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I. INTRODUCTION 

The o b j e c t i v e  of t h i s  program i s  t h e  des ign  and development of a 

millimeter-wave dev ice  t o  produce 200 kw of continuous-wave power a t  

110 GHz. The dev ice ,  which w i l l  be  a gyro t ron  o s c i l l a t o r ,  w i l l  btt! 

compatible  w i t h  power d e l i v e r y  t o  an e lec t ron -cyc la t ron  plasma. 

c o n t r o l  of r f  power ou tpu t  over  a 1 7  dB range i s  r e q u i r e d ,  and t h e  dev ice  

should be capab le  of o p e r a t i o n  i n t o  a seve re  t ime-varying r f  load 

mismatch. 

Smooth 

The t e c h n i c a l  b a s e l i n e s  f o r  t h e  gyro t ron  and t h e  a s s o c i a t e d  power supply 

are shown in Table I. I n  t h e  gyrof ron ,  which i s  shown schemat i ca l ly  i n  

F igu re  1-1, t h e  e l e c t r o n s  are formed i n t o  a hollow beam by a magnetron- 

i n j e c t i o n  e l e c t r o n  gun wi th  a cons ide rab le  amount of t h e i r  energy i n  

r o t a t i o n .  A g r a d u a l l y  r i s i n g  magnetic f i e l d  compresses t h e  beam i n  

d iameter  and a t  t h e  same t t m e  i n c r e a s e s  t h e  o r b i t a l  energy accord ing  

t o  t h e  theo ry  of  a d i a b a t i c  i n v a r i a n t s  u n t i l  approximately 2 / 3  of t h e  beam 

energy is i n  r o t a t i o n  and t h e  r o t a t i o n a l  f rquency i s  110 GHz; a t  t h i s  

p o i n t  t h e  magnet ic  f i e l d  becomes uniform and t h e  beam e n t e r s  a quas i -  

o p t i c a l  open c a v i t y  where t h e  sp inn ing  e l e c t r o n s  i n t e r a c t  w i t h  t h e  c igen  

mode of t h e  c a v i t y .  The rf energy b u i l d s  up a t  t h e  expense of  t h e  r o t a -  

t i o n a l  energy of t h e  d c  beam. The spen t  beam e n t e r s  t h e  r eg ion  of 

dec reas ing  magnetic f i e l d ,  undergoes decompression and impinges on t h e  

c o l l e c t o r .  The l a t t e r  a l s o  f u n c t i o n s  as t h e  ou tpu t  waveguide. In o r d e r  

t o  handle  t h e  power i n  t he  spen t  beam and t h e  power d i s s i p a t i o n  i n  t h e  

window t h e  ou tpu t  waveguide t a p e r s  up from t h e  c a v i t y  d iameter  t o  an 

a p p r o p r i a t e  va lue .  

The d u r a t i o n  of  t h e  program i s  36 months, to encompass t h e  b u i l d i n g  and 

t e s t  of up t o  twelve dev ices  i n  a d d i t i o n  t o  a beam ana lyze r  and beam 

tester. The program is planned for  d u a l  approaches t o  t h e  e l e c t r o n  gun 

and c o l l e c t o r .  The magetron i n j e c t i o n  gun i s  w e l l .  understood and a l lows  

t h e  use  of t h e  e x t r a c t i o n  anode (as w e l l  as cathode tempera ture  v a r i a t i o n )  

1-1 



TABLE I 

The Gyrotron 

Frequency 

Power ou t  

E l e c t r o n i c  e f f i c i e n c y  

Beam v o l t a g e  

B e a m  c u r r e n t  

Magnetic f i e l d  

Transverse  t o  l o n g i t u d i n a l  
v e l o c i t y  r a t i o  

Cathode Loading 

Cathode r a d i u s  

Cathode l e n g t h  

The Power Supply 

Voltage r a t i n g  

Curren t  r a t i n g  

Anode supply v o l t a g e  

Anode supply c u r r e n t  

Heater supply v o l t a g e  

Heater supply  c u r r e n t  

Opera t ing  Modes: 

1. 

2. 

110 GHz 

200 kW RF 

35% 

70 kV 
8.2 A 

42.46 kg 

1.5 

2 8 A/cm 

0.44 em 

0.36 c m  

100 kV d c  

10 A 

0-35 kV dc  

200 mA 

0-15 V ,  a c  

15 A 

10 p s  p u l s e  l e n g t h  

1 m s  - 10 s p u l s e  l e n g t h  

cw 3 
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Figure  1-1 Schematic of gyrohron o s c i l l a t o r  showing a p p l i e d  
magnet ic  f i e l d  and t h e  rf f i e l d  and g a i n  i n  
t h e  c a v i t y .  
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t o  va ry  t h e  r f  power ou t .  The d iode  gun c o n f i g u r a t i o n ,  however, could lead 

l ead  t o  lower thermal  spread  i n  t h e  e l e c t r o n  beam, and t h u s  t o  a h ighe r  

e f f i c i e n c y .  It a l s o  has  a somewhat s i m p l e r  mechanical c o n s t r u c t i o n .  

For r a p i d  v a r i a t i o n  of t h e  r f  power out, t h e  d iode  gun could be  designed 

w i t h  a c o n t r o l  e l e c t r o d e ,  i n  t h e  form of an  a p e r t u r e  g r i d  o r  a modulated 

anode. S i m i l a r l y ,  a t  least two des ign  approaches w i l l  be taken  w i t h  respect 

t o  t h e  c o l l e c t o r ,  which has  t a  be a b l e  t o  d i s s i p a t e  over  550 kw i n  uride- 

F a b r i c a t i o n  and p rocess ing  of p ro to type  dev ices  w i l l  ' pressed  o p e r a t i o n .  

proceed i n  p a r a l l e l .  

During t h i s  f i r s t  r e p o r t i n g  per iod  work has begun on a number of design 

t a s k s ,  i n c l u d i n g  t h e  magnetron i n j e c t i o n  gunp r f  c i r c u i t ,  collector and 

power supply  s p e c i f i c a t i o n s .  

111 o f  t h i s  r e p o r t ,  fo l lowing  t h e  d e l i n e a t i o n  of r e l e v a n t  background 

material. 

These a c t i v i t i e s  are d e t a i l e d  i n  SectLon 

1-4 



II. DACKGROUWD 

2 . 1  INTRQDUCTION 

During t h e  p a s t  decade,  t h e  a v a i l a b l e  power l e v e l s  a t  m i l l i m e t e r  wave- 

l e n g t h s  have inc reased  d r a m a t i c a l l y .  Hughes has achieved 5 t o  7 kW a t  

55 GHz and 1 kW c w  a t  94 CHz from coupled-cavi ty  TWT a m p l i f i e r s .  These 

r e s u l t s  d e f i n e  t h e  c u r r e n t  s t a t e  of t h e  ar t  f o r  cw dev ices  t h a t  r e l y  on 

slow-wave i n t e r a c t i o n  c i r c u i t s .  This  i s  i l l u s t r a t e d  by t h e  s o l i d  curves  

shown i n  F igu re  2-1. 

Although t h e  TWT has  been i n  t h e  f o r e f r o n t  as a mill imeter-wave high- 

power sou rce ,  i t  has  become i n c r e a s i n g l y  ev ident  t h a t  fundamental  l i m i t a -  

t i o n s  t o  t h e  TWT approach w i l l  a l low only  r e l a t i v e l y  s m a l l  f u r t h e r  i n c r e a s e s  

i n  performance, These l i m i t a t i o n s  inc lude  v o l t a g e  breakdown, thermal  d i s -  

s i p a t i o n  and lower e f f i c l e n c y .  

A s  i l l u s t r a t e d  i n  F igure  2-1,  o t h e r  s tandard  a m p l i f i c a t i o n  dev ices  (such 

as k l y s t r o n s  and c r o s s e d - f i e l d  a m p l i f i e r s )  have not  shown %.he same poten- 

t i a l  f o r  high-power performance i n  t h e  mill imeter-wave r eg ion  as t h e  

coupled-cavi ty  TWTs. For k l y s t r o n s ,  t h e  l i m i t a t i o n s  a r i se  from t h e  

problems a s s o c i a t e d  wi th  large power l e v e l s  i n  a single, r e l a t i v e l y  

high-Q c a v i t y .  For c ros sed - f i e ld  dev ices ,  t h e  fact  that t h e  e l e c t r o n  

beam i s  c o l l e c t e d  on t h e  d e l i c a t e  rf i n t e r a c t i o n  c i r c u i t  p reven t s  a 

high-average-power c a p a b i l i t y .  

The average  power performance for dev ices  of t h i s  t ype  drops below about 

100 W a t  50 GHz.  The o n l y  method known for i n c r e a s i n g  t h e  power of 

t h e s e  dev ices  i s  t o  extend t h e  i n t e r a c t i o n  c i r c u i t  ( o r  cav i ty)  i n  a 

d i r e c t i o n  t r a n s v e r s e  t o  t h e  beam, thereby  d i s t r i b u t i n g  t h e  losses over 

a l a r g e r  area. For example, a, multiple-beam k l y s t r o n ,  which e f f e c t i v e l y  

accumulates  t h e  power from up to 40 k l y s t r o n s  i n t o  one rf c i r c u i t ,  has  

been demonstrated.  More than an  order-of-magni t ude  i n c r e a s e  i n  average 

2-1. 
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Figure  2-1 P l o t s  of power versus frequency for high-power 
dev ices  in the microwave and millimeter wave 
regimes. 
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power i s  t h u s  p o s s i b l e ,  b u t  t h e  complexity i s  i n c r e a s e d  g r e a t l y  and t h e  

r e s u l t i n g  c i r c u i t s  r e q u i r e  mode c o n t r o l  t o  prevent  u n d e s i r a b l e  

o s c i l l a t i o n s .  

S t u d i e s  t o  d a t e  i n d i c a t e  t h a t  so-ca l led  fast-wave, o r  p e r i o d i c  beam, 

d e v i c e s  are a c h i e v i n g  a breakthrough i n  power g e n e r a t i o n  f o r  m i l l i m e t e r -  

wave a p p l i c a t i o n s .  These devices use  a p e r i o d i c  e l e c t r o n  bean t o  i n t e r -  

act  w i t h  a f a s t  wave i n  a r e l a t i v e l y  l a r g e  low-loss waveguide, t h u s  

ci rcumventing t h e  power-handling 1imitat . ions o f  slow-wave c i r c u i t s .  

Although t h e s e  d e v i c e s  sometimes r e q u i r e  h igher  beam volcages and oper- 

a te  i n  an overmoded condit.ion, t h e y  o f f e r  enornously improved thermal  

d i s s i p a t i o n  and power-hand1 ing capabilj t i es  i n  r e t u r n .  

One such fast-wave d e v i c e ,  the U b i t r s n ,  was pursued a c t i v e l y  i n  the h t e  

1950s and e a r l y  1960s, w i t h  much of t h e  work done by General  E lec t r ic .  

A t  t h a t  t i m e ,  t h e  d e v i c e  w a s  proven exper imenta l ly ,  b u t  a p p l i c a t i o n s  

and suppor t  f o r  high-power mill imeter-wave t u b e s  were l a c k i n g  and t h e  

development e f fo r t :  w a s  t e rmina ted .  G E ' s  Uhi t ron  acl-ileved 150 kW of peak 

power w i t h  about 6% e f f i c i e n c y  a t  5 4  GH2 (Ref 5 and Figure  2-1) .  

2-4 

For t h e  proposed a p p l i c a t i o n ,  t h e  Ubitron i s  n o t  an a t t r a c t i v e  approach. 

The e f f i c i e n c y  of  6% is s i g n i f i c a n t l y  lower t h a n  t h a t  of a g y r o t r o n  

d e v i c e  and t h e  c o n s t r u c t i o n  and c o o l i n g  oE t h e  RF c i r c u i t  i s  much more 

complicated.  PPM focus ing  was found t o  be u n s u i t a b l e  €or c y l i n d r i c a l  

Ubi t ron  d e v i c e s  as t h i s  t y p e  of focus ing  system i n h e r e n t l y  s c a l l o p s  t h e  

beam. Because t h e  r f  g a i n  mechanism depends s t r o n g l y  on the radial 

p o s i t i o n  of t h e  beam, t h e  s c a l l o p i n g  motion i.s p r o h i b i t i v e  
6 

Other  fast-wave devices  have been r e p o r t e d  i n  t h e  l i t e r a t u r e ,  7 - 9  t h e  

( o r  c y c l o t r o n  resonance most impor tan t  of which i s  t h e  g y r o t r o n  

maser, CRM) . The  Naval Research Laboratory (NRL) has  done e x t e n s i v e  

r e s e a r c h  on t h i s  device u s i n g  an i n t e n s e  r e l a t i v i s t i c  beam, 

w a t t  levels of  pulsed power have been r e p o r t e d  a t  f r e q u e n c i e s  up t a  

10-14 

Mega- 15-18 
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90 GHz ( s e e  F igu re  2-1) .  

f o r  rf d e s i g n  of  gyro-devices. 

NRL’s t h e o r e t i c a l  work has  provided t h e  b a s i s  

Most gy ro t ron  a p p l i c a t i o n s  r e s e a r c h  has  been done i n  t h e  USSR, where 

work on these d e v i c e s  has  a p p a r e n t l y  been going on f o r  a decade. Although 

t h e  p r i n c i p l e s  of gyro-TWA a m p l i f i e r s  have been desc r ibed  by Sov ie t  

a u t h o r s ,  lo’ l1 s i n g l e - c a v i t y  o s c i l l a t o r s  are t h e  on ly  high-power ope ra t -  

i n g  dev ices  known t o  have been r epor t ed  i n  t h e  1 . i t e r a t u r e .  The h i g h e s t  

average  power levels were 12 kW a t  107 GWz and 1 kW a t  350 GHz, The 

e f f i c i e n c i e s  of t h e s e  two gyro t rons  were 30% and 6%’ r e s p e c t i v e l y ,  w i t h  

t h e  lat ter d e v i c e  o p e r a t i n g  a t  t h e  second harmonic of t h e  c y c l o t r o n  f r e -  

quency. E l e c t r o n i c  e f f i c i e n c i e s  up t o  43% have been r e p o r t e d .  Beam 

v o l t a g e s  range  from 19  t o  2 7  kV. 

J o r y  e t  a1.I’ r e p o r t e d  on gyro-klystron development a t  2 8  GHz i n  t h e  USA. 

Pulsed  power o u t p u t s  of up t o  248 kW a t  34% e f f i c i e n c y  have been ob ta ined  

from a s i n g l e - c a v i t y  o s c i l l a t o r .  Th i s  r e s u l t  is  p l o t t e d  i n  F igu re  2-1. 

Also, 40-dB g a i n  w a s  r epor t ed  in a t h r e e - c a v i t y  gyro-k lys t ron  a m p l i f i e r  

w i t h  50-kW p u l s e  ou tpu t  a t  7% e f f i c i e n c y .  

Based on t h e s e  r e s u l t s  and l a r g e  s i g n a l  performance p r e d i c t i o n s  o f  a 

p r e l i m i n a r y  d e s i g n ,  t h e  s u c c e s s f u l  development of a 200 kW, cw g y r o t r o n  

a t  110 GHz appea r s  a c h i e v a b l e ,  a l though  t h e  v e r y  h igh  average  power 

d e n s i t i e s  r e q u i r e d  on t h e  d e v i c e  do r e p r e s e n t  a c o n s i d e r a b l e  techntcal 

cha l l enge .  An o s c i l l a t o r  is  p r e f e r r e d  over  an a m p l i f i e r  f o r  a number 

o f  r easons ,  c h i e f  among them be ing  t h e  e l i m i n a t i o n  of t h e  need f o r  an 

r f  sou rce  as w e l l  as an  i n p u t  coup le r ,  and the g r e a t e r  l i k e l i h o o d  of 

s t a b l e  o p e r a t i o n .  
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2.2  CAVITY DESIGN 

L 
With a w e l l  designed c a v i t y  t h e  gy ro t ron  conve r t s  a l a r g e  f r a c t i o n  of 

t h e  r o t a t i o n a l  energy of t h e  d c  beam i n t o  rf w i t h  an  o v e r a l l  e l e c t r o n i c  

e f f i c i e n c y  of about 35%. 

of o u t p u t  power is  about 570 kW. The e f f i c i e n c y  has a broad maximum2 a t  

a v a l u e  of  y = 1.10, i . e . ,  a t  about 70 kV. T h i s  v o l t a g e  i s  a l s o  accept -  

a b l e  from an e l e c t r o n  o p t i c a l  p o i n t  of view s i n c e  t h e  cor responding  beam 

c u r r e n t  of 8.15 Amps can be  drawn from a ca thode  of moderate s i z e  w i t h  an 

emiss ion  d e n s i t y  which i s  ach ievab le  w i t h  impregnated tungs t en  m a t r i x  

materials.  

p r e s e n t  a major d e s i g n  problem. The magnetic f i e l d  i n  t h e  c a v i t y  i s  

determined on ly  by t h e  o p e r a t i n g  f requency  and f o r  110 GHz amounts t o  

42.46 kG. A f i e l d  of t h i s  magnitude must be  genera ted  by a superconduct- 

i n g  magnet. 

v a l u e  may have allowed t h e  use  of  a water cooled magnet; however t h e  

a t t e n d a n t  l o s s  of  e f f i c i e n c y  produces problems i n  o t h e r  areas and makes 

t h i s  mode of o p e r a t i o n  u n a t t r a c t i v e .  

Hence t h e  r equ i r ed  beam power f o r  200 kW 

Voltage breakdown i n  t h e  gun and i n  t h e  power supply  does n o t  

Higher harmonic o p e r a t i o n  w i t h  a f i e l d  of one q u a r t e r  t h i s  

The e f f i c i e n c y  o f  o p e r a t i o n  i s  p r e d i c a t e d  on a low a x i a l  beam v e l o c i t y  

spread  and t h e  l a t t e r  i s  a s e n s i t i v e  f u n c t i o n  of t h e  e x t r a c t i o n  anode 

v o l t a g e .  It appears  p o s s i b l e  t h e r e f o r e  to t a i l o r  t h e  microwave power 

p u l s e  r ise t i m e  by s p o i l i n g  t h e  e f f i c i e n c y  of t h e  dev ice  by changing 

t h e  e x t r a c t i o n  anode v o l t a g e .  P re l imina ry  des ign  parameters are g iven  

i n  Table  2.2-1.  

The small s i g n a l  t heo ry  of the RF c a v i t y  i n t e r a c t i o n s  i n  a gyro-magnetron 

i s  t r e a t e d  i n  d e t a i l .  by C ~ U . ~  

shown i n  F igu re  2.2-1; a d e f i n i t i o n  of t h e  v a r i a b l e s  used i n  t h i s  r e p o r t  

appea r s  i n  Table  2.2-2.  

The geometric model f o r  t h e  a n a l y s i s  i s  
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TABLE 2.2-1 

PAlUFlETERS OF THE GYROTRON 

B e a m  v o l t a g e  

Beam c u r r e n t  

Magnetic f i e l d  

T r a n s v e r s e / l o n g i t u d i n a l  v e l o c i t y  r a t i o  

R e l a t i v i s t i c  gamma 

Beam v e l o c i t y *  

Axia l  v e l o c i t y *  

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

Cathode load ing  

Cathode r a d i u s  

Cathode l e n g t h  

Mean r a d i u s  of  beam i n  c a v i t y  

Larmor r a d i u s  

Cavi ty  d iameter  (nominal) 

Length of c a v i t y  (nominal) 

Diameter of ou tput  waveguide 

E l e c t r o n i c  e f f i c i e n c y  

Cavi ty  Q 

RF power 

Frequency 

*Normalized t o  c ,  v e l o c i t y  of l i g h t  

'With c a v i t y  t a p e r i n g  

1 

@ B  

BO 

I 

a 

Y 

V I C  

vz I C  

v* I C  

j c  

r 
C 

1 

a 

d 

L 

d 

rl 

0 

W 

0 
P 

5 

70 kV 

8..2 amp 

42.46 kG 

1.5 

1.1370 

0.4759 

0.2640 

0.3960 

8 .0  A / c m  

0 . 4 4  e m  

0.36 cm 

0.08 crn 

0.018 c m  

0.611 cm 

1 . 8 3 3  cm 

1 . 2 3  cm 

35% 

2 32 

200 kW 

1.10 GHz 

2 

2-9 



w
 0
 

2-10 



D e s c r i p t i o n  

Speed o f  l i g h t  

E l e c t r o n  c h a r g e ,  rest mass 

Beam v o l t a g e ,  c u r r e n t  

Power o u t p u t ,  Beam power 

E l e c t r o n i c  e f f i c i e n c y  

A x i a l  magne t i c  f i e l d  

Average beam r a d i u s  

Larmor r a d i u s  of e l e c t r o n s  

Rad ius  of c a v i t y  w a l l  

Number of e l e c t r o n s  p e r  u n i t  l e n g t h  

C y c l o t r o n  f r q u e n c y  harmonics  mode 

I n d i c e s  f o r  r a d i a l ,  l o n g i t u d i n a l  
modes 

R e l a t i v i s t i c  c o r r e c t i o n  f a c t o r  

R e l a t i v i s t i c  c y c l o t r o n  f r cq i i fncy  

Space c h a r g e  p a r a m e t e r  

C a v i t y  l e n g t h  and n o r m a l  form 

T o t a l  e l e c t r o n  v e l o c j  t y  

T r a n s v e r s e  e l e c t r o n  v e l o c i t y  

L o n g i t u d i n a l  e l e c t r o n  v e l o c i t y  

Normalized v e l o c i t i e s  

F requency ,  r a d i a n  f r e q u e n c y  

Normalized r a d i a n  f r squency  

Transverse p r o p a g a t i o n  c o n s t a n t  

n t h  nonze ro  r o o t  o f  J ( x )  
L o n g i t u d i n a l  p ropagat  i o n  c o n s t  a n t  

Normalized p r o p a g a t i o n  c o n s t a n t s  

C a v i t y  t r a n s i t  time 

Normalized t r a n s i t  t i m e  

Forward wave t r a n s i t  angle  

Backward wave t r a n s i t  a n g l e  

T o t a l  f i e l d  e n e r g y  i n  c a v i t y  

C a v i t y  Q 

Peak  c a v i t y  e l e c t r i c  f i e l d  

Beam ene rgy  g a i n  p e r  t r a n s i t  

1 

Symbol and D e f i n i n g  Equa t ion  

:, m 

' 0 )  I o  

'0 'b 

W 

J 
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It i s  assumed i n  t h i s  a n a l y s i s  t h a t  a l l  of t h e  e l e c t r o n s  e n t e r i n g  t h e  

c a v i t y  have the t o t a l  energy and a f i x e d  r a t i o  of t r ansve r se - to -  

l o n g i t u d i n a l  v e l o c i t y  ( i . e . ,  no v e l o c i t y  sp read ;  

It is  a l s o  assumed t h a t  t h e  guid ing  c e n t e r s  of a l l  e l e c t r o n s  have t h e  

same r a d i u s ,  bo, g i v i n g  an  annu la r  beam t h i c k n e s s  i s  twice  t h e  eyclo- 

t r o n  r a d i u s ,  a . 

c1zv /vz = c o n s t a n t ) .  

0 

Assuming t h a t  t h e  RF energy i s  r e f l e c t e d  a t  t h e  ends of t h e  c a v i t y  the 

e lec t romagne t i c  f i e l d s  f o r  t h e  TE modes i n  t h e  c a v i t y  are given by 
on% 

Eo = Eoo J1 (knr )  s i n  (kZz) cos  ( u t )  

B r = (: ) EOo J 1  (knr )  c o s  (kzz)  s i n  ( u t )  

BZ - - - (?)Eoo 3 0 (k,r) s i n  (kZz)  s i n  ( u t )  

(2.2-1) 

(2.2-2) 

(2.2-3) 

For o p e r a t i o n  a t  t h e  fundamental c y c l o t r o n  frequency ( s  = 1) t h e  e l ec -  

t r o n  beam-RF i n t e r a c t i o n  i s  optimized by making t h e  average beam r a d i u s  

b correspond t o  a peak i n  t h e  e l e c t r i c  field E For t h e  n = 2 modes, 

t h i s  beam r a d i u s  i s  b 
0 8 '  

= 0 . 2 6  rw. 
0 

The frequency of t h e  c a v i t y  e i g e n  modes of  o s c i l l a t i o n  i s  g iven  by 

( 2 . 2 - 4 )  

which can be p l o t t e d  as a set o f  p o i n t s  a long  t h e  d i s p e r s i o n  cu rve ,  f o r  

c y l i n d r i c a l  waveguide having t h e  same r a d i u s ,  r . An example of  such a 

diagram i s  shown i n  F igu re  2 .2-2 .  I n  t h i s  f i g u r e  w e  have a l s o  p l o t t e d  

t h e  s t h  beam c y c l o t r o n  mode i n  such  a way t h a t  i t  passes through t h e  

TEQnl c a v i t y  mode. 

W 
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G5395 

Figure 2.2-2 Conceptual dispension diagram showing the beam 
and cavity modes in a configuration which will 
excite the T E O l l  cavity mode at the sth beam 
harmonic, 
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The Q of a c a v i t y  i s  d e f i n e d  as t h e  r a t i o  of energy s t o r e d ,  Wf, t o  t h e  

energy l o s t  p e r  r a d i a n ,  PL/w 

Q = -  ( 2  * 2-5) 

For a gyro monotron, t h e  power loss  PL is  made up of t h e  power d i s s i -  

pa t ed  i n  t h e  w a l l s  of t h e  c a v i t y ,  PD, p l u s  t h e  ou tpu t  Power, Po,  coupled 

t o  t h e  ou tpu t  wave guide.  

For most p r a c t i c a l  c a s e s  P 

mined e s s e n t i a l l y  by P . 
>> PD and t h e r e f o r e  t h e  loaded Q i s  d e t e r -  

0 

0 

The s t o r e d  energy i n  t h e  c a v i t y  is  determined f o r  each mode by i n t e -  

g r a t i n g  t h e  energy d e n s i t y  ( E E ~  + UH ) for t h a t  mode over  t h e  volume of 

t h e  c a v i t y .  

c a v i t y ,  t h i s  procedure  r e s u l t s  in 

2 

Since  t h e  Eie ld  shape i s  f i x e d  f o r  each e i g e n  node of t h e  

2 
Wfm = %o 

(2.2-6) 

where 5; i s  t h e  c a v i t y  "form f a c t o r ' '  f o r  t h e  mth eigen mode and Eo i s  

t h e  peak t r a n s v e r s e  e l e c t r i c  f i e l d .  Using Equat ions  2 . 2 - 1 ,  2.2-2 and 

2.2-3, f o r  example, t h e  s t o r e d  energy f o r  t h e  c y l i n d r i c a l  c a v i t y  i s  

given by 

m 

I ncL 2 2 2 - -  r Jo (xn) Eeo 'fn 4 w  (2.2-7) 

The v a l u e  of t h e  c a v i t y  Q i s  a key f a c t o r  i n  t h e  des ign  of gyromonotrons. 

I n  t h e  s m a l l  s i g n a l  c a s e ,  t h e  t h r e s h o l d  beam power r e q u i r e d  t o  s t a r t  
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o s c i l l a t i o n s  i s  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  c a v i t y  Q.  I n  t h e  l a r g e  

s i g n a l  case, s a t u r a t e d  ou tpu t  power occur s  a t  a s p e c i f i e d  v a l u e  of 

peak electric f i e l d  which de termines  ( i n  conjunct ion  w i t h  t h e  ou tpu t  

power and t h e  c a v i t y  form f a c t o r )  t h e  des ign  v a l u e  of t.he c a v i t y  Q.  

i n  o p e r a t i o n  t h e  c a v i t y  Q de te rmines  bo th  t h e  s t a r t i n g  beam power and t h e  

s a t u r a t e d  ou tpu t  power. For t h i s  reason ,  i t  is important  t h a t  t h e  c a v i t y  

Q determined i n  t h e  RF des ign  be achieved as n e a r l y  as p o s s i b l e  i n  t h e  

p h y s i c a l  c o n s t r u c t i o n .  

Thus, 

The losses i n  t h e  c a v i t y  can be es t imated  by comparing t h e  loaded and 

unloaded Q's of t h e  c a v i t y .  As prev ious ly  noted t h e  loaded Q i s  given 

bY 

f lllW W W  
- f =-...-. 

0 
P 'D i- '0 

QL - 

and t h e  unloaded Q by 

S ince  t h e  c o n d i t i o n  

W i s  approximately f 
g ive  

I e -  

Q, pD 

(2.1 243) 

( 2 . 2 - 9 )  

of in te res t  is  t o  determine P when P is  200 kW, 

t h e  same in both  equa t ions  and can be e l imina ted  t o  
D 0 

The t h e o r e t i c a l  unloaded Q o f  a TE c i r c u l a r  c a v i t y  can be cal .culnted 
02 1 

from w e l l  known equa t ions .  

w i t h  a l e n g t h  t o  d iameter  r a t i o  o f  6 ,  Q = 12200 a t  110 GHz. An t i c i -  

p a t i n g  a loaded Q of approximately 230 then  g ives  

7 
For a copper c a v i t y  ( c  = 4(10  ) mhos/m) 5 

u 
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For t h e  power l e v e l  of  t h e  proposed dev ice ,  t h e  d i s s i p a t e d  power i n  t h e  

c a v i t y  i s  about  3 . 8  kW. 

The power d i s s i p a t e d  through waveguide l o s s e s  i s  ano the r  f a c t o r  which i s  

e a s i l y  c a l c u l a t e d  from w e l l  e s t a b l i s h e d  theory. '  F igu re  2.2-3 gives  t h e  

d i s s i p a t e d  power p e r  c m  i n  a c i r c u l a r  waveguide c a r r y i n g  200 kw of power 

i n  t h e  TE mode (copper assumed). 02 

Another important  c a v i t y  des ign  c o n s i d e r a t i o n  f o r  gyro-monotrons i s  t h e  

c a v i t y  shape (form f a c t o r ) .  By s e l e c t i n g  a c a v i t y  shape o t h e r  t han  t h e  

s i m p l e  c y l i n d r i c a l  c a v i t y  i t  is  p o s s i b l e  t o  s imul taneous ly  achieve  two 

impor tan t  des ign  goa ls .  

e f f i c i e n c y  by p r o f i l i n g  t h e  RF f i e l d  ampli tude i n  t h e  c a v i t y .  I n  general. 

t h i s  i s  achieved by a c a v i t y  where t h e  f i e l d s  i n c r e a s e  a long  t h e  e l e c t r o n  

beam t o  t h e  end of t h e  c a v i t y  and then  drop ab rup t ly .  F igure  2.2-4 

shows such a c a v i t y  shape which was t h e o r e t i c a l l y  analyzed7 and which 
8 

demonstrated enhanced e f f i c i e n c y  i n  an exper imenta l  gyro-monotron. 

F i r s t ,  i t  i s  p o s s i b l e  t o  enhance t h e  s a t u r a t e d  

The second des ign  goa l  which can be  achieved by shaping the  c a v i t y  i s  t o  

move t h e  unused e igen  modes away from synchronism w i t h  t h e  beam mode s o  

t h a t  on ly  t h e  d e s i r e d  mode wlll be e x c i t e d .  A s  w i l l  be  shown, t h i s  i s  

an important  c o n s i d e r a t i o n  f o r  gyro-monotron des ign  because t h e  

c y l i n d r i c a l  c a v i t y  does not  provide  s u f f i c i e n t  mode s e p a r a t i o n .  

The p r e v i o u s l y  c i t e d  Reference 8 d i s c u s s e s  mode s e p a r a t i o n  v i a  c a v i t y  

shaping  and provides  a t h e o r e t i c a l  b a s i s  f o r  c a l c u l a t i n g  t h e  e igen  modes 

of c a v i t i e s  which have a s lowly  va ry ing  cross s e c t i o n .  Also,  computer 

codes exist f o r  numer ica l ly  s i m u l a t i n g  t h e  e i g e n  modes i n  c y l i n d r i c a l .  

c a v i t i e s  w i t h  a k b i t r a r y  shapes.  9 
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Figure 2.2-4 Shaped gyro-monotron cavity formed by 
the junction of t w o  conical sections, 
The function f ( z )  gives t h e  z 
dependence of the field amplification 
in the cavity. 
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As w a s  i l l u s t r a t e d  i n  t h e  prev ious  F i g u r e  2.2-2, t h e  d i s p e r s i o n  r e l a t i o n -  

s h i p  f o r  t h e  beam c y c l o t r o n  mode i s  given by 

(2 * 2-10) 

The 

c av 

synchronous case where t h e  beam cyclotron mode p a s s e s  through t h e  

t y  e i g e n  mol e is  given by 

SR 1 /2  
0 

k z z  v + -  YO = k c k z ) 2  + ( ~ k ~ ) ~ ]  = w nQ 
(2-2-11) 

I f  i n  a d d i t i o n  t o  t h i s  e q u a t i o n  w e  r e q u i r e  t h a t  

( 2  * 2-12) 

w e  get t h e  c o n d i t i o n  of  tangency between t h e  c y c l o t r o n  beam mode and t h e  

waveguide mode. T h i s  c o n d i t i o n  provides  f o r  o p t i m i z a t i o n  of t h e  small  

s i g n a l  i n t e r a c t i o n s  i n  t h e  c a v i t y ,  b u t  i n  g e n e r a l  i t  need n o t  be  

s t r i c t l y  adhered t o  i f  o t h e r  d e s i g n  requirements  s o  d i c t a t e .  

It i s  sometimes d e s i r a b l e ,  f o r  example, t o  d e v i a t e  somewhat from Equa- 

t i o n  (2.2-12) i n  o r d e r  t o  reduce t h e  p o s s i b i l i t y  of i n t e r a c t i o n s  w i t h  

u n d e s i r a b l e  modes, Also ,  l a r g e  s i g n a l  a n a l y s i s  u s u a l l y  shows enhanced 

e f f i c i e n c i e s  f o r  c a v i t y  l e n g t h s  somewhat longer  t h a n  the l e n g t h  d i c -  

t a t e d  by Equation (2.2-12). I n c r e a s i n g  t h e  c a v i t y  midius  and-mqpet . ic .  
I . * ,  I -  - i f . :  i ; .- 

i%Ti?H: r' .I 

( F , ' , / f t  I 

i 
1 -  i 

' 4 .- ,I I .c f ,,' 
1 J  \ 
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I n  g e n e r a l ,  Equations (2.2-11) and (2 .2-12)  p rovide  t h e  s t a r t i n g  p o i n t  

for f i r s t  o r d e r  d e s i g n  of gyro-monotrons. These equa t ions  can be s i m -  

p l i f i e d  t o  t h e  fo l lowing  set of d e s i g n  r e l a t i o n s h i p s .  

(2.2-13) 

For a s p e c i f i c  example of V = 70 kV, M. = 1.5,  s = 0, n = 2 ,  and f = 

110 GHz, Equation (2.2-13) gives t h e  fo l lowing  f i r s t  o r d e r  des ign  v a l u e s  

r e s p e c t  i v e l  y . 

r = 3.157 mm 
W 

B 0 = 41.534 kG 

L = 5.177 mm 

We now examine t h e  s t a r t :  o s c i l l a t i o n  c o n d i t i o n s  f o r  t h e  gyro-rnonotron. 

Chu d e f i n e s  a d i m e n s i o n 1 . e ~ ~  q u a n t i t y  F t o  be t h e  rate of t h e  t o t a l  t i m e  

average  beam energy g a i n  d u r i n g  one t r ans i t  t i m e  (T = L/vz) t o  t h e  

t o t a l  s t o r e d  f i e l d  energy ,  

(2.2-14) 
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and shows t h a t  i n  t h e  small s i g n a l  approximation f o r  a c y l i n d r i c a l  

c a v i t y ,  t h i s  q u a n t i t y  can be calculated f r o m  che b a s i c  parameters  o f  t h e  

beam and RF c a v i t y .  

The f a c t o r  F can then  be  m e d  t o  c a l c u l a t e  t h e  small s i g n a l  start- 

o s c i l l a t i o n  cond i t ions  for t h e  o s c i l l a t o r  as f o l l o w s .  The ra te  a t  which 

t h e  beam suppl- ies  power t o  t h e  cav i ty  i s  given by 

whi l e  the r a t e  a t  which power l e a v e s  t h e  cavity i s  

Def in ing  t h r e s h o l d  as t h e  p o l n t  .at which P = Pout we Se t  
ill 

- FQ 1; LIT 

2 
1) m c v and by 

0 2  
= N ( Y 0  - b 

By us ing  t h e  beam power P 

t h r e s h o l d  beam power requi.red for osci l .J .a t ions,  t h i s  

(2.2-15) 

(2.2-16) 

t h  
d e f i n i n g  P as 

c.nn be r e w r i t t e n  as 
b 

(2.2-17) 

The n e t  r e s u l t  i s  t h a t  f o r  any given s e t  o f  mode numbers ( s ,  n ,  a )  and 

o s c i l l a t o r  parameters  ( W ,  A ,  yo ,  Pout ) ,  one can c a l c u l a t e  a va lue  oE 

PbthQ f o r  which o s c i l l a t i o n s  w i l l  s t a r t .  

Although t h e  c a l c u l a t i o n  o f  F i s  somewhat cumbersome, ou r  exper ience  

seems t o  i n d i c a t e  t h a t  f o r  t h e  important  ca se  o f  maximum saturated 
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ou tpu t  power, on ly  t h e  H t e r m  of cy. i s  s i g n i f i c a n t  and t h a t  t h e  peak of 

-F occur s  a t  A = i r  ( f o r  s = n = 11 = 1). 
s I 

Another important  f e a t u r e  of  Chu's small  s i g n a l  theory  i s  t h a t  i t  pro- 

v i d e s  an  estimate f o r  the p e s m i s s l b l e  v e l o c i t y  spread i n  t h e  beam. Chu 

shows t h a t  f o r  a l a r g e  range of des ign  cond i t ions  t h e  range of A over 

which t h e  f u n c t i o n  F i s  n e g a t i v e  (i.e., g ives  up energy t o  t h e  cav i ty )  

i s  approximately 2 . 5  T I .  

t h e  r e l a t i o n s h i p  

Thus if t h e  a x i a l  v e l o c i t y  spread 6 B z  s a t i s f i e s  

(2,2-18) 

there w i l l  be on ly  a small e f f e c t  on t h e  e f f i c i e n c y .  For t h e  previous 

110 GHz des ign  example having a 70 kV beam w i t h  (u = 1.5,  t h i s  t u r n s  ou t  

t o  be  a r e l a t i v e l y  l e n i e n t  c r i t e r i a .  

The b a s i c  approach used i n  t h e  gyro-monotron computer s imula t ion  f o r  

l a rge  s i g n a l  s a t u r a t i o n  is s imilar  t o  t h a t  employed i t a  o t h e r  l a rge  s i g n a l  

a n a l y s i s  codes f o r  0-type dev ices  except  t h a t  the  electron motions are 

f u l l y  t h r e e  dimensional .  I n  t h e  s imi i la t ion ,  t h e  t r a j e c t o r i e s  of pz set  

of  "test  e l e c t r o n s "  (up t o  1000) are computed as they  p a s s  t h r ~ u g h  t h e  

dc and RF f i e l d s  of  t h e  dev ice  being analyzed.  The average energy change 

of t h e  ensemble i s  then  used t o  de te rmine  t h e  b a s i c  e f f i c i e n c y  o f  t h e  

energy exchange. 

The i n i t i a l  c o n d i t i o n s  of t h i s  ensemble o f  test e l e c t r o n s  are chosen i n  

such a manner t h a t  bo th  t h e  s p a t i a l  and temporal phase d i s t r i b u t i o n s  of 

t h e  e l e c t r o n s  i n  t h e  beam are s imula ted .  For example, a f u l l  s imu la t ion  

o f  a gyro-monotron of t h e  type  be ing  cons idered  f o r  t h i s  program might 

use 320 e l e c t r o n s  d i s t r i b u t e d  i n  8 r i n g s  w i t h  4Q equally spaced elec- 

t r o n s  around each r i n g .  The r i n g s  would then be  launched i n t o  t h e  

gyro-monotron c a v i t y  a t  e q u a l l y  spaced phase i n t e r v a l s  over one RF 
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cyc le .  

i n  t h e  computer simul.ation code. 

Space-charge f o r c e s  i n  t h e  e l e c t r o n  beam simulation are included 

The equa t ions  which are i n t e g r a t e d  t o  determine t h e  t r a j e c t o r i e s  sf the 

t e s t  e l e c t r o n s  come from t h e  r e l a t i v i s t i c  force equa t ion  

where t h e  r e l a t i v i s t i c  pseudo v e l o c i t y  v e c t o r  i s  de f ined  by 

( 2  D 2-19) 

( 2  a 2-20) 

X i s  t h e  p o s i t i o n  v e c t o r ,  and y i s  t h e  Lorentz r e l a t i v i s t i c  c o r r e c t i o n  

f a c t o r  g iven  ( i n  terms of U) by 

The set of s i x  non l inea r  d i f f e r e n t i a l  equa t ions  given in (2.2-19) and 

(2.2-20) are i n t e g r a t e d  i n  a c y l i n d r i c a l  coord ina te  syst:em to give t h e  

v a l u e s  of (r, 0, z, i, b ,  8) as func t ions  of  t i m e .   he BF f i e l d s  i n  

the  c a v i t y  can be c a l c u l a t e d  e i t h e r  from the a n a l y t i c  e igen  modes of 

t h e  c a v i t y  o r  i n  t h e  case  of a ve ry  i r r e g u l a r  c a v i t y  shape, from a mesh 

s o l u t i o n  technique .  

TJpon complet ion of i n t e g r a t i n g  Equat ions (2,2-19) and (2 .2-20)  f o r  each 

tes t  e l e c t r o n  as i t  passes through t h e  RF c a v i t y ,  t h e  e f f i c i e n c y  of 

energy exchange i s  given by 

(2.2,-2 1) 
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2 
where y 

and y 

e l e c t r o n s  have passes through the  RF c a v i t y  a t  z = L .  This average 

is  de f ined  by t h e  i n i t i a l  energy of t h e  e l e c t r o n s ,  m o c  (yo - I), 
0 

by the  average  energy of t h e  t e s t  e l e c t r o n  ensemble a f t e r  a l l  
L 

2 
O L  

energy i s  given by m c (y - 1) where 

e 
N 

- q Y i ¶  

i= 1 e 
YL - N (2.2-22) 

i i s  an e l e c t r o n  index ,  and Ne i s  the t o t a l  number o f  tes t  electrons. 
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2 . 3  DESIGN APPROACH 

Based on previous  exper ience  c i t e d  i n  t h e  l i t e r a t u r e  and our  own gyro t ron  

s i m u l a t i o n s ,  the  d e s i g n  of gyro-monotrons and t h e i r  a s s o c i a t e d  e l e c t r o n  

guns a t  t h e  200 kW o u t p u t  power leve l  (and 110 GHz) w i l l  b e s t  b e  accom- 

p l i s h e d  a t  beam v o l t a g e s  i n  t h e  60 t o  80 kV range. 

The s t r o n g e s t  d r i v i n g  f a c t o r  t o  o p e r a t e  a t  t h i s  v o l t a g e  level  i s  t h e  

r e q u i r e d  beam c u r r e n t  and a s s o c i a t e d  cathode loading .  A f i r s t  o r d e r  

d e s i g n  t rade-off  of  t h e  magnetron i n j e c t i o n  gun shows t h a t  a t  78 kV 

w i t h  an assumed e f f i c i e n c y  of 35%, and a = 1 - 5 ,  t h e  cathode l o a d i n g  f o r  

a r e a s o n a b l e  gun d e s i g n  w i l l  b e  about 8 A/cm . 
o r  h i g h e r  c1 w i l l  i n c r e a s e  t h i s  cathode l o a d i n g  and/or  make t h e  gun 

d e s i g n  more d i f f i c u l t .  W e  have t h e r e f o r e  e l e c t e d  t o  use V = 70 kV and 

a - 1.5 as e l e c t r o n  beam des ign  parameters .  These parameters  are a l s o  

c o n s i s t e n t  w i t h  high e f f i c i e n c y  f o r  t h e  gyro-monotron. 

2 
Any lower beam v o l t a g e  

0 

The e l e c t r o n  beam r a d i u s  i n  t h e  r f  i n t e r a c t i o n  reg ion  is  determined from 

a f i r s t  o r d e r  r f  c a v i t y  des ign .  For a c y l i n d r i c a l  c a v i t y  o p e r a t i n g  i n  

t h e  TE021 mode t h e  c a v i t y  r a d i u s  is 3.055 mm and t h e  average beam r a d i u s  

r e q u i r e d  t o  opt imize  t h e  rf i n t e r a c t i o n  w i t h  t h i s  node is  b = 0.26 r 

= 0.80 m. The c y c l o t r o n  r a d i u s  of  t h e  e l e c t r o n  motion w i l l  be 0.18 mm. 
0 W 

The pr imary t o o l  f o r  o p t i m i z a t i o n  o f  t h e  d e s i g n  parameters f o r  maximum 

e f f i c i e n c y  i s  t h e  l a r g e - s i g n a l  Gyro-monotron computer code. T h i s  simu- 

l a t i o n  code provides  t h e  o n l y  p r a c t i c a l  means f o r  p r e d i c t i n g  t h e  e f f e c t s  

of d e s i g n  changes on t h e  s a t u r a t e d  o s c i l l a t o r  e f f i c i e n c y  and t h e r e f o r e  

is  i n d i s p e n s i b l e  b o t h  as an i n i t i a l  d e s i g n  t o o l  and as  a second i t e r a t i o n  

ref inement  t o o l .  

In  d e s i g n  o p t i m i z a t i o n ,  t h e  l a r g e - s i g n a l  a n a l y s i s  code i s  used t o  f i n d  

t h e  optimum set of  d e s i g n  parameters  which provide  t h e  h i g h e s t  e f f i -  

c iency  by changing t h e  parameters  ( w i t h i n  s e l e c t e d  c o n s t r a i n t s )  and 
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o b s e r v i n g  t h e  r e s u l t s .  The primary v a r i a b l e s  f o r  t h i s  o p t i m i z a t i o n  are 

t r a n s i t  phase (magnetic f i e l d )  and e l ec t r i c  f i e l d  ( c a v i t y  4) .  Thus ,  

f o r  each case o f  beam v o l t a g e  and mode geometry, an optimum e f f i c i e n c y  

can b e  found as a f u n c t i o n  of two v a r i a b l e s  A and E 
00 

As a n  example o f  t h i s  procedure w e  have used t h e  l a r g e - s i g n a l  a n a l y s i s  

program t o  de te rmine  t h e  optimum des ign  parameters  of  a gyro-monotron 

having  a c y l i n d r i c a l  c a v i t y  geometry. The r e s u l t s  are given i n  F igures  

2.3-1 and 2 . 3 - 2 .  

A f t e r  f i n d i n g  t h e  optimum v a l u e  of e f f i c i e n c y  a t  zoo = 0.16 and 

B/Bo = 0.967 (Bo i s  t h e  magnetic f i e l d  v a l u e  corresponding t o  A = 0 f o r  

t h e  TE021 mode) t h e  two f i g u r e s  w e r e  c r e a t e d  by f i r s t  ho ld ing  B cons tan t  

and v a r y i n g  E and then  hold ing  E c o n s t a n t  and v a r y i n g  B.  The r e s u l t s  

i n d i c a t e  a peak e f f i c i e n c y  o f  about 36%. 
0 0 

Note t h a t  t h e  TE mode i s  be ing  used r a t h e r  t h a n  t h e  TE mode. T h i s  

h a s  t h e  advantage of  d e l i v e r i n g  a h i g h e r  peak e f f i c i e n c y  (36% i n s t e a d  

of  31%) and r e s u l t s  i n  a l a r g e r  waveguide d i a m e t e r ,  reducing  h e a t  d i s s i -  

p a t i o n .  With shaped cavi t ies ,  e f f i c i e n c i e s  approaching 40% should b e  

p o s s i b l e  u s i n g  t h e  TE mode, assuming s t a b l e  mode c o n t r o l  can b e  

achieved.  

02 1 01 1 

02 1 

The d e s i g n  of  a n  e l e c t r o n  gun is d i c t a t e d  by t h e  parameters  of t h e  

r e q u i r e d  e l e c t r o n  beam and i s  c o n s t r a i n e d  by f a c t o r s  such as v o l t a g e  

breakdown, maximum cathode loading ,  and a v a i l a b l e  magnetic f i e l d .  I n  

a g y r o t r o n  gun t h e s e  parameters  i n c l u d e  i n  a d d i t i o n  t o  t h e  geometr ic  

and e l ec t r i ca l  s p e c i f i c a t i o n s  t h e  f u r t h e r  r e s t r i c t l o n s  t h a t  t h e s e  

parameters  be  obta ined  w i t h  a s p e c i f i c  magnitude of  magnetic field and 

t h a t  a given p a r t  of t h e  beam's energy be i n  r o t a t i o n a l  motion. The 

d e s i g n  problem is  f u r t h e r  complicated by t h e  need t o  minimize t h e  

spread i n  r o t a t i o n a l  energy. 
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I n  a t y p i c a l  magnetron i n j e c t i o n  gun, t h e  e x t r a c t i o n  of  t h e  e l e c t r o n s  

depends on t h e  presence  o f  a magnet ic  f i e l d  a t  t h e  cathode.  Unfor tuna te ly  

t h i s  magnet ic  f i e l d  p l a y s  a c o n s i d e r a b l e  r o l e  i n  de te rmining  t h e  subse- 

quent  e l e c t r o n  motion and t h e r e f o r e  restricts t h e  o p t i o n s  a v a i l a b l e  t o  

t h e  d e s i g n e r .  S p e c i f i c a l l y ,  t h e  energy i n  r o t a t i o n  i n  t h e  magnetic f i e l d  

imparted t o  t h e  e l e c t r o n s  i n  t h e  gun i s  r e l a t e d  t o  t h e  energy i n  t h e  

magnetic f i e l d  downstream by t h e  " t r a n s v e r s e  a d i a b a t i c  i n v a r i a n t "  and by 

t h e  need t o  conserve a n g u l a r  momentum. 

The gun geometry i s  determined to a g r e a t  e x t e n t  by t h e  a v a i l a b l e  d e n s i t y  

of emission from t h e  cathode,  and t h i s  parameter  i s  l e f t  t o  t h e  d i s c r e -  

t i o n  of t h e  d e s i g n e r .  E l e c t r o n  guns are normally opera ted  i n  t h e  space- 

charge- l imited regime t o  avoid the. need f o r  h i g h l y  r e g u l a t e d  h e a t e r  

s u p p l i e s  and t o  minimize emission f l u c t u a t i o n s  a s s o c i a t e d  w i t h  l o c a l  

poisoning.  

Gyrotron guns are however opera ted  under temera ture  l i m i t e d  c o n d i t i o n s  

s i n c e  i t  h a s  been found by Tsimring et a l .  ''* t h a t  t h e  t r a n s v e r s e  elec- 

t r o n  energy spread  i n c r e a s e s  r a p i d l y  w i t h  i n c r e a s i n g  space  charge.  

T h i s  i s  confirmed by our  own computer s i m u l a t i o n s  of magnetron i n j e c t i o n  

guns w i t h  and wi thout  space  charge.  The s i m u l a t i o n s  show t h a t  when 

s p a c e  charge  i s  in t roduced  i n t o  a model a debunching of t h e  t r a j e c t o r i e s  

i n  t h e  cathode r e g i o n  t a k e s  p l a c e  and t h i s  causes  a spread  i n  t h e  tra- 

j e c t o r i e s  i n  t h e  nonuniform a c c e l e r a t i n g  reg ion  of t h e  gun and r e s u l t s  

i n  a t r a n s v e r s e  energy spread .  

F i g u r e  2 . 3 - 3  shows a p a r a m e t e r i s a t i o n  of t h e  gun d e s i g n  f o r  a cathode 

loading  of 6.0 A/cm2 and a cone a n g l e  o f  6 = 10 and an e x t r a c t i o n  anode 

c l e a r a n c e  f a c t o r  of  1.25. It can be  seen t h a t  f o r  Y = 8.8 x 10 meter 

t h a t  t h e  e q u i v a l e n t  gun o p e r a t e s  space  charge l i m i t e d  and i t  is  there-  

f o r e  n e c e s s a r y  t o  work w i t h  a smaller r a d i u s  cathode.  The c o r r e c t  r a d i u s  

cannot  b e  obta ined  from t h i s  a n a l y s i s ,  however, an estimate m a y  be  made 

from t h e  publ i shed  d a t a  of Tsimring2 which shows t h e  v a r i a t i o n  i n  perpen- 

d i c u l a r  v e l o c i t y  Av as a f u n c t i o n  of (I /I ) f o r  a s p e c i f i c  gun des ign .  

0 
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111. PROGRESS 

3 . 1  GENERAL 

E f f o r t  f o r  t h i s  program has  been d iv ided  i n t o  t h e  following ta.sks: 

e RF C i r c u i t  

e E l e c t r o n  Gun 

e Col l ec to r  

e Solenoid 

e Power Supply 

e Beam Analyzer /Tes te r  

e R F  Test Equipment 

T h i s  s e c t i o n  d e s c r i b e s  p rogres s  made du r ing  t h e  s u b j e c t  pe r iod .  

3.2 R F  CIRCUIT 

The RF c i r c u i t  i s  a s i n g l e  c a v i t y  which w i l l  be r e sonan t  a t  110 GIIz 

for a TEOz1 mode. 

c a v i t y  Q de te rmines  t h e  s t a r t - o s c i l l a t i o n  th re sho ld  and t h e  s a t u r a t e d  

ou tpu t  power. C a l c u l a t i o n  of Q f o r  a r i g h t  c y l i n d r i c a l  c a v i t y  i s  rela- 

t i v e l y  s t r a i g h t f o r w a r d .  However complex c a v i t y  shapes  r e q u i r e  more 

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

The Q of t h e  c a v i t y  must be predetermined,  s i n c e  t h e  

A numerical  t echnique  us ing  i n t e r a c t i v e  computer f a c i l i t i e s  h a s  been 

developed t o  r a p i d l y  e v a l u a t e  t h e  e f f i c i e n c y  of a r b i t r a r i l y - s h a p e d  

c a v i t i e s .  It i s  known t h a t  an optimum choice  of l o n g i t u d i n a l  c a v i t y  

p r o f i l e  can g r e a t l y  enhance e f f i c i e n c y  through beam pre-bunching i n  

phase space.  I n  examples computed a t  30 GHz, use  of a 1.2 t a p e r  c a v i t y  

i n c r e a s e s  mode spac ing  by 4-7 t i m e s  ( f o r  TE and TEOz2 modes) and can 

i n c r e a s e  t h e  r e q u i r e d  Q of a c a v i t y  by more than  a f a c t o r  of 2. I t  is  
02 1 
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sugges ted ,  b u t  no t  y e t  demonstrated,  t h a t  t a p e r i n g  can erihance t h e  

e f f i c i e n c y  beyond 50%. 

h o l e s  also a f f e c t s  e f f i c i e n c y  and Q .  

The e f f e c t  of t h e  s i z e  of i n p u t  and ou tpu t  beam 

T y p i c a l  g r a p h i c a l  ou tpu t  from t h e  computer program i s  i l l u s t r a t e d  i n  

F igu re  3.2-1 f o r  a r i g h t  c y l i n d r i c a l  c a v i t y .  

r e p r e s e n t  t h e  H f i e l d s  o f  a TEQ2 mode. 

u l a r  t o  t h e  pI.ane of t h e  paper ,  d i r e c t e d  i n t o  t h e  paper  f o r  one peak 

f i e l d  and ou t  of t h e  paper for t h e  o t h e r  peak. 

The contoured l i n e s  

The E f i e l d  l i n e s  a r e  perpendic- 

F igu re  3.2-1A d e p i c t s  t h e  d e s f r a b l e  TE 

of 33.606 GHz, w h i l e  F igu re  3.2-1B shows t h a t  t h e  TEOz2 mode i s  only  

0.282 GHz away. 

t h i s  c a v i t y  i s  230. 

mode, r e sonan t  a t  a frequency 
Q21  

The unloaded Q c a l c u l a t e d  by t h e  computer program f o r  

F igu re  3.2-2 i l l u s t r a t e s  t h e  same modes f o r  a t ape red  c a v i t y  of e x a c t l y  

t h e  same leng th ,  on ly  now, t h e  TE021 and TEOz2 modes are sepa ra t ed  by 

1.324 GHz. The computed Q f o r  t h e  tapered  c a v i t y  is 567. 

F igu res  3.2-1 and 3.2-2 also i l l u s t r a t e  t h a t  P t  i s  t h e o r e t i c a l l y  pos- 

s i b l e  t o  i n t e r a c t  w i t h  e i t h e r  of t h e  TE peak f i e l d s .  However, t h e  

s i z e  of t h e  i n p u t  beam h o l e ,  which should be  as small as p o s s i b l e  t o  

p reven t  RF from t r a v e l i n g  toward t h e  ca thode ,  may p rec lude  t h e  beam 

reaching  t h e  optimum p o s i t i o n  of t h e  upper peak E f i e l d s .  The theore t - .  

i c a l  e f f i c i e n c y  which can be  a t t a i n e d  by i n t . e r a c t i n g  w i t h  the  lower 

peak i n  t h i s  c a v i t y  i s  35% and 29% f o r  t h e  upper.  

02 

T h e o r e t i c a l  i n  t h i s  case imp l i e s  no v a r i a t i o n  of  spread  i n  Y . How- 

ever, p r a c t i c a l  l i m i t a t i o n s  make i t  imposs ib le  t o  produce a beam wi th-  

o u t  v e l o c i t y  spread .  Moreover, a beam made t o  i n t e r a c t  w i t h  t h e  more 

e f f i c i e n t  lower mode w i l l  have i n h e r e n t l y  more energy  spread  because o f  

i t s  h ighe r  c u r r e n t  d e n s i t y .  A l t e r n a t i v e l y ,  i n t e r a c t i n g  w i t h  t h e  upper 

L 
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mode w i l l  cause  t h e  beam t o  pass c l o s e  t o  t h e  c a v i t y  walls, i n  p a r t i c u -  

l a r  t o  the smaller d iameter  ends of t h e  c a v i t y  which produce an  RF 

s h o r t  at the re sonan t  frequency. I n  p r a c t i c e ,  t h e  c a v i t y  need not  

t e r m i n a t e  a b r u p t l y ;  s h o r t e r  o r  more g e n t l y  sloped c a v i t y  t e rmina t ions  

should be  f e a s i b l e .  These conEigura t ions  are be ing  analyzed. 

It is  g e n e r a l l y  recognized t h a t  shaping t h e  c a v i t y  enhances gy ro t ron  

e f f i c i e n c y ,  as w e l l  as p rov id ing  g r e a t e r  mode s e p a r a t i o n .  Many c a v i t y  

shapes  can  be found in t h e  l i t e r a t u r e ,  and several have been eva lua ted  

w i t h  our computer programs. The most promising c a v i t y  i s  shown i n  

F igu re  3.2-3. The e q u i p o t e n t i a l  l ines aga in  show t h e  R f i e l d s  of t h e  

TEO2 mode. 

grows as t h e  beam passes  through t h i s  p a r t i c u l a r  c a v i t y .  The peak 

e f f i c i e n c y  p r e d i c t e d  by t h e  computer program i s  34.82 ,  which i s  approxi- 

mate ly  t h a t  which cauld be  achieved by a c y l i n d r i c a l  c a v i t y .  However, 

t h e  Q ,  and consequent ly  t h e  mode s e p a r a t i o n ,  i s  s i g n i f i c a n t l y  h ighe r  

f o r  t h e  c a v i t y  o f  F igu re  3.2-3. Fur the r  e v a l u a t i o n  of t h i s  c a v i t y  

d e s i g n  w i l l  be implemented d u r i n g  t h e  next  q u a r t e r ,  i n c l u d i n g  cold 

t e s t i n g  . 

Figure  3.2-4 shows how beam - RF i n t e r a c t i o n  e f f i c i e n c y  

A s tudy  w a s  made t o  de te rmine  r e l i a b l e  and a c c u r a t e  methods f o r  making 

c a v i t y  Q measurements, which would serve as a check of t h e  computer 

program. The methods chosen w e r e  t r ansmiss ion  method and phase and 

ampli tude i n p u t  impedance measurements u s ing  t h e  polar  p l o t  network 

ana lyze r .  

Methods us ing  complex e igenva lue  d i f f e r e n t i a l  equa t ions  were i n v e s t i -  

ga ted  a long  w i t h  a n a l y t i c a l  methods and t h e  Cavi ty  computer program. 

From t h e s e  s t u d i e s  and c o l d - t e s t  experiments ,  cons ide rab le  knowledge 

of c a v i t y  d e s i g n  will be  a v a i l a b l e .  
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A set of cavities were drawn up w i t h  v a r i o u s  shapes and h o l e  s i z e s  and 

s e n t  out f o r  machining. 

equipment, 

Some p re l imina ry  t e s t i n g  w a s  done t o  check 

V e l o c i t y  spread  i n  t h e  c a v i t y  i s  g e n e r a l l y  recognized as t h e  most 

impor tan t  f a c t o r  i n  f a i l i n g  t o  a t t a i n  t h e  i d e a l  e f f i c i e n c y  p r e d i c t e d  

by most computer programs. Consequently,  a l a r g e  s i g n a l  computer analy- 

sis has  been undertaken t o  de te rmine  t h e  e f f e c t s  of non-uniform t r a n s -  

verse v e l o c i t y  on t h e  s p e c i f i c  des ign  of t h e  110 GHz gyrotron.  

PreSiminary r e s u l t s  of t h e  l a r g e  s i g n a l  a n a l y s i s  on gyro t ron  e f f i c i e n c y  

i n d i c a t e  t h a t  f o r  a spread of 10% i n  vL, e f f i c i e n c y  w i l l  be degraded 

20%. That  is ,  t h e  p r e d i c t e d  i d e a l  e f f i c i e n c y  of 35%, w i l l  be reduced 

t o  28%. It i s  t h e r e f o r e  impera t ive  t h a t  v e l o c i t y  spread  be minimized 

t o  as low a level as p o s s i b l e  i n  t h e  f i n a l  des ign .  

The p h y s i c a l  r e l a t i o n s h i p  between the RF c a v i t y  and the e l e c t r o n  beam, 

p o s i t i o n e d  a t  t h e  lower peak of t h e  TE02 mode, i s  shown i n  F igure  3.2-5. 

3 . 3  

The 

Gun 

t h e  

ELECTRON GUN 
I_- 

basic gun c o n f i g u r a t i o n  used i n  gy ro t rons  i s  t h e  Magnetron I n j e c t i o n  

WIG) , o p e r a t i n g  i n  t h e  tempera ture- l imi ted  region. '  The o b j e c t  of 

des ign  e f f o r t  i s  t o  produce a hollow beam s p i r a l l i n g  on guid ing  

c e n t e r s  which correspond i n  radius t o  one of the peak E f i e l d s  i n  the 

c a v i t y .  

value" of vl, w i t h  a minimum v a r i a t i o n  ( spread)  i n  v e l o c i t y .  

sp read  i n  vl can  be  produced, among o t h e r  r e a s o n s ,  by o p e r a t i n g  t h e  

cathode too  c l o s e  t o  t h e  space  charge- l imi ted  r eg ion .  

The r o t a t i o n a l  energy  i n  t h e  beam must  produce the "design 

The 

The d e s i g n  of the e l e c t r o n  gun can be approximated by assuming t h e  

ca thode  and anode form c o n c e n t r i c  c y l i n d e r s .  U t i l i z i n g  t h e  a p p r o p r i a t e  

3-a 



G5398 

W 
I 

\o 

6.11 MM DIA 
286 MM 

I 

.80 MM AVERAGE BEAM RADIUS 

-18 MM CYCLOTRON RADIUS 

= 8.1A 
BEAM CURRENT 

I 1 I 

X- Bo -4246 KGB 

b = 1.833 
CAVlTY / 

I 

LENGTH 

Figure 3.2-5 Scale drawing of beam-cavity geomtry f o r  a first order des ign  
us ing  a cylindrical cavity. 



d e s i g n  v a l u e s  f o r  t h e  lower Cavi ty  pos i t fon .  (F igure  3-2-51, a computer 

program w a s  formulated which pe rmi t s  a, r a p i d  pa rame t r i c  a n d y s i s  of 

v a r i o u s  gun c o n f i g u r a t i o n s .  For g iven  f i n a l  beam parameters ,  t h e  pro- 

gram provides  c h a r a c t e r i s t i c s  o f  the gun, such as t h e  width of the 

cathode s t r i p ,  anode v o l t a g e  and magnetic f i e l d  a t  t h e  ca thode ,  In 

a d d i t i o n  t h e  program c a l c u l a t e s  t h e  r a t i o  of tempera ture  - l i m i t e d  beam 

c u r r e n t  t o  space  charge-l imited c u r r e n t  (I /IL), which r e p r e s e n t s  how 

c l o s e  t h e  cathode i s  t o  space  charge l i m i t e d  ope ra t ion .  
0 

I n  S e c t i o n  2 . 3  of t h i s  r e p o r t ,  a g raph ic  r e p r e s e n t a t i o n  of t h e  ou tpu t  

af t h e  computer program i s  shown (Figure. 2 .3 -31 ,  wherein,  t h e  r a t i o  of 

anode r a d i u s  t o  cathode r a d i u s  i s  f i x e d  ( r a / r c  = l . 7 ) 9  and t h e  cathode 

a n g l e  and c u r r e n t  d e n s i t y  are f i x e d  a t  I O o  and 6 A/cm2, r e s p e c t i v e l y .  

It can be  seen  from F igure  2 .3 -3  t h a t  the most v a r i a b l e  parameter of 

magnetron gun d e s i g n  i s  t h e  r a t i o  T 0 / I L ,  whereas cathode magnet ic  f i e l d  

and anode v o l t a g e  are not  c r u c i a l ,  f i r s t - o r d e r ,  t r a d e o f f  parameters .  

The h i s t o r i c a l  importance of I /IL has prompted a inore d e t a i l e d  axia1.y- 

sis ,  i n  which t h e  cathode a n g l e  and c u r r e n t  d e n s i t y  are not  f ixed .  The 

r e s u l t s  of t h i s  a n a l y s i s  are shown i n  F igure  3.3-1 f o r  a beam inter- 

a c t i n g  w i t h  t h e  lower peak E 

0 

f i e l d  i n  t he  c a v i t y .  

I n  o r d e r  t o  ma in ta in  a low r a t i o  of I /IL, <IO%, e i t h e r  t h e  cathode 

ang le  should be g r e a t e r  t han  loo ,  or t h e  c u r r e n t  d e n s i t y  should be  

inc reased  t o  excess ive  va lues .  But, a t  h igh  values of cathode ang le ,  

v o l t a g e  breakdown 01- anode i n t e r c e p t i o n  can QCCUT, and t h i s  i s  shown 

as t h e  dashed l i n e s  of F igu re  3,3-1.  I n  f a c t ,  a t  h ighe r  cathode ang le s ,  

t h e  v a l i d i t y  of u s i n g  c o n c e n t r i c  c y l i n d e r  theory  i s  quest ionable . .  A t  

1.ow ca thode  angles, around S o ,  t he  ca thode  can only  be ope ra t ed  space 

charge- l imi ted .  

0 
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I n  c o n t r a s t ,  f o r  i n t e r a c t i o n  w i t h  t h e  upper peak of t h e  TEO2 modep a 

r easonab le  gun can b e  cons t ruc t ed  w i t h  a 10' ca thode  ang le  and 6 A/cm 

c u r r e n t  d e n s i t y ,  w h i l e  o p e r a t i n g  a t  only 7 . 2 %  of t h e  space  charge - 
l i m i t e d  c u r r e n t ,  

f i e l d  however is  lower e f f i c i e n c y .  

is  be ing  explored  on ly  as an alternattve. 

2 

The d isadvantage  of i n t e r a c t i n g  w i t h  t h e  upper peak 

T h i s  gun des ign  f o r  t h e  upper f i e l d  

It should b e  noted,  t h a t  t h e  e f f e c t  of o t h e r  v a l u e s  of r /rC i s  t o  pro- 

duce only a s l igh t :  displacement  of: t h e  curves ,  t o  t h e  l e f t  for h ighe r  

v a l u e s  of ra/rc. 

a 

The v a l u e s  used i n  p l o t t i n g  F igure  3.3-1 are t h o s e  for t h e  s m a l l e s t  

p o s s i b l e  cathode r a d i u s ,  which j u s t  a l lows  t h e  f i r s t  e l e c t r o n  c y c l o t r o n  

o r b i t  t o  clear t h e  cathode.  This  value of rC produces t h e  lowest  r a t i o  

of IQ/IL. 

is  t h a t  t h e  wid th  of t h e  ca thode  i s  t y p i c a l l y  10-30% l a r g e r  t h a n  rc. 

(See F igu re  2.3-3 f o r  s m a l l  rc.> 

t r o n s  l e a v i n g  from wide ly  spaced posLt ions  along the  cathode could no t  

r easonab ly  be  expected t o  have t h e  same t r a n s v e r s e  v e l o c i t y  i n  t h e  

c a v i t y .  S u c c e s s f u l l y  cons t ruc t ed  gy ro t rons  have t y p i c a l l y  had t h e  

cathode wid th ,  R, equal. t o  1 / 2  o r  less of rc. 

c A p o t e n t i a l  problem as soc ia t ed  w i t h  t h e  smallest v a l u e  of r 

T h i s  p r e s e n t s  a problkrn i n  t h a t  elec- 

A r easonab le  t r a d e o f f  can be  achieved by compromising rc, J 

angle .  F igu re  3.3-2  i l l u s t r a t e s  a t y p i c a l  o u t p u t  from one case of t h e  

p rev ious ly  desc r ibed  pa rame t r i c  a n a l y s i s .  The c u r r e n t  d e n s i t y ,  Jc, i n  
2 

t h i s  case is  8 A/cm , a h igh  value not u s u a l l y  employed i n  microwave 

tubes .  However, a t  Hughes, M t y p e  ca thodes ,  o p e r a t i n g  i n  t h e  tempera- 

t u re - l imi t ed  r eg ion ,  have exceeded 1000 hours  of life, 

8 A/cm 

Io/IL and r e l a t i v e l y  long  l i f e .  

and cathode 
C Y  

Therefore ,  
2 

r e p r e s e n t s  a reasonable  t r a d e o f f  va lue  which r e s u l t s  i n  low 
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CATHODE 
RADIUS 

e. 3825 
e. 4207 
8.  4589 
8.4978 
8.535% 
0.5734 
9.6116 

AWODE 
M D I U S  
0.7267 
0.7992 
8.8718 
8. 9444 
1 .e179 

1 a n a l  
i .e895 

E81 ss IW 
FRCtOiZ 
8. 8993 
8,1599 
9.2469 
9.3683 
e. 5333 
B .7S27 
1 .%391 

F i g u r e  3.3-2 Sample  computer print-out 
from parametric study. 

WLTCIGE 
GRADIENT 
58 * 1828 
37.7166 
29.96W 
22 * 8623 
ia.3ee8 
14. a m  
12.2697 
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A magnetron i n j e c t i o n  gun w a s  designed us ing  t h e  parameters  of  Fig- 

u r e  3.3-2.  A magnet ic  f i e l d ,  producing a p p r o x h a t e l y  1300 gauss i n  t h e  

ca thode  r eg ion  and 42,460 gauss  i n  t h e  c a v i t y ,  w a s  designed us ing  

computer-aided techniques .  The cri teria f o r  des ign ing  t h e  magnet ic  

f i e l d  f o r  t h i s  gun were t o  provide  a l i n e a r  f i e l d  over  t h e  ca thode ,  pro- 

duce a slow f i e l d  increase i n  t h e  beam a c c e l e r a t i o n  r eg ion ,  have less 

than  0.1% v a r i a t i o n  i n  t h e  c a v i t y  r e g i o n ,  and f i n a l l y ,  t o  p rov ide  t h e  

r e q u i r e d  f i e l d  us ing  r e a l i s t i c  c u r r e n t  d e n s i t y  i n  t h e  f ie ld-producing  

c o i l s .  The e f f e c t  of t h e s e  d e s i g n  c r i te r ia  w a s  t h a t  t h e  r e q u i r e d  spac ing  

between cathode and c a v i t y  must be  approximately 23 cm. 

The gun d e s i g n  w a s  eva lua ted  us ing  a r e l a t iv i s t i c  beam t r a j e c t o r y  com- 

p u t e r  program. The r e s u l t s  of t h e  i n i t i a l  des ign  e f f o r t  are reproduced 

i n  F igure  3 .3 -3 .  The c a l c u l a t e d  t r a n s v e r s e  v e l o c i t y  (v,) spread  w a s  25%. 

The v a r i a t i o n  i n  vI w a s  large enough t h a t  some e l e c t r o n s  emi t t ed  from 

t h e  f r o n t  (nose) of t h e  ca thode  had a l l  of t h e i r  forward l o n g i t u d i n a l  

energy converted t o  t r a n s v e r s e  energyg which r e s u l t e d  i n  those  e l e c t r o n s  

be ing  r e f l e c t e d  back toward t h e  cathode. 

The apparent  r eason  f o r  t h i s  l a r g e  v e l o c i t y  spread  i s  due t o  t h e  long 

ca thode  wid th  compared t o  i ts  r a d i u s  ( R / r c  - 0.8). 

nose  of t h e  ca thode  are a c c e l e r a t e d  much more r a p i d l y  than  t h o s e  toward 

t h e  rear. 

r e g i o n  which p rov ides  cons ide rab le  r e d u c t i o n  i n  vI spread .  

d e s i g n  is  shown i n  Figure  3.3-4. 

lower a c c e l e r a t i o n  €o r  t h o s e  e l e c t r o n s  c l o s e r  t o  t h e  nose and h ighe r  

a c c e l e r a t i o n  f o r  t h o s e  e l e c t r o n s  toward t h e  rear. 

sp read  i n  t h e  c a v i t y  r e g i o n  i s  8%. 

E lec t rons  nea r  t h e  

Recogni t ion  of t h i s  f a c t  l e d  t o  a m o d i f i c a t i o n  of t h e  cathode 

The modif ied 

The shaped c e n t e r  e l e c t r o d e  produces 

The computed vI 

While t h e  gun d e s i g n  i s  by no means 

f i n a l i z e d ,  t h i s  va lue  o f  vI spread  i s  be l i eved  t o  be  adequate ,  since a 

10% spread  w i l l  s t i l l  y i e l d  e f f i c i e n c y  of 28%. 
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3 . 4  COLLECTOR 

Two approaches f o r  c o l l e c t i n g  t h e  beam are be ing  eva lua ted :  t h e  classi- 

cal ,  axisymmetric c o l l e c t o r  and a c o l l e c t o r  which uses  s p h e r i c a l  m i r r o r s  

t o  s e p a r a t e  beam from RF power. I n  t h e  f i r s t  des ign  c o n f i g u r a t i o n ,  

i l l u s t r a t e d  in Figure 3.4-1, RF e x i t s  through the extreme end of t h e  

c o l l e c t o r  and t h e  beam is  c o l l e c t e d  on the c y l i n d r i c a l  w a l l s .  The 

c o l l e c t o r  e s s e n t i a l l y  beg ins  irnmedlately a f t e r  t h e  RF  cavity. The C ~ K -  

c u l a r  waveguide w a l l s  w i l l  be smoothly t ape red  t o  a s u f f i c i e n t l y  wide 

d i ame te r  a t  which t h e  beam may safely be  c o l l e c t e d .  The waveguide w a l l s  

w i l l  t h e n  t a p e r  down t o  t h e  s i z e  of t h e  RF window. 

t h e  beam i s  c o l l e c t e d  i s  dependent upon adequate  coo l ing  of t h e  copper 

w a l l s .  The spen t  beam must b e  made t o  d ive rge  magne t i ca l ly  and spread  

over  a convenient ly  l a r g e  sur face  area. This c o l l e c t o r  d e s i g n  is  t h e  

m o s t  expedient  means t o  o b t a i n  t h e  f i r s t  tube.  

The area over  which 

Tapering of  t h e  c o l l e c t o r  w a l l s  t o  a larger r a d i u s  can cause  the propa- 

g a t i n g  RF t o  t r a n s f e r  i t s  power t o  h ighe r  o r d e r  modes. A method designed 

t o  minimize RF moding problems us ing  s p h e r i c a l  m i r r o r s  h a s  been proposed 

by Re D a n ~ I l ~ ’ ~  of Oak Ridge which involves  the u s e  o f  two antennas facing 

each o t h e r  as shown concep tua l ly  i n  F igu re  3 , 4 - 2 .  

e l e c t r o n s  are brought  ou t  r a d i a l l y  between t h e i r  antennae.  This scheme 

r e q u i r e s  a s t r o n g l y  va ry ing  magnet ic  f i e l d  along which t h e  e l e c t r o n s  

ma in ta in  t h e i r  c y c l o t r o n  o r b i t s .  

t h e  c o l l e c t o r  and t h e  tube  body a l lows  t h e  c o l l e c t o r  t o  be depressed  

w i t h  r e s p e c t  t o  the  tube  body. This has  two advantages,  the beam col- 

l e c t e d  i s  not: o n l y  a t  lower energy bu t  also a weaker cusp magnetic f i e l d  

i s  r e q u i r e d  t o  sp read  ou t  the bem. F u r t h e r ,  if f o r  example the cathode 

v o l t a g e  w a s  -35 kV w i t h  r e s p e c t  t o  ground, and t h e  tube  anode and body 

was +35 kV w i t h  r e s p e c t  t o  ground, t h e  c o l l e c t o r  and ou tpu t  window would 

be a t  ground p o t e n t i a l .  

r e s p e c t  t o  t h e  tube  body. 

I n  t h i s  scheme t h e  

The use of a ceramic i n s u l a t o r  between 

The c o l l e c t o r  would be depressed  by 35 kV wi th  

Opening up t h e  diameter  a t  which the e l e c t r o n s  
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are c o l l e c t e d  e a s i l y  a l lows  the  a t t a inmen t  of t h e  r equ i r ed  area, f o r  

easy  h e a t  d i s s i p a t i o n  by l iqu id-cooled  f i n s .  

A disadvantage  of t h i s  l a t t e r  scheme i s  t h a t ,  a t  110 GHz, t h e  t o l e r a n c e  

on t h e  m i r r o r  s u r f a c e  creates a c r i t i ca l  des ign  and manufactur ing prob- 

l e m ,  e s p e c i a l l y  when one cons ide r s  thermal  expansion due t o  high RF and 

beam power i n  t h e  c o l l e c t o r  reg ion .  This  c o l l e c t o r  concept w i l l  r e q u i r e  

c a r e f u l  e v a l u a t i o n  b e f o r e  be ing  Implemented. 

The major i s s u e  t o  be  addressed i n  c o l l e c t o r  d e s i g n  is power d i s s i p a t i o n .  

Techniques are r e a d i l y  a v a f l a b l e  f o r  d i s s i p a t i n g  power d e n s i t i e s  of 

1 kW/cm . I n  o rde r  to  e v a l u a t e  t h e  power d e n s i t y  w i t h i n  t h e  axisymmet- 

r i c  c o l l e c t o r  which w i l l  be designed f o r  t h i s  gyro t ron ,  t he  gun d e s i g n  

should b e  f i n a l i z e d .  The beam c h a r a c t e r i s t i c s  i n  t h e  c a v i t y ,  i nc lud ing  

a n t i c i p a t e d  v e l o c i t y  sp read ,  are then  analyzed w i t h  t h e  l a r g e  s i g n a l  

computer p rograml to  de te rmine  remaining energy i n  t h e  beam. The e x i t i n g  

beam c h a r a c t e r i s t i c s  from t h e  l a r g e  s i g n a l  program are then  used as 

i n p u t  t o  t h e  beam t r a j e c t o r y  program so t h a t  power d e n s i t y  i n  t h e  col- 

l e c t o r  r e g i o n  can  be  eva lua ted .  

2 

It i s  a n t i c i p a t e d  t h a t  several i t e r a t i o n s  of e o l l e c t o r  magnet ic  f i e l d  

may be r equ i r ed  be fo re  t h e  power d e n s i t y  can be opt imized.  

may be  r e q u i r e d  t o  assist t h e  d i s p e r s i o n  of the beam. Once t h e  co l l ec -  

t o r  r a d i u s  i s  known, t h e  c o l l e c t o r  w i l l  b e  redes igned  as a n  RF c i r c u l a r  

A p o l e  p i e c e  

waveguide us ing  

3.5 SOLENOID 

5 
e s t a b l i s h e d  techniques .  

The peak magnet ic  f i e l d  r e q u i r e d  i n  t h e  c a v i t y  r eg ion  is 42,460 gauss .  

It i s  a n t i c i p a t e d  t h a t  t h i s  f i e l d  w i l l  be obta ined  w i t h  a super- 

conduct ing magnet. The d e s i g n  e s t a b l i s h e d  t h u s  f a r  f o r  use i n  t h e  gun- 

c a v i t y  t r a j e c t o r y  p l o t s  employs f i v e  c o i l s  wound on a 5 cm mandrel. 
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2 
The c o i l  c u r r e n t  d e n s i t y  is  less than  30,000 A/cm , which r e p r e s e n t s  an 

upper l i m i t  f o r  p r a c t i c a l  superconduct ing c o i l s .  The f i e l d  i n  t h e  

c a v i t y  varies less t h a n  0.1%. 

Over t h e  ca thode ,  a f i e l d  of 1300 gauss  i s  used i n  t h e  p r e s e n t  gun 

des ign .  This f i e l d  is  c o n s t a n t  t o  w i t h i n  1%. No pole-piece is requ i r ed  

i n  t h e  gun r eg ion .  

The spac ing  of t h e  c o i l s  i s  such  as t o  p rov ide  a slow r i s i n g  f i e l d  in 

t h e  gun r eg ion  as w e l l  as t o  ma in ta in  r easonab le  c o i l  c u r r e n t  d e n s i t i e s .  

The remaining p a r t  of t he  so leno id  des ign  concerns t h e  c o l l e c t o r  r e g i o n  

and an  optimum decay of t h e  magnet ic  f i e l d .  Once t h e  gun des ign  i s  

f i n a l i z e d ,  t r a j e c t o r y  computations w i t h i n  t h e  c o l l e c t o r  w i l l  be under- 

t aken  i n  o rde r  t o  e v a l u a t e  t h e  superimposed magnet ic  f i e l d .  Th i s  eval- 

u a t i o n  w i l l  i n c l u d e  t h e  u s e  of c o l l e c t o r  p o l e  p i e c e s  and/or  a u x i l i a r y ,  

non-superconducting bucking c o i l s .  

3.6 POWER SUPPLY 

A ded ica t ed  power supply  is necessa ry  f o r  o p e r a t i o n  of the gyro t ron .  

S a l i e n t  f e a t u r e s  of t h i s  power supply are g iven  i n  Table  3-1. A com- 

plete s p e c i f i c a t i o n  h a s  been w r i t t e n  and s e n t  t o  ORTJL f o r  approval ,  

b e f o r e  proceeding t o  s o l i c i t  b ids .  The e s t ima ted  d e l i v e r y  d a t e  is  

1 2  months ARO. Until .  t h e  power supply  i s  d e l i v e r e d ,  t e s t i n g  w i l l  be 

done w i t h  10 ps p u l s e s  and a t  low duty .  
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TABLE 3-1 

Cathode v o l t a g e  

Cathode c u r r e n t  

Cont ro l  anode v o l t a g e  

Cont ro l  anode c u r r e n t  

Cont ro l  anode modes 

Body/cavity v o l t a g e  

Bodylcavi ty  c u r r e n t  

C o l l e c t o r  v o l t a g e  

C o l l e c t o r  c u r r e n t  

Heater v o l t a g e  

Heater c u r r e n t  

Primary v o l t a g e  

-100 kV max 

10 A max 

35 kV max 

0.2 A 

20-50 I.ls p u l s e  
10 ms-10  sec p u l s e  
cw 
Ground 

2 A max 

-50 kV t o  ground 

10 A max 

15 V AC max 

15 A max 

4160 V 3 phase 

Capable of be ing  opera ted  from a remote c o n t r o l  pane l .  
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3.7 BEAM ANALYZER/TESTER 

Knowledge of t h e  a c t u a l  beam geometry i s  important  t o  prevent  c i r c u i t  

o v e r h e a t i n g  due  t o  beam i n t e r c e p t i o n  and t o  e v a l u a t e  gun c i r c u i t  and 

c o l l e c t o r  performance, as w e l l  as c o n s t r u c t i o n  techniques .  De temina -  

t i o n  of t h e  e l e c t r o n  v e l o c i t y  spread  i n  t h e  beam i s  necessary  t o  o p t i -  

mize t h e  g y r o t r o n  e f f i c i e n c y .  Direct measurement o f  t h e s e  c h a r a c t e r i s -  

t ics w i l l  a l s o  h e l p  c a l i b r a t e  t h e  desi-gn computer codes. 

Two t y p e s  o f  e l e c t r o n  beam e v a l u a t i o n  d e v i c e s  w i l l  be c o n s t r u c t e d  and 

t e s t e d  t o  exper imenta l ly  v e r i f y  t h e  d e s i g n  of t h e  gyrutron.  The f i r s t  

d e v i c e ,  a beam a n a l y z e r ,  w i l l  permit  d i r e c t  measurement of t h e  beam 

geometry and v e l o c i t y  spread  under v e r y  low d u t y  pulsed c o n d i t i o n s .  

second d e v i c e ,  a beam tes te r  w i l l  evaltlate t h e  beam i n t e r c e p t i o n  and 

thermal  c a p a b i l i t i e s  of t h e  tube  subassemblies  under pulsed and cw opera- 

t i o n  w i t h  no RF i n t e r a c t i o n .  S ince  t h e  beam needs t o  b e  measured a t  

fu1.l v o l t a g e  and magnetic f i e l d  each of t h e s e  d e v i c e s  w i l l  use  t h e  

superconduct ing s o l e n o i d .  

The 

E l e c t r o n  B e a m  Analyzer 
_I 

The beam a n a l y z e r  w i l l  c o n s i s t  o f  a h o l e  scanning  d e v i c e  which a t t a c h e s  

d i r e c t l y  t o  t h e  e l e c t r o n  gun and which can be s l i p p e d  i n t o  t h e  so lenoid  

f o r  measurement. T h i s  concept i s  p r e s e n t l y  used on beam analyzers  For 

mill imeter-wave P i e r c e  guns. 

The beam w i l l  b e  probed i n  t h e  u s u a l  manner by scanning an a p e r t u r e  p l a t e  

w i t h  a s m a l l  p i n h o l e  o f  about. 0.002 cm d iameter  i n  i t  a c r o s s  t h e  beam and 

c o l l e c t i n g  t h e  c u r r e n t  t r a n s m i t t e d  through t h e  p i n h o l e  i n  a Faraday cup. 

The presence  o f  t h e  s t r o n g  magnetic f i e l d  r e q u i r e s  adequate  p r e c a u t i o n s  

t o  prevent  secondary e l e c t r o n s  and r e f l e c t e d  p r i m a r i e s  from t h e  c o l l e c t o r  

from f a l s i f y i n g  the r e s u l t s .  
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The beam v e l o c i t y  spread  w i l l  be i n v e s t i g a t e d  by a r e t a r d i n g  f i e l d  

m e t  hod. 

z 
In t h i s  method a uniform a x i a l l y  d i r e c t e d  r e t a r d i n g  e l e c t r i c  f i e l d  E 

is  app l i ed  i n  o r d e r  t o  induce  s e l e c t i v e  m i r r o r i n g  i n  t h e  uniform mag- 

n e t i c  f i e l d  B o f  t h e  i n t e r a c t i o n  r eg ion .  F igure  3.7-1 shows t h e  

appa ra tus  schemat i ca l ly .  
0 

The t r a n s v e r s e  

i n v a r i a n t  and, 

1 
2 
- 

e l e c t r o n  motion is  governed by t h e  t r a n s v e r s e  a d i a b a t i c  

u s i n g  p rev ious ly  der ived  equa t ions ,2  one f i n d s  t h a t  

(3.7-1) 

where t h e  s u b s c r i p t  s deno tes  t h e  v a l u e  of t h e  v a r i a b l e s  a t  t h e  c o l l e c t o r  

e l e c t r o d e  which i s  he ld  a t  p o t e n t i a l  4, and where t h e  s u b s c r i p t  o r e f e r s  

t o  t h e  va lue  of t h e  v a r i a b l e s  be fo re  en t ry  i n t o  t h e  r e t a r d i n g  f i e l d .  

S i n c  e 

y = (-:+ m c  I) = (A+ 1 )  

w i t h  4 measured i n  kV one f i n d s  t h a t  s i n c e  

I 

(3 .7-2)  

(3 .7 -3 )  

t h a t  v i s  r e l a t i v e l y  unaffected by 4 . Changing 0 from 27  kV t o  

cathode p o t e n t i a l  v a r i e s  v a t  most by 5 pe rcen t .  
J-,s s S 

1 , s  
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The ax ia l  v e l o c i t y  v is  computed from t h e  d e f i n i t i o n  of y = ,s 

( 3 . 7 - 4 )  

which, on s u b s t i t u t i o n  f o r  v2 / c2  from Equation ( 3 . 7 - 3 )  becomes 
1,s  

(3.7-5) 

S u b s t i t u t i n g  t h e  tube  d e s i g n  v a l u e s  i n t o  t h e  above equnti.on, t o  c a l c u l a t e  

t h e  r e t a r d i n g  p o t e n t i a l  of which a monoenergetic beam i s  r e f l e c t e d  

= O ) ,  we f i n d  0 t o  be  49.45 kV. 
Z,S S (v 

For a t r a n s v e r s e  v e l o c i t y  d i s t r i b u t i o n  of +2 .5% t h e  e l e c t r o n  w i t h  t h e  

l a r g e s t  v a l u e  of yL /c  = 0.280 i s  r e f l e c t e d  by a v o l t a g e  of 0 = 51.87 

kV. The method h a s  t h e r e f o r e  reasonable  vel-tage r e s o l u t i o n  f o r  t h e  
X 

beam a n a l y s i s .  

I n  p r a c t i c e  t h e  d e s i g n  of t h e  exper imenta l  equipment w i l l .  b e  v e r i f i e d  by 

computer modeling t o  f i n d  t h e  p e r t u r b a t i o n  produced by t h e  f r i n g i n g  

f i e l d  of  t h e  a p e r t u r e .  Some concern may e x i s t  about t h e  p a t h  of t h e  

r e f l e c t e d  e l e c t r o n s  which are e s s e n t i a l l y  t i e d  t o  t h e  f l u x  l i n e s  and 

which may produce an erroneous c u r r e n t  reading .  

a n o n r e c i p r o c a l  e lement ,  an E-cross-B f i l t e r  d e s i g n  t o  overcome t h i s  

problem. E l e c t r o n s  heading i n t o  t h e  c o l l e c t o r  p a s s  through t h e  f i l t e r  

u n d e f l e c t e d ,  r e t u r n i n g  e l e c t r o n s  however see a s t r o n g  d e f l e c t i o n  f i e l d  

s i n c e  t h e  d e f l e c t i n g  f i e l d s  add f o r  them. These e l e c t r o n s  a r e  c o l l e c t e d  

on a s u i t a b l e  e l e c t r o d e .  

In  F i g u r e  3 . 7 - 1  w e  show 
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E l e c t r o n  B e a m  Tester 

The beam tester w i l l  u s e  a c t u a l  gun and c o l l e c t o r  assembl ies  w i t h  seg- 

mented body s t r u c t u r e  which i s  thermal ly  r e p r e s e n t a t i v e  of t h e  gyro t ron .  

Each of t h e  segments wi1.l be  e l e c t r l c a l l y  i n s u l a t e d  t o  permit  d i r e c t  

measurement of t h e  i n t e r c e p t e d  beam c u r r e n t  a t  p o i n t s  a long  t h e  tube .  

RF l o s s  w i l l  be used a long  t h e  body s e c t i o n  t o  prevent  o s c i l l a t i o n s  from 

o c c u r r i n g .  T h i s  beam tester w i l l .  permit  complete e v a l u a t i o n  of  t h e  gun, 

magnet ic  focus ing ,  and depressed  c o l l e c t o r  d e s i g n s  under no RF condi- 

t i o n s .  The s e n s i t i v i t y  of beam f o c u s i n g  t o  tube  alignment w i t h i n  t h e  

superconduct ing s o l e n o i d  w i l l  be  determined. 

gyro t ron  can a l s o  be  v e r i f i e d .  Following t h e  i n i t i a l  experiments  w i t h  

the beam t e s t e r ,  i t  w i l l  b e  used t o  t r o u b l e s h o o t  t h e  ho t  tes t  s e t u p .  

The thermal  des ign  o f  t h e  

3 . 8  TEST EQUIPMENT 

The unusual ly  h i g h  o p e r a t i n g  frequency of t h i s  d e v i c e ,  and i t s  unique 

o p e r a t i n g  modes r e q u i r e  s p e c i a l  test equipment which wi1 .1  be dedica ted  

t o  t h e  program. 

Commercially-available RF g e n e r a t o r s  and waveguide a c c e s s o r i e s  have been 

ordered .  Measurement equipment f o r  t h e  110 GHz range  and f o r  monitor ing 

t h e  s p e c i a l i z e d  p u l s e  modes are c u r r e n t l y  be ing  ordered.  S p e c i a l i z e d  

mode c o n v e r t e r s  are b e i n g  designed and f a b r i c a t e d  by Hughes. 
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IV. PROGRAM SCHEDULE AND PLANS 

Attachments t o  t h i s  s e c t i o n  show t h e  work breakdown s t r u c t u r e ,  mi l e s tone  

schedule  and mi l e s tone  log. Immediate p l ans  are to  con t inue  on t a s k s  

t h a t  have a l r e a d y  s t a r t e d ,  and t o  come up t o  speed on t a s k s  t h a t  were 

o r i g i n a l l y  scheduled t o  be  underway. The h y s t e r e s i s  i n  t h e  mi l e s tone  

schedule  i s  expected t o  be overcome now t h a t  a formal  c o n t r a c t  has  been 

s igned  ( c l o s e  of September 1979).  
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MILESTONE LOG 

Task - 1100 A Design d a t a  t o  power supply  specs  

B Design d a t a  t o  beam tester, ana lyze  

C Design d a t a  t o  SN/1 

Task - 1200 A Design d a t a  t o  power supply specs  

B Design d a t a  t o  SN/2 

Task - 1300 A Design d a t a  f o r  s o l e n o i d  t o  beam tes ter ,  a n a l y z e r ,  

Order s o l e n o i d  

B Design d a t a  f o r  s o l e n o i d  w i t h  d iode  gun 

Task - 1400 A Data f o r  c o l l e c t o r  d e s i g n  

B Data f o r  SN/1 d e s i g n  

C Data f o r  SN/2 d e s i g n  

Task - 1510 A Data f o r  beam tes ter  d e s i g n  

B Data f o r  SN/1,  SN/2 d e s i g n  

Task - 1520 A Data f o r  beam tester d e s i g n  

B Data f o r  SN/l ,  SN/2 d e s i g n  

Task - 1610 A Data f o r  beam tester d e s i g n  

B Data f o r  SN/1 ,  SN/2 d e s i g n  

Task - 1620 A Data f o r  beam t e s t e r  d e s i g n  

B Data for S W J 1 ,  SN/2 d e s i g n  

Task - 1900 A P r e l i m i n a r y  layout  

B F i n a l i z e d  l a y o u t  
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MILESTONE LOG (CONTINUED) 

Task - 2110 A Magnetron i n j e c t i o n  geometry f i n a l i z e d  

Task - 2120 A F a b r i c a t i o n  complete 

Task - 2210 A Design complete 

Task - 2220 A F a b r i c a t i o n  complete 

Task - 2340 A Focus tests completed,  magnetron i n j e c t i o n  gun 

B Focus tests completed, d iode  geometry gun 

Task - 2240 A Thermal t e s t s ,  c o l l e c t o r  1 

B Thermal t e s t s ,  c o l l e c t o r  2 

Task - 3110 A SN/1 assembly completed 

Task - 3120 A SN/2 tests completed 

Task - 3320 A SN/3 tests completed 

Task - 5100 A Approved specs  i s sued  

B Order p laced  

C Manufac turers '  tes t  i n i t i a t e d  

D I n s t a l l a t i o n  a t  Hughes. 
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F i g u r e  4-1 Work breakdown structure f o r  110 GHz Gyrotron - ? h i o n  Carbide Corporation. 



MILESTONE SCHEDULE AND STATUS REPORT - 110 G H z  200 K W  GYROTRONS 

TASK 1 : T L t  

A w . .  

F i g u r e  4-2 Milestone schedule. 


