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ABSTRACT 

The o b j e c t i v e  of t h i s  program is t o  develop a microwave osc i l la tor  

capable  of producing 200 kW of CW ou tpu t  power a t  60 GHz. The use of 

cyc lo t ron  resonance i n t e r a c t i o n  is be ing  pursued. 

The des ign ,  procurement and c o n s t r o c t i o n  phases  of t h i s  program are 

d iscussed .  

Progress  on gy ro t ron  behavior  s t u d i e s  being performed a t  28 GHz are 

a l s o  d i s c u s s e d .  
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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  

designed t o  produce 200 kW of CW ou tpu t  power a t  60 GHz. 

nor bandwidth are cons idered  impor tan t  parameters i n  the  des ign  b u t  

e f f i c i e n c y  is. Mode p u r i t y  i n  t h e  ou tpu t  waveguide is  not  a requirement f o r  

t he  dev ice ,  bu t  t he  c i r c u l a r  e lectr ic  mode is cons idered  desirable because 

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

Neither t u n a b i l i t y  

With these o b j e c t i v e s  i n  mind, an  approach based on 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  is being pursued. 

The d e t a i l e d  arguments l e a d i n g  t o  t h i s  approach are conta ined  i n  t h e  f i n a l  

r e p o r t  of a preceding  s tudy  program . The dev ice  c o n f i g u r a t i o n s  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  gy ro t rons ,  have been d i scussed  i n  r e c e n t  

1 

They employ 8 hollow e l e c t r o n  beam i n t e r a c t i n g  wi th  

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  TEOM1 class. 

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 the  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  pe rpend icu la r  t o  

t h e  a x i a l  magnetic f i e l d .  Another requirement is t h a t  t h e  spread  i n  t h e  

a x i a l  components of t h e  e l e c t r o n  v e l o c i t i e s  be as small as p o s s i b l e .  

E l e c t r o n s  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 .  

The approach chosen t o  g e n e r a t e  t h e  beam is a magnetron type  of gun as 

is used on t h e  28 GHz g y r o t r o n ,  a l s o  developed f o r  Oak Ridge Na t iona l  

L a b ~ r a t o r y ~ ’ ~ .  

t h e  gun r e g i o n  becomes q u i t e  impor tan t .  

With t h i s  t ype  of gun the  shaping  o f  t h e  magnetic f i e l d  i n  

Cons t ruc t ion  of t h e  exper imenta l  pulsed 60 GHz gyro t ron  is con t inu ing .  

The first tube  is ready f o r  t h e  pump. Evacuation and bakeout will commence 

January  6 .  The superconduct ing  so leno id  magnet system, from Magnetic 

Corpora t ion  of  America, was rece ived  a t  Varian on December 3 0 .  A t  p r e s e n t ,  

t he  l i m i t i n g  i t e m  appea r s  t o  be m o d i f i c a t i o n  of t h e  test  set .  

1 



11. GYROTRON BEHAVIOR STUDY 

I 

A .  A R C I N G  AND CROWBAR I N V E  STIGATION 

A m a j o r i t y  of t h e  q u a r t e r  was s p e n t  working w i t h  v a r i o u s  t u b e s  and 

t r y i n g  t o  f i n d  a cause  f o r  t h e  f r e q u e n t  crowbars i n  t h e  V G A - 8 0 0 0  and 

VGA-8050 t u b e s .  

problems i n  gy ro t rona  so t h e  developmental  work a t  h ighe r  f r equenc ie s  can 

proceed m0re r a p i d l y .  

The purpose of t h i s  work is t o  e l i m i n a t e  some of the  des ign  

A t a b l e  of probable  e v e n t s  t h a t  would occur wi th  d i f f e r e n t  t ypes  of  

f a u l t s  was formulated.  T h i s  w i l l  enab le  t h e  c h a r a c t e r i z a t i o n  of f a u l t s .  To 

he lp  i n  t h i s  matter, a c a p a c i t i v e  d i v i d e r  was p u t  i n  t h e  ca thode  v o l t a g e  

l i n e  t o  see how t h e  ca thode  v o l t a g e  f l u c t u a t e s  around the  time of a crowbar. 

D i f f e r e n t  t ypes  of o s c i l l s c o p e s  were used t o  t r y  t o  de te rmine  t h e  

t iming  between parameters such as gun anode c u r r e n t  and ca thode  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  

unde tec t ab le .  Many crowbars were observed ,  and i n  98% of the  cases t h e  

crowbar occurred  du r ing  t h e  pu l se .  Only a few i n t e r p u l s e  crowbars were 

observed ,  It was a l s o  seen  t h a t  t he  crowbars occurred  only  when t h e r e  was 

some amount of beam c u r r e n t .  Most of t h e  crowbars were very  similar i n  

the i r  c h a r a c t e r i s t i c a .  Some o b s e r v a t i o n s  were t h a t  t h e  t iming  of v a r i o u s  

c u r r e n t  i n c r e a s e s  and vo l t age  dec reases  were t h e  same time a f t e r  time and 

the  ampl i tudes  of c u r r e n t  were always 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 no t  i n  t h e  body. T h i s  would seem t o  

i n d i c a t e  an upper seal  arc. 

Data were taken  t o  see i f  there was any c o r r e l a t i o n  between the  ca thode  

tempera ture  and t h e  frequency of crowbars. The data d i d  no t  show any 

c o r r e l a t i o n .  

P l ans  have been made t o  use some rf an tennas  t o  determine i f  there is 

any type  of gun o s c i l l a t i o n  which could cause  problems. 

2 



Work was performed duping the  q u a r t e r  t o  f u r t h e r  i n v e s t i g a t e  v o l t a g e  

g r a d i e n t s  i n  the  gun. The g r a d i e n t  from t h e  gun anode was found t o  be 

65 kV/cm when t h e  tube  is  pulsed  on and is 111 kV/cm when pulsed o f f .  

gradient;  from t h e  s u r f a c e  of the f r o n t  focus  e l e c t r o d e  is 109 kV/cm when t h e  

tube is pulsed  on and 74 kV/cm when the  tube  is pulsed o f f .  These g r a d i e n t  

va lues  are a c c e p t a b l e  but  have very l i t t l e  s a f e t y  f a c t o r .  By moving t h e  gun 

0.3 inches  away from t h e  body, t he  g r a d i e n t s  a t  t h e  gun anode can be lowered 

t o  92 kV/em. F u r t h e r  work is necessa ry  t o  see i f  t h i s  s o r t  o f  movement is 

d e t r i m e n t a l  t o  beam q u a l i t y .  

The 

Due t o  some s p u t t e r i n g  of metals on t h e  ceramic i n s u l a t o r s  of t h e  gun, 

t h e  p o s s i b i l i t y  of  i on  bombardment of  t h e  t i p  of  t h e  focus  e l e c t r o d e  has  

been i n v e s t i g a t e d .  The computer codes show t h a t  any i o n s  formed i n  t h e  

i n t e r a c t i o n  r eg ion  of  t he  t u b e  w i l l  indeed s t r ike  t h e  f r o n t  focus  e l e c t r o d e .  

The diameter of the i o n  impact area is dependent on t h e  atomic number of t h e  

ions .  Chemical analysts of the  material s p u t t e r e d  on the  ceramics found a l l  

materials normally used i n  vacuum tubes .  After exposure t o  t h e  a i r ,  t h i s  

c o a t i n g  is found t o  be non-conducting, Work i s  be ing  done t o  i d e n t i f y  

materials t h a t  would be better f o r  t h i s  environment. 

Using t h e  computer code, i n v e s t i g a t i o n  has a l s o  been done on e l e c t r o n s  

which may be emi t ted  from a s u r f a c e  o t h e r  than  the  ca thode  and where t h e y  

will go. E l e c t r o n s  e m i t t e d  from the  f r o n t  focus  e l e c t r o d e  and anode w i l l  go 

down t h e  d r i f t  t u b e ,  while those  from t h e  rear focus  e l e c t r o d e  w i l l  s p l i t  

and some w i l l  strike the  anode and those  remaining w i l l  go o u t  the d r i f t  

tube .  None seem t o  s t a y  f o r  any a p p r e c i a b l e  time i n  t h e  r e g i o n  of t h e  gun. 

c .  PROCESS AND BAKEQUT 

The tes t  v e h i c l e ,  VGA-8000 S/N 1 1 ,  went through bakeout,  and t h e  

ca thode  was processed. The bakeout time was doubled t o  t r y  t o  release and 

e l i m i n a t e  more gas from t h e  metal walls of the  tube .  The ca thode  p rocess ing  

c o n s i s t s  of app ly ing  v o l t a g e  and c u r r e n t  t o  t he  heater. T h i s  t ube  has the  

K-8002 gun us ing  d i f f e r e n t  heater v o l t a g e  and c u r r e n t ,  than  t h e  K-8000 gun. 

3 



The t o t a l  time t o  age t h e  tube  i n  t h e  socket was n o t  es tab l i shed  because of 

an e r r o r  i n  ca thode  p rocess ing .  The gun was processed t o  on ly  20 watts 

heater power when it should  have been processed t o  50 watts be fo re  being 

placed i n  the  socke t .  T h i s  new bakeout schedule  appea r s  t o  have made an 

improvement i n  t ube  p rocess ing  and w i l l  be used i n  f u t u r e  t u b e s .  

The VGA-800Q S/N8 was not  ope ra t ed  wi th  high l e v e l  rf. The tube  was 

then  p u l l e d  and it was found t o  have a cracked  ou tpu t  window. The crack  

appea r s  t o  be due t o  over -pressure  ra ther  than  any thermal or rf induced 

problem. More i n v e s t i g a t i o n  is  be ing  performed. 

The VGA-8000 S/M 11 was p u l s e  tested t o  200 kw peak power. T h i s  t ube  

w i l l  be CW tested nex t  q u a r t e r .  

excurs ion  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  1-3). 
Curves were t aken  t o  show the  types  of 

F igu re  1 shows t h e  optimized power ou tpu t  a t  a g iven  gun anode vo l t age .  

I n  F i g u r e  1 t h e  magnetic f i e l d s  were v a r i e d  t o  opt imize  t h e  peak power 

ou tpu t .  F igu re  2 i s  the peak ou tpu t  power v a r i a t i o n  f o r  a g iven  change i n  

main magnetic f i e l d .  The m i n  magnetic c u r r e n t  was lowered u n t i l  t h e  tube  

o s c i l l a t e d  i n  a mode o t h e r  than  t h e  TE021. Figure  3 shows how the  ou tpu t  

power v a r i e s  wi th  gun c o i l  magnet c u r r e n t ,  The tube  is normally ope ra t ed  

wi th  no gun anode c u r r e n t  being drawn. A t  12.1 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 there is  no gun anode 

c u r r e n t .  

E. 

Computer s i m u l a t i o n  has been used to des ign  a new c a v i t y  and ou tpu t  

t a p e r  f o r  low mode convers ion .  The e x i s t i n g  c a v i t y , .  i f  used wi th  the  new 

ou tpu t  t a p e r  Conf igu ra t ion ,  would have a Q less than  200. The new c a v i t y  

and t a p e r  des ign  has a Q of 430, whioh was used i n  t h e  earlier 28 GHz work. 

Cold test work is be ing  done t o  f i n d  t h e  c o r r e l a t i o n  between the cold test 

data and t h e  computer s imula t ion .  T h i s  c a v i t y  w i l l  a lso have t h e  TM mode 

de tuning  as used i n  t h e  ear l ier  28 GHz work. 

4 
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111. ELECTRON GUN 

S e v e r a l  problems were overcome d u r i n g  the  q u a r t e r  in t h e  assembly of , 
t h e  first e l e c t r o n  gun for use on t h e  exper imenta l  60 CHz g y r o t r o n ,  serial 

number X - I .  A leak between t h e  gun anode oil cooling channel and t h e  vacuum 

r e q u i r e d  rework of t h e  h igh  v o l t a g e  seal  assembly. A h e a t e r  lead which was 

broken du r ing  h e a t e r  t e s t i n g  r e q u i r e d  rework of t h e  f i n a l  cathode stem 

assembly. A problem wi th  b raz ing  the  ca thode  t o  i ts suppor t  s t r u c t u r e  

n e c e s s i t a t e d  remaking the p i e c e  parts a f t e r  a rework fa i led .  These problems 

delayed c o n s t r u c t i o n  of t h e  first gun u n t i l  December. 

A second gun, f o r  use on t h e  first 100 IUS p u l s e  d u r a t i o n  gy ro t ron ,  

model VGE-8060 se r i a l  number 1 is  under c o n s t r u c t i o n .  Parts f o r  f i v e  

a d d i t i o n a l  guns are a v a i l a b l e .  

8 



I V .  SUPERCONDUCTING SOLENOID MAGNET 

D i f f i c u l t y  was encountered i n  winding the  coi 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  a t  Magnetic Corpora t ion  of America r e s u l t e d  i n  

a par t ia l  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  repair and 

rewinding. Tes t ing  of the  superconduct ing  so leno id  magnet system was 

completed a t  Magnetic Corpora t ion  of  America i n  December. The system was 

rece ived  a t  Varian on December 30. 

January.  

I n s t a l l a t i o n  is scheduled f o r  early 

9 



V .  ANODE 

During the  q u a r t e r ,  a v a r i e t y  of braze j o i n t s  used i n  t h e  ceramic anode 

subassemblies were tested f o r  s t r e n g t h ,  bonding un i fo rmi ty ,  and a b i l i t y  t o  

wi ths tand  the  thermal c y c l i n g  of subsequent b raz ing  o p e r a t i o n s .  These 

subassembl ies  r e q u i r e  a bond between t h e  faces of a s i l i c o n  carbide loaded 

b e r y l l i a  washer and t h i n  copper caps (see F igure  4). 
t r ia l s ,  two of t h e  most a p p r o p r i a t e  Varian a c t i v e  metal b raze  p rocesses  were 

selected. These require 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 caps ,  

t h e  ceramic, and the  a c t i v e  metal b raze  material. The braze f i x t u r e  is  

designed t o  gua ran tee  t he  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 the  assembly t o  hold t h e  j o i n t  

under compression a t  braze  tempera ture .  

For t he  f a b r i c a t i o n  

The anode subassembly shown i n  F igu re  4 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  large d i f f e r e n t i a l  

rad ia l  expansion between the  ceramic and t h e  copper. Once t h e  braze  j o i n t  

is formed a t  high tempera ture ,  the  d i f f e r e n t i a l  radial  c o n t r a c t i o n  

(approximately 0.014") dur ing  cooldown t e n d s  t o  shear the  j o i n t .  

j o i n t  is i n i t i a l l y  s t r o n g  b u t  b r i t t l e ,  then  du r ing  cooldown ei ther  the  j o i n t  

o r  the  ceramic w i l l  crack under shear. If on the  o t h e r  hand a weaker b u t  

more d u c t i l e  bond is  employed, the shear can be r e l i e v e d  by t h e  e l a s t i c i t y  

o f  the  j o i n t .  I n  s p i t e  of t h e  d isadvantage  of  lower s t r e n g t h ,  the  d u c t i l e  

j o i n t  was chosen f o r  t h e  mode subassembl ies  because of i t s  r e s i s t a n c e  t o  

c rack ing  even after r epea ted  thermal c y c l i n g .  

I f  t h e  

I n  order t o  check the  m e t a l l u r g i c a l  q u a l i t y  of  t he  braze  j o i n t s  i n  t h e  

test samples,  a c r o s s  s e c t i o n  of t h e  brazed assembly was examined wi th  t h e  

scanning e l e c t r o n  microscope f o r  t h e  a c t i v e  metal, s i l i c o n ,  and copper (see 

Figure  5) .  
the  ceramic was 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  t he  copper cup was 

found e i ther .  These  scans  i n d i c a t e  t h a t  t he  assemblies were not brazed f o r  

excess ive  time and/or  a t  e x c e s s i v e  tempera ture  and t h a t  the a c t i v e  metal 

braze j o i n t s  were p r o p e r l y  formed. 

No s i g n  of excess ive  a c t i v e  metal mig ra t ion  i n t o  the copper or 
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The s t r e n g t h  of t h e  braze j o i n t s  was determined by p e e l  t e s t i n g .  The 

assemblies 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 the  copper cups were pee led  

o f f .  The pee l  s t r e n g t h  was then  determined accord ing  t o  

Peel f o r c e  ( l b )  

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

The brazed assemblies were a l s o  s u b j e c t e d  t o  thermal c y c l i n g  on a 

schedule  similar t o  t ha t  which would be r e q u i r e d  of  each subassembly du r ing  

subsequent b razes  of t h e  f i n a l  anode assembly. The subassemblies were 

p laced  i n  a molybdenum b o a t ,  f i r e d  i n  d r y  hydrogen a t  10IO°C f o r  10 minutes 

and allowed t o  c o o l  t o  room tempera ture .  T h i s  c y c l e  was repea ted  twice 

be fo re  pee l  t e s t i n g .  

S i x  samples were brazed and tested.  The resu l t s  are g iven  i n  Tab le  I .  

From t h e  s i x  tests, one j o i n t  made us ing  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 a f te r  thermal c y c l i n g .  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 .  The b r i t t l e  

braze  a l l o y  j o i n t  (Sample 4 )  a l s o  showed a high bond s t r e n g t h  because the  

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  

carbide loaded b e r y l l i a .  Also i n d i c a t e d  by t h e  n a t u r e  of' t h e  break 

(F igu re  6 )  is t h a t  t h e  f a i l u r e  is caused by t h e  thermal expansion 

d i f f e r e n c e s  between t h e  materials. 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  b raze  a l l o y  a t  t h e  i n t e r f a c e s .  

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 of braze  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  evidence 

f a v o r s  t h e  use of  t he  d u c t i l e  braze  j o i n t  i n  t h e  anode subassembl ies .  
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Table  I 
Peel Tests 

SAMPLE # BRAZE J O I N T  PEEL STRENGTH REMARKS 

1 B r i t t  l e  43 No thermal  cyc le .  

2 Bri t t le  --- 

5 

6 

D u c t i l e  

B r i t t  l e  

D u c t i l e  

D u e t i l e  

166 

( 1 )  114 

(2) --- 

32 

43 

Top copper p i e c e  f e l l  
off of  s i l i c o n  c a r b i d e  
loaded b e r y l l i a  r i n g  
du r ing  thermal c y c l e .  
I n s u f f i c i e n t  braze  
a l l o y .  

A f t e r  t h r e e  thgrmal 
c y c l e s  a t  1810 C. 

Two tes t s  were performed 
( 1 )  Peel t es t  be fo re  

thermal cyc le .  
(2) The remaining parts 

of t h e  sample were 
thermal  cyc led  a t  
10 1 O°C t,hree times. 
No p e e l  t es t  was 
done because t h e  
j o i n t  f a i l e d  under 
t h e  radial  s h e a r  
caused by thermal 
expansion mismatch 
between t h e  two 
materials. 

No thermal  c y c l e .  

Afteg thermal  c y c l e  a t  
1010 e. 
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VI. COLLECTOR 

The problem of transient heating in the gyrotron collector, t o  

determine the effect of hydrodynamic and geometric parameters on heat 

transport in the long pulse regime, I s  being analyzed. 
the analysis, one dimensional transient heat transport calculations have 

been made. Further work on this topic is planned with two dimensional 

modeling and will be carried out with the aid of a transient heat transport 

code. 

As a first step in 

The one dimensional transient heat transport analysis is based on 

"initial value" calculations and the results are therefore valid only for a 

single heat flux pulse of amplitude q (watts/cm and duration T (sec). In 

practice, of course, all pulsed devices will be required to withstand finite 

duty, v E T / A  where A is the pulse repetition period. For very low duties, 

the single pulse analysis is valid, but for v 2 0.02 one must consider the 

presence of the residual temperature profile which results from an infinite 

pulse train. 

L. 2 

The single heat impulse is turned on at the collector wall at, time 

t = 0 and terminated at t = T. For very short times, the heat pulse will 

not penetrate through the collector wall material to the cooling channels. 

The collector wall then appears to be semi-infinite as shown in Figure 7 .  

The one dimensional heat diffusion equation 

a2AT (x,t> 1 aAT(x,t) - -  = o  
D at 2 ax  

( 1 )  

for the temperature rise, AT(x,t), above the ambient (coolant) temperature, 

Te, has been solved. 
collector wall material. The boundary conditions for the semi-infinite slab 

model are 

The parameter D is the thermal diffusivity of the 

16 
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and 

AT ( X = O )  

AT ( m , t )  = 0 

= 2 ;  JOT 
max 

10 The s o l u t i o n  i s  

(3 )  

If we set x = o i n  ( 4 )  we f i n d  t h a t  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 t o  u n i t y .  The peak tempera ture  r i s e  a t  t h e  c o l l e c t o r  wall is then  

2 For copper ,  w i t h  an  I n c i d e n t  h e a t  flux of 4 kW/cm (5) becomes 

max I 

By i n s p e c t i o n  of (4) 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  t h e  c o l l e c t o r  

wall a d i s t a n c e  L 

from t h e  c o l l e c t o r  wall, then t h e  heat pu l se  w i l l  reach t h e  water channel  i n  

a time t - L /4D. 
t h e  o rde r  of 50-100 msec. Therefore, f o r  a p u l s e  d u r a t i o n  i n  excess  of 50 

msec t h e  a n a l y s i s  must be g e n e r a l i z e d  t o  cons ide r  t h e  hea t  t r a n s f e r  i n t o  t h e  

c o o l a n t .  The gene ra l i zed  one dimensional  geometr ic  model is shown in 

L 

2 F  If t h e  water channels  are l o c a t e d  a d i s t a n c e  L 

- 2  For  our p re sen t  pu lsed  c o l l e c t o r  des ign ,  t h i s  time i s  on 



Figure  8. The h e a t  d i f f u s i o n  equa t ion  ( 1 )  must now be so lved  s u b j e c t  t o  a 

new set  of boundary cond i t ions :  

while  

BAT (0, t ) -q (0, t 1 - - , as be fo re  
ax  K 

where h ( t )  i s  t h e  heat t r a n s f e r  c o e f f i c i e n t  of  t h e  water channel  boundary 

l a y e r .  By invoking (81, we assume t h a t  t h e  water channel  boundary l a y e r  a )  

has ze ro  hea t  c a p a c i t y  b)  i s  s p a t i a l l y  much t h i n n e r  than the  wall t h i c k n e s s ,  

i,,, and c) s u p p o r t s  h e a t  flow which may always be cons idered  s t eady  s t a t e  

cGmpared to  t h e  other thermal time scales i n  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 i s  i n  g e n e r a l  a complicated func t ion  of 

t h e  hydrodynamic parameters  as wel l  as t h e  a b s o l u t e  tempera ture  T of t h e  

water channel  wal l .  Q u a l i t a t i v e l y ,  h is roughly independent  of T i n  t h e  

"convect ion cool ing"  regime ( T  - 100OC) .  

t empera ture  exceeds t h e  b o i l i n g  p o i n t ,  t h e  boundary l a y e r  suppor t s  t h e  

formation of  small bubbles  which  are con t inuous ly  reabsorbed i n  t h e  bulk of 

t h e  coo lan t .  T h i s  regime of o p e r a t i o n  "nuc lea t e  b o i l i n g " ,  p rovides  g rea t ly  

improved hea t  t r a n s p o r t ,  and t h e  heat  t r a n s f e r  c o e f f i c i e n t  is  a s t r o n g l y  

i n c r e a s i n g  f u n c t i o n  of 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  ". At t h i s  

p o i n t  t h e  t u r b u l e n t  f l u i d  boundary l a y e r  i s  rep laced  by a b l anke t  of 

superhea ted  steam and t h e  heat  t r a n s f e r  c o e f f i c i e n t  drops  r a d i c a l l y .  

< Once the  water  channel  wall 

0 As long as t h e  water channel  wal l  t empera ture  does not  exceed 100 C, we 

may approximate h ( t )  = h = cons tan t .  Then f o r  t < T equa t ion  ( 1 )  can be 

so lved  s u b j e c t  t o  ( 7 )  and ( 8 )  . 12 
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FIGURE 8. SLAB OF FINITE THICKNESS 
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where B E h L/K I s  the thermal conductance of the water channel boundary 
layer normalized t o  the thermal conductance of the collector wall, and the 

yiqs are the positive roots of 

Y 

B 
cot y = - . (10)  

The sum c in ( 9 )  represents a spectrum of highly damped "heat waves" with 

"wavenumbers" which are "resonantw according to (10).  The first three roots 

of (10) are plotted in Figure 9 versus the thermal conductance parameter B. 
Typically, only the first and possibly the second roots of (10) are required 
for appropriate convergence of the sum f in (9). For times t > T, we may 
apply Duhamel's theorem to (9) and we obtain 

We have used equations ( 9 )  and ( 1 1 )  to calculate the transient 
temperature profiles for a case of particular interest for the 60 GHz 100 

msec pulsed tube (Table 11). 
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Table I1 

Parameters  f o r  Cooling C a l c u l a t i o n s  (F igu re  10) 

c o o l a n t  tempera ture  

c o o l a n t  p r e s s u r e  

c o o l a n t  v e l o c i t y  

coo lan t  f low 

coo lan t  heat t r a n s f e r  c o e f f i c i e n t  

i n c i d e n t  heat f l u x  

wall t h i c k n e s s  

wall. thermal c o n d u c t i v i t y  

wall thermal  d i f f u s i v i t y  

p u l s e  l e n g t h  

du ty  

35OC 

100 p s i g  

0.91 ft/sec 

2 @;pm 

o e 22 wat ts/cm*-OC 

1 kWJcm2 

0.508 cm 

4 .  o w a t t s / c r n - O C  
2 

1.12 em /sec 

100 msec 

The coo l ing  parameters  i n  T a b l e  I1 were chosen t o  provide  s u f f i c i e n t  
2 c o o l i n g  f o r  the average  power ( 1  watt/cm 1. 

t h e  tempera ture  p r o f i l e  (F igu re  IO) shows t h a t  t h e  c o o l i n g  parameters  are 

indeed s u f f i c i e n t  t o  hold tempera ture  excur s ions  w i t h i n  the des ign  l i m i t s .  

Note t h a t  t h e  thermal conductance of  t h e  water channel f o r  t h i s  c a s e  is very  

low compared t o  t h a t  of t h e  copper wall; t h e  water channel  boundary acts  

l i k e  an  i n s u l a t o r  du r ing  t h e  heat pu l se .  

which was used i n  c a l c u l a t i n g  these p r o f i l e s  is ( i n  h i n d s i g h t )  v a l i d  because 

t h e  water channel w a l l  t empera ture  never exceeds t h e  po in t  of t r a n s i t i o n  

(- 100'~) from convect ion  coo l ing  t o  n u c l e a t e  b o i l i n g .  On a timescale 

l a r g e  compared t o  the  p u l s e  l e n g t h ,  the  tempera ture  p r o f i l e  labeled as 

"200 msec" decays uniformly t o  t he  c o o l a n t  tempera ture  i n  a time - LK/hD - 
10 seconds.  

t h e  average ,  bulk water tempera ture  excur s ion  is - 2.5Oc. 

The r e s u l t i n g  time h i s t o r y  f o r  

The assumption, h = c o n s t a n t ,  

Thus t h e  peak bulk water tempera ture  excurs ion  is - 25OC whi le  

From t h e  tempera ture  p r o f i l e s  shown i n  F igu re  10, we expec t  t h a t  f o r  

t h e  coo l ing  parameters i n  Table I1 and p u l s e  l e n g t h s  on the  o r d e r  of  s e v e r a l  

hundred m i l l i s e c o n d s ,  the  tempera ture  excur s ion  a t  the  water channel wall 

w i l l  no t  exceed t h e  burnout tempera ture .  However, detai led two dimensional 

t r a n s i e n t  heat t r a n s p o r t  c a l c u l a t i o n s  must be performed be fo re  t he  rated 

pu l se  l e n g t h  of t h e  60 GHz pulsed tube may be extended beyond 100 msec. The 
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FIGURE IO. TRANSIENT TEMPERATURE PROFILES IN COLLECTOR WALL 
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conclusions of the one dimensional collector calculations are summarized in 

Figure 11. 
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FIGURE 11. PULSE DURATION REGIMES FOR GVROTRON COLLECTORS 
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VII. WINDOW 

F u r t h e r  co ld  t e s t i n g  o f  60 GHz s i n g l e  d i s c  Be0 windows was undertaken 

t h i s  q u a r t e r .  Window d i s c s  wepe co ld  t e s t e d  u s i n g  two d i f f e r e n t  techniques  

as shown i n  F igure  12. A conven t iona l  measurement of  t h e  s t a n d i n g  wave 

r a t i o  of  t h e  window d i s c s  was performed us ing  t h e  se t -up  shown i n  

F igu re  129. 

toward t h e  window and t h e  s t a n d i n g  wave r a t i o  was measured w i t h  a s l o t t e d  

l i n e  i n  t h e  TE10 p o r t i o n  of t h e  t r a n s a i s s i o n  l i n e .  T h i s  t echnique  s u f f e r s  

from s e v e r a l  d i sadvantages .  F i r s t ,  c i r c u l a r  e lec t r ic  mode t r a n s d u c e r s  are 

c h a r a c t e r i s t i c a l l y  narrow band and poor ly  matched, even a t  the i r  c a n t e r  

f requency;  t h i s  prevents  making an a c c u r a t e  broadband measurement 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 co ld  t es t  is  t h e  

TEO2 mode. 

measuring VSWR ver sus  frequency f o r  t h e  TEo 

abscissa of t h 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  wavelengths 

f o r  t he  T E i l  and t h e  TEO2 modes. 

A t r a n s d u c e r  ( T R G  model %V330) was used t o  launch a TEo wave 01 

0 
The match of t h e  window f o r  t h e  T E i 2  mode must be s imula ted  

mode and then  s c a l i n g  t h e  01 

0 

The co ld  tes t  arrangement shown i n  Figure 12b has  a l s o  been used t o  

s tudy  t h e  window match. For t h i s  se t -up ,  a co ld  t e s t  model of the  a c t u a l  

60 GHz t ube  was b u i l t  t o  s imula t e  t h e  rf p r o p e r t i e s  of  t h e  r eg ion  from t h e  

c a v i t y  t o  t h e  end of  t h e  c o l l e c t o r .  T h i s  s t r u e t u r e  was te rmina ted  w i t h  

v a r i o u s  window d i s c s  and t h e  effect  on t h e  c a v i t y  resonance curve  was 

observed.  The t h i c k n e s s  o f  each window d i s c  was a d j u s t e d  u n t i l  t h e  window 

mismatch d id  not  cause  an a p p r e c i a b l e  change i n  t h e  loaded c a v i t y  Q. We 

found t h a t  fo r  t h e  d i s c s  of 3 /2 t h i c k n e s s  employed on t h i s  t ube ,  t h e  d i s c  

t h i c k n e s s  necessary  t o  provide an accep tab le  match is c r i t i c a l .  Th i s  

fo l lows  from t h e  f ac t  t h a t  t he  bandwidth f o r  a 3 /2 window is on ly  a few 

times larger than  the  c a v i t y  resonance bandwidth. 

Me have developed a procedure f o r  f a b r i c a t i n g  s i n g l e  d i s c  window 

assemblies which ensu res  t h a t  t h e  proper  d i s c  t h i c k n e s s  is  achieved .  The 

unmetal ized d i s c s  are f a b r i c a t e d  t o  t h e  s p e c i f i c a t i o n  shown i n  F igure  13. 

Note t h a t  t h e  t o l e r a n c e s  on p a r a l l e l i s m  and f l a t n e s s  are  s t r i n g e n t ,  The 

former i s  requ i r ed  t o  main ta in  a uniform r e f l e c t i o n  c o e f f i c i e n t  a c r o s s  t h e  

window face w h i l e  t h e  la t ter  is needed t o  a l low subsequent  g r i n d i n g  
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FIGURE 12. WINDOW COLD TEST ARRANGEMENTS 
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FIGURE 13. CERAMIC DISC 
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o p e r a t i o n s  which can ma in ta in  the r e q u i s i t e  p a r a l l e l i s m .  

mismatches of the unmetalized discs are measured, each i n d i v i d u a l  d i s c  is  

ground down by an a p p r o p r i a t e  amount and cold tested aga in .  This process  is 

repea ted  as necessa ry  u n t i l  each d i s c  is matched. The d iscs  are then  

metalized and brazed i n t o  t he  window assembly. Although s u f f i c i e n t  

exper ience  wi th  the  co ld  t e s t  t echn iques  t o  claim a c c u r a t e  s t a t i s t i c a l  

r e s u l t s  on t h e  homogeneity of t he  Be0 ceramics has no t  y e t  been acqu i red ,  it 

appea r s  t h a t  w i th in  a s i n g l e  batch t h e r e  may be a v a r i a t i o n  i n  d ie lec t r ic  

c o n s t a n t  of  - 0.5% w h i l e  an - 1.0% v a r i a t i o n  from batch t o  batch may be 

observed. 

After the  
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VIII. COMPONENTS 

A v a r i e t y  of waveguide components is  be ing  developed for use w i t h  the  

60 GHz gyro t ron  i n c l u d i n g  wa te r loads ,  a frequency sampler and arc d e t e c t o r ,  

mode f i l t e rs ,  miter bends and a d a p t e r s .  

A. WATERLOADS 

A pulsed water load  has been designed. The o u t l i n e  of  t h e  pulsed 

water load  is  shown i n  F igu re  14. The first water load  i s  being assembled and 

w i l l  be completed i n  time f o r  use i n  t e s t i n g  the  first exper imenta l  tube .  

A CW water load  is being designed. 

B. FREQUENCY SAMPLER AND ARC DETECTOR 

A frequency sampler and arc d e t e c t o r  has  been designed. The o u t l i n e  is  

shown i n  F i g u r e  15. The arc detector i n c l u d e s  a test  lamp f o r  checking the  

arc d e t e c t o r  system. The unit  a l s o  i n c l u d e s  a gas p o r t  f o r  i n t roduc ing  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  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 

climates. 

C. MODE FILTERS 

Two t y p e s  of mode f i l ters are be ing  designed. The first t y p e  is  a 

water cooled s t a i n l e s s  steel waveguide, which u i t l i z e s  t h e  d i f f e r e n t i a l  i n  

loss between non-c i r cu la r  e lectr ic  modes and c i r c u l a r  e lec t r ic  modes. The 

second type  of mode f i l t e r  c o n s i s t s  of  a l t e r n a t i n g  s t a i n l e s s  steel  rings and 

gaps  backed up by a waterloaded ceramic c y l i n d e r .  I n  a d d i t i o n  t o  the  mode 

f i l t e r i n g  mechanism of t he  first type  of mode f i l t e r ,  t he  second type  

creates breaks i n  the  conducting wall f o r  non-c i r cu la r  e lec t r ic  modes but  

n o t  for c i r c u l a r  electric modes. 
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D. MITER BEND 

A mitered 90' circular waveguide bend is being designed for potential 

waveguide Configuration tes ts .  

E. J?LANGE ADAPTERS 

Flange adapters to adapt from the copper gasketed flange to both the 

male and female 28 GHz flange designs are being designed. This w i l l  allow 

use of certain waveguide component designs developed on the 28 GHz program. 
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IX. TUBE ASSEMBLY 

A. rn-8060X1 

The first experimental pulsed 60 GHz gyrotron is ready for the pump. 

Evacuation and bakeout will commence January 6. 

B VGE-8060S1 

Assembly of the first 100 ms pulse duration gyrotron has started. The 

collector sump assemblies, the tubulation assembly, the output taper 

assembly, the body cylinder assembly, one collector seal assembly and the 

anode first braze assembly are complete. 

C. VGE-8060SZ 

Assembly of the second 100 ms pulse duration gyrotron has started. The 

top collector sump assembly and the body cylinder assembly are complete. 
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X. PROGRAM SCHEDULE AND PLANS 

The first experimental pulsed 60 GHz gyrotron is ready for the pump. 
Evacuation and bakeout will commence January 6. 
be completed during the next quarter. Final assembly of the first 100 ms 

pulse duration gyrotron will be delayed until some test data are obtained 

from the experimental tube, 

Testing of this build will 

Procurement of the spare solenoid magnet will be delayed until some 

operation with the experimental tube has been experienced. An order will be 

placed around the first of April. 

Assembly of the frequency sampler and arc detector and pulsed waterload 

will be complete in time for testing the experimental tube. 

Assembly of major subassemblies for the second 100 ms pulse duration 

gyrotron were started this quarter and will continue next quarter. 

Assembly drawings for the major subassemblies for the first 30 s pulse 

duration gyrotron will be completed next quarter. 

The short pulse test set modification was completed on a separate 

contract this quarter. A certain amount of debugging is anticipated in 

conjunction with experimental tube,testing early next quarter. Long pulse 

test set modification will start next quarter after experimental tube test. 

Several areas of gyrotron behavior were investigated during the 

quarter. An arcing and crowbar investigation was begun using available 

gyrotrons. The computer investigation of voltage gradients and trapped 

electrons was completed. 

11. 

RF behavior was studied using VGA-8000 S/Ns 8 and 

The milestone chart and status report is shown in Figure 16. 
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MILESTONE CHART AND STATUS REPORT t O H  A MAJOR MILtSTGrUt 
b I A T U S  H t P O R T  

60 GHz DEVELOPMENT DECEMBER 1980 I 
I FY 1980 

A. GYROTRON X-1 
1 .o 
1.1 
1.2 
1.3 
1.4 

2.0 
2.1 
2.2 
2.3 

3.0 
3.1 
3.2 

3.3 
3.4 

4.0 
4.1 
4.2 

4.3 
4.4 
4.5 

5.0 
5.1 
5 1  

5.3 

Electron Gun 
Computer Design 
Gun Assembly Drawing 
Make Parts 
Assemble 

Solenoid Magnet 
Computer Design 
Spec. & Negotiate 
Purchase 

interaction Circuit . 
Microwave Design 
Pulsed Oscillator Cavity 

Assembly Drawing 
Make P u l d  Parts 
Cold Tat 

Output/Collector 
Microwave Design 
Pulsed Oscillator 

Output/Cotlector 
Assembly Drawing 

Make Pulsed Parts 
Cold Test 
Assemble 

Output Window 
Microwave Design 
output WIndOW 

Make Para 
Assembly Drawing 
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FOR A MAJOR MlLESTONt 0 MILESTONE CHART AND STATUS REPORT lNTt H M t O l A T E  OH DECISION POINT 

60 GHz DEVELOPMENT f DECEMBER 1980 

DESCR lPTl ON 

E. GYROTRON 100 ms 2 
1.0 Make Parts 
1.1 Assemble 
1.2 Test 
1.3 Modify & Reassemble I 
1.4 Retest I 
1.5 Modify 81 Reassemble I 1  
1.6 Retest II 

F. GYROTRON 30 s 1 
1.0 Oxillator C a v i t y  

1.1 ButputKollector 

1.2 Final Assembly Drawing 

2.0 Make Parts 
2.1 Assemble 
2.2 Test 
2.3 Modify & Resrzembie I 
2.4 Retest l 
2.5 Modify & Reassemble II 
2.6 Retest I1 

Assembly Drawing 

Assembly Drawing 

"G. TEST SET MODIFICATION 
1.0 Short Pulse 
1.1 Long Pulse 
1.2 Debug 

'Funded by separate contract 
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I 
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PHOPOLCO S C t i t I ) U L t O  IIFVIATION 
FOH A MAJOR MILESTONE 6> 87 INTEHMtOlATE OR DECISION POINT MILESTONE CHART AND STATUS REPORT 

Jot) NO. 1 PWOCHAM 

60 GHz DEVELOPMENT 

98 1 FY 1983 
DESC R l PTl ON 

H. 

4 .  

J. 

GYROTRON 30 I 2 
1.0 Meke Parts 
1.1 Assemble 
1.2 Test 
1.3 Modify & Reassemble I 
1.4 Retest I 
1.5 Modify & Reassemble II 
1.6 Retest It 

GYROTRQN CW 3 
1.0 Make Pans 
1.1 Assemble 
1.2 Test 
1.3 Modify & Reasrernble I 
1.4 Retest 1 
1.5 Madify & Reassemble 11 
1.8 Retest It 
1.7 Ship 

60 GHz COMPONENTS 
1.0 Build CW Load 

2.0 Build Deliverhle 
Power Sampler 

3.0 Build Deliverable CW Load 
, Arc Detector 
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L. GYROTRON BEHAVIOR 
INVESTIGATION 
1.1 

1.2 

1.3 
1.4 

2.1 

3.7 
3.2 
3.3 
3.4 

4.1 

4.2 
4.3 
4.4 

Arcing 61 Crowbar 
Investigation 
Voltage Gradrents & 
Trapped Electrons 
Computer investigation 
New Cathode Material 
Process 81 Bakeout 

Maximum Power 
Limitations 

Parameter Space 
RF Output Stability 
Low Level Starting 
Efficiency 

Cavity 81 Output Taper 
Computer Study 
Cold Test 
Tube Modification 
Tube Test 

TUBE REBUILD CYCLE TO 
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Process 

Test 
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