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Abs t r ac t  

The l o n g i t u d i n a l  phase space  program FSME, 
modified f o r  space  charge  and wall impedance e f f e c t s ,  
has been used t o  s i m u l a t e  t r a n s i t i o n  c r o s s i n g  i n  t h e  
Fermilab Booster.  The s i m u l a t i o n s  y i e l d  r e s u l t s  i n  
r easonab le  q u a n t i t a t i v e  agreement w i t h  measured 
parameters.  They f u r t h e r  i n d i c a t e  t h a t  a t r a n s i t i o n  
jump scheme c u r r e n t l y  under c o n s t r u c t i o n  w i l l  
s i g n i f i c a n t l y  reduce  emi t t ance  growth, while  a t t e m p t s  
t o  a l ter  machine impedance a r e  less obvious ly  
b e n e f i c i a l .  I n  a d d i t i o n  t o  p r e s e n t i n g  r e s u l t s ,  t h i s  
paper p o i n t s  o u t  a s e r i o u s  d i f f i c u l t y ,  r e l a t e d  t o  
s t a t i s t i c a l  f l u c t u a t i o n s ,  i n  t h e  space  charge  
c a l c u l a t i o n .  Fa l se  i n d i c a t i o n s  of emi t tance  growth 
can appear  i f  c a r e  is no t  taken  t o  minimize t h i s  
problem . 

I n t r o d u c t i o n  

The l o n g i t u d i n a l  phase space s imula t ion  program 
ESME' has  been conf igu red  t o  s t u d y  v a r i o u s  e f f e c t s  i n  
t h e  Fermilab 8GeV Boos ter  a c c e l e r a t o r .  Th i s  paper 
o u t l i n e s  r e s u l t s  of s i m u l a t i o n s  i n  t h e  v i c i n i t y  o f  
t r a n s i t i o n  c r o s s i n g ;  i n  p a r t i c u l a r  space  charge and 
wal l  impedance e f f e c t s  a r e  inc luded  and found t o  be o f  
primary importance.  Seve ra l  q u a n t i t i e s  i n  these 
s imula t ions  a r e  shown t o  ag ree  w i t h  r e c e n t  c a r e f u l  
measurements, and from t h i s  s t a r t i n g  po in t  p r e d i c t i o n s  
a r e  made of t h e  r e s u l t s  of a d d i n s  YT jump and 
impedance r educ ing  schemes t o  t h e  machine. 

S imula t ions  of Cur ren t  Machine 

I n  F igure  1 is shown t h e  d i s t r i b u t i o n  i n  phase 
space  of t h e  p a r t i c l e s  used i n  t h e s e  t r a c k i n g  s t u d i e s .  
T h i s  d i s t r i b u t i o n  is gene ra t ed  3.5171s be fo re  t r a n s i t i o n  
and encompasses .02 eV-see o f  l o n g i t u d i n a l  emi t tance  
(95%) ;  t h e  RF bucket i s  shown f o r  comparison. T h i s  
bunch is a c t e d  upon i n  a t u r n  by t u r n  manner by t h e  RF 
a c c e l e r a t i n g  p o t e n t i a l .  The vo l t age  curve is a s  used 
i n  p r a c t i c e ;  t h e  phase is a d j u s t e d  i n  such  a manner as 
t o  main ta in  synchron iza t ion  wi th  t h e  magnetic gu ide  
f i e l d ,  and a l s o  inc ludes  a s imula t ion  of r a d i a l  
feedback c i r c u i t r y .  The bunch is a l s o  a f f e c t e d  by 
space  charge  f i e l d s  and i n t e r a c t i o n  with a wal l  
impedance. The l a t t e r  is given by t h e  sum of a 
measured f requency  dependent term f o r  magnets t o g e t h e r  
w i t h  a smoothly va ry ing  f u n c t i o n  a t  f r equenc ie s  beyond 
the  r each  of t h e  measurements, and r e sonan t  terms, 
aga in  a s  measured, f o r  the RF c a v i t i e s .  The space  
charge and impedance e f f e c t s  depend on t h e  t o t a l  
charge assurned p resen t  i n  a s i n g l e  bunch ( a s  opposed 
t o  t h e  number of par t ic les  used f o r  t r a c k i n g ,  which of 
course  i s  much lower ) .  For t h i s  purpose a va lue  of 
2 . 1 ~ 1 0 ' ~  p a r t i c l e s  p e r  bunch is used ,  a t y p i c a l  
Booster o p e r a t i n g  i n t e n s i t y .  

The form i n t o  which t h i s  p a r t i c l e  d i s t r i b u t i o n  
has evolved a t  about 1.2ms a f t e r  t r a n s i t i o n  is 
presented  i n  F igu re  2 .  T h i s  shape ,  r emin i scen t  of a 
s p i r a l  ga l axy ,  is ob ta ined  i n  these s i m u l a t i o n s  under 
a wide v a r i e t y  of c i rcumstances  as long  as t h e  space  
charge f o r c e  is inc luded .  The v o l t a g e s  due t o  t h e  
space  charge  and wal l  e f f e c t s  r each  a s  high a s  130KV 
per t u r n ,  w i th  v a r i a t i o n  a c r o s s  a bunch of 190KV; t h e  
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Figure  1 .  Bi-gaussian random genera ted  phase space  
d i s t r i b u t i o n  of t h e  p a r t i c l e s  used i n  these 
t r a c k i n g  s imula t ion  s t u d i e s .  The h o r i z o n t a l  axis 
r e p r e s e n t s  t h e  angular  p o s i t i o n  of t h e  p a r t i c l e  i n  
t h e  a c c e l e r a t o r  a t  a t ime when one moving 
synchronous ly  wi th  t h e  guide f i e l d  c r o s s e s  zero .  
The v e r t i c a l  a x i s  is  t h e  d i f f e r e n c e  between t h e  
p a r t i c l e  energy and t h a t  of t h e  synchronous 
p a r t i c l e  . 
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Fiuure  2. The p w s e  space d i s t r i b u t i o n  a f t e r  
t r a n s i t i o n  wi th  c u r r e n t  o p e r a t i n g  cond i t ions  and 
nlvierate i n t e n s i t y .  
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app l i ed  RF vo l t age  f o r  comparison is gooKV. The 
measurement which can be made of t h e  a c t u a l  beam, a s  
opposed t o  t h e  s i m u l a t i o n ,  is of t h e  charge 
d i s t r i b u t i o n  pass ing  a beam pickup a s  a f u n c t i o n  of 
time. What is o f t e n  observed  i n  t h i s  ca se  is bunch 
breakup, with double or m u l t i p l e  peaking of t h e  charge 
d i s t r i b u t i o n .  A c a r e f u l  s tudy  of the s i m u l a t i o n ,  
w i t h  p l o t s  made eve ry  few t u r n s  i n  t h e  v i c i n i t y  of 
t r a n s i t i o n ,  shows t h a t  t h e  p r o j e c t i o n  of phase space  
on t h e  p o s i t i o n  axis ( a  p l o t  e s s e n t i a l l y  e q u i v a l e n t  t o  
t h e  hardware measurement) shows s i m i l a r  behavior .  
Inc luded  a s  F igu re  3 is  one of t he  more s t r i k i n g  
examples of such  p l o t s .  The observed double peaking 
appears  and d i sappea r s  depending on t h e  o r i e n t a t i o n  of 
t h e  s p i r a l  i n  t h e  phase space  p l o t .  

From an a c c e l e r a t o r  phys i c s  p e r s p e c t i v e ,  t h e  
parameter which is a d v e r s e l y  a f f e c t e d  by t h e  above 
noted  phenomenon is l o n g i t u d i n a l  emi t t a n c e .  For t h e  
p a r t i c l e  i n t e n s i t i e s  used here, t h e  obse rva t ion  is 
t h a t  emi t tance  growth is  n e g l i g i b l e  be fo re  t r a n s i t i o n ,  
t o t a l s  about 100% i n  t h a t  r e g i o n ,  and i n c r e a s e s  on ly  
s lowly  t h e r e a f t e r .  Shown as t h e  s o l i d  curve i n  F igure  
4 is t h e  emi t tance  a s  a f u n c t i o n  of time f o r  t h e  
s imula t ion .  To be p r e c i s e ,  what is p l o t t e d  is  t h e  
phase space  a r e a  enc losed  by t a k i n g  t h e  second moment 
of t h e  two dimensional d i s t r i b u t i o n ,  and m u l t i p l y i n g  
by s i x  so t h a t  t h e  va lue  cor responds  roughly  t o  a 95% 
emi t t ance  va lue .  The p l o t  behaves i r r e g u l a r l y  du r ing  
and a f t e r  t r a n s i t i o n  c r o s s i n g :  however one might 
i n f e r  a growth of about 1208, i n  adequate agreement 
w i t h  observa t ion .  

A remark is  a p p r o p r i a t e  a t  t h i s  po in t  concern ing  
a s e r i o u s  t e c h n i c a l  problem i n  t h e  s imula t ion  of t h e  
space  charge f o r c e .  This  f o r c e  is  p r o p o r t i o n a l  t o  t h e  
s l o p e  of t h e  p a r t i c l e  d e n s i t y  a s  a f u n c t i o n  of 
p o s i t i o n .  T h i s  s l o p e  has  been found t o  be e a s i l y  
in f luenced  by s t a t i s t i c a l  f l u c t u a t i o n s  i n  the p a r t i c l e  
d i s t r i b u t i o n s .  These f l u c t u a t i o n s  l e a d  t o  random 
space  charge f o r c e s ,  and these f o r c e s  over  time a f f e c t  
the p a r t i c l e s  i n  such a manner a s  t o  cause  apparent  
emi t tance  growth. The parameters  used in t h e  
s imula t ions  shown a r e  t h a t  40000 p a r t i c l e s  a r e  
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Figure  3. Theta p r o j e c t i o n  of phase space  d i s t r i b u t i o n  
a t  a time s h o r t l y  a f t e r  t r a n s i t i o n .  The m u l t i p l e  
peaking a g r e e s  w i t h  obse rva t ion .  

genera ted  and t r acked  on each t u r n ,  and for  t he  slope 
c a l c u l a t i o n s  a r e  p laced  i n  128 b i n s  f o r  t h e  s i n g l e  
bunch under cons ide ra t ion .  T h i s  b inning  c r i t e r i o n  
sets a l i m i t  on beam f i n e  s t r u c t u r e  which can be 
observed. The emi t t ance  growth seen  i n  t h e  f i g u r e  
below t r a n s i t i o n  is be l i eved  t o  be almost e n t i r e l y  due 
t o  t h i s  s imula t ion  a r t i f a c t .  The parameters used have 
been a r r i v e d  a t  i n  a compromise between desire t o  
l i m i t  t h i s  i n c o r r e c t  emi t tance  growth and t h e  need t o  
keep computer time reasonable .  

There i s  ano the r  parameter fo r  which comparisons 
between s i m u l a t i o n s  and a c t u a l  ope ra t ion  can be made, 
t h e  mean energy loss  per p a r t i c l e  per t u r n .  This 
parameter has  been measured t o  be 20 K e V  a t  Booster 
e x t r a c t i o n  time. I n  s imula t ion  its c a l c u l a t i o n  
r e s u l t s  from an a p p r o p r i a t e  f o l d i n g  of t h e  bunch shape 
wi th  t h e  r e a l  p a r t  of t h e  wa l l  impedance. The program 
y i e l d s  va lues  i n  t h e  range  of 20-30 K e V  for  times 
a f t e r  t r a n s i t i o n .  A poss ib l e  25% discrepancy  is not  
unreasonable  cons ide r ing  the  d i r f i c u l t y  i n  making 
impedance measurements a s  a f u n c t i o n  of f requency  f o r  
the  e n t i r e  a c c e l e r a t o r .  

S imula t ions  have a l s o  been made of ope ra t ion  a t  
the Booster r e c o r d  i n t e n s i t y  o f  about 4 . 2 ~ 1 0 "  
p a r t i c l e s  per bunch. I n  t h i s  case  t h e  emi t tance  
growth a t  t r a n s i t i o n  i n c r e a s e s  t o  .09 eV-see and many 
p a r t i c l e s  a r e  fo rced  c l o s e  t o  t h e  bucket boundaries.  
Although t h e  loss  of beam is n e g l i g i b l e  i n  t h i s  
s imula t ion ,  t h e  space  charge  e f f e c t  a lone  can be seen 
t o  prevent i n t e n s i t i e s  from i n c r e a s i n g  much beyond 
t h i s  c u r r e n t  record va lue .  ( I n  p r a c t i c e  problems a r e  
observed a t  va r ious  p o i n t s  i n  t h e  cyc le  when ope ra t ing  
a t  such i n t e n s i t i e s .  The time s h o r t l y  a f t e r  
t r a n s i t i o n  is i d e n t i f i e d  a s  one such p o i n t . )  Shown i n  
F igure  5 i s  t h e  phase space  d i s t r i b u t i o n  a f t e r  
t r a n s i t i o n  f o r  h igh  i n t e n s i t y  cond i t ions .  

S imula t ion  of Proposed Improvements 

Two schemes have r e c e n t l y  been cons idered  t o  
improve Booster ope ra t ion .  The f i r s t  is t h e  
c o n s t r u c t i o n  of a Y jump, which changes t h e  l a t t i c e  
parameters  so rap idTy t h a t  t h e  beam spends a minimum 
amount of time nea r  t r a n s i t i o n .  The second scheme 
invo lves  t h e  i n s t a l l a t i o n  of s t r i p s  t o  s h i e l d  t h e  beam 
from magnet po le  f a c e s ,  t hus  reducing  t h e  o v e r a l l  
machine impedance. 
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Figure 4. S imula ted  emi t tance  a s  a func t ion  of  time. 
The s o l i d  cu rve  is f o r  c u r r e n t  o p e r a t i n g  cond i t ions  
and moderate i n t e n s i t y ;  the  dashed curve d i f f e r s  on ly  
by the i n c l u s i o n  Of a yT jump. 
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Figure  5. The phase space  d i s t r i b u t i o n  a f t e r  
t r a n s i t i o n  wi th  c u r r e n t  o p e r a t i n g  cond i t ions  but a t  
r eco rd  i n t e n s i t y .  

The parameters  of t h e  jump used i n  t h i s  
s imula t ion  a r e  t h a t  Y dec reases  l i n e a r l y  by one u n i t  
over 100 us. It txen  r e v e r t s  e x p o n e n t i a l l y  w i t h  a 
t ime cons t an t  of 2 .5  ms t o  i ts  o r i g i n a l  va lue .  A 
problem observed wi th  such  a scheme is t h a t  l a r g e  
bunch l e n g t h  o s c i l l a t i o n s  appear  a t  times a f t e r  t h e  
f a s t  Y jump. Ng2 has  c a l c u l a t e d  t h a t  t h e s e  
o s c i l l a l i o n s  can be minimized by a d j u s t i n g  t h e  t ime i n  
t h e  cyc le  a t  which t h e  jump occur s .  Cons ider ing  t h e  
parameter 11, r a t h e r  t h a t  Y , one might na ive ly  expec t  
t h a t  a jump symmetric abou? ze ro  would be optimal as 
t h e  beam would remain a t  t h e  maximal p o s s i b l e  d i s t a n c e  
from t h e  c o n d i t i o n s  a t  t r a n s i t i o n .  He f i n d s  however 
t h a t  a de lay  i n  t h e  jump time, a l lowing  II t o  approach 
zero  more c l o s e l y  from low energy and depa r t ing  
f a r t h e r  from z e r o  a t  h igh  energy is  p r e f e r a b l e .  These 
c a l c u l a t e d  r e s u l t s  a r e  no t  d u p l i c a t e d  i n  t h e  c u r r e n t  
work. The s imula t ion  inc ludes  e f f e c t s  of non- l inear  
RF f o r c e s ,  w a l l  impedances, and feedback loops ,  which 
were no t  inc luded  i n  the  c a l c u l a t i o n .  The bunch 
l e n g t h  o s c i l l a t i o n s  a r e  observed but w i t h  a time- 
dependent amplitude n o t  s een  i n  the  c a l c u l a t i o n .  In  
t h e  s imula t ion  t h e  o s c i l l a t i o n s  have an ampl i tude  
whose i n i t i a l  va lue  is somewhat g r e a t e r  than t h a t  
p red ic t ed  and which dec reases  somewhat as t h e  jump 
time is moved ear l ier ;  however g r e a t e r  emi t tance  
growth accompanies t h e s e  decreased  o s c i l l a t i o n s  so  
t h a t  no c l e a r  p re fe rence  is  seen  f o r  any j u m p  o t h e r  
than t h a t  symmetrical  about z e r o  i n  17. 

Shown a s  t h e  dashed curve  i n  F igure  4 is t h e  
emi t tance  vs time wi th  t h e  YT jump inc luded .  The 
improvement over t h e  t r a d i t i o n a l  o p e r a t i n g  c o n d i t i o n s  
is c l e a r .  A s  t h e s e  Boos ter  pro tons  e v e n t u a l l y  f eed  
the  Tevat ron ,  t h e  lowered emi t t ance  growth observed 
may u l t i m a t e l y  t r a n s l a t e  i n t o  improved luminos i ty  f o r  
c o l l i d e r  ope ra t ion .  Runs of the high i n t e n s i t y  beam 
cond i t ions  wi th  t h e  YT jump inc luded  i n d i c a t e  s i m i l a r  
s i g n i f i c a n t  improvements. 

Attempts t o  reduce  t h e  magnet impedance by 
i n t r o d u c t i o n  of meta l l \ i c  s t r ips  between t h e  p a r t i c l e  
pa ths  and t h e  pole  f a c e s  l e a d  t o  less s t r i k i n g  
improvements acco rd ing  t o  t h e s e  s t u d i e s .  However a t  

h igh  i n t e n s i t y  t h e  a f t e r - t r a n s i t i o n  emi t t ance  wi th  Y 

s e v e r e l y  tes t  t h e  r a d i a l  feedback sys tem are g r e a t l y  
reduced ,  presumably l e a d i n g  t o  e a s i e r  and more 
r e l i ab le  ope ra t ion .  

jump is reduced by 10%. Also, beam excur s ions  which T 

Conclusions 

C a r e f u l l y  performed s i m u l a t i o n s  of l o n g i t u d i n a l  
v a r i a b l e s  i n  t h e  Fermilab Booster nea r  t r a n s i t i o n  
energy  l e a d  t o  r easonab le  q u a n t i t a t i v e  agreement with 
measurements. The s imula t ions  are able t o  p r e d i c t  the 
r e s u l t s  o f  va r ious  changes which might be made i n  
machine o p e r a t i n g  cond i t ions .  
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