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Summary 

Tracking s t u d i e s  inc luding  t h e  e f f e c t s  of random 
mul t ipo le  e r r o r s  a s  wel l  a s  t h e  e f f e c t s  of  random and 
sys temat ic  mul t ipo le  e r r o r s  have been made f o r  RHIC. 
Averages of  a p e r t u r e  de te rmina t ions  f o r  t e n  independent 
s e t s  of  random mul t ipo le  e r r o r s  a r e  c o n s i s t e n t  wi th  
t h e r e  being l i t t l e  o r  no degradat ion of  t h e  dynamic 
a p e r t u r e  when sys temat ic  mult ipole  e r r o r s  a r e  included.  
Coupling between the  h o r i z o n t a l  and v e r t i c a l  be ta t ron  
motion e n l a r g e s  t h e  beam but  does n o t  cause i n s t a b i l i t y .  
I n i t i a l  r e s u l t s  f o r  opera t ing  a t  an o f f  diagonal  work- 
i n g  p o i n t  a r e  discussed.  

In t roduct ion  

RHIC,  t h e  R e l a t i v i s t i c  Heavy Ion C o l l i d e r  being 
designed a t  t h e  Brookhaven Nat ional  Laboratory i n  t h e  
USA is a s t o r a g e  r i n g  c o l l i d e r  f o r  heavy i o n s  having 
e n e r g i e s  ranqing from 30 t o  100 GeV/amu. Spec i f ica-  
t i o n s  €or  RHIC r e q u i r e  f u l l  performance f o r  t h e  s p e c i e s  
A U ~ ~ +  with re laxed  performance f o r  more massive i o n s  
a s  wel l  a s  a t  e n e r g i e s  l e s s  than 30 GeV/amu f o r  a l l  
ions.  The design o f  t h i s  a c c e l e r a t o r  has been de- 
s c r i b e d  elsewhere (1). B r i e f l y ,  RHIC has a circumfer-  
ence of 3.833 km and has two independent s torage  r i n g s  
t h a t  use superconduct ing magnets. The ion beams i n t e r -  
a c t  a t  s i x  c ross ing  p o i n t s  a t  which t h e  b e t a  f u n c t i o n s  
can be v a r i e d  from 3 t o  6 meters. The time averaged 
luminos i ty  is 4 . 4 ~ 1 0 ~ ~  cm-2/sec f o r  AU on Au a t  100 
GeV/amu. 

Intrabeam s c a t t e r i n g  i s  pronounced i n  RHIC and '  
causes  beam growth. A conserva t ive  e s t i m a t e  i n d i c a t e s  
Chat +sn bf a p e r t u r e  is needed i f  a beam l i f e t i m e  of  
t e n  hours i s  t o  be achiebed.  This  requirement i s  most 
severe  a t  30 GeV/amu where CCI = 3mm and s e t s  t h e  re-  
quirement a t  a minimum h a l f  a p e r t u r e  of 1 8  mm f o r  be ta -  
t r o n  motion. A t  h igher  e n e r g i e s  the  beam s i z e  de- 
c r e a s e s ,  and a t  lower e n e r g i e s  t h e  s p e c i f i c a t i o n  f o r  a 
ten  hour l i f e t i m e  is  relaxed.  

. 

Procedure 

The magnetic f i e l d s  of t h e  superconduct ing mag- 
n e t s  have h igher  o r d e r  components t h a t  impact on t h e  
s t a b i l i t y  o f  t h e  p a r t i c l e  motion. In  t h i s  paper  t h e  
r e s u l t s  of  t r a c k i n g  with P A T R I C I A ( 2 )  a r e  repor ted  when 
t h e  e f f e c t s  of  sys temat ic  and random f i e l d  mul t ipo les  
a r e  included.  The e f f e c t s  of  h igher  o r d e r  f i e l d  'com- 
ponents a r e  introduced a s  t h i n  l e n s  k i c k s  a s s o c i a t e d  
with each magnet element. The magnetic f i e l d  i s  rep- 
resented  a s  : 

B = B, + A B  = ~ ~ ( 1  + l cnr" )  

where: cn=bn + i a n  with bn and an being t h e  normal and 

n 

skew mul t ipo les ,  r = x + i z ,  and 

n = mult ipole  order .  ( n  = 1,2,.. denotes  
quadrupole, sex tupole ,  ... 

The k ick  r '  given t o  a p a r t i c l e  i s  r '  = A B . ~ / B , ~  
with e ,  Bo, and p being the  element length ,  c e n t r a l  
bending f i e l d ,  and r a d i u s  of curva ture ,  r e s p e c t i v e l y .  
The k ick  f o r  t h e  d i p o l e s  is d iv ided  e q u a l l y  and placed 
a t  each end o f  t h e  d ipole :  the  k ick  a s s o c i a t e d  with a 
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quadrupole i s  placed a t  t h e  c e n t e r  of t h e  quadrupole. 
Ateeach element t h e  k ick  r '  i s  evaluated,  and t h e  
p a r t i c l e  coord ina tes  a r e  changed appropr ia te ly :  
x =  x, 2 = 2 ,  x' = x' + R e ( r ' ) ,  and z '  = z'  + I m ( r ' ) .  

mul t ipo le  e r r o r s  of  Table I a r e  used t o  genera te  a s e t  
of  mul t ipo le  e r r o r s  f o r  each magnet i n  t h e  l a t t i c e .  
The random mul t ipo le  e r r o r s  a r e  s e l e c t e d  from a 
Gaussian d i s t r i b u t i o n  t h a t  i s  t runca ted  a t  530. 
magnets having l a r g e r  devip t ions  from t h e  average w i l l  
be r e j e c t e d  and reworked). 

having equal  emi t tances  i n  t h e  hor izonta l  and v e r t i c a l  
p lanes  and wi th  t h e  i n i t i a l  condi t ions  x # 0 ,  z # 0 ,  
x'=z'=O. Typical  runs  were made f o r  1000 t r a v e r s a l s  of 
t h e  l a t t i c e .  The amplitude o f  t h e  t e s t  p a r t i c l e  was 
increased  i n  f i x e d  s t e p s  u n t i l  an amplitude was reached 
where t h e  p a r t i c l e  d i d  n o t  surv ive  t h e  s p e c i f i e d  number 
of  t r a v e r s a l s .  To reduce spur ious  r e s u l t s  due t o  
i s o l a t e d  regions o f  s t a b i l i t y ,  t h e  amplitude s t e p  was 
smal l  (1.0.36 mm i n  a focusing quadrupole of  t h e  a r c ) ,  
and t h e  requi red  number of t r a v e r s a l s  of  t h e  l a t t i c e  
was l a r g e  (1000). The maximum i n i t i a l  be ta t ron  ampli- 
tude f o r  which p a r t i c l e  motion is s t a b l e  was determined 
when t h e r e  were no l i m i t s  imposed by t h e  dimensions of 
the  vacuum chamher--dynamic aper ture .  

In t h e  s imula t ions ,  rms va lues  of  t h e  random 

(RHIC 

Most s t u d i e s  have been made with a t e s t  p a r t i c l e  

S tudies  

E f f e c t s  o f  random mul t ipo les  

The dynamic a p e r t u r e  with sex tupoles  t o  c o r r e c t  
chromat ic i ty  to  zero  but  with no mult ipole  e r r o r s  i s  
' 4 7  mm a t  AP/P = 0% when two sextupole  f a m i l i e s  a r e  
used. The dynamic a p e r t u r e  when random mul t ipo les  a r e  
p r e s e n t  has  been repor ted  i n  an e a r l i e r  work(3) .  In 
those s t u d i e s ,  t h e  amplitude of  a t e s t  p a r t i c l e  having 
the  i n i t i a l  coord ina tes  mentioned above and with equal  
emi t tances  cX = p Z  was g r a d u a l l y  increased  t o  determine 
t h e  maximum s t a b l e  i n i t i a l  amplitude. This  procedure 
was repea ted  f o r  ' a l l  t en  s e t s  o f  random mult ipole  
e r r o r s .  The average of  these  determinat ions was con- 
s i d e r e d  t o  be t h e  dynamic aper ture .  The dependence of 
t h i s  dynamic a p e r t u r e  on t h e  momentum devia t ion  AP/P 
is  shown i n  Fig. 1. Random mul t ipo le  e r r o r s  a r e  
a t t r i b u t e d  t o  cons t ruc t ion  e r r o r s :  t h u s  t h e s e  r e s u l t s  
a r e  independent of  t h e  beam energy. 

E f f e c t s  o f  sys temat ic  mul t ipo les  

Although RHIC i s  p r i n c i p a l l y  a c o l l i d e r  f o r  oper-  
a t i o n  a t  e n e r g i e s  between 30 and LOO GeV/amu, consid-  
e r a t i o n  is being given t o  opera t ion  a s  a c o l l i d e r  
below 30 GeV/amu and t o  i n t e r n a l  t a r g e t  opera t ion  a t  
e n e r g i e s  a s  low a s  7 GeV/amu. Systematic  mul t ipo les  
due t o  magnet izat ion e f f e c t s  i n  t h e  superconductor and 
s a t u r a t i o n  i n  t h e  i r o n  change wi th  magnet e x c i t a t i o n .  
These mul t ipo les  a r e  l i s t e d  i n  Table I i n  the  columns 
l a b e l l e d  "7" and "100". It is  seen t h a t  t h e  magnitude 
of  t h e  mul t ipo les  changes with e x c i t a t i o n  and t h a t  t h e  
s i g n  of b2 i n  t h e  d i p o l e s  and b5 i n  t h e  quadrupoles  
changes between opera t ion  a t  7 and 100 GeV/amu. 

dynamic a p e r t u r e  has  been determined by t racking .  
s tudy  has  been made i n  t h e  presence of  random mult i -  
p o l e s  with t h e  chromat ic i ty  s e t  to  zero by two f a m i l i e s  
of  sex tupoles  i n  t h e  a r c  c e l l s .  The procedure i s  t h e  

The impact of  these  sys temat ic  mul t ipo les  on t h e  
The 
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Systematic  

1 

2 -1.60 1.04 

3 

4 2.563+2 1.20Et.3 

5 1  
6 I 0.0 2.05E+5 

8 7 1  
9 

QUADRUPOLES 

Random sys temat ic  
gan 7 100 a bn 

-8.00E4-3 8.30E-3 1.68E-2 -8.00E+2 

2.08E-1 7.368-1 

8.32E+O 1.41E+1 

5.63E+2 1.54E+2 

5.12E+3 9.22E+3 -2.05E+3 ' 6.143+3 

3.28E+5 8.19E+4 

3.28E+6 4.92E+6 

1.97Ef8 6.553+7 

2.62E+9 0.0 0.0 2.62E+9 

Table I. Magnet mul t ipo les  i n  u n i t s  of mdn €or RHIC d i p o l e s  quadrupoles. 

same a s  t h a t  descr ibed  f o r  t h e  s tudy made with random 
mul t ipo les  with t h e  except ion t h a t  t h e  complex mul t i -  
pole  c o e f f i c i e n t  cn = bn(sys temat ic )  + b,(random) + 
i an(kandom). A s  before ,  the  quadrupole term ( n = l )  
has  been assumed t o  be zero. 

t h e  i y s t e m a t i c  mul t ipo les  a t  7 and 100 GeV/amu. 
before  t h e  a p e r t u r e  was determined f o r  ten  s e t s  of 
random mul t ipo les  t o  s imula te  ten  p o s s i b l e  machines. 
The r e s u l t s  were averaged; t h e  dynamic a p e r t u r e  t h u s  
obta ined ,  a s  wel l  as its rms d e v i a t i o n ,  were determined 
a t  t h r e e  momenta: The r e s u l t s  
a r e  a l s o  p l o t t e d  i n  Fig.  1. The average va lues  of t h e  
dynamic a p e r t u r e  with and without  sys temat ic  mul t ipo les  
agree  r a t h e r  wel l .  The value f o r  t h e  100 GeV/amu 
mul t ipo les  is low a t  AP/P = -0.5%. 
t r a c k i n g  s t u d i e s  t o  AP/P = 21% r e v e a l s  a nonl inear  
chromat ic i ty  t h a t  causes  t h e  tune t o  leave  t h e  region 
d e s i r e d  f o r  RII IC opera t ion .  The tune dependence on 
momentum i s  more pronounced f o r  the  100 GeV/amu m u l t i -  
po les  than f o r  t h e  7 GeV/amu mul t ipo les ,  and t h i s  
dependence i s  thought t o  be respons ib le  f o r  t h e  low 
va lue  of t h e  dynamic a p e r t u r e  a t  AP/P = -0.5% when t h e  

S tudies  were made t o  e s t a b l i s h  the  inf luence  o f  
As 

AP/P = 0 and 5 0.5%. 

Extension of t h e  

Fig. 1 Dynamic a p e r t u r e  o f  R H I C  i n  t h e  presence of  
random and sys temat ic  mul t ipo les .  

EoX 
Values a r e  averages f o r  ten  independent s e t s  of  random' 
mul t ipo les .  Error b a r s  i n d i c a t e  r m s  d e v i a t i o n s  from 
t h e  average. denotes  random mul t ipo les  only ,  X 
inc ludes  sys temat ic  mul t ipo les  f o r  7 GeV/amu, and 

inc ludes  sys temat ic  mul t ipo les  f o r  100 GeV/amu. 

I n i t i a l  condi t ions :  
E o y ,  8,  = 50.hll, fly = 8.5m, and A, 2 SQRT(E,B,). 

Pandgm 
obn=aan 

1.60E-2 

5.76E-1 

1.47E+l 

4.35E+2 

1.2 3E+4 

3.28Ef5 

9.83E+6 

2.62E+8 

7.86E+9 

100 GeV/amu mul t ipo les  a r e  present ,  Tracking a t  
A P / P  = 51% has been postponed u n t i l  t h e  tunes  a t  these  
momenta have been cor rec ted .  

Coupling 

The nominal o p e r a t i n g  p o i n t  (Qx,Qx) is  (28.823, 
28.826) and l i e s  wi th in  t h e  reg ion  28.800 5 Q 5 28.833 
t h a t  i s  f r e e  of resonances through order  ten.  However, 
opera t ion  near  t h e  p r i n c i p a l  diagonal  with Qx*Qy pro- 
duces coupl ing between t h e  h o r i z o n t a l  and v e r t i c a l  
be ta t ron  motion t h a t  resul ts  i n  t h e  t r a n s f e r  of  emit- 
t ance  back and f o r t h  between t h e  h o r i z o n t a l  and v e r t i -  
cal. p lanes .  
E ~ ,  t h e  i n i t i a l  condi t ions  x , z  # 0,  x'=z'=O r e s u l t s  i n  
t h e  emi t tance  i n  one plane being 
emit tance i n  t h e  o t h e r  plane being 0 5 E-: E ~ .  Use o€ 
a d i f f e r e n t  s e t  of  i n i t i a l  condi t ions  x , z '  f 0, x'=z=O 
reverses  t h e  emit tance t r a n s f e r .  The p a r t i c l e  motion 
is  s t a b l e  throughout t h e  repea ted  emit tance t r a n s f e r s ,  
however t h e  emit tance t r a n s f e r  increases  t h e  phys ica l  
aper ture  necessary t o  conta in  a beam having a given 
i n i t i a l  emit tance.  Al te rna te  opera t ing  p o i n t s  have 
been explored wi th  t h e  goa l  of reducing coupling. 
s p l i t  of  one u n i t  between t h e  h o r i z o n t a l  and v e r t i c a l  
tunes  has  been t r i e d ,  b u t  t h e  coupl ing changed l i t t l e .  

Conclusion 

For t r a c k i n g  with equal  i n i t i a l  emit tances  

5 E C 2~~ and t h e  

A 

The dynamic a p e r t u r e s  with and without  sys temat ic  
mul t ipo les  agree a t  AP/P=O and 0.5% and a t  -0.5% f o r  
t h e  7GeV/amu sys temat ic  mul t ipo les .  The dynamic 
a p e r t u r e  a t  AP/P = -0.5% f o r  t h e  100 GeV/amu mult i -  
p o l e s  is lower than t h a t  f o r  t h e  o t h e r  two cases .  
I n i t i a l  runs a t  AP/P = +1% r e v e a l  a chromat ic i ty  t h a t  
moves t h e  tune o u t s i d e  the  reg ion  contemplated f o r  
opera t ion .  
mul t ipo les ,  it is  thought t o  be respons ib le  fo r  t h e  
low dynamic a p e r t u r e  a t  AP/P = -0.5%. 
Ap/P = fl% has been postponed u n t i l  t h e  tune  dependence 
has  been cor rec ted .  Coupling e n l a r g e s  t h e  beam. 
E f f o r t s  t o  reduce coupl ing by s p l i t t i n g  t h e  t u n e s  a r e  
s t i l l  i n  an e a r l y  s t a g e ,  bu t  s t u d i e s  f o r  a tune s p l i t  
of one u n i t  show l i t t l e  i€ any reduct ion  of  coupl ing.  

A s  t h e  s h i f t  is l a r g e s t  f o r  t h e  100 GeV/amu 

Tracking a t  
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