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I. INTRODUCTION 

The o b j e c t i v e  of t h i s  program is  the d e s i g n  and development of a 

millimeter-wave d e v i c e  t o  produce 200 kW of continuous-wave power a t  

60 GHz. The d e v i c e ,  which w i l l  b e  a g y r o t r o n  o s c i l l a t o r ,  w i l l  be 

compatible  w i t h  power d e l i v e r y  t o  a n  e l e c t r o n - c y c l o t r o n  plasma. 

c o n t r o l  of r f  power o u t p u t  over  a 1 7  dB range  i s  r e q u i r e d ,  and the 

d e v i c e  should be  c a p a b l e  of o p e r a t i o n  i n t o  a severe time-varyicg rf  

l o a d  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  g y r o t r o n  and t h e  a s s o c i a t e d  power supply 

are shown i n  Table  I. I n  t h e  g y r o t r o n ,  which is  shown s c h e m a t i c a l l y  i n  

F igure  1-1, t h e  e l e c t r o n s  are formed i n t o  a ho l low beam by a magnetron- 

i n j e c t i o n  e l e c t r o n  gun w i t h  a c o n s i d e r a b l e  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 i 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  t h e o r y  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 i s  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 requency i s  60 Gtiz; a t  

t h i s  p o i n t  t h e  magnetic f i e l d  becomes uniform and t h e  beam e n t e r s  a 

q u a s i - o p t i c a l  open c a v i t y  where t h e  sp inning  e l e c t r o n s  i n t e r a c t  w i t h  

t h e  e i g e n  mode of t h e  c a v i t y .  The r f  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  dc beam. The s p e n t  beam enters  the  

r e g i o n  of d e c r e a s i n g  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  o u t p u t  

waveguide. I n  o r d e r  t o  handle  t h e  power i n  t h e  s p e n t  beam and t:he 

power d i s s i p a t i o n  i n  t h e  window, t h e  output  waveguide t a p e r s  up f rom 

t h e  c a v i t y  d iameter  t o  a n  a p p r o p r i a t e  v a l u e .  

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

and test of up t o  twelve d e v i c e s .  The magetron i n j e c t i o n  gun i s  w e l l  

understood and allows t h e  u s e  of t h e  e x t r a c t i o n  anode (as w e l l  as 

1- 1 



TABLE I 

The Gyrotron 

Frequency 

Power o u t  

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

B e a m  v o l t a g e  

Beam c u r r e n t  

Modulation v o l t a g e  

Magnetic field 

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 l o  

Cathode Loading 

Cathode r a d i u s  

The Power Supply 

Voltage r a t i n g  

Curren t  r a t i n g  

Anode supp ly  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. 

3 .  

60 GHz 

200 kW RF 

35% 

80 kV 

7 .0  A 

23 kV 

23.0 kG 

1 .5  - 2.0 

2 
4.0 A / c m  

0.60 cm 

100 kV dc 

10 A 

0-35 kV d c  

<20.0 mA 

0-15 V ,  ac 

15 A 

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

1 ms - 100 m s  p u l s e  length 

30 s t o  cw 
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G5393 

MAGNETIC 

CATHODE 

SOLENOID WINDOW / 

R F  FIELD 

Figure 1-1 Schematic of  gyrotron 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 the  rf f i e l d  and gain i n  
t h e  c a v i t y .  
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ca thode  tempera ture  v a r i a t i o n )  t o  va ry  t h e  r f  power o u t .  

has  t o  be  a b l e  t o  d i s s i p a t e  over  550 kW i n  undepressed o p e r a t i o n .  

c a t i o n  and p rocess ing  of p r o t o t y p e  dev ices  w i l l  proceed i n  para l le l .  

The c o l l e c t o r  

Fabr i -  

During t h i s  r e p o r t i n g  p e r i o d  work was cont inued  on a number of d e s i g n  

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  gun, solenoid, r f  circuit, col-  

l e c t o r ,  t a p e r ,  and power supply.  These a c t i v i t i e s  are  d e t a i l e d  i n  

S e c t i o n  I1 of t h i s  r e p o r t ,  

1-4 



11. PROGRESS 

2 . 1  GENERAL 

During t h i s  r e p o r t  p e r i o d ,  e f f o r t  was a p p l i e d  t o  t h e  fo l lowing  d e s i g n  

t a s k s  : 

0 Magnetron I n j e c t i o n  Gun 

Superconducting Solenoid 

RF C i r c u i t  

e C o l l e c t o r  

e Tapers 

6 Tube Layout 

a Power Supply 

2 . 2  MAGNETRON I N J E C T I O N  GUN 

The des ign  of t h e  magnetron i n j e c t i o n  gun w a s  f i n a l i z e d  e l e c t r i c a l l y  

and mechanica l ly .  F igu re  2.2-1 shows a beam t r a j e c t o r y  p l o t  over  f o u r  

contiguolus f rames ,  from t h e  ca thode  t o  t h e  c a v i t y ,  which i s  I.ocated 30 c m  

from t h e  ca thode  snou t .  

over  the s a m e  r e g i o n .  By j u d i c i o u s  v a r i a t i o n  of t h e  magnetic f i e l d ,  an  

ave rage  t r a n s v e r s e  v e l o c i t y  spread  of 21.05% was computed i n  t h e  c a v i t y  

r eg ion ,  w i t h  l /vz  = 2.35. 

This  f i g u r e  a l s o  shows t h e  magnetic f i e l d  s l o p e  

V 
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Figure 2.2-1 Final magnetron injection gun and 
magnetic f i e l d  configurations. 
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V 
This  v a l u e  of a ( = I / v  exceeds t h e  d e s i g n  v a l u e  of a = 1.5 and 

i m p l i e s  t h a t  t h i s  gun des ign  i s  working much b e t t e r  than  expec ted .  

S ince  e f f i c i e n c y  i s  d i r e c t l y  r e l a t e d  t o  t h e  amount of energy i n  r o t a t i o n ,  

e f f i c i e n c i e s  g r e a t e r  t h a n  40% can  be  a n t i c i p a t e d .  

z 

However, t h e s e  excellent r e s u l t s  must be tempered by t h e  r e a l i z a t i o n  

t h a t  t h e  t r a j e c t o r y  program does n o t  i n c l u d e  t h e  e f f e c t s  of ca thode  

m a c r o s t r u c t u r e ,  nor  t h e  e f f e c t s  of thermal  e l e c t r o n  v e l o c i t y  d i s t r i b u -  

t i o n  a t  t h e  ca thode .  It i s  a n t i c i p a t e d  t h a t  t h e s e  e f f e c t s  w i l l  add 

s e v e r a l  percent: t o  t h e  t r a n s v e r s e  v e l o c i t y  spread .  

The gun mechanical d e s i g n  i s  be ing  c e n t e r e d  on t h e  use of e x i s t i n g  

ceramic gun s t e m  a s sembl i e s ,  i n  o r d e r  t o  e x p e d i t e  t h e  c o n s t r u c t i o n  of 

t h e  f i r s t  tube .  F igu re  2.2-2 shows t h e  s t e m  assembly f o r  t h e  p r e s e n t  

tube .  The maximum OD of t h e  assembly shown i s  3.5". It i s  proposed t o  

e n c l o s e  t h e  gun i n  a grounded can of 4.7" I D  and fill t h e  space  w i t h  

FC-75 f l u r o c a r b o n  l i q u i d .  FC-75 has a d i e l e c t r i c  s t r e n g t h  of 400V/mil, 

which should be  s u f f i c i e n t  t o  hold o f f  v o l t a g e s  exceeding 200 kV. 

i s  t h e  same l i q u i d  which w i l l  coo l  t h e  s u r f a c e s  of t h e  double d i s c  

windows. 

FC-75 

F igu re  2.2-2 a l s o  shows that: t h e  gun end of t h e  t u b e  c o n t a i n s  a pump-out 

t u b u l a t i o n .  This  is  a n  a u x i l l a r y  pump-out p o r t  t o  t h e  main manifold 

l o c a t e d  a t  t h e  c o l l e c t o r  end of t h e  tube .  A f t e r  p i n c h o f f ,  normal tube  

o p e r a t i o n  w i l l  s u b j e c t  t h e  gun area t o  c o n s i d e r a b l e  q u a n t i t i e s  of 

d e l e t e r i o u s  g a s ,  This  gas  w i l l  be  d i f f i c u l t  t o  pump through t h e  c a v i t y  

d r i f t  t ube  because o f  i t s  s m a l l  s i z e  and h igh  pumping impedance. It i s  

t h e r e f o r e  proposed t o  u s e  a 2 l i t e r / s e c o n d  i o n  pump mounted d i r e c t l y  o f f  

t h e  gun pump-out t u b u l a t i o n .  This  l o c a t i o n  w i l l  r e s u l t  i n  f a s t ,  

u n i n h i b i t e d  pumping speed of t h e  gun r e g i o n .  

2-3 
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2.3 SUPERCONDUCTING SOLENOID 

The magnet ic  f i e l d  r e q u i r e d  t o  a c h i e v e  t h e  r e s u l t s  o f  S e c t i o n  2 .2  i s  

reproduced w i t h  more c l a r i t y  i n  F i g u r e  2.3-1. In o r d e r  t o  produce t h e  

d e s i r e d  f i e l d  v a r i a t i o n  w i t h  d i s t a n c e ,  and i n  o r d e r  t o  m a i n t a i n  versa-  

t i l i t y  through t h e  g y r o t r o n  development c y c l e ,  eight: independent c o i l s  

are used.  

s h i f t i n g  of t h e  ca thode  o r  c a v i t y  r e g i o n s  a d i s t a n c e  of 51 c m ,  indepen- 

d e n t l y  from one a n o t h e r .  

These c o i l s  permit  c a v i t y  magnetic f i e l d  t a p e r i n g  and 

I n  a d e l i v e r a b l e  s o l e n o i d  t o  be  employed i n  a plasma h e a t i n g  a p p l i c a t i o n ,  

t h e  c o i l s  would be connected so t h a t  o n l y  t h r e e  s u p p l i e s  would be  

r e q u i r e d .  A l t e r n a t i v e l y ,  as t h e  g y r o t r o n  d e s i g n  becomes f i n a l i z e d ,  t h e  

a c t u a l  number of c o i l s  could be  reduced. 

The r e q u i r e d  magnetic f i e l d  w a s  evolved through e x i s t i n g  Hughes computer 

codes which mathemat ica l ly  assume a l l  t h e  s o l e n o i d  c u r r e n t  p a s s e s  through 

a c o i l  of one t u r n .  The l o c a t i o n  o f  t h e  c o i l s  f o r  t h e  f i e l d  d e s c r i b e d  

by F i g u r e  2.3-1 i s  shown i n  F igure  2.3-2.  

The r e q u i r e d  c u r r e n t  d e n s i t y  f o r  each  c o i l  i s  g iven  i n  Table  2.3-1.  

These c u r r e n t  d e n s i t i e s  are r e l a t i v e l y  c o n s e r v a t i v e  and they  should 

permi t  a t t a i n m e n t  of 23  kG wi thout  t r a i n i n g  of t h e  Nb T i  superconductor .  

The w a r m  bore  I D  i s  set a t  1 2 . 7  c m  (5"). An e s t i m a t e d  I D  f o r  t h e  c o i l s  

i s  1 7 . 0  c m ,  which e n c l o s e s  a vacuum, n i t r o g e n  and helium b a r r i e r ,  and 

t h e  c o i l  bobbin t h i c k n e s s .  Toward t h e  end of t h i s  r e p o r t  p e r i o d ,  a 

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

2.4 RF C I R C U I T  D E S I G N  

1 
The c a v i t y  computer program, which w a s  d i s c u s s e d  i n  t h e  l a s t  r epos t ,  

w a s  used to e v a l u a t e  many c a v i t y  des igns .  From t h e s e  computer r u n s ,  

2-5 
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F i g u r e  2.3-i Axial. magnetic f i e l d  f o r  ORNL 60 GHz gyrotron. 
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Figure 2.3-2 Solenoid coil configuration t o  produce 
the axial field of Figure 2.3-1. 



C o i l  
No. 
I_ 

1 

2 

3 

4 

5 

5 

7 

8 

TABLE 2.3-1 

ELECTRICAL PARAMETERS FOR MODEL COIL 

C u r r e n t  * 
Dens i t  y 
(A/cm2 ) 

3937 

-3173 

5024 

-9449 

3113 

23237 

-9514 

23489 

Current  
(Amps) 

14174.2 

-1 1421.6 

21684.6 

-34015.0 

23350.8 

297437.4 

-83729.7 

300555.8 

Axial k* 

F i e l d  
(Gauss ) 

967 .0 

-779.2 

1479 3 

-2320.5 

1534.0  

18290.6 

-5386.1 

18488.6 

* 
Assumes c o i l  formed from s i n g l e  conductor of one t u r n ,  whose cross- 
s e c t i o n  is  t h e  s i z e  of t h e  c o i l ;  no i n s u l a t i o n .  

+* 
F i e l d  produced on a x i s ,  a t  t h e  center of each c o i l .  
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c o l d  test  c a v i t i e s  were conf igured  of t h o s e  cav i t i e s  which provide  t h e  

g r e a t e s t  promise. 

i n  o r d e r  t o  v e r i f y  the r e s u l t s  of  the computer code. 

I n i t i a l  c o l d  t e s t i n g  w i l l  be implemented a t  10 GBz 

The c o l d  t es t  cavi t ies  were f a b r i c a t e d  and were r e c e i v e d  near  t h e  end 

of t h i s  r e p o r t  p e r i o d .  Cold t e s t i n g  w i l l  b e  completed by mid August. 

2 .5  COLLECTOR DESIGN 

An axisymmetric c o l l e c t o r  approach i s  be ing  pursued. A s  such,  t h e  d e s i g n  

must compromise adequate  c o l l e c t o r  s u r f a c e  area a t  a reasonable  diameter  

which does n o t  i n t r o d u c e  t o o  many u n d e s i r a b l e  modes. The c o l l e c t o r  

approach p r e s e n t l y  be ing  e v a l u a t e d  u s e s  a 3.5" d iameter  i n  t h e  c o l l e c -  

t i o n  r e g i o n .  

The r e s u l t s  of t h e  magnetron i n j e c t i o n  gun computer program are used as 

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

t o  i n t r o d u c e  a d e s i r e d  amount of beam modulation. This  can be seen i n  

F i g u r e  2.5-1, which i l l u s t r a t e s  t h e  beam and c a v i t y  r e g i o n .  The c a v i t y  

used f o r  t h i s  p l o t  h a s  a s l i g h t  t a p e r  on t h e  i n p u t  s i d e  ( l e f t  s i d e ) ,  

and a 30 horn a t  i t s  output .  The beam e n t e r s  i n  random phase through 

i t s  c y c l o i d a l  pa th .  

beam occurs .  T h i s  can  b e  seen  v e r y  c l e a r l y  as t h e  beam leaves t h e  

c a v i t y  horn;  t h e  c y c l o i d a l  motion of each t r a j e c t o r y  approaches t h e  

same phase and t h e  larmor r a d i u s  appears  t o  decrease .  

0 

Under t h e  i n f l u e n c e  of RF, phase bunching of t h e  

For c o l l e c t o r  des ign ,  t h e  beam i s  al lowed t o  c o n t i n u e  t r a v e l i n g  under 

t h e  i n f l u e n c e  of t h e  magnet ic  f i e l d .  F i g u r e  2.5-2 shows t h e  g r a p h i c  

p l o t t e r  o u t p u t  f o r  t h e  beam i n  t h e  c a v i t y - c o l l e c t o r  r e g i o n ,  under 

c o n d i t i o n s  of f u l l  RF. The s p e n t  beam i s  c o l l e c t e d  over  a l e n g t h  of 

approximately 25  c m ,  i n s i d e  t h e  8.89 c m  (3.5") diameter  c o l l e c t o r ,  o r  

a sur face  area of approximately 700 e m  . The e s t i m a t e d  power d e n s i t y  
2 
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Figure  2.5-2 Graph ic  p l o t t e r  ou tput  of an  e l e c t r o n  
beam RF modulated by a c a v i t y ,  and 
impact ing on t h e  c o l l e c t o r  w a l l s .  
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2 
f o r  t h i s  f u l l  CW case would be  a r easonab le  520 W/cm . This  estimate 

exc ludes  t h e  two l o n g e r  r a y s  which are c o l l e c t e d  f a r t h e r  down the tube ,  

and assumes 200 kW of t h e  560 kW beam power i s  conver ted  t o  RF. 

When t h e  gy ro t ron  i s  n o t  o s c i l l a t i n g ,  w i th  f u l l  CW beam c o n d i t i o n s ,  a 

worst-case power d i s s i p a t i o n  s i t u a t i o n  arises. F igu re  2.5-3 i s  a 

r e c o r d e r  o u t p u t  t r a j e c t o r y  p l o t  of t h i s  case, inc lud ing  a t ape red  mag- 

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

which i s  in t ended  t o  enhance e f f i c i e n c y ,  i s  t o  push t h e  beam f a r t h e r  

down t h e  a x i s .  

l e c t o r  w a l l  i s  shown i n  F igu re  2.5-4.  

10% inc remen ta l  l e n g t h s  over which t h e  beam power i s  averaged. 

The e f f e c t  of the magnetic f i e l d  taper ,  

The "averaged" power d e n s i t y  f o r  t h i s  beam on t h e  co l -  

This  f i g u r e  w a s  de r ived  us ing  

2 
The maximum power d e n s i t y  i n d i c a t e d  by F igure  2.5-4 i s  790 W/cm , which 

occur s  a t  two p l a c e s  over  t he  l e n g t h  of t h e  c o l l e c t o r .  

d e n s i t y  can r e a d i l y  be water-cooled w i t h  e x i s t i n g  technology. 

This  power 

Note, t h a t  no a u x i l l a r y  so l eno id  c o i l s  are r e q u i r e d  over t h e  c o l l e c t o r  

t o  assist i n  sp read ing  t h e  beam. I n  o r d e r  t o  conf i rm our computer-aided 

t echn iques ,  t h e  f i r s t  t ube  w i l l  be c o n s t r u c t e d  w i t h  a r e l a t i v e l y  t h i n  

w a l l  c o l l e c t o r  and t e s t e d  under low du ty  pulsed c o n d i t i o n s .  By us ing  

photographic  p l a t e s  around t h e  o u t s i d e  of t h e  c o l l e c t o r ,  X-rays emi t ted  

by t h e  beam s t r i k i n g  t h e  c o l l e c t o r  w a l l  should r e v e a l  t h e  a c t u a l  co l -  

l e c t o r  power d e n s i t y .  

Hughes EDD h a s  a n  in-house c a p a b i l i t y  t o  wind conven t iona l  room- 

t e m p e r a t u r e  s o l e n o i d s  wi thou t  i n t r o d u c i n g  a long  program de lay .  

I n  t h e  event  t h a t  a u x i l l a r y  c o i l s  may be r e q u i r e d ,  

2 .6  TAPER D E S I G N  

The gy ro t ron  being developed employs an axisymmetric c o l l e c t o r .  As such ,  

t h e  RF o u t p u t  and e l e c t r o n  beam t r a v e l  t o g e t h e r  i n t o  t h e  c o l l e c t o r .  The 

c o l l e c t o r  d iameter  has t empora r i ly  been f i x e d  a t  8.89 c m  (3 .5") ,  while 

2- 12 



Figure  2.5-3 T r a j e c t o r y  p l o t  of an  unmodulated 
e l e c t r o n  beam t r a v e r s i n g  the c a v i t y  
region and impact ing on t h e  c o l l e c t o r  
wal l s  ( f o r  t h e  case  of a tapered  
magnet ic  field over  t h e  c a v i t y ) .  

(F igure  2.5-3 appears  as a fo ldou t  on fo l lowing  page.)  

2-13 



n
.

 
1

9
 

'i
i 

!
r

 
'

U
 

'
4

 

.
_

 

i 
! 

! 
I 

I 1
'

.
 

! 

I I 

I
.

.
 

I 

'
1

'
 

.
_

 
.
 
..

 . 

I I ! I 
I 

..
. 

..
 

. 

, I I d 
!

,
 

! 

~ 

i 

6 1 .~
 

.
.

!
 

. 
; 

! 

I 
I 

I 
I 

i 
I I I 

I 

, 

I i 



G8107 

AVERAGED COLLECTOR POWER DISSIPATION 

NO RF - FULL CW 

TAPERED MAGNETIC FIELD 
1OoO. I I I f 1 I I 1 I 7 

NORMALIZED COLLECTOR LENGTH (%I 

Figure  2.5-4 Averaged power d i s s i p a t i o n  on the collector, 
f o r  the t r a j e c t o r y  p l o t  of F i g u r e  2.5-3. 
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t h e  RF ex i t s  t h e  c a v i t y  r e g i o n  a t  a d iameter  of 2 c m  (0.787"). A f t e r  

t h e  c o l l e c t o r  r e g i o n ,  t h e  o u t p u t  waveguide system has been e s t a b l i s h e d  

by ORNL t o  be 6 . 3 5  cm (2.5") d iameter  waveguide. 

I n  o r d e r  t o  traverse t h e  r e g i o n  from t h e  c a v i t y  t o  t h e  o u t p u t ,  t h e  

axisymmetric c o l l e c t o r  must appear as a c i r c u l a r  waveguide system t o  t h e  

RF power. Th i s  i m p l i e s  an "up" t a p e r  between t h e  c a v i t y  and t h e  c o l l e c -  

t o r ,  and a "down" t a p e r  between t h e  c o l l e c t o r  and t h e  ou tpu t .  

An optimum d e s i g n  t echn ique  f o r  c i r c u l a r  waveguide tapers  h a s  been 

r e p o r t e d  by Unger . 
taper f o r  t h e  "down" t a p e r ,  i t  w a s  q u i c k l y  recognized  t h a t  h i s  assumptions 

are v i o l a t e d  f o r  t h e  case where t h e  start  and end r a d i i  are both  h i g h l y  

overmoded. 

2 
I n  t h e  p rocess  of e v a l u a t i n g  Unger 's  r a i s e d  c o s i n e  

It w a s  t h e r e f o r e  dec ided  t o  approach t h e  taper  problem from a more 

fundamental  d i r e c t i o n .  S t a r t i n g  w i t h  t h e  c l a s s i c a l  Te leg raphe r ' s  t r a n s -  

miss ion  l i n e  e q u a t i o n s ,  i t  w a s  determined t h a t  t h e s e  e q u a t i o n s  could  be 

r e a d i l y  programmed f o r  any waveguide mode, w i thou t  unnecessary assump- 

t i o n s .  Two examples w e r e  used t o  v e r i f y  program re su l t s .  

Unger 's  paper d e s c r i b e s  a TE t a p e r  des igned  f o r  55 GHz,  f o r  which. the 01 
w a s  measured t o  be  a t t e n u a t e d  by " g r e a t e r  t han  50 dB". When t h e  

t a p e r  geometry is  c a r e f u l l y  d e s c r i b e d  as i n p u t  d a t a  t o  t h e  Taper Computer 

Program, t h e  r e s u l t  i s  t h a t  t h e  TE mode i s  a t t e n u a t e d  by more than  02 
62 dB. The a c t u a l  computer ou tpu t  i s  from t h e  g r a p h i c s  p l o t t e r  and i s  

shown i n  F igu res  2 .6-1  a, b and c .  

TE02 

F igure  2.6-la i l l u s t r a t e s  t h e  r a i s e d  c o s i n e  t a p e r  desc r ibed  by Unger 

and a TE s i g n a l ,  which i s  genera ted  w i t h i n  t h e  t a p e r  by a TE s i g n a l  
02 01  

a t  t h e  i n p u t ,  t o  t h e  l e f t .  The ampl i tude  of t h e  TE s i g n a l  i s  a . r b i t r a r -  

ily norma l l i zed ,  b u t  t h e  wavelength i s  shown a c c u r a t e l y  i n  c e n t i m e t e r s  
02 
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a 

Figure 2.6-1 Unger’s raised cosine taper for 55 
GHz (Reference 2) 
a. TEO2 mode suppression. 
b. TE03  mode suppression. 
c. TEll mode suppression. 
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accord ing  t o  t h e  scale a long  t h e  axis.  F igu res  2.6-1 b and c i l l u s t r a t e  

t h e  TEO3 and TE 

suppres s ion .  

modes, r e s p e c t i v e l y ,  showing 76.6 dB and 3 0 . 3  dB mode 11 

These F igu res  reveal t h a t  f o r  an i n c i d e n t  c i r c u l a r  waveguide mode, t h e  

taper c a u s e s  RF energy t o  be t r a n s f e r r e d  and shared  among many o the r  

modes. Usua l ly  t h e  g r e a t e s t  t r a n s f e r  o c c u r s  n e a r  t h e  beginning of t h e  

t a p e r .  The goa l  of an  optimized d e s i g n  i s  t o  t e r m i n a t e  t h e  t a p e r  when 

t h e  g r e a t e s t  amount of energy i s  i n  t h e  d e s i r e d  mode. 

Another t a p e r  t h a t  has  been employed t o  v e r i f y  t h e  accuracy  of t h e  Taper  

Computer Program is one t h a t  Hughes EDD has  des igned  f o r  a 94 GHz. gy ro t ron  

a m p l i f i e r ,  o p e r a t i n g  i n  t h e  TE mode. T h i s  t a p e r ,  shown i n  F igu re  2.6-2, 

must v a r y  from 0.4 c m  d i ame te r  t o  2.6 em diameter .  

from Unger 's  approximate e q u a t i o n s  t o  y i e l d  30 dB suppres s ion  of t h e  TE 

mode. A s  can be seen  i n  F igu re  2.6-2, t h e  computed r e s u l t  i s  -29.7 dB. 

01  
The taper  w a s  de r ived  

02 

The des ign  of a t a p e r  f o r  t h e  60 GHz gyro t ron  i s  r e s t r i c t e d  t o  t h e  a x i a l  

d i s t a n c e  between t h e  c a v i t y  and c o l l e c t i o n  r e g i o n  ( l e s s  some a r b i t r a r y  

bu t  f i n i t e  guard r e g i o n ,  so t h a t  t h e  beam does n o t  c o l l e c t  on t h e  taper ) .  

A 52.5 c m  l i n e a r  t a p e r  i s  d e p i c t e d  i n  F igure  2.6-3, f o r  an i n c i d e n t  TE 

mode, and the r e s u l t i n g  TE and TEO3 mode suppres s ion  i s  on t h e  o r d e r  

of 1 0  dB. 

02 

01  I 

F igu re  2.6-3 a l s o  shows t h a t ,  a t  a n  a x i a l  p o i n t  of about  4 4  c m ,  TE and 

TEO3 ampl i tudes  approach ze ro ,  cor responding  t o  maximum energy i n  t h e  

TEO2 mode. 

w i th  a s t r a i g h t  waveguide f o r  a s h o r t  d i s t a n c e ,  then beg in  a new l i n e a r  

t a p e r ,  s ea rch ing  f o r  t h e  n e x t  n u l l  of t h e  TE and TEO3 modes. In  t h i s  

manner, a series of s t e p - t a p e r s  could  be e m p i r i c a l l y  produced wi th  t h e  

computer. 

01  

A d e s i g n e r  could  s t o p  t h e  taper a t  t h i s  p o i n t ,  con t inue  

01 
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I 1 , I I 
39. oc 55.98 52.36 59.93 66.91 73 .m BO .87  57.04 3 4  .a2 

MODE CCN’J ( DE 1329.7  
FREC ( GHZ 1 = 200.03 
SUM CHK= i .2868 
NF?OC= 1 . O  

Figure  2.6-2 T E O l  raised cosine tapper f o r  9 4  G H z  
gyrotron amplifier, w i t h  t 30dB 
suppression of t he  TE02 mode. 
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1 : 5'1 

9 . SJ 

MODE 
F R E O I  GHZ 1-50 .OO 

CONV 13B I =- ! 0 .  e 

Figure 2.6-3 L inea r  t a p e r  f o r  t h e  OKNL 60 GHz 
g y r o t  ron. 
a.  -10.8 dB T E O l  mode suppres s ion .  
b .  -9.8 dB TE03 mode suppress ion .  
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Figure  2.6-4 d e p i c t s  a r a i s e d  c o s i n e  t a p e r  designed f o r  1 7  dB TE 

suppres s ion  w i t h i n  a l e n g t h  c o n s t r a i n t  of 66 c m .  An a l t e r n a t i v e  t a p e r  

c o n f i g u r a t i o n ,  formed e m p i r i c a l l y  from two a r c s ,  i s  i l l u s t r a t e d  i n  

F igu re  2.6-5 ,  w i t h  2 0  dB mode suppress ion .  

mode 01 

The "down" t a p e r  from 3.5" t o  2.5" d iame te r s  has  proven t o  be t h e  g r e a t e r  

c h a l l e n g e  of t h e  two t a p e r s .  The r a i s e d  c o s i n e  "down" t a p e r ,  f o r  i n s t a n c e ,  

was c a l c u l a t e d  t o  be tw ice  as long  as t h e  "uptt taper. 

d iameter  of t h e  t a p e r  i s  so l a r g e  t h a t  more than  700 modes could  e x i s t  

i n  t h e  waveguide. 

t i ve  t o  about 10 dB mode suppres s ion .  A v a r i e t y  of o t h e r  t a p e r s ,  

e m p i r i c a l l y  de te rmined ,  w e r e  modera te ly  more s u c c e s s f u l .  These are shown 

i n  F igu res  2.6-6 t h r u  8.  Somewhat s u r p r i s i n g l y ,  t h e  b e s t  "down" taper  

w a s  produced by F igu re  2.6-8 ,  wherein t h e  t a p e r  a c t u a l l y  reduces  q u i c k l y ,  

then  i n c r e a s e s  i n  d i ame te r  f o r  about h a l f  i t s  l e n g t h .  

The s t a r t i n g  

L inea r  t a p e r s  of about  20 c m  l e n g t h  w e r e  on ly  e f f e c -  

F igu re  2.6-9 i l l u s t r a t e s  t h e  combined "up" taper ,  c o l l e c t o r  r eg ion  and 

down" t a p e r .  The l a t te r  taper i s  a l i n e a r  60 c m  t a p e r .  The r e s q u l t i n g  1 1  

o v e r a l l  mode suppres s ion  i s  of t h e  o r d e r  of 1 7  dB. A s  expec ted ,  no 

energy i s  exchanged under t h e  s t r a i g h t  c y l i n d r i c a l  c o l l e c t o r  r eg ion .  

Th i s  60 c m  "down'' t a p e r  i s  longe r  than d e s i r e d ,  and some a d d i t i o n a l  

e f f o r t  i s  r e q u i r e d  b e f o r e  dec id ing  on t h e  e x a c t  "down" t a p e r  t o  be used. 

The r e s u l t s  of t h e  Taper Computer Program i n d i c a t e  t h a t  smoothly va ry ing  

curved s u r f a c e s  p rov ide  optimum mode suppress ion .  L i n e a r i z i n g  a curved 

s u r f a c e  by d i v i d i n g  t h e  curve  i n t o  a f i n i t e  number of l i n e a r  t a p e r s  can  

d e t e r i o r a t e  t h e  mode suppres s ion  a b i l i t y  of t h e  smooth taper.  F igu re  

2.6-1, f o r  example, was p l o t t e d  w i t h  50 p o i n t s ,  b u t  when t h e  same t a p e r  

w a s  p l o t t e d  w i t h  1 7  p o i n t s ,  mode suppres s ion  was changed from -62.3 dB 

t o  -40.8 dB. This  test demonst ra tes  t h a t  t h e  method of f a b r i c a t i n g  t h e  

t a p e r s  i s  v e r y  impor t an t .  I n  a l l  p r o b a b i l i t y ,  t h e  taper should be 

manufactured u s i n g  numer i ca l ly -con t ro l l ed  machines. 
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4 91 

SUM CHK= 1.0020 
NMDD= 2.0 
MMUD= 0.0 
NMODU= 1 .O 
MCGEU= 0 . 0  

F i g u r e  2 . 6 - 4  R a i s e d  cos ine  t a p e r  f o r  the ORNL gyro t ron ,  
w i t h  t h e  TEo l  m o d e  s u p p r e s s e d  17.3dB. 
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MODE CONV ( OB 1=-20.1 
REFL WRVEIDB)a-200.0 
FREQf GHZ l=62 .OO 
SUM CHK= 1.001 1 
NHOD= 2 . 0  
MMOD= 0.0 
NMODUI 1.0 
MOOEU= 0.0 

F i g u r e  2.6-5 "Two-arc" t a p e r  f o r  20 dB TEOl  mode 
suppression i n  t h e  ORNI, g y r o t r o n .  
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MODE CONV OB 1 * 15 .O 
REFL WQVE ( OB 1 =ZOO. 0 
FREQ ( GHZ 1 = 62. M3 
SUfl CHK= 1.0009 
NuOD= 2.0 
MMQD= 0.0 
NMODU= 1 .O 
tlODEU= 0 . 0  

Figure 2.6-6 A "two arc/linear" t a p e r  of 40 cm 
l e n g t h .  

oa 
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MODE CONV (08 I =- 17.7 
REFL WQVE f DB 1 =ZOO.  0 
FREQ ( GHZ 1 = 62.00 
SUM CHK= 1.0003 
NMOD= 2.0 
MHOD= 0.0 
NMDDJ= 1 .O 
MUDEU= 0 . 0  

Figure 2.6-8 A modified "two arc" t aper  of 30 cm l e n g t h .  
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MODE CONV(OB1-17.1 
REFL WWE ( OB 1 =-ZOO. 0 
FREQ(GHZ)=M.00 
Wfl CW= 1.2446 
NHOO= 2 . 0  
H H O b  0.0 
NMODb 1 .O 
HODEUI 0.0 

F i g u r e  2.6-9 Combined "up" taper,  collector region, 
and "down" taper w i t h  1 7  dB overa l l  
suppres s ion  of the TEol  mode. 
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With t h e  Taper Computer Program, Hughes h a s  developed an  i n v a l u a b l e  

t o o l  f o r  a s s u r i n g  t h a t  t h e  RF energy from t h e  gy ro t ron  w i l l  be d e l i v e r e d  

t o  t h e  plasma i n  t h e  d e s i r e d  mode. 

2.7 TUBE LAYOUT 

Based on the e lectr ical  des ign  t o  d a t e ,  the p r e l i m i n a r y  gy ro t ron  l a y o u t  

i s  as shown i n  F igure  2.7-1. The t o t a l  l e n g t h  i s  2 4 1  em (94.9" j .  

2.8  POWER SUPPLIES 

A Hughes team, composed of two EDD p l a n t  e n g i n e e r s  and two t r a n s m i t t e r  

t e c h n i c i a n s  from t h e  Ground Systems Group were s e n t  t o  Kwajalein t o  

disassemble  the MSR transmitter and coo l ing  system. 

completed by mid June. 

T h i s  e f f o r t  w a s  

A Pan American Van L ines  r e p r e s e n t a t i v e  w a s  s en t  t o  Kwajalein t o  super- 

v i se  t h e  packing of t h e  disassembled power supply  and coo l ing  s y s t e m .  

The a c t u a l  packing i s  be ing  done by Global  A s s o c i a t e s ,  who were turned-  

on by l e t t e r - s u b c o n t r a c t  from Hughes. 

It i s  u n c e r t a i n  a t  t h i s  t i m e  whether t h e  packing can be  completed i n  

t i m e  f o r  the J u l y  ba rge .  I f  n o t ,  the next d e p a r t u r e  i s  mid-August. 

2-2 7 
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111. SCHEDULE 

3 . 1  

of t h e  gy ro t ron  development. 

major f a c i l i t y  p lanning  which i s  r e q u i r e d .  

A r e v i s e d  program p l a n  is  a t t a c h e d  which i n c l u d e s  g r e a t e r  v i s i b i l i t y  

Page 2 of t h e  schedule  encompasses t h e  

The l o w  d u t y  power supply  i s  be ing  f u r n i s h e d  by Hughes f a r  d i a g n o s t i c  

measurements of t h e  f i rs t  tubes .  

100 m s  p u l s e s ,  i 5  scheduled t o  be a v a i l a b l e  by A p r i l  1981. 

and check o u t  of t h i s  supp ly  i s  scheduled t o  be completed by June 1981. 

A DOE-furnished supply  capab le  of 

I n s t a l l a t i o n  

The reassembly of t h e  Kwajalein supply  i s  dependent upon space a v a i l a b i l i t y .  

The schedu le  assumes space  will be  a v a i l a b l e  by October 1980, and t h e  

Kwajalein supply  reassembly could t h e n  b e  completed by June 1981. 

3- 1 
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