window and t h e  t r a n s m i s s i o n  f u n c t i o n  of t h e  g r i d .  

However, t h e  s a l i e n t  f e a t u r e s  of t h e  window h e a t i n g  p a t t e r n s  can  be 

d i s c e r n e d .  I n  F i g u r e  264a,  a d i s t i n c t  ring c o r r e s p o n d i n g  t o  t h e  TE peak, 

can  be seen .  F i g u r e  264b,  t hough ,  shows p a t t e r n s  s i m i l a r  t o  t h e  56 GWz 
c a s e ,  where o n l y  t h e  c e n t e r  r e g i o n  i s  h o t .  The magne t i c  f i e l d  a t  t h e  c a v i t y  

c e n t e r  for t h e  two c a s e s  d i f f e r s  by  o n l y  34 G ( o u t  of 23 kG%. 

01 

F i g u r e  265 i s  a p l a t  of t h e  peak window t e m p e r a t u r e  
as a f u n c t i o n  of o u t p u t  power. I n  t h e  r e g i o n  be tween 80 khl and 125 kW, t h e  
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Figure 265. Compilation of All Window Temperature 
Measurements as a Function of Output Power 
for the WE-8006, SIN X-6 During CW Operation. 
A Number of Tube Parameters and Operating 
Conditions Changed in the Course of Taking 
These Measurements. 
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main magnet  #1 c u r r e n t  was v a r i e d .  O p e r a t i o n  of  X-6 a t  200 k'rJ was a t t a i n e d  
b y  c a r e f u l l y  i n c r e a s i n g  t h e  o u t p u t  power w h i l e  m a i n t a i n i n g  a low ( <  - 100°C) 

p e a k  window t e m p e r a t u r e .  A t  200 kW, t h e  peak window t e m p e r a t u r e  was 

m a i n t a i n e d  a t  100 - + 5 C for a b o u t  an h o u r .  0 0 

The r a n g e  of v a r i a t i o n  of t h e  p e a k  window 

t e m p e r a t u r e  is  a l so  i l l u s t r a t e d  i n  F i g u r e  266, which i s  a p l o t  of t h e  peak 

t e m p e r a t u r e  v e r s u s  main magnet  51.  The o u t p u t  power was h e l d  c o n s t a n t  b y  
a d j u s t i n g  t h e  gun a n o d e  v o l t a g e .  T h e s e  m e a s u r e m e n t s  b y  t h e  I R  camera 
s u g g e s t  a number of p o s s i b l e  o c c u r r e n c e s .  Mode c o n v e r s i o n  i n  t h e  c a v i t y  or 
a t  o t h e r  areas of t h e  t u b e  m i g h t  b e  t a k i n g  p l a c e .  b a d  m a t c h i n g  and g h o s t  
modes i n  t h e  window are  o t h e r  p o s s i b i l i t i e s .  A major d i f f e r e n c e  i n  t h e  X-6 
t u b e  is t h e  u s e  of a s t e p  c a v i t y .  Q1% t h e  56 SMz t u b e  (VGE-8005 S/N 11, t h e  
low t e m p e r a t u r e  of t h e  window ( d u e  t o  o p e r a t i n g  a t  < a I18 kW), t o g e t h e r  w i t h  

t h e  muck more l i m i t e d  o p e r a t i n g  r e g i m e  of t h e  s t a n d a r d  c a v i t y ,  d i d  n o t  

p e r m i t  u s  t o  see much of a window t e m p e r a t u r e  v a r i a t i o n .  

I n  summary, t h e  X W  camera h a s  p r o v i d e d  u s  w i t h  a 
rea l  time o b s e r v a t i o n  of t h e  window t e m p e r a t u r e  %o g u i d e  X-6 t u b e  o p e r a t i o n  

t o  200 kW p e r f o r m a n c e .  A l a rge  v a r i a t i o n  i n  peak window t e m p e r a t u r e  on X-6 

h a s  a l s o  been n o t e d .  

9. D e s i g n  O p t i m i z a t i o n  of Double-Disc Windows 

A p a r a m e t r i c  s t u d y  Mas per formed on a ser ies  of  d i s c s  made of  
d i f f e r e n t  materials and w i t h  d i f f e r e n t  d i a m e t e r s  and t h i c k n e s s e s  f o r  t h e  

60 GHz CW windows. The cases s t u d i e d  a re  summarized i n  T a b l e  35. The bes t  

g e Q m e t r i c  and material  c o m b i n a t i o n  is a 4"-d iametes  b y  X-thick a l u m i n a  

window 

The i n f l u e n c e  of window diameter on t h e r m a l  hoop stress i s  s h o r n  
i n  F i g u r e  26'7. It c a n  be seen t h a t  w i t h  t h e  same t h i c k n e s s  and mate r i a l ,  a 
l a r g e r  diameter window w i l l  h a v e  a smaller t h e r m a l  hoop stress u n d e r  t h e  
same d e s i g n  c o n d i t i o n .  S i m i l a r l y ,  i f  t h e  d i a m e t e r ,  t h e  mater ia l  and t h e  

d e s i g n  c o n d i t i o n s  a r e  t h e  same, t h e  t h i n n e r  window h a s  lower t e m p e r a t u r e  and 
hoop stress. T h i s  is shown i n  F i g u r e  268. 

411 



QRNL - DWG - 83-3235FED 

OUTPUTPOWER = IZOkW 
BEAMVOLTAGE: = 88kV 
BEAMCURRENT = 7A 
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Figure 266. Peak Window Temperature as a Function of 
Main Magnet No. 1 Current for a Constant 
Output Power for the VGE-8006, S/N X-6 
During CW Operation (FC-75 inlet Temperature 
15,6'C) 
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IO, Nonl inea r  A n a l y s i s  of 60 G H z  Windows 

A l l  p r e v i o u s  a n a l y s e s  were performed w i t h  t h e  assumpt ion  t h a t  t h e  
a t t e n u a t i o n  c o n s t a n t  and t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  are independen t  of  
t e m p e r a t u r e .  In  a more r e f i n e d  a n a l y s i s ,  t h e  t e m p e r a t u r e  dependence of both 

t h e  d i e l e c t r i c  loss  and t h e  heat t r a n s f e r  c o e f f i c i e n t  need t o  be c o n s i d e r e d .  

The power loss i n  t h e  window was c a l c u l a t e d  by t h e  formula 

-uL plsss = P o u t p u t  ( 1 - e  ) 9 (77) 

is t h e  power o u t p u t  d i s t r i b u t i o n  far  TE mode, which i s  
8% 

where P 
p r o p o r t i o n a l  t o  Bessel f u n c t i o n  J *[rle 

o u t p u t  
1 

a = e f f e c t i v e  a t t e n u a t i o n  c o n s t a n t  in Mepers/cna 
L = t h i c k n e s s  of d i s c .  

(Note t h a t  t h e  effective a must accoun t  for  t h e  i n t e r n a l  r e f l e c t i o n s w h i c h  
o e e u r  w i t h i n  t h e  dielectr ic . )  Only a i s  t e m p e r a t u r e  dependan t ,  and it i s  
e a l c u l  a ted  by t h e  e q u a t i o n  for  h a l f - i n t e g r a l  wavelength  t h i c k n e s s e s  

where F: is t h e  d i e l ec t r i c  c o n s t a n t ,  t a n  6 t h e  loss t a n g e n t ,  x t h e  free s p a c e  
wavelength  and 

14 = p #- 1 ( 7 9 )  

The f o r m u l a s  for the  c a l c u l a t i o n  of t h e  t e m p e r a t u r e  dependen t  hea t  
t r a n s f e r  c o e f f i c i e n t  are shown i n  Tab le  36. The t e m p e r a t u r e  dependence of 

t h e  heat t r a n s f e r  c o e f f i c i e n t ,  h, i s  reflected i n  t h e  chang ing  values of 

v i s c o s i t y  and the rma l  c o n d u c t i v i t y  of t h e  f l u i d ,  
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TABLE 36 TEMPERATURE DEPENDENCE OF HEAT TRANSFER COEFFICIIENT 

HEATER TRANSFER COEFFICIENT: h 

WHERE st = 
PP = 
k =  
f =  

W #  = 
w =  

E =  

u =  

STANTQM NUMBER 
PWANBTh NUMBER 
HEAT TRANSFER COEFFIC 
FRICTiON FACTOR 
KINEMATIC VIISCOSKY 
HYDRAULIC RADIUS 
ABSOLUTE ROUGHNESS 
SPEED 6% FLOW 
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The g e n e r a l  approach  for t h e  n o n l i n e a r  a n a l y s i s  follows: 

1. Assume an a r b i t r a r y  t e m p e r a t u r e  for  d i e l ec t r i c  loss 
c a l c u l a t i o n  e 

2. Obta in  t e m p e r a t u r e  d i s t r i b u t i o n  w i t h  t h e r m a l  code.  

3. Use t h e  c a l c u l a t e d  l oca l  t e m p e r a t u r e  t o  r e c a l c u l a t e  

d i e l e c t r i c  l o s s  and heat t r a n s f e r  c o e f f i c i e n t .  
4, Repeat  s t e p s  2 and 3 u n t i l  t e m p e r a t u r e  d i s t r i b u t i o n  

conve rges  e 

This s o l u t i o n  t e c h n i q u e  was used to a n a l y z e  t h e  o p t i m i z e d  double-  
d i s c  window d e s i g n .  
270 0 

The r e s u l t s  a r e  shown i n  Tab le  37' and F i g u r e s  269 and 

T a b l e  37 
Double-Disc Window Design C o n d i t i o n s  

Uindow M a t e r i a l  Alumina 99 e 5% 
O p e r a t i n g  Mode - 60 GRz TE02 a t  200 kW CW 
A t t  e n u a t i s n  Cons tan t  Temper a t  u r e  Depend en t 

FC-75, Flow Speed a t  61 f t / s e c  

Heat T r a n s f e r  C 

A flow speed  of 61 f t /sec was assumed,  as  t h i s  i s  t h e  minimum 
v e l o c i t y  which p r e v e n t s  b o i l i n g  of t h e  FC-95. T h i s  flow speed c o r r e s p o n d s  

t o  a flow ra te  of 20 gpm u s i n g  p r e v i o u s  d e s i g n s .  However, p r e f e r e n t i a l  
j e t t i n g  of t h e  FC-75 flow o v e r  t h e  h e a t e d  c e n t r a l  r e g i o n  of t h e  window 
allows t h e  t o t a l  flow s a t e  t o  be s u b s t a n t i a l l y  r educed ,  w h i l e  m a i n t a i n i n g  
the n e c e s s a r y  v e l o c i t y  i n  t h e  c e n t r a l  r e g i o n  t o  p r e v e n t  b o i l i n g .  

The new d e s i g n  t o  cool t h e  CId doub le -d i sc  window i n c o r p o r a t e s  a 
s i m p l e  b a f f l e  a r rangement  des igned  t o  c o n c e n t r a t e  t h e  flow over t h e  c e n t r a l  
r e g i o n  of t h e  window, t h u s  p r o f i t i n g  from the  e f fec ts  described above. It 
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also allows h i g h e r  c o o l a n t  flow r a t e s  fo r  a g i v e n  pump t h a n  t h e  p r e v i o u s  

d e s i g n .  T h i s  i s  a c c o m p l i s h e d  b y  e l i m i n a t i n g  complex b a f f l e  i n s e r t s  and flow 

c h a n n e l s ,  t h u s  r e d u c i n g  t h e  p r e s s u r e  d r o p  across t h e  window a s s e m b l y ,  

19, FC-75 S y s t e m  C h i l l e r  

An i n e x p e n s i v e  s y s t e m  to c h i l l  t h e  FC-'95 window c o o l a n t  was 

d e s i g n e d  and b u i l t .  
( P r e v i o u s l y  t h e  s y s t e m  o p e r a t e d  n e a r  room t e m p e r a t u r e  1 

It was d e s i g n e d  t a  cool t h e  PC-75 t o  a p p r o x i m a t e l y  0°C. 

The s y s t e m  c o n s i s t e d  of a 60- foot  c o i l  of  t h i n - w a l l e d  c o p p e r  
t u b i n g  submerged i n  an ice  and sal twater  b a t h ,  The l a r g e  d i a m e t e r  (4-1/4t1) 

t u b i n g  e n s u r e d  a t o t a l  p r e s s u r e  d r o p  i n  t h e  s y s t e m  OF less  t h a n  8 p s i ,  

The c h i l l e r  was c o n n e c t e d  i n  ser ies  a f t e r  t h e  s t a n d a r d  FC-75 pump 
and h e a t  e x c h a n g e r ,  and was f i r s t  o p e r a t e d  in c o n j u n c t i o n  w i t h  t h e  56 GHz CW 
tube, VGE-8005 S/N 1. 

4 .  The l o s s  t a n g e n t  a f  FC-7% decreases,  Thus ,  less  power is 

Post d i r e c t l y  to t h e  FC-755, and t h e  FC-75 h e a t s  u p  l ess  as  it 
flows across t h e  window, 

2. The loss t a n g e n t  of t h e  window ceramic, AL-995, a l so  

d e c r e a s e s  t h u s  r e d u c i n g  t h e  t o t a l  power l o s s  and l o w e r i n g  t h e  

t h e r m a l l y - i n d u c e d  stresses i n  t h e  window. 

3. The s t r e n g t h  of t h e  window ceramic i n c r e a s e s  w i t h  d e c r e a s i n g  

t e m p e r a t u r e  

4. The t o t a l  heat f l u x e  Q ,  from t h e  window ceramic t o  t h e  FC-75 
i s  g i v e n  b y  t h e  c o n v e c t i v e  h e a t  t r a n s f e r  e q u a t i o n ,  

Q = hR ca 1. T h u s ,  Q i n c r e a s e s  a s  T 

d e c r e a s e s .  
ceramic T ~ ~ - 7 5  FC-75 
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C h i l l i n g  t h e  FC-75 a lso  has t h e  u n d e s i r e d  e f fec t  of Powesing t h e  

t o t a l  FC-75 flow r a t e  a v a i l a b l e ,  due t o  t h e  i n c r e a s e d  f l u i d  v i s c o s i t y  and 
t h e  added p r e s s u r e  d r o p  i n  t h e  coppe r  t u b i n g ,  

R e s u l t s  of t e s t i n g  t h e  c h i l l e r  were p romis ing  and were d i s c u s s e d  
i n  more d e t a i l  i n  S e c t i o n  VII.B.8. They showed a s i g n i f i c a n t  d r o p  i n  window 
t e m p e r a t u r e  a s  FC-75 t e m p e r a t u r e  was d e c r e a s e d .  Two cases a r e  l i s t e d  below. 

I 1 
FC-75 I n l e t  Reduct ion  o f  Peak Window 
Tgmper a t  u r e  Drop Tempera tu re  (As Measured by 

Gyrot ron  Output  ( C) Produced I R  Camera a t  l s t o R a d i a l  
Power (kW) by C h i l l i n g  E-Field Maximum C 

95 
195 

1% 
10 

The measurements  were performed w i t h  'an I R  camera before and a f t e r  
t h e  shutdown t o  change  t h e  FC-75 plumbing. A s l i g h t  v a r i a t i o n ,  due  to  t h e  

r e p r o d u c i b i l i t y  of t h e  o p e r a t i n g  p a r a m e t e r s ,  may r e s u l t  i n  a d i f f e r e n t  mode 

m i x t u r e  o r  mode m i x  phas ing .  This may a c c o u n t  for t h e  l a r g e r  t e m p e r a t u r e  
r e d u c t i o n  a t  '95 kW, 

The maximum FC-75 flow sa te  was seduced  from 9 . 5  gpm t o  6.7 gpm by 

add ing  t h e  chi l le r .  However, much of t h i s  d r o p  is due  t o  e x t r a  f i t t i n g s  
which were la te r  e l i m i n a t e d .  

The i cebox  FC-75 c h i l l e r  was used i n  t e s t i n g  X-6 t o  a c h i e v e  t h e  

280 kW CW landmark.  S p e c i f i c a l l y ,  t h e  c h i l l e r  lowered  t h e  FC-75 t e m p e r a t u r e  

from 3 7 O C  t o  17OC, r e s u l t i n g  i n  an a p p r o x i m a t e l y  5OC lower peak window 

t e m p e r a t u r e .  For a c o n s t a n t  peak window t e m p e r a t u r e ,  t h e  c h i l l e r  e x t e n d s  
t h e  safe o p e r a t i n g  r a n g e  of t h e  g y r o t r o n  by a b o u t  15  kkT. Recent  r e s u l t s  
from t h e  ORNL Metals and Ceramics  g roup  show t h a t  slow crack growth  i n  
p o l y c r y s t a l l i n e  c e r a m i c s  exposed  t o  FC-75 is s e v e r e l y  re tarded by  l o w e r i n g  
t h e  FC-75 t e m p e r a t u r e .  T h i s  combina t ion  of p o s i t i v e  r e s u l t s  from u s i n g  t h e  

c h i l l e r  h a s  prompted Var i an  t o  i n s t a l l  more permanent  c h i l l i n g  sys t ems .  
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I n  t h e  first new s y s t e m p  7 O C  waker, from e x i s t i n g  Var ian  l i n e s ,  
f l o w s  t h r o u g h  t h e  same FC-75 h e a t  exchanger  t h a t  p r e v i o u s l y  r a n  room 

t e m p e r a t u r e  water. The FC-75 window i n l e t  t e m p e r a t u r e  is t y p i c a l l y  abou t  

IO'C a t  f u l l  FC-75 f low r a t e .  

12. S t r e s s  Measurement of Output  Windows 

Measurement o f  stress a t  t h e  edge  o f  a doub le -d i sc  c'rd wi~adow w i t h  

s t r a i n  gages  was c o n s i d e r e d ,  Direct measurement of t h e  s t r a i n  g i v e s  t h e  
stress v i a  Hookeys  l aw  

where ff i s  t h e  stress, E is  t h e  modulus ad" e l a s t i c i t y ,  and E i s  t h e  
d i m e n s i o n l e s s  s t r a i n  e 

The pr imary  d i f f i c u l t y  a r i s e s  from t h e  v e r y  ISM s t r a i n  (about,  

0 ,022)  expec ted  i n  t h e  Ckd window. T h i s   OW v a l u e  n e c e s s i t a t e s  t h e  use of 
high-g8in semiconductor - type  s t r a i n  g a g e s  which are g e n e r a l l y  more 
t e m p e r a t u r e  s e n s i t i v e  and less a c c u r a t e  t h a n  c o n v e n t i o n a l  wtre gages .  

Placement  of t h e  gage ,  c a l i b r a t i o n ,  and t h e  way i n  which t h e  g a g e  l e a d s  are  
f e d  o u t  t h e  window assembly  a l so  pose  t e c h n i c a l  d i f f i c u l t i e s .  For t h e s e  

r e a s o n s ,  t h e  i n v e s t i g a t i o n  o f  stress measurement  Has d i s c o n t i n u e d .  

13. Comparison of Exper imen ta l  and A n a l y t i c a l  R e s u l t s  

Using an i n f r a r e d  camera ,  t e m p e r a t u r e  measurements  were made on a 

56 G H 2  CW g y r o t r o n  o u t p u t  wfndsw a t  s e v e r a l  power l e v e l s .  These 
measurements  a r e  compared t o  c a l c u l a t e d  t e m p e r a t u r e s  i n  Table 38. The 

agreement  between e x p e r i m e n t a l  and a n a l y t i c a l  r e s u l t s  i s  poor .  The two most 
probable s o u r c e s  of discrepanci2s  are the values  of the heat; t r a n s f e r  

c o e f f i c i e n t  and a t t e n u a t i o n  c o n s t a n t  assumed i n  t h e  c a l c u l a t i o n s ,  To 

e x p l o r e  t h e  s e n s i t i v i t y  o f  t h e  c a l c u l a t i o n  t o  t h e  v a l u e  of h u s e d ,  a ser ies  
sf c a l c u l a t i o n s  were made where h was v a r i e d  to force agreement  between 

R 
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c a l c u l a t e d  and measured  t e m p e r a t u r e s .  The r e s u l t s  are i n c l u d e d  a s  o n e  of 
t h e  co lumns  i n  T a b l e  38.  They i n d i c a t e  t h a t  l a r g e  d e v i a t i o n s  i n  h would be 

r e q u i r e d  t o  o b t a i n  a g r e e m e n t  i n  t e m p e r a t u r e ,  

Marian i n t m d u e e d  a new c o d e  for  c a l c u l a t i n g  t e m p e r a t u r e  
d i s t r i b u t i o n s  i n  windows d u e  t o  rP h e a t i n g ,  P r e v i o u s l y ,  VULCAN was used  

which  r e q u i r e d  t h e  u s e r  t o  f i r s t  create an e l ec t r i ca l  n e t w o r k  a n a l o g y  for  
t h e  t h e r m a l  r e s i s t a n c e s .  VWLCAN slowed t h e  a n a l y s i s  p r o c e s s  and was less 

a c c u r a t e  t h a n  t h e  new code,. TAC02B, which u s e s  f i n i t e  e l e m e n t  a n a l y s i s .  
TAC02D i s  a v a i l a b l e  on MFE, i s  s t r a i g h t f o r w a r d  and y i e l d s  more a c c u r a t e  

r e s u l t s  t h a n  VULCAN. 

Window stress a n a l y s e s  were d o n e  on SAP-IV, B f i n i t e  e l e m e n t  code 
also  a v a i l a b l e  on W E .  R e s u l t s  from TWCO2D can  g e n e r a l l y  be u s e d  d i r e c t l y  

as  i n p u t  t o  SAP-IV, thus s a v i n g  more time, Through e x p e r i e n c e p  c o n f i d e n c e  
i n  u s i n g  t h e s e  codes t o  a c e u r a t e l y  p r e d i c t  t e m p e r a t u r e  and stress 
d i s t r i b u t i o n s  i n  windows has  g r e a t l y  i n c r e a s e d .  

The t e m p e r a t u r e s ,  stresses and d e f l e c t i o n s  i n  t h e  X-6-type window 
were r e c a l c u l a t e d  u s i n g  a f i n e r  mesh p a t t e r n ,  t o  see t h e  f u l l  e f fec ts  o f  

s t a t i c  p r e s s u r e  l o a d i n g  (e,g. 30 psi FC-195 and 15 p s i  a t m o s p h e r e ) .  The 
r e s u l t s  are shown i n  F i g u r e s  271 t h r o u g h  2'34. The h i g h  t e n s i l e  stresses 

a s s o c i a t e d  w i t h  t h e  s t a t i c  h a d  created C Q ~ C ~ F ~ S ,  

14. T r a n s i e n t  Analysis of Double Disc Window Under  P u l s e d  L o a d i n g  

Two thermal t r a n s i e n t  cases were run far t h e  d o u b l e - d i s c ,  face- 
cooled window. The d e s i g n  c o n d i t i o n s  for t h e  f irst  case a r e :  

@ Window mater ia l :  AL-995, YIP diameter b y  0.066" t h i c k  

O p e r a t i n g  c o n d i t i o n :  60 GHz TE 200 kw peak paver ,  8 . 5  sec 
02' 

p u l s e  a t  1% d u t y  
QB A t t e n u a t i o n  c a n s t a n t :  a I 0.0232 tiepee-s/cw 

2 0  
@ Coofant: 10 gpm flow of  FC-75 
8 Heat t r a n s f e r  c o e f f i c i e n t :  2.5 w a t t s / i n  - C 
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Because of t h e  low d u t y  c y c l e ,  p u l s e s  a r e  spaced  f a r  a p a r t ,  so it 
is  s u f f i c i e n t  t o  l o o k  a t  a s i n g l e  p u l s e .  
stresses a t  t h e  end of t h e  p u l s e  are shown i n  F i g u r e s  275 and 276. 

The t e m p e r a t u r e  and t h e  t h e r m a l  

An a d d i t i o n a l  thermal a n a l y s i s  was performed t o  s t u d y  t h e  effect  
of a reduced  TE p a t t e r n  u s i n g  t h e  i d e n t i c a l  d e s i g n  c o n d i t i o n s  f o r  t h e  

p r e v i o u s  t r a n s i e n t  a n a l y s i s ,  b u t  r e d u c i n g  t h e  TE p a t t e r n  by a r a t i o  of 
1.7/2.5 ( i e e e  u s i n g  a waveguide diameter of l . 7 n ) .  As shown i n  F i g u r e s  277 
and 278, t h e  i n c r e a s e  i n  peak t e m p e r a t u r e  and thermal stress a t  t he  end of a 
p u l s e  is q u i t e  dramatic. T h i s  p o i n t s  t o  t h e  importance sf knowing the 
o p e r a t i n g  mode shape  on t h e  window p r e c i s e l y .  

02 

02 

15, X-6 Window 

X-6 was t h e  first t u b e  to i n c o r p o r a t e  a l l  of t h e  f o l l o w i n g  
improvements in t h e  window d e s i g n  : 

- A X - t h i c k  window ( reduced  from 4X/2): a i s  reduced  the 

t o t a l  power d i s s i p a t e d  i n  the  ceramics by 33%. 

- A 41g-diameter window ( i n c r e a s e d  from 3"9 : This lowered  t h e  

peak t e n s i l e  stresses i n  t h e  c e r a m i c  and moved them i n  frm 
t h e  edge .  

- A sur face  f i n i s h  of 8 m i c r o i n c h e s  or bet ter  ( improved from 32 

m i c r o i n c h e s ) :  This e l i m i n a t e d  many of t h e  p r e - e x i s t i n g  

m i c r o c r a c k s  i n  the c e r a m i c s  t h a t  can  be i n i t i a t i o n  s i t e s  for 
slow crack growth ,  which may lead t o  c a t a s t r o p h i c  f a i l u r e .  

- A f u l l  r a d i u s  edge  ( p r e v i o u s l y  squa red  off): This also helped  
t o  e l i m i n a t e  microcracks on t h e  s u r f a c e ,  and p reven ted  
f u r t h e r  damage d u r i n g  normal h a n d l i n g  .. 
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- A "jet-flowfg c o o l i n g  d e s i g n  which gave  h i g h  FC-75 v e l o c i t i e s  
ove r  t h e  h e a t e d  c e n t r a l  r e g i o n  of t h e  window, t h u s  i n c r e a s i n g  

t h e  effect ive h e a t  t r a n s f e r  c o e f f i c i e n t .  The new d e s i g n  also 
i n c r e a s e d  t h e  t o t a l  FC-'75 flow r a t e  for  a g i v e n  sys tem 
p r e s s u r e  b y  minimiz ing  t h e  p r e s s u r e  drop i n  t h e  window 
assembly  e 

These improvements r e s u l t e d  i n  X-6 s u c c e s s f u l l y  o p e r a t i n g  a t  o v e r  
200 kW CG% for one h o u r ,  s e t t i n g  a new world record for c o n t i n u o u s  power a t  
t h i s  f r e q u e n c y .  

The I R  camera s u c c e s s f u l l y  gu ided  t h e  o p e r a t i o n  of X-6 t o  

254 kW CW. For an FC-75 flow r a t a  of 7.8 gpm and i n l e t  t e m p e r a t u r e  s f  

14.6"C, t h e  peak wineforp~ t e m p e r a t u r e  was 115 C - c 5 C. 

t o  a d j u s t  t h e  tube  o p e r a t i n g  p a r a m e t e r s  t o  minimize  t h e  peak window 
t e m p e r a t u r e  

o o The PES camera was used 

A d d i t i o n a l  e x p e r i e n c e  was g a i n e d  o p e r a t i n g  X-6 w i t h  t h e  b a s i c  

doub le -d i sc  window d e s i g n  a t  power l e v e l s  i n  excess o f  2.00 kW CW. A t  one  
p o i n t  i n  t h e  t e s t i n g ,  when waveguide and l o a d  c o n f i g u r a t i o n s  were b e i n g  
changed ,  a small a c o u s t i c  probe f e l l  u n n o t i c e d  o n t o  t h e  windocs. 
I n s t a l l a t i o n  p r a c t i c e s  have  been improved t o  p r e v e n t  a r e p e a t  o c c u r e n c e .  

Subsequent  o p e r a t i o n  of t h e  t u b e  r e s u l t e d  i n  a r c i n g  and e v e n t u a l  f a i l u r e  o f  
t h e  o u t e r  d i s c  w i t h  no loss of t u b e  vacaum, The outer disc? was r e p l a c e d  and 

t h e  t u b e  was o p e r a t e d  s a t i s f a c t w i l y  a g a i n .  
a r e  i n c l u d e d  i n  S e c t i o n  1X.G. 

More d e t a i l s  of X-6 o p e r a t i o n  

9 6 e Dish  Window, A New Concept  

A n o v e l  d e s i g n  c o n c e p t o  shown i n  F i g u r e  279, was a n a l y z e d .  Due t o  
t h e  a b i l i t y  of t h e  dome ahape t o  e % f e c t i v e l y  resist p r e s s u r e ,  t h e  t h i c k n e s s  
o f  t h e  window can be d e c r e a s e d  t o  mere ly  one -ha l f  wavelength .  The t h i n n e s s  
o f  t h e  window reduces t h e  power d i s s i p a t i o n  ands h e n c e s  t h e  induced  thermal.  
stress 0 
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The a n a l y s i s  was p e r f o r m e d  w i t h  f u l l .  c o n s i d e r a t i o n  of t e m p e r a t u r e  
d e p e n d e n c e  of d i e l e c t r i c  l o s s  and h e a t  t r a n s f e r  c o e f f i c i e n t .  The d e s i g n  

c o n d i t i o n s  a re  summarized i n  T a b l e  39. The c a l c u l a t e d  t e m p e r a t u r e  

d i s t r i b u t i o n  and t h e r m a l  stresses a re  shown i n  F i g u r e s  280 and 28'1. It is 

s i g n i f i c a n t  t h a t  t h e  damaging  hoop stress h a s  been  s u b s t a n t i a l l y  s e d u c e d  and 

pushed  t o w a r d  t h e  c e n t e r  o f  t h e  d i s c .  

Cold tests of a p r o t o t y p e  s i n g l e - d i s h  made of AL-300 h a v e  shown 
f a v o r a b l e  resul ts  w i t h  r e s p e c t  t o  b r o a d b a n d  VSWR, a s  c a n  be s e e n  i n  
F i g u r e s  282 and  283. 

Table  39 

Dauble-Dish Window D e s i g n  C o n d i t i o n s  
- - - . . -~~- -  

Alumina 99 e 5% 
60 GHz, TEO2, 200 kW CW 

T e m p e r a t u r e  Dependent  
FC-75 a t  5 gpm and 15.3 f t / see  

S u r f a c e  Speed  

Heat T r a n s f e r  C o e f f i c i e n t :  T e m p e r a t u r e  Dependent  

- ~ - . - -  

Window Material  

O p e r a t i n g  Mode 

A t t e n u a t i o n  C o n s t a n t  
C o a l a n t  : 

The allowable b u c k l i n g  l o a d  u n d e r  s t a t i c  p r e s s u r e  was c a l c u l a t e d .  

F i g u r e  284 shows t h e  geometry of t h e  d i s h .  The b u c k l i n g  p r e s s u r e  load fo r  a 
d i s h  w i t h  a F u l l y  clamped e d g e  is a e l a s s i c  case and cam be ea%cenlated i n  

closed form by t h e  f o r m u l a Q 2  shown in F i g u r e  285, 
p r o p e r t i e s  for  AL-995, 1 c a n  be c a l c u l a t e d  from E q u a t i o n  1 i n  t h e  

F i g u r e  285. F o r  a g i v e n  X, R 
c a l c u l a t e d  from E q u a t i o n  2. The c a l c u l a t e d  c r i t i c a l  b u c k l i n g  p r e s s u r e  i s  

660 p s i .  

U s i n g  t h e  mater ia l  

c a n  be o b t a i n e d  from a t a b l e 4 3  and Pcr cr  

The d o u b l e - d i s h  window c o n s i s t s  o f  two s l i g h t l y - r o u n d e d  c e r a m i c s  
w f t h  t h e i r  convex  sides f a c i n g  t o g e t h e r ,  a s  shown i n  F i g u r e  279. The 
d o u b l e - d i s h  window f u n c t i o n s  i n  e s s e n t i a l l y  t h e  same manner a s  t h e  s t a n d a r d  

d o u b l e - d i s c  window. The d i s h  c o n f i g u r a t i o n  p r o v i d e s  g r e a t e r  s t r e n g t h  p e r  
u n i t  t h i c k n e s s  i n  w i t h s t a n d i n g  t h e  s t a t i c  p r e s s u r e  load of a t m o s p h e r e  and 
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FC-75 t h a n  t h e  d i s c .  
t h i s  p r i n c i p l e  n i c e l y .  

The bo t toms  of p r e s s u r i z e d  c a n s  and b o t t l e s  i l l u s t r a t e  

C u t t i n g  the  window t h i c k n e s s  i n  h a l f  r e d u c e s  t he  rf power 
d e p o s i t e d  i n  t h e  ceramic by a f a c t o r  of two a s  well. 
t o  be o p e r a t e d  a t  h i g h e r  power l e v e l s  while l i m i t i n g  the  stresses i n  t h e  
window to  a c c e p t a b l e  l e v e l s .  
which is well w i t h i n  t h e  safe o p e r a t i n g  r ange  o f  AL-995, is a t t a i n e d  w i t h  
o n l y  5 gpm of FC-75. 

This a l l o w s  t h e  t u b e  

The c a l c u l a t e d  maximum stress of 1.8 k s i ,  

However, a v a r i e t y  of t e c h n i c a l  d i f f i c u l t i e s  have h i n d e r e d  
p r o g r e s s  on t h i s  d e s i g n .  Among t h e  mechan ica l  problems a r e  t h e  warping o f  
t h e  d i s h  d u r i n g  m e t a l l i z i n g ,  and t h e  d i f f i c u l t y  of b r a z i n g  t o  an edge  of 
o n l y  0.033" t h i c k n e s s ,  More i m p o r t a n t ,  it i s  l i k e l y  t h a t  t h e  c u r v a t u r e  of 

t h e  c e r a m i c s  and t h e  v a r i a t i o n s  i n  t h i c k n e s s  of t h e  FC-75 l a y e r  across t h e  

r a d i u s  would c a u s e  phase  s h i f t  and mode c o n v e r s i o n  i n  t he  wave. 
many p l a u s i b l e  s o l u t i o n s  t o  t h i s  problem have  been p roposed ,  a l l  were deemed 
e i t h e r  m e c h a n i c a l l y  i n f e a s i b l e  OP n o t  a p t  t o  f u l l y  s o l v e  t h e  problem. These 
problems combined t o  foreshadow a l e n g t h y  and a rduous  p r o c e s s  of' d e s i g n  and 
r e d e s i g n .  

Although 

A proposed  v a r i a t i o n  of t h e  d i s h  window i s  t h e  a r c h  window, shown 

i n  F i g u r e  286. T h i s  d e s i g n  h a s  a c o n s t a n t  t h i c k n e s s  of FC-75, and r e t a i n s  
t h e  b e n e f i t s  of hav ing  a t h i n  ce ramic  i n  t h e  c e n t e r  r e g i o n  where t h e  power 
d e n s i t y  i s  t h e  h i g h e s t .  However, it s u f f e r s  from t h e  same v a r y i n g  
e lec t r ica l  p a t h  problem a s  t h e  d i s c  window, e x c e p t  i n  t h i s  c a s e ,  it is t h e  

ceramic t h i c k n e s s  which i s  n o t  c o n s t a n t .  Thus, for t h e  same r e a s o n s  a s  wi th  

t h e  d i s h  window, t h e  a r c h  window was n o t  pursued .  

Another  d i s h  window concep t  pursued  was t h e  gas-cooled d i s h  

window. P r e l i m i n a r y  c a l c u l a t i o n s  show t h a t  300 p s i  of n i t r o g e n  c o u l d  
s u f f i c i e n t l y  cool t h e  d i s h  window shown i n  F i g u r e  279, w h i l e  n o t  exceed ing  
t h e  s t a t i c  b u c k l i n g  s t r e n g t h  of t h e  window. Fur the rmore ,  g a s  c o o l i n g ,  
u n l i k e  a b o i l i n g  f l u i d ,  d o e s  not c a u s e  c a v i t a t i o n  e r o s i o n .  As t he  

d ie lec t r ic  c o n s t a n t  of compressed n i t r o g e n  is v e r y  n e a r  u n i t y ,  mode 
c o n v e r s i o n  i n  t h e  gap  r e g i o n  shou ld  be less of a problem. Using 300 p s i  
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Figure 286. Schematic of an Arch Window 
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0 n i t r o g e n ,  50 C, a s u r f a c e  v e l o c i t y  of 300 f t /sec g i v e s  a h e a t  t ransfer 
c o e f f i c i e n t  of 3.1 W/in*-OC, a b o u t  t h e  same a s  is ach ieved  w i t h  5 gpm o f  

FC-75. 
t h a t  shown i n  F i g u r e  280. 
c r i t i c a l  b u c k l i n g  p r e s s u r e  of 660 p s i ,  more t h a n  doub le  t h e  a p p l i e d  l o a d .  
The p r e s s u r e  d r o p  for  a t y p i c a l  sys t em shou ld  n o t  exceed  50 p s i .  

work on t h e  double-d ish  window was n o t  c o n c l u s i v e .  

Thus, t h e  t e m p e r a t u r e  d i s t r i b u t i o n  ough t  t o  l o o k  q u i t e  s i m i l a r  t o  
A d i s h  window w i t h  an  8" s p h e r i c a l  r a d i u s  h a s  a 

Cold t e s t  

I n  o r d e r  t o  minimize mode c o n v e r s i o n ,  a d i s h  window was des igned  

which h a s  no r a d i a l  o r  a z i m u t h a l  v a r i a t i o n s  i n  e l e c t r i c a l  p a t h  l e n g t h .  

Thus,  t h e  emerging rf would be  a t  t h e  same r e l a t i v e  phase  a s  t h e  rf i n c i d e n t  
t o  t h e  window. T h i s  window d e s i g n  was t h e n  ana lyzed  fo r  p o s s i b l e  

mismatches.  

t h e  f i rs t  r a d i a l  maximum of t h e  TE t h e  VSWR a t  a l l  o t h e r  r a d i i  cou ld  be  
c a l c u l a t e d  u s i n g  t h e  computer  code  VSWR7. A t  t h e  second r a d i a l  maximum, t h e  

VSWR is 1.5, and a t  t h e  window c e n t e r ,  t h e  VSWR is 1.35. If t h e  window were 
r e d e s i g n e d  t o  be  a b e t t e r  match a t  o t h e r  r a d i i ,  t h e n  t h e  e l e c t r i c a l  p a t h  

l e n g t h s  would no l o n g e r  b e  c o n s t a n t ,  which might  r e s u l t  i n  s i g n i f i c a n t  mode 

c o n v e r s i o n .  
double-d ish  window was t e r m i n a t e d  a t  t h i s  p o i n t .  

By s e t t i n g  t h e  nominal  matching  p o i n t  of t h e  window t o  be  a t  

02' 

By d i r e c t i o n  of t h e  g y r o t r o n  r ev iew committee, work on t h e  

Var ious  a l t e r n a t e  m a t e r i a l s  were s c s u t  n i z e d  t o  d e t e r m i n e  t h e i r  

a p p l i c a b i l i t y  t o  d i f f e r e n t  window d e s i g n s .  Q u a r t z  and s a p p h i r e  b o t h  showed 
some promise  a s  p o s s i b l e  f u t u r e  window m a t e r i a l s ,  Work began on d e v e l o p i n g  

r e l i a b l e  m e t a l i z i n g  p r o c e d u r e s  for  s a p p h i r e  and A 1  0 99.9%. 
2 3  

A comple te  mechan ica l  a n a l y s i s  of t h e  edge  s u p p o r t  window d e s i g n  

was performed.  A s c h e m a t i c  of t h e  doub le -d i sc  window w i t h  edge  s u p p o r t  i s  
shown i n  F i g u r e  287. F i g u r e  288 shows t h e  stress d i s t r i b u t i o n  on t h e  vacuum 

s i d e  o f  t h e  window, w i t h  and w i t h o u t  edge  s u p p o r t .  F i g u r e  289 shows t h e  

stress d i s t r i b u t i o n s  on t h e  window under  t h e  s t a t i c  l o a d  o n l y ,  w i t h  no rf 
power. F i g u r e  290 shows t h e  d e f l e c t i o n  of t h e  window due  t o  t h e  s t a t i c  
p r e s s u r e  l o a d .  The edge  s u p p o r t  s u b s t a n t i a l l y  r e d u c e s  t h e  peak t e n s i l e  

stresses a s  w e l l  as t h e  peak d e f l e c t i o n ,  S i n c e  t h e  d e f l e c t e d  window is  a 
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p r o b a b l e  s o u r c e  of mode c o n v e r s i o n p  t h i s  d e s i g n  s h o u l d  i m p r o v e  mode p U P i t y  
a s  well  as lower window stresses. Work on o n e  e d g e  s u p p o r t  d e s i g n  which  

used  c e r a m i c  i n s e r t s  b e t w e e n  t h e  two windows was ha l t ed  d u e  t o  f o r e s e e n  
d i f f i c u l t i e s  i n  a s s e m b l y  a 

Measurements  of t h e  d i e l e c t r i c  p r o p e r t i e s  of C r y s t a l  S y s t e m s  

HEMLITE, a s i n g l e - c r y s t a l  s a p p h i r e ,  were made by Bk, W. W, Ho of Wockwell 
S c i e n c e  C e n t e r .  The loss  t a n g e n t  a t  60 GHz i s  s u b s t a n t i a l l y  lower t h a n  t h a t  

o f  t h e  bes t  a v a i l a b l e  a l u m i n a  ceramics. The t e n s i l e  s t r e n g t h  of s a p p h i r e  i s  
t y p i c a l l y  q u o t e d  t o  be  a b o u t  twice t h a t  of a l u m i n a ,  % h i c k  makes s a p p h i r e  

p r o m i s i n g  a s  a c a n d i d a t e  m a t e r i a l  V a r i a n  odered s e v e r a l  s a p p h i r e  d i s c s  

from C r y s t a l  S y s t e m s  t o  be tes ted  a s  a barrier window.. A new i n f r a r e d  

t e m p e r a t u r e  m o n i t o r i n g  s y s t e m p  s u i t a b l e  far u s e  w i t h  sapphi r -e  a s  well a s  
a l u m i n a ,  was ordered. The s y s t e m  c o n s i s t s  of a c a m e r a  a t  8 t o  92 m i c r o n  

w a v e l e n g t h s  and a c u s t o m  P e n s  and f i l t e r ,  and w i l l  employ t h e  e x i s t i n g  
e l e c t r o n i c s  for  d a t a  a s s i m i l a t i o n ,  T h i s  IR s y s t e m  w i l l  be u s e d  i n  
c o n j u n c t i o n  w i t h  t h e  new 60 GHz s o c k e t  in t h e  mod i f i ed  S u p e r  Bower T e s t  Set.  

Two 'local v e n d o r s  were s e c u r e d  who a r e  c a p a b l e  of p r o v i d i n g  
a l u m i n a  c e r a m i c s  w i t h  a s u r f a c e  f i n i s h  of l ess  than 2 m i c r o i n c h e s .  F u t u r e  
d o u b l e - d i s c  window ceramics w i l l  be  p o l i s h e d  by o n e  of these v e n d o r s .  

Varian has s e v e r a l  e x c e l l e n t  i n s t r u m e n t s  f o r  i n s p e c t i n g  h i g h - q u a l i t y  s u r f a c e  
f i n i s h e s ,  i n c l u d i n g  a s c a n n i n g  e l e c t r o n  m i c r o s c o p e  a mumar ski-lens 

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

The f i n i t e  e l e m e n t  e l e c t r o m a g n e t i c  computer  code QPEMCAV h a s  b e e n  

s u c c e s s f u l l y  u s e d  t o  p r e d i c t  mode c o n v e r s i o n  i n  a d i e l e c t r i c  mater ia l  of 
a r b i t r a r y  s h a p e s  in a waveguide .  T h e s e  added c a p a b i l i t i e s  w i l l  be of 

t r e m e n d o u s  v a l u e  i n  a c c u r a t e l y  a n a l y z i n g  t h e  e l e c t r i c a l  b e h a v i o r  of e x i s t i n g  
and f u t u r e  window d e s i g n s .  



IX. TEST RESULTS 

A .  FIRST EXPERIMENTAL TUBE 

1. H i p o t t i n g  

T e s t i n g  of t h e  f irst  e x p e r i m e n t a l  t u b e  was begun d u r i n g  t h e  f i r s t  
week of Februa ry  1981. The t u b e  was s u c c e s s f u l l y  h i p o t t e d  t o  30 kV a c r o s s  

t h e  c a t h o d e  - gun anode seal  and t o  100 kV across t h e  gun anode - anode 
seal. During h i p o t t i n g ,  a few m i l d  g a s  b u r s t s  were obse rved .  As t h e  pumps 

r ecove red  from a g a s  p r e s s u r e  s u r g e ,  t h e  pump p r e s s u r e  was two o r d e r s  o f  
magni tude  h i g h e r  i n  t h e  gun pump t h a n  i n  t h e  col lector  pump. Th i s  was 
expec ted  s i n c e  t h e  low pumping conduc tance  of t h e  beam t u n n e l  e f f e c t i v e l y  

i s o l a t e s  one end of t h e  t u b e  from t h e  o t h e r .  

2. Excessive Body C u r r e n t  

During t h e  second week of F e b r u a r y ,  p u l s e d  beam power was a p p l i e d  

and a compar ison  of body c u r r e n t  t o  beam c u r r e n t  showed e x c e s s i v e  beam 
i n t e r c e p t i o n  i n  t h e  beam t u n n e l .  While t h e  magnet s t e e r i n g  c o i l s  d i d  have  a 

s l i g h t  effect  i n  r e d u c i n g  t h e  body c u r r e n t ,  t h e i r  ampere- turns  r a t i n g  was 
i n s u f f i c i e n t  t o  steer t h e  beam clear ly  t h r o u g h  t h e  beam t u n n e l .  To correct 
t h i s  problem,  i r o n  s h i e l d s  were wrapped around b o t h  ends  of t h e  magnet dewar 
t o  s h i e l d  t h e  t u b e  from e x t e r n a l  magne t i c  p e r t u r b a t i o n s .  T h i s  had no effect  

on t h e  e x c e s s i v e  beam i n t e r c e p t i o n .  F i n a l l y ,  by  u s i n g  a mechan ica l  

ad,justment on t h e  p l a t e  which s u p p o r t s  t h e  t u b e  a t  t h e  t o p  o f  t h e  dewar ,  t h e  

t u b e  was t i l t e d  a b o u t  a p i v o t  p o i n t  nea r  t h e  gun. A t r a n s v e r s e  a d j u s t m e n t  
of t h e  beam t u n n e l ,  w i t h  r e s p e c t  t o  t h e  a x i s  of t h e  dewar b o r e  of 0.022l' 
e a s t  and O.015" n o r t h ,  was n e c e s s a r y  t o  send t h e  beam th rough  t h e  beam 
t u n n e l  w i t h  a c c e p t a b l e  ( -  5 ma) beam i n t e r c e p t i o n  a t  f u l l  beam c u r r e n t  

(8 a > .  

3. O b s e r v a t i o n  of RF Outpu t  

RF o u t p u t  n e a r  60 GHz was f irst  obse rved  on 24  Februa ry  1981. It 
was a p p a r e n t  t h a t  t h e  modu la to r  v o l t a g e  p u l s e  was n o t  s u f f i c i e n t l y  f l a t .  
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The v o l t a g e  d i v i d e r  i n  t h e  m o d u l a t o r  was a d j u s t e d  t o  be t t e r  c o m p e n s a t e  t h e  
s y s t e m  f o r  r u n n i n g  a t  8 a ,  80 kV. The gun a n o d e  v o l t a g e  p u l s e  was improved  
enough t o  o b s e r v e  rf p u l s e s  of N 20 psec i n  d u r a t i o n .  However, b e c a u s e  t h i s  
t u b e  a p p e a r e d  t o  be v e r y  s e n s i t i v e  t o  s m a l l  c h a n g e s  fn gun a n o d e  v o l t a g e ,  

t h e  rf p u l s e  d u r a t i o n  was l i m i t e d  by t h e  s l o p e  of t h e  gun a n o d e  v o l t a g e  

waveform. Thus ,  it was n o t  p o s s i b l e  t o  i n c r e a s e  t h e  rf p u l s e  d u r a t i o n  

w i t h o u t  f i r s t  f l a t t e n i n g  t h e  v o l t a g e  p u l s e .  

D u r i n g  t h i s  p o r t i o n  of t h e  t e s t i n g ,  m e a s u r e m e n t s  were o b t a i n e d ,  
However, i n d i c a t i n g  a p e a k  o u t p u t  power of - 200 kw a t  .., 50% e f f i c i e n c y .  

some u n c e r t a i n t y  must  be a t t r i b u t e d  t.o t h e s e  p r e l i m i n a r y  d a t a  b e c a u s e ,  w h i l e  

a v e r a g e  rf power (-1 kW) was measured  c a l o r i m e t r i c a l l y ,  t h e  i n f e r r e d  p e a k  

power depended  on t h e  l e s s  c e r t a i n  measurement  o f  rf p u l s e  d u r a t i o n .  When 

r u n n i n g  u n d e r  s u c h  m o d u l a t o r  p u l s e  s h a p e  c o n d i t i o n s ,  t h e  rf p u l s e  d u r a t i o n  

was less  t h a n  t h e  beam p u l s e  d u r a t i o n .  T h i s  mnight c a u s e  s i g n i f i c a n t  error 
in t h e  p e a k  power measurement  i f ,  for  e x a m p l e s  a n y  u n o b s e r v e d  rf  as p u t  o u t  

by t h e  t u b e  a t  o t h e r  times d u r i n g  t h e  beam p u l s e ,  

40 C o n t r o l  of O p e r a t i n g  P a r a m e t e r s  

To improve  t h e  a c c u r a c y  of t h e  rf power m e a s u r e m e n t s ,  t h e  p u l s e  

s h a p e  needed  improvement .  A d d i t i o n a l  a d j u s t m e n t s  on t h e  tes t  set  improved 

t h e  f l a t n e s s  of t h e  gun a n o d e  p u l s e  t o  s I 1%. 

p u l s e  a m p l f t u d e  was a l s o  n e c e s s a r y  t o  t u n e  t h e  t u b e  t o  t h e  optimum o p e r a t i n g  
p a i n t .  D r i f t  i n  t h e  d c  beam v o l t s a g e  a l s o  hampered t u n i n g  t h e  t u b e  t o  t h e  

optimum o p e r a t i n g  p o i n t ,  i n d i c a t i n g  t h a t  t h e  beam v o l t a g e  r e g u l a t i o n  was 
i n a d e q u a t e .  F i n a l l y ,  t h e  b u c k i n g  c o i l  c u r r e n t  and main s o l e n o i d  c o i l  
c u r r e n t s  were s u b g e c t  t o  long s e t t l i n g  times ( a b o u t  10 s e c o n d s  and  3 
m i n u t e s ,  r e s p e c t i v e l y )  b e c a u s e  of t h e  h i g h  l o a d  i n d u c t a n c e  and  low ser ies  

load r e s i s t a n c e  i n  t h e  magnet  e n e r g i z i n g  c i r c u i t s .  T h e s e  s y s t e m  p r o b l e m s  

were a d d r e s s e d  d u r i n g  t h e  l o n g - p u l s e  u p g r a d e  of t h e  t e s t  set .  

Better c o n t r o l  o f  t h e  v o l t a g e  

5, RF D a t a  

In s p i t e  of t h e  c o m p l i c a t i o n s  m e n t i o n e d  a b o v e ,  s u f f i c i e n t  
p r e l i m i n a r y  d a t a  were o b t a i n e d  t o  i d e n t i f y  t h e  bas ic  o p e r a t i n g  
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c h a r a c t e r i s t i c s  of  t h i s  60 GHz d e s i g n .  The t u b e  was r u n  a t  100 usec p u l s e  
d u r a t i o n s  and somewhat lower peak power l e v e l s  (- 150 kW). The d a t a  shown 
i n  F i g u r e s  291 and 292 were o b t a i n e d  w i t h  t h e  p a r a m e t e r s  g i v e n  i n  T a b l e  40. 

T a b l e  40 

P a r a m e t e r s  for  Frequency  vs Top 
Coil Current.  

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  
P u l s e  Duration 
P u l s e  R e p e t i t i o n  Rate 
Ebttoaa Coil  
Bucking Coil 

- 80 kV 
6.1 a 

w 18 kv - 100 irsec 
128 t sec) -I 
25.51 A 

2.68 A 

Behavior  s i m i l a r  t o  t h a t  obse rved  i n  t h e  28 GHz expe r imen t s  was observed  
h e r e ,  A d e c r e a s e  i n  main magnet c u r r e n t  de tuned  t h e  o u t p u t  f r e q u e n c y ,  w h i l e  

it i n c r e a s e d  t h e  power o u t p u t ,  After a s h a r p  peak i n  o u t p u t  power, t h e  

o p e r a t i n g  f r e q u e n c y  jumped t o  t h a t  sf a n o t h e r  mode, p r o b a b l y  t h e  TE 

57.79 GMz. The p a r a m e t e r s  g i v e n  i n  T a b l e  41 accompany t h e  p l o t  of o u t p u t  
power v e r s u s  buck ing  c o i l  c u r r e n t  shown i n  F i g u r e  293. As e x p e c t e d ,  an 

i n c r e a s e  i n  buck ing  c o i l  c u r r e n t  decreased t h e  magne t i c  f i e l d  a t  t h e  
c a t h o d e ,  t h e r e b y  i n c r e a s i n g  t h e  t r a n s v e r s e  e n e r g y  i n  t h e  beam and r a i s i n g  
t h e  rf o u t p u t  power, 

a t  
221 ' 
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MODE 

25.20 25.40 55-60 25.80 26.00 26.20 26.40 26.m 26.80 

TOP COIL CURRENT (A) 

Figure 292. Peak Output Power VS Top Coil Current for X-1 
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Tab le  41 
Pa rame te r s  for  Power v s  Bucking 

Coil  C u r r e n t  

Beam Vol t age  - 80 kV 
Beam C u r r e n t  - 6.4 a 
Gun Anode Vo l t age  - 17.8 kv 

P u l s e  Length - 50 psec 

R e p e t i t i o n  Rate  120 s-’ 
Top Coil. 25.45 A 

Bottom Coil  25.51 A 

A summary of t h e  d a t a  o b t a i n e d  fo r  peak o u t p u t  power v e r s u s  beam c u r r e n t  i s  

shown i n  F i g u r e  294. 

o p e r a t i n g  p a r a m e t e r s ,  i n c l u d i n g  p u l s e  d u r a t i o n s  from 20-1 00 psec. The d a t a  
were compared w i t h  t h e  per formance  p r e d i c t e d  by ChuQ4 for s t a r t i n g  C u r r e n t ,  
and by Nus inovich  and E m 4 ’  f o r  l a r g e  s i g n a l  i n t e r a c t i o n  e f f i c i e n c y .  
c u r v e s  were c a l c u l a t e d  u s i n g  t h e  t h e o r e t i c a l  r e s u l t s  i n  Reference  45 f o r  
c a v i t i e s  with Gauss ian  e lectr ic  f i e l d  p r o f i l e s  of 6a, 8L, and l o a  i n  l e n g t h ,  
The e x p e r i m e n t a l  d a t a  f a l l  rough ly  i n  t h e  r a n g e  of 6X - 1OX i n d i c a t i n g  t h a t  
t h e  t a p e r e d  c a v i t y  is  comparable t o  a Gauss ian  f i e l d  p r o f i l e  c a v i t y  of 

Length  - 8Ae 

These p o i n t s  were o b t a i n e d  ove r  a l a r g e  r a n g e  of  

The 

A number of q u a l i t a t i v e  c o n c l u s i o n s  were a l s o  drawn from t h e  

p r e l i m i n a r y  tes t  r e s u l t s  of t h i s  t u b e :  

1) The s e n s i t i v i t y  o f  t h e  60 GHz gun per formance  t o  v a r i a t i o n s  
i n  gun anode v o l t a g e  and buck ing  c o i l  c u r r e n t  was more pronounced t h a n  t h a t  
of t h e  28 GHz guns .  T h i s  had been a n t i c i p a t e d  because  a long-ca thode  gun 
o p t i c s  d e s i g n  was used whieh was i n h e r e n t l y  more s e n s i t i v e  t o  changes  i n  

these p a r a m e t e r s  t h a n  t h e  short  c a t h o d e  d e s i g n  employed i n  t h e  28 GHz guns .  

8 

2) The mechan ica l  t o l e r a n c e s  s p e c i f i e d  i n  b u i l d i n g  the  first 
magnet were n o t  s u f f i c i e n t  t o  p r e v e n t  beam i n t e r c e p t i o n  i n  t h e  beam t u n n e l .  
When o r d e r i n g  subsequen t  s o l e n o i d  magne t s ,  t h i s  problem was corrected by  
r e q u i r i n g  more ampere- turns  for  t h e  s t e e r i n g  c o i l s ,  It was n o t  w i t h i n  t h e  

45 8 
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s t a t e - o f - t h e - a r t  t o  a c h i e v e  t h e  n e c e s s a r y  mechan ica l  t o l e r a n c e s  i n s i d e  t h e  

vacuum dewar for  a l ignmen t  of t h e  magne t i c  f i e l d  w i t h  t h e  mechan ica l  a x i s  of 
t h e  dewar and s t i l l  m a i n t a i n  a low l i q u i d  helium boil-off r a t e .  

3) A s e p a r a t e  vacuum mani fo ld  and pump a t  t h e  gun end o f  t h e  
t u b e  was an i m p o r t a n t  a s p e c t  of t h e  60 GHz t u b e  d e s i g n .  
provided  an i n t e r e s t i n g  d i a g n o s t i c  for  t h e  t u b e  d u r i n g  c rowbars .  
Fu r the rmore ,  a l t h o u g h  it was too e a r l y  i n  t h e  l i f e  of  t h e  d e s i g n  to  draw 
c o n c l u s i o n s  abou t  t h e  burn-in b e h a v i o r  of t h e  t u b e ,  t h e  gun pump appeared  t o  
have  d e c r e a s e d  t u b e  p r o c e s s i n g  time and p e r m i t t e d  o p e r a t i o n  with fewer 

c rowbars  than  was p o s s i b l e  for the  28 GHz t u b e s .  

The gun pump 

4) The magn i tudes  of gun anode v o l t a g e  and bucking  coi l  c u r r e n t  
used  t o  a c h i e v e  optimum rf per formance  i n d i c a t e d  t h a t  t h e  gun s a t  t o o  low i n  
t he  dewar bo re .  After r e c h e c k i n g  a l l  of t h e  d e s i g n  d a t a ,  it was d i s c o v e r e d  
t h a t  t h e  t u b e  l e n g t h  between t h e  c a v i t y  and t h e  gun was e x c e s s i v e .  This 

e r r o r  was corrected on X-2. In  any e v e n t ,  i t  appeared  t h a t  r e s p e c t a b l e  beam 

q u a l i t y  c o u l d  be o b t a i n e d ,  even  when t h e  gun was i n  t h e  i n c o r r e c t  a x i a l  
p o s i t i o n ,  b y  compensa t ing  for t h e  error w i t h  changes  i n  bucking, c o i l  c u r r e n t  
and gun anode v o l t a g e ,  

T e s t i n g  of t h e  first e x p e r i m e n t a l  t u b e  was resumed i n  e a r l y  May 
1981 a f t e r  t he  beam v o l t a g e  r e g u l a t o r  was i n c o r p o r a t e d  i n  t h e  blike-Zeus T e s t  
Set power supp ly .  1% became immedia te ly  a p p a r e n t  t h a t  t h e  gun anode v o l t a g e  
p u l s e  had a s e v e r e  d r o o p  ( a p p r o x i m a t e l y  6.5 v o l t s / p s e c ) .  As d i s c o v e r e d  i n  
March, a d roop  of t h i s  s i z e  l i m i t e d  rf p u l s e  d u r a t i o n s  t o  - 20 usee. 
However, t h e  beam v o l t a g e  i t se l f  was e x t r e m e l y  s t a b l e .  These c o n d i t i o n s  
a l lowed o p e r a t i o n  w i t h  a v e r y  s tab le  rf  p u l s e  shape ,  Although t h e  rf p u l s e  
d u r a t i o n  was l i m i t e d  to  20 Usee, s tab le  a v e r a g e  rf power a b s o r p t i o n  i n  t h e  

w a t e r l o a d  was a s s u r e d ,  T h i s  p e r m i t t e d  more a c c u r a t e  rf power measurements. 

Opera t ing  t h e  tes t  set under  these l i m i t a t i o n s ,  a t t e m p t s  were made 
t o  r e p r o d u c e  t h e  r f  d a t a  o b t a i n e d  ea r l i e r ,  S e n s i t i v i t y  of peak o u t p u t  power 
and rf f r equency  t o  t o p  main co i l  c u r r e n t  a r e  p l o t t e d  i n  F i g u r e  295 fo r  t h e  

t es t  p a r a m e t e r s  g i v e n  i n  Table 42. A maximum peak power of 146 kw was 
o b t a i n e d  a t  6 a of beam c u r r e n t .  The 200 kw rf  r e s u l t  e a r l i e r  r e p o r t e d  

a 

460 





cou ld  not be r ep roduced .  Whether t h i s  d i s c r e p a n c y  was due t o  e r r o r  i n  t h e  
p r e v i o u s  measurement o r  change  i n  t h e  v o l t a g e  p u l s e  shape  or o t h e r  tes t  
p a r a m e t e r s ,  was no t  known 

T a b l e  42 
Opes a t i n g  Par meters 

Gun Anode Vo l t age  
Beam Vol t age  
Beam C u r r e n t  

P u l s e  R e p e t i t i o n  Rate  
Rf P u l s e  Dura t ion  
Beam P u l s e  Dura t ion  

Bottom Coil C u r r e n t  
Gun Bucking C o i l  C u r r e n t  

- 18.6 kv 
80.0 kV 

6.0 a 

60 s -1 

- 2 0  w 
8s ?Js 

25.54 A 
2.83 A 

F u r t h e r  a t t e m p t s  t o  f l a t t e n  t h e  modu la to r  p u l s e  were m o d e r a t e l y  
s u s c e s s f u l .  The l o n g e s t  rf p u l s e s  o b t a i n e d ,  shown i n  T a b l e  43, were 
ach ieved  i n  e a r l y  June  1981, a l t h o u g h  power s u p p l y  d i f f i c u l t i e s  r e q u i r e d  
o p e r a t i o n  a t  - 8 a to o b t a i n  t h e s e  l o n g e r  p u l s e s .  

T a b l e  43 
Jkst  Long Pulse  Results, VGE-8060 X - I  

Beam V o l t a g e  80.2 kV 
Beam C u r r e n t  7.8 a 

RF Pulse Dura t ion  265 wec 
Peak RF Power 150 kw 

A d d i t i o n a l  changes  i n  t h e  tes t  set were i n i t i a t e d  t o  correct  t h e  gun anode 

p u l s e  shape .  

6, Body H e a t i n g  

When o p e r a t i n g  t h e  t u b e  a t  a s t a b l e  beam v o l t a g e ,  a p e c u l i a r  mode 

of b e h a v i o r  was obse rved .  T h i s  b e h a v i o r  was ove r looked  d u r i n g  p r e v i o u s  
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t es t s  when t h e  beam v o l t a g e  v a r i e d  d u r i n g  t h e  r e c o r d i n g  o f  c a l o r i m e t r i c  

d a t a .  A rise i n  t h e  body-cool ing wa te r  t e m p e r a t u r e  i n d i c a t e d  extreme 
(- 50 kw peak)  h e a t i n g  i n  t h e  body s e c t i o n  of t h e  tube. The o n s e t  o f  t h i s  

body h e a t i n g  was s i m u l t a n e o u s  w i t h  t h e  upper  l i m i t  in gun anode v o l t a g e  

where t h e  60 CHz o s c i l l a t i o n  was o b s e r v e d .  

F i g u r e  296 shows a s k e t c h  of t h e  beam p u l s e ,  s p e c i f y i n g  where t h e  
60 GHz o s c i l l a t i o n  o c c u r r e d .  By a d j u s t i n g  t h e  a m p l i t u d e  of t h e  gun anode 

p u l s e ,  t h e  rf p u l s e  cou ld  b e  e f f e c t i v e l y  a d j u s t e d  back and f o r t h  w i t h i n  t h e  

beam p u l s e .  A c o r r e l a t i o n  e x i s t e d  between t h e  body h e a t i n g  and t h e  d e l a y  

between t h e  s t a r t  of t h e  beam p u l s e  and t h e  s t a r t  o f  t h e  rf p u l s e .  T h i s  

c o r r e l a t i o n  is d e s c r i b e d  i n  F i g u r e  297. When t h e  rf p u l s e  and t h e  beam 
p u l s e  s ta r ted  simul  t a n e o u s l y ,  t h e r e  was l i t t l e  body h e a t i n g ,  s e v e r a l  hundred 

w a t t s  of a v e r a g e  60 G H z  power a t  t h e  w a t e r l o a d ,  and a c c e p t a b l e  p r e s s u r e  a t  
b o t h  e n d s  o f  t h e  t u b e .  As t h e  rf p u l s e  was d e l a y e d ,  t h e  body h e a t i n g  rose 
r a p i d l y ,  and p r e s s u r e  i n  t h e  t u b e  i n c r e a s e d  n o t a b l y .  F i n a l l y ,  f o r  l o n g  time 

d e l a y s  and e x c e s s i v e  gun anode v o l t a g e ,  i n t e r c e p t i o n  of t h e  bean  o c c u r r e d  a t  

t h e  gun anode. No body c u r r e n t  was obse rved  d u r i n g  t h e  body h e a t i n g .  

These d a t a  s u g g e s t e d  t h a t  some i n t e r n a l  rf o s c i l l a t i o n  was t a k i n g  

ene rgy  o u t  o f  t h e  beam and d e p o s i t i n g  it i n  t h e  body,  The body w a t e r  

t e m p e r a t u r e  responded r a p i d l y  t o  any sudden change  i n  gun anode v o l t a g e  

which a c t i v a t e d  t h e  b ~ d y  h e a t i n g .  T h i s  was e v i d e n c e  ~f a s h o r t  h e a t  p a t h  

between t h e  rf  d i s s i p a t i o n  zome i n  the Body and %he body water c h a n n e l s .  

Given t h e  plumbing c o n n e c t i o n s  used i n  t u b e  X-I, t h i s  imp l i ed  t h a t  t h e  

d i s s i p a t i o n  was o c c u r r i n g  i n  e i t h e r  t h e  body c a v i t y ,  t h e  d r i f t  t u b e ,  os t h e  

o u t p u t  c a v i t y .  These s e c t i o n s  of t h e  t u b e  a r e  r e p r e s e n t e d  s c h e m a t i c a l l y  i n  
F i g u r e  298. 

Minimal r f  power was coupbed i n t o  t h e  w a t e r l o a d  and v e r y  low l e v e l  

rf s i g n a l s  (- 40 dB below t h e  60 SHz s i g n a l )  were coupled  o u t  O F  t h e  t u b e  
o u t p u t  waveguide a t  t h e  power sampler  d u r i n g  o p e r a t i o n  i n  t h e  body h e a t i n g  

mode. As any 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  would c o u p l e  s t r o n g l y  t o  t h e  
o u t p u t  waveguide,  t h e s e  r e s u l t s  i n d i c a t e d  t h a t  t h e  body h e a t i n g  o s c i l l a t i o n  

d i d  n o t  o r i g i n a t e  t h e r e .  F r e q u e n c i e s  of t h e  weak o u t p u t  s i g n a l s  i n c l u d e d :  
57.21 - 57.25,  57.80,  and 57.89 GHz. R f  de tec tors  were a l s o  p l aced  i n  t h e  
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Figure 298. Schematic Layout of VGE-8060 
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o i l  t a n k  n e a r  t h e  e l e c t r o n  gun ce ramic  s e a l s  t o  d e t e r m i n e  i f  any  of t h e  rf  
c a u s i n g  t h e  body h e a t i n g  was t r a n s m i t t e d  downward i n t o  t h e  gun r e g i o n .  No 
rf s i g n a l s  were e x i t i n g  t h e  gun end of t h e  t u b e .  

F u r t h e r  i n v e s t i g a t i o n  o f  t h e  body h e a t i n g  o s c i l l a t i a n  was c a r r i e d  
o u t  i n  c o l d  t es t .  V a r i o u s  p o r t i o n s  o f  t h e  body s t r u c t u r e  of t h e  t u b e  were 
a n a l y z e d  f o r  t h e  p o s s i b i l i t y  o f  r e s o n a n c e s  n e a r  60 GHa, T r a n s m i s s i o n  

r e s o n a n c e  c h a r a c t e r i s t i c s  of t h e  l o a d  c a v i t y  and t h e  d r i f t  t u b e  a r e  compared 

i n  F i g u r e  299. A s u s p i c i o u s  set of d r i f t  t u b e  r e s o n a n c e s  i s  v i s i b l e  i n  t h e  

band from 57.2 - 58.2 GHz, t h e  same f r e q u e n c i e s  obse rved  a t  low l e v e l s  i n  

t h e  o u t p u t  waveguide.  

F i g u r e  300 shows t h e  e f f ec t  on t h e  Q of t h e  d r i f t  t u b e  r e s o n a n c e s  

caused  by t h e  p r e s e n c e  of a >  n e i t h e r  t h e  load c a v i t y  no r  t h e  o u t p u t  c a v i t y ,  
b )  t h e  l o a d  c a v i t y  o n l y ,  c )  t.he o u t p u t  c a v i t y  o n l y ,  and d )  b o t h  t h e  l o a d  

c a v i t y  and t h e  o u t p u t  c a v i t y .  The p r e s e n c e  of t h e  o u t p u t  c a v i t y  i n c r e a s e d  

t h e  Q of t h e  d r i f t  t u b e  r e s o n a n c e s  and s u g g e s t e d  t h a t  t h e  o u t p u t  l o a d i n g  on 

t h e  d r i f t  t u b e  W c a v i t y s s  was p r i m a r i l y  i n  t h e  d i r e c t i o n  of t h e  l o a d  c a v i t y .  
The r% g e n e r a t e d  i n  t h e  d r i f t  t u b e  was then r e a d l l y  abso rbed  i n  t h e  l o a d  

c a v i t y ,  as  t h e  t u b e  t e s t  d a t a  s u g g e s t e d ,  Using p e r t u r b i n g  m e t a l  p robes  on 

t h e  c o l d  t e s t  model of t h e  d r i f t  t u b e ,  it was de te rmined  t h a t  t h e  d r i f t  t u b e  

r e s o n a n c e  was due t o  t h e  TE d r i f t  t u b e  mode. As i n d i c a t e d  i n  F i g u r e  300, 

t h e  Q f o r  t h i s  mode is - 100 - 200. 
21 1 

R l a r g e  s i g n a l  c a l c u l a t i o n  was made of t h e  TE g y r o t r o n  
21 1 

i n t e r a c t i o n  e f f i c i e n c y  e x p e c t e d  for  t h e  d r i f t  t u b e  r e g i o n  of t h e  t u b e ,  The 

r e s u l t s  a r e  compared w i t h  t h e  t e s t  d a t a  i n  T a b l e  44. 
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T a b l e  44 

TE2,1 Drift Tube I n t e r a c t i o n  

Beam C u r r e n t  

"Output Power 

(*  It shou ld  be no ted  t h a t  t h e s e  r e s u l t s  were o b t a i n e d  a t  1% d u t y ,  
d e m o n s t r a t i n g  t h a t  t h e  l o a d  c a v i t y  d e s i g n  was c a p a b l e  of d i s s i p a t i n g  a t  
l e a s t  500 w a t t s  a v e r a g e  power, or a b o u t  100 wat t s /cm a v e r a g e  power 

d e n s i t y .  1 

2 

O p e r a t i o n  of X-1 a t  h i g h e r  beam t r a n s v e r s e  e n e r g i e s  was l i m i t e d  by 

24 I t h e  o n s e t  of a d r i f t  t u b e  o s c i l l a t i o n .  T h i s  c o n d i t i o n  caused  extreme 
body h e a t i n g  i n  t h e  l o a d  c a v i t y  s e c t i o n  of t h e  t u b e .  The s o l u t i o n  t o  t h e  

a s s i l l a t i o n  problem was t o  s h o r t e n  t h e  d r i f t  t u b e ,  t h e r e b y  r e d u c i n g  t h e  Q of 

t h e  r e sonance ,  a s  shown i n  F i g u r e  301. T h i s  r a i s e d  t h e  s t a r t i n g  c u r r e n t  for 
%he TEZl1 o s c i l l a t i o n  above t h e  nominal  bean  c u r r e n t ,  The n e c e s s a r y  d e s i g n  

changes  were implemented.  Tube X-3 c o n t a i n e d  8 d r i f t  t u b e  of t h e  corrected 
d e s i g n .  

F u r t h e r  t e s t i n g  of X-1 was i n  s u p p o r t  of t es t  set  debugging.  The 

rf t e s t s  c o n s i s t e d  of o p e r a t i n g  t h e  t u b e  a t  i n c r e a s i n g  p u l s e  d u r a t i o n s .  Two 
i n t e r e s t i n g  r e s u l t s  are shown i n  T a b l e  45. The a b i l i t y  t o  a d j u s t  p a r a m e t e r s  

t o  o b t a i n  h i g h  o u t p u t  power d e c l i n e d  w i t h  t h e  t u b e ' s  l i f e .  

c 





T a b l e  45 
X-1 Long P u l s e  Per formance  

Top Main Coil C u r r e n t  
Bottom Main Coi l  C u r r e n t  
Gun Bucking Coil  C u r r e n t  
H e a t e r  Vo l t age  
Hea te r  C u r r e n t  

Beam Vol t age  
Ream C u r r e n t  
RF P u l s e  Dura t ion  
P u l s e  R e p e t i t i o n  Rate 
Average Power Output  
Peak Power Output  
Frequency  

[ A I  

C A I  
CAI 
[VI 
CAI 
6kVl 

[a9 
Imsl 
cs-1 1 
IkWl 

Ckw 1 
CGHzl 

26.0 

25.5 
2.91 

10.1 

2.0 

80.0 

7.0 
50 

2.5 
11.3 

9003 

59.7 

26.0 

25.5 
2.91 

1 0 , l  

2.0 

80,O 

7.0 

60 

2 

10.3 

86,O 

59.7 

A l e a k  between t h e  collector w a t e r  c h a n n e l  and t h e  vacuum caused  
t h e  t u b e  t o  f a i l .  Disassembly  i n d i c a t e d  t h a t  t h e  i n s i d e  d i a m e t e r  of t h e  

c o l l e c t o r  was me l t ed  on one  s i d e  a t  t h e  t o p  of t h e  upper  c o l l e c t o r  water 
man i fo ld .  The t u b e  had been  o p e r a t e d  a t  12.5% du ty .  

S e v e r a l  o p t i o n s  were a v a i l a b l e  t o  p r e v e n t  t h i s  problem i n  t h e  

f u t u r e .  F i r s t ,  o p e s a t j o n a l  l i m i t a t i o n s  on t h e  gun bucking  c o i l  c u r r e n t  
c o u l d  s p r e a d  t h e  beam f a s t e r .  

d e s i r e d  for  optimum rf per formance  and may be i n s u f f i c i e n t  for beam 
s p r e a d i n g .  Second,  t h e  c o l l e c t o r  cou ld  be  l eng thened .  While t h i s  cou ld  be 

accompl ished  a t  Vas i an ,  it is u n d e s i r a b l e  f o r  t h e  u s e r .  T h i r d ,  a c o l l e c t o r  
buck ing  c o i l  cou ld  be  i n s t a l l e d  t o  enhance  beam s p r e a d i n g .  
c y c l e  c o u l d  be r educed  f o r  p u l s e  t u b e  t e s t i n g .  

T h i s  may be i n c o n s i s t e n t  w i t h  gun p a r a m e t e r s  

F o u r t h ,  t h e  d u t y  

Any r e b u i l d  e f f o r t  would r e q u i r e  r e p l a c i n g  t h e  gun, anode and 
col lector  s e c t i o n s .  The c a t h o d e  was d e s t r o y e d ,  s i n c e  t h e  t u b e  went down t o  
water h a t .  Beam e r o s i o n  of t h e  molybdenum r i n g s  d e p o s i t e d  m e t a l  on t h e  

s i l i c o n  ca rb ide - loaded ,  b e r y l l i u m  oxide load c e r a m i c s  i n  t h e  anode (beam 
t u n n e l )  s e c t i o n .  I t  shou ld  be no ted  t h a t  t h e  anode assembly  i n  t u b e  X-I d i d  

no t  have  t h e  wa te r  c o o l i n g  of l a t e r  tubes .  
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B,  SECOND EXPERIMENTAL TUBE 

The second expe r imen ta l  t u b e ,  X-2, was e s s e n t i a l l y  t h e  same a s  X-I, 
excep t  t h a t  t h e  ca thode  was r e p o s i t i o n e d .  

9 .  Parameter Space 

An o s c i l l a t i o n  map f o r  a beam c u r r e n t  o f  6 t o  6.5 a is  g iven  i n  

F i g u r e  302. X-2 showed t h e  same made compe t i t i on  a s  X-1. T h i s  confirmed 
t h a t  t h e  body h e a t i n g  mode was t h e  primary cause  o f  t h e  l i m i t e d  r ange  of 

o p e r a t i o n  o f  t h e  TE mode. A r e l a t i v e l y  s t r a i g h t - f o r w a r d  change i n  t h e  02 
d r i f t  t u b e  would e l i m i n a t e  t h i s  problem. 

2. Long P u l s e  Data 

The f irst  s t age  o f  l ong  p u l s e  t e s t i n g  c o n s i s t e d  o f  beam-only t e s t s  

t o  h e l p  v e r i f y  t h e  c o l l e c t o r  des ign .  Time-to-boiling d a t a  for v a r i o u s  

es l lee t s r  water Plows are g iven  i n  F i g u r e  303. Comparisons wi th  t h e o r e t i c a l  

c a l e u l a t i a n s  i n d i c a t e d  a maximum power d e n s i t y  g r e a t e r  t h a n  2 kW/crn 

Howeverg t h e  exper iment  was clouded by t h e  p o s s i b i l i t y  of b o i l i n g  nea r  t h e  

Pow p r e s s u r e  end  o f  t h e  c o o l i n g  channe l s .  W i t h  a maximum water  f low r a t e  o f  
180 gpm, t h e  c o l l e c t o r  was a b l e  t o  s u s t a i n  560 ku peak beam p u l s e s  of t h r e e -  
second d u r a t i o n  wi thou t  b o i l i n g ,  

2 

The f i n a l  tes t  on X-2 was t h e  t a k i n g  o f  long p u l s e  r f  d a t a .  

Because o f  node Compet i t ion ,  t h e  peak o u t p u t  power was o n l y  125 kw. 

However, w i th  t h e  t u b e  o p e r a t i n g  a t  100 kw o f  peak o u t p u t  power, a maximum 

duty  f a c t o r  of 20% was o b t a i n e d ,  Th i s  co r re sponds  t o  an ave rage  power 

o u t p u t  of 20 kW, t h e  h i g h e s t  e v e r  ob ta ined  from a 60 GHz g y r o t r o n  a t  t h a t  

time. 
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C. T H I R D  EXPERIMENTAL TUBE 

1.  O r i g i n a l  B u i l d  

Major improvements i t h e  a d j u s t  b i l i t y  and f l a t n e s s  o f  t h e  gun 

anode v o l t a g e  p u l s e  a l lowed t h e  comple t ion  of d e t a i l e d  o s c i l l a t i o n  maps. 

These  a r e  g iven  i n  F i g u r e s  304 and 305 for  beam c u r r e n t s  of s i x  and e i g h t  

amps, r e s p e c t i v e l y .  S t r o n g  c o m p e t i t i o n  from t h e  TE mode and t h e  body 
h e a t i n g  mode l i m i t e d  t h e  r a n g e  o f  o p e r a t i o n  for  t h e  d e s i r e d  TE mode. From 
t h e o r e t i c a l  c a l c u l a t i o n s ,  c o m p e t i t i o n  from t h e  TEZ2 mode was e x p e c t e d ,  b u t  

not  t o  t h e  d e g r e e  obse rved  i n  t h e  measurements. 
appea red  t o  be  a TEZ1 o s c i l l a t i o n  i n  t h e  d r i f t  t u b e ,  Design m o d i f i c a t i o n s  

were i n c o r p o r a t e d  i n  l a t e r  t u b e s  t o  e l i m i n a t e  t h i s  mode. The 50 t o  51 GHz 

o s c i l l a t i o n  on t h e  6 a o s c i l l a t i o n  map was v e r y  low power ((5 kw) and d i d  

not a p p e a r  t o  p r e s e n t  a problem, 

22 

02 

The body h e a t i n g  mode 

The dependence of o u t p u t  power on t o p  c o i l  c u r r e n t ,  w i t h  beam 

c u r r e n t  a s  a p a r a m e t e r ,  is g iven  i n  F i g u r e  306. 
8 a of beam c u r r e n t  i s  215 kw, which c o r r e s p o n d s  t o  an e f f i c i e n c y  of 33.6%. 
T h i s  o c c u r r e d  a t  a t o p  co i l  c u r r e n t  of 25.5 A ,  o r  a peak magne t i c  f i e l d  of 
22 -9  kC. 

The peak o u t p u t  power f o r  

The d e s i g n  of t h e  p u l s e d  col lector  was checked by u s i n g  x-ray f i l m  

d e n s i t y  a s  an i n d i c a t i o n  of power d e n s i t y  i n s i d e  t h e  c o l l e c t o r .  

o r i g i n a l  r e s u l t  of x-ray d e n s i t y  v e r s u s  a x i a l  p o s i t i o n  is g i v e n  i n  

F i g u r e  307. 
col lector .  T h i s  was c o n s i s t e n t  w i t h  t h e  c o l l e c t o r  f a i l u r e  obse rved  on X-I. 

Based on t h e o r e t i c a l  c a l c u l a t i o n s ,  an i r o n  p o l e p i c e  was i n s t a l l e d  t o  lower  

t h e  beam l a n d i n g  s i te .  Subsequent  x-ray t e s t s ,  shown i n  F i g u r e  308, 
i n d i c a t e d  t h a t  t h e  beam l a n d i n g  s i te  had been lowered.  

The 

It i n d i c a t e d  t h a t  t h e  beam was l a n d i n g  too h i g h  i n  t h e  

With t h e  beam l a n d i n g  i n  a b e t t e r  p o s i t i o n  i n  t h e  co l l ec to r ,  t h e  
way was c l e a r e d  for  i n c r e a s i n g  t h e  p u l s e  d u r a t i o n  t o  100 msec. A peak 
o u t p u t  power of 200 kw a t  a p u l s e  d u r a t i o n  of 100 msec was o b t a i n e d .  A 
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malfunction of the pulse repet i t ion r a t e  generator caused the duty factor t o  
increase w e l l  above 30%. 
thermal crack in  the output window, ending X-3 t e s t s .  

The excessive average rf power caused a 

2. Rebuild 

Performance t e s t s  on X - W ,  the  rebuild of the  th i rd  experimental 
tube, are  summarized below. I n i t i a l .  t e s t s  were performed using 

300 p s  pulses at a repet i t ion ra te  of 60 s-', 1.8% duty. 
output cavi ty  coupling and the d r i f t  tube were incorporated for the f i r s t  

t i m e  on X-3R. 
osc i l la t ion  map of Figure 309 and the  8 amp osc i l la t ion  map of Figure 310. 
The region of TE mode operation is enlarged and continuous i n  both cases 
in s t ead  of the i n s u l a r  behavior of e a r l i e r  designs. Figure 311 shows a plot 
of optimized gower and efficiency (gun-anode voltage is  varied t o  obtain 
optimum results for  each se t t ing)  as a function of t he  current i n  Main 

Magnet #le The approximate magnetic f i e ld  at the cavity i s  also shown. A 
maximum peak power of 232 kw at  36% efficiency (79.6 kV, 8.4 a )  was 

akhieved. 
cyclotron frequency of an  electron orbi t ing i n  a magnetic f i e l d ,  the output 

frequency increases s l i gh t ly  with increasing magnetic f i e l d ,  as shown i n  
Figure 312. 

Changes t o  the  

The ef fec t  of these changes can be seen i n  the 6 amp 

02 

Since the frequency of the  gyrotron is  based on the electron . 

I n  Figure 313 i s  the plotted output power  for  a constant gun-anode 

voltage as a function of Main Magnet #1 current for three d i f fe ren t  values 
of beam current. Power var ies  smoothly over a wide range of magnetic f i e lds  
for  each beam current value, though the m a x i m u m  efficiency occurs at a 

higher magnetic f i e ld  for  lower values of current,  a s  shown i n  Figure 314. 

Following the above parameter variation t e s t s ,  X-3R was operated 

The tube under 100 ms pulse conditions at one pulse per second, 10% duty. 
was operated continuously for 1 t o  2 hours with a microwave output of 205 kw 

at an  efficiency of 35.5% (80.2 kV, 7.2 a)  
detected under the  long pulse conditions during these t e s t s .  An 

oscilloscope photograph of the 100 m s  r f  pulse is  shown i n  Figure 315. The 
additional scope t races  a re  the  beam current and gun-anode voltage, as 

No deleterious e f fec ts  were 
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Figure 310. VGE-8060, S/N X-3R, Oscillation Map (lo = 8 a) 
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LONG RF PULSE 

Photo No. 0678 82 

~ i g c ~ r e  3%. Os~il%osespe Photograph of the rf Pulse During 
The p% Output Power was 205 kw During this Pestp. The "Hash" for f > 10 rns 
is BeAieved Due to Localized Boiling in the Water-Load. The Gun-Anode 
Vdtage {''V,A'') and the Ellectron Beam Current ("18'') are Shown as Momi- 
t o r d  on Shot? Pulse Measurement Equipment, (Time Constant of Monitors 
<< 100 ms9. 
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described i n  t h e  f igu re  capt ion .  

10 m s  i s  due t o  t h e  l o c a l  b o i l i n g  of t h e  water a t  t h e  sur face  of t h e  

water-cooled cone used as an r f  load .  
short pulse. osc i l loscope  trace is  shown i n  Figure 316. 
a d d i t i o n a l  e l ec t ron  beam monitoring t r a c e s  are present  and descr ibed i n  t h e  
f i g u r e  capt ion .  

The "hash" occurr ing i n  t h e  rf pulse  af ter  

For comparison purposes,  a t y p i c a l  
Again, t h e  

Figure 317 shows t h e  dependence of t h e  beam cur ren t  on input  
hea te r  p o w e r  and Figure 318 p l o t s  bean cu r ren t  as a funct ion of  gun anode 

vol tage  f o r  X-3R. 
are a l s o  shown. 

Other opera t ing  parameters held cons tan t  during t h e  t e s t s  

With t h e  changes t o  t h e  d r i f t  t ube  and ouput c a v i t y  coupling 

incorporated f o r  t h e  f i r s t  t i m e  i n  X-3R, t h e  operat ion and performance of 

t h e  60 GHz gy-rotron were improved considerably.  

D e  FOURTH EXPERIMENTAL TUBE (FIRST CW TUBES) 

The f i rs t  60 G H z ,  CW gyrotron (VGE-8006, S/W X - 4 )  was t e s t e d  during 

February 1981. 

condi t ions.  
during beam-only ope ra t ion ,  and a series of tests was performed using pulse 

dura t ions  of 32 seconds, 25% t o  50% duty.  

measurements were taken during a 32-second pulse  f o r  25% and 50% duty. 
t o  t h e  t u b e ' s  i n a b i l i t y  t o  opera te  i n  t h e  c o r r e c t  (TE 

removed from the  socket even though t h e  tube  had r e t a ined  i t s  vacuum 

i n t e g r i t y  throughout a l l  tests. 

During these  t es t s ,  70 kW of rf power was observed under CW 

The tube  was subjected t o  t h e  f u l l  CW beam power of 640 ICW 

Cathode emission cool ing 

Due 
) mode, t h e  tube  was 

02 

The var ious  tests performed on X-4 a r e  

d e t a i l e d  chronological ly .  

l. Short Pulse Tests 

Short  pu lse  tests ( -3% duty)  were performed on X-4 
following h i p t t i n g .  A f t e r  explor ing regions i n  parameter space which would 

be s u i t a b l e  f o r  CW opera t ion  i n  later tests,  o s c i l l a t i o n  maps were drawn. 

O s c i l l a t i o n  maps a t  1.8 a and 6 a are shown i n  Figures  319 and 320, 
r e spec t ive ly .  The 6 a r e s u l t s ,  when compared t o  t h e  6 a r e s u l t s  with pulse  

4 90 
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SHORT WF PULSE 

Phots No. Q679 82 

Figure 316. Oscilloscope Photograph sf the rP Pulse During Short Rwlse Operation. Peak 
rd Power was 216 kw, Gun-Anode Current (“ImA‘*]* Bea 
and Gun-Anode Voltage (**VmA*‘j are aka Shown. 
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Figure 367. Beam Current as a Function of input Heater Power for X-3R 
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tube X-3, indicate t h a t  the two tubes behaved similarly.  
the  
j u s t  below the onset of t h e  TE 
50 t o  5 1  GHz region. 
double-disc, rather than a single-disc window. 
ident ica l  t o  that  of the  pulse tube,  

The exception m s  

region (57.1 t o  57.5 GHz) , which occurred at gun-anode voltages 
mode and was much narrower f o r  X-4 than  the  

The CWtube had a larger  diameter col lector  and a 
02 

The r e s t  of the  design was 

The o s c i l l a t o r  c i r c u i t  of X-4 w a s  ident ica l  t o  that  used i n  X-3. 
Any differences i n  operation must be a t t r ibu ted  t o  the window or col lector .  
Since X-4 d id  not have the  cavi ty  modifications made i n  X-3R,  t h e  body 

heating mode observed i n  X-1, X-2 and X-3 was s t i l l  present,  as indicated on 
the  osc i l la t ion  maps. 

t e s t s  e 

A peak power of 190 kw was obtained during these 

2- Long Pulse Tests (Bean-Only) 

X-4 was operated under long pulse beam-only conditions ( T  > 3 sec) 
for approximately 600 pulses. 

emission cooling charac te r i s t ics  of the cathode under long pulse conditions. 
I n  Figure 321, the beam current as a function of time during a 32 second 
beam pulse for  26% and 53% duty operation i s  shown. 
by the end of the  32-second pulse f o r  both cases,  b u t ' t h e  26% duty pulse (90 

seconds between pulses) starts at a much higher i n i t i a l  current value. 
a given heater powerI a maximum i n i t i a l  current was reached when 90 t o  120 

seconds separated t w o  30-second pulses. 

These tests were performed t o  measure t h e  

Equilibrium i s  reached 

For 

3 .  CW Operation 

Rather than perform rf t e s t s  for  30 second pulse durations, it was 
By increasing the  beam current decided t o  proceed d i r e c t l y  i n t o  CW tes t ing .  

and beam voltage gradually, a CW r f  power o f  71.5 kW was reached during the  
f irst  day of CW tes t ing .  Tube parameters for  the 71.5 kW measurement a r e  
shown i n  Table 46. 
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Table 46 
71.5 kW, CW Operating Conditions 

Frequency 

Output CW Power 

Beam Voltage 
Beam Current 

Ef f ic iency  
Gun Anode Voltage 

Main Magnet Current #l 
Main Magnet Current #2 

Gun Magnet Current 

Cavity Magnetic F ie ld  

59.58 GHz 

71.5 kW 

70.4 kV 

4 .OA 

25% 
19.0 kV 

25.43 A 
25.50 A 

3.22 A 

23.7 kG 

Following a weekend shutdown, CW tes ts  were resumed, bu t  crowbars 
prevented t h e  tube  from running a t  cu r ren t s  high enough t o  repeat t h e  

71.5 kW rf power measurement. Two fill days of  t e s t i n g  f a i l e d  t o  improve 

the  s i t u a t i o n ;  at t h e  end of t h e  second day it was concluded t h a t  some 

i n t e r n a l  change i n  t h e  tube  must have occurred. 

shown i n  Figuke 322. Following t h e  CW tes ts ,  t h e  tube was suitcHed t o  

pulsed operat ion.  

Figure 322 wits prepared,  and t h e  result is  shown i n  Figure 323. Comparison 
of t h e  two parameter space maps confirmed t h a t  changes had occurred i n  t h e  

tube  during CW opera t ion ,  

A CW o s c i l l a t i o n  map i s  

An o s c i l l a t i o n  map under condi t ions  i d e n t i c a l  t o  those  of 

After  t h e  above problems were observed, t h e  gun anode vol tage  was 

lowered t o  p roh ib i t  any r f  o s c i l l a t i o n  and an X-ray f i l m  was at tached t o  t h e  

c o l l e c t o r  t o  measure t h e  a x i a l  d i s t r i b u t i o n  of  t h e  impinging e l ec t ron  beam. 
These tests w e r e  c a r r i e d  out  at 80 kV, 7 A CW and t h e  cu r ren t  was ra i sed  

b r i e f l y  t o  8 A during these  t e s t s  without de t ec t ab le  problems. 

t h e s e  X-ray measurements are shown i n  Figure 324. 

measurements taken under sho r t  pu lse  condi t ions .  The pulse  tests were 
performed p r i o r  t o  CW t e s t i n g .  Both tes ts  ind ica ted  t h a t  t h e  beam 

d i s t r i b u t i o n  was loca ted  within t h e  well-cooled por t ion  of t h e  c o l l e c t o r ,  
The s l i g h t  d i screpancies  between the  two may be a t t r i b u t e d  t o  d i f f e r e n t  
opera t ing  parameters during t h e  two t e s t s .  

Resul ts  of 
Also shown, a r e  similar 
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4. Post  T e s t  Examination 

Following i t s  removal from the socket ,  X-4 w a s  disassembled f o r  
ana lys i s .  
t r a n s i t i o n  at  t h e  upper end of the c o l l e c t o r .  T h i s  mel t ing r e su l t ed  i n  
molten copper s o l i d i f y i n g  i n  and per turb ing  t h e  output cavi ty .  

damage included beam erosion of t h e  beam tunne l  and metallic deposits on the  
anode and upper high vol tage  ceramic. 

capper found i n  the c a v i t y  provided s u f f i c i e n t  per turba t ion  t o  d i s rup t  
operat ion i n  the TE mode. 

Inspect ion of t h e  c o l l e c t o r  revealed a melted region at t h e  down 

Addit ional  

Cold tests indica ted  t h a t  t h e  molten 

02 

E. FIFTH EXPERIMENTAL TUBE (SECOND CW TUBE) 

1. Orig ina l  Build 

a. S a l i e n t  Features  

The f i f t h  experimental  t ube ,  X-5, was t h e  second CW tube  t o  

It incorporated four  d i s t i n c t  modif icat idns t o  the design of t h e  be tested,  

first CW t ube ,  X-4. 

1) 

2) 

3)  

The beam d r i f t  tube  was changed t o  t h e  X-3R design.  
The output  c a v i t y  was changed t o  t h e  X-3R design. 
The double-disc window used th inne r  ceramic discs 

than  those  on X-4. 
The c o l l e c t o r  pressure drop was reduced. 4) 

In  add i t ion ,  the tube  w;ts operated i n  a new superconducting 
solenoid magnet with s i g n i f i c a n t l y  reduced t r ansve r se  f i e l d  on the  a x i s ,  and 
a c o l l e c t o r  bucking c o i l  was added t o  modify the d i s t r i b u t i o n  of  the spent  
e l ec t ron  beam i n  the c o l l e c t o r .  

b, Pulse T e s t  Resul t s  

Pulse t e s t i n g  of X-5 went very  w e l l ,  y i e ld ing  r e s u l t s  similar 

t o  those achieved on X-3R concerning output power, e f f i c i e n c y  ‘and the  

502 



absence of t h e  body heat ing mode which l imi ted  t h e  r f  performance of X-4 and 

pulse  tubes  X - 1 ,  X - 2 ,  and X-3 .  An o s c i l l a t i o n  map taken a t  a beam cur ren t  

of 8 a is  shown i n  Figure 325. 
t h a t  of X - 3 R  i s  t h e  emergence of competing modes around ‘ jS  GHz and between 

62 and 67 G H z ,  while t h e  TE 
r o l e  than on X-3R.  This behavior was a l s o  observed t o  some exten t  on X-4. 
Although exact  i d e n t i f i c a t i o n  of the modes o ther  than those a t  57 GHz has 

not been made, t h e i r  presence i s  genera l ly  a t t r i b u t e d  t o  the extreme 

mismatch of t h e  double-disc windov a t  these  frequencies  i.n con t r a s t  t o  t h e  

more moderate mismatch presented by t h e  s ing le-d isc  window used on pulse  

tubes  such as X - 3 R .  

The notable  d i f f e rence  between t h i s  map and 

modes at approximately 57 GWz played a. lesser 
22 

In  Figure 326 t h e  peak output  p,m= as a funct ion of main 

magnet #I c u r r e n t ,  opera t ing  a t  a b e m  vol tage  of 8002 kV and a beam curl-ent 

of 8.0 a,  i s  shown. A peak power of 233 kw was achieved at an e f f i c i ency  o f  

36%. 

of 300 usec. 

These measurements were performed a t  1 ~ 8 %  duty with a pulse durat ion 

Figures  327 - 329 shaw v a r i a t i o n  OF the output  p o w e r  w i t h  

beam c u r r e n t ,  gun anode vol tage ,  and beam voltage, r e spec t ive ly ,  -QainS the 

r e s u l t s  are very similar t o  those  achieved 011 pulse  tube  X-3R,  %n 

p a r t i c u l a r ,  ve again note t h e  decrease i n  power with increased gun anode 

vol tage ,  a phenomenon nat understood at t h e  t i m e  but  now knam t o  tap due to 
t h e  l eng th  of t h e  cav i ty .  

Before proceeding t o  CW operat ion on X - 5 ,  a s e r i e s  of x-ray 

measurements, us ing ,  bo th ,  x-ray f i l m  and survey meters was performed near 
the  t o p  of t h e  c o l l e c t o r  t o  optimize t h e  pos i t i on  and f i e l d  s t r eng th  of a 

c o l l e c t o r  bucking c o i l .  These tests rdere carpied out with r f ,  s ince  t h e  

beam deposi t ion p r o f i l e  Without r f  required no bucking c o i l ,  as foiind i n  

previous measurements on X - 4 ,  
cu r r en t  s e t t i n g  for  t h e  bucking m i 9  and indicated t h a t  t h e  azimuthal 

va r i a t ion  of the beam deposi ted a t  t h e  top of t h e  c o l l e c t o r  was more uniform 

than  on X-4; a d d i t i o n a l l y ,  t h e  tests showed t h a t  t h e  de tec ted  x-rays were of 

much higher energy with r f  than without r f ,  as evidenced by an approximately 
1/200 decrease in  t he  moun t  of t i m e  needed t o  expose the  x-ray film, 

These tests l e d  $0 the  o p t h n m  pQSi t i . 0n  and 

This 
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82-2241 FED 

BEAM CURRENT = 8.0 I GUN MAGNET CURRENT = 2.31 A -_ 
BEAM VOLTAGE = 80.3 IkV NO R F  PULSE DU RATION = 240 ps 
MAIN MAGNET NO. 2 PULSE REPETlTiON RATE 60 S-1 

B 
CURRENT = 25.45 A 

I 1 I I I I 1 I 1 1 I I 1 
25.4 25.8 26.2 26.61 27.0 27,4 27.8 28.2 28.6 29.0 29.4 
(23.6 kG) - (24.6 kG) (25.6 kG) 

MAIN MAGNET NO. 1 CURRENT (A) 

Figure 325. Oscillatioaa Map for VGE-8006 S/M X-5 for a Beam Current of 8a, Operating Under Pulse Conditions 
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is  due t o  f a s t  e l e c t r o n s  produced i n  t h e  rf i n t e r a c t i o n  (most e l e c t r o n s  l o s e  
e n e r g y  b u t  a s m a l l  f r a c t i o n  g a i n  e n e r g y ) .  

c. CW Test R e s u l t s  

Dur ing  t h e  f i rs t  day of CW t e s t i n g ,  a power o f  103 kW a t  an 

e f f i c i e n c y  of 36% was a c h i e v e d .  However, a t  t h i s  power l e v e l ,  t h e r e  was 
e x t e n s i v e  b o i l i n g  i n  t h e  rf w a t e r l o a d ,  a s  ev idenced  by j i t t e r  on t h e  rf 
v i d e o  t r a c e  and c r a c k l i n g  h e a r d  on an a c c e l e r o m e t e r  a t t a c h e d  t o  t h e  
w a t e r l o a d .  The b o i l i n g  s t a r t e d  a t  a p p r o x i m a t e l y  50 kW o f  r P  power,  By 
modi fy ing  t h e  w a t e r l o a d  and i n c r e a s i n g  t h e  w a t e r  f low o v e r  t h e  w a t e r l o a d  

c e r a m i c  cone ,  a power o f  123 kW a t  41% e f f i c i e n c y  was s a f e l y  o b t a i n e d  b e f o r e  

w a t e r l o a d  b o i l i n g  a g a i n  made it i n a d v i s a b l e  t o  advance  t o  h i g h e r  powers.  

The nar row s k i n  dep th  of w a t e r  a t  60 GHz caused  t h e  water3oacl b o i l i n g .  Most 

oP t h e  rf power was d e p o s i t e d  i n  t h e  t h i n ,  slowly-moving boundary  l a y e r  

a l o n g  t h e  ce ramic  s u r f a c e .  S e v e r a l  approaches  were pursued  t o  e l i m n a t e  t h e  

problem,  i n c l u d i n g  l o w e r i n g  t h e  power d e n s i t y  i n  t h e  l o a d ,  i n c r e a s i n g  t h e  

w a t e r  v e l o c i t y ,  and u s i n g  f l u i d s  w i t h  lower loss t a n g e n t s ,  

Due t o  t h e  w a t e r l o a d  problem it  was not  p o s s i b l e  t o  t a k e  r f  

d a t a  a t  f u l l  beam power, b u t  e x t e n s i v e  d a t a ,  i n c l u d i n g  s t a r t  o s c i l l a t i o n s  

c u r v e s ,  were o b t a i n e d  a t  lower powers.  F i g u r e  330 is  an o s c i l l a t i o n  map 
t a k e n  a t  a beam c u r r e n t  o f  3.0 A.  Although it canno t  b e  compared d i r e c t l y  

w i t h  t h e  p u l s e  v e r s i o n  shown i n  F i g u r e  325, b e c a u s e  t h e  bean  c u r r e n t  i s  

lower ,  t h e  b e h a v i o r  is q u i t e  s i m i l a r .  The r e g i o n  l a b e l e d  pfmix7p 
s i m u l t a n e o u s l y  c o n t a i n s  b o t h  t h e  TE mode and t h e  TE mode a t  E 57 G H z .  

I n  a d d i t i o n ,  it was no ted  t h a t  t h e  t h r e s h o l d  i n  gun anode v o l t a g e  f o r  t h e  

d e s i r e d  TE mode depended c r i t i c a l l y  on whe the r  t h e  mode was e x c i t e d  by 
r a i s f n g  t h e  gun anode v o l t a g e ,  QR" whether  t h e  t h r e s h o l d  boundary was 

de t e rmined  by l o w e r i n g  t h e  gun anode v o l t a g e  u n t i l  o s c i l l a t i o n  i n  t h e  TEO2 
made c e a s e d  and a compet ing  mode was excited, T h i s  %ode l o c k i n g P q  h a s  n o t  
been n o t i c e d  on p u l s e  t u b e s ,  p r o b a b l y  because  t h e  r i s e  and f a l l  of t h e  gun 
anode v o l t a g e  p r e v e n t s  t h e  beam from b e i n g  " lockedfP  in such  a manner. In 

F i g u r e  339 t h i s  phenomenon is  i l l u s t r a t e d .  

02 22 

02 

The TEO2 t h r e s h o l d  i s  
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89-226 FED 

GUN ANODE !NTEWCEPTIQN 4 # 

BEAM VOLTAGE = 80.0 ScV 
BEAM CURRENT = 3.0 A 

MAIN MAGNET NO. 2 CURRENT = 25.4444 
GUN MAGNET CURRENT = 2.30A 

l k  1 I I 1 I I I I I I I I I I I 1 1 I I 
29.4 

(25.6 kG) 
." 25.8 26.2 26.6 27.0 27.4 27.8 28.2 28.6 29.0 

(24.6 kG) 
25.4 
(23.6 kG) 

MAIN MAGNET NO. 1 CURRENT (A) 

Figure 330. Oscillation Map for VGE-8006 S/M X-5 for a Beam Current of 3.OA, 
Operating Under CW Conditions 





"locked" at a constant beam current of 3.0 A by both, ra is ing 
entering the TE u n t i l  a competing 

over 

mode, and by lowering V 
02 GA 

mode takes 

A s i m i l a r  e f fec t  was observed when measuring the s t a r t i ng  
current of the  TE mode for constant gun anode voltage. These data a re  
shown i n  Figure 332, again, as a function of the current i n  main magnet c o i l  

#E. 
s t a r t i ng  current. 

02 

I n  t h i s  case,  the  mode locking is  most dominant i n  regions of minimum 

I n  Figure 333, t he  variation o f  output power as a function o f  

gun anode voltage for  several  values of magnetic f i e ld  is shown. As was 

observed under pulse operation, the  output power drops a t  high gun anode 
voltages; however, passibly because these measurements were made a t  a lower 
beam current ( 3  A ra ther  than 8 a ) ,  there i s  a much wider range over which 
increased gun anode voltage yields  increased output power. 
is accessible only with mode locking is  shown with dashed l i n e s .  
Additionally, there is a phenomenon tha t  occurs for  I 
arrows denote a hysteresis e f fec t  t ha t  makes it possible t o  access a high 
efficiency point by taking advantage of mode locking. 
Figure 333, the  sequence i s  a s  follows: The gun anode voltage i s  raised 

The region which 

#1 = 26.76 A. The 
nag 

Ta access point 4 i n  

m t i l  the TE osc i l la t ion  turns  on at point 1. Next, the  gun anode voltage 
is lowered t o  point 2 and the power increases abruptly from 57 kWto 75 kW. 

i s  raised t o  point 4, the  same @;un anode voltage as point 1, a power 

02 

'GA 
af 83 kW i s  reached. A fur ther  increase of V brings a s ignif icant  drop i n  
~ Q W W  at p i n t  5. 
d i rec t ly  from point 1. Point 3 i s  again t h e  threshold of the TE 
osc i l la t ion  with mode locking. This phenomenon shows tha t  higher 

efficieneges can be achieved under CW operation where cer ta in  regions of 
parameter space not available under pulse conditions, can be accessed. 

GA 

GA Point 5 could a l so  have been reached by rais ing V 

02 

I n  Figures 334 and 335, t h e  output power as a function of 

main magnet #$ current for 2.0 A and 3.0 A of beam current ,  respectively,  
are plotted.  Since these measurements were taken for  constant beam current 
and gun anode voltage i n  the two  cases ,  it was not possible t o  determine if 
operation was i n  a mode locking regime or not. Further study of mode 

5 12 
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82-2251 FED 

BEAM VOLTAGE = 80 kV 
BEAM CURRENT = 3.0 A 
MAIN MAGNET' No. 2 CURRENT = 25.60 A 

GUN ANODE VOLTAGE = 20.8 &V 
GUN MAGNET CURRENT = -2.28 A 

98 

88 

MAIN MAGNET 91 CURRENT ( A >  

Figure 335. Output Power VS Main Magnet No. 1 Current for a Beam Current of 33.8.44 for the 
WE-8006 S/N X-6 in GW Operation. 



locking with v a r i a t i o n  o f  main magnet cumen t  would be necessary t o  
determine t h e  r o l e  t h e  main  magnet f i e l d  p l ays ,  

Before removal. of X-5 from t h e  socket ,  tests were conducted 
t o  determine t h e  mode p a t t e r n  o f  t h e  50 GHz competing mode. 
paper was placed i n  t h e  output waveguide, then t h e  tube was operated for a 

shor t  mount  of t i m e  i n  t h e  $0 GHz modes. Results f o r  modes a t  50.68 GHz 

and 51.8 GKz are shown i n  Figure 336. 
although no i d e n t i f i c a t i o n  of t h e  modes were made. 

Heat s e n s i t i v e  

'They show d e f i n i t e  radial s t r u c t u r e ,  

d .  T e s t s  with DC-200 RF Load 

A cool ing system was i n s t a l l e d  which made it poss ib le  t o  use 
a f l u i d  o the r  than water i n  t h e  rf load ,  The f l u i d  chosen was 136-200. 

Cowpartsons of t h e  performance of X-$ with the  waterload and the  DC-200 rf 

load were made f o r  similay CW opera t ing  parameters. 

comparison made for a beam curren t  of" 3.5 A .  I n  genera l ,  rf load power 

levels using DC-200 ( ca l cu la t ed  iising t h e  conversion f a c t o r  shown i n  Table 

4 7 %  were 1.0~13~ than those f a r  the  waterlaad f o r  similar opera t ing  
condi t ions .  Power lost im t h e  wiadaw PC-75 f l u i d  and body c i r c u i t  were 

s l i g h t l y  higher for  t h e  De-200 load t h a n  far  t h e  mter lsad.  This phenomenon 
was not understood completely, 

Table 47 lists a 

As t he  beam curren t  was increased, t h e  I-$ 'Load was monitored 

for bo i l ing ,  using an accelerometer fas tened t o  t h e  load. A s  t h e  beam 

cur ren t  was ra i sed  t o  br.4 A ,  only minor bo i l ing  was de tec ted  i n  the load, a s  

opposed t o  s i g n i f i c a n t  bo i l i ng  i n  t h e  waterload a t  3.8 A .  

noted here t h a t  each t i m e  t h e  cu r ren t  wds raised, t h e  output  power was 

optimized by varying gun. anode ~ o l t x g e  and magnetic f i e l d ,  

It should be 



WAVEGUIDE I.D. 
2.5" 

Figure 335. Mode Patterns of Competing Modes at 50.08 GHz Obtained Using 
TemgHzrature-Sensitive Paper in the Output Waveguide of the! 
VGE-8006, S / M  X-5, in CW Operation 



Table 49 
Comparison af X-'j Performance i n t o  Water $oad 

and DC-200 RF Load 
( cw Operation) 

Water $sad DC-200 RF Load 

Tube Parameters: 

Beam Voltage = 80.0 k V  

Beam Current = 3.5 A 

Gun Anode Voltage = 20.6 k V  

Main Magnet #l Current = 26.64 A 

Main Magnet 82 Current = 25.11.0 A 

Gun Magnet Current = 2.30 A 

Fie ld  at Cavity = 23.66 kG 

Beam Voltage = 80.2 kV 
Beam Current = 3.5 A 

Gun Anode Voltage 2 20.8 kV 

Main Magnet #I Current = 26.64 A 

Main Magnet #2 Current = 25.47 A 
Gun Magnet Current I= 2.31 A 

F l e l d  at Cavfty = 23.69 BG 

Power Measurements: 

FC-75 (window) - 1.26 k~ 

Body Ci rcu i t  - 1.70 kW 

Window Water - 0.013 kW 

WaterPoad - 105 kW 

PC-75 (xindow) - l.75 kW 
Body Ci rcu i t  - 1.8'7 kld 

Window Water - 0.046 kTd 

W - 2 0 0  RF Load - (34 kW 

8 "Conversion f a c t o r  = 0.Og7 kW/ C-gpm was used t o  ca lxu la t e  DC-200 rf load 

p w e r  . 
. _- 

mile operat ing a t  a beam curren t  of 4,4 A ,  t h e  inner  ceramic on 

the double-disc window broke, filling the tube  w i t h  FC-75. OperaLdng 

parameters for t h e  tube  a t  t h e  time of the window f a i l u r e  are sham i n  

T a b l e  48. 



Table 48 
Operating Parameters f o r  X-5 at t h e  

T ime  of  Window Fa i lu re  

Beam Voltage = 80.2 kV 
Beam Current = 4.4 A 

Gun Anode Voltage = 20.9 kV 

Main Magnet #1 Current = 26.56 A 

Main Magnet #2 Current = 25.49 A 

G u n  Magnet Current = 2.29 A 

Power Loss i n  FC-75 = 2.37 kW 
Power Loss i n  Body = 2.68 kW 

Power i n  BC-200 Rp Load = 122 kW 
~~ 

e. Inspec t ion  of X-5 Following Window F a i l u r e  

X-5's window had one crack t h a t  extended across  i t s  diameter. 

It was wider on one edge and narrowed t o  a poin t  where it was p r a c t i c a l l y  

i n v i s i b l e  on t h e  oppos i te  s i d e ,  

on t h e  FC-75 f ace  at equal  d i s t ances  from t he  edge. This was due t o  t h e  
fact t h a t  after t h e  c rack  was i n i t i a t e d ,  atmospheric pressure  and the  

pressure  from t h e  FC-75 de f l ec t ed  t h e  ceramic inward t o  t he  vacuum. 

The gap was wider  on the vacuum face  than 

When t h e  window was i l luminated  from behind, two concent r ic  

circular white zones were v i s i b l e .  These zones did not a l i g n  w i t h  the 

calculated loca t ion  of  t h e  e l e c t r i c  f i e l d  maxim i n  t h e  TE mode. SEI4 

a n a l y s i s  of t he  f r ac tu red  su r face  found no evidence of melting i n  these 

regions.  
temperature was not reached, For t h i s  reason, it i s  bel ieved t h a t  t he  

concent r ic  r ings  were due t o  rewhitening of t h e  ceramic after d i sco lo ra t ion  

from x-rays, un less  there was an rf-aided anneal ing mechanism. The white 

shade of alumina can be r e s to red  by f i r i n g  a t  900°C. 

t o  be i n i t i a t e d  by high hoop stresses a t  the  edge of the window. 

02 

There was evidence of high temperature ,  b i t  t h e  ceramic melting 

The crack was bel ieved 

A v i s u a l  inspec t ion  of the c o l l e c t o r  revealed none of t h e  
damage OF erosion observed on X-4. In  add i t ion ,  the  d r i f t  Lube sec t ion  
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which precedes the  c a v i t y  was undainaged. These two observat ions i n d i c a t e  
t h a t  t h e  improved magnet and the addi t ion  of a c o l l e c t o r  c o i l  have 

a l l e v i a t e d  asymmetric beam propagation and depos i t ion  i n  the Parge 

c o l l e c t o r .  A d e t a i l e d  comparison of t h e  t r ansve r se  magnetic f i e l d  of t h e  

magnet used on X-5 and t h e  o r i g i n a l  magnet used on X-4, were shown i n  

Figure 7 .  

2. Rebuild 

a .  Hi-Potting and Short  Pulse Aging 

The t e s t i n g  of VGE-~OO$A,  S/M X-TR began on August, 7 ,  1981r. 
Hi-potting 500 ps p i ~ l s e  aging and pulsed characterj stic c11x"ves went 

n s m l l y .  

t h e  s t e p  cavity which has  been used i n  many 60 GHz gyrcrtrsns. 

The pulsed da ta  were similar to VGE-80068, 8 / N  X-7 and typ ica l  of 

b, Long Pulse  Aging and Col lec tor  P r ~ f i E e s  

The tube  was aged to 20 rns pulse dura t ion ,  both with and 

without PY, so t h a t  collector- power dens i ty  p r o f i l e s  could be  made using t h e  

technique described in  Section IX-K-2. F igures  337 and 338 show t h e  r e s u l t s  
with no rf and with r f ,  r e spec t ive ly ,  

f a r t h e r  i n t o  t h e  c o l l e c t o r  than on VGB-8006A9 S/N X-7 and only one c o l l e c t o r  

c a l l  was required t o  obta in  t h e  same peak power d e n s i t i e s  as X-7. These are 

Po2 kW/cm 

balance between t h e  measured data and a c t u a l  tube  p a r m e t e r s .  T h i s  was 

considered acceptable  based on t h e  performance and examination of VGE-8006A, 

S/N X-T. 
f o r  CW opera t ion .  

The i n i t i a l  beam is  landing about 6" 

2 without rf and 1 kW/cm2 with rf a f t e r  correcting for  the  power 

The tube was then aged t o  100 ms pulse  durat ion before  preparing 

c .  CW Operation 

P r io r  t o  CTd opera t ion ,  'she I R  g r i d  arid waveguide a t t enua to r  
were i n s t a l l e d .  'Both the long wave and sho r t  wave IN cameras were mounted 

and al igned.  The rf power was increased gradual ly  by t h e  same technique as 
used on V G E - ~ O O ~ A ,  S/N X-7. mat i s ,  gradual ly  r a i s i n g  t h e  beam cur ren t  at 
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a beam v o l t a g e  of 80 kV. 
v o l t a g e  o f  80 kV and a beam c u r r e n t  of 4.0 amperes. 

A maximum power of 108 kW was o b t a i n e d  a t  a beam 

The window t e m p e r a t u r e  a t  t h i s  l e v e l  was 93OC w i t h  an FC-75 
flow of 8.2 GPM and an  FC-'95 i n l e t  t e m p e r a t u r e  of 18.Y°C. 

window t e m p e r a t u r e  on VGE-8006A S/N X-7 a t  110 kW was 63.5OC w i t h  an FC-75 
i n l e t  t e m p e r a t u r e  of 14.7OC and t h e  same FC-75 f low.  

By c o n t r a s t ,  t h e  

d.  Supe rconduc t ing  Magnet and C o l l e c t o r  Power D e n s i t y  

Measurements 

An a r e a  of some conce rn  d u r i n g  t h e s e  tests, was a phenomenon 

obse rved  i n  t h e  s u p e r c o n d u c t i n g  magnet SIN 1007 which had been i n  t h e  Nike 

Zeus Test Set f o r  some time, i n c l u d i n g  d u r i n g  t h e  VGE-8006A, S/N X-7 tes t s .  
The conce rn  was t h a t  t h e  r e q u i r e d  trim c o i l  c u r r e n t  had some dependence on 
t h e  he l ium l e v e l ,  That  is, when t h e  magnet dewar was f i l l e d  from, s a y  70% 
to 95%, t.he t r i m  c o i l  c u r r e n t  had t o ' b e  r e a d j u s t e d  t o  minimize body c u r r e n t  
and o b t a i n  t h e  same rf per formance ,  It was though t  t h a t  some mechan ica l  
s h i f t i n g  o c c u r r e d  i n  t h e  dewar when it was f i l l e d  which a f f e c t e d  t h e  

t r a n s v e r s e  magne t i c  f i e l d .  

Magnet SjN 1007 was r e p l a c e d  by magnet S/N 1002 b e f o r e  
f u r t h e r  C&9 o r  p u l s e d  t e s t i n g .  T r a n s v e r s e  magne t i c  f i e l d  measurements  were 
made on magnet S/N 1007 a f t e r  it was removed from t h e  tes t  set. The i n i t i a l  
r e s u l t s  were i n c o n c l u s i v e  and f u r t h e r  e v a l u a t i o n  i s  needed t o  e x p l a i n  t h e  
e r r a t i c  behav io r  of wagnet'S/N 1007. 
b e h a v i o r  h a s  n o t  been obse rved  w i t h  magnet S%N 1002. 

It shou ld  a l s o  be no ted  t h a t  t h i s  

F i g u r e  339 shows t h e  c o l l e c t o r  d e n s i t y  p r o f i l e  o f  VGE-8006A, 

S/N X-5W i n  magnet S/N 1002 w i t h  no rf and under  t h e  same col lector  c o i l  
c o n d i t i o n s  as  VGE-8006A, SIN X-7. Although t h e  greatest  power d e n s i t y  s t i l l  
f a v o r s  t h e  s o u t h  and west sides, t h e  d i s t r i b u t i o n  between s ides  i s  c l o s e r  i n  
magni tude  t h a n  on X-'7. T h i s  was a l so  no ted  on a p u l s e  t u b e  t e s t e d  i n  magnet 
S6N 1002. I n  f a c t ,  on t h e  p u l s e  t u b e  t h e  h i g h e s t  power d e n s i t i e s  were on 
t h e  n o r t h  s i d e .  
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Previously, the  high south s i d e  and west side power densi t ies  
were considered t o  be a d i rec t  resu l t  of the Wike Zeus Test Set environment. 
It now appears that  it i s  a combination of environment, magnet and possibly 
even the tube. These measurements were continued on pulse tubes and CW 

tubes since knowledge of the  col lector  power density i n  our environment and 
the customers' environment w i l l  be necessary t o  ensure reliable, long l i f e  
sperat  ion. 

e ,  Further Testing 

After the co l lec tor  density prof i les  were completed, t he  tube 

was prepared for  fur ther  CW tests. 

tube t o  a 100 m s  pulse duration at 20% duty. 
charac te r i s t ic  was observed which, as ye t ,  h a s n ' t  been completely 

understood. That is, a t  long pulse,  output power appeared to  be limited t o  
180 - 185 kW. When attempting t o  exceed t h i s  l e v e l  by rais ing the  gun anode 
voltage or  lowering the  gun magnetic f i e l d ,  t h e  r f  pulse would o s c i l l a t e  and 

the power supply would, w i t h  a modest amount of gun gas, "crowbar" before 

t h e  pulse was complete. 
problem. 

the beam current or  both with no problem, a l b e i t  a t  a lower efficiency. The 
problem appeared when the  r a t i o  of transverse t o  a x i a l  veloci ty  was 

increased above a cer ta in  value, 

Par t  of t h i s  preparation was t o  age the 

During the  tests, a n  rf 

A t  f i r s t ,  t h i s  appeared t o  be a peak rf power 
However, over 210 kW was obtained by rais ing the beam voltage or 

The only thing which would d i r e c t l y  a f f e c t  the gun would be 
d r r o r i n g  of the electron bean. This same phenomenon had been observed 
during the short  pulse tes t ing  of t h i s  tube and may have had some bearing on 

the problem with fur ther  CW tes t ing.  

Shortly a f t e r  CW t e s t i n g  resumed, the new FC-75 c h i l l e r  which 

had been purchased for  the  Super Power Test Set modification was ins ta l led  
i n  th? Nike Zeus Test Set t o  obtain higher and cooler K-75 flow. 

highest CW r f  power obtained when CW t e s t i n g  resumed with the new FC-75 
c h i l l e r  was 140 kW at  a beam voltage of 80.1 kV and a beam current of 4.7 
amps for  an eff ic iency of 37%. 

10.85 GPM of FC-75 flow at  an  i n l e t  temperature of 15.7OC. 

The 

0 The window temperature was 109 C w i t h  

me other major 



tube l o s s e s ,  such as power d i s s ipa t ion  i n  t h e  c a v i t y  and paver d i s s i p a t i o n  
in t h e  FC-75, were c lose  t o  those described i n  Sect ion TX.K.4 f o r  VGE-80068, 
S/m X-7 at t h i s  power l e v e l .  

The following day it was very d i f f i c u l t  t o  g e t  t h e  tube  over 

100 kW without c rea t ing  a l o t  of gun gas .  

vo l tages  below those  described earlier as being a problem. 

spent t r y i n g  t o  opera te  t h e  tube  s t a b l y  at a high CW power l e v e l .  

r f  powep l e v e l  of 100 kW, t h e  window temperature was 75 C at  an FC-75 flow 

of" 10.85 GPM and an i n l e t  temperature of 10.go@. 

'This was t rue even a t  gun anode 

Three days were 

A t  t h e  CW 
0 

Excessive gun gas and crowbarring f r u s t r a t e d  any e f f o r t s  t o  

exceed or  even opera te  a t  t h e  100 kW CW power leve l .  
terminated at t h i s  po in t .  

The tes ts  were 

F ,  VGE-8060 S/N P-183 

Test r e s u l t s  on t h e  Princeton WGE-8060, P-lR3, are discussed here 

because an experiment o r i g i n a l l y  scheduled f o r  t h e  CV development program 
m s  incorporated i n  P-lR3 t o  enable earlier evaluat ion.  This was the 

s e l e c t i v e  r e s i s t i v e  coa t ing  c a v i t y  o r i g i n a l l y  b u i l t  up f o r  t h e  s i x t h  

experimental  tube ,  t h i r d  CW tube ,  VGE-8006, S / N  X-6. 
addi t ion  of sput te red  r e s i s t i v e  coat ing i n  a s e l e c t i v e  a r e a  on t h e  ID of" t h e  

cavity r e su l t ed  i n  a lowering of t h e  measured Q a f  the  im;: mode from 

Q = 290 t o  Q = 200. 

of  t h e  TE mode. 
02 

In t h i s  c a v i t y ,  the 

22 
This wits accomplished with neg l ig ib l e  e f f e c t  on t h e  Q 

Test r e s u l t s  showed t h a t  this change had l i t t l e  e f f e c t  on the  opera t ing  

range a t  t h e  high e f f i c i e n c y  magnetic f i e l d .  This  i s  shwm in Figure 340 

which i s  a p l o t  of frequency versus  gun-anode vol tage for  var ious values of 

magnetic f i e l d .  However, a t  magnetic f i e l d s  s l i g h t l y  hfgher than the 
maximum e f f i c i ency  va lue  t h e r e  was a not iceable  departure from previous 

6S GHz gyrotrons.  This i s  indicated by the  double l i n e  between I = 25.0 a 

and 25.2 arsperes. The dashed Pine represents  the approximate separa t ion  

between TE and non-circulay modes i n  t y p i c a l  60 GHz t ubes .  

I 
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A P i n e  i n  p a r a m e t e r  s p a c e  c a n  be f o u n d  on which  pawer c a n  be v a r i e d  
w i t h  t h e  gun a n o d e  v o l t a g e  o v e r  a f a i r l y  w i d e  r a n g e ,  i .e . ,  36 t o  205 kw p e a k  
rf power,  or 7.5 dB. Power v e r s u s  gun a n o d e  v o l t a g e  is  shown in F i g u r e  341 

f o r  magnet  c u r r e n t s  I = 25.45 amperes  and E = 26.55 amperes  which  p r o d u ~ g  

a m a g n e t i c  f i e l d  of a p p r o x i m a t e l y  23.49 kG a t  t h e  c a v i t y .  Also shown is a 
more t y p i c a l  c u r v e  of rf power v e r s u s  gun a n o d e  vo l tage  showing i n t e r f e r e n c e  

by t h e  p r e s e n c e  o f  t h e  TE 

a m p e r e s  c o r r e s p o n d i n g  t o  a magnet  f i e l d  of 23.45 kG. 

1 2 

mode w i t h  Iq = 25.05 a m p e r e s  and 'I = 26.55 22 2 

The maximum rf power o b t a i n e d  from t h i s  t u b e  was 240 kw a t  37.5% 
e f f i c i e n c y ,  which  i s  f a i r l y  t y p i c a l  of 60 GHz g y r a t r o n s ,  

T h e s e  tests on P-1R3 i n d i c a t e  t h a t  i n d e e d ,  t h e  t e n a c i o u s  'E mode is 
22 

t h e  p r i m a r y  l i m i t a t i o n  t o  o b t a i n i n g  a l a r g e  dynamic r a n g e ,  t h a t  i s ,  

c o n t r o l l i n g  t h e  t-f power o u t p u t  w i t h  t h e  gun a n o d e  v o l t a g e  a l o n e ,  The 

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

would b e  r e q u i r e d  t o  g i v e  h i g h  e f f i c i e n c y ,  wide dynamic r a n g e  p e r f o r m a n c e .  

A l t h o u g h  this r e s i s t i v e  c o a t i n g  worked well i n  a r e l a t i v e l y  low d u t y ,  p u l s e d  

t u b e ,  t h e r e  was some c o n c e r n  a b o u t  u s i n g  a n y  lossy c o a t i n g  i n  v e r y  h i g h  d u t y  
o r  CW g y r o t r o n s .  F u r t h e r  s t u d i e s  would n e e d  t o  Re made c o n c e r n i n g  t h e  

v a r i a t i o n  of loss w i t h  t e m p e r a t u r e .  

G, SIXTH EXPERIMENTAL TUBE (THIRD CW TUBE) 

7. S a l i e n t  F e a t u r e s  

X-6 was t h e  t h i r d  60 GHz CW t u b e  to b e  tested d u r i n g  t h e  
d e v e l o p m e n t  program.  It i n c o r p o r a t e d  a new d o u b l e - d i s c  o u t p u t  window d e s i g n  

which  u t i l i z e d  t h i n n e r  ceramicsp improved ceramic surface q u a l i t i e s ,  and 

j e t t i n g  of t h e  FC-95 c o o l a n t  be tween ceramic d i s c s .  A s e c o n d  new f e a t u r e  
of  X-6 was the u s e  of a TE /'Eo2 s t e p  c a v i t y  t o  improve  t h e  tube's 
r e s i s t a n c e  t o  mode c o m p e t i t i o n ,  p r i m a r i l y  w i t h  t h e  TE made. %he 

c h a r a c t e r i s t i c s  of t h e  s t e p  c a v i t y  and t h e  u s e  of an iris on t h e  o u t p u t  of 
t h e  c a v i t y  h a v e  b e e n  d i s c u s s e d  i n  S e c t i o n  MI.6 and R e f e r e n c e  23. 
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2. Pulse T e s t  Resul ts  

Following i n i t i a l  processing of t h e  tube ,  pulsed da ta  were taken 

on X-6 at duty f a c t o r s  of 1-2% ( t y p i c a l l y  0.5 m s  pu lse  dura t ion  at 30 s-' 

repe t i tban  r a t e ) .  
magnetic t ape r  on t h e  e f f i c i e n c y  of t h e  s t e p  cav i ty  was expected t o  be 

important. Because of t h i s ,  da t a  were taken f o r  a wide range of magnetic 

t a p e r s ,  i n  addi t ion  t o  t h e  normal, parameter v a r i a t i o n  curves.  

following, t h e  va lues  of magnetic t a p e r s  l i s t e d  a r e  percentages across  t h e  
whole length  of s t e p  c a v i t y ,  and the  magnetic f i e l d s  quoted are those f o r  

As ind ica ted  by t h e o r e t i c a l  ana lyses ,  t h e  r o l e  o f  t h e  

In t h e  

cav i ty .  
011 'TEo21 

t h e  geometric center  of t he  e n t i r e  'IT 

I n  Figure 342, t h e  output; power versus  gun anode vol tage  for t h e  

case  of a 2% magnetic t ape r  i s  p lo t t ed .  

from 0 t o  over 200 kW without mode competit ion or o the r  d i s rup t ive  

i n s t a b i l i t i e s .  

The output power var ied smoothly 

The operat ing range of  2.5 kV i n  gun anode vol tage  may be 

cont ras ted  t o  a range of 1 k V  far X-5,  as shown i n  Figrise 328. The e n t i r e  

l a w  gun-anode vol tage  s i d e  of t h e  curve was missing f o r  X-5 (TE 

competit ion) whereas t h e  f u l l  curve m s  measured f o r  X-6.  
mode 

221 

A plot is  shown in Figure 3143 of output power as a funct ion of 

main magnet #I c u r r e n t ,  again for  a 2% t ape r .  

s l i g h t l y  when main magnet #I. i s  va r i ed ,  as noted i n  Figure 343, t h e  c o i l s  

were adjusted t o  provide t h e  2% t a p e r  at the  peak power poin t .  An 

o s c i l l a t i o n  map f o r  X-6 with a 2% magnetic t a p e r  i s  shown i n  Figure 344. 
con t r a s t  t o  t h e  opera t ion  of a l l  previous tubes ,  t h e r e  i s  almost no mode 

competit ion from t h e  mode. The rmximum power region i s  c e n t r a l l y  

loca ted  i n  t h e  TE por t ion  of t h e  map, giving r i s e  t o  t h e  dynamic range 

indicated by Figure: 342. The 50 GRz mode, present  on previous tubes ,  was 

s t t l l  p re sen t ,  but  did not appear 'eo degrade t h e  e f f i c i e n c y  o r  s t a b i l i t y  of 

the tube.  Since the  50 GHz mode cannot be a t t r i b u t e d  t o  a simple c a v i t y  

mode, it is poss ib le  t h a t  it occurs i n  t h e  output t a p e r  or c o l l e c t o r ,  i n  
which case it has no e f f e c t  on t h e  des i red  TE mode. The port ion labe led  

59.3 - 59.5 GRz i s  an o s c i l l a t i o n  t h a t  has a frequency similar t o  t he  TE 

Since the t a p e r  changes 

In 
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mode, bu t  it occurs at very high magnetic f i e l d s  and is not  of p a r t i c u l a r  
i n t e r e s t  because i t s  power output i s  very low. 

Following t h e  i n i t i a l .  tests with a 2% magnetic taper, operat ion 

using d i f f e r e n t  magnetic t a p e r s  across  t h e  cav i ty  was inves t iga ted .  I n  

Figure 345 is  p lo t t ed  output power versus main magnet #I cur ren t  f a r  

d i f f e r e n t  values  of beam c u r r e n t ,  using a 3% magnetic t a p e r .  

we were ab le  t o  reach 230 kTIJ at 8 a,  up from 210 kW with a 2% Xaper. A p l a t  

of frequency versus  main magnet #1 cur ren t  f o r  t h e  3% t a p e r  case  i s  shown i n  
Figure 346. 

t a p e r  t o  6% i n  a p l o t  of output power versus  main magnet #I cur ren t .  

peak e f f i c i e n c i e s  were higher than those  measured with t h e  3% t a p e r  fo r  each 

of t h e  t h r e e  values  of bean cu r ren t  t e s t e d ,  However9 t h e  dynamic range of 
operat ion vas somewhat decreased with the  6% t apes .  

I n  t h i s  case, 

In  Figure 347, we show t h e  r e s u l t s  of increas ing  t h e  magnetic 

me 

Output power versus  main magnet. #I curren t  f o r  a 9% magnetic t a p e r  

i s  shown i n  Figure 348. E f f i c i enc ie s  fo r  3 a and 5 a have continued to  
increase ,  while t h e  8 a case remained t h e  same as with t h e  6% t a p e r ,  250 kw 

a t  38.9% ef f ic iency .  Again, 8 decrease i n  t h e  dynamic range over which the 
TE mode m y  be operated is  seenn The o s c i l l a t i o n  mapashown i n  Figure 349 
i l l u s t r a t e s  t h i s  phenomenon r ead i ly .  The peak power i s  now l imi t ed  by gun 

anode in t e rcep t ion  i n  t h e  presence o f  the d r a s t i c  magnetic, f i e l d  taper. In  

addi t ion  there were numerous pa~araeter combinations which resulted i n  body 

cu r ren t .  These were due t o  e i ther  the enlarged beam s i z e  i n  t h e  beam tunnel. 

( fo r  a pos i t i ve  magnetic t ape r  the magnetic f i e l d  i s  lower i n  t h e  beam 

tunnel  region)  or t o  t h e  mirror ing of t h e  e l ec t rons .  

64 GHz and 68 GHz supplanted t h e  50 GHz mode i n  some of t h e  parameter space. 

The 64 GHz and 68 GMz modes may be i d e n t i f i e d  with the  TE and  TE3?% 
c a v i t y  modes, r e spec t ive ly .  I n  Figures 350 and 351. output power i s  p lo t t ed  

versus  gun anode vol tage  and beam c u r r e n t ,  r e spec t ive ly ,  for t h e  9% t a p e r .  

'These curves f ir tber ind ica t e  the  r o l e  of  gun made interception i n  limiting 

tube  power and range of operationo The appearance of gun %nod% curyent a t  

low beam curren ts  pP-obably results from space charge effects i n  t h e  gun. 

021 

Tn add i t ion ,  modes a t  

611 

To complete the inves t iga t ion  of t he  e f f e c t s  of t h e  magnetic 

t a p e r ,  output  power versus main magnet. #1 cur ren t  f o r  the  case  of no 
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BEAM VOLTAGE = 80.8 kV 
GUN-ANODE VOLTAGE = 17.4 k~ 
GUN-ANODE VOLTAGE = 17.8 OCV 

MAIN MAGMET#2 CURRENT = 23.0A 
GUN MAGNETCURRENT = 2.28 

PULSE DURATOON = 0.5 ms 
PULSE REPETITION RATE = 30 s-' 

(23.2 kG1 (24.1 122.3 kG) 
MAIN MAGNET #1 CURBENT (A) 

TAPER 

kG) 

Figure 345. Output: Power VS Main Magnet No. 1 Current with a 3% Magnetic Taper 
Across the Cavity for Three Values of Beam Current for the 
VGE-$W S/M x-6 
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Figure 347. 

30.0 30.5 31.0 31.5 32.0 32.5 33.0 
(23.4 kG) (24.3 kG) 

MAIN MAGNET #I CURRENT (A) 
Output Power VS Main Magnet No. 1 Current with a 6% Magnetic Taper 
AWQS the Cavity for Three Different Beam Currents for the 
VGE-8006, S/N X-6 
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BEAM VOLTAGE = 80.0 kV 
BEAMCURRENT = 8.0a 

MAIN MAGNET #2 CURRENT = 17.9A 
GUN MAGNET CURRENT = %.3A 

PULSE DURATION = 208p 
PULSE REPETITION RATE * 30 s-' 

9.8% TAPE W 10.7% TAPER 

14 I t .  I 1 1 t I 1 I t 
31.0 31.5 32.0 32.5 33.0 33.5 34.0 34.5 35.0 35.5 36.0 

(22.7 kG) (23.6 kG% C24.5 &GI 
MAIN MAGNET #1 CURRENT (A) 

Figure 349. Oscillation Map with a 9% Magnetic Taper Across the Cavity for the VGE-8006, x-6 
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Figure 350, Output Power VS Gun Anode Voltage far 9% Magnebis Taper Across 
the cavity fer the VGE-8QQ6, SIN x-6 
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magnetic t a p e r  i s  p lo t t ed  i n  Figure 352.  

e f f i c i e n c i e s  at a l l  values  of beam cur ren t  f e l l  d r a s t i c a l l y .  Operation over 

a wide range of parametey space was s t i l l  poss ib l e ,  but  200 kw could not ke 

achieved with a beam cur ren t  of  8 a under these  condi t ions .  

Without any magnetic t a p e r s  

In  s m a r i . z i n g  t h e  results of t h e  pulse tests on X-6, t h e  s t e p  

c a v i t y  design successfu l ly  e l iminated mode competit ion with t h e  TB mode 

Operation over a wide range of parameter space a% power l e v e l s  w e l l  over 

200 kw was poss ib le  i n  t he  presence of 2-6% magnetic t a p e r s ,  
pammetr ic  con t ro l  and o v e r a l l  tube s t a b i l i t y  was a marked improvement over 

previous tubes,  which employed a standard gyrotron c a v i t y  ( X - 5 ,  X-_SR, e tc  .> . 
Problems with gun anode in t e rcep t ion  and body c u r r e n t ,  encountered t o  sone 

e x t e n t  at 6-9% t a p e r s ?  were an t i c ipa t ed  due t o  the g loba l  e f f e c t s  of t h e  
magnetic taper on beam. propagation In o the r  p a r t s  OF t h e  tube. A schematic 

diagram of the magnet c o i l  and cav i ty  pos i t i ons  smper5wposed on a p l a t  of 
t h e  magnetic f i e l d  p r o f i l e  i s  shown i n  Figure 353. Magnetic f i e l d  p r o f i l e s  

both with and without t a p e r s  across  t h e  c a v i t y  a r e  included. For t h e  

tapered case  (approximately 12$, as shorn h e r e ) ,  t he  e f f e c t s  o f  t he  t a p e r  

w e  evident  a l l  t h e  my back to t h e  gun region,  showing t h e  p s s i b i l i t y  of 

beam degradation ( v e l o c i t y  spread due t o  tapered f i e l d  and lower t ransverse  

energy due t o  lower compression r a t i o  a t  t'ne c a v i t y  entrance)  and bean 

in t e rcep t ion  on tube  p a r t s  designed for a f la t  f i e l d  p r o f i l e .  F ina l ly ,  t h e  

above resul ts  f o r  d i f f e r e n t  nagnettic t a p e r s  a r e  compared v i t h  the 

t h e o r e t i c a l  p red ic t ions  mentioned i n  Sect ion V ' I ~  

221 

Such 

Optimum e f f i c i e n c i e s  are shown i n  Figure 334 as a funct ion of 

magnetic f i e l d  t a p e r  f o r  t h r e e  d i f f e r e n t  values  of beam curren t  f o r  t h e  

above experiments and as predic ted  by l a r g e  s igna l  ca l cu la t ions .  All of t h e  

l a r g e  signal c a l c u l a t i o n s  were performed by following e l ec t ron  t r a j e c t o r i e s  

through t h e  r f  electromagnetic f i e l d s  ca l cu la t ed  by SUPERFISH f o r  t h e  s t e p  

c a v i t y  design used on X-6,  i n  the presence of v a r i m s  dc magnetic f i e l d  

t a p e r s  across  the c a v i t y ,  The e f f i c i ency  i s  deflraed as t h e  average loss  in 
energy of t h e  p a r t i c l e s  divided by their f n f t i a l  energies. RI1. of the 

c a l c u l a t i o n s  were f o r  e l ec t rons  with an energy of 80 k e V  and an i n i t i a l ,  
perpendicular  t o  p a r a l l e l  v e l o c i t y  r a t i o  of 2. The experimental  po in t s  are 

based on t h e  power measured in  t h e  output waterload and do not include 
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BEAMVOLTAGE = 80kV 
MAIN MAGNET #2 CURRENT = 25.5A 

GUM MAGNET CURRENT = 2.8A 
GUN ANODE VOLTAGE = 17.4 kv  (3a), 

18.6 kv (84 
PULSE DURATION = 0.5 ms 

I PULSE WEPETtTlON RATE = 30 s-' 

24 25 26 27 as 29 30 

MAIN MAGNET #l CURRENT (A? 
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Figure 352. Qutput Power VS Main Magnet No. 1 Current with No Magnetic 
Taper Across the Cavity, for Three Values of Beam Current 
for the VGE-8006, SIN X-6 
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Figure 353. Schematic Blagram Showing the Relative Positions sf the Three Magnet Coils 
and the Step Cavity for X-Gi T'aperwi and Flat Magnetic Field Profiks 
are Plotted on the Same Axial Scale 
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c a v i t y  and window l o s s e s .  I f  l o s s e s  were included,  experimental  

e f f i c i e n c i e s  would be increased by 2-4 percentage ;points. 

we see t h a t  t h e r e  i s  good agreement f o r  a beam cur ren t  of 8 a fo r  all values 
of magnetic t a p e r ,  while t h e  5 a case agrees  f o r  t ape r s  up to  6 $ ,  bu t  

diverges  a t  9% m g n e t i c  t a p e r .  
12 percentage poin ts  between theory and experiment f o r  0-6$ t ape r s  and 20 

percentage po in t s  f o r  9% t a p e r ,  
magnetic t ape r  can be a t t r i b u t e d  t o  the  problems of beam propagation, beam 

q u a l i t y ,  and reduced t r ansve r se  energy as previously discussed.  The 

disagreement at low beam cur ren t  i s  less understood, bu t  may be due t o  t h e  

e f f e c t s  of beam. loading or window mismatch on t h e  'Loaded Q of t h e  cav i ty .  
However, t h e  o v e r a l l  success o f  t h e  a n a l y t i c  techniques I n  pred ic t ing  the 

performance o f  X-6 gives confidence t o  QUP understanding of s tep,  QP' 

comp%ex c a v i t i e s  

From Figure 354, 

For 3 a ,  we observe 8 spread a f  about 10 - 

The d iscrepancies  at t h e  high values  of 

3. Thermal Paper Made Pa t t e rns  

Before commencing CW operat ion of" X-6, mode p a t t e r n s  were observed 

on %hemal paper f o r  shor t  per iods of opera t ian .  A t y p i c a l  e x p s u r e 9  while 

operating at 200 kw p o w e r  l e v e l s  f o r  0.5 ms pulses ,  m s  3-5 pulses., I n i t i a l  

examination of t h e  thermographs revealed peaks a t  the two TEO2 ma;xim, as 
expected. Tn add i t ion ,  a s t rong  'I33 peak was observed, and a small rad ius  

inner  r i n g  which corresponded t o  a higher  order  TE made. By cut4 t ing  out 
t h e  center  of the paper,  Paneyer exposures were feasible, a l l o w i n g  efforts t o  

l o c a t e  r ings  outs ide  of t h e  second 'PE maximum. No such outer maxima vere 02 
found .1 

01 

On 

These measurements on t h e  CW t ube  conf igura t ion  demonstrahed 

s i g n i f i c a n t  mode eonversion though q u a n t i t a t i v e  es t imates  were not poss ib le  
with t h i s  type of" measurement, Measurements a t  various axial  pos i t i ons  were 
made w i t h  t h e  thermal paper t o  observe the kaleidoscopic p a t t e r n s  of the 

mode mixture. Tn add i t ion ,  mode-specific d f r e c t i o n a l  couplers  developed by 

GA Technologies were employed to  quant i fy  the mode mixture,  F i n a l l y ,  
f u r t h e r  tests were made on pulse  tubes  with and wtthsut  the  s t e p  c a v i t y  

which confirmed the l a r g e  Cw c o l l e c t o r  as t h e  main source af t h e  mode 
conversion. 
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4. CW Test Results 

Following pulse  tests of X-6, CW operation of t h e  tube was begun. 
The I R  camera system described i n  Section V1II.B wits used t o  monitor t h e  
temperature of the output window, 

system described i n  Section V was used f o r  CW operation. 
I n  addi t ion ,  t he  waterload/pre-attenuator 

The i n i t i a l  plan for the CW t e s t s  of X-6 w a s  t o  slowly br ing  the  
tube up t o  higher and higher power l e v e l s  while cont inual ly  monitoring the  

window temperature 
the  c a v i t y ,  because o f  the stable operation exhibi ted during pulse  t e s t i n g  

with these  t ape r s ,  
be kept less than 100'~. 

Tests were performed using 2-35 magnetic tapers across  

During CW t e s t i n g ,  t h e  temperature of t h e  window was t o  

I n  Figure 3'55, output power i s  p lo t ted  versus m a i n  magnet # Z  

current  for  a 3% magnetic taper .  
Figure 345 for pulse operation except t h e  e f f i c i e n c i e s  a r e  higher than those 

observed during pulse t e s t i n g o  In Figure 356, output power versus gun anode 
vol tage i s  p lo t t ed  fo r  t he  case of a 3% m g n e t i c  taper and. a beam current  of 

4,9 A B  

val tage ,  i s  shown in  Figure 357. I n  Figure 358, t h e  dependence of output 

power on beam curren t  for a m a x i m u m  current  o f  5 A i s  p lo t ted .  Figure 359 
shows a p l o t  of power detected i n  the  body water c i r c u i t  as a function of 
output power fo r  a cur ren t  of 3 A. Theory p red ic t s  between 2 t o  3 kW of 

power loss i n  t he  cav i ty  at 160 kW, so the  measurements were i n  agreement. 
In all of these  curves,  it was possible  t o  operate with window temperatures 

of less than 1QO0C,  However, it was noticed tha t  f o r  d i f f e r e n t  combinations 
of parameters ( s l i g h t l y  d i f f e r e n t  f requencies ) ,  the  window temperature would 

vary markedly fo r  similar output power  l e v e l s .  Because of t h i s  phenomenon, 

t h e  output power l e v e l  was very ca re fu l ly  increased by ad jus t ing  t h e  gun 
anode vol tage,  main magnet #1 curren t ,  and beam curren t .  Window 

temperatures were kept t o  l e s s  than 100°Ce 

These resdts are similar t o  those of 

A similar curve,  but  varying beam vol tage instead of gun anode 

F ina l ly ,  a t  4:05 pm on June 8 ,  1983, t h e  beam current  was raised 

t o  7.2 A ,  enabling the  power l e v e l  t o  reach 206 kW w h i l e  re ta in ing  a window 
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CW OBERATlON 
BEAM VOLTAGE = 8O.lkV 
BEAMCURRENT = 4.9A 

MAIM MAGNET#% CURRENT = 2738A 
MAIN MAGNET #2 CURRENT = 23.04A 

GUN MAGNET CURRENT = 2.158 
CAVITY MAGNETIC TAPER = 3% 

16.5 17.0 17s% 18.0 . 38.5 19.6 
GUN ANODE VOLTAGE QkW) 

Figure 356. Output Power VS Gun Anode Voltage with a Magnetic Taper of 
3% Across the Cavity for a Beam Current of 4.9A. The Tests were 
Performed on the VGE-8006, S/N X 6  During CW Operation. 
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Figure 357. Outpaat Power VS Beam Voltage with a Cavity Magnetic Taper of 
3% for a Beam Current ob 5A, The Tests were Pedormd on the 
WE-$OQG, S6M S 6  During CW Operation. 
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CVW OPERATION 
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MA3M MAGNETOC FIELD 
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Figure 359. Body Power (Cavity and Beam Tunnel Losses) VS Butpaat Bower 
with a Magnetic Taper of 2% far a Beam Current of 3A. Power 
was Varied by Changing the Gun Anode Voltage on the VGE-80CD6, 
S/N x-6 During cw Operation. 
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0 temperature of between 9 5 O  - 100 C, 

'bevel for  25 minutes before a crowbar halted tube operation. 
quickly brought back t o  the 200 kW l eve l  where it remained for  another 35 
minutes before the tube was intent ional ly  turned of f .  
operation at a power leve l  i n  excess of 200 kW was achieved. 
parameters fo r  200 kW operation are shown i n  Table 49. 

The tube ran smoothly a t  a 200+ kW 
The tube was 

In all, one hour of 
Operating 

Table 49 
Operating Parameters for  200 kW CW 

Operation of VGE-8006 S/W X-6 

Output Power 
Frequency 
Beam Voltage 
Gun Anode Voltage 
Beam Current 
Main Magnet #1 Current 
Main Magnet #2 Current 
Gun Magnet Current 
Efficiency 
Jhty Factor 

206 kW 
59.82 GHz 
80.3 kv 
18.6 kV 

7.2 A 
27.44 A 
23.09 A 
2.21 A 

35 96% 
100% (cw) 

FC-75 Power Loss = 2.14 kW 
Peak Window Temperature = 100 C 

Following the  achievement of 200 kW CW, fur ther  investigations of 
t h e  e f fec ts  of parameter var ia t ion on window temperatures were carried out. 
A plot of the peak window temperature as a function of n a i n  magnet #l 
current for  an output power of 120 kW, was shown i n  Section V I P I .  The power 
was kept a t  120 %W by varying the gurn anode voltage. 
change i n  temperature ( - 2 0  C )  for a re la t ive ly  small change i n  magnetic 
f i e l d  ( 5 1%) . Unfortunately fur ther  tes t ing  of t h i s  phenomenon was delayed 
due t o  a f a i lu re  i n  the I R  camera system. The causes of t h i s  dras t ic  change 

are  believed t o  be due t o  changes i n  the re la t ive  phases of t he  output mode 
mix tu re  due t o  changes i n  operating frequency, A change of 20-30 MHz i n  
frequency was observed over the magnetic f i e l d  range investigated. Further 
s tudies  of the output mode puri ty  and additional I R  measurements helped 

explain t h i s  behavior. 

There was a dras t ic  
0 

A compilation of a l l  window temperature measurements made on X-6 
were plotted as a function of power in  Section V I I I .  Variations i n  rpom 
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temperature and FC-75 temperature were pointed out .  The PC-75 temperatures 
var ied  due t o  t h e  i n s t a l l a t i o n  of a c h i l l e r  enabling use of FC-75 w i t h  a 

bulk temperature of - 10 - 20 C .  

power i s  shown i n  Figure 360. 

FC-75 and t h e  8.5 gpm Pine  denotes c h i l l e d  PC-75. 
add i t iona l  pressure  drop which cu t  t h e  flaw rate by 0.2 gpn. 

discussion of  t h e  FC-75 ch i l l e r  i s  inePuded i n  Section VIII. 

. 

A p l o t  of FC-75 A T  as a f i n e t i o n  of output  0 

The l i n e  l abe led  8.'1 gpm denotes unehi l led  

The c h i l l e r  caused an 
Purther 

In summarizing t h e  CW tes t  results o f  ~ - 6 ~  operat ion a t  200 kW cF$ 

represented the  achievement of a major goa l  of t h e  60 GHa Development 

P r s g r a .  In  a t t a i n i n g  200 kW CW, the IR window monitoring system was found 

t o  be invaluable ,  The s t e p  c a v i t y  added a w<de range of parametric 

f l e x i b i l i t y  t o  t h e  perfomance of t h e  .tube 
of the dndow temperature under 8 wide variety of operat ing condi t ions.  I n  

add i t ion ,  t h e  PC-77 c h i l l e r  and @he ~ter1Qac$/ppe-attenuatop were important 

i n  u l t ima te ly  reaching 200 kW CW, 

understanding of the output  mode p u r i t y  and t h e  r o l e  of changes of operat ing 

parameters on t h e  peak window temperature were t h e  c e n t r a l  areas of 

inves t iga t ion  e 

which allowed careful evaluat ion 

In f u r t h e r  tests on X-6, improved 

5 Mode Content Measurements 

Several. methods were empl-oyed t o  mke q u a l i t a t i v e  and cguanti t a t ive  
measwements of t h e  mode content  of t h e  naicrowaw output of X-6, 
tests were m d e  by placing thermal s e n s i t i v e  paper i n  t h e  2.5-inch diameter 

output  waveguide. 3M Inf rared  Copy Paper Type I T  was iised. Ely l i m i t i n g  t h e  

tube t o  a few pu l ses ,  a mode pa t t e rn  was obtained without burning t h e  paper. 

However, i n  t h e  presence of only a s m a l l .  amaunt of  mode inpurity (TE modes 

o ther  than t h e  17;: model, such mode p a t t e r n s  g ive  r e l a t i v e l y  l i t t l e  
i n f o m a t i o n  about t h e  actual. composition of t h e  mode mixture. 

phasing of the d i f f e r e n t  modes d r a s t i c a l l y  affected the apparent inode 

pattern at  a given long i tud ina l  plane,  To obta in  addi t iona l  i n f o m a t a o n ,  

node p a t t e r n s  were made simultaneously over a d i s t ance  along the guide 

I n i t i a l  

on 

The r e l a t i v e  
02 

comparable Lo the bea t  wavelengths f o r  t h e  TE modes of i n t e r e s t ,  These on 
measurements enabled i d e n t i f i c a t i o n  of t h e  modes comprising the  microwave 

output of t h e  tube ,  The mode p a t t e r n s  on t h e  thermal paper ind ica ted  t h e  
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Figure 360. FC-75 AT (Outlet Temperature - Inief Temperature) as a Function 
of Output Power for the VGE-8006, S/N X-6, During evV Operation. 
Ail Combinations of Yube Parameters are included in the Plot. 
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presence of t h e  !!E and TE modes, as w e l l  as t h e  TE mode. 

Unfortunately,  q u a n t i t a t i v e  measurements were not p r a c t i c a l  using t h i s  

technique because of t h e  l imi t ed  gray scale of  t h e  thermal paper.  

01 03 02 

To gain q u a n t i t a t i v e  information on t h e  mode content  of X - 6 ,  
measurements were made using mode-selective d i r e c t i o n a l  couplers ,  designed 

and constructed by GA Technologies, t o  couple t o  d i f f e r e n t  TE 
These couplers  Were loaned t o  Varian by GA Technologies. Rela t ive  

c a l i b r a t i o n s  of  the  couplers  were obtained by GA Technologies by analyzing 

t h e  ca l cu lab le  output of a s t e p  t r a n s i t i o n .  

using phase ve loc i ty  t ransducers  t o  t h e  fundamental rec tangular  waveguide 

mode. The as s i s t ance  of D r .  Charles Moel.ler of GA Technologies i n  

furn ish ing  t h e  couplers  and p a r t i c i p a t i n g  i n  t h e  a c t u a l  measurements on X-6 
i s  g r a t e f u l l y  acknowledged 

46,47 modes 
Ox1 

Absolute c a l i b r a t i o n s  were made 

Figure 361 shows a schematic diagram of t h e  experimental  setup 

using t h e  couplers  t o  measure t h e  mode content .  

bend convert  l e s s  than 3% of t h e  inc ident  mode. 

ind ica ted  t h a t  as much as 86 - 88% of t h e  output  mode cons is ted  of t h e  TE 

and TE modes, while the '1% mode represented about 12-14$. The '1% mode 

cont r ibu ted  l e a s  than 1% t o  t h e  mode mix t i r e .  The approximate con t r ibu t ions  

of  t h e  'E and 'E modes were 38% and I&@&, r e spec t ive ly .  Measurements 

were taken f a r  s eve ra l  d i f f e r e n t  combinations of tube parmeters Mel.at,iv-e 

v a r i a t i o n s  i n  mode eontent  af 36% were o b s e ~ e d  f a r  different parametapic 

combinations though no s p e c i f i c  t rends  were i d e n t i f i e d .  ('The percentages 
l i s t e d  above represent  average values . )  

mode conversion, tests were performed on a pulse tube.  These measurements 
are discussed i n  Section VIII. 

The t a p e r s  and waveguide 

Measurements on X-6 

81 

03 02 04 

01 03 

To f u r t h e r  i s o l a t e  t h e  cause of t h e  

Addit ional  CW Test Results 

Follawlng t h e  mode measurements performed under pulse  condi t ions ,  

a d d i t i o n a l  CTI% tests of X-6 were c a r r i e d  out, t o  f u r t h e r  cha rac t e r i ze  t h e  tube 

during high power CW opera t ion .  Early i n  these tes ts ,  the ou te r  window d i s c  

f a i l e d  because of opera t ion  with an acous t i c  probe i n  t h e  guide,  previously 
discussed in  t he  window sec t ion .  The ceramic disc was quickly replaced and 
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t h e  tube  was brought up t o  power i n  CW operat ion.  
output p o w e r  i s  p lo t t ed  as a funct ion of beam curren t  and gun anode vo l t age ,  

respec t ive ly .  

opera t ion .  Following these  tes ts ,  on August 12, 1983, t h e  tube was operated 

continuously for  one hour without i n t e r rup t ion  a% a power l e v e l  which var ied  

between 210 kW and 214 kW CW, This concluded t h e  t e s t s  on X-6,  

In  Figures 362 and 363, 

The curves are similar t o  t h a s e  obtained during piilse 

H. VGE-8006A SIN 101 

1. Sa l i en t  Features  

The measurements of t h e  mode content  of t h e  output  of X-6, 
r e p r t e d  i n  the  previous sec t ion  ind ica ted  i n s u f f i c i e n t  mode p u r i t y  t o  

s a t i s f y  t h e  experimental requirements of t h e  major gyro'eron use r s .  To 

improve t h i s  s i t u a t i o n ,  i t  had t o  be determined if t h e  mode conversion was 

being caused by t h e  CW collector geometry, t h e  s t e p  c a v i t y ,  o r  a combination 

of the two. 

Theore t ica l  c a l c u l a t i o n s  ~ " e p r t e d  in an  earlier sec t ion  ind ica ted  

t h a t  t h e  output  of either the s t e p  cavity or t h e  s tandard tapered c a v i t y  

should he greater than 98% '%E 
c o l l e c t o r  s ec t ion  of t h i s  r epor t  s t rongly  i n d i c a t e  t h a t  it. i s  the CW 

c o l l e c t o r  geometry which caused the  high leve ls  of mode conversion measured 

on x-6, 

imae computations s e p s t e d  i n  the e a r l i e r  
02 

To v e r i f y  t h e s e  conclusions,  mode content  measurements were made 

on a pulsed 60 GHz tube  which incorporate? t h e  same s t e p  c a v i t y  as used on 

X-6. n i s  tube  was i d e n t i c a l  i n  ill1 other  r e spec t s  to X - 4 ,  except for the 

c o l l e g t o r  and the  output  W ~ B ~ C ) W ~  The e f f e c t  of t h e  output window on mode 

conversion is considered t o  be neg l ig ib l e ,  so t h i s  test provided a good 

ind ica t ion  of the  r e l a t i v e  mode p u r i t y  of" the  two d i f f e r e n t  collector 

designs.  The X-6 c o l l e c t o r  cons is ted  of a gaussian uptaper 'Go a l a r g e  

dlimeter, followed by a gaussian downtaper t o  a 2.5-inck d i m e t e - ~  mveguf.de. 

Z%e pulsed tube c o l l e c t o r  cons is ted  of a gradual l inear  taper to a 

2.5-inch diameter waveguide. 
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Using the direct ional  coupler techniques described i n  the  previous 
section, t he  mode content of the  output of VGE-806QA9 S/N 8 was measured 

with the  help of D r .  Charles Moeller o f  GA Technologies. 

TE02 03 
was i n  the TE mode. Additional measurements were made using a TE 

mode c o n v e r t s  and a s ingle  7% coupler t o  eliminate the e f fec t  of 
var ia t ions i n  coupler cal ibrat ion,  
output was i n  the  TE mode. Both of these results agreed reasonably w e l l .  

with the  theoret ical  value of 9348. 

concluded tha t  the large amount of mode conversion observed i n  the output of 

01 ’ Using the  TE: 
and TE couplers, t he  measurements indicated that 94% of the output 

02’ **Ol 02 

01. 
These measurements indicated 9Q% of the 

02 
Based upon these r e su l t s ,  it was 

X-6 was due t o  the CW col lector  geometry, not the s tep  cavity.  

To a r r ive  at a short term solution t o  t h i s  problem, VGE-8006A, S/N 

101 was b u i l t  ident ical ly  t o  X-6 except t ha t  an extended length pulsed tube 

col lector  wits substi tuted for the  normal CW col lector .  Proper prof i l ing and 
alignment of t he  collector- q n e t i c  f i e ld  was investigated t o  reduce the 
power densi t ies  on the inside surface of the col lector  t o  a l eve l  which 
would allow re l i ab le  CW operation. To monitor the power densi t ies  on the 

i n s i d e  surface, the t ransient  temperature r i s e  from a. single  beam pulse w i t h  

no cooling water flow was measured. 

2. Beam Distribution Measurements 

Beam dis t r ibut ion i n  the col lector  was determined by measuring the  
T h i s  method required 
A single  pulse was 

temperature rise on the outside wall of the col lector .  
operation of the  col lector  w i t h  the  cooling water of f .  

i n i t i a t e d  and the temperature rise as a function of t i m e  was measured a t  
various locations along the col lector .  The temperature increases were then 

compared t o  theoreticaL predictions t o  infer  the inc iden t  heat f lux .  The 

major l imitat ion of t h i s  technique was the transverse diffusion of the heat,  

ignored i n  the theory. The heat from a hot spot w i l l  d i f fuse t o  cooler 
areas of t h e  col lector .  This smooths t h e  measured power dis t r ibut ion and 

makes the hot spots seem cooler than they actual ly  are.  &spi te  t h i s  

l imitat ion,  the technique is valuable i n  providing a re la t ive  indication of 
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.the power dens i ty  a t  t h e  var ious poin ts  along t h e  c o l l e c t o r .  This 

information i s  used t o  p r o f i l e  t he  c o l l e c t o r  magnetic f i e l d  t o  obta in  more 

uniform power d i s t r i b u t i o n .  

To i l l u s t r a t e  t h e  e f f e c t  of t h e  t ransverse  d i f fus ion  of h e a t ,  an  

osc i l loscope  p i c t u r e  of &T versus time Tor tm sensors  i s  given i n  Figure 

364. The bottom t r a c e  i s  of a r e l a t i v e  hot  spot  on t h e  co1lec '~or .  The 

temperature quickly rises t o  i t s  peak value and then starts to decl ine  as 

the heat d i f f u s e s  away. '??he time constant  of the temperature r i s e  i s  2 t o  3 
seconds which i s  i n  good agreement with t h e  t h e o r e t i c a l  p red ic t ion .  

upper t r a c e  represents  a cooler  area of t h e  c o l l e c t o r .  ?'he temperature 
r i s e s  gradual ly  over t h e  l eng th  of t h e  osc i l loscope  trace (20 seconds 
to ta l . ) ,  This i s  caused by t h e  heat from neighboring $st spots  d i f fus ing  

i n t o  t h e  area monitored by t h i s  sensor. 

The 

The measurements on 101, were per famed at a pulse  dura t ion  of 

5 inso This pulse  dura t ion  was chosen because it i s  long enough t o  g ive  a 

neasurable  temperature r i s e  and short  enotqh t o  minimize t h e  r i s k  t o  t h e  

c a l l e e t o r  with t h e  cso1ing water o f f .  Three c o l l e c t o r  c o i l s  weri! i n s t a l l e d  

t o  p r o f i l e  the c o l l e c t o r  magnetic f i e l d  f a r  an even beam d i s t r i b u t i o n .  The 

t o p  6011 i n  t h e  s t ack  was operated i n  reverse  p o l a r i t y  t o  cancel  out  t h e  
f r i n g e  magnetic f i e l d  in t h e  upper c o l l e c t o r  region. This i s  t o  prevent 

d w g e  t o  the  t a p  of t he  cs l lec 'cs~ .  The o the r  t w c  c o i l s  were posi t ioned 
below the bucking c o i l  and, could be adjusted f o r  rnaximm axial  spreading of 

t h e  bean. 

The i n i t i a l  s e r i e s  of measurements ind ica ted  t h a t  t h e  power 

d e n s i t i e s  near t h e  bottom of t h e  c o l l e c t o r  were too  high for safe operat ion.  

The removal of t h e  i r o n  pole piece at t h e  t o p  of t he  magnet dewar a n d  t h e  

use of t h e  bottom c o l l e c t o r  c o i l  as an a id ing  c o i l  helped t o  reduce t h i s  

power density t o  a safer l e v e l .  A graph of power density versus  a id ing  coil. 

cu r ren t  for a sensor near t h e  bottom of the c o l l e c t o r  i s  glven i n  

Figure 365. 

a id ing  c o i l .  
The power dens i ty  in this area wds reduced &€I$ by usfng the 
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The second major area of investigation m s  the  asymmetric 
collection of the  beam. It was expected that  s l i gh t  misalignment of the 

col lector  and magnetic f i e ld  axes would cause azimuthal asymmetries i n  the 
col lector  power density. To check asymmetries, four sensors were placed 
around the  bottom of the  col lector .  A factor  of four was observed in  the 
indicated power density for  two sensors 180 
alignment of the col lector  and magnetic f i e ld  axes and reduce the 
asymmetricaP. ca l lec t ion ,  the  tube was t i l t e d  using an adjustable support 

plate .  
helped improve the symmetry of the  beam collection. 

configuration, t he  temperature difference between opposite sensors w&s 

reduced from a factor of 4 t o  a factor  of 2.5, but complete symmetry could 
not be achieved. 

o apart. To improve the  

The removal of a steel water f i t t i n g  located near t he  col lector  also 
In the  f i n a l  

In t h i s  configuration, an  a x i a l  p ro f i l e  was made of col lector  
p o w e r  density i n  each of four directions.  

366 and 367. 
640 kw of bean power and 200 kw of r f  output. 

support surface for the tube at the top of the magnet. Most of the beam i s  
still, being collected i n  the lower portion of the collector.  

density of 900 w/cm i s  indicated. This value i s  within the cooling 
capacity of t h i s  col lector  geometry. However, there  i s  s$gnificant concern 
that  the  t rue  peak power density m y  actual ly  be higher because of 
cal ibrat ion problems and l imited spa t i a l  resolution of the measurement 

technique. Figure 367 gives the same information as  Figure 366 except t ha t  
i n  t h i s  case there i s  no rf output power. The peak indicated power density 

These data are given i n  Figures 

The graph i n  Figure 366 shows the  power density p ro f i l e  for  
Z = 0 corresponds t o  the  

A peak power 
2 

2 i n  t h i s  case is  1.3 kw/cm . 
To check the  accuracy o f  t he  graphs, a numerical integration of 

the power density prof i le  over the inside col lector  surface was performed. 
In both cases,  t he  integrated power was exactly 26% below what would be 
expected from the actual  operating conditions. This indicates a repeatable 
systematic type of error  i n  the measurement technique. One possible way t o  
compensate for t h i s  error  is  t o  multiply the power density by a constant t o  
bring the integrated power density in to  agreement with the ac tua l  operating 
conditions. When t h i s  technique was followed, peak power densi t ies  of 
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1.2 kv/cm2 f o r  the r f  case and 1.7 kw/cm2 f o r  t he  110 rf case r e s u l t e d ,  If 

these  peak power d e n s i t i e s  a c t u a l l y  e x i s t e d ,  t h i s  arrangement of c o l l e c t o r  

c o i l s  and c o l l e c t o r  geometry would be marginal for  r e l i a b l e  CW opera t ion .  

There were t w o  p o s s i b i l i t i e s  t o  br ing  t h e  power d e n s i t i e s  down t o  
a s a f e  leve l ,  One w a s  t o  lengthen t h e  c o l l e c t o r .  Thfs would allow t h e  

bucking c o i l  to  be moved higher  up and still pro tec t  t h e  upper post ion of 
t h e  c o l l e c t o r .  This ,  i n  t u r n ,  would allow more f l e x i b i l i t y  i n  ad jus t ing  the 

a id ing  f i e l d  i n  t h e  lower por t ion  of t h e  c o l l e c t o r .  

p r o f i l e  i n  t h i s  case would be more uniform and have a lower peak va lue .  The 

o the r  p o s s i b i l i t y  was t h e  alignment of the c o l l e c t o r  mechanical and magnetic 

axes. 

alignment problems e Various techniques t o  hmprove t h i s  s i t uak i sn  were 

-pu.rsued. These included a l ign ing  the beam with respec t  t o  the beam tunnel  
and t h e  i n s t a l l a t i o n  of add i t iona l  temperature ~enso r s .  The measurement 

technique was automated with a computerized da ta  a q u i s i t i a n  system. The 

loan of an Analog Devices MACSYM computer from Union Carbide Corporation 

Nuclear Division t o  g e t  t h i s  work started is  gratcful l .y  acknowledged. This 

allowed quick observat ion of t h e  e f f e c t s  of any change i n  tube o r i e n t a t i o n  

on the co l l ec t ed  power symnaetry, 

The power dens i ty  

As can be seen i n  Figures  366 and 367, t h e r e  were s t i l l  some 

In  s-ry9 a technique was implemented S/N 101 t o  measure t h e  

r e l a t i v e  powep d e n s i t i e s  at various pos i t i ons  along t h e  co$$ect;ar. It was 

found t h a t  asmet r ies  and t h e  need t o  protect bt.1.e top of t h e  c o l l e c t o r  were 
the major l i m i t a t i o n s  t o  obtaining a uniform power dens i ty  p r o f i l e .  Various 

measures were implemented t o  salve these  problems and provide t h e  low mode 

conversion and CW r e l i a b i l i t y  required of  t h i s  c o l l e c t o r  design.  

3 Microwave Performance 

The microwave performance o f  SIN $01 was very similar t . ~  X-6.  The 

oseil lati .om map is shown i n  Figure 368- Any TE modes are all at lower 
mmgnetic f i e l d s  than those required for TE opera t ion ,  A s  -fn %-g9 t h e  only 

competing modes are t h e  50 GRz ~nodes:, but they do no t  l i m i t  Lhe dynamic. 

range of t h e  operat ing TE mode. 
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The maximum rf power o b t a i n e d  was 240 kw a t  an e f f i c i e n c y  of 
37.5%. T h i s  was w i t h  a m a g n e t i c  f i e l d  t a p e r  of 3%. A t  z e r o  m a g n e t i c  t a p e r ,  

the maximum rf  power o b t a i n e d  was 190 kkr a t  an e f f i c i e n c y  o f  29.7%. These 

r e s u l t s  are s i m i l a r  t o  X-6 and are  i n  good a g r e e m e n t  with computer  
p r e d i c t i o n s .  

F i g u r e  369 shows t h e  v a r i a t i o n  of power w i t h  gun a n a d e  v o l t a g e ,  
and t h e  Parge dynamic r a n g e  e x h i b i t e d  b y  t h e  s t e p  c a v i t y .  F i g u r e  370 shows 
t h e  v a r i a t i o n  of rf power w i t h  t h e  gun magnet  c u r r e n t .  Th i s  follows t h e  gun 
anode  v o l t a g e  c u r v e  v e r y  c l o s e l y ,  a s  it shou ld ,  s i n c e  t h e y  s h o u l d  e x h i b i t  

s imi l a r  c o n t r a 1  o v e r  t h e  t r a n s v e r s e  v e l o c i t y ,  T h i s  i s  much more e v i d e n t  
w i t h  t h e  a b s e n c e  of t h e  TE mode a f f o r d e d  by t h e  s t e p  c a v i t y .  

22 

F i g u r e s  371, 372 and 333 show t h e  v a r i a t i o n  of rf pob~er w i t h  

Magnet No. 9 c u r r e n t ,  beam v o l t a g e  and $ e m  c u r r e n t ,  r e s p e c t i v e l y .  These  
c u r v e s  are c o n s i s t e n t  be tween t h e  c o n v e n t i o n a l  and s t e p  c a v i t i e s .  

&e t u b e  was i n i t i a l l y  aged i n  t h e  l ong  p u l s e  mode t o  5 msec. 
Severa l ,  d a y s  were s p e n t  t a k i n g  collector power d e n s i t y  m e a s u r e m e n t s .  The 
tube was t h e n  t a k e n  t~ 508 msec p u l s e  d u r a t i o n  with rf. The s i n g l e - p u l s e  
power m e a s u r i n g  t e c h n i q u e  g a v e  205 kw a t  t h i s  p u l s e  d u r a t i o n .  The t u b e  r a n  
for o v e r  two h o u r s  w i t h  500 m s  p u l s i n g  w i t h o u t  a n y  crowbars, T h i s  was t h e  
pulse d u r a t i o n  r e q u i r e d  by GA Pechnalogies, S/N 100s was s h i p p e d  t o  CA 

T e c h n o l o g i e s  with two l a r g e  co l l ec to r  c o i l s .  

I. VCE-8006A SIN 102 

I .  S a l i e n t  F e a t u r e s  

T h i s  was t h e  second t u b e  to be b u i l t  and tested t o  s o l v e  t h e  

col lector  mode p u r i t y  problem i n  a CW t u b e ,  The c a v i t y  u s e d  wits s t e p  c a v i t y  
8 4 ,  which e x h i b i t e d  e x c e l l e n t  mode p u r i t y  i n  p r e v i o u s  m e a s u r e m e n t s .  The 
col1ector was t h e  2-1/2-inc69 d i a m e t e r  design with l i n e a r  2' t a p e r s ,  ~ k e  

s t r a i g h t  s e c t i o n  of t h e  co l lec tor  was e x t e n d e d  an a d d i t i a n a l  92 i n c h e s ,  

g i v i n g  an o v e r a l l  t u b e  l e n g t h  of 103 i n c h e s ,  compared t u  105 i n c h e s  for  x-5 

and X-6. 
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Figure 373. Peak Power Out VS Beam Current 
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2. Test Resul ts  

SIN 102 was f i r s t  t e s t e d  i n  t h e  pulse  mode t o  determine caTrity 

c h a r a c t e r i s t i c s  and parameter va r i a t ions .  During t h i s  phase of the  t e s t i n g ,  

mode p u r i t y  measurements were made by C. Moebler o f  GAT (GA Technologies, 

Tac.) using t h e  GAT couplers .  Col lector  d i s t r i b u t i o n  measurements were 
kaken which showed i d e n t i c a l  asymmetrical d i s t r i b u t i o n  on t h e  same s i d e  as 

S/N 101. 
than a tube  alignment problem. 

This s t rong ly  suggested an environmental o r  magnet problem r a t h e r  

!The bes t  evidence of mode p u r i t y  is  shown i n  Figure 374. P lo t ted  

i s  t h e  peak window temperature as measured by t h e  TR camera as a funct ion of 
main m g n e t i e  f i e l d ,  

p r i n c i p a l l y  t o  a coubination of frequency s h i f t  and phastng of t he  var ious  
modes a t  t h e  plane of t h e  window, S/N 102, on t h e  o the r  hand, s tayed near ly  

constant  over the same excursion of magnetic f i e l d .  

(3 X-6 showed a 20 C change i n  window temperature ,  due 

Figures  375 and 376 show t h e  v a r i a t i o n  of power with gun anode 

voltage and gun coil c u r r e n t ,  respec t ive ly .  

from t h e  TE mode, the  v a r i a t i o n  i n  p o w e r  output is achievable  with either 

gun anode vol tage  o r  gun c o i l  c u r r e n t ,  as it should be. 

I n  t h e  absence of competit ion 

22 

S/N 102 was t e s t e d  t o  500 ms pulse dura t ion ,  me emission c o ~ ~ i n g  

noted i n  S/N 101 m s  again seen i n  S / R  162 as a, droop i n  cathode cu r ren t  of 
about 9% In 500 ms. Because of t h i s ,  t h e  cathode cu r ren t  at the leading 

edge of t h e  pulse had t o  be increased t o  8.4 a t o  average 200 kw across  t h e  
pulse .  To solve this problem, a hea ter  pu lser  was developed which keeps the 

cathode cur ren t  at a more cons tan t  l e v e l  for long beam pulses .  

3 .  CW Testing 

S/N 102 -was t e s t e d  t o  76 kW c'%J rf" p o w e r  at 80 k~ and 2.5 A ,  atn an, 
0 e f f i c i e n c y  of 38%0 

was terminated because of a very slowly increas ing  gas pressure.  A t  that. 
t i m e ,  t h e  o n l y  p a r t  o f  t h e  tube t h a t  was appreciably h o t t e r  than aonbient 

?"ne window temperature at t h i s  l e v e l  m s  66 C. The t e s t  
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Figure 334. Peak Window Temperature VS Main Magnet No. 1 Current 
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t e m p e r a t u r e  was t h e  a r e a  around t h e  lower collector s e a l ,  A t e m p e r a t u r e  

rise i n  t h a t  a r e a  was no t  s e e n  i n  X-6; t h e  s e a l  t e m p e r a t u r e  was n o t  b e i n g  

moni tored  a t  t h e  t ime of t h e  X-6 measurements ,  Running t h e  t u b e  i n  a 
high-duty p u l s e  mode t o  measure t h i s  t e m p e r a t u r e  r ise w i t h  RTD s e n s o r s  was 

p reven ted  by c o n s t a n t  g a s  b u r s t s  and c rowbas r ing .  

The t u b e  was s u b s e q u e n t l y  c u t  open for i n s p e c t i o n ,  No beam 

damage, which cou ld  have e x p l a i n e d  t h e  h e a t i n g ,  was noted  at e i t h e r  t h e  t o p  

of t h e  t a p e r  o r  the: bot tom end of t h e  collector.  Tt was st i l l  no t  c l e a r  
whether t h e  h e a t i n g  was caused  by beam o r  rf e f fec ts ,  Another CM t u b e  would 

be  t e s t e d  t o  e v a l u a t e  t h i s  seal  h e a t i n g  more c l o s e l y .  

It was s u s p e c t e d  t h a t  t h e r e  might have been a Peak i n  the body OF 

t aper  s e c t i o n  E x t e n s i v e  leak t e s t i n g  was performed but n o t h i n g  c o n c l u s i v e  

was found.  

S/N 102 was r e b u i l t  w i t h  a new gun. Immedia te ly  a f te r  e x h a u s t ,  

t h e  c a t h o d e  ion  pump c u r r e n t  rose t o  a b o u t  3-1/2 microamps. The f a c t  t h a t  
t h i s  was noted  on t h e  c a t h o d e  pump and not t h e  collector pump i n d i c a t e d  t h a t  

t h e  problem was e i t h e r  i n  t h e  body or  ‘taper section of t h e  t u b e .  

E x t e n s i v e  l eak  t e s t i n g  was again performed w i t h  no c o n c l u s i v e  

e v i d e n c e  of t h e  l o c a t i o n  of a l e a k .  Howeverp t h e r e  was a t e n t a t i v e  
i n d i c a t i o n  of a l e a k  in t h e  t a p e r  assembly ,  Thais was neve r  p i n p o i n t e d  
e x a c t l y .  S/N 102 was r e b u i l t  wi th  a new b ~ d y  s e c t i o n ,  t e s t e d  t o  560 m s  and 

d e l i v e r e d  t o  GAT. 

J. SEVENTH EXPERIMENTAL TUBE 

The f o l l o w i n g  tests were performed an t h e  s e v e n t h  e x p e r i m e n t a l  t u b e ,  

VGE-8086At S/N X-7: 

- Pulsed  o p e r a t i o n ,  i n c l u d i n g  initial a g i n g ,  e k a r a c t % r % z i n g  the t u b e  

and mode-puri ty  measureaent9s 

- C o l l e c t o r  power d e n s i t y  measurements  u s i n g  ~ r a p - ~ n  c o i l s  



- 100 kW CW operat ion,  where severa l  output p o w e r  s e n s i t i v i t y  curves 
were taken 

- 208 kW CW operation f o r  2 hours 

- Cyclic f a t igue ,  where 10,039 pulses w e r e  accumulated 

- Emission cool ing,  OF 30-second t e s t  

1. Pulse Operation 

These tests s t a r t e d  on June 1, 1984, and l a s t e d  fo r  about 12 days. 

During i n i t i a l  aging, some e r r a t i c  body cur ren t  behavior wa.s noted. This 

wa.s cured by energizing one of t h e  trim c o i l s  t o  4.75 amperes. 

was used on a l l  t h e  pulsed and CW tests, 

This s e t t i n g  

Figure 373 shows the  o s c i l l a t i o n  map taken during pulsed 
operat ion,  t h e  57.25 GHz,  TE2* mode occupies 
very l i t t l e  a rea  and does not i n t e r f e r e  a t  a l l  with the TE operation. The 

02 
40 - 50 GBz modes are observed on both CW and pulsed tubes.  

As with a11 s t e p  cavi ty  tubes 

They do not 

produce a grea t  amount of p o w e r D  A maxbum of 6 kW has been observed. 

Figure 378 shows peak r f  gower out as a function of main magnet 

Peak r f  power at 200 kw was obtained a t  500 USE@ pulse duration. c o i l  #I. 
As can be seen, the rf p o w e r  varies qui te  smoothly over t h i s  range of 
magn&ic f i e l d .  The frequency, on t he  o ther  hand, s t ays  constant a t  

59.80 GHz at power l e v e l s  over 200 kw. 

curren t  t he re  is a jump t o  59.85 GBz and then a smooth va r i a t ion  t o  
59.95 GHz of 38 kw of output power, 

&tween 32.2 A and 32 A of c o i l  #I. 

The f i n a l  shor t  pulse tests measured the  mode content of X-7, 
using the d i r ec t iona l  couplers on loan from GAT. The results of these  tests 
a r e  shown i n  Table 50. They a r e  cons is ten t  with the mode content 
measurements made on the long pulse tubes del ivered t o  GAT. 
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T a b l e  50 

Mode C o n t e n t  M e a s u r e m e n t s  

on  X - 7  ( P u l s e d )  

95.3% 2 1.6% 2 - 4  +- 6.5% - 
2. Col lector  D i s t r i b u t i o n  S t u d i e s  

I_ 

T h e  me thod  i n v e s t i g a t e d  f o r  o p t i m i z i n g  t h e  beam d i s t r i b u t i o n  on  

t h e  co l l ec to r  u s e d  wrap-on c o i l s  w h i c h  were f i rs t  i n t r o d u c e d  on VGE-8006A1 
SIN 104,  o n e  of t h e  tubes  d e l i v e r e d  t o  GAT. P r e v i o u s l y ,  l a r g e  c o i l s ,  a s  

u s e d  on  t h e  28 GHz CW tubes  were t r i e d ,  b u t  it was f o u n d  t h a t  t h e y  were n o t  

e f f e c t i v e  i n  s p r e a d i n g  t h e  beam. T h e y  o n l y  moved it u p  a n d  down. The  sma l l  

wrap-on c o i l s  p r o v i d e  g r e a t e r  a!? /az,  g i v e  more c o n t r o l  of t h e  m a g n e t i c  

f i e l d  p r o f i l e ,  a n d  more e f f e c t i v e l y  s p r e a d  t h e  s p e n t  beam. F i g u r e  379 shows 

t h e  m e a s u r e d  X-’7 co l l ec to r  power  d e n s i t y  p r o f i l e  w i t h o u t  a n y  c o i l s .  

Z 

T h e  a r r a n g e m e n t  u l t i m a t e l y  u s e d  on  X - 7  i n c l u d e d  two c o i l s .  The  

d e n s i t y  p r o f i l e  for t h i s  case is shown i n  F i g u r e  380, w i t h o u t  r f ,  and  i n  

F i g u r e  381, w i t h  r f .  

The  i n t e g r a t e d  power  i n  b o t h  m a g n e t i c  f i e l d  p r o f i 1 . e ~  is a b o u t  50% 

of t h e  r e a l  power .  C o r r e c t i n g  for  t h i s  g i v e s  a p e a k  power  d e n s i t y  o f  
2 2 

1.2 kW/cm , w i t h o u t  r f ,  a n d  1.0 kW/cm , w i t h  r f .  

T h e r e  is s t i l l  some c o n c e r n  a b o u t  t h e  a s y m m e t r i e s  o b s e r v e d  i n  t h e  

co l l ec to r  power  d e n s i t y  w i t h  o p e r a t i o n  of t u b e s  i n  t h e  N i k e  Z e u s  T e s t  Set .  

The  power  d e n s i t y  is a l w a y s  h i g h  i n  s o u t h  a n d  west a n d  a l w a y s  low i n  n o r t h  

a n d  e a s t .  GAT h a s  p e r f o r n i e d  t h e  same t y p e  o f  m e a s u r e m e n t s  a n d  f o u n d  v e r y  

l i t t l e  a s y m m e t r y .  T h e r e  a r e  two p o s s i b l e  e x p l a n a t i o n s .  F i r s t ,  the  t u b e  
s i ts  c lose  t o  t h e  m i d d l e  o f  t h e  t a n k  a t  GAT,  w h i l e  i n  N i k e  Z e u s ,  t h e  t u b e  is 

i n  t h e  c o r n e r  of t h e  t a n k .  S e c o n d ,  a t  GAT, t h e  t u b e s  a r e  i n  a l a r g e  

g a l l e r y ,  w h i l e  i n  t h e  N i k e  Z e u s  T e s t  Set t h e  t u b e  is i n  a l e a d  h o u s e  

c o n t a i n i n g  many m a g n e t i c  f i x t u r e s .  
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3. 100 Kilowatt  CW Opera t ion  

X-f vas CW-aged i n  t h e  fo l lowing  manner: ?"ne beam v o l t a g e  was .;et 

t o  80 kV. 'The rf power was i n c r e a s e d  by r a i s i n g  t h e  beam c u r r e n t  s lowly.  

By i n c r e a s i i g  t h e  f i l a m e n t  power, t h e  o n s e t  o f  'TE o s c i l l a t i o n  w z s  3t  

2 amperes with 34 kW o f  r f  power o u t p u t .  
02 

The CW ag ing  was i n t e r r u p t e d  a t  3.35 amperes,  o r  104 'KW o f  r f  

power, in o r d e r  t o  t a k e  sone CW s e n s i t i v i t y  c u r v e s .  F igu re  382 shows r f  
o u t p u t  power as a f u n c t i o n  o f  m a i n  magnet c u r r e n t .  A s  i n  t h e  p u l s e  c a s e ,  

t h e  rf power v a r i e d  smoothly wi th  magnetic f i e l d .  'ke f requency s t a y e d  
c o n s t a n t  a t  59.77 GHz from 104 kW t o  37 kW, and then  jumped t o  59.84 GHz a t  

30 kTd and $9.87 GHz at 1.4 kW. F igu re  383 shows t h e  v a r i a t i o n  o f  r f  power 
o u t p u t  with gun anode v o l t a g e ,  a smooth v a r i a t i o n  o f  power from 104 kW t o  

4 kTd. F igu re  384 shows t h e  v a r i z t i o n  o f  rf o u t p u t  power w i t h  hearn v o l t s g e ,  

b o t h ,  with t h e  gun anode h e l d  c o n s t a n t  w i t h  r e s p e c t  t o  t h e  c a t h o d e ,  ani1 with 

the  g~ui mode p r o p o r t i o n a l  t o  t h e  beam v o l t a g e .  

4.  -- 200 kW CW Operat ion 

The Seam c u r r e n t  m s  brought irp s lowly from 3.35 arnper2s til 

7.5 anperes  where 20'7 k i l o w a t t s  o f  r f  power was obLlined.  The power was 

brought up i n  10 kW s t e p s  and t h e  fo l lowing  parameters  were rnonitJred a n d  

recorded a t  each level.: 

1. water load flow and A t  

2. window t empera tu re  

3. FC-75 f l o w ,  t empera tu re  and A t  

4. c a v i t y  f low and At, 

5. t a p e r  flow and A t  

6. lower seal f low and A t  

7 .  upper seal flow and A t  

The c o l l e c t o r  water flow was he ld  c o n s t a n t  a t  165 g p m ,  bu t  t h e  A t  was not 
monitored or recorded.  
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Figure 382. Output Power VS Main Magnet No. 1 Current 
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Table 5 1  shows t h e  operat ing condi t ions for 207 kW of  rf output 

power. 

t he  internal.  tube l a s s e s  of 14 .5  kTIJ gave an i n t e rac t ion  e f f i c i ency  of  36.8%, 
The two l a r g e s t  f a c t o r s  i n  t h e  i n t e r n a l  tube lo s ses  vere the  r f  i n t e r a c t i o n  

cav i ty  and  the  window FC-75. 
respec t ive ly .  

The output e f f i c i ency  a t  t h i s  power l e v e l  was 34.45. Factoring i n  

These are p lo t t ed  i n  Figures  385 a n d  386, 

Table 51 

Operating Conditions f o r  207 kW CW Ell? Output Power 

R e a m  Voltage 

Ream Current 

Gun Anode Voltage 
Heater Voltage 

Heater Current 
Solenoid 4rl Current 

Solenoid #2 Current 

Solenoid 63 Current 

Solenoid Y4 Current 

Col lec tor  Coil  Current (2) 

Duty 
Frequency 

Gun Anode Current 

Body Current 

Col lector  Water Flow 

Body lda te r  Flow 

Window FC-75 Flow 

FC-75 Temperature 

80 .o k i l o v o l t s  

9.5 amperes 

16.6 k i l o v o l t s  
9.5 v o l t s  

3.32 % ? p r e s  
302,926 ampere t u r n s  

224,595 ampere t u r n s  
5,350 ampere t u r n s  

?,345 ampere turns 

1.0 ampere a id ing  i n  each coil 

100% 

59.74 GHz 

(2.0 mA 

(5.0 mA 

165 gpm (US) 

25 gp1n (us) 
7.85 @;pm (US) 

14.5 2 0.5OC 

A t  t he  207 kW l e v e l ,  t he  power i n  t h e  lower c o l l e c t o r  seal w a s  60 

watts, the power i n  t h e  upper c o l l e c t o r  s e a l  was 220 w a t t s ,  and the  power i n  

t h e  t ape r  and beam shaver combined was 840 w a t t s .  

One of t he  b i g  concerns,  of course,  w a s  t h e  a b i l i t y  of t h e  window 

t o  transmit 200 kW of  a 95% pure !I'E mode. 200 kW had a l ready  been 
02 
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demonstrated on VGE-8006, S/N X-6, but  with h ighly  mixed modes and with t h e  
magnetic f i e l d  timed i n  order  t o  minimize t h e  window temperature.  

The e f f e c t  o f  tuning magnetic f i e l d s  was inves t igz ted  on X-7 a t  

t h e  100 kW l e v e l ,  and t h e  window temperature was found t o  be i n s e n s i t i v e  t o  

va r i a t ions  i n  magnetic f i e l d  a t  a constant  power l e v e l .  

During a l l  of t h e  CSJ t e s t i n g ,  the I R  camera was used t o  rninitor 

window temperature.  This invol.ved mounting t h e  I R  g r i d  i n  t h e  waveguide 

system, keeping t h e  camera a l igned ,  and cons t an t ly  monitoring t h e  FC-75 
temperature,  g r i d  temperature ,  and IR system. Figure 387 shows maximum 
window temperature versus  rf output power. The FC-75 temperature w a s  held 

a t  14.5 + 0.5 C during t h e  en t i re  t e s t .  The d i f f e rence  between baffles WLS 

t ha t  t h e  new b a f f l e  had a more j e t t i n g  e f f e c t  towards the cen te r  of t h e  

vindow, which vas t h e  area of maximum window temperature.  

2 nonlinear peak window temperature v a r i a t i o n  v i t h  output power , 
p a r t i c u l a r l y  a t  t h e  higher  power l e v e l s  where it tends t o  f l a t t e n  ou t .  

Possible  reasons for th i s  v a r i a t i o n  a r e :  

0 

- 

Figure 387 shows 

1. 

2. 

3. 

4, 

The mode mix changes, 

The mode nix is cons t an t ,  but t h e  r e l a t i v e  phnniug of modes 

changes. 

Nucleate b o i l i n g  improves heat  t r a n s f e r  a t  higher power 

l e v e l s  e 

Reflect ion "temperature" from t h e  g r i d  i s  not properly 

accounted f o r  

It i s  not c l e a r  at t h i s  po in t  which o f  t h e s e  explanat ions may apply.  

Further i nves t iga t ion  i s  needed. 

VGE-8006A, S / N  X-7 w a s  run for 2 hours at  the 203 kW CW l e v e l  

without i n t e r rup t ion  from e i t h e r  t h e  tube  or  the  t es t  equipment. A l l  A t ' s  
vere monitored .and remrded  a t  t h e  beginning of t h e  t e s t ,  a f t e r  one hour,  

and a t  t h e  conclusion of t h e  test. The only change observed w a s  a s l i g h t  

increase  i n  c a v i t y  power during the  f i r s t  hour, with no f u r t h e r  change 

during the second hour. The output frequency remained constant  during the  
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two h o u r  r u n .  After t h e  two h o a r  r u n ,  a power aown-power clp c u r v e  was 
a t t e m p t e a .  Smooth v a r i a t i o n  of power from 203 kW t o  140 kW was a c h i e v e a  by 

v a r y i n g  o n l y  t h e  gun anoae .  A t  t h e  140 kW l e v e l  t h e  t u b e  began  t o  c r o w b a r .  

The  r e a s o n  is n o t  c lear ,  b u t  o n e  p o s s i b i l i t y  is t h a t  t h e  tclbe may h a v e  b e e n  

on t h e  v e r g e  of a r o p p i n g  i n t o  o n e  of t n e  40 - 50 GHz modes. T h e s e  p r o v e a  t o  

be t h e  most d i f f i c u l t  p r o b l e m  i n  CGI o p e r a t i o n .  I t  was not p o s s i b l e  t o  b r i n g  
t n e  t u b e  up t h r o u g n  t n e s e  modes t o  o p e r a t i n g  l e v e l  a t  a CW c u r r e n t  g r e a t e r  
t h a n  3 amps w i t h o u t  t h e  col lector  g a s s i n g  up and t h e  t u b e  a r c i n g .  F d r t h e r  

p r o c e s s i n g  m i g h t  h a v e  e v e n t u a l l y  e l i m i i i a t e a  t h i s  d i f f i c u l t y .  One p o s s i b l e  
r e a s o n  for  t h e  d i f f i c u l t y  w i t h  t h e  40 - 50 GHz modes i s  t h a t  a t  h i g n e r  

c u r r e n t  l e v e l s  up t o  6 kW of o u t p u t  power were m e a s u r e a  i n  p d l s e d  o p e r a t i o n .  
Since t h e  winaow is n o t  w e l l  matched a t  t h e s e  f r e q u e n c i e s ,  a l o t  of 
r e f l ec t ea  power p r o b a b l y  r e m a i n s  t r a p p e d  i n  t h e  t d b e .  

5. C y c l i c  F a t i g u e  

X-7 was t h e  f i r s t  g y r o t r o n  u s e a  for  c y c l i c ,  f a t i g u e  t e s t i n g .  Tne  
p a r a m e t e r s  were 80 kV, 8 A ,  3 s p u l s e  n u r a t i o n ,  5.5 s between p d l s e s  (35.55 
a u t y ) .  The rf o u t p u t  power was 200 kW. 

To c o m p e n s a t e  for e m i s s i o n  c o o l i n g  f o r  t h i s  t e s t  aria t n e  30-secoiia 

t e s t ,  a f i l a m e n t  b o o s t  circclit was i n s t a l l e a  i n  t h e  t e s t  sec. T n i s  was 

a e s i g n e a  t o  g i v e  0 t o  50% f i l a m e n t  v o l t a g e  boost,  s t a r t i n g  dp t o  30 secoaas 

b e f o r e  t h e  p u l s e  or up t o  30 s e c o n d s  a f t e r  t h e  p u l s e .  I n  t h e  i n i t i a l  
a e s i g n ,  t h e  s t a r t i n g  time c o u l d  be moved o n l y  a s  c lose a s  one s e c o n d  before 

t h e  p u l s e  or 2 s e c o n d s  a f t e r  t h e  p u l s e .  The p u l s e r  was l a t e r  moaifiea t o  
h a v e  minimum times of 50 m i l l i s e c o n d s  i n  b o t h  t h e  p r e - p u l s e  and p o s t - p u l s e  

modes, The b o o s t  is s h u t  o f f  a t  t h e  e n d  of e a c h  p u l s e .  

A t  35.52 d u t y ,  t h e  s t a r t i n g  f i l a m e n t  power b e f o r e  boost was 12.54 

w a t t s ,  T h i s  is a b o u t  h a l f  t h e  normal  f i l a m e n t  power for p u l s e d  o p e r a t i o n  of 

23.4 wat t s .  The r e a s o n  is t h a t  t h e  c a t h o d e  does not  cool down i n  5.5 
s e c o n d s  a f t e r  t h e  boost a n d ,  h e n c e ,  n e e d s  less a v e r a g e  f i l a m e n t  power t o  
m a i n t a i n  t h e  c a t h o d e  t e m p e r a t u r e .  
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The boost  was t o  40.18 w a t t s  and s tar ted one second b e f o r e  t h e  

p u l s e .  During t h e  i n i t i a l  phase of t h i s  t e s t ,  t h e  f i lament  boost was not  

working p r o p e r l y .  Consequently,  t h e  f i r s t  2000 p u l s e s  were run w i t h  5 

c u r r e n t  o f  9 amps a t  t h e  beginning of t h e  pu l se ,  and 7 amps a t  t h e  end of 

t h e  pulse .  

a c r o s s  t h e  3 second pulse  us ing  t h e  f i lament  boost .  

The remainder of t h e  10,039 p u l s e s  were w i t h  8 amps c o n s t a n t  

Duping t h e  c y c l i c  t e s t i n g ,  t h e  o n l y  parameter which had a 

measumble change was t h e  output  frequency. During CW tes ts ,  it had 

measured c o n s t a n t  a t  59.83 G H z .  With c y c l i c  t e s t i n g  t h e  frequency g o t  

p r o g r e s s i v e l y  h i g h e r ,  f i n a l l y  ending up a t  59.97 GHz a f te r  10,039 c y c l e s .  

‘The c y c l i c  f a t i g u e  t e s t  was not  te rmina ted  It t h i s  p o i n t  because 

of  any problem, but  ra ther- ,  t o  perform 30-second pulse  t e s t s .  The p ldn  was 

t o  complete t h e  37,000 p u l s e s  a f t e r  t h e  emission coo7.ins o r  30-secand t e s t  

m s  Lompleted. 

6 .  Emission Coolirig -- 

The purpose of t h i s  tes t  was t o  determine i f  200 kW o f  rf power 

could be maintained over a 30-second p u l s e  b j  keeping the  beam c u r r e n t  

c o n s t m t  w i t h i n  2%. This requi red  the  h e a t e r  ‘UOOS’; 2 i r c u i t .  

The tube aged r e a d i l y  t o  30-second o p e r a t i o n .  The i n i t i a l  

f i l ament  p o w e r  f o r  8 amps beam c u r r e n t  was 23.4 watts, normal. for p u l s e  

o p e r a t i o n .  The f i l a m e n t  boost  r e q u i r e d  was t o  39.7’7 wa%ts and began one 

second before  the  p u l s e .  F igure  388 shows t h e  r e ] - a t i o n s h i p  between CW, 30- 

second b o o s t ,  and pulsed f i lament  power. 

seconds for  44% duty .  

The i n t e r p u l s e  period 1 , s  38 

I n  general, t h e  f i l a m e n t  power determined the c u r r e n t  nmplitirde, 

and t h e  boost determined the s l o p e .  The ampli tude o f  t h e  boost was q u i t e  

c r i t i c a l . .  A 1% change i n  boost  r e s u l t e d  i n  0.7 amps change i n  30 seconds.  
The boost  was started one second b e f o r e  the p u l s e ,  due t o  the  l i m i t a t i o n  o f  
t h e  h e a t e r  boost c i r c u i t  a t  t h e  t i m e .  It would have been be t t e r  t o  start  it, 

closer t o  t h e  beam p u l s e ,  perhaps synchronous w i t h  i t .  
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Figure 389 shows t h e  30-second, 8 ampere pulse.  The overshoot 3n 

154 kW the  leading edge appears t o  be due t o  s t a r t i n g  t h e  boost too  early. 

of rf power, averaged over the pulse ,  w a s  obtained i n  t h i s  qperat ion.  The 

rf pulse  shape as shown i n  Figure 389 wits not particiLlar'by f l a t ,  possibly 
ind ica t ing  t h a t  one of  t h e  power supply parameters was not remaining 

s b f f i c i e n t l y  f l a t .  
power l e v e l  a t  the  beginning of t h e  pulse  was we1.1 above 200 kW, Before 

t h i s  s i t u a t i o n  could be adequately inves t iga t ed ,  t he  vacuum-side wintlow 

cracked,  f i l l i n g  t h e  tube with FC-75. 

The average power l e v e l  of l5h kW may ind ica t e  thnt, the  
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X. 56 GHz GYROTRON DEVELOPMENT 

A sepa ra t e  t a sk  of the program was t o  develop a 200 kW CW 56 GHz 

gyrotron. I ts  development depended heavi ly  on the  bas ic  success of t h e  

60 GHz program. 
s t a b i l i t y ,  were incorporated i n t o  t h e  56 GHz design.  

Modificztions t o  t h e  60 GHz t ube ,  X-3R, which improved tube 

A .  GUN - 

The gun assembly p r i n t s  and p iece  p a r t  p r i n t s  are t h e  saxe as those of 
48 t he  60 GHz tube  . 

B. ANODE SECTION 

The lower nagnetic f i e l d  f o r  the  56 GHz ope ra t ion ,  z s  -,ompared to  
60 GRz opera t ion ,  means t h a t  ttie e l ec t ron  beam w i l l  be l a r g e r  z t  56 G H z .  

This  n e c e s s i t a t e s  enlarging t h e  d r i f t  tube  diameter.  The anode d r i f t  tube 

sec t ion  from t h e  60 GHz t u b e  w a s  redesigned t o  allow for t h e  l a r g - r  56 GHz 

beam s i z e .  The anode load c a v i t y  was also modified f o r  larser beam s i z e .  

Modificstions on t h e  X-3R anode load c a v i t y  were shown t o  e l i x i n a t e  body 

heating modes. Ttle:;t? modif icat ions were incorporzted i n t o  the  56 GHz 

des ign . 
C. CAVITY ASSEMBLY 

I__c 

The o s c i l l a t o r  cav i ty  was scaled from t h e  60 GHz design t o  56 G H z .  The 
c a v i t y  design a l s o  r e f l e c t e d  the design of X-3R. The c a v i t y  diameter and 

oiitput taper  angle were changed t o  keep t h e  same physical  l ength  and make 

some of t h e  56 GHz and 60 GHz p a r t s  interchangeable .  

computer .analyzed, and Figure 390 shows t h e  ca l cu la t ed  e f f i c i ency  fo r  

var ious  beam cur ren t s  and c a v i t y  magnetic f i e l d s .  The c a v i t y  m s  b u i l t  and 

cold t e s t e d .  Figure 391 shows that  t h e  Q of the TE mode is higher than 

that for  t h e  60 GHz c a v i t y  design. 
60 CHZ c a v i t y  des ign ,  w h i l e  the  Q of t h e  TE mode remained the same. 

The cav i ty  w a s  

02 
Its Q was 11% higher  than tha t  f o r  t h e  

22 
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Figure 391. 56 GHz Cavity Measured Resonances 
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D. OUTPUT TAPER A N D  CGLLECTOR 

The  o u t p u t  t a p e r  was  d e s i g n e d  t o  riibtch t h e  new c a v i t y  r i i x i e t e r  bnd t o  
i n c o r p o r a t e  t h e  c h a n k e s  i n  t h e  60 GEz t u t e ,  X-31;. The c o l i e c t o r  anci L&pcrs  

6ce t h e  same d e s i g n  a s  t h e  GO CHz C’d t u b e ,  X-4- 

The o u t p u t  window was d e s i g n e d  t o  be  e l e c t r i c a l l y  t h i n n e r  thsn the  

o r i g i n a l  60 GHz d e s i g n .  T h i s  l e s s e n e d  the mode c o m p e t i t i o n  d i f f i c u l t i e s  

o b s e r v e d  i n  t h e  60 GHz C’il t u b e .  The  b a n d w i d t h  a n d  VS’dR f o r  t h e  56 Gllz 

d e s i g n  a re  shown i n  F i g u r e  392.  The t h i n n e r  d e s i g n  was t r i e d  on t h e  60 Gtlz 

CI-J t u b e ,  X-5. The windoir worked  well u n t i l  it b r o k e  a t  t h e  120 k’t; C h  o u t p u t  

power  l e v e l .  The  56 GHz iv indou uas c h e c k e d  for” c r a c k s  ;nd f’laws wi;:, 2 riye 

2 e n e t r a n t .  T h e r e  were no c r a c k s  op f l b w s  d e t e c t e d  on  t h e  \;indow sur1;;ces. 

Cne c h i p  WES fol;nd on the window e d g e .  S i n c e  the chi;; w i s  on the corne- 

bet ; , i een  t h e  e d g e  ;nd s u r f z c e  a n d  was well r o u n d e d ,  it was n o t  c o n s i r i e r e r i  

l i k e l y  t o  cause a n y  stress c o n c k n t r a t i o n .  A n a l y s i s  of t h e  LroKeri ~ ~ i n d o w  on 

the  60 GHz C k  t u b e ,  X - 5 ,  shoc,ed t h a t  t h c  L r e s k  W L Y  d u e  Lo ceramic 

o v e r s t r e s s .  Compute r  a n a l y s i s  of t h e  window showed t h a t  t h e  stresses on thc- 

V Z C ~ ~ L A ~  s i d e ,  d u e  t o  r f  l o s ses  ;rid vacLtum lo ; r i i ng ,  kicr’t b b o u t  20 k.s i  ~t Lht 

ecigt ,  LS shrJwn i n  Figures jg; and 394. T h i s  wi-:s ver-y close t o  t h e  

r n a n u f a c t u r e r ’ s  number f’or a l l o h a b l e  u l t i r r l aLe  t e n s i l e  s t ress .  Fop’ c h i s  

p e a s o n  t u b e  t e s t i n g  w s s  l i m i t e d  t o  less t h s n  120 kk o f  o u t p u t  power. 

F. TEST RESULTS 

1 .  P u l s e  T e s t i n g  

D u r i n g  p u l s e  t e s t i n g ,  t h e  t u b e  a c h i e v e d  280 kw a t  3.6% d u i v  with 
44% e f f i c i e n c y ,  as  shown i n  T a b l e  52. F i g u r e  395 shows t h e  t u b e  p e r f o r m d n c e  
f o r  v a r i o u s  bear ,  c u r r e n t s  o v e r  t h e  sane  r s n g e  of m z g n e t i c  f i e l d s ,  The  

~ a x i n i u r n  e f f i c i e n c i e s  a r e  a l l  v e r y  close fo r  q u i t e  a p a n g e  o f  team c u r r e n t s .  
Maxii?ium e f f i c i e n c y  w i t h  besn, c u r r e n t  a g r e e s  quzll i t z L i v e l y  w i t h  c a l c u l i t i o n s .  

F i g u r e  396 shows  o p e r a t i o n  a t  p e a k  power w h i l e  v a r y i n g  t h e  m a g n e t i c  f i e l d .  
F iLure  jg’[ shows tile o u t p u t  power  v e r s u s  t h e  beam c u r r e n t .  F i g ~ r e  2 s 8  shows 
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FREQUENCY, GHz 
Figure 392. Computed VSWR for 56 GHz Double-Disc Window 
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Figure 397. 56 SHz Pulsed Power vs Beam Current 
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t h e  o p t i m i z e d  o u t p u t  power when v a r y i n g  beam v o l t a g e ,  The power was 

o p t i m i z e d  by v a r y i n g  t h e  gun anode  v o l t a g e  w i t h i n  t h e  r a n g e  i n d i c a t e d ,  The 
n e x t  two f i g u r e s ,  399 and 400, show how t h e  o u t p u t  power v a r i e s  when t h e  gun 

magnet, c u r r e n t  o r  gun a n o d e  v o l t a g e  is v a r i e d .  F i g u r e  400 was o b t a i n e d  when 

t h e  main magnet S e c t i o n  I was a l s o  v a r i e d  s l i g h t l y ,  a s  i n d i c a t e d .  F i g u r e  

401 shows t h a t  i f  t h e  m a g n e t i c  f i e l d  ( I  ) is  not a d j u s t e d ,  ‘;he r a n g e  o f  gun  

anode  v o l t a g e  o v e r  which power is o b t a i n e d  is  q u i t e  l i m i t e d  by mode 

c o m p e t i t i o n .  The o s c i l l a t i o n  maps for 8 amperes  and 3 amperes  beam cur ren t  
a r e  shown i n  F i g u r e  402 and 403,  r e s p e c t i v e l y .  The maps f o r  t h e  two c u r r e n t  

l e v e l s  a r e  v e r y  s i m i l a r .  

I 

T a b l e  5 2  

56 CHz P u l s e d  Data  

Eeam V o l t a g e  

Beam C u r r e n t  

Mode Anode C u r r e n t  

S o l e n o i d  11.1 C u r r e n t  

S o l e n o i d  82 C u r r e n t  

S o l e n o i d  1’13 C u r r e n t  

P u l s e  Length  
Duty 

Out pu t Pow e r 
E f f i c i e n c y  

F r e q u e n c y  

Main M a g n e t i c  F i e l d  

80.2 

8.0 

21.4 

24.69 

23.311 

1.41 

500 

3.0 

285 

44 

55.96 
21 .a3 

K i l o v o l t s  

Ampe r e s  

K i  l .ovol ts  
Ampe r e s 

Amperes 

Amp, ares 

M i  c r  osecoi i  d s  

7 
Kilowatt  

% 
GHz 

kG 

C. CW TESTING 

The t u b e  a c h i e v e d  105 kW w i t h  3 amperes  of beam c u r r e n t  f o r  an 

e f f i c i e n c y  of 143%. The  CW t e s t i n g  was l i m i t e d  t o  105 kW output ,  b e c a u s e  o f  
t h e  l i m i t a t i o n s  o f  t h e  window d i a g n o s t i c  s y s t e m .  T h i s ,  t h e r e f o r e ,  l i m i t e d  

o p e r a t i o n  t o  3 amperes ,  If a n  IR s y s t e m  had been i n  p l a c e  t o  monitor the 

window t e m p e r a t u r e ,  t h e  t u b e  c o u l d  h a v e  been  tested a t  h i g h e r  l eve ls .  
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Table 53 shows t h e  105 kW opers t ion  of t he  tube.  Figures 404 through 

407 show operat ion w i t h  tube parameters var ied .  The CW power versus 

magnetic f i e l d  curve looks very s i rni lzr  t o  the  pulsed power curve, except 

t h a t  t he  power is  maximum a t  the  point  of switching t o  t h e  TZ, ,  mode. '_%is 

i s  due t o  the f a c t  t h a t  with opers t ion  a t  a Low beam c u r r e n t ,  the  re'gion of  

TE operat ion i s  more l i m i t e d  than at higher c u r r e n t s ,  as seen i n  a t y p i c a l  

s t a r t i n g  cur ren t  graph. By varying p a r a m t e r s  at higher beam curre i i t s ,  t h c  

tube w i l l  probably have more dynamic range. 

407 shows a n  increase  i n  dynamic range when beam vol tage  and  gun anode 

vol tage  a re  simultaneously var ied .  Again, t h e w  curves a r e  a t  only 3 

amperes. A t  8 amperes they w i l l  be somewhat d i f f e r e n t .  

3 ampere CW o s c i l l a t i o n  map. It is qui te  s imi l a r  t o  t h e  pulsed, 3 ampere 

o s c i l l s t i o n  map shown i n  Figure 403. 

22 

02 

A comparison of Figures 406 and 

Figure 408 is  the  

'Table 53 
56 GHz CW Operation 

Beam Voltage 

Ream Current 

80 -2  Ki lovol t s  

3.0 Amperes 

Gun Anode Voltage 22 .O Kilovol t s  

Solenoid #1 Current 24.35 Amperes 

Solenoid  92 Current '3.67 Amperes 

Solenoid #?  Current 1.41 Ampere:; 
Output Power IO5 Kilowatts 

Eff ic iency 43 7i 
Frequency 55.89 GHz 

"he 56 GHz development program has v e r i f i e d  frequency sca l ing  of 

gyrotrons using a common gun, as predicted by V a r i a n  computer anal-ysis.  The 

program has also achieved 285 kw pulsed,  with )a45 e f f i c i e n c y ,  and 105 k'd CW, 

w i t h  43% e f f i c i ency .  
development program, 200 kW could be achieved e 

With new windov designs developed during t,he 60 GHz 
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XI, SUMMARY 

During the  pas t  f i v e  and one-half yea r s s  the  Varian gyrotron 

development program has developed a 60 G H a ,  200 kU CW gyrotron,  s tud ied  

gyrotron behavior using 28 GHz 200 k'w CW t ubes ,  s tud ied  frequency s c a l i n g ,  

developed a 56 GHz gyrotron and s tudied  design of a 100 G H z ,  1 MW 

gyrotron". 
Laboratory,  operated by Union Carbide Corporation and M a r t i n  Marietta Energy 

Systems, Inc. ,  f o r  t h e  W.S. Department of Energy, 

This  development program was funded by Oak Ridge National 

I n  Apr i l  1979, development of a 110 G H z ,  200 kW CW gyrotron s t a r t e d .  

S i x  months la ter ,  the computer design of the gun, c a v i t y ,  c o l l e c t o r ,  window 

and superconducting solenoid magnet were compLeted. 

In December 1979, the program w a s  red i rec ted  t o  d w e l o p  60 G H z ,  200 kW 

CW, 100 m s  pulsed and 30 s pulsed gyrotrons.  The o r i g i n a l  nagnet design w-is 

re ta ined .  The compiiter designs of the c o l l e c t o r  and window were complete3 

by February 1980. The following month, t h e  computer design of t h e  gun was 

completed. The c a v i t y  design was com?leted i n  May 1980. 

In June 1980, t h e  magnet purchase contract ,  w i t h  Maqnqtic Corporation of 

.kaerics - a s  signed. The f i r s t  magnet vas de l ivered  s i x  rnonths laker. 

Assembly of t h e  first gun was completed i n  December 1980, and the  f i r s t  

experimental tube ,  X - 1 ,  was i n s t a l l e d  f o r  t es t  t h e  following month. Tests  

of X - 1 ,  completed i n  March 1981, ind ica t ed  150-200 kw of peak output power 

a t  100 m s  pulse  dura t ion  and i d e n t i f i e d  a beam alignment problem i n  t h e  

magnet and a s e n s i t i v i t y  problem t o  modulator pu lse  shape. 

I n  Apr i l  1781, the Nike Zeus T e s t  Se t  was shut down t o  i n t a l l  t he  long 

pulse  modulator. b r i n g  t h e  shut  down, t h e  second experimental tube ,  X - 3 ,  

and t h i r d  exper inenta l  t ube ,  X-3 ,  were assembled. 

K-2 included a water-cooled anode and  a change of length  t o  shift t h e  

cathode pos i t i on .  X-3 was l i k e  X-2 except for a modified anode load cav i ty .  
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By August 1981, t h e  Nike Zeus T e s t  Se t  wa.s operable  f o r  t u b e  t e s t i n g .  

Tes t ing  of  X-l demonstrated 85 kw of output  power a t  60 m s  p u l s e  d u r a t i o n  a t  

12% duty  and i d e n t i f i e d  a body h e a t i n g  problem, b e f o r e  f a i l i n g  i n  test  with 

a c o l l e c t o r  water-to-vacuurn l e a k .  C o l l e c t o r  beam dainage was observed. 

X-3, i n  Noveraber 1381, demonstrated 200 kw of  output  power at 100 m s .  

T e s t s  i d e n t i f i e d  r e s i d u a l  signs of a dynamic range problem, mode 

i n t e r f e r e n c e  from t h e  TE mode and body h e a t i n g .  ‘Phe t u b e  was des t royed  

when t h e  modulator pu lse  r e p e t i t i o n  ra te  g e n e r a t o r  f a i l e d ,  t a k i n g  t h e  t u b e  

t o  >30% duty.  

22 

X-2 demonstrated 100 kw peak output  power at 20% duty  and confirmed the 

mode TE?2 previous ly  observed problem areas of  l i a i t e d  dynamic range,  

i n t e r f e r e n c e s  and body h e a t i n q .  

Tn December 1981, assembly of  t h e  f o u r t h  experimental  tube ,  Y - i i ,  w r i ;  

completed. X-)+ was a CW t u b e ,  l i k e  X-3 except  for a f ive- inch  i n s i i e  

di3meter c o l l p c t o r  and a toublc-.disc face-cooled window. 

X-14 demonstrated,  i n  March 1383, 70 kW CW output  power, 640 kW CIJ bearn 

power YIIJ 37 s beam p u l s e  d u r a t i o n  a t  50% duty. T e s t i n s  :J?S tenij.aa.ted 

heca:ise of d e t e r i o r a t i n g  rf per€orrnance caused by melt ing i n  the  coLlec ta r  

down t a p e r .  

A r e b u i l d  of X-3, X-3R,  was also completed i n  March 1983. X-3R 
incorpora ted  a new, s h o r t e r  c a v i t y  with h igher  Q ,  a n d  a modified d r i f t  tube  

t o  avoid body h e a t i n g ,  X-3R demonstrated 230 kw peak output  power with 36% 

e f f i c i e n c y ,  t h e  e l i m i n a t i o n  of body h e a t i n g ,  improved dynamic range a n d  

extended o p e r a t i o n  with 200 kw a t  I00 m s  p u l s e  d u r a t i o n .  

I n  May 1982, assembly of t h e  f i f t h  experimental  t u b e ,  X - 5 ,  was 

completed. This  t u b e  w a s  a CW v e r s i o n  of X-3R. I t  demonstrated 1.23 kTrJ CSJ 

ou tput  power b e f o r e  a vacuum-side window f a i l u r e .  Window f a i l u r e  of t h i s  

tube l e d  t o  an  i n v e s t i g a t i o n  and implementation of  an i n f r a r e d  window 

observa t ion  system f o r  l a t e r  t u b e s .  
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The f i r s t  s t e p  cav i ty  was introduced i n  t h e  s i x t h  experimental tube ,  

X - 6 ,  assembled i n  Apr i l  1983. 
CW output  power. This represented a major milestone i n  gyrotron 

development. The tube  also demonstrated improved s t a b i l i t y  and dynamic 

range and i d e n t i f i e d  a multimode output problem. This same month, t h e  

in f r a red  camera system, which measured t h e  window temperature ,  was f i r s t  

demonstrated 

On June 8 ,  1983, X-6 demonstrated 200 kW of 

In Ju ly  1983, t h e  program emphasis s h i f t e d  t o  pure mode output .  -4 

2.5-inch in s ide  diameter c o l l e c t o r  was incorporated i n t o  t h e  seventh 

experimental  tube ,  X-7. Assembly vas completed i n  May 1384. The n e x t  

month, X-7 demonstrated 200 kW CW opera t ion  with 95% TE 
f a t i g u e  performance. 

mode and c y c l i c  
02 

A gyrotron behavior study started i n  December 1980 t o  i nves t iga t e  

gyrotron a rc ing ,  t h e  m a x i m u m  power c ? p a b i l i t y  st 28 GIIz, s t a b i l i t y  and 

parameter va r i a t ion  e f f e c t s ,  and  improved cav i ty  designs.  

In  October 1981, t h e  s tudy concluded with t h e  following r e s u l t s  : 
Diagnostics f o r  observing arc ing  were improved. Processing procedures 

reduced arc ing .  A 342 kW CW window l i n i t  .was demonstrated a t  28 G i h .  '\lode 

nappiilg p.ve i n s i g h t  a n 4  understanding t o  s t a b i l i t y  p r o b l e m .  Nterrictte 

c a v i t y  designs gave understanding, but  not performance. 

An a l t e r n a t e  frequency study s t a r t e d  in  February 1981 t o  determine 

methods of s ca l ing  gyrotron designs +20$ i n  frequency. 

s i x  month s tudy ,  s ca l ing  the  60 GHz tube  t o  52 and 56 GHz and the 28 SHz 

tube t o  30 GHa appeared feasible. 

A t  t h e  end of t h e  - 

Gun sca l ing  t o  30 GHz was marginal. 

A 56 GHz gyrotron development was s t a r t e d  i n  January 1982, based on the  

design results of the a l t e r n a t e  frequency study. In November of the  same 

yea r ,  285 &,I of  peak output  power with 44% e f f i c i ency  was demonstrated. 

output was i n t e n t i o n a l l y  Limited t o  lo5  kW because of the  f a i l u r e  of t h e  X-5 
window. 

CW 
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I n  March 1983, a 1.00 G H z ,  1 MI.J g y r o t r o n  d e s i g n  s t u d y  began. During t h e  

and TEmll six month program, d e t a i l e d  c a l c u l a t i o n s  were performed f o r  TE 

c a v i t i e s ,  g u n s ,  windows and o u t p u t  systems. 
On1 
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APPENDIX A 

DIELECTRIC PROPERTIES OF WATER'  9 

Water e x h i b i t s  an anomalous d i e l e c t r i c  d i s p e r s i o n  a t  m i l l i m e t e r  

wavelengths.  Debye f i r s t  gave t h e  theo ry  of an i d e a l  p o l a r  d i e l e c t r i c  i n  an 
r f  f i e l d  i n  terms of  a s i n g l e  r e l a x a t i o n  time. I t  has  been shown t h a t  t h e  
fo l lowing  expres s ion  h o l d s  g e n e r a l l y  f o r  l i n e a r  d i e l e c t r i c s :  

e - e  
S 0 

o 1 + j u t  e - e  = ( 1 )  

where t = r e l a x a t i o n  time 
e = complex d i e l e c t r i c  c o n s t a n t  

e = t h a t  p a r t  of  t h e  d i e l e c t r i c  c o n s t a n t  which is d u e  t o  t h e  

atomic and e l e c t r o n i c  p o l a r i z a t i o n ,  and is assumed t o  be 

r e a l  and independent of O) 

0 

1*1 = angu la r  f requency 

e = s t a t i c  d i e l e c t r i c  c o n s t a n t .  
s 

And t h e  fo l lowing  expres s ion  h o l d s  g e n e r a l l y  f o r  o p t i c a l  c o n s t a n t s :  

e - - e  e - 2  
S S 0 

2+ eo O + e  = 2 2  n - k  = e ' =  
1 + Exs /x l  l + w t  2 2  0 

where, n =. r e a l  p a r t  of  r e f r a c t i v e  index 
k = a b s o r p t i o n  c o e f f i c i e n t  

e t  = r e a l  p a r t  o f  e 

err = imaginary p a r t  o f  e 
1 = wavelength corresponding t o  l /t  

X = wavelength corresponding t o  w 
S 
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S 0 

T h e s e  e q u a t i o n s  r e p r e s e n t  t h e  f a l l  o f  d i e l e c t r i c  c o n s t a n t  f rom i t s  s t a t i c  

v a l u e p  e , t o  i t s  o p t i c a l  v a l u e ,  e . The f a l l  is accompanied by a s i n g l e  

b r o a d  a b s o r p t i o n  band i n  t h e  n e i g h b o r h o o d  of t h e  c h a r a c t e r i s t i c  w a v e l e n g t h  
S 0 

x is a f u n c t i o n  of t e m p e r a t u r e ,  
S 

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

T a b l e  I 

C o n s t a n t s  f o r  Dielectric P r o p e r t i e s  of Water  

e = 5.5 
0 

Theory  and measurement,s h a v e  been  d e m o n s t r a t e d  t o  a g r e e  t o  w i t h i n  o n e  
3 p e r c e n t  up t o  23.6 GHz and h a v e  been c o n f i r m e d  r e c e n t l y  a t  60 GIlz. 

C a l c u l a t e d  d i e l e c t r i c  c o n s t a n t s  and l o s s  t a n g e n t s  f o r  s e v e r a l  p o p u l a r  
0 0 f r e q u e n c i e s  a re  g i v e n  i n  T a b l e  TI f o r  t e m p e r a t u r e s  from 0 C t o  75 C. 

d a t a  a r e  p l o t t e d  i n  v a r i o u s  ways i n  F i g u r e s  1 t h r o u g h  4.  

T h e s e  
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Table I1 
Dielectric Properties of Water 

28 GHz 35 GHz 60 GHz 95 GMz 
e' t a n  6 e' t a n  6 e '  t a n  6 e '  t a n  6 

C 

0 13.21 1.82 10.60 1.88 7.31 1.66 6.23 1.24 
i o  18.65 1.57 14.46 1.73 8.80 1.79 6.85 1.49 
20 25.06 1.31 19.32 1.50 10.86 1.78 7.73 1.65 
30 32.01 1.08 25.10 1.27 13.65 1.66 8.99 1.71 

a 40 37.78 0.89 30.45 1.07 16.72 1.50 10.47 1.69 
50 42.76 0.74 35.64 0.90 20.34 1.33 12.38 1.61 

x 

Q, w 

60 46.13 0.63 39.69 0.76 23.94 1.17 14.49 1.49 
75  48.30 0.50 43.14 0.62 ! 28.32 0.98 17.51 1.32 

140 GHz 
e' t a n  6 

5.84 0.90 
6.13 1.14 
6.54 1.34 
7.15 1.50 

7.88 1.58 
8.86 1.62 
9.99 1.60 

11.75 1.51 
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Figure 1. Temperature Dependence of the Loss Tangent 
of Water for Several Popular Frequencies 
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Figure 2. Temperature Dependence of the Relative Dielectric 
Constant of Water for Several Popular Frequencies 
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Figure 3. Frequency Dependence of the Dielectric Constant of Water for 
Several Temperatures 
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Figure 4. Frequency Dependence of the Loss Tangent of Water for 
Several Temperatures 
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A .  

A P P E N D I X  B 

MODE CONVERSION I N  OVERMODED C I R C U L A R  WAVEGUIDES 

AT CONICAL C Y L I N D R I C A L  JTJNCTIOWS 

D E R I V A T I O N  OF WAVE FIELDS I N  A C O N I C A L  TAPER 

The so lu t ion  of Maxwel l ' s  equations i n  sphe r i ca l  coordinates  g i v e s  f o r  
t h e  wave e l e c t r i c  f i e l d ,  assuming t h a t  only TE modes are propagating, 1 

where, C 

second kind of half i n t ege r  order ( p  + 1/21, P i s  the  Legendre polynomial 

of i n t ege r  order  p ,  and t h e  coordinate  system ( r ,  0 ,  4 )  is shown i n  
Figure 1. 

is  a cons tan t ,  6 = 2a/)l, H ( 2 )  is the  Hankel funct ion of t h e  
1 p+1/2 

P 

In  the  l i m i t  of small angle:  0 << 1, and r/X >> 1, so we ;nay w r i t e  

3 ( :? ) C 
E = -  9 Br ' J 1 [(p + 1/2)0] exp [-i{@r + be 

Q = 1  

where the  constants  b a r e :  b = 112, b = 1/24 ,  and b = 1/80, Now we 

m t c h  t h e  boundary condi t ions  a t  0 = 0 

r equ i r e  ( p  + 1 / 2 ) 0  = Xln, where X 
J1(X) = 0. The expression for  E becomes 4 

II 1 2 3 
namely, that E ( O 0 )  = 0. So we 

0 ,  9 
i s  the nth p o s i t i v e  root of t h e  equation In 
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Figure 1. Spherical Coordinate System in Cone 



where E+ is now e x p r e s s e d  a s  a l i n e a r  combina t ion  of  TE 
l o w e s t  o r d e r  (TE ) t o  t h e  h i g h e s t  o r d e r  which w i l l  p r o p a g a t e  (TE 1. The 

o r d e r  s beyond which modes a r e  c u t  o f f  i s  

modes from t h e  on 

01 os 

B. MATCHING THE BOUNDARY CONDITIONS AT THE CONICAL-CYLINDRICAL JUNCTION 

We now i n t r o d u c e  a c o m p l i c a t i o n  and a l l o w  t h e  f i rs t  t a p e r  ( t a p e r  a n g l e  
Ole> t o  b e  j o i n e d  t o  a second  t a p e r  ( t a p e r  a n g l e  0 

shown i n  F i g u r e  2. To s i m p l i f y  t h e  ma themat i c s  o f  matching  t h e  wave 
e l ec t r i c  f i e l d s  a t  t h e  boundary d e f i n e d  by t h e  a r c  a t  r t h r o u g h  t h e  a n g l e  

0 we w i l l  e x p r e s s  t h e  c o o r d i n a t e  sys t em ( r  0 ) i n  t h e  f i r s t  t a p e r  i n  

terms o f  t h e  c o o r d i n a t e  sys tem i n  t h e  second t a p e r  ( r 2 ,  0 2 ) .  

l e t  t h e  second t a p e r  a n g l e  0 go t o  z e r o  fo r  t h e  c a s e  o f  a c o n i c a l -  
c y l i n d r i c a l  j u n c t i o n .  From F i g u r e  2 we have  

1. T h i s  geometry  is 
20 

2 

2' 1' 1 
Then we will 

20 

+ ( r 2  - d ) *  - 2 r  ( r  - d)cosO 2 2 
2 2 2  2 

r = r  
1 

( 5 )  

For  small. a n g l e s  

and a l s o  - E----. 

10 O20 
( 7 )  

The second term i n  t h e  b r a c k e t s  i n  Equa t ion  6 is  much less  t h a n  u n i t y  so we 

can  expand,  

-(211-1) 0 2  (81  
2 

5! 1 --%o,o 2d - 0 20 )-(2%-1) 2 
20 20 
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Figure 2. Junction of Two Conical Tapers of 
Different Angle 
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From Equation 3 ,  t h e  e x p r e s s i o n  for  t h e  f i e l d  i n t e n s i t y  of  a s i n g l e  i n c i d e n t  

TEon mode i n  t h e  f i r s t  t a p e r  i s  

S u b s t i t u t i n g  t h e  c o o r d i n a t e  system of t h e  second taper through Equat ions 6 
and 7 ,  w e  have 

where X = 2?ra/X is t h e  c u t o f f  kivelengt i r  of t h e  TE mode at t h e  

j u n c t i o n ,  and C i s  another  c o n s t a n t .  
cn In On 

2 

If we take Equation 10 i n  t h e  l i m i t  0 + 0 t h e n  t h e  second taper 
20 

becomes a c y l i n d e r  and t h e  f i e l d  i n t e n s i t y  i n  the f i r s t  t a p e r  may b e  

expresszd as 

(I la) 

(1) 
3 b ( 2 R - l ) U ) ]  E I p  = c2J1 tln >) 20 exp [-i 

ol0 s)k 20 - R = l  R 

w h i l e  t h e  f i e l d  i n t e n s i t y  i n  t h e  c y l i n d e r  w i l l  be 

o r  e q u i v a l e n t l y ,  by u s i n g  Equation 7 ,  



The parameters C and C are c o n s t a n t s .  
2 3 

Thus, we have e l imina ted  the dummy v a r i a b l p  8,/3 as expected f3r t h e  
- 20 

c a s e  of a c o n i c a l - c y l i n d r i c a l  j u n c t i o n .  The purpose of cons ider ing  3 second 

taper angle  0 was to demonstrste t h a t  the  express ions  f o r  tne  e lec5 r i c  

f i e l d  i n  t h e  c o n i c a l  t a p e r  and t h e  c y l i n d e r  a r e  r ea l ly  special. c a s e s  of a. 

more geners l  s o l u t i o n  (Equat ion 3 ) .  

? 

(2' at  t h e  boundary, (I) E 
6 6 

Now w e  r e q u i r e  t h a t  E 

t- 

d e f i n e  t = 8 / O  1 'LO' 

We a r e  a f t e r  ara express ion  f o r  t h e  c o e f f i c i e n t s  T Absorbing t h e  

c o n s t a n t s  C and C i n t o  t h e  c o e f f i c i e n t s  T mul t ip ly ing  both sides by 
mn 

2 3 mn' 
J1(Xlm.t  ) t  and i n t e g r a t i n g  over t h e  t a p e r  angle w i t h  j d t  : 

0 
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j t J l ( X l n t ) i l ( X  lm’ t )  exp  [ i K t 2 ]  d t  

0 

where 

--ir a0 r 3  
L 

(15)  
-naO 

x i - O f o r x  >> 1 . 3 s[ 1 - bQ (211 - 1 )  x 
cn x K Z  

Q = 1  

3 0  1 
J 

The i n t e g r a l  on t h e  r igh t -hand  s i d e  o f  Equa t ion  1 4  is: 

0 ,. 

(15)  
-naO 

x - O for% >> 1 . 

2 

DropFing t h e  p r imes  on t h e  m’s we solve Equa t ion  1 4  f o r  t h e  complex 
c o e f f i c i e n t  Tmn : 

2 
Tmn = 2 /t teiKt J 1 ( X l m t ) J 1 ( X l n t ) d t  . ( 1 7 )  

2 

Jo “lm) o 

C. POWER CONVERSION COEFFICIENT 

1. La rge  t a p e r  a n g l e  (naO /A > 1 ,  0 << 1 ) .  
0 0 

The t o t a l  power i n  t h e  TE mode is2 g iven  by P om m 

mode is, 

2 
Jo (Xlm). Thus t h e  r a t i o  P /P 
p u r e  TE mode a t  t h e  j u n c t i o n  t o  t h e  TE 

: Pmn, which is t h e  power c o v e r s i o n  from a m n  

on om 
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E q u a t i o n s  17 and 18 r e p r e s e n t  t h e  d e s i r e d  r e s u l t  i n  t h e  l i m i t  of l a r g e  t a p e r  
a n g l e .  

2. Small t a p e r  a n g l e  ( r a g  / A  < I ,  0 << 1 ) .  
0 0 

I n  t h i s  c a s e  we c a n  s i m p l i f y  t h e  e x p r e s s i o n  f o r  T mn by e x p a n d i n g  

t h e  argument of t h e  e x p o n e n t i a l  i n  t h e  i n t e g r a n d :  

For  m = n ,  t h e  f i r s t  i n t e g r a l  is non-zero and is much g r e a t e r  t h a n  t h e  

s e c o n d  i n t e g r a l  and we f i n d  

nn T 
2 

Jo2(X l m )  
= 1  

F o r  m f n, t h e  f i r s t  i n t e g r a l .  i n  E q u a t i o n  19 i s  i d e n t i c a l l y  zero and w e  

h a v e ,  

T =  t ) d t  . 
mn I n  



T h i s  i n t e g r a l  h a s  been  e v a l u a t e d  by Solymar3  and t h e  r e s u l t  g i v e s  

S u b s t i t u t i n g  i n t o  E q u a t i o n  1 8  fo r  Pmn,  

2 2 2  2 
a 2  0 64r  Xlm 

A 2  ( X l m  

0 . 
") 2 'mn = 

(23)  

which is t h e  d e s i r e d  r e s u l t  i n  t h e  l i m i t  naO / A  < 1 ,  0 << 1 .  
0 0 

Mode power r a t i o s ,  P ( K ) ,  where t h e  t r a n s d u c t a n c e  p a r a m e t e r  mn 
K ? - n a 0  / A ,  can be c a l c u l a t e d  fo r  v a l u e s  of 
a ,  is  t h e  c y l i n d r i c a l  waveguide  r a d i u s ,  8 is  t h e  t a p e r  a n g l e ,  and  )t i s  t h e  

f r e e  s p a c e  w a v e l e n g t h .  For a c y l i n d r i c a l - c o n i c a l  j u n c t i o n  t h e  s i g n  of K is 

reversed. 
p h a s e  of t h e  t r a n s d u c e d  modes and d o e s  not a f f e c t  t h e  a m p l i t u d e s  of t h e  mode 

power r a t i o s .  The r a t i o  of power c o n v e r t e d  i n t o  t h e  TE 

i n c i d e n t  TE mode was p r e v i o u s l y  found t o  b e  

K - > 1.  Here, t b e  p a r a m e t e r ,  
0 

0 

However, a s  we w i l l  see below, t h e  s i g n  of K a f f e c t s  o n l y  t h e  

mode from .a p u r e  
om 

on 

2 2  
64 'lrn 2 

(Xlrn - X l n )  

P (K) = K , for  I K I  < I .  
2 2 rnn ( 2 4 )  

where  X 

E q u a t i o n  24 fo r  K > 1 we use E q u a t i o n  18, 

is t h e  nth p o s i t i v e  root  of J 1 ( X )  = 0 .  I n  order t o  g e p e r a l i z e  
I n  
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where 
4 

T mn ( K )  = 2 2 J' t e i k t 2  J 1 ( X l m t )  9 ( X  t ) d t  (26 )  1 I n  
Jo ( X l r n ) O  

The i n t e g r a l  i n  E q u a t i o n  26 h a s  S e e n  e v a l u a t e d  n u m e r i c a l l y  fo r  v a r i o i i s  

( m ,  n )  and K .  The  r e s u l t s  a r e  shown i n  F i g u r e s  3 - 3 w h e r e  o n l y  t h e  

a b s o l u t e  v a l u e s ,  Tmn(K)  v s  K , a s  r e q u i r e d  b y  E q u a t i o n  25 a r e  g i v e n .  

The P e s u l t s  a g r e e  w i t h  those  q u o t e d  b y  S o l y m a r 3  and  t h o s e  c a l c u l a t i o n s  have 

b e e n  e x t e n d e d  t o  i n c l u d e  m or  n = 5,  6 a n d  v a l u e s  of K i n  t h e  range 

2.5 - 10. 

U s i n g  E q u a t i o n  25 and  t h e  r e s u l t s  f o r  T (MI, t h e  mode c o n v e r s i o n ,  I mn I 
P ( K ) ,  h a s  a l so  b e e n  c o m p u t e d  a s  shown i n  F i g u r e s  9 - 1 4 .  For v a l u e s  of  

K 2 4 t h e s e  c a l c u l a t i o n s  y i e l d  p h y s i c a l . l y  m e a n i n g l e s s  r e s u l t s  ( P  

A p p a r e n t l y ,  f o r l K 1 2  2.5 t h e  t h e o r e t i c a l  a n a l y s i s  of t h e  p r o b l e m  i s  no longer  
c o r r e c t .  A s  t h e  symptoms  of t h i s  e r ro r  i n  a n a l y s i s  a r e  v a l u e s  of P vh i r -h  mn 
e x c e e d  u n i t y ,  one s u s p e c t s  t h a t  t h e  b o u n d a r y  c o n d i t i o n  a p p l i e d  a t  t h e  

c o n i c a l - c y l i n d r i c a l  j u n c t i o n  does n o t  p r o p e r l y  a c c o u n t  f o r  d e p l e t i o n  of t h e  

pclre i n c i d e n t  TE wave  d u r i n g  t h e  mode conver-s.ion p r o c e s s .  F o r  t h i s  reason 
t h e  r e g i o n  of v a l i d i t y  o f  E q u a t i o n  25 i s  l i m i t e d  t o  I K I  5 2.5. 

nn 
> 1 ) .  mn 

o n  
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Figure 3. Variation of the Mode Conversion Parameter, lTmll , 
with the Transductance Parameter, K 
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Figure 7 .  Variation of the Mode Conversion Parameter, IT 
with the Transductance Parameter, K 
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TRANSDUCTANCE PARAMETER (" a: O )  

Figure 11. Mode Conversion, P,3 
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Figure 12. Mode Conversion, P,4 
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APPENDIX C 

VOLTAGE TRAVELING WAVE RATIO MEASUREMENTS* 

A t e c h n i q u e  fo r  m e a s u r i n g  t h e  mode c o n t e n t  of t h e  power f low i n  a 

m u l t i m o d e  t r a n s m i s s i o n  l i n e  was d e v e l o p e d .  I n  t h i s  a p p e n d i x  t h e  a n a l y s i s  

b e h i n d  t h e  measurement  t e c h n i q u e '  and  some e x p e r i m e n t a l  c o n s i d e r a t i o n s  a r e  
d i s c u s s e d .  

A. DEFINITION OF VTWR 

The r a t i o  of t h e  maximum and minimum v a l u e s  of t h e  b e a t i n g  wave 

e lec t r ic  f i e l d s  of a n y  two modes p r o p a g a t i n g  i n  a mul t imode  g u i d e  may, b y  

a n a l o g y  t o  t h e  well  e s t a b l i s h e d  v e r n a c u l a r  of t h e  s i n g l e  mode w a v e g u i d e ,  b e  

d e n o t e d  t h e  v o l t a g e  t r a v e l i n g  wave r a t i o  (VTWR) for t h e  two modes i n  

q u e s t i o n .  I n  g e n e r a l ,  t h e  VTWR's w i l l  b e  a f u n c t i o n  of p o s i t j o n  i n  t h e  
p l a n e  normal  t o  t h e  d i r e c t i o n  of p r o p a g a t i o n  i n  t h e  g u i d e .  Measurements  o f  

t h e  VTFIF's c a n  be e a s i l y  r e l a t e d  t o  t h e  f r a c t i o n s  of t o t a l  power propagating 

i n  e a c h  waveguide  mode. T h i s  i n f o r m a t i o n  may be u s e d  to:  

( 1 )  c h a r a c t e r i z e  t h e  o p e r a t i n g  mode o u t p u t  of a h i g h  power s o u r c e  w i t h  

mul t imode  o u t p u t  s u c h  a s  a g y r o t r o n ' ,  

(2 )  a n a l y z e  t h e  mode c o n v e r s i o n  p r o p e r t i e s  of overmoded waveguide  

c o m p o n e n t s ,  

( 3 )  d e t e r m i n e  t h e  optimum l o c a t i o n s  a l o n g  t h e  l i n e  fo r  l o s s y  

o b s t r u c t i o n s ,  

(4) allow t r a n s d u c t a n c e  m a t c h i n g  ( i n d u c e d  d e s t r u c t i v e  i n t e r f e r e n c e  o f  
2 o n e  or more unwanted  modes)  . 

* NOTICE OF IEEE COPYRIGHT: T h i s  s e c t i o n  c o n t a i n s  e x c e r p t s  from a 
m a n u s c r i p t  which  h a s  b e e n  a c c e p t e d  for p u b l i c a t i o n  i n  t h e  IEEE T r a n s a c t i o n s  
on Microwave T h e o r y  and T e c h n i q u e s  and is t h e r e f o r e  s u b j e c t  t o  t h e  s t a n d a r d  
I E E E  c o p y r i g h t  a g r e e m e n t .  T h i s  n o t i c e  is r e q u i r e d  by t h a t  a g r e e m e n t .  
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The v o l t a g e  t r a v e l i n g  wave r a t i o  (VTWR) i s  d e f i n e d  i n  t h e  f o l l o w i n g  

manner.  

a m p l i t u d e s  A 

d i r e c t i o n .  The r e s u l t a n t  wave a m p l i t u d e  may b e  w r i t t e n  a s ,  

C o n s i d e r  t h e  s u p e r p o s i t i o n  of t h e  two p l a n e  waves w i t h  complex 

and A t r a v e l i n g  i n  a mul t imode  g u i d e  i n  t h e  p o s i t i v e  z n m 

and k a r e  t h e  p r o p a g a t i o n  c o n s t a n t s  or wave numbers.  Cases where s u c h  a 
r e s u l t a n t  wave, or b e a t  p a t t e r n ,  i s  measured by a d e t e c t o r  s e n s i t i v e  t o  t h e  
q u a n t i t y  , 

n,m 

( 3 )  

a r e  of i n t e r e s t .  The b e a t  wave number is d e f i n e d  a s  k kn-k /2 .  T h e  

b e a t  w a v e l e n g t h  is  x The b e a t  p h a s e ,  ( b n - $ m ) ,  may b e  e l i m i n a t e d  

by s u i t a b l e  c h o i c e  o f  o r i g i n  i n  z .  S o l v i n g  f o r  t h e  r a t i o  o f  t h e  maximum 2 n d  

ninimum v a l u e s  of C(z)  , we d e f i n e  t h e  v o l t a g e  t r a v e l i n g  wave r a t i o ,  

nm m 
E 2n/Knm. nm 

where t h e  v a l u e  of t h e  VTWR can r a n g e  from u n i t y  t o  i n f i n i t y .  T h i s  e q u a t i o n  

can be s o l v e d  for  t h e  r a t i o  

E q u a t i o n  5 r e l a t e s  a m e a s u r a b l e  q u a n t i t y ,  t h e  VTWR f o r  modes n and  m ,  t o  t h e  

r a t i . 0  of t r a v e l i n g  p l a n e  wave a m p l i t u d e s .  
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8. VTWR’S IN CYLINDRICAL WAVEGUIDE 

The fractions lanI2 of the total transmission line power contained in 

each waveguide mode can be deduced from the measured beat wave pattern 

C(r,z> . The multimode transmission line is uniform in the direction of 

propagation but may have any arbitrary cross section. The measured 

resultant beat wave pattern arises from the superposition of many modes 

traveling in the positive z direction. This general case (arbitrary number 

of modes traveling in a waveguide of arbitrary cross section) has been 

analyzed and the exact treatment by which 

the constituent normal modes of the waveguide can be prescribed. 

I +  I‘ 

C(?,z) may be decomposed into I I *  
For the special case of two circular electric modes propagating in 

cylindrical waveguide, the general result may be simplified. Using the 

definition as expressed in Equation 4, the mode power ratio can be 

determined: 

/VTWR(r) T 1\ 

where the guide factor is defined according to: 

e. MODE BUNCHES 

When VTWR measurements are performed on systems in which the 

transductance mismatches are  not severe, the general analysis may be 
simplified. One such simplification, which is useful in gyrotron 

engineering, is that one need only consider transduction of a pure TE mode 

1. This approximate treatment is into the mode bunch (TE 
often valid because mode conversion occurs preferentially into nearest 

on 

o n-1’ TEon’ TEo n+l 
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n e i g h b o r  modes. ( T h e  e x c e p t i o n  t o  t h i s  o c c u r s  when a resonant s t r u c t u r e  i s  

e n c o u n t e r e d ,  s u c h  a s  a w a v e g u i d e  segmen t  c lose t o  a mode c u t o f f . )  T h u s ,  a 

p u r e  TE c i r c u l a r  e l e c t r i c  mode w i l l  t e n d  t o  d i f f u s e  u n d e r  an e n v e l o p e  i n  

k - s p a c e  t o  form a bunch o f  modes c e n t e r e d  a t  k = krl, wit.h t h e  w i n g s  o f  t h e  
k - s p a c e  e n v e l o p e  t r a i l i n g  t o  z e r o  f o r  o t h e r  modes m f n.  F o r  e x a m p l e ,  i n  

c y l i n d r i c a l  w a v e g u i d e s  t h e  TE mode b u n c h e s  a r e  c o n t a i n e d  u n d e r  t h e  
e n v e l o p e  : 

on 

on 

" 2  2 
'k 'lm 

(x' I n  - X y J  ( 7 )  

w h e r e  X 

from E q u a t i o n  7 t h a t  s i n c e  P - m 

t h e  t h r e e  modes m = n-1, n ,  and n + l .  

is t h e  nth p o s i t i v e  root  o f  J ( X I  = 0. 

k 

F o r  n - 1 ,  it c a n  b e  s e e n  
1 -6 I n  

t h e  mode bunch is e f f e c t i v e l y  l i m i t e d  t o  

D. G U I D E  FACTORS 

The two-mode g u i d e  f a c t o r ,  G d e f i n e d  i n  E q u a t i o n  6 ,  h a s  been  nm' 
computed fo r  t h e  mode b u n c h e s  p r e s e n t l y  of i n t e r e s t  i n  g y r o t r o n  r e s e a r c h ,  a 5  

shown i n  T a b l e  I. The two-mode V T W R ,  E q u a t i o n  6 ,  c a n  be u s e d  when 

c o n s i d e r i n g  b u n c h e s  o f  t h r e e  modes by p e r f o r m i n g  t h e  VTWR m e a s u r e m e n t s  a t  a 

r a d i a l  p o s i t i o n  f o r  wh ich  o n e  o f  t h e  t h r e e  modes is i d e n t i c a l l y  z e r o .  For 

e x a m p l e ,  t o  f i n d  t h e  mode power f r a c t i o n s  fo r  t h e  mode bunch (TE 

TE 1, t h e  mode power r a t i o s ,  I a d p i  a l  I a n d  la3/  I a i /  
i n  t h i s  u n i q u e  example  is n o t  measu red  b e c a u s e  t h e  [The r a t i o  a 

TE h a s  no n o n - t r i v i a l  n u l l s . ]  T h i s  r e q u i r e s  t h e  c o m p u t a t i o n  of G and  

0 1 '  T E 0 2 '  
must  be  m e a s u r e d .  

03 

3 2 a  2 

01 1 3  
T h e r e  a r e  o f ten  more t h a n  o n e  r a d i a l  n u l l  t o  c h o o s e  from a s  shown i n  G12- 

T a b l e  I. I n  t h i s  c a s e ,  t h e  v a l u e s  of G ( X  a/X ) =- 1 .091 ,  G ( X  a/X ) = 
0.7961,  and G 1 2  (X2 a/X ) = 1.256 a r e  r e q u i r e d .  

3 

1 3  1 2 1 2  1 3 

The VTWR m e a s u r e m e n t s  mus t  be p e r f o r m e d  o v e r  a l o n g i t u d i n a l  i n t e r v a l  

wh ich  is g r e a t e r  t h a n  o r  e q u a l  t o  o n e - h a l f  o f  t h e  l a r g e s t  b e a t  w a v e l e n g t h ,  

'nm' 
w a v e l e n g t h s  f o r  p a i r s  of c i r c u l a r  e l e c t r i c  mode t h r o u g h  t h e  TE fo r  t h e  

s t a n d a r d  2 1/2" diameter m u l t i m o d e  g u i d e  a t  s e v e r a l  f r e q u e n c i e s .  T a b l e  111 
l is ts  t h e  minimum VTWR measu remen t  i n t e r v a l s  f o r  t h e  f i rs t  t h r e e  c i r c u l a r  

of i n t e r e s t  i n  t h e  s y s t e m .  T a b l e  II l ists  a l l  t h e  h a l f  b e a t  

0 5  
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RADIAL 
NULL POINTS 

r/a) 

NONE 1 - 

RADIAL 
NULL POINTS 
(inches, in 2.5” 
DIAM. GUIDE) 

%= 0.5462 

0.47 1 I %= 0.3766 

0.683 

%= 0.6896 0.862 

0.658 I %= 0.5265 

3- 0.2876 0.360 

0.291 I %= 0.2326 

$= 0.7636 0.955 

g= 0.4259 0.532 

TABLE I 

GUIDE FACTOR FOR CIRCULAR ELECTRIC MODE BUNCHES 

%= 0.6177 

MODE BUNCHES 

0.772 

GUIDE 
FACTOR 

& 0.8089 

1 GUiDE I 
FACTOR 

1.011 

I 

- G23 

15.04 1 G34 I 613 I 1.091 

GUIDE 
FACTOR 

I 
G45 I 1.633 

I 0.8100 

1.01 1 

G35 

1.010 I 
G34 I 2.344 

0.2382 

0.5072 

2.729 



TABLE I! 

ONE-HALF BEAT WAVELENGTHS (INCHES) 

WAVELENGTH 

10.3 
3.9 
2.0 
1.2 
6.3 
2.5 
1.4 
4.3 
1.8 
3.0 

SPACE 

(inches) 

60 0.197 

98 8,131 

110 0.109 

17.9 
6”9 
3.7 
2.3 

19.3 
4.7 
2.7 
8.1 
3.5 
6.2 

27,1 
105 
5.7 
3.6 

17.2 
7.2 
4.1 

12.5 
5.5 
9.7 

?ABLE lis 

VlWR MEASUREMENT INTE 

33.3 
12.9 
7.0 
4.4 

21.1 
3.9 
5.1 

15.4 
6.8 

12.0 

MODE BUNCH 

8.1 4 3  3.0 

10.3 6.3 4.3 

17.9 11.3 8.1 

27.9 17.2 12.5 
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electric mode bunches. These intervals are on the order of lov1 - 20" and 

are not too large fo r  performing practical VTWR measurements. Although the 

present trend in gyrotron design is toward higher frequency (downward in 

Table III), this is accompanied by a trend in operating mode toward h i g h e r  

radial mode number (to the right in Table 111). Thus, for present circular 

electric mode devices, or those under consideration, the relevant VTWR 

measurement intervals will remain in the practical range of lofv - 20". 
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