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Abstract

Excitation-energy-gated two-fragment correlation functions have been stud-

ied between 2 to 9A MeV of excitation energy for equilibrium-like sources

formed in π− and p + 197Au reactions at beam momenta of 8,9.2 and 10.2

GeV/c. Comparison of the data to an N-body Coulomb-trajectory code shows

a decrease of one order of magnitude in the fragment emission time in the ex-

citation energy interval 2-5A MeV, followed by a nearly constant breakup

time at higher excitation energy. The observed decrease in emission time is

shown to be strongly correlated with the increase of the fragment emission

probability, and the onset of thermally-induced radial expansion. This result

is interpreted as evidence consistent with a transition from surface-dominated
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to bulk emission expected for spinodal decomposition.
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The nuclear liquid-gas phase transition is often linked to the experimental observation
of multiple intermediate mass fragments (IMF= 3 ≤ Z

=∼ 20), or multifragmentation [1].
This interpretation was preceded by the discovery of a power-law behavior in the mass (and
charge) distributions of IMFs in high energy p+Xe reactions [2]. In recent years, better
experimental technologies have made possible the detection and nearly complete character-
ization of multifragmentation reactions on an event-by-event basis. Two stimulating results
have come from such exclusive experiments: the measurement of a latent heat for nuclear
matter by Pochodzalla et al. [3], reminiscent of the liquid-gas phase transition in water,and
the extraction of critical exponents for nuclear matter, in agreement with those of liquid-gas
values, by the EOS collaboration [4]. While debate continues related to these findings [5–8],
the important point remains that the current state of the data is suggestive of a liquid-
gas phase transition, either first or second order. More recently, it has been argued that
due to finite-size effects, both first- and second-order phase transition characteristics can be
observed simultaneously [9].

An aspect of this phase transition that has been less systematically examined is the
cluster-emission time scale involved in the transition of the nuclear liquid to a liquid-vapor
coexistence phase. For cluster emission from the liquid phase, fragment formation occurs at
the surface of the excited source via a binary splitting, much like fission. This process gives
rise to long emission times of the order of 10−20 - 10−21 sec, necessary for shape deformation.
In sharp contrast, when the spinodal boundary of the phase diagram is crossed, the system
falls apart on a very short time scale (∼ 10−22 - 10−23sec); i.e. bulk emission.

Although the transition from long to short emission times has previously been reported
for central heavy-ion collisions, no systematic analysis of source lifetime as a function of
excitation energy per nucleon, E∗/A, has yet been performed for a single, well-defined equi-
librated system. Previous studies have estimated the excitation energy scale by either fixing
the target-projectile combination and varying the bombarding energy [10], or combining
results from several different experiments, in which E∗/A was evaluated [11]. In both cases,
there are problems in heavy-ion reactions associated with entrance-channel dynamics and
with source selection, which lead to a single thermalized source for less than few percent of
the total reaction cross-section [12–14].

In this letter we present the systematic evolution of IMF emission times over a wide range
of excitation energy for well characterized, thermal-like sources formed in hadron-induced
reactions, as described in [15,16]. This evolution is then correlated to the n-fold emission
probability and to the onset of thermally-induced radial expansion. The convergence of
the results suggests a transition from surface emission to bulk emission around 5A MeV of
excitation energy, in good agreement with the theoretical prediction of Bondorf et al. [17].

Emission times were obtained using excitation-energy-gated two-IMF correlation func-
tions constructed from events measured with the ISiS 4π detector array [18] during experi-
ment E900 at the Brookhaven National Laboratory AGS accelerator. Beams of 8.0 GeV/c
tagged π−and 8.2, 9.2 GeV/c π− and 10.2 GeV/c protons (untagged) were incident on a 1.8
mg/cm2 197Au target. Fragments with charge Z≤16 were identified with a set of 162 gas-ion
chamber/Si/CsI triple telescopes with energy acceptance 1.0≤E/A≤92 MeV. Geometric ac-
ceptance was 74% of 4π. Further experimental details can be found in [15,19]. For all these
reactions, the reconstructed primary source size, final residue size, charge distribution, frag-
ment multiplicity and cross-section were found to be the same when selected as a function
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of E∗/A [16,19]. By combining these data sets, we have access to 7 million events for which
∼7% contain two or more IMFs with 4≤ Zimf ≤9.

Emission time scales were derived using the intensity-interferometry technique [20–28],
which employs two-fragment reduced-velocity correlation functions, defined as

R(vred) + 1 = C
Ncorr(vred)

Nuncorr(vred)
, (1)

where vred is the reduced relative velocity between the two fragments:

vred =
| ~v1 − ~v2 |√
Z1 + Z2

. (2)

Here vi and Zi are the laboratory velocity and charge of the fragments, respectively. The
denominator permits comparison of different Z values [23]. Ncorr(vred) is the measured
coincidence yield while Nuncorr(vred) is the uncorrelated yield calculated using the event-
mixing technique [23]. For each E∗/A bin, both the numerator and demominator were
normalized to their integral and then the ratio was constructed. At large vred, constant
values of R(vred) + 1 ≈ 1 are found, largely due to the use of the full 4π range of the array,
which enables high statistical samples of large-angle correlations.

The experimental excitation-energy-gated IMF-IMF correlation functions (4≤ Z1, Z2 ≤9)
are shown in Fig. 1 for source excitation energies E∗/A= 2.25 ± 0.25, 3.0 ± 0.5, 5.0± 1.0
and 8.0 ± 1.0 MeV. Yield suppression at low vred, due to the Coulomb interaction between
IMFs, increases with E∗/A. The increase of the Coulomb hole (yield suppression) is large
between E∗/A = 2.25 MeV and 5 MeV of excitation energy, followed by a nearly constant
yield suppression for higher excitation energies. This effect is in agreement with previous
analyses that have selected the most central collisions of a given reaction and varied the
bombarding energy [10,24]. However, as discussed in the introduction, the formation of a
single source in heavy-ion collisions is limited to a fraction of the cross-section, which makes
the task of separating the actual thermalized source from contamination difficult. In hadron-
induced reactions, there is only one source of thermalized fragments, it has little collective
compressional or rotational character, and the data cover a wide range of excitation energy.

The evaluation of the emission time scale at various excitation energies is done by com-
parison of the data with the N -body Coulomb trajectory code of Glasmacher et al [26,27].
Because the starting source size, as well as the final residue size, are known, the simulation
is simplified; i.e. no “empirical” adjustments of these quantities is possible, only the vol-
ume or separation distance between the residue and the fragments. The Coulomb-trajectory
simulation employed in this time-scale analysis assumes sequential emission from the sur-
face of a spherical source; thus there are no complications due to initial-state momentum
correlations [27].

Two-dimensional maps of measured source charge vs. residue charge and IMF kinetic
energy in source frame vs. charge are used to define the initial conditions. The filtered
output of the simulation is required to reproduce both the small- and large-angle correlation
data, as well as fragment kinetic-energy spectra and charge distributions. As in [28], average
Coulomb-barriers are subtracted at the input for each Z, effectively sampling the exponential
(thermal) part of the spectra. The Coulomb energy is calculated and added back in the
simulation according to
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VCoul =
1.44ZIMF Zres

ro(A
1/3
IMF + A

1/3
res ) + d

, (3)

where ro = 1.22 fm and d is an adjustable parameter that defines the source dimensions.
At low excitation, a distance of 6 fm is required to reproduce the energy spectra down to
2A MeV, corresponding to IMF-residue axial separation distances consistent with fission
systematics using r0=2 fm and d=0 fm in Eq. 3. At high excitation, values of d as low as
2 fm will reproduce the energy spectra down to 1A MeV. For the purpose of comparison
of the data with the calculations, correlation functions for IMF kinetic energy between 2A
MeV and 10A MeV are used. Equivalently, assuming radial separation instead of axial (high
excitation scenario), the above range for d (2-6 fm) would correspond to a freeze-out volume
of 4V0-6V0 (2.5V0-4V0) using r0=1.22 fm (1.44 fm) as a normal density reference. Finally,
the emission time t is assigned via an exponential probability distribution, e−t/τ , where τ is
the decay lifetime.

In Fig. 2 we show fits to the correlation functions for three bins in E∗/A for a range
of d and τ that yield minimum chi-squared values. Between E∗/A = 2 - 2.5 MeV and
4.5-5.5 MeV, the emission time decreases nearly an order of magnitude from ∼500 fm/c
to 30-75 fm/c. Above E∗/A ∼ 5 MeV, the emission time becomes very short (20 to 50
fm/c) and nearly independent of excitation energy, consistent with a near-instantaneous
breakup, explosion-like phenomenon. As has been pointed out previously, lifetimes less
than τ ∼30 fm/c become comparable to thermodynamic fluctuations in the system, as
discussed in ref. [28]. Moreover, correlation functions for a similar reaction have been shown
to be reproduced by a simultaneous multifragmentation model at high excitation [28], again
consistent with our extracted time scale.

As in past studies, Fig. 2 provides evidence for the space-time ambiguity of the correlation
function [25]. However, the difference between the various decay lifetimes at high E∗/A is
rather small and agrees within the error bars. Therefore, the observed saturation in the
space-time extent of the source reflects to a large degree a saturation of the decay lifetime
as well.

The lower frame of Fig. 3 presents the best-fit decay times for hadron-induced thermal
multifragmentation of 197Au nuclei, with two extreme solutions shown above 4A MeV. The
decay lifetimes evolve systematically as a function of E∗/A, extending from the evaporative
regime at low E∗/A to that for multifragmentation at high E∗/A. The shaded band shows
the range of space-time values for which a consistent fit to all of the observables is achieved.
The solid points represent independent measurements for heavy-ion-induced reactions for
which the source E∗/A has been explicitly evaluated [11]. At high excitation energies the
ISiS results are similar to the heavy-ion data. However, as E∗/A decreases, longer lifetimes
are derived from the heavy-ion data. The differences can possibly be explained by a better
source selection in hadron-induced reaction with minimal influence from various entrance-
channel collective behavior, all of which contribute to lowering the reconstructed E∗/A [16].

The solid line in the lower frame of Fig. 3 shows the best fit to an exponential function

(eα/
√

E∗/A) for the ISiS data; the dashed line describes a similar fit using the heavy-ion
results at low excitations. These two lines should be seen as defining upper and lower limits
of the changes in emission time with E∗/A based on all available data.

In ref. [29] the thermally-driven radial expansion, ǫr, has been derived for the ISiS data
as a function of E∗/A, based on an analysis of the fragment kinetic energy spectra. The
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center frame in Fig. 3 shows that onset of thermal expansion energy for the ISiS data, which
occurs around E∗/A=3.5 MeV (4.75 MeV), assuming a freeze-out density of ρ/ρ0=1/3 (1/2).
The measurements of a distinct signal for ǫr is interpreted as evidence that the system has
reached a reduced density [29], an essential condition for bulk emission.

In the upper panel of Fig. 3 the decay lifetime systematics are compared with the
probability for a given observed IMF multiplicity, NIMF , as a function of E∗/A, uncorrected
for ISiS efficiency. The dotted vertical lines that run across all three frames – E∗A 4.25±0.50
MeV – represent an apparent transition region in which multiple IMF emission becomes the
dominant process, the onset of thermally-induced radial expansion appears, and decay times
become comparable to the thermodynamic fluctuation time (τ < 30 fm/c). Furthermore for
the same system under study, this region in E∗/A yields the most diverse fragment size
distribution (minimum power-law exponent) [16]. We interpret the simultaneous change of
the various observables in this region of E∗/A as evidence supporting a transition from a
surface emission mechanism (long timescales) to bulk disintegration (short timescales) in
hot nuclear matter.

In summary, IMF-IMF correlation functions for hadron-induced thermal multifragmen-
tation events have been studied in the excitation energy regime E∗/A = 2-9 MeV. The
Coulomb suppression of the correlation function at low reduced velocities shows a system-
atic evolution with increasing heat content. Long times (minimal suppression) are associated
with low excitation energies and short times with larger values (large suppression). Between
E∗/A = 2 - 5 MeV, this evolution is quite strong; above 5 MeV/A the correlation functions
show little change. Decay lifetimes that decrease from τ ∼ 500 fm/c at E∗/A = 2 MeV to
τ ∼ 20-50 fm/c for E∗/A ≥ 5 MeV are derived from fits to the correlation functions with an
N-body Coulomb-trajectory simulation that also reproduces the IMF kinetic-energy spec-
tra, charge distributions and large-angle correlations. Placing this timescale evolution with
E∗/A in context with similar behavior for multiple fragment production probabilities and
the onset of thermally-induced radial expansion, we conclude that the data provide evidence
consistent with a transition from surface to bulk emission in hot nuclear matter near E∗/A
= 5 MeV.

The authors wish to thank Thomas Glasmacher for providing his N-body Coulomb-
trajectory code. This work was supported by the U.S. Department of Energy and National
Science Foundation, the National Sciences and Engineering Research Council of Canada,
Grant No. P03B 048 15 of the Polish State Committee for Scientific Research, Indiana
University Office of Research and the University Graduate School, Simon Fraser University
and the Robert A. Welch Foundation.
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FIGURES

FIG. 1. Reduced velocity correlation functions generated for four different excitation energy

per nucleon bins. IMF kinetic energy acceptance is in source frame is EIMF/A = 1 - 10 MeV.

FIG. 2. Correlation functions for Z = 4-9 IMFs as a function of reduced velocity (open circles).

IMF kinetic energy acceptance in the source frame is EIMF/A = 2 - 10 MeV. Data gated on source

E*/A = 2.0 - 2.5 MeV (top), 4.5 -5.5 MeV (center)and 8.5 - 8.5 MeV (bottom). Solid and dashed

lines are results of a Coulomb trajectory calculation for fit parameters indicated on figure.

FIG. 3. Dependence on E∗/A for source lifetime (bottom), thermally-driven expansion energy

ǫr [29] (center) and probability of observing a given IMF multiplicity (top). In the bottom panel, the

shaded area indicates the range of possible solutions (space-time) consistent with IMF observables.

Solid line is an exponential fit to the ISiS results; dashed line a similar fit using heavy-ion data [11].
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Fig. 1: L. Beaulieu et al.
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Fig. 2.: L. Beaulieu et al.

10



Fig. 3: L. Beaulieu et al.

11


