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NEUTRAL PIONS PRODUCED IN60AMeV Ar+C, Ni, Ag, Au REACTIONS�K. Piaseki, K. Tymi«ska, T. MatulewizInstitute of Experimental Physis, Warsaw UniversityHo»a 69, 00-681 Warsaw, Polandand D. d'EnterriaSUBATECH (IN2P3/CNRS, Eole de Mines, Université de Nantes)BP 20722, 44307 Nantes, Frane(Reeived February 7, 2002)The neutral pion prodution was studied in subthreshold 60AMeVAr+C, Ni, Ag, Au reations. A kinematial �t proedure was appliedfor a reliable reonstrution of neutral pion kinematis. The transversemomentum spetra are very similar for all studied systems and they arereasonably desribed by Boltzmann distributions. The temperature param-eter does not depend on the total energy available in the system. Perpen-diular to bakward emission of neutral pions is well desribed by a simplegeometrial model of pion reabsorption.PACS numbers: 25.70.�z 1. MotivationThe main goal of this work is to study the mehanisms of produtionand absorption of �0 mesons in nulear matter. Partiularly, we want toanalyze the physial harateristis of neutral pions produed inside theollision region of two nulei at 60A MeV beam energy, that is at energy pernuleon well below the threshold in elementary nuleon�nuleon ollisions.The olliding systems were hosen in suh a way that they over a widerange of masses.� Presented at the VI TAPS Workshop, Krzy»e, Poland, September 9�13, 2001.(973)



974 K. Piaseki, K. Tymi«ska, T. Matulewiz, D. d'EnterriaShort-lived neutral pions are usually deteted through their two-photondeay (BR � 98.8%) [1℄. Subthreshold �0 mesons produed in heavy-ionreations were �rst measured, in  invariant mass analysis, by lead-glassCerenkov detetors in the eighties [2℄ and more reently by BaF2 spetrom-eters [3℄ of muh better invariant mass resolution (from 40% down to 10%,FWHM). 2. ExperimentThe experiment was arried out at the KVI faility in Groningen, theNetherlands. The experimental setup onsisted of TAPS spetrometer [4℄and the Forward Wall detetor [5, 6℄. The TAPS onsisted of 6 bloks of64 BaF2 modules, overing 17% of the full solid angle. The 60A MeV 36Arbeam was delivered by the superonduting AGOR ylotron with a bunhrate of 37.1 MHz and with intensities of 3.0�12.5 nA. The projetile ionswere direted on 12C, natNi, natAg and 197Au targets.The rejetion of harged partile hits was done with the help of a thinplasti sintillator ounter plaed in front of eah TAPS module. The datapresented here were obtained with the trigger ondition that at least twoBaF2modules in separate bloks registered neutral hits above 10 MeV energy.3. AnalysisThe raw experimental data were alibrated using the FOSTER [7℄ pak-age following the analysis presriptions desribed in ref [8℄. The identi�a-tion of �0 mesons is based on invariant mass analysis of oinident pairsof energeti photons. The raw data of those pairs is shown in Fig. 1.The invariant mass spetrum is broadly spread around the �0 mass peak(m�0 � 134:98MeV=2).
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Fig. 1. Raw invariant mass spetrum of photon pairs measured in Ar+Au ollisions.



Neutral Pions Produed in 60AMeV Ar+C . . . 975The neutral pion andidates are presented in a two-dimensional plot inFig. 2 as a funtion of invariant mass and opening angle of two photons.They an be grouped in two separate regions. One, loated at low openingangles, an be attributed to bakground events of unorrelated photons.Sine neutral pions from subthreshold reations are produed with lowkineti energies, the opening angle between the deay photons, � , is ratherlarge. Therefore, only events with 2 photons having large opening angles areattributed to �0 deays.
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Fig. 2. Invariant mass vs opening angle for the photon pairs deteted in Ar+Auollisions.The kinematial properties of neutral pions were reonstruted from themeasured pion momenta using the kinematial �t proedure, desribed inRef. [9℄. This analysis is based on the event by event �2 minimization ofthe photon momenta with respet to the experimental values, requiring theinvariant mass of two photons to be exatly equal to the mass of a neutralpion. The method serves as an aeptane riterion and �lters out eventson the seleted on�dene level (90%). The appliation of the kinematial�t proedures requires that the distortion of the measurements are of statis-tial nature, so the �2 analysis an be quantitative. This ondition narrowsthe invariant mass window for -events down to 112�155 MeV/2 range.Subsequently the data were orreted for the aeptane, using the TAPSsimulation ode KANE [10℄.



976 K. Piaseki, K. Tymi«ska, T. Matulewiz, D. d'Enterria4. ResultsThe transverse momentum spetra of neutral pions measured in the foursystems studied here have a very similar shape (Fig. 3). Assuming a ther-modynamially equilibrated soure of pions, the transverse momentum dis-tribution an be desribed by the formuladNdpT = ApTmT exp� �mTT � ; (1)where mT =qp2T +m2� is the transverse mass, pT is the transverse momen-tum, A is a normalization oe�ient and T is an apparent temperature.Fitting Eq. (1) to the experimental spetrum, the temperature parameteran be extrated. The spetra are well reprodued in terms of �2 analysis,however some disrepany pointing to a non-thermal behavior an be ob-served. More detailed disussion on this point would require better statistisof the measured spetrum. The good desription of the spetrum by Eq. (1)does not imply that the soure is thermodynamially equilibrated. The tem-perature just serves as a parameter desribing the spetrum.
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pT (MeV)Fig. 3. Transverse momentum spetra of neutral pions measured in four ollidingsystems (Ar+C, Ni, Ag, Au). The lines represent Boltzmann distributions �ttedto the data.



Neutral Pions Produed in 60AMeV Ar+C . . . 977The temperature parameters obtained for all four studied systems andfor the Kr+Ni reation at 60A MeV [11℄ are very lose to eah other. Theaverage temperature parameter equals to T = 15:6 � 0:8MeV. We do notobserve any hange of the temperature parameter as a funtion of the to-tal energy available in the nuleus�nuleus (AA) ollisions (Fig. 4). Thisobservation is onsistent with the assumption that subthreshold pions areprodued in the �rst stage of the ollision and gather energy neessary fortheir prodution from the oupling of the beam momentum with the internalFermi momentum of the nuleons.
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Fig. 4. Temperature parameter as a funtion of the available energy in AA enter-of-mass, �tted to pT spetra for di�erent olliding systems at 60 A MeV.The reabsorption of pions an be ompared by looking at their emissionpatterns. Pions emitted parallel to the beam axis undergo stronger absorp-tion than those emitted perpendiularly. This is aused by di�erent pathsneutral pions have to pass through the nulear matter for those two ases.The rapidity spetra in the range of the detetor aeptane �1:0<y<0:5are shown in Fig. 5. The forward emitted pions do not fall within the a-eptane window. In this situation, the e�ets of pion reabsorption an bestudied by the omparison of the number of pions emitted perpendiularly( p? > jpjjj ) to those bakward emitted.The ratio of those two numbers (Fig. 6) shows a weak dependene onthe target mass. The same ratio was alulated within a geometrial modelof pion reabsorption [12℄. Assuming a �xed pion absorption length, �, themodel fails to reprodue the light target results. However, introdutionof a momentum-dependent absorption length, �(p) dereasing at very lowmomenta [13℄, desribes the data very well. A very strong e�et is preditedfor very low mass targets. However, the model fails to reprodue the angular
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Neutral Pions Produed in 60AMeV Ar+C . . . 979distribution of bakward emitted neutral pions in 12C+7Li reation [12℄.Therefore, the appliability of the model to low-mass systems may not beappropriate, although it works well for �+Mg system.5. Conlusions and perspetivesThe analysis of neutral pions produed in 60A MeV Ar-indued rea-tions on C, Ni, Ar and Au targets on�rms the idea that subthreshold pionprodution takes plae in the �rst stages of the ollision. The temperatureparameters of the spetra do not depend on the total energy available in thesystem.The study of the rapidity spetra within a simple geometrial modelpermits us to desribe quantitatively the reabsorption of the pions usinga momentum dependent absorption length.The analysis of neutral pions produed in 95A MeV Ar-indued reationson 12C, natAr, natNi, natAg and 197Au is in progress.We thank the members of the TAPS Collaboration who partiipatedin the KVI experimental ampaign in 1997. This work was supported inpart by the Polish State Committee for Sienti� Researh (KBN) grantno. 2P03B 013 14. REFERENCES[1℄ Partile Data Group. Eur. Phys. J. C3, 1 (1998).[2℄ J. Stahel et al., Phys. Rev. C33, 1420 (1986).[3℄ A. Gabler et al., Nul. Instrum. Methods A346, 168 (1994).[4℄ H. Ströher, Nul. Phys. News 6, 7 (1996).[5℄ H. Leegte, Ph D. thesis, Rijks Universiteit Groningen, 1992[6℄ M. Hoefman, Ph D. thesis, Rijks Universiteit Groningen, 1999[7℄ http://www-subateh.in2p3.fr/�photons/taps/foster/[8℄ F. M. Marques et al., Nul. Instrum. Methods A365, 362 (1995).[9℄ K. Korzeka, T. Matulewiz, Nul. Instrum. Methods A453 (2000) 606[10℄ http://www-subateh.in2p3.fr/�photons/taps/kane/.[11℄ A. Marin et al., Nouvelles du GANIL 57, 17 (1996).[12℄ K. Tymi«ska et al., Ata Phys. Pol. B33, 981 (2002).[13℄ R. Mehrem et al., Phys. Rev. C30, 301 (1984).


