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ABSTRACT 

The objective of this program is to develop a microwave oscillator 
capable of producing 200 kW of CW output power at 60 GWz. 

cyclotron resonance interaction I s  being pursued. 

The use of 

The design, procurement and early construction phases of this program 

are discussed. 

V 



I. INTRODUCTION 

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

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

nor bandwidth a r e  cons idered  important  parameters i n  the  design but  

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

t h e  device ,  but  t h e  c i r c u l a r  e lec t r ic  mode is  considered desirable because 

of i ts  low loss  p r o p e r t i e s .  

Neither t u n a b i l i t y  

With these o b j e c t i v e s  i n  mind, an approach based on cyc lo t ron  resonance 

i n t e r a c t i o n  between an e l e c t r o n  beam and microwave f i e l d s  is  being pursued. 

The d e t a i l e d  arguments l ead ing  t o  t h i s  approach are contained i n  t he  f i n a l  

r e p o r t  of a preceding s tudy  program The device conf igu ra t ions  of 

p a r t i c u l a r  i n t e r e s t ,  called gyro t rons ,  have been d iscussed  i n  r ecen t  

1 

They employ a hollow e l e c t r o n  beam i n t e r a c t i n g  with 

c y l i n d r i c a l  r e s o n a t o r s  of the  TEOM, class. 

The optimum beam f o r  t h e  cyc lo t ron  resonance i n t e r a c t i o n  is  one i n  

which the  e l e c t r o n s  have most of t h e i r  energy i n  v e l o c i t i e s  perpendicular  t o  

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

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

E lec t rons  which have d i f f e r e n t  a x i a l  v e l o c i t i e s  w i l l  no t  i n t e r a c t  

e f f i c i e n t l y .  

The approach chosen t o  gene ra t e  t he  beam is a magnetron type  of  gun as 

is used on the  28 GHz gyro t ron ,  a l s o  developed f o r  Oak Ridge Nat iona l  

LaboratorySs8.  

t he  gun reg ion  becomes q u i t e  important .  

With t h i s  type  of gun t h e  shaping of  t h e  magnetic f i e l d  i n  

Cons t ruc t ion  of t h e  experimental  pulsed 60 GHz gyro t ron  i s  cont inuing .  

E lec t ron  gun p a r t s  have been rece ived  and cons t ruc t ion  w i l l  begin next 

q u a r t e r .  A success fu l  superconduct ing so lenoid  magnet des ign  review was 

he ld  a t  Magnetic Corporat ion of  America. 

c o n s t r u c t i o n  is n e a r l y  complete. Nearly a l l  of  t h e  window parts have been 

rece ived  and a braze j i g  f o r  the window is  being machined. A t  p r e sen t ,  t h e  

l i m i t i n g  item appears to be modi f ica t ion  of t he  t e s t  se t .  

Co i l  winding has begun. Co l l ec to r  

1 



11. ELECTRON GUN 

The 60 GHz gun design was subdected t o  computer a n a l y s i s  t h i s  q u a r t e r  

f o r  the purpose of c a l c u l a t i n g  the magnitudes of t h e  DC e lec t r ic  f i e l d  

normal t o  the s u r f a c e s  of t h e  negat ively-biased e l ec t rodes .  T h i s  work was 

done t o  ensure  t h a t  s u r f a c e  g r a d i e n t s  would c o n t r i b u t e  minimally t o  t h e  

gene ra t ion  of an a r c  i n  t h e  gun reg ion .  

The c a l c u l a t i o n s  were done us ing  a Varian computer program which s o l v e s  

Laplace ' s  equat ion  i n  c y l i n d r i c a l  coord ina te s  (by f i n i t e  clement methods) 

f o r  t he  p o t e n t i a l  i n  a given two-dimensional region.  The f ie lds  were then  

determined by c a l c u l a t i n g  the  g r a d i e n t  of t h e  p o t e n t i a l  d i s t r i b u t i o n  i n  a 

des i r ed  d i r e c t i o n .  

dependence on r a d i u s  of  the  f i e ld  t o  c a l c u l a t e d  va lues  near  the e l e c t r o d e ,  

and e x t r a p o l a t i n g  t o  the  e l e c t r o d e  su r face .  

Sur face  g r a d i e n t s  were then obtained by matching a power 

F igure  1 d e p i c t s  a computer-generated p l o t  of t h e  e l e c t r i c a l  geometry 

i n  t h e  gun reg ion ,  showing t h e  cathode support  and focus ing  s t r u c t u r e ,  the  

gun anode, and the body of t h e  tube.  It a l s o  inc ludes  the  presence of t h e  

gun ceramic and t h e  so lenoid  dewar. The gun ceramic is modeled as a f i n i t e  

t h i ckness  c y l i n d e r  i n  the  computer program. The f i g u r e  shows t h e  p o t e n t i a l  

d i s t r i b u t i o n  when the  tube  is turned on ( i .e. ,  wi th  the gun anode a t  25 kV 

and t h e  body a t  80 kV wi th  r e spec t  t o  t h e  cathode p o t e n t i a l ) .  The su r face  

g r a d i e n t  was c a l c u l a t e d  both f o r  t h i s  conf igu ra t ion  (turned-on) and t h e  

turned-off case, w i t h  t h e  gun anode biased 2 kV below cathode. I n  gene ra l ,  

t h e  su r face  g r a d i e n t  was higher  f o r  t h e  turned-off  case a t  t h e  gun anode 

s u r f a c e ,  and was h ighe r  i n  the  turned-on case  a t  the  t i p  of t h e  cathode 

s t r u c t u r e  ( f r o n t  focus  e l e c t r o d e ) .  

A t t en t ion  was focused on f i n d i n g  t h e  l o c a t i o n  of  t h e  maximum s u r f a c e  

g r a d i e n t s  of  t h e  gun anode and cathode f r o n t  focus e l e c t r o d e .  These two 

areas are shown i n  F igure  1.  F igure  2 is  a magnified view of t hese  two 

l o c a t i o n s ,  i n d i c a t i n g  where t h e  s u r f a c e  g r a d i e n t  was c a l c u l a t e d  t o  be 

maximum. 

2 
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FIGURE 2: MAGNIFIED VIEW OF THE GRADIENTS FOR THE ORIGINAL GUN 
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A d e c i s i o n  was made t o  a t tempt  improvement of  the  g r a d i e n t  o f f  o f  t h e  

gun anode. The most s t r a igh t fo rward  approach t o  t h i s  would be t o  i nc rease  

t h e  r a d i u s  of  cu rva tu re  of t h e  gun anode p iece  t h a t  had t h e  maximum 

c a l c u l a t e d  s u r f a c e  g rad ien t .  If the maximum o u t s i d e  diameter and l eng th  of 

t h e  gun anode were t o  remain cons t an t  ( t o  preserve beam o p t i c s  and ceramic 

g r a d i e n t s )  a larger r a d i u s  of cu rva tu re  could e a s i l y  be accommodated. T h i s  

change i n  t h e  shape of t h e  gun anode is shown i n  t h e  computer-generated p l o t  

of F igure  3, which shows t h e  change i n  p o t e n t i a l  d i s t r i b u t i o n  when t h e  new 

shape is used. The c a l c u l a t e d  maximum su r face  g r a d i e n t  was i n  t h e  same 

d i r e c t i o n  as f o r  t h e  prev ious  des ign ,  but  the magnitude of the  maximum 

g r a d i e n t  decreased by 20%. T h i s  r e l a t i v e l y  small change i n  gun des ign  

geometry accompanied by a very s i g n i f i c a n t  decrease i n  the  maximum s u r f a c e  

g r a d i e n t  should l e s s e n  the chances of arc formation i n  t he  gun. 

For the case shown i n  F igure  3 ,  t he  maximum vo l t age  g r a d i e n t s  a t  the 

gun anode and t h e  t i p  of  t h e  cathode focus e l e c t r o d e  are given i n  T a b l e  I 

f o r  the  on and o f f  cond i t ions .  

TABLE I 

Voltage Gradien ts  

ON OFF 

Gun Anode 

Cathode T i p  

60 kV/cm 90.5 kV/cm 

1 19 kV/cm 42 kV/cm 

5 
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111. SUPERCONDUCTING SOJ, ENOID MAGNET 

The superconducting so lenoid  magnet is on o rde r  from Magnetic 

Corporat ion of  America. F ive  mi les tones  were e s t a b l i s h e d  as fol lows:  

1 .  F i n a l  design and review by Varian engineers  

2. Receipt  of conductor 

3 .  Completion of magnet t e s t i n g  

4 .  F i n a l  t e s t i n g  of system 

5. Del ivery 

The first two mi les tones  are complete. The c o i l s  are being wound. The 

power s u p p l i e s  are complete and a v a i l a b l e  f o r  c o i l  tests. 

The gun c o i l  and one h a l f  of t h e  s p l i t  p a i r  have been wound. The 

remainder of the  c o i l s  are now scheduled t o  be completed by October 3 .  Coil  

t e s t i n g  is now scheduled t o  be completed by October 10. The major dewar 

p a r t s  are complete w i t h  the  except ion of t h e  top  p l a t e .  

F i n a l  system t e s t s  are scheduled f o r  t h e  f i r s t  week of November. 

The p e r t i n e n t  cryogenic  data f o r  t he  superconduct ing so lenoid  magnet 

dewar are given i n  Table 11. 

7 



TABLE I1 

Superconducting Solenoid Magnet Dewar Cryogenic Data 

Guaranteed 

Liquid Nitrogen Boiloff/Liters per Hour 0.17 

Liquid Nitrogen Holdtime/Hours 120 

Liquid Nitrogen/Total Volume in Liters 21 

Liquid Helium Boiloff/Liters per Hour, 
Coil on* 

0.70 

Liquid Helium Boiloff/Liters per Hour, 
Coil on** 

0.42 

Liquid Helium Holdtime/Coil on* 32 

Liquid Helium Holdtime/Coil off** 135 

Liquid Helium Holdtime/Above the Coil 23 
Liters 

Total Helium Volume/Liters 57 

Calculated 

0.13 

160 

21 

0.56 

0 - 3 3  

41 

172 

23 

57 

#Calculated with liquid helium above the coil only. 
**Calculated with entire liquid helium volume. 
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A. MODE CONVERSIO N AT CONICAL - CYIJNDRICAL TAPER JUNCTIO MS 

The work descr ibed  i n  Sec t ion  I V  of Reference 9 has been extended t o  

c a l c u l a t e  mode power r a t i o s ,  Pmn(K) ,  where t h e  t ransductance  parameter 

K f - aaOoA,  f o r  va lues  of K - 1. 

c y l i n d r i c a l  waveguide r a d i u s ,  O o  is t h e  t a p e r  ang le ,  and X i s  the  free space 

wavelength. For a c y l i n d r i c a l - c o n i c a l  j unc t ion  t h e  s i g n  of  K is  reversed .  

However, as we w i l l  see below, the s i g n  of K affects  only t h e  phase of t h e  

t ransduced modes and does not  affect  t h e  ampli tudes of t h e  mode power 

r a t i o s .  

i n c i d e n t  TEon mode was previous ly  found t o  be 

> Here, t h e  parameter ,  a, is  t h e  

The r a t i o  of power converted i n t o  t h e  TEom mode from a pure 

where X l n  is the  nth p o s i t i v e  roo t  of J 1 ( X )  = 0. 

f o r  fKI > 1 w e  u se  Equation ( 2 )  i n  Reference 9 ,  

I n  o rde r  t o  gene ra l i ze  ( 1 )  

where 

T,,(K) = 2 2 teiktL J , ( X l m t )  J 1 ( X l n t ) d t  
Jo (Xlm)O 

(3) 

The i n t e g r a l  i n  Equation ( 3 )  ha.s been eva lua ted  numerical ly  f o r  var ious  

( m ,  n )  and K .  

a b s o l u t e  va lues ,  1 Tmn(K) I v s  I K 1 , as requi red  by Equation ( 2 )  are g iven ,  

The r e s u l t s  agree with those  quoted by Solymarl' and those  c a l c u l a t i o n s  have 

been extended t o  inc lude  m o r  n = 5 ,  6 and va lues  of  K i n  t h e  range 

The r e s u l t s  are shown i n  F igu res  4 - 9 where only t h e  

2.5 - 10. 

Using Equation ( 2 )  and the  r e su l t s  f o r  lTmn(K)l ,  t h e  mode conversion,  

P m ( K ) ,  has a lso been computed as shown i n  F igu res  10 - 15. For va lues  of 

9 
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IKI’ 4 t h e s e  c a l c u l a t i o n s  y i e l d  phys ica l ly  meaningless r e s u l t s  (Pmn > 1 ) .  
> Apparent ly ,  forlKI- 2.5 the  t h e o r e t i c a l  a n a l y s i s  of the  problem is  no longer  

c o r r e c t .  

exceed u n i t y ,  one suspec t s  t h a t  t h e  boundary cond i t ion  app l i ed  a t  t h e  

c o n i c a l - c y l i n d r i c a l  j unc t ion  (see t h e  Appendix i n  Reference 9 )  does not  

proper ly  account f o r  dep le t ion  of t h e  pure i n c i d e n t  TEon wave during t h e  

mode conversion process .  For t h i s  reason t h e  reg ion  of  v a l i d i t y  of  

Equation ( 2 )  is l i m i t e d  t o  IK1 

As t h e  aymptoms of t h i s  e r r o r  i n  a n a l y s i s  are va lues  of Pmn which 

2.5. 

B. LRCTRON TRAJ ECTORY CALCULATIONQ 

A computer s imula t ion  of t h e  e l e c t r o n  beam was done f o r  t he  CW tube 

c o l l e c t o r  design.  

Twenty-four t r a j e c t o r i e s  were c a l c u l a t e d  s t a r t i n g  from the  i n t e r a c t i o n  

c i r c u i t  with e ight  e l e c t r o n s  arranged about each of three o r b i t  c e n t e r s .  

Because of program s i z e  l i m i t a t i o n s ,  four  axial  c o l l e c t o r  segments were 

r equ i r ed  i n  t h e  c a l c u l a t i o n  t o  reach t h e  area where i n t e r c e p t i o n  occurs .  

The c a l c u l a t i o n s  were made us ing  t h e  f r i n g i n g  f i e l d  of t h e  

superconduct ing magnet system w i t h  one a d d i t i o n a l  c o i l  i n  t h e  c o l l e c t o r  

reg ion  f o r  f i e l d  shaping. 

It was necessary  t o  use extremely high p rec i s ion  (35 d i g i t s )  t o  

c a l c u l a t e  t h e  o f f - ax i s  vec to r  p o t e n t i a l  from which the  magnetic f i e l d  is  

der ived .  The vec tor  p o t e n t i a l  a t  each poin t  was ca l cu la t ed  by a Gaussian 

quadra ture  of t h e  c o n t r i b u t i o n s  from each c o i l .  Each con t r ibu t ion  was 

c a l c u l a t e d  by means of complete e l l i p t i c  i n t e g r a l s  obtained by the  method of 

converging ar i thmet ic -geometr ica l  means. The extremely high p rec i s ion  was 

r equ i r ed  i n  order  t o  r e t a i n  a few s i g n i f i c a n t  f i g u r e s  when two very nea r ly  

equal  c o n t r i b u t i o n s  of oppos i t e  s i g n  are added. 

Ca lcu la t ions  of t h e  t r a j e c t o r i e s  i n  t h e  reg ion  20.5 t o  67.5 inches  from 

the c e n t e r  of the i n t e r a c t i o n  c i r c u i t  were made. The first t r a j e c t o r y  

i n t e r c e p t e d  approximately 20 inches  beyond t h e  lower c o l l e c t o r  seal. The 



beam loading  is spread over an a x i a l  l ength  of  approximately 2 feet .  

I11 shows the  reg ion  of the  c o l l e c t o r  impinged by each group of e ight  

t r a j e c t o r i e s :  

Table 

TABLE I11 

C o l l e c t o r  T r a j e c t o r y  Landing S i t e s  

T ra j ec to ry  Group Z ( i n c h e s )  

Outer 

Middle 

Inner  

38.55 - 60.33 

34.91 - 57.98 

36.75 - 53-08 

The tendency is f o r  t h e  outermost e l e c t r o n s  a t  t he  beginning of  t h i s  

p a r t i c u l a r  c a l c u l a t i o n  t o  t r a v e l  t h e  f u r t h e s t  before  impingement on t h e  

c o l l e c t o r  su r face .  

An estimate of the  peak power d e n s i t y  on t h e  c o l l e c t o r  walls w i l l  

r e q u i r e  more detai led t r a j e c t o r y  s imula t ion  runs.  
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V. WINDOW 

The p iece  p a r t s  for t h e  s i n g l e  disc Be0 window have been received.  The 

window braze  f i x t u r e  is  due i n  mid-October a t  which time the  assembly of t h e  

window fo r  the exper imenta l  pulsed tube  can be s ta r ted .  
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VI. COMPONENTS 

A v a r i e t y  of  waveguide components is  being developed f o r  use wi th  the 

60 GHz gyro t ron  inc lud ing  water loads ,  a frequency sampler and arc d e t e c t o r ,  

and mode f i l t e r s .  

A modif ica t ion  t o  t h e  f l ange  des ign  used on t h e  28 GMz water load is  

being made t o  prevent  f l ange  a r c i n g  and hea t ing  a n t i c i p a t e d  a t  high CW 

powers i n  multimode waveguide systems.  T h i s  f lange  design u t i l i z e s  a 

d i sposab le  copper gaske t  captured by s t a i n l e s s  s t ee l  f l anges .  

Both a pulsed and CW load  are being designed. The pulsed water load 

des ign  al lows more t u r b u l e n t  flow a t  lower water flow rates and has a 

smal le r  thermal mass. 

Cons t ruc t ion  of t h e  first pulsed water load is  scheduled t o  start i n  

October. 

B. FNWJENCY S AMPLER AND ARC DETECT0 R 

A combination frequency sampler and arc d e t e c t o r  ha3 been designed. 

The frequency sampler po r t ion  is designed t o  monitor all TE modes. The 

l i g h t  sens ing  po r t ion  is  designed t o  c u t  o f f  up t o  t h e  t h i r d  harmonic of  t he  

des ign  ope ra t ing  frequency of t h e  gyro t ron  t o  prevent  r f  leakage i n t o  t h e  

f iber  o p t i c s  l i g h t  g u i d e s .  An improvement i n  t h e  test lamp po r t ion  of  t h e  

arc  d e t e c t o r  is being made t o  ensure  a more re l iable  tes t  func t ion .  

Check p r i n t s  of t h e  frequency sampler and arc d e t e c t o r  are completed 

and are being reviewed f o r  engineer ing  approval .  

C. MODE FILTRRS 

Two types  of mode f i l t e r s  are being designed. The first type  is a 

water-cooled s t a i n l e s s  steel waveguide, which u t i l i z e s  t h e  d i f f e r e n t i a l  i n  
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l o s s  between non-c i rcu lar  e lec t r ic  modes and c i r c u l a r  e l e c t r i c  modes f o r  

f i l t e r i n g .  Check p r i n t s  f o r  t h i s  first type of mode f i l t e r  have j u s t  been 

completed. The second type  of mode f i l t e r  c o n s i s t s  of a l t e r n a t i n g  s t a i n l e s s  

s tee l  r i n g s  and gaps backed up by a waterloaded ceramic cy l inde r .  I n  

a d d i t i o n  t o  the  mode f i l t e r i n g  mechanism of the  first type  of mode f i l t e r  

t h e  second t y p e  creates breaks i n  the  conducting wall f o r  non-circular  

e l e c t r i c  modes b u t  not  f o r  c i r c u l a r  e lec t r ic  modes. Some of t h e  co ld  t es t  

par t s  have been rece ived  f o r  t h i s  design.  
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VII. TUBE ASSEMBLY 

A .  VGE-8060 S/N X-1 (FIRST EXPERIMENTAL PULSED TUBEL 

E s s e n t i a l l y  a l l  of t h e  p i ece  par t s  f o r  S/N X-1 have been received and 

cons t ruc t ion  is w e l l  under way. Cons t ruc t ion  is expected t o  be completed by 

t h e  end of October.  

The c o l l e c t o r  assembly is ready f o r  i ts  f i n a l  braze .  

The c o l l e c t o r  ex tens ion  assembly, t he  2.5 inches  i n s i d e  diameter 

waveguide between the  c o l l e c t o r  and window, is i n  process .  

A braze f i x t u r e  is being made f o r  the  c o l l e c t o r  ceramic assemblies. 

A braze f i x t u r e  f o r  t h e  s i n g l e  d i s c  b e r y l l i a  window w i l l  be complete i n  

mid-October. 

The output  taper assembly, t he  t a p e r  loading  from t h e  output  c a v i t y  t o  

t h e  c o l l e c t o r  has been brazed. A f i x t u r e  is being made t o  accomplish the  

f i n a l  machine opera t  ion .  

A braze  f i x t u r e  f o r  t h e  f i n a l  brazes  of  t h e  beam shaver  and output  

assembly,  t he  assembly c o n s i s t i n g  of the  anode and output  c a v i t y ,  is being 

made. 

The f i n a l  cathode assembly is under cons t ruc t ion  and is  expected t o  be 

completed by October 10. 

B. YGE-8060 S/N 1 (FIRS T 100 ms PULSE DURATION TUBE) 

Ninety percent  of t h e  piece p a r t s  f o r  t h e  first 100 ms pulse  du ra t ion  

gyro t ron  have been rece ived .  Cons t ruc t ion  has started and is expected t o  be 

completed by the end of December. 

The c o l l e c t o r  assembly is ready f o r  its f i n a l  braze.  
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The output  t a p e r  assembly has been brazed.  

C. VGE-8060 S/N 2 ( SECOND 100 m s  PULSE DURATION TUBE) 

Ninety percent  of the  p i ece  parts for  the second 100 ms pulse dura t ion  

gy ro t ron  have been r ece ived .  Cons t ruc t ion  is scheduled t o  begin i n  

November. 
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VIII. PROGRAM SCHEDULE AND PLANS 

The mi les tone  chart and s t a t u s  r e p o r t  is shown I n  F igure  16. 

For t h e  first experimental  pulsed gyro t ron ,  model number VGE-8060 

serial  number X-1 ,  a l l  gun p a r t s  have been r ece ived ,  assembly has  started 

and the  first gun is expected by October 10. 

The superconduct ing so lenoid  magnet I s  being wound a t  Magnetic 

Corporat ion of America fol lowing a success fu l  design review i n  J u l y .  

Del ivery is expected as ear ly  as mid-November, 

P iece  p a r t s  f o r  t h e  i n t e r a c t i o n  c i r cu i t  po r t ion  o f  t h e  tube  have been 

rece ived .  Assembly has s tar ted.  A braze j i g  is being made f o r  t h e  f i n a l  

assembly brazes .  

P iece  p a r t s  for t h e  window are a v a i l a b l e .  A braze j i g  is being made 

for the  window braze.  

Assembly of t h e  first experimental  pulsed gyro t ron  is scheduled for 

completion by t h e  end of  October. 

Ninety percent  of t h e  piece par ts  f o r  t h e  first 100 m s  pu lse  du ra t ion  

gyro t ron  have been rece ived .  

completed by t h e  end of December. 

Assembly has s tar ted and is scheduled t o  be 

Building of t h e  pulsed water load and frequency sampler and arc d e t e c t o r  
I 

w i l l  start i n  October. 

Ninety percent  of the piece p a r t s  f o r  t h e  second 100 m s  p u l s e  du ra t ion  

gy ro t ron  have been rece ived .  Assembly is planned t o  s t a r t  i n  November. 

Modif icat ion of t h e  Nike Zeus t e s t  set ,  funded by a s e p a r a t e  c o n t r a c t  

I s  planned t o  be completed, a t  least  f o r  s h o r t  pu l se  c a p a b i l i t y ,  by t h e  

first of January.  A t  p r e sen t ,  t es t  set  modi f ica t ion  appears  t o  be t h e  

l i m i t i n g  i t e m .  
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