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THE B E V A T R O N  
I 

GENERAL PRINCIPLES OF OPERATION a 

I 
The Bevat ron is a machine t h a t  a c c e l e r a t e s  p r o t o n s  I 

, 
t o  r e l a t i v i s t i c  e n e r g i e s - - t h a t  is, e n e r g i e s  a t  which t h e  
v e l o c i t y  o f  t h e  p a r t i c l e s  a p p r o a c h e s  t h e  v e l o c i t y  o f  
l i g h t .  I t  is a member of  a c l a s s  o f  a c c e l e r a t o r s  c a l l e d  
p r o t o n  s y n c h r o t r o n s .  I t s  o p e r a t i o n  is a n a l o g o u s  t o  t h e  1 
b e h a v i o r  o f  a sys tem c o n s i s t i n g  o f  a  b a s e b a l l  t i e d  t o  a 
s t r i n g  and r e v o l v i n g  a b o u t  a  p o s t ,  and a  boy s t r i k i n g  
t h e  b a l l  w i t h  a b a t  each t ime it p a s s e s  him ( s e e  F ig .1 ) .  i 

The i m p o r t a n t  f e a t u r e s  o f  t h i s  a n a l o g y  a r e :  

baseball - - proton 

str ing = magnetic Field H 6 

boy .with bat = electric Cield t: . . 
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T H E  BEVATRON 

1. The s t r i n g  c o n s t r a i n s  t h e  b a l l  s o  t h a t  i t  moves 
i n  a  c i r c l e  o f  c o n s t a n t  r a d i u s  a n d  c o n t i n u a l l y  r e -  
c i r c l e s  p a s t  t h e  boy. 

2 .  Even i f  t h e  boy o n l y  h i t s  t h e  b a l l  w e a k l y ,  h e  
can  i m p a r t  a g r e a t  d e a l  o f  e n e r g y  t o  i t  i f  h e  h i t s  i t  
o f t e n  enough. 

3. A s  t h e  b a l l  g a i n s  e n e r g y  a n d ,  t h e r e f o r e ,  v e -  
l o c i t y ,  t h e  b o y ' s  " t i m i n g "  changes ;  t h a t  is, t h e  f r e -  
q u e n c y  w i t h  w h i c h  h e  h i t s  t h e  b a l l  m u s t  i n c r e a s e .  

4. A s  t h e  b a l l  g a i n s  energy and, t h e r e f o r e ,  momentum, 
t h e  f o r c e  t h e  s t r i n g  must e x e r t  t o  keep t h e  b a l l  revo lv-  
i n g  i n  a  c i r c l e  i n c r e a s e s .  A l i m i t  t o  t h e  amount o f  
energy t h a t  c an  be impar ted  t o  t h e  b a l l  w i l l  be reached  
when i t s  momentum is  s o  h i g h  t h a t  t h e  s t r i n g  b r e a k s .  

I n  t h e  Beva t ron :  

1. The magne t i c  f i e l d  c o n s t r a i n s  p r o t o n s  t o  move i n  
n e a r l y  c i r c u l a r  o r b i t s  of c o n s t a n t  r a d i u s  s o  t h a t  t h e y  
c o n t i n u a l l y  r e c i r c l e  t h rough  a  r e g i o n  c o n t a i n i n g  an ac-  
c e l e r a t i n g  e l e c t r i c  f i e l d .  (Th i s  " cons t a r i t - r ad ius"  f e a -  
t u r e  is i m p o r t a n t  f o r  economic r ea sons .  I f  t h e  p r o t o n s  
s p i r a l e d  o u t  f rom t h e  c e n t e r ,  t h e  whole c i r c l e  would 
have t o  be  c o v e r e d  w i t h  magnet i r o n .  He re  t h e  magnet 
c o v e r s  o n l y  t h e  o u t e r  e d g e . )  

2. The e l e c t r i c  a c c e l e r a t i n g  f i e l d  imparts r e l a t i v e l y  
l i t t l e  ene rgy  t o  t h e  p r o t o n  d u r i n g  a  s i n g l e  t r a v e r s a l .  
High e n e r g i e s  a re  o b t a i n e d  by h a v i n g  many t r a v e r s a l s .  

3. The e l ec t r i c  a c c e l e r a t i n g  f i e l d  is produced by a  
rad io- f requency  o s c i l l a t o r .  T h i s  f i e l d  obvious ly  must be 
i n  t h e  r i g h t  d i r e c t i o n  when t h e  p r o t o n s  pass  t h r o u g h  
it, and  c o n s i d e r a t i o n s  r e l a t i n g  t o  s t a b i l i t y  f u r t h e r  
r e q u i r e  t h a t  t h e  p r o t o n s  e n t e r  t h e  f i e l d  w i t h i n  a  
l i m i t e d  phase i n t e r v a l .  Th i s  is t h e  problem of "t iming." 
As t h e  p r o t o n  g a i n s  e n e r g y  and,  t h e r e f o r e ,  v e l o c i t y ,  



UCRL A C C E L E R A T O R S  THE B E V A T R O N  - 
t h e  t i m e  i t  r e q u i r e s  t o  c i r c l e  t h e  B e v a t r o n  d e c r e a s e s .  
T h e r e f o r e ,  t o  k e e p  t h e  t i m i n g  c o r r e c t .  t h e  f r e q u e n c y  
of  t h e  r f  o s c i l l a t o r  must i n c r e a s e  d u r i n g  a c c e l e r a t i o n .  

4. A s  t h e  p r o t o n  g a i n s  e n e r g y  and,  t h e r e f o r e .  momen- 
tum, a  s t r o n g e r  magne t ic  f i e l d  is r e q u i r e d  t o  c o n s t r a i n  
i t  t o  move i n  t h e  same o r b i t .  Thus t h e  m a g n e t i c  f i e l d  
must i n c r e a s e  d u r i n g  a c c e l e r a t i o n .  T h e r e  i s  a  l i m i t  t o  
t h e  s t r e n g t h  o f  f i e l d  t h e  B e v a t r o n  magnet  c a n  p r o d u c e ,  
a n d  i t  i s  t h i s  which limits t h e  e n e r g y  t h a t  c a n  be  i m -  
p a r t e d  t o  t h e  p r o t o n s .  

The  b a s e b a l l  a n a l o g y  b r e a k s  down i n  o n e  r e s p e c t ,  
which  i s  d i s c u s s e d  l a t e r .  

T h e r e  i s  a  u n i q u e  r e l a t i o n  between t h e  v a l u e  o f  t h e  
m a g n e t i c  f i e l d ,  t h e  f r e q u e n c y  o f  t h e  rf  o s c i l l a t o r ,  a n d  
t h e  e n e r g y  o f  t h e  p r o t o n  b e i n g  a c c e l e r a t e d ,  which must be 
s a t i s f i e d  a t  e v e r y  i n s t a n t .  F o r  t h i s  r e a s o n  a p r o t o n  syn-  
c h r o t r o n  is n o t  a  c o n t i n u o u s  machine,  b u t ' m u s t  he  p u l s e d .  
A group  o f  p r o t o n s  s t a r t s  o f f  t o g e t h e r ,  a n d  t h e  e n e r g i e s  
o f  t h e  p r o t o n s ,  t h e  v a l u e  o f  t h e  m a g n e t i c  f i e l d ,  and t h e  
r f  o s c i l l a t o r  f requency  a l l  i n c r e a s e  s i m u l t a n e o u s l y ,  keep- 
i n g  i n  s t e p  u n t i l  t h e  end o f  t h e  a c c e l e r a t i n g  c y c l e .  A t  
t h a t  t i m e  t h i s  g roup  o f  h i g h - e n e r g y : p r o t o n s  is a v a i l a b l e  
t o  a n  e x p e r i m e n t e r .  Then t h e  magne t ic  f i e l d  and  t h e  r f  ou- 
c i l l a t o r  f r e q u e n c y  r e t u r n  t o  t h e i r  i n i t i a l  v a l u e s  and t h e  
c y c l e  c a n  b e g i n  a g a i n .  I n  t h e  Bevatron,  a c c e l e r a t i o n  t a k e s  
1.8 s e c o n d s ,  

THE BEVATRON MAGNET 

The  w e i g h t  a n d  m a s s i v e  b u l k  o f  t h e  B e v a t r o n  a r e  
l a r g e l y  a s s o c i a t e d  w i t h  p r o d u c i n g  t h e  m a g n e t i c  f i e l d .  
The magnet  i r o n  w e i g h s  10,000 t o n s ,  o r  t h e  e q u i v a l e n t  o f  
a  medium-s ized  c r u i s e r .  The motor  g e n e r a t G r ,  which  s u p -  
p l i e s  c u r r e n t  f o r  t h e  magne t  c o i l ,  m u s t  d e l i v e r  a  p e a k  

! 
power o f  100.000 kw a n d  a n  a v e r a g e  power  o f  7.000 kw. 
( A  town o f  30,000 p o p u l a t i o n  consumes  a b o u t  7,000 kw.)  

To a c h i e v e  t h e  r i s i n g  m a g n e t i c  f i e l d ,  t h e  c o i l  is 
p u l s e d  w i t h  a n  e s s e n t i a l l y  d c  v o l t a g e  a t  t h e  b e g i n n i n g  o f  
t h e  a c c e l e r a t i n g  c y c l e .  Owing t o  t h e  s e l f - i n d u c t a n c e  o f  
t h e  s y s t e m ,  t h e  c u r r e n t  r e q u i r e s  t i m e  t o  b u i l d  up  a n d  t h e  
r e s u l t  i s  a  g r a d u a l l y  r i s i n g  m a g n e t i c  f i e l d .  

I t  is n e c e s s a r y  t o  h a v e  a c c e s s  t o  t h e  r e g i o n  w h e r e  
t h e  p r o t o n s  c i r c u l a t e  t o  i n s e r t  t h e  a c c e l e r a t i n g  e l e c -  
t r o d e ,  t a r g e t s .  vacuum pumps, e t c .  T h e r e f o r e ,  w h i l e  i n  
p r i n c i p l e  t h e  B e v a t r o n  c o u l d  h a v e  t h e  s h a p e  o f  a r i n g .  
a c t u a l l y  t h e r e  m u s t  be  a c c e s s  r e g i o n s  where  t h e r e  is n o  
magnet  y o k e  a n d .  t h e r e f o r e ,  no m a g n e t i c  f i e l d .  I n  t h e s e  
r e g i o n s  t h e  p a r t i c l e s  t r a v e l  i n  s t r a i g h t  l i n e s .  A t  t h e  
B e v a t r o n  t h e r e  a r e  f o u r  o f  t h e s e  s t r a i g h t  s e c t i o n s .  T h e  
p r o t o n s  a r e  i n j e c t e d  i n t o  t h e  B e v a t r o n  a t  t h e  e a s t  
s t r a i g h t  s e c t i o n ;  t h e y  a r e  a c c e l e r a t e d  by a n  e l e c t r i c  
f i e l d  i n  t h e  n o r t h  s t r a i g h t  s e c t i o n ;  a n d  some o f  t h e  
t a r g e t s  a r e  l o c a t e d  i n  t h e  w e s t  s t r a i g h t  s e c t i o n .  

S i n c e  f o r  s u c c e s s f u l  a c c e l e r a t i o n  t h e  f r e q u e n c y  o f  
t h e  r f  o s c i l l a t o r  a n d  t h e  s t r e n g t h  o f  t h e  m a g n e t i c  f i e l d  
must s a t i s f y  a  c e r t a i n  r e l a t i o n s h i p ,  e i t h e r  t h e  f r e q u e n c y  
must b e  made t o  t r a c k  t h e  m a g n e t i c  f i e l d  o r  t h e  s t r e n g t h  
o f  t h e  f i e l d  mus t  b e  made t o  t r a c k  t h e  f r e q u e n c y .  I n  t h e  
B e v a t r o n  t h e  m a g n e t i c  f i e l d  r i s e s  a c c o r d i n g  t o  t h e  c h a r -  
a c t e r i s t i c s  o f  t h e  magnet  e x c i t a t i o n  equipment  a n d  o f  t h e  
m a g n e t  i t s e l f ;  t h e  r f  o s c i l l a t o r  h a s  b e e n  d e s i g n e d  s o  
t h a t  i ts  f r e q u e n c y  s t a y s  p r e c i s e l y  i n  s t e p .  

-. 
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UCRL ACCELERATORS 1 T H E  BEVATRON 

THE ELECTRIC FIELD 

Energy c a n  be impar ted  t o  t h e  p r o t o n s  when t h e y  p a s s  
t h r o u g h  t h e  n o r t h  s t r a i g h t  s e c t i o n .  I n  t h e  B e v a t r o n  t h e  
p r o t o n s  f i r s t  a c t u a l l y  l o s e  some e n e r g y  a n d  t h e n  g a i n -  
b a c k  a  g r e a t e r  amount .  T h i s  h a p p e n s  a s  f o l l o w s :  I n  t h e  
n o r t h  s t r a i g h t  s e c t i o n  t h e r e  is a  r e c t a n g u l a r  t u b e  t h r o u g h  
w h i c h  t h e  p r o t o n s  p a s s .  T h e  r f  o s c i l l a t o r  m a k e s  t h e  
P o t e n t i a l  o f  t h i s  t u b e ,  w i t h  r e s p e c t  t o  t h e  r e s t  o f  t h e  
B e v a t r o n ,  v a r y  s i n u s o i d a l l y  i n  t i m e .  The p r o t o n s  e n t e r  
t h e  t u b e  when i ts  p o t e n t i a l  is p o s i t i v e  a n d  r i s i n g  ( s e e  
F i g . 2 ) .  I f  t h e  p r o t o n s  g e t  t o  p o s i t i o n  2 a t  T ime t 2 ,  
t h e y  w i l l  h a v e  l o s t  e n e r g y .  b e c a u s e  t h e y  h a d  t o  c l i m b  a  
p o t e n t i a l  h i l l  o f  14 kv. Once t h e y  g e t  t o  P o s i t i o n  2 ,  

t h e y  c a n  c o a s t  t o  P o s i t i o n  3 ,  b e c a u s e  t h e  r e g i o n  i n s i d e  
t h e  t u b *  i s  a l l  a t  t h e  same p o t e n t i a l ,  a n d  t h e r e f o r e  
t h e r e  a r e  n o  f i e l d s  t o  e x e r t  f o r c e s .  The c r u c i a l  p o i n t  
i s  t h a t  d u r i n g  t h e  t i m e  i t  t a k e s  t h e  p r o t o n s  t o  c o a s t  
i n s i d e  t h e  t u b e  from P o s i t i o n  2 t o  p o s i t i o n  3 ,  t h e  p o t e n -  
t i a l  o f  t h e  e n t i r e  t u b e  r i s e s  f r o m  14 k v  t o  1 5 . 7  kv.  
When t h e  p r o t o n s  come o u t  o f  t h e  t u b e ,  t h e y  g a i n  15.7 kv 
i n  g o i n g  from p o s i t i o n  3 t o  P o s i t i o n  4. T h u s ,  t h e y  f a l l  
down a p o t e n t i a l  h i l l  t h a t  is  1.7  kv h i g h e r  t h a n  t h e  o n e  
t h e y  had  t o  c l i m b ,  s o  t h e  n e t  r e s u l t  is a  g a i n  i n  e n e r g y  
o f  1 . 7  kev.  The p r o t o n s  t h e n  c i r c u l a t e  t h r o u g h  t h e  e n -  
t i r e  B e v a t r o n  w i t h o u t  c h a n g i n g  t h e i r  e n e r g y  u n t i l  t h e  
m a g n e t i c  f i e l d  b r i n g s  them b a c k  t o  t h e  n o r t h  s t r a i g h t  
s e c t i o n .  where  t h e  p r o c e s s  is r e p e a t e d .  D u r i n g  a c y c l e  
t h a t  a c c e l e r a t e s  t h e  p r o t o n s  f r o m  10 Mev t o  6 . 2  B e v ,  
t h e r e  a r e  a p p r o x i m a t e l y  4 ,000 .000  r e v o l u t i o n s ,  w h i c h  
t a k e  t h e  p r o t o n s  a  d i s t a n c e  somewhat f a r t h e r  t h a n  f r o m  
h e r e  t o  t h e  moon. 

I n  t h e  above  e x p l a n a t i o n  i t  was assumed t h a t  t h e  rf  
o s c i I l a t o r  w o u l d a m a k e  t h e  p o t e n t i a l  o f  t h e  t u b e  b o t h  
p o s i t i v e  a n d  r i s i n g  e a c h  t i m e  t h e  p r o t o n s  w e r e  r e a d y  t o  
e n t e r .  T h i s  is t h e  p r o b l e m  o f  t i m i n g .  C o r r e c t  t i m i n g  r e -  
q u i r e s  t h a t  t h e  p e r i o d  of t h e  r f  o s c i l l a t o r  e q u a l  t h e  t i m e  
it t a k e s  t h e  p r o t o n  t o  c i r c l e  t h e  Beva t ron .  S i n c e  d u r i n g  

rectangular drift tube inside 
north straight saction 

I 

potential on I . . 
tube with respect to 
Bevatron gropnd 

/ t2 t3 time 

ACCELLRATING ELECTRIC W L D  

a c c e l e r a t i o n  t h e  e n e r g y  o f  t h e  p r o t o n  c h a n g e s .  t h e  time 
r e q u i r e d  t o  c i r c l e  t h e  B e v a t r o n  a l s o  c h a n g e s ;  t h e r e f o r e .  
f o r  c o r r e c t  t i m i n g ,  t h e  f r e q u e n c y  o f  t h e  r f  o s c i l l a t o r  
must  c o n t i n u a l l y  c h a n g e .  The p r o b l e m  is t o  know a t  e a c h  

I i n s t a n t  j u s t  what  t h e  f r e q u e n c y  s h o u l d  b e  and t o  a d j u s t  
t h e  o s c i l l a t o r  t o  t h a t  f r e q u e n c y .  What is needed  i s  a  d e -  
v i c e  t h a t  w i l l  d e t e r m i n e  t h e  e n e r g y  o f  t h e  p r o t o n s ,  f i g u r e  
o u t  t h e  a p p r o p r i a t e  f r e q u e n c y .  and a d j u s t  t h e  r f  o s c i l l a -  

i t o r  t o  t h a t  f r e q u e n c y .  I n  e f f e c t  t h e r e  is s u c h  a d e v i c e  
a t  t h e  B e v a t r o n ,  a n d  i t  works  a s  f o l l o w s :  I n  a  c o n s t a n t -  
r a d i u s  m a c h i n e ,  t h e r e  is a u n i q u e  r e l a t i c m s h i p  b e t w e e n  
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t h e  e n e r g y  o f  t h e  p r o t o n s  a n d  t h e  v a l u e  o f  t h e  m a g n e t i c  
f i e l d  t h a t  i s  g u i d i n g  them. T h e r e  i s  a l s o  a  known r e l a -  
t i o n s h i p  be tween  t h e  s t r e n g t h  o f  t h e  f i e l d  a n d  t h e  c u r -  
r e n t  i n  t h e  magnet c o i l .  T h e r e f o r e ,  a  measurement  of  t h i s  
c u r r e n t  a t  a n y  i n s t a n t  c o n t a i n s  a l l  o f  t h e  i n f o r m a t i o n  
n e e d e d  t o  d e t e r m i n e  t h e  e n e r g y  o f  t h e  p r o t o n s .  A t  t h e  
B e v a t r o n  a  s a m p l e  o f  t h e  c u r r e n t  is s h u n t e d  o f f  and u s e d  
t o  v a r y  t h e  i n d u c t a n c e  o f  an e lement  whose v a l u e  i n  t u r n  
d e t e r m i n e s  t h e  f r e q u e n c y  o f  t h e  r f  o s c i l l a t o r .  By t h i s  
d e v i c e ,  a p p r o x i m a t e l y  c o r r e c t  t i m i n g  i s  a c h i e v e d .  Actu-  
a l l y  t h e  f r e q u e n c y  must be c o n t r o l l e d  t o  a  f r a c t i o n  o f  a  

I 

p e r c e n t ,  and  a d d i t i o n a l ,  more s e n s i t i v e  d e v i c e s  a r e  need-  I 

ed  a s  t r i m m e r s .  I 
PHASE STABILITY 

I n  t h e  b a s e b a l l  a n a l o g y .  t h e  b a l l  was  g i v e n  a d d i -  
t i o n a l  momentum, and  t h e n  t h e  t e n s i o n  i n  t h e  s t r i n g  a u t o -  
m a t i c a l l y  i n c r e a s e d  j u s t  t h e  r i g h t  amount t o  c o n t i n u e  t o  
c o n s t r a i n  t h e  b a l l  t o  its c i r c u l a r  o r b i t .  H e r e ,  however ,  
t h e  a n a l o g y  h a s  b r o k e n  down, b e c a u s e  i n  t h e  B e v a t r o n  t h e  
c o n s t r a i n i n g  f o r c e ,  which  i s  t h e  m a g n e t i c  f i e l d .  r i s e s  
a t  i t s  own n a t u r a l  r a t e  and t h e  f r e q u e n c y  o f  t h e  r f  o s -  
c i l l a t o r  a s  w e l l  a s  t h e  e n e r g y  of: ' the p r o t o n s  must  k e e p  
i n  s t e p .  F o r c i n g  t h e  f r e q u e n c y  t o  t r a c k  is c l e a r l y  pos-  
s i b l e ,  a l t h o u g h  it may be d i f f i c u l t  i n  p r a c t i c e .  Whether  
o r  n o t  t h e  e n e r g y  c a n  be made t o  s t a y  i n  s t e p  is n o t  s o  
o b v i o u s .  The r e q u i r e d  c o n d i t i o n  is  t h a t  i f  t h e  p a r t i c l e  
g a i n s  t o o  l i t t l e  ( o r  t o o  much) e n e r g y .  f o r c e s  come i n t o  
p l a y  t h a t  make it g a i n  more ( o r  l e s s )  e n e r g y  on s u c c e e d -  
i n g  r e v o l u t i o n s .  T h i s  i s  i n d e e d  what h a p p e n s .  C o n s i d e r  a  
p r o t o n  t h a t  h a s  g a i n e d  t o o  l i t t l e  energy .  I t  is b e n t  i n  a  
t i g h t e r  c i r c l e  and  t h e r e f o r e  comes t o  t h e  n o r t h  s t r a i g h t  
s e c t i o n  s l i g h t l y  e a r l y .  I n  F i g . 2 .  i t  i s  s e e n  t h a t  a t  a n  
e a r l i e r  t i m e  t h e  s l o p e  o f  t h e  c u r v e  and .  t h e r e f o r e ,  Av, 
which  is t h e  e n e r g y  g a i n ,  is g r e a t e r .  BY a  similar a r g u -  
ment, p a r t i c l e s  t h a t  may have ga ined  a  l i t t l e  t o o  much en- 
e r g y  a r r i v e  l a t e  and  g a i n  l e s s  t h a n  t h e i r  normal  amount. 
Thus t h e y  g e t  back  i n t o  s t e p .  T h i s  phenomenon is  r e f e r r e d  
t o  a s  p h a s e  s t a b i l i t y .  

NEED F O R  A N  INJECTOR 

P r o t o n s  a r e  i n j e c t e d  i n t o  a  c y c l o t r o n  w i t h  a  k i n e t i c  
e n e r g y  o f  o n l y  a  few kev.  I n  t h e  B e v a t r o n ,  h o w e v e r ,  t h e  
p r o t o n s  a r e  a c c e l e r a t e d  t o  10  Mev b e f o r e  b e i n g  i n j e c t e d .  
T h i s  p r e - a c c e l e r a t i o n  i s  needed f o r  t h e  f o l l o w i n g  r e a s o n s :  

1. Coulomb s c a t t e r i n g .  P r o t o n s  a r e  s c a t t e r e d  by a n y  
r e s i d u a l  g a s  i n  t h e i r  p a t h .  The p r o b l e m  t h i s  c r e a t e s  
c a n  become p a r t i c u l a r l y  s e r i o u s  i n  t h e  B e v a t r o n  b e c a u s e  
o f  t h e  r e l a t i v e l y  l o n g  p a t h s  t r a v e r s e d  by t h e  p r o t o n s .  
The h i g h e r  t h e  i n i t i a l  e n e r g y  o f  t h e  p r o t o n s ,  t h e  l e s s  
t h e  s c a t t e r i n g .  

2.  F r e q u e n c y  r a n g e .  A s  ment ioned  b e f o r e ,  t h e  p e r i o d  
o f  t h e  rf o s c i l l a t o r  mus t  c o r r e s p o n d  t o  t h e  t i m e  r e -  
q u i r e d  f o r  t h e  p r o t o n s  t o  c i r c l e  t h e  B e v a t r o n ,  a n d  
t h e r e f o r e  mus t  c h a n g e  a s  t h e i r  v e l o c i t y  i n c r e a s e s .  I t  
i s  d i f f i c u l t  t o  make a n  o s c i l l a t o r  w h o s e  f r e q u e n c y  
must  c o v e r  a  wide  r a n g e .  The h i g h e r  t h e  i n i t i a l  e n e r g y  
o f  t h e  p r o t o n s ,  t h e  l e s s  t h e  t o t a l  f r e q u e n c y  c h a n g e  r e -  
q u i  r e d .  

3 .  R e s i d u a l  m a g n e t i c  f i e l d s .  Even w i t h  n o  c u r r e n t  
f l o w i n g  i n  t h e  magnet c o i l ,  t h e r e  a r e  r e s i d u a l  m a g n e t i c  
f i e l d s  i n  t h e  B e v a t r o n .  S t a b l e  o p e r a t i o n  r e q u i r e s  t h a t  
d u r i n g  a c c e l e r a t i o n  t h e  r a t i o  o f  t h e s e  r e s i d u a l  f i e l d s  
t o  t h e  t o t a l  f i e l d  be s m a l l .  I t  is h a r d e s t  t o  k e e p  t h i s  
r a t i o  s m a l l  a t  t h e  t i m e  o f  i n j e c t i o n .  The h i g h e r  t h e  
i n i t i a l  e n e r g y  o f  t h e  p r o t o n s ,  t h e  l a r g e r  t h e  t o t a l  
f i e l d  a t  i n j e c t i o n  ( h e n c e  t h e  s m a l l e r  t h e  r a t i o ) .  

A b l o c k  d i a g r a m  o f  t h e  i n j e c t o r  is shown i n  F i g . 3 .  
The c o m p o n e n t s  a r e  d i s c u s s e d  i n  t h e  n e x t  s e c t i o n .  
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The protons  a c c e l e r a t e d  by t h e  Bevatron s t a r t  a s  con- 
s t i t u e n t s  of hydrogen gas. Hydrogen molecules d i f f u s e  i n t o  
a n  a r c  chamber,  where t h e y  a r e  bombarded by e l e c t r o n s .  
The a r c  is s t r u c k  f o r  700 microseconds t w i c e  p e r  second.  
The p r o t o n s  (and o t h e r  p o s i t i v e  i ons  produced)  a r e  drawn 
by e l e c t r o d e s  i n t o  t h e  a c c e l e r a t i n g  tube  of  a  C o c k c r o f t -  
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Cockc ro f t -Wal ton  Acce L e r a t o r  
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A Cockcrof t -Wal ton  a c c e l e r a t o r  is a n  e l e c t r o s t a t i c  
a c c e l e r a t o r .  Unl ike  t h e  Bevatron it a c c e l e r a t e s  p a r t i c l e s  
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i n  one  s t e p .  I n  e s s e n c e  it i s  a  power s u p p l y  t h a t  con -  
v e r t s  20 kv,  800  c y c l e s  t o  + 5 0 0 , 0 0 0  v o l t s  dc .  T h i s  po- 
t e n t i a l  i s  u s e d  t o  s e t  up a  f i e l d  a l o n g  t h e  a x i s  o f  a  
t ube .  The p r o t o n s  e n t e r  t h i s  t u b e  a f t e r  l e a v i n g  t h e  i o n  
s o u r c e  and a r e  a c c e l e r a t e d  by t h e  f i e l d  t o  kn e n e r g y  o f  
500 kev .  S i n c e  t h e  C o c k c r o f t - W a l t o n  is n o t h i n g  b u t  a  
s o u r c e  of dc  v o l t a g e ,  whenever p r o t o n s  a r e  i n j e c t e d  i n t o  
i t ,  i t  w i l l  d e l i v e r  them a t  500 kev .  T h e r e f o r e ,  t h e r e  
a r e  700-mic rosecond  bunches  o f  500-kev p r o t o n s  l e a v i n g  
t h e  C o c k c r o f t - W a l t o n  t w i c e  p e r  s econd .  

The S t e e r i n g  Nagne t 

A f t e r  t h e  c o c k c r o f t - W a l t o n ,  t h e  n e x t  a c c e l e r a t i o n  
t a k e s  p l a c e  i n  a  l i n e a r  a c c e l e r a t o r .  Between t h e  Cock- 
c r o f t - W a l t o n  and t h e  l i n e a r  a c c e l e r a t o r ,  however, t h e r e  
i s  a  s t r a y  m a g n e t i c  f i e l d  f rom t h e  B e v a t r o n  t h a t  i s  
s t r o n g  enough t o  d e f l e c t  t h e  500-kev p r o t o n s .  F u r t h e r -  
more. t h e  s t r e n g t h  o f  t h i s  s t r a y  f i e l d  v a r i e s ,  depending 
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on Beva t ron  r u n n i n g  c o n d i t i o n s .  S u c c e s s f u l  s t e e r i n g  o f  t h e  
p r o t o n s .  t o  t h e  l i n e a r  a c c e l e r a t o r  r e q u i r e s  t h a t  t h e  e f -  
f e c t  o f  t h i s  s t r a y  f i e l d  be  compensa ted .  T h i s  is accom- 
p l i s h e d  by h a v i n g  t h e  p r o t o n s  p a s s  t h r o u g h  a  magnet a f t e r  
t h e y  l e a v e  t h e  C o c k c r o f t - W a l t o n .  The s t r e n g t h  o f  t h i s  
magnet i s  a d j u s t e d  s o  t h a t  t h e  p r o t o n s  c a n  be s t e e r e d  o v e r  
t o  t h e  l i n e a r  a c c e l e r a t o r .  

The Buncher and L inear  Acce Lerator 

T h e  p r o t o n  beam p a s s e s  f r o m  t h e  s t e e r i n g  m a g n e t  
t h r o u g h  t h e  b u n c h e r  and e n t e r s  t h e  l i n e a r  a c c e l e r a t o r .  
( L i n e a r  a c c e l e r a t o r s  a r e  d e s c r i b e d  i n  a  s e p a r a t e  a r t i c l e  
i n  t h i s  p a m p h l e t . )  A p r o t o n  must e n t e r  d u r i n g  a  l i m i t e d  
p h a s e  i n t e r v a l  i n  o r d e r  t o  be a c c e l e r a t e d .  D u r i n g  700  m i -  
c r o s e c o n d s  t h e  l i n e a r  a c c e l e r a t o r  r f  f i e l d  g o e s  t h r o u g h  
many c y c l e s .  F o r  t h i s  r e a s o n  o n l y  a  f r a c t i o n  o f  t h e  p r o -  
t o n s  e n t e r  d u r i n g  t h e  c o r r e c t  phase  i n t e r v a l .  The b u n c h e r  
i s  a  d e v i c e  t o  i n c r e a s e  t h i s  f r a c t i o h .  I n  e f f e c t ,  wha t  
i t  d o e s  i s  s p e e d  up p r o t o n s  t h a t  would a r r i v e  t o o  l a t e  
a n d  s l o w  down p r o t o n s  t h a t  would a r r i v e  t o o  e a r l y .  The 
b u n c h e r  is  a  t u n e d  c a v i t y  e x c i t e d  t o  t h e  r i g h t  f r e q u e n c y  
by c o u p l i n g  e n e r g y  from t h e  l i n e a r  a c c e l e r a t o r .  The p h a s e  
w i t h  r e s p e c t  t o  t h e  l i n e a r  a c c e l e r a t o r  is v a r i a b l e  and is 
a d j u s t e d  f o r  maximum b u n c h i n g  a c t i o n .  

S t  rong-Focusing Quadrupo l e  Magnet 
and t h e  E l e c t r o s t a t i c  I n f l e c t o r  

The p r o t o n s  l e a v e  t h e  l i n e a r  a c c e l e r a t o r  w i t h  a  
k i n e t i c  e n e r g y  o f  10 Mev. I n  o r d e r  t o  r e d u c e  t h e  a n g u l a r  
d i v e r g e n c e  i n  t h e  beam, t h e  p r o t o n s  a r e  p a s s e d  t h r o u g h  a  
q u a d r u p o l e  magnet .  which a c t s  a s  a  c o n v e r g i n g  l e n s .  The 
i n f l e c t o r  t h e n  makes them e n t e r  t h e  a c c e l e r a t i n g  chamber 
o f  t h e  B e v a t r o n  t a n g e n t  t o  t h e  o r b i t  t h e y  s h o u l d  f o l l o w .  
The i n f l e c t o r  c o n s i s t s  o f  two curved p l a t e s  w i t h  a n  e l e c -  
t r i c  f i e l d  b e t w e e n  t h a t  b e n d s  t h e  p a t h  o f  t h e  p r o t o n s  
u n t i l  t h e y  a r e  headed i n  t h e  r i g h t  d i r e c t i o n  ( s e e  F i g . 4 ) .  

st rong-Focusing 
quadrupole magnet 

/ 

straight 
section OF 
bevatron I $.,, linear accelerator 

THE INFLECTOR 
MU- 11039 

" A c c e p t a n c e  " b y  t h e  B e v a t r o n ;  Acce L e r a t i o n  

J u s t  p r i o r  t o  t h e  B e v a t r o n ' s  a c c e l e r a t i o n  c y c l e  
t h e r e  i s  no c u r r e n t  i n  t h e  magnet  c o i l ;  t h e r e  i s  n o  a c -  
c e l e r a t i n g  v o l t a g e  i n  t h e  n o r t h  s t r a i g h t  s e c t i o n ;  a n d  
t h e  a r c  i n  t h e  i o n  s o u r c e  is o f f .  The c y c l e  s tar ts  when 
a  s i g n a l  from a  m a s t e r  t i m i n g  d e v i c e  t e l l s  t h e  motor  gen-  
e r a t o r  t o  d e l i v e r  c u r r e n t  t o  t h e  magnet  c o i l .  When t h e  

f i e l d  h a s  r i s e n  t o  t h e  v a l u e  t h a t  is j u s t  r i g h t  t o  g u i d e  
10-Mev p r o t o n s ,  a n o t h e r  s i g n a l  is s e n t  t o  t h e  i o n  s o u r c e  
t o  i n i t i a t e  t h e  a r c .  T h i s  i n  t u r n  s t a r t s  t h e  s e q u e n c e  o f  
e v e n t s  j u s t  d e s c r i b e d .  

We h a v e  t h u s  r e a c h e d  t h e  f o l l o w i n g  s i t u a t i o n :  The 
a c c e l e r a t i n g  v o l t a g e  is st i l l  o f f ,  t h e  m a g n e t i c  f i e l d  is 
j u s t  r i g h t  f o r  10-Mev p r o t o n s  and is r i s i n g  a t  its n a t u r a l  
r a t e .  A p u l s e  o f  10-Mev p r o t o n s  t h a t  w i l l  l a s t  f o r  7 0 0  
microseconds  h a s  s t a r t e d  s p r a y i n g  i n t o  t h e  Beva t ron .  T h e r e  
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i s  now a  t e c h n i c a l  p r o b l e m  o f  making t h e  p r o t o n s  miss 
t h e  i n f l e c t o r  a f t e r  t h e y  come back  around t o  t h e i r  s t a r t -  
i n g  p o i n t .  T h i s  p r o b l e m  w i l l  n o t  b e  d i s c u s s e d  h e r e ,  e x -  
c e p t  t o  s a y  t h a t  t h e  p ro tons '  o r b i t  is n o t  a  s i m p l e  c i r c l e  
b u t  h a s  r a d i a l  o s c i l l a t i o n s  super imposed  on it. F u r t h e r -  
more,  t h e  p r e v i o u s  s t a t e m e n t  t h a t  an o r b i t  i n  a  p r o t o n  
s y n c h r o t r o n  h a s  a  u n i q u e  r a d i u s  is an o v e r s i m p l i f i c a t i o n .  
A c t u a l l y ,  t h e  a c c e l e r a t i n g  chamber  i n  t h e  B e v a t r o n  i s  
4  f t  w i d e ,  s o  t h e  i n s t a n t a n e o u s  r a d i u s  o f  t h e  o r b i t  c a n  
v a r y  f rom 52 f t  t o  48 f t .  T h e r e f o r e ,  a s  t h e  f i e l d  i n -  
c r e a s e s ,  p r o t o n s  c a n  g r a d u a l l y  s p i r a l  i n w a r d  away f r o m  
t h e  i n f l e c t o r .  I t  is a  c o m b i n a t i o n  of  t h e s e  two e f f e c t s  
t h a t  s a v e s  t h e  p r o t o n  from a n  e a r l y  d e a t h .  D u r i n g  t h e  700 
m i c r o s e c o n d s ,  t h e  B e v a t r o n  f i l l s  up w i t h  p r o t o n s ,  a n d  
t h e  s t a g e  is s e t  f o r  t u r n i n g  on t h e  a c c e l e r a t i n g  v o l t a g e .  
When t h i s  is done,  p r o t o n s  t h a t  have t h e  r i g h t  p h a s e  w i l l  
be  a c c e l e r a t e d  and w i l l  t h e r e f o r e  s t o p  s p i r a l i n g  inward .  
T h e s e  p r o t o n s  a r e  " a c c e p t e d "  by t h e  B e v a t r o n .  They com- 
p r i s e  a b o u t  15% o f  a l l  t h e  p r o t o n s  i n j e c t e d .  
P a r t s  a, b ,  and c  o f  F i g . 5  show what s n a p s h o t s  o f  t h e  p r o -  
t o n  might  l o o k  l i k e  t a k e n  

( a )  a t  t h e  b e g i n n i n g  o f  i n j e c t i o n ,  
( b )  j u s t  b e f o r e  t u r n - o n  o f  t h e  a c c e l e r a t i n g  v o l t a g e .  
( c )  a  few m i l l i s e c o n d s  a f t e r  t u r n - o n  o f  a c c e l e r a t i n g  

v o l t a g e .  

Note t h a t  j u s t  b e f o r e  t u r n - o n  o f  t h e  a c c e l e r a t i n g  v o l t a g e  
t h e  i n j e c t e d  p r o t o n s  a r e  d i s t r i b u t e d  u n i f o r m l y  a r o u n d  t h e  
B e v a t r o n ' s  e n t i r e  c i r c u m f e r e n c e .  Now s i n c e ,  t o  be " a c c e p t -  
e d . "  a  p r o t o n  mus t  p a s s  t h r o u g h  t h e  a c c e l e r a t i n g  f i e l d  
d u r i n g  t h e  r i g h t  i n t e r v a l  i n  its r f  c y c l e .  and s i n c e  t h i s  
i n t e r v a l  is  s h o r t e r  t h a n  t h e  t i m e  i t  t a k e s  a  p r o t o n  t o  
c i r c l e  t h e  B e v a t r o n ,  t h o s e  p r o t o n s  t h a t  a r e  a c c e p t e d  will 
e x h i b i t  a  s p a t i a l  g r o u p i n g .  They e x t e n d  o v e r  o n l y  1 /4  t o  
1/2 of t h e  c i r c u m f e r e n c e  (compare p a r t s  b  and c  o f  F i g .  5). 
F u r t h e r m o r e ,  t h e y  w i l l  s t a y  i n  t h e i r  s p a t i a l  g r o u p  a s  
t h e y  a r e  a c c e l e r a t e d .  

T h i s  g r o u p  o f  p r o t o n s  t h e n  c o n t i n u e s  t o  c i r c u l a t e  
around t h e  Beva t ron ,  g r a d u a l l y  g a i n i n g  e n e r g y  a s  d e s c r i b e d  

i n  t h e  s e c t i o n  o n  t h e  e l e c t r i c  f i e l d .  u n t i l  t h e y  h a v e  
r e a c h e d  t h e  e n e r g y  d e s i r e d  by t h e  e x p e r i m e n t e r  who w i l l  
u s e  them. T h i s  e n e r g y  c a n  be  anywhere  f rom a  maximum o f  
6.2 Bev down t o  1 0  Mev. Most e x p e r i m e n t e r s  u s e  e n e r g i e s  
n e a r  t h e  maximum. A p p r o x i m a t e l y  30% o f  t h e  p r o t o n s  t h a t  
a r e  a c c e p t e d  s u r v i v e  t o  f u l l  e n e r g y .  

Bringzng the Protons to a Target 

When t h e  p r o t o n s  have been f u l l y  a c c e l e r a t e d ,  t h e  ac -  
c e l e r a t i n g  v o l t a g e  is t u r n e d  o f f .  The p r o t o n s  t h e n  c o a s t  
a r o u n d  t h e  B e v a t r o n  w i t h o u t  c h a n g i n g  t h e i r  e n e r g y ;  b u t  
t h e y  g r a d u a l l y  s p i r a l  inward because  t h e  magne t ic  f i e l d  is 
s t i l l  r i s i n g .  A s n a p s h o t  o f  t h e  p r o t o n s  t a k e n  j u s t  b e f o r e  
t h e  a c c e l e r a t i n g  v o l t a g e  is t u r n e d  o f f  would n o t  l o o k  l i k e  
a  s n a p s h o t  t a k e n  j u s t  a f t e r  it was t u r n e d  on. Compare F ig .  
5 b  w i t h  5c. The p r o t o n s  now occupy a  s t r i p  o n l y  a  few i n -  
c h e s  wide,  compared w i t h  t h e  4 - f t  w i d t h  j u s t  a f t e r  i n j e c -  
t i o n .  T h i s  is v e r y  c o n v e n i e n t ,  b e c a u s e  i t  a l l o w s  o n e  t o  
i n s e r t  a  t a r g e t  i n t o  t h e  Beva t ron  l a t e  i n  t h e  a c c e l e r a t i o n  
c y c l e  w i t h o u t  i n t e r f e r i n g  w i t h  t h e  beam. Then when t h e  rf 
is t u r n e d  o f f ,  t h e  p r o t o n s  c a n  s p i r a l  inward  a n d  s t r i k e  
t h e  t a r g e t .  which is w a i t i n g  f o r  them. Most o f  t h e  f a c i l i -  
t i e s  f o r  p l u n g i n g  t a r g e t s  a r e  l o c a t e d  i n  t h e  w e s t  s t r a i g h t  
s e c t i o n .  T h e r e  a r e  p l u n g i n g  p r o b e s .  which e n t e r  t h e  Beva- 
t r o n  t h r o u g h  a i r  l o c k s .  The e x p e r i m e n t e r  c a n  h a v e  a p r o b e  
r e t r a c t e d  i n t o  its a i r  l o c k  and c a n  p u t  on  it a n y  t a r g e t  
h e  d e s i r e s .  The n a t u r e  o f  t h e  t a r g e t  used--and what  hap-  
p e n s  a f t e r  t h e  p r o t o n  s t r i k e s  i t - - d e p e n d s  on t h e  p a r t i c u -  
l a r  e x p e r i m e n t  b a i n g  p e r f o r m e d .  

TYPES O F  EXPERIMENTS AT THE BEVATRON 

The B e v a t r o n  p r o v i d e s  e x p e r i m e n t e r s  w i t h  a  s u p p l y  o f  
h i g h - e n e r g y  p r o t o n s .  The e x p e r i m e n t e r  i s  i n t e r e s t e d  i n  
f i n d i n g  o u t  what happens  when t h e s e  p r o t o n s  i n t e r a c t  w i t h  
o t h e r  m a t t e r .  The  t h i n g s  h e  l o o k s  f o r  m i g h t  b e  r o u g h l y  
c l a s s i f i e d  a s  f o l l o w s :  
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1. The e f f e c t  o f  t h e  m a t t e r  on  t h e  i n c i d e n t  p r o t o n .  
F o r  e x a m p l e ,  d o e s  t h e  p r o t o n  l o s e  e n e r g y ?  Is i t  d e -  
f l e c t e d ?  How much?. e t c .  

2. The e f f e c t  o f  t h e  p r o t o n  on t h e  m a t t e r  i t  s t r i k e s .  
Do t r a n s m u t a t i o n s  t a k e  p l a c e ?  What k i n d ?  How o f t e n ?  

3. The p r o d u c t i o n  o f  new m a t t e r  a s  a  r e s u l t  o f  t h e  
i n t e r a c t i o n .  What k i n d s  o f  p a r t i c l e s  c a n  b e  p r o d u c e d ?  
How o f t e n ? ,  e t c .  

4 .  P r o p e r t i e s  o f  t h e  "New P a r t i c l e s . "  O n c e  new 
p a r t i c l e s  a r e  p r o d u c e d ,  t h e  e x p e r i m e n t e r  is i n t e r e s t e d  
i n  s t u d y i n g  t h e i r  p r o p e r t i e s .  Thus. f o r  example,  a  beam 
of h i g h - e n e r g y  I-I mesons may be d i r e c t e d  o n t o  a  s e c o n d  
t a r g e t ;  and t h e  e x p e r i m e n t e r  may s t u d y  t h e  e f f e c t  o f  t h e  
t a r g e t  on t h e  r~ mesons,  t h e  e f f e c t  of t h e  rr mesons o n  
t h e  t a r g e t ,  o r  t h e  t r a n s f o r m a t i o n  o f  some o f  t h e  k i n e t i c  
e n e r g y  of t h e  17 mesons i n t o  s t i l l  o t h e r  ,new p a r t i c l e s .  

I n  t h i s  s e n s e  t h e  B e v a t r o n  makes a v a i l a b l e  t o  t h e  e x -  
p e r i m e n t e r  n o t  o n l y  beams o f  p r o t o n s ,  b u t  a l s o  n e u t r o n s ,  
mesons ,  a n d  o t h e r  new p a r t i c l e s .  . 

I t  m i g h t  be n o t e d  a t  t h i s  p o i n t  t h a t  t h e  new p a r -  
t i c l e s  a r e  u n s t a b l e .  They i n t e r a c t  o r  s p o n t a n e o u s l y  b r e a k  
up  a f t e r  v e r y  s h o r t  t i m e s .  F o r  t h i s  r e a s o n  t h e y  a r e  n o t  
found  o c c u r r i n g  n a t u r a l l y .  To s t u d y  them, o n e  mus t  make 
them; and t h i s  r e q u i r c  ; a  s o u r c e  o f  h igh-energy  p a r t i c l e s .  
The hi-gher  t h e  e n e r g y  a v a i l a b l e ,  t h e  g r e a t e r  c a n  b e  t h e  
m a s s  o f  t h e  p r o d u c e d  p a r t i c l e .  AS e v e n  h i g h e r - e n e r g y  
machines a r e  made, o t h e r  h i t h e r t o  unknown p a r t i c l e s  o f  
g r e a t e r  mass  may b e  p r o d u c e d .  A t  p r e s e n t  t h e  B e v a t r o n  
makes a v a i l a b l e  more e n e r g y  f o r  t h e  p r o d u c t i o n  o f  t h e s e  
new p a r t i c l e s  t h a n  a n y  o t h e r  machine  i n  t h e  w o r l d .  Its 
c l o s e s t  c o m p e t i t o r  i s  t h e  Cosmot ron  a t  t h e  B r o o k h a v e n  
N a t i o n a l  L a b o r a t o r y .  which a c c e l e r a t e s  p r o t o n s  t o  3 Bev. 
M a c h i n e s  a r e  now b e i n g  b u i l t  t h a t  w i l l  p r o d u c e  e v e n  
h i g h e r - e n e r g y  p r o t o n s .  The R u s s i a n s  a r e  c o m p l e t i n g  a  
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machine l i k e  t h e  B e v a t r o n  t h a t  goes up t o  1 0  Bev. A 25-Bev 
machine is b e i n g  b u i l t  by t h e  Cern  Group (European O r g a n i -  
z a t i o n  f o r  N u c l e a r  R e s e a r c h )  i n  S w i t z e r l a n d .  and a n o t h e r  
25-Bev machine is b e i n g  b u i l t  a t  t h e  Brookhaven N a t i o n a l  
L a b o r a t o r y  i n  New York.  

N a t u r e  h a s  h e r  own " b e v a t r o n s , "  w h i c h  s h e  u s e s  t o  
p roduce  cosmic r a y s .  Cosmic r a y s  a r e  p r i m a r i l y  h i g h - e n e r g y  
p r o t o n s  t h a t  r e a c h  t h e  e a r t h '  s a tmosphere  from somewhere 
i n  o u t e r  s p a c e .  I n  a  s e n s e ,  n a t u r e  is f a r  ahead o f  man i n  
t h a t  c o s m i c - r a y  p r o t o n s  h a v e  b e e n  o b s e r v e d  t o  h a v e  e n e r -  
g i e s  a  m i l l i o n  t i m e s  a s  g r e a t  as t h e  b e s t  t h e  B e v a t r o n  c a n  
do. These cosmic r a y s  a r e  f r e e  f o r  t h e  t a k i n g ,  and a  g r e a t  
d e a l  o f  p i o n e e r i n g  work i n  h i g h - e n e r g y  p h y s i c s  h a s  b e e n  
d o n e  by  w o r k e r s  who u s e  them. T h e r e  a r e  v e r y  i m p o r t a n t  
r e s p e c t s ,  however ,  i n  w h i c h  a  man-made machine  l i k e  t h e  
B e v a t r o n  is f a r  s u p e r i o r .  T h e s e  a r e  i n t e n s i t y ,  p u r i t y ,  
and convenience .  The B e v a t r o n  c a n  d e l i v e r  10" p r o t o n s  t o  
a  o n e - s q u a r e - i n c h  t a r g e t  e v e r y  s i x  seconds .  I t  would t a k e  
many y e a r s  f o r  t h a t  many c o s m i c - r a y  p r o t o n s  t o  p a s s  
t h r o u g h  a  similar t a r g e t  l o c a t e d  a t  t h e  t o p  o f  t h e  e a r t h ' s  
a t m o s p h e r e .  T h e  B e v a t r o n  p r o d u c e s  a  p u r e  beam o f  e s -  
s e n t i a l l y  monoenerge t ic  p r o t o n s .  Cosmic-ray p r o t o n s  i n t e r -  
a c t  i n  t h e  a t m o s p h e r e  a n d  a r e  t h e r e f o r e  a c c o m p a n i e d  b y  
s e c o n d a r y  p a r t i c l e s  o f  v a r i o u s  k i n d s .  Even i f  o n e  g e t s  
h i s  equ ipment  above  t h e  e a r t h ' s  a tmosphere .  t h e  e n e r g i e s  
o f  t h e  p r o t o n s  c o v e r  a  wide  range .  Under t h e s e  c o n d i t i o n s  
many e x p e r i m e n t s  t h a t  r e q u i r e  c o n t r o l l e d  c o n d i t i o n s  a r e  
i m p o s s i b l e .  

EXPERIMENTAL EQUIPMENT USED AT THE BEVATRON 

V a r i o u s  k i n d s  o f  e x p e r i a e n t a l  equ ipment  a r e  u s e d  a t  
t h e  B e v a t r o n  t o  d e t e c t  t h e  p r e s e n c e  o f  t h e  h i g h - e n e r g y  
p r o t o n s  and t h e i r  p r o g e n y .  

One c l a s s  o f  d e v i c e s  m i g h t  b e  te rmed v i s u a l  d e t e c -  
t o r s .  They g i v e  t h e  e x p e r i m e n t e r  a p i c t u r e  showing a c t u a l  
p a t h s  o f  t h e  c h a r g e d  p a r t i c l e s  b e i n g  s t u d i e d .  T h e s e  are  
t h e  p h o t o g r a p h i c  e m u l s i o n ,  t h e  b u b b l e  c h a m b e r . # a n d  t h e  
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c l o u d  chamber .  The p i c t u r e s  a r e  o b t a i n e d  w h i l e  t h e  p a r -  
t i c l e s  t r a v e r s e  a  s o l i d ,  l i q u i d ,  o r  g a s ,  r e s p e c t i v e l y .  
The  p h o t o g r a p h i c  e m u l s i o n s  u s e d  i n  n u c l e a r  p h y s i c s  a r e  
b a s i c a l l y  s i m i l a r  t o  t h o s e  u s e d  i n  p h o t o g r a p h y ,  e x c e p t  
t h a t  it is a  c h a r g e d  p a r t i c l e  p a s s i n g  n e a r  a  g r a i n ,  r a t h -  
e r  t h a n  a  photon ,  t h a t  r e n d e r s  it d e v e l o p a b l e .  The p i c t u r e  
t h a t  is o b t a i n e d  is a  t r a i l  o f  d e v e l o p e d  g r a i n s ,  w h i c h  
l i e  a l o n g  t h e  t r a c k  f o l l o w e d  by t h e  p a r t i c l e .  The b u b b l e  
chamber  i s  f i l l e d  w i t h  l i q u i d  u n d e r  s u c h  c o n d i t i o n s  o f  
t e m p e r a t u r e  a n d  p r e s s u r e  t h a t  i t  is  s u p e r h e a t e d .  I f  a  
c h a r g e d  p a r t i c l e  p a s s e s  t h r o u g h  i t ,  t h e  l i q u i d  a d j a c e n t  
t o  t h e  p a t h  o f  t h e  p a r t i c l e  " b o i l s , "  i . e . ,  b u b b l e s  form, 
a n d  t h i s  t r a i l  o f  b u b b l e s  c a n  b e  p h o t o g r a p h e d .  A c l o u d  
chamber c o n t a i n s  a  s u p e r s a t u r a t e d  gas .  A c h a r g e d  p a r t i c l e  
p a s s i n g  t h r o u g h  it forms i o n s  a l o n g  i t s  p a t h  which s e r v e  
a s  c o n d e n s a t i o n  c e n t e r s .  Drops  form o n  t h e s e  i o n s ,  and  
t h e  t r a i l  o f  d r o p s  c a n  be p h o t o g r a p h e d .  

A l l  t h r e e  o f  t h e s e  d e v i c e s  s e r v e  a s  combined t a r g e t  
a n d  d e t e c t o r .  An i n c i d e n t  p a r t i c l e  may i n t e r a c t  . in  t h e  
s o l i d ,  l i q u i d .  o r  g a s ;  and t h e  e m u l s i o n ,  b u b b l e  chamber,  
o r  c l o u d  chamber d e t e c t s  t h e  r e s u l t s  o f  t h e  i n t e r r e a c t i o n  
i n  t h e  s e n s e  t h a t  i t  g i v e s  a  p i c t u r e  o f  t h e  p a t h s  o f  a l l  
t h e  c h a r g e d  p a r t i c l e s  involved.  Al l : '  t h r e e  d e v i c e s  n o t  o n l y  
show w h e r e  t h e  p a r t i c l e s  have  g o n e ,  b u t  a  s t u d y  o f  t h e  
t r a c k s  ( d e n s i t y ,  s c a t t e r i n g ,  l e n g t h ,  c u r v a t u r e )  c a n  a l s o  
y i e l d  q u a n t i t a t i v e  i n f o r m a t i o n  o n  t h e  mass and v e l o c i t y  
o f  t h e  p a r t i c l e .  The p h o t o g r a p h i c  e m u l s i o n  h a s  p a r t i c u -  
l a r l y  good s p a t i a l  r e s o l u t i o n  and l e n d s  i t s e l f  t o  p r e c i s e  
q u a n t i t a t i v e  measurements .  The l i q u i d  u s e d  i n  t h e  b u b b l e  
c h a m b e r  c a n  b e  l i q u i d  h y d r o g e n .  F o r  h i g h - e n e r g y  work  
t h i s  is e f f e c t i v e l y  a  t a r g e t  o f  p u r e  p r o t o n s  i n  a  r e l a -  
t i v e l y  d e n s e  f o r m ,  which is e x t r e m e l y  d e s i r a b l e  i n  many 
e x p e r i m e n t s .  The cloud-chamber g a s  c a n  b e  hydrogen  u n d e r  
p r e s s u r e ,  and one c a n  i n s e r t  s o l i d  p l a t e s  o f  any  m a t e r i a l  
d e s i r e d  t o  a c t  a s  a d d i t i o n a l  t a r g e t s .  The b u b b l e  chamber 
a n d  t h e  c l o u d  chamber  a r e  b u l k y  and  a r e  p l a c e d  o u t s i d e  
t h e  B e v a t r o n .  By means o f  m a g n e t s  t h e  p a r t i c l e s  t o  b e  
s t u d i e d  c a n  be  g u i d e d  from t h e  B e v a t r o n  t o  t h e  chamber.  
P h o t o g r a p h i c  e m u l s i o n s  a r e  a l s o  used  i n  t h i s  way; b u t , i n  

a d d i t i o n ,  t h e y  have  been plunged i n t o  t h e  beam and u s e d  as 
t h e  i n t e r n a l  p r i m a r y  t a r g e t .  
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A n o t h e r  way o f  g e t t i n g  i n f o r m a t i o n  i s  by t h e  u s e  o f  
c o u n t e r s .  T h e s e  d e v i c e s  p r o d u c e  e l e c t r i c  s i g n a l s  when 
p a r t i c l e ' s  p a s s  t h r o u g h  them. Here  t h e  e x p e r i m e n t e r  mus t  
i n f e r  t h e  p a t h  o f  t h e  p a r t i c l e s ,  s i n c e  h e  c a n n o t  s e e  
them d i r e c t l y .  F o r  e x a m p l e ,  i f  t h r e e  c o u n t e r s  i n  a  row 
g i v e  s i g n a l s  i n  q u i c k  s u c c e s s i o n  h e  w i l l  i n f e r  t h a t  a 
f a s t  p a r t i c l e  t r a v e l e d  a l o n g  a  l i n e  t h r o u g h  t h e  t h r e e  
c o u n t e r s .  I n  a d d i t i o n  t o  t e l l i n g  t h e  e x p e r i m e n t e r  when a  
p a r t i c l e  h a s  t r a v e r s e d  a  p a r t i c u l a r  p a t h ,  c o u n t e r s  c a n  
a l s o  g i v e  q u a n t i t a t i v e  i n f o r m a t i o n  o n  t h e  p a r t i c l e ' s  
mass, c h a r g e ,  a n d  v e l o c i t y .  T h i s  k i n d  o f  i n f o r m a t i o n  is 
o b t a i n e d  by  m e a s u r i n g  t h e  t i m e  r e q u i r e d  f o r  a p a r t i c l e  
t o  go  f r o m  o n e  c o u n t e r  t o  a n o t h e r ;  by  m e a s u r i n g  t h e  
magni tude  o f  t h e  s i g n a l s  f rom t h e  c o u n t e f s ;  and by meas- 
u r i n g  t h e  e f f e c t s  o f  a b s o r b e r s  and magne t ic  f i e l d s  p l a c e d  
be tween  t h e  c o u n t e r s .  

S i n c e  t h e  i n f o r m a t i o n  comes i n  t h e  fo rm o f  e l e c t r i c  
s i g n a l s ,  t h e  e x p e r i m e n t e r  n e e d s  e l e c t r i c a l  e q u i p m e n t  t o  
h a n d l e  i t  ( a m p l i f i e r s ,  c o i n c i d e n t  c i r c u i t s .  s c a l e r s ,  
e t c . ) .  T h e r e  is a  s p e c i a l  c o u n t i n g  a r e a  c o n t a i n i n g  t h i s  

equipment  w i t h  f a c i l i t i e s  a v a i l a b l e  t o  a l l  e x p e r i m e n t e r s  
who u s e  t h e  Beva t ron .  I n  a t y p i c a l  e x p e r i m e n t  t h e  c o u n t e r s  
a r e  p l a c e d  n e a r  t h e  B e v a t r o n  t a r g e t ,  and  t h e  s i g n a l s  a r e  
s e n t  on c a b l e s  i n t o  t h i s  c o u n t i n g  room, where t h e  e x p e r i -  

m e n t e r  c o l l e c t s  h i s  d a t a .  



T H E  B E V A T R O N  

BEVATRON STAT l ST l C S  

GENERAL 

Maximum proton  energy . . . . . .  6.2 Bev 
Number of  pro tons  p e r  pulse  . . .  10'' = coulomb 
Pro ton  v e l o c i t y  . . . . . . . . .  9996 v e l o c i t y  of l i g h t  = 

184,000 mi l e s  p e r  

P r o j e c t  approved. . . . . . . . .  
F i r s t  a c c e l e r a t e d  beam. . . . . .  
S o l e  purpose. . . . . . . . . . .  
MAGNET 

T o t a l  magnet weight . . . . . . .  
S t e e l  weight (yokes and l e g s ,  

1/2" t h i c k ;  po l e  t i p s ,  1/4" 
. . .  t h i c k ) ,  low-carbon s t e e l .  

S t e e l  weight of one s e c t o r  
( 2  yoke s l a b s  and 2 l egs .  
20 x 10 f t ) .  . . . . . . . . .  

second 
February 1948 
February 15. 1954 
High-energy r e s e a r c h  

10,000 t o n s  

9500 t o n s  

60 tons  

S t e e l  weight  of one yoke 
s l a b  of 288 s l a b s  (20 

. . . . . . . . .  x 2.5 x 2 f t )  22 tons  
Air-cooled copper c o i l  

( s t r anded .  1 .4- inch  
d iameter )  . . . . . . . . . . .  350 tons  - 137,000 f t  

Crane c a p a c i t y  (2 c r anes )  . . . .  30 tons  each  

Magnetic f i e l d  a t  i n j e c t i o n  
(10 Yev). . . . . . . . . . . .  300 gauss  

Magnetic f i e l d  a t  6.4 Bev 
(des ign ) .  . . . . . . . . . . .  16,000 gauss  

Radius of  o r b i t  . . . . . . . . .  50 f t  
Length of each  of  f o u r  

. . . . . . .  s t r a i g h t  s e c t i o n s  20 f t  

Length o f  o r b i t  (one t u r n ) .  . . .  394 f t  
Cross s e c t i o n  of beam a p e r t u r e .  . 1 f t  a x i a l l y  x 4 f t  

r a d i a l l y  

MAGNET POWER SUPPLY 

Flywheel Motor Generators  - Two S e t s  

Peak power i n p u t  t o  magnet . . . .  10Q.000 kw, 12-phase 
Generated c u r r e n t ,  t o t a l  . . . . .  8333 amp 
Generated v o l t a g e  (max a t  

i n j e c t i o n )  . . . . . . . . . . .  18,000 v o l t s  
Generated v o l t a g e  a t  max 

. . . . . . . . . . . .  c u r r e n t .  12,000 v o l t s  
. . . . . . . . . .  . Driving motors 3600 hp each 

Power d i s s i p a t i o n  i n  c o i l  
. . . . . . . . . . . .  windings 3600 kw 

Energy s t o r e d  i n  magnetic 
. . . . .  f i e l d  a t  peak c u r r e n t .  80 megajoules, o r  20 

k i lowa t t -hour s  

Energy s t o r e d  i n  r o t a t i n g  
. . . . . . . . . . .  f lywheels .  500 megajoules, o r  125 

k i lowat t -hours  

. . . . . . .  Pu l se  r a t e  (des ign ) .  10 p e r  minute 
E f f i c i e n c y  of  energy 

. . . . . . . . . . . .  recovery  80% 
. . . . . . .  Weight of  f lywheels .  65 tons  each  

R o t a t i o n a l  speed of  
. . . . . .  g e n e r a t o r s  (no load)  860 rpm 

Change i n  r o t a t i o n a l  speed  
of g e n e r a t o r s  a t  f u l l  

. . . . . . . . . .  power o u t p u t  7% 

. . . . .  power c o s t  f o r  one p u l s e  $0.10 



UCRL A C C E L E H A T O H S  

Ign i t ron  R e c t z f i e r  and Inver ter  

Number of  u n i t s  . . . . . . . . .  48 
Cur r en t  passed  p e r  u n i t  . . . . .  2000 amp 

Coil  Coolzng 

. . . . . . . . . . .  Cool ing  a i r  560,000 cfm (changes 
magnet room a i r  once 
eve ry  2 minutes )  

Power r e q u i r e d  t o  c i r c u l a t e  
a i r  ( t o t a l  o f  two u n i t s ) .  . . .  500 hp 

VACUUM SYSTEM 

Volume o f  system. . . . . . . . .  11.000 f t 3  
S u r f a c e  a r e a  a t  vacuum. . . . . .  25.000 f t 2  
Length of  vacuum gaske t s .  . . . .  1 mile 

Ope ra t i ng  p r e s s u r e .  . . . . . . .  4 x l o m 6  mm Hg o r  
1 ------ atmosphere 

-100,000,000 

High-vacuum pumps (24)  
Mechanical  pumps. . . .  
Time t o  pump from atmos 

p r e s s u r e  t o  o p e r a t i n g  
p r e s s u r e .  . . . . . .  

Vacuum envelope  . . . .  

. . . . .  32" d i f f u s i o n  pumps 

. . . . .  1800 cfm a tmospher ic  a i r  

. . . . .  48 hou r s  

. . . . .  4 s t e e l  t a n g e n t  t a n k s  
4  s t a i n l e s s  s t e e l  
curved t a n k s  

INJECTION 

Cockcroft-WaLton I n j e c t o r  

Vol tage  . . . . . . . . . . . . .  460.000 v o l t s  

THE B E  V A  TRON 

Pro ton  c u r r e n t  (HZ+ 
e l i m i n a t e d  by 20' 

. . . . . . . .  t u r n i n g  magnet) 3  m i l l i ampe re s  
. . . . . .  Supply  c u r r e n t  (peak) 30 mi l l i amperes  

Number of  c a scade  
. . . . . . . . . .  r e c t i f i e r s .  1 3  

Linear Accelerator  

Vol tage  ( p r o t o n  i n j e c t i o n  
energy  t o  Bevatron) . . . . . .  9.8  Mev 

. . . . . . . . .  Pro ton  c u r r e n t .  150 p m p  
. . . . . . . . . .  Pu l se  l eng th .  500 p e c  

. . . . . . .  Supply power (peak) 1 megawatt 
. . . . .  Power t o  c a v i t y  ( peak ) .  0 . 5  megawatt 

Number of  d r i f t  t u b e s  . . . . . .  42 
. . . . . . . .  Length o f  c a v i t y .  18 .2  f t  . 

. . . . .  A c c e l e r a t i o n  f requency .  202.5 megacycles 
. . . . . . . . . .  Vacuum sys tem two 20" mercury 

d i f f u s i o n  pumps 

ACCELERATION 

S t a r t i n g  a c c e l e r a t i n g  
. . . . . . . . . . .  f requency  3  60 kc 

F i n a l  a c c e l e r a t i n g  
. . . . . . . . . . .  f requency  2500 kc  

Average v o l t a g e  g a i n  
. . . . . . . . . . .  pe r  t u rn .  1500 ev  

Number o f  r e v o l u t i o n s  
. . . . . . . . . .  of p ro tons .  4,100.000 

D i s t ance  t r a v e l e d  by 
p r o t o n s  d u r i n g  a c c e l e r a t i o n  . . 305.000 mi l e s  12  times 

around e a r t h ,  o r  more 
t han  d i s t a n c e  t o  moon 

Time o f  a c c e l e r a t i o n .  . . . . . .  1.75 seconds 



C R L  ACCELERATORS 

INCIDENTAL INFORMATION 

Es t ima t ed  c o s t  . . . . . .  
Actua l  c o s t  ( o u t s i d e  

c o n t r a c t s ,  m a t e r i a l s ,  
l a b o r ,  and eng inee r i ng ) .  

Eng inee r i ng  e f f o r t  . . . .  
Eng inee r ing  drawings  made. 

Number of vacuum t u b e s  
used . . . . . . . . . .  

Types o f  e l e c t r o n i c  

. . . . . . . .  c h a s s i s .  
E l e c t r o n i c  c h a s s i s  r a c k s  . 
Coax ia l  s i g n a l  c a b l e  . . .  
Con t ro l  w i r i n g  . . . . . .  
Heav ie s t  p i e c e  of magnet . 
Crane c a p a c i t y  . . . . . .  

B u i l d i n g  f l o o r  a r e a .  . . .  
. . .  Magnet room d i ame te r  

S h i e l d i n g  e f f e c t i v e n e s s .  . 
Concre te  s h i e l d i n g ,  lower 

and upper  cou r se  . . . .  
Concre te  s h i e l d i n g ,  middle 

c o u r s e  . . . . . . . . .  
Magnet de s igned  t o  w i th s t a  

. . .  ea r t hquake  l oad  o f  

$9,000.000 

99,600,000 
200 man-years 
10.500 

3000 - more t han  1000 

d i f f e r e n t  t y p e s  

200 
1000 f t 2  

150,000 f t  
900,000 f t  

24 t o n s  
30 t o n s  

75,000 f,t2 

220 f t  
a t t e n u a t i o n  of  r a d i a t i  

by a  f a c t o r  o f  400 

150 l b / f t 2  

225 l b / f t 2  

15% g r a v i t a t i o n a l  
a c c e l e r a t i o n  








