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TOWARDS RELATIVISTIC HEAVY ION COLLISIONS 
"BY SMALL STEPS TOWARDS THE STARS" 

David K. Scott 
. . . i ' ~ ' N 

Nuclear Science Division ' n „<» 
Lawrence Berkeley Laboratory ' I1,.."*''«,-,'"...,""•.•< 
B e r k e l e y , C a l i f o r n i a 97420 .'"Z,,",:,",; :,',.""•', 

INTRODUCTION 

The s tudy of r e l a t i v i s t i c heavy ion c o l l i s i o n s began i n the Heavens and t h a t 
may w e l l be where i t w i l l end. Almost t h i r t y y e a r s ago t h e founda t ion of 
c u r r e n t app roaches to h igh energy i n t e r a c t i o n s between n u c l e i were l a i d , when 
i n t h e pr imary cosmic r a d i a t i o n components w i th Z > 2 were d i s c o v e r e d ( F r e i e r , 
1 9 4 8 ) . At rough ly t h e same t ime t h e o r i s t s were led by t h e p r o p e r t i e s of the 
n u c l e o n - n u c l e o n t e n s o r fo rce to s p e c u l a t e t h a t t he f a m i l i a r s a t u r a t i o n of 
n u c l e a r d e n s i t y m igh t be overcome and t h a t t i g h t l y bound c o l l a p s e d n u c l e i 
migh t occur in n a t u r e ( F e e n b e r g , 1 9 4 6 ) . Today t h e r e a r e many more s p e c ­
u l a t i o n s on the p o s s i b l e phases of n u c l e a r m a t t e r under ex t reme c o n d i t i o n s of 
t e m p e r a t u r e and p r e s s u r e , and t h e s e s p e c u l a t i o n s a r e b e i n g sharpened by t h e 
s t u d y of r e l a t i v i s t i c heavy ion c o l l i s i o n s w i th a c c e l e r a t o r s a t e n e r g i e s up to 
a few GeV/nucleon ( f o r r e c e n t r ev i ews of t h e f i e l d , s e e Goldhaber , 1978; N ix , 
1978 ; Webb, 1978; Bock, 1978) . N e v e r t h e l e s s , for a long t ime to come, t h e 
i n t e r a c t i o n s g e n e r a t e d by u l t r a r e l a t i v i s t i c cosmic r a y s i n the a tmosphere 
w i l l c o n s t i t u t e our on ly source of i n f o r m a t i o n on h a d r o n i c m a t t e r a t v e r y h i g h 
e n e r g i e s of 1 0 6 - 1 0 9 GeV and beyond ( G a i s s e r , 1978) . I n o r d e r to p o r t r a y 
t h i s u n i t y between t h e cosmic and man-made a c c e l e r a t o r s , I show in F i g . 1.1 
t h e Bevalac i n s i d e the e x p l o d i n g m a t t e r of the Crab N e b u l a . This i s a sym­
b o l i c i l l u s t r a t i o n of t h e u n i v e r s a l i n t e r e s t t h r o u g h o u t t h e whole of p h y s i c s 
i n t he c o l l i s i o n of s t r u c t u r e d o b j e c t s , e s p e c i a l l y i n s o f a r as they can be 
e x p l a i n e d i n the c o n t e x t of a m i c r o s c o p i c t h e o r y . I t i s l i k e l y , i n d e e d , t h a t 
t h e s tudy of r e l a t i v i s t i c heavy ion c o l l i s i o n s h o l d s t h e g r e a t e s t hope for 
u l t i m a t e l y r e u n i f y i n g e l e m e n t a r y p a r t i c l e p h y s i c s , n u c l e a r p h y s i c s and 
a s t r o p h y s i c s . 

The r e l e v a n c e of c o a m o l o g i c a l e v e n t s t o r e l a t i v i s t i c heavy ion c o l l i s i o n s i s 
b o t h profound and p r a c t i c a l . I n F i g . 1.2 i s shown t h e t e m p e r a t u r e r e a c h e d i n 
t h e n u c l e a r f i r e b a l l , formed when two heavy ions c o l l i d e , for two a s s u m p t i o n s 
a b o u t t h e h a d r o n i c mass spec t rum ( G l e n d e n n i n g , 1 9 7 8 ) . The curve l a b e l l e d 
" e x p e r i m e n t a l " c o r r e s p o n d s to a mass s p e c t r u m c o n t a i n i n g the known p a r t i c l e s 
w h e r e a s t h a t l a b e l l e d "Hagedorn" c o r r e s p o n d s to t h e b o o t s t r a p h y p o t h e s i s of an 
e x p o n e n t i a l growth of h a d r o n s . In t h i s model the t e m p e r a t u r e l i m i t s a t 
140 MeV which may have been obse rved ( L a a s a n e n , 1 9 7 7 ) , a t e m p e r a t u r e 
a p p r o a c h i n g the l i m i t r eached in the e a r l i e s t r e c o g n i z a b l e moments of our 
U n i v e r s e (Weinberg , 1 9 7 7 ) . 
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In the case of the ne j t ron s t a r s (Baym, 1975) one is faced with the study of 
cold mat ter at super-nuclear d e n s i t i e s , g r ea t e r than 2.8 x 1 0 ^ gm/cm3. 
In such a regime the nuclear fluid is be l ieved l ike ly to undergo a phase t r a n ­
s i t i o n to a Bose condensate of charged pions (Bethe, 1978; Toki, 1978). Heavy 
ion r eac t ions could a lso r e s u l t in nuclear shock waves producing dens i t ies far 
in excess of those thought necessary for the appearance of pion condensates. 
Unlike neutron s tar ma t t e r , however, such shock waves (Hofmann, 1979) would be 
extremely hot . Anomalous pion production might be observed in such highly 
condensed s t a t e s , but the problem of c a l c u l a t i n g an equation of s t a te for a 
hot (T -\, 1 0 1 2 °K), dense (P % 1 0 1 5 - 1 0 1 6 gm/cm 3), s t rongly i n t e r ­
act ing Fermi system remains a formidable task ( I rv ine , 1978). On the prac­
t i c a l s ide i t is f a sc ina t ing that the experiments to determine both the s ize 
of the nuclear f i r eba l l (Fung, 1978) and the degree of coherence or chaos 
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i n the source (Fowler, 1977), use pion in te r fe romet ry , s imi lar to the t ech ­
niques devised to measure the s p a t i a l dimensions of s t a r s and radio-sources 
almost t h i r t y years ago (Hanbury-Brown, 1956) with the Hanbury-Brown and Twiss 
e f f e c t . Bordering on the profound i s the observat ion of so-cal led Centauro 
e v e n t s , believed to be generated by u l t r a high energy cosmic rays (100-
1000 TeV), which generate very few TT° p a r t i c l e s . I t i s conjectured tha t a t 
these energies the s t rong i n t e r a c t i o n may assume t o t a l l y new c h a r a c t e r i s t i c s 
(Ga i sse r , 1978). 

These l ec tu res have the goal of desc r ib ing the current attempts to search for 
the exot ic processes occurring in r e l a t i v i s t i c heavy ion c o l l i s i o n s . But i t 
i s c lear that we must proceed, "By Small Steps Toward the S t a r s . " So we shall, 
s t a r t with Pe r iphe ra l Co l l i s i ons , then Central Co l l i s i ons and f ina l ly the 
Search for the Exo t i c , which exp lo i t s the tools of the t rade that have been 
developed for the study of pe r iphera l and cen t ra l c o l l i s i o n s . 

In order to place the subject in pe r spec t ive , Fig. 1.3 shows the cha rac t e r ­
i s t i c domains of heavy ion physics and the acce le ra to r s recent ly completed or 
under const ruct ion for an a t tack on the new domains. The low energy region up 
to 10 MeV/nucleon has revealed a wealth of new a s p e c t s , some of which are d i s ­
cussed by others l e c t u r e r s at th i s school . The next decade from 10-
100 MeV/nucleon might be expected to hold the l a s t contac t with the t r a d i ­
t i o n a l regime of nuclear physics . Here one might expect to see the l i m i t s of 
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nuclear p o t e n t i a l s , s t a t e s , fusion, angular momentum, mean f i e l d , e q u i l i ­
b r a t i o n , s p a t i a l and temporal l imits and poss ib ly the l imi t s of nuc le i , before 
p a r t i c l e physics aspects become dominant above the pion and strangeness t h r e s ­
holds . The fundamental reason why these l i m i t s become acces s ib l e is that the 
decade 10-100 MeV/nucleon contains the Fermi th reshold , which defines the 
motion of nucleons ins ide the nucleus. We see that many new acce le ra to r s are 
emphasizing th i s energy domain. 

In the decade from 100-1000 MeV/nucleon, the r e l a t i v i s t i c domain, we hope to 
uncover new l imits concerning the nature of nuclear mat te r , of temperature and 
p ressure . Here the acce l e r a to r s ava i lab le a t the present time are the 
Berkeley Bevalac, the Dubna Synchrophasotron and Saturne at Saclay, a l l of 
which reach up to a few GeV/nucleon. A new f a c i l i t y ( the Numatron) i s under 
cons t ruc t ion in Japan, in addi t ion to the SIS Project at GSI in Germany. 
F ina l ly the uppermost decade (10 3 -10^ GeV/nucleon) may be a t tacked by new 
p ro jec t s in Dubna ( the Nuklotron) , at GSI in Germany, and by the VENUS Project 
under considerat ion at Berkeley. These experiments, far in the future, may 
t e l l us something about the phases of hadronic mat ter , e . g . , quark matter , and 
who knows what e l se , I t i s c lear that across the whole spectrum of heavy ion 
physics the emphasis of modern studies of nuclear c o l l i s i o n s is on the 
r e l axa t i on of the l i m i t a t i o n s tha t have been imposed in the study of nuclear 
physics over i t s s ixty year h i s t o r y — l i m i t a t i o n s such as temperatures, 
p r e s su re s , charge and nucleon number (Sco t t , 1978a). 

Before embarking on our journey to Asymptotia and Wonderland i t is useful to 
have a map to guide us over the contours (Bondorf, 1978). The one shown in 
Fig. 1.4 is compiled from some deta i led voyages, some hearsay evidence from 
i n t r e p i d explorers who have ventured out in to the d i s t an t con t inen t s , bringing 
back s t a r t l i n g t a l e s of s t range sights—and some imagination! The plot shows 
the r eac t i on cross sect ion as a function of energy, and e s s e n t i a l l y r e l a t e s 
impact parameter and energy. 

The outer boundary is defined by 0 R = TrR2(l - V/E) where R = Rj + R2 
and V i s the b a r r i e r he igh t . For large impact parameter the cross section is 

HEAVY ION REACTION "PHASE DIAGRAM' 
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Fig. 1.4 
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dominated by grazing processes such as simple t r ans fe r and i n e l a s t i c sca t ­
t e r i n g . For closer c o l l i s i o n s at low e n e r g i e s , the deeply i n e l a s t i c process 
takes over. As i l l u s t r a t e d schemat ical ly , a dinuclear complex may be formed, 
and a c h a r a c t e r i s t i c time can be associa ted with the evolut ion of various 
c o l l e c t i v e modes. Est imates of the r e l axa t ion times provide a na tu ra l h i e r ­
archy for categoriz ing the various degrees of freedom, suc.h as the energy of 
r e l a t i v e motion, the n-p r a t i o , the r o t a t i o n a l degrees of freedom and the mass 
asymnetry (for reviews, Bee Schroder, 1977; Volkov, 1978; Weidenmuller, 1978 
and Lefor t , 1978). As the energy is increased th i s process must merge into 
the s t i l l per iphera l mechanism of abrasion and ab la t ion (a l so i l l u s t r a t e d 
schematical ly on the r i g h t ) . There may noi be time for e q u i l i b r a t i o n in the 
primary stages of the r eac t i on at these high energ ies . 

For c lose c o l l i s i o n s , when the impact parameter i s of the order 1.00 ( A j ' 3 + 
A J / 3 ) fm, deeply i n e l a s t i c r eac t ions merge i n to the complete fusion of a 
compound nucleus (Lefor t , 1974). At r e l a t i v i s t i c energies we can speculate 
that the cen t ra l c o l l i s i o n s lead to a complete explosion in to the cons t i tuen t 
nucleons. The boundaries of t h i s diagram—if they are reasonably sharply 
de l inea ted—conta in a grea t deal of i n t e r e s t i n g physics; we conjecture that 
the t r a n s i t i o n to the high energy processes takes place v ia a region of 
"nuclear bo i l i ng" (Bondorf, 1976). As the average exc i t a t ion inc reases , 
beyond t y p i c a l i n t r i n s i c p a r t i c l e energies (^30 MeV), the nucleons become l e s s 
degenerate , the importance of quantum mechanisms diminishes and c l a s s i c a l 
methods becomes inc reas ing ly app l i cab le . Ins tead of a mean f ie ld desc r ip t ion , 
one may find that the mean free path becomes very short before nucle i lose 
cohesiveness ; hydrodynamic features may come in to play. From the perspect ive 
of general physics, the f i e l d of intermediate energy nucleus c o l l i s i o n s is 
l ike ly to be very i n t ^ r e - ^ i n g . One is ne i t he r in a quantal nor a c l a s s i c a l 
s i t u a t i o n , ne i ther in the one body nor the two body extreme, n e i t h e r close to 
the ad i aba t i c nor the sudden regime. The explanat ion of the phenomena in 
th i s region may therefore requ i re the development of e n t i r e l y new theo re t i c a l 
approaches, which may con t r i bu t e to many branches of physics . 

The f i r s t l ec ture wi l l be concerned with the upper sectors of the diagram, the 
pe r iphe ra l process , the second with the bottom s e c t o r s , the c e n t r a l c o l l i ­
s ions , and the las t wi l l be the u t i l i z a t i o n of t h i s framework for the study of 
exot ic phenomena. 

PERIPHERAL COLLISIONS 

A aemiemperical "black sphere" expression for the react ion cross section of 
beam and t a rge t nuclei of mass numbers A_ and A-j is ( J a ro s , 1978), 

0 = Trr£(Al/ 3 + A 1 / 3 - 6 ) 2 

The overlap parameter 6 i s meant to represent the diffuseness and p a r t i a l 
t ransparency of the nuclear sur faces . The f r ac t i on of t h i s c ross sect ion 
defined by impact parameters up to 1.00 (AJj' 3 + A^ ' 3 ) i s a s soc ia ted 
with c e n t r a l c o l l i s i o n s and the remainder with pe r iphe ra l c o l l i s i o n s . Al­
though c e n t r a l and pe r iphe ra l processes appear (Gelbke, 1978) to exhaust 
roughly the same f rac t ion of the t o t a l cross sec t ion at low and high energ ies , 
the d e t a i l e d mechanisms are qu i te d i f fe ren t (see Fig. 1.4). 
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Per iphe ra l Col l i s ions as a Function of Energy 

We begin with a d iscuss ion of low energy processes . The r e l axa t ion of energy 
in a deep ly - ine l a s t i c c o l l i s i o n is shown in Fig . 1.5. If one assumes tha t the 
system r o t a t e s with angular ve loc i ty u) = £ a v / I and tha t the centroid of 
the peak decays in t ime, one obtains the r e l axa t ion time (Moretto, 1978), 

T E = 
< 6 « - 9 ) 

In 
E(G ) 

E(0) - E 

-1 
(1 .1 ) 

where 8 g i s the grazing angle , 6 i s the angle of observation and E(g) i s the 
cen t ro i f of the k i n e t i c energy d i s t r i b u t i o n at that angle. Typical ly , 
E ^ 3 x 1 0 - 2 2 sec, which is very fast (Weidenmuller, 1978). The two ions 
s t ick together u n t i l they snap, at the time (Bondorf, 1978), 

" co l l i s ion J snapping 
dt 
contact 

2(R, + V (1 .2 ) 

which, at energies below 10 MeV/nucleons, i s larger than i g . More quan­
t i t a t i v e l y we can imagine two nuclei with r a d i i R, c o l l i d i n g with r e l a t i v e 
v e l o c i t y u. The c o l l e c t i v e energy i s (Blocki , 1978) 

(l *' ') ^ (1 .3 ) 

(We are dropping fac tors of order u n i t y . ) 
through a window of area i ra 2 , 

I f the nu l e i are in communication 

'%k s ^ & 

I. o' * B , „ , a 

Fig. 1.5 
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where v is the average i n t r i n s i c nucleoli speed. Therefore the c h a r a c t e r i s t i c 
damping or stopping time is of order, 

t E * R 3 pu 2 / pv u 2 a 2 * ( R / a ) 2 (R/v) (1 .5 ) 

We compare th is time with Lhe c o l l i s i o n time, fccou = R/u to give, 

_̂ E / R \ 2 / U \ ( R \ 2 /Energy/WucT 
" c o l l " W W ~ W V Fermi Ener 

eon 
gy 

(1 .6 ) 

Therefore if "a" is not too small, complete damping plays l ess of a ro le as 
the incident energy approaches the Fermi energy. We must then ident i fy the 
process that takes over the large d e e p l y - i n e l a s t i c cross sec t ion , i . e . , a t the 
boundary between deeply i n e l a s t i c and p a r t i c i p a n t - s p e c t a t o r processes in 
F ig . 1.4. 

I t appears that multibody fragmentation phenomena replace the e s s e n t i a l l y two-
body processes of d e e p l y - i n e l a s t i c s c a t t e r i n g . Below 10 Mt. u/nucleon, the 
c o l l i s i o n time is longer than the t r a n s i t time of a nucleoli a t the Fermi 
l e v e l ; consequently the whole nucleus can respond coherent ly to the c o l l i s i o n , 
and the dominant phenomena are c h a r a c t e r i s t i c of the mean f ie ld (Negeie, 
1978). At r e l a t i v i s t i c energies of GeV/nucleon, on the other hand, the r e a c ­
t ion processes are dominated by independent c o l l i s i o n s of individual 
nucleons . The t r a n s i t i o n region might be se t by requ i r ing the complete d i s ­
junc t ion of the two c o l l i d i n g nuc le i injmomentum^pace.T i ; e . , at a few tens of 
MeV/nucleon. This t r a n s i t i o n , which could b& labe l led ''from nuclei to 
nuc leons , " has been observed in pe r iphe ra l c o l l i s i o n s ( S c o t t , 1978). 

The approach is to measure the production cross sec t ions and energy spec t ra of 
p r o j e c t i l e - l i k e fragments from * 6 0 induced reac t ions on t a r g e t s such as Pb, 
Au as a function of the incident energy. A c h a r a c t e r i s t i c feature of many 
pe r iphe ra l heavy-ion c o l l i s i o n s is i l l u s t r a t e d in F ig . 1.6 (Scot t , 1979) which 
shows energy spect ra for 1 2 C fragments produced in r e a c t i o n s of ^ 0 on Au 
and Pb at incident energ ies of 140, 218, 250 and 315 MeV. All the spec t ra 
have a Gaussian- l ike shape with a maximum close to the energy, E p , of the 
fragment t r a v e l l i n g with the same v e l o c i t y as the inc iden t beam. This b e ­
havior p e r s i s t s at much lower energies c lose to the Coulomb b a r r i e r and a l s o 
at r e l a t i v i s t i c energ ies of many GeV/nucleon (Fig. 1.7) . Here the spectrum i s 
p l o t t e d in the p r o j e c t i l e r e s t frame, so that a fragment emitted wi^h beam 
v e l o c i t y would correspond tro P.. = 0 , where P|t i s the l ong i t ud ina l momentum in 
the p r o j e c t i l e frame (Greiner , 1975). At a l l energies the maximum of the 
spectrum ac tua l ly appears shif ted below t h i s po in t , as expected from the s e p a ­
r a t i o n energy of the p r o j e c t i l e in to the fragmsnt (Gelbke, 1978). The uniform 
appearance of the energy spectra argues s t rongly for a uniform parameter-
i s a t i o n . We adopt the form of a Gaussian d i s t r i b u t i o n in momentum space, t h a t 
has been successful ly applied at r e l a t i v i s t i c energies (Goldhaber, 1974; 
Feshbach, 1973); 
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(P 
exp *o> 

2 T 

2o 

where p 0 is the momentum corresponding to the maximum of the distribution, 
and a is the dispersion about the mean. An alternative parameterization of 
continuum spectra at low energies has recently been derived, in which it is 
assumed that the distribution is statistical with maximal entropy, subject to 
constraints imposed by the direct aspects of the reaction mechanism. It would 
be interesting to extend this approach of surprisal analysis over a wider 
region of energy (Levine, 1978; Alhassid, 1979; Nemes, 1979). The results of 
fitting the Gaussian form to the energy spectra are shown in Fig. 1.8. The 
values of a 0 are shown as a function of the energy/nucleon above the barrier 
by the open circles; these denote reduced values of a defined (for reasons 
discussed below) as a 0 = /5/16 a . The values of oQ increase rapidly 
between 10 and 20 MeV/nucleon, after which they approach a limiting value. 
Although this operational parametrization of the data already establishes a 
novel pattern of behavior, the underlying physics must be sought in the 
interpretation of the dispersion, o. 

One interpretation of the saturation region relates the value of o 0 to a 
Fermi momentum distribution of the fragment, which emerges by the sudden 
shearing of the projectile without prior excitation. Then 

2 

5 
vvv 
IA^TT" (1 .7 ) 

where Af, Ap are the mass numbers of the fragment and p r o j e c t i l e and p F 

i s the Fermi momentum. Hence 
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Fig . 1.8 
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(hence the parameter iza t ion described above) and the constant level of a 0 , 
drawn at 86 MeV/c, corresponds to pp = 192 MeV/c, which i s c lose to the 
measured Fermi momentum for a p r o j e c t i l e as l igh t as ^°0. In th i s p ic ture 
the nucleus is suddenly sheared, to give a "snapshot" of the ground s ta te 
motion of the observed c l u s t e r . The process is i l l u s t r a t e d schematually in 
Fig. 1.9, and is well described in the words of Dante: " . . . l ' a t t o suo per 
tempo non si sporge . . . the act is done, ere time has time to flow" 
(Wilkinson, 1975). The trend in Fig. 1.8 implies that the onset of t h i s f rag­
mentat ion behavior is very rapid in the region of 20 MeV/nucleon. Below t h i s 
energy, we conjecture t ha t there is su f f i c i en t time for some equ i l i b r a t i on to 
take p lace , and indeed the "temperatures" associated with the bottom of the 
curve (<2 MeV) are t y p i c a l of the equation of s t a t e of a Fermi gas for t h i s 
system (dashed l i n e ) , i . e . , E* * (E c - V) * aT^, where a ~ A / 8 . 

An a l t e r n a t i v e i n t e r p r e t a t i o n for the l im i t i ng value of o 0 comes from an 
a n t i t h e t i c a l s t a t i s t i c a l model, in which the fragments are emitted from a 
source at an exc i t a t i on energy determined by a temperature, T (Feshbach, 1973; 
Goldhaber, 1974). The two models are r e l a t e d by conservation of energy 
according to the express ion, 1/2 T = 1/5 p?,/2m, which leads , for the above 
value of pp, to T = 8 MeV. (The values of T associated with the scale of 
G 0 are shown on the r i g h t v e r t i c a l a x i s ) . Additional support for the t he r ­
mal i n t e r p r e t a t i o n of a l imi t ing temperature comes from the observation tha t 
i so tope production cross sect ions at 20 MeV/nucleon and at r e l a t i v i s t i c 
e n e r g i e s , are also explained by a s t a t i s t i c a l formula, exp (Qp/T) where Qp 
is the appropr ia te fragmentation Q-value and T is the temperature of the 
emi t t e r (Lukyanov; 1975; Gelbke, 1978). These derived values of T are shown 
on Fig . 1.8 by the f i l l e d c i r c l e s . The agreement between values of T deduced 
from the momentum and isotope d i s t r i b u t i o n s could be regarded as strong e v i ­
dence in favor of the thermal i n t e r p r e t a t i o n . However, the apparent 
s t a t i s t i c a l formula, exp (Qp/T), i s a lso inherent in the production of 
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Fig. 1.9 
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isotopes by the rapid abrasion process , as the following argument shows 
(Sco t t , 1979). 

The incident p r o j e c t i l e in the region of overlap with the t a rge t has a part 
s l i c ed out . The cross sec t ion for t h i s process can be ca lcu la ted using 
Glauber theory or from geometrical cons ide ra t ions (Hufner, 1975; Ol ivers , 
1979). The cut is not clean but c r ea t e s a hot region which causes the remain­
ing fragments to be h ighly exci ted, so tha t they proceed to evaporate 
add i t iona l p a r t i c l e s — t h e abla t ion s t age . In the Glauber model at high ener ­
g ies the nucleus-nucleus cross sect ion for an event in which n p r o j e c t i l e 
nucleons are sca t t e red out of the p r o j e c t i l e A is given by, 

'n = (n) / d 2 b ( l - P ( b ) ) n P ( b ) A ~ n ( l .R) 

where 

P(b) = / dz d 2 s P^(s - bz) e x p [ - A T o N N / d z ' p T ( x , z ' ) ] 

Here (1 - P(b)) is the p robab i l i t y of f inding a p r o j e c t i l e nucleon in the 
over lap zone when b i s the impact parameter. The above equation is then the 
cross sec t ion for n p r o j e c t i l e nucleons to be in the over lap and (A - n) 
o u t s i d e . I t turns out tha t o n changes very l i t t l e between 20 MeV/A and 
2 GeV/A in spi te of a large change in 0 ^ . However, at high energies the 
momentum transfer is s u f f i c i e n t (Abul-Magd, 1978) to knock nucleons out of the 
region of overlap, but at low energies they appear to s tay in the prefragment 
and deposit t h e i r energy. The subsequent fate of the p r o j e c t i l e fragment ( the 
ab l a t i on stage) is the re fore ra ther d i f f e r en t in the two ca se s . This model 
appears to account both for the isotope di f ferences and the element simi­
l a r i t i e s observed in *°0 induced r eac t ions at 20 MeV/A and 2.1 GeV/A 
(Hufner, 1978). 

These formulae lead to the observed approximately Gaussian d i s t r i b u t i o n of 
i so topes , baBed on the combinational s e l e c t i o n of d i f f e r en t numbers of neu­
t rons and protons ( O l i v e i r a , 1979). In the absence of c o r r e l a t i o n s in the 
ground s t a t e motion of neutrons and p r o t o n s , the r e s u l t a n t d i s t r i b u t i o n in 
i sosp in could be very broad, since there is a s i gn i f i cen t p robab i l i t y of r e ­
moving only neutrons or only pro t rons . At the other extreme (Bondorf, 1978a, 
1978b) in a completely cor re la ted motion, every time we dip in our "sampling 
l ad le"—the abrasion cut—we should get an iden t i ca l sample of fluid and the 
d i s t r i b u t i o n would be very narrow (see Fig . 1.10). The ac tua l d i s t r i b u t i o n of 
observed isotopes w i l l be determined by the degree of c o r r e l a t i o n s present in 
the ground s t a t e . ( R e c a l l , however, t ha t an i n t e r p r e t a t i o n based on thermal 
e q u i l i b r a t i o n is a l so p o s s i b l e . ) 

For the primary d i s t r i b u t i o n of fragments, our e a r l i e r equat ions lead to a 
d i s t r i b u t i o n in mass and iBospin, 

exp -
( a a Y o 

2a 

( t „ t , ) ' 3o 

2o. 
(1 .9 ) 
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where a = N + Z, the number of nucleons abraded, t j = (N - Z) /2 and O a , 

?t3 are the d ispers ions around the mean values a 0 , t3 . Trans­
forming to the v a r i a b l e s N,Z y ie lds the d i s t r i b u t i o n of i so topes about the 
mean, 

0 <* exp (N - N ) o 
2 ( * 8crt, 

exp 
(N o (1.10) 

Values of a a > a t . are derived from a model with c o r r e l a t i o n s b u i l t into 
the r c l e a r ground s t a t e , v i z . o t == 0.24 A*'*, aa

 a 4.9 o^ , . 

In the production of a s e r i e s of isotopes the changes in Ap are determined 
p r imar i ly by the N-dependent terms in the l iqu id drop mass formula. For a 
fragment of mass Ap t h i s term can be w r i t t e n , 

a B ( A p - 2N)" 

5 ss <*F WV (1.11) 
A7T 

where a 8 and a 8 S are the symmetry and surface symmetry c o e f f i c i e n t s 
r e s p e c t i v e l y (Pres ton , 1975). I t is then simple to derive a quadra t ic 
dependence of Qp on (N - N 0 ) 2 , v i z . 

Q F « 4 | -&*) (N - N ) 2 - 6(N - N T , 4 / 3 / o o 
(1.12) 
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From these equations we ge t , 

exp(QF/cxB) (1.13) 

which i s equivalent to the r e s u l t of the thermal model, exp(Qp/T), with T 
replaced by aft. By inser t ing , the values of O a , O t_ and of the mass for­
mula c o e f f i c i e n t s , we deduce tha t T - 9 MeV (or 5 MeV with va lues of a neglec­
t ing c o r r e l a t i o n s ) . This de r iva t ion of i so tope d i s t r i b u t i o n s ignores the 
subsequent r e d i s t r i b u t i o n by nucleon capture and evaporat ion, but the value of 
9 MeV i s c lose to the requi red sa tu ra t ion value of 8 MeV in F ig . 1.8. This 
parameter in the exponent ial dependence of O on Qp i s , however, iden t i f i ed 
with the onset of the fas t abrasion mechanism, ra ther than with the sa tu ra t ion 
of nuclear temperature in the slower, e q u i l i b r a t i n g process . Although th is 
degeneracy in i n t e r p r e t a t i o n of the s a t u r a t i o n region by fas t and slow reac­
t ion processes leaves open the question of t h e i r respect ive r o l e s in high 
energy heavy-ion r e a c t i o n s , i t emphasizes t h a t both mechanisms are l ike ly to 
be opera t ive through the t r a n s i t i o n region leading to the l i m i t . Therefore 
t h i s t r a n s i t i o n region must contain much i n t e r e s t i n g information on the 
response of heavy-ions to a c o l l i s i o n . 

Within the framework of the abrasion model, the t r a n s i t i o n should be re la ted 
to the t e n s i l e s t rength of nuclear mat te r . A formal approach to the break-up 
of nuclear matter can be derived (Bertsch, 1978) by wr i t ing for the s t r e s s , S, 

S = P = | § = p 2 l i | / A ) . ( 1 u ) 

ov 3p 

with 

E/A = (h 2 /2m) k 2 + Ap + Bp 2 (1.15) 

In t h i s equat ion the th ree terms represent the k i n e t i c energy and the e f f ec t s 
of the ord inary and v e l o c i t y dependent nucleon nucleus p o t e n t i a l s . Then the 
s t r e s s becomes, 

k 2 2 

W h 2 2 3 = ( « ^ + A e + 3 B > 3 ( 1 ' 1 6 ) 

from which information on the t e n s i l e s t r eng th of nuclear mat te r i s obtained 
by the condi t ion of maximum s t r e s s dP/dp " 0 , equivalent to the c l a s s i c a l con­
d i t ion of the sound v e l o c i t y going to zero. In cen t ra l c o l l i s i o n s the energy 
per p a r t i c l e comes out a t a few MeV/A. This approach, i f extended to the type 
of pe r iphe ra l c o l l i s i o n s we have discussed in above, could be a f r u i t f u l way 
of studying continuum p r o p e r t i e s of nuclear m a t t e r . 

Some of the fea tures of F ig . 1.8 may also be present in recent TDHF ca lcu­
l a t i o n s for 1°0 + 1°0 c a r r i e d up to high e n e r g i e s , which are i l l u s t r a t e d 
in Fig . 1.11 (Dhar, 1979). In a TDHF approach the equat ions for the s ingle 
p a r t i c l e wave functions X n are given by 
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3 MeV 10 MeV 20 MeV 

Fig. 1.11 

1 "3t X n ( r , t ) = H ( t ) \ i ( r , t ) (1.17) 

H(t) = - | - v 2 + V(t) 

and V(t ) i s an i n t eg ra l over the two-body i n t e r a c t i o n ca l cu la t ed sel f -
c o n s i s t e n t l y with the s ing l e p a r t i c l e wave functions (Negele, 1978). At each 
i n s t a n t of time one has to ca lcu la te a mean f ie ld produced by the influence 
of a l l other p a r t i c l e s . As the solu t ions are stepped in t ime , the sel f -
cons i s t en t f ie ld i s simply the Hartree-Fock po t en t i a l at the previous s tep . 
The i n i t i a l systems are represented by a product of s ingle p a r t i c l e wave func­
t ions ca lcu la ted in a moving p o t e n t i a l ; a f t e r the c o l l i s i o n , one needs a 
mixture of both seta of wave funct ions . The computer d isp lay of the densi ty 
d i s t r i b u t i o n s of these c a l c u l a t i o n s is shown as a function of time in uni t s of 
10" s e c . In the case of E/A = 3 MeV the outermost contours correspond to 
p = 0.07 nucleons/fm 3 and 0.04 for the other cases . At the lowest energies 
we see t y p i c a l deeply i n e l a s t i c behavior with the outgoing fragments highly 
exci ted in c o l l e c t i v e o s c i l l a t i o n s . At 20 MeV/A, however, the ions approach a 
s ing le sphere conf igurat ion a t t = 0.09 x 10~21 see with the cen t r a l densi ty 
reaching 1.5 times normal; the t o t a l energy loss leads to a nuclear temper­
ature of 7 MeV, which is c lose to the " l i m i t i n g temperature" of Fig . 1.8. In 
the Fermi gas model the l i m i t of 8 MeV follows d i r e c t l y by assuming tha t "A" 
nucleons p a r t i c i p a t e and ca r ry B*A of exci ted energy where B has the maximum 
value of 8 MeV (the binding energy of a nucleon) for the system to survive to 
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emit a complex fragment. Then, T • 8 follows from 8A • (A/8) T 2 . Since 
higher temperatures would lead to a d i s i n t e g r a t i o n of the fragment, i t i s 
n a t u r a l to refer to t h i s temperature as t ha t of "nuclear b o i l i n g " (Bonderf, 
1976). In the TDHF c a l c u l a t i o n t h i s high temperature leads to a dispersed 
dens i ty d i s t r i b u t i o n , 0.001 < p < 0.02 nucleons/fm . 

On the other hand, if we adopt the abrasion model for the desc r ip t i on of the 
high energy data, then the sudden t r a n s i t i o n from e q u i l i b r a t i o n to frag­
mentation must contain information on c h a r a c t e r i s t i c p r o p e r t i e s of nuclear 
ma t te r , such as the r e l a x a t i o n time for spreading the depos i t ion of energy 
over the nucleus. The i n i t i a l e x c i t a t i o n may be in the form of uncorrela ted 
p a r t i c l e - h o l e e x c i t a t i o n s , in which case t h i s re laxa t ion time is re la ted to 
the Fermi ve loc i ty . On the other hand, i f the i n i t i a l e x c i t a t i o n is ca r r i ed 
by coherent , c o l l e c t i v e compreseional modes, then th i s time i s r e la ted to the 
frequency of these modes, which in turn depends on the speed of sound in 
nuclear matter (Johansen, 1977). Recent experiments (Youngblood, 1977), de­
termining the frequency of the monopole mode (Pandharpande, 1970) lead to a 
value of the compress ib i l i ty coeff ic ient K == 300 MeV, and an implied ve loc i t y 
of sound V g = •K/9m of 0.19 c (m is the nucleon res t mass). This ve loc i ty 
and the Fermi ve loc i ty in nuclear matter (equivalent to 36 MeV/nucleon) are 
marked in Fig . 1.8. Although i t would be premature to specify which ( i f 
e i t h e r ) defines the change of mechanism without a de ta i led model, the v e l o c i t y 
of sound is c e r t a in ly c lo se to the t r a n s i t i o n region. 

The rapid onset of fragmentation is in agreement with the proposed evolut ion 
of F ig . 1.4, in which the boundary between d e e p l y - i n e l a s t i c and pa r t i c ipan t 
spec t a to r processes i s cons t r i c t ed to a narrow energy band. The nature of 
t h i s t r a n s i t i o n is a t t r a c t i n g i n t e r e s t t h e o r e t i c a l l y , both from a microscopic 
and a macroscopic point of view. In d i r e c t react ion models of p r o j e c t i l e 
fragmentation and two-body t ransfer r e a c t i o n s , the t r a n s i t i o n to fragmentation 
occurs at about 18 MeV/nucleon (McVoy, 1979). Following a macroscopic 
approach, exc i t a t ion functions can also be in te rpre ted in terms of a gene ra l ­
ized concept of c r i t i c a l angular momentum. An energy th resho ld of approxi­
mately 15 MeV/nucleon is predic ted at which p r o j e c t i l e fragmentation processes 
set in rap id ly at the cos t of decreasing cross sect ion for b inary t rans fe r 
r e a c t i o n s . Above t h i s c r i t i c . a l energy, few of the p r o j e c t i l e fragments can be 
captured (Siwek-Wilcyzinska, 1979). 

New Fea tures a t In te rmedia te Energies 

The equivalence of two extreme models for the *"0 induced r e a c t i o n s presents 
an i n t r i g u i n g problem. One model assumes thermal equi l ib r ium by exc i t a t i on 
whereas the other in fe r s a fast abrasion process from the nuc lear ground 
s t a t e . Both models imply t ha t o(P|i) should equal o ( P | ) , i . e . , t ha t the d i s ­
t r i b u t i o n should be i s o t r o p i c in the r e s t frame of the p r o j e c t i l e , and indeed 
a t 2.1 GeV/nucleon t h i s q u a l i t y is confirmed wi th in 10Z (Gre iner , 1975). 
Recent r e s u l t s at 100 MeV/nucleon give a l a rge anisotropy in the values of 
(ay) and (oi) (Van Bibber , 1979). The angular d i s t r i b u t i o n s were f i t t ed 
assuming a Gaussian d i s t r i b u t i o n in the p r o j e c t i l e frame of re fe rence : 

P(p) a exp -

The s o l i d curves in F ig . 1.12 correspond to the best f i t with t h i s express ion, 
which led to a value of a0 •V 83 MeV/c assoc ia ted with 0|| in c lose agreement 

2o\ 20* 
(1.18) 
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with the r e s u l t s for 1 6 0 beams at other ene rg i e s . The corresponding value 
assoc ia ted with oi i s in excess of 200 MeV/c for a l l fragments, and is to be 
compared in Fig . 1.12 with the dashed l ine which is constructed for qj. = OH 
(both corresponding to a 0 = 86 MeV/c). 

The increased widths appear to a r i se from re f r ac t i on of the p a r t i c l e t r a ­
j e c t o r i e s in the o p t i c a l p o t e n t i a l , which l eads to a momentum dispers ion . We 
can wr i te for the product ion of fragment ( F ) , 

a1 (v) =, F < A - F > 2 + F(F - 1) 2 
0 P , ( F ) A - 1 °1 + A(A - 0 °2 

where <j J l * 1 / 2 < p ? j ^ > = a o i s t h e U 8 u a l t e r m due to i n t r i n s i c motion 
discussed e a r l i e r , and o\ - 1/2 ( P ^ ) i s the variance in the p r o j e c t i l e (A) 
momentum at the time of fragmentation. In order to ca l cu la t e <£, we derive 
the c l a s s i c a l de f lec t ion function in the o p t i c a l p o t e n t i a l , assumed of Woods-
Saxon form for the nuclear component ( r 0 » 1.2 fm, a » 0.6 fm). Another 
input to the ca lcu la t ion i s the r a t i o a ( f r a g m e n t a t i o n ) / o t o C =» 0 .6 , which 
defines the range of impact parameters b , over which the de f l ec t ion function 
opera tes . Then o* - 1/2 P | / N(b) s i n 2 6 ( b ) db, where N(b) -
2b/(R^ - b z ) i s the weighting factor for impact parameter. The r e s u l t s 
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for Al and Au targets are shown in Fig. 1.13 in which the evolution of a (for 
0\ fixed at 84 MeV/c) is shown as a function of c^ * n section (d), to­
gether with the best f i t . Note that for 02 =* 0. the parabolic form charac­
t e r i s t i c of re la t iv i s t i c energies is restored, as the effect of refraction 
becomes negligible. 

One might infer from the constancy of 02 with fragment mass that the full 
range of impact parameters is effective for a l l fragments. Superficially, 
this resul t contrudicts the predictions of abrasion calculations where the 
orbits responsible for different final masses sample different regions of im­
pact parameter space (Hufner, 1975). The effect of folding the deflection 
function with the abrasion calculation is shown in Fig. 1.12 by the fine lines 
and resul ts in significant differences near 0°. Such measurements could 
illuminate details of the optical potential for deep incursions into the 
nuclear in ter ior , and would complement the study of potentials via heavy ion 
elas t ic and inelast ic scat ter ing and fusion (Birkelund, 1978, 1979). Such 
measurements have been used to establish the form of the proximity potential 
at distances ^1 fm inside the strong interaction radius. The status of such 
measurements is shown in Fig. 1.14, by the proximity function $ as a function 
of S = r - (Rj + R2); the abrasion of fragments such as Li from ^ 0 
could probe into much greater depths. For example, the region of impact para­
meter space Bpanned by the calculations of Fig. 1.13 are shown by the shaded 
areas of the deflection functions in Fig. 1.15. 
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Ground State Correlations 

Further insight might be expected from studies with heavier projecti les like 
* uAr, for which the character is t ic reaction processes of deeply-inelastic 
scattering are well developed at low energies. Results are now available for 
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4 0 A r + Th a t 6, 9, 65, 100 and 213 MeV/nucleon (Viyogi, 1979). The isotope 
i d e n t i f i c a t i o n at 213 MeV/nucleon was achieved by combining mul t ip l e AE-E 
i d e n t i f i c a t i o n in a 9 element detector t e l e scope , with magnetic analyses . The 
energy spectrum for 34g appears in F ig . 1.16, which again has a Gaussian 
form, peaking at an energy corresponding to the beam v e l o c i t y . The values of 
0 o deduced from the wide v a r i e t y of isotopes a t the bottom of the figure is 
94 ± 5 MeV/c, i . e . , equ iva len t to a Fermi momentum of 210 MeV/c, or a 
" temperature" of 9.5 MeV. In a thermal model one might expect tha t the local 
energy deposi t (presumed s imi l a r to the *°0 p r o j e c t i l e ) would spread out 
more, r e s u l t i n g in a lower e f fec t ive temperature . Since the value is in fact 
s l i g h t l y higher than the value of 8 MeV for 1 6 0 , one might conclude that the 
fast abras ion process i s the correct de sc r ip t i on of the dominant reac t ion 
mechanism. 

On t h i s assumption, l e t us see what i n t e r e s t i n g microscopic aspec t s become 
access ib le for study in these r e l a t i v i s t i c heavy-ion c o l l i s i o n s . As we i n ­
dicated for 1°0, there i s a p o s s i b i l i t y of observing the e f f ec t of c o r r e l a ­
t ions in the nuclear ground s t a t e (Bondorf, 1978a, 1978b). These experiments 
measure the number of p a r t i c l e B in a subvolume of an extended Fermi system 
(Bertsch, 1979). In order to study t h i s e f fec t ca lcu la t ions have been done 
with a microscopic model ( ignor ing c o r r e l a t i o n s ) and a macroscopic model i n ­
cluding c o r r e l a t i o n s a r i s i n g from the zero po in t motion of the g ian t dipole 
mode (Morrissey, 1979). 

The microscopic approach was based on the in t r anuc lea r cascade model. 
Ind iv idua l p r o j e c t i l e and t a r g e t nucleons move at uniform v e l o c i t i e s between 
c o l l i s i o n s , the pos i t ion and outcome of each c o l l i s i o n in a given cascade 
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determined by the random sampling of p r o b a b i l i t i e s derived from elementary 
cross s e c t i o n s . Meson product ion was included via the isobar model (Harp, 
1973), and the Fermi motion was included in p r o j e c t i l e and t a r g e t . The 
nucleons were uncorre la ted insofar as the p r o b a b i l i t y of the c o l l i d i n g par tner 
being a proton or a neutron was selected at random. 

The e f f e c t s of the c o r r e l a t i o n s were incorpora ted in to a macroscopic abrasion 
model. The f luc tua t ions in the number of swept out nucleons a r i s e s from the 
zero point motion of the g i an t dipole model, which is an out-of-phase v ib ra ­
t ion of protons and neutrons (Morrissey, 1978). (This ca l cu l a t i on can be 
viewed as the leading term of the cor re la ted model discussed e a r l i e r , which 
ac tua l ly included very high orders of zero point multipole v i b r a t i o n s , from 
5. = 0 to £ = 9 ) . A comparison of the primary fragment d i s t r i b u t i o n s is given 
in F igs . 1.17(a) and ( c ) , i n which the dramatic narrowing of the d i s t r i b u t i o n s 
due to the co r r e l a t i ons i s ev ident . This e f f ec t i s , however, l a rge ly washed 
out by the subsequent deca;' of the primary fragments, which, as shown in 
Fig. 1.18, are highly e x c i t e d (up to 200 MeV for 6 nucleons removed from the 
p r o j e c t i l e ) . The s t a t i s t i c a l de -exc i t a t ion focuses the primary d i s t r i b u t i o n s 
back i n to the val ley of s t a b i l i t y , and the end products , are d isappoint ingly 
s imilar (see Fig. 1.17(b) and ( d ) ) . The r e s u l t s are however in f a i r agreement 
with the da ta ; a q u a n t i t a t i v e comparison of the cascade (histogram) and abra­
sion model with c o r r e l a t i o n s ( s o l i d l ine ) for isotopes of Na, Ng and Al i s 
given in Fig . 1.19 . 

Although i t is not poss ib le to claim at t h i s s tage that ground s t a t e co r r e l a ­
tions have been observed unambiguously, there i s hope tha t the use of more 
neutron excess p r o j e c t i l e s w i l l open up t h i s i n t e r e s t i n g app l i ca t ion of r e l a -
t i v i s t i c heavy ion c o l l i s i o n s . Look, for example, at the case of ^°Ca + 
" C in Fig . 1.20 (Morissey 1979). Here the secondary decay processes are 

Fig. 1.17 
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unable to obliterate completely the memory of the primary dis t r ibut ion, which 
remains very narrow, par t icular ly for products close to the pro jec t i le . 

At this point i t will be constructive to examine the role of mass dis t r ibu­
tions in the broader context of heavy ion reactions at low, intermediate and 
high energies. In Fig. 1.21 the distribution of magnesium isotopes is com­
pared at a very low energy of 5 MeV/nucleon (Volkov, 1978) and at 
200 MeV/nucleon. We notice that the peak of the distribution shifts from an 
N/Z value characterist ic of the dinuclear complex in deeply ine las t ic sca t te r ­
ing, to a value closer to the projectile due to the abrasion process (remember 
that both distributions are perturbed by the secondary decays) (Bondorf, 
1973). The gaussian distr ibution of the form, 
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exp 
-(M - M ) ' 

o (1.20) 

has a d ispers ion o^, which in one case desc r ibes the d i f fus ion , e q u i l i b r a ­
t ion and temperature due to s t a t i s t i c a l f l u c t u a t i o n s , whereas a t high energies 
i t descr ibes zero point quanta l f l u c t u a t i o n s . An i n t e r e s t i n g question con­
cerns the evolution of one curve in to the o the r . Will t h i s a l so happen 
suddenly as the temperature approaches 8 MeV, jus t l i ke the *"0 case (see 
Fig. 1.8)? Here there may be microscopic fea tu res to be s tudied unique to 
high energy heavy ion r e a c t i o n s . 

We have seen that the g iant dipole mode may be important in high energy 
c o l l i s i o n s ; i t is a lso expected to play a ro l e in d e e p l y - i n e l a s t i c s c a t t e r i n g , 
p a r t i c u l a r l y in the e q u i l i b r a t i o n of the neutron excess degree of freedom, 
which determines the i so tope d i s t r i b u t i o n s (Brosa, 1978). If we describe the 
neutron excess mode by an harmonic o s c i l l a t o r , i t has to be considered in a 
heat bath at temperature T (Berlanger, 1978). Then the var iance of the atomic 
number d i s t r i b u t i o n for fixed mass asymmetry i s , 

On = 

Bio 
\ hw + ho) 

( e x p ¥- 0 
(1 .21) 

where B is the inertia connected to the mode and u is the collective 
frequency. Two limiting cases are of great interest: when hcu << T, ô  = 
T/Bur and the dispersion increases as vT; in such a case, we deal with 
statistical fluctuations, and the basic effect is nicely illustrated in 
Fig. 1.22 for Xe + Bi, where the charge dispersion increases with energy 
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loss. On the other hand, when huj >> T, we get of = 1/2 ti/Bu) and 0£ is 
independent of temperature. The implication is that we observe only a zero 
point motion, arising from quantal -ther than statistical fluctuations, just 
as in our high energy example. The experimental results for O^ in the 
86 Kr + " 2Mo system as a function of the dissipated kinetic energy are 
shown in Fig. 1.23. The dispersion reaches a plateau independent of tempera­
ture, implying that the zero point motion of the collective mode of the 
dinuclear complex is observed. In the high energy cases discussed earlier, 
quantal fluctuations of the dipole mode in the projectile rather than in the 
dinuclear system, were at work. It is intriguing to note, however, that the 
value of T in the above example is 8.6 MeV, very close to the "limiting 
temperatures" we discussed earlierl 

Microscopic Aspects 

It is becoming clear that giant collective modes are crucially important in 
understanding the nature of peripheral heavy ion collisions over a wide range 
of energies. It may therefore also be constructive to look at the direct ex­
citation of giant resonances in heavy ion collisions. The inelastic excita­
tion of 1 6 0 on 2 0 8 P b at 20 MeV/nucleon in Fig. 1.24 (Doll, 1979) shows the 
excitation of low lying collective states, the giant quadrupole at 10.8 MeV, 
and the structure at approximately 19 MeV, attributed to L = 3 and 5 multi-
poles. The assignment of Z = 3,5 is inferred partly by the indirect 
comparison with the theoretical response function shown at the bottom of the 
figure. The stronger excitation of these high multipolarities in heavy ion 
scatterings, compared to hadron scattering or electron scattering experiments, 
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may stem from a b e t t e r matching of the c o l l i s i o n time to the c h a r a c t e r i s t i c 
frequency (Bondorf, 1974) of the mode ( £ 3 / 2 / A ) . The r e s u l t s of DVffiA ca lcu­
l a t i ons for 1 6 0 on 2 0 8 P b are shown in Fig. 1.25 (Bertrsnd, 1978). For 
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comparison the cross sec t ions obtainable with 60 MeV protons are also plotted 
and the e x c i t i n g prospect i s the increas ing c ross sec t ions for exc i t ing high 
m u l t i p o l a r i t i e s with very high energy heavy i o n s . Studies of per iphera l 
c o l l i s i o n s over & wide region of incident energy, where the cross sect ion for 
primary e x c i t a t i o n is i nc reas ing r ap id ly , while the cross sec t ion for deeply 
i n e l a s t i c s c a t t e r i n g is decreas ing , may a lso help to e luc ida te t h e i r role in 
deeply i n e l a s t i c processes (Brog l i a , 1978). 

The giant dipole continues to exer t an important influence even at energies of 
1 ami 2 GeV/nucleon. The e f f e c t has been revealed by a devia t ion of high 
energy pe r iphe ra l fragmentation cross sec t ions from the t rends of two high 
energy p a r t i c l e physics concepts . The f i r s t feature i s ca l led " l imi t i ng frag­
mentation" (Benecke, 1969) or " sca l ing" (Feynman, 1969), which means that a 
d i s t r i b u t i o n of products in the r e s t frame approaches a l i m i t i n g form as the 
bombarding energy i n c r e a s e s . We have shown e a r l i e r that for 1 6 0 p r o j e c t i l e s 
the d i s t r i b u t i o n approaches an asymptotic form already at energ ies of 
30 MeV/nucleon, and some caut ion should therefore be exercised on the role of 
t ruly l i m i t i n g high energy concepts! 

The second feature is " f a c t o r i z a t i o n " of the cross sect ions i n to a p r o j e c t i l e 
and a t a r g e t term (Frazer , 1972; Boggild, 1974). For the r eac t i on A + T •+ 
F + anything, 

AT - 0 f Y A'T (1.22) 

where YT depends only on the t a rge t nucleus. A dramatic i l l u s t r a t i o n 
(Cutnraing, 1974) of both concepts appears in F ig . 1.26, which compares the 
y ie lds of t a r g e t fragments produced by 3.9 GeV/A ni t rogen ions (upper curve) 
and 3.9 GeV/A protons (lower curve) . (The data are displaced by a factor of 
ten for d i s p l a y . ) However, o ther experiments ind ica te tha t the d i s t r i b u t i o n s 

Fig. 1.26 
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only become similar to those for protons of the same t o t a l energy as the heavy 
ion, r a t h e r than of the same ve loc i ty , which could argue tha t the heavy ion 
acts c o l l e c t i v e l y with the t a rge t l ike a s ing le e n t i t y (Morissey, 1978). The 
s t ronges t devia t ions from the f ac to r i za t ion hypothesis are the one-nucleon 
loss c ro s s - sec t i ons with ^ 0 and ^C on high Z t a rge t s (Heckman, 1976). 
The devia t ion is explained as the Coulomb d i s s o c i a t i o n of the p r o j e c t i l e in 
the e l e c t r i c f ie ld of the t a r g e t . The p r o j e c t i l e is exci ted to the giant 
dipole resonance which then decays by p a r t i c l e emission. The very per iphera l 
nature of the c o l l i s i o n s implies that the fragmentation of the p r o j e c t i l e i s a 
consequence of the act ion of a f ield of force emanating from the nucleons in 
the surface of the t a r g e t . Even at very high energ ies , the l i m i t a t i o n s on 
energy and momentum t r ans fe r make pe r iphera l r e l a t i v i s t i c heavy ion c o l l i s i o n s 
e s s e n t i a l l y a low energy phenomenon. In the language of nuclear physics , both 
f a c t o r i z a t i o n and l imi t i ng fragmentation are examples of Bohr ' s independence 
hypothesis for decay products of a compound nucleus . Fac to r i za t i on is also 
expected from simple d i r e c t reac t ion models (Jackson, 1977). These d i f f e ren t 
concepts must be tes ted fur ther in experiments on coincidences between heavy 
fragments and evaporated l i g h t p a r t i c l e s or y rays (Shibata , 1978). Never­
the less the subject of pe r iphe ra l c o l l i s i o n s of r e l a t i v i s t i c heavy ions is the 
best understood t h e o r e t i c a l l y . 

Although the primary motivat ion for the study of r e l a t i v i s t i c per iphera l heavy 
ion c o l l i s i o n s remains the search for rew phenomina, we have mainly discussed 
more t r a d i t i o n a l a reas . Such a pa t te rn is frequently c h a r a c t e r i s t i c of 
research . The search (so far unsuccessful) for superheavy elements led to a 
new r eac t i on mechanism known as deeply i n e l a s t i c s c a t t e r i n g . The study of 
pe r iphe ra l c o l l i s i o n s over the whole energy range has been analyzed by a 
number of t h e o r e t i c a l t echniques , well t e s ted in the famil iar domains of 
nuclear and p a r t i c l e phys i c s . At the same t ime, new in s igh t s i n to these t r a ­
d i t i o n a l high and low energy l imi t s have been gained, which demand new 
reac t ion theor ies to descr ibe the evolut ion of heavy ion r e a c t i o n s from a few 
MeV/nucleon up to severa l GeV/nucleon. I t i s a lso possible t h a t per iphera l 
c o l l i s i o n s may reveal exo t i c aspects of heavy ion r e a c t i o n s , such as e f fec t s 
of compression, through an understanding of data such as iu F ig . 1.3. Never­
t h e l e s s the g rea te r hope i s bel ieved to be in more cen t ra l c o l l i s i o n s , to 
which subjec t we now proceed. 

CENTRAL COLLISIONS 

"I s h a l l make a Star Chamber matter of i t . " 

Shakespeare, 
The Merry Wives of Windsor 

In t roduc t ion 

The l imi t of a cen t ra l c o l l i s i o n corresponds to two nucle i h i t t i n g head-on 
with small impact parameter. A probable example of such an event i s shown in 
Fig. 2 . 1 , taken in a steamer chamber. The c o l l i s i o n is of Ar + Ca at 
1.8 GeV/nucleon (Schroeder, 1976), and we see t ha t there i s a s t a r explosion; 
the t o t a l m u l t i p l i c i t y of charged p a r t i c l e s ranges up to the number in the 
i n i t i a l Bystem, suggest ing tha t the nucle i are completely d i s i n t e g r a t e d . The 
hope i s t h a t novel s t a t e s of matter wi l l manifest themselves in the extreme 
condi t ions of temperature and pressure tha t are most l i ke ly to be present at 
the ea r l y s tages of the c o l l i s i o n . Therefore , one very much hopes to "make a 
s ta r chamber matter of i t " but there are many obs tac les—the most s i gn i f i can t 
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being tha t only asymptotic Bta tes can be observed experimental ly. As in our 
discussion of pe r iphera l r e a c t i o n s , we Bhall proceed from the low energy 
perspec t ive , to see how the spec tacu la r events of F ig . 2.1 evolve from the 
more famil iar c en t r a l c o l l i s i o n processes of fusion and f i ss ion along the 
bottom regions of Fig . 1.4. 

The Low Energy Perspect ive 

Some of the pa ths taken by low energy heavy ion c o l l i s i o n s are shown in 
Fig. 2.2 ( the time scale i s in u n i t s of 1 0 ~ 2 2 sec) (Lefor t , 1976). I t i l l u ­
s t r a t e s how the composite may proceed to compound nuclear formation, possibly 
ending in symmetric f i s s ion , and also to the new path of deeply i n e l a s t i c 
s ca t t e r i ng where the composite system never fuses completely but separa tes on 
a short time sca l e into two fragments reminiscent of the i n i t i a l i o n s . A 
schematic d i v i s i o n of the r e a c t i o n cross sec t ions as a function of £ i s given 
by the s loping l i n e which r ep re sen t s the u n i t a r i l y l imi t 0 - TIR2(2£ + 1 ) . 
For high p a r t i a l waves, d i r e c t reac t ions occur; then at c loser impacts come 
the d e e p l y - i n e l a s t i c processes and f ina l ly the compound nucleus formation. 
For almost head-on c o l l i s i o n s i t i s poss ib le , according to recent speculat ions 
(Negele, 1978; Bonche, 1979), t h a t the nucle i e i t h e r bounce off or pass 
through each o the r , ins tead of fusing. 

Some ins igh t comes (Vigdor, 1979) from the H>0 + 40ca reac t ion as a func­
tion of energy (see Fig. 2 . 3 ) . I n i t i a l l y , the fusion c ros s - sec t i on follows 
the p r e sc r i p t i on Of = irR 2(l - V/E) for the t o t a l r eac t ion cross s ec t i on , 
but at a c r i t i c a l energy begins to devia te . I t i s bel ieved tha t beyond t h i s 
point some p a r t i a l waves are not allowed to p a r t i c i p a t e in fusion, because 
they do not allow the nuc le i to come within the c r i t i c a l fusion d i s t ance of 
1.00 (AJ-'^ + A?;' 3) fm. The c ros s - sec t ion is drained off instead i n to 
deeply I n e l a s t i c s c a t t e r i n g . At s t i l l higher energies the fusion c r o s s -
section again decreases poss ib ly on account of surpass ing the l i qu id drop 
l imit (Cohen, 1974) so tha t the system can no longer sus ta in the angular 
momentum (S toks tad , 1977), and f l i e s apart in f i s s i o n . Another i n t r i g u i n g 
explanation comes from TDHF c a l c u l a t i o n s , which suggest tha t in the energy 
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region of 20 MeV/nucleon the nucle i become t ransparen t (Bonche, 1979). (The 
TDHF r e s u l t s shown on the f igure are p r e l i m i n a r y . ) I t i s a l so pos s ib l e , how­
ever, t h a t new processes se t in, such as the sudden fragmentation and 
p re -equ i l ib r ium emission suggested by the TDHF ca lcu la t ions a t t h i s energy 
(F ig . 1.11), which remove cross section from the f i ss ion channel . 
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The ques t ion of transparency is of fundamental importance to r e l a t i v i s t i c 
heavy ion c o l l i s i o n s , since high dens i t i e s cannot be achieved if nuc le i pass 
through each other . The r e s u l t s of a recent s emi -c l a s s i ca l ana lys i s indicate 
that at an energy per nucleon of 250 MeV, composite p r o j e c t i l e c o l l i s i o n s may 
be more t ransparent than proton c o l l i s i o n s with the same t a rge t nucleus 
(DeVries, 1979). 

In order to see how fusion begins to fade in to the higher energy ca tas t rophic 
processes , we need an ope ra t iona l d e f i n i t i o n . One c r i t e r i o n is the s t i p ­
ula t ion of complete momentum t rans fe r from the incident p r o j e c t i l e , which can 
be checked for heavy nucle i by measuring the f i s s i on fragments following 
fusion. These can be used to recons t ruc t the momentum of the r e c o i l i n g 
f iss ioning nucleus, and the r e s u l t s of severa l measurements at low energies 
(<10 MeV/nucleon) confirm tha t there is indeed 100% momentum t r a n s f e r . (See 
the example (Viola, 1976) of 2 0 N e + 1) in Fig . 2 . 4 ; the data are p lo t ted as a 
function of the angle Q^ between the f i ss ion d e t e c t o r s . ) At 20 MeV/nucleon 
the s i t u a t i o n appears to be d i f f e r e n t , as shown by the experiment on f iss ion 
fragments in coincidence with a leading p a r t i c l e in the reac t ion 1 6 0 + 
2 3 8 U -+ X + f i ss ion in Fig. 2.5 (Dyer, 1979). The figure shows tha t both for 
the inc lus ive measurement and for a proton de tec ted as X, the momentum t r a n s ­
fer is incomplete. This experiment also gives an elegant s ignature for the 
d iv is ion between per iphera l and cen t ra l c o l l i s i o n s in heavy ion r eac t i ons ; for 
l i th ium as the leading fragment the react ion appears to he almost completely 
perphera l , with a very small momentum t r a n s f e r . Similar s tudies have not yet 
been undertaken at r e l a t i v i s t i c energ ies , where the technique may also serve 
as a measure of impact parameter . 

Further i n s igh t comes from the energy spectra of l i gh t p a r t i c l e s emitted in 
coincidence with the f i s s ion fragments (Awes, 1979). As shown in Fig. 2.6 
both for per iphera l (e^g > 160°) and cen t ra l c o l l i s i o n s ( 9 ^ < 160°), 
the energy spectra of p , d, t and a p a r t i c l e s have an exponential t a i l of the 
form exp(-E/T) with a slope parameter T of 13 MeV. How are we to in te rpre t 
these r e s u l t s ? Recently i t has been suggested t ha t the "prompt emission" of 
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Fig. 2.6 

energe t ic l i g h t par t ic leB should become an important aspect of heavy ion r e a c ­
t ions at energ ies of a few tens of MeV/nucleon (Bondorf, 1978; Robel, 1979). 
These promptly emitted p a r t i c l e s (PEPS) should be produced at a very early 
stage of the c o l l i s i o n , and could yie ld energy spec t ra r a the r independent of 
the f ina l fa te of the c o l l i d i n g nuc l e i . Q u a n t i t a t i v e comparisons of PEP p ro ­
duction with fas t neutrons emit ted in fusion r e a c t i o n s (Westerberg, 1978) have 
already been made. 

In general the production of fas t l igh t p a r t i c l e s , i . e . , p re -equ i l ib r ium 
emission, has not received extens ive study in heavy-ion r eac t i ons (Blann, 
1976), although i t is well known in l igh t ion r e a c t i o n s . The reason becomes 
c lea r from a comparison of two typ ica l r e a c t i o n s in Fig. 2 .7 . In l i g h t ion 
r e a c t i o n s , the average energy loss (A) per c o l l i s i o n is la rge and the number 
of c o l l i s i o n s (N) for complete d i s s i p a t i o n of the energy by e x c i t a t i o n of 
p a r t i c l e - h o l e s t a t e s i s smal l . Furthermore, the f luc tua t ions 6E * ^ A are 
large and comparable to the energy E. The oppos i te i s the case for low energy 
heavy ion r e a c t i o n s . Only small energy d i s s i p a t i o n occurs per s t e p , and the 
low-lying e x c i t a t i o n s are un l ike ly to decay by pre -equi l ib r ium emiss ion. Let 
us now consider how the p i c t u r e changes a t h igher energies of 20 MeV/nucleon, 
by consider ing some re levant time s c a l e s . We s h a l l see t ha t l i g h t p a r t i c l e 
p re -equ i l ib r ium emission becomes a v i t a l connect ing l ink between low and high 
energy phenomena. 
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ENERGY DISSIPATION BY OBSERVATION OF PROJECTILE FRAGMENTS 
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Time Scales in Heavy Ion Collisions 

We can estimate the time it takes an equilibrated nucleus to emit a particle. 
An empirical fit to the measured widths of compound nuclei for A = 20-100 
yields (Bohning, 1970); 

T(MeV) = 14 exp(-4.69 .£7!*) (2.1) 

Relating the temperature T to the excitation energy by E* • aT^, where a 
A/8, we have, 

^particle * °- 5 e*p(13/T> (2.2) 

where T i s in MeV and x i s in units of 10~" sec . An excitat ion energy of 
3.25 MeV/A y i e l d s a temperature of 5 MeV and a l i f e t ime of 7 x 10~22 sec. 
If local temperatures of th i s magnitude are produced in heavy-ion c o l l i s i o n s , 
then the l i f e t ime for part ic le emission is so short that the rotating d i -
nuclear complex w i l l emit p a r t i c l e s before i t s c i s s i o n s . We say local temper­
atures because total center of mass energies in deeply- ine las t ic experiments 
are typ ica l ly 10 MeV per p r o j e c t i l e nucleon, and therefore the achievement of 
say 3 MeV/nucleon in some region requires a concentration of energy into a 
"hot-spot" (Stokatad, 1977). 

Delving s l i g h t l y deeper we can write the relaxation time for d iss ipat ing the 
i n i t i a l energy deposition as (Weiner, 1977); 
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IT 
X 

R 

V P c t 
( 2 . 3 ) 

Here v F i s the Fermi v e l o c i t y , A i s the mean free path for nucleon-nucleor 
s c a t t e r i n g , K i s the thermal conduct iv i ty , p i s the densi ty and c p the 
speci f ic heat of nuclear ma t t e r . Expressions for K and c p can be derived 
from the Fermi gas model (Tomonaga, 1938). Thus, 

K = 

. 3 / 2 

48 2̂ V^TQ 

2 
c . 1 n 
P - 2 e F 

( 2 . A ) 

where e F i s the Fermi energy, T is the temperature and Q is the e f fec t ive 
nucleon-nucleon cross sec t ion (=*=27 mb). For a temperature of 1 MeV, i R i s 
4 x l 0 ~ 2 2 s ec . From the above equat ions , T R v a r i e s as T 2 ( e s s e n t i a l l y 
because the mean free path decreases as more nucleons are exc i ted above the 
Fermi l eve l ) and at high enough temperatures, becomes longer than the time for 
p a r t i c l e emiss ion. These t rends are i l l u s t r a t e d in Fig. 2.8 (Kind, 1953). As 
the incident energy inc reases and the temperature approaches 7.5 MeV, we reach 
a point where the compound nuclear l i fe t ime is l e s s than the r e l a x a t i o n time, 
which is j u s t the condit ion for the formation of a ho t - spo t . These concepts 
may prove very relevant to the rapid onset of abras ion , and the approach to a 
l imi t ing temperature which we discussed in Lecture 1 (see Fig . 1 .8) . 

The binding energy of the nucleus also s e t s an upper l imi t for the exis tence 
of a compound nucleus, the nuclear bo i l ing p o i n t . Quan t i t a t ive ly for cen t ra l 
c o l l i s i o n s t h i s l imit can be expressed a s , 

£ ^ E 
b o i l exc i t 

(2.5) 

i r 

Lifetime for particle Bmlssion 
T p a ««p[C/T] 

6 7 8 9 
Temperature (MeV) 

Fig. 2.8 
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where e e xci t = ^LAB " A ^ / A j + A 2 ) 2 and ^boil * 8 M e V - I n t h i s 

energy region many more break-up channels open up, and the nucleus may break 
into large chunks by multinucleon fragmentation. One can think of the an-
alagous explosions of ordinary condensed matter, like a liquid or a solid 
which result in a broad mass distribution well known from soil mechanics 
(Bondorf, 1978), as shown in Fig. 2.9. The average mass of the fragment 
(Mp) decreases with the increase of available energy and momentum. In the 
case of the explosion of ordinary matter, the dispersion 6m depends on how the 
energy and momentum are distr ibuted. For a possible analogy with nuclear 
fragmentation, i t is illuminating to look at the Z-distribution of fragments 
(Beiser, 1979) emitted in the collision of ^°Ar + 2 3 2 T h (see Fig. 2.10). 
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At low energ ies of 6.5 and 10 MeV/nucleon the Z, or equ iva len t ly the mass, 
d i spers ion i s gaussian (Volkov, 1978) governed by s t a t i s t i c a l d i f fus ion 
processes in deeply i n e l a s t i c s c a t t e r i n g ; a t 200 MeV/nucleon and 1.8 GeV/ 
nucleon the d i s t r i b u t i o n of fragments from Argon to oxygen;becomes e s s e n t i a l l y 
f l a t . This feature is a l so c h a r a c t e r i s t i c (Wes t fa l l , 1979) pf sFe : !=fragmenta-
t ion at 1.8 GeV/nucleon. Could t h i s mark the onset of an explos ive behavior, 
in th i s case for a pe r i phe ra l co l l i s ion? A r e l a t e d piece of-evidence may be 
the increase in m u l t i p l i c i t y of cen t ra l c o l l i s i o n s at 75-100 MeV/nucleon, 
which is observed (Kullberg, 1978) in emulsion experiments. 

An important condit ion for the occurrence of an explosion i s t h a t the 
ava i l ab le energy should be t ransmit ted to the whole system, r e q u i r i n g a time 
of the order of the nuclear radius divided by the speed of t r ansve r se communi­
ca t ion . At low energies t h i s transmission may go by compression, and the com­
munication then depends on t ( sound) . Using v(sound) = 0 .2c , and a t r ave r sa l 
d is tance of 10 fm, t (sound) i s =*60 fm/c, compared to the pass ing time (2R/v) 
of 50 fm/c at 50 MeV/nucleon. We are led from the discuss ions in t h i s sect ion 
to add the time regions shown (Bondorf, 1978) in Fig. 2.11 to the heavy ion 
reac t ion phase diagram of F ig . 1.4. At 10 MeV/nucleon fas t emission of l igh t 
p a r t i c l e s s e t s in (PEPS and Fermi J e t s ) , whi le a t 15-20 MeV/nucleon spa t i a l 
l o c a l i z a t i o n leads to h o t - s p o t emission. The regions of nuc lea r b o i l i n g and 
compression precede the high energy phenomena, such as the nuc lea r f i r e b a l l . 
All these e f f ec t s herald the onset of explos ive r eac t i ons , and in the next 
sect ion we consider some of the present evidence for s p a t i a l and temporal 
l o c a l i z a t i o n in heavy ion c o l l i s i o n s . 

S p a t i a l , Temporal Loca l i za t ion and the Onset of the Nuclear F i r e b a l l 

Inc lus ive proton energy spec t ra from the c o l l i s i o n of 1°0 on Au a t 20 MeV/ 
nucleon ( t he energy we have frequent ly d iscussed as giving in t imat ions of new 
phenomena) are shown in F ig . 2.12 (Symons, 1979a). These spec t ra extend up to 
vary high energies and are reminiscent of p re -equ i l ib r ium emission (Blann, 
1975). The e f fec t ive temperature is «12 MeV, s imi la r to tha t observed for 
l ight p a r t i c l e s in the f i s s i o n coincidence experiment (Fig. 2 . 6 ) . Fpr a theo-
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r e t i ca l analysis with a pre-equilibrium model we need to know the number of 
excitons in the i n i t i a l channel. There is a well established prescription in 
l ight ion reactions; the cross section for emission of a part icle g i s , 

d ^ ( E ) Eo„(E> u P + h - ^ (2 .6 ) 

where U is excitation energy of the residual nucleus, Og is the inverse cross 
section for par t ic le g at energy E (Griffin, 1967). Then a plot of 

log 
daD(E) 

dE -/Ea, vs log U 

gives the slope S = p + h - g - l where p + h is the number of part icles and 
holes. Such a plot is shown (Wu, 1979) in Fig. 2.13 for deuteron and alpha 
induced reactions; the associated numbers of part icles par t ic les and holes 
(p + h) , are 4 ( i . « . , 3 part icle-1 hole) and 6 (5 par t ic le-1 hole) 
respectively. The i n i t i a l excitation creates a particle-hole s tate , which 
combines with t-he incident nucleons. The same analysis applied to 16o as a 
project i le leads us to expect at least 18 excitons, and the graph in fact 
gives 25! The calculated angular distr ibutions and energy spectra 
(Mantzouranis, 1976), shown by the dotted lines in Fig. 2.12, are in reason­
able agreement with the data. 
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We note t ha t compound nuclear evaporat ion could not account for these spect ra , 
s ince, by extending up to energ ies of 80 MeV with s u b s t a n t i a l c r o s s - s e c t i o n , 
they requi re temperatures much too high (the cen te r of mass enerev of 200 MeV 
above the b a r r i e r leads to T ~ 2 . 9 MeV, from the expression E* = A/8 T ; then 
we expect a decrease of 10" i n c ros s - sec t ion between 10 and 70 MeV compared 
to the observed factor of only 10 . What type of source, one might t h e r e ­
fore ask, i s responsible for the emission of these p a r t i c l e s ( B a l l , 1978)? 
Some i n s i g h t comes from a p l o t of the constant invar ian t c r o s s - s e c t i o n in the 
p a r a l l e l and perpendicular v e l o c i t y plane (Fig . 2 . 14 ) . The data are well 
described by c i r c l e s centered around a v e l o c i t y midway between the compound 
nucleus and p r o j e c t i l e (denoted VQ^ and Vjg ) as would be 
expected for evaporat ion from a system moving with t h i s v e l o c i t y . Trans­
forming to the laboratory frame: 

a (e L ,E L) •VlNV 6 

- (E L -2a / f " L cos6 L +a 2 ) /T 
( 2 . 7 ) 

where T is the source temperature, and "a^" is the energy of a proton with 
the velocity of the frame. The best fits to the data are shown by the full 
lines in Fig. 2.12, and correspond to a source at temperature 8.1 MeV moving 
with a velocity of 0.1 c in the laboratory. 

Once again the "limiting temperature" of 8 MeV has appeared, this time for 
light fragment emission rather than in describing the evolution of peripheral 
fragmentation reactions towards the fast abrasion limit in Fig. 1.8. We re­
call also the significance of this temperature in delineating the onset of 
"hot-spot" formation in Fig. 2.8. The formation of hot-spots in heavy ion 
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c o l l i s i o n s has been discussed recent ly on formal t heo re t i c a l grounds 
(Gottschalk, 1979). I t is known, for example, tha t at an inc ident energy 
smaller than 80 MeV/nucleon, the longi tudina l momentum decay length is only 
1.5 fm (Sobel , 1975). Thus if in t h i s energy region, a hot spot i s c rea ted , 
i t is stopped almost immediately. The hot , compressed zone might then emit 
nucleons before the e q u i l i b r a t i o n with the surrounding nuclear medium is 
achieved. The r e s u l t s (Garpman, 1979) of a model, which parameter izes the hot 
zone by the s ize and compression, shows that at the energy of 15 MeV/nucleon 
of the above example of 1°0 or **'Au, the data are consis tent with a large 
hot spot and low compres s ib i l i t y . For higher inc ident ene rg ies , the hot-spot 
can move through the cold nuclear medium, hea t ing i t up and leaving the system 
as a f i r e b a l l . An understanding of the or ig in of the p a r t i c l e s and the evo­
lu t ion with energy should y i e l d information on s p a t i a l and temporal l o c a l ­
i za t ion in nuclear r e a c t i o n s , as well as on the thermal conduct iv i ty of 
nuclear mat te r (Weiner, 1974,1976,1977). At low energies a conceptual l ink 
must a l so be e s t ab l i shed with high energy l i g h t p a r t i c l e emission in hydro-
dynamical and TDHF models (Wong, 1977; Bonche, 1976). 

The presence of "p re -equ i l ib r ium t a i l s " in the spect ra of p a r t i c l e s emitted in 
very high energy proton induced reac t ions is a l so of long s tanding i n t e r e s t . 
The example in Fig. 2.15 (Wes t fa l l , 1978) for p + C •+ fragments, ranging from 
*He up to C, a t 4.9 GeV shows two temperature components in the spectrum. 
The lower component (dashed curves) corresponds to a temperature of 8 MeV, and 
presumably can be iden t i f i ed with the " l i m i t i n g temperature" we have discussed 
e a r l i e r for pe r iphera l c o l l i s i o n s . The high energy t a i l ( so l id l i n e ) is equi ­
valent to T = 14 MeV, and may o r ig ina t e from more cen t ra l c o l l i s i o n s . (The 
as soc ia t ion with thermal concepts should be t r e a t e d with cau t ion , however, 
since we have already shown tha t the lower component of 8 MeV may simply 
r e f l ec t the ground s t a t e motion of the system). The behavior exh ib i ted in 
Fig. 2.15 holds up to much higher energy protons of 400 GeV, and for fragments 
as massive as s i l i c o n , according to recent gas j e t t a rge t experiments at 
Fermilab (Gaidos, 1979). 

There may even be analogies with high energy s t u d i e s of hadronic matter in 
p + p c o l l i s i o n s . In Fig . 2 .16 , proton data a t 100 GeV/c (Weiner, 1976) are 

t V c N I l t V | 6 Q l I 
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compared w i t h t h e 8 9 y ( p > n ) r e a c t i o n s a t low e n e r g i e s of 30 MeV. B o t h s p e c ­
t r a have a " l o w t e m p e r a t u r e " component , which f o r t h e p + p c a s e , i s r ough ly 
m^, t h e l i m i t i n g t e m p e r a t u r e o f h a d r o n i c m a t t e r d i s c u s s e d i n t h e i n t r o d u c t i o n 
to t h e s e l e c t u r e s . The p r e - e q u i l i b r i u m t a i l h a s b e e n used to d e r i v e t h e 
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conduct iv i ty and t ranspor t p rope r t i e s of hadronic mat ter , using concepts f i r s t 
formulated by Fermi (1950) to understand the v i o l e n t processes occurring in 
proton-proton c o l l i s i o n s . As suggested in t h i s sec t ion , the analogous com­
ponent in low energy r eac t i ons can provide the same information on nuclear 
matter vHo, 1977). The common meeting ground of high and low energy concepts 
may be the nuclear f i r e b a l l (Gosset, 1977), which has played an important ro le 
in understanding r e l a t i v i s t i c nucleus-nucleus c o l l i s i o n s . The next section is 
devoted to a discussion of the bas ic concepts of t h i s model. 

Models of P a r t i c l e Emission in Central R e l a t i v i s t i c Co l l i s ions 

No r igorous framework has yet been found to descr ibe an event l i ke that of 
Fig. 2 . 1 ! We proceed by tu rn ing to model c a l c u l a t i o n s , which hopefully pro­
vide the background to reveal the important dynamical f e a t u r e s . There is at 
present a complete zoo of models: F i r e b a l l , F i r e s t r e a k , Hydrodynamics, Row on 
Row, Cascade, Hard Spheres, and Coherent Tube to name a few (For a review, see 
Gyulassy, 1977). These models range from macroscopic f luid dynamics—which 
imply tha t the i n t e r a c t i o n time is s u f f i c i e n t l y long for e q u i l i b r a t i o n to 
occur, and for thermodynamics and an equation of s t a t e to apply—down to 
single nucleon-nucleon s c a t t e r i n g ! Although each model can claim some suc­
cesses , the fact is tha t a complete t h e o r e t i c a l explanation remains to be 
developed. Even in the low energy domain (<300 MeV/nucleon) according to a 
careful ana lys i s (Bodmer, 1977) by Bodmer; "Neither the s imp l i f i ca t i ons of 
hydrodynamics nor tha t of microscopic desc r ip t i ons appropr ia te for d i l u t e 
systems (Boltzmann equat ion, Uehling-Uhlenbeck equation, cascade ca lcu la t ion) 
are adequate. Hydrodynamics, i f used, should include d i s s i p a t i o n , and at 
leas t the Navier-Stokes equat ions should be used. Quantum mechanical e f f e c t s , 
although perhaps not of dominant importance a t higher energies (>300 MeV/ 
nucleon) are probably not n e g l i g i b l e . I t i s thus not c lear t ha t there are any 
fully j u s t i f i e d s i m p l i f i c a t i o n s of the nuclear many body Schrodinger equation 
appropr ia te for high energy heavy ions c o l l i s i o n s at not too high energ ies . " 
We sha l l s e l e c t two r e p r e s e n t a t i v e models, the f i r e b a l l and the hard single 
s c a t t e r i n g model as two extremes and t e s t t h e i r success agains t the data. But 
f i r s t i t i s i n s t r u c t i v e to see why two s u p e r f i c i a l l y d i s s i m i l a r models can 
make contac t with the da ta , by considering some time sca les for heavy ion 
c o l l i s i o n s at several hundred MeV/nucleon. 

a) T i n t = durat ion of individual nucleon-nucleon c o l l i s i o n s , 

= force range ^ h/m c te 1-2 fm/c. 

b) T r e l a x = r e l a x a t i o n time between nucleon-nucleon c o l l i s i o n , 

= X/v « 2 fm/(0.5-0.75)c = 3-4 fm/c. 

c) T c o l l = c o l l i s i o n time, 

= l/V * 10 fm/(0.5-0.75)c « 10-20 fm/c 

While there are no gross d i f fe rences in the time s ca l e s , the following in ­
equa l i ty ho lds : 

TINT < T r e l < T c o l l 

^ T r e l < < : T co l l» t n e n hydrodynamics would hold with an equation of s t a t e 
and c o l l e c t i v e e f f ec t s . I f T. « T r e ^ , only two-body c o l l i s i o n s are 
important , with no c o l l e c t i v e e f f e c t s . The r e a l s i t ua t ion i s in te rmedia te . 
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An example of p r o t o n s p e c t r a from the c o l l i s i o n of Ne on U a t 250 MeV/nucleon 
appea r s i n F i g . 2 . 1 7 , which shows t h a t the s p e c t r a have Maxwel l ian s h a p e s , 
c o r r e s p o n d i n g to high t e m p e r a t u r e (Gutbrod , 1 9 7 8 ) . These s p e c t r a have been 
e l e g a n t l y e x p l a i n e d w i th a f i r e b a l l model ( G o s s e t , 1 9 7 7 ) , i l l u s t r a t e d 
s c h e m i c a l l y i n F i g . 1 .9 . The model i s an e x t e n s i o n of the a b r a s i o n - a b l a t i o n 
p i c t u r e used p r e v i o u s l y for p e r i p h e r a l r e a c t i o n s . In t h e more c e n t r a l c o l ­
l i s i o n , n u c l e o n s swept out from the t a r g e t and p r o j e c t i l e form a q u a s i -
e q u i l i b r a t e d f i r e b a l l a t h igh t e m p e r a t u r e , e q u a l t o t h e a v a i l a b l e e n e r g y pe r 
nuc l eon . The v e l o c i t y of the f i r e b a l l i s assumed to be t h a t of t h e c e n t e r of 
mass sys tem of t h e nuc l eons swept o u t . The f i r e b a l l expands i s o t r o p i c a l l y in 
i t s c e n t e r of mass system w i t h a maxwel l i an d i s t r i b u t i o n in e n e r g y . 

Assuming s p h e r i c a l n u c l e i and s t r a i g h t - l i n e t r a j e c t o r i e s , t h e p a r t i c i p a t i n g 
p r o t o n s , a s w e l l as the d i v i s i o n of swept ou t nuc leon t . between p r o j e c t i l e and 
t a r g e t , a r e shown i n F i g . 2 .18 f o r Ne on U. At t h e bo t tom i s t h e e f f e c t i v e 
we igh t , 2 i T b N p r o t o n , g iven to each impact p a r a m e t e r . The v e l o c i t y of the 
c e n t e r of mass of t h e f i r e b a l l i s t hen g iven by, 

P T A n N t . ( t . + 2m) 1 / 2 

Brv, = - ^ • P 1 \ (2 8) 
^ * E T A T 1 (N + N ) m + N t . K • ' 

LAB p t p i 

where P ^ a b i s t h e l a b momentum, E^ a i j the t o t a l e n e r g y , t£ the p r o j e c t i l e 
i n c i d e n t e n e r g y / n u c l e o n , and m t h e nuc leon mass . The t o t a l ene rgy i n t h e 
c e n t e r of mass of the f i r e b a l l i s , 

400 MeV/nucI °Ne + U -*• p 
: 1 1 1 1 1 1 — 
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E (MeV) 
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F i g . 2 .17 
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If one assumes tutn are s u f f i c i e n t degrees of freedom in the f i r e b a l l , and 
that there i s a mechanism to randomize the avai lable energy, one can define a 
temperature T, which can be expressed ( n o n - r e l a t i v i s t i c a l l y ) by, E - 3/2 T 
where E i s the available k i n e t i c energy per nucleon in the center of mass, 
l -e«f v E c m / N t + N„). The quant i t ies B and E (calculated r e l a t i v i s t i -
ca l ly ) are given in Fig. 2.19 as a function of impact parameter. The momentum 
dis tr ibut ion of the f irebal l nucleons in the center of mass i s then: 
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- P - - (2 1nnT)- 3 / 2 " P 2 / 2 m T (2.10) 
p dpdn 

where p i s the momentum of a nucleon in the center of mass. Using the earl ier 
expressions, th i s d is tr ibut ion can be transformed to an energy dis tr ibut ion in 
the laboratory, which must then be integrated over impact parameter, weighted 
appropriately (Fig. 2 .18) . Typical values of & and T can be derived from 
Fig. 2. 19 at the point of maximum weight (B * 0.25 and T * 50 MeV). An 
extension of the f irebal l model, taking temperature and ve loc i ty gradients 
into account, i s the f irestreak model (Myers, 1978), which divides the inter­
action region into a ser ies of tubes. Each tube-tube c o l l i s i o n i s treated 
with the f i reba l l model. The f irestreak was used to make the theoret ica l pre­
dict ions shown in Fig. 2.17. At forward angles the model i s not very suc­
cess fu l . We should not be disappointed because many features of the dynamics 
are mis s ing—e.g . , there are no compression e f f e c t s and no v i s c o s i t y in ­
cluded. One should also note that in c o l l i s i o n s of much more massive nuclei 
like Fe in nuclear emulsions, the clean-cut participant spectator model f a i l s 
badly (Bhalla, 1979). I t i s a lso poss ible , however, that t r i v i a l e f fec t s are 
responsible for the forward angle discrepancies. 

We recal l that the concepts of a localized emitting source were a l so used to 
describe the proton emission at 20 MeV/nucleon in Fig. 2.12. The figure also 
shows the f i reba l l predictions with a source v e l o c i t y of 0.06c. The quality of 
agreement i s at least comparable to the resultB at r e l a t i v i s t i c energies; as 
we noted in the previous s ec t ion , the reconc i l ia t ion of this model with hot-
spot and pre-equilibrium descriptions at lower energies presents a theoretical 
challenge (Weiner, 1979). 

At the opposite extreme to the f irebal l model i s the single scat ter ing model, 
in which internal nucleons with o f f - she l l momenta overcome the average binding 
potential and scatter to on-shel l final s tates (Hatch, 1979). Instead of us­
ing the Fermi momentum d i s tr ibut ion for the struck nucleons, i t i s considered 
more r e a l i s t i c to emphasize the high momentum behavior of the d i s tr ibut ions , 
which are described by an exponential f a l l - o f f . (This t a i l may a l so be con­
s i s tent with co l l e c t i ve e f f e c t s in the nucleus—possibly ra is ing a caveat that 
this model may not be purely hard nucleon scattering after a l l ! ) A comparison 
of this "parameter-free" ca lculat ion with several systems at 800 MeV/nucleon 
is given in Fig. 2.20. The agreement is certa inly comparable to that of the 
f irestreak model. However, the proton spectra at back angles in the heavier 
C + Pb Bystem, and in the low momentum regions of a l l spectra, are not well 
reproduced, indicating the presence of more complicated mult istep (pre-
equilibrium or equilibrium?) processes. 

These two extreme models—fireball and hard nucleon-nucleon scattering— 
represent two attempts at understanding complicated processes which occur in 
r e l a t i v i s t i c heavy-ion c o l l i s i o n s . A legit imate question i s , why do they both 
work (Hufner, 1978)? Consider a typical nucleon-nucleon event with i n i t i a l 
momenta <p>p and <p>T, and <p> p, and <p>T afterwards. Then 
conservation laws give, 

<p>p - (1 - a) <p>p + a(p> T (2 .11) 

(p> T - a<p>p + (1 - a )<p) T 
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a - <sm "Y"' 

i s e s s e n t i a l l y the fractional momentum loss per c o l l i s i o n . The parameter 
determines how quickly the two momenta of the nucleons approach one another, 
and e s s e n t i a l l y determines the cascade. The inverse 1/a f ixes the number of 
c o l l i s i o n s to reach equilibrium. For an i sotropic cross sec t ion , ct • 1/4, and 
nthermal " **• l t " a l 8 ° k n o w n f r o m t h e theory of heat that i f 100 part i ­
cles are put in a corner of phase space and released, i t takes only 3 co l ­
l i s i ons for the system to reach equilibrium ( K i t t e l , 1958). With this 
constraint i t i s re la t ive ly easy to calculate that in the c o l l i s i o n of C + C, 
the contributions of d irec t , intermediate and thermal c o l l i s i o n s are approxi­
mately equal. The components due to 2,3 scat ter ings can also be calculated 
with intranuclear cascade codes (Randrup, 1979). It is found that the com­
ponent due to four or more scatterings rapidly approaches a Gaussian d i s t r i ­
bution, a property of the Central Limit Theorem in s t a t i s t i c s . Once a 
Gaussian mommentum dis tr ibut ion is reached, then the two parameters (center 
and width) are completely determined by energy and momentum conservation. The 

Fig. 2.20 
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end result i s identical for a l l models, which amounts for the ir comparable 
success in describing the data (Chemtob, 1979). 

The direct contribution haB actually been i so la ted in a two-particle cor­
relat ion experiment (Naganiya, 1979). In addition to the main counter t e l e -
scope at azimuthal angle <j> « 0 , three additional tag counters were placed at 
<f> • ±90, 180°. The quantity C, defined as the coincidence rate with the in 
to out-of-plane tag counters i s shown in Fig . 2 .21 . For a thermal event 
C • 1, whereas C > 1 favors coplanar emission. This i s c l ear ly observed for 
C + C, but not for C + Pb, where the direct e f f e c t may be reduced by shadowing 
of the heavy target spectator. Using the simple counting approach outlined 
above, one also findB the d irec t component should be neg l ig ib ly small for 
C + Pb. 

The Heart of the Matter 

I t i s obviously an understatement to say that s ingle part ic le inc lus ive 
measurements of central c o l l i s i o n s , i . e . , the detection of one part ic le out of 
the splendor of the event in Fig. 2 .1 , must surely suppress much information! 
In order to inspect more c l o s e l y the f i rebal l and equi l ibrat ion features as 
revealed by s ingle par t i c l e inclusive and exclus ive data, we construct a plot 
which helps to sort out the ve loc i ty and isotropy of the emitt ing sources. I t 
is convenient to characterize the dis tr ibut ion of longitudinal momentum by the 
rapidity variable: 

i . < V V 
2 l n <B - P„J ( 2 . 1 2 ) 
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where E and P., are the t o t a l energy and long i tud ina l momentum of the par ­
t i c l e . This var iab le transforms in Gal i i i ean fashion for d i f f e r e n t frames. 
( N o n r e l a t i v i s t i c a l l y i t becomes the p a r a l l e l ve loc i t y component, shown in 
Fig. 2 .14 . ) Contour p lo t s of the invar iant c roaa-sec t ion 1/P do/dfidE in the Y 
vs P|/mc plane are then formally equivalent to the plot of 2.14 (which is 
i n t u i t i v e l y more comprehensible!) and are shown for Ar + KC1 and Ar + Pb in 
Fig. 2.22 (Nagamiya, 1979a). 

Each contour l ine connects the same invar ian t c roBs-sec t ions , and two adjacent 
thick curves d i f fe r by one order of magnitude. The p r o j e c t i l e and ta rge t 
r a p i d i t i e s are indicated by Yp(= 1.23) and Yyi* 0 ) . The l ine (Yp + Y?)/2 
(= 0.61) corresponds to the d i rec t ion at 90° in the nucleon-nucleon 
center of mass frame, whereas Y c m i s the r a p i d i t y of the t o t a l CM frame. 
According to the f i r e b a l l model the protonB are emitted i s o t r o p i c a l l y in the 
CM frame of f i r e b a l l , which is indicated by Ypg ( i t coincides with the 
nucleon-nucleon system for equal mass t a rge t and p r o j e c t i l e ) . In the small P 
region we expect the emission to be highly influenced by pe r iphe ra l p r o j e c t i l e 
and t a rge t fragmentation, which are c l ea r ly h in ted at for Ar + Pb. However, 
the regions far removed from (Y, P| /nipc) = ( Y p , 0 ) and (Y^,0) are due to 
high momentum t r a n s f e r s . We see that for both systems the d i s t r i b u t i o n s do 
appear to approach the form expected of i s o t r o p i c emission in the f i r e b a l l 
frame of re ference . 

An elegant ind ica t ion tha t the same physics may be contained in the macro­
scopic f i r e b a l l model and in the microscopic model of a fu l l cascade c a l ­
cu l a t i on , i s given (Smith, 1978) by making a r a p i d i t y plot of the output from 
the cascade (see Fig. 2.23) for Ne + Pb -+ protons at 800 MeV/nucleon. The 
development of the f i r e b a l l in coordinate space ( l e f t ) and in momentum space 
( r i g h t ) i s ev iden t . As we mentioned prev ious ly , a deta i led ana ly s i s also 

BOO M«V/A At i KC! — p tX 

1 J t 

BOO MsV/A At» Pb - » p » X 

i i I ' ' r ' ; ' ' ' 
8 0 0 MeV/A A t * KCI — p 

M™ * " 

- i— i—p-1—i i • I ' i 
BOO MeV/A At + Pb -— p 

y . ( y p + y T ) / 2 y„ 

i 1 * 

Xfll 7011-12S7BA 

Fig. 2.22 



IBL TB6-V 

Fig. 2.23 

shows that complete thermalization is achieved, after only a few nucleon-
nucleon coll is ions (see also, Smith, 1977). 

Data obtained with the very different techniques of stacked Lexan foil detec­
tors, however, give evidence for emission of complex fragments from a source 
moving with low velocity and high temperature, which cannot be accommodated in 
the framework of a fireball (Stevenson, 1977; Pr ice , 1977, 1978). These frag­
ments appear to originate through non-equilibrium emission from a system like 
the entire ta rge t , where the internal energy does not have to reach the value 
of 3/2 T per nucleon. The radial emission velocity in the source frame iB 
strongly correlated with the source velocity, independent of the mass of the 
fragment observed. This behavior is uncharacteristic of a thermalized 
Bource. Various cooperative, non-thermal processes can be imagined, amongst 
which are congressional wave phenomena or the release of preexisting 
clusters . In high energy hadron-hadron coll is ions i t is known that the time 
required for the formation of multibody final s ta tes is so long that in a 
hadron-nucleus process the nucleons in the path of the incident hadron can be 
viewed as acting collectively, and in a f i rs t approximation can be regarded as 
a single object—an effective target . Similarly a nucleus-nucleus coll is ion 
at high energy is regarded as a simultaneous col l is ion between an effective 
target and project i le (Ta-Chung, 1978). 

One must remember that these superficially different approaches have so far 
al l been applied to single par t ic le inclusive data. There is Bt i l l hope that 
an event l ike the explosion of Fig. 2.1 represents the decay of an equ i l i ­
brated, high density piece of nuclear matter. To get closer to the heart of 
the matter, to make a more stringent test of the different theoret ical 
approaches, i t is necessary to look at more exlusive data. 
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Multiplicity Selection 

The multiplicity of particles in an event can be measured from streamer 
chamber data, of the type illustrated in Fig. 2.1. It can also be determined 
with an apparatus such as that shown in Fig. 2.24, which is an array of 80 
scintillators covering the forward hemisphere in three rings A, B, C and an 
arrangement of single fragment telescopes inside the scattering chamber 
(Poskanzer, 1978). The events in the telescopes can then be registered with 
associated high and low multiplicity, which we believe will indicate small and 
large impact parameters. How well founded is this hypothesis? Certainly, the 
possible multiplicities can be very large. To give a glimpse of the challenge 
ahead with future higher energy accelerators, some events in cosmic ray inter­
actions are known to produce multiplicities of 500 (Rybicki, 1963; Jacobsson, 
1978)! 

At presently attainable energies the numbers are less staggering, with multi­
plicities ranging up to ten or twenty (Bannik, 1978). The measured negative 
pion multiplicity for Ar + Pb-jO^ at 1.8 GeV/nucleon appears in the upper 
part of Fig. 2.25 (Fung, 1978). The solid lines are the fireball model pre­
dictions (Gyulassy, 1978) with no cut off in impact parameter (1) and with a 
cut off at 9.6 fm for 2 0 8 p b and 5 fin for 1 6 0 (curve labelled (2)). The 
separate contributions from lead and oxygen are also shown; the triangles re­
present the prediction of an analytical cascade model (Vary, 1978). In pass­
ing we note that yet another independent approach to describe the data by the 
Coherent Tube Model is also successful (Afek, 1978). A restriction of the 
operating range of contributing impact parameters is likely to reveal greater 
sensitivity. The lower half of the figure gives a theoretical decomposition 
of the multiplicity with impact parameter. The relationship between M and b 
is almost linear, but the individual Poisson distributions, associated with 

<BL 7B2-72?9 0 

Fig. 2.24 
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Fig. 2.25 

different impact parameters, are wide and overlapping. In particular the sen­
s i t i v i t y i s small for b < 5 fm. The best recipe for i so lat ing head-on central 
co l l i s i ons i s therefore to demand extreme mult ipl ic i t ies", e . g . , M > 18, where-a-
b = 5 fm i s suppressed re la t ive to b = 0 by a factor of twenty : (unfortunately, 
only 12 of the cross section would remain!). 

If the developing f irebal l would trigger the propagation of density shock 
waves through the spectator medium, one might expect the isotropic emission 
pattern of the rapidity plot to be radically modified (Stock, 1978). Return­
ing to Fig. 2 .22 , the lower sect ions show the e f f e c t of imposing a mult i ­
p l i c i ty tr igger (of approximately 4) and one can indeed see a-modification of 
the pattern. In particular, the distr ibut ions from a two targets.become jnore. . 
similar, and the contributions of the contours centered at p r o j e c t i l e and 
target rap id i t i e s have Deen eliminated. Clearly a great deal of d i f f i c u l t , 
complex experimentation l i e s ahead, but an impressive attack on the dramatic 
events of Fig. 2.1 has certainly been launched. Other discussions of theo­
ret ica l methods to i so late impact parameters are given by Bertsch (1978) and 
of the s ignif icance of mul t ip l i c i t y distr ibutions by Knoll (1978). 

i? 
=3=5 

The Emission of Composite Particles 

The energy >ectra of composite particles emitted in relativistic heavy ion 
collisions . ave been calculated with two models, the coalescence model 
(Westfall, 1976) and the firestreak model (Gossett, 1 9 7 8 ) . In the latter the 
interaction is assumed to be localized in the overlapping volume of the ! target 
and projectile nuclei, which is divided into streaks; in each streak the 
matter is treated as a thermodynamic system in chemical equilibriuu, so that 
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r e l a t i v e y ie lds and momentum d i s t r i b u t i o n s for pions and nucleons can be 
ca l cu la t ed . 

To ca lcu la te the fragment c r o s s - s e c t i o n s with the coalescence model, we must 
determine the p r o b a b i l i t y of condensation of the nucleons , which i s assumed to 
take place if they are wi thin a coalescence radius p 0 . the p robab i l i t y of 
f inding a nucleon in a sphere in momentum space of rad ius p , centered at p i s 
(Feshbach, 1977): 

3 2 
4irp v i d o , (p) 

° JL 1 (2.13) 
3M o p dpdfi 

where M is the nucleon m u l t i p l i c i t y , o 0 the t o t a l c r o s s - s e c t i o n and y the 
r e l a t i v i s t i c f a c t o r . The f i r s t fac tor i s the momentum sphere volume and the 
second the r e l a t i v e p r o b a b i l i t y of f inding a nucleon with momentum ( p ) . The 
p r o b a b i l i t y of f inding Ap nucleons i s then: 

*<v-

(2 .14) 

where A is the fragment mass number. To obtain the c r o s s - s e c t i o n we take the 
p r o b a b i l i t y of f inding (A F - l ) nucleons in the momentum sphere ( p 0 ) times 
1/A F of the cross-Beet ion for the emission of one a d d i t i o n a l p a r t i c l e : 

(2 .15) 
p dpdfi 
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Once the nucleon emission c ro s s - s ec t i on Ô  i s known (so far measured only 
for protons) the c ro s s - sec t i on for a composite p a r t i c l e is e a s i l y ca lcu la ted . 
The magnitude of p 0 i s an ad jus tab le parameter and r Q i s ca l cu la t ed from 

°R " irrg(Al/3 + A { / 3 - <S)2 (2.16) 

Some typ ica l r e s u l t s for Ar + Pb •+ d, ^He are shown in F ig . 2.26 in which 
the agreement with the data i s superb (Lemaire, 1979). Note t ha t the f i r e -
s t reak p r ed i c t i ons ( so l i d l i n e ) are less success fu l . In t h i s model the r e l a ­
t ionship between nucleon and composite p a r t i c l e c ro s s - s ec t i on p red ic ted by the 
coalescence model does not hold when a wide kinematic region i s encompassed, 
because each s t reak con t r ibu tes with a d i f f e ren t temperature. The agreement 
with the coalescence model must therefore be considered qui te s i g n i f i c a n t and 

Ar»Pb— cUX 800MeV/A 

PIGeV/c) 
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Fig. 2.26 
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any other successful model must contain the r e l a t i o n s h i p to nucleon data of 
the coalescence model. 

At leas t one i n t e r e s t i n g and profound new fac t emerges when the values of p 0 

are r e l a t e d to the s ize of the emit t ing source ( the f i r e b a l l ) ? If chemical 
equi l ibr ium is reached during the expansion of the f i r e b a l l i t i s poss ible to 
r e l a t e the value of p 0 to the s ize of the f i r e b a l l at the freeze out density 
(Mekjian, 1978, 1978a). 

V « i £ - - (2.17) 
47ip 

. 0 

Expressing the volume in terms of the radiuB of an equivalent sphere 
R = a(A*/3 + A*/-*) + b, with a = 0.24, b = 1.9 fm for the deuterons and 
1.5 fm for tritons and -*He, the analysis leads to values of R from 3.4 to 
4.3 fm. It is fascinating to note that an attempt to measure the source 
dimensions in an experiment with 1.8 GeV/nucleon Argon on Pb by means of pion 
interferometry (Fung, 1978) gave a very similar value of 3.3 fm! 

There is hope that a quantitative information can be retrieved from the 
apparent staggering complexity of heavy ion central collisions, setting our 
course for the last lecture on the search for the exotic. 

THE SEARCH FOR THE EXOTIC 

"Ogni linguna per certo verria meno, per lo nostro 
sermone e per la menta ch'hanno a tanto comprender 
poco seno." 

Truly all tonges would fail, for neither could the 
mind avail, nor any speech be found for things not 
to be named or understood. 

Dante, The Divine Comedy 

Introduction 

Since the discovery of nuclei in 1911, we have studied them primarily under 
conditions in which the nuclear density is close to the equilibrium value, the 
excitation energy or temperature is relatively low, and in general the nuclei 
are confined close to the valley of stability. However, with the development 
of accelerators capable of delivering heavy nuclei at relativistic speeds, we 
are now beginning to explore the relaxation of these traditional constraints, 
and to search for the exotic. 

The search for the exotic in relativistic heavy ion collisions is reminiscent 
of the hunt of the Unicorn in bygone times. Although there was a considerable 
element of doubt about the existence of this elusive beast, the illustration 
of "The Unicorn Under Attack," from a famous tapestry in Fig. 3.1, spares no 
attention to detail. The hunters carry very real spears and every leaf on 
every tree is correctly depicted. The search for exotic phenomena is also 
deadly serious—otherwise the planned construction of the apparatus for the 
hunt shown in Fig. 3.2 could never be contemplated (Gutbrod, 1979). The 
instrument consists of a plastic ball in coincidence with a plastic wall. The 
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The ba l l c o n s i s t s of 680 modules of Phoswich AE-E de tec to rs (Wilkinson, 1952) to 
detect the c en t r a l explosion fragments in coincidence with leading p a r t i c l e s 
iden t i f i ed by t ime-of - f l igh t between the entrance beam counters and a wall of 160 
s c i n t i l l a t o r s which also measure pos i t i on . In t h i s l e c t u r e , as the Walrus sa id , 

"The time has come—. . . , 
To t a lk of many t h i n g s : 
Of shoes—and ships—and seal ing wax— 
Of cabbages—and kings— 
And why the sea is b o i l i n g hot— 
And whether pigs have wings." 

Lewis C a r r o l l , 
Through the Looking Glass 

This verse is reminiscent of d i scuss ions of the s t a t e of r e l a t i v i s t i c heavy 
ion c o l l i s i o n s . The concepts often border on the f an t a s t i c compared to con­
ventional t h e o r i e s of nuclear phys ics . Nevertheless some have become accepted 
into our everyday th inking; o the r s remain subjec ts for imaginative debate! In 
th i s l e c t u r e , I sha l l not t a l k of too many t h i n g s , and I fear t ha t the 
glimpses of the exot ic tha t I am able to give w i l l be seen "through the glass 
darkly ." I s h a l l r e s t r i c t myself to the search for various l i m i t s in r e l a t i ­
v i s t i c heavy ion c o l l i s i o n s : the Limits of Temperature and P re s su re , the 
Spat ia l and Temporal Limi ts , and f ina l ly the Limits of Nuclear Matter and of 
Nuclei. 

The Limits of Temperature and Pressure 

The l imi t ing temperature of hadronic matter (T ** m^) may be reached in high 
energy heavy-ion c o l l i s i o n s (Glendenning 1978) (as mentioned b r i e f l y in 
lec ture 1) and may already have been observed in high energy hadron c o l l i s i o n s 
(Laasanen, 1977). The u l t ima te hope is t h t some unusual thermodynamic pro­
perty of mat ter at high baryon densi ty might be used as a s ignal for new 
s ta tes of m a t t e r . But, as with other new kinds of phase, the b igges t quest ion 
is what e f f ec t t h i s phenomenon would have on the p a r t i c l e s remaining a f te r the 
expansion has lowered the dens i t y . The novel s t a t e s are conjectured to form 
as the dens i ty increases and more nucleons come wi th in the range of the 
nuclear fo rce . Long range c o r r e l a t i o n s can then develop, r e s u l t i n g in phase 
t r a n s i t i o n s , which model c a l c u l a t i o n s indica te w i l l occur when P > 2 P 0 . In 
p a r t i c u l a r , phase t r a n s i t i o n s leading to dens i ty isomers and pion condensates 
have been ex tens ive ly studied (Stocker, 1979; Hoffman, 1979; Lee, 1975). 
Speculat ions a l so suggest t h a t a t high dens i ty , nucleons may lose t h e i r iden­
t i t y and merge into a new s t a t e of quark matter (Chin, 1978; Chapline, 1977). 
As an i n d i c a t i o n of some of these exc i t ing p o s s i b i l i t i e s , Fig. 3.3 shows the 
an t ic ipa ted equation of s t a t e (Nix, 1977). In the absence of Bpecial e f fec ts 
the energy would simply inc rease monotonically with densi ty (beyond the point 
of normal nuclear ma t t e r ) . Since pressure in a hydrodynamical model i s pro­
por t iona l to dE/dp, a change to negative slope would imply nega t ive p res su re , 
e . g . , condensation to abnormal mat te r . 

Perhaps i t i s useful at the ou t se t to est imate the poss ib le d e n s i t i e s r e s u l t ­
ing from a heavy-ion c o l l i s i o n (Goldhaber, 1978). Uranium is a s u f f i c i e n t l y 
large nucleus tha t a near ly head-on c o l l i s i o n (=0.1 b out of = K7 b t o t a l 
react ion cross sec t ion) may be described as a meeting of two s l a b s 15 fm th ick 
with p ^ 0 . 1 5 f m - 3 . The Lorentz cont rac t ion i nc r ea se s P and decreases the 
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thickness by a factor y • W/2M; the combined system will eventually be con­
fined to a thickness 15/y, since the back of either slab must proceed half way 
to the meeting plane before even a light signal from that plane could reach 
it. At one moment the density would be 2y times normal. To get a maximum 
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es t imate of p, one notes tha t a 40 mb nucleon-nucleon cross Bection leads to 
N = 9 i n t e r a c t i o n s in cross ing the s l ab , and the mean f rac t ion of momentum 
re ta ined by the nucleon is 1/N + 1 which is a lso ^ . Therefore the densi ty 
increase could be as high as 10 times normal. Ca lcu la t ions i nd i ca t e t ha t a 
t r a n s i t i o n to quark matter w i l l c a l l for d e n s i t i e s 10 to 20 times above normal 
(Chapline, 1977; Nix, 1977). I t i s estimated t h a t beam energies per nucleon 
between 10 and 25 GeV are necessary for t h i s end (see Eq. (4) of Iwe, 1978). 

More q u a n t i t a t i v e ca lcu la t ions of the a t t a i n a b l e d e n s i t i e s are a l so given by a 
v a r i e t y of t h e o r e t i c a l approaches. In c l a s s i c a l microscopic c a l c u l a t i o n s 
(Bondorf, 1976a; Bodmer, 1977) the nucle i are descr ibed as a c o l l e c t i o n of 
p a r t i c l e s which move according to Newton's laws. The heavy ion c o l l i s i o n is 
simulated by ca l cu l a t i ng each nucleon-nucleon c o l l i s i o n success ive ly . The 
d i s t r i b u t i o n of nucleon p o s i t i o n s and v e l o c i t i e s vary as a function of time, 
and they are averaged according to some ad hoc s p e c i f i c a t i o n s in order to have 
smooth funct ions of d e n s i t i e s . For head on c o l l i s i o n s of uranium on uranium 
at a few hundred MeV/nucleon, t h r ee times normal dens i ty i s reached. Com­
parable d e n s i t i e s are also a t t a i n e d in more de t a i l ed cascade c a l c u l a t i o n s 
(Smith, 1977), an example of which for calcium on calcium a t 1 GeV/nucleon i s 
shown in F ig . 3.4 (Cugnon, 1979). In general , approaches based on r e l a t i -
v i s t i c hydrodynamics p red ic t h igher compressions (Amsden, 1977; 1978). 

In sp i t e of the spec i f ic p r e d i c t i o n s of theory on the subject of compression 
and dens i ty , the experiments a t t h i s point are r a t h e r vague. None of these 
exo t i c e f f ec t s have yet been observed, and my task i s now to descr ibe the 
f i r s t experimental a t t a c k s . Whether exot ic phenomena occur or no t , an immedi­
a te goal of r e l a t i v i s t i c heavy ion physics is to l ea rn about the equauion-
o f - s t a t e W(p,T) as a function of p and T. The only fact known about W today 
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1GeV/A 

Fig. 3.4 

is that W(p,0) = -16 MeV (9W/9p) = 0 (a t p 0 and T 
incompres s ib i l i t y , 

0) and tha t the 

K = 9 pg 92 W /8P 2 (3.1) 

is determined to be in the region of 200 MeV from s tudies of the monopole 
v ib ra t ion (Ber t rand, 1978; Youngblood, 1977). The determination of W over any 
f i n i t e region of the (p,T) plane would vas t ly expand our knowledge of nuclear 
phys ics . 

We re turn to the r a p i d i t y p l o t s which were discussed in l ec ture 2 as a vehicle 
for i s o l a t i n g the loca l ized nuclear f i r e b a l l . Figure 3.5 is a p ro jec t ion of 
proton and pion k i n e t i c energ ies (see Fig. 2.24) along the l ine of mid-
r a p i d i t y ( y p + yT)/2, for sevr>Ti 1 systems (Nagamiya, 1979). The invar ian t 
cross s ec t i ons have the form exp( -S^/Eg) from which we inferred in l ec tu re 
2 the ex i s t ence of a thermally eq • Uibra ted f i r e b a l l . However, in t h i s model 
the t o t a l a v a i l a b l e energy in the overlap region between t a rge t and p ro j ec t i l e 
is completely thermalized, and the calculated temperature should be given by 
E* = 3/2 T, leading to T * 115 MeV for the systems presented. The observed 
temperatures are much lower ( a s 75 MeV). Figure 3.6 shows the r a d i c a l departure 
from the i d e a l gas formula a t severa l energies (Nagamiya, 1978). Both figures 
also show t h a t the pion temperatures are c o n s i s t e n t l y below the proton temper­
a ture—again a t variance with a purely thermal model. ( In F ig . 3.5 the pre­
d i c t i ons of the macroscopic f i r e s t r e a k and the microscopic hard s c a t t e r i n g 
models are a l so shown—c.f., l e c t u r e 2 . ) The d i f ference in ir-p temperatures 
cannot be Bolely due to the cool ing effect of pion product ion, s ince only one 
pion is c rea ted for every 10 p ro tons , with a mean energy ( inc lud ing the res t 
mass) of 240 MeV. Assuming equal numbers of TT~ and I T 0 , about 35 MeV per 
baryon goes i n t o producing end acce le ra t ing p ions , lowering the temperature to 
only 90 MeV (Siemens, 1979). 

The a d d i t i o n a l cooling has been a t t r i b u t e d to a " b l a s t wave" (Siemens, 1979). 
I t is a ma t t e r of ordinary experience tha t the sudden c rea t ion of ho t , dense 
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matter leads to an explosion (bombs, blasting caps, supernovae). Due to the 
pressure wave, particles acquire a net flow velocity outwards, the energy for 
which comes primarily from the kinetic energy of the random (thermal) relative 
motion (Kitazoe, 1976, 1979). Since I cannot show a picture of this happening 
in a nuclear collision, perhaps the reader will be content with a possible 
cosmological analog, the case of the Crab Nebula itself (Fig. 1.1) or the 
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Planetary Nebula in Aquarius (F ig . 3 . 7 ) . The c h a r a c t e r i s t i c fea tures of an 
explosion are (a ) the peaking of the ve loc i ty d i s t r i b u t i o n about the mean 
r a d i a l v e l o c i t y , in contrast to the fully thermalized d i s t r i b u t i o n which is 
l a rges t for the slowest p a r t i c l e s in the f i r e b a l l frame, and (b) the reduct ion 
of the i n t r i n s i c temperature due to the cooling of the expansion. 

These features appear to be required to explain the data of Fig. 3 . 5 . The 
appearance of the peak is suggest ive for the TT+ data a t 15 MeV; i t could 
also be due to Coulomb effects and a comparison of TT+ and IT - would c l a r i f y 
t h i s po in t . Since for protons the mean thermal v e l o c i t y is smaller than for 
pions at the same temperature, the peaking of protons at the b l a s t v e l o c i t y 
should be more pronounced, as observed. By consider ing (Siemens, 1979) a 
spher ica l ly symmetric f i r e b a l l expanding at v e l o c i t y g, temperature T, the 
momentum space densi ty of p a r t i c l e s of momentum p and energy E i s , 

/ , T\ sinha T , „, 
V + f) -ST" ~ f c o s h a 

where a = ySp/T and Z(T) is a r e l a t i v i s t i c Boltzmann factor of the normal i ­
za t ion . For l a rge p the d i s t r i b u t i o n is a Boltzmann form with apparent 
temperature, 

v K : ^ ) ~ 1 " , T Y ~ 1 ( 1 ~ B E / p r l (3-3) 

Therefore the pions (p = E) should indeed be cooler than the protons (p < E). 
The predictions are shown in Fig. 3.8; they indicate that 40% of the available 
energy appears in the blast. In this number there may be information about 
the state of the initial hot, dense, baryonic matter. If we use the Fermi gas 
model to estimate the excitation spectrum: 

CBB 791-1176 

d_n N exp(-YE/T) 
3 m 

Fig. 3.7 
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ETHERMAL/N * E F = P (3 .4 ) 

Assume tha t p^ expands to P2; then, 

E T H C I ) = KECM - e(p!> 

where £(p j ) i s the po t en t i a l energy of the i n i t i a l compressed ma t t e r , a t a 
presumed high temperature and p r e s s u r e . Now, 

E T H ( 2 ) = E T H ( l ) ( p 2 / P 1 ) 2 / 3 (3.5) 

and the re fore the f rac t ion of the energy in the c o l l e c t i v e flow i s e a s i l y 
derived as , 

Q = 
c o l l e c t i v e E 

t o t a l E (3.6) 

The f inal dens i ty—at which c o l l i s i o n s cease—can be derived from s tud ies of 
the emission of l i g h t composite p a r t i c l e s as discussed at the end of lec ture 2. 
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The i d e n t i f i c a t i o n of a b l a s t wave from exploding f i r e b a l l s i s an important 
s tep to unravel l ing the p roper t i e s of h o t , dense baryonic mat te r . P a r t i c l e s 
emit ted e a r l i e r than freeze out might give b e t t e r clues to the early develop­
ment of the system. The detec t ion of K+ mesons may be pre fe rab le to pion3 
since they have a mean free path X *= 6 fm a t p = PQ and can escape at a l l 
times with only a 50% chance of r e s c a t t e r i n g . This advantage is i l l u s t r a t e d 
by the t o t a l IT—p and K-p cross sec t ions in Fig . 3 .9 , which shows that the 
K + -p cross section is by far the lowest . With higher energy a c c e l e r a t o r s , 
>4 GeV/A, the K* may become our thermometer and barometer (Stock, 1978)1 

Shock wave emission, if i t e x i s t s , would a l so provide a time marker c o r r e ­
sponding to the propagation stages of compression. The ea r ly searches were 
based on the fea tures of Fig. 3.10 (Greiner , 1979; Scheid, 1976) which i l l u ­
s t r a t e s the progress of the shock f ron t . In the i n i t i a l phase a "splashing 
t i d a l wave" is expected at a backward angle , where sincj)^ = v t / v £ , with 
v t the expansion v e l o c i t y of the shock compression zone. In the second 
s tage , a strong compression shock is c r ea t ed , accompanied by a Mach cone 
t r a v e l l i n g outwards in the d i r ec t i on (j>2, c o s ^ = v s / v i > w n e r e v 8 i s 
the shock expansion v e l o c i t y . In the f ina l s tage, matter i s emitted in the 
d i r e c t i o n s (J^Csplashing) and (^(Mach). However, the source ve loc i ty must 
be reasonably constant for the Mach cone to be observable, and t h i s behavior 
i s not expected at p r e sen t l y ava i l ab le ene rg ies . In any case the ef fec ts of 
shock waves have not been observed in s ing le p a r t i c l e i nc lus ive measurements 
(Baumgart, 1975; Poskanzer, 1975). Recently in the ^°Ar + 5 Be reac t ion a t 
1.8 GeV/nucleon, a t e s t was made of the poss ib le c o r r e l a t i o n s between a p a r ­
t i c u l a r m u l t i p l i c i t y M and the inc lus ive cross section W, by studying the 
r a t i o R = W m (9L>YL)/W(9L> V L^ a s a function of Q^ and r a p i d i t y 
>TL. This r a t i o i s shown for p, d and t in Fig. 3 .11. The m u l t i p l i c i t y 
t r i gge r required t h a t a t l e a s t seven fragments were detec ted in an array of 
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Fig. 3.9 
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Cerenkov d e t e c t o r s . According to a shock wave model, the fragments from a 
shock wave in the p r o j e c t i l e should peak at r a p i d i t i e s indicated by the shaded 
reg ions . The evidence i s nega t ive (Gazzaly, 1978). Perhaps the approach out­
lined in the b l a s t wave s tud ies w i l l be mora f r u i t f u l , p a r t i c u l a r l y when a 
high m u l t i p l i c i t y se lec t ion i s imposed (the data in Fig. 3.5 and 3.8 are 
i n c l u s i v e ) . 

New evidence has recent ly come to the fore, which may confirm some of the 
p red ic t ions of hydrodynamics—a model tha t a l so deals d i r e c t l y with the equa­
t ion of s t a t e W(p,T). In t h i s approach the dynamical evolut ion of the system 
follows the con t inu i ty equa t ions ; i t has been appl ied to the Ne+U reac t ion a t 
250 MeV/nucleon (see Fig . 3.12) where the assumptions are b e t t e r f u l f i l l e d 
than at very high energ ies . (From the known nucleon-nucleon c ross sec t ions of 
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40 mb at 2 GeV, we est imate the mean free path X « 1/po «* 2 fm, which i s hard­
ly small compared to the macroscopic dimensions). The time evolut ion of the 
system is followed for cen t r a l as well as pe r iphe ra l c o l l i s i o n s . For b = 
0.1 S a t 5 x 1 0 ~ " sec, a wel l -def ined shock cone e x i s t s but a f te r r e f r a c ­
t ion through the curved su r faces , l i t t l e t race of i t remains. Some ind ica t ion 
of a f i r e b a l l or f i r e s t r e a k i s evident for b = 0.5 R. In p a r t i c u l a r one sees 
evidence for a strong sideways "sp lash" (Nix, 1977). 

We now turn to the experiment, the apparatus for which is shown in F ig . 2.24 
(Gutbrod, 1978). i t employs two te lescopes , one de tec t ing f i s s ion fragments 
and slow, heavy res idues with A ^ 16, and the o ther l i gh t in termediate frag­
ments such as IT + , p , d, t . The s c i n t i l l a t o r a r ray recorded the m u l t i p l i c i t y 
of high energy fragments with E/A > 25. The r e s u l t s for Ne+U at 400 MeV/ 
nucleon are given in Fig. 3 .13 . Fragments with Z > 26 are assoc ia ted with 
m u l t i p l i c i t y d i s t r i b u t i o n s peaking at M = 0 , which probably implies they are 
associa ted with per iphera l f i s s ion and ra ther small energy t r a n s f e r s . The 
de tec t ion of *"0 fragments on the other hand is assoc ia ted with higher 
m u l t i p l i c i t y of 5 to 10 in r i n g s B and C, which are located in te rmedia te 
between forward and backward angles (see Fig. 2 . 2 4 ) , in which there i s roughly 
a concent ra t ion of p a r t i c l e s on the opposite s ide of the detected fragment 
(Fig. 3 .14) . I t is also noteworthy that no corresponding heavy fragment is 
found on t h i s s ide of the beam. Now look back at the hydrodynamical p ic ture 
of th i s r eac t i on (Fig. 3.12) for an impact parameter of 0.5 R, and follow the 
reac t ion in t ime. We see tha t the specta tor mat te r r e a l l y gets a "kick" and 
is def lected outwards. Taking the picture s e r ious ly one finds t h i s bulk mov­
ing out with a ve loc i ty of 0.04 c, which for a mass 50 system corresponds to 
an energy of =«40 MeV, at l e a s t c lose to the order of magnitude observed in the 
experiment. Here then one may have the f i r s t evidence for the emission of 
c o l l e c t i v e chunks of nuclear ma t t e r . 
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Further evidence for the v a l i d i t y of the hydrodynamical p ic ture may be appar­
ent in Fig. 2 .17 , which shows a r a d i c a l departure from the f i r e s t r e a k p r e ­
d ic t ions a t forward angles . The same data are shown in Fig . 3.15 as a 
r ap id i t y p l o t , with (a) no and (b) high (>36) m u l t i p l i c i t y s e l e c t i o n 
(Sandoval, 1979; Gutbrod, 1978). There i s a dep le t ion at forward angles for 
high m u l t i p l i c i t y , which may be a manifes ta t ion of the small impact parameter 
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c o l l i s i o n in F ig . 3.12. I t is a l so the effect expected q u a l i t a t i v e l y from the 
explosive b l a s t wave model out l ined e a r l i e r . Whereas i t has been e s t ab l i shed 
from hydrodynamical ca lcu la t ions tha t there is v i r t u a l l y no s e n s i t i v i t y to the 
equation of s t a t e , e . g . , by changing the compress ib i l i ty by a factor of two 
(Nix, 1977), the experiments described here show r e a l hope for g rea te r s e n s i ­
t i v i t y in the exc lus ive measurements. 

Another f r igh ten ing spectre lurk ing in th<= background of r e l a t i v i s t i c heavy 
ion c o l l i s i o n s , i s the p o s s i b i l i t y t h a t they may be merely superpos i t ions of 
nucleon-nucleon c o l l i s i o n s , conducted at hideous expense. Recent experiments 
on pion production in the sect ion ^°Ar + 4 0 C a a t 1.05 GeV/nucleon give 
some grounds for optimism. Because of the large energy threshold , pions are 
produced p r e f e r e n t i a l l y in regions of high densi ty and temperature, or from 
p a r t i c u l a r l y v i o l e n t nucleon-nucleon c o l l i s i o n s . Furthermore, since the pion 
energies are well below the A(1232) resonance energy, t h e i r mean free path is 
comparable to the dimensions of the mass 40 system, al lowing a high chance of 
escape. The r a p i d i t y plot of F ig . 3.16 shows (Wolf, 1979) an enhanced TT+ 

yie ld at m i d - r a p i d i t y , i . e . , corresponding to the cen te r of mass of the 
system, and at a perpendicular momentum of 0.4 m^ (=55 MeV/c). This fea ture 
i s quite d i f f e r e n t from the p r e d i c t i o n s of a f i r e b a l l model, which gives semi­
c i r c u l a r contours centered at p^ = 0. The corresponding plot for a p ro ton-
proton c o l l i s i o n i s shown at the bottom, in which the forward and backward 
peaks are due to the decay of an isobar at res t in the center of mass 
(Cochran, 1972). There is no i n d i c a t i o n of enhancement at m id - r ap id i t y . At 
t h i s stage one can only speculate whether the ef fec t of the "sideways peaking" 
in the heavy-ion c o l l i s i o n is caused by adding compressional energy to the 
f i r e b a l l model, or whether i t i s due to t r i v i a l Coulomb ef fec ts which push the 
TT+ out at 90° ( l i k e te rnary f i s s i o n ) (Koonin, 1979). In the l a t t e r case 
the TT~ spectra would show a complementary hole , but these spectra are not 
yet measured. 

One would a lso l i k e to answer the ques t ion : Is the t o t a l energy a v a i l a b l e in 
the system, v i z . E j n r , AjAy/Ai+A? GeV, the important quan t i ty or i s 
i t jus t ( ^2 (E£ n c + 2 ) - 2 GeV, t h a t i s ava i lab le Aj nucleon-nucleon 
react ions? The d i f fe rence between these p ic tu res i8 important . I f we find 
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pion production a t 0.1 GeV/A, the former expression must be r e l evan t , and 
c o l l e c t i v e phenomena are important . A recent experiment sheds some l i g h t , by 
studying pion production in heavy ion c o l l i s i o n s below the nucleon nucleon 
threshold of 280 MeV/nucleon, and a l s o below the nucleon-nucleus th resho ld of 
«=160 MeV (Benenson, 1979; Jacobsson, 1979). I t i s in t h i s energy region tha t 
one could a l so p r o f i t a b l y look for e f f ec t s of pion condensat ion, to which the 
y i e ld of low energy pions might be very s e n s i t i v e . The measured product ion 
cross sec t ions are p lo t t ed in F ig . 3.17, and compared with a t h e o r e t i c a l 
"background" c a l c u l a t i o n from the Fermi momenta of the two nucle i combined to 
permit pion product ion by nucl eon nucleon c o l l i s i o n s . At the lowest energ ies 
the theory i s c o r r e c t in magnitude but f a l l s d r a s t i c a l l y below the data at 
higher ene rg ies . The solid l ine i s the f i r eba l l p r e d i c t i o n . I t i s c l e a r tha t 
other—not n e c e s s a r i l y exotic—mechanisms must be at work to explain the en­
hanced y i e ld , which never theless i« well below tha t claimed in some emulsion 
experiments (McNulty, 1977). The data in Fig. 3.15 correspond only to 10~ 3 

pions per c o l l i s i o n , whereas emulsion experiments have claimed, presumably 
enormously (Lindstrom, 1978; Kul lberg , 1978), tha t the pions were produced in 
70% of the c e n t r a l c o l l i s i o n s . 

A further i n t r i g u i n g aspect of these data is the comparison of TT+ and iT 
y ie ld s (Fig . 3.18) where an enormous peak appears in the IT" cross s ec t i on at 
very low pion ene rg i e s . This e f f e c t may have a t r i v i a l Coulomb i n t e r p r e ­
t a t i o n , or hopeful ly some exot ic explanat ion (Benenson, 1979). The point of 
t h i s figure—and indeed of t h i s whole sec t ion—is t h a t new phenomena are 
appearing and t h a t data are no longer fea ture less decaying exponent ia l s to be 
f i t t e d by any of a score of d ive r se models. 
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Temporal and Spatial Limits 

The measurement of the space-time dimensions of the nuclear interaction 
regions formed when heavy ions coll ide at r e l a t iv i s t i c energies cal ls for 
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novel techniques . In lec ture 2 we gave ind i rec t evidence from the coalescence 
model that t h i s dimension was «3-4 fm. In t h i s s h o r t - l i v e d f i r e b a l l , nuc lear 
matter may be compressed to high d e n s i t i e s ( 1 0 ^ gin/cm 3), heated to high 
temperatures (10** o^) g ^ expanding with r e l a t i v i s t i c speeds on a time 
scale of 10~23 to 10~^^sec. For more de ta i l ed i n e i g h t in to t h i s i n t e r ­
es t ing region a recent development has been the a p p l i c a t i o n of pion i n t e r -
ferometry to deduce the space-time geometry (Fung, 1978). The bas i c idea goes 
back go Hanbury-Brown and Twiss, who used the technique of second order i n ­
t e n s i t y in te r fe romet ry to deduce s t e l l a r r a d i i (Hanbury-Brown, 1956). For 
chaot ic , incoherent l i g h t , although the average photon count measured by two 
de tec tors i s the same and independent of de tec tor sepa ra t ion , the coincidence 
ra te does depend on the s epa ra t ion . 

The p r inc ip le i s i l l u s t r a t e d in F i g . 3.19 (Cocconi, 1974; Koonin, 1977; Yano, 
1978). Two i d e n t i c a l bosons are produced simultaneously (within A t ) , and with 
equal momentum (wi th in Ap) and with random r e l a t i v e phases a t a and B sepa­
rated by R. At a d is tance r >> R two de tec tors A and B, separated by D, 
r e g i s t e r co inc idences . Define 0 = D/r and p = R/r . Since there are two i n ­
d i s t ingu i shab le ways of c rea t ing a coincidence (A h i t by p a r t i c l e from a , B by 
(3 and vice versa) the t o t a l amplitude i s for bosons the sum of the p a r t i a l 
amplitudes. Call a^, 82, b j , b 2 the lengths of the four poss ible 
pa ths . Then: 

_ . . , i •.. j ikai ikbi , ikao ikb? 
Coincidence amplitude « e le x + e •'e L 

= e i k ( a 1 + b 1 ) + e i k ( a 2 + b 2 ) (3.7) 

Rate a |Ampl i tude | 2 = 2(1 + coskRB) 

where 2pD/2 = R6. 

XBL 797-2278 

Fig . 3.19 
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There wi l l be a modulation of the in ter ference p a t t e r n as a function of 8, 
with maxima at kR6/27i' = 0 , 1 , 2 . . . , which allows the determination of R. 
The condit ion for in te r ference i s the existence of a path ambi tu i ty , i . e . , 
(Ap)cA t ~ h, for the ef fec t of Bose s t a t i s t i c s to ope ra t e . From the d i s ­
cussion at the end of l ec ture 2, we expect the dimensions of the f i r e b a l l to 
be s=3 fin and hence we requi re At £ 3 fm/c, so the phenomena we are d iscuss ing 
should be present provided the momenta of the two pions are equal wi th in , 

(AP) 3 fm/c * 60 MeV (3 .8) 

In Fig. 3 .20, are shown the r e s u l t s of an in te r fe rometry experiment (Fung, 
1978) for 1.8 GeV/nucleon argon or lead. The pions were detected in a 
streamer chamber, t r iggered in the i n e l a s t i c mode ( to bias out pe r iphera l 
events , i . e . , the requirement t ha t there is no leading high energy p r o j e c t i l e ­
l ike fragment emitted into the forward cone). P l o t t e d is the normalized r a t i o 
of the number of negative pion p a i r s from the same event to the number from 
di f ferent even t s , R° as a function of the r e l a t i v e momentum q = |p£ -
Pk I and energy difference qg This function has the form, 

1 + exp ( 3 . 9 ) 

where rg and x are characteristic space-time parameters. (The reader will 
hopefully recognise some semblance to the earlier formulae!) We note that the 
value of q is indeed =60 MeV/c, as expected from the above simple arguments. 
The best fits to the data yield x = 3 x 10~ 2^ sec and rg * 3.5 fin. One 
should compare this result with rg = 1 fm in p + p collisions suggesting 
more extended sources are formed in nuclear collisions (Ezell, 1977). 

TT'TT- CORRELAXION 
Ar + Bal 
1.8 GeV/A 

f^V^ 
200 100 

Ap (MeV/c) 
BOO 

Fig. 3.20 
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The r e s u l t agrees su rp r i s ing ly well with the coalescence model es t imate a t the 
end of l ec tu re 2. There is one other approach (Ta-Chung, 1978) used for the 
space-time s t r u c t u r e , which works on the premise tha t "a pion source i s a 
system of bosons i n thermal equ i l ib r ium, s imilar to the case of black-body 
r a d i a t i o n , " Then the volume V, the temperature T, and the t o t a l energy E T 

are re la ted by the Stefan-Boltzmann law, 

2 p.. 
X - / X - X 

2 
gV(kT)" . A \ A "0 

E T - , 2 , . , 3 ) d x , x . . (3.10) 
2TT (he) J (e - 1) 

where XQ = mc 2 /kT, x = E/kT, and g i s a s t a t i s t i c a l we igh t . . Using t h i s 
formula on e x i s t i n g experimental da t a , again leads to a value of r = 3 . 7 fm! 

Another area of research possibly addressing i t s e l f ' c the problem of l o c a l ­
ized emit t ing sources i s the 0° and 180° producti.;:: of pions m?A nucleons 
in hadron or nuclear c o l l i s i o n s (Bald in , 1978). There have been severa l semi-
phenomenological approaches to parameter ize the da ta . At one extreme i s the 
notion of the cumulative e f f ec t , in which the effecc ive p r o j e c t i l e or t a r g e t 
i s supposed to be a compact object of mass larger than a nucleon. By k i n e ­
matics alone t h i s permits fas t forward or backward emiss ion , which would be 
forbidden in a quas i - f r ee nucleon nucleon s c a t t e r i n g . The hope is t ha t by 
studying the h ighes t energy fragments, the c l u s t e r a spec t s of nuc le i can be 
deduced. Indeed in such experiments the exis tence of quark c l u s t e r s in nuc le i 
may already be revealed (Baldin, 1978). 

There exis t s u p e r f i c i a l l y con t r ad ic to ry i n t e r p r e t a t i o n s of the data , based on 
a fragmentation model (Ko, 1979) or on the exponent ia l ly f a l l ing v i r t u a l 
momentum spectrum of nucleus in n u c l e i (Landau, 1978). This approach i s i l l u ­
s t r a t e d in Fig . 3.21 for 180° pion production in c o l l i s i o n of protons on 
copper at 730 MeV, 5.14 GeV and 7.5 GeV. The t h e o r e t i c a l curves are c a l ­
culated with a model employing elementary p + p -*• IT - + x c o l l i s i o n s with 
e i t h e r Gaussian or exponent ial shapes for the Fermi d i s t r i b u t i o n of the 
nucleons. In the f igure the data are p lo t ted as a function of the s ca l i ng 
parameter x = k*/k*(max), with k* the longi tud ina l momentum in the cen te r of 
mass and k*(max) i s the maximum value allowed by energy and momentum con­
se rva t ion . This s ca l i ng property has been demonstrated by the fact t h a t a t 
high energies the pion yie ld depends on x and not on the energy of the p r o ­
j e c t i l e . In a r e l a t i v i s t i c analog of the parton model (Schmidt, 1977) the 
data for x * 1 should follow the form (1 - x)6A~5 where the exponent for the 
case i l l u s t r a t e d i s 350! Values c l o se r to 30 are found in p rac t i ce for the 
180° data , but t h i s may merely r e f l e c t that these data do not res ide in 
asymptotia, which c a l l s for x * 1. Other ind ica t ions t h a t asymptotic behavior 
i s not reached for the backward pion production spec t ra are indicated by 
F ig . 3.22. Here the values of TQ ex t rac ted from the formula 

-T/T 
E ^ = A e ° (3 .11) 

dp J 

are plot ted as a function of the inc iden t energy, T, in GeV/nucleon. Above 4 
GeV, TQ "> 60 MeV but f a l l s cont inuously at lower e n e r g i e s . The approach to 
the asymptotic value of 60 MeV i s i n t e r p r e t e d with models of cumulative 
production which involve components in the nuclear wave function based on the 
quark and parton c o n s t i t u e n t s (Bald in , 1978). The d i s t ance at which the 
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nucleons lose t h e i r i nd iv idua l i t y and which is probed by the experiments, 
tu rns out to be =^0.65 fm. (Note t h a t the data in F ig . 3.22 have been redrawn 
for purposes of i l l u s t r a t i o n ; for p rec i se numbers, re ference should be made to 
the or ig ina l l i t e r a t u r e ) . 

The diverse e x c i t i n g and/or mundane explanations of these experiments in terms 
of c o l l e c t i v e e f f e c t s , Fermi motion, coherent tube may ac tua l ly turn out 
to be simply d i f f e r e n t parameter iza t ions of the same underlying phenomenon. 
The approaches are probably c lose r conceptually than t h e i r p re sen ta t ions would 
suggest . For example, the add i t ion of an exponential or Gaussian t a i l to the 
usual Fermi d i s t r i b u t i o n may be c l o s e l y linked to c l u s t e r i n g aspects of 
nucleons in n u c l e i . According to the philosophy we have followed in the f i r s t 
two l e c t u r e s , one might also gain i n s igh t through comparisons with s imi l a r 
s tud ies at lower energ ies . 

Consider the data on backward s c a t t e r i n g of 90 MeV protons on severa l t a r g e t s 
in Fig. 3.23 (Wall, 1978), where the spectra are p l o t t e d according to the 
following p r e s c r i p t i o n . I t has been shown that if p i s the p r o j e c t i l e 
momentum, and q the detected p a r t i c l e momentum, many data can be parameterized 
by "quas i - two-body-sca l ing ," based on the minimum value of k (k min), the 
smallest poss ib le momentum for the t a rge t nucleon (or nucleons) s ca t t e r ed by 
the p r o j e c t i l e and subsequently detec ted at a backward angle (Fraenkel , 1977, 
1978). In t h i s p i c t u r e the nucleon i s assumed to be moving toward the back­
ward angle when s c a t t e r e d . Then 

dq 
CG(k min) 

|p - 51 
(3 .12) 
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where C is a constant and G(k min) =/F(k) kdk evaluated a t k min. F(k) i s the 
i n t e r n a l target nucleon momentum d i s t r i b u t i o n . As Fig . 3.23 shows, the exper ­
imental data are described by G(k) = e x p ( - k / k 0 ) , with k 0 * 60 MeV/c. This 
value of k 0 i s shown (Schroeder, 1949) i n F ig . 3.24, toge the r with the 
r e s u l t s of a s imi la r ana lys i s of some of the higher energy data shown in 
F ig . 3.22, and with r e s u l t s from a + Ag at 720 MeV (Thornton, 1979). From the 
lowest energy the k 0 va lues follow a smooth trend up to the sa tu ra t ion at a 
value of k 0 * 115 MeV/c (equivalent to the value of T 0

 te 60 MeV in 
F ig . 3.22). 

I t has been pointed out , however, t h a t lowest energy data in Fig. 3.24 are 
a l so consis tent with emission from a loca l ized hot spot on the surface of the 
nucleus (Wall, 1978, S t e l t e , 1979), decaying with a temperature of 8 MeV, the 
r e l a t i o n of which to the higher energy i n t e r p r e t a t i o n remains to be worked 
ou t . But i t is c l ea r tha t the study of heavy ion c o l l i s i o n s over a very broad 
energy range must s u r e l y turn up revea l ing conceptual l i n k s . As we d i scussed 
in e a r l i e r l e c tu re s the production of ho t - spo t s or l o c a l i z e d depos i t ions of 
energy confined in space and time i n t o a region of the nucleus is an a c t i v e 
f i e l d of study in low energy heavy ion per iphera l r e a c t i o n s and fragmentat ion 
reac t ions—as discussed in lec ture 2. That the 0° and 180° production i s 
a l s o closely r e l a t e d to fragmentation is suggested by Fig . 3 .25, which g ives 
in t imat ions that the 180° data connect n ice ly onto the t a r g e t fragmentation 
region in r ap id i ty space (Gyulassy, 1979). At the other extreme the concepts 
of hot -spots and f i r e b a l l s , were f i r s t promoted to understand the v i o l e n t 
events of p + p c o l l i s i o n s . There the concept is used to determine the t h e r ­
mal conduct ivi ty of hadronic matter (Weiner, 1976) j u s t as the same concepts 
are now used to study the re laxa t ion time of nuclear ma t t e r in deeply-
i n e l a s t i c s c a t t e r i n g (Got tschalk, 1979). A unif ied d e s c r i p t i o n of e f f ec tB , 
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such as those of F ig . 3.24, may t e l l us much about the Limits of Space and 
Times. For the moment, however, 

" . . . c h e i l tempo che n ' e imposto, piu u l t imente 
compart i r s i vuo le . " 

— our time which has i t s l imi t s e t , ought to be spent 
in a more useful way. 

Dante, The Divine Comedy 

The "more useful way" w i l l be the f ina l topic concerning the Limits of Nuclear 
Matter and of Nucle i . 

The Limits of Nuclear Matter and Nuclei 

To address the important quest ion of the i n v e s t i g a t i o n of the l i m i t s of 
nuclear matter with r e l a t i v i s t ! c heavy ion c o l l i s i o n s , we need more than the 
p l a s t i c b a l l of F i g . 3 .2 . Very l i k e l y we need a C rys t a l Ba l l l And we need a 
de f in i t i ve s igna l to t e l l us tha t •>'• new minimum has appeared in the energy-
dens i ty plot of F i g . 3 .3 . Let ua L<ok a t the ove ra l l development of the 
i n t e r a c t i n g nuc lear volume in Fiy. J.26 for the head-on c o l l i s i o n of two equal 
mass nucle i (Stock, 1978). At (a) the i n i t i a l s t a t e of the two sepa ra t e 
systems is shown at the minimum for p » PQ. The cen te r of mass k i n e t i c 
energy per nucleon is given by the hor i zon ta l l i ne on which the system must 
a l so be found f i n a l l y . Let us assume that el the s tage of h ighest compression 
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we have reached equ i l ib r ium: then i t i s represented by one system at ( b ) . 
The i n t e r n a l energy present is compressional , E c , and thermal &p, with the 
r a t i o between them determined by entropy and by the equation of s t a t e . The 
system then expands to p = 0, passing the f i r e b a l l f reeze-out densi ty at ( c ) . 
The f ina l product nucleons in the de tec tor correspond to ( d ) . The effect of a 
poss ib le phase t r a n s i t i o n to a pion condensate , densi ty isomer or quark mat ter 
would show up as a secondary minimum, in which case Ef( t ) would be changed, 
and with i t the r a t i o between e T and e c . These processes depend strongly 
on the i n t e r ac t i on time which is shown in un i t s of 10"*-' s ec . We have seen 
how t h i s r a t i o might be ex t rac ted from the experimental data e a r l i e r in t h i s 
l e c t u r e . These experiments wi l l be d i f f i c u l t but necessary, since the 
"obvious" s i gna l s , l i ke copious pion product ion in the event of a condensate, 
are now believed u n l i k e l y . 

In searching for more s e n s i t i v e tools to study pion coherence i t may be 
poss ib le to u t i l i z e pion in terferometry (Fowler, 1977; Guylassy, 1978,1979); 
Biswas, 1976). Our e a r l i e r discussion assumed a completely chaot ic source. 
If ther •'•? some p a r t i c u l a r mode in the pion f ield which is exci ted p re -
ferent , the c o r r e l a t i o n pa t t e rns of F ig . 3.20 would be modified, with no 
i n t e r r e i L . i c e maximum a t zero momentum sepa ra t ion . The experimental problems, 
however, are formidable, s ince a fixed impact parameter must be i so l a t ed , and 
the e f f ec t of f inal s t a t e i n t e r a c t i o n s allowed for. One other p o s s i b i l i t y i s 
the measurement of the pion m u l t i p l i c i t y d i s t r i b u t i o n (Gyulassy, 1978) As we 
discussed in l ec tu re 2 (F ig . 2.25) for a p a r t i c u l a r impact parameter, t h i s 
d i s t r i b u t i o n has a pure Poisson form for impact parameter b «• 0, in the 
absence of any unusual , coherent pion product ion processes . Some pre l iminary 
measurements with a streamer chamber for the Ar + KC1 •*• HTT~ reac t ion at 
1.8 GeV/nucleon, operated in a highly i n e l a s t i c t r igger mode to b ias in favor 
of cent i ." l c o l l i s i o n s , are shown in F ig . 3.27 (Schroeder, 1979). This 
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d i s t r i b u t i o n is alarmingly well descr ibed in a Poisson , but i t i s a l so t rue 
that the product ion of new phases of nuclear matter may require d e n s i t i e s ten 
times in excess of normal, which are unobtainable with the present 
a cce l e r a to r s . 

Another area await ing the future higher energy a c c e l e r a t o r i s the study of 
hadronic ma t t e r . As we noted in the in t roduct ion to these l e c t u r e s , the 
general form of the hadronic mass spectrum may be deduced from the temper­
a tures r e f l ec t ed in the i nc lu s ive spectrum of p a r t i c l e s (Glendenning, 197" i ) . 
I t is known exper imental ly tha t for each new hadronic threshold , a r i c h spec­
trum of resonances ensues for the next in t e rva l of a few GeV. According to 
several models, the hadronic mass spectrum continues i n d e f i n i t e l y with an 
experimental growth in the number of p a r t i c l e s (Hagedorn, 1973; Ra fe l sk i , 
1979). Assuming the f e a s i b i l i t y of forming e q u i l i b r a t e d , hot hadronic matter 
of nuclear dimensions, e . g . , the f i r e b a l l , a fundamental quest ion remains 
whether one can experimental ly d i s t i n g u i s h between the various poss ib l e models 
of the mass spectrum. The r e s u l t s of a model c a l c u l a t i o n for nucleus nucleus 
c o l l i s i o n s , designed to answer t h i s quest ion, are shown in Fig . 3.'28 
(Glendenning, 1978a) i nd ica t ing the equil ibrium temperature a t t a i n a b l e in 
cen t r a l c o l l i s i o n s as a function of energy. Three models are shown: the 
" b o o t s t r a p , " which re fe rs to an experimental mass spectrum; the "quark bag , " a 
simple power law, and the "known" which includes only the p resen t ly determined 
resonances. The p red ic t ion of these three models of the hadronic spectrum 
begin to diverge only at energies above 2 GeV/nucleon, well beyond the l imi t 
of present a c c e l e r a t o r s . 

The study of n u c l e i at the l imi t of s t a b i l i t y i s , however, a subjec t i d e a l l y 
su i ted to presen t r e l a t i v i s t i c heavy ion a c c e l e r a t o r s . The mot iva t ion for 
such a study becomes clear when we take a panoramic view of the s t a b i l i t y d i a ­
gram for nuclear species shown (Bromley, 1973) in F i g . 3 ,29. There a re 300 or 
so s tab le n u c l e i . During the l a s t ha l f century, some 1300 a d d i t i o n a l r a d i o ­
isotopes have been iden t i f i ed and s tud ied . I t i s es t imated tha t another 6000 
might e x i s t . In our present s t a t e of ignorance, an attempt at e x t r a p o l a t i n g 
our current knowledge to the d e s c r i p t i o n of a l l t he se nuc le i i s analogous to 
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descr ibing the geography of the United Sta tes by ex t r apo la t ion from a de t a i l ed 
study of the deep va l l ey of the Grand Canyon! 

How many neutrons a specif ied number of protons can bind is a well defined 
query which is proving d i f f i c u l t y to answer exper imenta l ly . Clearly the 
answer is of some importance to nuclear physics. One wi l l attempt to see if 
nuclear models, such as the s h e l l model applied in the va l ley of s t a b i l i t y 
w i l l yield comparably good r e s u l t s for more exotic spec i e s . In p a r t i c u l a r , 
regarding the ground s t a t e masses, i t i s c ruc ia l to understand whether the 
nuclear densi ty a l t e r s s l i g h t l y . If the densi ty were to decrease for l a rge 
values of N/Z t he r e could be a l a rge change in the t o t a l binding energy 
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(Garvey, 1972). In this context it is amusing to note that in the first cal­
culations on the possible existence of collapsed nuclei, the suggestion was 
made to look for extremely rare isotopes of known elements (Feenberg, 1966). 
Referring back to Fig. 3.29, the discovery of a nucleus such as 70 Ca, 
20 protons and 50 neutrons , and the study of i t s p r o p e r t i e s , could be an event 
of comparable drama to the de tec t ion of shock waves or pion condensates . 

In es t imat ing whether a nucleus w i l l be s table agains t strong i n t e r a c t i o n 
decay, there ex i s t a plethora of nuclear models. These range from the semi-
empirical droplet model, to ab i n i t i o she l l models and semiempirical i n t e r ­
pola t ion techniques . To give the s p i r i t of how some of these methods work, 
consider the o r i g i n a l Garvey-Kelson mass formula (Th ibau l t , 1974). On the 
assumption that the res idua l i n t e r a c t i o n is pr imar i ly between nucleons in the 
same shel l model leve l and that the pos i t ion of the s ing le p a r t i c l e l e v e l s 
vary only slowly with mass number, the following r e l a t i o n holds: 

M(N+2,Z-2) - M(N,Z) = M(N+l,Z-2) - M(N,Z-1) + M(N+2,Z-1) - M(N+1,Z) 

As an example, we know tha t : 

M( 1 6G) - M( 1 6 0) * M( 1 5 C) - M( 1 5N) + M( 1 7N) - M( 1 7 0) 

The r e l a t ion can be generalized to p red ic t the mass d i f ference of nuc l e i 
widely separated in Z in terms of the sum of masses of isospin pa i rs of nuc le i 
c lose to s t a b i l i t y . This approach, with added s o p h i s t i c a t i o n , has been 
followed to p r e d i c t the boundary of s t a b i l i t y of l i g h t nucle i shown in 
Fig. 3.30. Except for the very l i g h t e s t nuc le i , l i ke Be and B, the p red ic t ed 
l imi t extends well beyond the nuc le i observed so far . The d i f ferent 
approaches are u sua l ly in most marked disagreement out at the l i m i t , s ince the 
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e r r o r s of p red ic t ion are accumulative (for a review see Nuclear, 1976,1977). 
The figure shows t h a t many nuclei are predicted uns tab le , before the f inal 
l imi t is reached, e . g . 25 r 0 is uns tab le and 2 ^0 is s t a b l e . In these cases 
the mere observat ion of a nuc l ide , and no other information, can make an im­
pact on the development of nuclear models. For example in the case of Na 
isotopes (Klapisch, 1972), t h i s approach led to the p red ic t ion of a new region 
of deformation around 3^Na by means of Hartree-Fock t heo r i e s (Campi, 1975). 

How do we make a g lobal a t tack on producing a l l nuclei out to *:he l imit of 
s t a b i l i t y ? R e l a t i v i s t i c heavy ion beams are idea l , by exp lo i t ing the fea tures 
of abrasion ou t l ined in lec ture 1 by F igs . 1.17-1.20. With Z t 8 Ca, for ex­
ample, by suddenly shearing off e igh t protons i t is poss ib le to make ^°Mg 
which is predic ted as the l a s t s t ab le i so tope . By br ing ing the beam in a t 
high ve loc i ty , t h i s mechanism produces the abraded fragments close to 0 ° , 
the t ransverse v e l o c i t y corresponding only to the much smaller Fermi nomentum 
(see the d iscuss ion of Figs . 1.12, 1.13, and 1.15). Compared to conventional 
low energy experiments (Artukh, 1971) the gain in so l id angle is ==103. 
Furthermore the high energies allow the use of th ick t a r g e t s , again boost ing 
the yield by 1 0 3 . The overal l gain of 10 6 is a welcome factor in the 
search for h ighly e x o t i c isotopes with sub-nanobarn y i e l d s . Such an e x p e r i ­
ment is e f f ec t i ve ly the kinematic inverse of high energy protons s p a l l a t i o n of 
heavy t a r g e t s , which is one of the powerful methods used to advance the known 
l i m i t to the region shown in Fig . 3.29 (But le r , 1977). 

In F ig . 3.31 we show (Symons, 1979) how the abrasion of ^°Ar at 213 MeV/ 
nucleon already advanced the front by one more nucl ide in the cases of Ne, Mg, 
and Al. With a ^°Ca beam, and u l t i m a t e l y a uranium beam of 2 GeV/nucleon, 
the l a s t f ron t i e r should be conquered. While the search for the study of the 
l i m i t s of nuclear mat ter under the extreme condit ions of temperature, 
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pressure , and dens i ty continues hopefu l ly , i t i s c l e a r t ha t one l imi t can be 
overcome, the l i m i t s of nuclei themselves. I t is p o s s i b l e , however, t h a t much 
lower deeply i n e l a s t i c c o l l i s i o n s w i l l a l so be a powerful method of producing 
new neutron excess n u c l e i . In t h i s method the s t a t i s t i c a l f luc tua t ions of 
neutron diffusion are exploi ted in s t ead of the ground s t a t e quantal f l u c t u a ­
t ions of r e l a t i v i s t i c c o l l i s i o n s (Remember Fig. 1.21). In concert with the 
view adopted in these l ec tu res tha t low and high energy approaches have much 
to offer each o the r , l e t us compare an example of the progress in the study of 
exot ic nuclei by deep in e l a s t i c s c a t t e r i n g shown in F ig . 3.32 for ^"Ar + 
2 3 ^ U at 6.5 MeV/nucleon, through which the neutron r i ch nuc l ides , -*'Si, 
4 0 P ) 41-42 s v e r e observed for the f i r s t time (Auger, 1979). 

In moving the new region of the N-Z diagram, there i s a r i ch f ie ld for spec ­
u l a t i o n . I t is conjectured that n u c l e i of very large neutron excess may e x i s t 
in which the neutrons form an expanded cloud, enveloping a conventional 
nucleus at the center (Wilkinson, 1976). Such two-component nuc le i have not 
been inves t iga ted—nor is i t c l ea r if such d i f f e r e n t i a t e d nuclei e x i s t , what 
would be t h e i r optimum form. I t is poss ib le that bubble and to ro ida l con­
f igura t ions may be more s table with a cen t ra l depression of the dens i ty (Wong, 
1978). Recently the i n t e r e s t in such unusual nucle i has been revived 
(Grammaticos, 1979) by the p o s s i b i l i t y of forming exo t i c conf igura t ions in 
r e l a t i v i s t i c heavy ion c o l l i s i o n s , e . g . , nucle i with a c y l i n d r i c a l hole 
d r i l l e d through the cen te r , and then following the subsequent decay of e x o t i c 
c o l l e c t i v e modes, by means of TDHF methods. Some examples for three d i f f e r e n t 
impact parameters are shown in Fig . 3 .33 . 

ENVOI 

In concluding t h i s (incomplete) view of r e l a t i v i s t i c heavy ion c o l l i s i o n s i t 
i s appropr ia te to r e t u r n to the p i c t u r e of the Unicorn. Figure 3.34 shows the 
d e t a i l of The Unicorn in Cap t iv i ty . A fence has been constructed around the 
wounded c rea tu re , but by and large i t remains i n t a c t I That i s p r e t t y much the 
s i t u a t i o n in the r e l a t i v i s t i c f i e l d . The areas of search for novel e f f e c t s 
have been narrowed, some pre l iminary forays are completed, but of the e l u s i v e 
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exut ic phenomena we havf wnly i n t i m a t i o n s . There ar^ some who say the 
phenomena are a l l myths and we should turn our e f f o r t s to other t h ings : 

"The Lion and the Unicorn 
Were f igh t ing for the Crown, 
The Lion beat the Unicorn 
All around the Town. 
Some gave them white bread 
And some gave them brown. 
And Some gave them plum cake 
And chased them out of Town." 

Tho ,-ist l ines of t h i s nursery rhyme have not yet come to pass, but the 
c r i t i c s havfi r a i sed the question whether one is being fooled by an imp l i c i t 
r rgodic hypothesis — tha t a l l p a r t i c l e s in one event behave l ike an average 
n.-vrticle in an average event. The inc lus ive experiments do a gross averaging, 
which may wash out the dynamics and leave only phase space. So many d i f f e ren t 
models with d ive r se assumptions f i t the exclusive da ta . I have t r i ed to show 
examples of new experiments that go beyond the inc lus ive measurement, proving 
equil ibr ium in event by event of the type in Fig. 2 . 1 . One should not forget , 
however, tha t whereas in low energy nuclear physics a successful t h e o r e t i c a l 
descr ip t ion of an angular d i s t r i b u t i o n , an in te r fe rence minimum, is ha i led as 
a triumph, a comparable success by even a sophis t i ca ted model in r e l a t i v i s t i c 
heavy ion physics is greated as a d i s a s t e r and an expression of t r i v i a l i t y ! 

In the development of r e l a t i v i s t i c heavy ion s tud i e s , a form of i n t e l l e c t u a l 
Ludditism appears to be p reva len t . There is a tendency to assume that no s ig ­
n i f i can t or va luab le progress is being made, when in fact ingriguing and 
unexplainable phenomena e x i s t , the u l t imate understanding of which is l i k e l y 
only to come from sustained research on the whole f i e ld of r e l a t i v i s t i c heavy 
ion c o l l i s i o n s . A well publ icized unusual phenomenon mentioned in the i n t r o ­
duction to these l e c t u r e s is the ce lebra ted centauro events found in the Mount 
Chacaltaya emulsion exposures, which defy a l l r a t i o n a l explanation ( B r a z i l -
Japan Col labora t ion , 1978). These events have very l a rge hadron m u l t i p l i c i t y 
of 100, without any sign of accompanying neutra l pion emission. One suggested 
explanation (Bjorken, 1978) a t t r i b u t e s the shower to a glob of high 
densi ty (30 to 1000 times normal) nuclear matter in the quark phase, at an 
energy of 10" GeV. Estimates already ex is t of the r e s i d u a l concentra t ion of 
quarks in the e a r t h , from the deduced flux of the g lobs , in the region of 
10~2/cnH, safe ly wi th in experimental l imi t s (Jones, 1978). In another 
context , but one of equal fasc ina t ion there are t h e o r e t i c a l es t imates based on 
the quark bag model of hadrons (Johnson, 1975) tha t extended massive m u l t i -
quark s t a t e s of very large s t rangeness (s t rangeness/baryon =2) may be meta-
s t ab le with l i f e t i m e s of 10"^ sec (Chin, 1979). Such matter could only be 
created with measurable cross sec t ion in r e l a t i v i s t i c heavy ion c o l l i s i o n s . 
As a f inal example of the spec tacu la r , and one c loser to d i r ec t experimental 
f ac t , we show in Fig . 3.35 the c o l l i s i o n of a proton in an emulsion a t 70 GeV, 
in which the t a r g e t nucleus is completely shat tered (Asharov, 1976). The 
mechanism is not understood, but i t c l e a r l y ind ica tes tha t for some high 
energy c o l l i s i o n s a t l e a s t , nuc le i are not t r ansparen t . However, for the 
major part of the c ross sec t ion , i t appears that above h GeV an asymptotic 
condit ion is approached, in which fur ther increases in the proton energy do 
not r e su l t in any changes in the c ross sect ions for the production of a f rag­
ment, nor in any change in the average energy of the fragment (Remsberg, 
1975). Such observa t ions could a.gue in favor of t ransparency (Feshbach, 
1979). 

Clear ly there is much groundwork s t i l l required before one can attempt to 
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Complote destruction of Ag. Br, Pb nuclei by 
70 GeV/c protons and 17 GeV/c alphas 

(150 events analyzed) 

0 Akhrorov et al , JINR (Dubna) 

Fig . 3.3 r) 

u n d e r s t a n d t h e s e r emarkab le e v e n t s . In S t o c k ' s w o r d s , "One should look a t the 
development of e l e m e n t a r y p a r t i c l e p h y s i c s where H a g e d o m ' s f i r e b a l l model of 
1967 i s s t i l l good enough today to e x p l a i n the s t r o n g i n t e r a c t i o n background 
in e v e n t s t h a t r e v e a l quark s t r u c t u r e . The n e c e s s a r y Fteps in our own f i e l d 
a re w i t h i n r e a c h : two p a r t i c l e c o r r e l a t i o n s , e v e n t s e l e c t i o n , e x c i t a t i o n 
f u n c t i o n s and m u l t i p a r t i c l e e x c l u s i v e a n a l y s i s , new 4TT d e t e c t i o n schemes ; and 
for c r u c i a l s e a r c h e s , l i k e the use of K+ as a thermometer or shock e m i s s i o n 
as a b a r o m e t e r , one w i l l need h i g h e r energy a c c e l e r a t o r s " ( S t o c k , 1 9 7 8 ) . 

Nor should be f o r g e t the low e n e r g y a c c e l e r a t o r s . One of the aims of t h e s e 
l e c t u r e s has been to show t h a t t h e r e i s an i n t e r p l a y of c o n c e p t s i n t h e d i f ­
f e r e n t energy r e g i m e s . In the framework of the heavy ion r e a c t i o n phase d i a ­
gram of F i g . 1 .4 , one should look on the four s e c t o r s as the four c o r n e r s t o n e s 
of a s i n g l e s t r u c t u r e . One i s reminded of the words (Wi lk in son , 1962) of the 
chairman of t h i s S c h o o l , S i r Denys W i l k i n s o n , on t h e s t a t e of n u c l e a r and 
e l e m e n t a r y p a r t i c l e p h y s i c s i n R u t h e r f o r d ' s day: "These s u b j e c t s were s imple 
but not e a s y . So many ze ro o r d e r q u e s t i o n s had t o be answered in o r d e r to 
make even remote s ense of what was going on. Such q u e s t i o n s s t i l l e x i s t , but 
we have to work in two c o m p l i c a t e d e d i f i c e s which g e n e r a t e more c o m p l i c a t e d 
q u e s t i o n s . I have t r i e d to show t h a t we should r e c o g n i z e t h a t t h e s e two 
e d i f i c e s have common i n t e l l e c t u a l f o u n d a t i o n s and t h a t the growth of b o t h w i l l 
be the q u i c k e r and the s u r e r i f t h e b u i l d e r s of each keep an eye on t h e 
p r o g r e s s of t h e o t h e r . " 
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