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ABSTRACT

The experimental as well as theoretical status of the heavy ion physics
around one GeV per nucleon incident beam energy is reviewed. Emphasis is put
on the possibility of extracting information on dense matter. It is arqued
that such a possibility calls for a good knowledge of the reaction dynamics.

1 - INTRODUCTION

We want here to discuss some aspects of the heavy ion physics in the GeV
range. For convenicence, we define the latter as the range of incident beam
energy spreading between 250 MeV and 2 GeV per nucleon. At first sight, this
part of nuclear physics may appear of Timited interest. The success of Glauber
theory and other multiple scattering models when applied to proton-nucleus
interaction in the same energy range show that, most of the time, nuclei are
behaving as a collection of nucleons and their dynamics can be described with
a single basic quantity : the nucleon-nucleon scattering amplitude. So the
question often raised by some physicists is : if the dynamics is largely domi-
nated by nucleon-nucleon scattering, what is the interest of studying nucleus-
nucleus rather than proton-nucleus reactions ? The answer was given for the
first time in a remarkable paper (1) ten years ago, which already contained
many of the concepts extensively used in the study of the relativistic nuc-
leus-nucleus reactions. For the same energy per nucleon, a beam of nuclei
carries a much larger flux and deposits more energy, offering the opportunity
of creating for a short time a dense and very excited nuclear system. Not
always clearly stated, the aim of the experimental effort was to get informa-
tion about this object. New phases of matter and equation of state of dense
matter appeared as kinds of Holy Grail that the experimentalists were trying
to quest (the reader may push this comparison further and try to identify
King Arthur or Lancelot !}). The developments were rather disappointing. It is
more and more clear now, that in order to get information about the properties



of dense matter, we need a good picture of the dynamics of the collision. The
reason is that the collision process is very explosive and that we measure
only the remnants of a (possible) previously formed unusual phase.

In the following, we want to analyze the main developments of the past few
years, both experimentally and theoretically, in relation with two important
questions : the dynamical evolution of the collision and the properties of
dense matter. Of course, we shall be far from being complete because of lack
of space and because some points are discussed by other speakers in this mee-
ting. But we shall try to underline the principal aspects of the actual
situation.

In section 2, we discuss the participant-spectator picture, which may serve
as a useful picture of lowest level of sophistication. Section 3 is a short
discussion of the inclusive cross sections for various particle production.
Emphasis is put on what they may contain as indications on the formation of a
hot dense system built with participant nucleons. In section 4, we discuss
some general properties of the equation of state and mention a few atiempts
to determine the equation of state from existing data. In section 5, we com-
pare two important theoretical models : hydrodynamics and intranuclear cascade
(INC) model. We show that they are rather contradictory on the dynamics at the
microscopic level and that global analysis of multifragment events is poten-
tially able to discriminate between the two models. In section 6, we say a few
words about the physical problems attached to the spectators. Finally, section
7 contains our conclusion.

2 - GENERAL FEATURES

As an introduction, we may look at the characteristic parameters of a nuc-
leus-nucleus system. Some of them are given in fig. 1 as functions of the beam
energy per nucleon (in the lab frame). One can see that around 1 GeV per nuc-
leon, the de Broglie wave length is about 0.3 fm , shorter than the range of
NN force, ~ 1 fm (at least for the part of the force which is responsible
for large momentum transfer), whichvin turn is shorter than the internucleon
distance (d ~ 1.8 fm) . This fact indicates, but only indicates, that the
dynamics of the collision is dominated by the classical collision regime : a
collision event is a succession of binary on-shell classical {relativistic)
nucleon-nucleon (or more generally baryen-baryon) collisions.

What can we expect from such a picture ? Due to their high Tongitudinal
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tile with the indicated incident
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average nucleon-nucleon interdis-
tance and the Pb nuclear radius.

velocity, the nucleons which are sitting in the non-overlapping regions bet-
ween the projectile and the target will just pass through, keeping their ini-
tial velocity. These nucleons are called (projectile or target) spectators. On
the other hand, the nucleons in the overlapping region are expected to inter-
act violently with each other, to acquire large momentum transfer and to be

scattered over a wide range of angles and momenta. In other words, as outlined

by fig. 2, these nucleons come to populate the central region in momentum
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Fig. 2 : Schematic representation of the PS
moded : (a} separation in n-space; (¢} separa-
tion in p-space. The expansion and the eventual
desintegration of the parnticipant system are
sketched in (b).

space (the so-called mid-rapidity region). They
are called the participant nucleons (or the
participants, for short). The whole picture is

called the participant-spectator (PS) model (Z):

it essentially divides the system in three
parts both in r-space and in p-space.

Do we have evidence of such a picture ? The
early observation of fragments close to 0° with
a velocity very close to the projectile veloci-
ty (3) and the copious production of protons
and light fragments at any angle in the c.m.

{1



system (for a review, see ref. (4)) support the basic idea of the PS model.

But, how many nucleons are assigned to be participant ? The simplest idea is

the clean-cut geometry assumption. A nucleon of the projectile, which on its

longitudinal motion

encounters the target, is a participant. The number of

participants is then an impact-parameter dependent quantity. Therefore, only

the average number of participants is accessible experimentally. According to

ref. (4), the average number of participant protons ZP

from the projectile

is equal to the proton number of the projectile ZP multiplied by the ratio

of the target cross section
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The yield of participant charge is then the total reaction cross section (which

may be taken to the geometrical cross section) multipliied by the average pro-

jectile and target charge participant number :
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This formula is in remarkable agreement with the measurements of the cumulated

charge particle yield at large angles, as shown by fig. 3, for Tight systems

Total yield of nuclear charges (barn)

¥ 1] i H
otal yield of nuclear charges B
at lorge angles
{symmetric case}

Ar+KCi

Ne-r?‘hf/’/ -
e $ 0.4 Geva
$ 0.8Geva
c+c,” 4 2.1 GevA
¥
- ! 3 1 1
00 200 300 400 00

2%
(2,872, 80

Fig. 3 : Sum of charges of p , d , t and *He
emitted at Lange angles, compared To formula
(2.2). Taken from nef. (5).

however. A formula similar to (2.2) can be ocb-
tained easily for the charge spectator yield.
The predicted A dependence is also in very
good agreement with experimental data, even for
large systems, but the fit requires a lower va-
(= 0.95 fm)
predictability of these formulae, they do not

lue for o . Despite of the good

constitute a rigorous proof of the clean-cut
geometry picture, because they deal with inte-
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grated quantities. We shall come back to this point in section 6. One can
take, however, the clean-cut picture as a good starting approximation.

We close this introduction to general features with a sketchy model for
the evolution of the participant system, the main points of which are accepted
by most of the people working in the field. The system suffers a large momen-
tum transfer : it is first compressed and highly excited, then expands and
finally reaches a density, called the freeze-out density, at which it suppo-
sedly fragments or disassembles, emitting nucleons, Tight fragments and pions,
and occasionally other particles. The details of this evolution are however
badly known and are a matter of controversy. However, they are very important,
since they directly condition the possibility of getting information about the
properties of the compressed excited matter. In the next section, we review
the main features of the light particle emission cross sections in relation
with the properties of nuclear matter in the compressed stage, the so-called
fireball, and with the dynamics of the collisions itself.

3 - LIGHT-PARTICLE EMISSION
3.1. Protons

We first study the proton spectra. In fig. 4, we present the 30° c.m.
spectrum of the protons emitted in three diffe-

T o on aneray disteibations ] rent symmetric systems. The spectra are very
gy;vzi ot Bcm *90° % similar to each other, which implies that the
N ;f\ \ Foeam™08 COVE 2 important quantity is the beam energy per par-
gf mag . 3 ticle and not the total energy. They are essen-
% 1¥i ﬁ;;ﬁ;mw; tially exponential, though significant depar-
é 3 tures exist at low energy. One can observe a
;5‘¢; ' : copious production beyond the kinematical Timit
i3 ? ::igﬁlv' ? (v 180 MeV in this case). Even if a (generous)
“ﬁim°;_w_mﬁ$m”ﬁw'\ E Fermi motion is introduced, the single NN
WE ’kf“ ; x. 1 ] collision cannot reasonably generate the obser-
, ;
[¢]

200 400 800 840 ved high energy tail (dash-and-dot curve in
EpT (Mev) fig. 4). This situation suggests that the high
Fig. 4 : Proton spectra at 90° energy protons are generated by multiple col-
c.m. for severnal symmetndc Tisions. In an extreme picture, numerous repea-
systems. Taken grom nef. (5. ted collisions lead to the idea of thermal

equilibrium. This seems to be in agreement with
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the exponential law e O which fits the high energy tail. The extracted

parameter EO can tentatively be interpreted as the temperature of the sys-
tem, and is in fact consistent with what would be expected from the available
energy on the basis of an equilibrium situation. However, the situation is not
so simple, as emphasized by Nagamiya. The 90° c.m. cross section has been
parametrized in the following way

AN , (3.1)

dp3
in order to study the dependence of the mass number of the (here symmetric)
system. The value of the exponent o {is given in fig. 5. In the pure thermal
equilibrium hypothesis, the parameter EO

35 T T T T T T H
a determined from should be the same and the cross sections are
C+C, Ne+NaF, & Ar+KCl . . .
30k 6. 4 proportional to the total cross section, which
oy
aa % gives a factor AZ/B and to the average number
2.3 7 . . . . s s
+ % of participants, which gives an additional fac-

20 4 tor A . Totally, & IS dependence is ex-
} % % pected, which in fig. 5 is given by the dotted
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Fig. 5 : A-dependence of the
exponent o [(see text and 4ig.
4}, Taken grom ref. (5).

3.2. Pions

In fig. 6, the negative pion spectra at 90° c.m. in Ne+NaF collisions
are displayed for various incident energies. They are rather exponential
{~v exp(—E/Eo)) . The observed values of EO are plotted in fig. 7 versus the
c.m. beam energy along with the values extracted from the proton spec-
tra. Also is shown (in dotted line) the value of the temperature predicted by
a pure thermal model with the nucleon translational degrees of freedom (T =
2/3 Ecm/A) . The observed value of E0 both for protons and pions diverges
from this line as energy is increasing, a result of the cooling of the sysiem
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Fig. & : Negative pion spectra at 90° Fig. 7 : Parameter E  for plons and

c.m. in the Ne+ NaF system at dig- protons as a function of the beam
ferent beam energies. Taken fnom ref.  energy. See Lext for more detail.
{5). Taken from ref. (4).

due to pion production itself. Fig. 6 also reveals that the pion parameter EO
is systematically smaller than the proton parameter. This has been explained
by Siemens and Rasmussen (6) who proposed the picture of an expanding fire-
ball. To the same internal energy an additional radial expansion energy is to
be added. Since the velocity is the same for both kinds of particles, less
energy is added to the pions. Alternative explanations involve the delta iso-
bars as the pion source (7)., the phase space of individual collisions (8) or
the mean free path of the produced particles (4).

Something unusual is however happening in the pion production process. As
lab = 180 MeV/A) with a
sizeable kinetic energy (up to 250 MeV !}. This can only happen in NN colli-

fig. 6 shows, pions may be produced at low energy (E

sions if the Fermi momentum amounts to 600 MeV/c . Considerations based on
the phase space model show that at least 8 nucleons are required to share
their energy in a very correlated way in order to produce such pions. Another
embarassing aspect is illustrated by fig. 8, which shows the beam energy de-
pendence of the = multiplicity in central Ar+ KC1 collisions. Currently
available models overestimate the = yield, unless unrealistic assumptions



Epeqm/A (GeV)

04 08 12 16 20
T T i T

Fig. & : Negative plon multiplicity forn cen-
thal collisions. Experiment (full dots) is

8 A;+ch from ned. (9). Open cirncles and open triangles
. % show the nesults of an intranuclear cascade
; s Tp=0 calewbation (10) for two different values of
sk fp =112 MeV the Lifetime of the A-resonance.
; §3 L % /{' are used (11,12). The figure shows the exam-
- A i ple of an intranuclear cascade calculation.
i ¥ f‘l _ The discrepancy between experiment and theory
N é;ﬂ | is probably interesting. At least, one expla-
0 2;7 . ‘ , nation has been advanced in relation with the
o tozfne?f 0% equation of state (see section 4). But, in
Ley

our opinion, the gquestion is more complex.
Possibility of many-body effects on the pion
source and on the pion propagation should be studied in more detail.

3.3. Composite particles

In general, d , t , %He and o particles are emitted with a substantial
yield from the fireball. The experimental yields have been found to follow

the so-called coalescence law, which relates the cross section for production

A
upon the angle and the energy of the emitted particles. Relation (3.2) is par-

ticularly well fulfilled for the deuterons, where it may be written as

of a mass A composite to the proton cross section (5) :
dgd 3
Ep 3A CE, §—§)A (3.2)
dpr dpg
In this relation, Py = A pp and C, 1is a quantity which does not depend

d3o 3 3
By —2 = Cy(E, <D (£, 5 . (3.3)
dpg dp, dp g

since the neutron and proton emission pattern are expected to be very similar.
Relation (3.3) strongly suggests that the deuteron formation happens very late
during the interaction process close to the freeze-out. If, by chance, at this
moment, a neutron and a proton have momenta not very different from each othen
they are very likely to form a deuteron. This leads to the concept of the coa-

lescence radius, which is the maximum relative momentum p, beyond which a



proton-neutron pair cannot fuse. This quantity can be extracted from the ex-
perimental value of Cd and 1ies around Py ~ 200 MeV/c , which is roughly
equal to what can be considered as the deuteron radius in momentum space.

One has to note that a relation such as (3.3) is also consistent with the
mass action law ruling chemical and thermal equilibrium of a mixture of dif-
ferent species reacting with each other. In this case, the guantity Cd nas
the appealing property of being related to the volume of the system at the
freeze-out. However, this approach is questionable because the proton spectra
when studied at all angles, show a definite (and important) departure from
thermal equilibrium. The corresponding departure can be traced back 1in the
deuteron emission pattern.

The coalescence idea which assumes that composites appear at the end of
the interaction process is not without difficulty either. First, the proper
jdea of coalescence requires a proximity of the neutron and the proton in
phase space and not in momentum space only. This question is studied in refs.
(13,14). Furthermore, relation (3.2) holds between observed cross sections,
with the observed proton yield. A strict application of the coalescence idea
would imply the proton yield prior to coalescence, i.e. the so-called primor-
dial proton yield.

Another intriguing aspect is the following. If the idea of coalescence is
right, why do they not exist before the last stage of the interaction pro-
cess ? Perhaps, the answer lies in the Pauli blocking effect. The interaction
between two nucleons should be renormalized due to the presence of the sur-
rounding nucleons. The Pauli blocking does not seem however to play an impor-
tant role in the evolution of the proton distribution if one believes in the
intranuclear cascade calculations. But, in the hot phase, two nucleons have
most of the time a high relative kinetic energy, of the order of the tempera-
ture (v 80-100 MeV) . However, for those pairs with a small relative velo-
city, a small renormalization is important. The deuteron is a loosely bound
object and a small renormalization will make it unbound. Therefore, the sys-
tem is likely to contain correlated pairs, instead of deuterons. When the den-
sity decreases, the Pauli blocking is less important and the correlated pairs
may form deuterons. This effect is similar to the Mott transition in metals
and has been invoked by several people (15,16), in a slightly different con-
text that we shall allude to in the next section.



4 - THE NUCLEAR EQUATION OF STATE

The likelihood of the existence of a hot and dense phase during the nuc-
leus-nucleus collision has for long been regarded as providing an unique op-
portunity to determine experimentally the equation of state of nuclear matter.
In particular, as suggested by fig. 9 (which has been adapted from (17)), the

perspective of exploring new phases of
CHIRAL RESTORATION, nuclear matter, aside the usual liquid

TCh

and gas phases, has stimulated the acti-
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vity of the experimentalists.
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sed phase, characterized by a spin-iso-
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spin order, has varied wildly over past
Fig. 9 : Schematic phase diagram of  years. Now, the critical density for
sthongly Anteracting matter. From cold matter seems to be very high (pcrﬂw
ref. (17}, 6-8 po) . Quite sophisticated quantum
chromodynamics calculations on a lattice
(18-20) indicate that the lower full curve of fig. 9 corresponds to a transi-
tion from a normal phase of nuclear matter constituted of quarks confined in
hadrons to a phase with deconfined quarks and gluons, the quark-gluon plasma.
The critical temperature at zero density is around 200 MeV and the critical
density at zero temperature is about 10 times normal nuclear matter density.
Sti11 above this transition, another phase transition could exist, correspon-
ding to a restoration of chiral symmetry, with quarks being massless. The
energy density in the quark-gluon plasma seems to be quite large (v a few
GeV fm %) . Such a point does not seem to be reachable in the GeV range (21) in
contrast with early theoretical estimates (22).

The equation of state in the normal phase with confined hadrons is not very
much known either. What is known is the position of the minimum for zero tem-
perature and the value of the second derivative
P=fy, 2

Uy * 15 (_%—-) . (4.1)

U{p,T=0

it

The parameters U, and o, are -16 MeV and 0.17 fm~° respectively and
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the compression modulus K 1is around 200 MeV (23). Nothing very precise is
known for o =~ a few times f4 and for T #0 . Do we have to introduce addi-
tional terms in different powers of p ? Is the thermal component similar to

Y law for iscentropic

the usual Fermi gas component ? Do we have a p = o
transformations, and what is the value of the parameter vy ? (This is an im-
portant question for astrophysicists). What is the chemical composition of the
matter at large T ? Are there many A-resonances and pions ? What is the isos-
pin dependence ? Hopefully these questions can be answered by heavy ion expe-
riments in the GeV range.

In order to study a phase, one has first to build it. In keeping with this
simple observation, a favourable situation would happen if the system quickly
equilibrates and evolves quasi-statically up to the freeze-out point. Parado-
xicaily, a perfect equilibrium is not advantageous. Indeed, in this case, the
only signal one could detect is carried by the particles emitted at the free-
ze-out. By the very definition of a thermal plus chemical equilibrium, the
properties of the system at the freeze-ocut are totally determined by the ins-
tantaneous density and temperature and are not influenced by the past history
of the system. Therefore, the ideal situation would be an imperfect equili-
brium, the system being equilibrated except for one degree of freedom. Such a
possibility happens when the thermodynamic variables (p,T) are such that
the creation of a special kind of particles is just allowed and when these
particles have a long mean free path compared to the linear dimension of the
system. They can escape without disturbing too much the rest of the system.
Based on this principle, the following signals of the formation of a gquark-
gluon plasma have been proposed : lepton pairs, y rays and possibly strange
quarks have probably a sufficiently long mean free path.

A similar possibility may occur for the confined hadron phase. Measurements
of the spectrum of k' mesons in Ne+NaF reactions at 2.1 GeV per nucleon
(24) reveal an exponential shape (in the c.m.) with a temperature parameter
Eo ~n 142 MeV . The ordering

EO(K+) > E(p) > Eg(m) (4.2)

between the slope parameters along with the ordering of the (average effecti-
ve) mean free path



AMKTY > a(p) > A(m) (4.3)

is, according to Nagamiya (4), due to successive emissions of the three kinds
of particles from the expanding fireball. Kaons would be emitted when the sys-
tem is hot and compressed, protons would appear at a latest stage when the fi-
reball has already cooled down. The pions are emitted the latest because of

the large interaction cross section. This argument is however critizable be-
cause (i) pions are interacting strongly with nucieons and would then be “emit-
ted" at the same time; (ii) the kaons produced by the reactions NN > NAK and
NN - NzK create pions at the beginning of the process when the nucleons are
very energetic, but the reaction =N - AK , which happens later when pions are
created, could be an important source of kaons, due to a relatively large

cross section. The slope parameter of K* spectra is not reproduced by conven-
tional models based on hadron-hadron cross sections. Similarly, the average
transverse kinetic energy of the emitted A-particle is also underestimated by
the theoretical previsions (25). The production mechanism is certainly unusual
and perhaps involves quark degrees of freedom. In any case, we need further
measurements of strange particle yields.

An interesting attempt to deduce the equation of state from experiment has
been done by Stock's group (26). They interpret the discrepancy between the
observed = yield and the predictions of the intranuclear cascade calcula-
tions, see fig. 6, as indicative of a compressional effect. In such calcula-
tions (see sect. 5), the interaction energy is essentially contained in the
translational nucleon degrees of freedom. If part of the available energy is
used to compress the system, because of repuisive forces, the average kinetic
energy is diminished. The pion production yield is therefore reduced, as a
thermal model calculation would indicate. The discrepancy of fig. 6 can accor-
dingly be translated in compression energy as a function of the density. The
final result is the determination of U{p ,T=0)/A up to o =3 Py - Surpri-
singly enough, the corresponding compression modulus is close to the value
mentioned above, coming from the analysis of giant resonances in nuclei.

Instead of considering temperature and density, one may try to study the
entropy generated during the collision, as first suggested by Siemens and
Kapusta (27). The advantageous feature is that the entropy may vary slowly
during the expansion stage of the collision (13, 27}, in contrast with T
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and p . They derive an expression relating the entropy per nucleon to the
deuteron to proton ratio

Ng
S/A = 3.95 - an & . (4.4)
p

The physical content of this relation is intuitively clear. The entropy vary-
ing inversely with the occupation probability in phase space, the higher the
entropy is, the lower the occupation in phase space is, the more distant from
sach other the nucleons are, the less probable the deuteron formation yield
is. Application of eq. (4.4) to experimental data reveals an "experimental”
entropy larger than what is expected from ordinary equations of state U =
U(p,S) ., on the basis of the available energy and the presumed density (o =~
3-4 po) at the beginning of the expansion stage. The discrepancy was tentati-
vely interpreted as due to the opening of new degrees of freedom. However, eq.
(4.4) is derived from general arguments with the help of threee assumptions :
(i) bulk equilibrium, which amounts to assume that the mean free path is small
compared to the linear dimention of the system; (ii) isoentropic expansion;
(1i1) no dynamical effect in deuteron formation (or in other words, the deute-
ron is formed once the neutron and the proton have a relative motion similar
to the one they have inside an actual deuteron). In ref. (28), Bertsch arrived
at the conclusion that assumption (i) is questionable. The large effective
mean free path makes the system to have a thick surface, where the deuteron
formation is much less probable. This is also the conclusion of ref. (29).

5 - GAS DYNAMICS OR HYDRODYNAMICS ?

As already mentioned at the end of the preceding section, the global equi-
librium is probably not realized in the participant systems. This is supported
by the observation of anisotropy of the proton angular distribution in the c.m.
system for symmetrical systems (5) and to a lesser extent by the p-p corre-
lation measurements in the quasi-elastic domain. If the global equilibrium is
not reached, the system may perhaps still be characterized by a lTocal equili-
brium. Each small part of the system (whose size is to be defined) is thermally
equilibrated, and the properties vary smoothly over the different parts. Even
more, the system may be composed of subsystems away from thermal equilibrium
or of subsystems in equilibrium but without any interaction with each other.

In any case, what we need for sure before being able to get information about



the properties of the hot dense matter is a good description of the collision
mechanism, which ultimately will relate the relevant observables to the rele-
vant part of the system in equilibrium. Two detailed theoretical models have
emerged from the host of the models which have flourished during the past six
years or so. One is hydrodynamics and the second is the intranuclear cascade
model (INC), which roughly corresponds to the two off-equilibrium situations
described above.

The INC model is a simulation of the collisions, which assumes that the
orocess is a succession of binary on-shell classical relativistic hadron-hadron
collisions. In this model, nucleons move freely between NN collisions whose
final state is decided randomly according to a law taken from experimental
cross sections. Observables and other quantities are calculated by ensembie
averaging. The whole procedure is usually believed to be a way of solving the
Boltzmann equation (see discussion in ref. (29))and the underlying dynamics is
generally denoted as gas dynamics. Roughly speaking, it corresponds to the

situation where the range of forces o the internucleon distance d and
the mean free path X can be ordered as

o <d < r . (5.1)
Numerical estimates agree with this ordering, except that L is smaller, but
not much smaller than d .

The hydrodynamical approach is based on the well-known Navier-Stokes equa-
tion. The basic dynamical ingredient is, in this case, the equation of state
itself, generally under the form p = p{p,T) . Generally speaking, this appro-
ach is justified when the mean free path is small compared to the dimension of
the system. Numerical estimates of the mean free path A (see fig. 1), espe-
cially of the path for stopping the particle (which is larger than 1) , makes
an hydrodynamical approach unjustified in the GeY range. However, the possibi-
lity of a reduction of the mean free path by dense matter effects (proximity
of pion condensation, for instance) should not completely be discarded.

The crucial difference between the two approaches lies in the effective
mean free path (we say effective, because conditions are considerably changing
during the whole process). If the mean free path is short compared to the di-
mension of the nuclei, collective flows are expected. The experimental situa-
tion in this respect is favourable to an hydrodynamic approach (30), although



this point is controversial (31, 32). If, on the other hand, the mean free
path is comparable with the dimension of the nuclei, transparency effects are
expected. The case of central collisions between equal size nuclei offers a
dramatic case in this respect. If A =R , the preferred direction of emission
for particles is the Tongitudinal direction, whereas if A <R , the matter is
opaque and the particles will try to escape in the perpendicular direction.
Transparency effects of this kind are hardly detectable in inclusive measu-
rements because they will be blurred out by the copious emission of the spec-
tator fragments in the forward direction. Hence, the suggestion for turning to
exclusive measurements in order to isolate the interesting events. Exclusive
measurements are, however, difficult to analyze because of the abundant infor-
mation once the fragment multiplicity is large. The global analysis helps in
reducing the large number of quantities necessary to characterize completely
such an event to a few well chosen parameters, which can be intuitively com-
prehensible. A commonly used procedure deals with the sphericity tensor

I AU EIEI (5.2)

where pgv) is the ith Cartesian component of the vth fragment momentum and
where vy is a suitably chosen scalar weighting factor (see refs. (33.,34)).
The symmetric tensor Qij is defined by 6 numbers and can be represented by
an ellipsoid. The 6 numbers may be chosen as the three eigenvalues of the ten-
sor and three angles fixing the orientation of the ellipsoid. The overall size
of the ellipsoid being given by conservation Taws (for instance, if vy = 1),
the following two ratios

ql = F s qE = F » (5.3)

with A >=A2 >=k3 , are usually adopted. For a rough description, which is
generally sufficient, the ellipsoid is characterized by two numbers, namely
qq and the angle 9 between the large axis and the beam direction. A similar
characterization of the emission pattern is based upon the thrust variable.
The thrust direction ET is the one which maximises the quantity

=30 5

t = max Y (5.4)
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and the thrust itself is the maximum value. For an isotropic emission t = 0.5

and q; = 1 , and for a back to back emission, q; = and t =1.

For a

more detailed discussion, see refs. (33, 34). Figure 10 shows the predicted
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pattern of an INC calculation in comparison with the hydrodynamical predictions.
What is important to notice is the difference for small impact parameters. In
the hydrodynamical picture, the preferential emission direction is perpendi-
cular to the beam direction. In the INC calculations, the effective mean free
path is large enough to guarantee a non-negligible transparency, which in turn
keeps the preferred emission direction close to the beam direction, even if
the spectators are disregarded. The preliminary measurements (36,37) reveal a
pattern closer to the one predicted by the INC. This is not the single success
of the INC, which is presently the best model for reproducing one-particle and
two-particle inclusive cross sections. But this is the first direct manifesta-
tion of non-negligible mean free path.

Let us rapidly underline two features of the INC model, in relation with
fig. 10. (i) A situation with 5}' different from 0° may correspond to two
different physical realities : either the vector e points in directions
with ¢ Qf@? and random ¢ , or the vector ﬁT points towards the beam direc-
tion, with some fluctuations. In the latter case, by looking at & only, one
gets a value of 5%‘ which is directly related to the fluctuations of the vec-
tor n; rather than to its average direction. Actually, the analysis of INC

results discloses a situation of the second kind. Unfortunately, on the expe-



rimental side, the azimuthal angle of the direction ET is not accessible
because the reaction plane cannot be determined. Efforts to construct global
variables which are better indicators of the true average direction are in
progress (38). (ii) As suggested by fig. 10, the INC model predicts average
global variables but also the fluctuations, in contradistinction with ordinary
hydrodynamics. This may be important because fluctuations are related to the
dynamics of the collision and possibly to the size (in mass number) of the
system (33}).

If the dynamics of the system is close to the one of the INC model invoi-
ving off-equilibrium effects, we may address to ourselves the following gues-
tion : is it possible to determine a part of the participant system which can
be considered as in equilibrium ? A possible approach is to analyze the INC
differential or integrated cross sections in terms of the number of collisions
undergone by the nucleons :

o = oy to,togt ... . {5.8)

S

Ca+Ca 08GeV Figure 11 shows the spectra of the nuc-

4 leons having made 1, 2, 3, ... collisions.

4 Fig. 11 : Invarndiant choss sections 1o
produce a proton having made collisdions
4 as a function of the c.m. perpendiculan
momentum pi, and the c.m., rapidity y .
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awwves of equal enengy (dotted Lines)
have been drawn. The full curves are smo-
oth intenpolations of the results of an
INC caleulation (39).

y (rapidity)

For n =1, the emission pattern is still
very dominated by the angular distribution

of the NN differential cross section. But

. {MeVv/c)

as n increases, the distribution dis-



torts and tends towards an isotropic thermal distribution. For the system
under consideration, already n = 3 yields a thermal-like distribution. It
is shown in ref. (39) that the large n component is dominating at large
energy around 90° c.m., as+§xpected. The shape of oy (as a function of the
detected proton momentum p) can also explain the departure from Boltzmann
Taw on the low energy side (see fig. 4) (40).

Another discussion based on interacting subsystems ("clusters", in the
Titerature) is also very instructive in the evaluation of the off-equilibrium

component (41).
6 - THE SPECTATOR PARTS

The observation of fragments with rapidity of the projectile was made
early, with a substantial fraction of the total cross section, which implies
that the spectators separate from the rest for a large domain of impact para-
meters. Two questions arise, which are intimately related. How many nucleons
are spectators ? What is the cause of this separation ? We indicate in section
2 that the separation should roughly follow the clean-cut geometry. This would
result from the very forward NN cross section in this energy range. More
detailed predictions can be made by multiple collision models. Figure 12 shows

the results of an INC calculation,

T i

10 Ar+KCL 03GeV/A _ compared with the clean-cut geome-
o -t>p} trical value. There is some uncer-

o N>t - tainty in a satisfactory definition
—clean cut of the participant on the spectators,
4 but the calculation definitely gives
more spectators at small impact pa-
0.25, i rameter and less spectators for pe-
ripheral collisions. According to
ref. (33), this results from two

facts : (i) the mean free path,
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Fig. 17 : Number of participant nucleons which is not small, manages some
N as a function of the impact paramefer transparency of the nuclei; (ii) the
fon the Ar+KCEL system and for Zwo differential cross section, which is
sLightly different definitions of the forward peaked, has nevertheless
parnticipants (33]. some opening, which allows momentum
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transfer in the perpendicular direction. These considerations also imply that
the number of participants, should roughly remain constant when going down in
energy. The mean free path increases but at the same time, the elastic nucleon
nucleon cross section opens up. Along the same lines, the number of partici-
pants should also be sensitively larger than the clean-cut geometry for large
systems. There are already some experimental signs in favour of such a situa-
tion in the Ne+U system (42).

We shall not go here into the detail of the more interesting problems of
the fragmentation of the spectator part. The latter very rarely appears as a
single nucleus , or as a collection of nucleons , but rather as a collec-
tion of composite particles. This question cannot be investigated with the
help of an INC model. Indeed, the spectator part undergoes generally a very
small momentum transfer, which is expectedly absorbed coherently. This process
cannot be handled by the INC, which is essentially a classical model and which
most of the time, neglects binding effects. The systematics of the experimen-
tal invariant cross sections, in a very broad range of energy, seem to indi-
cate a distribution consistent with a thermalization with a temperature of
T ~8 MeV (43), which is tentatively interpreted as the boiling temperature
of nuclear matter. Many models which embody more or less this main idea of
thermal equilibrium (44-46) can handle such a situation. However, many ques-
tions remain which have not been very much investigated, in the past few years
and that we just mention here. Why is there a kind of limiting fragmentation 7
By which mechanism the spectator parts acquire energy without receiving momen-
tum ? Is there indications of non-equilibrium fragmentation ?

We finally mention the possibility of studying nuclear matter around normal
nuclear matter density and at finite temperature. In this region, nuclear mat-
ter is expected to behave as a Vanderwaals fluid (47), with a critical point

around P 0y o TCz 15-20 MeV , leaving room for a gas-liquid transition.

0
What is left over when going towards finite nuclei is far from being known.

Nevertheless, this question is worth being investigated (28).
7 - CONCLUSION

We have reviewed some of the experimental data, which indicate that a dense
hot phase is formed during the collision between two heavy ions in the GeV
range. We have presented theoretical arguments indicating that the system is
not globally equilibrated and that, if a transitory dense phase is formed, it



does not probably involve all the (participant) system. Consequently, a good
knowledge of the collision dynamics is required in order to relate the dense
phase with the observables.

We can try to enumerate (apart from the proposal for detecting signals from
quark-gluon plasma) the points on which the experimental effort should be pla-
ced and Saturne and Diogene could be useful tools in this respect. Extensive
measurements of multifragment events and their analysis in terms of global
variables are certainly needed in order to improve our knowledge of the basic
dynamics. Further experiments, including multiplicity measurements and corre-
Tation experiments, on pion and especially kaon production are necessary,
since the spectra we have at our disposal are not satisfactorily analyzed by
current models. Composite fragments should also be studied extensively, in
order to resolve the question of the mechanism of their formation.

On the theoretical side, the following points have according to us, to be
investigated. First, we have to fimprove our picture of gas dynamics, perhaps
starting from INC calculations (but other approaches can be adopted). Pauli
principle effect should be studied in more detail. We have to look for the
possibility of implementing off-shell effects properly (perhaps this could not
be done in a pure classical scheme). More generally, we have to study how the
interaction effects can be investigated, and where and when they manifest
themselves in the course of the collision process. Also, we have to look whe-
ther unusual pion and kaon sources can explain the corresponding cross sections
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