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A b s t ra c t

E x p e r im en ta l  o b s e r v a t io n  of the  wake  p o te n t i a l  ha s  been c a r r i e d  
out  with  a s in g le  b u n ch  a c c e l e r a t e d  by  the  O saka  U n iv e r s i ty  S ingle 
Bunch E lec t ron L in e a r  A cce le ra to r .  The p h a s e  dependence  of the  e n e r g v  
d i s t r i b u t i o n  of the  s in g le  b u n ch  shows t h a t  the  s in g le  b unch  is 
a c c e l e r a t e d  by  the super im posed  f ie ld  of the  wake  p o te n t i a l  a n d  the 
e x t e r n a l  a c c e l e r a t i n g  w ave .  The e n e r g y  d i s t r i b u t i o n  of a s in g le  b unch  
d epends  on the  p h a se  a n g le  by which the  bunch  f ron t  l e a d s  the  c r e s t  of
the  a c c e l e r a t i n g  wave p ro d u c e d  by  the e x t e r n a l  r f  sou rce .  In o rd e r  to
reduce  the  e n e r g v  s p r e a d  of the  e lec t rons  in the  s in g le  b u n c h , the  
b u n ch  shou ld  be a c c e l e r a t e d  a t  the p o s i t iv e  p h a se  a n g le  where  the
r i s i n g  slope  of the  a c c e l e r a t i n g  v o l tag e  waveform can  be made to c a n c e l .  
The d e c r ea se  in e n e rg y  s p r e a d  g ives  r i s e  to the  r e d u c t io n  in the
a v e r a g e  en e r g y  g a i n  p e r  u n i t  l e n g th  of a a c c e l e r a t i n g  w a v e g u id e ,

1• In t r o d u c t io n

When a h i g h - c u r r e n t  s in g le  bunch  p a s s e s  th ro u g h  an  r f一s t r u c t u r e ，

a wake  f ie ld  is g e n e r a t e d  by  a b u n c h - c a v i t y  i n t e r a c t i o n .  The wake  
f ie ld  g e n e r a t e d  by  an  e lec t ron  in the  s in g le  bunch  g ives  r i s e  to the
forces  a c t i n g  on the su cce ss iv e  e lec t rons  in the  s ing le  b u n c h .  The
t r a n s v e r s e  components  of the wake  f ie ld  def lect  succes ive  e lec t rons  in
the s in g le  b u n ch  an d  g ives  r i s e  to c h an g e s  of both  en e rg y  an d  c u r r e n t  
d i s t r i b u t i o n s  of the  s in g le  bunch  i t s e l f .

When an  e lec t ron  p a s s e s  th ro u th  an  r f - s t r u c t u r e ,  the  wake  
p o t e n t i a l  is de f ined  as  the  p o t e n t i a l  ex p e r ien c e d  by  a t e s t  p a r t i c l e
following the e lec t ron  for  a d i s t a n c e .  T h e re fo re , the  net  ch an g e  of
e n e r g y  of each  e lec t ron  is  e x p re s s e d  as  the  wake  p o te n t i a l  o b ta in e d  by 
the i n t e g r a t i o n  of the  wake f ie ld  whi le  the  bunch  t r a v e l s  th ro u g h  the
s t r u c t u r e  an d  l e av e s  i t . When a h i g h - c u r r e n t  s in g le  bunch  is
a c c e l e r a t e d  in  an  r f - s t r u c t u r e ,  the  wake  p o te n t i a l  is not n e g l i g i b l e ,  
compared  wi th  the  e x t e r n a l  a c c e l e r a t i n g  v o l t a g e . T h e re fo re , the  t o t a l
e n e rg y  g a in  of an  e lec t ron  in  the s in g le  bu n ch  is o b ta in e d  by  a d d in g
the  e x t e r n a l  a c c e l e r a t i n g  v o l tag e  to the  wake  p o t e n t i a l .

2. Dependence of the  _Energy _Spectrum_ on _the _RF-phase

When the Osaka  U n iv e r s i ty  Single  Bunch Elec t ron  L in e a r  A cce le ra to r  
is a d j u s t e d  in  d e t a i l  to a c c e l e r a t e  a s in g le  b u n c h ,  the  p h a se  an g le
between the b unch  an d  the  a c c e l e r a t i n g  wave  can  be con t ro l led  by  a
p h a se  s h i f t e r .  The p h a s e  is the  ang le  by  which the bun ch  l e a d s  the  
c r e s t  of the  a c c e l e r a t i n g  wave s u p p l i e d  by the e x t e r n a l  r f 一sou rce .  As 
the  e n e rg y  of the  b u n ch  in je c ted  to the  a c c e l e r a t i n g  w av eg u id e  is
e s t im a ted  to be abou t  2 MeV, i t  is  r e a s o n a b le  to assume t h a t  the  sh ap e
of the  bunch  is k ep t  c o n s t a n t  in  sp i te  of the  c h a n g e s  of the  p h a s e .

F ig u re  1 shows the  dependence  of the  e n e rg y  spec trum on the
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r f - p h a s e  for the  s in g le  bunch  of 0 .5  nC* With the  i n c re a s e  of the
p h a s e ,  the  h e a d  of the  bunch  a p p ro a c h e s  to the  c re s t  of the  w a v e .
There fore ,  the  maximum e n e r g y  in c r e a s e s  u n t i l l  the  bunch  h e a d  r each es
the c r e s t .  Whenever the  bunch  h e ad  l e a d s  the  c r e s t , an d  the e lec t ron  
in the  b unch  ex i s t s  on the  c r e s t ,  the maximum e n e rg y  is kep t  c o n s ta n t  
though  the p h a s e  be ing  in c r e a s e d .  I t  is  b ecau se  the s ing le  b unch  of
0 .5  nG is not so in ten se  t h a t  the  wake p o te n t i a l  g ives  r i s e  to the 
d i s to r t io n  of the  a c c e l e r a t i n g  f ie ld  g e n e r a t e d  by the e x t e r n a l  r f - s o u r c e . 
When the b unch  t a i l  l e a d s  the  c r e s t ,  the maximum e n e rg y  decreases ;  with  
the p h a s e .  Therefore ,  the  s in g le  bunch  sh ap e  can  be o b ta in e d  by 
m easu r in g  the  number  of e lec t rons  with  maximum e ne rgy  a g a i n s t  the 
p h a s e . The r e s u l t  shows t h a t  the  s in g le  bunch  waveform is not 
G a u ss ia n  sh ap e  b u t  Gamma func t ion  sh ap e  with a t a i l .  The pu lse  wid th  
of the  s in g le  bunch  is  e v a l u a t e d  to be 16.1 ps in f . w . h . m .  from the 
p h a se  a n g le  •

When the h i g h - c u r r e n t  s in g le  b unch  of 5 nC is a c c e l e r a t e d ,  the  
wake p o te n t i a l  is in tense  enough to c h an g e  the  e n e rg y  spec trum of the  
s in g le  b u n c h .  F igu re  2 shows the  dependence  of the  e ne rgy  spec trum on 
the r f —p h a se  for the s in g le  bunch  of 5 nC. With i n c re a s e  of the  p h a s e ,  
the h e a d  of the  b u n c h  a p p ro a c h e s  to the c r e s t , an d  then  the  maximum 
e n e r g y  i n c r e a s e s . When the bunch  h e ad  l e a d s  the  c r e s t ,  the  maximum
e n e rg y  d e c rea se s  by the  wake  p o t e n t i a l .  When the  bunch  t a i l  
a p p ro a c h e s  to the  c r e s t ,  the maximum e n e r g y  i n c r e a s e s . When a p a r t  of
the bun ch  t a i l  is  a c c e l e r a t e d  on the  c r e s t ,  the  maximum e n e rg y  is kep t
c o n s t a n t .  F ig u re  3 shows the  dependence  of the  e n e rg y  spec trum on the 
r f - p h a s e  for the  s ing le  bunch  of 10 nC. The dec rea se  in the  maximum 
e n e rg y  for the s in g le  bunch  of 10 nC is g r e a t e r  t h a n  t h a t  for  the  s ing le  
bunch  of 5 nC. I t  shows t h a t  the  wake  p o te n t i a l  i n c re a s e s  in 
p ro p o r t i o n a l  to the  bunch  c h a r g e .

When the  cen te r  of the  h i g h - c u r r e n t  s in g le  bunch  is a c c e l e r a t e d  on 
the  c re s t  of the  a c c e l e r a t i n g  wave  p roduced  by  the e x t e r n a l  r f  sou rce ,  
the  a c c e l e r a t i n g  f ie ld  is  made a dent  in the  c re s t  by the  wake
p o t e n t i a l .  Therefore ,  the e lec t rons  with  the maximum en e rg y  ex i s t  not 
in the  cen te r  of the  s in g le  bunch  b u t  in e i t h e r  side of the  c en te r .
When the Cerenkov r a d i a t i o n  g e n e r a t e d  by  the  e lec t rons  with maximum 
e n e r g y  is  m easu red  by  a s t r e a k  c a m e r a , the  c u r r e n t  waveform with  two 
s p l i t t e d  p e ak s  can  be o b s e r v ed .

F ig u r e  1-3.  Dependence of the  e n e rg y  spec trum  of the  s in g le  bunch  
on the  r f 一p h a s e



3. E ne rgy  S p read  a n d  A verage  Energy  Gain

When a h ig h  -  c u r r e n t  s in g le  bunch  is a c c e l e r a t e d  by  the  l i n e a r  
a c c e l e r a t o r ,  the a c c e l e r a t i n g  f ie ld  h a s  a deep den t  p ro d u ced  by  the 
wake p o t e n t i a l .  In o rd e r  to reduce  the  e n e rg y  s p r e a d  of the  e lec t rons  
in the  s in g le  b u n c h ,  the  b unch  shou ld  be a c c e l e r a t e d  a t  the  p o s i t iv e  
p h a se  an g le  where  the  r i s i n g  slope ot the  a c c e l e r a t i n g  v o l tag e  waveform 
can  be made to can c e l .  The d e c rea se  in  e n e r g y  s p r e a d  g ives  r i s e  to 
the  r e d u c t io n  in the  a v e r a g e  e n e rg y  g a i n  of the  s in g le  bunch  p e r  u n i t  
l e n g th  of the  a c c e l e r a t i n g  w a v e g u id e .  As the  wake  p o te n t i a l  i n c r e a s e s  
with  i n c r e a s n g  s in g le  bu n ch  c h a r g e ,  the  r f - p h a s e  should  be in c r e a s e d  in 
o rd e r  to a c c e l e r a t e  a s in g le  b unch  of h i g h e r  c u r r e n t .  There fore ,  the 
a v e r a g e  e n e r g y  g a i n  of the  s in g le  b un ch  d e c rea se s  with  the  s in g le  
bu n ch  c h a r g e .  F ig u re  4 shows the dependence  of the  optimum r f - p h a s e  
on the  s in g le  bun ch  c h a r g e . As for the  s in g le  bunch  of 10 nC, the 
p h a se  a n g le  of 11.7 d eg rees  is  the optimum r f  一 p h a se  to reduce  the 
e n e r g y  s p r e a d ,  b u t  the  a v e r a g e  e n e rg y  i n e b i t a b l y  reduces  abou t  2% in 
a d d i t i o n  to the  loss  by  the wake  p o t e n t i a l .
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4. Effect of the  Wake F ie ld s  between Bunches
When s e v e r a l  b unches  a re  a c c e l e r a t e d  in the  t r a n s i e n t  mode by  the 

Osaka  U n iv e r s i ty  L inac ,  one of these  bu n ch es  can  be se lec ted  by  a 12th 
su b h a rm o n ic  s in g le  bun ch  ch o p p er .  Therefore ,  the  e n e rg y  spec trum  of
one b unch  can  be m easu red  by  an e n e rg y  a n a l y s e r .  When the 
success ive  bu n ch es  a re  a c c e l e r a t e d  a t  the  p h a se  an g le  where  the  e n e rg y  
s p r e a d  of the f i r s t  bun ch  is min imized,  the  b r o a d  spec trum is ob se rv ed  
for  ev e ry  success ive  b u n c h . I t  is  r e a s o n a b le  to co n s id e r  t h a t  the  wake 
f ie ld s  ex c i t ed  by  a b u n ch  ch an g e  en e rg ie s  of the success ive  bu n ch es  in 
a p e r io d ic  r f - s t r u c t u r e  • When two or th r e e  b unches  o f  h i g h e r  c u r r e n t  
a r e  a c c e l e r a t e d  by a l i n e a r  a c c e l e r a to r ,  the  en e rg v  s p r e a d  of the  to t a l  
e lec t rons  in th ese  b u n ch es  wi l l  be l a r g e r  t h a n  the  s p r e a d  of the  s in g le  
bunch  of the same c h a r g e s .
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