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The reactions12C1116Sn, 22Ne1Ag, 40Ar1100Mo, and 64Zn189Y have been studied at 47A MeV projec-
tile energy. For these reactions the most violent collisions lead to increasing amounts of fragment and light
particle emission as the projectile mass increases. This is consistent with quantum molecular dynamics~QMD!
model simulations of the collisions. Moving source fits to the light charged particle data have been used to gain
a global view of the evolution of the particle emission. Comparisons of the multiplicities and spectra of light
charged particles emitted in the reactions with the four different projectiles indicate a common emission
mechanism for early emitted ejectiles even though the deposited excitation energies differ greatly. The spectra
for such ejectiles can be characterized as emission in the nucleon-nucleon frame. Evidence that the3He yield
is dominated by this type of emission and the role of the collision dynamics in determining the3H/3He yield
ratio are discussed. Self-consistent coalescence model analyses are applied to the light cluster yields, in an
attempt to probe emitter source sizes and to follow the evolution of the temperatures and densities from the
time of first particle emission to equilibration. These analyses exploit correlations between ejectile energy and
emission time, suggested by the QMD calculations. In this analysis the degree of expansion of the emitting
system is found to increase with increasing projectile mass. The double isotope yield ratio temperature drops
as the system expands. Average densities as low as 0.36r0 are reached at a time near 100 fm/c after contact.
Calorimetric methods were used to derive the mass and excitation energy of the excited nuclei which are
present after preequilibrium emission. The derived masses range from 102 to 116 u and the derived excitation
energies increase from 2.6 to 6.9 MeV/nucleon with increasing projectile mass. A caloric curve is derived for
these expandedA;110 nuclei. This caloric curve exhibits a plateau at temperatures near 7 MeV. The plateau
extends from;3.5 to 6.9 MeV/nucleon excitation energy.

PACS number~s!: 25.70.Mn, 24.10.Lx
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I. INTRODUCTION

In order to understand the properties of highly excit
nuclei produced in heavy ion collisions it is very desirable
extract, directly from the experimental data if possible, inf
mation on the dynamical and thermodynamical evolution
the interaction region and the extent to which equilibration
various degrees of freedom, thermal, chemical, isospin,
is realized. If a collision produces sufficient thermal and
compressional shock, the hot composite nucleus which
sults may expand to low density, cluster and disassem
@1,2#. In an ideal situation this disassembly would be that
a thermally and chemically equilibrated nucleus@3–5#. In
practice the ideal state may not be reached and the
product distribution may include fragments and partic
originating from nonequilibrium processes and reflect
correlations already present in the separated projectile
target nuclei@6,7#. The light particle emission which occur
during violent collisions of two heavy nuclei carries essen
information on the early dynamics and on the degree
equilibration at each stage of the reaction. As a first s
toward exploiting the light particle information to follow th
0556-2813/2000/62~3!/034607~19!/$15.00 62 0346
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dynamical and thermodynamical evolution of multifragme
tation reactions of medium to heavy mass nuclei, we rece
applied particle-fragment correlation techniques to determ
the last stage yield of secondary decay particles in cen
collisions of 129Xe with 124Sn at 50A MeV @8#. We found
that such emission from fragments accounted for 28% of
total light charged particle multiplicity. From these mult
plicities we deduced an average excitation ene
;3 MeV/nucleon for the primary fragments, independent
fragment mass, which provided evidence for the equilibra
nature of the disassembling system.

Our next goal has been to develop techniques which
allow us to exploit the information on early particle emissi
to obtain more specific information on the reaction dynam
and on the thermal evolution of multifragmenting syste
produced in central collisions. To pursue this we have
cused on the nucleon and light cluster emission which occ
prior to disassembly, as the system thermalizes and eq
brates. Since light cluster production in heavy ion collisio
reflects the particle-particle correlations within the intera
tion region, detection of a cluster can be viewed as a co
lation measurement of its constituent particles in a bou
©2000 The American Physical Society07-1
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state. Therefore, measurement of emission cross section
nucleons and light clusters together with suitable applica
of a coalescence ansatz@9–13# offers a means to probe th
properties and evolution of the interaction region. This a
proach is complementary to Hanbury Brown–Twiss~HBT!
measurements which are now well established in the nuc
context and have been applied in a wide range of stu
@14,15#. In this paper we report on the use of coalesce
model analyses of light particle emission to probe the
namic and thermodynamic evolution of hot nuclei produc
in a series of reactions between 47A MeV projectiles and
medium mass target nuclei using a combined CsI b
neutron–ball detection system.

A. QMD model simulations

The reactions studied were12C1116Sn, 22Ne1Ag, 40Ar
1100Mo, and 64Zn189Y, all at 47A MeV projectile energy.
The choice to study this series was guided by QMD transp
model calculations. Figures 1 and 2 show results of calc
tions carried out with the QMD codeCHIMERA @16#. The
calculations were carried out using standard default par
eters of theCHIMERA code for a ‘‘soft’’ equation of state
with a Skyrme type interaction having an incompressibil
parameterK5200. These parameters have previously be
observed to provide a good reproduction of linear mom
tum transfer systematics in this energy range@17#. As indi-
cated in the figures, the particular set of target and projec
combinations used in our experiment are predicted to le

FIG. 1. CHIMERA QMD model calculations of the time evolutio
of the properties of the largest identifiable fragments produce
reactions induced by 47A MeV projectiles. From top to bottom
The mass number, the normalized density, the excitation energy
nucleon and the normalized second moment of the momentum
tribution, a measure of the degree of thermal equilibration. T
calculations are for an impact parameter range of 0–3 fm.
03460
of
n

-

ar
s
e
-
d

l-

rt
a-

-

n
-

le
d,

after preequilibrium emission of particles, to excited co
posite nuclei of very similar mass. The initial compressi
and excitation energy are predicted to increase monot
cally as the projectile mass increases. The combined the
and compressional energies, which are deposited, lead t
creasing expansions of the composite nuclei.

The nuclei reach their minimum densities near 100 fmc,
at which point thermal equilibrium appears to be essentia
established. Prior to the time that global thermal equilibriu
is achieved the preequilibrium particle emission removes
nificant amounts of both mass and energy from the expa
ing composite nuclei. As seen in Fig. 1, at the time of ma
mum expansion, the excited composite nuclei produced
the different collisions are predicted to have massesA
;110, calculated excitation energies which range from 3
MeV/nucleon and densities which range from slightly belo
normal density, 0.8r0, to ;0.4r0. For the heavier projec-
tiles, the calculations with a soft~incompressibility, K
5200 MeV) equation of state suggest that the system en
into the spinodal region of mechanical instability~see Refs.
@18–20#, and references therein!. Increasing multifragment
production is predicted as the projectile mass increases.
increase is indeed manifested in our experimental result
seen below.

B. Correlation of kinetic energy and time

An inspection of the calculated energy spectra of
emitted particles over the 50 to 100 fm/c time range reveals
that there is a monotonic decrease of the average kin
energy with increasing time. This is depicted for prot
emission in the12C1116Sn and64Zn189Y collisions in Fig.
2. After 100 fm/c, the calculated average ejectile kinet
energies change much more slowly. This early evolution
the kinetic energy is, of course, governed by nucleon co
sions and it is worth noting that much simpler formulatio
of nucleon scattering in a nucleus also predict both the ini
rapid ejectile energy decrease with time and the capture
nucleons~and hence thermalization! after very few collisions
@21–23#. Such a correlation between energy and emiss
time has, in fact, been clearly demonstrated in reactions
duced by 40Ar projectile energies of 25 MeV/nucleon@24#
and 34 MeV/nucleon@25# by employing light particle corre-
lation measurements to determine the mean times for e
sion of hydrogen ejectiles as a function of particle veloci

Thus both theoretical models and experiments sugg
that the relationship between emission time and particle
ergy might be exploited to follow the time evolution of th
system in more detail than has been attempted in prev
works which have generally limited themselves to a re
tively crude separation of the particle emission into tw
classes, i.e., preequilibrium and equilibrium emission. S
cifically, if light particle energies are well correlated wit
emission times, and evaporative or secondary emission
tributions contribute to the spectra primarily at the low
kinetic energies, yields of higher energy particles may
relatively uncontaminated by later emission process
Analyses of the higher energy parts of the particle ene
spectra can then be used to probe the early stage prope
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FIG. 2. CHIMERA QMD model calculations of
the time evolution of the average kinetic energi
of protons emitted in the 0–3 fm impact param
eter collisions of 64Zn189Y ~top! and 12C
1116Sn ~bottom! at 47A MeV. The inserts show
the spectral distributions at 80~shaded! and 120
~unshaded! fm/c.
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of the system. Related suggestions have previously b
made in the context of temperature determinations@26–32#.
In thermal equilibrium models the cooling of the syste
leads to progressively softer particle spectra. Assuming s
an equilibrium thermal evolution several workers have inc
porated techniques based on analysis of the higher en
particles into evaluations of slope temperatures@26,27# and,
more recently, double isotope ratio temperatures@29#. The
possible effects of emission time differences on tempera
determinations has also received some attention rece
@30–32#.

Guided by these considerations we have carried out an
ses of nucleon and light cluster emission as a function
particle velocity, basing our approach on coalescence m
techniques@9–13#. This paper presents the results of su
analyses and discusses the implications of these result
dynamics studies and caloric curve determinations. Sect
II and III detail experimental procedures and results wh
characterize the reaction systems. Section IV discusses m
ing source fits and calorimetry. Section V treats the coa
cence model analyses which we have applied. The wor
summarized in Sec. VI. Brief reports on some of these res
have appeared previously@33#.

II. EXPERIMENTAL PROCEDURES

The combined TAMU CsI Ball-Neutron Ball detectio
system was used to detect light charged particles, fragm
and neutrons emitted in reactions induced by 47A MeV
beams of 12C, 22Ne, 40Ar, and 89Y extracted from the
TAMU K500 Superconducting Cyclotron. Targets
685 mg/cm2 116Sn, 538 mg/cm2 Ag, 526 mg/cm2 100Mo,
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and 1.28 mg/cm2 89Y were employed. The CsI Ball con
sisted of 96 ionization chamber-CsI telescopes in seven r
and spanned an angular rangeQL of 20–170 °. One tele-
scope in each CsI ring also had a 150 micron transmiss
mount Si detector between the IC and CsI detectors.
total solid angle covered by the CsI ball was 86% of 4p.
Forward hodoscopes combining plastic-CsI and Si-CsI
tectors were also employed at smaller angles but with r
tively low solid angle coverage. Most of the data discuss
in this paper came from the CsI ball detectors. Energy sp
tra and angular distributions of identifiedp,d,t, 3He, 4He
and of elements of 3,Z,14 were obtained. The identifica
tion of p,d,t, 3He, and4He in the CsI detectors was carrie
out using pulse shape identification techniques. Calibra
of the Si detectors was performed with standard alp
sources and a linear pulser. The CsI detectors were calibr
using alpha sources, the energy losses in the Si forZ51 and
2 particles and the punch through points for both Si and
detectors. In the analysis the calibration for the Si-CsI det
tor in each ring was first determined and all other detector
the same ring were then calibrated relative to that stand
detector telescope.

The geometric efficiency of the CsI ball is about 86%
4p. Realized efficiencies for charged particle detection
the CsI ball and neutrons in the neutron ball decrease slo
with increasing projectile mass, reflecting the increased
nematic focusing of ejectiles into the more forward directio
In addition to the geometric decrease, the neutron ball int
sic efficiency further decreases as the neutron laboratory
ergy increases with increasing velocity and temperature
the neutron source@34#. Charged particle multiplicities were
7-3
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K. HAGEL et al. PHYSICAL REVIEW C 62 034607
obtained by first correcting observed spectra for geome
efficiencies of the individual detectors and then using sou
fitting techniques, described below, to determine total yie
Neutron multiplicities were determined from average, ba
ground corrected, detected neutron numbers for the ev
selected. For our neutron calorimeter a valid correction of
neutron number for background contributions is possi
only on the average and not on event by event basis. In
duction of the CsI ball into the neutron ball@34# required
opening the ball segments and accepting a reduced neu
efficiency. The efficiency curve of the neutron ball in i
open configuration was determined relative to the norm
configuration by first measuring the efficiency for252Cf neu-
trons and then by comparisons of the measured neutron n
bers for 64Zn1197Au at 37 and 47A MeV with previous
results for 63Cu1197Au reactions at 35A MeV taken with
the neutron ball in its normal closed configuration@35#. The
resultant efficiencies were about one half of those meas
in the normal configuration.

III. REACTION SYSTEM CHARACTERIZATION

Various experimental observables may be employed
characterize the four systems studied and illustrate inter
ing similarities and differences among them. For example
Fig. 3 we present two-dimensional arrays depicting the
tected correlation between charged particle multiplicity a
neutron multiplicity. No corrections for efficiency have be
made. In each case, although there are significant fluc
tions reflecting both the competition between decay mo
and the detection efficiencies, we see a distinct correlatio
which increasing charged particle multiplicity is associa

FIG. 3. Plots of detected charged particle multiplicity vs d
tected neutron multiplicity for the four reactions studied. No c
rections have been made for efficiency. Average corrections
background contributions to the neutrons have been made. E
contour indicates an increase in intensity of a factor of 3.
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with increasing neutron multiplicity. As the projectile ma
and total energy increases both distributions extend to la
multiplicities. These correlations provide a means for sele
ing the most violent collisions. For the data discussed in t
paper violent events corresponding to the 10% of the eve
having the highest charged particle multiplicities were
lected for detailed analysis.

For these selected events multifragment emission is
served to become increasingly more probable as the pro
tile mass increases, in agreement with the QMD model p
dictions. This is shown clearly in Fig. 4 where the fraction
probabilities per event for producing a given number of
termediate mass fragments of 3,Z,14 are plotted for the
four different reaction systems.

Figure 5 contains invariant velocity plots of the intensiti
of light charged particles emitted in the reactions studied a
function of their parallel and transverse velocities in t
laboratory frame. To construct this plot the histogramm
data from the discrete detector rings were smoothed by
dom assignment of the position for a particle detected i
given detector, constrained by the observed angular distr
tion. These plots reveal very strong similarities for the d
ferent systems. As seen in the following section it is possi
to parametrize such emission as reflecting, in all case
fairly intense isotropic emission of particles from a hyp
thetical source which has a velocity close to one half of
projectile velocity, i.e., the velocity of the nucleon-nucleo
(NN) collision frame. Emission from such an appare
source of velocity near one half of the beam velocity h
previously been found to be characteristic of nonequilibriu
emission in this projectile energy range~see Refs.@12,27#,

-
-
r
ch

FIG. 4. Experimental fractional probability for the detection
events with specified numbers of intermediate mass fragment
the violent collisions~see text!. The fractional probabilities for de-
tection of 1, 2, 3, 4, or 5 IMF’s, represented respectively by fill
circular points, filled triangles, open circles, open squares and s
are plotted as a function of projectile mass. Lines are to guide
eye.
7-4
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FIG. 5. Invariant velocity plots
for p, d, t, 3He, and4He detected
in violent collisions for the reac-
tions 12C1116Sn, 22Ne1Ag,
40Ar1100Mo, and 64Zn189Y.
Each contour indicates an increas
in intensity of a factor of 2.
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and references therein!. For 64Zn189Y this source is so
dominant that emission from the targetlike source is o
weakly evident. For progressively lighter projectiles t
emission from the targetlike source is progressively easie
see, as the relative intensity of emission from the interme
ate source becomes weaker. For12C1116Sn the emission
from the targetlike source is easily apparent.

To emphasize the similarities among the energy spectr
the different reactions, we present in Fig. 6, comparisons
the ~arbitrarily normalized! kinetic energy spectra forp,d,t,
3He, 4He detected in ring 3 of the CsI ball detector. Th
ring subtended an angular range of 38–52 ° in the laborat
This figure shows clearly that the higher energy tails of
spectra for each individual ejectile type are essentially id
tical for each system studied. This argues strongly for a si
lar mechanism of production for these higher energy eject
in the different systems. The slopes of the high energy t
for p,d,t and 3He emission are quite similar to each oth
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while the slope characterizing the high energy region of
a particle spectra is somewhat softer.

At lower kinetic energies the spectra for the different sy
tems show larger deviations from each other. There is a
evidence, at least for the lighter projectiles of low-ener
peaks typical of evaporation spectra. The3He spectra show
somewhat less evidence for this latter feature. That3He en-
ergy spectra are often quite different from those of other li
composite particles has been known for some time@36–39#.
Recently it has been suggested, based on an expanding
ting source model, that this reflects the strong weighting
the probability of thermal3He evaporation towards earl
times in the emission cascade and a very low emission p
ability at later stages@31,32,39#. Our results support the ar
guments that3He is predominately emitted in the ear
stages of the reaction@33#. However, for all systems studie
the 3He spectra exhibit strong similarities even though t
deposited excitation energies differ greatly. This, and the
7-5
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K. HAGEL et al. PHYSICAL REVIEW C 62 034607
that the bulk of the3He emission appears to be from a sour
having a velocity close to the velocity of the nucleo
nucleon collision frame, independent of system, indica
that dynamics is particularly important in the3He emission.
Thermal evaporation, early or late, appears to account
only a small fraction of the3He observed in this work. Thes
observations emphasize the importance of understanding
dynamic evolution of the system and the emission time re
tionships for different species if one wishes to characte
the thermodynamic properties of well-defined sources.

IV. MOVING SOURCE ANALYSIS

A common technique to characterize light particle em
sion in this energy range has been to fit the observed spe
assuming contributions from three sources, a projectile
fragment ~PLF! source, an intermediate velocity (NN)
source, and a targetlike fragment~TLF! source
@12,27,40,41#. We have performed such an analysis. Ho
ever, given the continuous dynamic evolution of the syste
source fits should be considered as providing only a sc
matic picture of the emission process@25,41#. We have em-
ployed them to estimate the multiplicities and energy em
sion at each stage of the reaction. To follow the tim
evolution of the system in more detail a more sophistica
analysis of the particle emission is necessary. Figures 7 a
provide examples of the results of global moving source
to the proton anda particle data for the64Zn189Y reaction.

FIG. 6. Laboratory kinetic energy spectra of light particles em
ted atQ lab538–52 ° for the four reactions studied. Event select
is the same as for Fig. 5. The spectra are arbitrarily normalize
the high energy region.
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Except for the most forward detector rings the data for t
reaction, and for the other systems, are dominated by
ticles associated with theNN and TLF sources and a reaso
able reproduction of the observed spectra is achieved.

In this analysis the source velocities, emission barrie
temperatures, and particle multiplicities for the three diffe
ent sources were searched for. We emphasize that the e
selection is on the most violent and presumably more cen
collisions. In the fitting process, which assumes isoto
emission and a Maxwellian spectral shape in the particu
source frame considered, accounting for forward emitted p
ticles with projectilelike velocities requires the PLF sourc
We consider these particles to be of preequilibrium emiss
origin and not to be evaporated from a fragment.

In Fig. 9 the source fit parameters derived for theNN and
TLF sources are presented. Several features of these pa
eters are worth noting: For theNN source the multiplicities
of light charged ejectiles increase smoothly with project
size. Temperatures and source velocities vary only sligh
with projectile mass. TheNN source velocities are very clos
to 50% of the beam velocity as seen in many other stud
The slope temperatures of 16 to 18 MeV forp,d,t and 3He
are quite similar and also similar to earlier reported valu
for such projectile energies@27,40#. As already noted in the
discussion of Fig. 6 the slope temperatures for4He are

-

in
FIG. 7. Source fit representations of the laboratory kinetic

ergy spectra of protons emitted in violent collisions of64Zn189Y
for seven angular ranges from 20 ° to 170 °. The solid points r
resent the data. Contributions from the PLF,NN, and TLF sources
are respectively represented by dot-dashed, dashed, and d
lines. The summed contributions are represented by solid lines
7-6
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somewhat lower. The barrier parameters, poorly defined
these fits, are somewhat lower. The3He barriers are notably
higher than the barriers for the other particles, reflecting
quite different shapes of the3He spectra as seen in Fig. 6

For the TLF source the multiplicities of light charge
ejectiles show smaller variations with projectile size. Slo
temperatures and source velocities increase monotonic
with projectile mass. The TLF source velocities are roug
consistent with the expectations based on existing linear
mentum transfer systematics@42,43#. For a given reaction
system, the slope temperatures for the different ejectiles
quite similar.

TLF source properties. The masses and excitation ene
gies of the hot nuclei which remain after the early~PLF and
NN source! emission have been determined. The mas
were obtained by subtracting the mass removed
projectile-source and intermediate source particles from
total entrance channel mass. The multiplicities of charg
particles used for this determination were those determi
from the source fits, i.e., integrated over 4p. The neutron
multiplicities from the PLF andNN sources were estimate
from proton multiplicities, the former from theN/Z ratio of
the projectile, the latter from the observedt/3He ratio for the
NN source.

Excitation energies remaining in the TLF source were

FIG. 8. Source fit representations of the laboratory kinetic
ergy spectra ofa particles emitted in violent collisions of64Zn
189Y for seven angular ranges from 20 ° to 170°. The solid poi
represent the data. Contributions from the PLF,NN, and TLF
sources are, respectively, represented by dot-dashed, dashed
dotted lines. The summed contributions are represented by s
lines.
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termined using calorimetric techniques. For this purpose
combined the information on the multiplicities and kinet
energies of light charged particles and intermediate m
fragments associated with the TLF source and also the n
tron multiplicity information from the neutron ball. Since th
neutron energies were not measured we assigned an av
neutron emission energy, assuming volume emission,
3T/2 whereT54 MeV for the C 1 Sn reaction and 4.7
MeV for the other systems. These estimates were made
taking into consideration that the double isotope yield ra
temperatures discussed below are initial temperatures an
neutron spectra are characterized by an average temper
over the long TLF neutron deexcitation cascade. Combin
this information we calculated the primary TLF excitatio
energy as

E!5(
i

M̄CP~ i !ĒCP~ i !1M̄nĒn1Q1Eg , ~1!

where the sum extends over charged particle typei,
M̄ cp( i ), M̄n are average multiplicities of charged particl
and neutrons,Ecp( i ), En are their average kinetic ene
gies,Ēg is the energy ing rays as~estimated 10 MeV! andQ
is theQ value for the observed deexcitation starting from t
primary TLF and assumingA52Z for IMF’s.

We take the derived excitation energy to be that of
equilibrated expanded system at the time correspondin
the latest particle emission associated with the intermed
source and thus appropriate to the temperature determin

-

s

and
lid

FIG. 9. Source fit parameters for theNN source~right! and the
TLF source~left!. From top to bottom, particle multiplicity, slope
temperatures, Coulomb barriers, and source velocities. Sym
identify the different reactions;12C1116Sn ~open triangles!,
22Ne1Ag ~open circles!, 40Ar1100Mo ~filled triangles!, and 64Zn
189Y ~filled circles!. For the fits the Coulomb barriers were a
sumed to be the same for the two sources.
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that time. The derived excitation energies are 2.6 Me
nucleon for12C1116Sn, 3.9 MeV/nucleon for22Ne1Ag, 5.6
MeV/nucleon for 40Ar1100Mo, and 6.9 MeV/nucleon for
64Zn189Y with the uncertainties of;10%. Except for the
12C induced reaction these values obtained from calorim
are within 10% of estimates which can be made by assum
that missing mass continues forward with the beam veloc
deriving the fractional linear momentum transfer from t
TLF source velocities found in the three-source fits and us
this fractional transfer to calculate an excitation ene
@26,27#. For the 12C1116Sn case, where the TLF velocity i
low, the error in the derived source velocity and the cor
sponding difference in derived excitation energy is sign
cantly larger than for the other systems.

V. COALESCENCE MODEL ANALYSES

We have applied coalescence model analyses in orde
exploit the particle emission information to derive more sp
cific information on the dynamic evolution of the collision
A number of previous experiments have demonstrated
utility of coalescence models to probe system sizes ove
wide range of energies@9–13,44–47#. In such models the
momentum space densities of ejected light composite
ticles with Z protons andN neutrons are directly related t
the momentum space densities of neutrons and protons,

g
d3NZ,N

dK3
5S 2s11

2A D 1

N!Z! S 4p

3
P0

3D A21

3S g
d3Np

dK3 D ZS g
d3Nn

dK3 D N

, ~2!

whereN(Z,N) , Np , andNn represent the numbers of cluster
protons, and neutrons, respectively,K is the momentum, and
g is the Lorentz factor.

Thus the phase space correlations which lead to clu
formation may be parametrized in terms of the moment
space volume within which the correlations exist@9–13,22#.
This momentum space volume is normally assumed to
spherical with a radius ofP0. Under suitable conditions, ex
traction ofP0 provides information on the space-time corr
lations analogous to that obtained in particle-particle co
lation measurements.

Below we present the results of coalescence model an
ses for the four different systems studied. Because our
was to derive information on the time evolution of the em
ting system, our analysis was not limited to determining
averageP0 value appropriate to the higher energy portions
the particle spectra, as is common in previous work. Inste
for d, t, 3He, and4He, results are presented as a function
Vsurf, the velocity of the emerging particle at the nucle
surface, prior to Coulomb acceleration. The decision to
low this procedure is based upon the considerations
cussed in the introduction to this paper where it is poin
out that both transport model simulations and experime
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particle-particle HBT studies indicate a strong correlation
tween emission time and ejectile kinetic energy in the ea
phases of a reaction.

To calibrate the timescale associated with our data
have derived the relationship between emission time of
particles detected and their average energies using the re
of the QMD transport model calculations. Cast in terms
time vs Vsurf this indicates that average emission times
creasing from;80–;105 fm/c are sampled asVsurf de-
creases from 7 to 4 cm/ns and leads to the time-scales
sented later at the tops of Figs. 12–16. The mo
calculations described in Sec. I indicate that the system
essentially thermally equilibrated near 105 fm/c whenVsurf
has dropped to 4 cm/ns.

A. Information content of P0

In the following we report on the use of two differen
models, the density matrix formalism of Sato and Yaza
@11# and the thermal model of Mekjian@10#, to extract
nuclear size information for evolving systems usingP0 de-
terminations. In the first model neither chemical nor therm
equilibrium is assumed and the radius of the emitted clu
is explicitly taken into account. In the second model chem
cal and thermal equilibrium are assumed. Even though
assumptions are quite different, the very similar formal str
tures of coalescence models in both nonequilibrium a
equilibrium conditions@9# suggests that these models m
provide a natural vehicle for following the time evolution o
light composite particle emission from the first emission
such particles through freeze-out.

In both the coalescence model literature and in rec
transport model literature a variety of assumptions have b
made regarding the actual information content of the coa
cence radius,P0 and its relationship to the properties of th
emitting system and/or the properties of the emitted clus
To clarify the utility of the coalescence approach to pro
system size evolution we have recently applied coalesce
model analyses to simulations of nuclear expansion@48#, car-
ried out with the well-defined classical molecular dynam
model of Belkacemet al. @49#. Some of the essential resul
of that analysis are summarized in Figs. 11 and 12 for sim
lations of expanding uncharged drops. It is shown in R
@48# that the addition of Coulomb interactions makes so
small modifications but does not change the basic pict
presented here.

In Fig. 10 values ofP0 derived for ‘‘deuteron’’~a bound
state of two uncharged particles in the model! emission from
three different expanding systems initially consisting of 2
50, or 100 ‘‘nucleons’’ are presented. The initial temperatu
in each system was 5 MeV. For the interaction usedT
55 MeV is well above the critical temperature for this sy
tem @49# and the system expands rapidly to low densi
cooling as it does so. In Fig. 10~a! the derived values ofP0
are plotted as a function of scaled velocityv/vT for a given
particle, wherevT5(4 T/m)1/2. First we note that the abso
lute values ofP0 decrease with system size as is to be e
pected if P0 is inversely related to the size of the syste
Secondly we see thatP0 decreases asv/vT decreases as
7-8
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LIGHT PARTICLE PROBES OF EXPANSION AND . . . PHYSICAL REVIEW C62 034607
should be expected if the ejectile velocities decrease as
expanding system cools. The relative variations ofP0 with
v/vT for the three different systems are quite similar. That
fact these values ofP0 scale withA1/3 of the emitting system
is confirmed in Fig. 10~b! where all values for a particula
value ofv/vT in Fig. 10~a! are normalized to the correspon
ing value forA5100. Since the radius of the system may
expressed asr 0A1/3, the decreasing value ofP0 tracks the
increase in radius.

To further explore the time relationships inherent in the
results we present in Figs. 11~a! and 11~b! two additional
correlations derived from the simulation. In Fig. 11~a! values
of P0 as a functionv/vT of for deuterons emitted during th
first 100 fm/c of the expansion are compared to the valu
obtained from the final deuteron spectra, representing
entire time evolution. This figure clearly demonstrates t
the particles with the highest values ofP0 are emitted at the
beginning of the expansion. Isolation of this contribution
the spectrum allows a measurement of the size at early t
In Fig. 11~b! we plot, as a function of time, the averag
neutron-proton separation distances for nucleons wh
eventually form deuterons. This is done for two differe
deuteron kinetic energy ranges. Deuterons with kinetic en
gies greater than 30 MeV, well above the spectral avera
are formed from nucleons initially quite close to each oth
Preexisting correlations in the projectile or target might
very important for such deuterons. Deuterons with kine
energies less than 30 MeV are more likely formed fro
nucleons which are initially very far apart but find ea
other. During the time required for that, thermal and che
cal equilibrium might be achieved.

FIG. 10. CMD model calculated coalescence parameters,P0

~top! and the scaled values ofP0 ~bottom! are presented for ‘‘deu-
terons’’ emitted from systems with an initial temperature of 5 Me
andA520, 50, or 100. Results are presented as a function of sc
thermal velocity~see text!.
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B. Coalescence at intermediate energies

The coalescence approach has been most often appli
relativistic energies where several simplifying assumptio
can be made. At intermediate energies these assump
may not be acceptable. For example, while Coulomb for
are typically ignored at relativistic energies, Aweset al. @12#
have shown that they must be taken into account in the
ergy range which is considered here. Therefore, to determ
the coalescence parameterP0 from our data we have fol-
lowed the Coulomb corrected coalescence model formal
of Aweset al. @12#. In the laboratory frame the derived rela
tionship between the observed cluster and proton differen
cross sections is

d2N~Z,N,EA!

dEAdV
5Rnp

N A21

N!Z!
S 4

3
pP0

3

@2m3~E2Ec!#
1/2
D A21

3S d2N~1,0,E!

dEdV D A

, ~3!

where the double differential multiplicity for a cluster o
mass numberA containingZ protons andN neutrons and
having a Coulomb-corrected energyEA , is related to the
proton double differential multiplicity at the same Coulom

ed

FIG. 11. Top: The coalescence parameterP0 calculated for
‘‘deuteron’’ emission from a system withT55 MeV andA5100,
using the CMD model. Values are shown for deuterons emit
over two different time periods, up to 100 fm/c ~open squares!, and
up to 3000 fm/c ~filled circles!. In the latter case the cluster yield
have reached their asymptotic values. Bottom: Average neut
proton separation distances for nucleons which eventually fo
deuterons are shown for two different deuteron kinetic ene
ranges. Deuterons with kinetic energies greater than 30 MeV~filled
circles! and deuterons with kinetic energies less than 30 MeV~open
circles!.
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K. HAGEL et al. PHYSICAL REVIEW C 62 034607
corrected energy per nucleonE2EC , whereEC is the Cou-
lomb barrier for proton emission andRnp

N 5@(Nt1Np)/(Zt
1Zp)#N is the invariant coalescence factor.

Certain approximations commonly employed in determ
ing P0 have restricted many earlier coalescence model an
ses to providing only qualitative or semiquantitative inform
tion. These approximations must be avoided if quantitat
information is to be derived. For example, as indicated
Eq. ~2!, a strict quantitative application of the coalescen
model requires knowledge of cluster, neutron and proton
ferential cross sections with proper absolute normalizatio
Many past applications have used only average norma
tions, relating the observed inclusive yields to the total re
tion cross section@9,12,45,46#. In this work absolute mea
sured multiplicities for a particular class of selected viole
events are employed.

Also, in Eq. ~3! Np , Nt , Zp , andZt enter the equation
because measurements which include neutron informa
are relatively rare and it has typically been assumed, in m
coalescence model analyses, that the neutron energy sp
are identical in shape to the Coulomb corrected proton sp
tra and that the neutron yields are simplyN/Z times the
proton yields, whereN/Z is the neutron to proton ratio in th
composite system@9,11,12,46#. In this work, also, the neu
tron spectra are not measured. However, since within
framework of the coalescence model the yield ratios of t
isotopes which differ by one neutron are essentially de
mined by the effectiveN/Z ratio in the coalescence volume
We have used values derived directly from the observed
ton to 3He yield ratio to determine theN/Z ratio used in this
analysis. This use of this ‘‘effective’’N/Z ratio is a self-
consistent approach but may mean that some actual di
ences in neutron and proton spectra are absorbed into
ratio @48#.

It should be noted that in nonequilibrium coalescen
models the cluster yields are related to primary nucle
yields while in equilibrium coalescence models the clus
yields are related to observed nucleon yields@9#. As the sys-
tem evolves, there may in fact be a shift from a predom
nately nonequilibrium to an equilibrium coalescence mec
nism. In this workP0 was determined using the observ
proton yields. This choice is at least consistent with the
parent successes of statistical models which assume the
istence of equilibrium or near-equilibrium conditions in h
expanding nuclei@3–5#.

A number of previous works do, in fact, suggest th
rather than being related to ‘‘primary’’ nucleon yields,
expected in nonequilibrium coalescence models, the clu
yields are related to observed nucleon yields@9#. The reason
for this is perhaps to be found in the results of transp
model calculations which indicate a rapid equilibration of t
emitting system@6,16,18,21#. For our systems at the calcu
lated time of first particle emission,;50 fm/c as seen in
Fig. 1, the nucleon momentum distribution, though not co
pletely randomized in direction, is rapidly approaching th
condition.

C. Determination of P0

For the coalescence model analysis we have selected
data in ring 3 of the CsI ball detector. This ring covered
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angular range ofQ lab538 ° –52 °. Inspection of the invarian
velocity plots constructed for each ejectile and each syst
shown in Fig. 5, as well as of the results of the three-sou
fit analyses such as that presented in Figs. 7 and 8 indic
that this selection of angular range minimizes contributio
from secondary evaporative decay of projectilelike or targ
like sources.

D. tÕ3He ratios

As indicated by Eq.~3! the coalescence model yield ratio
of two isotopes which differ by one neutron are essentia
determined by the ratio of ‘‘free nucleons’’ in the coale
cence volume. Figure 12~a! shows measured values of th
t/3He ratio as a function ofVsurf. These ratios, closely allied
to the density ratios for free nucleons, are significan
higher than theN/Z ratios in the composite systems. Th
range of the latter is indicated by the two dotted lines in
figure. This is consistent with results obtained by Alber
et al. @28# who often deduce significant free neutron exces
based on integrated yields observed in a variety of early
termediate energy experiments. Other recent work also
sults in largeN/Z ratios @50,51#. It has been suggested th
such observations provide evidence for a distillation lead
to a nucleon vapor which is enriched in neutrons relative t
coexisting nuclear liquid in accordance with predictions
several recent theoretical studies@52,53#. While such a dis-
tillation process is appealing it may be that the enrichmen

FIG. 12. Experimental ratios of3H to 3He emission yields~top!
and double isotope 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 h
zontal bar in the top portion indicates the range of compo
nucleusN/Z values for the systems studied. Time scales deriv
from CHIMERA QMD model calculations are indicated at the top
the figure.
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LIGHT PARTICLE PROBES OF EXPANSION AND . . . PHYSICAL REVIEW C62 034607
dynamically driven. Bonasera and Bertsch@54# have previ-
ously proposed a simple model to estimate the yield ratio
like mass species of different charge which become unbo
in the collision of two heavy ions. The ratio is derived fro
the change in chemical potential which occurs when the
separated nuclei merge. It is argued in Ref.@54# that this
change is essentially due to the difference in neutron
proton chemical potentials which results from the collisi
and that this difference is dominated by the Coulomb ene
contributions. Generalizing that approach to emission of3H
and 3He clusters of the same surface velocity in asymme
collisions, and assuming that the initial collision leads to
composite system withZ5%ZP1ZT and A5%AP1AT
where% is the fractional momentum transfer,ZP andZT are
the projectile and target atomic numbers, andAP andAT are
the projectile and target mass numbers, leads to

DmS 3H
3He

D 5
~rZp1Zt!e

2

r 0F ~rAp1At!
1/32

1

2
~Zp /Ap

1/3!1~Zt /At
1/3!G

and

RS 3H
3He

D 5expS 2Dm~3H/3He!

T D , ~4!

whereDm(3H/3He) is the difference in chemical potentia
r 0 is the radius parameter characterizing the system
R (3H/3He) is the expected yield ratio. Using the values
THHe derived below and assuming normal density (r 051.2)
we estimate the ratios to 4.4 for the12C induced reaction and
3.0 for the 64Zn induced reaction. That these values a
found to be well above theN/Z ratios of the composite sys
tem and reasonably close to the observedt/3He ratios, is
striking. Expansion and symmetry energy changes in
chemical potentials may also be playing a role in determ
ing this ratio and this question is revisited in Sec. VI.

The values of thet/3He ratio of Fig. 12~a! have been used
to derive theN/Z ratio used in this analysis. This requires
approximation, either assumingP0 to be identical fort and
3He or alternatively assuming that the volumes at emiss
are the same fort and 3He at a givenVsurf. In the latter case
Eq. ~6!, below, can be applied to determine the relativeP0
values, at least within the thermal model. Given the clo
ness of the binding energies of the two clusters these
approximations are almost equivalent. We have assu
identical P0 values and substituted thet/3He ratios for the
N/Z ratios.

E. Experimental coalescence parametersP0

In Fig. 13 values ofP0 derived from the observed yield
of Z51 and 2 clusters are presented for each system stud
For a given cluster species the four different systems h
similar values ofP0 at high Vsurf, supporting the idea of a
similar emission mechanism for the higher energy partic
in the different reactions studied. TheP0 values diminish
with decreasingVsurf. This observed decrease ofP0 with
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decreasing surface velocity could reflect changes in the e
ting system, a variation in the contributions from differe
emission sources or changes in the emission mechanism
comparison of the data from the different reactions sugg
that much of the decrease inP0 observed at the lowest ve
locities in Fig. 13 results from the latter two causes, i.
increasing contributions from late stage evaporative deca
the targetlike source or secondary decay from light fragme
@8#. A coalescence approach is not valid at lowerVsurf unless
these contributions can be removed. To remove this con
bution we have subtracted the targetlike source yields,
tained in the source fits, from the observed experimen
yields. By this correction to the spectra we attempt to
move, as much as possible, secondary decay contribution
order to focus on the early evolution of the system. Values
P0 determined from the corrected spectra are shown in F
14. There we note that, for the heavier projectiles,P0 de-
creases with decreasing surface velocity. SinceP0 is in-
versely related to the physical source size this indicates
pansion in those systems.

F. Determination of system size

Two different models were used to extract nuclear s
information from theP0 and T determinations, the densit
matrix model of Sato and Yazaki@11# and the thermal mode
of Mekjian @10#. Recall that the former is based on a sudd
approximation while the latter assumes chemical and ther
equilibrium are achieved. At very high temperatures the
pendence of the Mekjian model on temperature becom

FIG. 13. Calculated values of the coalescence parameterP0 as a
function of surface velocity forp, d, t, 3He, and4He clusters emit-
ted in the four reactions studied. The entire yields observed
Q lab538–52 ° were employed in this calculation. Time scales
rived from CHIMERA QMD model calculations are indicated at th
top of the figure.
7-11
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K. HAGEL et al. PHYSICAL REVIEW C 62 034607
negligible and the two models are mathematically equiva
except for a cluster size correction which is included in
Sato-Yazaki model. At lower temperatures the Mekji
model is quite sensitive to the ratio of cluster binding ene
to temperature.

G. The density matrix model

In the density matrix formalism of Sato and Yazaki@11#
the size of the emitted cluster is explicitly taken into acco
in an attempt to refine the source size measurements:

d3NA

d3PA

5Rnp
N A5/2

2s11

2A S \

m0
D A21

3S ~11bTnA!
4pnAn

nA1n D (3/2)(A21)S d3Np

d3P
D A

. ~5!

Here Rnp is the neutron to proton ratio of the coalescen
source,n and nA , respectively, characterize the spatial e
tent of the emitter and cluster wave functions~assumed to be
Gaussian!, and s is the spin of the cluster. The equivale
sharp radius of the emitter is thenA5/2n. While this model
does not assume thermal or chemical equilibrium it d
contain a temperaturelike parameterbT5\2/(2m0T) which
characterizes the momentum distribution of the contribut
particles at the time of emission. For this evaluation t
parameter was derived by settingT equal to the Albergo

FIG. 14. Corrected values of the coalescence parameterP0 as a
function of surface velocity forp, d, t, 3He, and4He clusters emit-
ted in the four reactions studied. The contributions of to the ejec
spectra attributed to the TLF source have been subtracted from
experimental spectra atQ lab538–52 °. Time scales derived from
CHIMERA QMD model calculations are indicated at the top of t
figure.
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temperature at the corresponding surface velocity. The s
reported are the equivalent sharp cutoff radii of the emitt
system.

H. Mekjian’s thermal model

The thermal model which we have employed to der
sizes is the thermal coalescence model of Mekjian@10#. In
this model thermal and chemical equilibrium are assum
At equilibrium the relative yields of all species are dete
mined. This model is consistent with many experimental o
servations@28#, with a rapid equilibration of the emitting
system@6,16,18,21#, and with the apparent successes of s
eral statistical models which have been applied to multifr
mentation @3–5#. We note, in addition, that the Mekjian
model and the model proposed by Albergoet al. to derive
double isotope ratio temperatures@28# are, in fact, equivalent
and the assumed validity of this model incorporating che
cal equilibrium is implicit in all recent works which use suc
temperature measurements. Borderieet al.have recently pro-
vided evidence for the achievement of chemical equilibriu
in violent collisions in this energy range@55#.

It has been shown by Mekjian that under these assu
tions there is a direct relationship between the volume
momentum space and the coordinate space volume of
emitting system@10#. In terms of theP0 derived from Eq.~3!
the relationship is

V5F S Z!N!A3

2A D ~2s11!e(E0 /T)G 1/(A21)
3h3

4pP0
3

, ~6!

where Z, N, and A are the same as in Eq.~1!, E0 is the
binding energy ands the spin of the emitted cluster andT is
the temperature. Thus the radius can be derived from
observedP0 and temperature values assuming a spher
sourceR5(3V/4p)1/3.

I. Temperature determinations

For each model, deriving the size of the system fromP0
requires knowledge of the temperature. The observed s
tral slopes are not appropriate estimates of the temperat
of the early emission spectra, as they reflect dynamic effe
which produce hard and unreasonably high apparent t
peratures. Indeed, the origin of these hard slopes~Fig. 6! is
made clear by the transport model calculations. The obse
spectra are convolutions of the spectra at different emiss
times and include high energy particles which are emit
prior to the achievement of thermal equilibrium.

To characterize the temperature at a particular emiss
time we have employed double isotope yield ratios. Fo
system at chemical and thermal equilibrium at a suitably l
density, Albergoet al. @28# have shown that the temperatu
of the emitting system can be derived directly from the fi
chance emission double isotope yield ratios of two adjac
isotopes of two different elements. In a more recent work
Kolomiets et al. @56#, essentially the same result is derive
when only thermal equilibrium is assumed.
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LIGHT PARTICLE PROBES OF EXPANSION AND . . . PHYSICAL REVIEW C62 034607
In the case of strong system evolution double isoto
yield ratio temperatures derived from integrated yields
certainly suspect if the isotopes are in fact produced at v
different times or by different mechanisms@8,30–32,38#. Se-
lection of yields in a particular energy range, even when
energies are Coulomb corrected, may also lead to error
temperature determinations if the isotopes are not in fact
duced during the same time interval of the system evolu
@8,29–32,38#. However, if the particles corresponding to pa
ticular emission times can be selected, for example us
their velocities, and if secondary emission contributions
negligible, derivations of double isotope yield ratio tempe
tures as a function of particle velocity may allow us to follo
the temperature evolution of the system. On the other ha
it should be clearly noted that the apparent temperature
rived for the earliest stage may be only indicative of t
particle momentum distribution at that emission time sin
the dynamic transport calculations indicate that the condi
of thermal equilibrium is established only after some parti
emission occurs.

We have derived the double isotope yield ratio tempe
tureTHHe, from the yields ofd, t, 3He, and4He particles as
a function ofVsurf. We note that for particles emitted from
single source of temperatureT and having a volume Max
wellian spectrum (E)1/2e(2E/T), the HHe double isotope
yield ratio evaluated for particles of equal surface velocity
A8/9 times the ratio derived from either the integrated p
ticle yields @28# or the yields at a given energy above t
barrier @29#. Thus

TH He5
14.3

ln@A8/9~1.59Rvsurf
!#

, ~7!

where the constants 14.3 and 1.59 reflect binding ene
spin, masses and mass differences of the ejectiles
RVsurf5Y(d)Y(4He)/Y(t)Y(3He) with cluster yieldsY taken
at the same surface velocity.

In Fig. 12~b! we present the derived temperatures a
function ofVsurf. The temperatures increase slowly with pr
jectile mass and decrease with decreasingVsurf. They show
some indications of a leveling in the 4–5 cm/ns range.
even lowerVsurf, values ofTHHe in the 4–5 MeV range,
similar to those spectral integrated values seen in other
periments are observed@29–32,35,56#. We take this latter
observation, coupled with the changes in thet3/He ratios
seen in Fig. 12~a! as evidence for the limitations of the thre
source fitting process and that the spectra at these lowe
locities still contain a contribution from late stage evapo
tion. Indeed these values are very similar to those calcula
when the sequential evaporation codeGEMINI @57# is used to
simulate the deexcitation of the TLF source. As noted abo
the three-source fits establish the fraction of the particle y
at a givenVsurf which is assigned to either the TLF orNN
sources. For a continuously evolving system the assignm
of particles in the vicinity of the boundary is governed by t
assumption of Maxwellian shapes for all source contrib
tions. Thus subtraction of the TLF component yield may n
be sufficient to remove some contribution from late sta
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evaporation. Since the spectra at the lowest velocities m
still contain a residual contribution from late stage evapo
tion we do not attempt to extract emission system sizes
values of Vsurf lower than 4 cm/ns which corresponds
;105 fm/c in the QMD calculation.

J. System sizes

For both models, we present in Figs. 15 and 16, equi
lent sharp cutoff radii for assumed spherical sources as
rived from theP0 values presented in Fig. 14. The size p
rameters are clearly different, reflecting differences in
models.

For each model, the sizes derived from the highest ve
ity particles show little dependence on projectile type a
only for the lower energy ejectiles is a difference seen. T
absolute values of the radii are larger for deuterons
smaller fora particles, possibly reflecting the very differen
binding and spatial extent of these clusters@11#. Such differ-
ences have been indicated in previous coalescence m
studies@9–12#. That the differences persist in the dens
matrix model which attempts to take the cluster size in
account is interesting and, if it does not result from simp
fying assumptions implicit in the model, may imply som
different freeze-out densities required for survival of diffe
ent cluster species. However, other features of the dynam
might also explain this. For example, since the larger deri
value ofP0 ~and therefore smaller radius! is derived from the
ratio of a multiplicity to nucleon multiplicity, it may be that

FIG. 15. Equivalent sharp radii derived from the Mekjia
model. Radii for assumed spherical sources are presented as a
tion of surface velocity ford, t, 3He, and4He clusters. The values
of P0 employed are those of Fig. 14. Time scales derived fr
CHIMERA QMD model calculations are indicated at the top of t
figure.
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there is an additional contribution to thea particle yield
representing survival of initial correlations in the project
or target@6,7#. The observation that the alpha particle spe
trum seen in Fig. 6 has a high-energy slope which is so
than observed for the otherZ51 and 2 ejectiles, a differenc
made apparent in the slope temperature parameters fo
NN source, is an indicator that some additional factors m
be at play.

The SY model equivalent sharp radii are smaller than
radii of normal density nuclei in this mass range. This is tr
even if no correction is made for cluster size and appare
reflects the particular analytical formulation of the Sa
Yazaki model@11#. The values of thermal model radii at th
highest values ofVsurf are larger than those expected for t
composite nuclei at normal density. This can be seen in
17 where the thermal model radii extracted from the trit
data atVsurf57 cm/ns are plotted as a function of total e
trance channel mass. For comparison lines correspondin
R51.2A1/3(solid) and 1.3A1/3 are shown. The former is a
reasonable value for the sharp cutoff radii at normal den
@58#. Also included in this plot are radii for heavier ma
systems determined from a similar analysis for collisions
47A MeV 12C, 22Ne, and 64Zn projectiles with a197Au
target@59#.

Although subject to experimental uncertainties the th
mal model results suggest that, at the time the early emi
particles leave the system, the size of the emitting nucleu
above normal. This is in qualitative agreement with the p
dictions of the QMD calculations for the early evolution

FIG. 16. Equivalent sharp radii derived from the Sato-Yaz
model. Radii for assumed spherical sources are presented as a
tion of surface velocity ford, t, 3He, and4He clusters. The values
of P0 employed are those of Fig. 14. Time scales derived fr
CHIMERA QMD model calculations are indicated at the top of t
figure.
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the system. As seen in Fig. 1, in the calculation the densi
of the largest masses identifiable pass through normal d
sity at a time;50 fm/c, as the very first particles are emi
ted and are less than normal when subsequent particles le
It is interesting to note that the results for the higher m
systems produced in reactions with Au indicate less de
tion from the normal density for a given projectile type. Th
is consistent with less expansion at the emission ti
sampled.

For 12C induced reactions the derived radii for the diffe
ent particles indicate very little change of size during t
particle emission phase. Progressively larger increases o
radii during particle emission are indicated for reactions w
the heavier projectiles. This is indicated for triton emissi
in Fig. 18. The observed variation ofP0 with system at
Vsurf57 and 4 cm/ns, depicted in the top of the figure, lea
to the variation of the radii shown in the center of the figu

While the absolute values of the derived radii are differe
for the two models, for a given ejectile, the ratioR(Vsurf
54cm/ns)/R(Vsurf57 cm/ns), a measure of the relative r
dius increase, is found to increase with projectile mass i
very similar fashion in the two models. This is shown in t
bottom of Fig. 18 fort and 3He emission. Although the
relative variation observed is somewhat larger for deute
emission and somewhat lower fora emission, the relative
variations in radius as a function ofVsurf, averaged over the
four different ejectiles, are quite similar to those observed
t and 3He emission. This is illustrated by the dashed lines
the bottom of Fig. 18. Since the derived absolute radii can
subject to systematic uncertainties both in the measurem
and in the model assumptions, we choose, in the follow
section, to derive densities at freeze-out from the relat
changes averaged over the four particles.

We end this section by asking how radii derived from t
coalescence model analyses compare to results obtaine

i
nc-

FIG. 17. Equivalent sharp radii derived from the Mekjian mod
for tritons atVsurf57 cm/ns. Radii are presented as a function
total entrance channel mass. For comparison radii calculate
1.2A1/3 ~solid line! and 1.3A1/3 ~dashed line! are indicated.
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plying the same type of analysis to a QMD transport mo
simulation. For this purpose we have employed the AMDV
model@60# to simulate the 47A MeV 64Zn189Y reaction at
b50 to 3 fm and have then analyzed the results in the sa
manner as described here. The AMD-V model calculation
shows similar early evolution to that calculated wi
CHIMERA but the AMD-V model includes anti-
symmetrization which has a particularly important effect
determining yields ofZ51 and 2 species. Recent studi
have shown that the AMD-V model provides an excellen
reproduction of most features of the data obtained in in
mediate energy collisions, including isotopic yields, ene
spectra and angular distributions@61,62#. In applying the
coalescence calculation we demand internal consistency,
ing into account the actual model binding energies and
spinless nature of the QMD particles. In Fig. 19 radii o
tained by analyzing the AMD-V simulation at times up to
120 fm/c are shown ford, t, and 4He ~statistics for 3He
yields were too low for meaningful analysis!. The trends are
similar to those seen in our experiments. Since the calc
tion was stopped at 120 fm/c no indications of later second
ary emission is seen. There are differences in absolute
ues. In the model, identification of clusters at short times w
done by grouping all nucleons within 3 fm of each other.
change in this imposed criterion can affect the relative yie
of different species and hence the absolute values of the
dii.

K. Densities at freeze-out

To determine the average density associated with the
tem atVsurf54 cm/ns, we first assumed that the highest
locity particles are emitted from an object of mass equa

FIG. 18. P0 values, radii, and relative radii atVsurf54 and 7
cm/ns derived from the coalescence model analyses in all four
tems studied.~a! P0 values derived from triton data.~b! Radii de-
rived from triton data.~c! The change in relative triton and3He
radii observed in the Mekjian model.~d! The change in relative
triton and 3He radii observed in the Sato-Yazaki model. Dash
lines show the average changes for all four clusters.
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the sum of the masses of the target and projectile nuclei
of density equal to 0.90r0 ~see Figs. 1,21!. We then used the
relative values of the radii derived from thet, 3He, and4He
data at 4 and 7 cm/ns and took the mass of the prim
emitter atVsurf54 cm/ns to be the mass remaining in th
targetlike source. In that case the average density at 4 cm
may be written as

r

r0
50.90S R7

R4
D 3S A4

A7
D , ~8!

whereR, the radius, andA, the mass, are taken at 4 and
cm/ns as indicated.

From the thermal model we find that the average densi
sampled atVsurf54 cm/ns are 0.81r0 , 0.54r0 , 0.45r0, and
0.36r0 for the 12C, 22Ne, 40Ar, and 64Zn induced reactions
respectively, with uncertainties of620% of these values
The corresponding values obtained using the Sato-Ya
model are 0.94r0 , 0.58r0 , 0.45r0, and 0.38r0.

Our energy-density results are presented in Fig. 20. Th
we note that they are in very reasonable agreement with
sults of theCHIMERA QMD calculation when an equation o
state withK5200 MeV is employed. For this soft equatio
of state the calculations indicate entry into the spinodal
gion @18–20# to the left of the dashed lineVs

250. A harder
equation of state withK5380 MeV results in less expan
sion and poorer agreement with the experimental results.
fined measurements and coalescence analyses, includin
terminations of the impact parameter dependence of
cluster production might lead to a more precise determi
tion of the incompressibility.

s-

FIG. 19. Coalescence model calculations of radii derived fr
results of AMD-V calculations. Yield of clusters emitted up t
120 fm/c have been analyzed. Radii calculated from both
Mekjian @10# and Sato-Yazaki@11# formalisms are shown as a func
tion of Vsurf .
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L. Caloric curve

The double isotope yield ratio temperatures taken toge
with the excitation energies allow us to derive the nucl
caloric curve for a well defined low density nuclear sour
with A;110. We present in Fig. 21 the double isotope yie
ratio temperatures at 4.0 cm/ns plotted against excitation
ergy. The results indicate a nearly flat caloric curve withT
;7 MeV at excitation energies from 3.5 to 7 MeV p
nucleon.

At the higher excitation energies, the double isotope yi
ratio temperatures near 7 MeV indicated for the expan
low density systems are consistent with the limit sugges
in our earlier work on the caloric curve forA;125 nuclei in
which we found a temperature of 6.860.5 MeV at 4.3 MeV/
nucleon excitation energy@27#. The earlier results relied on
slope measurements corrected for cascade effects. The a
ment between that technique and the double-isotope r
technique at excitation energies where the two measurem
overlap is quite satisfying and gives us further confidence
our extraction of the early time temperatures in this wo
The general shape of the caloric curve in Fig. 21 can then
understood as reflecting first, at lower excitations, prima

FIG. 20. Excitation energy-density values at freeze-out. T
symbols represent the excitation-energy–density values, o
circles, Mekjian model, open squares, Sato-Yazaki model, der
from coalescence model analyses of the light cluster emission. T
are compared toCHIMERA QMD model trajectories in the excitatio
energy per nucleon-normalized density plane calculated for ce
collisions in the four different systems studied. Calculations fo
soft K5200 MeV, equation of state are represented by solid lin
Calculations for a hard,K5380 MeV, equation of state are repre
sented by thick dashed lines. The trajectories start at the tim
maximum density. The small dots mark time increments
10 fm/c. Arrows indicate the time of first emission of particle
~near 50 fm/c after contact!. Both times andQzz values are indi-
cated at the minimum calculated densities~large solid dots!. To the
left of the dashed lineVs

250, is the spinodal region@18–20#.
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the washing out of shell effects and collectivity@63,64# and
later, at higher energies, the expansion of the system.

The apparent limit near 7 MeV for this reasonably we
characterized mass region is in good accord with estim
made in a number of recent theoretical calculations@65–68#.
This temperature is also significantly higher than many
perimentally reported values for comparably excited syste
@69–71#. In these latter works the double isotope ratio te
peratures at comparable excitation energies, usually der
from time and energy integrated particle yields, are typica
in the 5 MeV range. Only at low velocities~later times!
where there is a possibility of inclusion of late stage eva
ration cascade particles do our results approach such va
As pointed out, these lower velocity particles may not
completely removed by subtracting the TLF source since
evolution is more complicated than assumed in the sim
three-source decomposition.

Recent Thomas-Fermi calculations also predict a lower
of the limiting temperature when radial flow is present@72#.
It is interesting to note that the newly derived temperatu
~at Vsurf54.0 cm/ns), presented in Fig. 21, initially rise wit
increasing projectile mass but may decrease again for
64Zn189Y reaction. Although the uncertainties in our me
surements do not allow a definite conclusion to be ma
such a behavior would be qualitatively consistent with s
tematics of radial flow measurements@73# from which we
estimate a radial flow energy of;0.3 MeV/nucleon for the
64Zn induced reactions of this study and lower values for
lighter mass projectiles. This may suggest that the22Ne or
40Ar induced collisions may lead to systems near the ‘‘b
ance point’’ @74#.

e
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d
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a
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of
f

FIG. 21. Caloric curve for nuclei withA;110. Double isotope
yield ratio temperatures derived in the present work are combi
with results reported previously by Wadaet al. obtained with a
different technique@27#. Dashed lines indicate trends of a Fermi g
model calculation with two different choices of level density p
rameter.
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In any case, it should be kept in mind that observed d
ferences in caloric curves extracted from different react
systems may reflect the particular dynamic evolution of
system being studied and great care must be taken to un
stand this dynamics. It should also be reemphasized tha
evolution of the volume of the system is very important
determining the caloric curve@66,75#. Both classical and
quantum molecular dynamics calculations lead to calo
curves similar to that observed here@65,76#. If a temperature
limit of thermally equilibrated nuclei is reached, these calc
lations suggest that the system clusters and the nucleons
high kinetic energies stream out of the expanding syst
creating a natural limit to the momentum distribution and
the excitation energy of the remaining nucleus over a w
transitional region@65,76#.

VI. SUMMARY

In this work we have reported on the application of co
lescence model techniques to the study of the dynamic e
lution of highly excited expanding nuclear systems. For
reactions initiated by 47A MeV projectiles which we have
studied we find that the more violent collisions produce
creasing multiplicities of fragment and light particle em
sion as the projectile mass increases. The light ejectile s
tra for the different systems exhibit strong similarities ev
though the deposited excitation energies differ greatly. Co
parisons of the multiplicities and spectra of light charg
particles emitted in the reactions with the four different p
jectiles indicate a common emission mechanism for th
ejectiles associated with an intermediate velocity source e
though the deposited excitation energies differ greatly. T
3He spectra, in particular, appear to result predomina
from this mechanism.

Self-consistent coalescence model analyses applied to
light cluster yields indicate increasing expansion of the em
ting system with increasing projectile mass. At freeze-o
densities of the systems studied here range from just be
normal density to;1/3 of normal density. Masses of th
expanded nuclei range from 102 to 116 u and excitat
energies range from 2.6 to 6.9 MeV/nucleon. A caloric cu
for expandedA;110 nuclei exhibits a plateau at temper
tures near 7 MeV. The plateau extends from;3.5 to 6.9
MeV/nucleon excitation energy.

In the coalescence framework, measured values of
t/3He ratio as a function ofVsurf indicate ‘‘free nucleon den-
sity’’ ratios significantly higher than theN/Z ratios in the
composite systems. Possible reasons for this are discuss
the paper. In particular, Eq.~4!, which estimates the differ
ence in chemical potential which occurs in a collision@54#,
was shown to lead to reasonable estimates of thet/3He ratio
when a radius parameter,r 051.2, corresponding to norma
density is assumed. Since our systems are expanding an
03460
-
n
e
er-
he

c

-
ith
,

e

-
o-
e

-

c-

-

-
e

en
e
ly

he
t-
t,
w

n
e

e

d in

the

chemical potential difference is sensitive to volume, it is
teresting to ask what effect the expansion has on these
mates. This can be done by adopting in Eq.~4!, for the dif-
ferent systems studied,r 0 values consistent with the
determined densities. In this case the values of thet/3He
ratios decrease from 4.4 to 3.8 for the12C induced reaction
and from 3.0 to 2.1 for the64Zn induced reaction. Thes
values are in even better accord with those observed. T
suggests again that the reaction dynamics is very impor
in determining this ratio.

Clearly we have relied on both data and theory to defi
this analysis. In our opinion, the very complexity of the d
assembly problem demands this. Without this synergism
detailed understanding of the dynamics and of the disass
bly mechanism will likely not be reached.

This work indicates that information on the space-tim
evolution of a system, complementary to that contained
HBT measurements, can be obtained in a relatively sim
manner. It would clearly be interesting to make a direct co
parison of the two techniques for some well-chosen ca
Recent HBT studies of multifragmenting systems at com
rable excitation energies have been interpreted as indica
much lower freeze-out densities@77#.

It would also be interesting to extend the application
the present coalescence techniques to the study of IMF e
sion in detailed experiments including bothZ andA identifi-
cation of the IMF which provide a sensitive probe of th
degree of transparency and equilibration in the collision@78#.
By clearly establishing the relative importance of differe
mechanisms of IMF formation it should be possible to e
plore the degree to which thermal and/or chemical equi
rium is achieved, the degree to which preexisting corre
tions are preserved, implying some transparency in
collisions. Indeed, although some recent works have s
gested that IMFs are coalesced from a nucleon
@51,79,80#, several recent works exploring IMF productio
come to somewhat contradictory conclusions on this po
@6,7,81#. More detailed investigations along the lines pursu
here would allow a clearer picture of the degree to which
different species can be said to originate from either gase
or liquid phases which might be present. Applying the tec
niques to systems of varyingN/Z could provide a much
clearer picture of isospin effects and the isospin depende
of symmetry energy@82–84#.
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