
Vol. 33 (2002) ACTA PHYSICA POLONICA B No 3
DEEP SUBTHRESHOLD PION AND HARD PHOTONPRODUCTION IN 36Ar + 197Au � 25A MeV�Nadia Yahlalia and José Díaza;bfor the TAPS CollaborationaInstituto de Físi
a Corpus
ular, Universidad de Valen
ia-CSICEdi�
io de Institutos de Investiga
iónApdo. de 
orreos 22085, 46071 Valen
ia, SpainbSUBATECH, E
ole des Mines de Nantes4, rue Alfred Kastler, 44070 Nantes Cedex 03, Fran
e(Re
eived February 14, 2002)New data on deep subthreshold pion and hard photon produ
tion in36Ar on 197Au 
ollisions at 25A MeV beam energy are presented. The ex-periment was performed with the spe
trometer TAPS (Two-Arm-Photon-Spe
trometer) at the AGOR 
y
lotron at KVI (The Netherlands). Pre-liminary results of hard photon and pion produ
tion at this very deepsubthreshold energy are reported.PACS numbers: 24.10.Pa, 25.75.Dw, 29.40.M
1. Introdu
tionOne of the most interesting and yet not fully understood phenomenaobserved in nu
leus�nu
leus 
ollisions is the produ
tion of pions at ener-gies per nu
leon signi�
antly lower than the free nu
leon�nu
leon threshold.The main questions this observation arises are how su�
ient energy is madeavailable in the rea
tion for the 
reation of these parti
les and whi
h are theelementary me
hanisms of their produ
tion in this deep subthreshold regime.An explanation of this phenomenon has been given [1℄ 
onsidering the ad-ditional energy ne
essary to over
ome the free nu
leon�nu
leon thresholdas resulting from the 
oupling of the bound nu
leon Fermi momenta to themomentum of the relative motion of the 
olliding nu
lei. This is howevernot expe
ted to be the only me
hanism involved in the pion produ
tion pro-
ess at arbitrarily low beam energies per nu
leon. Colle
tive me
hanisms,where pions are 
reated as a 
ooperative and 
oherent pro
ess of all par-ti
ipating nu
leons, are expe
ted to be dominant in the deep subthreshold� Presented at the VI TAPS Workshop, Krzy»e, Poland, September 9�13, 2001.(909)



910 N. Yahlali, J. Díazregime. So far, there is no model whi
h explains 
onvin
ingly the produ
-tion of Deep Subthreshold Pions (DSP). Models based on the Boltzmanntransport equation provide reasonable good predi
tions at and 
lose to thethreshold, but fail by orders of magnitude to get the 
orre
t 
ross se
tionsat deep subthreshold energies.The experiment des
ribed in this paper was proposed to measure pionprodu
tion in 36Ar + 197Au rea
tions at 25A MeV and was performed withthe spe
trometer TAPS (Two-Arm-Photon-Spe
trometer) [2℄ at the a

elera-tor AGOR at KVI (The Netherlands). During the various TAPS 
ampaigns,a wide systemati
s on photon and meson produ
tion has been establishednear and below the free nu
leon�nu
leon threshold [3℄. The experiment de-s
ribed here pushes the systemati
s into the deep subthreshold regime withthe lowest beam energy per nu
leon ever used with the TAPS spe
trometerfor su
h pion produ
tion experiments and with a nu
lear system heavier thanthose used in previous measurements of DSP at the same beam energy [4℄.The main goals of this experiment with the spe
trometer TAPS are toprovide new and more a

urate data than the existing ones, taking advantageof the ex
ellent gamma ray identi�
ation and 
osmi
 ray reje
tion of thisspe
trometer, and to provide new insights into the DSP produ
tion problemwith the measurement of their in
lusive di�erential 
ross-se
tions.A brief des
ription of the experiment and analysis pro
edures is presentedin the �rst se
tions of this paper. The results obtained with the 48% of theavailable statisti
s are presented.2. The experimentThe AGOR 
y
lotron of KVI delivered an 36Ar+11 beam with a nominalintensity of 150 nA and 25.6A MeV energy on a 197Au target of 22 mg/
m2thi
kness. The 384 BaF2 dete
tors of TAPS were arranged in 6 re
tangularblo
ks of 8 � 8 modules ea
h, disposed around the target at a distan
e of66 
m. The angles between the beam dire
tion and the 
enter of the blo
kswere �76:5Æ, �116:5Æ, �156:5Æ. This 
on�guration provides a 
overage ofabout 20% of the full solid angle. Ea
h BAF2 module was equipped witha thin plasti
 s
intillator 
ounter (CPV) allowing for the sele
tion betweenneutral and 
harged parti
les. The KVI �Forward Wall� whi
h 
omprises 92phoswi
h dete
tors, was also used in this experiment. It was pla
ed at adistan
e of 76 
m from the target 
overing the forward hemisphere in therange 2:5Æ < � < 25:5ÆThe dete
tion of pions with the 
alorimeter TAPS 
onsists in dete
tingthe photons pro
eeding from �0 ! 

 ele
tromagneti
 de
ay (bran
hingratio 98.798 % [5℄). The observables measured are the time, the energy andthe opening angle of the two photons.
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orded a

ording to a set of 20 ele
troni
 triggers. Oneof these, the pion trigger, has been used in the o�-line analysis for pionidenti�
ation. During the �rst 20 shifts of the experiment this trigger wasde�ned as two neutral parti
les in di�erent TAPS blo
ks. A more e�
ientpion trigger was de�ned during the remaining shifts as one neutral parti
lein ea
h of the two three-blo
k sets pla
ed at the left and right sides of thebeam dire
tion, respe
tively.3. Data redu
tionData were taken during 35 shifts and 165 Gb were re
orded in DLTtapes. The analysis was done at the IN2P3 (Institut National de PhysiqueNu
léaire et Physique des Parti
les) Computer Center [7℄.Binary data re
orded on tape have to undergo a set of preanalysis stepsin order to transform them into meaningful physi
al values. First stepsare time and energy 
alibration and monitoring and Pulse�Shape Analysis(PSA) whi
h were done with the help of the PAW based 
ode FOSTER [8℄.The 
luster analysis was performed with the ROOT [10℄ based ROSEBUD [9℄pa
kage. 3.1. Time and energy 
alibrationTime 
alibration was performed using the repeated time stru
ture gen-erated by 
onse
utive beam bun
hes. The TDC's range of 200 ns and the
y
lotron Radio-Frequen
y(RF) of 26.878 ns (37.205 MHz) of the exper-iment allow for the dete
tion of parti
les from several 
onse
utive beampulses. This results in the typi
al stru
ture of the time spe
tra as shownin Fig. 1(a) for a given dete
tor. The prompt peaks 
orresponding to pho-ton peaks are followed by wider peaks 
orresponding to heavier parti
les(protons, neutrons and heavier hadrons). Time 
alibration is performed bydetermining the number of TDC 
hannels between two 
onse
utive photonpeaks. Corre
tions are then performed for the time drift of the RF duringthe experiment. Photon peaks are all aligned at the photon time-of-�ightvalue of 2.2 ns from the target to the 
enter of the TAPS blo
ks.Energy 
alibration is performed taking advantage of the known totalamount of energy that 
osmi
 muons lose when traversing a TAPS BaF2
rystal. The deposited energy of 38.5 MeV for muons, is however not exa
tlyequal to the energy deposited by photons be
ause of their di�erent lightprodu
tion e�
ien
y in BaF2 
rystals. This e�e
t has been 
orre
ted for bya global fa
tor for the photon energy, as suggested by previous studies [6℄.A typi
al energy spe
trum for a given dete
tor is shown in Fig. 1(b). The
osmi
 peak position is determined using a Gaussian + straight line �t tothe spe
trum.
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Fig. 1. (a) Raw time-of-�ight spe
trum of dete
tor module 21 
orresponding to 52run �les, (b) raw wide energy spe
trum of dete
tor module 25 
orresponding to aset of 71 
osmi
 run �les. The pedestal of the QDC (0 MeV) and the 
osmi
 peakposition (38.5 MeV) are indi
ated.3.2. Pulse shape analysis and parti
le identi�
ationBesides time and Charged Parti
le Veto (CPV) signals, the key variablefor parti
le identi�
ation is the pulse-shape ratio (PSA) En=Ew, where Enand Ew are the energy deposited in a given BaF2 dete
tor integrated withina narrow and a wide time gate (50 ns and 2 �s), respe
tively. These two en-ergies 
orrespond to the two 
omponents of the s
intillation light produ
edin the BaF2 
rystal when hit by a parti
le. The PSA is typi
ally 
lose to1 for ele
tromagneti
 parti
les: photons, ele
trons and 
osmi
 muons, and
lose to 0.8 for protons and high energy neutrons. The identi�
ation of theparti
le requires in addition the time and CPV signals asso
iated to the hitdete
tor. This time value for a photon stemming from the rea
tion 
orre-sponds to its Time-Of-Flight (TOF) from the target to the dete
tor position,i.e. � 2:2 ns ( or � 2:2 + RF ns ) in our experiment. Signals were 
lassi�edas 
orresponding to photons, ele
trons or nu
leons and nu
lear fragmentsif their PSA and TOF values fall into the 
ontour assigned to that kind ofparti
le. Contours were de�ned for the di�erent energy domains sele
tedin order to minimize the ele
troni
 walk e�e
t of the 
onstant fra
tion dis-
riminators (CFD). The energy domains 
onsidered are: 0 � Ew (MeV)< 5, 5 � Ew (MeV) < 10, 10 � Ew (MeV) < 20, 20 � Ew (MeV) < 60,60 � Ew (MeV)< 100 and Ew � 100 MeV. In Fig. 2 PSA versus TOF valuesin the energy range 20 � Ew (MeV) < 60 for the 384 TAPS dete
tors andfor the 635 run �les 
onsidered in this paper are plotted. Sin
e photonsdevelop ele
tromagneti
 showers when propagating in BaF2 
rystals, theygenerate 
lusters of responding dete
tors in the TAPS blo
ks. The analysis



Deep Subthreshold Pion and Hard Photon : : : 913of these dete
tor 
lusters allows the 
omplete identi�
ation of photons andthe determination of their basi
 properties, i.e. their energy and dire
tion [6℄.Cosmi
 muons taken within a 
ontour of the same shape and dimension asthe photon 
ontour were used to subtra
t the 
osmi
 ba
kground from thephoton spe
tra.
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Fig. 2. Pulse shape versus time-of-�ight for the energy range 20 � Ew (MeV) < 60.The 384 TAPS dete
tors are represented in this plot for a total number of 635 run�les. The re
tangular 
ontours taken for photons and 
osmi
s are shown.4. Data analysis and resultsThe events 
onsidered in this analysis were sele
ted by the pion trigger.This trigger was used to sele
t photon pairs produ
ed in �0 de
ays. Thehard photon energy spe
tra ( E
 > 30 MeV ) presented here also 
orrespondto this trigger. These hard photons are therefore produ
ed in more 
entralrea
tions than those sele
ted by the single photon trigger. The 635 run �lesanalyzed represent the 48 % of the total available statisti
s.4.1. Hard-photon energy distributionThe in
lusive hard-photon spe
trum in the NN 
enter-of-mass is shownin Fig. 3. The measured energy E
 of the photons has been 
orre
ted forthe energy leak of photon showers at the ba
k sides of the BaF2 
rystals andfor the di�erent BaF2 response to photons and 
osmi
 muons. We take this
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orre
tion fa
tor equal to the average value of 1.15 a

ording to simu-lations done in previous works [6℄. In the energy range 30 < E
 (MeV) < 90,the data are �tted by a sum of a soft and a hard exponential. The soft ex-ponential dominates in the region 30 < E
 (MeV) < 60 and 
orrespondsto photons emitted in the thermalization stage of the rea
tion. The asso-
iated inverse slope parameter is Etherm0 = (7:06 � 0:03) MeV . The hard
omponent �ts the region 60 < E
 (MeV) < 90 and 
orresponds to photonsoriginated in �rst 
han
e NN 
ollisions by the bremsstrahlung me
hanismin the earlier stage of the rea
tion. The 
orresponding inverse slope param-eter is Edir0 = (10:56 � 0:66) MeV. The ratio of the thermal to the totalintegrated intensities (from E
 > 30 MeV) is Itherm=(Itherm + Idir) � 64%whi
h is 
onsiderably higher than the value of 19% found for the same sys-tem at 60A MeV [11℄. Thus, the emission of hard photons at 25A MeVo

urs predominantly during the thermalization phase of the rea
tion. Forthe light system 36Ar + 12C at 60A MeV, the thermal 
omponent is notobserved be
ause the small volume of parti
ipant nu
lear matter does notallow thermalization to take pla
e. This shows that the amount of thermalphotons depends on both nu
lear system mass and beam energy.
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Fig. 3. (a) Raw photon spe
trum in the NN 
enter of mass frame and the 
osmi
ba
kground (dashed line). (b) Hard photon energy spe
trum. Two exponentialslopes are identi�ed for hard photons (E
 > 30 MeV). The thermal 
ontribution(dash-dotted line) dominates at energies E
 < 60 MeV and the dire
t 
ontribution(dashed line) in the energy range 60 < E
 (MeV) < 90.4.2. Neutral pion identi�
ationNeutral pions are identi�ed as photon pairs with an invariant mass m

equal to the rest mass 134.97 MeV=
2 of the �0 and within a time 
oin
iden
ewindow between the two photons de�ned by the time resolution of the BaF2
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tors, i.e. less than 1 ns. The time 
oin
iden
e window for photon pairsis �T

 < 1ns or RF< �T

 < RF+1ns. Cosmi
 pairs were also sele
tedwithin the same 
oin
iden
e window to estimate their 
ontribution to theba
kground. The invariant mass is obtained from the energy of the twophotons (E
1 , E
2) and their opening angle �

 a

ording to the equationm

 =q2E
1E
2(1� 
os �

) : (4.1)In Fig. 4, plots of the invariant mass of 
oin
ident photon pairs (a)and 
osmi
 pairs (b) versus their opening angle are shown. In Fig. 4(b)
osmi
 events appear to 
ontribute only at opening angles �

 < 40Æ in thepion mass region and for �

 > 70Æ there is almost no 
osmi
 ba
kground.Events whi
h 
ould be identi�ed as pions are 
lustered at opening angles70Æ < �

 < 180Æ as seen in Fig. 4(a).For �

 > 120Æ there is some events 
lose and below the pion mass whi
ha

ording to preliminary simulations are due in large part to �degraded� pi-ons, that is pions for whi
h one or both of the de
aying photons hit the borderof a TAPS blo
k depositing only part of their energy. This geometri
al e�e
tdoes not appear in the restri
ted angular domain 70Æ < �

 < 120Æ. We arestudying the possibility of re
onstru
ting �degraded� pions by simulationsto in
rease the pion statisti
s.
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Fig. 4. Invariant mass versus opening angle for photon (a) and 
osmi
 (b) pairswith the same time 
oin
iden
e 
ondition. Mass is given in MeV and angles indegree.The invariant mass spe
tra for opening angles 70Æ < �

 < 120Æ and70Æ < �

 < 180Æ are shown in Fig. 5.
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Fig. 5. Invariant mass of photon pairs for opening angles in the 70Æ < �

 < 120Æand 70Æ < �

 < 180Æ angular domains.5. Summary and outlookData on 36Ar on 197Au 
ollisions at 25A MeV show that hard photonsare produ
ed predominantly during the thermalization stage of the rea
-tion. Neutral pions have been dete
ted and although the signal is weak itis statisti
ally signi�
ant. The remaining 52 % of the statisti
s and ongoingsimulations will allow to give a total 
ross se
tion for �0 produ
tion at thisdeep subthreshold 
ollision energy.We thank the AGOR 
rew for providing a high-quality beam. This workis the result of the joint e�ort of the TAPS 
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