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A B S T R A C T  

A s e r i e s  of m a c h i n e  s t u d i e s  h a s  b e e n  done  w i t h  the Z e r o  
G r a d i e n t  S y n c h r o t r o n  (ZGS) a t  A r g o n n e  N a t i o n a l  L a b o r a t o r y  in 
o r d e r  to b e t t e r  u n d e r s t a n d  the  p h e n o m e n a  a s s o c i a t e d  w i t h  the a c -  
c e l e r a t i o n  of p o l a r i z e d  p r o t o n s  and to d e t e r m i n e  the f e a s i b i l i t y  of  
a c c e l e r a t i o n  to e n e r g i e s  h i g h e r  t han  the 12 G e V / c  a v a i l a b l e  a t  the  
ZGS. We a l s o  i n v e s t i g a t e d  the q u e s t i o n  of  how long p o l a r i z e d  p r o -  
tons  can  r e m a i n  in s t o r a g e  r i n g s  w i t h o u t  l o s i n g  e x c e s s i v e  p o l a r i -  
za t ion .  

The  t h r e e  t o p i c s  i n v e s t i g a t e d  w e r e :  
1. The  a d i a b a t i c  c r o s s i n g  of an  i n t r i n s i c  d e p o l a r i z i n g  r e -  

s o n a n c e .  
2. The  d e p o l a r i z a t i o n  due to  i m p e r f e c t i o n  r e s o n a n c e s .  
3. The  s u r v i v a l  t i m e  of p o l a r i z a t i o n  on a long f l a t t op .  
T h i s  p a p e r  is  a p r e l i m i n a r y  r e p o r t  of  these  t h r e e  i n v e s t i -  

g a t i o n s .  

A D I A B A T I C  CROSSING OF A N  I N T R I N S I C  
D E P O L A R I Z I N G  R E S O N A N C E  

The  p u r p o s e  of th i s  t e s t  w a s  to d e t e r m i n e  w h e t h e r  the b e a m  
p o l a r i z a t i o n  v~  uld  s i m p l y  c h a n g e  s ign  w i t h o u t  chang ing  i t s  m a g -  
n i tude  w h e n  a v e r y  s t r o n g  d e p o l a r i z i n g  r e s o n a n c e  w a s  crossed1%2~% 
s l o w l y  enough .  T h i s  w a s  p r e d i c t e d  by  s o m e  t h e o r e t i c a l  m o d ~ s : '  "-'  
Such a sp in  f l ip  cou ld  p r o v i d e  a r e l a t i v e l y  s i m p l e  t e c h n i q u e  " fo r  
c r o s s i n g  the  s t r o n g  d e p o l a r i z i n g  r e s o n a n c e s  in s t r o n g  f o c u s s i n g  
a c c e l e r a t o r s .  T h i s  wou ld  be m u c h  e a s i e r  t h a n  the  q u a d r u p o l e  

* W o r k  s u p p o r t e d  by U.S .  E n e r g y  R e s e a r c h  and  D e v e l o p m e n t  
A d m i n i s t  r a t i o n .  
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p r o d u c e d  tune  sh i f t  t e c h n i q u e  u s e d  in the  w e a k  f o c u s s i n g  ZGS, 
w h e r e  t h e s e  r e s o n a n c e s  a r e  not  so s t r o n g .  

S ince  a l l  m o d e l s  u s e  s i m p l i f y i n g  a s s u m p t i o n s ,  w h i c h  a r e  
q u e s t i o n a b l e  in r e a l  m a c h i n e s ,  e x p e r i m e n t a l  t e s t s  w e r e  d e e m e d  
n e c e s s a r y .  In p a r t i c u l a r ,  the  e n e r g y  of e a c h  p a r t i c l e  f l u c t u a t e s  
a r o u n d  the  a v e r a g e  va lue  due to s y n c h r o t r o n  o s c i l l a t i o n s  and is  
not  c o n s t a n t  as  a s s u m e d  in the  m o d e l s .  (Fig.  1) 

. ~ L y  ~ -  ~ The  i n t r i n s i c  r e s o n a n c e s  

~ ~  G<Y>RESONANCE o c c u r  a t  G,¢ = k : t ~ y ,  w h e r e  k 
^ ~ [X is  a h a r m o n i c  n u m b e r  a s s o c i -  

. , -  , - , ,  

U w - -  
Yig. 1 S c h e m a t i c  r e p r e s e n t a t i o n  
of s y n c h r o t r o n  o s c i l l a t i o n s  

a t ed  w i t h  the m a c h i n e  g e o m e t r y  
and  vy  is  the v e r t i c a l  tune .  D e -  
p o l a r i z a t i o n  o c c u r s  f o r  e a c h  k 
w h e n  V p a s s e s  t h r o u g h  the  v a l u e  
s a t i s f y i n g  th i s  equa t ion .  T h u s  as  
y is  i n c r e a s e d  d u r i n g  the a c c e l -  

e r a t i o n  c y c l e  s e v e r a l  s u c h  d e p o l a r i z i n g  r e s o n a n c e s  w i l l  o c c u r .  
The  e x p e r i m e n t a l  t e c h n i q u e  w a s  to s t u d y  the 8 - ~r r e s -  

o n a n c e  by  v a r y i n g  the  c r o s s i n g  s p e e d  w h i c h  is  g i v e n  by  

~efafd  7 + ¢ /G.  T h i s  w a s  done  by  c h a n g i n g  the  a c c e l e r a t i o n  r a t i o  
h e n c e  ~ o r  by  p u l s i n g  the  tune  sh i f t  q u a d r u p o l e s  s u c h  t ha t  

~ / G  ~ - ~ .  The  fie{d c y c l e  u s e d  fo r  the  e x p e r i m e n t s  w i th  r e d u c e d  
B i s  s h o w n  in F ig .  2. The  b e a m  w a s  e x t r a c t e d  at  4 G e V / c  w i t h  an  

6 Gev/c 

3,7 Gevlc 4 Gev ic / ' i '  

I ~ - - E J E C T i O N  - -  I 
' I I 
I I * 

__~ ,..,~,,%o ~, 

I I 19KG/sec I I 

hi) 

~mi. I l i  O.II 

Fig .  2 Low 13 f i e ld  c y c l e  

e n e r g y  los s t a r g e t  and the  p o l a r i z a t i o n  
m e a s u r e d .  The  8 - v r e s o n a n c e  w a s  
c r o s s e d  in the  r e d u c e ~  B r e g i o n  j u s t  
be low the  4 G e V / c  f l a t top .  The  he igh t  
o£ the  low B r a m p  w a s  abou t  100 G i n -  
d e p e n d e n t  of  B ,  wh ich  w a s  l a r g e  enough  
to a c c o m m o d a t e  the  w id th  of  the r e s -  
o n a n c e  inc lud ing  u n c e r t a i n t i e s  in e n e r g y  
and  V v a l u e s .  The  l o s s  in p o l a r i z a t i o n  
w a s  m e a s u r e d  as  13 w a s  r e d u c e d  thus  
i n c r e a s i n g  the  dwe l l  t i m e  on the  r e s -  
onance .  The  r e s u l t s  a r e  s u m m a r i z e d  
in F ig .  3. N o t i c e  t ha t  the  f ina l  p o l a r i -  
z a t i o n  (P} h a s  a b r o a d  m i n i m u m  w i t h  

P ~* - 20% i n d i c a t i n g  tha t  the  sp in  on ly  p a r t i a l l y  f l i pped .  F o r  f a s t  
c r o s s i n g ,  the  70% p o l a r i z a t i o n  is  m a i n t a i n e d  and f o r  v e r y  s low 
c r o s s i n g  the  f ina l  p o l a r i z a t i o n  s e e m s  to  a p p r o a c h  z e r o .  The  s h a p e  
of  the c u r v e  m i g h t  be due to the  b e a m ' s  m o m e n t u m  s p r e a d .  C a l -  
c u l a t i o n s ,  m a d e  p r i o r  to  the  e x p e r i m e n t  and inc lud ing  s y n c h r o t r o n  
o s c i l l a t i o n s ,  d i s p l a y e d  the  q u a l i t a t i v e  f e a t u r e s  of  the  da t a  a s  shown  
in F ig .  4. 
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Fig .  4 C a l c u l a t e d  c u r v e s  f o r  
v a r i o u s  m o m e n t u m  s p r e a d s .  

In the m e a s u r e m e n t s  us ing  the p u l s e d  q u a d r u p o l e s  we 
t r i g g e r e d  the pu l se  e a r l y  so  tha t  the r e s o n a n c e  was  c r o s s e d  on 
the t r a i l i n g  edge  of the v {+) w a v e f o r m  r a t h e r  than du r ing  the f a s t  
r i s e .  This  is shown in F ig .  5. R e s u l t s  f o r  3 d i f f e r e n t  t r a i l i n g  
edge  Lengths a r e  shown in F ig .  6, The n o r m a l  B ~ 19 k G / s e c  was  
used.  The m a x i m u m  r e v e r s e d  p o l a r i z a t i o n  was  about  - 20% as in 
the low B case .  It a p p e a r s  tha t  e n e r g y  s p r e a d  and p o s s i b l y  o t h e r  
i n f l uences  p r e v e n t  c o m p l e t e  spin fl ip in the ZGS even  w h e n  the 
s t r o n g  8 - Vy r e s o n a n c e  is c r o s s e d  v e r y  s lowly .  Thus  it is  un l ike -  
ly tha t  100% spin  flip can  be a c h i e v e d  in any  m a c h i n e .  P r o b a b l y  
s t r o n g  f o c u s s i n g  a c c e l e r a t o r s  wi l l  have  to use  t u n e - j u m p  q u a d r u -  
p o l e s  to m a i n t a i n  p o l a r i z a t i o n .  

0,88 ~ 
z, = 0 , 8 2  ~ It)  

/ / 8-v 

PROPER - - - - - - v  
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Fig. 5 QuadrupoIes timing wave 
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D E P O L A R I Z A T I O N  P R O D U C E D  BY 
I M P E R F E C T I O N  R E S O N A N C E S  

The i m p e r f e c t i o n  r e s o n a n c e s  c h a r a c t e r i z e d  by 7G = i n t e g e r  
a r e  a s o m e w h a t  c o n t r o v e r s i a l  s u b j e c t  and had n e v e r  b e e n  d e t e c t e d  
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p r e v i o u s  to t h i s  e x p e r i m e n t .  Some  t h e o r e t i c a l  m o d e l s  4) i n d i c a t e d  
t h a t  t h e y  did not  e x i s t  a t  a l l ,  w h e r e a s  o t h e r s  s u g g e s t e d  t h a t  t h e y  
m a y  be v e r y  s e r i o u s  in s t r o n g  f o c u s s i n g  s y n c h r o t r o n s .  The  i m -  
p e r f e c t i o n s  in s y n c h r o t r o n s  c a u s e  v e r t i c a l  o r b i t  d i s t o r t i o n s  w h i c h  
m i g h t  c a u s e  d e p o l a r i z a t i o n  w h e n  G ~  = i n t e g e r  is  p a s s e d  d u r i n g  the  
a c c e l e r a t i o n  c y c l e .  

We s tud i ed  t h e s e  by '  a g a i n  r e d u c i n g  the B of  the ZGS in the  
n e i g h b o r h o o d  of  the  r e s o n a n c e  w h i c h  i n c r e a s e d  the  dwe l l  t i m e .  We 
then  p r o d u c e d  v e r t i c a l  o r b i t  b u m p s  by p u l s i n g  po le  f ace  w i n d i n g s  
in O c t a n t  I I I  of  the ZGS. The  ZGS m a g n e t i c  f i e ld  c y c l e  is  s h o w n  
in F ig .  7. A r e d u c e d  B w i ndow w a s  c e n t e r e d  a t  the p o s i t i o n  of the 

6 GeV/c 
NOT TO FLATTOP 
SCALE 

4 GeV/c / /  \ 
. EXTRACT,O,/ \ 

¥G ; 6 o r  YG = 7 r e s o n a n c e .  M o s t  
m e a s u r e m e n t s  w e r e  done a t  YG = 6 
s i n c e  i t  is  m o s t  i s o l a t e d  f r o m  n e i g h -  
b o r i n g  i n t r i n s i c  r e s o n a n c e s .  The  o r b i t  
d i s t o r t i o n  p r o d u c e d  is  shown  in Fig .  8 
and  t h e  s e n s i t i v i t y  of  o r b i t  d i s t o r t i o n  
to P F W  c u r r e n t  in F ig .  9. 

TIME 

F i g .  7 Z G S  f i e l d  c y c l e  f o r  
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Fig .  8 P F W  o r b i t  d i s t o r t i o n  
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Fig .  9 O r b i t  d i s t o r t i o n  as  a 
f u n c t i o n  of  P F W  c u r r e n t  

The  P F W  e x c i t a t i o n  c u r r e n t  w a s  a s q u a r e  w a v e  p u l s e  w h o s e  l eng th  
cou ld  be  v a r i e d  f r o m  30 m s e c  to 1 s ec .  The  p o l a r i z a t i o n  w a s  
m e a s u r e d  f o r  d i f f e r e n t  c r o s s i n g  s p e e d s ,  p u l s e  l e n g t h s ,  p u l s e  p o s i -  
t i ons ,  and p u l s e  m a g n i t u d e s .  The  p o l a r i z a t i o n  a s  a func t ion  of 
P F W  c u r r e n t  is  s h o w n  in F i g s .  10, 11, 12, f o r  v G  = 6, and in 
F ig .  13 f o r  YG = 7. The  B window w i t h  ]3 = 200 g / s e c  has  a l eng th  
AB = 100G and thus  a l e n g t h  AT ~ 0 .  5 s e c ;  s i m i l a r l y  w h e n  ]3= 
100 g / s e c ~ B =  100 g, ancl w h e n  ]3 -- 50 g / s e c  AB = 40 g. A P F W  
c u r r e n t  o f  2A is  r e q u i r e d  to m a k e  the  p o l a r i z a t i o n  equa l  to the  in -  
j e c t e d  b e a m  p o l a r i z a t i o n .  T h i s  i n d i c a t e s  tha t  t h e r e  is  a 6th h a t -  
m o n i c  ZGS o r b i t  d i s t o r t i o n  w h i c h  is e x a c t l y  c o m p e n s a t e d  by 2A. 
F o r  l a r g e  c u r r e n t s  the  p o l a r i z a t i o n  d e c r e a s e s  and e v e n t u a l l y  
c h a n g e s  s ign .  The  d e g r e e  of sp in  f l ip  d e p e n d s  on the m a g n i t u d e  
and  l eng th  o f  the  m a g n e t i c  p u l s e  and on the  v a l u e  of  ]~. 
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C o m p a r i s o n  b e t w e e n  F i g .  10 a n d  

13 s u g g e s t s  t h a t  the  VG = 7 r e s -  

o n a n c e  i s  a b o u t  10 t i m e s  s t r o n g e r  
t h e n  the  yG = 6 fo r  the  s a m e  P F W  
b u m p .  T h i s  i s  p r o b a b l y  b e c a u s e  
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our pulsed orbit distortion has a Fig. 13 Polarization at ]B 
strong first harmonic while the 200 g/sec, YG = 7 
focussing fields have an 8-fold 

periodicity. The combination ofcos8 e and a~s8 terms leads to 

strong 7th and 9th harmonics. Without a PFW pulse, the depolari- 
zation due to YG = 7 is relatively weak which suggests that there 

is normally little 7th harmonic perturbation in the ZGS. The 

measured depolarizations agree, within about a factor of 2, 
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with simple theoretical predictions. 5) Additional measurements 
of higher harmonics have been made at the normal B(l 8 kG/sec); 
we s e e  s m a l l  e f f e c t s  w h i c h  m i g h t  g ive  a t o t a l  d e p o l a r i z a t i o n s  of  
up to 5%. The  lZ G e V / c  p o l a r i z a t i o n  is s o m e w h a t  l o w e r  t h a n  
wou ld  be  e x p e c t e d  f r o m  the d e p o l a r i z a t i o n  of  the  i n t r i n s i c  r e s o -  
n a n c e s  only .  

We thus  s e e  t ha t  e v e n  in the w e a k  f o c u s s i n g  ZGS, i m p e r -  
f e c t i o n  r e s o n a n c e s  e x i s t  and m a y  h a v e  s o m e  d e l e t e r i o u s  e f f e c t  on 
p o l a r i z a t i o n .  The  s i m p l e  t h e o r y  p r e d i c t s  t o l e r a b l e  o r b i t  d i s t o r -  
t i o n  fo r  the ZGS of 

3. S m m  

Zk-< k 2 (I + k) (I) 

and f o r  the s t r o n g  f o c u s s i n g  C E R N  PS of 

40 m m  

Zk-< k z (1 + k) 
(z) 

T h i s  a p p a r e n t  f a c t o r  o f  12 l e s s  s e n s i t i v i t y  in the  PS m a y  be  m i s -  
l e a d i n g .  T h e  e x p e c t i o n  ~ l u e u o f  Z k f o r  a g i v e n  m a g n e t  m i s a l i g n -  
m e n t  is p r o p o r t i o n a l  t o ~ "  ~- (n is  f i e l d  g r a d i e n t ,  m the  n u m b e r  
of  m a g n e t s ) ,  and th i s  f a c t o r  is  85 t i m e s  l a r g e r  in the  PS  then  in 
the  ZGS. Thus  in the  PS the  d e p o l a r i z a t i o n  f r o m  t h e s e  r e s o n a n c e s  
m a y  be 10 t i m e s  l a r g e r  t h a n  in the ZGS (N 50-60% b e t w e e n  6 G e V / c  
and 1Z G e V / c ) .  The  PS wou ld  t hen  r e q u i r e  a v e r y  s o p h i s t i c a t e d  
c o r r e c t i o n  s y s t e m  f o r  v e r t i c a l  o r b i t  d i s t o r t i o n s .  

POLARIZATION SURVIVAL TIME 

In  v i e w  of bo th  the  e f f e c t s  of  i n t r i n s i c  and i m p e r f e c t i o n  
r e s o n a n c e s  i t  is  h i g h l y  p r o b a b l e  t ha t  to a c h i e v e  h i g h e r  e n e r g i e s  
t h a n  lZ G e V / c ,  w e  w i l l  h a v e  to u se  c o l l i d i n g  b e a m  d e v i c e s .  We 
h a v e  p e r f o r m e d  the fo l lowing  e x p e r i m e n t  on the  ZGS,  to  d e t e r m i n e  
s u r v i v a l  t i m e  and the  e f f e c t s  of r e s o n a n c e  t a i l s .  

T h e  p o l a r i z e d  b e a m  w a s  a c c e l e r a t e d  to 3 .25  G e V / c  w h i c h  
is  as  f a r  a s  p o s s i b l e  f r o m  a n y  known r e s o n a n c e ,  and  a l l o w e d  to 
c i r c u l a t e  on a Zl s e c  f l a t  top.  The  ZGS r e p e t i t i o n  r a t e  w a s  Z~. 62 
s e c .  We u s e d  an o p e r a t i o n a l  s e q u e n c e  o f  two  p u l s e s  e x t r a c t e d  a t  
the  b e g i n n i n g  of  f l a t - t o p  and the n e x t  s ix  p u l s e s  a t  the  end  of f l a t -  
top.  The  sp in  w a s  f l i p p e d  on a l t e r n a t e  p u l s e s ,  so  t h a t  th i s  s e -  
q u e n c e  g a v e  one m e a s u r e m e n t  of  " e a r l y "  p o l a r i z a t i o n  and t h r e e  
of  " l a t e "  p o l a r i z a t i o n .  T h i s  g a v e  abou t  the s a m e  n u m b e r  of  e v e n t s  
f o r  m e a s u r i n g  b o t h  " e a r l y "  and " l a t e " ,  s i n c e  the  f a c t o r  of  t h r e e  
c o m p e n s a t e d  f o r  the b e a m  l o s s  and r e d u c e d  e x t r a c t i o n  e f f i c i e n c y  
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due  to  v a c u u m  s c a t t e r i n g  b e a m  g r o w t h  d u r i n g  the  Z1 s e c  f i a t - t o p .  
A p r e l i m i n a r y  a n a l y s i s  of  t he  d a t a  i n d i c a t e s  a b o u t  a ±1 /2% s y s t e -  
m a t i c  e r r o r .  No e f f e c t  can  be  s e e n  a t  th i s  l eve l .  The  s t a t i s t i c a l  
a c c u r a c y  w a s  abou t  0. 1%. T h i s  u p p e r  l i m i t  c o r r e s p o n d s  to a r a t e  
of  d e p o l a r i z a t i o n  of 0. 0 2 5 % / s e c  and w o u l d  g ive  a l o s s  of  p o l a r i z a -  
t i on  of  45% in a h a l f  h o u r  run .  S ince  th i s  i s  an u p p e r  l i m i t ,  i t  i s  
a r a t h e r  e n c o u r a g i n g  r e s u l t  w h i c h  i n d i c a t e s  t h a t  n o n - r e s o n a n t  
d e p o l a r i z a t i o n  m a y  not  m a k e  s t o r a g e  r i n g s  i m p o s s i b l e .  

We n e x t  m o v e d  the  f i a t - t o p  f i e ld  c l o s e r  to t he  r e s o n a n c e  
(Gy = 6) and w e  w e r e  ab le  to m a p  i t s  ex t en t .  T h i s  is  s h o w n  in 

F ig .  14. AT~e e l~ t imated  w i d t h  of  the  r e s o n a n c e  i s  A B F w H M  < 
1 0 G  and B - ~Y ~ Z x 1 0 - - .  

Note  t h a t  [he  r e s o n a n c e  e f f e c t  d r o p s  3 o r d e r s  of  m a g n i t u d e  in 
30 G. S ince  the  s t o r a g e  f i e ld  is  400 G a w a y ,  the e f f e c t  of the 
r e s o n a n c e  on s t o r a g e  is  n e g l i g a b l e .  F u r t h e r  e x p e r i m e n t s  w i l l  be  
done  to t r y  to i m p r o v e  the  u p p e r  l i m i t s  quo ted  h e r e .  
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DISCUSSION 

Courant: (Brookhaven) The depolarization during the flattop would 
tend to be enhanced by the fact that your beam is growing due to gas 
scattering because that increases the effect of the depolarizing 
field, so if you had a really good vacuum would you expect the llfe- 
time of the polarization to be better than you observed? 

Ratner: Well, there is the possibility of another effect. When the 
beam grows you also are probably throwing away those parts of the 
beam with the large vertical betatron amplitudes, which would have 
the least polarization. The reason we limited ourselves to this 20 
second flattop was essentially [because of] gas scattering. We did 
run a 50 second flattop, but we were not able to get sufficient 
statistics because of beam loss and poor extraction efficiency. But 
certainly with another order of magnitude in the vacuum system, this 
experiment could be done at the level that would really be [a] posi- 
tive factor. 

Na~le: (LASL) l'd just like to offer a comment. I think it's been 
Just one more very nice, very intriguing development in what has been 
overall a very satisfying and very delightful development in acceler- 
ator physics. 

Ratner: Thank you. 

Cork: (LBL) Did you have in mind the intersecting storage rings [to 
be] weak focussing? 
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Ratner: It's not clear what one would do at that stage. If one is 
talking storage rings, I think one would seriously investigate the 
difficulties in weak and strong. However, I would think that a non- 
accelerating, strong focussing storage ring would probably be far 
enough away from (one could design it presumably far enough away from) 
resonances so that one could store a beam. However, I think that both 
options would have to be investigated if one were going to do this. 

Chamberlain: (U.C., Berkeley) Could you give a little more definite 
idea as to how you see the maintainance of polarization in the 
strong focussing accelerators? I understand you to say that you 
thought it unlikely that the adiabatic passage with polarization 
reversal would work. How does that leave the prospects, in your 
opinion? 

Ratner: I think the prospects are reasonable. The tune-shifting 
quadrupole correction for the intrinsic resonances should work in a 
strong-focussing machine. The resonances are somewhat stronger; it 
probably would take more field gradient than we use here, but we use 
50 gauss per inch, so it's certainly no problem. 

Ten~:(Fermilab) Actually the imperfections could be corrected out; 
it's only a factor of ten. 

Ratner: It's a question of sensitivity. You have to have corrections. 

Well, I think perhaps Dieter MShl will talk a little more about it, 
but the thing is that you need more sensitivity than any measuring 
system can presently attain. Probably the polarized beam itself would 
be your best diagnostic for corrections. Well we corrected for the 
~G = 6 by less than a tenth of an inch and this becomes even more 
severe in AG machines. One has to be correcting on the order of tenths 
of millimeters, I believe, to get to 12 GeV. If you're talking about 
going to 24, I think it becomes an order of magnitude worse than that. 
You must remember that there are two of these [resonances] every GeV, 
so you're going to wind up with a huge number to correct, which is 
one of the reasons I think it's going to be very difficult to go much 
above 12. I think Dieter MShl will have a lot more to say about that 
than I do. 


