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Abstract 

The inclusive production of neutral pions has been measured in 

rcactions of 95 McV/nuclcon 160 + 27 Al, 58Ni, 208Pb, using a setup of 8 

lead-glass Cherenkov counter tclescopes to detect in coincidence the two 

photons n:::-.ulting from pion decays. The differential distributions of 

interest: dcr/dT 7t , da/dO, da/dy and da/dpt are obtained frorn the 

experirncntal invariant cross section of the pions. The transverse 

morncntum, kinctic encrgy, and angular distributions, are discussed in 

the frarnework of the moving thermal source model. The shape of 

d cr / dp tan d d cr 1 d T 7t is reproduced by a single source baving a 

temperature close to 20 MeV and moving with a velocity between tbat of 

the nucleus-nucleus and the nucleon-nucleon center of mass rest 

frames. Relevant signatures of the energy and angular dependences of 

pion reabsorption have been extracted from the data. The deviations of 

the energy distributions from the thermal model predictions are 

consistent with the dcduced behavior of reabsorption. It is a1so shown 

that the absorption ean explain the evolution of the anisotropy of the 

angular distributions with the target mass. 



Résumé 

La production inclusive de pions neutres a été mesurée pour les 

réactions 160+27Al, 58Ni, 208Pb à 95 MeV/nucléon. La mesure fut 

effectuée à l'aide d'un montage de 8 télescopes composés de compteurs 

Chcrenkov du type verre à plomb, permettant la détection en 

coïncidence des deux photons de désmtégration du pion. La sectIOn 

efficace invariante expérimentale permet d'obtenir les distributIOns 

différentielles d'intérêt, soit: da Id T 11:, da IdQ, da Idy et da Id p t. Les 

spectres en énergie et en moment transverse de même que les 

distributions angulaires furent étudiés en supposant que les pions 

originent d'une source thermique en mouvement. La forme de daldpt et 

dcr/dT 7t est reproduite par une source unique ayant une température 

près de 20 MeV et se déplaçant avec une vitesse intermédiaire à celle du 

centre de masse noyau-noyau et du centre de ma~se nucléon-nucléon. 

Les résultats expérimentaux ont permis la mise en éVIdence des 

dépendances énergétiques et angulaires de la réabsorption des pIons. 

Les écarts entre les distributions en énergie mesurées et celles prédites 

par le modèle thermique sont en accord avec le comportement déduit 

pour l'absorption. L'évolution de l'amsotropie Iles distributions 

angulaires avec la masse de la cible est elle aussi expliquée par la 

réabsorption des pions. 
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CHAPTER 1 

INTRODUCTION 

1.1 On Subthreshold Pion Production. 

Linked to the search for the nuclear equation of state, the study 

of the dynamical evolution of heavy ion reactions bas been an 

extensive field of research for the last 15 years. Nucleus-nucleus 

collisions at beam energies weB above the Coulomb barrier, were soon 

Identlfied as a good way of learning about highly excited nuclear 

matter. An essential requirement for the fOlTIlation of such a system far 

from ground state equilibrium, is the transformation of a siuable 

amount of the energy provlded by the relative motion of the colliding 

nuclci. In the study of the cooperative mcchanisms involved in the 

cvolution of the hot internuclear zone, nonnuc1conic probes such as 

mesons then attracted much attention. In contrast with nucleons, 

whose distribution shows strong projectile and target-like components, 

energetic mes ons arc likely to be produced by the participant 

fragments alone [Na81]. In addition, neutral mesons offer the 

advantage that the y are not kinematically afff".:;ted by Coulomb 

interactIOns with the remnants of the reaction. 

PIOns have no a prIOri existence in the nucleus. Their production 

in heavy ion collisions therefore requires that an encrgy of at least 

m nC 2: 135 Me V is made av ail able in the center of mass frame at one stage 

of the reaction. Furthcrmorc, this energy must be released by the 

system via one single -::hanncl, namely the creation of a 1t 0 . If one 

considcrs the encountcr bctween two free nucleons ir. a fixed target 

cxpenmcnt. the creation of a neutral pion wiil be possi!:>Ie only if the 

Iaboratory energy of the mcoming nuc\eon exceeds 280 MeV. When the 

rcaction occurs between two nuclci. the same threshold applies for the 

total availablc energy in the center of mass. The situation is 

nevertheless very different. Now, ail participant nucleons can share a 

1 



slight pan of the energy necessary to create a paniclc. Thercfore, in 

heavy ion reactions, lleutral pions can be produced at bcam encrgics 

much lower than the sa called nuc1con-nuclcon th{eshold. The cxtremc 

situation implies the formation of a compound nucleus rclca:\ing ail of 

its excitation encrgy into the creation of a pIOn. Using nonrelalivistic 

kinematics and neglecting hindmg energy cffects in the ex.cited 

compound nucleus, the absolute lahoratory threshold for thls reaclion 

[Ap+At~(Ap+A0+1tO] would be given by: 

For 16 0 + 160, this amounts to 17 Me V lu. The closer the bcam 

energy to the absolute threshold, the larger will be the number of 

nucleons from the projectile and the targel acting cohcrently in the 

pion production mec!lanism. The study of neutral pion production 

below the nuclcon-nuclcon threshold is thercfore secn as a unique tool 

ta probe the importance of the cooperative mechanisms involvcd in 

nuclear reactions. 

Many measurements of the inclusive neutral pion yield al beam 

energies ranging from 25 MeV/u to 85 MeV/u have becn perforrned 

through the 80's. The following important results arose from Ihes!! 

experiments. [J082, He84, Br84a, N084, S186, Y086, 1u88aJ 

1: The total pion yicld varies over several ordcrs of magnitude 

within the beam energy range memioned above. Il can be as low as 

1.28±0.27 nb for 160+ 27 AI at 25 MeV/u [Y086J, and cIimbs up 10 174±21 lJ.b 

for 12C+238U at 84 MeV/u [No84]. The experimcntal depcndcnce of the 

production cross section upon the beam energy and ilS comparison 

against certain models that will be discusscd later, IS shown In FIgure 1 

(lcft). 

2: The production cross section has a power law dcpcndcnce upon 

the projedle and target masses. It is generally expressed as cru(ApA\ln, 

where n is close to 2/3 [Br84a. No84]. Howevcr, the cross sectIon \cvcls 
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off slightly from this paramctrization for heavy targets. This effect can 

be seen on the right hand side of Figure l, where the target mass 

dependence of the total cross section is presented for various beam 

energics. 
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Fig. 1 Oeft) Comparison of the measured energy dependence of neutral 
plOn production cross sectlOn wnh vanous model predictions. Long clashes 
[GuH41: dashed-dotted line [A185]; solid tine (pr86]; short dashes [Sh84b]. 
The fi~ure IS borrowed from the reference [Br87]. (nght) Mass depcndence 
of the total cross section for dlffercnt projectIle cnergles. The respective 
projectiles were l~N (35 MeV/u) [5t86]; <tlAr (44 MeV/u) [He84]; UC (60, 74, 
84 Mc V lu) (No84] The solid Ime corresponds ta (J uA t'3, the dashed-dotted 
hne to (Ju(A?J3A plrJ+A tll3A p'2l3). The figure is after the work of reference 
[5t86]. 

3: The kinctic cnergy distributions arc typically exponential. Using 

the ansatz dcr/dTltacxp(-T,dEo), the inverse slopc pararneter Eo. equals 

22±2 MeV below Elab/A=60 MeV/u, regardless of the beam energy. As is 

seen in Figure 2, values slightly highcr than EO=22 MeV are reponed at 

Elab/A=74 McV/u (EO=25 MeV) and Elab/A=84 MeV/u (EO=28 MeV) [No84]. 
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Fig. 2 Bearn energy dependenl-.! of slope pararneters deduced from pIOn 
kinctic energy distributIOns. Full circles: 11C+12C [No84]; full tnangles: 
16()(14N)+~i [Br84a, St86]; full squares: 16() (l4N) +27Al [Br84a, St86]; open 
triangles: 14N+ W [Br84a, St861. The dashed hnes arc predictIOns of Prakash 
et al. [Pr861 wlth and wlthout takmg lOto account the elCpenmental 
rcsolutlOn. The figure 1S borrowcd from reference [Er87]. 

4: The angular distnbutlons are anisotropie with a minimum at 90° 

in the center of mass frame of symrnetflc colliding systems such as 

12C+ 12C. As shown in Figure 3. this anisotropy is also found to mcrcase 

with the kinctic energy of the pions. 
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Fig. 3 Angular dependence of 
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sectIOn IS ITItegrated over 
three energy ranges m the 
nucleus-nucleus center of 
mass. The figure 15 from 
reference [Gr8S], 

4 



( 

5: Finally, for asymmetric colliding systems, the invariant cross 

sections are consistent with pions emerging from a source moving with 

a velocity between that of the nucleus-nucleus J3c M, and the nucleon­

nucleon PN N, center of mass rest frames. This suggests that several 

nuc1eons from both, the projectile and the target, participate in the 

production mechanism. Note that an apparent source velocity of J3CM 
would be consistent with pions originating from a compound nucleus, 

while a production dominated by first chance NN ~ N N 7t collisions would 

result in an apparent source moving with PNN. 

Numerous theoretical approaches have been suggested in attempt 

to reproduce the main fcatures of pion production far bclow the 

nucleon-nucleon threshold. Only a survey of those models based on the 

nucleon-nucleon collision mechanism or related to the thermal source 

prescription will be presented here. A complete review of aIl models 

available in the literature before 1987 can be found in the reference 

[Br87]. 

A dynamical investigation originally proposed by McMillan & 

TclIer in 1947 [Mc47] to account for the first observeù pions produced 

below the nucleon-nucleon threshold, has been reintroduced by 

Bertsch [Be77] in the context of heavy ion colliSIOns. In this first 

"contemporary" model, subthreshold pion production occurs from first 

chance Fermi boosted nucleon-nucleon collisions, N N ~ N N 1t. The pionic 

production cross sectIOn is obtained using a pure Fermi gas model to 

parameterize the momentum distribution of the targel and projectile 

nuc1cons The predicted pion yicld then results from the folding of the 

rnomentum distribution with the intnnsic cross section (J'frec[NN~NN7t]. 

In this modcl. a lower limit on the pion production appcars when the 

relative mornentum of the colliding nuc1eons is equal to 1.18 of the 

Fermi momentum. Below this value, which corresponds to Elab/A:::54 

Mc V lu. the predicted cross section falls off steeply and fails to 

reproduce the experirnental data. 

Guet & Prakash tricd to avoid the inconsistencies implied in 

Bertsch's naive picture. which could deai neither with the Pauli 

exclusion principle nor with bound nucleons orbiting on their 
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respective shell. In their roodel [Gu84], thcy overcame possible effccts 

due to Pauli blocking by considering only those single nucleon-nucleon 

collisions where an incoming nucleon, with off-shell ellcrgy­

momcntum, scatters to the inclastic channel in whlch a lt 0 and two 

nucleons are left free. Furthermore, the momentum distrIbution of a 

harmonie oscillator was taken as an approximation ta the shell model. 

This mechanism results in large cross sections above 100 MeV/u. 

Nevertheless, it still undcrpredicts considcrably the data below 

Elab/A=50 MeV/u even if strong mean field effects arc considercd by 

introducing the attractive ion potentlai. 

It is clear that an important feature IS absent of the two prevIOus 

Fermi gas models. The perturbation of the nucleon wave functions 

during the collision ought to be included in any consistent dynamical 

approach. In a second generation 0: models based on single nucleon­

nucleon collisions, more attention has thereforc been paid to th(: time 

evolution of the reactlOn and the influence of the nuclear mean field. 

Blann [Bl85] obtained a time dependent momcntum distributIOn for the 

colliding nucleons using the 

[Ai85] on the other hand, 

Boltzmann 

used the 

master equation. Alchelin 

Bol tzmann-Ueh llng- Uh Ienbeck 

method, which consistently incorporates 

body kinematics and Pauli blocking 

dependence of the collision dynamlcs. 

the nuclear mean fIeld, two­

effects to descnbc the ume 

Tohyama et al., [ToH4, ToRSI 

accountcd for the temporal evrlution of the nucJear mean field in the 

framework of the Time-Dependcnt-Hartree-Fock theory. In thlS model, 

Fermi motion, Pauli Blockmg and the deformatlon of the momcntum 

distribution are ail implicitly built in. Recently, Cassing [CaHR \. also 

studied the time dependence of the mean field due to the relatIve motion 

of the reaction partners and the nuc\eon-nuclcon collisions within a 

microscopie quantal phase space approach. 

These sophlsticated verSiOns of the single nucleon-nucleon 

collision prescription ail satisfactonly reproduce the beam energy 

dependence of subthreshold pion production. ThIS would suggest that 

by propcrly dcscribing the two-body dynamics and its influence on the 

mean field, one obtains a good descnption of the data '''Ith no specIal 

need for collective cnhancements. However, these modcls say little 

about or even rail to reproduce several important features of the data. 
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For instance, the constant value EO == 23 MeV of the inverse slope 

pararneter observed with decreasing beam energy is not rcproduced by 

the single nuclcon-nucleon collision mechanism. Blann [B185] is in fact 

the only one who reports kinetic energy spectra, and his inverse slope 

parameters arc much higher than those measured in the beam energy 

range of 20 to 85 MeV/u. AIso, the apparent source velocity resulting 

from individual nucleon-nucleon collisions within the first collision 

approximation are of half that of the beam. This is at variance with the 

velocity experimentally observed for asymmetric projectile-target 

systems. 

The thermal modcl provides another tempting framework for the 

study of subthreshold pion production. Here, one assumes that 

collisions between nucleons quickly result in the formation of a "hot 

zone". The thermalization of the center of mass energy subsequently 

lcads to the emlssion of pions, as a possible decay channel, whenever 

the excitation energy of the compressed zone exceeds m1tc2. 

Aichelin & Bertsch [Ai84a] first applied this idea. They 

considered that ail target and projectile nucIeons are involved in the 

formation of a compound nucleus. In their model, the excitation energy 

is given by the energy available in the center of mass and the mass 

excess of the colliding nuclci. The Weisskopf theory is then applied to 

statistically describe the decay of the excited system. The decay 

probabilities are calculated by summalion of the nucIear leveI densities 

folded by the absorption (inverse) cross section for a given output 

channel. In this model, the cross section for the formation of a 

compound nucleus is the only free parameter that remains unknown 

and which must be adjusted to fit the data. 

Bccausc il required aIl nucleons to be part of a compound 

nucleus, the [lrst thermal model of Aichclin & Bertsch was inconsistent 

with the observcd risc of the pion production cross section with the 

targel mass. Ncverthelcss, Aichelin [Ai84b l and Gale & Das Gupta [Ga84], 

succeedcd III rcpïOducing the encrgy dependence of the total pion 

productlOn cross section within the thermal approach, assuming that 

only a subset of nucleons wcre part of the hot spot. 
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The description of a statistically decaying thennalized volume has 

been further generalized indepcndently by Prakash ct al. [Pr86] and 

Shyam & Knoll [Sh84a. Sh84b. Sh86]. In bath descriptions. the local hot 

zone decay probability is givcn by the available phase space for many 

particle output channels. The invariant pion production cros') section IS 

described in terms of a formaiÏon cross section of the hot spot. and i ts 

overall decay probabihty obtained by adding ail pO'lslblc output 

channels. Prakash ct al. used the fireball model to predict the fomlallon 

cross section of the excited zone. On the other hand. Shyam & Knoll 

evaluated the latter for each impact parametcr U~lng cascade 

calculations. As indicated by the experimental invariant cross ,>eetlons. 

both rnodcls have also a.-;surned full stoppmg in the nuclcon-nucleon 

center of mass, but not in the compound nucleus system. Il IS ln the 

calculation of decay probabilities that these modcls have takcn dlffcrcnt 

avenues. In the modcl of Prakash ct aL, the Weisskopf theory was used 

only for two-body output channels. while Shyarn & Knoll chose to count 

with equal prohability al! available phase space c.;lls for multlbody 

final states. includmg c1usters of nucleons. The predictions of tho\e two 

rnodels are compared with the cxperimcntal data on Figure 1 (~olld line 

[Pr86]; short dashes [Sh84b]). If the description of Shyam & Knoll 

generally overcstimates the inclusive pion cross sectIOn. the model of 

Prakash et al. is very successful. It even reproduces the kmk near 44 

MeV/u, reflecting the deviation of the data from the simple cra(A pA(\2/3 

scaling law. 

distributions 

Discrepancies 

predicted by 

however appear when the kmcttL energy 

these two models arc ,;et ag,lInst the 

experirnental ones. Bath calcuiatlans Icad to "rcctra thal arc 'Iteeper 

than the observed dcr/dT1t. At Elab/A=35 Mev/u, thry rnpcCllvcly 

predict inverse slopes of Il and 6 Me V, whlle the cxpcnmcntal EO IS 

close to 23 MeV [St86]. Besldes. as a consequence of the thermal 

assumption, the predicted angular distributIOn of the pions IS I~otropic 

in the center of mass of the hot zone; thls clearly prevents thesc modcls 

from accounting for the ralher high anisotropy observed in dcr/dn 



1.2 The Experiment. 

The faet that models based on the nucleon-nucleon 

rnechanism or on the thermal source prescription ean account 

beam energy dependence of the subthreshold pion production 

ta predict the general features of the kinetic energy and 

distributions makes a final theoretlcal discussion difficult. 

collision 

for the 

but fail 

angular 

In an 

altempt to isolate the cooperative compo"1ent involved in the 

subthreshold plOn yicld, much attention has been paid ta measurements 

very close to the absolute laboratory cut off [Hc84, St86, Y086, Ju88a]. 

Bccause of the small production cross sections at thcse energles, the 

rcsults, cspccially for Elab~ 50 MeV/u, have suffcred from a poor 

statistlcs. This have caused the discussion of different modcIs to be very 

difflcult duc to a lack of significant experimental signatures. 

Furthcrmore, very IIttlc IS actually known, bath thcoretically and 

cxpenmcntally, on the evcntual cffects of the reabsorption of pIOns in 

the surrounding nuclear matter after their emisslofl. What arc the 

energy and anguIar dependcnces of pion reJbsorption? Does 

absorptIOn aet at a pcrturbatlve level or complctely bias the observed 

inclusive data? These arc questions still w:.uting for better experimental 

informatIons. Especially, the effect of reabsorptlOn on the primary 

plOn distributIOn clearly deserves more attention if one hopes to 

comment on the vahdity of the models. Under these considerations, it 

appeared that an extensive study of neutral pIOn production close to 100 

Me V lu was rdevant Hence, usmg a dedicated setup, the inclusive 

production of neutral pions in reactions of 95 MeV/u 

160+20SPb,58Nl,27 Al has been rneasuredt at the two couplcd Isochronous 

cyclotrons GANIL (Caen, France). At this encrgy, enough staUsucs was 

expectcd to [Ind signatures helpful III understanding the rncchanlsms 

involvcd in the subthrcshold production of pIOns. One also airned to 

isolatc the bchavior of pion rcab'lorption and to discuss how it affects 

the pnmary pion distribution. 

t A complete list of the persans involved in this expenment is given in the 
appendlx. 
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CHAPTER 2 

EXPERIMENTAL PROCEDURE 

2.1 Detection of Neutral Pions. 

Neutral pions have a total lifctirne of 8. 7x 10- 17 seconds and decay 

through their dominant channel Jt 0 ~ yy with a branching ratio of 

98.8%. Those emitted with a kinetic energy below 200 MeV will 

therefore decay while they are still in the target rnaterial Undcr such 

considerations, the inclusive study of JtO production is achICvcd by 

detecting two cOIncident photons of encrgy betwccn 20 and 200 MeV. 

dcpcnding on the dctailed kinernatics of the plOn decay. 

The active dctectors of the nO spectrorneter used for the present 

experirnent were total absorption lcad-glass Chercnkov counters. Thcir 

effccti\ encss In detccting hard photons produced ln neutral pion 

decays has been long estabhshed by rnany groups [Be74, Ba81, M1861. In 

these Cherenkov counters, the detection rnechamsrn IS govemed by the 

rules of clectrornagnetic calorirnetry. When a photon passes through 

the detector, a finite probability eXlsts that an initiai pair convcrsion 

'Y~e+c-, will tngger a sccondary shower of photons and leptons e±. The 

Cherenkov light gencrated by thls cascade along its path then provldes 

a signal proportional to the total cnergy of thc lllcorning photon 
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Schema tic Layout. 

n 1/3 

GANIL 

T of F CHAMBER 

/ 
PlaSllc scmUllalor 

1 cm tluek 

1/7 

SF5 Pb-glass absorber 

/15)(15"35 cm 3 

F2 Pb-glass convener 

9,(9)(5 cm 3 

CONCRETE SIIF.lill!MJ • 

. . ' . ," 

Fig. 4 (top) Schcrnatlc layout of the neutral plOn spcctrometcr uscd ln the 
present cxpenment. (bottom) A VICW of a scmullator-converter-absorber 
telescope una uscd for energellc photon detectlOn. 

A schematlc layoul of the deleclion sctup is shown in Figure 4. 

The nO spectromclcr was composed of 8 telescopcs oTlented toward the 

target in a plane contammg the beam axis. The entuc detectIon system 

was mountcd downstrcam from the time of f1ight chamber in cave Dl of 

the GANIL expcnmental hall. As displaycd on the figure. each module 

consistcd of an actIve convcrter of F2 Pb-glass [radiatIOn Icngth XO=3.1 

cm. area=(h9 cm 2. thickncss=5 cm], backcd by a SF5 Pb-glass absorber 

[radiatIOn lcngth XO=2A cm area=15x15 cm 2 , length=35 cm]. The 

lhickncss of the convertcr was such that incoming photons in the 

encrgy range considcred here had a maximum probability to generate 
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an electromagnetic shower with signaIs above threshoid in both Pb­

glass elements of the telescope. In addition, the lateral and longitudinal 

dimensions of the absorber were picked ta ensure that showers of 

photons up to 300 MeV would be confined in aIl directions. The 

Cherenkov light produced in the converteI was collected by a fast nse 

time photomultiplier. A long rise time phototube, 7.5 cm !fi dlameter, 

was glued dnectly on the back of the absorber to detect most of the 

Cherenkov signal generated by the incommg photon. In order to avoid 

triggering on charged particles, the converter was preceded by a 1 cm 

thick plastic paddle used as a veto in the cIectromc loglc flow. S ince 

they had a radiation lcngth of 48 centimeters, these plastic scmtillators 

eut Iess th an 2% of the good two-fold coincldence events. 

In Table 2 l, the polar coordinates [R, e, <l>] of each tclescope are 

provided as measured from the target to the center of eaeh converter. 

The energy thresholds applied on the eonverter and absorber are also 

given for later use. 

Table 2.1: Expenmental specificatwns of the detectors 

#ID R(cm) e (deg) cP (deg) ThrC (MeV) ThrA (MeV) 

1 35.0 148 0 6.5 11.5 
2 35.0 120 0 6.5 12.0 
3 35.0 90 0 6.5 14.0 
4 60.0 38 0 5.5 12.5 
5 60.0 32 180 5.0 12.5 
6 40.0 60 180 4.5 13.0 
7 35.0 90 180 3.0 10.0 
8 35.5 142 180 6.0 10.5 

In this configuration, a sohd angle of 3.4% of 47t was covered in 

the laboratory by the spectrometer The specific chOlce of dl<;tance ... 

resulted from a compromise between an optimum angular re~olut!On on 

the emission direction of the detected photons and a hlgh gcometncal 

detection efficiency. The dlstnbutlOn of axial angles e 10 wa<; cho ... cn not 

to be uniform so that the openmg angles 4>IJ' characteTlllng the 2X 

pOSSible tclescope pairs were almost evenly ~pread between 0° and 1 HOo. 

As will be shown in the next chapter, the 7t 0 kInematlc~ 1<; clo~cly 

related to the opcmng angle 4> y 1 y2 between the decay photons. 
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Consequently, the ~ ij distribution of our spectrometer is d\rectly 

transposed in the overall shape of its geometrical efficiency to the 

detection of 1t0~YY decays. 

The thicknesses of the 208Pb, 58Ni and 27 Al targets were 125, 180 

and 135 mg/cm2 respectively; these resulted in energy losses inferior 10 

4% 0 f the total energy for the 95 Me V lu beam of 160. With average 

beam intensities of 15 nAmps, mns of about 12 hours were sufficient to 

obtain for each target a statistics of about 104 good 1t0 ~'Y'Y events. These 

mns were twinned with hard photon measurements on the same targets 

(M2: 1 Trigger). Finally, as part of the calibration [sec section 3.1] and in 

arder ta follow the gain drift of the detectors, acquisition runs of 1 hour 

on cosmic muons have preceded and terminated the study of each target. 
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2.3 Electronics. 

A layout of the aquisition setup used for the ncutral pion 

detection is presenled in Figure 5. The detailed electronic diagram of 

only one telescope unit is displayed. 
GATE 80 n5 

Plastic semun.tor 

Pb-glass 
convertcr 1------; 1--4-----+f--4 Fracuon 

1..-----1 rout Ampl 

9dB 

DISC' 

Discr. 

TAn 

GATE 140 ns 

Cyclotron 

RadJo Frequ 
pulse ~------------------' 

Fig. 5 Layout of the clectromc setup. 

A single photon event was identified by coincldent pulses above 

the respective thrcsholds of the converter and the ab~orber. As 

mentioned. signais from the many charged particles produccd by hcavy 

ion collisions at these energlCs. were reJected by a veto applIed on the 

coincidence unit uSlng the plastIc scintlliators output. A good nO ~yy 

event was triggcrcd by requiring that at least two telescope~ tïred. For 

these two-foids and highcr muItIplicity events. a READ command was 

issued to the CAMAC controller. and subsequently. the energy and tlme 

signaIs from the sCIllulIator. converter and absorber of each tclescape 

involved III the event were registered 

trigger box was used to generate the 

sensitive analog to digital converters 

on magnetlc tape The M2:':' 

integratlOn gates for the charge 

Q-ADC's. A bit pattern word 
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conta~ning the ider.tification number of an firing telescopes was also 

generated from this module. 

The lime-to-digital converler (TOC) common START was provided 

by a coincidence between the lrigger box and lhe cyclolron radio 

frequency pulse. The TDC STOP signais for the absorbers and 

scintillators were gencrated from quadratic leading edge 

discnmmators. In order to achieve a maximum separation of the 

important neutron background, special care was paId ta the timing of 

the converters by usmg constant fraction discriminators. With an 

appropriate walk adjustrnent, the time interval betwecn the cyclotron 

radio frequency pulse and the converter STOP signal had an average 

resolution of 1.5 nsec. As shawn in Figure 6, this allowed a good 

separation between the pion decay photons and most of the neutron 

background in the ;:~nverter TDC spectra. 

120r-----------------------------------------------------~ 

100 

<Il 
~ 

80 

:::; 60 
o 
u 

40 

20 

Fig. 6 Typlcal convcrtcr TDC spectrum. The shoulder which follows the 
strong photon peak IS mostly due to neutrons. 
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CHAPTER 3 

DATA ANALYSIS 

3.1 Energy Calibration. 

As was mentioned in the introduction of the previous chapter, 

the total Cherenkov light pulse emitted by an electromagnetic showcr 

propagating in a Pb-glass detector is proportional to the energy of the 

detected photon. This key property is intimately rclated to the energy 

degradation mechanisms at work in the detector matcrial. 

Fundamcntally, the dissipation of the initial energy through a cascade 

of particles is governed by the rules of statistlcs, and the average 

number of sccondaries contained in the casclde IS proportion al 10 the 

total energy Elof the incoming panicl'! [Fa82, Pe87a]. In the case of an 

clectromagnetic shower, this stlltistical behavIOr is domlfiatcd by paIr 

creation y~e+e- and bremsstrahlung radiation C±~ye±, WhlCh are the 

two main 

electrons. 

energy dissipation 

As usual, In a 

channels for photons and energetlc 

Cherenkcv counter the de1CCiIOn IS 

expcrimcntally achievcd by collecting a sIgnai rcsulting from a 

stimulation of the detector matenal. In a dense block of lead-loaded 

glass, this signal arises from the fractIOn of energy 10Sl through the 

excitation of density fluctuations by relatlvistic c±; fluc'uatlon~ WhlCh 

in turn translate IOta Cherenkov radiatIOn [1a751. The total mcasurable 

light pulse results from the sum of the Cherenkov Signais wn1nbllted 

by each e± track segments present in the cascade Because Ihe number 

of these is proportional to El' one obtains a linear relationshlp between 

the collectcd output and the detected partlcle energy. 

Accordingly, the calibration functlOn used 10 the present 

analysis, linearly links the detected photon energy and the Cherenkov 

light pulses encoded by the converter and absorber Q. A OC' 'i. The total 

energy Ey of '1 photon hitting a given telescope i, is assumed to be glvcn 

by the following fUrIction: 

; 
1# 

... 
1, 

16 f 

l 
,~ 

~ 
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E (MeV) = Mi [<QADCAi-PAi) + R (QADCÇj-PCj) l 
1 ~M ~i] 

(3.1) 

The constants PA i and Pc i are the respective absorber and 

converter Q-ADC's pedestal offsets. and were simply obtained by 

triggenng the acquisition with a pulser. The constants !lAi and !lCi were 

introduccd in the calibration in order to normalize the relative gain of 

cach Pb-glass dctcctor and follow thcir drift. They are derived from the 

centrOld of the cosmic muon spectrum rncasured in each absorber and 

convcrtcr dunng the expcriment. A simple way of matching the gains 

was ta choose values of )lAi and !lCi such that the centroid [minus the 

pedestal] of the cosmic muon spectrum measured in each detector was 

centered at a constant and arbitrary Q-ADC channel. One could also 

correct for the gain dnft of the converters by using the centroids 

obtained for the cosmlC run which was the closest ta the 7t 0 

rneasurement of each target ta calculate !lAi and !lCi' 

A typical convertcr Q-ADC cosmic-ray spectrum is shawn in 

Figure 7a. 

24 

28 (0) (b) (e) 

11 20 
24 ~CIL's 

SCNI1LLATOR ~ 
" 20 16 

U\ III 
!:: !:: 

:5 :5 
016 0 
u u 12 

12 

ABSORBER 

8 

co.'<VERT1:R 

4 i .rt~ "'" 0 
1 00 :00 300 400 500 100 200 3r:0 400 500 

COWERTER Q-ADC (Chan) ABSORBER Q-ADC (chan) 

Fig. 7 (a & b) Convcrtcr and absorber Q-ADC cosmic muon spectra used for 
the cncrgy calibrallon. (c) Special colhmated geomelry adopted for the 
absorber calibra LIon usmg cosmlC muons. 
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A triple coincidence scintillator-converter-absorber has been 

used to trigger a good cosmic evenl. For this rneasuremcnt, the 

converters were left in the horizontal telescopic geometry of the 1t 0 

spectrometer. Similar spectra were measurcd every 24 hours for ail the 

converters in order to monitor their stability. For the ab"orbers, an 

horizontal telescopic configuration could not provide a sufflcicnt 

collimation of the cosmic muon traJectones and typically resultcd ln 

asymmetric tai!ing distributions. For this reason, the characteristic 

energy 10ss distribution of cosmic muons was measured 

absorbers at the very beginning of the experiment using 

appropriate geometry (see the right hand side of Figure 

for the 

a more 

7). An 

absorber Q-ADC spectrum obtaIned in thls configuration IS shown in 

Figure 7b. To test the stability of aIl absorbers, the same procedure was 

repeated at the end of the expenmenl. This last venfication confirmed 

that the centroids of the cosmic muon spectra have not shi fted by more 

than ±3% of their initial value. 

Once ail absorbers and converters gains have becn separately 

rnatchcd, the relative absorber to converter calibration was established 

by chosing the constant R. In the present calibration, the exact value 

of R was chosen so that the ratio of the converter and absorber 

contributions to the total energy of an average cosmlc muon equals 

32.5% for any telescope. This figure was obtained from a sy"tematic 

study of the present Pb-glass detectors at the 600 MeV Saclay elcctron 

LINAC using tagged photons of 20 to 100 Me V [Ju88b J. Il is also In good 

agreement wnh previous findings reported by Stachel ct al. (St86] under 

similar conditions. Note that ~AI, ~CI and R only provlde the relallve 

energy calibratIOn. However, with these constants as defmed, the 

calibration function is constrained to yleld the same average energy 

loss for cosmic muons in aH the absorbers or converters scparately. 

Furtherrnore, the convcner to absorber energy lo~s rallo is UnIque and 

constant for aIl the telcscopes, as it must be, sinee for minImum ionizing 

particles, su ch as cosmic muons, the energy loss IS mdependent of the 

particle encrgy and is only determmed by the ttJickne~<; of the 

detcctors. 

The absolute energy scale of the calibration is provided for each 

telescopc by the constant Mi. Thesc have been obtained by fixing the 
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dominant tt 0 peak present in the experimental invariant mass 

distribution at a value of minvc 2=135 MeV. Using conservation of the 

total 4-momentum in the 7tO~yy decay, it is easily shown that the neutral 

pion's invariant mass is given by: 

(3.2) 

where EYI and Eyj arc the photon laboratory energies measured in the 

cainciding telcscopcs i and j that are scparatcd by an apening angle <l>ij. 

1'1 Figure 8, the invanant rnass distribution obtained for the reaction 

160+208Pb~ttO+X by considering any two-rald coincidence involving 

telescope #3 is displayed. After a few iterations over ail possible 

telescopc pairs, the calibration constant M3 converged to a value that 

fixcd the dominant ttO peak at 135 MeV. 

500 

200 

100 

°O~~--~~~----~OO~-----1~2~0------'~60~---=~20~O~~~2·~~----~200 
Ir-NARlAHT IAASS (t.leV) 

Fig. 8 Invariant rnass spectrum for the rcactlOn 16()+:mpb~1t°+X having one 
photon dctccted In telescope #3. The neutral plon events are charactcrized 
by a strong peak centered at 135 MeV. 

Considcring similar distributions for each of the detectors. an 

average resolution [FWHM] of 39±3% is obtained for the neutrai pion 
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peak of the invariant mass distribution. This value is mainly 

determined by the intrinsic energy resolution of the Pb-glass detectors 

[see section 3.4]. Also note that the value of the converter to absorber 

relative gain constant R, used in the present calibration, does not 

minimize the width of the invariant mass distribution. 

Finally, for cosmic muons, with the energy calibratIon described 

above, an average energy loss of 140±7 MeV and 45±3 MeV is found in 

the absorbers and converters respectively. The errors quoted arc 

representative of th.! variations in the constants Mi which provide the 

correct position of the invariant mass peak measured in each telescope 

during the whole experiment. 
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3.2 

l 

Background Suppression. 

In this ex periment, the major source of background is beam 

corrclatcd. Nuclear deexcitation y-rays arc produced with an average 

multiplicity of 20 to 30 in intermcdlate encrgy nuclear reactions. 

Therefore, when considering a geometric cross-section of a fcw barns 

for the rcaction bctween two heavy ions and a rcO production at the lcvcl 

of 100 nano barns. one expccts only 10-9 10 10-8 of the photon yield to 

come farm rc O ---4'Y'f decays. With typlcal tcmperatures of l ta 2 MeV, the 

nuclcar deexcltalion photon background is easily suppressed with the 

natural hlgh cncrgy thrcshold offercd by Pb-glass Chcrcnkov counters. 

This is shown on Figure 9 for telescope #3 of the detcction setup. As 

hsted in Table 2.1, the discrimmatars wcrc adjustcd to provide average 

hardware thresholds of 5.5 and 12 MeV on the converters and absorbcrs 

respectIvcly, lhls corrcsponding to a total encrgy thrcshold of 17.5 MeV 

on each single photon hit. The detection of nuclear deexcitauon 

photons produccd with an energy highcr than the sum of the convener 

and absorber thrcsholds was also substanually cut down by the two-fold 

multiplicIty triggcr. 
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Fig. 9 Convcrter, absorber and total discnmmator thresholds applied on 
the tclcscope #3 of the setup. The arrows correspond to the energy value at 
3/4 of the peak maximum [also see table 2.1]. 
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Contributions from slow Compton electrons. x-rays or photo­

electrons are not expected to be an important source of background in 

presence of lead-glass detectors since they have a natural thrcshold of 

Te> 130 ke V for electrons. High energy protons. abundantly produced at 

these energies in hcavY-lOn collisIOns. were also suppresscd by a high 

energy threshold above 200 MeV in Pb-glass Cherenkov countcrs. 

Fast neutrons, [T n>50 MeV], form the main contnbutlon ta the 

overall background. especlally in the forward detectors. The maJority 

of these neutrons could be separated ff()m the photon ylc!d wIth an 

appropnate off-line gate on the converter TDC spectra. This 1<; 'Ihown ln 

Figure 10, whlch presents the TDC spectrum obtalned ln converter #7 of 

the 1t0 spectrometer for the reactlOn 160+208Pb~1t0+X. Most background 

events are resolved from the photon peak duc to their large time of 

flight. 
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CONVERTER TOC (chan /2048) 

Fig. 10 Software gate (arrows) applted on the converter TOC spcctrum of 
telescope #7. Most of the background evcnts arc charactenzed by a large 
time of fhght and are easily resolvcd from the photon peak. 
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Arnong all of the two-fold events passing through the encrgy 

thresholds in both telescopes and satisfying the coincidence between 

their time gates, neutral plOn decays could be identified by a peak at 135 

MeV in the invanant rnass distnbution 

1600 

1400 

1200 

1000 

Vl 
t:; 

2800 
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400 
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00 80 120 160 240 280 
INVARIANT MASS (~eV) 

Fig. Il Invanant mass spcctrurn obtamed for the reactlon 16Q+3l!pb--+1t°+X 
aftCf a me gale has been npplicd on aIl convertcrs. Rcmammg background 
evcnts are grouped at low mvanant mass. 

Figure Il clearly shows the presence of sorne rernaining 

background counts grouped at low invariant rnass; mlnVc2~80 MeV. The 

bcst part of it is duc ta hlgh cncrgy neutrons. A srnall fraction is also 

rclated ta hadromc showers created in the concretc ceiling that are not 

vetoed by the plastic paddles. Both, the neutrons and the cosrnic muons 

arc charactenzed by rather low encrgy lasses, and thcrefare lead ta a 

law invanant mass value. This is shawn in Figure 12a. where is 

prcscntcd a scattcr plot of the dctccted energy Ey and the resulting 

invanant mass mtnvc2 lUf ail two-fold coincIdences obtamcd in the 

reaction 160+208Pb~1t0+X and involvmg the tclescape #7. 
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Fig. 12 (left) Scattcr plot of the total energy and Invanant mass of aIl 
evcnts involvmg tclcscope #7 and a software gate applicd on background 
counts. (nght) Rcsultmg total mvanant mass spectrum for the reactlon 
16()+D!pb-HtO+X aftcr the apphcatlOn of such a gate on aIl tele,;copcs. 

Background events arc mamly r,rouped into the wmdow Iimlled 

by 0::::E y::::50 MeV and O::::m Inv C 2:::: 50 rv V. They are rather weB resolved 

from the pion decay events whlcr form a broad and strong peak 
') 

centered at Er70 MeV and minvC~= 35 MeV. Usmg a two dlInemlOnal 

free form gate applied m the detected energy vs invarIant mass plane, 

the low invanant mass b:\ckground present m each detcctor could 

easIly be reJected. Such agate is also shawn in Figure 12a Figure l::'b 

displays the resultmg total invanant mass distrIbution aftcr a similar 

gate has been applied for each of the telescopes. 

The neutral pion dccay kmematics could be used ta further 

improve the background suppreSSIOn. The 1t 0 ~ "l'Y decay'i arc 

characterized by a lower limit on the openIng angle between the 

emltted photons. ThiS occurs in symmetncal decays [Eyl = E y21 for whlch: 

(3.3) 
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As an cxample. for a pion of kinetic energy equal ta Tn=mnc2, the 

opcning angle $"(1"(2, is always highcr than 4>min=60o, The suppression of 

uncorrelated coincidences that arise either from cosmic showers in the 

ceiling or fast neutrons seen by the forward detcctors could therefare 

be improvcd if the events characterized by a tao small opening angle 

were rejected. However, the above equation implies that a gate on $"(1 "(2 

also acts as an upper limit on the kinetic energy of the detected ncutral 

pions. For thls rcason, the opening angl\! has been kept free of any 

constraint in the present analysis. 

25 



3.3 Kinematics. 

Once 7t0~YY decay events are idcntificd by their invariant mass, 

the kinematical variables of interest, such as the total energy En and .he 

emission angle 8 7t , or correspondingly the transverse momentum Pl and 

the rapidity y, are derived from the measurcd cnergies EYl and 

laboratory angles Syi of each photon. The total energy is glvcn by' 

(3.4) 

where "'yI y2 is the opening angle bctween the photons in cOIncidence. 

Mathematically, (3.4) is identical to En=Eyl +E y2. However, the above 

formulation of the pion total energy in terms of the shanng factor, 

(Eyl-Ey2)/(Eyl+E y2), and the known rest mass of the 7(0, mnC2=135 MeV, 

offers the advantage of considerably reducmg its dependence upon the 

resolutlOn of the detectors [Ba8t]. The kinetic energy of the 7(0 sim ply 

follows from equation (3.4): 

T1t = En - 135 MeV (3.5) 

The emission angle of the pion relative to the beam axis is 

obtained from the ratio between the parallei component of the detccted 

momentum Pli' and its total magnitude Plot: 

(3.6) 

Finally, the transverse component of the momentum Pt> and the 

rapidity y, are derived from En and 8 n using, [Pe87b]: 

(3.7) 
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, .. 
whcrc Ppar is: 

y= ~ In(E'It + cPPar) 
2 E'It - cPpar 

Ppar =1. V ~ -mic4 cos(81t) c 

(3.8) 

(3.9) 

From the equations giving En and 9 1t, it is clear that the 

determming factors for thei r resol ution are the detection angles e yI 

and 8"(2 of the 1t0 decay photons and the corresponding opening angle 

<1> y 1 "(2 With thcse considerations, the rather ~arge aperture of the 

detectors ln the rcactlOn plane [ti9=±4° to ±7°], could not be omitted in 

the treatment of the kinematics. When the center coordinates of the 

telescopes arc used to define the emission angle of decay photons, 

structures appear in the distributions of En and en. In order to correct 

for this effect, the emlSSlon angle e "(l' of each decay photon, was 

randomlzed over the face of the corrcsponding telescope. ThiS was 

achieved usmg a uniform random dIstribution of the photon detection 

coordInates on the convertcr surface and Euler rotation matrices to 

trcat the gcometry Of course such a procedure does not consider the 

cffect of an asymmetnc angular distnbutlon of the pIons in the 

laboratory. Howevcr, the former being unknown and in the absence of 

a better granulant y, a uniform smoothmg seemed to be an appropriatc 

\Vay to account for the ang1llar distnbution of the decay photons in 

each detcctor. 

Donc on a evcnt-by-event basis, this correctlon does not affect 

the avcrllgc kineuc cnergy and ernlssion angle oÏ a pion if it is repeated 

several times. To illustrate this point, consider a typical energetic pion 

decay evcnt wherc photons of 54 and 256 Me V hIt telescopes #4 and #5 

respectively Assumlng that the se photons were detected al the center 

of each tclescope, the openmg angle $"(1 "(2 is 70°, leading to a pion of 

kinetic cnergy TJt'==175 MeV being emitted at 21.5 0 in the laboratory. 

Table 31 lists the values of <1> y 1 "(2. Tn and en that \Vere obtamcd while 

using 10 different random choiccs of the photon detection coordinaies 

on the surface of the converters #4 and #5: 
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Table 3.1: Effect of the detector apertures on Tn and Bn. 

tPyl il (deg) Bn (deg) T triMe V) 

67.5 22.3 185 
71.2 22.7 170 
69.7 21.9 176 
66.8 19.7 188 
72.9 23.6 164 
69.9 25.3 175 
70.5 18.5 ID 
75.7 23.5 155 
64.3 18.6 199 
74.4 23.9 159 

AVRG. 70.3 22.0 174 
STRD. DEV. 3.5 2.3 14 

Depending on the issue of each random trial for 9 1 l and 9 12, 

significantly different values of T n and 8 n are round; this is reOected in 

the magnitude of the standard deviations of these variables. However, 

the exact emission angle of each decay photons being unknown, none 

of the trials ab ove can be rejected, for the y are ail consistent wlth the 

resolution of the detection setup. Consequently, in the analysls, each 7t 0 

event has been sorted 100 times using different random deîection 

coordinates on the convcrter face to calculate S'YI and 8 12. Each partlal 

outcome was sub,,'!quently given a wl"ight of 1/100. in the 

incrementation of any distribution. The error analy~l<;: has also been 

modified to correctly account for the weight of each partial event. This 

procedure has for main cffeet to smooth the data taking into account the 

finite granularity of the telescopes. This is shown in Figure 13. where 

are compared the kinetic energy distributions obtaincd with random 8 y1 

and e 12 sorting the data only once (top) or by summing with equal 

weights the T n's resulting from 100 uniform random issues (bottom). 

--------------_.-._-----
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Fig. 13 (top) Kinetic energy' distribution obtained when the photon 
detectton coordinates on the converter face are chosen only once al random. 
(botlom) Same energy distnbutlOn when the detecuon coordmates are 
chosen randomlf 100 tlmes. 

As can be seen. the overall shape of the energy distribution is 

unaffected by the random procedure. The only diffcrence between 

lhcse two distnbutions is in the smoother appearancc of da/dT 7t that 

rcsults from the 100 tnals for e yi and e y2. In facto it was venfied tbat a 

fit of the cxponcntial part of da/dT 1t wou Id lead ta the same inverse si ope 

parametcr and X 2 regardless of the assumption made on the exact 

detcction coordinates of the decay photons. These two spectra also 

mdicate that above 200 MeV the analysis becomes uncenain. for at these 

energlCS the aperture of the telescopes is no longer smaIl compared ta 

9yl ï2· Conscquently, the ulliform random distribution of cach photon 

on the convcrter face results in vanatlOns of T 7t tao important ta keep 

faith in the rcliJbIiity of the method. This is very apparent in the 

overall trend of the statlsttcal error bars for T 7t> 180 MeV in Figure 13b. 

Furthermore, thc lack of statistlcs combined with the presence of 

remaining background evcnts are sufficient ta cause the change in the 

slopc of the energy distributIOn close to 180 MeV. With prudence. the 

analysis has thus been limited ta pions of kineuc energy below that 

limi t. 
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3.4 Energy and Angular Resolutions. 

Because ur the experimental gcometry that was adopted for this 

experiment, the pion energy and angular resolutlOns are dctermincd by 

several variables. In first ordcr, the intnnsic encrgy resolutlOn of the 

lead-glass telescopes as well as their angular aperture will determlne 

the ove raIl trend of the expcrimcntal rcsolutlon. In add1l1on. becJu'lc of 

the nonuniform configuration of the spectrometer in the reactlOn 

plane, the resolution also depends upon the emlSSlon encrgy and angk 

of the pions in the laboratory. Such a multivariable problcm can easlly 

be studicd with the hclp of a simulation. Figure 14 shows the loglc flow 

chan of the FORTRAN code based on the Monte Carlo mcthod that was 

used to study the resolution of the nO spcctrometer. (ThiS program is a 

modified version of the code used to evaluate gcornctncal cfficlcncy 

discusscd in the next section.] 

~looP over needed END 
stallsllC5 
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choose speclflc Tt eml sSion cboase Q &: .. emlSllon Lorentz-boall x .... yy decay 

angle and enetgy ln lab fo-
angle~ for Tt-+yy decay 

t-
Crame 10 11. ID from 11. rell 

assummg uOlf"rm dlslr. It rest frame lab mornentum frame 
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lab momentum frame to yy opeDing 
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Fig. 14 Loglc flow chart of the Monte Carlo simulatlon used to evaluatc the 
energy and angular rcsolutlOns of the dctcctlOn setup. 
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Apart from the appropriate kinematical treatment of the 1t0 -) 11 

decay. the two main features of this Monte Carlo are the intrinsic 

energy resolution function of the Pb-glass detectors and the 

expenrnental geometry of the setup including both the laboratory 

position and the aperture of each telescope. The resolution of the lead­

glass detectors for a givcn photon energy is dctermined by the 

statisucal n uctuations in the nurnber N of secondary particles contained 

in the c1ectromagnctic showcr [Fa82]. It is therefore charactcrized by a 

11..JN depcndence. Typically the dctector response for photons of 

energy Ey is parametrized by a gaussian distribution of Full Width at 

Half Maximum ilEy given by: 

$y (%) = 0.1 
Er JEy(GeV) 

(3.10) 

This behavior of the Pb-glass elements used in the present 

experiment has becn verified using tagged photons by Julien et al. 

[Ju88b); they also confirm previous findings by Stachel et al. under 

similar conditions [St861. For photons of energy below 50 MeV, the 

detcctor responsc slowly deviates from a gaussian distribution and the 

resolutlOn il E "fIE,! is better reprcsented by addin1! an extra small term 

proportion al 1011Er III equauon (3.10). In the present Monte Carlo 

simulatlOn, this effect has been neg1ected since the laboratory energy 

distributIon of photons produced in pion dccays is peaked around half 

the 1t0 rnass, i.e. 70 MeV. As rnentloned, the equation giving the totll 1t0 

laboratory energy (3.4) is somewhat sensitive to the opening angle 

between the decay photons. The angular aperture of each telescope 

thcrefore ought ta be considered in the evaluation of the ove raIl energy 

rcsolut.on of the dctection setup. In arder ta include this factor and also 

ta stay consistent with the data analysis, the same uniform random 

angular smoothing of the photon detection angle over the detectors' 

aperture was used in the Monte Carlo simulation. Figure 15a shows 

typlcal angular rcsolution curves il 9 1t [FWHM] as a functlOn of the input 

laboratory kinetic cnergy that is chosen in the very first step of the 

simulation. Plans crnitted al 91ab=2.5, 72.5, 127.5 and 177.5 degrees are 

prcscntcd. These curves show a rather poor resolution for low kinetic 
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energy pions as a rcsult of equation (3.10). As expectcd, the rcsolution 

improves for high energies and finally levels off at ~ e 7t= 1 GO. This lowcr 

limit on the angular resolution is a direct consequence a f the aperture 

of the tel escapes. 
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Fig. 15 (a) Esttmated angular resolul1on as a functtOn of the Monte C.ulo 
input emtssion energy and angle. (b) Reconstructed pIOn erntSStOn angle as 
a function of the Monte C.ulo input emtSSlOn energy and angle. 

Aiso shawn on Figure 15b is the Monte Carlo output emlssion 

angle after folding the photon energies with the intrinsic resolutlOn of 

the detcctors, and smcaring thcir emission direction ovcr the convertcr 

face. The results are quite satlsfactory. In ail cases, the average Monte 

Carlo output emisslOn angle agrees with the mput laboratory value of Sn 

to wlthin ± 10 0 , which is weil inside the limits of the angular resolution. 
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The rcsults for the kinctic energy resolution are shown in Figure 

16a. 
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Fig. 16 (a) Estlmated energy resolution as a functlOn of the Monte Carlo 
input cmlSSlon angle and energy. (b) Monte Carlo reconstructed kinetlc 
encrgy as a functIon of the mput plOn emisslOn angle and encrgy. 

The resolution roughly varies between 40% and 60% depending 

on 8 1t • For plOns emitted with kinetic energy above 50 MeV, !l T 1t/T Tt is 

bettcr in the forward and backward directions than at 900 • For forward 

pions, this is due to the opening angle and the distances chosen for 

telcscopes #4 & #5. In the backward direction, the slight dctcrioratlon 

of rcsolutlOn as comparcd ta the forward case, results from the closer 

distances between the target and detectors #1 & #8. For pions of lower 

kmelIC energy, the opemng angle between each detector is no longer a 

dctcrminmg factor in the rcsolution, for the distribution of decay 

photons IS roughly isotropie in the laboratory. Thercfore in this case, 

the encrgy rcsolutlon is mainly affcctcd by the telcscope distance 

distnbution. This is clcarly shawn on Figure 16a by the rcsolution 

curvc for Trt =22.5 MeV. At this cnergy, the resolutlon is aimost constant. 

[In facto it is slightly highcr in the backward direction due to the 
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sm aller target to detector distances in that region.] The Monte Carlo 

output kinetic energies as a funclion of the laboratory cmission angle 

of the pions are shown in Figure 16b. In the range 250~8n~ 140 0 , the 

Monte Carlo output values agree weil with the input ones. Howe"er, one 

observes an apparent degcneracy of thcse curves near e n=Oo and 

e 7t= 1800 for pions above 50 MeV. This anses becausc most of the forward 

(baekward) energetic pions arc detected by a single pair of dctcetors, 

namely #4 & #5 (#1 & #8). The effeet on the data of (hls degeneracy 

depends strongly upon the expcnmental cncrgy and an~ular 

distributions of the pions. For instance, only a few plüns of Tn ;:::60 MeV 

are deteeted backward in the laboratory [see Figure 23]. The predieted 

nonlinearity at forward angles should rcsult in peaks in the kinetic 

encrgy spectrum at 50 and 100 MeV However, this e[rcet is 

considerably reduced by the large experimental resolutlOn on the pion 

emission angle. This is shown on Figure 34 in chapter 5, where the 

laboratory kinetic encrgy distributions of pIOns cm i tted ID the angular 

range 0°S:87tS:30o are displayed for ail three targets. It can be seen (hat, 

the sc distributions are free of any structure at 50 and 100 Me V. 
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( 3.5 Cross Section Normalization. 

The absolute cross section normalization has been obtained by 

glvmg a proper dctection weight dO' to each event rccognized as a good 

nO ~ yy decay. For that purpose, one has 10 evalu:lte the total probability 

Ec(Eyl )Ec(E y2) that photons of energy Eyl and Ey2 will produce a signal 

above threshold III each Pb-glass clement of a telescope, and the 

probability Eg(T Jt,S 1t), that the corresponding nO decay photons will hit 

two diffcrent detcclOrs of the spectrometer. Once these probablliues are 

known, the relative normalization of each 1[0 event is given by: 

(3.11) 

As displayed III Figure 17, the geometrical efficiency Eg(T n,8 n ), 

has been evaluatcd via a Monte Carlo simulationt handling the 1[0 decay 

kinematics in a way that is very similar ta the resolution simulation 

discusscd in the previous section. 
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lC) 
FIg. 17 Loglc flow chan of the Monte Carlo sImulation used to evaluate the 
geornctrIcal dctcctlon cfflclcncy of the ncutrai plOn spectrometer. 

t The author adnowlcdges P. Braun-Munzmger for the loan of this program. 
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This simulation called for a number of 15000 succcsses in each 

angle integrated energy bin. The unccrtainty on E g (T Jt.8 7t) an5ing from 

the limitcd statistics has been taken into account in the evcnt-by-evcnt 

error analysis [sec sectIOn 3.6]. In Figure 18, the re~;ult of thls 

simulation is presented as a linear 3 dimcnsional surface plot in the T Jt 

vs en plane. 

1:.=1 35~ 
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o 

Fig. 18 Thrce dlmenslOnal vicw of the geometncal dctectlOn efficlcncy of 
the detection setup ln the kmctlc energy vs emlSSlOn angle plane. 

In the valley limitcd by T7t 2:80 MeV and 30:5 8 Jt :51500. Eg(T 7t .8Jt) 15 

almost umform and typlcally equal ta 0.1 %. The lmponant forward and 

backward peaks are attnbutable ta the geometncal configuration of the 

spectrometer. Firstly, the dIstributIOn of relative openlI1g angle 

between aIl possIble paIrs of detcctors does not caver umform ly the 

angular range 0°:50y1 y2:51 80° and is more senSItive ta pIOns emlttcd ln the 

regions 0°:58 1t:5300 and 1500:::;8 1t :51800 than ta ÙlOSC emllted at 8 n=90o In 

addition, because the detectors #4 & #5 are tWlce as far from the targel 

than the paIr #1 & #8 [see Table 2.1]. the cfficlency to plOll'i emlltcd 

backward is on average higher than for those emltted in the forward 

direction. 
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The geometrical efficiency Eg(T n,e 1t ). does not take into aeeount 

the finitc dctection efficicncy of the tclescopes for y-rays. Renee, in 

cvaluating the total dctectlon probability of eaeh 1[0 ~ yy events, one 

must multiply Eg(T )t,e 1t ) by the probabllity that both photons will lead to 

signais above thrcshold in the convertcr and absorber. The conversion 

efficicncy Eç(Ey), as Just dcfincd, is for cach telcscope, a functlon of the 

incoming photon cnergy and of the thrcsholds applied on the Pb-glass 

detcctors. Because the incoming photon cncrgy must be known 

bcforehand, the conversIOn efficiency 1S mcasured using tagged 

photons beam. For the present Pb-glass Cherenkov counters, this has 

been donc at the 600 Me V Saclay elcclron LIN AC with tagged photons of 

20 to 100 MeV [Ju88a, Ju88bl, using hardware thresholds of 5 and 10 

Mc V on the convcrtcr and absorber respcctivcly. The resulting 

cxpenmental curve is shown in Figure 19. 
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Fig. 19 Measurcd converSion efficiency wlth respective hardware 
thrcsholds of 5 and 10 MeV on the Pb-glass convertcr and absorber. After 
the work of J. Julten et al. [Ju88b]. 
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In the present analysis, the measured conversion efficicncy has 

been smoothed between 26 and 100 MeV. Also, in the abscnœ of any 

data points lower tban 26 MeV, the edEy) curve was linearly 

extrapolatcd assuming that it vanishes for photon energlc~ cqual to the 

total detector threshold, i.e. Ey==15 MeV. The Ouctuations of ±Û.02 

observed above Ey==70 MeV are reprcselllatlve \,f the expenmcntal error 

on the rneasurement. Hence, for photon encrglCs hlghcr th an thal 

value, a constant of 0.5 was used for the conversIOn efficiency 

The sensitivity of this curvc to the cxpenmental thre~holùs has 

been studied usmg single y-ray Spl~ctra measured with a mu1tlpllcity 

M ;:::: 1 acquisItIOn trigger In a givcn telcscopc, any varIation of the 

smgle photon energy distribution for dlffcrent convertcr and absorber 

thresr'llds can only be due ta the dependence of the detectlOn 

probability Ec(Ey) upon thesc. Hencc, by obscrvmg the change of the 

single photon spcctrum mcasurcd in any dctcctor undcr two diffcrent 

sets of convertcr and absorber thrcsholds. one dtrectly obtalns the 

correspondlIlg vanatIOn of the conversion efftclel1cy The thre'ihold 

fluctuations of the y-ray detectian probablllty WCle th us studled U"lOg 

telescope #7 of the setup, charactenzed by the lowe~t lhrc~hold values 

for both Pb-glass clements [sec Table 2 Il. The study was accompltshcd 

by taking the ratio R(Ey. ThrCl, ThrAl: ThrC2, ThrA2) betw~en the 

photon spectrum obtamed in thls tclescope by applymg a glven "ct 01 

convcrter and absorber software thresholds ThrC 1 & Thr A 1 and the 

samc spcctrum. this lime gatcd by ThrC2=5 MeV and ThrA2=lO MeV 

The resultmg eurves, shawn III Figure 20, display tlle strong 

sensitivity of the conversIOn efflclency to thre~hold variatIon" One 

can see that modifications of the convcrtcr and ab,>orber thrcsholds 

have dlffcrent effects on the y-ray detectlOl1 probabtltty. In FIgure 20a. 

where only Thr A 1 vanes, the~e curves show that the ab~orbcr 

threshald aets mainly like a sharp cutoff on the photon yleld al low 

cnergics and docs not affect photons of cnergy hlgher Ihan 100 MeV, R 

bcing asyrnptotic to 1 abovc 1hat value. For the converters, the sItuation 

IS different. 
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Fig. 20 (a) EvolutLOn of the photon detectlon efficlcncy as function of 
absorbcr thrcsholds. (b) EvolutLOn of the photon detectlOn efficlency as 
functlOn of convertcr thrcsholds. 

Pan (b) of Figure 20 shows that a steady augmentation of the 

convener thrcshold attcnuatcs the photon detection efficicncy over the 

entirc encrgy range. In spite of the observed sensitivity of the 

dctcction efficiency at low energles, it is sausfymg ta see that above 

E y=70 Me V, the detectlOn probability appears to be quite independent of 

the thrcsholds. 

According ta the above discussion, the effects of different 

discnmlnator thrcsholds 

components 

multlplymg 

of a tclescopc i, 

the experimcntal 

were accounted 

apphcd on the Pb-glass 

for in the analysis by 

converslOn efficiency of Figure 19 by 

Once the relative normalization dO" was known, a final rejection 

critenon was applicd on the statIstIcs. Among ail 1t0 ~yy events, those 

which are charactcnzed by very low total detectlOn efficicncy lead to 

unacccptably large contnbutions to the ove rail cross sectIOn. They arc 

also more likely to be contamlllated by vanous background counts due 

to rhen low probabIllty of occurrence. In order to mllllmlZC the impact 

of thesc low cfficlcncy contnbutIOns on the differential distributions, 
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any event for which the total detection efficiency eC<Eyl h:C<EY2}t:g(T n,8 n) 

was lower than 1.6x 10-5 was rejected. For each target the number of 

events rejected in this manner accounts for less than 0.5% of the nO~yy 

statistics. The gating was mainly effective for kinetic cncrgics above 

150 MeV, which were not considered in the remamder of the analysis. 

Finally, the value of the total cross section was corrected to account for 

this eut. 
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3.6 Experimental Distributions. 

Neutral pion cross sections are best presented in the full phase 

space using the Lorentz-invariant doubly differential cross-section: 

(3.12) 

where p is the total momentum, and Elt the total energy of the pion. In 

this evcnt-by-event analysis, evcry nO --"'Y'Y decay was calculated 100 

limes choosing, for each photon, uniform random detection coordinates 

on the corrcsponding convertcr face. Each resulting outcome i, has 

accordingly received the following absolute weight: 

(3.13) 

where the factor w arises from the uniform random smooth over the 

detcctor apertures and is equal to 1/100. When Np and Nt. which 

correspond respeclively to the integrated beam current and the target 

thickness, are expresscd in their proper units, der 1 is given in micro 

barns. 

The total quadratic c.rror contribution of each outcome is given 

by: 

(3.14) 

In cquatlOn (3.14), w is once again used to weight the 

contribution of the outcome i. The constant 1 in the square brackets 

properly accounts for the intrinSlc statistlcal uncertainty of each n0--,,'Y'Y 

evcnt. The unccrtainty rc~ulttng from the Monte Carlo evaluation of 

the geometncal efficlency was also addcd quadratically ln the 

computation of the total error contribution. 

To rcmam consistent with the resolution of the detection setup, 

the bin wldths have becn chosen to be equal ta dTlt=lO MeV, dU=10 o, 
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dpt=10 MeV/c and dy=O.2 units of rapidity. AIso, as already rnentioncd. 

the analysis has been limited to neutral pions of kinetic cnergy lower 

than 180 MeV. since the granularity of the 7t 0 spcctrnrneter was not 

sufficient to allow a proper detection of higher cnergy events. 

The Lorentz transfonnation of the results frorn the laboratory to 

any other inertial system moving with a velocity ~F along the positive 

beam axis. is easily achieveci by using the invariant cross section crinv. 

According to equation (3.12) one has: 

(3.15) 

or additionally: 

(3.16) 

The distributions of the relevant variables such as T ,/. e lt F or yF. 

are then obtained by the integration of equations (3.15) or (3.16). For 

instance. the kinetIc energy distnbution in the frame F is givcn by: 

(3.17) 

while the rapidity distribution is obtaincd by: 

(3. 18) 

In an event-by-evcnt analysis, the integration symbol stands for 

the incrementation of the distribution in the appropriatc bin by a 

weight equal to the intcgrand of equation (3.17) or (3.18). 
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AIl kinematical variables are easily transformed from the 

laboratory to a moving frame F using Lorentz transformation mIes 

expressed in terms of a rapidity boost. For a particle moving along the 

positive laboratory z axis with a velocity ~lab, ()ne cao write [Se77]: 

(3.19) 

and: 

(3.20) 

The components of the particle's 4-momentum (Enlab,p lab) are 

then given by: 

where: 

P
1ab _ P 
t - t 

(3.21) 

(3.22) 

(3.23) 

(3.24) 

While moving from the laboratory to a frame F by a boost 13 F 

along the positive beam axis, the particle's rapidity in F is given by the 

simple relation: 

(3.25) 

with uF being: 

(3.26) 

In that new frame, the 4-momentum components now become: 

(3.27) 

F 2' h( F) cP par = ffi1.C sm y (3.28) 
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.... 

P
F _ ptab 
t - t (3.29) 

Hence, the transformation of the nO ~'YY kinematics to a frame F 

such as the nucleus-nucleus center of mass, is simply achieved by 

subtracting from the laboratory rapidity of the pion, the rapldily uF of 

that frame, and by using equations (3.27) to (3.29) to obtain the 

transformed 4-momentum. From these, T 1tF, and 9 1t F are straightforward 

to compute and thcir distribution is round by integration of thc 

invariant cross section, as already discusscd . 
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CHAPTER 4 

RESULTS 

A survey of the experimental results is given in this chapter. 

The presentation is limited here to the main characteristics of 

subthreshold pion production at 95 MeV/u, and it will be shown that 

thcsc data nicely follow the results obtained al lower beam energies. 

The theoretical interpretation has been saved for the next chapter. 

4.1 Total Cross Sections and Mass Dependence. 

Table 4.1 lists the total inclusive production cross sections 

obtaincd for the three targets studied in the present experiment. 

Table 4.1: Total production cross sections. 

Target CIlol (J.lbarns) CItot/(ApA ()2/3 

208Pb 490 ± 8 ± 98 2.2 
58Ni 262 ± 4 ± 52 2.8 
27Al 175 ± 4 ± 35 3.1 

Two contrIbutions are quotcd for the total error. The first one is 

the statistical uncertainty on the data as obtained from equation (3.14), 

whiie the second arises from a 10% uncertainty on the absolute 

normalization of the conversion efficiency presented in Figure 19. 

Rcferring to the third column of Table 4.1, one also sees that at 

E 1ab/A=95 MeV/u. the ratIo O"totf(ApA t )2/3 has an average value of 2.7 /lb, 

which is in the continuation of the experimental excitation function 

that was prcsented in Figure 1. 
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The power law behavior of the integratcd pion production cross 

section is prcscntcd on Figure 21, whcre O"tot is plotted on a log-log seale 

as a function of the product of the targel and projectile masses ApA t. 

Using a linenr regression, the rnass dcpendcncc of our data is bcst givcn 

by O"tota(ApAt)O.Sl. This result can be undcrstood III the following way. 

At 95 MeV/u, pions are not predommantly crcated at the surface by first 

chance nucleon-nucleon interactions, which would result in 

O"tota(ApA d 2/3, but would rather orIgInate from an extendcd source 

forrncd by the nuclcons enclosed in the overlapping volume betwcen 

the target and the projectile nucle!. In this geornctry, the cross section 

is expeeted to seale roughly as (A p 1/3 At 2/3 + Ap 2/3 At 1/3) [St86] The 

experimental mass dcpendencc of the total cross section agrecs quitc 

well with the prediction of this scaling l.lw which is shown in Figure 21 

as a solid linc nonnalized ta the measured cross sectIOn of 27 AI. 
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Fig. 21 Mass depcndcnce of the integratcd plon production cross sectIOns; 
full circlcs: present expenmcnt; full squares: 12C+l2C, 511Ni, nsu at 84 MeV/u 
[No84]. The full Ime corresponds to cra.(A'f3A plt3+A tI/3A pl.'l). 

The rcsults can also be eompared to thosc obtaincd for an 

E labl A=85 Mc V lu 12e projectile [N0841. The obscrved mass dcpendcncc 
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of both of thcse mcasurements agrees weIl for heavy targets. However, 

at 85 MeV lu, one observes a significant breakdown in the trend of O'tot 

for the light system 12 C + 1 2 C. Two phenomena may account for this 

effect. Firstly, for a light system Iike 12C+12C, the reaction may weIl be 

dominatcd by skm effects due to the small size of bath colliding nuclei. 

Howcver. such an cffcct secms ta be much wcakcr for the light system 

160+ 27 AI at 95 MeV/u. This could be due to the higher beam energy, 

which is more likely ta create a larger interaction volume betwecn the 

Iwo colliding nuclei. Secondly, one could consider the rcabsorption of 

pions aCter their production as bcing responsiblc for an increasing 

attenuation of atot as the colliding system grows in mass. The system 

12C+ 12C at 85 MeY/u would th en be the least affected by this effeet and 

ail other systems presented in Figure 21 would be faint "images" of the 

primary production cross section. 
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4.2 Kinetic Energy Distributions. 

Figure 22 presents the angle integrated kinetic energy 

The distri bu tions measured in the laboratory fo r ail three targets. 

experimental spectra peak between 20 and 30 MeV and then fall off 

almost exponentially. 
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Fig. 22 Laboratory kin~tlc energy distnbutlons of pions produccd \0 the 
reactlons 16()+27AI. ~i. D!pb _ n'l+X at 95 MeV lu. 

Table 4.2 lists the inverse slope parameters EO. found for the 

three targcts by fitting the spectra bctwcen 50 MeV and 150 :\!leV 

according 10 the unsalz da/dT nUcxp( - T Tt/EO). ThiS table glvcs the mvcr'iC 

slope pararnctcrs obtained for the angle integratcd kinctlc cnergy 

distributions. as well as those for pions emitted in the forward 
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(OO~e1t~300), sideward (60o~e1t~ 120°), and backward (l500~e1t~ 180°) 

angular regions of the laboratory. The error bars quoted are the 

standard deviations on the X. 2 fit. For later use, the EO 's resulting after 

transformation of the distributions to the nucleus-nucleus center of 

mass (CM), the "average source" rest frame (50) [see PO-30 ncxl section]. 

and the frec nuclcon-nuclcon system (NN) are also prcsented. 

Table 4.2: Experimental inverse s[ope parameters. 

208Pb 

emis. angle. EO LAB(MeV) EO CM(MeV) EO so(MeV) EO NN (MeV) 

Oo~e1t~1800 26.9±0.9 26.5±0.9 26.7±0.9 30.3±1.1 

OO~El1t:530o 35.0±2.6 32.3±2.7 31.3±3.5 29.9±5.6 

60o::;81t::;120o 25.l±l.3 25.8±1.3 23.8±2.2 26.6±l.S 

150°:5e1t~1800 21 5±2.0 22.6±2.0 25.4±1.3 37.2±3.0 

frame vclocity ~LAB=O.O I3cM=0.03 aSO=O.lO PNN=0.22 

58Ni 

emis. angle. EO LAB(MeV) EO CM(MeV) EO SO(MeV) EONN (MeV) 

Oo~e1t:5180o 298±0.8 28.0±0.8 28.4±0.8 29.7±0.8 

OO::;El1t:530o 449±2.8 39.3±3.1 36.8±3.5 28.9±2.8 

60o~e1t::;120o 25.7± 1.0 26.1±1.0 26.4±O.3 28.2±1.1 

150°:581t~180o 17.3±0.9 20.6±1.0 27.0±1.0 28.4±1.4 

frame vcloctty ~LAB=O.O I3cM=O.lO ~SO=0.15 ~NN=Ü.22 

27 Al 

emis. angle EO LAB(MeV) EO CM(MeV) EO so(MeV) EONN (MeV) 

Oo::;e1t:5180o 32.9±1.5 28.8±1.3 28.8±1.3 29.3±1.7 

OO::;El1t:530o 56.8±6.7 35.4±4.7 30.9±3.7 24.2±2.8 

60o::;e1t~120o 25 .O± 1.6 24.7±1.0 24.8±2.9 27.1±1.7 

150°:5e1t~180o 17.6±1.8 26.7±2.5 ~6.9±1.6 30.7±3.0 

frame vcloCity ~LAB=O.O I3cM=0.17 I3S0=0.18 ~NN=0.22 

..... ------------------------------------------
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The angle integratcd values obtained in the laboratory are in 

good agreement with those observed at 84 MeV/u for the reactions 

12C+238U, 58Ni, 12c. For these systems, Noll et al. [No84] have rcported 

inverse slopes pararneters of 26±2 MeV, 27±2 MeV and 28±2 MeV 

respectively. 

This table also clearly displays the strong dependence of EO on 

the reaction kinematics in thc forward and backward dlrcctlOns. 

Howcver. as expected. when transforrned to different incrtlal frames. 

the slope of the sideward pion cnergy distributIOns is not affcctcd. One 

notes that the EO 's obtained from these spectra arc very clo'ic to thc 

constant value of 22±2 MeV found at bearn energles below 60 McV/u [sec 

Figure 2]. Moreover. at 90° the 1t0 kinetlc energy distnbUtlons have 

very similar si opes for ail three targcts. This rathcr surprismg rcsult 

will be discussed furthcr in the next chapter ln the frarnework of the 

thermal source model. 

~------------------~ 
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4.3 Angular Distributions. 

The energy integrated angular distributions for the three 

reaetions studied In the present experiment are presented in Figure 23. 

For each target, da IdO is shawn in the labaratary, the nucleus-nucleus 

(CM), and the nuclcon-nucleon (NN) center of mass rest frames. The 

vclocItIes of thcse specifie inertial systems arc listed in Table 4.3. 

c 
u 
~ 
tl 

U 

JO 

20 

la 

o~~~~~~~~~ 
110 

110 

70 

eo 

10 

CM 

27A1 

LA8 

la 

CM 

10 

NN 

10 

0 0 :0 .4() 50 80 100 120 14Q t80 HIa 0 0 :0 +0 eo DO 100 120 140 leo,8O 0 o~~'-J",""""eo-':I!O"""'IŒl-'''''2!l-I''''",~,''''eo...J'1ID 

0,,(DEG) 

Fig. 23 Angular distnbullons of pIons produced In the reactlOns I6()+Z7Al. 
5BNI, :mpb 4 1i'+X at 95 MeV lu. CM corresponds to the nucleus-nucleus 
center of mass frame; NN to the nucleon-nucleon system. 

The laboratary distributIons arc strongly peaked in the forward 

directIOn. In thIS frame, the ratiO of the forward (9 1t~ 10 0 ) to backward 

(e1t~ 170 0 ) bins equals 2.0 for 208Pb, 2.9 for 58Ni. and 3.7 for 27 Al. The 

transi tian from forward ta baekward peaked distributIons as one 
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transforms dO' IdO from the nucleus-nucleus c~nter of mass to the 

nucleon-nucleon rest frame is an indication that the apparent 

production source moves with a veloclty betwcen PCM and PNN' One also 

notes that in aIl inertial frames. the angular distrIbutions are 

anisotropie. As will be diseussed m the next chapter. thls reqUlres that 

in its own rcst frame, the average pIOn source cmission is characteri/ed 

by an intrinsic p-wave cornponent. 

For asymmctrie colhdmg systems, rcqumng the energy 

integrated angular distribution ta be forward-backward symmetnc 

allows a first order determmatlOn of the average 1t 0 source'., rest frame 

veloclty. Such a symmetncal angular distnbutlon is obtalned by 

applymg a Lorentz boost Pso,leading ta equal mtegrated crms sectlOm. 

in the forward and backward heml<;pheres, I.e. cr(0°---,,900)=cr(()()O_~ ISOO). 

Because of the large solid angle covered by an angular bm 10 the 

sideward region, It is c\car that a symmetrtLallon of da Idn ovcr the full 

e 7t range will give much more welght to the rIOns emilled at 90° Figure 

23 shows that In the sldeward region, da IdD \<, unaffcctcd hy a Lorent/. 

transformation comparcd to the forward and backward part ... Hence. 

whlle looking for a vcloCity boost satl 'i fymg the equality 

cr(0°---,,900)=cr(90°----') 180°), the answcr IS only dctcmllncd by very ~mall 

differences in the total cross section, slnce the b\m hdvmg the large~t 

welght are also those whlch arc not affected by Lorentz 

transformations. A more sen~ltlve symmetrt/atlon cntenoll reqUlres 

the equa!Jty of the integrated cross sections only m ~ome rc ... lncted 

forward and baekward ranges such a~ tho!'.c covered by O°.;tjn:~30o and 

150°:.;8 7t ::::1800 In Table 43. the source VclOCItIC<; ~O-9() • .\lId PO-3(), 

obtained from the angular dl~tnbutlOns by applytng rc<;pcll\vely the 

criteria 0'(0°----') 90 0 )=cr(90°-) 180°) and a(Oo-> 30 0 )==cr( 150°---" 1 HOO). arc lI.,tcd 

for eaeh target In addition, the velocltles corrc~pondtng to the 

eentrOid of the laboratory rapldity dlstnbutlon<., ~y arc prov\dcd [ ... ec 

next sectIOn J. For companson purposes, the nuclcu<;-nucleu~ center of 

mass and the nuclcon-nudeon frame vciOCIties Pc M and P N N are also 

given. 

52 



... 
.~~ 

';\.. 

i .. 

Table 4.3: Extracted source velocities. 

Velo 208Pb 58Ni 27Al 

/3CM 0.03 0.10 0.17 
/30-90 0.06 0.11 0.17 
/3y 0.07 0.12 0.17 
130-30 0.10 0.15 0.18 
f3NN 0.22 0.22 0.22 

If the pions had originated from a single unperturbated source. 

the apparent velocity would have been independent of whether it was 

obtaIned by symmetrizing the angular distnbution over a given e Tt 

range or from the ccntroid of the rapidity distnbution. As will be 

discussed In the next chapter. it is bclieved that the difference between 

PO-90. pY' and PO-3D arises from the effect of reabsorption on the 

pnmary pIOns as they pass through the surroundIng malter after their 

emission. Under such considerations, the best estimate of the source 

velocity would oe ~O-30. since the forward and baekward angular 

regions are the most sensitive to any change in the frame velocity . 

Independent of the method, source veloclties sigmfieantly lower 

than thal of the nucleon-nucleon frame are found for each targeL This 

faet may be an Indication that cooperative mechamsms still domInate 

the ncutral plOn production at 95 MeV/u. A nO productIOn originating 

predominantly from sIngle first chance nucleon-nucleon collisiOns 

would be charactcnLcd by a source moving roughly wlth half the beam 

vcloclty PNN. ThiS IS at vananee wlth the results Iisted above unless 

plOn rcabsorptiOn considerably affects the primary distribution, and 

proves to be more important in the forward direction than at 900. This 

assumption gams more In credibllity when the rapidity distributiOns 

and the invariant cross sections arc considered. 
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4.4 Rapidity Distributions & Invariant Cross Sections. 

In Figure 

produced in the 

24a, the laboratory rapidity distributions of pions 

three reactions studied hcre arc shown. They arc 

approximately gaussian in shape and have a Full Width at HaU Maximum 

equal ta 1.2 units of rapidity in each case. The centrold of the 

laboratory da Idy, indicated by an arrow on the rapldity aXIS, is equal ta 

0.07, 0.12 and 0.17 for 208Pb, S8Ni and 27 AI respcctivcly. The ccntroid of 

the laboratory rapidity distribution provldcs anolhcr estlmate of the 

average pion source velocity ~ y for each colliding system. 
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Fig. 24 (a) Laboratory rapldlty dlstn\::'utlOns of pIOns produced III the 
reactlOlls 16()+Z1 Al, 58Ni, 2Il!pb ~ fiX at 95 Mc V lu. The arrows correspond to 
the average source vclocltles. (b) Invanant cross sectlons for the same 
reactlOns. The arrow corresponds to the nuclcon-nuclcon rapldlty 
YNN=O.22. 

54 



( 

Referring to Table 4.3, these are consistent with sources moving 

faster than the nucleus-nucleus center of mass but slcwer than the 

nucleon-nucleon system, which is in accordance with the velocities 

cxtracted from the angular distributions. The fact that ~ y is lower th an 

~O-30 anses {rom the backward asymmetry of da/dy with respect ta its 

centrold. 

The Lorentz invariant cross sections (3.12) are presented in 

Figure 24b for ail three targets as contour plots in the transverse 

momentum versus rapidity plane. AB-spline smoothing has been 

applied to the raw data in order to obtain those plots. The cross section 

dccreases by roughly a factor of 2 between two successive lines. In this 

representatlon, the invariant eross section is charactcnzcd by a family 

of successive ellipses. For aIl of the targets, cr ln y is centered on a 

ïapidlty value slightly lowcr than the nuc1eon-nucIcon velocity 

indicated by the arrow. The invariant cross sections are clearly 

asymmetnc about this central value. In fact, thcy show an excess of 

pions for lower rapidities. Moreover, the backward enhancement of the 

cross sectIOn IS more important for the heavier targcts. The asymmetry 

of cr illY about the central rapidity value is a key feature of the present 

data. As will be discussed III the next chapter, this effcct can be 

explaincd by a dominance of plon absorption in the forward direction. 

Such hypothesls would also explain the behavior of the source vclocitics 

obtained from the angular distributions. This will be further discussed 

in the next chapter, whcrc the angular dependence of pion absorption 

is studied on the basis of the present results. 
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CHAPTER 5 

DISCUSSION 

5.1 The Thermal Source Model. 

Pion production data at 95 Me V lu can be first examined to 

determine ta which extent they are consistent with emission by a single 

thermal source [Ha65]. For pions, the available phase spacc in a 

perfectly thermalized volume follows the rules of Bosc-Einstein 

statistics. One can therefore write: 

~= 1 
d3p exp(En/T) - 1 

(5.1 ) 

where En is the total energy of the pions and T the temperature of the 

volume as it is defined in thermodynamics. In this formulation, the 

invariant production cross section is simply exprcssed as: 

(5.2) 

where the constant is related ta the formation cross section of thc 

thermalized zone. The above expression can be compared ta the 

experimental pion distribution in order to assess the validity of the 

thermal source picture for the reactions studled hcre. The natural lir"t 

step is to derive the Lorentz invariant transverse momentum 

distribution. Since it is not affected by the source motIOn along the 

beam axis, da/dpt will depend only on the '5Qurce tempe rature T and thus 

allow for its unbiased evaluation, One eastly obtams the thermal <;ource 

prediction for the transverse rnornenturn distribution by nurnencal 

integration of the invariant cross section (5.2). 
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(5.3) 

The agreement of equation (5.3) with the experimental 

transverse momentum distributions is shawn in Figure 25. The constant 

K has been adjusted for each target ta yield the integrated cross section. 

The spectral shape of da/dPt is very weil reproduced by the thermal 

mode!. The best fit occurs for temperatures of 19±1 MeV, 20±1 MeV and 

21±1 MeV for 208Pb, 58Ni and 27Al respecuvely. The sensitivity ta the 

temperaturc T is also shawn in the case of 27 Al, for which the 

transverse momentum distributions calculated using T=19, 20 and 21 

Me V are presented. 
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Fig. 25 Expenmental transverse momentum distributions and the 
predictions of the thermal source model. 
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The source's temperature is nearly independent of the target 

mass, in agreement with the previous findings for the inverse slopc 

parameters of the sideward kinctic encrgy distributions. This is an 

argument against pions being predominantly emilted by a compound 

nucleus involving all target and projectile nucleons. In such a 

mechanism, the available energy is shared by an incrcasing number of 

nuc1eons as the system's mass increases. This would cause a SlCCp drop 

of the temperature for heavier targets at variance wllh the 

experimental observations. 

A more likely situation involves the formatIOn of a pion source 

from a subset of particIpant nucleons. USlOg conservatIOn of 

momentum, one easily cvaluatcs the number of target nucleons 

interacting with the projectile. For instance, a hot volume formed by 

the entire projectIle and Nt participant target nucleons. would have the 

following center of mass velocity: 

where Pp is the beam velocity and 'Yp = (1- P p 2) -1 /2. For the present 

reactions, taking P s equaI ta the average pion source vclocity Po -10, one 

obtains that 57, 31 and 23 target nucleons would be embodled in the hot 

zone for 208Pb, 58Ni and 27 Al respectively. These figures are in perfeet 

agreement with the fircball geometnc predictIOn for the number of 

nuc/cons taken away by a zero impact parameter beam dnllmg a hale 

inta the target [Go77, We761. The assumption that pions onglOate from a 

thermalized moving source descnbed by the fircball formalIsm IS 

further suggestcd when the present data arc compared ta Iight parucle 

measuremcnts at similar bcam encrgles. Figure 26 show,> the 

systematics of moving source parameters extracted from 16 0_, 20 Ne -, 

40Ar- and 12C-iuduced reactions on heavy nuclei [We82. Ha851. 

. 
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Fig. 26 Systematics of moving 
source parameters extracted from 
light particle spectra measurcd in 
0-, Ne-, Ar- and C-mduced 
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fireball descnptIOn (dashed !ine) 
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fireball mode!. The figure is 
borrowed form the reference [RaSS]. 

(E'Vcl/nucleon (MeV) 

The p, d, t and 4 He spectra measured at Elab/ A:::lOO Me V lu have 

average temperatures of 23±3 Me V. Moreover, these temperatures are 

nearly indepcndent of the colliding system. This is in agreement with 

the behavior of the tempcraturcs observed for the present pion results. 

The apparent ~ource vclocitIes obtamed for the pions also compare very 

weil wnh those extracted from light particle data, whlch are grouped 

betwet'n PSO=O.lO and I3s0=0.20. 

particle productIOn results, 

predomlllantly originate from 

This similanty between pion and light 

suggests that the former might 

a hot zone descnbed by the fireball 

geornctry The succcss of thiS model in reproducmg the experimental 

source parameters of Iight partleles is dlsplayed on Figure 26 by the 

dashed lines whlch agree WIth bath the ex.penmental temperaturcs and 

vc10cltics over a large range of beam energics. 

The angular cvolutlOn of the pion kinetic energy spectra can be 

used ta test th(' thermal source assumption. The invariant cross section 

as wnttcn In cquation (5.2) can be calculatcd for specifie source 

velocltics and temperatur\!s and the angle integratcd results compared 

with the expenmental ,nergy distnbutions. In Figure 27, the pion 

kinetlL energy spcctra rncasured for 208 Pb are set against the 
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predictions of equation (5.2). Using a temperature of 19 MeV, da/dT 7t has 

been calculated for sources movmg respectively with. the nucleus­

nucleus center of mass vclocity PCM=O 03. the average source vcloclty 

~O-30=0.10. and the nucleon-nuc1eon velocity ~ N N =022 The angle 

integrated spectrum is presented along wllh ilS proJect IOns ln the 

forward 0°-S;8 rt "$30o, sideward 600 "$8 rt s:120o and backward 150o~e1t-:::lR()O 

directions. The caJculated curvcs are normali/cd for each spcctrum III 

order to yield the measured cross sectIOn m the energy range of 50 10 

150 MeV. ThiS emphaslzes the behavlOr of the Inverse slope parametcr 

as the source velocity is changed and also overcomes the dependencc of 

the production cross scctlOn upon the pion em.SSlOn angle 

10 
O~0f180 

-1 

la 
-2 

la 
~ Of8f30 

,-.. -1 

> 10 Q) 

::;: 
'-.. -2 ..0 

~~ '!>0' Fig. 27 Total, forward. 
~ 10 ~======::::::===::::::===::::::~~ sideward and bad. WJru 
;-" 
"1J 
'-.. 

t) 
"1J 

1 

-1 

la 

-2 

la 

la 
-2 

la 
-3 

laboratory klnellc ener.l!\.' 60~~'~ 1::;'0 -
spectra of plOm produu.'ù 
ln 1 ~+:œph -; rt,J+X JS 

compared to preJ:ltJ()l1~ 01 
the movmg therm.!l ,>ourle 

;:::::=!:::::::=!:::::::=======:::::::::=====*'~ mode 1 The calcul.!! IOm Jrc 
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1 l~: full tn.mgk~ ~ ,0= Il, ..... 
1 1 full squares P~o= ~Wl). full 
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T" (MeV) 

The naive thermal source model reproduces very wcll the 

expcrimental slopes ln the sldeward reglon regardle,>,> of the ,>ource 

velocity. ThiS confirms that, for pions emllted at 90°, the mver<,c ~l()pe 

parameter is indcpendent of lite source kmemalIcs as prevlou<,ly notcd 

in Table 42. In this angular rcglon, the slope of da / d T lt IS thcrcfore 
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only dcterrnincd by the thermal propenics of the pion production 

source. 

In Tablc 5.1, the experirnental inverse slope parameters EO exp 

that wcrc obtamcd in the laboratory are cornpared to those rcsulting 

from moving sources of vclocities ~CM. ~SO=~O-30 and ~NN with respective 

tcmperaturcs of T::::19. 20. 21 McV for 208Pb. 58Ni and 27 Al. 

Table 5.1 : Comparison of the expe rime ntal Ea with predictions of the 

thermal source model. 

208Pb 

emis angle Ea exp(MeV) EO CM(MeV) Ea so(MeV) EO NN (MeV) 

Oo:sen:s180o 26.9±O.9 25.4 26.2 29.5 
Oo:sen~30o 35.0±2.6 26.6 29.4 36.0 
60o:sen~120o 25.l±1.3 25.3 25.4 25.8 
150o:sen:S180o 21.5±2.0 24.1 21.9 18.3 

source veloclty ~CM=O.03 ~SO=O.10 ~NN=O.22 
source temperaturc T=19 MeV T=19 MeV T=19 MeV 

S8Ni 

emlS angle. Ea exp(MeV) Ea CM(MeV) Ea so(MeV) EO NN (MeV) 

Oo:sen~180o 29.8±O 8 27.8 29.1 31.3 
Oo~en~30o 44.9±2.8 31.4 34.3 38.5 
60o:se1t~120o 25.7±1.0 27.1 27.2 27.4 
150°:S<31l$180o 17.3±O.9 23.3 21.6 19.5 

source velocily ~CM=O.10 ~SO=O.15 ~NN=0.22 
source tempe rature T=20 MeV T=20 MeV T=20 MeV 

27 Al 

emlS angle EO exp( MeV) EO CM(MeV) Ea So(MeV) EO NN (MeV) 

OO$9]t$i8G0 32.9± 1.5 31.2 31.6 33.2 
OOs9n$30o 56.8±6.i 37.4 38.2 41.1 
60o~e1t~120o 25.0± 1.6 29.0 29.0 29.2 
150o$91l$180o 17 .6± 1.8 22.5 22.1 20.8 

source veloclty ~CM=O.17 ~SO""O.18 ~NN=O.22 
source tempe rature T=21 MeV T=21 MeV T=21 MeV 
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As expected, if one only looks at the inverse slope of the total 

kinetic energy distributions (OO~eyt~1800), the expenrnental values arc 

weIl reproduced for ail three targets by a SOUlce of average vcloclty 

PSO=PO-30. Howevcr, regardJcss of the assumed vclocity, the single 

thermal source model fails to reproduce the invcr<;e slope~ oht.uncd III 

the forward, sideward and backward rcglon~ In .lddltlon, for 5 H NI allJ 

27 Al, the expenmental EO 's found at forward angles arc still 

considerably hlgher than what would be expccted of a ,>oulce at ft'\t III 

thc nucleon-nucleon center of mass frame Ungated f.l\t ncutron:-. \cen 

by the telescopes #4 & #5 could be lhe main <;ourle of t11l', dl'>Cfcpancy 

A few photon-neutron coincidences of recollstructed IIlvananl ma\s 

close to mytc 2 would be sufflclent to comlderably affect the temperature 

in the forward region 

For asymmetric collIding systems, emb~lon from a slllgie movlIlg 

source is in fact very unhkely. The large cross ,>ectlon.ll area 01 fen~d 

by the targel allows for the formation of 'ieveral ~ourcc ... corre,>pondlllg 

ta different impact paramctcr~ [Pr86]. Tim PlcturC 1\ comp.ltlblc wlth 

thc abscrved kllletlc energy distributIons, and the only rcmallllng 

features of the present data at our disposai ta asse..,,, the full valldlly of 

thc thermal prescnption arc thc expenmental angular dl'>lnblltIOn'i 

The curves shawn in Figure 28 are angular dlstnbutlOm calcuI.lted III 

thc 27 AI's nucleus-nucleus center of mass accordlng to the i~()tropll 

thermal source modcl (5.2), using a temperalure T=21 MeV Flve 

velocltIes have been cansldered The label PT rcfcrs to a \OUrle al rc ... t 

in the laboratory and is reprcsentatlve of a targcl-Ilke contnhutlon. on 

the other hand, Pp is associated wlth a source havmg lhe pn)JcuJle\ 

veloclly The curve labeIcd Pc M repre~enl<; the cml<,<,IOI1 0/ .\ thcrmal 

source at rcst In the nucleus-nucleus center of ma" ... and 1'> l\ot roplC ln 

1S mdepcndcnt of e 7t Fmally, the that frame, smce equation (5 2) 

curves labeled PO-30 and ~NN correspond to pIOn cml"'''lon frorn the 

average source and the nuclean-nucleon re~l frames. 

curves are narmalized to the integrated cross section 

Ali of thc~c 
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FIg. 28 Center of rnass angular dlstnbutlOn of pIOns produccd ln 

!60+Z1AI-Hto+X. The results are compared to predlctlons of the movmg 
thermal source mode!. TIle calculJllOnS werc pcrforrned for a temperature 
of 21 ~1c V. The vanom source VclOCIllCS are mdlcated ln cach casc. 

The cxpenrnenlal angular distribul10n IS clearly InCOnslstent 

wllh isotroplc eml"'~lon from a single thermal source. As IS dlsplayed 

abovc, such a ,>ource sllnply cannat givc ose to litc observcd forward 

and backward cnhanccmcnts of dO' /dD.. It IS cspeclally IOtcrestmg to 

note thJt evcn a source movmg with the nuclcon-nucleon center of 

mass StIll undcrrredict<; substantlally dO' Id 0. al forward angles. Even 

assummg the presencc of several thermal sources, wah a glven velocny 

anJ lcmpcrature distribution, the anisotropy of the angular distrIbutlon 

IS unlikcly to be rcproduccd by the thennal mode!. As shown on Figure 

23. such a plcture would be consistent wlth the shape of dO'/do. only if 

tcmperaturc~ much hlgher than 21 MeV or if strong projectile and 

targct-ltkc components \Vcre lnvolved III the productiOn rnech3.ntsm. 

The fireball mode! is ccrtamly at variance wlth the data on thls pOint. 

In this case, the proJcctiie and targct spcctator fragments would be left 
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with an excitation energy insufficient to reach a thermalization of 20 

MeV and produce pions. 

The anisotropy of the angular distribution is the pnnclpal 

indication that thermal radiation, even if present. is not sufficicnt 

alone to account for ail characterisl1cs of subthreshold pIOn production 

at 95 MeV/u. A suceessful Iheoretleal descriptIOn of the plOn rc"ults 

needs to include an amsotrople component \0 the pnmary di"tnbutlOn. 

For example, first chance NN~ N N 1t collisIOns 10 the early stage of the 

reaction might eontribute slgmflcantly to the pIOn ylcld at thcse 

energies and would introduce an intrinslc anisotropy 111 the angular 

distribution [Er88]. 

The amsotropy Ao, is a measure of the angle dcpendcnt part of 

da/dU. In analogy to reference [Na81], it has been evaluated using: 

(5.5) 

According to (5.5), an isotropie angular distnbution leads to Ao= 1. 

The anisotropies obtained in the inertlal frame movlOg wlth the 

average source vclocity ~O-30 are listed In Table 52. For each target. 

this special inertial frame is such that the angular distrIbution is 

forward- backward symmetric. 

Table 5.2: Experimental anisotropies 

Target pLOn energy Ao{:±O 2J 

0~T1t:C:;180 1.7 
5~T 1t:c:;30 1.6 
30~T1t:C:;55 1.7 
55~T1t:c:;125 1.8 

O~T 1t:C:; 180 1.9 
5~T 1t:c:;30 1.6 
30~T1t:c:;55 1.8 
55~T 1t:C:; 125 2.1 

O~T 1t:C:; 180 2.0 
5~T 1t:c:;30 1.7 
30~T1t~55 1.6 
55~T lt~ 125 2.6 
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The anisotropy increases with the pion kinctic energy in 

agreement wlth the rcsults obtamed at 84 MeY/u [N084]. On average, Ao 

also decrea ')es for heavicr targets Thc sarne behavlOr is obscrved for Ao 

ln the nucleus-nucleus center of ma<;s frame, aILhough the values 

obtalOcd in the highest cnergy range are affected by the source 

kmematlcs The all1<;otrop:c component present in the plOn ylcld at 95 

MeY/u 1<; simllar to that observed ln rcactlons weIl above the NN~ NN1t 

thre'ihold For in<;tance, an aru~otropy of roughly Ao ==2.5 has been 

meao.,ured for low encrgy negallve plom (TnCM=lOO MeY) produced in 

800 MeV/u Ar+KCl [NaXI] Comparable value,> were also obtmned in the 

same reaCllon at 1.8 GcV/u [Br84b]. On the other hand, much largcr 

anl~olroples rcsult from single nucJeon scattcnng proccsses 

N N ~ N.1-) N N TC. Yalues of Ao /:,reater than 3 were reponed for positive 

pIOns of ccnter of ma~s encrgy at'ove 100 MeV produccd in the rcacHon 

PP-)TC+d [Ri70]. 

Thc alllsotropy of the angular dlstributlon~, is a key clement in 

undcr'>landlng subthrcshold pIOn rncasurerncnt<; It was shown that 

unless hot 

assumptlon 

spectator-lIkc componcnts arc 

leads 10 angular dl~tnbutlOns 

pre~ent, the thermal source 

whlch arc ncarly !~otroplC. 

In contrast, plon<; aflsmg from Single nuclcon-nuclcon collISIOns alone 

arc cxpcnmentally charactcrll.ed by am~otroples hlgher than those 

ob!->ervcd III heavy Ion mduccd reaetlons One could try ta explam the 

al11sotropy of subthreshold plon rneasurements with sorne olher 

assumptlOns For Illstance, the fllestreak model [My78], which IS a 

modlflcd versIOn of the ftreball as"umptlOn where the reaCHon 

dynan1\cs 1$ p.uamctnl,cd by pdrtlClpant strcaks of nucJcons havmg 

dl frercIH vclocltle~ and tcmpcraturcs, could be consldercd Such a 

model \l,ould predlct "ome al11~Olropy JO da IdU ano.,mg from th(" ~ource 

vcloclly dl<,tnbutlon. Furthcrmore, tlus am,>otropy would Increasc NlIh 

the plon \...ll1ctlC cllcrgy The reab'iorptlOn of piOns III the ~utrOundlllg 

mattcr aCter eml"Slon could also pby a dcterminant raie For example, 

coll!~10n dynamlc~ III 

proh.lbiltty 10 1I1teract 

whlch the sldcward pions 

wlth the rcmnants of the 

ha\ e a hlghcr 

rcactlOn, could 

transform an lllitially IsotroplC cmlSSlOn Into an al11Sotroplc one. In 

contrast, rnaXl!num absorptIOn III the forward direction w()Uld reduce 

the intnnsic anisotropy of slI1gle nucleon-nucleon collisions. 
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5.2 Pion Reabsorption. 

As a consequence of reabsorption in the surrounding malter, the 

measured invariant cross sectIOn is a disturbed image of the primary 

pion emisslOn. The large range of target masses, as weIl a'> the bcam 

energy which has provided good staw,ttcs, allow for the I~olation of 

relevant signatures of reabsOIptiOn in the plOn dlstnbution Thcse 

signatures are discussed In the followlng paragraphs u<;lng the 

rneasured encrgy and angular dlstnbutlon<; 

The survlval probablllty of plOn<; aftcr eml<;slon Will, In firs! 

order, be determlned by the quantlty of matter traversed and the ktnetic 

energy dependence of the mean frce path Consldenng undeflected 

traJectories, one ean approxlmate the probability that pions will live 

long enough to be observed by the foIlowmg expression [Le87]: 

(5.6) 

In (5.6), the kinetlc energy dependence of plOn ab<;orptlon is 

expressed explicltly by the mean free path À(T 1d The quantlty of matter 

traversed for a glven pion emisslOH angle e lt' IS assumcd to depend on 

the target radIUS, RoA 1/3, Slllce one expects the ab~orptlon 10 mcrease 

wlth the target mass. The average locatiOn of the plon ~ourle III the 

system forrned by the mteractmg nuclcl IS unknown, and one mu,>t 

therefore con<;lder the Influence of the colliSIOn geometry on the 

angular dependence of the absorptIOn. This depcndence 1'> expre'>'ied 

here as the functlon x(8 lt). For examp\e. If the source i~ a hot ~pot 

located at the center of a compound system. then x(8 nJ Will be a COrl'>tant 

and the absorptIOn will dcpend on the radiUS only On the other hand. If 

full stoppmg occurs in the col!J!)lon before the projectile rcache'i the 

targct's center. x(8 1t ) wJlI be at ItS maximum m the forward dlfcctlOn. 

and so will the absorptIOn. 

In the source rest frame, the observed invanan' cross section for 

a glven target results from folding the pnmary producllon cra,>., 'iectlon 

by the survival probabllity (5.6) as follows: 
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(5.7) 

Our aim is ta extract from the data sorne information about the 

dependence of pion absorption in both. the kinetic cnergy, and the 

emission angle. This can be donc if the assumption is made that the 

pnmary invananl cross secllons involved in the three reactions studied 

herc are "Il allke. nnd only dlffer In tirst approximatIOn by a scaling 

factor related to the larget ma<;s This assumption IS JllstlflCd by twa 

expenmcntal ob<;ervatlOns: fIrstly. In the thermal movmg source 

plcturc. the transverse momentum distribution,> lead. wlthlll the 

uncertalnty. to a unique temperature of 20 MeV; secondly, the 

ani"otropy Ao of low kinctlc energy pIOns, whlch fonn the bulk of the 

statl<;tlCS, depends only wcakly upon the targel mass [see Table 52]. ThIS 

inolcate<; that the physlcs IOvolved ln subthreshold pIOn production at 

thl" beam cnergl' doc,,; not change drasttcally wIth the target. It is 

thercfore re.lsonablc to conSlder the absorption as bcing rcsponsible 

for the ob'icrvcd differences In the dlstnbutIOns from one target to 

another Of course. any signature based on thls assumption wtll be VJlid 

only if the two followmg conditions arc met. Flf~l, the depcndcnce of 

the absorption on the kmctic energy and emlSSlon angle mu<;t incrcasc 

wlth the targel mass Second. thesc two dependcnccs should be 

relatIvely Inscmitivc to the source dl'namlcs, I.e. the absorption 

sIgnatures must be unaffectcd bl' the source vcloCltlcs. 

If the pnrnary InvarIant cross sections are assumed to be simllar, 

except for a constant WhlCh is determmcd by the target mass. then the 

rallos of kinetlc energl' and anguIar di~trIbutlOns rneasured for 

dlffcrent targcts should be domlllatcd by the absorpt!Df! ('rfrets. In the 

IImit of small ab~orptlOn. uSlllg dcr/dT rt as obtalOed in the respectlve 

source rest frame. the plOn survlval probabIlity':-, dcpcndence upon its 

kmclic cnergy is approximatc\y glven by the empnical rule: 

(5.8) 
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while the angular dcpcndence should be given by: 

(5.9) 

where, by definition, the target mass Al is larger than A2 Each 

distribution is normalized to ils intcgrated cross section cr 10 order to 

keep (5.8) and (5.9) close to one. Because they are <;urvlval prohabIlltles 

P(T 1t ,Al,A2) and p(e 1t .Al,A2) as defÏned will be mInimal when the 

absorptIOn is strong, and close to one If reabsorptlOn cffects are not 

important for glven T1t or8 1t • In absence of any other assum~tl():1s on 

the scale of the primary invariant cross sectIOn of each targel. the 

equations above do not provlde the absolu te value of the ab:-.orptlOn. 

Only the dependence of the absorptIOn probablllty upon the kmetic 

encrgy and the emisslOn angle can be approximately determmcd. 
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5.2.1 

{ 

Kinetic Energy Dependence. 

As was pointed out above, in order to isolate the absorption 

probability, one must compare the pionic emission from different 

targets in their respective average source rest frame, since otherwise 

the conclusion would be affectcd by kincmatical effects. For the energy 

dcpendcnce of the absorption, this problcm can be overcome by 

companng the kmetlc energy distrIbutIOns of pions emitted in the 

sideward reglOn, 60°::; (3 Tt::; 120°, which proved to be independent of the 

observatIOn frame. Resu)ts of equation (5.8) are shown for sideward 

pions in Figure 29, where all three possible target pairs are presented. 
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Fi)!. 29 Kinetlc energy dependence of plOn absorpuon as deduced from 
equatlon (5 8) usmg sldcward pIOns only. The kmeuc encrgy dlStnbutlons 
of targcts Al anù A2 are comparcd ln the laboratory (ldt), the respective 

source rest frames (center), and the nucleon-nuclcon system (nght). 

69 



." 

Ta display the insensitivity of the results upon the kinematics, 

the ratio (5.8) was calculated using for each target. dO' /dT 7t as obtaincd 

in: the laboratory, the respective source rest frame and the nucleon­

nuc1eon center of mass. In addition, it was venfied that the trend 15 

unaffected if ail pion emlSSlon angles are considcred. The de pendcllc e 

of the absorption effects upon the growmg target ma~s difference IS 

clearly viSible. For the case of Al=58NI & A2=27 Al, becausc of the small 

mass difference bctween these two targets, P(T 1t, Al, A 2) is ratller 

constant wah a value close to 1 exccpt for low kmetlc cnergy pions As 

the mass diffcrence increases, the survlval probabll ity (5.8) devlates 

from 1 and indicates a large absorption for low kinetic cnergy pions 

Moving toward hlgher energies, one observes a minimum absorption 

for pions of T 1[=:40 Me V followed by a new rise of reabsorption effects 

above 50 Me V. 

The large absorption for pions of low kinetic energy is also 

apparent on Figure 30. 
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Fig. 30 Companson of the 
laboralory kmctlc cncrgy 
distrtbutlOns of sldeward 
pions produced ln 16()+ 

Z7 Al, 208pb -+ 1[°+X wlth the 

predictions of the Lherm..!l 
source model. 
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This figure presents the laboratory kinetic energy distributions 

of sidcward pions obtained for 208Pb and 27 Al along with predictions of 

the thermal source modei (5.2). The experimental distributions show a 

lack of pions bclow T 1t=40 McV whcn compared to the calculatcd spectra. 

As cxpcctcd. this effcet is mueh more important for the heaviest target 

208Pb. 

Pion absorption cross sections are available in the literature but 

only for kiactic energies higher than 37 MeV and for nuclei in their 

ground statc [As80. Na80, Na83]. These are inappropriate for our 

discussion, sincc the bctter part of the pions observed in the present 

experiment have an energy lower than 37 MeV. Moreover, the 

reabsorption is duc to excited remnants created du ring the reaction. 

Hufncr and Thics [Hu79] have ealculated low energy pions absorption 

using a transport calculation method to follow the pions in normal 

density nuclcar matter. In their model the pion-nucleus op·deal 

potenttal and the clementary pion-nucleon cross section are used as 

dynamical input. They reproduce to a satisfactory level the existing 

pion absorption cross sectlOns above 37 MeV. An optlcal model 

ca\culation IS relevant here, since it reflects the absorption at the 

sur~ace of the nuc1car matter where pions emitted in subthreshold 

production arc mast likcly to be absorbed when they interact with the 

collision rernnants. The mean free path Â. (T 1t), deduced from this 

calculation [using an absorption width of r=120 MeV] is shown in Figure 

31 along with the resuIt of a similar relatlvistic calculation by Mehrem 

et al. [Me84]. 

The mcan free path resulting from bath calculations agrees with 

the overall trend of the survival probability P(T1t , A l,A2) deduced from 

our data. They show a minImum absorptIon for pions of kinctIc energy 

close ta 40 MeV and st ronger effccts below and abovc that value. Note 

that according to thesc caIculations, one would expect MT 1t) to be 

milllmum for pions of kinetic energy above 75 MeV, while the trend of 

P (T 1t' Al. A 2) agrees more with a minimum mean free path for pions 

havmg T 1t lowcr than 20 MeV. 
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Fig. 31 CaIrulatcd mcan free paths as a function of the pIOn encrgy; full 
squares: [Hu79J, full circles: [Me84 J. 

The theoretical À(T 1t) is also very small. especially in the 

calculation of Mehrem et al. Assuming that the pions traverc;e a 

distance roughly equal ta the target radius. a mean free path of == 1.5 

fcrmi would lead to striking diffcrences in the shape of the energy 

spectra obtained for 27 Al and 208Pb respectlvely. TllIS IS at vanance 

with our findings. sincc Figure 29 clcarly indlcates that rcabsorpuon 

effects do not completcly domillate the shape of the energy spcctra but 

arc rather perturbatIOns affccting the pnmary dislnbutlons. It 'iccm<; 

that the pions have a large effective mean free path. This could Jn\c 

from the reaction geometry; for example. in the fireball prcscnptLon. 

by the time pions get emltted. the spectalOr fragments may already be 

tao far from the partiCIpant zone to cause large absorption. 
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5.2.2 

if 

Angular Dependence. 

The angular dependence of absorption is dominated by the 

geornetncal configuration of the pion emlssion system created by the 

participant nuc1eon'i, and the location of this hot zone with respect to 

the spect~tor fragments. To enhance the trend of reabsorptlon as a 

functlon of the plOn emlSSlOn angle. the angular distnbullons of low 

kinetlc energy pIOns. WhlCh arc most affected by reabsorptlOn. were 

studied. Figure 32 presents the results of equatlOn (5.9) for aIl three 

target paus. Only tho~e pIons having a kinetic energy in the range 

5~T1t~30 MeV have bccn consIdcrcd. In order to cancel out the effect of 

the dlfferent source vclocil1es. the angular distnbul10ns used to 

calcu:ate P(87t.A I.A2) are those obtained in the respectIve average 

source rcst frame of caeh targeL 
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Fig. 3Z Angular dependence of pIOn absorptIOn as dcduced from equatlOn 
(5.9) usmg low energy pions only. The angular distributions of targets Al 

and Az are compared m thclr respective source relit frame. 
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On average. the value of p(e n .Al.A2) incrcascs with the pion 

emission angle. As expected. this effeet is also more pronounccd for 

larger target mass differenees. Thc<;e curves indlcate th..ll rCJb~orptlon 

is dommant in the forward directIOn. This trend does not change whcn 

ail kinetlc energles arc consldercd, allhough the dlffercncc sccn lI\ 

P(9 n .A l ,A2) betwecn the forward and b:ll .. kward angle" I~ smJllcr 

A somcwhat clcaner signature of forward absorptIOn I~ prc<;cnt 

in the rapidity dlstnbutlOn. In Figure 33. the IJboratory rapldl ty 

spectra of pIOns wlth small tramvcrse momentum (Ü$pr:::50 :-'1cV IL) arc 

shawn. The rnean source rapldlty corrcspondlng to ~()-JO IS lnlhcatcd by 

an arrow for each target. ThiS reprcsentatlOn offers the advantagc of 

bemg free of the kinematics. smce PLIS Lorentz invanant and da Id y 

only shifts by a constant along the rapidity axis under a vcloCily boo,,!. 
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Pions with low transverse momentum are predorninantly emitted 

in thc forward or backward directions. since most of their energy is 

carried along the beam axis. However, in the absence of absorption, no 

preference should eXlst betwecn these two directions eyen if the source 

has sorne anisutropy in its own rest frame. Cl carly, whcn one compares 

the shape of da /dy about the source rapidity, an cxcess of backward 

pion') exists for 208 Pb, whllc, withm the error bars, the distributions 

arc symmetnc for both the 58Ni and 27 Al targets. This mass depcndcnce 

of dcr/dy agrecs with strongcr pion absorption in the forward direction. 
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5.2.3 Absorption and the Thermal Source Model. 

The thermal source model provides the invariant cross section 

prior to the cffeet of pion absorption. Thc present data dcmonstratc that 

the consequence of this perturbation on the primary dl~tnbullon IS a 

net reduetion of low encrgy pions in the fo'ward dIrectIOn Thcrefore. 

one should not be 'iurpnsed by devlatIOns from thls nmve modd In thls 

last section, the di~crcpaneics betwcrn the expenmental re,ult, and the 

thcr nal source model rn:dlctions are discu<;scd tn light of rc.lb<.,orpl1on 

effects. This approact ',hould provide an Improvcd undeNanJlllg of 

the overall charaetenstlcs of the encrgy :md angular dl~tflbutlon~ 

In Figure 34, the forward, sideward and backward laboratory 

kinetic energy distributions arc compared for each target wlth 

prcdictlOns of the smgle thermal source rnodcl (5 2) The tempcraturcs 

and velocitics uscd {or the calcuL.ltlons are llldicated on the figure The 

thearetical curves are normalized to the expcnmental cro'iS section 

bctwcen 50 MeV and 150 MeV. For low encrgles, the perturbations 

intraduced in da/dT Tt by pion rcabsorption arc qulle apparent whcn the 

experimental spectra. arc set against the thermal source prescriptIOn at 

various cmlssion angles. The forward spectra arc charactcTl.led by a 

maximum cross sectIon at cnergy values 30 to 40 MeV hlgher than the 

prediction of the thermal source mode!. The same shi ft, although les" 

Important IS seen sideward. For backward cmlssion, both the 

expenmental and calculatcd maxima of da/dT 1t agrce for aIl largel":. 

Funhcrmore, at low energics, the ratio of the expcnmen tal and 

calculated cross :;ections shows an increasing lack of pions a~ one g()C~ 

toward smaih." emisslOn angles. The amount of mls~ing plOIl'. aho 

increases wlth the target mass. These observatIOns are in agreement 

with an enhancemcnt of rcabsorption for low kinelic cnergy plon~ 

emittcd in the forward directIOn. The disappcarance of a <;Ileable 

fraction of the sc ]rOIS after emis~ on, would explum the lai ge ... llIft of the 

dcr/dT Tt maximum observcd al furward angles for 20Rpb. Note that the 

greater average source velocity obtained for 27 Al as comparcd to 2')Hph 

should cause dO' / d T 1t to peak at highcr laboratory energlc~ for 27 AI th an 

208 Pb, in contrast ta what is observcd. 
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Fig. 34 Laboratory kmctlc energy dlstnbutlOns of forward (left). sideward 
(centcr) and bad,ward (nght) pIOns as compared to the prcdlctlOns of the 
thermal source model. The average ';ource temperature and vclocny used m 
the calculatlons arc mdlcatcd for each target 

The lficreased absorptIOn above T rr=40 MeV should lcad. for 

he:J.vler targcts, ta a reductIOn of the apparent source's tcmperature in 

the forward dIrectIOn. However, the forward spectra displ ay the 

opposIte behavior As was discussed III the previou~ sectIon, this 

departurc IS prob.lbly due ta the presence of a fcw background events 

and C:lllnot be tntcrpreted as a result of hlgher forward temperatures. 

Thc apparent lack of sideward and backward pions above 110 Me Y in 

5RNi and 27 Al is not c;igmfieant clther. This effec! le weil wlthin the ±l 

Mc Y uncertainty on the tcmperature. In faet, from the survival 

probabIllty curves shawn in Figure 29 [Source frame], it can be shawn 

that the effcet of ab~orptIOn on the primary tcmperature is smal!. In 

the case of Al=20RPb & A2=58Ni, the value of P(T7t ./\I.A2) decreases by 

25~o from T 7t=40 \1cV ta T 7t=lOO MeY. Assummg this corresponds ta a 

dimII1utioIl of 25% of the pnmary kinctic encrgy distnbution at T 7t= 100 
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MeV, it can be estimated, using equation (5.2), that a primary 

temperature of 21 MeV would be lowered to an apparent value of 19 MeV 

by such an attenuation. Such a small variation is at the IImlt of the 

sensltlvity of our data ta the temperature, It is thercfore not surpn"'lI1g 

that no significant sIgnature of absorption IS found 111 the exponentlal 

part of da/dT 1(. 

An important consequence of pion reabsorptlOn IS that ~()-30 IS III 

fact a lower estimate of the average source veloclty ThIS anses because 

it was deduced by equatmg the forward and backward cmlsslon 

probabIiIties. ThIS evaluatlOn method IS ObVIOU:ily bIa~ed If the forward 

direction is prefercntially attenuated. Therefore. solely con~ldenng the 

angular dIstributions. the only valid result for the source velocilles IS 

However. more can be sald when the :mgul.lr 

distributIOns obtained III the nucleon-nucleon center of ma"... are 

considered [see Figure 23]. For example, in this frame, one observes III 

da/dQ a diminution of 55% from el(= 1800 to 81(=0° for the 20XPb targel Il 

is unhkely that such a strong backward asymmetry of the angular 

dIstnbutIOn would be due to reabsorptIOn effects alone. In fact, the 

results presented in Figure 32 show that in the case of Al = 2 () X Pb & 

A 2=27 Al, the value of P(81(.A l, A2) decreases by only 35% from 81(= 1 HOo to 

el(=oo This would indicate that the backward asymmetry of da/dn 10 Ihe 

nucleon-nucleon rest frame does not only anse from forward 

absorptlon, but is also due to an effectIve pnmary source movmg ... Iowcr 

[han PNN. 

The observed mass dependence of the angular aOlwtropy Ao l.ln 

also find an mterpretatIOn in terms of the absorptIon Stronger 

absorption ln the forward direction can only lcad to a reducllon of the 

anisotropy ln heavler targets ThIS effect IS observed on average ln our 

angular distributIOns. Considenng the lowcr klOetlc energy range. 

(S$;T n $;30 MeV). the anisolropy decreases steadJly from 27 Allo 20XPh. 

The values takcn by Ao in Ihe slice 55$;T n $;125 MeV, wlllc l; conlnbute<, 

most to the anisotropIe compone nt of da/dQ. al"o dlsplay thls behavlOr 

In thls case, one observes a much larger afllsotropy for 27 AI than for 

58Ni and 208Pb. 

The experimcntal ma~s and encrgy dependencc~ 01 the 

amsotropy also seriously contradicts an hypolhesls which would state 



,; 
'! .. 

that a maximum sideward absorption of isotropie pions is the eause of 

the dip in do/dO at 90°. In such a picture, where the anisotropy is only 

related to the absorption, one would expect it to increase with the target 

mass. Furthermorc, aecording to the observed energy dependence of 

the ab~orptIOn, the anisotropy should be mueh higher for pions below 

30 Me V than for any others The obsl:rved increase of Ao for higher 

energles and smaller target masses, is impossIble ta reconelle with this 

assumption. The anlsotropy obscrved for the 27 Al target, fOf whieh the 

effcct of absorptIOn is mimmal, must then be eonsldered as a lower limit 

on the anIsotropie component present in the primary distribution at 

thls beam cnergy. To what extcnt, the absorption, even in 27 Al, could 

explain that the rneasured anisotropies are much lower than those 

characten~tlc of smgle NN ~ N N 1t processes remains an open question. 

79 



• 

CHAPTER 6 

CONCLUSION 

This study of subthrcshold pion production at 95 MeY/u took 

advantage of the large statistlcs collected for a widc range of target 

masses. The analysis of the expenrncntal rcsults almed firstly to isolate 

signatures hclpful in understanding the rnechanisms involved in 

subthreshold pion production, and secondly to discuss the Influence of 

pion reabsorption effects on the important fcatures of the data 

The results were first analyzed in the framework of the movmg 

thermal source model. This model reproduces very well the overall 

shape of the pion transverse momentum distributions obtained for 

208Pb, 58Ni and 27 Al From these spectra, assuming the presence of a 

single source, it was deduced that the tcmperature of the plon eml%IOn 

system is clo.>c to 20 ~lcV. A symmetrizatlOn of the forward and 

backward emisslOn probabll1 ty has provided the apparent sou rce 

veloclty, which, for each collidtng system, IS between that of the 

nucleus-nucleus and nucleon-nucIeon center of rnass rest frames. The 

temperatures and veloclties obtatncd for the present plOn dJla al<,o 

agree wnh tho~e extracted frorn light parucle speltra mea~urcd at 

similar bcam energies. This flfst approach woulJ thercfnre ~ugge..,t.., 

that subthrcshold pion production could be rcproduccd by a thermal 

model WIthout any necd for furthcr assumptions 

Howcver, a c10ser inspection has shawn that If the ... hape of the 

transverse momentum and angle integrated ktncl1c encrgy 

distnbutiOns arc weil dcscnbcd by a single movlng thcnnal ~ourcc. thl<' 

mode! faiis ta rcproduce the angular dcpendcncc of thc tnvcr~c ~lopc 

parameter<; obtallled from the laboratory klllctic energy dl..,tnbullon<; 

Furthermorc, even assumlllg several sources to contnbutc to the pHm 

yleld, the thcrmal model cannot account for the 
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anisotropy of the angular distributions unless hot projectile and target­

like components are considered. 

In attempt to explain the discrepancies between the thermal 

model and the present resuIts. the effects of the reabsorption of the 

pIOns after thelr emisslOn have been considered. An estimation of the 

cnergy and angular dependences of absorption was obtained from the 

experimental plOn productIOn cross sections by comparing the kinetic 

energy and angular distnbutlOns obtained for increasing target masses. 

The results of this approach show a domInance of absorption for PIOll of 

kInetlc energy below 30 MeV. These results also agrce 10 trend with 

optical model predictions. From the angular distributIOns it was 

concluded that absorption effects arc dominant in the forward 

di rection. 

The influence of the reabsorptIOn on sorne important features of 

the data have been discussed. For instance, a maximum absorption of 

low energy pions results in a ~Iglllficant shift of the maximum of the 

kinetic energy distrIbutions which is observed when the data arc 

compared to the predictIOns of the thermal source mode!. Also. a 

dominance of absorption for pions emitted forward implies a rcduction 

of the amsotropy for increasmg target masses, which is observed in the 

present data. 

The deduced enhancement of absorption in the forward direction 

affects as well the picture of the production source. Such an angular 

dependence of reabsorption IS consistent only if the pions onginate 

from a SOUlce behind the target center and are more shadowed by the 

forward rcmnants of the rcaction. Signatures of thb shadowmg were 

found 111 the asymmetry of the invariant cross sectIons and the mass 

dependence of the rapldity dlstnbutIons for pions having a low 

transverse momentum. In addition. the apparent velocity of the pion 

source is reduced by forwald absorption. As a consequence, the 

pnmary source cou Id have a vclocity much c10ser ta that of the 

nucleon-nuclcon system than what is dcduced from the experimental 

angular distnbullons ThiS could indicate that the pions arc produced at 

a stage of the collision earlier than expectcd tn the thermal source 

picturc. 
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Of course the descriptive approach adoptcd herc cannat replace a 

full dynamical model. Howcver, it allowcd to find the features of the 

results which are significant tests of a deeper theoretlcal study of the 

reaction mechanisms. For instance, the modcIs should rcproducc the 

angular dependcncc of the kinetlc energy spectra and the ant,>otropy 

of the angular distributions. Much attention should a150 be puid to the 

dependence of thcse variables upon the mass of the colliding system. 
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