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

millimeter-wave dev ice  to produce 288 kFl of continuous-wave power a t  

60 CWz. 

p a t i b l e  w i t h  power dealvery t o  a n  e l ec t ron -cyc lo t ron  plasma, 

c o ~ ~ t r o l  of  ~f power ou tpu t  over  a 17 dB range. is  r e q u i r e d ,  Bind t h e  device 

should be  capable  of o p e r a t i o n  i n t o  a severe t h e - v a r y i n g  rf load 

mismatch a 

The d e v i c e ,  which w i l l  be  a gy ro t ron  o s c i l l a t o r ,  will be  coin- 

Smooth 

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

are shown i n  Table  I. I n  the gyro t ron ,  which is  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 w i t h  a cons ide rab le  amount of  t h e i r  energy I n  

r o t a t i o n .  A gradua l ly  r j s i n g  magnetic f i e l d  compresses the  beam i n  

diamete.r and at: 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  

the  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 requency i s  60 EHz; 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 enters 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  the  e igen  

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  d e  beam. The spent  beam e n t e r s  t h e  r eg ion  of 

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

c o l l e c t o r .  The la t ter  a l s o  f u n c t i o n s  as t h e  ou tpu t  waveguide. I n  

o r d e r  t o  handle  t h e  power i n  t h e  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 tapers 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  o f  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 dev ices .  The magnetron i n j e c t i o n  gun is w e l l  

understood and a l lows  t h e  u s e r  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 )  t o  vary the rf power aut. A t  least t w o  d e s i g n  

approaches w i l l  be  t aken  w i t h  respect t l ~  t h e  c o l l e c t o r ,  which has  t o  be  

a b l e  t o  d i s s i p a t e  over  560 kW i n  undepressed ope ra t ion .  

p rocess ing  of p ro to type  d e v i c e s  w i l l  proceed i n  p a r a l l e l .  

F a b r i c a t i o n  and 
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TABLE T 

Frequency 

Power out 

El.ectr5ni.c e f f i c i ency  

B e a m  voltage 

B e r n  cu r ren t  

Magnetic field 

Transverse to longitudinal 
velocity r a t i o  

Cathode Loading 

Cathode r ad ius  

The Power S u m  

Voltage rating 

Current rating 

Anode supply vol tage  

Anode supply current 

Heater supp1.y voltage 

Heater supply  current 

Operating Modes : 

1. 

2 .  

3 .  

60 GHz 

200 kW RF 

35%, 

70 kV 

8.0 A 
2 3 . 0  kG 

1.5 

2 
4 , s  A/cm 

0.60 an 

PO0 kV dc 

10 A 

0-35 kV dc 

<20 mA 

0-15 V ,  ac 

15 A 

10 us pulse l eng th  

1 ms - 100 ms pulse length 

30 s to cw 
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$F FIELD 

-- -I_/-- 

Figure 1-1 Schematic of gyrohron o s c i l l a t o r  showing a p p l i e d  
magnetic f i e l d  and the rf field and gain in 
t he  c a v i t y .  
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El. PROGRESS 

2 - 1  GENERAL 

E f f o r t  f o r  t h i s  r e p o r t  per iod  has been concent ra ted  i n  t h e  fo l lowing  

t a s k s :  

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

e RP C i r c u i t  

a Power Supply  

2.2 MAGNETRON I N J E C T I O N  GUN 

The magnetron i n j e c t i o n  gun w a s  designed and f i n a l i z e d  du r ing  t h i s  

r e p o r t  per iod .  A computer t r a j e c t o r y  p l o t  o f  t h e  gun and a c c e l e r a t i o n  

r eg ion  i s  shown i n  F igu re  2.2-1. S a l i e n t  c h a r a c t e r i s t i c s  o f  t h e  gun 

are t a b u l a t e d  i n  T a h l e  2.2-1. 

T h i s  gun des ign  i s  a f u r t h e r  e x t r a p o l a t i o n  of t h e  modif ied gun des ign  

achieved f o r  110 GHz gyrotrons. '  

c o n t r o l  of t h e  amount of bean energy which i s  converted t o  t r a n s v e r s e  

energy.  Th i s  va lue  i s  s e l e c t e d  t o  conver t  67% of t h e  beam energy t o  

t h e  t r a n s v e r s e  energy. 

spread in t h e  beamp more energy could be converted t o  t h e  t r a n s v e r s e  

d i r e c t i o n  to be used f o r  i n t e r a c t i o n ,  

The anode v o l t a g e  p rov ides  a s e n s i t i v e  

Depending on t h e  amount of t r a n s v e r s e  v e l o c i t y  

The t r a n s v e r s e  v e l o c i t y  spread  due t o  space  charge and geometr ica l  

e f f e c t s  of t h e  gun shown i n  F igu re  2.2-1 i s  p red ic t ed  t o  be  1.7%, 

assuming t h e  beam i s  a d i a b a t i c a l l y  i n v a r i a n t .  I f  t h i s  a t t r a c t i v e l y  low 

spread  can a c t u a l l y  be achieved ,  w e n  more than  67% of t h e  beam energy 

could be transformed t o  t h e  t r a n s v e r s e  d i r e c t i o n .  

2- 1 
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TABLE 2.2-1 
._I___.... ~ r--------.--.- 

2 
Cathode Curren t  Dens i ty  4.0 A/cm ( 7  amps) 

Cathode Kadius 

I Ra /Re 

c B 

Anode Voltage 

0.6 cm 

2 - 4 6  

I. 7% 

1300 gauss  

23 kV 

The exact shape of  t h e  magnet ic  field r equ i r ed  i n  t h e  r eg ion  between 

t h e  gun and c a v i t y  d i r e c t l y  a f f e c t s  t h e  a d i a b a t i c  i n v a r i a n c e  of t h e  

beam. The r equ i r ed  shape has not  y e t  been determined,  a l though i t  

a p p e a r s  t h a t  t h e  c a v i t y  must be l o c a t e d  approximately 25-30 cm from 

t h i s  cathode nose. 

A superconduct ing so leno id  con ta in ing  e i g h t  separate c o i l s  is  be ing  

i n v e s t i g a t e d  t o  determine  t h e  necessa ry  f i e l d  shape r equ i r ed ,  Eight  

c o i l s  provide  s u f f i c i e n t  f l e x i b i l i t y  i n  f i e l d  shaping  and w i l l  a l s o  pro- 

v ide  t a p e r i n g  of the f i e l d  over t h e  c a v i t y  f o r  e f f i c i e n c y  enhancement. 

I n  a f i n a l  so lenoid  d e s i g n ,  t h e  number of a c t i v e  coils can be reduced 

t o  t h r e e .  

2.3 KF CAVITY DESIGH 

The e x i s t i n g  Hughes c a v i t y  codes have been modif ied to provide  ca l cu la -  

t i o n s  of Q f o r  t ape red  c a v i t i e s .  T h i s  e f f o r t  has  been inco rpora t ed  i n t o  

Hughes Technica l  Report No. 58, which i s  inc luded  as an Appendix t o  

t h i s  r e p o r t .  

2-3 



Based this new d e s i g n  t o o l ,  a c.umputer a n a l y s i s  of several attractive 

c a v i t i e s  w i l l  be undertaken, En order t o  v e r i f y  these computer 

r e s u l t s ,  c a l d  tests cavities w i l l  be  f a b r i c a t e d  and measured a t  X-band, 

A s  r e p o r t e d  i n  t h e  East r e p o r t ,  t h e  IfSR h igh  v o l t a g e  power supply a t  the  

Kwajalein Missile Range has  been excessed by t h e  Army. 

representative and a r e p r e s e n t a t i v e  from an i n t e r n a t i o n a l  moving company 

were s e n t  t o  Kwajalein t o  e v a l u a t e  t h e  eondft ion o f  t he  equipment and to 

prov ide  a n  estimate f o r  moving t h e  power supply ,  

A Hughes EDD 

The power supply w a s  found t o  be i n  reasonably  good c o n d i t i o n .  O f  t h e  

e x i s t i n g  t r a n s m i t t e r  equipment, t h e  e n t i r e  h igh  v o l t a g e  power supply i s  

u s a b l e ,  i n c l u d i n g  t h e  416QV r e a c t o r s ,  i g n i t r o n  p r e - r e g u l a t o r s  and cir-  

c u i t  b reake r  c a b i n e t s ,  It  w a s  a l s o  determined t h a t  a major p o r t i o n  of 

t h e  water cooling system woiiEd be a v a i l a b l e ,  as w e l l  as i n t e r c o n n e c t i n g  

c a b l e ,  b u s s e s ,  d u c t  work and a motor control c e n t e r .  The MSR modulator 

was determined t o  be p u l s e  wid th  l i m i t e d  and not  r e a l i s t i c a l l y  usab le  

w i t  hou t e x t  ens  i v e  mod i f i ca t ion .  

The d isassembly  of equipment should  b e  under taken  i n  a l o g i c a l  and 

o r d e r l y  fashion by competent pe r sonne l  who w i l l  be a v a i l a b l e  t o  

reassemble i t  a t  a Later d a t e ,  and i n  an e f f i c i e n t  manner, Arrange- 

ments w e r e  t h e r e f o r e  made t o  have pe r sonne l  from Hughes Ground Systems 

Group perform t h e  d isassembly  and reassembly. It w a s  e s t ima ted  t h a t  t w o  

man-months would be r e q u i r e d  f o r  d i sassembly .  

The move of MSK equipment to Hughes EDD w a s  e s t ima ted  t o  r e q u i r e  1 7  

s h i p p i n g  c o n t a i n e r s .  
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L T I .  SCHEDULE 

The program schedu le  and current s t a t u s  i s  at.tached. 
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1. 

Ixr. the d i s c u s s i o n  that: EOPZOWS, i t  is assumed that  the first phase of 

g y r ~ t m n  d e s l g n  has been c5mpleted; a desired t r a n s v e r s e  mode has been 

chosen and nn el.ectron beam o f  known voltage, current I) p t ~ p e n i l i ~ ~ ~ l ~ t r  

energy and bream y s I t r i l m  has been designed. 

KF power that can be extracted from sach a beam through appropriate 

cavi ty  design; cavity d e s i g n  r e f e r r i n g  t o  b o t h  t h e  design of the metal 

structure as well as tlme external magnetic p r o r i l e  conta ined  wi th in .  

Mthoaigh optimum e f f i c i ency  i s  the prirriary goa l ,  t he  f i n a l  des ign  must 

be cornpat FbLe with the following cunstrainrs:  

One wishes to o p t i m i z e  t h c  

~ i a  RF loading or. cavity wal ls  must be kept below the level. at 

which it would be Lmpossible t o  coo l  t h e  surface adequately 

Q watts/sqcm). 

o The cav l ty  should be adequately i s o l a t e d  from the  outside world 

so t h a t  loading  effects far from the cavity will not  g r e a t l y  

affect: gyrotron o p e r a t i o n .  

IS 'The cavlty operation should exhibit mode s e l e c t i v i t y  and sta- 

bility. The start: threshold c u r r e n t s  f o r  the d e s i r e d  mode 

should be  lower than t h o s e  for other nearby modes and there 

should  be adequate mode separation ta prevent  unwanted modes 

from being exci ted.  

The procedure Cor des ign  is to first d e t e r m h e  t h e o r e t i c a l l y  and/or  

exper imenta l ly  t h e  ' 'cold test" properties of a given  cavity namely : 

1. external  Q 

2,  unloaded 4 
3 ,  mode structure and frequency 

1 



T h i s  i n fo rma t ion  is then used as i n p u t  f o r  t h e  numerical s imula t ion  o f  

the  e l e c t r o n  beam i n t e r a c t i n g  with t h e  c a v i t y  fields. The r e s u l t s  of 

t h e s e  computer s imula t ions  are then combined s e l f - c o n s i s t e n t l y  wi th  rhe 

“m9d tes t ‘ i  information to give t h e  RF e f f i c i e n c y  o f  t h e  c a v i t y  and. t l ie 

r e s u l t i n g  w a l l  loading ,  l‘his analysis is r epea ted  f o r  a v a r i e t y  o f  

des ign  choices until a pre fe red  des ign  is found. 

The parameters  which will c h a r a c t e r i z e  a c a v i t y  des ign  are: 

e maximum c a v i t y  r a d i u s  

a e f f e c t i v e  c a v i t y  l eng th  

a r a t i o  of cyc lo t ron  frequency t o  doppler  

s h i f t e d  o p e r a t i n g  frequency 

e p e r c e n t  t a p e r  of a x i a l  magnetic field 

e t a p e r  a n g l e  of main cavity w a l l  

e external. c a v i t y  Q 

a unloaded c a v i t y  Q 

e l a s s  cons tan t  de f ined  as the power 

leaking through the  c a v i t y  hole for 

a normalized f i e l d  ampli tude o f  one. 

a 

1, 

XFACT 

DELTB 

THETA 

QEXT 

QWALL 

KLOSS 

021 ,411. i l l u s t r a t i v e  c a v i t y  des igns  g iven  are f o r  o p e r a t i o n  i n  t h e  TE 

mode and assume t h e  fo l lowing  beam parameters: 

2 



Beam Position ---- Est maximum o f  TE mode 
921 

Rota t iona l  energy -.--- 7OX of t 0 t a l  energy. 
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RESONANT FREQUENCY - 

The resonant f r e q u e n c i e s  f o r  TE modes i n  an i d e a l  c l o s e d  c y l i n d r i c a l  

c a v i t y  are given by: 

where 

m i s  az imutha l  mode number 

n i s  r a d i a l  mode number 

R is l o n g i t u d i n a l  mods number 

is the  nth r o o t  of t h e  d e r i v a t i v e  of t h e  m t h  o r d e r  

bessel f u n c t i o n  
mn 

k 

m,n,2 are i n t e g e r s ,  a i s  the c a v i t y  r a d i u s  and L i s  t he  c a v i t y  

length. 



One begins  w i t h  the basic d e f i n i t i o n  f o r  Q,,,. 

- - (angular  f requency)  I ( s t o r e d  cavi ty  energy) 
QEXT (power o u t )  

S t o r e d  c a v i t y  energy = L& where: 

I, = c a v i t y  l e n g t h  

7i = average cross  s e c t i o n a l  area 

E = average  energy d e n s i t y  

Power o u t  = (1  - R) U AE where: 
6 

A = e f f e c t i v e  area of opening 

R = r e f l e c t i o n .  coe f f i . c i en t  f o r  wave propagat ing  towards o u t p u t  

V = group v e l o c i t y  of wave propagat ing  toward o u t p u t ,  
g 2 2  v = c 9, 7 T j h  

R mnL 

S u b s t i t u t i n g  and making t h e  approximation w - - cknm one o b t a i n s :  
mn%- a 

For cav i t ies  of c o n s t a n t  cross s e c t i o n  (A = A), t h e  m i n i m m  Q occurs 

when R -- 0 and R = 1, g i v i n g  t h e  fo l lowing  d e f i n i t i o n  f o r  %in  : 

2 
k2 mn (L /a )  - - -  

%in 71 

5 



The a c t u a l  Q and r e sonan t  f requency of any a r b i t r a r y  shaped c a v i t y  w i l l  

be w r i t t e n  as: 
EXT 

where 

Q i s  a c o r r e c t i o n  f a c t o r  expres s ing  t h e  r a t i o  o f  t h e  t r u e  
F 

QEXT to Q m i n  

REF i s  t h e  e f f e c t i v e  l o n g i t u d i n a l  mode number whose t r u e  value w i l l  

d i f f e r  from the i n t e g e r  v a l u e s  f o r  an ideal c a v i t y  

a i s  t h e  maximum c a v i t y  r a d i u s ,  

The b a s i c  assumption i n  these d e f i n i t i o n s  i s  t h a t  the transverse mode 

s t r u c t u r e  can be  desc r ibed  by bessel f u n c t i o n s  even f o r  c a v i t i e s  whose 

dimensions v a r y  i n  the  longitludirial  d i r e c t i o n ,  

EIGENVALUE EQUATION FOR DETERMINATION OF FIELD STRUCTURE, 
and w (TE modes) mR mn2 QEXT .- 

An express ion  f o r  t h e  t r a n s v e r s e  e l e c t r i c  f i e l d  ampli tude i n  an a r b i -  

t r a r y  p r o f i l e d  c a v i t y  c a n  be w r i t t e n  as: 

6 



g i v e s  the c a v i t y  r a d i u s  as a func t ion  of a x i a l  posPe:ion z 

is t he  complex frequency = (JIR -i- i w .  
1 

i s  the  ccmp1.e~ f i e l d  p r o f i l e  a s  a f u n c t i o n  of z .  

E ( z )  =; IECZ>l e il$ (2) 

i s  the  maximum f i e l d  amplitude 

i s  t h e  bessel f u n c t i o n  of o r d e r  m 

can be r e l a t e d  t o  w s ince :  QEXT 1 

(tiR s t o r e d  cavi ty  energy 
I - 

%XT power out  

a 
power out = - (cavi- ty  energy) = 21; ( c a v i t y  energy)  

d t  I 

By s u b s t i t u t i n g  expres s ion  (5) f o r  E i n t o  Maxwell's e q u a t i o n s ,  one 

obta ins  to lowes t  o r d e r  the  f o l l o w i n g  complex e igenvalue  differential 

equa t ion :  

0 

.--.l___l l-------- 

E ( z )  = 0 ( 7 )  

7 



ScpLul~ions of  this equa t ion  which satisfy the p r o p e r  boundary conditions 

~5831  g ive  the axial mode struet i l r f i ,  the  resonant f r equenc ie s  (w,) and 
I< 

T h e  boundary csnditioras to be s a t i s f i e d  a t  each end ~f the c a v i t y  arc: 

“2)  R i g h t  hand s ide  of c a v i t y  ( z  = 

Outgoing t r a v e l l - i n g  wave t o  rhe r i g h t  

1) 
Left hand side of c a v i t y  ( z  = 

exponent ia l ly  decaying wave t o  t h e  l e f t  i n  the below cu to f f  

r e g i o n  e 

dE 
dz 1 E(z)  a e x p  (ihyz) o r  - - i h l E ( z )  = 0 at z = z 

h2 

8 



E 

E 

1 p- real  E ( d )  

= d/dz [real ~ ( z ) l  

= imaginary E(z )  

= d/dz [ imaginary E ( z ) l  

a = maximum cavity r ad ius  

K(z) = cavity p r o f i l e  vs z normalized by a 

2 

E 4  

Q = QEXT 

2 2 2 - 2  - - (kmn + 6 ) / ( I  - 1 /44  ) R 
w 

- - C T  = resonant frequency R K/ a w 

EF 
I r R  

T A  

6 "  

2 2 k2 rnn c 6 
hI = 

Q(1 - 11'4 Q 2 )  

9 



" 2  
a t  z = 

Tn order  t o  s o l v e  t h e  boundary c o n d i t i o n  a t  z = z 2 ,  a s y s t e m a t i c  search-  

i n g  procedure i s  used t o  f i n d  6 and Q which w i l l  make / m /  = 0. Fig- 

u re  1 shows t h e  i n i t i a l  g r i d  which is set  up t o  span t h e  range where 

the a c t u a l  v a l u e s  o f  9 and 6 may l i e .  For  each  value of Q and 6 i n  t h e  

grid, the  d i f f e r e n t i a l  system is so lved ,  Iml i s  t h e n  found and a new 

smaller g r i d  system i s  set  up sur rounding  t h e  v a l u e  of  6 and Q which l e d  

t o  minimum I m l .  

values  f o r  6 and Q are  found which make Iml -+ 0 t o  t h e  d e s i r e d  accuracy.  

The process  i s  r e p e a t e d  until s u f f i c i e n t l y  a c c u r a t e  

FINAL FIELD EQUATIONS 

When t h e  l o n g i t u d i n a l  mode s t r u c t u r e  e q u a t i o n  h a s  been s o l v e d ,  t he  com- 

p l e t e  e l e c t r o m a g n e t i c  f i e l d  can be s p e c i f i e d  a long  w i t h  Q and t h e  

resonant: f requency.  For  TE modes t h e s e  are given as 
EXT 

onR 

10 



Q 

F i g u r e  1 G r i d  search f o r  6 and Q. 

11 



where 

= t r a n s v e r s e  e l ec t r i c  f i e l d  a E 

= r a d i a l  R F  magnet ic  f i e l d  

= l o n g i t u d i n a l  RF magnetic f i e l d  
% Z  

ER(z )  = E,(z> I- real  p a r t  E(z)  

E*(") = E (z )  = imaginary p a r t  of E ( z )  3 

12  



A power lass c o n s t a n t  kLBSS can be c a l c u l a t e d  f r o m  the  known value of 

QEKc and the f i e l d  s t r u c t u r e  which relates t h e  power. draiiicc! L~onn the 

cavi ty  opening t o  t h e  square  of the  p ~ a k  norma1 izecl c+lecrris f i e l d .  

Power l a s s  i s  defined by: 

w 0 (cavity energy) power loss = 
QEXT 

where 

S u b s t i t u t i n g  t h e  f i e l d  equa t ions  and averaging m e r  t i m e ,  one o b t a i n s  

the f o l l o w i n g  expression f o r  ICLOSS: 

13 



I t  is necessary t.o know IUOSS f o r  s e l f - c o n s i s t e n t l y  e v a l u a t i n g  c a v i t y  

e f f i c i e n c y .  

UNLOADED Q AMI) WALL POWER DISSIPATION 

The unloaded (2 is detlerrnkned by t h e  w a l l  conduc t iv i ty  and frequency. 

a straight c a v i t y  i t  i s  given by ( f o r  TE modes): 

F Q ~  

0nR 

where 

f = f requency i n  GHz 

01 = r e l a t i v e  c o n d u c t l v i t y  = 5 . 8  f o r  copper .  

S"ince (k.rra/L) i s  usually much l.ess than  k,,, t h e  expres s ion  f o r  (7 75a 11 

becomes : 

The f r a c t i o n  of RF power l.eaving t h e  c a v i t y  which i.s absorbed by t h e  

walls can be c a k u l a t e d  from a knowledge a f  Q and (2 w a l l '  EXT 

14 



- !*I energy 
I 

power o u t  

w energy 

power w a l l s  
--.... -.. - 

PI-_. ower __ w a l l s  _- I QEXT 

Q w a l l  
power o u t  

Thus once t h e  o u t p u t  power has  been determined,  t h e  power d i s s i p a t i o n  i n  

t h e  walls can be  found from Equat ion ( 1 2 ) .  It should be noted t h a t  i n  

al.1 cases of i n t e r e s t  Q wall >’ Q,,, and,  hence,  t h e  t o t a l  c a v i t y  Q i s  

EXT ‘ 
e s s e n t i a l l y  given by Q 

CAVITY TAPERING 

The above procedure was a p p l i e d  t o  a v a r i  t y  of cav i t i e s  w i t h  d i f f e r e n t  

w a l l .  t a p e r s .  F igures  2 ,  3 ,  and 4 show c a v i t i e s  w i t h  f i e l d  tapers of 

O o ,  0.485’ and 7O, respect ive]-y.  

a n g l e  i n c r e a s e s ,  t h e  e x t e r n a l  Q d e c r e a s e s  and t h e  mode becomes more 

s h a r p l y  peaked, the peak ampli tude moving toward t h e  c a v i t y  opening. 

For l a r g e  t a p e r  a n g l e s ,  Q,,, becomes less than  Q 

s tood  from t h e  approximate e x p r e s s i o n  f o r  Q : 

It i s  t o  be  noted t h a t  as the t a p e r  

I T h i s  can be  under- m i n  

EXT 

n n 

- 
I n  a s t r o n g l y  t a p e r e d  c a v i t y  t h e  average cross s e c t i o n  A can become much 

less than t h e  o u t p u t  c ros s  s e c t i o n  a l lowing  Q t o  b e  less than  Q n i n .  

Figure 5 shows a p l o t  o f  Q versus  t a p e r  a n g l e  and shows t h a t  Q 
0 0 

r a p i d l y  decreases  as t h e  t a p e r  a n g l e  i s  i n c r e a s e d  from 0 t o  1 One 

i s  roughly 1 - 5% of may n o t e   hat Eor t h e  TE mode a t  60 G H z ,  

the unloaded w a l l  l o s s  Q. 

E XT 

E XT Em 

QEXT 021 
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111. EXPERIMENTAL DETERMINAT LON OF CAVITY Q ,  RESONrZlVT 
FREQUENCY AND mm STRUCTURE 

The c a v i t y  Q can be determined by measuring t h e  e f f e c t i v e  i n p u t  impedance 

t o  t h e  c a v i t y  versus frequency.  

source coupled i n t o  a cavitly through a coupl ing  p o r t  i s  shown i n  F ig-  

u r e  6a. The equivalent t ransformed circuit is  shown i n  Figure bb.. The 

normalized i n p u t  impedance a t  a - a i s  g iven  as: 

An e l e c t r i c  c i r c u i t  analog of art KF 

aa B 
Z 

Z 

(9) i- 1 -t 2iQo6 
- L =  

where 

Q, = wLc/Rc = t o t a l  c a v i t y  Q wi thout  coupl ing  p o r t  

B = ( W M ) ~ / Z R  -- c o u p l i n g  coefficient o f  e x t e r n a l  coupl ing  
C 

p o r t  t o  c a v i t y  

6 = (w - u o ) / w o  = f r a c t i o n a l  d e v i a t i o n  from resonance 

fre.quency o 
0 

w 0 = 1 l J  LcC 

The e x t e r n a l  Q due t o  t h e  coupl ing p o r t  a l o n e  i s  d e f i n e d  as :  
EXT 

QEXT = Q o f B  

The t o t a l  loaded Q i s  d e f i n e d  as: L 

9, = Qo/ ( l  + B )  

20 
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I 
I 
I 
1 
1 
I 
I 
I 
I 

I 3 I I I 

RESONANT 
CAVITY 

F i g u r e  6a Equiva len t  c i r c u i t  of RF coupled i n t o  resonant c a v i t y .  

0 7 2 8 5  

S a 

S a 

F i g u r e  6b Equivalent  r e p r e s e n t a t i o n  of above c i r c u i t ,  

2 1  



T h e  impedance can be fsransfomed to the  detuned s h o r t  p o s i t i o n  s - s 

by moving a distance R where: 

-1 
R = ( - 1 / ~ }  * t a n  ( w t / Z )  

The normalized impedance at s - s i s  a p p r o x i m a t e l y  given by: 

One observes t h e  f o l l o w i n g  properties of Z / Z  
SS 

i> Zss /Z  = t3 when 6 = 0 

i i )  Zss /Z  = 8 / ( 1  2 i.) when 2Q06 = 5 1 

iii) Z / Z  = ~ / [ 1  -t. i ( l  + B } ]  when 2QL6 = ? 1 

iv )  Zss/Z = B / ( 1  t i B >  when 2Q,,,S i- ? 1 

s s  

Using t h e  d e f i n i t i o n s :  

R = real (7, /Z) 
6s 

X = imaginary ( Z  /Z) 
s s  

G = real (Z /Zss )  

Y = imaginary (z/Z ) 
s s  

22 



one o b t a i n s :  

f 
0 - 

6 
Qo - f 5  - f 

where f 

Y = + l  (153) 

E, are the. f r e q u e n c i e s  a t  which 1' & 

where f f are the f r e q u e n c i e s  a t  which 
3 ,  4 

Y = +  ( G - t - 1 )  (1Sb) 

where f E are t h e  f r e q u e n c t e s  a t  which 
5 ?  6 

R = + X  ( 1 5 C )  

f = resonant  f requency which makes Z pure  real ;  (X = 0) 
0 SS 

The f u n c t i o n  Z 

pLex z plane. A conformal mapping is made t o  t h e  complex r p lane  where 

r i s  t h e  complex r e f l e c t i o n  coe f f i c i en t :  d e f i n e d  by: 

/Z as a f u n c t i o n  of f requency i s  a c i r c l e  i n  t h e  com- ss 

r as a functi.on o f  frequency w i l l  a l s o  br a c i r c l e  i n  t h e  complex I' 

plane .  A s  a r e s u l t  o f  t h e  p r o p e r t y  of  conformal mappings which map 

circles i n t o  c i r c l e s  t h e  complex I' p l a n e  becomes a ' 'Smith Chart'l 

when l i n e s  of c o n s t a n t  R ,  X ,  Y, 6. are d i s p l a y e d .  

The complex I" c i r c l e  can be measured and d i s p l a y e d  us ing  a p o l a r  p l o t  

network a n a l y z e r .  A s  t h e  f requency is var ied  about  resonance (X = 01, 

t h i s  c i r c l e  will i n t e r s e c t  t h e  l i n e s  R = + X ,  Y = 21, Y = + ( G  -t- 1 ) .  The 

i n t e r s e c t i o n  f r e q u e n c i e s  t h u s  a l low t h e  d e t e r m i n a t i o n  of Q 

u s i n g  Equat ions 15a,  15b and 15c. The resonant  frequency i s  determined 
L' Q,,, and Q 0' 

2 3  





QEMT 

QL. 

Qo 

Figure  7a Smith chart: w i t h  Loci  
.J 

of  Q,, Q,, Q,,. G7ZB7 

RIETWOR K 

USING POLAR 
ANALYZER 

SLIDING SHORT 

X WAVEGUIDE 

HARMONIC 
CONVERTER 

HP8747A 
CAVITY UNDER TEST 

F i g u r e  7b Experimental t e s t  set up 
f o r  Q measurement. 
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To c a l c u l a t e  the  efficiency of a gyrot ron  o s c i l l a t o r  the sel t -consis tent  

s teady  s t a t e  peak electric f i e l d  a m p l i t u d e  i n  t h e  c a v i t y  must be found 

which will r e q u i r e  the RF power s u p p l i e d  by t he  beam to be e q u a l  t o  t h e  

RF power d r a i n ~ d  f rom t h e  c a v i t y  due t o  the e x t e r n a l  Q. A large signal 

program is  used to c a l c u l a t e  t h e  output  power by computing the trajec- 

t o s l e s  of random ensemble of test e l e c t r o n s  p a s s i n g  through t h e  RF ‘lnd 

IBC f i e l d s  of t h e  c a v i t y  c a l c u l a t e d  i n  S e c t i o n  I. The t r a j e c t o r i e s  are 

determined from the r e l a t i v i s t i c  e q u a t i o n s  o f  motion given i n  normalized 

form by: 

dR uR - = -  
d t  Y 

n 

+ -  - . - - . .= -  
d t  Y RY 

UBBR 
E - -  a% - =  

d t  z Y 

27 



where: 

[ER(") cos w t  - E ( z >  s i n  u t ]  x 

( 2 3  cos  ut 
dEI 

s i n  w t  -+ - 
dz 

R ( z )  and E (z)  are t h e  a x i a l  fie1.d p r o f i l e s  ob ta ined  numer ica l ly  from 
"R 1 
t h e  differential e q u a t i o n  o f  S e c t i o n  I o r  exper imenta l ly ,  i f  p r e f e r r e d .  

E is  t h e  peak f i e l d  i n  the c a v i t y .  B ( z >  i s  the p r o f i l e  o f  the  e 0 

e x t e r n a l  magnetic f i e l d  and i s  given by: 

so is  t h e  average magnet ic  f i e l d  and DELTB is the p e r c e n t  v a r i a t i o n  of  

the  magnet ic  f i e l d .  The c a v i t y  p r o f i l e  i s  given by a ( z > .  

S o l v i n g  the above system f o r  up ~ r t :  1000 t e s t  e l e c t r o n s  a l l o w s  one t o  

de te rmine  t h e  energy  l o s t  by t h e  beam t o  t h e  RF f i e l d s  giving the  RF 

power produced. 

t h e  power is  opt imized w i t h  respect t o  the  e x t e r n a l  magnetic f i e l d ,  

g e n e r a t e s  numer ica l ly  a ftinction relating t h e  optimum RF power s u p p l i e d  

For each value of peak e l ec t r i c  f i e l d  ampli tude ( F i g u r e g ) ,  

Onethus  

28 
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-2 
by the b e a m  to the peak e l e c t r i c  f i e l d  amplitude squared E For a given 

Eixed c u r r e n t  L ,  this f u n c t i o n  is  symbalicaliy w r i t t e n  as: 
0' 

From S e c t i o n  L ,  t h e  power drai.ned f rom t h e  c a v i t y  through the coupl ing 

hole  i s  w r i t t e n  as: 

w i t h  KLOSS b e i n g  determined by e i t h e r  t h e o r e t i c a l  o r  exper imenta l  

'"cold tests". 

S i n c e  t h e  s t e a d y  s t a t e  demands t h a t  the power produced I? s up p li ed e q u a l s  

t h e  fo l lowing  equa t ion  f o r  the peak e l r c t r i c  
LOSS ' the power l o s t  P 

field m p 3 i t u d e  e' is o b t a i n e d :  
0 

-2 
The above e q u a t i o n  is  solved g r a p h i c a l l y  for EB by L-termining t h e  i n t e r -  

s e c t i o n  o f  t h e  c a v i t y  l o s s  l i n e  P w i t h  t h e  power product ion  curve 

g iv ing  
LO5 s . The s o l u t i o n  deternines the S E I  f-consistent v a l u e  of E 8' 

t h e  a c t u a l  o u t p u t  power and e f f i c i e n c y  of t h e  c a v i t y .  

The c a v i t i e s  d e s c r i b e d  i n  S e c t i o n  '1 were anal-yzed f o r  e f f i c i e n c y .  The 

s t r a i g h t  c a v i t y  (F igures  2 and 10) showed an e f f i c i e n c y  o f  32% a t  8 a m p s .  

The c a v i t y  Q was much too h i g h  t o  allow optimum e f f i c i e n c y  al-though 

30 



t h r e s h o l d  c u r r e n t s  were as l o w  as 2 amps. F igure  11 shows t h e  e f f e c t  

o f  p u t t i n g  a 0.485' t a p e r  on t h e  c a v i t y  w a l l  ( c a v i t y  shown i n  F i g u r e  3 ) .  

The t a p e r  n o t  o n l y  a l lows  t h e  b a s i c  power product ion  t o  increase, h u t  i t  

creates a much lower Q which a l lows  t h e  optimum power s o l u t i o n  t o  be  
EAT 

r e a l i z e d .  I n  t h i s  case, t h e  e f f i c i e n c y  was 4 2 % .  

F i g u r e  1 2  shows t h e  s o l u t i o n  f o r  t h e  tapered c n v j t y  a t  d i f f e r e n t  CIJP 

r e n t s .  No solution e x i s t s  below 4 amps .  Thus, a l though the  t a p e r e d  

c a v i t y  h a s  h i g h e r  e f f i c i e n c y ,  i t  r e q u i r e s  h igher  s ta r t  osc i l l . a t i on  cur- 

r e n t s  than  a nontapered c a v i t y  ( 4  amps compared t o  2 amps). F i g u r e  13  

shows a p l o t  o f  e f f i c i e n c y  and e x t e r n a l  Q as a f u n c t i o n  o f  t a p e r  a n g l e .  

One n o t e s  t h e  optimum taper a t  -0.5 and t h e  optimum Q a t  440.  0 

EXT 

lnstead of t a p e r i n g  t h e  cav i ty  wall ,  one may s l o p e  t h e  magnetic f i e l d  

p r o f i l e .  F i g u r e  14 shows a plot of  e f f i c i e n c y  v e r s u s  p e r c e n t  magnetic 

t a p e r  i n  a s t r a i g h t  c a v i t y ,  assuming t h a t  t h e  optimum Q i s  always pos- 

s i b l e  t o  achieve i n  each c a s e ,  R f i e l d  taper of  11% would a l low an e f f i -  

ci.ency of 47%. However, i t  i s  no t  obvious t h a t  t h i s  i s  a t t a i n a b l e  s i n c e  

t h e  s t r a i g h t  c a v i t y  h a s  a Q of 900, much h i g h e r  t h a n  r e q u i r e d  bei-e 

- 350 t o  r e a l i z e  47% e f f i c i e n c y ) .  One might ti-y magnet ic  taper -  

ing w i t h  c a v i t y  t a p e r i n g  i n  o r d e r  t o  b r i n g  down t h e  Q and thus  r e a l i z e  

t-he h i g h  e f f i c i e n c i e s .  F i g u r e  15 shows t h e  i n c r e a s e  in e f f i c i e n c y  w i t h  

magnetic t a p e r i n g  Cor a n  a c t u a l  realizable Q of 559.  

(QEXT 

EXT 
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/ / /  4 AMPS 

I I ! I I I I 
0 1  2 3 4  5 6 7  8 9 10 11 12 13 14 

E/ x 102 

0 2 - 2  
F igure  12 Tapered cavity (0 .485 ) s o l u t i o n  o f  P (re , I) = KLOSS E o  . RF 
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% MAGNETIC FlELD TAPER 

Figure  14 P o s s i b l e  e f f i c i e n c y  vs percent  t a p e r  o f  magnetic 
f i e l d  c a v i t y  w a l l  i s  untapered.  
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v. RF POWER DISSIPATION 

Assuming o p e r a t i o n  in t he  TE 

given as: 

mode at 60 GHz, the wall l o s s  C) is 021 

The power d i s s i p a t e d  on the w a l l s  i s  thus  given as: 

TJsing the resul ts  of F igu re  13, the power d i s s i p a t e d  p e r  square cei i t i -  

meter as a f u n c t i o n  of Q can b e  ca lcu la ted  and i s  d i s p l a y e d  in 
E XT 

Figure 15, To keep wall l o a d i n g  bel.ow 1000 w a t t s  per s q u a r e  centimerer, 

i t  i s  r e q u i r e d  t o  keep Q 

refLect ions could v i ~ l a t e  t h i s  requirement . 
below 800. Externa l  Laading which causes 

E XT 
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It has been shown ch i i t  cavLty t a p e r i n g  and magnetic f i e l d  tapering can 

enhance gyro t ron  efficiency by up to 50%. In both cases c;he p h y s i c a l  

mechanism involved is to f o r c e  the  bean t o  f i r s t  undergo s t r o n g  t r a m -  

verse p r e  bunching, The subsequent  RF i n t e r a c t i o n  i s  then greatly 

enhznced. 

i z e d ,  

t h r e s h o l d  currents, high values o f  Q are desirable .  However f o r  

high efficiency and low KF w a l l  d i s s i p a t i o n ,  l o w  Q values  are requi red .  

Future d e s i g n  wark, apart from making improvements in efficiency m u s t  

f i n d  a p r o p e r  compromise among Chese conflicting criteria. 

Cavity tapering a l s o  a1 lows the  requi red  Q,, t o  1st. real-  

For purposes of  lzaving c a v i t y  isolation mode s t a b i l i t y  and low 

E XT 
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