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ABSTRACT 

The o b j e c t i v e  of t h i s  program is t o  deve lop  a microwave o a 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  28 GHz. The use of t h e  

g y r o t r o n  o r  c y c l o t r o n  resonance  i n t e r a c t i o n  is be ing  pursued .  

During t h i s  r e p o r t i n g  pe r iod  the b a s i c  t e s t i n g  o f  ax isymmetr ic  t ube  5R2 

was completed.  It s u c c e s s f u l l y  o p e r a t e d  i n  e x c e s s  o f  200 kW both  i n  p u l s e  

and CW modes. The measured power o u t p u t  of 212 kW e s t a b l i s h e s  a neki world 

r eco rd  f o r  CW power g e n e r a t i o n  a t  28 GHz. 

gu ide  components s i m u l a t i n g  the  EBTS load  were made. 

F u r t h e r  tests w i t h  v a r i o u s  o u t p u t  

Tube 7R1 (M) was r e t u r n e d  t o  Pa lo  Al to  a f t e r  o p e r a t i o n  ceased due  t o  an 

open heater. It was r e p l a c e d  by t u b e  12 (M) which was tested t o  113 kW ck' 

and sh ipped  t o  ORNL. 

C o n s t r u c t i o n  of t u b e  6 was completed excep t  f o r  t he  c o l l e c t o r  s e a l  and 

f i n a l  assembly.  A c o l l e c t o r  seal o f  a new d e s i g n  was c o n s t r u c t e d  and is 

being  e v a l u a t e d .  

Work on 5" ax i symmet r i ca l  t u b e s ,  S/N 9 and 10, has been s topped  wi th  

t h e  i n t e n t  of a p p l y i n g  a l l  remain ing  e f f o r t  t o  t h e  2.5n axisymmetr ie  t u b e s .  

C o n s t r u c t i o n  of 2.5" ax isymmetr ica l  t u b e s  8 and 1 1  is  p r o g r e s s i n g .  



I. INTRODUCTION 

The o b j e c t i v e  of t h i s  program Is t o  develop  a microwave o s c i l l a t o r  

capable of producing 200 kW of CW power a t  a f requency  of 28 GHz. 

a d d i t i o n ,  It is in tended  t h a t  t h e  program w i l l  serve as the first s t e p  

toward development of a d e v i c e  t o  produce a similar power l e v e l  a t  a 

f requency  of 60 and 110 GHz.  F e a s i b i l i t y  for t h e  60 and 110 GHz d e s i g n s  

w i l l  be demonst ra ted ,  whenever p r a c t i c a l ,  i n  t h e  d e s i g n  of the  28 GBz 
d e v i c e .  T u n a b i l i t y  or bandwidth is n o t  cons idered  an impor tan t  parameter  i n  

t h e  d e s i g n ,  bu t  e f f i c i e n c y  is. Mode p u r i t y  i n  t h e  o u t p u t  waveguide is n o t  a 

requi rement  for the  d e v i c e ,  but t h e  c i r c u l a r  TE mode is c o n s i d e r e d  desirable  

because of its low loss p r o p e r t i e s .  

I n  

With these o b j e c t i v e s  i n  mind, t h e  d e c i s i o n  was made to  pursue  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 i e l d s .  The d e t a i l e d  arguments l e a d i n g  t o  t h i s  c h o i c e  are 

c o n t a i n e d  i n  t he  f i n a l  r e p o r t  of t h e  preceding  s t u d y  program . The d e v i c e  

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

in r e c e n t  l i t e r a t u r e .  293 

I n t e r a c t i n g  w i t h  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  TEm, class.  

1 

It t y p i c a l l y  employs a hollow e l e c t r o n  beam 

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 .  Another requi rement  is t h a t  t h e  small component 

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

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

G e n e r a t i o n  of a beam w i t h  h igh  t r a n s v e r s e  v e l o c i t y  and small axial v e l o c i t y  

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

The approach chosen to  g e n e r a t e  t he  beam is a magnetron t y p e  of gun 

l i k e  t h e  one used in t h e  d e v i c e s  descr ibed i n  t h e  Russian l i t e r a t u r e .  With 

t h i s  type of gun, t h e  ahaping of  t h e  magnet ic  f i e l d  i n  t h e  gun r e g i o n  

becomes q u i t e  i m p o r t a n t .  

1 



As a r e s u l t  o f  the  e x c e l l e n t  performance of the pulsed  o s c i l l a t o r ,  

producing up t o  248 kW of peak power a t  28 GHz w i t h  good e f f i c i e n c y 4 ,  t h e  

emphasis  of t h e  program has been s h i f t e d  t o  stress t h e  c o n s t r u c t i o n  and 

delivery of  CW o s c i l l a t o r s .  

During the  period covered by t h i s  r e p o r t ,  two CW tubes ,  S/N 5, an 

a x i s y m n e t r i c  t y p e ,  and S/N 12M, a miter-bend o u t p u t  t y p e ,  were o p e r a t e d  

under  p u l s e  and CW c o n d i t i o n s .  A miter-bend t u b e ,  S/N 7M ceased t o  o p e r a t e  

a t  ORNL and was r e t u r n e d  t o  Pa lo  Al to .  C o n s t r u c t i o n  of three axisymmetr ic  

t u b e s ;  S/N 6,  8, and 11  was con t inued .  Work on t h e  5" axisymmetr ic  t u b e s  

S/N 8 and S/N 11  was d i s c o n t i n u e d .  

The following o b s e r v a t i o n s  on these t u b e s  are r e p o r t e d  h e r e  i n  t h e  

o r d e r  i n  which they  were tested o r  assembled. 

2 



11. TECHNICAL DISCUSSIONS 

P u l s e  p r o c e s s i n g  of t h i s  t u b e  con t inued  i n  e a r l y  Janua ry  u n t i l  a peak 

power of 213 kW a t  10% du ty  was achieved .  Some d i f f i c u l t y  was expe r i enced  

a t  turn-on due t o  a t endency  t o  o s c i l l a t e  a t  32.5 GHz and 33.2 GHz. 
However, by c a r e f u l  ad jus tment  of main f i e l d  magnet #2 c u r r e n t  and 

modula t ion  anode v o l t a g e ,  a t echn ique  was worked o u t  for t u r n i n g  on t h e  

t u b e .  

Fol lowing  t h i s ,  a s i n g l e  miter-bend was i n s e r t e d  between the  wa te r load  

and t h e  t u b e  o u t p u t .  The mismatch caused by t h i s  was s e v e r e  enough t o  

p reven t  o p e r a t i o n  i n  t he  normal 27.9 G H z  mode. The tube  showed a s t r o n g  

tendency t o  o s c i l l a t e  a t  26.8 GHz. A conduct ion  cooled mode f i l t e r  was t h e n  

i n s e r t e d  between t h e  t u b e  ou tpu t  and t h e  mi te r -bend,  whereupon t h e  t u b e  

o p e r a t e d  i n  i t s  normal mode. 

The miter-bend and mode f i l t e r  were then  removed and a Te f lon  d i s c  w i t h  

a VSWR of 1.75 was i n s e r t e d  between t h e  t u b e  and t h e  rf load and a s t u d y  of  

i ts e f f e c t  on o u t p u t  power as a f u n c t i o n  of l i n e  l e n g t h  was made. The l i n e  

was l engthened  i n  .28 X increments .  T h i s  data ,  p l o t t e d  i n  F i g u r e  1 ,  shows 

an  approximate ly  -+ 11% peak-to-peak power v a r i a t i o n .  

The test set was t h e n  conver ted  t o  CW o p e r a t i o n  and p rocess ing  and 

t e s t i n g  con t inued .  As t h e  col lector  power was s t e a d i l y  i n c r e a s e d ,  a 

tendency fo r  i n c r e a s e d  body c u r r e n t  was noted a t  a bean v o l t a g e  of 60 kV. 

body c u r r e n t  as h igh  as 25 mi l l i amperes  was recorded compared t o  a t y p i c a l  

v a l u e  of 10 mi l l i amperes .  

t o  a normal 18 milliamperes. A p o s s i b l e  e x p l a n a t i o n  f o r  t h i s  is t h a t  an 

o s c i l l a t i o n  had occur red  under t h e  a forement ioned  c o n d i t i o n s .  T h i s  

phenomenon was noted  on s e v e r a l  o c c a s i o n s  bu t  caused no appa ren t  harm t o  t h e  

t u b e .  

A 

However, a t  80 kV t h e  body c u r r e n t  had decreased  

3 
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P r o c e s s i n g  cont inued  and the t u b e  was s u c c e s s f u l l y  tested a t  60 kW CW 

for 12.5 h o u r s ,  100 t o  108 kW CW fo r  3.4 hours  and 140 kW CW for  2.3 h o u r s ,  

Two h o u r s  of t h e  140 kW CW o p e r a t i o n  proceeded u n i n t e r r u p t e d .  

p r o c e s s  a d i f f e r e n t i a l  t e m p e r a t u r e  rise of 3 t o  8 degrees C was noted i n  t h e  

collector s e a l  which depended upon the rf l e v e l .  Temperature  decreased as 

t h e  rf l e v e l  was i n c r e a s e d .  Upon f u r t h e r  i n v e s t i g a t i o n ,  t h i s  was found t o  

be r e l a t e d  t o  t h e  t o p  c o l l e c t o r  co i l  c u r r e n t  and is b e l i e v e d  t o  have been 

caused by i n t e r c e p t i o n  of t h e  beam n e a r  t h e  c o l l e c t o r  seal. I n  order t o  

better understand t h i s ,  t h e  e l e c t r o n  beam power d e n s i t y  on t h e  c o l l e c t o r  

w a l l s  was i n v e s t i g a t e d .  

During t h i s  

The t o t a l  col lector  s u r f a c e  area is determined by t h e  l i m i t s  of t h e  

thermal  d e s i g n .  State  of t h e  a r t  c o l l e c t o r s  of t h i s  t y p e  are c a p a b l e  of 

r e l i a b l y  h a n d l i n g  up t o  -1 kW/cm of beam power d e n s i t y .  Any t h e r m a l  

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

c o l l e c t o r  f a i l u r e  d u r i n g  t u b e  o p e r a t i o n .  

2 

S u b j e c t  t o  t h i s  upper l i m i t  i n  power d e n s i t y ,  t h e  collector dimensions 

a r e  t h e  result  o f  a compromise between e x c e s s i v e  col lector  mode t r a p p i n g  and 

impractical t u b e  l e n g t h .  I n  order t o  a l l e v i a t e  t h e  problem of mode 

t r a p p i n g ,  i t  is n e c e s s a r y  t o  minimize t h e  c o l l e c t o r  r a d i u s  and t h u s  l i m i t  

t h e  number of waveguide modes which can propagate  i n  t h e  c o l l e c t o r .  As 

there  is a minimum c o l l e c t o r  s u r f a c e  area allowed, t h e  collector r a d i u s  may 

be reduced o n l y  a t  t h e  expense of i n c r e a s e d  c o l l e c t o r  l e n g t h .  The r e g i o n  of 

e l e c t r o n  c o l l e c t i o n  may be lengthened  by m a g n e t i c a l l y  s p r e a d i n g  t h e  s p e n t  

e l e c t r o n  beam over  a r e g i o n  which is c o n s i s t e n t  w i t h  t h e  upper l i m i t  i n  

collector wall  power d e n s i t y  and does n o t  lead t o  an i m p r a c t i c a l  c o l l e c t o r  

l e n g t h .  The most c r i t i c a l  thermal l o a d i n g  occurs when o p e r a t i n g  a t  f u l l  

beam power (640 kW CW) w i t h o u t  rf o s c i l l a t i o n .  (Thermal l o a d i n g  d u e  t o  rf 

d i s s i p a t i o n  a t  t h e  collector walls is n e g l i g i b l e  i n  comparison t o  t h e  beam 

thermal l o a d i n g . )  The collector is des igned  f o r  t h i s  worst case. 

A s u b s t a n t i a l  s a f e t y  margin is b u i l t  i n t o  t h e  d e s i g n  t o  allow f o r  t he  

changes i n  beam dynamics and concomitant  changes i n  bbeam p o s i t i o n  and 

thermal l o a d i n g  which occur  when the t u b e  is brought i n t o  o s c i l l a t i o n .  

During rf o p e r a t i o n  t h e  e l e c t r o n  dynamics change for two r e a s o n s .  F i r s t ,  

5 



t h e  g y r o t r o n  i n t e r a c t i o n  d e p l e t e s  t h e  e l e c t r o n s '  p e r p e n d i c u l a r  energy ,  

l e a d i n g  t o  a s h i f t  i n  t h e r m a l  load toward t h e  o u t p u t  end of" t h e  collector.  

T h i s  energy  d e p l e t i o n  depends on t h e  i n t e r a c t i o n  e f f i c i e n c y  encountered a t  

t h e  o p e r a t i n g  p o i n t ,  and as t h e  t u b e  is brought  i n t o  o s c i l l a t i o n  a large 

range of o p e r a t i n g  parameter s p a c e  is sampled. Thus,  t h e  i n t e r v a l  of t u b e  

"turn-on" is accompanied by s i g n i f i c a n t  v a r i a t i o n s  i n  power d e p o s i t i o n  i n  

t h e  c o l l e c t o r .  Second, t h e  rf f i e l d s  i n  the  o u t p u t  waveguide can f u r t h e r  

retard or accelerate a small f r a c t i o n  of t h e  beam e l e c t r o n s .  T h i s  effect  i s  

noteworthy i n  t h a t  t h e  presence  o f  any h i g h l y  e n e r g e t i c  e l e c t r o n s  i n  t h e  

collector poses  t h e  danger  of e l e c t r o n  p u n c t u r e  of t h e  o u t p u t  window 

ceramic. T h i s  problem is s o l v e d  by p l a c i n g  t r a n s v e r s e  magnets between t h e  

c o l l e c t o r  and t h e  o u t p u t  window. 

The e f f e c t i v e n e s s  of magnet ic  c o n t o u r i n g  of t h e  e l e c t r o n  beam power 

d e n s i t y  on t h e  c o l l e c t o r  walls has been confirmed w i t h  x-ray measurements.  

The hard  target x-ray bremss t rah lung  f lux WES observed o u t s i d e  the c o l l e c t o r  

as a f u n c t i o n  of axial p o s i t i o n .  The measurements were made by expos ing  

medical x-ray f i l m  (Kodak t y p e  AA)  t o  t h e  x-ray f lux for 10 minutes  a t  one 

ha l f  of f u l l  beam power (320 kW CW) w i t h  the  t u b e  o u t  o f  o s c i l l a t i o n .  The 

r e s u l t i n g  x-ray i n t e n s i t y  da ta  have been conver ted  t o  c o l l e c t o r  wall power 

d e n s i t y  by a s u i t a b l e  n o r m a l i z a t i o n  of t h e  d a t a  t o  t h e  a v a i l a b l e  beam power, 

and a r e  shown i n  F i g u r e  2. The three c u r v e s  r e p r e s e n t  three v a l u e s  of 

c u r r e n t  i n  t he  t o p  col lector  magnet c o i l ,  s p e c i f i c a l l y  0.5, 0.75, and 1.0 A .  

The most s h a r p l y  peaked c u r v e  ( a ) ,  when scaled up by a factor of two for  

o p e r a t i o n  w i t h o u t  rf a t  f u l l  beam power, r e a c h e s  a peak v a l u e  of 680 kW/cm . 
A less  demanding power d e n s i t y  c u r v e  ( b )  is achieved  by i n c r e a s i n g  the  t o p  

c o l l e c t o r  co i l  c u r r e n t  by 50%. A f u r t h e r  i n c r e a s e  i n  t h e  t o p  collector c o i l  

c u r r e n t  produces t h e  f l a t  c u r v e  ( c ) .  The l a t t e r  c a s e  is expec ted  t o  be 

skewed s t i l l  f u r t h e r  toward t h e  o u t p u t  window when t h e  t u b e  is brought  i n t o  

o s c i l l a t i o n ,  and for t h i s  r e a s o n  t h e  second c u r v e  was chosen as t h e  i d e a l  

o p e r a t i n g  p o i n t  for  c o l l e c t o r  l o a d i n g .  

2 

To compare w i t h  t h e  resul ts  o f  t h e  x-ray a n a l y s i s ,  magnet ic  f i e l d  

p r o f i l e s  were p l o t t e d  for three magnet ic  f i e l d  s e t t i n g s .  F i g u r e  3 shows t h e  

magnet ic  f i e l d s  for  the bottom coi l  set  a t  2A, t he  middle co i l  a t  2A, and 

t h e  t o p  coi l  v a r i e d  between 0.5 A ,  0.75 A ,  and 1 A .  Using these magnet ic  
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f i e ld  measurements,  we have c a l c u l a t e d  t h e  axial l o c a t i o n  of the e l e c t r o n  

c o l l e c t i o n  r e g i o n  ( i n d i c a t e d  by t h e  h o r i z o n t a l  base ( a ) ,  ( b ) ,  and ( c )  i n  

F i g u r e  2 )  by assuming t h a t  t h e  beam expands a d i a b a t i c a l l y  i n  t h e  c o l l e c t o r .  

While a stronger magnet ic  f i e l d  s h i f t s  t h e  e l e c t r o n  beam f u r t h e r  down t h e  

collector as e x p e c t e d ,  t h e  s i m p l e  a d i a b a t i c  c a l c u l a t i o n  p r o v i d e s  only a 

c r u d e  d e s c r i p t i o n  of the  r e g i o n  of e l e c t r o n  beam impact .  

i n c r e a s i n g  magnet ic  f i e l d  s t r e n g t h ,  t h e  e l e c t r o n  beam i n t e r c e p t s  f u r t h e r  

down t h e  collector ( F i g u r e  2 ) .  The 0.5 A case shows t h e  e l e c t r o n  beam 

i n t e r c e p t i n g  close t o  t h e  c o l l e c t o r  seal. This  case was the o r i g i n a l  

setting used i n  CW o p e r a t i o n  and seems t o  correlate w i t h  t h e  collector s e a l  

h e a t i n g .  The 1.0 A case shows a h igh  l e v e l  of e l e c t r o n s  a t  t h e  end of t h e  

collector - not  a good s i t u a t i o n .  Consequent ly ,  t h e  middle case w i t h  2A on 

t h e  bottom c o i l ,  2 A on t h e  midd le  c o i l ,  and 0.75 A on t h e  t o p  c o i l  was 

chosen . 

Notice t h a t  w i t h  

Although there is no q u a n t i t a t i v e  data;  q u a l i t a t i v e l y ,  t h e  amount of 

collector seal  h e a t i n g  appeared t o  decrease w i t h  t h e  0 75 A s e t t i n g .  

Another advantage  to  t h e  0.75 A s e t t i n g  is the  more even d i s t r i b u t i o n  of 

e l e c t r o n s  through t h e  co l lec tor .  Thus,  collector power d e n s i t y  is  k e p t  

lower w i t h  t h e  0.75 A s e t t i n g  compared t o  u s i n g  0.5 A on t h e  t o p  c o i l .  

CW o p e r a t i o n  and p r o c e s s i n g  of t u b e  5R2 c o n t i n u e d .  After c o n s u l t a t i o n  

w i t h  Oak Ridge, d i f f e r e n t i a l  thermometers were i n s t a l l e d  on the  c o l l e c t o r  

seal  water and the  window FC75 c o o l a n t  flow i n l e t s  and o u t l e t s .  T h i s  

g r e a t l y  improved t h e  a c c u r a c y  of measuring power d i s s i p a t i o n  i n  these 

c r i t i c a l  assemblies. 

o p e r a t e d  for s e v e r a l  h o u r s  a t  i n t e r m e d i a t e  power l e v e l s  u n t i l  212 kW CW was 

achieved a t  41% e f f i c i e n c y .  

i n  t h e  FC 75 window c o o l a n t  and c o l l e c t o r  seal  was found t o  be 1128 w a t t s  

and  376 watts r e s p e c t i v e l y .  

performance and t h e  re la ted major parameter  v a l u e s .  

Power o u t p u t  was t h e n  g r a d u a l l y  i n c r e a s e d  and t h e  t u b e  

A t  t h e  212 kW o u t p u t  l e v e l ,  power d i s s i p a t i o n  

Table 1 is a summary of t h e  f i n a l  tes t  

The t u b e  still had a tendency t o  osc i l la te  i n  t h e  32.5 GHz d u r i n g  

turn-on,  similar t o  behavior  i n  t h e  p u l s e  mode descr ibed earlier. By 
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c a r e f u l  ad jus tment  of t h e  gun and main magnet coils., o p e r a t i o n  a t  32.5 GHz 
was minimized and the  t u b e  o p e r a t e d  e a s i l y  from turn-on a t  20 kW up t o  

212 kW CW. 

A series of CW exper iments  was conducted i n  an e f for t  t o  characterize 

the VGA-8000 g y r o t r o n ,  as. well as t o  b e t t e r  unders tand  g y r o t r o n  o p e r a t i o n .  

Three c u r v e s  of power and f requency  v e r s u s  main magnet c o i l  #2 f o r  beam 

c u r r e n t s  of 3.6 A ,  4.9 A ,  and 6.0 A are shown. ( F i g u r e s  4, 5, and 6.)  Note 

t h a t  main magnet c o i l  #2 is located toward t h e  o u t p u t  end of t h e  i n t e r a c t i o n  

c a v i t y .  

Close examinat ion of t h e s e  three c u r v e s  shows some impor tan t  t r e n d s .  

F i r s t ,  there is a v a l u e  of magnet ic  f i e l d  for peak o u t p u t  power. T h i s  v a l u e  

of magnet ic  f i e l d  decreases w i t h  i n c r e a s i n g  beam c u r r e n t .  Second, t h e  

f requency decreases markedly w i t h  d e c r e a s i n g  c o i l  #2 c u r r e n t .  Both of these  

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

E f f i c i e n c y  v e r s u s  beam c u r r e n t  w i t h  op t imized  gun anode v o l t a g e  was 

p l o t t e d  t o  provide  i n s i g h t  i n t o  o p t i m a l  o p e r a t i o n .  ( F i g u r e  7.) The peak 

e f f i c i e n c y  observed was 48.7% a t  3 . 5  A o f  beam c u r r e n t .  As t h e  beam c u r r e n t  

was i n c r e a s e d  a s l i g h t  decrease i n  e f f i c i e n c y  was noted.  However, two 

impor tan t  p o i n t s  are worth c o n s i d e r a t i o n .  F i r s t ,  t h e  e f f i c i e n c y  v a l u e s  f o r  

beam c u r r e n t s  greater t h a n  5.2 A were o b t a i n e d  w i t h  s l i g h t l y  lower gun anode 

v o l t a g e s ;  i .e . ,  there is a p o s s i b i l i t y  of h i g h e r  e f f i c i e n c i e s  w i t h  i n c r e a s e d  

gun anode v o l t a g e  i f  the  self-imposed s a f e t y  l i m i t a t i o n  of 200 kW Ck’ could 

be exceeded.  Second, the  e f f i c i e n c y  v a l u e s  f o r  beam c u r r e n t s  less t h a n  5.2 

A were o b t a i n e d  before c o r r e c t i n g  t h e  main magnet ic  f i e l d  for o p t i m a l  

o p e r a t i o n .  Consequent ly ,  t h e  e f f i c i e n c y  for  beam c u r r e n t s  less t h a n  5.2 A 

are also somewhat u n d e r s t a t e d .  

a 
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Table 1 

VGA-8000 S/N 5R2 Test Performance 

OPERATING PARAMETERS 

C o l l e c t o r  Water Flow 261 gpm 

Body Water Flow 3.6 gpm 

Window Water Flow (bo th )  1 gpm 

FC-75 Flow 3.0 gpm 

Collector Seal Flow 2.5 gpm 

Magnet Co i l  C u r r e n t s :  Main 1 = 475 A 

2 = 469 A 

3 = 460 A 

4 = 478 A 

Gun 1 = 12.5 A 
2 = 11.0 A 

Beam Vol tage  

Gun Anode Vol tage  

Cathode Cur ren t  

Body Cur ren t  

Heater Voltage 

Heater Cur ren t  

Power Output  

Frequency 

80.2 kV 

25.3 kV 

6.7 A 

25 mA 
10.8 V 

6.03 A 

212 kW 

27.870 GHz 

Two c u r v e s  of e f f i c i e n c y  versus gun anode v o l t a g e  were p l o t t e d  ( F i g u r e s  

F i g u r e  8 is a cu rve  o f  e f f i c i e n c y  v e r s u s  gun anode voltage a t  3.5 8 and 9). 

A of beam c u r r e n t .  As shown, t h e  e f f i c i e n c y  i n c r e a s e s  almost l i n e a r l y  o r  

a l i g h t l y  e x p o n e n t i a l l y  w i t h  gun anode v o l t a g e .  

o c c u r s  a t  26.8 kV. 

The peak e f f i c i e n c y  of 48.7% 

The cu rve  s u g g e s t s  t h a t  e f f i c i e n c y  c o n t i n u e s  t o  i n c r e a s e  
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above 26.8 kV. However, t h i s  is n o t  t h e  case. 

begins  t o  draw c u r r e n t  due t o  beam i n t e r c e p t i o n  p r e v e n t i n g  any f u r t h e r  

i n c r e a s e  i n  e f f i c i e n c y  . 

Above 26.8 kV t he  gun anode 

A t  5 A of beam c u r r e n t ,  t h e  e f f i c i e n c y  v e r s u s  gun anode v o l t a g e  c u r v e  

( F i g u r e  9) shows similar characterist ics as t h e  c u r v e  for  3.5 A .  The "kink" 

i n  the  c u r v e  between 26 kV and 26.25 kV is due t o  a nonoptimized main 

magnet ic  f i e l d .  Another problem due t o  nonopt imiza t ion  of magnet ic  f i e l d  

was t h a t  the gun anode began drawing c u r r e n t  a t  a lower gun anode v o l t a g e .  

This  c u r r e n t  prevented  i n c r e a s i n g  gun anode v o l t a g e  and t h u s  l i m i t e d  t h e  

a b i l i t y  t o  a c h i e v e  h igher  e f f i c i e n c y .  

The t u b e  was r e t u r n e d  t o  p u l s e  o p e r a t i o n  a t  4% d u t y .  The p r i n c i p l e  

reason  f o r  t h i s  was t o  de te rmine  t h e  performance of t h e  t u b e  w i t h  v a r i o u s  

combina t ions  of miter-bends and mode f i l t e r s  as a means o f  be t te r  

unders tanding  i ts  performance when coupled w i t h  t h e  EBTS. 

The 28 GHz g y r o t r o n  was first operated i n t o  a mode f i l t e r  (Varian 

VFA-8000) and waterload. ( F i g u r e  1 0 A .  1 Approximately 0.85 of t h e  t o t a l  

power was absorbed by t h e  mode f i l t e r  w i t h  t h e  remaining 99.2% absorbed i n  

t he  w a t e r l o a d .  

The second tes t  was with  a g y r o t r o n  operated i n t o  a mode f i l t e r ,  a 

miter bend, and t h e  waterload. ( F i g u r e  10B.) The miter bend is a s i m p l e  45' 

p l a n e  s u r f a c e  re f lec tor .  Approximately 2.8% of the  t o t a l  power was absorbed 

i n  t h e  mode f i l t e r  and 97.2% was absorbed by t h e  load. 

Test three c o n s i s t e d  of t h e  t u b e ,  two mode f i l t e r s ,  a miter-bend and 

t h e  waterload. ( F i g u r e  10C.) The power absorbed i n  mode f i l t e r  # I  ( c l o s e s t  

t o  the  g y r o t r o n )  was 1.4%, w i t h  2.50% i n  mode f i l t e r  f 2 ,  and 96.1% i n  t h e  

load. 

T e s t  f o u r  involved o p e r a t i n g  the  g y r o t r o n  i n t o  mode f i l t e r  1 1 ,  a 

mi te r -bend,  mode f i l t e r  #2,  a n o t h e r  miter-bend and t h e  waterload. Three 

d i f f e r e n t  radial  o r i e n t a t i o n s  of t h e  second miter w i t h  reference t o  the 

first were t r ied w i t h  v a r y i n g  r e s u l t s .  For t h e  up-over-up o r i e n t a t i o n  

18 
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(F igu re  l O D ) ,  mode f i l t e r  #1  absorbed  '1.3% of t h e  t o t a l  power, mode f i l t e r  

22 absorbed 5.5% w i t h  90.2% i n  the  load. I n  t h i s  test, no attempt was made 

t o  de te rmine  the amount of power reflected back i n t o  t h e  g y r o t r o n .  For  t h e  

up-over-down o r i e n t a t i o n  used a t  Oak Ridge ( F i g u r e  lOE), mode f i l t e r  # l  

absorbed  6.73s; mode f i l t e r  1-2, 9.38% and t h e  w a t e r l o a d ,  83.8916. 

The f i n a l  o r i e n t a t i o n  was up-over-up ( F i g u r e  10D) wi th  t he  second miter 

t i l t e d  45' from v e r t i c a l .  

5.71% and t h e  w a t e r l o a d ,  89.56%. 

Mode f i l t e r  K1 absorbed 4.73%, mode f i l t e r  2 ,  

Assuming a mode f i l t e r  a b s o r b s  a l l  n o n - c i r c u l a r  e l ec t r i c  modes, from 

t h e  r e s u l t s  of the first t e s t ,  the minimum pe rcen tage  of a l l  non-c i r cu la r  

modes i n  t h e  g y r o t r o n  ou tpu t  power is 0.8'1;. From tes t  r e s u l t s  on miter bend 

g y r o t r o n  S/N 12, t h e  mode f i l t e r  was found t o  absorb approximate ly  4.7 dB o r  

66% of a l l  non-c i r cu la r  power. T h e r e f o r e ,  w i t h  t h i s  assumpt ion ,  t h e  

pe rcen tage  of a l l  n o n - c i r c u l a r  g y r o t r o n  o u t p u t  power is 0.8/0.66 = 1.296. 

Thus,  98.8% of t h e  o u t p u t  power is i n  one or more c i r c u l a r  e l ec t r i c  modes. 

The da ta  t aken  i n  tes ts  two through f i v e  and measurements planned for 

t u b e  S/N 6 w i l l  be s t u d i e d  f u r t h e r .  An e f f o r t  w i l l  be made t o  e s t a b l i s h  t h e  

e f fec t  of miter bends on t h e  c i r c u l a r  and non-c i r cu la r  mode c o n t e n t  of t h e  

fo rward ,  ref lected and mode conver ted  power i n  t h e  system for i n c l u s i o n  i n  a 

subsequent  r e p o r t .  

I n  an e f f o r t  t o  approximate t h e  EBT l o a d ,  a Te f lon  d i s c  was p laced  i n  

t h e  o u t p u t  waveguide d i r e c t l y  before t h e  waterload. ( F i g u r e  10F.) The 

complete  se t -up  was as  f o l l o w s :  t h e  g y r o t r o n ,  mode f i l t e r ,  # l ,  a 

mi te r -bend,  a mode f i l t e r ,  P2,  a mi ter -bend,  t h e  Tef lon  d i s c ,  and t h e  

waterload. 0.28 X t h i c k  s p a c e r s  were used t o  change t h e  l i n e  l e n g t h  from 

the g y r o t r o n  t o  t h e  Tef lon  d i s c .  The c a l c u l a t e d  VSWR of t h e  Te f lon  d i s c  was 

1.5:l. Over s l i g h t l y  more t h a n  a wavelength ,  t h e  power i n  t he  waterload 

v a r i e d  by approximate ly  -7.7%, t h e  power i n  mode f i l t e r  # l  var ied  15.2% and 

t h e  power i n  mode f i l t e r  12 v a r i e d  29.1%. However, t o t a l  o u t p u t  power from 

t h e  g y r o t r o n  v a r i e d  on ly  5 % .  
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It is r e a s o n a b l e  t o  conclude  that  the VSWR from the Tef lon  d i sc  d i d  no t  

s i g n i f i c a n t l y  a l te r  g y r o t r o n  o p e r a t i o n .  The d i s t r i b u t i o n  of power i n  t h e  

mode f i l t e rs  and t h e  wa te r load  d i d  change somewhat due t o  changing Bine 

length .  An impor t an t  c o n s i d e r a t i o n  i n  i n t e r p r e t i n g  t h e  r e s u l t s  of t h e s e  

tes ts  is t h a t  the o p e r a t i n g  f requency  of t h e  g y r o t r o n  v a r i e d  a l i g h t l y  

(approximate ly  7 MHz) w i t h  each length change due t o  t he  impedance v a r i a t i o n  

of t h e  load .  

B. &&e 7R1 

This t u b e ,  which had been s u c c e s s f u l l y  o p e r a t i n g  a t  50 kW CW a t  Oak 

R i d g e  s i n c e  December, a b r u p t l y  ceased t o  o p e r a t e  i n  March. The problem was 

t raced  to  an open heater i n  the  ca thode  assembly.  The t u b e  was r e t u r n e d  t o  

Var ian ,  Palo Al to  where t h e  cause of t h i s  fa i lure  w i l l  be i n v e s t i g a t e d .  

C .  Tube 12(Mr 

Tube #12(M) is i d e n t i c a l  t o  t u b e  87 w i t h  t h e  excep t ion  t h a t  i ts loaded  

Q is approximate ly  500; #7 h a s  a Q o f  750. E f f o r t  on t h i s  t u b e  was 

i n c r e a s e d  i n  order t o  p rov ide  a sui table  backup for t u b e  #T a t  Oak Ridge. 

S e v e r a l  i t e r a t i o n s  were made i n  c o l d  test t o  op t imize  t h e  s p a c i n g  

between c a v i t y  and miter assembly t o  lower the Q t o  500 i n  order t o  a c h i e v e  

improved e f f i c i e n c y  a t  h ighe r  beam c u r r e n t .  

Some r e f l e c t i o n  was noted i n  t he  o u t p u t  waveguide and was improved by 

modifying t h e  t a p e r  a n g l e  on t h e  window t a p e r  assembly.  

The t u b e  was processed  and tested i n  t h e  p u l s e  mode up t o  130 kW peak 

power a t  8% du ty  where i t  o p e r a t e d  for more t h a n  10 hours .  

v e r s u s  beam c u r r e n t  was found t o  range  from 22 t o  34%. ( F i g u r e  11 .  ) To 

de te rmine  what f r a c t i o n  o f  t h e  o u t p u t  power o f  Tube 12M is c i r c u l a r  e l ec t r i c  

mode, a aeries of mode f i l t e r  tests were conducted .  Two mode f i l t e r s  were 

ins ta l led  between t h e  g y r o t r o n  and a miter-bend followed by a waterload 

(Figure 1DC). I n  order to  i n t e r p r e t  the  expe r imen ta l  data ,  the  following 

assumpt ions  were made: ( 1 )  t h e  two mode f i l ters  have i d e n t i c a l  

E f f i c i e n c y  
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character is t ics ;  (2 )  the miter-bend following the f i l t e r s  does not greatly 

affect  the power absorbed by the mode f i l t e r s .  

Although t h e  second assumption may not be correct,  i t  is a reasonable 

assumption i n  order t o  gain some idea of the mode content of t u b e  1%. 

From the t e s t  r e su l t s ,  the power absorbed i n  the mode f i l t e r  cl.osest t o  

the gyrotron was between 15.7% and 29.9%. The power absorbed i n  the mode 

f i l t e r  near the miter-bend was between 6.2% and 9 .4%.  The wide variation i n  

power absorbed is a combined resul t  of gyroton operating parameters and mode 

f i l t e r  absorption character is t ics .  It was concluded that the noncircular 

e l ec t r i c  mode content of tube 12M varied from 29.6% t o  44% and the 

attenuation of a mode f i l t e r  i n  one direction varied from 3 dB t o  6.3 dB 

(mean value 4.7 dB).  

The tube was then operated a t  60 kW CW i n  excess of 10 hours. Some 

collector seal  heating was noted and was minimized by careful adjustment of 

the main magnet co i l  currents. 

After consultation w i t h  Oak Ridge, the tube was operated between 103 

and 113 kW for  over one hour. The l imiting factor on maximum power was the 

col lector  sea l  temperature r i s e .  The maximum temperature recorded on the 

fou r  thermocouples located on the collector seal  was 59.5OC and the lowest 

temperature reading was 31.5 C.  Table 2 is a summary of the f ina l  t e s t  

performance and the related major parameter values. 

0 
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Tab le  2 

VGA-8000 S/N 12M Test Performance 

OPERATING PARAMETERS 

C o l l e c t o r  Water Flow 

Body Water Flow 

Window Water F l o w  ( b o t h )  

FC-75 Flow 

Upper Water Load 

Magnet C o i l  C u r r e n t s :  

Beam Voltage 

Gun Anode Vol tage  

Cathode Cur ren t  

Body Cur ren t  

Power Output 

Frequency 

1.8 gpm 

Main 1 = A 500 

2 = A 480 

3 = A 479 

4 = A 469 
Gun 1 = 10.5 A 

2 = 1 0 A  

80 .5  kV 

20.1 kV 

5.9 A 

20.0 mA 

107 kW 

27.991 GHz 

The tube  was sh ipped  t o  Oak Ridge on March 18, and i n s t a l l a t i o n  was 

begun on March 19th .  

power supply .  

beginning  A p r i l  7 t h .  

Opera t ion  was h a l t e d  because of work r e q u i r e d  on t h e  

I n s t a l l a t i o n  is  t e n t a t i v e l y  planned t o  be  con t inued  t h e  week 
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D. &&e t 6  

T h i s  t u b e  is a 2 1/2" axisymmetr ic  t u b e  i n d e n t i c a l  t o  t u b e  #5, excep t  

for a new collector seal d e s i g n ,  e l i m i n a t i o n  of t h e  window i n s u l a t o r ,  and a 

Be0 o u t p u t  window. This t u b e  is r eady  for f i n a l  assembly excep t  for t h e  

collector seal. 

t o  improvements i n d i c a t e d  by t h e  t e s t i n g  of t u b e  #5. 

It has been e x t e n s i v e l y  used f o r  cold tes t  work i n  r e sponse  

The pac ing  item on #6 is t h e  new c o l l e c t o r  seal d e s i g n .  The p r e s e n t  

d e s i g n  i n c o r p o r a t e s  a rubbe r  water  sea l .  The improved d e s i g n  now being 

f a b r i c a t e d  is made comple te ly  from metal and ceramic and should  be more 

r e l i a b l e  and a b l e  t o  wi ths t and  h i g h e r  p r e s s u r e s .  D i f f i c u l t y  is  be ing  

encountered  i n  f i n a l  assembly of t h e  d e v i c e  as evidenced by c r a c k i n g  of t h e  

ceramic. The des ign  h a s  been modi f ied  t o  permi t  more stress r e l i e f  i n  t h e  

ceramic and a s s o c i a t e d  s t r u c t u r e .  

A c o n s u l t a n t  has  i n v e s t i g a t e d  p o s s i b l e  changes i n  the  c a v i t y  window 

des ign  t o  e l i m i n a t e  or minimize t h e  problem o f  h i g h e r  f requency  modes a t  

turn-on  and t h e  26.8 GHz mode sometimes observed a t  h igh  power. A s  a r e su l t  

of h i s  i n p u t ,  a new c o l d  t e s t  c a v i t y  h a s  been c o n s t r u c t e d  and p r e l i m i n a r y  

r e s u l t s  o b t a i n e d .  The c a v i t y  has  been t e s t e d  and machined t o  f u r t h e r  

op t imize  its geometry.  A t  t h i s  p o i n t ,  t h e  unwanted modes have been s h i f t e d  

f u r t h e r  away from t h e  o p e r a t i n g  f requency  bu t  new f r e q u e n c i e s  have appeared .  

These w i l l  be i n v e s t i g a t e d  f u r t h e r  and i d e n t i f i e d .  

A Be0 window is planned f o r  t h i s  t u b e  i n  c o n t r a s t  t o  t h e  alumina window 

i n  #5. T h i s  is be ing  done t o  de t e rmine  i f  t h e  greater  bandwidth o f  t h e  Be0 

window w i l l  p rov ide  b e t t e r  l o a d i n g  f o r  unwanted modes. The d i s s i p a t i o n  of 

t h e  Be0 window w i l l  be somewhat h i g h e r  t han  i n  t h e  alumina window. 

E. 10 

Because of t h e  s u c c e s s f u l  achievement  of 200 kW CW on t h e  2 1/2" 

a x i s y m e t r i c  t ube  i n  Februa ry ,  t h i s  effor t  has  been h a l t e d .  The main t h r u s t  

of t h e  28 GHz g y r o t r o n  program w i l l  be on the 2 1/2n axisymetric tube .  
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F. mes #8 h 1 1  

These are 2 1/2" axisymmetric tubes  i d e n t i c a l  to tube t 6 ,  except  for 

p o s s i b l e  improvements which may be i n d i c a t e d  by t u b e s  P5 and 16. 

The c o o l i n g  water system w i l l  be redes igned and a shroud placed over  

t h e  o u t s i d e  to s i m p l i f y  the  plumbing connec t ions  and improve t h e  t u b e ' s  

appearance. 
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111, PROGRAM SCHEDULE AND PLANS 

With the shipment of tube serial 112 to Oak Ridge i n  March, and t h e  

d i s c o n t i n u a t i o n  of the effort on the 5" tubes  9 & 10, a l l  remaining effort 
will be devoted t o  t h e  f o u r  2 1/2" axisymmetric tubes # l s  5, 6 ,  8 ,  and 11 

descr ibed  earlier in t h i s  report. 

It is planned to s h i p  C5 immediately following the  CW mode f i l ter  and 

miter-bend tests. 
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