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I. In t roduc t ion  

I n  an a c c e l e r a t o r  a t  a given va lue  of t h e  magnetic f i e l d ,  changing t h e  
mean r ad ius  of t h e  o r b i t  w i l l  change t h e  momentum of t h e  beam and t h e  tune  
of t h e  beam. It i s  customary t o  d e f i n e  t h e  n a t u r a l  chromat ic i ty  of t h e  
a c c e l e r a t o r  as t h e  f r a c t i o n a l  change i n  t h e  tune  of t h e  machine d iv ided  by 
t h e  f r a c t i o n a l  change i n  momentum t h a t  occurs  f o r  a change i n  mean rad ius .  
The chromat ic i ty  i s  normally designated by t h e  Greek l e t t e r  X i .  Thus, we  
have : 

[Chromaticity is  a l s o  o f t e n  def ined as X i  = dQ/(dP/P),  but  i n  t h i s  no te  w e  
s h a l l  avoid t h a t  d e f i n i t i o n . ]  

I n  an a c c e l e r a t o r  without  long s t r a i g h t  s e c t i o n s ,  t h e  chromat ic i ty  i s  
very  c l o s e  t o  being -1. This  can be observed by running va r ious  designs 
through an a c c e l e r a t o r  des ign  program, but f i nd ing  t h e  reason f o r  i t  is  a 
l i t t l e  harder.  Some authors  simply assert i t ,  whi le  o t h e r s  leave it  as an 
exercise f o r  t h e  s tudent .  S-Y. Lee has published a more d e t a i l e d  ca lcu la-  
t i o n  [Lee  and Tepikian,  IEEE Trans. Nucl. Sci.  NS-32, 2225 (1985)l  and g e t s  
t h e  r e s u l t  

X i  = -[tan(mu/2)]/(mu/2) ( 1 )  

where mu i s  t h e  phase advance per  cell .  In  t h e  AGS mu i s  0.91 r ad ians  so  w e  
have : 

X i  = -1.07 

and s i n c e  (mu/2) i s  less than  1, w e  can write: 

X i  = - [ I  + (1/3)*(mu/2)**2] 

The important po in t  he re  i s  t h a t  f o r  a simple a c c e l e r a t o r  such as t h e  AGS, 
X i  is  always very c l o s e  t o  -1. 
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However, t h i s  is  never observed d i r e c t l y  s i n c e  i n  a real a c c e l e r a t o r  
t h e r e  is  always some sextupole  present .  The sex tupole  s p l i t s  t h e  n a t u r a l  
chromat ic i ty ,  s h i f t i n g  t h e  h o r i z o n t a l  chromat ic i ty  i n  one d i r e c t i o n  and t h e  
ver t ical  chromat ic i ty  a n e a r l y  equal  amount i n  t h e  oppos i t e  d i r ec t ion .  
Thus, i t  i s  t h e  average of t h e  measured h o r i z o n t a l  and v e r t i c a l  
ch romat i c i t i e s  t h a t  should be very c l o s e  t o  -1. 

I I. Measurements 

In  AGS S tud ie s  Report 182, Ahrens, et al .  r e p o r t  t h e i r  measurements of 
t h e  tune  and chromat ic i ty  of t h e  AGS. F igure  1 i s  a p l o t  of t h e i r  data .  
The mean va lue  of t h e  h o r i z o n t a l  and v e r t i c a l  ch romat i c i t i e s  i s  about -1.4, 
which cannot be. The d a t a  must be wrong. 

I n  AGS S tud ie s  Report 202, i t  is  repor ted  t h a t  t h e  scale f a c t o r  i n  t h e  
pick-up e l e c t r o d e  system i s  of f  by 20%. 
t h i s  c o r r e c t i o n  f a c t o r  g ives  t h e  r e s u l t s  of Table I and Fig. 2. The mean 
measured X i  and t h a t  ca l cu la t ed  from Eq. ( 1 )  are now i n  very good 
agreement 

Reca lcu la t ing  Ahrens d a t a  us ing  

111. Magnetic Measurements 

Deta i led  f i e l d  maps have been made of sample AGS magnets ( t o  be 
publ ished,  Thern). In  gene ra l ,  they  d i s p l a y  t h r e e  c h a r a c t e r i s t i c s :  

i) A t  low f i e l d ,  s i g n i f i c a n t  magnet izat ion e f f e c t s  of oppos i t e  s ign  f o r  

ii) A t  i n t e rmed ia t e  f i e l d s ,  ve ry  low sextupole  i n  t h e  body of t h e  magnet 
open and c losed  magnets; 

but  s i g n i f i c a n t  e f f e c t s  i n  t h e  end f i e l d s ;  
iii) A t  high f i e l d s ,  s t rong  s a t u r a t i o n  sextupole .  

The p r e c i s e  i n t e r p r e t a t i o n  of t h e  d a t a  and i t s  use  i n  a modeling 
program, such as MAD, i s  very s u b t l e  and worthy of much study. For our 
purposes Figs.  3 and 4 show t h e  i n t e g r a t e d  quadrupole and sex tupo le  
s t r e n g t h s  f o r  long and s h o r t ,  open and c losed  magnets, where t h e  i n t e g r a t i o n  
has  been c a r r i e d  out a long t h e  curved pa th  of t h e  nominal c e n t r a l  o r b i t .  
These f i g u r e s  u s e  t h e  usua l  terminology: A i s  a long open magnet; B i s  a 
s h o r t  open magnet; C is  a long c losed  magnet; and t h e  p lus  s i g n  i n d i c a t e s  
t h e  magnet is  open t o  t h e  ou t s ide ,  a minus s i g n  t h a t  i t  i s  open t o  t h e  
ins ide .  

IV. MAD Resu l t s  

Using t h e  magnet d a t a  from above, MAD c a l c u l a t e s  t h e  c h r o m a t i c i t i e s  
shown i n  Fig.  5. These r e s u l t s  are p r e t t y  good. The o v e r a l l  behavior of 
t h e  chromat ic i ty  at in t e rmed ia t e  and high f i e l d  is  c l e a r l y  explained by t h e  
measured magnetic f i e l d s .  The abso lu te  agreement is  good, a l though b e t t e r  
p rec i s ion  i n  c a l c u l a t i o n  o r  measurement should be achievable .  
G e V / c  t h e  measured and ca l cu la t ed  ch romat i c i t i e s  p l a i n l y  diverge.  

Below about 7 
The shape 



- 3 -  

of t h i s  divergence suggests t h e  presence of a l a r g e  sextupole f i e l d  which 
does not vary with t h e  magnet current.  The f i e l d  measurements of Section 
I11 w e r e  a l l  dc measurements and eddy current e f f e c t s  w e r e  not taken i n t o  
account. However, t h e  sextupole required t o  produce the  observed e f f e c t s  i s  
very l a r g e  compared t o  t h e  measured eddy cur ren ts  (M.H. B l e w e t t ,  10/3/58) 
and i s  very l a r g e  compared t o  a l l  t h e  known low f i e l d  sextupole terms. 
Therefore, we have a t  present no easy explanation fo r  t h i s  d i f f e rence  
between t h e  measurements and the  ca lcu la t ions .  

V. Conclusion 

The AGS i s  a very simple machine and a t  intermediate and high f i e l d s  
t h e  chromaticity and the  tune behave j u s t  as we would expect from the  
measured magnetic f i e l d s .  A t  low f i e l d s  we do not have a l l  t he  answers 
yet. 
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TABLE I 

Data from AGS Stud ies  Report  182 
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