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It would be highly desirable to be able to use betatron ac- 

tion for acceleration, since no synchronization is necessary; and 
n 

it is also attractive to explore how to stack a beam by betatron 

action for purposes of achieving very high circulating currents. 

A-synchronous acceleration or stacking by/ -tron flux might 

be achieved by returning the accelerating flux through the orbit 

focussing region. Orbit "A" is accelerated by the whole flux, . % 

until it is in the return path of in the D. C. magnet. Gradually 
n 

* The ideas mentioned here have also had previous consideration by 
T. Ohkawa. 
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h 

it comes t o  r e s t  a t  t h e  r a d i u s  of B when t h e  f l u x  g$ r eaches  i t s  

maximum, provided t h e  D. C, magnet has  p o s i t i v e  momentum com- 

pac t ion .  I f  t h e  p o i n t  B i s  nea r  t h e  o u t s i d e  edge of t h e  f l u x  

r e t u r n  pa th  a t  C, t h e n  i t  cannot  be f u r t h e r  a c c e l e r a t e d  no ma t t e r  

how l a r g e  f becomes and subsequent ly  i n j e c t e d  p a r t i c l e s  w i l l  

s t a c k  a t  a  s l i g h t l y  s m a l l e r  r a d i u s  near  C. T h i s  i s  no t  t h e  ca se  

f o r  a  nega t ive  momentum compaction magnet. 

S ince  t h e  amount of f l u x  change d 9 TOTAL t o  a c c e l e r a t e  a  

2 - 
p a r t i c l e  t o  C  i s  of t h e  o r d e r  of 2 % R Rc ,  where XC i s  t h e  average 

f i e l d  around t h e  c i rcumference a t  r a d i u s  C, we can s e e  t h a t  t h e  

r e t u r n  a c c e l e r a t i n g  f l u x  d e n s i t y  pas s ing  through t h e  gap a t  t h e  

o r b i t  i s  s i m i l a r  i n  magnitude t o  t h e  f l u x  d e n s i t y  of t h e  focus s ing  

f i  f i e l d .  Thus t h e  q u e s t i o n  a r i s e s  of how t o  mix t h i s  r e t u r n  a c c e l -  

e r a t i n g  f l u x  d e n s i t y  w i t h  t h e  focus s ing  f i e l d  s o  t h a t  t h e  

focus s ing  and s t a b i l i t y  a r e  p rese rved  and so  t h a t  s t a c k i n g  a t  

approximately  one r a d i u s  can occur .  

I f  t h e  f l u x  i s  r e t u r n e d  a c r o s s  t h e  gap by coupl ing  t o  t h e  

same po le  p i e c e s  which a r e  used f o r  f o c u s s i n g ,  t hen  i t  has  an r 
k  

dependence and t h e r e  i s  no p o i n t  C a t  t h e  edge of t h e  r e t u r n  f l u x .  

I f  t h e  f l u x  i s  r e t u r n e d  by s e p a r a t e  po l e  p i e c e s  i n  t h e  s t r a i g h t  

s e c t i o n s  between t h e  FFAG po le s ,  t hen  i t  w i l l  c o n t r i b u t e  t o  t h e  

focuss ing  excep t  a t  t h e  i n s t a n t  when i s  ze ro .  (1t could have 

s t a r t e d  from a  nega t ive  b i a s . )  A t  t h a t  t ime t h e  p o i n t  C  can be 

reached wi th  no focus s ing  e f f e c t  of . It i s  n o t  c l e a r  t h a t  

p a r t i c l e s  i n j e c t e d  over  a  per iod  of time t o  b u i l d  up an i n t e n s e  

rn c i r c u l a t i n g  beam can be a c c e l e r a t e d  by some combination of t h i s  

f l u x  and an FFAG f i e l d .  I f  we could  i n j e c t  and s t a c k  f o r  a  q u a r t e r  

of a  c y c l e  a t  60 c y c l e s  per  second,  and i f  we i n j e c t e d  a t  t h e  r a t e  
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of 1 0  mi l l i amperes  of e l e c t r o n s ,  we would s t a c k  4 .0  x  coulombs 

which c i r c u l a t e  around t h e  o r b i t  once every  5 x  lo-" seconds a t  

r e l a t i v i s t i c  e n e r g i e s ,  t h e r e b y  producing 8 ,000  amperes, 

T h i s  f e a t u r e  of r e t u r n i n g  t h e  f l u x  used i n  b e t a t r o n  acce l -  

e r a t i o n  through t h e  o r b i t a l  f ocus s ing  annu la r  r e g i o n  can be used 

f o r  a c c e l e r a t i o n  w i thou t  a  f u l l - s i z e d  b e t a t r o n  c o r e  i n  t h e  

fo l lowing  way. Imagine t h a t  t h e  p a r t i c l e  reached o r b i t  B by 

i n d u c t i o n  a c c e l e r a t i o n .  If we now want t o  dec rease  t h e  acce l -  

e r a t i n g  f l u x  back t o  t h e  s t a r t i n g  p o i n t ,  we would o r d i n a r i l y  

remove a l l  of t h e  energy we had a l r e a d y  g iven  t o  t,he p a r t i c l e .  

However, i f  we c o n t r o l  t h e  r eg ion  of t h e  gap from which f l u x  i s  

removed - p a r t i c u l a r l y  i f  we remove f l u x  from t h e  r eg ion  between 
rn 

A and B f i r s t ,  t hen  we remove no energy from t h e  p a r t i c l e  wh i l e  

t h a t  f i r s t  d iminut ion  of f l u x  i s  t a k i n g  p l a c e .  The f l u x  conta ined 

a t  r a d i i  g r e a t e r  t han  t h e  r a d i u s  of B w i l l  d e c e l e r a t e  t h e  p a r t i c l e  

p a r t  way when i t  i s  removed. T h i s  p roces s  can be r epea t ed  w i th  a  

n e t  a c c e l e r a t i o n  each t ime .  

Th i s  p rocess  i s  e q u i v a l e n t  t o  caus ing  an a l t e r n a t i n g  f l u x  

wave wi th  a  r a d i a l l y  outward v e l o c i t y  t o  pass  over t h e  p a r t i c l e s s  

o r b i t .  
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While t h e  downward d i r e c t e d  l i n e s  of f o r c e  a r e  pass ing  over  t h e  
+ 

o r b i t ,  t h e r e  i s  an a c c e l e r a t i n g  e l e c t r i c  f i e l d  normal t o  B and 

p a r a l l e l  t o  t h e  o r b i t .  The o r b i t  t a k e s  on a  g r e a t e r  r a d i u s  ( p o s i t i v e  

momentum compaction) and s t a y s  i n  c o n t a c t  w i t h  t h e  a c c e l e r a t i n g  

f i e l d  u n t i l  t h e  r e g i o n  of upwardly d i r e c t e d  l i n e s  of f o r c e  over takes  

t h e  o r b i t .  While i n  t h i s  r e v e r s e  f i e l d  r e g i o n ,  t h e  p a r t i c l e  l o s e s  

energy and i t s  r a d i u s  moves inward. I f  V i s  t h e  r a d i a l l y  outward 

phase v e l o c i t y  of t h e  f l u x  wave and i f  v  i s  t h e  r a t e  of change of 

r a d i u s  of t h e  o r b i t  under t h e  i n f l u e n c e  of t h e  induced e l e c t r i c  

f i e l d ,  then  t h e  p a r t i c l e  i s  i n  t h e  a c c e l e r a t i n g  f i e l d  f o r  a  t ime 
h / iV-m and i n  t h e  d e c e l e r a t i n g  f i e l d  f o r  a  t ime 

Thus t h e r e  i s  a  n e t  a c c e l e r a t i o n  of t h e  o a r t i c l e  and t h e  r a t i o  of 
P 

energy g a i n  t o  l o s s  i s  It i s  e v i d e n t  t h a t  f o r  most v-  v 
e f f i c i e n t  u se  of t h e  a c c e l e r a t i n g  f l u x  we should  make v  a s  c l o s e  t o  

V a s  p o s s i b l e .  I n  o t h e r  words,  t h e  outward v e l o c i t y  of t h e  o r b i t a l  

p o s i t i o n  should  be a  good f r a c t i o n  of t h e  f l u x  wave v e l o c i t y .  I f  

v  = V,  we a c c e l e r a t e  a l l  t h e  way ou t  b u t  t h e  magnitude of t.he 

a c c e l e r a t i n g  f l u x  d e n s i t y  i s  of t h e  same o rde r  a s  t h e  magnitude 

of t h e  average f o c u s s i n g  f i e l d .  I f  V ) v ,  t h e  a c c e l e r a t i o n  i s  

p e r i s t a l t i c  w i t h  t h e  o r b i t a l  r a d i u s  i n c r e a s i n g  and dec reas ing ,  bu t  

being g e n e r a l l y  pushed ou t  a long  a  r a d i u s .  I f  V = c ,  t h e  v e l o c i t y  

of l i g h t ,  we have a  t r a n s v e r s e  e l ec t romagne t i c  wave w i t h  t h e  

Poynt ing vec to r  d i r e c t e d  outwardly ,  t he reby  producing a c c e l e r a t i o n  

by r a d i a t i o n  p r e s s u r e .  

These t r a v e l i n g  f l u x  waves cou ld  be produced e i t h e r  i n  R. F. 
n 

wave gu ides  pass ing  r a d i a t i o n  a c r o s s  t h e  o r b i t  o r  by polyphase 

s t a t o r s  wound l i k e  i n d u c t i o n  motors b u t  a r ranged  l i n e a r l y  above 
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and below t h e  orbj t . .  The ampl i tude of t h e  f l u x  wave could be 

made t o  vary  w i t h  r a d i u s  and t o  dec rease  t o  z e r o  f o r  purpose of 
k  

s t a c k i n g ,  o r  t o  i n c r e a s e  l i k e  r t o  a c t  a s  t h e  r e v e r s e  f i e l d  

segment of a  Mark I FFAG. 

The e f f i c i e n c y  of u s ing  t h e  a c c e l e r a t i n g  p a r t  of t h e  f l u x  

wave can be i n c r e a s e d  g r e a t l y  by having magnetic bumps of t h e  same 

p o l a r i t y  i n  t h e  bending f i e l d  placed about  one f o u r t h  of a  b e t a t r o n  

o s c i l l a t i o n  wave l e n g t h  t o  each s i d e  of t h e  a c c e l e r a t i n g  e lement ,  

s o  t h a t  t he  o r b f t  would be ben t  t o  fo l l ow  t h e  outward motion of 

t h e  a c c e l e r a t i n g  f i e l d  f o r  a  w h i l e  and then  t o  snap back qu i ck ly  

through t h e  d e c e l e r a t i n g  r e g i o n  and i n t o  t h e  nex t  oncoming acce l -  

n e r a t i n g  r eg ion .  These bumps cou ld  t r a v e l  outwardly w i th  t h e  same 

speed a s  t h e  a c c e l e r a t i n g  f l u x  wave, b u t  t hen  t h e  bumps themselves 

would produce a c c e l e r a t i o n  w i t h  a n  unimproved e f f i c i e n c y .  However, 

i f  t h e  d e f l e c t i n g  bumps a r e  s t a t i o n a r y  b u t  l o c a t e d  s o  t h a t  w i th  

t h e  a c c e l e r a t i n g  wave of  t h e  proper  s t r e n g t h  and v e l o c i t y  t h e  

bumps d e f l e c t  t h e  outwardly moving o r b i t  always i n t o  t h e  acce l -  

era t . ing r e g i o n ,  t hen  we do no t  g e t  a c c e l e r a t i n g  e f f e c t s  from t h e  

bumps. 


