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ABSTRACT 

In these lectures, selected topics in nuclear collisions in the energy 

range 10_1  to 10 3  GeV per nucleon are discussed. The evidence for 

anomalous projectile fragments with short mean free paths is presented. 

Theoretical speculations on novel topological nuclear excitation and on quark-

nuclear complexes in connection with anomalons are discussed. Recent tests for 

pion field instabilities are presented. Then evidence for collective nuclear 

flow phenomena are reviewed. Global event analysis and cascade simulations are 

presented. We address the question of whether nuclear flow is like viscous 

honey. Finally, the criteria for the production of a quark-gluon plasma are 

discussed. Nuclear stopping power and longitudinal growth at high energies 

are considered. Results from cosmic ray data show that nuclear collision at 

- 	TeV per nucleon energies are likely to produce a plasma. 
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1. INTRODUCTION 

In these lectures, I will cover three rapidly evolving areas of current 

research in the field of high energy nuclear collisions. Extensive reviews of 

additional topics can be found in Refs. (1,2). The topics covered here address 

the following questions: 

Do novel nuclear states exist? 

Do nuclei flow like honey? 

Can a quark—gluon plasma be produced? 

These questions span a wide energy range from - 200 AMeV (topic 2), —2 AGeV 

(topic 1), to — 1 ATeV (topic 3). (Note AMeV H MeV per incident projectile 

nucleon, etc.) In section 2, I discuss the evidence for anomalons. These are 

relativistic nuclear fragments that tend to interact much more frequently in 

matter than do familiar nuclei with the same charge. Various speculations 

about these objects are discussed. In particular, we ask whether anomalons 

could be hungry quark with a ravenous appetite for nucleons. I also discuss 

the status of the search for pion field coherence in nuclear collisions. With 

regard to question 2, I review in Section 3 the in(con)clusive data showing 

that collective nuclear flow could take place at lower energies. This question 

is of interest because through the flow characteristics we hope to learn about 

the nuclear equation of state at high densities. Then the topic of global 

event analysis is discussed and cascade calculations illustrating various flow 

phenomena and presented. Finally, in Section 4, boosting ourselves to the erg 

per nucleon (ATeV) energy region, the prospects of probing the quark—gluon 

plasma are analyzed. Nuclear stopping power and longitudinal growth are 

discussed. Cosmic ray data with events showing charge particle multiplicities 
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up to 1000 are analyzed. These data are interpreted as showing that high 

enough energy densities can indeed be achieved in nuclear collisions to produce 

an ideal quark—gluon plasma. 

2. NOVEL NUCLE4R STATES 

2.1 Anomalons 

Since early cosmic ray studies, there have been recurring observations in 

emulsions of anomalous projectile fragments. 6  These fragments are 

anomalous because their reaction mean free path, X a (Z), is much smaller than 

expected for nuclei with charge Z. Primary nuclei with 2 < Z < 26 and kinetic 

energy between 0.2 and 2.0 AGeV are found to have a mean free path 

X(Z) = 	
AcEm 	

A A() —1 I  
(2.1) 

where p A is the density of nuclei with atomic number A in emulsions and 

CY A(Z) is the usual geometrical cross section (r 0 	1.2 fm) 

aA(Z) 	r0 	(A 3  + (2Z) 3 ) 2 
	

(2.2) 

Eqs. (2.1, 2.2) arise because normal nuclei behave essentially as black discs. 

Often it is convenient to group all charges together by parameterizing 

X(Z) = A*Z_b 
	

(2.3) 

Measurements of primary mean free paths 5 ' 6  give A* 	25-30 cm and 

b 	0.34 * 0.3. 

In practice A*  is determined by measuring path lengths l traversed by 

many nuclei and counting the total number of interactions according to 

= 	 c1-0 Z/N(D,) 	, 	 (2.4) 
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where D is an arbitrary distance into the emulsion and N(D,) is the number of 

interaction stars observed between D and D+. By the definition of mean free 

paths, A*  should be independent of both D and a. As shown in Fig. 1, such an 

independence of A*  on D and A is indeed observed6  for primary nuclei (in 

this case, 016 ). 

However, the mean free paths of secondary fragments produced in nuclear 

collisions at - 2 AGeV do appear to dependent on D. A "typical" multichain 

event seen in the emulsion is shown in Fig. 2. An incident 56Fe beam 

collides with an Ag or Br nucleus producing among other fragments a charge Z=9 

relativistic fragment. At a distance X from the primary vertex that 

relativistic fragment collides with another emulsion nucleus. A tertiary 

fragment with Z=8 is produced. This propagates a distance Y before it too 

interacts in the emulsion. For this event l i  = X and 0 is the distance from 

the primary vertex when used in Eq. (2.4). On the order of 1000 events with 

secondary interactions have been analyzed in this way. 

In Fig. 3 we see the striking result of that analysis. While A*(D) is 

independent of 0 for distances 0 > 5 cm from the primary vertex, there appears 

to be a significant reduction of A*  for 0 < 5 cm (A is typically —1 cm in this 

an a 1 ys i s). 

As a parametrization to account for this dependence on 0, the following 

model was proposed in Refs. (3,6): They assumed that a fraction a of all 

secondary fragments have an anomalously short mean free path x 8 . The solid 

curve in Fig. 3 was obtained by setting a = 0.06 and x = 2.5 cm. In Fig. 4 

the likelihood function for different values of a and A a  is shown. The 

greatest compatibility with the data is achieved for a < . 2 and A a  < 6 cm. 

For comparison, primary nuclei with Z < 26 have x(Z) 	10 cm. Of course this 
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parametrization is not unTque. In Ref. (5) an equally good fit was obtained 

by assuming that 100 percent of the secondaries are anomalous but that this 

anomalous property decays away after '10 0  sec. 

A rather mysterious property of anomalons is that global reaction 

characteristics, e.g., the heavy prong—multiplicity distribution P(Nh), 
O f  

anomalous and normal nuclear reactions do not seem to differ. In addition, 

there is (weak) evidence 6  that anomalons tends to produce anomalons. Thus 

in Fig. 2, if X is short compared to x(Z), then V is also likely to be short 

cOmpared to x(Z). This has been called the memory effect. Finally, the 

anomalous effect is seen convincingly only for fragments with Z > 3. 

These observations taken together rule out many conventional explanations. 

For example, they cannot be hyper fragments or pionic atoms because the decay 

of these secondaries would result in the enhancement of P(Nh) for Nh = 0,1. 

Such enhancement is ruled out by the data. Nuclear molecules 7  cannot account 

for the observation of anomalons with Z < 10 nor the apparent memory effect. 

Neutron excess isotopes 7  cannot account for the dependence of A*  on D. 

Finally, ordinary nuclear excitations have too short a lifetime <<10 10  to 

account for these results. 

We are thus left with a puzzle. However, it is important to emphasize 

that only limited statistics are available and unknown systematic biases may 

plague emulsion data. Much higher statistics and different techniques will be 

needed before these anomalons can be regarded as proven. Today we can only say 

that this observation is the most baffling result obtained thus far at the 

Bevalac. 

2.2. Hungry Quarks 

Because anomalons are so weird, they have fueled theoretical speculations 

beyond the conventional boundaries of nuclear physics. Probably all such 
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speculations are wrong, but they illustrate well how little we really know 

about nuclear or hadronic matter under extreme conditions of high density and 

temperature. In this section, I expose two wild speculations: topolons and 

hungry quarks. 

Topolons is a generic name I give to novel topological configurations of 

hadronic matter. Since Wheeler, many calculations have exploited topological 

degrees of freedom. The main problem that cast doubt on past calculations was 

the stability of such configuration. More recently, it has been realized that 

certain classes of field theories possess nontrivial topological sectors with 

conserved topological quantum numbers. In particular, effective chiral 

Lagrangians exhibit this phenomenon. 8  Thus, the problem of stability is 

solved by a new conserved quantum number. These topological excitations 

possess rather shocking properties such as an effective fractional charge. In 

the model proposed in Ref. (8), the solitons predicted have the additional 

weird property of having high baryon and strangeness (>6 in magnitude). Since 

these states correspond to large extended objects, production of them in 

ee or pp collisions is suppressed by form factor and tunneling effects. 

However, in nuclear collisions extended objects are easy to create and a baryon 

number reservoir is readily available. Multiple strangness can also be 

produced (more easily) through the many independent MN collisions. It is thus 

remotely possible that anomalons are topolons. 

Further support of this conjecture can be found in the work of Boguta 9  

who was able to construct chiral models consistent with normal nuclear 

properties. Obviously any model proporting to predict a new state of matter 

must be compatible with the old well loved ones. By introducing an effective 

gauge theory for nuclear matter, Boguta finds that not only can normal finite 



nuclear properties be accounted for but also new topological excitations can be 

found. He calls them hadroids. Such calculations are still very preliminary 

but indicate that anomalons could be made compatible with nuclei within an 

effective chiral theory of nuclear matter. 

Another exotic line of speculation revolves around the heretical view that 

maybe QCD is not the final word on the subject. Suppose that color is not 

rigorously confined 	It could be that color SU(3) is spontaneously broken by 

some nasty Higgs mechanism. 1013  If that is the case, then there could 

exist colored nuclear states or quark—nuclear complexes. 

As a fun example of what such states could look like, I review the hungry 

quark states suggested in Ref. (10). Suppose that we add an effective 

interaction L' = 42 /2 A aAMa  to the QCD Lagrangian. (There is 

considerable debate on whether such an addition is consistent with verified QCD 

predictions 11 .) Thus, we suppose that gluons have a small mass .. Consider 

now an MIT bag in which we place a static color source density p a 
	The color 

potential then satisfies: 

	

2 	20 

	

(v 	) Aa 	o (2.5) 

Integrating eq. (2.5) over the bag volume V and noting the boundary condition 

n-VAO = 0 on the surface, one finds that 

gQ a 
A = 	+ 

v 
(2.6) 

where Q a = fva is the total color charge. Thus, there is a field 

energy 

2ircx 	
2 

EF = 	f APa 	
2 	

C 	 (2.7) 
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where a
s 
 = g 2 /4iT and C 2  = EQ is the Casimir of SU(3). 

(C 2  = 16/3, 12 for 3 and 8 representations). Eq. (2.7) shows that if 

u -+ 0 the field energy diverges. Thus, confinement of color arises only if 

= 0. However, for .i 	0 the colored state has finite energy E = EF + By, 

where B 	m4  is the vacuum pressure. Minimizng with respect to V, Ref. 

10 finds the mass and radius of the state is 

M = 2BV 	10 GeV 
(MeV8 	

r2 
i.' 

(2.8) 

18 MeV \  
R=2.8fm 	

1/3 r6
( 	

) 

where r = 3C 2 /16. Note r = 1 for a quark like state and r = 9/4 for a gluon 

like state. 

Thus, in this model a bare quark weighs — 10 GeV and has a radius —3 fm. 

The reason it is so big is that the enormous color field pressure inside can 

push back the vacuum pressure B confining the quark to the bag. As shown in 

Ref. 10, such quark states are unlikely to have been produced in ee or 

hh collisions due to a large form factor suppression. 

The most interesting property of these quark states is their appetite for 

nucleons. This is estimated by assuming that a nucleon unfortunate enough to 

get inside a quark bag will be dissolved into its constituents. (By definition 

the inside of a bag corresponds to the perturbative phase.) Adding A 

nucleons, a Fermi sea of up—down quarks is thereby filled up in the.bag to a 

Fermi momentum kF:(2k/1r2 = 3A/V). 

Esea = 
F 

The energy of this sea is 

(2.9) 



where f is a fudge factor incorporating interactions in the sea: 

f = 1 + 8a/3ir 	1.5 for the MIT bag. Minimizing the total energy 

EF + BV + Es ea  with respect to V gives 

M = M 	
1x 

MQ 	
1 

vi 

A = ___ M 	k2x/f)314 

	

3/B"4 	
v7j 

(2.10) 

where x = Esea/3BV is the, ratio of the pressure exerted by the sea to that 

of the vacuum. MQ  is given by eq. (2.8). Quarks will continue to eat 

nucleons as long as 

aM= 
	(2,r 2Bx)" 4  f3"4 < MN Ii =  

The value of A for which ii = MN gives the appetite of the quark. Give the 

volume V, the mean free path XQ (A) of this object in emulsion is given by 

Eq. (2.1) with a (Z) replaced by 

aAQ 	(r.A13  + (3V/4 
1/3  

) 	
) 

2 	
(2.12) 

In Fig. 5, the ratio of XQ (A) to x(A) for normal nuclei with atomic number A 	- 

and the energy per nucleon MQ /A of the fat quark are shown versus A. We see 

that for H reas onabl e H fudge factors f - 1.5, up to 20 nucleons can be eaten by 

a quark. The weight of this satiated quark is - 2 GeV per nucleon. By fudging 

a little (f-1.2) this mass can be brought down but then XQ/XA is no longer 

less than 1. In fact, such quark-nuclear complexes may be even smaller than 

normal nuclei. 



This fun calculation illustrates that if QCD is slightly broken, then 

rather weird and perhaps anomalous phenomena could arise in nuclear 

collisions. Therefore, it is worthwhile to keep an eye out for such beasts. 

The predicton of this model that is easiest to test is the occurrance of 

fractionally charged, high baryon number fragments. Currently, plastics give 

the highest charge resolution and experiments by the Price group 14  are being 

carried out. The preliminary results indicate no fractionally charged nuclei 

observed at a level of 10 -3 . If this result is confirmed, then a large class 

of speculations can be ruled out at this energy range. Of course, integral 

charged topolons and glue—nuclear complexes could still be responsible for 

anomalons in that case. 

A natural question at this point is why we have not observed any of these 

novel objects in ee or pp collisions. In order to produce colored states 

it is necessary to pull two quarks or gluons apart by at least 2R Q  where 

RQ - 3fm is the radius of the quark bag. However, as we try to pull a quark 

and antiquarks apart, a color electric tube of area a = 4a 5 ry 2 	and 

electric field E = g/a is formed. Numerical estimates give gE - 1.8 GeV/fm. 

Using the Schwinger formula15  the probability that no quark—antiquark pairs 

are produced by that electric field in a tube of length 2R Q  is given by 

P 0 (2RQ ) - exp [- a5 gER] - exp [-3(RQ/fm)21 	 - (2.13) 

If R - 3fm, then there is only a 10 2  probability that the tube can be 

stretched out far enough without creating additional pairs that neutralize the 

color field. It is thus far more likely that several pairs are produced in the 

flux tube before the tube reaches the critical size —6 fm necessary to isolate 
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quarks. The advantage offered by nuclei is that they are big. If a quark-

gluon plasma can be produced in nuclear collisions (see Sec. 4), then a quark 

and antiquark can separate by twice the nuclear radius without forming a flux 

tube. That is because the plasma state is perturbative. Once having separated 

by that large distance a rearrangement of field configurations could then lead 

to the production of isolated extended quarks. 

Finally, we note that cosmological evidence for the existence or 

non—existence of such objects is extremely ambiguous. For example, Ref. (16) 

showed that, under a variety of plausible scenarios, the number of relic 

diquarks per nucleon lies somewhere within the narrow range 10 50  to io: 

Clearly, the door is open to discovery. Nuclear collisions may hold the key 

to that door. 

2.3 Last Bastion of Pion Condensation 

The last topic on novel nuclear excitations that I cover here is pion field 

instabilities. In the past decade much interest has focused on possible pion 

field instabilities in nuclear matter at high densities. 17  Nuclear 

collisions at several hundred MeV per nucleon were recognized 18  as one of 

attractive ways to search for such phenomena. Simple estimates showed that 

	

densities up to p 	4p 
 (0 = 0.145 fm 3 ) could be easily generated. 

However, along with high densities high internal excitation energies must also 

be taken into account. In particular, the non—equilibrium configuration of 

two interpenetrating nuclear fluids should be considered. This configuration 

is characterized by the momentum space distribution 

	

n(p) = G(pF - 	+ p*I) + 	- 	- p*) . 	 ( 2.14) 
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We consider whether there are plan field instabilities in such a 

configuration. This problem is then analogous to the study of the two—stream 

instability in colliding plasmas. 

The starting point is the calculation 18  of the pion propagator in nuclear 

matter with a momentum distribution given by Eq. 2.14. The essential point is 

that the pion self energy for w = 0 modes is controlled by the particle hole 

propagator, it0  (w,k), which is the Lindhard function appropriate for a zero 

temperature Fermi gas with Fermi momentum PF. Recall 18  that for w = 0, Re 

ito(0,k)pF and that ir is proportional to the plan self energy in one 

isolated Fermi sphere. With eq. 2.14, each Fermi sphere is boosted and 

therefore the self energy is Doppler shifted 18  

it(w,k) = it o Y k,k) + 	 (2.15) 

Eq. (2.15) shows that the only standing waves '(w = 0) in the nan—equilibrium 

configuration that remain standing waves in the isolated Fermi spheres are 

those with v • k=O. In other words, only plan wave vectors k that are 

perpendicular to the beam axis can remain standing in the non—equilibrium 

configuration. Furthermore, for such perpendicular modes there is a large 

dynamical enhancement of the self energy 

it(0,k 1 ) = 2 it 0 (0,k 1 ) 	 0(0,k1) 1 	 (2.16) 

Indeed, detailed calculations18  showed that pionic instabilities are 

concentrated in modes perpendicular to the beam axis. The growth rate of those 
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modes were found to be y(k) 	O.lm for k 1  - 2%. The large magnitude of
Ir 

the wave vector follows from the p—waves nature of the ,NN interaction. 

How would one look for such an instability? The main effect of such an 

instability would be the growth of a collective spin—isospin wave in the 

medium. 19  Because thespin—isospin current is •a source of pions, any time 

dependent spin—isospin wave would radiate plans. In particular, the invariant 

inclusive pion distribution is given by 

d 
3 
 n 	1 	

fd4xd4 	
—ik(x—y) 	+ 

wk dk
3  = 2(2) 	

y e 	
HH 	 (2.17) 

where in> is the state of two colliding nuclei and j(x) is the divergence of 

the axial vector current. Thus, the pion spectra measure the on—shell Fourier 

transform of the spin—isospin current fluctuation. If a macroscopic collective 

current is generated through an instability, then eq. (2.17) reduces to the 

well—known formula for radiation 

dn 
Wk dk = 2(2) jj(k,k)I2 _  (2.18) 

Based on the growth rates computed in Ref. 18 and the mean field results for 

j(x) in the presence of a pion condensate, 20  a model for the transient growth 

of j(x,t) was constructed in Ref. 19. The predicted pion spectra are shown in 

Fig 6. Although the magnitude of the pion radiation is very small, the 

predicted peaking of the coherent yield at large perpendicular momenta 

(k 1  - 2m) makes it possible to search for this tiny signal amidst the 

incoherent plan yield. At high energies (>400 MeV/nucleon), ordinary 

incoherent NN*NNir processes dominate. However, below threshold the incoherent 
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pion component is greatly suppressed, while the coherent pions due to pionic 

instabilities are approximately beam energy independent. This is because for 

perpendicular modes the self energy, eq. (2.15) is independent of p* 

New data2 ' at 0.2 GeV/nucleon have provided a stringent test for coherent 

pions generated via pionic instabilities. As seen from Fig. 6, the incoherent 

background is suppressed a factor 10 relative to the 2 GeV/N yield at 

k1 -- 2m. Unfortunately, no deviation from a pure (phase space) exponential 

is observed. Therefore, these data rule out the possibility of a collective 

spin—isospin wave in this reaction. 

At least two possible explanations for the results in Fig. 6 can be put 

forward. First, if the effective Migdal parameter g', 17  representing all 

other interactions in the pion channel besides one pion exchange is large 

(g'>0.6), then no instability can occur. 18  Second, Ne may.b.e too small a 

system and too diffuse to be able to support a spin—isospin wave of wavelength 

A = 2n/k - 4.4 fm. The second possibility is being tested currently via a 

similar experiment involving XeXe. However, other searchers 22  for critical 

pion field effects tend to support the first explanation. In any case, Fig. 6 

is an impressive demonstration of the high sensitivity achieved in present 

experiments, which now explore cross sections down to 1iib/GeV2  and have the 

ability to search for such needles in a haystack. If no positive results are 

observed with Xe + Xe, the last bastion of pion condensation will shift to the 

cores of neutron stars. 23  

3. DO NUCLEI FLOW? 

3.1 In(con)clusive Data 

One of the main goals1 ' 2  of studying nuclear collisions is to extract 

some information on the nuclear matter equation of state at high densities and 
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temperatures. However, this program has turned out to much more difficult 

than first hoped. The main reason is that the 	reaction mechanism is very 

complex with many competing processes going on simultaneously. In typical 

inclusive data we see the convolution of geometrical effects (impact 

parameter), finite mean free path effects (non—equilibrium phenomena), initial 

state interactions (Fermi motion, clusterization), and final state interactions 

(C,oulomb and coalescence) in addition to whatever equilibrium and collective 

hnorneia tnat ay have occurred. 

Figure 7 illustrates the dilema. In Fig. 7A hydrodynamic calculations 24  

are compared with the double differential charge inclusive (a + ad + 2a + ...) 

data of Ref. (25). In Fig. 7 B cascade26  calculations are compared to the 

same data. Although the dynamical assumptions of the two calculations 

contradict each other (hydrodynamics assumes. zero mean free path while cascade 

assumes long mean free paths), they both reproduce the inclusive data to the 

same accuracy. We now understand this to be a simple reflection of the fact 

that geometry and phase space control inclusive cross sections. 1  

In order to gain sensitivity to the dynamics, more exclusive data need to 

be analyzed. In Fig. 8, data on centrally triggered (high multiplicity) events 

are shown. 	By selecting a high multiplicity, the trivial convolution of 

impact parameters is reduced, the non equilibrium component is minimized, and 

the probability of finding signatures of bulk equilibrium dynamics is 

maximized. The first feature to observe is that by triggering on small impact 

parameters, the theoretical predictions 27  of cascade and hydrodynamical 

models differ substantially. Cascade models predict that the inclusive yields 

are maximum at forward angles, while hydrodynamic models predict a sidewards 

emission of particles. These calcuations refer to the matter flow including 



15 

p, d, t, a,.... The proton data28  are shown in the middle left. The great 

excitement arose initially because it seemed that for the first time hydro-

dynamic calculations were closer to the observed angular distribution than were 

cascade predictions. Since then the size of the experimental error bars were 

found to be too optimistic. Preliminary high statistics plastic ball results 29  

show only a flattening at forward angles with no dip at 00.  In addition, 

preliminary neutron spectra30  have caused havoc by showing a large forward 

enhancement in accord with cascade results. It was also realized 3 ' that 

copious production of composite fragments in the forward direction could cause 

a depletion of the unbound proton yield at zero degrees. Thus, Fig. 8 can no 

longer be regarded as evidence for hydrodynamical flow. 

Another observation which suggested nuclear flow phenomena is the 

difference between the "temperature" (slope parameter of the inclusive 90 cm 

yield) of protons and pions. 32  The idea was that a radial exploding fireball 

naturally leads to a difference on the slope parameter due to simple kinematics 

of superimposing collective and random motions for different mass particles. 

However, the recent observation 1  of an apparent kaon temperature exceeding 

that of protons contradicts such a model unless kaons are assumed to be 

decoupled from the flow. Hence, this evidence is also inconclusive. 

The most recent attempt to find evidence for compression effects was 

reported in Ref. (33). An outstanding problem in this field is to understand 

the excitation function of pions, i.e., the magnitude and dependence of the 

average number of pions produced versus beam energy. In Fig. 9, the measured 

data are compared to Cugnon cascade 26  calculations. This cascade code 

reproduces correctly the pion yield in proton induced reactions yet is seen to 
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over predict it for nuclear reactions. One of the obvious potential 

deficiencies of the cascade code has been ruled out. Namely, it could be that 

pion absorbtion is much stronger in dense nuclear matter than ordinary nuclear 

matter. However, cascade predicts that at higher energies, higher densities 

are achieved. Therfore, if the discrepancy were due to a poor pion 

absorbtion mechanism, then the discrepancy should be largest at the high energy 

region. The contrary is observed. Why then does cascade predict too many 

pions? 

The suggestion in Ref. (33) is that due to nuclear repulsion at high 

densities, not as much energy is available for the production of pions as there 

would be if there were no potential energy. Indeed one of the main effects 

neglected in cascade calculations is the nuclear mean field. By assuming that 

the discrepancy in Fig. 9a is due solely to the neglected potential energy, the 

potential energy curve for densities up to 4 p 0  was obtained as shown in 

Fig. 9b. This remarkable curve is the first tentative extraction of the 

nuclear equation of state using nuclear collision data 	As such it is a 

landmark in this field. Note that a very sensible equation of state with 

compressibility K - 250 MeV is found. 

However, this interpretation of the pion discrepancy is still under debate 

and many questions need to be answered before Fig. 9b can be accepted. The 

Cugnon cascade code does a rather good job in accounting for the inclusive 

charge sum and primordial deuteron spectra (see Fig. 7 B). Would these 

predictions be changed for the worse by including potential effects? If the 	- 

cascade code is altered to account for the pion yield, what other observables 

are changed? Also it is known that hydrodynamical calculations of the pion 

multiplicity underestimate the pion yield by a factor of — 112. However, such 
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calculations include via an assumed equation of state the compression energy. 

Furthermore, the pion yield is found to be insensitive 34 ' 35  to the 

compressibility constant, K, assumed. This insensitivity follows because most 

of the entropy is produced v i a shock waves. However, baryon and four momentum 

flux conservation (Rankine-Hugoniot equation) severely limits the magnitude of 

the pressure and entropy that can be achieved in shocked matter. 35  Figure 10 

illustrates the problem. The dynamical path (density and temperature versus 

time) followed in a collision does in fact depend on the equation of state. 

For a compression energy rising linearly with density (p) an 800 meV/nucleon 

collision reaches a maximum p - 4p and 1 	140 MeV. Subsequent isentropic 

expansion is indicated by the shaded area. On the other hand, for a 

compression energy rising quadratically (p 2 ) only p 	3p 0  is reached with 

T - 110 MeV. Now comesthe catch. The'isentropic expansion from the maximum 

compression point leads to nearly the same freezeout temperature If - 60 MeV 

at Qf - p 0 . Since <NTy>  is uniquely determined by I  and Pf,  we 

conclude that <N> is insensitive to the equation of state if pions are in 

chemical equilibrium. 

However, <N> is rather sensitive to viscosity effects. 34  Figure 11 

shows the same data as in Fig. 9 together with ideal hydrodynamic ( = 1) 

predictions. By allowing for a 20 percent increase of the entropy due to 

viscous heating (curve rj= 1.2) rather satisfactory agreement can be found 

between data and calculation. Notice that a simple fireball model (FB) over-

estimates the pion yield even more than cascade. Therefore, compression 

effects are indeed important in reducing the entropy. However, Fig. 11 shows 

that viscocity effects may be crucial in getting <N> right. 
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We conclude that while Fig. 9 is provocative, alternate explanations of the 

data that are not sensitive to the compression energy can also be advanced at 

present. This debate is far from settled, and it will take some time for the 

dust to settle. 

3.2 Global Analysis 

A powerful new method has been developed recently to search for compression 

effects directly. This involves looking for collective flow patterns on an 

event by event basis. Such global analysis requires the measurement of as 

many fragments as possible per event. The elaborate detector 38  called the 

Plastic Ball/Wall is now in operation and has the capability of measuring the 

mass m and momenta p(v) of several hundred charged particles at once. In 

addition, streamer chamber photographs39  provide a means to measure the 

momenta of all charged particles on an event by event basis. How can we best 

extract flow information from such charge exclusive data? 

In high energy physics several global variables have been defined that have 

great intuitive appeal. These include the well known thrust and sphericity 

variables 

T = max E Ip(v)l/Ip(v) I 	 , 	 ( 3.1) 
V 	 V 

13 = 	P(v)P(v) 	 , 	 ( 3.2) 

The sphericity tensor provides the simplest three dimensional event shape 

parametrization. However, for nuclear collisions it is necessary to modify 

S 	in order to take into account the copious production of nuclear fragments 

with A > 1. This is necessary because we do not want to weigh the 

contribution from an a particle more than four unbound collinear nucleons in 

determining the flow pattern. 



One way to achieve the correct weight is tooalculate the kinetic flow 

tensor 

Fij =P(v)P(v)/2m 
	

(3.3) 

Other weights, 37  eq. Ip(v)r', can also be used. F has the advantage that 

for energies U AGev, TrF is the observed kinetic energy in the cm. frame. (Of 

course, global analysis must be performed in the nucleus—nucleus center of 

mass). Since F is a symmetric matrix, it is readily diagonal ized 

F = 
	

fe1e 
	

(3.4) 

where f i  are the flow eigenvalues and e i  are the orthonormal engenvectors 

specifying the principal axes. Therefore, F characterizes an event as an 

oriented ellipsoid with radii 	in momentum space. The angle OF 

between the principal axis carrying the maximum kinetic energy and the beam 

direction is called the flow angle. 

In order to display the flow characteristics we proposed the following 

flow diagram: 36  Plot 9F versus the kinetic flow ratio r = max"min 

In momentum space /F gives the aspect ratio of the ellipse in the plane of 

the major and minor axis of the event. The insert in Fig. 12 illustrates how 

an actual measured event (400 AMeV Ca + Ca) recorded by the Plastic Ball is 

represented by this flow analysis. That event corresponds to 
8F = 19 0  and 

r = 3. 

Also shown in Fig. 12 are the results of calculations 36  using the Cuguon 

cascade and hydrodynamics forthe reaction 238U  + 238U at 400 AMeV. It is 

immediately obvious that there is substantial difference between the flow 
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characteristics expected with non—viscous hydrodynamics and that expected with 

cascade. For such heavy systems finite number fluctuations are not important. 

However, as shown in Ref. (36) for systems involving nuclei with A < 100, 

finite number effects lead to very large fluctuations and tend to obscure the 

picture. Fortunately, with the new Uranium capability of the Bevalac, 

experiments with heavy nuclei have become possible. 

Non—viscous hydrodynamics predicts much stronger sidewards flow than 

cascade does. Cascade dynamics leads apparently to highly viscous flow (see 

Section 3.3). We have done calculations involving 2000 on 2000 nucleons and 

found no significant difference from the Uranium results. The momentum 

distribution for b = 0 collisions is close to an isotropic sphere. Non—viscous 

hydrohynamics predicts, on the other hand, a flattened pancake shape for b = 0 

events. 

The first experimental global event analysis has been completed 

recently 8 ' 39The CaCa 400 AMeV reaction has been studied in most detail, 

but new data on Nb + Nb is now being analyzed. The preliminary Ca data show 

very large fluctuations is expected. However, there is some hint39  that 

cascade predicts too much transparency as compared with the data. As the new 

Nb data become available we can expect a much clearer experimental statement 

on how nuclei flow. 

Finally, it is important to discuss the beam energy dependence of flow 

phenomena. 40  In Fig. 13, the dependence of the aspect ratio on bombarding 

energy is shown for b = 0 collisions. Observe the strong energy dependence 

below 400 AMeV that is predicted by hydrodynamics in contrast to the near 

constant isotropy predicted by cascade. Clearly global analysis is best 

performed in the energy range35  100-400 A MeV. For fun the result of a 
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hydrodynamic calculation assuming a density isomer equation of state at 

100 AMeV is also shown. The results emphasize the need for a systematic study 

of flow phenomena with energy. In this way can we hope to extract details of 

the equation of state. In practice we will always see the combined effects of 

compression and viscosity. With the combined global analysis and chemical 

chemical composition studies (if multiplicities, deuteron yeilds, etc.) it may 

be possible to disentangle viscous effects from compression effects. 

3.3 Nuclear Honey 

Why does cascade not lead to strong collective nuclear flow? One possible 

answer is that the mean free path A - 1.7 fm is not small enough. A necessary 

but not sufficient condition for hydrodynamic flow is that AIR << 1, where R 

is the characteristic size of the system. For nuclei A/R - 1.4A' 3 	0.4, 

0.2, 0.1 for A = 40, 238, 2000 respectively. Thus, CaCa obviously does not 

satisfy AiR << 1., However, UU could. In test runs 36  with A = 2000, that 

condition was rather well satisfied. Yet the flow was considerably weaker 

than predicted by non—viscous hydrodynamics. Is viscosity the key to the 

difference? 

To test this idea we modified the Cugnon cascade in several ways. First 

we considered the effect of increasing the effective NN cross section 

artificially. For a fixed A, AIR 
= 	eff R) 1  obviously decreases with 

increasing a e ff. Second, we altered the scattering style. The conventional 

cascade style is to assume that nucleons propagate along straight line 

trajectories. At the point of closest approach, if the seperation, r 

between two nucleons is less than (c eff/r) "2 , then a random momentum 

transfer q is given to each nucleon. The q is chosen from the experimental 

distribution of momentum transfers at the appropriate NN cm energy. This 
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scattering style is referred to as stochastic because there is no correlation 

between r and q. On the other hand, classically we expect 

q • r > 0 for repulsive forces , 	 (3.5) 

q 	• r < 0 for attractive forces , 	 (3.6) 

qL=OforL=rxp (3.7) 

We therefore tried to impose a classical scattering style by requiring eq. 

(3.7) to be satisfied (this insures a well defined NN scattering plane). 

Furthermore, we assume that if r < r c then the force is repulsive, i.e., 

eq. (3.5) is satisfied, while for r c < r < (aeff/70 112 eq. (3.6) is 

satisfied. Thus, our classical style corresponds to a repulsive core and an 

attractive longer range force. Table 1 shows the results of the calculation 

for U+U at 250 AMeV for impact parameter b = 0. As a eff increases from a o  

to 3a the total number of NN collisions increases by a factor of 3 as 

expected using the stochastic style. However, the aspect ratio 

a = <fmax fm i n > increases only from 1.2 to 1.3. For non—viscous hydro-

dynamics a = 1.6. (Note that there is always some 'numerical" viscosity in 

hydrodynamics due to finite difference techniques). 

Thus, even though the number of collisions per particle, n011, 

increased from 5.7 to 16.5, the cascade did not reach the hydro limit. This 

again underscores the fact that x/R << 1 is not sufficient for hydrodynamic 

112 flow. Now if we impose the classical repulsive style rc = 	
eff/ 10  

then as a eff increases from a o to 3a 0 , the aspect ratio increases from 

1.3 to 2.1. Thus, we can make cascade flow even more than hydrodynamics by 

imposing a large repulsive classical scattering style. Note that by switching 
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from stochastic to repulsive style for a eff = 3a 09  the total number of NN 

collisions decreases by a factor of two while the aspect ratio increases by a 

factor 1.6 	This phenomenon is also clearly seen for a eff = 2g 0  where we 

explored the dependence of n 0 ii and a on r.  For purely repulsive style 

f = rc/(efff)1I2 =1, n co1l = 6.6, a = 1.7. For f = 0.5, 

n coll  = 18 but a = 1.3 	Note that for f = 0.44, ncoll  has climbed to 46 

collisions per incident nucleon but the aspect ratio has lowered to 1.2 

(consistent with a sphere sampled with 238 particles). Therefore, increasing 

the attractive scattering component increases n 011  and lowers a. 

These results can be understood as follows: the attractive scattering 

style tends to bring the nucleons closer together because of the focusing 

condition, q • r.< 0. The higher density tends to increase 	That 	the 

aspect ratio decreases follows because transverse momentum gradients are 

effectively damped if q . r < 0. This is illustrated in Fig. 14. Consider a 

fast stream of nucleons moving parallel to a slow stream. If the scattering 

style is attractive, then fast nucleons will be drawn into the slow stream and 

vice versa. Thus, slow and fast nucleons will mix and the transverse momentum 

gradient is damped. This is how usual viscosity works. However, usual 

viscosity increase with increasing mean free path, i.e., decreasing aeff. 

The viscosity effect seen in Table 1 arises out of the dynamical enhancement 

of mixing due to attractive forces in a high density domain. Thus, the effect 

seen in Table 1 for a eff > a 0  is due to dynamic viscosity. For repulsive 

forces, Fig. 14 shows that q • r > 0 inhibits mixing of fast and slow 

particles and thus helps maintain flow gradients. 

Finally we observe that for a eff 	there is virtually no 

sensitivity to the scattering style. In this"long meanfreepath limit, 

dynamic viscosity is replaced by simple kinetic viscosity. 
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Table 1. Sensitivity of Flow Characteristics to Scattering Style. 
Results based on Modified Cugnon Cascade Calculations 36  for 
U238  + U 238  at b = 0 and 250 IMeV. 

a e ff rc/(aeff//2 	 6 ncoll max/min 

a0  stochastic 5.7 1.2 

1.0 	 0 4.3 1.3 

2a 1.0 	 0 6.6 1.7 

0.63 	 0 11.3 1.4 

0.50 	 0 18.0 1.3 

0.44 	 0 45.8 1.2 

3a stochastic 16.5 1.3 

1.0 	 0 7.7 2.1 

Sao 1.0 	 0 8.6 3.0 

Caption: aeff is effective NN scattering cross section; 

is measured energy dependent total NN cross—sections; 

is repulsive core radius; 

• 6 is orientation of momentum transfer to angular momentum; 

co1l 	is 	the number of NN collisions per 	incident nucleon; 

maxUmin is the aspect ratio from the flow tensor, eq. (3.4) 



25 

We now address the question of which scattering style is closer to reality. 

It appears that stochastic scattering is. There are two reasons. First, the 

sign of the NN force is both channel and energy dependent. Thus, the sign of 

q • r is likely to alternate in subsequent NN collisions as the parity of the 

relative wavefunction changes and as the sign phase shifts change as the 

relative energy is lowered. Second, and more important, there is quantum 

stochasticity. At these energies the relative angular momentum in NN 

collisions is low1  9. 	3-5 initially and £ 	1-2 later. Hence low partial 

waves dominate the scattering. However, for low partial waves the azymuthal 

dependence of the scattering wavefunction weakens. Thus, there is no 

scattering plane (eq. 3.7) for S and P wave scattering 	The stochastic 

scattering style abandons eq. (3.7) and choses the azymuth  angle at random. 

Because of quantum effects this is then likely to be closer to reality. 

Thus, quantum effects result in both types of processes depicted in 

Fig. 14. We conclude that nuclear flow is likely to highly viscous-somewhat 

like honey. The global analysis of nuclear collisions with A > 100 will tell 

us soon just how sweet nuclear flow really is. 

4. QUARK - GLUON PLASMA PRODUCTION 

In this last lecture we switch from honey to glue and enter into the sticky 

though exciting subject of the formation of a quark-gluon plasma in nuclear 

collisions. For this purpose we consider energies El ab > 100 AGeV. The 

main question we address is whether high enough energy densities can be 

achieved to produce a quark-gluon plasma. 

4.1 Critical parameters 

One of the most striking predictions of Quantum Chromodynamics (QCD) is the 

deconfinement of hadronic matter at high energy density. This follows from 
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the asymptotic freedom property of QCD. The best estimates for the critical 

energy density, c, come from Monte Carlo lattice simulations of QCD. The 

results from two recent calculations 41 ' 42 ) of the energy density c versus 

temperature T in baryon free matter (p 3  = 0) are shown in fig. 15. The dots 

and triangles are from Ref. (41), where an approximate treatment of quarks is 

included. The open circles are from Ref. 42 and correspond to pure SU(3) gluon 

matter. On the left—hand side, the ratio of e to that of an ideal quark gluon 

plasma is plotted versus temperature for baryon density p 8  = 0. The energy 

density of an ideal up—down—glue plasma is given by the Stephan—Boltzmann 

form443 ) 

37 2T43T21.12 	
3 Ii 

 4 
(4.1) cs3(T , i) = 

2,r 

where p is the chemical potential. The baryori density is given by 

23 +T2 	 (2) 
31T 

and the pressure in the plasma is simply P 	 =SB 

In fig. 15, we see that for T > Tc - 200 MeV, 'SB 	
1, and thus 

QCD predicts that the state of the matter is described well as an ideal 

plasma. For I < T 
C 

there is a rapid departure from the Stephan—Boltzmann 

form as confinement sets in. 

The precise nature of the deconfinement transition is still under debate, 

but it is likely43 ) that for the SU(3) color group the transition is first 

order. The shaded area around the "data" points is to remind us that 

systematic uncertainties exist associated with the approximate treatment of 

quark degrees of freedom and finite lattice size corrections in present 
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calculations and that there is uncertainty in translating the lattice cutoff 

AL into physical units (MeV). 

Based on these and other model calculations at finite baryon density 43 ), 

the following picture of the phase diagram of hadronic matter as a function of 

I and 
P B is emerging: Above some critical energy density, Cc  hadronic 

matter dissolves into an ideal quark gluon plasma state. A contour plot of 

the plasma energy density CSB is shown on the right side of fig. 15. Above 

the shaded region the actual energy density is very close to CSB. However, 

below that region there is a large reduction factor caused by confinement. 

While the technical definition of the transition temperature 43 ) corresponds 

to c - 0.5 GeV/fm3 , I define the critical temperature, T c  here as the 

point where c reaches — 90% of the Stephan—Boltzmann value. The critical 

energy density so defined corresponds to c = Cpl - 2 GeV/fm3 . For 

- 	pl the matter is essentially in a perturbative plasma phase, while 

below C p l there is a complicated mixed hadron—plasma phase. 

4.2 Stopping Power and Longitudinal Growth 

In a typical hadron—hadron collision a fraction n - 112 of the parallel 

momentum is lost. In terms of rapidity, y, this momentum loss corresponds to 

a rapidity shift44 ) 

In T 	 < 1 	 (4.3) 

for both hadrons. (Recall that for a particle of mass m and momentum p11  ,p1  ), 

p 11  = m1  sinh y and E = m1  cosh y in terms of y, and m1  = ( m2 + p) 112 .) 

Therefore, the rapidity of a particle after 45 	0.65 A03  independent 

collisions is 

	

y(v) = y - vy 	. 	 (4.4) 



We say that a particle is stopped if 

>y/ty 	 (4.5) 

It is important to emphasize that stopping is a frame-dependent concept. If 

YL is the lab rapidity 	= 2cm)' then the particle stops in the 

nucleon-nucleon cm frame if L < 2vy. In terms of lab kinetic energy, EL 

= mN(ch YL - 1), eqs. (4.3-4.5) lead then to 

	

E < 0.5 GeV 	
22'GeV 

L 	2v 
(1-fl) 

(4.6) 

as a necessary condition for a nucleon to stop in the NN center-of-mass (i.e., 

midrapidity) frame. For 	 3.4 so most nucleons stop in a central U 

+ U collision in the midrapidity frame if the lab kinetic energy is less than 

EL < 56 GeV for r = 112. A more refined recent estimate 46 ) leads to a 

similar result. Of course eqs. (4.4-4.6) cease to hold for energies above 

which successive collisions are not independent. We shall see explicitely 

that for E > 100 GeV this is indeed the case because of longitudinal growth. 

In order to calculate the energy density, we need to estimate the 

compression PB upon stopping. If the nuclei are thick enough to stop a 

nucleon in the midrapidity frame (eq. (6)), and the nucleon recoil is 

instantaneous, then all nucleons will stop in a Lorentz contracted 

volume = 	x rest frame volume. 46  Therefore, the baryon density is at cm 

least46  

p 8 /p
0 
 = 2y

cm 	
exp(y

L  1
2) , 	 (4.7) 

This leads to an energy density of at least 



> MNP O  , 	 ( 4.8) 

where MN p 0 	0.136 GeV/fm 3 . To obtain an upper bound on PB  consistent 

with baryon and four momentum conservation, we can use the Rankine.-Hugoniot 

relation. Given an equation of state, P = a e, the shock compression psh is 

simply35  

°sho = a 	+ a ) 1cm 

It is important to emphasize thateq. (4.9) is independent of the shock front 

thickness only as long as it is smaller than the dimensions of the system. 

With eq. (4.9) the energy density is then bounded by 

< sh = 'cm MN  Psh 	 . 	 (4.10) 

However, p 8  cannot increase indefinitely with 1cm• There exists a 

characteristic proper recoil time 	- (112-1) fm/c for the baryon current 

to change in a collision. In a frame where the nucleon has rapidity y the time 

required for its baryon number to stop is dilated to T ch y. Therefore, 

the minimum stopping distance in the mid rapidity frame is - Tcm T0 	We 

can also think of 'cm T0  as the minimum thickness of any shock front in 

the midrapidity frame. This leads to a bound on the compression 

	

£ g R/To r cm PB(To )/Po 	 (4.11) 

where g- (1-2) is a geometrial factor depending on the detailed spacial 

distributionof PB (z). 
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To obtain a better understanding of the origin of the finite recoil time 

we need to discuss to concept of longitudinal growth. 47 ' 48  

Consider a hadron of mass M suffering a collision in which it 

is excited to a virtual state of energy E*2 = p 0 2  + M. We want to 

know how long does it take for this virtual state to decay by emitting a par-

tide of mass m and momentum (p 11 ,p1 ). The final state has therefore an energy 

E = 	)2 + M1112 +[ p + m] 1 , where m = p + m 2  and M = p + M 2 . 

The uncertainty principle states that the amplitude to emit such a particle 

becomes appreciable only for times 47  

ti - 	 2p11  /m - 2  t > t(y) 	 cosh y 	 (4.12) E*_E p 0 >>M - m1  

As the rapidity of the emitted particle increases, t increases because of time 

dilation. We can interpret eq. (4.12) as follows 48 ): in the rest frame of 

the produce particle it takes 2/m 1  - 1 fm/c for the particle to come on shell. 

Before that time it is impossible to disentangle the wavefunction of the final 

particle from that of the projectile. Since the projectile is assumed highly 

relativistic (c = 1), the position where the particle is emitted is z(y) - 

t(y). A more detailed estimate of z(y) can be made by invoking the 

inside—outside cascade (IOC) picture of particle production 48 ). In bC 

particles follow classical trajectories, z = t x tanh y, but come on shell 

only at t = t(y). For t < t(y) they propagate as virtual particles with 

phases interlocked with the projectile. Only for t > t(y) can they 

participate in incoherent interactions. In this IOC picture the point where a 

secondary particle comes on shell is thus 

z(y) = _. sinh y . 	 (4.13) 
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Equations (4.12-4.13) imply that particles come on shell when their proper 

time T =( t 2  - z2 ) 2  reaches T = 2/rn1  - 1 fm/c, i.e., along a hyperbola 

in the (t,z) plane. Equations (4.12-4.13) specify what is meant by 

longitudinal growth; at very high energies the interaction region grows very 

rapidly along the beam direction because of the combined effects of the 

uncertainty principle and relativistic kinematics. 

Evidence for longitudinal growth comes from hadron—nucleus data45 ' 49 ) as 

shown in fig. 16. The striking feature to observe is that for large rapidity 

secondaries there is virtually no dependence on the target mass, A. This is a 

direct consequence of longitudinal growth. A pion with rapidity y = 5 can 

materialize only —100 fm downstream from the target nucleus 	The absence of 

cascading is particularly evident when the inelasticity () is computed from 

the data (n = fdy dN/dy E(y)/E1). We find that n = 0.5, 0.6, and 0.66 as 

the target changes from p, Ag, to Pb. This shows that the total energy, 

radiated into pions increases only very slowly (dr,/dv - 0.07) with v, in 

complete disagreement with the naive independent scattering model, eq. (4.4). 

On the other hand, models49 ) incorporating nuclear transparency and 

longitudinal growth have been, on the whole, successful in accounting for high 

energy hadron—nucleus data. Note finally that the modification of the 

stopping distance proposed in eq. (4.11) 	is consistent with the longitudinal 

growth of the reaction zone. 

Therefore, the finite recoil time To  in eq. (4.11) arises from the 

requirement that in the rest frame of the nucleon it takes T-.lfm/c to 

radiate a pion and that this time is dialated in any other frame. Of course, 

it is possible to contemplate other mechanisms besides soft pion emission for 

the nucleon to slow down. For example, we can imagine that two colliding 
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nucleons with cm momentum p get excited into a very massive resonance states 

with M - p. However, this requires enormous momentum transfers q - P. Such 

amplitudes are greatly inhibited by propagator and form factors. Another 

generic amplitude we can invision to stop a nucleon quickly is one where the 

incident nucleon of four momentum (p, p)  decays into a nucleon with four 

momentum (mN,O) and a baryon number zero fireball of four momentum —(p,p). 

This amplitude requires only a small momentum transfer and thus is not 

suppressed by the propagator of the exchanged quanta. Nevertheless, there 

must still appear a form factor suppression with q 	p as a penalty of 

stopping an extended object quickly. Therefore, while there is a small finite 

amplitude to stop a nucleon within 1 fm, the easiest way (greatest amplitude) 

for a nucleon to stop is through the sequential emission of low p 1  

pions. This dominant amplitude, however, has longitudinal growth built 

in. 47  Therefore, on the average stopping requires a distance 

from the interaction point. This leads to eq. (4.11). 

We can now estimate at what energy the maximum baryon density is likely 

to be achieved. As long as the shock thickness Y cmT o  is smaller than 

R/( 2 Y cm ) in the cm frame, it pays to go to higher energies according to 

eq. (4.9). However, for YcmTo > (R/ 2Ycm ) shocks can no longer be 

maintained and eq. (4.11) implies that p begins to decrease. Thus, we 

expect the maximum baryon density to be achieved when 

Y cmT o  = R/ 2Ycm 
	 (4.14) 

Taking R = 14 fm for the diameter of Uranium eq. (4.14) gives y cm = 2.7 and 

thus the kinetic energy in the lab is El ab 	11 AGeV. At that point, the 
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density may reach 	- 14. At higher energies PB  decreases as 

until around EL - 50 AGeV at which point transparency sets in. 

Beyond that point, nuclei pass through each other although they do get 

compressed to (4-5) 0  in the porcess. 48 ' 44  

The energy density, in contrast to the baryon density,continues to 

increase with energy as we shall see in the next section. 

4.3 Proper Energy Density Achieved 

Because eq. (4.13) gives a one—to--one correspondence betwen the rapidity 

and the production point of a particle, it is possible to compute the energy 

deposition per unit length, dE/dz, knowing the rapidity distribution dN/dy: 

= m1  coshy - 	. = 

where y = sh 	(m1 z/2). To compute the energy density, e, we must divide 

dE/dz by the beam area. More precisely, we should take into account the 

dependence of €(z,x1  ) on the transverse coordinate x 1  . If we assume, as in 

most models, that c(z,x 1 ) is proportional to the number of struck nucleons 

along a tube at transverse coordinate x 1 , then for a central (b = 0) nuclear 

coll isbn 

(z, X 	 (1 	x 

	

2 	2 ) 1/2 
c 	i)cmax 	- 1 	

mm 

w i th 

(4.16) 

3 	dE 

	

C 	= 2wR 	
(4.17) max 

In eqs. (4.16-4.17), Rm j n  is the radius of the smaller nucleus. Note that 

	

Id2  x1 	= dE/dz and that <e> = 2/3 Cmax 	Inserting R = 1.18 AU 3  and 

- 0.3 GeV, we obtain an estimate for the maximum energy density in the 

central region 
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C 	 0.1 	A 213  dN/dy ma 	
fm3 

(4.18) 

Clearly, there is at least a factor of 2 uncertainty in the conversion factor 

in eq. (4.18). However, eq. (4.18) allows us to estimate 
C max  from measured 

rapidity densities. 

As a first application of eq. (4.18) consider pp collisions at ISR 

energies where dN/dy 	3 for y 	0. In that case Cmax  < 0.3 GeV/fm3 , 

which is too small to create a plasma. Even at pp collider energies 5°  

dN/dy - 5 is still too small on the average. The rare events with dN/dy - 10 

lead to E 	1 GeV/fm3 , but this is still below the Stephan—Boltzmann domain. 

Next consider nuclear collisions. At present the only source of experi-

mental information comes from cosmic—ray studies 51 ' 52  The most spectacular 

event observed thus far is the so—called JACEE event 52  Si + Ag at 4-5 ATeV. 

Over 1000 charged particles were produced with a pseudorapidity distribution 

shown in fig. 17. 

Note that in the central region (n - 4), dnch/dy - 200 is observed 

This leads, assuming <n o> = <n c h>!3,  to 

Cm 	(JACEE) - 3 GeV/fm 
	

(4.19) 

At this point it is important to ask whether this event is just a lucky 

accident. To answer this question we apply the color neutralization model of 

ref. 49, which, as was mentioned before, is consistent with hadron nucleus 

data. For nucleus—nucleus collisions, this predicts 

<>AB / <>
pp  Wp vT  (1 + 1 ) 	+ W 

T p 
v (1 + v 

p )_1 	(4.20) 



where W 	Ap and WT 	AT 11 - ( 1— (A/A1)2/31 312  are the 

number of wounded nucleons in the projectile and target for b = 0, and 

are the average number of mean free paths through the projectile and 

target. Taking50) <ch> 
	0.88 + 0.44 ins + 0.118 ln 2 s 	15 and 

WP = 28, WT = 58, V = 2.4, vT = 5.0 for b = 0, eq. (4.20) predicts 

<n ch>SiAg 	940, which is close to the observed value. Thus, the JACEE 

event is not unusual in this respect. Nevertheless, the achieved energy 

density eq. (4.19) is well within the Stephan—Boitzmann domain 

A more systematic study of the energy density in the central region is 

shown in fig. 18. We have included the 15 high energy cosmic—ray events 

tabulated in ref. 52. In addition, the theoretical expectations, based on the 

color neutralization model for a variety of systems are also shown. For these 

estimates 53 ), we have divided the transverse geometry into independent 

tube—tube collisions and applied eq. (4.20) to each tube separately. We 

assumed for simplicity that dN/dy 	<n>/y 	for Ycm = 0, as appropriate cm 

for the rough triangular distributions observed52 ) in nuclear collisions 

(see also fig. 17). The plotted curves are for the max energy density at 

T = 1 and x1  = 0 for b = 0 in the midrapidity frame. 

It is remarkable that within the factor of 2 uncertainties in the 

theoretical curves, the available data are consistent with expectation. We 

interpret fig. 18 as experimental indication that high enough energy densities 

can indeed be obtained in nuclear collisions to probe the quark—gluon plasma 

domain. For Si + Ag the threshold for 
C cen tra l > cpl seems to occur 

— 1 ATeV, while for U + U Elab - 100 AGeV seems sufficient in the midrapidity 

region. 
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Now let us return to the fragmentation regions. For El ab > 100 AGeV the 

baryons are certainly not stopped. However, compression caused by recoil and 

slow' 1  pion rescattering can lead to high energy densities 48 ). An estimate 

for CF rag  can be obtained as follows: only pions with small enough relative 

rapidity y(A) can rescatter within the target or projectile nuclei. 

Specifically, we must have z(y) < 2R for the pion to he produced and 

interact within the target nucleus. From eq. (4.13) this means that 

= sinh4  m1 RA £ 3 
	

(4.21) 

Therefore, the maximum energy density achieved in the fragmenation regions 

for FLab > 6 is given approximately by eq. (4.18) with dN/dy evaluated at 

'cm = lab/2 - y(A). 	In fig. 19 results of calculations incuding 

nuclear recoil energies along the lines of ref. 44 are shown. A triangular 

rapidity density has been assumed. These results are in accord with earlier 

results48 ) where CFrag - 2 GeV/fm3  was obtained for U + U. 

Also shown in Fig. 19 are estimates of the energy density in the stopping 

range. For these estimates we used the following interpolation formula 

stop 	cm
m 

 n 	+ 
	

(4.22) 

where p sh S given by eq. (4.9) and PB(T O ) by eq. (4.11). An obvious 

feature in fig. 19 is that the asymptotic energy densities predicted with the 

modified stopping scenario (that is valid for Yl< 5, eq. (4.22)) agree 

within uncertainties with the estimate based on the inside outside cascade 

model 48) (that is valid only for Yl> 6). Note also that the constancy 

of CFrag  with flab  is expected on grounds of scaling in the fragmentation 
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region. In contrast, the energy density in the central region, fig. 18, 

continues to grow linearly with 'Lab because dN/dy does not scale in this 

energy range50 ) at XE = 0. 

What figs. 18,19 show is that the domain of the quark—gluon plasma is 

indeed accessible via 'nuclear collision. They do not show, of course, what 

experimental signatures could result from such a plasma. Several suggestions 

have been put forward including strangeness abundancies 54 ), dilepton 

yields 55 ), and <p1  > growth56 ). We suggest a new signature: fluctuations 

of dN/dy on an event—by—event basis. It has been observed for some time 57 ) 

that for high energy cosmic—ray events with EL ab > 10 AGeV there' are 

substantial fluctuations about the mean rapidity density that exceed those 

expected assuming Poisson statistics. In fig. 17 there is a hint of such 

fluctuations in rapidity intervals Ay 	1. However, the most spectacular 

fluctuations are observed in the events discussed in ref. 58. It is also 

observed that the excess dN/dy fluctuations are correlated with' large p 1  gamma 

rays (compare fig. 13b and fig. 18 in ref. 58). Could these fluctuations be 

related to the first order phase transition from the plasma state back into 

the hadronic world 	This speculation is fueled by a recent suggestion59 ) 

that seeds for fluctuations leading to galaxy formation could arise from such 

a phase transition soon after the Big Bang. If the transition is indeed first 

order, then the plasma would not simply expand but could burn or detonate as 

the latent heat is converted into hadronic kinetic energy. Clearly much more 

thought needs to be given to the dynamics of first order phase transitions. 

However, it could be that we are already seeing the quark—gluon phase 

transition in the large fluctuations of dN/dy and the correlation of those 

fluctuations with high p1. 
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Figure Captions 

Fig. 1 	Mean free path of primary 160 at 2.1 AGeV in emulsion as a function 

of distance from the scan line. 6  

Fig. 2. Two chain event6  produced by 56Fe at 1.88 AGeV in emulsion. A 

secondary with Z = 9 travels a distance X = 2.6 cm before 

interacting. A tertiary with Z = 8 then travels a distance 

Y = 0.02 cm before interacting. The mean free path for primaries 

with Z - 8-9 is AE m 	10 cm. 

Fig. 3. The reduced mean free path A*, eq. (2.4), as a function of distance, 

0, from the primary vertex. Results from three emulsion 

experiments24  show significant dependence of A*  for 0 < 5 cm. 

Fig. 4. Normalized likelihood contours 6  for fits to Fig. 3 assuming a 

fraction a of all secondaries have anomalous mean free path Aa• 

The cross indicates the position of maximum likelihood. 

Fig. 5. The ratio of the mean free path A Q (A) for quark—nuclear complexes 

to the normal nuclear mean free path x(A) in emulsions is shown on 

top as a function of the total number of nucleons eaten by the 

quark. On bottom the mass per eaten nucleon is shown. Solid curves 

are for different bare quark masses. Dashed curves define the 

appetite of a quark for different interaction fudge factors. The 

intersectionof a dashed and solid curve gives the value of A for 

whith aM/GA = M. 

Fig. 6. Pion spectra at 9cm = 900 produced in Ne + NaF 0.2-2.1 AGeV 

reactions. 2 ' An estimate19  of the order of magnitude of the 

contribution due to spin—isospin current instabilities is indicated. 

The data at 0.2 AGeV rule out such instabilities and are consistent 

with simple phase space models.21 
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Fig. 7A  Comparison of charge inclusive data25  with nonviscous 

hydrodynamical calculations. 24  The dots are the data and the 

histograms are calculations. Three different equations of state were 

tested. 

7B Comparison of data25  with calculations 3 ' using the Cugnon cascade 

code. 26  In parts a, c charge inclusive distribution are shown. In 

parts b and d primodial deuteron distributions 3 ' are shown. The 

dots in b, d show free deuteron spectra. 25  Triangles include d, t, 

He3 , 

Fig. 8. Angular distribution of protons with different kinetic energies 

(middle left) 28  are compared to two cascade calculations, two 

hydrodynamic calculations and a firestreak calculation as described 

in Ref. (27). The reaction NeU at 393 AMeV triggered on high 

multiplicity is considered. 

Fig. 9a. Mean rf multiplicity produced in central Ar + KC1 collisions versus 

cm kinetic energy per nucleon. 33  Open circles show predictions of 

Cugnon cascade. 26  Triangles are data. Horizontal arrows are used 

to estimate of compression energy per nucleon. 

9b. Compression energy deduced33  from (a) versus baryon density as 

predicted by the cascade code. Dashed curves illustrate an equation 

of state with incompressibility constant K = 200 - 250 MeV. 

Fig. 10. The traje.jctories 1(p) followed in hydrodynamical compression and 

expansion34  at energies 0.2, 0.4, 0.8 AGeV. Shaded area indicates 

temperature increase due to viscosity. A linear (p) and quadratic 

(p2) dependence of the compression energy per nucleon is contrasted. 
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Fig. 11. Ratio of average 	multiplicity to proton multiplicity is shown 

for fireball model (dotted line), non-viscous hydrodynamics 

(n = 1.0), and viscous hydrodynamics ( n  = 1.15, 1.22). Data33  are 

shown by dots. 

Fig. 12. Kinetic flow diagram for U + U at 400 PiMeV. The flow angle is the 

angle between the beam axis and the principal axis carrying the 

largest kinetic energy. The ratio of the largest ,a, to smallest ,b, 

eigen values of the tensor specify the aspect ratio of the event. 

Numbers indicate impact parameter in units of bmax /lO 	The solid 

curve is prediction of non-viscous hydrodynamics. 4°  Shaded region 

is predition of cascade. 36  Insert shows the flow analysis of one 

CaCa (400 MeV) event meausred in the plastic ball. 38  

Fig. 13. Energy dependence of the kinetic flow ratio 	max'min) for b = 0 

U + U collisions. Solid line refers to hydrodynamics, 4° while 

shaded region refers to cascade. 36  A density isomer leads to the x 

at 100 AMeV. 

Fig. 14. Transverse flow gradients are maintained by repulsive scattering 

style while they are rapidly damped by attractive scattering style. 

Fig. 15. Phase diagram of hadronic matter. Monte Carlo QCD data 443  on 

left indicate existence plasma transition at energy densities 

- 2GeV/fm3 . Equal c 5B contours, eq. (4.1), versus I and PBare 

shown on the right. 

Fig. 16. Pseudo rapidity (T =-ln tan 9 Lab'2 distributions of particles 

produced in p + A collisions at 200 GeV. 45  

Fig. 17. Pseudo rapidity distribution 51  of Si (4 -5 ATeV) + Ag * 1000 

charges + X. The most spectacular nuclear collision ever recorded 

Dashed triangle is to guide the eye. 
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Fig. 18. Maximum energy density achieved in low baryon density regions 53  

(midrapidity). Eq. (4.18) was used to convert measured 

multipi icities51 ' 52  into proper energy densities. Diamonds 

correspond to Si + Ag, square to Ar + Pb, open circles to "light" (a, 

3, C, N) + Ag collisions. Theoretical estimates for various systems 

are based on eqs. (4.18,4.20) using tube—tube geometry as discussed 

in text. 

Fig. 19. Energy density achieved in high baryon density regions. Curve G 

illustrates eq. (4.8))). Shock curves eq. (4.22) for 

Stephan—Boltzmann gas (a = 1/3), gR/T 0  = 20, 10 are given by 1 and 

2. Stiff equation of a state curves 1 1 , 2' correspond to 

sh = 2cm p 0  and gR/T 0  = 20, 10 resp. in eq. (4.22). Curves 

3, 4, 5 based on inside—outside cascade44 '48  and eq. (4.21) with 

m1 R/2 = 5, 10, 15 resp. Shaded area is best guess for central U + U 

coll is ions. 
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