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scattering of an incident particle from nucleus to nucieus inside a thick target,
he used a simylation procedure. Thus the most general definition of the INC is
the simulation of multiple scattering inside nuclei. Although the method turned
out to be very successiul from the beginning, it raised several problems (iyitis
based on numerical simulation and therefore relies on large statistics ; (i) it
obviously neglects quantum interference effects, even if the latter are probably
decreasing as the number of collisions increases ; (iii) its connection with
basic theory is not well clarified. In other words, it is not known which equation
is exactly solved by the INC and to what degree of approximation,

Initially used to describe hadron-nucleus interactions in the GeV range,
the INC model was extended to heavy ion collisions in the GeV/u range, where
it reveals itself as a powerful tool of investigation. We will concentrate here to
this kind of problem, but we have to mention that the INC has since been used
in many different systems as well as in ditferent energy ranges. .

The physics handled by the INC model is the non-equilibrium dynamics
of many-fermion systems dominated by two-body collisions. This dynamics
was Known for a long time in some special limit : relaxation time limit, short
mean free path limit.... in extended systems essentially. The INC allows to
handle any non-equilibrium situation, including the possible creation or
dastiuction of mesons. In recent extensions of the INC to lower energies, one
was forced 1o introduce a time-dependent mean field. This led to a variety of
new models (VUU, BUU, "Landau-Viassov",...), but the collision dynamics was
basically kept the same as in the INC. The physical motivation was the
handiing of compression effects, hopefully linked with the nuclear equation of
state.

in this review, we basically describe the INC approach which foliows the
paths of all particles in phase space at the same time and insist on its
relevance 1o the collision dynamics. In section 2, we explain in some detail the
INC model and discuss its range of validity as well as its basic physical input.
In section 3, we investigate the connection with theory. Section 4 is devoted 1o
an extensive discussion of the various features of the collision dynamics,
including the relationship with known limits and similarity theory. In section 5,
we review the most important physical results which have been obtained or
enlightened with the help of the INC. Section 6 discusses new perspectives
and section 7 contains the conclusion.

2. THE INC MODEL
2.1. Preliminaries

In simple words, the INC model is a method to handle quantum multiple

scattering involving many-fermion systems, including creation and absorption
of mesons. In other words, the INC model pictures the interaction processes
by a simulation of a time-ordered sequence of {usually) binary collisions. A
good description of the basic concepts, as well as a review of the various
methods may be found in ref. ), Depending upon one is especially interested
in the time evolution of the whole system or in the dynamical slory of a
cascading panicle, the model has been based on the minimum relative
distance for two colliding particles {this is the case for most of the well
celebrated codes used in heavy ions) or on the concept of mean tree path (this
has been used mainly in hadron-nucleus collisions).

2.2. Simulation based on minimum distance of approach

This method has been given a simple though powerul form in ref. 8. but

was used previously in refs. 4-10) ang later on by several m.o:vmd 1-13) The
idea is the following : (a) the nuclei are prepared by picking up at random
position and momentum of the nucleons according lo density and Fermi
distributions. The target is boosted by a Lorentz transformation : (b} nucleons
travel along straight line trajeciories until two of them reach their minimum
distance of approach dmin - Al this time, dmin is checked with the total

cross-section ¢ at the c.m. energy 4§ of the colliding pair. If d<a WS}y, the
iwo panticles are forced to scatier. The final state (if Bm:w of them are
possible} is chosen at random in proportion of the partial cross-sections. The
final momentum of the parlicles are constructed in accordance with
momentum-energy conservation laws and with experimental differential cross-
section. This is easily realized in the c.m. frame where the c.m. momentum is
easily calculated and where simply the polar angle & is to be determined
randomly with a probability law following the experimental differential Cross-
section. Of course, if d> o /S) . nothing is changed. The straight line motion
is then resumed until another pair reaches its minimum distance of approach ;
{c} the process is stopped when the binary collisions cease {in practice, when
the collision rate is low enough) or when a physical criterion is met. The
procedura is repeated by changing the realization of the initial state. One so
generates Ng, “evenis™. Physical quantities (including observables) are
calculated by ensemble averages.

Many other features should be given in order to complete the description

of the model. They have been included progressively with time. We list the
most imporant here.

1. lnelastic processes are introduced by the isobar picture : the processes
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(2.8)
Obviously, the distribution functions are normalized as -
. 3 .3 . -
%aanrﬁ.b.su). {2.9a)
._,%, dpdrdD 1,6.5,.F, By =AA-1), (2.9b)

and so on. For obvious reasons, only the lowest order functions can be
evaluated reliably. In practice the delta function in egs. (2.6)-(2.8) are
replaced by step functions defined on a mesh in phase space.

2.5. Relation with experiment

The relation between calculated distribution functions and the
abservables is a delicate question, common to all transpor theories, for two
main reasons : (i) firsi, they do not intrinsically incorporate a dynamics for the
formation of clusters {this has to be supplemented by some external, ad hoc,
procedure) ; (i) experimental data are obtained with the help of detectors,
plagued by some acceptance, which depends upon the nature of the clusters.
Symbolically, and in all generality, an observable involving a s-body operator
{in phase space) can be represented by

0= =3 0 (1) Ll o (F100)..5400)] . (2.10)
ay ﬂ

where L realizes the clusterization in event labelled §.La represents the

cuts typical of the detegtor, wm is the appropriate s-body operator taken at
t — e and the summation runs over the number of events. In general La and
Lc are not linear operators. Therefore the observables cannot be expressed
in terms of the distribution functions. Furthermore, the deteclors are such that
the operalor Lp can depend crucially on slight differences in the results of
Lc. at least for some observables (e.g. it the detectors have different

thresholds in velocity for a panticles and deuterons, a small modilication in Lo
can give different results for an a-paricle and for two deuterons travelling with
the same velocity). This is the case for the so-called (see ref. mév flow angie.
Sometimes, it is possible 1o get rid of the uncertainties of La (large
perpendicular momentum at forward angles). Stil, the operation 0g does not
commute with Lo and may still depend on its action. In some cases, it is

possible to consider observables which are almost clusterization-independent.
The most common of them is the so-called quasi-proton invariant cross-

section, which can be written as ({ running over all impact parameters b, o
being the total reaction cross-section) :

= g A o
maﬂuz,M:s Mw:,;m;mﬁué%g. (2.11)
dp WL ey
which is equivalent fo :

ml
mmmumaSc_.a_.aﬁm:ea.m_c. (2.12)
p . { oo

Q.

where the b-dependence of the one-body distribution for participant prolons
has been explicitly introduced. This can be identified to the experimental
quantity :
35 do % %
a9 v+ama Quu +wm_'.lau_
9 Pylpg-2p 4P pyuzp

Fo (2.13)

where all the species are summed up. Equivalence of eqs. (2.11) and (2.12)
follows from the asympiotic {1 — oo} form ot fy :

BEB.O~ @) (-2 . (2.14)

The factorization occurs after alf collisions are over. Similar expressions can
be obtained for two-particle correlations and for deuteron production. For the

lalter, the authors of ref. 25) give ({ including all b's) :
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"stosszahlansalz” hypothesis, since two-body correlations effects on the
phase-space occupancy are laken inlo account at any time (see section 3.3).

The success of the INC model is quite surprising in view of the above
discussion and is still a mystery. It seems that quantum effects are just not
showing up and that the main features of the collision process are dictated by
the gross features of the microscopic input.

3. RELATION WITH MANY-BODY THEORY
introduction

The central problem in nuclear physics in our days is to know what are
the “right” degrees of freedom. Are they nucleon, nucleon plus meson or
quark plus gluon degrees of freedom ? Furthermore should they be treated
classically, quantum mechanically ? The answer depends upon the problem
{and the scale) one is looking at. Here we focus on a description in terms of
nucleons interacting through potentials (plus pion creation, treated classically),
which is the one which has been pushed the most forward, by far. The
challenging description would involve a field theory for nucleons plus mesons.
But the latter is not very well developed for non-equilibrium situations.
Furthermore, it is not sure at all that nucleons can be treated as an ardinary
fermion field.

3.2. From many-body theory to transport equation

We thus assume that a system of A nucleons interacting through
potentials can be described by a Schrédinger theory. This problem cannot be
solved exaclly, even with present-day computers. One has then to rely on
approximations. The latter are best introduced through the density matrices
(BBGKY) Zmﬂm-ogmmv, Let us denote by py, pp, pg.... the one-body, two-
body, three-body,... density matrices, and let

C O H=XTYv, @)

(3] ref

be the A-body hamiltorian. The Schrodinger equation is equivalent 1o the
foliowing set of equatons

-

J
ih ? =T e GlViz.po(1.2)] (3.2)
mnm '
i = [Ty Tot Va0, (1.2)] + (3)[Vas+ Vag . P4 (1,2.3)] (3.3)
dp, < o
_mdﬂinthni _ ML_<:.U TT:I_ v al;,,:iﬁ_:..:a,i.
bat 1<
(3.4)

where we have explicitly indicated the paricle degrees of freedom in the

density matrices and where the symbol MJ means that the trace should be
i

taken on the degrees of freedom of the ith particle. The hierarchy is usually

truncated somewhere. The simplest truncation is obtained by assuming

Po(1.2)=p (1) p,(2) A2, (3.5)

where A, is the anlisymmetrization operator. The hierarchy then closes on
eq. (3.2), which becomes

. 9p T
ih ‘uﬂ_f Tit @ A2V2py(2) . py (1)) . (3.6)

The next possible truncation amounts to neglect p, in eq. (3.3) and assumes

that at some time ty , p, is a product of py's. At later times, p, will contain
the correlations due 1o one interaction only. The formal solution reads

P, (1.21) = &ﬁlﬁf%, :u (1.21,) y:?;ﬁf% o)  (37a)

We next introduce the approximation of taking p,{1,2,t,) to be uncorrelated
and using p, infirstorderin V,,. This gives :

- _ 1 a1
vm:,mbibz_vc;mvm_m+m“m.ﬁﬂwﬁwlﬂm 12P (1) (2) A2

PN PL2) AV PE T S
1 1 12 Vo AM .,_>d .ﬂm.._m Awwcv

Here the limit 1y - - o= has been taken for introducing conventional scattering
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55 g P o= = e 2
EAbun»lmevnmmAbinmdm%.d:ubmvh , (3.17b)

2
o(p)=F—+ Ugf5.p,T) (3.17¢)

where Ug is the single-particle field calculated in uniform matter at density p
and temperature T within Brueckner theory

Us () = 2, n(p") <f FIGIE p'> . (3.18)
<

The matrix G reduces 1o the usual scattering T-matrix if Qj— 1 . The
difference carries medium corrections on the scattering properties.

Equations (3.11) and (3.15)-(3.18) constitute the state of the art in matter
of nuclear transport, We recall that they are obtained within the following
hypotheses (except for production processes) :

(1) potential interactions

(2) two-body scattering

(3) no higher-order correlation

(4) uncorrelated colliding pairs

(5) no retardation effect (in quantum collisions),

Approximation (3) probably breaks down at high density {and thus at high
energy). At low energy, the most serious approximation comes from point (5).
The problem has been studied in generality by Baym and Xmam:o:wmv. and in

some particular cases, by Danielewicz35.37). The effect can be taken care of
by introducing a new {relative) time. The collision term becomes non-local in
this time. An alternative more ransparent approach introduces a more
“general distribution function f(f,p,w,1) depending also upon the frequency
and the concept of quasi-particle, an object whose energy is not completely
determined at any time, but centered around e(p) , introduced in eq. {3.16).
The physical origin of this concept is the fact that between collisions, the
particle is never "asymptotic™. In a model numerical mﬁcavxud. it is shown that
the equilibration rate is reduced by this quantum effect, by ~ 25 % to give a
number. It is not clear what is the physical parameter controlling this effect,
since the latter basically depends upon the w-dependence of the function
fr.p,w 1) In equilibrium situation, the w-dependence is largely dominated
by the one of the strength function38), but this has not been studied very much.

In conclusion, a satistactory nuclear transport theory, except for the
uncertainties mentioned above, seems to be embodied by eq. (3.11) with the
medium corrected ingredients, hereafier referred to as the Landau-Viassov
equation. The INC model can handle this equation with exception of the mean
field (related to compression) effects : that is what we call here the collision
dynamics, which largely dominates in heavy ion physics. The treatment of
mean field requires going from linear trajectories to curvilinear trajectories
between collisions. This is done in the VUU and so-cailed Landau-Viassov

methods, in full development these Qm<mww.amv.

3.3. Does simulation solve the transport equation ?

This question has been addressed by several authors. The real question
is ! do we solve eq. (3.11) {for U = 0) by the simulation procedure described in
section 2.2 ? The answer is no for an obvious reason : the probability for
having a collision in the cascade depends upon the joint probability of finding
two particles close in phase space, a quantity directly related to the two
particle distribution function 1, . Therefore one expects rather an equation of
the type :

d%, dp., d? L L .
ﬁs:q.m;vn% uw Pw ow_..EAm%Aiqux%. 2 FaBa (1 -Tof1 -1
(2m)” (2x)” (2m)
“WE By PP AT BT, B,. (1 - Ta)(d -Su : (3.19)

0 . e
where hwv is the independent s-body Liouvillian

s =
0 Pis .
Ls =g+ 2 mm_.q_. , (3.20)

and where a t has been introduced in the collision integral to indicate
symbolically that the INC does not demand a strict locality. We conjecture
here that the INC model is equivalent to solving the hierarchy formed by eq.
{3.19), the following equation
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133

Ca+Ca b=0 08GeVA

<>

Fig. 4.1. Evolution of the
moments defined in eq.
(4.1). The non-diagonal
moments <xp,> and
<Zp,> are normalized by
dividing  them by
«AkMVAthv\ﬂ\N and
«ANNVAbN v\\.m

respectively.  The fuil
lines refer to all nucleons
and the dotted lines to
those nucleons having
made at least two
collisions. Adapted from

the INC calculation of ref.
73)

o
I~
i

to the dimension of the system MR |, which is of the order of 0.2 in the case of
Fig. 4.1. The good stopping power of nuclear matter in the GeV/u range is
largely due to inelastic effect (A production essentially), as was demonstrated
in ref. 8).

The extension in phase space can be measured by the entropy per
baryon. Itis clear that the entropy is related to the thermalization process, i.e.
dus to collisions, but also 1o the equation of state. Indeed, if particle interaction
is repulsive, less available energy will be thermalized for a given compression,
since the available energy is fixed. It is not clear how to measure the entropy,
but, if one adopts the d/p ratio, advocated by Siemens and KapustaS0), or
rather, refined methods2 m: it is clear that the entropy is strongly affected by
transparency effects®1.52),

-19-

The transparency has several consequences. Let us note the relatively

small average number of collisions undergone by a nucleon®3) and the
presence of quasi-free processes (see later).

4.3. Bulk dynamics

Except for transparency effects, it seems that the relaxation time is so
short that perhaps the INC evolution does not depend so much upon the detail
of the collisions and upon what happens on a very small scale (small scales
are affected by a single collision, large scale average over many collisions)
but rather, upon macroscopic variables. The INC would then approach the so-
called ics, which roughly corresponds to absence of surface and
(small scale) mean free path effects. The simplest way to discuss that point is
to consider the moments of the equation (3.11). We neglect the unnecessary

complications due to the @.vc term. The zeroth moment equation writes :

QW

3¢ VP0)=0, (4.2)

where p is the density and where O
.A -
= (mp) _.a pPpiy(F,p.1) (4.3)

can be interpreted as the collective velocity. The first Boama equation can be
written as

nm%+m@.m +VIl=0 (4.4)
where the tensor 1
Mj=S;+8;"p) , (4.5)
with .
P
Hp)=pU- .‘OEE dp*, (4.6)
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Fig. 4.2a. Time evolution of
the density as predicted by the

INC calculation of ref. 24),

*3 EH)

Ar+ Ca 0.4GeViu b=z2im

L R R BT
101c) ..
LD
0
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Fig. 4.2b. Time evolution of the density as predicted by the hydrodynamical
calculation of ref, 95), The ratio b/b

X (fm)

max 'S roughly the same as in part (a).

..N/uy

one can detect some differences (lime to achieve the maximum density, the
value of the maximum density, the expansion rate,...). More subtile differences
deal with the presence of spectators in the INC, correlations of particles (not
observable in fig. 4.1), etc...

Actually, the numerical procedures used to solve the hydrodynamical
equations seem 1o introduce some viscosity, an ingredient of a higher
approximation, known as viscous fluid hydrodynamics. The latter is obtained

by assuming the deviator Wa {and the heat current Jo) to be proportional to
the gradient of U (T). We do not write down these equations. We only
mention that they introduce54) two parameters : the (shear) viscosity 1 and
(less importantly in the nuclear case) the thermal conductivity «.

Without entering into many details, it is clear that hydrodynamical
equations are valid if the collision term vanishes. That does not imply a
collisionless regime. On the contrary, that demands so efficient collisions that
the deviator (and consequently the last term in €q. (4.11)) vanishes in an
extremely short time : this is the ion 1 imit.

The long relaxation time limit, which is discussed in refs, 53,64) may also
be of some interest for nuclear physics, but at very small excitation energy.

To illustrate somewhat more the collision dynamics, it is interesting 1o
look at its limit of small perturbations. The latter is obtained by taking a small
departure from an equilibrium situation. The static solutions of eq. (3.11) for an

infinite medium has the form %v@ . which would reduce to the Fermi-Dirac
distribution if there were no mean field U. One can look for small perturbations
from this static solution

B E.B. ) =1 (F) + & (4.18)
with

8t = a exp [i(k.F - At)] (4.19)

and determine the frequencies A by linearizing the transport equation {3.11).
This is done in great detail in ref. 29). We only quote the results here. Their
are five eigenvaiues (modes), which are the same as the ones that are
obtained by studying small perturbations on the hydrodynamical equations.
They are listed in the Table below. In addition, this approach provides
microscopic expressions for the transport coefficients {in second order in the
wave number k). In conclusion, the collision dynamics is the response due to
collisions of the system to (small or large) perturbations of density, current and
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In ret. 85), it was shown it at the dependence upon the Reynoids number is
non negligible. A rough estimate gives (b $bad?)

. b | 31 &
tan<@s= TmuT -mﬂmmv,mmwvwmw , (4.25)

where € and €, are the average energy and average energy in the z-
direction respectively, of the nucleons panicipating 1o the flow (it is roughly
equal fo the aspect ratio q m:. Relation (4.25) is compared 1o experimental
data at 400 MeV/A in Fig. 4.3 (using q = 1.5). The correspondence gives [g] =
8 for Nb + Nb, which is very close to the free gas valua®9) at this energy. We
recall that the viscosity parameter 1 is related to the cross-section.

A+ A 400 MeV/u

o.m N v T ¥
NO.4r ‘
v
\4
o
3

0.2 73 o exp .

+ €eq.(4.25)

0.0 } : : .

0 100 A 200 300

Fig. 4.3. Comparison of ‘he flow angle (dots), measured in ref, 63), win
lormula (4.25) (tult ine), 1 sing a Reynolds number (eq. (4.24)) [R] = 8 for
Nb + Nb
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Fig. 4.4, Above
lines of constant
Reynolds number
{values given by
the numbers), as
evaluated in ref.
69) Below : lines
of constant F (eq.
(4.26)) as extracted
from experiment
(symbols). Adapted
from ref. 79),
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5.2. Nucleon spectra

Fig. 5.1 displays the inclusive proton spectra from the first version of the
Liége cascade?) in comparison with experiment for Ar + Ar at m\>‘ = 800 MeV.
As the cascade does not predict the composite yields, the experimental data
represent the "protou-like” cross-section (eq. (2.13)). We can see that the

T 1 T
40ar +40a; — p+X
E/A = 80O Mev

Fig. 5.1. [nvariant
proton inclusive
cross-section as a
function of the
proton laboratory
kinetic energy for
the Ar + Ar system
at the incident
energy E/A = 800
MeV. Five
laboratory emission
angles have been
selected. The
histograms are the
results of the Liége
cascade, and the
e . 3 dots give the

-] 907 {x107) - experimental data

HF«J from ref. 90), for Ar

1HO® {x10°%) + KCl.

m.OU Agm/\v

104~

103~

1084~

10'- 60° (x10™)

1074

- L i
1072 _ 200 200

agreement is quite gbod. Notice however the logarithmic scale : the
discrepancies are less than say, ~ + 40 %. At low energy, SQA model
overestimates the data, but this can be accounted for by the expected inability
of the cascade 1o d-'scribe the (target) spectators or quasi-spectators. For
smaller angles, the riodel overestimates slightly the data. Similar trends are
observed for C + C und Ne + Ne reactions. The inclusive proton ¢.m. angular

-31-

distribution for the reaction Ar + Ar at E/A = BOO MeV are fairly well reproduced
for a proton c.m. energy of 200 and 400 MeV, while, for 600 MeV it is slightly
too forward and backward peaked. To our knowledge, the results of the Liege
cascade®) have not been compared to experimental inclusive proton spectra,
neither for the improved versions of the code (which includes a better
description of the pion and delta dynamics, of the nucleons's binding in the
initial nuclei and in the spectator pieces, and of the elementary cross-sections
(charge dependence) ; for description and discussion of those successive
improvements, see refs. ma.f.wmvv. nor for other systems than those quoted

above (except Ne + Na F at E/A = 400, 800, 2100 MeV in refs. 85) and 8)).
Indeed it would be interesting to study the energy dependence and to go to
heavier systems. Preliminary resulis seem to indicate that for heavy symmetric
systems, some discrepancies with the experimental data are found at rather
small laboratory m:@_mmwwv. In ref, m&. it is shown that the proton spectra can
be modified by using a particular prescription to simulate nucleon binding
("freezing").

Inclusive proton spectra have been calculated by different authors, using
different codes, mainly for light projectiles (Ap =110 40), for a large variety of
targets (Ay = 12 10 238), and for energies ranging from E/A = 0.25 GeV fo 2.1
GeV. In general, the quality of the agreement between the calculations and
the dala is comparable 1o what is shown on Fig. 5.1. The comparison of the
first version of the Yariv and Fraenkel cascade with the experimental data

favours the so-called “slow rearrangement™ prescription!7), The second
<mawo:§ (including cascade-cascade collisions, see section 2.3) has been
used for calculating low energy proton spectra for Ne + U at E/A = 400 Mev
and Ar + Ca at E/A = 1050 MeV. At rather large angles and energies, the
agreement with the data is satisfactory, while once again a discrepancy occurs
at the lowest proton laboratory energy ; but here, the yield is underestimated
probably because the binding prescription is not associated with an
evaporation one. The Stevenson cascade'0) provides also a rather good
agreement with experimental inclusive proton spectra (from ~ 50 to 200 MeV)
for He and Ne + U callisions at E/A = 250 and 400 MeV. ForNe + Na F (E/A =
800 MeV) reactions, the high energy proton Cross-section at small laboratory
angles are overestimated as for Ar + Ar using the Liége cascade. Let us quote
also the comparison of neutron 10 proton spectra in ref. 94), At low laboratory
angles (s 90°), the Toneev and Gudima cascade80) predicts a steeper
decrease of the invariant proton inclusive cross-section {as a function of proton
energy in the range ~ 50 1o 350 MeV) than what is observed experimentally,
while the agreement is quite good at larger angles. Let us also quote the
comparison with the Dubna experimental data in refs, wm.mmv. at energies (till ~
4 GeV/u) larger than the Bevalac ones (~ 0.2-2.1 GeV/u). Finally, let us
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V. FIULUHSPIOLOn corretlations

The study of the two proton correlations is of particular interest L. 1:se
they can be related to quasi-free nucleon-nucleon elastic scattering ("knock-
out” process), and also 10 the absence of cylindrical symmetry of the initial
state (correlations related 1o ths "bounce-off", "side-splash®, or spectators
shadowing, etc...). In the first case, the magnitude of the correiu.iun can be
related 1o the degree of equilibration reached, and in the second a1 - 10 the
collective behaviour of nuclear matter. Of course, other causes fc. two proton
correlations can be considered. The correlation coefficient measured for
C + C, Ne + NaF and Ar + KCl at E/A = 800 Mev 90) exhibits a broad peak that
can be accounted for by knock-out nucleons and that progressively flatiens
when the mass of the system increases. The Liége cascade reproduces this
trend (see Fig. 4.5), but the peak is slightly shifted, while the magnitude of the
correlation is roughly accounted for. It is interesting 1o notice that the first
version'7) of the Yariv and Fraenkel cascade overestimates the quasi-elastic

peak for C + C, while the second one8) (which allows cascading nucleons
reinteractions), achieves a betler agreement.

5.5. Plon yield

The pion multiplicity, or the pion production cross-section (the mean of
the former is just equal to the latter divided by the total reaction cross-section)
gave rise 10 many calculations, panly because it was once suggested!05) (hat
the mean pion multiplicity could be considered as a "nuclear matter
thermometer” from which the fractions of the total available energy
corresponding 1o kinetic and to potential energy could be estimated. In such a
picture, the cascade models should predict too many pions because they do
not involve the repulsive potential energy due to compression. Fig. 5.3 shows

the predictions of the second version of the Litge cascade3.91) (i.e. in which
the A has a non-zero width, and the reactions A HZa are allowed ; the results
are represented by a continuous line with open circles) together with
experimental results106) (dashed line) for central Ar + KCI collisions. Actually,
the model overpredicts the pion multiplicity by ~ 1.5 units. A similar result is
obtained using the Yariv and Fraenkel cascade'07). The Gudima and Toneev
cascade80) also predicts too large pion multiplicities for Ar + KCI(E/A = 1.8

GeV) reactions, but the linear dependence <n(n’)> « Q {where Q is the
participant proton number) is nicely reproduced. The width of the pion
multiplicity distribution is also correctly predicted. Finally, let us quote the

Ar + KCI Fig. 5.3. Mean - multiplicity

mvmoa\\y (Gev) in central Ar + KCI reactions,

as a function of the c.m.

8 o_> 12 20 incident energy. The

experimental  datal 06)
correspond to full dots and
4 dashed lins. The Lisge

cascade results3 91) grp
represented by open circles
-4 and continuous line. The
open squares and triangles
along the second continuous
4 line correspond to two binding
energy prescriptions where
the nucleons Suddenly loose
0 L1 40 MeV at their first
01 03 05 conisiond ",
Ecm (Gev)

lb<m = -L0 MeV

62 Vy

La + La results : for central collisions, the Liége cascade predicts ~ 5 more r~
than what is measured, for experimental mean n~ Bc:ﬁ:n:,mmdomv. ranging
from ~ 410~ 15, corresponding to low and high multiplicity events,
respectively,

As can be seen in Fig. 5.3, including a binding energy prescription
strongly improves the agreement with the data. The reason for that is very
simple : in the Liége cascade, the system has too large an energy in the initial
state because the nucleons have a Fermi motion without being bound in the
nuclei. As the N-N pion production cross-section increases with the relative N-
N kinetic energy, one can expect too many pions ; while reducing this kinetic
energy through a binding energy prescription will decrease the pion
multiplicity. Notice however that both the Yariv and Fraenkel cascade, and the
Gudima and Toneev one take into account the potential well of the two initial
nuclei ; but in a different way than what is done in the Liége cascade. Tha
Kitazoe et al. cascade reproduces fairly well the experimental Ar + KCI mean

pion multiplicities'3.97).  The authors showed that their binding energy

prescription also leads to a lower pion yield, but they discuss other reasons?3)
for the difference with the Liege results. The question of the binding

prescription has been recently reexamined by Medeiros et al.109) who find
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resulls for Sv = 40) + (Ay ~ 132) reactions together with the Liége cascade

results. Zero flow would correspond to <p*> = 0 for all rapidities. Once again,
the INC predicts an appreciable amount of flow, but smaller than the
experimental one. Such a statement seems to hold for several models,
several targetl-projectile masses and several incident
m:m@omma; 16,68,71,124-126) including Dubna m:m@mmdmd.

6. PERSPECTIVES
6.1. Possible improvements of the INC

As we have seen, some resuits of the codes can be sensitive to the way
the following physical effects are simulated : (i) binding of the nucleons in the
two initial nuclei, and in the subsequent spectator pieces ; (i) description of the
initial nuclei {density profile, Fermi momentum distribution, Pauii correlations) ;
(i) taking account of the composite production and of the particles
evaporation from the spectator pieces ; (iv) Pauli blocking simulations during
the collision ;| (v) isospin dependence of the elementary cross-section ; (vi)
description of the inelastic channels (non resonant n production, inclusion of
several baryonic resonances) ; (vii) description of the delta mass distribution.
Hence, a first type of improvements consists in simulating as carefully as
possible the different physical effects mentioned above. The last version of the
Liege cascade which has been compared to He + A :8_ p+A A+ Aand
7 + A V1) reactions includes the isospin dependence of elementary cross-
sections, the Pauli blocking governed by local phase space density, the
binding potential and the "freezing” of spectators.

§.2. Mean field theories

However, despite of these improvements, the cascade stricto sensu (i.e.
a model using straight line trajectories in between the collisions) lacks an
important effect, which has received much attention these last three years,
namely the time-dependent local mean field, as introduced'in eq. (3.11). New
methods, devised 10 cope with this difficulty, named VUU, BUU or "Landau-
Viassov™ have appeared. In these methods (some of them are described in
this book), each nucleon follows a curved trajectory, calculated by Newtonian
mechanics, subject 1o the acceleration due to the gradient of a scalar field
Ulp(n)) . where p is the density in configuration space. As for the collisions,
the method is largely, if not totally, taken from the cascade. The field U is then
calculated selt-consistently from the actual density distribution. These

methods establish a connection with the equation of state. The ulimate goal is
to extract the equation of state from the comparison of predictions with
experiment. However, before any conclusion can be drawn with some
confidence, several questions have still 1o be answered. We list here the most
important ones (still keeping with a theory using baryons and mesons as basic
Schrédinger particles) : (a) what is the importance of the quantum effect in
collisions (see section 3.2) ? ; (b) how 1o treat correctly the production
mechanism 7 ; (c) how important are the medium effects ?

6.3. Beyond eq. (3.11) and the one-body distribution function

Much emphasis is presently put on eq. (3.11) and the one-body
distribution function. However, as we said in section 2, the INC is potentially
able to study high-order distribution functions. This may be used to study two
general questions : (a) high-order distribution functions should be related to
many-body correlations, responsible for the appearance of fragments ; (b)
high-order distribution functions are related to fluctuations of lower-order
distribution functions or of lower-order observables (see section 2). The first
question has not been studied by dynamical simulation, like INC, up to now,
excepl for large angle p-p correlations (see section 4.5). The second question
has been investigated for the case of the flow angle only (as far as we know),
for which the correlations seem rather trivially related to the number of
particles. We believe, however, that it would be worthwhile to pursue the use
of simulation methods 1o study these two (and perhaps other) probiems.

7. CONCLUSION

The INC model has been very successful in explaining the main features
of the experimental data for heavy ion collisions in the GeV/u' range.
Furthermore, this model has been very helpful in three respects : (a) it first
gave an elaborate picture of phase space evolulion of the system ; (b) it
contributed to promote simulation methods as a powerful tool of investigation
in nuclear physics ; {(c) il made possible the study of ¢ollision dvnamics in
situations far from equilibrium. Presently, the INC stricto sensu is
progressively replaced by mean field theories, which to some extent, are
generalizations of the INC approach.

The INC, owing to its simplicity due to the use of straight line trajectories,
can still be of great help in situations where the mean field effects are not
important or where they can be handled very simply, or where the production
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