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ABSTRACT

Empirically the charge (Z) distributions from intermediate energy heavy-ion
reactions are found to depend upon the multiplicity n of intermediate mass
fragments through a factor of the form e~“*Z. Experimentally ¢ starts from
zero at low values of the transverse energy E: and reaches a saturation value at
high E;. In a liquid-gas phase diagram, ¢ = 0 for the saturated vapor, while
¢ > 0 for the unsaturated vapor. It is suggested that in the ¢ = 0 regime the
source evaporates down to a sizable remnant, while for ¢ > 0 the source vaporizes
completely. Percolation of a finite system portrays a behavior similar to that
observed experimentally.

1. Introduction

A large amount of theoretical work 1224567 describes multifragmentation as due
either to droplet formation near criticality (critical opalescence), or to the appearance
of both liquid and vapor phases after crossing the spinodal line. Percolation theories
have been developed to mimic critical behavior in finite systems 3°. Near critical
behavior has been inferred from the experimentally observed power-law dependence
of the intermediate mass fragment (IMF, 3 < Z < 20) charge distribution 111213,

More recently, critical exponents have been extracted from the dependence of the
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Fig. 1. Top panel: the n gated charge distributions P,(Z) for the reaction 36A14+197Au at £/A=110
MeV. The charge distributions were constructed from events with E;=650+£20 MeV and n=1-5.
Middle panel: the “reduced” charge distribution 17 for the same data using the indicated value of c.
(The data here are normalized at Z=3). Bottom panel: the log of the ratio of P2(Z)/Ps(Z). The
slope corresponds to ¢ for n=2 (see Eq.(4)). The statistical error bars are shown for errors larger
than the symbol size.

moments of the charge distribution upon quantities, like the charge multiplicity, that
are typically associated with temperature and/or excitation energy!'*.

The mapping of the nuclear phase diagram, in particular of the boundaries of the
phase coexistence region, is a desirable goal. In this paper we report evidence for a
possible transition from a two-phase to a one-phase regime obtained from the analysis
of charge distributions and their dependence upon IMF multiplicity.

2. Reducibility and Thermal Scaling in Charge Distributions

For a large number of reactions '>!¢, the IMF multiplicities are binomially dis-
tributed, and the probability P, to emit n IMFs can be reduced to a one-fragment
emission probability p. This is true at all transverse energies (E; = 3; E; sin® ; where
the sum is over all particles in an event and E; and §; are the kinetic energy and polar
angle of particle i, respectively) '*'¢. The resulting one-fragment emission probabil-
ity appears to have a Boltzmann form p = ¢ B/T_ assuming that the temperature
T « E, and B represents an average barrier for fragment emission. The thermal
nature of p was inferred from the observation of linear Arrhenius plots (Inp o 1/v/EY)
where F, is assumed to be proportional to excitation energy.



The reducibility of P, to p was verified empirically for {ragments with Z > 3.
The implications of such reducibility for the charge distributions as a function of the
fragment multiplicity n were discussed in ref. 17 1n this work it was found that the
experimental charge distributions for any value of n and E; could be expressed by
the equation:

—-F(2)
VE;
where F(Z) represents a universal function of Z.

The dependence of P,(Z) on n is illustrated in Fig. 1 for the reaction 36AT+197Au
at E/A=110 MeV. In the top panel, the different symbols show the charge distri-
butions for different fragment multiplicities n at a fixed E;=650 MeV. The slight
differences in the n gated charge distributions nearly disappear when plotted in the
“reduced” form F(Z) shown in the middle panel.

Again, assuming E; proportional to the excitation energy of the source, Eq. (1)
can be written in terms of the temperature T

P.(Z) x exp — [ELTZ—) + ncZ] = exp — [—A—EI—SZ—) +AS(n,Z)|. (

P.(2) ocexp—{ —{-ncZ} (1)

(V]
~—

The first term in the exponent was interpreted '7 as an energy or enthalpy term,
associated with the energy (enthalpy) needed to form a fragment. The second term
was claimed to point to an asymptotic entropy associated with the combinatorial
structure of multifragmentation. It was observed that a term of this form arises
naturally in the charge distribution obtained by the least biased breaking of an integer
Zo into n fragments. Such a Z distribution is given approximately by:

P(Z)= 2% = n?e?, (3)

While this form obviously implies charge conservation, it is not necessary that charge
conservation be implemented as suggested by Eq. (3). In fact it is easy to envisage
a regime where the quantity ¢ should be zero. Sequential thermal emission is a case
in point. Since any fragment does not know how many other fragments will follow
its emission, its charge distribution can not reflect charge conservation under the
constraint of n fragments.

On the other hand, in a simultaneous emission controlled by a n-fragment tran-
sition state 181°, fragments would be strongly aware of each other, and would reflect
such an awareness through the charge distribution.

3. Phase Coexistence(?)

Can one identify a transition from a regime for which ¢ = 0 to a new regime
for which ¢ > 07 In order to answer this question, we have studied the charge
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Fig. 2. Plots of the coefficient ¢ versus E, for the reactions 12Xe+'°7Au at £/A=50 and 60 MeV
(top panel) and 3Ar+1%7Au at E/A=80 and 110 MeV (bottom panel). The error bars are statistical.

distributions as a function of fragment multiplicity n and transverse energy E; for
a number of systems and excitation energies. Specifically, we will present data for
the reaction 3Ar+'%"Au at E£/A=80 and 110 MeV and the reaction 129%e+197Au at
E/A=50 and 60 MeV.

Several approaches were used to extract ¢ from the charge distributions. If the
charge distributions are exponential (as is sometimes the case, Pn(Z) e"nZ) it is
sufficient to extract from them the exponential coefficient c,. From the n dependence
of a,, the quantity c is readily extracted . A more general approach which does not
depend on any specific form for the charge distribution is to construct at each F; the
ratio

Pn(Z) :eCZ, (4)
Pn+1 (Z)

A value of ¢ can be extracted for each n by taking the log of this ratio and finding the
slope of the resulting graph (see bottom panel of Fig. 1). A weighted average (over all
IMF multiplicities n) for ¢ can then be constructed at all E,. Alternatively, a x? can
be constructed in terms of the differences in F'(Z) (see Eq. (1)) between any pairs of n
values and minimized as a function of ¢. These procedures yield essentially the same
results. These results are reported in Fig. 2 for the 12*Xe+!"Au and *Ar+1"Au

reactions.
It is interesting to notice that for all reactions and bombarding energies the quan-
tity ¢ starts at or near zero, it increases with increasing £ for small F; values, and
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Fig. 3. Liquid-gas phase diagram. The top of the dashed line is the critical point. The area below
the dashed line (¢ = 0) is the region where mixtures of the liquid and gas phases coexist.

seems to saturate to a constant value at large E;.

This behavior can be compared to that of a fluid crossing from the region of liquid-
vapor coexistence to the region of overheated and unsaturated vapor (see Fig. 3). In
the coexistence region, the properties of the saturated vapor cannot depend on the
total mass of luid. The presence of the liquid phase guarantees mass conservation at
all average densities for any given temperature. A change in mean density (volume)
merely changes the relative amount of the liquid and vapor, without altering the
properties of the saturated vapor. Hence the vapor properties, and, in particular, the
cluster size distributions cannot reflect the total mass or even the mean density of
the system. In our notation, ¢ = 0.

On the other hand, in the region of unsaturated vapor, there is no liquid to insure
mass conservation. Thus the vapor itself must take care of this conservation, at least
grand canonically. In our notation, ¢ > 0.

This description should not be taken too literally, for a variety of reasons, one of
which is the finiteness of the system. The ¢ = 0 regime may signify an evaporative-like
emission from a source which survives as a charge conserving residue (liquid), while
the ¢ > 0 regime may signify the complete vaporization of the source.

In order to test these ideas for a finite system, percolation calculations 8 were
performed for systems of Zo=97 and 160 as a function of the bond breaking probability
ps. Values of ¢ were extracted (using Eq.(4)) as a function of ps.

The results are shown in Fig. 4. For values of p, smaller than the critical (perco-
lating) value (p§"** = 0.753 for an infinite system), we find ¢ = 0. This is the region in
which a large (percolating) cluster is present. As p, goes above its critical value, the
value of ¢ increases, and eventually saturates in a way very similar to that observed
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Fig. 4. A plot of ¢ versus the bond breaking probability p, from a percolation calculation 8 for two
systems Zo=97 (circles) and Zo=160 (squares). The statistical error bars are shown for errors larger
than the symbol size.

experimentally. Due to the finiteness of the system the transition is smooth rather
than sharp and can be made sharper by increasing the size of the system.

The significance of the actual experimental value of ¢ in the region where it seems
to saturate is unclear. In Eq.(3), ¢ takes a direct meaning for the Euler problem:
¢ = 1/Z,. It should be noted that our analysis is not directly comparable to the Euler
solution (Eq.(3)) since we have restricted ourselves to a limited region (3 < Z < 20)
of the total charge distribution for our study of how the source is partitioned into dif-
ferent IMF multiplicities. It must also be appreciated that Eq. (3) and the associated
dependence of ¢ upon Z, are characteristic of a one-dimensional percolation model.
In light of the points mentioned above, 1t is not unexpected that ¢ appears to be
proportional, but not equal, to 1/Zp in the three-dimensional percolation calculation
reported in Fig. 4. An interpretation of ¢ in terms of the source size may be possible
when more data and a better understanding of the percolation of finite systems are
available.

4. Conclusions

1) We have presented extensive evidence for an n dependence of charge distribu-
tions of the form given by Eq.(1).

2) We have shown that the parameter c increases from near zero at low E; (exci-
tation energy) to a saturation value at high £

3) Using the analogy of liquid-vapor equilibrium we have argued that ¢ = 0
indicates the presence of two phases (liquid-vapor) while ¢ > 0 indicates the presence



of one phase (unsaturated vapor).
4) We have shown that a percolation calculation carried out for finite systems can
be analyzed in the same way as the data, and portrays the same dependence for c as

one moves from the region where a percolating cluster is present to one where such a
cluster is absent.
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