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The ratio of the total charge bound in fragments with Z between 2 and 15 to the hydrogen yield,
(E;s M;Z;)/My, has been measured, and the neutron-to-proton ratio n/p has been estimated from
the data of central Au + Au reactions between 100 and 400A MeV, measured with the phase I
setup of the detector system FOPI at the GSI, Darmstadt, in the polar-angle range between 7° and
30°. These two quantities were used to determine the entropy per nucleon S/A by comparing them
with the predictions of the FREESCO code. The analysis allows the simultaneous extraction of the
values of the baryonic entropy, temperature, and collective flow. The extracted values are in good
agreement with the values obtained in earlier FOPI studies and, for the baryonic entropy, with recent
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hydrodynamic calculations.
PACS number(s): 25.75.4r, 25.70.Pq

I. INTRODUCTION

The equilibration of hot, dense nuclear matter created
in high-energy heavy-ion collisions plays an important
role in the description of the processes. It is, hence, in-
teresting to understand whether, with time, the collid-
ing system eventually reaches some kind of local or even
global thermal equilibrium. If it does, it would be of im-
portance to find a variable that describes the properties
of the system in equilibrium.

A thermodynamic analysis of the system in terms of
temperature and density is not simple, because these
quantities change quickly with time. It is generally as-
sumed that the quantity that remains almost unchanged
through the final stages of the interaction is entropy [1].
Entropy grows rapidly during the first stage of the colli-
sion, but once the equilibrium is reached the rate of en-
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tropy production becomes small. Thus a measurement of
this physical quantity yields information about the state
of hot and dense matter after at least local equilibrium is
established. The first study of the entropy in heavy-ion
collisions was performed by Siemens and Kapusta, who
calculated it from the deuteron-to-proton ratio for the Ne
+ NaF and Ar + KCI systems at 4004 and 8004 MeV

[2].
For a system with a probability p; to be found in a
microstate ¢, the entropy is defined as

S=—-kY pilnp;, (1)
2

where k is the Boltzmann constant. For a nonequili-
brated system of independent fermions, this expression
leads to
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s=k [ FLl s+ - Nwa-pl @
where h is the Planck constant and f is the single-particle
distribution function. This expression is applicable when
the temperature of the system is much higher than the
binding energy per particle. Using expression (2) and the
approximations given in Ref. [3], it is possible to derive
the well-known Siemens-Kapusta [2] entropy formula

S/A = 3.945 — In Ry, (3)

where Rg, is the deuteron-to-proton yield ratio. Since
the independent particle model is not a good descrip-
tion of low-energy collisions, it is clear that the above
formula works better for intermediate and high collision
energies. Moreover, as the experimental d/p ratio is se-
riously contaminated by decays from nuclear resonances,
this formula should be taken with some reserve at all
energies.

In several subsequent experimental papers [4-10], the
value of entropy was determined for various nuclear sys-
tems and projectile energies using the quantum statistical
model (QSM) [11] and different global observables. The
determination of entropy from exclusive measurements
of intermediate mass fragments (IMF’s) up to Z = 15
(3 £ Z < 15) was first performed by Kuhn et al. [12]
using the Au + Au FOPI Collaboration data. In their
study [12], various observables characterizing the dM/dZ
fragment multiplicity distributions were compared with
those calculated using the QSM. The entropy values ob-
tained in [12] were lower than those reported in earlier
publications; the origin of this difference is well under-
stood and will be discussed later. The results of Ref.
[12] were, however, in good agreement with low-viscosity
hydrodynamic calculations [13].

Since the determination of entropy is obviously model
dependent, it is interesting to start from a given set
of experimental data and compare the entropy values
extracted by means of different models describing the
breakup of an excited source. Thus we decided to use
the data from the same set of Au + Au experiments as
in [12] and, instead of using the QSM, analyze the data
in terms of the fragmentation by explosion/evaporation
simulation code (FREESCO) [14]. It has been shown [15]
that the predictions of these two models coincide at in-
termediate and high beam energies, in spite of the fact
that classical statistics is used in the FREEscO. Figure
1, in fact, shows that the charge distributions dM/dZ
obtained from the QSM are close to that obtained from
the FREESCO without filter, for the same values of the
density. This code, however, works as an event generator
and thus has the advantage that its output distributions
can be sent through a filter matched to the acceptance of
the particular detection configuration. In addition, the
Coulomb interaction is explicitly treated in the FREESCO.

For the extraction of S/A, two physical quantities were
used: (i) the total charge bound in fragments with Z be-
tween 2 and 15 to hydrogen, (E;s M;Z;)/My, where M;
and My denote the multiplicities of the respective ele-
ments in the event, measured at laboratory polar angles
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FIG. 1. Charge distributions obtained from the FREESCO

without filter (full circles), compared with the distributions
from the QSM for two temperatures, T' = 6 MeV (triangles)
and T = 8 MeV (squares).

between 7° and 30°, and (ii) the neutron-to-proton yield
ratio n/p evaluated using an expression that will be in-
troduced later. Thus in this paper we extend the analysis
performed in [12] to a different simulation code and ex-
tract the S/A values using two new variables. To allow
a comparison with Ref. [12], we used two rapidity condi-
tions: (a) for (y > 0)c.m. (the forward hemisphere) and
(b) for (0 < y < 0.6yp)c.m. (the midrapidity region).

The paper is organized as follows. Section II briefly
describes the results of the measurement of central Au
+ Au collisions. The values of the baryonic entropy S/A
extracted from the comparison of the two ratios with
those calculated using the modified FREESCO code are
presented in Sec. III and discussed in Sec. IV. A sum-
mary is given in Sec. V.

II. EXPERIMENTAL RESULTS

The experiments to study central Au + Au collisions
in the energy range from 100A to 4004 MeV were per-
formed at the GSI, Darmstadt, using the phase I setup of
the 4m-detector system FOPI. This system was described
elsewhere [16-18]. It consists of three main components:
the plastic wall, the cluster detector shell, and eight AE-
FE particle telescopes. The plastic wall and the cluster
detector shell cover the polar-angle range between 1° and
30°, with full azimuthal span, allowing element identifi-
cation of particles with Z < 15, with detection thresholds
from 154 MeV for Z = 14 to 504 MeV for Z = 15. The
telescopes could be moved in a horizontal plane between
6° and 90°. They identified, with even lower thresholds,
the charge of reaction products up to Z =~ 20 and, for
lighter products, also their mass. For the present analy-
sis, however, we used the Z distributions obtained only
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from the so-called outer plastic wall and its ionization-
chamber cluster detector, which covered the polar-angle
range from 7° to 30°. The d/p and t/p ratios, used in
Eq. (6), were measured by the telescopes.

To select central events, three different selection crite-
ria have been used so far: (i) the charged-particle mul-
tiplicity, measured in the polar-angle range between 7°
and 30°, starting at half of the value of the distribution
plateau [19] (the PM5 criterion); (ii) the transverse mo-
mentum directivity

PN
D=1 (4)
X (¥>0)c.m.

Py
taken with the limit D < 0.2 and combined with PM5
[20,21] (the PM5D1 criterion); and (iii) the transverse-
to-longitudinal kinetic energy ratio (ERAT) in the center
of mass [22], given by

Zi E.(Li) (5)
(2) !
Zi E" (¥=>0)c.m.

gauged to as many events as for PM5 for a given set of
collected events (the ERATS5 criterion).

Figure 2 shows the (3°,° M; Z;)/Mp ratio as a function
of incident energy for, respectively, the ERAT5, PMS5,
and PM5D1 selection criteria, each with two rapidity
conditions, (¥ > 0)cm. and (0 < y < 0.6yp)c.m.. The
values of the rapidities in these conditions were chosen
to allow a comparison with the results of Ref. [12].

The neutron-to-proton yield ratio was not measured
directly. It was calculated from the available data using
the expression

15
2 M:Z;
197 d t 5

A (14+=+-) |14+ 2~
n/p 79 ( +p+p) + Mz

—(1+2‘—l+33)—2(1+§+3)
p p r p

15

ZM,'Z,’

2
X MH ’ (6)

where p, d, and t are, respectively, the proton, deuteron,
and triton multiplicities determined using the telescope
data extrapolated to the same solid angle covered by the
charged-particle detectors (entire azimuth and polar an-
gles between 7° and 30°). To obtain Eq. (6), we as-
sumed A = 2Z for all emitted charged fragments with
2 < Z < 15. This assumption was made in view of the
average trend of nuclei with Z = 2 to 15. The derivation
of Eq. (6) is given in the Appendix. The neutron-to-

proton yield ratios obtained from the data using Eq. (6)
are shown in Fig. 3, with the same symbols as in Fig. 2.
The error bars in these figures are estimated due to the
high-energy thresholds of the outer plastic wall and its
ionization-chamber cluster detector. The bars present a
maximum of allowed uncertainty.

A cross-check of the above method to evaluate the n/p
yield ratio was to simultaneously calculate the ratio from,
respectively, neutron and proton emission rates given by
the FREESCO and from Eq. (6), but using the values of
the ratios appearing in this expression as given by the
FREESCO. The sets of values [for (y > 0)c.p,. only] are
shown in the inset of Fig. 3 [asterisks: ratios calculated
from the FREESCO yields; diamonds: those calculated
using Eq. (6)]. The agreement is satisfactory, showing
the applicability of the method.

Figures 2 and 3 show that both quantities, the ratio of
the total charge bound in fragments with Z between 2
and 15 to hydrogen production, (2;5 M;Z;)/Mpy, and
the evaluated neutron-to-proton ratio n/p, when ex-
tracted from the midrapidity region (0 < y < 0.6y,)c.m.,
are systematically larger than the same quantities ex-
tracted from the whole half-space of rapidity (y > 0)c.m.
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FIG. 2. Ratio of the total charge bound in frag-

ments with Z between 2 and 15 to hydrogen production,
(Z;E M;Z;)/My, as a function of beam energy, shown for
the ERATS5 (circles), PM5 (squares), and PM5D1 (triangles)
selection criteria. The open symbols correspond to the full ra-
pidity hemisphere (y > 0)c.m. and the full ones to the midra-
pidity region (0 < y < 0.6yp)c.m.. The experimental uncer-
tainties are mainly due to the high-energy thresholds of the
outer plastic wall and its ionization-chamber cluster detector.
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FIG. 3. Same as Fig. 2 for the neutron-to-proton yield

ratio n/p evaluated from the data using Eq. (6). For the

inset see text.

(relative decrease in the number of light particles emitted
in the midrapidity region).

Since PM5D1 needs a double cut, it considerably re-
duces the statistics of the telescope yields, which were
necessary to determine the n/p ratio in Eq. (6). On the
other hand, since ERATS5 is as selective as PM5D1 and
not so prejudicial to the number of events, in the analy-
sis that follows we use only the ERATS5 criterion to select
central events.

III. ENTROPY DETERMINATION FROM
COMPARISON WITH THE MODIFIED
FREESCO

Depending on the impact parameter, the FREESCO
code [14] describes a symmetric collision system as a sin-
gle or as a triple source (the projectile and target “spec-
tators” and the “participant”). Each source is charac-
terized by its number of nucleons, its charge, and its
four-momentum. The disassembly of the sources is de-
scribed as a two-stage process. If the excitation energy
of a source is above the disassembly threshold, the source
can explode rapidly into pions, nucleons, and fragments.
Sources with excitation energy below the disassembly
threshold and metastable products of the explosion are
assumed to deexcite on a slower time scale via sequential
light-particle emission. The v decay, which is expected

to modify the fragment momentum only slightly, is ne-
glected. In the standard version of FREESCO [14, 23], only
the production of fragments with A < 16 was considered.
However, faced with the experimental evidence for the
production of a large variety of clusters even in the most
central collisions, Fan et al. [24] extended the FREESCO
to include all fragments with Z < 15 appearing in the
Table of Isotopes [25]. Subsequently, collective motion
was also introduced, assuming that the total energy of
a fragment consisted of a random, undirected thermal
energy and a collective-flow energy (EF, Ef , BEF) [26].

In the present paper we use the single-source mode of
the modified FREESCO code. All calculations were per-
formed for various values of the temperature T, obtained
by varying the collective-flow energy (EF, Ej , EF) un-
til FREESCO reproduces the ( ;5 M;Z;)/Myg and n/p
ratios calculated from the data by using Eq. (6). For
simplicity, we assumed an isotropic flow distribution
EF = Ef = EF = EF /3. The freeze-out density of
p = 0.3pg (corresponding to x = 2.82) is used follow-
ing Refs. [12] and [27]. The Coulomb interaction was
included. Since the FREESCO was designed to simulate
nuclear collisions in a Monte Carlo framework, the calcu-
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FIG. 4. Ratio of the total charge bound in frag-

ments with Z between 2 and 15 to hydrogen production,
(3°5° M:Z:) /My, calculated from the modified FREESCO with
p = 0.3po, as a function of baryonic entropy for (y > 0)c.m.
(dashed curve) and for the midrapidity region (0 < y <
0.6yp)c.m. (solid curve). The ratios extracted from the data
for different beam energies and rapidity conditions are shown
as open circles for (y > 0)c.m. and full circles for (0 < y <
0.6Yp)c.m. (ERATS conditions apply).



350 M. DZELALIJA et al. 52

a
~
c O (y20)em,
10 b ® (0=y=0.6y,)cm
8 -
5 p=0.30,
100 A MeV
4 |- 150 AMev
X
250 AMeV T — ~
O
| /
i 400 A MeV /
s I n L n !
© 0 1 2 3
S/A
FIG. 5. Same as Fig. 4 for the neutron-to-proton yield

ratio n/p evaluated from the data using Eq. (6).

lations were first filtered (28] to match the acceptance of
the particular FOPI detection configuration used. The
dashed curves in Figs. 4 and 5 are obtained from the
FREESCO calculation selecting particles with the rapidity
condition (y > 0)c.m., and the solid curves are obtained
with (0 <y < 0.6yp)c.m.-
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FIG. 6. Charge distributions dM/dZ for central Au +

Au reactions at 1504 MeV, measured (circles) and calcu-
lated with the FREEscO (triangles). In the calculations, the
freeze-out density was taken as p = 0.3po and the temperature
T =7.7 MeV.

The values of the (3°;° M;Z;)/Mpg and n/p ratios ob-
tained from the data, the extracted values of the baryonic
entropy S/A for p = 0.3po, and the isotropic collective-
flow energy EF used in the calculations, as well as the
corresponding values of the temperature 7', are shown in
Tables I and II.

Figures 6 and 7 show the quality of the data reproduc-
tion. The measured charge distributions dM/dZ and the
distributions obtained using the FREESCO at an incident
energy of 150A MeV are shown in Fig. 6. The measured
kinetic-energy spectra for the angular range between 25°
and 45° in the center-of-mass system and the spectra cal-
culated using the FREESCO are shown in Fig. 7. For com-
parison, we also show the expected spectra from a purely
thermal source. This thermal model does not reproduce
the high kinetic energies of the heavier fragments.

The extracted entropy values will be discussed in the
next section.

IV. DISCUSSION

The results reported in Tables I and IT show that over
the energy range (100-400)A MeV, the S/A values ob-
tained using (2;5 M;Z;) /Mg vary from 1.4 to 2.6 for
(y > 0)c.m. and from 1.1 to 2.2 for (0 < y < 0.6yp)c.m.-
Using the evaluated neutron-to-proton ratio n/p, the ob-
tained S/A values vary from 1.6 to 3.0 for the whole
half-space of rapidity (y > 0)c.m. and from 1.2 to 2.6 for
the midrapidity region (0 < y < 0.6y, )c.m.- These results
are shown in Fig. 8, together with the results of Doss et
al. [9] and the results of the earlier analysis of the FOPI
Collaboration data performed by Kuhn et al. [12]. The
results of calculations corresponding to, respectively, a
fireball source [29] and two hydrodynamic models [13, 30]
are also shown in the figure.

The following conclusions may be drawn.

(i) It appears that the S/A values extracted from the
analysis of lighter species (Z < 2) [9] are higher than
those obtained when IMF’s are included in the analysis
(12]; this behavior was observed earlier [31, 32]. In Fig. 8,
the diamonds represent the experimental S/A values [9]
obtained from the d-, t-, 3He-, and “He-to-proton yield
ratios for a finite reduced multiplicity N,/N;**, where
N, is the participant-proton multiplicity defined as

N, =p+d+t+2(°He + *He), )

and N;7** is the maximum protonlike multiplicity taken
at the lower limit of PM5 [33]. High values of entropy
extracted from the analysis of lighter species were also
reported in [6,8,10]. On the other hand, our n/p ra-
tios obtained from the data via Eq. (6) depend not only
on (2;5 M;Z;)/Mpg (all particles and fragments with
Z < 15), but also explicitly on the d/p and t/p ratios
(Z = 1) calculated using the telescope data. Thus it is
understandable that the S/A values extracted from the
n/p ratios lie somewhere in between those obtained using
light species only and those obtained using the IMF'.

(ii) The entropies extracted from the (3;° M;Z;)/Myu
ratios are systematically lower than those extracted from
the deduced n/p ratios. In the region of overlap they
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TABLE 1.

351

Baryonic entropy S/A determined from central Au + Au collisions at beam energies

of (100-400)A MeV from comparison of the measured ratio of the total charge bound in fragments
with Z between 2 and 15 to hydrogen, (2;5 M;Z;)/Mpg, with the same ratio calculated using the
modified FREESCO for a freeze-out density p = 0.3po, for the two rapidity conditions used. The
values of the isotropic collective-flow energy EF used in the calculation and the corresponding

values of the temperature T' are also reported.

15
E (A MeV) y (ZM,-Z,-) /My EF (AMeV) T (MeV) S/A

2
100 (¥ > 0)e.mm. 2.65 9.59 5.4 1.4

(0 < y < 0.6yp)c.m. 4.28 +0.80 11.0 £ 0.43 38+04 1.140.1
150 > 0)erm. 1.87 19.6 7.7 1.8
(0 < y < 0.6yp)ecm. 2.72 21.6 5.4 1.5
250 (¥ = 0)cm. 1.15 38.7 12:2 2.2
0 <y <0.6yp)em. 1.56 42.3 8.4 1.9
P

400 > 0)em. 0.74 66.9 17.0 2.6
(0 <y < 0.6yp)c.m. 0.98 73.8 11.7 2.2

generally agree with the entropies reported in Ref. [12],
which were extracted from the same set of experiments
using also charges up to Z ~ 15, but with the QSM
as a theoretical background. Although not surprising,
since the basic equivalence of the FREESCO and the QSM
was pointed out earlier [15], this result is gratifying in
view of the additional filtering allowed by the FREESCoO.
The charge distributions dM/dZ from the QSM are close

150 A MeV (25°=%

to the distributions obtained from the FREESCO without
filter (Fig. 1); hence they support the data extrapolation
performed in Ref. [12].

(iii) For both variables [the measured (33° M;Z;)/ Mg
ratio and the deduced n/p ratio] and at all energies,
the S/A values obtained from the midrapidity region
(0 < y < 0.6yp)c.m. are systematically lower by about
20% than the values obtained from (y > 0)c.m.. ERATS

<45°)

c.m.—
- - -3
T e FREESCO | 0 B
a3y, — Data
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FIG. 7. Kinetic-energy distributions in
the center-of-mass system, d’>M/pdEdS2, for
different charges Z = 1-6 at an incident en-
ergy of 150A MeV. The measured spectra are
shown as histograms and the spectra from the
FREESCO as full circles. For comparison, the
spectra from a thermal source are shown as
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TABLE II. Same as Table I for the neutron-to-proton ratio n/p evaluated from the data via
Eq. (6).
E (A MeV) y n/p EF (A MeV) T (MeV) S/A
100 (¥ > 0)c.m. 5.34 8.64 6.4 1.6
(0 <y < 0.6yp)ec.m. 9.50 + 1.40 10.8 £ 0.5 40405 1.2+0.1
150 W > 0)em 3.97 16.7 10.4 2.1
(0 <y <0.6yp)em. 5.89 201 7.0 1.7
250 (y > 0)e.m. 2.79 32.7 16.8 2.6
(0 <y <0.6yp)c.m. 3.64 39.0 11.8 2.2
400 (y > 0)c.m. 2.22 60.6 22.0 3.0
(0 <y <0.6yp)c.m. 2.43 67.5 16.8 2.6

also selects a small fraction of peripheral and semicen-
tral collisions; hence, we expect that the difference of
baryonic entropies for the two rapidity regions would be
even higher for collisons with an impact parameter b = 0
fm than for collisions actually selected by ERATS5. Fig-
ure 9 shows that the values of (2;5 M;Z;)/Mpg for the
midrapidity region increase with ERAT (i.e., decrease
with the impact parameter). Thus, for central collisons

S/A

5 | ¢ Doss etal
¥ Kuhn et al.

HYDRODYNAMIC

(Z;SMiZi)/MH n/p

o A (YZ0)em,
° A (0=y=0.6y,)cm
O 1 1 L |
0 200 400 600 800

INCIDENT ENERGY (A MeV)

FIG. 8. Baryonic entropies S/A plotted as a function of
beam energy. The earlier results of Doss et al. [9] are shown
as diamonds and those of Kuhn et al. [12] as asterisks. The
present results obtained from comparison with the FREEscoO
calculations are shown as circles and triangles. The circles
represent S/A obtained from the (Z;s M;Z;)/Mpy ratio and
the triangles correspond to S/A obtained from the evaluated
n/p ratio. The open symbols correspond to (y > 0)c.m. and
the full symbols to (0 < y < 0.6yp)c.m.. The solid curve la-
beled THERMAL is calculated from the fireball model [29],
the other solid curve, labeled HYDRODYNAMIC, from a very
hard equation of state [30], and the dashed curve from a 3D
fluid-dynamic calculation [13]. The thin solid curves connect-
ing the extracted values of S/A are to guide the eye.

(b = 0 fm), the variable (3°;° M;Z;)/Mpy in the midra-
pidity region is expected to be higher than the value ob-
tained using ERATS5. In contrast, for (y > 0)c.m., the
(Z;s M;Z;)/Mpg ratio is almost constant with ERAT.
Now, from Fig. 4 we conclude that S/A for the midrapid-
ity region for ideally central collisions can only be lower

than that obtained using ERATS, i.e., the difference of
baryonic entropies in the two rapidity regions is at least

20%. This difference cannot be accounted for by the ex-
perimental uncertainty of the data, since a 20% difference
in S/A would require an average variation of =~ 45% in
the variable (Z;s M;Z,)/Mpy, which is far outside the
experimental error.

The 20% difference, however, could stem from the sim-
plicity of the model used (FREESCO), which assumes the
same, distance independent flow and temperature for all

150 A MeV
=
X3r (05y=0.6y,).m
N
i
E‘j
2 -
1+
(yZ0.6y5)crm.
b=0fm ——
" | |
0 0 0.5 1
ERAT
FIG. 9. Ratio of the total charge bound in frag-

ments with Z between 2 and 15 to hydrogen production,
(225 M;Z;)/Mpy, for different ERAT bins at an incident en-
ergy of 1504 MeV for three rapidity conditions: (i) (0 <y <
0.6yp)c.m. (full circles), (ii) (y > 0)c.m. (open circles), and
(iii) (y > 0.6yp)c.m. (triangles). The dashed lines represent
the different ERAT bins used.
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the emitted fragments. Further work on nonequilibrium
in central heavy-ion collisions appears to be necessary.
Figure 8 shows that the extracted values of entropy
agree well with hydrodynamic predictions [13,30]. The
solid curve in Fig. 8 corresponds to a hard equation of
state (K=550 MeV) and the dashed one to a three-
dimensional (3D) fluid-dynamic calculation [13]. The
discrepancy between the entropies obtained in this paper
and those calculated from the fireball model [29] (which
assumes that all of the initial center-of-mass energy is
converted into thermal energy) points out the importance
of including the collective-motion component for a better
understanding of the mechanism of relativistic heavy-ion
collisions. As seen from Tables I and II, the collective-
flow energies represent about 60% of the available en-
ergy per nucleon in the center of mass. For instance, this
fraction is =~ 65% at 1504 MeV. In the calculation equal
flow for all particles is assumed; however, as seen in Fig.
7, heavier particles would require a lower flow, whereas
lighter particles would require the same or slightly higher
flow than that reported in this paper. This finding sup-
ports the results obtained by Jeong et al. [27].
Assuming a freeze-out density, the extracted values of
the baryonic entropy yield model values of the tempera-
ture. Figure 10 and Tables I and II show the results of the

% 50
s O (y20)cm.
= ® (05y=0.6y,)cm

40

30

20

10 -

O ! 1 | |
0 0.2 0.4 0.6 0.8 1
p/Po
FIG. 10. Isentropic curves (constant S/A) calculated with

the modified FREEscO, for S/A= 1 to 3 in steps of 0.5.
Temperatures at the freeze-out demnsity p = 0.3po, de-
termined from comparison of the experimental observable
(Z;s M;Z;)/Myg with the same quantity calculated using the
modified FREESCO, are shown as open circles for (y > 0)c.m.
and full circles for (0 < y < 0.6yp)c.m.-

modified FREESCO calculations. For the chosen density
p = 0.3pg, the obtained temperatures increase from 3.8
to 11.7 MeV for (0 < y < 0.6y,)c.m. and from 5.4 to 17
MeV for (y > 0)c.m., over the energy range (100-400)A
MeV. As expected, Kuhn et al. report comparable values
of the associated temperatures. Similar values have been
reported by Wada et al. [10].

V. SUMMARY AND CONCLUSIONS

In this study of Au + Au reactions at projectile ener-
gies of 1004, 1504, 2504, and 4004 MeV we have ex-
tracted baryonic entropies for two rapidity regions. We
have used two variables for this purpose: the experimen-
tal value of the yield ratio of the total charge bound in
fragments with Z between 2 and 15 to hydrogen produc-
tion, ( ;5 M;Z;)/Mpy, and the neutron-to-proton yield
ratio n/p evaluated from the FOPI data via Eq. (6).
These ratios have then been compared with the corre-
sponding ones calculated using the modified FREESCO
[23,34,35], assuming a freeze-out density p = 0.3pq.

The following conclusions may be drawn.

(i) The analysis has allowed for the simultaneous ex-
traction of the baryonic entropy, temperature, and flow.

(ii) The entropy values extracted in this work are in
overall agreement with those obtained in the recent pa-
per by Kuhn et al. [12] who used the QSM, and are in
fair agreement with a recent hydrodynamic calculation
by Schmidt et al. [13].

(iii) The high values of the collective-flow energy ob-
tained in the analysis confirm the importance of collec-
tive motion in relativistic heavy-ion collisions and are in
agreement with the values obtained by Jeong et al. [27]
and Reisdorf [36].

(iv) Entropies extracted from the midrapidity region
for purely central collisions, at all incident energies, are
found to be systematically lower by at least ~ 20% than
those extracted from the full rapidity hemisphere.
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APPENDIX

Let Y., z M;A; be the total number of nucleons
within a given phase space encompassed in nuclei with
Z > 1 (i.e., the emitted neutrons are not counted in
the sum), where A; and M; are, respectively, the mass
number and the multiplicity of a species i. Supposing
that, for all emitted charged fragments with 2 < Z < 15,
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A =27, we have

15
Z M;A; = Z M;A; +2 Z M;Z; + Z M;A,.
all Z Z=1 Z=2 Z>15

(A1)

The first term on the right-hand side can be calculated
as

p+2d+ 3t
E MA, =(Ag)Myg = —————
— (Am) My p+d+t o
1+2d/p+3t/p
—1t2e/pt/pL, A2
1+d/p+t/p  =° (A2)

where p, d, t, and My = p + d + t are, respectively, the
proton, deuteron, triton, and hydrogen-isotope multiplic-
ities.

For the particular case of a Au + Au collision, we as-
sume that, for the same part of the phase space, the

following relation is valid:

n+ >z Midi _ Aau
>an z MiZ; Zau

(A3)

Here, n is the number of emitted free neutrons, and
Apy = 197 and Zp, = 79 are, respectively, the mass
and the atomic numbers of gold.

From Eq. (A3), the number of free neutrons = is

(A4)

and dividing it by the number of emitted free protons p

= My (A5)

1+d/p+t/p)’

and using Egs. (A1) and (A2), one easily obtains the n/p
ratio as

15
ZMiZ,-
2

Aay d t d t d t)
= 14+ ]1+2 | —(142=+32)—2(14+—-4+-) 2~——
n/p ZAu(+p+p) + My (+p+ p) ( P P My
M; (422~ 4)

+(1+§+3) Ze
p P My

(A6)

Since the multiplicity fragment distribution, dM/dZ, falls exponentially with Z, the last term is much smaller than
the rest of the n/p ratio. Thus we can neglect it and for the evaluated n/p ratio we have

15 15
Sz L S
197 d t > d t) ( t) 3
~— 14+ + ) 1+ 22— |- (1422432 ) —2(14+ =+ ) 2. A7
n/p 79( P p) My ( p P P P My (AT)

The value of ( ;5 M;Z;)/Mpy is obtained using the data from the outer plastic wall and its ionization-chamber
cluster detector. The d/p and t/p ratios are determined using the telescopic data extrapolated to the same solid angle
as subtracted by the charged-particle detectors (full azimuth and polar angle between 7° and 30° lab).
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