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NEUTRAL PIONS PRODUCED IN60AMeV Ar+C, Ni, Ag, Au REACTIONS�K. Piase
ki, K. Tymi«ska, T. Matulewi
zInstitute of Experimental Physi
s, Warsaw UniversityHo»a 69, 00-681 Warsaw, Polandand D. d'EnterriaSUBATECH (IN2P3/CNRS, E
ole de Mines, Université de Nantes)BP 20722, 44307 Nantes, Fran
e(Re
eived February 7, 2002)The neutral pion produ
tion was studied in subthreshold 60AMeVAr+C, Ni, Ag, Au rea
tions. A kinemati
al �t pro
edure was appliedfor a reliable re
onstru
tion of neutral pion kinemati
s. The transversemomentum spe
tra are very similar for all studied systems and they arereasonably des
ribed by Boltzmann distributions. The temperature param-eter does not depend on the total energy available in the system. Perpen-di
ular to ba
kward emission of neutral pions is well des
ribed by a simplegeometri
al model of pion reabsorption.PACS numbers: 25.70.�z 1. MotivationThe main goal of this work is to study the me
hanisms of produ
tionand absorption of �0 mesons in nu
lear matter. Parti
ularly, we want toanalyze the physi
al 
hara
teristi
s of neutral pions produ
ed inside the
ollision region of two nu
lei at 60A MeV beam energy, that is at energy pernu
leon well below the threshold in elementary nu
leon�nu
leon 
ollisions.The 
olliding systems were 
hosen in su
h 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. Piase
ki, K. Tymi«ska, T. Matulewi
z, D. d'EnterriaShort-lived neutral pions are usually dete
ted through their two-photonde
ay (BR � 98.8%) [1℄. Subthreshold �0 mesons produ
ed in heavy-ionrea
tions were �rst measured, in 

 invariant mass analysis, by lead-glassCerenkov dete
tors in the eighties [2℄ and more re
ently by BaF2 spe
trom-eters [3℄ of mu
h better invariant mass resolution (from 40% down to 10%,FWHM). 2. ExperimentThe experiment was 
arried out at the KVI fa
ility in Groningen, theNetherlands. The experimental setup 
onsisted of TAPS spe
trometer [4℄and the Forward Wall dete
tor [5, 6℄. The TAPS 
onsisted of 6 blo
ks of64 BaF2 modules, 
overing 17% of the full solid angle. The 60A MeV 36Arbeam was delivered by the super
ondu
ting AGOR 
y
lotron with a bun
hrate of 37.1 MHz and with intensities of 3.0�12.5 nA. The proje
tile ionswere dire
ted on 12C, natNi, natAg and 197Au targets.The reje
tion of 
harged parti
le hits was done with the help of a thinplasti
 s
intillator 
ounter pla
ed in front of ea
h TAPS module. The datapresented here were obtained with the trigger 
ondition that at least twoBaF2modules in separate blo
ks registered neutral hits above 10 MeV energy.3. AnalysisThe raw experimental data were 
alibrated using the FOSTER [7℄ pa
k-age following the analysis pres
riptions des
ribed in ref [8℄. The identi�
a-tion of �0 mesons is based on invariant mass analysis of 
oin
ident pairsof energeti
 photons. The raw data of those pairs is shown in Fig. 1.The invariant mass spe
trum is broadly spread around the �0 mass peak(m�0 � 134:98MeV=
2).
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Fig. 1. Raw invariant mass spe
trum of photon pairs measured in Ar+Au 
ollisions.



Neutral Pions Produ
ed in 60AMeV Ar+C . . . 975The neutral pion 
andidates are presented in a two-dimensional plot inFig. 2 as a fun
tion of invariant mass and opening angle of two photons.They 
an be grouped in two separate regions. One, lo
ated at low openingangles, 
an be attributed to ba
kground events of un
orrelated photons.Sin
e neutral pions from subthreshold rea
tions are produ
ed with lowkineti
 energies, the opening angle between the de
ay photons, �

 , is ratherlarge. Therefore, only events with 2 photons having large opening angles areattributed to �0 de
ays.
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Fig. 2. Invariant mass vs opening angle for the photon pairs dete
ted in Ar+Au
ollisions.The kinemati
al properties of neutral pions were re
onstru
ted from themeasured pion momenta using the kinemati
al �t pro
edure, des
ribed inRef. [9℄. This analysis is based on the event by event �2 minimization ofthe photon momenta with respe
t to the experimental values, requiring theinvariant mass of two photons to be exa
tly equal to the mass of a neutralpion. The method serves as an a

eptan
e 
riterion and �lters out eventson the sele
ted 
on�den
e level (90%). The appli
ation of the kinemati
al�t pro
edures requires that the distortion of the measurements are of statis-ti
al 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 
orre
ted for the a

eptan
e, using the TAPSsimulation 
ode KANE [10℄.



976 K. Piase
ki, K. Tymi«ska, T. Matulewi
z, D. d'Enterria4. ResultsThe transverse momentum spe
tra of neutral pions measured in the foursystems studied here have a very similar shape (Fig. 3). Assuming a ther-modynami
ally equilibrated sour
e of pions, the transverse momentum dis-tribution 
an be des
ribed 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 spe
trum, the temperature parameter
an be extra
ted. The spe
tra are well reprodu
ed in terms of �2 analysis,however some dis
repan
y pointing to a non-thermal behavior 
an be ob-served. More detailed dis
ussion on this point would require better statisti
sof the measured spe
trum. The good des
ription of the spe
trum by Eq. (1)does not imply that the sour
e is thermodynami
ally equilibrated. The tem-perature just serves as a parameter des
ribing the spe
trum.
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tra of neutral pions measured in four 
ollidingsystems (Ar+C, Ni, Ag, Au). The lines represent Boltzmann distributions �ttedto the data.



Neutral Pions Produ
ed in 60AMeV Ar+C . . . 977The temperature parameters obtained for all four studied systems andfor the Kr+Ni rea
tion at 60A MeV [11℄ are very 
lose to ea
h other. Theaverage temperature parameter equals to T = 15:6 � 0:8MeV. We do notobserve any 
hange of the temperature parameter as a fun
tion of the to-tal energy available in the nu
leus�nu
leus (AA) 
ollisions (Fig. 4). Thisobservation is 
onsistent with the assumption that subthreshold pions areprodu
ed in the �rst stage of the 
ollision and gather energy ne
essary fortheir produ
tion from the 
oupling of the beam momentum with the internalFermi momentum of the nu
leons.
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Fig. 4. Temperature parameter as a fun
tion of the available energy in AA 
enter-of-mass, �tted to pT spe
tra 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 perpendi
ularly. This is 
aused by di�erent pathsneutral pions have to pass through the nu
lear matter for those two 
ases.The rapidity spe
tra in the range of the dete
tor a

eptan
e �1:0<y<0:5are shown in Fig. 5. The forward emitted pions do not fall within the a
-
eptan
e window. In this situation, the e�e
ts of pion reabsorption 
an bestudied by the 
omparison of the number of pions emitted perpendi
ularly( p? > jpjjj ) to those ba
kward emitted.The ratio of those two numbers (Fig. 6) shows a weak dependen
e onthe target mass. The same ratio was 
al
ulated within a geometri
al modelof pion reabsorption [12℄. Assuming a �xed pion absorption length, �, themodel fails to reprodu
e the light target results. However, introdu
tionof a momentum-dependent absorption length, �(p) de
reasing at very lowmomenta [13℄, des
ribes the data very well. A very strong e�e
t is predi
tedfor very low mass targets. However, the model fails to reprodu
e the angular
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Neutral Pions Produ
ed in 60AMeV Ar+C . . . 979distribution of ba
kward emitted neutral pions in 12C+7Li rea
tion [12℄.Therefore, the appli
ability of the model to low-mass systems may not beappropriate, although it works well for �+Mg system.5. Con
lusions and perspe
tivesThe analysis of neutral pions produ
ed in 60A MeV Ar-indu
ed rea
-tions on C, Ni, Ar and Au targets 
on�rms the idea that subthreshold pionprodu
tion takes pla
e in the �rst stages of the 
ollision. The temperatureparameters of the spe
tra do not depend on the total energy available in thesystem.The study of the rapidity spe
tra within a simple geometri
al modelpermits us to des
ribe quantitatively the reabsorption of the pions usinga momentum dependent absorption length.The analysis of neutral pions produ
ed in 95A MeV Ar-indu
ed rea
tionson 12C, natAr, natNi, natAg and 197Au is in progress.We thank the members of the TAPS Collaboration who parti
ipatedin the KVI experimental 
ampaign in 1997. This work was supported inpart by the Polish State Committee for S
ienti�
 Resear
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