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1. Introduction

When a central collision of two heavy nuclei leads to multifragmentation
of an expanded and equilibrated nucleus the thermal shock and compression
which result can cause the nucleus to expand to low density, cluster and
disassemble. In order to understand the properties of highly excited nuclei
produced in heavy ion collisions it is very desirable to extract, directly from
the experimental data if possible, information on the dynamical and ther-
modynamical evolution of the interaction region and the extent to which
equilibration of various degrees of freedom, thermal, chemical, isospin, etc.,
is realized.
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Fig.1. Schematic picture of collision leading to expansion and multifragmentation.

Figure 1 presents a schematic picture in which central collision of two
heavy nuclei leads to multifragmentation. The collision produces a thermal
shock and some compression. Reacting to this, the nucleus expands to low
density, clusters and disassembles. This disassembly stage is labelled “freeze-
out” in the figure. In an ideal situation this disassembly would be that of
a thermally and chemically equilibrated nucleus. In practice this ideal state
may not be reached and the final product distribution may include fragments
and particles originating from non-equilibrium processes and reflecting cor-
relations already present in the separated projectile and target nuclei [1,2].
Distinguishing between these different production mechanisms of fragment
and light particle production is difficult but essential to our understanding
of the multifragmentation process.

We are currently attempting to employ coalescence model analyses of
light particle emission to probe the size of the emitting system in these
collisions. The very similar formal structures of such models applied in
both non-equilibrium and equilibrium conditions [3-5] suggest that they can
provide a natural framework for this purpose. Under suitable conditions
extraction of coalescence radii provides size information the analogous to
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that obtained in particle-particle correlation measurements [6,7]. The main
prediction of coalescence models is the existence of a power law relationship
between complex clusters and nucleons [5]. The cross section for emission of
a light cluster of mass number A, containing Z protons and N neutrons is
related to the cross section for emission of protons and neutrons at the same
momentum per nucleon. In practice the equation is often modified to take
into account the fact that neutron cross sections are usually not measured in
experiments, therefore an assumption is made that the neutron and proton
momentum distributions are the same (except for a Coulomb shift) and their
relative yields are given by the isospin of the combined system. The equation
then becomes:

PNy _ oy 1 (25 41N (4 AL BN\ A ,

dp3 "pm( 24 )(? 0) <dp3> ’ (1)
where Py represents the radius in the momentum space, and s is the cluster
spin. The factor R,, is the ratio of neutron and proton numbers, usually
taken to be those in the composite system formed from the projectile and
target nuclei; i.e., Ry, = (Ny + Np) /(Zi + Zp).

Although originally created for high and relativistic energy collisions,
the coalescence model has been applied to reactions over a wide range of
energies, even to reactions with beam energy as low as 9A MeV [8]. At lower
beam energies, however, certain problems emerge. The most important one,
which cannot be neglected, is the Coulomb repulsion between the source
and the outgoing particle. To account for this Awes et al. [9] presented a
Coulomb corrected coalescence model. In the laboratory frame their derived
relationship between the differential cross section of the observed cluster and
that of the proton is:
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Ry, A, Z,N are the same as in Eq. (1), E, is the Coulomb repulsion per
charge unit between the source and outgoing particle and m is the nu-
cleon mass. The double differential multiplicities d2N(Z, N, E4)/dE 1d{2
and d2N (1,0, E)/dEdS? for a cluster A and protons, respectively, should be
taken at the energies corresponding to the same surface velocity; i.e., the
velocity before Coulomb acceleration. Thus K4y = AE — NE,.

Various formulations of the coalescence model have been proposed to
establish the relationship between the coalescence parameter Py and the
size of the interaction volume. Sato and Yazaki [3] have presented a solution
to this problem in the frame work of the density matrix formalism. An
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important feature of this approach is that thermal and chemical equilibrium
are not required. Sato and Yazaki showed that the coalescence volume is
related to the internal wave function of the composite particle and the spatial
distribution of the constituent particles in the emission region.
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(3)

Here v and v 4, respectively, characterize the spatial extent of the emitter
and emitted cluster wave functions (assumed to be Gaussian), s is the spin of
the cluster and R, is the neutron to proton ratio of the coalescence source.
While this model does not assume thermal or chemical equilibrium it does
contain a temperature-like parameter,

h?

pr = 9moT

(4)

which characterizes the momentum distribution of the contributing particles
at the time of emission. The numerical values of v4 are 0.20 fm~2 for
deuterons, 0.36 fm=? for tritons and 3He and 0.58 fm~2 for alpha particles [3].
The equivalent sharp radius of the source is given by R = 1/5/2v.

The thermal coalescence model was introduced by Mekjian [4]. His model
assumes that chemical equilibrium has been reached and the particles are
emitted at the freeze-out density where the interactions stop. The momen-
tum radius, Py, can then be related to the volume of the thermal system at
the freeze-out density in the following way:

ZIN1A3 VA=) gp3
_ [ (4£N'A” (Fo/T) Sh7
1% << oA ) (2s+ 1)e ) 477Pg’ (5)

where Z, N and A are the same as in Eqs (1) and (2), Ey is the cluster
binding energy and s the spin of the emitted cluster and T is the temperature
of the system. If the source is assumed to be spherical its radius is given by

(1/3)
R- (ﬂ) |
4t

For very high temperatures the factor eFo/T ig approximately equal to 1 and

the relation between Py and V corresponds simply to what is expected from
the phase space density. It should be noted that in this equilibrium model
the cluster yields are related to observed nucleon yields, in contrast to non-
equilibrium coalescence models where they are related to primary nucleon
yields.
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2. Molecular dynamics and system evolution

To explore the utility of the coalescence model to follow the evolution
of a nuclear-like system, we have turned to classical molecular dynamics
simulations. Such simulations allow us to elucidate the relationship between
cluster yields and the properties of the emitting system in a straight-forward
fashion. CMD is exact at a classical level; i.e., it contains all the correla-
tions necessary to build finite systems and, at sufficiently high excitation
energy, to follow their disassembly. Thus if we follow the dynamics for a
long period of time we can obtain final fragment distributions and all of
the properties of interest for the final fragments; i.e., their kinetic energies,
mass and charge numbers, etc. From the mass distributions we can calculate
the corresponding Py and deduce the apparent size of the disassembling sys-
tem. Most importantly we can test the basic ingredients of the models, such
as the possible occurrence of chemical equilibrium, as assumed in thermal
coalescence models [4].

The CMD model of Latora et al. [10] was used to simulate disassembly in
the absence of a Coulomb field. In that model the spinless particles interact
through Yukawa two-body potentials. The potential between two identical
particles is purely repulsive while for non-identical particles the potential
is repulsive at short range and attractive at long range. The ground state
“nuclei” have a deuteron-like cluster structure. This is of course very different
from real finite nuclei where, at most, some alpha structure can be found.
Also the deuterons have ~ 11 MeV binding energy. In the ground state the
system is a solid. More details are given in [10-12].

To perform a calculation we initially prepared the nucleus in its ground
state (a solid) and give to its particles some momenta corresponding to a
Maxwell Boltzmann distribution at temperature 7. In this way we know
the initial source radius and excitation energy. Because of this initial T
(or excitation energy E*) the system will expand and if T' is high enough,
it will undergo fragmentation. The evolution is followed for a long time
(1000-2000 fm/c), and the distribution of final fragments, which are then
well separated, are constructed. We stress that all the formulas employed
for the coalescence model are perfectly valid for this classical system apart
from some obvious modifications such as setting the spins of the particles
equal to zero. All Py values presented were calculated using observed final
nucleon yields.

In these classical systems the excitation energy per nucleon is propor-
tional to (3/2)T, while in the nuclear system it is initially proportional to
T?/K where K is in the range of 8-15. As a result, at a particular tempera-
ture, the excitation energy per nucleon in the classical system is significantly
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higher than that of the nuclear system. In the classical system this 5 MeV
temperature is above the critical temperature and the expansion is fairly
explosive [10-12].
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Fig.2. (a) Py vs deuteron velocity (in units of a thermal velocity) and (b) Py scaled
with the source masses both at T' = 5 MeV. Results are presented for A = 20, 50
and 100.

In figure 2(a) we show Py wvs. velocity (in units of a thermal velocity
vp = /4T /m), and in figure 2(b) the same data scaled by the total mass
(divided by 100) to the 1/3 power. Py decreases as the mass increases. The
scaling with the cube root of A is quite good and clearly demonstrates that
Py gives direct information about the size of the system. This result follows
directly from the Law of Mass Action [4].

It is clear from figure 2 that the value of Py depends on the particle
velocity v, and is smaller at lower ». This indicates that, at the time when
the less energetic particles are emitted, the system has expanded. Therefore
different velocities correspond to different source sizes and times of emission.
To explore further the relation between time of emission and velocity of
the particle we have repeated the T' = 5 MeV calculation, stopping the
calculation at 100 fm/c.

In figure 3(a) the calculated values of Py obtained from deuteron yields
at 100 fm/c (open squares) are compared with those determined from the
earlier calculation which extended to 1000 fm/c (full circles). Notice that the
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Fig.3. (a) Py for deuterons at T = 5 MeV calculated at two different expansion
times 100 fm/c (open squares) and 1000 fm/c (full circles). (b) Average nucleon
separation in nascent deuterons as a function of time. E; < 30 MeV (open circles),
E; > 30 MeV (full circles).

Py values derived from the particles emitted in the very early stages of the
reaction are constant (within statistical fluctuations). Also, for high v, Py is
independent of the time when the calculations are stopped. This confirms
that the most energetic particles dominate the early emission. Thus these
particles can be used to probe the early stages of the dynamics.

Within the model we can also study the location of the particles in
r-space before they are emitted. This gives us useful information regarding
the possible establishment of thermal and/or chemical equilibrium. In figure
3(b) we plot, as a function of time, the average relative separation distances
between protons and neutrons which eventually coalesce into a deuteron.
the results are displayed for deuterons having kinetic energies less than 30
MeV (open circles) and those with energies larger than 30 MeV (full circles).
Since the initial temperature is 5 MeV particles having energies larger than
30 MeV are quite energetic.
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In the figure we see that those very energetic particles have to be initially
quite close in r-space in order to form a deuteron. In fact, on average
their starting distance is less than 1 fm, which is smaller than the deuteron
radius of about 1.5 fm. If two energetic particles are close both in r and
p-space, they coalesce and form the deuteron. On the other hand, lower
energy deuterons are made of nucleons that can be located quite far apart in
r-space at time ¢ = 0. These nucleons wander inside the system and it is
only at larger time that they find each other to form the deuteron. From
this result it is quite clear that a statistical model seems unjustified for
particles of high energy but might be applicable for emission of lower energy
particles. Within the CMD approach the possibility of chemical equilibrium
as assumed by reference [4] becomes more probable for the less energetic
particles.

Finally in figure 4, we plot radii derived from P, for A—=100 at var-
ious temperatures. Notice the large difference between the Sato—Yazaki
and Mekjian model results. In addition to reflecting the cluster size cor-
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Fig.4. Calculated radii for d and ¢ clusters at 7" = 5, 10 and 20 MeV. Circles are
for d clusters and triangles for ¢ clusters. Full symbols for Mekjian model; open
symbols for Sato—Yazaki model.
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rection contained in the Sato—Yazaki density matrix model, this difference
arises from the different temperature dependencies in the two models. More
specifically it arises from the e PE/T term in the thermal model approach,
all the other terms being equivalent in the two formalisms. Since in CMD
the clusters are quite strongly bound as compared to real nuclei, the BE
term becomes very important, resulting in the large discrepancy at small T'.
The two approaches give closer results at high 7" where the BE term can
be neglected. The very large values derived from the thermal model at low
T argue against the assumption of chemical equilibrium for the particular
cases considered, which as we have already noted, are quite explosive.

3. Application to intermediate energy nuclear collisions

To make a quantitative evaluation of the utility of coalescence model
techniques in following the dynamics of expanding systems we recently used
the combined TAMU CsI Ball-Neutron Ball detection system to detect
light charged particles, fragments and neutrons emitted in the reactions of
120 4 11680, 2Ne + Ag, 0Ar + 190Mo and %4Zn + #9Y, all at 47A MeV
projectile energy [13,14]. In QMD transport model calculations with the
code, CHIMERA [15], the particular set of target and projectile combina-
tions used in our experiment are predicted to lead, after pre-equilibrium
emission of particles, to excited composite nuclei of very similar mass but
having excitation energies and degrees of expansion which increase with in-
creasing projectile mass. Violent events corresponding to the 10% of the
reaction cross section having the highest charged particle and neutron mul-
tiplicities were selected for detailed coalescence model analyses. For such
events multifragment emission was observed to become increasingly more
probable as the projectile mass increases. Greater detail on these measure-
ments is provided in Refs [13] and [14].

3.1. Correlation between kinetic energy and time

We have carried out analyses of nucleon and light cluster emission as
a function of particle velocity, basing our approach on coalescence model
techniques [3-5,9]. The possible application of the coalescence approach as
a function of ejectile velocity to follow the dynamics of an expanding system
is already suggested by the discussion of the classical molecular dynamics
calculations for expanding systems, presented in the previous section and is
reinforced by results of simulations carried out with the QMD model code,
CHIMERA [15] (see figure 5). In the calculations for 47A MeV projec-
tiles, the first light particles are emitted at ~50 fm/c after contact. These
and subsequent pre-equilibrium particles remove significant amounts of both
mass and energy from the expanding composite nuclei. For each reaction
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Fig.5. CHIMERA QMD model calculations of the time evolution of the properties
of the largest identifiable fragments produced in reactions induced by 47A MeV
projectiles. From top to bottom: The mass number, the normalized density, the
excitation energy per nucleon and the normalized second moment of the momentum
distribution, a measure of the degree of thermal equilibration. The calculations are
for an impact parameter range of 0-3 fermis.

the hot composite reaches its minimum average density close to 100 fm/c.
At that point thermal equilibrium appears to be established. Over the time
span from first emission to thermalization there is a monotonic decrease of
the average kinetic energies of the emitted particles. A strong correlation
between energy and emission time has, in fact, been clearly demonstrated in
reactions induced by °Ar projectile energies of 25 [16] and 34 MeV /u [17]
where light particle correlation measurements were employed to determine
the mean times for emission of hydrogen ejectiles as a function of parti-
cle velocity. Thus both theoretical models and experiments suggest that
the relationship between emission time and ejectile kinetic energy may be
exploited to follow the time evolution of the system.

3.2. Preliminary system characterization — emission sources

Invariant velocity plots of the light particle spectra show striking similar-
ites indicating a common emission mechanism for the higher energy particles
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and clusters for all four systems studied [13,14]. This is a strong signature for
the dominance of dynamic (rather than statistical) emission of these higher
kinetic energy particles.

A common technique to characterize light particle emission in this en-
ergy range has been to fit the observed spectra assuming contributions from
three sources, a projectile-like (PLF) source, an intermediate velocity (NN)
source and a target-like (TLF) source. Such a source fit was employed to
estimate the multiplicities and energy emission at each stage of the reac-
tion. We emphasize that the event selection is on the most violent and
presumably more central collisions. In the fitting process, which assumes
isotopic emission and a Maxwellian spectral shape in the particular source
frame considered, accounting for forward emitted particles with projectile-
like velocities requires the PLF source. We consider these particles to be of
pre-equilibrium emission origin and not to be evaporated from a fragment.
From the multiplicities of emitted species associated with each source the
masses and excitation energies of the hot nuclei which remain after the early
(PLF and NN) emission were determined. The mass numbers, obtained by
subtracting the mass removed by projectile-source and intermediate source
particles from the total entrance channel mass are ~110. The excitation
energies, determined using calorimetric techniques to evaluate the excita-
tion of the TLF source, increased with projectile mass from 2.6 MeV /u for
12C4 1168n t0 6.9 MeV /u for %4Zn + #9Y. While the source fits establish a
qualitative or semi-quantitative picture of ejectile sources and system evolu-
tion following the time evolution of a continuously evolving system in more
detail than has previously been attempted requires a more sophisticated
approach.

3.8. Determination of the coalescence parameter, Py

Because the goal was to derive information on the time evolution of
the emitting system, our analysis was not limited to determining average Py
values appropriate to the higher energy portions of the particle spectra, as is
common in previous work. Instead, for d, t, >He and *He, Py was calculated
as a function of V., the velocity of the particle at the nuclear surface prior
to Coulomb acceleration, using the Coulomb corrected coalescence model
formalism of Awes et al. [9], Eq. (2).

To minimize contributions from secondary decays our analysis was per-
formed using spectra from which the TLF contributions were removed by
subtraction of the target-like-source yields obtained in the source fits from
the observed experimental yields at angles where the PLF source is negligi-
ble. In this work Py was determined using the observed proton yields. This
choice is at least consistent with the apparent successes of statistical models
which assume the existence of equilibrium or near-equilibrium conditions in
hot expanding nuclei [18-20].
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3.4. N/Z ratios

In figure 6 (top), values of the observed ¢/>He yield ratio are presented
as a function of Vy,r. These ratios are significantly higher than the N/Z
ratios in the composite systems. We understand these to be the ratios of
“free nucleons” 21| which participate in the coalescence. In Egs (1)-(3),
N,, Ny, Z,, and Z; enter the equation because measurements which include
neutron information are relatively rare. It has typically been assumed, in
most coalescence model analyses, that the neutron energy spectra are iden-
tical in shape to the Coulomb corrected proton spectra and that the neutron
yields are simply N/Z times the proton yields, where N/Z is the neutron
to proton ratio in the composite system. In this work, also, the neutron
spectra are not measured. However, since within the framework of the coa-
lescence model the yield ratios of two isotopes which differ by one neutron
are essentially determined by the effective N/Z ratio in the coalescence vol-
ume. We have used values derived directly from the observed triton to 3He
yield ratio to determine the N/Z ratio used in this analysis. This use of
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Fig.6. Experimental ratios of 3H to 3He emission yields (top) and double iso-
tope yield ratio temperatures (bottom) as a function of Coulomb-corrected surface
velocity. Data below ~ 4 ¢cm/ns may have residual contributions from statistical
evaporation. The horizontal bar in the top portion indicates the range of composite
nucleus N/Z values for the systems studied. Time scales derived from CHIMERA
QMD model calculations are indicated at the top of the figure.
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Fig. 7. Derived values of the coalescence parameter, Py, as a function of surface
velocity for p, d, t, He and *He clusters emitted in the four reactions studied.
The contributions of the ejectile spectra attributed to the TLF source have been
subtracted from the experimental spectra at Lab = 38-52 degrees. PLF contri-
butions are neglegible at that angle. Time scales derived from CHIMERA QMD
model calculations are indicated at the top of the figure.

this “effective” N/Z ratio is a self-consistent approach but may mean that
some actual differences in neutron and proton spectra are absorbed into this
ratio [22,23].

Figure 7 shows the results of an analysis of the resultant ejectile spectra
(Experiment — TLF) for all four systems studied. As seen in figure 7, at
high Vgt the four systems have similar limiting values of Py for a given
cluster species, supporting the idea of a similar emission mechanism and a
similar source size at the time of emission of the higher energy particles in
the different reactions studied. The observed decreases of Py with decreasing
surface velocity indicate changes in the emitting system.

The time scale presented at the top of Figs 6-9 is derived from the QMD
model and indicates that a value of V¢ of 4 cm/ns is expected to sample the
system near 105 fm/c. Below 4 cm/ns residual contributions from late stage
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evaporative decay of the target-like source or secondary decay from light
fragments [24], not removed by the fitting process, may still contribute.

3.5. Size evolution of the emitting system

For each model, deriving the size of the system from Py also requires
knowledge of the temperature. To characterize the temperature at a par-
ticular emission time we have employed double isotope yield ratios. For a
system at chemical and thermal equilibrium at a suitably low density, Al-
bergo et al. [21] have shown that the temperature of the emitting system can
be derived directly from the first chance emission double isotope yield ratios
of two adjacent isotopes of two different elements. In a more recent work by
Kolomiets et al. [25], essentially the same result is derived when only ther-
mal equilibrium is assumed. If the particle energies are well correlated with
emission time, and secondary emission contributions contribute primarily
at the lower energies, derivations of double isotope yield ratio temperatures
as a function of particle energy may be relatively uncontaminated by sec-
ondary emission processes, except at the lower energies. On the other hand,
it should be clearly noted the apparent temperature derived for the earliest
stage, while indicative of the particle momentum distribution at that emis-
sion time, is not the temperature since the dynamic transport calculations
indicate that the condition of thermal equilibrium is established only after
some particle emission occurs. Note that the Mekjian model and the model
proposed by Albergo et al. to derive double isotope ratio temperatures [21]
are, in fact, equivalent and the assumed validity of this model incorporating
chemical equilibrium is implicit in all recent works which use double isotope
yield ratios to determine temperatures [26-28].

3.6. Temperature

We have derived the double isotope yield ratio temperature, Tire, as
a function of, Vius from the yields of d, ¢, *He and “He particles, again
corrected by subtracting the contributions associated with the TLF. The
derived temperatures, presented as a function of Vgt in the bottom of fig-
ure 6, increase slowly with projectile mass and decrease with decreasing
Vsurf .

The QMD calculations suggest that the system equilibrates rapidly but
global thermal equilibrium is not completely established when the first par-
ticles are emitted. Thus the temperatures at high Vgt should be considered
only as approximations.At the lowest values of Vg, values of Ty, in the
4-5 MeV range, similar to those spectral integrated values seen at compara-
ble excited energies in other experiments [26-28] are observed. Indeed the
Tu e values observed in this lower energy region are very similar to those
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calculated using the sequential evaporation code GEMINT [29]. Since spec-
tra at these lower velocities may still contain a contribution from late stage
evaporation we do not attempt to extract emission system sizes for Vgt <
4 ¢cm/ns.

3.7. System sizes

To extract nuclear size information from the Py and T determinations,
both the density matrix formalism of Sato and Yazaki [3] and the ther-
mal model formalism of Mekjian [4] were employed. For this evaluation
the temperature characterizing the emission spectrum was set equal to the
instantaneous Albergo temperature at the corresponding surface velocity.
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Fig.8. Equivalent sharp radii derived from the Mekjian model. Radii for assumed
spherical sources are presented as a function of surface velocity for d, ¢, *He and
“He clusters. The values of Py employed are those of figure 7. Time scales derived
from CHIMERA QMD model calculations are indicated at the top of the figure.

For both models, we present in figures 8 and 9, equivalent sharp cut-off
radii for assumed spherical sources as derived from the Py values presented
in figure 7. For each model, the sizes derived from the highest velocity
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particles show little dependence on projectile type and only for the lower
energy ejectiles is a difference seen. The absolute values of the radii are
larger for deuterons and smaller for alpha particles, possibly reflecting the
very different binding and spatial extent of these clusters [3]. Such differences
have been indicated in previous coalescence model studies [3-5,9]. That
the differences persist in the density matrix model which attempts to take
the cluster size into account is interesting and, if it does not result from
simplifying assumptions implicit in the model, may imply some different
freeze-out densities required for survival of different cluster species.
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Fig.9. Equivalent sharp radii derived from the Sato—Yazaki model. Radii for
assumed spherical sources are presented as a function of surface velocity for d, t,
3He and *He clusters. The values of Py employed are those of figure 7. Time scales
derived from CHIMERA QMD model calculations are indicated at the top of the
figure.

The size parameters are clearly different, reflecting differences in the
models. The S—Y model equivalent sharp radii are smaller than the radii of
normal density nuclei in this mass range. This is true even if no correction is
made for cluster size and apparently reflects the particular analytical formu-
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lation of the Sato—Yazaki model [3]. The values of thermal model equivalent
sharp radii at the highest values of Vgt are slightly larger than those ex-
pected for the composite nuclei at normal density. At Vgt = 7 cm/ns they
correspond approximately to R = 1.3A1/3) where A is the total entrance
channel mass.

For 2C induced reactions the derived radii for the different particles
indicate very little change of size during the particle emission phase. Pro-
gressively larger increases of the radii during particle emission are indicated
for reactions with the heavier projectiles. While the absolute values of the
derived radii are different for the two models, for a given ejectile, the ratio
R(Vgurf = 4 cm/ns)/R(Vays = 7 cm/ns), a measure of the relative radius
increase, is found to increase with projectile mass in a very similar fashion in
the two models. Since the derived absolute radii can be subject to systematic
uncertainties both in the measurements and in the model assumptions, we
choose to derive densities at freeze-out from the relative changes averaged
over the four particles.

3.8. Densities

To determine the average density associated with the system when
Vaurf = 4 cm/ns. We first assumed that the highest velocity particles are
emitted from an object of mass equal to the sum of the masses of the target
and projectile nuclei and of density equal to 0.90 Py (see figure 5). We then
used the relative values of the radii derived from the t, >He and *He data at
4 and 7 cm/ns and took the mass of the primary emitter at Vg = 4cm/ns to
be the mass remaining in the target-like source. From the thermal model we
find that the average densities sampled at Vg, = 4 cm/ns are 0.81 pg, 0.54
po, 0.45 pg and 0.36 pg for the '2C, ?2Ne, “9Ar and %4Zn induced reactions,
respectively, with uncertainties of +20% of these values. The corresponding
values obtained using the Sato—Yazaki model are 0.94 pg, 0.58 pg, 0.45 pg
and 0.38 pg.

Our energy-density results presented in figure 10 are in very reasonable
agreement with results of the CHIMERA QMD calculation when an equation
of state with K = 200 MeV is employed. For this soft equation of state the
calculations indicate entry into the spinodal region to the left of the dashed
line, V2 = 0. A harder equation-of-state with K = 380 MeV results in less
expansion and poorer agreement with the experimental results.
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Fig.10. Excitation energy-density values at freeze-out. The symbols represent
the excitation energy-density values (open circles — Mekjian model, open squares
— Sato—Yazaki model) derived from coalescence model analyses of the light clus-
ter emission. They are compared to CHIMERA QMD model trajectories in the
excitation energy per nucleon-normalized density plane calculated for central colli-
sions in the four different systems studied. Calculations for a soft, K = 200 MeV,
equation-of-state are represented by solid lines. Calculations for a hard, K = 380
MeV, equation-of-state are represented by thick dashed lines. The trajectories start
at the time of maximum density. The small dots mark time increments of 10 fm/c.
Arrows indicate the time of first emission of particles (near 50 fm/c after contact).
Both times and @ .. values are indicated at the minimum calculated densities (large
solid dots). To the left of the dashed line, V2 = 0, is the spinodal region.

3.9. Caloric curve

We present in figure 11 the double isotope yield ratio temperatures at
4.0 cm/ns plotted against excitation energy. The results indicate a nearly
flat caloric curve with T' ~ 7 MeV at excitation energies from 3.5 to 7 MeV
per nucleon. At the higher excitation energies, the double isotope yield ratio
temperatures near 7 MeV indicated for the expanded low density systems
isolated here are consistent with the limit suggested in our earlier work on



Probing Dynamic Evolution in Intermediate Energy Collisions 1467

the caloric curve for A ~ 125 nuclei in which we found a temperature of
6.8£0.5 MeV at 4.3 MeV /u excitation energy [30]. The general shape of the
caloric curve in figure 11 can then be understood as reflecting first, at lower
excitations, primarily the washing out of shell effects and collectivity [31,32]
and later, at higher energies, the expansion of the system.

14 - o ¥®s+Agat 30 AMeV -
0 %0 + Ag at 30 AMeV

12 F 2N+ SSma 19 AMeV a=A/13
N + sm at 35 AMeV
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Fig. 11. Caloric curve for nuclei with A ~ 110. Double isotope yield ratio temper-
atures derived in the present work are combined with results reported previously
by Wada et al. obtained with a different technique [30]. Dashed lines indicate
trends of a Fermi gas model calculation with two different choices of level density
parameter.

4. Summary and conclusions

The work discussed here indicates that coalescence model studies of light
cluster emission can indeed be used in the intermediate energy regime to fol-
low the dynamic evolution of excited systems. Information on the space-time
evolution of the system complementary to that contained in HBT measure-
ments [6,7| can be obtained in a relatively simple manner.

Both classical and quantum molecular dynamics calculations lead to
caloric curves similar to that observed here [33,34]. If a temperature limit
of thermally equilibrated nuclei is reached, these calculations suggest that
the system clusters and the nucleons with high kinetic energies stream out
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of the expanding system, creating a natural limit to the momentum distri-
bution and to the excitation energy of the remaining nucleus over a wide
transitional region. This is also suggested by the saturation of the Lyapunov
exponent in CMD studies [10]. The evolution of the volume of the system
is very important in determining the caloric curve [33-35]. Observed differ-
ences in caloric curves extracted from different reaction systems may reflect
the particular dynamic evolution of the system being studied and great care
must be taken to understand this dynamics.
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