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Abst rac t  

Tracking s t u d i e s  on R H I C  f o r  the emi t tances  and 
momentum spreads  necessary  f o r  o p e r a t i o n  a t  30 and 100 
GeVlnucleon have been made when the e f f e c t s  of random 
and sys temat ic  magnet e r r o r s  are included.  All tes t  
p a r t i c l e s  are s t a b l e  f o r  t h e  emi t tances  requi red .  Tune 
s h i f t s  from sys temat ic  b2 are compensated by t h e  chrom- 
a t i c i t y  c o r r e c t i n g  sex tupoles  of t h e  a r c s .  Tune s h i f t s  
from sys temat ic  b3 and b4 are compensated by c o r r e c t i o n  
c o i l s  placed a d j a c e n t  t o  t h e  arc quadrupoles .  The e m i t -  
t ances  r e q u i r e d  f o r  o p e r a t i o n  are s i g n i f i c a n t l y  smaller 
than t h e  emi t tance  corresponding t o  t h e  dynamic a p e r t u r e .  

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

The a p e r t u r e  r e q u i r e d  f o r  RHIC o p e r a t i o n  a t  30 and 
100 GeV/nucleon i n  t h e  presence  of random and sys temat ic  
mul t ipo les  and w i t h  c o r r e c t i o n  elements  has  been d e t e r -  
mined by p a r t i c l e  t r a c k i n g  w i t h  PATRICIA.1 In a d d i t i o n  
t o  determining t h e  dynamic a p e r t u r e  corresponding t o  t h e  
l a r g e s t  i n i t i a l  b e t a t r o n  ampli tude f o r  which motion i s  
s t a b l e  throughout  t h e  d u r a t i o n  of t h e  t r a c k i n g  run 
(400 t u r n s ) ,  t h e  requirement  t h a t  t h e  b e t a t r o n  tune  of 
t h e  test  p a r t i c l e  must s t a y  w i t h i n  t h e  r e g i o n  s e l e c t e d  
f o r  RHIC o p e r a t i o n ,  i . e .  28.000 2 v 2 28.833 f o r  both 
t h e  h o r i z o n t a l  and v e r t i c a l  motion h a s  been imposed. 

The range over  which R H I C  must o p e r a t e  inc ludes :  
1) 
poles  r e s u l t i n g  from magnet iza t ion  e f f e c t s  are impor- 
t a n t ,  2 )  o p e r a t i o n  as a c o l l i d e r  a t  30 GeV/nucleon 
where sys temat ic  m u l t i p o l e s  are smal l  bu t  where beam 
s i z e  due t o  intrabeam s c a t t e r i n g  is  l a r g e ,  and 3) oper- 
a t i o n  a t  100 GeV/nucleon where t h e  beam s i z e  i s  compar- 
a t i v e l y  small  bu t  where sys temat ic  m u l t i p o l e s  due t o  
s a t u r a t i o n  e f f e c t s  are important .  The p r e s e n t  s tudy i s  
l i m i t e d  t o  c o n s i d e r a t i o n  of 30 and 100 GeV/nucleon oper- 
a t i o n  a t  t h e  des ign  i n t e n s i t y  of NB = 1.1 x l o 9  Au i o n s /  
bunch as w e l l  as p o s s i b l e  h igh  i n t e n s i t y  opera t ion  a t  
100 GeV/nucleon wi th  Nb = 5.5 x l o 9  Au ions/bunch. 

i n j e c t i o n  a t  11 GeV/nucleon where sys temat ic  mul t i -  

The requirements  f o r  b e t a t r o n  a p e r t u r e  and t h e  mo- 
mentum spread needed f o r  t h e  r f  bucket are l i s t e d  i n  
Table 1. 
6u(mm) correspond t o  t h e  t o t a l  emi t tance  = r A e 2 / p  
where E t  = + with  E~ and E being  t h e  emi t tances  
i n  t h e  h o r i z o n t a l  and v e r t i c a l  p l a n e s ,  r e s p e c t i v e l y .  

Hence a t  30 GeV/nucleon, t h e  t o t a l  e m i t t a n c e  is  

The e n t r i e s  f o r  t h e  b e t a t r o n  ampli tude AB = 

= T A ~ ~ / @  = 6 . 4 8 ~  mm mradians (a = 5Om). 

Table 1. Parameters f o r  RHIC o p e r a t i o n .  
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Magnet Mult ipoles  

Magnet m u l t i p o l e s  f o r  s tandard  bore d i p o l e s  and 
quadrupoles  are l i s t e d  i n  Table  2. Random m u l t i p o l e s  
are a t t r i b u t e d  t o  c o n s t r u c t i o n  t o l e r a n c e s  and are as- 
sumed t o  b e  independent of magnet e x c i t a t i o n .  

The s y s t e m a t i c  m u l t i p o l e s  do depend on magnet 
e x c i t a t i o n  w i t h  magnet iza t ion  e f f e c t s  dominating a t  11 
GeV/nucleon and s a t u r a t i o n  dominating a t  100  GeV/nu- 
c leon.  
should be q u i t e  small, however based on FNAL experi-  
ence,2 t h e  random m u l t i p o l e s  may n o t  cance l  completely 
and may produce a n  e f f e c t i v e  sys temat ic  m u l t i p o l e  whose 
s t r e n g t h  can b e  as l a r g e  as +30% of t h e  random mult i -  
p o l e s .  These are t h e  v a l u e s  l i s t e d  i n  Table 2 f o r  30 
GeV/nucleon o p e r a t i o n .  The t a b u l a t i o n  a p p l i e s  t o  di-  
po les  and quadrupoles  having the s tandard  c o i l  I D  of 
8.8 cm. M u l t i p o l e s  f o r  s p e c i a l ,  l a r g e  bore d i p o l e s  and 
quadrupoles  have been scaled f rom Table  2 by a f a c t o r  
of (4.4/r)m w i t h  r be ing  t h e  c o i l  r a d i u s  of t h e  l a r g e  
bore magnet and m = n + 1 f o r  d i p o l e s  and m = n f o r  
quadrupoles .  

The sys temat ic  m u l t i p o l e s  a t  30 GeV/nucleon 

Es t imates  of t h e  s t r e n g t h  of  sys temat ic  m u l t i p o l e s  
t h a t  produce a s p e c i f i e d  tune  s h i f t  have been determined 
us ing  formulae f o r  one dimensional  uncoupled m ~ t i o n . ~  
For R H I C  t h e  m u l t i p o l e  s t r e n g t h  t h a t  produces a tune  
s h i f t  Av = 0.003 (one t e n t h  of t h e  opera t ing  region)  
has  been determined f o r  each order  of mul t ipo le  2LnzlO 
f o r  t h e  m a x i m u m  momentum spread and b e t a t r o n  ampli tudes 
l i s t e d  i n  Table  l.4 
Table 2 under t h e  heading "Tol". These t o l e r a n c e s  are 
used a s  a means of e s t i m a t i n g  t h e  importance of s p e c i f i c  
m u l t i p o l e s  and may be used t o  impact on magnet des ign .  
A s  would b e  expected,  t h e  b2 and b4 sys temat ic  mul t i -  
po les  i n  t h e  d i p o l e s  dominate a l l  o t h e r  mul t ipo les .  
The t o l e r a n c e s  f o r  d i p o l e s  were obtained us ing  average 
v a l u e s  of b e t a  f u n c t i o n s  i n  a r i n g  f i l l e d  wi th  d i p o l e s ;  
t h e  v a l u e s  f o r  quadrupoles  were s c a l e d  by t h e  r a t i o  of 
t h e  d i p o l e  t o  quadrupole  l e n g t h  (9.46/1.24 = 7.6). 

These s t r e n g t h s  are t a b u l a t e d  i n  

La t t ice  

The RHIC l a t t i c e  h a s  been descr ibed  elsewhere.5 
B r i e f l y ,  t h e r e  are two independent s t o r a g e  r i n g s  t h a t  
i n t e r s e c t  a t  s i x  p o i n t s  where BL can be v a r i e d  from 3 
t o  6 meters. Each r i n g  has  t h r e e  superper iods  cons is -  
t i n g  of an i n n e r  a r c  of twelve cells, an i n s e r t i o n ,  an 
o u t e r  a r c  of twelve c e l l s ,  and a second i n s e r t i o n .  The 
cells have a nominal phase advance of 90". For the pres- 
e n t  s tudy ,  small tune  changes have been made by changing 
t h e  phase advance per  c e l l  wi thout  rematching t h e  i n s e r -  
t i o n s .  The l a t t i c e  is  ant isymmetr ic  wi th  r e s p e c t  t o  t h e  
c r o s s i n g  p o i n t s ;  t h e  r a d i u s  of  curva ture  i s  243.88 m. 

The placement of e lements  i n  t h e  c e l l s  of t h e  i n n e r  
and o u t e r  a r c s  i s  shown i n  F igure  1. E f f e c t s  of h igher  
order  f i e l d s  a r e  s imulated by k i c k s  a t  elements MF and 
MD l o c a t e d  a t  t h e  c e n t e r  of quadrupoles and elements MB 
l o c a t e d  at  t h e  ends of t h e  d i p o l e s .  Chromaticity is  
c o r r e c t e d  w i t h  sex tupoles  SF1, SF2, and SD, i n  t h e  inner  
a r c s  and SF,, SD3, and SD4 i n  t h e  o u t e r  a r c s .  F i n a l l y ,  
two f a m i l i e s  of c o r r e c t i o n  elements (MC1 and MC2) 0.5m 
long are l o c a t e d  a d j a c e n t  t o  t h e  defocusing and focusing 
quadrupoles  r e s p e c t i v e l y .  
s e v e r a l  c o r r e c t i o n  c o i l s ,  however i n  t h e  present  s tudy  
only  o c t u p o l e  and decapole  c o r r e c t i o n s  have been used. 

These elements  w i l l  have 
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Table 2. Systematic  and random m u l t i p o l e s  f o r  s t anda rd  bore RHIC d i p o l e s  and quadrupoles.  
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a 
b Exp i n d i c a t e s  expected s t r e n g t h  of sys t ema t i c  mul t ipo le s  i n  u n i t s  of a t  2.5 cm (0.6 x c o i l  r ad ius )  

To1 i n d i c a t e s  s t r e n g t h  of sys t ema t i c  mul t ipo le  t h a t  produces Av = 0.003. 

Sextupoles  

The l a t t i c e  wi th  two f a m i l i e s  of s ex tupo les  f o r  
ch romat i c i ty  c o r r e c t i o n  d i s p l a y s  a s t r o n g  dependence of 
t u n e  on momentum t h a t  is  unacceptable .  Improved tune 
dependence on momentum is achieved when p a i r s  of focus- 
i n g  sex tupo les  of t h e  i n n e r  a r c s  a l t e r n a t e  i n  s t r e n g t h  
by ASF and p a i r s  of defocusing sex tupo les  of t h e  o u t e r  
arcs a l t e r n a t e  by ASD.6 The dependence of tune on 
momentum for  t h e  two sex tupo le  schemes i s  shown i n  
F igu re  2 .  For ope ra t ion  of RHIC i n  t h e  B" = 6m con- 
f i g u r a t i o n ,  ASF/SF, = ASDISD. = 0.31 g ives  optimum cor- 
r e c t i o n  of t une ,  however f o r  6" = 3m, 5SF/SF, = 0.24 
and ASDISD, = 0.175 is  required.  
t u p o l e s  are included,  t h e  va lues  of SF, and SD, change, 
b u t  t o  a good approximation ASF and ASD are unchanged-- 
see T a b l e  3 .  

When sys t ema t i c  sex- 

Operat ion a t  100 GeV/nucleon 

Higher Order Systematic Mult ipoles  

The tune dependence on momentum introduced b y  b4 
and b6 mul t ipo le s  i n  t h e  d i p o l e s  and b5 and bg mul t i -  
po les  i n  the  quadrupoles is shown i n  F igu re  3.  
b u t i o n s  from a l l  but  

Contr i -  
t h e  b4 mul t ipo le s  are n e g l i g i b l e .  

QD 
h 

MC2 MF SF1 MB HB MC1 MLl S D  MB MB MC2 MF SF2 

INNER ARC 

QD 
r - 7  

SD3 MD MC1 ME MB SF MF MC2 MB MB sn4 SD MCI 

OUTER ARC 

Figure  1. 
i n d i c a t i n g  placement of elements.  Kicks (MF and MD) 
r ep resen t ing  t h e  e f f e c t s  of m u l t i p o l e  f i e l d s  are placed 
a t  t h e  c e n t e r  of  quadrupoles QF and QD. Half o f  t h e  
mul t ipo le  f i e l d s  of t h e  d i p o l e s  are a t t r i b u t e d  t o  ele- 
ments MB a t  each end of  t h e  d i p o l e s  (B) .  
SF1, SF2, SD,,  SD3, and SD4 are sex tupo les ,  and elements 
MC1 and MC2 are c o r r e c t i o n  elements. 

Layout of cells  of the inner and o u t e r  arcs 

E l e m e n t s  SF,, 

Complete c o r r e c t i o n  of t h e  dependence of l i n e a r  tune on 
momentum from t h e  sys t ema t i c  b4 p l u s  t h e  r e s i d u a l  con- 
t r i b u t i o n  from t h e  sex tupo les  seen i n  Figure 2 is  pos- 
s i b l e  w i t h  decapole  c o r r e c t o r s  i n  t h e  arcs, however t h i s  
c o r r e c t i o n  produces a s t r o n g  dependence of p a r t i c l e  t une  
on b o t h  momentum and emit tance.  I n s t e a d ,  t h e  decapole 
c o r r e c t o r s  were a d j u s t e d  t o  minimize tune  dependence on 
emit tance.  Th i s  c o r r e c t i o n  produced an accep tab le  de- 
pendence of t une  on ampli tude and momentum i n  t h e  momen- 
tum i n t e r v a l  needed f o r  RHIC o p e r a t i o n  a t  100 GeVInucle- 
on. 
one dimensional motion ( E ~  = 0 and 
Figure 4 .  

Systematic  and Random Mult ipoles  

The tune dependence from bo th  bq  c o r r e c t i o n s  f o r  
= e t )  i s  shown i n  

With t h e  sys t ema t i c  b 2  and b4 co r rec t ed ,  t h e  con- 
t r i b u t i o n  from random sex tupo les  ((sa2 and ob2) as w e l l  
as from random decapoles  ((sa4 and ab41 w a s  determined 
s e p a r a t e l y  when a l l  o t h e r  random mul t ipo le s  were set t o  
zero s t r e n g t h .  For t h e  random sex tupo les ,  t h e  va lues  of 
SF, and SD, r equ i r ed  t o  ach ieve  zero chromat i c i ty  
changed by as much as 5 5 % .  The v a l u e s  of ASF and ASD 
were a l s o  a d j u s t e d  s l i g h t l y ,  bu t  t h i s  adjustment was 
probably unnecessary f o r  ope ra t ion  confined t o  - 0 . 3 6  5 
AP/P 5 0.36%. 

The c o n t r i b u t i o n  t o  the linear tune from random h4 
is  less than Av = 50.01 a t  AP/P = 21% and is less than 
Av = 5.001 f o r  -0.5 5 AP/P 5 0 . 5 % .  I n  a d d i t i o n ,  

bv 
5 t  

2 Fam 

c 
-15 

-1.0 0.0 

bPIP(%) 

1.0 

Figure  2. Tune dependence on momentum f o r  two sextu- 
po le  conf igu ra t ions :  1 )  t w o  f a m i l i e s  w i th  sex tupo les  
SF, and SD, in bo th  t h e  i n n e r  and o u t e r  arcs, and 
2) s i x  family scheme (wi th  f o u r  power supp l i e s )  having 
SF1=SFo+A;F, SF2=SF,-ASF, and SD, i n  t h e  inne r  arcs and 
SP,, SD3=SD,-ASD, and SD4=SD,+ASD i n  the o u t e r  a r c s .  
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Figure 3. Cont r ibu t ion  t o  t h e  l i n e a r  t u n e  from t h e  
sys temat ic  b4 and b g  of a l l  d i p o l e s  and b5 and bg of 
a l l  quadrupoles  ( a r c s  and i n s e r t i o n s ) .  In t h e  momerr- 
tum i n t e r v a l  -0.36 5 P/P 5 +0.36% r e q u i r e d  f o r  100 
GeV/nucleon o p e r a t i o n ,  only b4 needs c o r r e c t i o n .  

0.0 

28.80 t sf 
i 

28.78 I I 

-0.6 0.0 0.6 

APIP(%) I (b) 
28 .84  

i 28 .80  

-0 .6  0 . 6  

Figure  4 .  Dependence of t u n e  v on momentum and emit- 
t a n c e  f o r  two degrees  of decapofe c o r r e c t i o n  when 
s X = O  and E ~ = E ~ :  a )  decapoles  a t  M C 1  and MC2 a d j u s t e d  
t o  f l a t t e n  t h e  l i n e a r  t u n e  ( A ~ 0 . 0 0 0 5 )  i n  t h e  r a n  e 
-1.OLAP/P<1.0%. 
and b) 
tune  s h i f t  w i t h  emi t tance .  
MC2=1.37~104 m-4. 

MX=4.11x104 z-4 and MC2=1.27x10g m-4. 
decapoles  i n  MC1 and E 2  a d j u s t e d  t o  minimize 

MC1=1.81x1O4 mm4 and 

w i t h  normal i n t e n s i t y ;  t h e  enclosed,  unshaded a r e a  in-  
d i c a t e s  the a d d i t i o n a l  t u n e  reg ion  necessary f o r  oper- 
a t i o n  a t  h igh  i n t e n s i t y .  The p a r t i c l e  a t  E t  = 2.98~1 
mm mradians and AP/P = +0.36% goes beyond t h e  reg ion  
of t u n e  bounded by v = 28.833. 

In a d d i t i o n  t o  determining t h e  tune dependence in 
t h e  i n t e r v a l  of e m i t t a n c e  and AP/P necessary  f o r  oper- 
a t i o n ,  t h e  dynamic a p e r t u r e  has  been determined over  
t h i s  i n t e r v a l  of AP/P t o  determine how near  t o  i t s  s t a -  
b i l i t y  l i m i t  RHIC w i l l  b e  opera t ing .  The dynamic aper- 
t u r e  a s  w e l l  a s  t h e  a p e r t u r e  requi red  f o r  normal and 
h igh  i n t e n s i t y  o p e r a t i o n  a r e  compared on Figure 6. The 
dynamic a p e r t u r e  i s  s i g n i f i c a n t l y  l a r g e r  than t h e  aper- 
t u r e  r e q u i r e d  f o r  normal opera t ion .  

Operat ion a t  30 GeV/nucleon 

A s  mentioned e a r l i e r ,  e f f e c t i v e  sys temat ic  mult i -  
p o l e s  equal  t o  230% of t h e  normal random mul t ipo les  
have been assumed f o r  30 GeV/nucleon opera t ion .  
c o r r e c t i o n  is  needed--the nominal s t r e n g t h s  of SF, and 
SD, must be adjusted--see Table 3 ,  and t h e  major con- 
t r i b u t i o n s  t o  t h e  t u n e  dependence on momentum have been 
c o r r e c t e d  by o c t u p o l e s  and decapoles  i n  t h e  c o r r e c t i o n  
elements  of t h e  a r c s  (The tune  s h i f t  a t  +0.5% i s  

0.007 f o r  each of t h e s e  m u l t i p o l e s ) .  With both  ran- 
dom and sys temat ic  m u l t i p o l e s  p r e s e n t ,  t h e  dynamic 
a p e r t u r e  has  been determined over  t h e  i n t e r v a l  -0.5 5 
AP/P 2 0.5% and i s  compared i n  F igure  7 wi th  t h e  aper- 
t u r e  r e q u i r e d  f o r  o p e r a t i o n  a t  normal i n t e n s i t y .  In 
a l l  c a s e s  t h e  tunes  couple  a t  l a r g e  ampli tudes but  re- 
main w i t h i n  the r e g i o n  bounded b y  28.800 5 v 5 28.833. 

L i t t l e  
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Figure 5. Region of t u n e  space  occupied by t e s t  par- 
t i c l e s  having launching c o n d i t i o n s  (x#O, y#O) and 
(x#O, y'#O). The shaded a r e a  i n d i c a t e s  t h e  r e g i o n  f o r  
opera t ion  a t  normal . i n t ens i ty  (-0.26 2 AP/P 5 0.26% and 
E t  2 1.8411 mm mradian) ,  w h i l e  t h e  unshaded area indi-  
c a t e s  t h e  a d d i t i o n a l  t u n e  reg ion  needed f o r  h igh  inten-  
s i t y  o p e r a t i o n  (-0.36 5 AP/P 5 0.36% and et  = 2.9811 mm 
mradians). For a l l  AP/P, t h e  p a r t i c l e s  m i g r a t e  towards 
and then up o r  down t h e  d i a g o n a l  depending upon whether 
AP/P is g r e a t e r  o r  l e s s  than  zero.  

Discussion 

Tracking runs  made at  AP/P=O wi th  s i x  fami ly  sex tu-  
pole  c o r r e c t i o n  ( four  power s u p p l i e s )  and no s y s t e m a t i c  
o r  random m u l t i p o l e s  i n d i c a t e  a dynamic a p e r t u r e  of 
~ t 4 2 . 5 ~  mm mradians (withncX=ct/2, ;=41.3mm) f o r  f3*=6m 
and ~ ~ = 6 5 . 9 1 1  mm mradians (x=33.Onmt) f o r  B*=3m. 
random m u l t i p o l e s  only a r e  inc luded ,  these  a p e r t u r e s  a r e  
reduced t o  & 2 0 "  f o r  B*=6m and &14.6mm f o r  B*=3m. 
When sys temat ic  m u l t i p o l e s  and c o r r e c t i o n  c o i l s  aye  
added, t h e  a p e r t u r e s  are only  s l i g h t l y  a f f e c t e d :  x=19mm 
f o r  B*=6m and k14.6" f o r  B*=3m. 

When 

These r e s u l t s  a g r e e  w i t h  a previous s tudy7 made at  
Bk=6m w i t h  only random mul t ipo les  present  when averages  
of the t e n  c a s e s  cons idered ,  r a t h e r  than t h e  wors t  c a s e  
v a l u e s ,  a r e  used,  and they a l s o  agree  a t  AP/P=O% wi th  
r e s u l t s  from a s tudy  w i t h  random and s y s t e m a t i c  mult i -  
poles  but  no c o r r e c t i o n  c o i l s . 8  
s t u d i e s  i t  is concluded t h a t  t h e  major l i m i t a t i o n  t o  
t h e  a p e r t u r e  r e s u l t s  from random mult ipoles  and t h a t  
sys temat ic  mul t ipo les  have l i t t l e  e f f e c t  on t h e  aper- 
t u r e  a t  AP/P"-Q. For AP/PSO, lumped c o r r e c t i o n  c o i l s  
compensating t h e  tune  s h i f t s  from t h e  low o r d e r  mult i -  
poles main ta in  t h e  t u n e  w i t h i n  t h e  des i red  r e g i o n  and 
keep t h e  dynamic a p e r t u r e  n e a r  its va lue  a t  AP/P=O%. 

From t h e s e  t h r e e  

-0 .5 0.5 

Figure  6. Comparison of t h e  dynamic a p e r t u r e  wi th  t h e  
a e r t u r e  r e q u i r e d  f o r  100 GeV/nucleon opera t ion  wi th  
B = 3m a t  either 1 x des ign  intensity or 5 x design 
intensity . 
E 
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Figure  7. Comparison of t h e  dynamic a p e r t u r e  with t h e  
a p e r t u r e  r e q u i r e d  f o r  30 GeV/nucleon o p e r a t i o n  with 
E*  = 6m and 1 x t h e  des ign  i n t e n s i t y .  
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