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ABSTRACT 

MEQATRON i s  an acronym f o r  a mu1 t i p l  e-beam e l  e c t r o s t a t  ic -quadrupol  e- 

focused a r r a y  o f  e l  e c t r o n  beams. Convent ional  e l  e c t r o n  beam dev ices cons i  s t  

p r i n c i p a l l y  o f  s i n g l e  e l e c t r o n  beams. I n  t h i s  paper t h e  single-beam space- 

charge 1 im i t a t . i ons  a r e  discussed, and a re1  a t i o n s h i p  f o r  power f l u x  

( ~ / m 2 )  i s  obtained. Several  f ea tu res  o f  t h e  mu1 t iple-beam approach become 

c l e a r  a t  once. Because t h e  mu1 t i p l  e-beam approach removes t h e  c u r r e n t  

1 i m i t a t i o n  on performance, i t  i s  poss i 'b le  t o  des ign h i gh -cu r ren t  low-vol  t a g e  

tubes. Th i s  f e a t u r e  i s  impor tan t  f o r  low-frequency (200 MHz, say) k l y s t r o n s .  

Another f e a t u r e  o f  t h e  mul t ip le-beam approach r e l a t e s  t o  t h e  very  small 

s i z e s  (1 t o  2 mm, say) assoc ia ted  w i t h  each beam. Th i s  o f f e r s  t h e  p o s s i b i l i t y  

o f  develop ing high-power rf sources i n  t h e  mi 11 ime te r  wave1 ength reg ion.  



. . . .. . . .. . ,.. . . .  . 

I. CURRENT LIMITATIONS I N  ELECTROSTAT,IC-QUADRUPOLE , . ,. . TRANSPORT, SYSTEMS 

: . . . .The: space-charge l i m i t s  f o r  an e1ectrostat.i~-quadrupole system. were 

derived.:  i n .  a  p r e v i o u s  The main r e s u l t s  can be summarized i n  f o u r  

equations,, as fo l lows*:  

N O W  both cNT and EQma, can be expre ised i n  terms o f  t he  .above 

parameters and the  l eng th  o f  t he  focus ing  c e l l  , Lcel  1. Thin-1 ens ex- 

pressions. . are . used here f o r . . s i m p l i c i t y .  A t  phase advances - < 90° /ce l l ,  very 

l i t t l e  e r r o r  i s  introduced. 

. < k 2 
E = 6.261 IC . 
Qmax L c e ~ l  

. . . . . . 

I n s e r t i n g  (2 )  and (3)  i n t o  ( I ) ,  we ob ta in  an expression f o r  the  maximum 

t ra.nspor table cu r ren t  which i s  independent o f  NT, Eqmy and 

Lce l  1. W,e o b t a i n  . . 

*Notat ion i s  the  same as i n  r e f .  1. See Appendix 'I f o r  d e f i n i t i o n s .  



Now a l l  o f  t he  var iab les  contained w i t h i n  the  brackets are bounded. For 

instance,  5 1~12 f o r  s t a b l e  h igh-current  beam t ransport .  F i r s t - o r d e r  

s t a b i l  i t y  requ i res  k  - < '1. The bound on 'kg i s  l ess  precise. c l e a r l y  a  

1  i near f p c u s i  ng channel cannot be ' f  i 11 ed w i t h  qtiadrupol es having aper tures 

much g rea te r  than t h e i r  lengths. 'I have assumed kg - <  - 118. . A  d e t a i l e d  

ana lys i s  might a l l ow  one t o  push t h i s  up a  b i t .  TI c i e a r l y  must be < I. 

P u t t i n g  i n  t he  maximum values we ob ta in  

S p e c i a l i z i n g  t o  e lec t rons ,  which w i l l  be the  subject  o f  t h i s  repo r t ,  we 

o b t a i n  

Th i s  corresponds t o  a  perveance o f  %2 x  10-6, A p r a c t i c a l  system might be 

lower by a fac tor  o f  2 o r  so. 

When cur ren ts  above the  space charge l i m i t s  are t ranspor ted  i n  a  strong- 

focus ing  channel, t he  beam "blows up," i.e., i t s  emit tance increases, and 

then  i t  h i t s  the aper tu re  and i s  l o s t .  However, t h i s  "blowup" requ i res  a  few 

be ta t ron  o s c i l l a t i o n s .  Therefore, i t  I s  poss ib le  t o  exceed the  " s tab le "  

t r a n s p o r t  l i m i t s  f o r  a  shor t  time. Indeed, i f  the  t ime i s  shor t  enough (1 o r  

2 beam plasma o s c i l l a t i o n s )  one may even v i o l a t e  the  k  < 1 condition-. This i s  - 
c e r t a i n l y  an a l lowable c o n d i t i o n  f o r  a klyslr-urs. Note t h a t  f o r  propagation o f  

a  beam wi thout  blowup, Eq. (5 )  i s  probably an overest imate by a t  l e a s t  a 

f a c t o r  o f  2. 

The aper ture requirement f o r  an e l e c t i o n  beam can be obtained from Eq. 

(3). We ob ta in  the  fo l low ing equat ion f o r  t he  rad ius  uf  the '.quadrupole 

channel : 

P u t t i n g  i n  ' the maximum values f o r  vo and k3, and p u t t i n g  k4 = 0.4, we 

o b t a i n  an expression f o r  the rad ius  o f  the  channel. EQmax t y p i c a l l y  
i s i 1 0 7 V / m .  . 



..-, _ ' 
I .  . : .  , . . . 

Note t h a t  imaxT a n d  rQ are " both. .propor t ional  . .  t o u o  k32: . . 
I 

Therefore, t he  cu r ren t  dens i ty  i s  i n v e r s e l y  p ropor t i?na l .  t o  uo k3*. , , 

This.  leads us toward more beams o f . .smal le r  d i a m e t e r . i n  .order . t o , o p t i m i z e  . t h e  

average. c u r r e n t ,  density.. Equat ipn (2);. f o r  the.. emittance.. . puts . .  , a  . .  lower - bound on 

the  rad ius  of the  quadrupoles. 
9' 

The maximum cu r ren t  dens i ty  i n  a beam i s  given b y  i m a x T / ~ r G .  .. ... , 

Using Eq. .,(4) and ( 6 ) ,  we o b t a i n  the  f o l l o w i n g  expression f o r  .the .current  

S i m i l a r l y ,  by m u l t i p l y i n g  by the  k i n e t i c  energy lun i t  charge we ,ob ta in  an 

expression f o r  the  power dens i ty :  

Once again i n s e r t i n g  maximum values ' f o r  k ,  n, k4 .and.. k3, and p u t t i n g  

= l o 7  v/m, we get . . , . E~max  

. . .  # . .. 

For.250-kV e lec t rons ,  y  (y -1) /8 =. 1. ;.A. p r a c t i c a l  a r ray  o f  beams..might 

have a power densi.ty down by a f a c t o r  of 10. F o r  example, a. lo-cm x . 1 0  cm 

a r ray  o f  beams could c a r r y  1.4 GW. 

The Chi ld-Langmuir re1 a t i o n  a1 so puts a cur ren t ;  1  i m i t a t i o n .  on a s i n g l e  

beam o f  c i r c u l a r  .aperture. .The cu r ren t  dens i ty  i s  given by 

where d i s  the  spacing o f  . the e x t r a c t o r  e lect rode.  The area. of the  source 

cannot be ,much d i f f e r e n t  from d2,. so we get an e f f e c t i v e  l i m i t i n g  cu r ren t  
-6 3/2 imaxC,p " 2.33 x 10 . V . . . 

F'o'r a  60-kV. .single-beam k l ys t ron ' . t h i , s  : i s  ~ . 3 ' 4  A, which i s  s i m i l a r  t o  t he  

quadrupole channel 1 i m i t a t i o n  [see Eq. (5)]. . . , . . >  . . 



I I. A 200 MHz .MEQATRON 

One can d i s t i n g u i s h  two. c lasses  o f  MEQATRONS. I n  t h e  f i r s t  c l a s s  we 

c o n s i d e r  a bundle o f  beams whose d iameter  i s  << A = c/ f .  Th i s  would be t h e  

case f o r  a 10 cm x 10-cm bundle o f   beams f o r  a few hundred-megahertz system. 

. A  second c l a s s  c o n s i s t s  of a bundle o f  beams where t h e  interbeam spacing i s  on 

t h e  o r d e r  o f  A. It i s  t h i s  second c l a s s  t h a t  i s  app l i cab le  t o  p roduc t i on  oT 

mi 11 imeter-wave1 ength rf. 

Suppose we want a MEQATRON w i t h  3 MW o f  rf power output .  .If t h e  

e f f i c i e n c y  were 502, we would requi . re  6 MW o f  dc beam cu r ren t .  I f  a 50-Q 

ou tpu t  i s  des i r ed  we o b t a i n  17 kV f o r  t h e  peak rf vol tage. Therefore i t  might 

be a p p r o p r i a t e  t o  choose a vo l t age  o f  about 20 kV f o r  t h e  e l e c t r o n  beam. 

We then  get  t h e  f o l l o w i n g  parameters: 

Prf = 3 MW . , , 

I 'dc = 6 MW 

V = 20 kV 

I dc = 300 A 

imaxT = 4.5 A 
T 

1 = 2 A (Perveance = 7 x 10-7) 

rQmi n = 5 x 10-4, f o r  Epmax = 107 ~ / m  

A p r a c t i c a l  a r r a y  o f  beams w i  11 have t h e i r  centers '  separated by .about 3 

r ~ .  Since we r e q u i r e  150 beams, we could have r . ~  .u 2.5 mm and s t i  11 f i t  

t h e  beams i n t o  a 10 cm x 10-cm array.  EQmax i s  then o n l y  2 x 106 

V/m f o r  t h i s  case. 

S ince t h e r e  i s  no ma'gnetic f i e l d  i n  t he  beam t r a n s p o r t ,  and s ince  

, e l e c t r o s t a t i c  quadru'pol es' are extreinely i nexpensivc, tt~ei 'e i s  no ,g rea t  

pressure  t o  shor ten t h e  s t r uc tu re .  However., i f  the  buncher vo l t age  i s  

t h e  d r i f t  l e n g t h  w i l l  he k 2 m, 
The cur re r l t  o f  200 A w i l l  generate a magnetic f i e l d  o f  about 8 gauss on 

, 

t h e  ou ts ide .  The c u r r e n t  cou ld  be canceled by runn ing  c u r r e n t  back th rough 

some o f  t h e '  aper tures.  However, t h e  8 gauss corresponds t o  an e l e c t r i c  f i e l d  

of o n l y  67 kV/m. This  w i l l  r e s u l t  i n  an average displacement o f  t h e  " cen t ra l - "  

o r b i t  by %l mm,' which i s  e a s i l y  compensated f o r  by i n c r e a s i n g  t h e  quadrupole 

ape r tu re  somewhat. 



J u s t  a  word about t h e  c o l l e c t o r .  Since t h e  ne t  c u r r e n t  i s  d i v i d e d  i n t o  

many beams, t h e  t o t a l  c o l l e c t o r  area w i l l  have much more su r f ace  area than a  

t y p i c a l  single-beam system. Th i s  should enable one t o  improve on t h e  average 

I power r a t i n g .  Furthermore, t h e  low vo l t age  a l s o  reduces t h e  x- ray hazard 

assoc ia ted  w i t h  convent ional  s i  ngle-beam h i  gh-vol tage  k l y s t r o n s .  

- . .  111. MILLIMETER WAVELENGTHS 

As an example, cons ider  a  100-GHz MEQATRON. Th i s  i s  a  wavelength o f  
. . 

3  mm. I n  order':  t o  make- a  bupchjy  , f o r  2 0 - k . ~  _ e l  ectebn;, say, a  BA /2  s t r u c t u r e  
. .  . . ... 

i s  o n l y  about 112 mm long. Th i s  i m p l i e s  t h a t  t h e  beam d iameter  must be i n  t h e  
. . 

submi 1  l,i.niete.6: . range . in! brdei- , .  . .  to' . avoid . . . .  hav ing  . .. , a  v a i i  s'hi'hgly small:. t r a n s i t -  

t i m e  f a c t o r  f o r  t h e  bincher gap. A  r a d i u s  o f  0.25 mm would be f i n e .  Th i s  i s  

a t t a i n a b l e  w i t h  e l e c t r o s t a t , i c  quads. us i ng  peak e l e c t r i c  f i e l d s  of 2  x  l o 7  
. .  - 

Vim. (See t h e  p rev ious  example, f o r  ins tance. )  I f  we reduce t h e  cu r ren t ,  

i.e., l e t  k3 = 0.088 i n s t e a d  o f  0.125, t h e  c u r r e n t  goes from 2  A t o  1 A, and 

t h e  maximum e l e c t r i c  f i e l d  would be reduced t o  1 x l o 7  V/m. The beams are  

no l onge r  : " t i g h t "  packed. I n  o rde r  t o  make a  buncher and c o l  l e c t o r  c a v i t y ,  we 

must r u n  t h e  beams a t  a  s p a t i a l  separa t ion  o f  n V 2 .  For  n  = 2, t h e  bunchers 
. . .  : 

a re  a l l  i n  phase and t h i ' b & a m - . s k p a r i t i o n  would be 3'.&. S i ~ c e  each beam, 

assuming 50% e f f i c i e n c y , .  would. put. .  out  10.,kW, a: r a t h e r  modest a r r a y  cou ld  pu t  . - 
. #  . 

o u t a  fOw hundred k L  , If the 'bunche r  . .  v o l t a g e  i s  k 6 p t ~ ~ ' i n  t h e  200-MHz 

example, then  t h e  o v e r a l l  l eng th - .  w i l l - d r ~ . ~  b y  a  f a c t o r  o f  2. 250. Th is  g ives  a  

t r a n s p o r t  l e n g t h  o f  about 1 cm. 
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APPENDIX I 

Mks u n i t s  are used throughout. The f o l l o w i n g  t a b l e  l i s t s  the  var ious  

symbols and t h e i r  d e f i n i t i o n s .  The f i g u r e  i l l u s t r a t e s  the  physical  layout  o f  

a  focus ing  c e l l . .  

imaxT t h e  maximum t ranspor tab le  cu r ren t  i n  a  quadrupole 
channel due t o  cons idera t ion  of t ransverse space charge. 

ENT t h e '  normalized emittance arealn. For a  beam a t  the space- 
. . ct~;lt%ge 1 i m i t ,  the  beam emlttanct! drld the channel ascejptanc~ are  

t h e  same. 

"0 the  be ta t ron  o s c i l l a t i o n  phase advance per c e l l  .' ' ' 

k ' t he  r a t i o  o f  space-charge fo rce  t o  the mean r e s t o r i n g  fo rce  o f  t h e  
quadrupol e  channel. 

t h e  rad ius  o f  t he  quadrupoles i n  u n i t s  o f  c e l l  length, i.e., 
k3 = r Q / L c e l l  

k4 the  quadrupole length  i n  t he  same un i ts .  

n t he  r a t i o  o f  maximum t o  average beam s i z e  i n  the  focus ing  
s t ruc tu re .  Typ ica l  values are 0.7 t o  0.8. The e f f e c t  o f  space 
charge i s  t o  b r i n g  n c l o s e r  t o  u n i t y  than it would be i n  
t h e  same channel w i thout  space charge. 



* Appendix I (iont.) 

Focusing 
.Quad 

De focusing 
Quod 




