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Howei G. Pugh 
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Lawrence Berkeley Laboratory 
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Berkeley, CA 94720, U.S.A. 

ABSTRACT 

O b j e c t i v e s of h igh energy n u c l e u s - n u c l e u s s t u d i e s a r e 
o u t l i n e d . Bevalac e x p e r i m e n t s on t h e fo rma t ion of ho t h i g h - d e n s i t y 
e q u i l i b r a t e d n u c l e a r m a t t e r a r e d i s c u s s e d . F u t u r e programs a re 
o u t l i n e d , i n c l u d i n g r e s e a r c h a t the CERN ISR. 

INTRODUCTION: DENSITIES AND TEMPERATURES 

In t h i s paper I w i l l g i v e a summary of the p r i n c i p a l o b j e c t i v e s 
for s t u d i e s of h igh energy n u c l e u s - n u c l e u s c o l l i s i o n s . I w i l l d e 
s c r i b e some e x p e r i m e n t s done a t the Bevalac v i t h emphasis on a s p e c t s 
of most i n t e r e s t to h i g h e r energy s t u d i e s , namely, whether an e q u i 
l i b r i um s t a t e i s produced and how i t s p r o p e r t i e s can be d i a g n o s e d . 
F i n a l l y , I w i l l d i s c u s s the nex t s t a g e s of expe r imen t and the e x t e n 
s i o n to very high e n e r g i e s to s tudy q u a r k - g l u o n p l a s m a s , wi th the 
c»-a e x p e r i m e n t s a t the ISR as an impor t an t m i l e s t o n e a long the way. 
R e f e r e n c e s 1-5 p r o v i J e e x t e n s i v e m a t e r i a l for f u r t h e r s t u d y . 

1. O b j e c t i v e s 
The pr imary o b j e c t ! v e for the s tudy of ve ry high energy 

n u c l e u s - n u c l e u s c o l l i s i o n s i s to o b s e r v e the p r o p e r t i e s of n u c l e a r 
m a t t e r under c o n d i t i o n s of high d e n s i t y and t e m p e r a t u r e . Our 
u n d e r s t a n d i n g of a s t r o p h y s i c s r e q u i r e s a knowledge of the e q u a t i o n 
of s t a t e of n u c l e a r m a t t e r a t d e n s i t i e s r a n g i n g from a f r a c t i o n of 
normal t o many t imes normal . S i g n i f i c a n t phase changes of n u c l e a r 
m a t t e r a r e s u s p e c t e d to occur in n e u t r o n s t a r s ; t r a n s i t i o n s to 
quark or h a d r o n i c phases a re p o s s i b l e a t the c e n t e r s of very dense 
s t a r s . Our u n d e r s t a n d i n g of cosmogenes is l i k e w i s e r e q u i r e s a 
knowledge o t t h i s s u b j e c t : in the f i r s t s e c o n d s , i f the " b i g bang" 
t heo ry i s c o r r e c t , t he u n i v e r s e expanded and cooled r a p i d l y through 
a q u a r k - g l u o n phase i n t o a h o t , h i g h - d e n s i t y n u c l e a r m a t t e r phase . 
However, we do not know enough about the h a d r o n i c i n t e r a c t i o n to 
p r e d i c t the b e h a v i o r of n u c l e a r m a t t e r as the d e n s i t y i s i n c r e a s e d 
or to p r e d i c t much about the q u a r k - g l u o n phase excep t i t s 
e x i s t e n c e . Exper iment i s t h e r e f o r e e s s e n t i a l 2nd h igh energy 
c o l l i s i o n s between heavy n u c l e i seem to be the on ly avenue . The 
r e s u l t s of such s t u d i e s may not on ly g ive us the e m p i r i c a l 
in fo rma t ion r e q u i r e d for a s t r o p h y s i c a l and cosmolog ica l s t u d i e s but 
may a l s o c a s t l i g h t on the h a d r o n i c i n t e r a c t i o n , e s p e c i a l l y on the 
o r i g i n of con f inemen t . If we can unde r s t and how n u c l e a r m a t t e r 
behaves when the nuc leons merge i n t o each o t h e r p roduc ing the 
q u a r k - g l u o n p h a s e , we w i l l u n d e r s t a n d the conf inement mechanism. 



-3-

2. Phase Diagram and Equilibrium Paths 
Figure 1 shows a phase diagram for nuclear matter with some 

predictions of transitions from normal nuclear matter to hadronic 

Fig. 1. Phase 
diagram for nuclear 
matter and trajec
tory followed 
during a heavy ion 
collision. 
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and quark phases. The presentation of such a diagram presupposes 
an equilibrium condition at each point, such as can be maintained 
in stars under the influence of "external", i.e., gravitational., 
forces. The region of the diagram that is accessible to low energy 
nuclear physics is confined to a small region near normal density. 
If, as in stars, we could increase the pressure while keeping the 
temperature low, we might find interesting new bound states such as 
pion condensates or density isomers as we proceed towards the 
quark-gluon phase. Increasing the temperature at constant density 
would also lead us to the quark-gluon phase, but we would be 
exploring a different aspect of its properties. 

Heavy ion collisions produce at best a series of quasi-
equilibrium states. The reaction path indicated by the arrow in 
Figure 1 is typical of a collision at Bevalac (or Synchrophasotron) 
energies. It was obtained from an intranuclear cascade calculation" 
using nucleon-nucleon data as input. The calculation shows that the 
transition to quark-gluon matter is approached even at these low 
energies. Such calculations are reliable as long as we do not stray 
too far from ordinary nuclear matter conditions. They provide a 
very useful bar .s of expectation with which to confront observations 
and provide information on a variety of features. They tell us that 
the high density period of the colli ion lasts only 10~23 o r \Q~22 
seconds. We therefore have to disen angle the equation of state 
from the reaction dynamics, which at" only to a limited extent under 
our control. However, there are man properties we can measure. 
For example. Figure 2 shows the prediction of another cascade 
calculation' how the composition of ihe nucleus oust change as 
the density is increased by increasi g the bombarding energy. At 
1 GeV/amu, 202 of the nucleons shoulc be converted to isobars. 

Quark phase 

Kapusta 

file:///q~22
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F i g . 2 . Changing 
c o m p o s i t i o n of 
n u c l e a r m a t t e r 
wi th i n c r e a s i n g 
d e n s i t y ( a c h i e v e d 
by i n c r e a s i n g 
bom ba rd ing e n e r g y ) . 
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3. Temperatures from Pion Spectra 
Experiments with high energy heavy ions have so far been 

carried out only at the Bevaiac (2.1 GeV/amu , ions up to Fe) and 
the Synchrophasotron (4 GeV/amu, ions up to Ne). High temperatures 
are indeed reached in these experiments. Figure 3 shows "~ 
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Fig. 3. Pion inclusive spectra measured in heavy ion collisions. 
Data from reference 8. 
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energy spectra from C + C co l l i s ions and Ne + NaF co l l i s ions a t 
2.1 GeV/arou.8 (NaF is used to simulate a N>? target for the study 
of equal mass c o l l i s i o n s . ) The spectra are seen to be exponential-
th is seems to be true at a l l angles and a l l energies ; if the 
inverse slope is interpreted in terms of a temperature, the 
temperature is very high. The slope does not vary great ly with 
angle—for C + C at 0° i t is (123 MeV) - 1 while for Ne + NaF at 90° 
i t is (102 MeV)"1. 

If we plot the inveTse slope (temperature) against bombarding 
energy, we find the systematic dependence shown in Figure 4. 
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Fig. 4. Energy dependence ot the "temperature" EQ in Ne + NaF 
c o l l i s i o n s . Data from reference 9. 

For t h i s , only data at 90" c m . have been used 
the least dependent on assumptions made about t 
mechanism. The temperatures observed ref lec t t 
the co l l id ing system and i n i t i a l temperatures m 
have l i t t l e proof of the dens i t i es reached exce 
ca lcu la t ions that predict them seem to be in ge 
other observations. I t should also be remarked 
spectra from which these temperatures are deduc 
average over impact parameters. Conditions for 
parameters are of greater i n t e r e s t , as will be 

Before turning from inclusive pion spectra 
c o l l i s i o n s , i t is of in te res t to show Figure 5. 
on pion production" at the laboratory energy of 
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that the inclusive 
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selected impact 
discussed below, 
to central 

This presents data 
200 MeV/amu (only 
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F i g . 5 . Pion 
p r o d u c t i o n a t 90° 
wi th 200 MeV/amu 
beams. P r e l i m i n a r y 
d a t a from r e f . 8 . 
:̂ o ev idence for a 
p i o n i c i n s t a b i l i t y 
i s found. 

50 MeV/amu in the c m . s y s t e m ) . The m i c r o b a r n c r o s s s e c t i o n s a re 
among the lowest so f a r measured a t the B e v a l a c . This measurement 
was itiade to t e s t a p r e d i c t i o n 1 ^ t h a t a break in t h e s l o p e o£ t h e 
i n v a r i a n t c r o s s s e c t i o n would s i g n a l t r a n s i e n t r a d i a t i o n a s s o c i a t e d 
wi th the cr .set of fo rma t ion of a pion c o n d e n s a t e . At t h i s 
bombarding e n e r g y j no e f f e c t i s seen as big as 1^ of the p r e d i c t i o n . 

CENTRAL COLLISIONS 

The q u e s t i o n of whether and under what c o n d i t i o n s e a " i l i b r i u m 
systems can be produced in heavy ion c o l l i s i o n s i s of c a p i t a l 
impor tance to the whole f i e l d of r e s e a r c h , and many s t u d i e s a re 
focused on t h i s q u e s t i o n . Most c a l c u l a t i o n s p r e d i c t t h a t the 
optimum c o n d i t i o n s for p roduc ing and s t u d y i n g high d e n s i t y s t a t e s 
would be in head-on or " c e n t r a l " c o l l i s i o n s . 

1. S e l e c t i o n of C e n t r a l C o l l i s i o n s and Pion P r o d u c t i o n 
C e n t r a l c o l l i s i o n s a r e u s u a l l y s e l e c t e d by means of a type of 

t r i g g e r deve loped by the R i v e r s i d e s t r eamer -chamber g r o u p . The 
p r i n c i p l e i s t h a t in a g r a z i n g c o l l i s i o n many n u c l e o n s in the 
p r o j e c t i l e w i l l not i n t e r a c t and w i l l proceed in the forward 
d i r e c t i o n ( " t a r g e t f r a g m e n t a t i o n " ) . At the h i g h e s t energy of the 
Bevalac t h e s e f ragments f a l l in a forward cone of h a l f ang le about 
6 ° , T h e i r momentum d i s t r i b u t i o n seems to be c o n s i s t e n t with the 
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Ferroi distribution in che projeccile nucleus combined with che beam 
velocity. The central Crigger seleccs events in which few or no 
fragments of the projeccile appear in Che forward direction. 

Figure 6 shows the schematic layout for such a trigger. The 
deteccors respond Co Z£ where 2^ is che charge of each particle. 
Since z\ is greatest when all the charge is concentrated on one 
particle, che upstream detector has che maximum pulse height 
(corresponding Co che beam particle) and the downstream detector has 
a continuous distribution of pulse height down to zero. Cascade 
calculations** indicate chac for equal mass target and projectile 
this should give a unique measure of impact parameter. For unequal 
masses additional information would be necessary. 

C e •*[-/»i Co in 5 • o^ r 

Output oC 

impact Do.sa*" «^cr D 

r-.1 

Fig. 6. Schematic diagram of the central trigger. 

hi 
co 
^n„ 
of 
ge 
ne 

Fi 
ream 
V/am 
d th 
lee t 
His 
lect 
pact 
i-gge 

Th. 
gb v, 
His 

eve 
nera 
utro 

gure 7 shows 
er chamber d 

The tota 
e number of 
ion of inela 
ions seleete 
s 10% of the 
parameters 

r on both n c 

e part icle m 
a lues. The 
ion is <nch> 
3<n,_> «, 18 
nts both nuc 
1 picture is 
ns) includin; 

the effect of such 
ta 1 2 for 4 0Ar + KC1 
1 number of charged pa 
negative pions n^- are 
stic interactions (sol 
d by the trigger (open 
total inelastic cross 
less than about 2.4 fm 
h and n _ is striking, 
ultiplicities shown in 
average number of char 

•\ 42 , and the average 
It is clear that in 

lei must be completely 
one of about 100 seco 
g about 20 pions. 

trigger selection on 
ollisions at 1.8 
rticles per collision n c ̂  
shown for unbiased 
id points) and for central 
points). The trigger 
sect ion and corresponds to 
The effect of the 

Fig. 7 extend up to very 
gpd particles in a central 
number of pions is 
a substantial fraction 
disintegrated. The 
ndary particles (including 



20 30 4C 

Fig. 7. Total charged particle ncj-, and negative pion n 
multiplicity distributions taken with (lower curves) and without 
(upper curves) a central trigger bias. Data from reference 12. 

The energy dependence of the "~ multiplicity is shown in 
Figure 8. This excitation function tests earlv predictions that a 
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signature for pion condensation would be a step in the pion 
multiplicity as a function of beam energy. There is no such step 
at a level of more than a few per cent in the Bevalac energy range. 

Isotropy of the particle emission and energy spectra is not 
necessary for thermodynamical descriptions to be useful. For a 
detailed discussion of this see Hagedorn". However, it is 
interesting to explore to what extent a global equilibrium is 
reached in central collisions and to try to deduce the geometric 
shape of the interaction region. 
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F i g . 9. Angu la r 
d i s t r i b u t ion of 
p ions produced in 
c e n t r a l 4 0 A r + KC1 
c o l l i s i o n s a t 1.8 
GeV/amu. P r e l i m i 
nary d a t a from 
r e f e r e n c e 14. 

C> 
cos G , 

F i g u r e 9 shows the a n g u l a r d i s t r i b u t i o n of "~ for c e n t r a l 
c o l l i s i o n s 1 4 . I t i s forward-backward peaked but not markedly 
so . The ene rgy s p e c t r a fo r c e n t r a l c o l l i s i o n s a r e s t i l l be ing 
a n a l y z e d . I t w i l l be i n t e r e s t i n g to compare them wi th the 
i n c l u s ive d a t a . 
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2. In tens i ty Interferometry 
In tens i ty interferometry has become a much-used method for 

studying the source propert ies when mul t ip le pa r t i c l e emission is 
p r o b a b l e ^ . Heavy ion co l l i s ions provide a new opportunity to 
use th i s technique. Basical. 'y, pairs of iden t ica l pa r t i c l e s are 
observed (in th i s case negative pions) and the cor re la t ion function 

c 2 ( P l . •V 
N(p 1 ,P 2 ) 

i s measured. The choice of N(p) is somewhat problematical , 
especia l ly if strong cor re la t ions are observed. Assuming that this 
problem can be taken care of, and assuming that the pions are 
emitted from a source with gaussian form in both space and time, i t 
can be shown that 

The 
the 

C V P 2 N<1 + a e x p I - - | |V ¥h V 2 T 2 > >]} 
quan t i t i e s R and T represent the spa t ia l and temporal extent of 
source. The quantity a r e f l e c t s the degree of incoherence of 

the source and should be between 0 and 1. 
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Fig. 10. Intensity 
interferometry of 
negative pions from 
central 4^Ar + KCI 
collisions at 
1.3 GeV/amu. 
Prelim inary streamer 
chamber data from 
reference 14. 
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In our e x p e r i m e n t s ^ the d a t a were taken from the s t r e a m e r 
chamber raeaauremencs. They were c o r r e c t e d for the s m a l l Coulomb 
r e p u l s i o n between the p i o n s . N("j£]_ j ] ^ ) w a s e x t r a c t e d u s i n g a l l 
p o s s i b l e p a i r s of p ions and the background was c a l c u l a t e d t a k i n g 
p a i r s of p ions from d i f f e r e n t e v e n t s of the same m u l t i p l i c i t y . 

F i g u r e 10 shows p r e l i m i n a r y r e s u i t s fo r the c o r r e l a t i o n and the 
e x t r a c t e d source p a r a m e t e r s . The time pa rame te r T i s found to be 
ze ro w i th a l a r g e u n c e r t a i n t y . The sou rce r a d i u s R = 5 .4 ± 0 .4 fm , 
r a t h e r l a r g e r than the n u c l e a r r a d i u s of about 4 fm. 

The c o r r e l a t i o n p a r a m e t e r a seems to l i e o u t r i d e the r ange of 
v a l u e s p e r m i t t e d "., the s imple t h e o r y . The p r e l i m i n a r y va lue of 
2.0 ± 0 .25 i s Larger than any p r e v i o u s l y obse rved in such systems 
as iTp, pp, e t c . , where i t r a r e l y app roaches the v a l u e of u n i t y . 
Recent t h e o r e t i c a l work by Gyu las sy*" h a s shown t h a t once t h e 
s imple a s sumpt ions made about the sou rce a r e r e l a x e d , the parameter 
a may t ake on a wide range of v a l u e s . C l e a r l y t h i s i s a hot t o p i c 
to p u r s u e . 

Even though i t i s not s t r i c t l y v a l i d , we have t r i e d to s e p a r a t e 
out p a r t s of the d a t a t h a t migh t r e f l e c t a n o n s p h e r i c a l shape for 
the i n t e r a c t i o n r e g i o n . We d i v i d e d the d a t a i n t o forward , 
backward,and s i d e cones of h a l f a n g l e 45° as shown in F i g u r e 11 . 
The e x t r a c t e d v a l u e s fo r R, T, and a a r e a l s o shown in the f i g u r e . 
The a n a l y s i s s u g g e s t s a n o n i s o t r o p i c s o u r c e , but a more e l a b o r a t e 
a n a l y s i s should be pe r fo rmed , e s p e c ' a i l y i f the a s sumpt ion of 
i n c o h e r e n c e h a s t o be abandoned as impl ied by the l a r g e v a l u e of 
the p a r a m e t e r a. 

A U -f baUc 
R 'J**) 5. Li ±0-L+ tf.z ± o-5 

T (-fWc) <. i-c £ ' <+ 
cc 2.- O * o.^5 i- b * o - 3 

s . rfe 

(0 9 :* o 7 
£ 2 f 

i q ± c 5 

i P re I! m ' l a r i ' daf . 

Fig . 11 . E f f e c t of s e l e c t i n g l o n g i t u d i n a l l y or t r a n s v e r s e l y 
emi t t ed p ion p a i r s on the p a r a m e t e r s e x t r a c t e d by i n t e n s i t y 
i n c e r f e r o m e t r y . P re l iminary da t a from r e f e r e n c e 14, 
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3 . C lus ter Analyses 
In order to exuract dynamic information from c l u s t e r a n a l y s e s , 

comple te ly r e c o n s t r u c t e d e v e n t s are d e s i r a b l e . So far , we have only 
a few dozen f u l l y measured streamer chamber e v e n t s , and these do not 
yet have p a r t i c l e i d e n t i f i c a t i o n . However, we have many e v e n t s in 
which a l l th<» TT~ have been measured, so i t seemed i n t e r e s t i n g to 
try out the var ious methods on the nega t ive pions by themse lves . 
We have made t h r u s t , s p h e r i c i t y , and minimal spanning tree ana lyses 
of these data . As an i l l u s t r a t i o n a s p h e r i c i t y d i s t r i b u t i o n i s 
shown in Figure 12. This r e s u l t appears i n t e r e s t i n g u n t i l we 

c o r r d a h o ^ S 

: , 5 i -

1 ' ' i ' i ! i 

_ i 

I l | 

• M i l l 

ii 

0-5 

s phe-^'d tij 

F i g . 12. S p h e r i c i t y a n a l y s i s of n e g a t i v e pion d i s t r i b u i i "•', 
produced in °Ar + KC1 c e n t r a l c o l l i s i o n s a t 1.8 GeV/amu. 
P r e l i m i n a r y d a t a from r e f e r e n c e 14. 

compare wi th f i g u r e 13 where the same r e s u i t s a re shown d iv ided by 
an a r t i f i c i a l s e t g e n e r a t e d by c r e a t i n g e v e n t s of the same 
m u l t i p l i c i t y by t a k i n g each pion from a d i f f e r e n t e v e n t , a l s o of 
the same m u l t i p l i c i t y . I t i s t hus seen t h a t the s p h e r i c i t y 
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F i g . 13 . R a t i o between the 
s p h e r i c i t y d i s t r i b u t i o n of 
F i g . 12 and a d i s t r i b u t i o n 
g e n e r a t e d by choos ing pions 
from d i f f e r e n t e v e n t s . 
P r e l i m i n a r y d a t a from 
r e f e r e n c e 14. 

Sphi 

d i s t r i b u t i o n c o n t a i n s no new i n f o r m a t i o n beyond what was p r e s e n t in 
the m u l t i p l i c i t y d i s t r i b u t i o n and the p ion s p e c t r a t aken s e p a r a t e l y . 

Such a n a l y s e s a r e s t i l l in the e a r l i e s t s t a g e s and we have not 
ye t been a b l e to app ly them to d a t a expec ted to c o n t a i n impor t an t 
dynam ic i n f o r m a t i o n . 

S t r a n g e P a r t i c l e P r o d u c t i o n 
v a l a c i s c l o s e to the p r o d u c t i o n t h r e s h o l d for K, A, Z in 
c leon c o l l i s i o n s . F i g u r e 14 snows the t h r e s h o l d s and the 
n u c l e o n - n u c l e o n energy i.n Ar + KC1 c o l l i s i o n s a t 
u i n c l u d i n g the Fermi mot ion in both t a r g e t and 

The m a j o r i t y of the p a r t i c l e p a i r s a r e above t h r e s h o l d 
a t e d p r o d u c t i o n but be low t h r e s h o l d for p a i r p r o d u c t i o n 

s p e c t r a have been measured a t the s t r e a m e r chamber for 
l l i s i o n s of 4 0 A r + KC1 at 1.8 G e V / a m u . 1 7 The c r o s s 
r •'• p r o d u c t i o n i s 7.6 t 2 .2 rob for c e n t r a l c o l l i s i o n s 
r o s s s e c t i o n of 180 mh ( impac t pa ramete r <2.4 fm). This 

'•• per c e n t r a l c o l l i s i o n on the a v e r a g e . 

The Be 
nuc leon-nu 
e 11 ec 11 ve 
1.8 GeV/am 
projectile 
tor associ 
of kaons. 

The A 
central co 
section to 
having a c 
gives 0.04 
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Fig. 14. Effect of 
Fermi motion on the 
energy avai lable for 
part ic le p roduct ion in 
nucleon-nucleon binary 
c o l l i s i o n s . Ca l cu la t i on 
is fo r 4 0 A r + KC I at 
1.8 GeV/amu. 

About 50 As have been observed as shown in the momentum sca t te r 
p lo t of Figure 15. These d.'ta a - " not corrected fo r de tec t ion 
e f f i c i e n c y . The shaded area has d e u c t i m e f f i c i e n c y equal to 
c c r i . The c i r c l e shows the phase space l i m i t for A product ion in 
:ree nucleon-nucleon c o l l i s i o n s at the beam energy. 

4 0 
Ar + KC1 — . 18 GeV/n 

P ; m (Ge V/cJ 

F ig . 15. Sca t te r p lo t of A product ion in the streamer chamber, as 
a func t ion of p,. and p, ( c m . ) . Data from reference 17. 



-15-

Table I shows the mean transverse and longitudinal A momenta 
(efficiency corrected). It is interesting that the average 
transverse momentum is about the same as the average longitudinal 
momentum. For an isotropic distribution it would be greater by a 
factor of V 2 . 

Table I 

Average transverse and l o n g i t u d i n a l momenta in 
the cm system for A production in ^ u A r + KC1 

at 1.8 GeV/amu, compared with var ious c a l c u l a t i o n s 

P l ( G e V / c ) p.|(GeV/c? 

Data 0 .49 0 . 4 3 

AA 0 . 2 1 0 .21 

R S C f i r e b a l l ) 0 .22 0 .23 

R S C i n i t i a l ) 0 .28 0 .64 

The r e s - u l t s of t h r e e s i m p l e a t t e m p t s t o e x p l a i n tne d a t a a re 
a l s o shown in t h e t a b l e . The AA c a l c u l a t i o n i n c l u d e s on ly Fermi 
mo t ion of the i n t e r a c t i n g n u c l e i . I t c l e a r l y f a i l s to i n t r o d u c e 
s u f f i c i e n t high momentum components . The RS ( f i r e b a l l ) c a l c u l a t i o n 
shows the e f f e c t of i n t r o d u c i n g one r e s c a t L e r i : i g of the 
( a p p r o x i m a t e l y the expec ted number) from an e q u i l i b r a t e d system 
wi th a t e m p e r a t u r e de te rmined from the p ion spec t rum. This a l s o 
f a i l s . The RS ( i n i t i a l ) c a l c u l a t i o n uses one r e s c a t t e r i n g from a 
system in which a l l the nuc l eons s t i l l have t h e i r i n i t i a l momenta. 
This b o o s t s the l o n g i t u d i n a l momenta by more than the r e q u i r e d 
amount but s t i l l does no t a d e q u a t e l y e x p l a i n the t r a n s v e r s e 
momenta. The p a r t i a l s u c c e s s for the t h i r d model i s c o n s i s t e n t 
wi th the idea t h a t p r o d u c t i o n o c c u r s in the very f i r s t 
c o l l i s i o n s , be fo re the nucleon e n e r g i e s have f a l l e n below the 
p r o d u c t i o n t h r e s h o l d and a f o r t i o r i be fo re an e q u i l i b r a t e d system 
has been p roduced . However, t h i s model has not e x p l a i n e d the 
t r a n s v e r s e momentum d i s t r i b u t i o n . A d d i t i o n a l d a t a have been 
accumula ted to s tudy t h i s f u r t h e r . 

S ince .'.s a r e s e l f - a n a l y z i n g for p o l a r i z a t i o n , i t was easy to 
e x t r a c t a measure of the p o l a r i z a t i o n : 

P " - 0 . 10 ± 0 . 0 5 . 

This result does not yet have the accuracy to complement high 
energy p-p data. Again we look to improved statistics using recent 
streamer chamb*-- exposures. 

The above measurements for central coll is ions are complemented 
by inclusive K + data.® These are shown in Fig. 16 where data 
from various angles have been combined. Once again it is found 
that rescattering of the outgoing particle is necessary to explain 
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F i g . 16 . The K+ 

spect rum i n 2 . 1 
GeV/amu Ne + NaF 
c o l l i s i o n s . 
P r e l i m i n a r y d a t a 
from r e f e r e n c e 8. 
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tne shape of the spec t rum. U n f o r t u n a t e l y the a b s o l u t e c r o s s 
s e c t i o n for p r o d u c t i o n i n n u c l e o n - n u c l e o n c o l l i s i o n s i s on ly known 
w i t h i n a f a c t o r of two at t h e s e e n e r g i e s , so i t i s not known 
whether the d i s c r e p a n c y in a b s o l u t e y i e l d i s s i g n i f i c a n t . 

Recent unpub l i shed measurements a t Be rke l ey*" hr.ve shown t h a t 
K~ p r o d u c t i o n a l s o o c c u r s even though the t h r e s h o l d for K+K~ 
p r o d u c t i o n ( 2 . 5 GeV) i s we l l above the beam energy per n u c l e o n . An 
i " _ e r e s t i n g p o s s i b i l i t y i s t h a t the K~ i s produced by secondary 
i n t e r a c t i o n of a A or I in the ho t n u c l e a r sys tem. T h i s would 
permi t some i n t e r e s t i n g t e s t s of chemica l e q u i l i b r i u m and of the 
c o n s t i t u t i o n of the n u c l e a r system d u r i n g the c o l l i s i o n , 

COMPOSITE PARTICLE PRODUCTION 

I n i t i a l r e s u l t s a t the Bevalac suppo r t ed q u a l i t a t i v e l y the i<iea 
t h a t d e u t e r o n s and t r i t o n s a r e produced by c o a l e s c e n c e of nuc l eons 
produced i n some p r i m o r d i a l f i r e b a l l . Recent p r e c i s e d a t a shown 
some r emarkah le s y s t e m a t i c b e h a v i o r . 

I t i s found t h a t a power law r e l a t i o n e n a b l e s d, t , e t c . , 
i n c l u s i v e s p e c t r a to be p r e d i c t e d from the p ro ton s p e c t r a from the 
same r e a c t i o n , i . e . , * 

A A 3 

d p A 

where the l e f t - h a n d s i d e r e f e r s to the p r o d u c t i o n of f ragments of 
mass A a t momentum p^ a n d the r i g h t - h a n d s ide r e f e r s to the 
p r o d u c t i o n of p r o t o n s of momentum p p where p p = C l / A ) p A . The 
q u a n t i t y C^ i s a c o n s t a n t . 
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F i g . 17. Deuteron i n c l u s i v e s p e c t r a from heavy ion c o l l i s i o n s a t 
0 . 8 GeV/amu showing a l s o the squa re of the p ro ton i n c l u s i v e s p e c t r a 
a t the same a n g l e s . Data from r e f e r e n c e 9. 
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F i g . 18. T r i t o n i n c l u s i v e s p e c t r a from heavy ion c o l l i s i o n s a t Q. 
GeV/amu showing a l s o the cube of the pro ton i n c l u s i v e s p e c t r a at 
the same a n g l e s . Data from r e f e r e n c e 9. 
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Figures 17,18 show how well this formula works. 
While this result seems to imply a coalescence model, i t would 

also result from local chemical equilibrium.. Further information 
must be extracted not from the spectral shapes but from the values 
of Ĉ  and their dependence on A - r 0 j e c t ^ e , A target» a n c l 

^beam" ^ v a r i e t y of q u e s t i o n s a r i s e : Can we e x t r a c t the source 
r a d i u s ? What i s the f r e e z e - o u t d e n s i t y ? Does t h e e n t r o p y change 
d u r i n g the r e a c t i o n ? These q u e s t i o n s have been a d d r e s s e d r e c e n t l y 
by Nagamiya°»" and S t t i c k e r * ' , among o t h e r s . 

One s t r i k i n g o b s e r v a t i o n i n i n c l u s i v e s p e c t r a ( n o t shown h e r e ) 
i s a l a r g e e x c e s s ( f a c t o r s of 3-4) of n e u t r o n s compared with 
p r o t o n s in secondary s p e c t r a below 100 MeV produced in Ne-Pb 
c o l l i s i o n s . A s imple e x p l a n a t i o n of t h i s r e s u l t i s t h a t n e u t r o n s 
and p r o t o n s a re d e p l e t e d e q u a l l y by t h e fo rmat ion of l o w - i s o s p i n 
c o m p o s i t e s such as d, t , 3Ke, ^He, 6 L i . The d e p l e t i o n of 
p r o t o n s i s s u f f i c i e n t l y ex t reme t h a t the n-p r a t i o in the i n i t i a l 
system i s g r e a t l y a m p l i f i e d . 

ANOMALOUS PROJECTILE FRAGMENTS 

The most e x t e n s i v e l y s t u d i e d p a r t of phase space for heavy ion 
c o l l i s i o n s i s the p r o j e c t i l e f r a g m e n t a t i o n r e g i o n a t 0 ° . Here the 
q u a l i t a t i v e o b s e r v a t i o n i s t h a t n u c l e a r f ragments a r e produced wi th 
v e l o c i t i e s n e a r the p r o j e c t i l e v e l o c i t y . The d a t a a r e t y p i c a l l y 
used to e x t r a c t n u c l e a r Fermi momenta. Some of the p r o j e c t i l e 
f ragments have very unusua l n e u t r o n - p r o t o n r a t i o s , e . g . , N or 
^ S . Such n u c l e i a r e oi i n t e r e s t to map out the b o u n d a r i e s of 
n u c l e a r s t a b i l i t y and to p r o v i d e d a t a fo r as t r o p h y s i c s c a l c u l a t i o n s . 

Among the p r o j e c t i l e f ragments some very r e m a r k a b l e o b j e c t s have 
r e c e n t l y been d i s c o v e r e d . F r i e d l a n d e r , e t a l . ^ ° exposed n u c l e a r 
emul s ions to ^ F e a C \,Q GeV/amu. Figure 19 shows a characteristic 
chain of interactions. The ^°Fe nucleus successively fragments into 
particles of charge 24, 20, 11 before leaving the emulsion. As 
many as seven consecutive stars have been observed in such events. 

Fig. 19. A characteristic chain of interactions in emulsion 
following entry of a 1.88 GeV/an.u ^°Fe (from the le f t ) . Data 
from reference 20. 

- • — - ^ — - f 
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For incident beam pa r t i c l e s the distance before in te rac t ion can 
be used to ex t rac t a mean free path. Figure 20 shows such data for 
l b 0 primaries and how a mean free path of U , 9 ± 0.3 cm is 
ext rac ted . From s imilar data an empirical ru le is derived: 

MEAN F*ZE MIX 
**0 firimaff rn/clti 

A- II.310.3c 
Fig. 20. Measured values of mean 
free path >* for 2.1 GeV/amu 1 6 0 
as a function of distance from 
entry into the emulsion. Data 
from reference 20. 

DISTANCE FROM SCAN LINE tern! 

If we try a s imilar analysis not on beam par t i c les but on pa r t i c l e s 
emerging from nuclear co l l i s ions (in the forward d i rec t ion) we can 
use the above empirical formula to combine data with di f ferent z 
and accumulate good s t a t i s t i c s . This yields the data of Figure 21, 
which do not follow a simple exponential absorption. 

Fig. 21. Mean free path 
parameter A* as a function of 
distance from the point of 
emission of the projec t i le 
fragments. The dashed line is 
the expected value. The solid 
l ine assumes a b% admixture of 
"anomalons" with mean free path 
2.5 cm. Data frcm ref. 20. 

The deviation at small path lengths in Figure 21 can be 
explained if there is a 6% component of a l l fragments with a 
great ly enhanced interact ion probabil i ty and a mean free path of 
2.5 cm, less than that expected for any known nucleus, even 
uranium. Many speculations have focused on nuclear exc i ta t ions 
involving quark degrees of freedom, but no theory has gained 
acceptance. We also await further experiments and other signatures 
beyond an enhanced interact ion cross section. 
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NEXT STAGES OF EXPERIMENTATION 

.1. Upgraded Bevalac 
In 1982 the Bevalac w i l l have beams of a l l i o n s . This w i l l 

permit equal mass c o l l i s i o n s to be extended up to the h e a v i e s t 
masseu. In a d d i t i o n , enhanced i n t e n s i t i e s of such beams as ^^Fe 
w i l l permit counter experiments whereas only emulsion experiments 
have been p o s s i b l e in the pas t . Figure 22 shows the expanded 
c a p a b i l i t y . 

In a d d i t i o n , we completed during 1981 two major i n s t r i m e n t s : 
—the HISS s p e c t r o m e t e r , a 3 Tes la magnetic f i e l d over a 3 m 
d iameter , 1 m gap instrumented with a f l e x i b l e range of d e t e c t o r s . 
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F i g . 22. Per formance of the SuperHILAC-Bevalac now and a f t e r 
i n s t a l l a t i o n of a vacuum l i n e r , p r e s e n t l y in p r o g r e s s . 
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This w i l l i n i t i a l l y be c o n c e n t r a t e d on m u l t i p a r t i c l e measurements 
i n the p r o j e c t i l e f r a g n e n t a t i o n r e g i o n , wi th . n i s s i n g mass 
r e s o l u t i o n of about 1 MeV, and 
— t h e GSI/LBL P l a s t i c B a l l / W a l l , w i th ove r 1000 d e t e c t o r t e l e s c o p e s 
c o v e r i n g 962 of 4TT. Th i s w i l l pe rmi t p a r t i c l e i d e n t i f i c a t i o n and 
energy measurement ove r a u s e f u l range of p a r a m e t e r s «:nd i t w i l l 
make i n v e s t i g a t i o n s of m a n y - p a r t i c l e c o r r e l a t i o n s much e a s i e r . 

For the longe* term f u t u r e , LBL p l a n s to c o n s t r u c t a much more 
powerful accelera tor—VENUS—which w i l l be d e s c r i b e d below. 

2 . E x t e n s i o n to Much Higher E n e r g i e s 
In o r d e r t o probe the t r a n s i t i o n t o a q u a r k - g l u o n plasma much 

h i g h e r e n e r g i e s a r e p r e d i c t e d to be n e c e s s a r y ^ * . 
Tab le I I shows e x i s t i n g heavy ion a c c e l e r a t o r s and p r o p o s a l s 

fo r new o n e s . The beam momentum and range of r a p i d i t y 
( y p r o j e c t i l e - y t a r g e t ) f o r e a c h a r e g i v e n . 

Table I I 

Existing and proposed accelerators for heavy ion studies, 
arranged in order of increasing c m . energy. The momentum 

pc/A is indicated for ions witi 
rapidity range dy between ta 

pc/A Ay 
(GeV/amu) 

S a t u r n e 1.8 1.4 
Nunacron 2 .6 1.7 
Bevalac 2 .9 1.8 
S y n c h r o p h a s o t r o n 4 .5 2 .3 

CERN PS 13.5 3.4 
SIS 100 15.0 3.5 
VENUS 25.0 4 .0 

CERN SPS 200.0 6 .1 

CERN ISR 16.2 7. 1 
VENUS 25.0 o.u 

The Bevalac and the Synchrophasotron are the two presently 
operating heavy ion facilities. Saturne and the Numatron are 
expected to enter this energy range in the next several years. 
Saturne requires only successful operation of the CRYEBIS source. 
The Numatron, in Japan, is expected to be approved for construction 
this year. 

At higher energies two major accelerators have been proposed: 
SIS 100 at GSI, Darmstadt, and VENUS at LBL. VENUS comprises both 
fixed target and colliding beam facilities, *-he latter being about 
60% higher in energy than the ISR. In addition to these, the CERN 

n Z/A - 1/2, as is the 
rget and projectile. 

7.O. Z<10 Z<L00 

now 1981 prop 
prop 

now now 1982 
now now prop 

now prop 
prop 
prop 

prop 

prop 
pr-



f a c i l i t i e s chat have already accelerated alpha pa r t i c l e s are 
obvious candidates for extension into the Z < 10 region, which 
could be done with investment of about 310 M. 

Figure 23 is a graphic representat ion of Table I I , constructed 
so as tu c:: pi ore the capab i l i t i e s of each accelerator in terms of 
parton concepts of the hadronic in te rac t ion . The target and 
p ro jec t i l e r a p i d i t i e s are shown as a function of Y^* * c *-s 

assumed that target and p ro jec t i l e fragments ( i . e . , fragments of 
the nucleous) wi l l occur in a region within ±2 uni ts of rap id i ty of 
the target and p ro jec t i l e r a p i d i t i e s , respect ive ly . 

Fig. 23. The center of mass Y plotted versus c.m. rap id i ty for 
target and p r o j e c t i l e . Lines at ytarget + 2 and y p r o j e c t i l e ~ ^ 
are intended to suggest the range of short-range rapid i ty 
co r r e l a t i ons . A c lea r ly separated central rap id i ty region exis ts 
at ISR and VENUS energies . 

We thus see that at the four low energy accelera tors the partons 
from pro jec t i l e and target may be expected to overlap. New s ta tes 
involving a l l the quarks in both target and pro jec t i le might be 
possible . At the highest energy acce le ra to r s , the pro jec t i le and 
target fragmentation regions are well separated and there is a large 
centra l region of created par t ic les as well . 

The energy of the ISR was we 11 chosen to elucidate the rapidi ty 
s t ruc ture of the p-p co l l i s i on . It fa l l s by a factor of two for 
ions CZ/A = 1/2). The VENUS assign energy was increased ahove that 
of the ISR to compensate for this factor. Note also that the VENUS 
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fixed t a r g e t c a p a b i l i t y has a r e 
p r o j e c t i l e f r a g m e n t a t i o n r e g i o n . 

The h igh energy a c c e l e r a t o r s 
r e g i o n of c r e a t e d q u a r k s and glu 
i n v o l v i n g t h e qua rks of e i t h e r t_ 

In p a s s i n g , no te the v a l u e s o 
c o l l i d i n g uranium n u c l e i would bo 
t h i c k n e s s of a p r o t o n , p r o v i d i n g 
c o h e r e n t m u l t i q u a r k i n t e r a c t i o n s , 
c a p a b i l i t y of a c o l l i d e r wi th y^ 
n u c l e u s , viewed in the l a b o r a t o r y 
t h i c k n e s s of a p r o t o n . In t h i s c 
e f f e c t s must occur and the e n t i r e 
pa r ton l e v e l . 

s o n a b l y w e l l - s e p a r a t e d t a r g e t and 

would permi t s t udy of the c e n t r a l 
ns and of h igh d e n s i t y s t a t e s 
r g e t o r p r o j e c t i l e but not b o t h , 
f y. With Ycm = 2 5 , two 
th be c o n t r a c t e d to l e s s than the 
the u l t i m a t e p o s s i b i l i t y of 

With Y i a D * 25 ( f i x e d t a r g e t 
= 25) t h e p r o j e c t i l e u r an iun 
f rame, i s c o n t r a c t e d to the 

a se a l s o , i n t e r e s t i n g c o h e r e n t 
c o l l i s i o n must be c o n s i d e r e d a t a 

3 . ISR Exper iments 
Recent a -a and p-ct e x p e r i m e n t s a t 

beyond p-p c o l l i s i o n s . Some prel ixnina 
whi le much f u r t h e r d a t a a r e be ing ana l 

S t a r t i n g from t h e most p r e d i c t a b l e 
p r e l i m i n a r y u n c o r r e c t e d v a l u e of 255 ± 
i n e l a s t i c c r o s s s e c t i o n . S ince t h e i r 
v a l u e for the p -p t o t a l i n e l a s t i c c r o s 
low, the a -a r e s u l t shou ld presumably 
i . e . , to 2 90 ± 20 mb. This may be com 
measurement c- f 276 ± 15 mb and a Dubna 
C l e a r l y t h e r e i s no s u r p r i s e . 

R418 a l s o r e p o r t a measurement of 
secondary p a r t i c l e s . Th i s i s shown in 
n e g a t i v e d i s t r i b u t i o n s agree q u i t e wel 

the ISR g i v e our f i r s t look 
ry r e s u l t s a r e a v a i l a b l e - ^ , 
yzed . 

q u a n t i t y , R418 r e p o r t s a 
20 mb for the t o t a l 

d e t e c t o r gave an u n c o r r e c t e d 
s s e c t i o n t h a t was about 7% 
be i n c r e a s e d by about 1%, 
pared w i th a Bevalac 

easureroent of 304 ± 20 mb. 

the r a p i d i t y d i s t r i b u t i o n of 
F igu re 24. The p o s i t i v e and 

1 near y-^ = 0 i n d i c a t i n g a 

\i \ r \ * < r 3 « r . e 1 

1 f -

i 1 " 

F i g . 24. R a p i d i t y d i s t r i b u 
t i o n s for p o s i t i v e and nega
t i v e p a r t i c l e s produced in 
a -a c o l l i s i o n s a t 15.5 
GeV/amu c m . P r e l i m i n a r y 
da t a from R 4 1 8 , r e f . 22. 

' » 
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clear separation of the central region from the target 
fragmentation region. The central value (dn/dy)„=Q is difficult 
to compare with the p-p value since the p-p datd were taken at 
twice the energy. However, after correcting for the k'iown energy 
dependence in p-p collisions it is found that 

£l . ,o/ ( S ) 0.1 
pp,y=0 

This value is consistent with the constituent quark model 
9-1 , . ^ prediction of flialas and CzyziL->, in which the central region 

production results from the breaking of colored strings. 
Another early result is on the p-j* dependence of TT° 

production, which demonstrates the existence of coherent effects. 
Figure 25 shows the ratio of the cross section to that for p-p 

5 0 < 1 

Uc 
4 0 - 4 ' " 

Uc 1 ' 

c O 
1 1 

- f i t f f l < 
« > 

• i C :A_* 
to 

p T(0*//0--» 

rig. 25. R«ii 
SeLween *a pro
duction in -
collisions and 
p-p collisions 
at 15.5 GeV/amu 
c.m. Pre i im i-
nary data from 
R 108, ref. 22. 

4-e> So $•0 lO ,' 
c o l l i s i o n s . The y i e l d i s s u b s t a n t i a l l y g r e a t e r than the v a l u e of 
*2 = 16, which would be the most optimistically large value in 
the absence of coherent effects. It is remarkable that this 
effect, previously observed in p-A collisions by Cronin, et al- ^ 
should show up in such a small system. 

It will be interesting to see the other results when they 
become available. It would be even more interesting to extend the 
value of A. As I indicated earlier, this could be done ac lease up 
to Z '- 10 by constructing a new linac injector at a cost of about 
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$10 M. Some of us a r e p r e s e n t l y e x p l o r i n g the p o s s i b i l i t y of an 
i n t e r r e g i o n a l consor t ium to ex t end the l i f e of the ISR for a 
program of l i g h t i on r e s e a r c h a f t e r i t s schedu led c l o s u r e for 
p a r t i c l e p h y s i c s a t the end of 1983. 

4 . Very Heavy Seams and Very High E n e r g i e s 
For a f u l l program a d e d i c a t e d a c c e l e r a t o r i s n e c e s s a r y , wi th 

beams of t h e h e a v i e s t i o n s and comprehens ive f a c i l i t i e s for both 
f ixed t a r g e t and c o l l i d i n g beam r e s e a r c h . F i g u r e 26 shows the 
l a y o u t fo r the VENUS f a c i l i t y a t Lf lL" t which i s i n j e c t e d by 
beams from the e x i s t i n g SuperHILAC. I t could be o p e r a t i n g by the 
end of 1988 but has not ye t been approved for c o n s t r u c t i o n . 

V E N U S 
SELATIVISTIC HEAVY ION ACCELERATOR 

AND STORAGF RING 

F i g . 26. One of the proposed^ l a y o u t s for the VENUS a c c e l e r a t o r a t 
LBL. The f a c i l i t y w i l l i n c l u d e f ixed t a r g e t and c o l l i d i n g bê im 
c a p a b i l i t i e s a t 25 GeV/amu for Zlk = 1/2 (50 GeV p r o t o n s , 20 
GeV/amu u ran ium) . 
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What could one expect in a U-U c o l l i s i o n at these e n e r g i e s ? 
1) I f the coherent enhancement of high pf y i e l d s c o n t i n u e s , we 
may expect 1-2. 10 6 t imes the y i e l d at high p T compared with p -p 
c o l l i s i o n s ^ 
2) It we use Landau theory u> s c a l e Iron, p-p to A-A c o l l i s i o n s , we 
obta in the r e s u l t s shown in Figure 27. The l e f t -hand s c a l e shows 
the m u l t i p l i c i t y observed i - p-p c o l l i s i o n s , whi le the r ight-hand 
s c a l e shows the projec ted m u l t i p l i c i t i e s for U-U c o l l i s i o n s . The 
l a t t e r are enormous. Note in p a r t i c u l a r the large y i e l d s of kaons, 
which might permit production of tnu l t i s t range o b j e c t s . 
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F i g . 27. Measured charged p a r t i c l e m u l t i p l i c i t y in p-p c o l l i s i o n s 
and an e x t r a p o l a t i o n to U-U c o l l i s i o n s a t the same ene r^v per 
nuc l e o n . 
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3) F i n a l l y , an impor t an t r e a s o n to go to l a r g e A i s to c r e a t e a 
system in which e q u i l i b r i u m h a s a chance t o become e s t a b l i s h e d . In 
t h i s c o n t e x t , K a j a n t i e and M i e t t i n e n ^ " have c a l c u l a t e d the 
t r a n s i t i o n from q u a r k - g l u o n plasma t c h a d t a n gas foi a I' U 
c o l l i s i o n . They find t h a t t h e r e would be 50 ,000 g l u o n - g l u o n 
c o l l i s i o n s and 4000 q u a r k - g l u o n c o l l i s i o n s in the coo l ing-down 
s t a g e , s u r e l y enough to make s t a t i s t i c a l c o n s i d e r a t i o n s not on ly 
v a l i d but i n e s c a p a b l e . 
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