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Entropy production in the Au+ Au reaction between 150 A and 800 4 MeV
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The entropy per nucleon (S/ A4) has been extracted for the Au [(150-800) 4 MeV] + Au reaction by
using the phase I setup of the 47 facility at GSI, Darmstadt. The entropy has been obtained from the
comparison of various observables characterizing the dM /dZ fragment multiplicity distributions, ex-
tending up to Z ~ 15, with those calculated with the quantum statistical model. It is the first time that
S/ A values are determined by considering the full ensemble of charged products detected in the reac-
tion. Consistent values of S/ A4 are found from different methods. These entropy values are shown to be
fairly independent of the volume of the “participant” region considered. They are somewhat lower than
those extracted in earlier works but are in good agreement with hydrodynamic calculations and suggest

a low viscosity for the hot and dense nuclear matter.

PACS number(s): 25.75.+r, 25.70.Pq

I. INTRODUCTION

Heavy-ion reactions at intermediate energies are
currently under intense investigation [1] because they are
expected to provide information on the general properties
of nuclear matter at densities and temperatures much
higher than those extensively studied at the ground state
density p,=0.16 nucleon/fm> and around zero tempera-
ture. The experimental results show strong dynamical

*On leave from Vanderbilt University, Nashville, TN 37235.

TPresent address: Texas A&M University, College Station, TX
77843.

fPresent address: Department of Radiology, University of
Pennsylvania, Philadelphia, PA 19104.

0556-2813/93/48(3)/1232(14)/806.00 48

effects [1,2], like various forms of the flow of nuclear
matter, which require the use of theoretical macroscopic
(hydrodynamic [1-4]) and microscopic (Boltzmann-
Uehling-Uhlenbeck [5], Vlasov-Uehling-Uhlenbeck [6],
Boltzmann-Langevin [7], Landau-Vlasov [8], quantum
molecular dynamical model [9], etc.) treatments. This
complicates considerably the task of inferring from the
experimental observations the properties of equilibrated
nuclear matter under well-defined thermodynamic condi-
tions. On the other hand, recent studies of very central
heavy-ion collisions have revealed new features which
suggest that possibly global equilibrium may be reached
under favorable experimental conditions. This would jus-
tify the use of statistical models to extract simple but very
useful thermodynamic quantities such as entropy.
Indeed, the baryonic entropy per nucleon (S/A) is in-
herently connected with the momentum as well as with
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the real-space configuration. Thus an independent mea-
surement of S/ A will lead to information on the overall
phase-space occupancy in the central heavy-ion reactions.
Such a determination was first proposed by Siemens and
Kapusta [10] who suggested correlating S/ A to the
deuteron to proton yield ratio, claiming that the relative
proportions of d and p are established during the early
stage of the reaction. They applied this method to the
study of the Ne+NaF and Ar+KCIl systems at 1004
and 2004 MeV. They suggested that such analyses
should be extended to heavier systems and that excitation
functions should be measured.

As shown in a recent work [11], midrapidity intermedi-
ate mass fragments (IMF’s, 3 <Z <12) are produced with
a substantial cross section in highly central Au-+ Au reac-
tions performed at 1504 MeV. An extension of this
work to a large energy range [(100-800) 4 MeV] has es-
tablished that these IMF’s represent an important frac-
tion of the total charge of the events corresponding to the
most central collisions at all energies [12].

In this work, pursuing these studies, we will show that
the IMF multiplicity distributions are characterized, over
a large domain of bombarding energy, by an exponential
falloff when the ‘“participant” part (cf. the participant-
spectator picture) is actually selected, and furthermore
that this behavior is fairly independent of the volume of
this part, providing it is not too small, i.e., for central and
semicentral collisions. Encouraged by these observations,
assuming that a statistical equilibrium is reached, we
have proceeded to an analysis of the IMF distributions in
terms of the entropy created in the reactions. The
baryonic entropy per nucleon is particularly attractive
because, although being built in the early stage of the re-
action, it is conjectured to be essentially preserved during
the evolution of the nuclear system [13-16].

To understand the fundamentals of entropy production
in violent heavy-ion reactions and their relevance to the
present class of studies of hot and dense nuclear matter, it
is worth recalling briefly how the entropy is supposed to
be created according to the vast ensemble of experimental
results treated in the dynamics of the nuclear collision
framework. It is generally conjectured that relativistic
heavy-ion reactions (above about 1004 MeV) proceed in
the schematic following way: (1) An excited zone is
formed from the region of contact between projectile and
target. In this region the available energy is shared as
compression energy and thermal energy, the latter result-
ing from nucleon-nucleon collisions whose frequency de-
pends on the nucleon mean free path and consequently on
the density. This brings the system to a stage of higher
temperature (7') and density (p) which lasts only a very
short time. (2) Indeed, photons, electron pairs, and
mesons are promptly emitted, while the nucleonic system
expands and disassembles into light particles (n, p, d, t,
and >*He) and fragments. However, at bombarding ener-
gies below about 7004 MeV the mesonic component ap-
pears to be negligible [17]. During this phase, the poten-
tial compression energy is mostly converted into kinetic
energy which communicates a collective motion to the
bulk of particles and fragments, i.e, the flow of nuclear
matter. Only a little compression energy is supposed to

be transformed into thermal energy due to weak viscosi-
ty. During this phase, T drops considerably. (3) The sys-
tem expands further and reaches a state of dilute density
compared with the saturation density p,, where the nu-
clear interaction among the constituents ceases, the so-
called breakup or freeze-out density. From this point on,
only unstable fragments may still decay, yielding eventu-
ally the particle and fragment distribution which is actu-
ally measured experimentally.

Globally, it would seem that most of the degrees of
freedom are created in the early stage of the collision and
that the high temperature and density of the nuclear sys-
tem, which decrease rapidly as the reaction proceeds,
cannot be conveniently used to describe the system under
a thermostatic aspect. When looking for an observable
which does not change much after the highest T and p
stage has been reached, one may consider the entropy (.S)
which describes the degrees of freedom of the system and
which is reputed to remain essentially constant over the
expansion of the system [13-16]. It can be defined as

S=—k S P, InP; , 80

where k is the Boltzmann constant and P; characterizes
the probability of finding the system in a microstate i. If
the system is at equilibrium, then all the microstates are
equiprobable and a statistical entropy may be defined as
S =k InQ(E), where Q(E) describes the macrostate of en-
ergy E containing the large ensemble of microstates.

Turning to the methods to derive the entropy, on a
theoretical footing there was first the method suggested
by Siemens and Kapusta [10], already mentioned before,
which relates the entropy per nucleon to the deuteron to
proton yield ratio R ,:

S/A=3.95—InR,, . )

This assumes that proton and deuteron yields reach rap-
idly an equilibrium through the reaction d+N
=n+p-+N, where N is a spectator nucleon or a cluster.
Then light clusters (z,>*He) were included by considering
their deuteron and proton clustering. A deuteronlike to
protonlike ratio R ap Was determined [18] as

_ Ny+3(N,+Ns, )+3Ns,
R, =
# N, +Ny+N,+2(Ns, +Na, )

(3)

1
of the various species i (p,d,...).

To be valid, however, this method requires the neutron
and proton abundancies to be much larger than that of
all the other species together, a hypothesis which ap-
peared soon to be incorrect [15,18]. Indeed, it was shown
that heavier clusters should also be taken explicitly into
account [17,19-21] for the two following main reasons:
(1) At relatively low energy, experimental results show
that IMF’s are emitted in a substantial amount; hence,
the assumption that protons and neutrons dominate the
chemical equilibrium stage is not correct. When ignoring
the fragments, one neglects their binding and excitation
energies and the energy balance of the system is distorted.

to replace R, in Eq. (2); N; represents the multiplicities
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Moreover, the quantum statistical corrections [22] and
finite volumes of the produced fragments are not ac-
counted for. (2) Many of the IMF’s are unstable; thus,
they undergo particle decay, hence distorting the R dp Ta-
tio. Indeed, protons and neutrons are abundantly pro-
duced via evaporation subsequent to chemical breakup.

Thus it appears that entropy should be extracted from
a quantum statistical treatment of nuclear fragmentation.
Several models of this type exist; they treat the decay
process on the basis of microcanonical, canonical, and
grand canonical ensembles [17,19,20,23-28] or on the
binary sequential decay [29-32]. All these models re-
quire assumptions on the internal states of the particles,
their decay properties, and their coordinate and
momentum-space distributions at the time of freeze-out,
as well as their mutual interactions at that time. There-
fore entropy determination is model dependent. Howev-
er, this dependence is perhaps more on the parameter
choice than on the conceptual approaches of the various
models. A detailed comparison [21] of the classical mi-
crocanonical model [24] and of the quantum statistical
grand canonical model [19] has shown good agreement
for the description of the final states of central Ca+Ca
and Nb+ Nb collisions at 400 4, 1050 4, and 400 4, 650 4
MeV, respectively, as well as for the entropy per nucleon
determination. Among the various models, the quantum
statistical model (QSM) of Hahn and Stocker [17,19,20]
makes explicit predictions about the entropy readily us-
able by the experimentalist and which offers alternate
methods to extract S/ A. Therefore it has been used as a
first approach to extract the entropy values in the
Au+Au reactions studied here. Other determinations
from other theoretical approaches will follow.

Turning now to the experimental side, entropy values
determined from QSM analysis have been reported in the
literature [33—39]. They are from a variety of measure-
ments (different nuclear systems, projectile energies, and
methods of extracting S/A4) which makes conclusive
comparisons rather difficult. They tend to increase from
about 1.5 to about 3.5 over the (50-1000) 4 MeV energy
range and yield values which are higher than those calcu-
lated [17] with equations of state (with linear and quadra-
tic dependences on the incompressibility modulus K)
which best reproduce the experimental pion multiplici-
ties. One reason for finding a larger entropy than pre-
dicted by dynamical models was due to impact parameter
averaging in inclusive measurements as shown by Gut-
brod et al. [35] and Doss et al. [37]. On the other hand,
they appear clearly lower than those corresponding to
full conversion of the center-of-mass energy into thermal
energy, thus evidencing the existence of a large compres-
sion energy which manifests itself in the presence of col-
lective degrees of freedom of the nucleon matter formed.
However, so far, no measurements have included the
complete fragment distribution in the determination of
the entropy. Summing up, it is important to examine
whether taking the IMF’s explicitly into account leads to
the same S/ A4 values as in earlier works where they were
neglected. Furthermore, considering simultaneously all
light particles and IMF’s is a stringent test for theory and
models which has never been undertaken before.
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It is the aim of this article to extract S/ A from the
Au+Au reaction, performed between 1504 and 800 A4
MeV. Complete distributions of particles and IMF’s
(1=Z =15) have been taken into account to extract vari-
ous observables characteristic of these distributions and
to compare them with those calculated with the QSM,
thus allowing for an .S/ 4 determination. This analysis is
a part of a new generation of experiments consisting of
analyzing the fragment production and IMF properties in
relativistic heavy-ion reactions [40]. The Au-+ Au system
has been chosen in order (1) to have the largest possible
highly excited participant zone (if referring to the
participant-spectator description), thus “simulating” the
infinite nuclear matter considered by the models, and (2)
to allow the best possible selection of the participant zone
formed in violent collisions.

Light isotope yields determined with AE-E telescope
counters [41] and neutron yields obtained with the
LAND detector [42] have been measured simultaneously,
in a joint experiment, with the charged particles and frag-
ments presented here. These two sets of data should also
lead to an entropy determination for the Au+Au reac-
tion which will be presented in separate future articles.

In the following we recall first the method based on the
use of the QSM to extract the entropy values (Sec. II);
then, the experimental setup is briefly described in Sec.
III. The experimental results are presented in Sec. IV
where a discussion about the criteria of the centrality of
the reactions precedes the presentation of the IMF distri-
butions. The analysis of the data in terms of the baryonic
entropy is presented in Sec. V. The discussion (Sec. VI)
will present comparisons with earlier entropy extractions
and with theoretical expectations. Finally, a summary
will be given (Sec. VII).

II. ENTROPY DETERMINATION METHOD
WITH THE QUANTUM STATISTICAL MODEL

Since entropy determination is model dependent, it is
worth recalling the main characteristics of the QSM
[17,19,20] used in the present work and to describe the
way the calculations are conducted. This model supposes
the sudden disassembly (breakup) of a nuclear system at
given temperature and density. Here, due to compres-
sion, the thermal energy stored in the system is not that
corresponding to the total available energy in the center
of mass but only to that of a fraction of it. The model
calculates a distribution of residue products which should
not be that at the moment of freeze-out, since the IMF’s
may decay afterward, but that which is eventually mea-
sured experimentally.

It is assumed that the decaying system is chemically
and thermally equilibrated at the moment of breakup;
i.e,, it is characterized by a variety of species i, each con-
sidered as an ideal Fermi or Bose gas, in equilibrium and
at a uniform temperature. The calculations consist of
determining the yields n; of the different species, dis-
tinguished by their Bose or Fermi character. These
yields depend on their individual chemical potential y;,
the mass m;, and the statistical weight of the species; they
also depend on T and on the available volume V and
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hence on the breakup density. The fragment chemical
potentials are taken as the sum of those of their constitu-
ents (neutron n and proton p) together with their proper
binding energy E;:

pwi=Zip,tNip, +E; , (4)
where E; for a cluster i having Z; protons and N; neu-
trons is

E;=Z;m,c*+N;m,c*—m;c?. (5)

The available volume V is related to the density, when the
particles are considered as punctual, as

ppunct: A7V > (6)
it is also related to the total volume as
VT =V+ Vexcl ’ (7)

where the excluded volume V., = A4 /p, is that occupied
by the nucleons considered as hard spheres of fixed
volume. Thus the total volume is connected to the densi-
ty as

ppunct — (8)
1 +p punctp 0

Then the entropy can be extracted for a given species
from the simple formula

Efem=TS, —P,V+u,n; , ©)

p=A/Vp=

relating the entropy to the thermal energy E!*™ of an
ideal quantum gas. For a mixture of gases, considered at
a temperature 7T, and taking into account the equation of
state of an ideal gas of fermions or bosons P; V' = 2Eherm,
one obtains

PVA+EM™ —pn,
S‘.=2S’~= E Y IT I'l'l i
i i

=S (SEr™—py.n)/T . (10)

Practically, the method does not consist of making any
assumption on the initial temperature of the system, but
consists, for given T and p, to search for the u, and u,,
which give, by solving the two equations

Z=3nZ , (11
N=3nN,, (12)

the correct ratio N /Z of the system considered.

In the present case, the binding energies of 861 states
of nuclei 4 <25 together with about 200 stable isotopes
up to A =208 have been included in the calculation. The
binding energies have been taken from Ref. [43]. In the
regime of high nuclear excitations, as is the case here, the
population of states of very heavy nuclei is negligible; i.e.,
the yields are down by at least three orders of magnitude
compared to protons. In the most relevant region
(A <20), only experimentally known states are included.

Very highly excited primordial clusters, which them-
selves may undergo a sequential evaporation, are not con-
sidered. The inclusion of such high-lying states may
change somewhat the value of entropy; however it is not
clear whether they should be included in an equilibrium
calculation, because their average lifetimes may be short-
er than the time scale of the equilibration process, and for
this reason they have been left out. The inclusion of a
larger number of states of moderately excited nuclei,
which will decay by emission of very light particles, is not
expected to change the conclusion on the cluster observ-
ables since it will not lead to a large change of the IMF
distributions.

Thus, concretely, on the one hand, one calculates with
the QSM, for given T and p, the Z distributions deter-
mined by the n; yields. These distributions exhibit ap-
proximately an exponential falloff and can be character-
ized by different observables such as the slope parameter
and the average Z value. All these observables are relat-
ed to the entropy, as will be shown in the next section.
On the other hand, one can extract the same quantities
from the experimental distributions, compare them to the
calculated ones, and thus determine the entropy value.

It is essential to keep in mind that no specific assump-
tions are made about the initial thermal energy of the sys-
tem before performing these statistical calculations. The
method consists of finding the best possible agreement be-
tween the experimental Z distribution and the few
theoretical distributions pertaining to the whole ensemble
obtained in varying T and p. Thus, as long as no hy-
potheses are made neither on the density nor on the tem-
perature, no unique value of S can be determined.

III. EXPERIMENTAL SETUP

The Au ion beam was delivered by the rapid-cycling
synchrotron SIS, at GSI, Darmstadt. The experiments
were performed at bombarding energies of 1504, 2504,
4004, 6004, and 8004 MeV. The beam intensities were
typically of 10° ions/s. Targets of 0.5% (for lower ener-
gies) up to 2% (for higher energies) interaction length
(i.e., 200 mg/cm? for 0.5%) were used. An average of 10°
events was collected at each energy.

The measurements were performed with the phase I
setup of the 47 facility (FOPI). This apparatus has been
described in detail elsewhere [40,44]. It consists of a
highly segmented (764 elements) plastic scintillator wall
yielding, through individual readouts, energy loss (AE),
time of flight (7), and polar () and azimuthal angles of
the detected ions. To achieve low detection energy
thresholds, a shell of 188 thinner AE detectors is mount-
ed in front of the scintillators, and the fragments travel
from the target to the detector through a He bag. This
ensemble spans the 1° <0 =< 30° domain and offers full az-
imuthal coverage. The combined AE-7 information al-
lows the Z identification of the fragments, which, in the
present experiments, could be extended up to Z ~ 15.

The acceptance and lower energy thresholds character-
izing the apparatus have been discussed also in a previous
article [44]. They depend on Z but also on 6 because the
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detector setup is different below and above 6°. These
effects require some correction of the measured yields,
essentially at incident energy less than 250 4 MeV. They
are discussed further on in this presentation (cf. Sec.
IV B).

IV. EXPERIMENTAL RESULTS

A. Centrality selection

The first task is to select, with the lowest possible bias,
the particles and IMF’s emitted from the participant
zone formed in highly central collisions. Following ear-
lier methods [45-47], we have selected the following
events. (1) The charged particle multiplicity (PM), mea-
sured in the polar angle range 7°< 6 =<30° is the highest,
i.e., the bin of multiplicity starting at half of the
distribution-plateau value and onward, the so-called PM5
cut. Peripheral (PM1,PM2) and semicentral (PM3,PM4)
events may be defined by dividing the lower multiplicity
space into equal fractions. (2) The transverse momentum

directivity [46,47]
MC
/3

is taken as <0.2; i.e., the transverse momentum of the
various fragments within an event are azimuthally bal-
anced in the forward hemisphere. This generates the so-
called PMS5DI1 cut, already used in a previous work [11]
to select events from highly central collisions. Another
relevant criterion [48] in the present case, may be the so-
called E ,, ratio such as

D= P, (13)

MC
sz
1

Vi Zyc.mA

E.=

MC MC
SE [3E 1 : (14)
i i YiZVem.

where E| and E| are the transverse and longitudinal ki-
netic energies in the center of mass, respectively. Large
ratios are expected to correspond to highly central col-
lisions, i.e., the so-called EJ, cut defined as >0.75 at
150 4 MeV, which includes as many events as PMS5 for a
given set of collected events.

B. IMF distributions

The measured dM /dZ distributions, for Au+Au at
150 4 MeV, are shown in Fig. 1 for (y 20)_,, and several
cuts on the PM. If the additional condition (O
=<y =0.6yp).n is imposed on the event rapidity, then
one obtains the distributions shown in Fig. 2 in which the
dM /dZ obtained with E3,, but without the extra condi-
tion on y is also presented. The aim of these cuts is to re-
strict the analysis and entropy determination to a region
of the phase space covering only particles which have
been emitted from the most violent reactions. These par-
ticles are expected to have a high probability of being
thermally and chemically equilibrated as stressed in ear-
lier ~works [49,50]. The application of the
(0=y =0.6yp)., cut allows the removal of the specta-

torlike component, as can be readily seen in Fig. 3 of Ref.
[11].

dM/ dZ

N

FIG. 1. dM /dZ multiplicity distributions of fragments, not
corrected for efficiency effects (see text), measured in the
Au+ Au reaction at 150 4 MeV. The different distributions cor-
respond to different criteria of centrality from semicentral
(PM3,PM4) to very central PM5D1 (see Sec. IV A). The solid
curve illustrates a power law Z ™ dependence, with a=2.03,
and the dashed line represents an exponential falloff e ~°Z, with
o0=0.76.

The error bars reported in Figs. 1 and 2 are of statisti-
cal origin. As a result of acceptance and low energy
thresholds effects (which are Z dependent) characterizing
the FOPI detector (see Sec. III), the yields should be ac-
tually raised by some amount. The lack of efficiency due
to acceptance has been evaluated from filtered simula-

Au(150 A MeV)+Au

0%¢
50 ® ERATS
10 -a® O PM4
E 8 o pM5 0.<Y/Yp<O0.6
N ® A PMSD1
L8,
N r ég ®
O _r & e
10 F a;
= ®
= i
_2 ®
10 = %EO
; gﬁe
10—35_ %$$
IF
e L [ B
0

FIG. 2. Same as Fig. 1 with the (0=<y <0.6yp). . extra con-
dition on the rapidity y. This allows a more stringent selection
of the nuclear system’s participant zone. The distribution ob-
tained with EJ,,, another criterion of centrality with no condi-
tion on y (see text), is also shown.
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tions with the quantum molecular dynamical model
[9,51] to decrease from 20% to 5% over the Z=1-4
range; that due to energy thresholds is estimated to be
less than 109% for 5<Z < 10. These corrections which if
included would be practically invisible in Figs. 1 and 2 do
not prevent us from making, from these figures, the fol-
lowing observations.

(1) The semicentral distributions (PM3,PM4) exhibit a
two-slope trend due to the presence of heavy fragments
related to remnants or to decay of the projectilelike part.
The PM3 distribution may be fairly well reproduced with
a power law dependence curve (solid curve in Fig. 1) of
the Z ™ type with «=2.03. In contrast, the more cen-
tral distributions are characterized by a one-slope falloff
of the e ~?Z type (dashed line) with 0 =0.76. These two
different behaviors illustrate the limitation inherent to in-
clusive measurements which average impact parameters
and led earlier to the “extra-entropy puzzle” [19,35,37]
and to the speculated liquid-vapor phase transition
[22,52—54], which remains undiscovered so far.

(2) The extra condition on the rapidity, of course,
reduces the multiplicities, but yields quite similar trends
for PMS, PM5SD1, and E},, and brings PM4 quite close to
the same tendency. This credits the effective ability of
E3, to select central reactions with a large fraction of
participating nucleons.

(3) The absolute values of the multiplicity increase with
centrality. This is easily understood since the size of the
participant zone should grow as the impact parameter di-
minishes.

(4) The PM5D1 distribution extends up to Z ~ 16, the
IMF (Z >2) multiplicity is close to one-fifth of the total
charged particle multiplicity, and moreover the charge
carried by the IMF’s nearly 30% of the total charge mea-
sured, thus stressing the importance of IMF’s.

(5) The exponential falloff of the dM /dZ distribution
agrees well with the trend predicted by statistical decay
models such as the QSM [17].

(6) Since both the PM5D1 [with (0=<y =0.6yp). ]
and the E3, (without it) criteria exhibit comparable
trends for the IMF distributions, both can be used to ex-
tract S/ A. In the following analysis we have used the
former criterion. An identical analysis was performed
with E2,; in that case the S/ A values are found to be
different by less than 5% than those presented here.

V. DETERMINATION
OF THE BARYONIC ENTROPY (S/ 4)

Before comparing the experimental multiplicities to
those calculated with the QSM, the former have, first, to
be extended to the whole space (47) and to the full
Au+Au system. Actually, the experimental multiplici-
ties are for a participant zone which is reduced compared
to the entire Au—+ Au system implied in the QSM calcula-
tions. An alternate method consisting of comparing
directly the experimental dM /dZ to the filtered QSM
calculations is not feasible here since the calculations are
not performed in a Monte Carlo framework. This could
be performed by using the computer code FREESCO [56].
However, comparisons of the predicted dM /dZ distribu-
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tions with those presently measured for Au+ Au show a
somewhat unrealistic low yield for the higher Z’s; hence,
FREESCO has not been used in this analysis. The extrapo-
lation to 47 was done by multiplying the experimental
multiplicities by a factor 158/Z,, (2Z,,=158), where
Z,, is the total charge measured for the participant zone
with the specific criterion of centrality used. Of course,
by doing this one assumes that the (N =236)/(Z =158)
ratio, characterizing Au+ Au, is preserved in the partici-
pant zone selected. The extrapolated multiplicities are
reported in Fig. 3.

At this point it is important to notice that, due to pion
emission [57], the N /Z ratio taken in the QSM calcula-
tions may be different from (236/158)=1.49. Solid in-
formation about the Au—+Au system formed at the in-
cident energies considered here is not available. The 7~
yield per participant proton can be inferred from the
compilation work of Stock [58]. It is less than 10~ 2 for
bombarding energies lower than 4004 MeV and of the
order of 0.05 at 8004 MeV, while the 7 /7™ yield ratio
is expected to vary like (N /Z)?. This suggests that a de-
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FIG. 3. Some examples of agreement found, for the Au+Au
reaction at 1504 and 400 4 MeV, between dM /dZ multiplicity
distributions measured (open circles) and calculated (solid trian-
gles) with the QSM. The experimental distributions have been
“extrapolated” to the whole Au+ Au system (see text). Calcula-
tions are shown for three different freeze-out densities
p/po=0.1, 0.3, and 0.9, where p, is the saturation density. The
corresponding temperature 7 and baryonic entropy S/ 4 value
predicted by the model for these cases are also indicated.
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crease of about 5% of the N/Z ratio may be expected
from pion emission. However, as a conservative attitude,
we have run calculations in the case where (N
=197)/(Z=197) (to have the same nucleon multiplici-
ties as for the actual Au+ Au system); i.e., certainly the
most extreme scenario one may think of. Differences of
about 0.1 unit are observed between the S/ A4 values cal-
culated with N/Z=1.49 and with N/Z=1. As shown
later on, these differences enter in the uncertainties
characterizing the extracted baryonic entropy values and
overall in those resulting from our missing knowledge
about the freeze-out density. Nevertheless, these isotopic
effects may not be negligible when considering specific
particle ratios, as done in previous works [37,38].

The calculated dM /dZ distributions were obtained by
varying T for a given p. Some examples of distributions
at 1504 and 4004 MeV, corresponding to p/p,=0.1,
0.3, and 0.9, which agree well, from visual comparison,
with the experimental one are presented in Fig. 3. The
agreement is generally quite satisfactory at least up to
Z ~7 where the statistics have dropped by two orders of
magnitude. Thus, from these comparisons, at each pro-
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FIG. 4. Measured IMF multiplicity distributions “extrapo-
lated” to the whole Au+ Au system (open circles) and calculat-
ed with the QSM (solid triangles) for the Au(4004 MeV)+Au
reaction. In the calculations, the breakup density was taken as
p/po=0.3 and two different temperatures T=13 MeV (upper
frame) and 16 MeV (lower) are considered; the corresponding
S/ A values are reported. The experimental Z =1-2 yield ratio
and those calculated with the QSM are also presented.
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jectile energy and for each density, one can derive a tem-
perature and an entropy per nucleon; both values are also
given in Fig. 3. In order to judge of the accuracy of this
visual comparison, we present in Fig. 4 examples of an
experimental (circles) and two calculated (triangles) dis-
tributions corresponding both to p/py=0.3 but to two
different temperatures (77=13 and 16 MeV); the calculat-
ed S/ A values are also reported in the figure. In the first
case (upper frame), the agreement is good over the full
distribution, while in the other case (lower), although a
better agreement is achieved for Z =1 and 2, a clear
departure is observed for Z >2. A difference of about
9% is found between the two S/ 4 values. Furthermore,
the comparison of the upper frame of Fig. 4 with the
right-middle frame of Fig. 3, both illustrating a satisfac-
tory agreement between measured and calculated distri-
butions over the 1<Z <6 range, yields a difference of
~3% for S/ A. This suggests that, with such a method,
the entropy can be determined with less than 5% uncer-
tainties around S/ A4 =2.5. The comparisons presented
in Figs. 3 and 4 are summarized in Fig. 5 where the ex-
tracted S/ A values are displayed in the T-p/p, plane;
some isentropic curves calculated with the QSM are also
shown. At 1504 MeV, for example, one sees that indeed
S/ A varies from a value slightly above 2 down to 1.5 as
p/py increases from 0.1 to 0.9. So far the freeze-out den-
sity is not known, but earlier works [25,39] suggest that
p/po could be around 0.3 and likely less than 0.5. We
will keep this value of 0.3 throughout the article. How-

Au + Au

50

T

———
| m 150 AMeV
45 | © 250 AMeV

| o 400 AMeV

3 S/A=3
35 -

0.0 02 04 06 0.8 1.0
plpo

1

FIG. 5. Temperature versus freeze-out to saturation density
ratio p/p, as determined from the comparison of the experimen-
tal dM /dZ distributions with those calculated with the QSM
for the Au+ Au reaction at the 1504, 2504, and 4004 MeV.
Some isentropic curves (constant S/ A) calculated with the
QSM, for S/ A =1-3 in steps of 0.5 unit, are also shown.
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ever, it is worth noticing that, as shown in Fig. 5, S/ 4
changes by not more than 0.2 when p/p, is varied below
0.5. Upper and lower values of the entropy obtained for
0.1<p/pp<0.9 will also be presented at some points of
the discussion to come.

In the following, instead of comparing systematically
the calculated and measured dM /dZ distributions, we
have made use of the various observables characterizing
the distributions which are directly related to S/ A4 in the
framework of the QSM. We have used the multiplicity
(M,,) of all charged products (Z=1), the fragment
(Z = 3), multiplicity (M), the average charge of the frag-
ments ({Z ’ )), the slope parameter o of the distributions,
and some relative yield ratios of different species pertain-
ing to the IMF distributions. The analyses have been
performed at 1504, 2504, 4004, 6004, and 8004 MeV
incident energies. They include all fragments with
1=Z <15 with the exception of the slope parameter
determination method where only 1<Z <8 were con-
sidered. Another method would consist of using the
average mass of all products ( 4,,)). This is not feasi-
ble, in the present case, since only Z is measured. Yet the
average charge of all products ({Z,, )) might be utilized,
but this latter would not yield an independent method
since (Zap) is related to M,, by the simple relation
(Z,,)=158/M,,. Nevertheless, in order to examine the
trend of M,, as well as that of (Z,,) as a function of
S/ A, we will present both in the following.

Let us remark that the consistency of the S/ A values
found with the different methods implies implicitly that
the whole experimental dM /dZ distribution fully agrees
with that calculated with the QSM. Furthermore, the
comparison of the calculated with the measured observ-
ables yields S/ 4 uncertainties less than those (estimated
to be less than 5%) corresponding to the visual adjust-
ment of the calculated to the measured Z distributions.

At this point it is important to make the following re-
mark. Although it should be reiterated that the
PM5D1+(0<y <0.6yp),,, and E>, cuts are optimized
ways to select particles participating in the most violent
reactions, it is nevertheless very interesting to examine
the evolution of the different observables listed above as a
function of centrality. This is illustrated in Fig. 6 show-
ing, as an example, the variation of four observables,
measured at 400 4 MeV, as a function of the multiplicity
bins. However, when the extra condition (y <0.6yp),
is added, they exhibit only weak differences with no
marked trend. This indicates that, irrespective of the
centrality, if the true participant zone is correctly select-
ed and not too small, the same entropy value should al-
ways be found.

Let us compare now the measured observables with
those calculated with the QSM; this study is presented in
Figs. 7, 8, and 10 and is summarized in Table I. The cal-
culated total multiplicities of all charged products
(Z=1) and that of fragments (Z =3) are shown as a
function of S/ 4, for p/py=0.3, in Figs. 7(a) and 7(b), re-
spectively. The former increases with S/ A4 until it satu-
rates at 158 (Z 4, =79); the second increases first to about
22 as the system breaks into a growing number of IMF’s
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FIG. 6. “Extrapolated” multiplicity of all charged products
(M,,) and of Z >3 fragments (M), average charge of all prod-
ucts ((Z,, )) and average charge of fragments ({Z, )) plotted as
a function of the centrality in the Au(4004 MeV)+ Au reac-
tion. The criterion of centrality (PM3-PM5D1) is explained in
the text. The dots are for the selection condition based on the
multiplicity bins alone. The open circles correspond to the case
where the extra condition (y <0.6yp). ,. on the rapidity is add-
ed. The solid and dashed curves are to guide the eye. As op-
posed to the dots which express a marked trend, the open cir-

cles reflect a fair constancy of all the observables.

which subsequently become lighter. Then, as S/ 4 keeps
rising, the number of Z <3 clusters goes up accordingly;
consequently, the Z =3 fragment multiplicity starts to
decrease. The experimental values (dots) are also shown
in Fig. 7. At 1504 MeV, for example, the multiplicities
for Z>1 and Z >3 are found to be equal to 89.9 and
12.6, respectively; they yield S/ 4 values of 1.98 and 1.94.
Let us observe that the multiplicities vary rapidly with
S/ A; thus, they offer a sensitive determination of the
baryonic entropy.

The calculated average charges of all emitted products
(Z,,) and that of fragments (Z,) plotted against S/ 4
are presented in Figs. 8(a) and 8(b). As readily expected,
they diminish as S/ 4 increases to saturate at 1 and 3, re-
spectively. At 1504 MeV, the experimental data allow
the extraction of entropy values equal to 1.85 for IMF’s
(see Table I). In contrast to the method where M, and
M are used, S/ A varies here very rapidly with the aver-
age charges when these quantities get close to their
minimum value. Thus, independent of the fact that M,,
and (Zap) do not provide alternate determinations of
S/ A, the observed trend shows that M,, is more ap-
propriate than (Z,,) to determine the entropy in the

p
domain where S/ A4 > 1.8.
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TABLE 1. The baryonic entropy S/ A determined, for the Au+ Au reaction measured at the incident energies given in column 1,
from the comparison of four different observables measured and calculated with the QSM for p=0.3p,. The observables are the mul-
tiplicity M,, of all charged products, the multiplicity M, of the fragments (Z = 3), the average charge (Z; ) of the fragments, and the
slope coefficient o of the dM /dZ multiplicity distribution fitted with e ~9Z, they are reported in columns 2, 4, 6, and 8, respectively.
The multiplicities M,, and M are extended to the entire Au-+ Au system (see text). The S/ A4 values extracted with the first three ob-
servables are typically affected by a +3% error, while those from o have a 7% uncertainty attached. The (S/A) values have been
obtained by averaging the S/ 4 values reported in the previous columns. S/ A4 represents the mean values obtained by averaging the
S/ A values determined, from the same four methods, for p=0.1p, and p=0.9py; A(S/ A4) corresponds to the overall limits of S/ 4

when p varies between 0. 1p, and 0.9p,.

E (MeV) M, S/4 M, 5/4 (z,) S/4 o S/4 (S/4) S7A+A(S7A)
150 4 89.9 1.98 12.6 1.94 4.00 1.85 0.76 1.75 1.88 1.85+0.35
2504 106.5 2.30 8.33 2.25 3.55 2.20 1.16 2.15 2.22 2.21+0.34
400 4 116.5 2.57 5.76 2.45 3.38 2.48 1.37 2.35 2.46 2.41+0.36
600 4 124.4 2.78 42 2.57 3.32 2.65 1.58 2.55 2.63 2.60+0.36
8004 130.6 2.97 3.7 2.65 3.32 2.65 1.76 2.75 2.75 2.69+0.36

Next, it is also possible to determine the entropy from
the slope parameter of the dM /dZ distributions assumed
to be e "?%. In the following, the slope parameters have
been determined from a weighted least-squares fit to the
data for Z=1-8. One example of a fit is given in Fig. 9
for 400 A MeV; the slope parameter is found to be equal
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FIG. 7. Multiplicity (a) of all charged products (Z = 1) and
(b) of fragments (Z = 3) emitted in the Au+ Au reaction as a
function of baryonic entropy S/A for p/py=0.3 calculated
with the QSM. The experimental multiplicities “extrapolated”
to the whole Au+Au system are reported by dots for the
different incident energies.

to 0=1.37. These values (cf. Table I) are reported in
Fig. 10 showing the dependence of S/ A4 on the slope pa-
rameter of the distributions. As can be observed in this
figure, for increasing S/ A4 the slope parameter o goes
first through a kind of plateau before rising. This can be
understood as follows: A low projectile energy creates
low entropy; thus, the dM /dZ distributions contain a
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FIG. 8. Average charge (a) of all charged products (Z=>1)
and (b) of fragments (Z = 3) emitted in the Au+ Au reaction as
a function of baryonic entropy S/ A4 for p/py=0.3 calculated
with the QSM. The average charge values extracted experimen-
tally at the different incident energies are also reported (dots).
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FIG. 9. dM /dZ multiplicity distribution measured (dots) for
the Au+ Au reaction at 4004 MeV. The dotted line is a fit to
the data assuming an exponential dependence e ~°%; ¢ is found

to be equal to 1.37.

large variety of massive fragments and, hence, the fairly
flat distribution for Z=1-8. As S/ A4 rises, the distribu-
tions present an increasing light cluster component which
produces a change of slope. From then on, as the average
mass of the clusters diminishes and their multiplicity in-
creases, the slope gets steeper. This method of entropy
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FIG. 10. Slope parameter o of the dM /dZ multiplicity dis-
tributions calculated with the quantum statistical model as a
function of baryonic entropy S/ A4 for the Au+ Au reaction as-
suming p/p,=0.3. The experimental o values obtained at
different incident energies are also reported (dots).

extraction is, perhaps, a little more delicate to use than
the previous methods, at least for lower energies, because
the falloff is at variance with respect to a straight ex-
ponential dependence and also because the QSM departs
from the experimental distribution for Z =7 (see Fig. 3).
The extracted entropies are found to be systematically
slightly lower than those obtained from the previous
methods.

Finally, S/ A can also be extracted from the relative
yields of different species. Such a method has been used
in previous works [35,37-39] as a sensitive test of the
QSM from the aspect of isospin and requires a mass
determination for the light clusters and IMF’s. In the
present case, only a comparison of the calculated and
measured Z; /(Z=1) and Z;/Z, ratios of a particular Z
fragment to proton or of two particular species, respec-
tively, can be made. We do not present here this analysis
in detail. Nevertheless, one can easily infer from the con-
cordance between measured and calculated dM /dZ dis-
tributions illustrated in Fig. 3 that quite a good agree-
ment is obtained for all calculated and measured Z <6
yields and hence for their ratio. Therefore the entropy
values found in this way agree with those obtained with
other methods.

Summing up, the S/A values obtained with the
different observables, for p/p,=0.3, are reported in
Table I and appear to be quite consistent. For a given
projectile energy, they depart from their average value
(S/A) by about 0.15 at most. This remains true over
the whole range of bombarding energy. The entropy
values determined from Map, Zap, and Z; are typically
affected by a 3% uncertainty, while it is of =7% when
using the slope coefficient 0. They result from statistical
errors combined with systematic errors occurring over
the treatment. The S/ A values, given in column 11 of
Table I, are obtained by averaging the (S/A) values
corresponding to density p/p,=0.1 and 0.9. They turn
out to be very close to those extracted for p/p,=0.3.
The A(S/ A) correspond to the overall limits of .S/ A for
p/pp=0.1 and 0.9. The S/A values show a fairly
moderate increase over the (150-800)A4 MeV energy
range and tend to saturate around ~2.8. Such a trend is
expected from dynamical calculations [17]; it was mea-
sured before, but the entropies extracted were found to be
appreciably larger than in the present analysis. This
point will be discussed in the next section.

VI. DISCUSSION

From the analysis presented before, one sees that on
the whole (S/A4 ) increases from 1.88 up to 2.75 (see
Table I) over the (150-800) 4 MeV energy domain. This
excitation function is presented in Fig. 11 together with
earlier Au+Au experimental results [38]; calculations
corresponding to a thermal fireball source [55] and to hy-
drodynamics [59,60] are also displayed. The hatched
zone delimits S/ A +A(S/ A) values found experimental-
ly by varying the freeze-out density from p=0.1p, up to
p=0.9p,. Within these limits, one sees that A(S/A4)
varies on the average by about 0. 36.
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FIG. 11. Baryonic entropy S/ A plotted as a function of in-
cident energy. Earlier (open squares) and present (dots) experi-
mental results for p/p,=0.3 are reported. The hatched area il-
lustrates the overall limits of the S/ A4 values for a freeze-out
density p varying between 0.1p, and 0.9p, (see Table I). The
solid curve (labeled THERMAL) is for the fireball model [55].
Two hydrodynamic calculations are presented: One (solid
curve) is deduced from a very hard equation of state [59]; the
other (dashed curve) is from Ref. [60] and corresponds to a 3D
fluid-dynamic calculation (see text).

Let us compare first the results with those previously
obtained [38] at 1504, 2504, 4004, and 6504 MeV, a
set of energies very similar to the present one. Both exci-
tation functions exhibit the same tendency to rise, but the
present values are systematically about 0.8 unit lower
than those in Ref. [38]. The former S/ A values were ob-
tained from d, ¢, and **He to proton yield ratios for a
finite reduced multiplicity N, /Npma", where N, is the
number of protonlike part defined as in Eq. (3) but re-
stricted to the participant and N,"** is defined as in Ref.
[45], i.e., the maximum protonlike multiplicity taken at
the lower limit of the PMS5 bin (see Sec. IVA). It is
difficult to comment on the discrepancy between the two
sets of entropy values because they were obtained from
different methods. Here the approach closest to that
used in Ref. [38] consists of measuring the Z, /(Z =1) ra-
tios.

The S/ A values found in the present work may be
considered as quite reliable for the following reasons: (1)
The participant zone is perhaps better selected with the
PM5DI1+(0=<y <0.6yp)., criterion than with the
N, /N;"™*=1 condition.

(2) The different observables used here lead to a very
consistent set of S/ A values which ascertains that the
calculated dM /dZ distributions agree with the experi-
mental ones over the whole range of Z.

(3) The fact that all Z species are taken into account is
crucial and is illustrated in Fig. 4. In this figure, an ex-
ample of a good agreement between experimental and

calculated (Z =1)/(Z =2) yield ratios (lower frame)
without ensuring that the complete calculated and mea-
sured dM /dZ distributions agree is shown. It yields a
different S/ 4 value than in the case (upper frame) where
the agreement between measured and calculated Z;/Z,
yield ratios is extended to all Z’s.

(4) When the analysis is restricted to Z < 3, higher en-
tropy values are generally found, without quite retrieving
those obtained by Doss et al. [38]; such a fact was al-
ready observed in a previous work [61]. Let us also re-
mark that varying the p/p, breakup density over the
0.1-0.9 range (hatched zone in Fig. 11) leaves the S/ A4
values far below those found by Doss et al. At last, let us
emphasize that points 2, 3, and 4 underline the relevance
of IMF’s in the entropy determination.

Doss et al. [38] have shown that S/A varies with
N, /N, ;"a", i.e., the impact parameter, and decreases with
rising centrality. They have also shown that, extrapolat-
ed to infinity, the entropy S*® would be substantially
lower than those found for finite multiplicities and would
thus be comparable with hydrodynamics calculations. In
principle, the same problem exists here also. However, as
opposed to the previous analysis, the S/ A values found
in the present work do not seem to depend much on the
centrality of the collision, as illustrated in Fig. 6. This
also qualifies somewhat the need of a large volume of nu-
clear matter in order to be entitled to derive an entropy,
as well as the presumed volume dependence of the entro-
py. This finding implies that the entropy produced in the
central reaction is determined by the incident energy
only. Whether this holds true also in asymmetric systems
remains to be investigated.

As mentioned in the Introduction, the isotopic distri-
butions of light products [41] and those of neutrons [42]
have been measured simultaneously with the IMF’s in the
present Au+Au experiment. They also allow S/ A4
determination and will certainly bring further interesting
information.

It is important to remark that the present entropy
values staying below 3 at all energies correspond to
Au+Au systems expanding along isentropes traversing,
at low densities, the region of mechanical instability (spi-
nodal, droplet) of a nuclear medium or the region where
liquid and vapor phases may coexist [19].

Let us now turn to the comparison with model predic-
tions shown in Fig. 11. As pointed out before, the fireball
model [55], which assumes that all the initial center-of-
mass energy is converted into thermal energy, fails totally
to reproduce the data and demonstrates the importance
of compression in relativistic heavy-ion reactions; i.e., the
internal energy is shared into thermal and compression in
approximately equal proportions as suggested by dynami-
cal models [17,20] and preliminary results [62].

Good agreement is obtained with hydrodynamic pre-
dictions [59,60]. The solid curve, already shown by Doss
et al., [38] corresponds to a very hard equation of state
(K =550 MeV). A three-dimensional (3D) fluid-dynamic
calculation [60] (dashed curve) is also shown. In fact, it
appears that S/ 4 depends less strongly on the stiffness of
the equation of state than on the shear viscosity (7).
Some predictions of the baryonic entropy from viscous
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FIG. 12. Baryonic entropy S/ A for central collisions (b=1
fm) obtained for hard (H,K =400 MeV) and soft (S,K =160
MeV) equations of state with viscous hydrodynamic calcula-
tions [60]. Two values of the shear viscosity coefficient =0
and 60 MeV/fm? ¢ are considered for each stiffness of the equa-
tion of state. Experimental data from earlier [38] (solid trian-
gles) and present (open triangles) works are reported. The
curves are to guide the eye. i

hydrodynamics calculation [60] are presented in Fig. 12
for Au+Au (b=1 fm). Curves for hard (H,K =400
MeV) and soft (S,K =160 MeV) equations of state with
shear viscosity (=60 MeV/fm?c¢) and without (7=0)
are shown; the H and =0 curve corresponds to the
dashed one in Fig. 11. Their comparison with the data
suggests a rather weak shear viscosity which has to be
compared to 17530 MeV/fm? ¢ as yielded by microscopic
calculations for infinite matter [63,64]. On the other
hand, the results of Doss et al. [38] would indicate a
larger shear viscosity close to 60 MeV/fm?c. Bulk
viscosity, assumed to be weak [60] at these incident ener-
gies, has not been considered here. Figure 12 seems also
to indicate that an equation of state with a viscosity de-
pending on the initial energy put into the system should
perhaps be suitable. Let us remark that a variation of p
within the 0. 1p, and 0.9p, limits (hatched area in Fig. 11)
does not change the overall conclusion neither about the
trend of S/ A as a function of incident energy nor about
its deficit with respect to earlier measurements nor about
the good agreement with hydrodynamics.

Having determined the baryonic entropy for a particu-
lar density p/p,=0.3, it is tempting to extract a tempera-

ture value. Returning to Figs. 3 and 5, one sees that, ac-
cording to the QSM, such a density corresponds to tem-
peratures varying between 8 and 12 MeV over the range
spanning 1504 and 4004 MeV. These temperatures are
low compared to general expectations based on hydro-
dynamics [17,65] since these calculations show that
E ‘h°‘m~%EC.m,; hence, T should be appreciably larger.
Rather low temperatures were also measured in an earlier
work [39] of a similar nature. Figures 3 and 5 show that
T depends strongly on p; this suggests that only direct
and independent measurements of either T or p will allow
a reliable determination of these observables. Some at-
tempts are now in progress [62,66,67].

VII. SUMMARY

In this article we have presented some results obtained
for the Au+Au reaction, performed at 1504, 2504,
400 A4, 600 A, and 800 4 MeV projectile energies, with the
FOPI detector at GSI. By relying upon the assumption
that hot and compressed systems formed in relativistic
heavy-ion reactions expand almost isentropically after the
entropy has been produced almost entirely at the early
stage of the compression phase, we have extracted
baryonic entropy values for the Au+Au system. This
was done by measuring various observables characteriz-
ing the dM /dZ multiplicity distributions of emitted frag-
ments from the participant zone of the colliding system
and by comparing them with those predicted by the
quantum statistical model [17,20]. This model has estab-
lished the relevance of the intermediate mass fragments
for a correct determination of the entropy and offers al-
ternate methods for extracting it. In the present work, all
the emitted products from Z =1 up to ~ 15 have been
taken into account for the first time for determining the
entropy. The different methods that have been used yield
very consistent S/ 4 values whose average varies, assum-
ing a freeze-out density p=0.3p,, from ~ 1.9 up to ~2.8
between 1504 and 8004 MeV. Extending p/p, to the
overall limits 0.1-0.9 yields average S/A values very
close to those found for p/py=0.3 with A(S/ A4)~=£0.36.
The entropies extracted here are somewhat lower than
those obtained in earlier studies where the IMF’s were
not actually taken into account. The present values are
in satisfactory agreement with hydrodynamic expecta-
tions and suggest a weak shear viscosity of nuclear
matter. Only a direct determination of the temperature
or of the freeze-out density will yield, via S/ 4 measure-
ments, a reliable determination of these observables; such
attempts are in progress.
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