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Résuḿe

Cetteth�eseaborde l' étudedespropriét́esthermodynamiquesde la mati�erenucléaireportée �a
temṕeratureset densitéso�u l'on s'attend �a observer la transition de phaseliquide-gaznucĺeaire.
Lesphotonsdurs(Eg

� 30MeV) émisdansdescollisionsnoyau-noyausont util iséscommesonde
expérimentale. La production desphotons et particules chargéesdansquatre réactions d'ions
lourds différentes(36Ar+197Au, 107Ag, 58Ni, 12C �a 60A MeV) a ét́e mesuŕeedefaçon exclusive et
inclusive encouplant le spectrom�etredephotonsTAPS avecdeuxautresdétecteursdeparticules
lég�eres et defragments demasseintermédiaire couvrantquasimentla totalité del'angle solide.

Nos résultats con�rment l'or igine dominantedesphotons durs commeétantdue au rayon-
nementdefreinageémisdanslescollisionsproton-neutron(png) depremi�erechance(horséquilibre).
Nous établissonsaussi de façon dé�ni tive l'existence d'une composantede radiation thermique
dansle spectre photon mesuŕe danslessyt�emeslourds,et attribuons sonorigine aurayonnement
de freinage émisdansles collisionspn de deuxi �eme-chance. Nousexploitons cette observation
pour i) démontrer que la mati�erenucĺeaire atteint un équilibre thermique lors de la réaction, ii)
valider un nouveauthermom�etre baśe sur les photons du rayonnementde freinage,iii) déduire
les propriét́es thermodynamiquesde la mati�ere nucĺeaire chaude (en particulier, pour établir la
“courbecalorique”) et iv) évaluer leséchellesdetempsdu processusdefragmentationnucléaire.

Abstract

Thethermodynamical propertiesof nuclear matterat moderate temperatures anddensities, in
the vicinity of the predictednuclearliquid-gasphase transition, arestudied using asexperimen-
tal probe the hard-photons (Eg

� 30 MeV) emitted in nucleus-nucleus collisions. Photon and
charged-particleproduction in four differentheavy-ion reactions(36Ar+197Au, 107Ag, 58Ni, 12C at
60A MeV) is measured exclusively andinclusively coupling theTAPSphoton spectrometerwith
two charged-particle andintermediate-mass-fragmentdetectorscovering nearly 4p.

Wecon�rm thatbremsstrahlungemissionin �rst-chance(off-equilibrium) proton-neutroncol-
lisions (png) is the dominant origin of hardphotons. We also�rmly establish the existenceof a
thermalradiation componentemitted in second-chanceproton-neutron collisions. This thermal
bremsstrahlung emission takesplacein semi-central andcentral nucleus-nucleusreactionsinvolv-
ing heavy targets.Weexploit thisobservationi) to demonstratethatthermalequilibriumis reached
during thereaction, ii) to establish a new thermometer of nuclear matterbasedon bremsstrahlung
photons, iii) to derive the thermodynamical propertiesof theexcitednuclearsourcesand,in par-
ticular, to establish a “caloric curve” (temperature versusexcitation energy) andiv) to assessthe
time-scalesof thenuclear break-up process.
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If fromthingswetakeawaythevoid
All thingsare thencondensed,andoutof all
Onebodymade, which hasnopowerto dart
Swiftlyfromout itselfnotanything -
Asthrowsthe�r e its light andwarmtharound
Giving theeproof its partsarenotcompact.

De rerum natura. Lucretius,circa95-55BC.
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Outlineof thethesis vi

It is commonly believed thatnuclearmatterundergoesa liquid-gasphasetransition
atsubnucleardensitiesandmoderatetemperatures.In theearly80's it wassuggestedthat
sucha phasetransition might be probedin heavy-ion reactionsat bombardingenergies
between20A MeV and100A MeV (i.e. aroundtheFermi energy, de�ned astheaverage
kinetic energy of thenucleonsinside thenucleus)by observingthedisintegrationof the
collidingnucleiinto many fragmentsof differentsizes,aphenomenoncommonly known
asmultifragmentation.

Thepresentthesisreportson an investigationof the (thermo)dynamical stateof nuclear
systems producedin nucleus-nucleuscollisionsat intermediatebombardingenergiesand
excitedto thevicinity of thepredictedliquid-gasphasetransition. Bremsstrahlungpho-
tons(Eg

� 30MeV), emittedin individualnucleon-nucleoncollisions, areusedasexper-
imentalprobesof the phase-spaceevolution of the reactionaswell asof the thermody-
namicalpropertiesof the producedhot systems.In particular, I addressthe importance
of thermalbremsstrahlungemissionwhichsignssecond-chanceproton-neutroncollisions
within a thermalizednuclearsource.

The�rst threechaptersof this thesisaredevotedto anintroductorydescriptionof theba-
sic featuresof nuclearmatter, heavy-ion physicsandhard-photonproductionin nucleus-
nucleuscollisionsatintermediate-energies.Thefourthchapterdescribestheexperimental
setupusedto detectandidentify the differentreactionproducts:hard-photons, andnu-
clearchargedparticlesandfragments.Dataanalysisanddetectorcalibrationprocedures
areexplainedin chapter5. Chapter6 and7 presenttheinclusiveandexclusiveexperimen-
tal results,respectively, aswell astheir preliminary interpretation.A comparisonof the
obtaineddatawith two differentmicroscopical transportapproachesandthederivationof
thermodynamicalpropertiesof the hot producedsystemsby meansof a thermalmodel
arecarriedout in chapters8 and9 respectively. Finally, theconclusionsandoutlookof
this work aresummarized. Appendices1 - 5 give respectively an overview of the prin-
ciplesof scintillation detectors,of the elementaryprocessof photonBremsstrahlungin
nucleon-nucleoncollisions,of theEoSof nuclearmatter, of somebasicheavy-ion kine-
maticsformulaeusedin this work, aswell asa detailedelectronicsandlogicsschemeof
oneof thecharged-particlemultidetectors.

vi
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Fundamentalpropertiesof nuclearmatter 2

1.1 The equationof stateof nuclear matter

One of the most exciting challengesin modernexperimental and theoreticalnuclear
physics consistsin understandingthe behaviour of nuclearmatterunderextremecon-
ditions of densityandtemperature.Nuclearmatteris an idealizedextrapolationof the
atomic nucleusto in�nite size (i.e. without surfaceor other �nite-size effects) at the
known saturationdensityof thenucleusr 0, without Coulombinteractionandwith equal
protonandneutrondensities(i.e. zeroisospin). In its groundstate,nuclearmattercanbe
hencedescribedasa many-bodysystemwith constantdensityr 0, constitutedof protons
andneutronsat zerotemperatureandpressure,interactingthroughthelong rangepartof
thestronginteraction.The quantitative descriptionof sucha many-body stronglyinter-
actingsystemwhenit is faraway from thesaturationstaterelieson theknowledgeof the
nuclearequationof state(EoS).TheEoSof nuclearmatterde�nesthedependenceof the
pressureP � P

�

T � r � or, alternatively, of theenergy pernucleone � E � A � e
�

T � r � (the
so-called“caloric EoS”) on two (macro)canonicalvariables:the temperatureT andthe
densityr (see�g. 1.1andAppendix3).

In thepresentday, theempiricalinformationon thenuclearEoSin thee vs. r plane
is only known with certaintyat thegroundstatepointatT = 0 andr � r 0 [Sura93]:

� Fromelectron-nucleusscatteringmeasurementsandfrom the interpretationof the
nuclearbindingenergies,thevalueof thesaturationdensityandthenuclearbinding
energy pernucleoneatT = 0 are[Myer76, Beth71]:

r 0 �

�

0 � 16 	 0 � 01� fm 


3

e
�

r � r 0 � �

���

16� 0 	 0 � 5� A MeV

� Thegroundstateequilibriumcondition, i.e. theconditionthattheenergy e is mini-
mumat r � r 0, requiresthederivative at this point to bezero,

�

de� dr 
 r � r 0 � 0� .
Or, in termsof theequation-of-state, thepressuremustbezeroatground-state:

P � r 2 �

¶e
¶r � r � r 0

� 0 (1.1)

� Thesecondderivative(thecurvature)of eat r = r 0, characterizesthecompressibil-
ity of nuclearmatter. Thebulk incompressibility modulusk¥ of nuclearmatteris
de�ned asthesecondderivative of theenergy at theminimum with respectto the
density:

k¥ �

9 �

¶P
¶r � r � r 0

� 9r 2 �

¶2e
¶r 2

� r � r 0

(1.2)

According to measurementsof the giant monopolevibrationsin sphericalnuclei
[Blai95], k¥ lies1 between180MeV [Blai80] and300MeV [Shar88].

The nuclearEoSprovidesa way to describethe bulk propertiesof a nuclearmany-
bodysystemin thermodynamical equilibrium, governedat the microscopic level by the

1Themostrecentlyreportedvalueis k ¥ = 231 � 5 MeV [Youn99].
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3 Fundamentalpropertiesof nuclearmatter

Figure 1.1: Nuclear equation-of-state around the ground-state (or saturation) point [Lee97].
“Thermodynamical” EoSP � P � T � r � (upper �gu re)and“calor ic” EoSe � e� T � r �

(lower �gur e) of nuclear matterfor different isothermalcurves (frombottomto top):
Ti (MeV) = 0, 3, 5, 7, 10, 15.16(= Tz at which the minimumpressure is zero), and
20.95 (= Tc, thecriti cal temperature); obtainedwith a nuclear mean-�eld interaction
of the form U � U � r � . Thesaturation point 0 corresponds to P = 0 (otherwisethe
systemwould expand or contract) or e= -16 MeV, T = 0 MeVand r0 = 0.16fm�

3.
Thecriti cal pointc in thismodelis at Tc = 20.95 MeV, r c � 0 � 39r 0 = 0.062fm�

3 and
P = 0.4 MeVfm�

3. Thedottedpoints delimit themechanically unstable low-density
“spinodal” region where dP� dr � T �

0 (i.e. the region where the incompressibility
k¥ becomesnegative). In the lower �gu re, the dashed line corresponds to the zero
pressure, and thesolid circles to thepointsof minimumenergy for each temperature
T. (SeeSection 2.2.1for thedetails of this plot.)
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Fundamentalpropertiesof nuclearmatter 4

two-bodynucleon-nucleon(NN) interaction.TheNN potential exhibits a short-rangere-
pulsivepartandalong-rangeattractivepart(�g. 1.2)akinto theLennard-Jonesinteraction
betweenmoleculesin a macroscopicVanderWaalsreal �uid (�g. 1.3). This similarity
suggests that nuclearmattercould exist in gaseousstatesaswell as liquid states.As a
matterof fact, it is commonly believed that nuclearmatterexperiencesdifferentphase
transitions(seenext Section)[Cser86,Stoe86].

Figure 1.2: Basic central nucleon-nucleonpotential (for spin S = 0 and isospin T = 1). From
[Mach94].

1.2 The phasediagram of nuclear matter

Severalphasetransitionshave beenconjecturedin thee vs. r phasediagramof in�nite
nuclearmatter(�g. 1.4). At T = 0, nuclearmatteris in the form of a Fermi liquid. For
densitiesbelow half thesaturationvalue(r = 0.25r 0 - 0.4r 0) a liquid-gastransition(from
thenuclearliquid to a gasof individual nucleons)hasbeenpredictedto occur(for a re-
centreview seee.g. [Poch97])arounda moderatecritical temperature:Tc �

16 MeV for
in�nite nuclearmatter[Lamb78, Jaqa83],andTc = 8 - 10 MeV for �nite (andcharged)
nuclei[Siem83,Bond85].For increasingtemperatures(T

�

20- 100MeV), thenucleon
gastransformsinto a gasof excitedhadrons.For very high temperatures(Tc = 150 	

4



5 Fundamentalpropertiesof nuclearmatter

Figure 1.3: Comparison between the EoS,P � P � T � V � , of a Van der Waals gas and the EoS
of nuclear matter (described by a density-dependent Skyrme mean-�eld potential)
[Jaqa83, Bert88].

20 MeV) and/orhighdensities(r
�

10r 0), latticeQCD calculations(seee.g. [DeTa95])
predicttheexistenceof two phasetransitions: i) thecolor-decon�nementtransition,and
ii) the restorationof chiral symmetry. At thesehigh temperatures,hadronicmatteris in
thestateof a plasmaof decon�nedquarksandgluons[Mcle86] andthechiral symmetry
of theQCD Lagrangianmight probablyberestored.This new stateof matteris believed
to have existedduringa few tensof microsecondsafter theBig Bang. In addition, other
more“exotic” phasetransitions have beenproposedat ratherlow temperaturesandrel-
atively high densitiessuchasa color superconductingphase[Raja99], or pion andkaon
condensation[Heis99]. In all cases,apartfrom con�rming theirexistence,theorder2 (�rst
or second)of theexpectedphasetransitionsis oneof themajorissues.

Studyingthe behaviour of nuclearmatterfar from its saturationpoint is motivated
not only by nuclearphysics but alsofor the understanding of astrophysicsandcosmol-
ogyphenomena.Indeed,theEoSof nuclearmatter(andspeciallyits density-dependence
morethanits dependenceon T) is a fundamentalingredientto describethedynamicsof
stellarcollapseandsupernovaeexplosion[Latt00], aswell asfor theformationandstruc-
tureof neutronstars[Glend88, Glend92, Latt00,Heis99] or morecomplex systemssuch
as“strangestars” [Li99] or “binary mergers” (neutronstarsandblack holes)[Latt00].

2In general, for in�nite systems(i.e. in the thermodynamical limit), if the �rst derivative of the ther-
mostatisticalpotentialadapted to thephysical situationunder studyis discontinuous,the phasetransition
is “�rst-ord er” (e.g. the common liquid-gas transitionof water at constantpressure); converselywhen
the secondderivativeis diverging the phasetransitionis said to be of “second-order” (or “continuous”)
[Chom00].
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Figure 1.4: Phasediagramof nuclear matterin the temperature versus baryochemical potential
(T, µB) plane[Aver98], where µB hasbeenderivedfromyield ratiosof particlespro-
ducedin nucleus-nucleuscollisionsat different incidentenergies.Thesolid (dashed)
curve through the data points representsthe predicted curveof chemical (thermal)
freeze-out.

Similarly, adetailedknowledgeof thequark-hadronphasetransitionis basicfor thestudy
of thedynamicsof theearlyuniverse(decon�nednuclearmatter)and,e.g.,theBig-Bang
nucleosynthesis(hadronizednuclearmatter)[Reev91,Borg00].

Experimentally, thesystematicstudyof thepropertiesof nuclearmatterat valuesof
temperatureandpressurefar away from the ground-statecanbe performedin the labo-
ratory only by makingcollide “chunks” of nuclearmatter(atomicnuclei) with a �nite
numberof constituents. During thecollision thenuclei interactstrongly, andpartof the
incidentkineticenergy is dissipatedinto internal(thermal)andcompressionaldegreesof
freedom,leadingto theformationof anephemeralsystemof hot anddensenuclearmat-
ter. As it expandsandcools,thesystemmaythusdynamicallytraversethevariousphase
transitions. When the reactiontime is long enoughto reachthermalequilibrium3 and
whenthe numberof interactingparticlesis not too small, it is reasonableto reducethe
descriptionof the systemin termsof thermodynamical variables(density, temperature,
pressure)allowing thestudyof thenuclearmatterpropertieswith thehelpof anEoS.The
choiceof therelative kinetic energy, the impactparameterandthe(relative) mass(size)
of thecollidingnucleide�nesthedegreeto whichnuclearmattercanbeheatedandcom-
pressedand,thus,allowsto selectthedomainof thephasediagramonewishesto explore.
Theavailability of acceleratorscapableof deliveringbeamswith a largevarietyof kinetic
energiesandmassespermitsthusto coverabroaddomainof densitiesandtemperatures.

3Recentlyalsoa generalizedGibbsequation for nuclear matterout of equilibrium [Bida98] within the
formalismof extendedirreversiblethermodynamics [Jou98] hasbeenproposed.
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7 Fundamentalpropertiesof nuclearmatter

Experimentsaiming atsuchstudiesduringthelast20yearshaveexploitedtheheavy-
ionbeamsavailableatseveralfacilities:GANIL (Caen),KVI (Groningen),SARA (Greno-
ble),RIKEN (Tokio), NSCL (Michigan StateUniversity),TAMU (Texas),UNILAC and
SIS(GSI, Darmstadt)for the intermediatebombardingenergiesfrom 20A MeV to 100A
MeV; SIS(GSI),SATURNE4 (Saclay),BEVALAC3 (LBL, Berkeley), andJINR(Dubna)
for relativistic projectileenergiesaroundafew A GeV; andAGS(BNL, Brookhaven),SPS
(CERN), RHIC (BNL) andLHC5 (CERN) for ultrarelativistic incidentenergiesabove
10A GeV.

1.3 The atomic nucleus

Theatomicnucleiusuallyemployed in heavy-ion reactionsareconsideredas�nite-size
(R = 1.2 - 7.5 fm, i.e. V = 10 - 1800fm3) quantalmany-bodysystemsconstitutedfrom6

A = 4 (for the4Henucleus)up to7 A
�

250stronglyinteractingfermions,-thenucleons-,
of two types(Z protonsandN neutrons).Thefundamentalpropertiesof thenucleuscan
besummarizedas[Povh95]:

1. The groundstateof the nucleushasa roughly constant(central)densityof r 0 =
0.16 fm




3 (equivalent to an energy density
�

0.15 GeV/fm



3). The densityof
nucleisaturatesat r � r 0, i.e. increasingthenumberof nucleonsdoesnot modify
this value,which is anevidencefor the �nite rangeof thenuclearforce. This also
impliesthatthenuclearradiusR variesapproximatelyasR � r0A1� 3, with r0 �

1.2
fm. The (charge) densitydistribution of nuclei (with A � 10) correspondsto that
of a spherewith a diffusesurface.It canbedescribedto a goodapproximationby
a Woods-Saxon(Fermi distribution) function: r

�

r ��� r 0 � � 1 ! e"

r



c#$� a % , with c =
1.07A1� 3 fm anda = 0.54fm; thesurfacethickness,de�nedasthelayeroverwhich
thechargedensitydropsfrom 0.9r 0 to 0.1r 0, amounting to d � 2a ln9

�

2.4fm.

2. Thebindingenergy pernucleoninsideanucleusremainsroughlyconstantataround
8A MeV. This value can be understood, throughthe semi-empiricalWeizs̈acker
massformula,asthe net resultof the combination of oneattractive andthreere-
pulsivecontributions8: thenuclearbindingenergy (thevolume or bulk termin the
Weizs̈acker formula)which amountsto

�

-16A MeV; theCoulombforcebetween
protons(1A - 4.5A MeV, beingapproximatelyproportionalto Z2

� A1� 3), thesurface
tension(6A - 3A MeV, with a A2� 3 dependence),andthe isospin asymmetry aris-
ing from theincreasingnumberof neutronsin heavier stablenuclei(whichgoesas

�

N
�

Z �

2
� 4A).

4Shut-down to date.
5Operational in near-future.
6Theliquid-drop description is meaninglessfor thelightestclusters.So,asfar as 2H, 3H, 3He have no

excitedstates,they togetherwith nucleons areusuallyconsidered as“elementary” particlesin heavy-ion
physics.

7Actually, A = 209for theheavieststablenucleus(209Bi), A & 250for theunstable actinidenuclei,and
A & 300for newly createdsuper-heavyshort-living elements.

8Additionally, a �fth contribution hasto beaddeddueto thecoupling of protonsandneutronsin pairs.
This pairingenergy canbe written phenomenologically as � 11' 2( A1) 2 MeV, with the negative (positive)
signfor even-even(odd-odd) nuclei.
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Fundamentalpropertiesof nuclearmatter 8

Theaforementionedpropertiesof theatomicnucleusin its groundstateleadto con-
siderit asadegeneratequantumFermi�uid (a liquid in thesensethattheparticleinterac-
tion energy is of theorderof their kinetic energy) at zerotemperatureandzeropressure.
In this simple Fermimodel,alsocalledindependent-particle picture,thenucleuscanbe
describedasa systemof quasi-freeparticlesobeying Fermi-Diracstatistics, interacting
only weaklywith eachotherand,to �rst approximation, moving insidea single-particle
centralpotential(the“mean�eld”) of depthV0 �

�

46 MeV arisingfrom its interaction
with all theothernucleons.As spin1/2 quantumparticlesthenucleonsinsidea nucleus
naturallyobey Pauli exclusionprinciple. At zerotemperaturethe loweststateswill thus
all beoccupiedupto amaximalmomentum (theFermimomentum) connectedto theden-
sity throughthe relation: kF �

�

3p2r � 2�

1� 3
�

1 � 36 fm



1 (i.e. pF �

270MeV/c) which

is equivalentto a kinetic energy of KF �+* p2
F ! m2

N
�

mN �

38A MeV. Thedifference
V0

�

KF �

�

8A MeV gives roughly the groundstatebinding energy. Nucleons,thus,
move insidethenucleusasfastas30%of thespeedof light (b

�

0 � 3c) with an internu-
cleonicmeandistanceof about2 fm.

1.4 The nuclear force

Thenuclearforceholdingtogethernucleonsinsidea nucleusis a residual(“molecular”-
like) interactionof thecolor force mediatedby the fundamentalexchangeof gluonsbe-
tweenthe constituentquarksof the nucleons.The nuclearforce arises,thus,from very
strongandhighly non-linearinteractionsat the quark level. Theseresidualsoft strong
processesarenot readilycalculableby perturbative meanswithin theQuantumChromo-
Dynamics(QCD) theory, -the nonabeliangaugetheoryof colouredquarksandgluons
basedontheSU

�

3� c groupof threecolors-,dueto thelargestrengthof theQCDcoupling
constantat low energies(or largedistances).At low-energies,however, thenucleoncan
beapproximatelyconsideredasa three-quarkcoresurroundedby apioniccloud,andthe
descriptionof a nucleuscanbe done,aslong asonerestrictsoneselfto distanceslarger
thanroughly1 fm, not in termsof partonicdegreesof freedombut in termsof nucleons
asthe fundamentalconstituentsinteractingthroughtheexchangeof virtual mesons(see
for example[Myhr88] and[Mach94]). This One-Boson-Exchange(OBE) pictureyields
aneffectiveYukawa-like[Yuka35]�nite-rangeforce,U

�

r �,�

�

e



mpr
�-� r, betweenthenu-

cleonsin agreementwith freeNN scatteringdataat low energy (Klab .

300MeV).
Theeffectivenucleon-nucleoninteractionis usuallydividedinto threeregionsdepending
onthedistancer betweenthecentersof thetwo nucleons:a long-range(r � 2 fm) andan
intermediate-range(1 fm

.

r
.

2 fm) attractive regions(interpretedby theexchangeof
a singlepion andtwo pionsrespectively), anda short-range(r

.

1 fm) repulsive region
(interpretedastheresultof theexchangeof heavier mesons),theradiusof therepulsive
corebeing

�

0.6 fm. In the nuclearmedium, the attractive part causesnucleonsto be
boundin the nucleus,whereasthe repulsive core leadsto the �nite size(saturation)of
thenucleus.Theshort-rangecorrelationsgiveriseto asmearingof theFermisurfaceand
enhancehighmomentumcomponentsof thewavefunction.Thedifferentexchangeterms
not only accountfor thecentralpartof theNN potentialbut alsoshow up in theangular
momentumstructureof thepotential asa spin-orbit(responsibleof theshellstructurein
the nucleus),tensor(accountingfor 5% - 10% of the strengthof the nuclearforce) and

8



9 Fundamentalpropertiesof nuclearmatter

anisospin dependence,aswell asa minor spin-spin component.Fig. 1.2showsthebasic
form of thecentral nuclearpotential (spinandisospindependencearenotshown). Theef-
fective freeNN interactioncanbetheoreticallyderivedwithin suchanOBE-modelbased
on theexchangeof mesons,eitherwithin a dispersion-relation theorythatrelatespN and
pp scatteringto theNN potential, (theparametrizedParispotential[Laco80] thatsubsti-
tutedtheolderReid-softpurelyphenomenologicalparametrization[Reid68]),or within a
quantum-�eld formalism(e.g.theBonnpotential[Mach87]).

Deriving, however, theeffectivenuclearpotentialfrom thefreeNN potential for amany-
bodysystemsuchasa �nite nucleusis a very dif�cult (andnot yet fully successful)task
(seee.g.therelativistic Hartree-Fock [Horo83] or theDirac-Brueckner[Malf88, TerH87]
approaches).Nonetheless,it hasbeen,sincelong, well established that theeffective in-
teractionbetweentwo nucleonsin anucleusdependsuponthedensityof thesurrounding
medium[Beth71]. This densitydependenceensuresthatnuclearmattersaturatesrather
thancollapses.ThenetNN attraction in themediumthusweakensasr increases.In an
usualapproachone,hence,invokesthelocal densityapproximation (LDA) andde�nesa
nuclearmean-�eld,resultingfrom thesuperposition of thelong-rangeor softinteractions
of all nucleons,eitherasfunctionof nucleardensityaloneU � U

�

r � (phenomenological
localSkyrmeor Zamickparametrization[Skyr59, Zami73]), or asa function,in addition,
of a momentum-dependentinteractionU � U

�

r �0/ p� (e.g. non-localGogny parametriza-
tion [Gogn75]) or, in a covariant framework, usingthe expressiongiven by the s

�

r
Waleckarelativistic mean-�eld model[Wale74,Sero86].As it is shown in Appendix3,
differentformsof thedensity-dependentnuclearmean�eld potentialU

�

r � leadto differ-
entEoS.

9
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Heavy-ion physics 12

Heavy-ion physics is a 20-years-oldresearch�eld which employs the collisions of
nuclei acceleratedat differentincidentenergiesto form, by completeor incompletefu-
sion,nuclearmatteratvariousconditionsof densityandtemperature.Typicalgeometrical
nuclearreactioncross-sections,de�ned aspb2 whereb is theimpactparameterof there-
action,areof the order1 - 7 barndependingon the sizeof the colliding ions. Whena
nucleus-nucleuscollision takesplace,the initial relative kinetic energy is dissipatedinto
internaldegreesof freedom(randomizedenergy: heat)aswell asinto collective degrees
of freedom(rotationanddeformationat low energies,compressionfollowed by expan-
sionathigherenergies)leadingto thedestructionof thenuclear-matterground-state,and
producinghot and/ordensenuclei. With increasingbombardingenergies, part of the
energy is usedin theexcitationof nucleonicresonancesandto theproductionof new par-
ticles,suchashard-photonsor light mesons,not present(or only virtually present)in the
entrance-channel.Up to thepresentday, heavy-ion (HI) physicshasusedthecollisionof
projectileions,acceleratedwith cyclotronsandsynchrotons,against�x edtargetnucleiat
restin thelaboratory. Howevernew heavy-ion collidersareaboutto starttheirway in the
(very)nearfuture(RHIC in June2000andLHC in 2005).

2.1 Characteristicsof HI reactions

In heavy-ion collisions, the systemsof interest,hot and/orcompressednuclei prepared
throughthereaction,arehowever transientstatesof very shortlifetimesandsmallsizes.
Thetypical timescale1 of theinteractionphaseis aboutt int � 2

�

Rp ! Rt �1� vp, whereRp 2 t
are the radiusof projectileandtarget respectively andvp the velocity of the projectile.
In theintermediate-energy regimefor example,vp �43 2Klab

�

A MeV �1� mN �

0.2- 0.4c
andt int �

50 - 100 fm/c. Typical interactionvolumes,correspondingto the subsetof
participantnucleons,areof theorderof a few hundredsof fm3. In general,therelevant
space-timereaction-volumeof nuclearmatteris, thus,of the orderV � ct int �

R4
�

A4� 3 fm4. Thesesmallvolumesrenderdif�cult thedescriptionof thesystemin termsof
thermodynamicalquantitiesandrequireadetailedknowledgeof thedynamicalevolution
of thesystem.
Whendealingwith hot anddensenuclearmatterproducedin heavy-ion reactions,three
basicinitial conditionshave to be considered:the incidentkinetic energy per nucleon
(Klab), the impactparameter (b) and the (relative) sizeof projectile and target. Those
threeentrance-channelpropertiescompletelydeterminethe reactionmechanism. The
�rst one,Klab, determinesthe relative wavelengthof thesystemandthemeanfree path
of thenucleonsduringthecollisionand,thus,therelevantelementaryphysicalprocesses
dominant at eachscale. The secondone, b, is directly connectedwith the degreeof
violenceof the collision and with the attainablevolumeof the interactionregion and,
thus, to the degreeof excitation energy per nucleone5 depositedin the system. The
lastone,thesizeof thecolliding nuclei,de�nes the total numberof nucleonspresentin
thesystemand,ultimately, themaximum compressionthesystemcanundergo (for light
systems,Atot .

100,oneexpectsdensity-relatedeffectsto playaminor role).

11 fm/c = 106

15 7 m89( 3 : 108 7 m( s8<; 3 ' 3 : 106

24 s,is theconvenienttimeunit adoptedin nucleus-nucleus
reactions.

12



13 Heavy-ion physics

2.1.1 The bombarding energy

Accordingto thebombardingenergy pernucleonof theheavy-ion projectile, Klab, (com-
monly measuredin AMeV

�

MeV/nucleonunits)onecande�ne four differentregimes
relatedto differentbehavioursof nuclearmatterwhich opento theexplorationdifferent
regionsof thedensity-temperature(T, r ) planeof �gure 1.4. Thelimits of thesedomains
aremainly determinedby thedifferentelementaryphysical processesprevailing at each
level:

1. Low-energy regime(Klab .

20A MeV, leadingto maximumexcitation energies2

e5max �

3A MeV in thenucleus-nucleuscenter-of-mass).In this regime,thebom-
bardingenergiesareof thesameorderastheCoulombbarrierof thecolliding nu-
clei (VC � e2Z1Z2 � Rint = 0.75A - 8.0A MeV, for Z1 � Z2 = 4 - 92)andthemaximum
attainableexcitationenergiese5 arebelow theaveragebinding energy of thenucle-
onsin thenucleus( = 8A MeV). Thewavelengthassociatedto a projectilenucleon
(l �?>@� p = 197[MeV fm c




1]/136 [MeV c



1]
�

1.5 fm for an incidentnucleon
with Klab = 10A MeV, for example)is largerthantheaveragedistancebetweenthe
nucleonsin the target (r0 �

�

9p �

1� 3
� 2kF �

1.12fm). Consequently, the interac-
tion is mainly of collectivenatureandcanbedescribedby invoking therealpartof
thenucleus-nucleus“optical potential” (the “mean-�eld”), directnucleon-nucleon
collisionsbeingseverelyhinderedby Pauli principle. Dynamical(preequilibrium)
emissionof individualnucleonsremainsmarginal,andthereactionmechanismsare
essentially governedby thelong rangepartof thenuclearforce,theso-calledone-
bodydissipation dueto themean�eld. Theprojectileexcitesthecollectivedegrees
of freedomof the target andthe incidentavailableenergy is convertedinto (low)
excitation energies,e5

�

2A MeV, andangularmomentumwithout destroying the
nucleus.

Theresultingphenomenology [Schr84]is complete fusionfor themostcentralcol-
lisions, and binary dissipative (also called “deep inelastic” reactions,following
multi-nucleontransfersbetweenthe colliding nuclei) and quasi-elasticreactions
for increasinglyperipheralcollisions. Sinceno compressioneffects are present
(r

�

r 0), theexpansionof theexcitedsystemis negligibleande5 is purelythermal,
i.e. e5A� e5

�

T ��� aT2 accordingto theFermigasrelationapplicablein this low
excitation-energy domain(seeAppendix3). The subsequentdecaymechanisms
of themoderatelyexcitednuclearfragmentsproceedsequentiallythroughneutron
andlight-charged-particle(LCP, with Z = 1, 2) evaporationfrom the nuclearsur-
face(emissionof heavier speciesis veryunlikely dueto higherbarriers)andbinary
�ssion (for the heavier partnerswheredeformation,the shapedegreeof freedom,
andnot excitation dominatesthe instability). Both areslow statisticalprocesses:
t � 300 fm/c for particleevaporation andt B 1000fm/c for �ssion. Finally, sta-
tistical gammaemission setsin for excitationenergiesbelow theparticleemission
threshold(e.g.below Bn �

8 MeV for neutronemission). Dueto thelargetimesbe-
tweenconsecutive emissions, globalequilibration is a goodapproximation andthe

2In heavy-ion collisionsthe total energy availablein the nucleus-nucleus CM (for non-relativistic en-
ergies) amounts to: KAA

7 AMeV 8C; µ( Atot : Klab
7 AMeV 8 , whereµ is the reduced massof the system.The

maximumexcitationenergy whichcanbeattainedamounts,thus,to eDmax & KAA.

13



Heavy-ion physics 14

useof a statistical compoundnucleustheory(Weisskopf model[Weis37, Lyn83])
is justi�ed. Typical ground-stateeffects like shell andpairing effectscanstill be
present.

2. Intermediate-energy regime(20A MeV
.

Klab .

100A MeV leadingto e5max �

3A - 20A MeV). In this energy domain,the projectileenergy Klab is comparable
to the Fermi kinetic energy of the nucleonsinside the nucleus3, KF �

38A MeV,
andoneis sensible to boththelong-wavelength attractionof thenuclearmean�eld
and to the short-rangerepulsiondue to hardNN collisions. This is thusa tran-
sition domainbetweenthe low-energy deep-inelasticandtheparticipant-spectator
scenariosprevailing at low andhigh energies respectively. The incident relative
energy is redistributed into thermalandcompressionaldegreesof freedomasa re-
sultof themean�eld effects(one-bodydissipation) andindividualnucleon-nucleon
elasticcollisions, NN E NN (two-bodydissipation). The latter areinhibited asa
consequenceof the Pauli exclusion principle (around90% of the NN collisions
arePauli-blockedat50A MeV accordingto moleculardynamicsmodels[Aich91]).
Excitationenergiesup to a signi�cant fractionandevenabove thenuclearbinding
energy (8A MeV) anddensitiesof about1.5r 0 canbe attained.For centralcolli-
sionswith incidentenergiesabove 30A MeV (equivalentto e5max F

5A MeV), the
compressionalexcitation energy canaccountfor about1/3 of theavailablecenter-
of-massenergy [Poch97].This compressional energy is subsequently releasedasa
collectiveradial�o w of nucleons.Boththermalpressureandcompressionalexpan-
sion candilute thenuclearsystems to subnucleardensities(r

�

1� 4r 0). Experi-
mentalmeasurementsandtheoreticalcalculations(eithermicroscopic or statistical
ones)haveconcurrentlyestablishedthegrossfeaturesof thereactionmechanisms4

which, following increasingimpactparameter, are[Dura97,Tama97]:

� Peripheral reactions: Dominanceof the binary characterof the collisions
with the productionof two primary nuclearfragments:an excited forward-
movingquasi-projectile(QP)andanexcitedslowly-movingquasi-target(QT).
This memoryof the entrancechannelis an indicationof the still dominant
mean-�eldeffectsin theevolutionof thecollision,althoughthepre-equilibrium
emissionof particlesstartsto appear. Theslightly excited(e5HG 4A MeV) pri-
mary fragmentsdecaymainly by sequentialemission processes(evaporation
and/or�ssion) in a similar way asestablishedat lower energies(seeformer
paragraph).

� Semi-central reactions: Primarybinarydissipative collisions still dominate
following the formationof an incomplete-fusedsystemwith the occurrence
of a neck-like structurebetweentheexcitedQPandQT. Thepreequilibrium
emissionof light-particles,dueto NN collisions takingplaceduringtheearly
stagesof thereactionand/orto non-equilibriumparticlesemittedby thecom-
positesystembeforethermalization, gainsin importance.The threeprimary
excited fragments:QP, QT andneck-like fragment,with excitation energies

3Thisis thereasonwhy thesebombarding energiesareusuallyreferredto asthe“Fermienergy” domain.
4This hasbeena rapidly evolving �eld in thelast5 yearswhenanimportant amount of new datafrom

4p multidetectors hasbecomeavailable.
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15 Heavy-ion physics

4A MeV
.

e5

.

9A MeV, decaymainly by “multifr agmentation” , i.e. by
multiple (at least3 fragments)andfastemissionof theso-calledIntermediate
MassFragments (IMFs) with 3 I Z

�

20 (seeSection2.4).
� Very-central collisions(correspondingonly toabout1%of thereactioncross-

sectioni.e. a few tensof millibarns): The formationof a quasi-fusedsingle
nuclearsystemwith e5 closeor even larger thanthe nuclearbinding energy
of 8A MeV, which subsequentlydecaysas a whole by multifragmentation,
hasbeenobserved[Mari95, Mari97]. Pre-equilibriumemission becomesless
important. Vaporization,i.e. the completelydisassembly of the systeminto
LCPs(Z = 1, 2), setsin for excitation energiesgreaterthan9A MeV.

3. Relativistic regime(100A MeV
.

Klab .

10A GeV leadingto T = 20 MeV - 100
MeV [Stoe86, Sto86, Peil94,Cser95]).In this energy range(with lower limit just
below thepion restmassmp �

138MeV), theprojectileenergy is not only trans-
formed into thermalenergy (temperaturesbetween20 to 100 MeV are attained)
andcompressioneffects(r reaches2 - 3r 0), but alsointo baryonicexcitationsof
the participantnucleons[Stoe86,Gutb89]. With increasingbombardingenergy
thekinematicallypossible post-scattering statesof the nucleonsarelessoccupied
(e.g. only around20%of NN collisionsarePauli-blockedat 1A GeV accordingto
moleculardynamicsmodels[Aich91]), andbinary NN scatteringnow dominates.
SincePauli blockingplaysaminor roledueto thelargeravailablephasespace,the
dynamicsis dominatedby hadronicintranuclearcascades.Abovethefreepionpro-
ductionthreshold(KNN J NNp

lab �

290(A) MeV) nuclearmatteris no morebasically
nucleonicbut alsootherhadronicdegreesof freedomhave to betakeninto account
with asigni�cant productionof nucleonresonances(D(1232)isobars,N 5 (1440)and
N5 (1535))andmesons(p, h) stemming from inelastic NN channels(NN E ND,
ND E NN, ND E ND, DD E DDandNN E NNp). At an incidentenergy of 2A
GeV morethan30% of the nucleonsareexcited to resonantstates[Aver94], and
the term “resonancematter” hasbeensuggestedfor this stateof nuclearmatter
[Meta93, Mose93].

Thereactionmechanismis governedmainly by geometricalaspectsleadingto the
so-called“participant-spectator”scenario.In the interactionzonetherelative mo-
tion of target nucleonsversusprojectile onesis slowed down due to the energy
loss,in binarynucleoncollisions,from longitudinal to transversedegreesof free-
dom,andto p-D production. Thisparticipantregiondevelops a shockcompression
(therelative velocity of thecolliding nucleiclearlyexceedsthenuclearvelocity of
soundvs �

�

k¥ � 9mN �

1� 2
�

0.2c) dueto stopping andthermalizationproducing
a high energy densityzonecalled the “�reball”. The compressionenergy gener-
atedis releasedin an importantproductionof orderedcollective movement (�ow )
[Jeon94]. Thosepartsof the colliding nuclei which do not belongto the over-
lap region betweenprojectileand target, the spectators, streamapartfreely with
lower excitation energies. Thestudyof projectile spectators producedin relativis-
tic heavy-ion collisions,with e5 's comparableto thoseencounteredin hot nuclei
producedin centralreactionsat the intermediate-energy region, constitutesalsoa
relevantresearch�eld in heavy-ion physicsandmultifragmentationstudies(seee.g.
[Poch97,Schw99,Muel99, Traut99]).
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Heavy-ion physics 16

4. Ultrar elativistic regime(Klab
� 10A GeV, leadingto T above100MeV). At these

high-energiesthe partonicstructureof the nucleonsin the colliding nuclei comes
into play(seee.g.[Wong96,Mcle86, Cser95]). Experimentalresultsof �x edtarget
collisionsin therangeKlab = 10A GeV- 200A GeVperformedin thelast5 yearsal-
readyindicatetheattainmentof apartonicphaseduringthecollision[Hein00]. New
high-energy heavy-ion experimentsprogrammedat RHIC andLHC collidersaim
atproducingenergy densitieshighenoughto form aplasmaof freequarksandglu-
ons. At this very high energies,andaccordingto thecommonly acceptedBjørken
picture [Wong96], the Lorentz-contractedprojectileandtarget passthrougheach
other after a time of

�

1 fm/c leaving behinda hot (T � 100 MeV) �reball of
gluons,quarksandantiquarksatmid-rapidity (essentiallybaryon-free)producedin
soft parton-partoncollisions. Energy densitiesoneorderof magnitude larger (

�

1
GeVfm




3) thantheenergy densityof nuclearmatterin equilibriumwill bereached.
Albeit in asmallregionof spaceandduringashortdurationof time(thehadroniza-
tion time is estimatedto be around5 - 10 fm/c), neighbouringindividual hadrons
couldmergeinto onebig hadron“bag” insidewhichquarksandgluonswouldmove
freely forming theso-calledQuarkGluonPlasma.

2.1.2 The impact parameter

Concerningthesecondentrance-channelpropertywhichdeterminestherelevantreaction
mechanisms,theimpactparameterb, it is straightforwardto seefrom geometricalconsid-
erations,sR � pb2, thatthesizeof thedensenuclearmatterzoneproducedin thecollision
andultimately theattainedexcitationenergy, stronglydependson the impactparameter
of the reaction. It is thusessentialto sort out the collisions accordingto their central-
ity. The impactparameter, which characterizes the initial state,is not however directly
measurableandit is thusnecessaryto �nd anexperimentalobservablestronglycorrelated
with it. Thesimplestobservableonecanthink of, andthereforethemostuniversally used,
is thetotal multiplicity of detected(charged)particles,Mcp, ascon�rmed by all theoret-
ical modelspredictions[Cava90]. Otherobservablesemployed[Fran97]aretheneutron
multiplicity Mn [Gali94,Schr92],thehard-photonmultiplicity Mg [Ries92],thetotalpro-
ducedtransverseenergy EK [Luka97], theFox&Wolframsecond-ordermoment[Fox78],
andtheso-called�ow angle[Cugn83,Salo97].

2.1.3 The projectile-target combination

Finally, regardingthe reactionmechanisms in nucleus-nucleuscollisions, the (relative)
sizeof theprojectile-targetcombination, de�nes,ontheoneside,themaximum available
numberof nucleonsto form theexcitedsystemand,thus,the“closer”we areto the (in-
�nite) nuclearmatterlimit (excitedheavy systemsarecloserto the independent-particle
pictureof bulk nuclearmatterthansmallfew-bodyones).Ontheotherside,it determines
also the importanceof compressional effects in the collision dynamics: the bigger the
colliding nuclei are, the moresigni�cant the density-relatedeffectsmay be during the
collision. Thatis thereasonwhy, complementaryto heavy-ion reactions,thepreparation
of hotnucleihasalsobeendonein GeVhadron-or light-ion- inducedreactions,in which
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17 Heavy-ion physics

basicallyonly the thermalaspectsof the disassembly process(no compressioneffects)
needto betakeninto account(seee.g.[Cugn87,Gold96, Kwia98, Jahn99, Lefo99]).

2.2 HI reactions in the intermediate-energy region

Themainphysicalmotivationbehindthestudyof nucleus-nucleuscollisionsin the“Fermi”
region of bombardingenergies, 20A MeV

.

Klab .

100A MeV, is the possibility of
“preparing”piecesof nuclearmatterwith excitation energiesin therange4AMeV G e5 G

20A MeV, i.e. excitationenergiesaroundthebindingenergy of a nucleoninsidethenu-
cleus.Nuclearsystemsproducedin suchreactionsareheatedandcompressedsothatdur-
ing their subsequentdecompressionandcooling they may follow a paththatentersinto
thelow-density regionof thephasediagram(�g. 2.1). At densitiesr

.

r 0, thebehaviour
of the systemis governedby the balancebetweenlong-rangeattractive andshort-range
repulsivenuclearforcesononeside,with thelong-rangeCoulombforceontheotherside.
Thus,in analogywith theclassicalVanderWaalsgaswhereaninterplaybetweenlong-
rangeattractive andshort-rangerepulsive forcesleadsto a phasetransition, it hasbeen
suggested[Bert83,Bert83b,Siem83,Lope84] thatasimilar liquid-vaporphasetransition
wouldalsotakeplacein theexpandingnuclearsystems formedin heavy-ion collisions.

Figure 2.1: Thelow density part of the phase diagram of nuclear matterand the criti cal region
of the liquid-gas phasetransition. Thetrajectoriesdepicted in the �gur e correspond
to the possible paths followedby a nuclear system producedin a central heavy-ion
reaction.

2.2.1 The nuclear liquid -gasphasetransition

The behaviour of “nuclearmatter” during a heavy-ion collision canbe followed in the
e � e

�

s� r � planeobtainedfor a Skyrmeequation-of-stateU � U
�

r � (�g. 2.2). Initially
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the reactioncarriesthe systemfrom the groundstateto somepoint with higherinternal
energy: theinterpenetratingnucleicreatea systemwith a certaindensityr � r 0 anden-
tropy pernucleonsi

� 0 (e.g.pointA). Fromthisexcitedpositionwith positivepressure5

thesystemwill thenexpandalonganisentrope6 until ametastablepointof equalinternal
energy is reachedon the left (point B). For very high initial energies(e.g. for excitation
energiesabove e5 = 20A MeV, leadingto entropiesabove the critical point at s � 2 � 7
markedwith anopencircle in �g. 2.2), thepressurewill remainpositive for all densities
(seealso�g. 1.1),andonemaydescribetheprocessasaninstantaneousvaporization(the
gasphaselying above thecritical point andtheliquid phasebelow). At low energies,the
region of the left sideof the isentropehasa negative pressureandtheexpansionwill be
sloweddown andeventuallystoppedwhenthekinetic energy of theexpansionhasbeen
convertedbackinto internalenergy. Thesystem,dueto therestoringeffectof thenuclear
mean-�eld,oscillatesbackandforth alongdecreasingisentropesthroughthecoexistence
phase.This is a metastableregion wherethe“liquid” system(identi�ed asa heavy frag-
mentwith r

�

r 0) coolsprogressively dueto “gas” (light-particleandcluster)evaporation
andotherdissipativeeffects(likecollectiveoscillations)whichbring it down to thestable
groundstate.

A third possibility appearsif one takes into accountthe fact that nuclearmatteris
dynamically unstablein the region wherek¥ is negative (or, statedequivalently, in the
region wherethesoundvelocity, vs µ L k¥ , becomesimaginary). This dynamicallyun-
stableregion canbedeterminedvia theso-calledisentropic“spinodal” curve de�ned by
the conditionk¥ µ ¶P� ¶r 
 s I 0. The region of the e � e

�

s� r � planein which this
occursis shown in �g. 2.2 (andalsoin �gs. 1.1 and2.1 in theP-r , e-r andT-r planes
respectively). If theinitial valuesof theentropy anddensityarehighenoughto expandthe
systeminto thismechanicallyunstableregion(i.e.,for example,to reachthepointC in �g.
2.2),theoriginalhomogeneousmetastableliquid will experiencea“spinodaldecomposi-
tion” [Siem83]:density�uctuationswill benomoredampedbut exponentially ampli�ed
leadingto a “fragmentation”phase7 composedof “liqui d” dropletsof differentsizesand
“gas” (individual nucleonsand light clusters).On the left of the spinodalline, nuclear
matterwill spontaneously form into droplets(whosemostfavourablesizes[Heis88] are
thosewhosewavelengthcorrespondsto themaximumgrowth rate);whereason theright
the mean�eld dynamics will basicallypreserve the homogeneous(liquid) phase. The
basicconclusionof suchreasoning[Siem83] is thattheexperimentallyobservedmultiple
production of intermediate-mass-fragments in multifragmentation reactionsis intimately
relatedwith theentranceinto thespinodalregionandthat“fragmentation”thereforearises
duetodensityinstabilitiesin thecentralpartof theexcitedblobof nuclearmatter(seeSec-
tion 2.4).

5SinceP ; r 2 M ¶e( ¶r N s, nuclear matteris in equilibrium if it is at anenergy minimum of anisentrope
(s= const), otherwisethepressure is nonzeroandthesystemwill expand or contract.

6Theassumptionthat thevolume change takesplaceat constantentropy is realisticsincethereis little
dissipationassociatedwith the expansion process,andthe initial valueof the entropy correspondsto the
maximumvalueattainedat theendof thehighestcompressionphase.

7In �g. 2.2,thesystemjumps at point C from theinitial metastableisentropiccurve si , representing the
uniformphase,to theproper thermodynamically stable(mixedphase)isentropes f thatcrossesthespinodal
line at thesamepointasthesi curve.
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19 Heavy-ion physics

Figure 2.2: Isentropes in the � e� r � planecorresponding to thecritical point (opencircle, s � 2 � 7)
andtheendpoint of thespinodal (full circle, s � 2 � 4). Alsoshowninside themixture
zone (shadow) are the spinodal (dashedline), and the Maxwell construction of the
�na l entropy per nucleoncurves,aswell astheunstable isentropessi andsf (dotted
lines). [According to this model,in the small gap betweens � 2 � 4 and s � 2 � 7 the
system experiences neither fragmentation nor instantaneousvaporization but goes
fromonephase to another in a continuous manner]. Adapted from[Lope84].
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Heavy-ion physics 20

The fact that excited nuclei producedin dissipative nuclearcollisions are�nite-size
systems in whichsurface,Coulombandisospineffectsplayamajorroledoesnotchange
muchthis interpretation. Indeed,althoughthe inclusionof theseeffectslowerssubstan-
tially the considered(critical) valuesof the energy (or entropy) per nucleon,the modi-
�cation of the trajectoriesof the expandingmatterdown to the region of the instability
thresholds is quitesmall,andthebasicscenariodescribedfor in�nite nuclearmatterre-
mainsbasicallyunaltered.The existenceitself of the spinodal-like phasetransition, or
of anobservablesignalingthepassagethroughthecritical region, aswell asits possible
connectionwith the processof multifragmentationis however still a subjectof intense
debate(seeSection9.4).

2.2.2 Experimental approaches

In the domainof intermediateexcitation energies, nuclearcollisions are governedby
complicatedmany-bodyprocessesleadingto theproductionof hotnucleiwhichdeexcite
emitting in all directionsdifferentnuclearspeciesin a large rangeof massesA, charges
Z andkinetic energiesK: light-charged-particles,LCP, with Z I 2 (i.e. the threeiso-
topesof hydrogenandthetwo isotopesof helium: p � d � t �

3He anda), neutrons,nuclear
fragments(Z B 3), aswell asnewly createdparticles(hard-photons,light mesons)not
originally presentin thesystem.A detectionascompleteaspossibleof all reactionprod-
uctsis anexperimentalgoalwhich is duly, but in generalonly partially, reachedby using
detectorscovering mostof the availablephasespace.On the experimental side,hence,
the major efforts in the last yearshave beenfocusedin the designandconstruction of
(almost) 4p multidetectors(Dwarf-Ball [Stra90],Miniball [Souz90],Multi tics [Iori93],
Indra [Pout95], Isis [Kwia95]) for the recordingof kinematicallycompleteeventsand
themeasurementof doubleandeventriple differentialcrosssectionsfor mostof there-
actionproducts.Theexperimentalobservablesthatexperimentalistshave at handto try
to unravel thecomplex reactionmechanismsandextract therelevant(thermo)dynamical
propertiesof the denseand excited nuclearmatterformed during the reaction,can be
schematicallygroupedin four categories:

� Thermal variables:Excitationenergiese5 areevaluatedusingnuclearcalorime-
try methods[Dura97], eitherby energy balancethroughthe completedetermina-
tion of A, Z and K of the decayproducts[Cuss93], usingneutronmultiplicities
[Gali94], or, indirectly, by measuringthe relative velocity of the quasitarget and
quasiprojectilefragments.Nucleartemperaturesaredeterminedwith nuclearther-
mometrymethods[Bene94, Dura97]eitherusingthe slopesof the kinetic energy
spectraof the producedparticles(kinetic temperatures)[Wada89,Baue95], the
double-isotope yield ratios(double-ratio temperatures)[Albe85] and/orfrom the
discreteexcitedstatepopulation ratiosof selectednuclides(excitedstatetempera-
tures)[Poch85,Bene94].Correlatingthesetwo variablesin ae5 versusT plot, one
determinestheso-callednuclear“caloric curve” [Poch95].

� Compressionalvariables: The measurementof the sidewardscollective �o w of
particlesandtheassociatedradialexpansion energy hasbeenstudiedto obtainin-
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21 Heavy-ion physics

formationon the density-dependentpart of the EoS (seee.g. [Stoe86]or, more
recently, [Neba99b,Ming99]).

� Space-timevariables:Informationon thedynamicalevolution (nuclearchronom-
etry) of the reactionprocesscanbeobtainedby looking at (subthreshold) particle
production mechanisms [Cass90,Mose91] and by studying two-particlecorrela-
tion functionswith intensity-interferometrytechniques:g-g [Marq97] andhadron-
hadron[Aich94] usingtheKoonin-Pratt[Gong91] formalism,or fragment-fragment
usingn-bodyCoulomb-trajectorysimulations[Glas94].

� Phasetransition variables:Critical parametersandcritical pointexponentsin dif-
ferentpower-law experimentaldistributions[Gilk94, Pan98,Dors99],anddisconti-
nuitiesin thenuclear“heatcapacity”[DAgo99]havebeenproposedaspossiblesig-
naturesof a liquid-gasnuclearphasetransitionaspredictedby theFisher's droplet
modelin thevicinity of thecritical point [Fish67].

2.2.3 Theoretical approaches

Onthetheoreticalside,thedescriptionof themany-body problemappearingin heavy-ion
reactionsat thesebombardingenergieshasleadto the development of differentmodels
which canbeglobally groupedin two categories,macroscopical(statistical) or micro-
scopicalapproaches:

� On the one side, the statistical models, suchas the sequentialdecaymodelsat
low excitation energies(e.g.GEMINI [Char88]or SIMON [Dura92])basedon the
Weisskopf theory [Weis37, Haus52] for compoundnucleusformationandsubse-
quentdeexcitation; or theMMMC 8 [Gros97], SMM9 [Bond95,Botv95], andEES10

[Frie90] modelsin theintermediate-energy region;areall basedon theassumption
thattheproducednuclearsystemattheendof thepurelydynamicalstageof thecol-
lision process(seenext Section)reaches(local) thermodynamical equilibrium(i.e.
thermaland,likely, alsochemicalequilibrium). Theunderlyingapproachof those
modelsis the replacementof the original complex collectionof stronglyinteract-
ing nucleonsandfragmentsby anew ensembleof particlesin thermalequilibrium,
shiftingthecomplicateddynamicsto thedensityof states.Themainideaof thisap-
proachis thatathighexcitationenergy averylargenumberof degreesof freedomis
involvedin theprocessandtheprobabilitiesof differentdecaychannelsaremainly
determinedby statistical weights(i.e. to thenumberof microscopicstatesleading
to a certain�nal state)ratherthanby the detaileddynamicsof the process.The
question turnsto calculatingstatistical weightsof variousbreak-upchannels(the
possible �nal statesof thedecayingsystem)undergivenconstraintsonthetotalen-
ergy, massnumberandchargecontainedin thebreak-upvolumeVb � A0 � r b. The
modelsbasicallydiffer in theuseof differentstatisticalensembles(microcanonical,

8MicrocanonicalMetropolis MonteCarlo
9StatisticalMultifragmentationModel

10ExpandingEmittingSource
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canonicalor macrocanonical),in the way of describingthe individual fragments
andin thecalculationprocedures11.

� On theotherside,thesemi-classicalmicroscopicmodel calculationstry to follow
the dynamicalevolution of the interactingnucleonsfrom the �rst instants of the
reactionand are basedon suitableapproximations of the time dependentmany-
bodySchr̈odingerequationfor then-particlewavefunction,Y

�

/r1 �-�O�P�P�Q/ rn; t � , or stated
equivalently in thequantumstatisticalpicture,of theVon-Neumannequationfor the
time evolution of then-particledensitymatrix F n which in con�guration spaceis
de�ned as[Bona94]:

F n � F n
�

/r1 �-�O�P�R�S/ rn �T/ r1U

�-�O�R�P�T/ rnU

; t �,� Y
�

/r1 �-�O�V�O�S/ rn; t � Y 5

�

/r1U

�1�P�P�O�Q/ rnU

; t � (2.1)

ThequantumLiouvil le equation(or VonNeumannequation)reads:

i >

dF n

dt
�W� H � F n

%

� (2.2)

whereH is then-bodyHamiltonianandthebracketsrepresenttheusualcommutator
operation.Sincethis equationis not readilysolvable, severalapproximations have
beenproposed12 in the >XE 0 limit . The microscopic modelscanbe subdivided
into two classes.Thosewhich reducetheproblemto thetimeevolution of theone-
body (nucleon)densitymatrix F 1

�

/r1 �T/ r1U

; t � andthosewhich arebasedon n-body
moleculardynamics:

1. Boltzmann Equation models:The crucial ingredientof thesesemiclassical
transportmodelsis thedescriptionof thesystemthroughthenucleonphase-
spacefunction f

�

/r �0/ p � t � , which is nothingbut the Wigner transform13 of the
one-bodydensitymatrixF 1

�

/r1 �S/ r1U

; t � :

f
�

/r1 �0/ p1; t �Y�

1
�

2p >@�

3 Z

d3r ei [p1 [R1 �]\ F 1
�

/r1 !

/R1 � 2 �S/ r1
�

/R1 � 2;t � (2.3)

Thetime developmentof f
�

/r �0/ p � t �

�

f is determinedalsoby “Wignertrans-
forming” bothsidesof equation(2.2),which �nally yieldstheBoltzmannki-
neticequationcontainingthetime-dependent(nuclear)mean-�eldforce /F

�

/r �^/ p � t �_�

¶U
�

/r � t �-� ¶/r anda2-bodyNN Pauli-blockedcollision termIcoll (for detailssee
Section8.1):

¶f
¶t

!

/p
m

¶f
¶/r

!

/F
¶f
¶ /p

� Icoll � f % (2.4)

11Closely-relatedto theseapproaches,latticegasmodelsfor nuclearmatterhavealsobeendeveloped(see
e.g. [Camp97, Pan98b, Mull99, Borg99]) to studynot speci�cally thesituationencounteredin heavy-ion
reactions but themoregeneral liquid-gasphasetransitionof excitednuclear systems.

12Actually, it hasbeendemonstratedthat all the different microscopical models usedso far may be
derivedformally from apropertruncation of thequantumstatisticalBBGKY (for Bogoliubov, Born,Green,
Kirkwook, andYvon) hierarchy for then-body densitymatrix (seee.g.[Li93, Bona94]).

13The useof the Wigner transform, de�ned in general asa Fourier transform of the n-particle density
matrix, is a typicalprocedurein all thesemicroscopicalmodelssinceit allowsto formulatethecomplicated
quantum statisticalsystemin a language very closeto classicaltransport theory, providing an intuitive
understandingof thetimeevolutionof thereaction[Aich91].
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23 Heavy-ion physics

At low incidentenergies,thetwo-bodycorrelationfunctionIcoll canbesafely
neglected(i.e. ther.h.s.of eq.(2.4)is basicallyzero)andtheresultingVlasov
equationor itsquantalversion,thetime-dependentHartree-Fock(TDHF) mean-
�eld [Nege82], are suitableapproximations. At intermediateenergies the
collision-lesslimit doesnotholdanymoreandonehasto solveequation(2.4).
For that purpose,several semiclassical phase-spacesimulations have been
proposed:BUU14/VUU15 [Stoe86,Bert88, Cass90],BNV16 [Bona94] and
Landau-Vlasov [Greg87]. Thesedifferentversionsbasicallydiffer in thenu-
mericalrealizationemployedfor solvingthetransportequation(theparticular
implementationof thetest-particle method)or in theparticularnuclearmean-
�eld parametrizationU

�

/r �^/ p � t � used(Skyrme,Skyrme+momentum-dependent
force,Gogny force...). Moredetailsaregiven in Section8.1.1.

2. Molecular Dynamicsapproach:The“Quantum”MolecularDynamicsModel
QMD [Aich91, Li93] (andtheir differentrealizations[Hart98]) goesbeyond
thepureone-bodydescriptionoutlinedabove. Retainingthecorrelationsamong
nucleons,it triesto describealsotheprocessof fragmentformation.It is atrue
n-body theorywhich simulatesthe time evolution of a heavy-ion reaction,-
then-bodywavefunctionof thesystembeingwrittenasthedirectproductof n
nucleonsrepresentedby coherentgaussianstates-, onanevent-by-eventbasis
by meansof a generalizedvariational principle(moredetailscanbefoundin
Section8.2.1).

Severalextensionsof thesetransportmodelshave alsobeendevelopedto further in-
cludee.g. stochastic �uctuations in thecollision term(Boltzmann-Langevin approaches
[Abe96, Ayik90, Rand90,Burg91,Sura92,Chom94]), non-localcollisionterms[Malf92,
Dani96, Mora99], genuinequantumeffectsby properantisymmetrizationanddiffusionof
thewave packet (FMD [Feld00],AMD/AMD -V [Ono98]), andfor relativistic energies,
a fully covariantformalism(RBUU [Maru94],RQMD [Sorg89, Bass98])or theoff-shell
propagationof nucleons(HSD [Cass99]).

2.3 Phase-spaceevolution of thenucleus-nucleuscollision

Transportmodelcalculationsof the BUU or QMD type areusefulto predictthe phase-
spaceevolution of a nucleus-nucleuscollision at intermediate energiesandto follow the
space-timeevolution of severalsigni�cant reactionquantities(seee.g.[Goss97,Neba99a,
Eude98]). Therelevanttimescalesof thedifferentstagesof thereaction,measuredin fm/c
units, aremainly determinedby looking at the evolution of the densityandthe number
of NN collisions of thecolliding systemasa functionof time (see�g. 2.3 for a typical
Landau-Vlasov calculation).

Thesemicroscopical simulationsoutlinea pictureof a typical heavy-ion collision in
theFermienergy regimeconsisting of thefollowingphases(�g. 2.3):

14Boltzmann-Uehling-Uhlenbeck
15Vlasov-Uehling-Uhlenbeck
16Boltzmann-Nordheim-Vlasov
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Heavy-ion physics 24

Figure 2.3: Landau-Vlasov simulations [Hadd96]: Densitypro�le in coordinate spacefor the
Ar(44A MeV)+Agreaction at different impact parameters (upper part). Timeevolu-
tion of thenormalizedmeandensity for thesamereaction (lower part).
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25 Heavy-ion physics

1. Preequilibrium compressionphase(0
.

t G 40 fm/c). At t = 0 fm/c the two
nuclei start to overlap. An initial non-equilibrium phasedevelops during which
collisions in the zoneof the overlappingregion of the colliding ions occurat the
nucleoniclevel. At this level, only collisions betweennucleonsfrom the target
andnucleonsfrom theprojectilecantake placedueto Pauli blocking. Theseener-
geticcollisionshaveahighly anisotropicinitial momentumdistribution. Transverse
momentumtransfersoccurbetweentheseNN collisionsrising the “temperature”
(interpretedastheresultingrandommotionof thenucleons)andgeneratingmuch
entropy in the interactionregion. A certainamountof nucleon-nucleoncollisions
boostparticlesto unboundstatesfar from theFermiseaproducingthedynamically
promptemissionof preequilibrium energetic particles: LCPs and neutrons(also
called“Fermi jets”) aswell assubthreshold particles(hardphotons,pions,kaons).
In momentumspace,theseparticlesaremainly locatedatmidrapidity in thecenter
of masssystem17. The system, out of equilibrium, startsto compress.The den-
sity reachesits maximum valueat t

�

30 fm/c, which roughlycorrespondsto the
time of a puregeometricalpassage-throughof the centers of the colliding nuclei
at theseincidentenergies(t int � Rint � vp = 10 fm/0.3c = 30 fm/c). Therateof NN
collisionsreachesits maximumvaluesomewhatlaterduringthe�rst instantsof the
subsequentexpansionstage.

2. Expansionphase(40 G t G 100fm/c). After thecompressionstage,matterstarts
to �o w underthein�uence of thepressuregradientgeneratedby therepulsivecore
of thenuclearforce. Thenucleonsstartmoving away from eachother, thenumber
of collisions diminishesquickly andtheentropy changesvery littl e. At t = 60 (80)
fm/c for peripheral(central)collisions18 thecomposite systemrecoversits normal
density. This spatialseparation time is consideredusuallyasthe endof the pure
preequilibrium scenario.

Fromthatmoment, anddependingon the initial conditions(the impactparameter
andthe relative sizeof target andprojectile),the original di-nuclearsystemgives
birth to theexcitednuclearsystem(s).For semi-peripheralandperipheralreactions,
a primary quasi-projectileandquasi-target (and,possibly, a neck-like zonein be-
tween)areproduced.For very centralreactionsa singlesourceof “quasi-fusion”
may be formed. The fateof suchhot and(isentropically) expanding nuclearsys-
tem(s)duringthesubsequent“disassembly” or “break-up”stageis themainsubject
of investigation.

3. Fragmentation or Clusterization phase.

(a) On the one side, if the expansion(thermalplus collective) energy is large
enough,at aroundt = 100fm/c thedensityof theexpanding andcoolingnu-
clearsystemcanbeof theorderof 1� 3r 0. At theselow densities,thenuclear

17Theaccessiblerange of rapiditiesy for a given nucleus-nucleus interaction rangesfrom themaximum
valuecorresponding to the limit of the incident particleelasticallyscatteredat zeroangley ; y p, down
to the minimum valuecorresponding to y ;a` yp. Thus in the CM system,normalizing to the projectile
rapidity: y( yp = -1, 0, 1 correspondto target,CM andprojectilerapidities, respectively.

18t & 60 fm/c is roughly thetime needed for the two incoming nuclei to completelytraverseeachother
at theseincident energies.
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bindingcausestheclosetogetherhadrons(in space-andmomentum- space)
to aggregateinto IMF andLCP in a “coalescence”process.As theexpansion
goeson,theglobaldensityof thesystemfallsto avaluewheretheconstituents
areno longerinteractingstrongly. This is thefr eeze-outstage.

(b) On the otherside,if the internalpressureis not suf�ciently high the system
doesnot reachthe“crackingpoint” within thespinodalregionandaftersome
expansionit reversesto compression. Severaldampedoscillations of thissort
may occur while the systemloosesexcitation by the subsequentslow �nal
decaymodes(evaporation,�ssion ...).

Fragmentsloosecontact(no matteror energy exchangesoccur)andtheir distribu-
tion becomesstableaftert

�

250fm/c [Puri96] i.e. primarychemicalcompositions
(thedifferentpopulationof nuclearspecies)become�x ed. Fromthis point on, the
producedfragments,moveonly undertheactionof theirCoulombtrajectories.

4. Final deexcitation. Thefragmentsat theoutputof thefreeze-outphasestill havea
certainamountof excitationenergy which is releasedby slow sequentialprocesses
likeneutronandLCP evaporation or statistical gamma emissionfrom unboundex-
citedstates(seeSection3.1). At theendof thedecaychain(t � 1000fm/c), any
remainingexcitedmassiveresiduemaydecaythrough�ssion; whereasthelastlow-
lying boundstatesdecayby statisticaldiscretegammaemissionof severalhundreds
of keV to a few MeV.

Whatthedetectorsmeasureis theresultof theevolutionof all theproducedfragments
upto asymptotic times.In general,thereis ageneralcommonagreementbetweenmodels
andexperimentsandbetweenmodelsthemselves,in the interpretationof the �rst purely
dynamical andpre-equilibriumstage(compressionplusexpansionphases)asit hasbeen
describedhere. Thereis alsolittl e doubtaboutthe evolution of the moderatelyexcited
systems existing after freeze-out.However, differentandeven contradictorytheoretical
explanations(seenext Section)have beenproposedto describethe fragmentationphase
startingat the endof the compression-expansionstage(t

�

100 fm/c) and �nishing at
aboutt

�

250fm/c.

2.4 Nuclear multif ragmentation and the liquid-gasphase
transition

The multiple (MIMF B 3) productionof nuclearfragmentswith charges3 I Z I 20,
usuallycalled“intermediate-mass-fragments”(IMF), larger thanthe typical evaporated
LCPs (Z I 2) but smaller than the evaporationresiduesor the �ssion products(Z �

20), hasbeenexperimentally observedto bean importantreactionchannelof heavy-ion
collisionsat intermediate-energies19, i.e. for nuclearsystemswith excitation energies4A

19This productionof severalnuclear fragments with charges3 b Z b 20 wasactuallyobservedfor the
�rst time in proton-andpion-induced reactionswith heavy targetsmorethan40yearsago[Serb47, Frie54]
andin heavy-ion reactionsin the late seventies and�rst eighties: �rst in emulsion[Jako82] andplastic-
nuclear-track-detectorsstudies(seee.g. referencesin [DEnte93, DEnte95]) andafterwards with electronic
detectors [Viyo79, Egel81, Warw83].
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27 Heavy-ion physics

MeV G e5 G 9AMeV. Thisprocesshasbeencalled“nuclearmultifragmentation”(see�g.
2.4)andunderstandingits origin is oneof thecentralissuesin intermediate-energy heavy-
ion physicsfor the last15 years.The interestin this studyis triggeredby thefact that it
hasbeenarguedthatit couldbeasignatureof theexistenceof anuclearliquid-gasphase
transition. Threeexperimentalfeaturesseemto characterizenuclearmultifragmentation:

� Multifragmentationseemsnot to be a conventional sequential decaychannelof
excitednuclei. The IMF multiplicity andkinetic energy distributionsareseverely
underpredictedby low-energy statistical models[Hube92, Llope95, Beau96]like
e.g. GEMINI [Char88]which describefragmentformationby successive binary
splittingsfrom anequilibratedhot (rotating)nucleusand/orsequentialevaporation
from thenuclearsurface.

� Multifragmentationis a fast decaychannelof excited nuclei. The emissiontime
of IMFs seemsto bemuchfasterthanthatof a conventionalslow statisticaldecay
like �ssion or evaporationfor which t emis

� 500fm/c [Dura95],or fasterthanthe
characteristic“Coulombtime” t

�

10



21
�

300fm/c of asystemwhichdisassem-
blesinside its own Coulomb�eld [Shap94]. Indeed,the systematicsof fragment
emissiontimesin heavy-ion reactionsat intermediate-energiesindicatesthatthees-
timatedtimebetweentwo fragmentemissionsis around500fm/c for asourcewith
e5

�

3A MeV andsaturatesat
�

100fm/c for e5

� 5A MeV [Tama97].Similarly,
in hadron-andlight-ion- inducedreactionsonheavy nuclei,IMF emission timesas
fastas50 - 100fm/c havebeenrecentlyreported[Beau99,Viol99, Oesc99].

� Multifragmentationsetsin asthedominant exit channelbetween�ssion andevap-
oration20, for e5

G 4A MeV, andthetotalvaporizationof thesysteminto individual
nucleonsandlight clusters,for e5

F

9A MeV [Bacr95,Rive96, Bord99].Themean
IMF multiplicity c MIMF d

increasesmonotonically with increasingexcitation ener-
giesstartingat e5

�

3A MeV [Biza93] up to a maximumvalueat arounde5

�

9A MeV [Souz91]. For larger e5 , c MIMF d

decreasesdueto the increasingrole of
vaporizationexit-channels.

The�rst andsecondcharacteristicsindicatethatIMF emission is adecayprocesssig-
ni�cantly differentthansequential�ssion which resultsfrom nuclearshapedeformation
at normaldensityinducedby surfaceandCoulombinstabilities. At variancewith this
low-energy andslow21 mechanism,fragmentationcouldresultfrom a fast22 breakupdue
to thepassageof theexcitedsystemthrougha low-density spinodal region (seeSection
2.2.1)after the initial compression phase.This kind of disassembly processis driven by
mechanical(volume)instabilities dueto the entranceof the systemin the region where
density�uctuations areno moredampedbut exponentially ampli�ed. In this phase,liq-
uid droplets(identi�ed asintermediate-massfragments)andgas(nucleonsandlight ions)

20Fissionandevaporationstill remainsigni�cant exit-channelsfor Gold-likenucleiheatedupto e D
& 4A

MeV with antiproton projectiles[Pien00].
21Timesof theorderof t = 10

6

21 - 10
6

20 s & 300- 3000fm/c arenecessaryfor shapedeformationto
develop.

22Thesystemfallsapartonaveryshorttimescale(t & 10 6

22 s & 30fm/c) [Beau99] in a processknown
as“bulk emission”whenthespinodal boundaryof thephasediagramis crossed.
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Figure 2.4: Photography of a multifragmentation reaction as seenby nuclear emulsionexperi-
mentswith heavy-ion beamsat intermediateenergies[Jako82].

wouldcoexist23. Onepictures,thus,thefragmentationhappeningasa local redistribution
of coolingandexpandingmatterthatformsclustersof nucleioutof thepreviouslyhomo-
geneousexcitedmedium.During theclusterization,thehomogeneousmetastableliquid
goesinto a mixedphasecomposedof gasandliquid. Sucha formationof clustersis an
effect of theattractivenatureof thenucleon-nucleoninteractionandcanbeassociatedto
theoccurrenceof a liquid-gas phasetransition in a �nite-size nuclearsystem.

This passagethrougha liquid-gas phasetransitionwouldexplainalsothethird afore-
mentioned characteristicof nuclearmultifragmentation. For small excitation energies
(e5HG 3A MeV) thenuclearsystemis assimilableto anexcitedFermiliquid (drop)which,
in orderto releaseits extra excitation energy, simply evaporatesLCP andnucleonsfrom
its surfaceor, if heavy enough,it �ssions. In thelimit of very largee5 (e5

� 10A MeV),
thesystembehavesessentiallyasa classicaldiluteMaxwell-Boltzmanngasof individual
nucleons. Multifragmentationwould “�ll” the excitation-energy region betweenthose
two extremes(table2.1and�g. 2.5). Themaximum of theIMF productionwould mark
theborderlinebetweentheregimeof residueformationandtheregimeof vaporization(or
naively speakingbetweenthe“liquid”-lik eandthe“gaseous”-like regime).

Additionally to the aforementionedexperimentalcharacteristicsof multifragmenta-
tion, it hasbeenalsoclaimed[Poch95]that the“plateau” in theT vs. e5 “caloric curve”
(�g. 2.7)observedin certainexperimentsis reminiscentof theliquid-gasphasetransition
of water, a behaviour predictedby certainstatistical models(�g. 2.6). This experimental
resulthastriggeredanintensediscussionthelastyears(seeSection9.4).

Wehaveseenthattheexcitedsourceformationstepin heavy-ion reactionsatenergies
below 100A MeV is incompletefusion of target andprojectilenucleons[More97]: for
example, an Au target picks up a variableamountof massfrom an Ar projectile (the
smallerpartner, dueto thedifferentpotentialbarriersmainlydeterminedby theirvolume-
to-surfaceratio [Polt95], appearsalwaysto bethedonor)resultingin a sourceof a given

23Alternatively, onecanalsoidentify the“liquid” phasewith theheaviestremaining fragment(theheavy
“residue” or “remnant”) andthe“gas” onewith thelightestLCP andIMF reactionproducts.
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29 Heavy-ion physics

Table2.1: Characteristics of thethreeexperimentally observeddominant decaymodesof excited
nuclear systemsproducedin heavy-ion reactions. n are neutrons,LCPslight charged-
particles(Z = 1, 2), IMF thefragmentswith Z = 3 - 20,andHFsheavy fragmentswith
Z � 20.

e5 Decayprocess Reaction Numberof Decaymode Thermodyn.
(A MeV) products reaction prods. probability state

G 3 evaporation, n, LCPs, small large Fermiliquid
�ssion HFs

3 - 9 multi- n, LCPs, at least 3 small Fermiliquid and
fragmentation IMFs IMFs Boltzmanngas

F

9 vaporization n, LCPs many very small Boltzmanngas

Figure 2.5: Schematic view [Geno99] of the different decay-modesof an excited nuclear system
producedin a heavy-ion collision for increasingexcitation energies.
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Figure 2.6: Correlation excitation energy - temperature for a nucleusof massA = 100according
to theCopenhagenstatistical multifragmentation model[Bond85]. Thedashed(solid)
line illustratesthetemperature of a freenucleongas(of a Fermi liquid).
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Figure 2.7: Caloric curveof nucleideterminedby thedependence of theso-called “isotope tem-
perature” THeLi (seeSection 9.3) on the excitation energy per nucleonee [Poch95].
Thesolid curvecorrespondsto the Fermi liquid curve eef� T2

� 10, and the dotted
oneto theclassical Boltzmanngasrelation ee µ 3� 2T.
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mass,momentum andexcitationenergy (apartfrom relatively smallangularmomentum24

and Q-value25 effects). The different decaymodesof this sourcedependstrongly on
the excitation energy (thermaland compressional) depositedin the system(table2.1).
Increasingexcitation energiesare relatedwith decreasingimpactparameters,which at
their turn are,from puregeometricalconsiderations(s R � pb2), lessprobable.That is
thereasonwhy in intermediate-energy HI reactionsmostof nuclearreactionsproceedvia
evaporation and �ssion, multifragmentationrepresentsa lessprobableexit channel( G

10%) andonly a very few percent( G 0.1%) of the total nuclearcross-sectionleadsto
total vaporization events(seee.g.[Bacr95, Rive96, Bord99]).

Theunderlyingphysicalmechanismbehindnuclearmultifragmentationremainsun-
clearandthedebateis still controversial, mainly dueto the fact thata few experimental
resultsare in good agreementwith the assumption that the fragmentsare emittedsta-
tistically from a thermalizedsystem,whereasotherscanhardly be reconciledwith this
assumption (seebelow). Concerningthe theoreticalexplanationof multifragmentation,
severalphenomenologicalmodelswere�rst proposedexplainingand/orreproducingonly
a few observables(for a review see[More93]). In the last years,they have beensuper-
sededby numericalmodelswhich predictresultsfor severalobservablessimultaneously
(seeSection2.2.3). Presently, thesemodelscanbe classi�ed into two main categories:
statistical anddynamicalmodels. Their differencesarebasedon thefundamentalmech-
anismat theorigin of fragmentationitself, on thetime-scaleof fragmentproductionand
on the assumptions of the stateof the systemat that time. On the onehand,statistical
modelsclaim thatthe�rst dynamicalstagewhich leadsto thesourceformationis decou-
pled from the subsequentstatisticaldecayof the source. The decayphaseoccursafter
thermodynamicalequilibrium is reachedandmultifragmentationis mainly a thermally-
(with a certaincompressionalcomponent) drivenprocess.Purelydynamicalmodels,on
the otherhand,statethat noneof the relevant degreesof freedomequilibrate,and that
fragmentformationis averyearlyprocesstriggeredby theinitial correlationsamongthe
nucleonsof thecolliding ions.

At thepresentmoment, thus,only threemodelsseemto becapableof explainingcon-
sistently severalexperimentalobservationsconcerningthemultifragmentationprocess:

1. Rapid Sequential Statisticalmodel.TheExpanding-EmittingSource(EES)model
[Frie88,Frie90] calculatesthe sequential(time-dependent)emissionrates,within
thestatistical Weisskopf surfaceemissionformalism,for a nucleuswhich expands
following aninitial thermalshock:thesysteminitially coolsby expansionandthe
emissionof light particles.For suf�ciently highinitial excitationenergies(e5

� 5A
MeV) thesystemwill expandup to a densitynear1/3r 0 (T

�

5 MeV at this point)
atwhich thefreeenergy for producinga freeparticleis equalto thefreeenergy for

24Theaverageangular momenta producedin heavy-ion reactions at intermediateenergiesis of theorder
of L & 50gh& 50 : 0 ' 2 GeV fm. Therotational energy correctionsto thetotal excitation energy arenot large
(however, the valueof L canaffect sizably the angular distributions of the reactionproducts [Yane96]):
Assuminga sphericalnucleuswith A = 100 andmoment of inertia I ;

M 2( 5N AR2
; 2( 5r2

0 A5) 3, the ro-
tationalenergy is only of the order: eDrot ; E

Drot ( A & L2
(

M 2AI Ni& L2
( A8) 3

; 10 7 GeV2fm2
8R( 1008) 3 7 GeV

fm2
8j& 0 ' 4A MeV

25Large Q-valuesarenormally consideredfor thevery unlike “quasi-fusion” eventsfor which themass
balance, Q f us ; DA1 k

DA2 ` Dl A1 m

A2 n

, canconstitutea sizeablesourceof extra energy deposited in the
system.
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producinga particleinsidethe volume. After this point is reached,surfaceemis-
sionstopsandthemodelswitchesto volumeemission favoring therapidemission
of IMFs. Sucha(rathersimple)modelis capableof explaining severalexperimental
observablesandspeciallythemultiplicity andkinetic energy distributionsof LCP
producedin coincidencewith IMF [Boug99,Viol99].

2. Simultaneous Statistical multifragmentation models. The statisticalmultifrag-
mentationmodelsof theBerlin (MMMC) [Gros97] andCopenhagen(SMM) [Bond85]
groups,assumethattheproducednuclearsystem(or asubsystemof it) reachesther-
modynamicalequilibriumin thecourseof thereactionandmaintainsthis equilib-
rium duringtheexpansionphaseuntil, at t

�

100fm/c, its densityreachesa value
between1/2r 0 - 1/10r 0. Suchanequilibratedandexcited(e5

�

5A MeV) expand-
ing nucleusundergoesa simultaneous(also called “dynamical” in someworks)
clusterizationat the freeze-outstage.Usually, thecalculationsstartwith a certain
thermalizedsourceat freeze-out with a given size (i.e. massAS andcharge ZS),
(low) densityandexcitation energy e5 (beingbasicallythermal,but to which an
extra collective compressionalmotion canbeaddedaccountingfor a few AMeV).
Theprobabilityof a certain�nal-state of thedecayingsystemis thenproportional
to its statistical weight, i.e. to thenumberof microscopicstatesleadingto this �-
nal state.Thesemodelspredictvery accuratelythemultiplicity andkinetic energy
distributionsof the IMF producedin very-centralheavy-ion reactionsfor which a
uniquesourcecanbeisolated[Mari97, Boug97, Boug99].Caloric curves(e5 ver-
susT plots) for nuclearmatterwhich �atten in the excitation energy range3 - 8
AMeV at temperaturesnear5 to 6 MeV, andvaporizationeventsabove9A MeV are
alsopredicted.

3. PurelyDynamical models: Moleculardynamicsapproaches(like QMD [Goss95,
Puri96,Goss97, Neba98,Neba99a]advocateafasternon-equilibratedprocesswhere
fragmentsarepre-formedearlierin thereactionatdensitieshigherthanthosepresent
at the�nal break-upstage.Theshorttimescalesof theorderof 50fm/c afterwhich
theasymptotic fragmentscanbeidenti�ed suggestedby thesestudies,donot leave
roomfor equilibrationof the thermalandkinetic degreesof freedom.Fragmenta-
tion is triggeredby theinitial correlationsamongthenucleonsof theprojectileand
target. The observed collective motion, andin generalthe kinetic energiesof the
producedfragments,arenot producedby anexpansion of the fragmentingsystem
up to subnucleardensities,but have their origin in theoriginalFermimotionof the
nucleons[Neba98,Neba99a].Experiment-modelcomparisonsfor peripheraland
mid-centralcollisionspresentagoodagreementsimultaneouslyfor severalobserv-
ables(multiplicitiesandkineticenergy distributionsfor IMFs andheavy-fragments)
[Tire98,Neba99a].

Thesestatistical anddynamical theoreticalmodels,basedonratherdifferent(andeven
contradictory)assumptions, predictvery similar resultsfor severalkey experimentalob-
servables.Probably, theresultingexit channelsproducedin multifragmentationreactions
includebothstatistical anddynamicaleffects. To disentanglebetweenthedifferentpro-
posedscenariosleadingto multifragmentationprocessesone thusneedsa detailedun-
derstandingof thecollision dynamicslooking for signalsassociatedwith eachparticular
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phase(preequilibrium,fragmentationand�nal deexcitation). As we shallseein thenext
chapter, photonsemerge undisturbedfrom thesedifferentphasesof thenucleus-nucleus
reactionand,hence,constitute precioustools to investigate the dynamics of heavy-ion
reactionsand,eventually, to obtainuniqueinformationon thetime-scaleof thefragmen-
tationprocessandon thethermodynamical stateof thefragmentingnuclearsystems.
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As we have seenin previous sections,a quantitative understanding of the detailed
dynamics of nucleus-nucleuscollisionsat intermediatebombardingenergies is a basic
prerequisitebeforeonecanstudythenuclearEoSatsubnucleardensitieswith or without
a liquid-gasphasetransition. Indeed,theknowledgeof thetimeevolutionof thereaction
is necessaryto disentangle the signalswhich are expectedin the preequilibriumor in
the late deexcitation phasesfrom the signalsconnectedto the fragmentformationstage
(possibly relatedto aphasetransition). Onethushasto exploit probesthataresensitiveto
speci�c periodsof thereactionevolution andto speci�c phase-spaceregions.This is the
primary motivation for the investigation of elementaryparticleproductionin heavy-ion
collisions[Cass90,Mose91].

Thecreationof elementaryparticlessuchasphotons,mesonsor dileptons, notpresent
in theinitial stateof thenucleusasrealparticles,hasattractedmuchinterestin intermediate-
energy andrelativisticheavy-ion physicssincethey arepreciseprobesof thephase-space
evolution of thereaction.Although they have very smallproduction cross-sections,such
energeticparticlesconvey valuableinformationaboutthestagesof thereactionin which
they arecreated.Among them,photonsarevery cleanprobessince,dueto their weak
electromagneticcouplingto hadrons,they haveasmallprobabilityof interactingwith the
surroundingnuclearmatterand,thus,carryundisturbedinformationof thestageof there-
actionin which they areemitted.Photonspossesstwo additionalinterestingadvantages.
Froma theoreticalpoint of view thecouplingof photonsto otherparticlesis in principle
calculable.Experimentally, sincephotonsmovewith b � c they canbeeasilyidenti�ed
by time-of-�ight techniquesamonga largebackgroundof slower hadronicparticles.

3.1 Sourcesof photonsin HI collisions around the Fermi
energy

Electromagnetic radiationisemittedcumulatively throughouttheevolutionof thenucleus-
nucleusinteraction,supplying directinformation, in principle,from all stagesof thereac-
tion process.Sincephotonsof signi�cantly differentenergieshavedifferentorigins,they
canbe usedto traceunambiguouslythe space-timeevolution of the system.This is in
contrastto nucleonsor nuclearfragmentswhichcanbeemittedfrom boththeparticipant
and/orthespectatorpartof thecollidingnucleiandwhichsuffer from �nal-state(nuclear
andCoulomb)interactions.A typical inclusive1 photonspectrum(�g. 3.1) emittedin
nucleus-nucleuscollisionsat Fermi energiesandmeasuredwith theTAPS photonspec-
trometer[Schu97,Gudi99], exhibits severalcontributionsindicatingdifferentproduction
mechanisms:

1. Statistical gammas. The region below Eg �

8 - 10 MeV (i.e. energiesbelow the
particleseparationenergy Bn 2 p �

8 MeV) correspondsto thegamma raysemitted
throughstatistical decay(afterparticleevaporation)of thelow-excitation(e5

G 2A
MeV) reactionproductswhich arepresentat thelaterstages(t

F

500fm/c) of the
nuclearreaction.Its exponential decreasingshapere�ects theexponential increase
of thenuclearleveldensitiesin theirdaughternucleiasafunctionof theirexcitation

1An inclusivereactionmeans, in general, A
k

B o g
k

X
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Figure 3.1: Typical photon spectra, in theNN center-of-mass,emittedin a heavy-ion reaction at
intermediate energiesandmeasuredwith theTAPSphoton spectrometer:in thelow-
energy (Eg �

50 MeV) region (upper �gur e, [Schu97]), and in the region 20 MeV
�

Eg �

200 MeV (lower �gur e, [Gudi99]). Thedifferent elementary contributions
according to a “Dubna Cascade Model” calculation are identi�ed on the bottom
�gu re (the closedcircles represent the experimental photon spectrum after cosmic-
ray background subtraction).
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energy accordingto thesimpli�ed form of theFermigaslevel density(theso-called
“Betheformula” [Beth37]),r

�

e50�

�

e2p aeq , with a
�

A� 13
�

A� 8 beingthelevel
densityparameter(seeAppendix3).

2. GDR photons. At energiesrangingfrom 10to 25MeV thespectrumof nuclearex-
citationsis dominatedby giantresonances2, strongcollectiveoscillationsof all the
nucleonsin anucleus.In theexperimental spectrumthis is observedasanexcess(a
bump) of photons,on top of a exponentially decreasingfunction,comingfrom the
gamma-raydecayof theGiantDipole Resonances(GDR) built on themoderately
hot nuclei (e5 G 4A MeV) presentat thebeginning of the �nal deexcitationstage
of the reaction. The GDR is an isovectorelectric (neutronandprotoninterpene-
trating �uids oscillating in oppositephase)resonancemodeof the nucleuswhich,
microscopically, in the shell model,correspondsto a collective one-particleone-
hole excitation [Snov86, Gaar92]. Sinceexcitation energiesof Giant Resonances
areusuallywell above thenucleonbindingenergies,they mainlydecayby neutron
andprotonevaporationand,in heavy nuclei,by �ssion. Theelectromagneticchan-
nelis alsoopenandGDRhaveasizeablegamma-decaybranchof theorderof 10




3.

TheGDRstrengthis usuallycharacterized by aLorentzian(alsocalledaCauchyor
Breit-Wigner distribution) shapeddistribution with threeparameters:its centroid
energy EGDR, width GGDR, and the so-called“Thomas-Reiche-Kuhn Sum Rule”
strengthSTRKSR expressedasapercentageaccountingfor thedegreeof collectivity
of the nucleonsparticipatingin the excitation. The centroidenergy of the GDR
variesroughlybetween14MeV (for theheaviestnuclei)to 22MeV (for thelightest
ones)and,for theexcited-states,it is foundto dependonthemassnumber[Gaar92]
approximatelyas3:

EGDR � 18A 


1� 3
! 25A 


1� 6 (3.1)

For increasingexcitationenergiestheGDR width spreadsroughlyasG � 4 � 8
�

1 !

1 � 6e5r� [Brac89] saturatingaroundG
�

12MeV [Brac89,Hofm94] alreadyfor e5

�

1A MeV, and its yield getsprogressively quenched[Gaar92](which can be ex-
pressedas: SsTRKSR .

100%). Gammaraysfrom GDR decaycanbeemittedat all
stepsduring the decaychainof the moderatelyhot andequilibratednucleus,and
thereforethe measuredgammaspectrumis not a direct re�ection of the gamma
emissionfrom thenucleusat its initial temperature,but ratheran averageover all
temperaturesfrom theinitial temperaturedown to zero(oneassumesa GDR equi-
libration time around300- 400fm/c). Statisticalcalculations,taking into account
the entiredecaysequence,canbe carriedout usingthe standardstatisticaldecay
codeCASCADE [Puel77].

3. Hard-photons. Above Eg �

25 MeV, thephotonspectrumfalls off exponentially
over several ordersof magnitude. This spectrumis completelydominatedby the

2Thesenuclearexcitationsarecalled“giant” dueto its collectiveorigin in contrastwith othertransitions
to discretelevels.

3TheGDRof typicalcoldnucleie.g.in themassA = 110region haveacentroidenergy E gt st

0 = 16MeV,
Ggt st = 4 - 5 MeV andsum-rule strengthSgt st

TRKSR & 100%.TheGDR's built in anexcited-stateof thesame
nuclei have: E u0 = 15MeV, Gu = 9 - 13MeV andsum-rule strengthSuTRKSR & 50%- 100%.
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39 Photonproductionin nucleus-nucleuscollisions at intermediateenergies

so-called“hardphotons”, createdmainlyby theincoherentsuperposition of brems-
strahlungradiationemittedin (chaotic)�rst-chanceproton-neutron(pn) elasticcol-
lisionsinside theoverlapping region of projectileandtargetduringthe �rst stages
of the reaction(t G 50 fm/c) [Cass90,Nife89, Nife90]. Photonswith suchener-
giesareproduced,at the bombardingenergy underconsideration, below the free
NNg thresholdenergy in the laboratory(KNNg

thr �

0 � 5Klab, seefootnote on next
page).The extra energy neededfor their emissionis providedby the couplingof
theintrinsicFermimotionof thecolliding nucleons(pF �

270MeV/c) to thebeam

momentumpernucleonplab � * 2KlabAmN ! K2
lab. Typical hard-photonproduc-

tion cross-sectionsareof theorderof a few millibarns.Thecharacteristicsof these
photons, which constitute thesubjectof this thesis,arereviewedin moredetail in
thenext section.

Above Eg �

50 MeV, thereis alsoa small contribution of photonscomingfrom
the electromagneticdecayof subthresholdneutralpions: p0

E gg(BR = 99.8%,
t � 8 � 4 v 10




17 s)producedin inelasticNN E NNp collisions4. Typicalp0 produc-
tion cross-sectionsareof theorderof severalmicrobarnsaround60A MeV, rapidly
increasingwith higherbombardingenergies.

4. Very hard photons. Photonsare observed at energies even higher than the so-
calledkinematicallimit for bremsstrahlung5

Emax
g

�

s�,�

smax
�

2m2
N

2
L

smax
� (3.2)

wheresmax � 2 w

EF
"

mN x

Elab #

x

pF plaby

2

mN
"

mN x

Elab #

(with EF �
* p2

F ! m2
N andElab � Klab ! mN

being the Fermi and the beamenergy respectively) is the maximumCM energy
availablein a knock-outNN collision from thetwo opposingpolecapsof themo-
mentumspheresof the two colliding nuclei (i.e. for a NN collision in which the
intrinsic momenta of thetwo nucleonsareanti-parallelandequalto theFermimo-
mentumpF = 270MeV/c). Severaleffectsseemto beresponsiblefor thisvery-deep
subthresholdphotonproduction:

� Secondaryinteractionsor two-stepmechanismssuchastheradiative capture
of theproducedpions(pN E Ng) or theelectromagneticdecayof theD res-
onance(D E Ng) [Gudi96], aswell asprocessesinvolving off-shell nucleons
(NN sHE NNg) [Cass99],canproducephotons with energiesaboveEmax

g .
� Experimentalevidencesof high-momentum tails in thenucleonspectralfunc-

tion extendingmuchbeyondtheFermisurfaceat pF �

270MeV/c havebeen
observed in (e,e'p) datain the groundstateof nucleus[Bobel95] andin AA
collisions [Migne99]. This high-momentumnucleoncomponent(eitherdue

4Pionscanbe producedeitherdirectly, NN o NNp, or in two-stepsinvolving an intermediate D or
off-shellnucleon[Bert96]: NN o DN or NN o NN u andthenD o Np, or DN o NNp, or N u N o NNp
[Gudi99].

5According to this formula, the maximum photon energy in a HI collision of 60A MeV bombarding
energy is Emax

g
M sN = 194MeV.
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to off-shell effects or to dynamical�uctuations) increasesthe value of the
kinematicallimit Emax

g for bremsstrahlungemissiongivenby formula(3.2).

� Particle correlationseffects[Ho93,Wang94],eitherdueto thecooperativeac-
tion of (two-, three-or four- nucleon)clusterstructurespresentin theground-
statenucleior dueto three-body(andlikely higher-order)collisionsduringthe
high-density phaseof thereaction[Bona94],maygenerateaprominentenergy
boost in the nucleondistribution in phase-space.Suchadditional elemen-
tary bremsstrahlung-photon productionprocesses,e.g. involving deuteron-
likecorrelatedpairs(pn E dg) [Boze98]or a-particles[Wang94], havebeen
takeninto accountin somemodelsof hard-photonproduction.

It is also interestingto notethat thosedifferentmechanismsarealsovisible, asre-
verseprocesses,in the total photo-absorption cross-sectionon nuclei (�g. 3.2) i.e. in
thereactiongA E X. In �g. 3.2, statistical gamma raysbelow 10 MeV areobservedas
photoexcitationof the nucleusinto boundstates(below Eg = 2 MeV) andinto unbound
individual states(2 MeV

.

Eg .

9 MeV) which canbe well explained in termsof the
nucleusshell model. In the region betweenroughly 10 and25 MeV, a broadstructure
correspondingto theexcitationof thecollective modeof theGiantDipole Resonanceis
observed.Above incidentgammaenergiesof 30 MeV, thephotoabsorption cross-section
hasa ratherweakenergy dependence.This is thequasi-deuteronregion, whereabsorp-
tion occurson correlatedproton-neutronpairs(gd E pn), a processthatcorrespondsby
crossingsymmetry, to thet-reversepn E pngbremsstrahlung process.Finally, abovethe
photo-pion threshold,thecross-sectionrisesto amaximumin theD resonanceregion.

Figure 3.2: Schematic representation of total photoabsorption cross-section on nuclei. Adapted
from[Chri90].
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41 Photonproductionin nucleus-nucleuscollisions at intermediateenergies

3.2 Hard-photon production in HI collisions around the
Fermi energy

Hard-photonsemittedin intermediate-energiesheavy-ion reactionsareconventionally de-
�ned asphotons with energiesabove 30 MeV. Thesehigh-energy g areproducedbelow
the free NNg thresholdenergy6 and,thus,they areconsideredassubthresholdparticles.
In thepastyears,considerableexperimentalandtheoreticaleffortshavebeendirectedto-
wardstheunderstandingof this high-energy photonproductionin heavy-ion reactionsat
intermediate incidentenergies[Nife89, Cass90,Nife90].

3.2.1 Experimental systematics

Themaincharacteristicsof hard-photon(Eg
� 30MeV) productionin heavy-ion reactions

atintermediatebombardingenergieshavebeenestablishedexperimentallysincetheir�rst
observation in 1984[Gros84, Gros84b, Bear85, Gros85]. The experimental results(the
so-called“systematics”)collectedupto 1992canbereviewedin thereportsof Nifenecker
andPinston[Nife89, Nife90], Cassinget al. [Cass90],andthethesisof vanPol [Polt95]
andconcerntheenergy spectra,theangulardistributionsandthecross-sections,aswell
astheimpact-parameterdependenceof theseobservables:

1. Energy spectra: Thehard-photonenergy spectrumin theNN center-of-massfol-
lows an exponentially decreasingdistribution (see�g. 3.1 in the Eg

� 30 MeV
range)characterizedby aninverseslopeparameterE0:

ds
dEg

� K e


Eg� E0 (3.3)

The slopeE0 of this exponential is independentof the sizeof the systemand/or
the target-projectilecombination. E0 shows only a linear dependencewith the
(Coulomb-corrected)beamenergy per nucleon,KCc �

�

Klab
�

VC �-� Ap, (�g. 3.3)
accordingto [Polt95]:

E0 � a
�

KCc �

b (3.4)

with a = 0.48 	 0.06andb = 0.91 	 0.03.

Thehighvalueof theinverseslope(E0 = 8 - 30MeV for bombardingenergiesin the
rangeKlab = 20A- 100AMeV), anditsdependencein thebeamenergyperprojectile
nucleonandnot on thetarget-projectilecombination nor on thetotal beamenergy,
is compatible with the composition of the beamvelocity with the velocity of the
nucleons'Fermimotion duringthe�rst instants of thecollision. Indeedit hasbeen
seenthat within a �rst-collision modelfor a heavy-ion collision (suchas“Dubna
CascadeModel” [Gudi99], or the“NuclearExchangetransportmodel” [Vand98]),

6In a free NN o NNg collision, the maximum photon energy applying equation (3.2) is E max
g ;

KlabmN ({z 2KlabmN
k

4mN & Klab ( 2, i.e. to producea photonwith Eg = 30 MeV oneneedsat leasta
nucleon with Klab = 60MeV incidentenergy.

41



Photonproductionin nucleus-nucleuscollisionsat intermediateenergies 42

Figure 3.3: Systematicsof theexperimentally measuredhard-photon inverseslope parameterE0

as a function of the Coulombcorrected bombarding energy per nucleon KCc. From
[Polt95].

the folding of the elementarybremsstrahlung png cross-sectionwith the intrinsic
momentumdistribution of the colliding nucleonsin a Pauli-blocked environment
asencounteredduringaheavy-ion reaction,resultsin abasicallyexponentialshape
for thehard-photonspectrum.

2. Angular distrib utions and photon sourcevelocities. As developedin Appendix
2, the elementarypn E png doubledifferential cross-section,ds � dEgdW, in the
NN sourceframeresultsfrom the sumof an isotropic plus an anisotropicdipole
(sin2qg) terms.Theclassicalsoft-photon approximation7 reads:

d2s pnJ png

dEgdWg
�

e2

4p
s pn

4p2
b2

Eg

�

2
3

! sin2qg
�

(3.5)

Thisobserveddipolarcomponentindicatesthat,in thefreeprocess,bremsstrahlung
photonsareemittedprimarily in the directionperpendicularto thevelocity of the
scatteredproton. The angulardistribution of hard-photonsemittedin heavy-ion
reactionsshows, however, a lessenhancedanisotropic dipole componentin com-
parisonwith this elementarydifferentialcross-section.This is dueto thesmearing
out of the bremsstrahlung in all directionscausedby the randomFermi motion
of the colliding nucleons. The double-differential cross-sectionfor hard-photon
productionin nucleus-nucleusreactionshasbeenthususuallyparametrized,in the
sourceframe,by thefollowing phenomenological expression[Berth87]inspiredin

7For a derivationof this formula seeAppendix 2.
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theelementarydoubledifferentialpngcross-section(3.5):

ds
dEgdW

� K | 1
�

a ! a sin2qcm
g }

e


Ecm
g � E0

� (3.6)

whereK is a normalizationfactoranda = 0.1 - 0.3 is theparameterof thedipole
anisotropy.

Whereasthe angulardistributionshave a (small) dipole componentwhenviewed
in theNN center-of-massframe,they areforward-peaked in the laboratoryframe.
Theseasymmetricangulardistributions,decreasingwith theemission angle,arean
indication that thephotonsourceis moving forward in this frame.Denotingby bS
the sourcevelocity andgS the relatedLorentzfactor, the Lorentz-boostedphoton
angulardistribution in thelaboratoryframe8 reads

�

ds
dEgdW� lab

�

K
Z ~

1
�

a ! a
sin2qlab

g

Z2 •

e


ZEcm
g � E0 (3.7)

whereZ � gS
�

1
�

bScosqlab
g � is theDopplerfactor.

ThemeanvelocitybS of thehard-gsourcecanbe,thus,extracted�tting theformula
(3.7)to thelaboratoryangulardistribution (�g. 3.4).

3. Cross-sectionsand multiplicities : Hard-photoncross-sectionsarefoundto scale
with the averagenumberof NN collisions, c Npnd

, in the overlappingvolumebe-
tweenthetwo colliding ionsfollowing thesimplerelation[Nife85]:

sg � sRMg � sRPg c Npnd b (3.8)

wheresR is thetotal nuclearreactioncross-section,Mg thephotonmultiplicity per
nuclearreaction,andPg thephotonemissionprobability per pn collision. Expres-
sion(3.8)simply factorizesthedependenceof s g on theenergy andon thenumber
of NN collisionsthroughtheparametersMg � Mg

�

Pg�€c Npnd b � andPg � Pg
�

Klab� .
As experimentallyobserved, Pg dependsonly on the (Coulomb-corrected)bom-
bardingenergy Klab, throughtheE0 parameter, accordingto [Polt95] (�g. 3.5):

Pg � P0e


30
w

MeV
y

� E0 with P0 � 6 � 3 v 10


4 (3.9)

This generaltrendof thehard-photonemission probability per in-medium pn col-
lision as a function of the (Coulomb-corrected)beamenergy per nucleonin the
laboratorysystemKCc is reminiscentof theKlab dependenceof theelementarypng
cross-section(see�g. 3 of Appendix2). Of coursetheobservedremarkabledown-
wardsshift of thethresholdenergy for hard-photonemission is dueto thecoupling
of thenucleonFermimotioninsidetheprojectileandtargetwith therelativemotion
of thecolliding nuclei.

8We have make useof thefollowing CM-LAB transformationformulas[Hage64] for the pngprocess:
ds ( dElab

g dWlab ;

M 1( Z N•: ds ( dEcm
g dWcm , Ecm

g ; Z : Elab
g andsinqcm

g ;

M 1( Z Nr: sinqlab
g , with Z ; gS

M 1 `

bScosqlab
g N .
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Figure 3.4: Measured angular distribution of hard photons (Eg
� 25 MeV) in comparison to

isotropic (dot-dashed) and dipole (dotted) radiation from the nucleus-nucleussys-
temand to isotropic emission(dashed) from the nucleon-nucleon system. Thesolid
line showsthebest�t to thedata with a sourcevelocity of b = 0.094 ‚ 0.020.From
[Cass90].

Figure 3.5: Dependenceof thebremsstrahlung photon production with respect to the (Coulomb-
corrected)beamenergy per nucleon measuredfor varioussystems.From[Polt95].
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45 Photonproductionin nucleus-nucleuscollisions at intermediateenergies

Thenumberof pncollisionsaveragedover impactparameter, c Npnd b, canbecalcu-
lated,in the framework of the “equal-participant”geometricalmodel[Nife85], as
thenumberof pnpairspresentin theregionof (static)geometricaloverlapbetween
targetandprojectilenuclei:

c Npnd b � Apart v

�

ZpNt ! ZtNp

ApAt �

(3.10)

with Apart � Ap v

5A2� 3
t

�

A2� 3
p

5
�

A1� 3
t ! A1� 3

p �

2
(3.11)

Thesecondfactorin eq. (3.10)convertsthenumberof nucleonparticipants,Apart,
into thenumberof proton-neutroncollisions,Npn.

It hasto be notedthat the smallnessof the hard-photoncross-sectionscompared
with thenuclearreactionones,Mg

"

Eg ƒ

30MeV #

� sg� sR �

10



4 �

10



3, rendersits
detectionanexperimental challenge.

4. Impact-parameter dependence: Thehard-photonmultiplicity increaseswith the
centralityof the reaction(saturatingat the maximumnuclearoverlap)dueto the
increasednumberof pn collisions for decreasingimpact-parameter. The inverse
slopesof the energy spectrabecome,thus, larger whengoing from peripheralto
centralcollisions [Hing87, Lamp88,Kwat88, Sobo91, Ries92,Repo92,Mart94,
Schu97] re�ecting both the lower density(i.e. the smallerFermi momenta) near
thenuclearsurface,in thecaseof peripheralcollisions, andthemodi�cation of the
intrinsicmomentaof theparticipantnucleonsduringthecompressionphase,for the
centralones[Mart94]. Accordingto theequal-participantgeometricalmodel,for a
projectilenucleus(Ap � Zp) bombardingatargetnucleus(At � Zt ) at impactparameter
b, onecanextendexpressions(3.10)and(3.11)to take into accountthenumberof
participantnucleonsinsidetheoverlappingzonebetweenprojectileandtargetfor a
givenimpact-parameter(�g. 3.6):

Npn
�

b�„� Apart
�

b�…v

�

ZpNt ! ZtNp

ApAt �

(3.12)

wherenow Apart is assessedaccordingto:

Apart � 5
1
4

Ap
�

2
�

3cosqp ! cos3qp �†!

1
4

At
�

2
�

3cosqt ! cos3qt � (3.13)

with cosqp 2 t �

b2
x

R2
p ‡ t




R2
t ‡ p

2bR2
p ‡ t

and Rp 2 t � 1 � 15A1� 3
p 2 t

Sucha dependenceof thenumberof pn collisions, Npn, on the impactparameter, b,
canbeseenin �g. 3.7.

Thebulk of experimentalresultscollectedin the“systematics”areconsistentwith the
assumption thatphotonsabove30MeV mainlyoriginatefrom theincoherentsummation
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Figure 3.6: De�ni tions of the geometrical parameters used in the “equal participant model”.
From[Schu97].

0

10

20

30

2 4 6 8 10
b M fm N

N
pn

geometrical model

BUU simulations

Figure 3.7: Variation of thenumberof proton-neutron collisions, Npn, with theimpact parameter,
b, calculatedusingeq. (3.12)for thesystem86Kr+ 58Ni. Dotsrepresent thenumberof
�r st chancepn collisionscalculatedwith a BUU model.From[Schu97].
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of individual proton-neutronbremsstrahlung collisions producedin the �rst encounter
betweenanucleonfrom theprojectileandanucleonfrom thetargetwithin theparticipant
overlappingzoneof thecolliding nuclei.

3.2.2 Theoretical models

Parallel to theexperimental efforts, thedetermination of theexactorigin of hardphotons
(Eg

� 30 MeV) producedin nucleus-nucleuscollisionshasbeenalsothe subjectof an
intensive theoreticalstudyduringthelast15years.All proposedmodelsfor hard-photon
productionin heavy-ion reactionscanbeclassi�edin two maingroups:

1. Incoherent png bremsstrahlung models. Hard-photonproductionis assumedto
arisefrom the incoherentsummation of individual proton-neutron collisions (ppg
bremsstrahlunghasbeenexperimentally [Koeh67, Edgi66] andtheoretically[Nife85,
Nife90] found out to be one order of magnitudeinferior in this incident-energy
regime). Under this assumption, two typesof theoreticalapproacheshave been
proposedto explain Bremsstrahlungphotonproduction: eitherdynamicalor ther-
mal models. Both typesof approacheshave to includenecessarilythe following
two ingredients:

� Theelementarydoubledifferentialpngbremsstrahlungcross-sectiond2s � dEgdWg.
Sincethiscross-sectionis only verybarelyknown experimentally, it hasbeen
estimatedtheoreticallyusingseveral approaches(seeAppendix2): classical
electrodynamicsapproximation (usede.g. in the works of refs. [Baue86,
Bert88,Khoa91, Wang94]),detailedbalanceof the reversedeuteronphoto-
disintegrationgd E pnprocess[Praka88,Herr88],modi�ed classicalapprox-
imationsto take into accountexchangecurrents[Pins89,Gan94,Russo94],
and potential- [Naka89] or covariant- modelscalculations[Niit88, Biro87,
Scha91].

� The nucleon phase-spacedistrib ution: The phase-spacedistribution of the
colliding nucleonshasto containtypicalquantaleffectslike theFermimotion
andthePauli blocking.Theevolution of thisphase-spacedistribution is either
governedby thereactiondynamics,in thecaseof dynamicalmodels; or areal-
isticansatzof thethermodynamicalstateof thesystematthemomentof hard-g
emissionhasto beassumedin thecaseof thermalmodels.Ontheonehand,in
thepuredynamicaldescription, thenucleon-nucleoncollisionhistoryhasbeen
determinedwithin a Boltzmannmasterequationapproach[Rem86], BUU
[Baue86, Cass90, Gan94],BNV [Russo94],QMD [Ohts90, Khoa91,Li92],
ClassicalMolecular Dynamics(CMD) [Heue88],Nucleon-Exchangetrans-
port model[Rand88], or “DubnaCascadeModel” (DCM) [Gudi96, Gudi99].
Thermal models[Nife85, Stev86, Neuh87, Bona88,Alm95], on the other
hand,have consideredusuallytheformationof a expanding “�reball” of col-
liding nucleonswith acertainFermidistributionandtemperature.

2. Coherent or CollectiveBremsstrahlung models.In suchapproaches,theoriginof
hard-photonsisassumedtobeacoherentphenomenoninvolvingmorethantwosin-
glecollidingnucleons.As amatterof fact,suchkind of bremsstrahlungis assumed
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to playanimportantrole in few-bodysystems[Baye85, Knol93, Baye92]likea ! p
or a ! a reactions9. In heavy-ion reactionstwo typesof collectiveapproacheshave
beenproposed:

� Coherent nucleus-nucleusbremsstrahlung:Radiationis emittedcollectively
by the mutualdecelerationof the colliding nuclei in the nuclearmean�eld
[Vasa85,Vasa86,Stah87,Heue88,Koch90, Eich97].

� Cooperative bremsstrahlung of (virtual) clustersof nucleonswithin thecol-
liding nuclei[Shya86, Wang94].

The theoreticalinterpretation, however, hasnot alwaysbeensoclear-cut anda com-
bination of a dynamical+thermal[Nife85] mechanism,a dynamical+cluster [Wang94]or
amixtureof incoherentandcoherentradiation[Stah87]contributionshavealsobeenpro-
posed.

Nonetheless,accordingto the experimental resultscollectedfrom 1985to 1995, in
�rst approximationthe mostsuccessfultheoreticalmodelshave beenthosewhich con-
sidera pure �rst-chanceincoherentnucleon-nucleonbremsstrahlungpicturesincesuch
assumption is globallyconsistentwith thecharacteristicsof theexperimentalsystematics.
We will see,however, in thenext Sectionthat it hasrecentlybecomeincreasinglyclear
thatthisscenariois toosimple.

9Coherent bremsstrahlung hasbeenactually recentlyobserved in the radiationemittedin the a
k

p
reactionat50A MeV [Hoef99, Hoef00].
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49 Photonproductionin nucleus-nucleuscollisions at intermediateenergies

3.3 Newexperimental resultsof hard-photonproduction:
Thermal hard-photons

Theexperimentalhard-photonsystematicsdetailedin Section3.2wasmainlyestablished
from measurementsusingmodestdetectionsystemsusuallywith a ratherpoor energy
resolution and/orin a narrow energy range,as well aswith a limited solid anglecov-
erage. In the recentyears,the developmentof a second-generationof preciseelectro-
magneticcalorimeterssuchasTAPS[Novo91] (or MEDEA [Mign92]), with largesolid
angle,high granularityandeffective energy resolution, coupledto charged-particlemul-
tidetectors,hasproducedan importantamountof inclusive andexclusive higher-quality
andhigh-statisticsdataconcerningphotonproductionin severalnuclearreactionsat inter-
mediateenergies.Thesenew measurementshavealloweda moredetailedanalysisof the
hard-photonenergy spectrumin a wide energetic range,aswell asthe studyof angular
distributions,andtwo-photonintensity interferencepatternsfor differentprojectile-target
combinations. This studieshave broughtto light new aspectsof hardphotonproduction
in heavy-ion reactions10.

In particular, thosedetectorsallowedfor the�rst time:

� Theexclusivemeasurementof hard-photonenergy spectrain theirwidestrange(30
MeV

.

Eg
.

300MeV) evenabovethe“kinematicallimit” given by equation(3.2).

� Theuseof the intensity(HBT) photon-photoninterferometrytechniqueto get in-
formationon thedynamical space-timeextentof theemittingsource.

Thesenew possibilities leadto novel experimentalobservationsin the1992TAPScam-
paignat GANIL for thesystems86Kr+58Ni at 60A MeV, 181Ta+197Au at 40A MeV and
208Pb+197Au at 30A MeV [Mart95, Marq95], and 36Ar+197Au at 95A MeV [Schu94],
which deviatedfrom thesystematicsknown sofar. Themostinteresting�ndings canbe
summarizedas:

� The low-energy partof thehard-photonspectrashoweda deviation from thepure
exponential shapeobservedfor thehigherenergy (Eg

� 60MeV) photonsproduced
in promptbremsstrahlung pn collisions(�g. 3.8). An enhancementof low energy
bremsstrahlung photonswith a steeperslopewasapparentin the region 30 MeV

.

Eg .

60 MeV for the systems86Kr+58Ni at 60A MeV, 181Ta+197Au at 39.5A
MeV and 208Pb+197Au at 29.5A MeV. Therefore,the whole hard-photonenergy
spectracould only be interpretedasthe resultof the sumof two exponential dis-
tributions with differentslopeparameters.The existenceof a secondexponential
componentwith slopeparametersmallerthanthe“conventional” directcomponent
(dueto �rst-chancepncollisionsandfollowing thesystematicsgivenby eq.(3.4));
wasinterpreted[Mart95] asanevidencefor theexistenceof anadditionalemission
of bremsstrahlung photons from secondaryNN collisionsin a laterstageof there-
actionwherelessenergy is available.

10Thesenew resultscanbefoundreviewedin thepaper of Schutzet al. [Schu97].
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Figure 3.8: Hard photon spectra for the systemsa) 86Kr+ 58Ni at 60A MeV, b) 181Ta+197Au at
39.5AMeV, and c) 208Pb+197Au at 29.5AMeV measured in the TAPScampaign at
GANIL in 1992. Thedeviation fromthepure single exponential behaviour is appar-
ent for all systems in the region of hard-photon energies Eg ˆ

30 - 60 MeV. From
[Schu97].

The presencein the photonspectrumof two exponential distributions had been
overlookedsofarbecauseof theexperimentallimitationswhichrestrictedthemea-
surementof photonspectraonly to a too narrow energy domain. Thereareonly
two exceptionswherethe photonspectrumhadbeenmeasuredup to ratherhigh
energies:Eg = 120MeV (14N+208Pbat40A MeV) [Stev86] (�g. 3.9)andEg = 160
MeV (14N+107Ag at 35A MeV) [Luke93] (�g. 3.10). In both measurements,the
two exponential componentsareclearlyvisible. In the�rst experiment,datawere
comparedto calculationsconsideringpn bremsstrahlungfrom a thermalsource.
Thesecalculationscorrectly reproducedthe low energy part of the spectrumbut
underpredictedthehighenergy part. In thesecondexperiment,anextendedversion
of the nucleon-exchangetransportmodel [Rand88]was used. It reproducedthe
high-energy partof thephotonspectrumbut failedto reproducethelow-energy en-
hancement.Theexcessproductionwasthententatively attributedto GDR photons.

� A reductionof the velocity of the hard-photonssourcebS was observed for the
36Ar+197Au systemat95A MeV with respectto thevaluepredictedfor anemission
from the nucleon-nucleonCM frame(i.e. bS .

bNN), exceptfor very peripheral
reactions.Themuchlighter 36Ar+12C systemstudiedin parallelshowed,however,
abS valuefully consistentwith thepictureof hardphotonproductionin �rst-chance
pncollisions(bS �

bNN). Thissystem-sizeandimpact-parameterdependenceof bS
wasexplainedby thecontributionof asecondgenerationof photonsin a laterstage
of thecollision whereastoppingandthermalizationprocesswaspresentleadingto
a lowering of theaveragevelocityof thesourceof photons[Schu94].
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51 Photonproductionin nucleus-nucleuscollisions at intermediateenergies

Figure 3.9: Inclusivehard photon spectrum measuredat q = 90‰ for thesystems14N+208Pb and
14N+12C at beamenergies of 40A (squares),30A (circle), and 20A (diamond) MeV
[Stev86]. Theoretical curves are those of a thermal bremsstrahlungmodel.

Figure 3.10: Inclusive hard photon spectrum measured at q = 90‰ for the system 14N+108Ag
[Luke93]. Thesolid line is theresultof a �t to twoexponentials. Thedashed andthe
dotted linesare thecomponentsof the�t.
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� A depletionof the two-photoncorrelationfunctionC12
�

Qinv � with respectto the
predictionsof hardphotonemissionfrom a single sourcewasalsomeasuredfor
thesystems86Kr+58Ni at 60A MeV and181Ta+197Au at 39.5A MeV. Theintensity
interferometrytechnique(HBT analysis)of thephoton-photoncorrelationfunction
wasfoundto becompatiblewith theexistenceof two differenthardphotonsources.
Indeed,the measuredshapeof C12

�

Qinv � for the two systems (�g. 3.11)wasbest
explainedassumingtheexistenceof two distinctsourcesfor hardphotonproduction
separatedin spaceandtime [Marq95,Marq97].
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Figure 3.11: Experimental g-g correlation function, C12 � Qinv � , for 86Kr+ 58Ni at 60A MeV(right
side)and for 181Ta+197Au at 39.5AMeV(left side) comparedto calculationsbased
onMonteCarlo sampling for onesource(dottedline), twosources(dashedline) and
two sourcesof which oneis fragmented(solid line). From[Schu97].
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3.4 Goalsof the experiment. Moti vation of the thesis

Photons,eitherradiatedor scattered,have remainedoneof themosteffective probesof
every kind of terrestrialor celestialmatterover theages.Photonsproducedin nucleus-
nucleusinteractionscarry information about the conditionsof the matter from which
they wereemittedmappingout the entirehistory of the reaction. Interestingly, photons
of increasingenergiesareradiatedat correspondingly earlier times. In heavy-ion colli-
sionsat intermediatebombarding energies,hard-photonswith Eg = 30 - 200 MeV have
beenconventionally interpretedsolely as issuing from the bremsstrahlung scatteringof
theprotonsagainstneutronswithin the �rst 50 fm/c of the reaction.Suchprompthard-
photons thusprovide interestinginformationabouttwo-body(nucleon-nucleon)dissipa-
tion effectsin thecompressedandnon-equilibratedinitial phaseof thereaction[Mart95,
Marq95, Polt95, Pol96,Schu96,Schu97].GDR-photons,with lower energies,Eg �

10 -
20 MeV, signaltheonsetof mean-�eld drivencollective excitationsof thenuclearfrag-
mentspresentat the�nal deexcitationphaseof thereaction(t

F

200fm/c) andconstitute
alsoef�cient probesof the one-body(mean-�eld) dissipationmechanisms prevailing at
thattime. It is well establishedthat,thetemporalregion in betweenthosetwo emissions
(50 fm/c G t G 200fm/c) correspondsto thetime wherethefragmentationof theexcited
nuclearsystemsproducedduringthe�rst stagesof thereactiontakesplace.

During the last 5 years,it hasbeenexperimentally demonstratedthat the productionof
hard-photonsexclusively in termsof pre-equilibriumnucleon-nucleoncollisionsneeded
to bereconsideredandthattheexistenceof abremsstrahlungemissioncomponentof ther-
mal origin couldnot becompletelyignored[Mart95, Marq95,Schu96,Schu97].Indeed,
it hasbeenobservedthat for largenuclearsystems, nuclearbremsstrahlung continuesto
be emittedbeyond �rst-chancecollisions. This second-chancebremsstrahlung produc-
tion showsup,with asteeperslope,moreintenselyin theregionEg = 30- 60MeV of the
hard-photonspectra(�g. 3.12),suggestinganemission from laterreactiontimeswhenthe
initial kinetic energy hasbeenmostly redistributedover the intrinsic degreesof freedom
buthasnotstill beencompletelydampedintomorecollective(oscillatory) degreesof free-
dom.Suchhard-photonshencemaybecomevaluableprobesof theinstantswherenuclear
multifragmentationoccurs.Indeed,sincethis second-chanceincoherentbremsstrahlung
componentre�ects thenucleon-nucleoninteractionswhich takeplacewithin thehotpar-
ticipantnuclearsystemsproducedduringthereaction,they mayprovideameasureof the
averagenumberof collisionseachnucleonsuffersduring thecooling-down phase.This
uniquefeatureof this secondradiationcomponentwould thereforeallow a quantitative
approachto thequestion of thetime-scaleandthermalizationof theparticipantnucleons,
a prerequisiteto elucidatethepossible connectionof multifragmentationto a liquid-gas
phasetransitionof nuclearmatter.

To con�rm theexistenceof thissecondemissionof bremsstrahlungphotonsandto try
to extractadditionalinformationon the time-scaleandon the thermodynamicalstateof
thehotnuclearsystemspresentatstagesof thereactionwherefragmentformationis sup-
posedto take place,two campaignsof theTAPS collaborationwerecarriedout in 1997
and1998at theKVI andGANIL facilities. Theseexperimentscoupledfor the�rst time
aphotonspectrometerwith differentcharged-particlemultidetectorsfor g-particlecoinci-

53



Photonproductionin nucleus-nucleuscollisionsat intermediateenergies 54

Figure 3.12: Inclusive photon spectrum for the system86Kr+ 58Ni at 60A MeV showingthe di-
rectandthermal bremsstrahlung regionsaswell asthelow-energy statistical (GDR
anddiscrete-state gammadecay) one. Theapproximative timesof emission of these
differenttypesof photonsare alsoindicated.
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dentdetectionover 4p. Theheavy-ion reactionsstudiedat KVI are36Ar+197Au, 107Ag,
58Ni, 12C at 60A MeV bombardingenergy. The main goal of this thesisconsistsin the
analysisandinterpretationof the inclusive andexclusive datacollectedduring this �rst
KVI campaign.Suchinvestigationof thecollectivepropertiesof nuclearmatterattemper-
aturesanddensitiesaway from thesaturationvaluesusinghard-photonsasexperimental
probes,addressesthemainfollowing points:

� Is thermodynamicalequilibrium attained?

� If so,whatis thetemperatureof theexcitednuclearsystemsproduced?

� Whatis thedensityof thesystems at freeze-out?

� Whatis thetime-scaleof nuclearbreak-up?

� Is multifragmentationa signalof thenuclearliquid-gas phase-transition dueto the
passageof the systemthroughthe low-density spinodal region ? or is it just a
sequentialslowerprocess?
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The studyof photons, producedin heavy-ion collisionsat intermediatebombarding
energies,over a wide spectraldomainfrom low energy statisticalgamma-rays(Eg �

10
MeV) upto veryenergetichard-photons(Emax

g �

200MeV), in coincidencewith charged
particlesandnuclearfragments,requirestheconcurrentuseof aphotonspectrometerwith
a wide dynamicrangein energy, togetherwith a LCP andIMF detectorsystemcovering
a largefractionof theavailablephase-space.Leadby suchaconsideration,wecombined
theTwo Arm PhotonSpectrometer(TAPS)with two charged-particlemultidetectors.The
�rst one,theDwarf-Ball (DB) from WashingtonUniversity atSt Louis (USA), wasdedi-
catedto thedetectionof light-charged-particles(LCPs)andintermediate-mass-fragments
(IMFs) emitted in theazimuthalhemispherearoundthetarget. Thesecondone,theFor-
wardWall (FW) from theKVI laboratoryatGroningen(Netherlands),measuredtheLCPs
andIMFs emittedin theforwarddirection.In thiswayweassembledacompletemultide-
tectorsystemconsisting of asmuchas540individualdetector-modulesresultingin more
than2000readoutelectronicchannels.Theresponseof thosethreedetectionsystems to
impingingnuclearparticlesdependson thescintillationpropertiesof thedifferentmate-
rials composing the detectorsmodules.Thesepropertiesandmaterialsaredescribedin
detailin Appendix1.

The objective of the presentexperimentwas the inclusive andexclusive studyof four
differentnuclearreactionsinvolving target nuclei of variousmassesanda unique36Ar
beamat 60A MeV: 197Au(36Ar,g)X, Ag(36Ar,g)X, Ni(36Ar,g)X, and C(36Ar,g)X. Only
the �rst reaction,36Ar+197Au, was measuredexploiting the whole experimentalsetup
(TAPS+DB+FW)with a limited beamintensity. A reducedsetup(TAPS+FW)enabling
highercounting-rateswasusedto measurethe four reactions.The experimentwasref-
erencedby the KVI ProgrammeAdvisory Committeeas “PAC #R2: Thermal hard-
photons” andused37shifts(14days)of beam-timeduringOctoberandNovember1997.

In the �rst part of this chapterthe accelerator and the characteristicsof the different
reactionsareoutlined. In a secondpart, I will describeeachsubdetectorsystem, their
associatedelectronicsandtheir particleidenti�cation properties.Finally, anoverview of
the dataacquisitionsystemandthe trigger logics will be given in the third part of this
chapter.

4.1 Detector overview

Theoverall detectorlayoutof thisexperimentis shown in �g. 4.1,asdesignedwithin the
GEANT-basedsimulation packageKANE (seeSection5.1),andin thepictureof �g. 4.2.
The photon-detectorsystemwasthe TAPS electromagnetic-spectrometer. It comprised
384BaF2 scintillation modulesassembledin a six-blockcon�guration (see�g. 4.1) and
positionedaroundthetarget to cover a solid angleof about15%of 4p. Thedetectorwas
optimizedfor photondetectionin therange5 MeV

.

Eg
.

300MeV. Two phoswichmul-
tidetectorsmeasuredandofferedthepossibility of identifying isotopically theproduced
LCPs(p, d, t, 3He, a) andIMFs (3 I Z G 10). The “Dwarf-Ball” [Stra90], comprising
64BC400-CsI(Tl)phoswichtelescopespositionedbetweenpolarangles32Š

.

q
.

168Š

andthe full azimuthalangle,covereda continuoussolid anglecloseto 76%of 4p. The
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“ForwardWall” hodoscope[Leeg92] consistedof 92 NE102A-NE115DE
�

E phoswich
detectorspositionedin theforwarddirectionto cover theangularrange2 � 5 Š

.

q
.

21� 5Š

and2 � 5Š

.

f
.

21� 5Š with ageometricalacceptancecloseto 4%of 4p.

Figure 4.1: Layout of TAPS,Dwarf-Ball andForward Wall multidetectorsaspicturedbyGEANT.
The Ar beamenters the setup diagonally from the upper right part of the �gur e.
TheCarbon-�ber scattering chamber, in which the Dwarf-Ball is located and which
matches thefront part of theForward Wall, is not shown.

Theoveralldetectorsystemcovered�nally morethan80%of 4p for particledetection
and15%for photon.

4.2 AGOR accelerator

Theexperimentwascarriedout at the“K ernfysischVernsnellerInstituut” (KVI) labora-
tory locatedat Groningenin The Netherlands.The beamwasdeliveredby the French-
DutchAGOR1 superconductorcyclotron.Thedetectionsystemwassetup insidecaveA,
at theendof theso-called“p-line” (�g. 4.3).TargetandDB wereinstalledinsidea large
Carbon-�berscatteringchamber[Hoef99]. Thesix TAPSblockssurroundedthechamber
andtheFW waspositionedin placeof thecustomaryinstalledKVI' sSALAD detector.

TheAGORcyclotron(�g. 4.4)hasbeenconstructedatOrsay, in acollaborativeeffort
of the“Institut dePhysiqueNucléaire”IPN-OrsayandKVI laboratories.It wasdesigned
[Schreu98]asacompact,tripolar superconductingcyclotron(�g. 4.5)with bendinglimit
K = 600MeV, for theacceleration of proton,light andheavy ions.Protonsanddeuterons
canbe acceleratedup to 200 MeV, light ions with charge-to-massratio Q� A = 0.5 up

1AccélérateurGroningen-Orsay
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Figure 4.2: Photographyof theexperimental setup.Thebeampipeentersthesetupfromtheright,
andthebacksides of 3 out of the6 TAPSblocks are seen.

to 100A MeV, andheavy-ionswith lower Q� A, up to a maximum energy of 600Q2
� A2

(A MeV) (�g. 4.6). The �rst beamat KVI, a 200 MeV alphabeam,wassuccessfully
extractedonJanuary1996.Themainparametersof thecyclotronaresummarizedin table
4.1.

4.3 Ar gonbeam

Thebeamdeliveredfor this experimentwasa 60A MeV 36Ar14
x beamextractedfor the

�rst time in October97 right beforethescheduledstartof theexperiment.This wasthe
�rst AGORbeamwith a total energy of morethan2 GeV. During the14 daysof running
timethemeantransmission of thebeamthroughthecyclotron(from 250to 910mmradii)
was80%,with a 95%meanextractionef�ciency anda 10%injectionef�ciency. Argon
noblegasis, actually, oneof theeasiestelementsto beacceleratedin cyclotronsandour
experimentwasthe �rst to usea heavy-ion (Z � 2) beamat KVI. Thecharacteristicsof
thebeamaresummarizedin table4.2.

The differentbeamintensitiesusedduring the experiment,from a minimum 1.5 nA
to a maximum12.5nA, weremonitored instantaneously by measuringthe currentin a
Faradaycuplocatedat theendof thep-line, 5 metersaway from thereactionchamber.

4.4 Carbon-Fiber reactionchamber

TheArgonbeamextractedfrom thecyclotronwasconductedthroughthebeam-pipeand
focusedonaspotlocatedin caveA. Thescatteringchamber[Hoef99]madeoutof carbon-
�ber, containedthe targetholderandtheDwarf-Ball multidetectorsystem, both �x edto
thechamber's top lid. Downstreamthechambera trumpet-shapedextensionmatchedthe
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Figure 4.3: Floor plan of theKVI facility at Groningen,TheNetherlands.
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Figure 4.4: Pictureof AGORcyclotron.

Figure 4.5: Photographyof AGORspiral “Dees”.
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Figure 4.6: Operating diagram(energy versus charge-to-mass ratio) for AGOR, indicatedby the
(red) solid lines. The(yellow) circlesrepresentthe beamswhich have beenacceler-
ated sofar. Adapted from[KVI95b].

Table 4.1: AGORcyclotron speci�catio ns.

bendinglimit K f 600MeV
focusinglimit Kb 200MeV
polediameter 1.88m
numberof sectors 3

R
.

0.30m: nospiral
spiralcoef�cient R = 0.70m: 18mrad/cm

R = 0.88m: 43mrad/cm
minimumhill gap 7 cm
maximumvalley gap 168cm
maximumcurrentdensity Coil 1: 4271A/cm2

Coil 2: 3270A/cm2

rangeof centralmagnetic�eld 1.70- 4.01T
numberof trim coils 15
maximumcurrentin trim coils 500A
RF frequency range 24 - 62MHz
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Table 4.2: Characteristicsof theArgonbeamusedin theexperiment.

Ap 36
Zp 18
Ion'schargestate +14
Energy (A MeV) 60
vp(cm/ns) 10.3(b = 0.36)
Cyclotronfrequency RF 37.1MHz (26.9ns)
Intensity(nA) 1.5

�

12.5
Nuclei/s(Hz) 0.7v 109 - 5.6v 109

Nuclei/bunch(12part./nA) 18
�

150
Bunchwidth (mm)

�

1 (FWHM)

openingangleof theForwardWall front surface.Particlesthustraveledin vacuumfrom
the target to both particledetectors.The carbonchamberhada diameterof 70 cm and
a heightof 50 cm (�g. 4.7). It thuscoveredthe azimuthalanglesviewed by the TAPS
blockspositionedatadistanceof 30cmfrom thechamberwall. Thewallswere3.75mm
thick. Using a low Z materialsuchascarbonreducedthe electron-positronconversion
probability of incident photons, which scalesas Z2, inside the walls of the scattering
chamber2. Duringtheexperimentavacuumof 10




4 mbarwasreachedwithin 3 - 4 hours,
andthebestmeasuredvacuumwasof theorderof 10




5 mbar.

Figure 4.7: Photographsof the Carbon-�ber scattering chamber usedfor TAPSexperimentsat
KVI [Hoef99].

2Thepair productionprobability of a 10 (100) MeV photon traversing4 mm of carbon is only of 0.4%
(1.1%).
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4.5 Targets

Oneof the main goalsof the experimentwas to comparethe dependenceof the hard-
photonspectrumand yield on the size and excitation energy of the nuclearsystem(s)
formedduringthecollision. For thatpurpose,four differentisotopes: 197Au, 107Ag, 58Ni
and12C; spanninga wide rangeof nuclearmasses,from 179down to 12, andleadingto
maximum energiesin thenucleus-nucleusCM in therange7A MeV - 13A MeV (seeTa-
ble4.4),wereusedastargets.Theselectionof asymmetricprojectile-targetcombinations
allowedto distinguishbetweenthevelocitiesof thenucleus-nucleusandnucleon-nucleon
center-of-massin orderto localizethephotonsourcethroughDoppler-shift analysis(see
section6.2). Themostintensively studiedsystemwastheheaviest 36Ar+197Au reaction,
wherethedirect kinematicsspreadstheemissionof the reactionproductsover thewide
angularrangecoveredby theDwarf-Ball andtheForwardWall charged-particlemultide-
tectors.

Sincethe hard-photonproductionrate is directly proportionalto the numberof nu-
clearinteractionsperpulse,Pint � Nreac� RF, it straightforwardlydependson thenumber
of incidentAr projectiles,Ninc, andon the densityof nuclei in the target, Nat � cm2. We,
thus,adjustedthebeamintensity andthedifferenttarget thicknesssothat thetotal accu-
mulatedhard-photonmultiplicity remainedstatistically signi�cant for all targets. These
two parametersarerelatedmakinguseof thefollowing expressions:

sR �

Nreac

Ninc v Nat � cm2
�

Pint

RF v Ninc v

�

Nav� At v dt �

(4.1)

Ibeam � Q� t � Ninc v Qx

p v Qe v RF (4.2)

wheresR is thetotal reactioncross-sectionfor eachprojectile-targetcombination,Nav
theAvogadroconstant,At thetargetatomic number, dt thetarget thickness(in mg/cm2),
RF the cyclotronradiofrequency (in s




1) , Qx

p = 14 theArgon ion charge state,andQe
theelectronchargemagnitude.Fromeqs.(4.1)and(4.2)weobtain:

Pint �

Ibeam

Qxp v Qe
v sR v

�

Nav� At �‹v dt (4.3)

Hence,for a givennuclearreactionthe combination (Ibeam, dt) determinesuniquely
thenuclearinteractionratePint . Two experimentalrequirementsconstraint,however, this
quantity and,thus,both themaximum possible beamintensity andtarget thickness. On
the oneside,the intensity mustbe limited to minimize the pileup probability (which is
proportional to P2

int) in theindividualchargedparticledetectors.On theotherside,target
thicknessesmustbe kept of the orderof a few mg/cm2, i.e. to a few

�

0.01%nuclear
interactionlengths,to preventsigni�cant contaminationof theexperimentaldataby sec-
ondaryreactions3.
While the whole setupTAPS+DB+FWwas in operation,the intensitywasconstrained

3Thinner targetshave alsoa lower absorption of low-energy particles,andhelp to keepthee m e6 con-
versionprobability of producedphotonsinsidethetargetatabsolutelymarginal values.

65



Experimental setup 66

Table4.3: Characteristicsof thedifferenttargetsandtotal estimatedcounting ratesfor thediffer-
entreactionsfor theselectedtarget thickness- beamintensitycombinations.

Target 197Au 197Au 108Ag 58Ni 12C
At 197 197 108 58 12
Zt 79 79 47 28 6
Thickness(mg/cm2) 1.0 7.5 7.0 6.6 18.0
Density(g/cm3) 19.32 19.32 10.50 8.90 2.25
Aerial surface(1019 at./cm2) 0.3 2.3 5.9 7.1 90.4
(Nuclear)int. length(g/cm2) 190.0 190.0 163.0 130.0 86.3
Ar+X reactioncross-section(mb) 4600 4600 3850 3240 2240
Ar beamintensity(nAe) 3.0 12.5 8.0 8.0 1.5
Part./pulse[12 part./nA] 36 150 96 96 18
Pint (reac./pulse) 0.0005 0.0156 0.0142 0.0206 0.0355
Nuclearreactionrates(Hz) 18.5v 103 580v 103 525v 103 760v 103 1.32v 106

by the maximum allowed individual counting rateof 104 Hz imposed in the most for-
wardDwarf-Ball modules.This maximum numberof detectedparticlespersecondcor-
respondsto aninteractionprobability perbeampulseof 5 v 10




4 whichwasachievedwith
an Ar-beamintensity of 3 nA and1 mg/cm2 thick Au target. In the absenceof the DB
multidetector, the intensityand/orthe target thicknesswereincreasedto achieve a mean
numberof interactionsper pulsealmosttwo ordersof magnitudelarger (Pint �

1.5%-
3.5%). In thatcase,the limiting factorwasnot anymorethemaximumcounting rateal-
lowed to avoid randomcoincidencesin a single detector, but the maximumtapingrate
(2000evts/s) of the dataacquisition system(seesection4.9.1). In table4.3 are listed
severalcharacteristicsof theusedtargetsandthecalculatedreactionrates.

Thetargetsweremountedon a movable ladderattachedto thechamber's top lid, and
connectedto a steppingmotorremotelycontrolled.Thetargetholderwasequippedwith
4 placementsof surface2 Œ 2 cm2 andan emptyframe. The emptyframewasusedto
verify thealignmentof thebeam,to counttheresidualnoiseandto comparethevaluesof
thechargescollectedin theFaradaycupwith andwithout target4.

In table4.4 thesigni�cant reactionpropertiesfor the four heavy-ion systems,computed
with theformulassummarizedin Appendix4, aredetailed5.

4Fromthiscomparison,wededuced thatthe�nal ArgonbeamarrivingattheFaradaycupaftertraversing
thetargetsconsistedof fully strippedAr 18

m ionsandnot theoriginalAr14
m beam.

5Thebeamkinetic energy Klab = 60A MeV hasbeencorrectedto take into account theaverage energy
lossof theArgon projectiles insidethedifferenttargetthicknessbefore undergoing a nuclear reactionwith
thetargetnuclei:Kcorr

lab ; Klab `Ž• Kloss•

. Thevaluesof thesemeanenergy losseshavebeencalculatedwith
therelationgivenby [Hub90] andvaryfrom • K loss•

= 0.78A MeV for thethickestC targetto • Kloss•

= 0.17A
MeV for theAu target.
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Table4.4: Properties of the reactions Ar+X (X = 197Au, 107Ag, 58Ni, 12C) at Klab= 60A MeV,
computedwith theformulas listedin Appendix 4.

Reaction 36Ar+197Au 36Ar+108Ag 36Ar+58Ni 36Ar+12C
sR (mb) 4600 3850 3240 2240
Kcorr

lab (AMeV) 59.8 59.8 59.8 59.2
VC (AMeV) 4.5 3.0 2.0 0.5
K lab

Cc (AMeV) 55.3 56.8 57.8 58.7
K lab

Cc (GeV) 1.99 2.05 2.08 2.11
KAA

Cc (AMeV) 7.1 10.6 13.4 11.0
KAA

Cc (GeV) 1.66 1.53 1.27 0.53
bbeam 0.35 0.355 0.36 0.36
bAA 0.054 0.087 0.132 0.26
bNN 0.175 0.178 0.18 0.18
Atot 233 144 94 48
µ 30.4 27.0 22.2 9.0
Rint (fm) 12.6 11.4 10.3 8.5
qlab

gr 4.6 3.2 2.2 1.1
qcm

gr 5.3 4.0 3.0 1.9
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4.6 TAPSelectromagneticcalorimeter

4.6.1 Main characteristics

The Two-Arm-Photon-SpectrometerTAPS is a high granularityand large solid-angle
electromagneticcalorimetercomposednowadaysof morethan400inorganicscintillating
crystals.It wasdesignedto detectphotonsandneutralmesons, -thelatterbeingidenti�ed
by the invariant-massreconstructedfrom their 2 or 3 photondecaymodes-,in a wide
energy domainrangingfrom 1 MeV to 10 GeV. TAPS wasbuilt by a collaborationof
� veEuropeanlaboratoriesandhasbeenexploitedat variousfacilities(SIS-GSI atDarm-
stadt,GANIL atCaen,MAMI atMainz,SPSatCERN,andAGORatKVI) to performa
broadresearch programmein heavy-ion andphotonuclearphysics(for a review of TAPS
physics seee.g. [Stro96] and[TAPS97]),aiming at the studyof variousregionsof the
phasediagramfor nuclearmatter(�g. 1.4).Theelementarymoduleof TAPSis anhexag-
onalBaF2-crystalequippedwith aNE102Aplasticscintillator vetopositionedat its front
side(�g. 4.8).

Figure 4.8: Drawing of thebasicdetection elementin TAPS:A hexagonal BaF2 modulewith its
associated CPV-detector.

TAPSpossessesthefollowing outstandingproperties:

1. A good energy resolution over a wide dynamicrangeis the main characteristics
soughtfor any electromagneticcalorimeter. This is achieved for TAPS through
the selectionof BaF2 crystal scintillatorswith appropriatedimensions. The lon-
gitudinal dimensionsof the TAPS modulesensurean optimumabsorptionof the
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electromagneticshower generatedby photonswith energies in the interval from
roughly1 MeV upto

�

10GeV. Theachievedenergy resolutionsareof theorderof
DE � E � 2 � 17� � E

�

GeV�

% 1� 4 %.

2. Accurate impact position measurementand,hence,precisedeterminationof the
directionof the photons, is requiredto determine,on the onehand,the invariant-
massesof neutralmesonswith high precisionand,on the otherhand,to allow a
properseparationof overlappingelectromagneticshowers.Thisisachievedthrough
a high granularityof the spectrometerandwith modulesof transversesizeof the
orderof oneMoli �ereradius(seeAppendix1). This �ne segmentation ensuresalso
a low probability for multiplehits in singlemodules.

3. An excellent time resolution is necessaryto be able to separatephotonsfrom
hadrons,andin particularneutrons,throughtime-of-�ight (TOF) measurements.
Thefastestscintillationresponse,amongall inorganiccrystals,is obtainedwith the
�rst scintillation componentof BaF2, yielding excellent time resolutions (

.

200
ps).

4. Heavy-ion reactionsleadto high hadron-multiplicities in the �nal state. Thus,a
proper charged- versusneutral- particle discrimination is mandatory. Since
BaF2 crystalsalsorespondto chargedhadrons,anadditional charged-particleveto
(CPV) in front of every BaF2 module permitssucha discrimination on-line and
adequatelyde�ne a photon trigger. Moreover, CPV information turnsout to bethe
only way to discriminaterelativistic electronsfrom photonsin off-line analysis.

5. Modularity is requiredto allow a �e xible recon�gurationof the spectrometeras
requestedby thespeci�c needsof differentexperiments or theconstraintsencoun-
teredat variousfacilities. TAPSindividual moduleshave beenarrangedin several
experimental con�gurations: from block setupdispositions asusedin the present
experimentor in earlierexperimentsat GSI [Novo91] andMAMI [Gabl94]; to a
super-clustersetupasusedatKVI (e.g.[Huis99]) andatCERN(e.g.[Agak98]).

4.6.2 BaF2 crystals

The384 BaF2 crystalsusedin the presentexperimentconstitute the centralassetof the
photonspectrometer. Their scintillationpropertiesarethoroughly describedin Appendix
1. They are 25 cm long which correspondsto 12 radiationlengths(X0[BaF2] = 2.05
cm). This length ensuresa signi�cant absorptionof the electromagneticshower pro-
ducedby theincidentphotons(96%for 100MeV photons and85%for 1 GeV photons)
[Gabl94, Marq95b]. EachBaF2 hexagonalmodulehasan inscribedradiusof 2.95cm,
correspondingto 85%of theMoli �ereradius(r M[BaF2] = 3.4cm). Thehexagonalshape
maximizesthe numberof neighboursto eachdetectorfor an easyreconstructionof the
shower. Therearendof thecrystalis cylindrically shapedovera lengthof 2.5cm to per-
mit an optimal couplingto a HamamatsuR2059-01photomultiplier tube(PMT). These
phototubes,coveredwith aµ-metalshield,aresensitive to theUV scintillation light emit-
tedby theBaF2 crystal.
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Figure 4.9: GEANT representation of oneTAPSblock comprising 8 • 8 BaF2 crystals with their
respectiveNE102Avetodetector.

In thepresentexperiment,weusedtheTAPSspectrometerin a con�gurationconsist-
ing of 6 blocks(suchasthe oneshown in �g. 4.9), of 8 Œ 8 moduleseach,mountedin
six towersplacedsymmetricallyin the horizontalplanearoundthe target (see�g 4.1).
Thepolarangleswith respectto thebeamlinedirectionandthedistancesfrom thetarget
of eachblock are listed in table4.5. Within this con�guration about15% of the solid
angleis coveredin acontinuousrangeof polaranglesspannedbetween57Š and176Š and
between

�

20Š and ! 20Š in theazimuthalregion. Thehigh-voltagefor eachgroupof 64
moduleswasdeliveredby asingleLecroy 1440HV systempositionednext to eachblock.
Thehigh-voltagesettingsof thePMTs(in therange

�

1200to
�

2000V) werechosento
selectfor eachindividual TAPS modulea dynamicrangebetween1 MeV andapproxi-
mately400MeV (equivalentphotonenergy). This rangeis adaptedto theenergiesof the
photons producedat the60A MeV bombardingenergy in theconsideredreactions.

4.6.3 Charged-Particle Vetoes

TheCharged-ParticleVeto(CPV)systemconsistsof 384hexagonal,5-mmthick NE102A
polyvinyltoluene-basedscintillator plastics(seeAppendix 1). The diameterof the in-
scribedcircle is of 6.5 cm. Thesescintillatorsare individually placedin front of each
BaF2 crystal in an one-to-onecorrespondenceto associateeachBaF2 signalwith a co-
incident veto signal. Their scintillation light is collectedthroughperspex lightguides
coupledto PhilipsXP2972PMTs,the latter locatedat thetop andbottomof eachTAPS
block. The thicknessof the CPV, correspondingto 0.012X0 (X0[NE102A] = 43 cm),
wereselectedasa trade-off betweenlow photon conversion(

.

2.5%)andsuf�cient en-
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Table4.5: Positionsof the6 TAPSblocks for theKVI experiment.Thedistancesandanglescor-
respondto thecenter of thefrontal sideof each block.

TAPSBlock Target-blockdistance[cm] q [o] f [o]
1 66 -76.5 0
2 66 -116.5 0
3 66 -156.5 0
4 66 156.5 0
5 66 116.5 0
6 66 76.5 0

ergy lossfor chargedparticles(i.e. almost100%ef�ciency) [Rasc92]. Fig 4.10shows
the typical dimensions of a CPV module. In �g. 4.9 the arrangementof up to 3 levels
of CPV+lightguidesfor oneTAPSblock canbeseenin front of theBaF2 modules. The
maingoalof theCPV wasto enrichcollecteddatawith neutralparticles.Thefastscintil-
latingsignalof theNE102Aorganicplasticis, for thatpurpose,incorporatedin thetrigger
de�nition allowing for anon-linerejectionof chargedparticles.

Figure 4.10: Typical dimensions of a single NE102ACPV module. Thelightguide lengths vary
from18 to 35 cmdepending on theposition of theCPVmodulein theblock. From
[Rasch97].

4.6.4 Photon identi�cation

Thescintillationlight of BaF2 crystalsconsistsof a fast(t = 0.88ns)andaslow (t = 0.63
µs) componentwith very differentunderlyingluminiscencemechanisms(seeAppendix
1). The fast componentis quenchedwith increasingenergy loss dE � dx of traversing
chargedparticles.Sincechargedhadronshave a higherionizationdensitythan(lighter)
electromagneticparticles,they inducea lower contribution of the fastscintillating sig-
nal to the total light output(�g. 4.11). Thehigher(lower) branchof this En

�

Ew plot6

6In general, all throughout this thesisI will usethe term(s)“narrow” (“wide”) gateto refer to the in-
tegration of a “f ast” (“slow”) scintillation-light component,i.e. a componenthaving a “short” (“long”)
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correspondsto the photon (hadron)signal. The pulse-shapefactorde�ned as the ratio
PSA � En � Ew allows, thus,for a discrimination betweenhadronicandelectromagnetic
particles(PSA = 1 for photons, electronsandmuons, PSA = 0.7 for protonsandPSA

.

0.7 for heavier particles).Neutronsbelow 100MeV, however, interactwithin thedetec-
tor materialpredominantly via (n,g)-reactions[Matu89] producinga high-energy photon
signal.They canthereforeonly bedistinguishedfrom photonsby time-of-�ight measure-
ment.Incidentrelativistic electrons(andpositrons)arediscriminatedagainstg'svia CPV
information.
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Figure 4.11: En vs. Ew for a single BaF2 crystal [Schu97]. The upper branch corresponds
to the detection of photonsand electrons(or high-energy neutrons) and the lower
one to (low-energy) neutrons and LCP. The intrinsic properties of the two differ-
ent scintillati on components of the BaF2 material allow to differentiate between
electromagnetic-like (mainlyphotons)andhadronic-like (mainlyprotons)hits in the
so-called “Pulse-ShapeAnalysis” (PSA) technique.

Thedetailedprocedureemployedfor photonidenti�cation with TAPSis developedin
Section5.4.

4.6.5 TAPS fr ont-endelectronics

In �g. 4.12a sketchof the electronicsper BaF2-CPV detectormodule is shown. Most
of the TAPS electronicsis installedin standardCAMAC7 crateslocatedin the experi-
mentalhall or in the countingroom. The differentmodulesusedaredescribedin table

decay.
7CAMAC (Computer AutomatedMeasurement and Control) is an IEEE standardmodular system

widely usedin nuclearandparticlephysicsfor dataacquisitionandcontrol. It contains 3 essentialcompo-
nents[Leo92]: the“crate”, with 23“slots” whereplug-in electronicsmodulesof standardsizeareinserted,
andthe “dataway” or back-planedatabus for modulescontrol and/orreadout by thecratecontrollerpro-
cessor.
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4.6. The recordeddataper modulehave to be suitablefor (ulterior) photonidenti�ca-
tion andclusterreconstruction.This is achieved in the off-line analysis,asmentioned
in theformersection,by Pulse-Shape-Analysis(PSA), aswell asTime-Of-Flight(TOF)
measurementandCharged-Particle-Vetoing(CPV).Thosethreetechniquesdeterminethe
basicelementsof theTAPSelectronicssystem.

Figure 4.12: Simpli�edTAPSelectronicsdiagramper BaF2-CPVmodule. Thedescription of the
differentelectronicsmodulesis given in table 4.6.

The analogsignaldeliveredby eachBaF2 is �rst split by an Active Analog Splitter
(AAS) placedat the bottomof each8 Œ 8 block. The outputsof the AAS areemployed
for:

The energy signal: Theoriginalanalogsignalis delayed500nsby 50-Wcabledelayand
is thenfed into theCharge-to-DigitalConverters(QDC) locatedin CAMAC crates
in thecountingroom50m awayfrom theexperimentalhall. If theeventis accepted,
the12-bit QDC integratesthe signalover two time intervals: 50 ns (narrow gate)
and2 µs (wide gate)to provide thechargecorrespondingto thetwo (fastandslow
respectively) componentsof theBaF2 scintillation light.

The timing branch: A ConstantFractionDiscriminator (CFD) located,again,atthebot-
tom part of the blocksto minimize the cablelengthsandthe deteriorationof the
timing performance,producesa fastlogic pulseif thevoltageof thePMT dynode
signalsurpassesa programmablethreshold.In our case,theequivalent photonen-
ergy thresholdwassetto 5 MeV, well abovethenoiselevel of thephotomultipliers.
This logic signalprovides,aftera500nslogic delay, threeoutputs for:
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� The stop signal of the Time-to-Digital Converters(TDC) which have been
startedby a “commonstart” obtainedfrom a coincidencebetweentheacqui-
sitionmastertriggerandtheRF signal.

� The validation signalfor the generation,via the RDV “gate and delaygen-
erators” modules,of theshortandwide gatesfor theintegrationof theBaF2
signalenergy.

� Thebit pattern(PU8) information, i.e. aregisterrecordingthe�ring detectors.

The trigger information: TwoLeadingEdgeDiscriminators(LED) with differentthresh-
olds(LED-low = 15MeV andLED-high= 40MeV equivalentphotonenergiesre-
spectively) issueastandardlogicalsignalto beusedasthecorrespondingLED-low
andLED-high triggersfor theselectionof high-energy photons, if thePMT signal
overpassestheprogrammable energy thresholds.

Finally, theCPVphotomultiplier deliversa fastanalogsignalwhich is processedby a
leading-edgediscriminator(LED VETO setabovenoise,500keV) andsentto theMulti-
plicity box (MB) wherethey arecombinedwith thecorrespondingBaF2 detectormodule
signals. Photonidenti�cation is mainlybasedonthisvetosignalprocessing.Suchasetup
allows to separateneutralfrom chargedBaF2 signalson a fasttrigger level (seeSection
4.9.2).

Table 4.6: List of TAPSelectronicsmodulesusedper BaF2-CPVdetector.

Acronym Typeof module Model ( Œ numberof channels)
AAS ActiveAnalogSplitter Gießen( Œ 16)
CFD ConstantFractionDiscriminator GANELECFCC8( Œ 8)
LED LeadingEdgeDiscriminator GSI LE1600( Œ 16)
QDC Charge-to-DigitalConverter GANELEC1612F ( Œ 8)
TDC Time-to-Digital Converter GANELEC812F ( Œ 8)
MB Multipl icity Box ISN 4831( Œ 64)
PU PatternUnit LeCroy 4448( Œ 48)
DC CableDelay(500ns) Gießen( Œ 64)

RDV GateandDelayGenerator GANELEC8/16A ( Œ 8)
DL Logic Delay GSIDL1610( Œ 16)
SU ScalersUnit GSISC4800

Moredetailson thetypicalelectronicschainof aTAPSsetupcanbefoundelsewhere
[Martt94, Marqt94]

8PatternUnit.
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4.7 Dwarf-Ball charged-particle multidetector

4.7.1 Main characteristics

The“Dwarf-Ball” (DB) [Stra90]is a quasi-4p charged-particlemultidetectorconsisting
of anarrayof up to 71 closelypackedBC400-CsI(Tl)phoswiches.They form a hollow
spherewith aninnerradiusof 41.5mmandcoveramaximumangularrangebetween24Š

and168Š . It wasbuilt at theWashingtonUniversity of SaintLouis(USA) anddesignedto
detectlight chargedparticles(LCP, Z I 2) andintermediate-massfragments(IMF, 3 I Z G

20)emittedin multi-fragmentingexit channelsof heavy-ion reactions.Morespeci�cally,
theDwarf-Ball meetsthefollowingcriteria:

1. Lar ge solid angle (
�

4p sr) coverageto studymulti-fragmentdisintegrationsof
excited nuclearsystems.In the con�guration usedin this experimentthe device
coverstheangularrangeqlab � 32Š

�

168Š andthefull f , correspondingto 76%of
thesolidangle(see�g. 4.13).

2. High granularity to handlelargemultiplicity events. The64 hexagonalandpen-
tagonalphoswichdetectorsusedin thepresentexperimentareclusteredat a mean
distanceof 4.15cm from thetargetin apolarcoordinategeometry.

3. Isotopic identi�cation for LCP (H andHe isotopes). The two scintillating light
componentsof CsI(Tl), whichvarywith particletype,areexploitedto achievep, d,
t, 3He,anda separation(seeSection5.5.1).

4. Charged-particle identi�cation for the producednuclearfragments. The com-
bination of CsI(Tl) with the thin scintillator plasticin the phoswicharrangement,
permits, in our speci�c case,theidenti�cation of theIMFs up to Z

�

10 by means
of pulse-shapetechniques(seeSection5.5.2).

5. Low energy thr esholds(
�

1A
�

2A MeV) andgoodenergy resolution(however,
this lastcapabilitywasnotexploitedin thepresentexperimentfor whichonly LCP
andIMF identi�cation andseparation,wassuf�cient).

6. Modular design; compactandportable. This portability allowed to easilypack
andtransportthe DB betweenits homelaboratoryin the USA to the KVI andto
theGANIL laboratoriesfor thetwo consecutive TAPSexperimental campaignsof
1997and1998.

7. The small thicknessof the individual Dwarf-Ball modules9 constituted an addi-
tionaladvantageof thedevicefor ourparticularexperimental requirements.Indeed,
theproducedphotonstraversingtheDwarf-Ball materialhavealow pair-conversion
probability in comparisonwith other(thicker) existent4p LCP andIMF multide-
tectorarrays.Thischaracteristicconstitutedabasicprerequisitefor any detectorof
thiskind to becoupledwith TAPS.

9Themaximum singledetector thicknessis d & 70 mm including absorber, phoswichmaterial,light-
guide andPMT.
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Figure 4.13: Photographsof the Dwarf-Ball: a) The DB placed on the top lid of the carbon
scatteringchamber. b) Openviewof theDB.Mostof thedetectorsof onehemisphere,
and all signal cables and PMT voltage dividers, havebeenremovedto allow for a
view of thedevice. ThewhiteTe�on tapewrapseach phoswich andlightguide.
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4.7.2 BC400-CsI(Tl) phoswiches

Thebasicdetectionelementof theDB is obtainedby couplinga thin andfast(t = 3 ns)
organicplasticscintillator (BicronBC400or BC446)for DE measurement,togetherwith
a CsI(Tl) inorganic crystalscintillator for E measurement.They arereadoutin phoswich
modeby asinglephotomultiplier (for detailsseetheAppendix1). TheindividualCsI(Tl)
crystalsare4 - 8 mmthick (dependingontheangle,thethicker in themostforwarddirec-
tion) prismsof hexagonalor pentagonalshapewith thethin (10 - 40 µm, dependingalso
on the angle)DE plasticscintillator adheredto its front side. 8-mm Lucite lightguides,
matchingthe backsideof the CsI(Tl) crystals,guidethescintillation light to a small (

�

50 mm) HamamatsuR1666six-stagePMT. ThesePMT have a typical gain of 105 and
areconnectedin groupsof 16 to a common LeCroy HV power supplydelivering there-
quiredhigh-voltagesbetween-800and-1000V (a gainselectedin orderto observe the
punchthrough point of the a particles,seeSection5.5.1). The detectorsareprotected
againstd atomicelectronsstrippedfrom the target,by Ta or Au absorberfoils covering
their front side. Thesefoils hadthicknessesbetween2.8 and4.9 mg/cm2 for the most
forwardandbackwardmodulesrespectively. A photographandacross-sectionalview of
ahexagonalelementaregivenin �g. 4.14.

The polar angle q, the azimuthalangle f , and the thicknessesof eachindividual
plastic-CsI(Tl)detectorusedin thisexperience,aregivenin table4.7.

Table 4.7: Dwarf-Ball telescopepositions and thicknessesof their CsI(Tl) and plastic
scintillators.

# Detector q [ Š ] f [ Š ] E (mg/cm2) DE (mg/cm2)
1 41.59 230.02 8.08 4.08
2 41.59 302.02 8.38 4.07
3 41.59 14.02 8.20 4.06
4 41.59 86.02 8.33 4.05
5 41.59 158.02 8.20 4.03
6 49.51 191.73 8.13 3.98
7 49.51 263.73 8.20 3.97
8 49.51 335.73 8.28 3.95
9 49.52 47.73 8.41 3.93
10 49.51 119.73 8.33 3.92
11 63.43 216.00 4.34 3.89
12 63.43 288.00 4.39 3.87
13 63.43 0.00 4.37 3.86
14 63.43 72.00 4.31 3.84
15 63.43 144.00 4.34 3.81
16 67.93 242.39 4.04 3.80
17 67.93 314.39 4.32 3.79
18 67.93 26.39 4.24 3.76
19 67.93 98.39 4.34 3.76
20 67.93 170.39 4.27 3.73
21 77.52 194.74 4.06 3.72
22 77.52 266.74 4.42 3.68
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Table4.7: (continuation)

# Detector q [ Š ] f [ Š ] E (mg/cm2) DE (mg/cm2)

23 77.52 338.74 4.27 3.65
24 77.52 50.74 4.32 3.65
25 77.52 122.74 4.22 3.62
26 87.30 221.39 4.37 3.50
27 87.30 293.39 4.12 3.50
28 87.30 5.39 4.34 3.50
29 87.30 77.39 4.?? 3.50
30 87.30 149.39 4.?? 3.50
31 92.70 246.61 4.37 3.50
32 92.70 318.61 4.34 3.49
33 92.70 30.61 4.27 3.49
– 92.70 102.61 –
34 92.70 174.61 4.32 3.42
35 102.48 201.26 4.27 3.39
36 102.48 273.26 4.06 3.38
37 102.48 345.26 4.34 3.37
38 102.48 57.26 4.24 3.34
39 102.48 129.26 4.?? 3.32
40 112.07 225.61 4.32 3.30
41 112.07 297.61 4.29 3.30
42 112.07 9.61 4.32 3.26
43 112.07 81.61 4.12 3.23
44 112.07 153.61 4.24 3.21
45 116.57 180.00 3.96 3.18
46 116.57 252.00 4.22 3.17
47 116.57 324.00 4.32 3.13
48 116.57 36.00 4.34 3.12
49 116.57 108.00 4.06 3.11
50 130.49 204.27 4.24 3.04
51 130.49 276.27 4.17 3.04
52 130.49 348.27 4.22 3.04
53 130.49 60.27 4.29 3.02
54 130.49 132.27 4.34 3.00
55 138.41 237.98 3.99 2.98
56 138.41 309.98 4.37 2.97
57 138.41 21.98 4.32 2.95
58 138.41 93.98 4.28 2.94
59 138.41 165.98 4.32 2.92
60 155.58 202.89 4.32 2.83
61 155.58 274.89 4.37 2.83
62 155.58 346.89 4.34 2.83
63 155.58 58.89 4.24 2.80
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Table4.7: (continuation)

# Detector q [ Š ] f [ Š ] E (mg/cm2) DE (mg/cm2)

64 155.58 130.89 4.34 2.11

4.7.3 Particle identi�cation capabiliti es

TheCsI(Tl) is a scintillatormaterialthatpresentstheparticularityof emitting light with
two different(“slow” and“tail”) time constants(t sl = 0.4 - 0.7 µs andt ta = 7.0 µs) that
correspondto different scintillation mechanisms(seeAppendix 1). The CsI(Tl) light
outputcanbe,thus,expressedin thefollowing manner:

ICsI
"

Tl #

� Isle"




t � t sl #

! Itae"




t � t ta # (4.4)

Isl andIta intensitiesdependon theenergy andnatureof theparticle. Their ratio is,
thus,sensitive to themassandchargeof thetraversingparticle.Usingthis property, one
canachieve isotopic separationof the hydrogen (p, d, t) andhelium (3He, a) isotopes
[Alar85], throughCsI(Tl)tail versusCsI(Tl)slow bidimensionalplots(�g. 4.15).

Apart from LCP identi�cation obtainedsolely exploiting the pulse-shapeproperties
of CsI(Tl), sincetheDB modulesconsistof 2 stages(fastplasticplusCsI(Tl)) phoswich
telescopes,onecanin principleconstructtwo additionalDE

�

E matricesfor IMF identi-
�cation:

� Ef from plasticscintillatorvs. Esl from CsI(Tl).

� Ef from plasticscintillatorvs. Eta from CsI(Tl).

In thepresentexperimentonly theE f vs. Esl array(see�g. 5.11)hasbeenused.

4.7.4 Dwarf-Ball electronicsand pre-trigger logics

As describedin the previous section,the particle identi�cation with the DB relies on
pulseshapediscrimination,i.e. onproperchargeintegrationof theelectronicsignalsover
threedifferenttime intervals(givenby the“fast” , “slow” and“tail” gates).Thesetim-
ing characteristicsfurnishthebasicde�ning criteria for thedesignof theDB electronics
(�g. 4.16). Table4.8 givesa descriptionof the individual electronicsmodulesusedin
the DB setup.All the electronicsmodules�t in four NIM 10 bins (for the �rst elements
of the chain)and in oneCAMAC crate(for the FERA11 analog-to-digital converters).
Thesecrateswereall in a racklocatedin theexperimentalhall two metersaway from the
scatteringchamber.

10NIM (NuclearInstrument Module) is theearliest(andsimplest)standardmodular systemusedin nu-
clearandparticlephysicselectronics. It consistsof a“bin” with slotsto accept12modulesfor digital and/or
analoginstruments.At variancewith CAMAC back-planedata-bus,theNIM busis just for power supply
purposes,therefore noparameterreadout canbeperformed.

11FERA (FastEncoding andReadoutADC) is a high-speed(conversion time & 5 µs) charge integrating
analog-to-digital converterwith 16 independent ADCs enabled by a commongateof 50 - 500ns.
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Figure 4.14: Photograph(upper part) andcross-sectional view (left modulein thelower part) of
a hexagonal elementof the Dwarf-Ball. Thewhite Te�on tapecovers the plastic-
CsI(Tl) phoswichesand the Lucite light guide. TheTa/Au foils cover the front side
of each detector.
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Figure 4.15: Exampleof a typical array usedfor light-charged-particle identi�ca tion in theDB:
Isotopic identi�ca tion of LCP usingthe CsI(Tl) “tail” (also called “long”) versus
“slow” energies2D-plots [Stra90].

Figure 4.16: Schematic diagram of the Dwarf-Ball electronics. Thedescription of the different
electronicsmodulesis givenin table 4.8. A more detailed schemeof the wholeDB
electronicsandpre-trigger logicscanbefoundin Appendix 5.
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Theanodesignaldeliveredby thePMT of each�ring DB moduleis �rst ampli�ed by
fast,variablegain( Œ 2 - Œ 40)ampli�ers placed(togetherwith thetriggerlogicsandgate-
generationmodules)in oneof theaforementioned� veNIM crates.Oneof thetwo ampli-
�er outputs (the“time branch” ) is usedto generatethetrigger logicsandtheintegration
gates,andto monitor eachindividual detector. The otheroutput(the “energy branch” )
aslinearsignalsaredigitizedby thedifferentanalog-to-digitalconverters(Lecroy FERA
4300ADC modules)placedin theCAMAC crate.

The time-branch: Thesignalfrom thetimebranchfeeds�rst a leading-edgediscrimina-
tor (LED) to eliminatethebackgroundnoise.The thresholdof eachdiscriminator
is selectablethrougha multiplexer busanda PClocatedin thecontrol room. This
LED deliversthreetypesof output:

1. Individual channellogic signals(differential ECL12 pulses)retardedby up
to 210 ns in an ECL delaymodule. They provide the stop signalsfor each
detectorin a time-to-FERA(TFC) convertermodule.This TFC module pro-
videsnegative amplitude currentpulsesto the time FERA ADCs, the length
of whichdependon thetimedifferencebetweenthestartandstopsignals.

2. The logic OR of eachgroupof 16 detectorsis usedto createthe thr eetime
gatesfor the energy signal integration (“fast” , “slow” and “tail” ) and the
start signal of the TFC. In addition it generatesthe Dwarf-Ball triggers
(DBor, DB Multiplicity 1 and2) which areusedin the DB pre-triggersys-
temandin thegeneraltriggerboxoutsidethecave (seebelow).

3. A logic signal of eachindividual detectorfor on-line monitoring purposes.
Thismonitoring is performedwith adedicatedPCin thecontrolroom.

As a matterof fact,to minimizetheacquisition dead-time(seeSection4.9.1),four
differentpre-triggersarealreadybuilt in theexperimentalcave without theneedto
gothroughthemaintriggerbox: TAPSor, DB Multiplicity 1 and2, andDBor (with
a “hardware” scale-down factorof 10). If a particularDB event is in coincidence
with oneof thesefour trigger conditions,andthe DB systemis not busy treating
anearlierevent, thegenerationof thefour integration gates(“time” at t = 100ns,
“fast” at t = 170ns,“slow” at t = 500nsand“tail” at t = 1700ns;eachonewith
its own width) proceedsby default (aftersomet = 75nsfrom thereferencestartof
theLED discriminationtime). Likewise,at t = 3600nsa“fast clear” signalis also
automaticallyproducedandsentto theFERA driver. This “clear” signalerasesall
theintegratedsignalsin thecorrespondingADCs unlessthereexistsa coincidence
with the “master trigger” signalcomingfrom the centralTAPS+DB+FWtrigger
system.In this casethe“clear” signalis inhibitedandtheFERA driver sendsall
theinformationto theacquisitionthroughits databus. Theimplementationof this
pre-triggerallowsa fasterresponseof theDB within thewholeexperimentalsetup.

The energy-branch: Thissecondampli�er outputis �rst delayedby 200nsthroughRG-
58cable-delayto wait for thegategenerationandit is then(fast)split into two equal
signalswith half theoriginalamplitude:

12ECL (EmitterCoupledLogic) is a typeof fastlogic signals.

82



83 Experimentalsetup

Table4.8: List of the basic Dwarf-Ball electronics modules usedin the experiment(W.U. stands
for “Washington University” custom-mademodules).

Item Description(# of channels) # of modules
NIM Standard:
AMP W.U. FastAmpli�er ( Œ 6) 12
CD CableDelay(66ns+ 126ns)RG-58cable( Œ 64) 1
FS W.U. FastSplitter50-WpassiveAC-coupled( Œ 16) 4
FS W.U. Slow Splitter2-wayAC-coupled( Œ 16) 4
LED W.U. DiscriminatorLED ( Œ 4,6) 5
DL DelayECL 4
TFC W.U. Time-to-FERAconverter 4
SCA GSI ScalerSC4800 1
Level Translators ECL-NIM-ECL (Lecroy 4616) 3
GateGenerators Octal(EG&G 8000),QuadralandDual (Lecroy 222) 4
CAMAC Standard:
FERA ADC Lecroy 4300BADC ( Œ 16) 16
FERA Driver Lecroy 4301 1

1. Onebranchis usedfor integrationof thefast plastic DE componentin oneof
the16channelADC FERA modules.Thesignalis integratedwith a fastgate
of 70nswidth, startedatd = -20nsbeforethesignalleadingedge.

2. Thesecondgroupof 16 outputsis further(slow) split andattenuated(by fac-
tors12and4) to provide respectively theslow (E signal)andthetail compo-
nents of the CsI(Tl). The signalis, thus,integratedtwice in separateFERA
ADCs: over a “slow” interval of 400nswidth (gatestartedatadelayd = 300
ns),andover a “tail” interval of 1.7 µs width. This tail gateis openedwith
a 1.5 µs delaywith respectto the fastone. Finally, this lastsplitteralsopro-
videsaninspection(analog)output. Thisoutput,togetherwith thelogic test
signal,will serve to controlon-line thesettingsof the DB energy thresholds
in thediscriminator with thehelpof themonitoring PC.

A moredetailedschemeof thewholeDwarf-Ball electronics,timing andpre-trigger
logicscanbefoundin Appendix5.

83



Experimental setup 84

4.8 Forward Wall charged-particle multidetector

4.8.1 Main characteristics

The“ForwardWall” (FW) is acharged-particlehodoscopebuilt atKVI [Leeg92, Hoef94].
It consistsof an arrayof 92 fast-slow plasticscintillatorstelescopes(NE102A-NE115),
located760mm away from thetargetandcovering thepolarangularrangebetween2.5Š

and21.0Š (in q andf ) aroundthebeamdirection(�g. 4.17).It hasatotalareaof 536Œ 536
mm2 andcoversabout4% of the solid angle. The 32 smallestphoswiches(32.5Œ 32.5
mm2) arepositionedat themostforwardangles,wherethecountingratesarethelargest,
in orderto increasetheFW granularitythusallowing for highercountingratespersolid
angleandimproving the position resolution. The remaining60 larger modules(65 Œ 65
mm2) arepositionedat theperiphery. Thewholearrayis mountedinsidea double-frame
structureplacedin analuminum box(�g. 4.17)matching,onthefront side,thescattering
chamberto ensurethepropervacuumconditionsneededfor thehodoscope.In orderto
dissipatethe heatgeneratedby the PMT bases,the FW is cooleddown to

�

40Š with a
liquid alcohol�o wing throughaCu pipe.

Figure 4.17: Photograph of the backsideof the Forward Wall multidetector. Thetwo groups of
small and large individual phoswichescan be seensurrounded by the aluminum
box.Thebeampasses through thecentral hole.

Thedesigncriteriaof theForwardWall weredeterminedby itsapplicationasLCP/IMF
multidetectorsystemin theforwardhemisphereof �x ed-targetnuclearreactions.In typ-
ical heavy-ion peripheralreactionstheprimaryquasiprojectile fragmentis oftenexcited
abovetheparticlethresholdandwill subsequentlydecayinto LCPs,neutronsandaquasi-
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projectilefragment(QP).Dueto kinematic focusing,thesereactionproductsareemitted
in the laboratoryframe into a narrow cone. The Forward Wall wasdesignedto detect
theseLCPsandlight IMFs andto measuretheir energiesat highcount-rates(

.

1 MHz).
Fastorganicplasticsareusedfor DE measurementdueto their excellenttime response.
Thecombinationof DE

�

E plasticsin phoswichmodewaschosenfor its pulse-shapeca-
pabilitiesto separateLCP andIMF, andbecauseof their goodradiationhardnessagainst
thehighcountingratesto which they areexposed.

4.8.2 NE102A-NE115phoswiches

The basicconstituents of the Forward Wall multidetectorare phoswichdetectorscon-
sisting of a 1-mm thick fastorganicplasticNE102A (t = 2.4 ns) for DE measurement,
and50-mmthick slow organicplasticNE115(t = 320ns)for E measurement.They are
heatpressedtogether[Kol86, Lid87] andreadoutby the samephotomultiplier (gluedto
thebacksideof thephoswich with a two-componentepoxyor a silicon glue). Thesmall
phoswichesarecoupledto a 10-stage(typeXP2972)photomultiplier andthelargerones
to a 8-stage(typeXP2282B) PMT13 (see�g. 4.18).Thebasesfor thelargedetectorsare
especiallydesignedfor highcount-rates,with transistorizedlaststages.All thePMTsare
poweredby a commonLecroy HV powersupplyunit with voltagesin therange-1100V
to -1900V (alignedby selectinga certainchannelrangefor thea punchthrough point).
The mostforward detectorsarecoveredby a 100 µm thick Ni absorberto shieldthem
againstelasticallyscatteredparticlesandatomicd electrons.During thehigh-counting-
ratesruns,anadditionalthin aluminum maskwaspositionedin front of the �rst ring of
innerdetectorsresultingin anenergy thresholdbelow which particlesissuing from graz-
ing (Rutherford)nucleus-nucleusscatteringsarenotdetected14.

4.8.3 Particle identi�cation capabiliti es

Like in thecaseof theBC400-CsI(Tl)Dwarf-Ball phoswiches,thepassageof a charged
particlethroughtheNE102A-NE115 detectorsexcitesthemolecularlevelsof theorganic
plasticsandproducesthe emissionof light characterizedby a time constantspeci�c to
eachmaterial(seeAppendix1). This light is thencollectedby thecommonPMT located
in the backsideof the NE115. Sincethe time constantsof both scintillatorsarevery
different(t f = 2.4 ns for the NE102A andt sl = 240 ns for the NE115)the integration
of the samecurrentsignaldoneover two propertime intervals (usuallycalled“short”
and“long” , seefootnote page72) allows thedistinction of bothsignals,from which the
atomicnumberof the particles(and their energy) canbe determined.Indeed,the �rst
signal collectedcorrespondsto the energy loss of the particle in the �rst stageof the
telescope(DE), andthesecondoneto therestenergy (E) in thesecondstagewherethe
particlemaystopor eventuallypunchthrough. We canexploit thecharacteristicsof both
signalsto work in the so-calledDE

�

E modeandbuild bi-dimensional representations
like thoseof �g. 4.19,thatpermitaZ identi�cation up to thechargeof theprojectileZ

�

18(seeSection5.6.1).
13Actually, thedetectorsat themostouterring useanolder12-stagesphotomultiplier (type9814B).
14Thegrazing angles of elasticallyscatteredprojectilesfor the reactions studiedherearebetween4.6 ‘

and1.1
‘

angles(seeTable4.4).
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Figure 4.18: Photograph(upper part) andcross-sectional view (lowerpart) of a small(andlarge)
FWphoswich module.
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Figure 4.19: Exampleof a DE ’ E array (short vs. long) usedfor theparticle identi�cat ion in the
FW[Hoef00]. Theinset showstheisotopic separation of hydrogen.

4.8.4 Forward Wall electronics

In �g. 4.20a diagramof thebasicelectronicsschemefor oneindividualFW module is
shown. Themodulesof theelectronicschain(seetable4.9)wereinsertedin two CAMAC
crateslocatedin the experimentalcave anddeliver the signalsto the convertersin the
countingroom.Theanalogsignalfrom theFW modulephotomultiplier is �rst split by an
AAS placednext to thehodoscope,into two branches:

The time-branch: The arrival of a particle signal startsthe output of a LeCroy 3420
CFD which is stoppedby a cyclotron RF veto arriving at the sametime for each
groupof 16detectors.This outputis subsequently delayed(500ns)andsentto the
counting roomwhereit is integratedin a FERA ADC (LeCroy 4300B)to provide
the time information of the detector. The later the particlearrivesat the Forward
Wall, the smaller the output. SinceeachCFD controls16 different detectorsit
alsoprovidestheappropriateOR andmultiplicity signalsto generatethenecessary
triggers(FWor, FW multiplicity 1and2)aswell astheoutputfor theSC400Scalers.

The energy-branch: Theanalogoutputof theenergybranchisdelayed500ns(in acable
delaybox) andsentto thecountingroomwherea passive splitter furtherdividesit
into two signalsfor independent11-bit integration in two FERAs(LeCroy 4300B)
within two differentintervals (95nsfor the“short” gateand300nsfor the“long”
one).These2 gatesarederivedfrom theRF signalandaregeneratedby theTAPS
maintrigger.
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Figure 4.20: Forward-Wall basicelectronicsschemeper module. Thedescription of thedifferent
electronicsmodulesis givenin table4.9.

Table 4.9: List of FWelectronics modulesusedfor each oneof the6 groupsof 16 detectors.

Acronym Typeof module Model (# of channels)
AAS ActiveAnalogSplitter Giessen( Œ 16)
CFD ConstantFractionDiscriminator LeCroy 3420
CD Cabledelay(500ns) Giessen( Œ 64)
PAS PassiveAnalogSplitter ( Œ 16)
FERA 11-bitFast-ADC LeCroy 4300B( Œ 16)
SCA Scalers GSISC4800( Œ 16)
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4.9 Data-acquisition system and trigger logics

Thedetectorsusedin thisexperimentrepresenta largenumberof measurementchannels
(morethan2000)andproducea largequantityof digital information. To beableto han-
dle sucha �o w of data,oneneedsto apply event selectioncriteria (the triggers logics)
andmake useof a computer controlleddataacquisitionsystem. For eachelectricsignal
producedby a detector, a complex signal ampli�cation E signal digitization E signal
selection E hit readout E hit storagechainis activated.This intricateprocessmakes
useof different (electronicsandcomputer)technologies.The �rst stepof this process
(ampli�cation and primary electronicssignal shaping)and, partially, the secondstage
(digitization)have beenalreadydiscussedin thesectionsdedicatedto theelectronicsas-
sociatedto eachdetectorsystem(sect.4.6.5,4.7.4,4.8.4). I will describetheremaining
stepsof thedata�o w in thenext two Sections.

4.9.1 Data acquisition system

Thedataacquisitionsystem(DAQ) mustperformthefollowing four maintasks:

1. Data stream handling: Readoutof the (analog-to-digital)convertersand other
electronicmodules,collectionof thedata,anddata-buffer building.

2. On-line analysis: Redirectinga fractionof thedatabuffersto theon-lineanalysis
for event-displayandcontrolof thedataqualityduringtheexperiment.

3. Parameter control: Adjustmentof severalexperimentalparametersof thedetec-
tor systemand associatedelectronics(suchas the individual HV, discrimination
thresholds,programmabledelaysandintegration gatewidths).

4. Taping: Storingthedatabuffersonmagnetictapefor lateroff-line analysis.

Theuseof computercontrolleddata-acquisition systemrequires,of course,interfac-
ing the(electronics)instrumentswith thecomputer. Thishasbeendonein thepresentex-
perimentusingtwo standardsystemsfor DAQ [Leo92,Buen88]:CAMAC andVME15.
We have seenin previous sectionsthat all TAPS+DB+FW signaldigitizationsareper-
formedby CAMAC modules.We will seenow thatTAPSdataarealsoreadoutthrough
theCAMAC dataway. Therestof theaforementioned�rst andfourth tasksare,however,
controlledby processesrunningin VME modules,and,thetwo othertasksaremanaged
by processesrunningonUNIX andVMS workstationsinterfacingtheVMEs (table4.10).

ThreeDECstations(1 VAX/VMS and2 UNIX) in thecontrolroomprogramandcontrol
thedifferentVME processorsthroughEthernet.ThedifferentE6x (MC68030)andE7x
(MC68040)VME boardsusedare producedby ELTEC and run underOS9 operating
system. In table4.10,anoverview of themodulesin theVME crateis given.

15VME (VersaModule Europa) is a �e xible open-endedbus systemwhich makesuseof the modular
Eurocardcircuit board standardsize (20 double-height slots). Its backplaneinterconnection bus system
(VMEbus)hasa 32-bit databus. It usesTTL technology andcanhandle datatransfersat speedsup to 40
Mbytes/s; supporting a variety of computing intensive tasksandbecoming a ratherpopular protocol for
real-timedataacquisition.
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Table4.10: Overview of thedifferentdataacquisition VMEprocessors used. All VMEcardswere
placed inside theslotsof two differentVMEcages, the�r st slot wasusedasthecrate
manager capableof 8,16bit transfers. (DPM standsfor “Dual Port Memory” board).

VME Function
E6A TAPS�rst-branch(6 CAMAC crates),globaleventbuilder
E7A TAPSsecond-branch(7 CAMAC crates)
E6C Acquisitionserver, counting roomparametercontrol
E6B Buffer andDLT server
E6D Experimentalhall parametercontrol
DPM1 DB multidetector
DPM2 FW multidetector

Data streamhandling

The experimentalinformation generatedby eachindividual detectorandtreatedby the
electronicsof thethreemultidetectors(TAPS,DB andFW) is �nally digitizedin CAMAC
electronicanalog-to-digitalconverters(eitherQDC andTDC modulesin theTAPScase,
or FERA ADC onesfor the DB andFW). The DAQ is thenresponsible for readingall
converters,building up the events(i.e. synchronizingthe different “subevents” of the
different detectorscorrespondingto a samereaction)and storing them in databuffers
of a propersize. The dataacquisitionsystemof TAPS was usedas the event builder
for the whole TAPS+DB+FW combinedsetup. The startingpoint for the acquisition
environmentof theexperimentwas,thus,thestandardTAPS-stand-aloneDAQ [Oste95],
andtheadditionalDB andFW information wasfed into theTAPSdatastream.

� TAPS data readout:
ThebasicparametersperTAPSmodulehit aretheQDC andTDC values,aswell
asthebit patterns(BPUs)for theBaF2 andvetodetectors.Thesearereadout for
eachacceptedevent.Thephysical informationcontainedin theseparametersis:

1. En obtainedby integrationof thefastBaF2 signalover50nsin theQDC.

2. Ew obtainedby integrationof theslow BaF2 signalover2 µs in theQDC.

3. TOF obtainedby digitization, in the TDC, of the time period betweenthe
start-stop(mastertriggersignal- CFD signal)logic pulses.

4. Thenumberof the�ring detectors(BPUs).

5. Thenumberof the�ring vetodetectorsandthevalueof theveto-pattern(5 for
charged,2 for neutral).

All TAPS converters(QDCsandTDCs) andbit patterns(BPUs) modules reside
in 13 CAMAC crateswhich areindividually controlledby a MC68030-processor
“crate controller” (CVC-STR612). The processof digitization of the incoming
detectorsignalstakes sometime. Whereasthe information of the BPUs is di-
rectly available from the electronics,the QDC's have a digitization time of 1.5
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µs/channel16, andthe TDC conversiontime is still longer17. The CVC controller
performsthereadoutof acrateautonomouslyandafterwardsstorestheresultin its
localmemory. Thereadoutof themodulesis donethroughtheCAMAC back-plane
databus (1.5 MB/s maximumtransferspeed)into the CVC with 1.7 µs/channel
speed(i.e.

�

1 CAMAC cycle). The total time neededfor the readoutof one
CAMAC crateis of theorder200- 400µs(therefore,takinginto accounttheafore-
mentioned conversiontimes, “reading” is for large eventsmore time-consuming
than“converting”).

OncetheCAMAC readoutof theconvertersiscompleted,theinformation in eachof
the13 CVC's is furtherreadby two VME boards:E6A andE7A, via a differential
VSB-bus(“VME SubsystemBus” with a transferrateof theorder1 - 4 Mbytes/s).
TheE6A processorcontrolsabranchwith 6 cratesandtheE7A controlsa 7-crates
branch.

� DB and FW data readout:
For every respondingDB phoswich,theDAQ readsout, througha fastFERA bus
(seebelow), thefollowing informationdeliveredby theFERA ADCs:

1. Thenumberof the�ring detector.

2. Ef obtainedby chargeintegrationof thefastplasticBC400signalover 70 ns
time interval.

3. Esl obtainedby chargeintegrationof theslow CsI(Tl) signalover400nstime
interval.

4. Eta obtainedby chargeintegrationof thetail of theCsI(Tl) signalover1.5µs.

5. Timeobtainedby integrationof thetime-to-FERA-converterTFC signal.

Similarly, for eachFW hit, the DAQ collectsthe following parametersvia a fast
FERA-busreadoutof theFW FERA ADCs:

1. Thenumberof the�ring detector.

2. Esh obtainedby integration of theshortplasticNE102Asignalover95nstime
interval.

3. El obtainedby integrationof thelongNE115signalover300nstimeinterval.

4. Timeobtainedby digitization in theTDC of thetimeperiodbetweenthestart-
stoplogic pulses.

At variancewith the TAPS case(wherethe option of a fastECL readoutof the
QDCandTDC is availablebut notexploited),theenergy andtimeparametersof the
DB andFW phoswiches,arenot readout throughtheCAMAC backplane(TTL18

logic technology)but via themuchfasterFERA data-bus(ECL logic technology).
Indeed,theFERA ADC moduleslocatedin theCAMAC crateshaveanalternative

16Two perdetector: a longandashortintegration, howeversincethechannelsaremultiplexedthemaxi-
mumduration is about 16 “ 1.5 = 24µs

17They arenotmultiplexed;conversiontime is & 12µs
18TTL (Transistor-TransistorLogic) is a typeof digital signals.
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outputport at their front-sidewhich is 8 - 10 timesfaster(180ns/channel)thanthe
(back-plane)CAMAC readout.The DB andFW datasentover their own FERA
busaretransferredto 2 different“Dual PortMemory” (DPM 1190)boards.These
DPM boardsarefurther readout by the E6A VME during the time that it would
otherwisebe waiting for the TAPS CVC cratecontrollersto completetheir local
readout.

� Combined TAPS+DB+FW readout:
The completeeventbuilding (i.e. the combination of thedifferent“subevents” of
eachindividual TAPS, DB or FW multidetector, correspondingto the samere-
action) is performedby the E6A processorwhich subsequently packsthem into
buffers of 8-KB size (eachbuffer containsaround30 eventssinceeachdetected
eventis about0.3KB). TheE6B VME �nally readsthedatabuffersover theVME
busandwritesthemto DLT tape.Thewholeacquisitionenvironmentis controlled
by a �fth VME board,the E6C, that writes the commandsinto a global memory
wherethey arerecognizedby the E6A andE6B boards. E6C is accessiblefrom
a DEC-VAX4000/60 stationin the control room from which, e.g. startandstop
requests,usingEthernetandTCP/IPprotocol,canbesent.

On-line analysis

The control of the quality of the experimentaldatawhile the acquisition is running, is
performedby the on-line analysis.This is accomplishedby a dedicatedsoftwarepack-
age“AnalysisSupportLibrary” (ASL) [Hejny95] exploiting thePAW, KUIP andHBOOK
packagesof the CERN softwarelibrary [PAW90]. ASL-linkedprogrammes,runningin
two DEC workstationsunderUNIX, offer severaltoolsto look at raw (e.g. QDC or TDC
histograms)andphysical (e.g.non-calibratedphotonhistograms)spectrain orderto mon-
itor theindividualandglobaloperationof theexperimentalsetup.TheASL systemitself
sendsvia Ethernet(TCP/IPprotocol)a requestto theE6A or E6Cprocessorsto redirecta
fractionof thedatabuffers(normallya 1%of thetotal databeingrecorded)to its on-line
analysisprocesses.

Parameter control

Two VME modules(E6DandE6C)areresponsibleof adjustingseveralexperimental pa-
rametersof theTAPSspectrometer. The�fth VME, E6D,solelycontrolstheTAPSCA-
MAC crateslocatedin theexperimental hall: individualdiscriminationthresholds(CFD's
andLED's)andHVs. TheacquisitionserverE6Ccommandsalsocertainmodulesplaced
in theelectronicsandacquisition room: theprogrammabledelaysandgate-lengthsof the
RDVs, andthescalers.

Taping

TheE6BVME module is responsible for readingthedatabuffersof theacquisition server
E6C and,via a SCSI bus,writing themon a DLT tape. The DLT is a magneticstorage
tapewith 10(20)GB of (un)compressedcapacity. The total datarate(kilobytes/s) that
canbeachieveddependson thesizeof theevents.In theTAPS+DB+FW experimentthe

92



93 Experimentalsetup

Table4.11: Typical trigger counting rates (C.R.)andacquisition ratesfor the�ve reactionsstud-
ied. The average event size is 300 bytes/event (0.3 KB/event), the maximumdata
taking capacity of the taping device is limited to 2000 events/s (equivalent to 600
Kbytes/s = 0.6Mbytes/s = 50 Gbytes/day).

Target Au Au Ag Ni C
Ar beamintensity(nA) 3.0 12.5 8.0 8.0 1.5
TAPSLEDor C.R.(Hz) 24 1200 1000 900 300
FWor C.R.(kHz) 10 300 250 250 250
DBor C.R.(kHz) 8 - - - -
Acquisition rate(evts/s) 450 1000 1200 1100 750
Tapingrate(MB/s) 0.12 0.40 0.45 0.42 0.25

averageeventcomprises1700signalswith around0.3KB size(0.2KB for theTAPS+FW
high counting-ratesruns). TheDEC TK87 tapingdevice hasa maximumwrite speedof
1 Mbytes/s, but to avoid pile-up anddiminish the deadtime, the maximumdatataking
capacity(extrapolatedto 100%lifetime) is reducedto

�

600 KB/s, equivalent to 2000
eventspersecond.Table4.11shows thetypical triggerrates,acquisitionandtapingrates
for the � ve reactionsstudied.Oneexperimentalrun19 comprisesaround100MB of raw
data(equivalentto

�

12.800buffers,or
�

350.000events) andis written on tapeevery
14minutesapproximately. Duringthelow- (high-)counting-ratesrunsanaverageof 0.12
MB/s (0.40MB/s), i.e. 10GB/day(35GB/day)wererecorded.

4.9.2 Trigger logics

Duringourexperiment,severalreasonsconstrainedthepossibility of consideringall pro-
ducedreactions:

� The datataking system(magnetictapes,disks ...) hasa limited recordingevent
capacity.

� Many reactionscorrespondto events without interestor to (background)noiseof
severalpossibleorigins.

� All measurementchannelssuffer acertaindead-time.

In ourcase,e.g.duringthelow counting-ratesruns,theradiofrequency of theAGOR
cyclotron was37.1MHz andthe projectile-target interactionprobability 5.0v 10




4 reac-
tions/s(seeSection4.5).Thesevaluesyield around18000nuclearreactionspersecond20.
Asaforementioned,themaximumdatatakingrateof TAPSon-lineacquisition systemwas
oneorderof magnitudeinferior (2000events/s),althoughtheDAQ operatedat a safer

�

1000evts/srate. In addition, with a hard-photonmultiplicity pernuclearreactionof the
191 run & 100MB & 0.35 million eventsrecordedin & 14min (850s).
20Of which only a few 4% - 5%, & 1000events/s,would correspond to the most interestingcentral

collisionsassociatedwith thelargestparticlemultiplicities.
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orderof
�

10



4, only around2 hard-photonsevents(out of the 18000reactions)were
expectedper second.It is, then,clearthat a reductionanda selectionof the amountof
produceddatato be processedandstoredwasnecessary. To achieve this goal, oneim-
posescertaincriteriawhich identify a certainevent,suchasthecoincidenceamongtwo
or moredetectors,a conditionon the numberof outgoing particles,etc. This taskwas
performedby the trigger system,i.e. the setof (electronicandcomputer)modulesof
logical choiceallowing for a (fast)selectionof theinterestingeventsto betreatedby the
acquisitionandrecordedon tape.

Triggers de�n ition

Thedesignof thetriggersystemof theR2experimentaimedatmaximizing thetotal �nal
hard-photonstatisticsin coincidencewith multifragmentreactions.So, it lookedafter a
high ef�ciency for thehardphoton(Eg

� 30 MeV) eventsin coincidencewith charged-
particlesdetectedin theDB or FW detectors.Varioustriggercon�gurationswerede�ned
usingthe trigger signalsdelivered by the threedetectorsystems andmixed in standard
NIM logic electronics.High ef�ciency wasachievedby a few standardtriggerconditions
(AND/OR conditionsbetweenTAPS, DB and/orFW) for the main known typesof “g
- charged-particles”events. The varioustriggersde�ned in the presentexperimentare
describedin Table4.12 for the low-counting-ratesrunswith the whole TAPS+DB+FW
setup,andin Table4.13for thehigh-counting-ratesrunswith theTAPS+FWsetup.Each
triggerfavoredagiven typeof eventandwasdown-scaledproperlyto balanceits counting
rates.A globalminimum-biastrigger (e.g. DBor or FWor) wasde�ned andrecordedto
be able to compute the reactioncross-section.Several other triggerswerealsopresent
allowing to recordmorethanonetypeof reactionat thesametime. A few otherswere
de�ned to controltheoperationof thedetectorsystemduringtheexperimentbut werenot
usedduringtheoff-line analysis.

Amongall triggersde�ned in tables4.12and4.13,I will mainly analyzein thenext
chaptersthoseselectingthe most interestingphysics featuresfor our study. Theseare
“photon with Eg

� 15 MeV in coincidencewith particles in the DB and/or FW” trig-
gers(obviously, for thestudyof hard-photonemissionin differentfragmentmultiplicities
events), “particles in the DB and/or FW” (a minimum-bias trigger sincepracticallyall
nuclearreactionsproduceasignalin theDB or FW multidetectors),andtheneutral-pion
trigger(for calibrationpurposesaswell asfor pionbackgroundsubtraction).

Trigger logicsgeneration

Our triggerlogicsworksin synchronous mode,i.e. theanalogsignalsfor all threemulti-
detectorsareretarded(up to 500nsthrough100m 50-Wcables)to wait for thedecision
of thecodingeventacceptanceto betaken. Basically, thereare3 triggermoduleswhose
outputs arecombinedto make the mastertrigger. Up to 8 different triggersarrive per
trigger unit and,dependingon downscaling anddead-time,build up the mastertrigger
of thewhole acquisition. The TAPS triggersarebuilt from the informationof the CFD
andLED OR's, combinedin the multiplicity moduleMB with the VETO information.
The individual trigger ratesarealsoreadout in scalerunits: the “r aw” (the actualtrig-
gercountingrate),“inhibited” (thedead-timecorrectedtriggerrate)and“r educed”(the
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Table4.12: List of triggers usedin the experimentduring the low counting-ratesruns (# 556 -
1130) with the wholeTAPS+DB+FWsetup: trigger number, name, eventsignature
andDAQ reduction factor.

# TriggerName Eventsignature Red.factorn
(1/2n)

0 TAPSNEU LOW * DB1 Eg
� 15 MeV andMDB

� 3 0
1 TAPSNEU LOW * DB2 Eg

� 15 MeV andMDB
� 6 0

2 TAPSQUASINEU HI * FW1 Eg
� 40 MeV andMFW

� 3 0
3 TAPSQUASINEU HI * FW2 Eg

� 40 MeV andMFW
� 6 0

4 TAPSQUASINEU HI * DB1 Eg
� 40 MeV andMDB

� 3 0
5 TAPSQUASINEU HI * DB2 Eg

� 40 MeV andMDB
� 6 0

6 2 TAPSNEU LOW IN 2 BLOCKS Neutralpion event 0
7 TAPSNEU LOW * FW2* DB2 Eg

� 15 MeV, MDB
� 6, MFW

� 6 0
16 TAPSCFDOR Eg

� 5 MeV 9
17 TAPSLEDL OR Eg

� 15 MeV 2
18 TAPSLEDH OR Eg

� 40 MeV 0
19 FW OR Particle(s) in FW 11
20 BEAM (Beamintensity) -
22 2 TAPSNEU LOW 2 gabove 15 MeV -
23 DB OR Particle(s) in DB (pre-trigger) -
24 TAPSNEU LOW OR Eg

� 15 MeV 2
25 TAPSNEU HI OR Eg

� 40 MeV 1
26 FW1 MFW

� 3 11
27 FW2 MFW

� 6 8
28 DB ORAFTERS.D. Particle(s) in DB (1/10 down-scaled) 8
29 DB2 MDB

� 3 8
30 TAPSNEU LOW * FW1 Eg

� 15 MeV andMFW
� 3 0

31 TAPSNEU LOW * FW2 Eg
� 15 MeV andMFW

� 6 0
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Table4.13: List of valid triggers usedin the experimentduring the high counting-ratesruns (#
1132- 1568) with the TAPS+FWsetup: trigger number, name, event signature and
DAQ reduction factor.

# TriggerName Eventsignature Red.factorn
(1/2n)

0 2 NEU LOW * FW1 2 gwith Eg
� 15 MeV, MFW

� 3 0
1 2 NEU LOW * FW2 2 gwith Eg

� 15 MeV, MFW
� 6 0

2 TAPSQUASINEU HI * FW1 Eg
� 40 MeV andMFW

� 3 1
3 TAPSQUASINEU HI * FW2 Eg

� 40 MeV andMFW
� 6 1

4 - - -
5 - - -
6 2 TAPSNEU LOW IN 2 BLOCKS Neutralpion event 3
7 - - -
16 TAPSCFDOR Eg

� 5 MeV 12
17 TAPSLEDL OR Eg

� 15 MeV 2
18 TAPSLEDH OR Eg

� 40 MeV 0
19 FW OR Particle(s) in FW 15
20 BEAM (Beamintensity) -
22 2 TAPSNEU LOW 2 gwith Eg

� 15 MeV 5
23 - - -
24 TAPSNEU LOW OR Eg

� 15 MeV 8
25 TAPSNEU HI OR Eg

� 40 MeV 4
26 FW1 MFW

� 3 15
27 FW2 MFW

� 6 14
28 - - -
29 - - -
30 TAPSNEU LOW * FW1 Eg

� 15 MeV andMFW
� 3 4

31 TAPSNEU LOW * FW2 Eg
� 15 MeV andMFW

� 6 4
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triggerrateafterthedownscalereduction)rates,abasicinformationfor thecalculationof
eachspeci�c eventcross-section(seeSection6.4.1).Thebeamcurrentis alsofed into the
TAPS trigger module. Its inhibited rategivesthe effective integratedbeamthroughthe
product(beamcurrent)Œ (time)Œ (1-deadtime), neededto calculatethenormalizedtrigger
cross-sections(seeSection6.4.1).

Using the outputsof eachmultiplicity unit, the TAPS MLUs 21 make higherorder
triggerssuchas“neutral low OR”, “two neutral low” or “quasi-neutral” (de�ned asa
neutralLEDlow or LEDhigh perblock). Theseoutputsareusedto validatetheoutputof
theDB andFW triggermodule.

Wheneveramastertriggeris validated:

� thetypeof triggeris conservedin a registerunit;

� thelogicalcoincidence(AND) betweenthemastertriggersignalandtheRFsignal,
commandsthe “commonstart” signalof the TAPS TDC andthe validation gates
of theTAPSRDV;

� all analogsignalsof TAPS,DB andFW aredigitizedin theconverters;

� theDAQ performsthereadingof all modulesandresetsall thechainsto zero;

Nonetheless,sinceit takesusually
�

500 ns to make the decision,somedegreeof
parallelismhadto beintroduced(theDB pre-triggerdescribedin Section4.7.4)suchthat
during the decisiontime, the digitization of the DB signalsstarted(their FERA ADC
conversiontime beingof the orderof 5 µs aswe have mentioned),gettingabortedif a
rejectdecision(the“masterclear” signalof thegeneralDAQ) arrived.If, onthecontrary,
theeventwasacceptedaninterruptsignalwassentto theE6A computerandthedigitized
detectorsignalswerereadoutvia FERA busasexplainedalsoin Section4.9.1.

Final total data volume

The total runningtime of the experiment(30 shifts with an average
�

50% deadtime)
hadbeen,initially, proposedto collectsuf�cient statistics(at least105 hard-photonsper
reactionsystemfor off-line analysis).The �nal dataratecollectedduringthewholeex-
periment(338runninghours,equivalentto 14daysof beam-time,includingexperimental
setupandbeamcommissioning)correspondedto 350million eventsin 1580runsoccupy-
ing 160GB in 20differentDLT tapes(i.e. themeanstoragedataratewas11.5GB/day).
Fromthese,only 1007valid runs,with 183million events, wereretainedfor �nal anal-
ysis(seeTable4.14). Ultimately, for the 36Ar+197Au at 60A MeV reactionwe collected
morethan650.000hard-photons(outof 170milli onevents),86.000hard-g(outof 2 mil-
lion events) for the36Ar+108Ag reaction,140.000hard-g(outof 3 million events)for the
36Ar+58Ni system,and150.000hard-g(outof 3 million events)for the 36Ar+12C one.

21MemoryLookupUnits.

97



Experimental setup 98

Table4.14: Recordedevents(all triggers summed)and hard-photons (Eg
� 30 MeV) collected

(all photon triggers summed)during the �nal ly analyzedruns for the four systems
studiedin this thesis.

Target Au (lo int.) Au (hi int.) Ag Ni C Total
# of valid runs 574 161 66 108 98 1007
Storage(GB) 57.0 16.0 7.0 11.0 10.0 101.0
Recordedevents 170v 106 4.8v 106 2.0v 106 3.2v 106 3.0v 106 183v 106

Recordedhard-g 655v 103 130v 103 86v 103 142v 103 151v 103 1.16v 106
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In thepreviouschapterwehavedescribedhow theparticlesandfragmentsproducedin
nucleus-nucleuscollisionstraversethedifferentdetectorsandgenerateelectricalsignals
thataresubsequently shapedanddigitizedby theelectronicssystemand�nally storedon
DLT tapesby theDAQ. Thenext stepconsistsin transformingthe“raw data”contained
on thesetapes(numericalvalues,channels,from theoutputof thedigital converters)into
physical quantities(MeV, ns ...). To achieve that,we need�rst to decodethebinary in-
formationin the raw events,to separateandidentify the differentparticlesandnuclear
fragmentscollectedperevent(i.e. to attributethemagivenchargeandmass)and,�nally ,
to determinetheir energy from the detectorcalibration1. Additionally, reliablesimula-
tionsof theresponseof theexperimental setuparerequiredto deducephysicsquantities.
This wholeprocedureis performedon anevent-by-eventbasiswith theaid of threesoft-
wareanalysistools, runningunderUNIX at the Lyon's “Centre de Calcul de l'IN2P3”
andoriginally developed for the TAPS campaignat KVI in 1997[Aphe98]: FOSTER,
ROSEBUD andKANE.

In this chapterI will describethe dataanalysisprogrammes,the processof TAPS
energy andtime calibration,the time-of-�ight drift correction,the photonidenti�cation
throughPSA-TOF techniquesandthephoton(momentum) reconstruction.Theparticle
identi�cation proceduresfor theDB andFW will bedescribedaswell. Fig. 5.1shows a
�o wchartof theentireanalysis.

Figure 5.1: Flowchart of theanalysis. Each singleanalysis-step is explained in thedifferentsec-
tions of this chapter. The�nal outputs (inclusiveand exclusivephoton/particle dis-
tributions) constitute theexperimental resultspresentedanddiscussedin chapters 6.
and7.

1The�nal �les containing thisexperimentalphysics-wiserelevant informationandreadyto beanalyzed
arecalled“Data Summary Tapes” (DST).
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5.1 Data analysisand simulation softwarepackages

Twodata-analysispackages(FOSTER andROSEBUD) andonesimulationpackage(KANE)
have beenspeci�cally developedfor the TAPS campaignat KVI in 1997 [KANE96,
Aphe98]. The inclusion of the FW andDB in the experimentalsetupcompelledme to
modify thosecodesto includealsothecombinedraw datadecodingandparticleidenti�-
cationproceduresfor thosetwo additional particlemultidetectors.Thesethreepackages
wereinstalledanddeveloped(usingCMZ, a codemanagerpackage[CMZ]) runningun-
derUNIX (HP-UX, IBM-RT andLinux platforms)at theFrenchIN2P3ComputerCenter
(CC-IN2P3).TheCC-IN2P3offersanimportantcomputingpower, largedisk spaceand,
in particular, asetof machinesandautomatedtaperobotsallowing theuserto handlethe
largeamountof experimentaldatarecorded(

�

150Gbytes)via theTMS(“TapeManage-
mentSystem”)2 and“xtage” (tapereading/writing)services.

FOSTER: This packageis basicallydevotedto thedecodingof theraw TAPS,FW and
DB data,andto theTAPS(energy andtime) individualdetectorcalibration.FOS-
TER is written in C/C++ and interfaces3 the FORTRAN CERN programlibrary
CERNLIB (HBOOK andKUIP routines).It provides,thus,all interactiveandgraph-
ical presentation,statistical and mathematicalanalysis,and objects(histograms,
event �les Ntuples,vectors,etc.) of the PAW [PAW90] analysispackage,plusall
theadditional built-in TAPS-speci�c functions[Aphe98]. It wasoriginally devel-
opedunderVMS/Alpha,startingout from theTAPSASL on-linepackage(seeSec-
tion 4.9.1),and later adaptedto UNIX. It is this UNIX versionwhich was further
developedandusedin this thesis. FOSTER providestwo setsof commands:

� Commandsto dispatchthe original DLT tapes(10 GB of uncompressedca-
pacity) onto 3490 cartridges(1 GB storagecapacity)handledby the TMS
and xtage services. Oncedatahave beendispatchedinto cartridges,FOS-
TER relieson a plain-text databaseto accessthedifferentruns(identi�ed by
anuniquenumber).

� Commandsto build usefulhistograms(raw/cal timeandenergy spectra,PSA-
TOF spectra,scalers...) as well as built-in functionsto handlethesehis-
tograms:automaticenergy calibration,automatictime calibration,time-of-
�ight monitoringandcorrection,ntupleproduction, ...

The �nal outputof FOSTER is onentuple“hbook” �le per run, containingall de-
coded(andcalibrated)informationfor each�ring TAPS moduleandall decoded
(but still raw) datafor eachFW andDB �ring detector. TheTAPSPSA-TOF con-
tour �les (section5.4.1)for subsequentphotonidenti�cation arealsoconstructed
usingFOSTER.

ROSEBUD: Thisanalysistool performsthephotonshower reconstructionin TAPSand
theindividualparticleidenti�cation in theDB andFW detectors.ROSEBUD con-
sists on a setof fully object-orientedC++ librariesbasedon theROOT framework

2TMS softwarehasbeenconceivedat the“Rutherford AppletonLaboratory” (RAL) anddevelopedby
theHEP/VM community.

3Via the“cfortran.h”packageby B. Burow.
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[ROOT] and bene�ting from all its functionalities (statisticaland mathematical
analysis,graphicalinterface,“trees”event�les, etc.).ROSEBUD readsthe“hbook”
ntuplesproducedby FOSTER, analyzeseach�ring individualdetector(containing
only “hits”) andoutputsthe�nal physical events(containingonly particles)ontoa
DST “tree” �le perrun readyto beanalyzed.It canhandleeitherrealdatafrom the
FOSTER decodingsystemor simulateddatafrom the GEANT3-basedsimulation
tool KANE.

KANE : KANE is a detectorsimulation packagedesignedto studythe TAPS response
to variouskind of electromagnetic(photons, electrons,positronsandmuons)and
hadronic(protons,neutronsandneutralmesons)particlesandfor variouskindsof
geometries[KANE96]. It is codedin FORTRAN andinterfacesGEANT3 [GEANT]
for theMonte-Carlotrackingof thepassageof particlesthroughthedetectors(ge-
ometryde�nition, trackingof particlesandgraphicalrepresentationof thesetupand
particletrajectories).In its �nal versionit containsthe whole experimentalsetup
(i.e. the FW and DB multidetectorsapartfrom TAPS). Different input distribu-
tions (e.g. in energy andangle)for differentparticlescanbe de�ned by the user
to test the responseof oneof the detectorsor of the whole setup. The outputof
KANE is a “hbook” ntuplewith a structurefully compatible with theexperimental
FOSTER ntuples, which canthusbe subsequently analyzedby ROSEBUD-linked
programmes.A comparisonof theexperimental andsimulateddatais hencedone
onequalfootingusingexactly thesameanalysisprocedures.

As aforementioned,theR2experimentproduced150Gbytesof raw data(correspond-
ing to

�

500 milli on events) in 14 days. A factor10 of datareductionwasachieved,
afterDB/FW zerosuppression, detectorcalibrationin FOSTER andparticlereconstruc-
tion within ROSEBUD. Thelast level “Data SummaryTapes” (DST) production yielded
15 Gbytesof reconstructeddatacontainingselectedinformationrelevant to higherlevel
physicsanalysisfrom whichthe�nal resultswerededuced.Thesedata�tted onto20DST
datavolumes(3490cartridgesof 1 GB capacity)storedatLyon'sComputingCenter.

5.2 TAPSEnergy calibration

Whena BaF2 �res, the two time-interval integrationof the analogsignaldeliveredby
thePMT givesthevaluesof En andEw. Eachoneof thesevalues(in channels)is to be
transformedinto energies(MeV) througha linearrelation:

Ecal
�

MeV �”� a ! gain v Eraw
�

channels� (5.1)

The ordinateat the origin of the calibrationline, a, is given by the �rst non-zero
channelof theQDC: the“pedestal”. It correspondsto the(adjustable)chargedelivered
by theQDCin theabsenceof any inputsignal.Thegain is determinedwith theaidof the
known energy lossof high-energy cosmicmuonsin aTAPSmodule.

Indeed,tocalibratethecrystalsin thewidedynamicrangeof TAPS(themostenergetic
photonsproducedin thepresentexperiment,Eg �

200MeV, coulddepositmorethan150
MeV in a single module)we usedthe cosmicmuonstraversingthe detectorssinceno
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radioactivesourceproducesphotonswith comparableenergies4. Cosmicmuons(µx , µ



with ct = 658.6m) originatefrom the weak-decayof atmosphericchargedpions(ct =
7.8 m) producedin interactionsof the primary cosmicradiation(basically, protonsand
a-particles)with the air in the upperatmosphere.Muonsrepresentmore than98% of
charged particlesarriving on earthat sealevel5. Thesemuonshave a meanenergy of

�

4 GeV at groundlevel and,thus,they behave asminimum-ionizingparticles(MIPs)
depositing an averageenergy of roughly

�

38 MeV in the 5.9 cm vertical thicknessof
theTAPScrystals(theenergy lossperunit lengthof MIP muons in BaF2 is, applying the
Bethe-Blochformula6,

�

dE � dx� min = 6.6MeV/cm).

The energy calibrationof the wide andnarrow componentsof eachoneof the 384
TAPSBaF2 moduleswasperformedwith thehelpof theFOSTER packagefor thediffer-
entsetsof runsof theexperiment.This takesinto accountpossible detectorsgain'sdrifts
due to varying experimental conditions, like temperature�uctuations or HV changes.
Muonsweredetectedandrecordedduringbeam-ontime whenthey vertically traversed
the detectorssincethey mimic a high-energy photonevent andcanbe acceptedby the
differenthard-photontriggers7. They could be identi�ed in the energy spectraof indi-
vidualmodulesasa broad(gaussian+linear)peakcenteredat a channelcorrespondingto

�

38 MeV (see�g. 5.2). Not always,however, themuonpeakcouldbewell identi�ed.
Therefore,for a few runsand/ordetectorsa time-gatein a selectedregion of TOFs was
requestedto constructtheenergy spectra.Thisgatewassetin a regionbeforetheprompt
photonpeakwherenoreactionproductswereexpected.The�nal valuefor thecalibrated
gainpermodule wasobtainedwith theexpression:

gain
�

MeV � ch �•�–�

38� 0
�

MeV �

cosmicpeak
�

ch �•�

�

pedestal
�

ch �—�

(5.2)

The resultingaveragegain per module is around98 KeV/channel. A �nal monitoring
of the calibrationlines (Ecal vs. Eraw) for both energy components, per setof runsand
per detectorwas also performedto checkthe quality and the evolution of the energy
calibration�les all alongtheexperiment.

4Thehighest-energy photonradioactivesourcesavailablearea 244Cm-13C sourceproducinga6.1-MeV
photon from anexcitedstateof 16O, andan 241Am-9Be sourcedeliveringphotonswith 4.43MeV from an
excitedstateof 12C.

5Cosmic�ux es for differentparticlesat sealevel (Hz/cm2) are[PDG98, Zie96]: µ: 0.021, n: 0.0142,
p: 1.14: 10

6

4, p: 1.53: 10
6

5.
6In general, thenumerical valueof theminimumionization(more precisely, of minimum energy loss)

is dE ( r dx & 1 - 2 MeV cm2/g for all materials[Bock98].
7Given the counting rateof cosmicsat sealevel (0.02 Hz/cm2) andthe total surfaceof the six TAPS

blocks (6 “ 25 cm “ 5.9 cm = 885cm2), a rough estimategivesabout & 18 muons traversingTAPSper
second. Amongthedifferenttriggers,thesumof thephotonacceptedeventsrepresented& 65%of thetotal
acquisition rate.Considering anaverage& 60%triggerlifetime, thiswouldyield roughly 7 muonsrecorded
persecond.
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Figure 5.2: Energy widespectrum of a BaF2 moduleduring beam-time. The�r st arrow indicates
the position of the QDC pedestal (0 MeV).Thesecond one, indicatestheposition of
the cosmic muonpeakcorresponding to a meanenergy lossof 38 MeV in the BaF2
crystal. Thesolid line corresponds to a �t of the signal to a gaussian+� rst degree
polynomialfunction.

5.3 TAPSTime calibration

5.3.1 Singledetector time calibration

The time alignmentof TAPS detectorsrelieson the time structureof theAr beam.The
AGORcyclotronfrequency was37.1MHz equivalentto abeamburstevery1� RF = 26.9
ns. In the occurrenceof a nucleus-nucleuscollision, the producedphotons arethe �rst
particlesto hit theTAPSmodules.They need2.2nsto traversethe66 cm distancesepa-
ratingthetargetposition from eachTAPSblock.
In theformerchapterI explainedthatthestartof theTDC's is givenby thelogical AND
betweenthemastertriggersignalandtheRF signal,whereasthestopcomesfrom aCFD
signaldelayedby a �x edvaluepermodule. Thedifferenttriggershave a jitter in time of
theorderof 400ns,which is morethanoneorderof magnitudelarger thanthe time be-
tweentwo consecutive beampulses.Therefore,the triggersmayoverlapwith anearlier
or later RF-signaland,consequently, two promptphotonpeaksappearin the accumu-
latedTDC spectrumof eachindividual TAPSdetector(see�g. 5.3). Theobserved �rst
promptpeak,at2.2ns,andsecondphoton peak,at 2.2ns+ 26.9ns,canbeused,thus,to
individually alignandcalibratetheTDC's.

A typical calibratedTOF spectrumobtainedduring the 36Ar+197Au high counting-
raterunscanbe seenin �gure 5.4. The width (FWHM) of the photonpeakis 2.17ns.
Thiswidth is mainlydueto thetime spreadof thebeamburstdeliveredby AGORwhich
wasaround2 ns.In thesame�gure, thebroadstructurearriving laterin time,in theregion
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Figure 5.3: Rawtimespectrumfor a BaF2 module showing theconsecutive beampulsesdouble-
structure.
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Figure 5.4: Calibratedtime-of-�ight spectrum of a BaF2-moduleduring 20 experimentalrunsof
the 36Ar+197Au reaction. The�r st (prompt) peak,centered at TOF = 2.2 ns, corre-
spondsto thephotons,thesecond “b ump” to (slower) particleshitting TAPS.
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between4 and15 ns,correspondsto hadronicparticles(mainly protonsandneutrons)of
increasinglysmallerkineticenergies.Thebackgroundsignalsbeforethepromptpeakand
beyondtheparticle“bump” correspondmainly to cosmic-muonsevents.

The �nal time-of-�ight calibrationfactor for eachdetectoris given by TOF
�

ns�˜�

2 � 2 ! TOF
�

channels�™v 1000v ft , with ft �

80 ps/channelon the average.The rangeof
theTDCswas100ns.

5.3.2 TOF drift correction

Drifts in theRF of thepulsedbeamdeliveredby theAGORcyclotronappearedall along
the14-dayslong beam-timedueto severaladjustmentsof thesettingsof theaccelerator.
To monitor thetimestability of thebeamandto correctfor any drift, weaccumulatedev-
ery105 eventsthealignedtimespectraof the384TAPSmodulesin onesinglehistogram,
anddeterminedtheoffset in theposition (andthewidth) of thephotonpeakwith respect
to theexpectedposition at 2.2 ns. Theevolution all alongtheexperimentof thephoton
peakcanbeseenin theupperpartof �g. 5.5.Thesigni�cant deviationswith respectto the
referencevaluewereduemainly to aninterruption of theaccelerationsystem.Thesame
spectrumcanbeseenafter thecorrectionfor theseRF drifts (lower partof �g. 5.5), the
remaining“spikes” in thehistogramcorrespondto eventswithoutbeamthatwereignored
in thesubsequentanalysis.

5.3.3 Walk and cross-talk correction

In addition to thecyclotron-RFdrifts, two moreexperimental effectscanaffect theregis-
teredTOF values:thecable-andTDC- inducedcross-talkandtheCFDwalk. The“walk
effect” in theCFD (thedependenceof thediscriminator responseto theamplitudeof the
input signals)usuallyaffects the positionof the photonpeakin the time spectrasince
thosediscriminatorscontrolthestopsignalsof theTDC modules[Marq95b]. Thiseffect,
of theorderof 200psin oursetup,is correctedin practiceby constructingdifferentPSA-
TOF identi�cation contoursfor 6 differentphotonenergiesdomains(seeSection5.4.1).
Thecorrectionof TDC cross-talkwasnot necessaryin our experiment, at variancewith
former TAPS experimental campaigns,e.g. at the GANIL accelerator(seefor example
[Martt94, Marqt94]), mainlybecausetheAGORbeamtimeresolutionwasanyhow of the
sameorderas this effect, and in practicethe �nally obtainedTOF spectrapermitted a
goodparticleidenti�cation.

The�nal resolutionin theTOF measurements,afterall time corrections,was900ps
(FWHM), avaluewell appropriatefor particleidenti�cation by time-of-�ight.

5.4 Photon reconstruction: cluster analysis

All photonsproducedin this experiment(with distinctive energiesin theregion 10 - 200
MeV) generatean electromagneticshower inside the BaF2 crystals(seeAppendix 1).
Since the lateral dimensions of the BaF2 modulesare comparablewith their Moli �ere
radius,mostof the photonshowersextendover more thanonemodule8. The average

895%of anelectromagneticshower is laterallycontainedin a radiusR95% ; 2r M.
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Figure 5.5: Evolution of theposition of thephoton peakduring the14 daysof experimentbefore
(upper part) and after (lower part) the corrections of the RF drifts. Theposition of
thepeak is calculatedevery 105 accumulatedevents(one bin in thex-axis).
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Table5.1: Average numberof BaF2 modules�ring with an energy deposition larger than5 MeV
for photons impinging TAPSwith different experimentally measured energies. These
multiplicities, obtainedfromexperimental data,coincide very closely with the results
of GEANT simulations.

Incidentphotonenergy (MeV) 30 60 120
AverageclusterMultipl icity 1.2 1.6 2.2

numberof BaF2 modules(clustermultiplicity) whichcontainpartof theelectromagnetic
showerwith anenergy depositionlargerthan5 MeV (thethresholdof theTAPSmodules
CFD) for differentincidentexperimentalphotonenergiesarelistedin table5.1.

5.4.1 Single-detectorparticle identi� cation (PSA vs. TOF)

The energy of a given photonincidenton TAPS is obtainedby summingup the infor-
mationcomingfrom thedifferentneighbouringmoduleshit by thesameelectromagnetic
shower. To reconstructthe electromagneticshower onemakesuseof a clusteringalgo-
rithm. The�rst taskof thisclusteringroutineconsistin separatingthedesiredphotonsig-
nalsfrom othernon-electromagneticsignals. Indeed,sincetheBaF2 crystalsalsorespond
to chargedhadrons;protons,neutronsandotherheavier nuclearfragmentsreachingTAPS
will developahadronicshower. Thesehadronicshowersaredominatedby asuccessionof
inelastic hadronic/nuclearinteractionsand,hence,show aquitedifferent“topology” than
electromagneticones.To beableto reconstructa photonenergy onemust,�rst, identify
theorigin of thehits (electromagnetic,hadronic)throughproperPSA vs. TOF, andCPV
selectionsandthenfurtherdisentangletheelectromagneticcandidatesbetweenphotons,
electronsandcosmicmuons.

We have seenin Section4.6.4that theshapeof theelectricpulsedeliveredby BaF2
variesaccordingto thespeci�c ionizationof the incidentparticle(highly-ionizing parti-
clesproducingmorelight in delayed�uorescencedecay).ThePSA, de�ned astheratio
En � Ew, measuresthe proportionof prompt to delayed�uorescencelight. When plot-
ting PSA with respectto TOF weobtainatwo-dimensional representationwhichexhibits
differentregionscorrespondingto thedifferentparticles(�gure 5.6). Fromthis plot con-
structedfor differentenergy domains,onede�nes rectangularregionsassociatedto each
typeof particle.Thewholesingle-detectoridenti�cation procedureis summarizedin �g-
ure5.7andtheobtainedPSA-TOF contoursusedin thepresentexperimentfor theparticle
identi�cation aregiven in table5.2.

5.4.2 Clustering routine

The identi�cation routine, implemented in the ROSEBUD libraries, assignsa “label”
to each�ring detector(“electromagnetic”, “hadronic” and “cosmic” candidates)and
thenproceedswith theclusterizationalgorithmto performtheshower reconstruction.A
shower is de�ned asacontinuousclusterof individualhit detectors.For eachelectromag-
netic/cosmic clusterof neighbouring �ring detectors(having at leastonedetectorwith
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Figure 5.6: PSA as a function of TOF for all particlesdetected in TAPSwith energies10 MeV
�

E
�

20 MeV. Photons eventsappear centeredaround PSA = 1 andTOF = 2.2 (+
26.9) ns. Chargedhadronshave PSA

ˆ

0.7andTOF = 5 - 15 (+ 26.9) ns(seetable
5.2).

Figure 5.7: Schemaof theparticle-identi�catio n procedure in TAPSas implemented into ROSE-
BUD. It makes useof the PSA � En � Ew, TOF (time-of-�ight ) and CPV (charged-
particle-veto)information.Adapted from[Aphe98].
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Table5.2: List of thePSA-TOF rectangular contours usedin thepresent experimentfor particle
identi�ca tion in TAPS.

Energy range TOF PSA
Photons: 0 - 5 MeV 0.21- 4.70 0.1- 1.8

5 - 10MeV 0.10- 4.30 0.1- 1.6
10- 20MeV 0.10- 4.10 0.6- 1.3
20- 60MeV 0.32- 3.66 0.83- 1.15
60- 250MeV 0.32- 3.50 0.83- 1.15

Neutrons: 0 - 250MeV 5.0- 15.0 0.1- 1.8
Protons: 0 - 250MeV 5.0- 15.0 0.4- 0.8
Cosmics: 0 - 5 MeV -4.49- 0.00 0.1- 1.8

5 - 10MeV -4.20- 0.00 0.1- 1.6
10- 20MeV -4.00- 0.00 0.6- 1.3
20- 60MeV -3.34- 0.00 0.83- 1.15
60- 250MeV -3.18- 0.00 0.83- 1.15

Ethresh B 10MeV), thefollowing four basicparameters9 arecomputed:

� Cluster multiplicity: MX is de�ned asthenumberof contiguous hit moduleswith
an energy surpassinga given thresholdEi

� X MeV. (M¥
0 is de�ned as the total

numberof detectorsin acluster.)

� Cluster energy: Theenergy of theclusteris:

E � å
i

Ei (5.3)

whereEi aretheindividualenergiesof eachBaF2 belongingto thecluster. Detectors
with energy below 0.4 MeV are,however, discardedfrom the summation in our
ROSEBUD analysis.

� Cluster dir ection: Theincidentdirectionof thephoton,with energy E, is obtained
fromthelogarithmic-weightedgravity-centerof theclusteraccordingto theformula
[Awe92]:

/R �

å i wi /r i

å i wi
(5.4)

wi � max � 0 � w0 ! ln
Ei

E �

(5.5)

where/r i denotethepositionsof themodulesandw0 = 4 is adimensionlessparam-
eterdeterminedfrom GEANT simulations.

9Actually, 4 moreglobal clusterparameters:“Energy dispersion”, “T ime dispersion”, “Surface” and
“Linearity” canbealsocomputedin different experimental�lters. Suchparametershavebeenusedin other
experimentsin orderto further cleanthespectrumof hard-photons from hadronsandcosmiccontaminants
in thevery-highenergy region (see[Mart97, Aphe98]).
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� Cluster time-of-�ight: Themeanvalueof theTOF of themodules(with individual
timesti) belonging to theclusteris calculatedwith theformula:

T �

1
M¥

0
å

i
š

Ei ›

Et œ

ti (5.6)

whereonly detectorswith energy aboveEt = 3 MeV aretakeninto account.

Cluster Energy

Oncethe clusterenergy hasbeencomputedaccordingto relation(5.3), two additional
correctionsdueto theTAPSexperimentalresponseto photonsarestill neededto achieve
anabsolute energy calibration:

1. Shower leakage: It canhappenthattheabsorptionof theelectromagneticshowers
by TAPS is not total. Part of the photonshower may leak out of the backsideof
themodules(aswell asoutof thefront, betweenthedetectorsmodulesandthrough
the sidesof the detectorblocksfor the mostoutside modules). The experimental
responsefunctionof TAPS blocksto photonscanbe seenin �gure 5.8 wherethe
“line shape”measuredfor a monochromatic Eg = 55 MeV photonimpinging an
arrayof 64BaF2 modulesis shown [Gabl94].A reasonablegooddescriptionof the
shapeisobtainedwith aparametrizedGaussianfunctionmodi�ed byanexponential
tail at thelow energy side[Matu90]:

y � N Gauss for E B Epeak

y � N | Gauss! exp •

E



Epeak
l ž

�

1
�

Gauss�

}

for E I Epeak

where Gauss� exp •

� 4ln2
"

E



Epeak#

2

G2
ž

(5.7)

TheparameterN is anormalizationfactor, theFWHM Gof theGaussiandescribes
thehigh-energy sideof thepeak,whereasl describesthe low-energy tail. Finally,
themostprobableenergy Epeak is slightly smallerthanthe incidentEg = 55 MeV
energy. Thevalueof Epeak turnsout to bea simple linear functionof the incident
photonenergy: Eg � fleak v Epeak. Themultiplicativefactor fleak accountsbasically
for theaforementionedleakingeffectwhich leadsto a systematic shift of themean
responseto (slightly) lower energies. GEANT3 simulationsof the TAPSresponse
functionof our setupyieldedanaveragevalue fleak=1.089.

2. Muon vs photon scintillation: Apart from theformerenergy lossdueto thepho-
ton shower longitudinalpunchthrough,thereis anadditionalsystematical shift (of
comparableorder)to lower valuesin theenergy. It is dueto thedifferentresponse
of BaF2 to cosmichigh-energy muons(usedto individually calibratethedetectors)
ascomparedto photons.Actually, whereasphotonsdevelopelectromagneticshow-
ersin matter, GeV-energy muonsloseenergy in matterprimarily throughionization
[PDG98].This resultsin adifferencein theef�ciency to producescintillation light
in BaF2. Thiseffect canbealsoaccountedfor with onesinglefactor fscin.
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Figure 5.8: Experimentalline shapeof a photon of Eg = 55 MeVincident in a TAPSblock, com-
pared to the �tted analytical responsefunction givenby eq. (5.7). Thevaluesof the
�t parameters are shownin the�gu re. From[Gabl94].

The global correctionfactor for the energy, fE � fleak v fscin, is calculatedfrom the
ratio of the known neutralpion restmass(mp0 = 134.97MeV) with respectto the ex-
perimentalvaluemeasuredin our experiment. This mass,mexp

p0 , is obtainedfrom the gg
invariant-mass10 spectrum:

minv �

3 2E1E2
�

1
�

cosq12 � (5.9)

Takingall detectedgpairs,themeasuredminv distribution peaksatmexp
p0 = 114.4MeV (see

Section6.1.4).Theglobalenergy correctionfactoris, thus:

fE � mp0 � mexp
p0 � 1 � 18 (5.10)

andsince fleak � mp0 � mGEANT
p0 = 1.089,we obtainalso fscin � fE � fleak = 1.083.There-

fore, thecorrectioneffectsdueto the leakingof theelectromagneticshowersanddueto
the differentef�ciency of producingscintillation light betweenphotonsandmuons,are
of thesameorder.

The�nally obtainedenergy correctionfactor fE takesinto accounttheaverageTAPS
experimental responsefunction to photonsandcorrectsalsofor otherminor effectsaf-
fectingtheenergy calibrationlike e.g. theCFD thresholdsettings.Theenergy deposited

10ForageneraldecayX o 1
k

2, themomenta Ÿpi andenergiesEi of thetwo decaying productsarerelated
to theoriginal particlemassthroughtheinvariant-massformula:

m2
X ;¡  å

i
pµ

i ¢

2

;

M E1
k

E2 N

2
`

M

Ÿp1
k

Ÿp2 N

2
; 2 M E1E2 ` p1p2cosq12 Nr`

M m1
k

m2 N

For p0
o gg, thisgeneralexpressionyields M Ei ; pi £

mi ; 0N : mp0 ;¥¤ 2 E1E2
M 1 ` cosq12N
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Table5.3: Position and angular resolution for photons impinging a TAPSblock with different
incident energies. Theangular resolution is calculated assuming the TAPSblock is
located66 cmawayfromthetarget. Adaptedfrom[Vene94].

Incidentphotonenergy (MeV) 50 100 200
Positionresolution (cm) 2.1 1.9 1.7
Angularresolution( Š ) 1.8 1.6 1.5

in eachdetectori is then�nally givenby:

Ei
�

MeV �¦� fE v^� ai ! gain
�

MeV � ch �•� v Ei
�

ch �•�

% (5.11)

wheregain
�

MeV � ch �—� is obtainedfrom expression(5.2)andai is thepedestalvalue.The
reliability of sucha calibrationmethodwaschecked in measurementsusingmonoener-
getic taggedphotonsin the energy rangebetween45 and790 MeV [Matu90, Gabl94].
Thesemeasurementsalsogive a parametrizationof the energy resolutionfor TAPS as:
s � E � 0 � 59%� � Eg

�

GeV�

% 1� 2
! 1 � 91% (FWHM). In the photonenergy rangeof interest

for ourexperimentwehave taken,therefore,anaverageenergy resolutionof 	 2 MeV.

Cluster position

As a photonshower spreadsover morethanonemodule we candetermineits incident
position with a betterresolution than the detectorlateral size ( 	 2.9 cm equivalent to

	 2 � 5Š angularresolutionat a 66 cm distance).Table5.3 shows the meanposition and
angularresolutionachievedwith themodi�ed gravity-centerformula(5.4).An additional
shower depthcorrection[Marq95b]hasbeenappliedin thepresentanalysisto take into
accountthata photontraversesa meandistanceZ � Xmax

0 v0� 0 � ln
�

E � Ec �i! 1 � 2% (X0 being
theBaF2 radiationlength)insidethecrystalbeforedevelopinganelectromagneticshower.

The average�nal position resolutionfor the hard-photonsstudied in this thesishas
been,therefore,takento be 	 2.5cmcorrespondingto ameanangularresolutionof 	 2 Š .
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5.5 Dwarf-Ball analysis

In thissectionI will describetheprocedurefor light-charged-particle(LCP) isotopicsep-
arationand intermediate-fragment(IMF) identi�cation in the Dwarf-Ball multidetector
usingthepulse-shapetechniques11 (slowvs. tail andfastvs. tail plots)mentionedin Sect
4.7.3.

5.5.1 DB light-chargedparticle isotopic identi�cation

As mentionedin 4.7.3,achargedparticlehitting aDB modulewill depositagiven energy
DE in the thin fastplasticandwill usuallystopin theCsI(Tl) crystaldepositing therest
of its energy E. If we just consider, for the moment, the two-scintillation-component
responseof CsI(Tl) (E � Esl ! Eta) andwe plot Esl versusEta, onecanidentify different
parabolascorrespondingto differentparticles(�g 5.9). Thoseparabolasdo not increase
uninterruptedly, thereis amaximumpoint for which theEsl andEta startdecreasingboth
at thesametime: theparabola“closesbackto itself” de�ning a loop-like structure.This
effect is dueto the �nite thicknessof the CsI(Tl) crystals: the mostenergetic particles
will beableto traversethemanwill depositlessenergy in thecrystalthanthosethatare
stopped.Themaximumenergy aparticlecandepositin theCsI(Tl) (justbeforepunching
through)correspondsto themaximumof theloop. This is theso-called“punchthrough”
back-bend.

Thepositionof the“punchthrough”pointschangesfor eachtypeof particleaccording
to its productZ2A (seeAppendix1). Thischaracteristicallows to separate12 thedifferent
isotopesof H (p, d andt) andHe (3He anda). The regionsabove the protonloop and
below the a loop correspondto the neutron/photon and IMF signalsrespectively. The
parabolaseparatingthe IMF region from the a (and the restof LCP) signalswasalso
determinedfor eachindividualdetector:

Esl � Es0 ! c1 v Eta ! c2 v E2
ta (5.12)

For eachDB modulealinearizationparameterwasde�nedas:PLCP � Eta �

�

Esl
�

Es0),
allowing to project the bidimensionalEsl

�

Eta histograms. With this scaling,all the
PLCP vs. Eta mapshave the linesfor eachparticleat approximatelythesamePLCP value
[Mora00]. Fig. 5.10 shows the linearizedPLCP histogram obtainedwith the different
peakscorrespondingto thedifferentlight-charged-particlesdetected.

11Beforeapplying thePSAtechnique,however, a preliminary stepconsistedin properly selectingthose
hitsrecordedby theDB whicheffectively belong to thesamereaction.Thus,for eachoneof the64detector
a time gatewassetaround theprompt peakto discardin thesubsequent analysisthosepileupevents not
belongingto theprompt coincidence.

12Additionally, thesepunchthrough pointsarealsousedto perform the energy calibration of the (non-
linear) CsI(Tl) response.Sincethe punchthrough pointscorrespond to the particlesbeingstopped at the
endof theCsI(Tl) telescope,knowing thetraversedplasticthicknessit is easyto calculate,with thehelpof
range-energy tables,theenergy of theseparticles.In thisexperiment,however, noenergy calibration for the
chargedparticleshasbeenundertakensinceonly theLCP andIMF multiplicity informationwasneeded.
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Figure 5.9: Isotopic light-charged-particle identi�cat ion with a Esl vs.Eta bidimensional plot for
a CsI(Tl)crystal of theDB multidetector. Thedifferent“punchthrough” points for the
hydrogen (p,d,t) and helium (3He, a) can be seen. Thearea above the proton loop
correspondsto theregion of neutron andphoton signals. Theareabelow thea line is
populated with IMF events.

Figure 5.10: Linear parameterPLCP histogram showingthe peaksof the 3 isotopesof hydrogen
andthe2 isotopesof helium.From[Mora00].
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5.5.2 DB IMF identi�cation

For eachDB module,theparabolathatseparatestheLCPregionfrom theIMF signals(in
the Esl vs. Eta plots) hasbeenstoredin data�les to be later usedby our particles-and
particles-photon analysisprogrammes.This parabolaswill allow to separateboth types
of reactionproductsand,amongothers,calculatetherespective multiplicities MLCP and
MIMF for our impact-parameterandmultifragmentationstudiesrespectively (seeSection
7.1).

In orderto individually identify the differentcharge of the IMF we make useof the
Ef (thin DB plastic scintillation signal) vs. Esl (�rst CsI(Tl) scintillation component)
bidimensionalplots (�g. 5.11). Again, by usingthe observed linear dependenceEsl �

A ! B v Ef , wecanperformalinearizationprocedureof thisbidimensionalarrayto obtain
anuni-dimensionalhistogramfrom whichthedifferentIMF canbemoreeasilyseparated.
For eachdetectorthefollowing linearizationfunction(of arbitraryunits)is computed:

PIMF � Ef
�

B v Esl � A (5.13)

In �g. 5.12wepresenttheprojectionof �g. 5.11throughtheparameterPIMF . Thedif-
ferentpeaksgiveusthechargesZ of theLCPsandIMFs upto Z

�

10. Severaltableswith
thelinearizationparametersusedin thepresentexperimentcanbefoundin [Mora00].
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Figure 5.11: Scatter plot of the fastvs. slowenergy component fromthesamedetector as in �g .
5.9showingthedifferentbranchescorrespondingto theintermediatemassfragments
for Z up to 10. Theisotopesof H andHeare not resolvedin this typeof plot.

116



117 Dataanalysisanddetectorcalibration

Figure 5.12: Linearizationplot of theprojectedEf vs. Esl bidimensional histogramshownin �g .
5.11.Each peakcorrespondsto thedifferentcharge Z of theparticlesandfragments
producedin theheavy-ion reaction. Adaptedfrom[Mora00].
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5.6 Forward Wall analysis

In this sectionI will outline theprocedurefor chargedparticleidenti�cation in theFor-
wardWall multidetector. The�rst step(see�g. 5.1)consistsin selectingout theparticles
producedin the recordedreactionfrom the randombackgroundof uncorrelatedevents.
Therandomeventsappearin thespectrumsincethetime-of-�ight is measuredrelative to
theradio frequency (RF) of thecyclotron. A gateis seton thepromptpeakof eachone
of the92 detectorsin orderto selectfor furtheranalysisonly thoseeventswith a prompt
coincidence.The secondstepconsistsin additionally �ltering theparticlesproducedin
the recordedreactionevent usingthe “pileup” informationfor eachFW module. Once
this procedurehasbeenapplied,we canusethe correctedDE

�

E spectrumto separate
theLCP's from theIMF' s.

5.6.1 FW LCP/IMF separation

An exampleof the standardDE
�

E methodfor charged-particleidenti�cation with a
phoswich multi-detectoris shown in �g. 5.13. Thediagonalin sucha Esh vs. El repre-
sentationcorrespondsto low energy particlesthatstopin the front (fast)NE102Alayer,
henceproducingonly the shortsignal: their light output is DE � C v E. Particleswith
higherenergiespunchthroughthe NE102layer andstart traversingthe secondNE110
(slow) scintillator, givingriseto thedifferent“banana-shaped”bands.Fromtheseshapes,
particlescanbeidenti�ed. Thebandstartingpointscorrespondto thepunchthrough back-
bendswhich differ for particleswith differentZ. In general,the heavier theparticlethe
moreenergy it needsto traversethe �rst layer, so the increasingpunchthroughpoints13

correspondto increasinglyhigherZs. Theisotopeidenti�cation of hydrogencanbealso
done(insetof �g. 4.19)but is not asdirectasin Dwarf-Ball Esl vs. Eta plots. Fromthis
plot theIMF havebeenseparatedfromtheLCPonanevent-by-event basisbydetermining
for eachFW detectortheseparationline betweenHe andLi.

Theobtentionof suchDE
�

E plotsfor eachFW module is, however, notthatstraight-
forward. As explained in theFW electronicsSection(4.8.4),we use6 setsof common-
gateADCs for the“short” and“long” charge-integrationof thedetectorsignalsof the92
detectors.Thus,eachADC generatesa common (“short” and“long”) gatefor 16 chan-
nels,i.e. all channelsareintegratedover thesametime interval. Althoughthis solution
economizestheamountof electronics,it hasthedisadvantagethatin multi-hit eventsthe
differencein arrival time betweentheanalogandgatingsignalsis not �x eddueto time-
of-�ight differencesbetweenparticlesenteringthevariousdetectorsanddueto different
delaysin theelectronicschain14 [Leeg92]. Indeed,whentwo, or more,phoswiches�red,
the startof the commongateis determinedby the �rst arriving phoswichsignal. As a
result,thechargecollectedfor therestof �ring detectorsin theshortandlong gateswill
beslightly smallerascomparedto single-hitevents.Whenall eventsaremixedthis leads
to a deteriorationof the particle identi�cation (left panelof �g. 5.15). Two methods

13Likein theDwarf-Ball case(seeSection5.5.1), theknown positionof thesepunchthroughpointswould
allow for anenergy calibration of theindividualmodules.

14In oursetup,additionally, the60 largedetectors hadPMTswith fasterresponsetimesthanthoseof the
32 smallerphoswiches.This fact,andanadditional cable-length difference,resultedin a maximum & 20
nstime differencebetweentheouterandinnerdetectors,comparableto the & 27nsRF time.
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Figure 5.13: Forward-Wall particle identi�cat ion with theDE ’ E plot of a single module.

have beenappliedsofar to correctfor this effect: eitherusingthemeasuredtime differ-
encebetweengateandphoswichsignal[Leeg92] or combining a singleintegrationover
the pulseshapewith a measurementof the signal-over-thresholdtime [Wiss97]. In the
presentexperiment,a differentcorrectionproceduremakinguseof theso-called“pileup
TDC” informationhasbeenapplied.Theideaconsists in storingthetimeof thecommon-
gategeneration(theCFDs“OR” of eachgroupof 16-phoswiches)for eachoneof the6
ADCs. This resultsin thespectraof �g. 5.14showingseveralpeakscorrespondingto the
particlesproducedin consecutive beambursts. With the help of this spectrumthe time
of thecommongatecanberelatedto theRF signalof theaccelerator. Consideringonly
thesignalswith a “PileupTDC” belonging to thetwo mostprominentpeaks(therestare
uncorrelatedbackgroundevents) andselectingthemseparatelyweobtainthe“clean” Esh
vs. El plot shown in theright panelof �g. 5.15.
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Dealingwith nucleus-nucleusreactions,a �rst analysisof theexperimentaldatausu-
ally considerstheinclusivemeasurementsof thedifferentobservables.Namely, thestudy
of A ! B E X (where,e.g.,X = g, LCP, IMF) without any selectionof a particular�nal-
stateof the reaction. The inclusive resultsfor photonproductionin the four reactions
studiedarepresentedanddiscussedin Sections6.1,6.2and6.4.Thisdiscussion includes
the shapeof the photonspectra,the photonangularemission patternandtheir absolute
cross-sectionsandmultiplicities. The particleinclusive datafor total particle,LCP and
IMF multiplicities arepresentedin Section6.3, andthe total reactioncross-sectionsin
Section6.4.4.

(Datafrom exclusivereactionsaimingat thestudyof selectedg-particleexit-channels,
to investigatetheimpact-parameterdependenceof thehard-photonspectraandyields,will
bepresentedin chapter7.2.A primaryinterpretationof thewholeinclusiveandexclusive
datais donein Section7.4of thenext chapter.)

6.1 Hard-photon energy spectra

6.1.1 Raw photon spectrum

The inclusive raw photonspectra(�g. 6.1) measuredfor the 36Ar+197Au systemand
transformedinto the NN center-of-mass(bNN �

0.18) is constructedfor the eventssat-
isfying theminimum-biastrigger“TAPSNEU LOW*DB1” accumulatedduringthelow
counting-raterunsof theexperiment.Theenergy spectrumisobtainedfrom

�

5 v 106 pho-
tonsemittedin coincidencewith somechargedparticle1 andrangesfrom Eg �

15 MeV,
the thresholdvalueof the BaF2 leading-edgediscriminators, up to morethanEg � 200
MeV, i.e. abovethekinematicallimit Emax

g �

194MeV, givenby eq.(3.2),for aheavy-ion
reactionat60A MeV bombardingenergy. Beforecarryingout thephysicsanalysisof this
photonspectrumin orderto studythe characteristicsof the producedphotons,this raw
spectrummustbecorrectedto take into accountthreeexperimentaldistortions:

� theTAPS(andDwarf-Ball) detectorresponsefunction,

� the cosmicbackgroundevents(mainly muonscoming from the upperpart of a
TAPSblockin coincidencewith thereactiontrigger, nothitting thecharged-particle
vetoand,thus,potentially misidenti�ed ashard-photons),and

� thecontribution comingfrom the two-photon decayof theneutralpionsproduced
in thereaction.

In thenext threesectionswe quantitatively determinetheimportanceof thesecontri-
butions in the raw energy spectrumanddiscusshow we have correctedtheir effects to
retrieve theoriginally emittedphotonspectrum.

1Theuseof a “photon*particle” trigger andnota purephoton triggeris justi�ed in order to selectthose
photonsreallycomingfrom anuclearreaction (andnote.g.“neutral”-lik ecosmiceventsmimicking ahigh-
energy photon) assignaledby thedetectionof otherreactionproductsof thecollision(seethediscussionin
Section6.4.3).
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6.1.2 Detector responsefunction

In section5.4.2,it wasshown thattheTAPSresponsefunctiontophotons,smearstheorig-
inal deltafunctiond

�

E
�

Eg� of an incidentmonoenergeticphotonwith energy Eg into a
distributionbestdescribedby anarrow gaussiancenteredataEpeak �

�

1� 1 � 089�jv Eg with
an exponential tail in the low-energy side. This �nite resolutioneffect may modify the
measuredhard-photonenergy spectrum.In section3.3 it wasmentionedthat theenergy
spectrumof hard-photonsemitted in heavy-ion reactionscould be parameterizedwith
two exponentialfunctionscharacterizedby inverseslopeparametersEd

0 andEt
0. To asses

how theTAPSdetectorresponsefunctionandourphoton identi�cation andreconstruction
proceduremaymodify thehard-photonspectrumand,moreexplicitly, theseslopeparam-
eters,GEANT3 MonteCarlocalculationshave beenperformedwith theKANE package.
Several photondistributionswith exponentialshapeandvarying slopeparameterswere
fed into thesimulation with andwithout thepresenceof theDwarf-Ball detectorsystem
in betweenthetargetandTAPS.

The �rst importantconclusionof suchanalysisis thatTAPS(andour photonrecon-
struction algorithms)correctlyrestorethe initial hard-photonenergy exponentialdistri-
bution without signi�cantly alteringthe form of theoriginal exponential spectrum,even
with theDwarf-Ball multidetector in place.TheslopeparameterEmeas

0 determinedfrom
the simulateddataanalysisremainscloseto the input slopeparameteroriginally intro-
ducedinto theKANE simulationEactual

0 (�g. 6.2). This procedurewasperformedfor two
differentsetsof simulationswith andwithout theDB (�g. 6.2).Thisobservationleadsto
two mainconclusions:

� Bothslopes(Eactual
0 andEmeas

0 ) areroughlythesamebelow E0 �

10MeV, although
asmalldeviationappearstowardssomewhatlowermeasuredvaluesfor higherslope
values.Thedependencebetweenthemeasuredandtheoriginalslopeis linearover
all therangeandcanbeparametrized,accordingto the�t (c2

� n = 0.01)of �g. 6.2,
by theconversionexpression:

Eactual
0 � a v Emeas

0 ! b � (6.1)

with a � 1 � 09 	 0 � 01 and b �

�

0 � 60 	 0 � 03 MeV

� Althoughthesimulationspoint out a globalphotonef�ciency lossof 10%,dueto
theconversionof hard-photonsin theDwarf-Ball material(seeSection6.4.3),the
Dwarf-Ball hasno major in�uence on the exponential shapenor on themeasured
slopeparameter. Only a minor loweringof 2%of E0 valuewith respectto thecase
without theDB hasbeendeduced,which canbeaccountedfor within the�t errors
of thesamecorrectionformula.

The effect of TAPS (andthe DB) on the hard-photonspectrais thussmall andsus-
ceptibleto bequanti�ed andcorrectedfor with equation(6.1). Henceforth,for all slope
parametersof theexponentialhard-photonenergy distributionsquotedin this work, the
correctiongivenby formula(6.1)hasbeenapplied.
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Figure 6.2: TAPSandDB detector responsein�uenceon theinverseslopeparameter of exponen-
tial hard-photon spectra simulatedwith theKANE package(Eactual

0 versusEmeas
0 ). The

wide solid line is obtained for TAPSaloneas well as for the Dwarf-Ball in between
thetarget andTAPS.Thedashedline correspondsto theideal responsefunction.

6.1.3 Cosmic-raysbackground

A �rst reductionof TAPS eventsoriginatedby cosmicsrays from thoseactuallyorigi-
natedby photonsproducedin thereaction,is achievedby requiringin thephotontrigger
a coincidenteventin TAPSwith oneof theparticlemultidetectors (i.e. any “TAPS*FW”
or “TAPS*DB” trigger). Thesetriggerssign the simultaneousoccurrenceof a nuclear
reactionwith thedetected“photon-type” hit and,hence,minimize thecontaminationof
cosmicmuonsmisidenti�ed ashard-photons. In thehigher-energy partof thespectrum,
however, thenumberof photoneventsis low andreachesthelevel of theaccidentalrate
of a muonbeing recordedsimultaneouslywith a nuclearreaction. For that reasonwe
needto further �lter thephotonenergy spectrumby subtractingthebackgroundof elec-
tromagnetic signals(with PSA

�

1) collectedin theTAPStime-of-�ight spectrumwithin
a window2 of 4.5 ns (or 3.2 ns dependingon the photon energy) width well beforethe
promptphotonpeak(locatedatTOF = 2.2ns),i.e. from TOF =

�

4 � 5 ns(or TOF =
�

3 � 2
ns)to TOF = 0.0ns.Thesecosmicbackgroundeventsareindicatedby starsin �g. 6.1.

6.1.4 Photonsfr om neutral pion decay

In addition to thebremsstrahlungevents, abackgroundof photonsstemming from the2-g
electromagneticdecayof theneutralpionsproducedin theheavy-ion reactioncontributes
to thephotonenergy spectrumessentiallyin theregion 50 - 160MeV. Neutralpionscan

2The chosencosmicwindows have the samewidth (4 ' 5 ns or 3 ' 2 ns) as the photon-peak windows
corresponding to thephoton-energy regions quotedin thePSA-TOF table5.2.
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however be identi�ed experimentally throughan invariant-massanalysis(formula (5.9))
of the two-photonevents. Sucheventscollectedby the TAPS pion trigger “TWO NEU
LO IN DIFF. BLOCKS” in theinvariant-massregion aroundthep0 masswith a FWHM
resolutionof 11%(�g. 6.3),originatealmostexclusively from thep0 decay3.
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Figure 6.3: Two-photon invariant massdistribution experimentally measuredfor the36Ar+197Au
system during the high counting-rate runs (solid), shown together with a GEANT
simulation of thesamenumberof p0 decays (hatchedhistogram).

To subtractthis decay-photoncomponentin the limited acceptanceof our TAPS
setup,a Monte-Carlosimulation with KANE hasbeenperformedwith a p0 event gen-
eratorreproducingthe experimentallymeasuredenergy andangulardistributions. The
pion energy distribution is describedby a Maxwell-Boltzmann distribution in the NN
center-of-mass,asproposedin [Mart97b, Mart99], with inverseslopeparameterE0 �

15 MeV (�g. 6.4). The kinetic energy of the neutralpions, Kp0 � Ep0
�

mp0, is ob-
tainedexperimentallyfrom the two decay-g energiesandrelative anglethrough: Ep0 �

2 v
|
m2

p0 �

�

1
�

cosq12�

�

1
�§�

Eg1
�

Eg2 � Eg1 ! Eg2 �

2
�

}

. Theangularemission patternin the

nucleon-nucleoncenter-of-massframeis takenof the type (1 ! banicos2q), asproposed
by [Mart99], with bani = 1 in agreementwith former subthresholdpion measurements
(129Xe+197Au at44AMeV [Maye93],40Ar+197Au systemat95AMeV [Schu94b,Bada96]).
Thedoubledifferentialcross-sectionis thereforedescribedby thefunction:

d2s
dKcm

p0 dW
� K

�

1 ! bani cos2q � pcm
p0

�

Kcm
p0 ! mp0 � exp

�¨�

Kcm
p0 � E0 � (6.2)

3Thecombinatorialbackgroundof uncorrelated2-geventsfallingwithin theinvariantpionmasswindow
is negligible at theseincidentenergies.
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wherepcm
p0 �

*

�

Kcm
p0 �

2
! 2Kcm

p0 mp0 is the pion momentum in the NN frame,andK

a global normalization factor. The parameters(E0, bani) wereadjustedto describethe
dataascanbeseenin �g. 6.4 for thepion kinetic energy distribution of the 36Ar+197Au
system.
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Figure 6.4: Experimental (dots) and simulated (stars) kinetic energy distribution of the p0 de-
tectedfor thesystem36Ar+197Au. Theexperimental pion kinetic energy spectrum has
been �tted to a Maxwell-Boltzmanndistribution in theNN center-of-massframewith
inverseslope E0 ˆ

15 MeV.

From the analysisof the simulation we �nd that the averageneutral-piondetection
ef�ciency of theTAPSsetupis ep0 = 1.75% 	 0.1%for pionsidenti�ed assuch4 in the
invariant-massrangeminv � 80 - 145MeV. This total (angle-andenergy- integrated)ef-
�ciency is basicallygovernedby thegeometricalacceptanceof TAPSfor thecoincident
detectionof two photons(eg1 v eg2 � 0 � 14 v 0 � 14

�

1 � 9%).

The energy spectrumof all singlephotonsfrom the ggp0-decay(mainly consisting
of eventsin which only onephotonout of the two is detectedwithin the acceptanceof
TAPS)representsthecontribution of decayphotons which is subtractedfrom theexperi-
mentalhard-photonspectrum.Thosep0-photonsevents(starsin �g. 6.1) form a “bump”
structureextending from 20 MeV up to 180 MeV with a maximumat aroundEg �

60
MeV. Therelative contribution of this decayphotons becomesspeciallyimportant in the
high-energy partof thephotonspectrum,andat Eg �

130MeV they accountroughlyfor

4Apart from theminv gate,anadditional conditionin theopening angleof eachpair of coincidentpho-
tons,qgg ©

80‘ , wasselectedfor full pion identi�cation according to GEANT simulations of oursetupwith
theaforementioned pion inputdistribution.
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Table6.1: For each considered system, raw number of hard-photons and pions experimentally
detected(both �gur eshavebeencorrectedto take into account the respective trigger
lifetimesandscaling-down factors), aswell asestimated number of background pho-
tons (above 30 MeV) comingfrom pion decays as obtained through the simulation.
This numberis determinedby counting the numberof ggcoincidenceswith invariant
masslying in the range 80 MeV - 145 MeV (�g . 6.3) and having an opening angle
qgg

� 80‰ .

Reaction 36Ar+197Au 36Ar+197Au 36Ar+108Ag 36Ar+58Ni 36Ar+12C
p0 detected 1820 340 256 474 400
Decay-gproduced 26600 5290 3980 8060 6190
Hard-gdetected 655800 129200 86440 142130 151540
Decay-g/Hard-g 4.1% 4.1% 4.6% 5.6% 4.1%

a third of thenethard-photonyield.
In table6.1 the calculatedrelative contribution of the pion-decayphotonsto the to-

tal hard-photonyield is summarized. It amountsfrom around4.1% for the Gold and
Carbontargets,4.6%for the Ag target, up to at most5.6%for the Nickel target. This
massdependenceis expectedsincesubthreshold pion productionin heavy-ion reactions
is a processthat resultsfrom a competitionbetweenseveralmutually cancellingeffects
which depend,basically, on thesizeof thecollision partners(numberof NN collisions,
absorption, Fermi-motion, andeffect of the Coulombbarrieron the incidentprojectile
energy) [Mart97b].

6.1.5 Corr ectedinclusivephoton spectra

Figures6.5- 6.9displaythe�nal response-functioncorrectedandbackground-subtracted
energy spectrads � dEg calculatedin the NN center-of-massframeof the hard-photons
producedin the� vesystems studied,whereds � dEg hasbeendeterminedthrough:

ds
dEg

�

1
eg

v C v

dNg

dEg
(mb/MeV) (6.3)

whereC isaglobalnormalizationfactorandtheextrapolationto4p of thespectrahasbeen
performedthroughtheacceptance(eg) correctiondescribedin detailin Section6.4.3.The
photonspectrumof the36Ar+197Au systemisshowntwice: for thehighcounting-rateruns
without the DB, andfor the low counting-rateruns,with the DB. We have consciously
chosena thresholdenergy of Ethr

hard



g = 30 MeV for the de�nition of a hard-photon,an
energy valuewhereno signi�cant contamination from thehighestpossible energy GDR
photonsisexpected.Thisvaluecorresponds,actually, to theenergy for subthreshold hard-
photonproductionin aheavy-ion collisionat60A MeV incidentenergy (seeSection3.1).
We will keepthis “conservative” valueall throughoutthis work although it is clearthat
thecontributionof bremsstrahlungphotonsremainsstill dominantin thephotonspectrum
down to energiesof theorderof

�

25 MeV [Nife90]. Above Eg = 30 MeV, therangeof
hard-photoncross-sectioncoversover 5 orderof magnitude (from hundredsof mb/MeV
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down to µb/MeV values). Comparisonof �gs. 6.5 and6.6 demonstratesalso that, as
indicatedby GEANT simulations, the presenceof the Dwarf-Ball in betweenthe target
andTAPSdoesnotaffect signi�cantly theshapeandslopeof theenergy spectrum.

Themostinterestingfeaturein thespectrais theobservedenhancementof theyield
in theregion Eg = 30 - 60 MeV with respectto the�atter exponentialfall-off describing
the high-energy part of the spectraabove Eg = 60 MeV. Sucha deviation is observed
for the threeheavier systems 36Ar+197Au, 107Ag, 58Ni (as it wasalsoobserved in the
86Kr+58Ni, 181Ta+197Au and 208Pb+197Au systems,see�g. 3.8) but is not presentin
the lightest36Ar+12C reaction.In thethreeheavier systems,this excessof hard-photons
clearly hindersthe �t with a singleexponential of the spectraabove 30 MeV as it has
beenusuallydonein hard-photonstudies[Nife90]. To properlydescribethe measured
spectrafor the heavier systems we have applieda sumof two exponential distributions
corresponding,asproposedby [Mart95, Schu97],to a “direct” (comingfrom �rst-chance
png collisions) and a “thermal” (secondarypng) hard-photoncomponentrespectively,
with their correspondingweights:

ds
dEg

� Kd e


Eg� Ed
0

! Kt e


Eg� Et
0 (6.4)

The constantsKd 2 t in formula (6.4) dependon the measuredhard-photonintensities
Id 2 t accordingto:

Id 2 t � Kd 2 t
Z

¥

Ethr
hard ª g

e


Eg� Ed ‡ t
0 dEg � Kd 2 t Ed 2 t

0 e


Ethr
hard ª g� Ed ‡ t

0 «

Kd 2 t �

Id 2 t

Ed 2 t
0

eEthr
hard ª g� Ed ‡ t

0 , with Ethr
hard




g � 30MeV (6.5)

Thevaluesfor thedirect(Ed
0 , Id) andthermal(Et

0, It) slopesandintensitiesextracted
from thebestleast-square�t of thespectrawith theexpression(6.4)aregivenin table6.2
for eachsystem.The inverseslopeparametershave beencorrectedwith formula (6.1),
their associatederrorsthustake into accounttheerrorsof the �t to theexpression(6.4)
aswell astheerrorsof theresponse-functioncorrection(eq. (6.1)). ThedirectslopesEd

0
remainalmostconstantaroundEd

0 �

20MeV for thefour systemsin agreementwith the
valuesobtainedfrom the systematics(eq. (3.4)). The slopesof the thermalcomponent
aresofterthanthoseof thedirect component(Et

0 beingbetween1/3 and1/2 timesEd
0 ).

Thecontribution of thermalphotons to thetotal hardphotonyield, indicatedby therela-
tive intensitiesof thermalto totalhard-photonsI t � Itot , amountsto around20%for theAu
andNi targets,is slightly smallerfor the Ag target, andis compatible with zerofor the
lightestCarbonsystem.Thecharacteristicsof thedirectandthermalslopesandrelative
intensitiesarediscussedin moredetailin thenext two sections.

Theexcessof hard-photonsin theregion 30 - 60 MeV shows up moreclearly in the
energy spectrumfor the36Ar+197Au systemplottedin a lineary-scalein therangeEg =
30 - 70 MeV (�g. 6.10) togetherwith the direct andthermalexponential �ts. It is ap-
parentthat the thermalcomponentalreadyaccountsfor

�

40%of the total hard-photon
yield atthethresholdenergy of 30MeV. At lowerenergies,thecontributionof thethermal
bremsstrahlung componentovercomesthatof thedirectcomponentbut accordingto the
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Figure 6.5: Experimentalhard photon energy spectrum measured in the NN CM for the system
36Ar+197Au, during theDwarf-Ball (low-intensity) runs.Thespectrumhasbeen�tted
in therangeEg = 30- 180MeVaccordingto equation (6.4)to thesumof twoexponen-
tial distributions: a direct (solid line) anda thermal one(dashedline). (Thevertical
dottedline indicatesthelow-energy threshold, Ethr

hard
�

g = 30 MeV, for hard-photons.)

Table6.2: Direct and thermalhard-photon slopesand ratios of thermalto total intensitiesmea-
sured in the36Ar+197Au, 107Ag, 58Ni, 12C reactionsat 60AMeV. Theexpectedvalues
of Ed

0 according to thehard-photon systematics,eq. (3.4),are alsoreported.

System Ed
0 (MeV) Et

0 (MeV) It � Itot Ed
"

sys#

0 (MeV)
36Ar+197Au 20.1 	 1.2 6.2 	 0.5 18.5% 	 0.5% 18.6 	 2.0
36Ar+197Au 20.4 	 1.3 6.5 	 0.6 19.0% 	 1.0% 18.6 	 2.0
36Ar+107Ag 20.1 	 1.3 6.1 	 0.6 14.8% 	 1.0% 19.0 	 2.0
36Ar+58Ni 20.9 	 1.3 8.8 	 0.8 19.5% 	 1.0% 19.3 	 2.0
36Ar+12C 18.1 	 1.1 0.0 	 0.5 0.0% 	 5.0% 19.5 	 2.0
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Figure 6.6: Experimentalhard photon energy spectrum measured in the NN CM for the system
36Ar+197Au, during thehigh counting-ratesruns. Thespectrumhasbeen�tted in the
range Eg = 30 - 180 MeVaccording to equation (6.4) to the sumof two exponential
distributions: a direct(solid line) anda thermalone(dashedline).
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Figure 6.7: Experimentalhard photon energy spectrum measured in the NN CM for the system
36Ar+108Ag �tted in therange Eg = 30 - 180MeV, according to equation (6.4), to the
sumof two exponential distributions: a direct (solid line) anda thermalone(dashed
line).

132



133 Inclusiveexperimentalresults

 (MeV)gE
20 40 60 80 100 120 140 160

 (
m

b/
M

eV
)

g
/d

E
s

d

10
-5

10
-4

10
-3

10
-2

10
-1

1 Ar+Ni at 60A MeV
Hard-photons

Figure 6.8: Experimentalhard photon energy spectrum measured in the NN CM for the system
36Ar+58Ni �tted in the range Eg = 30 - 180MeV, according to equation (6.4), to the
sumof two exponential distributions: a direct (solid line) anda thermalone(dashed
line).
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Figure 6.9: Experimentalhard photon energy spectrum measured in the NN CM for the system
36Ar+12C �tted in the range Eg = 30 - 180MeVjust to the �r st direct exponential of
equation (6.4) (solid line).
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aforementioneddiscussionon thehard-photonlow-energy thresholdde�nition, we have
decidednot to considerthis region to completelyavoid any possible contribution dueto
the high-energy Lorentziantail of GDR statistical photons.The second-chancebrems-
strahlungcontribution canbe isolatedby subtractingthedirecthard-photoncomponent,
correspondingto the�rst termof equation(6.4),fromtheexperimentallymeasuredenergy
spectrum.Theresulting thermalexponential bremsstrahlung spectrumfor the36Ar+197Au
systemwith slopeEt

0 �

6.2MeV is clearlyseenin �g. 6.11.
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Figure 6.10: Experimental hard-photon energy spectrum in theNNCM for the36Ar+197Au reac-
tion in therange Eg = 30 - 70 MeVdepictedin a linear-y plot to emphasizethetwo
distinct (thermal anddirect) hard-photon exponential contributions.

The inclusive photonspectrashown so far have beencalculatedin the NN center-
of-massframe: ENN

g � gNN
�

1
�

bNN cosqlab
g �Cv Elab

g , with bNN �

0.18andgNN � 1 � 017,
whichassumesthathard-photonsareproducedfrom asourcemoving with theNN center-
of-massvelocity. The spectrameasuredat qlab

g � 90Š arenot affectedby the Doppler-
effect (E90¬

g � gSElab
g �

Elab
g ) andthey arefree of any assumption on the origin of the

bremsstrahlung photons.Therefore,we have alsoanalysedthephotonspectrameasured
in thelabin theangularregionqlab = 88Š - 92Š (�g. 6.12for the36Ar+197Au system). The
deducedslopesandratiosthermal/total of the hard-photonsemittedat qlab � 90Š

	 2Š

obtainedthrougha�t to equation(6.4)for all theconsideredsystemsarereportedin table
6.3. The valuesof the slopesagree,within the larger statistical errors,with the values
obtainedfrom theangle-integratedspectra(table6.2). Thesecoincidingresultsrule out
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Figure 6.11: Inclusivethermalhard-photon energy spectrumobtainedfromtheraw photon spec-
trum above Eg = 30 MeV after subtraction of the cosmicand pion-decay back-
grounds, and after subtraction of the direct hard-photon component (�r st term of
equation (6.4)). Thesystemis36Ar+197Au (low-intensity runs). Theremaining expo-
nential distribution above 30 MeVmustcorrespondto hard-photon emission other
than�r st-chance proton-neutron bremsstrahlung.
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any trivial kinematicaleffectasexplanationfor theobservedenhancementof hard-photon
productionin theregionEg = 30 - 60MeV.
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Figure 6.12: Experimental hard-photon spectrum measured at qlab � 90‰
‚ 2‰ for the

36Ar+197Au reaction, during the low counting-rate runs. The spectrum has been
�tted in therange Eg = 30 - 140MeV, according to equation (6.4),to thesumof two
exponential: a direct(solid line) anda thermalone(dashedline).
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Table6.3: Measured ratios of thermal to total intensities, as well as direct and thermal slopes
for thehard-photonsmeasuredat qlab

� 90‰­‚ 2‰ in the36Ar+197Au, 107Ag, 58Ni, 12C
reactionsat 60AMeV.

System Ed
0 (MeV) Et

0 (MeV) It � Itot
36Ar+197Au 20.0 	 1.3 6.8 	 0.6 18.5% 	 1.0%
36Ar+197Au 20.1 	 1.5 8.5 	 2.0 24.0% 	 5.0%
36Ar+107Ag 19.3 	 1.5 7.2 	 1.0 16.0% 	 2.0%
36Ar+58Ni 20.0 	 1.5 10.4 	 2.0 25.0% 	 5.0%
36Ar+12C 18.2 	 1.2 0.0 	 0.6 0.0% 	 5.0%
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6.1.6 Dir ect and thermal slopesand intensities

The measureddirect slopesEd
0 for the � ve systems(table6.2) have basicallythe same

valueof about
�

20 MeV. This is expectedfor thepromptemissionin nucleon-nucleon
collisionsduringthe�rst instants of thereactionbeforethe initial kinetic energy is ther-
malized. In suchcase,thehigh valuesof theslopesjust re�ect thecouplingof the inci-
dentenergy pernucleonwith theaverageintrinsic momentum of thecolliding nucleons.
The lower Ed

0 valuemeasuredfor the 36Ar+12C system(Ed
0 � 18� 1 	 1 � 3 MeV) is ex-

plainedwithin thispictureby thesmallerFermimomentumof theCarbonnucleons.This
resultsfrom the lower nucleardensityof 12C, pF �4>

�

3p2r 0 � 2�

1� 3
�

220 MeV/c for
r 0

� 12C�

�

0 � 10 fm



3, ascomparedto thesaturationvalue,pF
�

r 0 � 0 � 16 fm



3
�

�

265
MeV/c, holdingfor theheavier nuclei. ThemeasureddirectslopeparametersEd

0 follow,
thus,thetrendof theirdependencewith the(Coulomb-corrected)bombardingenergy per
nucleon,K lab

Cc , �tting verywell with thecollectedsystematicsfor hard-photonproduction
(�g. 6.13).

Figure 6.13: Compilation [Schu97] of themeasured(direct) hard-photon slope parameters plot-
tedasa function of thebombarding energy per nucleonminustheCoulombbarrier
energy of thereaction. Our data(inclusiveEd

0 ) are representedby thestar symbols.
Thesolid line representsa �t of equation (3.4) to thedata.

ThethermalphotonslopesEt
0, on thecontrary, do not scalewith the initial available

energy per nucleonin the laboratorylike Ed
0 but scalewith the availableenergy in the

nucleus-nucleus(AA) center-of-massKAA
Cc � µK lab

Cc � Atot . This canbe seenin �g. 6.14
wherethe slopesof the thermalcomponentfor the threeheavy systemsstudiedin this

139



Inclusiveexperimental results 140

work (36Ar+197Au, 107Ag, 58Ni) areplottedtogetherwith the measuredthermalslopes
for the three systemsstudiedin the TAPS campaignat GANIL in 1992 (86Kr+58Ni,
181Ta+197Au, 208Pb+197Au) [Schu97]. From this collectedsystematicswe observe that
thehighestthermalslopescorrespondto thesystemswith larger energy availablein the
AA CM. This is thecasefor the36Ar+58Ni and86Kr+58Ni reactionsfor which themuch
moresymmetric projectile-targetcombinationmaximizesthetotal amountof energy de-
posited in the nucleus-nucleuscenter-of-mass. The linear dependenceof Et

0 with KAA
suggestindeedthat thermalphotons originatein a thermalprocesduring later stagesof
the collision when the initial kinetic energy hasbeen,at leastpartially, dissipatedinto
internaldegreesof freedomover theentiresystem.
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Figure 6.14: Compilationof themeasuredthermal slopesEt
0 for thesystemsstudied in thepresent

work,36Ar+197Au, 107Ag, 58Ni, aswell asthose studiedin the1992TAPScampaign
at GANIL, 86Kr+ 58Ni, 181Ta+197Au, 208Pb+197Au [Schu97], plotted as a function
of the(Coulomb-corrected)total available energy in thenucleus-nucleuscenter-of-
mass.

Indeed,theassociation of theharddirectandof thesofterthermalexponential slopes
with �rst- andsecond-chanceNN collisionsrespectively is acommonansatzin theinter-
pretationof thekineticenergy spectraof thereactionproductsemittedin heavy-ion reac-
tions. Suchadouble-source�t of theenergy spectrumin termsof thepre-equilibriumand
thermalcomponents is acommontechniqueanalysisin thestudyof light-particle(proton,
neutron,a) distributionsmeasuredin heavy-ion reactions(seethediscussion in Section
9.3). On the oneside, the harderspectralslopesof the direct component, trackingthe
bombardingenergy pernucleonin thelab,Ed

0
�

MeV �

�

1� 3K lab
Cc

�

MeV � independentlyof

140



141 Inclusiveexperimentalresults

themassof thesystem,mustresultfrom couplingof incidentprojectilenucleons'motion
with target nucleons'Fermi motion in the overlap zoneof the colliding nuclei. Indeed,
sinceduring the initial high-compression phase,the incidentkinetic energy hasnot yet
beendissipated,hard-photonemission resultsfrom a preequilibriumstatein a process
very closelyrelatedto the experimentally well-known preequilibrium emissionof light
particlessuchashigh-energy protons(seee.g. [Luke93,Coni00]) andneutrons.On the
otherside,second-chanceproton-neutroncollisionsthat take placein a laterstageof the
reactionhave, on average,a smallerenergy available in the pn center-of-massascom-
paredto �rst-chancecollisions,andthusleadto a softerbremsstrahlungphotonenergy
spectrum.

The contribution of the second-chancebremsstrahlung component(table6.2) to the
total hard-photonyield It � Itot is maximum (

�

20%)for theheaviest 36Ar+197Au system
andfor the 36Ar+58Ni one; is slightly lower for the 36Ar+108Ag reaction(

�

16%),and
it hasnot beenobserved for the lightest 36Ar+12C one. The emissionof thermalhard-
photons is, therefore,a processdependenton the total sizeof the systemandindicates
the importanceof volumeeffects for their production. On the one hand,in the small
36Ar+12C projectile-target combination the total amountof participantnucleonsis not
suf�cient to achieve stoppingand consequentthermalizationof the nuclearsystem(s).
Hence,only promptpngbremsstrahlungoccurs,clearlydominatingthephotonspectrum
alreadyaboveEg = 20MeV. For theheaviestsystems,ontheotherhand,thelargernumber
of nucleonspresentin theparticipantzoneincreasesthechanceof stoppingandhencethe
probability of secondaryNN collisionsandthermalization.

Indeed,it is known thatpreequilibriumnucleonssuffer veryfew collisions(in general
0 or 1) while thosein a hot participantregion,createdduringthereaction,experienceon
theaveragebetween2 and3 collisions. Thisis roughlythenumberof two-bodycollisions
necessaryto achieve thermalequilibration[Peil94,Dura92]. In light-masssystemssuch
as36Ar+12C, thereis notenoughmatteron thewayof anucleonto experiencemorethan
onecollision. Moreover, dueto this higher“transparency”, thesystemis veryunlikely to
develop a recompressionphase(with subsequentNN collisions) right after thecollision,
asseenin BUU simulationsof thereactionsstudiedduringtheTAPScampaignatGANIL
[Mart95, Schu97].

Whereastheabsenceof athermalhard-photoncomponentin the36Ar+12C systemcan
beexplainedby theabsenceof a stopping andthermalizationprocessfor this very-light
system, theresultsobtainedfor the 36Ar+58Ni mustincludeanadditionalconsideration.
Indeed,this systemgivesrise to the hardestspectrum(Et

0 �

8.8 MeV) andthe largest
It � Itot ratio (togetherwith themuchheavier 36Ar+197Au reaction).This canbeexplained
by the fact that this muchmoresymmetric systemexhibits, amongthe four considered
systems,thelargestattainablevaluesof excitation energy e5 , whicharedirectlycorrelated
to theavailableenergy in thenucleus-nucleuscenter-of-mass(e5 µ KAA) (table4.4).Such
larger excitation energy leadsto higher temperatureswhich show up in harderthermal
bremsstrahlungslopes.
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6.2 Hard-photon angular distrib utions. Source velocity
analysis

6.2.1 “Dir ect” and “thermal” hard-photon angular distrib utions

As discussedin Section3.2.1,theangulardistribution of bremsstrahlungphotons canbe
interpretedasthesumof anisotropic plusananisotropicdipolartermsin theframeof the
emitting source,accordingto thephenomenologicalexpression(3.6) [Berth87] inspired
by theclassicalds png� dWelementarycross-section.Theangulardistributionsmeasured

in thelaboratoryframecontainanadditionalLorentz-boostterm,Z �®• 1� *
1

�

b2
S

ž

�

1
�

bScosqlab � , fromwhichtheaveragevelocityof thephotonsourcebS canbeextractedafter
a two-dimensionalmoving-source�t of thesedistributionswith theequation:

�

ds
dW� lab

�

K
Z2

~

1
�

a ! a
sin2qlab

g

Z2 •

E0e


Ethr
hard ª g ¯

Z � E0
� (6.6)

wherea is theweightof thedipolecomponent,E0 is theenergy slopeparameterin the
sourceframeandK is anormalizationfactor, thefactorEthr

hard



g = 30(60)MeV is thelow-
energy thresholdfor Eg andissuesfrom theenergy integrationof thedouble-differential
ds png� dEgdWcross-section(equation(3.7)).

We have seenin the previous sectionthat above Eg = 60 MeV, the spectrumof hard-
photons producedin 36Ar+197Au, 107Ag, 58Ni, 12C is clearlydominatedby “pure” direct
hard-photonsin all four systems. Thus,integrating thesespectraaboveEg = 60 MeV for
differentequivalentsolid-angle regionswe obtainthe laboratoryangulardistributionsof
thedirecthard-photonsemittedin eachreaction(�gures 6.15,6.16,6.17,6.18,6.19).To
reducestatistical �uctuations,dueto theacceptanceand(energy-integrated)hard-photon
yields, thesix TAPS blocksweredivided in 24 equalsolid-angleq

�

f slices. For each
valueof thepolarangleq, thehard-photoncross-sectionhasbeenindividually measured
for thetwo associatedazimuthalangles	 f . This procedureallows alsoto assessquanti-
tatively thesystematicalerrorsin themeasureof ds � dWfor acertainq, giving individual
error barsfor the twelve (q, W) experimentalpoints. As in the caseof the energy spec-
tra, the(isotropic)cosmicbackgroundandthephotonscomingfrom thedecayof neutral
pionshavebeensubtractedfrom thosespectra.

A least-c2 �t of thesedistributionshasbeenperformedusingexpression(6.6)with the
parametersa andbS left free(K canbedirectlyrelatedto themeasuredyieldsatq � 90Š ,
andtheinitial �t valueof the inverseslopeparameter5 E0 is takenastheexperimentally
measuredEd

0 reportedin table6.2). Theobtainedvaluesfor a andbS arelisted in table
6.4.

Beforeanalyzingtheseresults,wewill applythesamesource-velocityanalysisfor the
laboratoryangulardistributionsof hard-photonswith energiesEg = 30 - 45 MeV. In this
region the presenceof the secondbremsstrahlungcomponentshows up moreintensely,
accountingroughly for 30% to 40% of the total hard-photonyield. A �t of the photon

5Mind thatnow thevaluesof E0 in eq.(6.6) correspondto theslopesin thelaboratory frame whichare
slightly lower thantheinclusiveE0's computedin theNN CM frame.
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Figure 6.15: Experimental angular distribution in the lab for hard-photonsabove 60 MeVmea-
sured in the system36Ar+197Au during the low counting-rate runs and �tte d (solid
line) according to equation (6.6).

Table6.4: Valuesof the“dir ect” hard-photon sourcevelocities bS, andanisotropy factors a, ob-
tainedafter a Least-Squares�t with equation (6.6) of thehard-photon laboratory an-
gular distributions above Eg = 60 MeV for the 5 systemsstudied (�gur es6.15, 6.16,
6.17, 6.18,6.19).Thevalues of theslopesEd

0 usedfor the�t are alsoreported.

Reaction bS a Ed
0 c2

� n
36Ar+197Au (lo) 0.16 	 0.04 0.1 	 0.2 20.2 	 0.4 1.1
36Ar+197Au (hi) 0.18 	 0.04 0.0 	 0.4 20.1 	 0.2 0.2
36Ar+107Ag 0.18 	 0.05 0.0 	 0.4 19.0 	 0.2 0.1
36Ar+58Ni 0.19 	 0.02 0.01 	 0.3 19.9 	 0.3 0.3
36Ar+12C 0.21 	 0.05 0.15 	 0.25 18.7 	 0.3 0.4
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Figure 6.16: Experimental angular distribution in the lab for hard-photonsabove 60 MeVmea-
sured in thesystem36Ar+197Au during thehigh counting-rate runs and �tted (solid
line) according to equation (6.6).
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Figure 6.17: Experimental angular distribution in the lab for hard-photonsabove 60 MeVmea-
suredin thesystem36Ar+108Ag and�tted (solid line) according to equation (6.6).
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Figure 6.18: Experimental angular distribution in the lab for hard-photonsabove 60 MeVmea-
suredin thesystem36Ar+58Ni and�tted (solid line) according to equation (6.6).
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Figure 6.19: Experimental angular distribution in the lab for hard-photonsabove 60 MeVmea-
suredin thesystem36Ar+12C and�tte d (solid line) according to equation (6.6).
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Table6.5: Valuesof the average hard-photonsource velocity ° bS±

, and the anisotropy factor a,
obtainedaftera Least-Squares�t of thelaboratoryangular distributionswith equation
(6.7)of hard-photonswith energiesEg = 30 - 45 MeVemittedin the5 studiedsystems.
Thevaluesof the local slopeparameters E0 in therange 30 - 45 MeVusedfor the �ts
are alsoreported.

Reaction c bSd

a E "

30



45MeV #

0 c2
� n

36Ar+197Au (lo) 0.13 	 0.01 0.0 	 0.1 11.5 	 0.4 1.4
36Ar+197Au (hi) 0.15 	 0.01 0.0 	 0.3 12.2 	 0.2 0.4
36Ar+107Ag 0.15 	 0.03 0.0 	 0.3 12.7 	 0.2 0.3
36Ar+58Ni 0.16 	 0.03 0.0 	 0.3 15.1 	 0.2 0.8
36Ar+12C 0.20 	 0.04 0.2 	 0.15 17.2 	 0.4 0.6

laboratoryangulardistributionswith thefollowingexpression(usingtheK andE0 exper-
imentally measured)yieldstheparametersa andbS listedin table6.5:

�

ds
dW� lab

�

K
Z2

~

1
�

a ! a
sin2qlab

g

Z2 •

E0 | e


30̄ Z � E0
�

e


45̄ Z � E0
}

(6.7)

A directcomparisonof tables6.4and6.5allowsto identify thedifferentcharacteristics
of thedirectandthermalbremsstrahlung photons.Themostinteresting�ndings arethe
following:

� “Direct” hard-photons: The laboratoryangulardistributionsof the photonsabove
60 MeV for thefour systemscanbevery well �tted with equation(6.6) indicating
anemissionfrom a singlesourcemoving with thenucleon-nucleoncenter-of-mass
velocity bS � bNN �

0.18(seetable4.4). This con�rms the expectedresultthat
directhard-photonsoriginatefrom individual �rst-chanceNN collisions.

� “Thermal” hard-photons: Theobtainedaveragesource-velocitiesbS for thesystems
36Ar+197Au,107Ag, 58Ni in theenergy region Eg = 30 - 45 MeV aresystematically
lower thantheonesmeasuredfor “pure” �rst-chancehard-photons(with Eg

� 60
MeV). Indeed,the presencein thesereactionsof a secondbremsstrahlungcom-
ponent,which issuespresumablyfrom later nucleon-nucleoncollisionswhenthe
initial velocities of the colliding nucleonshave beendamped,inducesa lowering
of the averagevelocity of the hard-photonmoving sourceby a factor10% - 25%
with respectto bS �

0.18 found for the higherenergy hard-photons. Sucha be-
haviour hadbeenalsoobservedfor heavy systemsin [Tam88, Tam89] andascribed
astheresultof bremsstrahlungfrom subsequentnucleon-nucleonscatterings.This
is not the casefor the 36Ar+12C systemwhereall photons(eitherabove 30 MeV
or above 60 MeV) areemitted from a mid-rapidity systemmoving with a velocity
compatiblewith the NN center-of-massvelocity bS = 0.20 	 0.02

�

bNN. This
resultcon�rms theabsenceof a thermalcomponentfor this systemasobservedin
its energy spectrum.
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� Thestrengthof thedipolecomponentin theangulardistribution, i.e. theanisotropy
parametera, is found to be basicallycompatiblewith zero for the threeheavier
systems (36Ar+197Au, 107Ag, 58Ni), althoughwith large(�tting) errors(

�

	 0.2),
whereasa = 0.20 	 0.15for the36Ar+12C reaction.Ontheoneside,thisfactseems
to disagreewith the usualvaluesfound in the literaturefor which the elementary
png dipolar term with weight a

�

0.1 - 0.3 is found in the angulardistributions
[Nife90]. On theotherside,it is alsoknown that the intensity of thedipolecom-
ponentis adecreasingfunctionof thetotalmassof thesystemasa consequenceof
theincreasedin�uence of secondarycollisions in themoremassive systemswhich
smearout thepreferred original beamdirectionof thecolliding nucleonsandtend
to renderthe photonangulardistributionsmore isotropic [Tam89]. The fact that
a

�

0 would thusqualitatively con�rm thenoticeablecontribution of an isotropic
bremsstrahlung componentissuingfrom second-chanceproton-neutroncollisions
in our heavier systems. It shouldbenoted,nonetheless,thatwith our TAPSsetup
the source-velocity �t is lesssensitive to the a parameterthan in other reported
experiments (seee.g. [Nife90]). The reasonis that, -as it canbe seenfrom the
forwardpeakingof thedipolecomponentin �gure 3.4-, theangulardistribution is
only basicallysensitive to thedipolaranisotropy at smallangles.In our setup,due
to theposition of theForwardWall in theforwardhemisphere,theminimummea-
suredphotonanglewith TAPSwasrestrictedto qg �

57Š . Thereforeno de�niti ve
conclusion canbe drawn on the absence(or existence)of the dipole component
for the threeheavy systemswith the present�t. Nonetheless,the conclusionthat
thestrengthof thedipolecomponentis larger for the lighter 36Ar+12C system, as
expectedfor pure�rst-chancebremsstrahlung in thatsystem, remainsstill valid.

6.2.2 Total hard-photon (Eg ²

30MeV) angular distrib utions

The observation that second-chancethermalhard-photonsproducedin the heavier sys-
tems are emitted from a sourcemoving at a velocity lower than the velocity of the
NN center-of-mass,at variancewith the sourcevelocity of direct hard-photonswhere
bS �

bNN, suggeststhatthethermalhard-photonsourcemoveswith the(lower)nucleus-
nucleuscenter-of-massvelocity: bAA(36Ar+197Au) = 0.05,bAA (36Ar+108Ag) = 0.08,and
bAA(36Ar+58Ni) = 0.13. Onecanattemptto assessthis assumption in a quantitative way
by consideringtherelativeweightsof thethermalto directhard-photoncomponentsin the
regionEg = 30- 45MeV: w(36Ar+197Au) = 0.40,w(36Ar+108Ag) = 0.30andw(36Ar+58Ni)
= 0.36.This relativeyieldswould lead6 to thefollowing weightedaveragesourceveloc-
ities: c bS

� 36Ar+197Au)
d

= 0.13, c bS
� 36Ar+108Ag)

d

= 0.15,and c bS
� 36Ar+58Ni)

d

= 0.16.
This resultis in closeagreementwith themeanvaluesextractedfrom themoving-source
�t (table6.5)usingeq. (6.7).

This assumption is corroboratedby the fact that the angulardistributions of hard-
photons with energy above 30 MeV measuredin the lab referenceframe (�gs. 6.20,
6.21,6.22, and6.23) canactuallybe reasonablywell reproduced(typical valuesof c2

perdegreeof freedomarein therangeof 1.0 - 2.0)with thedistribution expectedfor the

6Usingtheexpression: • bS
•

; w : bAA
k

M 1 ` wNr: bNN
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emission from a�rst-chancesourcewith slopeparameterEd
0 movingwith bd

S �

bNN plus
a second-chanceisotropic sourcewith slopeparameterEt

0 andbt
S �

bAA (the ratiosof
thermalto directintensitiesbeing�x edby thoseobtainedfrom theenergy spectra).Such
anexpression reads:

�

ds
dW� lab

�

K
Z2

~

1
�

a ! a
sin2qlab

g

Z2 •

Ed
0 e


30Z � Ed
0

!

K U

Z U

2 Et
0e


30Z U

� Et
0 (6.8)

whereEd 2 t
0 aretheslopeparametersof thedirectandthermalcomponentsin thesource

framerespectively, andZ � 1� * 1
�³�

bd
S�

2
v

�

1
�

bd
Scosqlab � andZ U

� 1�

*

1
�³�

bt
S�

2
v

�

1
�

bt
Scosqlab � are the Lorentz-boostfactorscorrespondingto the direct and thermal

sourcemoving framesrespectively, K � K U arethenormalization factorsassociatedto the
direct and thermalintensities Id and It respectively, and a is the weight of the dipole
component(only for thedirectcomponent).Thevaluesof thetwo sourcesvelocitiesbd

S
andbt

S aswell asthe intensity of the thermalcomponentobtainedwith sucha �t of the
angulardistributionsaresummarizedin table6.6.
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Figure 6.20: Experimental laboratoryangular distribution for hard-photons(Eg
� 30MeV)mea-

suredin thesystem36Ar+197Au during thelow counting-raterunsand�tted accord-
ing to equation (6.8). The hatched region indicatesthe estimated contribution of
thermalhard-photons,emitted isotropically froma sourcemoving with bAA.
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Figure 6.21: Experimental laboratory angular distribution for hard-photons(Eg
� 30MeV)mea-

sured in the system 36Ar+197Au during the high counting-rate runs and �tte d ac-
cording to equation (6.8). Thehatched region indicatesthe estimated contribution
of thermal hard-photons,emittedisotropically froma sourcemoving with bAA.

Table6.6: Direct and thermal hard-photon (Eg
� 30 MeV) source velocities obtained from a

double-source�t analysis,eq. (6.8),of thelaboratory angular distributions.

Reaction bd
S bt

S a It � Itot c2
� n

36Ar+197Au (lo) 0.17 	 0.02 0.06 	 0.01 0.13 	 0.08 22% 	 2% 2.0
36Ar+197Au (hi) 0.17 	 0.02 0.06 	 0.01 0.0 	 0.0 19% 	 2% 1.7
36Ar+107Ag 0.18 	 0.01 0.09 	 0.01 0.0 	 0.0 19% 	 2% 0.3
36Ar+58Ni 0.175 	 0.03 0.14 	 0.02 0.0 	 0.0 20% 	 2% 0.5
36Ar+12C 0.20 	 0.01 0.00 	 0.05 0.25 	 0.05 0% 	 2% 1.1
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Figure 6.22: Experimental laboratoryangular distribution for hard-photons(Eg
� 30MeV)mea-

sured in thesystem36Ar+108Ag and�tte d according to equation (6.8). Thehatched
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Figure 6.23: Experimental laboratory angular distribution for hard-photons(Eg
� 30MeV)mea-

sured in the system36Ar+58Ni and �tted according to equation (6.8). Thehatched
region indicatestheestimatedcontributionof thermalhard-photons,emittedisotrop-
ically froma sourcemoving with bAA.
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Figure 6.24: Experimental laboratoryangular distribution for hard-photons(Eg
� 30MeV)mea-

sured in the system 36Ar+12C and �tted according to equation (6.8). No thermal
hard-photon contribution (second term of eq. (6.8)) has beenconsidered in the
source-velocity �t analysis.
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6.3 Inclusivecharged-particleand fragment distrib utions

In this SectionI presentthe grossfeaturesof the multiplicity distributions of charged-
particles,MCP, detectedin theDwarf-Ball andForward-Wall multidetectorsystems and
producedin the36Ar+197Au reactionduringthelow counting-ratesruns,andthosemea-
suredonly in theForward-Wall for the36Ar+108Ag, 58Ni, 12C reactions.Themultiplicity
spectra,MLCP, of the light-charged-particles with Z

.

3, and that of the intermediate-
mass-fragments,MIMF , with 3 I Z I 10 measuredfor the 36Ar+197Au systemwill be
alsodiscussed.Theseresultswill constitute a useful tool for the exclusive analysisof
hard-photonproduction carriedout in thefollowingchapter.

6.3.1 Inclusivecharged-particle multiplic ities

The charged-particlemultiplicity, MCP, distribution, measuredfor the 36Ar+197Au re-
action includesall chargedhadronsdetectedbut not individually identi�ed (�g. 6.25).
Thisspectrumhasbeenconstructedfor eventssatisfyingaminimum-biasparticletrigger
(“DBor” or “FWor”) by addingthecharged-particlemultiplicities measuredseparatelyby
the Dwarf-Ball, MDB

CP , (�g. 6.26)andby the Forward-Wall, MFW
CP , (�g. 6.27)detectors.

TheMCP distribution hasa slowly decreasingplateauwhich extendsup to multiplicities
of approximately MCP �

13. The decreaseis followed thenby a sharplyfalling tail up
to the largestmultiplicity of detectedfragmentsat aroundMCP �

26. It hasto benoted,
however, that above MCP �

18 the possible contamination dueto pileup eventscannot
beneglectedanymore (thesepileupeventsroughly representa factor0.05%of the total
detectedevents, asgivenby theinteractionprobabilityvaluefor this reaction,table4.3).
Thisgeneraltrend,shiftedof courseto somewhatlowermultiplicities, is alsoobservedin
thecharged-particledistribution measuredby theDwarf-Ball (�g. 6.26)exceptthatin that
casetheplateauin the region of intermediatemultiplicities, MDB

CP = 5 - 9, is �atter. The
MFW

CP (�g. 6.27)distribution decreasesmorerapidlyup to MFW
CP �

13. Thesefeaturesre-
�ect thedifferentgeometricalacceptancesandpositionsof thetwoparticlemultidetectors,
andwill beexploitedin theexclusive analysisfor theeventselectioncriteria. In general,
thelowerandintermediatemultiplicitiescorrespondto peripheralandsemi-peripheralre-
actions,andonly the last bins correspondingto

�

5% of the integratedmultiplicity are
associatedwith themostcentralheavy-ion collisions,leadingto a largenumberof reac-
tion productsin theexit-channel(seethediscussionabouttheimpact-parameterselection
in Section7.1).

Themultiplicity distributions,MFW
CP , measuredin theForward-Wall for theotherthree

reactions36Ar+108Ag, 58Ni, 12C at 60A MeV (�gs. 6.28,6.29,and6.30)show a similar
shape.However, sincein thoserunstheDB wasabsent,thecompleteinformationabout
the reaction's global characteristicsis missing, andnotablythe relative scaleof impact-
parametersassociatedwith eachmultiplicity bin (seediscussion in Section7.1). More-
over, it hasto benotedthatdueto thehighercounting-ratesof thesereactions(seetable
4.3),thecontaminationby accidentaleventswheretwo nuclearcollisionsoccurwithin the
samebeamburstis notnegligibleabovethefollowingFW multiplicity values:M FW

CP �

8
for thetwo heavy systems andMFW

CP �

7 for the36Ar+12C one.
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Figure 6.25: Total inclusivecharged-particle multiplicity distributionfor thereaction36Ar+197Au
at 60AMeVmeasuredwith theDwarf-Ball andForward-Wall.
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Figure 6.26: Inclusive charged-particle multiplicity distribution detected in the Dwarf-Ball for
thereaction 36Ar+197Au at 60AMeV.
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Figure 6.27: Inclusivecharged-particle multiplicity distribution detectedin theForward-Wall for
thereaction 36Ar+197Au at 60AMeV.
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Figure 6.28: Inclusivecharged-particle multiplicity distribution detectedin theForward-Wall for
thereaction 36Ar+108Agat 60AMeV.
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Figure 6.29: Inclusivecharged-particle multiplicity distribution detectedin theForward-Wall for
thereaction 36Ar+58Ni at 60AMeV.
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Figure 6.30: Inclusivecharged-particle multiplicity distribution detectedin theForward-Wall for
thereaction 36Ar+12C at 60AMeV.

156



157 Inclusiveexperimentalresults

6.3.2 InclusiveLCP and IMF multiplici ties

Themeasuredmultiplicity distributionsfor light-charged-particles,MLCP, andinter-mediate-
mass-fragments,MIMF , detectedin theDwarf-Ball andForward-Wall, areshown in �g.
6.31andin �g. 6.32respectively. Whereasthede�nition of LCP assmallnuclearfrag-
mentshaving a charge Z

.

3 (i.e. the differentisotopesof H andHe) is unambiguous,
this is not the casefor the de�nition of IMFs. For the 36Ar+197Au reaction,sincethe
chargeof theprojectileis Zp = 18, thedomainof intermediate-mass-fragmentsIMF will
be de�ned asfragmentsdetectedin the DB andhaving a charge comprisedbetweenZ
= 3 andZ = 10, this de�nition ensuresthat the detectedIMF arelikely to be produced
in “multifragmentation”-likereactionsemittedmostly in themorebackwardshemisphere
coveredby theDB. ThisreducesconsiderablytheIMF potentially comingfromprojectile-
like fragmentsafterevaporation(i.e. Ar-likeresidues)issuingfrom moreperipheralreac-
tions. TheseparationbetweenLCPsandIMFs for eachmultidetectoris carriedoutusing
thepulse-shapemethods detailedin Sections5.5and5.6.

The total distribution MLCP (�g. 6.31) shows a trendand shapevery closeto that
of the MCP spectrum. This is not surprisingand is just an indication that mostof the
charged-particlesemittedin the 36Ar+197Au reactionare actually “light” charged par-
ticles (protons,deuterons,tritons and a's). As a matterof fact, the percentageof the
total charge detectedin the form of IMFs, within the DB particleacceptance,amounts
to roughly

�

25%,andagainonly
�

25%of thenuclearreactionsleadto exit channels
with at leastonedetectedIMF (�g. 6.32). TheaverageIMF multiplicity observedin the
DB for the36Ar+197Au reactionis c MIMF d„�

1.3. Thedistribution itself presentsasharp
exponential-like decreasewith increasingIMF multiplicity. Only 5% of the reactions
producingan intermediate-massfragmentcan be actually considered“true” multifrag-
mentation reactionsfor which MIMF B 3. The IMF distribution extendsup to values
aboveMLCP �

10,but mostof thereactionswith MIMF B 7 aredueto pileupeventsasit
canbeinferredfrom thesmallchangein theslopeof thedistribution (nonetheless,these
reactionscanstill be considered“true” multifragmentationreactionssince,even in the
caseof e.g. two consecutive reactionssimultaneouslyrecorded,their singleMIMF values
arealwaysabove3).

TherelationshipbetweenthedetectedIMF multiplicity andthemeasuredtotalcharged-
particlemultiplicity (�g. 6.33)helpsto characterizethereactionsin whichIMFs areemit-
ted.Reactionswith oneor two IMFs areobservedin thewholerangeof charged-particle
multiplicities,MCP = 1 - 20,i.e. in reactionswith all possible impact-parameters,but they
show a maximum for MCP = 5 - 10, i.e. for semi-peripheral/semi-centralreactions.As
expected,multifragmentationreactions(with MIMF B 3) areincreasinglymoreprobable
for progressively morecentralreactionsfor which,at least,MCP B 10.
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Figure 6.31: Inclusive light-charged-particle (LCP) multiplicity distribution detected in the
Dwarf-Ball for thereaction 36Ar+197Au at 60AMeV.
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Figure 6.32: Inclusiveintermediate-mass-fragment(IMF) multiplicity detectedin theDwarf-Ball
for thereaction 36Ar+197Au at 60AMeV.
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Figure 6.33: Bidimensional plot (logz scale) of the intermediate-mass-fragmentmultiplicity de-
tected in theDB (MIMF ) asa function of thetotal charged-particle multiplicity (MCP)
detectedin theDwarf-Ball for thereaction36Ar+197Au at 60AMeV.
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6.4 Inclusivecross-sectionsand multiplici ties

6.4.1 Cross-sectionsformulae

Theinclusivecross-sectionof acertainreactionproductX, measuredwith acertaintrigger
t, canbeexperimentally calculatedusingthefollowing expression:

s t
X

�

mb�´�

1
et

X
v C v

SDt

Tt
v Nt

X (6.9)

where:

� et
X is thedetectionef�ciency of the trigger for thereaction-productX. It contains

thedetectorresponse(acceptance,electronicsthresholds...) andalsotheef�ciency
of the identi�cation andreconstructionproceduresof the analysis. It is obtained
throughpropersimulationsof theexperimentalsetupwith theGEANT-basedKANE
package.

� C � 1027
�

�

NincNat � cm2 � is the“usual” cross-sectionnormalizationfactorthattakes
into accountthenumberof targetnucleipercm2 (Nat � cm2 � Nav

�

d � 1000�-� A, for a
targetwith atomicnumberA, andthicknessd expressedin mg/cm2), andthenum-
ber of incidentbeamparticlesNinc during theexperiment. (Nav is the Avogadro's
numberand1027 aconversionfactorto expressCt in mb).

� SDt is theDAQ scale-down factorof thetriggert, calculabledividing theinhibited
triggercounting-rateby thereducedtriggercounting-rate(seebelow).

� Tt is thelife-time of thetriggert, de�ned astheratiobetweentheraw andinhibited
triggercounting-rates(seebelow).

� Nt
X is the numberof reaction-productsX detectedby the trigger t. Thus,e.g. for

X � gandaphotontriggersuchast=“TAPSNEU LO*FOWA MUL1” or t=“TAPS
NEU LO*DB MUL1”, Nt

g is obtainedby integrating the photonspectrumabove
30 MeV aftercosmicandpion subtraction.Similarly, for X � CP, with a particle
trigger suchast=“FOWA MUL1” or t=“DB MUL1”, Nt

CP is obtainedintegrating
themeasuredcharged-particlemultiplicity distributions.

The valuesof Ninc, SDt andTt areobtainedusingthe information storedon tapeby
thescalerselectronicsmodules.A “scalersubevent” is written on taperoughlyevery 2
seconds(actuallyevery

�

2000recordedevents) andcontainsfour basic(accumulated)
parameterspertrigger:

� The integratedbeamcurrentQbeam collectedby the Faraday-cup5 metersaway
from the reactionchamber. This valuepermitsto calculatethe actualnumber of
Ar-beamparticles,Ninc, incidenton the target during the experimentvia: Ninc �

Qbeam�

�

Qx

ArQe � , whereQx

Ar � 18 is the charge of the (fully stripped)Argon ion
�nally arriving at theFaradaycupandQe theelectronchargemagnitude.

� Theraw numberof eventssatisfying thetriggerconditionsNraw (“raw scalers”).
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Table6.7: Ef�ci encies of TAPSfor inclusive hard-photon andneutral pion detection (seeSection
6.1.4), and charged particle ef� cienciesof the Dwarf-Ball and Forward-Wall calcu-
lated with KANE/FREESCO simulationsfor the�ve reactionsstudied.

Reaction eg ecp eg
s

cp ep0

36Ar+197Au (lo) 12.6% 	 0.3% 71.5%	 0.3%(DB) 12.4% 	 0.5%(DB) 1.75% 	 0.1%
78.7%	 0.3%(FW) 12.4% 	 0.5%(FW)

36Ar+197Au (hi) 13.8% 	 0.5% 78.7%	 0.3%(FW) 13.7% 	 0.5% 1.75% 	 0.1%
36Ar+108Ag 13.8% 	 0.5% 74.7%	 0.3%(FW) 13.7% 	 0.5% 1.75% 	 0.1%
36Ar+58Ni 13.8% 	 0.5% 71.2%	 0.3%(FW) 13.5% 	 0.5% 1.75% 	 0.1%
36Ar+12C 13.8% 	 0.5% 50.3%	 0.3%(FW) 12.3% 	 0.5% 1.75% 	 0.1%

� Theactualnumberof eventsacceptedby thetriggerNinh (“inhibitedscalers”).(Due
to thetriggerdead-time,in generalNinh I Nraw).

� Theactualnumberof triggereventsrecordedon tapeNred (“reducedscalers”)after
applying theselectedDAQ reduction-factorof thetrigger(seetables4.12and4.13).

6.4.2 Charged-particledetectionef�cien cies

To calculatethe ef�ciencies of the Dwarf-Ball andForward-Wall charged-particlemul-
tidetectors,we usetheFREESCO eventgeneratorimplementedinto theKANE package.
FREESCO [Fai86] is anevent-generatorwhich simulatestheproduction of nuclearfrag-
mentsand particlesissuinga nucleus-nucleusreactionassuming that they are emitted
statistically from a primaryhot nucleuswith a giveninputexcitationenergy7 es . Theef-
�ciency of aninclusiveDB andFW triggerfor theobservationof agivennuclearreaction
is calculatedby simulating 10.000nuclearreactionswith KANE/FREESCO andcount-
ing the total numberof reactions�nally “detected”by the two phoswichmultidetectors.
A reactionis said to be detectedby the DB or the FW if at leastonehit (correspond-
ing to a LCP or heavier nuclearfragment)is detectedby eachmultidetectorrespectively.
The averagethresholdsof the absorbersof the DB andFW phoswiches(around1 - 2
MeV/nucleonfor thedifferentparticles)havebeenincludedin thesimulations,aswell as
the“software” thresholdvaluesof thediscriminators. With thoseconditionstheobtained
inclusive particleef�ciencies of theDwarf-Ball andForward-Wall arelisted in table6.7
for thefour systemsstudied.

Fromtable6.7 it canbeseenthatboththeDB andtheFW arecapableof observing
morethan70% of the total nucleus-nucleusreactionsproducedin thedirect kinematics
systems (36Ar+197Au, 108Ag, 58Ni), and

�

50% in the reversekinematics36Ar+12C re-
action. Only the mostperipheralnuclearreactionsleadingto the emission of particles
alongthebeam-pipe(i.e. with q

.

2 � 4 Š ) arenotdetectedby oursetup.It is notsurprising
thattheef�ciency of theForward-Wall (coveringaround4% of thesolid-angle) is some-
whatlargerthanthatof theDwarf-Ball (whichcoversalmost80%of 4p) since,obviously,

7In FREESCO theinitial nucleus excitation energy, eu , is assessedfrom thereactionimpactparameter,
theincident bombardingenergy andtheparticularprojectile-targetcombination.

161



Inclusiveexperimental results 162

the FW coversthe mostforward hemisphereof the reactionwheremostof the reaction
products,emittedin the relatively moreprobableperipheralreactions,arekinematically
focusedin such�x ed-targetexperiments.

6.4.3 Hard-photon detectionef�ciency

Theef�ciency for hard-photondetectionof our setupis calculatedwith theKANE pack-
age assumingfor eachheavy-ion reactionthat hard-photonsare emitted with an ex-
ponential distribution8 with the experimentallymeasuredslopeparameterEd

0 , from a
sourcemoving with the experimentally measuredaveragevelocities listed in table6.5.
The angulardistribution is taken as the sum of an isotropic and a dipolar term with
anisotropy factor a � 0 � 0

�

0 � 2. The meanef�ciency due to the detectorresponse,
is calculatedsimulating with KANE the emission of 10.000hard-photonsaccordingto
the former energy andangleinput distribution andby dividing this number by the ac-
tual numberof hard-photons�nally “detected”. The resultof sucha procedureyields
eTAPS

g � 14� 4% 	 0 � 5% for the four targetsduring the high counting-rateruns (with-
out theDwarf-Ball), andeTAPS

g � 13� 1% 	 0 � 5%for thelow counting-ratesruns(where
somee




ex pair-productionof the hard-photonstakesplacewithin the Dwarf-Ball ma-
terial). The 	 0.5%quotederror includestheslightly differentsourcevelocitiesfor the
four systemsandtheuncertaintyonthedipolarcontribution to thetotalhard-photonyield
(a � 0.0 - 0.2). The valuesof eTAPS

g arevery closeto thepuregeometricalacceptance
of the six TAPS blocksaroundthe target which cover about15% of the total solid an-
gle. The whole identi�cation andreconstructionphotonanalysisusedfor the real data
is appliedto the simulateddata,the meanef�ciency of this Rosebud-basedanalysisis
eRosebud

g �

96� 0% 	 1% for all systems.The �nal ef�ciency, eg � eTAPS
g v eRosebud

g , for
hard-photondetectionis, thus,eg � 13� 8% 	 0 � 5% for thehigh counting-ratesrunsand
eg � 12� 6% 	 0 � 5%for thelow ratesones(Table6.7).

It hasto betakeninto account,however, that in all our experimentalresultsconcern-
ing photonproductionwe have not considereda “pure” photontrigger but a combined
“photon*(minimum-biasparticle)” one. The reasonis, asexplainedin Section6.1.3,to
assuretheselectionof photonsreallyproducedin anuclearreaction(observedby thepar-
ticle multidetectors)andthusto minimizeothersignalscomingfrom,e.g.,acosmicback-
groundevent.Therefore,to correctlyapplyformula(6.9) to computethegcross-section,
onehasto usethe proper(mixed trigger) ef�ciency eg

s

cp. In the caseof hard-photons,
eg

s

cp shouldbecloseto eg becausetheproductionof abremsstrahlung photonsrequiresa
rathercentralimpact-parameterreactionwhich leadsalsoto theemissionof nuclearfrag-
mentsandparticlesrecordedby theFW or DB trigger. To exactly quantify thevalueof
eg

s

cp, onecarriesout a KANE/FREESCO particlesimulationto obtainthedistribution of
impact-parameters(�g 6.34)“seen”by ourmultidetectors(i.e. thevaluesof b which lead
to somechargedparticleemittedwithin theacceptancewindows of theDB andFW and,
thus,satisfying theparticletriggerconditions).

As expectedfrom the computedabsoluteparticleef�ciencies, ecp , (Section6.4.2),
the two charged-particledetectorshave a

�

100% ef�ciency for the centraland semi-

8For thehard-photonef�ciency calculationsof oursetup,theadditional considerationin thesimulations
of thesecondthermalexponentialdoesnot introduceany noticeable change.
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Figure 6.34: Input distributionof impact-parameters,b, for the36Ar+197Au eventsgeneratedwith
FREESCO (solid line), anddistributionof impact-parametersof thefraction of these
simulated eventswhich verify the “minimum-bias” particle trigger (dashed line).
Thedistribution of impact-parameters for eventsleading to theemission of a hard-
photon in such a heavy-ion reaction according to the“equal participant” geometri-
cal modelis alsoindicated(dottedline).
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centralreactionsin thefour systems(e.g.b
.

7 fm in �g. 6.34).For increasingimpact-
parameters,however, the inverse-kinematicsreaction(36Ar+12C) leadsto exit-channels
whosefragmentsareprogressively lessdetected.This is alsothecasefor thethreeheavier
systems but for muchmoreperipheralreactions.To calculatetheef�ciency of thecom-
binedeg

s

cp triggers,onefolds the particleef�ciency asa function of impact-parameter
obtainedfrom thesimulations(dashedline in �g. 6.34)with theknown impact-parameter
dependenceof the hard-photonyield as given by the geometrical“equal-participant”
model(dottedline in �g. 6.34obtainedfrom equations(3.12)and(3.13)). This proce-
dureyieldsthe�nal combinedeg

s

cp ef�ciencies listedin table6.7. For thethreeheaviest
systemseg

s

cp �

eg, andfor thelightestsystemeg
s

cp �

0 � 89eg.

6.4.4 Total reactioncross-sections

To computethe reactioncross-sectionone appliesequation(6.9) for a minimum-bias
(particle) trigger, “DBor s.d.”9 for the low-counting-ratesruns, and “FWor”10, for the
high-counting-ratesruns. Nreact is obtainedintegrating the measuredcharged particle
multiplicity distributions (plots 6.25 and6.28 - 6.30). The valuesof the total reaction
cross-sectionsfor the5 systemsstudiedarelistedin table6.8. Thereactioncross-section
for the36Ar+197Au system,hasbeencalculatedwith thetwo aforementioned“DBor s.d.”
and“FWor” minimum-biastriggers(the latter for the low andhigh counting-ratesrun)
giving threeexperimental valuesfor s exp

R . The associatederrors,of the orderof 10%,
containeffectsof statisticalnature(in thenumberof counts,Nreact , or in thenumberof
incidentparticles,Ninc, determinedfrom the Faradaycup beamcharge integration) and
of systematical nature(mainly dueto theuncertaintiesin thedifferenttarget thicknessd
(mg/cm2)). At thispoint,it hasto beindicated,however, thatto obtainthereportedcross-
sections,the inhibitedvaluesof the triggercountingratesNinh given by the“scalers”on
tapehave not beentaken into account,but insteadthe raw valueshave beenconsidered
dueto somescalersrecordingproblem(seebelow). Theconsideration Ninh �

Nraw is true
with certaintyfor thelow counting-raterunsfor which thelow interactionprobability al-
lowedthewholeset-upto work withoutany appreciable(trigger)dead-time.For thehigh
counting-ratesthe trigger lifetime is not 100%andthus,in general,Ninh .

Nraw. How-
ever, duepresumablyto an error in the DAQ scalersoutput, the recordedvalueof Nraw
seemsto bevery closeto theexpectedNinh, andNinh seemsto bemuchtoo low. This ef-
fectapart(whichonly affectsthehighcounting-ratevalues),themeasuredreactioncross-
sectionsarecertainly in an excellentagreementwith the nucleus-nucleus(geometrical)
reactioncross-section(seeformulain Appendix4).

9“DBor s.d.” is de�ned asat leastonehit in a Dwarf-Ball module andit is recorded on tapewith a 10
“scale-down” (s.d.)pre-triggerfactor(seeSection4.7.4).

10“FWor” is de�ned asat leastonehit in theForward-Wall detector.

164



165 Inclusiveexperimentalresults

Table6.8: Inclusiveexperimental and theoretical (geometrical) total reaction cross-sections for
the �ve systemsstudied in this experiment. Thecross-sections for the36Ar+197Au re-
action are given for threedifferentconsideredtriggers (two for thelow counting-rates
runs andonefor thehigh counting-ratesruns),aswell astheir average value.

Reaction sexp
R (mb) s theo

R (mb)
36Ar+197Au (lo DB) 4372 	 560 4600
36Ar+197Au (lo FW) 4592 	 592 4600
36Ar+197Au (hi FW) 4343 	 526 4600
36Ar+197Au (av.) 4426 	 321 4600
36Ar+108Ag 3960 	 481 3850
36Ar+58Ni 3306 	 406 3240
36Ar+12C 3120 	 700 2240
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Table6.9: Inclusiveexperimentalandtheoretical hard-photoncross-sectionsfor thefour systems
studied in this experiment. Thecross-sectionsfor the36Ar+197Au reaction are given
for threedifferentconsideredtriggers (two for thelow counting-ratesrunsandonefor
thehigh counting-ratesruns), aswell astheir average value.

Reaction sexp
g (mb) ssys

g (mb)
36Ar+197Au (lo, g µ DB) 3.80 	 0.34 3.9
36Ar+197Au (lo, g µ FW) 3.79 	 0.34 3.9
36Ar+197Au (hi, g µ FW) 3.80 	 0.29 3.9
36Ar+197Au (av.) 3.80 	 0.18 3.9
36Ar+108Ag 3.09 	 0.25 2.8
36Ar+58Ni 1.71 	 0.14 1.9
36Ar+12C 0.60 	 0.12 0.5

6.4.5 Hard-photon production cross-sectionsand multiplici ties

Usingequation(6.9)for aminimum-bias(photon)triggerlike“TAPSNEU LOW * DB1”
for thelow-counting-ratesruns,and“TAPSNEULOW*FW1” for thehigh-counting-rates
runs,and integratingthe hard-photonenergy spectraabove Eg = 30 MeV after cosmic
andpion subtraction(i.e. integrating plots 6.5 - 6.9), we obtainthe experimental hard-
photonproductioncross-sections11 listed in table 6.9. They are in order of the 0.5 -
5.0 milibarnsdependingon the target size. The associatederrorsaremainly dueto the
uncertaintiesin the differenttarget thicknessd (mg/cm2). Thesevaluesof sexp

g arein a
verygoodagreementwith theexpectedvaluesobtainedfrom thesystematicsby applying
theformula(3.8)givenin Section3.2.1.

Apart from theabsolutehard-photonproductioncross-section,s g, two otherclosely-
relatedquantitiesarealsophysically relevantfor thefull characterizationof hard-photon
emission:

� the hard-photonmultiplicity, Mg, i.e. the probability of producinga hard-photon
pernuclearreaction,and

� theprobability, Pnpg, of emission of ahard-photonperindividual pncollision.

Experimentally, Mexp
g is simplyderivedfrom theratioof themeasuredhard-photonto

nuclearcross-sections:

Mexp
g �

sexp
g

sexp
R

(6.10)

This quantityis muchmorefree of possibleexperimental and/orsystematicalerrors
thansexp

g , sincethefactorC � 1027
�

�

NincNat � cm2 � is cancelledin bothtermsof thefrac-
tion. Therefore,any uncertaintyin the valueof the target thicknessor in the integrated
beamcurrentdoesnotaffect thecalculationof Mg. Moreover, theaforementionedtrigger

11Theaforementioneddiscussionabout thescalerscounting-ratesalsoholdsfor thehard-photoncross-
sectionsmeasured for thehighcounting-ratesruns.
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counting-rateerror in thehigh-intensityrecordedscalersis skippedbecauseapproxima-
tively bothlifetime factorsfor thehard-photonandparticletriggers,enteringin thecalcu-
lationof sexp

g andsexp
R respectively, haveaveryclosevaluein all thecases.

Thehard-photonprobability per pn collisions, Pexp
npg, is obtainedby dividing Mexp

g by the
impact-parameteraveragedtotal number of individualproton-neutroncollisions, c Npnd b
whichis computedfrom the“equal-participantmodel”parametrizationgivenby equation
(3.10):

Pexp
png �

Mexp
g

c Npnd b
(6.11)

Theexpectedvalueof Msys
g is givenby theexperimental systematicsof hard-photon

production(via the factor Psys
g ) and by the “equal participantmodel” prescriptionfor

incoherentpnbremsstrahlung(through c Npnd b):

Msys
g � Psys

g c Npnd b (6.12)

Psys
g �

�

6 � 3 	 0 � 1�‹v 10 


4
v e


30
w

MeV
y

� E0 (6.13)

Employing expressions(6.10) and (6.11), togetherwith (3.10), oneobtainsfor the
four studiedsystemsthe experimental valuesMexp

g andPexp
png listed in table6.10 and in

table6.11respectively. Thesevaluesareglobally in very goodagreementwith the sys-
tematicsof hard-photonproductionper pn collision asa functionof the incidentenergy
(�g. 6.35).Specially, in thecaseof thetwo heaviesttargets(Au andAg) theagreementis
at thelevel of

.

5%,andsomewhatworsefor theNi (
�

8%)andC (
�

15%)targets.Even
with the experimentally observed 20%contribution of thermalbremsstrahlungphotons,
themeasuredvaluesof thehard-photoncross-sections,multiplicitiesandprobabilitiesper
pncollisionarenotsigni�cantly shiftedfrom theresultsexpectedfrom thecollectedsys-
tematicsfor hard-photonproductionin incoherentpn collisions. This is not surprising
sinceweknow thatthephenomenological formulasof thesystematics(whicharegrossly
accuratewithin a factortwo, see�g. 6.35)have beenderived from �ts to experimental
dataof heavy systemswhich alsocontaina second-chancebremsstrahlungcomponent
(althoughthis additionalcomponenthadnot beenexplicitly identi�ed in the spectraso
far).

Theexperimentalthermalbremsstrahlung multiplicities pernuclearreaction,M t
g, and

thermalprobabilitiesper pn collision, Pt
png, obtainedfrom Mexp

g , Pexp
png andthemeasured

ratiosIt � Itot , i.e. via:
�

Mt
g � Pt

png�”� It � Itot
�

Mexp
g � Pexp

png � , arereportedin table6.12.

A summaryof theexperimental total,Mg, andthermal,Mt
g, bremsstrahlung multiplic-

itiespernuclearreactionarecollectedin table6.13,wherewehavealsoaddedthevalues
obtainedin the 86Kr(60A MeV)+58Ni reactionstudiedat the samebombardingenergy
[Mart94]. Themostinteresting aspectof thesehard-photonmultiplicities Mg (eithertotal
or “thermal”) is that they areneatlycorrelatedwith themeannumberof neutron-proton
collisionsfor eachreaction(�g. 6.36).This is justadirectevidencethattheprobability of
producingahard-gpernuclearreactionis proportionalto thenumberof pncollisions,i.e.
that they result from the incoherentsummation of individual proton-neutroncollisions
within the participantzone. The distribution of thermalmultiplicities, M t

g, shows (�g.
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Table6.10: Inclusiveexperimental and theoretical hard-photonmultiplicities per nuclear reac-
tion, Mg, for thefour systemsstudied in this experiment.Theexperimental multiplici-
tiesfor the36Ar+197Au reaction are givenfor threedifferentconsideredtriggers (two
for thelow counting-ratesrunsandonefor thehigh counting-ratesruns), aswell as
their average value.

Reaction Mexp
g Msys

g
36Ar+197Au (lo g µ DB) (8.67 	 1.35)v 10




4 (8.5 	 0.1)v 10



4

36Ar+197Au (lo g µ FW) (8.26 	 1.24)v 10



4 (8.5 	 0.1)v 10



4

36Ar+197Au (hi g µ FW) (8.87 	 1.24)v 10



4 (8.5 	 0.1)v 10



4

36Ar+197Au (av.) (8.62 	 0.74)v 10



4 (8.5 	 0.1)v 10



4

36Ar+108Ag (7.81 	 1.17)v 10



4 (7.3 	 0.1)v 10



4

36Ar+58Ni (5.48 	 0.82)v 10



4 (6.0 	 0.1)v 10



4

36Ar+12C (1.91 	 0.57)v 10



4 (2.4 	 0.1)v 10



4

Table6.11: Inclusive experimental and theoretical hard-photon probabilit ies per pn collision,
Ppng, aswell as(impact-parameter averaged)numberof pncollisions, ° Npn± b, for the
four systemsstudiedin thisexperiment.Thevaluesgiven for the36Ar+197Au reaction
correspondfor threedifferentconsideredtriggers(twofor thelow counting-ratesruns
andonefor thehigh counting-ratesruns),aswell astheir average value.

Reaction Pexp
png Psys

png c Npnd b
36Ar+197Au (lo g µ DB) (1.24 	 0.20)v 10




4 (1.24 	 0.02)v 10



4 6.8
36Ar+197Au (lo g µ FW) (1.18 	 0.18)v 10




4 (1.24 	 0.02)v 10



4 6.8
36Ar+197Au (hi g µ FW) (1.27 	 0.18)v 10




4 (1.24 	 0.02)v 10



4 6.8
36Ar+197Au (av.) (1.23 	 0.14)v 10




4 (1.24 	 0.02)v 10



4 6.8
36Ar+108Ag (1.37 	 0.21)v 10




4 (1.29 	 0.02)v 10



4 5.7
36Ar+58Ni (1.22 	 0.18)v 10




4 (1.33 	 0.02)v 10



4 4.5
36Ar+12C (1.07 	 0.32)v 10




4 (1.35 	 0.02)v 10



4 1.8
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Figure 6.35: Systematics[Schu97] of measured photon emission probabilities per pn collision,
Pexp

png, asa function of the(Coulomb-corrected)bombarding energy per nucleon (see
also�g . 3.5). Our dataare representedby stars. Thesolid line representsa �t to eq.
(6.13).

Table6.12: Inclusive experimental thermal bremsstrahlung multiplicities per nuclear reaction,
Mt

g, and thermal probabilities per pn collision, Pt
png, for the four systemsstudied in

this experiment. Thevalues givenfor the36Ar+197Au reaction correspondfor three
differentconsideredtriggers (twofor thelow counting-ratesrunsandonefor thehigh
counting-ratesruns),aswell astheir average value.

Reaction Mt
g Pt

png
36Ar+197Au (lo g µ DB) (1.60 	 0.26)v 10




4 (0.23 	 0.02)v 10



4

36Ar+197Au (lo g µ FW) (1.53 	 0.25)v 10



4 (0.22 	 0.02)v 10



4

36Ar+197Au (hi g µ FW) (1.68 	 0.25)v 10



4 (0.24 	 0.02)v 10



4

36Ar+197Au (av.) (1.61 	 0.16)v 10



4 (0.23 	 0.02)v 10



4

36Ar+108Ag (1.16 	 0.19)v 10



4 (0.20 	 0.02)v 10



4

36Ar+58Ni (1.07 	 0.17)v 10



4 (0.24 	 0.02)v 10



4

36Ar+12C (0.0 	 0.30)v 10



4 (0.00 	 0.02)v 10



4
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Table6.13: Total, Mg, and thermal, Mt
g, bremsstrahlung multiplicities per nuclear reaction mea-

sured in the four systemsstudied in this experimentand in the86Kr(60A MeV)+58Ni
reaction [Mart94]. The (impact-parameter averaged) number of pn collisions,

° Npn± b, is also indicated.

Reaction Mg Mt
g c Npnd b

86Kr+58Ni (8.29 	 0.50)v 10



4 (2.05 	 0.14)v 10



4 7.0
36Ar+197Au (8.62 	 0.74)v 10




4 (1.61 	 0.16)v 10



4 6.8
36Ar+108Ag (7.81 	 1.17)v 10




4 (1.16 	 0.19)v 10



4 5.7
36Ar+58Ni (5.48 	 0.82)v 10




4 (1.07 	 0.17)v 10



4 4.5
36Ar+12C (1.91 	 0.57)v 10




4 (0.00 	 0.30)v 10



4 1.8

6.36)two differenceswhencomparedto thetotal Mg distribution: (1) a lower slope,and
(2) anoffset in thenumber of pn collisions, c Npnd b, for which Mg = 0. Whereasthe�rst
observation indicatesthattheprobabilityof emitting athermalhard-photonis smallerdue
to thelower energy availablein secondarypn scatterings,thesecondoneseemsto point
out to theexistenceof a thresholdin thenumberof pncollisionsbelow whichno thermal
bremsstrahlung emission takesplace. Accordingto this interpretation,c Npnd b �

2 (see
�g. 6.36) would be the minimal (impact-parameteraveraged)valueof proton-neutron
collisionsin a systemfor which secondarycollisions, andthereforethermalization,can
occur.
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Figure 6.36: Experimental total, Mg, andthermal, Mt
g, hard-photon multiplicities per nuclear re-

action plotted asa function of the (impact-parameteraveraged) numberof pn col-
lisions, ° Npn ± b, in the �ve reactionsstudiedby theTAPScollaboration at 60AMeV
bombarding energy (the four systemsof the present experiment plus the86Kr+ 58Ni
onestudied at GANIL in 1992[Mart94]). Thesolid anddashedlinesare linear �ts
to thedatapoints.
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Sofar, wehaveonly discussedpurelyinclusive, i.e. impact-parameterintegrated,ob-
servables(hard-photonenergy spectra,angulardistributionsandabsolutecross-sections
andmultipliciti es). Signaturesof moreinterestingphenomenaproducedin compressed
andhot nuclearsystemsundergoing e.g. a multifragmentationprocess,aremorelikely
to bedetectedin central,i.e. smallimpact-parameter, collisionsthanin impact-parameter
integratedones.In the latter, thecontributionsfrom largecentralityeventsareweighted
very litt le becauseof d2b � bdbdf . Whereasin the inclusive studydevelopedin the
formerchapter, the�nal stateof theproducednuclearsystemsis not known, in exclusive
analysis,speci�c channelsof the�nal-statecanbeselectedandstudied.In orderto obtain
moreinformation aboutthemechanismof fragmentandthermalhard-photonproduction
in theconsideredheavy-ion reactions,onehastogo,therefore,onestepbeyondthesingle-
particlemeasurementsandinvestigatethecorrelationsbetweenfragmentsandphotonsin
an exclusive manner. In this Sectionwe will investigate the dependenceof the energy
spectraandphotonyieldson the impact-parameter, mainly for thedatacollectedfor the
36Ar+197Au systemduringthelow counting-ratesrunsfor which thewholeparticlesetup
(DB+FW) wasoperating.

7.1 Event selection

We areinterestedin isolating centralandperipheralcollisionson anevent-per-eventba-
sisby selectingoneglobalexperimentalvariablecorrelatedwith theimpact-parameterof
the reaction. Several of suchobservableshave beenproposedandusedin differentex-
perimentsasit hasbeenmentionedin Section2.1.2(for a recentreview comparingthe
differentmethodsseee.g.[Fran97]). Thetotalchargedparticlemultiplicity Mcp hasbeen
usedsincelong [Sto80]asa selectorof thereactioncentralityin heavy-ion experiments.
Thehigherparticlemultiplicity beingrelatedwith thesmallerimpactparameterandvice
versa,anintuitiveassumptionsupportedbynumericalcalculations.Asamatterof fact,re-
lying onageometricalmethod[Cava90]andsupposingamonotonic dependencebetween
theimpactparameterb andMcp, it is actuallypossible to quantitatively correlateacertain
multiplicity to a certainvalueof b (within theintrinsicalstatistical �uctuations). In such
“sharpcut-off approximation” [Cava90,Kim92], by e.g. gatingon the top (bottom)

�

5% of thetotal charged-particlemultiplicity distributions,onecandetermineanapprox-
imatecentralityscalecorrespondingto areducedimpactparameterof b� bmax �

0.2(0.8).

Suchgeneralapproachfor selectingperipheralandcentralcollisionswill beapplied
in ourcaseto studythehard-photonspectraandyieldsasa functionof impact-parameter.
Nonetheless,it turnsout that,sincehard-photonsareonly produced“subthreshold”, i.e.
in single nucleon-nucleoncollisionsmakinguseof theFermimotion, thenumber of NN
collisionswill lowerwith increasingimpactparameterandhenceit will becomelessprob-
ablethat two nucleonswith suf�cient relative momentumcollide. This factconcentrates
the productionof hardphotons at low impactparameters,aswe have mentioned in the
discussion of theef�ciency for g-particletriggers(Section6.4.3).Therefore,theselection
of nuclearreactionsin which a hardphotonis detectedimplies intrinsically an impact-
parameterbiastowardsrathersemi-centralreactions.
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This is apparentin the total particlemultiplicity distribution, M tot
cp , measuredin the

DB andFW whena coincidentphoton1 detectedin TAPS is required(�g. 7.1). This
distribution peaksat Mtot

cp = 9, i.e. at the region of semi-centralimpact-parameters,in
contrastwith the inclusive particlemultiplicity , Mcp (�g. 6.25),which shows a maxi-
mumfor low particlemultiplicities (i.e. for themoreprobableperipheralreactions).Our
off-line event-typeselectionwill bedone,thus,usingappropriatecharged-particlemulti-
plicity gatesin this Mtot

cp distribution. More speci�cally, thefollowing central,peripheral
andmultifragmentationreactionsselectioncriteriahavebeenconsideredfor theexclusive
studyof the36Ar+197Au system:

� Centralreactionselection:Mtot
cp = 15 - 21. This condition selectsthemostcentral

collisions, having large particlemultiplicity detectedin the DB andFW, without
signi�cant contamination of pileupevents(which startto be nonnegligible above
Mcp = 21 for the low counting-raterunsaccordingto theexperimental interaction
probability of = 0.05%).Thiscentraleventselectioncorrespondsto across-sections
of theorderof 9%of s tot .

� Peripheralreactionselection:Mtot
cp = 1 - 2. We considerasperipheraleventsthose

low-multiplicity reactionswhich only �re 1 or 2 detectorsof the DB and FW.
Suchlow-multiplicity criteria are the minimal conditionsbelow which, spurious
cosmic-events�ring TAPSandmisidenti�ed asphotons,arealmosttheonly events
recorded.Thissubsetof peripheraleventsrepresentsaround5%of thetotalreaction
cross-section.

� Multifragmentationreactionselection: MDB
IMF

� 3. All reactionsleadingto the
production of at least3 IMF' s detectedin the DB, i.e. IMF' s emittedat qlab

�

32Š , areconsideredasmultifragmentationreactions.We will not considertheIMF
multiplicity measuredin the FW sincethoseeventsare certainlypopulatedwith
intermediate-fragmentscomingfrom theprojectileandweareinterestedin observ-
ing multifragmentationof the hot andheavy producednuclearsystem(s)(seethe
discussion aboutthecharacteristicsof thehot residue(s)producedin our reactions
in Section8.1.2).As amatterof fact,it is known, from thestudyof theverysimilar
36Ar+197Au at65AMeV [Colin98, Sun00]and56Fe+197Au 50AMeV [Sang95]sys-
tems,thatvirtually all IMFs observedat backwardanglesstemfrom thesecondary
decayof thehighly excitedheavy-targetremnant.It turnsout thatthecross-section
exhaustedby such“multifragmentation” eventsaccountsfor = 8% of s tot , i.e. we
areselectingroughlythesamenumberof reactionsasin thecaseof “central” events.

ThetotalandIMF multiplicity distributions,M tot
cp andMDB

IMF , with anindicationof the
selectedgatesfor peripheral,centralandmultifragmentation reactionsareshown in �g.
7.1and7.2respectively.

Theseeventselectioncriteriacannotbeappliedfor theexclusiveanalysisof theother
threereactions(36Ar+108Ag, 58Ni, 12C)studiedduringthehighcounting-raterunswithout

1In thatcase,notevenahard-photon(Eg ©

30MeV) but aphoton abovetheLED threshold valueof Eg
= 15MeV.
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Figure 7.1: Total charged-particle multiplicity distribution, Mtot
cp , measured with the Dwarf-Ball

and Forward-Wall for 36Ar+197Au reactions in which at least onephoton above 15
MeVis detected.The�lled regionsindicatetheselectedcentral andperipheral events,
the hatched onethe zone where pileup (two consecutivereactionsrecordedsimulta-
neously)starts to besigni�cant .
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Figure 7.2: IMF multiplicity distribution MDB
IMF measuredwith theDwarf-Ball for 36Ar+197Au at

60AMeVreactionsin which at leastonephoton above 15 MeVis detected.The�lle d
areacorrespondsto theselectedregion of multifragmentationevents,thehatchedone
to thezonewhere pileupeventsare signi�cant.

177



Exclusiveexperimentalresults 178

theDwarf-Ball (�gs. 6.28,6.29,and6.30display themultiplicity distributionsdetected
in theForward-Wall for thesethreeheavy-ion reactions).Indeed,for thesereactionsone
cannotassociatea scaleof impactparametersto eachFW multiplicity bin sincethe as-
sumption thatmorecentral(peripheral)collisionsarerelatedwith higher(lower) values
of MFW

cp doesnot necessarilyhold in that casebecausethe FW is only sensitive to the
fragmentsemittedin theforwarddirection.Contrarily, reaction-productsemittedin cen-
tral collisionsusuallycover the whole angularrangearoundthe target. Hence,central
reactionscanwell leadto low valuesof MFW

cp asin the caseof well-de�ned peripheral
collisions. Indeed,this effect canbeshown in thebidimensionalplot MFW

cp vs Mtot
cp (�g.

7.3)obtainedfor the36Ar+197Au reactionduringthelow-counting-ratesrunsof theexper-
iment. A nonnegligible fractionof small impact-parameterreactions(e.g.,with M tot

cp
�

12) leadto ratherlow Forward-Wall multiplicities (MFW
cp G 4) and,conversely, mostof

thehigh-FWmultiplicity reactionscorrespondactuallyto clearlyperipheralreactions(for
whichMtot

cp .

5)dueto theeffectof pileupreactions(werecallthatfor thesehigh-counting
ratereactionswith interactionprobabilitiesin therange1.5%- 3.5%,aboveMFW

cp �

8 the
contaminationof randomcoincidencescanbesigni�cant).
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Figure 7.3: Bidimensional plot of the Forward-Wall multiplicity (MFW
cp ) as a function of the to-

tal charged-particle multiplicity (Mcp) detected in the Dwarf-Ball for the reaction
36Ar+197Au at 60AMeV.

7.2 Exclusivephoton spectra

Making useof the event selectioncriteria describedin the former sectionwe will now
presentthe resultinghard-photonspectrafor central,peripheralandmultifragmentation
reactionsfor the36Ar+197Au systemat60A MeV.
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7.2.1 Central reactions

Thehard-photonspectrum(afterpiondecayandcosmicbackgroundsubtraction)for cen-
tral reactionsof the36Ar+197Au system(�g. 7.4)presentsasteeperslopein its low-energy
part, asalso found in the purely inclusive spectrum(�g. 6.5). We have applied,thus,
the two-exponential �t with expression (6.4) usedfor the inclusive hard-photonenergy
spectra.Theresultinginverseslopeparametersandrelative intensitiesof thetwo brems-
strahlungcomponentsare listed in table7.1. We �nd valuesof the direct and thermal
slopesfully compatible,within theerrors,with thoseobtainedin the inclusive reactions
(i.e. Ed 2 central

0 �

Ed 2 incl
0 andEt 2 central

0 �

Et 2 incl
0 ), andintensitiesof thethermalcomponent

alsocomparable(18% 	 2%of thetotalhard-photonyield).

 (MeV)gE
20 40 60 80 100 120 140 160 180

C
ou

nt
s/

2 
M

eV

1

10

10
2

10
3

10
4

Ar+Au at 60A MeV
central reactions

Figure 7.4: Experimentalhard photon energy spectrum measured in theNN CM for central col-
lisionsin thesystem36Ar+197Au. Thespectrum hasbeen�tte d in the range Eg = 30
- 150MeVaccording to equation (6.4) to thesumof two exponential distributions: a
direct(solid line) anda thermal one(dashedline).

An alternativewayto identify thepresenceof thetwo differentslopeparametersin the
energy spectrumwhenthestatisticsis nothighenoughto performareliable2-exponential
�t, is providedby theso-called“local slopeanalysis”[Matu96d]. The local slopeis de-
ducedfrom anexponential�t performedoveraconstantenergy range(e.g.DEg = 8 MeV)
andby movingthecentroidalongthespectrum.Assuming apurelyexponential spectrum,
theslopeparameterobtainedin any local �t is equalto theglobalslope.In thecaseof two
exponential componentshaving differentslopesE1 andE2, thelocal �t performedin the
low energy partof thespectrumyieldsa valueintermediatebetweenE1 andE2. Moving
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Table7.1: Measured direct and thermal slopes and ratios of thermal to total intensities in pe-
ripheral, central and multifragmentation reactionsfor the system36Ar+197Au at 60A
MeV.

Reaction Ed
0 (MeV) Et

0 (MeV) It � Itot

Peripheral 17.8 	 1.3 5.0 	 0.7 18.0% 	 3.0%
Central 19.7 	 1.3 6.6 	 0.7 18.0% 	 2.0%
Multifragmentation 20.2 	 1.3 6.4 	 0.7 16.0% 	 2.0%

to higherenergiesresultsin an increaseof theslopevalueup to a maximum valueequal
to E2. We have analyzedwith this methodthe hard-photonspectrummeasuredfor the
central36Ar+197Au collisions (�g. 7.5),obtaining a clearindicationof thepersistenceof
thethermalcomponentin thelow-energy region.
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Figure 7.5: Localslopeparameters(crosses)of theexperimental hard-photon spectrummeasured
for central 36Ar+197Au collisions at 60A MeV. Thedashed line is a linear �t of the
local slopes above Eg = 60 MeV.

The local slopeparameterincreaseslinearly from E0 = (12 	 2) MeV for Eg = 30 -
60 MeV up to an almostconstantvalueE0 = (20 	 2) MeV (thoughwith high �uctua-
tions) in theregion Eg = 60 - 130MeV (indicatedby thedashedline in �g. 7.5). This is
theexpectedbehaviour for theexistenceof two differentexponentialcomponentsin the
region Eg

.

60 MeV asseenin �g. 7.4. Thesedifferentlocal slopetrendsfor Eg
.

60
MeV andEg

� 60 MeV con�rm unambiguously the presenceof the direct andthermal
components in the experimentaldatawith differentassociatedslopes. Therefore,ther-
mal hard-photonsarestill emittedin themostdissipative centralcollisions of theAr+Au
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systemat 60A MeV. This resultgives supportfor theformationof a hot andthermalized
system, evenfor themostviolentcollisionsof Ar onAu at thisbombardingenergy.

7.2.2 Peripheral reactions

The stronglow-multiplicity cut appliedto select“gentle” collisions for the 36Ar+197Au
system, whichdrasticallylimitsthestatisticsof thistypeof events,andtherelativelymore
importantbackgroundof cosmiceventssubtractedin theseperipheralcollisions,leadto
a hard-photonspectrum(�g. 7.6)which shows larger �uctuations in its high energy part
thanthe precedingcase.Nonetheless,we have alsoappliedthe two-exponential �t (eq.
(6.4)) to thehard-photonspectrumobtaining slopeparametersandrelative intensitiesof
the two bremsstrahlungcomponents(table7.1) which aredistinct thanthevaluesfound
in the inclusive or centralcollisions. Indeed,the direct andthermalslopesarea factor

= 15%and = 25%respectively, inferior thanin thosepreviouscases.Thedecreasingvalue
of thedirecthard-photonslopefor large impact-parametersis a well-known observation
re�ecting the lower density(i.e. the smallerFermi momenta)nearthe nuclearsurface
of thecolliding ions[Mart94]. The loweringof the thermalslopescanbe interpretedas
a direct indication of the lower excitation energiesand,correspondingly, temperatures,
attainedin themoreperipheralreactions.

7.2.3 Multifragmentation reactions

Certainly, oneof themostinterestingresultsof thisexperimentis theobservation thatthe
hard-photonspectrummeasuredfor the 36Ar+197Au collision in which a multiple emis-
sion of IMF is observed in the hemisphere of the reactioncoveredby the Dwarf-Ball
presentsalsotwo distinctslopesabove Eg

� 30 MeV (�g. 7.7). Thetwo-exponential �t
analysisyields direct andthermalslopesfully compatiblewith the inclusive valuesob-
tainedwithout any exit-channelcondition (i.e. Ed 2 multi f rag

0 �

Ed 2 incl
0 andEt 2 multi f rag

0 �

Et 2 incl
0 , seetable 7.1), althoughthe percentageof thermallyemittedhard-photonswith

respectto the total yield is perhapsslightly smaller([I t � Itot ] incl �

(18.5 	 0.5)% and
[It � Itot ]multi f rag �

(16 	 2)%). As in thecaseof centralcollisions, theexistenceof such
thermalbremsstrahlungcomponentin multifragmentationprocesses,is anindication that
the emissionof intermediate-mass-fragmentsis donein reactionswherea hot andther-
malizedsource,which liveslong enoughto radiatebremsstrahlung photons,hasbeenat
somemomentproduced.
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Figure 7.6: Experimentalhard photon energy spectrum measured in the NN CM for peripheral
collisions in the system36Ar+197Au. Thespectrum hasbeen�tte d in the range Eg =
30- 130MeVaccording to equation (6.4) to thesumof twoexponential distributions:
a direct(solid line) anda thermal one(dashedline).
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Figure 7.7: Experimentalhard photonenergyspectrummeasuredin theNNCMfor multifragmen-
tation collisionsdetectedin theDwarf-Ball for thesystem36Ar+197Au. Thespectrum
hasbeen�tte d in therangeEg = 30 - 150MeVaccording to equation (6.4) to thesum
of twoexponential distributions: a direct(solid line) anda thermalone(dashedline).
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7.3 Impact-parameter dependenceof the photon yield

Wecanperformamoredetailedstudyof thedominantregionof impact-parametersasso-
ciatedto thedetectedphotonswith Eg

� 15MeV producedin the36Ar+197Au system,by
looking at the total charged-particlemultiplicity measuredin coincidencein theDwarf-
Ball andForward-Wall. Above Eg = 10 MeV threedifferenttypesof photonsareknown
to populatetheexperimental spectra(seeSection3.1):

1. (Mainly) GDR photons,de�ned asphotonswith energiesin therange2 15 MeV
.

Eg .

22MeV,

2. “Mix ed”3 thermal+directhard-photonsin therange30MeV
.

Eg
.

45MeV,

3. (Mainly) “Pure” directhard-photons(Eg
� 60MeV).

Sincelower energy photons areproducedwith higherprobability, we have properly
scaledthe particlemultiplicities associatedwith the GDR andpuredirect hard-photons
to theparticle-multiplicity of thethermal+directhard-photonsin orderto make thecom-
parisonbetweentheexit-channelsassociatedto eachtypeof photon,moreapparent(�g.
7.8). Several interestingfeaturescanbe remarked concerningthe impact-parameterde-
pendenceof thesegammarays.Thermalanddirecthard-photonsareemittedin fragment
multiplicity exit-channelssigni�cantly distinctthanthosecharacteristic of photonscom-
ing from the GDR decay. On the oneside,GDR photons arerelatively moreproduced
thanbremsstrahlung photonsin the low-multiplicity (M tot

cp .

8) part of the distribution,
showing a maximum for M tot

cp �

8 andthendecreasingfasterthanthephotonsabove 30
MeV. Hard-photonsof both types,on theotherside,arecomparatively lessproducedin
low-multiplicity exit-channelsandthey show a distinctmaximum at intermediatemulti-
plicities,Mtot

cp = 9 - 10.
Sucha result is even more apparentin the distribution of the photonmultiplicity

(gamma yield pernuclearreaction),Mg, versusthecharged-particlemultiplicity detected
in theDB, MDB

cp , for thethreeaforementionedtypesof photonsemittedin the36Ar+197Au
reaction(�g. 7.9).This �gure exhibits threeinterestingfeatures:

� Thephotonproduction multiplicity shows a clearincreasefrom peripheral(Mcp =
2) to semi-central(Mcp �

7) reactionsfor thethreetypesof photons. Theincrease
is not,however, equallysteepfor theGDR andhard-photons, andin thecaseof the
bremsstrahlungcomponentit continuesto goup to morecentralreactions(Mcp = 9
- 10). Thebremsstrahlungmultiplicities,on theoneside,grow a factor10between
Mcp = 2 andMcp = 10 (from Mg �

10



4 to Mg �

10



3) neatlysampling the in-
creasingnumberof nucleonparticipantsfrom peripheralto semi-centralcollisions.
TheGDR yield, on theotherside,augmentsonly a factor4 from Mcp = 2 to Mcp =
7.

2Although GDRphotons aredominantaboveEg = 10MeV, thethreshold valueof ourLED discrimina-
torsis at Eg = 15MeV.

3According to the ratio of intensitiesof the thermalcomponentwith respectto the total hard-photon
yield above 30 MeV in the 36Ar+197Au system(table 6.2), the relative proportion of thermalto direct
bremsstrahlungphotons in the range 30 MeV ¶ Eg ¶ 45 MeV is 40:60 (thusthe term “mixed” for this
secondselectedtypeof photons).
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Figure 7.8: Total charged-particle multiplicity, Mtot
cp , measured in the Dwarf Ball and Forward-

Wall for the36Ar+197Au systemin coincidence with (1) “GDR photons” (de�nedas
photonswith 15 MeV

�

Eg �

22 MeV),(2) “thermal+directhard-photons” (30 MeV
�

Eg �

45 MeV), and (3) “pure direct hard-photons” (Eg
� 60 MeV). The parti-

cle multiplicity distributionsassociated to theGDR-photonsanddirect hard-photons
have beenscaledto that of thethermal+direct hard-photons.
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Figure 7.9: Experimentalphoton yield per nuclear reaction, Mg, as a function of the charged-
particle multiplicity, MDB

cp , measured in the Dwarf-Ball for: (1) “GDR photons”,
(2) thermal+direct hard-photons and (3) “pure” direct hard-photons emitted in
36Ar+197Au at 60AMeV.

186



187 Exclusiveexperimentalresults

� Fromits maximumatMcp = 7, theGDRphotonmultiplicity, MgGDR followsagrad-
ualdecreasefor increasinglycentralcollisions. TheGDRyield is reducedroughlya
factor2 betweenMcp = 7 andMcp = 20. This resultcon�rms thesigni�cant quench
of theGDR gamma yield observedexperimentally for increasinglyhigh excitation
energies(e5

� 3A MeV) in severalsystems[Gaar87,LeFa94,Suom96,Suom98].
Thisquenchinghadbeententatively interpretedasaresultof thelossof collectivity
dueto achangefrom orderedmean-�eld-drivenmotionto chaoticnucleonicmotion
[Gaar92].This interpretationseemsto benicelycorroboratedhere.

� Thermal+directandpuredirecthard-photonyieldsshow a very similar overall de-
pendencewith thecentralityof thereactionandthey saturateabove MLCP = 9, i.e.
at the region of charged-particlemultipliciti escorrespondingto semi-centraland
centralimpactparameterswherethetotal overlapping of theincident36Ar nucleus
inside themuchlarger 197Au targetnucleustakesplace. In this region of impact-
parameters,themeannumberof NN collisionssaturates,i.e. c Npnd b = c Npnd max, and
hencesodoesthebremsstrahlungphotonproduction. Thiscon�rms thatMhard




g is
proportional to thenumberof participantsandultimatelyto thevolumeof theover-
lap region betweenprojectileandtargetat a given impact-parameter. Interestingly,
for the mostcentralcollisions, above Mcp �

16, the emission of bremsstrahlung
with Eg = 30 - 45 MeV remainsconstantbut the harderbremsstrahlung Eg

� 60
MeV seemsto diminish(this trendis observedevenif Mhard




g �uctuatesdueto the
limitedstatistics).

In summary, theverysimilar behaviour of thethermalanddirecthard-photonyields
asafunctionof impactparameterand,speci�cally, its dependencewith thenumber
of participantnucleons,con�rms that the mechanismgoverning their production
mustbe basicallythe same(incoherentpn bremsstrahlung) andmustbe different
than the (collective) mechanismresponsibleof statistical GDR photonemission.
Wewill discussthisaspectin moredetailin thenext Section.
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7.4 Summary of the experimental results and prelimi-
nary interpretation

Beforeproceedingfurther, we want now to summarize the main observationscollected
in the inclusive andexclusive analysisof our experimental dataconcerninghard-photon
production in four differentheavy-ion reactions:

� Inclusive spectral shapes:Two exponential distributionswith differentslopepa-
rametersdescribethehard-photonenergy spectraabove Eg = 30 MeV. Theharder
(“direct”) exponential accountsfor at least

�

80% of the total hard-photonpro-
duction.Thesteeper(“thermal”) componentshows up speciallyin the low-energy
regionof thespectra(Eg = 30- 60MeV).

� Spectral slopes: The direct slopescaleswith the projectile energy per nucleon
in the lab, i.e. with the initial energy per nucleonavailable in �r st-chanceNN
collisions. Thethermalslopescaleswith thetotal energy availablein thenucleus-
nucleuscenter-of-mass,KAA.

� Sourcevelocities:Directhard-photonsareemittedfromthenucleon-nucleoncenter-
of-mass. Thermalhard-photonsare emittedisotropically from a sourcemoving
with thenucleus-nucleuscenter-of-massvelocity.

� Target dependence: Thermalhard-photonsareonly observed in the spectraand
in theangulardistributionsof theheavier systems(36Ar+197Au, 108Ag, 58Ni), but
they areabsentin the lightest(36Ar+12C) reaction.This last reactionpresentsthe
expectedbehaviour for pure�rst-chancebremsstrahlung(singleexponentialspec-
trum,elementarydipolartermin theangulardistribution andsourcevelocityequal
to bNN).

� Inclusive multiplicities: The total hard-photonyield per nuclearreactionis pro-
portionalto the (impact-parameteraveraged)numberof proton-neutroncollisions
occurringwithin the overlapping zoneof the colliding ions. The thermalhard-
photonmultiplicities point out to the existenceof a thresholdof Npn �

2, asthe
minimalnumber of pncollisionsfor which thermalemissiontakesplace.

� Exclusive spectra and slopes: Remarkably, the thermalexponential component
is alsoobserved in centralreactionsandin reactionsleadingto multiple emission
of intermediate-mass-fragments(“multifragmentation”) with the sameslopeand
(roughly) intensityasfound in impact-parameterintegratedspectra.The strength
of thedirectandthermalbremsstrahlung slopes,in contrast,diminishfor peripheral
reactions.

� Exclusive multiplicities: Thermalanddirecthard-photonyieldsshow a very sim-
ilar dependencewith impact-parameter, increasinga factor

�

10 whengoing be-
tweenperipheralto semi-centralreactions. They saturatein the region of semi-
centralandcentralreactionsfor total overlapping of theAr nucleusinsidetheAu
one.
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Although we have alreadypointed out (andwe have explicitly considered)that the
mostconsistent explanationof the full experimentalresultsrelieson the existenceof a
thermalbremsstrahlungemissionfrom secondarynucleon-nucleoncollisions, it is the
purposeof thissectionto assesscritically thisexplanationtogetherwith all otherpossible
alternative interpretationsof the experimental data. Aside from themainmechanismof
�rst-chanceproton-neutron(png) bremsstrahlung(“prompt” or “direct” bremsstrahlung),
only thefollowing mechanismscouldpotentially leadto theproductionof photonswith
energiesabove30MeV:

1. GDR statistical photons.

2. Coherentnucleus-nucleusbremsstrahlung.

3. Cooperativeclusterbremsstrahlung.

4. ppgbremsstrahlung.

5. pngbremsstrahlungfrom (preequilibrium)second-chancecollisions.

6. pngbremsstrahlungfrom (thermal)second-chancecollisions.

In the restof this chapter, I will discussto what extent thosedifferentmechanisms
couldaccountfor thedeviationsfrom thepure�rst-chancepngscenarioobservedin this
experiment.

7.4.1 GDR photons

As mentionedin Section3.3a�rst observation of thedeviationof thehard-photonenergy
spectrumfrom the singleexponential behaviour wasalreadyfound in the dataof Luke
et al. [Luke93] for the system14N+107Ag at 35A MeV (see�g. 3.10). The steepest
shapeof the low-energy part of thehard-photonspectrumis alsoobservablein thedata
of Stevensonet al. [Stev86] for thesystem14N+208Pbat 20A, 30A and40A MeV but it
is not apparentfor the lighter 14N+12C systemstudiedat thesamebombardingenergies
(see�g. 3.9).Lukeattributedthehardphotonenhancementin theregionEg

.

50MeV to
thetail of Giant-Dipole-Resonance(GDR) photonsemittedby projectile-like fragments.
According to expression(3.1), the expectedposition of the centroidof the GDR of a
Nitrogen-like nucleus,wouldbearoundEg = 24MeV with a maximum width of GGDR �

12MeV (for veryexcitedquasi-projectiles).
The �rst objectionagainstthis interpretationarisesfrom the fact that the observed

hard-photonenhancementin LukeandStevenson dataatEg = 30MeV amountsroughlyto
50%of thetotalbremsstrahlungyield whereasthestrengthof thehigh-energy Lorentzian
tail of a GDR built on a Nitrogen-like excited fragmentwould representa smalleref-
fect at this high photonenergy accordingto CASCADE calculations[Mart95, Schu97].
Furthermore,any enhancementdueto photonsissuing from the decayof GDRsof the
quasiprojectile fragmentsin theseexperimentswould seeminglyhave alsoshown up for
thelighter 14N+12C systemstudiedin parallel,but in thatcase,andsigni�cantly, nohard-
photonexcessproductionwasobserved[Stev86].
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Concerningourexperimentaldata,nopronouncedstructurein theusualregionof the
GDR photons(Eg = 10 - 25 MeV) due to the peakof a single GDR is visible in the
low-energy part of the photonspectraof the four studiedreactionsbut only very steep
exponential fall-offs with local slopeparametersof the orderEGDR

0 �

4 MeV (seee.g.
theraw 36Ar+197Au photonspectrum,�g. 6.1, in theregion Eg .

20 MeV). This is due
to severaleffects.On theonehand,our experimentalenergy resolution (2 MeV binning)
doesnot allow for a �ne distinction of possible isolatedGDR peaks.On theotherhand,
andmoreimportantly, theregionEg = 10- 25MeV is expectedto belikely populatedwith
the mixed superposition of photons stemming from the decayof GDRsbuilt, in princi-
ple,on thequasi-target,on thequasi-projectile andonany otherreactionproduct4. These
differentGDR havedifferentcentroidpositionsanddifferentdegreesof excitation(lead-
ing to differentGDR widths) andaremodulatedby a globalsteepexponentialstatistical
function(seeSection3.1andref. [Schu97]).This resultsbasicallyin theabsenceof any
peakstructureobserved in the region Eg = 10 - 25 MeV at variancewith typical spec-
tra obtainedin dedicatedGDR-photonsexperiments(seee.g. [Gaar92]). Accordingto
theGDR centroidsystematicsgivenby formula(3.1), thehighest-energy GDR expected
from a reactionproductproducedwith sizeablecross-sectionsin our differentreactions,
that could constitute a sourceof photonscloseto the hard-photonthreshold(Eg = 30
MeV), correspondsto thatof aquasiprojectile (Argon-like) fragment.TheGDRof sucha
fragmentwouldbecenteredat aroundEGDR(36Ar)

�

22 MeV with a maximumwidth of
GGDR �

12MeV for themostexcitedquasiprojectiles.Any otherheavier reaction-product
hasanincreasinglylowerGDRcentroid,e.g.EGDR(197Au)

�

13MeV, EGDR(108Ag)
�

15
MeV, andEGDR(58Ni)

�

17 MeV. In the caseof the 36Ar+12C systemonecould argue
thatEGDR(12C)

�

24 MeV which is certainlycloseto thelowestEg = 30 MeV threshold
for hard-photons,but in that reaction,symptomatically, thereis no observed low-energy
hard-photonenhancement(seethediscussionbelow).

The possible interpretationof the observed hard-photonexcessin the region Eg = 30 -
60MeV asbeinganevidenceof thehigh-energy tail of suchGDRsproducedin thereac-
tion is, thus,ruledoutby severalreasons:

1. Spectralshape: Sucha longhigh-energy tail of theGDRLorentzianstrengthdistri-
bution (up to Eg = 60 MeV !) hasnever beenobservedbeforein dedicatedexperi-
ments[Gaar92]. It wouldimply amuchtoolargecrosssectionin contradictionwith
theknown characteristicsof GDR production. Moreover, GDR studieshave been
carriedout at rathermoderatebombardingenergies(Klab G 30A MeV), wherethe
contribution of bremsstrahlungphotons,beingrathermarginal, is nonethelessal-
readydominantaboveEg = 25 MeV. Our reactionshave projectileenergiesat least
2 timeshigherand, thus,due to the steepenergy dependenceof bremsstrahlung
production(see�g. 6.35), lead to a muchstrongerproductionof hard-photons.
Contrarily, the mechanisms that contribute to GDR formation remainthe same.
Thereforetheratio hard-photons/GDR photonsin our experimentshouldbemuch
largerthanin GDR-dedicatedexperiments.

2. GDR yields: TheGDR interpretationcontradictstheobservedmarkedsuppression
4Additionally, someDopplerbroadeningof theGDR decayphotonsoriginatingfrom thefasterreaction

productscouldalsobeexpected.
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of theGDR yield for increasingimpact-parametersin our 36Ar+197Au system(see
�g. 7.9). This GDR quenchinghasbeenalreadywell establishedfor high excita-
tion energies[Suom96]. Indeed,e.g. Gaardhojeet al. [Gaar87] studiedtheGDR
photonspectrafrom thedecayof 110Sncompound nucleusproducedin thereaction
40Ar+70Geat 15A and24A MeV asa functionof excitationenergy andconcluded
thatthereexistedastronginhibitionof theGDRgdecayabovee5

�

3A MeV. This
valueof e5 correspondsto theusualrangeof excitationenergiesencounteredin our
60A MeV bombardingenergy reactions(even for the moreperipheralreactions).
The proposedexplanationsof sucha dampingof the GDR yield are: 1) a lossof
collectivity, relatedtoachangefromorderedto chaoticbehaviour; 2) aconsiderable
enhancedparticledecayatthehigheste5 thatreducestheg-emission probability and
depletestheavailablee5 ; or 3) non-equilibrationof thecompositesystemresulting
againin a severelossof collectivity until the systemregainsthermalequilibrium
at lower temperature.The�rst proposedexplanationis speciallyinterestingin our
casesinceit wouldcon�rm thefactthatfor largeexcitationenergies,e5

� 3A MeV,
which are clearly attainedin our four consideredreactions,the intrinsic degrees
of freedom(incoherentNN collisions) prevail over thecollective ones(mean-�eld
driven giantoscillations). In suchsituation thermalbremsstrahlung is presumably
themechanismfor hard-photonemissionbeforetheglobalmotionis dampedto lev-
elsconsistentwith a thermalequilibrium betweencollective andintrinsic degrees
of freedom.

3. Targetdependence: An interpretationbasedonGDR-photonsdoesnotexplainwhy
the extra hard-photonproductionis only presentin the heavier systemsbut it is
absentin the lightest36Ar+12C reaction(�g. 6.9). The excitation of a GDR state
in a quasi-Aror quasi-Cfragmentshouldbeequallypossiblein this last reaction,
andshouldalsohave leadto theappearanceof thehard-photonenhancementin the
photonspectrumof this light system.

7.4.2 Coherent nucleus-nucleusbremsstrahlung

Anothermechanismwhich hasbeentheoreticallyput forwardto accountfor theproduc-
tion of hard-photonsin heavy-ion reactionsis that of collective nucleus-nucleusbrems-
strahlungin which thetwo nucleiasa wholetake part in theparticleproductionprocess.
As mentionedin Section3.2.2,thisprocesshasindeedbeenobservedin few-bodynuclear
systems suchasa ! p [Hoef00] or a ! a reactions. In a recentpaper[Eich97], Eich-
mannetal. claimedthatthebremsstrahlungdueto thecorrelatedmotionof thecolliding
nucleiduring thestoppingphaseof the collision could reproducetheexponentialshape
of thehard-photonspectrummeasuredin the 12C(84A MeV)+12C reaction[Gros85].Of
course,thepossibility of suchaprocesswouldbehighly interestingfor it wouldoffer the
possibility of estimatingthenuclear“stopping time” of thesuddendeceleratedcolliding
ions by measuringthe associatedhigh-energy gamma-rayproduction[Tam89]. Several
experimental observationsseem,however, to bein contradictionwith thisassumption:

1. Coherentyield: According to [Goss90], in asymmetricheavy-ion collisions, one
would expectthe coherentbremsstrahlung yield to scaleroughlyasthe squareof
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theE1 effective charge for thereaction,i.e. sg µ µ2 �

Zp � Ap
�

Zt � At �

2, whereµ is
thereducedmassof thesystem.Accordingto thatexpression,ontheonehand,one
wouldnotexpectany coherentemissionfor the36Ar+12C system,in agreementwith
our data.On theotherhand,theexpectedratio of collective bremsstrahlung yields
for the threeheavier systemswould be0.3:3:8.8 (for 36Ar+58Ni, 108Ag and197Au
respectively), whereasexperimentally (from the value of s gE

ƒ

30MeV Œ

�

It � Itot � ,
wherethesecondfactoris therelativeweightof thesecondhard-photoncomponent)
we obtain0.4:0.5:0.8,i.e. roughlyoneorderof magnitudesmaller.

2. Angulardistributions: The shapeof the angulardistributions in a purecollective
approachdependsuponthe relative orientations of the projectileandtarget (from
a sin2qcos2q dependencefor centralcollisions to sin4q for orthogonal velocity
andposition vectors),andintegration over impactparametersmixes the different
situationsleadingto morecomplex distributions[Vasa86,Nife89]. In any case,no
combinationof the relative positionsof thecolliding nuclei leadsto anadditional
angularcomponentof basicallyisotropic characterasobservedexperimentally.

3. Coherentspectralslopes: Theshapeof thecoherentbremsstrahlungspectrum,fol-
lowing theclassicaltheory[Jack75], correspondsto thesquareof theFouriertrans-
form of theacceleration.For theobservedexponentialshapesof thespectra,one,
thereforeexpectsBreit-Wigner shapesof the accelerationfunction g

�

t �·�¸�

�

t
�

t0 �

2
! t 2

� 4%




1, wheret �¹><� E0 is thecharacteristictime of thedecelerationof the
two nuclei. The inverseslopeparameterE0 maybewritten in termsof a deceler-
ation lengthd andthebeamvelocity: d � 2gvt � 2gb

�

> c� E0 � . Usingthevalueof
the Ar-beamvelocity andthe inverseslopeparametersof the secondhard-photon
component5 listedin table6.2, weobtaindecelerationdistances(d = 12 fm for the
Au andAg targets,d = 8.2fm for theNi target,andd = 4.1fm for theCarbonone)
which decreasewith decreasingtargetmass.Suchresultis rathersurprisingsince
intuitively onewould expectthecontrarybehaviour, i.e. thestopping power to be
superiorfor heavier targets.

7.4.3 Cooperativecluster bremsstrahlung

Cooperativemechanismsbetween(virtual) clustersof nucleonswithin thecollidingnuclei
havebeenalsoproposedasasourceof hard-photonsin nucleus-nucleuscollisionsin other
theoreticalworks(seee.g.[Shya86]).As amatterof fact,thosekind of processesbetween
two-, three-or four-nucleonclusterswhich feedtheir energy to thephotonproductionin
a collective manner, arenecessaryin order to correctlydescribethe high-energy tail of
thehard-photonspectrain thevicinity andabovethekinematicallimit (seethediscussion
and referencesof Section3.1). Following this argument,deuteron-like and alpha-like
bremsstrahlung processeshave beenfor example includedin DCM [Boze98, Gudi99]
and BUU [Wang94]modelsrespectively to accountfor hard-photonproductionin the
upperregion of theenergy spectra.Cooperative bremsstrahlung,however, seemsnot to
accounteitherfor ourobservations:

5In thatcase,thevalueof Et
0 corresponding to the 36Ar+12C systemhasnotbeentakenaszerobut asEt

0
= Ed

0 assumingthatit could,presumptively, havenotbeenobserved only becauseit coincided with E d
0 .
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1. Spectralshapes: BUU calculationsincluding cooperative bremsstrahlungdue to
a clusters[Wang94],leadto an overall increaseof the hard-photoncross-section
(yielding, in particular, more hard photonsin its high-energy part) but not to a
changeof the (single)exponential spectrumin the low-energy region of thespec-
trum.

2. Targetdependence: Within suchancooperativepicture,the36Ar+12Creactionwhere
nolow-energy hard-photonexcessis observed,is notwell understood. In particular,
sincethegroundstateof the12C nucleushasbeenusuallyconsideredasacompos-
ite systemconsistingof three-a clusters6 (seee.g.[Hira95] andreferencestherein),
if any cooperativeclusterbremsstrahlungwouldbepresentatall, it certainlywould
havealsoappearedin the36Ar+12C reaction,in contradictionwith ourobservations.

7.4.4 Proton-proton (ppg) bremsstrahlung

Bremsstrahlungfrom ppg could perfectly representa sourceof hard-photonsabove 30
MeV. Nonetheless,as mentioned in Appendix 2, the elementaryppg bremsstrahlung
is experimentally [Roth66,Koeh67, Edgi66, Nife89, Nife90] andtheoretically[Nife89,
Herr88,Scha91]known to beat leastafactor10smallerthanpngin therangeof nucleon-
nucleonkinetic-energies(Klab .

300MeV) comparablewith ourheavy-ion reactionspro-
jectile energy. This is due,on theoneside,to the fact that in this energy regimethe pn
(elastic)cross-sectionis aboutthreetimes larger thanthe pp cross-sectionand,on the
other, to thedestructive interferenceof theradiationfrom thetwo protonlines(i.e. thepp
systemhasno dipolemomentin its center-of-mass)which inducesa quadrupolarshape
of the ppgprocess.

Therefore,eventakinginto accountthemost“optimistic” ratios png� s ppg �

10,which
would representan overall extra contribution of 10%to the total (neutron-proton) hard-
photonyield dueto proton-protonbremsstrahlung, two dif�culti esarisein suchinterpre-
tationof theexperimentally observedhard-photonenhancement:1) why ppgwouldshow
upmoreintenselyin thelow-energy part(Eg = 30- 60MeV ) of thebremsstrahlungspec-
tra,and2) why theproton-protonbremsstrahlungwouldbecomparatively muchlargerin
theheavier systemsthanin thelightestone.

7.4.5 Bremsstrahlung fr om second-chanceNN collisions.Preequilib-
rium or thermal ?

It is by now well established that incoherentpn bremsstrahlungis certainly the basic
(if not the only) mechanismof hard photonproductionabove 30 MeV. In the presen-
tation of the inclusive and exclusive results,and following the interpretationof refs.
[Mart95, Marq95, Schu97], we have tacitly consideredthat secondarypng collisions
within a thermalizedsourcewereat the origin of the observed deviationsfrom the ex-
pected�rst-chancescenario. It could be argued,however, that secondarybut still pre-
equilibrium NN collisionscould alsoexplain: 1) the steeperbremsstrahlung spectrum

6It is known that,in general,a particlesareusuallypresentasbound clustersinsidethenucleibecause
of theirhighbinding energy (seee.g.[Tohs96]).
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in the low-energy region (lessenergy is availablein theNN CM of secondarycollisions
thanin promptones),2) thetargetdependenceof thisemission (secondaryNN collisions
aremoreprobablein heavier systems),and3) the isotropic angularpattern(theoriginal
beamdirectionis lost in subsequentNN collisions). Two closelyrelatedbut still different
explanationscouldthereforebepossible:

� Additionalbremsstrahlung issuesfrom preequilibrium secondarypncollisionsdur-
ing the�rst compression-expansionstageof thereaction(i.e. NNgcollisionswithin
thecomposite projectile-targettransientsystembeforet

�

100fm/c).

� Additional bremsstrahlung issuesfrom secondarypn collisionsfrom any thermal-
izedhotsystembeingleft afterthe�rst compression-expansionstageof thereaction
(i.e. NNgcollisionswithin7 t

�

100- 250fm/c).

Thebasicquestionis, therefore,toascertainwhetherornotthissecondbremsstrahlung
componentis beingemittedfrom a thermalizedsource(andcanbe, therefore,really re-
ferredto as“thermal”). With theexperimentalresultscollectedso-far this possibility is
clearlysuggestedat leastby two facts:

� Thelineardependenceof thethermalslopeparameter, Et
0, with theavailableenergy

in thenucleus-nucleuscenter-of-massKAA, asexpectedfor athermalprocessresult-
ing afterdissipationof theincidentkineticenergy into internaldegreesof freedom
over thewholesystem.

� Thefactthatthe36Ar+58Ni system,despitebeingmuchlighterthanthe36Ar+197Au,
108Ag systems,showsathermalcomponentwith thehardestslope(Et

0 �

8.8MeV)
andwhich is asintenseastheAu one(It � Itot �

20%in bothcases).Thisbehaviour
contradictsthe interpretationthat theadditionalbremsstrahlungcomponentis just
relatedto theincreasingnumberof secondaryNN collisionsin heavier systems,but
it canbefully explainedconsideringa thermalprocessis sucha systemfor which
theavailableexcitationenergy e5 (µ KAA) is thehighestamongthefour reactions
considered.

Additionally, an increasingcontribution of pre-equilibriumsecond-chancepn colli-
sionsto the total hard-photonyield hasbeenindeedobserved in heavy-ion collisions at
higherbombardingenergies(in thesource-velocityanalysisof thesystem36Ar+197Au at
95A MeV [Schu94],andin theenhancementof thehard-photonmultiplicity in thereac-
tion 40Ar+40Ca at 180A MeV [Mart99]) without any apparentdeviation from thesingle
exponential behaviour. Suchresultspointoutthatsecondarypngcollisionsbeforet

�

100
fm/c docertainlyexist, but thatthey take placestill at energiesin theNN center-of-mass
highenoughto yield hard-photonslopeparameterscomparableto Ed

0.

To give a de�niti ve answerto this questiononeneedsto determineat what time our
secondary(andprobablyhigher-order)nucleon-nucleoncollisionstake place.Determin-
ing theemission timeof hard-photonscanbedonevia two techniques:1) experimentally,

7Abovet & 300fm/c,NN bremsstrahlungis unlikely to occur becausethehotnuclearsystemsproduced
in the reactionhave alreadyreleasedan important part of their excitation energy (by particleemission,
oscillations...), their temperatureis lower, andPauli-blocking within theremaining nuclei is fully restored.
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via hard-photoninterferometry, and2) theoretically, comparingwith transportmodelpre-
dictions. On theonehand,intensity interferencebetweenpairsof photons seemsto con-
�rm indeedtheexistenceof two distinctphotonsources,well separatedin spaceandtime
(see[Marq95,Marq97]and�g. 3.11),anda new analysisof a muchhigher-statistics ex-
periment[Oste98] is underway to verify this result. On theotherhand,transportmodel
calculationspermitto follow thetemporalevolution of theHI reactionand,in particular,
they permit to analysethe evolution the numberof NN collisions andof the densityas
a functionof thereactiontime. So far severalstudiesof NN bremsstrahlung production
havebeencarriedoutwith differentdynamicalmodels:

� For heavy-systems around50A MeV, QMD [Khoa91] predictsan increasingnum-
ber of NN collisions asthe systemstartsto compressreachingits maximumat a
time (t

�

35 fm/c) slightly later thanthe time of maximumdensity(t
�

30 fm/c).
Secondary(and possiblehigher-order) NN collisions are alsoseento take place
duringtheexpansionstageof thesystemupto t

�

100fm/c,but in principlenoNN
collisionsseemto occurfor longertimes.

� Hardphotonspectraobtainedwithin thenuclear-exchangemodelincludingall pn
collisions beforet

�

100 fm/c give rise to a singleexponential spectrumanddo
not seemto accountfor theobservedenhancementin theregionEg = 30 - 60MeV
[Vand98].

� BUU calculations[Mart95, Schu97]point out that a signi�cant fraction of hard-
photons can still be emitted in later (t � 100 fm/c) NN collisions insidea ther-
malizednuclearsystem. If the lifetime of the thermalsourceis long enough,its
contribution could comeup to that of the �rst-chancecollisions. Taking into ac-
countlong reactiontimes(up to t

�

200 fm/c) wherea secondrecompressionof
theemitting systemoccurs,theregion of 30 - 60 MeV photonsis “�lled” with the
experimentally observed“thermal” contribution.

Betweenthetwo possible second-chancemechanisms (pre-equilibriumandthermal),
thethermalonewould,of course,bemorerelevantfor thestudyof thethermodynamical
propertiesof hot nuclearsystems, andof theorigin of multifragmentation. If con�rmed,
thermalhard-photonswouldprobetheintermediatedissipativestagesof thereactiongiv-
ing information on the temperatureof the fragmentingsourceandhints on the possible
time-scaleof nuclearmultifragmentation.Indeed,thepresenceof this componentwould
tell us that theexcitednuclearsystem(s)producedduringthereactionzonehasa longer
lifetimethanpredictedbymodelsbasedondynamicalinstabilities. Toanalyzemicroscop-
ically thepossibility of suchthermalmechanism,in thenext chapterwe have performed
extensivesimulationsof ourfour reactionswith two differenttransportmodels(QMD and
BUU).
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In thelast10yearsthemostcommonly invokedtheoreticalframework to describethe
dynamics of heavy-ion reactionsat intermediate-energiesand, in particular, subthresh-
old particle production,is foundedon microscopictransporttheories[Bert88] of the
Boltzmann-Uehling-Uhlenbeck(BUU) [Cass90]andtheQuantum-Molecular Dynamics
(QMD) [Aich91] types1. Thesemodelsdescribethe complex dynamicsof a heavy-ion
collision: a systemof fermions(the nucleons)moving in a time-dependentmean-�eld
potential andbeingsubjectto two-bodycollisions limited by thePauli exclusionprinci-
ple. I will review themaincharacteristicsof BUU andQMD modelsin Section8.1.1and
Section8.2.1following closelythediscussion of ref. [Hart98]. Thecharacteristicsof the
reactiondynamicsof thefour heavy-ion reactionsconsideredin this thesiswill bestudied
in Sections8.1.2and8.2.2analyzingtheir time evolution in coordinateandmomentum
space.Thegoalis to identify in spaceandtime thepossiblesourcesof hard-photonsand
to try to microscopicallyascertaintheirdegreeof thermalizationat themomentof photon
emission. In Sections8.1.3and8.2.3I will be mainly interestedin following quantita-
tively thebremsstrahlungproductionrateasa functionof timefor the4 studiedreactions,
aspredictedby BUU andQMD simulations.

8.1 Boltzmann-Uehling-Uhlenbeck (BUU) model

8.1.1 Description of the model

We have seenin Section2.2.3that, to �rst approximation, the temporalevolution of the
complex nuclearmany-body systemfoundin heavy-ion collisionscanbereducedto the
evolution of the average one-bodyphasespacedistribution f

�

/r �0/ p � t �

�

f . This distri-
bution representstheprobabilityto �nd a nucleonwith momentum /p at location /r andat
timet, andis formally derivedthroughtheWignertransformationof theone-bodydensity
matrix. Themicroscopic transportmodelsfor this one-bodyWignerphase-spacedensity
distribution have beengivendifferentnamesand,althoughthey all solve theBoltzmann
Equation, they differ in thenumericalrealization:Boltzmann-Uehling-Uhlenbeck(BUU)
[Bert88,Cass90,Stoe86],VUU [Krus85,Moli85], LV [Greg87],or BNV [Bona94]mod-
els.They solvethefollowing transportequationfor theone-bodyWignerdensityf

�
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The l.h.s.of this equationis the total differentialof f with respectto the time assuming
a momentum-independentpotential U. The time-dependentmean-�eld potentialU is

1Subthresholdparticleproductionhasbeenalsocommonly studiedwithin cascademodels suchasthe
Dubna CascadeModel (DCM) [Gudi83].
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calculatedselfconsistentlyandcorrespondsto therealpartof theBrücknerG-matrix:

U
�

/r � t �Á�

Z

d3r ¾ Re
�

Ga
�

/r
�

/r ¾

�-� r
�

/r ¾

� t � (8.2)

Usuallyanuclear-densitydependentSkyrme-parametrization,

U � a �

r
r 0 �

! b �

r
r 0 �

g

(8.3)

of the real part of the G-matrix is employed,wherer 0 is the saturationdensityof cold
nuclearmatter. The threeparametersa, b and g are chosento reproducethe proper-
tiesof nuclearmatterat zerotemperatureandpressure:the bindingenergy per nucleon
e �

�

16A MeV at the saturationdensity(r 0 = 0.16 fm



3), and the incompressibility
modulusk¥ . A largevaluefor k¥ ( � 250MeV) de�nesa “stif f” EoS,anda smallvalue
(

.

250MeV) a “soft” EoS.Additionally, theCoulombinteractionbetweenprotonsanda
�nite-rangeYukawatermareincluded.
The r.h.s. of eq. (8.1) containsa Boltzmanncollision integral term, Icoll � f % . This colli-
siontermdescribesthein�uence of binaryhard-corecollisions betweennucleon1 and2,
wherethe termwith f f2 describesthe lossof particles(in a phasespaceregion) andthe
termwith f

¾1 f
¾2 thegaintermdueto collisionsfeedingtheconsideredphasespaceregion.

It is supplementedwith theNordheim-Uehling-Uhlenbeckmodi�cations[Ueh33] in order
to obey thePauli-principlein the�nal stateof thecollisions(i.e. theterms

�

1
�

f � giving
the probability that the nucleonstateis not occupied).The d-functionsassurethe con-
servationof the four-momentum in the NN collision. The in-mediumNN crosssection
ds � dWin thisexpressionis associatedto theimaginarypartof theG-matrix:

ds
dW

�

/q�„�

�

m2
� 16p2

� G
�

/q� G†
a

�

/q� (8.4)

Thecross-sections is normallyadjustedto thefreenucleon-nucleonscattering.The
differencesfrom cross-sectionscalculatedfrom the imaginarypart of the BrücknerG-
matrix areminor [Boh91] and in�uence littl e the observablesof a heavy ion collision.
For a derivation of thisequationseee.g.[Bote90,Cass90b].

Theequationis solvedby useof the test-particlemethod.Herethecontinuousone-
bodydistribution function f at t = 0 is representedby anensembleof n v

�

Ap ! At � point-
like particles. This is often viewed as an ensembleof n parallel eventswith Ap ! At
physical particleseach,whereAp and At denotethe numberof nucleonsin projectile
andtarget, respectively. The l.h.s.of eq. (8.1) canberegardedasthe transportequation
(Vlasov-equation) for a distribution of classicalparticleswhosetime evolution is gov-
ernedby Hamilton'sequationsof motion

�
/pi �

� ¶ c H
d

¶/r i
and �

/r i �

¶ c H
d

¶ /pi
(8.5)

Thetest-particlesmovedueto theirown,selfconsistently generatedmean-�eld.Ther.h.s.
is takeninto accountby additionalstochasticscatteringsimilar to thecollisionsin cascade
models[Yari79,Cugn80].

For a solutionof equation(8.1) properboundaryconditionshave to bespeci�ed. In
thecaseof heavy ion reactions,thetestparticlesaredistributedaccordingto thedensity-
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and(Fermi-)momentumdistribution of groundstatenuclei. Initially thetestparticlesare
randomlydistributedin acoordinatespacesphereof radiusR � 1 � 12A1� 3 fm (whereA is
theatomicnumberof thenucleus)andin amomentum spacespherewith theradiusof the
correspondingFermimomentum. Thenucleiarethenboostedagaineachotherwith the
properrelativebeammomentum.

One shouldkeepin mind that the forcesacting on the test-particlesare calculated
from the entiredistribution including test-particlesfrom all events, hencethe n parallel
events are not independentand event-by-event correlationscannotbe analyzedwithin
suchone-bodytransportmodels. In the limit n E ¥ thedistribution of thesepropagated
testparticlesat thetime t representstheone-bodydistribution functionat this time. Any
one-bodyobservablecanbe calculatedby averagingthe valuesweightedwith the dis-
tribution function. In that way, BUU type modelshave succeededin the descriptionof
one-bodyobservableslike collective �o w, stopping andparticlespectra,but, �uctuations
andcorrelations,suchas the formationof fragmentsor the descriptionof two-particle
correlationsin relativistic heavy ion collisions,arebeyondthescopeof a transportmodel
basedonaone-bodydistribution function.

8.1.2 Collision dynamics in the 36Ar+ 197Au, 107Ag, 58Ni, 12C at 60A
MeV reactions

The BUU codeemployed in this work for the simulations of the collision dynamicsof
the four differentheavy-ion reactionsis a version[Wolf90, Wolf93] of BUU originally
developedby the theorygroupof theUniversity of Giessen[Cass90]andusedasa sort
of “standard”codeby theTAPScollaborationin thelast7 yearsfor severalcomparisons
with experimentaldata[Schu97]. The advantageof a dynamical model is that it offers
the possibility to follow in time the evolution of any relevant reactionquantity. In this
sectionI will examinethedensitypro�les in con�gurationandmomentumspacefor the
four reactionsstudied.Theselectedincompressibility parameteris k¥ = 230MeV, cor-
respondingto a rathersoftEoSin agreementwith thelatestexperimentalresultsreported
[Youn99], no momentumdependenceis consideredin thenuclearpotential andthecho-
sennumberof test-particlesis n = 150 for all systems(alreadyfor n � 30 oneobtains
smooth densitydistributionsandreliablePauli-blockingfactorvalues[Cass90]).

Sincewe are interestedin the reactiondynamicsof collisions leadingto the emis-
sion of a hard-photon,all the nucleus-nucleuscollisionshave beensimulatedat a �x ed
impact-parameterb correspondingto semi-centralreactionsfor whichhard-photonemis-
sion is maximal. Indeed,it hasbeenalreadydiscussed(Section 7.1) that by selecting
reactionsin which hard-photonsareproduced,rathercentralcollisions arefavored. The
averageimpact-parameterfor reactionsin which a pn bremsstrahlungphotonis emitted
is determined,within the “equal participantmodel” prescription(seeSection3.2.1),as
the valueof b which maximizes the productb ŒÂc Npnd

given by equation(3.12). This
formula2 gives the averageimpact-parametersin which a hard-photonis emittedwith
maximum probability for thereactions36Ar+197Au, 107Ag, 58Ni, 12C at 60A MeV (table
8.1).

2Theobtainedb “A• Npn
•

distribution for the 36Ar+197Au systemcanbeseenin �g. 6.34(dottedline).
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Table8.1: Average impact-parameter for maximumbremsstrahlung photon emission probability
in the reactions 36Ar+197Au, 107Ag, 58Ni, 12C at 60A MeV according to the “equal
participant model” equation (3.12).

Reaction 36Ar+197Au 36Ar+108Ag 36Ar+58Ni 36Ar+12C
.

b � (fm) 3.8 3.1 2.5 2.1

Thedetailedtimeevolution in thecoordinatespace(x � z) of thefour consideredheavy-
ion reactionscanbe seenin �gs. 8.1, 8.3, 8.5, 8.7. The plots displaying the time de-
pendenceof the samereactionsin momentumspace(px � pz) provide a complementary
information (�gs. 8.2,8.4,8.6,8.8).Fromthosetwo plotsperreactionwecanextractthe
following information regardingtheirevolution in phasespace:

� 36Ar+197Au: The Ar projectile completelypenetratesthe bigger gold target nu-
cleusforming a singlecomposite systemat t

�

35 fm/c. At t
�

120 fm/c some
small projectile-like remnantescapesfrom the backsideof the remainingheavy
Au-likeresiduetogetherwith emissionof light-particlesin themid-rapidity region.
In momentumspace,at thebeginning of thecollision the two Fermispheres,cor-
respondingto targetandprojectile,areseparatedby therelative beammomentum.
Later, at theendof theexpansion stage(t

�

60 fm/c), themomentum distribution
is isotropic indicating thatthehotheavy residueis thermalizing3.

� 36Ar+108Ag: Similarly to theformercase,theargonnucleusis completelyabsorbed
by thesilver targetforminga transientsinglecompositesystemat t

�

30 fm/c. At t
�

90fm/c,however, asomewhatlargerprojectile-like fragmentthanin theAu case
issuesfrom thetarget-likeresidue,andathird neck-likestructureresultingfrom the
overlappingzonebetweentargetandprojectileis alsovisible. Thetotalmomentum
distribution(originally aFermibi-sphere)becomeslocally sphericalat t

�

60fm/c.

� 36Ar+58Ni: At variancewith the two former cases,the Ar projectiletraversesthe
Ni target issuingas independentfragmentsat t

�

80 fm/c. A smallerneck-like
structureis producedin betweenthe two primary quasitarget andquasiprojectile
fragments.Equilibrationseemsto setin at aroundt

�

60 fm/c like in the former
cases.

� 36Ar+12C: In this lightestsystemthereactiontimesaresigni�cantly lower thane.g.
in theAu case.Thesmallertotalnumberof nucleonsmakesthesystemmuchmore
transparentandfriction eitherdueto individualnucleon-nucleoncollisionsor to the

3In microscopical calculations thedegreeof equilibrationcanbequanti�ed by computing thedegreeof
anisotropy of the local momentumdistribution of thecolliding nucleons,which canbe expressede.g. as
theratio R = • p2

z •

( 2 • p2
x •

. In a completelythermalizedsystemwith isotropicmomentumdistribution, R =
1, while in a non-equilibrium situationwith largemeansquaredlongitudinal momentum theratio is small
R = 0 [Neis90]. Othersimilar testsof localequilibrium in microscopicalcalculationsarealsoperformedby
measuring themomentumrelaxationtime givenby M

• p2
x •

k

• p2
y •

( 2 • p2
z •

) [Li93] or thequadrupolemoment
Qzz

M t N in therestframe of theexcitedresidue[Bona90].
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mean�eld is lessimportant. At t
�

60 fm/c, the now heavier Ar projectilehas
completelytraversedanddisintegratedits lighter partner. At t

�

145 fm/c only a
quasiprojectilefragmentandsomeparticlesandsmallfragmentsseemtobepresent.
In thatcase,thedistributionof nucleonmomenta is still slightly asymmetric at t �

75 fm/c, indicatingthatfull equilibrationdoesnotoccur, andthatsomememoryof
theentrance-channelis keptall throughout thereaction.

Figure 8.1: Time evolution according to BUU of the reaction 36Ar+197Au at 60A MeV and b =
3.8 fm, shown as the density distribution of nucleonsprojectedin the x � z coordinate
space. Thebeamaxisis along z,and(x � z) are measuredin fm.

The analysisof all thesereactionsindicatesthat the dominantreactionmechanism,
at the(semi-central)impact-parametersfor which nuclearbremsstrahlung is maximal, is
incomplete fusion: a compositesystemis formedduring the �rst

�

35 fm/c, followed
by its expansionup to theseparationpoint at t

�

75 - 100 fm/c. Fromthis momenton,
oneheavy hot target-like residueis formedfor theheaviestAu andAg systems,whereas
for the36Ar+58Ni casethemodelis compatiblewith theexperimentally well established
mainlydissipativebinarycharacterof thereactionin thismoresymmetric projectile-target
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Figure 8.2: Time evolution according to BUU of the reaction 36Ar+197Au at 60A MeV and b =
3.8 fm, shownas the density distribution of nucleons projectedin the transverse-
longitudinal (px � pz) momentumspace. (Each bin corresponds to 37.5MeV/c).
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Figure 8.3: Time evolution according to BUU of the reaction36Ar+108Ag at 60A MeV and b =
3.1 fm, shown as the density distribution of nucleonsprojectedin the x � z coordinate
space. Thebeamaxisis along z,and(x � z) are measuredin fm.
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Figure 8.4: Time evolution according to BUU of the reaction at 36Ar+108Ag at 60A MeV and b
= 3.1 fm, shown as the density distribution of nucleonsprojectedin the transverse-
longitudinal (px � pz) momentumspace. (Each bin corresponds to 37.5MeV/c).
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Figure 8.5: Time evolution according to BUU of the reaction 36Ar+58Ni at 60A MeV and b =
2.5 fm, shown as the density distribution of nucleonsprojectedin the x � z coordinate
space. Thebeamaxisis along z,and(x � z) are measuredin fm.
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Figure 8.6: Time evolution according to BUU of the reaction 36Ar+58Ni at 60A MeV and b =
2.5 fm, shownas the density distribution of nucleons projectedin the transverse-
longitudinal (px � pz) momentumspace. (Each bin corresponds to 37.5MeV/c).
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Figure 8.7: Time evolution according to BUU of the reaction 36Ar+12C at 60A MeV and b =
2.1 fm, shown as the density distribution of nucleonsprojectedin the x � z coordinate
space. Thebeamaxisis along z,and(x � z) are measuredin fm.
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Figure 8.8: Time evolution according to BUU of the reaction 36Ar+12C at 60A MeV and b =
2.1 fm, shownas the density distribution of nucleons projectedin the transverse-
longitudinal (px � pz) momentumspace. (Each bin corresponds to 37.5MeV/c).
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combinations(for this systemalsoa third structuredevelopsin betweenthe two biggest
fragments).For thelightest36Ar+12C systemonly onequasiprojectilesurviveswith some
individualparticlesandclustersemittedin themid-rapidityregion.

As a matterof fact,very recentandcompleteexperimentalresultscollectedwith the
4p MSU-array[Colin98, Colin99, Sun99a,Sun00]for 40Ar-inducedreactionson 197Au,
108Ag and 63Cu at 65A MeV indicatethat incomplete fusion with captureof most of
the projectileby the heavier target or splintering collisions with captureof only a mi-
nority fractionof theprojectilenucleonsleadingto a multi-bodysprayof projectile-like
light fragmentsin the forwarddirection,arethedominantreactionmechanismsfor cen-
tral and semi-centralreactionsrespectively. Most of the reactionproductsdetectedin
thiskind of collisions canbethusseparatedinto isotropic (from thethermalizedheaviest
fragment)andforward-focused(pre-thermalized)emission.Additionally, the 36Ar+58Ni
systemhasbeenthoroughly studied by the INDRA collaborationat 52A, 74A and95A
MeV. Thedominantprocessof this more-symmetric systemis the formationof a quasi-
projectileanda quasi-targetaccompaniedby dynamical(or preequilibrium) emissionat
mid-rapidity [Ma97]. Suchreactionmechanismsarequalitatively predictedby our BUU
calculations.

With the sameBUU calculationswe can follow the evolution of the maximum(local)
centraldensity4, r max, attainedduringthe�rst compression phase(whena transientcom-
positesystemis formed),itsminimumvalue,r min, attheendof theexpansionstage(when
thetwo original fragmentsareseparating),andits secondmaximumvaluer 2nd

max reached
afterwardsin theremainingheavy residue(�g. 8.9andtable8.2).

Themaximumdensityreachedduringthecollision is r max �

1 � 4r 0 for thefour con-
sideredsystems. This featureis a resultof the different impactparametersselectedfor
eachreactionwhichcompensatesomehow thedifferentimportanceof thecompressional
effectsin eachprojectile-targetcombination. Thetwo smallersystems,however, leadat
theendof the expansion phaseto a minimal value,r min �

0 � 6r 0, lower thanthoseob-
tainedfor biggerones(r min �

0 � 8r 0) . Accordingto thesesimulations,thesubnuclear
densitiesreachedat leastfor the two heaviest systems(Au andAg targets)arenot low
enoughto drive theexcitedsystemsinto thespinodal region (r min G 0 � 4r 0) at theendof
theexpansion stage.Instead,the remainingheavy residues,drivenby thenuclearforce,
undergoanew recompressiontowardsthesaturationdensity. In all cases,thevalueof the
densityreachedin thissecondrecompressionis rathermoderater 2nd

max �

1 � 1r 0.

8.1.3 Bremsstrahlung production within BUU

We shall now presentthe result for the calculationof the png bremsstrahlungrateand
its evolution with time. Correlatingthis informationwith theresultsobtainedin the for-
mersectionwill help to identify thespatio-temporalsourceat theorigin of theemission
of thermalhard-photons.We have usedthe sameBUU version,in which the produc-
tion of bremsstrahlungphotons(usingtheScḧaferparametrizationof the pngelementary

4Thevaluesof thedensityhave beenobtained for a (central)cubeof 27 fm 3 volume. As a reference,
thevolumes of someof thecolliding nucleiin thisexperimentare:V M

12CN–; 86fm3, V M
36Ar N–; 260fm3,

V M 197Au N´; 987fm3.
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Figure 8.9: Evolution of the(central) density in thereactions36Ar+197Au, 108Ag, 58Ni, 12C at 60A
MeVfor thedifferent impact-parameters,asgivenby BUU calculations.
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Table8.2: Maximum,r max, andminimum,r min, central densitiesattainedrespectively in the�r st
compressionstage and at the end of the �r st expansion stage as predicted by BUU
simulations for the reactions36Ar+197Au, 107Ag, 58Ni, 12C at 60A MeVat the impact
parameters quoted in table 8.1. Thedensity attained at the second recompressionof
thesystemr 2nd

max is also indicated. Thevalue of the incompressibility modulus is k¥ =
230MeV, in all cases.

Reaction: 36Ar+197Au 36Ar+108Ag 36Ar+58Ni 36Ar+12C
1stcompression:
r max� r 0 1.35 1.38 1.43 1.40
t (fm/c) 22 17 19 17
Expansion:
r min � r 0 0.84 0.80 0.56 0.63
t (fm/c) 70 70 65 50
2ndcompression:
r 2nd

max� r 0 1.14 1.16 1.06 1.12
t (fm/c) 140 120 107 87

cross-section,seeAppendix2) is implementedperturbatively [Cass90]. Thesesimula-
tions of the time sequenceof photonproductionfor the reactions36Ar+197Au, 107Ag,
58Ni, 12C at 60A MeV (�gs. 8.10, 8.11, 8.12, 8.13) have beenperformedat the same
impact-parametersusedin theformersection.

Two sourcesof hard-photonsseparatedin time arepredictedby BUU: the most in-
tenseoneduringthe�rst compression stageandthesecondoneduringtherecompression
phaseof the heavy remnant. Thosetwo hard-photon�ashes have beenusually inter-
preted[Mart95, Schu97]asbeingresponsiblerespectively for the“direct” and“thermal”
hard-photoncontributionsobservedin theexperimentalphotonspectra.They presentthe
following features:

� Directhard-photons: Photonsstartto beemittedimmediatelyafterthebeginning of
thecollision process(t

�

10fm/c for thefour systems).Themaximumof emission
takesplacebetweent

�

22 fm/c andt
�

30 fm/c, slightly afterwhenthemaximum
compressionof thecomposite systemis reached(see�g. 8.9 andtable8.2). This
�rst �ash lastsup to 60- 70 fm/c for thetwo heaviestsystemsandonly 35 fm/c for
the lightestC target. Thosetimesroughlycorrespondto thecompletegeometrical
passageof thetwo collidingionsthrougheachother. It issuesmainly from energetic
�rst-chanceNN collisions,whenthesystem,far from equilibrium,asindicatedby
the(px � pz) plots,is �rst compressed.A smallcontribution of secondaryNN colli-
sionsduringtheexpansion phasewhile thesystemis thermalizing (dueto theeffect
of two-bodydissipation)alsoaccountsfor somedirecthard-photonproduction.

� Thermalhard-photons:For the threeheaviestsystems(36Ar+197Au, 107Ag, 58Ni),
the�rst emissionof hard-photonsis followedby asecond�ash (with amaximumat
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Figure 8.10: Production rate of bremsstrahlung photons (Eg Ã

30 MeV) as a function of time
calculated with BUU assuming a rather soft EoS(k¥ = 230 MeV) for the system
36Ar+197Au at 60AMeVat an impact parameter b = 3.8fm.
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Figure 8.11: Production rate of bremsstrahlung photons (Eg Ã

30 MeV) as a function of time
calculated with BUU assuminga rather soft EoS(k¥ = 230 MeV) for the system
36Ar+108Ag at 60AMeVat an impactparameterb = 3.1fm.
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Figure 8.12: Production rate of bremsstrahlung photons (Eg Ã

30 MeV) as a function of time
calculated with BUU assuming a rather soft EoS(k¥ = 230 MeV) for the system
36Ar+58Ni at 60AMeVat an impactparameterb = 2.5fm.
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Figure 8.13: Production rate of bremsstrahlung photons (Eg Ã

30 MeV) as a function of time
calculated with BUU assuminga rather soft EoS(k¥ = 230 MeV) for the system
36Ar+12C at 60AMeVat an impactparameter b = 2.1 fm.
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Table8.3: Relativeratio of thermal (bremsstrahlung emitted duringthesecondcompression stage
of thereaction) to total hard-photonsfor thefour studiedreactionsaccording to BUU
calculations.

Reaction 36Ar+197Au 36Ar+108Ag 36Ar+58Ni 36Ar+12C
Thermal/Totalhard-g 18% 15% 10% 5%

t
�

100- 140fm/c) of bremsstrahlung photonsemittedfrom subsequentNN colli-
sionsinside the excited nuclearsystems,during the secondmodest(r

�

1 � 1r 0)
compression phase. During this later phasethe heavy remnant(in the Au and
Ag cases)or the primary quasi-projectile and quasi-target (for the Ni case)are
clearly thermalizedas indicatedby the isotropic nucleonmomentadistributions
(plots 8.2, 8.4 and8.6). This justi�es the designation of “thermal” hard-photons
for this second-chancepng bremsstrahlungemission. Sincetheenergy of thepro-
ducedphotonis limited by theavailableCM energy in the pn collision, this ther-
malhard-photoncomponentpopulatesmoreintenselythelow-energy regionof the
hard-photonspectrum(Eg = 30 - 60 MeV). For the 36Ar+12C case,this second
componentis notcompletelyabsentin thecalculationsalthoughit is muchlesssig-
ni�cant thanin theothersystemsin agreementwith ourobservations.Theduration
of this secondgroupof NN collisionsleadingto bremsstrahlung emissiondepends
basicallyonthesizeof thesystem(i.e. on thetotalnumberof participantnucleons)
beingmaximal for theheaviest36Ar+197Au one.Therelativeweightof thethermal
componentwith respectto thetotalhard-photonyield5 variesthusfor eachtargetas
indicatedin table8.3.This resultis in agreementwith theexperimentally observed
thermalhard-photonratiosfor the Au, Ag andC targetsbut is clearly underesti-
matedfor theNi one(seetable6.2).

5It hasto benotedthat in BUU, asin othertransport model calculations, spurious collisionsdo occur
at themomentum-spacesurfacedueto an imperfect treatment of thePauli blocking [Bona90]. As a con-
sequencea low-energy bremsstrahlung photon contribution is arti�cially generatedby thecalculations. In
suchcircumstances,theintensityof this contributioncannot beexactlycalculatedandintroducesa relative
uncertainty on the intensityof the photon sourceswhich might be particularlysigni�cant for the second
andweaker one[Barz96]. We have tried to minimize the effect of this componentby subtractingfrom
thewholebremsstrahlungratesthespuriousemissioncollectedprior to theheavy-ion contact-point. This
contribution, which hasbeenassumedconstantall through the time sequence, is of theorder, at most,of
10%of thetotal yield afterintegrationover thereactiontime.
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8.2 Quantum Molecular Model (QMD)

8.2.1 Description of the model

The QuantumMolecularDynamics(QMD) model [Aich86, Aich87b, Peil89,Aich91]
providesan approachthat goesbeyond the one-bodydescriptionof BUU simulations.
QMD is an-bodytheorywhichsimulatesheavy ion reactionsonanevent-by-eventbasis.
Sinceit takesintoaccountall �uctuationsandcorrelationsbetweenthecollidingnucleons,
many-body processes,in particularthe formationof complex fragments,are explicitly
treated.

In QMD, eachnucleonis representedby a coherentgaussianstatecharacterizedby 6
time-dependentparameters/r i and /pi of theform:

f i
�

/xi ; t �–�

�

2
Lp �

3� 4

e


"

[xi



[r i
"

t #$#

2
� L ei [xi [pi

"

t # (8.6)

TheparameterL, which is relatedto theextensionof thewavepacket in phasespace,
is �x ed. Thetotal n-bodywave functionis assumedto be thedirectproductof coherent
stateslike (8.6):

F � Õ
i

f i
�

/xi ��/ r i �•/ pi � t � (8.7)

Sincethis expressiondoesnot usea Slaterdeterminant(with
�

Ap ! At � ! summa-
tion terms)it neglectsantisymmetrization. First successfulattemptsto simulateheavy
ion reactionswith fully antisymmetrizedstateshave beenperformedfor small systems
[Feld00,Ono98]. A consistentderivation of theQMD equationsof motion for thewave
functionunderthein�uenceof both,therealandtheimaginarypartof theG-matrix,how-
ever, hasnot yet beenachieved.Thereforeoneaddstheimaginary partasa crosssection
andtreatsthemasin thecascadeapproach.

Theinitial valuesof theparametersarechosenin awaythattheensembleof
�

At ! Ap �

nucleonsgivesa smooth densitydistribution aswell asa correctmomentum distribution
of theprojectileandtargetnuclei.Thetimeevolutionof thesystemis calculatedby means
of ageneralizedvariational principle.Onestartsout from theaction:

S �

Z

t2

t1
L � F � F s

% dt (8.8)

with theLagrangefunctionalL :

L �ÅÄ F Æ

Æ

Æ

Æ

i >

d
dt

�

H Æ

Æ

Æ

Æ

F Ç (8.9)

wherethetotaltimederivativeincludesthederivationwith respectto the6 time-dependent
parameters/r i and /pi . Thetimeevolution of theparametersis obtainedby therequirement
thattheactionis stationaryundertheallowedvariationof thewave function:

dS � d
Z

t2

t1
L � f � f s

% dt � 0 (8.10)

If the true solution of the Schr̈odingerequationis containedin the restrictedsetof
wave functionsf i

�

/xi � t � (with parameters/r i �r/ pi) thisvariationof theactiongives theexact
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solution of theSchr̈odingerequation.If theparameterspaceis too restrictedoneobtains
thatwave function in therestrictedparameterspacewhich comesclosestto thesolution
of the Schr̈odingerequation.Performingthe variationwith the testwave function,one
obtainsfor eachparameterl anEuler-Lagrangeequation:

d
dt

¶L
¶�l

� ¶L
¶l

� 0 (8.11)

During the propagation,two nucleonssuffer collisions if the distancebetweentheir
centroids
 xa

�

xb 
 is lessthan
3

s � p. Onealsocheckstheavailability of the�nal phase
spacewith thesocalledclassicalPauli procedure. In thisprocedure,acollisionis blocked
if the�nal stateis alreadyoccupied.

TheHamiltonian H in equation(8.9) containsa kinetic termandmutualinteractions
Vi j , which canbe interpretedasthe real part of the BrücknerG-matrix, complemented
with theCoulombinteraction.Theformercanbefurthersubdividedin a partcontaining
the contactSkyrme-typeinteractiononly, a contribution due to a �nite rangeYukawa-
potential, and(optionally) amomentumdependentpart:

V i j
� Gi j

! V i j
Coul

� V i j
Skyrme ! V i j

Yuk ! V i j
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� t1d
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�
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Zi � Z j beingthechargesof thenucleonsi and j.
The potentialpart of the equationof state,resultingfrom the interactionsV i j

Skyrme !

V i 2 j
mdi (local interactionsplusmomentumdependence),thenreads:

U � a v

�

r int

r 0 �

! b v

�

r int

r 0 �

g

! d v ln2
• e v

�

D /p�

2
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ž

v

�

r int

r 0 �

(8.13)

Like in the BUU case,this generalizedansatzusesthreeparametersa � b � g; two of
themare�x edby theconstraintthatthetotalenergy hasaminimumat thesaturationden-
sity r � r 0 with avalueof e=

�

16A MeV whichcorrespondsto thevolumeenergy in the
Bethe-Weizs̈acker massformula. The third parameteris �x edby thenuclearcompress-
ibili ty whichde�nes,again,two differentequationsof state:ahardequationof statewith
acompressibility of k¥ � 380MeV andasoftequationof statewith acompressibility of
k¥ � 200MeV.

8.2.2 Collision dynamics in the 36Ar+ 197Au, 107Ag, 58Ni, 12C at 60A
MeV reactions

In orderto studythedynamicsof theheavy-ion collision wehaveemployedin thepresent
studythelatestversionof QuantumMolecularDynamics(QMD), adaptedfor intermediate-
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energy heavy-ion reactions[Neba99a,Neba99b].It containsaSkyrmeforcewithoutmo-
mentumdependence,yielding arathersoftequationof state(k¥ = 250MeV). The2-body
collision termemploys theCugnonparametrizationfor theNN cross-section.
We have performedwith QMD thesameanalysiscarriedout in Section8.1.2with BUU
in orderto studythetime evolution of thefour reactionsin con�gurationandin momen-
tum space.The simulationsof the differentsystemsat the impactparameterslisted in
table8.1 indicatevery similar reactionmechanismsto the BUU case(seediscussion in
Section8.1.2)in thespaceof coordinates(x � z) (�gs. 8.14,8.16,8.18,8.20).Namely, the
production of an excited quasi-target nuclei for the two heaviest systems(Au andAg),
themainlybinarycharacterof themoresymmetric 36Ar+58Ni reaction,andtheexistence
of a singlequasiprojectile fragmentin the lightest36Ar+12C one. Nonetheless,although
both transportmodelsshow a very similar behaviour during thecompressionphase,the
expansion andseparationstagesoccurin a somewhatfastertime-scalein theQMD case
asit canbe seenby comparingwith �gs. 8.1, 8.3, 8.5, 8.7. Even if both modelsshare
almostthesameSkyrmemean-�eld leadingto a quitesimilar EoS,this differencearises
mainly from the differentway of assessingthe densityenteringin the nuclearpotential
andthestrengthof thePauli blockingfactor.

In momentumspace(px � pz), thedisparitybetweenQMD andBUU is moreapparent.
In themolecularmodelapproachtheoriginal Fermibi-spheredistribution of thecollid-
ing projectileandtarget nucleonsremainsvisible until later reactiontimes(�gs. 8.15,
8.17,8.19,8.21)at variancewith the BUU resultswhich indicateda roughmomentum
isotropy from t

�

60 fm/c. The(px � pz) densitypro�les persistratherasymmetricuntil at
leastt

�

105fm/c andevenbeyondglobalequilibration is not attained.This is an indi-
cationof a highertransparency of the QMD modelwheretotal thermalization is hardly
attainedbecausemostof the two-bodycollisions arePauli-blockedand,thus,equilibra-
tion is slower. As a matterof fact, in the framework of QMD, b

�

2 - 3 fm collisions
nevergenerategloballyequilibratednuclearmattersystems[Goss97]. Thiswill certainly
haveanin�uence in thebremsstrahlungspectra.
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Figure 8.14: Timeevolution according to QMD of thereaction36Ar+197Au at 60AMeV(b = 3.8
fm), shown as the density distribution of nucleonsprojectedin the (x � z) coordinate
space. Thebeamaxisis alongz,and(x � z) are measuredin fm.
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Figure 8.15: Time evolution according to QMD of the reaction 36Ar+197Au at 60A MeV (b =
3.8 fm), shown as the density distribution of nucleonsprojected in the transverse-
longitudinal (px � pz) momentumspace. (Theunits in bothaxesare GeV/c).
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Figure 8.16: Timeevolution according to QMD of thereaction36Ar+108Ag at 60AMeV(b = 3.1
fm), shown as the density distribution of nucleonsprojectedin the (x � z) coordinate
space. Thebeamaxisis alongz,and(x � z) are measuredin fm.
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Figure 8.17: Timeevolution according to QMD of the reaction at36Ar+108Ag at 60A MeV(b =
3.1 fm), shown as the density distribution of nucleonsprojected in the transverse-
longitudinal (px � pz) momentumspace. (Theunits in bothaxesare GeV/c).
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Figure 8.18: Time evolution according to QMD of the reaction36Ar+58Ni at 60A MeV (b = 2.5
fm), shown as the density distribution of nucleonsprojectedin the (x � z) coordinate
space. Thebeamaxisis alongz,and(x � z) are measuredin fm.
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Figure 8.19: Time evolution according to QMD of the reaction 36Ar+58Ni at 60A MeV (b =
2.5 fm), shown as the density distribution of nucleonsprojected in the transverse-
longitudinal (px � pz) momentumspace. (Theunits in bothaxesare GeV/c).
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Figure 8.20: Time evolution according to QMD of the reaction 36Ar+12C at 60A MeV (b = 2.1
fm), shown as the density distribution of nucleonsprojectedin the (x � z) coordinate
space. Thebeamaxisis alongz,and(x � z) are measuredin fm.

227



Modelcomparison 228

-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4
-0.42

-0.336

-0.252

-0.168

-0.084

-0

0.084

0.168

0.252

0.336

0.42

t=0 fm/c

Momentum px-pz

-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4
-0.42

-0.336

-0.252

-0.168

-0.084

-0

0.084

0.168

0.252

0.336

0.42

t=15 fm/c

Momentum px-pz

-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4
-0.42

-0.336

-0.252

-0.168

-0.084

-0

0.084

0.168

0.252

0.336

0.42

t=30 fm/c

Momentum px-pz

-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4
-0.42

-0.336

-0.252

-0.168

-0.084

-0

0.084

0.168

0.252

0.336

0.42

t=45 fm/c

Momentum px-pz

-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4
-0.42

-0.336

-0.252

-0.168

-0.084

-0

0.084

0.168

0.252

0.336

0.42

t=60 fm/c

Momentum px-pz

-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4
-0.42

-0.336

-0.252

-0.168

-0.084

-0

0.084

0.168

0.252

0.336

0.42

t=75 fm/c

Momentum px-pz

-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4
-0.42

-0.336

-0.252

-0.168

-0.084

-0

0.084

0.168

0.252

0.336

0.42

t=105 fm/c

Momentum px-pz

-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4
-0.42

-0.336

-0.252

-0.168

-0.084

-0

0.084

0.168

0.252

0.336

0.42

t=120 fm/c

Momentum px-pz

-0.4 -0.3 -0.2 -0.1 0 0.1 0.2 0.3 0.4
-0.42

-0.336

-0.252

-0.168

-0.084

-0

0.084

0.168

0.252

0.336

0.42

t=135 fm/c

Momentum px-pz

Figure 8.21: Timeevolution accordingto QMDof thereaction36Ar+12C at 60AMeV(b = 2.1fm),
shownasthedensity distribution of nucleonsprojectedin thetransverse-longitudinal
(px � pz) momentumspace. (Theunits are GeV/c).
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8.2.3 Bremsstrahlung production within QMD

Theversionof QMD usedin thepresentwork doesnot containtheproductionof hard-
photons. As amatterof fact,althoughtheproduction of othersubthreshold particlessuch
askaonsis availablein differentversionsof QMD, only four worksupto thepresentmo-
menthaveexplicitly studiedhard-photonproductionwithin a“quantum”(QMD) [Ohts90,
Khoa91, Li92] or pureclassical(CMD) [Heue88]moleculardynamicsapproach.In prin-
ciple,sincethecontribution of the pngprocessesto thetotalNN cross-sectionis of about
10




3, hard-photonsinduceno changein the �o w of nucleonsin phasespace.Onemay
thentreatthephotonproductionperturbatively andneglecttherecoilmomentumfor �nal
nucleonsin thecalculationof thetimeevolutionof thesystem.In suchincoherentandper-
turbative scenario,the appropriateconvolution of the elementarybremsstrahlung cross-
sectionwith theresulting NN collisionhistorywouldgiverelatively straightforwardlythe
hard-photonproductionratefor a givenimpact-parameter. This work is underway andit
hasnotbeenincludedhere.Nonetheless,althoughtheelementarypn E pngcross-section
is notyet introducedin thecalculations,sincethenumberof producedhard-photonsis di-
rectly relatedto thenumberof incoherentproton-neutron collisionsduringtheevolution
of theheavy-ion system, onecanhaveaninsight into themechanismsof hard-photonpro-
ductionby analyzingthenumber of NN collisionsasa functionof the reactiontime for
thefour consideredsystems. To makeamorerealisticcomparisonwith thedataandwith
thesimilarBUU resultspresentedin theformersection,wehavemodi�ed theQMD code
to output the temporalevolution of proton-neutron(i.e. consideringisospin explicitly)
collisionswhichenergeticallycanleadto theemissionof ahard-photon,i.e. pncollisions
with KCM �ÊL s

�W�

mp ! mn �HB 30MeV.

The resultsof suchsimulations for the four consideredreactions(�gs. 8.22, 8.23,
8.24,8.25)indicate,asin theBUU case,thatenergeticproton-neutroncollisions(possi-
bly leadingto a bremsstrahlungemission) take placebasicallyin the �rst instants of the
reaction. However, several differencesappearwith respectto the BUU results. On the
oneside, the maximumnumberof suchcollisions is shifted = 20 fm/c with respectto
the peakof bremsstrahlung emissionfound in theBUU calculations.This is dueto the
higherPauli-blocking betweennucleonsin themoleculardynamicsmodelwhich yields
a “slower” increaseof the �rst-chanceNN collision rate. On the otherside,no promi-
nentsecondgroupof proton-neutroncollisionsis observed in QMD after theexpansion
of theprimarysystem. WhereasBUU indicatedclearlytheexistenceof a secondrecom-
pressionyielding additionaltwo-bodycollisions interpretedasthesourceof thermalhard
photons, QMD hardlyreproducesthis behaviour. Nonetheless,for thethreeheavier sys-
temsa smallaugmentationof thenumberof pn collisionsis apparentat aroundt

�

200
fm/c (insetof �gs. 8.22,8.23,and8.24). Whetherthis is anspurious outcomeor not of
thenumericalsimulation, it is not readilyanswerablebut suchaneffect seemsnot to be
presentin the lighter 36Ar+12C case(insetof �g. 8.25). In any case,sincestopping is
lessimportant in QMD thanin BUU thequasiprojectile andquasitarget fragmentsissue
the �rst compression-expansionphasewith higherkinetic energiesand,therefore,there
is lessenergy availablefor thermalization.This leadsto lessenergeticNN collisionsin
thesubsequentstagesof thereaction.A moreconclusive answerto thepossiblerelation
of thesecondyield of NN collisionsto theobservedthermalhard-photoncomponentcan
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Figure 8.22: Proton-neutron collision (with KCM Ã

30MeV)ratecalculated with QMD asa func-
tion of time for the system 36Ar+197Au at 60A MeV and at an impactparameter b
= 3.8 fm. Thedashed-dotted lines correspond to pn collisionsof nucleonsbelong-
ing to the (quasi)target and the dottedto the (quasi)projectile. Theinsetshowsthe
same�gu re in linear scale in the range t = 100 - 300 fm/c. (Theordinateunits are
arbitrary).
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Figure 8.23: Proton-neutroncollision(with KCM Ã

30MeV)ratecalculatedwith QMD asa func-
tion of time for the system36Ar+108Ag at 60A MeV and at an impactparameterb
= 3.1 fm. Thedashed-dotted lines correspond to pn collisionsof nucleonsbelong-
ing to the (quasi)target and the dotted to the (quasi)projectile. Theinsetshowsthe
same�gur e in linear scale in the range t = 90 - 300 fm/c. (Theordinate units are
arbitrary).
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Figure 8.24: Proton-neutron collision (with KCM Ã

30MeV)ratecalculated with QMD asa func-
tion of timefor thesystem36Ar+58Ni at 60AMeVandat animpactparameter b = 2.5
fm. Thedashed-dottedlinescorrespondto pncollisionsof nucleonsbelongingto the
(quasi)targetandthedotted to the(quasi)projectile. Theinsetshowsthesame�gu re
in linear scale in therange t = 70 - 300fm/c. (Theordinateunitsare arbitrary).

232



233 Modelcomparison

t (fm/c)
0 50 100 150 200 250 300

pn
 c

ol
lis

io
n 

ra
te

 (
co

un
ts

/3
 fm

/c
)

1

10

10
2

10
3

Ar(60A MeV)+C
b=2.1 fm

100 150 200 250 300
0
5

10
15
20
25
30
35
40
45

Figure 8.25: Proton-neutroncollision(with KCM Ã

30MeV)ratecalculatedwith QMD asa func-
tion of timefor thesystem36Ar+12C at 60AMeVandat animpact parameterb = 2.1
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(quasi)targetandthedottedto the(quasi)projectile. Theinsetshowsthesame�gu re
in linear scale in therange t = 70 - 300fm/c. (Theordinateunitsare arbitrary).
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only begivenafteracompletecalculationof the pngbremsstrahlungratewithin QMD.

SinceQMD treatseachnucleonas an individual wave-function, it hasthe advan-
tagewith respectto BUU that (in a semi-classicalway) onecanfollow theevolution of
thenucleonsoriginally belongingto projectileor target6. Almost all the second-chance
NN collisionstakingplaceabove t

�

100fm/c areamongnucleonsbelongingto thehot
quasi-target residuein thecaseof the two heaviest targetnuclei. This con�rms qualita-
tively theexistenceof a(small)recompressionof theexcitedheavy systemspresentat the
endof the expansion phase.Althoughno quantitative assessmentof the rateof thermal
bremsstrahlungemission canbedonewithin QMD without anactualimplementationof
bremsstrahlungproduction, theseresultsdoconstituteaninterestingline to follow.

In any case,andasa�nal comment,any microscopicalmodelmustbeableto consistently
explain themaximum amountof experimentalobservations,andhard-photonsconstitute
a neatobservableof the stoppingphaseof the reaction(beforet

�

60 fm/c) andof the
nucleon-nucleondynamicsduringthe�rst 200fm/c,whentheprocessof fragmentforma-
tion takesplace. Therefore,complex “ab initio” microscopicalapproachesof heavy-ion
reactions,suchas QMD and BUU, shouldbe testedagainstthe productionof brems-
strahlungphotons,which is an observablespeciallysensitive to the two-bodycollision
termof thetransportequation.

6Of course,suchapossibilityis notconceivable in apurequantumdescription of thenucleonssince,by
de�nition, they areindistinguishable.
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Thebulk of inclusive andexclusive experimental�ndings, aswell astheanalysisof
the nucleonphasespacedistributions within two transportmodels,haspermittedto in-
terpretpart of the observed hard-photonproduction(15% to 20% of the total yield in
the36Ar+197Au, 36Ar+58Ag, and36Ar+108Ni systems)asbeingemittedin NNgcollisions
from a thermalizedheavy target-like residueremainingafter the �rst stagesof the reac-
tion. It seemsthusrathernaturalto apply a thermalbremsstrahlungmodelto interpret
thesedata. In this last chapter, I will usea thermalbremsstrahlung modelto derive the
thermodynamicalpropertiesof thehot nuclearsystemsproducedduringthereaction.In
particulartheir temperaturewill bedeterminedexploiting theradiationemissionof ther-
malhard-photonswith theexperimentallyobservedinverseslopeparameters.

9.1 Thermal bremsstrahlung model

The interpretationof the total hard-photonproductionin heavy-ion reactionswithin the
framework of several proposedthermalmodelswascarriedout at late eighties[Nife85,
Stev86, Neuh87, Prak88, Bona88].Theseapproachesweresupersededby moredynami-
calmodelscapableof reproducing,amongothers,theobservedanisotropiccomponentin
theangulardistribution,or thesourcevelocitysystematics. Moreover, someof thesether-
malmodelsoverestimatedthehard-photonproductionrateby almostoneorderof magni-
tudeandcouldhardlyinterpretthemeasuredlargevaluesof theinverseslopeparameters
of thehard-photonspectra(E0 �

20MeV ate.g.60A MeV bombarding-energies)in terms
of the temperaturesreachedwithin the participantzone. All thoseempiricalevidences
wereindeedmoretypicalof apreequilibrium-likeprocessratherthana thermalone.The
possibility of a thermalbremsstrahlung componentaccountingfor part of thetotal hard-
photonyield, however, wasnot completelyruledout and,asmatterof fact, theoriginal
modelof Nifenecker andBondorf[Nife85] alreadycombinedtwo differenttypesof pro-
cessesresponsiblefor hard-photonemission: 1) �rst-chancecollisionsbetweenprojectile
andtarget nucleonsin the very �rst stagesof the reaction,and2) subsequentnucleon-
nucleoncollisionsin theproduced“nuclear�reball” zone.More recently, Neuhauserand
Koonin [Neuh87],Bonasera[Bona88]or Alm [Alm95] alsoproposedsuchapproach.

Our goal hereis to apply a thermalapproach,the NeuhauserandKoonin model,in
order to exploit the second-chancebremsstrahlung componentobserved in our datato
derive the thermodynamical propertiesof the excited nuclearsystemsproducedin the
differentHI reactionsconsidered.

9.1.1 Description of the thermal model

The descriptionof bremsstrahlungemission within a thermalmodelassumesthat each
volume of space-timeoccupiedby hadronsduring the collision emitsphotonsat a rate
determinedby its local thermodynamical conditions(temperatureanddensity),andthat
thenetexperimentalspectrumis thesuperpositionof thesemany incoherentcontributions.
Thisassumptiondoesnot imply thatphotonsemittedfrom eachspace-timevolumearein
thermalequilibrium with thehadrons(i.e. have a blackbodyspectrumat theappropriate
temperature)sincethephoton-hadroncouplingis almostnegligible. Instead,thenumber
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237 Derivation of thermodynamicalproperties

and spectrumof photonsemittedfrom a given volume is basicallydeterminedby the
natureof theelementarynucleon-nucleonprocessesthatoccurwithin it.

Keepingthis in mind, we will calculatethe hard-photonspectraemittedfrom inco-
herentNN collisionswithin a thermalizednuclearsystemfollowing the kinetic photon
productionprescriptionof NeuhauserandKoonin [Neuh87]. The emission of photons
is describedby a local differential rate of emission d6Ng� d3xdt dEgdW calculatedby
approximating the emitting region asa pieceof nuclearmatterin thermalequilibrium
characterizedby local density, temperatureandaveragemomentumdistribution. In such
scenario,the pngemissionratereads:

d6Ng

d3xdt dEgdW
�

8
4p Z

d /p1i
�

2p �

3
d /p2i

�

2p �

3 f
�

/p1i � f
�

/p2i � b12i
ds
dEg

(9.1)

Here /p1 2 2i andb12i are the initial momentaandrelative-velocity respectively of the
collidingnucleons,f

�

/p� thesingle-particlemomentadistribution, andds � dEg theangle-
integratedPauli-blockednucleon-nucleonbremsstrahlungcross-sectionwhichcanbeap-
proximated(assumingisotropic pnscattering)by:

ds
dEg
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ds f ree

dEg
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�
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(9.2)

whereds f ree� dEg is theelementarynucleon-nucleonbremsstrahlungcross-sectionin
freespace,andwherethefollowing relationsbetweentheindividual�nal momentaof the
outgoingnucleonsandtheir relativemomentum havebeenapplied:

/p1 2 2f �

1
2

/Pf 	Ë/ pf �

/Pf �

/Pi
�

/pg (9.3)

The nucleonmomentum distribution f
�

/r �^/ p� in equations(9.1) and(9.2) is sampled
accordingto aFermi-Diracequilibrium distributionat(local) temperatureT with density-
dependentFermienergy EF

�

r � :

f
�

/r �0/ p�´�
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N
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r �¨ÍÎ� T
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(9.4)

Suchdistribution is normalizedto thenucleonnumberdensityn:

4
Z

d /p
�

2p �

3 f
�

/p�´� n (9.5)

To carry out the calculations,the expressionresultingof combining(9.1) and(9.2)
is evaluatedusingrelativistic kinematics andthe integralsaresolved by a Monte Carlo
method. At this point, it is important to stressthe diverse assumptions that we have
consideredto performthecalculations:

� The elementarypng differential cross-sectionusedin eq. (9.2) is the covariant
“Schäfer parametrization”(seeAppendix2) and not the modi�ed versionof the
semi-classical Jackson's formula (seeAppendix2) usedoriginally in Neuhauser's
work [Neuh87].
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� Sincewe will be mainly interestedin determining the slopeof the thermalhard-
photonspectrumasa functionof the temperatureof the emitting system,we will
not performtheintegrationof theobtained(Doppler-shifted)local differentialrate
of emissionover impactparameterandoverspace-timevolumed3xdt, i.e. we will
not try to compute:

dsg

dEgdW
�

Z

2pbdb
Z

d6Ng

d3xdt dED
g dWD

g

�

ED
g � f �

Eg

ED
g

d3xdt (9.6)

whichimpliesaquantitativeknowledgeof thespatio-temporaldetailsof thesource1.
Indeed,the fact that theemissionof thermalhard-photonsoccursin a rathershort
�ash of time comparedto the total reactiontime (seee.g. �g. 8.10) and that
theframeof thenucleonslocal-average-velocity (theheavy recoilingresiduerem-
nant)is slowly moving (i.e. theDoppler-shifting is small) justi�es theassumption
that,apartfrom a globalnormalizationfactor, theshapeof ds g� dEg will bethatof
d5Ng� d3xdt dEg.

� Theemission rateswill becalculatedfor anuclearsystematdifferenttemperatures
T andat a densityequivalent to thesaturationdensityof nuclearmatterr

�

r 0 =
0.17 fm




3, i.e. the temperatureT enteringin the Fermi-Diracformula (9.4) will
be the only free parameter. The choiceof the densityequalto r 0 is a reasonable
assumptionsincewe have seenin previous sectionsthat thesecond�ash of hard-
photonstakesplacein nucleon-nucleoncollisionsat roughlythesaturationdensity
during the secondcompressionof the system(�g. 8.9). Additionally, the rateof
nucleon-nucleoncollisionsgoesasr 2, whichmakesit veryunlikely to havebrems-
strahlungemission at low nucleardensities.Indeed,themodelcalculationsindicate
that the thermalbremsstrahlung yield is reducedroughly a factor10 at densities

= 0 � 5r 0 in comparisonto theyield at r 0. In any case,wehavecon�rmed thatboth
theshapeandslopeof thed5Ng� d3xdt dEg distributionobtainedfrom themodelfor
a given T do not changesigni�cantly for differentvaluesof the sourcedensityr
enteringin thecalculationof EF

�

r � in eq. (9.4)andin thenormalization(9.5), i.e.
theslopeof d5Ng� d3xdt dEg turnsout to bebasically“controlled” by thevalueof
T.

Thethermalnucleon-nucleonbremsstrahlungphotonratesfor Eg
� 30MeV, d5Ng� d3xdt dEg,

areshown in �g. 9.1 for threedifferenttemperatures(T = 4 MeV, T = 6 MeV andT = 8
MeV) of thesameorderasthetypical temperaturesencounteredin heavy-ion reactionsat
intermediate-energies. The combinationof the Fermi-Diracdistribution of thenucleons
at thesetemperatures,theenergy-dependentelementarypngcovariantcross-section,and
thePauli blocking factorsresultsin thermalhard-photonspectrawhichcanbereasonably
well approximatedby asingle(Maxwell-like)exponentialaboveEg = 30MeV. Indeed,in
[Stev86] it wasalsofoundthattheBremsstrahlungradiationfromahot,isotropic hadronic
gasgivesanessentially exponentialgamma-rayenergy spectrumwith a slopeparameter
closeto thetemperatureof thegas.

1Additionally, the integral over impactparameterb in eq. (9.6) “weights” s g with the cross-section
corresponding to theformationof the(radiating) nuclearsource.
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Figure 9.1: Thermalbremsstrahlung(png) emission rates,d5Ng� d3xdt dEg, froma nuclear system
in thermal equilibrium at thesaturation density r0 = 0.17 f m�

3 for varioustemper-
atures(T = 4 MeV, T = 6 MeVandT = 8 MeV)asobtainedwith theNeuhauserand
Koonin model[Neuh87].

239



Derivation of thermodynamicalproperties 240

9.2 Extract ion of a nuclear temperatur e

Sincethermalhard-photonsareemittedfrom ahotsource,theirslopeparameterEt
0 should

re�ect the local temperatureT of the nuclearsystemat the time of emission[Stev86,
Schu97]. However, sincephotonsarenot in thermalequilibriumwith thenuclearmedium
(photonsescapethe interactionregion immediatelyafter their production) Et

0 andT are
notdirectlyequivalent.Weneedthereforeto know how to quantitatively relateEt

0 andT.
Themostinterestingresultof thecalculationscarriedoutwith thethermalbremsstrahlung
modelof theformerSectionis that, indeed,thevaluesof the inverseslopeparameterEt

0
of the thermalbremsstrahlungspectra(�g. 9.1), extractedfrom a �t of the theoretical
spectrawith anexponential in therangeEg = 30 - 70 MeV, areneatlycorrelatedwith the
nucleartemperatureT of theradiatingnuclearsystem(see�g. 9.2) independently of the
densityof theemitting source.A linear �t of this dependencebetweenEt

0 andT (in the
regionT = 4 - 10MeV) gives thefollowing quantitative relationbetweenthem:

T
�

MeV �Ï� a v Et
0

�

MeV �†! b (9.7)

with a � 0 � 75 	 0 � 03 and b �

�

0 � 62 	 0 � 03 MeV
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Figure 9.2: Linear dependencebetweenthe inverseslopeparameters Et
0 of bremsstrahlungpho-

tons and the temperature T of the emitting nuclear source. Thedifferent valuesof
Et

0 are obtained from exponential �ts, betweenEg = 30 MeV and Eg = 70 MeV, of
the theoretical thermal bremsstrahlung spectra (�g . 9.1) obtainedfor each nuclear
temperature within thethermalmodel.

Thisresultis averycrucialonesinceit allowsto directlydeterminethenuclear(local)
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Table9.1: Nuclear temperaturesT extractedfromtheexperimentally measuredvaluesof theslope
parameters Et

0 of the thermal component of the hard-photonspectra for the systems
36Ar+197Au, 36Ar+108Ag, 36Ar+58Ni, 86Kr+ 58Ni, 181Ta+197Au and208Pb+197Au calcu-
lated by applying theformula (9.7)obtainedfromthethermalbremsstrahlung model.

System Klab (MeV) Et
0 (MeV) T (MeV)

208Pb+197Au 30 5.5 	 0.6 3.5 	 0.4
36Ar+107Ag 60 6.1 	 0.8 3.9 	 0.5
36Ar+197Au 60 6.2 	 0.5 4.0 	 0.4
181Ta+197Au 40 6.9 	 0.6 4.5 	 0.5

86Kr+58Ni 60 8.5 	 0.8 5.7 	 0.6
36Ar+58Ni 60 8.8 	 0.8 6.0 	 0.7

temperaturesattainedin theexcitednuclearfragmentsproducedin theconsideredheavy-
ion reactionsat the endof the expansion stageby measuringthe valueof the slopeof
their thermalhard-photonspectra.Table9.1 displaysthe temperaturesobtainedthrough
applicationof equation(9.7) for the threeheavy systemsstudiedin the presentthesis
(36Ar+197Au, 36Ar+108Ag, and36Ar+58Ni) aswell asthoseof TAPScampaignatGANIL
in 1992(86Kr+58Ni, 181Ta+197Au and208Pb+197Au) [Mart95, Schu97]. All the quoted
valuesof thenucleartemperaturelie in therangeT = 4 - 6 MeV in coincidencewith the
typical valuesfound in heavy-ion collisions at intermediatebombardingenergies. As a
matterof fact, the four systemswith total energies in the center-of-massbelow

�

10A
MeV (36Ar+197Au, 36Ar+108Ag, 181Ta+197Au and 208Pb+197Au), show a temperature
clusteredaroundT = 4.0 	 0.5 MeV, whereasthe two remainingones(36Ar+58Ni and
86Kr+58Ni) with total energy above Kcm

AA �

10A MeV, have T
�

6.0 	 0.5 MeV. These
temperaturesarecloseto the“cracking” or “limit ing” temperaturespredictedby various
statistical models[Bond95, Gros97].

It is interestingtocomparethetemperaturesobtainedfrom thethermalbremsstrahlung
slopeparameterswith thoseobtainedwith otherproposedmethods.Thesystems362 40Ar+197Au,
108Ag havebeenexperimentallystudiedatbombardingenergiesaround60A MeV by sev-
eralgroups.Thetemperaturesof theexcitednuclearsystem(s)producedin centralreac-
tionshave beenobtainedfrom �ts of neutron[Jian89, Leco96],proton[Eude88, Vien92,
Louv93, Louv94, Sauv94]and/ora [Jian89, Soko93,Sauv94]Maxwell spectra(kinetic
temperatures),or by the ratiosof selectednuclides[Poch85,Poch87, Sain88](excited-
statetemperatures).Theobtainedvaluesarein therangeof T = 4 - 7 MeV (table9.2),in
agreementwith ourvalues(T

�

4 MeV), althoughthereseemsto beasmallshift towards
somewhathighertemperaturesin thealternativemethods(seediscussion in next Section).
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Table9.2: Nuclear temperaturesT attainedin central36Ð 40Ar+197Au, 108Agreactionsaround 60A
MeV bombarding energies,extractedexperimentally using several proposedmethods
(“sl.” stands for kinetic spectra slopes, and “pop.” for excited-state population, see
next Section). If reported in the original work, the measured values of the excitation
energiesee are alsoincluded.

System Method Klab (AMeV) T (MeV) e5 (AMeV) Reference
40Ar+197Au IMF 5 pop. 60 5.0- 5.5 - [Poch85,Poch87]
40Ar+197Au IMF 5 pop. 60 5.0 - [Sain88]
40Ar+197Au n � a sl. 44,77 4.9 	 0.4 3.5 [Jian89]
40Ar+197Au a sl. 44,77 5.0 3.0- 3.5 [Soko93]
40Ar+197Au p sl. 60 7.5 5.5 [Louv93, Louv94]
40Ar+197Au n sl. 60 4.0- 6.0 3.0 [Leco96]
36Ar+197Au - 60 - 5.0 [Biza93]
40Ar+197Au - 65 - 5.5 	 1.2 [Colin98, Sun00]
40Ar+107Ag p sl. 60 5.4,5.5,6.9 5.5- 7.0 [Eude88]
40Ar+107Ag p sl. 60 4.0- 8.0 5.5- 7.0 [Vien92]
40Ar+107Ag p � a sl. 58.7 4.5 - [Sauv94]
40Ar+107Ag - 65 - 6.8 	 1.4 [Colin98, Sun00]
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243 Derivation of thermodynamicalproperties

9.3 Thermal hard-photons: a new thermometer of nu-
clear matter

Threedifferentmethodshavebeenproposedsofar to determinethenucleartemperatures
attainedin hot systems producedin heavy-ion reactions(�g. 9.3). Following closelythe
discussion of reference[Siwe98], they arecalledhere“kinetic”, “isotope” (or “chemi-
cal”), and“population” temperatures.Themaincharacteristicsof thesedifferentmethods
arethefollowing [Siwe98]:

1. Slope parameters, kinetic temperatures Ts: This mostwidely usedmethodto
determinea temperatureof nuclei is basedon measurementsof thekinetic energy
spectraof theemittedparticles(n, p or a). A nucleusin thermalequilibriumevap-
oratesparticleswith anenergy distribution of Maxwell-Boltzmanntype:

N
�

K �¦� C v

�

K
�

VC � exp


"

K



VC #$� Ts (9.8)

whereK is thekinetic energy of theemittedparticle,VC its Coulombbarrier, and
Ts the temperatureof the source. The main problemof this methodconsistsin
identifying experimentallytheemitting source(s).This hasusuallybeendoneby a
“three-sources�t” of the inclusive spectraof the selectedreactionproductat sev-
eraldetectionangles.This takesinto accounttheexperimentallywell-known fact
that particlesareemittedfrom the two main hot sources(quasiprojectileemitting
mainly in the forward hemisphere,andquasitarget, mainly in the backward one)
andfrom themidrapidity region (directNN emissionor neckemission).

As wewill discuss,theprincipleof thismethodis thesameastheonethatwehave
employedwith thermalhard-photons,althoughtheresulting temperaturesmustbe
considereddifferently.

2. Double isotopic ratio, T0
r : This method[Albe85] assumesthat the emittersare

in thermalandchemicalequilibrium. Theratio betweentheyieldsof two isotopes
(isotones)differingby oneproton(neutron)dependsonly onthetemperatureandon
thefreeproton(neutron)density. Takingthequotientof two suchratios,theproton
(neutron)densitycancelsoutandthedoubleratiodependsonly on thetemperature
throughthesimpleformula[Albe85]:

T0
r � B� ln Ì s

Y1 � Y2

Y3 � Y4
Í

(9.9)

whereY1, Y2, Y3, Y4 are the yields of the four isotopes,s dependson the spins
of the populatedstatesof eachspecies,andB is the differenceof binding energy
differences

�

B2
�

B1 �

�Ñ�

B4
�

B3 � . At temperaturesabove a few MeV, however,
the population of excited statesshouldbe taken into account,which meansthat s
dependson Tr andon thenumber of statesincluded.Thelarger thevalueof B the
larger thesensitivity of T0

r . Therefore,oneusuallystudiescaseswherethepair of
isotopesat thedenominatoris 3He/4He(or 6Li/7Li).
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3. Relativepopulation of excitedstates,Tpop: Theprincipleof thismethod[Poch87]
relieson the fact thata nucleusin thermalequilibriumcontainsclustersin ground
andexcitedstatesdistributed accordingto a probabilityproportional to theBoltz-
mannfactor:

FB � exp 


DE
q

Tpop (9.10)

whereDE 5 = E 51
�

E 52 is theenergy differencebetweenthetwo states,andTpop is
thetemperatureof thesource.Theratio betweenthenumberof clustersemittedin
two differentstatesis:

Ng Ò sÒ

N
�

2Jg Ò sÒ

! 1
2J ! 1

v FB (9.11)

whereNg Ò sÒ

, N are the numberof fragmentsemittedin groundstateand excited
staterespectively, andJg Ò sÒ

, J aretheir spins.Fromtheseequations,thepopulation
temperatureis givenby:

Tpop �

DE 5

ln 2JgÓ sÓ

x

1
2J

x

1
NgÓ sÓ

N

(9.12)

This methodis sensitive only whenthevalueof DE 5 is muchlarger thanthe tem-
perature.The valuesthusobtained,in the rangeTpop = 4 - 5 MeV independently
of the type of reactionandslightly increasingwith bombardingenergy, aremuch
lower thanthoseextractedfrom slopesof kineticenergy spectra.

Comparingthe threemethodswith the predictionsof a sequentialstatistical model,
Siweketal. [Siwe98]concluded:

1. Theslopeparametersfrom kinetic energy spectraof LCP keepa goodmemoryof
theinitial temperature.However, in realexperimentsthey maybeperturbedby the
mixtureof severalsources,by sourcerecoil effectsafterparticleemission,and/ora
possiblecontributionof collectiveexpansion.

2. Emissiontime sequenceandfeedingfrom discretestatedecayshave large effects
on thetemperaturesobtainedfrom isotopethermometers.Secondarydecays(“side
feeding”)reducetheapparenttemperaturevalueswhile theemissionchainchanges
thedependenceof thetemperatureon theexcitation energy.

3. Most of thepopulation temperaturesarealsovery sensitive to side-feedingeffects.
Experimentaltemperaturesextractedfrom particle unstablestatesremainalmost
constantasafunctionof excitationenergy anddonotsurpassT

�

5 MeV. A possi-
bleexplanation couldbethatthesourceis expanding andheavy clustersareformed
relatively lateduringthisexpansion,at lower temperatures.

In comparisonwith theusualnuclearthermometers,we have seenthat thermalhard-
photons provide a clearandstraightforward way of calculatingthe nucleartemperature
of the hot residuesproducedin a heavy-ion reaction. The advantagesof the tempera-
turesmeasuredfrom theslopeparametersof second-chancebremsstrahlungphotonswith
respectto theaforementionedmethodsarethefollowing:
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Figure 9.3: Illustration [Poch97] of thedifferentthermometers for nuclearsystems:light-particle
inverseslope parameters (upper part), double isotoperatios(middlepart), andrela-
tive population of states(lower part).
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� Direct extractionof thenucleartemperaturethanksto theeasyidenti�cation of the
thermalcomponentin the photonspectra. Thermalhard-photonshave a distinct
steeperslope in the region Eg = 30 - 60 MeV, which makes it easyto identify
from thepre-equilibrium(direct hard-photon)componentby meansof a “double-
exponential”�t analysis.Thepossibility of mixing differenttemperaturescoming
from differentsourcesis thenminimized.

� Thermalhard-photonsareemittedjust after thermalequilibrium is attained,at the
momentof highesttemperaturesin the nuclearsystem.Before that moment(t G

50fm/c), promptproton-neutroncollisioncollisionsin apurepre-equilibriumstage
dominate,andafterit (t

F

200fm/c), theexcitationenergy is dampedamongmore
collectivedegreesof freedomsuchasGDRoscillations,thetemperaturesarelower,
andNNg collisionsarecompletelyPauli-blocked. This is clearlyat variancewith
particlesandfragmentswhich areemittedall alongthe deexcitation chainof the
residuefrom theinitial T down to 0. WhereasparticlesmeasureanaverageT, ther-
mal bremsstrahlungphotonsmeasurethe temperatureshortly after the attainment
of thermalequilibrium. This makesit unnecessaryto make ad hocassumptionsto
correlatetheapparenttemperaturewith theoriginalone.

� Thermalhard-photonssuffer no distortion dueto thesurroundingmedium. In par-
ticular they arenot subjectto effectsdif�cult to controlsuchasrescattering,side-
feeding,Coulomb�eld or collective motion which canstronglymodify the mea-
surementof theoriginaltemperaturesof thesystemwhenusingthermometersbased
oncharged-particles,neutronsor fragments.

� The productionof hard-photonsis favouredin semi-centraland centralnucleus-
nucleuscollision. Therefore,they intrinsically signalthe thermodynamicalcondi-
tionsprevailing in ratherexcitednuclearsystems,andnot thoseof lesshotsystems
producedin moreperipheralcollisions.

The fact that the nucleartemperaturesobtainedusing the thermalbremsstrahlung
slopeparameters(T

�

4 MeV, table 9.1) are somewhat lower than the onesobtained
usingthe inverseslopesof the(Maxwell-Boltzmann)experimentalkinetic energy distri-
butions of different light-particles(T

�

5 MeV, table9.2) canbe interpretedasdueto
thefactthatthe“kinetic” temperaturesmeasuredwith p � n or a maylikely containsome
preequilibriumand/orcollectiveexpansioncomponent,or thatthecontribution from other
sources(quasiprojectileand/ormid-rapidity emission) hasnotbeencompletelyremoved.

9.4 Derivation of the nuclear “caloric curve”

Wadaet al. [Wada89]showed that at excitation energiesper nucleone5 lower than
�

4A MeV, thetemperaturesT'sdeducedfrom thekineticslopeparameterof theMaxwell-
Boltzmannspectraof particlesandclustersfollow the Fermigaslaw (seeAppendix3):
e5

� aT2, with a valueof the constantlevel densityparametera in the rangeA� 13 to
A� 8. This relationship betweenthe(thermal)excitationenergy e5 andthetemperatureT
(the “caloric curve”) wasfurther studiedby the ALADIN group[Poch95]over a wider
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excitation energy rangeusing“isotopic” He-Li temperatures.This curve2 (see�g. 2.7)
showed threedistinctly different regions. In agreementwith the previous low-energy
studies, below e5

�

3A MeV the rise of T0
r wascompatible with the low-temperature

approximation for a fermionic system.Within e5 = 3A - 10A MeV an almostconstant
valueof T, a “plateau”,wasfoundwhichwasinterpretedasindicatingaphasetransition,
with theFerminuclearliquid (e5 µ T2) andtheBoltzmannnucleargas(e5 µ T) regimes
dominatingbelow 3A MeV andabove 10A MeV respectively. Such“plateau”wastheo-
reticallypredictedby statistical models(see�g. 2.6),with awidth, = 7A MeV, measuring
the“latentheat”.

Indeed,oneof the generalexpectationsfor a systemundergoing a �rst-order phase
transition is anenhancedheatcapacityat temperatureswherethephasetransitionoccurs,
re�ecting thelatentheatrequiredto transformfrom onephaseto theother3. Severalcal-
culationspredictenhancedheatcapacitiesfor �nite nuclearsystemsattemperaturesof the
order4 - 6 MeV [Jaqa83,Bond85], dueto thetransformationfrom theFermiliquid found
in thenuclei in their groundandlow excitedstates,to a hadrongasphaseconsistingof
freenucleonsandlight clusters[Jaqa83].The“plateau”of theALADIN “caloric curve”
wasthereforeconsistentwith thehypothesisof a mixedphaseequilibrium. Furthermore,
its slight risewith T wasexplained[Poch96]asdueto the fact that thephasetransition
doesnot take placeat constantpressure (otherwise,the“plateau”would have beenfully
constant[More96]). A monotonic increaseof THe




DT with e5 supportinga continuous
phasetransition nearthe critical point wasalso found by the EOScollaborationin 1A
GeVAu+C collisions[Haug96].

TheALADIN work hasraisedmany discussionsabouttheactualphysical meaningof
theplateauandriseobserved,or aboutthetemperaturemeasurementsreliability (for are-
centdiscussionseee.g. [Siwe98]andreferencestherein).Indeed,thedifferentproposed
methodsof determiningnucleartemperaturesmentionedin theformerSectiongivediffer-
entvaluesascanbeseenin thee5 vs. T “caloric curve” plot of �g. 9.4[Dura99].Whereas
the“kinetic” temperaturesfollow approximatively theFermigaslaw in thewholerange
of e5 , the “double-ratio”T's saturatebetween4A MeV - 10A MeV andthenslowly in-
creasewith e5 (theaforementioned“plateau” interpretedasa signalof theoccurrenceof
the�rst-order liquid-gastransition), andthe“excited-state”temperaturessaturateoverthe
wholerangeof e5 . It hasbeenclaimed[Frie90,Xi98] thatthis maybeanindicationthat
the differentnuclearspeciesareproducedat differentstepsof the disassembly process.
Light particleswouldthenbeemitted�rst (in thepre-equilibrium phase),while fragments
(usedfor T(double-ratio)andT(excited-state)assessment)wouldbeemittedlateratlower
temperatures,leadingto theobservedhierarchyof differenttemperatures.

2Mind thatthetemperaturevaluesof the“caloric curve” shown in �g. 2.7[Poch95] areshifteda factor
1.2with respectto themeasuredvalues[Poch97]. According to a new analysis[Xi96] of theeffect of the
feeding from highly lying continuum stateson the �rst ALADIN temperaturesdata,this correction factor
shouldberemoved(seetheALADIN pointsof �g. 9.4).

3Indeed, in the caseof the well-known liquid-gas (�rst-order) transitionof H 20 at constantpressure,
oneobservesthatbringing more energy to thesystemincreasesthe temperatureof the liquid phaseup to
thetransitionpoint wherethe temperatureremains constantuntil all the liquid is transformedinto vapour.
During thephasetransitiontheenergy added to the(mixed) systemis usedto breakthebonds linking the
liquid molecules.Theenergy costof this transformationis thelatentheat.Afterwards,thetemperaturerises
at thetypical rateof thegas.
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Sincewe are proposing thermalhard-photonsas an alternative methodfor estimating
the nucleartemperaturesreachedduring a heavy-ion reaction,we are interestedin as-
sessingwhat kind of “caloric curve” we mayobtaincorrelatingthe (thermal)excitation
energiesattainedin our systemswith the temperaturevaluesextractedfrom the thermal
bremsstrahlungspectraof thewholesetof reactionsconsideredhere.However, sincewe
have not experimentally determinedthe valueof the excitation energiesreachedin our
differentreactions,wewill usetherecentlyreportedvaluesof e5 measuredby Colin, Sun
et al. [Colin98, Sun00]for thevery closereactions36Ar+197Au, 107Ag and59Cu at 65A
MeV. Accordingto this work, theaverageexcitationenergiespernucleonfor centralre-
actionswerefound to be e5 = (5.5 	 1.2)A MeV, (6.8 	 1.4)A MeV, and(8.7 	 1.8)A
MeV, respectively for theAu, Ag andCu targets(seethecompilationin table9.3). We
havealsoincludedin thiscomparisonthevaluecorrespondingto the 208Pb+197Au at30A
MeV system,taking the averageexcitation energy obtainedfor semi-centralcollisions,
e5 = (4.0 	 1.0)A MeV [Leco94,Morje95]. Thevalueof theexcitation energy attained
in centralcollisionsof 181Ta+197Au at 40A MeV hasbeenrecentlyfound4 to be e5

�

7 A MeV in an experimentof the INDRA collaboration[Norm00]. For the 86Kr+58Ni
reactionat 60A MeV, for which we arenot awareof an experimentally measuredvalue
of their excitation energy, we have estimatedasanupperlimit5 for e5 thetotal available
center-of-massenergy, KAA, subtractedof thecollective (radial�o w) energy, ecomp, i.e.:

e5

� KAA
�

ecomp (9.13)

To determinethe averagevalueof the compressionalenergy, ecomp, releasedasor-
deredexpansion of thesystem,wehavemadeuseof theparametrizationproposedby ref.
[Poch97]for beamenergiesbelow about500A MeV:

ecomp
�

MeV �,� 0 � 09 vÔ� Klab
�

MeV �

�

25 MeV % (9.14)

Theresultof combiningeqs.(9.13)and(9.14)for 86Kr+58Ni at60AMeV, yieldsecomp
= 2.9A MeV. Sucha valueof ecomp is alsoin roughagreementwith the valueassessed
alternatively makinguseof theconventionalparametrizationof the“compressionalEoS”
(seeAppendix3 ande.g.[Sura90]):

ecomp
�

MeV �„�

1
2

v

k¥
�

MeV �

9
� 1

� r max

r 0 �

2

(9.15)

Indeed,takingk¥ �

250 MeV andr max = 1.4r 0 asgiven by BUU simulations for this
reaction[Mart95], oneobtains, ecomp �

2.1A MeV.

4This valueof e
D

hasbeenobtainedindirectlyby applying theformula: e
D

;

M µ( 2Atot Nr:

7 v2
p `

M 2v2
qp N$8 ,

wherevp andvqp arethevelocity (in cm/ns)of theprojectile in thelabandof thequasiprojectile in theCM
respectively.

5In general, theenergy pernucleon availablein thenucleus-nucleus center-of-mass(K AA) canbedissi-
patedinto severalcontributions: KAA

k

Q ; eDth
k

ecomp
k

erot
k

epreeq, whereQ is theQ-valueof the
compositesystemresultingfrom the “incompletefusion” of projectile andtarget,erot ( & 0.5A MeV, see
footnoteon page31) is therotational energy of this system,andepreeq (which canbeashigh as1A - 3 A
MeV [Lera87, Sura89]) is the energy releasedprior to equilibration (eitherin “free streaming” projectile
nucleonsor in preequilibrium particleemission).
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Table9.3: Excitation energiesee andnuclear temperaturesT (extractedfromthethermalbrems-
strahlung spectra) for the systems36Ar+197Au, 36Ar+108Ag, 36Ar+58Ni, 86Kr+ 58Ni,
181Ta+197Au and 208Pb+197Au at different bombarding energies. Thedifferent values
of ee havebeenexperimentally measuredbyothercollaborations(stars). In thecaseof
the86Kr+ 58Ni reaction (dot), ee hasbeen obtainedmaking useof theformulas(9.13)
and(9.14), andee should beconsideredasanupper limit (mindthelarger systematical
errors).

System Klab (MeV) e5 (AMeV) T (MeV)
208Pb+197Au 30 4.0 	 1.0 5 3.5 	 0.4
36Ar+197Au 60 5.5 	 1.2 5 4.0 	 0.3
36Ar+107Ag 60 6.8 	 1.4 5 3.9 	 0.5
181Ta+197Au 40 7.0 	 1.5 5 4.5 	 0.4

86Kr+58Ni 60 11.1 x

0 Ò 5




3 Ò 0 Õ

5.7 	 0.5
36Ar+58Ni 60 8.7 	 1.8 5 6.0 	 0.5

Figure 9.4: Systematics[Dura98] of measured nuclear temperatures (obtained with the three
methods described in Section 9.3) as a function of ee (“calor ic curve”). Thestars
correspond to thetemperaturesandexcitation energiesobtainedin thepresentanaly-
sis(table 9.3). Thedotted anddashed linescorrespondto thetheoreticalFermi-liquid
behaviour for two differentvaluesof thelevel density parameter.
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Theresultof thee5 - T correlationfor the6 reactionsconsideredin this work (table
9.3) is shown asstarsymbolsin �g. 9.4. All the “thermalhard-photon”pointsseemto
follow closelythe(slightly increasing)“plateau”obtainedusingthedouble-ratioisotopic
temperaturesof the ALADIN [Poch95]andEOS[Haug96] collaborations, andnot the
Fermi-gastrendof the“kinetic” temperatures(solidanddashedlinesin �g. 9.4)obtained
by theINDRA collaboration[Ma97].

Althoughthecoincidenceof ourdatawith theALADIN “plateau”pointsis manifest,
it is importantto remindthatour temperatureshave beencalculatedusingtheslopesof
bremsstrahlungphotons emittedin nucleon-nucleoncollisions. SuchNNg collisionsoc-
cur with sizeablecross-sectionsonly aroundor above thesaturationdensityr

�

r 0 (the
Neuhauser&Koonin modelpredictsroughly10 timesmorethermalbremsstrahlungpho-
tonsatdensitiescloseto r 0 thanat = 0 � 5r 0 ). Namely, in acertainwaywearemeasuring
the(maximum) temperatureof the“liquid” phase6: thehotandheavy remainingresidue.
This is clearlyatvariancewith theusualassumption in ALADIN resultsthatthebreakup
(freeze-out)densitiesof the hot fragmentingsystems producedin centralcollisions are
below 0.5r 0 (i.e. they aredilute expandingsystems).As a matterof fact, it is important
to remindthat theso-called“caloric curve” is nothing but a projectionof themorefun-
damental“caloric EoS” (seeAppendix3), givenby thee � e

�

T � r � “surface”,onto the
e (or e5 )-T plane.Therefore,any comparisonof two differentlyobtainedsetsof (T, e5 )
points in the“caloric curve” is only fully meaningful,if they are“measured”at roughly
thesamedensity. Otherwise,oneis comparingT - e5 valuescorrespondingto different
isodensity linesof thenuclearequationof state.

Using the sameline of reasoning,the absenceof a thermalbremsstrahlungcompo-
nentin thephotonspectraemittedfrom excitednuclearsystemswouldbeconsistentwith
afastspinodalbreakupof thesystembeforeany second�are of NNgcollisionscouldtake
placedueto a recompressionof thesystem.Thiswouldbeacon�rmation of theonsetof
densityinstabilitiesduringtheexpansion phaseof thereactionleadingto a fastdisassem-
bly of the systemratherthanto the restoringof the higherdensitiesneededfor thermal
NNgemissionto take place(seeSection2.2.1). Sincea thermalbremsstrahlungcompo-
nenthasbeenso-far observed in all our systems(albeit for exclusive central-reactions
only in the spectrumof the 36Ar+197Au system), our resultsseemto contradictsucha
dilute scenariofor multifragmentation reactionsandpoint out to a moresequential-like
reactionprocesswith aheavy residueremainingafteremission of lighterfragments.Such
“evaporation-like” scenariodoesnotruleout,however, thepossibility thatoursystemsare
in the liquid-gas coexistencephasearoundthesaturationdensity(this metastableregion
liesbetweenthespinodalandtheliquid-mixturelinesin thephasediagramsshown in �gs.
2.1 and2.2). To de�niti vely determinewhetherin veryexcitednuclearsystems(e5max

�

9A MeV) multifragmentation is dueto a fastspinodaldecomposition or to a slower se-
quentialmechanism(asindicatedby our resultsat somewhat lower excitationenergies),
hard-photonproductionin thereaction129Xe+112Snat50A MeV wasexclusively studied
atGANIL in 1998by theTAPScollaborationwith a completecharged-particledetection
system. Theanalysisof thisexperimentis underway in thepresentmoment[Orte00].

6In thatsense,sincer & r 0, theslightlyascending trendof ourcaloriccurve“plateau” is fully consistent
with a liquid-gasphasetransitionat constant volume.
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Thepresentthesisreportsonthestudyof nuclearmatteratmoderatetemperaturesand
densitiesproducedin nucleus-nucleuscollisionsat intermediatebombardingenergies.An
investigationof thedynamicalevolutionof differentheavy-ion reactions,aswell asof the
thermodynamicalstateof the producednuclearsystems,excited to the vicinity of the
predictedliquid-gasphasetransitionof nuclearmatter, is carriedout usinghardphotons
(Eg

� 30 MeV) asexperimental probes.Thesehard-photonsareproducedin incoherent
proton-neutron bremsstrahlung collisions, pn E png, within the zoneof participantnu-
cleons.For the�rst time, sucha studyhasbeenperformedin a systematic way within a
single experimentconsideringfour differentreactions(36Ar+197Au, 107Ag, 58Ni, 12C at
60A MeV) andanalyzingbothexclusive aswell asinclusive productionmodes.This ap-
proachhasbeenmadepossible byexploiting theuniquecombinationof apowerfulphoton
spectrometer, TAPS,anearly4p charged-particleandintermediate-mass-fragmentdetec-
tor, the “Dwarf-Ball”, anda charged-particleandprojectile-like fragmentsdetector, the
“Forward-Wall”.

We�rst con�rm thebremsstrahlungemissionin �rst-chance(off-equilibrium)proton-
neutroncollisionsasthedominantorigin of hardphotons,asobtainedby previousexper-
iments. We then�rmly establish, following theconclusions of previousTAPSmeasure-
ments,theexistenceof a thermalradiationemission from second-chanceproton-neutron
collisionsin semi-centralandcentralnucleus-nucleusreactionswith heavy targets. We
thusexploit this observation i) to demonstratethatthermalequilibrium is reachedduring
thereaction,ii) to establisha new thermometerbasedon bremsstrahlung photons,iii) to
derive the thermodynamical propertiesof this hot matterand, in particular, to obtaina
“caloric curve” (temperatureversusexcitationenergy), andiv) to assessthe time-scales
of thebreak-upprocess.

The existenceof a thermalcomponentin the low-energy part of the photonbrems-
strahlungspectrais foundedonseveralconclusiveexperimental evidences:

� The inclusive hard-photonspectrafeaturetwo distinct exponential distributions
with differentslopeparameters,aresultwhichdeviatesfromtheexpectedbehaviour
of hard-photonproductionin �rst-chancenucleon-nucleoncollisions. The harder
(“dir ect”) component,with slopeEd

0 �

20MeV, andthesteeper(“thermal” ) Et
0 �

6 - 9 MeV, haverelative intensities5:1.

� ThedirectslopeEd
0 scaleswith theprojectileenergy pernucleonin thelaboratory

frame.This setstheorigin of directphotonsin pre-equilibrium emissionin prompt
nucleon-nucleoncollisions. Thehighvaluesof theslopere�ect thecouplingof the
incidentenergy per nucleonwith the averageintrinsic (Fermi) momentum of the
colliding nucleons.

� The thermalslopeEt
0 shows a linear dependencewith the availableenergy in the

nucleus-nucleuscenter-of-mass. This observation is understood if suchphotons
originatein processestakingplaceduringlaterstagesof thereactionafterdissipa-
tion of the initial kinetic energy into internaldegreesof freedomover the whole
system.Thelower thermalslopevalue,by a factortwo to threeascomparedwith
thedirectone,resultsfrom thelessenergy availablein secondaryNNgcollisions.
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� Thermalhard-photonsare emitted isotropically from a sourcemoving with the
nucleus-nucleuscenter-of-massvelocity, accordingto the source-velocity analy-
sisof thelaboratoryangulardistributions.Directhard-photons,onthecontrary, are
emittedfrom thenucleon-nucleoncenter-of-mass.

� Theabsenceof the thermalhard-photoncomponentin the 36Ar+12C reactionsig-
nalsthefact that in sucha light systemthereis not enoughmatteron theway of a
nucleonto experiencemorethanonecollision: theresulting zoneof participantnu-
clearmatterdoesnot have thenecessaryvolume to achieve suf�cient stoppingand
consequentthermalization, andpure�rst-chancebremsstrahlungdominateshard-
photonemission.As a matterof fact,thedistribution of bremsstrahlung multiplic-
ities pernuclearreactionpointsout to theexistenceof a thresholdof roughly two
pncollisionsfor thermalemission to takeplace.

Theexclusive analysisof theexperimental datarevealsan interesting result: theex-
clusive hard-photonspectraobtainedfor central andmultifragmentation reactionsin the
36Ar+197Au reactionpresentalsoa thermalbremsstrahlung component.Therefore,even
themostviolentcollisionsshow a thermalbehaviour.

We have critically analysedall possible alternative mechanisms for the production
of photons with energiesabove 30 MeV asidefrom a thermalbremsstrahlungemission
process:statistical photonsfrom the Giant-Dipole-Resonances(GDR) decay, coherent
bremsstrahlung, clusterbremsstrahlung, or proton-protonbremsstrahlung. Thoseaddi-
tional interpretationscannot consistently accountfor the full setof experimentalobser-
vations. In particular, thefactthatthermalanddirecthard-photonyieldsshow averysim-
ilar dependencewith impact-parameter, neatlycorrelatedwith thenumberof participant
nucleons,andthatphotonsin theGDR region quenchfor increasinglycentralreactions,
de�nitely rulesout theattribution to GDR photonsof theexcessproductionof hardpho-
tonsin theregionEg = 30 - 60MeV.

Detailedmicroscopical simulationsof the four consideredreactionsat semi-central
impact-parameterswherebremsstrahlung productionis maximal,have beencarriedout
with twodifferenttransportmodelsof Boltzmann-equation(BUU) and“Quantum”molecular-
dynamics(QMD) typesin order to pin down in spaceandtime the possiblesourcesof
bremsstrahlungphotonsandto determinetheirdegreeof thermalizationat themomentof
photonemission.Thesecalculationshavecon�rmed thefollowing issues:

� Thereactionmechanismsfor thetwoheaviestreactions(36Ar+197Au, 107Ag) leadto
theformationof a hot heavy quasi-targetresidueslowly recoilingin thelaboratory
frame. (This is, in turn, in agreementwith recentexperimentalresultscollected
with complete4p particlemultidetectorsfor thesamesystems.)

� Thephotonbremsstrahlung rateaccordingto BUU, occursin two emission�ashes
at t

�

30 fm/c andat t
�

130fm/c. The �rst �ash is moreintenseandtakesplace
whenthesystemis out of equilibrium(a minor componentfrom a “thermalizing”
stagebetweent

�

30fm/c - 70fm/c is alsoapparent).Thesecond�ash, accounting
for roughly20%of thetotal hard-photonyield, occurswhenthermalequilibration,
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dueto two-body(nucleon-nucleon)dissipation,is attainedasindicatedby therather
isotropiclocalmomentumdistributionsof thenucleons.Thissecond�are is identi-
�ed asthesourceof thermalhard-photons.

� Theproton-neutroncollision rateswith energiesin their CM above30 MeV calcu-
latedwithin QMD show, for the �rst 100 fm/c, a similar trendasfound in BUU.
Although the nuclearenvironment in QMD is not as fully equilibratedas in the
BUU caseandthatthetransparency degreeis higher, at t

�

200fm/c, thecollision
ratesshow alsoa small increasein the heaviest systems(197Au, 107Ag). Most of
thesesecondarypncollisionstakeplacewithin thequasi-targetremnant.

� Bothtransportmodelcalculationspredictaverysmall(ornegligible) second-chance
bremsstrahlungcomponentfor thelightest36Ar+12C systemasexperimentally ob-
served.

Theformation,at the�nal stageof thepurelydynamical evolution of thereaction,of
a heavy excitedremnantin thermalequilibrium which radiatesbremsstrahlung photons,
justi�es theuseof a thermalbremsstrahlungmodelto extractthethermodynamicalprop-
ertiesof the system. Sucha modelpredictsbasicallyexponentialspectrain the region
Eg = 30 - 70 MeV in agreementwith our data. The slopesof suchspectraare linearly
correlatedwith thelocal temperatureof theemitting system.Thisresultallowsto directly
derivethetemperatureof theradiatingsystemsfrom theobservedthermalbremsstrahlung
slopes.Thishardphoton thermometershowsseveraladvantageswith respectto theusual
particle-basedmethodsusedso far to extract nucleartemperatures:easieridenti�cation
of thethermalcomponent(i.e. minimizationof thenon-equilibrium kineticcomponents),
measurementof themaximumtemperatureof thesystemjustaftertheattainmentof ther-
mal equilibration, intrinsic selectionof semi-centralandcentralreactions,andno �nal-
statedistortions(“sidefeeding”,rescattering,Coulomb�eld and/orcollectiveexpansion).

Accordingto thehardphotonthermometer, thehotnuclearresidues“prepared”in the
differentheavy-ion reactionswith excitation energies in the rangee5

�

4A - 7A MeV,
have a ratherconstanttemperaturearoundT

�

4 MeV. The nuclearsystems resulting
from more symmetric colliding nuclei with excitation energies e5

�

9A MeV, have a
higher temperatureT

�

6 MeV. The correlationof the obtainedtemperatureswith the
excitation energiesattainedin eachreactionyields,hence,“caloric curves” which arein
agreementwith the (slightly increasing)“plateau”-like behaviour observed by the AL-
ADIN collaborationandinterpretedasa signalof thenuclearliquid-gas phasetransition,
although at variancewith their resultsour temperatureis “measured”for systemswhich
musthaveapproximatively thesaturationdensityof nuclearmatter.

The existenceof a thermalbremsstrahlungcomponentwith the observed character-
isticsrepresentsa model-independenttestof theattainmentof thermodynamical equilib-
rium in semi-centralandcentralnucleus-nucleuscollisionsat intermediatebombarding-
energies,at leastfor reactionswith heavy targets.Thehot quasitargetsystems formedat
theendof thedynamicalstage,with temperaturesof theorderof 4 MeV, seemto survive
at leastup to times(t

�

150 fm/c) for which a second�ash of proton-neutronbrems-
strahlungcollisions can take placeduring the recompressionof the hot residue. Since
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nucleon-nucleonbremsstrahlungemission only takesplacewith sizeablecross-sections
aroundor abovethesaturationdensity, thisresultis anindication thattheexcitedhotrem-
nantformedafter the �rst compression-expansionstagedoesnot multifragmentrapidly
dueto itspassagethroughalow-density regionof thephasediagram.Sincemultifragment
eventshave beenindeedobservedin coincidencewith thermalbremsstrahlung emission,
we predictthereforebreak-uptime-scalesabove 150fm/c for suchsystem.This canbe
eitherdueto the fact that theconsideredprojectile-targetcombinationdoesnot produce
veryhighlyexcitedsystems(e5max �

5.0AMeV in 36Ar+197Au at60AMeV) or because,in
general,suchaspinodalbreakupmechanismis notat theorigin of nuclearmultifragmen-
tation(ourthermalhard-photonsourcesseemmoretobesittingin aliquid-gascoexistence
phasearoundthe saturationdensityin a “evaporation-like” scenario,thanundergoing a
simultaneousbreakupin amoredilutestate).

To de�nitely con�rm this conclusiononeneeds,therefore,to performthesametype
of analysisof the thermalbremsstrahlungphotonsproducedin very-heavy symmetric
colliding ions at bombardingenergiesof the sameorder (i.e. around60A MeV). Such
entrance-channelcombination leadsto excitation energiesin centralcollisionslargerthan
the total binding energy of the system, andonemay expect to reachclearly the condi-
tionsexpectedfor apossibleentranceinto thelow-density unstablespinodalregionof the
phasediagramof nuclearmatter. Suchan experiment(129Xe+112Sn at 50A MeV) was
performedduringthelastTAPScampaignatGANIL in 1998andis underanalysisin the
presentmoment.

The useof thermalhardphotonsasa novel powerful probeof the thermodynamical
propertiesof hot nuclearmatter, allowing for thedeterminationof the temperature,den-
sity andtime-scaleof nuclearfragmentation,hasbeendemonstratedbeyonddoubt.This
new observableprovide, thus,signi�cant constraintsfor thedifferentmultifragmentation
models,andvaluableinsights into thenuclearliquid-gasphasetransition.
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Aquestatesi reportal'estudi de lespropietatstermodin�amiquesdela mat�erianuclear
a temperaturesi densitatsmoderades,prodü�da en col v lisionsnucli-nucli a energies in-
cidentsinterm�edies. Hem investigat l'evolució din�amica de diferentsreaccionsd'ions
pesantsi l'estat termodin�amic delssistemesnuclearsprodü�ts enla proximitat dela tran-
sició de fasel�́quid-gasde la mat�erianuclear, utilitzant els “fotons durs”(Eg

� 30 MeV)
com a sondaexperimental. Aquestsfotonsdurssón emesosen col v lisionsincoherents
debremsstrahlung(radiacío defrenada)protó-neutŕo, pn E png, dinsla zonadenucle-
onsparticipants.Perprimeravegadas'hadutatermeunestudid'aquestescaracteŕ�stiques
d'unamanerasistem�aticaenunmateixexperiment,considerantquatrereaccionsdiferents
(36Ar+197Au, 107Ag, 58Ni, 12C a60A MeV) i analitzanttantelsmodesdeproduccío inclu-
siuscomelsexclusius. Aix �o haestatexperimentalmentpossible gr�aciesa l'acoblament
singular d'un potentespectr�ometrede fotons,TAPS,ambun multidetectordepart́�cules
carregadesi defragmentsdemassainterm�ediacobrintel 80%de4p, la Dwarf-Ball, i un
multidetectordepart́�culescarregadesi defragmentsquasiprojectils, el Forward Wall.

Hemcon�rmat quel'emissióprincipaldefotonsdursté lloc enlesprimerescol v lisions
protó-neutŕo (fora de l'equilibri) de bremsstrahlung, tal com s'havia observat en anteri-
orsexperiments.En segonlloc, i d'acordambresultatsprevis de la col v laboracío TAPS,
hemestablertdemanerafermal'exist�enciad'unaemissío deradiacío t�ermicaensegones
col v lisionsprotó-neutŕo enreaccionssemicentralsi centralsamb�tons pesants.Hemex-
plotat,aleshores,aquestresultatper i) demostrarquel'equilibri t�ermics'assoleixal llarg
dela reaccío nuclear, ii) establirunnoutermom�etredela mat�erianuclearbasatenelsfo-
tonsdebremsstrahlung, iii) derivar lespropietatstermodin�amiquesdelssistemesnuclears
calentsi, enconcret,obteniruna“corbacal�orica”(temperaturaenfunció del'energiad'ex-
citació), i iv) avaluarlesescalestemporalsdelproćesdefragmentacío nuclear.

L'exist�encia d'un componentt�ermicen la partdebaixaenergia delsespectresde fo-
tonsdebremsstrahlungesbasaendiversesevid�enciesexperimentals concloents:

� Els espectresinclusiusde fotons durs resultende la sumade duesdistribucions
exponencialsambpendentsdiferents.Aquestresultatesdesviadel comportament
previst pera la produccío defotonsdursenprimerescol v lisionsnucléo-nucléo. El
componentmésdur (“directe”), ambpendentEd

0 �

20 MeV, i el componentmés
tou (“t �ermic”), ambEt

0 �

6 - 9 MeV, tenenunaintensitat relativa5:1.

� El pendentdirecteEd
0 eś proporcionala l'energia per nucléo del projectil en el

sistemalaboratori.Aquestresultatsitual'origen delsfotonsdurs“directes”enl'e-
missío preequilibride primerescol v lisions nucléo-nucléo. L'elevat valor del pen-
dentre�ecteix l'acoblamententrel'energia incidentper nucléo i el moment mitj �a
intr�́nsecdeFermidelsnucleonscol v lisionants.

� El pendentt�ermic Et
0 mostraunadepend�encialineal amb l'energia disponible al

centredemassesnucli-nucli. Aquestaobservació constitueixunaprovaqueaquests
fotonss'originenenprocessosquetenenlloc durantestadisposteriorsdela reaccío
despŕesde la dissipacío de l'energia cin�eticainicial entreelsgrausde llibertat in-
ternsdelsistematotal. El valorentreduesi tresvegadesinferior delpendentt�ermic
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respectedel pendentdirecteésdegut a la menorenergia disponible en col v lisions
NNgsecund�ariesnucléo-nucléo.

� Elsfotonst�ermicssónemesosisotr�opicamentdesd'unafont queesmouala veloc-
itat del centredemassesnucli-nucli, tal comesdedueixdel'an�alisi delesdistribu-
cionsangularsenel laboratori.Els fotonsdirectes,al contrari,són emesosdesdel
centredemassesnucléo-nucléo.

� L'abs�enciad'un componentt�ermicde fotonsdursen el sistema36Ar+12C s'inter-
pretacomadegudaal fetqueenaquestsistemalleugernohi haproumat�erianuclear
comperqu�e elsnucleonspateixinmésd'unacol v lisió. At �esquela zonaparticipant
resultantno té el volum necessariperarribara frenarelsnucleonsincidents,no hi
hatermalitzacío i, pertant,el bremsstrahlungdeguta col v lisionsprim�ariesdomina
total'emissió defotonsdurs.

L'an�alisi exclusiva de les dadesexperimentalsportatamb́e a un interessantresultat:
elsespectresexclusiusdelsfotonsdursmesuratsenlescol v lisionscentrals i demultifrag-
mentacío dela reacció 36Ar+197Au mostrentamb́e un componentt�ermicambla mateixa
intensitat i pendentqueelsespectresinclusius.Ésadir, �adhuclesreaccionsmésviolentes
mostrenuncomportamentt�ermic.

Hemanalitzatcŕ�ticamenttotselspossiblesmecanismesalternatius,al margede l'e-
missió de bremsstrahlung t�ermic, capac¸os eventualmentde produir fotons amb ener-
gies per sobredels 30 MeV: fotons estad́�stics del decä�ment de Resson�anciesDipo-
larsGegants (GDR), bremsstrahlungcoherent,bremsstrahlung d'am�as,i bremsstrahlung
protó-prot́o. Capd'aquestesinterpretacionsalternativesno pot explicar demaneracom-
pletai consistentel conjuntd'observacionsexperimentals. En concret,el fet quela pro-
duccío de fotons durs t�ermics i directesmostri una depend�enciamolt similar amb el
par�ametred'impacte,augmentantun factor

�

10 entreles col v lisionsperif�eriquesi les
col v lisionssemicentrals,i quela produccío de fotonsen la regió de la GDR disminueixi
ambel par�ametred'impacte,invalida l'atribució de l'excésdefotonsdursen la regió Eg
= 30- 60MeV alsfotonsprovinentsdela GDR.

A nivell te�oric, hemutilitzatdosmodelsdetransportdiferentsbasatsenl'equacío de
Boltzmann(BUU) i enunaaproximacío dedin�amicamolecular(QMD) perrealitzarde-
talladessimulacionsmicrosc�opiquesdelesquatrereaccionsesmentadesperapar�ametres
d'impacteon la produccío debremsstrahlungésm�axima.L'objectiu d'aquestsc�alculsés
identi�car en l'espai-tempslespossiblesfontsde fotonsdebremsstrahlungi determinar
el seugraude termalitzacío en el moment d'emissío. Aquestessimulacionsdibuixenel
següentescenari:

� Elsmecanismesdereaccío delesduesreaccionsméspesades(36Ar+197Au, 107Ag)
condueixena la formacío en l'estat �nal d'un residucalentde tipusquasi�tó que
reculalentamenten el sistemalaboratori. (Aquestresultatest�a d'acord ambre-
centsobservacionsexperimentals obtingudesambcompletsmultidetectors4p de
part́�cules.)
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� L'evolució temporaldel nombrede col v lisionsde bremsstrahlung calculadaamb
BUU indicaquel'emissió de fotonsdursté lloc endos�aixos ambm�axims a t

�

30 fm/c i a t
�

130fm/c. El primer �aix ésmésintensi té lloc quanel sistemáes
foradel'equilibri (encaraqueuncomponentmenortamb́eapareixdurantla fasede
termalitzacío entret

�

30 fm/c i 70 fm/c). El segon�aix representaal voltantdel
20%dela produccío total defotonsdursi té lloc enunasituacío d'equilibri t�ermic
(degudaa la “dissipació a 2-cossos”encol v lisionsnucléo-nucléo) tal comindiquen
les distribucionsisotr�opiquesdelsmoments delsnucleons.Aquestsegon �aix és
identi�cat comla font delsfotonsdurst�ermics.

� La taxaenfunció del tempsdelnombredecol v lisionsprotó-neutŕo (ambenergiesal
CM persobredels30MeV) calculadaambQMD mostra,peralsprimers100fm/c,
una tend�enciasimilar a la trobadaambBUU. Tot i que l'entorn nuclearno est�a
completamentequilibrat com en el casde BUU i queel graude transpar�enciaés
superior, a t

�

200fm/c el nombredecol v lisionsaugmentalleugeramentenelssis-
temesméspesants(197Au, 107Ag). La majoriad'aquestescol v lisionspnsecund�aries
tenenlloc dinsdel residuquasi�tó.

� Els dos modelsde transportprediuenun componentde bremsstrahlung degut a
col v lisions secund�ariesprotó-neutŕo molt petita (o inexistent) per al sistemamés
lleuger(36Ar+12C) tamb́ed'acordamblesdadesexperimentals.

La formacío al �nal de l'estadi puramentdin�amic de la reaccío d'un residunuclear
pesanti calenti queradiafotonsde bremsstrahlung en equilibri t�ermic, justi�ca l'apli-
cacío d'un modeldebremsstrahlungt�ermicperextreurelespropietatstermodin�amiques
del sistema.Aquestmodelprediuespectresgamma b�asicamentexponencials en la regió
Eg = 30- 80MeV d'acordamblesnostresobservacions. Elspendentsd'aquestsespectres
estanlinealmentcorrelacionatsambla temperaturalocal del sistemaemissor. Aquestre-
sultatpermetdeterminardemaneradirectala temperaturadelssistemesnuclearsa partir
delspendentsde bremsstrahlung t�ermic. Aquestnou term�ometre“fot �onic”presentadi-
versosavantatgesrespectedelsm�etodesusualsbasatsenpart́�culesutilitzats�ns araper
mesurarlestemperaturesnuclears:f �acil identi�cació del componentt�ermic(i.e.,minim-
ització delscomponents cin�eticsde no-equilibri), mesurade la temperaturam�axima del
sistema just despŕesdel'assolimentdel'equilibri t�ermic,seleccío intr�́nsica dereaccions
semicentralsi centrals,i abs�enciade distorsionsdegudesa interaccionsen l'estat �nal
(sidefeeding, redifusío, campcoulombi�a i/o expansío col v lectiva).

D'acordambel “term�ometrefotó”, elsresiduscalentsprodü�ts endiferentsreaccions
d'ions pesantsambenergiesd'excitació de l'ordre dee5

�

4.0A - 7.0A MeV tenenuna
temperaturarelativamentconstantal voltant de T

�

4 MeV. Els sistemesnuclearsre-
sultants de les col v lisionsde nuclis méssim�etrics i, per tant, ambenergies d'excitació
superiors(e5

�

9A MeV) mostrenunatemperaturaméselevada(T
�

6 MeV). Correla-
cionantles temperaturesobtingudesambel nostrem�etodeambles energiesd'excitació
assolides en cadareaccío, s'obtenen“corbescal�oriques”queestanglobalmentd'acord
ambel plateau(lleugeramentcreixent)observatper la col v laboracío ALADIN i interpre-
tatcomunaevid�enciadela transicío defasel�́quid-gasnuclear, encaraque,contr�ariament
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a aquestsresultats,la nostratemperaturáesmesuradaensistemesqueestrobenaproxi-
madamenta la densitatdesaturacío dela mat�erianuclear.

L'exist�enciad'un componentde bremsstrahlung t�ermic ambles caracteŕ�stiqueses-
mentadesconstitueix una prova independentde modelsde l'assolimentde l'equilibri
termodin�amic en col v lisions nucli-nucli semicentralsi centralsa energies incidentsin-
term�edies(almenys enel casde �tons pesants).Els sistemescalentspresentsal �nal de
la fasedin�amica,ambtemperaturesal voltantde4 MeV, handesobreviurealmenys�ns a
tempsdel'ordre det

�

150fm/c peralsqualspot tenir lloc un segon�aix decol v lisions
de bremsstrahlung protó-neutŕo durantla recompressió del sistema.At �esquel'emissió
de bremsstrahlung nucléo-nucléo nomésté lloc ambseccionse�cacessigni�catives, al
voltanto persobrede la densitatdesaturacío, aquestresultatésunaindicacío claraque
els residuscalentsformatsdespŕesde la primerafasede compressío-expansío no mul-
tifragmentena causadel seupasper unaregió de baixadensitatdel diagramade fases.
Prediem,doncs,per a aquestssistemes tempsde trencamentper sobredels 150 fm/c.
Aix �o potserbéperqu�e la combinacío deprojectil i �t ó consideradanoprodueixsistemes
molt excitats(e5max �

5.0A MeV per 36Ar+197Au a 60A MeV) o bé perqu�e, en general,
el mecanismedetrencamentespinodalno ésresponsabledela multifragmentacío nuclear
(elsnostressistemessemblentrobar-semésen un escenaride tipus “evaporacío”en una
fasedecoexist�encial�́quid-gasal voltantdela densitatdesaturacío).

Percon�rmar de�niti vamentaquestdarrerextrem cal, doncs,dur a termeel mateix
tipus d'an�alisi exclusiva realitzadaen aquesttreball per als fotons t�ermicsde brems-
strahlung prodü�ts en col v lisions d'ions molt sim�etricsi pesantsa energies incidentsde
l'ordre de60A MeV. Aquestacombinacío enel canald'entradadela reaccío pot produir
energiesd'excitació en col v lisions centralsquesón superiorsa l'energia total de lligam
delsnuclis at�omics. En aquestescircumst�ancieshom esperapoderarribarclaramenta
les condicionspr�oximesa un possible acćes del sistema a la regió inestableespinodal
del diagramade fasesde la mat�eria nuclear. Un experimentd'aquestescaracteŕ�stiques
(129Xe+112Sna 50A MeV) esva realitzardurantla passadacampanyadela col v laboracío
TAPSal laboratoriGANIL el 1998,i lesdadesrecollidesestansentanalitzadesenaquests
moments.

L' úsdelsfotonsdurst�ermicscomunanova i potentsondaexperimentaldelespropi-
etatstermodin�amiquesde la mat�eria nuclear, fet quepermetla determinacío de la tem-
peratura,la densitati l'escalatemporalde la fragmentacío nuclear, haquedatdemostrat
mésenll�a de qualsevol dubte. Aquestnou observable permetestablir importantscon-
striccionsalsdiferentsmodelste�oricsdemultifragmentacío existents, i aportaprecioses
informacionssobrela transicío l�́quid-gasnuclear.
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Cetteth�eseabordel' étudede la mati�erenucĺeaire�a destemṕeratureset desdensit́es
mod́eŕees,telle qu'elle estproduitedansdescollisions noyau-noyau �a desénergiesde
bombardementvoisinesdel' énergiedeFermi.Nousavonsétudíe la dynamiquedescolli-
sionsd'ions lourds,et l' étatthermodynamiquedessyst�emesnucĺeaires,chaufféset com-
primés�adesvaleursvoisinesdecelleso�u l'on s'attend�aobserver la transition dela phase
liquidedela mati�erenucĺeaireversunephasegazeuse,enutilisantlesphotonsdurs(Eg

�

30 MeV) commesondeexpérimentale.Cesphotonsdurssontproduitspar sommation
incoh́erentedu rayonnementde freinageémislors descollisionséléméntairesentrepro-
tonset neutrons,pn E png, présentsdansla zonederecouvrementdesnoyauxcible et
projectile.Pourla premi�erefois, unetelle étudea ét́e réaliśeedefaçon syst́ematiquelors
d'unemêmemesure,enconsid́erantquatresyst�emesdifférents(36Ar+197Au, 107Ag, 58Ni,
12C �a 60A MeV), et en analysantdesmodesde productioninclusifs et exclusifs. Cette
approchea ét́e renduepossibleenexploitant la combinaisonuniqued'un spectrom�etrede
photons, TAPS,et deuxmultidétecteursde particuleschargées(Dwarf-Ball et Forward-
Wall) offrantunecouverturedel'angle solide voisinede4p.

Les résultatsobtenuspermettentde con�rmer l'origine dominantedesphotonsdurs
commeétantle rayonnementdefreinageémisdanslescollisions pn depremi�erechance
(hors équilibre). De plus, l'existenced'une émissionthermique de photonsest établie
defaçon dé�niti ve et nousattribuonssonorigineaurayonnementde freinageémisdans
lescollisions pn dedeuxi�emechance,uniquementprésentde façon mesurabledansdes
réactionsnoyau-noyau semi-centraleset centralesimpliquantdescibles lourdes. Nous
avonspu exploiter cetteobservation i) pour démontrerquel' équilibrethermique estat-
teint lorsdela réaction,ii) pourvaliderunnouveauthermom�etrebaśesurdesphotonsdu
rayonnementdefreinage,iii) pourdéduirelespropríet́esthermodynamiquesdela mati�ere
nucĺeairechaude(enparticulier, pourétablirla “courbecalorique”)et iv) pourévaluerles
échellesdetempsduprocessusdefragmentation.

La démonstrationdel'existenced'unecomposantethermiquedansla partiedebasse
énergie des spectresdes photonsde bremsstrahlungest fondée sur plusieurspreuves
expérimentalesconcluantes:

� Lesspectresglobauxdesphotonsdurss'av�erentêtrela combinaisondedeuxdistri-
butionsexponentiellesavecdesparam�etresdepentedifférents.Cerésultatcontraste
avec le comportementprévupour la productiondephotons durslors decollisions
nucĺeon-nucĺeon de premi�ere chance. La composantedure (“directe”) avec une
penteEd

0 �

20 MeV, et la composante molle (“thermique”),avecEt
0 �

6 - 9 MeV,
présententdesintensitésrelatives5:1.

� La pentedirecteEd
0 estproportionnelle �a l' énergie incidentepar nucĺeondansle

rep�ere du laboratoire. Ce résultatsitue l'origine desphotonsdurs “directs”dans
l' émissiondepré-́equilibrelors decollisions nucĺeon-nucĺeondepremi�erechance.
Lesvaleurśelevéesdespentesre� �etentlecouplagedel' énergieincidenteparnucĺeon
aumomentmoyenintrins�equedeFermidesnucĺeonsinteragissants.

� LespentesthermiquesEt
0 suivent unedépendancelinéaireavecl' énergiedisponible

dansle centredemassenoyau-noyau. Ceci constitueunepreuve quecesphotons
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proviennentdeprocessusthermiquesqui ont lieu plustardivementdansla réaction,
apr�esla dissipationdel' énergie incidenteinitialedanstouslesdegrésdeliberté du
syst�eme total. Le fait quecespentessoientapproximativemententredeuxet trois
fois plusfaiblesquelespentesdirectesestdû aumanqued'énergiedisponibledans
lescollisions NNgsecondaires.

� Lesphotonsdursthermiquessontémisisotropiquementparunesourceenmouve-
mentavec la vitessedu centredemassenoyau-noyau,commele démontrel'anal-
ysedesdistributions angulairesdansle syst�emedu laboratoire.Les photonsdurs
directs,aucontraire,sontémis�apartir ducentredemassenucĺeon-nucĺeon.

� L'absenced'unecomposante thermique dephotonsdursdansle syst�eme36Ar+12C
estexpliquéeparle fait qu'il n'y apas,dansunsyst�emeaussiléger, assezdemati�ere
surle chemind'un nucĺeonpourqu'il subisseplusd'unecollision. Commela zone
participantn'a pasle volumenécessairepourarr̂etersuf�sammentdesnucĺeonsin-
cidentsetconduire�aunethermalisationdusyst�eme, le bremsstrahlungdepremi�ere
chancedomineclairementl' émissiondesphotonsdurs.

L'analyseexclusivedesdonńeesexpérimentalesam�eneaussi�aunrésultatintéressant:
lesspectresexclusifsdesphotonsdursmesuŕesdanslescollisionscentraleset demulti-
fragmentationdela réaction36Ar+197Au, montrentaussiunecomposantethermiqueavec
la mêmeintensit́eet pentequelesspectresinclusifs.C'est-�a-dire,mêmelesréactionsles
plusviolentesmontrentuncomportementthermique.

En outre,nousavonsanalyśe defaçon critiquetouslesmécanismesalternatifspossi-
bles,enplusdel' émissiondebremsstrahlungthermique,capablesdeproduireéventuelment
desphotonsd'énergiesuṕerieur�a30MeV: photonsstatistiquesrésultantdeladécroissance
deRésonancesDipolairesGéantes(GDR),photonsderayonnementdefreinagecoh́erent,
de bremsstrahlung d'amas,ou de bremsstrahlungproton-proton. Aucunede cesinter-
pretationsalternativesne peut rendrecompted'une façon coh́erentede l'ensembledes
observationsexpérimentales.En particulier, le fait quela productiondephotons dursdi-
rectsetthermiquesdépendsimilairementduparam�etred'impact,augmentantd'un facteur

�

10 enallantdesréactionspériph́eriquesauxréactionssemi-centrales,et du fait quela
productiondesphotonsdansla régionde la GDR diminue avec le param�etred'impact,
invalide l'attribution del'exc�esdephotonsdursdansla régionEg = 30 - 60 MeV comme
dû auxphotonsstatistiquesprovenantsdela GDR.

Dessimulationsdétaillées�a l'aide de mod�elesmicroscopiquesdesquatreréactions
consid́eŕees,pourdesparam�etresd'impactsemi-centrauxo�u la production dephotonsde
bremsstrahlungestmaximale,ontét́eeffectúeesavecdeuxmod�elesdetransportdifférents,
l'un baśe sur l' équationde transportde Boltzmann(BUU) et l'autre sur la dynamique
moléculaire(QMD), a�n d'identi�er dansl'espaceet le tempslessourcesdesphotonsde
bremsstrahlung et déterminerleur degré de thermalizationaumomentde l' émission des
photons. Cescalculscon�rment que:

� Les mécanismesde réactionpour les deuxsyst�emesles plus lourds(36Ar+197Au,
107Ag), m�enent�a la formationd'un résidulourd et chaudde quasi-ciblereculant
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lentementdansle rep�eredulaboratoire(etceenaccordaveclesrésultatsexpérimentaux
récentsobtenuspourlesmêmessyst�emesavecdesmultidétecteurscompletsdepar-
ticules4p).

� D'apr�esBUU, l' émission desphotonsdebremsstrahlungseproduitendeux�ashes,
�a t

�

30 fm/c et �a t
�

130fm/c. Le premier�ash estplusintenseet a lieu quandle
syst�emeestdansunephasedepré-́equilibre.Le deuxi�eme�ash, repŕesentantmoins
de20%dutauxtotaldephotonsdurs,seproduitquandl' équilibrethermique,dû �ala
dissipation �a deux-corps(nucĺeon-nucĺeon),estatteint. La formedesdistributions
locales�apeupr�esisotropesdesimpulsionsdesnucĺeonsl'indique clairement.

� Les taux de collision proton-neutron(avec desénergies,dansle centrede masse,
suṕerieures�a 30 MeV) calcuĺesavecQMD montrent,pour les100premiersfm/c,
unetendancesimilaire�acelletrouvéeparBUU. Bienquel'environnementnucĺeaire
nesoit pasaussienti�erement́equilibŕe quedansle casdeBUU et quele degréede
transparencesoit suṕerieur, �a t

�

200fm/c, lestauxdecollision danslessyst�emes
lespluslourds(197Au, 107Ag) présententaussiunepetiteaugmentation. La plupart
decescollisions pngsecondairesont lieu dansle résiduquasi-cible.

� Il s'av�erequecesmod�elesdetransportneprévoientqu'unecomposantetr�esfaible
(ou inexistante)de bremsstrahlungde deuxi�emechancepour le syst�emele plus
léger(36Ar+12C) commeobserv́eexpérimentalement.

La formation �a la �n de la phasepurementdynamique de la réaction,d'un résidu
nucĺeaire lourd et chaudet qui rayonnephotonsde bremsstrahlungen équilibre ther-
mique, justi�e le recours�aunmod�eledebremsstrahlung thermiquepourextrairelespro-
priet́esthermodynamiquesdusyst�eme.Cemod�eleprévoit desspectresexponentielsdans
la régionEg = 30 - 80 MeV, en accordavec nosdonńees. Les inversesdesparam�etres
depentedetelsspectressontdirectementcorŕelésavecla temṕeraturelocaledu syst�eme
aumomentde l' émission.Un tel résultatpermetde déduiredirectementla temṕerature
dessyst�emesrayonnants�a partir despentesthermiques.Ce nouveauthermom�etrepho-
ton présenteplusieursavantagesvis-�a-visdesméthodeshabituelles(baśeesenparticules
chargées)utiliséesjusqu'�a présentpour mesurerles temṕeraturesnucĺeaires:identi�ca-
tion facile de la composantethermique (i.e. minimisationdescomposantescinétiques
hors-́equilibre),mesuredela temṕeraturemaximaledusyst�emejusteapr�eséquilibration,
sélectionintrins�equedesréactionssemi-centraleset centrales,et absencede distorsions
dansl' état�nal (“side feeding”,rediffussion, champCoulombienet/ouexpansioncollec-
tive).

D'apr�es le résultatdesmesuresobtenuesavec le thermom�etre photon, les résidus
chaudsproduitsdansdifferentesréactionsd'ions lourdsavec desénergies d'excitation
dansl'intervalle e5

�

4.0A - 7.0A MeV, ont unetemṕeratureconstantede T
�

4 MeV.
Lessyst�emesnucĺeairesproduitsdanslescollisionsplussymétriqueset, donc,avecdes
énergiesd'excitatione5

�

9A MeV posśedentunetemṕeratureplusélevée,T
�

6 MeV.
Lestemṕeratureset lesénergiesd'excitation obtenuessontcorŕelées,suivantdes“courbes
caloriques”quisontglobalementen accordavec le “plateau”(ĺeg�erementcroissant)ob-
serv́e par la collaborationALADIN, sonexistenceétantinterpret́e commeuneévidence
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dela transition liquide-gaznucĺeaire.Il fautpourtantbienpréciserquenotretemṕerature
est“mesuŕee”dansdessyst�emesqui ont �a peupr�esla densit́e desaturationdela mati�ere
nucĺeaire.

L'existenced'unecomposantethermiquedebremsstrahlungposśedantlescaract́eristiques
observ́eesrepŕesenteuntestindépendantdumod�eledela formationdesyst�emesnucĺeaires
équilibrésayantunetemṕeraturede l'ordre de 4 MeV dansdescollisionsnoyau-noyau
semi-centralesetcentralesavecdescibleslourdesauxénergiesintermédiaires.Lessyst�emes
chaudsforméspendantla réactionsemblentsurvivreaumoinsjusqu'aumoment(t

�

150
fm/c) o�u un deuxi�eme�ash debremsstrahlungproton-neutronpeutavoir lieu, pendantla
recompressiondusyst�eme.Puisquel' émissiondebremsstrahlung nucĺeon-nucĺeona lieu
seulementautour(ou au-dessus)dela densit́edesaturation,cerésultatestuneindication
quelesrésiduschaudsforméslors dela réactionne(multi)fragmententpassuiteaupas-
sageparunerégiondebassedensit́e du diagrammedephase.Nousprévoyonsdoncdes
échellesdetempsdefragmentationsuṕerieures�a150fm/c pouruntel syst�eme.Cecipeut
êtredû aufait quela combinaison projectile-cibleconsid́eŕeeneproduitpasdesyst�emes
tr�esfortementexcités(e5max �

5.0A MeV pour36Ar+197Au �a60A MeV) ouparceque,en
géńeral,un mécanismed'instabilit é spinodalen'estpas�a l'origine dela multifragmenta-
tion nucĺeaire.

Pour con�rmer dé�niti vement cettederni�ere conclusion,on doit réaliserle même
typed'analyseexclusive realiśeedanscetteétudepourlesphotonsthermiquesdebrems-
strahlungproduitsdansdescollisionsd'ionssymétriquesetlourdsauxmêmeśenergiesde
bombardement(i.e. autourde60A MeV). Lorsdecollisionscentrales,unetellecombinai-
sondansle canald'entréepeutmener�a desénergiesd'excitationsuṕerieures�a l' énergie
de liaison du noyauatomique. On peutainsiesṕereratteindreclairementdesconditions
prochesdecellesprévuespourl'entréedusyst�emedansla régioninstablespinodaledudi-
agrammedephasesdela mati�erenucĺeaire.Cetteexpérience(129Xe+112Sn�a50A MeV) a
ét́eréaliśeependantla derni�erecampagnedela collaborationTAPSaulaboratoireGANIL
en1998et l'analysedesdonńeesexpérimentalesestactuellementencours.

L'utilisationdesphotonsdursthermiquescommeunesondeexpérimentale nouvelle
et performantedespropriet́esthermodynamiquesde la mati�erenucĺeaire,en permettant
la détermination de la temṕerature,de la densit́e et de l' échelletemporellede la frag-
mentation nucĺeaire,a ét́e démontŕe au del�a de toutedoute. Cettenouvelle observable
établiedescontraintessigni�cativespourlesdifférentsmod�elesdemultifragmentation,et
apportedesinformationsprécieusessurla transition liquide-gaznucĺeaire.
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Theexperimentalsetupusedin this thesiscomprised540individualdetectormodules
groupedinto threedifferentmultidetectors:TAPS,andDwarf-Ball andForwardWall, for
photonandcharged-particledetectionrespectively. All thesinglemodulesof thosedetec-
tionsystemswerescintillatordetectorsof � vedifferenttypes.Twoof thescintillatormate-
rialsusedwereinorganiccrystals:BaF2 andCsI(Tl), andthreeof themPolyvinyltoluene-
based(PVT) organicplastics: NE102A/BC-400,BC-446,andNE115. TAPS modules
aremadeof BaF2 crystalsandTAPScharge-particle-vetoesconsistof a PVT fastplastic
NE102A.In thecaseof theDwarf-Ball, theE detectorsareCsI(Tl) crystalsandtheDE
detectorsareagaintwo PVT plastics(Bicron BC-400equivalentto NE102A,andBicron
BC-446).Finally, theForwardWall E-DE phoswichtelescopesaremadeof slow NE115
and,again,fastNE102APVT plasticsrespectively. Eachsinglescintillator wasreadout
eitherwith an individual PMT (in the caseof TAPS) or in phoswichmode(for the DB
andFW detectors).

In orderto understandtheperformancesof theuseddetectors,we must�rst consider
thephysical mechanismof light production by organic/inorganic scintillatorsandof elec-
tromagnetic shower development in largeorganicscintillatorsarrays.In this appendix,I
review theworkingprinciplesandcharacteristicsof thescintillation detectorsusedin the
presentexperiment.

.1 Scintillation mechanism

Theprinciplesof scintillation aredescribedin detaile.g. in references[Leo92, Knol89,
Birk64]. The detectionpropertiesof a scintillator rely on the processcommonlycalled
“luminiscence”7: a chargedparticle(eitherdirectly producedin the nuclearreactionor
an electron-positronpair of the electromagneticshower createdby an original incident
photon) which traversesthescintillator leavesbehindit a wake of electron-holepairs(in
inorganic crystals)or excited molecules(in organicplastics) which will releasea small
fraction8 of theincidentionizingenergy in formof opticalphotonsusuallyin thevisible or
nearvisible (UV) regions(theso-called“scintillation light”). Birk' s law [Birk64] relates
thelight yield DL to theenergy lossDE throughthesemi-empiricalequation:

DL � S v

DE
1 ! kB v dE � dx

(1)

wherekB �

0 � 01 g/MeV cm2 is Birk' s scintillator- andparticle-dependentconstant,
andSthescintillation ef�ciency.

Theperformanceof ascintillationdevice is mainlydeterminedby its light output(i.e.
the integrationof equation(1) from the incoming-particle initial energy down to zero).
This light-output is quotedin termsof photoelectronsperMeV of energy depositandde-
scribestheabsorptionof incidentenergy in thematerialandtheconsecutivedeexcitation
via emissionof scintillation radiation.
The light intensity of �uorescencehasa temporalbehaviour characteristicof eachscin-
till ationsubstancewith oneor moreexponential decaysdependingon thelifetime of the

7Onemayfurther differentiatebetween(fastandtemperature-independent) “�uorescence”and(slower
andtemperature-dependent)“phosphorescence”emissions.

8A maximumof 12%for crystalsand & 3%for plastics.
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energy levels involved9. In the simplest case,the intensityof the scintillation light de-
pendson thenatureandenergy of theparticle(I0) andon thetimedurationof theexcited
state(t ) throughtherelation:

I
�

t �,� I0 v e


t � t (2)

Thecommonlyusedscintillationmaterialscanbegroupedinto inorganic scintillators
(like NaI(Tl), BaF2, CsI(Tl), CsI, PbWO4, BGO andCeF3) andorganicones(polymer
plasticscontainingaromaticrings: polystyrene,polyvinyltolueneandnaphtalene;crys-
tallinesubstancessuchasanthracene;or liquidslike tolueneandxylene).Thisclassi�ca-
tion goesin parallelwith two completely differentphysical�uorescencemechanisms.In
inorganic materialstheprocessof �uorescencedependsonenergy statesof theelectronic
bandstructuredeterminedby the lattice of pureor dopedcrystals.In organicmaterials,
�uorescencearisesfrom (non-localized)electrontransitionsin theenergy level structure
of asinglemolecule.
From the viewpoint of experimentalapplications in nuclearand high-energy physics,
high-energy photon (or electron)calorimetryis basicallyrestrictedto (large arraysof)
inorganic scintillatingcrystals[Grat94], whereasorganicmaterialsarefavoredasfastde-
tection(or trigger)devicesfor chargedparticlesin highcountingrateenvironments.

.2 Crystal scintillators

The luminiscenceprocessof inorganicmaterialsis a lattice effect intimately connected
with thecrystallinenatureof thehostmaterial.An inorganicscintillator involvesa crys-
talline or near-crystallinehost insulator which is dopedwith a small concentrationof
impurity atoms,known asactivators(e.g.CsI activatedwith Tl). In certaincases(suchas
BaF2), theactivator centersmayalsobecausedsimply by latticeimperfectionsin a pure
crystallinematerial. Ionizing radiationcauseselectronsin the hostmatrix to be trans-
ferredfrom thevalencebandto theconductionbandproducinganelectron-holepair (the
“exciton”) thatrapidlymovesthroughthelatticeuntil eitherit is absorbedby anactivator
centerwhichsubsequentlydecaysin its characteristic timewith theemission of aphoton,
or it recombines(within

�

10nsatameandistanceof 1 µm from its origin).
Theidenti�cation anddetectionof high-energy photonsin crystalscintillatordetectors

dependson thephysical mechanismsinvolvedin theinteractionof theradiationwith the
material. The distinctive energiesof the photonsproducedin the experimentsubjectof
this thesis(Eg = 20- 200MeV) arewell abovetheEg �

4 MeV energy atwhichtheex e



pair productionbecomesthedominantprocessin theinteractionphoton-matter, andalso
above the“critical energy”[PDG98],Ec � 610�

�

Z ! 1 � 24� = 12.7MeV for BaF2, where
theconversion-producedex e




will subsequentlyemitbremsstrahlung radiationwhenin-
teractingwith the detectormaterial. The combination of thesetwo effects leadsto the
developmentof anelectromagneticshower inside theBaF2 crystalswhena high-energy
photon(or electron)impingesononeTAPSmodule. Thecharacteristicsof theseshowers
aredeterminedby two quantities,on theonehand,by theradiationlengthparameter:

X0 � 716� 4 v A�
|
Z

�

Z ! 1� ln
�

287�

L Z �

}

�

gcm


2
� (3)

9Scintillationis, thus,easilydistinguishablefrom �Cerenkov emissionwhichtakesplaceinstantaneously.
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which measuresthe distancetraversedby an e



after which its energy is reducedby a
factor1/eby bremsstrahlung10 and,on theother, by theMoli �ereradius:

r M � 21� 2 v X0 � Ec
�

MeV � (4)

whichgivesameasureof theaveragelateralspreadof anelectronwith energy Ec.
Fig. 1 showsthedevelopmentof a“classical”shower in the�rst few radiationlengths.

The energy responseof the detectorsystemis, hence,mainly governedby the detector
geometrywhich determinesthe fraction of theelectromagneticshower containedin the
detectorvolume11. For BaF2, X0 = 2.05cmandr M = 3.4cm,sothechosendimensionsof
theTAPScrystals(25cm Œ 2.95cm) ensureagoodshower recollectionin thelongitudi-
nal directionanda lateralextension of theshower overmorethanonemodule asdesired
for goodincidentposition reconstruction.

Figure 1: Radial and longitudinal developmentof a “typical”electromagnetic shower. From
[Schi98].

As mentionedabove,two inorganicscintillatorshavebeenusedin thepresentexperi-
ment:

� Barium �uoride (BaF2): Suchmaterialwas usedas a scintillator for the �rst
time in 1971 but the discovery of its fast component,and thus its widespread
use,is from 1983[Lava83]. BaF2 hasbeenchosenasthe scintillator materialof
TAPS[Novo91] becauseits excellentpropertiesinvestigatedin variousapplications
[Lava83,Caff86, Maje87, Novo87]: subnanosecondtime resolutioncomparableto
thatof fastorganicscintillators,energy resolutionfor lowerenergy gammasources
comparableto NaI(Tl), intrinsic particleidenti�cation12 basedon its two scintilla-
tion components(throughthe so-called“pulse-shapeanalysis”),goodmechanical
andchemicalstability, highdensityandsuperiorhardnessagainstradiationdamage.

10Themeanfreepathof photonsis closelyrelatedto theradiationlengththroughl pair ; 9( 7X0 [Leo92].
11A photon-initiatedcascadereachesits maximum aftertmax ; ln M E ( Ec N‹` 0 ' 5 radiationlengths before

decaying exponentiallyupto a95%deptht95% ; tmax
k

0 ' 08Z
k

9 ' 6 [X0] [Bock98]. Additionally, 95%of
theshower is laterallycontained in a radius R95% ; 2r M.

12Photons andchargedhadronstraversingBaF2 havedifferentionizationdensitiesandproducedifferent
occupationdensitiesof electron-holepairsin thescintillatormaterial.Photonsmainlyexcitetheshort-lived
component, while this is suppressedfor protonsandions.
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Table1: Physical, chemical and scintillat ion properties of BaF2 and CsI(Tl) inorganic crystals.
Collected from [Suff88, Bour94, Grat94, PDG98]. [The superindex a representsthe %
with respectto NaI(Tl) light output ef�c iencyfor standard PMT, andf Ð s refer to the fast
andslowscintillation componentsrespectively.]

BaF2 CsI(Tl)
Density(g/cm3) 4.89 4.53
Z/A 0.422 0.416
Radiationlength(cm) 2.06 1.85
Moli �ereradius(cm) 3.4 3.8

�

dE � dx� min (MeV/cm) 6.6 5.6
Nuclearinteractionlength(cm) 29.9 36.5
Wavelengthof peakemission (nm) a 220f , 310s 565
Decaytime t (ns) 0.7f , 620s 420- 700,7000 	 500
Relative light outputL(%) a 5f , 20s 45
Photons(N/MeV)

�

104
�

4 v 104

Dt � DT (ns/Š C at20Š ) - -2
DL/DT (%/Š C at20Š ) 0.0f , -1.2s +0.6
Refractive index 1.49f , 1.56s 1.80
Radiationdamagethreshold(Rads)

�

107
�

102

Melting point ( Š C) 1280 621
Hygroscopic No Slightly
Solubility (g/100g H2O) 0.12 85
“Hardness”(Mohs) 3 2
Price($/cm3) 2.5 2

� Cesium iodide doped with thallium, CsI(Tl) : It wasusedasscintillator already
in 1950[Hofs50] but also“rediscovered”recently[Grass85] dueto its well adapted
emission spectrumto Si-photodiodes. CsI(Tl) hasseveral propertieswhich make
of it a suitableoptionfor particle-detectionin heavy-ion physics(seealsoSection
.4): Goodlight outputcloseto thatof NaI(Tl) anda singlewavelengthcomponent
with two very differenttime constants(a slow one,t 1 = 0.4 - 0.7 µs, which varies
with particletypein decay, anda longone,t 2 �

7.0µ, which is independentof the
natureof theincidentparticle).

Table1 summarizesthescintillation, physical andchemicalpropertiesof thetwo in-
organiccrystalscintillators,BaF2 andCsI(Tl), usedin ourexperimentalsetup.

.3 Plastic scintillators

Light emissionin organicmaterialsis an inherentmolecularproperty. The vibrational
levels (p electrons)of thematerialscanbereadilyexcitedinto ahighvibrational stateby
photons or ionizing particlesandthenpromptly (few ns) de-excite with theemissionof
radiation. In orderto allow light to be transmitted throughappreciabledistancesinside
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the material,a further �uorescentcomponentis addedwhich preferentiallyabsorbsthe
scintillation light andre-emitsit at longerwavelengths. Plasticscintillatorsconsist,thus,
usually in a solid solution of two luminophors(luminiscentadditives) in a transparent
polymer suchaspolyvinyltoluene13 (PVT) or polystyrene(PST).The �rst soluteactsas
a“primary activator”andthesecondcomponent,typically presentin smallconcentrations
(0.01%- 1%by weight),as“wavelengthshifter”or “WLS”(i.e. it changesthewavelength
of the scintillation light of the primary compositeto highervaluesminimizing the self-
absorption andmatchingtheemittedlight wavelengthto thetransparency window of the
PMT photocatode).

The characteristicsof plasticscintillation materials(light output,transparency to its
own emission, decaytime(s), radiationresistance)can be, thus, selectedby changing
thecomposition of thesolutesandthepolymer base.In our casefor example,NE102A
(equivalent to BC-400)consists in a polyvinyltoluene(PVT) basewith 2% p-therphenyl
as“primaryactivator”,and0.1%p-bis[2-(5-phenyloxazolyl)]benzene(POPOP) as“wave-
lengthshifter”.

Thegeneralpropertiesof thePolyvinyltoluene-basedplasticscintillators14 areshown
in table2, whereasthe individualcharacteristicsof NE102A(BC-400),NE115,andBC-
446aresummarizedin table3.

.4 Charged-particle detection with 4p arrays in nuclear
physics

Thereareseveralmethodsemployedin particlephysicsfor thedetectionof chargedpar-
ticles,mostof themusuallycombinecentraldetectors(hadroniccalorimeter, �Cerenkov
counters...) with a powerful magnetproviding anappropriatemagnetic�eld for particle
momentameasurement.In nuclear-physics,in theabsenceof magnetic�elds, two types
of (closely-related)alternativemethodsareemployedin 4p hadroniccalorimetersfor the
detectionof charged-particles:

� two-componentinorganicscintillators,

� phoswiches.

Bothmethodshavebeenusedconcurrentlyin theexperimentalsetupemployedin this
thesis.

.4.1 Two-componentinorganicscintillators

We have mentioned previously that thepulseshapeof scintillation light for CsI(Tl) and
BaF2 dependson thetypeof particletraversingthematerialallowing thusfor its identi�-
cation15. In thecaseof CsI(Tl), thelight intensity hastheform:

I � I1 v e


t � t 1
! I2 v e


t � t 2 (5)
13PVT is apolymer plasticmadeof 2-CH3C6H4CH=CH2 monomers.
14Theplasticscintillatorsusedin this experimenthavecommercial names:NE-XXX andBC-YYY.
15We will not considerherethe useof BaF2 ascharged-particle (or neutron) detector sincewe did not

usethis capability in oursetup,however, this optionhasbeenstudiedin [Novo91].
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Table2: General propertiesof Polyvinyltoluene(PVT)scintillators(thesecond andthird columns
correspond to thecomponentsof NE102Aplastic). From[Suff88, Bicr99].

Material Polyvinyltoluene(PVT) P-Therphenyl Popop
Use Polymer Primary “WLS”

base activator
l of peakemission (nm) 312 340 410
DecayTime t (ns) 14 0.95 1.4
Quantumef�ciency 7% 93% 93%
Density(g/cm3) 1.032
Z/A 0.541
Radiationlength(cm) 42.5
NuclearInt. length(cm) 79.0

�

dE � dx� min (MeV/cm) 2.02
Refractive Index 1.58

95%of thatat +20‰ C;
DL/DT (%/Š C at60Š ) (independentof T from

-60‰ C to +20‰ C)
Atomic Ratio,H:C

�

1 � 1
Coeff. linearexpansion 7.8v 10




5 (below65‰ C)
In aromatic solvents

chlorine,acetone,etc.
Solubility Insoluble in water, dilute

acids, lower alcohols
silicone�uid, grease

andalkalis.

Table3: Propertiesof thePVT-basedscintillators usedin this experiment.From[Suff88, Kirk88,
Bour94,Bicr99]. * BC-408is thecurrent commercial namefor formerBC-446[Bicr99].
** NE115is identical to current BC-444[Bicr99].

NE102A(BC-400) BC-446* NE115**
Light Output(% Anthracene) 65 64 41
Wavelengthof Max. Emission (nm) 423 425 428
Risetime(ns) 0.9 0.9 19.5
Decaytime(ns) 2.4 2.1 179.7
Pulsewidth (FWHM, ns) 2.7

�

2 � 5 171.9
Light attenuationLength(cm) 160 210
# of H Atomspercm3 ( Œ 1022) 5.23 5.23 5.25
# of C Atomspercm3 ( Œ 1022) 4.74 4.74 4.73
Atomic RatioH:C 1.103 1.104 1.109
# of e




percm3 ( Œ 1023) 3.37 3.37 3.37
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with t 1 = 0.4- 0.7µs andt 2 = 7.0 	 0.5µs . Thevalueof t 1 dependson thespeci�c
ionization of the charged particle (e.g. t 1 = 0.4 µs for 4.8 MeV a particles,and t 1 =
0.7 µs for electrons),the valueof t 2 is independent,andthe ratio I1 � I2 dependson the
type of particle(e.g. I1 � I2 �

1 for electronsandI1 � I2 �

3 for a's). The advantageof
two-component inorganicscintillatorswith respectto the phoswichdetectors(seenext
Section)is that the rangeof energiesof applicationis very large sincethey constitute a
homogeneousdetector.

Theusualmethodof identi�cation consistthusin plotting thevalueI1, integratede.g.
within 0.3 to 0.8 µs, asa functionof I2 (integratedin a charge integratore.g. within the
interval 1.6 µs to 2.6 µs). Fig. 5.9 of Section5.5.1,shows sucha plot for the isotopic
identi�cation of H andHe in theDwarf-Ball modules.

.4.2 Phoswiches

Thename“phoswich”, standingfor “phosphor sandwich”,appearsin 1952[Wilk52] to
referto anassociationof two scintillators1 and2 with differentconstanttimesbut readout
by thesamephotomultiplier (being,thus,necessarythatscintillator 2 betransparentto the
scintillation light of 1). In the last10 years,thedesignandconstructionof 4p detectors
for chargedparticlesproducedin high multiplicity heavy-ion reactionsat intermediate-
energies hasboostedthe useof large arraysof suchphoswichdetectors[Suff88]. By
measuring(integrating)the intensity of the light outputwithin two appropriatelychosen
time intervals, onecandeterminethe energiesdepositedin the two scintillators. Fig. 2
showsaview of thetwo componentsof a typicalpulse.Thethin “f ast”component(1-mm
thick NE102Ascintillator) emitsalmostall its light within the interval [t0,t1](

.

95 ns),
whereasthe large “slow”component(5-cm thick NE115scintillator) needsthe interval
[t0,t2](

�

300 ns) to emit mostof its light. Usually, the �rst detectoris thin enoughto
allow (mostof) the incidentparticlespunchthrough(actingasa “DE detector”). The
secondscintillator, gluedto thebacksideof the�rst one,measurestherestof theenergy
E = Etot

�

DE.

Figure 2: Schematic view of the fast (dashed line) and slow (dotted line) pulsesof a phoswich
detector. Thedrawnline is thesumof thetwo signals. Theduration of thetwo integra-
tion (“short”an d “long”) gates andthesignal over threshold timeare indicated. From
[Wiss97].
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In general,the DE-E telescopeidenti�cation techniqueexploits the differentenergy
deposit(dependingon the particle's natureandenergy) of an incidentparticlewhen it
traversesthe two differentmaterialsof thecombinedmodule. This is quantitatively ex-
pressedby theBethe-Blochformulawhichcanbeapproximatedby:

dE � dx
�

a v Z2A� Etot (6)

Hence,measuringthe energy DE deposited by a particle inside a �rst detector, thin
enoughnot to stoptheparticle,andtheremainingenergy E left in thesubsequentdetec-
tor, wearecapableof knowingtheinitial energy of theparticle(Etot � DE + E) and,thus,
determinethe product(Z2A). Indeed,the differentparticlespopulatedifferent lines in
bidimensionalDE-Eplots(“DE-Earrays”)accordingto theirown Z2A, allowing to deter-
minethevalueof thisproduct.If theresolution of thedetectoris goodenoughto separate
adjacentlines,onecanmeasurethechargeandmassof theparticle.Severaltypesof DE-
E arraysfor theDwarf-Ball andForwardWall detectorshave beenshown in �gures 5.11
and5.13respectively.
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Bremsstrahlung,from the classicalpoint of view, is the electromagneticradiation
emitted whenever a charge is acceleratedor decelerated.Sincenuclei containprotons,
photonemissiondueto bremsstrahlungmayin principleoccurin any nuclearreaction.In
a moregeneralway, nucleon-nucleonbremsstrahlung,NN E NNg, is the lowestenergy
elasticprocessby which a photon is producedin thescatteringof two decelerated(pre-
scattering)or accelerated(post-scattering)nucleonsundergoingthestronginteraction16.

The �rst photonemissionattributed to nucleon-nucleonbremsstrahlung processes,
pp E ppg andpn E png, wasobservedin p ! d reactionsin the60's [Gott65, Warn65,
Koeh67], althoughhigh-energy (Eg

F

30MeV) photonproductionin proton-nucleuscol-
lisionshadbeenalreadyreportedsomewhat earlier[Wils52, Cohe63,Edgi66]. Sincethe
bremsstrahlung processis sensitive to mesonexchangecurrentsaswell as to off-shell
effects in the nucleon-nucleoninteraction,the motivation for suchexperimentswas to
constraintthe variouspotentialmodelsof the fundamentalNN interactionin the low-
energy region. However, it appearedthat thesedatacould be describedby soft-photon
calculationsthatdid not includeoff-shell effects. More recentstudies(seee.g. [Shkl97]
andreferencestherein)showedthatthecharacteristicspatternsof bremsstrahlungarenot
very sensitive to thedifferentparametrizationsof theNN potential andthequalityof the
experimental dataavailableup to the90's did not point out to a preferableNN potential.
Sincetheearly90's high-precision few-bodybremsstrahlungexperimentsarebeingcar-
ried out at variouslaboratories.The presentaccuracy of thedata[Huis99, Mess99] has
beenimprovedandallows to identify thehigherordereffectsof theprocess.

Nuclearbremsstrahlungin collisions betweennuclei wasobserved for the �rst time
around1984[Gros84,Gros84b, Bear85, Gros85].As describedin Section3.2.1,themea-
surementsof thephotonspectraandangulardistributions,thephotonsourcevelocity as
well as the impact-parameterdependenceof the photonmultiplicity, indeedsuggested
thathard-photons, conventionally de�ned asphotonswith Eg

� 30 MeV, originate from
bremsstrahlungin independentproton-neutroncollisionspn E png[Nife89, Nife90].

All theoretical(microscopicalor statistical) approacheswilling todescribehard-photon
production in heavy-ioncollisions,requirethemicroscopic nucleon-nucleon-gcross-section
as a basicingredient. Unfortunately, as mentioned above, experimentalNNg dataare
scarcedue to several intrinsic dif�culti esof the process17 and, thus,a parametrization
of the cross-sectionbasedexclusively on experimentaldataandcovering the complete
rangeof g energies and anglesfor all initial and �nal nucleonmomenta is not (yet)
available. Therefore,themodelsrely on a theoreticalpredictionof theelementaryNNg
bremsstrahlung process. In the last yearsseveral parametrizationsof this fundamental
cross-sectionhavebeenproposedwithin differentapproaches:

16Usuallyonejust considers elasticNN collisionsin which (at least)oneof thecolliding nucleons is a
proton, i.e. processespp o ppg and pn o png, the processnn o nng (proceeding,in a �eld-theoretical
framework, through chargedcurrents)hasavanishingly smallcross-section.

17The measurementof the double differentialcross-sectionof the three-particle �nal stateneedsthe
coincidentmeasurementof angles andenergiesof the two outgoing nucleonsandof thephoton in a wide
range of values.Suchmeasurementsneedlargeacceptancedetectors which have not beenavailableuntil
very recently (e.g.COSY, TAPS+SALAD).
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� Classical electrodynamics: The png cross-sectionis derived from the dipole ap-
proximation for the radiationemittedin the collision of a non-relativistic particle
with a �x edhardsphere[Jack75]. This doubledifferentialcross-sectionreads(see
next Section):

d2s pnJ png

dEgdWg
�

e2

4p
s pn

4p2
b2

Eg

�

2
3

! sin2qg
�

(1)

whereb denotesthe velocity of the nucleonsin the nucleon-nucleonCM frame
ands pn theangle-integratedelasticpncross-section.Suchclassicalexpressionhas
beenusedfor many yearsase.g.in theworksof [Baue86, Khoa91,Wang94].

� Detailed balance from the reverseprocessgd E pn: Detailedbalancehasbeen
used[Bona88,Praka88, Herr88,Oblo89] to invert themeasuredcross-sectionsfor
the absorption of photons of Eg = 30 - 150 MeV by nuclei. This processis well
describedby thequasideuteronmodel[Lev79] whichassumesthatphotoabsorption
proceedsvia disintegrationof proton-neutronpairsin thenucleus.Thephenomeno-
logicalangle-integratedquasideuteroncross-sectionreads:

ds pnJ dg

dEg
�

K
�

Eg
�

2 � 226�

2� 3

E3
g

e


60
w

MeV
y

� Eg (2)

� Potential or Covariant (meson-exchange)models: Equation(1) neglectsmeson
exchangeeffectswhichsubstantiallymodify thepngcross-section[Brow73, Neuh87].
Takinginto accountthecontributionsof internal(meson-exchange) diagrams,sev-
eralangle-integrated(assumingisotropicemissionin theNN center-of-massframe)
energy differentialcross-sectionfor png bremsstrahlunghave beenproposedand
usedin theliterature:Nakayama[Naka89,Pins89,Fabr90],Scḧafer[Scha91, Cass90],
Danielewicz [Gan94],or classical-modi�ed [Russo94]parametrizations.

In the next two sectionswe derive respectively the classicaland the covariant ex-
pressionsfor the elementaryNNg bremsstrahlungcross-sectionscommonlyusedin the
studiesof hard-photonproductionin heavy-ion reactions.

.1 Classical NNgBremsstrahlung cross-section

Bremsstrahlungemission in nucleon-nucleoncollisions (pp E ppg and pn E png) can
be describedwithin classicalelectrodynamics[Jack75]in termsof the decelerationor
accelerationof one(two) proton(s).Theenergy radiatedby theacceleratedproton(s)per
unit frequency andunit solid angleis expressedin termsof thevectorpotential /Ak

�

w � q �

[Nife89]:

d2I
dwdWg

�

e2

4p2c Ö

å
k � 1 2 2

/Ak
�

w � q ��×

2

(3)

where /Ak
�

w � q �Ï� Zk
Z
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�

/n Œ

/b �

1
�

/n v

/b •

v eiw
"

t



[n
¯

[r
"
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HereZk = 1, /bk and/rk
�

t � arethecharge,andthe(time-dependent) velocity andposition
of theproton(s),and /n thedirectionof theemittedphoton. Thuseachprotoncontributes
to thecrosssectionof theprocesswith thefollowing amplitude18:

Z

d
dt ~

Z v

/n Œ

�

/n Œ

/b �

1
�

/n v

/b •

v eiw
"

t



[n
¯

[r
"

t #$� c# dt
�

(5)

Z v

/n Œ

�

/n Œ

/b
�

t �-�

1
�

/n v

/b
�

t �

(6)

In the “suddenapproximation”or “low-energy approach”,thechangein /b is consid-
eredto beinstantaneous,thereforethephasetermof (5) is ignored,resultingin equation
(6). In the generalcasewhen two protonscollide, both contribute with amplitude (6)
beforeandafter the scatteringprocess,resultingin four amplitudes. The intensityper
frequency andsolidangleis thengivenby:
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(7)

where/bk
i and /bk

f arethevelocityof protonk beforeandafterthecollisionrespectively.
The probability P to observe a photonof energy Eg per interactionis relatedto the

intensity perfrequency (dI � EgdP and > w � Eg) accordingto:

d2I
dwdWg

�Â> Eg
d2P

dEgdWg
(8)

From eqs. (7) and (8) and assumingthat, sincethe scatteringis nearly isotropic,
the interferencebetweenboth ingoing and outgoingamplitudesof (7) averagesout in
an inclusive measurement,a generalformula canbe derived for the photon-production
probability perunit energy andsolidanglein anucleon-nucleoncollision:
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wherea � e2
�<> c andwhere,sincethe directionof /b f is randomwith respectto /bi ,

theoutgoingtermF
�

b f � qU

g� in (7) hasbeenaveragedover theangleof thephotonqU

g with
respectto theoutgoingproton.

In the center-of-massframe, A1b1
i �

�

A2b2
i and A1b1

f �

�

A2b2
f (b1 is the veloc-

ity of the beamparticle). With bi � b1
i andb f � b1

f , the following photonproduction
probabilities have beenobtainedfor proton-neutronand proton-protonbremsstrahlung

18In this section,thediscussionfollowscloselythatof [Wils95, Hoef99].
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[Wils95, Hoef99]:

p ! n E p ! n ! g:

Fpng
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�

1
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2

d2Ppng

dEgdWg
�

a
4p2Eg

�

2
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i sin2q
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(11)

p ! p E p ! p ! g:

Fppg
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4b4sin2qcos2q
�

1
�

b2cos2q �
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a
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2
15

b4
f ! b4

i sin2qcos2q
�

(12)

In bothcasestheclassicalNNgbremsstrahlung productionhasa 1� Eg energy depen-
dence(however, it hasto benotedthatb f is alsodependentonEg). Although expressions
(11)and(12)containanisotropic componentassociatedwith thevelocityb f of theoutgo-
ing proton,thephotonemission from proton-proton collisionsis of quadrupolecharacter
(sin2qcos2q) andthereforemoresuppressedascomparedwith the (sin2q) dipolar radi-
ation from proton-neutroncollisions. Moreover, theprobability for ppg bremsstrahlung
is, to �rst approximation, a factorb2 smaller thanthatof the pngprocess.Thecontribu-
tion from proton-protonbremsstrahlungcanbe,therefore,basicallyneglectedin nucleus-
nucleuscollisionsat intermediate-energies.

Finally, theclassicaldouble-differentialbremsstrahlung pngcross-sectionis obtained
from thephoton-productionprobability(11)by:

dsg � sel dP �

«

d2s png

dEgdWg
�

a
4p2Eg

sel
�

2
3

b2
f ! b2

i sin2q
�

(13)

with sel beingtheangleintegratedelasticpncross-section.

The classicalangle-integrated energy spectrumof bremsstrahlung photonsissuing
from a png collision at Ep = 200 MeV bombardingenergy is shown as a dashedline
in �g. 1.

.2 Covariant NNgBremsstrahlung cross-section

The classicalequation(13) is a non-relativistic approximation of the “true”png cross-
sectionand henceonly valid, at best, in the photonlong-wavelengthlimit. Jackson's
formulaparticularlyneglectsseveralquantaleffectswhichcanbeimportantsuchas,e.g.,
the contribution of internalradiationfrom virtual (charged)pion exchangebetweenthe
collidingnucleons.Thiscontributionallowsneutronsandprotonsto exchangetheir iden-
tity during the collision leadingto an increaseof the pn scatteringangulardistribution
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Figure 1: Bremsstrahlung photon spectrum for a png collision at Kbeam = 200 MeV according
to theclassical soft-photon formula(13) (dashedline) and to thecovariant expression
(15) (solid line). From[Schu97].

at backwardsanglesandto an enhancementof the highestenergy hard-photonproduc-
tion [Russo94] (see�g. 1, solid line). A consistent calculationthat takes relativity,
quantummechanicsandexchangecurrentsinto accountcanbe performedusingFeyn-
man's diagrammaticalmethod. TherelevantFeynmangraphsfor photonbremsstrahlung
in pn scatteringareshown in �gure 2. Suchcalculationrequiresthe determination of
the nucleon-nucleonscatteringamplitude(T-matrix or G-matrix) in termsof a proper
relativistic andgauge-invarianteffective meson-exchange(OBE) modelfor thenucleon-
nucleoninteraction(seeSection1.4). In a quantaldescriptionof thephotonproduction,
thecross-sectionis calculatedfrom [Itzy85]:

dsg

dEgdWgdWq
�

m4
N

4 
Q/ pp 


�

2p �

5Ep
v

Eg 
Ø/ q 


2

 Tg 


2

2 
 E Un
�

q
�

Egcosq �@! E Up
�

q ! Egcosq �r


(14)

whereEp, E U

p, and E U

n are the initial and �nal energies of the proton and the �nal
energy of the neutronrespectively, /q is the relative momentumbetweenthe protonand
theneutron,and 
 Tg 


2 is thetransitionamplitudeof the pngprocess.

Figure 2: Feynmandiagramsof thepngbremsstrahlungprocessshowingtheradiation originating
fromtheexchangedcharged mesons,internal linesin b),which interferesconstructively
with theexternal radiation,diagramsa),accounting for the“classical”br emsstrahlung.
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Scḧaferet al. [Scha91]have obtainedthis differentialphotoncross-sectionaftercal-
culatingthematrix elementsresultingfrom a parametrizationof thenucleon-nucleonT-
matrixin termsof OBEamplitudeswhichincludesover10mesons[Horo87] andprovides
a good�t to elasticnucleon-nucleonscatteringdatafor 100- 400MeV laboratoryener-
gies. This expressionagreeswith themeasurementsof thedifferentialgammaspectrum
producedin neutron-protonbremsstrahlungwith a neutronbeamof 170 MeV average
energy [Male91]. This so-called“Schäfer parametrization”hasbeenthusvery oftenused
astheelementaryphotonproductioncross-sectionin BUU transportcalculationsfor par-
ticle productionin nucleus-nucleusreactions[Cass90].In this thesiswe have employed
thefollowing usefulanalyticalrepresentationof thedifferentialcross-sectionds � dEg as
a functionof theinvariantenergy L s of thenucleon-nucleonsystem[Cass90]:

ds
dEg

�

1
Eg

*

1
�

Eg� Emax
g f

�

Eg � Kcm�

�

µb�j� (15)

with

f
�

Eg� Kcm�Ù� a ! bEge


c
"
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d #

2
�

a � 9 � 74 ! 0 � 037Kcm�

b � 0 � 91
�

0 � 14arctan
�

0 � 045Kcm
�

7 � 66�Ú�

c � 12� 365�

�

18� 27 ! Kcm�

2 Ò 38
�

d � 1 � 5Kcm�

whereKcm(MeV) is thetotalkineticenergy of thecolliding nucleonsin theirCM sys-
tem. Figure1 (solid line) shows the differentialbremsstrahlung cross-sectionobtained
with equation(15). Fromthis plot onecangrosslyoutline themain featuresof this ele-
mentaryds png� dEg cross-section:

� It shows the typical 1� Eg behaviour of the semiclassical limit (13) only for fairly
low g-energies,Eg I 0 � 2 Emax

g .

� Thecross-sectionremainsratherconstantfor awiderangeof photonenergies,Eg �

�

0 � 2
�

0 � 9� Emax
g .

� It sharplydropsnearEmax
g �

�

Ep ! En �

2 �

2m2
N � � 2

�

Ep ! En �

% (themaximumenergy
availablein theNN center-of-masssystem)anddoesnotshow thestrongerenhance-
mentobtainedfor photonenergiesnearEmax

g typical of othercovariantmodels19

(seee.g.[Naka89]).

Finally, integrating the differential yield over energies above Eg = 30 MeV in the
laboratory-systemoneobtainsthehard-photonemissionprobability(dotted-dashedcurve)
displayedin �g. 3 asa functionof thebombardingenergy of theproton-neutronsystem.

19Although thiseffect is dueto animproperdescription of very low energy resonancesin thepn-channel,
it is claimed[Scha91] thatsuchresonancesdonotsurvive in thenuclearmediumencounteredin heavy-ion
reactions.
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Figure 3: Hard-photon emission probability per proton-neutron collision versus the (Coulomb-
corrected)bombarding energy per nucleonin: 1) nucleus-nucleuscollisions(solid and
dashedlines, obtainedwithin BUU andDCM calculationsrespectively), andin 2) free
proton-neutron collisions(dotted-dashedline). Both curveshavebeenobtained using
the Schäfer parametrization of the elementary png cross-section, eq. (15). Adapted
from[Schu97].
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Appendix 3: The nuclear
Equation-of-State
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Thenotionof equationof state(EoS)is centralin statistical physicssinceit allows to
establish arelationlinkingthestatevariablescharacterizingacertainsystemat thermody-
namicalequilibrium. If themicroscopic propertiesof a systemareknown alongwith the
statisticsof theparticles,onecancalculatethepartitionfunctionof thesystem.Fromone
of the“statefunctions”or “thermodynamicalpotentials”of thesystemwritten in termsof
its propervariableslike e(S,N), F(T,V,N) or µ(T,P), all otherstandardthermodynamical
variablescanbestraightforwardlyobtainedby simpledifferentiation.Theso-called“ther-
modynamical”equationof state(EoS)is therelationbetweenthepressure,thedensityand
temperature,P = P(r ,T), andit is essentiallygivenby thederivativeof theinternalenergy
pernucleonof thesystem, e= E/A, with respectto thedensityat constantentropy S:

P
�

V � T � �

�

�

¶E
¶V � S

�Û!

N
V2

�

¶E
¶r � S

�

« (1)

P
�

r � T � � r 2 �

¶e
¶r � S

(2)

Whendealingwith nuclearmatterproperties,thestatesareusuallycharacterizedby
two (macro)canonicalvariables: the densityr and the temperatureT. So startingwith
the de�nition of the internalenergy per nucleone asa function of r andT, the nuclear
EoSis simply de�ned asthe functionaldependencee = e(r ,T) which is usuallycalled
the“caloric”equationof state.We shallnow turn our attentionto this “caloric EOS” in a
schematicway(within aFermi-Diracapproachfor thekineticenergy term,andaSkyrme
interactionfor thenuclearmean-�eldpotential).

.1 EoSof cold nuclear matter

At T = 0 nuclearmattercanbe treatedasa degenerateFermi gas,andonecandivide
its total internal energy per nucleon,e, asa sumof a (Fermi) kinetic energy ek anda
potential nuclearmean�eld U which,in asimpleansatz,bothdependonly onthenuclear
densityr :

e
�

r � T � 0�„� ek
�

r �†! U
�

r � (3)

The�rst term,theaverageFermikineticenergy pernucleon,reads20:

ek
�

r �,�

3
5

eF
�

r �„�

3
5

pF
�

r �

2

2mN
with pF

�

r �,�Ê>

�

3p2

2
r

�

1� 3

(4)

In theground-state:pF �

265MeV/c, eF �

38A MeV andek �

23A MeV.

The secondterm of eq. (3), the nuclearmean�eld potentialU
�

r � , canbe written
effectively (neglecting any momentumdependenceof thenuclearforce)asalocaldensity-
dependentforceof theSkyrmetype:

20At normaldensity, r 0 = 0.16fm 6

3, nucleonsarenon-relativistic, andtheFermienergy andmomentum
canberelatedby eF & p2

F ( 2mN.
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U
�

r �„� a �

r
r 0 �

! b �

r
r 0 �

g

(5)

The constantsa andb areadjustedto reproducethe groundstatepropertiesof nu-
clearmatter21, e

�

r 0 = 0.16fm



3,T = 0 MeV) = -16A MeV, andgis relatedto thenuclear
incompressibility modulus k¥ which measuresthe resistanceof nuclearmatteragainst
compression aroundthesaturationpoint22. In thermodynamicsthe(adiabatic)compress-
ibili ty K is de�ned asthederivativeof thedensitywith respectto thepressureatconstant
entropy:

K �

1
r

�

¶r
¶P � S

(6)

Theincompressibility modulusk is theinverseof thecompressibility K andin nuclear
physics is customarily de�ned as:k¥ �

9�

�

r K �¦� 9
�

¶P� ¶r � S. Equivalently, k canbe
alsode�ned by the changein energy of a nucleusasa reply to a changein its radiusR
[Peil94]:

k � R2 �

¶2e
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� 9 Ì
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¶2e
¶2r �

Í

T 2 N
(7)

At r � r 0, the pressurevanishesby de�nition and the incompressibility constant
reads:

k¥ � 9r 2
0

�

¶2e
¶r 2

� r � r 0

(8)

Usually, it is saidthattheEoSis “soft” 23 if k¥ �

200MeV (i.e. thefundamentalNN
scatteringis moreattractive-like) and“hard”if k¥ �

400MeV (i.e. theelementaryNN
scatteringismorerepulsive-like). Fork¥ = 200MeV (“soft”EoS),a = -178,b = 139andg
= 1.17in eq.(5). Alternatively, for k¥ = 400MeV (“hard”EoS),a = -62,b = 23andg= 2.

Consideringeqs. (3), (4) and(5), onecanthereforeexpresstheEoSof cold nuclear
matteras:

e
�

r � T � 0�¦�
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2mN

�

3p2

2
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�

2� 3

! a �

r
r 0 �

! b �

r
r 0 �

g

(9)

.2 EoSof moderately hot and compressednuclear matter

Sofarwehavedealtwith theEoSof coldnuclearmatter. Thetemperatureof thesystemis
thesecondthermodynamicalvariableof importancefor theequationof state.In ageneral

21Thedensitydependentrepulsivetermin eq.(5)mustappearwith ahigherpowerof r thantheattractive
part,i.e. g

©

0, sothatthenuclear systemdoesnotcollapse.
22It is important to stressthatk¥ gives informationon theEoSdependenceof r at theneighborhoodof

thesaturationpoint (largestcurvaturesimplying thatmoreenergy is necessaryfor compression)but does
notgiveany informationaboutnuclearmatterat higher densities.

23As a matterof fact, thereseemsto bestrongevidencein favour of a “soft”but momentum-dependent
EoSfor nuclearmatter, but we will notconsiderthis complication here.
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way, moving away from the saturationpoint in the density-temperatureplane,we can
decomposetheinternalenergy of anuclearsystem,e

�

r � T � , in its ground-stateenergy e0
(thebulk or volumetermin thebindingenergy pernucleonat zerotemperature):

e0 �

e
�

r � r 0 � T � 0�„� ek
�

r 0 �j! U
�

r 0 �„� 23A MeV
�

39A MeV �

�

16A MeV,

andin anexcitationenergy e5 . Namely, onecanwrite:

e
�

r � T �„� e0 ! e5

�

r � T � (11)

Theexcitationenergy e5 (whosemaximum theoreticalvaluein a heavy-ion collision
correspondsto the total energy available in the nucleus-nucleuscenter-of-mass)canbe
furhtersimpli�ed asthesumof apure“compressional”parte5comp (duetoavariationof the
densityatzerotemperature)anda“thermal”onee5th (only dependingonthetemperature),
i.e.:

e5

�

r � T �„� e5comp
�

r �†! e5th
�

T � (12)

Let'sstudyseparatelythetwo termsof equation(12):

� Thecompressionalenergy e5comp correspondsto thecoherentmovementof thenu-
cleonsin the system. It consists of a kinetic energy term stemmingfrom the
(density-dependent)Fermimotion,eF = r 2� 3, andthe“actual”compressionalen-
ergy, DU � U

�

r �

�

U
�

r 0 � , which is the differenceof the nuclearmean�eld po-
tentialenergy at thedensitiesr andr 0 respectively. It canbewritten explicitly as:
e5comp(r ) = DU

�

r �Ü! ek �

�

r � r 0 �

2� 3 �

1% , whereU denotesthe nuclearmean�eld
potentialenergy andek �

23A MeV is the averageFermi energy per nucleonin
thegroundstate.Onecommonlyusesa simplefunctionalform for e5comp which is
quadraticon thedensityandcontainstheincompressibility modulus[Stoe86]:

e5comp
�

r �,�

k¥

18
� 1

� r
r 0 �

2

(13)

Thus,the equationof statefor T = 0 andr Ý� r 0 (i.e. no thermaleffects)canbe
written:

e
�

r � T � 0�¦� e0 !

k¥

18
� 1

� r
r 0 �

2

(14)

� The thermalenergy e5th(T) correspondsto the randommovementof the nucleons
inside the systemandconsistsof the kinetic energy above the degenerateFermi
gas. For moderatelyexcitations energies(e5th .

3A MeV), the thermalexcitation
energy is relatedto thetemperatureby theFermi-gasrelation(settingtheBoltzmann
constantkB �

1):

e5th
�

T �„� aT2 with a � 1� 8
�

1� 12 (15)

Theformalderivationof (15)aswell asthethermodynamicalpropertiesof ageneral
Fermigascanbe founde.g. in [Path77]. In thenuclearcase,relation(15) canbe
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simply derivedfor a nucleusof massA at thetemperatureT within a Fermimodel
description[Sura90]. In this independent-particlemodel,the(discrete)energy level
densityof aparticleinsideanucleus(i.e. thenumberof stateswith energy between
E andE ! dE) is de�ned as:

d
�

E �,� å
n

d
�

E
�

En � (16)

Thetotal kineticenergy of thesystemis thengiven by theintegral:
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whereEF
�

T � is theFermienergy of thesystem.Expression(17) is anexampleof
thetypicalFermi-Diracintegralscommonly foundin thestatisticaltheoryof Fermi-
Diracsystemsandnotreadilycalculable[Path77].In thelimit of low temperatures,
however, theFermi-Diracfactorcanbewrittenas:
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whereq is theHeavisidestepfunctionanddU thederivativeof theDiracdeltafunc-
tion. Bringing expression (18) into eq. (17) (andreplacingd

�

E � by anequivalent
“smooth”function), oneobtainsa developmentof thekinetic energy of thesystem
for low temperatureswhich reads,to orderT2 [Sura90]:
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E U dE U
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�

EF
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T � 0�1� T2
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SinceE � E
�

T � 0�à! E 5th, we caneasilyidentify thesecondtermof eq. (19) as
thethermalexcitationenergy of thenucleus,written in thewell-known form:

E 5th �

aT2
�

p2

6
d

�

EF
�

T � 0�-� T2 (20)

This equationde�nes the so called“level densityparameter”a characterizingthe
singleparticlemodelusedto describethenucleus,andindicatesthatasT increases,
the Fermi nuclearliquid is excited into low lying excited stateswhoselevel den-
sity24 grows asr

�

e��= exp
�

2 L aE � [Beth37]. In a Fermigasdegeneratedin spin
andisospin,a amountsto:

a �

p2

4
A

EF
�

T � 0�

�

A� 15 MeV 


1 (21)

24Thelevel densityd M E N de�ned by eq. (16) countsthenumber of levelsperunity of energy for a one-
body theory, whereasthedensityof statesr M E N givesthenumber of statesaccessibleasa function of the
totalenergy of thenucleus.
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to becomparedwith theexperimentallymeasuredvaluesa = A/8 - A/12 MeV



1.
Microscopiccalculations[Sura85]haveshown thatthevalueof E 5th givenby equa-
tion (20) is verycloseto theself-consistentHartree-Fock thermalexcitationenergy
andhencecanbecomparedto experimentalenergies. Thesamecalculationshave
shown thattherangeof validity of thissetof equationscanbeextendedwith con�-
denceuptoe5

�

3A MeV with a = A/8 - A/12. Thisallowsto relateexperimentally
themeasuredvaluesof e5 to theactualtemperatureof an(slightly) excitednucleus
via T

�

3

10e
5th.

TheEoSfor r = r 0 (i.e. nocompressioneffects)andT
.

4 MeV reads�nally:

e
�

r 0 � T
.

4 MeV �á� e0 ! aT2 (22)

In summary, the generalform of theEoSof nuclearmatterat low temperaturesand
densitiescanbewritten (seee.g.[Chas97]):
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with eF
�

r �f�

\

2

2mN
•

3p2

2 r
ž

2� 3
. Having speci�ed the internalenergy, one can now

determineany other thermodynamic function. The speci�c heatcV �

�

¶e� ¶T � V and
entropy s �¸â

T cV � T U dT U per nucleoncoincidein the approximation to orderT2 of the
EoSgivenby (23):
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Thepartitionfunctioncanbedeterminedfrom the(Helmholtz)freeenergy (F � E
�

ST):
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Fromthis partitionfunction,Z, it is easyto determinethepressureandcompressibil-
ity25 of nuclearmatterdescribedby theequation-of-state(23):

25Of courseP andk¥ canbealsostraightforwardlyobtainedfrom eqs.(2) and(8) respectively.
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.3 EoSof hot nuclear matter

At hightemperatures(higherthanthechemicalpotentialvalue,i.e. thantheFermienergy
at a given density, but still below the mesonandparticle-antiparticle productionthresh-
olds)and/orat low densities,thehadronicpropertiesof nuclearmattercanbeconsidered
that of an ideal Maxwell-Boltzmanngas(i.e. we expect that nuclei vaporizeinto indi-
vidualsnucleonsat e5

�f� e0, wheree0 = 8A MeV is theempiricalbinding energy per
nucleon).Thesimplestansatzfor theinternalenergy is given, therefore,by theclassical
ideal (i.e. non-interacting: e � ek) gaslimit 26:

e
�

T �é�

3
2

T (28)

Therestof thermodynamicalpropertiesof high-temperaturenuclearmatterare,then,
thoseof thewell-known Maxwell-Boltzmanngas:

cV �

3
2

(29)

P � r T (30)

k¥ � 9r T (31)

s � ln ê e5� 2 r
l 3

T
gs2 i ë

(32)

In expression(32) theentropy pernucleonis givenby theSackur-Tetrodelaw with l T
= h�

L 2pmT, andgs2 i is thespin-isospin degeneracy factor.

26Formula (28) is actuallythe asymptotic valuefor the full non-interactingnon-relativistic Fermi gas,
i.e. it neglectsthein�uenceof theinteractionson thethermalenergy, but it containstheFermidegeneracy
energy [Stoe86].
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Assuming a projectilenucleus(with chargeZp, massAp andincidentkinetic energy
Klab below 1A GeV)collidingagainstatargetnucleus(with chargeZt andmassAt) at rest
in thelaboratorysystem,thefollowing (classical)formulashavebeenusedin thiswork:

� Interactionradiusof thereaction:

Rint
�

fm � � 1 � 16 v

�

A1� 3
t ! A1� 3

p �j! 2 � 0

� Coulomb“barrier”:

VC
�

MeV � � e2
v

Zt v Zp

Rint
�

fm �

with e2
� 1 � 439976 MeV fm

� Total reactioncross-section:

sR
�

mb� � 10 v p v R2
int

�

fm �…v

� 1
� VC

�

MeV �

Klab
�

MeV �

�

� (Coulomb-corrected)kineticenergy in thelaboratorysystem:

K lab
Cc

�

A MeV � �

Klab
�

MeV �

�

VC
�

MeV �

Ap

� (Coulomb-corrected)kineticenergy in thenucleus-nucleussystem:

KAA
Cc

�

A MeV � � µ v

K lab
Cc

�

A MeV �

Atot

� Velocityof thebeam:

blab � ìí

í

î

2K lab
Cc

�

A MeV �

mN
!

Ö

K lab
Cc

�

A MeV �

mN
×

2

with mN � 931� 502MeV

� Velocityof thenucleus-nucleuscenter-of-mass:

bAA �

plab
�

MeV �

Elab
Cc

�

MeV �†! At
�

MeV �

with plab
�

MeV � �

* 2K lab
Cc

�

MeV � Ap
�

MeV �h! K lab
Cc

�

MeV �

2

andElab
Cc

�

MeV � � K lab
Cc

�

MeV �†! Ap
�

MeV �

� Velocityof thenucleon-nucleoncenter-of-mass:

bNN �

plab
�

A MeV �

K lab
Cc

�

A MeV �h! 2mN
�

MeV �
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� Grazinganglein theCM andLAB frames:

qcm
gr � 2 v arctan ïð 0 � 72 v

ZpZt

Rint * µKlab
Cc

�

MeV �…v

�

2
�

µK lab
Cc

�

MeV �-�rñ ò

qlab
gr � arctan

Ö

sinqcm
gr

cosqcm
gr ! Ap � At

×
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PhDthesis,UniversitatdeVal�encia,1994.

[Maru94] T. Maruyanaetal. Nucl.Phys.A573, 653(1994).

[Matu89] T. Matulewicz, E. Grosse,H. Emling, H. Grein, R. Kulessa,F. Baumann,
G. Domogala, andH. Freiesleben.Nucl. Inst.andMeth.A274, 501(1989).

[Matu90] T. Matulewicz, E. Grosse,H. Emling, R. Freifelder, H. Grein,W. Henning,
N. Herrmann,R. Kulessa,R. Simon,H. Wollersheim, B. Schoch,J. Vogt,
M. Wilhelm, J. Kratz, R. Schmidt,andR. Janssen.Nucl. Inst. and Meth.
A289, 194(1990).

[Matu96d] T. Matulewicz, H. Delagrange,F. M. Marques,G. Mart́�nez,andY. Schutz.
GANIL Report(1996).GANIL-P-96-26.

[Maye93] R. Mayer, W. Henning,R. Holzmann,R. Simon,H. Delagrange,F. Lef�evre,
T. Matulewicz, R. Merrouch,W. Mitti g, R. Ostendorf,Y. Schutz,F. Berg,
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R. Novotny, V. Wagner, andJ.Québert.Phys.Lett.B328, 10 (1994).
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[Sorg89] H. Sorge,H. Stöcker, andW. Greiner. Ann.Phys.192, 266(1989).

[Souz90] R. deSouzaetal. Nucl. Inst.andMeth.A295, 109(1990).

[Souz91] R. deSouzaetal. Phys.Lett.B268, 6 (1991).

[Stah87] T. Stahletal. Z. Phys.A327, 311(1987).

[Stev86] J. Stevenson,K. Beard, W. Benenson,J. Clayton, E. Kashy, A. Lampis,
D. Morrissey, M. Samuel,R. Smith, C. Tam, and J. Winfeld. Phys.Rev.
Lett.57, 555(1986).

[Sto80] R. Stock.Phys.Rev. Lett.44, 1243(1980).

[Sto86] R. Stock.Phys.Rep.135, 261(1986).
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