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1. INTRODUCTION 

1.1. Motivation. 

Until recently the properties of nuclear matter at high densities p > p0 = 0.15 fm-'3 

and/or temperatures T > B 0 = 16 MeV have been inaccessible for study 

experimentally. This is because normal nuclei saturate at one density, p ~ p0, with a 

unique volume energy per nucleon, -B0 . In the past, nuclear properties have been 

studied either with elementary probes such as electrons, pions, and protons, or with 

low energy nuclear probes. Such probes, however, cannot compress entire nuclei nor 

heat them up to T > B 0 . Thus these probes have been unable to shed light on this 

aspect of nuclear matter. In nature, gravity can crush nuclear matter to high densities 

in the hearts of neutron stars. Also, supernova collapse may involve high densities and 

temperatures before exploding. However. it is clear that the properties of dense 

nuclear matter are very difficult to extract from the limited observations of such 

objects. 

From the theoretical point of view. the properties of dense nuclear matter are 

rather uncertain. Since only one measured point, (p,-B) = (p0.-B0). exists to 

constrain theories, it is not surprising that almost anything is possible theoretically at 

high densities. For example, speculations on phase transitions to abnormal nuclear " 

states, pion condensates, and quark-gluon plasmas have been 

advanced. (TAl)-('l'A7).(TA9)-('l'All) Even in "standard" many body calculations the form of 

the high density equation of state varies by large factors depending on the particular 

nuclear potential or approximation scheme employed. Clearly. the measurement of 

the equ~tion of state away from saturation density would be invaluable in constraining 

competing nuclear many body theories. 

With heavy-ion accelerators we have at last the opportunity to probe the 

properties of dense. highly excited nuclear matter in the laboratory. What nuclear 
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beams ofier that cannot be duplicated with elementary particle beams is the ability to 

alter drastically the nuclear state over a space-time volume, V·cTc; l::j J?41::j A413 fm4 , 

that is much larger than typical hadr.onic scales (lit! 1 fm4). Elementary particle beams 

can deposit energy and momentum only into a small fraction of the nuclear volume. 

They are therefore ideal for studying the response of ground state nuclei to localized 

disturbances. High-energy nuclear beams test, on the other hand, the response to a 

major global change in baryon and energy density. 

As shown in Fig. 1, that response is often the complete disintegration of both 

projectile and target nuclei. Fig. 1 shows a streamer chamber photograph(EJlB) of .a Ca 

+ Pb collision· at ELab = 2.1 GeV per nucleon (or, hereafter called A·GeV). ·.Of course, we 

see orily the shattered remains (nucleons and pions) of the hot, compressed nuclear 

state. From the distributions of particles and momenta our task is to reconstruct, if. 

possible; the properties of that state. Clearly, the necessary first step must be 

understanding the basic reaction mechanism of compression, equilibration, expansion, 

and final state interactions. In addition, non-equilibrium processes such as direct 

knock-out must be separated out from any equilibrated components. This ambitious 

program has been now under way since 19?4. A va-st arsenal of data as well as· 

increasingly sophisticated theoretical tools have become available. While further 
\ 

decisive (for example, 41r exclusive) experiments are still to be performed, it is 

appropriate to take perspective at this time of the progress made thus far. 

In this report we discuss current interpretations of the available data. 

Qualitatively, inclusive data involving light nuclear beams (A !!;; 40) can be understood_ 

in terms of multiple nucleon-nucleon collisions. The role of nuclear geometry, finite 

mean free paths, available phase space, initial Fermi motion, final composite 

formation, and Coulomb distortions have been clarified by those data. Theoretical 

methods now exist to incorporate all these efiects in a semi-quantitative way. However. 

there are also several observations that.have not been "explained" up to now. It may 

be these observations that hold the key to the physics of hot, dense nuclear matter. 
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Those observations include, for example, (1) non-statistical one- and two-particle 

angular distributions of light fragments in high multiplicity events, (2) small deuteron

to-proton ratios, and (3) anomalously short mean free paths of some secondary nuclei 

produced in nuclear collisions. The first observation addressed the fundamental 

question of whether nuclei behave as a fluid or a cascading nucleon gas. In other 

words, do nuclei !low? If they do, then we may be able to examine the nuclear equation 

of state. The second observation raises interesting questions about the entropy, the 

degrees of freedom of the excited nuclear system. Are nucleon degrees of freedom 

sufficient or must collective excitations such as pion condensates be invoked to explain 

the apparent high entropy? Finally, the third observation addresses the question of 

whether long-lived novel or exotic states of nuclei can be formed under. the conditions 

of high baryon and excitation energy densities. Definitely, more data and theoretical 

work are needed in resolving these questions. 

It should also be emphasized that up to now the heaviest nuclear beams available 

have been 40Ar and low intensity 54Fe ions. Within a year truely heavy nuclei, 207Pb 

or 23au. should become available at the Bevalac. These heavy nucJear beams are 

expected to provide more insight into the current puzzles. With 41T exclusive 

experiments with 23au + 23au, we may finally know whether "all the king's horses and p.ll 

the king's men can put dense nuclei together again". In any case, the enlarged 

domain of A dependence provided by heavy nuclei will be essential in sorting out the 

many complex elements of the reaction mechanism. Also, the fragmentation of such 

nuclei will certainly extend the current study of neutron-rich nuclei far from stability. 

In the following sections, our aim is to point out the key unsolved questions and the 

directions of needed theoretical and experimental work. 
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1.2. High-Energy Heavy-Ion Accelerators in the World 

In 1974, a high-energy heavy-ion accelerator, the Bevalac, was completed in 

Berkeley. This machine is a combination of the Hilac and the Bevatron accelerators, as 

shown in Fig. 2. Nuclear beams are accelerated to 6 A· MeV with the Hilac. then injected 

into the Bevatron, and finally accelerated to energies of 5D-2100AMeV. In the winter, 

1961. a new vacuum system was installed inside the Bevatron ring. With an improved 

vacuum down to 10-10 Torr it is expected that 207Pb ions will be available in the summer 

of 1962. 

Another working accelerator in the world is the Synchrophasotron in Dubna, 

U.S.S.R. It supplies nuclear beams up to 20Ne with energies up to 4 A·GeV. The beam 

energy there is higher than in Berkeley, but the beam intensity as well as the duty 

factor of the machine are substantially lower. These two accelerators are currently 

the only machines available in the field of high-energy nuclear collisions . 

. If we extend the beam energy and projectile mass into a wider region, then three 

other machines should be cited. In the energy region of :::::l 100 A· MeV the CERN SC 

machine has been supplying 12C and 20Ne beams at high intensities (~ 1012 ions/sec) 

since 1979. Light ions such as d., 3He and a at about 1 AGeV are available at Saclay in 

France. In addition, a-a colliding-beam experiments at 10 AGeV became possible at 

CERN ISR in the summer, 1960. 

In several countries there are active plans for future machines. At the Saturne II 

in Saclay, France, an improved ion source is being constructed to accelerate Ne or C 

beams. Here, the duty factor as well as the beam intensity are comparable to those of 

the present Bevalac. In the immediate future, GANIL in France and the Michigan State 

University in the U.S.A. will complete the construction of intermediate-energy 

machines up to 100 AM'eV. Furthermore, in the energy region of 1-10 AGeV three 

accelerators may be completed in 4-7 years; SIS in Darmstadt. Germany, the Numatron 

in Tokyo (or Nagoya). Japan, and TIS in Moskow, U.S.S.R. These plans are very 



ambitious, and beam qualities from these machines are expected to be much l;>etter 

than those obtainable now. In the planning stage are even more ambitious proposals 

for much higher energies. At CERN modifications of the ion source and linac are under 

discussions. If these modifications are carried out, then heavy ions beams up to Ar 

with beam energies Rl 100 A·GeYin the laboratory frame (SPS), or 10 AGeV + 10 A·GeV 

in the CM (ISR) would become available. In Berkeley a proposal to construct VENUS 

(Variable-Energy Nuclear Synchrotron) is being formulated. This colliding beam 

facility would cover an incredible three decade range of energies, 20 A MeV to 20 A·GeV 

in the center-of-mass frame, and be able to accelerate projectiles from protons to 238U. 

1.3. The High Density-Temperature Nuclear Domain 

Fig. 3 illustrates some theoretical speculations on novel phases of nuclear matter 

that could arise at high density (p) and temperature ( T). It is important to emphasize 

again that experimentally we know only one point on this figure: (p, T) = (p0 , 0). First 

consider what may happen to nuclear matter as it is compressed to densities p <:!: 2p0 at 

T = 0. Nucleons move well within the one pion exchange range allowing virtual pions to 

propagate over longer distances in the medium. The enhanced amplitude for pion 

propagation in the medium can result in long range correlations. Because the pion is a 

pseudoscalar-isovector particle, the spin-isospin density correlations would be 

expected to be most affected. At a high enough density it is in fact possible that a 

phase transition to a spin-isospin lattice takes place. Detailed calculationsCTA4)-(TA?) 

indicate that the critical density may be Pc Rl 2p0. As the compression is increased, the 

attractive two pion exchange potential (a exchange) may lead to a further phase 

transition. In non-linear a-models(TAt)-(TA3l that phase transition results a drastic 

change of the properties of the nucleus. The effective nucleon mass vanishes m • -+ 0 in 

that abnormal nuclear state! Ultimately at some very high density p > 10p0 , it is 

believed that the quark structure of nucleons comes into play and nuclear matter 
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melts into a quark-gluon plasma state. (RAS) 

If on the other hand, the density is fixed and the matter is heated to high 

temperatures, then as T .... rn"c 2 the nucleons are excited into isobar states (.633, N•. · 

... ) and mesons appear in the system (n, p, ... ). This qualitative change in the 

constituents of the system can be called a transition from nuclear matter to a 

hadronic gas. (TJ?) Above T ~ m"c 2, so many hadrons are produced that their quark 

wavefunctions overlap significantly. At that point it is believed that hadronic matter 

melts into a quark-gluon plasma state. Therefore, both the very highp and high T limit 

of nuclear matter is thought to dissolve into a plasma state. 

Also indicated in Fig. 3 are the estimated densities and temperatures that may be 

reached in nuclear collisions at different energies. For the Bevalac energy range, we 

can in principle explore up to T ::::l 100 MeV and p l::l 4p0 . To see the quark-gluon plasma 

transition would require much higher energies as VENUS or ISR would provide. 

An important question is how long nuclei can remain compressed during nuclear 

collisions. Fig. 4 shows the results of an intranuclear calculation(TBS) for the time 

evolution of the maximum density and temperature in typical reactions. Observe that 

the total time spent in the high (p, T) domain is only !::.t l::l 10 fm/c. Because causality 

limits the maximum growth rate of any collective phenomena to r < 1ic I R l::l 11/ !::.t. 

where R is the dimension of the system, no phase transition can develop fully in 

nuclear collisions. At best we can expect to see only the onset of critical 

phenomena(TAll).(RAlS) associated with new phases of nuclear matter. We can lookalso 

for indirect evidence of phase transitions such as increased entropy associated with 

softening of pion modes. (TNl).(TN2) However, we cannot expect chunks of pion condensed 

matter to emerge from the reaction. 

There are several additional factors that complicate the deduction of bulk nuclear 

properties from nuclear collisions. First, even local thermal equilibrium may not be 

reached in a significant fraction of the nuclear volume. Thus, transient phenomena 
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associated non-equilibriwn properties may be important. Second, the expansion phase 

of the collision could distort the signals we expect to see from the high (p,T) region 

due to final state interactions. Finally, we must necessarily deal with finite systems. 

For such systems collective modes with c.>< 1V (collision time) and k < 1V R are 

suppressed. Furthermore, surface curvature and thickness are not negligible. Thus, 

bulk, transient, and surface properties of nuclear matter are all intermingled. Clearly 

to have any hope to unravel these effects, careful and systematic studies must be 

undertaken. No one experiment can possibly provide all the necessary information. 

However, with the leverage arm provided by variations of the projectile and target 

nuclei and the beam energy, we can hope that enough circumstantial evidence can be 

accwnulated eventually to deduce.at least qualitative picture of the high (p, T) nuclear 

domain. 

1.4. The Experimental View 

Before we begin the detailed interpretation of data, it is useful to illustrate what 

actual nuclear collisions look like in the laboratory. In Figs. 1. 5 (a), and 5 (b) three 

"typical" events were recorded by streamer-chamber photographs. (FJte).(EP3) The 

reactions shown involve 2.1 A GeV Ca + Pb. Thus, 40 nucleons, each with 2.1 GeV 

kinetic energy, are scattering from 207 nucleons in the target. Comparing these 

figures, qualitatively different phenomena are obvious. Fig. 5 (a) shows mainly one 

forward jet of fragments. Such an event is expected to occur at a large-impact

parameter ("peripheral") collision at which the projectile and target nuclei barely 

touch each other. The energy-momentwn transfer between these two nuclei are 

relatively small, so that the projectile nucleus breaks up into a few fragments with 

velocities close to the initial beam velocity. The second picture, Fig. 5 (b), shows a 

larger number of tracks: about 30 charged particles. In this picture a forward jet still 

exists, but at the same time nearly half the tracks are observed at large angles. Also, 
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negative charges due to 71'- show up. It suggests that two types of reaction mechanisms 

can operate in one event; one in which a part of the projectile nucleus interacts weakly 

with target (creat.i.ng the forward jet) and the other in which the remainder part of the 

projectile interacts strongly with the target (creating the large-angle spray). The third 

picture, Fig. 1. illustrates a much more violent collision. Almost all particles are 

emitted over a wide range of angles and no forward jets remain. Such an event 

originates from a small-impact-parameter ("central") collision in which all nucleons of 

the projectile interact strongly with the target nucleons. In such events the available 

energy is shared among all participating nucleons and pions. 

· Counter experiments revealed these different features quantitatively. Fig. 6 (a) 

displays the proton spectra measured at 0° [Ref. (EA14)] and 180° [Ref. (EL12)] inC + C 

collisions at Er.ab = 1.05 A·GeV. The spectra show two peaks, one at the beam 

momentum per nucleon (at the beam velocity) and the other at zero momentum (at 

the target velocity). The former peak corresponds to forward jets in the previous 

photographs and arises as a result of projectile fragmentation. Similarly, the latter 

peak arises from target fragmentation. In Fig. 6 (b) these fragmentation peaks can be 

seen clearly also in the neutron spectra for 390 A· MeV Ne + U. CED3) Fig. 7 shows the 

proton spectra measured at large angles(EC?) in 0.8 A·GeV Ar + KCl collisions. The 

spectra are now very smooth as a function of proton momentum and extend over a 

wide region of momenta. These protons correspond to large-angle sprays observed in 

Fig. 5 (b) and Fig. 1. The large angle neutron spectra are also smooth as seen in Fig. 6 

(b). 

These observations suggest that nucleons can be separated into two groups, 

participants and spectators. (TW2) Participants suffer large momentum transfer 

coll.isions, while spectators suffer at most small momentum transfer collisions. 

Qualitatively! the Fermi momentum, Pr ~ 250 MeV /c, sets the scale for large and small 

momentum transfers. Of course, such a classification is somewhat arbitrary, but it 

helps us to define the kinematic domain into which particles are emitted, as illustrated 
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schematically in Fig. 8. In the plane of rapidity (y) [see Appendix] and transverse 

momentum (pTI me) of an emitted particle, the projectile and target fragments, which 

are mainly from spectator nucleons, are clustered at (y, PTim.c) = (yp,O) and (yT,O), 

respectively, where yp and YT are the projectile arid target rapidities. On the other 

hand, particles emitted from the overlap region between the projectile and target are 

mostly participants and observed over a wide region of rapidity and transverse 

momentum. The data shown in Fig. 7 are mainly from the participant nucleons. 

Because the available phase space for participants is much larger than for spectators, 

the differential cross sections in Fig. 7 are much smaller than those in the fragment at 

the regions of Fig. 6. In addition, particles emitted at large angles are expected to be 

mainly elementary particles such as protons and pions, since the energy transfer in 

each nucleon-nucleon collision is expected to be much larger than typical nucleon 

binding energies. 

In contrast to reactions at high energies (Fig. 1), nuclear collisions at low energies 

ELab ~ 30 A· MeV are far less dramatic.(RAl2) The multiplicity of fragments is smaller and 

the momentum distributions fall off much more rapidly. No clean separation can be 

made between participant and spectator nucleons. The projectile and target nuclei , 

can even fuse occasionally. This qualitative change at low energies is due not only to i 

the smaller accessible phase space but also a rapid increase of the nucleon mean free 

path with decreasing energies. At low energies the Pauli principle becomes very 

effective in suppressing two-body collisions. Hence the dynamics is controlled by the 

time-dependent nuclear mean field, and the momentum transfers are much smaller. 

Only at high energies, ELab > 200 A MeV, does the mean free path approach the 

geometrical value, A = 1/(aNNP). At intermediate energies, Er.ab ~ 100 A MeV, A is still 

substantially larger than 1/(aNNP) as a result of non-local interactions due to exchange 

force. (MBs) To take advantage of the small mean free path at high energies it is also 

important that the de Broglie wavelength 71/ k of incident nucleons is much smaller 

than the nuclear radius, R. As we discuss in the next section the story is not quite so 
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simple. However, qualitatively, the violence of high-energy nuclear collisions and the 

separation between participant and spectator nucleons followfrom the :smallness of 

71/ k in comparison to R and the ability of some nucleons (participants) to suffer large 

momentum transfer collisions (A.< R). 

) 

.. 



11 

2. THEORF:nCAL TOOLS 

2.1. Quantal. and Classical Aspects 

Ideally, the theory of high-energy nuclear collisions should be based on a complete 

quantum theory of strong interactions. It is currently believed that Quantum 

Chromodynamics (QCD) is, in fact, that theory. In terms of QCD, nuclear collisions 

involve a complex cascade of correlated clusters of quarks and gluons. It may be 

possible to perform such a QCD calculation when Monte Carlo lattice formulations of 

QCD became sufficiently sophisticated. However, until that time an effective theory of 

strong interactions must be employed. Unfortunately, even the non-relatiVistic N-body 

Schrodinger equation with static potentials is too complicated to solve for nuclear 

collisions. Approximation schemes such as the time-dependent Hartree-Fock method 

are not applicable because of the short mean free paths at high energies. The Eikonal

Glauber approach is not applicable, because large momentum transfers are involved. 

We are therefore forced to devise phenomenological theories and models of nuclear 

collisions: Such a limitation on theory is of course not new to many body physics and 

does not detract from the usefulness of a phenomenological approach. For example, if 

a hydrodynamical model could fit the data with unique equation of state and transport 

coefficients, then that phenomenological equation of state could proVide valuable 

constraints of more fundamental theories of nuclear matter. 

Accepting the phenomenological approach, we can ask whether a classical or 

quantal description is most appropriate. At the classical level, there exist many well

explo~ed methods to calculate non-equilibrium transport of matter and energy. 

Newton's classical equation of motion can be directly integrated in some cases. The 

Boltzmann-Ylasov equation provides a general framework for describing transport 

properties of macroscopic systems. Monte-Carlo cascade calculations could be. used to 

describe finite mean free path systems. The Navier-Stokes equation could describe 
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linear departures from local equilibrium. Thus, at the classical level there is an 

arsenal of theoretical tools with which nuclear collisions could be analyzed. 

At the quantum level, there are on the other hand very few practical tools at our 

disposal. Therefore, it is not surprising that most of the models developed thus far are 

based on classical considerations. Before applying the classical arsenal though, we 

must consider the importance of quantum etrects. Whether classical concepts apply or 

not depend sensitively on the specific observables and kinematic domain we wish to 

describe. For example, diffractive elastic scattering, which accounts for nearly one 

half of the total cross section, is a pure wave phenomenon. However, we generally 

observe only the reaction cross section, ar. Because the total angular momentum in 

the nucleus-nucleus center-of-mass can reach large values 

Lrnu ~ Ak X 2R :::l 10A4/ 3 [- k · ln_ » h 1GeV7CJ ' 
where k is the c.m. momentum per nucleon and A is the number of nucleons in the 

projectile, the partial wave sum can be replaced by an integration over impact 

parameters b. Nuclei are furthermore highly absorbtive, i.e. there are very many. 

inelastic channels open for each impact parameter. Therefore, the reaction cross 

section reduces to the classical geometrical value 

(2.1) 

{2.2) 

where Rp and RT are the projectile and target radii. respectively. Finite surface effects 

can be estimated by integrating over a realistic density profiles as in the Glauber 

theory. (TWl) 

A more interesting question is whether classical concepts can be applied to 

inclusive or exclusive differential cross sections. In general. there are distinct 

interference effects between different partial wave amplitudes in differential cross 

section. However, with nuclei such interference effects can be expected to be far less 

important because of the enormous number of orthogonal final channels accessible. 
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Specifically, two different impact parameters (or partial waves) most often lead to 

orthogonal final states. An obvious example is that peripheral collisions lead to two 

slightly excited nuclei in the final states while more central collisions lead most often 

to states containing many free protons, deuterons, pions, etc. Therefore, the 

amplitudes for these two processes cannot interfere. In fact, changing the impact 

parameter by ~=:::~ 1 fm will result in additional NN scatterings that must leave the 

nuclear fragments in higher excited and hence orthogonal states. Because small 

changes in the initial impact 'parameter lead to large changes in the final channels 

populated, the amplitudes to scatter at different impact parameters are not likely to 

interfere. Thus, even though the projectile center-of-mass wavefunction is a plane 

wave (and not a localized packet!), it makes sense to sum over the probabilities to 

scatter at different impact parameters. 

For a given impact parameter we can ask next how quantum phenomena affect: the 

dynamical path. Consider the scattering of two nucleons at these energies._ While the 

total nuclear angular momentum is large in Eq. (2.1), the relative angular momentum 

in each nucleon-nucleon collision is not. Taking the force range as 1V mrrc ~ 1.4 fm, the 

relative angular momentum is only 

(2.3) 

For an incident laboratory momentum kLab < 1 GeV /c, lrel < 31i.cannot be regarded as 

large even initially. After only one NN collision subsequent NN collisions will have a 

relative angular momentum :::::l 1i. This implies that a quantum mechanical treatment of 

individual nucleon-nucleon collisions is necessary. This is also true if during the 

collision a fireball were formed with a temperature T = (2/ 3)Ec.m.• with Ec.m. being the 

c.m. energy per nucleon (Ec.m. :::::l ELab/4 in equal-mass collisions). In a fireball, the 

thermal momenta kr :::::l V2mT is generally so small (e.g. kr ~ 300 MeV /c for Ar + Ar· 

collisions at 400 MeV per nucleon) that S-and ?-waves dominate the NN scattering 
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process. Thus at least on the nucleon-nucleon level a quantum treatment of the 

scattering is necessary. 

How does quantum mechanics affect two successive NN collisions? Two NN 

collisions occur on the average every mean free path .X: 

(2.4) 

Note that mean free path is on the same order of the force range if p ~ p0 • The time 

interval between two successive collisions is ot :=:: .XmNI 2k. The uncertainty in energy 

ot ll::j hi ot compared to the c.m. kinetic energy t~ ll::l k 2/ (2mN) is thus given by 

(2.5) 

By using Eq. (2.3) we also have ot/ t~ ~ 41V lrel for p ~Po· Therefore, the higher the 

nuclear density the more uncertainty is there in the kinematics of each succeeding 

NN collisions! This uncertainty in the kinematics of the multiple collision sequence 

may have profound implications for the evolution of the system. Studies of such efiects 

have only just begun('l'Y3> and call for much further theoretical investigation. Eqs. (2.3) 

and (2.5) thus serve as a warning that even though the de Broglie wavelength of each 

nucleon, hi k, is much smaller than the nuclear radii, hi k cannot be regarded as small 

compared to the force range, 1V m1Tc and mean free path .X. 

The coincidence of hi m1rc and .X also leads to another difficulty. Subsequent NN 

collisions may not be treated as independent. The amplitudes to scatter oti two 

successive nucleons could interfere with one another. In other words, the scattering 

wave generated by the first target nucleon may not have reached its asymptotic form 

by the time it reachs the second target nucleon. Thus, near-zone etiects may come 

into play. The assessment of the magnitude of such efiects remains an open 

theoretical problem. 
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Usually, application of classical methods to heavy-ion collisions has been 

motivated by noting 

kR » li. 

While Eq. (2.6) is certairi.ly necessary, it is by no means obvious that it is sufficient. 

There are many length scales in the problem besides R including 1Vmwc, >.., 1Vpr. 

(2.6) 

711 mNc, TIC I Uopt· It would seem that we need only to go to higher energies. However, 

higher energies actually makes things worse! That is because beyond ELab ;;t.300 A· MeV 

pion production can-reduce th~ momentum of the incident nucleon. For example, at 

Eu,.b ~ 600 A MeV, NN .... Nil leads to 6 essentially at rest in the c.m. frame. In this case 

the propagation of the 6 arid the resulting N 1l' systein should certainly be described 

quantum mechanically. 

Up to this time a full list of necessary and sufficient conditions for the validity of a 

classical description of nuclear collisions has not been given,. The more difficult . 

problem of estimating the magnitudes of quantum corrections to specific observables 

has not even been formulated yet. These are important theoretical problems for the 

future. If classical methods can eventually be justified, it is likely to be due to the 

immense complexity of the nuclear systems. It could be that relatively few dynamical 

paths can lead to the same exclusive final state and hence interfere. 

Thus far, we have considered the possible role of quantum effects on the 

dynamical path during what can be regarded as the intermediate stage of the reaction. 

In addition, there are initial and final state interactions. The _initial state interactions' 

result obviously in Fermi motion. This internal motion is naturally a quantum property 

of ground state nuclei. Its effect will be to broaden the momentum distributions of the 

final fragments. Thus, at the very least some prescription will have to be invented to 

incorporate this internal motion in any classical framework. In the final state, there 

are often many nucleons emerging with small relative momentum, q1; = !Pt. ...P; 1- For qi.j 

S:._PF such nucleons car: coalesce into nuclear fragments such as d, t, a, · · ·. The state 
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of these fragments must certainly be described quantum mechanically. The 

abundance of nuclear fragments emerging from nuclear collisions implies that we 

cannot neglect such final state interactions. Therefore, it will be necessary to 

supplement any classical approach with information on the ground state wavefunctions 

of nuclei. 

Another way in which quantum effects enter is through the indistinguishability of 

identical particles such as two protons or two 11'-. Many particle wavefunctions 

describing such particles must be (anti) symmetrized. This symmetrization can result 

in constructive or destructive interference when the relative momentum q;,; ~ 111 R. As 

we will see later in Sec. 3.5.4. such interference effects can in fact be observed in two-' . 

particle correlation functions. 

We can only conclude that the nature and importance of quantum effects needs 

much more study. There are obvious examples such as initial and final state 

interactions where these are important. There are suspicious signs, Eqs. (2.3) and 

(2.5), that indicate that quantum effects are not negligible in the intermediate state 

either. Therefore, when applying classical concepts, we should always keep in mind the 

reservations expressed above. On the other hand, progress can be made at this point 

only if we devise phenomenological classical models. With these reservations, we 

proceed therefore to exploit our calssical arsenal. 

2.2. Classical Tools 

Given a static spin-independent nucleon-nucleon force, the Classical Equation of 

Motion (CEM) could in principle be integrated directly. (TCl)-('I'C5) Aside from the above 

reservations, in order to apply CEM the energy should be low enough so that particle 

(rr) production can be neglected. This implies that the beam energy per nucleon is 

Eeeam « 1 A- GeV. The energy region between 200 - 500 A· MeV is probably the most 

suitable with respect to the use of CEM. At these energies, pion production, relativistic 
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kinematics, simultaneity, and retardation effects can also be neglected to a first order 

approximation. Therefore, we could attempt to use the non-relativistic Newton's CEM. 

Depending on the time and length scales in the problem, CEM can sometimes be 

reduced to an approximate dynamical framework such as hydrodynamics or 

intranuclear cascade,. The relevant length scales are again the force range, 1Vm.nc, 

tl:te mean free path, X, and the nuclear radius, R ~ 1.2 Av~ fm. These scales satisfy the 

inequality 

IV m._c < A. < R . 
" - - (2.7) 

(Quantum mechanics introduces the additional scale, IV k, the de Broglie wavelength) 

Various approximation schemes to CEM co:uld be justified ('l'Cl) if any of the "~' signs in 

Eq. (2.7) would be replaced by"«" signs. 

Consider the following possibilities: 

(A) 71/ m.nc « X ~ pi Po « 1, 

(B) X« R ~ pi Po »A-113, 

(C) 71/ m.nc «X« R ~ A-113 «pi Po« 1, 

(2.8) 

(2.9) 

(2:; 10) 

In these three cases, CEM reduces to (A) Intranuclear cascade, (B) Hydrodynamics, and 

(C) Ideal gas hydrodynamics, respectively. 

In case (A), .isolated two-body collisions o~cur. Potential energy effects are 

negligible between NN scatterings and the nucleons propagate as free particles. This 

is the dilute gas limit.· In this case CEM reduces to the Boltzmann equation or to 

intranuclear cascade (INC). In both methods the free space NN cross section is the 

main dynamical input. Intranuclear cascade is the more general of the two methods. in 
' . 

that it provides information on the full A-body density matrix, PA (x 1 ... · ,xA ,p 1,· .. ·PA ,t ). 

On the other hand, the Boltzmann equation assumes that PA ~ p 1(x 1,p 1.t )" ·p1(xA ·PA .t ), 

and thus it provides information on only the one-body density matrix p 1. Clearly, 

correlations should be negligible if the Boltzmann equation is to provide a reasonable 
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approximation to INC. For nuclear collisions, Eq. (2.8) is not satisfied well, especially 

since densities up to (2 - 4)p0 are expected at these energies. (TJt).(RAa).(RA15> · 

It is important to note that conditions (A)- (C) can only be regarded as sutiiciency 

conditions. Under special circumstances, each method may yield reasonable results 

even when these conditions ate violated. For example, just because the force range is 

11/ mnc :::s A, it does not imply necessarily that the corrections due to potential effects 

be large. The large momentum transfer NN collisions (q > mnc) most likely occur as a 

result of hard core interactions at a radius 

(2.11) 

The tails of the one pion exchange potential lead on the other hand to low momentum 

transfer scatterings (q < mnc ). Therefore, the condition rc «A insures that at least 

the hard core scattering can be treated via cascade calculations. The longer range 

parts of the NN potential could contribute to an effective optical potential or mean 

field. In terms of the Boltzmann equation this potential could be included via a Vlasov 

term. The effect of hard core collisions (O"core < O"NN) could be included in the usual 

collision integral. Such a separation of hard core and potential effects has been 

advocated by Remler. (TE7) 

It remains an open theoretical problem to evaluate the importance of potential 

effects. In CEM studiesCTCl)-(TC5) a substantial fraction of the available kinetic energy 

was found to be converted into potential energy during the maximum compression 

phase of the reaction. However, that potential energy is associated with the short

range, hard-core repulsive interaction which might be well approximated by INC. The 

question of the effect of the longer range attractive forces which are not well 

approxil:nated by INC has yet to be investigated. 

In case (B), A « R, the mean free path is so short compared to size of the system 

that local thermal equilibrium could be reached. In this case CEM reduces to viscous 

hydrodynamics. Potential energy effects can be included readily via the equation of 
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state, P(p, T), for nuclear matter. In addition, transport coefficients such as viscosity 

and thermal conductivity can be included to estimate first order O(A) corrections to 

ideal Euler hydrodynamics. Those corrections are described by the Navier-Stokes 

equation. The requirement for the validity of Navier-Stokes equation is that the 

gradients of the density and temperature should be small in both space and time, e.g. 

IB,c.J>I «pi A. This follows from the fact that the transport coefficients are related to 

the static, long wavelength (c.>= kc =0) form of basic correlation functions of the 

system. See for example the Kubo formulae. (TI'•) In general. frequency and wavelength 

dependent transport functions are necessary. 

Another important consideration in applications of hydrodynamics is that A « R 

applies only for nucleons traversing the central region of the target. For finite nuclei 

approximately half (3A/ R) of the nucleons lie within one mean free path of the 

surface. These "surface" nucleons cannot be expected to reach local thermal 

equilibrium. Therefore, only a fraction of the nucleons can be considered to behave 

hydrodynamically even in a 238U + 238U collisions! Consequently, hydrodynamics should 

always be supplemented with a model to handle the non-equilibrium components of:the 

spectrum. 

Case (C) provides the simplest limit of CEM. Potential energy may be neglected as 

compared to kinetic energies. Furthermore. sufficient number of NN scatterings 

occur in order to equilibrate the kinetic degree of freedom. In this ideal gas limit the 

dynamics is likely to be the least sensitive to the details of the NN interaction. The' 

geometry and available phase space can be expected to dominate gross features of the 

inclusive distributions. The geometry gives the number of nucleons that scatter with 

any inc~ming nucleon. The available phase space becomes uniformly populated 

(equilibrated) after sufficiently many collisions. In this case. thermodynamics or phase 

space models may apply. Of course. as in case (B). A « R is likely to hold only for ai 

fraction of the nucleons at anygive impact parameter. 
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While non of the limiting conditions (A)- (C) are obviously satisfied for nuclear 

collisions, Eq. (2. 7) indicates that neither are they grossly violated. Therefore, many 

approximations to CEM may give qualitatively similar and reasonable results. Sihce all 

approximations to CEM have energy-momentum conservation and the correct nuclear 

geometry built in, .their results must be similar to the extent that detailed dynamics 

are not relevant as, for example, when equilibrium is reached. Furthermore, the 

sensitivity to dynamics is diminished by the fact that inclusive cross sections 

necessarily average over a wide spectrum of unobserved multiparticle configurations. 

Unfortunately, there is no way to estimate the intrinsic errors introduced by any 

approximation scheme when the basic inequality [Eq. (2.7)] contains"~' rather than 

"«"signs. Only by confrontation with data can that accuracy be determined 

empirically. 

Since no rigorous and calculable theoretical framework exists at present to 

calculate nuclear collisions, the only way to proceed is to turn to model calculations 

that incorporate as many "realistic" effects as possible. By varying the parameters 

and assumptions within each model. we can hope to isolate at least the most essential 

elements of the reaction mechanism. As we shall see, the cross comparison of results 

of many models and their confrontation with data have already provided much insight 

into the problem. Nuclear collisions have certainly not been "solved", but some order 

is beginning to emerge out of the chaos. In the subsequent subsections, we describe 

some of the models developed and the lessons they have provided. The list of models is 

by no means exhaustive but is sufficient to introduce various importantconcepts. 
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2.3. Statistical Models 

In both quanta! and classical domains energy-momentum conservation and the 

nuclear geometry are automatically included. An importazrt. question is to what extent 

these basic features control the form and magnitude of inclusive cross sections. To 

answer this question we turn to statistical models(TGl-TC?) of nuclear collisions. 

The starting point is the decomposition of inclusive cross sections into a sum of 

cluster-cluster collisions:('I'Dl)-('ID5).(TBlt),(TG4).(TG5) 

(2.12) 

+ ~ a.m(m,n,m',n')-F,W.~(p)F~\~n·(F'). 
m,n,m',n' 

(2.13) 

In these equations m nucleons from the projectile A interact with n nucleons from the 

target B. The geometrical weights aAB(m,n) are the cross ~ections for am x n 

cluster interaction. The distribution F~1!n describes the one particle distribution 

arising from such a cluster collision. Similarly, F~~~ describes the two particle 

distribution from that cluster. The two and higher particle inclusive cross sections 

involve additional terms as in Eq. (2.13) to account for the contribution of different 

clusters to a ,given many body final state. Thus, for example aAB{m,n,m' ,n') is the 

cross section for producing two independent cluster collisions. 

With the cluster decomposition, nuclear collisions are reduced to a superposition 

of cluster collisions. Next we have to specify aAB and Fm,n· The simplest choice for the 
' . 
dynamical path is one that is so complicated that the available momentum space is 

uniformly populated. In that case, FJ:.'n can be expressed in terms of phase space 

integrals, 
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Where Ei = Vplc 2 + f'TL;.2c4 and '171.& is the maSS Of the ith particle. The i particle 

distribution FJ:!n ·is given by 

i 
9'm+n-i(Pmn- l;p;). 

j=l 

(2.14) 

(2.15) 

where Pmn = mp11 + npa is the incident four momentum of the cluster in terms. of the 

-~ moa=teftt-I.:HR -per~ 'P.t {h~ « -tM ~-He ( tiii"get). F-or -large -clust-er -si~. 

m+n » 1, Eq. (2.15) reduces in the non relativistic limit (ti = mc 2 + Pi2/2m) to the 

familiar Boltzmann thermodynamic form 

(2.16) 

where p(mn) and (312)Tmn are the momentum per nucleon of the cluster and the 

energy per nucleon in the c.m. of the cluster, respectively. Eq. (2.15) is of course more 

general, because it incorporates the suppression of low and high energy regions of 

phase space due to finite number effects.· However, as shown in Fig. 9, finite size effects 
~ . . . 

are negligible as soon as the cluster size exceeds a relatively small value, m +n ~ 4. 

Also, it is clear that the knock out or direct contribution, (TFl)-(TF9) m +n = 2, is a rather 

speciai case·. For the. knock out component, Ff.1; (p), it is important to improve the 

statistical model byusing the experimental elastic NN cross section directly [see e.g. 

Refs. (TD5),(TL1),(TL2)]. A further improvement of the model is to evaluate FJ;i,~ 

assuming a one dimensional cascade. (TDl)-(TD5) 

Having specified the FM~n· we turn to the geom~tricai weights aAB. At high 

energies (Et.ab > 1 A·GeV) the NN cross sections are forward peaked. This observation 

forms the basis of the Eikonal-Glauber approximation, that treats all nucleons as 

moving in straight line trajectories along the beam direction. With this straight line 

assumption, the average number of collisions that an incident nucleon will suffer in a 
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target B at impact parameter ~ is('l'1rf)~(TD1F(TD5l--

<Ns(~)> = J dz p9 (z .~)uNN• 

wher-e PB -is t.&e tilrget density dietr-i.buti.oo.. Fwt.fte.rmGr-e, the ·cii-stributiGB-Gf -tGe 

number of collisions is approximately a Poisson, 

In terms of this distribution .the geometrical weights are given in this straight line 

approximation by('ID:s) 

(2.17) 

(2.18) 

where B(b) is the distribution of nucleus-nucleus impact parameters (B = 1 for impact 

parameter average reactions). 

At lower energies, the straight line geometrical assumption breaks down(TE2l and 

Eq. (2.19) canbe eXpected to underestimate considerably the contribution for large 

clusters. A detailed study based on a three dimensional intranuclear cascade 

model('I'Bll) has shown in fact that the finite perpendicular range of nuclear forces and 

large angle scattering leads to a much. broader distribution from u.49(m. ,n) than given 

by Eq. (2.19) even at 800 A· MeV. Nevertheless, the final inclusive cross sections, Eq. 

(2.12), were found insensitive to the detailed form of u.49(m.,n). This insensitivity to 

the .detailed geometry can be traced to Eqs. (2.15) and (2.16). Beyond some relatively 

small cluster size, m.+n ~ 4, the spectra approach the thermodynamic limit. Energy 

and momentum conservation then controls the form of the inclusive distributions. 

Thus, we only need to know the cross section for producing large clusters of any size 

m.+n ~ ~- This integral property of uAB(m.,n) is not sensitive to the detailed form of 

UAB. 

The cascade theory('I'Bil) also shows that the moments of cluster inclusive 

distributions are rather insensitive to m +n even for small m. +n. This is a 



confirmation of many studies('lDI)-('I'D5) that also show that inclusive distributions are 

remarkably insensitive to dynamical details. The main lesson here is that in analyzing 

data the first step should always be to compare them with the results of statistical 

model. The regions of phase space showing the strongest deviation are likely to posses 
'"(..: 

the most dynamical information. Conversely, those regions where the statistical model 

works well contain little dynamical information. Of course, in those regions more 

elaborate models are also guaranteed to fit the data as well. An example of a reaction 

where phase space dominates is the high momentum spectrum from Ar + KCl at BOO 

A MeV shown in Fig. 10. In this region dynamicaJ. effects, as measured by the 

discrepancy between the solid curves and data, result in less than a factor of two 

variations over four decades of inclusive cross sections. The physics is in that factor of 

two discrepancy not in the overall trend of the angular and energy spectrum. We will 

return often to this theme: Statistical considerations .often lead to an agreement with 

data within a factor of 2. A more detailed dynamical model must agree with data much 

better in order that its dynamical content be tested. Log plots such as in Fig. 10 are 

very forgiving in. that factor of two discrepancies are barely resolved by the human eye. 

The statistical model is clearly not limited to treating nucleons only. Pion 

production and light nuclear fragment yield may also be calculated with the additional 

assumption of chemical equilibrium. As in Fermi's statistical theory, the probability 

for any multiparticle configuration can be estimated from the total number of 

accessible states for that configuration. If Vis the interaction volume, then the total 

number of accessible states for a configuration of n particles consisting of n 1 nucleons 

plus n 2 pions plus other fragments is,<'I'G5) 

(2.20) 

where (si.'i) is the spin-isospin of particle i and Pis the total four momentum of the 

particles. The statistical assumption implies that the probability for a particular 

.J 

., 
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where the sum runs over all configurations that conserve baryon number and charge. 

(and by construction energy and momentum) of a given cluster. Note that the creation 

of one pion introduces an additional factor of the interaction volume V while the 

coalescence of two nucleons into a composite state (deuteron) removes one factor of 

the interaction volume. Therefore, Pn depends on the volume explicitly if the final 

configuration differs from all free nucleons. Such a volume dependence is to be 

expected since in the limit of n ... ""· V ... ""• it must be possible to recover the law of 

mass action formulas for chemical equilibrium. These ~ormulas state for example that 

the average number of pions and deuterons in chemical equilibrium are(RAt•) 

. a [~[~·4 · _ d"'p trrfT -1,.,. V T 
<n11> - 3 V J ( ~3 ( e - 1) - 0. 1 3 . 2 , 2rrn · . fm m 71c 

(2.22) 

< > = < >< > ;L 211'~ .· ..L [~
. 3/2 

1tl.( 7l.p 11n 4 m, T v I 
(2.23) 

where the~ sign in Eq. (2.22) is valid for temperatures 50~ T ~ 150 MeV. The volume 

should be taken such that the mean free path A;, for particle i becomes comparable 

with the size of the system~ V11 3 . As the system expands beyond that point, 

interactions cease and the concentration and momentum distributions of the particles 

cease to vary with time. This "freeze-out" volume depends in general on the particle 

species since ~ for rr, p, d vary considerably. Qualitatively through, the freeze-out 

volume V can be expected to satisfy AI V ~ p0. These formulas will be compared with 

data in subsequent sections. Extensive comparisons of thermal models with data are 

given in Ref. (RA14). 

We conclude this section by emphasizing that statistical(TGl)-(TG?) and 

thermodynamic(RAt•).(TJt)-(TJto) models provide valuable insight into the constraints 
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imposed by conservation laws and geometry. They should not be expected, however, to 

yield quantitative results as their conditions for applicability (absence of non

eqUilibrium dynamical effects) are not satisfied in nuclear collisions. As we shall see, 

these models agree with the overall trend of the clata within a factor of two or so. 
!.". . ... 

Therefore, the dynamical information is buried typically in that factor of two . . 

discrepancy with data. 

2.4. Hydrodynamics 

One of the prime motivations for studying nuclear collisions has been the 

expectation that during the course of the collision nuclear matter will be highly 

compressed and heated. This expectation has been based on the assumption that at 

high energies anuclear shockwave is formed as two supersonic nuclei interpenetrate . 

. The.shock compression and heating can be estimated from the Ranki.ne-Hligoniot 

equa tion(RA15).(TAB) -(TAlC) ,(TJI ), (TK23) 

(2.24) 

which follows from the continUity of baryon, momentum, and energy fiuxes across the 
. . 

shock front.. Eq. (2.24) applies to the rest frame of the compressed matter (nucleon-

nucl~on c.m. frame). In Eq. (2.24), W0 = mNc 2-B ~ 931 MeV and Po~ 0.15 fm~3 are the 

energy per nucleon and the saturation density, respectively, of ground state nuclei. 

The density, temperature, energy per nucleon, and pressure in the shock zone are, p, 

T. w· = · W(p. T), and P = P(p. T), respectively. The total pressure Pis related to W via 

P(p. T) = p2 aw(p. T)l ap i~(p.T) = const. I (2.25) 

where S(p. T) is the entropy per nucleon in the shock zone: The energy per nucleon, 

W. is. however. fixed by the incident laboratory kinetic energy, E. to be 

W = 'i'c.m. (E) Wo. (2.26) 

with Yc.m. (E) = ~1 + E/ 2 W0 . For a given W(p,S) Eqs. (2.24)-(2.26) can be solved for 



p(E). S(E), and, hence, P(E). In particular, the pressure in the shock zone is simply 

related to the compression p(E) via(TI<23) 

1 . 
P(E) = aEPo[l -7c.m. (E)po/ p(~)]- 1 . (2.27) 

The dependence of p(E) onE of course depends on the specific form. of W(p,S). For an 

ideal nuclear gas we have 

2 
p = 3pW, 

. 5 3. 
· p(E) = Po ( 27c.m. (E) + 2 ). . (2.28) 

In Fig. 11 the range of compressions, pressures, and entropies that ~an be expected in 

nuciear collisions is Ulustrated. ('1'1<2S) As we can see, in this energy range, high 

compressions [p ::::: (2-6)p0 ] and high entropies per baryon (S ::::: 1-4) are expected for T 

RO 2Q-200 MeV due to shockwaves. 

To describe the full three dimensional evolution of shock formation the 

hydrodynamical equations must be integrated numerically. The equations that include 
. . ' ' 

first order deviations from lC?cal equilibrium are the NaVier-Stokes equationsC'I'K24).(RAl5) 

1 1 n Bt(pv·) + B·(pv·v·) =- -B·P + -B· .. 
, J ' ' m ' m ' ''' 

where the viscosity tensor is 

(2.29) 

. (2.30) 

(2.31) 

(2.32) 

In these equations iJ (.f, t) is the ftow velocity field of the fluid, p(.f ,t) is the baryon 

density, Wr = W(p,T)- W(p,O) is the thermal energy per nucleon, Pis the total 

pressure, Pr is the thermal pressure, Tis the temperature field, and (17,(,1C) are 

transport coefficients. When the transport coefficients are set to zero, Eqs. (2.29)

(2.31)reduce to the Euler equations. CRAB) With an assumed form of W(p, T) and S(p. T). 
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Eqs. (2.29)- (2.31) specify five equations for five unknowns p(:t,t ), 'i1(:t ,t ), and T(:t ,t ). 

In general. the dependence of the transport coefficients on p and .T must also be 

specified. 

Unfortunately, even with the great complexity of these equations, they are not 

sufficient for comparison with the data. A model needs to be specified to describe the 

breakup of the nuclear fluid into the nuclear fragments which are ultimately detected; 

As. the fluid expands, the density reaches such a low value that the mean free path, A ~ 

(up)-1, becomes comparable to the dimension of the system. Beyond that point lobal 

thermal equilibrium certainly cannot be maintained. 
, . 

. , .. ~he most ~imple model(RAB) for fluid breakup is terminating.the h~drodynamical 

calculation at some late time where the average density falls below p 0 . The inclusive 

baryon spectra are thus determined by the momentum distribution of the fluid at that 

breakup time. A more realistic model. that has been used,('JN4) is to "freeze-out" fluid 

cells one at a time when the cell density falls below a freeze-out density, p ~ (0.3-1)p0. 

Different fluid cells therefore freeze out at different times. Both models of breakup 

can be supplemented by assuming that chemical equilibrium is reached by the freeze-
;·;· :·..~- ' 

out time. Thus, the average number of pions, deuterons, tritons, etc. can be estimated 

.in-each fluid cell using Eqs. (2.22) and (2.23), with V, T, N replaced bythe volume, 

temperature. and baryon number in each cell. Another model that has been used to . 

describe breakup is the evaporation model.(RAl:l).(TK24) In this model the number of 

unbound nucleons (protons, neutrons) is estimated by assum!ng a mean potential 

energy, V0 , in each fluid cell. Only those nucleons with kinetic energy greater than V0 

are allowed to escape the cell as unbound nucleons. The rest are assumed to emerge 

as bound fragments. In practice, calculations with this model for 400 A MeV Ne + U 

collisions have shown that only RJ 20 % of the matter in each cell ends up free nucleons. 

It is clear that any model of fluid breakup must involve assumptions and 

parameters beyond those leading to Eqs. (2.29)- (2.31). It is therefore vital to vary 

.-

.. 
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those parameters by a wide margin to assess which feature of the spectra reveal true 

hydrodynamic behavior and which are dictated by the breakup mechanism. 

Calculations('I'Ktu).('l1<2•) showthat the spectra of in~ividual fragments. p. d,·a. . ... are 

indeed sensitive to the breakup mechanism.. However, the inclusive charged or neutral 

baryon cross sections, 

dach = ~ Z da(Z ,N), 
Z.N 

dant = EN da(Z,N)_, 
Z.N 

(2.33) 

(2.34) 

show far less sensitivity to that mechanism. In these equations da(Z,N) is the inclusive 

cross section for a nuclear fragment of charge Z, neutron number N, and a fixed 

momentum per nucleon. These cross sectibns (dach, dant) measure the matter flow. 

Therefore, it is most appropriate to compare fiuid calculations with summed charge 

data, Eq. (2.33), or with dant when more neutron data become available. (EDI)-(ED3) 

Fig. ~ 2 iliustrates the results of a hydrodynamic calculation where the transport 

coefficients were set to zero. In practice, finite numerical cell size effects introduce 

"numerical" velocity effe~ts.(RAB).CRAtfi) On a qualitative level, hydrodynamics accounts 

for the general trend of the energy and angular distributions well. However, the large 

numerical uncertainties make a quantitative comparison difficult. Those large 

numerical uncertainties also conceal the variation of the results on the assumed 

nuclear equation of state. The discrepancy at low energies (E ~ 20 MeV) may be due to 

the absence -of fragments heavier than ex particles in the experimental points. At low 

energies, higher mass fragments will increase the experimenta dach considerably. 

Thus far, the full Navier-Stokes equation could be solved only in the two

dimensional approximation. ('I'KI4).(TK24) Results for the reaction in Fig. 12 are not 

available. However, estimates<TI<22).(TN4) for the effect of viscosity show that the entropy 

increase is only .::::l 20 %. Such effects are not likely to be observable on top of large 

numerical uncertainties in solving Eqs. (2.29) - (2.31). 
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We now address the question of the level at which variations of'the equation of 

state can affect the final spectra. In a one dimensional modelC'!'K25) a high precision 

numerical study showed that the final spectra are remarkably insensitive to the 

equation of state. Those results can pe understood readily from Eq. (2.27). The main 

driving force·for hydrodynamical ftow is the pressure in shock zones. However, energy, 

momentum, and baryon conservations constrain P to be given by Eq. (2.27). All the 

dependence of P on W(p, T) occurs through the dependence of p on W(p, T) and E. 

Unfortunately, what Eq. (2.27) shows is that the higher the compression achieved, the 

less sensitive Pis top. Numerical estimatesCTK2S) have shown that P(E) varies by only 

~ 30 % when the compressibility is varied by a factor of 10. Even this modest 

sensitivity is reduced at higher energies (~ ~ 400 A· MeV) as the compression increases. 

This is then the level at which variations in the equation of state can be expected to 

show up in hydrodynamical calculations. Clearly it will be necessary to reduce the 

numerical uncertainties below 10% and compare to data of the same accuracy if the 

equation of state is ever to be deduced fromnuclear collisions. 

Given all the .input quantities, S, rJ, Pt· ... that also need to be specified in addition 

to W(p. T), it is a highly non-trivial task to pin down W(p, T) from data .. This situation is 

aggravated by the contribution to the spectra from non-:-equilibrium processes (single 

and double collis_ion terms from surface scattering). Perhaps. multi-component 

hydrodynamical models(RAB).(TK'7) need to be used to handle such non-equilibrium 

effects. While determining W(p, T) from data remains far out of reach at present, we 

can stilllookJor qualitative features such as collective matter ftow predicted by 

hydrodynamics. The search for signatures of collective ftow is one of the "hot" topics of 

current research as discussed in Sec. 4.1. 

'· 
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2.5. Intranuclear Cascade 

In contrast to hydrodynamic models where the dynamics is controlled by the 

. equation of state of bulk nuclear matter, the assumption underlying a cascade model is 

that the nuclear collision can be described simply as a superposition of elementary 

nucleon-nucleon collisions. The dynamical input is therefore the free space elastic and 

inelastic NN cross section. In its simplest form('IDl)-(TD5) the cascading of nucleons is 

assumed to occur along straight line trajectories. These linear or one dimensional . 

cascade models are then used to obtain more realistic distribution functions, FJt>n in 
' . 

Eqs. (2.12) and (2.13}, than provided by statistical models a!one. In practice, though, 

such models have applicability only for the higher energy(~ 1 A·GeV) collisions and do 

not result in substantially better agreement with data than statistical 

models(RA14).('I'Gl)-(TG?) alone. However, they have provided insight as to rate of approach 

to thermal equilibrium. A rule of thumb that has emerged from such studies is that 

after only 3 collisions the form of the distribution, FJ!.h. becomes insensitive to the 

detailed form of the NN cross section. It is, however, essential to include the direct 

component (m = n =1) through a Fermi momentum averaged free space NN cross 

section. ('I'Ll).(T12) 

At lower energies(~ 1 A·GeV), the straight line geometrical assumption is 

certainly not valid(TB1l).(TE2) and the full complication of three-dimensional trajectories 

has to be treated. The siniplest three-dimensional cascade model(TBl),(TBl2) can be 

called literally a "billiard ball" model. Each nucleus is represented by a collection of 

balls of radius R = vat,0 t/7T. The cascade then follows the deterministic classical p~th 

of multiple billiard ball collisions. Such an approach neglects several important 

properties of nuclei such as Fermi motion, binding, and the Pauli principle. It has the 

great virtue, however, of having no parameters, and in this sense itis the cleanest and 

least ambiguous of the cascade models. A comparison of such a billiard ball 

calculations(TB12> with inclusive data is presented in Fig. 13. Comparing Fig. 13 with Fig. 
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12, we see that billiard balls dynamics can reproduce the qualitative trend of the data 

as well as hydrodynamics. The sensitivity of the inclusive distribution to various 

assumptions about the scattering properties of the billiard balls was also tested. (TBt2) 

For example, hard sphere scattering was replaced by soft sphere scattering, which 

involved a random scattering angle at the point of closest approach. The conclusion 

reached from that study was that within the statistical uncertainties (s:::! factor 2) no 

significant sensitivity of the results on the form of the NN cross section was found. 

This observation confirms the results of statistical models and hydrodynamical models 

thatall the interesting physics (that which depends on the dynamics rather than phase 

space and geometry alone) is confined to !:::l 50% modifications of the overall energy and 

angular distributions. 

The most elaborate intranuclear cascade models(TB2)-('I'Bl1) involve Monte-Carlo 

sampling of the free space NN cross sections and include a variety of '-'realistic" effects 

such as Fermi motion, etc. Thus, the quantum mechanics of isolated NN .collisions is 

incorporated through the use of experimental cross sections, although interference 

and off-shell effects discussed in S~c. 2.1. are neglected. The most important 

"realistic" effect which is simulated is Fermi motion. This is included usually by 

assigning initially each nucleon in the target a random momentum in the Fermi sphere 

e(pF-IP I}. Similarly, each nucleon in the projectile is assigned a random Fermi 

momentum in addition to the beam momentum per nucleon. The main problem with 

this prescription is that an artificial energy~ ~ (Ap+Ar)· EF, ~th EF ~ 35 MeV, is 

introduced. For some aspects of the data, such as the yield of high energy (E » EF) 

nucleons, this additional energy is not expected to modify the results significantly. 

However, for other aspects, such as threshold production, this prescription is likely to 

yield an overestimate of the pion yield. Furthermore, the low energy fragment (E ~ 

EF) distribution cannot be correct in this model. . On the other hand, for the high 

energy fragments we have learned that phase space and geometry controlled the gross 



features of the data. Therefore, good qualitative agreement is expected and found(TB9l 

in those cases as shown in Fig. 14. 

To correct for. the artificial Fermi energy introduced by the above procedure, an 

effective potential energy V0 can be included('I'Ba) such that ~ EF + V0 :::::~ -B MeV. While 

saturation of nuclear matter cannot be simulated by such a potential, energy 

conservation is thus insured. The simplest way to include such a potential is to assume 

that nuclear scattering occurs as in the previous model. ('J'B4)but that after the collision 

all nucleo·ns are slowed down according top .... pYl +2mV0/p2, as they climb out of the 

nuclear well. A more sophisticated prescription including r:efraction at the nuclear 

surface has also been formulated. ('I'B6) However, none of these prescriptions is 

satisfactory from a theoretical point of view. Fermi motion and nuclear binding arise 

from quantum properties of ground state nuclei. Only in the case when the impulse . 

approximation is valid could they be treated as above. 

In Fig. 15 the large discrepancy at forward angles and low energies between data 

and calculationCTBa) is most likely associated with the model of Fermi motion and 

binding employed. Notice that the results of pure billiard ball calculations(TB12l that 

include none of these effects (Fig. 13) differ by a factor of ten in that region from 

those(TB6) in Fig. 15. Not surprisingly, it is possible to cori.struct binding 

prescriptionsCTB4).(TMD).('I'P2) that lead to closer agreement with data. We emphasize, 
' 

however, that the cascade results are rather sensitive to the procedure used to handle 

Fermi motion and binding. Therefore, intranuclear cascade models are not in fact free 

of (implicit) parameters. The results depend on many techriical details that go beyond 

the simple bill,iard ball multiple collision picture for the dynamics. 

An example of another technic& detail on which the results are sensitive is the 

method used to suppress multiple collisions with the same pair of nucleons. In Ref. 

(TB6) two methods were considered: "fast" and "slow" rearrangement. In fast 

rearrangement, immediately after the projectile scatters with a nucleon in the target, 



.34 

the whole target density is depleted by one nucleon (op =pi A). In slow 

rearrangement, only the density within a small radius around the interaction point is 

depleted. These two technical possibilities lead to a factor ~=~~ 2 variation in the results. · 

The model in Ref. (TB9) does not sufier from this problem, but in this model the results 

are sensitive to how nucleons with Fermi motion are assumed to propagate before they 

interact. 

Having emphasized the main loophole in cascade models. it is important to 

recognize the tremendous versatility of such models. A cascade model automatically 

provides an approximation to the full A body density matrix, PA(.f 1,p 1, .. ·.fA,:ftA.t). In 

fact, it is the only dynamical model capable of producing' an approximation for PA 

including multiparticle correlations. As such, cascade models provide the most 

powerful theoretical laboratory to study(TBlO).(TBll) the yalidity of various simplifying 

assumptions. In addition, cascade models can be easily generalized to incorporate 

pion production, rescatteri.Iig and absorption. This is achieved through Monte .Carlo 

sampling the inelastic NN _. NNrr cross sections. Furthermore, Remler has 

developed(TMB)-(nllO) a rigorous framework to calculate composite fragment yields from 

the cascade data. 

The cascade provides the positions and momenta, l.if(t ),p['(t ); i =1 .z~ and 

txr{t ),pf(t ); i:::: l.NJ, for all protons and neutrons as a function of time. Also for each 

particle the final collision time ltf, trJ can be recorded. In terms of this cascade 

"data", the charged and neutral inclusive distributions, Eqs. (2.33) and (2.34), are given 

by 

·O'ch(p) = O'r < "£ o3(F -Fl'(tf)) >.· (2.35) 
i=l 

O'nt(p) =·ar < t 09{P-fil'(tf)) >, (2.36) 
i=l . 

where < .. ·>denotes an average over many cascade runs. Recall that ach includes all 

protons whether bound in clusters or riot. In this sense ach and D'nt can be called the 
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primordial proton and neutron distributions. From Remler's theory,(TIIB)-('I'IllO) the 

primordial deuteron distribution a"tt·(:P) can also be calculated from the ~f. pj~ as 

(2.37) 

where t~ = max(tf,tj), r;.; = :rf(tij) - :rj(t~). qi; = pf(tij) - pj(tij), an:d W" (r ,q) is the 

quantum mechanical Wigner density of the deuteron: Eq. (2.37) measures the total 

number of deuteron like correlated (n,p) pairs including those bound in heavier 

fragments. ('I'Ma)-('I'IllO) Therefore, Eq. (2.37) should be compared to the primordial 

deuteron distribution 

(2:38) 

where PtJ; A is the a priori probability of finding a deuteron in a heavy fragment A, and 

da(Z ,N) is the inclusive cross section for a final fragment with Z protons and N 

neutrons for a given·energy per nucleon. Simple estim~tes(TN5) for Pt.~; A yield Pt.~;t -~ 

PtJ/He3 ~ 1.5 and Ra/a ~ 3. 

The results of cascade calculations(TII9) using the Cugnon code('l'B9) and Eq. (2.37) 
.. ·. . 

are shown in Fig. 16. A binding potential ( V0 Rl -46 MeV) iii each nucleus was used in 

this calculation to correct the final momentum distribution. It is seen that both the 

primordial charge and deuteron yields are qualitatively reproduced to within 50 % 

accuracy. It was found, however, that the deuteron yields are not sensitive to the 

detailed form of Wct(r ,q ). Therefore, it appears that phase space and geometry 

strongly constrain the composite yields as well. A sort of generalized chemical 

equilibrium seems to be reached. In Sec. 4.2. we will return to the question of deuteron 

production with regard to question of entropy production. 

Pion production was found to be more sensitive to dynamical assumptions. The 

early calculations(TBe).('I'Be) tended to overestimate considerably the pion yield at all 

energies and angles. Subsequently, more refined calculations including the 

rescattering have approached the data. However, the pion yield as a function of beam 
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energy is still predicted to be higher by ~ 50 % as compared with experiment. As 

shown in Ref. (TG5), phase space considerations alone lead to the expectation of more 

pions than actualy observed. (RAl•) The origin of this discrepancy is not completely 

understood yet. However, it should be kept in mind that the pion yield peaks at low 

momentum in the c.m. frame. For low c.m. momentum pions, Pn ~ 100 MeV /c, a pion 

wave packet must overlap a few nucleons at a time especially at high dt:msities. It is 

thus possible that quantum many body effects become important for production of low 

energy pions. These could in principle suppress pion production. For further 

discussion on pion production see Sec. 3.5. 

2.6. Non-Equilibrium Quantum Scattering 

In addition to the classical models described in the previous section. a new 

attempt has been made in.Ret (TY3) to formulate a quantum theory for nuclear 

scattering. The theory is based on the non-equilibrium Green's function diagrammatic 

technique initiated by Kadanofi and Baym('IYl). This technique has been proposed 

already to extend time dependent Hartree Fock methods for low-energy nuclear 

collisions. (TY2) 

In this approach the equations of motion for the one-particle Green's f~ctions 

G<(x,y) = i<9't(x)9'(y)> 

G>(x ,y) = -i <9'(Y )9't(:r )> 

(2.40) 

(2.41) 

are derived in terms of the proper self energies I;>(<). Here 9'(x) is the Heisenberg 

nucleon field operator at space time position x = (~ ,t ). The expectation value is with 

respect to some non-equilibrium state, such as two separated Fermi spheres that are 

prepared at a timet~. The Kadanotr-Baym equations of motion are [see Eqs. (B)- (27) 

of Ref. (TY1)] 
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'1 
+ Jd•z2 (I;>-~<)(zl,z2) C?(z2.z~) 

'o 
- 'i 
- J d 4z2 I:a(z 1,z2) (G>-G<)(z2;z~) (2.42) 

'o 

where ex = > or <. In practice, I:HF, I;>, and I;< are calculated in terms of G> and G< via 

diagrammatic technique.sim.ilar to those used in ordinary T = 0 many body theory. In 

the study undertaken in Ref. (TY3), the second order diagrams, corresponding to 

direct-Born scattering, were included. In this case 

(2.43) 

where Vis the two-body potential. Even with this simplifying approxiniation, Eq. (2.42) 

poses a:formidable non-linear integro-,ditrerential problem. However, in Ref. (TY3) a 

numerical procedure was devised to solve Eqs. (2.42), (2.43). 

In addition to solving Eq. (2.42) directly, an approximate Boltzmann kinetic 

equation can be derived for the Wigner density I (x,p,t) from Eq. (2.42). The necessary 

assumption is that the gradients in space and time of I are small compared to the 

characteristic energies and momenta in the problem. Furthermore, it is necessary to 

assume'that the evolution of the system can be approximated by the evolution of a 

spacially uniform one. In this case f satisfies the Boltzmann equation 

(2.44) 

where p, (.)P = p 2/2m in the self energies are the Fourier transforms in the relative 

variables. From Eq. (2.44) I;> and I;< are seen to correspond to the scattering out and 

in rates. 

The question posed in Ref. (TY3) was whether the assumption leading to a kinetic 

equation (Eq. (2.44)) are in fact satisfied in nuclear collision at energies 200 ~ ELab/ A ~ 
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BOO MeV. Comparing the numerical results from the quantal equation (2.42) with those 

from (2.44) considerable differences were found in the final momentum distributions. 

Instead of reaching rapidly thermal equilibrium as with Eq. (2.44), the quantal evolution 

was about 50 % slower and non-thermal momentum distributions resulted. The quantal 

evolution is slowed down because the typical frequencies c.>~ 50- 100 MeV are 

comparable to the scattering rates apv ~ 50- 100 MeV in this energy range. Therefore, 
. . 

not as many binary collisions can occur in the quantal case. Based on these 

calcuJations Danielewicz claims that quantal dynamics cannot be ignored even at high 

energies. 

These techniques offer the exciting possibility of providing a unified description of 

both low and high energy nuclear collisions. Clearly, more work is be needed in this 

area before the results can be applied to experimental data. 



3. ELEIIENTS OF THE REACTION MECHANISM 

3.1. Collision Geometry 

Suppose that the projectile nucleus consists of Zp protons and Np neutrons 

(Ap = Zp + Np) and that the target nucleus consists of AT nucleonS. Then the 

geometrical cross :section. uc, is approximately expressed as 

(3 . .1) 

. with r 0 ~ l.D-1.2 fm. If a proton inside the projectile hits the target, it is classified as a 

participant, otherwise it remains as a spectator. An estimate of the average number of 

~articipants and spectators can be obtained from Glaube~ theory. (TWt).(TDl).(TD2).(RAn) 

The average number of participant protons from the projectile·nucleus is 

approximately given by Zp mUltiplied by the ratio of the target cross section to uc: 

Similarly we have 

The total number of protons assigned to the participant, z1~arti) , is thus given by 

zCParti) = <zPar:ti > + <zParti.). ef! ProJ Targ 

ZpAf/ 3 + ZrAp13 

~ (Ap/3 + A·V3)2 . 

(3.2) 

(3.3) 

(3.4) 

Similarly the total numbers of protons assigned to the projectile spectator and target 
) 

spectator are, respectively, given by 

z~roi Spec) = Zp _ <Z~mi > 

(3.5) 

and 
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(3.6) 

The total integrated inclusive cross section of nuclear charge for each of these three 

regions is, therefore, expressed as 

(3.7) 

In Figs. 17 (a) and (b) the above formula is compared with the data. The observed 

projectile- and target-mass dependences are reproduced very well by Eq. (3.7). With 

regard to absolute cross sec~ions, however, the data at large angles fit with Eq. (3.7) at 

r 0 = 1.2 fm, whereas the 1iata of projectile fragments require r 0 = 0. 95 fm which is 

somewhat smaller than expected. Why do we have a smaller value of r 0 for projectile 

fragments than for the data at large angles? The participant-spectator model with 
~ •. "' . 

straight-line trajectories is only an approximation. Because of finite scattering angJes, 
. ' 

the boundary between spectators and participants is not sharp. The nucleons in the 

boundary region are more likely to contribute to the large angle yield, thereby 

depleting the yield near the projectile rapidity. Noticing this fact a more detailed 

analysis on afo~ge(i) has recently been done in Ref. (TW3). There it is pointed out that, 

for nearly equal-mass collisions, Zetr for the projectile spectator (or target spectator) is 

almost equal to Zetr for the participant, contrary to the predictions by Eqs. (3.5)-(3.7) 

which yield the ratio of Zetr between these two regions to 3/2 for these collisions. 

3.2. Evidence for Multiple Collisions 

From this section through Sec. 3.6. we st~dy the dynamics for the parqcipant 
.. ' 

region. The spectator physics will be discussed separately in Sec. 3.9. 

We start with the question of what experime~tal evidence is there for the 

occurrer;ce of multiple NN collisions. The cleanest evidence has been obtained in the 

measurements of large-angle two-proton correlations. (EC3).(EC4).(EJQ) In this experiment 
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four sets of detectors were prepared, as shown in Fig. 18. They were placed at ~ = 40° 

with r-espect to the beam direction.. rae -e.z-i-m\lthal angul-ar separation between two 

neighboring counters flrp was 90°. Here, the U (up), D (down), and R (right) telescopes 

were plastic scintillator telescopes and S is a magnetic spectrometer; Proton energies 

were measured with the spectrometer in coincidence with these telescopes. Consider 

the ratio, C, detlned by 

C =. 2.x.S·R . 
S·U+S·D 

(3.8) 

where S · R indicates the coincidence counts between the spectrometer and the R 

telescope. If C > 1, then two protons tend to be emitted on the opposite side but within 

the same reaction plane. This ratio ma.r thus be·called the degree of copla:narity. If 

multiple NN collisions are dominant, the ratio C would be close to one, qecl),use the 

particle emission tends in that case to be statistical. On the other hand, if only the 

first NN collisions are important. this ratio would be larger than one, beca_use pp 

quasi-elastic scatterings induce two-proton emission in the same reactionplane. In 

BOO A- MeV C + C collisions the observed ratio, C, is larger than one and has a peak a~ 

the exact momentum which is expected from pp q~si-elastic scatterings, as shown in 

Fig. 18. Therefore, this experiment clearly demonstrates the importance of single

NN-collision processes. 

However. the data of Fig. 18 also show the existence of multiple N]V collisions. If 

all protons suffered only one NN collision, without subsequent second or third 

collisions, then the calculated peak height of ( C-1) would be about six times larger 

than the observed one. This fact implies that the coplanar two-proton correlation is 

diluted by the presence of multiple NN collisions. The coplanar correlation seen in Fig. 

18 originates from the process in which both protons after the first collision are not 

rescattered thereafter. If one of a pair of protons in a pp quasi-elastic scattering is 

rescattered, then the coplanar correlation decreases. Therefore, the probability that a 

nucleon experiences only one NN collision is given approximately by v'T76!:!: 0.4, where 



1/6 is the dilution factor of (C-1). In other words, the probability for each nucleon to 

experience 'multiple NN -collisioa.s is ilbout.Q.-6 in-800 A·MeV C + C-ool.Usi:on.s. lbis 

number is consistent with several recent theoretical calculations froin cascade, (TB9) 

linear-cascade, (TD2) transport, (TE4) and phase-space(TG4) models. 

The probability that a nucleon does not sufier an additional collision after the first 

one is given approximately by exp(-R I A), where A is the mean free path of nucleons 

.inside .the .r,wcl.eus .and. 0 .is .the r.acllu.s .of the .mter.a.c.ti.oc. .r.e.ginn. Recent measurements 

of two-proton correlations in proton-nucleus collisionsCEJl2) have determined the value 

of A to about 2.4 fm at BOO MeV based on such considerations. (EJl2) Values of· R for 

various nuclear collisions have been determined to 2-4 fm by a large number of 

. experiments; two-pion interferometry, (EJS).(EJe).(EJlS).(EJui) two-proton 

interferometry, (EJl4) composite spectra, (EE2).(EC7) and pion spectra. (1H4) These values are 

consistent with a simple expectation from the participant-spectator model in which R 

is given by r 0 [P· (p0/ p)] 113, where Pis the nucleon number involved in the participant 

region and p is the density. R ~ 2 fni is estimated for C + C. Therefore, we have A~ R 

for this system implying that exp( -RIA) ~ 0.4. This value is consistent with that 

obtained from. the study of two-proton correlations discussed above. 

It is expected that the probability of multiple NN collisions increases as projectile 

and target masses increase. Reflecting this expectation, the evidence of pp quasi

elastic scatterings is observed only for light-mass nuclei (up to Ar + Ar). Two-proton 

.corr.el.ations .in heavier--mass~ such .as Ar + Pb exhibit a ,c.om..pletely 

different feature, as we will describe it later in Sec. 4.1. In the presence of frequent 

multiple collisions global collective flow phenomena might occur. Such global flow 

aspect ~s discussed later in this article. In this section we concentrate on the 

microscopic aspect of multiple NN collisions from the spectra of protons, composite 

fragments. pions and strange particles. 



If,. 

43 

'3.3. ln.clusive Proton Spectra 

Much proton data has become available in the past few years. (ECt)-(EC?) In Fig. 1g 

the proton energy spectra at c.m. goo from three sets of nearly equal-mass nuclear 

collisions, C + C, Ne + NaF, and Ar + KCl are shown. (EC4).(EC?) Invariant cross sections, 

defined by Eq. (A.13), are plotted as a function of the kinetic energy, Ep.m.. The 
. 

nominal beam energy was BOO A· MeV for all cases. These data tend to reflect the 

dynamics of the participant region, because at ~c.m. = goa the inftuence from the 

spectator is the smallest. 

Three features are observed in the data. First, the spectrum shape is nearly 

identical for all cases. This fact suggests that the beam energy per nucleon, rather 

than the total beam energy, determines the major feature of a proton emission. This is 

consistent with an expectation that the nuclear col!lsion at high energies is, to a first 

order approximation, a superposition of individual NN collisions. Secondly, a copious 

production of high-energy protons is observed, which now cannot be eXplained as a 

superposition of single NN collisions. If we ignore the Fermi motion, the maximum 

proton energy is 182 MeV in this case. Even if we include a Gaussian-type Fermi 

momentum distribution, the emission of these high-energy protons cannot be 

explained,('l'GB) as shown in Fig. 1g. Thirdly, in this high-energy domain the spectrum 

shape approaches an exponential, although it deviates substantially from it at low 

energies. 

The observed cross sections shown in Fig. 1g can be parameterized, (EC?) to ~ good 

approximation, as 

(3.g) 

where A is the projectile (and target) mass. Observed values of a: = a:(E;·m·) are 

disp_layed in Fig. 20 for various c.m. kinetic energies, E:_·rn. For lo~-energy protons the 

value of a: is·very close to the geometrical limit of 5/3. In this limit the cross section:is 
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proportional to the product of the participating nucleon number("' A) times the 

geomet-rical-cross sectwn ("' A213) [see also Eq. (3.7)]. However, in the high energy 

region the power a exceeds 2 and finally reach~s the value of 2.6 or 2.7 at the highest 

energy observed in this experiment. Such a large value of a strongly suggests that 

multiple NN collisions are important for the production of high-energy (in this case 

hi.gh-pT) protons. 

An extreme limit of multiple collisions is the thermal process. In this case the 

spectrum shape is of a Boltzmann type [Eq. (2.16)]. Therefore, the exponential 

behavior for high-energy protons seems consistent with the thermal-model 

expectation. However. in the thermal limit the power a is predicted to coincide with 

the geometrical limit of 5/3.CTE6l Therefore, the observed power dependence indicates 

that high-energy protons are produced through several but not too many NN collisions. 

Then, how many nucleons are involved? This question has been studied by several 

groups.C'I'D3).(TG4).(TEe) According to a recent calculation by Schlirmann and Macoc-
. . .· ' ' 

Borstnik,(TEe) the average number of NN collisions, <n>. monotonically increases as 

the observed proton energy increases. The value of <n> evaluated from this 

calculation is~ 3 for Epc.m. ~ 200 MeV and~ 4-5 for E;·m· ~BOO MeV for the Ar + KCl 

system. 

3.4.Composite Formation 

In certain regions of momentum space a significant fraction of nucleons emerge 

by composite fragments such as d, t, 3He etc. CECa) We consider in this section how 

these composite fragments are created. An additional implication of composite 

fragments, which is related to entropy, will be discussed separately in Sec. 4.2. 

According to a simple phase space consideration, we expect that the probability of 

forming a deuteron at a velocity va is proportional to the product of the probabilities of 

finding a proton and a neutron at the same velocity: 



(3.10) 

For relatively high energy fragments (E/ A~ 50 MeV) the neutron spectra ·can be 

replaced by the proton spectra. (ED3) Then, the cross section of a composite fragment 

with mass number A would be given by 

(3.11) 

where CA is a constant. The validity of the above power law was first tested with 250 

and 400 A- MeV Ne beams,CEEl) as shown in Fig. 21. Eq. (3.11) holds remarkably well with 

one normalization constant CA. Recently it was demonstrated for light-mass composite 

fragmentsCEE2).(EE3).(EC7) that this power law holds very well over a much wider. kinematic 

domain than reported in Ret. (EEl), although a slight deviation from Eq: (3.11) is 

observed for heavy-mass composite fragments. CEF•> 

In order to study this power law in more detail the ratios of observed. deuteron 

cross sections to the squares of observed. proton cross sections are displayed in Fig. 22 

for Ne + NaF collisions at three bombarding energies, 0.4, 0.8, and 2.1 A-GeV.(EC7) The 

value of CA is about 15 x 10-s in units of [(mb·GeV)/(sr·(GeV /c ) 3 )]-1, and it is almost 

independent of deuteron momentum as well as deuteron emission angle. In addition, 

the value of CA is almost independent of the projectile energy. 

To what extent does the power law of Eq. (3.11) hold in different theoretical 

models? Assume that the particle density per unit phase space volume is given by 

f (p) such that 

(3.12) 

where Vis the phase space volume. Then, the ratl.o CA is given by' 

C _ : f V'A [MA-l (-rt ) 

A - /' V [f (fip ) ]A 
(3.13) 

where J' is the Lorentz factor of a particle measured in the frame at which Eq. (3. :2) is 
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defined. In the simple fireball model. (ECI) 

where E is the kinetic energy of an emitted particle and T is the temperature. 

Consequently, CA is given by('I114 ) 

C _ const. 
A - (-yV)A-1 

(3.14) 

(3.15) 

The range of 7 is 1 - 2 for the data shown in Fig. 22. Therefore, within a factor two this 

· fireball model seems to agree with the observed fact the CA is almost consta{lt. 

However, it is now known that the simple fireball model needs to be modified . 

·substantially iii. order to explain the observed large angular anisotropy of various light 

fragments. (EC7) For this purpose the firestreak modelCTJ4).(TJ:5) was propo~ed and it has 

been used often to fit the experimental data. (RAI4) In this model the nucleus is diVided 

into several tubes with each tube-:-tube collision leading to a contribution as in Eq. 

(2.:16). Therefore, the temperature is different from tube to tube, and f (p) is now 

given by a superposition of firestreaks as 

f (fl): 2: c;1e-E1Ti. 
i 

(3.16) 

In this case CA is no longer constant and has a strong fragment-energy dependence, as 

shown in Fig. 22.' For example, the predicted valueCTJ:5) of CA ,in the case of 400 A- MeV at 

30° (lef:t upper corner in Fig. 22) varies from 5 to 20, depending on the fragment 

energy, and this clearly disagrees with the data. This fact implies that composite 

fragments are unlikely to be produced from a macroscopic chemical equilibrium. 

Another model is the coalescence model. (TMI).(TI.I2) According to this model the 

power 1aw follows because nucleons located within a radius Qf p 0 in the momentJ.llll. 

space are assumed to stick together to form a composite fragment. In this case CA is 

given by{EEl).(EE2) 
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(3.17) 

where p 0 is called the coalescence radius. Here, z andy are, respectively, the proton 

and neutron numbers iii the composite particle (A= z + y): Zs and Ns are, 

respectively, the proton and neutron numbers of the projectile plus target system (Zs 

= Zp + ZT ·and Ns = Np +NT), m. is the nucleon mass. and a0 ·is the·nucleus-nucleus ,.· 

reaction cross section which is given by Eq. (A.14). In this model the cross section of 

composite fragment A is expected to be proportional to the Ath power of the primordial 

nucleon cross section, since the a. priori probability of finding A nucleons within a 

momentum radius Po of p: 

(3.18) 

However, the experimental fact is that the power law holds using the obserued.proton 

cross sections. Of course, if the cross section for protons is much larger than that for 

composite fragments, there is no significant difference between ach and ap. But, in 

certain kinematic regions the ratio of protons to composite fragments is close to one. 

Still. the power law holds empirically using the observed proton ·cross sections. 

It is very hard to reconcile the constancy of CA with angle, momentum, and beam 

energy in Fig. 22 with chemical equilibrium models. (RAI4) For the very light nuclear 

system such as Ne + NaF, however, a macroscopic thermodynamic description is least 

likely to hold. In this case a microscopic approach such as described in Sec. 2.5 is 

more appropriate. Up to now such detailed comparison with data for heavy system has 

not been made. Thus, it is not known whether chemical equilibrium is indeed reached 

for large A. 

Assuming chemical equilibrium Mekjian(TJS) showed that an estimate of the 

interaction volume V can be obtained from Eq. {3.13), in the limit that the intrinsic 

radius of a composite particle is negligibly small compared to the source radius R = 
{3V/ 41T) 113 . ·A generalization of this idea was proposed in Ref. (TM5). 



Empirically,CEK2).(EE2) the interaction radii obtained in this way are reasonable (a few 

Fermis), but the quantitative accuracy of these radii cannot be assessed at this time. 

3.5. Pion Production 

For beam energies of~ 1 A·GeV the dominant ~econdary particles created in 

collisions are pions. At these energies the pion production proceeds mainly from 633 

excitation of nucleons. Some of pions are then absqrbed inside the media through 

rrNN .... NN, or they are rescattered through rrN .... rrN. Since a typical cross section of 

uttJt(rrN) is lOD-200 mb which is much larger than uttJt(NN) (~40mb), pion spectra tend 

to freeze out at a later stage than nucleons. CTA9).(TAlO) 

In this section we d~scribe the excitation function, multiplicity, energy and 

angular distributions, subthreshold pion production, pion interferometry, and a test of 

coherent pion production. Some of pion data at forWard and backward angles will be 

discussed separately in Sec. 3.8. in connection with scaling. 

3.5.1. Excitation function and multipl.i,city distribution 

Using a stre~er chamber, multiplicities of both negatively and positively charged 

tracks have been measured.(EG3).(FJIO).(EJI3) Negative charges are mostly from rr- while 

.. positive charges contain both rr+ and charged nuclear fragments. For nearly equal

mass collisions with Z !:>:!AI 2 we expect m (rr-) !:>:! m (rr+), where m is the multiplicity. 

Therefore, to a good approximation, the difference in numbers between positive- and 

negative-charge tracks is almost equaloto the multiplicity of charged nuclear 

fragments, mz. 

The. average multiplicities, <mw> and <mz>, have also been measured from 

inclusive spectra with a magnetic spectrometer. (EC?) These quantities are related to 

the total integrated inclusive cross section through Eq. (A.16). We discuss in this 

section ( 1) the beam-energy dependence of <mw>l <mz>. (2) distribution of mn at a 
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fixed value of m.z, (3) correlation between m." and m.z, and (4) the projectile- and 

target-mass dependence of <m."> and <m.z>. 

We expect that the production rate of. pions increases as the beam energy 

increases, whereas the number of participant nucleons is almost independent of the 

beam energy, as shown in Fig. 17 (b); In Fig. 23 the observed ratios, <mn>l <mz>, for 

almost equal-mass collisions are displayed. The streamer-chamber data agree well 

with the data obtained from inclusive spectra. The ratio smoothly increases as the 

beam energy increases. No sudden increase in the pion yield at a certain beam energy 

is observed. Theoretical predictions('!Kte}.('I'G5).(TJ5}.('l'F4}.(EC7) generally agree with these 

data to within a factor of two. 

According to the participant-spectator model the value of mz is directly related to 

the impact parameter, since once the impact parameter is fixed, the number of 

participant nucleons is almost uniquely determined by the geometry. Correlations 

between m 11 and mz provide information on the impact parameter dependence of the 

pion yields. Fig. 24 shows the pion multiplicity distribution for.'events with mz ~ 30 for 

Ar + KCl collisions in a streamer chamber. (FJIO) Since the maximum value of mz is Zp + 

ZT = 36 in this case, the collision is almost head-on; the corresponding maximum 

impact parameter, bmax• is about 2.2 fm. The observed distribution is of a Poisson type 

which has been expected on very general theoretical grounds. (TG2) In this Poisson 

distribution the square c:if dispersion, D2 , must be proportional to the average 

multiplicity, <mn>· The linear relation between D2 and <m"> was confirmed for 

various values of mz in Ar + KCl collisions, (EJIO) although a certain deviation from the 

Poisson type is reported ih Ref. (EJ13) for Ar + Pb collisions. 

In F.ig. 25 the correlations between m" and mz are shown. For Ar + KCl an almost 

linear correlation between these two quantities is observed. (EJIO) Iri the data for non

equal-mass collisions. such as Ar + Pb,(EJl:3) however, a deviation from the linear 

correlation is observed. In this case, the value of m(rr-) is not equal to that of m(rr+). 
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since N ~ Z. Therefore, plotted in Fig. 25 (right) is the multiplicity correlation · 

between 1r- and the total charged particles (which include both positively and 

negatively charged particles). The unusual features of the correlations for Ar + Pb 

have not been explained up to now. 

Finally we desqribe the projectile- and target-mass dependence of <m,..>. Plotted 

in Fig. 26 (a) are the observed values of <mn>(EC7) as a function of the average 

participant nucleon number, P. for various projectile and target combinations at Eaeam · 

= 800 A MeV. Here the value of P was evaluated from Eq. (3.4). The multiplicity is 

parametererized roughly as(EKl).(EI<2) 

(3.19) 

with x ~ 2/3. This suggests that the pions are emitted from the surface of the 

participant region and not from the deep inside of this region. We obs'erve in Fig'. 26 (b) 

that <mz> oc: Pz, where Pz is the average nuclear charge involved in the participant 

region evaluated from Eq. (3.4). Therefore, the p2/ 3 dependence of <mn> suggests the 

importance of pion absorption process. 

On the other hand, in Fig. 25 there was a linear dependence of mn oc: mz for Ar + 

KCl. To reconcile the p2/ 3 dependence suggested in Fig. 26 and the P 1 dependence in 

Fig. 25, we note that several asymmetric reactions (Ap ~AT) have been included in Fig. 

26. Omitting those reactions leave only three data points which are consistent with a 

P 1 dependence for symmetric system. A possible explanation of this effect is that for 

asymmetric collisions a larger piece of cold spectator matter remains to absorb pions. 

The bigger the asymmetry, Ap/ AT, a higher fraction of the produced pions can be 

therefore reabsorbed. While pions are produced only by participants, the absorption 

process·is considerably complicated by the presence of spectators. What Fig. 26 

clearly demonstrates is that pion absorption cannot be neglected in theoretical 

models. 
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3.5.2. Energy and.angular distributions 

Next we consider the energy and angular distributions of 

pions. (EAS).(EBl)-(EB8).(EC3).(EC?).(m2)-(EGg),(EYl)-(EY5) In Fig. 27 the energy distributions of 

negative pions at 0° [Ref. (EB6)]. 180° [Re( (EM5)], and at goo [Ref. (EC7)] are 

compared in the c.m. frame at EBeam = 2.1 A-GeV. Although no direct comparison is 

possible for the same projectile and target combination, we observe that the energy 

distribution is almost of exponential at any emission angle. It has been known that for 

projectiles heavier than a particles the spectrum shape approaches 

exponential. (EK2).(EBS).(EAS) 

In Fig. 28 the energy spectra at c.m. goa inNe + NaF collisions are plotted for 

beam energies from 0.2 to, 2.1 A· GeV)EC?).(EGg) At any beam energy the spectrum shape 

is approximately exp~nential: 

(3.20) 

,,·. 

In Fig. 2g the observed values of the slope factor E 0 are plotted as a function of the 

beam energy per nucleon ill the c.m. frame. Eo increases monotonically as the beam 

energy increases: In addition, we notice that the value of Eo for pions is consistently 

smaller than that for high-energy protons (see Fig. 1g for the definition of E0). 

Several ideas have been proposed to explain the observation of E 0(rr) < E0(p ). in 

terms of ( 1) finite mean free path effects, (2) radially exploding fiow(TKI 2>. and (3) ph;ase 

space(TG4).(TG5). In nuclear matter, the mean free path of protons (~ 2 fm) is generally 

longer than that of pions(> 0.5 fm). Therefore, pions may be more sensitive to the late 

colder stage of the ~ollision than protons [possibility (1)]. The radially exploding flow 

possibility will be discussed in Sec. 4.1. A third possibility is related to the NN 

kinematics. In order to create pions the 140 MeV rest-mass energy has to be supplied. 

Then, the average kinetic energy available for pions is less than that for protons. From 

the comparison between the protons and pions alone, it is hard to prove which of these· 
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mechanisms is the most important. With the aid of K+ spectra, a partial answer is 

obtained, as we will discuss in Sec. 3.6. 

A typical angular distribution is shown in Fig. 30. Here the ratios of the rr- cross 

sections between 30° and goo in the c.m. frame for BOO A· MeV Ar + KCl collisions (EC?) 

are plotted as a function of the pion energy in that frame. The ratio has a peak at 

E;·m. ~ 100 - 200 MeV.· This feature is consistent with the expectation that most pions 

arise from ~33 resonances, which are observed in NN .... NNrr reactions to produce pions 

anisotropic ally with a c.m. energy of~ 200 MeV. 

Much attention has focused recently on the detailed structure for low-energy 
I ' 

pions. Wolf et al.. (EG5) and Nakai et al.. (EC?) reported a broad goo peak for rr+ 'at E;·m. ~ 

10-20.MeV in Ar + Ca and Ne + NaF collisions at beam energies of 0.8-1.0 A·GeV. The 

peak is about 20-30% above the smooth backgrounds. Theoretically, it has been 

suggested that Coulomb effects might be responsible for creating such a broad 

peak. ('l'Rt).(TR2) Therefore, Frankel et al.. (ECB) ha~e recently measured both rr~ and rr

with a magnetic spectrometer in 1.05 A·GeV Ar + Ca collisions, the same projectile and 

target combinationS used by Wolf et aJ.. They have observed larger yields for rr- than 

for 1r+. most likely due to Coulomb effects. However. these data show less evidence of 

the peaking for rr+. Further experiments are necessary to clarify· this situation. 

3.5.3. Subthreshold pion production 

In nuclear collisions at laboratory beam energies below 2go A MeV (which is the 

pion production threshold energy in free NN collisions), the pion production is due 

either to the nucleon Fermi motion or to an accumulation of available energy greater 

than mnc 2 through successive NN collisions. Benenson et ai. (EBs) have measured both 

1r- and 1r+ at 0° in Ne + NaF collisions and showed that pions are produced even at a 

beam energy of 80 A· MeV. as seen in Fig. 31. At c.m. goa the subthreshold pion 

production has been studied in 183 A· MeV Ne + NaF collisions. (EGg) as shown in Fig. 28. 

The kinetic energy of the observed pion extends up to 250 MeV in this frame, and the 

.. 
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spectrum shape is nearly exponential over-the entire ·ene'rgy region. If we ignored the 

Fermi motion. a large number of nucleons {up to g) would have to share their kinetic 

energies in order to create these pions. In terms of single NN collisions a large Fermi 

momentum has to be assumed; in this case, if both projectile and target nucleons 

carry the same Fermi momentum in opposite directions, then a virtual momentum~ 

350 MeV/c for both nucleons has to be assumed. 

Previous thermal(TJ2).(TJ:;) and hard-scattering('I'F3) models underestimate the cross 

section at oo. However, recently it was pointed out(TF9> that, if we use the experimental 

data of pp ... 1f andJm ... n, together with a realistic Fermi-momentum shape that fits

the {e,e') data, then the hard-scattering model explains reasonably well the observed 

data at 0°. The exponential shape at goo, on the other hand, cannot be explained by 

hard scatterings alone. It is reproduced only when nN rescatterings after the creation 

of pions are taken into account,CEX:G) as shown in Fig. 28. The phase-space 

model(TC?).(Ecg) also explains qualitatively the exponential shape at goo. In this model, 

kinematic and chemical equilibrium are assumed (see Sec. 2.3.). For the creation of-

250 MeV pions at 183 A· MeV in Fig. 28 about eight nucleons have to be involved: 

lhe qualitative agreement of the data with both of these approaches suggests that the 

microscopicrescattering and absorption effects are effectively replaced by the 

statistical behavior of a rather large number of nucleons. 

3.5.4. Pion interferometry 

As Fig. 24 shows, there is a large probability of producing two or more n- in 

nuclear reactions at high energies. Because pions are bosons, the wavefunction of the 

multipion system must be symmetrized. This symmetrization leads to interference 

phenomena at small relative momenta. In astronomy such (n) interference effects 

were first used by Hanbury-Brown and Twiss('l'QJ) to measure stellar·radii. Later 

Goldhaber et al. ('I'Q2) used 1f-1f- correlations to determine the size of frp interactions. 

Analogously, it has been proposed that pion interferometry could provide information 



54 

on the space-time history ·Of nuclear collisions. (TQ5)-(TQB) 

The .basis for pion interferometry is the observation that the amplitude ir 12 to 

measure two pions with four momenta (k 1,k 2), given that they were produced at space

time points (z 1,z2), is 

(3.21) 

Th.erefore, the probability of observing (k1,k2) is 

(3.22) 

where p(z1,z2) is the probability density that two pions were created at points (z 1,x 2). 

Assuming uncorrelated production, p(z 1,x2) = p(x 1)p(x2), Eq. (3.22) reduces to 

(3.23) 

where p(q) is the space-time Fourier transform of the source distributionp(x). For a 

Gaussian source with radii R;. and lifetime -r we haveCTQe) 

(3.24) 

where 

(3.25) 

and 

(3.26) 

Therefore, measurements of P(k 1,k 2) can in principle reveal the three dimensional 

spatial structure and the lifetime of the pion source. In practice, final state 

interactions especially Coulomb interactions must be treated carefully to eliminate 

optical distortions. (TQ?) 

ln· addition, Eq. (3.24) holds only if the pions are produced uncorrelated .. 

Dynamical correlations can be induced in many ways: In Ref. (TQB) it was shown that 

absorption of pions by the spectator fragments could alter significantly the form of P . 

. Also, if collective phenomena such as pion condensation would occur in nuclear 
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collisions, the form of P would be very different. Therefore, pion interferometry is not 

only a tool to study reaction geometry but also a tool to uncover novel dynamic 

phenomena. 

Experimentally the following ratio, ·c2(exp), is usually measured: 

(3.27) 

. ~ ... ~ 

where the denominator, da/ dk, is the single-particle inclusive cross section. 1his 

quantity, C2(exp), is directly related to Eq. (3.24). The measurement ·of C2(exp) was . 
first performed in a streamer chamber with 1.8 A·GeV Ar beams. (EJ4). Here, the 

numerator in Eq. (3.27) was replaced by the coincidence counts between two negative 

pions and the denominator by the product of inc::lusive counts of 1T+ and 1T-. From the 

best tits to the data the reaction time of -r ~=t~ 5 x 10-24 s and the reaction size of R ~ 3-4 

fm were obtained. This value of R is consistent with what we expect from the 

participant-spectator model with normal nucleon density. It is also consistent with the 

value obtained from composite fragmentsCEC7).(EE3).(EK2) In addition, C2( exp) ~ 2 at lrJ! ~ 

0 is evidence against coherence effect. 

After this experiment ~ large amount of data of pion interferometry have been 

collected. Lu et al. (F.Tl3) have continued their streamer chamber analysis and reported 

recently that the radius R increases as the event multiplicity increases. This is 
. . 

consistent with a naive expectation, since more nucleons are involved in collisions for 
' 

higher event multiplicities. The Dubna streamer chamber(EJe) also demonstrated 

results which give reasonable values of the collision size. Zajc et al. (EJI5) have 
. . 

performed extensive measurements using a magnetic spectrometer and obtainedthe 

. results with much higher stat~stics. Their typical result is shown in Fig. 32, w~ch leads 

toR =.3.0 ± 0.3 fm for 1.8 A·GeV Ar + KCl system. Whether G_2 = 2 at lrJI ~ 0 depends on 

the normalization of the data of Eq. (3.27). They have tried vario"l!s possibilities on the 

value of a0 . At present, however, there is no indication for a deviation of C2 from 2. ; 
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In the analysis of the data shown in Fig. 32 it was pointed out that actual two-pion 

spectra are affected significantly by final state interactions. These interactions 

originate both from Coulomb and strong interactions, and especially from the former 

because 1T-1T- ( T = 2) strong interactions at small relative momentum are very small. 

Therefore, the observed widt~ do not immediately reflect R and T. Coulomb 

corrections of the two-pion spectra change Significantly the shape of the correlation 

function. 

It is also worthwhile to mention here the data on two-proton interferometry. In 

this case the correlation hinction, C2• becomes 0 at lt11 = 0. because ferm,i.on 

wavefunctions must be antisymmetrized. Zarbakhsh et al. (EJl 4) have recently 

measured C2 (or two protons in 1.8 A;GeV Ar + KCl collisions, as shown in Fig. 33. The 

observed cor~elation function does not show a simple interference pattern. Instead, it 

shows a peak at lt11 ~ 20 .MeV /c, most likely due to the strong final state interactions 

between two protons. (TQ5) In this case both repulsive Coulomb and attractive strong 

interactions ar.e important. The strong interaction induces a positive correlation while 

the Coulomb interaction induces a negativ~ correlation, resulting in a peak at a certain 

momentum. CTQ5 ) In this experiment, a smaller source radius is observed for proton 

emission at y = (yp+yT)i 2 than at y = yp, where yp and YT are the projectile and 

target rapidities. respectively. In addition, a much smaller radius is obtained for 

higher event multiplicity. The last statement is not c.onsistent with the result of two

pion interferometry.(F.Jl 3) However, the great differences in in final state interactions 

between pp and 1T-1T- makes it difficult to evaluate the significance of this latter result. 

3.5.5. Test for coherent pion production 

Sirrce the early work on pion condensation(TA4).(TA5) many attempts have been made 

to look for exotic phenomena in nuclear collisions. In this section we review a new test 

for possible pion field instabilities in such reactions. 
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_ -~ __ If_ a SP-in:-is_ospj!J._in~tability occ__wred under_!,he !lXt~~mELconditi9_ns gener_atedJn~ 

nuclear collisions, then the nuclear axial (spin-isospin) current J ~(~ ,t) would acquire 

a non vanishing expectation value. This current is coupled to the pion field through the 

field equation 

(3.28) 

Therefore a time varying J ~ will act as an antenna radiating pions.- Such a radiation is 

furthermore characterized by a coherent state. In Ref. (RA13) the unusual properties 

of such a pion field were discussed. An estimate of the number of such pions per 

baryon showed that n
11
-l A litj 10--4, which is much smaller than the number n

11
_/A litj 

10-2 expected from the usual incoherent processes (NN ~ NNrr). Thus, contrary to 

naive expectation pion condensation is not expected to lead to copious pion 

production. 

To detect such a small signal requires that the background incoherent component 

be reduced. As seen in Fig. 28, this can be achieved by reducing the beam energy. At 

E~-m. litj 200 MeV at ,_c.m. = 90° the pion cross section falls by five orders of magnitude as 

the beam energy is lowered from 2.1 A·GeV to 183 A- MeV. The tiny signal due to 

coherent pions should be visible as a bump at E~-m- ~ 200 MeV at EBeam : 183 A· MeV. As 

seen in Fig. 28, only a smooth exponential spectrum is observed consistent with 

incoherent phase-space models. Although no bumps are observed in Ne + Ph collisions 

as well, (EG9) an interesting experiment that has not yet been performed is to look at ' 

this subthreshold rr- spectra with much heavier nuclei such as U + U. lt is possible 

that collective phenomena could occur for such a heavy system. In any case, Fig. 28 

shows a method to search for a needle in a haystack. In this case there is only hay. 
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3.6. Strange Particle Production 

In F~. 34 threshold energies for particle production in nucleon-nucleon collisions 

are displayed. As the beam energy increases, the production of strange particles 

becomes possible. At beam energies of around 2 A·GeV the production of J(+ [Ref. 

(EHl)], A[Ref. (EH2)], and 1\ [Ref. (EH3)] have been now measured. We discuss these 

data below. 

The motivation of measuring K+ is as follows: Since the cross section of K+ + N 

[o(J(+ N) ~do mb] is much smaller. than that of N + N [o(NN) ~40mb] or rr + N 

[o(.rrN) ~ 1q0 mb],CIIBl) J(+ is less lik:elyto be rescattered by surrounding nucleons in 

contrast to rr or N. In other words, the spectrum of K+ may be a useful messenger of 
. . . 

the violent initial, and perhaps, very compressed and hot stage in the nuclear collision. 

Schnetzer et al. (EHl) have measured J(+ spectra with a magnetic spectrometer. In 

;Fig. 35 ar1 example of energy spectra in the c.m. frame is plotted for 2.1 AGeVNe + 

NaF collisions. The spectrum shape is almost exponential with inverse exponential 
t. . . . ' • 

slope, Eo~ 142 MeV. This value of Eo is larger than E0 for protons or pions (see Fig. 

29), suggesting that J(i"'s seem to be created at a more violent stage than pions or 

protons. The exponential behavior of the spectrum is a general feature found for any 
'. - . ' ' .. 

projectile (even p or d) on nuclear targets. In addition, the angular distribution of J(+ 

is almost isotropic in the NN c.m. frame, again for anyprojectile on nuclear targets. 

It is interesting to compare the value E0 for J(+ with Eo for pions and protons (see 

Sec. 3.5.2.). If the slope E0 is determined maihly by the mean free path of product 

particle. then we expect 

Eo(rr) <:: Ec(:p) < Eo(r). (3.29) 

since A.(rr) < A.(p) < A.(K+). This relation Eq. (3.29) agrees with the experiment. On the 

otherhand, in a phase space model we may expect 
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(3.30} 

since the threshold energy of K*' production is much higher than that of1r production. 

Thus. when .K's are produced less energy is available for kinetic energy. The 

observation that Eq. (3.29) is satisfied suggests that the pions and nucleons are 

"cooled" down more in the expansion phase because of their shorter mean free paths. 

We also note that Eq. (3.29) is not consistent with the model of radial explosive 

fiow,(TKt 2) since in that case E0(rr) < E0(K+) < E0(p) because mn < mK < "mp (see Sec. 

4.1.). 

Accorqing to Randrup and Ko, (TUt) high energy tails can be explained neither by 

Fermi motion nor by the multiple NN collisions during the compression stage. It is 

explained only if we allow at most one rescattering of K+ by surrounding nucleons after 

the creation of K*' (the average number of rescattering is estimated to be 0.68). (TU2) 

However, this calculation fails to reproduce the angular distribution, especially for the 

case of proton + nucleus collisions. Therefore, this point still remain an open question. 
' 

An +nteresting aspect of K+ data is seen in the A dependence. If the cross section 

is parameterized as a power of AT (ac A-f), thenthe value of ex is consistently larger for 

Ne projectiles than for d. projectiles. as seen in Fig. 36. From a simple geometrical 

consideration we expect the opposite trend, since with a heavier-mass projectile the 

increase of target size must be less affected on the yield (in fact, we expect oc: Af! 3 for 

heavy-mass projectiles and "' AT for light-mass.projectiles from Eq. (3. 7). Perhaps this 

experiment indicates that the compressed hot region is created easier with heavier

mass projectiles. Such a feature is not (or only slightly) observed for pion production, 

as seen in Fig. 36. 

The A production has been studied recently by Harris et al. (EH2) with a streamer 

chamber in 1.8 A-GeV Ar + KCl collisions. In this measurement the decay of A, 

A ... p + rr- (64% branching), (3.31) 

was used for the identification. Although statistics of the data are low, a large number 
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This is consistent with the previous data of K+. 

It is well known that the decay of A shown in Eq. (3.31) is through weak 

interactions. Tnerefore, if A has a polarization, P. the angular distribution of the decay 

products, p and 11-, is expressed as 

W(~) = 1 + a.Pcos-rJ, (3.32) 

where ~ is the emission angle of protons with respect to the polarization axis and a = 

-0.64 in this case. By defining the reaction plane such that the beam and the emitted A 

form this plane, the value of P has been determined toP= -0.10 ± 0,05.(EH2) In terms 

of the quark model A is described as (uds) in which spins of u and d. are coupled to 

zero. (MB3) Therefore, the polarization of A measures the polarization of s -quark. 

Measi.rrements of A polarization may thus shed light on the role of quarks in high

energy nuclear collisions. 

The I\ yield has been measured recently with a magnetic spectrometer.CEHSJ ln 

this case, the yield is extremely low, since the Bevalac maximum energy is 2.1 GeV per 

nucleon while the threshold energy of K-in NN collision is 2.6 GeV. Although these 

data were compared with various model calculations, meaningful physics can be 

extracted only when more data become available. 

.. '· 
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3. 7. Coulomb Jlnal State Interactions 

Because the nucleus carries a positive charge, Coulomb interactions may distort 

fragment spectra. These interactions are important especially in the kiri.ematic · 

regions in which nuclear charges are highly clustered, namely for velocities close to 

those of projectile and target fragments . 

. The importance of Coulomb effects in high-energy nuclear collisions was first 

pointed out by Heckman and LindstromCEA•> from the studr of target-mass dependence 

of the cross section for projectile fragments. As shown in Fig. 37, the target-mass (AT) 

dependence of o~e-nucleon removal reactions, such as 1110 ... l::iN or 12C ... 11C, is much 

stronger than that observed for ordinary projectile fragments. Such an yield increase 

was interpreted as due to the Coulomb excitation of a giant E1 resonance .of a 

projectile nucleus(EA•).(EAs) followed by its dissociation into a nucleus of mass number 

(Ap-1) plus a nucleon. 

·In th~ fragmentation of 160 at 90-120 A- MeV beam energies, VanBibber et al. (EAlO) 

found that the transverse momentum distribution of the projectile fragment is much 

wider than the longitudinal momentum distribution. They interpreted that this as due 

mainly to the orbital deflection of a projectile via Coulomb interactions. 

Recently an obvious effect of Coulomb interactions was seen in the data of rr- to rr+ 

ratio. (EB3),(EB5) In these experiments both rr- and rr+ have been measured at oo in Ne + 

NaF collisions. To a first order approximation, we expect that the yield of rr- is the 

same as that of rr+, since both Ne and NaF contain almost equal numbers of protons 

and neutrons. However, as seen from Fig. 38, the 11'- yield is much higher than that of 

rr+. In addition, the spectrum of rr- has a sharp peak at a certain momentum, whereas 

that of rr+ has a valley there. The pion velocity at this peak (or valley) is very close to 

the beam velocity which is indicated by arrows in Fig. 38. There the .71'- torr+ ratio 

reaches about 20-30. These results immediately suggest the importance of Coulomb 

interactions, since rr- will be attracted by the projectile fragment whereas rr+ will be 
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repelled by it. In fact, theoretical calculations of Coulomb interactions(EB3).('I'Rl).('I'R2) 

have explaint:!d reasonably well these observations. 

Detailed study of Coulomb effects may tell us about the charge distribution and its 

evolution in time. If the nucleus is completely transparent, then both projectile and 

target pass through each other, and consequently, most of the nuclear charge will be 

clustered at (y .pT) = (yp,O) and (yT.O). On the other hand, if the nucleus is completely 

black. then the projectile and target will stop each other completely in the c.m. frame. 

For Ar + KCl c'ollisions (at around 1 A·GeV) a theoretical value of the,.- torr+ ratio atpT 

= 0 at c.m. 90° is 2.6 for the complete black case and 1.6 for the complete transparent 

case. ('I'R2) From large angle data of the ,.- to rr+ ratio(EC?),(EGB) we obtain the ratio to be 

about 2 which is just in between these two extreme values. 

If ,.- to rr+ ratios show Coulomb effects, we expect also that neutron-to-proton 

(nl p) as well as triton-to-sHe ratios might be affected by Coulomb interactions. In 

300-400 A- MeV Ne + (Pb.U) collisions it has been reported(EDl).(ED2) that th.e observed 

· n/p ratio is larger than the neutron-to-proton (N I Z) ratio of the system especially · 

for.srhaU fragment energies. A similar tendency is observed for the t /sHe ratios in BOO 

A MeV Ar + KCl arid Pb collisions. (EC?) 

With regard to the n/p and t /sHe ratios, however, a ditierent mechanism might 

be involved other than the Coulomb effect. We consider the case of N I Z > 1. Naively 

one would expect that the n/p ratio for the initial system is almost equal to theN I Z 

ratio of the whole system. However. some of these nucleons are combined together to 

form composite fragments due to final state interactions. Among these fragments the 

formation of dueterons would be the largest. Since deuterons carry equal numbers of 

protons and neutrons. the final system after the formation of deuterons contains much 

more neutrons than protons than expected from the n/p ratio of the initial system. 

Such an etiect is especially important in the small momentum region. because 

deuterons are more easily created there. Therefore. we might expect an I p or t ! 3He 
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-~- --ratio-targerthan- N-1--:-Z~in-t-he-:smaH- momentum-reg-ion~-~ Theoret-ically,this-mechanism.~~-
• '· • • ' •• ' J ' 

. has been formulated by Randrup andKoonin(TPl) and also byStevenson.CTP2) Especially, 

Stevenson showed that this isospin equilibration explains v:ery well the observed n/ p 
. . . ~ ' . . . " 

ratio reported in Ref. (EDl). 

3.8. Forward 'and Backwar~ Spectra 

In nuclear collisions the phase space accessible to any single particle is much 

greater than that in free NN collisions. The maximum momentum in the c~m. frame, 

p~·. allowed by the kinematics is given, for'exampl~. by Eq. (A.B). In Fig. 39 values of 

p~· for the production of pions ani nucleons are pl~tted for c + c andp + p 

collisions. The value of p~· is much larger for ·c +.C than for p + p at the sarrie beam 

energy' per nucleon. Thus far, the particle eniission near the. absolute. kinematicallimlt 

has been measured extensively at forward(EBl),(EBz).(EB4).(EBe) and backward(EMl)-(EMG) 

angles. In this·sectioh we review' these data. 

Schr:i:J.idt arid Blankenb~ClerCTFZ) estimated single-particle inclusive cross sections 

at·oa and lBO" .using a structure fUnction of the nucleus. By using the Feynman scaling 

variable, X deflned by Eq. (A.7), the cro~s section is approximately expressed as 

(3.33) 

where 

g = 2T·(A ·..:. 1) +H. (3.34) 

In the case of forward pion spectra: A is the projectile mass, H is an adjustable 

parameter which is normally 3 except for the hydrogen target for which H = 1. The 

parameter T describes the type of NN interactions.' If •NN interactions are due to 

vector meson exchange plus monopole form factors, then T = 3. Fig: 40 shows the rr

spectra measured at 2.5° from p, d., and ex beams at several bombarding energies. (EB2) 

Observed cross sections fall almost precisely on the curves predicted by Eq. (3.33) with 



T ::: 3. Rec.ently it was pointed outCEBa) that this scaling law holds also for the rr-

spectra at 0° fromC + C collisions at 1-2 AGeVbeam energies. A noticeable exception 

to the T = 3 power law occurs in the case of 2.1 A·GeV ex+ hydrogen collisions.CEB6> 

There the data show a less steeper fall-off as a function of x than predicted by Eq. 

(3.33). If Ap > AT, the target nucleus interaGts with a part of projectile nucleus, and 

consequently, the forward pion production may not retlect the structure function of 

the entire projectile. 

A similar deviation from Eq. (3.33) is observed for the backward pion production in 

the case of Ap < AT· (EM4 ) Again, the projectile nucleus will interact with a part of the 

target nucleus, and the data will not retlect the structure function of the entire target. 

Landau and Gyulassy(TF5) therefore applied Eq. (3.33) to cluster-cluster collisions and 

found that the apparent non-scaling could be accounted for if only small clusters are 

involved. 

Aslanides et al.. {EB4) have measured pion spectra at oa·in 303 A·MeV 3He + 6Li 

collisions over a wide kinematic region of pions up to almost the absolute kinematical 

limit. The data are shown in Fig. 41. It is claimed in this papertha~ the prediction by 

Eq. (3.33) deviates largely from the data especially in the region of 0. 9 < .x < 1.0. Also! 
. ,r. . 

it is stated that a small bump is observed at x !:>! 1, which may show an evidence of a 

coherent enhancement of pion production. The data are certainly interesting, but the 

statistical significance of the bump is not great. It is important to test lor this bump in 

higher statistics measurements. Also, it is not so surprising that the data deviate from 

Eq. (3.33), since the theory of Schmidt and Blankenbecler has been formulated for the 

limit of high beam energies. 

High-energy proton spectra have _also been measured at forwardCEA3).(EA:i).{EAl4) and 

backward{ELl)-(ELt2) angles. Compared to the pion spectra, the proton spectra cover 

smaller region in x. In addition, the spectra contain both fragmentation and hard-: 

collision effects, which makes the comparison between the data and theories not so 

,, 



65 
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emission. has been performed during the .last few years, (TSl)~(TS?) especially·.for proton + 

nucleus collisions. These theoretical models are classified into two typ.es; one ?ased on 

the. single NN collisions with a.large nucleon F!O!rmi momentum inside the target, and 

the other based on the projectile proton scattered by a cluster of nucleons inside the 

target nucleus. These two types of mechanisms might be strongly related, because the 

cluster formation requires short-range correlations between nucleons, and these 

correlations may introduce high-momentum tails for nucleons in the momentum 

space. (TT2) In addition, multiple collisions can lead to high.,-energy tails in the 

spectra.C'l'G4)-(TG6) Thus far, it has not beenpossible to disentangle the different 

reaction mechanism responsible for the high energy tails. Very recently experimental 

efforts to separate these mechanisms have just begun from measurements of. 

backward-forward two-proton correlations. (ELB).(ELl3) 

3. 9: Spectator Physics 

~> • • ' 

From the viewpoint of collision mechanism the spectator region seems less 

interesting, because it is the region where no strong nucleon-nucleon collisions take 

place. However, several interesting phenomena can be found in this region that need 

further investigation. Since much of the basic data of projectile fragments has been 

reviewed already in Ref. (RA7), we concentr~te here on two current topics. 

'3.9.1. Nucleon mome~tum distribution tnstde the nucleus 

In the study of 160 and 12C fragmentations(EAl) it was found that the distribution of 

parallel momenta (p.11) of projectile fragments in the pr~jectile rest frame is expressed, 

to a first order approximation, by a Gaussian form; 

(3.35) 
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The width u is the .largest for a fragment whose mass number is nearly equal to half the 

projectile mass, as shown in Fig. 42. Goldhaber('IV2>.proposed a simple explanation of 

this observedsystematics. Since the projectile fragment is formed mainly from the 

spectator region which has not experienced any strong interaction. it tends to keep 

various static properties that the .projectile nucleus had before the collision.:.· He· 

assumed that the above distribution, Eq. (3.35), reflects the momentum distribution of 

the equivalent cluster inside the static nucleus. In the rest frame of the projectile 

(with mass number A) the sum of individual nucleon momenta, Pi· must be zero: 

Therefore, the squared average oflhe above quantity is expre'ssed as 

t <Pi2> + t' <PiP;> 
i= 1 ,,.j 

:(3.36) 

:(3.37) 

Here the value of <PtP; > is a.Ssumed to be independent of i and j. Now, if we pick up a 

subset of F nucleons from the projectile nucleus. then the squared average of the 

momentum of this subset is given by 

<(f A)2> :::::~ F·<pl> + F(F--l)·<p;,p;>. :(3.38) 
'i.=l 

Using the relation of ~q. (3.37) we have 

<CE p.J2>1/2 R: ....JF(A-F)I (A-l)v<pT>. '(3.39) 
i=l 

According to the Fermi gas model <pl> = (3/5)·pr. where PF is the Fermi momentum. 

Therefore, the relation between a in Eq. (3.35) and PF is given by 

u ~ v'3/5 ....JF(A-F)/ (A-1) · PF: (3.40) 

If one usespF =: 221 MeV/c, then the gross str'!cture of experimental values of u is well 

explained by Eq. (3.40), as s~en in Fig. 43.This analysis further suggests that the 
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cluster inside the static nucleus. 

· Even in a gentle collision, the projectile spectator will feel a certain force F(t) 

from the target. In the projectile rest frame the direction of the time-integrated force, 

J l'(t )ctt, will be perpendicular to the beam 'direction.· Since this integral. called the 

impulse, is equal to the momentum change If, the projectile spectator receives a 

momentum cba.nge into the transverse direction of the beam. Roughly speaking, IFl ::::: 

50 MeV /fm and the interaction time 6t ~(a few fm)/c .. Thus, 1111 !:l!:! a few 100 MeV /c. 

This magnitude of 111 I was confirmed in the elastic and inelastic proton-nucleus 

collisionscMB4> as well as from the Doppler broadening of nuclear 1 rays from excited 

nuclei. (EF9) Therefore, we expect that the experimental momentum spread of a 

projectile fragment, (6P)es:p• is related to the intrinsic momentum spread of the 

corresponding cluster inside the nucleus, (6.P)mtr• by the following relations: 

(6pu)up ~ (6pu)mtr 

(6p,Uexp ~ Y(6p.J)~tr + q2 . (3.41) 

In other .words, the transverse momentum distril;>utic;m of a fragment reflect both 

nuclear reaction and internal motion et"fe.cts, whereas the longitudinal momentum 
'.. . ,· .. 

_ ctistribut~on refiects only the internal motion efiect. 

Noticing the above feature, Fujita, Hiifner, and Nemes('ITl).('IT3) pointed out that the 

parallel momentum distribution in. the fragmentation process of one-nucleon removal 

reaction, such as a ... 3 He or 180 ... 150, will directly reflect the internal momentum 

ctistrib.ution of a nucleon inside the nucleus. In this reaction the longitudinal 

momentum distribution o, the obse~ed {A-1) cluster in the projectile rest frame must 

be equal to the moJ;IIentum distribution of a single nucleon (which was scraped out by 

the targeq if:lside the projectile, because of the momentum conservation. Fig. 43 

shows the analysis for 160 ... 15o,rrrs> A simple Gaussian momentum distribution does 

not explain the data and an appropriate modification to nuclear wavefunction is 
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required in the high momentum region In this analysis multi-step processes which 

might be involved in the creation of 1~0 are neglected, and perhaps a more· careful 

consideration is needed. Nevertheless. it is very interesting to extend such 

measurements and analyses into the region of much higher momenta. In the region 

above 0.3 GeV /c it is not feasible to extract the nucleon momentum distribution by 

(e,e') or (e,e'p) reactions with electron accelerat~rs. Thus, high-energy nuclear beams 

might offer a unique opportunity for the study of internal structure .of the nucleus.· 

3.9.2. Production of neutron-rich isotopes 

The second area under intense study is the production of neutron-richisotopes. 

Qualitatively, the neutron-to-proton ratio of the projectile spectator is nearly equal to 

the neutron-to-proton (N I Z) ratio of the projectile nucleus,_ since the former is a part 

of the latter. For example, if we use 238U as a projectile, then N 1 Z!:!:! 1.6. It is well 

known, on the other hand, that the stability line of nuclei extends along N ·::::~ Z for light 

nuclei. Thus projectile spectators from 236U beams tend to till the unstable neutron

rich-isotope region. 

Symons et a.l. CEA 12) and Westfall et a.l. CEA13) have ac'celerated 40Ar (N I Z ~ 1.2) 

and 48Ca (N I Z ~ 1.4) beams and discovered 16 new isotopes in projectile fragments 

especially from the latter, as shown in Fig. 44. It is almost certain that many more new 

isotopes will be created with 236U beams. The lifetimes and even the spectroscopy of 

isotopes far from the line of stability could be studied with these fragments. These new 

isotopes can eventually provide stringent tests for theories of nuclear structure. 

Another application of neutron-rich isotopes is their use as secondary beams. 

Because projectile fragments generally emerge with a velocity close to the projectile 
. 

velocity, we may obtain' high-quality secondary beams. So far, only stable nuclei have 

been used as projectiles. If these new isotopes were used, we would have unstable 

nuclei as projectiles. For example, when 236U beams become available, it mar be 

possible to use 52Ca.as projectiles. 
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The production mechanism of isotopes consists of the fast process (abrasion) in 
. . .. •.· ' . . .: 

. ' 

which the projectile nucleus is scraped by the target nucleus, followed by the slow 

process (ablation) in which particles are evaporated f~om the projectile 

spectatorJ'IV3)-(TVs)_Jn fact, the observed isotope distribution is substantially different 

from what is exp~cted fr.om the abrasion process alone. If one uses an evaporation 

model for the ablation process with T ~ 8 MeV, and in addition, if one further takes into 
.· ' ,,. ' t. 

account the isospin equilibration mechanism, then the experimental isotope 

distribution can be reproduced reasonably well by this abrasion-ablation model. (TV4) 

Currently the dynamics for both abrasion and ablation processes is widely studied. 

In the abrasion process a frictional force may be involved which could heat the 
. ' 

spectator matter. Thus, the temperature may be increased higher than 8 MeV. An 

~xample of such studies is found in Ref. (TV7). Whether one can theoretically justify a 

ciea; s~p~ration between these abrasion' and ablation processes is an open question . 

.. :_..,, 



4. TOWARD THE PHYSICS OF DENSE NUCLEAR MA'ITER 

Thus far, we have concentrated on data which can be explained in terms of a 

combination of conventional reaction mechanisms. However, there are some data that 

have not as yet been explained in terms of such mechariisms. Perhaps, it is these data 

that contain clues on the .physics of dense nuclear matter. We revliew these data in this 

section. 

4.1. Do Nuclei now? 

4.1.1. Hints of collective ftow from existing data 

Comparing Fig. 12 and 16 w~ could not decide whether nuclei behave as a fluid or 

as a dilute gas at high energies. tl~ this section we address a more general question of 

whether there is any evidence for collective matter tlow in nuclear collisions. 

Collective flow would occur if hydrodynamics were valid for such reactions. However, 

as described in Sec. 3.2., the necessary condition ().. « R) is not well satisfied, 

especially for light {A < 40) nuclei. In addition, impact parameter averaged data 

include peripheral reactions where that condition is obviously violated. Therefore, to 

have any hope of seeing nuclear ftow we should not only look at reaction involving heavy 

nuclei (Pb or U) but also select small impact parameter collisions. The later can be 

achieved by selecting :high associated multiplicity events. 
'i 

So far, two methods have been used to select high-multiplicity events. The most 
I 

straightforward one is the detection of as many particles as possible using a large 
• 

number of counter arrays which surrounded the target. (EJ?).(EJB) ·The other'.method, 

which is suitable for low-intensity beams of~ 10<5-s) projectiles Is, is the selection of 

events with no high-Z fragments near oa.(EGs).(EJID) where Z isthe charge of the 

fragment. This second method is equivalent to the first because high-multiplicity 

events tend to spray nuclear charge over a wide range of angles leaving only a small 

o·· 
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fraction of charge at oa. 

The first data on high-multiplicity reactions were taken with nuclear emulsions. 

Baumgardt et al. (ENl) found that the angular distribution. da/ d'l), of a particles showed 

a sidewards peak, suggesting the ~existence of nuclear shockwaves. (TAB) A similar 

experiment was repeated later:by Heckman et al; CEJ2) who found, however, less 

evidence for this peak. 

The first high statistics counter experiment on high-multiplicity events was 

reported in Ret (EJ7). Stock et al. measured the proton spectra for 393 A· MeV Ne + U 

collisions in coincidence with a multiplicity counter system. The associated 

multiplicity distribution for a 90° proton was first measured. High-multiplicity events 

were defined such that the associated multiplicity was in the highest 15 % of that 

distributions. Theoretical estimates{TLl).('ru!) for the range of impact parameters 

probed by this trigger indicate that b < 2 fm. Low-multiplicity events were defined as 

those events belonging to the lowest 15% of that associated multiplicity distribution. 

As Fig. 45 shows, the measured spectra differ considerably between the low 

(peripheral) and high (central) multiplicity events. For low multiplicities the angular 

distribution is peaked at '!)Lab = 0° for all energies. However. for high multiplicities the 

forward yield is reduced significantly. A similar tendency toward forward suppre'ssion 

in high:.multiplicity events was reported in Ref. (EJB) for BOO A· MeV Ar + Pb. 

Qualitatively this forward suppression can be attributed to the non':'transparency of. 

heavy nuclei to small projectiles (forward shadowing). 

In Fig. 45 there is also a hint that the low-energy fragments tend to emerge at 

finite angles (for Ep ~ 12 MeV, '!)Lab~ 80°). This suggests that some collective flow away 

from the beam direction may be occurring. In terms of hydrodynamics, a sidewards 

splash(TK15> of the nuclear fluid is expected in central collisions as illustrated in Fig; 46 

(a). To test quantitatively whether the observed forward suppression can be attributed 

to hydrodynamics, Fig. 47 shows a comparison of several model calculations(TKlS) with 



the data. Both cascade models('I'B4).(TB6) predict only a ~b,_= 0° peak and thus cannot 

ac~ount for the d~ta. Sim~larly firestreak{TJ5) and transport('I1..l),('It2) models lead to only 

a forw~d peak . .In contrast the hydrodynamical model('I'Kl?) with no thermal breakups 

(F1uid 1) leads to very pronounced sidewards peaking, much narrower than th.e data. 

In a modified hydrodynamical model (F1uid 2) including an evaporation model of the 

fluid to simulate composite formation (see Sec. 2.4.), the qualitative trend ofthe data 

is· reproduced .. 

Fig. 47 (a) emphasizes the difference between hydrodynamic and cascade model 

predictions. The former always lead to conspicuous sidewards collective flow, while the 

latter do not. (TBQ),(TBIO) Unfortunately, the proton dataCEJ?) are not sufficient to let us 

draw the conclusion that nuclei flow. First, the statistical uncertainties in the data are 

rather large (:::::l 30 %) and systematic errors at forward angles are not well understood. 

This problem can be overcome only in the next generation of experiments with the 

plastic.-ball~wall system. (EPl) Second, the cascade models used thus far do not yield the 

proton spectrum but the charged inClusive spectrum given by Eq; (2.33). As seen 

comparing F1uid 1 and Fluid 2 calculations, when composite formation is included, the 

proton spectrum can differ markedly from the charged inclusive spectrum. Indeed it 

was emphasized in Ref. (TM9) that the high phase space density in the forward 

direction implies that most protons emerge in composite nuclear fragments rather ·. 

than as free protons. Thus the free proton spectrum can be depleted in the forward 

direction due to composite formation. It is thus crucial to measure the d, t, a, · · · 

angular distributions at high multiplicities . .If these also show a sidewards peak as in 

Ref. (TAB), then a cascade picture can be ruled out. Preliminary data [Fig. 24 on page 

127 in Ref. (RA4)] on d and t spectra seem to support a sidewards emission of at least 

light fragments. The spectrum of heavier mass fragments, especially a, has yet to be 

measured. 

Fig. 4 7 (b) shows-~ detailed comparison of one-fluid, ('I'Kl?) two fluid, (TI<?) and a 

cascade ('!'Be) calculations with the same charge inclusive spectra (including p, d, t only) 



--~selecte,d ~n_high multipli~ity. Quantitatively_noneof these_models reproduce the_data;---

(note the compressed log scale). However, the numerical uncertainties are also great. 

At low energies, E :S 50 MeV per nucleon, the discrepancy with data is particularly 

severe. It is in this region ~here binding, composite formation, and Coulomb 

distortions are most important. Furthermore, the precise relationship between the 

range of impact parameters selected by this particular' high multiplicity t~igger is not 

clear. The calculated spectra are sensitive to variations in the assunied impact 

parameter cutoff. In Fig. 47 {c), thi~'same ~eaction is compared to ~alculations,C'lll9) 
' . 

based on Cugnon~s cascade model('J'BQ) with an impact parameter cutoff, bll\B][ = 2.1 fm. 

adjusted to obtain the best fit. Both the high energy .sum charge and the primordial 
. . .. ',· .. 

deuteron specta are well reproduced. However, the spectra below 25 MeV per nucleon 

are overestirri.ated and do not sho~ forward suppression, in agreement with Cascade 1 

and 2 results i~ Fig. 47 (a). Compa~ing Figs. 47 (a)- (c). we see that the high energy 

spectra ar'e cbhsistent with cascade but not with hydrodynamics, whereas the low 

en~rgy'spectra are ihconsistetl.bvith cascade models ah.d can be reproduced with a 

modified hydr6dynamic model. ('I'K24) From this· comparison it appeas tha.t at most ·only 

a fraction of the nucleons involved iziNe + U c6llisions exhibit collective tlowand there 

is probably a substantial mixture of both cascade and hydrodynarilical behabior for 

this' reaction. 

Ftirther circumstanti~l evidence for collective tlow can be seen in the two-proton 

correlation function in BOO A· MeV c + Pb and Ar + Pb collisions. (EC4),(EJQ),(EJll) The 
,. ·' . . . . . 

' . ' 

experimental layout is illustrated in Fig. 48. The ratio C defined as 
··< 

= . 2 x S('I),E)- R 
C- S('I),E)· U + S('I),E)·D ' (4.1) 

was me~sured, where S(-,,E):R indicate~ the coincidence courits between sand R, 
. .· . 

sirrtilar to Ecf (3.8). As seen in Fig. 48, U, D, and~ R refer to plastic..Scintillator 

telescopes and S.tc;> a magneti~ spectrometer. These three telescopes, whichwere. 

placed ·at '!)Lab ;; 40o.'~el~-6ted relatively htgh-energy protons with Ep ~ 200 MeV 
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{namely,Jast particles). The spectrometer. on the other hand, was rotated at a~les 

from 15° to 110° and detected both low- and high-energy protons above 50 MeV. If C > 

1, then two protons tend to b~ emitted on the opposite sides in azimuth, while if C < 1, 

then they tend to be emitted oli the same side. 

Contour lines of the observed ·care plotted in Fig. 49. At(,, E)~ (40°, 1 GeV) we 

see C < 1. This implies that, once the first fast proton was detected by one of the 

telescopes at 40°, then the second fast proton tends to be emitted on the same side at 

, ~ 40°, as illustrated in Fig. 48 (lower-left). On the other hand, at(,, E)~ (90°, 30 

MeV) we observe C > l. In this case, if the first fast proton was detected at 40°, the 

second slow proton is emitt~d on the opposite side at 90°, as shown in Fig. 46 (lower

right). These features are exactly what we expec;:t from the bounce-ofi efiect of the 

hydrodynamical ftow,(TKl:)).('IKlS).(TK20) as schematically illustrated in Fig. 46 (b). 

A third indication of possible collective ftow is seem in the energy spectra of_ 

protons and pions for high-multiplicity events reported in Ref. (EJ6). Data are shown in 
. . ·. . . 

Fig. 50. The energy spectra at 90° in the c.m. frame are plotted for 600 AMeVAr + KCl 

collisions. Typical features are (1) the n:on~exponential shape for protons, (2) the 

exponential shape for pions. and (3) the.steeper slope for pions than for protons. 

Although the "shoulder-arm" type energy distribution for protons is already observed 

in the inclusive spectra, as shown in Fig. 19, the ftattening of the shape in the low-

energy region as well as the difference in exponential slopes between protons and pions 

are more pronounced in high-multiplicity events. In the phase-space model the 

· "shoulder-arm" feature has been thought of as due to the existence of NN quasi-elastic 

scatterings, since these scatterings increase the proton yield at E;·m.. ·!:!:! E~~ I A (= 

162 MeV in this case). However, in high-multiplicity events these NN quasi-elastic 

components are expected to be suppressed. Still, the "shoulder-arm" shape is. 

pronounced there. In order to solve this puzzle, Siemens and Rasmussen('IK12> 

interpreted these data as evidence for a radially exploding nuclear ftow. At a fixed 

kinetic energy the velocity of a proton is much smaller than that of a pion. Therefore, 



if there is an explosive now, then the addition of that flow velocity wil,l tend to br()adell 

the proton distribution more than the pion distribution The best fit to the data py this 

model is shown in Fig. 50. The observed shapes for both protons and pions are. : 

reasonably well reproduced by this model. There are, however, two shortcomings of 

this mode~. First, t_he absolute yields of pions are underestimated by more than a 

factor cof two in. this model. t'I'N4) Second, this model assumes that all particles are 

emitted from a thermal bath on which a explosive flow is superposed. Therefore, the 

mass difference between the·proton and pion solely determines the difference in the 

slope. However, the largest value of Eo among p.,~. and 11', is observed for J<+, as 

described in Sec. 3.6. This fact cannot be explained by this model without further 
' '· 

dynamical assumptions. 

4.1.2. Global analysis 

The data above provide some hints that collective tlow may occur in nuclear 
... • •• ; • • ' • • ' - '. • • ' ' • > ~ • 

collisions. However, it is clear that the evidence is weak and ambiguous. In order to 
' . . :· ' . . : ,. ·, . . 

test for hydrodynamic flow more directly in the future, several proposals have been 
' ~- • • ~ • j, 

ma,de t.c:> study glob~ variables. . '. .:·:· . ...- . 

The simplest ElXample of global variable is the longitudinal energy fraction(TKB) 

II II 
(4.2) 

where jJ(v) andm 11 are the momentllffi. and mass, respectively, of fragment v. A 
. . .; . - . ~ ' : . . ' 

thermal equilibr~teq system yield.s /z = 1/3, while in central collisigns (Fluid 1) 

hydrodynamics('I'I<B> yields f z ~ 1/6. More comp.lete global variables are thrust(TXS) and 

sphericity{TX4).('l'X'1).('I'XB) given by 

.. T(ir} = ~ IAt.t(v)l I ( ~- ~(v)l) , 
II II 

(4.3) 

Si; = L Pt (v) P; (v) . 
· . .., .(4.4) . 



Maximizing T_(if) with respect to Agives the direction, A of maximum momentum ftow. 

Thrust does not provide, however, three dimensional event shape analysis. For that 

purpose the sphericity tensor can be used to extract the three principal axes 

specifying the "shape" of the event. ('I'X'7) However, usual sphe~icity is not suitable for 

nuclear collisions, because many fragments,are produced.('rxs) Thus, ex particles· are 

weighed more than four nucleons at the same energy per nucleon. Note ·that using the 

momentum per nucleon of fragment 11 underestimates the contribution of composites 

to the matter ftow. Correct weighting of composites can be. achieved by dividing FiFi 

by the fragment mass m.,. This leads to the kinetic ftow tensor. ('I'Xa) · 

Fii = ~ Pi(v) P;(v) I 2m.,. 

" 
(4.5) 

In terms of Fii, f z = Fzz !Tr(F) in Eq. (4.2). Note that F and S are equivalent if only 

free nucleons were present. The eigenvalues of F specify the kineti~ energy ftowing 

along three principal axes. Sunple arialyticformulas exist for the three eigenvalues~· 

and principal axes, ~. The sphericity or ftow tensors characterize an ~vent as a three 

dimensional ellipsoid in momentum space with principal axes oriented along ~ and 

radii oc: ...J>4. Of course, all global variables must' be evaluated in the nucleus-nucleus 

center-of-mass system. In Fig. 51 a typical charge exclusive event for 400 A· MeV Ca + 

Ca is shown as measured by the plastic ball-wall system. (EPl) The momenta of all 
A 

particles are projected on the plane spanned by the beam axis (F.,) and the principal 

axis ~1 corresponding to ·maximum kinetic ftow. The oriented ellipse that is determined 

by the ftow analysis is also shown. This event shows a finite deflection angle ~Flow R:l 19° 

and corresponds to an ellipse with aspect ratio a/ b · = 3. 

Global analysis is done on an event by event basis. Sphericity or flow analysis 

produces six independentnumbers per event (A1, ~. Xs. ~Flow• 9'Flow• 192). It is important 

to plot these quantities in pairs to display the correlations. For example, A1/ As » 1 is 

expected to be correlated with '19Flow ~ 0° corresponding to peripheral collision. A flow 

diagramCTXB), where '19Flow is plotted vs. A11 Xs. is shown in Fig. 5 i. The flow 
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characteristics arising from hydrodynamicscm> are compared to those calculatedC'IXe). 

using Cugnon's cascade code(TB9)_ The reaction ·considered is 23SU + 298U at 40d A.· MeV. 

Fo~ such heavy system the flu9tuations (shaded area) are small. Fig. 51 shows the 

dramatic difference between a fluid and cascade behavior. There is some flow with 

cascade, but far less than predicted by non-viscous fluid calculations. It s,hould be 

noted that the triple differential inclusive yield, tTKtB).(TI<24) ~a/ d.Ed~d~. where rp is 

measured with respect to the reaction plane, rp •, would provide even more detailed 

information on central collisions. Of course, a measurement of rp • = ffJFJow requires first 

a global analysis to determine the reaction plane. 

.. What are the main features we can expect trow suc}l global ~alysis? Fo~ "light" 

nuclei, A < 100, it was shown in Ref. (TX6) thatthe finite number fluctuations lead to 

large fluctuations of '!)Flow and 'A1/ 'As. Second, for energies ELab > 400 A- MeV the flow 

angles become more and more confined to small angles .. The optimal beam energy for 
' ' ... ' . 

collec~ive flow analysis is therefore ELab ~:::~ 100- 400 A- MeV, where as noted in Sec. 2.4. 

the internal .pr~ssures are also most sensitive to dynamical assumptions. In the 

. ·coming year, truely heavy nuclear beams, Pb and U, will become available at tpe 
. ' . ,. ' 

Bevalac. The streamer chamber and the plastic ball-wall system are in operation and 
,:, • • ' ' ' ' ~ r ' ' ' 

have the capability of measuring all charged fragments necessary for global analysis. . . . . ,· . . ~ . . . 

Only after that analysis will we be able to conclude if nuclei flow at high energies. 

4.2. Entropy Puzzle 

Siemens and KapustaCTWt) pointed out that the yield ratios of composite

fragments-to-protons may provide information on "entropy" created in nuclear 

collisions. Assuming chemical and thermal equilibrium and isentropic expansion, the 

entropy per· nucleon in the compressed stage is approximately given by(TW1).(RAI 4) 

(4.6) 

where ad and ap are, respectively. the deuteron and proton production cross sections. 
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Furthermore, they pointed.out that the value of S obtained using Eq. (4.6) is larger, 

Sap r::l 5.5 ± 0.5, than expected in a thermal modei (Sth r::l 4) for EBeam = BOO A· MeV. 

Therefore, they suggested that a new degr~e of freedom may be involved in high-energy 

nuclE:lar collisions. 

If entropy, S, is constant throughout: the disassembly stage of the system, then 

the study of S may proVide us with a tool to probe highly compressed matter. In a . 

. recent cascade calculation by Bertsch and Cugnon, ('I'N5l it was shown that after most 

particles have collided, the value of S stays almost constant, as shown in Fig. 52. The 

same conclusion is obtained in macroscopic theories, ('I'N<l),('INS).('l'KIB) although the 

frictional force in the viscous ftuid introduces a slight increase in the value of S by up 

to 0.6 in units of S. These calculations suggest that the "f:mtropy" may indeed be a 

useful concept for the study of highly-compressed phase. 

'In thermal models('I'Jl3);('I'Nl) and in the intranuclear cascade. studyCTN5> the ratio of 

the integrated yield of deuterons ~d protons (dip) exceed the data by as much as a 

factor of 2 - 3, as shown in Fig. 53, leading via Eq. ( 4.6) to a prediction of S that is 

smaller than Serp. By invoking new degrees of freedom such as pi~n condensation, 

models have been constructed that cim account in part for this ~is sing entropy. (TN2) 

However, before any conclusion on the. existence of such novel degree of freedom can 

be accepted, several points must be clarified. 

First, Stocker et al. ('I'Kte} pointed out that the dip ratio could be significantly 

smaller than the equilibrium value if excited nuclear states also come into chemical 

equilibrium. In that case, after the freeze-out point of the fireball, excited nuclear 

fragments (d •. ex •, : · ·) could decay into p + X much easier than into d + X. 

Consequently, the observed proton concentration after the decay of those fragments 

could be larger than the equilibrium proton concentration. Thus, the. observed dl p 

ratio does not necessarily reftect on. the equilibrium concentration. 

,. 
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Concerning cascade estimates('IN:i).(TII9) fordlp ratio it should be kept in mind 

that the spectra of nucleons with momenta close (within one Fermi momenta, &p .:=:~ PF) 

to the target or projectile momenta per nucleon are strongly affected by the model 

used to treat binding. As noted in Sec. 2.5., the large momentum transfer nucleons are 

insensitive to binding prescriptions, but the low energy nucleons are very sensitive to 

those prescriptions. Therefore, the integrated deuteron and proton yields are 

intrinsically less accurate than the high momentum differential yields. In Fig. 16 that 

differential yields of hlgh momentum fragments ~ould be reproduced well, (TIIg) although 

the integrated dip ratio was found to be too brrge as in Ref. '(TN5). 

Thirdly, it should be not~d that· the integrated ratios in Fig. 53 exclude fragments 

near the beam and target velocities. Those fragments are mostly composites. The 

high, momentum spectra were extrapolated to low momenta in order to obtain the 

experimental integrated yields. Therefore. deuterons in the projectile and target 
' . 

fragmentation regions ~re. not included in the extraporated yields., Theoretical 

estimates, (TN:i),(TM9) on the ~ther hand, include some deuterons in the fragmentation 

region. 

Finally, we should note the observed mass dependence. As pointed out in Ref. 

(EC7), the projectile and target mass dependence of the dip ratio for BOO A MeV 

beams is empiri~ally expressed as (Ap + Ar)0·36, This tendency can be expected because 

as th~ mass of the system increases, the event multipli~ity increases so that it 

becomes easier for one nucleon to pick up another nucleon to form a deuteron. The· 

thermai ~odel, (TM3).('I'Nl) however, does not predict this mass dependence (it predicts no 

projectile and target mass dependences at least for equal-mass nuclear collisions with 

N = Z), as seen in Refs. (TM3) and (RA14). Furthermore, it is difficult to reconcile 

thermal models with observationS in Fig. 22. Obviously, some important mechanisms, 

such as the effect of finite nucleon number, are missing in the current thermal model. 
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These issues must be resolved before quantitative information on the nuclear 

entropy function can be extracted from d/ p, a/ p, etc. ratios.· This remains an 

important topic for research in the near future. 

'-
4~3. Novel States of Nuclei 

4.3.1. ~onmaiCHl 

Since early cosmic ray studies, the~e have been recurring. observationsCEN4 ) in 

emulsions on anomalous projectile fragments with cross sections much larger than 

expected from conventional nuclear collision geometry. With regard to the reaction 

mean free paths of nuclei with charge 2 ~ Z ~ 26 and energy·between 0.2 and 2 A·GeV, 
i. . ; . 

the mean free paths for primary beams are consistent with simple geometrical cros·s 

sections given by Eq. (A.14). However, the secondary fragments produced in a nuclear 

collision seem to have a componen~ with a much smaller mean free path. 

In a recent experiment by Friedlander et al. (EN:5) the subsequent interactions of 

secondaries and even tertiaries in sequential interactions have been studied in nuclear 

emulsions. Fig. 54 shows a "typical" (interesting) event-chain in this study.(ENS) An 

incident Fe beam (Z = 26) at 1.88 A-GeV interacts with an emulsion nucleus (AgBr) by . ..~ 

loosing two charges. The Cr (Z = 24) fragment continues in the emulsion until it too 

interacts, this time by loosing four charges. This tertiary Ca (Z = 20) .fragment then 

suffers yet another collision leaving a fourth generation projectile fragment with Z = 
11 to interact once more before leaving the emulsion as an a particle. Such multi-

chain events are rare, but seem to occur more frequently than we would expect from 

normal geometrical mean free paths. 

Quantitatively, the reduced mean free paths of the secondary fragments were 

measured as a function of D: 

(4.7) 
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where Dis the distance from the primary interaction-vertex point (at which the 

secondary fragment was created), Where the· mean 'free pathS were determined. The 

reduced mean free path in Eq. (4.7) is used to parameterize the meanf~ee path of 

secondary fragments of charge Z according to 

(4.8) 

Using Eq. (4.8) allows data for different Z fragments to be combined, increasing the 

statistics. 

In practice each secondary track in the emulsion within a 6° cone of the beam 

direction is followed for a length 1;.. The charge of the, fragment Zt. is recorded. The 

. number N(D) .of secondary tracks that propagate freely for a least distanceD and 

interact at a distance ~ > D from the primary vertex is recorded. With Eq, ( 4.8) [ b ·Rl 

0.44CEN4>] one obtains 

A •(D) = ~ (1;.·-D)Z/9(1;. -D)/ N(D), 
i 

(4.9) 

as an estimate for A•(D). where e(x) = 1 for X > 0 and= 0 for X < 1. 

F9r primary fragmep.tsA• = 30.4 ±1.6 em doe~ not depend on D (in this c.ase the 

distance into the emulsion). Howev¢r, Fig. 55 shows that A •(D) varies significantly as a 

function ofD for secondaries., For D > 10 em A •(D) approaches the value expected. 

from normal geometrical cross sections. However, it appears that for D < 5 em a 

component with much shorter mean free path is mixed in. Assuming that som~ 

fraction of the secondaries had an anomalously large cross section, then the data can 

be fit if 6% of the secondaries have 10 times the geometrical cross section. Acceptable 

fits could also be obtaiped as~uming 20 % of the secondaries had 4 times the 

~eometrical cross section. Such a large cross section cannot be expected within the 

framework of current knowledge of nuclear physics. This anomalous component was 

named the anomalon. Two other emulsion groups<ENs).{EN?) seem to see the same 

phenomena. 



One of the difficulties associated with the interpretation of the data on A • is that 
\ 

onlr a fraction, f = 5Q-70 %, of the total reaction ~r,oss section is measured in 

emulsions. The fraction depends on the criteria used to define interactions and on the 

efficiency E for detecti.rig such interactions. Thus, A • varies by 10% between 

experimental groups even for primaries. It is also possible that the efficiency to detect 

s~condaries, E 2 , is greater than for detecting primary interactions E 1. (ENB) Also the 

efficiency is in general Z dependent<EN6> with E(Z>20) < E(Z <20). Estimating these 

efficiencies and their effect on the analysis of such data is still in progress. 

Nevertheless, the results thus far are certainly provocative. 

If the effect is real. then it is anomalous in the extreme. While the mean free path 

for anomruons is much smaller than for nuclei, there seems to be no difference in the 

characteristics of their interactions in emulsions from those of primary nuClei. Thus, 

the distribution of "black" fragments, Nh, in an anomalon interaction cannot be 

differentiated from the distribution due to primary interactions. (ENfi).(EN?) In particular, 

no enhancement of "white star" events with Nh = 0 is seen. Adding to the mystery, no 

decays in flight have been observed either in the target or projectile fragmentation 

region. Therefore, if anomalons decay at all, they must have virtually no branching 

ratio to charged fragment channels. Even more mysterious is the great abundance of 

anorrialons produced. At least 6 % if not more of all secondaries in the forward 

direction must be anomalons. This is ho needle in a haystack - it is an everyday 

phenomena. 

The above observations rule ou~ virtually any conventional explanation (hyper

fragments, picnic atoms, isotope effects, etc.). Therefore, it is either an artifact of the 

emuls~on technique or a new state of nuclear matter. (TA~ 2> If it is the later, then it 

could revolutionize nuclear physics. If it is the former, then we must continue the hunt 

for novel states elsewhere. 
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• 
Decisive experiments on anomalons must await high statistics counter 

. (' (l 

experiments. Already experiments have been proposed to study invariant mass 

spectra of projectile fragments to look for unusual bumps. In addition, transmission 

experiments using several targets at variable distances are being proposed. The 

current data are so provocative that a major effect must be mounted to either prove or 

disprove the existence of anomalons. 
0 

4.3.2. Search for super-heavy compounds 

Since the proposal of meta-stable nuclear matter at high density (called abnormal 

nuclear matter)CTAI)-(TA3)~ several search~s have been made. CEN2).(EN3).(ENG) These 

experiments searched for primarily super-heavy compounds, since if a high-density 

matter exists, it could show up in these compounds. No evidence of the creation of 

fragments with mass nurnb~r substantially larger than the target mass has been 

discovered. 

0 
4.3.3. M:ulti-baryonic excited states 

Another area in which unusual nuclear states cout"d show up is in multi-baryonic 

excited states, No experimental data are currently available in this topic. However. we 

discuss it, because future experiments on this subject are being contemplated. 

When research on high-energy nuclear collisions was started, one goal was to see if 

new exotic phases associated·with high-density nuclear matter exist. For the creation 

of such new ·phases, however, two difficulties may exist. The first one is related to the 

time dependence. As pointed out in Sec. 1.3. (see Fig. 4) the high-density phase is 

created only for the time period of (2-3) x 10-23 sec. However, exotic phases are 

usually predicted only for static high-density nuclear matter. (TAI)-(TA?) In order· for the 

system to change into such new phases a certain relaxation time is required. The · 

minimum relaxation time is of the order of 10-23 sec which is already comparable to 
( 

the time p-eriod during which the system is at its high-density phase. Thus, the system 

v:-
'· ,· 



may not have enough time to undergo the phase transition into exotic phases. 

The second difficulty is related to the dynamical path. In order to create high-

density nuclear matter, a large fraction of available energies must be converted into 

compres~ion energy. However, iil. nuClear collisions, the energy could be used for 

exciting nucleons into baryonic excited states such as fl. N•. or A. without compressing 

nuclear matter. In this case we would create highly excited yet non compressed 

·matter. 

It may be possible that in su9h matter "multi-baryonic excited states" could be 

formed. For example, a m.ulti fl system is a particularly interesting system. At beam 

energies of around 700 A MeV where the production cross section of fl reaches its 

maximum, each NN collisi.on creates fl at a probability of about 50 %. In a nuclear .. 

collision, therefore, up to 1/2 of projectile nucleons could turn into fl's. In Xe + Xe 
(' ' 

collisions, R~ 10-50 ll's may be created. Since at this beam energy these fl-particles are 
:·I • 

almost at rest in the NN c.m. frame, and in addition, since they are created within a 

radius of a few fm, they have a greater chance to interact with each other to .form a fl

soup, Could a meta-stable 16/l exist? All16fl's could sit in the ls orbit, because S = T 

= 3/2 for fl. Of course, some mechanismmust be invoked to prevent its decay in 10-23 

s, but it .is fun to speculate. (llAlO).(MAll) 

If we use light nuclei as projectiles, the study of dibaryons may also be interesting. ·.· c 
Nucleon-nucleon interactions have been studied for long time with proton (and 

occasionally neutron) beams: However, very little is known on the interactions 

between fl and N, fl and fl, or fl and N•. With respect to ll-fl interactions, several 

calculations, from phenomenological to six-quark models, {MAl),(MA2).(MA5).(MAS) predicted 

that perhaps a fl~fl pair is deeply bound with mutual binding energy up to 100 MeV. At 

much higher beam energies a dihyperon matastable state (with lifetime longer than 

10-4 s) might be created,(MA4) Experimental searches for such dibaryons have been 

done mqstly with elementary.:.particle beams such as -y, p, K, etc.CMAe) .Nuclear beams, 
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however. may offer a unique opportunity for thiS study. 

Discussions described above are mainly related to the creation of the multi-
. . 

baryonic excited states in the participant region. In'the spectator region one can also 

expect to create two or more baryonic excited states. For example, the e~citatiori of 

the deuteron projectile into f:j,-f:j, state has been proposed. (11Al2) Also, three-neutron 

projectile spectator that absorbs 7r- to form a negatively charged nucleus (triton-like) 

has been proposed. (MAts) In addition, a possibility of creating a hypernucleus which 

contains two or more hyperons is also interesting. These unusual nuclear states could 

be looked for in future experiments. 
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.5. SUMMARY AND OUTLOOK 

Form the foregoing discussion it is clear that the field of high-en~rgy nuclear 

collisions is still in a state of rapid development and ,ftux. In the past five years a 

tremendous body of experimental and theoretical work has been completed. On the 

experimental side, single particle (p, d., t, a, 1!', K, A) and t~o-particle (pp; 1!'1!') 

inclusive distributions have been measured for a W,ide variety of projectile and target 

combinations. Systematic studies on the beam energy dependence of these yield·. 

between 200 A· MeV and 2 A GeV have been completed. Recently, central collision. 

events were studied using high multiplicity triggers~ On the theoretical side, many 

phenomenological models have been developed and applied to the above data. It is a 

major achievement to have reached the point where nine competing models could be 

compared to the new centralcollisiondata as in Figs. 47 (a} -(c), and cross correlated 

in Figs. 12- 16. 

Before these new data become available it was difficult to get a handle on the 

reaction mechanism, because so many models with contradictory assumptions could 

reproduce the qualitative trend of the data. The new data provided on the other hand a 

severe test for models. As seen in Figs. 47 (a)- (c) most models fail the test. Part of 

the reason is that different combinations of reaction mechanisms seem to operate in 

different kinematical domains. The high-energy fragments can be understood as due 

to a few (::::l 3- 4) but not too many NN collisions, as seen in Sec. 3.3. Therefore, for 

such fragments finite number effects are crucial and call for an intranuclear cascade 

description. For low-energy fragments, there is some indication of collective flow 

possibly reflecting hydrodynamic effects. However, the data clearly show that 

composite formation is very important in that region. Thus, no model can succeed in 

reproducing low-energy proton spectra without getting the composite yields right at 

the same time. Composite yields at high energies (~ 50 MeV per nucleon) can be 

accounted for in a cascade theory, but the low-energy composites, especially the 
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deuterons, have defied explanation. This later problem [Fig. 53] has led to the so 

called entropy puzzle and may also be related to the fo~ard suppression of protons in 

central collisions. 

From the theoretioal.side the solution qf these problems may necessitate a new 

approach- quantum scattering- heretofore n:egle~ted in all models. As indicated in 

Sec. 2.1., and emphasized in Ref. (TY3); there is no obvious justification for neglecting 

quantum effects. In fact they may be especially important in the low fragment energy 

regions_where most difficulties are encountered by classical models when confronting 

data. Formulating and solving a -quantal theory of non-equilibrium processes as 

outlined; for example, in Sec. 2.6. is one of the exciting theoreti~al challenges in.the 

near future. 

From the experimental side it will be vital to carry out the program of global event 

analysis. Withlhe charge exclusive experiments in preparation it should be possible to 
. ' ~ 

pin down whether nuclei behave in any way as a fluid and exhibi~ collective tlow 

patterns at high energies. It will be also exciting· and crucial to utilize the truly heavy 

nuclear beams that will soon be available at the Bevalac. Reactions such as Pb + Pb 

and U + U may exhibit qualitatively different features than light nuclear (A < 100) 

reactions. In particular, many finite number effects can be expected to be less 

important and collective phenomena phenomena could be easier to detect. 

In searches for phase transitions, several sensitive experiments hav~ been 

performed, all with negative findings. The pion multiplicity di.stribution was found to be 

accurately Poisson. The excitation function for pions is smooth and linear in ELab· The 

1T-1T- correlation da.ta are consistent with chaotic pion source. Finally, the 

subthreshold pion spectra show no anomaly at high PT· Pion field instabilities are thus 

ruled out for systems as light as Ar. It remains an open question of whether Pb + Pb 

collisions can generate coherent pion fields. In any case, the study of the pion yield 

with increasing A will help to clarify the role of pion production and absorption in 



nuclear collisions. 

The most provocative result obtained thus far is the observation of secondary 

fragments with an apparently enormous cross sections. These anomalons are so weird· 

that much effort has been spent thus far in trying to find faults with the experiments. 

An important experimental challenge is to devise a high statistics counter experiment 

to prove or disprove the existence of these objects. If they are real, they may open the 

door to the study a completelynew class of nuclear phenomena. 

In addition to.the provo~ative experiments, it i_s importcmt to recognize the vast 

body of e~erimental work that has clarified the basic reaction mechanism. The 

differential yields [Figs. 6 and 7] integrated in different kinematical domains [Figs. 17 

(a) and (b)] have established the usefulness of the participant-spectator classification. · 
. . 

Thus, the role of nuClear geometry is understood reasonably well. Two-proton 

correlation experiin~nts [Figs .. 18 and 49] have revealed. quantitatively .finit~ mean free 

path effects and the increasing importance of muftiple NN scattering with increasing 

A. The A dependence of the high transverse momentum particles [Fig. 20] shows that 

such nucleons suffer several but not many NN collisions. The role of final state 

interactions due to strong interactions has been demonstrated through the abundance 

of nuclear composites [Figs. 21 and 53] and through two-proton interferometry[Fig .. 

33]. The importance of Coulomb final state interactions was seen in pion spectra [Figs. 
.... . ~· . .- .• 

31 and 38], pion interferometry [Fig. 32] and projectile fragmentation [Fig. 37]. The 

role of initial state iriteractioris has b.een demonstrated in particle spectra far beyond 

the NN kinematical domain [Fig. 40], projectile fragmentation [Fig. 42], and stripping 

reactions [Fig. 43]. Finally. kaori production [Fig. 35] has provided a glimpse at the 

initial violent phase of the reaction, showing the largest inverse exponential slope (Eo~ 

142 MeV) observed thus far. 

In the future several additional areas need attention. 

( 1) Measurements of extremely smaU cross sections 
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___ The_smallest_cross .. section.measured so-far-inhigh~energy-nudear-'.cellisions-is-ef-----

the order of 1 (;ub·GeV)/(sr·(GeV/c)3). However, new phenomena maybe hiding in 

much smaller cross sections. With current accelerator and detector technology, it 

is possible to measure cross sections down to 1 (nb·GeV)/(sr·(GeV/c)3) and ~erhaps 

down to 1 (pb·GeV) /(sr· (GeV /c)3). Obviously, a special experimental device is 

1:?-eeded to measure such low cross sections. The large magnet system called the 

HISS(EP4 ) could be useful, for example, for such measurements. 

(2) 1 and lepton yields 

Measurement of 1 spectra provides a tool for searching for highly excited nuclear 

matter. It also provides a tool for hunting for long-lived excited states. Especially, 

delayed coincidence measurement is useful. For example, since no charge decays 

of anomalons have been seen, it is possible that the 1 yield could be used clarifying 

the anomalonpuzzle. Also, further thought should be given tc)€+e- or J.J-+J-1-

measurements as a probe of the highly excited phase of nuclear collisions. Lepton 

yields have been suggested as a tool to search for the quark-gluon plasma phase 

transition in very hot nuclei. 

(3) Neutron -rich isotopes 

As we mentioned in Sec. 3.9., the production and systematic study ofneutron-rich 

isotopes far from stabiiity is an important and basic research program. It is in this 

area that nucle·ar collisions at high energies have immediate impact on 

conventional nuclear physics. 

(4) Multi-bar!JOnic excited states 

The high energy density generated in nuclear collisions can in principle produce 

multi l:l, multi.A systems, as discussed in Sec. 4.3.3. Up to now such :excitations 

. have not been searched for systematically and surprises are possible. 

(5) Higher and lower beam energies 

We expect a transient region where the basic reaction mechanism changes from . 

mean-field interactions to microscopic nucleon-nucleon interactions at beam 
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energies between 20 and 200 A· MeV. At beam energies at arourtd 10 A·GeV there is 

another turning point where the basic reaction mechanism changes from nucleon-

nucleon interactions to quark-quark or qua:rk-gluon interactions. In order to 

understand more in deptll the physics :of nuclear collisions at E1 ab :~ 1 A· GeV, it is 

il'I).portaJ?:t and useful to extend the study into these lower and higher beam 

energies. 

There is clearly much work ahead in tfuis frontier area of nuclear science. The 

systematic study of high energy nuclear collisions has yielded a we~lth of new data . . 

around which theory must now be molded. Alre,ady .much progress has been made in 

unraveling the many complex elements .of the reaction mechanism. However, it 

remains a formidable challenge to uncover nov:el states of nuclei, if they exist, .and to 

replace the "gedanken" (p, T) landscape in Fig: 3 with empirical facts. 
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The single-particle inclusive process is defined as 

A+ B _. C +X, (A.1) 

where A is the projectile, B the target,· C the particle which is actually detect~d. ~d X 

is anything else. Similarly we can defule the two-particle inClusive process as 

A+ B _. C+ D +X, (A.2) 

where particles C and D are now detected. 

In hlgh:.energy nuclear collisions it is convenient to introduce L~rentz:.:invai-iant 
kinematical variables t~ d~scribe the phase space domain into '\-Vruch particles are.· 

emitted. The relativislic invariant quantity which d.~ scribes the motion parallel to the 

beam direction is called the rapidity, y. Suppose the beam direction is along the z-
. - .. " ·. 

axis, the rapidity is expressed as 

_ 1 E + PzC _ -1 
Y- -

2 
ln E . -.tanh (vz/c), 

-pzC 
(A.3) 

where Vz/C = PzC/ E. In non-relativistic case (vz/C « 1), the rapidity is nearly equal 

to the velocity Vz/ c. The advantage of the use of y is that a longituclina.f boost of the 

velocity v 0 along the z direction simply adds a constant y 0 = tanh-1(v 0/ c) toy. For 

example, in the collision of A + B -+ C +X the velocity v 0 of the center-of-mass frame 

of the total system (relative to the la:boratoryframe) is given by 

(A.4) 

where FA and EA are the momentum and total energy of particle A, respectively, and 

mB is the mass of particle B. The rapidity of. particle Cas viewed in the laboratory 

frame is related to the rapidity as viewed in this center-of-mass frame by 

(A.5) 
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The variable complementary to the rapidity is the transverse momentumpT. We 

normally· use the dimensionless tr8:nsverse momentum, 
~. . 

(A.6) 

'\vhich is nearl~ equal to the transverse velocity(vT/ c) if PT « mq. 

In order to describe the longitudinal motion, the following variable, called the 

Feynman scaling variable, is also used: , 

(A.7) 

Here, p:iia.rr:c· is the maximum c.m. momentum of particle C allowed by the kinematics 

For example, if particle C is a boson with zero baryon number, thenp~~ in the 

collision of A + B --+ C + X is givenby 

where 

For the case that 

we have 

= y(s -mgc 4.-M~c4) ~4mgc 4·M2c 4 

2..../S 

· vs » Mc 2 , 

(A. B) 

(A.9) 

(A.lO) 

(A.11) 

(A.12) 

The Lorentz-invariant single-particle inclusive cross section, a?~1 for :particle C is 

written as 

inc!( C' _ E' d 3a _ 1 d 2a 
ainv J - c dspc - 1T dydpf (A.13) 

By integrating this cross section over the phase space d3p~>Ec we hav.e the total 

integrated inclusive cross section, at:Jf1( C). This cross section should be distinguished 

from the total cross section, a0 , which is approximately given by(RA?) 
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(A.l4) 

where 

6 = 1.0- 0.028 Amm for Amin < 30 

=0 for Amin ~ 30 , (A.l5) 

with Amin = Min(Ap,AT). Here, Ap and AT are the projectile and target mass numbers, 

respectively. The quantity afc;f1( C) is related to a0 by the relation, 

incl(C) _ < > Utot - me ao. (A.16) 

where <mc>is the average multiplicity of the detected particle C. For two-particle 

inclusive processes we can define the invariant cross section as 

(A.17) 

and the total integrated cross section of the above qua.ntity is related to the total cross 

section by 

for C '# D 

= <mc(mc-1)> a0 for C = D. (A.lB) 

Finally, we define associated multiplicity, M, as the number of charged fragments 

registered in a particular counter array in coincidence with one or two particles for 

which energy, angle, and charge measurements are perf~rmed. 
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FIGURE CAPTIONS 

Fig. 1 Streamer-chamber pictures in 2.1 A·GeV Ca + Pb collisions (I). Here a truely 

head-on collision is selected. See also Fig. 5. Pictures were taken by Sandoval et 

al. [Ref. (EJ16)] at the Bevalac. The bright blots are artifacts of the apparatus. 

Fig. :2 Schematical illustration of the Bevalac. 

Fig. 3 Possible phases of dense, highly excited nuclear matter. Dashed lines indicate 

the density and temperature domains that become accessible in nuclear 

collisions at different bombarding energies. Dynamical paths A and b illustrate 

different ways in which the available energy could be used wither for compression 

or internal excitation of hadrons. 

Fig. 4 Time evolution of nuclear collisions calculated by cascade codes of Gudima and 

Toneev [Ref. (TBB)], in the plane ofT (temperature) and n (density). The time 

scale of t is in units of 10-23 s. Critical temperature T(n) for pion condensation is 

also given by RGG [Ref. (TA6)] and B [Ref. (TA7)]. 

Fig. 5 Streamer-chamber pictures in 2.1 A-GeV Ca + Pb collisions (II). Here, a 

peripheral [see (a)] and a typical central but not head-on [see (b)] collisions are 

seen. See also Fig. 1. Pictures were taken by Sandoval et al. [Ref. (EJ16)] at the 

Bevalac. 

Fig. 6 (a) The forward (0°) and backward (180°) spectra for proton production in 2.1 

AGeV C + C collisions. Data are taken from Refs. (EA14) and (EL12). 

(b) Prelimi:p.ary neutron spectra [Ref. (ED3)] in 390 A- MeV Ne + U collisions. 

Fig. 7 Proton spectra at large laboratory angles in BOO A MeV Ar + KCl collisions. Data 

ar~ taken from Ref. (EC7). 

Fig. 8 Diagram presentation of the participant-spectator model and the kinematical 

region into which particles are likely emitted. See Appendix for definition of 

kinematic variables. 
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Fig. 9 Single particle distribution in the statistical model [Ref. (TG4)]. ~m.n = . 
FJ!.~I (m+n), Eq. (2.15), as a function of center-of-mass kinetic energy, Ec.m.• for 

different cluster sizes for an incident laboratory kinetic energy ofBOO A· MeV. 

Fig. 10 (a) Comparison of the statistical model predictions [Ref. (TG4)] lrtth proton 

inclusive data [Refs. (EC4),(EC7)] at BOO A MeV. 

(b) Proton c.m. angular distributions for fixed kinetic energies [Ref. (EJB)]. Solid 

·and dashed curves are calculated with the statistical model [Ref. ('FG4)] for non

triggered and high-multiplicity triggered events, respectively. 

Fig. 11 The pressure, P(E), entropy per baryon. S(E), and compression, p(E)/ p0 , as a 

function of the laboratory kinetic energy per nucleon are shown for a variety of 

possible nuclear equations of state [Ref: (TK23)]. Curve FG refers to the ideal 

Fermi gas case: 170, 270, 550 refer to relativistic mean field equations of state 

with different incompressibility moduli Kin MeV. 

Fig. 12 Comparison of charge inclusive data [Ref. (EC6)] (dots) with non-viscous 

hydrodyna:mical calculations [Ref. (TK17)] (histogram). Results for three 

equations of state are shown. 

Fig. 13 Comparison of billiard ball cascade calculations [Ref. (TB12)Jwith the same 

data [Ref. (EC6)] as in Fig. 12. EMU = 1.63 MeV. 

Fig. 14 Monte Carlo cascade results of Cugnon [Ref. (TB9)] (histogram) compared with 

proton inclusive data [Refs. (EC4),(EC7)] (dots). 

Fig. 15 Monte Carlo cascade results of Yariv and Fraenkel [Ref. (TB6)] compared with 

the same reaction as in Figs. 12 and 13. 

Fig. 16 Comparison of charge inclusive data [Ref. (EC6)] ((a) and (c)) with calculations 

[Ref. (TM9)] based on Cugnon's cascade code. In (b) and {d), the primordial 

deuteron distribution, Eq. (2.38), as calculated using Eq. (2.37)- is compared to 

·data (solid triangles) including (d, t, 3He, a) fragments [Ref. (EC6)]. The free 

deuteron data are indicated by dols. 
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Fig. 17 (a) Total integrated cross sections of nuclear charge for projectile fragments, 

as compared with Eq. (3.7) with Zetr given by Eq. (3.5). Data points were evaluated 

from the cross-section data listed in Ref. (EA2). 

(b) Total integrated cross sections of nuclear charge for high energy particles 

emitted at large angles. Data are taken from Ref. (EC7), and they are compared 

with Eq. (3. 7) with Zetr given by Eq. (3.6). 

Fig. 1B Experimental configuration and the data of large-angle two-proton correlations 

in BOO A· MeV C + C collisions. The observed values of the degree of coplanarity, 

· C, defined by Eq. (3.B) are plotted as a function of the proton momentum. 

Namely, the momentum spectrum of one proton emitted at ,_Lab = 40° in 

coincidence with the other proton detected by an in-plane counter (which is 

normalized by the spectrum for out-of-plane coincidence) is plotted. Data are 

taken from. Ref. (EJ9). 

Fig. 19 Proton energy spectra at 11c.m. = 90° in collisions of BOO A· MeV C + C, Ne + NaF, 

and Ar + KCl. The cross section for the high-energy tailis parametrized as exp(

Epc.m'/ Eo) with an Eo as indicated. Data are taken from Ref. (EC7). The dashed 

curve is calculated with a single NN collision model assuming a Gaussian-type 

Fermi momentum distribution [Ref. (TG6)]. 

Fig. 20 Projectile and target mass dependence of the proton emission in A + A 

collisions. Data shown in Fig. 19 are parameterized to r1 oc A 0
, and this a is 

plotted as a function of the kinetic energy of protons (Ei< = E;·m·). Data are 

taken from Ref. (EC7). 

Fig. 21 Evidence of the power law of Eq. (3.11) for composite particle emission. Solid 

curves were calculated by Eq. (3.11) by using the observed proton spectra. 

Figure taken from Ref. (EE:). 

Fig. 22 Observed d!p 2 ratios in cross sections at Fa = 2jJp for Ne + NaF collisions. 

Figure taken from Re(. (EC7). 
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Fig. 23 Excitation function of <m">l <mz> for almost equal-mass coll!.sions. Black 

circles [Ref. (EJlO)] were obtained with a streamer chamber for high-multiplicity 

events in A:r + KCl collisions, whereas open circles and open squares [Ref. (EC7)] 

are obtained from single particle inclusive data. FB indicates the prediction of 

the fireball model while dashed curves show the calculations of the Viscous fluid 

model, where 1J indicates the degree of viscosity. Figure taken from Ref. (TK1B). 

Fig. 24 Pion multiplicity distribution for central collisions. Here, events with mz ~ 30 

are selected in l.B A·GeV Ar + KCl collisions. Data are taken from Ref. (EJ16). 

Fig. 25 Multiplicity correlations between negative pions and nuclear fragments in l.B 

AGeVAr + KCt collisions (left), and those between negative pions and total 

charged particles in 1.B A·GeV Ar + Pb collisions (right). Here, the total charged 

particles . .include nuclear fragments and positive and negative pions. Data are 

taken from Refs. (EJlO) and (EJ:3). 

Fig. 26 (a) Average multiplicity <m"> for negative pions determined fromthe inclusive 

spectra, plotted as a function of P, where P is the average nucleon number 

involved in the participant region. Beam energies are BOO A· MeV. Data points 

were evaluated from the observed cross sections reported in Ref. (EC7). 

(b) Average nuclear-charge multiplicity <mz > determined from the inclusive 

spectra, plotted as a function of Pz, where Pz is the average proton number 

involved in the participant region. Beam energies are also BOO A MeV. Data 

points are from Ref. (EC7). 

Fig. 27 Pion spectra at 0°, 1B0°, and 90° in the c.m. frame with 2.1 AGeV beams. Since 

no direct comparison is. possible for the same projectile and target combinations, 

the data from Ne + NaF collisions are multiplied by (12/20)513 [see Eq. (3.7)) for 

comparison. Data are taken from Refs. (EB6), (EC7), and (EM5). 

Fig. 2B Pion energy spectra at '!9c.m. = 90° in Ne .1- NaF collisions at four beam energies, 

0.2, 0.4, 0.8, and 2.1 A·GeV. Eo is the slope factor when the cross sections are 
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parametrized by exp(-E;·m· I Eo). The dotted curve is the predicted cross section 

for picnic instability as calculated by Gyulassy [Ref. (RA13)]. The dashed line is 

the calculated result by a phase-space model. and the broken solid line is the 

result by a microscopic hard-collision model. Both data and calculated results 

are taken from Ref. (EG9). 

Fig. 29 Values of Eo for both pions and high-energy protons as a function of the beam 

energy per nucleon in the c.m. frame. For the deftnition.of Eo see also Figs. 19 

and 28. Figure taken from Ref. (EC7). 

Fig. 30 The 30°-to-90° yield ratio of rr- in the c.m. frame in BOO A· MeV Ar + KCl 

collisions, plotted ~ a function of the pion kinetic energy in that ·frame. Figure 

· taken from Ref. (EC7). 

Fig. 31 Pion spectra at 0° in low-energy Ne + NaF collisions. Data and figure are taken 

from Ref. (EB3) after the corrections for the beam energies cited in the errata. 

Fig. 32 Recent two-pion interferometry results in 1.8 A-GeV Ar + KCl collisions. Raw 

data give broader shape than the Coulomb corrected data. Figure taken from 

Ref. (EJ15), · 

Fig. 33 Two-proton correlation function in 1.8 A·GeV Ar + KCl collisions, plotted as a 

function of relative momentum between two protons. Figure taken from Ref. 

(EJ4). 

Fig. 34 Threshold energies for various particle production in nucleon-nucleon 

collisions. 

Fig. 35 Measured K+ spectra in the c.m. frame in 2.1 A-GeVNe + NaF collisions. Data 

are taken from Ref. (EH1). 

Fig. 36 · Target-mass dependence of J<+ cross section. By parameterizing the cross 

section, a, as u oc At' for both deuteron and Ne projectiles, the value of a is 

plotted as a function of the K+ energy in the c.m. frame. Forcornparison, the 

corresponding value for pioris is also plotted. Figure taken from Ref. (EH2). 
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Fig. 37 Target mass dependence of the projectile fragments in one-nucleon removal 

reactions, as compared with that obtained from the the data systematics for 

normal fragmentation processes '(solid line). Data are taken from Ref. (EA2). 

Fig. 38 Spectra of 11'- and rr+ measured at forward angles in 380 A· MeV Ne + NaF 

collisions. Arrows indicate the pion velocity which is equal to the beam velocity. 

Figure taken from Ref. (EB5). 

Fig. 39 Maximum c.m. momenta for proton and pion emission inC + C and p + p 

collisions. 

Fig. 40 Negative pion production at 2.5° from p, d.. and a beams at various bombarding 

energies. Cross sections are plotted a.S a function of the Feynman scaling 

variable, x, defined by Eq. (A.7). Also the predictions by Schmidt and 

Blankenbecler [Ref. (TF2)], given by Eq. (3.30), are plotted. Data are taken from 

Ref. (EB2), and figure taken from Ref .. (TF2). 

Fig. 41 Negative pion production at oa in 303 A· MeV 3He + 6Li collisions. Inset shows the 

detailed structure of the pion spectrum near x = 1. Figure taken from Ref. 

(EB4). 

Fig. 42 Widths of parallel momentum distributions of projectile fragments measured in 

the projectile rest frame. The fit to the data by Eq. (3.37) is shown by a solid 

curve. Data are taken from Ref. (EA1). 

Fig. 43 Parallel momentum distribution of 150 measured at oa in 2.1 A· GeV 160 + 12C 

collisions. Data are plotted in the projectile rest frame. Figure taken from Ref. 

(TI3). 

Fig: 44 New isotopes produced with 40Ar and 48Ca beams. See Refs. (EA12) and (EA13). 

Fig. 45. Angular· distributions of low-energy protons for both low- and high-multiplicity 

events in 393 A· MeV Ne + U collisions .. Figure taken from Ref. (EJ7). 

Fig. 46 (a) Hydrodynamical side-splash effect expected at small impact parameters. 

and (b) bounce-off effect at large impact parameters. Figure taken from Ref. 
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(TK15). 

Fig. 47 (a) The angular distribution of protons with different laboratory kinetic 

energies emitted from high-multiplicity Ne (393 A MeV) + U. Data (middle left 

from Ref. (TK15)) are compared to Cascade. 1 [Ref. ~·~r3::)], Cascade 2 [Eef. ~TB6)], 

two-component [Refs. (TL1),(TL2)] (dashed line), ffrestreak [Ref. (TJ5)] (solid), 

Fluid 1' [Ref. (TK17)], and Fluid 2 [Ref. (TK24)] with thermal break-up. Figure 

taken from Ref. (TK19). 

(b) The energy distribution of charged fragments including p, d, and t for the 

.same reaction [Ref. (TK15)] as in Fig. 47 {a). Fluid 1, [Ref. (TK17)), TWo-tluids 

model [Ref. (TK7)], and Cascade 2 [Ref. (TB6)] predictions are shov.n. Figure 

taken from Ref. (TK26). 

(c) As in Fig. 47 (b), compared to Cugnon's cascade model [Ref. (TB~)] 

supplemented with Remler's composite production theory [Ref. (TM9)]. The 

primordial deuteron spectrum inCluding d and t arid the sum charge spectra are 

calculated by integrating over impact parameters b ~ 2.1 fm. The unrestricted 

impact-parameter integration yields Fig. 16. 

Fig. 48 Experimental layout for two-proton measurements in Ar + Pb collisions 

(above), and intuitive explanation for the data shown in Fig. 49 (below). 

Fig. 49 Contour plot of the degree of coplanarity, C, defined by Eq. (4.1)'for two-proton 

emission in BOO A· MeV Ar + Pb collisions, plotted in the ("'.E) plane in the 

laboratory frame. The kinematical domain covered by the R telescope is 

indicated by a hatched region. Data are taken from Refs. (EJll) and (TK20). 

Fig. 50 Proton and pioh energy spectra for high-multiplicity events in BOO A MeV Ar + 

KCl collisions. Fits to the data are based on the radial explosion model [Ref. 

(TK12)]. Figure taken from.Ref. (EJB). 

Fig. 51 Calculated ftow diagram [Ref. (TX6)] for U + U at 400 A MeV. In.Sert shows. one 

Ca + Ca ( 400 A MeV) event measured in the plastic ball [Ref. (EP1)] where the 
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observed charge multiplicity for Yc.m. < 0 was 22. The dots represent measures 

and reflected (about Pc.m. = 0} momenta p·rojected in the plane spanned by the 

beam axis and the principle axis, t1., of the kinetic flow ~ens or. The angle between 

t1. and p 11 is the flow angle and the kinetic flow ratio is (a./ b )2, where b is the 

radius of the minor axis. For the event a./ b =3, a = 1 GeV /c, ~Flow= 19°. The 

solid curve shows the flow characteristics of non-viscous hydrodynamics [Ref . 

. (TX9}]. The shaded region shows the resUlts [Ref. (TX6}] using intranuclear 

cascade [Ref. (TB9)]. ·The numbers along the curve indicate the impact 

parameter b in units of brrila/ 10. 

Fig. 52 Time_ evolution of entropy per nucleon (blackcircles) and the number of 

participant nucleons (triangles) for BOO A· MeV Ca + Ca collisions. Calculations 

have been done by a: Monte ·carlo casc.ade code of Ref. (TB10). Figure taken from 

Ref. (TN5). 

Fig. 53 Observed dip ratios and entropy. Data for equal-mass collisions are compared 

with various theoretical predictions by Siemens and Kapusta (thermal) [Ref. 

(TN1)], Bertsch and Cugnon (cascade) [Ref. (TN5)] and Stb'cker (hydrodynamics+ 

the,rmal break-up) [Ref. (TK18)]. The C + C data are taken from Ref. (EE4) while 

others are from Ref. (EC7). 

Fig. 54 An example of multi-chain events in emulsions for Fe projectile-fragments. 

Beam energy is 1.88 A·GeV. Figure taken from Ref. (EN5). 

Fig. 55 Evidence of short mean free path for projectile fragments. With 1.88 A-GeV Fe 

beams the mean free paths of secondary fragments, A•, were measured as a 

function of D, where D is the distance between the primary interaction-vertex 

point (at which the secondary fragment of interest was created) and the starting 

point (from which the mean free path of this secondary fragment was actually 
, 

measured). Figure taken from Ref. (EN4). 
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