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STUDY OF THERMAL EQUILIBRIUM IN HEAVY IONCOLLISIONS VIA THE MA COINCIDENCEMETHOD � TEST OF APPLICABILITY�Marek KirejzykInstitute of Experimental Physis, Faulty of Physis, Warsaw UniversityHo»a 69, 00-681 Warsaw, Poland(Reeived Deember 17, 2001)The oinidene method of judging whether a system reahed thermalequilibrium is shortly presented. It is used on the model data to test,whether it is appliable in the low-relativisti energy range. Also, the utsorresponding to real detetors are introdued and their in�uene is brie�ydisussed.PACS numbers: 25.75.�q, 24.10.Pa1. IntrodutionThe thermal models have been very suessfully deployed in desribingthe results of heavy-ion ollisions. These models assume that thermal equi-librium is reahed during the ollision and desribe the spetra of reationproduts using thermodynamial onepts of temperature and hemial po-tential, and have been used to desribe single-partile spetra in the largerange of beam energies.On the other hand the question whether the thermal equilibrium hasbeen indeed reahed is not yet answered. One should bear in mind that thenumber of partiles inside a nulear system is relatively small (more then 20orders of magnitude smaller then Avogadro's number), and the time of theollision is very short (about 10-22 s).So far, the main test of the equilibration was the omparison of inlusivepartile spetra and prodution ross-setions with the preditions of ther-mal models. There is, however, another method. It was proposed by Biaªas,Czy» and Wosiek [1℄, and is based on oinidene idea of Ma [2℄.� Presented at the XXVII Mazurian Lakes Shool of Physis, Krzy»e, Poland,September 2�9, 2001. (377)



378 M. KirejzykIn this work the appliability of oinidene method to the heavy-ionollisions in the energy range of SIS aelerator (projetile kineti energy ofaround 1 AGeV) is investigated. An in�uene of the limitations imposedby the existing detetor systems � limited phase spae overage, limitedstatistis, and limited detetion apabilities � is also disussed.2. The methodThis is the brief outline of the arguments presented in [1℄. It should beremembered, that those arguments are based on the assumption, that thesystem an be desribed by a miroanonial ensemble. This may be trueif all the produts are identi�ed and registered, but may ertainly be alledinto question if this is not the ase.One may de�ne thermal equilibrium as a marostate, that onsists of thelargest number of mirostates (or on�gurations). Within this marostate,there is equal probability of �nding eah on�guration.If the number of mirostates within the marostate is denoted by � , eahmirostate is equally probable, and p denotes the probability of �nding anygiven mirostate (on�guration), p is equal to:p = 1� :Now, let us probe the equilibrated marostate and measure N mirosta-tes onstituting it. If p is small (Np� 1), then the probability of �nding thesame mirostate twie is equal to p2. So, the probability of �nding identialmirostates should bePi = Xall states(p2) = � � (p2) = p = 1� :If the number of partiipants and energy put into the system is onstantand the thermodynamial equilibrium is assumed, one may treat every mea-sured event as a on�guration, probing the equilibrated marostate. Thusthe measured event represents a mirostate. In addition one may estimatethe probability Pi by notiing, that it is a probability, that two randomlyseleted events are idential (represent the same mirostate).So, if N on�gurations (events) are measured, and N2 oinidenes (pairsof idential events) are found, it may be onluded thatp = Pi = N212N(N � 1) ;and, therefore, � = 12N(N � 1)N2 :



Study of Thermal Equilibrium in Heavy Ion Collisions : : : 379Now, one is left with the question how to de�ne �idential� events. Oneway to do it is to divide the phase-spae into a lattie (with eah ell havingthe volume �), and �quantify� the events. In suh a ase, if the total phase-spae volume oupied by the marostate is denoted by 
 , one obtains:� = 
� ;and thereforelog(
) + log� 1�� = log�12N(N � 1)�+ log� 1N2� :So, if the system is in equilibrium one may expet a linear dependeneof log(N2) on log(�), log(N2) = a log(�) + b :One should bear in mind two limitations: for large � the assumption ofsmall p breaks down (the extreme ase is when every partile falls withinone giant ell), for small � the number N2 is dominated by statistial �u-tuations, and for very small � the quantum orrelations may in�uene theresults. 3. The appliation of the methodCurrent experiments in relativisti heavy-ion physis impose limitationson any method used to analyse the data. As a rule the phase-spae overageis pretty limited, only seleted lass of produts is registered (for instaneharged baryons), and the number of analysed events is also far from in�-nite. So a model omparison is neessary to hek, whether those limitationspermit the method to be used at all. As an approximate example the CDCdetetor [3℄, part of the FOPI spetrometer at SIS aelerator in GSI Darm-stadt, was hosen.�The data� were provided by the WIX ode [4℄. This is a relativelyfast event maker that uses statistial priniples and thermal equilibriumassumptions. It was used in a �single �reball� mode and was set to reproduethe super-entral Ni+Ni ollision at beam energy of 2 AGeV. Half of theavailable energy was put into olletive mode (radial �ow), the other halfinto thermal mode. Some 6�106 �events� were produed, this number beingbased on past FOPI experiene (when 6�8�106 entral events were registeredduring the run) and some tehnial limits imposed on the analysis.The Ma method was applied to this �data�. Several analyses were per-formed: with all the reation produts taken into aount, and then withonly seleted produt ategories. Following ategories were used: harged



380 M. Kirejzykproduts, free protons, and harged pions. In an additional analysis theangular ut was used in order to introdue the distortions related to lim-ited overage of momentum spae by the detetor. It orresponded to theangular range overed by the CDC detetor.The initial single-partile momentum �ell� size was set to (4GeV/)3(px; py; pz between �2 and 2GeV/), and in subsequent steps it was reduedby a fator of 23. The oinidene analysis was performed in the entre-of-mass system.As disussed in [1℄, real events should be divided into lasses aordingto the multipliity of produed partiles, and the method should appliedto every multipliity lass separately. If all the partiles are taken intoaount, the event multipliity varies from 92 to 139 (with 6 � 106 eventsthose boundaries roughly orrespond to distanes of �5� from the mean),and the relative multipliity spread rises with eah ut applied. In this studythere was no attempt to split the data into multipliity lasses.4. ResultsAll the results are presented on the single �gure. Full symbols denoteresult without angular ut, open symbols � with CDC angular ut. Starsdenote all produts, irles � harged produts, squares � free protons andtriangles � harged pions.By examining this plot one an onlude, that with the �full data� themethod does not produe any meaningful results (only one point). It maybe due to the omplexity of the data (many produt types) and perhaps thestatistis (6 million events) was insu�ient. This is also the ase if a widelass of produts (like all harged partiles) is taken into aount.If the lass of analysed produts is smaller (like unbound protons orharged pions) one may argue that the points seem to approximately followa straight line. Given, however, that the results are on doubly logarithmisale, it an also be argued, that this may be not a real e�et.Introduing momentum uts that orrespond to the existing detetor,learly distorts the results, but (in the ase of protons up to 1 (GeV/)3)perhaps not that muh. The quality of straight-line �t seems to be quitesimilar as in the ase of no momentum ut.The �harged pions in CDC� are unusable for the oinidene analy-sis. It should be noted, that in this ase the event multipliity is relativelysmall, thus making multipliity �utuations large. The smaller-bin resultsare probably dominated by events with multipliity zero and one.
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2Fig. 1. Results of the oinidene analysis. Number of pairs of �idential� events isshown as a funtion of the size of �identity ell�.5. Conlusions and outlookIt appears, that the appliation of Ma method in the low-relativistienergy range is quite di�ult. Large range of reation produts make oin-idenes very rare, and this e�et, ombined with limited statistis, makesidential events to disappear for any striter identity riteria (any smallersize of �identity ell�).On the other hand, it seems to be possible to use the oinidene methodin the ways not envisaged by its authors, namely for limited produt lass inperhaps limited phase spae. One ondition ertainly has to be met � suhproduts must be quite abundant, and the phase spae limits must be wide,so that the results are not dominated by small multipliity events. This wayof proeeding has to be heked arefully, preferably both by model-testingand by theoretial onsiderations.Short term tests may inlude omparing the results presented here withan analysis applied to the data produed by a slightly modi�ed model. Theurrently used model inludes some olletive motion, so one may arguethe results are not purely thermal. There is an analysis going on to hek,whether the �turning o�� those olletivities will produe better results.
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