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FOREWORD 

The work d e s c r i b e d  h e r e i n  was performed a t  t h e  E l e c t r o n  Dynamics 
D i v i s i o n  of Hughes A i r c r a f t  Company under NASA C o n t r a c t  NAS 3-11536, w i t h  
D r .  I. Tammaru a s  t h e  p r i n c i p a l  i n v e s t i g a t o r .  The o r i g i n a l  c o l l e c t o r  
scheme was proposed by D r .  0 .  G .  Sauseng, who was a l s o  invo lved  i n  the  
b a s i c  p lann ing  f o r  u t i l i z i n g  t h e  demountable a p p a r a t u s  f o r  t h e  collector 
e v a l u a t i o n s .  M r .  Gera ld  J.Chomos, S p a c e c r a f t  Technology D i v i s i o n ,  NASA 
Lewis Research Cente r ,  was P r o j e c t  Manager. 
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ABSTRACT 

Methods o f  a n a l y s i s  were developed f o r  asymmetric m u l t i s t a g e  
d e p r e s s e d  c o l l e c t o r  schemes, w i t h  and w i t h o u t  a n  i n i t i a l  t r a n s v e r s e  
magne t i c  f i e l d .  The scheme i n c l u d e d  beam expans ion  and r e f o c u s i n g  
i n t o  p a r a l l e l  f low p r i o r  t o  i n j e c t i o n  i n t o  t h e  c o l l e c t o r .  A two-  
s t a g e  t e s t  c o l l e c t o r  was e v a l u a t e d  w i t h  a  t r ave l ing-wave  tube  o p e r a t e d  
a t  9 GHz and 4 kW o u t p u t  power f o r  t h e  purpose  of v e r i f y i n g  t h e  a n a l y s i s  
procedure .  S a t i s f a c t o r y  agreement was o b t a i n e d  between measured and 
p r e d i c t e d  performance a l t h o u g h  some assumpt ions  had t o  be made because 
of  n o n - i d e a l  e x p e r i m e n t a l  c o n d i t i o n s  . A f our-s  t a g e  asymmetric c o l l e c t o r  
was des igned ,  which promised t o  i n c r e a s e  a  t u b e  e f f i c i e n c y  of 28% to 
abou t  50%. I t  was concluded t h a t  a  c y l i n d r i c a l l y  symmetric c o l l e c t o r  
i s  g e n e r a l l y  t o  be  p r e f e r r e d  o v e r  t h e  asymmetric t y p e s  t h a t  were i n v e s t i -  
g a t e d .  



I SUMMARY 

An investigation was made of two asymmetric multistage depressed 
collector schemes for efficiency enhancement of traveling-wave tubes, 
One scheme utilized a transverse magnetic field for initial deflection 
of the beam, the other achieved a continuous transverse deflection with 
a slanting electric field. The collector was preceded by a section of 
reduced magnetic focusing field, designed to expand the beam and refocus 
it into approximately parallel flow, to reduce the beam spread in the 
depressed region due to space charge forces and angular velocity of the 
electrons. Analysis methods, based on a calculation of the entire electron 
motion from the beginning of the RF interaction to the capture in the e o l -  
lector by digital computer programs, were developed. 

A two-stage test collector employing initial magnetic deflection was 
constructed and evaluated in a demountable apparatus with a solenoid 
focused traveling-wave tube at 9 GHz and 4 kW RF output power. The per- 
formance of the collector, which was not an optimized design, was used for 
verifying the validity of the analysis. The predicted performance agreed 
with measurements with the exception that the current to the first depressed 
stage was considerably smaller than estimated. The analysis was subse- 
quently modified by including the effect of space charge forces due to beam 
bunching and, approximately, the effect of residual rotational motion in the 
spent beam. The corrected performance predictions were generally in satis- 
factory agreement with experimental values, even though a number of 
perturbing effects were present in the experiment. Some assumptions had to 
be made, however, to correct for reduced current transmission into the col- 
lector and imperfect shielding of the depressed collector region, which 
permitted some electrons to escape to the surrounding vacuum envelope, 

An asymmetric electrostatic collector with four depressed stages was 
designed, which had a predicted efficiency of 62 percent. If operated with 
the traveling-wave tube used in the two-stage collector experiment, it 
would raise the undepressed tube efficiency of 28 percent to an estimated 
50 percent. An effort was made to minimize the effect of variations in the 
velocity components of the incident electrons; this lends greater validity 
to the performance estimate. 

The estimated efficiency of the asymmetric collector was comparable 
to the demonstrated efficiency of a cylindrically symmetric electrostatic 
collector. Because the construction as well as analysis of an asymetric 
collector are more complex, it was concluded that, except for certain 
applications, a symmetric collector is generally more practical. 



I1 INTRODUCTION 

The work described in this report is part of a continuing effort to 
increase the efficiency of high power transmitting systems for satellite 
applications. A high efficiency RF power source has the two-fold advan- 
tage of requiring less prime power and reducing the problem of heat 
rejection. Both of these advantages are very desirable in a space system. 

The specific task consisted of an investigation of a multistage de- 
pressed collector, for enhancing the efficiency of traveling-wave tubes 
by recovering part of the kinetic energy in the spent beam. It was pro- 
pcsed in the final report to NASA Contract NAS 3-9719, entitled 
'%naiytical Study Program to Develop the Theoretical Design of Traveling- 
Wave Tubes".' Although depressed collectors have been commonly used for 
efficiency improvement of electron beam devices, it is only recently that 
their design has been approached by satisfactory analytical methods. 2 9 3 : 4  

It seems imperative that a successful design of a collector with several 
depressed stages should be based on trajectory calculations which are in 
some manner representative of the actual electron paths. 

The electron velocities in the spent beam entering the collector 
are often guessed at in some way. A unique feature of the present 
study is that an attempt was made to calculate the entire electron 
motion from the beginning of the interaction with the RF wave to the 
capture in the depressed collector. The analysis method is thus con- 
ceptually very appealing. 

The original program plan consisted of the development of analysis 
methods; the evaluation and optimization of a two-stage depressed collector 
in a demountable apparatus, for the purpose of verifying or correcting the 
analysis methods; and the design and evaluation of a multistage collector 
with up to five depressed stages. The collector scheme originally pro- 
posed for the investigation was an asymmetric one with initial deflection 
of the beam by a transverse magnetic field. 

During the course of the work the plan was somewhat modified. Diffi- 
culries encountered with maintaining an adequate vacuum in the demountable 
apparatus during processing and testing delayed the evaluation of the first 
two-stage collector considerably. The test results, when finally obtained, 
indicated that a correction to the trajectory input conditions into the 
collector for the low and medium energy electrons was desirable. After the 
analysis procedure had been corrected, by including some additional effects, 
a better agreement with the measured performance was obtained. 

In the meantime, improved two-stage collectors had been designed, one 
with initial magnetic deflection and one all-electrostatic collector with 
transverse deflection. Since both of these designs were based upon the 
original trajectory input conditions, they did not represent truly optimized 
designs, and their experimental evaluation was not considered sufficiently 
useful. 



A detailed study of the experimental conditions and results indicated 
several possible perturbing influences, which were present because of the 
complexity of the collector scheme and geometry. The final multistage 
collector, an all-electrostatic asymmetric configuration with four de- 
pressed stages, was therefore designed to minimize the effect of uncertain- 
ties in the beam composition, at the cost of some efficiency degradation, 
Comparable efficiencies had been demonstrated elsewhere, and even higher 
efficiencies had been predicted, with electrostatic collectors of simpler 
geometry, possessing cylindrical symmetry. The designed asymmetric eol- 
lector did thus not appear as practical as a symmetric one; upon request 
from NASA it was not evaluated. 

In collector design analysis, the concept of collector efficiency is 
a very convenient figure of merit for comparing one collector design with 
another. It will be frequently referred to in this report, and is d i s -  
cussed in some detail in Appendix A; its relation to the often more directly 
useful DC-to-RF power conversion efficiency is also given. 



111. THE ORIGINAL, AND A MODIFIED, MULTISTAGE DEPRESSED COLLECTOR SCHEME 

The e s s e n t i a l  p r o c e s s  i n  m u l t i s t a g e  d e p r e s s e d  c o l l e c t o r  o p e r a t i o n  i s  t h e  
sorting of t h e  s p e n t  beam e ' l e c t r o n s  a c c o r d i n g  t o  t h e i r  energy ,  and t h e  cox- 
lection o f  t h e  e l e c t r o n s  a t  d i f f e r e n t  p o t e n t i a l s .  

The b a s i c  c o l l e c t o r  scheme, which was proposed f o r  t h e s e  s t u d i e s ,  i s  
i l l u s t r a t e d  i n  F i g u r e  1. The e l e c t r o n  s o r t i n g  i n  t h i s  c o l l e c t o r  i s  accom- 
plisbed i n  two s t e p s .  I n i t i a l l y  t h e  s p e n t  beam i s  s u b j e c t e d  t o  a  t r a n s v e r s e  
magnet ic  f i e l d ,  which p r o v i d e s  a d e f l e c t i o n  f o r c e  p e r p e n d i c u l a r  t o  t h e  a x i a l  
d i r e c t i o n  i n  a n  amount 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  e l e c t r o n  v e l o c i t y .  The 
slow e l e c t r o n s  t h e r e f o r e  a c q u i r e  a g r e a t e r  d e f l e c t i o n  i n  a n g l e  t h a n  t h e  f a s t  
ones ,  The main s o r t i n g  i s  produced by a n  e l e c t r o s t a t i c  f i e l d ,  which i s  main- 
t a i n e d  i n  t h e  c o l l e c t o r  r e g i o n  p r o p e r  by f i x e d  v o l t a g e s  on t h e  e l e c t r o d e s ,  
The amount o f  d e p r e s s i o n  i n c r e a s e s  w i t h  d i s t a n c e  i n t o  t h e  c o l l e c t o r ,  i n  a n  
approx imate ly  l i n e a r  r e l a t i o n .  The f a s t  e l e c t r o n s  p e n e t r a t e  deep i n t o  t h e  
c o l l e c t o r ,  b e f o r e  b e i n g  r e f l e c t e d ,  and a r e  c o l l e c t e d  on one of t h e  more de -  
p r e s s e d  e l e c t r o d e s ;  t h e  s low e l e c t r o n s  p e n e t r a t e  a s m a l l e r  d i s t a n c e  and a r e  
c o l l e c t e d  on a l e s s  d e p r e s s e d  e l e c t r o d e .  Because most e l e c t r o n s  a r e  i n t e r -  
cepted by t h e  c o l l e c t o r  e l e c t r o d e s  on t h e  t o p  ( f a r  s i d e )  s u r f a c e s ,  most of 
the secondary e l e c t r o n s  produced by t h e  impac t ing  p r i m a r i e s  w i l l  b e  suppressed  
by t h e  e l e c t r o s t a t i c  d e p r e s s i o n  f i e l d s .  

The s o r t i ~ g  e f f i c i e n c y  o f  t h i s  c o l l e c t o r  scheme depends on t h e  
vec tor  v e l o c i t y  d i s t r i b u t i o n  o f  t h e  beam e n t e r i n g  t h e  c o l l e c t o r  reg ion .  
Eb i s  e v i d e n t  from c o n s i d e r i n g  t h e  two h i g h  energy edge t r a j e c t o r i e s  i n  
the f i g u r e ,  f o r  example, t h a t  a n  i n i t i a l  d i v e r g e n c e  of t h e  beam w i l l  
have a degrad ing  e f f e c t  on t h e  performance.  One o f  t h e  d i s p l a y e d  
t r a j e c t o r i e s  would t end  t o  m i s s  t h e  most d e p r e s s e d  e l e c t r o d e  a f t e r  b e i n g  r e -  
flected, w h i l e  t h e  o t h e r  might  s t r i k e  t h e  e l e c t r o d e  on t h e  n e a r  s i d e  
s u r f a c e .  S i n c e  a t  t h e s e  s u r f a c e s  no e l e c t r o s t a t i c  b a r r i e r  i s  p r e s e n t  
t o  p reven t  secondary e l e c t r o n s  from cascad ing  down t o  t h e  n e x t ,  more 
p o s i t i v e  e l e c t r o d e ,  t h i s  w i l l  d i r e c t l y  reduce  t h e  c o l l e c t o r  e f f i c i e n c y .  
The idteal  c o n d i t i o n  i s  t o  have t h e  beam e l e c t r o n s  e n t e r  t h e  c o l l e c t o r  
in apprax imate ly  p a r a l l e l  f low w i t h  minimum r a d i a l  v e l o c i t y  s p r e a d .  
The purpose o f  t h e  " r e f o c u s i n g  reg ion"  shown i n  t h e  f i g u r e  i s  t o  pro- 
duce  such a  beam f low from t h e  l e s s  uniform (more d i s o r d e r e d )  e l e c t r o n  
motion p r e s e n t  i n  t h e  s p e n t  beam emerging from t h e  o u t p u t  c o u p l e r .  

It was i n d i c a t e d  how an i n i t i a l l y  d i v e r g i n g  beam i s  u n d e s i r a b l e  f o r  
effective c o l l e c t o r  o p e r a t i o n .  A beam d i v e r g e n c e  which i s  produced c l o s e  t o  
t h e  c o l l e c t o r  e n t r a n c e  by r e a s o n s  o t h e r  t h a n  a n  i n i t i a l  t r a j e c t o r y  spread  i s  
generally a l s o  u n d e s i r a b l e .  I n  t h e  p r e s e n t  i n v e s t i g a t i o n ,  which was made a t  
X-band a t  a n  RF power l e v e l  o f  4 kW, t h e r e  are s t r o n g  space  charge  f o r c e s  i n  
t h e  beam, which i n  t h e  i n t e r a c t i o n  r e g i o n  o f  t h e  t r ave l ing-wave  t u b e  a r e  
balanced o u t  by t h e  magnet ic  f o c u s i n g  f i e l d .  As t h e  main f o c u s i n g  f i e l d  i s  
t e r m i n a t e d  j u s t  p r i o r  t o  t h e  c o l l e c t o r  r e g i o n ,  t h e  beam t e n d s  t o  sp read  
qu ick ly  a s  a  r e s u l t  o f  t h e s e  space  charge  f o r c e s .  An a d d i t i o n a l  e f f e c t  i s  
p r e s e n t  f o r  a  semi-conf ined s o l e n o i d  focused  beam, o r i g i n a t i n g  from an  



Orig-la ncdristage depressed collector 
s chene . 



u n s h i e l d e d  c a t h o d e ,  such a s  h e r e  b e i n g  c o n s i d e r e d .  Such a  beam, a s s o c i a t e d  
w i t h  non-zero ca thode  f l u x ,  w i l l  a c q u i r e  a n g u l a r  momentum upon e n t e r i n g  a  
field f r e e  r e g i o n .  T h i s  a l s o  t e n d s  t o  s p r e a d  t h e  beam. I n  t h e  p r e s e n t  c a s e ,  
i n  f a c t ,  t h e  beam s p r e a d  due t o  non-zero ca thode  f l u x  dominates  t h e  space  
charge  e f f e c t .  A remedy f o r  p r e v e n t i n g  t h e  r a p i d  beam s p r e a d  i n  t h e  c o l -  
l e c t i o n  r e g i o n  i s  t o  l e t  t h e  beam expand b e f o r e  b e i n g  r e f o c u s e d  i n t o  p a r a l l e l  
f l o w ,  T h i s  r e d u c e s  b o t h  t h e  space  charge  f o r c e s  and t h e  a n g u l a r  v e l o c i t y  o f  
t h e  e l e c t r o n s  i n  a  f i e l d  f r e e  reg ion .*  P r e l i m i n a r y  a n a l y s i s  w i t h  a  DC beam, 
d e s c r i b e d  i n  Appendix B ,  r e v e a l e d  t h e  n e c e s s i t y  f o r  f i r s t  expanding t h e  beam, 
and the o r i g i n a l  concept  was modi f i ed  a c c o r d i n g l y .  The expansion was accom- 
p l i s h e d  by m a i n t a i n i n g  a  reduced magnet ic  f i e l d  o v e r  a  s u i t a b l e  a x i a l  
d i s t a n c e ,  a s  d i s c u s s e d  i n  Appendix B. 

Before  proceeding w i t h  t h e  d e t a i l e d  a n a l y s i s  o f  t h e  system, t h e  
exper imenta l  a p p a r a t u s  w i l l  be d e s c r i b e d  i n  t h e  n e x t  s e c t i o n .  

By Busch 's  theorem, t h e  a n g u l a r  v e l o c i t y  of an  e l e c t r o n  i n  an 
a x i a l l y  symmetric sys tem i s  g i v e n  by 

where r is  t h e  d i s t a n c e  o f  t h e  e l e c t r o n  from t h e  a x i s  and B i s  
the a x i a l  f i e l d ,  h e r e  cons idered  uniform over  t h e  c i r c l e  w i t h  
r a d i u s  r ;  rc and Bc a r e  t h e  cor responding  q u a n t i t i e s  f o r  t h e  
e l e c t r o n  a t  t h e  cathode.  I n  a  f i e l d  f r e e  r e g i o n  (B = 0) a n  
a n g u l a r  v e l o c i t y  due t o  t h e  ca thode  f l u x  remains .  Th i s  a n g u l a r  
v e l o c i t y  d e c r e a s e s  w i t h  i n c r e a s i n g  r. 



I V .  DESCRIPTION OF APPARATUS AND MEASUREMENT SETUP 

The e x p e r i m e n t a l  c o l l e c t o r  e v a l u a t i o n  was done i n  a p r e v i o u s l y  de -  
veloped demountable a p p a r a t u s ,  which was modi f i ed  f o r  t h e  c o l l e c t o r  
exper iments .  A s t a c k e d  coupled c a v i t y  c i r c u i t  a t  X-band,iproducing 
4 kW of s a t u r a t e d  ou tpu t  power, was used t o  g e n e r a t e  an RF modulated 
s p e n t  beam. The s o l e n o i d  focused  DC beam from t h e  gun had been examined 
i n  a magnet ic  demountable beam a n a l y z e r  f o r  a s e p a r a t e  c o n t r a c t .  The 
beam c h a r a c t e r i s t i c s ,  b o t h  t h o s e  used i n  t h e  a n a l y s i s  and t h e  measured 
v a l u e s ,  a r e  l i s t e d  i n  Tab le  I. I n  t h e  a n a l y s i s ,  an  i d e a l  DC beam entering 
t h e  slow wave c i r c u i t  was assumed, a l t h o u g h  t h e  a c t u a l  s c a l l o p i n g  r a d i u s  
of t h e  beam was c l o s e  t o  a maximum a t  t h e  f i r s t  i n t e r a c t i o n  gap. I t  
was v e r i f i e d ,  however, t h a t  such  a n  e n t r a n c e  c o n d i t i o n  d i d  n o t  s i g n i f i c a n t l y  
change t h e  r e s u l t s .  

TABLE 1 DC BEAM CHARACTERISTICS 

Opera t ing  v o l t a g e ,  

Beam perveance .43 - .44 plperv 

Beam d i a m e t e r ,  ,060" (. 152 cm) .0611' ( . I 5 5  cm) 

S c a l l o p i n g  wavelength  .5" (. 127 cm) 

Focusing F i e l d ,  B 
( . I85  - .215 T) 

The ca thode  f l u x  parameter  k is  d e f i n e d  by t h e  r a t i o  
lfclrr0 2Bo where $ c i s  t h e  f l u x  through t h e  ca thode .  

DEMOUNTABLE APPARATUS 

The main components of t h e  demountable a p p a r a t u s  i n c l u d i n g  the 
f o c u s i n g  s o l e n o i d ,  a r e  d i s p l a y e d  i n  F i g u r e  2.  A schemat ic  of the 
assembly i s  shown i n  F i g u r e  3 .  The s t a c k e d  coupled c a v i t y  c i r c u i t  
i s  mounted on a b a s e p l a t e ,  which s u p p o r t s  t h e  i n p u t  and o u t p u t  waveguide 
g u i d e s  and t h e  e l e c t r o n  gun assembly.  The b a s e  a l s o  c o n s t i t u t e s  part 
of t h e  lower po le  p i e c e  f o r  t h e  f o c u s i n g  s o l e n o i d  ( n o t  shown i n  F i g u r e  3) 
which f i t s  around t h e  main vacuum enve lope  and rests on t h e  vacuum f l a n g e  



F i g u r e  2 Demountable a p p a r a t u s  f o r  c o l l e c t o r  e v a l u a t i o n s .  (A one 
f o o t  r u l e  r e s t s  a t  t h e  b a s e  of  t h e  s o l e n o i d  t o  t h e  r i g h t , )  
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F i g u r e  3 Schematic of demountable a p p a r a t u s .  
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a t  the bottom. A copper  g a s k e t  p rov ides  t h e  vacuum s e a l  between t h e  
welded vacuum envelope s t r u c t u r e  and t h e  base .  The e l e c t r o n  gun assembly 
i s  s t a c k e d  and s p r i n g  loaded, and can  be removed w i t h o u t  d i s t u r b i n g  t h e  
i n t e r a c t i o n  c i r c u i t  o r  t h e  f o c u s i n g  c o n f i g u r a t i o n .  

The c o l l e c t o r  s t r u c t u r e  i s  assembled o n t o  a s e p a r a t e  base ,  t h e  " m ~ v a b l e  
p o l e  p iece"  i n  F i g u r e 3 , w i t h  t h e  e l e c t r i c a l  connec to r  l e a d s ,  i n s u l a t e d  by 
ceramic tubes ,  p r o j e c t i n g  through h o l e s  i n  t h e  p o l e  p iece .  Upon assembly 
of the system, t h e  movable p o l e  p i e c e  w i t h  t h e  c o l l e c t o r  s t r u c t u r e  is  i n -  
s e r t e d  i n t o  t h e  open vacuum enve lope  from t h e  bottom end. Connector l e a d s  
b razed  t o  t h e  h i g h  v o l t a g e  feed- th roughs  on t h e  top,  and i n s u l a t e d  by 
ceramic cubing, a r e  guided through t h e  h o l e s  i n  t h e  p rocess .  The movable 
pole p i e c e  i s  s e c u r e d  by a s p a c e r  and a s u p p o r t  r i n g  t o  a p o l e  p i e c e  r i n g ,  
which i s  p a r t  of t h e  vacuum envelope.  The c o l l e c t o r  l e a d s  a r e  connected 
t n  t h e  feed through  l e a d s  a s  t h e  f i n a l  s t e p  b e f o r e  p l a c i n g  t h e  vacuum 
envelope i n t o  p o s i t i o n  on t h e  b a s e  and t i g h t e n i n g  t h e  vacuum s e a l .  

The system i s  baked o u t  by an  oven which i s  lowered over  t h e  vacuum 
envelope. A s e p a r a t e  wa te r -coo led  p l a t e  a l l o w s  c o n t r o l  of t h e  t empera tu re  
of the base .  Th is  is d e s i r a b l e  i n  o r d e r  t o  p r e v e n t  r e p e a t e d  thermal  
stress on t h e  ceramic  feed throughs  i n  t h e  b a s e  and t h e  gun, and on t h e  
RF vacuum windows. The bakeout  t empera tu re  was g e n e r a l l y  300°c, w i t h  t h e  

0 
base k e p t  a t  around 100 C. 

COLLECTOR ASSEMBLY 

A schemat ic  of t h e  assembled two-s tage t e s t  c o l l e c t o r  i s  shown i n  
Figure 4 ;  a photograph o f  t h e  u n i t  i s  p resen ted  i n  F i g u r e  5. The c o l l e c t o r  
i s  mounted on t h r e e  s t a c k i n g  b o l t s ,  which a r e  p r e s s  f i t t e d  i n t o  t h e  movable 
p o l e  p iece .  The e l e c t r o d e s ,  w i t h  c i r c u l a r  h o l e s  o f f s e t  from t h e  beam a x i s ,  
are i n s u l a t e d  from t h e  s t a c k i n g  b o l t s  by ceramic rubes  and h e l d  i n  p l a c e  by 
ce ramic  s p a c e r s .  S h i e l d s  a t t a c h e d  t o  t h e  e l e c t r o d e s  minimize t h e  e f f e c t  
of  t h e  su r rounding  grounded vacuum envelope on 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  the c o l l e c t o r .  They a l s o  h e l p  p reven t  e l e c t r o n s  from e s c a p i n g  from 
the depressed  r e g i o n .  The ceramic s p a c e r s  a r e  provided w i t h  s h i e l d s  t o  
p r even t  t h e i r  c h a r g i n g  up. 

The r e f o c u s i n g  magnet, shown i n  F i g u r e  6, c o n s i s t s  o f  a foil-wound 
solenoid w i t h  133 t u r n s  i n s i d e  a vacuum-tight s t a i n l e s s  s t e e l  can. It 
.fits i n t o  a r e c e s s  i n  t h e  m v a b l e  po le  p iece ,  which i s  thus  t h e  common 
p o l e  piece between t h e  main s o l e n o i d  and t h e  r e f o c u s i n g  s o l e n o i d .  An 
b n s e r t  a l l o w s  conven ien t  m o d i f i c a t i o n  of t h e  p o l e  p i e c e  hole c o n f i g u r a t i o n .  
T h e  second po le  p i e c e  of t h e  r e f o c u s i n g  s o l e n o i d  r e s t s  on t o p  o f  t h e  non- 
magnetic s o l e n o i d  vacuum can.  Th is  po le  p i e c e  may be  i n s u l a t e d  from t h e  
cac by a t h i n  mica s h e e t  f o r  t h e  purpose of measur ing t h e  i n t e r c e p t e d  
current on i t  s e p a r a t e l y .  
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Figure 4 Schematic of two-stage test collector. 



Figure 5 Assembled two-stage test collector. 



F i g u r e  6 Refocusing s o l e n o i d  ( t h e  s c a l e ,  f o r  s i z e  comparison,  i s  
i n  i n c h e s ) .  



The magnet c o n f i g u r a t i o n  o f  t h e  r e f o c u s i n g  s e c t i o n  i s  e x h i b i t e d  i n  
F i g u r e  7. A l s o  shown i s  t h e  e s t i m a t e d  f i e l d  on t h e  a x i s ,  o b t a i n e d  by 
s u p e r p o s i t i o n  of Molnar-Moster type  f i e l d  t r a n s i s t i o n s 5  a t  t h e  t h r e e  
r e l e v a n t  po le  p i e c e  f a c e s .  For conuenience,  t h i s  i d e a l i z e d  f i e l d  shape  
was used i n  t h e  computer c a l c u l a t i o n s ,  s i n c e  i t  can be expressed  by s imple  
mathemat ica l  e x p r e s s i o n s .  The measured f i e l d  i n  t h e  r e f o c u s i n g  r e g i o n  
was s i m i l a r  t o  t h e  i d e a l i z e d  one, e x c e p t  t h a t  t h e  f i e l d  between t h e  two 
p a l e  p i e c e s  was somewhat more peaked i n  t h e  middle .  Th i s  was p r i n c i p a l l y  
caused by c o n s t r u c t i o n  and i n s u l a t i o n  c o n s t r a i n t s ,  which prevented ex tend-  
i n g  t h e  c u r r e n t - c a r r y i n g  s o l e n o i d  f o i l  a l l  t h e  way t o  t h e  p o l e  p i e c e s  on 
e i t h e r  s i d e .  I n  t h e  e x p e r i m e n t a l  c a s e ,  a n  ad jus tment  i n  t h e  magnitude of 
the r e f o c u s i n g  f i e l d  was p o s s i b l e ,  by which some compensation of t h e  d i f -  
f e r e n c e  i n  shape could  be  made. The magnitude o f  t h e  r e f o c u s i n g  f i e l d  
was t y p i c a l l y  40% of t h e  main f o c u s i n g  f i e l d ,  o r  a b o u t  800 gauss  ( . 0 8  T ) ;  
t h i s  was produced w i t h  a  c u r r e n t  of 8 A.  

The a x i a l  l eakage  f i e l d  i n t o  t h e  c o l l e c t o r  was a b o u t  3%. I t  was 
produced a lmos t  e n t i r e l y  by t h e  main s o l e n o i d .  A magnet ic  s h i e l d  was 
placed o u t s i d e  t h e  vacuum envelope,  b u t  i t  was l e s s  e f f e c t i v e  than  a n t i -  
c i p a t e d .  A s i m i l a r  type  s h i e l d  f o r  a  c o n v e n t i o n a l  depressed  c o l l e c t o r  
on t h e  demountable a p p a r a t u s  had been used s u c c e s s f u l l y  i n  t h e  p a s t ,  b u t  
the s i z e  o f  t h a t  c o l l e c t o r  had been a p p r e c i a b l y  s m a l l e r .  The complex 
c o n s t r u c t i o n  o f  t h e  p r e s e n t  c o l l e c t o r  would make i t  r a t h e r  d i f f i c u l t  
t o  i n c o r p o r a t e  an  e f f e c t i v e  i n t e r n a l  s h i e l d ,  

The d e f l e c t i o n  magnet r e s t s  on non-magnetic s p a c e r s  and i s  a t t a c h e d  
t o  t h e  r e f o c u s i n g  magnet p o l e  p i e c e  ( F i g u r e  8 ) .  I t  c o n s i s t s  of a semi- 
c i r c u l a r  i r o n  c o r e ,  of s q u a r e  c r o s s - s e c t i o n ,  w i t h  p o l e  p i e c e s  on e i t h e r  
e n d ,  A copper  w i r e  i s  wound around t h e  c o r e  w i t h  i n s u l a t i n g  s t r i p s  o f  
mica i n  between. 

The t r a n s v e r s e  d e f l e c t i o n  f i e l d  i n  t h e  beam r e g i o n  i s  e s t a b l i s h e d  
between t h e  p o l e  p i e c e s  a s  shown i n  F i g u r e  9 .  A magnet ic  s h i e l d ,  suspended 
on t h e  s t a c k i n g  b o l t s ,  l i m i t s  t h e  e x t e n t  of t h e  f i e l d  i n t o  t h e  depressed  
c o l l e c t o r  r e g i o n .  It has  a  r e c t a n g u l a r  a p e r t u r e  ( s e e n  i n  F i g u r e s  4 and 5) 
t o  m a i n t a i n ,  a s  f a r  a s  p o s s i b l e ,  a  uniform t r a n s v e r s e  f i e l d  over  t h e  beam 
area i n  a  g i v e n  a x i a l  p lane .  

The shape  of t h e  t r a n s v e r s e  f i e l d  on t h e  a x i s ,  which was used i n  t h e  
c o l l e c t o r  t r a j e c t o r y  a n a l y s e s ,  was i n t i a l l y  c a l c u l a t e d  w i t h  a  computer 
program. The measured f i e l d  c o n f i g u r a t i o n  was l a t e r  v e r i f i e d  t o  be i n  
e x c e l l e n t  agreeement w i t h  p r e d i c t i o n s .  The d e f l e c t i o n  f i e l d  was a d j u s t e d  
in t h e  c a l c u l a t i o n s  t o  g i v e  a  d e f l e c t i o n  angle;'i o f  about  11° ( . 2  r a d )  
f o r  s p e n t  beam e l e c t r o n s  w i t h  an  average  energy of 12 kV. I n  t h e  
given c o n f i g u r a t i o n ,  t h i s  r e q u i r e d  a  peak t r a n s v e r s e  f i e l d  of about  
80 gauss  (.008 T ) ,  which was o b t a i n e d  w i t h  a  c u r r e n t  of 4 A through t h e  
c o i l ,  
-- 
W o r  s m a l l  d e f l e c t i o n s  t h e  d e f l e c t i o n  a n g l e  i s  p r o p o r t i o n a l  t o  t h e  i n t e g r a l  

of t h e  magnitude of t h e  t r a n s v e r s e  f i e l d  over  t h e  p a t h  l e n g t h .  
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Figure 7 Refocusing magnet c o n f i g u r a t i o n  and magne t i c  f i e l d  
on the axis, 



F i g u r e  8 D e f l e c t i o n  magnet mounted on t h e  r e f o c u s i n g  magnet 
p o l e  p i e c e .  
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F i g u r e  9 D e f l e c t i o n  magnet and f i e l d  c o n f i g u r a t i o n s .  



MUSUREMENT SETUP 

The c o l l e c t o r  was e v a l u a t e d  i n  t h e  demountable a p p a r a t u s  by opera-  
t i n g  t h e  t r ave l ing-wave  tube  i n  a  ca thode  pu l sed  mode. Thermal c o n s i d e r a -  
t.ions could  thus  be d i s r e g a r d e d  i n  the  d e s i g n  o f  t h e  c o l l e c t o r .  The pu l se  
r e p e t i t i o n  r a t e  was 100 p u l s e s  p e r  second,  and t h e  p u l s e  wid th  6 ps, g i v i n g  
a d u t y  f a c t o r  of .06%. 

The e l e c t r i c a l  d iagram f o r  t h e  measurements on t h e  two-s tage t e s t  
c o l l e c t o r  i s  shown i n  F i g u r e  10. A h i g h  power d ropp ing  r e s i s t o r  cou ld  be 
used t o  s e l e c t  v a r i o u s  e l e c t r o d e  v o l t a g e s .  The a c t u a l  v o l t a g e  d u r i n g  a  
c u r r e n t  p u l s e  was measured w i t h  a  c a l i b r a t e d  c a p a c t i v e  v o l t a g e  d i v i d e r  i n  
c o n j u n c t i o n  w i t h  a  p r e c i s i o n  v o l t a g e  comparator.  I n  p r a c t i c e ,  t h e  v o l t a g e s  
on e l e c t r o d e s  No. 1 and 2 were main ta ined  by a v a i l a b l e  DC s u p p l i e s  which 
were provided w i t h  RG f i l t e r s  hav ing  long  t ime c o n s t a n t s .  The s u p p l i e s  were 
c a l i b r a t e d  w i t h  an  a c c u r a t e  e l e c t r o s t a t i c  v o l t m e t e r .  The c u r r e n t s  t o  t h e  
d e p r e s s e d  e l e c t r o d e s  ( i n c l u d i n g  t h e  end p l a t e ) ,  t h e  d e f l e c t i o n  magnet 
s h i e l d ,  t h e  d e f l e c t i o n  magnet - r e f o c u s i n g  magnet po le  p i e c e  assembly,  
t h e  body (vacuum enve lope) ,  and t h e  ca thode  were  measured independen t ly  
w i t h  c a l i b r a t e d  c u r r e n t  - viewing t o r o i d s .  The c u r r e n t s  could  u s u a l l y  be 
measured w i t h i n  1 mA, e x c e p t  f o r  t h e  body c u r r e n t  p u l s e  which tended t o  
e x h i b i t  i n s t a b i l i t y ;  f o r  c o n s i s t e n c y ,  t h e  magnitude o f  t h e  body c u r r e n t  
was i n s t e a d  c a l c u l a t e d  from t h e  o t h e r  c u r r e n t s .  I n  a  second exper iment  
t h e  coupled c a v i t y  s t a c k  was i s o l a t e d ,  and t h e  c u r r e n t  i n t e r c e p t e d  by t h e  
RF c i r c u i t  was a l s o  measured. 

The RF s e t u p  i s  shown i n  F i g u r e  11. The RF i n p u t  power was s u p p l i e d  
by a n  X-band magnetron which was pu l sed  synchronously  w i t h  t h e  cathode.  A 
k l y s t r o n ,  which cou ld  be  o p e r a t e d  e i t h e r  CW o r  i n  pulsed mode a t  t h e  same 
frequency a s  t h e  magnetron, provided a  power r e f e r e n c e  i n  t h e  exper iments .  
7n t h e  CW mode t h e  k l y s t r o n  o u t p u t  power cou ld  be  d i r e c t l y  measured w i t h  t h e  
power mete r .  When t h e  k l y s t r o n w a s s w i t c h e d  t o  pulsed made, t h e  peak power 
remained unchanged. A r e f e r e n c e  o f  a  known peak power cou ld  t h e r e f o r e  be d i s -  
p layed on t h e  o s c i l l o s c o p e .  Both t h e  i n p u t  and t h e  o u t p u t  power p u l s e s  
cou ld  be sarcpled and switched f o r  d i s p l a y  on t h e  same scope.  A c a l i b r a t i o n  
s f  the  a p p r o p r i a t e  l e g s  t h u s  a l lowed  d i r e c t  measurement o f  t h e  pulsed i n p u t  
and outpu t  power l e v e  1s. 



F i g u r e  10 E l e c t r i c a l  d iagram f o r  c o l l e c t o r  measurements, 
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F i g u r e  il RF setup.  



V .  METHOD OF ANALYSIS 

The e l e c t r o n  motion i n  t h e  t r ave l ing-wave  t u b e  and t h e  c o l l e c t o r  was 
ana lyzed  w i t h  two d i g i t a l  computer programs. A  two-dimensional l a r g e  s i g n a l  
program, based on a  charge  d i s k  model of t h e  e l e c t r o n  beam w i t h  v a r i a b l e  d i s k  
r a d i i , 6  was used t o  c a l c u l a t e  t h e  motion i n  t h e  i n t e r a c t i o n  r e g i o n  and 
through t h e  r e f o c u s i n g  s e c t i o n .  The d e f l e c t i o n  r e g i o n  and t h e  depressed  
c o l l e c t o r  r e g i o n  p r o p e r  was ana lyzed  w i t h  a  t r a j e c t o r y  program. I [ n i t i a l l y ,  
t h e  two-dimensional program d i d  not i n c l u d e  t h e  space  charge  f o r c e s  due t o  
t h e  beam bunching,  which r e s u l t s  from i n t e r a c t i o n  w i t h  t h e  RE wave, Although 
t h e  m a j o r i t y  o f  t h e  t r a j e c t o r y  c a l c u l a t i o n s  f o r  t h e  c o l l e c t o r  were based on 
t r a j e c t o r y  l aunch ing  c o n d i t i o n s  d e r i v e d  from t h i s  program, t h e s e  computer 
r u n s  a r e  s t i l l  u s e f u l  i n  i n d i c a t i n g  t h e  g e n e r a l  e f f e c t  of m o d i f i c a t i o n s  i n  t h e  
c o l l e c t o r  d e s i g n .  I n  t h e  p r e s e n t  s e c t i o n ,  t h e  o r i g i n a l  a n a l y s i s  method w i l l  
be  d e s c r i b e d  i n  d e t a i l .  The e f f e c t  of t h e  RE space  c h a r g e  f o r c e s  w i l l  b e  t aken  
up i n  S e c t i o n  V I I .  

Before  t h e  a c t u a l  e l e c t r o n  t r a j e c t o r y  computat ions  were i n i t i a t e d ,  a  p r e -  
l i m i n a r y  l a r g e  s i g n a l  a n a l y s i s  o f  t h e  t e s t  c i r c u i t  was c a r r i e d  o u t  w i t h  a 
one-dimensional  computer program i n  o r d e r  t o  s e l e c t  s u i t a b l e  o p e r a t i n g  cond i -  
t i o n s  f o r  t h e  e f f i c i e n c y  e v a l u a t i o n s .  Some o f  t h e  r e s u l t s  o f  t h i s  i n v e s t i g a t i o n  
a r e  p r e s e n t e d  i n  Appendix C .  A beam v o l t a g e  of 16 kV was s e l e c t e d  f o r  aEL the 
subsequent  work. 

ANALYSIS O F  THE REFOCUSING SECTIC9N 

The p r e v i o u s l y  mentioned two-dimensional l a r g e  s i g n a l  computer program 
was used f o r  c a l c u l a t i n g  t h e  e l e c t r o n  mot ion i n  t h e  r e f o c u s i n g  s e c t i o n ,  The 
program, developed by D r .  H. K.  D e t w e i l e r  o f  J e t  P r o p u l s i o n  L a b o r a t o r y ,  was 
a c q u i r e d  f o r  r e f o c u s i n g  s t u d i e s  c a r r i e d  o u t  under  NASA C o n t r a c t  NAS3-11539. 
S e v e r a l  f e a t u r e s  were added t o  t h e  program, among them p l o t t i n g  r o u t i n e s  and a 
magnet ic  f i e l d  o p t i o n ,  i n  which a  r e f o c u s i n g - t y p e  f i e l d  cou ld  be  s p e c i f i e d  by 
means o f  t h e  r e l e v a n t  magnet pa ramete rs .  

The a n a l y t i c a l  d e s i g n  o f  t h e  r e f o c u s i n g  f i e l d ,  shown i n  F igure  7 i n  t h e  
p r e v i o u s  s e c t i o n ,  was d e r i v e d  by c a l c u l a t i n g  t h e  s p e n t  beam e l e c t r o n  t r a -  
j e c t o r i e s  through t h e  r e f o c u s i n g  r e g i o n ,  and changing t h e  r e f o c u s i n g  paramete rs  
u n t i l  t h e  d e s i r e d  beam expansion and beam f low a t  t h e  o u t p u t  was o b t a i n e d .  The 
most s i g n i f i c a n t  pa ramete rs  a r e  t h e  magnitude of t h e  r e f o c u s i n g  f i e l d  and t h e  
l e n g t h  of t h e  r e f o c u s i n g  magnet. I n  t h e  p r e s e n t  c a s e  t h e  r e f o c u s i n g  f i e l d  i s  
40% o f  t h e  main f i e l d  and t h e  magnet l e n g t h  i s  .575" (1.46 cm) between p o l e  
p i e c e s ,  o r  abou t  20 t imes  t h e  beam r a d i u s .  

The e f f e c t  o f  t h e  r e f o c u s i n g  s e c t i o n  i s  seen  i n  F i g u r e  12.  The edge 
r a d i u s  o f  e v e r y  o t h e r  d i s k  of t h e  32 d i s k s  used i n  t h e  beam model h a s  been 
p l o t t e d  a s  a  f u n c t i o n  o f  a x i a l  d i s t a n c e .  The i n t e r i o r  e l e c t r o n s  i n  each  d i s k  
a r e  assumed t o  move i n  a  l aminar  f l o w  r e l a t i o n  w i t h  t h e  c a l c u l a t e d  edge  e l e c t r o n ,  
The beam composi t ion a t  t h e  end of t h e  r e f o c u s i n g  s e c t i o n  i s  t h u s  complete ly  
de te rmined .  





G r a p h i c a l  in fo rmat ion  on t h e  beam composi t ion a t  t h e  end of t h e  r e f o c u s -  
i n g  s e c t i o n ;  1.15" (2.92 cm) from s a t u r a t i o n ,  i s  s u p p l i e d  by t h e  p l o t s  i n  
F i g u r e  13.  The f i r s t  p l o ~  i s  a n  energy d i s t r i b u t i o n  g raph  which has  been 
g e n e r a t e d  i n  t h e  fo l lowing  way. The d i s k s  a r e  o rdered  a c c o r d i n g  t o  i n c r e a s -  
i n g  energy .  Then they a r e  p l o t t e d  i n  h i s t o g r a m  f a s h i o n  w i t h  t h e  h i g h e s t  energy 
d i s k  r e p r e s e n t e d  by a  s t r i p  a d j o i n i n g  t h e  h o r i z o n t a l ,  normal ized energy 
( v o l t a g e ) ,  a x i s .  The o t h e r  d i s k s  a r e  s i m i l a r l y  p l o t t e d  on t o p  of t h e  f i r s t  
s t r i p  bn o r d e r  of d e c r e a s i n g  energy.  A smoothed c u r v e  i s  o b t a i n e d  by j o i n -  
i n g  t h e  energy v a l u e s  a t  t h e  midpoin t s  o f  e a c h  s t r i p .  The o t h e r  graphs  a r e  
p l o t s  of t h e  d i s k  r a d i i ,  and t h e  t r a j e c t o r y  s l o p e s .  They a r e  p resen ted  
i n  h i s t o g r a m  form w i t h  t h e  d i s k s  ( s t r i p s )  a r r a n g e d  i n  o r d e r  of i n c r e a s i n g  
energy,  i n  t h e  same way a s  i n  t h e  energy d i s t r i b u t i o n  h i s togram.  

A n o t i c e a b l e  p r o p e r t y  o f  t h e  r e f o c u s i n g  s e c t i o n  i s  t h a t  i t  produces  a 
c e r t a i n  t y p e  o f  energy s o r t i n g  o f  t h e  e l e c t r o n s ,  a s  may b e  seen  f rom t h e  plet 
of  t h e  t r a j e c t o r y  s l o p e s .  The t r a j e c t o r y  a n g l e  i n c r e a s e s  from a  n e g a t i v e  
v a l u e  t o  a  p o s i t i v e  v a l u e  i n  a  f a i r l y  cont inuous  f a s h i o n  a s  a  f u n c t i o n  o f  
d i s k  e n e r g y ,  w h i l e  t h e  d i s k  r a d i i  a r e  f a i r l y  c o n s t a n t .  T h i s  makes i t  reason-  
a b l e  t o  r e p r e s e n t  t h e  beam a t  t h e  o u t p u t  o f  t h e  r e f o c u s i n g  s e c t i o n  by a 
reduced number o f  energy g roups ,  a s  i s  d e s i r a b l e  i n  a  t r a j e c t o r y  madeL of  t h e  
beam f o r  t h e  c o l l e c t o r  a n a l y s i s .  

TRANSITION TO THE COLLECTOR 

A r e a l i s t i c  a n a l y s i s  of t h e  depressed  c o l l e c t o r  shou ld  b e  based on t h e  
a c t u a l  p o t e n t i a l  d i s t r i b u t i o n ,  which e x i s t s  a s  a  r e s u l t  o f  t h e  d i f f e r e n t  
e l e c t r o d e  v o l t a g e s  and t h e  p r e s e n c e  of t h e  beam space charge  i n  t h e  c o l l e c t o r  
r e g i o n .  D i g i t a l  t r a j e c t o r y  computer programs a r e  a v a i l a b l e  f o r  scck analysis 
provided t h e  e l e c t r o n  f low may b e  cons idered  s t a t i o n a r y  ( t ime- independen t ) ,  

Although t h e  s p e n t  beam from a  t r ave l ing-wave  t u b e  i s  bunched, i,e., she 
charge  f low i s  t ime-dependent ,  t h e  bunches d i s p e r s e  r e l a t i v e l y  q u i c k l y  a f t e r  
t h e  RF wave has  been removed, a s  a  r e s u l t  o f  b o t h  t h e  v e l o c i t y  sp read  of th 
e l e c t r o n s  and t h e  space  charge  f o r c e s .  T h i s  has  been found e x p e r i m e n t a l l y ,  9 
and i s  a l s o  demonstra ted t h e o r e t i c a l l y  i n  Appendix D .  The s p e n t  beam a t  the 
o u t p u t  o f  t h e  r e f o c u s i n g  s e c t i o n  may t h u s  b e  cons idered  a s  be ing  composed 
o f  many DC beams w i t h  v a r y i n g  v e l o c i t i e s .  

A t r a j e c t o r y  a n a l y s i s  o f  t h e  c o l l e c t o r  r e q u i r e s  a  r e p r e s e n t a t i o n  of t h e  
s p e n t  beam i n  which s e v e r a l  r a y s  a r e  launched o v e r  t h e  beam c r o s s - s e c t i o n ,  
w i t h  each r a y  c a r r y i n g  an  a p p r o p r i a t e  amount o f  c u r r e n t .  A convers ion  from 
t h e  d i s k  model t o  t h e  c u r r e n t  r a y  model c o u l d ,  i n  p r i n c i p l e ,  b e  made by 
r e p r e s e n t i n g  each d i s k  w i t h  a  g iven  number o f  r a y s  a t  v a r i o u s  r a d i a l  p o s i -  
t i o n s ,  a11 o f  which have an  a x i a l  v e l o c i t y  e q u a l  t o  t h e  a x i a l  v e l o c i t y  o f  t h e  
d i s k .  The method i s  i m p r a c t i c a l ,  however, s i n c e  t h e  number o f  r a y s  would 
become e x c e s s i v e l y  l a r g e .  I n s t e a d ,  t h e  approach t h a t  has  been t aken  is t o  
group t o g e t h e r  s e v e r a l  d i s k s  w i t h  approximately  t h e  same energy and  r e p r e s e n t  
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Figure  13 Spent  beam composition a t  ou tput  of  
r e focus ing  s e c t i o n  ( c a l c u l a t e d  wi thout  
RF space  charge f o r c e s ) .  



each  group by a  s e t  o f  r a y s  o v e r  t h e  beam a r e a .  For such a  r e p r e s e n t a -  
t i o n  t o  b e  a p p r o p r i a t e ,  a l l  t h e  d i s k s  w i t h  n e a r l y  t h e  same e n e r g y ,  which 
would b e  i n c l u d e d  i n  a  g roup ,  shou ld  a l s o  have n e a r l y  t h e  same r a d i u s  
and t h e  same t r a j e c t o r y  s l o p e  of  t h e  edge e l e c t r o n s .  

As was n o t e d  i n  t h e  p r e v i o u s  s e c t i o n ,  a  p r o p e r t y  of  t h e  r e f o c u s i n g  
f i e l d  i s  t o  p r o v i d e  a  t y p e  of  s o r t i n g  o f  t h e  d i s k s  which i s  p r i n c i p a l l y  
dependent  on t h e  d i s k  energy ,  i n  such a way t h a t  t h i s  c o n d i t i o n  i s  approxi- 
mate ly  s a t i s f i e d .  T h i s  was s e e n  i n  F i g u r e  13. I n  t h e  c o l l e c t o r  computa t ions ,  
t h e  s p e n t  beam was u s u a l l y  r e p r e s e n t e d  by f i v e  energy  g r o u p s ,  a l though  
i n i t i a l l y  a number o f  r u n s  were made w i t h  a  f o u r  energy-group model, The 
s p e n t  beam d i s t r i b u t i o n  d a t a  i n  F i g u r e  1 3  a r e  t h e r e f o r e  approximated by five 
d i s c r e t e - s t e p  d i s t r i b u t i o n s  a s  i l l u s t r a t e d  i n  F i g u r e  14.  

. - 
E N E R G Y  RADIUS 

F i g u r e  14 F i v e  energy-group model of  t h e  s p e n t  beam. 



Each group of  d i s k s ,  i d e n t i f i e d  by a va lue  of t h e  s u b s c r i p t  j ,  i s  
then descr ibed  by t h e  fol lowing parameters :  

E l ec t ron  energy V,  
J 

Disk edge r a d i u s  r 
j 

Edge t r a j e c t o r y  s lope  (dr /dz)  

Current  I 
j 

Table I1 g ives  t h e  parameters  o f  t h e  f o u r  and f i v e  energy-group 
m o d e l s  of  t h e  beam der ived  from t h e  spent  beam d i s t r i b u t i o n  of  Figure 13. 
Pn the f i v e  energy-groilp model of  t h e  beam, an equa l  c u r r e n t  d i s t r i b u t i o n  
among t h e  groups was assumed, a s  i nd i ca t ed  i n  F igure  14. 

TABLE I1 PARAMETERS OF THE REDUCED ENERGY-GROUP MODELS 
OF THE SPENT BEAM AT THE OUTPUT OF THE REFOCUSING SECTION (Vo = 16 kV) 



A c u r r e n t  r a y  r e p r e s e n t a t i o n  o f  a n  energy group, c o n s i s t i n g  of  
seven  t r a j e c t o r i e s ,  i s  shown i n  F i g u r e  15. 

F i g u r e  15 Ray model of an  energy group. 

The two extreme t r a j e c t o r i e s  s e r v e  t o  d e f i n e  t h e  beam c o n t o u r  f o r  t h e  
group and c a r r y  no c u r r e n t .  They a r e  launched w i t h  s l o p e s  +_ ( d r / d z ) ,  a t  a 
d i s t a n c e  r .  from t h e  c e n t e r  of t h e  beam t o  e i t h e r  s i d e .  The i n t e r i d  r a y s  
a r e  launchJd w i t h  t r a j e c t o r y  a n g l e s  i n  p r o p o r t i o n  t o  t h e  d i s t a n c e  f r o m  t h e  
c e n t e r  o f  t h e  beam. As w i l l  b e  d i s c u s s e d  i n  t h e  nex t  s u b s e c t i o n ,  t h e  a c t u a l  
c y l i n d r i c a l  beam i s  s imula ted  i n  t h e  t r a j e c t o r y  c a l c u l a t i o n  by a planar bean, 
The p l a n a r  beam f o r  each group i s  i n i t i a l l y  composed o f  f i v e  s t r i p s  o f  equal 
w i d t h ,  a s  i n  F igure  1 5 ,  w i t h  t h e  c u r r e n t  o f  each s t r i p  c o n c e n t r a t e d  i n  the 
r a y  a t  i t s  c e n t e r .  

A l l  t h e  energy groups ,  e a c h  w i t h  seven t r a j e c t o r i e s  launched i n  the 
manner d e s c r i b e d ,  a r e  i n c l u d e d  s imul taneous ly  i n  t h e  c o l l e c t o r  t r a j e c t o r y  
c a l c u l a t i o n .  

COLLECTOR TRAJECTORY CALCULATION 

The c o l l e c t o r  r e g i o n  was ana lyzed  w i t h  a  t r a j e c t o r y  computer program 
i n  which t h e  e l e c t r o n  beam was r e p r e s e n t e d  by c u r r e n t  r a y s  d i s t r i b u t e d  over  
t h e  beam c r o s s - s e c t i o n ,  A d i f f i c u l t y  w i t h  t h e  c o l l e c t o r  geometry under 
c o n s i d e r a t i o n  was t h a t  i t  possessed  n e i t h e r  p l a n a r  n o r  c y l i n d r i c a l  symmetry, 
A  f u l l  th ree -d imens iona l  computer program w i t h  space  charge  would t h e r e f o r e  
have been needed f o r  a  complete a n a l y s i s  o f  t h e  c o l l e c t o r .  S i n c e  such a 



program was not  a v a i l a b l e ,  t h e  c o l l e c t o r  d e s i g n  was i n s t e a d  e v a l u a t e d  by 
computing t h e  t r a j e c t o r i e s  i n  t h e  p l a n e  o f  r e f l e c t i o n  symmetry, assuming 
p l a n a r  c o l l e c t o r  geometry. 

The a c t u a l  c y l i n d r i c a l  beam t h u s  had t o  be  r e p r e s e n t e d  by a p l a n a r  
Seam, I f  t h e  space  charge  f q r c e s  a r e  s t r o n g ,  i t  i s  impor tan t  t o  a d j u s t  
the space  charge  i n  t h e  p l a n a r  beam s o  t h a t  t h e  same beam spread  i s  ob- 
t a i n e d  a s  i n  t h e  g iven  c y l i n d r i c a l  beam. S ince  a  p l a n a r  beam w i t h  t h e  
same w i d t h  and c u r r e n t  d e n s i t y  a s  a c y l i n d r i c a l  beam s p r e a d s  more q u i c k l y  
t h a n  the c y l i n d r i c a l  beam, a  charge  d e n s i t y  r e d u c t i o n  i s  needed. F i r s t ,  
t h e  i n i t i a l  c u r r e n t  d e n s i t y  i n  t h e  p l a n a r  beam i s  made h a l f  t h e  c u r r e n t  
density i n  t h e  c y l i n d r i c a l  beam. T h i s  w i l l  g i v e  t h e  i d e n t i c a l  i n i t i a l  
e l e c t r o s t a t i c  f o r c e  t e n d i n g  t o  s p r e a d  t h e  beam i n  t h e  two c a s e s .  During 
the subsequent  s p r e a d ,  a f u r t h e r  c u r r e n t  d e n s i t y  r e d u c t i o n  i n  t h e  p l a n a r  
beam, 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  w i d t h ,  i s  n e c e s s a r y .  The r e a s o n  i s  
t h a t  t h e  c y l i n d r i c a l  beam a r e a  i n c r e a s e s  i n  two dimensions ,  whereas  t h e  
p l a n a r  beam a r e a  i n c r e a s e s  o n l y  i n  one dimension;  c o n s e q u e n t l y ,  a d d i t i o n a l  
c u r r e n t  d e n s i t y  r e d u c t i o n  i s  needed i n  t h e  p l a n a r  c a s e  t o  p r o v i d e  t h e  same 
space charge  f o r c e  as i n  t h e  c y l i n d r i c a l  case .  

The computer program had been modi f i ed  t o  p r o v i d e  such a  p l a n a r  simu- 
l a t i o n  o f  a  c y l i n d r i c a l  beam. I n  a  t e s t  r u n  w i t h  a  beam expansion o f  t h r e e  
t imes  t h e  o r i g i n a l  w i d t h ,  t h e  expanded beam s i z e  i n  t h e  p l a n a r  s i m u l a t e d  
case d i f f e r e d  by l e s s  t h a n  one p e r c e n t  from t h e  c y l i n d r i c a l  beam. It h a s  
also been shown t h a t  t h e  p rocedure  i s  v a l i d  i n  a  r e g i o n  w i t h  c o n s t a n t  a x i a l  
? o t e n t i a l  g r a d i e n t .  

Although t h e  c o l l e c t o r  c o n f i g u r a t i o n  does  n o t  p o s s e s s  p l a n a r  symmetry, 
the p o t e n t i a l  d i s t r i b u t i o n  c a l c u l a t e d  i n  t h e  p l a n e  o f  r e f l e c t i o n  symmetry, 
w i t h  the assumption o f  p l a n a r  geometry ,  w i l l  b e  r e a s o n a b l y  c l o s e  t o  t h e  
a c t u a l  d i s t r i b u t i o n  i n  t h e  c e n t r a l  c o l l e c t o r  r e g i o n .  T h i s  i s  because  t h e  
v o l t a g e s  o f  t h e  p a r a l l e l  e l e c t r o d e s  were chosen s o  a s  t o  produce a n  approx i -  
mate ly  c o n s t a n t  v o l t a g e  g r a d i e n t  i n  t h e  a x i a l  d i r e c t i o n .  E v i d e n t l y ,  t h e  
shape of t h e  h o l e s  i n  t h e  e l e c t r o d e s ,  whether  round o r  r e c t a n g u l a r ,  w i l l  i n  
this c a s e  not  a f f e c t  t h e  f i e l d  d i s t r i b u t i o n ,  a t  l e a s t  i f  t h e  e l e c t r o d e s  a r e  
thin, The c a l c u l a t e d  f i e l d  d i s t r i b u t i o n  i n  t h e  o u t e r  r e g i o n s  o f  t h e  c o l l e c t o r  
will be  d i f f e r e n t  from t h e  a c t u a l  d i s t r i b u t i o n  due t o  t h e  p r e s e n c e  o f  non- 
p l a n a r  s h i e l d s ,  b u t  t h i s  i s  o f  l i t t l e  consequence as t h e  main e l e c t r o n  s o r t i n g  
t a k e s  p l a c e  i n  t h e  c e n t r a l  r e g i o n .  

The t r a j e c t o r y  computer program t r a c e s  o u t  t h e  p a t h s  o f  t h e  i n j e c t e d  
e l e c t r o n s  i n  t h e  p o t e n t i a l  d i s t r i b u t i o n  e x i s t i n g  i n  t h e  c o l l e c t o r ,  i n c l u d i n g  
the t r a n s v e r s e  magnet ic  f i e l d  i n  t h e  d e f l e c t i o n  r e g i o n .  The measured de-  
f l e c t i o n  f i e l d ,  which was i l l u s t r a t e d  i n  F i g u r e  9 ,  i s  s p e c i f i e d  a t  i n d i v i d u a l  
mesh l i n e s  i n  t h e  problem a r e a  a s  a  f u n c t i o n  o f  a x i a l  d i s t a n c e .  The f i e l d  i s  
assumed t o  b e  independent  of p o s i t i o n  i n  b o t h  t r a n s v e r s e  d i r e c t i o n s ;  t h i s  i s  
one  of  t h e  approx imat ions  i n  t h e  a n a l y s i s .  



I n i t i a l l y ,  t h e  computer program s o l v e s  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  
t h e  problem a r e a  r e s u l t i n g  from g i v e n  v o l t a g e s  on t h e  b o u n d a r i e s ,  The 
t r a j e c t o r i e s  a r e  computed th rough  t h e  p o t e n t i a l  d i s t r i b u t i o n  w i t h  t h e  i n -  
c l u s i o n  o f  t h e  magnet ic  d e f l e c t i o n  f i e l d .  The mutual  f o r c e  e x e r t e d  by t h e  
beam e l e c t r o n s  i s  not  t a k e n  i n t o  accoun t  i n  t h i s  f i r s t  c a l c u l a t i o n ;  i t  t h u s  
r e p r e s e n t s  t h e  b e h a v i o r  o f  a  beam w i t h  n e g l i g i b l e  space  charge .  

An example o f  a  computer-genera ted t r a j e c t o r y  and e q u i p o t e n t i a l  p l o t  
i n  a  two-s tage  d e p r e s s e d  c o l l e c t o r  i s  shown i n  F i g u r e  16. The c o l l e c t o r  
scheme i n c l u d e s  a  magne t i c  d e f l e c t i o n  r e g i o n  i n  t h e  s m a l l  c a v i t y  a t  t h e  
beam e n t r a n c e .  A r e t a r d i n g  f i e l d  i s  produced by t h e  two c o l l e c t o r  e l e c t r o d e s  
w i t h  v o l t a g e s  - 5 . 5  kV and - 10 .3  kV, and by t h e  end p l a t e  w i t h  e p o t e n t i a l  
o f  - 19 .2  kV. The p o t e n t i a l  g r a d i e n t  i s  approx imate ly  un i fo rm i n  t h e  c e n r r a l  
c o l l e c t o r  a r e a  i n  t h e  o r i g i n a l  beam d i r e c t i o n .  S h i e l d s  a r e  a t t a c h e d  t o  t h e  
e l e c t r o d e s  t o  p r e v e n t  t h e  e l e c t r o n s  from e s c a p i n g  t o  t h e  grounded vacuum 
enve lope  which would a c t u a l l y  su r round  t h e  c o l l e c t o r  i n  t h e  demcluntabhe 
a p p a r a t u s .  The s h i e l d s  d i s t o r t  t h e  f i e l d  a t  t h e  s i d e s  b u t  t h e  main e l e c t r o n  
s o r t i n g  t a k e s  p l a c e  i n  t h e  c e n t r a l  r e g i o n .  The beam i s  composed of  f o u r  
groups  w i t h  e n e r g i e s  8 . 5 5 ,  10 .5 ,  12 .4  and 16.7 kV r e s p e c t i v e l y .  The f i r s t  
two groups  e n t e r  w i t h  converging t r a j e c t o r i e s  from t h e  r e f o c u s i n g  r e g i o n ,  
t h e  t h i r d  group h a s  a lmost  p a r a l l e l  t r a j e c t o r i e s ,  and t h e  f o u r t h  group i s  
i n j e c t e d  w i t h  d i v e r g i n g  t r a j e c t o r i e s .  

The no-space-charge  t r a j e c t o r y  p l o t  d e m o n s t r a t e s  why t h i s  c o l l e c t o r  
scheme appeared  p romis ing  enough t o  w a r r a n t  a d e t a i l e d  s t u d y .  E v i d e n t l y ,  
w i t h  a  s u i t a b l e  number and placement o f  c o l l e c t i n g  e l e c t r o d e s ,  a  g r e a t  d e a l  
o f  ene rgy  i n  t h e  s p e n t  beam cou ld  b e  r e c o v e r e d .  It i s  s e e n ,  f o r  example,  
t h a t  n e a r l y  a l l  t h e  energy  (about  98 p e r c e n t )  o f  t h e  second group i s  r e -  
covered by  t h e  second e l e c t r o d e .  

The e f f e c t  o f  space  charge  i s  t a k e n  i n t o  accoun t  by  t h e  computer p r o -  
gram th rough  a n  i t e r a t i o n  p r o c e s s .  The c u r r e n t s  a s s o c i a t e d  w i t h  t h e  
t r a j e c t o r i e s  i n  t h e  f i r s t  computat ion produce a  c h a r g e  d i s t r i b u t i o n  i n  che 
c o l l e c t o r  r e g i o n ,  which i s  i n c l u d e d  i n  t h e  p o t e n t i a l  c a l c u l a t i o n  f o r  the 
nex t  i t e r a t i o n .  Again t h e  t r a j e c t o r i e s  a r e  t r a c e d  o u t ,  p roduc ing  a d i f f e r -  
e n t  s p a c e  c h a r g e  d i s t r i b u t i o n  f o r  t h e  t h i r d  i t e r a t i o n ,  and so  on ,  The 
p r o c e s s  i s  c o n t i n u e d  u n t i l  a  s e l f - c o n s i s t e n t  s o l u t i o n  h a s  been found ,  The 
r e s u l t  a f t e r  seven i t e r a t i o n s ,  u s u a l l y  s u f f i c i e n t  t o  o b t a i n  s e l f - c o n s i s t e n c y ,  
i s  shown i n  F i g u r e  17.  The e f f e c t  o f  t h e  s p a c e  charge  i n  s p r e a d i n g  t h e  
t r a j e c t o r i e s  i s  c o n s i d e r a b l e ,  even though t h e  beam h a s  a l r e a d y  been  expanded 
i n  a r e a  by a f a c t o r  o f  t e n  i n  t h e  r e f o c u s i n g  s e c t i o n  ( t h e  c u r r e n t  d e n s i t y  a t  

2 t h e  c o l l e c t o r  e n t r a n c e  i s  abou t  5  A/cm ) .  The c o l l e c t o r  c o n f i g u r a t i o n ,  
which looked p romis ing  f o r  no s p a c e  c h a r g e ,  i s  u n s u i t a b l e  when t h e  space  
c h a r g e  f o r c e s  a r e  i n c l u d e d .  Some o f  t h e  t r a j e c t o r i e s  r e t u r n  t o  ground 
p o t e n t i a l  because  o f  i n s u f f i c i e n t  d e f l e c t i o n  by t h e  magne t i c  f i e l d .  And 
some o f  t h e  h i g h  energy e l e c t r o n s  a r e  d e f l e c t e d  i n  t h e  o p p o s i t e  d i r e c t i o n  
because  o f  a  t r a n s v e r s e  e l e c t r i c  f i e l d  component e s t a b l i s h e d  by  t h e  p o t e n t i a l  
d i f f e r e n c e  between t h e  end p l a t e  and t h e  s h i e l d  on t h e  second e l e c t r o d e ,  







For a n  improved d e s i g n ,  a  l a r g e r  d e f l e c t i o n  o f  t h e  beam i s  needed. 
T h i s  may b e  ach ieved  by hav ing  a  s t r o n g e r  d e f l e c t i o n  f i e l d ,  i n  which c a s e  
the e l e c t r o d e s  a l s o  shou ld  b e  moved c l o s e r  t o  t h e  e n t r a n c e .  O r ,  a d d i t i o n -  
a l  e l e c t r o s t a t i c  d e f l e c t i o n  f o r c e  i n  t h e  i n t e r i o r  o f  t h e  c o l l e c t o r  may b e  
o b t a i n e d  by r e a r r a n g i n g  t h e  s h i e l d s .  

D E S I G N  ANALYSIS OF IMPROVED TWO-STAGE COLLECTORS 

The i n i t i a l  a t t e m p t  a t  improving t h e  two-s tage  c o l l e c t o r  d e s i g n  was 
made by p r o v i d i n g  a d d i t i o n a l  e l e c t r o s t a t i c  d e f l e c t i o n  f o r c e  beyond t h e  
f i r s t  d e p r e s s e d  e l e c t r o d e  by r e a r r a n g i n g  t h e  s h i e l d s .  Such a  d e s i g n  i s  
show,  i n  F i g u r e  18 .  Two s h i e l d s  on one s i d e  o f  t h e  beam have been a t t a c h e d  
t o  t h e  e l e c t r o d e s  w i t h  t h e  more d e p r e s s e d  p o t e n t i a l ,  p roduc ing  a  t r a n s v e r s e  
e l e c t r i c  f i e l d  component which t e n d s  t o  d e f l e c t  t h e  e l e c t r o n s  toward t h e  
o p p o s i t e  s i d e .  The s p e n t  beam i n  t h i s  c a s e  c o n s i s t s  of  f i v e  g roups  w i t h  
the e n e r g i e s  g i v e n  i n  T a b l e  11. 

An a n a l y s i s  o f  t h e  performance o f  t h e  c o l l e c t o r  i n d i c a t e d  a  c o l l e c t o r  
e f f i c i e n c y  o f  56 p e r c e n t .  (The concept  o f  c o l l e c t o r  e f f i c i e n c y ,  d e f i n e d  
by t h e  r a t i o  o f  t h e  power recovered  by t h e  c o l l e c t o r  t o  t h e  power o f  t h e  
e n t e r i n g  s p e n t  beam, i s  d i s c u s s e d  i n  Appendix A). A  g e n e r a l  method o f  
a n a l y z i n g  t h e  c o l l e c t o r  performance from a t r a j e c t o r y  p l o t  i n  t h e  p l a n e  o f  
r e f l e c t i o n  symmetry i s  d i s c u s s e d ,  w i t h  a n  example,  i n  Appendix E. 

An i n v e s t i g a t i o n  was made of t h e  e f f e c t  o f  v a r i o u s  s h i e l d  c o n f i g u r a -  
t i o n s  i n  t h e  r e g i o n  between t h e  d e f l e ~ t i o n  f i e l d  and t h e  f i r s t  e l e c t r o d e .  
The s h i e l d s  were  moved c l o s e r  t o  t h e  beam, and were  a l s o  a t t a c h e d  t o  t h e  
d e p r e s s e d  e l e c t r o d e ,  b u t  w i t h o u t  c r e a t i n g  a  t r a n s v e r s e  e l e c t r o s t a t i c  f i e l d .  
It was found t h a t  t h e  c o n f i g u r a t i o n  o f  F i g u r e  1 8 ,  i n  which a n  approx imate ly  
c o n s t a n t  r e t a r d i n g  f i e l d  e x i s t s  i n  t h e  r e g i o n ,  r e s u l t e d  i n  t h e  b e s t  
~ e r f o r m a n c e .  

I n  t h e  n e x t  s t e p ,  t h e  magne t i c  d e f l e c t i o n  f i e l d  was r e p l a c e d  by a n  
extended e l e c t r o s t a t i c  d e f l e c t i o n  f o r c e  th roughout  t h e  r e g i o n  from t h e  
beam e n t r a n c e  h o l e  i n  t h e  r e f o c u s i n g  magnet p o l e  p i e c e  t o  t h e  f i r s t  e l e c -  
t r o d e .  Such a  scheme i s  shown i n  F i g u r e  19.  The c o n f i g u r a t i o n  o f  t h e  
Eirsr d e f l e c t i o n  c o n t r o l  e l e c t r o d e  was des igned  s o  t h a t  approx imate ly  t h e  
d e s i r e d  amount o f  d e f l e c t i o n  was o b t a i n e d  i f  i t s  p o t e n t i a l  was t h e  same a s  
t h e  p o t e n t i a l  o f  t h e  f i r s t  e l e c t r o d e .  I n  p r a c t i c e ,  however, t h e  v o l t a g e  o f  
t h e  d e f l e c t i o n  e l e c t r o d e  shou ld  b e  i n d e p e n d e n t l y  c o n t r o l l e d .  The e s t i m a t e d  
c o l l e c t o r  e f f i c i e n c y  was 59 p e r c e n t .  It was t h u s  somewhat b e t t e r  t h a n  t h e  
c o l l e c t o r  w i t h  i n i t i a l  magne t i c  d e f l e c t i o n ,  even though t h e  beam model and 
t h e  v o l t a g e s ,  a s  w e l l  a s  t h e  l o c a t i o n  o f  t h e  a c t i v e  e l e c t r o d e s ,  were  t h e  
same i n  b o t h  c a s e s .  

The a l l - e l e c t r o s t a t i c  c o l l e c t o r  a l s o  o f f e r s  g r e a t e r  p o s s i b i l i t y  f o r  
improvement, because  t h e  t r a j e c t o r i e s  p e n e t r a t e  d e e p e r  i n t o  t h e  c o l l e c t o r .  
The t h i r d  e n e r g y  g roup ,  f o r  example,  t u r n s  around a t  t h e  l e v e l  o f  t h e  second 
d e p r e s s e d  e l e c t r o d e  i n  t h e  c o l l e c t o r  w i t h  t h e  magne t i c  d e f l e c t i o n ,  whereas  







i t  p e n e t r a t e s  a p p r e c i a b l y  f a r t h e r  i n t o  t h e  e l e c t r o s t a t i c  c o l l e c t o r .  This 
i s  p a r t l y  because  o f  t h e  g r e a t e r  sp read  i n  d e f l e c t i o n  a s  a  f u n c t i o n  of  
e l e c t r o n  energy ,  which i s  produced by t h e  e l e c t r i c  d e f l e c t i o n  f i e l d ,  re- 
s u l t i n g  i n  s m a l l e r  d e p r e s s i o n  due t o  t h e  space  charge .  ( I t  can be  shown 
t h a t  t h e  dwef lec t ion  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  e l e c t r o n  v e l o c i t y  i n  
t h e  magne t i c  c a s e ,  and 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  s q u a r e  o f  t h e  v e l o -  
c i t y  i n  t h e  e l e c t r i c  c a s e ) .  A f u r t h e r  advan tage  o f  t h e  i n c r e a s e d  s p r e a d  
i s  t h a t  i t  i s  e a s i e r  t o  add more s t a g e s  t o  t h e  c o l l e c t o r .  The c o l S e c t o r  
scheme used f o r  t h e  f i n a l  d e s i g n  o f  t h e  m u l t i s t a g e  d e p r e s s e d  c o l l e c t o r ,  
d e s c r i b e d  i n  S e c t i o n  VIII, was t h e r e f o r e  one w i t h  e l e c t r o s t a t i c  d e f l e c t i o n  
o n l y .  



V I  EVALUATION OF A TWO-STAGE TEST COLLECTOR 

The objective of the study included the experimental evaluation and 
optimization of a two-stage collector for the purpose of comparing the 
methods of analysis with test results. 

A collector was designed as an initial test vehicle, before the analy- 
sis methods had been developed, on the basis of estimated trajectories in 
t h e  absence of space charge forces. The construction and assembly of the 
test collector was considered in Section IV. A trajectory plot for the 
configuration, with space charge effects included, is shown in Figure 20 
for a five energy-group model of the spent beam. (The parameters of the 
beam rnodel are listed in Table 11.) An efficiency analysis of the collector 
trajectory plot, by a method which is described in detail in Appendix E, 
yielded an estimated collector efficiency of 48 percent. A trajectory calcu- 
lation using a spent beam model with four energy groups gave an efficiency of 
3-5 percentage points higher. It is believed that increasing the number of 
energy groups beyond five in the test collector analysis would not change the 
estimated efficiency by more than a few points. 

Other computer runs with the four energy-group model were initially made 
in which the voltages of the first two electrodes were varied by 1 - 2 kV. 
The geometry of these runs differed only by a greater distance between the 
second electrode and the end plate, which was depressed beyond the cathode 
voltage of -16 kV. On the basis of these runs, the estimated optimum voltages 
of the test collector, with the end plate at cathode potential and a reduced 
distance between the second electrode and the end plate, are the values shown 
in Figure 20. 

P E R F O W N C E  OF THE TWO-STAGE TEST COLLECTOR 

Two experiments were made on the two-stage test collector in the demount- 
able apparatus. In the first experiment, extensive collector depression data 
w e r e  taken, even though the beam transmission was not very good. In the 
second experiment it was verified that significant improvement in the beam 
transmission into the collector could be obtained. This would, however, re- 
quire enlarging the aperture in the deflection magnet shield, which had not 
been done for the second experiment. The data from the first experiment were 
generally used for a detailed analysis of the collector performance. 

The operating characteristics of the traveling-wave tube, which was em- 
ployed to evaluate the two-stage test collector in the demountable apparatus 
in the two experiments, are listed in Table 111. The predicted RF performance 
given in this table was calculated with the two-dimensional program, without 
RF space charge effects and with no circuit losses, since this program was 
used for the refocusing analysis. Satisfactory agreement with measured values 
was obtained for the saturated output power and the gain. 

I n  the first experiment the beam transmission was relatively poor for 
bath the DC beam (95 percent) and the RF modulated beam (79 percent). The 





transmission was defined by the sum of the fractional currents going to 
the refocusing magnet pole piece (upon which the deflection magnet was 
mounted), the deflection magnet shield, and the collector electrodes. The 
measurements were made with undepressed collector to minimize the current 
escaping to the grounded vacuum envelope from unshielded portions of the 
collector. The transmission current would thus be very nearly equal to the 
current passing through the pole piece of the main solenoid. 

TABLE 111. TRAVELING-WAVE TUBE CHARACTERISTICS 

Beam voltage (kV) 

Beam current (A) 

Perveance ( pperv) 

Frequency (GHz) 

Output power (kW) 

Basic efficiency (%) 

Gaia (dB) 

Cold loss (dB) 

ASSUMED OR 
CALCULATED 
VALUE 

MEASURED VALUE 
2nd EXPERIMENT 

Notes: 
(a) The transmission refers to current passing through the pole piece 

of the main solenoid. 
(b) Current intercepted on RF circuit in 2nd experiment was about 

1 mA. 

The objective of the second experiment was to achieve an improved beam 
transmission. It is seen from Figure 12 that the beam passing through the 
pole piece of the main magnet gets fairly close to intercepting. The hole 
diameter in the pole piece insert was therefore increased from ,125" (.317 cm) 
to .150" (.381 cm). The movable pole piece, with the collector assembly, was 
also made reentrant to achieve a peaking of the field toward the output of 
the traveling-wave tube. In addition, the RF circuit was isolated, making it 
possible to measure the current intercepted thereon separately. The following 
changes in performance were observed as a result of these modifications: 



(1 )  Beam t r a n s m i s s i o n  beyond t h e  movable p o l e  p i e c e  improved from 
94.9 p e r c e n t  t o  97.6 p e r c e n t  w i t h o u t  RF d r i v e  and from 77,Q p e r -  
c e n t  t o  88.4 p e r c e n t  w i t h  RF d r i v e .  

( 2 )  The d e c r e a s e  i n  i n t e r c e p t i o n  (body c u r r e n t )  was accompanied by 
a  cor respond ing  i n c r e a s e  i n  t h e  d e f l e c t i o n  magnet s h i e l d  c u r r e n t ;  
no s i g n i f i c a n t  change was no ted  i n  t h e  c u r r e n t  go ing  t o  t h e  r e -  
f o c u s i n g  magnet p o l e  p i e c e .  The c u r r e n t  e n t e r i n g  t h e  e f f e c t i v e  
c o l l e c t o r  r e g i o n  was t h e r e f o r e  about t h e  same a s  b e f o r e ,  b u t  i t  
cou ld  e v i d e n t l y  b e  i n c r e a s e d  by e n l a r g i n g  t h e  a p e r t u r e  i n  t h e  
d e f l e c t i o n  magnet s h i e l d .  The c u r r e n t  d i s t r i b u t i o n  t o  t h e  f i r s t  
and second e l e c t r o d e s  and t h e  end p l a t e ,  w i t h  RF and no d e p r e s s i o n ,  
was v e r y  s i m i l a r  t o  t h e  d i s t r i b u t i o n  obse rved  i n  t h e  f i r s t  e x p e r i -  
ment.  The c o l l e c t o r  performance would t h u s  a l s o  b e  q u i t e  s i m i l a r  
t o  t h e  performance i n  t h e  f i r s t  exper iment .  (The a c t u a l  measured 
c u r r e n t s  w i t h  RF d r i v e  and no d e p r e s s i o n  have been l i s t e d  i n  
Tab le  I V ,  which w i l l  b e  d i s c u s s e d  s h o r t l y . )  

(3)  I n t e r c e p t i o n  on t h e  coupled c a v i t y  c i r c u i t  b o t h  w i t h  and w i t h o u t  
RF d r i v e  was v e r y  s m a l l ,  e s t i m a t e d  t o  b e  abou t  1 mA o r  .I p e r c e n t ,  
Hence p r a c t i c a l l y  a l l  t h e  i n t e r c e p t i o n  o c c u r r e d  on t h e  p o l e  p i e c e ,  

(4) The s a t u r a t e d  RF o u t p u t  power d e c r e a s e d  from 3.94 kW t o  3 - 6 8  kW, 
T h i s  is  a  r e s u l t  of  t h e  f i e l d  peak ing ,  which keeps  t h e  beam con- 
s t r a i n e d  t o  a  s m a l l e r  r a d i u s  toward t h e  o u t p u t ,  and t h e r e f o r e  
r e d u c e s  t h e  e f f e c t i v e n e s s  o f  t h e  i n t e r a c t i o n  between t h e  beam and  
t h e  c i r c u i t  wave. S i n c e  no i n c r e a s e  i n  t h e  c i r c u i t  i n t e r c e p t i o n  
c u r r e n t  was observed w i t h  RF d r i v e ,  t h e  amount of  peaking,  a b o u t  
20 p e r c e n t ,  was l i k e l y  t o  b e  l a r g e r  t h a n  n e c e s s a r y .  

It  was concluded from t h e  r e s u l t s  o f  t h e  second exper iment  t h a t  a 
s i g n i f i c a n t  improvement i n  t h e  beam t r a n s m i s s i o n  i n t o  t h e  e f f e c t i v e  coLEector 
r e g i o n  cou ld  b e  a t t a i n e d  by a p p r o p r i a t e  m o d i f i c a t i o n s  o f  t h e  magnet ic  s h i e l d  
and p o l e  p i e c e  a p e r t u r e s ,  Although no f u r t h e r  exper iments  were  a c t u a l l y  made, 
t h e  changes  which were  planned f o r  t h e  f i n a l  f o u r - s t a g e  c o l l e c t o r  e v a l u a t i o n  
a r e  d e s c r i b e d  i n  S e c t i o n  V I I I .  

The RF performance of  t h e  two-s tage  t e s t  c o l l e c t o r  i s  summarized i n  
Tab le  I V .  The p r e d i c t e d  performance i s  compared w i t h  t h r e e  measured c a s e s :  
t h e  end p l a t e  v o l t a g e  o p t i m i z e d ,  h e l d  a t  ca thode  p o t e n t i a l ,  and connected t o  
t h e  second e l e c t r o d e .  The l a s t  two a r e  o f  i n t e r e s t  from a  sys tem point o f  
v iew,  s i n c e  one l e s s  v o l t a g e  supp ly  i s  needed. I n  each  c a s e ,  t h e  e l e c t r o d e  
v o l t a g e s ,  a s  w e l l  a s  t h e  r e f o c u s i n g  and d e f l e c t i o n  magnet c u r r e n t s ,  were 
op t imized  f o r  maximum o v e r a l l  e f f i c i e n c y .  S i n c e  t h e  assumed and measured 
t o t a l  beam c u r r e n t s  were  somewhat d i f f e r e n t ,  t h e  c u r r e n t  distribution h a s  
been  e x p r e s s e d  w i t h  f r a c t i o n a l  v a l u e s .  For comple teness ,  t h e  c u r r e n t  
d i s t r i b u t i o n s  w i t h o u t  d e p r e s s i o n  i n  t h e  two exper iments  a r e  a l s o  included, 



TABLE I V .  RF PERFORMANCE OF TWO-STAGE TEST COLLECTOR 

NOTES : 

( 8 )  The c u r r e n t  and v o l t a g e  symbols a r e  d e f i n e d  i n  F i g u r e  10.  

(b )  I n  t h e  depressed  c o l l e c t o r  measurements, t h e  main s o l e n o i d  
f i e l d  was 1870 gauss  ( .187T);  t h e  r e f o c u s i n g  f i e l d  was 790 
gauss  (.079T), o r  43 p e r c e n t  o f  t h e  main f i e l d .  



The f o l l o w i n g  o b s e r v a t i o n s  a r e  made: 

(1 )  The measured optimum c o l l e c t o r  e l e c t r o d e  v o l t a g e s  were  w i t h i n  
10  p e r c e n t  o f  t h e  e s t i m a t e d  v a l u e s .  T h i s  i s  encourag ing  b u t  of 
somewhat u n c l e a r  s i g n i f i c a n c e ,  s i n c e  t h e  measured and expec ted  
c u r r e n t  d i s t r i b u t i o n s  agreed  o n l y  i n  p a r t .  

(2) The c u r r e n t  t o  t h e  end p l a t e ,  was non-zero even though t h e  
end p l a t e  was more d e p r e s s e d  Ic3' t h a n  t h e  second e l e c t r o d e .  
The e f f e c t i v e  secondary  e m i s s i o n  c o e f f i c i e n t  was t h u s  l e s s  than 
u n i t y .  

(3)  The sum o f  t h e  c u r r e n t s  t o  t h e  second e l e c t r o d e  and t h e  end p l a t e  
was s l i g h t l y  l a r g e r  t h a n ,  b u t  v e r y  c l o s e  t o ,  t h e  p r e d i c t e d  v a l u e ,  
(Because not  a l l  t h e  e l e c t r o n s  impinging on t h e  end p l a t e  produced 
secondary  e l e c t r o n s  which were  c o l l e c t e d  a t  a l e s s  d e p r e s s e d  
p o t e n t i a l ,  a s  was assumed i n  t h e  a n a l y s i s ,  a n  a p p r o p r i a t e  compari-  
son  t o  make i s  f o r  t h e  sum o f  t h e  c u r r e n t s  t o  t h e  end p l a t e  and t h e  
second e l e c t r o d e . )  P o s s i b l e  r e a s o n s  why t h e  measured v a l u e  was 
somewhat l a r g e r  a r e  t h a t  t h e  e x p e r i m e n t a l  p o t e n t i a l  o f  t h e  second 
e l e c t r o d e  was l e s s  d e p r e s s e d  (-9.55 kV) t h a n  t h e  v a l u e  used i n  t h e  
a n a l y s i s  ( -10 .3  kV), and t h a t  t h e  e f f e c t i v e  secondary  emiss ion  co- 
e f f i c i e n t  was s m a l l e r  t h a n  assumed; t h u s ,  some o f  t h e  e l e c t r o n s  
s t r i k i n g  t h e  gun-s ide  o f  t h e  second e l e c t r o d e  were  a l s o  e f f e c t i v e l y  
c o l l e c t e d  t h e r e .  

On t h e  whole ,  however, t h e  b e h a v i o r  o f  t h e  h igh  e n e r g y  eEec t sons  
a g r e e s  v e r y  w e l l  w i t h  p r e d i c t i o n s .  T h i s  i n d i c a t e s  t h a t  t h e s e  
e l e c t r o n s  have been a d e q u a t e l y  r e p r e s e n t e d  by t h e  h i g h  energy groups  
i n  t h e  t r a j e c t o r y  model of t h e  beam e n t e r i n g  t h e  c o l l e c t o r ,  

(4) The c u r r e n t  t o  t h e  f i r s t  e l e c t r o d e  i s  c o n s i d e r a b l y  s m a l l e r  rhan 
p r e d i c t e d .  As a  consequence,  t h e  c u r r e n t  go ing  t o  ground p o z e n t i a l  
i s  s i g n i f i c a n t l y  l a r g e r .  T h i s  d i s c r e p a n c y  i s  d i s c u s s e d  more f u l l y  
i n  t h e  nex t  s u b s e c t i o n .  

(5)  The c o l l e c t o r  e f f i c i e n c y ,  7 , d e f i n e d  by t h e  r a t i o  o f  t h e  recovered  
power, P  , t o  t h e  power i n  €he i n c i d e n t  s p e n t  beam, Pb' was o n l y  
t w o - t h i r g s  o f  t h e  e s t i m a t e d  v a l u e ,  a s  a  r e s u l t  o f  t h e  l a r g e  body 
c u r r e n t .  

I n  c a l c u l a t i n g  t h e  c o l l e c t o r  e f f i c i e n c y ,  t h e  power recovered  by 
t h e  c o l l e c t o r  i s  d i r e c t l y  computed from measured v a l u e s ,  The power 
i n  t h e  s p e n t  beam e n t e r i n g  t h e  c o l l e c t o r ,  Pb, i s  o b t a i n e d  from the 
energy  b a l a n c e  c o n d i t i o n  

P  = I V  + P  
b  

- P  - P  - P  
o  o  RF i.n RF o u t  h t e r c e p t i o n  c i r c u i t  l o s s  



The f i r s t  t h r e e  t e rms  on t h e  r i g h t - h a n d  s i d e  ( t h e  DC beam power 
and t h e  RF i n p u t  and o u t p u t  power) a r e  measured q u a n t i t i e s .  The 
power i n t e r c e p t e d  on t h e  RF c i r c u i t  and t h e  p o l e  p i e c e  o f  t h e  
main s o l e n o i d  was e s t i m a t e d  by u s i n g  t h e  cur re ,n t  i , n t e r c e p t i o n  
v a l u e  f o r  no d e p r e s s i o n ,  23 perce ,nt  o r  200 mA. (The body c u r r e n t  
w i t h  d e p r e s s i o n  i s  l a r g e r  because  o f  e l e c t r o n s  escapkng t o  t h e  
vacuum envelope from u n s h i e l d e d  p o r t i o n s  o f  t h e  c o l l e c t o r ,  and 
because  o f  p o s s i b l e  r e t u r n i n g  e l e c t r o n s . )  The energy  o f  t h e  
i n t e r c e p t e d  e l e c t r o n s  i s  n o t  g e . n e r a l l y  known. For s i m p l i c i t y  i t  
was assumed t h a t  t h e  i n t e r c e p t i o n  c u r r e n t  c o n s i s t e d  o f  t h e  lowest  
energy  e l e c t r o n s ,  s i n c e  t h e  s low e l e c t r o n  t r a j e c t o r i e s  te,nd t o  
have l a r g e r  r a d i a l  o s c i l l a t i o n s  t h a n  t h e  f a s t  ones .  From t h e  
s p e n t  beam energy  d i s t r i b u t i o n  c u r v e  i n  F i g u r e  1 3 ,  it i s  found 
t h a t  t h e  average  energy  o f  t h e s e  e l e c t r o n s  cor responds  t o  .53 
t i m e s  t h e  DC energy.  T h i s  g i v e s  a n  i n t e r c e p t e d  power o f  1.70 kW. 
The power l o s t  by d i s s i p a t i o n  t h e  c i r c u i t  and RF leakage  from 
t h e  s t a c k e d  assembly was c a l c u l a t e d  by assuming t h a t  t h e  c o l d  
l o s s  ( 2 . 1  dB) wasun i fo rmly  d i s t r i b u t e d  o v e r  t h e  l e n g t h  o f  t h e  
c i r c u i t  : 

= f 2  a PRF(z) dz ,  
' c i r c u i t  l o s s  

where a = l o s s  (dB/un i t  l e n g t h )  p e r  u n i t  l e n g t h .  
20 loglOe 

T h i s  may b e  expressed  i n  t h e  form 

' c i r c u i t  l o s s  
= .230 L(dB) < pRF> circuit, 

where L i s  t h e  t o t a l  co ld  l o s s  i n  t h e  c i r c u i t  i n  dB and 

< 'RF) c i r c u i t  
i s  t h e  average  power l e v e l  ?n t h e  c i r c u i t .  The 

power d i s t r i b u t i o n  P,,(z) was o b t a i n e d  from t h e  computer p r i n t -  
o u t  and t h e  i n t e g r a t % n  performed numer ica l ly .  The r e s u l t i n g  
c i r c u i t  l o s s  was .58 kW. The k i n e t i c  power o f  t h e  s p e n t  beam 
e .n te r ing  t h e  c o l l e c t o r  (more p r e c i s e l y  t h e  r e f o c u s i . n g  r e g i o n )  
was t h e n  found t o  be  7.82 kW. With a  recovered  power o f  2 .91 kW 
t h e  c o l l e c t o r  e f f i c i e n c y  was 37.2 p e r c e n t .  The e s t i m a t e  i s  on 
t h e  low s i d e  s i n c e  p a r t  of t h e  i n t e r c e p t e d  c u r r e n t  c o n s i s t s  o f  
e l e c t r o n s  w i t h  h i g h e r  e n e r g i e s .  

(6)  The recovered  power changed by l e s s  t h a n  one p e r c e n t  i f  t h e  end 
p l a t e  was h e l d  a t  ca thode  p o t e n t i a l  (-16 kV) r a t h e r  t h a n  t h e  
optimum v a l u e  o f  -14.6 kV. With t h e  end p l a t e  and t h e  second 
e l e c t r o d e  connected t o  t h e  same v o l t a g e  supp ly ,  t h e  maximum 
power recovered  by t h e  c o l l e c t o r  decreased  by about  t e n  p e r c e n t  
Reducing t h e  number o f  i.ndepe.ndent v o l t a g e  s u p p l i e s ,  by making 
u s e  o f  t h e  ca thode  v o l t a g e ,  a p p e a r s  w e l l  worthwhi le  i n  t h e  



p r e s e n t  c o l l e c t o r .  T h i s  i s  not  n e c e s s a r i l y  t r u e  f o r  o t h e r  t y p e s  
o f  c o l l e c t o r s ,  however, o r  even f o r  an opt imized geometry o f  t h e  
same g e n e r a l  con£ i g u r a t i o n .  

The power recovered  by t h e  c o l l e c t o r  was f a i r l y  i n s e n s i t i v e  t o  
d e v i a t i o n s  i n  t h e  c o l l e c t o r  e l e c t r o d e  v o l t a g e s .  A change o f  
+_ . 5  kV i n  t h e  f i r s t  and second e l e c t r o d e  v o l t a g e s  reduced t h e  
recovered  power by l e s s  t h a n  1.5%. The end p l a t e  v o l t a g e  could  
b e  changed by +_ 1 kV f o r  l e s s  t h a n  a  1% r e d u c t i o n  i n  recovered  
power. Also ,  no s i g n i f i c a n t  v a r i a t i o n  i n  c o l l e c t o r  performance 
was observed i f  t h e  r e f o c u s i n g  and d e f l e c t i o n  magnet c u r r e n t s  
were changed by 5%. 

( 7 )  The magnitude of t h e  r e f o c u s i n g  f i e l d ,  43 p e r c e n t  o f  the main 
s o l e n o i d  f i e l d ,  was i n  good agreement w i t h  t h e  v a l u e  d e r i v e d  i n  
t h e  a n a l y s i s  (40 p e r c e n t ) ,  p a r t i c u l a r l y  s i n c e  t h e  exper imenta l  
r e f o c u s i n g  f i e l d  was somewhat peaked. 

A s  has  been mentioned, t h e  t e s t  c o l l e c t o r  was n o t  a n  opt imized d e s i g n ,  
The b a s i c  RF conver ion  e f f i c i e n c y  of t h e  tube  was r a i s e d  by t h e  c o l L e c t o r  
from 28.3 p e r c e n t  t o  35.8 p e r c e n t .  T h i s  d e g r e e  o f  e f f i c i e n c y  enhancement 
is  p o s s i b l e  w i t h  a  s i n g l e  s t a g e  c o n v e n t i o n a l  depressed  c o l l e c t o r ,  The p r e -  
d i c t e d  o v e r a l l  e f f i c i e n c y ,  w i t h  no c i r c u i t  l o s s e s ,  was 43.3 p e r c e n t ,  I f  
t h e  c i r c u i t  l o s s e s  and t h e  l o s s  due t o  i n t e r c e p t i o n  on t h e  po le  p iece  a r e  
i n c l u d e d ,  t h e  p r e d i c t e d  e f f i c i e n c y  would be 39.0 p e r c e n t .  

DISCUSSION OF APPROXIMATIONS AND SOURCES OF ERROR 

The main d i s c r e p a n c y  between t h e  p r e d i c t e d  and measured performance 
o f  t h e  two-s tage t e s t  c o l l e c t o r  was t h e  c u r r e n t  going t o  t h e  f i r s t  e l e c t r o d e ,  
It was found t o  be  28 p e r c e n t  o f  t h e  t o t a l  beam c u r r e n t  i n s t e a d  of t h e  
e s t i m a t e d  72 p e r c e n t .  A comparison could  a l s o  b e  made by r e f e r e n c i n g  t h e  
e l e c t r o d e  c u r r e n t s  r e l a t i v e  t o  t h e  t o t a l  c u r r e n t  a c t u a l l y  e n t e r i n g  t h e  main 
c o l l e c t o r  r e g i o n ,  s i n c e  i n  t h e  a n a l y s i s  a l l  t h e  s p e n t  beam w a s  assumed t o  
p a s s  th rough  t h e  a p e r t u r e  o f  t h e  d e f l e c t i o n  magnet s h i e l d .  With undepressed 
c o l l e c t o r ,  72 p e r c e n t  of  t h e  RF modulated beam i s  c o l l e c t e d  on the two 
e l e c t r o d e s  and t h e  end p l a t e ;  w i t h  d e p r e s s i o n ,  38 p e r c e n t  o f  t h i s  c u r r e n t  
goes  t o  t h e  f i r s t  e l e c t r o d e .  T h i s  i s  s t i l l  o n l y  a  l i t t l e  more t h a n  one-half  
o f  t h e  p r e d i c t e d  amount, even though t h e  composi t ion of t h e  exper imenta l  
beam e n t e r i n g  t h e  c o l l e c t o r  shou ld  now b e  more f a v o r a b l e  t h a n  was assumed i n  
t h e  a n a l y s i s .  

Some of  t h e  p o s s i b l e  f a c t o r s  c o n t r i b u t i n g  t o  t h e  observed d i s c r e p a n c y  
a r e  t h e  fo l lowing :  

( 1 )  Res idua l  a n g u l a r  v e l o c i t y  i n  t h e  expanded s p e n t  beam, as a r e s u l t  
o f  non-zero magnet ic  ca thode  f l u x .  



( 2 )  Magnetic and e l e c t r i c  f r i n g i n g  f i e l d s ,  p a r t i c u l a r l y  a t  t h e  o u t p u t  
o f  t h e  d e f l e c t i o n  r e g i o n ;  non-uniform magnet ic  f i , e l d  o v e r  t h e  
beam c r o s s - s e c t i o n  i n  t h e  d e f l e c t i o n  r e g i o n ;  r e f o c u s i n g  f i e l d  
l eakage  i n t o  t h e  d e f l e c t i o n  r e g i o n ;  a n  a x i a l  l eakage  f i e l d  i n  t h e  
c o l l e c t o r  r e g i o n  ( t h i s  i s  f u r t h e r  d i s c u s s e d  a t  t h e  end o f  S e c t i o n  V I I ) .  

(3) E l e c t r o n s  e s c a p i n g  from t h e  depressed  r e g i o n  t o  t h e  vacuum en-  
v e l o p e  by i m p e r f e c t  s h i e l d i n g .  

(4) U n c e r t a i n t y  i n  t h e  a n a l y t i c a l  d e r i v a t i o n  o f  t h e  t r a j e c t o r y  launch-  
i n g  c o n d i t i o n s  o f  t h e  low and medium energy e l e c t r o n s  i n t o  t h e  
c o l l e c t o r ,  caused by:  

i )  The n e g l e c t  of space charge  f o r c e s  due t o  RF beam bunching i n  
t h e  two-dime.nsio.na1 program. 

i i )  The assumption o f  uniform a x i a l  magnet ic  f i e l d  over  t h e  beam 
a r e a .  

i i i )  The co.nti.nuous i n t e r a c t i o n  model o f  t h e  two-dimensional p ro-  
gram, used t o  r e p r e s e n t  t h e  b e a m - c i r c u i t  wave i n t e r a c t i o n  i n  
t h e  coupled c a v i t y  s t r u c t u r e .  

Some i n f o r m a t i o n  about  t h e  e f f e c t  o f  t h e s e  s o u r c e s  o f  e r r o r  can b e  
o b t a i n e d  from c o n s i d e r i n g  t h e  c o l l e c t o r  performance under  DC c o n d i t i o n s .  
T h e  u n c e r t a i n t y  i n  t r a j e c t o r y  l aunch ing  c o n d i t i o n s  i s  t h e n  minimized,  
a l t h o u g h  it i s  s t i l l  p r e s e n t  t o  a d e g r e e  because  o f  beam s c a l l o p i n g  and 
thermal  v e l o c i t y  components. The c u r r e n t  d i s t r i b u t i o n s  recorded  f o r  some 
o p e r a t i n g  c o n d i t i o n s  o f  t h e  c o l l e c t o r  w i t h  a  16 kV DC beam a r e  shown i n  
Table  V. An undepressed c o l l e c t o r  i n t e r c e p t s  approx imate ly  70 p e r c e n t  o f  
the c u r r e n t  on t h e  end p l a t e ,  20 p e r c e n t  on t h e  second e l e c t r o d e ,  and 4 p e r -  
c e n t  on t h e  f i r s t  e l e c t r o d e .  According t o  a n a l y s i s ,  i t  should b e  p o s s i b l e  
t o  d i r e c t  t h e  whole beam t o  t h e  end p l a t e .  Only i t ems  (1)  and (2) i n  t h e  
l i s t  ( a n g u l a r  v e l o c i t y  and f i e l d  i r r e g u l a r i t i e s )  shou ld  b e  s i g n i f i c a n t  i n  
"Chis c a s e ,  

A measure o f  i t e m  ( 3 ) ,  e l e c t r o n s  e s c a p i n g  t o  t h e  vacuum enve lope ,  i s  
found by a comparison between c a s e s  I1 and I V  i n  Tab le  V. They d i f f e r  
p r i n c i p a l l y  by t h e  v o l t a g e  o f  t h e  end p l a t e ,  which i n  c a s e  I V  was t h e  same 
as t h e  v o l t a g e  o f  t h e  second e l e c t r o d e ,  -9.9 kV, and i n  c a s e  I1 was a t  t h e  
ca thode  v o l t a g e .  Because t h e  v o l t a g e s  o f  e l e c t r o d e s  1 and 2 a r e  n e a r l y  
t h e  same i n  t h e  two c a s e s ,  t h e  same amount o f  c u r r e n t  i s  e n t e r i n g  th rough  
t h e  a p e r t u r e  o f  t h e  second e l e c t r o d e .  I n  c a s e  I V Y  a l l  t h e s e  e l e c t r o n s  i m -  
p i n g e  on t h e  end p l a t e  and a r e  g e n e r a l l y  c o l l e c t e d  t h e r e .  I n  c a s e  11, 
p r a c t i c a l l y  a l l  t h e  e l e c t r o n s  a r e  r e f l e c t e d  back from t h e  end p l a t e .  Most 
of t h e s e  e l e c t r o n s  are c o l l e c t e d  on t h e  second e l e c t r o d e ;  some s t r e a m  back  
th rough  tlhe a p e r t u r e  and a r e  i n t e r c e p t e d  on t h e  f i r s t  e l e c t r o d e  o r  t h e  de-  
f l e c t i o n  magnet s h i e l d ,  b o t h  o f  which t h e r e f o r e  r e g i s t e r  an i n c r e a s e  i n  
c u r r e n t .  But i n  a d d i t i o n ,  some of  t h e  c u r r e n t  which i n  c a s e  I V  went t o  t h e  



TABLE V DC PERFORMANCE OF TWO-STAGE TEST COLLECTOR 

The c u r r e n t  and v o l t a g e  symbols a r e  d e f i n e d  i n  F i g u r e  10. 



end pEatie now e s c a p e s  t o  t h e  vacuum enve lope  through t h e  gap between t h e  
end p l a t e  and t h e  s h i e l d  on t h e  second e l e c t r o d e ,  c a u s i n g  t h e  observed r ise 
i n  t h e  body c u r r e n t  (83 p e r c e n t ) .  

For a n  RF modulated beam, t h e  number o f  e l e c t r o n s  e s c a p i n g  between t h e  
second e l e c t r o d e  and t h e  end p l a t e  w i l l  b e  r e l a t i v e l y  s m a l l ,  because  o f  t h e  
reduced number o f  h igh  energy e l e c t r o n s .  A more s i g n i f i c a n t  number may 
e s c a p e  between t h e  f i r s t  and second e l e c t r o d e s ,  however, p a r t i c u l a r l y  s i n c e  
t h e  secondary e l e c t r o n  g e n e r a t i o n  a t  t h e  second e l e c t r o d e  i s  l i k e l y  t o  b e  
l a r g e  a s  a  r e s u l t  o f  g r a z i n g  t r a j e c t o r i e s ,  a s  may b e  s e e n  from F i g u r e  20. 

The g r e a t e s t  u n c e r t a i n t y  i n  t h e  c o l l e c t o r  a n a l y s i s  f o r  a n  RF beam was 
i n  t h e  d e r i v a t i o n  o f  t h e  t r a j e c t o r y  e n t r a n c e  c o n d i t i o n s .  An i n d i c a t i o n  of 
the d i s c r e p a n c y  between measured and c a l c u l a t e d  i n i t i a l  t r a j e c t o r y  a n g l e s  
was provided by t h e  c u r r e n t  d i s t r i b u t i o n  i n  t h e  undepressed c o l l e c t o r ,  
l i s t e d  i n  Tab le  I V .  The measured c u r r e n t s ,  i n  t h e  f i r s t  exper iment ,  r ecorded  
a t  t h e  end p l a t e ,  second and f i r s t  e l e c t r o d e s  were  4 1  p e r c e n t ,  18 p e r c e n t  and 
14 p e r c e n t  r e s p e c t i v e l y .  Much t h e  same d i s t r i b u t i o n  was observed i n  t h e  ex- 
per iment  w i t h  improved f o c u s i n g .  According t o  a n a l y s i s ,  80 p e r c e n t  o f  t h e  
c u r r e n t  shou ld  go t o  t h e  end p l a t e  and t h e  r e s t  t o  t h e  second e l e c t r o d e .  
P a r t  of t h e  d i s c r e p a n c y  i s  due t o  t h e  a n g u l a r  v e l o c i t y  component p r e s e n t  i n  
t h e  beam and t h e  f i e l d  i r r e g u l a r i t i e s ,  which a r e  n o t  accounted f o r ,  j u s t  a s  
i n  t h e  DC c a s e .  But ,  i n  a d d i t i o n ,  approximat ions  were made i n  t h e  computa- 
t i o n  s f  t h e  t r a j e c t o r y  l aunch ing  c o n d i t i o n s  w i t h  t h e  two-dimensional l a r g e  
s i g n a l  computer program, n o t a b l y  t h e  n e g l e c t  o f  space  charge  f o r c e s  due t o  
RF beam bunching.  T h i s  was c o n s i d e r e d  s u f f i c i e n t l y  impor tan t  t o  b e  f u r t h e r  
i n v e s t i g a t e d .  The r e s u l t s  are d i s c u s s e d  i n  t h e  next s e c t i o n .  

Another approx imat ion  i n  t h e  a n a l y s i s  was t h a t  t h e  d i s k  model o f  t h e  
beam i s  based  on l aminar  f low w i t h  t h e  a x i a l  f i e l d  assumed t o  b e  uniform 
over  the a r e a  o f  t h e  beam. The s p h e r i c a l  a b e r r a t i o n  e f f e c t  of; a i chang ing  
magnet ic  f i e l d ,  p a r t i c u l a r l y  i n  t h e  t r a n s i t i o n  between t h e  main s o l e n o i d  
f i e l d  and t h e  r e f o c u s i n g  f i e l d ,  was t h u s  n e g l e c t e d .  

F i n a l l y ,  a  t r u l y  s a t i s f a c t o r y  c a l c u l a t i o n  shou ld  u t i l i z e  t h e  e x a c t  
f i e l d  d i s t r i b u t i o n  i n  t h e  RF i n t e r a c t i o n  gaps  o f  t h e  coupled c a v i t y  s t r u c t u r e .  
The con t inuous  e l e c t r o n  beam-RF c i r c u i t  wave i n t e r a c t i o n  model, which i s  used 
i n  t h e  rwo-dimensional l a r g e  s i g n a l  computer program, h a s  g e n e r a l l y  been 
s a t i s f a c t o r y  f o r  c a l c u l a t i o n  o f  o v e r a l l  performance p a r a m e t e r s ,  such as 
e f f i c i e i l c y .  The r e a s o n  i s  t h a t  i n  a  F o u r i e r  a n a l y s i s  o f  t h e  RF wave, o n l y  
one space  harmonic remains  approx imate ly  i n  phase  w i t h  t h e  e l e c t r o n  v e l o c i t y  
o v e r  an  extended d i s t a n c e .  The o t h e r  space  harmonics appear  t o  b e  r a p i d l y  
o s c i l l a t i n g  t o  t h e  e l e c t r o n s  and consequen t ly  c o n t r i b u t e  l i t t l e  t o  t h e  a v e r -  
age  motion.  For c a l c u l a t i n g  t h e  d e t a i l e d  motion o f  t h e  e l e c t r o n s ,  however, 
i t  may w e l l  b e  necessa ry  t o  t a k e  i n t o  account  t h e  complete RF f i e l d  c o n f i g u r -  
a t i o n  i n  t h e  l a s t  few c a v i t i e s .  It i s  t h u s  b e l i e v e d ,  f o r  example, t h a t  a  
c a l c u l a t i o n  which i n c l u d e s  t h e  a c t u a l  gap f i e l d s  would p r e d i c t  some c u r r e n t  
i n t e r c e p t i o n  on t h e  o u t p u t  p o l e  p i e c e .  T h i s  i s  not p r e d i c t e d  w i t h  t h e  con- 
t i n u o u s  wave i n t e r a c t i o n  f i e l d s ,  even i n  t h e  p resence  o f  i n i t i a l  beam 
s c a l l o p i n g  and RF space  charge  f o r c e s ,  a l t h o u g h  t h e  t r a j e c t o r i e s  g e t  q u i t e  
c l o s e  t o  t h e  p o l e  p i e c e .  



V I I  . CORRECTIONS TO INITIAL ANALYSIS PROCEDURE 

The performance of t he  two-stage t e s t  c o l l e c t o r  i nd ica t ed  t h a t  the  
low and medium energy e l e c t r o n s  d id  no t  behave a s  expected. This might, 
a t  l e a s t  p a r t i a l l y ,  be a t t r i b u t e d  t o  the  omission of space charge fo rces  
due t o  RF beam bunching i n  t h e d e r i v a t i o n o f  the  launching condi t ions  i n t o  
the  c o l l e c t o r .  These fo rces  would be expected t o  a f f e c t  the  lower energy 
e l e c t r o n s  most, and might produce a  g r e a t e r  divergence of the t r a j e c t o r i e s  
a t  t he  end of the  re focus ing  s e c t i o n .  Such t r a j e c t o r i e s  would r e s u l t  i n  
reduced predic ted  c u r r e n t  t o  the  f i r s t  depressed s t a g e ,  which would be i n  
b e t t e r  agreement wi th  the  t e s t  r e s u l t s .  An a n a l y s i s  wi th  RF space charge 
e f f e c t s  included was thus considered very d e s i r a b l e .  Consequently, work 
on the  c o l l e c t o r  s tudy c o n t r a c t  was suspended, f o r  f i v e  months, until the  
space charge fo rces  were incorpora ted  i n t o  the  two-dimensional computer 
program, a s  a  r e s u l t  of a requirement i n  a  p a r a l l e l  c o n t r a c t .  

EFFECT OF RF SPACE CHARGE FORCES 

The spent  beam energy d i s t r i b u t i o n  ca l cu la t ed  wi th  RF space charge e f f e c t s  
i s  shown i n  Figure 21, both a t  s a t u r a t i o n  and a t  t h e  end of t h e  re focus ing  
sec t ion .  For comparison, t h e  d i s t r i b u t i o n  obtained without  t he  bunching 
fo rces  i s  a l s o  d i sp l ayed ;  i t  remains unchanged throughout t h e  d r i f t  r eg ion  
beyond s a t u r a t i o n .  A t  t h e  end of t h e  re focus ing  sec t ion ,  t h e  spent beam 
energy d i s t r i b u t i o n  ca l cu la t ed  wi th  RF space charge fo rces  d i f f e r s  mostly 
by somewhat lower d i s k  energ ies  than  i n  t h e  d i s t r i b u t i o n  obtained without  
t h e s e  fo rces .  Otherwise, t h e  shape of t h e  two curves i s  s i m i l a r ,  A% 
s a t u r a t i o n ,  t h e  d i s t r i b u t i o n  wi th  t h e  space charge e f f e c t s  included i s  
apprec iab ly  more bunched i n  energy and resembles q u i t e  c l o s e l y  t h e  spent  
beam d i s t r i b u t i o n  ca l cu la t ed  wi th  t h e  one-dimensional program (Figure 38 
i n  Appendix C ) .  Thus, during t h e  d r i f t  through t h e  refocusing sec t ion ,  
t h e  spent  beam acqu i r e s  a  g r e a t e r  a x i a l  v e l o c i t y  spread. Generally,  this 
reduces t h e  c o l l e c t o r  e f f i c i e n c y .  

The d i s k  t r a j e c t o r i e s  from s a t u r a t i o n  through the  re focus ing  s e c t i o n ,  
c a l c u l a t e d  wi th  RF space charge fo rces ,  a r e  displayed i n  Figure 2 2 ,  Corn- 
par ing the  t r a j e c t o r y  p l o t  wi th  Figure 12, i t  is  seen  t h a t  the e f f e c t  of 
t he  space charge fo rces  i s  t o  produce a  l e s s  uniform beam wi th  a  "Larger 
v a r i a t i o n  i n  d i s k  r a d i i  and t r a j e c t o r y  s lopes .  There i s  a l s o  a somewhat 
g r e a t e r  t rend f o r  convergence of the slow e l e c t r o n s  a t  the  end o f  the 
re focus ing  sec t ion .  

The composition of the  spent  beam a t  t he  output  of t he  re focus ing  s e c t i o n  
i s  summarized by the  graphs i n  Figure 23. The aforementioned e f f e c t s  a r e  
r e a d i l y  apparent  i n  a  comparison of t he  histograms i n  F igure  2 3  and  Figure 1 3 ,  
A numerical a n a l y s i s  of the  two cases  i s  found i n  Table V I ,  which L i s t s  the 
parameters of a  f i v e  energy-group model of the  spent  beam a t  the output of 
the  re focus ing  sec t ion .  Also included i n  the t a b l e  a r e  the parameter 
v a r i a t i o n s  from the  average va lues  f o r  each group. 
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Figure  23 Spent  beam composition a t  ou tput  of 
r e focus ing  s e c t i o n  c a l c u l a t e d  wi th  
RF space charge fo rces .  



TABLE V I  FIVE ENERGY-GROUP MODEL AT OUTPUT OF REFOCUSING REGION, 
DERIVED WITH AND WITHOUT RF SPACE CHARGE FORCES. 

NOTES : 

( a )  Equal c u r r e n t  d i s t r i b u t i o n  among t h e  groups  

(b)  R a d i i  and t r a j e c t o r y  s l o p e s  a r e  a v e r a g e s  and maximum d e v i a t i o n s  
from t h e  average  v a l u e .  



The calculations w i t h  RF s p a c e  charge  f o r c e s  thus  i n d i c a t e  t h a t ,  g e n e r a l l y ,  
t h e  s low e l e c t r o n s  converge more than  o r i g i n a l l y  e s t i m a t e d .  I t  shou ld  be 
n o t e d  t h a t  t h i s h a s  t h e  e f f e c t  o f  producing t r a j e c t o r i e s  which d i v e r g e  more 
s t r o n g l y  some d i s t a n c e  i n t o  t h e  c o l l e c t o r ,  a s  a  r e s u l t  of b o t h  t h e  s p a c e  
charge  f o r c e s  and t h e  a n g u l a r  motion due t o  non-zero ca thode  f l u x .  T h i s  
may be s e e n  from F i g u r e  24, i n  which t r a j e c t o r y  I w i t h  i n i t i a l l y  z e r o  s l o p e  
i s  compared w i t h  t r a j e c t o r i e s  I1 and I11 w i t h  i n i t i a l  s l o p e s  of + a ;  i f  
the o r i g i n  o f  t r a j e c t o r y  I1 i s  d i s p l a c e d  from 0 t o  0 ' ,  i t  w i l l  c o i n c i d e  
with t r a j e c t o r y  111. O r ,  i t  may be s a i d  t h a t  a beam w i t h  converging 
t r a j e c t o r i e s  which a f t e r  some d i s t a n c e  become p a r a l l e l ,  behaves l i k e  a  
beam w i t h  i n i t i a l l y  a  s m a l l e r  r a d i u s .  

WPPROXImTE CORRECTION FOR ANGULAR VELOCITY 

I n  t h e  t r a j e c t o r y  a n a l y s i s  o f  t h e  asymmetric c o l l e c t o r ,  i t  was n o t  pos- 
s i b l e  t o  d i r e c t l y  account  f o r  t h e  beam s p r e a d i n g  e f f e c t  of t h e  r e s i d u a l  
angular v e l o c i t y ,  s i n c e  t h i s  would r e q u i r e  a  f u l l  th ree -d imens iona l  com- 
puter program. A method of c o r r e c t i n g  f o r  t h i s  e f f e c t ,  even though 
approximate ,  would be of v a l u e .  One way of do ing  t h i s  i s  shown i n  
Figure 25. It c o n s i s t s  i n  f i n d i n g  t h e  l aunch ing  a n g l e  (a: ) o f  an  equiva-  

e lent t r a j e c t o r y  w i t h o u t  a n g u l a r  v e l o c i t y ,  which i n  t h e  p resence  of s p a c e  
charge  f o r c e s  and e l e c t r i c  r e t a r d i n g  f i e l d s  i s  d e f l e c t e d  r a d i a l l y  t h e  same 
amount a s  a  t r a j e c t o r y  w i t h  t h e  p roper  amount o f  a n g u l a r  v e l o c i t y .  The 
a x i a l  p o s i t i o n  o f  t h e  r e f e r e n c e  p lance  would t y p i c a l l y  be a t  t h e  l o c a t i o n  
of t h e  c o l l e c t i n g  e l e c t r o d e  f o r  a  p a r t i c u l a r  energy group. 

A q u a n t i t a t i v e  i n v e s t i g a t i o n  of t h i s  e f f e c t  was c a r r i e d  o u t  w i t h  t h e  t r a -  
j e c t o r y  computer program i n  t h e  fo l lowing  way. The f i v e  energy groups  
o f  t h e  s p e n t  beam model, w i t h  t h e i r  a v e r a g e  r a d i i  and t r a j e c t o r y  s l o p e s  
as c a l c u l a t e d  w i t h  RF s p a c e  charge  f o r c e s ,  were  launched i n t o  a  c y l i n d r i -  
c a l l y  symmetric v e r s i o n  o f  t h e  two-stage t e s t  c o l l e c t o r .  (Such a  c o l l e c t o r  
would be o b t a i n e d  by s w i t c h i n g  o f f  t h e  magnet ic  d e f l e c t i o n  f i e l d  and s h i f t -  
ing t h e  c o l l e c t o r  e l e c t r o d e  a p e r t u r e s  t o  a  c o a x i a l  p o s i t i o n . )  The magnet ic  
f o c u s i n g  f i e l d  was assumed t o  be z e r o  everywhere,  b u t  t h e  a n g u l a r  v e l o c i t y  
due  t o  non-zero ca thode  f l u x ,  which would be p r e s e n t  i n  a f i e l d - f r e e  r e g i o n ,  
was i n c l u d e d .  A d d i t i o n a l  t e s t  t r a j e c t o r i e s  w i t h  z e r o  a n g u l a r  v e l o c i t y  
were launched w i t h  each  energy  g roup  f o r  t h e  purpose  of f i n d i n g  t h e  equiva-  
lent t r a j e c t o r y  s l o p e .  The e l e c t r o d e  p o t e n t i a l s  of t h e  c y l i n d r i c a l l y  
symmetric two-s tage c o l l e c t o r  were t h e  same a s  t h e  e x p e r i m e n t a l  p o t e n t i a l s  
in t h e  t e s t  c o l l e c t o r .  The r e s u l t s  a r e  l i s t e d  i n  Tab le  V I I ,  and show t h a t  
most of t h e  converging r a y s  shou ld  be r e p l a c e d  by d i v e r g i n g  t r a j e c t o r i e s .  
Also shown i n  Tab le  V I I  a r e  t h e  s l o p e s  of a  s t r o n g l y  d i v e r g i n g  beam model, 
c o n s t r u c t e d  by changing t h e  s i g n  o f  t h e  n e g a t i v e  t r a j e c t o r y  s l o p e s  i n  
the model d e r i v e d  w i t h  RF s p a c e  charge  f o r c e s ,  a s  a  measure of t h e  d e g r e e  
of v a r i a t i o n  i n  a n g l e  which i s  p o s s i b l e .  



0' A X I A L  DISTANCE 

F i g u r e  24 E f f e c t  o f  non-zero i n i t i a l  s l o p e  on t r a j e c t o r i e s  
w i t h  a n g u l a r  v e l o c i t y  i n  a  r e g i o n  w i t h  no magnet ic  
f i e l d .  

1 &-- 

AXIAL DISTANCE 

F i g u r e  25 R a d i a l  s p r e a d  o f  edge t r a j e c t o r y  w i t h  a n g u l a r  
v e l o c i t y  and of e q u i v a l e n t  t r a j e c t o r y  w i t h o u t  
a n g u l a r  v e l o c i t y .  



TABLE V I I  TRAJECTORY SLOPES OF CORRECTED AND STRONGLY DIVERGING BEAM 
MODELS 

MODEL WITH RF 

An a n a l y s i s  o f  t h e  t e s t  c o l l e c t o r ,  u s i n g  t h e  t r a j e c t o r y  l aunch ing  condi-  
t i o n s  c o r r e c t e d  f o r  t h e  e f f e c t  of a n g u l a r  v e l o c i t y , w a s m a d e  w i t h  t h e  end 
p l a t e  a t  t h e  ca thode  v o l t a g e  and t h e  o t h e r  two e l e c t r o d e  v b l t a g e s  a t  t h e  
e x p e r i m e n t a l l y  opt imized v a l u e s .  A c o r r e c t i o n  was a l s o  made f o r  t h e  
energy removed from t h e  s p e n t  beam due t o  c i r c u i t  l o s s e s .  The k i n e t i c  
power i n  t h e  beam emerging from t h e  o u t p u t  c o u p l e r ,  g i v e n  by 

- - P 
E b - P ~ ~ P ~ ~ i n - P ~ ~ o u t  c i r c u i t  l o s s '  

was then  found t o  be 9.52 kW. T h i s  is  e q u i v a l e n t  t o  an average  normal ized 
energy of i / v 0  = . 683 ,  r a t h e r  t h a n  t h e  v a l u e  of .714 i n  t h e  computer- 
c a l c u l a t e d  s p e n t  beam. The f i r s t  f o u r  energy groups  were a c c o r d i n g l y  
reduced i n  energy by abou t  5% and t h e  h i g h e s t  energy g r o u p  by 1%. (The 
d i s s i p a t e d  RF energy i s  p r i n c i p a l l y  s u p p l i e d  by t h e  low energy e l e c t r o n s . )  

The e s t i m a t e d  c u r r e n t  d i s t r i b u t i o n  i s  shown i n  Tab le  V I I I ,  t h e  n e x t  t o  
the l a s t  column. The cor responding  e x p e r i m e n t a l  v a l u e s  a r e  a l s o  d i s p l a y e d ,  
i n  a  way which more e x p l i c i t l y  demons t ra tes  t h e  e f f e c t  of c o l l e c t o r  
d e p r e s s i o n .  The measured t o t a l  c u r r e n t s  going t o  t h e  body, t h e  d e f l e c -  
tion magnet (and r e f o c u s i n g  magnet po le  p i e c e ) ,  and t h e  d e f l e c t i o n  magnet 
s h i e l d  have been s e p a r a t e d  i n t o  two p a r t s ,  namely, t h e  measured c u r r e n t s  
w i t h o u t  d e p r e s s i o n  and a  remainder ;  t h e  remainder  thus  r e f l e c t s  t h e  e f f e c t  
o f  d e p r e s s i o n .  The c a l c u l a t e d  c u r r e n t  go ing  t o  ground p o t e n t i a l  (15%) 
e s s e n t i a l l y  comprises  t h e  sum of t h e  c u r r e n t s  t o  t h e  d e f l e c t i o n  magnet 
and t h e  s h i e l d  a s  a  r e s u l t  of d e p r e s s i o n ,  (AIDM 4- A 1  ) / I 0 .  P r a c t i c a l l y  
all the  change i n  body c u r r e n t  due t o  depressxon  i s  Brom e l e c t r o n s  
escap ing  t o  t h e  vacuum envelope because  of i m p e r f e c t  s h i e l d i n g ,  p r i n c i p a l l y  
f rom t h e  r e g i o n  between t h e  f i r s t  and second e l e c t r o d e s .  



TABLE V I I I  CORRECTED ANALYSIS OF RF PERFORMANCE OF TWO-STAGE TEST 
COLLECTOR WITH DEPRESS I O N .  

NOTES 

( a )  The c u r r e n t  i I  i s  t h e  i n c r e a s e  due t o  d e p r e s s i o n  from t h e  v a l u e  I w i t h o u t  d e p r e s s i o n .  
X 0  

( b )  The e l e c t r o d e  v o l t a g e s  i n  a l l  c a s e s  a r e :  V c l  = -5.12 kV, V = -9.55 kV, Vc3 = -16.0  kV. 
c  2 

A major d i f f e r e n c e  i n  t h e  observed and e s t i m a t e d  c u r r e n t  d i s t r i b u t i o n s  
i s  t h e  reduced t r a n s m i s s i o n  (72.4%) i n t o  t h e  c o l l e c t o r  r e g i o n  even w i t h -  
o u t  d e p r e s s i o n .  Because t h e  i n t e r c e p t i o n  on che coupled c a v i t y  c i r c u i t  
was found t o  be v e r y  s m a l l ,  a t  l e a s t  w i t h  a  peaked magnet ic  f o c u s i n g  
f i e l d ,  i t  would be p o s s i b l e  t o  improve t h e  t r a n s m i s s i o n  i n t o  t h e  c o l l e c t o r  
d r a m a t i c a l l y  by a p p r o p r i a t e  m o d i f i c a t i o n s  of t h e  po le  p i e c e  and s h i e l d  
a p e r t u r e s .  An e s t i m a t e  of t h e  c u r r e n t  d i s t r i b u t i o n  w i t h  p e r f e c t  t r a n s -  
m i s s i o n  ( w i t h  d e p r e s s i o n )  i s  a l s o  shown i n  Tab le  V I I I .  I t  was obfa ined  
by assuming t h a t  t h e  o r i g i n a l l y  i n t e r c e p t e d  c u r r e n t  c o n s i s t e d  of l o w  and 
medium energy  e l e c t r o n s  which were r e d i s t r i b u t e d  on t h e  body, d e f l e c t i o n  
magnet, s h i e l d  and f i r s t  e l e c t r o d e  i n  t h e  same r a t i o  a s  t h e  measured c u r -  
r e n t  components due t o  d e p r e s s i o n .  I f  i t  is  f u r t h e r  assumed t h a t  with 
p e r f e c t  s h i e l d i n g  t h e  r e g i s t e r e d  body c u r r e n t  goes t o  t h e  f i r s t  e l e c t r o d e ,  
t h e  c u r r e n t  d i s t r i b u t i o n  i s  f a i r l y  s i m i l a r  t o  t h e  d i s t r i b u t i o n  d e r i v e d  by 
t r a j e c t o r y  a n a l y s i s .  The d i f f e r e n c e  i s  a  s h i f t  of  11% of  t h e  t o t a l  c u r -  
r e n t  from t h e  f i r s  t e l e c t r o d e  t o  t h e  d e f l e c t i o n  magnet s h i e l d .  



The presence of an  a x i a l  leakage f i e l d  would have the e f f e c t  of i nc reas ing  
the e l e c t r o n  backstreaming. A d i r e c t  a n a l y s i s  of t he  two-stage c o l l e c t o r  
wi th  a n  a x i a l  magnetic f i e l d  component was no t  poss ib l e  w i th  the  computer 
progxam. In s t ead ,  a  computer run was made wi th  such a  f i e l d  i n  a  c y l i n d r i c a l l y  
symmetric ve r s ion  of t he  t e s t  c o l l e c t o r .  An increased  tendency of the  c e n t r a l  
t r a j e c t o r i e s  t o  r e t u r n  through the  e l e c t r o d e  a p e r t u r e s  was noted, bu t  the  
effect did  no t  appear t o  be s u f f i c i e n t $ y  s i g n i f i c a n t  t o  account f o r  t he  
observed excess  c u r r e n t  t o  t he  d e f l e c t i o n  magnet s h i e l d .  

The r e s u l t s  of a  t r a j e c t o r y  a n a l y s i s  w i th  the  s t rong ly  d iverg ing  beam model 
a r e i n c l u d e d i n  the  l a s t  column of .the t a b l e .  Evident ly,  the  degree of 
assumed divergence i s  too  severe .  

Considering the  presence of o the r  sources of e r r o r ,  a s  d i scussed  previously,  
i t  may be concluded t h a t  t he  co r r ec t ed  spent  beam t r a j e c t o r y  launching con- 
d i t i o n s  p r e d i c t  a  c o l l e c t o r  performance which i s  i n  f a i r  agreement w i t h  
the experimental  r e s u l t s .  



VIII MULTISTAGE DEPRESSED COLLECTOR DESIGN 

According to the initial plan, an optimized multistage collector with 
up to five depressed stages was to be designed and evaluated. The design 
procedures were intended to be verified through the evaluation of an opti- 
mized two-stage collector. Even before any test results had become available, 
however, computer investigations were started on some four-stage collector 
configurations. These involved simple modifications of the two-stage designs, 
by the addition of two interxediate electrodes. 

The trajectory plot for one such four-stage collector is shown in 
Figure 26. It is a modification of the all-electrostatic collector in 
Figure 19. The efficiency of this collector was estimated to be 68 percent, 
or 9 percentage points higher than the efficiency of the two-stage design from 
which it was derived. 

A similar modification of the two-stage collector with initial magnetic 
deflection (Figure 18) was not successful. Several of the low and medium 
energy electrons were not sufficiently deflected by the now-reduced electro- 
static transverse force beyond the first depressed electrode, resulting from 
the intermediate electrode voltage between the two original electrodes, A l s o ,  
as was discussed previously, the energy groups are more crowded together in a 
collector with initial magnetic deflection, making an electron sorting by 
energy more difficult. The scheme was therefore abandoned. 

The first test results of the two-stage collector indicated that a 
greater spread of the low and medium energy electrons occurred, such that a 
substantially decreased number were collected on the first stage, Another 
collecting electrode was therefore added in the four-stage electrostatic 
design, located between the first stage and ground and having a depression 
voltage of 70 percent of that of the first stage. The effective decrease in 
the axial length of the initial deflection region was compensated for by 
moving the grounded back plate closer to the depressed deflection control 
electrode. A configuration was then found which, with the same original 
trajectory input conditions, produced no significant change in the trajectory 
pattern occurring in the four-stage design. The added stage would, however, 
collect some of the trajectories which would be actually more diverging than 
assumed in the beam model. 

TRAJECTORY DESIGN ANALYSIS OF FINAL FOUR-STAGE COLLECTOR 

Generally the collector designs, which were analyzed with the originally 
derived spent beam model, were characterized by an electron sorting process 
which depended not only on the electron energy, but also, quite critically, 
on the trajectory launching conditions. In the four-stage collector in 
Figure 26, for example, it is seen that the fourth energy group is collected 
on all four electrodes;:, depending on the launching position within the 

;kOne of the trajectories of the fourth energy group is collected on the 
electrode with -12.5 kV depression, even though the initial kinetic energy 
is 12.5 keV. The reason why this is possible is the potential depression 
due to the space charge at the collector entrance. 





beam. An i n s p e c t i o n  o f  t h e  t r a j e c t o r i e s  r e v e a l s  t h a t  t h e  i n i t i a l  t r a j e c t o r y  
a n g l e  would a l s o  be  s i g n i f i c a n t .  When t h e  space  charge  f o r c e s  due t o  RE 
beam bunchi-ng were i n c l u d e d  i n  t h e  d e r i v a t i o n  o f  t h e  t r a j e c t o r y  l aunch ing  
c o n d i t i o n s  i n t o  t h e  c o l l e c t o r ,  a  g r e a t e r  v a r i a t i o n  i n  r a d i a l  p o s i t i o n  and 
t r a j e c t o r y  a n g l e  were found among t h e  e l e c t r o n s  composing an  energy group,  
It was t h e r e f o r e  d e s i r a b l e  t o  modify t h e  d e s i g n  t o  b e  more independent  o f  
t h e  t r a j e c t o r y  i n p u t  c o n d i t i o n s .  T h i s  can be  ach ieved  by a p p l y i n g  a g r e a t e r  
d e f l e c t i o n  f o r c e .  Genera l ly  i t  e n t a i l s  a  r e d u c t i o n  i n  e f f i c i e n c y ,  because  
o f  i n c r e a s e d  t r a n s v e r s e  v e l o c i t y  o f  t h e  impact ing e l e c t r o n s .  N e v e r t h e l e s s ,  
because  o f  t h e  u n c e r t a i n t i e s  i n h e r e n t  i n  t h e  a n a l y s i s ,  and t h e  r e l a t i v e l y  
s t r o n g  space  charge  f o r c e s ,  t h e  approach used f o r  t h e  d e s i g n  o f  t h e  f i n a l  
c o l l e c t o r  was t o  m a i n t a i n  a  g r e a t e r  c o n t r o l  o f  t h e  beam. 

A  t r a j e c t o r y  p l o t  o f  t h e  f i n a l  f o u r - s t a g e  c o l l e c t o r  i s  shown i n  F i g u r e  23.  
The number o f  e f f e c t i v e  depressed  s t a g e s  was l i m i t e d  by t h e  number o f  a v a i l -  
a b l e  feed- th rough  connec tors  ( s e v e n ) ,  t h r e e  of which would be used f o r  t h e  
r e f o c u s i n g  magnet,  t h e  f i r s t  d e f l e c t i o n  c o n t r o l  e l e c t r o d e  and t h e  non- 
c o l l e c t i n g  d e f l e c t i o n  e l e c t r o d e  a t  t h e  top .  The remaining d e f l e c t i o n  e l e c t r o d e s  
a r e  connected e l e c t r i c a l l y  t o  two c o l l e c t i o n  e l e c t r o d e s .  The composi t ion of 
t h e  beam used i n  t h e  computat ion was t h e  one c a l c u l a t e d  w i t h  t h e  i n c l u s i o n  o f  
RF space  charge  f o r c e s ,  and c o r r e c t e d ,  i n  a  f i r s t  approx imat ion ,  f o r  t h e  spread- 
i n g  e f f e c t  o f  t h e  r o t a t i o n a l  motion i n  t h e  beam (Table  V I I ) .  

An i n d i c a t i o n  of how w e l l  t h e  beam i s  c o n t r o l l e d  i s  g iven  by a comparison 
o f  F i g u r e  27 w i t h  t h e  t r a j e c t o r y  p l o t  o b t a i n e d  i n  t h e  f i r s t  i t e r a t i o n ,  dis- 
played  i n  F i g u r e  28. The space charge  f o r c e s  i n  t h e  c o l l e c t o r  r e g i o n  have t h u s  
no t  been i n c l u d e d .  It i s  s e e n  t h a t  t h e i r  e f f e c t  i s  r e l a t i v e l y  minor ,  A com- 
p u t e r  r u n  was a l s o  made w i t h  t h e  s t r o n g l y  d i v e r g i n g  beam model i n  Table  VIL, 
The f i n a l  i t e r a t i o n  o f  t h i s  r u n ,  i n c l u d i n g  space charge  f o r c e s ,  i s  shown i n  
F i g u r e  29.  The low energy  groups  do n o t  f o c u s  q u i t e  a s  w e l l  a f t e r  t u r n -  
around,  w i t h  a  consequent l o s s  o f  energy  s e l e c t i v i t y .  Cons ider ing ,  however, 
t h a t  t h e  assumed t r a j e c t o r y  s l o p e s  r e p r e s e n t  w o r s t - c a s e  e s t i m a t e s ,  t h e  c o i -  
l e c t o r  d e s i g n  i s  g e n e r a l l y  f a i r l y  i n s e n s i t i v e  t o  t h e  v a r i a t i o n s  i n  the e l e c t r o n  
t r a j e c t o r y  a n g l e s .  

The e l e c t r o d e  c o n f i g u r a t i o n  and t h e  v o l t a g e s  were chosen t o  p r o v i d e  a 
smooth, r e l a t i v e l y  c o n s t a n t  f o r c e  on t h e  e l e c t r o n s  i n  most o f  t h e  c o l l e c t o r  
r e g i o n .  An op t imized  d e s i g n  o f  an i d e a l  f o u r - s t a g e  c o l l e c t o r ,  based on t h e  
s p e n t  beam energy d i s t r i b u t i o n  a t  t h e  o u t p u t  o f  t h e  r e f o c u s i n g  s e c t i o n ,  was 
used a s  a  gu ide .  Th is  i s  b e l i e v e d  t o  be  a p p r o p r i a t e  f o r  t h e  p r e s e n t  c o l l e c t o r ,  
i n  which t h e  s o r t i n g  i s  determined p r i n c i p a l l y  by t h e  e l e c t r o n  energy ,  (For  
t h e  p r e v i o u s l y  i n v e s t i g a t e d  c o l l e c t o r  t y p e s ,  t h e  performance was more s t r o n g l y  
dependent on t h e  t r a j e c t o r y  i n p u t  c o n d i t i o n s . )  The s p e n t  beam energy d i s t r i b u -  
t i o n  and a n  op t imized  d e s i g n  o f  t h e  i d e a l  f o u r - s t a g e  c o l l e c t o r  i s  shown i n  
F i g u r e  30. The v o l t a g e  s t e p  between t h e  l a s t  two s t a g e s  i n  t h e  i d e a l  d e s i g n  
is  about twice  t h e  s t e p  between t h e  l e s s  depressed  a d j a c e n t  s t a g e s ,  To 
m a i n t a i n  an  approximately  uniform p o t e n t i a l  g r a d i e n t ,  t h e  d i s t a n c e  between 
t h e  las t  two s t a g e s  has  thus  been made cor responding ly  l a r g e r .  



i M E S H  UNIT=.I" (-254 cm'l 

F igure  27 Calcu la ted  spen t  beam t r a j e c t o r i e s  and e q u i p o t e n t i a l s  i n  
f i n a l  four -s tage  c o l l e c t o r  (space charge e f f e c t s  included) .  





Figure  29 Calcu la ted  t r a j e c t o r i e s  and e q u i p o t e n t i a l s  i n  f i n a l  four -  
s t a g e  c o l l e c t o r  u s ing  s t r o n g l y  d ive rg ing  beam model. 





ESTIMATED PERFORMANCE OF OPTIMIZED FOUR-STAGE COLLECTOR 

The performance o f  t h e  f o u r - s t a g e  c o l l e c t o r  may b e  e s t i m a t e d  i n  t h e  
f o l l o w i n g  way. From t h e  t r a j e c t o r y  p l o t  i n  F i g u r e  27 i t  i s  found t h a t  t h e  
amount o f  ene rgy  r e c o v e r e d  by t h e  c o l l e c t o r  r a n g e s  from 67% f o r  t h e  s low 
group t o  73% f o r  t h e  f a s t  group.  I n  c a s e  t h e  t r a j e c t o r i e s  o f  an  energy  
group a r e  c o l l e c t e d  on two d i f f e r e n t  e l e c t r o d e s ,  a s  happens f o r  t h e  t h i r d  
group, t h e  r e c o v e r e d  energy  may b e  weighted a c c o r d i n g l y .  On t h e  a v e r a g e ,  
t h e r e f o r e ,  about  70% of  t h e  energy  i s  r e c o v e r e d .  T h i s  would b e  a  rough 
e s t i m a t e  o f  t h e  c o l l e c t o r  e f f i c i e n c y .  

A more v a l i d  c a l c u l a t i o n  would b e  based on an i n c r e a s e d  number o f  - 
energy  groups .  T h i s  would g e n e r a l l y  g i v e  a  lower  e f f i c i e n c y ,  a s  was ob- 
served i n  t h e  a n a l y s i s  o f  t h e  two-s tage  t e s t  c o l l e c t o r  w i t h  f o u r  and f i v e  
energy  g roups .  I n  t h e  f o u r - s t a g e  c o l l e c t o r ,  however, t h e  e f f i c i e n c y  reduc-  
tion w i t h  added energy  groups  i s  expec ted  t o  b e  l a r g e r  t h a n  i n  t h e  two-s tage  
c o l l e c t o r  because  o f  t h e  g r e a t e r  energy s e l e c t i v i t y .  

Another  method of  c a l c u l a t i n g  t h e  expec ted  c o l l e c t o r  e f f i c i e n c y  is  t o  
s t a r t  from t h e  i d e a l  f o u r - s t a g e  c o l l e c t o r .  I t s  performance is  summarized 
i n  Table I X .  Even though a l l  t h e  energy of a  g i v e n  e l e c t r o n  cou ld  b e  recovered  
by an i d e a l  c o l l e c t o r ,  t h e  d i s t r i b u t i o n  of  e l e c t r o n  e n e r g i e s  is  a  s p e n t  beam 
would r e q u i r e  a n  i n f i n i t e  number of  e l e c t r o d e s  f o r  100% c o l l e c t o r  e f f i c i e n c y .  
For the f o u r - s t a g e  c o l l e c t o r ,  t h e  e f f i c i e n c y  i s  89%. 

The r e l a t i v e  d e c r e a s e  i n  e f f i c i e n c y  due t o  f i n i t e  number o f  s t a g e s  c a n  
also be a p p l i e d  t o  t h e  a c t u a l  n o n - i d e a l  c o l l e c t o r ,  p rov ided  t h e  maximum 
amount: o f  energy  r e c o v e r e d  from a  t y p i c a l  ene rgy  group i s  known. A measure  
of  the maximum r e c o v e r a b l e  energy  i s  o b t a i n e d  when a n  e n t i r e  ene rgy  group 
just b a r e l y  r e a c h e s  a  d e p r e s s e d  s t a g e .  (Because o f  t h e  s p a t i a l  s p r e a d  o f  
t h e  t r a j e c t o r i e s  o f  a n  energy group a t  c o l l e c t i o n ,  t h i s  would s t i l l  b e  a n  
u n d e r e s t i m a t e ;  f o r  a n  i n c r e a s e d  number o f  s t a g e s  a d d i t i o n a l  ene rgy  would b e  
r e c o v e r e d  from some of  t h e  e l e c t r o n s  i n  t h e  group.)  I n  F i g u r e  27,  a l l  t h e  
t r a j e c t o r i e s  o f  t h e  f i r s t  ene rgy  group a r e  c o l l e c t e d  on t h e  f i r s t  e l e c t r o d e ,  
but e v i d e n t l y ,  t h i s  would s t i l l  happen f o r  a n  i n c r e a s e d  amount o f  d e p r e s s i o n .  
The  margin  i s  c l o s e r  f o r  t h e  second energy  g roup ,  which i s  c o l l e c t e d  e n t i r e l y  
on the second e l e c t r o d e ,  The r e c o v e r e d  energy  f o r  t h i s  group i s  somewhat l e s s  
t h a n  73 p e r c e n t .  Using t h i s  number a s  t h e  maximum c o l l e c t i o n  e f f i c i e n c y  f o r  a 
t y p i c a l  group,  and m u l t i p l y i n g  by t h e  c o r r e c t i o n  f a c t o r  .89 a p p l i c a b l e  f o r  
f o u r  s t a g e s ,  g i v e s  a n  e f f i c i e n c y  o f  65 p e r c e n t  f o r  t h e  a c t u a l  f o u r - s t a g e  
col l e c t o r .  

In  62 s i m i l a r  a n a l y s i s  w i t h  t h e  s t r o n g l y  d i v e r g i n g  beam model ( F i g u r e  2 9 ) ,  
ehe  r e c o v e r e d  e n e r g y  v a r i e d  m o n o t o n i c a l l y  from 6 1  p e r c e n t  f o r  t h e  s low group 
t o  73  p e r c e n t  f o r  t h e  f a s t  group.  The a v e r a g e  c o l l e c t i o n  e f f i c i e n c y  was 67 
percent, o r  t h r e e  p o i n t s  lower t h a n  f o r  t h e  f i r s t  beam model. To t a k e  t h e  
variation i n  t r a j e c t o r y  l a u n c h i n g  c o n d i t i o n s  i n t o  accoun t  t o  some e x t e n t ,  a  
compromise p rocedure  was adopted t o  a r r i v e  a t  a  b e s t  e s t i m a t e .  The maximum 



TABLE IX ESTIMATED PERFORMANCE OF FOUR-STAGE COLLECTOR 

Notes: 
(a) Calculated spent beam power: P = .714 I V . 

b 0 0 

(b) For ideal collector, recovered power = .637 IoVo; " = 89%-  

(c) For actual collector, recovered power ;. .44 IoVo; v c  = 62%, 



r e c o v e r a b l e  energy  f o r  a  t y p i c a l  energy group was reduced from 73 t o  70 
p e r c e n t .  C o r r e c t i n g  by t h e  f a c t o r  .89 f o r  f o u r  s t a g e s  g i v e s  a c o l l e c t o r  
e f f i c i e n c y  o f  62 p e r c e n t .  T h i s  i s  cons idered  a  c o n s e r v a t i v e  e s t i m a t e .  
However, degrad ing  e f f e c t s  due t o  i n i t i a l  o r  a c q u i r e d  mot ion p e r p e n d i c u l a r  
t o  t h e  symmetry p l a n e  have not been i n c l u d e d .  

A summary o f  t h e  e s t i m a t e d  performance c h a r a c t e r i s t i c s  o f  t h e  c o l l e c t o r  
2s given  i n  Tab le  I X .  The op t imized  e l e c t r o d e  p o t e n t i a l s  a r e  assumed t o  b e  
about  70 p e r c e n t  o f  t h e  i d e a l  p o t e n t i a l s .  The e l e c t r o d e  c u r r e n t s  should  b e  
s i m i l a r  t o  t h e  i d e a l  c u r r e n t s  under t h e s e  c o n d i t i o n s ,  a l t h o u g h  some c u r r e n t  
would go t o  ground p o t e n t i a l .  I t  may b e  noted from t h e  s p e n t  beam energy  
d i s t r i b u t i o n  i n  F i g u r e  30,  t h a t  r e l a t i v e l y  smal l  changes i n  t h e  p o t e n t i a l s  
o f  t h e  second and t h i r d  e l e c t r o d e s  w i l l  produce s i g n i f i c a n t  changes i n  t h e  
e l e c t r o d e  c u r r e n t s .  The change i n  e f f i c i e n c y  w i l l  b e  minor ,  however, s i n c e  
by v i r t u e  of t h e  o p t i m i z a t i o n  /&v = 0 .  

c  ck 

The c o l l e c t o r  combined w i t h  a  ( l o s s l e s s )  28 p e r c e n t  e f f i c i e n t  t r a v e l i n g -  
wave t u b e  would g i v e  an o v e r a l l  e f f i c i e n c y  o f  51  p e r c e n t .  For t h e  s t a c k e d  
c o u p l e d - c a v i t y  c i r c u i t ,  f o r  which t h e  power l o s s  a t  s a t u r a t i o n  was e s t i m a t e d  
t o  b e  .58 kW, t h e  o v e r a l l  e f f i c i e n c y  would b e  48 p e r c e n t ,  assuming 97 p e r -  
c e n t  t r a n s m i s s i o n  i n t o  t h e  c o l l e c t o r .  It i s  b e l i e v e d  t h a t  w i t h  t h e  
m o d i f i c a t i o n s  which a r e  d e s c r i b e d  i n  t h e  f o l l o w i n g  s u b s e c t i o n ,  t h i s  t r a n s -  
m i s s i o n  cou ld  be  ach ieved .  

CONFIGURATION OF FOUR-STAGE COLLECTOR 

The a c t u a l  d e s i g n  o f  t h e  f o u r - s t a g e  c o l l e c t o r ,  which was planned f o r  
eva?iuatio,n i n  t h e  demountable a p p a r a t u s ,  i s  shown i.n F i g u r e  31, i n  t h e  p l a n e  
o f  r e f l e c t i o n  symmetry. It cor responds  c l o s e l y  t o  t h e  c o n f i g u r a t i o n  used i n  
the t r a  j e c t o r y  c a l c u l a t i o n s .  

In t h e  computer r u n s  a  p l a n a r  c o l l e c t o r  geometry was assumed, w i t h  a n  
a p p r o p r i a t e  p l a n a r  s i m u l a t i o n  o f  a n  h i t i a l l y  c y l i n d r i c a l  beam. An e f f o r t  
was made t o  main ta in  p l a n a r  symmetry i n  t h e  a c t u a l  c o l l e c t o r ,  w i t h i n  t h e  
c o n s t r a i n t s  o f  t h e  a v a i l a b l e  t e s t  a p p a r a t u s .  The e l e c t r o d e  o u t l i n e s  a r e  
shown i n  F i g u r e  32. 

The p l a n a r  geometry e x t e n d s  o v e r  a  d i s t a n c e  o f  about one i n c h  (2 .5  cm) 
f r o m  t h e  symmetry p l a n e .  As a  check on t h e  d e s i g n ,  an  e s t i m a t e  was made o f  
t h e  e x t e n t  o f  e l e c t r o n  d i sp lacement  p e r p e n d i c u l a r  t o  t h i s  p l a n e  i n  t h e  
c o l l e c t o r .  An i n i t i a l  t r a n s v e r s e  v e l o c i t y  i n  t h i s  d i r e c t i o n  may b e  caused 
e i t h e r  by a  r a d i a l  v e l o c i t y  component o r  a n  a n g u l a r  v e l o c i t y  component. 
S ince  t h e s e  components a r e  m u t u a l l y  p e r p e n d i c u l a r ,  b o t h  o f  them cannot  b e  
maximally e f f e c t i v e  s imul taneous ly .  Worst -case  e s t i m a t e s  o f  t h e  r a d i a l  
t r a j e c t o r y  s l o p e s  y i e l d  t r a n s v e r s e  v e l o c i t i e s  t y p i c a l l y  e q u a l  t o  .2 X 1 0  
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i n c h e s j s  ( .5  X 10' cm/s).  The t ime  of f l i g h t  i n  t h e  c o l l e c t o r  f o r  t h e  
cor responding  e l e c t r o n s  was o b t a i n e d  from t h e  computer p r i n t - o u t .  It was 
a t  most 2.5 n s ,  r e s u l t i n g  i n  a  d i sp lacement  of .5  i n c h e s  (1 .3  cm). The 
maximum a n g u l a r  v e l o c i t y ,  assuming a  ca thode  f l u x  o f  87 p e r c e n t  r e l a t i v e  t o  
the DC beam and laminar  f low,  i s  .15 X l o 9  i n c h e s l s  ( .38  X 10' cmls ) .  The 



- 
R E F O C U S I N G  M A G N E T  POLE PIECE 

F i g u r e  3 1  Schemat ic  of f i n a l  f o u r - s t a g e  c o l l e c t o r  i n  
p l a n e  o f  r e f l e c t i o n  symmetry. 

maximum t ime  o f  f l i g h t ,  which was a p p l i c a b l e  i n  t h i s  c a s e ,  was 2-8 ns, 
producing a  d i sp lacement  o f  about  .4 i n c h e s  ( 1  cm). E f f e c t s  due t o  space 
charge  and non- laminar  f low may c o n t r i b u t e  a n o t h e r  h a l f  i n c h  ( 1 , 3  cm), 
The c o l l e c t o r  c o n f i g u r a t i o n  i s  t h e r e f o r e  r e a s o n a b l e ,  a l though  a  greater 
margin might have been d e s i r a b l e .  

An e l a b o r a t e  s h i e l d i n g  arrangement ,  shown o n l y  p a r t i a l l y  i n  F igu re s  
31 and 32,  was des igned  t o  p r e v e n t  e l e c t r o n s  from e s c a p i n g  t o  t h e  vacuum 
enve lope ,  o r  b e i n g  c a p t u r e d  on t h e  ceramic  s p a c e r s .  Grooves machined 
i n t o  t h e  gun s i d e  o f  t h e  a c t i v e  p a r t  o f  t h e  e l e c t r o d e s  were planned i n  
o r d e r  t o  minimize g r a z i n g  i n c i d e n c e  o f  e l e c t r o n s  and t h u s  r e d u c e  produc- 
t i o n  o f  s e c o n d a r i e s .  
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F i g u r e  32 E l e c t r o d e  c o n f i g u r a t i o n s  i n  f i n a l  f o u r - s t a g e  
c o l l e c t o r .  

To improve t h e  beam t r a n s m i s s i o n  i n t o  t h e  c o l l e c t o r ,  t h e  f o l l o w i n g  
m o d i f i c a t i o n s  were  p lanned .  The beam h o l e  i n  t h e  main s o l e n o i d  p o l e  p i e c e  
was t o  b e  chamfered w i t h  a  r a d i u s  of  .075 i n c h e s  ( . I 9 1  cm) a t  t h e  gun s i d e  
and . I 0 0  i n c h e s  ( .254  cm) a t  t h e  c o l l e c t o r  s i d e .  T h i s  shou ld  v e r y  e f f e c -  
tively r e d u c e  t h e  i n t e r c e p t i o n  on t h i s  p o l e  p i e c e ,  judg ing  from t h e  
t r a j e c t o r y  p l o t  i n  F i g u r e  2 2 ,  and t h e  measured n e g l i g i b l e  i n t e r c e p t i o n  on 
the RF c i r c u i t  ( t h e  beam h o l e  r a d i u s  o f  t h e  c i r c u i t  was .050 i n c h e s ) .  The 
beam h o l e  i n  t h e  r e f o c u s i n g  magnet p o l e  p i e c e  was t o  b e  s i m i l a r l y  chamfered 
with r a d i i  of  . I 3 7 5  i n c h e s  ( .349 cm) and . I575  i n c h e s  ( .400  cm). The 
slight change i n  t h e  magnet ic  f i e l d  expec ted  a s  a  r e s u l t  o f  t h e s e  m o d i f i c a -  
t i o n s  shou ld  have no s i g n i f i c a n t  e f f e c t  on t h e  r e f o c u s i n g  c h a r a c t e r i s t i c s .  
It was a l s o  planned t o  reduce  t h e  amount of  f i e l d  peaking a t  t h e  o u t p u t  o f  
the t r ave l ing-wave  c i r c u i t  from 20 p e r c e n t ,  m a i n t a i n e d  i n  t h e  improved 
f o c u s i n g  exper iment ,  t o  10  p e r c e n t .  



I X  DISCUSSION OF RESULTS AND SUGGESTED DIRECTION OF FUTURE STUDIES 

It has  been shown t h a t  t h e  measured and c a l c u l a t e d  performance of 
t h e  two-s tage t e s t  c o l l e c t o r  were i n  f a i r  agreement.  Th i s  c o n c l u s i o n  i s  
somewhat obscured because  c e r t a i n  assumptions  had t o  be made a s  a r e s u l t  
of p e r t u r b i n g  e f f e c t s  i n  t h e  exper iment  ( r e l a t i v e l y  l a r g e  c u r r e n t  i n t e r -  
c e p t i o n  and i m p e r f e c t  s h i e l d i n g  of t h e  c o l l e c t o r  r e g i o n ) .  The method 
o f  a n a l y s i s  developed was t h e r e f o r e  b a s i c a l l y  sound, even though i t  was 
based on some recognized  approximat ions .  

I t  i s  thus  b e l i e v e d  t h a t  t h e  d e s i g n  a n a l y s i s  o f  t h e  f i n a l  f o u r - s t a g e  
d e p r e s s e d  c o l l e c t o r  i s  v a l i d ,  p a r t i c u l a r l y  s i n c e  t h e  d e s i g n  was made r e l a -  
t i v e l y  i n s e n s i t i v e  t o  u n c e r t a i n t i e s  i n  t h e  v e l o c i t y  d i s t r i b u t i o n  of t h e  
i n c i d e n t  beam. Because of c o n s t r a i n t s  imposed by t h e  demountable appar -  
a t u s  on t h e  c o n s t r u c t i o n  o f  t h e  asymmetric f o u r - s t a g e  c o l l e c t o r ,  i t s  
geometry was q u i t e  complex. Without  t h e s e  c o n s t r a i n t s ,  a  c o n s i d e r a b l e  
s i m p l i f i c a t i o n  of t h e  s t r u c t u r e  could  b e  ach ieved .  Even s o ,  a  c y l i n d r i -  
c a l l y  symmetric s t r u c t u r e  would g e n e r a l l y  be p r e f e r a b l e  from a  c o n s t r u c t i o n  
p o i n t  of view. 

The p r e d i c t e d  e f f i c i e n c y  of t h e  f o u r - s t a g e  c o l l e c t o r  was 62 p e r c e n t ,  
T h i s  i s  comparable t o  a  r e p o r t e d  c o l l e c t o r  e f f i c i e n c y  of 63 p e r c e n t  with 
a  c y l i n d r i c a l l y  symmetric e l e c t r o s t a t i c  c o l l e c t o r  having t e n  depressed  
s t a g e s  and o p e r a t e d  on a  k l y s t r o n  w i t h  a b a s i c  e f f i c i e n c y  of 45 p e r c e n t ,  2 

Cons iderab ly  h i g h e r  e f f i c i e n c i e s  (approaching 90 p e r c e n t )  have been pre-  
d i c t e d  f o r  a  s l i g h t l y  d i f f e r e n t  type of symmetric e l e c t r o s t a t i c  c o l l e c t o r ,  
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S i n c e  b o t h  t h e  a n a l y s i s  and c o n s t r u c t i o n  of a n  asymmetric c o l l e c t o r  i s  
a p p r e c i a b l y  more d i f f i c u l t ,  t h e  two types  o f  asymmetric c o l l e c t o r s  which 
were i n v e s t i g a t e d  ( t h e  e l e c t r o s t a t i c  type  and one w i t h  l i m i t e d  magnetic 
d e f l e c t i o n )  would thus  s t a n d  a t  a  d i s a d v a n t a g e  t o  a  symmetric d e s i g n ,  Upon 
r e q u e s t  from NASA, t h e  f o u r - s t a g e  c o l l e c t o r  was t h e r e f o r e  n o t  e v a l u a t e d ,  

An asymmetric e l e c t r o s t a t i c  m u l t i s t a g e  c o l l e c t o r  might  be d e s i r a b l e  
i n  c e r t a i n  a p p l i c a t i o n s .  A b a s e  p l a t e  c o o l i n g  scheme, f o r  example, would 
b e n e f i t  from a  c o l l e c t o r  i n  which t h e  h e a t  i s  g e n e r a t e d  on one s i d e ,  I t  
would be d e s i r a b l e  i n  such  a  c a s e  f o r  t h e  tube t o  be  o p e r a t e d  w i t h  a s h i e l d e d  
ca thode  t o  minimize a n g u l a r  e l e c t r o n  v e l o c i t i e s .  Also,  magnet ic  s h i e l d i n g  
of t h e  c o l l e c t o r  shou ld  be provided,  and a n  e f f o r t  made t o  minimize o t h e r  
f i e l d  i r r e g u l a r i t i e s .  

Another k ind  of asymmetric c o l l e c t o r ,  u t i l i z i n g  an  a x i a l  magnet ic  
f i e l d ,  which has  r e c e n t l y  been i n  e s t i g a t e d  a n a l y t i c a l l y ,  has  shown promise 
of e f f i c i e n c i e s  up t o  80 p e r c e n t . g  The magnet ic  f i e l d  i n  t h i s  case i s  used 
more t o  c o n f i n e  t h e  beam than t o  s o r t  i t ,  which is  a  d i s t i n c t  advantage,  
s i n c e  t h e  d e t r i m e n t a l  e f f e c t  of beam s p r e a d  due t o  space  c h a r g e  has been 
shown t o  be  c o n s i d e r a b l e .  

One way of c o n s i d e r i n g  t h e  d i f f e r e n c e  between an  asymmetric and a 
symmetric d e s i g n  is  t h a t  i n  t h e  former type o f  c o l l e c t o r ,  t h e  whole beam 
i s  d e f l e c t e d  t o  one s i d e ,  whereas i n  t h e  l a t t e r  type  on ly  h a l f  t h e  beam 



is d e f l e c t e d  t o  one s i d e .  The asymmetric c o l l e c t o r  t h e r e f o r e  has t o  
provide a  s o r t i n g  of e l e c t r o n s  f o r  which t h e  v a r i a t i o n  i n  i n i t i a l  t r ans -  
ve r se  v e l o c i t i e s  i s  twice t h a t  i n  a  symmetric c o l l e c t o r .  Also, t he  beam 
i s  ev iden t ly  allowed t o  spread l e s s  i n  an asymmmetric c o l l e c t o r ,  which 
r e s u l t s  i n  s t r o n g e r  space charge fo rces .  The reason why an asymmetric 
c o l l e c t o r  wi th  an a x i a l  magnetic f i e l d  appears  a t t r a c t i v e  i s  t h a t  i t  reduces 
the  beam spread due t o  both these  e f f e c t s .  

One advantage of an asymmetric des ign  i s  t he  r e l a t i v e  ease  wi th  which 
a  t i l t e d  e l e c t r i c  f i e l d  of v a r i a b l e  angle  can be achieved f o r  increased  
c o n t r o l  over t h e  beam. I n  a  c y l i n d r i c a l l y  symmetric design,  t he re  a r e  
p r a c t i c a l  d i f f i c u l t i e s  i n  ob ta in ing  a  s p e c i f i e d  p o t e n t i a l  a long the  a x i s  
t o  produce a  s i m i l a r  e f f e c t .  2 

The genera l  a n a l y s i s  procedure, which was developed f o r  the asymmetric 
c o l l e c t o r  types i n  t he  present  i n v e s t i g a t i o n ,  i s  equa l ly  a p p l i c a b l e  t o  
s y m e t r i c  des igns .  A very a t t r a c t i v e  f e a t u r e  of the method i s  t h a t  i t  i s  
based on a  c a l c u l a t i o n  of  t he  e n t i r e  e l e c t r o n  motion from the  beginning 
of t he  i n t e r a c t i o n  reg ion .  I n  most c o l l e c t o r  s t u d i e s  which have been 
conducted s o  f a r ,  independent assumptions have been made f o r  t h e  t r a j e c -  
t o r y  inpu t  condi t ions  i n t o  the  c o l l e c t o r .  The a n a l y s i s  procedure does, 
however, con ta in  some approximations, the e f f e c t  of which should be de- 
termined. I n  p a r t i c u l a r ,  an exac t  t rea tment  of the  gap f i e l d s  i n  a  
coupled c a v i t y  s t r u c t u r e  would be d e s i r a b l e .  

The d e t a i l e d  n a t u r e  of the  t r a j e c t o r y  launching condi t ions  i n t o  the  
c o l l e c t o r  remains a s  one of t he  main u n c e r t a i n i t i e s  i n  t h e  a n a l y s i s .  An 
e f f o r t  should be made t o  ob ta in  experimental  cor robora t ion  of t h e  ca lcu-  
l a t e d  spen t  beam energy d i s t r i b u t i o n  i n  a  given app l i ca t ion .  Also, an 
experimental  eva lua t ion  of an expansion and re focus ing  scheme would be 
another  p r o f i t a b l e  s u b j e c t  of s tudy,  t o  v e r i f y  the  v a l i d i t y  of t he  computer- 
der ived  e l e c t r o n  motion. This  would be e s p e c i a l l y  va luable  i f  an RF 
modulated spen t  beam were used, bu t  even an i n v e s t i g a t i o n  w i t h  a  DC beam 
would be s i g n i f i c a n t .  



X CONCLUSIONS 

An i n v e s t i g a t i o n  was made o f  a  m u l t i s t a g e  c o l l e c t o r  f o r  e f f i c i e n c y  
enhancement o f  t r ave l ing-wave  t u b e s .  

A method o f  a n a l y z i n g  an  asymmetric c o l l e c t o r  scheme, e i t h e r  a l l -  
e l e c t r o s t a t i c  o r  one w i t h  t r a n s v e r s e  magnet ic  f i e l d ,  was developed.  The 
a n a l y s i s  p rocedure  was v e r i f i e d  t o  b e  b a s i c a l l y  v a l i d ,  by comparing t h e  
p r e d i c t e d  and measured performance o f  a  two-s tage t e s t  c o l l e c t o r  employ- 
i n g  i n i t i a l  magnet ic  d e f l e c t i o n  o f  t h e  s p e n t  beam. An a t t r a c t i v e  f e a t u r e  
o f  t h e  a n a l y s i s  method was t h a t  t h e  e n t i r e  e l e c t r o n  motion from t h e  
beg inn ing  o f  t h e  RF i n t e r a c t i o n  t o  t h e  c a p t u r e  i n  t h e  c o l l e c t o r  w a s  
c a l c u l a t e d  i n  a  w e l l - d e f i n e d  manner. 

The asymmetric a l l - e l e c t r o s t a t i c  c o l l e c t o r  scheme promised to g i v e  
h i g h e r  e f f i c i e n c y  than  a  scheme u s i n g  i n i t i a l  magnet ic  d e f l e c t i o n  of t h e  
s p e n t  beam. A f o u r - s t a g e  e l e c t r o s t a t i c  c o l l e c t o r  w i t h  a  p r e d i c t e d  e f f i -  
c i e n c y  o f  62 p e r c e n t  was des igned .  I f  a p p l i e d  t o  a  t ravel ing-wave tube 
o f  28 p e r c e n t  b a s i c  e f f i c i e n c y ,  i t  would a c h i e v e  an  e s t i m a t e d  o v e r a l l  t u b e  
e f f i c i e n c y  of abou t  50 p e r c e n t .  

The performance o f  an  asymmetric e l e c t r o s t a t i c  c o l l e c t o r  i s ,  a t  b e s t >  
comparable t o  t h e  performance o f  a  c y l i n d r i c a l l y  symmetric e l e c t r o s t a t i c  
c o l l e c t o r .  S i n c e  b o t h  t h e  c o n s t r u c t i o n  and a n a l y s i s  o f  an  asymmetric c o l -  
l e c t o r  a r e m o r e  complex t h a n  f o r  a  symmetric t y p e ,  it  i s  g e n e r a l l y  not as 
p r a c t i c a l .  I n  c e r t a i n  a p p l i c a t i o n s ,  such a s  f o r  a  d e v i c e  w i t h  base p l a t e  
c o o l i n g  where h e a t  g e n e r a t i o n  i n  a p l a n e  i s  d e s i r a b l e ,  i t  may, however, 
b e  advantageous .  



APPENDIX A 

DC-TO-RF POWER CONVERSION EFFICIENCY AND COLLECTOR EFFICIENCY 

The u s e f u l n e s s  o f  a  depressed  c o l l e c t o r  on a n  e l e c t r o n  beam d e v i c e ,  
such a s  a  t r ave l ing-wave  t u b e ,  i s  p r i m a r i l y  measured by i t s  a b i l i t y  t o  
r a i s e  t h e  b a s i c  e f f i c i e n c y  o f  t h e  d e v i c e ,  q , t o  a h i g h e r  v a l u e ,  7. For 
a tra.v.eling-wave t u b e ,  t h e  b a s i c  undepresse8  e f f i c i e n c y  i s  u s u a l l y  def i ,ned 
by  t h e  r a t i o  o f  RF o u t p u t  power t o  t h e  DC beam power: 

I f  p a r t  o f  t h e  s p e n t  beam i s  c o l l e c t e d  a t  one o r  more d e p r e s s e d  p o t e n t i a l s ,  
a p o r t i o n  o f  t h e  k i n e t i c  beam power, ' i s  recovered  by t h e  c o l l e c t o r ,  r e -  
s u l t i - n g  i.n a  s a v i n g  o f  t h e  DC power s u p p l i e d  t o  t h e  d e v i c e .  The e f f i c i e n c y  
w i t h  a d e p r e s s e d  c o l l e c t o r  i s  t h e n  

7 7 - p  
RF o u t  / (Iovo- PC) 

The recovered  power may b e  expressed  by 

where Ickis t h e  c u r r e n t  c o l l e c t e d  a t  t h e  e l e c t r o d e  w i t h  p o t e n t i a l  V 
r e l a t i v e  t o  ground ( f o r  a  d e p r e s s e d  e l e c t r o d e  V i s  n e g a t i v e ,  

ck  

y i e l d i n g  a  p o s i t i v e  c o n t r i b u t i o n  t o  P  ) .  ck 
C 

For t h e  purpose  of  comparing one c o l l e c t o r  d e s i g n  w i t h  a n o t h e r  i t  i s  
conven ien t  t o  s e p a r a t e  t h e  c o l l e c t o r  performance from t h e  t r ave l ing-wave  
t u b e  c h a r a c t e r i s t i c s .  The concept  o f  c o l l e c t o r  e f f i c i e n c y  p r o v i d e s  t h e  
means f o r  such a comparison.  The c o l l e c t o r  e f f i c i e n c y ,  q i s  t h e  f r a c t i o n  

c ' 
of  t h e  energy  recovered  from t h e  i n c i d e n t  s p e n t  beam. I f  t h e  power o f  t h e  
spent beam i s  P  t h e  c o l l e c t o r  e f f i c i e n c y  i s  t h u s  d e f i n e d  by 

b '  

The concept  o f  c o l l e c t o r  e f f i c i e n c y  i s  p a r t i c u l a r l y  u s e f u l  i n  c o l -  
l e c t o r  d e s i g n  a n a l y s i s ,  s i n c e  a  c e r t a i n  f i x e d  s p e n t  beam compos i t ion  may b e  
assumed i n  t h e  e v a l u a t i o n  o f  v a r i o u s  c o l l e c t o r  c o n f i g u r a t i o n s .  Even i f  
the a c t u a l  s p e n t  beam i s  somewhat d i f f e r e n t ,  t h e  c o l l e c t o r  e f f i c i e n c y  t e n d s  
to remain abou t  t h e  same, because  t h e r e  w i l l  b e  a  cor responding  change i n  
the recovered  power. 

The power i n  t h e  s p e n t  beam can be c a l c u l a t e d  on ly  approx imate ly .  
To  r e l a t e  t h e  c o l l e c t o r  e f f i c i e n c y  t o  t h e  s i g n i f i c a n t  e x p e r i m e n t a l  
p r o p e r t y  of o v e r a l l  t u b e - c o l l e c t o r  e f f i c i e n c y ,  t h e  energy ba lance  cond i -  
tion i s  made use  o f :  

'b = IoVo+ 'RF i n  - 'RF o u t  - ' i n t e r c e p t i o n  - ' c i r c u i t  l o s s  (5) 



The RF i n p u t  power t e rm,  which i s  u s u a l l y  n e g l i g i b l e ,  h a s  been i n c l u d e d  
h e r e  because  t h e  t r ave l ing-wave  t u b e  used i n  t h e  exper iments  had Bow 
g a i n .  The l a s t  two te rms  on t h e  r i g h t  hand s i d e ,  t h e  power d i s s i p a e e d  
by t h e  i n t e r c e p t e d  c u r r e n t  and t h e  power l o s t  by t h e  r e s i s t i v e  cavity 
w a l l s  ( o r  l o s t  by l eakage  i n  a s t a c k e d  s t r u c t u r e ) ,  can o n l y  be  es t imated ,  
An example o f  such an  e s t i m a t e  is  found i n  S e c t i o n  V I .  Using equa t ions  
( I ) ,  (4) and (5), t h e  o v e r a l l  e f f i c i e n c y  can b e  expressed  a s  

where 

7 '  = 
( ' i .n tercept ion ' c i r c u i t  l o s s  - 'RF i n  ) / ( I o V o >  ( 7 )  

S o l v i n g  f o r  7~ g i v e s  t h e  i n v e r s e  r e l a t i o n s h i p  
c 



APPENDIX B 

7'; 

NECESSITY FOR B U M  EXPANSION 

A p r e l i m i n a r y  a n a l y s i s  o f  t h e  beam s p r e a d  i n  t h e  c o l l e c t o r  was made 
by c o n s i d e r i n g  t h e  DC beam which was t o  be  used i n  t h e  exper iments .  The 
beam had a  d e s i g n  perveance of .46 pperv. I t s  ca thode  f l u x  parameter  k,  
d e f i n e d  by t h e  r a t i o  of t h e  magnet ic  f l u x  p a s s i n g  through t h e  ca thode  
s u r f a c e  and t h e  f l u x  enc losed  by t h e  beam, was .87.  For  a n  i d e a l ,  non- 
the rmal ,  non-laminar f low such  a  beam would r e q u i r e  a  f o c u s i n g  f i e l d  of 
twice  t h e  B r i l l o u i n  f i e l d .  

F i g u r e  33 shows t h e  c a l c u l a t e d  beam c o n t o u r s  i n  a  f i e l d  f r e e  r e g i o n  
for v a r i o u s  i n i t i a l  beam s i z e s  i n  r e l a t i o n  t o  t h e  r a d i u s  of t h e  focused 
DC beam, ro. F o r  comparison,  t h e  beam c o n t o u r s  i n  t h e  c a s e  o f  z e r o  
ca thode  f l u x  have a l s o  been p l o t t e d .  The beam i s  assumed t o  have been 
expanded and r e f o c u s e d ,  a s  i l l u s t r a t e d  i n  F i g u r e  34, s o  t h a t  i t  is launched 
i n  a  c o n d i t i o n  of p a r a l l e l  f low. With no p r i o r  expansion,  t h e  beam s p r e a d s  
by more t h a n  a  f a c t o r  of t h r e e  over  a  d i s t a n c e  of 15-20 t imes t h e  DC beam 
r a d i u s .  T h i s  d i s t a n c e  cor responds  t o  abou t  .5" (1 .3  cm), which i s  t h e  
approximate  l e n g t h  of t h e  d e f l e c t i o n  r e g i o n  i n t o  which t h e  beam from t h e  
r e f o c u s i n g  s e c t i o n  i s  t o  be launched. I f  t h e  beam i s  f i r s t  expanded t o  
t h r e e  t imes  t h e  DC r a d i u s ,  t h e  subsequen t  s p r e a d  i n  t h e  f i e l d  f r e e  r e g i o n  
i s  l e s s  than  20% of t h e  l aunch ing  r a d i u s  over  t h e  same d i s t a n c e .  I t  was 
concluded t h a t  a  beam expansion of t h r e e  o r  more was d e s i r a b l e .  

The method of producing such  an  expans ion  and r e f o c u s i n g  o f  t h e  beam 
i s  f l l u s t r a t e d  i n  F i g u r e  35. A reduced magnet ic  f i e l d ,  which f o l l o w s  t h e  
m a i n  f o c u s i n g  f i e l d ,  causes  an  i n i t i a l  expansion o f  t h e  DC beam, s i n c e  it 
i s  no longer  i n  ba lanced  flow. I n  an  extended r e g i o n  w i t h  reduced f i e l d ,  
t h e  beam would s c a l l o p  abou t  t h e  l a r g e r  ba lanced- f low r a d i u s  ( r  ' i n  t h e  

0 
f i g u r e )  of t h e  decreased  f i e l d .  I f  t h e  reduced f i e l d  r e g i o n  i s  t e rmina ted  
a t  t h e  a x i a l  d i s t a n c e  f o r  which t h e  beam r a d i u s  i s  maximum, a n  expanded 
beam i n  p a r a l l e l  f low w i l l  be o b t a i n e d .  

For e s t i m a t i n g  t h e  amount of f i e l d  r e d u c t i o n  and t h e  l e n g t h  of t h e  
r e f o c u s i n g  f i e l d  r e g i o n  t h a t  i s  r e q u i r e d  t o  produce a  g i v e n  amount of 
expansion,  t h e  beam edge t r a j e c t o r i e s  f o r  t h e  DC beam were c a l c u l a t e d  
beyond t h e  p o i n t  of maximum r a d i u s  f o r  v a r i o u s  magnitudes o f  reduced 
f i e l d .  The r e s u l t s  a r e  depgcted i n  F i g u r e  36. I t  i s  s e e n  t h a t  a  DC 
beam expansion of a  f a c t o r  of t h r e e  i s  ach ieved  w i t h  a  60% r e d u c t i o n  i n  
t h e  f i e l d  over  a  d i s t a n c e  of 26 beam r a d i i ,  o r  abou t  .75" (1.9 cm) i n  t h e  
p r e s e n t  c a s e .  

A p r a c t i c a l  f i e l d  c o n f i g u r a t i o n  used f o r  t h e  expansion and r e f o c u s i n g  
of t h e  s p e n t  beam i s  s h m n  i n  F i g u r e  7  of S e c t i o n  I V .  

-- 
7k P a r t  of t h i s  work was c a r r i e d  o u t  under  a  s e p a r a t e ,  p a r a l l e l  c o n t r a c t  

(&US 3-11539)) on t h e  s u b j e c t  "Refocusing o f  t h e  Spen t  Axisymmetric 
Beam i n  Coupled C a v i t y  Traveling-Wave Tubes". It is  h e r e  i n c l u d e d  f o r  
t h e  s a k e  of completeness .  



r PERVEANCE =.46 p perv 

NORMALIZED A X I A L  DIYTANCE ( 2  / r 0 )  

F i g u r e  33 C a l c u l a t e d  s p r e a d  of a n  i n i t i a l l y  p a r a l l e l  beam 
i n  a  f i e l d  f r e e  r e g i o n  w i t h  and w i t h o u t  cathode 
f l u x  f o r  v a r i o u s  i n i t i a l  beam r a d i i .  

B = O  K f O  
BALANCED i REFOCUSING 

AXIAL  DISTANCE 

F i g u r e  34 Beam development f o r  a c h i e v i n g  a n  expanded beam i n  
p a r a l l e l  f low i n t o  a  f i e l d  f r e e  r e g i o n ,  and i t s  s u b -  
s e q u e n t  s p r e a d  w i t h  and w i t h o u t  ca thode  f l u x .  
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Figure 35 Idealized axial field for achieving an expanded beam 
in parallel flow. 
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Figure 36 Calculated beam contours in a region with reduced 
constant magnetic field. 



APPENDIX C 

LARGE SIGNAL ANALYSIS OF RF CIRCUIT 

An i n i t i a l  a n a l y s i s  o f  t h e  coupled c a v i t y  X-band t e s t  c i r c u i t  was 
c a r r i e d  o u t  w i t h  a one-dimensional  l a r g e  s i g n a l  computer program, f o r  t h e  
purpose  o f  s e l e c t i n g  t h e  o p e r a t i n g  v o l t a g e  t o  b e  used i n  t h e  c o l l e c t o r  
e v a l u a t i o n s .  The one-dimensional  program i n c l u d e s  c i r c u i t  l o s s  and t h e  
space  charge  f o r c e s  due t o  RF beam bunching, b u t  i s  based on a  d i s k  model 
of  t h e  e l e c t r o n  beam i n  which t h e  d i s k  r a d i u s  i s  assumed t o  remain c o n s t a n t  
th roughout .  It cou ld  t h e r e f o r e  n o t  b e  employed t o  i n v e s t i g a t e  t h e  radial 
mot ion  o f  t h e  e l e c t r o n s .  L a t e r  on i n  t h e  s tudy,  a two-dimensional program, 
based on a d i s k  model o f  t h e  beam i n  which t h e  d i s k  r a d i i  a r e  v a r i a b l e ,  be-  
came a v a i l a b l e .  T h i s  program, which d i d  n o t  i n i t i a l l y  i n c l u d e  Rl? space  
charge  f o r c e s  o r  c i r c u i t  l o s s e s ,  was t h e n  used t o  e v a l u a t e  t h e  r a d i a l  
mot ion  o f  t h e  e l e c t r o n s  i n  t h e  RF c i r c u i t .  

I n  t h e  r u n s  w i t h  t h e  one-dimensional  program, t h e  beam v o l t a g e  was varied 
from 1 5  kV t o  22 kV w i t h  t h e  gun perveance f i x e d  a t  t h e  d e s i g n  v a l u e  o f  
.46 pperv. The a n a l y s i s  was made a t  a  s i n g l e  f requency (8.95 GHz), P r e d i c t i o n s  
f o r  t h e  e l e c t r o n i c  e f f i c i e n c y  and t h e  e f f i c i e n c y  w i t h  i d e a l  op t imized  m u l t i -  
s t a g e  depressed  c o l l e c t o r s  were o b t a i n e d .  The r e s u l t s  a r e  shown i n  F igure  37 ,  
f o r  c o l l e c t o r s  having up t o  f i v e  depressed  s t a g e s .  Although t h e  c a l c u l a t e d  
e f f i c i e n c i e s  w i t h  i d e a l  depressed  c o l l e c t o r s  a r e  c o n s i d e r a b l y  h igher  than what 
can be  expec ted  w i t h  p r a c t i c a l  d e v i c e s ,  t h e y  may b e  used a s  gu ides  t o  de te rmine  
t h e  b e s t  o p e r a t i n g  c o n d i t i o n s .  I t  i s  s e e n  t h a t  b e s t  performance for multistage 
c o l l e c t o r  o p e r a t i o n  may be expec ted  a t  16 kV beam v o l t a g e ;  i t  may a l s o  be  noted 
t h a t  t h i s  i s  lower t h a n  t h e  optimum v o l t a g e  f o r  maximum b a s i c  (undepressed)  
e f f i c i e n c y .  A beam v o l t a g e  of 16 kV was t h e r e f o r e  s e l e c t e d  and used for aLL 
subsequent  work. The p r e d i c t e d  e f f i c i e n c i e s  from a  computer r u n  w i t h  t h e  ewo- 
d imens iona l  program a t  16 kV a r e  a l s o  i n d i c a t e d  i n  t h e  f i g u r e .  I n  t h i s  run 
c i r c u i t  l o s s e s  and RF space  charge  e f f e c t s  were n o t  inc luded .  The difference 
i n  m u l t i s t a g e  c o l l e c t o r  e f f i c i e n c y  f o r  t h e  two programs i s  t y p i c a l l y  5%, 

The i d e a l  m u l t i s t a g e  c o l l e c t o r  p r e d i c t i o n s  i n  F i g u r e  37 a r e  d e r i v e d  from 
t h e  c a l c u l a t e d  s p e n t  beam energy d i s t r i b u t i o n s .  The d i s t r i b u t i o n s  o b t a i n e d  
w i t h  t h e  two programs f o r  a  16 kV beam v o l t a g e  a r e  d i s p l a y e d  i n  F igure  38. 
The normalized i n t e g r a t e d  c u r r e n t ,  I ( V ) / I o ,  p l o t t e d  a s  a  f u n c t i o n  of t h e  nor- 
mal ized  e q u i v a l e n t  v o l t a g e  V / V  i s  t h e  f r a c t i o n  of t h e  beam c u r r e n t  having 

0 ' k i n e t i c  energy g r e a t e r  t h a n  o r  e q u a l  t o  V .  (An i d e a l  DC beam would t h u s  be  
r e p r e s e n t e d  by two l i n e s  drawn normal t o  t h e  a x i s  from t h e  p o i n t  L ( V ) / Z  = 

V/Vo = 1 .) Also shown i n  t h e  f i g u r e  a r e  t h e  op t imized  b i a s  v o l t a g e s  o f a  
t h e  i d e a l  depressed  c o l l e c t o r s  w i t h  up t o  f i v e  s t a g e s ,  from which t h e  effi- 
c i e n c i e s  were  c a l c u l a t e d .  The q u a l i t a t i v e  f e a t u r e s  a r e  s i m i l a r ,  a l though  
some disagreement  can b e  noted f o r  t h e  optimum c o l l e c t o r  b i a s  v o l t a g e s ,  
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APPENDIX D 

DEBUNCHING OF THE SPENT BEAM I N  A DRIFT REGION 

I n  t h e  l a r g e  s i g n a l  computer program, t h e  e l e c t r o n  beam i s  r e p r e s e n t e d  
by d i s k s  of charge ,  which a r e  i n i t i a l l y  un i fo rmly  spaced over  an  a x i a l  
distance of one e l e c t r o n i c  wavelength .  I n  t h e  c a l c u l a t i o n s ,  t h e  s p a t i a l  
d i s t r i b u t i o n  o f  t h e  d i s k s  around a  g i v e n  a x i a l  p lane  i s  expressed  i n  terms 
o f  t h e i r  phases r e l a t i v e  t o  t h e  phase of t h e  RF wave, r a t h e r  t h a n  i n  terms 
of d i s t a n c e .  The i n i t i a l  un i fo rm d i s t r i b u t i o n  i n  space  is  thus  a c t u a l l y  
r e p r e s e n t e d  by a  uniform d i s t r i b u t i o n  o f  d i s k  phases ,  i n  Lhe normal ized 
range  - n t o  + n. A change i n  t h e  bunching c h a r a c t e r i s t i c s  o f  a  modulated 
beam i s  most c o n v e n i e n t l y  s t u d i e d  by a  p l o t  o f  t h e  d i s k  phases a s  a  func-  
t i o n  of d i s t a n c e .  

Such a  p l o t  of t h e  phases of a l l  t h e  32 d i s k s  used t o  r e p r e s e n t  t h e  
beam i s  d i s p l a y e d  i n  F i g u r e  39 ,  s t a r t i n g  a t  s a t u r a t i o n  and e x t e n d i n g  through 
the r e f o c u s i n g  r e g i o n .  ( l n  a  d r i f t  r e g i o n ,  t h e  phases a r e  c a l c u l a t e d  r e l a -  
t i v e  t o  a  f i c t i t i o u s  c i r c u i t  wave moving w i t h  a  v e l o c i t y  e q u a l  t o  t h e  
u n d i s t u r b e d  c i r c u i t  wave v e l o c i t y . )  A t  s a t u r a t i o n ,  t h e  d i s k s  a r e  bunched 
w i t h  phases between - ~ / 2  and +n/2. Beyond s a t u r a t i o n  t h e  bunch d i s p e r s e s  
because  of t h e  e l e c t r o n  v e l o c i t y  s p r e a d .  The s p a c e  charge  e f f e c t s  due 
t o  bunching have n o t  been i n c l u d e d  i n  t h e  computer r u n  r e p r e s e n t e d  i n  
F i g u r e  39.  The phase g raphs  a r e  t h e r e f o r e  s t r a i g h t  l i n e s  because  t h e  
a x i a l  d i s k  v e l o c i t i e s  remain c o n s t a n t  i n  t h e  absence of RF wave and RF 
s p a c e  c h a r g e  f o r c e s .  (The n e a r - v e r t i c a l  l i n e s  which occur  a t  t h e  phase 
d i s c o n t i n u i t i e s  due t o  t h e  n o r m a l i z a t i o n  shou ld  be i g n o r e d . )  A t  t h e  
end o f  t h e  r e f o c u s i n g  r e g i o n  t h e  phases a r e  s p r e a d  o u t  q u i t e  un i fo rmly  
over the whole range  from - n t o  + T ,  i n d i c a t i n g  t h a t  t h e  beam a t  t h i s  
p o i n t  has no c h a r g e  d e n s i t y  modulat ion.  The space  charge  f o r c e s  w i l l  
t end  t o  b r i n g  abou t  t h i s  c o n d i t i o n  more q u i c k l y  and a l s o  tend t o  m a i n t a i n  
i t ,  Th is  i s  seen  i n  F i g u r e  40 which i s  a  s i m i l a r  p l o t  c a l c u l a t e d  w i t h  
the RF s p a c e  c h a r g e  f o r c e s  inc luded .  

At t h e  o u t p u t  o f  t h e  r e f o c u s i n g  s e c t i o n ,  t h e  s p e n t  beam may t h e r e f o r e  
be  c o n s i d e r e d  t o  b e  a m i x t u r e  o f  independent  DG beams w i t h  s e v e r a l  v e l o c i t i e s .  
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F i g u r e  39 Normalized d i s k  phases i n  r e f o c u s i n g  r e g i o n  c a l c u l a t e d  
w i t h o u t  RF s p a c e  c h a r g e  f o r c e s .  
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F i g u r e  40 Normalized d i s k  phases i n  r e f o c u s i n g  r e g i o n  caLcuLated 
w i t h  RF s p a c e  c h a r g e  f o r c e s .  



APPENDIX E 

EFFICIENCY EVALUATION FROM TRAJECTORY PLOTS 

The c o l l e c t o r  e f f i c i e n c y ,  t) i s  e v a l u a t e d  from t h e  computed t r a j e c -  
c ' t o r y  p l o t s  $n t h e  c o l l e c t o r  r e g i o n .  I t  is  d e f i n e d  by t h e  r a t i o  

where P i s  t h e  k i n e t i c  power recovered  by t h e  c o l l e c t o r  and P  i s  t h e  
b  i n c i d e n g  power i n  t h e  s p e n t  beam. The s p e n t  beam was i n  t h e s e  s t u d i e s  

r e p r e s e n t e d  by a  reduced number o f  d i s c r e t e  energy g roups ,  u s u a l l y  f o u r  
o r  f i v e ,  L e t t i n g  t h e  s u b s c r i p t  j d e n o t e  an  energy group i n  t h e  s p e n t  beam 
w i t h  ( e q u i v a l e n t )  v o l t a g e  o f  V and c u r r e n t  I t h e  power i n  t h e  s p e n t  beam 
may b e  expressed  by j j  ' - 

I n  o r d e r  t o  c a l c u l a t e  t h e  e f f e c t i v e n e s s  o f  a  c o l l e c t o r  i n  r e c o v e r i n g  
t h e  k i n e t i c  energy  i n  t h e  s p e n t  beam, i t  i s  n e c e s s a r y  t o  know what f r a c t i o n  
o f  each energy group is  c o l l e c t e d  a t  each d i f f e r e n t  v o l t a g e  i n  t h e  depressed  
c o l l e c t o r .  I f  t h e  f r a c t i o n  f  o f  t h e  c u r r e n t  i n  energy  group j i s  c o l l e c t e d  
a t  a v o l t a g e  o f  V r e l a t i v e  jk t o  ground p o t e n t i a l ,  t h e  k i n e t i c  power 

ck 
r e c o v e r e d  by t h e  c o l l e c t o r  i s  o b t a i n e d  by 

With a  g i v e n  s p e n t  beam and g i v e n  e l e c t r o d e  v o l t a g e s ,  t h e  o n l y  unknowns 
a r e  t h u s  t h e  f r a c t i o n s  f  

j k '  

The computed t r a j e c t o r y  p l o t s  supp ly  i n f o r m a t i o n  on t h e  beam b e h a v i o r  
i n  t h e  p l a n e  o f  r e f l e c t i o n  symmetry. A  s imple  method of  o b t a i n i n g  t h e  
f r a c t i o n s  f .  i s  t o  count  t h e  number o f  c u r r e n t - c a r r y i n g  t r a j e c t o r i e s  i n  
each group a k i c h  a r e  c o l l e c t e d  a t  t h e  v a r i o u s  x ~ o l t a g e s .  T h i s  method i s  n o t  
a p p r o p r i a t e  i n  t h e  p r e s e n t  c a s e ,  however. The c o l l e c t o r  geometry i s  com- 
p l e x ,  and some i n f o r m a t i o n  on t h e  t r a j e c t o r i e s  on e i t h e r  s i d e  o f  t h e  
s m e t r y  p l a n e  i s  n e c e s s a r y .  A l s o ,  t h e  g r e a t  s p r e a d  o f  some o f  t h e  energy  
groups  produce l a r g e  v a r i a t i o n s  i n  t h e  l o c a l  c u r r e n t  d e n s i t y  i n  d i f f e r e n t  
r eg ions  o f  t h e  c o l l e c t o r ;  t h e r e f o r e ,  g i v i n g  e q u a l  weight  t o  e a c h  t r a j e c t o r y  
may n o t  be  s a t i s f a c t o r y .  

The method which h a s  been adopted c o n s i s t s  i n  r e f e r r i n g  t h e  beam 
b e h a v i o r  i n  t h e  c o l l e c t o r  back t o  t h e  beam e n t r a n c e - p l a n e  by a  mapping 
p r o c e s s .  The assumption i s  t h a t  t h e  c u r r e n t  d e n s i t y  a t  t h e  e n t r a n c e  p l a n e  
i s  un i fo rm o v e r  t h e  beam c r o s s - s e c t i o n  f o r  each energy group.  I f  a  mapping 
c a n  be made i n  t h i s  p l a n e  o f  t h e  v a r i o u s  p o t e n t i a l  r e g i o n s  a t  which t h e  
e l e c t r o n s  a r e  c o l l e c t e d ,  t h e  f r a c t i o n s  f  a r e  s imply g iven  by t h e  c o r r e s -  
ponding f r a c t i o n a l  a r e a s .  An example o f j k  t h i s  i s  shown i n  F i g u r e  41 ,  
where t h e  c r o s s - s e c t i o n  o f  energy  group j has  been d i v i d e d  i n t o  t h r e e  r e g i o n s  



ENERGY GROUP j 

\ 
BEAM C g i L E C T E D  
ON 1st ELECTRODE 

(FRACTIONAL AREA f j i !  

F i g u r e  41 Mapping of  t h e  beam c r o s s  s e c t i o n  o f  a n  
energy group a t  t h e  c o l l e c ~ o r  e n t r a n c e .  

c o r r e s p o n d i n g  t o  t h e  c o l l e c t o r  v o l t a g e s  V ( = 0 ,  g round) ,  
C 0 vc 1 

( = p o t e n t i a l  o f  f i r s t  e l e c t r o d e ) ,  and V ( = p o t e n t i a l  of  second 
c  2 

e l e c t r o d e ) .  The f r a c t i o n  f .  of  group j which i s  c o l l e c t e d  a t  p o t e n t i a l  V 
1 e 1 i s  e v i d e n t l y  j u s t  t h e  shaded f r a c t i o n  o f  t h e  t o t a l  beam a r e a ,  because  o f  

t h e  assumed u n i f o r n  c u r r e n t  d e n s i t y .  

The f o l l o w i n g  a d d i t i o n a l  a s sumpt ions  have been  made f o r  c a r r y i n g  out 
t h e  mapping p r o c e s s :  

( 1 )  The t r a n s v e r s e  d e f l e c t i o n  i n  t h e  d i r e c t i o n  p a r a l l e l  t o  t h e  symmetry 
p l a n e  i s  independent  o f  t h e  o r i g i n a t i n g  d i s t a n c e  from t h e  symmetry 
p l a n e .  

( 2 )  The impinging o f  a n  e l e c t r o n  on t h e  s u r f a c e  o f  an e l e c t r o d e  causes 
a secondary  e l e c t r o n  t o  b e  e m i t t e d  p e r p e n d i c u l a r  t o  t h e  i a t e r -  
c e p t i n g  s u r f a c e .  

( 3 )  The beam s p r e a d  i n  b o t h  t r a n s v e r s e  d i r e c t i o n s  i s  o f  comparable 
magni tude ,  a t  l e a s t  i n  a  r e g i o n  not  t o o  c l o s e  t o  t r a j e c t o r y  t u r n -  
around.  



A s  a n  i l l u s t r a t i v e  example o f  t h e  mapping p r o c e s s  and t h e  assumptions  
invo lved ,  t h e  t h i r d  energy group i n  t h e  test c o l l e c t o r  w i l l  b e  ana lyzed  i n  
t h e  p l a n e  o f  t h e  second e l e c t r o d e  b e f o r e  turn-around.  I n  F i g u r e  42,  t h e  
t r a j e c t o r i e s  o f  t h e  t h i r d  energy  group from F i g u r e  20 have been r e p l o t t e d  
s e p a r a t e l y .  A t  t h e  c o l l e c t o r  e n t r a n c e ,  t h e s e  t r a j e c t o r i e s  o r i g i n a t e  a l o n g  
t h e  v e r t i c a l  l i n e  i n  t h e  c r o s s - s e c t i o n  diagram. Along t h i s  l i n e ,  t h e  
t r a j e c t o r y  p l o t  s u p p l i e s  complete mapping i n f o r m a t i o n  by i n t e r p o l a t i o n .  
The t o p  t r a j e c t o r y  h i t s  t h e  edge o f  t h e  f i r s t  e l e c t r o d e .  By assumption 
( 2 1 ,  a  secondary e l e c t r o n  i s  e m i t t e d ,  which f a l l s  back t o  ground p o t e n t i a l .  
The t o p  t r a j e c t o r y  i s  t h e r e f o r e  e f f e c t i v e l y  c o l l e c t e d  a t  ground p o t e n t i a l ,  
d e s i g n a t e d  by 0 i n  t h e  diagram. The nex t  two t r a j e c t o r i e s  a r e  c o l l e c t e d  a t  
the p o t e n t i a l  o f  t h e  f i r s t  depressed  s t a g e ,  e i t h e r  d i r e c t l y  o r  b y  emiss ion  
o f  s e c o n d a r i e s .  The c e n t e r  t r a j e c t o r y  a s  w e l l  a s  t h e  bot tom t r a j e c t o r y  a r e  
col lecte ld  on t h e  second d e p r e s s e d  s t a g e .  The two i n t e r m e d i a t e  t r a j e c t o r i e s  
r e t u r n  t o  t h e  f i r s t  s t a g e  a f t e r  having p e n e t r a t e d  i n t o  t h e  r e g i o n  between 
t h e  second s t a g e  and t h e  end p l a t e .  E v i d e n t l y ,  some of t h e  e l e c t r o n s  between 
t h e s e  two t r a j e c t o r i e s  would f a l l  a l l  t h e  way back t o  ground p o t e n t i a l ;  t h i s  
has been i n d i c a t e d  i n  t h e  c r o s s - s e c t i o n  map. 

Assiumptions (1) and ( 3 )  are invoked t o  complete  t h e  mapping a t  t h e  c o l -  
l e c t o r  e n t r a n c e  on e i t h e r  s i d e  o f  t h e  l i n e  o f  symmetry. A d e t a i l e d  example 
is shown by t h e  d i s t r i b u t i o n  o f  t h e  t r a j e c t o r i e s  i n  t h e  p l a n e  o f  t h e  second 
e l e c t r o d e .  The l o c a t i o n  o f  t h e  r a y s  a l o n g  t h e  v e r t i c a l  l i n e ,  i n  r e l a t i o n  t o  
t h e  c i r c u l a r  e l e c t r o d e  a p e r t u r e ,  i s  o b t a i n e d  d i r e c t l y  from t h e  t r a j e c t o r y  
plot. By assumption ( I ) ,  a l l  t h e  e l e c t r o n s  i n j e c t e d  a l o n g  t h e  h o r i z o n t a l  
l i n e  th rough  t h e  c e n t e r  w i l l  remain i n  a  h o r i z o n t a l  l i n e  throughout  t h e  
motion.  To o b t a i n  t h e  s p a c i n g  between t h e s e  e l e c t r o n s  i n  t h e  p l a n e  o f  t h e  
seeond e l e c t r o d e ,  assumption (3 )  i s  made u s e  o f .  A s  s e e n  i n  t h e  diagram of 
t h i s  p l a n e ,  t h e  d i s t a n c e  between t h e  c e n t e r  r a y  and t h e  two a d j a c e n t  r a y s  i n  
t h e  h o r i z o n t a l  d i r e c t i o n  has  been made comparable t o  t h e  d i s t a n c e  between t h e  
c e n t e r  r a y  and t h e  two r a y s  i n  t h e  v e r t i c a l  d i r e c t i o n .  The remain ing  e l e c -  
trons a l o n g  t h e  h o r i z o n t a l  l i n e  a r e  spaced o u t  w i t h  t h e  j u s t - e s t a b l i s h e d  
d i s t a n c e  a s  a  s c a l e .  The approximate  boundary o f  t h e  energy  group a t  t h e  
second e l e c t r o d e  can now be  drawn i n .  The e l e c t r o d e  a p e r t u r e ,  which s e p a r -  
a t e s  t h e  e l e c t r o n s  c o l l e c t e d  on t h e  second s t a g e  from t h o s e  c o l l e c t e d  on 
t h e  f i r s t  s t a g e ,  i s  f i n a l l y  mapped o u t  on t h e  beam c r o s s - s e c t i o n  diagram a t  
the e n t r a n c e ,  by u s i n g  cor responding  mesh p o i n t s  a s  a  gu ide .  The o t h e r  
boundary l i n e s  f o r  t h e  energy group a r e  mapped o u t  i n  s i m i l a r  f a s h i o n .  

The mapping diagrams of  a l l  t h e  energy groups  a r e  shown i n  F i g u r e  43. 
From t h e  p a r t i a l  a r e a s ,  which i n  p r a c t i c e  were measured w i t h  a  p l a n i m e t e r ,  
t h e  f r a c t i o n s  f .  can  be  o b t a i n e d .  Th is  a l l o w s  a  c a l c u l a t i o n  of t h e  power 

k  recovered  by t h 4  c o l l e c t o r ,  and hence t h e  c o l l e c t o r  e f f i c i e n c y .  

The p rocedure  which h a s  been  d e s c r i b e d  i s  most a p p r o p r i a t e  f o r  c o l l e c t o r  
c o n f i g u r a t i o n s  i n  which t h e  t r a n s v e r s e  d e f l e c t i o n  of t h e  beam a s  a  whole i s  
r e l a t i v e l y  s m a l l ,  such a s  i n  t h e  t e s t  c o l l e c t o r ,  i n  o r d e r  t o  r e t a i n  reason-  
able v a l i d i t y  o f  assumption ( 3 ) .  For c o n f i g u r a t i o n s  w i t h  s t r o n g e r  t r a n s v e r s e  
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F i g u r e  42 I l l u s t r a t i n g  t h e  mapping procedure  w i t h  t h e  t h i r d  energy  
group i n  t h e  t e s t  c o l l e c t o r  i n  t h e  p lane  o f  t h e  second 
e l e c t r o d e  b e f o r e  t r a j e c t o r y  turn-around. 



Figure  43 Mapping of beam c r o s s - s e c t i o n  a t  c o l l e c t o r  en t r ance  
f o r  f i v e  energy groups i n  t h e  two-stage t e s t  c o l l e c t o r .  
The e l e c t r o n s  i n  r eg ions  l abe l ed  0,  1, and 2 a r e  
( e f f e c t i v e l y )  c o l l e c t e d  a t  V 

coJ  v C 1  
and V r e s p e c t i v e l y .  

c 2 



d e f l e c t i o n ,  a s  i n  t h o s e  employing a d d i t i o n a l  e l e c t r o s t a t i c  d e f l e c t i o n  f o r c e ,  
a  more independent  judgment has  t o  b e  made about  t h e  beam spread  perpend i -  
c u l a r  t o  t h e  syrmnetry p l a n e .  I n  t h e s e  c a s e s ,  t h e  cor responding  spread  
w i t h o u t  t r a n s v e r s e  d e f l e c t i o n  can b e  used a s  a  gu ide .  

The p resence  o f  r e s i d u a l  r o t a t i o n  i n  t h e  expanded s p e n t  beam, r e s u l t -  
i , n g  from non-zero ca thode  f l u x ,  makes assumption (1 )  o n l y  approximate ,  A 
d i s t o r t i o n  o f  t h e  c r o s s - s e c t i o n a l  t r a j e c t o r y  p a t t e r n  t a k e s  p l a c e ,  such t h a t  
r e f l e c t i o n  symmetry i s  no l o n g e r  main ta ined .  The expansion o f  t h e  beam i n  
t h e  r e f o c u s i n g  s e c t i o n  r e d u c e s  t h e  e f f e c t ,  b u t  it  remains  a s  one of t h e  
weak p o i n t s  i n  t h e  a n a l y s i s .  

A d i f f e r e n t  p rocedure  h a s  been used f o r  t h e  e f f i c i e n c y  e s t i m a t e  of t h e  
f i n a l  f o u r - s t a g e  c o l l e c t o r .  T h i s  c o l l e c t o r  i s  a n  a l l - e l e c t r o s t a t i c  c o l l e c t o r  
w i t h  r a t h e r  s t r o n g  d e f l e c t i o n ,  des igned  s o  t h a t  a l l  t h e  t r a j e c t o r i e s  i n  a n  
energy  group end up f a i r l y  c l o s e  t o g e t h e r .  The p rocedure ,  d e s c r i b e d  i n  
S e c t i o n  V I I I .  i s  t h e r e f o r e  c o n s i d e r a b l y  s i m p l e r .  
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