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The reactions?C+1'%3n, 2Ne+Ag, “°Ar+ 1Mo, and %4Zn-+8% have been studied at A7 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 d¢@&iDics
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®tHatytietd
is dominated by this type of emission and the role of the collision dynamics in determinirigitfide 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 apa36 reached at a time near 100 &dfter 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 expanded~ 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 numbd(s): 25.70.Mn, 24.10.Lx

[. INTRODUCTION dynamical and thermodynamical evolution of multifragmen-
tation reactions of medium to heavy mass nuclei, we recently
In order to understand the properties of highly excitedapplied particle-fragment correlation techniques to determine
nuclei produced in heavy ion collisions it is very desirable tothe last stage yield of secondary decay particles in central
extract, directly from the experimental data if possible, infor-collisions of 12°Xe with ?“Sn at 5@ MeV [8]. We found
mation on the dynamical and thermodynamical evolution ofthat such emission from fragments accounted for 28% of the
the interaction region and the extent to which equilibration oftotal light charged particle multiplicity. From these multi-
various degrees of freedom, thermal, chemical, isospin, etcplicities we deduced an average excitation energy
is realized. If a collision produces sufficient thermal and/or~3 MeV/nucleon for the primary fragments, independent of
compressional shock, the hot composite nucleus which refragment mass, which provided evidence for the equilibrated
sults may expand to low density, cluster and disassembleature of the disassembling system.
[1,2]. In an ideal situation this disassembly would be that of Our next goal has been to develop techniques which will
a thermally and chemically equilibrated nuclelg-5]. In  allow us to exploit the information on early particle emission
practice the ideal state may not be reached and the finab obtain more specific information on the reaction dynamics
product distribution may include fragments and particlesand on the thermal evolution of multifragmenting systems
originating from nonequilibrium processes and reflectingproduced in central collisions. To pursue this we have fo-
correlations already present in the separated projectile antlised on the nucleon and light cluster emission which occurs
target nuclei6,7]. The light particle emission which occurs prior to disassembly, as the system thermalizes and equili-
during violent collisions of two heavy nuclei carries essentialbrates. Since light cluster production in heavy ion collisions
information on the early dynamics and on the degree ofeflects the particle-particle correlations within the interac-
equilibration at each stage of the reaction. As a first stepion region, detection of a cluster can be viewed as a corre-
toward exploiting the light particle information to follow the lation measurement of its constituent particles in a bound
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= after preequilibrium emission of particles, to excited com-
3 posite nuclei of very similar mass. The initial compression
and excitation energy are predicted to increase monotoni-
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100 ¢

50F . cally as the projectile mass increases. The combined thermal
T and compressional energies, which are deposited, lead to in-
155' T R creasing expansions of the composite nuclei.
< F The nuclei reach their minimum densities near 100 dm/
& 1 at which point thermal equilibrium appears to be essentially
0.5 established. Prior to the time that global thermal equilibrium
is achieved the preequilibrium particle emission removes sig-
% 10 nificant amounts of both mass and energy from the expand-
e 15c/ ing composite nuclei. As seen in Fig. 1, at the time of maxi-
< sH L. : mum expansion, the excited composite nuclei produced in
o 258)0 el T : 3 the different collisions are predicted to have masges
b ] ~110, calculated excitation energies which range from 3-8

A e ey MeV/nucleon and densities which range from slightly below

3 normal density, 0.8y, to ~0.4p,. For the heavier projec-
E tiles, the calculations with a soffincompressibility, K
4 =200 MeV) equation of state suggest that the system enters
‘ '2(')0‘ = '2§0' 300 into the spinodal region of mechanical instabilisee Refs.
time (fm/c) [18-20Q, and references therginincreasing multifragment
production is predicted as the projectile mass increases. This
FIG. 1. cHiMErA QMD model calculations of the time evolution increase is indeed manifested in our experimental results as
of the properties of the largest identifiable fragments produced irseen below.
reactions induced by 4V 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 dis-

tribution, a measure of the degree of thermal equilibration. The An inspection of the calculated energy spectra of the
calculations are for an impact parameter range of 0—3 fm. emitted particles over the 50 to 100 fotime range reveals

that there is a monotonic decrease of the average kinetic

state. Therefore, measurement of emission cross sections ®f€rgy with increasing time. This is depicted for proton
nucleons and light clusters together with suitable applicatio@mission in the?C+*Sn and®Zzn+#% collisions in Fig.
of a coalescence ansdi@—13 offers a means to probe the 2. After 100 fmk, the calculated average ejectile kinetic
properties and evolution of the interaction region. This ap-energies change much more slowly. This early evolution of
proach is complementary to Hanbury Brown—TwisBT) the kinetic energy is, of course, governed by nucleon colli-
measurements which are now well established in the nucle&ons and it is worth noting that much simpler formulations
context and have been applied in a wide range of studiegf nucleon scattering in a nucleus also predict both the initial
[14,15. In this paper we report on the use of coalescencéapid ejectile energy decrease with time and the capture of
model analyses of light particle emission to probe the dyXucleonsand hence thermalizatipafter very few collisions
namic and thermodynamic evolution of hot nuclei produced21-23. Such a correlation between energy and emission
in a series of reactions betweenMMeV projectiles and time has, in fact, been clearly demonstrated in reactions in-
medium mass target nuclei using a combined Csl ballduced by“°Ar projectile energies of 25 MeV/nucledi24]
neutron—ball detection system. and 34 MeV/nucleon25] by employing light particle corre-
lation measurements to determine the mean times for emis-
sion of hydrogen ejectiles as a function of particle velocity.
Thus both theoretical models and experiments suggest
The reactions studied wer€C+11%Sn, 22Ne+Ag, “°Ar  that the relationship between emission time and particle en-
+109Mo, and %Zn+8%, all at 47A MeV projectile energy. ergy might be exploited to follow the time evolution of the
The choice to study this series was guided by QMD transporsystem in more detail than has been attempted in previous
model calculations. Figures 1 and 2 show results of calculaworks which have generally limited themselves to a rela-
tions carried out with the QMD codeHIMERA [16]. The tively crude separation of the particle emission into two
calculations were carried out using standard default paranclasses, i.e., preequilibrium and equilibrium emission. Spe-
eters of theCHIMERA code for a “soft” equation of state, cifically, if light particle energies are well correlated with
with a Skyrme type interaction having an incompressibility emission times, and evaporative or secondary emission con-
parameteilK =200. These parameters have previously beertributions contribute to the spectra primarily at the lower
observed to provide a good reproduction of linear momenkinetic energies, yields of higher energy particles may be
tum transfer systematics in this energy ram@é]. As indi-  relatively uncontaminated by later emission processes.
cated in the figures, the particular set of target and projectildnalyses of the higher energy parts of the particle energy
combinations used in our experiment are predicted to leadspectra can then be used to probe the early stage properties
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FIG. 2. cHIMERA QMD model calculations of
the time evolution of the average kinetic energies
of protons emitted in the 0—3 fm impact param-
eter collisions of %Zn+8%%Y (top) and *°C
+1165n (bottom) at 47A MeV. The inserts show
the spectral distributions at 88haded and 120
(unshadegfm/c.

of the system. Related suggestions have previously beesghd 1.28 mg/ch®® were employed. The Csl Ball con-

made in the context of temperature determinati@6-37.

an equilibrium thermal evolution several workers have incor-
porated techniques based on analysis of the higher ener

particles into evaluations of slope temperatyr28,27 and,
more recently, double isotope ratio temperatUr2g]. The

determinations has also received some attention recent

[30—32.

Guided by these considerations we have carried out anal

ntex : sisted of 96 ionization chamber-Csl telescopes in seven rings
In thermal equilibrium models the cooling of the systemang spanned an angular ran@g of 20-170°. One tele-
leads to progressively softer particle spectra. Assuming suclglCope in each Csl ring also had a 150 micron transmission-

mount Si detector between the IC and Csl detectors. The
Ytal solid angle covered by the Csl ball was 86% of.4

Forward hodoscopes combining plastic-Csl and Si-Csl de-

i e ) tectors were also employed at smaller angles but with rela-
possible effects of emission time differences on temperatur : :
@Ively low solid angle coverage. Most of the data discussed
i this paper came from the Csl ball detectors. Energy spec-

Jra and angular distributions of identifiqaid,t, 3He, *He

ses of nucleon and light cluster emission as a function oft"d Of elemegts Ofng 14 were obtained. The identifica-
particle velocity, basing our approach on coalescence mod&Pn of p.d,t, “He, and"He in the Csl detectors was carried

techniqueg9—13. This paper presents the results of such@Ut using pulse shape identification techniques. Calibration
analyses and discusses the implications of these results f8f the Si detectors was performed with standard alpha

dynamics studies and caloric curve determinations. SectioriPurces and a linear pulser. The Csl detectors were calibrated
Il'and 11l detail experimental procedures and results whichUSing alpha sources, the energy losses in the St foll and

characterize the reaction systems. Section IV discusses mog-Particles and the punch through points for both Si and Csl
ing source fits and calorimetry. Section V treats the coalesdetectors. In the analysis the calibration for the Si-Csl detec-
cence model analyses which we have applied. The work i in €ach ring was first determined and all other detectors in
summarized in Sec. VI. Brief reports on some of these resultd€ same ring were then calibrated relative to that standard

have appeared previoudig3]. detector telescope. _
The geometric efficiency of the Csl ball is about 86% of

47r. Realized efficiencies for charged particle detection in

the Csl ball and neutrons in the neutron ball decrease slowly
The combined TAMU Csl Ball-Neutron Ball detection with increasing projectile mass, reflecting the increased ki-

system was used to detect light charged particles, fragmentematic focusing of ejectiles into the more forward direction.

Il. EXPERIMENTAL PROCEDURES

and neutrons emitted in reactions induced byA4WeV
beams of 1C, ?°Ne, “°Ar, and %Y extracted from the

TAMU K500 Superconducting Cyclotron.

685 uglen? 1%Sn, 538 uglen? Ag, 526 wglent %Mo,

In addition to the geometric decrease, the neutron ball intrin-
sic efficiency further decreases as the neutron laboratory en-

Targets of ergy increases with increasing velocity and temperature of

the neutron sourcg34]. Charged particle multiplicities were
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FIG. 4. Experimental fractional probability for the detection of
events with specified numbers of intermediate mass fragments in

tecgg.ngﬁtzr?tfnsrtidﬁ;ﬁd?:r gr:]:r]%eu(: fefggﬁl)ensm;ﬂg:écc;ty’\lvj cdoer: the violent collisiongsee text The fractional probabilities for de-
plicity ’ tection of 1, 2, 3, 4, or 5 IMF’s, represented respectively by filled

rections have been made for efficiency. Average corrections for. . - . ;
rcular points, filled triangles, open circles, open squares and stars,

I i
background contributions to the neutrons have been made. Eac% . Co . .

I . L ) are plotted as a function of projectile mass. Lines are to guide the
contour indicates an increase in intensity of a factor of 3.

eye.

obtained by first correcting observed spectra for geometric

efficiencies of the individual detectors and then using sourc#ith increasing neutron multiplicity. As the projectile mass
fitting techniques, described below, to determine total yieldsand total energy increases both distributions extend to larger
Neutron multiplicities were determined from average, backMmultiplicities. These correlations provide a means for select-
ground corrected, detected neutron numbers for the eventdd the most violent collisions. For the data discussed in this
selected. For our neutron calorimeter a valid correction of thé?@per violent events corresponding to the 10% of the events
neutron number for background contributions is possibld1aving the highest charged particle multiplicities were se-
only on the average and not on event by event basis. Intrdected for detailed analysis.

duction of the Csl ball into the neutron bdl4] required For these selected events multifragment emission is ob-
opening the ball segments and accepting a reduced neutr&§rved to become increasingly more probable as the projec-
efficiency. The efficiency curve of the neutron ball in its tile mass increases, in agreement with the QMD model pre-
open configuration was determined relative to the normaflictions. This is shown clearly in Fig. 4 where the fractional
configuration by first measuring the efficiency f¥Cf neu- ~ Probabilities per event for producing a given number of in-
trons and then by comparisons of the measured neutron nuriermediate mass fragments o&Z<14 are plotted for the
bers for %4zn+197Au at 37 and 4& MeV with previous four different reaction systems.

results for 83Cu+197Au reactions at 38 MeV taken with Figure 5 contains invariant velocity plots of the intensities
the neutron ba” in |ts norma' C|Osed Configurat[@‘s]_ The Of ||ght Charged pal’tiC|es em|tted in the I’eaCtionS Studied as a

resultant efficiencies were about one half of those measurdgnction of their parallel and transverse velocities in the
in the normal configuration. laboratory frame. To construct this plot the histogrammed

data from the discrete detector rings were smoothed by ran-
dom assignment of the position for a particle detected in a
given detector, constrained by the observed angular distribu-
Various experimental observables may be employed tdion. These plots reveal very strong similarities for the dif-
characterize the four systems studied and illustrate interesterent systems. As seen in the following section it is possible
ing similarities and differences among them. For example, irto parametrize such emission as reflecting, in all cases, a
Fig. 3 we present two-dimensional arrays depicting the defairly intense isotropic emission of particles from a hypo-
tected correlation between charged particle multiplicity andthetical source which has a velocity close to one half of the
neutron multiplicity. No corrections for efficiency have been projectile velocity, i.e., the velocity of the nucleon-nucleon
made. In each case, although there are significant fluctugNN) collision frame. Emission from such an apparent
tions reflecting both the competition between decay modesource of velocity near one half of the beam velocity has
and the detection efficiencies, we see a distinct correlation ipreviously been found to be characteristic of nonequilibrium
which increasing charged particle multiplicity is associatedemission in this projectile energy rangsee Refs[12,27),

IIl. REACTION SYSTEM CHARACTERIZATION
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FIG. 5. Invariant velocity plots
for p, d, t, *He, and*He detected
in violent collisions for the reac-
tions C+%%n, 2NetAg,
Oar+1990, and &%zn+8%.
Each contour indicates an increase
in intensity of a factor of 2.
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and references therginFor ®Zn+8% this source is so While the slope characterizing the high energy region of the
dominant that emission from the targetlike source is onlya particle spectra is somewhat softer.
weakly evident. For progressively lighter projectiles the At lower kinetic energies the spectra for the different sys-
emission from the targetlike source is progressively easier ttems show larger deviations from each other. There is also
see, as the relative intensity of emission from the intermedievidence, at least for the lighter projectiles of low-energy
ate source becomes weaker. FGC+1%Sn the emission peaks typical of evaporation spectra. THede spectra show
from the targetlike source is easily apparent. somewhat less evidence for this latter feature. Thée en-

To emphasize the similarities among the energy spectra iargy spectra are often quite different from those of other light
the different reactions, we present in Fig. 6, comparisons ofomposite particles has been known for some i&-39.
the (arbitrarily normalized kinetic energy spectra fqu,d,t, Recently it has been suggested, based on an expanding emit-
3He, “He detected in ring 3 of the Csl ball detector. This ting source model, that this reflects the strong weighting of
ring subtended an angular range of 38—52 ° in the laboratorythe probability of thermal*He evaporation towards early
This figure shows clearly that the higher energy tails of thetimes in the emission cascade and a very low emission prob-
spectra for each individual ejectile type are essentially idenability at later stage$31,32,39. Our results support the ar-
tical for each system studied. This argues strongly for a simiguments that*He is predominately emitted in the early
lar mechanism of production for these higher energy ejectilestages of the reactidr33]. However, for all systems studied
in the different systems. The slopes of the high energy tailshe 3He spectra exhibit strong similarities even though the
for p,d,t and *He emission are quite similar to each other deposited excitation energies differ greatly. This, and the fact
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FIG. 6. Laboratory kinetic energy spectra of light particles emit- W)

ted at®,,=38-52° for the four reactions studied. Event selection  F|G. 7. Source fit representations of the laboratory kinetic en-
is the same as for Fig. 5. The spectra are arbitrarily normalized ir@rgy spectra of protons emitted in violent collisions 8&n+ &Y
the high energy region. for seven angular ranges from 20 ° to 170 °. The solid points rep-
resent the data. Contributions from the PN\, and TLF sources
that the bulk of the’He emission appears to be from a sourceare respectively represented by dot-dashed, dashed, and dotted
having a velocity close to the velocity of the nucleon- lines. The summed contributions are represented by solid lines.
nucleon collision frame, independent of system, indicates
that dynamics is particularly important in tHéle emission.  Except for the most forward detector rings the data for this
Thermal evaporation, early or late, appears to account fofeaction, and for the other systems, are dominated by par-
Only a small fraction of théHe observed in this work. These ticles associated with tHeN and TLF sources and a reason-
observations emphasize the importance of understanding th@le reproduction of the observed spectra is achieved.
dynamic evolution of the system and the emission time rela- | this analysis the source velocities, emission barriers,
tionships for different species if one wishes to characterizgemperatures, and particle multiplicities for the three differ-
the thermodynamic properties of well-defined sources.  ent sources were searched for. 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
A common technique to characterize light particle emis-source frame considered, accounting for forward emitted par-
sion in this energy range has been to fit the observed specttizles with projectilelike velocities requires the PLF source.
assuming contributions from three sources, a projectilelikeVe consider these particles to be of preequilibrium emission
fragment (PLF) source, an intermediate velocityN{N)  origin and not to be evaporated from a fragment.
source, and a targetlike fragmentTLF) source In Fig. 9 the source fit parameters derived for ke and
[12,27,40,4). We have performed such an analysis. How-TLF sources are presented. Several features of these param-
ever, given the continuous dynamic evolution of the systemgters are worth noting: For tHéN source the multiplicities
source fits should be considered as providing only a schesf light charged ejectiles increase smoothly with projectile
matic picture of the emission proce25,41]. We have em- size. Temperatures and source velocities vary only slightly
ployed them to estimate the multiplicities and energy emiswith projectile mass. ThBIN source velocities are very close
sion at each stage of the reaction. To follow the timeto 50% of the beam velocity as seen in many other studies.
evolution of the system in more detail a more sophisticated’he slope temperatures of 16 to 18 MeV foid,t and *He
analysis of the particle emission is necessary. Figures 7 anda&e quite similar and also similar to earlier reported values
provide examples of the results of global moving source fitfor such projectile energig27,40. As already noted in the
to the proton andr particle data for thé*zZn+2% reaction.  discussion of Fig. 6 the slope temperatures féte are

IV. MOVING SOURCE ANALYSIS

034607-6



LIGHT PARTICLE PROBES OF EXPANSION AND.. .. PHYSICAL REVIEW 62 034607

2F P — ®LAB=24° ®LAB=33° 4 TLF - NN
- ] > F ® Zn+Y F
=3 F A Ar+Mo F
2 F O NetAg F
IS A CtSn E
2 f g
=2 1F =
g E

=
o So
T

kA RaaaanantanaALEAROR

T‘u', 0% 1 1 ! 1
% SIO— E
£ V75 B =
S = 3
o =03
3 wps £ £
b= ~ 0 F | { |
~ 0 F
= ——t—
Ea4f i
2t N
8, [ r
o P ey |
> g L m——r/ﬁ/\;& I I I L,

-------- FIG. 9. Source fit parameters for theN source(right) and the
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E(MeV)200 300 identify the different reactions;*?C+'%n (open triangles
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FIG. 8. Source fit representations of the laboratory kinetic en-+ Y (filled circles. For the fits the Coulomb barriers were as-
ergy spectra ofx particles emitted in violent collisions of’zn ~ sumed to be the same for the two sources.
+ 8% for seven angular ranges from 20 ° to 170°. The solid points
represent the data. Contributions from the PINAN, and TLF  termined using calorimetric techniques. For this purpose we
sources are, respectively, represented by dot-dashed, dashed, am@mbined the information on the multiplicities and kinetic
dotted lines. The summed contributions are represented by solidnergies of light charged particles and intermediate mass
lines. fragments associated with the TLF source and also the neu-

tron multiplicity information from the neutron ball. Since the

somewhat lower. The barrier parameters, poorly defined imeutron energies were not measured we assigned an average
these fits, are somewnhat lower. TRe barriers are notably neutron emission energy, assuming volume emission, of
higher than the barriers for the other particles, reflecting th&T/2 whereT=4 MeV for the C + Sn reaction and 4.7
quite different shapes of théHe spectra as seen in Fig. 6. MeV for the other systems. These estimates were made by

For the TLF source the multiplicities of light charged taking into consideration that the double isotope yield ratio
ejectiles show smaller variations with projectile size. Slopetemperatures discussed below are initial temperatures and the
temperatures and source velocities increase monotonicallyeutron spectra are characterized by an average temperature
with projectile mass. The TLF source velocities are roughlyover the long TLF neutron deexcitation cascade. Combining
consistent with the expectations based on existing linear mahis information we calculated the primary TLF excitation
mentum transfer systemati¢42,43. For a given reaction energy as
system, the slope temperatures for the different ejectiles are
quite similar.

TLF source propertiesThe masses and excitation ener- E Mcp(i)Ecp(i)+ M Eq+Q+E,, (1)
gies of the hot nuclei which remain after the ea8tL.F and
NN sourceg emission have been determined. The masses
were obtained by subtracting the mass removed by/nere the sum extends over charged particle type
projectile-source and intermediate source particles from th#cp(i), M, are average multiplicities of charged particles
total entrance channel mass. The multiplicities of charge@nd E%UUOHSECIO(I), E, are their average kinetic ener-
particles used for this determination were those determinedies,E, is the energy iny rays agestimated 10 MeYandQ
from the source fits, i.e., integrated overr4The neutron is theQ value for the observed deexcitation starting from the
multiplicities from the PLF andNN sources were estimated primary TLF and assuming=2Z for IMF'’s.

from proton multiplicities, the former from thi/Z ratio of We take the derived excitation energy to be that of the
the projectile, the latter from the observiddHe ratio for the  equilibrated expanded system at the time corresponding to
NN source. the latest particle emission associated with the intermediate

Excitation energies remaining in the TLF source were desource and thus appropriate to the temperature determined at
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that time. The derived excitation energies are 2.6 MeV/particle-particle HBT studies indicate a strong correlation be-
nucleon for*?C+1%6sn, 3.9 MeV/nucleon fof’Ne+Ag, 5.6  tween emission time and ejectile kinetic energy in the early
MeV/nucleon for “°Ar+ %Mo, and 6.9 MeV/nucleon for phases of a reaction.

64zn+ 8%y with the uncertainties of-10%. Except for the To calibrate the timescale associated with our data we
12C induced reaction these values obtained from calorimetrjnave derived the relationship between emission time of the
are within 10% of estimates which can be made by assuminparticles detected and their average energies using the results
that missing mass continues forward with the beam velocitypf the QMD transport model calculations. Cast in terms of
deriving the fractional linear momentum transfer from thetime vs Vg this indicates that average emission times in-
TLF source velocities found in the three-source fits and usingreasing from~80—105 fm/c are sampled a¥,; de-

this fractional transfer to calculate an excitation energycreases from 7 to 4 cm/ns and leads to the time-scales pre-
[26,27). For the Y°C+'1%Sn case, where the TLF velocity is sented later at the tops of Figs. 12-16. The model
low, the error in the derived source velocity and the corre<calculations described in Sec. | indicate that the system is
sponding difference in derived excitation energy is signifi-essentially thermally equilibrated near 105 &mwhen Vg
cantly larger than for the other systems. has dropped to 4 cm/ns.

V. COALESCENCE MODEL ANALYSES A. Information content of Py

We have applied coalescence model analyses in order to In the following we report on the use of two different

exploit the particle emission information to derive more spe-mOdels’ the density matrix formalism of Sato and Yazaki

cific information on the dynamic evolution of the collision. [11] and 'the. therma] model of Mekjlaﬁlo], to extract
A number of previous experiments have demonstrated thEUCI?ar size |nforma_t|on for evoIv_lng systems usiRg de-
utility of coalescence models to probe system sizes over prminations. In the first model nelth_er chemical nor thermal
wide range of energief9—13,44—47. In such models the f—:'qumb_rlL_lm is assqmed and the radius of the emitted clust_er
momentum space densities of ejected light composite patl§ explicitly taken mtc_).ac.count. In the second model chemi-
ticles with Z protons and\ neutrons are directly related to cal and thermal equilibrium are assumed. Even though the

the momentum space densities of neutrons and protons, assumptions are quite different, _the very similar f_o_rm_al struc-
tures of coalescence models in both nonequilibrium and

equilibrium conditions[9] suggests that these models may

N,y (2s+1) 1 [4m , A-1 provide a nat.ural vehicle for fo_IIowing the time evolgtign of
y = <_p0 light composite particle emission from the first emission of
dK?3 2~ JNIZEL 3 such particles through freeze-out.
s \ Z 3, \ N In both the coalescence model literature and in recent
d°Np d°N, @) transport model literature a variety of assumptions have been
Y dKs Y dkd /|’ made regarding the actual information content of the coales-

cence radiusP and its relationship to the properties of the
emitting system and/or the properties of the emitted cluster.

whereN vy, Ny, andN, represent the numbers of clusters, To clarify the utility of the coalescence approach to probe
protons, and neutrons, respectivetyis the momentum, and system size evolution we have recently applied coalescence
v is the Lorentz factor. model analyses to simulations of nuclear expanfgi@, car-

Thus the phase space correlations which lead to clusteied out with the well-defined classical molecular dynamics
formation may be parametrized in terms of the momentunmodel of Belkacenet al. [49]. Some of the essential results
space volume within which the correlations exigt13,23. of that analysis are summarized in Figs. 11 and 12 for simu-
This momentum space volume is normally assumed to béations of expanding uncharged drops. It is shown in Ref.
spherical with a radius o®,. Under suitable conditions, ex- [48] that the addition of Coulomb interactions makes some
traction of P, provides information on the space-time corre- small modifications but does not change the basic picture
lations analogous to that obtained in particle-particle correpresented here.
lation measurements. In Fig. 10 values of, derived for “deuteron”(a bound

Below we present the results of coalescence model analytate of two uncharged particles in the mod=hission from
ses for the four different systems studied. Because our godree different expanding systems initially consisting of 20,
was to derive information on the time evolution of the emit- 50, or 100 “nucleons” are presented. The initial temperature
ting system, our analysis was not limited to determining ann each system was 5 MeV. For the interaction uded
averageP value appropriate to the higher energy portions of=5 MeV is well above the critical temperature for this sys-
the particle spectra, as is common in previous work. Insteadem [49] and the system expands rapidly to low density,
for d, t, *He, and*He, results are presented as a function ofcooling as it does so. In Fig. & the derived values dP,
Veut, the velocity of the emerging particle at the nuclearare plotted as a function of scaled veloaitiv 1 for a given
surface, prior to Coulomb acceleration. The decision to folparticle, wherevr=(4 T/m)Y2 First we note that the abso-
low this procedure is based upon the considerations didute values ofP, decrease with system size as is to be ex-
cussed in the introduction to this paper where it is pointedoected if P, is inversely related to the size of the system.
out that both transport model simulations and experimentabecondly we see tha®, decreases as/vy decreases as
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FIG. 10. CMD model calculated coalescence parametess, FIG. 11. Top: The coalescence paramed calculated for

(top) and the scaled values &%, (bottom) are presented for “deu- *“deuteron” emission from a system withi=5 MeV andA= 100,
terons” emitted from systems with an initial temperature of 5 MeV using the CMD model. Values are shown for deuterons emitted
andA=20, 50, or 100. Results are presented as a function of scalegver two different time periods, up to 100 fo{open squaresand
thermal velocity(see text up to 3000 fme (filled circles. In the latter case the cluster yields
have reached their asymptotic values. Bottom: Average neutron-
should be expected if the ejectile velocities decrease as tH¥oton separation distances for nucleons which eventually form
expanding system cools. The relative variationsPgfwith deuterons are shown fqr two diffe_rent deuteron kinetic energy
vlv+ for the three different systems are quite similar. That, in"anges. Deuterons with kinetic energies greater than 30 Mg
fact these values d?, scale WithAL3 of the emitting system c!rcles) and deuterons with kinetic energies less than 30 Nigdén
is confirmed in Fig. 1(b) where all values for a particular C"¢es-
value ofv/v in Fig. 10@) are normalized to the correspond-
ing value forA=100. Since the radius of the system may be
expressed as A% the decreasing value d?, tracks the The coalescence approach has been most often applied at
increase in radius. relativistic energies where several simplifying assumptions
To further explore the time relationships inherent in thesecan be made. At intermediate energies these assumptions
results we present in Figs. (8l and 11b) two additional ~may not be acceptable. For example, while Coulomb forces
correlations derived from the simulation. In Fig.(&lvalues  are typically ignored at relativistic energies, Awetsal. [12]
of Py as a functiorv/v of for deuterons emitted during the have shown that they must be taken into account in the en-
first 100 fmk of the expansion are compared to the valuesergy range which is considered here. Therefore, to determine
obtained from the final deuteron spectra, representing th#e coalescence parametey from our data we have fol-
entire time evolution. This figure clearly demonstrates thatowed the Coulomb corrected coalescence model formalism
the particles with the highest values Bf are emitted at the Of Aweset al.[12]. In the laboratory frame the derived rela-
beginning of the expansion. Isolation of this contribution totionship be_twee_n the observed cluster and proton differential
the spectrum allows a measurement of the size at early tim&ross sections Is
In Fig. 11(b) we plot, as a function of time, the average

B. Coalescence at intermediate energies

A-1
neutron-proton separation distances for nucleons which pr3
eventually form deuterons. This is done for two different ~ d°N(Z,N,En) _ A™* 370
deuteron kinetic energy ranges. Deuterons with kinetic ener- dE,dQ  "PNIZI [2m3(E— EC)]1/2
gies greater than 30 MeV, well above the spectral average,
are formed from nucleons initially quite close to each other. d2N(1,0E)\A
Preexisting correlations in the projectile or target might be T dEdQ |’ ©)

very important for such deuterons. Deuterons with kinetic

energies less than 30 MeV are more likely formed fromwhere the double differential multiplicity for a cluster of
nucleons which are initially very far apart but find each mass numbeA containingZ protons andN neutrons and
other. During the time required for that, thermal and chemi-having a Coulomb-corrected enerd,, is related to the
cal equilibrium might be achieved. proton double differential multiplicity at the same Coulomb
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corrected energy per nucle@r E-, whereE. is the Cou- t (fm/c)
lomb barrier for proton emission arﬁﬁp=[(Nt+ Np)/(Z; 115 105 95 85
+2,)]N is the invariant coalescence factor. ' ' '

Certain approximations commonly employed in determin-
ing P, have restricted many earlier coalescence model analy:
ses to providing only qualitative or semiquantitative informa- %
tion. These approximations must be avoided if quantitative
information is to be derived. For example, as indicated by
Eqg. (2), a strict quantitative application of the coalescence
model requires knowledge of cluster, neutron and proton dif-
ferential cross sections with proper absolute normalizations.
Many past applications have used only average normaliza:
tions, relating the observed inclusive yields to the total reac-
tion cross sectio9,12,45,48. In this work absolute mea-
sured multiplicities for a particular class of selected violent
events are employed.

Also, in Eq.(3) N,, N, Z,, andZ; enter the equation
because measurements which include neutron informatior
are relatively rare and it has typically been assumed, in mos &
coalescence model analyses, that the neutron energy spect
are identical in shape to the Coulomb corrected proton spec S N RN IR PRI RPN ISP I
tra and that the neutron yields are simp/Z times the o 1t 2z 3 4 5 6 7 8
proton yields, wher@l/Z is the neutron to proton ratio in the Vsu (Cm/nS)
composite system9,11,12,46. In this work, also, the neu- . . o
tron pspectrayare not measured. However, since within the G- 12- Experimental ratios dH to *He emission yieldstop)

framework of the coalescence model the yield ratios of twoanOI double isotope yield ratio temperatubsttom as a function

isotopes which differ by one neutron are essentially deter9f Coulomb-correctgd S.urface Veloc'ty.' Data below C.m/ns may
mined by the effectivé\/Z ratio in the coalescence volume. have reS|du_aI contrlbutlons_ from s_tatlstlcal evaporation. The ho_n-
We have used values derived directly from the observed tri?ontal bar_in the top portion indicates the range of composite

3He vield rati d ine thi/Z rati din thi nucleusN/Z values for the systems studied. Time scales derived
ton to ) € y'_e ratio to .etermlne_t ratlo. us_e In this from cHIMERA QMD model calculations are indicated at the top of
analysis. This use of this “effective’N/Z ratio is a self-

/ . the figure.
consistent approach but may mean that some actual differ-

ences in neutron and proton spectra are absorbed into this . . .
ratio [48] P P angular range 08 ,,=38 °—52 °. Inspection of the invariant

It should be noted that in nonequilibrium coalescenceveIOCity plots constructed for each ejectile and each system,

models the cluster yields are related to primary nucleof_ho"vnI in Fig. 5,has Wﬁ" as of the (rje_sullt:§ of t7he tr&réege_-s(;)_urce
yields while in equilibrium coalescence models the cluste It analyses such as that presented in Figs. 7 and 8 indicates
that this selection of angular range minimizes contributions

yields are related to observed nucleon yidléls As the sys- ¢ d ve d £ nroiectilelik
tem evolves, there may in fact be a shift from a predomi-"r;emszi(r:ggs ary evaporative decay of projectilelike or target-

nately nonequilibrium to an equilibrium coalescence mecha-
nism. In this workP, was determined using the observed s _
proton yields. This choice is at least consistent with the ap- D. "He ratios

parent successes of statistical models which assume the ex- As indicated by Eq(3) the coalescence model yield ratios
istence of equilibrium or near-equilibrium conditions in hot of two isotopes which differ by one neutron are essentially
expanding nuclef3-5]. determined by the ratio of “free nucleons” in the coales-
A number of previous works do, in fact, suggest that,cence volume. Figure 18 shows measured values of the
rather than being related to “primary” nucleon yields, ast/3He ratio as a function of,;. These ratios, closely allied
expected in nonequilibrium coalescence models, the clustep the density ratios for free nucleons, are significantly
yields are related to observed nucleon yi€gléls The reason higher than theN/Z ratios in the composite systems. The
for this is perhaps to be found in the results of transporiange of the latter is indicated by the two dotted lines in the
model calculations which indicate a rapid equilibration of thefigure. This is consistent with results obtained by Albergo
emitting systen|6,16,18,21 For our systems at the calcu- et al.[28] who often deduce significant free neutron excesses
lated time of first particle emission;50 fm/c as seen in  based on integrated yields observed in a variety of early in-
Fig. 1, the nucleon momentum distribution, though not com+ermediate energy experiments. Other recent work also re-
pletely randomized in direction, is rapidly approaching thatsyits in largeN/Z ratios[50,51. It has been suggested that
condition. such observations provide evidence for a distillation leading
to a nucleon vapor which is enriched in neutrons relative to a
coexisting nuclear liquid in accordance with predictions of
For the coalescence model analysis we have selected tiseveral recent theoretical studig2,53. While such a dis-
data in ring 3 of the Csl ball detector. This ring covered antillation process is appealing it may be that the enrichment is
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dynamically driven. Bonasera and Bertd&4#| have previ- t (fm/c)
ously proposed a simple model to estimate the yield ratio for - 115 105 95 &5 115 105 95 85
like mass species of different charge which become unbounc ~ 160F deuteron C miton

in the collision of two heavy ions. The ratio is derived from
the change in chemical potential which occurs when the two

140 -
120 ¢

separated nuclei merge. It is argued in Ré&4] that this 100 ¢
change is essentially due to the difference in neutron anc 80 F
proton chemical potentials which results from the collision __ 60~
and that this difference is dominated by the Coulomb energyX 4oF

. . . . - . ﬁ > L -
contributions. Generalizing that approach to emissioritéf Q0 20k
and ®He clusters of the same surface velocity in asymmetric%

collisions, and assuming that the initial collision leads to a o 160 -

composite system witiZ=pZP+Z; and A=pAp+A; 140 F
wherep is the fractional momentum transfet, andZ; are 120
the projectile and target atomic numbers, @&dandA+ are 100
the projectile and target mass numbers, leads to 80F
3 2 0L ok
Al o) = 1 0€ :
ro[<pAp+At)“3—§<zp/A;’3>+<zt/A%’3>} T S T
0 2 4 6 0 2 4 6
and Vi (CTO/DS)

FIG. 13. Calculated values of the coalescence pararfgtes a
4) function of surface velocity fop, d, t, *He, and*He clusters emit-
ted in the four reactions studied. The entire yields observed at
0p=38-52° were employed in this calculation. Time scales de-
rived from cHIMERA QMD model calculations are indicated at the
té)p of the figure.

R
SHe

%ZAM@HﬂHa)
B R S

where A u(3H/®He) is the difference in chemical potential,
ro is the radius parameter characterizing the system an
R (H/3He) is the expected yield ratio. Using the values of

Thre derived below and assuming normal density<1.2) iy system, a variation in the contributions from different
we estimate the ratios to 4.4 for théC induced reaction and emission sources or changes in the emission mechanism. A

3.0 for the *Zn induced reaction. That these values areomparison of the data from the different reactions suggests
found to be well above thhl/Z ratios of the compoglte SYS- that much of the decrease Py, observed at the lowest ve-
tem and reasonably close to the obsertétHe ratios, is |ocities in Fig. 13 results from the latter two causes, i.e.,
striking. Expansion and symmetry energy changes in the,creasing contributions from late stage evaporative decay of
chemical potentials may also be playing a role in determiny,q argetiike source or secondary decay from light fragments
ing this ratio and thls3 quesn_on is r_eV|3|ted in Sec. VI. [8]. A coalescence approach is not valid at lowey, unless
The values of thé/"He ratio of Fig. 12a) have been used hege contributions can be removed. To remove this contri-

to derive theN/Z ratio used in this analysis. This requires anp ijon we have subtracted the targetlike source yields, ob-
a31pprOX|mat|on, either assumirfg to be identical fort and  tained in the source fits, from the observed experimental

He or alternatively assuming Fhat the volumes at emissiORie|ds. By this correction to the spectra we attempt to re-
are the same farand °He at a giverVy,,r. In the latter case  move, as much as possible, secondary decay contributions in
Eq. (6), below, can be applied to determine the relat®  order to focus on the early evolution of the system. Values of
values, at least within the thermal model. Given the closepO determined from the corrected spectra are shown in Fig.
ness of the binding energies of the two clusters these tWq4 Tnhere we note that, for the heavier projectilBg, de-
approximations are almost equivalent. We have assumegeases with decreasing surface velocity. Sifggis in-
identical P, values and substituted tfi€’He ratios for the yersely related to the physical source size this indicates ex-
N/Z ratios. pansion in those systems.

decreasing surface velocity could reflect changes in the emit-

E. Experimental coalescence parameterB F. Determination of system size

In Fig. 13 values oP, derived from the observed yields  Two different models were used to extract nuclear size
of Z=1 and 2 clusters are presented for each system studiethformation from theP, and T determinations, the density
For a given cluster species the four different systems havenatrix model of Sato and Yazakl1] and the thermal model
similar values ofP, at high Vg, supporting the idea of a of Mekjian[10]. Recall that the former is based on a sudden
similar emission mechanism for the higher energy particleapproximation while the latter assumes chemical and thermal
in the different reactions studied. TH#&, values diminish  equilibrium are achieved. At very high temperatures the de-
with decreasingVg,s. This observed decrease Bf with  pendence of the Mekjian model on temperature becomes
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t (fm/c) temperature at the corresponding surface velocity. The sizes
115 105 95 8 115 105 95 85 reported are the equivalent sharp cutoff radii of the emitting

0E deuteron T triton system.

H. Mekjian’s thermal model

The thermal model which we have employed to derive
sizes is the thermal coalescence model of Mekjia®)]. In
this model thermal and chemical equilibrium are assumed.
At equilibrium the relative yields of all species are deter-
mined. This model is consistent with many experimental ob-
servations[28], with a rapid equilibration of the emitting
system[6,16,18,2], and with the apparent successes of sev-
eral statistical models which have been applied to multifrag-
mentation[3-5]. We note, in addition, that the Mekjian
model and the model proposed by Albergbal. to derive
double isotope ratio temperatulfg8] are, in fact, equivalent
and the assumed validity of this model incorporating chemi-
cal equilibrium is implicit in all recent works which use such
T temperature measurements. Bordetial. have recently pro-
0 2 4 6 0 2 4 6 vided evidence for the achievement of chemical equilibrium
Vs (CM/NS) in violent collisions in this energy rang®5].
' It has been shown by Mekjian that under these assump-
FIG. 14. Corrected values of the coalescence pararfgtass a  tions there is a direct relationship between the volume in
function of surface velocity fop, d, t, 3He, and*He clusters emit- momentum space and the coordinate space volume of the
ted in the four reactions studied. The contributions of to the ejectil@mitting systeni10]. In terms of theP, derived from Eq(3)
spectra attributed to the TLF source have been subtracted from thee relationship is
experimental spectra & ,,=38-52°. Time scales derived from
CHIMERA QMD model calculations are indicated at the top of the
figure. V=

P, (MeV/c)

ZINIA3 VALY 3p3

A | (25t 1)elEo/M

(6)

47P3’
negligible and the two models are mathematically equivalent
except for a cluster size correction which is included in the, hare 7 N and A are the same as in Eql), E, is the

Sato-Yazaki model. At lower temperatures the Mekjianynging energy and the spin of the emitted cluster affdis
model is quite sensitive to the ratio of cluster binding energy;,o temperature. Thus the radius can be derived from the
to temperature. observedP, and temperature values assuming a spherical
sourceR= (3V/4m) 13,
G. The density matrix model
In the density matrix formalism of Sato and Yazaki]

the size of the emitted cluster is explicitly taken into account I. Temperature determinations

in an attempt to refine the source size measurements: For each model, deriving the size of the system fiegm
requires knowledge of the temperature. The observed spec-
d3Nj N a5p2StLl( A-1 tral slopes are not appropriate estimates of the temperatures
$#p, P ? WO of the early emission spectra, as they reflect dynamic effects
A which produce hard and unreasonably high apparent tem-

Arvpp (3/2)(A—1)( dsz A peratures. Indeed, the origin of these harq slajfés. 6) is
X| (14 Brva) (5)  made clear by the transport model calculations. The observed
vatv d’p spectra are convolutions of the spectra at different emission

times and include high energy particles which are emitted
Here R, is the neutron to proton ratio of the coalescenceprior to the achievement of thermal equilibrium.
source,v and v, , respectively, characterize the spatial ex- To characterize the temperature at a particular emission
tent of the emitter and cluster wave functidassumed to be time we have employed double isotope yield ratios. For a
Gaussian ands is the spin of the cluster. The equivalent system at chemical and thermal equilibrium at a suitably low
sharp radius of the emitter is thef6/2v. While this model  density, Albergoet al.[28] have shown that the temperature
does not assume thermal or chemical equilibrium it doesf the emitting system can be derived directly from the first
contain a temperaturelike parame@y=7%2/(2myT) which  chance emission double isotope yield ratios of two adjacent
characterizes the momentum distribution of the contributingsotopes of two different elements. In a more recent work by
particles at the time of emission. For this evaluation thisKolomiets et al. [56], essentially the same result is derived
parameter was derived by settifigequal to the Albergo when only thermal equilibrium is assumed.
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In the case of strong system evolution double isotope t (fm/c)
yield ratio temperatures derived from integrated yields are A 115 105 95 85 115 105 95 85
certainly suspect if the isotopes are in fact produced at very 12 - %% deuteron [® Zn+Y |o
different times or by different mechanisiig30—-32,38 Se- - Y Ar+Mop
lection of yields in a particular energy range, even when the 4 F O Nethg)
energies are Coulomb corrected, may also lead to errors ir 12+ 3
temperature determinations if the isotopes are not in fact pro- 10 g O
duced during the same time interval of the system evolution i 3 TR A aasntal

[8,29-32,38 However, if the particles corresponding to par-

ticular emission times can be selected, for example using___
their velocities, and if secondary emission contributions areé FL
negligible, derivations of double isotope yield ratio tempera- =" 18 ¢

tures as a function of particle velocity may allow us to follow 16 £
the temperature evolution of the system. On the other hand 14 ¢
it should be clearly noted that the apparent temperature de 12 F
rived for the earliest stage may be only indicative of the 10 F
particle momentum distribution at that emission time since 8 ¢
the dynamic transport calculations indicate that the condition i F

2

of thermal equilibrium is established only after some particle
emission occurs.

We have derived the double isotope yield ratio tempera- 0o 2 4+ 6
ture Type, from the yields ofd, t, *He, and*He particles as
a function ofV,. We note that for particles emitted from a
single source of temgeraf‘éf?and having a volume Max- FIG. 15. Equivalent sharp radii derived from the Mekjian
wellian spectrum E)"%e("%'"), the HHe double isotope model. Radii for assumed spherical sources are presented as a func-
yield ratio evaluated for particles of equal surface velocity istion of surface velocity fod, t, 3He, and“He clusters. The values
\/8/9 times the ratio derived from either the integrated par-of P, employed are those of Fig. 14. Time scales derived from
ticle yields [28] or the yields at a given energy above the cHiMeEra QMD model calculations are indicated at the top of the

@ T
of
n
(@)}

Vs (CTO/DS)

barrier[29]. Thus figure.
T 14.3 o evaporation. Since the spectra at the lowest velocities may
HHe In[ 8/ 15R, )] ' still contain a residual contribution from late stage evapora-

tion we do not attempt to extract emission system sizes for
values of Vg, lower than 4 cm/ns which corresponds to
where the constants 14.3 and 1.59 reflect binding energy;-105 fm/c in the QMD calculation.

spin, masses and mass differences of the ejectiles and
Rysur= Y(d) Y(*He)/Y (1) Y(PHe) with cluster yieldsy taken

at the same surface velocity.

In Fig. 12b) we present the derived temperatures as a For both models, we present in Figs. 15 and 16, equiva-
function ofVg,;. The temperatures increase slowly with pro- lent sharp cutoff radii for assumed spherical sources as de-
jectile mass and decrease with decreadifgg;. They show rived from theP, values presented in Fig. 14. The size pa-
some indications of a leveling in the 4-5 cm/ns range. Atrameters are clearly different, reflecting differences in the
even lowerVg,;, values of Ty in the 4-5 MeV range, models.
similar to those spectral integrated values seen in other ex- For each model, the sizes derived from the highest veloc-
periments are observd@9-32,35,56 We take this latter ity particles show little dependence on projectile type and
observation, coupled with the changes in tfi¢He ratios  only for the lower energy ejectiles is a difference seen. The
seen in Fig. 1@) as evidence for the limitations of the three absolute values of the radii are larger for deuterons and
source fitting process and that the spectra at these lower vemaller fora particles, possibly reflecting the very different
locities still contain a contribution from late stage evapora-binding and spatial extent of these cluster§]. Such differ-
tion. Indeed these values are very similar to those calculateeinces have been indicated in previous coalescence model
when the sequential evaporation casminNi [57] is used to  studies[9—12]. That the differences persist in the density
simulate the deexcitation of the TLF source. As noted abovenatrix model which attempts to take the cluster size into
the three-source fits establish the fraction of the particle yieldiccount is interesting and, if it does not result from simpli-
at a givenVg,; which is assigned to either the TLF 8IN  fying assumptions implicit in the model, may imply some
sources. For a continuously evolving system the assignmeudifferent freeze-out densities required for survival of differ-
of particles in the vicinity of the boundary is governed by theent cluster species. However, other features of the dynamics
assumption of Maxwellian shapes for all source contribu-might also explain this. For example, since the larger derived
tions. Thus subtraction of the TLF component yield may notvalue ofP, (and therefore smaller radiuis derived from the
be sufficient to remove some contribution from late stageatio of @ multiplicity to nucleon multiplicity, it may be that

J. System sizes
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t (fm/c) 10
115 105 95 85 115 105 95 85
18 :_ T T T T E T T T T -
E deuteron [® Zn+Y triton
16 ¢ v Ar+Mo|R\ 9 —
14 £ o Ne+Ag|—b
12 b C+sn |f -
E E s L
G
&= L
- [ L
6 —
5 | I 1 1 I
100 150 200 250 300
Entrance Channel Mass
0 : é - A - é o 0 - é o "‘ — é S FIG. 17. Equivalent sharp radii derived from the Mekjian model
for tritons atVg,=7 cm/ns. Radii are presented as a function of
Vg (CIV/DS) total entrance channel mass. For comparison radii calculated as

1.2A'% (solid line) and 1.3 (dashed lingare indicated.

FIG. 16. Equivalent sharp radii derived from the Sato-Yazaki
model. Radii for assumed spherical sources are presented as a furibe system. As seen in Fig. 1, in the calculation the densities
tion of surface velocity fod, t, *He, and“*He clusters. The values of the largest masses identifiable pass through normal den-
of P, employed are those of Fig. 14. Time scales derived fromsity at a time~50 fm/c, as the very first particles are emit-
CHIMERA QMD model calculations are indicated at the top of the ted and are less than normal when subsequent particles leave.
figure. It is interesting to note that the results for the higher mass

systems produced in reactions with Au indicate less devia-

there is an additional contribution to the particle yield tion from the normal density for a given projectile type. This
representing survival of initial correlations in the projectile is consistent with less expansion at the emission time
or target[6,7]. The observation that the alpha particle spec-sampled.
trum seen in Fig. 6 has a high-energy slope which is softer For '*C induced reactions the derived radii for the differ-
than observed for the oth&r=1 and 2 ejectiles, a difference ent particles indicate very little change of size during the
made apparent in the slope temperature parameters for tiparticle emission phase. Progressively larger increases of the
NN source, is an indicator that some additional factors mayadii during particle emission are indicated for reactions with
be at play. the heavier projectiles. This is indicated for triton emission

The SY model equivalent sharp radii are smaller than then Fig. 18. The observed variation d¢¥, with system at
radii of normal density nuclei in this mass range. This is trueVy,~7 and 4 cm/ns, depicted in the top of the figure, leads
even if no correction is made for cluster size and apparentlyo the variation of the radii shown in the center of the figure.
reflects the particular analytical formulation of the Sato- While the absolute values of the derived radii are different
Yazaki model[11]. The values of thermal model radii at the for the two models, for a given ejectile, the ratR(V,q
highest values oY are larger than those expected for the =4cm/ns)R(V¢,+=7 cm/ns), a measure of the relative ra-
composite nuclei at normal density. This can be seen in Figdius increase, is found to increase with projectile mass in a
17 where the thermal model radii extracted from the tritonvery similar fashion in the two models. This is shown in the
data atVg,~=7 cm/ns are plotted as a function of total en- bottom of Fig. 18 fort and *He emission. Although the
trance channel mass. For comparison lines corresponding telative variation observed is somewhat larger for deuteron
R=1.2AY3(solid) and 1.2® are shown. The former is a emission and somewhat lower far emission, the relative
reasonable value for the sharp cutoff radii at normal densityariations in radius as a function d%,,;, averaged over the
[58]. Also included in this plot are radii for heavier mass four different ejectiles, are quite similar to those observed for
systems determined from a similar analysis for collisions oft and *He emission. This is illustrated by the dashed lines in
47A MeV 2C, #Ne, and ®Zn projectiles with a’®’Au  the bottom of Fig. 18. Since the derived absolute radii can be
target[59]. subject to systematic uncertainties both in the measurements

Although subject to experimental uncertainties the therand in the model assumptions, we choose, in the following
mal model results suggest that, at the time the early emittedection, to derive densities at freeze-out from the relative
particles leave the system, the size of the emitting nucleus ishanges averaged over the four particles.
above normal. This is in qualitative agreement with the pre- We end this section by asking how radii derived from the
dictions of the QMD calculations for the early evolution of coalescence model analyses compare to results obtained ap-
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FIG. 18. P, values, radii, and relative radii at,,~4 and 7 v, (cr/ns)
cm/ns derived from the coalescence model analyses in all four sys- s
tems studied(a) P, values derived from triton dat&b) Radii de- FIG. 19. Coalescence model calculations of radii derived from

rived from triton data.(c) The change in relative triton antHe  results of AMDV calculations. Yield of clusters emitted up to
radii observed in the Mekjian mode(d) The change in relative 120 fm/c have been analyzed. Radii calculated from both the
triton and He radii observed in the Sato-Yazaki model. DashedMekjian[10] and Sato-YazaKjl1] formalisms are shown as a func-
lines show the average changes for all four clusters. tion of Vg

plying the same type of analysis to a QMD transport model o )
simulation. For this purpose we have employed the AMD- the sum of the masses of the target and projectile nuclei and

model[60] to simulate the 4& MeV ®Zn+89 reaction at  ©Of density equal to 0.9%) (see Figs. 1,21 Wegthen used the
b=0 to 3 fm and have then analyzed the results in the sameelative values of the radii derived from the’He, and*He

manner as described here. The AMDmodel calculation data at 4 and 7 cm/ns and took the mass of the primary
shows similar early evolution to that calculated with €Mitter atVg,=4 cm/ns to be the mass remaining in the
CHIMERA but the AMDN model includes anti- targetlike source. Inthat case the average density at 4 cm/ns

symmetrization which has a particularly important effect inMay be written as

determining yields ofZ=1 and 2 species. Recent studies R\3/A
have shown that the AMD model provides an excellent ﬁzo_g({_q <_4) (8)
reproduction of most features of the data obtained in inter- Po Ra) A7

mediate energy collisions, including isotopic yields, energy

spectra and angular. distributiorﬁ§1,§2. In applyi.ng the hereR, the radius, and®\, the mass, are taken at 4 and 7
coalescence calculation we demand internal consistency, taki /< as indicated
Ing into account the actual mode] binding energies apd the From the thermal model we find that the average densities
spinless nature of the QMD patrticles. In Fig. 19 radii Ob'sampled aV =4 cmins are 0.8, 0.54,, 0.45,, and
tained by analyzing the AMD/ simulation at times gp o 36p,, for th;“rlfzc 22\e “9Ar. and G‘iZn.ind&;:ec.j regé:tions

4 . . - 1 i) i) )
1.20 fmic are shown ford, t, 'and He (St"’.‘t'sucs for*He respectively, with uncertainties of 20% of these values.
y!eIQIs were too low for_ meanmgful_analyhs‘l‘he trends are g corresponding values obtained using the Sato-Yazaki
similar to those seen in our experiments. Since the calculaﬁ10del are 0.94,, 0.58,, 0.45,, and 0.3p
- . . . . y . 0 . 0 . 0-
tion was stopped at 120 frmho indications of later second- ¢, energy-density results are presented in Fig. 20. There
ary emission Is seen. T_her? are differences in abs_olute Va\'ﬁ/e note that they are in very reasonable agreement with re-
ues. In the model, identification of clusters at short times Wag Jits of theCHIMERA QMD calculation when an equation of
done by grouping all nucleons within 3 fm of each other. Astate withK =200 MeV is employed. For this soft equation

Chaf‘ge in this ‘”?posed criterion can affect the relative yield%f state the calculations indicate entry into the spinodal re-
gridlfferent species and hence the absolute values of the r%'ion [18—20 to the left of the dashed |inv§:o. A harder
' equation of state witiK =380 MeV results in less expan-

» sion and poorer agreement with the experimental results. Re-

K. Densities at freeze-out fined measurements and coalescence analyses, including de-

To determine the average density associated with the syserminations of the impact parameter dependence of the
tem atVq =4 cm/ns, we first assumed that the highest ve<luster production might lead to a more precise determina-
locity particles are emitted from an object of mass equal tdion of the incompressibility.
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FIG. 21. Caloric curve for nuclei witth~110. Double isotope

FIG. 20. Excitation energy-density values at freeze-out. The . Id rati . i th K i
symbols represent the excitation-energy—density values, opeHe ratio temperatures derived in the present work are combined

circles, Mekjian model, open squares, Sato-Yazaki model, derive&\’,'th results rgported prewously by,W‘?dﬂ al. abtained with a
from coalescence model analyses of the light cluster emission. The fferent ‘eCh“'9”¢27_]- DaSheF" lines '“d'C?‘te trends of a Fer_rm gas
are compared taHIMERA QMD model trajectories in the excitation odel calculation with two different choices of level density pa-
energy per nucleon-normalized density plane calculated for centrdfmeter.

collisions in the four different systems studied. Calculations for a . .
soft K=200 MeV, equation of state are represented by solid linesth® washing out of shell effects and collectivi§3,64 and

Calculations for a hardk =380 MeV, equation of state are repre- later, at higher energies, the expansion of the system.
sented by thick dashed lines. The trajectories start at the time of 1Nhe apparent limit near 7 MeV for this reasonably well-
maximum density. The small dots mark time increments ofcharacterized mass region is in good accord with estimates
10 fm/c. Arrows indicate the time of first emission of particles made in a number of recent theoretical calculati@%-6§.
(near 50 fm¢ after contadt Both times andQzzvalues are indi-  This temperature is also significantly higher than many ex-
cated at the minimum calculated densitisge solid dots To the  perimentally reported values for comparably excited systems

left of the dashed lin&/2=0, is the spinodal regiofl8—20. [69-71]. In these latter works the double isotope ratio tem-
) peratures at comparable excitation energies, usually derived
L. Caloric curve from time and energy integrated particle yields, are typically

The double isotope yield ratio temperatures taken togethen the 5 MeV range. Only at low velocitie§ater time$
with the excitation energies allow us to derive the nucleawhere there is a possibility of inclusion of late stage evapo-
caloric curve for a well defined low density nuclear sourceration cascade particles do our results approach such values.
with A~110. We present in Fig. 21 the double isotope yieldAs pointed out, these lower velocity particles may not be
ratio temperatures at 4.0 cm/ns plotted against excitation ersompletely removed by subtracting the TLF source since the
ergy. The results indicate a nearly flat caloric curve wiith evolution is more complicated than assumed in the simple
~7 MeV at excitation energies from 3.5 to 7 MeV per three-source decomposition.
nucleon. Recent Thomas-Fermi calculations also predict a lowering

At the higher excitation energies, the double isotope yieldf the limiting temperature when radial flow is presgre].
ratio temperatures near 7 MeV indicated for the expandedf is interesting to note that the newly derived temperatures
low density systems are consistent with the limit suggestedatVs,=4.0 cm/ns), presented in Fig. 21, initially rise with
in our earlier work on the caloric curve fér~125 nuclei in ~ increasing projectile mass but may decrease again for the
which we found a temperature of 6:8.5 MeV at 4.3 MeV/  *“Zn+8% reaction. Although the uncertainties in our mea-
nucleon excitation energ27]. The earlier results relied on surements do not allow a definite conclusion to be made,
slope measurements corrected for cascade effects. The agrégch a behavior would be qualitatively consistent with sys-
ment between that technique and the double-isotope ratiggmatics of radial flow measuremen®3] from which we
technique at excitation energies where the two measuremergstimate a radial flow energy of0.3 MeV/nucleon for the
overlap is quite satisfying and gives us further confidence int“Zn induced reactions of this study and lower values for the
our extraction of the early time temperatures in this work.lighter mass projectiles. This may suggest that tide or
The general shape of the caloric curve in Fig. 21 can then b&°Ar induced collisions may lead to systems near the “bal-
understood as reflecting first, at lower excitations, primarilyance point”[74].
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In any case, it should be kept in mind that observed dif-chemical potential difference is sensitive to volume, it is in-
ferences in caloric curves extracted from different reactiorteresting to ask what effect the expansion has on these esti-
systems may reflect the particular dynamic evolution of themates. This can be done by adopting in E4), for the dif-
system being studied and great care must be taken to undderent systems studiedr, values consistent with the
stand this dynamics. It should also be reemphasized that thietermined densities. In this case the values of tiiele
evolution of the volume of the system is very important in ratios decrease from 4.4 to 3.8 for th&C induced reaction
determining the caloric curv§66,75. Both classical and and from 3.0 to 2.1 for thé®*Zn induced reaction. These
quantum molecular dynamics calculations lead to caloriocvalues are in even better accord with those observed. This
curves similar to that observed hg65,76. If a temperature  suggests again that the reaction dynamics is very important
limit of thermally equilibrated nuclei is reached, these calcu-in determining this ratio.
lations suggest that the system clusters and the nucleons with Clearly we have relied on both data and theory to define
high kinetic energies stream out of the expanding systemnthis analysis. In our opinion, the very complexity of the dis-
creating a natural limit to the momentum distribution and toassembly problem demands this. Without this synergism a
the excitation energy of the remaining nucleus over a wideletailed understanding of the dynamics and of the disassem-

transitional regiorj65,76. bly mechanism will likely not be reached.
This work indicates that information on the space-time
VI. SUMMARY evolution of a system, complementary to that contained in

. L HBT measurements, can be obtained in a relatively simple

In this work we have reported on the application of coa-manner. It would clearly be interesting to make a direct com-
lescence model techniques to the study of the dynamic eVQsarison of the two techniques for some well-chosen cases.
lution of highly excited expanding nuclear systems. For thegecent HBT studies of multifragmenting systems at compa-

reac_tions ini;iated by 4% MeV projectiles_V\_lhiCh we have_ rable excitation energies have been interpreted as indicating
studied we find that the more violent collisions produce in-i,ch lower freeze-out densitigg7].

creasing multiplicities of fragment and light particle emis- |+ \would also be interesting to extend the application of
sion as the projectile mass increases. The light ejectile spege present coalescence techniques to the study of IMF emis-
tra for the different systems exhibit strong similarities evengjgn in detailed experiments including barand A identifi-
though the deposited excitation energies differ greatly. Comgation of the IME which provide a sensitive probe of the
parisons of the multiplicities and spectra of light chargedgeqgree of transparency and equilibration in the colligies.
particles emitted in the reactions with the four different Pro-gy clearly establishing the relative importance of different

jectiles indicate a common emission mechanism for thosgnechanisms of IMF formation it should be possible to ex-
ejectiles associated with an intermediate velocity source eve|51|Ore the degree to which thermal and/or chemical equilib-

though the deposited excitation energies differ greatly. The;,m is achieved, the degree to which preexisting correla-

3He spectra, in particular, appear to result predominatelyions are preserved, implying some transparency in the

from this mechanism. . collisions. Indeed, although some recent works have sug-
Self-consistent coalescence model analyses applied to t'b%sted that IMFs are coalesced from a nucleon gas
light cluster yields indicate increasing expansion of the emit151,79’8(1 several recent works exploring IMF production
ting system with increasing projectile mass. At freeze-Out¢ome to somewhat contradictory conclusions on this point
densities of the systems studied here range from just beloyg 7 81. More detailed investigations along the lines pursued
normal density to~1/3 of normal density. Masses of the here would allow a clearer picture of the degree to which the
expanded nuclei range from 102 to 116 u and excitationyifferent species can be said to originate from either gaseous
energies range from 2.6 to _6.9 Mey/nucleon. A caloric curveg, liquid phases which might be present. Applying the tech-
for expandedA~110 nuclei exhibits a plateau at tempera—niques to systems of varyiny/Z could provide a much
tures near 7 MeV. The plateau extends fren8.5 10 6.9 clearer picture of isospin effects and the isospin dependence

MeV/nucleon excitation energy. of symmetry energy82—84.
In the coalescence framework, measured values of the

t/He ratio as a function 0¥/, indicate “free nucleon den-
sity” ratios significantly higher than th&l/Z ratios in the
composite systems. Possible reasons for this are discussed inThe authors appreciate very useful conversations with
the paper. In particular, Eq4), which estimates the differ- C-M. Ko, S. Shlomo, Y. Zheng, E. Gadioli, and E. Fabrici.
ence in chemical potential which occurs in a collisi&@4],  This work was supported by The Robert A. Welch Founda-
was shown to lead to reasonable estimates offtée ratio  tion, the United States Department of Energ@yrant No.
when a radius parametary= 1.2, corresponding to normal DE-FE05-86ER40256 and the Polish Scientific Research
density is assumed. Since our systems are expanding and tB®mmittee(Grant No. 2 2392 91 02
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