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R H I C  AND QUARK MATTER: A PROPOSED HEAVY I O N  COLLIDER AT 

BROOKHAVEN NATIONAL LABORATORY 

T. Ludlam 
Brookhaven Na t iona l  Laboratory 

Upton, NY 11973/USA 

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

. I n  August, 1983 a Working Group of n u c l e a r  and p a r t i c l e  phys i -  
c i s t s  was convened a t  Brookhaven t o  c o n s i d e r  t h e  b a s i c  parameters 
f o r  a h igh  energy heavy i o n  co l l ider  f a c i l i t y .  
r e sponse  to  a unique set of c i rcumstances  a r i s i n g  from t h e  termina-  
t i o n  of t h e  CBA project and t h e  r e s u l t  of t h e  NSAC long  range  p lan-  
n ing  s tudy '  i n  which an u l t r a - r e l a t i v i s t i c  heavy ion  co l l i de r  w a s  
i d e n t i f i e d  as t h e  impor t an t  new s , c i e n t i f i c  o p p o r t u n i t y  f o r  U . S .  

n u c l e a r  phys i c s .  

e x p l o i t i n g  the e x i s t e n c e  of t h e  C o l l i d i n g  Beam Accelerator, CBA (nee  
ISABELLE) ,  f o r  t h e  g e n e r a t i o n  of heavy ion  c o l l i s i o n s  a t  ve ry  h igh  
e n e r g i e s . 2  
d e d i c a t e d  heavy i o n  c o l l i d e r  which could t a k e  advantage of t h e  work 
a l r e a d y  i n v e s t e d  i n  t h e  CBA pro jec t .  

l e a s t  50 + 50 GeV/amu, emphasizing t h e  need t o  cover  a cont inuous  
range of e n e r g i e s  ex tending  as low 5 + 5 GeV/amu, wi th  ion  masses 
ranging  from p r o t o n s  up t o  A > 200,  and luminos i ty  L > 1025cm-2sec'1 
i n i t i a l l y ,  u l t i m a t e l y  r each ing  much h i g h e r  v a l u e s .  

These parameters were t h e  s u b j e c t  of e x t e n s i v e  s c r u t i n y  a t  t h e  
Quark Matter '83  Conference4 one month l a t e r  a t  which s e v e r a l  of t h e  
w o r l d ' s  l a b o r a t o r i e s  p re sen ted  p o s s i b i l i t i e s  f o r  very  high energy 
n u c l e a r  beam f a c i l i t i e s .  A f t e r  s e v e r a l  days of such d i s c u s s i o n s  a 
round t a b l e  p a n e l  a t  t h e  Conference' s t r o n g l y  endorsed t h e  
recommendations of t h e  August Working Group,  wi th  an emphasis on 
making t h e  top energy as high as p o s s i b l e  wi thou t  s a c r i f i c i n g  t h e  
c a p a b i l i t y  f o r  e x p l o r i n g  t h e  low energy range  as w e l l .  

I n  t h e  months s i n c e  t h e  Quark Matter '83 Conference an i n t e n -  
s i v e  des ign  e f fo r t  has  been c a r r i e d  o u t  a t  Brookhaven f o r  a dedica- 

t e d  R e l a t i v i s t i c  Heavy Ion C o l l i d e r  ( R H I C )  us ing  t h e  e x i s t i n g  s i t e ,  

The meeting was i n  

F o r  some t i m e  t h e r e  had been s t r o n g  i n t e r e s t  a t  Brookhaven i n  

Now t h e  o p p o r t u n i t y  arose t o  c o n s i d e r  t h e  des ign  of a 

I n  its repor t3  t h e  Working Group recommended a top energy  of a t  



. t u n n e l ,  c ryogenic  r e f r i g e r a t o r  and expe r imen ta l  areas of t h e  CBA 
During t h e  cour se  of t h i s  s tudy  a number of h e r e t o f o r e  p r o j e c t .  

unapprec ia ted  features  of a c c e l e r a t o r  p h y s i c s  came t o  l i g h t  
r ega rd ing  t h e  s p e c i a l  case of s t o r i n g  i n t e n s e  beams of h i g h l y  
charged i o n s . 6  Most impor tan t  of these is t h e  phenomenon of 
intrabeam s c a t t e r i n g '  which imposes s t r o n g  l i m i t a t i o n s  on the  
performance of a heavy ion c o l l i d e r .  Nonethe less ,  t h e  r equ i r emen t s  
o u t l i n e d  above can be m e t .  

The Brookhaven RHIC des ign  w a s  completed and submi t ted  as a 
p r e l i m i n a r y  p roposa l '  t o  t h e  U.S. 'Department of Energy du r ing  June  , 
1984.  I t  ca l l s  f o r  a t o p  beam energy  of 1 0 0  GeV/amu f o r  A = 200 ,  
and the  a c c e l e r a t i o n  of i on  masses spanning t h e  f u l l  p e r i o d i c  
table .  The proposed a c c e l e r a t o r  complex u t i l i z e s  t h e  e x i s t i n g  
Tandem Van de Graaff and AGS as source  and i n j e c t o r ,  and w i l l  p ro-  
v i d e  center-of-mass c o l l i s i o n  e n e r g i e s  from 1 .5  + 1.5 GeV/amu t o  1 0 0  
+ 1 0 0  GeV/amu. 

T h i s  range is covered ,  w i th  no gaps ,  us ing  t h e  AGS beams f o r  
f i x e d  t a r g e t  exper iments  ( J s / A  < 5 GeV/amu) ;  one c o l l i d e r  beam stri- 
k ing  an i n t e r n a l  gas  j e t  o r  t h i n  wire t a r g e t  ( 5  GeV/amu < J s / A  < 1 4  
GeV/amu), and t h e  c o l l i d i n g  beams of t h e  C o l l i d e r  i tself  ( 1 4  GeV/amu 

heavy ion  c o l l i s i o n s  over  a spectrum of e n e r g i e s  which begins  j u s t  
above t h e  p r e s e n t  Bevalac,  ex tends  through t h e  range of "maximal 
s t o p p i n g " g  where high energy d e n s i t y  is achieved a t  high baryon 
number, and on up to  t h e  ex t remely  h igh  e n e r g i e s  now being glimpsed 
i n  rare cosmic r a y  even t s .  

a f u l l y  developed c e n t r a l  r a p i d i t y  r eg ion :  an environment as c l o s e  
as we can ach ieve  i n  t h e  l a b o r a t o r y  t o  t h a t  of t h e  very  e a r l y  uni- 
v e r s e  and t h e  baryon-free c o n d i t i o n s  assumed i n  gauge theo ry  calcu- 
l a t i o n s  of f i n i t e  tempera ture  QCD and i n  hydrodynamic t h e o r i e s  of 
the e v o l u t i o n  of a quark-gluon plasma. A t  these e n e r g i e s  w e  have 
access t o  a regime i n  which we know t h e  i n d i v i d u a l  nucleon bags can 
be p e n e t r a t e d ,  d i s l o d g i n g  t h e  c o n s t i t u e n t  quarks  and g luons .  Here a 
p o t e n t i a l l y  p o w e r f u l  probe becomes accessible i n  t h e  form of j e t s  
observed a f te r  propagat ing  through the  new matter created i n  t h e  

* <  J s / A  < 200 GeV/amu). The complete f a c i l i t y  w i l l  t h u s  provide  

I n  t h e  h igh  energy regime achieved w i t h  the c o l l i d e r  w e  expec t  

1 0  c o l l i s i o n .  

covered by t h e  AGS and RHIC complex. I n  t h e  fo l lowing  s e c t i o n s  w e  
d i s c u s s  t h e  de ta i led  des ign  parameters  and performance s p e c i f i c a -  
t i o n s .  

Fig.  1 shows t h e  range of e n e r g i e s  and k i n e m a t i c  t e r r a i n  
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Figure  1. 
The k inemat i c  landscape  a v a i l a b l e  t o  t h e  R H I C  f a c i l i t y ,  
and some e x i s t i n g  machines. The outer  "vee" is t h e  
phase space l imi t - - the  r a p i d i t y  of t h e  i n c i d e n t  
nucleons.  The i n n e r ,  s o l i d  vee d e l i n e a t e s  fragmenta- 
t i o n  r e g i o n s  of width Ay = 2 ,  as observed i n  pro ton-  
p ro ton  c o l l i s i o n s .  The dashed l i n e s  i n d i c a t e  t h e  w i d e r  
(Ay = 4 )  f r agmen ta t ion  regions--and hence narrower cen- 
t r a l  region--expected a t  a g iven  energy  for nuc leus-  
nuc leus  c o l l i s i o n s  wi th  A =200. The h o r i z o n t a l  l i n e s  
i n d i c a t e  e n e r g i e s  reached with the  components of t h e  
AGS/RHIC complex, as w e l l  as i n  t h e  f a c i l i t i e s  which 
p r e s e n t l y  e x i s t  (LBL Bevalac , Dubna Synchrophasotron ) 
and t h e  planned oxygen beams i n  t h e  CERN SPS. 

. 



.II. The R H I C  Design 
11.1 Source and I n j e c t i o n  

F igure  2 is a s i t e  p l an  of t h e  Brookhaven a c c e l e r a t o r  
complex, showing t h e  major components of t h e  RHIC f a c i l i t y .  The 
e x i s t i n g  Tandem Van de Graaff  a c c e l e r a t o r s  w i l l  s e r v e  as source  and 
i n i t i a l  i o n  a c c e l e r a t o r .  The i o n s  w i l l  then  t r a v e r s e  a long (-2000 
f t )  t r a n s f e r  l i n e  to  a s m a l l  Boos ter  synchro t ron ,  from which f u l l y  
s t r i p p e d  ions  a t  an energy  of =320 MeV/amu are i n j e c t e d  t o  t h e  AGS. 

Each p a r t i c l e  bunch t r a n s f e r r e d  from t h e  Boos ter  t o  t h e  AGS i s  
a c c e l e r a t e d  to  t h e  t o p  AGS energy (28 GeV f o r  pro tons :  11 GeV/amu 
f o r  g o l d )  and then t r a n s f e r r e d  to  t h e  C o l l i d e r  by a magnet system 
i n s t a l l e d  i n  t h e  e x i s t i n g  i n j e c t i o n  l i n e  t u n n e l s .  

t o  t h e  AGS has  now begun, as p a r t  of a program t o  a c c e l e r a t e  ion  
beams i n  t h e  AGS f o r  f i x e d  t a r g e t  exper iments  beginning i n  1986. 
These exper iments  w i l l  i n i t a l l y  have the'  Tandem a lone  as ion  source, 
p rov id ing  f u l l y  s t r i p p e d  i o n s  f o r  i n j e c t i o n  d i r e c t l y  i n t o  t h e  AGS up 
t o  s u l f u r  ( A  = 32). Higher masses r e q u i r e  t h e  Booster .  Brookhaven 
h a s  r eques t ed  funds f o r  t h e  Boos ter  as p a r t  of a g e n e r a l  improvement 
of t h e  AGS performance f o r  high energy  phys ic s  experiments .  I f  it 
is funded c o n s t r u c t i o n  is expected t o  begin i n  1986, making it 
o p e r a t i o n a l  i n  1988. 

v e r s e  emi t t ance  ( <  In mm m a d  a t  e x i t ) ,  wi th  an energy  s t a b i l i t y  of 
one p a r t  i n  l o 4 ,  and so is w e l l  s u i t e d  f o r  i n j e c t i n g  heavy i o n s  i n t o  
a synchro t ron .  Using a new type of s p u t t e r  ion  source '  t h e  machine 
can be ope ra t ed  i n  a pulsed  mode wi th  c u r r e n t s  up t o  200 uA. The 
i o n s  p a s s  through two s t r i p p i n g  f o i l s  be fo re  a r r i v i n g  a t  t h e  

b o o s t e r ,  where Gold is i n  charge  s t a t e  +33. 

t h e  Booster  f o r  a r e p r e s e n t a t i v e  sample of ion s p e c i e s .  Here E N  

is the normal ized  emi t t ance  and NB is t h e  t o t a l  number of p a r t i -  
c les  i n  one Booster  f i l l ,  which w i l l  be t r a n s f e r r e d  t o  t h e  AGS as 
one bunch. The maximum number of  p a r t i c l e s  which can be i n j e c t e d  t o  
t h e  Booster  ( t h e  space charge l i m i t )  is g iven  a s  NSC i n  Table 1. 
I t  w i l l  be seen  t h a t  t h e  .beam i n t e n s i t y  is l i m i t e d  by the.Tandem 
c u r r e n t s  f o r  t h e  l i g h t e r  i o n s ,  up t o  Copper, w h i l e  f o r  t h e  h e a v i e r  
i o n s  t h e  maximum i n t e n s i t y  is determined by space charge l i m i t s .  
A f t e r  e x t r a c t i o n  from t h e  b o o s t e r  and on t h e i r  way t o  t h e  AGS t h e  
ions-bass through one more s t r i p p i n g  t a r g e t .  The i o n s  i n j e c t e d  i n t o  
t h e  AGS are then  f u l l y  s t r i p p e d .  

Cons t ruc t ion  of t h e  t r a n s f e r  l i n e  from t h e  Tandem a c c e l e r a t o r s  

1 1  

The Tandem Van de Graaf p rov ides  beams of very  small t r a n s -  

Table  1 shows t h e  c h a r a c t e r i s t i c s  of t h e  beam i n j e c t e d  i n t o  

. .  
. .  

. . . . -  
-. _ , _ .  , '  ..: .:..a,. .', . .  
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Figure  2 .  
S i t e  Layout of the RHIC Project.  



Table  1 

Beam I n t e n s i t y ,  Emittance of I n j e c t i o n  i n t o  t h e  Booster 

N Trev -4 A * *  

E 

Element T *mm emad p s e c  09” x’  l o y  NSC 

Deuterium 8.8 3.81 1 0 0 . 0  438.0 

Carbon 

Sulphur  

Copper 

Iod ine  

Gold 

6.3 

6.0 

3.9 

3.0 

2.3 

5.33 . 22.0 

6.72 6.7 

8.60 4.7 

11.31 3.4 

14.53 3.6 

37.0 

11.0 

5.5 

3.2 

2.2  

*With 8-turn i n j e c t i o n  

**At Av = .1 

Since  t h e  i o n s  are comple te ly  s t r i p p e d  upon i n j e c t i o n  t o  t h e  
AGS, t h e r e  is no requi rement  f o r  improvement of e i t h e r  t h e  vacuum o r  
t h e  rf system of t h e  p r e s e n t  accelerator.  
one bunch a t  a t i m e  from t h e  Booster t o  t h e  AGS, wi th  each bunch 
t h e n  a c c e l e r a t e d  t o  t h e  top energy of t h e  AGS and s e n t  t o  t h e  col- 
l i d e r .  The c y c l e  t i m e  f o r  t h i s  p rocess  is 0.8 Hz. 

Ions  w i l l  be t r a n s f e r r e d  

11.2 The C o l l i d e r  

The l a y o u t  of t h e  c o l l i d e r  is i l l u s t r a t e d  i n  Fig.  3 .  it 
is composed of t w o  i d e n t i c a l  c o n c e n t r i c  r i n g s  i n  a common h o r i z o n t a l  
p l ane .  There are s i x  . c ros s ing  p o i n t s .  
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Figure  3 .  
Geometry of t h e  C o l l i d e r  B e a m s .  

Each ion  Bunch accelerated i n  t h e  AGS is e x t r a c t e d  and t r a n s -  . 

The bunch is then captured  ferred to  one of t h e  t w o  CoPlider  r i n g s .  
by a s t a t i o n a r y  rf bucket.  
f a s h i o n ,  w i th  a t o t a l  of 57 bunches p e r  r i n g .  
of AGS p u l s e s  is requ i r ed  which g i v e s  a f i l l i n g  t i m e  a l i t t l e  more 
than  one minute per  r i n g .  The bunch s e p a r a t i o n  is 67 meters, o r  
about  200 nanoseconds. The major parameters  of the  c o l l i d e r  r i n g s  
are g iven  i n  Table 2.. Some p r o p e r t i e s  of t h e  beams, a t  i n j e c t i o n ,  
are g iven  i n  Table 3 .  

The t w o  r i n g s  are f i l l e d  i n  box-car 
An e q u i v a l e n t  number 



Magnetic R i g i d i t y ,  BP: 

A t  i n j e c t i o n  

A t  top energy 

T r a n s i t i o n  Energy, YT 

H,V Be ta t ron  Tunes, v 

r f  Harmonic Number 

r f  Voltage 1 . 2  MV 

A c c e l e r a t i o n  .Time 1 min 

Table  2 

General  Parameters  f o r  t h e  C o l l i d e r  

Circumference 3833.8 m 

F i l l i n g  Mode 

N o .  of Bunches/Ring 

F i l l i n g  Time/Ring 

P e r o d i c i t y  

Revolut ion Frequency ( 6  = 1) 78.1972 kHZ 

, Box-Car 

57 

= 1 min 

6 

9.65 T*m 

839.50 T*m 

26.4 

34.4 

34 2 



Table 3 

General Beam Parameters  for t h e  C o l l i d e r  

E l e m e n t  Proton Deuter-  Carbon Sulphur  Copper Iodine  Gold 
ium 

I n j e c t i o n  : 
K i n e t i c  
Energy, GeV/A 

Bunch Length 
nsec  

No .  ions /  
Bunchr x 10' 

Top Energy: 
K i n e t i c  
Energy, GeV/A 

Luminosi ty** 
( c m - 2  sec-1) 

28.0  1 3 . 6  

58 .6  58 .6  

1000. 100 

250. 124.9  

a = 0 mrad: 1 . 2 ~ 1 0 ~ ~  ~ 2 x 1 0 ~ ~  

1 3 . 6  1 3 . 6  12 .4  1 1 . 2  

58 .6  58 .6  t 8 . 6  5 8 . 6  

22. 6 . 4  4 .5  2 . 6  

124 .9  124 .9  1 1 4 . 9  1 0 4 . 1  

10.7 

5 8 . 6  

1.1 

100.0 

" I n i t i a l  Luminosity a t  i n j e c t i o n .  
a = beam c r o s s i n g  ang le .  

The i n s e r t i o n  r e g i o n s  are designed t o  provide  some measure of 
f l e x i b i l i t y  i n  t h e  focuss ing  parameters  a t  t h e  c r o s s i n g  p o i n t s ,  so  
t h a t  each i n s e r t i o n  may be opt imized f o r  a p a r t i c u l a r  experiment  o r  
machine func t ion .  The h a l f  ce l l  i n s e r t i o n  l a y o u t  is shown i n  Fig.  
4 .  

BC1 is common magnet f o r  both beams. A f r e e  space of 11 meters on 
e i t h e r  s i d e  of t h e  c r o s s i n g  p o i n t  is a v a i l a b l e  f o r  d e t e c t o r  equip- 
ment. 

The d i p o l e s  B C 1  and BC2 a r e  used t o  d e f i n e  t h e  c r o s s i n g  ang le  or; 
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Figure  4 .  
O p t i c s  of a RHIC H a l f  C e l l  I n s e r t i o n .  

Opera t ion  wi th  beams i n  head-on c o l l i s i o n s  ( a  = 0 )  g i v e s  the 

For Au beams a t  t o p  energy  t h e  rms diamond l e n g t h  is =20 
maximum l u m i n o s i t y ,  and also the maximum l e n g t h  of t h e  luminous 
diamond. 
c m  a t  i n j e c t i o n ,  and grows by n e a r l y  a f a c t o r  of 3 ,  due t o  in t r abeam 
s c a t t e r i n g ,  a f t e r  1 0  hours  of o p e r a t i o n .  
2 m r  t h e  diamond s i z e  can be reduced,  f o r  those exper iments  which 
r e q u i r e  it, by a f a c t o r  of = 4 ,  w i t h  cor responding  r e d u c t i o n  i n  lumi -  
n o s i t y  (see Table 3 ) .  

s p e c i e s  i n  t h e  t w o  beams. 
one r i n g  and gold ions  i n  t h e  other can be carried o u t  w i t h  luminos- 
i t y  1.2 x 1 0 ~ ~ c m - ~ s e c - ~ .  

heavy i o n s  ov.er long p e r i o d s  of t i m e  is t h e  phenomenon of i n t r abeam 
s c a t t e r i n g .  6 - 8  

exchange l o n g i t u d i n a l  and t r a n s v e r s e  momenta through Coulomb scat-  
t e r i n g ,  depends s t r o n g l y  on t h e  charge-to-mass r a t i o ,  being propor-  
t i o n a l  t o  The phenomenon has  been observed i n  e l e c t r o n  and 
pro ton  s t o r a g e  r i n g s ,  and is now understood t o  be the dominant cause 
of beam d i f f u s i o n  f o r  heavy ion  c o l l i d e r s .  
space  charge e f f e c t s  such  as t h e  beam-beam tune s h i f t  and microwave 
i n s t a b i l i t y  go as Z2/A.) 

With a c r o s s i n g  ang le  a = 

The i n s e r t i o n  scheme a l lows  for  o p e r a t i o n  w i t h  unequal ion 
For example, o p e r a t i o n  w i t h  p ro tons  i n  

The most s e v e r e  l i m i t a t i o n  f o r  ma in ta in ing  i n t e n s e  beams of 

T h i s  effect ,  by which p a r t i c l e s  i n  t h e  same bunch 

Z4/A2. 

(By way of comparison, 



Table 4 - 

Experimental  H a l l  Dimensions (Meters) 

Beam Hook Height h 
Length Width Height . Capaci ty  ( t o n s )  

2 o ' c l o c k  

C e n t r a l  H a l l  

Foward H a l l  

"Stub" 

4 o ' c l o c k  

Open Area Pad 

6 o ' c l o c k  

Wide Angle H a l l  

8 o ' c l o c k  

Major- F a c i l i t y  H a l l  

2 Forward H a l l s  

Assembly Bui ld ing  

28 12.0 1.7 

68 ' 7.9 1.7 

91 2.4 1.0 

6.1/20 

5.3* 

2. o *  

57 37.0 2.2 

16 32.0 4.3 10/2 x 20 

1 9. 

16 

19 

15.0 5.2 11/40 

9.0 3.3 6.6* 

19.0 5.2 11/40 + 14/7.5 

*No Crane: C e i l i n g  h e i g h t  g iven .  



I V .  Conclusion;  Cos t s  and Schedules  

The a v a i l a b i l i t y  of completed c o n s t r u c t i o n  work and o t h e r  
assets f r o m  the ISABELLE/CBA p r o j e c t  r e p r e s e n t s  an unprecedented 
o p p o r t u n i t y  to b u i l d ,  a t  minimal c o s t ,  a dedicated heavy ion  faci-  
l i t y  w i t h  beam e n e r g i e s  up to  100 GeV/amu. These assets i n c l u d e  
more than j u s t  the r i n g  t u n n e l .  They i n c l u d e  also: a complete 
i n j e c t i o n  system ( the  Tandem-Booster-AGS Complex) which w i l l  e x i s t  
independent ly  of t h e  c o l l i d e r :  the i n j e c t i o n  t u n n e l s  from t h e  AGS; 

three completed expe r imen ta l  areas ( three more undeveloped e x p e r i -  
menta l  areas also e x i s t ) ;  a c e n t r a l  c o n t r o l  b u i l d i n g .  The c ryogen ic  
r e f r i g e r a t o r  system designed t o  c o o l  t h e  CBA magnets is complete.  
I n  a d d i t i o n ,  Brookhaven has  an exper ienced  superconduct ing  magnet 
group and very  l a r g e  f a c i l i t i e s  f o r  c o n s t r u c t i n g ,  assembling and 
t e s t i n g  superconduct ing  magnets. The f o u r  i n t e r s e c t i o n  r e g i o n s  which 
have a l r e a d y  i n  p l a c e  t h e  s t r u c t u r e s  necessa ry  f o r  an o p e r a t i n g  
expe r imen ta l  area are i n d i c a t e d  i n  Fig.  2. 
2 ,  4, 6 and 8 o ' c l o c k  l o c a t i o n s .  The area a t  4 o ' c l o c k  is an "open 
area," wi th  a completed c o n c r e t e  pad and a u x i l i a r y  b u i l d i n g .  
remaining areas have f u l l y  enc losed  expe r imen ta l  h a l l s  w i t h  overhead 
c ranes .  The s i z e s  of these expe r imen ta l  areas are g iven  i n  
Table 4. The 1 0  and 12 o!c lock  expe r imen ta l  a r e a s  were l e f t  
undeveloped when the CBA p r o j e c t  w a s  t e r m i n a t e d ,  and w i l l  n o t  be 
a v a i l a b l e  f o r  f i r s t - r o u n d  R H I C  exper iments .  

complet ion of t h e  Tandem-AGS t r a n s f e r  l i n e ,  which is now under con- 
s t r u c t i o n ,  and t h e  Synchrotron Boos te r ,  which is planned t o  s t a r t  in  
FY 1986. 'The t o t a l  c o s t  estimate f o r  t h e  C o l l i d e r ,  i n c l u d i n g  con- 
t i ngency ,  is $134.4 M i n  1984 dollars .  T h i s  assumes a c o n s e r v a t i v e  
schedule  of 4 y e a r s  f o r  magnet p roduc t ion  (of  which t h e  first y e a r  
goes  t o  R&D and f a b r i c a t i o n  of t o o l i n g )  and 5 y e a r s  for o v e r a l l  pro- 
ject complet ion.  W i t h  t h i s  s chedu le ,  beams could be a v a i l a b l e  f o r  
t h e  f i r s t  exper iments  du r ing  t h e  l a t t e r  h a l f  of 1990. 

These areas are a t  t h e  

The 

The c o s t  estimate ob ta ined  f o r  t h e  RHIC p roposa l  assumes the 
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Figure  5. 
The half-width f o r  95% beam containment f o r  gold i o n s ,  
as a f u n c t i o n  of t h e  beam energy ,  showing t h e  growth 
wi th  t i m e  due t o  intrabeam s c a t t e r i n g .  



,. The e f f e c t  of intrabeam s c a t t e r i n g  on beams of go ld  i o n s  i n  
t h e  R H I C  l a t t i c e  is i l l u s t r a t e d  i n  Fig.  5 .  T h i s  shows t h e  o v e r a l l  
beam dimension as a f u n c t i o n  of t h e  energy a t  i n j e c t i o n  ( t  = 0 )  , and 
a t  t h e  end of two-hour and ten-hour s t o r a g e  p e r i o d s .  It w i l l  be 
seen  t h a t  f o r  e n e r g i e s  below t r a n s i t i o n  ( Y T  = 2 6 . 4 )  t h e  beams 
become q u i c k l y  very  l a r g e ,  whereas t h e  beam dimension v a r i e s  -by no 
more than  a f a c t o r  of t w o  f o r  e n e r g i e s  above YT. I t  is the s i z e  
of the beam envelope ,  as shown i n  Fig.  5 ,  which m u s t  de te rmine  the 
a p e r t u r e  of t h e  c o l l i d e r  magnets. The "good f i e l d "  r eg ion  of e i t h e r  
quadrupoles  o r  d i p o l e s  should be. l a r g e  enough t o  c o n t a i n  t h e  beam 
envelope f o r  t h e  required range of e n e r g i e s  and s t o r a g e  times. The 
cho ice  of magnet a p e r t u r e  has  a d i r e c t  i n f l u e n c e  on t h e  o v e r a l l  c o s t  
of t h e  machine as w e l l .  For t h e  R H I C  des ign  it w a s  dec ided  t o  set 
t h e  a p e r t u r e  to adequa te ly  c o n t a i n  t h e  beam f o r  e n e r g i e s  above y = 

30,  a f te r  1 0  hours  of s t o r a g e .  Useful  beams are s t i l l  a v a i l a b l e  
down t o  y = 7 ,  b u t  wi th  s h o r t e r  beam l i fe t imes.  A t  y = 7 t h e  t o t a l  
c o l l i s i o n  energy is 7 + 7 GeV/amu, equal t o  t h e  c m  energy of a 
s i n g l e  y = 100  beam s t r i k i n g  a f i x e d  t a r g e t .  Thus t h e  energy  range 
below t h a t  which is a c c e s s i b l e  i n  t h e  c o l l i d e r  mode can be covered 
by o p e r a t i n g  a s i n g l e  r i n g  wi th  one or more i n t e r n a l  f i x e d  t a r g e t s .  
S u i t a b l e  t a r g e t s ,  w i t h  t h i c k n e s s  =lO-'gm can be achieved w i t h  
g a s  jets o r  t h i n  wires. I n  t h i s  way t h e  f u l l  range ,  from - the  lowes t  
AGS energy to  t h e  top  c o l l i d e r  energy can be s t u d i e d ,  wi th  no inac -  
c e s s i b l e  gaps.  The luminos i ty  which is achieved f o r  t h e  v a r i o u s  
modes of o p e r a t i o n  over  t h i s  energy  i n t e r v a l  is shown i n  Fig.  6 .  

Each c o l l i d e r  r i n g  has  approximate ly  200 d i p o l e  and 250 quad- 
rupo le  magnets. These w i l l  be superconduct ing  magnets of a des ign  
opt imized f o r  t h e  heavy ion a p p l i c a t i o n ,  and so w i l l  be q u i t e  d i f f -  
e r e n t  from t h e  magnets designed f o r  CBA. Because of t h e  lower beam 
i n t e n s i t y  and energy,  and a machine des ign  which assumes a s h o r t  
c e l l ,  " s t rong"  focuss ing  l a t t i c e ,  t h e  RHIC'magnets w i l l  be l o n g e r  
(=lo m )  , of smaller a p e r t u r e ,  and have s i g n i f i c a n t l y  lower f i e l d s  
(3.5 T a t  t o p  ene rgy)  than  w a s  t h e  case f o r  t h e  CBA des ign .  A l l  o f  
t h e s e  d i f f e r e n c e s  c o n t r i b u t e  t o  a lower c o s t  f o r  t h e  R H I C  magnet 
system. Candidate  s o l u t i o n s  now undergoing de ta i led  s tudy  c a l l  f o r  
a d j a c e n t  magnets i n  t h e  t w o  r i n g s  t o  s h a r e  t h e  same vacuum v e s s e l ,  
b u t  w i thou t  magnet ic  coupl ing .  These "dua l "  magnets u t i l i z e  a 
s i n g l e  l a y e r  d i p o l e  des ign  based on expe r i ence  wi th  t h e  CBA magnets,  
as w e l l  as d i p o l e s  under c o n s i d e r a t i o n  by t h e  Brown-Boveri Corpora- 
t i o n  f o r  t h e  HERA p r o j e c t  a t  DESY, and d i p o l e s  under s t u d y  f o r  t h e  
ssc. 
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Figure  6. 

The average luminos i ty  f o r  lg7Au beams ove r  t h e  f u l l  
range. of energy a c c e s s i b l e  wi th  AGS and RHIC. 

111. Experiments and De tec to r s  

An exper imenta l  program to  e x p l o r e  a l l  of t h e  f a c e t s  of t h i s  
new p h y s i c s  implies a measurement c a p a b i l i t y  s imi l a r  to  t h a t  which 
w e  see i n  spectrometers f o r  high energy elementary p a r t i c l e  expe r i -  
ments. The des ign  of in s t rumen ta t ion  f o r  exper iments  with u l t r a -  
r e l a t i v i s t i c  n u c l e a r  beams has  r e c e n t l y  been t h e  s u b j e c t  of exten-  
s i v e  workshop a c t i v i t y ,  t 3 ,  l 2  and t h e s e  d i s c u s s i o n s  have 
inc luded  l a r g e ,  g e n e r a l  purpose f a c i l i t i e s  as w e l l  as smaller,  more 
s p e c i a l i z e d  detector systems. 
geometry and k inemat ics  of a l a r g e  so l id  ang le  detector , designed 
f o r  use with  c o l l i d i n g  beams and having t r a c k i n g  and c a l o r i m e t e r y  i n  
t h e  c e n t r a l  r a p i d i t y  r eg ion  and a t  forward ang le s .  
system might have more l i m i t e d  s o l i d  ang le  coverage. 
number of p a r t i c l e s  i n  each of t h e  i n d i c a t e d  r a p i d i t y  i n t e r v a l s  is 
expected t o  be many hundreds.  
exper imenta l  h a l l s  ( t h r e e  of which are a l r e a d y  completed)  allow f o r  
detector systems of t h i s  scale. 

Figure 7a shows very  roughly t h e  

A real  detector 
Note t h a t  t h e  

The RHIC i n s e r t i o n  des ign  and t h e  
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( a )  Schematic l a y o u t  showing t h e  geometry and kinema- 
t i c s  of a d e t e c t i n g  system f o r  c o l l i n g  beam e x p e r i -  
ments.  The a n g u l a r  i n t e r v a l s  cor responding  t o  v a r i o u s  
r a p i d i t y  (y) v a l u e s  are i n d i c a t e d .  A f u l l  s o l i d - a n g l e  
d e t e c t o r  would have t h e  same coverage o n ' e i t h e r  s i d e  of 
y = 0; t h i s  i l l u s t r a t i o n  shows coverage of t h e  c e n t r a l  
r e g i o n  and one of the f r agmen ta t ion  r e g i o n s .  
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(b) The same d e t e c t o r  system, w i t h  k inemat i c s  of f i x e d  
target  o p e r a t i o n .  
s t r i kes  a t h i n  (=lo" gm cm'2) i n t e r n a l  t a r g e t .  

Here, a s i n g l e  beam a t  100  GeV/amu 



Fig.  7b shows t h e  same detector c o n f i g u a t i o n  being used i n  a 
f i x e d  t a r g e t  mode, wi th  o n l y  one of t h e  co l l ider  beams accelerated 
and s t r i k i n g  a t h i n  t a r g e t ,  such as a gas  j e t .  Opera t ion  i n  t h e  
f ixed  t a r g e t  mode--uti l izing, i f  need be,  t h e  same d e t e c t o r s  as i n  
the  co l l i de r  mode--allows experiments  w i t h  good luminos i ty  i n  t h e  
lower energy range where t h e  C o l l i d e r  l u m i n o s i t i e s  would be unaccep- 
t a b l y  small. T h i s  mode of f i x e d  ta rge t  o p e r a t i o n  would n o t ,  of 
cour se ,  r e q u i r e  t h e  expense of e x t r a c t e d  beams, and p rov ides  i n  a 

n a t u r a l  way (as does co l l i de r  o p e r a t i o n )  the,  ex t remely  t h i n  t a r g e t s  
which are c r u c i a l  fo r  n u c l e a r  beams exper iments  and d i f f i c u l t  t o  
r e a l i z e  i n  convent iona l  f i x e d  t a r g e t  o p e r a t i o n  w i t h  e x t e r n a l  beams. 

A clear d i f f e r e n c e  between high energy exper iments  w i t h  
e lementary  par t ic le  b e a m s  and those wi th  u l t r a - r e l a t i v i s t i c  n u c l e a r  
beams is t h a t  i n  t h e  l a t t e r  case most of t h e  e s s e n t i a l  measurements 
involve  s o f t  p a r t i c l e s ,  w i t h  t r a n s v e r s e  momenta and p a i r  masses 
character is t ic  of t h e  k i n e t i c  e n e r g i e s  i n  a thermal ized  plasma. 
These range from near-zero (e.g. cohe ren t  photons of a f e w  MeV pro- 
duced i n  con junc t ion  wi th  l a r g e - s c a l e  charge  f l u c t u a t i o n s )  through 
direct  r a d i a t i o n  from the plasma i n  t h e  range 0.5-3 GeV. T h i s  is i n  
c o n t r a s t  w i t h  t h e  e lementary  p a r t i c l e  case where t he  focus  is 
l a r g e l y  on very  rare p r o c e s s e s  produced i n  t h e  t a i l s  of momentum 
d i s t r i b u t i o n s  (PT > 1 0  GeV)  due t o  ha rd  s c a t t e r i n g  e v e n t s ,  and 
t h u s  backgrounds from sof t  p a r t i c l e s  c h a r a c t e r i z i n g  t h e  average 
p r o p e r t i e s  of e v e n t s  are e a s i l y  e l imina ted .  F o r  nuc lear  beam 
exper iments ,  t h e  s i g n a l s  of i n t e r e s t  must g e n e r a l l y  be e x t r a c t e d  
from t h e  high m u l t i p l i c i t y  component of sof t  p a r t i c l e s .  This  a l so  
i m p l i e s  t h a t  r easonab le  samples of u s e f u l  e v e n t s  can be accumulated 
wi thout  t he  requirement  of e x t r a o r d i n a r i l y  high i n t e r a c t i o n  r a t e s .  

' F o r  t h e  most massive i o n s  ( A  > 2 0 0 )  the n u c l e a r  i n t e r a c t i o n  
c r o s s  s e c t i o n  is =lo barns .  T h i s  means t ha t  a machine w i t h  
l uminos i ty  L = 1023cm-2sec'1 would provide  an i n t e r a c t i o n  r a t e  of 1 
event / sec .  T h i s  is a l r e a d y  a v a s t  improvement over  t h e  p r e s e n t  r a t e  
of accumulation fo r  high energy  cosmic r a y  e v e n t s  ( ~ 1 2  even t s /yea r  
for t h e  JACEE exper iment )  , l 3  bu t  would n o t  allow much f l e x i b i l i t y  of 
t r i g g e r  s e l e c t i o n .  
head-on c o l l i s i o n  p e r  second. With L > 1025cm'2sec'1 q u i t e  
s e n s i t i v e  experiments  become p o s s i b l e .  An upper l i m i t  of usable  
luminos i ty  ( a g a i n ,  fo r  t h e  h e a v i e s t  i o n s )  is probably i n  the  range  
L = 1029cm-2sec'1, where t h e  detectors become exposed to  a f l u x  of 
par t ic les  >10 7sec'1ster''. The des ign  luminos i ty  for  t h e  proposed 

- 

A t  L = 1024cm-2sec'1 w e  have a v a i l a b l e  one 



R H I C  f a c i l i t y  is > 1026cm'2sec-1 f o r  Au beams a t  1 0 0  G e V ,  as 
i n d i c a t e d  i n  Fig.  6. 

1 0  26cm-2sec-1, a new and p o t e n t i a l l y  very  powerful  probe of n u c l e a r  
matter becomes a c c e s s i b l e  i n  t h e  form of l a r g e  t r a n s v e r s e  momentum' 
1et.s. These may allow u s  t o  s tudy  t h e  p ropaga t ion  of e lementary  
qua rks  and g luons  through t h e  high tempera ture  plasma i n  which 
c h i r a l  symmetry is r e s t o r e d ,  as w e l l  as through o r d i n a r y  n u c l e a r  
matter. To do t h e s e  exper iments ,  w e  mus t  d e t e c t  j e t s  among t h e  h igh  
m u l t i p l i c i t y  background of sof t  p a r t i c l e s .  Th i s  background c o r r e -  
sponds to  ~ 3 2 0  GeV of t r a n s v e r s e  energy p e r  u n i t  r a p i d i t y  a t  y = 0. 
The amount of t h i s  energy i n  a cone t h e  s i z e  of a j e t  de t e rmines  t h e  
minimum PT of an obse rvab le  j e t ,  which is e s t i m a t e d  t o  be 40 GeV/c 
f o r  c o l l i s i o n s  of A = 200 beams a t  1 0 0  + 1 0 0  GeV/amu. The e s t i m a t e d  
rate f o r  observ ing  jets i n  heavy ion  c o l l i s i o n s  i n c r e a s e s  ve ry  
r a p i d l y  wi th  i n c r e a s i n g  beam energy ,  a s  i l l u s t r a t e d  i n  Fig.  8. 

- 
\ A t  t h e  very  h i g h e s t  e n e r g i e s ,  and a t  l u m i n o s i t i e s  > ." 
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Figure  8 
The estimated rates f o r  observ ing  je t s  a t  l a r g e  t r a n s -  
v e r s e  momentum, as a f u n c t i o n  of t h e  c o l l i s i o n  energy.  
The c a l c u l a t i o n  (Ref .  1 0 )  is f o r  gold ions  a t  a lumin- 
o s i t y  L = 1027cm'2sec'1. The cu rves  for three d i f f e r -  
e n t  t h r e s h o l d  v a l u e s  of PT are shown. 


