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1450 J.B. Natowitz et al.1. Introdu
tionWhen a 
entral 
ollision of two heavy nu
lei leads to multifragmentationof an expanded and equilibrated nu
leus the thermal sho
k and 
ompressionwhi
h result 
an 
ause the nu
leus to expand to low density, 
luster anddisassemble. In order to understand the properties of highly ex
ited nu
leiprodu
ed in heavy ion 
ollisions it is very desirable to extra
t, dire
tly fromthe experimental data if possible, information on the dynami
al and ther-modynami
al evolution of the intera
tion region and the extent to whi
hequilibration of various degrees of freedom, thermal, 
hemi
al, isospin, et
.,is realized.
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PRE-EQUILIBRIUM   EMISSION
EQUILIBRIUM EMISSION ?Fig. 1. S
hemati
 pi
ture of 
ollision leading to expansion and multifragmentation.Figure 1 presents a s
hemati
 pi
ture in whi
h 
entral 
ollision of twoheavy nu
lei leads to multifragmentation. The 
ollision produ
es a thermalsho
k and some 
ompression. Rea
ting to this, the nu
leus expands to lowdensity, 
lusters and disassembles. This disassembly stage is labelled �freeze-out� in the �gure. In an ideal situation this disassembly would be that ofa thermally and 
hemi
ally equilibrated nu
leus. In pra
ti
e this ideal statemay not be rea
hed and the �nal produ
t distribution may in
lude fragmentsand parti
les originating from non-equilibrium pro
esses and re�e
ting 
or-relations already present in the separated proje
tile and target nu
lei [1, 2℄.Distinguishing between these di�erent produ
tion me
hanisms of fragmentand light parti
le produ
tion is di�
ult but essential to our understandingof the multifragmentation pro
ess.We are 
urrently attempting to employ 
oales
en
e model analyses oflight parti
le emission to probe the size of the emitting system in these
ollisions. The very similar formal stru
tures of su
h models applied inboth non-equilibrium and equilibrium 
onditions [3�5℄ suggest that they 
anprovide a natural framework for this purpose. Under suitable 
onditionsextra
tion of 
oales
en
e radii provides size information the analogous to
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le�parti
le 
orrelation measurements [6,7℄. The mainpredi
tion of 
oales
en
e models is the existen
e of a power law relationshipbetween 
omplex 
lusters and nu
leons [5℄. The 
ross se
tion for emission ofa light 
luster of mass number A, 
ontaining Z protons and N neutrons isrelated to the 
ross se
tion for emission of protons and neutrons at the samemomentum per nu
leon. In pra
ti
e the equation is often modi�ed to takeinto a

ount the fa
t that neutron 
ross se
tions are usually not measured inexperiments, therefore an assumption is made that the neutron and protonmomentum distributions are the same (ex
ept for a Coulomb shift) and theirrelative yields are given by the isospin of the 
ombined system. The equationthen be
omes:d3NAdp3 = RNnp 1N !Z!�2s+ 12A ��4�3 P 30�A�1�d3Npdp3 �A ; (1)where P0 represents the radius in the momentum spa
e, and s is the 
lusterspin. The fa
tor Rnp is the ratio of neutron and proton numbers, usuallytaken to be those in the 
omposite system formed from the proje
tile andtarget nu
lei; i.e., Rnp = (Nt +Np)=(Zt + Zp).Although originally 
reated for high and relativisti
 energy 
ollisions,the 
oales
en
e model has been applied to rea
tions over a wide range ofenergies, even to rea
tions with beam energy as low as 9A MeV [8℄. At lowerbeam energies, however, 
ertain problems emerge. The most important one,whi
h 
annot be negle
ted, is the Coulomb repulsion between the sour
eand the outgoing parti
le. To a

ount for this Awes et al. [9℄ presented aCoulomb 
orre
ted 
oales
en
e model. In the laboratory frame their derivedrelationship between the di�erential 
ross se
tion of the observed 
luster andthat of the proton is:d2N(Z;N;EA)dEAd
 = RNnp A�1N !Z!  43�P 30[2m3(E �E
)℄ 12 !A�1�d2N(1; 0; E)dEd
 �A ; (2)Rnp; A; Z;N are the same as in Eq. (1), E
 is the Coulomb repulsion per
harge unit between the sour
e and outgoing parti
le and m is the nu-
leon mass. The double di�erential multipli
ities d2N(Z;N;EA)=dEAd
and d2N(1; 0; E)=dEd
 for a 
luster A and protons, respe
tively, should betaken at the energies 
orresponding to the same surfa
e velo
ity; i.e., thevelo
ity before Coulomb a

eleration. Thus EA = AE �NE
.Various formulations of the 
oales
en
e model have been proposed toestablish the relationship between the 
oales
en
e parameter P0 and thesize of the intera
tion volume. Sato and Yazaki [3℄ have presented a solutionto this problem in the frame work of the density matrix formalism. An



1452 J.B. Natowitz et al.important feature of this approa
h is that thermal and 
hemi
al equilibriumare not required. Sato and Yazaki showed that the 
oales
en
e volume isrelated to the internal wave fun
tion of the 
omposite parti
le and the spatialdistribution of the 
onstituent parti
les in the emission region.d3NAd3PA = RNnpA 52 2s+ 12A � ~m0�A�1�(1 + �T �A) 4��A��A + �� 32 (A�1)�d3Npd3P �A:(3)Here � and �A, respe
tively, 
hara
terize the spatial extent of the emitterand emitted 
luster wave fun
tions (assumed to be Gaussian), s is the spin ofthe 
luster and Rnp is the neutron to proton ratio of the 
oales
en
e sour
e.While this model does not assume thermal or 
hemi
al equilibrium it does
ontain a temperature-like parameter,�T = ~22m0T (4)whi
h 
hara
terizes the momentum distribution of the 
ontributing parti
lesat the time of emission. The numeri
al values of �A are 0.20 fm�2 fordeuterons, 0.36 fm�2 for tritons and 3He and 0.58 fm�2 for alpha parti
les [3℄.The equivalent sharp radius of the sour
e is given by R =p5=2�.The thermal 
oales
en
e model was introdu
ed by Mekjian [4℄. His modelassumes that 
hemi
al equilibrium has been rea
hed and the parti
les areemitted at the freeze-out density where the intera
tions stop. The momen-tum radius, P0, 
an then be related to the volume of the thermal system atthe freeze-out density in the following way:V = ��Z!N !A32A � (2s+ 1)e(E0=T )�1=(A�1) 3h34�P 30 ; (5)where Z, N and A are the same as in Eqs (1) and (2), E0 is the 
lusterbinding energy and s the spin of the emitted 
luster and T is the temperatureof the system. If the sour
e is assumed to be spheri
al its radius is given byR = �3V4� �(1=3) :For very high temperatures the fa
tor eE0=T is approximately equal to 1 andthe relation between P0 and V 
orresponds simply to what is expe
ted fromthe phase spa
e density. It should be noted that in this equilibrium modelthe 
luster yields are related to observed nu
leon yields, in 
ontrast to non-equilibrium 
oales
en
e models where they are related to primary nu
leonyields.
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ular dynami
s and system evolutionTo explore the utility of the 
oales
en
e model to follow the evolutionof a nu
lear-like system, we have turned to 
lassi
al mole
ular dynami
ssimulations. Su
h simulations allow us to elu
idate the relationship between
luster yields and the properties of the emitting system in a straight-forwardfashion. CMD is exa
t at a 
lassi
al level; i.e., it 
ontains all the 
orrela-tions ne
essary to build �nite systems and, at su�
iently high ex
itationenergy, to follow their disassembly. Thus if we follow the dynami
s for along period of time we 
an obtain �nal fragment distributions and all ofthe properties of interest for the �nal fragments; i.e., their kineti
 energies,mass and 
harge numbers, et
. From the mass distributions we 
an 
al
ulatethe 
orresponding P0 and dedu
e the apparent size of the disassembling sys-tem. Most importantly we 
an test the basi
 ingredients of the models, su
has the possible o

urren
e of 
hemi
al equilibrium, as assumed in thermal
oales
en
e models [4℄.The CMD model of Latora et al. [10℄ was used to simulate disassembly inthe absen
e of a Coulomb �eld. In that model the spinless parti
les intera
tthrough Yukawa two-body potentials. The potential between two identi
alparti
les is purely repulsive while for non-identi
al parti
les the potentialis repulsive at short range and attra
tive at long range. The ground state�nu
lei� have a deuteron-like 
luster stru
ture. This is of 
ourse very di�erentfrom real �nite nu
lei where, at most, some alpha stru
ture 
an be found.Also the deuterons have � 11 MeV binding energy. In the ground state thesystem is a solid. More details are given in [10�12℄.To perform a 
al
ulation we initially prepared the nu
leus in its groundstate (a solid) and give to its parti
les some momenta 
orresponding to aMaxwell Boltzmann distribution at temperature T . In this way we knowthe initial sour
e radius and ex
itation energy. Be
ause of this initial T(or ex
itation energy E�) the system will expand and if T is high enough,it will undergo fragmentation. The evolution is followed for a long time(1000�2000 fm/
), and the distribution of �nal fragments, whi
h are thenwell separated, are 
onstru
ted. We stress that all the formulas employedfor the 
oales
en
e model are perfe
tly valid for this 
lassi
al system apartfrom some obvious modi�
ations su
h as setting the spins of the parti
lesequal to zero. All P0 values presented were 
al
ulated using observed �nalnu
leon yields.In these 
lassi
al systems the ex
itation energy per nu
leon is propor-tional to (3=2)T , while in the nu
lear system it is initially proportional toT 2=K where K is in the range of 8�15. As a result, at a parti
ular tempera-ture, the ex
itation energy per nu
leon in the 
lassi
al system is signi�
antly



1454 J.B. Natowitz et al.higher than that of the nu
lear system. In the 
lassi
al system this 5 MeVtemperature is above the 
riti
al temperature and the expansion is fairlyexplosive [10�12℄.
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Fig. 2. (a) P0 vs deuteron velo
ity (in units of a thermal velo
ity) and (b) P0 s
aledwith the sour
e masses both at T = 5 MeV. Results are presented for A = 20, 50and 100.In �gure 2(a) we show P0 vs. velo
ity (in units of a thermal velo
ityvT = p4T=m), and in �gure 2(b) the same data s
aled by the total mass(divided by 100) to the 1=3 power. P0 de
reases as the mass in
reases. Thes
aling with the 
ube root of A is quite good and 
learly demonstrates thatP0 gives dire
t information about the size of the system. This result followsdire
tly from the Law of Mass A
tion [4℄.It is 
lear from �gure 2 that the value of P0 depends on the parti
levelo
ity v, and is smaller at lower v. This indi
ates that, at the time whenthe less energeti
 parti
les are emitted, the system has expanded. Thereforedi�erent velo
ities 
orrespond to di�erent sour
e sizes and times of emission.To explore further the relation between time of emission and velo
ity ofthe parti
le we have repeated the T = 5 MeV 
al
ulation, stopping the
al
ulation at 100 fm/
.In �gure 3(a) the 
al
ulated values of P0 obtained from deuteron yieldsat 100 fm/
 (open squares) are 
ompared with those determined from theearlier 
al
ulation whi
h extended to 1000 fm/
 (full 
ir
les). Noti
e that the
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time (fm/c)Fig. 3. (a) P0 for deuterons at T = 5 MeV 
al
ulated at two di�erent expansiontimes 100 fm/
 (open squares) and 1000 fm/
 (full 
ir
les). (b) Average nu
leonseparation in nas
ent deuterons as a fun
tion of time. Ed < 30 MeV (open 
ir
les),Ed > 30 MeV (full 
ir
les).P0 values derived from the parti
les emitted in the very early stages of therea
tion are 
onstant (within statisti
al �u
tuations). Also, for high v, P0 isindependent of the time when the 
al
ulations are stopped. This 
on�rmsthat the most energeti
 parti
les dominate the early emission. Thus theseparti
les 
an be used to probe the early stages of the dynami
s.Within the model we 
an also study the lo
ation of the parti
les inr-spa
e before they are emitted. This gives us useful information regardingthe possible establishment of thermal and/or 
hemi
al equilibrium. In �gure3(b) we plot, as a fun
tion of time, the average relative separation distan
esbetween protons and neutrons whi
h eventually 
oales
e into a deuteron.the results are displayed for deuterons having kineti
 energies less than 30MeV (open 
ir
les) and those with energies larger than 30 MeV (full 
ir
les).Sin
e the initial temperature is 5 MeV parti
les having energies larger than30 MeV are quite energeti
.



1456 J.B. Natowitz et al.In the �gure we see that those very energeti
 parti
les have to be initiallyquite 
lose in r-spa
e in order to form a deuteron. In fa
t, on averagetheir starting distan
e is less than 1 fm, whi
h is smaller than the deuteronradius of about 1.5 fm. If two energeti
 parti
les are 
lose both in r andp-spa
e, they 
oales
e and form the deuteron. On the other hand, lowerenergy deuterons are made of nu
leons that 
an be lo
ated quite far apart inr-spa
e at time t = 0. These nu
leons wander inside the system and it isonly at larger time that they �nd ea
h other to form the deuteron. Fromthis result it is quite 
lear that a statisti
al model seems unjusti�ed forparti
les of high energy but might be appli
able for emission of lower energyparti
les. Within the CMD approa
h the possibility of 
hemi
al equilibriumas assumed by referen
e [4℄ be
omes more probable for the less energeti
parti
les.Finally in �gure 4, we plot radii derived from P0 for A=100 at var-ious temperatures. Noti
e the large di�eren
e between the Sato�Yazakiand Mekjian model results. In addition to re�e
ting the 
luster size 
or-
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tion 
ontained in the Sato�Yazaki density matrix model, this di�eren
earises from the di�erent temperature dependen
ies in the two models. Morespe
i�
ally it arises from the e�BE=T term in the thermal model approa
h,all the other terms being equivalent in the two formalisms. Sin
e in CMDthe 
lusters are quite strongly bound as 
ompared to real nu
lei, the BEterm be
omes very important, resulting in the large dis
repan
y at small T .The two approa
hes give 
loser results at high T where the BE term 
anbe negle
ted. The very large values derived from the thermal model at lowT argue against the assumption of 
hemi
al equilibrium for the parti
ular
ases 
onsidered, whi
h as we have already noted, are quite explosive.3. Appli
ation to intermediate energy nu
lear 
ollisionsTo make a quantitative evaluation of the utility of 
oales
en
e modelte
hniques in following the dynami
s of expanding systems we re
ently usedthe 
ombined TAMU CsI Ball-Neutron Ball dete
tion system to dete
tlight 
harged parti
les, fragments and neutrons emitted in the rea
tions of12C + 116Sn, 22Ne + Ag, 40Ar + 100Mo and 64Zn + 89Y, all at 47A MeVproje
tile energy [13, 14℄. In QMD transport model 
al
ulations with the
ode, CHIMERA [15℄, the parti
ular set of target and proje
tile 
ombina-tions used in our experiment are predi
ted to lead, after pre-equilibriumemission of parti
les, to ex
ited 
omposite nu
lei of very similar mass buthaving ex
itation energies and degrees of expansion whi
h in
rease with in-
reasing proje
tile mass. Violent events 
orresponding to the 10% of therea
tion 
ross se
tion having the highest 
harged parti
le and neutron mul-tipli
ities were sele
ted for detailed 
oales
en
e model analyses. For su
hevents multifragment emission was observed to be
ome in
reasingly moreprobable as the proje
tile mass in
reases. Greater detail on these measure-ments is provided in Refs [13℄ and [14℄.3.1. Correlation between kineti
 energy and timeWe have 
arried out analyses of nu
leon and light 
luster emission asa fun
tion of parti
le velo
ity, basing our approa
h on 
oales
en
e modelte
hniques [3�5, 9℄. The possible appli
ation of the 
oales
en
e approa
h asa fun
tion of eje
tile velo
ity to follow the dynami
s of an expanding systemis already suggested by the dis
ussion of the 
lassi
al mole
ular dynami
s
al
ulations for expanding systems, presented in the previous se
tion and isreinfor
ed by results of simulations 
arried out with the QMD model 
ode,CHIMERA [15℄ (see �gure 5). In the 
al
ulations for 47A MeV proje
-tiles, the �rst light parti
les are emitted at �50 fm/
 after 
onta
t. Theseand subsequent pre-equilibrium parti
les remove signi�
ant amounts of bothmass and energy from the expanding 
omposite nu
lei. For ea
h rea
tion
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Fig. 5. CHIMERA QMD model 
al
ulations of the time evolution of the propertiesof the largest identi�able fragments produ
ed in rea
tions indu
ed by 47A MeVproje
tiles. From top to bottom: The mass number, the normalized density, theex
itation energy per nu
leon and the normalized se
ond moment of the momentumdistribution, a measure of the degree of thermal equilibration. The 
al
ulations arefor an impa
t parameter range of 0�3 fermis.the hot 
omposite rea
hes its minimum average density 
lose to 100 fm/
.At that point thermal equilibrium appears to be established. Over the timespan from �rst emission to thermalization there is a monotoni
 de
rease ofthe average kineti
 energies of the emitted parti
les. A strong 
orrelationbetween energy and emission time has, in fa
t, been 
learly demonstrated inrea
tions indu
ed by 40Ar proje
tile energies of 25 [16℄ and 34 MeV/u [17℄where light parti
le 
orrelation measurements were employed to determinethe mean times for emission of hydrogen eje
tiles as a fun
tion of parti-
le velo
ity. Thus both theoreti
al models and experiments suggest thatthe relationship between emission time and eje
tile kineti
 energy may beexploited to follow the time evolution of the system.3.2. Preliminary system 
hara
terization � emission sour
esInvariant velo
ity plots of the light parti
le spe
tra show striking similar-ites indi
ating a 
ommon emission me
hanism for the higher energy parti
les
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lusters for all four systems studied [13,14℄. This is a strong signature forthe dominan
e of dynami
 (rather than statisti
al) emission of these higherkineti
 energy parti
les.A 
ommon te
hnique to 
hara
terize light parti
le emission in this en-ergy range has been to �t the observed spe
tra assuming 
ontributions fromthree sour
es, a proje
tile-like (PLF) sour
e, an intermediate velo
ity (NN)sour
e and a target-like (TLF) sour
e. Su
h a sour
e �t was employed toestimate the multipli
ities and energy emission at ea
h stage of the rea
-tion. We emphasize that the event sele
tion is on the most violent andpresumably more 
entral 
ollisions. In the �tting pro
ess, whi
h assumesisotopi
 emission and a Maxwellian spe
tral shape in the parti
ular sour
eframe 
onsidered, a

ounting for forward emitted parti
les with proje
tile-like velo
ities requires the PLF sour
e. We 
onsider these parti
les to be ofpre-equilibrium emission origin and not to be evaporated from a fragment.From the multipli
ities of emitted spe
ies asso
iated with ea
h sour
e themasses and ex
itation energies of the hot nu
lei whi
h remain after the early(PLF and NN) emission were determined. The mass numbers, obtained bysubtra
ting the mass removed by proje
tile-sour
e and intermediate sour
eparti
les from the total entran
e 
hannel mass are �110. The ex
itationenergies, determined using 
alorimetri
 te
hniques to evaluate the ex
ita-tion of the TLF sour
e, in
reased with proje
tile mass from 2.6 MeV/u for12C+ 116Sn to 6.9 MeV/u for 64Zn + 89Y. While the sour
e �ts establish aqualitative or semi-quantitative pi
ture of eje
tile sour
es and system evolu-tion following the time evolution of a 
ontinuously evolving system in moredetail than has previously been attempted requires a more sophisti
atedapproa
h. 3.3. Determination of the 
oales
en
e parameter, P0Be
ause the goal was to derive information on the time evolution ofthe emitting system, our analysis was not limited to determining average P0values appropriate to the higher energy portions of the parti
le spe
tra, as is
ommon in previous work. Instead, for d; t, 3He and 4He, P0 was 
al
ulatedas a fun
tion of Vsurf , the velo
ity of the parti
le at the nu
lear surfa
e priorto Coulomb a

eleration, using the Coulomb 
orre
ted 
oales
en
e modelformalism of Awes et al. [9℄, Eq. (2).To minimize 
ontributions from se
ondary de
ays our analysis was per-formed using spe
tra from whi
h the TLF 
ontributions were removed bysubtra
tion of the target-like-sour
e yields obtained in the sour
e �ts fromthe observed experimental yields at angles where the PLF sour
e is negligi-ble. In this work P0 was determined using the observed proton yields. This
hoi
e is at least 
onsistent with the apparent su

esses of statisti
al modelswhi
h assume the existen
e of equilibrium or near-equilibrium 
onditions inhot expanding nu
lei [18�20℄.



1460 J.B. Natowitz et al.3.4. N=Z ratiosIn �gure 6 (top), values of the observed t=3He yield ratio are presentedas a fun
tion of Vsurf . These ratios are signi�
antly higher than the N=Zratios in the 
omposite systems. We understand these to be the ratios of�free nu
leons� [21℄ whi
h parti
ipate in the 
oales
en
e. In Eqs (1)�(3),Np, Nt, Zp and Zt enter the equation be
ause measurements whi
h in
ludeneutron information are relatively rare. It has typi
ally been assumed, inmost 
oales
en
e model analyses, that the neutron energy spe
tra are iden-ti
al in shape to the Coulomb 
orre
ted proton spe
tra and that the neutronyields are simply N=Z times the proton yields, where N=Z is the neutronto proton ratio in the 
omposite system. In this work, also, the neutronspe
tra are not measured. However, sin
e within the framework of the 
oa-les
en
e model the yield ratios of two isotopes whi
h di�er by one neutronare essentially determined by the e�e
tive N=Z ratio in the 
oales
en
e vol-ume. We have used values derived dire
tly from the observed triton to 3Heyield ratio to determine the N=Z ratio used in this analysis. This use of
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Fig. 6. Experimental ratios of 3H to 3He emission yields (top) and double iso-tope yield ratio temperatures (bottom) as a fun
tion of Coulomb-
orre
ted surfa
evelo
ity. Data below � 4 
m/ns may have residual 
ontributions from statisti
alevaporation. The horizontal bar in the top portion indi
ates the range of 
ompositenu
leus N=Z values for the systems studied. Time s
ales derived from CHIMERAQMD model 
al
ulations are indi
ated at the top of the �gure.
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Fig. 7. Derived values of the 
oales
en
e parameter, P0, as a fun
tion of surfa
evelo
ity for p; d; t, 3He and 4He 
lusters emitted in the four rea
tions studied.The 
ontributions of the eje
tile spe
tra attributed to the TLF sour
e have beensubtra
ted from the experimental spe
tra at Lab = 38�52 degrees. PLF 
ontri-butions are neglegible at that angle. Time s
ales derived from CHIMERA QMDmodel 
al
ulations are indi
ated at the top of the �gure.this �e�e
tive� N=Z ratio is a self-
onsistent approa
h but may mean thatsome a
tual di�eren
es in neutron and proton spe
tra are absorbed into thisratio [22, 23℄.Figure 7 shows the results of an analysis of the resultant eje
tile spe
tra(Experiment � TLF) for all four systems studied. As seen in �gure 7, athigh Vsurf the four systems have similar limiting values of P0 for a given
luster spe
ies, supporting the idea of a similar emission me
hanism and asimilar sour
e size at the time of emission of the higher energy parti
les inthe di�erent rea
tions studied. The observed de
reases of P0 with de
reasingsurfa
e velo
ity indi
ate 
hanges in the emitting system.The time s
ale presented at the top of Figs 6�9 is derived from the QMDmodel and indi
ates that a value of Vsurf of 4 
m/ns is expe
ted to sample thesystem near 105 fm/
. Below 4 
m/ns residual 
ontributions from late stage
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ay of the target-like sour
e or se
ondary de
ay from lightfragments [24℄, not removed by the �tting pro
ess, may still 
ontribute.3.5. Size evolution of the emitting systemFor ea
h model, deriving the size of the system from P0 also requiresknowledge of the temperature. To 
hara
terize the temperature at a par-ti
ular emission time we have employed double isotope yield ratios. For asystem at 
hemi
al and thermal equilibrium at a suitably low density, Al-bergo et al. [21℄ have shown that the temperature of the emitting system 
anbe derived dire
tly from the �rst 
han
e emission double isotope yield ratiosof two adja
ent isotopes of two di�erent elements. In a more re
ent work byKolomiets et al. [25℄, essentially the same result is derived when only ther-mal equilibrium is assumed. If the parti
le energies are well 
orrelated withemission time, and se
ondary emission 
ontributions 
ontribute primarilyat the lower energies, derivations of double isotope yield ratio temperaturesas a fun
tion of parti
le energy may be relatively un
ontaminated by se
-ondary emission pro
esses, ex
ept at the lower energies. On the other hand,it should be 
learly noted the apparent temperature derived for the earlieststage, while indi
ative of the parti
le momentum distribution at that emis-sion time, is not the temperature sin
e the dynami
 transport 
al
ulationsindi
ate that the 
ondition of thermal equilibrium is established only aftersome parti
le emission o

urs. Note that the Mekjian model and the modelproposed by Albergo et al. to derive double isotope ratio temperatures [21℄are, in fa
t, equivalent and the assumed validity of this model in
orporating
hemi
al equilibrium is impli
it in all re
ent works whi
h use double isotopeyield ratios to determine temperatures [26�28℄.3.6. TemperatureWe have derived the double isotope yield ratio temperature, THHe, asa fun
tion of, Vsurf from the yields of d; t, 3He and 4He parti
les, again
orre
ted by subtra
ting the 
ontributions asso
iated with the TLF. Thederived temperatures, presented as a fun
tion of Vsurf in the bottom of �g-ure 6, in
rease slowly with proje
tile mass and de
rease with de
reasingVsurf .The QMD 
al
ulations suggest that the system equilibrates rapidly butglobal thermal equilibrium is not 
ompletely established when the �rst par-ti
les are emitted. Thus the temperatures at high Vsurf should be 
onsideredonly as approximations.At the lowest values of Vsurf , values of THHe in the4�5 MeV range, similar to those spe
tral integrated values seen at 
ompara-ble ex
ited energies in other experiments [26�28℄ are observed. Indeed theTHHe values observed in this lower energy region are very similar to those
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al
ulated using the sequential evaporation 
ode GEMINI [29℄. Sin
e spe
-tra at these lower velo
ities may still 
ontain a 
ontribution from late stageevaporation we do not attempt to extra
t emission system sizes for Vsurf <4 
m/ns. 3.7. System sizesTo extra
t nu
lear size information from the P0 and T determinations,both the density matrix formalism of Sato and Yazaki [3℄ and the ther-mal model formalism of Mekjian [4℄ were employed. For this evaluationthe temperature 
hara
terizing the emission spe
trum was set equal to theinstantaneous Albergo temperature at the 
orresponding surfa
e velo
ity.
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Fig. 8. Equivalent sharp radii derived from the Mekjian model. Radii for assumedspheri
al sour
es are presented as a fun
tion of surfa
e velo
ity for d; t, 3He and4He 
lusters. The values of P0 employed are those of �gure 7. Time s
ales derivedfrom CHIMERA QMD model 
al
ulations are indi
ated at the top of the �gure.For both models, we present in �gures 8 and 9, equivalent sharp 
ut-o�radii for assumed spheri
al sour
es as derived from the P0 values presentedin �gure 7. For ea
h model, the sizes derived from the highest velo
ity
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les show little dependen
e on proje
tile type and only for the lowerenergy eje
tiles is a di�eren
e seen. The absolute values of the radii arelarger for deuterons and smaller for alpha parti
les, possibly re�e
ting thevery di�erent binding and spatial extent of these 
lusters [3℄. Su
h di�eren
eshave been indi
ated in previous 
oales
en
e model studies [3�5, 9℄. Thatthe di�eren
es persist in the density matrix model whi
h attempts to takethe 
luster size into a

ount is interesting and, if it does not result fromsimplifying assumptions impli
it in the model, may imply some di�erentfreeze-out densities required for survival of di�erent 
luster spe
ies.
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Fig. 9. Equivalent sharp radii derived from the Sato�Yazaki model. Radii forassumed spheri
al sour
es are presented as a fun
tion of surfa
e velo
ity for d; t,3He and 4He 
lusters. The values of P0 employed are those of �gure 7. Time s
alesderived from CHIMERA QMD model 
al
ulations are indi
ated at the top of the�gure.The size parameters are 
learly di�erent, re�e
ting di�eren
es in themodels. The S�Y model equivalent sharp radii are smaller than the radii ofnormal density nu
lei in this mass range. This is true even if no 
orre
tion ismade for 
luster size and apparently re�e
ts the parti
ular analyti
al formu-
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 Evolution in Intermediate Energy Collisions 1465lation of the Sato�Yazaki model [3℄. The values of thermal model equivalentsharp radii at the highest values of Vsurf are slightly larger than those ex-pe
ted for the 
omposite nu
lei at normal density. At Vsurf = 7 
m/ns they
orrespond approximately to R = 1:3A(1=3) where A is the total entran
e
hannel mass.For 12C indu
ed rea
tions the derived radii for the di�erent parti
lesindi
ate very little 
hange of size during the parti
le emission phase. Pro-gressively larger in
reases of the radii during parti
le emission are indi
atedfor rea
tions with the heavier proje
tiles. While the absolute values of thederived radii are di�erent for the two models, for a given eje
tile, the ratioR(Vsurf = 4 
m/ns)/R(Vsurf = 7 
m/ns), a measure of the relative radiusin
rease, is found to in
rease with proje
tile mass in a very similar fashion inthe two models. Sin
e the derived absolute radii 
an be subje
t to systemati
un
ertainties both in the measurements and in the model assumptions, we
hoose to derive densities at freeze-out from the relative 
hanges averagedover the four parti
les. 3.8. DensitiesTo determine the average density asso
iated with the system whenVsurf = 4 
m/ns. We �rst assumed that the highest velo
ity parti
les areemitted from an obje
t of mass equal to the sum of the masses of the targetand proje
tile nu
lei and of density equal to 0.90 P0 (see �gure 5). We thenused the relative values of the radii derived from the t, 3He and 4He data at4 and 7 
m/ns and took the mass of the primary emitter at Vsurf = 4
m/ns tobe the mass remaining in the target-like sour
e. From the thermal model we�nd that the average densities sampled at Vsurf = 4 
m/ns are 0.81 �0, 0.54�0, 0.45 �0 and 0.36 �0 for the 12C, 22Ne, 40Ar and 64Zn indu
ed rea
tions,respe
tively, with un
ertainties of �20% of these values. The 
orrespondingvalues obtained using the Sato�Yazaki model are 0.94 �0, 0.58 �0, 0.45 �0and 0.38 �0.Our energy-density results presented in �gure 10 are in very reasonableagreement with results of the CHIMERAQMD 
al
ulation when an equationof state with K = 200 MeV is employed. For this soft equation of state the
al
ulations indi
ate entry into the spinodal region to the left of the dashedline, V 2s = 0. A harder equation-of-state with K = 380 MeV results in lessexpansion and poorer agreement with the experimental results.
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Fig. 10. Ex
itation energy-density values at freeze-out. The symbols representthe ex
itation energy-density values (open 
ir
les � Mekjian model, open squares� Sato�Yazaki model) derived from 
oales
en
e model analyses of the light 
lus-ter emission. They are 
ompared to CHIMERA QMD model traje
tories in theex
itation energy per nu
leon-normalized density plane 
al
ulated for 
entral 
olli-sions in the four di�erent systems studied. Cal
ulations for a soft, K = 200 MeV,equation-of-state are represented by solid lines. Cal
ulations for a hard, K = 380MeV, equation-of-state are represented by thi
k dashed lines. The traje
tories startat the time of maximum density. The small dots mark time in
rements of 10 fm/
.Arrows indi
ate the time of �rst emission of parti
les (near 50 fm/
 after 
onta
t).Both times and Qzz values are indi
ated at the minimum 
al
ulated densities (largesolid dots). To the left of the dashed line, V 2s = 0, is the spinodal region.3.9. Calori
 
urveWe present in �gure 11 the double isotope yield ratio temperatures at4.0 
m/ns plotted against ex
itation energy. The results indi
ate a nearly�at 
alori
 
urve with T � 7 MeV at ex
itation energies from 3.5 to 7 MeVper nu
leon. At the higher ex
itation energies, the double isotope yield ratiotemperatures near 7 MeV indi
ated for the expanded low density systemsisolated here are 
onsistent with the limit suggested in our earlier work on
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alori
 
urve for A � 125 nu
lei in whi
h we found a temperature of6:8�0:5 MeV at 4.3 MeV/u ex
itation energy [30℄. The general shape of the
alori
 
urve in �gure 11 
an then be understood as re�e
ting �rst, at lowerex
itations, primarily the washing out of shell e�e
ts and 
olle
tivity [31,32℄and later, at higher energies, the expansion of the system.
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Fig. 11. Calori
 
urve for nu
lei with A � 110. Double isotope yield ratio temper-atures derived in the present work are 
ombined with results reported previouslyby Wada et al. obtained with a di�erent te
hnique [30℄. Dashed lines indi
atetrends of a Fermi gas model 
al
ulation with two di�erent 
hoi
es of level densityparameter. 4. Summary and 
on
lusionsThe work dis
ussed here indi
ates that 
oales
en
e model studies of light
luster emission 
an indeed be used in the intermediate energy regime to fol-low the dynami
 evolution of ex
ited systems. Information on the spa
e-timeevolution of the system 
omplementary to that 
ontained in HBT measure-ments [6, 7℄ 
an be obtained in a relatively simple manner.Both 
lassi
al and quantum mole
ular dynami
s 
al
ulations lead to
alori
 
urves similar to that observed here [33, 34℄. If a temperature limitof thermally equilibrated nu
lei is rea
hed, these 
al
ulations suggest thatthe system 
lusters and the nu
leons with high kineti
 energies stream out



1468 J.B. Natowitz et al.of the expanding system, 
reating a natural limit to the momentum distri-bution and to the ex
itation energy of the remaining nu
leus over a widetransitional region. This is also suggested by the saturation of the Lyapunovexponent in CMD studies [10℄. The evolution of the volume of the systemis very important in determining the 
alori
 
urve [33�35℄. Observed di�er-en
es in 
alori
 
urves extra
ted from di�erent rea
tion systems may re�e
tthe parti
ular dynami
 evolution of the system being studied and great 
aremust be taken to understand this dynami
s.This work was supported by The Robert A. Wel
h Foundation, theUnited States Department of Energy (Grant No. DE-FE05-86ER40256)and the Polish State Committee for S
ienti�
 Resear
h (Grant No. 2 PO3B103 12). REFERENCES[1℄ P.B. Grossiaux, J. Ai
helin, Phys. Rev. C56, 2109 (1997).[2℄ E. Colin et al., Phys. Rev. C57, R1032 (1998).[3℄ H. Sato, K. Yazaki, Phys. Lett. B98, 153 (1981).[4℄ A.Z. Mekjian, Phys. Rev. C17, 1051 (1978); Phys. Rev. Lett. 38, 640 (1977);Phys. Lett. B89, 177 (1980).[5℄ L.P. Csernai, J.I. Kapusta, Phys. Rep. 131, 223 (1986).[6℄ W. Bauer et al., Ann. Rev. Nu
l. and Part. S
i. 42, 77 (1992).[7℄ D. Ardouin, Int. J. Mod. Phys. E6, 391 (1997).[8℄ T.C. Awes et al., Phys. Rev. C25, 2361 (1982).[9℄ T.C. Awes et al., Phys. Rev. C24, 89 (1981).[10℄ V. Latora, et al., Phys. Rev. Lett. 73 1765 (1994); P. Fino

hiaro, et al., Nu
l.Phys. A600, 236 (1996); A. Bonasera, et al., Phys. Rev. Lett. 75, 3434 (1995);A. Bonasera, Phys. World 12, 20 (1999).[11℄ C.O. Dorso et al., Phys. Rev. C60, 34606 (1999).[12℄ R.J. Lenk et al., Phys. Rev. C42, 372 (1990).[13℄ J. Cibor et al., Phys. Lett. B473, 29 (2000).[14℄ K. Hagel et al., submitted to Phys. Rev. C, (Mar
h 2000).[15℄ J. Lukasik, Z. Majka, A
ta Phys. Pol. B24, 1959 (1993).[16℄ Z.Y. He et al., Phys. Rev. C57, 1824 (1998).[17℄ C.J. Gelderloos et al., Phys. Rev. C52, R2834 (1995).[18℄ D.H.E. Gross Phys. Rep. 279, 119 (1997).[19℄ J. Bondorf et al., Nu
l. Phys. A433, 321 (1985).[20℄ W.A. Friedman, Phys. Rev. C42, 667 (1990).



Probing Dynami
 Evolution in Intermediate Energy Collisions 1469[21℄ S. Albergo et al., Nuovo Cimento A89, 1 (1985).[22℄ A. Bonasera, G.F. Berts
h, Phys. Lett. B195, 521 (1987).[23℄ J. Cibor et al., to be published in Isospin Physi
s in Heavy Ion Colli-sions at Intermediate Energies, Nova S
ien
e Publishers, eds B.-A. Li andW.O. S
hroeder.[24℄ N. Marie and the INDRA Collaboration, Phys. Rev. C58, 256 (1998).[25℄ A. Kolomiets et al., Phys. Rev. C55, 1376 (1997).[26℄ J. Po
hodzalla et al., Phys. Rev. Lett. 75, 1040 (1995).[27℄ J.A. Hauger et al., (EOS Collaboration), Phys. Rev. C57, 764 (1998).[28℄ Y.G. Ma et al., Phys. Lett. B390, 41 (1997).[29℄ R.J. Charity et al., Nu
l. Phys. A483, 371 (1988).[30℄ R. Wada et al., Phys. Rev. C39, 497 (1989).[31℄ S. Shlomo, J.B. Natowitz, Phys. Rev. C44, 2878 (1991).[32℄ J.N. De et al., Phys. Rev. C57, 1398 (1998).[33℄ A. Stra
han, C.O. Dorso, Phys. Rev. C58, R632 (1998); Phys. Rev. C59, 285(1999).[34℄ Y. Sugawa, H. Horiu
hi, Phys. Rev. C60, 607 (1999).[35℄ L.G. Moretto et al., Phys. Rev. Lett. 76, 2822 (1996).


