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LIQUID-VAPOR PHASE TRANSITION, COLLECTIVE FLOW AND ENTROPY

DETERMINATION FROM FUTURE MEASUREMENTS OF INTERMEDIATE

MASS FRAGMENTS.
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Some global variables reflecting the highly collective
character of nuclear matter produced in relativistic
heavy-ion collisions are briefly reviewed on the basis of
presently available expérimental results and of Quantum
Statistical Model and Quantum Molecular Dynamic
Model predictions relative to intermediate mass
fragments. Possible future measurements are suggested.

1. INTRODUCTION :

The first predictions for strong collective phenomena in hot and

compressed nuclear matter, produced in violent relativistic heavy-ion

collisions, have been made more than two decades ago. Since,

developments1^ along this line, supported and suggested by results from an

intense experimental activity1 >2) over the past fifteen years, have not

ceased. It is now time for a critical and detailed evaluation in order to

determine the route to follow for future studies. This is, of course, far

beyond the claim of the present contribution which is simply aimed to

review rapidly some major discoveries and their implication and to sketch a

few experiments to perform on new facilities like the 4ff-detector at SIS

(Darmstadt).

Within the 0.1 * E •£ 2 A GeV projectile energy domain, (so far

essentially studied at the GSI-LBL Plastic Ball/Wall, at Diogène (Saclay) and

MSU), it is a frequent approach to assume that, due to the high projectile

velocity (20 to 30% of the light velocity), for central collisions a wave-like

shock can propagate in the nuclear medium. This leads to a locally strongly

compressed and excited nuclear matter which decays by multifragmentation,

i.e. by a copious emission of light particles (LP) and intermediate mass

fragments (IMF). The study of multifragmentation has permitted i) to

demonstrate the existence of a strong nuclear stopping of nuclear matter,



ii) to show an important collective flow of nuclear matter in and out of

the reaction plane, iii) to raise the question of the possible existence of a
liquid-vapor phase transition, iv) to approach a determination of the
Entropy. This allows some steps to be made toward the Equation of State

(EoS) determination. Moreover, as shown by the Quantum Statistical Model
(QSM)3'4) and by the Quantum Molecular Dynamic Model (QMD)5>6)

calculations, IMF are formed at the early post-compression stage of the

reaction and so provide a good probe for studying it.

In the light of recent results, we examine rapidly some aspects of a
conjectural liquid-vapor phase transition, of the collective flow and of

Entropy and their dependence on EoS. Some suggestions for future
measurements are tempted.

2. MULTIFRAGMENTATION AND LIQUID-VAPOR PHASE TRANSITION :

The multifragmentation is a complex phenomenon whose the nature is
not yet completely understood by far. It may result from various effects

because it is difficult to determine a time scale for the IMF emission : It

is not easy to distinguish between prompt and other emissions. It may also
be from different origins depending on the projectile energy and on the

impact parameter (b). However, multifragmentation has been frequently
related to a possible liquid-vapor phase transition7', i.e. for certain

combinations of temperature and density, nuclear matter may exist as a

liquid-gas mixture exhibiting phase instabilities. A schematic explanation
which has been advanced8' for such an effect is that a nuclear system,

strongly compressed and excited, evolves nearly isentropically in the

pressure-density space of EoS toward a low density region (the so-called
spinodal zone) mechanically unstable. Any fluctuation, magnified by the

nuclear mean field, may provoke the explosion of the system; other

approaches relying upon statistical multifragmentation models9' or sequential
binary decay10' have also been advanced. This thermodynamical description

was suggested by the fact that the IMF yields, measured experimentally,
show a mass (AIMF) or an atomic number (ZIMF) power law dependence
YIMF = (AIMF, ZIMF)~ l, the exponent r is found11'12' to be ranging between

1.5 and 3 depending on the reaction and on the projectile energy. These

inclusive AIMF or ZIMF distributions seem to be a universal characteristic of
the fragmentation process, suggesting a common mechanism for the
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fragment production. Fig. 1 shows a recent example of ZTMF distribution

measured at the SIS 4x-Facility, for the Au (100 A MeV) + Au reaction13'

with the Parabola^ over the 7°-30° polar-angle range. One sees that the
distribution extents to Z IMF 13 (i.e. ATMF ~ 30) and evolves as a power law

(solid curve in Fig. 1) for which T = 2.4. Comparable behaviour is predicted

by QMD calculations5-6*, however, they also show that the IMF yield

distributions exhibit different shapes and slopes depending on the impact

parameter (see Fig. 2). Hence, it would seem that this power dependence is

simply accidental as the result of averaging impact parameters and cannot

subsequently interpret a phase transition. Exclusive measurements12), where

the charged particle multiplicity (Mc) is used to express the b influence,

have confirmed the IMF yield dependence on b. This common way to

describe the centrality of the reaction is, however, questionable being not

selective enough as recently shown for the Au + Au reaction measured at
SIS13>.

Au (200A MeV) + Au10' p

g. i

O 100 2000 100 . 200

A A
Fig. 2

Thus, in the future one should study the Liquid-Vapor phase transition

by finding an additional trigger which allows the selection of very central

collisions in order to deal with large stopping power, full disintegration of

the projectile and of the target and similar rapidity for all the IMF. This

triggering aspect will he discussed again in the next Section concerning the
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Nb •*• Nb directed flow. The phase transition should
also be examined by utilizing very heavy
projectiles and should be measured over
the 80-600 A MeV projectile energy range.

According to QMD predictions6* the IMF
multiplicity, like in the case of Nb + Nb,
should increase from 80 to about
100 A MeV and then should decrease to
vanish around 600 A MeV (Fig. 3). So far,

such an excitation function has not been

really measured and this will hopefully be
done soon at SIS. Let us notice also that,

according to QMD, the extension and the

slope of the YIMF = (AIMF, ZIMF)~l can

provide some information about the in-

medium effects and the Entropy of the
Fig. 3 system6 ̂ . The most important in-medium

effects result from momentum dependent interactions and reduced in-

medium nucléon-nucléon scattering cross-section due to Pauli blocking. They
lead to the formation of heavier mass IMF, hence an accurate measurement
of the IMF mass distribution could help to establish experimentally the in-

101 102 tO3 10*
Elab (A MeV)

medium cross-section. The slope of YIMF = (AIMF, increases with the

bombarding energy and can be related to the Entropy6' 11). Finally, let us
notice that the IMF yield is not very dependent on the EoS according to

QMD and does not provide a relevant way to determine it.

3. THE DIRECTED FLOW OF NUCLEAR MATTER :

The directed flow is one of the most spectacular effect of
collectivity of nuclear matter. It is also a proof for strong compression
energy in relativistic Heavy-Ion collisions. Long time predicted by early

hydrodynamical calculations15^, it has been confirmed by experiments. Based
on the sphericity tensor16) then on the transverse momentum17) analyses,
the flow has been observed in and out of the reaction plane (the so-called

side-splash18) and squeeze-out19) effects, respectively). Great theoretical
efforts have been made to study numerous aspects of this phenomenon. One

can summarize6^ the main predictions as follows : i) the flow increases with



the mass of the system, with the mass of the LP and of the IMF (at least

up to AIMF ^ 20, the flow disappears for fragments with mass-like

projectile and target) and as b diminishes, ii) The flow increases with

projectile energy and may change its sign around 75 A MeV 20-21>.

Several of these predictions have been confirmed by experiments

which have even some times preceded the theoretical speculations, like for

the case of the low-energy-flow characteristics. However, due to the

immensity of the field of investigation, the experimental results remain

fragmentary. They are, to a large extent, for the Au + Au reaction at

20OAMeV and are mostly relative to LP, IMF data being only fragmentary.

It is important to analyze in detail

the IMF contribution to the flow in very

central collisions. This raises again the

question of relevant triggers for strong

centrality already mentioned in the

previous Section. In Fig. 4 is presented

the charged-particle multiplicity Mc

(over the 7° < 0 < 30° polar angle

domain) against b for the

Au (150 A MeV) + Au reaction13)

calculated with the filtered QMD using

event by event technique22^. One clearly

Fig. 4 sees that even for multiplicity MC î 45,

such a trigger is not very determinant in terms of b (there, b - 4 fm),

i.e. central and semi-central collisions are involved. More selective triggers

are needed and a step in this direction has been made by constraining the

sum R = | "L f>t | of transverse momentum over all the particles with

rapidity Y > Y0n (in the considered angular 0 domain) to be low since

centrality implies close isotropy for the particles. The transverse momenta

pt / me plotted against Y / Yp (where Yp is the projectile rapidity) for

Mc > 37 (MUL 5) 23) and for ZIMF = 4, as measured for the

Au (150 A MeV) + Au reaction13), is shown in Fig. 5 (left hand side). The

bulk of IMF is located close to Y showing that IMF, related to projectile

spectator, participate. A shift toward lower rapidity is obvious when the

condition R * 2.5 GeV/c is superimposed (right hand side of Fig. 5). Notice
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also that, due to the fact that the data from the Parabola of the

4jr-Facility13'14^ are not included here, there is an experimental cut-off on
the low Y side, particularly visible in the right hand side of Fig. 5.

Recent calculations24' have shown that LP and IMF from the low

density part of the interacting nuclear system (spectator matter) contribute
the most to the in-plane flow, a conclusion supported by recent data11^. On

the contrary, the out-of-plane flow is dominated by hot participant matter

and increases linearly with the mass. Thus, the squeeze-out which allows a
direct insight into the hot compression region should be studied in close

detail. Coming back to the in-plane flow conclusion, it is largely due to the
fact that heavy IMF with low Y have appreciable cross-section only at very
low b which do not contribute much to the cross-section. However, it is of

interest once again to elaborate in the future a relevant trigger to select
high centrality to look at the actual involvement of compressed matter in
the in-plane directed flow.

Finally, it is important to keep in mind that the QMD predictions
about flow are different for a hard and a soft EoS since the flow depends
on the nucléon-nucléon cross-section and on the compression parameter.

Thus, its study should contribute to a better determination of these two
parameters.

4. THE ENTROPY :

During the initial stage of the reaction, a great deal of entropy is

created due to compression and thermal excitation. This is followed by an



expansion phase in which only little additional entropy is generated by
viscous forces and by thermal conduction. Then, the conditions are frozen
and remain the same until LP and IMF are eventually detected; hence,

entropy does not increase much after the initial stage of the reaction and
so is a powerful probe of the early phase of the reaction. The initial
definition25* of baryonic entropy S/A = 3.95 - In Rdp, governed by the

deuteron to proton ratio Rd , was amended by substituting a d-like to p-like

ratio (Rjp) to Rdp in order to include t, 3He and 4He emission26. Then, it
was further demonstrated that IMF should also be included3'4, not only as

such, but also, because being particle unstable, their inclusion modifies
substantially the final LP yield. Hence, the determination of entropy
requires a quantum statistical treatment based on a realistic approach

including the binding energies and the emission of unstable IMF. The QSM
and the QMD make various predictions on S/A3"6) and suggest alternative

methods to determine S/A from IMF measurements. The baryonic entropy is

expected to increase with the projectile energy. However, the entropy
residing in IMF shows only loose dependence on the projectile energy275. We

review rapidly three possible approaches to entropy.

4.1 Multiplicity of IMF :
40-

30

I

Au + Au

p = 0.1

2 3 4
enfropy/nucleon

Fig. 6

The QSM3'4) predicts a strong

dependence of the IMF (AIMF > 4)
multiplicity on S/A after the IMF have

decayed as illustrated in Fig. 6 for

Au + Au and for two different values of
the break-up density p
(pQ = 0.15 nucleon/fm3 is the ground state

density). The multiplicity goes through a
maximum around S/A ~ 1.5 then decreases

and vanishes at S/A ~ 4. It is very worth,

as already stated, to measure the
IMF multiplicity excitation function which

should increase and then decrease between
100 and 600 A MeV (see Fig. 3). This should provide a very sensitive test
of the QSM and the QMD predictions about S/A. Conversely, if S/A shows

only little dependence on projectile energy, the IMF multiplicity should
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remain practically unchanged. Here again, genuine centrality may be the

clue. Two solutions in terms of S/A correspond to one IMF multiplicity (see

Fig. 6) but the n/p ratio3'4) simultaneously measured should alleviate any
ambiguity.

4.2 Average mass of IMF distribution :

QSM calculations show that the average mass of IMF distribution

depends strongly on S/A3>4) as illustrated in Fig. 7 for Ca + Ca. This

behaviour is not expected to be much different for Au * Au. A

determination of such an average mass from careful measurement of IMF

distribution should provide a subsequent evaluation of the entropy, more

specifically in the 1.5 * S/A * 3 domain. Alternately, as mentioned in Sec.

2, S/A depends also on the slope of the IMF mass distribution, the QSM

provides equally predictions for a relationship between the baryonic entropy

and the IMF-yield-distribution slope parameter4*

20

o>
S
5 to
O

S-

Co + Co

Average mass number after decay

0.1 P.

0.8 P,

Entropy/Nucleon

g. 7

4.3 Yield dependence of IMF and IMF/proton ratios :

When using Rdp one loses the richness of information contained in

the various IMF species which can be used as independent observables to



determine the entropy. The QSM
predictions for LP and light IMF yield as
a function of S/A are shown in Fig. 8 for
Au + Au. Similar calculations can also be
performed for heavier IMF. Comparisons
with experimental yields measured at
different projectile energies, hence,
different entropies, should furnish another
sensitive test of the S/A dependence on
incident energy predicted by the QMD.

5. CONCLUSION :

We have briefly reviewed some
global variables expressing the highly

Fig. 8 collective character of tïie hot and
compressed nuclear matter. Among the large number of detailed predictions
made by the QSM and the QMD some have received enlightening
confirmation from experimental results, unfortunately these latter remain
too fragmentary. A need for numerous and detailed further experiments is
urgently required in order to provide sensitive and extended tests for these
models. The experiments will be also very useful to investigate the problem

of the IMF formation and their very nature9' 10'

The author is indebted to Prof. N. Cindro and C. Cerruti1 and to
Dr. P. Wagner for fruitful discussion and interesting suggestions.
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