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1450 J.B. Natowitz et al.1. IntrodutionWhen a entral ollision of two heavy nulei leads to multifragmentationof an expanded and equilibrated nuleus the thermal shok and ompressionwhih result an ause the nuleus to expand to low density, luster anddisassemble. In order to understand the properties of highly exited nuleiprodued in heavy ion ollisions it is very desirable to extrat, diretly fromthe experimental data if possible, information on the dynamial and ther-modynamial evolution of the interation region and the extent to whihequilibration of various degrees of freedom, thermal, hemial, isospin, et.,is realized.
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EQUILIBRIUM EMISSION ?Fig. 1. Shemati piture of ollision leading to expansion and multifragmentation.Figure 1 presents a shemati piture in whih entral ollision of twoheavy nulei leads to multifragmentation. The ollision produes a thermalshok and some ompression. Reating to this, the nuleus 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 hemially equilibrated nuleus. In pratie this ideal statemay not be reahed and the �nal produt distribution may inlude fragmentsand partiles originating from non-equilibrium proesses and re�eting or-relations already present in the separated projetile and target nulei [1, 2℄.Distinguishing between these di�erent prodution mehanisms of fragmentand light partile prodution is di�ult but essential to our understandingof the multifragmentation proess.We are urrently attempting to employ oalesene model analyses oflight partile emission to probe the size of the emitting system in theseollisions. The very similar formal strutures of suh models applied inboth non-equilibrium and equilibrium onditions [3�5℄ suggest that they anprovide a natural framework for this purpose. Under suitable onditionsextration of oalesene radii provides size information the analogous to



Probing Dynami Evolution in Intermediate Energy Collisions 1451that obtained in partile�partile orrelation measurements [6,7℄. The mainpredition of oalesene models is the existene of a power law relationshipbetween omplex lusters and nuleons [5℄. The ross setion for emission ofa light luster of mass number A, ontaining Z protons and N neutrons isrelated to the ross setion for emission of protons and neutrons at the samemomentum per nuleon. In pratie the equation is often modi�ed to takeinto aount the fat that neutron ross setions are usually not measured inexperiments, therefore an assumption is made that the neutron and protonmomentum distributions are the same (exept for a Coulomb shift) and theirrelative yields are given by the isospin of the ombined system. The equationthen beomes:d3NAdp3 = RNnp 1N !Z!�2s+ 12A ��4�3 P 30�A�1�d3Npdp3 �A ; (1)where P0 represents the radius in the momentum spae, and s is the lusterspin. The fator Rnp is the ratio of neutron and proton numbers, usuallytaken to be those in the omposite system formed from the projetile andtarget nulei; i.e., Rnp = (Nt +Np)=(Zt + Zp).Although originally reated for high and relativisti energy ollisions,the oalesene model has been applied to reations over a wide range ofenergies, even to reations with beam energy as low as 9A MeV [8℄. At lowerbeam energies, however, ertain problems emerge. The most important one,whih annot be negleted, is the Coulomb repulsion between the soureand the outgoing partile. To aount for this Awes et al. [9℄ presented aCoulomb orreted oalesene model. In the laboratory frame their derivedrelationship between the di�erential ross setion 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 perharge unit between the soure and outgoing partile and m is the nu-leon mass. The double di�erential multipliities d2N(Z;N;EA)=dEAd
and d2N(1; 0; E)=dEd
 for a luster A and protons, respetively, should betaken at the energies orresponding to the same surfae veloity; i.e., theveloity before Coulomb aeleration. Thus EA = AE �NE.Various formulations of the oalesene model have been proposed toestablish the relationship between the oalesene parameter P0 and thesize of the interation 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 approah is that thermal and hemial equilibriumare not required. Sato and Yazaki showed that the oalesene volume isrelated to the internal wave funtion of the omposite partile and the spatialdistribution of the onstituent partiles 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, respetively, haraterize the spatial extent of the emitterand emitted luster wave funtions (assumed to be Gaussian), s is the spin ofthe luster and Rnp is the neutron to proton ratio of the oalesene soure.While this model does not assume thermal or hemial equilibrium it doesontain a temperature-like parameter,�T = ~22m0T (4)whih haraterizes the momentum distribution of the ontributing partilesat the time of emission. The numerial values of �A are 0.20 fm�2 fordeuterons, 0.36 fm�2 for tritons and 3He and 0.58 fm�2 for alpha partiles [3℄.The equivalent sharp radius of the soure is given by R =p5=2�.The thermal oalesene model was introdued by Mekjian [4℄. His modelassumes that hemial equilibrium has been reahed and the partiles areemitted at the freeze-out density where the interations 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 soure is assumed to be spherial its radius is given byR = �3V4� �(1=3) :For very high temperatures the fator eE0=T is approximately equal to 1 andthe relation between P0 and V orresponds simply to what is expeted fromthe phase spae density. It should be noted that in this equilibrium modelthe luster yields are related to observed nuleon yields, in ontrast to non-equilibrium oalesene models where they are related to primary nuleonyields.



Probing Dynami Evolution in Intermediate Energy Collisions 14532. Moleular dynamis and system evolutionTo explore the utility of the oalesene model to follow the evolutionof a nulear-like system, we have turned to lassial moleular dynamissimulations. Suh simulations allow us to eluidate the relationship betweenluster yields and the properties of the emitting system in a straight-forwardfashion. CMD is exat at a lassial level; i.e., it ontains all the orrela-tions neessary to build �nite systems and, at su�iently high exitationenergy, to follow their disassembly. Thus if we follow the dynamis 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 alulatethe orresponding P0 and dedue the apparent size of the disassembling sys-tem. Most importantly we an test the basi ingredients of the models, suhas the possible ourrene of hemial equilibrium, as assumed in thermaloalesene models [4℄.The CMD model of Latora et al. [10℄ was used to simulate disassembly inthe absene of a Coulomb �eld. In that model the spinless partiles interatthrough Yukawa two-body potentials. The potential between two identialpartiles is purely repulsive while for non-idential partiles the potentialis repulsive at short range and attrative at long range. The ground state�nulei� have a deuteron-like luster struture. This is of ourse very di�erentfrom real �nite nulei where, at most, some alpha struture 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 alulation we initially prepared the nuleus in its groundstate (a solid) and give to its partiles some momenta orresponding to aMaxwell Boltzmann distribution at temperature T . In this way we knowthe initial soure radius and exitation energy. Beause of this initial T(or exitation 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, whih are thenwell separated, are onstruted. We stress that all the formulas employedfor the oalesene model are perfetly valid for this lassial system apartfrom some obvious modi�ations suh as setting the spins of the partilesequal to zero. All P0 values presented were alulated using observed �nalnuleon yields.In these lassial systems the exitation energy per nuleon is propor-tional to (3=2)T , while in the nulear system it is initially proportional toT 2=K where K is in the range of 8�15. As a result, at a partiular tempera-ture, the exitation energy per nuleon in the lassial system is signi�antly



1454 J.B. Natowitz et al.higher than that of the nulear system. In the lassial system this 5 MeVtemperature is above the ritial temperature and the expansion is fairlyexplosive [10�12℄.
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Fig. 2. (a) P0 vs deuteron veloity (in units of a thermal veloity) and (b) P0 saledwith the soure masses both at T = 5 MeV. Results are presented for A = 20, 50and 100.In �gure 2(a) we show P0 vs. veloity (in units of a thermal veloityvT = p4T=m), and in �gure 2(b) the same data saled by the total mass(divided by 100) to the 1=3 power. P0 dereases as the mass inreases. Thesaling with the ube root of A is quite good and learly demonstrates thatP0 gives diret information about the size of the system. This result followsdiretly from the Law of Mass Ation [4℄.It is lear from �gure 2 that the value of P0 depends on the partileveloity v, and is smaller at lower v. This indiates that, at the time whenthe less energeti partiles are emitted, the system has expanded. Thereforedi�erent veloities orrespond to di�erent soure sizes and times of emission.To explore further the relation between time of emission and veloity ofthe partile we have repeated the T = 5 MeV alulation, stopping thealulation at 100 fm/.In �gure 3(a) the alulated values of P0 obtained from deuteron yieldsat 100 fm/ (open squares) are ompared with those determined from theearlier alulation whih extended to 1000 fm/ (full irles). Notie that the
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1456 J.B. Natowitz et al.In the �gure we see that those very energeti partiles have to be initiallyquite lose in r-spae in order to form a deuteron. In fat, on averagetheir starting distane is less than 1 fm, whih is smaller than the deuteronradius of about 1.5 fm. If two energeti partiles are lose both in r andp-spae, they oalese and form the deuteron. On the other hand, lowerenergy deuterons are made of nuleons that an be loated quite far apart inr-spae at time t = 0. These nuleons wander inside the system and it isonly at larger time that they �nd eah other to form the deuteron. Fromthis result it is quite lear that a statistial model seems unjusti�ed forpartiles of high energy but might be appliable for emission of lower energypartiles. Within the CMD approah the possibility of hemial equilibriumas assumed by referene [4℄ beomes more probable for the less energetipartiles.Finally in �gure 4, we plot radii derived from P0 for A=100 at var-ious temperatures. Notie the large di�erene between the Sato�Yazakiand Mekjian model results. In addition to re�eting the luster size or-
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Probing Dynami Evolution in Intermediate Energy Collisions 1457retion ontained in the Sato�Yazaki density matrix model, this di�erenearises from the di�erent temperature dependenies in the two models. Morespei�ally it arises from the e�BE=T term in the thermal model approah,all the other terms being equivalent in the two formalisms. Sine in CMDthe lusters are quite strongly bound as ompared to real nulei, the BEterm beomes very important, resulting in the large disrepany at small T .The two approahes give loser results at high T where the BE term anbe negleted. The very large values derived from the thermal model at lowT argue against the assumption of hemial equilibrium for the partiularases onsidered, whih as we have already noted, are quite explosive.3. Appliation to intermediate energy nulear ollisionsTo make a quantitative evaluation of the utility of oalesene modeltehniques in following the dynamis of expanding systems we reently usedthe ombined TAMU CsI Ball-Neutron Ball detetion system to detetlight harged partiles, fragments and neutrons emitted in the reations of12C + 116Sn, 22Ne + Ag, 40Ar + 100Mo and 64Zn + 89Y, all at 47A MeVprojetile energy [13, 14℄. In QMD transport model alulations with theode, CHIMERA [15℄, the partiular set of target and projetile ombina-tions used in our experiment are predited to lead, after pre-equilibriumemission of partiles, to exited omposite nulei of very similar mass buthaving exitation energies and degrees of expansion whih inrease with in-reasing projetile mass. Violent events orresponding to the 10% of thereation ross setion having the highest harged partile and neutron mul-tipliities were seleted for detailed oalesene model analyses. For suhevents multifragment emission was observed to beome inreasingly moreprobable as the projetile mass inreases. 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 nuleon and light luster emission asa funtion of partile veloity, basing our approah on oalesene modeltehniques [3�5, 9℄. The possible appliation of the oalesene approah asa funtion of ejetile veloity to follow the dynamis of an expanding systemis already suggested by the disussion of the lassial moleular dynamisalulations for expanding systems, presented in the previous setion and isreinfored by results of simulations arried out with the QMD model ode,CHIMERA [15℄ (see �gure 5). In the alulations for 47A MeV proje-tiles, the �rst light partiles are emitted at �50 fm/ after ontat. Theseand subsequent pre-equilibrium partiles remove signi�ant amounts of bothmass and energy from the expanding omposite nulei. For eah reation
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Probing Dynami Evolution in Intermediate Energy Collisions 1459and lusters for all four systems studied [13,14℄. This is a strong signature forthe dominane of dynami (rather than statistial) emission of these higherkineti energy partiles.A ommon tehnique to haraterize light partile emission in this en-ergy range has been to �t the observed spetra assuming ontributions fromthree soures, a projetile-like (PLF) soure, an intermediate veloity (NN)soure and a target-like (TLF) soure. Suh a soure �t was employed toestimate the multipliities and energy emission at eah stage of the rea-tion. We emphasize that the event seletion is on the most violent andpresumably more entral ollisions. In the �tting proess, whih assumesisotopi emission and a Maxwellian spetral shape in the partiular soureframe onsidered, aounting for forward emitted partiles with projetile-like veloities requires the PLF soure. We onsider these partiles to be ofpre-equilibrium emission origin and not to be evaporated from a fragment.From the multipliities of emitted speies assoiated with eah soure themasses and exitation energies of the hot nulei whih remain after the early(PLF and NN) emission were determined. The mass numbers, obtained bysubtrating the mass removed by projetile-soure and intermediate sourepartiles from the total entrane hannel mass are �110. The exitationenergies, determined using alorimetri tehniques to evaluate the exita-tion of the TLF soure, inreased with projetile mass from 2.6 MeV/u for12C+ 116Sn to 6.9 MeV/u for 64Zn + 89Y. While the soure �ts establish aqualitative or semi-quantitative piture of ejetile soures and system evolu-tion following the time evolution of a ontinuously evolving system in moredetail than has previously been attempted requires a more sophistiatedapproah. 3.3. Determination of the oalesene parameter, P0Beause 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 partile spetra, as isommon in previous work. Instead, for d; t, 3He and 4He, P0 was alulatedas a funtion of Vsurf , the veloity of the partile at the nulear surfae priorto Coulomb aeleration, using the Coulomb orreted oalesene modelformalism of Awes et al. [9℄, Eq. (2).To minimize ontributions from seondary deays our analysis was per-formed using spetra from whih the TLF ontributions were removed bysubtration of the target-like-soure yields obtained in the soure �ts fromthe observed experimental yields at angles where the PLF soure is negligi-ble. In this work P0 was determined using the observed proton yields. Thishoie is at least onsistent with the apparent suesses of statistial modelswhih assume the existene of equilibrium or near-equilibrium onditions inhot expanding nulei [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 funtion 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 nuleons� [21℄ whih partiipate in the oalesene. In Eqs (1)�(3),Np, Nt, Zp and Zt enter the equation beause measurements whih inludeneutron information are relatively rare. It has typially been assumed, inmost oalesene model analyses, that the neutron energy spetra are iden-tial in shape to the Coulomb orreted proton spetra 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 neutronspetra are not measured. However, sine within the framework of the oa-lesene model the yield ratios of two isotopes whih di�er by one neutronare essentially determined by the e�etive N=Z ratio in the oalesene vol-ume. We have used values derived diretly from the observed triton to 3Heyield ratio to determine the N=Z ratio used in this analysis. This use of
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1462 J.B. Natowitz et al.evaporative deay of the target-like soure or seondary deay from lightfragments [24℄, not removed by the �tting proess, may still ontribute.3.5. Size evolution of the emitting systemFor eah model, deriving the size of the system from P0 also requiresknowledge of the temperature. To haraterize the temperature at a par-tiular emission time we have employed double isotope yield ratios. For asystem at hemial and thermal equilibrium at a suitably low density, Al-bergo et al. [21℄ have shown that the temperature of the emitting system anbe derived diretly from the �rst hane emission double isotope yield ratiosof two adjaent isotopes of two di�erent elements. In a more reent work byKolomiets et al. [25℄, essentially the same result is derived when only ther-mal equilibrium is assumed. If the partile energies are well orrelated withemission time, and seondary emission ontributions ontribute primarilyat the lower energies, derivations of double isotope yield ratio temperaturesas a funtion of partile energy may be relatively unontaminated by se-ondary emission proesses, exept at the lower energies. On the other hand,it should be learly noted the apparent temperature derived for the earlieststage, while indiative of the partile momentum distribution at that emis-sion time, is not the temperature sine the dynami transport alulationsindiate that the ondition of thermal equilibrium is established only aftersome partile emission ours. Note that the Mekjian model and the modelproposed by Albergo et al. to derive double isotope ratio temperatures [21℄are, in fat, equivalent and the assumed validity of this model inorporatinghemial equilibrium is impliit in all reent works whih use double isotopeyield ratios to determine temperatures [26�28℄.3.6. TemperatureWe have derived the double isotope yield ratio temperature, THHe, asa funtion of, Vsurf from the yields of d; t, 3He and 4He partiles, againorreted by subtrating the ontributions assoiated with the TLF. Thederived temperatures, presented as a funtion of Vsurf in the bottom of �g-ure 6, inrease slowly with projetile mass and derease with dereasingVsurf .The QMD alulations suggest that the system equilibrates rapidly butglobal thermal equilibrium is not ompletely established when the �rst par-tiles 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 spetral integrated values seen at ompara-ble exited energies in other experiments [26�28℄ are observed. Indeed theTHHe values observed in this lower energy region are very similar to those



Probing Dynami Evolution in Intermediate Energy Collisions 1463alulated using the sequential evaporation ode GEMINI [29℄. Sine spe-tra at these lower veloities may still ontain a ontribution from late stageevaporation we do not attempt to extrat emission system sizes for Vsurf <4 m/ns. 3.7. System sizesTo extrat nulear 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 haraterizing the emission spetrum was set equal to theinstantaneous Albergo temperature at the orresponding surfae veloity.
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Fig. 8. Equivalent sharp radii derived from the Mekjian model. Radii for assumedspherial soures are presented as a funtion of surfae veloity for d; t, 3He and4He lusters. The values of P0 employed are those of �gure 7. Time sales derivedfrom CHIMERA QMD model alulations are indiated at the top of the �gure.For both models, we present in �gures 8 and 9, equivalent sharp ut-o�radii for assumed spherial soures as derived from the P0 values presentedin �gure 7. For eah model, the sizes derived from the highest veloity



1464 J.B. Natowitz et al.partiles show little dependene on projetile type and only for the lowerenergy ejetiles is a di�erene seen. The absolute values of the radii arelarger for deuterons and smaller for alpha partiles, possibly re�eting thevery di�erent binding and spatial extent of these lusters [3℄. Suh di�ereneshave been indiated in previous oalesene model studies [3�5, 9℄. Thatthe di�erenes persist in the density matrix model whih attempts to takethe luster size into aount is interesting and, if it does not result fromsimplifying assumptions impliit in the model, may imply some di�erentfreeze-out densities required for survival of di�erent luster speies.
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Fig. 9. Equivalent sharp radii derived from the Sato�Yazaki model. Radii forassumed spherial soures are presented as a funtion of surfae veloity for d; t,3He and 4He lusters. The values of P0 employed are those of �gure 7. Time salesderived from CHIMERA QMD model alulations are indiated at the top of the�gure.The size parameters are learly di�erent, re�eting di�erenes in themodels. The S�Y model equivalent sharp radii are smaller than the radii ofnormal density nulei in this mass range. This is true even if no orretion ismade for luster size and apparently re�ets the partiular analytial formu-



Probing Dynami 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-peted for the omposite nulei at normal density. At Vsurf = 7 m/ns theyorrespond approximately to R = 1:3A(1=3) where A is the total entranehannel mass.For 12C indued reations the derived radii for the di�erent partilesindiate very little hange of size during the partile emission phase. Pro-gressively larger inreases of the radii during partile emission are indiatedfor reations with the heavier projetiles. While the absolute values of thederived radii are di�erent for the two models, for a given ejetile, the ratioR(Vsurf = 4 m/ns)/R(Vsurf = 7 m/ns), a measure of the relative radiusinrease, is found to inrease with projetile mass in a very similar fashion inthe two models. Sine the derived absolute radii an be subjet to systematiunertainties both in the measurements and in the model assumptions, wehoose to derive densities at freeze-out from the relative hanges averagedover the four partiles. 3.8. DensitiesTo determine the average density assoiated with the system whenVsurf = 4 m/ns. We �rst assumed that the highest veloity partiles areemitted from an objet of mass equal to the sum of the masses of the targetand projetile nulei 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 = 4m/ns tobe the mass remaining in the target-like soure. 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 indued reations,respetively, with unertainties 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 alulation when an equationof state with K = 200 MeV is employed. For this soft equation of state thealulations indiate 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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Probing Dynami Evolution in Intermediate Energy Collisions 1467the alori urve for A � 125 nulei in whih we found a temperature of6:8�0:5 MeV at 4.3 MeV/u exitation energy [30℄. The general shape of thealori urve in �gure 11 an then be understood as re�eting �rst, at lowerexitations, primarily the washing out of shell e�ets and olletivity [31,32℄and later, at higher energies, the expansion of the system.
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