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Réesune

Cettetheseaborct I' étude despropiiétesthermodynamiquesde la matiere nudéaireportéea
temperaureset denstésou I'on s'attenda observer la transtion de phaseliquide-gaznucleaire.
Lesphotansdurs(E; 30 MeV) émisdansdescollisionsnoyau-noyausort utilisescommesonce
expérimentale. La prodwtion desphotons et particules chagéesdansquare réactons d'ions
lourds differentes(®Ar+1°7Au, 197Ag, 58Ni, 1°C a 60A MeV) a éte mesueéede fagon exclusive et
inclusive en cowplantle spedrometrede phaons TAPS avec deuxautresdétecteursde particules
légeres et defragments de massdntermédaire couvrantquasimentla totalité del'angle solide

Nos résutats con rment I'origine dominante des photans durs commeétantdue au rayon
nementdefreinageémisdandescollisionsproton-neuron (png) depremere chane (horséquilibre).
Nous étabissonsauss$ de fagon dé ni tive I'existen@ d'une compasantede radiaion themique
dansle specte photan mesué dansles sytemeslourds, et attribuons sonorigine au rayonnemen
de freinage émisdansles collisions pn de deuxeme-clance. Nous exploitons cette obseavation
pour i) démonter que la matiere nuckare atteirt un équilibre thermicue lors de la réacton, ii)
valider un nouveauthermonetre bas sur les photons du rayomementde freinage,iii) déduire
les propriétes thermodynaniquesde la matiere nucleaire chaudk (en patticulier, pour établir la
“courbecalarique”) etiv) évalue leséctellesdetempsdu processusde fragmenationnudéaire

Abstract

Thethemodynanical propeaties of nuclear matterat moderae tempeatures anddensties, in
the vicinity of the predicted nuclearliquid-gaspha® transtion, are studied using asexperimen-
tal probe the hardphotmns (E; 30 MeV) emittedin nucleus-nuclews collisions. Phota and
chaged-particle production in four differentheavy-ion reactons €Ar+1°7Au, 197Ag, %8Ni, 12C at
60A MeV) is measurd exclusively andinclusively couping the TAPS photon spedrometerwith
two chaged-particle andintermedate-mas-fragmentdetectorscovering neaty 4p.

Weconrm thatbremstrahlngemissonin rst-chance(off-equilibrium) proton-neuroncol-
lisions (png) is the dominarn origin of hard photans. We also rmly estabish the existenceof a
thermalradiaion compmentemitted in secand-chanceproton-neuron collisions. This themal
bremsstahlurg emisson takesplacein semi-catral andcential nuclews-nudeusreadionsinvolv-
ing heavy targets. We exploit this observation) to demorstratethatthermalequilibriumis readed
during thereacton, i) to estatlish a new thermomegr of nuclear matterbasedon bremsstrahling
photas,iii) to derive the thermalynamial propertiesof the excited nudear souresand,in par-
ticular, to estabish a “caloric curve” (temperdure versusexcitation enegy) andiv) to assasthe
time-scéesof the nuclear breakup process.
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If fromthingswetake awaythevoid

All thingsare thencondensedandoutof all
Onebodymade which hasno powerto dart
Swiftlyfromoutitself not anythiry -
Asthrowsthe r eits light andwarmtharourd
Giving theeproof its partsare not compact.

Dererum natura. Lucretius, circa95-55BC.
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Outline of thethesis Vi

It is commony believed that nuclearmatterundegoesa liquid-gas phasetransition
atsubnucleadensitesandmoderatdemperaturedn theearly80's it wassuggestethat
sucha phasetransiton might be probedin heary-ion reactionsat bomtarding enegies
between20A MeV and100A MeV (i.e. aroundthe Fermi enegy, de ned asthe average
kinetic enepgy of the nucleonsgnside the nucleus)by observingthe disintegration of the
colliding nucleiinto mary fragmentsf differentsizes,a phenomenoicommony known
asmultifragmentaion.

The presentthesisreportson aninvestgationof the (thermo)dynarital stateof nuclear
systens producedn nucleus-nucleusollisionsat intermedatebombardingenegiesand
excited to the vicinity of the predictediiquid-gasphasetransition Bremsstahlung pho-
tons(Eg 30 MeV), emittedin individual nucleon-nucleorollisions areusedasexper

imentalprobesof the phase-spacevolution of the reactionaswell asof the thermody-
namicalpropertiesof the producedhot systems.In particulay | addresghe importance
of thermalbremsstrahlungmissionvhich signssecond-changaroton-neutrorcollisions
within athermalizedchuclearsource.

The rst threechaptersf thisthesisaredevotedto anintroductorydescriptionof the ba-
sic featuresof nuclearmatter heavy-ion physcsandhard-photomproductionin nucleus-
nucleuscollisionsatintermediate-engres. Thefourthchapterdescribesheexperimental
setupusedto detectandidentify the differentreactionproducts: hard-photonsand nu-
clearchagedparticlesandfragments.Dataanalysisanddetectorcalibrationprocedures
areexplainedin chaptel5. Chapte6 and7 presentheinclusive andexclusive experimen-
tal results,respectrely, aswell astheir preliminary interpretation.A comparisorof the
obtaineddatawith two differentmicroscoptal transporapproacheandthederivationof
thermodyamicalpropertiesof the hot producedsystemsby meansof a thermalmodel
arecarriedoutin chapters8 and9 respectrely. Finally, the conclusionsandoutlook of
this work are sumnarized. Appendicesl - 5 give respectrely an overview of the prin-
ciplesof scintillation detectorspf the elementaryprocessof photonBremsstrahlungn
nucleon-nucleorollisions, of the EoS of nuclearmatter of somebasicheary-ion kine-
maticsformulaeusedin this work, aswell asa detailedelectronicsandlogics schemeof
oneof thechaged-particlenultidetectors.

Vi
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Fundamentgbropertief nuclearmatter 2

1.1 The equationof stateof nuclear matter

One of the most exciting challengesn modernexperimenal and theoreticalnuclear
physcs consistsin understandinghe behaiour of nuclearmatterunderextreme con-
ditions of densityandtemperature.Nuclearmatteris an idealizedextrapolationof the
atomic nucleusto in nite size (i.e. without surfaceor other nite-size effects) at the
known saturatiordensityof the nucleusr o, without Coulombinteractionandwith equal
protonandneutrondensites(i.e. zeroisospn). In its groundstate nuclearmattercanbe
hencedescribedasa mary-body systemwith constandensityr o, constitued of protons
andneutronsat zerotemperatur@ndpressureinteractingthroughthe long rangepart of

the stronginteraction. The quantifitive descriptionof sucha mary-body stronglyinter

actingsystemwhenit is far away from the saturatiorstaterelieson the knowledgeof the
nuclearequationof state(EoS).The EoSof nucleamatterde nesthedependencef the
pressurd® P T r or, alternatvely, of theenegy pernucleone E A €T r (the
so-called“caloric E0S”) on two (macro)canonicabariables:the temperaturel andthe
densityr (seeg. 1.1andAppendix3).

In the presentday, the empiricalinformationon the nuclearEoSin theevs. r plane
is only known with certaintyat the groundstatepointat T = 0 andr r o [Sura93]:

From electron-nucleuscatteringmeasurementandfrom the interpretationof the
nuclearbinding enegies,thevalueof the saturatiordensityandthenuclearbinding
enegy pernucleone atT =0 are[Myer76, Beth71]:

ro 016 001 fm 8
er ro 160 05 A MeV

Thegroundstateequilibriumcondition i.e. theconditionthattheenegy € is mini-
mumatr ro, requiresthederiative atthis pointto bezero, de dr  ,, O.
Or, in termsof the equation-of-stag, the pressuranustbe zeroat ground-state:

fe

P r2 _—
1-[rl'l’

0 (1.1)

0

Thesecondlerivative (thecurvature)of €atr =r g, characterizethecompressilb-
ity of nuclearmatter The bulk incompressillity modulsKy of nuclearmatteris
de ned asthe secondderivative of the enegy at the minimum with respecto the
density: ,

ke 9 1P re
ﬂr r ro ﬂr r ro

Accordingto measurementsf the giant monopolevibrationsin sphericalnuclei
[Blai95], Ky lies' betweeril80MeV [Blai80] and300MeV [Shar88].

or? (1.2)

The nuclearEoS providesa way to describethe bulk propertiesof a nuclearmary-
body systemin thermodynanwal equilibrium, governedat the microscopt level by the

1 Themostrecentlyrepotedvalueis k¥ =231 5MeV[YourB9].



3 Fundamentabropertieof nuclearmatter

Pressure, P (MeV/fm>)

Energy, E (MeV)

Density, p/p,

Figure 1.1: Nuclear equdion-of-state around the ground-sate (or saturation) point [Lee97.
“Thermodynamical EoSP P T r (upper gure)and“caloric” EoS€ €T r
(lower gur e) of nuclear matterfor differentisothermal curves (from bottomto top):
Ti (MeV)= 0, 3,5, 7, 10, 15.16(= T, at which the minimumpressue is ze), and
20.% (= T, thecriti cal tempeature); obtainedwith a nuclear mean- dd interaction
oftheformU U r . Thesatuation point O correspond to P = 0 (otherwisethe
sygemwould expand or cortract) or €= -16 Me\/ T = 0 MeVandry = 0.16fm 3.
Thecriti cal pointc in thismodelisat T. = 20.%5MeV,r. 039 = 0.062fm 3and
P = 0.4MeVfm 3. Thedottedpoints delimit the medanically ungable low-dersity
“spinodal” region whee dP dr + O (i.e. thereggion whete the incompressiblity
Ky bemmesnegative). In the lower gure, the dasted line correponds to the zeo
pressure, andthe solid circles to the pointsof minimumenegy for eat tempeature
T. (SeeSectbn 2.2.1for thedetails of this plot.)
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two-bodynucleon-nucleoiiNN) interaction.The NN potental exhibits a short-rangee-
pulsive partandalong-rangeattractve part( g. 1.2)akintotheLennard-Jonesmteraction
betweenmmoleculesn a macroscopid/ander Waalsreal uid (g. 1.3). Thissimilarity
suggest that nuclearmattercould exist in gaseoustatesaswell asliquid states.As a
matterof fact, it is commony believed that nuclearmatterexperiencedifferentphase
transitbns(seenext Section)[Cser86,Stoe86].

250

_ singlet central poténtial
800+ (T=1, S=0)

150

100+

-50+

-100 ' — . :
0.0 0.5 1.0 1.5 2.0

r (fm)

Figure 1.2: Basic cental nucleon-rucleonpotertial (for spinS= 0 andisospn T = 1). From
[Mach94].

1.2 The phasediagram of nuclear matter

Several phasetransitonshave beenconjecturedn the e vs. r phasediagramof in nite
nuclearmatter(g. 1.4). At T =0, nuclearmatteris in the form of a Fermiliquid. For
densitesbelow half thesaturationvalue(r =0.25 ¢ - 0.4r o) aliquid-gastransiton (from
the nuclearliquid to a gasof individual nucleonshasbeenpredictedto occur(for a re-
centreview seee.g.[Poch97])arounda moderatecritical temperatureT, 16 MeV for
in nite nuclearmatter[Lamb78 Jaqa83]andT. = 8 - 10 MeV for nite (andchaged)
nuclei[Siem83,Bond85].For increasingemperatureéT  20- 100MeV), thenucleon
gastransformsinto a gasof excited hadrons. For very high temperature¢T. = 150

4
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Figure 1.3: Comparson betwea the EoS,P P T V , of a Van der Waals gas and the EoS
of nudear matter (desribed by a densty-deendaent Skyrme mean-eld potential)
[Jaga83, Bert89.

20 MeV) and/orhighdensitiegr  10r o), lattice QCD calculationgseee.g. [DeTa95])
predictthe existenceof two phasetransitians: i) the color-decon nementransition,and
i) the restorationof chiral symmetry At thesehigh temperatureshadronicmatteris in

the stateof a plasmaof decon nedquarksandgluons[Mcle86] andthe chiral symnetry
of the QCD Lagrangianmight probablybe restored.This new stateof matteris believed
to have existedduring a few tensof microsecondsfterthe Big Bang. In addition other
more“exotic” phasetransitions have beenproposedat ratherlow temperaturesindrel-
atively high densitiessuchasa color superconductinghasgRaja99, or pion andkaon
condensatiofHeis99. In all casesapartfrom con rming theirexistence theorder ( rst

or second)f the expectedphasdransitionds oneof the majorissues.

Studyingthe behaiour of nuclearmatterfar from its saturationpoint is motivated
not only by nuclearphysts but alsofor the understandig of astrophgicsandcosmol-
ogy phenomenalndeed the EoSof nucleamatter(andspeciallyits density-deperehce
morethanits dependencen T) is afundamentalngredientto describethe dynamicsof
stellarcollapseandsupern@aeexplosion[LattO0], aswell asfor theformationandstruc-
ture of neutronstars[Glend88 Glend92 Latt00,Heis99 or morecomple systemssuch
as“strangestars”[Li99] or “binary memgers” (neutronstarsand black holes)[Latt0Q].

2In generj for in nite systemg(i.e. in the thermalynamical limit), if the rst derivative of the ther
mostatisticapotentialadaped to the physical situationuncder studyis discontinwus,the phasetransition
is “rst-ord er” (e.g. the comnon liquid-gas transitionof water at constantpressug); converselywhen
the secondderivativeis divemging the phasetransitionis saidto be of “seconderder” (or “continuous”)
[ChonDQ].
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Figure 1.4: Phasediagram of nuclear matterin the tempeature versus baryochemi@l potertial
(T, ug) plane[Averd8], wheee pg hasbeenderived fromyield ratios of particlespro-
ducedin nucleus-nicleuscollisionsat differentincidentenegies. Thesolid (dasted)
curve through the data points representsthe predcted curve of chemica (thermal)

freez-out

Similarly, adetailedknowledge of thequark-hadromphaseransitionis basicfor thestudy
of thedynamicsof the earlyuniverse(decon nednuclearmatter)and,e.g.,the Big-Bang
nucleosyrtesis(hadronizechucleamatter)[Rees91, Borg00].

Experimental, the systematicstudy of the propertiesof nuclearmatterat valuesof
temperatureand pressurdar away from the ground-sate canbe performedin the labo-
ratory only by making collide “chunks” of nuclearmatter(atomic nuclei) with a nite
numberof constituents During the collision the nucleiinteractstrongy, andpartof the
incidentkinetic enepy is dissipatedinto internal(thermal)andcompressionallegreesof
freedom Jeadingto the formationof anephemerasystemof hotanddensenuclearmat-
ter. As it expandsandcools,the systemmaythusdynamicallytraversethe variousphase
transitons. Whenthe reactiontime is long enoughto reachthermalequilibrium? and
whenthe numberof interactingparticlesis not too small, it is reasonabléo reducethe
descriptionof the systemin termsof thermodynantal variables(density temperature,
pressuregallowing the studyof the nucleamrmatterpropertieswvith thehelpof anEoS.The
choiceof the relative kinetic enepgy, theimpactparameteandthe (relatve) mass(size)
of the colliding nucleide nesthedegreeto which nucleamrmattercanbe heatecandcom-
pressednd,thus,allowsto selectthedomainof the phasediagramonewishesto explore.
Theavailability of acceleratorsapableof deliveringbeamswith alargevarietyof kinetic
enegiesandmassepermitsthusto cover a broaddomainof densitesandtemperatures.

3Recentlyalsoa genealized Gibbsequatio for nuclea matterout of equlibrium [Bida9g within the
formalismof exterdedirreversiblethermognanics [Jou9§ hasbeenproposed.

6
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Experimentsaiming at suchstudiesduringthelast20 yearshave exploitedthe heary-
ionbeamsavailableatseveralfacilities: GANIL (Caen) KVI (Groningen) SARA (Greno-
ble), RIKEN (Tokio), NSCL (Michigan StateUniversity), TAMU (Texas),UNILA C and
SIS (GSI, Darmstadt¥or the intermediatdbomtardingenegiesfrom 20A MeV to 100A
MeV; SIS(GSI), SATURNE* (Saclay) BEVALA C3 (LBL, Berkeley), andJINR (Dubna)
for relatwistic projectileenegiesaroundafew A GeV, andAGS(BNL, Brookharen),SPS
(CERN), RHIC (BNL) andLHC® (CERN) for ultrarelatvistic incidentenegies above
10A GeV.

1.3 The atomic nucleus

The atomicnucleiusuallyemployed in heary-ion reactionsare considereds nite-size

(R=1.2-7.5fm, i.e. V = 10- 1800fm?) quantalmary-body systemsonstitued from®

A =4 (for the*He nucleusupto’ A 250stronglyinteractingfermions,-the nucleons-,
of two types(Z protonsandN neutrons).The fundamentapropertiesof the nucleuscan
be sumnarizedas[Povh95]:

1. The groundstateof the nucleushasa roughly constant(central)densityof r g =
0.16fm 2 (equivalentto an enegy density 0.15GeV/fm 3). The densityof
nucleisaturatesgtr ro, i.e. increasinghe numberof nucleonsdoesnot modify
this value,which is anevidencefor the nite rangeof the nuclearforce. This also
impliesthatthenuclearadiusR variesapproximatelyasR  roA! 3, withrg 1.2
fm. The (chage) densitydistribution of nuclei (with A 10) correspondso that
of a spherewith a diffusesurface. It canbe describedo a goodapproximatiorby
a Woods-Saxor{Fermidistribution) function: r r ro 1 e" ¢ 2 withc=
1.07A! 3 fm anda = 0.54fm; thesurfacethicknessgde ned asthelayeroverwhich
thechagedensitydropsfrom 0.9 g t0 0.1r g, amountigtod 2aln9 2.4fm.

2. Thebindingenegy pernucleoninsideanucleugemaingoughlyconstanataround
8A MeV. This value can be understod, throughthe semi-empiricalWeizsacker
massformula, asthe netresultof the combiration of one attractive andthreere-
pulsive contritutions®: the nuclearbindingenegy (the volume or bulk termin the
Weizsacker formula) which amountg¢o  -16A MeV; the Coulombforce between
protons(1A - 4.5A MeV, beingapproximatelyproportionalto Z? Al 3), thesurface
tension(6A - 3A MeV, with a A% 3 dependencelandthe isospn asymnetry aris-
ing frorr;theincreasinmumberof neutronsn heavier stablenuclei(which goesas

N Z < 4A).

4Shut-devn to date.

SOperatioml in nearfuture.

5Theliquid-drop descriptim is meanindessfor the lightestclusters.So, asfar as 2H, 2H, He have no
excited states they togetherwith nucleams are usually consideed as “elemenary” particlesin heary-ion
physics.

"Actually, A = 209for the heavieststablenucleus(2°°Bi), A 250for the unstalte actinidenuclei,and
A 300for newly createdsuperheavyshort-lving elements.

8Additionally, a fth contritution hasto be addeddueto the couging of protmsandneutonsin pairs.
This pairing enegy canbe written pheromendogically as 112 A 2 MeV, with the negative (positive)
signfor even-even(odd-odd nuclei.
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The aforementioneghropertiesof the atomicnucleusin its groundstateleadto con-
siderit asadegenerateguantumFermi uid (aliquid in thesensehattheparticleinterac-
tion enegy is of the orderof their kinetic enegy) at zerotemperatur@ndzeropressure.
In this simde Fermimodel,alsocalledindependent-paicle picture,the nucleuscanbe
describedas a systemof quasi-freeparticlesobeying Fermi-Diracstatidics, interacting
only weakly with eachotherand,to rst approximatim, moving insidea single-particle
centralpotential(the “mean eld”) of depthVy 46 MeV arisingfrom its interaction
with all the othernucleons.As spin 1/2 quantumparticlesthe nucleonsnsidea nucleus
naturallyobey Pauli exclusionprinciple. At zerotemperaturehe loweststateswill thus
all beoccupiedup to amaximalmomentun (the Fermimomentum connectedo theden-
sity throughtherelation: ke~ 3p%r 213 136fm ! (i.e. pr 270MeV/c) which

is equivalentto a kinetic enegy of K¢ p% mﬁ, my  38A MeV. Thedifference
Vo Kk 8A MeV gives roughly the groundstatebinding enegy. Nucleons,thus,
move insidethe nucleusasfastas30% of the speedof light (b 0 3¢) with aninternu-
cleonicmeandistanceof about2 fm.

1.4 The nuclear force

The nuclearforce holdingtogethemucleondnsidea nucleusis a residual(*molecular”-
like) interactionof the color force mediatedby the fundamentakxchangeof gluonsbe-
tweenthe constituentquarksof the nucleons.The nuclearforce arises thus,from very
strongand highly non-linearinteractionsat the quarklevel. Theseresidualsoft strong
processearenotreadily calculableby perturbatve meanswithin the QuantumChromo-
Dynamics(QCD) theory -the nonabeliangaugetheory of colouredquarksand gluons
basednthe3J 3 . groupof threecolors-,dueto thelarge strengthof the QCD coupling
constantat low enegies(or large distances).At low-enegies,however, the nucleoncan
be approximatelyconsideredisathree-quarkcoresurroundedy a pionic cloud,andthe
descriptionof a nucleuscanbe done,aslong asonerestrictsoneselfto distancedarger
thanroughly 1 fm, notin termsof partonicdegreesof freedombut in termsof nucleons
asthe fundamentatonstituentsnteractingthroughthe exchangeof virtual mesongsee
for example[Myhr88] and[Mach94). This One-Boson-Exchang@®BE) pictureyields
aneffective Yukava-like[Yuka35] nite-rangeforce,U r e ™" r, betweerthenu-
cleonsin agreementvith free NN scatteringdataatlow enegy (Kjap  300MeV).

The effective nucleon-nucleomteractionis usuallydividedinto threeregionsdepending
onthedistance betweerthe centersf thetwo nucleonsalong-ranggr 2fm) andan
intermedate-ranggl fm r 2 fm) attractve regions(interpretedby the exchangeof
a singlepion andtwo pionsrespectiely), anda short-rangdgr 1 fm) repulsve region
(interpretedasthe resultof the exchangeof heavier mesons)the radiusof the repulsve
corebeing 0.6 fm. In the nuclearmedium the attractve part causesiucleonsto be
boundin the nucleus,whereaghe repulsie core leadsto the nite size (saturation)of
thenucleus.Theshort-rangeorrelationgive riseto a smearingof the Fermisurfaceand
enhancdighmomentuntomponergof thewave function. Thedifferentexchangderms
not only accountfor the centralpartof the NN potentialbut alsoshav up in the angular
momentumstructureof the potental asa spin-orbit(responsiblef the shell structurein
the nucleus) tensor(accountingfor 5% - 10% of the strengthof the nuclearforce) and

8
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anisospn dependencegswell asa minor spin-spn componentFig. 1.2 shavsthebasic
form of thecentral nucleampotental (spinandisospindependencarenotshown). Theef-

fective free NN interactioncanbetheoreticallydervedwithin suchan OBE-modelbased
ontheexchangeof mesonsgitherwithin a dispersion-relatio theorythatrelatespN and

pp scatteringo the NN potental, (the parametrizedParis potential[Laco80]thatsubsti-
tutedtheolderReid-softpurelyphenomenolgical parametrizatiofiReid68]),or within a

quantura eld formalism(e.g.the Bonnpotential[Mach87]).

Deriving, however, the effective nuclearpotentialfrom thefree NN potental for a mary-
bodysystemsuchasa nite nucleusis avery dif cult (andnotyetfully successfuljask
(seee.g.therelatvistic Hartree-fock [Horo83 or the Dirac-Brue&ner[Malf88, TerH87]
approaches)Nonethelessit hasbeen,sincelong, well establisked thatthe effective in-
teractionbetweertwo nucleonsn anucleusdependsiponthe densityof the surroundng
medium[Beth71]. This densitydependencensureghat nuclearmattersaturatesather
thancollapses.ThenetNN attraction in the mediumthuswealensasr increasesin an
usualapproaclone,hencejnvokesthelocal densityapproximatbn (LDA) andde nesa
nucleamean- eld, resultingfrom the superposion of thelong-rangeor softinteractions
of all nucleonsgitherasfunctionof nucleardensityaloned U r (phenomenolgical
local Skyrme or Zamick parametrizatiofiSkyr59, Zami73), or asafunction,in addition,
of a momentumdependeninteractiond U r p (e.g. non-localGogry parametriza-
tion [Gogn79) or, in a covariantframeavork, usingthe expressiongivenby thes r
Waleckarelatvistic mean- eld model[Wale74,Sero86]. As it is shavn in Appendix3,
differentformsof the density-dependemiuclearmean eld potentiall r leadto differ-
entEoS.
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Heavy-ion physics
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Heavy-ion physcsis a 20-years-oldresearcheld which emplgys the collisions of
nuclei accelerateat differentincidentenegiesto form, by completeor incompletefu-
sion,nucleamatterat variousconditionsof densityandtemperatureTypicalgeometrical
nucleamreactioncross-sectionsje ned aspb? whereb is theimpactparametepf there-
action,areof theorderl - 7 barndependingon the size of the colliding ions. Whena
nucleus-nucleusollision takesplace,theinitial relative kinetic enepy is dissipatednto
internaldegreesof freedom(randomizedenegy: heat)aswell asinto collective degrees
of freedom(rotationand deformationat low enegies,compressioriollowed by expan-
sionat higherenegies)leadingto the destructiorof the nuclearmatterground-stateand
producinghot and/ordensenuclei. With increasingbombardingenenpies, part of the
enegy is usedin theexcitationof nucleonicesonanceandto the productionof new par
ticles,suchashard-photongr light mesonsnot presen{or only virtually presentjn the
entrance-channelUp to the presentday, heavy-ion (HI) physicshasusedthe collision of
projectileions,acceleratedvith cyclotronsandsynchrotonsagainstx edtargetnucleiat
restin thelaboratory However new 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/orcompressedhuclei prepared
throughthe reaction,arehowever transientstatesof very shortlifetimesandsmallsizes.
Thetypicaltime scalé of theinteractionphases aboutt iy~ 2 Rp R Vvp, whereRp¢
arethe radiusof projectile andtarget respectrely andv, the velocity of the projectile.
In theintermedate-enegy regimefor example,vp 2Kiap AMeV my 0.2-0.4c
andtj;y 50- 100fm/c. Typical interactionvolumes,correspondingo the subsetof
participantnucleonsare of the orderof a few hundredsof fm3. In generalthe relevant
space-timaeaction-wlume of nuclearmatteris, thus, of theorderV.  ctiy R
A% 3fm*. Thesesmallvolumesrenderdif cult the descriptionof the systemin termsof
thermodyamicalquantitesandrequirea detailedknowledge of thedynamicalevolution
of thesystem.

Whendealingwith hot anddensenuclearmatterproducedn heavy-ion reactionsthree
basicinitial conditionshave to be considered:the incidentkinetic enegy per nucleon
(Kiab), the impactparameer (b) andthe (relative) sizeof projectile and target. Those
three entrance-channgdropertiescompletelydeterminethe reactionmechanism The
rst one,Kap, determineghe relatve wavelengthof the systemandthe meanfree path
of thenucleongduringthe collision and,thus,the relevantelementaryphysicalprocesses
dominant at eachscale. The secondone, b, is directly connectedwith the degree of
violenceof the collision and with the attainablevolume of the interactionregion and,
thus, to the degree of excitation enegy per nucleone depositedin the system The
lastone, the sizeof the colliding nuclei, de nes the total numberof nucleonspresentn
the systemand, ultimately, the maximum compressionhe systemcanundego (for light
systens, Ayt 100,0neexpectsdensity-relatee@ffectsto play aminorrole).

fm/c=10 ®*m 3 10®° ms 33 10 ?*s,istheconvenienttime unit adgtedin nuclews-nucleus
reactiors.

12
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2.1.1 The bombarding enemyy

Accordingto thebombardingenegy pernucleonof the heavy-ion projectile, K|z, (com-
monly measuredn AMeV  MeV/nucleonunits) onecande ne four differentregimes
relatedto differentbehaiours of nuclearmatterwhich opento the explorationdifferent
regionsof thedensity-temperatur€, r ) planeof gure 1.4. Thelimits of thesedomains
aremainly determinedoy the differentelementaryphyscal processegrevailing at each
level:

1. Low-enemy regime(Kjap  20A MeV, leadingto maximumexcitation enepgies’
€hax A MeV in the nucleus-nucleusenterof-mass).In this regime,the bom-
bardingenegiesareof the sameorderasthe Coulombbarrierof the colliding nu-
clei(Mc €Z17Z> Rpt=0.75A-8.0AMeV, for Z; Z» =4 - 92) andthemaximum
attainablesxcitationenegies€ arebelov theaveragebinding enegy of thenucle-
onsin thenucleus 8A MeV). Thewavelengthassociatedo a projectilenucleon
(I p=197[MeV fm ¢ 1)/136[MeV ¢ 1] 1.5fm for anincidentnucleon
with K| ap = 10A MeV, for example)is largerthanthe averagedistancebetweerthe
nucleonsn thetarget (ro 9p 13 2k 1.12fm). Consequentlythe interac-
tion is mainly of collective natureandcanbe describedy invoking thereal partof
the nucleus-nucleu$optical potental” (the “mean- eld”), directnucleon-nucleon
collisions beingseverely hinderedby Pauli principle. Dynamical(preequilibrium)
emisson of individualnucleongemaingmaginal,andthereactionmechanisreare
essentiall governedby thelong rangepartof the nuclearforce, the so-calledone-
bodydissipdion dueto themean eld. Theprojectileexcitesthe collective degrees
of freedomof the taget andthe incidentavailable enegy is corvertedinto (low)
excitation enegies,e  2A MeV, andangularmomentunmwithout destrging the
nucleus.

Theresultingphenomenalgy [Schr84]is complee fusionfor the mostcentralcol-
lisions, and binary disspatie (also called “deep inelastc” reactions,following
multi-nucleontransfersbetweenthe colliding nuclei) and quasi-elastiaeactions
for increasinglyperipheralcollisions. Since no compressioreffects are present
(r ro), theexpansiorof theexcitedsystemis neggligible ande is purelythermal,
e.€ eT aT? accordingto the Fermigasrelationapplicablein this low
excitation-enegy domain(seeAppendix 3). The subsequentlecaymechanisms
of the moderatelyexcited nuclearfragmentgproceedsequentiallythroughneutron
andlight-chaged-particle(LCP, with Z = 1, 2) evaporationfrom the nuclearsur
face(emissiorof heavier speciess very unlikely dueto higherbarriers)andbinary
ssion (for the heavier partnerswheredeformation the shapedegreeof freedom,
and not excitation dominatesthe instability). Both are slow statisticalprocesses:
t  300fm/c for particleevaporatim andt  1000fm/c for ssion. Finally, sta-
tistical gammaemisson setsin for excitation enegiesbelan the particleemisson
thresholde.g.belov B, 8 MeV for neutronemisson). Dueto thelargetimesbe-
tweenconsecutre emissionsglobalequilibration is a goodapproximatbn andthe

2In heavy-ion collisionsthe total enegy availablein the nudeus-nuclea CM (for nonrelativistic en-
ergies) amourts to: Kaa AMeV M Aot Kiab AMeV , wherep is the redu@d massof the system. The
maximunexcitationenegy which canbeattainedamouwnts, thus,to €,,,,  Kaa.

13
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useof a statistcal compoundnucleustheory (Weisslopf model[Weis37 Lyn83)
is justi ed. Typical ground-stateeffectslike shell and pairing effects canstill be
present.

2. Intermediate-enelgy regime(20A MeV  Kjgp  100A MeV leadingto €,y
3A - 20A MeV). In this enegy domain,the projectile enegy K5, is comparable
to the Fermi kinetic enegy of the nucleonsinside the nucleus, Kr~ 38A MeV,
andoneis sensibé to boththelong-wavelengh attractionof thenuclearmean eld
andto the short-rangerepulsiondue to hard NN collisions. This is thusa tran-
sition domainbetweerthe low-enegy deep-inelastiandthe participant-spectator
scenariogrevailing at low and high enegiesrespectiely. The incidentrelative
eneqgy is redistrituted into thermalandcompressionatiegreesof freedomasare-
sultof themeaneld effects(one-bodydisspation) andindividualnucleon-nucleon
elasticcollisions NN NN (two-bodydissipaion). The latter areinhibited asa
consequencef the Pauli exclusion principle (around90% of the NN collisions
arePauli-blockedat 50A MeV accordingo moleculardynamicanodelgAich91]).
Excitationenepgiesup to a signicant fractionandevenabove the nuclearbinding
enepgy (8A MeV) anddensitiesof aboutl.5 o canbe attained. For centralcolli-
sionswith incidentenepgiesabove 30A MeV (equialentto €,,,, 5A MeV), the
compressionagxcitation enegy canaccountfor aboutl/3 of the availablecenter
of-massenegy [Poch97].This compressioal enegy is subsequeht releasedisa
collectiveradial o w of nucleonsBoththermalpressur@andcompressionaxpan-
sion candilute the nuclearsystens to subnucleadensitiesr 1 4r o). Experi-
mentalmeasurement@ndtheoreticalcalculationgeithermicroscopt or statigical
ones)have concurrentlyestablishedhe grossfeaturesof thereactionmechanisnts
which, following increasingmpactparameterare[Dura97,Tama9T:

Peripheral reactions Dominanceof the binary characterof the collisions
with the productionof two primary nuclearfragments:an excited forward-
moving quasi-projectiléQP)andanexcitedslowly-moving quasi-taget(QT).
This memoryof the entrancechannelis an indication of the still dominant
mean- eldeffectsin theevolutionof thecollision, althoughthepre-equilibrium
emissiorof particlesstartsto appearTheslightly excited(€ ~ 4A MeV) pri-
mary fragmentsdecaymainly by sequentiaemisson processegevaporation
and/or ssion) in a similar way as establishedt lower enegies (seeformer
paragraph).

Semi-cental reactions Primarybinary dissipatve collisions still dominate
following the formation of an incomgete-fusedsystemwith the occurrence
of a neck-like structurebetweenthe excited QP and QT. The preequilibrium
emissionof light-particles,dueto NN collisions taking placeduringtheearly
stageof thereactionand/orto non-equilibriumparticlesemittedby the com-
positesystembeforethermalizatio, gainsin importance.The threeprimary
excited fragments:QPR QT andneck-like fragment,with excitation enegies

3Thisis thereasorwhy thesebonbardirg enegiesareusuallyreferedto asthe“Fermienegy” domain
4This hasbeena rapidly evolving eld in thelast5 yearswhenanimportart amour of new datafrom
4p multidetectos hasbecane available.
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4A MeV €  9A MeV, decaymainly by “multifr agmentation”, i.e. by
multiple (atleast3 fragmentsiandfastemissionof theso-calledntermediate
MassFragmens (IMFs)with3 Z  20(seeSection2.4).

Very-central collisions(correspondingnly to aboutl% of thereactioncross-
sectioni.e. a few tensof millibarns): The formationof a quasi-fusedingle
nuclearsystemwith € closeor evenlargerthanthe nuclearbinding enegy

of 8A MeV, which subsequentlylecaysas a whole by multifragmentation,
hasbeenobsened[Mari95, Mari97]. Pre-equilibriumemissiamn becomedess
important. Vaporization,i.e. the completelydisassemly of the systeminto

LCPs(Z =1, 2), setsin for excitation enegiesgreaterthan9A MeV.

3. Relativistic regime(100A MeV  Kjgp 10A GeVleadingto T = 20 MeV - 100

MeV [Stoe86 Sto86 Peil94,Cser95]).In this enegy range(with lower limit just
belov the pionrestmassm, 138 MeV), the projectileenegy is not only trans-
formedinto thermalenepgy (temperaturebetween20 to 100 MeV are attained)
andcompressioreffects(r reache< - 3r o), but alsointo baryonicexcitationsof

the participantnucleons[Stoe86,Gutb89. With increasingbombardingenegy

the kinematicallypossibé post-scatring statesof the nucleonsarelessoccupied
(e.g.only around20% of NN collisionsare Pauli-blocked at 1A GeV accordingto

moleculardynamicsmodels[Aich91]), andbinary NN scatteringnow dominates.
SincePauli blockingplaysa minor role dueto thelargeravailablephasespacethe
dynamtsis dominatedby hadronicntranucleacascadesAbove thefreepion pro-

ductionthreshold(KXN NNP 290(A) MeV) nuclearmatteris no morebasically
nucleonicbut alsootherhadronicdegreesof freedomhave to betakeninto account
with asigni cant productionof nucleonresonancef(1232)isobarsN (1440)and
N (1535))andmesongp, h) stemmimg from inelastc NN channel§yNN  ND,

ND NN,ND ND, DD DDandNN NNp). At anincidentenepgy of 2A
GeV morethan 30% of the nucleonsare excited to resonantstategAver94, and
the term “resonancematter” hasbeensuggestedor this stateof nuclearmatter
[Meta93 Mose93.

The reactionmechanisnis governedmainly by geometricabspectdeadingto the
so-called‘participant-spectatorscenario.In the interactionzonethe relative mo-
tion of target nucleonsversusprojectile onesis slowed down due to the enegy
loss,in binary nucleoncollisions, from longitudnal to trans\ersedegreesof free-
dom,andto p-D production This participantregion develops a shockcompression
(therelative velocity of the colliding nucleiclearly exceedghe nuclearvelocity of
soundvs Ky 9my 12 0.2¢) dueto stoppirg andthermalizationproducing
a high enegy densityzonecalledthe “ reball’. The compressiorenegy gener
atedis releasedn animportantproductionof ordered collective movement( ow)
[Jeon94. Thosepartsof the colliding nuclei which do not belongto the over-
lap region betweenprojectile and tamget, the spectatos, streamapartfreely with
lower excitation enegies. The studyof projectile spectatos producedn relativis-
tic heary-ion collisions,with € 's comparablgo thoseencounteredn hot nuclei
producedn centralreactionsat the intermediag¢-enegy region, constitiesalsoa
relevantresearcheld in heavy-ion physicsandmultifragmenationstudiegseee.g.
[Poch97,Schw99 Muel99 Traut99).
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4. Ultrar elativistic regime(Kjap,  10A GeV, leadingto T above 100MeV). At these
high-enegiesthe partonicstructureof the nucleonsin the colliding nucleicomes
into play (seee.g.[Wong96,Mcle86, Cser9%). Experimentaltesultsof x edtamget
collisionsin therangeK,,, = 10A GeV - 200A GeV performedn thelast5 yearsal-
readyindicatetheattainmenbdf apartonicphaseduringthecollision[Hein0(. New
high-enegy heary-ion experimentsprogrammedat RHIC andLHC collidersaim
at producingenegy densitieshigh enoughto form a plasmaof free quarksandglu-
ons. At this very high enegies,andaccordingto the commaly acceptedjarken
picture [Wong94, the Lorentz-contractegbrojectile andtarget passthrougheach
otherafteratime of 1 fm/c leaving behinda hot (T 100 MeV) reball of
gluons,quarksandantiquarksat mid-rapidty (essentiallybaryon-freeproducedn
soft parton-partorcollisions. Enegy densitiesoneorderof magnituek larger( 1
GeVfm 3)thantheenepy densityof nucleamatterin equilibriumwill bereached.
Albeit in asmallregion of spaceandduringashortdurationof time (thehadroniza-
tion time is estimatedo be around5 - 10 fm/c), neighbouringndividual hadrons
couldmemgeinto onebig hadron*bag” insidewhich quarksandgluonswould move
freely forming the so-calledQuarkGluonPlasma.

2.1.2 Theimpact parameter

Concerninghesecondentrance-channg@ropertywhich determinegherelevantreaction
mechanism, theimpactparameteb, it is straightforvardto seefrom geometricatonsid-
erationssg  pb?, thatthesizeof thedensenucleamatterzoneproducedn thecollision
andultimately the attainedexcitation enegy, stronglydependson the impactparameter
of the reaction. It is thusessentiato sort out the collisions accordingto their central-
ity. The impactparameterwhich characterize theinitial state,is not however directly
measurablandit is thusnecessaryo nd anexperimentabbsenablestronglycorrelated
with it. Thesimgestobsenableonecanthink of, andthereforehemostuniverslly used,
is the total multiplicity of detectedchaged)particles,M¢p, ascon rmed by all theoret-
ical modelspredictiongCava90]. Otherobsenablesemployed [Fran97]arethe neutron
multiplicity My, [Gali94, Schr92] the hard-photommultiplicity M4 [Ries92],thetotal pro-
ducedtrans\erseenegy E [Luka97], the Fox&Wolfram second-ordemonent[Fox7§,
andtheso-calledow angle[Cugn83,Salo97].

2.1.3 The projectile-target combination

Finally, regardingthe reactionmechanisra in nucleus-nucleusollisions, the (relative)
sizeof the projectile-tagetcombinationde nes,ontheoneside,the maximun available
numberof nucleongo form the excited systemand, thus,the“closer’we areto the (in-
nite) nuclearmatterlimit (excited heary systemsarecloserto the independent-particle
pictureof bulk nucleamatterthansmallfew-bodyones).Ontheotherside, it determines
alsothe impartanceof compressinal effectsin the collision dynamics:the biggerthe
colliding nuclei are, the more signi cant the density-relatedeffects may be during the
collision. Thatis thereasonwhy, complementaryo heasy-ion reactionsthe preparation
of hotnucleihasalsobeendonein GeV hadron-or light-ion- inducedreactionsjn which
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basicallyonly the thermalaspectof the disassemlyl procesgno compressioreffects)
needto betakeninto account(seee.g.[Cugn87,Gold96 Kwia98, Jahn99Lefo99]).

2.2 HI reactinsin the intermediate-eng gy region

Themainphyscal motivationbehindthestudyof nucleus-nucleusollisionsin the“Fermi”
region of bombardingenegies, 20A MeV  Kjap  100A MeV, is the possiblity of
“preparing”’piecef nucleamatterwith excitation enegiesin therangedAMeV €
20A MeV, i.e. excitationenegiesaroundthe bindingenegy of a nucleoninsidethe nu-
cleus.Nuclearsystens producedn suchreactionsareheatecandcompressedothatdur
ing their subsequendecompressioandcooling they may follow a paththat entersinto
thelow-densiy region of thephaseadiagram( g. 2.1). At densities  r o, thebehaiour
of the systemis governedby the balancebetweenlong-rangeattractve andshort-range
repulsve nuclearforcesononeside,with thelong-rangeCoulombforceontheotherside.
Thus,in analogywith the classicalVan der Waalsgaswherean interplaybetweenong-
rangeattractve and short-rangaepulsve forcesleadsto a phasetransiton, it hasbeen
suggeste{Bert83,Bert83b,Siem83,Lope84 thata similar liquid-vaporphaseransiton
would alsotake placein the expandingnuclearsystens formedin heary-ion collisions

0 . ) T T T T Y

Critical point

by

Spinodal region

Temperature (MeV)
=

L 0.2 0.4 0.6 0.8 1 1.2

Figure 2.1: Thelow densty part of the phas diagram of nudear matterand the criti cal region
of theliquid-gas phasetrandtion. Thetrajectoriesdepidedin the gur e correspornl
to the possble paths followed by a nuclear systen producedin a cental heavyion
readion.

2.2.1 The nuclear liquid -gasphasetransition

The behaiour of “nuclear matter” during a heary-ion collision canbe followed in the
€ e sr planeobtainedior a Skyrmeequation-of-state) U r (g. 2.2). Initially
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thereactioncarriesthe systemfrom the groundstateto somepoint with higherinternal
enegy: theinterpenetratingucleicreatea systemwith a certaindensityr  r g anden-
tropy pernucleons; 0 (e.g.pointA). Fromthis excitedposition with posiive pressure

thesystemwill thenexpandalonganisentropé& until ametastablgoint of equalinternal
enegy is reachedn theleft (point B). For very high initial enegies(e.g. for excitation

enegiesabore € = 20A MeV, leadingto entropiesabove the critical pointats 27

markedwith anopencirclein g. 2.2),thepressurawill remainpositive for all densities
(seealso g. 1.1),andonemaydescribethe processasaninstantaneougaporizaton (the

gasphasdying above thecritical pointandtheliquid phasebelow). At low enegies,the

region of the left sideof the isentropehasa negative pressureandthe expansionwill be
slowed down andeventuallystoppedw~vhenthe kinetic enegy of the expansionhasbeen
convertedbackinto internalenegy. Thesystemdueto therestoringeffect of thenuclear
mean- eld, oscillatesbackandforth alongdecreasingsentropeshroughthe coexistence
phase.Thisis a metastableegion wherethe“liquid” system(identi ed asa heavy frag-

mentwithr  rg) coolsprogressiely dueto “gas” (light-particleandcluster)evapaation

andotherdissipatve effects(lik e collective oscillations)which bringit down to thestable
groundstate.

A third possiblity appearsf onetakesinto accountthe fact that nuclearmatteris
dynamtally unstablen the region whereKy is negative (or, statedequivdently, in the
region wherethe soundvelocity, vs 1~ Ky, becomesmagirary). This dynamicallyun-
stableregion canbe determinedria the so-calledisentropic“spinodal” curve de ned by
the conditionky p P fr s 0. Theregionof thee € sr planein which this
occursis shavnin g. 2.2(andalsoin gs. 1.1and2.1lin theP-r, &r andT-r planes
respectrely). If theinitial valuesof theentrofy anddensityarehighenoughto expandthe
systeminto thismechanicallyunstableegion (i.e.,for example to reachthepointCin g.
2.2),theoriginalhomogeneoumetastabldiquid will experiencea“spinodaldecomposi-
tion” [Siem83]: density uctuationswill be no moredampedut exponentally amplied
leadingto a “fragmentation”’phasé composedf “liquid” dropletsof differentsizesand
“gas” (individual nucleonsand light clusters). On the left of the spinodalline, nuclear
matterwill spontaneoug form into droplets(whosemostfavourablesizes[Heis89 are
thosewhosewavelengthcorresponds$o the maximumgrowth rate);whereason theright
the mean eld dynamcs will basicallypresere the homogeneougliquid) phase. The
basicconclusionof suchreasoningSiem83 is thatthe experimentallyobsened multiple
productian of intermediate-mass-fragmenh multifragmentaion reactionds intimately
relatedwith theentrancento thespinodakegionandthat“fragmentationthereforearises
dueto densityinstabilitiesin thecentralpartof theexcitedblob of nucleammatter(seeSec-
tion 2.4).

5SinceP  r2 € 1r s nuclear matteris in equilibrium if it is atanenegy minimum of anisentro
(s=cong), othewisethe pressue is nonzeroandthe systemwill expard or contract.

6The assumptiorthatthe volume chang takesplaceat constanentray is realisticsincethereis little
dissipationassociatedvith the exparsion processandthe initial value of the entrogy correspndsto the
maximum valueattainedat the endof the highestcompresionphase.

“In g. 2.2,thesystemjumps at point C from theinitial metastablésentropiccune s;, represeting the
uniform phaseto the prope thermognanically stable(mixedphase)sentropes ; thatcrosseshespinalal
line atthe samepointasthes; cure.
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Figure2.2: Isertropesin the € r plane correpondingto thecritical point (opencircle,s 27)
andthe endpoint of the spinadal (full circle,s 2 4). Alsoshowninside the mixture
zore (shadw) are the spinodal (dashedline), and the Maxwell condruction of the
nal entropy per nucleoncurves, aswell asthe unstable isentopess and sy (dotted
lines). [According to this model,in the smallgap betweers 24 ands 27 the
sydem experiences neither fragmenation nor instantaneousvagporization but goes
fromonephase to anotherin a cortinuous mannet. Adaptel from[Lope8&4].
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The fact that excited nuclei producedn dissipatve nuclearcollisions are nite-size
systens in which surface,Coulombandisospineffectsplay a majorrole doesnotchange
muchthis interpretation Indeed,althoughthe inclusionof theseeffectslowerssubstan-
tially the consideredcritical) valuesof the enegy (or entrogy) per nucleon,the modi-

cation of the trajectoriesof the expandingmatterdown to the region of the instability

threshold is quite small,andthe basicscenariodescribedor in nite nuclearmatterre-

mainsbasicallyunaltered. The existenceitself of the spinodal-lke phasetransiton, or

of anobsenablesignalingthe passagé¢hroughthe critical region, aswell asits possible
connectionwith the processof multifragmentations however still a subjectof intense
debate(seeSection9.4).

2.2.2 Experimental approaches

In the domain of intermediateexcitation enegies, nuclearcollisions are governedby
complicatedmary-bodyprocesseteadingto the productionof hot nucleiwhich deeccite
emiting in all directionsdifferentnuclearspeciesn alarge rangeof masse®#\, chages
Z andkinetic enegiesK: light-chaged-particles|.CP, with Z 2 (i.e. the threeiso-
topesof hydrogenandthe two isotopesof helium: p d t 3He anda), neutronspuclear
fragments(Z  3), aswell asnewly createdparticles(hard-photonslight mesonshot
originally presenin thesystem.A detectiomascompleteaspossibé of all reactionprod-
uctsis anexperimentalgoalwhichis duly, but in generalbnly partially, reachedy using
detectorscovering mostof the available phasespace.On the experimenél side, hence,
the major efforts in the last yearshave beenfocusedin the designand constructon of
(almos) 4p multidetectorgDwarf-Ball [Stra90], Miniball [Souz90], Multitics [lori93],
Indra [Pout95], Isis [Kwia95]) for the recordingof kinematicallycompleteeventsand
the measuremerf doubleandeventriple differentialcrosssectionsor mostof there-
actionproducts. The experimentalobsenablesthat experimentaktshave at handto try
to unravel the complex reactionmechanismsandextractthe relevant (thermo)dynamical
propertiesof the denseand excited nuclearmatterformed during the reaction,can be
schematicallygroupedn four cateyories:

Thermal variables:Excitationenepgies€ are evaluatedusingnuclearcalorime-
try methodgDura97], eitherby enegy balancethroughthe completedetermina
tion of A, Z andK of the decayproducts[Cuss93, using neutronmultiplicities
[Gali94], or, indirectly, by measuringthe relative velocity of the quasitaget and
guasiprojectildragments Nucleartemperaturearedeterminedvith nuclearther-
mometrymethodgBene94 Dura97]eitherusingthe slopesof the kinetic enegy
spectraof the producedparticles (kinetic temperatures)Wada89,Baue9%, the
double-isotop yield ratios (double-@atio temperaturesjAlbe85 and/orfrom the
discreteexcited statepopulaton ratiosof selectechuclides(excitedstatetempera
tures)[Poch85,Bene94].Correlatingthesetwo variablesn a€ versusT plot, one
determineghe so-callednuclear‘caloric curve” [Poch95].

Compressionalvariables: The measurementf the sidevardscollectve o w of
particlesandthe associatedadial expanson enegy hasbeenstudiedto obtainin-
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formationon the density-dependergart of the EoS (seee.g. [Stoe86]or, more
recently [Neba99bMing99)).

Space-timevariables:Informationon the dynamicalevolution (nuclearchronom-
etry) of the reactionprocesscanbe obtainedby looking at (subthreshial) particle
production mechanism [Cass90,Mose9] and by studyirg two-particlecorrela-
tion functionswith intensiy-interferometrytechniquesg-g [Marg97] andhadron-
hadronAich94] usingtheKoonin-PratfGong91] formalism,or fragment-fragment
usingn-body Coulombtrajectorysimulatons[Glas94.

Phasetransition variables:Critical parameterandcritical pointexponentdn dif-

ferentpower-law experimentadistributions[Gilk94, Pan98,Dors99],anddisconti-
nuitiesin thenuclear‘heatcapacity’[DAgo99] have beenproposedispossibé sig-
naturesof aliquid-gasnuclearphaseransitionaspredictedoby the Fishers droplet
modelin thevicinity of thecritical point [Fish67.

2.2.3 Theoretical approaches

Onthetheoreticakide,thedescriptionof themary-body problemappearingn heavy-ion
reactionsat thesebombardingenegieshasleadto the developnent of differentmodels
which canbe globally groupedin two categories,macroscopical(statistical) or micro-
scopicalapproaches:

On the one side, the statistical models suchasthe sequentiadecaymodelsat
low excitation enegies(e.g. GEMINI [Char88]or SIMON [Dura92]) basednthe
Weisslopf theory [Weis37 Haus52 for compoundnucleusformationand subse-
quentdeecitatior; or theMMMC 8 [Gros97, SMM?® [Bond95,Botv95, andEES'©
[Frie90] modelsin theintermediate-engly region; areall basedontheassumptn
thattheproducedcuclearsystemattheendof thepurelydynamcal stageof thecol-
lision procesgseenext Section)reacheglocal) thermodynanaal equilibrium (i.e.
thermaland,likely, alsochemicalequilibrium). The underlyingapproachof those
modelsis the replacemenbf the original complex collectionof stronglyinteract-
ing nucleonsandfragmentdby a new ensemblef particlesin thermalequilibrium
shiftingthecomplicateddynamicgo thedensityof states.Themainideaof thisap-
proachis thatathigh excitationenegy averylargenumberof degreesof freedomis
involvedin the processaandthe probabilitesof differentdecaychannelsaremainly
determinedy statisical weights(i.e. to the numberof microscopicstatedeading
to a certain nal state)ratherthanby the detaileddynamicsof the process.The
questia turnsto calculatingstatistcal weightsof variousbreak-upchannelqthe
possble nal statefthedecayingsystemundergivenconstraint®nthetotalen-
ergy, massnumberandchage containedn the break-upvolumeV, Ag rp. The
modelsbasicallydiffer in theuseof differentstatisticalensemblegmicrocanonical,

8MicrocaronicalMetropolis Monte Carlo
9StatisticalMultifragmentationModel

Oexparding Emitting Source
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canonicalor macrocanonical)in the way of describingthe individual fragments
andin the calculationproceduret'.

Ontheotherside,the semi-classicamicroscopicmodel calculationdry to follow

the dynamicalevolution of the interactingnucleonsfrom the rst instans of the
reactionand are basedon suitableapproximatios of the time dependenmary-

bodySchibdingerequatiorfor then-particlewavefunction,Y r;  rp;t , orstated
eguialentl in thequantunstatistcal picture,of theVon-Neumanmequatiorfor the
time evolution of the n-particledensitymatrix F , which in con guration spaceis

de ned as[Bona94]:

Fn Fnra rnry r,t Yry rtY rg r,t (2.1)

ThequantumLiouville equation(or Von Neumanrequationyeads:

oy
dt

whereH isthen-bodyHamiltonianandthebracletsrepresentheusualcommutator
operation.Sincethis equationis not readily solvable, severalapproximatios have
beenproposed? in the 0 limit. The microscopt modelscanbe subdvided
into two classesThosewhich reducethe problemto thetime evolution of theone
body (nucleon)densitymatrix F 1 ry r, ;t andthosewhich are basedon n-body
moleculardynamics:

H Fp, (2.2)

1. Boltzmann Equation models: The crucial ingredientof thesesemiclassical
transportmodelsis the descriptionof the systemthroughthe nucleonphase-
spacefunction f r p t , whichis nothingbut the Wigner transforni® of the
one-bodydensitymatrixF 1 ry ry;t:

fryppt dréPR Firp R 21 R 2t (2.3)

1
2p 3
Thetime developmentof f r p t f is determinedhlsoby “Wignertrans-
forming” both sidesof equation(2.2), which nally yieldsthe Boltzmannki-
neticequatiorcontaininghetime-depender(nhuclear)mean- eldforceF r p t

U r t 9r anda2-bodyNN Pauli-blockedcollision termlqg (for detailssee

Section8.1):
i pf _1f
it mqr fip
1iClosely-relatedo theseappoacheslatticegasmodelsfor nucleamatterhave alsobeendevelopedsee
e.g. [Camp97 Pan9®, Mull99, Borg99]) to studynot speci cally the situationencounteredin heary-ion
reactiors but themoregeneal liquid-gasphasdransitionof excited nuclea systems.
pctually, it hasbeendemorstratedthat all the differert microscgical mocels usedso far may be
derivedformally from apropertruncatian of thequariumstatisticaBBGKY (for Bogoliubov, Born,Green,
Kirkw ook, andYvon) hierachy for the n-body densitymatrix (seee.g.[Li93, Bona%t]).
13The useof the Wigner transfom, de ned in geneal asa Fourier transfam of the n-particle density
matrix, is atypical procelurein all thesemicroscopicaimodelssinceit allowsto formulatethecomplicaed
quartum statisticalsystemin a languae very closeto classicaltranspaet theow, providing an intuitive
uncerstandingf thetime evolution of thereaction[Aich91].
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At low incidentenegies,thetwo-bodycorrelationfunctionl . canbesafely
neglected(i.e. ther.h.s.of eq.(2.4)is basicallyzero)andtheresultingVlasov
equatiororits quantalersion thetime-dependertiartree-lock (TDHF) mean-
eld [Nege82], are suitableapproximations At intermediateenegies the
collision-lesslimit doesnothold anymoreandonehasto solve equation(2.4).
For that purpose,sereral semiclasgal phase-spacsimuations have been
proposed: BUU4VUU'® [Stoe86,Bert88, Cass90],BNV1® [Bona94]and
Landau-Vlasw [Greg87]. Thesedifferentversionsbasicallydiffer in the nu-
mericalrealizationemployedfor solvingthetransporiequationtheparticular
implemenéationof thetest-paricle method)or in the particularnuclearmean-
eld parametrizatiod r pt used(Skyrme,Skyrme+monentum-dependent
force,Gogry force...). More detailsaregiven in Section8.1.1.

2. Molecular DynamicsapproachThe“Quantum”MolecularDynamicsModel
QMD [Aich9l, Li93] (andtheir differentrealizationgdHart98]) goesbeyond
thepureone-bodydescriptioroutlinedabore. Retainingthecorrelationsamong
nucleonsit triesto describealsotheproces®f fragmentformation.It isatrue
n-body theorywhich simulatesthe time evolution of a heary-ion reaction,-
then-bodywave functionof thesystenmbeingwrittenasthedirectproductof n
nucleongepresentetly coherengaussanstates, onanevent-byeventbasis
by meansof a generalizedrariatioral principle (moredetailscanbefoundin
Section8.2.1).

Several extensionsof thesetransporimodelshave alsobeendevelopedto furtherin-
cludee.g. stochasti uctuationsin the collision term (Boltzmann-Langein approaches
[Abe96, Ayik90, Rand90Burg91,Sura92 Chom94), non-localcollisionterms[Malf92,
Dani9g Mora99, genuinequantunmeffectsby properantisymnetrizationanddiffusion of
the wave paclet (FMD [Feld00], AMD/AMD -V [Ono99), andfor relatvistic enegies,
afully covariantformalism(RBUU [Maru94], RQMD [Sorg89, Bass98])or the off-shell
propagatn of nucleondHSD [Cass99]).

2.3 Phase-spceevolution of the nucleus-nucletscollision

Transportmodelcalculationsof the BUU or QMD type are usefulto predictthe phase-
spaceevolution of a nucleus-nucleusollision at intermedia¢ enegiesandto follow the
space-timevolution of severalsigni cant reactionquantitieqseee.g.[Goss97Neba99a,
Eude99). Therelevanttime scalef thedifferentstage®f thereactionmeasuredh fm/c
units are mainly determinedoy looking at the evolution of the densityandthe number
of NN collisions of the colliding systemasa function of time (see g. 2.3for atypical
Landau-Vlasw calculation).

Thesemicroscoptal simulatbnsoutline a picture of a typical heavy-ion collision in
the Fermienegy regime consising of thefollowing phaseg g. 2.3):

14BoltzmannUehlingUhlenbek
Vlasov-UeHing-Uhlenbeck
16BoltzmannNordreim-Viasos
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Figure 2.3: Landau-Vlasos simulations [Hadd96]: Densitypro le in coordinate spacefor the
Ar(44A MeV)+Agreacion at differentimpad parametes (uppe part). Time evolu-
tion of the normalizedmeandersity for the samereactian (lower part).
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1. Preequilibrium compressionphase(0 t 40fm/c). At t = 0 fm/c the two

nuclei startto overlap. An initial non-equilbrium phasedevelops during which

collisionsin the zoneof the overlappingregion of the colliding ions occur at the
nucleoniclevel. At this level, only collisions betweennucleonsfrom the target
andnucleondrom the projectilecantake placedueto Pauli blocking Theseener

geticcollisions have ahighly anisotropidnitial momentundistribution. Trans\erse
monentumtransfersoccur betweentheseNN collisionsrising the “temperature”
(interpretedasthe resultingrandommotion of the nucleons)andgeneratingnuch
entrogy in the interactionregion. A certainamountof nucleon-nucleorollisions
boostparticlesto unboundstatedar from the Fermiseaproducingthedynamically
promptemissionof preequilibriun enepetic particles: LCPs and neutrons(also
called“Fermi jets”) aswell assubthreshial particles(hardphotons pions,kaons).
In momentunspacetheseparticlesaremainly locatedat midrapidity in the center
of masssystem’. The system out of equilibrium, startsto compress.The den-
sity reachests maximumvalueatt 30 fm/c, which roughly correspondso the

time of a pure geometricalpassae-thiough of the centes of the colliding nuclei

attheseincidentenepgies(tint  Rint Vp = 10fm/0.3c = 30fm/c). Therateof NN

collisionsreachests maximumvaluesomevhatlaterduringthe rst instans of the

subsequergxpansiorstage.

. Expansionphase(40 t 100fm/c). After the compressiorstage matterstarts

to o w underthein uence of the pressureggradientgeneratedby the repulsve core
of the nuclearforce. The nucleonsstartmoving away from eachother the number
of collisions diminishesquickly andthe entrofy changesery little. At t = 60 (80)

fm/c for peripheral(central)collisions® the composié systenrecoversits normal
density This spatialsepaation time is consideredusuallyasthe end of the pure
preequilibrum scenario.

Fromthatmoment anddependingon theinitial conditions (the impactparameter
andthe relative size of target and projectile), the original di-nuclearsystemgives
birth to theexcitednuclearsystem(s)For semi-peripheraindperipherakreactions,
a primary quasi-projectileand quasi-taget (and, possibly a neck-like zonein be-
tween)are produced.For very centralreactionsa single sourceof “quasi-fusion”
may be formed. The fate of suchhot and (isentropically expandirg nuclearsys-
tem(s)duringthesubsequeridisassembyl” or “break-up”stages themainsubject
of investigaion.

3. Fragmentation or Clusterization phase

(a) On the one side, if the expansion(thermalplus collective) enegy is large
enough.at aroundt = 100 fm/c the densityof the expandirg andcooling nu-
clearsystemcanbeof theorderof 1 3r o. At thesdow densites,thenuclear

"Theaccessible@ang of rapiditiesy for a given nuclets-nucles interactio rangesfrom the maximum
value correspading to the limit of the incident particle elasticallyscatterecat zeroangley  yp, down
to the minimum valuecorrespadingto y Yp. Thusin the CM system,normalizing to the projectile
rapidty: y yp =-1,0, 1 correspondo tamget, CM andprojectilerapidties, respectiely.

8 60fm/cis rouchly thetime needd for the two incomirg nucleito completelytraverseeachother
attheseinciden enegies.
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binding causeghe closetogetherhadrong(in space-andmomentur space)
to aggreateinto IMF andLCP in a*“coalescenceprocessAs the expansion
goeson, theglobaldensityof thesystenfallsto avaluewheretheconstitients
arenolongerinteractingstrongy. Thisis thefreeze-outstage

(b) Ontheotherside,if the internal pressurds not sufciently high the system
doesnotreachthe*“crackingpoint’ within the spinodalregion andaftersome
expansiont reversedo compressin. Severaldampedscillatiors of this sort
may occur while the systemloosesexcitation by the subsequenslow nal
decaymodegevaporation,ssion ...).

Fragmentdoosecontact(no matteror enegy exchangesccur)andtheir distribu-
tion becomestableaftert 250fm/c [Puri96]i.e. primarychemicalcompogions
(the differentpopulationof nuclearspeciespecomex ed. Fromthis point on, the
producedragmentsmove only underthe actionof their Coulombtrajectories.

4. Final deexcitation Thefragmentsatthe outputof thefreez-outphasestill have a
certainamountof excitationenegy whichis releasedy slow sequentiaprocesses
like neutronandLCP evaporaton or statistcal gammna emissionfrom unboundex-
cited stategseeSection3.1). At theendof thedecaychain(t 1000fm/c), ary
remainingexcitedmassveresiduemaydecaythrough ssion; whereaghelastlow-
lying boundstateslecayby statisticaldiscretegamma emisson of severalhundreds
of keV to afew MeV.

Whatthedetectorsneasures theresultof theevolutionof all theproducedragments
upto asymptdic times.In generalthereis ageneracommonagreemenibetweemmodels
andexperimentsandbetweermodelsthemseles,in the interpretatiorof the rst purely
dynamcal andpre-equilibriumstage(compressiomlus expansionphasesgasit hasbeen
describedhere. Thereis alsolittl e doubtaboutthe evolution of the moderatelyexcited
systens existing after freeze-out.However, differentandeven contradictorytheoretical
explanatons(seenext Section)have beenproposedo describethe fragmentatiorphase
startingat the end of the compressiorexpansionstage(t 100 fm/c) and nishing at
aboutt 250fm/c.

2.4 Nuclear multif ragmentation and the liquid-gasphase
transition

The multiple (Mimg  3) productionof nuclearfragmentswith chages3 Z 20,
usually called “intermediate-mass-fragment§iMF), larger thanthe typical evaporated
LCPs(Z 2) but smalkr thanthe evaporationresiduesor the ssion products(Z
20), hasbeenexperimenally obsenedto be animportantreactionchannelof heavy-ion
collisionsatintermediate-enegies?, i.e. for nuclearsystemswith excitation enegies4A

9This production of severalnudear fragmers with chages3 Z 20 wasactuallyobsered for the
rst timein praton-andpion-inducal reactimswith heary targetsmore than40yearsago[Serb47 Frie54
andin heavy-ion reactionsin the late severties and rst eighties: rst in emulsion[Jako82 and plastic-
nucleartrack-cetectorsstudies(seee.g. refelencesn [DEnte®B, DEnte99) andafterwards with electraic
detectos [Viyo79, Egel81 Warw83.
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MeV e 9AMeV. Thisproceshasbeencalled“nuclearmultfragmentation{seeg.
2.4)andunderstandings origin is oneof thecentralissuesn intermediate-engy heavy-
ion physicsfor thelast15 years. The interestin this studyis triggeredby the factthatit
hasbeenarguedthatit could be a signatureof the existenceof a nucleariquid-gasphase
transiton. Threeexperimentafeaturesseemo characterizeaucleamultifragmentation:

Multifragmentationseemsnot to be a corventional sequerial decaychannelof
excited nuclei. The IMF multiplicity andkinetic enegy distributions are severely
underpredictedy low-enegy statistcal models[Hube92 Llope95 Beau96]like
e.g. GEMINI [Char88]which describefragmentformation by successie binary
splittingsfrom anequilibratedhot (rotating)nucleusand/orsequentiabvaporaton
from thenuclearsurface.

Multifragmentationis a fast decaychannelof excited nuclei. The emissiontime
of IMFs seemdo be muchfasterthanthatof a conventionalslow statisticaldecay
like ssion or evaporationfor whichtemis 500fm/c [Dura95], or fasterthanthe
characteristiéCoulombtime”t 10 21 300fm/c of asystemwhichdisassem-
blesinside its own Coulomb eld [Shap94]. Indeed,the systematicof fragment
emissontimesin heavy-ion reactionsatintermediate-engiesindicateghatthees-
timatedtime betweertwo fragmentemissonsis around500fm/c for a sourcewith
€ 3AMeV andsaturatest 100fm/cfore  5A MeV [Tama97].Similarly,
in hadron-andlight-ion- inducedreactionson heary nuclei,IMF emissontimesas
fastas50- 100fm/c have beenrecentlyreportedBeau99,Viol99, Oesc99].

Multifragmentatiorsetsin asthedominant exit channebetweenssion andevap-
oratiorf?, fore  4A MeV, andthetotal vaporizaton of thesysteminto individual
nucleonsaandlight clustersfore  9A MeV [Bacr95,Rive96 Bord99]. Themean
IMF multiplicity M;mr increasesnonotaically with increasingexcitation ener
giesstartingate  3A MeV [Biza93] up to a maximumvalue at arounde

9A MeV [Souz9l]. For largere , Miyr decreasedueto theincreasingrole of
vaporizaton exit-channels.

The rst andsecondcharacteristicindicatethatIMF emissonis adecayprocessig-
ni cantly differentthansequentialssion which resultsfrom nuclearshapedeformation
at normaldensityinducedby surfaceand Coulombinstabilties. At variancewith this
low-enegy andslow?! mechanismfragmentatiorcouldresultfrom a fast? breakupdue
to the passagef the excited systemthrougha low-densty spinodl region (seeSection
2.2.1)aftertheinitial compressio phase.This kind of disassemly processs driven by
mechanicalvolume)instablities dueto the entranceof the systemin the region where
density uctuations areno moredampedout exponentally ampli ed. In this phaselig-
uid droplets(identi ed asintermediate-madsagmentsindgas(nucleonsandlight ions)

2OFissionandevapaationstill remainsigni cant exit-channelsfor Golddike nucleiheatedipto €~ 4A
MeV with antiprota projectiles[Pien0qQ.

21Timesof theorderoft =10 21-10 2°s  300- 3000fm/c arenecessaryor shapedefamationto
develop.

22Thesystenfalls apartonaveryshorttimescale(t 10 ?*s  30fm/c) [Beau99 in a processknown
as“bulk emission"whenthe spinodl boundaryof the phasediagramis crossed.
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(h,2Z)=(4,2)

Figure 2.4: Photagyraphy of a multifragmentadion reactian as seenby nudear emulsionexperi-
mentswith heavyion beamsat intermediateenegies[Jako82].

would coexist?®. Onepicturesthus,thefragmentatiorhappeningsalocal redistritution
of coolingandexpandingmatterthatformsclustersof nucleiout of the previously homo-
geneousxcited medium. During the clusterizationthe homogeneoumetastabléiquid
goesinto a mixed phasecomposedf gasandliquid. Suchaformationof clustersis an
effect of the attractve natureof the nucleon-nucleomteractionandcanbe associatedo
theoccurrencef aliquid-gas phasdransition in a nite-size nuclearsystem

This passagéhrougha liquid-gas phasdransitionwould explain alsothethird afore-
mentianed characteristioof nuclearmultifragmentation. For small excitation enegies
(e 3AMeV) thenuclearsystenis assimilabé to anexcited Fermiliquid (drop)which,
in orderto releasats extra excitation enegy, simdy evaporates CP andnucleondrom
its surfaceor, if heary enoughjt ssions. In thelimit of verylargee (€  10A MeV),
the systembehaesessentiallyasa classicalddilute Maxwell-Boltzmanngasof individual
nucleons. Multifragmentationwould “ II”  the excitation-enepgy region betweenthose
two extremes(table2.1and g. 2.5). Themaximum of the IMF productionwould mark
theborderlinebetweertheregimeof residugformationandtheregimeof vaporizationor
navely speakingoetweerthe“liquid’-lik e andthe“gaseous”-lile regime).

Additionally to the aforementionedaxperimentalcharacteristicof multifragmenta-
tion, it hasbeenalsoclaimed[Poch95]thatthe“plateau”in theT vs. € “caloric curve”
(9. 2.7)obsenedin certainexperimentds reminiscenof theliquid-gas phaseransiton
of water a behaiour predictedby certainstatistcal models( g. 2.6). This experimental
resulthastriggeredanintensediscussiorthe lastyears(seeSection9.4).

We have seenthattheexcitedsourceformationstepin heary-ion reactionsatenepies
belov 100A MeV is incompletefusion of target and projectile nucleongMore97]: for
exampk, an Au taget picks up a variableamountof massfrom an Ar projectile (the
smallerpartner dueto thedifferentpotentialbarriersmainly determinedy theirvolume-
to-surfaceratio [Polt95, appearsiwaysto bethe donor)resultingin a sourceof a given

23Alternatively, onecanalsoidentify the“liquid” phasewith the heariestremaning fragment(theheary
“residwe” or “remnant”) andthe“gas” onewith thelightestLCP andIMF reactionproducts.
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Table 2.1: Characteristics of the threeexperimentaly obseved dominant decaymodesof excited
nudear sysemsproducedin heavyion reacions. n are neutrons,LCPslight charged-
particles(Z = 1, 2), IMF thefragmeriswith Z = 3 - 20, and HFs heavy fragmentswith

Z 20.
e Decayprocess Reaction  Numberof Decaymode  Thermodgn.
(A MeV) prodwcts readion prods. probability stae
3 evaporation, n, LCPs, small large Fermiliquid
ssion HFs
3-9 multi- n, LCPs, atlead 3 small Fermiliquid and
fragmentation IMFs IMFs Boltzmanngas
9 vapoiization n, LCPs mary very small Boltzmanngas
EVAPORATION FISSION MULTIFRAGMENTATION VAPORISATION

Figure 2.5: Shematic view [Gend9] of the different decay-modesof an excited nuclear system
producedin a heaw-ion collision for increasing excitation enegies.
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massmomentun andexcitation enegy (apartfrom relatively smallangulamomentund®
and Q-value® effects). The differentdecaymodesof this sourcedependstrongy on
the excitation enegy (thermaland compressionaldepositedn the system(table 2.1).
Increasingexcitation enegies are relatedwith decreasingmpact parametersyhich at
their turn are, from puregeometricaconsideration§sg ~ pb?), lessprobable. Thatis
thereasorwhy in intermediate-engy HI reactionamostof nuclearmreactiongroceedria
evaporaton and ssion, multifragmentationrepresents lessprobableexit channel(
10%) and only a very few percent( 0.1%) of the total nuclearcross-sectioreadsto
total vaporizatio events(seee.g.[Bacr95 Rive96 Bord99]).

The underlyingphysicalmechanisnbehindnuclearmultifragmentatiorremainsun-
clearandthe debateis still controsersal, mainly dueto the factthata few experimental
resultsare in good agreementvith the assumptin that the fragmentsare emitted sta-
tistically from a thermalizedsystem,whereasotherscan hardly be reconciledwith this
assumpbn (seebelow). Concerningthe theoreticalexplanationof multifragmentation,
severalphenomenlogicalmodelswere rst proposedxplainingand/omreproducingnly
a few obsenables(for a review see[More93). In thelastyears,they have beensuper
sededby numericalmodelswhich predictresultsfor severalobsenablessimutaneously
(seeSection2.2.3). Presentlythesemodelscanbe classi ed into two main categories:
statistcal anddynamicalmodels Their differencesare basedon the fundamentamech-
anismat the origin of fragmentationtself, on the time-scaleof fragmentproductionand
on the assumptias of the stateof the systemat thattime. On the one hand, statigical
modelsclaimthatthe rst dynamicalstagewhich leadsto the sourceformationis decou-
pled from the subsequenstatisticaldecayof the source. The decayphaseoccursafter
thermodymmical equilibriumis reachedand multifragmentationis mainly a thermally-
(with a certaincompressionatomponentdriven process.Purelydynamicalmodels,on
the otherhand, statethat none of the relevant degreesof freedomequilibrate,and that
fragmentformationis avery early procesgriggeredby theinitial correlationsamongthe
nucleonsof the colliding ions.

At thepresentnoment thus,only threemodelsseento be capableof explaining con-
sistenly severalexperimentabbsenationsconcerninghe multfragmentatiorprocess:

1. Rapid Sequerial Statistical model. TheExpanding-Entting Source EES)model
[Frie88, Frie90] calculateghe sequentialtime-dependentgmissionrates,within
the statisical Weisslopf surfaceemissionformalism,for a nucleuswhich expands
following aninitial thermalshock:the systeminitially coolsby expansionandthe
emisson of light particles.For sufciently highinitial excitationenegies(é  5A
MeV) the systemwill expandupto adensitynearl/3ro (T 5 MeV atthis point)
atwhich thefree enepgy for producinga free particleis equalto thefree enegy for

24Theaverageanguar momena procucedin heay-ion reactiors atintermediateenepgiesis of theorde
ofL 50 50 02GeVfm. Therotatioral enegy correctimsto thetotal excitation enegy arenotlarge
(however, the value of L canaffect sizably the angdar distributions of the reactionproducts[Yane®]):
Assuminga sphericalnudeuswith A = 100andmomet of inertial 2 5 AR? 2 5rZA° 3, thero-
tationalenegy is only of theorder: €,, E A L% 2AI L2 A¥3 10 GeV’im? 100° 3 GeVv
fm?2  04AMeV

25Large Q-valuesarenormdly consideed for the very unlike “quasi-fusion” eventsfor which the mass
balane, Qfus Da, Da, Da, a, » Canconstitutea sizeablesourceof extra enegy depaitedin the
system.

31



Heavy-ion physcs 32

producinga particleinsidethe volume. After this pointis reachedsurfaceemis-
sion stopsandthe modelswitchesto volumeemisson favoring the rapid emisson

of IMFs. Sucha(rathersimple)modelis capableof explaining severalexperimental
obsenablesandspeciallythe multiplicity andkinetic enegy distributions of LCP

producedn coincidencewith IMF [Boug99,Viol99].

2. Simultaneous Statistical multifragmenation models. The statisticalmultifrag-
mentatiomrmodelsof theBerlin (MMMC) [Gros97 andCopenhage(SMM) [Bond83
groupsassumehattheproducecuclearsystem(or asubsytemof it) reachesher
modynamicakquilibriumin the courseof the reactionandmaintainsthis equilib-
rium duringthe expansionphaseuntil, att ~ 100fm/c, its densityreaches value
betweenl/2r g - 1/10r 9. Suchanequilibratedandexcited(€  5A MeV) expand-
ing nucleusundegoesa simutaneous(also called “dynamical” in someworks)
clusterizationat the freeze-outstage.Usually, the calculationsstartwith a certain
thermalizedsourceat freezeout with a given size (i.e. massAg andchage Zs),
(low) densityand excitation enegy € (beingbasicallythermal,but to which an
extra collective compressionamotion canbe addedaccountingor a few AMeV).
The probability of a certain nal-state of the decayingsystemis thenproportional
to its statisical weight,i.e. to the numberof microscopicstatedeadingto this -
nal state. Thesemodelspredictvery accuratelythe multiplicity andkinetic enegy
distributionsof the IMF producedn very-centralheary-ion reactionsfor which a
uniquesourcecanbe isolated[Mari97, Boug97 Boug99]. Caloric curves(€ ver-
susT plots) for nuclearmatterwhich atten in the excitation enegy range3 - 8
AMeV attemperaturesear5 to 6 MeV, andvaporizaton eventsabore 9A MeV are
alsopredicted.

3. PurelyDynamical models Moleculardynamicsapproacheglike QMD [Goss95
Puri96,Goss97Neba98Neba99ahdwcateafastemon-equilivatedprocessvhere
fragmentsarepre-formedearlierin thereactiomatdensiteshigherthanthosepresent
atthe nal break-upstage.Theshorttime scalesof theorderof 50 fm/c afterwhich
theasymptott fragmentsanbeidenti ed suggestedy thesestudiesdo notleave
roomfor equilibration of the thermalandkinetic degreesof freedom.Fragmenta-
tion is triggeredby theinitial correlationsamongthe nucleonsof the projectileand
target. The obsered collective motion andin generalthe kinetic enegiesof the
producedragmentsarenot producedoy an expanson of the fragmentingsystem
up to subnucleadensites,but have their origin in the original Fermimotion of the
nucleongNeba98,Neba99a]. Experiment-modetomparisondor peripheraland
mid-centralcollisionspresentigoodagreemensimutaneouslyfor severalobserv-
ableg(multiplicities andkineticenegy distributionsfor IMFs andheary-fragments)
[Tire98,Neba99a].

Thesestatisical anddynamcaltheoreticaimodels basednratherdifferent(andeven
contradictory)assumptios, predictvery similar resultsfor severalkey experimentalob-
senables.Probablytheresultingexit channelgproducedn multifragmenationreactions
includeboth statistcal anddynamicaleffects. To disentangléoetweenthe differentpro-
posedscenariodeadingto multifragmentatiorprocesse®ne thus needsa detailedun-
derstandingf the collision dynamicsooking for signalsassociateavith eachparticular
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phaseg(preequilibrium fragmentatiorand nal deecitation). As we shallseein the next
chaptey photonsemenge undistirbedfrom thesedifferentphasesf the nucleus-nucleus
reactionand, hence,constitue precioustools to investgate the dynamcs of heavy-ion
reactionsand,eventuall, to obtainuniqueinformationon the time-scaleof the fragmen-
tationprocessandon thethermodynanual stateof thefragmentingnhuclearsystems.
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As we have seenin previous sections,a quantitatve understandig of the detailed
dynamcs of nucleus-nucleusollisions at intermediatebombardingenegiesis a basic
prerequisitdbeforeonecanstudythe nuclearEoSat subnucleadensitiesvith or without
aliquid-gasphasetransiton. Indeed the knowledgeof the time evolution of thereaction
Is necessaryo disentang? the signalswhich are expectedin the preequilibriumor in
the late deecitation phasedrom the signalsconnectedo the fragmentformationstage
(possilly relatedto aphasdransitian). Onethushasto exploit probeghataresensitve to
speci ¢ periodsof thereactionevolution andto speci ¢ phase-spaceegions. Thisis the
primary motivation for the investigdion of elementaryparticle productionin heavy-ion
collisions[Cass90Mose9l.

Thecreationof elementanparticlessuchasphotonsmesonr dileptons notpresent
in theinitial stateof thenucleusasrealparticles hasattractednuchinteresin intermediate-
enegy andrelatvistic heavy-ion physcssincethey arepreciseprobesof the phase-space
evolution of thereaction.Although they have very small productia cross-sectionsuch
enepetic particlescorvey valuableinformationaboutthe stagesf the reactionin which
they are created. Among them, photonsare very cleanprobessince,dueto their weak
electromagneticouplingto hadronsthey have a smallprobability of interactingwith the
surroundng nucleamatterand,thus,carryundistubedinformationof the stageof there-
actionin which they areemitted. Photongpossesswo additionalinterestingadvantages.
Fromatheoreticalpoint of view the couplingof photonsto otherpatrticlesis in principle
calculable.Experimental, sincephotonsmovewith b ¢ they canbeeasilyidentied
by time-of- ight techniqueamonga large backgroundf slower hadronicparticles.

3.1 Sourcesof photonsin HI collisions around the Fermi
energy

Electromagnetiradiationis emittedcumulatiely throughoutheevolution of thenucleus-
nucleusnteraction supplyirg directinformatian, in principle,from all stage®f thereac-
tion process Sincephotonsof signi cantly differentenegieshave differentorigins,they
canbe usedto traceunambguouslythe space-timeavolution of the system. Thisis in
contrasto nucleonsor nuclearfragmentswvhich canbe emittedfrom boththe participant
and/orthespectatopartof the colliding nucleiandwhich suffer from nal-state (nuclear
and Coulomb)interactions. A typical inclusivel photonspectrum(g. 3.1) emittedin
nucleus-nucleusollisionsat Fermi enegiesand measuredvith the TAPS photonspec-
trometer{Schu97,Gudi99, exhibits several contributionsindicatingdifferentproduction
mechanism:

1. Statistical gammas Theregionbelov E; 8 - 10MeV (i.e. enegiesbelov the
particleseparatiorenegy B, , 8 MeV) correspondso the gamna raysemitted
throughstatisical decay(after particleevaporation)of thelow-excitation(€  2A
MeV) reactionproductswhich arepresentatthe laterstageqt  500fm/c) of the
nuclearreaction.lts exponental decreasinghapere ects the exponental increase
of thenuclearlevel densitiesn theirdaughtenucleiasafunctionof theirexcitation

LAninclusivereactionmears,in geneal, A B g X
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Figure 3.1: Typical photon spedra, in the NN cener-of-mass,emittedin a heaw-ion reacion at
intermediak enegiesand measued with the TAPSphotm spectometer:in the low-
enagy (E; 50 MeV) region (upper gure, [Schu97]), andin the region 20 MeV

Egy 200 MeV (lower gure, [Gudi99]). Thedifferentelementay contributions
acoording to a “Dubna Cascale Model” calculation are ident ed on the bottom
gure (the closedcircles represat the experimental photan spedrum after cosmie
ray badground subtaction).
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enegy accordingo thesimgi ed form of theFermigaslevel density(theso-called

“Betheformula” [Beth37]),r € e € witha A 13 A 8 beingthelevel
densityparametef{seeAppendix3).

2. GDR photons At enegiesrangingfrom 10to 25MeV thespectrunof nuclearex-
citationsis domiratedby giantresonance’s strongcollective oscillationsof all the
nucleonsn anucleus.n theexperimenal spectrunthisis obseredasanexcesya
bump of photons,on top of a exponenially decreasingunction,comingfrom the
gamma-raydecayof the Giant Dipole ResonancefGDR) built on the moderately
hotnuclei(eé  4A MeV) presentat the beginning of the nal deecitationstage
of the reaction. The GDR is an isovector electric (neutronand protoninterpene-
trating uids oscillatingin oppositephase)yesonancenodeof the nucleuswhich,
microscopically in the shell model, correspondgo a collective one-particleone-
hole excitation [Snov86, Gaar92]. Sinceexcitation enegiesof Giant Resonances
areusuallywell above the nucleonbindingenegies,they mainly decayby neutron
andprotonevaporaton and,in heavy nuclei,by ssion. Theelectromagnetichan-
nelis alsoopenandGDR have asizeablegamna-decaybranchof theorderof 10 3.

The GDR strengthis usuallycharacterizé by a Lorentzian(alsocalleda Cauchyor
Breit-Wigner distribution) shapeddistribution with three parametersits centroid
enegy Egpr, Width Ggpg, andthe so-called“Thomas-Reiche-Khn Sum Rule”
strengthSrrksk expresse@sa percentagaccountingor the degreeof collectivity
of the nucleonsparticipatingin the excitation. The centroidenegy of the GDR
variesroughlybetweerl4 MeV (for theheaviestnuclei)to 22 MeV (for thelightest
ones)and,for theexcited-statest is foundto dependnthemassnumberfGaar92
approximatelyas®:

Ecpr 18A 13 25A 16 (3.1)

For increasingexcitationenepgiesthe GDR width spreadsoughlyasG 48 1
16€e [Brac89 saturatingaroundG 12MeV [Brac89,Hofm94 alreadyfor €

1A MeV, andits yield getsprogressiely quenchedGaar92] (which can be ex-
presseds: S;gyr  100%). Gammaraysfrom GDR decaycanbe emittedat all
stepsduring the decaychainof the moderatelyhot and equilibratednucleus,and
thereforethe measuredyammaspectrumis not a direct re ection of the gamma
emissionfrom the nucleusat its initial temperaturebut ratheran averageover all
temperaturefrom theinitial temperaturelown to zero(oneassumes GDR equi-
libration time around300- 400fm/c). Statisticalcalculationstakinginto account
the entire decaysequencec¢an be carriedout usingthe standardstatisticaldecay
codeCASCADE [Puel77].

3. Hard-photons. Above E; 25 MeV, the photonspectruntalls off exponentally
over several ordersof magnitule. This spectrumis completelydominatedby the

2Thesenuclearexcitatiors arecalled“giant” dueto its collective origin in contastwith othertransitions
to discretdevels.

3The GDR of typical cold nucleie.g.in themassA = 110region have acentroidenegy E g S =16MeV,
&¥S = 4-5MeV andsum-rde strengthSY5,cr  100%. The GDR's built in anexcited-stateof the same
nuclé have: E; = 15MeV, G =9 - 13MeV andsum-rie strengthS;pgg  50%- 100%.
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so-called'hard photors”, creatednainly by theincoherensuperpositia of brems-
strahlungadiationemittedin (chaotic) rst-chanceproton-neutrorfpn) elasticcol-
lisionsinside the overlappng region of projectileandtargetduringthe rst stages
of thereaction(t 50 fm/c) [Cass90Nife89, Nife90]. Photonswith suchener
giesare produced,at the bombardingenegy underconsiderationbelown the free
NNg thresholdenepy in the laboratory( '?'fr\'g 0 5Kap, seefootnoke on next
page). The extra enegy neededor their emissionis providedby the coupling of

theintrinsic Fermimotion of thecolliding nucleongpr  270MeV/c) to thebeam

momentumpernucleonpap 2K apAmy Klzab. Typical hard-photorproduc-

tion cross-sectionareof theorderof afew millibarns. The characteristicef these
photors, which constitue the subjectof this thesis,arereviewedin moredetailin
thenext section.

Above Eg 50 MeV, thereis alsoa small contritution of photonscomingfrom
the electromagnetidecayof subthesholdneutralpions: p°®  gg(BR = 99.8%,
t 84 10 17s)producedn inelasticNN  NNp collisiong'. Typical p® produc-
tion cross-sectionareof the orderof severalmicrobarnsaround60A MeV, rapidly
increasingwvith higherbombardingenenpies.

. Very hard photons Photonsare obsened at enegies even higherthanthe so-

calledkinematicalimit for bremsstrahing®

Smax 2§
Emax S TN 3.2
g 2 Smax (3-2)
, -
wheresmax 2% ”“mN i‘be EEE Pab” (with Ep p2 M andEqap  Kiap My

being the Fermi and the beamenepy respectrely) is the maximumCM enepgy

availablein a knock-outNN collision from the two opposingpole capsof the mo-

mentumspheresf the two colliding nuclei (i.e. for a NN collision in which the

intrinsic momena of the two nucleonsareanti-parallelandequalto the Fermimo-

mentumpg = 270MeV/c). Severaleffectsseento beresponsibldor thisvery-deep
subthresholdphotonproduction:

Secondarynteractionsor two-stepmechanismsuchastheradiative capture
of the producedpions(pN  Ng) or the electromagnetidecayof the D res-
onancgD Ng) [Gudi9q, aswell asprocessesvolving off-shell nucleons
(NN NNg) [Cass99]canproducephotors with enegiesabove Eg™™*

Experimentakvidencesf high-momenton tails in the nucleonspectrafunc-
tion extendingmuchbeyondtheFermisurfaceatpr  270MeV/c have been
obseredin (e€p) datain the groundstateof nucleus[Bobel95] andin AA

collisions [Migne99. This high-manentumnucleoncomponen{eitherdue

4Pionscan be prodwed either directly, NN NNp, or in two-stepsinvolving an intermedate D or

off-shellnucleonBert9g: NN DN orNN NN andthenD Np,orDN NNp,orN N  NNp
[Gud99].

5Accordng to this formua, the maxirmum phota enegy in a HI collision of 60A MeV bonbarding

enegy is Ef'® s =194MeV.
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to off-shell effects or to dynamical uctuations) increaseghe value of the
kinematicalimit EJ'®for bremsstrahlungmissiongivenby formula(3.2).

Particle correlationseffects|[Ho93, Wang94] eitherdueto thecooperatie ac-
tion of (two-, three-or four- nucleon)clusterstructuregpresenin theground-
statenucleior dueto three-bodyandlik ely higherorder)collisionsduringthe
high-densiy phaseof thereactionBona94],maygenerat@prominentenegy
boostin the nucleondistribution in phase-space Suchadditional elemen-
tary bremsstrahlung-piton productionprocessese.g. involving deuteron-
like correlatecpairs(pn  dg) [Boze98]or a-particles]Wang94, have been
takeninto accounin somemodelsof hard-photorproductian.

It is alsointerestingto notethat thosedifferentmechanismsre alsovisible, asre-
verseprocessesin the total photo-absorpon cross-sectioron nuclei(g. 3.2)i.e. in
thereactiongA  X. In g. 3.2, statisical gamma raysbelov 10 MeV areobsered as
photoecitation of the nucleusinto boundstateg(belov Eg = 2 MeV) andinto unbound
individual states(2 MeV  Eg 9 MeV) which canbe well explaired in termsof the
nucleusshell model. In the region betweenroughly 10 and 25 MeV, a broadstructure
correspondingo the excitation of the collectve modeof the Giant Dipole Resonancés
obsened. Above incidentgammaenegiesof 30 MeV, the photoabsorptin cross-section
hasa ratherweakenegy dependenceThis is the quasi-deuteromegion, whereabsorp-
tion occurson correlatedoroton-neutrorpairs(gd ~ pn), a procesghatcorresponddy
crossingsymmetryto thet-reversepn  pngbremsstrahlugprocessFinally, above the
photo-pon thresholdthe cross-sectiomisesto a maximumin the D resonanceegion.
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Figure 3.2: Schematic representation of total photoabsaption crosssectian on nucld. Adapted
from[Chri90].
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3.2 Hard-photon production in HI collisions around the
Fermi energy

Hard-photongmittedin intermediate-engiesheary-ion reactionsarecorventionaly de-
ned asphotors with enegiesabove 30 MeV. Thesehigh-enegy g are producedbelow
the free NNg thresholdenegy® and, thus, they are consideredassubthresholgarticles.
In the pastyears considerablexperimentabndtheoreticakfforts have beendirectedto-
wardsthe understandin@f this high-enegy photonproductionin heary-ion reactionsat

intermediag¢ incidentenepies[Nife89, Cass90Nife90].

3.2.1 Experimental sygematics

Themaincharacteristicef hard-photor{Eg  30MeV) productionin heary-ion reactions
atintermediatdoombardingenegieshave beenestabliskedexperimentallysincetheir rst
obsenation in 1984[Gros84 Gros84h Bear85 Gros83. The experimenal results(the
so-called'systematics”collectedupto 1992canbereviewedin thereportsof Nifenecler
andPinston[Nife89, Nife90], Cassingetal. [Cass90]andthethesisof van Pol [Polt95]
andconcernthe enegy spectrathe angulardistributionsandthe cross-sectionsgswell
astheimpact-parametetependencef theseobsenables:

1. Energy spectra The hard-photorenegy spectrumin the NN centerof-massfol-
lows an exponentialy decreasinglistribution (see g. 3.1in theEg 30 MeV
range)characterizedby aninverseslopeparameteky:

ds
aE, e (3.3)

The slopeEy of this exponental is independenbf the size of the systemand/or
the target-projectilecombinaton. Ep shows only a linear dependenceavith the
(Coulomb-correctedheamenegy per nucleon,Kcc Kiab Vc Ap, (9. 3.3)
accordingo [Polt95:

Eo a Kce b (3.4)
witha=0.48 0.06andb=0.91 0.03.

Thehighvalueof theinverseslope(Eg = 8 - 30MeV for bombardingnengiesin the
rangeK ,p = 20A - 100A MeV), andits dependenci thebeamenepy perprojectile
nucleonandnot on thetarget-projectilecombinatian nor on the total beameneny,
is compatitke with the composiion of the beamvelocity with the velocity of the
nucleons’Fermimotion duringthe rst instans of the collision. Indeedit hasbeen
seenthatwithin a rst-collision modelfor a heavy-ion collision (suchas“Dubna
CascaddéModel” [Gudi99, or the“Nuclear Exchangdransportmodel” [Vand98]),

6In afree NN NNg collision, the maximun photam enegy applying equatio (3.2) is Eg™

Kiaomn  2Kiaomn 4my Kiap 2, i.e. to produce a photonwith Eg = 30 MeV oneneedsat leasta
nuclem with K5, = 60 MeV incidentenenpy.
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Figure 3.3: Sysematicsof the expaimentaly measued hard-photon inverseslope parameterk

as a function of the Coulombcorreded bombading enegy per nucleon k.. From
[Polt95)].

the folding of the elementarybremsstrahlng png cross-sectiomwith the intrinsic
momentumdistribution of the colliding nucleonsin a Pauli-blocked environment
asencountereduringa heary-ion reaction resultsin a basicallyexponentialshape
for the hard-photorspectrum.

. Angular distrib utions and photon source velocities As developedin Appendix

2, the elementarypn  png doubledifferential cross-sectiongds dE dW, in the
NN sourceframeresultsfrom the sumof anisotropic plus an anisotropicdipole
(sir? Qg terms.Theclassicakoft-photm approximatio’ reads:

dZSpn png eZSpan 2 n2
OBV, dpdp?E, 3 O (3:3)

Thisobsereddipolarcomponenindicateghat,in thefreeprocessbremsstrahing
photonsare emittedprimarily in the directionperpendiculato the velocity of the
scatteredproton. The angulardistribution of hard-photonemittedin heavy-ion
reactionsshaws, however, a lessenhancednisotropt dipole componenin com-
parisonwith this elementarydifferentialcross-sectionThis is dueto the smearing
out of the bremsstrahlug in all directionscausedby the randomFermi motion
of the colliding nucleons. The double-diferential cross-sectiorfor hard-photon
productionin nucleus-nucleuseactionshasbeenthususuallyparametrizedin the
sourceframe, by the following phenomenlogical expressioriBerth87]inspiredin

42
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theelementarydoubledifferential png cross-sectioif3.5):

ds

GEAW K1 a asirq"e&" % (3.6)

whereK is a normalizationfactoranda = 0.1- 0.3 is the parametenf the dipole
anisotropy.

Whereaghe angulardistributionshave a (small) dipole componentwhenviewed
in the NN centerof-massframe, they areforward-pealkdin the laboratoryframe.
Theseasymnetric angulardistributions,decreasingvith theemissia angle,arean
indication thatthe photonsourceis moving forwardin this frame. Denotingby bg
the sourcevelocity and gs the relatedLorentzfactor the Lorentz-boostegbhoton
angulardistribution in thelaboratoryframe® reads
sirP b
; 1 a ang e 28" Bo (3.7)

ds
dEgdW |4y

whereZ g1 bscosgf® istheDopplerfactor

Themeanvelocity bs of thehardgsourcecanbe,thus,extracted tting theformula
(3.7)to thelaboratoryangulardistribution ( g. 3.4).

. Cross-sectiongnd multiplicities : Hard-photoncross-sectionarefoundto scale

with the averagenumberof NN collisions, Ny, , in the overlappingvolume be-
tweenthetwo colliding ionsfollowing the simplerelation[Nife85]:

Sg SRMg SRPg an b (38)

wheresr is thetotal nuclearreactioncross-sectionylg the photonmultiplicity per
nuclearreaction,andPy the photonemissionprobability per pn collision. Expres-
sion(3.8) simply factorizeghe dependencef s g on theenegy andonthe number
of NN collisionsthroughthe parameterdly Mg Py Npnp andPy Py Kiap -
As experimentallyobsered, Py dependsonly on the (Coulomb-correctedpom-
bardingenegy K|ap, throughthe Eq parameteraccordingo [Polt95]( g. 3.5):

Py Poe ¥V B withp, 63 10 * (3.9)

This generaltrendof the hard-photoremissia probability perin-medum pn col-
lision as a function of the (Coulomb-correctedpeamenegy per nucleonin the
laboratorysystemKc. is reminiscenof the Ky, dependencef the elementarypng
cross-sectiolfsee g. 3 of Appendix2). Of coursethe obsenedremarkabledowvn-
wardsshift of thethresholdenegy for hard-photoremisson is dueto the coupling
of thenucleonFermimotioninsidethe projectileandtargetwith therelatve motion
of the colliding nuclei.

8We have malke useof the following CM-LAB transfamationformulas[Hage®4] for the png proess:

ds dE*dWap 1 Z ds dE{™dWem, ES™  Z EfP andsing$™ 1 Z sing® ,withZ gs1
bgcosq'gab .
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Figure 3.5: Deperdenceof the brems$rahlung photon production with respet to the (Coulomb-
corrected)beam enegy per nucleon measuedfor varioussysems.From[Polt95].
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Thenumberof pn collisionsaveragedverimpactparametgr Ny, , canbecalcu-
lated, in the framework of the “equal-participant’geometricaimodel[Nife85], as
thenumberof pn pairspresentn theregion of (static)geometricabverlapbetween
targetandprojectilenuclei:

ZoNe  ZIN,
N A o e e 3.10
pn b part ApAt ( )
23 23
. 5 A
with Apart  Ap A1‘ — (3.11)
5A ° Ap° 2

Thesecondactorin eq. (3.10)corvertsthe numberof nucleonparticipants Apart,
into thenumberof proton-neutroreollisions,Npn.

It hasto be notedthat the smallnessof the hard-photorcross-sectionsompared
with thenuclearreactiononesMg g, sovev  Sg SR 10 * 10 3, rendersits
detectionanexperimenal challenge.

4. Impact-parameter dependence The hard-photormultiplicity increasesvith the
centrality of the reaction(saturatingat the maximumnuclearoverlap) dueto the
increasechumberof pn collisionsfor decreasingmpact-parameterThe inverse
slopesof the enegy spectrabecome thus, larger whengoing from peripheralto
central collisions [Hing87, Lamp88,Kwat88 Sobo91 Ries92,Rep092,Mart94,
Schu9T re ecting both the lower density(i.e. the smallerFermi momena) near
thenuclearsurface,in the caseof peripheralkollisions andthemodi cation of the
intrinsic momentaof the participantucleongluringthecompressiophasefor the
centralones[Mart94]. Accordingto the equal-participangieometricaimodel,for a
projectilenucleus(A, Z,) bombardingatargetnucleugA; Z;) atimpactparameter
b, onecanextendexpressims (3.10)and(3.11)to take into accounthe numberof
participantnucleonsnsidetheoverlappingzonebetweemrojectileandtargetfor a
givenimpact-parametgrg. 3.6):

ZpNe  ZNp

Npn b Apart b ApA

(3.12)
wherenow Apart is assessedccordingo:

1 1
Apart 57Ap 2 3cosgp cosqp 772 3cosy cosq  (3.13)

2
with cosgpt %’;&R‘Zp andRpr 1 15A%,t3

Sucha dependencef the numberof pn collisions Npn, on the impactparameterb,
canbeseenn g. 3.7.

Thebulk of experimentalesultscollectedin the“systematics’areconsistentvith the
assumpbn thatphotonsabose 30 MeV mainly originatefrom theincoherensummaton
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Figure 3.6: De nitions of the geometical parameers usal in the “equal participant modef.

From[Schu97].
g T T T T T | T T T | .I T I. | T T T
Zz 30 - ® BUU simulations -
L e geometrical model |
20 —
10 —
O 1 1

Figure 3.7: Variation of the numberof proton-neuron collisions Ny, with theimpad parameer,
b, calcuatedusing eq. (3.12)for the sysemP®Kr+ 58Ni. Dotsrepresant the numberof
r st chancepn collisionscalculatedwith a BUU model.From[Schu97.
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of individual proton-neutrorbremsstrahing collisions producedin the rst encounter
betweera nucleonfrom the projectileandanucleonfrom thetargetwithin the participant
overlappingzoneof the colliding nuclei.

3.2.2 Theoretical models

Parallelto the experimenal efforts, the determinatio of the exactorigin of hardphotons
(Eg 30 MeV) producedn nucleus-nucleusollisions hasbeenalsothe subjectof an
intensve theoreticaltudyduringthelast15years.All proposednodelsfor hard-photon
productionin heavy-ion reactionscanbeclassi edin two maingroups:

1. Incoherent png bremsstrahlung models Hard-photonproductionis assumedo
arisefrom the incoherentsumnation of individual proton-neuton collisions (ppg
bremsstrahinghasbeenexperimenally [Koeh67 Edgi6g andtheoreticallyfNife85,
Nife90] found out to be one order of magnitudeinferior in this incident-enegy
regime). Under this assumptia, two typesof theoreticalapproachedave been
proposedo explain Bremsstrahlungphotonproduction eitherdynamicalor ther
mal models. Both typesof approachesave to include necessarilythe following
two ingredients:

Theelementarydoubledifferentialpngbremsstrahlugicross-sectior?s dEgdW.
Sincethis cross-sectiofis only very barelyknown experimentaV, it hasbeen
estimatedheoreticallyusingseveral approacheg¢seeAppendix2): classical
electrodynamicsapproximatbn (usede.g. in the works of refs. [Baue86,
Bert88,Khoa9l Wang94]),detailedbalanceof the reversedeuteronphoto-
disintggrationgd  pnprocesgPraka88Herr88],modi ed classicabpprox-
imationsto take into accountexchangecurrents[Pins89,Gan94,Russo94

and potential-[Naka89] or covariant- modelscalculations[Niit88, Biro87,
Scha9l].

The nucleon phase-spacdlistrib ution: The phase-spacdistribution of the
colliding nucleonghasto containtypical quantaleffectslik e the Fermimotion
andthePauli blocking. Theevolution of this phase-spacdistribution is either
governedby thereactiondynamicsjn thecaseof dynamicaimodels or areal-
isticansatof thethermodymamicalstateof thesystematthemomentf hardg
emissiorhasto beassumedh thecaseof thermalmodels.Ontheonehand,in

thepuredynamicaldescriptia, thenucleon-nucleoollision historyhasbeen
determinedwithin a Boltzmannmasterequationapproach[Rem86], BUU

[Baue86 Cass90Gan94],BNV [Russ094],QMD [Ohts9Q Khoa91,Li92],

ClassicalMolecular Dynamics(CMD) [Heue88], Nucleon-Exchangérans-
port model[Rand88§, or “DubnaCascadévodel” (DCM) [Gudi96 Gudi9g.

Thermal models[Nife85, Stev86, Neuh87 Bona88,AIm95], on the other
hand,have consideredisuallythe formationof a expandirg “ reball” of col-
liding nucleonswith a certainFermidistribution andtemperature.

2. Coherentor Collective Bremsstrahlung models.In suchapproachegheorigin of
hard-photonss assumedo beacoherenphenomenomvolving more thantwo sin-
gle colliding nucleons As a matterof fact,suchkind of bremsstrahlung assumed
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to play animportantrolein few-bodysystemgBaye85 Knol93, Baye92]likea p
ora areaction$. In heary-ion reactiongwo typesof collective approachebave
beenproposed:

Coherent nucleus-rucleusbremsstrahlungRadiationis emittedcollectively
by the mutual deceleratiorof the colliding nucleiin the nuclearmean eld
[Vasa85Vasa86 Stah87 Heue88Koch9(Q Eich97].

Cooperative bremsstrahlng of (virtual) clusters of nucleonswithin the col-
liding nuclei[Shya86 Wang94].

The theoreticalinterpretationhowever, hasnot alwaysbeenso clearcut anda com-
bination of a dynamical+tlermal[Nife85] mechanisma dynamical+cluter [Wang94]or
amixtureof incoherentindcoherentadiation[Stah87]contritutionshave alsobeenpro-
posed.

Nonethelessaccordingto the experimenal resultscollectedfrom 1985to 1995, in

rst approximationthe mostsuccessfutheoreticalmodelshave beenthosewnhich con-

sidera pure rst-chanceincoherentucleon-nucleorremsstrahlungicture sincesuch
assumgpon is globally consistentvith thecharacteristicef theexperimentakystenatics.
We will see,however, in the next Sectionthatit hasrecentlybecomeincreasinglyclear
thatthis scenarids too simple.

9Cohereh bremsstralung hasbeenactually recentlyobsered in the radiationemittedin thea p
reactionat 50A MeV [Hoef99, Hoef0(.
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3.3 Newexpeaimental resultsof hard-photon production:
Thermal hard-photons

Theexperimentahard-photorsystematicsletailedin Section3.2wasmainly established
from measurementasing modestdetectionsystemsusually with a ratherpoor enegy
resolution and/orin a narrav enepgy range,as well aswith a limited solid angle cov-
erage. In the recentyears,the developmentof a second-generatioaf preciseelectro-
magneticcalorimeterssuchas TAPS [Novo9]] (or MEDEA [Mign92]), with large solid
angle,high granularityandeffective enepgy resoluton, coupledto chaged-particlemul-
tidetectorshasproducedanimportantamountof inclusive andexclusive higherquality
andhigh-statsticsdataconcerningohotonproductionin severalnucleamreactionsatinter-
mediateenegies. Thesenew measurementsave alloweda moredetailedanalysisof the
hard-photorenegy spectrumn a wide enegetic range,aswell asthe studyof angular
distributions,andtwo-photonintensiy interferencepatterndor differentprojectile-taget
combinatons. This studieshave broughtto light new aspectof hardphotonproduction
in heavy-ion reaction$?.

In particular thosedetectorsallowedfor the rst time:

Theexclusive measuremendf hard-photorenegy spectran theirwidestrange(30
MeV Eg 300MeV)evenaborethe“kinematicallimit” given by equation(3.2).

The useof the intensity(HBT) photonphotoninterferometrytechniqueto getin-
formationon the dynamcal space-timextentof the emittingsource.

Thesenew possililities leadto novel experimentalobsenationsin the 1992 TAPS cam-
paignat GANIL for the systems%Kr+°8Ni at 60A MeV, ¥1Ta+%’Au at 40A MeV and
208pp+197Au at 30A MeV [Mart95, Marq9g, and 36Ar+197Au at 95A MeV [Schu94],
which deviatedfrom the systematis known sofar. The mostinteresting ndings canbe
sumnarizedas:

The low-enegy partof the hard-photorspectrashaved a deviation from the pure
exponenial shapeobsenredfor thehigherenegy (E;  60MeV) photongroduced
in promptbremsstrahlng pn collisions(g. 3.8). An enhancementf low enegy
bremsstrahing photonswith a steepeislopewas apparenin the region 30 MeV

Egy 60 MeV for the systems®®Kr+°8Ni at 60A MeV, ¥1Ta+%7Au at 39.5A
MeV and?%8Pb+97Au at 29.5A MeV. Therefore,the whole hard-photonenegy
spectracould only be interpretedasthe resultof the sumof two exponental dis-
tributions with differentslopeparametersThe existenceof a secondexponenial
componenwith slopeparametesmallerthanthe“conventional directcomponent
(dueto rst-chancepn collisionsandfollowing the systenaticsgivenby eq. (3.4));
wasinterpretedMart95] asanevidencefor the existenceof anadditionalemisson
of bremsstrahlug photors from secondanNN collisionsin a later stageof there-
actionwherelessenepy is available.

10Thesenew resultscanbefound reviewedin the pape of Schutzetal. [Schud].
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Figure 3.8: Hard phota spedra for the systemsa) 8Kr+%8Ni at 60A Me\, b) 181Ta+1°%7Au at
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39.5AMeV, and c) 2%8Ppb+1%7Au at 29.5AMeV measued in the TAPScampagn at
GANILin 1992 Thedeviation fromthe pure singe exponenial behaviour is appar-
entfor all systensin the region of hard-phobn enagiesg; 30 - 60 MeV. From
[Schu97.

The presencen the photonspectrumof two exponental distributions had been
overlookedsofar becaus®f theexperimentalimitationswhichrestrictedhemea-
suremenf photonspectraonly to a too narrov enegy domain. Thereare only
two exceptionswherethe photonspectrumhad beenmeasuredip to ratherhigh
enegies: Eg = 120MeV (*N+2%8Pbat 40A MeV) [Stev86] (g. 3.9)andEq = 160
MeV (**N+197Ag at 35A MeV) [Luke93 (g. 3.10). In both measurementshe
two exponenial componentareclearly visible. In the rst experiment,datawere
comparedto calculationsconsideringpn bremsstrahlungrom a thermalsource.
Thesecalculationscorrectly reproducedhe low enegy part of the spectrumbut
underpredictethehighenegy part. In thesecondexperimentanextendedversion
of the nucleon-&changetransportmodel [Rand88]was used. It reproducedhe
high-enegy partof the photonspectrumbut failedto reproducehelow-enegy en-
hancementTheexcessroductionwasthententatvely attributedto GDR photans.

A reductionof the velocity of the hard-photonsourcebs was obsered for the
36Ar+197Au systemat 95A MeV with respecto thevaluepredictedfor anemisson

from the nucleon-nucleorCM frame (i.e. bs  bnn), exceptfor very peripheral
reactions The muchlighter 26Ar+12C systemstudiedin parallelshoved, however,

abgvaluefully consistentvith thepictureof hardphotonproductionin rst-chance
pncollisions(bs  bnn). Thissystem-sizendimpact-parametetependencef bs

wasexplainedby the contribution of a secondyeneratiorof photasin alaterstage
of thecollision wherea stoppng andthermalizatiorprocessvaspresenteadingto

alowering of theaverage velocity of the sourceof photongdSchu94].
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Figure 3.9: Inclusive hard phota sped¢rum measuedat g = 90 for the system$*N+2%8Pp and
14N+12C at beamenenies of 40A (squares), 30A (circle), and 20A (diamord) MeV
[StevB86]. Theoetical curves are those of a themmal bremsstahlungmodel.
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Figure 3.10: Inclusive hard phaton spectrum measued at g = 90 for the systen 1*N+108Ag
[LukeS3]. Thesolid line istheresultofa t to two exponentals. Thedashel andthe
dotted linesare the comporntsof the t.
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A depletionof the two-photoncorrelationfunctionC12 Qi With respectto the
predictionsof hard photonemissionfrom a single sourcewas also measuredor
the system<$%Kr+%8Ni at 60A MeV and®1Ta+°’Au at 39.5A MeV. Theintensty
interferometrytechniquegHBT analysis)of the photon-plotoncorrelationfunction
wasfoundto becompatibé with the existenceof two differenthardphotonsources.
Indeed,the measureghapeof C1» Qi for thetwo systens (g. 3.11)wasbest
explainedassumingheexistenceof two distinctsourcesor hardphotonproduction
separatedh spaceandtime [Marq95,Marg97].

o
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Figure 3.11: Experimetal g-g correlation functon, Gi» Qi , for 8Kr+58Ni at 60A MeV (right

52

side)and for 181Ta+1%7Au at 39.5AMeV (left side) compaedto calcuations based
on MonteCarlo samplirg for onesource (dottedline), two sources(dashedine) and
two sourcesof which oneis fragmentedsolid line). From[Schu97].
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3.4 Goalsof the expaiment. Motivation of the thesis

Photons geitherradiatedor scatteredhave remainedone of the mosteffective probesof

every kind of terrestrialor celestialmatterover the ages.Photonsproducedn nucleus-
nucleusinteractionscarry information aboutthe conditionsof the matterfrom which

they were emittedmappingout the entire histay of the reaction. Interestingly photons
of increasingenegies areradiatedat correspondingl earliertimes. In heavy-ion colli-

sionsat intermedate bombardig enegies, hard-photonsvith Eg = 30 - 200 MeV have
beencorventiorally interpretedsolely asissuirg from the bremsstrahlng scatteringof

the protonsagainstneutronswithin the rst 50 fm/c of the reaction. Suchprompthard-
photors thusprovide interestinginformationabouttwo-body(nucleon-nucleonglissipa-
tion effectsin the compressedndnon-equilbratedinitial phaseof the reaction[Mart95,

Marq95 Polt95 Pol96,Schu96 Schu97].GDR-photonsywith lower enegies,Eg  10-

20 MeV, signalthe onsetof mean- eld driven collective excitationsof the nuclearfrag-

mentspresentaitthe nal deexcitationphaseof thereaction(t 200fm/c) andconstiute
alsoefcient probesof the one-body(mean- eld) disspationmechanisra prevailing at
thattime. It is well establishedhat, the temporalregion in betweerthosetwo emissims
(50fm/c t 200fm/c) correspondso thetime wherethe fragmentatiorof the excited
nuclearsystemgroduceduringthe rst stageof thereactiontakesplace.

During the last5 years,it hasbeenexperimentaly demonstratedhat the productionof
hard-photongxclusively in termsof pre-equilibriumnucleon-nucleorollisionsneeded
to bereconsideredndthattheexistenceof abremsstrahlungmissioncomponenof ther
mal origin could not be completelyignored[Mart95, Marg95,Schu96,Schu97].Indeed,
it hasbeenobseredthatfor large nuclearsystemsnuclearbremsstrahlug continueso
be emittedbeyond rst-chancecollisions This second-chancbremsstrahing produc-
tion shavs up, with a steepeslope moreintenselyin theregion Eg = 30- 60 MeV of the
hard-photorspectrg g. 3.12),suggestingnemissia from laterreactiontimeswhenthe
initial kinetic enegy hasbeenmostly redistritutedover theintrinsic degreesof freedom
but hasnotstill beencompletelydampednto morecollective (oscillatory) degreesof free-
dom. Suchhard-photonsiencemaybecomervaluableprobesof theinstans wherenuclear
multfragmentationoccurs. Indeed,sincethis second-chancmcoherentremsstrahing
componente ects the nucleon-nucleoimteractionswvhich take placewithin the hot par
ticipantnuclearsystens producedduringthereaction they mayprovide ameasuref the
averagenumberof collisionseachnucleonsuffers during the cooling-davn phase.This
uniquefeatureof this secondradiationcomponentvould thereforeallow a quantiative
approactho the questim of thetime-scaleandthermalizatiorof the participantnucleons,
a prerequisiteo elucidatethe possibé connectionof multifragmentatiorto a liquid-gas
phasdransitionof nucleamatter

To con rm theexistenceof this seconcemisson of bremsstrahlng photonsandto try
to extractadditionalinformationon the time-scaleand on the thermodymmical stateof
thehotnuclearsystemgpresentt stagef thereactionwherefragmentformationis sup-
posedto take place,two campaignof the TAPS collaborationwere carriedout in 1997
and1998atthe KVI andGANIL facilities. Theseexperimentscoupledfor the rst time
aphotonspectrometewith differentchaged-particlanultidetectordor g-particlecoinci-
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Figure 3.12: Inclusive phoion spectum for the sygem?8Kr+58Ni at 60A MeV showingthe di-
rectandthermd bremsstahlung regionsaswell asthe low-enegy statidical (GDR
anddiscrete-stde gammadecay one Theapproximative timesof emissim of these
differenttypesof photmsare alsoindicated.
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dentdetectionover 4p. The heary-ion reactionsstudiedat KVI are 36Ar+197Au, 107Ag,
58Ni, 12C at 60A MeV bombardingenegy. The main goal of this thesisconsistsin the
analysisandinterpretationof the inclusive and exclusive datacollectedduring this rst
KVI campaignSuchinvestigationof thecollective propertieof nucleamatterattemper
aturesanddensitiesaway from the saturatiorvaluesusinghard-photongsexperimental
probesaddressethe mainfollowing points:

Is thermodynamicagquilibrium attained?

If so,whatis thetemperatur®f the excitednuclearsystemsproduced?
Whatis thedensityof the systens at freeze-ou?

Whatis thetime-scaleof nuclearbreak-up?

Is multifragmentatiora signalof the nuclearliquid-gas phase-transitin dueto the
passagef the systemthroughthe low-dengty spinodal region ? or is it just a
sequentiaslower process?
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The study of photors, producedn heary-ion collisionsat intermediatedoombarding
enegies,over a wide spectraldomainfrom low enepy statisticalgamna-rays(Eg 10
MeV) upto very enegetic hard-photon£E3“aX 200MeV), in coincidencewith chaged
particlesandnuclearfragmentsrequiregheconcurrentiseof aphotonspectrometewith
awide dynamicrangein enegy, togethemwith a LCP andIMF detectorsystemcovering
alargefractionof theavailablephase-spacd.eadby sucha considerationywe combined
theTwo Arm PhotonSpectrometefTAPS)with two chaiged-particlenultidetectorsThe

rst one,the Dwarf-Bdl (DB) from Washingtoriniversity at St Louis (USA), wasdedi-
catedto thedetectiorof light-chaged-particle§LCPs)andintermediate-masagments
(IMFs) emitiedin the azimuthalhemispheraroundthe target. The secondone,the For-
wardWall (FW) from theKVI laboratoryat GroningenNetherlands)measuredhe LCPs
andIMFs emittedin theforwarddirection.In thisway we assembled completemultide-
tectorsystemconsistirg of asmuchas540individual detectormodulesresultingin more
than2000readoutelectronicchannels.Theresponsef thosethreedetectionsystens to
impinging nuclearparticlesdependson the scintillation propertiesof the differentmate-
rials compo#g the detectoramodules. Thesepropertiesand materialsare describedn
detailin Appendix1.

The objectve of the presentexperimentwas the inclusive and exclusive study of four
differentnuclearreactionsinvolving target nuclei of variousmassesnd a unique 36Ar
beamat 60A MeV: 1°7Au(3°Ar,gX, Ag(®®Ar,gX, Ni(3®Ar,g)X, and C(*Ar,g)X. Only
the rst reaction,36Ar+1°7Au, was measuredxploiting the whole experimentalsetup
(TAPS+DB+FW)with a limited beamintensity A reducedsetup(TAPS+FW)enabling
highercounting-ratesvasusedto measurehe four reactions. The experimentwas ref-
erencedby the KVI ProgrammeAdvisory Committeeas “PAC #R2: Thermal hard-
photors” andused37 shifts(14 days)of beam-tine during OctoberandNovember1997.

In the rst part of this chapterthe acceleréor and the characteristicof the different
reactionsare outlined. In a secondpart, | will describeeachsubdetectosystem their
associate@lectronicsandtheir particleidenti cation properties.Finally, an overview of
the dataacquisitionsystemandthe trigger logics will be givenin the third part of this
chapter

4.1 Detecta overview

Theoverall detectodayoutof this experimentis shavnin g. 4.1,asdesignedvithin the
GEANT-basedsimulaton packageKANE (seeSection5.1),andin thepictureof g. 4.2.
The photon-detectosystemwasthe TAPS electromagnetic-spectrometdt comprised
384 BaF, scintillation modulesassembledh a six-block con guration(seeg. 4.1)and
positonedaroundthetargetto cover a solid angleof about15% of 4p. The detectowas
optimizedfor photondetectionin therange5 MeV  Eg  300MeV. Two phoswtch mul-
tidetectorsmeasuredndofferedthe possbility of identifying isotoptcally the produced
LCPs(p, d, t, 3He,a) andIMFs (3 Z 10). The“Dwarf-Ball” [Stra9q, comprishg
64 BC400-Csl(Tl)phoswichtelescopegpositimedbetweerpolarangles32 g 168

andthe full azimuthalangle,covereda continuoussolid anglecloseto 76% of 4p. The
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“ForwardWall” hodoscopéglLeeg9Z consisedof 92 NE102A-NE115DE E phoswich
detectorgositionedin theforwarddirectionto covertheangularange25 q 215
and25 f 215 with ageometricahcceptanceloseto 4% of 4p.

TAPS blocks

Figure4.1: Layou of TAPS Dwarf-Ball and Forward Wall multidetectas aspicturedby GEANT.
The Ar beamentes the setyp diagonally from the uppe right part of the gure.
TheCarbon-ber scatering chamberin which the Dwarf-Ball is located and which
matdes the front part of the Forward Wall, is not shown.

Theoveralldetectoisystemcovered nally morethan80%of 4p for particledetection
and15%for photon.

4.2 AGOR acceleator

The experimentwascarriedout at the “K ernfysischVernsnellednstituut” (KVI) labora-
tory locatedat Groningenin The Netherlands.The beamwasdeliveredby the French-
DutchAGOR! superconductatyclotron. Thedetectionsystemwassetup insidecave A,
attheendof theso-called’p-line” (g. 4.3). TagetandDB wereinstalledinsidealarge
Carbon- berscatteringchambefHoef99]. Thesix TAPSblockssurroundedhechamber
andthe FW waspositioredin placeof thecustomaryinstalledKVI' s SALAD detector
The AGORcyclotron( g. 4.4)hasbeenconstructectOrsayin acollaboratve effort
of the“Institut de Physiqie Nucléaire” IPN-OrsayandKVI laboratorieslt wasdesigned
[Schreu98fsacompactiripolar superconductingyclotron( g. 4.5)with bendinglimit
K =600MeV, for theacceler#ion of proton,light andheary ions. Protonsanddeuterons
can be acceleratedip to 200 MeV, light ions with chage-to-masgatio Q A = 0.5up

LAccéléerateurGronirgen-Osay

59



Experimenal setup 60

Figure 4.2: Photgyraphyof theexperimentl setup.Thebeampipeenteisthesetupfromtheright,
andthebacksids of 3 out of the 6 TAPSblodks are seen.

to 100A MeV, andheary-ionswith lower Q A, up to a maximum enegy of 600 Q2 A2

(AMeV) (g. 4.6). The rst beamat KVI, a 200 MeV alphabeam,was successfully
extractedon Januaryl996. Themainparametersf thecyclotronaresumnarizedin table
4.1.

4.3 Argonbeam

The beamdeliveredfor this experimentwasa 60A MeV 36Arl4  beamextractedfor the
rst timein October97 right beforethe scheduledstartof the experiment. This wasthe
rst AGORbeamwith atotal enegy of morethan2 GeV. During the 14 daysof running

timethemeantransmisin of thebeamthroughthecyclotron(from 250to 910 mmradii)

was 80%, with a 95% meanextractionef ciency anda 10% injectionef ciency. Argon
noblegasis, actually oneof the easieselementdo be acceleatedin cyclotronsandour
experimentwasthe rst to useaheavy-ion (Z 2) beamatKVI. The characteristicef
thebeamaresumnarizedin table4.2.

The differentbeamintensitesusedduring the experiment,from a minimum 1.5 nA

to a maximum12.5nA, were monitoredinstantanecsly by measuringhe currentin a
Faradaycuplocatedat the endof the p-ling, 5 metersaway from thereactionchamber

4.4 Carbon-Fiber reactionchambe

The Argonbeamextractedfrom the cyclotronwasconductedhroughthe beam-pipeand
focusedonaspotlocatedn cave A. ThescatteringchambefHoef99] madeoutof carbon-
ber, containedhetargetholderandthe Dwarf-Ball multidetectorsystem both x edto
thechamberstoplid. Downsteamthe chambelatrumpet-shapedxtenson matchedhe
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Figure 4.3: Floor plan of the KVI facility at Groningen, TheNetherlands.
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Figure 4.4: Picture of AGORcyclaron.

Figure 4.5: Photgraphyof AGORspiral “Dees”.
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Figure 4.6: Opemating diagram (enegy versus charge-to-mas ratio) for AGOR indicatedby the
(red) solid lines. The (yellow) circlesrepresentthe beamswhich have beenaccder-

ated sofar. Adaptal from[KVI95b].

Table 4.1: AGORcycldron specicatio ns.

bendinglimit K 600MeV
focusinglimit Ky, 200MeV
polediameter 1.88m
numberof sectors 3

R 0.30m: nospiral
spiralcoefcient R =0.70m: 18 mrad/cm
R =0.88m: 43mrad/cm

minimumbhill gap 7cm
maximumvalley gap 168cm
maximumcurrentdensity Coil 1: 4271A/cm?
Coil 2: 3270A/cm?
rangeof centralmagneticeld 1.70- 4.01T
numberof trim coils 15
maximumcurrentin trim coils 500A
RF frequeng range 24 - 62MHz
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Table 4.2: Characteristics of the Argon beamusedin the experiment.

Ap 36

Zp 18

lon's chage state +14
Enegy (A MeV) 60
vp(cm/ns) 10.3(b =0.36)
Cyclotronfrequeny RF 37.1MHz (26.9ns)
Intensity(nA) 15 125
Nuclei/s(Hz) 0.710°-5.610°
Nuclei/bunch(12 part./nA) 18 150
Bunchwidth (mm) 1 (FWHM)

openingangleof the Forward Wall front surface. Particlesthustraveledin vacuumfrom

the target to both particle detectors.The carbonchambethad a diameterof 70 cm and
a heightof 50cm (g. 4.7). It thuscoveredthe azimuthalanglesviewed by the TAPS
blockspositinedat a distanceof 30 cm from thechambemvall. Thewallswere3.75mm

thick. Usingalow Z materialsuchas carbonreducedthe electron-positrorconversion
probabilty of incident photons which scalesas Z?2, inside the walls of the scattering
chambet. Duringtheexperimentavacuumof 10 4 mbarwasreachedvithin 3 - 4 hours,
andthe bestmeasuredacuumwasof theorderof 10 ° mbar

Figure 4.7: Photayraphsof the Carbon ber scatering chambe usedfor TAPSexperimentsat
KVI [Hoef99].

2The pair procuction protability of a 10 (100) MeV phdon traversing4 mm of carba is only of 0.4%
(1.1%).

64



65 Experimentaketup

4,5 Targes

One of the main goalsof the experimentwasto comparethe dependencef the hard-
photonspectrumandyield on the size and excitation enegy of the nuclearsystem(s)
formedduringthe collision. For thatpurposefour differentisotopes: 1°“Au, 197Ag, %8Ni
and!2C; spanninga wide rangeof nuclearmassesfrom 179down to 12, andleadingto
maximum enepiesin the nucleus-nucleu€M in therange7A MeV - 13A MeV (seeTa-
ble 4.4),wereusedastamgets.Theselectiorof asymmetrigrojectile-tagetcombinatims
allowedto distinguishbetweerthevelocitesof the nucleus-nucleuandnucleon-nucleon
centerof-massin orderto localizethe photonsourcethroughDopplershift analysis(see
section6.2). The mostintensiely studiedsystemwasthe heaviest 38Ar+197Au reaction,
wherethe directkinematicsspreadghe emissionof the reactionproductsover the wide
angularangecoveredby the Dwarf-Ball andthe Forward Wall chaged-particlenultide-
tectors.

Sincethe hard-photorproductionrateis directly proportionalto the numberof nu-
clearinteractionperpulse,Pnt  Nreac RF, it straightforvardly dependonthe number
of incidentAr projectiles,Ninc, andon the densityof nucleiin the target, Ny 2. We,
thus,adjustedhe beamintensty andthe differenttargetthicknesssothatthetotal accu-
mulatedhard-photommultiplicity remainedstatistcally signi cant for all targets. These
two parametersrerelatedmakinguseof thefollowing expressions:

Nreac Pt
SR 4.1
I\|in(: NaI cn? RF I\|inc Nav At dt ( )
lbeam Qt Ninc Qp Qe RF (4.2)

wheresr is thetotal reactioncross-sectiofior eachprojectile-tagetcombinaton, Nay
the AvogadroconstantA; the targetatomic number d; the targetthickness(in mg/cn¥),
RF the cyclotronradiofrequeng (in s 1) , Qp = 14theArgonion chage state,and Qe
theelectronchage magnitue. Fromeqs.(4.1)and(4.2) we obtain:

lbeam
Pint Qb Qe SR Nav A (4.3)
Hence,for a given nuclearreactionthe combinaton (Ipeam 0t) determinesuniquely
thenuclearinteractionrate P,;. Two experimentakrequirementgonstrainthowever, this
quantiyy and,thus,boththe maxinum possibé beamintensiy andtargetthickness On
the oneside, the intensiyy mustbe limited to minimize the pileup probability (which is
proportioral to Pi%t) in theindividual chagedparticledetectors On the otherside,target
thicknessesnustbe kept of the orderof a few mg/cn?, i.e. to afew 0.01%nuclear
interactionlengths,to preventsigni cant contamiration of the experimentaldataby sec-
ondaryreaction$.
While the whole setupTAPS+DB+FWwasin operation,the intensity was constrained

3Thinrer tamgets have alsoa lower absoption of low-enegy particles,andhelpto keepthee e con-
version probability of producedphotmsinsidethetargetat absolutelymarginal values.
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Table 4.3: Characteristics of the differenttargets andtotal estimatedcouning ratesfor thediffer-
entreacionsfor the selecedtarget thickness- beamintensity combirations.

Talget 197Au 197AU 108Ag 58Ni 12C
A 197 197 108 58 12
Zy 79 79 47 28 6
Thicknesgmg/cn?) 1.0 7.5 7.0 6.6 18.0
Density(g/cn?) 19.32  19.32 1050 8.90 2.25
Aerial surface(10%° at./cn?) 0.3 2.3 5.9 7.1 90.4
(Nuclear)int. length(g/cn?) 190.0 190.0 163.0 130.0 86.3
Ar+X reactioncross-sectioimb) 4600 4600 3850 3240 2240
Ar beamintensity(nAe) 3.0 12.5 8.0 8.0 15
Part./pulsd12 part./nA] 36 150 96 96 18
Pnt (reac./pulse) 0.0005 0.0156 0.0142 0.0206 0.0355
Nuclearreactionrates(Hz) 18.510° 58010° 52510° 76010° 1.321C°

by the maximum allowed individual countirg rate of 10* Hz imposged in the mostfor-
ward Dwarf-Ball modules.This maximum numberof detectedparticlesper secondcor-
respondso aninteractionprobability perbeampulseof 5 10 4 whichwasachiezedwith
an Ar-beamintensty of 3 nA and1 mg/cn? thick Au tamget. In the absencef the DB
multidetector the intensityand/orthe target thicknesswvereincreasedo achievze a mean
numberof interactionsper pulsealmosttwo ordersof magnitudelarger (Pt  1.5%-
3.5%). In thatcase thelimiting factorwasnot anymorethe maximumcountirg rateal-
lowed to avoid randomcoincidencesn a single detectoy but the maximumtaping rate
(2000 evts/9 of the dataacquisiton system(seesection4.9.1). In table 4.3 are listed
severalcharacteristicef the usedtargetsandthe calculatedeactionrates.
Thetargetsweremountedon a movable ladderattachedo the chambers top lid, and
connectedo a steppingmotor remotelycontrolled. The targetholderwasequippedwith
4 placementf surface2 2 cn? andan emptyframe. The empty frame was usedto
verify thealignmentof thebeam to counttheresidualnoiseandto comparehe valuesof
thechagescollectedin the Faradaycupwith andwithouttarget*.

In table4.4 the signicant reactionpropertieor the four heary-ion systemscomputed
with theformulassummarizedn Appendix4, aredetailed.

4Fromthiscompaison,we deduce thatthe nal Argon beamarriving attheFaradaycupaftertraversirg
thetargetsconsistedf fully strippedAr'® ionsandnottheoriginal Ar'4 beam.

5The beamkinetic enegy K)a» = 60A MeV hasbeencorrectedto take into account the averag enegy
lossof the Argon projediles insidethe differenttargetthicknessbefae undegoing a nuclear reactionwith
thetargetnuclei: K%'  Kan  Kioss - Thevaluesof thesemeanenepy losseshave beencalculatedvith
therelationgivenby [Hub9] andvaryfrom Kjqss =0.78A MeV for thethickestC targetto Kjgss =0.17A
MeV for the Au tame.
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Table 4.4: Propaties of the reactilns Ar+X (X = °7Au, 197Ag, 8Ni, 12C) at Kap= 60A MeV,
compuedwith theformulas listedin Appendx 4.

Readion SOAr+197Aau  SOAr+198ag  SOAr+58Ni  SOAr+1oC
sr (Mb) 4600 3850 3240 2240
K™ (AMeV) 59.8 59.8 59.8 59.2
Ve (AMeV) 4.5 3.0 2.0 0.5
K"F%b (AMeV) 55.3 56.8 57.8 58.7
KE (GeV) 1.99 2.05 2.08 2.11
KED (AMeV) 7.1 10.6 13.4 11.0
KEN (GeV) 1.66 1.53 1.27 0.53
bheam 0.35 0.355 0.36 0.36
baa 0.054 0.087 0.132 0.26
b 0.175 0.178 0.18 0.18
At 233 144 94 48
u 30.4 27.0 22.2 9.0
Rint (fm) 12.6 11.4 10.3 8.5
g 4.6 3.2 2.2 1.1
a5 5.3 4.0 3.0 1.9
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4.6 TAPSelectromagneticcalorimeter

4.6.1 Main characteristics

The Two-Arm-Photon-Spectrometé&lAPS is a high granularity and large solid-angle
electromagneticalorimetercomposecdhowadaysof morethan400inorganicscintillating
crystals.lt wasdesignedo detectphotonsandneutralmesons-thelatterbeingidentied
by the invariant-masgeconstructedrom their 2 or 3 photondecaymodes-,in a wide
enegy domainrangingfrom 1 MeV to 10 GeV. TAPS was built by a collaborationof

ve Europeariaboratoriesandhasbeenexploited at variousfacilities (SIS GSl at Darm-
stadt,GANIL atCaenMAMI atMainz, SPSat CERN,andAGORatKVI) to performa
broadresearb programmen heavy-ion andphotonucleaphysics(for areview of TAPS
physcs seee.g. [Stro96] and[TAPS97]), aiming at the study of variousregionsof the
phasealiagramfor nucleamatter( g. 1.4). Theelementarynoduk of TAPSis anhexag-
onalBaF,-crystalequippedvith a NE102A plasticscintilator vetoposiionedat its front
side(g. 4.8).

Quartz window

Back BaF,

Front BaF 3

Figure 4.8: Drawing of the basicdetection elementin TAPS: A hexagonal Bak, modulewith its
asciated CP\tdetector

TAPS possessethe following outstandingoroperties:

1. A goodenergy resolution over a wide dynamicrangeis the main characteristics
soughtfor ary electromagneticalorimeter This is achiezed for TAPS through
the selectionof BaF, crystal scintillatorswith appropriatedimensioms. The lon-
gitudinal dimensons of the TAPS modulesensurean optimumabsorptionof the
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electromagnetishaver generatedy photonswith enegiesin the interval from
roughlyl MeV upto 10GeV. Theachievedenepy resolutimsareof the orderof
DE E 217 E GeV 14%,

2. Accurate impact position measuementand,hence precisedeterminatiorof the
directionof the photons is requiredto determine on the onehand,the invariant-
masse®f neutralmesonswith high precisionand, on the otherhand,to allow a
properseparatiomf overlappingelectromagnetishovers. Thisis achiezedthrough
a high granularityof the spectrometeandwith moduksof trans\ersesize of the
orderof oneMoliereradius(seeAppendix1). This ne segmentaibn ensureslso
alow probabilty for multiple hitsin singlemodules.

3. An excellenttime resolution is necessaryto be able to separatgphotonsfrom
hadrons,andin particularneutronsthroughtime-of- ight (TOF) measurements.
Thefastesscintillationresponseamongall inorganiccrystals,is obtainedwith the
rst scintillation componenbf BaF,, yielding excellenttime resolutiors (200

ps).

4. Heavy-ion reactionsleadto high hadron-multplicities in the nal state. Thus,a
proper charged- versusneutral- particle discrimination is mandatory Since
BaF, crystalsalsorespondo chagedhadronsanadditional chaged-particleveto
(CPV) in front of every BaF, moduk permitssucha discrimiration on-line and
adequatelyle ne a phota trigger. Moreover, CPV information turnsoutto bethe
only way to discriminaterelatvistic electrondrom photasin off-line analysis.

5. Modularity is requiredto allow a e xible recon gurationof the spectrometeas
requestedy the speci ¢ needof differentexperimens or the constraintsencoun-
teredat variousfacilities. TAPSindividual modues have beenarrangedn several
experimenal con gurations: from block setupdispositons asusedin the present
experimentor in earlierexperimentsat GSI [Novo9l] and MAMI [Gabl94; to a
superclustersetupasusedatKVI (e.g.[Huis99) andat CERN(e.g.[Agak9§).

4.6.2 BaF; crystals

The 384 BaF, crystalsusedin the presentexperimentconstitue the centralassetf the
photonspectrometerTheir scintillation propertiesarethoroughy describedn Appendix
1. They are 25 cm long which correspondgo 12 radiationlengths(Xp[BaF;] = 2.05
cm). This length ensuresa signicant absorptionof the electromagnetishowver pro-
ducedby the incidentphotons(96% for 100 MeV photors and85%for 1 GeV photons)
[Gabl94 Marq95. EachBaF, hexagonalmodulehasan inscribedradiusof 2.95cm,
correspondingo 85% of the Moliereradius(r y[BaF,] = 3.4 cm). The hexagonalshape
maximzesthe numberof neighbourdo eachdetectorfor an easyreconstructiorof the
shawver. Therearendof thecrystalis cylindrically shapedver alengthof 2.5cmto per
mit an optimal couplingto a HamamatsiR2059-01photomutiplier tube (PMT). These
phototibes coveredwith a p-metalshield,aresensitve to the UV scintillaon light emit-
tedby theBaF, crystal.
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Figure 4.9: GEANT represenation of one TAPSblock compiising 8 8 BaF, crystals with their
respectiveNE102Avetodetector.

In the presenexperiment, we usedthe TAPS spectrometein a con guration consist-
ing of 6 blocks(suchastheoneshovnin g. 4.9),of 8 8 moduleseach,mountedin
six towers placedsymmetricallyin the horizontalplanearoundthe target (see g 4.1).
The polarangleswith respecto the beamlinedirectionandthe distancegrom the target
of eachblock arelisted in table 4.5. Within this con guration about15% of the solid
angleis coveredin a continuows rangeof polaranglesspannedetweerb7 and176 and
between 20 and 20 intheazimuthalregion. The high-wltagefor eachgroupof 64
modukswasdeliveredby asingle Lecroy 1440HV systenposiionednext to eachblock.
The high-wltagesettingsof the PMTs(in therange 1200to 2000V) werechoserto
selectfor eachindividual TAPS modulea dynamicrangebetweenl MeV andapproxi-
mately400MeV (equivalentphotonenegy). Thisrangeis adaptedo the enegiesof the
photors producedatthe 60A MeV bombardingenegy in the consideredeactions.

4.6.3 Charged-Farticle Vetoes

TheChaged-Rarticle Veto(CPV) systenconsiss of 384hexagonal 5-mmthick NE102A
polyvinyltoluene-basedcintillator plastics(seeAppendix 1). The diameterof the in-
scribedcircle is of 6.5 cm. Thesescintillators are individually placedin front of each
BaF, crystalin an one-to-onecorrespondenct associateachBaF, signalwith a co-
incident veto signal. Their scintillation light is collectedthroughperspa lightguides
coupledto Philips XP2972PMTs, the latterlocatedat the top andbottomof eachTAPS
block. The thicknessof the CPV, correspondingo 0.012 Xg (Xo[NE102A] = 43 cm),
wereselectecasa trade-of betweenow phota conversion(  2.5%)andsufcient en-
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Table 4.5: Positions of the 6 TAPSblocks for the KVI expeliment. Thedistancesand anges cor-
respndto the cente of the frontal sideof ead block.

TAPSBlock Tamet-blockdistancgcm] q[° f[9)

1 66 -716.5 O
2 66 -1165 O
3 66 -156.5 0
4 66 156.5 O
5 66 1165 O
6 66 765 0

ergy lossfor chagedparticles(i.e. almost100%ef ciency) [Rasc92]. Fig 4.10shows
the typical dimensims of a CPV moduk. In g. 4.9thearrangementf up to 3 levels
of CPV+lightguidedor one TAPS block canbe seenin front of the BaF, moduks. The
maingoalof the CPV wasto enrichcollecteddatawith neutralparticles.Thefastscintil-
lating signalof theNE102Aorganicplasticis, for thatpurposejncorporatedn thetrigger
de nition allowing for anon-linerejectionof chagedparticles.

NE102A perspex lightguide PMT XP2972
50 mm
38 mm I 27 mm / 29 mm
ke __:__ __II.__ ad
65 mm 180 - 530 mm 98 mm o

Figure 4.10: Typicd dimensons of a singe NE102ACPV module Thelightguide lengths vary
from 18 to 35 cmdepeming on the postion of the CPV modulein the block. From
[Ras97].

4.6.4 Photonidenti cation

Thescintillationlight of BaF, crystalsconsistof afast(t = 0.88ns)andaslow (t =0.63
ps) componentith very differentunderlyingluminiscencemechanismgseeAppendix
1). The fastcomponents quenchedwith increasingenegy lossdE dx of traversing
chagedparticles. Sincechagedhadronshave a higherionizationdensitythan(lighter)
electromagnetigarticles,they inducea lower contrikbution of the fast scintillating sig-
nal to the total light output( g. 4.11). The higher(lower) branchof this E, E, plot®

8In geneal, all throughaut this thesisl will usethe term(s)“narron” (“wide”) gateto referto the in-
tegraion of a “fast” (“slow”) scintillationdight compmnent,i.e. a compment having a “short” (“long”)
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correspondgo the phota (hadron)signal. The pulse-shapéactor de ned asthe ratio
PSA E, Ew allows, thus,for a discriminaton betweerhadronicand electromagnetic
particles(PSA = 1 for photors, electronsandmuons PSA = 0.7 for protonsand PSA

0.7 for heavier particles). Neutronsbelov 100 MeV, however, interactwithin the detec-
tor materialpredominary via (n,g)-reactiondMatu89 producinga high-enegy photon
signal. They canthereforeonly bedistinguishedrom photongsby time-of- ight measure-
ment.Incidentrelatiistic electrongandpositrons)arediscriminatedagainsiysvia CPV
information.
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Figure4.11: E, vs. E, for a single BaF, crysal [Schu97]. The upper branch correponds
to the detedion of phaonsand electrons (or high-enegy neutions) and the lower
oneto (low-enemy) neurons and LCP. Theintrinsic properties of the two differ-
ent scintillation comporents of the Bak, material allow to differentiate between
electomagnéic-like (mainly photons)and hadmnic-like (mainly protons)hitsin the
so-cdled “Pulse-StapeAnalysis (PSA) technique

Thedetailedprocedureemployedfor photonidenti cation with TAPSis developedin
Section5.4.

4.6.5 TAPSfront-endelectronics

In g. 4.12a sketchof the electronicsper BaFR,-CPV detectormoduk is shavn. Most
of the TAPS electronicsis installedin standardCAMAC’ crateslocatedin the experi-
mentalhall or in the countingroom. The differentmoduksusedaredescribedn table

decay

‘CAMAC (Compuer AutomatedMeasuremeinand Control) is an IEEE standardmodula system
widely usedin nudearandparticlephysicsfor dataacquisitionandcontiol. It contairs 3 essentiatompe
nents[Le092]: the“crate”, with 23 “slots” whereplug-in electronicanodulesof standardizeareinserted,
andthe“datavay’ or back-pane databus for modiles contiol and/orreadait by the cratecontrollerpro-
cessor
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4.6. The recordeddataper modulehave to be suitablefor (ulterior) photonidenti ca-

tion and clusterreconstruction.This is achieved in the off-line analysis,as mentioned
in theformer section by Pulse-Shape-Analys{®3A), aswell asTime-Of-Flight (TOF)

measuremerandChaged-Rarticle-\etoing(CPV). Thosethreetechniquesieterminghe
basicelementf the TAPS electronicssystem
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Figure4.12: Simpli ed TAPSelectonicsdiagramper BaR-CPVmoduk. Thedesciption of the
differentelectionicsmoduksis given in table 4.6.

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

The energy signal: Theoriginalanalogsignalis delayedb00nsby 50-Wcabledelayand
is thenfed into the Chage-to-DigitalCorverters(QDC) locatedin CAMAC crates
in thecountingroom50m away from theexperimentahall. If theeventis accepted,
the 12-bit QDC integratesthe signalover two time intervals: 50 ns (narrov gate)
and?2 ps (wide gate)to provide the chage correspondingo thetwo (fastandslow
respectrely) component®f the BaF, scintillation light.

The timing branch: A ConstanfractionDiscriminata (CFD)locatedagainatthebot-
tom part of the blocksto minimize the cablelengthsandthe deteriorationof the
timing performanceproducesa fastlogic pulseif the voltageof the PMT dynode
signalsurpassea programmablehreshold.In our case the equivaent photonen-
ergy thresholdvassetto 5 MeV, well above the noiselevel of thephotomutipliers.
Thislogic signalprovides,aftera500nslogic delay threeoutpus for:
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The stop signal of the Time-toDigital Cornverters(TDC) which have been
startedby a“commonstart” obtainedfrom a coincidenceébetweerthe acqui-
sition mastertriggerandthe RF signal.

The validation signalfor the generationyia the RDV “gate and delay gen-
erators’ modules of the shortandwide gatesfor the integration of the BaF
signalenepy.

Thebit pattern(PU®) information i.e. aregisterrecordingthe ring detectors.

The trigger information: Two LeadingEdgeDiscriminators(LED) with differentthresh-
olds(LED-low = 15 MeV andLED-high= 40 MeV equivalentphotonenegiesre-
spectvely) issuea standardogical signalto beusedasthecorrespondind. ED-low
andLED-hightriggersfor the selectionof high-enegy photonsif the PMT signal
overpassethe programmal® enegy thresholds

Finally, the CPV photomultiplier deliversafastanalogsignalwhichis processedy a
leading-edgeliscriminator(LED VETO setabove noise,500keV) andsentto the Multi-
plicity box (MB) wherethey arecombinedwith the correspondin@aF, detectormodule
signals Photonidenti cation is mainly basednthisvetosignalprocessingSuchasetup
allows to separateneutralfrom chagedBaF, signalson a fasttriggerlevel (seeSection
4.9.2).

Table 4.6: List of TAPSelectionicsmoduksusedper Bak-CPV detedor.

Acronym Typeof module Model( numberof channels)
AAS Active Analog Splitter Gielen( 16)
CFD  ConstanfractionDiscriminator GANELECFCC8( 8)
LED LeadingEdgeDiscriminator GSILE1600( 16)
QDC Chage-to-DigitalCorverter GANELEC1612F( 8)
TDC Time-to-Digtal Corverter GANELEC812F( 8)
MB Multiplicity Box ISN 4831( 64)
PU PatternUnit LeCroy 4448( 48)
DC CableDelay(500ns) GielRen( 64)
RDV GateandDelay Generator GANELECS8/16A ( 8)
DL Logic Delay GSIDL1610( 16)
SuU ScalerdUnit GSISC4800

More detailson thetypical electronicschainof a TAPS setupcanbe foundelsevhere
[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-$ chaged-particlemultidetectorconsistng
of anarrayof up to 71 closelypacked BC400-Csl(Tl)phoswiches.They form a hollow
spherewith aninnerradiusof 41.5mmandcover amaximumangularangebetweer24
and168 . It wasbuilt atthe WashingtoriJniversity of SaintLouis (USA) anddesignedo
detectight chagedparticleSLCP, Z 2) andintermediate-rassfragmentgIMF,3 Z
20) emittedin multi-fragmentingexit channelf heary-ion reactionsMore speci cally,
theDwarf-Bdl meetghefollowing criteria:

1.

Large solid angle (  4p sr) coverageto study multi-fragmentdisintegrationsof
excited nuclearsystems.In the con guration usedin this experimentthe device
coverstheangularangeqiap, 32 168 andthefull f, correspondingo 76% of
thesolidangle(seeg. 4.13).

. High granularity to handlelarge multiplicity event. The 64 hexagonalandpen-

tagonalphoswichdetectorausedin the presenexperimentare clusteredat a mean
distanceof 4.15cm from thetargetin a polarcoordinategeometry

. Isotopic identi cation for LCP (H andHe isotope$. Thetwo scintillating light

componerd of CsI(TI), which vary with particletype,areexploitedto achiee p, d,
t, 3He, anda separatior{seeSection5.5.1).

. Charged-particle identi cation for the producednuclearfragments. The com-

bination of CsI(Tl) with the thin scintilator plasticin the phoswicharrangement,
permits in our speci c casetheidenti cation of theIMFsuptoZ 10by means
of pulse-shapéechniquegseeSection5.5.2).

. Low enemgy thresholds( 1A 2A MeV) andgoodenegy resolution(however,

thislastcapabilitywasnot exploitedin the presenexperimentfor which only LCP
andIMF identi cation andseparationywassufcient).

. Modular design compactand portable. This portabilty allowed to easily pack

andtransportthe DB betweenits homelaboratoryin the USA to the KVI andto
the GANIL laboratoriedor thetwo consecutie TAPS experimenal campaignof
1997and1998.

. The small thickness of the individual Dwarf-Ball moduks’ constitued an addi-

tionaladvantageof thedevice for our particularexperimenél requirementsindeed,
theproducedhotondraversingtheDwarf-Bdl materialhave alow pair-corversion
probabilty in comparisorwith other (thicker) existent4p LCP andIMF multide-
tectorarrays.This characteristiconstititeda basicprerequisitdor ary detectorof
thiskind to be coupledwith TAPS.

9The maximum single detecto thicknessis d 70 mm including absorler, phoswichmaterial,light-
guide andPMT.
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Figure 4.13: Photayraphs of the Dwarf-Ball: a) The DB placed on the top lid of the carbon
scatering chamberb) Openview of the DB. Mostof thedetectors of onehemisphere,
and all signal cables and PMT voltage dividers, havebeenremwedto allow for a
view of the device. Thewhite Te on tapewrapsead phosvich andlightguide
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4.7.2 BC400-CsI(T) phoswiches

The basicdetectionelementof the DB is obtainedby couplinga thin andfast(t = 3 ns)
organicplasticscintillata (Bicron BC4000r BC446)for DE measurementpgethemwith
a Csl(TI) inorgant crystalscintillator for E measuremeniThey arereadoutin phoswich
modeby a singlephotomutiplier (for detailsseethe Appendix1). Theindividual CsI(TI)
crystalsare4 - 8 mmthick (dependingpntheangle thethickerin themostforwarddirec-
tion) prismsof hexagonalor pentagonashapewith thethin (10 - 40 um, dependingalso
on the angle)DE plasticscintillator adheredo its front side. 8-mm Lucite lightguides,
matchingthe backsideof the CsI(TI) crystals,guidethe scintillation light to a small (
50 mm) HamamatsiR1666six-stagePMT. ThesePMT have a typical gain of 10° and
areconnectedn groupsof 16 to acomma LeCroy HV power supplydelivering there-
quiredhigh-wltagesbetween800and-1000V (a gainselectedn orderto obsenre the
punchthrouf point of the a particles,seeSection5.5.1). The detectorsare protected
againstd atomicelectronsstrippedfrom the target, by Ta or Au absorbeffoils covering
their front side. Thesefoils hadthicknessedetween?.8 and 4.9 mg/cn? for the most
forwardandbackwardmodulesrespectiely. A photograptanda cross-sectionatiew of
ahexagonalelementaregivenin g. 4.14.

The polar angle g, the azimuthalanglef, and the thicknessef eachindividual
plastic-Csl(Tl)detectomusedin this experiencearegivenin table4.7.

Table 4.7: Dwarf-Ball telescopepositiors and thicknesse®f their CsI(Tl) and plastic
scintillators.

| #Detector | q[ ] [ f[1] | E(mg/cnf) | DE (mg/cnf) |
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[ ] [ f[1] | E(mg/cnf) | DE (mg/cn¥)

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 4,77 3.50
30 87.30 149.39 4,77 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 4,77 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: (continuaton)

| #Detector | q[ ] [ f[1] | E(mg/cnf) | DE (mg/cn¥) |
| 64 | 155.58 | 130.89 | 4.34 | 2.11 |

4.7.3 Particle identi cation capabilities

The Csl(Tl) is a scintillator materialthat presentghe particularityof emitting light with
two different(“slow” and“tail”) time constantgts = 0.4- 0.7 psandta = 7.0 us) that
correspondo different scintillation mechanismgsee Appendix 1). The CsI(TI) light
outputcanbe,thus,expressedn thefollowing manner:
lesiti lsie Ul lge Tl (4.4)
ls1 andliy intensitesdependon the enegy andnatureof the particle. Their ratio is,

thus,sensitve to the massandchage of the traversingparticle. Using this property one
can achieve isotopt separatiorof the hydrogen (p, d, t) andhelium (3He, a) isotopes
[Alar85], throughCsl(Tl)ai versusCsl(Tl)sow bidimensionaplots(g. 4.15).

Apart from LCP identi cation obtainedsolely exploiting the pulse-shap@roperties
of Csl(Tl), sincethe DB modulesconsistof 2 stagegfastplasticplus Csl(Tl)) phoswich
telescopespynecanin principle constructwo additionalDE  E matricesfor IMF identi-
cation:

E+ from plasticscintillatorvs. Eg from CsI(TI).

E+ from plasticscintillatorvs. E;a from CsI(TI).

In the presenexperimentonly theE; vs. Eg 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

pulseshapdaliscrimnation,i.e. on properchageintegrationof theelectronicsignalsover

threedifferenttime intervals (givenby the “fast” , “slow” and“tail” gates).Thesetim-

ing characteristicgurnishthe basicde ning criteriafor the designof the DB electronics
(g. 4.16). Table4.8 givesa descriptionof the individual electronicsmodulesusedin

the DB setup. All the electronicamodulest in four NIM 10 bins (for the rst elements
of the chain)andin one CAMAC crate(for the FERA!! analog-to-digil corverters).
Thesecrateswereall in aracklocatedin the experimentahall two metersaway from the

scatteringchamber

ONIM (Nuclearinstrumet Modue) is the earliest(andsimplest)standardnodula systemusedin nu-
clearandparticlephysicselectrorics. It consistof a“bin” with slotsto acceptl2 moduesfor digital and/a
analoginstruments At variarce with CAMAC back-pganedata-lus,the NIM busis just for power suppy
pumposestherefae no paraneterreadoti canbe perfamed.

HFERA (FastEncodng andReadoutADC) is a high-speedcorversin time 5 ps) chage integrating
analogto-dgital converterwith 16 independemn ADCs enalted by a comnon gateof 50 - 500ns.
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Figure 4.14: Photayraph (uppe part) and cross-secional view (left modulein thelower part) of
a hexagoral elementof the Dwarf-Ball. The white Te on tape covers the plagtic-
CsI(Tl) phoswichesand the Lucite light guide. TheTa/Au foils cover the front side
of eath detector.
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Figure 4.15: Exampleof a typicd array usedfor light-charged-patticle identi cation in the DB:
Isotopic identi cation of LCP usingthe CsI(TI) “tail” (also called “long”) versus
“slow” eneggies2D-plots [Stra90].
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Figure 4.16: Sthemaic diagram of the Dwarf-Ball electonics. The desciption of the different
elecronicsmoduksis givenin table 4.8. A more detaled schemeof the whole DB
elecronicsand pre-trigger logicscanbefoundin Appendkx 5.
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Theanodesignaldeliveredby the PMT of eachring DB moduleis rst ampli ed by
fast,variablegain( 2- 40)ampli ers placed(togethemwith thetriggerlogicsandgate-
generatiormoduks)in oneof theaforementionedve NIM crates.Oneof thetwo ampli-
er outpus (the“time brand”) is usedto generatehetriggerlogics andtheintegration
gates,andto monitor eachindividual detector The otheroutput(the “energy brand”)
aslinearsignalsaredigitized by the differentanalog-to-digitatorverters(Lecroy FERA
4300ADC modules)ylacedin the CAMAC crate.

The time-branch: Thesignalfrom thetimebranchfeedsrst aleading-edgeliscrimina-
tor (LED) to eliminatethe backgrounchoise. The thresholdof eachdiscrimnator
is selectableghrougha multiplexer busanda PClocatedin the controlroom. This
LED deliversthreetypesof output

1. Individual channellogic signals(differential ECL? pulses)retardedby up
to 210nsin an ECL delaymoduk. They provide the stop signalsfor each
detectorin atime-to-FERA(TFC) convertermodule. This TFC moduk pro-
videsnegative amplituce currentpulsesto the time FERA ADCs, thelength
of which dependbn thetime differencebetweerthe startandstopsignals.

2. Thelogic OR of eachgroupof 16 detectords usedto createthe threetime
gatesfor the enegy signalintegration (“fast”, “slow” and“tail” ) andthe
start signal of the TFC. In additionit generateghe Dwarf-Ball triggers
(DBor, DB Multiplicity 1 and?2) which areusedin the DB pre-triggersys-
temandin thegenerakriggerbox outsidethe cave (seebelow).

3. A logic signal of eachindividual detectorfor on-line monitoring purposes.
This monitaing is performedwith adedicatedPCin the controlroom.

As a matterof fact,to minimize the acquisitior dead-timgseeSection4.9.1),four
differentpre-triggersarealreadybuilt in the experimentalcave withou the needto
gothroughthemaintriggerbox: TAPSor DB Multiplicity 1 and2, andDBor (with
a “hardware” scale-davn factorof 10). If a particularDB eventis in coincidence
with one of thesefour trigger conditions,andthe DB systemis not busy treating
an earlierevent the generatiorof the four integration gates(“time” att = 100ns,
“fast” att=170ns,“slow” att =500nsand“tail” att=1700ns;eachonewith
its own width) proceeddy default (aftersomet = 75 nsfrom thereferencestartof
the LED discrimirationtime). Likewise,att = 3600nsa“fast clear” signalis also
automaticallyproducedandsentto the FERA driver. This“clear” signalerasesll
theintegratedsignalsin the correspondingADCs unlessthereexistsa coincidence
with the “master trigger” signalcomingfrom the centralTAPS+DB+FWtrigger
system.In this casethe “clear” signalis inhibited andthe FERA driver sendsall
theinformationto the acquisitionthroughits databus. Theimplenmentationof this
pre-triggerallows afasterresponsef the DB within thewhole experimentaketup.

The energy-branch: Thissecondampli er outputis rst delayedoy 200nsthroughRG-
58 cable-delayo wait for thegategeneratiorandit is then(fast)splitinto two equal
signalswith half the originalamplitude:

?ECL (EmitterCoupledLogic) is atypeof fastlogic signals.
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Table 4.8: List of the badc Dwarf-Ball eledronics modules usedin the experiment(W.U. stands
for “Washingon University” custan-mademodules).

Item Description(# of channels) # of modukes
NIM Standard

AMP W.U. FastAmplier ( 6) 12
CD CableDelay (66 ns+ 126ns)RG-58cable( 64) 1
FS W.U. FastSplitter50-W passve AC-coupled| 16) 4
FS W.U. Slow Splitter2-way AC-coupled 16) 4
LED W.U. DiscriminatorLED ( 4,6) 5
DL DelayECL 4
TFC W.U. Time-to-FERAcorverter 4
SCA GSI ScalersC4800 1
Level Translators ECL-NIM-ECL (Lecroy 4616) 3
GateGenerators  Octal(EG&G 8000),QuadralandDual (Lecroy 222) 4

CAMAC Standard
FERAADC Lecroy 4300BADC ( 16) 16
FERA Driver Lecroy 4301 1

1. Onebranchis usedfor integrationof thefast plastic DE componentin oneof
the 16 channelADC FERA modules.Thesignalis integratedwith afastgate
of 70 nswidth, startedatd = -20 nsbeforethe signalleadingedge.

2. Thesecondyroupof 16 outputsis further (slow) split andattenuatedby fac-
tors12 and4) to provide respectirely theslow (E signal) andthetail compo-
nents of the Csl(Tl). The signalis, thus,integratedtwice in separat&-ERA
ADCs: over a“slow” interval of 400nswidth (gatestartedata delayd = 300
ns),andover a“tail” interval of 1.7 ys width. This tail gateis openedwith
a 1.5 ps delaywith respecto the fastone. Finally, this lastsplitteralsopro-
videsaninspection(analog)output. Thisoutput,togethemwith thelogic test
signal,will sene to control on-line the settingsof the DB enegy thresholds
in thediscriminate with the help of themonitaing PC.

A moredetailedschemeof the whole Dwarf-Bdl electronicstiming andpre-trigger
logicscanbefoundin Appendix5.
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4.8 Forward Wall charged-particle multidetector

4.8.1 Main characteristics

The“ForwardWall” (FW) is achaged-particlehodoscopéuilt atKVI [Leeg92 Hoef94].
It consistsof anarray of 92 fast-slav plasticscintillatorstelescope¢NE102A-NE115),
located760 mm away from the targetandcovering the polarangularrangebetweer2.5
and21.0 (in g andf) aroundthebeamdirection(g. 4.17).It hasatotalareaof 536 536
mn? and coversabout4% of the solid angle. The 32 smallestphoswicheg32.5 32.5
mn¥) areposiionedat the mostforward angleswherethe countingratesarethe largest,
in orderto increasehe FW granularitythusallowing for highercountingratesper solid
angleandimproving the positian resolution The remaining60 larger moduks (65 65
mm?) arepositonedat the periphery Thewholearrayis mountednsidea double-frame
structureplacedin analuminum box( g. 4.17)matchingonthefront side,thescattering
chamberto ensurethe propervacuumconditions neededor the hodoscopeln orderto
disspatethe heatgeneratedy the PMT basesthe FW is cooleddownto 40 with a
liquid alcohol o wing througha Cu pipe.

Figure 4.17: Photaraph of the badside of the Forward Wall multidetector The two groups of
small and large individual phoswitescan be seensurroundel by the aluminum
box. Thebeampasse through the cental hole.

Thedesigrcriteriaof theForwardWall weredeterminedy its applicationrasLCP/IMF
multidetectorsystemin the forward hemispheref x ed-tagetnuclearreactions.In typ-
ical heavy-ion peripheralreactiongsthe primary quasiprojecte fragmentis often excited
abovethepatrticlethresholdandwill subsequentligecayinto LCPs,neutronsandaquasi-
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projectilefragment(QP). Dueto kinematc focusing,thesereactionproductsareemitted
in the laboratoryframeinto a narrov cone. The Forward Wall was designedo detect
theseLCPsandlight IMFs andto measurdheir enegiesat high count-rate§ 1 MHz).
Fastorganicplasticsare usedfor DE measuremendueto their excellenttime response.
Thecombinatiomof DE  E plasticsin phoswichmodewaschoserfor its pulse-shapea-
pabiliiesto separate. CP andIMF, andbecausef their goodradiationhardnessgainst
the high countingratesto which they areexposed.

4.8.2 NE102A-NE115phoswiches

The basicconstituerd of the Forward Wall multidetectorare phoswichdetectorscon-
sisting of a 1-mmthick fastorganicplasticNE102A (t = 2.4 ns) for DE measurement,
and50-mmthick slow organicplasticNE115(t = 320ns)for E measuremenfThey are
heatpressetbgether[Kol86, Lid87] andreadoutby the samephotomttiplier (gluedto
the backsideof the phoswth with a two-compomntepoxyor a silicon glue). Thesmall
phoswichesrecoupledto a 10-staggtype XP2972)photomutiplier andthelargerones
to a 8-stagg(type XP22&B) PMT!3 (see g. 4.18). Thebasedor thelargedetectorsare
especiallydesignedor high count-rateswith transisorizedlaststagesAll thePMTsare
poweredby acommonLecroy HV power supplyunit with voltagesin therange-1100V
to -1900V (alignedby selectinga certainchannelrangefor the a punchthroug point).
The mostforward detectorsare coveredby a 100 um thick Ni absorbertto shieldthem
againstelasticallyscatteregarticlesandatomicd electrons.During the high-countng-
ratesruns,an additionalthin aluminum maskwasposiionedin front of the rst ring of
innerdetectorgesultingin anenegy thresholdbelon which particlesissung from graz-
ing (Rutherford)nucleus-nucleuscatteringsrenot detected*.

4.8.3 Particle identi cation capabilities

Like in the caseof the BC400-Csl(Tl)Dwarf-Ball phoswichesthe passag®f a chaged
particlethroughthe NE102A-NE15 detectorsxcitesthe molecularevels of the organic
plasticsand produceghe emissionof light characterizedy a time constantspeci ¢ to
eachmaterial(seeAppendix1). Thislight is thencollectedby thecommonPMT located
in the back side of the NE115. Sincethe time constantof both scintillators are very
different(t + = 2.4 nsfor the NE102A andtg = 240 nsfor the NE115)the integration
of the samecurrentsignaldoneover two propertime intervals (usually called “short”
and“long” , seefootnok page72) allows the distinction of both signals,from which the
atomic numberof the particles(andtheir enegy) canbe determined.Indeed,the rst
signal collectedcorrespondgo the enegy loss of the particlein the rst stageof the
telescopdDE), andthe secondoneto therestenegy (E) in the secondstagewherethe
particlemay stopor eventuallypunchthroug. We canexploit the characteristic®f both
signalsto work in the so-calledDE E modeandbuild bi-dimensimal representations
likethoseof g. 4.19,thatpermitaZ identi cation upto thechage of the projectileZ
18 (seeSection5.6.1).

Bactually, the detectorsat the mostouterring useanolder 12-stagegphotanultiplier (type 9814B).

The grazirg andes of elasticallyscatteregrojectilesfor the reactims studiedhereare betweert.6
andl.1 angleqseeTable4.4).
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Figure 4.18: Photagraph(uppe part) andcrosssectianal view (lower part) of a small(andlarge)
FW phoswich module
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Figure4.19: ExampleofaDE E array (shott vs.long) usedfor the particle iderti cation in the

FW [Hoef0(. Theinse showstheisotofdc sepaation of hydrogen.

4.8.4 Forward Wall electronics

In g. 4.20adiagramof the basicelectronicsschemeor oneindividual FW modue is
shovn. Themodulesof theelectronichain(seetable4.9)wereinsertedn two CAMAC
crateslocatedin the experimentalcave and deliver the signalsto the corvertersin the
countingroom. Theanalogsignalfrom the FW modulephotonultiplieris rst split by an
AAS placednext to thehodoscopeinto two branches:

The time-branch: The arrival of a particle signal startsthe outputof a LeCroy 3420

CFD which is stoppedby a cyclotron RF veto arriving at the sametime for each
groupof 16 detectorsThis outputis subsequeht delayed(500ns)andsentto the
countirg roomwhereit is integratedin a FERA ADC (LeCroy 4300B)to provide
the time information of the detector The later the particlearrivesat the Forward
Wall, the smallerthe output. SinceeachCFD controls 16 different detectorsit
alsoprovidestheappropriatédOR andmultiplicity signalsto generatéhe necessary
triggers(FWor, FW multiplicity 1 and2) aswell astheoutputfor theSC400Scalers.

The energy-branch: Theanalogoutputof theenegy branchis delayedb00ns(in acable

delaybox) andsentto the countingroomwherea passve splitter further dividesit
into two signalsfor independent 1-bitintegrationin two FERAs(LeCroy 4300B)
within two differentintervals (95 nsfor the“short” gateand300nsfor the“long”
one). These2 gatesarederivedfrom the RF signalandaregeneratedy the TAPS
maintrigger.
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Figure 4.20: Forward-Wall basicelectronicsschemeper module Thedescrption of the different

electonicsmoduksis givenin table4.9.

Table 4.9: List of FW eledronics modulesusedfor ead oneof the 6 groupsof 16 detectors.
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Acronym Typeof moduk Model (# of channels)
AAS Active Analog Splitter Giesser( 16)
CFD ConstanfFractionDiscriminator LeCroy 3420

CD Cabledelay(500ns) Giesser( 64)
PAS Passve Analog Splitter ( 16)

FERA 11-bit Fast-ADC LeCroy 4300B( 16)
SCA Scalers GSISC4800( 16)
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4.9 Data-acquisition systan and trigger logics

Thedetectorsusedin this experimentrepresena large numberof measuremerthannels
(morethan2000)andproducea large quantityof digital information To be ableto han-
dle sucha o w of data,oneneedsto apply event selectioncriteria (the triggers logic9
andmake useof a compuer controlleddataacquisitionsystem For eachelectricsignal
producedoy a detectoya complex signalampli cation signal digitization  signal
selection hit readout  hit storagechainis activated. This intricate processmakes
useof different(electronicsand computer)technologies.The rst stepof this process
(ampli cation and primary electronicssignal shaping)and, partially, the secondstage
(digitization)have beenalreadydiscused in the sectionsdedicatedo the electronicsas-
sociatedo eachdetectorsystem(sect.4.6.5,4.7.4,4.8.4).1 will describethe remaining
stepsof thedata o w in the next two Sections.

4.9.1 Data acquisition sysem

The dataacquisitionsystem(DAQ) mustperformthefollowing four maintasks:

1. Data stream handling: Readoutof the (analog-to-digital)corvertersand other
electronicmodulescollectionof the data,anddata-tuffer building.

2. On-line analysis: Redirectinga fraction of the databuffersto the on-line analysis
for eventdisplayandcontrol of the dataquality duringthe experiment.

3. Parameter control: Adjustmentof several experimentalparameter®f the detec-
tor systemand associateclectronics(suchasthe individual HV, discriminaton
threshold, programmablelelaysandintegration gatewidths).

4. Taping: Storingthe databufferson magnetidapefor lateroff-line analysis.

The useof computercontrolleddata-acquisitin systemrequiresof coursejinterfac-
ing the (electronics)nstrumentsvith the computer This hasbeendonein thepresenex-
perimentusingtwo standardsystemsgor DAQ [Le0o92, Buen88]: CAMAC andVME 15,
We have seenin previous sectionsthat all TAPS+DB+W signal digitizationsare per
formedby CAMAC modules.We will seenow that TAPS dataarealsoreadouthrough
the CAMAC datavay. Therestof theaforementionedst andfourth tasksare,however,
controlledby processesunningin VME modulesand,the two othertasksaremanaged
by processesunningon UNIX andVMS workstationsnterfacingthe VMES (table4.10).

ThreeDEC statiors (1 VAX/VMS and2 UNIX) in thecontrolroomprogramandcontrol
the differentVME processorshroughEthernet. The differentE6x (MC68030)and E7x
(MC68040) VME boardsusedare producedby ELTEC and run under OS9 operating
system In table4.10,anoverview of themoddesin the VME crateis given.

VME (VersaModue Europm) is a e xible openendedbus systemwhich makesuseof the moduar
Eurcacardcircuit boad standardsize (20 doube-height slots). Its backplaneintercanection bus system
(VMEbus) hasa 32-ht databus. It usesTTL technolgy andcanhande datatransfersat speedsip to 40
Mbytes/s; supporting a variety of conputing intensie tasksand becomimg a ratherpopular protccol for
real-timedataacquisition.
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Table 4.10: Overviav of the differentdataacquiition VME processos used All VME cardswere
placed inside the slotsof two differentVME cages, the r st slotwasusedasthe crate
manajer capableof 8,16bit transfes. (DPM stands for “Dual Port Memory” board).

VME | Function

E6A | TAPS rst-branch (6 CAMAC crates)globaleventbuilder
E7A | TAPSsecond-branctZ CAMAC crates)

E6C | Acquisition sener, countirg roomparametecontrol

EGB Buffer andDLT sener

E6D | Experimentahall parametecontrol

DPM1 | DB multidetctor

DPM2 | FW multidetector

Data streamhandling

The experimentalinformation generatedy eachindividual detectorandtreatedby the
electronicof thethreemultidetector{ TAPS,DB andFW) is nally digitizedin CAMAC

electronicanalog-to-digitatonverters(eitherQDC and TDC moduksin the TAPS case,
or FERA ADC onesfor the DB andFW). The DAQ is thenresponsike for readingall

converters,building up the events(i.e. synchronizingthe different“subevents” of the
different detectorscorrespondingo a samereaction)and storingthemin databuffers
of a propersize. The dataacquisitionsystemof TAPS was usedas the event builder
for the whole TAPS+DB+FW combinedsetup. The startingpoint for the acquisiton

ernvironmentof the experimentwas, thus,the standardrAPS-stand-alon®AQ [Oste95],
andtheadditionalDB andFW informatian wasfed into the TAPS datastream.

TAPS data readout:

The basicparameterper TAPS modulehit arethe QDC and TDC values,aswell
asthe bit patterngBPUs)for the BaF, andveto detectors.Thesearereadout for
eachacceptedavent. The physcal informationcontainedn theseparameterss:

1. E, obtainedby integration of thefastBaF, signalover 50 nsin the QDC.
2. Ey obtainedby integrationof the slow BaF, signalover 2 psin theQDC.

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

4. Thenumberof the ring detector§BPUS).

5. Thenumberof the ring vetodetectorsaandthevalueof theveto-patterr(5 for
chaged,2 for neutral).

All TAPS corverters(QDCsand TDCs) and bit patterns(BPUs) moduks 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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us/channéP, andthe TDC corversiontime is still longert’. The CVC controller
performsthereadoubf a crateautonomasly andafterwardsstorestheresultin its

localmemory Thereadoubf themoduksis donethroughthe CAMAC back-plane
datalus (1.5 MB/s maximumtransferspeed)into the CVC with 1.7 ps/channel
speed(i.e. 1 CAMAC cycle). The total time neededfor the readoutof one
CAMAC crateis of theorder200- 400us (thereforetakinginto accountheafore-
mentianed corversiontimes, “reading” is for large eventsmore time-consunmg

than“converting”).

OncetheCAMA C readoubf thecorverterss completedtheinformatian in eachof
the 13 CVC'sis furtherreadby two VME boards:E6A andE7A, via a differential
VSB-hus (“VME SubsystenBus” with a transferrateof theorderl - 4 Mbytes/s).
The E6A processocontrolsa branchwith 6 cratesandthe E7A controlsa 7-crates
branch.

DB and FW data readout:
For every respondingd®B phoswich,the DAQ readsout, througha fastFERA bus
(seebelow), thefollowing informationdeliveredby the FERA ADCs:

1. Thenumberof the ring detector

2. E¢ obtainedby chage integrationof the fastplasticBC400signalover 70 ns
timeinterval.

3. Eg obtainedby chageintegrationof theslow CslI(Tl) signalover 400nstime
interval.

4. E5 obtainedby chageintegrationof thetail of the CsI(Tl) signalover 1.5 ys.
5. Timeobtainedby integrationof thetime-to-FERA-corerterTFC signal.

Similarly, for eachFW hit, the DAQ collectsthe following parameterwia a fast
FERA-husreadouf the FW FERA ADCs:

1. Thenumberof the ring detector

2. Esnobtainedoy integration of theshortplasticNE102Asignalover 95 nstime
intenal.

3. E; obtainedby integrationof thelong NE115signalover 300nstimeinterval.

4. Timeobtainedoy digitizationin the TDC of thetime periodbetweerthe start-
stoplogic pulses.

At variancewith the TAPS case(wherethe option of a fast ECL readoutof the
QDCandTDC is availablebut notexploited),theenegy andtime parametersf the
DB andFW phoswichesarenot readout throughthe CAMAC backplangTTL18
logic technology)but via the muchfasterFERA data-lus (ECL logic technology).
Indeedthe FERA ADC moduledocatedin the CAMAC crateshave analternatve

16Two perdetector along anda shortintegration, however sincethe chanrels aremultiplexed the maxi-
mumduration is abou 16 1.5=24pus

"They arenot multiplexed; corversiontimeis 12 s

BTTL (TransistofTransistor_ogic) is a type of digital signals.
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outputportattheir front-sidewhichis 8 - 10 timesfaster(180ns/channeljhanthe
(back-plane)CAMAC readout. The DB and FW datasentover their own FERA
busaretransferredo 2 different“Dual PortMemory” (DPM 1190)boards.These
DPM boardsare further readout by the EGA VME during the time thatit would
otherwisebe waiting for the TAPS CVC cratecontrollersto completetheir local
readout.

Combined TAPS+DB+FW readout

The completeevent building (i.e. the combinatiam of the different“subererts” of
eachindividual TAPS, DB or FW multidetector correspondingo the samere-
action) is performedby the E6A processomhich subsequelt packstheminto
buffers of 8-KB size (eachbuffer containsaround30 eventssince eachdetected
eventis about0.3KB). TheE6B VME nally readsthe databuffersoverthe VME
busandwritesthemto DLT tape.Thewholeacquisitionervironmentis controlled
by a fth VME board,the E6C, that writes the commandsnto a global memory
wherethey arerecognizedby the E6A and E6B boards. E6C is accessibldrom
a DEC-VAX4000/0 stationin the control room from which, e.g. startand stop
requestsusingEthernetand TCP/IP protocol,canbe sent.

On-line analysis

The control of the quality of the experimentaldatawhile the acquisiton is running, is
performedby the on-line analysis. This is accomplishedy a dedicatedsoftware pack-
age“Analysis SupportLibrary” (ASL) [Hejny95] exploiting the PAW, KUIP andHBOOK
package®f the CERN softwarelibrary [PAW90]. ASL-linked programmestunningin
two DEC workstationaunderUNIX, offer severaltoolsto look atraw (e.g. QDCor TDC
histograms)andphyscal (e.g.non-calibrategbhotonhistagrams)spectran orderto mon-
itor theindividualandglobal operationof the experimentaketup.The ASL systemitself
sendsvia Etherne{ TCP/IPprotocol)arequesto the E6A or E6C processorso redirecta
fractionof the databuffers (normallya 1% of thetotal databeingrecorded})o its on-line
analysisprocesses.

Parameter control

Two VME moduleg E6D andE6C) areresponsil# of adjustingseveralexperimenal pa-
rametersof the TAPS spectrometerThe fth VME, E6D, solely controlsthe TAPS CA-
MAC cratedocatedin theexperimenal hall: individual discriminationthreshold§CFD's
andLED's)andHVs. Theacquisitionsener E6GCcommandslsocertainmodulesplaced
in theelectronicsandacquisiton room: the programmablelelaysandgate-lendis of the
RDVs, andthe scalers.

Taping

TheE6B VME modukis responsila for readingthe databuffersof theacquisition sener
E6C and,via a SCS bus, writing themon a DLT tape. The DLT is a magneticstorage
tapewith 10(20) GB of (un)compressedapacity The total datarate (kilobytes/$ that
canbeachiezeddepend®n the sizeof theevents.In the TAPS+DB+FRN experimentthe
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Table 4.11: Typicd trigger couning rates (C.R.)and acqusition ratesfor the ve reactimsstud
ied. Theaverage eventsizeis 300 bytes/evert (0.3 KB/event), the maximumdata
taking capecity of the taping device is limited to 2000 eventgs (equivalent to 600
Kbytess = 0.6 Mbytedgs = 50 Gbytesday).

Target Au Au Ag Ni C
Ar beamintensity(nA) 3.0 125 80 80 15
TAPSLEDorC.R.(Hz) 24 1200 1000 900 300

FWor C.R. (kHz) 10 300 250 250 250
DBor C.R.(kHz) 8 - - - -
Acquisitonrate(evts/9 450 1000 1200 1100 750
Tapingrate(MB/s) 0.12 0.40 0.45 042 0.25

averageeventcomprised 700signalswith around0.3KB size(0.2KB for the TAPS+FW
high counting-ratesuns). The DEC TK87 tapingdevice hasa maximumwrite speedof
1 Mbytess, but to avoid pile-up anddiminish the deadtime, the maximumdatataking
capacity(extrapolatedto 100%lifetime) is reducedto 600 KB/s, equivalentto 2000
eventspersecond.Table4.11showvsthetypicaltriggerrates,acquisitionandtapingrates
for the ve reactionsstudied.Oneexperimentalrun'® comprisesaround100MB of raw
data(equvalentto  12.800buffers,or 350.000evens) andis written on tapeevery
14 minutesapproximatelyDuring thelow- (high-) counting-ratesunsanaverageof 0.12
MB/s (0.40MB/s), i.e. 10 GB/day(35 GB/day)wererecorded.

4.9.2 Trigger logics

During our experimentsereralreasongonstrainedhe possibilty of consideringall pro-
ducedreactions:

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

Many reactionscorrespondo evens without interestor to (backgroundnoiseof
severalpossble origins.

All measuremerthannelsuffer a certaindead-time.

In our caseg.g.duringthelow counting-ratesuns,theradiofrequeng of the AGOR
cyclotronwas 37.1 MHz andthe projectile-taget interactionprobability 5.010 # reac-
tionds (seeSectiord.5). Thesevaluesyield around18000nuclearreactiongpersecond®.
As aforementionedhemaximundatatakingrateof TAPSon-lineacquisition systemwas
oneorderof magnitudenferior (2000eventss), althoughthe DAQ operatedat a safer
1000evts/srate. In addition, with a hard-photormultiplicity pernuclearreactionof the

197run 100MB  0.35 million eventsrecodedin 14 min (850s).
200f which only a few 4% - 5%, 1000 events/s,would correspad to the mostinterestingcentral
collisionsassociateavith thelargestparticlemultiplicities.
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orderof 10 4, only around2 hard-photonsvents(out of the 18000reactions)were
expectedper second.lIt is, then, clearthata reductionanda selectionof the amountof
produceddatato be processe@ndstoredwasnecessaryTo achieve this goal, oneim-
posescertaincriteria which identify a certainevent, suchasthe coincidenceamongtwo
or moredetectorsa conditionon the numberof outgoing particles,etc. This taskwas
performedby the trigger system,i.e. the setof (electronicand computer)modulesof
logical choiceallowing for a (fast)selectionof the interestingeventsto be treatedby the
acquisiton andrecordecdbntape.

Triggers de n ition

Thedesignof thetriggersystenmof the R2 experimentaimedat maximzing thetotal nal
hard-photorstatisticsin coincidencewith multifragmentreactions.So, it looked aftera
high ef ciency for the hardphoton(Eg; 30 MeV) eventsin coincidencewith chaged-
particlesdetectedn the DB or FW detectorsVarioustriggercon gurationswerede ned
usingthe trigger signalsdelivered by the threedetectorsystens and mixed in standard
NIM logic electronicsHigh ef ciency wasachiezedby a few standardriggerconditions
(AND/OR conditionsbetweenTAPS, DB and/orFW) for the main known typesof “g
- chaged-particles’evenss. The varioustriggersde ned in the presentexperimentare
describedn Table4.12for the low-countirg-ratesrunswith the whole TAPS+DB+FN
setup,andin Table4.13for the high-counthg-rategunswith the TAPS+FWsetup.Each
triggerfavoredagiven typeof eventandwasdown-scaledroperlyto balancets counting
rates.A globalminimum-biastrigger (e.g. DBor or FWor) wasde ned andrecordedo
be ableto compue the reactioncross-section.Several othertriggerswere also present
allowing to recordmorethanonetype of reactionat the sametime. A few otherswere
de nedto controltheoperatiorof thedetectoisystemduringthe experimentout werenot
usedduringthe off-line analysis.

Amongall triggersde ned in tables4.12and4.13,1 will mainly analyzein the next
chapterghoseselectingthe mostinterestingphyscs featuresfor our study Theseare
“photon with Eg 15 MeV in coincidencewith particlesin the DB and/or FW” trig-
gers(obviously, for thestudyof hard-photoremissionn differentfragmentmultiplicities
evens), “particles in the DB and/or FW” (a minimum-bas trigger sincepracticallyall
nuclearreactiongproducea signalin the DB or FW multidetectors)andthe neutral-pion
trigger (for calibrationpurposesswell asfor pion backgroundubtraction).

Trigger logicsgeneration

Ourtriggerlogicsworksin synchronoa mode,i.e. the analogsignalsfor all threemulti-
detectorsareretardedup to 500 nsthrough100m 50-W cables)to wait for the decision
of the codingeventacceptancéo betaken. Basically thereare 3 trigger modukswhose
outpus are combinedto make the mastertrigger Up to 8 differenttriggersarrive per
trigger unit and, dependingon downscalirg and dead-time build up the mastertrigger
of the whole acquisitiom. The TAPS triggersare built from the informationof the CFD
andLED OR's, combinedin the multiplicity moduleMB with the VETO information.
The individual trigger ratesare alsoreadout in scalerunits: the“r aw” (the actualtrig-
gercountingrate),“inhibited” (the dead-timecorrectedriggerrate)and“r educed”(the
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Table 4.12: List of triggers usedin the experimentduring the low couning-ratesruns (# 556 -
1130 with the whole TAPS+DB+FWsetp: trigger numbe, name eventsignaure

and DAQ reducton factor.

# TriggerName Eventsignatue Red.factorn
a2

0 TAPSNEULOW * DB1 Egy 15MeVandMpg 3 0
1 TAPSNEULOW * DB2 Egy 15MeVandMpg 6 0
2 TAPSQUASINEUHI * FW1 Ey 40MeVandMgy 3 0
3 TAPSQUASINEUHI * FW2 Ey 40MeVandMgy 6 0
4 TAPSQUASINEUHI * DB1 Eqy 40MeVandMpg 3 0
5 TAPSQUASINEUHI * DB2 Egy 40MeVandMpg 6 0
6 2TAPSNEULOW IN 2 BLOCKS | Neutralpion event 0
7 TAPSNEULOW * FW2* DB2 Eq 15MeV,Mpg 6,Mrw 6 0
16 TAPSCFDOR Eq 5MeV 9
17 TAPSLEDL OR Eg 15MeV 2
18 TAPSLEDHOR Eg 40MeV 0
19 FWOR Particle(9 in FW 11
20 BEAM (Beamintensity) -
22 2TAPSNEULOW 2 gabove 15 MeV -
23 DBOR Particle(9 in DB (pretrigger) -
24 TAPSNEULOW OR Eg 15MeV 2
25 TAPSNEUHI OR Eqy 40MeV 1
26 Fwi Mgw 3 11
27 FWwW2 Mgw 6 8
28 DB ORAFTERS.D. Particle(9 in DB (1/10 down-scded) 8
29 DB2 Mpg 3 8
30 TAPSNEULOW * FW1 Eg 15MeVandMgw 3 0
31 TAPSNEULOW * FW2 Egy 15MeVandMgw 6 0
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Table 4.13: List of valid triggers usedin the experimentduring the high couning-ratesruns (#
1132- 1568) with the TAPS+FWSsetup: trigger numbey name evert signature and

DAQ reductbn factor.
# TriggerName Eventsignature Red.factorn
(1/2")

0 2NEULOW * Fwi 2gwithE; 15MeV, Mgy 3 0
1 2NEULOW* FW2 2gwithE; 15MeV,Mgy 6 0
2 TAPSQUASINEUHI * FW1 Ey 40MeVandMgyw 3 1
3 TAPSQUASINEUHI * FW2 Ey 40MeVandMgy 6 1
4 - - -
5 - - -
6 2TAPSNEULOW IN 2 BLOCKS | Neutralpion event 3
7 - - -
16 TAPSCFDOR Eq 5MeV 12
17 TAPSLEDL OR Eg 15MeV 2
18 TAPSLEDHOR Eg 40MeV 0
19 FWOR Particle(9 in FW 15
20 BEAM (Beamintensty) -
22 2TAPSNEULOW 2gwithEg; 15MeV 5
23 - - -
24 TAPSNEULOW OR Eg 15MeV 8
25 TAPSNEUHI OR Eqy 40MeV 4
26 Fwi Mgw 3 15
27 FW2 Mgy 6 14
28 - - -
29 - - -
30 TAPSNEULOW * FwW1 Eg 15MeVandMgw 3 4
31 TAPSNEULOW * FW2 Egy 15MeVandMgw 6 4
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triggerrateafterthedownscalereduction)rates a basicinformationfor the calculationof
eachspeci c eventcross-sectioiseeSection6.4.1). Thebeamcurrentis alsofedinto the
TAPS trigger module. Its inhibited rate givesthe effective integratedbeamthroughthe
product(beamcurrent) (time) (1-deadtime)neededo calculatehenormalizedrigger
cross-sectiongseeSection6.4.1).

Using the outputsof eachmultiplicity unit, the TAPS MLUs 2! male higherorder
triggerssuchas“neutral low OR”, “two neutrl low” or “quasi-neutral” (de ned asa
neutralLEDIow or LEDhigh perblock). Theseoutputsareusedto validatethe outputof
theDB andFW triggermodule.

Whenerer amastertriggeris validated:
thetypeof triggeris conseredin aregisterunit;

thelogical coincidenc AND) betweerthe mastettriggersignalandthe RF signal,
commandghe “commonstart” signalof the TAPS TDC andthe validation gates
of the TAPSRDV;

all analogsignalsof TAPS,DB andFW aredigitizedin the corverters;
the DAQ performsthereadingof all moduksandresetsall the chainsto zero;

Nonethelesssinceit takesusually 500 nsto make the decision,somedegree of
parallelismhadto beintroducedthe DB pre-triggerdescribedn Section4.7.4)suchthat
during the decisiontime, the digitization of the DB signalsstarted(their FERA ADC
conversiontime being of the orderof 5 ps aswe have mentimed), gettingabortedif a
rejectdecision(the“masterclear” signalof thegeneraDAQ) arrived. If, onthecontrary
theeventwasacceptedninterruptsignalwassentto the EGA computerandthedigitized
detectorsignalswerereadoutvia FERA busasexplainedalsoin Section4.9.1.

Final total data volume

The total runningtime of the experiment(30 shifts with anaverage 50% deadtime)
hadbeen,initially, proposedo collectsufcient statistics(at least10® hard-photonger
reactionsystemfor off-line analysis).The nal dataratecollectedduringthewhole ex-
periment(338runninghours,equivalentto 14 daysof beam-timejncludingexperimental
setupandbeamcommisioning)correspondetb 350million eventsin 1580runsoccuyy-
ing 160GB in 20 differentDLT tapeg(i.e. the meanstoragedataratewas11.5GB/day).
Fromthese,only 1007valid runs,with 183 million events wereretainedfor nal anal-
ysis (seeTable4.14). Ultimately, for the 36Ar+1°7Au at 60A MeV reactionwe collected
morethan650.000hard-photongout of 170million evenss), 86.000hard-g (out of 2 mil-
lion eventg for the 36Ar+1%8Ag reaction,140.000hardg (out of 3 million events)for the
36Ar+58Nj systemand150.000hardg (outof 3 million events)for the 38Ar+12C one.

2IMemoryLookup Units.
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Table 4.14: Recoded events(all triggers summedpnd hard-photors (§; 30 MeV) colleaed

(all phaon triggers summed)uring the nally anadyzedruns for the four sysems
studiedin this thesis

Tamget Au (loint.) Au (hiint.) Ag Ni C Total
# of valid runs 574 161 66 108 98 1007
StoraggGB) 57.0 16.0 7.0 11.0 10.0 101.0

Recordedvents 17010° 4810° 2.010° 3.210° 3.0106 18310°
Recordechardg  65510° 13010° 8610° 14210° 15110° 1.1610°
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In thepreviouschaptemwe have describedhow theparticlesandfragmentgproducedn
nucleus-nucleusollisionstraversethe differentdetectorsandgenerateslectricalsignals
thataresubsequeht shapedanddigitizedby theelectronicssystemand nally storedon
DLT tapesby the DAQ. The next stepconsistan transformingthe “raw data” contained
onthesetapes(numericalvalues channelsfrom the outputof the digital converters)into
physcal quantities(MeV, ns...). To achieve that, we need rst to decodethe binaryin-
formationin the raw events,to separatendidentify the differentparticlesand nuclear
fragmentscollectedperevent(i.e. to attributethema givenchageandmass)nd, nally ,
to determinetheir enegy from the detectorcalibrationt. Additionally, reliable simula-
tionsof theresponsef the experimenal setuparerequiredto deducephysicsquantites.
Thiswhole proceduras performedon an event-by-aentbasiswith theaid of threesoft-
ware analysistools, runningunderUNIX at the Lyon's “Centre de Calcul de I'IN2P3”
and originally developed for the TAPS campaignat KVI in 1997 [Aphe98: FOSTER,
ROSEBUD andKANE.

In this chapterl will describethe dataanalysisprogrammesthe processof TAPS
enegy andtime calibration,the time-of- ight drift correction,the photonidenti cation
throughPSA-TOF techniquesandthe photon(momentun reconstruction.The particle
identi cation proceduredor the DB andFW will bedescribedaswell. Fig. 5.1shovsa

o wchartof theentireanalysis.

TAPS raw data I DBIFW raw data I

Energy Calibration
Time Calibration Time/Pileup correction
TOF -drift correction
PSA-TOF&CPY
particle identification | _] Particle identification
. g IMF/LCP separation
Clustering routine
{energy correction factor)
DST photon DST particle
{photon triggen) (particle trigger)
Inclusive hard-y distributions| | Inclusive particle distributions

14

DST photon-particle
(photon*particie trigger)

{

[Exclusive particle-photon distributions|

Figure 5.1: Flowchart of the analysis. Eac singleanalysis-st is explainedin the differentsec-
tions of this chapter. The nal outpus (inclusive and exclusive photan/patrticle dis-
tributions) constitute the expaimental resultspresetied and discussedin chapters 6.

and?.

The nal les contairing this experimentalphysics-wiserelevart informationandreadyto beanalyze
arecalled“Data Summay Tapes” (DST).
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5.1 Dataanalysisand simulation software packages

Two data-analysipackage$FOSTER andROSEBUD) andonesimulaton packagéKANE)
have beenspeci cally developedfor the TAPS campaignat KVI in 1997 [KANE96,
Aphe9§. Theinclusian of the FW andDB in the experimentalsetupcompelledme to
modify thosecodesto includealsothe combinedraw datadecodingandparticleidenti-
cationproceduregor thosetwo additianal particlemultidetectors.Thesethreepackages
wereinstalledanddeveloped (usingCMZ, a codemanagepackaggd CMZ]) runningun-
derUNIX (HP-UX, IBM-RT andLinux platforms)atthe FrenchIN2P3 ComputerCenter
(CC-IN2P3).The CC-IN2P3offersanimportantcomputng power, large disk spaceand,
in particular a setof machinesandautomatedaperobotsallowing the userto handlethe
largeamountof experimentaldatarecorded 150Gbytes)viathe TMS(“TapeManage-
mentSystem”¥ and“xtage” (tapereading/writing)services.

FOSTER: This packagas basicallydevotedto the decodingof theraw TAPS,FW and
DB data,andto the TAPS (enegy andtime) individual detectorcalibration. FOS-
TER is written in C/C++ and interfaces the FORTRAN CERN programlibrary
CERNLIB (HBOOK andKUIP routines).It provides,thus,all interactve andgraph-
ical presentationstatisical and mathematicaknalysis,and objects(histogams,
event les Ntuples,vectors,etc.) of the PAW [PAW90] analysispackageplusall
the additioral built-in TAPS-speci cfunctions[Aphe98]. It wasoriginally devel-
opedundervMS/Alpha, startingoutfrom the TAPS ASL on-linepackagdseeSec-
tion 4.9.1), and later adaptedto UNIX. It is this UNIX versionwhich was further
developedandusedin this thesis FOSTER providestwo setsof commands:

Commanddo dispatchthe original DLT tapes(10 GB of uncompresseda-
pacity) onto 3490 cartridges(1 GB storagecapacity)handledby the TMS
and xtage services. Once datahave beendispatchednto cartridges,FOS-
TER relieson a plain-text databas¢o accesshe differentruns(identi ed by
anuniquenumber).

Commandso build usefulhistograms(raw/cal time andenepgy spectraP SA-
TOF spectra,scalers...) aswell asbuilt-in functionsto handlethesehis-
tograms: automaticenegy calibration,automatictime calibration, time-of-
ight montoring andcorrectionntupleproduction ...

The nal outputof FOSTER is onentuple“hbook” le perrun, containingall de-
coded(and calibrated)informationfor each ring TAPS moduleandall decoded
(but still raw) datafor eachFW andDB ring detector The TAPS PSA-TOF con-
tour les (section5.4.1)for subsequenphotonidenti cation are alsoconstructed
usingFOSTER.

ROSEBUD: Thisanalysigool performsthe photonshaver reconstructionn TAPSand
theindividual particleidenti cation in the DB andFW detectors ROSEBUD con-
siss on asetof fully object-orientedC++ librariesbasedon the ROOT framework

2TMS softwarehasbeenconceved at the “Rutherfad AppletonLaboratey” (RAL) anddevelopedby
the HEP/VM community.
3Via the“cfortran.h” packageby B. Burow.
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[ROQOT] and bene ting from all its functionaliies (statisticaland mathematical
analysisgraphicainterface,‘trees” event les, etc.).ROSEBUD readghe“hbook”

ntuplesproducedby FOSTER, analyzesachring individualdetector(containing
only “hits”) andoutputsthe nal phystal events(containingonly particles)ontoa

DST*“tree” le perrunreadyto beanalyzedlt canhandleeitherrealdatafrom the
FOSTER decodingsystemor simuated datafrom the GEANT3-basedsimulaton

tool KANE.

KANE : KANE is a detectorsimulaton packagedesignedo studythe TAPS response
to variouskind of electromagneti¢photons electrons posironsand muons)and
hadronic(protons,neutronsandneutralmesons)articlesandfor variouskinds of
geometrie3KANE96]. It is codedin FORTRAN andinterfacesGEANT3 [GEANT]
for the Monte-Carlotrackingof the passag®f particlesthroughthe detectorqge-
ometryde nition, trackingof particlesandgraphicakepresentationf thesetupand
particletrajectories).In its nal versionit containsthe whole experimentalsetup
(i.e. the FW and DB multidetectorsapartfrom TAPS). Differentinput distribu-
tions (e.g. in enegy andangle)for differentparticlescanbe de ned by the user
to testthe responseof one of the detectorsor of the whole setup. The outputof
KANE is a“hbook” ntuplewith a structurefully compatibé with the experimental
FOSTER ntuples which canthusbe subsequeht analyzedoy ROSEBUD-linked
programmesA comparisorof the experimenal andsimulaed datais hencedone
on equalfooting usingexactly the sameanalysisprocedures.

As aforementionedhe R2 experimentproducedl50 Gbytesof raw data(correspond-
ingto 500 million evens) in 14 days. A factor 10 of datareductionwas achieved,
after DB/FW zerosuppressin, detectorcalibrationin FOSTER andparticlereconstruc-
tion within ROSEBUD. Thelastlevel “Data Summarylapes” (DST) productia yielded
15 Gbytesof reconstructedlatacontainingselectednformationrelevantto higherlevel
physcsanalysidrom whichthe nal resultsverededucedThesedata tted onto20DST
datavolumes(3490cartridgesof 1 GB capacity)storedat Lyon's ComputingCenter

5.2 TAPSEnergy calibration

Whena BaF, res, the two time-intenal integration of the analogsignal delivered by
the PMT givesthe valuesof E, andE,. Eachoneof thesevalues(in channels)s to be
transformednto enegies(MeV) througha linearrelation:

Eca MeV a gain E;aw channels (5.1)

The ordinateat the origin of the calibrationline, a, is given by the rst non-zero
channelof the QDC: the “pedestal”. It correspondso the (adjustablexhage delivered
by theQDC in theabsencef ary inputsignal. Thegainis determinedvith theaid of the
known enegy lossof high-enegy cosmicmuonsin a TAPS module.

Indeed}o calibratethecrystalsn thewide dynamicrangeof TAPS(themostenengetic
photors producedn thepresenexperimentEg  200MeV, coulddepositmorethan150
MeV in a single module)we usedthe cosmicmuonstraversingthe detectorssinceno
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radioactve sourceproducephotmswith comparablenegies’. Cosmicmuons(p , p
with ct = 658.6m) originatefrom the weak-decayof atmospherichaged pions(ct =
7.8 m) producedn interactionsof the primary cosmicradiation(basically protonsand
a-particles)with the air in the upperatmosphere.Muonsrepresenmore than 98% of
charged particlesarriving on earthat sealevel’. Thesemuonshave a meanenegy of

4 GeV at groundlevel and, thus,they behae as minimume-ionizing particles(MIPS)
deposithg an averageenepgy of roughly 38 MeV in the 5.9 cm vertical thicknessof
the TAPS crystals(theenegy lossperunit lengthof MIP muorsin BaF; is, applying the
Bethe-Blochformule®, dE dx min = 6.6 MeV/cm).

The enegy calibrationof the wide and narrav component®f eachone of the 384
TAPSBaF, modulesvasperformedwith the helpof the FOSTER packagdor thediffer-
entsetsof runsof the experiment.This takesinto accountpossibé detectorgyain's drifts
due to varying experimenél conditiors, like temperatureuctuations or HV changes.
Muonswere detectedandrecordedduring beam-ontime whenthey vertically traversed
the detectorssincethey mimic a high-enegy photonevent and can be acceptedoy the
differenthard-photortriggers. They could beidenti ed in the enegy spectraof indi-
vidual moduksasa broad(gaussian+liear) peakcenteredat a channekorrespondingo

38 MeV (seeg. 5.2). Not always,however, the muonpeakcouldbewell identi ed.
Therefore for a few runsand/ordetectorsa time-gatein a selectedegion of TOFswas
requestedo constructhe enegy spectra.This gatewassetin aregion beforethe prompt
photonpeakwhereno reactionproductsvereexpected.The nal valuefor thecalibrated
gainpermoduk wasobtainedwith the expression:

380 MevV

in MeV ch .
gain ¢ cosmicpeak ch  pededal ch

(5.2)

The resultingaveragegain per modue is around98 KeV/channel. A nal monitorng
of the calibrationlines (Eca vs. Eraw) for both enegy componentsper setof runsand
per detectorwas also performedto checkthe quality and the evolution of the enegy
calibration les all alongthe experiment.

4Thehighest-enegy phdonradicactive sourcesivailablearea 2**Cm-3C sourceprodicinga 6.1MeV
phaon from anexcitedstateof 180, andan?*'Am-°Be sourcedelivering photaswith 4.43MeV from an
excitedstateof 1°C.

5Cosmic ux es for different particlesat sealevel (Hz/cm?) are[PDG98 Zie96: p: 0.021, n: 0.0142,
p:1.1410 4, p: 1.5310 °.

6In generd the numeical valueof the minimumionization(more precisely of minimum enegy loss)
isdE rdx 1-2MeV cm?/gfor all material§Bock98].

’Given the counting rate of cosmicsat sealevel (0.02 Hz/cm?) andthe total surfaceof the six TAPS
blocks(6 25cm 5.9cm=885cm?), arough estimategivesabou 18 muors traversingTAPS per
second Amongthedifferenttriggers,the sumof thephaon acceptedventsrepiesented 65%of thetotal
acqusition rate.Consideing anaverage 60%triggerlifetime, thiswouldyield rougHy 7 muasrecaded
persecond.
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Figure 5.2: Enegy wide spectum of a BaF, moduleduring bean-time The r st arrow indicates
the position of the QDC pedesal (0 MeV). Thesecom one indicatesthe postion of
the cogmic muonpeakcorregpondng to a meanenegy loss of 38 MeVin the Bak,
crystal. Thesolid line correspomisto a t of the signal to a gaussan+ rst degree
polynomialfundion.

5.3 TAPSTime calibration

5.3.1 Singledetectortime calibration

The time alignmentof TAPS detectorgelieson the time structureof the Ar beam. The
AGORcyclotronfrequeny was37.1MHz equivalentto abeambursteveryl RF =26.9
ns. In the occurrenceof a nucleus-nucleusollision, the producedphotors arethe rst
particlesto hit the TAPS moduks. They need2.2 nsto traversethe 66 cm distancesepa-
ratingthetamgetposiion from eachTAPSblock.

In theformerchapten explainedthatthe startof the TDC's is givenby thelogical AND
betweerthe mastettriggersignalandthe RF signal,whereaghe stopcomesfrom a CFD
signaldelayedby a x edvaluepermoduk. Thedifferenttriggershave ajitter in time of
the orderof 400 ns, which is morethanoneorderof magnituddargerthanthe time be-
tweentwo consecutie beampulses.Therefore the triggersmay overlapwith anearlier
or later RF-signaland, consequengl two prompt photonpeaksappearin the accumu-
lated TDC spectrumof eachindividual TAPS detector(see g. 5.3). Theobsened rst
promptpeak,at2.2 ns,andsecondphotm peak,at2.2ns+ 26.9ns,canbe used thus,to
individually align andcalibratethe TDC's.

A typical calibratedTOF spectrumobtainedduring the 36Ar+1%7Au high counting-
raterunscanbe seenin gure 5.4. The width (FWHM) of the photonpeakis 2.17ns.
This width is mainly dueto thetime spreadf the beamburstdelivered by AGORwhich
wasaround2 ns. In thesamegure, thebroadstructurearriving laterin time, in theregion
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Figure 5.3: Rawtime spectumfor a BaF, moduk showirg the conscutive beampulsesdouble-
structure.
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Figure 5.4: Calibratedtime-of- ight spectum of a BaF,-moduleduring 20 expelimentalruns of
the 36Ar+1°7Au reacion. The r st (prompt) peak,centeed at TOF = 2.2 ns, corre-
spandsto the photons,the secand “b ump” to (slowen particleshitting TAPS.
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betweend and15 ns,corresponds$o hadronicparticles(mainly protonsandneutronsf
increasinglysmalkrkineticenegies. Thebackgroungignalsbeforethepromptpeakand
beyondthe particle“bump” correspondnainly to cosmic-mwnsevens.

The nal time-of- ight calibrationfactorfor eachdetectoris given by TOF ns
22 TOF chanrels 1000 f, with fi 80 ps/channebn the average.The rangeof
theTDCswas100ns.

5.3.2 TOF drift correction

Drifts in the RF of the pulsedbeamdeliveredby the AGOR cyclotronappearedll along
the 14-daydong beam-timedueto several adjustnentsof the settingsof the acceleratar
To monitor thetime stabiity of thebeamandto correctfor any drift, we accumulatedyv-
ery 10° eventsthealignedtime spectraof the 384 TAPS moduesin onesinglehistogram,
anddeterminedhe offsetin the position (andthe width) of the photonpeakwith respect
to the expectedposition at 2.2 ns. The evolution all alongthe experimentof the photon
peakcanbeseerin theupperpartof g. 5.5. Thesignicant deviationswith respectothe
referencevaluewereduemainly to aninterruptian of the acceleratiorsystem.The same
spectrumcanbe seenafter the correctionfor theseRF drifts (lower partof g. 5.5),the
remaining‘spikes”in the histogramcorrespondo evens withoutbeamthatwereignored
in thesubsequerdnalysis.

5.3.3 Walk and cross-tlk correction

In addition to the cyclotron-RFdrifts, two moreexperimenal effectscanaffect theregis-
teredT OF values:the cable-andTDC- inducedcross-talkandthe CFD walk. The“walk
effect” in the CFD (the dependencef the discriminabr responseo the amplitude of the
input signals)usually affects the position of the photonpeakin the time spectrasince
thosediscriminatorscontrolthe stopsignalsof the TDC moddes[Marg95H. This effect,
of theorderof 200psin our setup,is correctedn practiceby constructingdifferentP SA-
TOF identi cation contoursfor 6 differentphotonenegiesdomains(seeSection5.4.1).
The correctionof TDC cross-talkwasnot necessaryn our experiment at variancewith
former TAPS experimenal campaignse.g. at the GANIL accelerato(seefor example
[Martt94, Marqt94), mainly becausé¢he AGOR beamtime resolutionwasanyhow of the
sameorder asthis effect, andin practicethe nally obtainedTOF spectrapermited a
goodparticleidenti cation.

The nal resolutionin the TOF measurementsfterall time correctionsywas900 ps
(FWHM), avaluewell appropriatdor particleidenti cation by time-of- ight.

5.4 Photonreconsruction: cluste analysis

All photonsproducedn this experiment(with distinctive enegiesin theregion 10 - 200
MeV) generatean electromagneticshawver inside the BaF, crystals(seeAppendix 1).
Sincethe lateral dimensims of the BaF, modulesare comparablewith their Moliere
radius, mostof the photonshovers extend over more than one modulé®. The average

895% of anelectromaneticshawver s laterallycontainedn aradiusRgsey, 21 m.
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Figure 5.5: Evoluion of the position of the photan peakduring the 14 daysof experimentbefae
(upper part) and after (lower part) the correctons of the RF drifts. Thepostion of
the peek is calcuated every 10 accumuatedevents(one bin in the x-axis).
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Table5.1: Average numberof BaF, modulesring with an enegy deposition larger than5 MeV
for photans impinging TAPSwith different experimentaly measwed enegies. These
multiplicitie s, obtainedfrom experimenta data, coincide very closely with the resuls
of GEANT simuldions,

Incidentphotonenegy (MeV) 30 60 120
AverageclusterMultiplicity 1.2 16 22

numberof BaF, modulegclustermultiplicity) which containpartof the electromagnetic
showver with anenegy depositionargerthan5 MeV (thethresholdof the TAPS modules
CFD) for differentincidentexperimentajphotonenegiesarelistedin table5.1.

5.4.1 Single-detector particle identi cation (PSAvs. TOF)

The enegy of a given photonincidenton TAPS is obtainedby summingup the infor-
mationcomingfrom thedifferentneighbouringnodukshit by the sameelectromagnetic
shawver. To reconstructhe electromagnetishover one makesuseof a clusteringalgo-
rithm. The rst taskof this clusteringroutineconsistin separatinghe desiredohotonsig-
nalsfrom othernon-electromagnetisignals Indeed sincethe BaF, crystalsalsorespond
to chagedhadronsprotons heutronsandotherheavier nucleafragmentgeachingTAPS
will developahadronicshaver. Thesehadronicshaversaredominaedby asuccessionf
inelastt hadronic/nucleainteractionsand,hence shav a quitedifferent“topology” than
electromagnetiones.To be ableto reconstruct photonenegy onemust, rst, identify
theorigin of the hits (electromagnetidyadronic)throughproperPSA vs. TOF, andCPV
selectionsaandthenfurther disentangléhe electromagneticandidatebetweenphotas,
electronsaandcosmicmuons.

We have seenin Section4.6.4thatthe shapeof the electric pulsedeliveredby BaF,
variesaccordingto the speci c ionizationof the incidentparticle (highly-ionizing parti-
clesproducingmorelight in delayed uorescencedecay). The PSA, de ned astheratio
En Ew, measureghe proportionof promptto delayed uorescencelight. When plot-
ting PSA with respecto TOF we obtainatwo-dimensimal representatiomwhich exhibits
differentregionscorrespondingo the differentparticles( gure 5.6). Fromthis plot con-
structedfor differentenegy domains,onede nesrectangularegionsassociatedo each
typeof particle. Thewholesingle-detectordenti cation procedurdas summarizedn g-
ure5.7andtheobtainedP SA-T OF contoursusedn thepresenexperimentor theparticle
identi cation aregiven in table5.2.

5.4.2 Clustering routine

The identi cation routine, implemenéd in the ROSEBUD libraries, assignsa “label”
to each ring detector(“electromagnetic”, “hadronic” and“cosmic” candidatesyand
thenproceedswith the clusterizatioralgorithmto performthe shaver reconstruction A
shaweris de ned asa continuausclusterof individual hit detectorsFor eachelectromag-
netic/cosnt clusterof neighbouriig ring detectorgdhaving at leastone detectorwith
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Figure 5.6: PSA as a fundion of TOF for all particlesdetededin TAPSwith enagies 10 MeV
E 20 MeV Photors eventsappear ceneredaround PSA= 1andTOF = 2.2 (+
26.9 ns.Chamedhadonshave PSA 0.7andTOF = 5- 15(+ 26.9 ns(seetable

5.2).

Figure5.7: Shemaof the particle-identi catio n procedure in TAPSasimplemengédinto ROSE-
BUD. It malesuseof the PSA  E, Ey, TOF (time-of-ight) and CPV (charged-
particle-veto)information. Adaptel from[Aphe®8].
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Table 5.2: List of the PSA-TOF rectargular cortours usedin the presen experimentfor particle
iderti cation in TAPS.

Enegy range TOF PA

Photons: 0-5MeV 0.21-4.70 0.1-1.8
5-10MeV  0.10-4.30 0.1-1.6
10-20MeVvV 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: 0-5MeV -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

Eiresh 10 MeV), thefollowing four basicparameterdarecomputed:

Cluster multiplicity: My is de ned asthe numberof contiguows hit moduleswith
an enegy surpassin@ giventhresholdg; X MeV. (Mg‘ is de ned asthe total
numberof detectorsn acluster)

Cluster energy: Theenegy of theclusteris:

E aE (5.3)
[
wherekE; aretheindividualenegiesof eachBaF, belongingo thecluster Detectors
with enegy belov 0.4 MeV are, however, discardedrom the summaitbn in our
ROSEBUD analysis.

Cluster dir ection: Theincidentdirectionof the photon,with enegy E, is obtained
fromthelogarithmc-weightedgravity-centerof theclusteraccordingo theformula

[Awe92]: .
r aWihi (5.4)
aj W
Ei
wi, max Owy In—= (5.5)

E

wherer; denotethe positionsof themodulesandwg = 4 is adimensiongéssparam-
eterdeterminedrom GEANT simulatbns.

9Actually, 4 moreglobal clusterparaneters:“Energy dispesion”, “Time dispesion”, “Surface” and
“Linearity” canbealsocomputedin different experimental lters. Suchparaméershave beenusedn other
experimentsn orderto further cleanthe spectrunof hardphotors from hadraxsandcosmiccontamirmants
in thevery-high enegy region (see[Mart97, Aphe98).

110



111 Dataanalysisanddetectorcalibration

Cluster time-of- ight: Themeanvalueof theT OF of themoduks(with individual
timest;) belongng to the clusteris calculatedwith theformula:

1 o
E Et

whereonly detectoraith enegy above E; = 3 MeV aretakeninto account.

Cluster Energy

Oncethe clusterenegy hasbeencomputedaccordingto relation (5.3), two additional
correctiongddueto the TAPS experimentakesponséo photonsarestill neededo achiere
anabsolué enegy calibration:

1. Shower leakage It canhapperthatthe absorptiorof the electromagnetishovers
by TAPS s nottotal. Part of the photonshaver may leak out of the backside of
themoduks(aswell asoutof thefront, betweerthedetectorsnoduksandthrough
the sidesof the detectorblocksfor the mostoutsice moduks). The experimental
responsdunction of TAPS blocksto photonscanbe seenin gure 5.8 wherethe
“line shape”measuredor a monochromatic Eg = 55 MeV photonimpinging an
arrayof 64 BaF, moduksis shavn [Gabl94]. A reasonablgooddescriptionof the
shapas obtainedvith aparametrize@aussiafiunctionmodied by anexponenial
tail atthelow enegy side[Matu9Q:

y N Gauss for E Epeak

y N Gauss exp i"e‘j‘k 1 Gauss for E Epeak (5.7)
2

where Gauss exp M%

TheparameteN is anormalizatiorfactor the FWHM G of the Gaussiardescribes
the high-enegy sideof the peak,wheread describeghelow-enepy tail. Finally,
the mostprobableenegy Eeakis slighly smallerthantheincidentEg = 55 MeV
enegy. Thevalueof Epeaxturnsoutto be a simpk linear function of theincident
photonenegy: Eq  fieak Epeak Themultiplicative factor feak accountdbasically
for theaforementionedkakingeffect which leadsto a systemat shift of themean
responseo (slightly) lower enegies. GEANT3 simuationsof the TAPS response
functionof our setupyieldedanaveragevalue f|g4=1.089.

2. Muon vs photon scintillation: Apart from the formerenegy lossdueto the pho-
ton shaver longitudinal punchthroughthereis an additionalsystemadtal shift (of
comparableorder)to lower valuesin theenegy. It is dueto the differentresponse
of BaF, to cosmichigh-enegy muons(usedto individually calibratethe detectors)
ascomparedo photons. Actually, whereagphotonsdevelop electromagnetishov-
ersin matter Ge\tenegy muonsoseenegy in matterprimarily throughionization
[PDG98]. Thisresultsin adifferencein theef ciency to producescintilation light
in BaF,. This effect canbe alsoaccountedor with onesinglefactor fcin.
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Figure5.8: Experimentalline shapeof a phaton of E; = 55 MeVincidentin a TAPSblock, com-
paredto the tted andytical resposefundion givenby eq. (5.7). Thevaluesof the
t parametas are shownin the gure. From[Gabl94].

The global correctionfactorfor theenegy, fe  fieak fscin iS calculatedirom the
ratio of the known neutralpion restmass(mg = 134.97MeV) with respectto the ex-

perimentalvalue measuredn our experiment This mass,mgép, is obtainedfrom the gg

invariantmass® spectrum:

mny  2E1E2 1 costaz (5.9)

Takingall detectedypairs,themeasuredn;,, distribution peaksat mz’ép =114.4MeV (see
Section6.1.4). Theglobalenegy correctionfactoris, thus:

fe  mpo mS’f)p 118 (5.10)

andsincefieak My MENT = 1.089,we obtainalso fscin  fe fieak= 1.083. There-
fore, the correctioneffectsdueto the leakingof the electromagnetishoversanddueto
the differentef ciency of producingscintillation light betweenphotonsand muons,are
of thesameorder

The nally obtainedenegy correctionfactor fg takesinto accounthe averageTAPS
experimenal responsdunction to photonsand correctsalsofor otherminor effects af-
fectingthe enepy calibrationlike e.g. the CFD thresholdsettings.The enegy deposited

OForagereraldecayX 1 2,themonentap; andenegiesE; of thetwo decayim procuctsarerelated
totheorigind particlemassthroughtheinvariant-masgormua:

2
mg ép.“ Ei E22 p1 p2? 2EE, pmpecosqiz M Ny

Forp® ggthisgenerakxpressioryields E; pim  0: Myo 2E1E2 1 cosqiz
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Table 5.3: Position and angular resoltion for phaons impingng a TAPSblock with different
incident enegies. Theanguar resdution is calcuated assuming the TAPSblod is
located66 cmawayfromthetarget. Adaptedfrom[Vene94.

Incidentphotonenegy (MeV) 50 100 200
Positionresolutian (cm) 21 19 17
Angularresolution( ) 18 16 15

in eachdetectori is then nally givenby:
Ei MeV fe &4 gainMeV ch E;ch (5.11)

wheregain MeV ch is obtainedrom expression5.2) anda; is the pedestalalue.The
reliability of sucha calibrationmethodwas checledin measurementssingmonoener
getic taggedphotonsin the enegy rangebetwee45 and 790 MeV [Matu90, Gabl94.
Thesemeasurementalso give a parametrizatiorof the enegy resolutionfor TAPS as:
s E 059% EgGeV 12 191% (FWHM). In the photonenegy rangeof interest
for our experimentwe have taken,therefore anaverageenepy resolutionof 2 MeV.

Cluster position

As a photonshower spreadsover more thanone modue we candetermineits incident
posiion with a betterresoluton thanthe detectorlateralsize ( 2.9 cm equialent to
25 angularresolutionat a 66 cm distance). Table 5.3 shavs the meanposiion and
angularesolutionachievedwith themodi ed gravity-centerformula(5.4). An additional
shawer depthcorrection[Marg95b] hasbeenappliedin the presentanalysisto take into
accountthata photontraversesa meandistanceZ X3 0In E Ec 12 (Xp being
theBak, radiationlength)insidethecrystalbeforedeveloping anelectromagnetishaver.
The average nal position resolutionfor the hard-photonstudied in this thesishas
beenthereforetakentobe 2.5cmcorrespondingo ameanangularesolutionof 2 .
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5.5 Dwarf-Ball analysis

In thissectionl will describeheprocedurdor light-chaged-particle(LCP) isotopicsep-
arationand intermediate-fragmeriMF) identi cation in the Dwarf-Ball multidetector
usingthe pulse-shapeechnique$ (slowvs. tail andfastvs. tail plots)mentionedn Sect
4.7.3.

5.5.1 DB light-chargedparticle isotopicidenti cation

As mentioredin 4.7.3,achagedpatrticlehitting a DB moduk will deposita given enegy
DE in thethin fastplasticandwill usuallystopin the CsI(TI) crystaldepositirg the rest
of its enegy E. If we just considey for the moment the two-scintilation-compment
respons@f Csl(Tl) (E Eg Eia) andwe plot Eg versusE;,, onecanidentify different
parabolagorrespondindo differentparticles( g 5.9). Thoseparabolaslo notincrease
uninterruptedlythereis a maximumpointfor whichthe Eg andE;, startdecreasindpoth
atthe sametime: the parabold‘closesbackto itself” de ning aloop-like structure.This
effect is dueto the nite thicknessof the CsI(Tl) crystals: the mostenegetic particles
will be ableto traversethemanwill depositlessenepy in the crystalthanthosethatare
stopped Themaximum enegy a particlecandepositin the CsI(Tl) (justbeforepunching
through)correspondso the maximumof theloop. Thisis the so-called*punchthrough”
back-bend.

Theposition of the“punchthrough’pointschangedor eachtypeof particleaccording
to its productZ2A (seeAppendix1). This characteristi@llows to separat¥ thedifferent
isotgpesof H (p, d andt) andHe (*He anda). The regionsabove the protonloop and
below the a loop correspondo the neutron/phton and IMF signalsrespectrely. The
parabolaseparatinghe IMF region from the a (andthe restof LCP) signalswas also
determinedor eachindividualdetector:

Es Eg C1 Ea C ER (5.12)

For eachDB modulealinearizationparametewasde nedas:Picp Ea Eg Eg),
allowing to projectthe bidimensionalEs; Eia histagrams. With this scaling, all the
PLcp Vs. Eta mapshave thelinesfor eachparticleat approximatelythe sameP, cp value
[Mora0Q. Fig. 5.10shaws the linearizedP_cp histagram obtainedwith the different
peakscorrespondingo thedifferentlight-chaged-paticlesdetected.

11Beforeapplying the PSAtechniqie, however, a preliminary stepconsistedn propely selectingthose
hitsrecodedby theDB which effectively belorg to thesamereaction.Thus,for eachoneof the64 detecto
atime gatewassetarourd the pronpt peakto discardin the subseqgant analysisthosepileup everts not
belorgingto thepronpt coinddence.

2pdditionally, thesepunchihroudh pointsarealsousedto perform the enegy calibratian of the (non
linear) Csl(TI) response.Sincethe purchthraigh pointscorrespad to the particlesbeingstoppel at the
endof the Csl(Tl) telescopeknowing thetraversedblasticthicknessit is easyto calculatewith the helpof
range-enegy tablestheenegy of theseparticles.In this expaiment,however, noenepy calibration for the
chagedparticleshasbeenuncertalensinceonly the LCP andIMF multiplicity informationwasneeded.
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Figure 5.9: Isotopic light-charged-particle iderti cat ion with a K vs. E;5 bidimersiond plot for
a CslI(TI) crygal of the DB multidetects. Thedifferent“punchthrough’ pointsfor the
hydrogen (p,d,t) and helium CHe, a) canbe seen Thearea above the proton loop
correspomisto theregion of neution andphaton signds. Theareabelow thea line is
populated with IMF everts.

Figure 5.10: Linear parameterR cp histogram showingthe peaksof the 3 isotopesof hydiogen
andthe 2 isotgpesof helium. From[Mora00].
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5.5.2 DB IMF identi cation

For eachDB module the parabolahatseparatethe LCP regionfrom theIMF signals(in
the Eg vs. Ei5 plots) hasbeenstoredin data les to be later usedby our particles-and
particles-phain analysisprogrammes.This parabolaswill allow to separatéothtypes
of reactionproductsand,amongothers,calculatethe respectre multiplicities M cp and
Mimr for ourimpact-parameteaindmultifragmentatiorstudiesrespectrely (seeSection
7.1).

In orderto individually identify the differentchage of the IMF we male useof the
E¢ (thin DB plastic scintillation signal)vs. Eg (rst CslI(TI) scintillation component)
bidimensionalplots (g. 5.11). Again, by usingthe obsened linear dependencé&g
A B E;,wecanperformalinearizationproceduref this bidimensionakrrayto obtain
anuni-dimensonal histogamfrom whichthedifferentiMF canbemoreeasilyseparated.
For eachdetectorthefollowing linearizationfunction (of arbitraryunits)is computed:

Pme Ef B Eg A (5.13)

In g. 5.12we presentheprojectionof g. 5.11throughtheparameteP . Thedif-
ferentpeakgyive usthechagesZ of theLCPsandIMFsuptoZ 10. Severaltableswith
thelinearizationparametersisedin the presenexperimentcanbe foundin [Mora0Q.
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Figure5.11: Scater plot of the fastvs. slow enegy comporentfromthe samedetecor asin g.
5.9showingthedifferentbranchescorrespomingto theintermediae masdragmens
for Zupto 10. Theisotgpesof H and He are not resoledin this typeof plot.
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Figure 5.12: Linearizationplot of the projededE; vs. Eg bidimersiond histagramshownin g.
5.11.Ead peakcorrepondsto thedifferentcharge Z of the particlesand fragmensg
producedin the heaw-ionreadion. Adaptedfrom[Mora0Q].
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5.6 Forward Wall analysis

In this sectionl will outline the procedurefor chaged particleidenti cation in the For-
wardWall multidetector The rst step(seeg. 5.1)consistan selectingouttheparticles
producedn the recordedreactionfrom the randombackgroundof uncorrelatedevents.
Therandomeventsappeatin the spectrunsincethetime-of- ight is measuredelative to
theradiofrequeny (RF) of the cyclotron A gateis seton the promptpeakof eachone
of the 92 detectorsn orderto selectfor furtheranalysisonly thoseeventswith a prompt
coincidence.The secondstepconsistan additionally Itering the particlesproducedn
the recordedreactioneventusingthe “pileup” informationfor eachFW module. Once
this procedurehasbeenapplied,we canusethe correctedDE  E spectrunto separate
theLCP'sfrom theIMF's.

5.6.1 FW LCP/IMF separation

An exampleof the standardDE E methodfor chaged-particleidenti cation with a
phoswch multi-detctoris shovn in g. 5.13. Thediagonalin sucha Egp, vs. E; repre-
sentationcorrespondso low enegy particlesthatstopin the front (fast)NE102A layer,
henceproducingonly the shortsignal: their light outputis DE ~ C E. Particleswith
higherenegies punchthroughthe NE102 layer and starttraversingthe secondNE110
(slow) scintilator, givingriseto thedifferent*banana-shapediands.Fromtheseshapes,
particlescanbeidentied. Thebandstartingpointscorrespondo thepunchthroug back-
bendswhich differ for particleswith differentZ. In generalthe heavier the particlethe
moreenepy it needsto traversethe rst layer, sothe increasingpunchthrougtpoints'3
correspondo increasinglyhigherZs. Theisotopeidentication of hydrogen canbealso
done(insetof g. 4.19)butis notasdirectasin Dwarf-Ball Eg vs. Ei5 plots. Fromthis
plottheIMF have beenseparateftfom theLCP onanevent-by-ezent basisby determining
for eachFW detectorthe separatiorine betweerHe andLi.

Theobtentonof suchDE E plotsfor eachFW moduk is, however, notthatstraight-
forward. As explainedin the FW electronicsSection(4.8.4),we use6 setsof common-
gateADCs for the“short” and“long” chage-intggrationof the detectorsignalsof the 92
detectors.Thus,eachADC generates comma (“short” and“long”) gatefor 16 chan-
nels,i.e. all channelsareintegratedover the sametime interval. Although this solution
economizeshe amountof electronicsjt hasthe disadwantagethatin multi-hit eventsthe
differencein arrival time betweenthe analogandgatingsignalsis not x eddueto time-
of- ight differencedetweerparticlesenteringthe variousdetectorsanddueto different
delaysin the electronicschain' [Leeg92]. Indeed whentwo, or more,phoswtches red,
the startof the commongateis determinedby the rst arriving phoswichsignal. As a
result,the chage collectedfor therestof ring detectorsn the shortandlong gateswill
beslighty smallerascomparedo single-hitevents.Whenall eventsaremixedthisleads
to a deteriorationof the particle identi cation (left panelof g. 5.15). Two methods

B3Likein theDwarf-Ball casg(seeSectiorns.5.1), theknown positionof thesepundithrough pointswould
allow for anenegy calibratian of theindividual moddes.

14In our setup additianally, the 60 large detectos hadPMTswith fasterespmsetimesthanthoseof the
32 smallerphcswiches.This fact,andan additianal cable-legth difference resultedin a maxinum 20
nstime differencebetweerthe outerandinnerdetectes, comprableto the 27 nsRFtime.
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Figure 5.13: Forward-Wall particle identi cat ion withtheDE E plot of a singe module

have beenappliedsofar to correctfor this effect: eitherusingthe measuredime differ-

encebetweengateandphoswichsignal[Leeg92 or combining a singleintegrationover
the pulseshapewith a measurementf the signal-over-thresholdtime [Wiss97. In the
presenexperiment,a differentcorrectionprocedureanakinguseof the so-called‘pileup

TDC” informationhasbeenapplied.Theideaconsiss in storingthetime of thecommon-
gategenerationthe CFDs"OR” of eachgroupof 16-phoswiches)or eachoneof the 6
ADCs. Thisresultsin thespectraof g. 5.14shaving severalpeakscorrespondingo the
particlesproducedn consecutie beambursts. With the help of this spectrunthe time
of the commongatecanbe relatedto the RF signalof the acceleratarConsideringonly
thesignalswith a“PileupTDC” belongng to thetwo mostprominentpeaks(therestare
uncorrelatedackgroundevens) andselectinghemseparatelyve obtainthe“clean” Egp
vs. E; plotshavn in theright panelof g. 5.15.
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Figure5.14: “Pileup TDC" histagram (“OR” of the CFDs of eadh group of 16 or 32 common-
gatedphoswides)for thefour groupsof 16(32) detedors of the FW. Only theevent
lying within thetwo mostoutganding peakshavebeenretainead for subseuert analk
ysis.
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Dealingwith nucleus-nucleuseactionsa rst analysisof the experimentaldatausu-
ally considergheinclusive measurementsf thedifferentobsenables.Namely thestudy
of A B X (where,e.g.,X =g, LCP, IMF) without any selectionof a particular nal-
stateof the reaction. The inclusive resultsfor photonproductionin the four reactions
studedarepresente@nddiscussedn Sectionss.1,6.2and6.4. Thisdiscus#n includes
the shapeof the photonspectrathe photonangularemissim patternandtheir absolute
cross-sectionand multiplicities. The particleinclusive datafor total particle, LCP and
IMF multiplicities are presentedn Section6.3, andthe total reactioncross-sectionfn
Section6.4.4.

(Datafrom exclusie reactionsaimingatthestudyof selectedyparticleexit-channels,
toinvestpatetheimpact-parametatependencef thehard-photorspectraandyields,will
bepresentedh chapter7.2. A primaryinterpretatiorof thewholeinclusive andexclusive
datais donein Section7.4 of the next chapter)

6.1 Hard-photon energy spectra

6.1.1 Raw photon spectrum

The inclusive raw photonspectra(g. 6.1) measuredor the 3°Ar+1%“Au systemand
transformednto the NN centerof-mass(byny 0.18)is constructedor the eventssat-
isfying the minimumtbiastrigger “TAPSNEU LOW*DB1” accumulatedluringthe low
countirg-raterunsof theexperiment. Theenegy spectrunis obtainedrom 5 10 pho-
tonsemittedin coincidencewith somechagedparticle! andrangesrom Eg 15MeV,
the thresholdvalue of the BaF, leading-edgealiscriminatas, up to morethanEg 200
MeV, i.e. abovethekinematicalimit Eg'®*  194MeyV, givenby eq. (3.2),for aheary-ion
reactionat 60A MeV bombardingenegy. Beforecarryingoutthe physcsanalysisof this
photonspectrumin orderto studythe characteristic®f the producedphotons.this raw
spectrunmustbe correctedo take into accounthreeexperimentaldistortiors:

the TAPS (andDwarf-Bdl) detectoresponséunction,

the cosmicbackgroundevents (mainly muonscoming from the upper part of a
TAPSblockin coincidencevith thereactiontrigger, nothitting thechaged-particle
vetoand,thus,potentialy misident ed ashard-photons)and

the contribution comingfrom the two-phota decayof the neutralpionsproduced
in thereaction.

In the next threesectionswve quantitatvely determingheimportanceof thesecontri-
butions in the raw enegy spectrumanddiscusshow we have correctedtheir effectsto
retrieve the originally emittedphotonspectrum.

1Theuseof a“photon*particle” trigger andnota purephota triggeris justi ed in orde to selectthose
phaonsreally comingfrom anudearreaction (andnote.g.“neutral™lik e cosmiceverts mimicking a high-
enegy photon) assignaledby the detectiorof otherreactionproductsof thecollision (seethe discussiornin
Section6.4.3.
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Figure 6.1: Rawinclusiveenegy spectum of photons measued with TAPS(rectargles)for the
36Ar+197Au sysemduring thelow courting-raterunsof theexperiment Thetriangles
indicate the cosmic badkground and the stars the contribution of photans stemming
fromthe decayof the p® producedin thereaction.
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6.1.2 Detectorresponsdunction

In sectiorb.4.2,it wasshavn thatthe TAPSresponséunctionto photors, smearsheorig-
inal deltafunctiond E  Eg of anincidentmoncaenegetic photonwith enegy Eq into a
distributionbestdescribedy anarrov gaussiarcentereditaEpeax 1 1089 Egwith
an exponental tail in the low-enegy side. This nite resolutioneffect may modify the
measuredhard-photorenegy spectrum.In section3.3 it wasmentionedhatthe enegy
spectrumof hard-photonemited in heary-ion reactionscould be parameterizedvith
two exponentiafunctionscharacterizedhy inverseslopeparameterE(‘)j andE§. To asses
how theTAPSdetectoresponséunctionandour photan identi cation andreconstruction
procedurenay modify the hard-photorspectrumand,moreexplicitly, theseslopeparam-
eters,GEANT3 Monte Carlo calculationshave beenperformedwith the KANE package.
Several photondistributionswith exponentialshapeandvarying slopeparametersvere
fed into the simulatian with andwithout the presencef the Dwarf-Ball detectorsystem
in betweernthetamgetand TAPS.

The rst importantconclusionof suchanalysisis that TAPS (and our photonrecon-
structian algorithms)correctly restorethe initial hard-photorenegy exponentialdistri-
bution without signi cantly alteringthe form of the original exponental spectrumgven
with the Dwarf-Ball multidetecto in place. The slopeparameteEy"“#*determinedrom
the simulateddataanalysisremainscloseto the input slopeparameteoriginally intro-
ducedinto the KANE simulation Egd”a' (g. 6.2). Thisproceduravasperformedfor two
differentsetsof simuationswith andwithoutthe DB ( g. 6.2). Thisobsenationleadsto
two mainconclusions:

BothslopegE3*“@ andE['®3) areroughlythesamebelov Eg  10MeV, although
asmalldeviationappearsowardssomevhatlowermeasuredaluesfor higherslope
values.The dependencbetweerthe measurec@ndthe original slopeis linearover
all therangeandcanbe parametrizedaccordingo the t (c? n=0.01)of g. 6.2,
by the corversionexpression:

Egdual a E6neas b (6.1)
with a 109 001landb 060 003 MeV

Althoughthe simulationspoint out a global photonef ciency lossof 10%, dueto
the corversionof hard-photonsn the Dwarf-Ball material(seeSection6.4.3),the
Dwarf-Ball hasno majorin uence on the exponental shapenor on the measured
slopeparameterOnly a minor lowering of 2% of Eg valuewith respecto thecase
withoutthe DB hasbeendeducedyhich canbe accountedor within the t errors
of thesamecorrectionformula.

The effect of TAPS (andthe DB) on the hard-photorspectrais thus small and sus-
ceptibleto be quanti ed andcorrectedfor with equation(6.1). Henceforthfor all slope
parameter®f the exponentialhard-photorenegy distributions quotedin this work, the
correctiongivenby formula(6.1) hasbeenapplied.
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Figure 6.2: TAPSand DB detector resporsein ue nceontheinverseslopeparametr of exporen-
tial hard-photon spedra simulaedwith the KANE padage (E8%Y2' versusEJ*®39. The
wide solid line is obtained for TAPSalone as well asfor the Dwarf-Ball in betwea
thetarget and TAPS.Thedashedline correspomisto theideal respmsefunction.

6.1.3 Cosmic-raysbackground

A rst reductionof TAPS eventsoriginatedby cosmicsrays from thoseactually origi-

natedby photonsproducedn thereaction,is achiezedby requiringin the photontrigger
acoincidenteventin TAPSwith oneof the particlemultidetectaos (i.e. ary “TAPS*FW”

or “TAPS*DB” trigger). Thesetriggerssign the simultaneousccurrenceof a nuclear
reactionwith the detected'photon-type” hit and,hence minimize the contaminatiorof

cosmicmuonsmisidentied ashard-photonsin the higherenegy partof the spectrum,
however, the numberof photoneventsis low andreacheghelevel of the accidentarate
of a muonbeingrecordedsimutaneouslywith a nuclearreaction. For that reasonwe

needto further Iter the photonenegy spectrumby subtractinghe backgroundf elec-
tromagnet signals(with PSA 1) collectedin the TAPStime-of- ight spectrumwithin

awindow? of 4.5 ns (or 3.2 ns dependingon the photm enegy) width well beforethe
promptphotonpeak(locatedat TOF = 2.2ns),i.e.fromTOF = 45ns(orTOF= 32

ns)to TOF = 0.0ns. Thesecosmicbackgroundeventsareindicatedby starsin g. 6.1.

6.1.4 Photonsfrom neutral pion decay

In addition to thebremsstrahlungvents a backgrounaf photonsstemning from the 2-g
electromagnetidecayof the neutralpionsproducedn the heary-ion reactioncontributes
to the photonenegy spectrumessentiallyin theregion 50 - 160 MeV. Neutralpionscan

2The chosencosmicwindows have the samewidth (4 5 ns or 3 2 ns) as the phaon-pek windows
correspondig to the photan-enegy regions quotedin the PSA-TOF table5.2
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however beidentied experimentaly throughan invariantmassanalysis(formula (5.9))
of thetwo-photonevents Sucheventscollectedby the TAPS pion trigger “TW O NEU
LO IN DIFF. BLOCKS?” in theinvariantmassregion aroundthe p® masswith a FWHM
resolutonof 11%( g. 6.3),originatealmostexclusively from the p® decay.

Ar+Au 60A MeV

g pairs exp. detecteckA

p° decay simulation

30

25

20

15

10

number of g-pairs detected

I BT R BT

0O 20 40 60 80 100 120 140 160
m;., (MeV)

Figure 6.3: Two-phdon invariant massdistribution experimentdly measued for the®Ar+1°7Au
sysem during the high courting-rate runs (solid), shown together with a GEANT
simulaion of the samenumberof p° decays (hatchedhistogram).

To subtractthis decay-photorcomponentin the limited acceptanceof our TAPS
setup,a Monte-Carlosimulaton with KANE hasbeenperformedwith a p® event gen-
eratorreproducingthe experimentallymeasuredenegy and angulardistributions. The
pion enegy distribution is describedby a Maxwell-Boltzmann distribution in the NN
centerof-mass,as proposedn [Mart97h Mart99, with inverseslopeparameteiEg
15MeV (g. 6.4). Thekinetic enegy of the neutralpions Ky  Ej My, is ob-
tainedexperimentallyfrom the two decayg enegiesandrelative anglethrough: Eo

2 my 1 cosz 1 Eg Ep Eg Eg ? . Theangularemisson patternin the

nucleon-nucleomenterof-massframeis taken of thetype (1  banicog q), asproposed
by [Mart99], with bani = 1 in agreementvith former subthresholgion measurements
(129X e+197Au at44A MeV [Maye93],4CAr+197Au systemat 95A MeV [Schu94bBadag§).
Thedoubledifferentialcross-sectiois thereforedescribedy the function:
S 1 baco2q pel KO Kem 6.2
dKSWV ani COS () Ppo Ko™ Mpo EXP p0 Eo (6.2)

3Thecombnatorialbaclgrourd of uncorelated2-gevertsfalling within theinvaiantpionmassvindow
is negligible attheseincidentenegies.
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where pggn Kggn 2 ZKS(E”mpo is the pion momentun in the NN frame, and K

a global normalization factor The parametergEp, banj) were adjustedto describethe
dataascanbeseenin g. 6.4 for the pion kinetic enegy distribution of the 36Ar+197Au
system

% 2| Ar+Au at 60A MeV
= 10 :7 Mag<weII-BoItzmann
S g (EX =14.7 £ 0.3 MeV)
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Figure 6.4: Expeiimental (dot9 and simulatel (stars) kinetic enegy distribution of the f de-
tectedfor the systent®Ar+1°7Au. Theexperimenta pion kinetic enegy sped¢rum has
bee tted to a Maxwell-Boltzmanrdistribution in the NN cener-of-massframewith
inverseslopeEy  15MeV

From the analysisof the simulaton we nd thatthe averageneutral-piondetection
efciency of the TAPS setupis €, = 1.75%  0.1%for pionsidenti ed assuctf in the
invariantmassrangem,y 80 - 145MeV. This total (angle-andenegy- integrated)ef-
ciency is basicallygovernedby the geometricabcceptancef TAPSfor the coincident
detectiorof two photong€y €p 014 014 19%).

The enegy spectrumof all single photonsfrom the ggp°®-decay(mainly consistig
of eventsin which only one photonout of the two is detectedwithin the acceptancef
TAPS) representshe contritution of decayphotors whichis subtractedrom the experi-
mentalhard-photorspectrum Thosep®-photonsevents(starsin g. 6.1)form a“bump”
structureextendng from 20 MeV up to 180 MeV with a maximumat aroundEyg 60
MeV. Therelative contribution of this decayphotors becomespeciallyimportantin the
high-enegy partof the photonspectrumandatEg  130MeV they accountroughlyfor

4Apart from the mi,, gate,anadditioral conditionin the openirg angleof eachpair of coincident pho-
tons,qgg 80 , wasselectedor full pionidenti cation accordng to GEANT simulatiors of our setupwith
theaforementione pioninputdistribution.
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Table 6.1: For eacth consdered sysem, raw numbe of hard-phobns and pions experimenally
detected (both gur eshavebeencorrectedto take into account the respedtve trigger
lifetimesand scding-down factors), as well as estimatel numbe of badground pho-
tons (above 30 MeV) comingfrom pion decay as obtained through the simulaion.
This numberis determinedby counting the numberof ggcoinddeneswith invariant
masslying in the range 80 MeV - 145 MeV (g. 6.3) and having an openng angle

Ogg 80.
Readion BAr+197au SPAr+197au 30Ar+108ag  PAr+8Nj Ar+12C
p detected 1820 340 256 474 400
Decaygproduced 26600 5290 3980 8060 6190
Hard-g detected 655800 129200 86440 142130 151540
Decayg/Hardg 4.1% 4.1% 4.6% 5.6% 4.1%

athird of thenethard-photoryield.

In table 6.1 the calculatedrelative contribution of the pion-decayphotonsto the to-
tal hard-photonyield is sumnarized. It amountsfrom around4.1% for the Gold and
Carbontamgets,4.6% for the Ag target, up to at most5.6% for the Nickel target. This
massdependences expectedsincesubthreshal pion productionin heary-ion reactions
is a procesghatresultsfrom a competitionbetweenseveral mutually cancellingeffects
which dependpasically on the size of the collision partnersinumberof NN collisions,
absorptio, Fermi-motion and effect of the Coulombbarrier on the incident projectile
enegy) [Mart97h.

6.1.5 Correctedinclusive photon spectra

Figures6.5- 6.9displaythe nal response-functionorrectecandbackground-subtracted
enepy spectrads dEg calculatedin the NN centerof-massframe of the hard-photons
producedn the ve systens studiedwhereds dEghasbeendeterminedhrough:

ds 1 dNg

i & dE, (mb/MeV) (6.3)
whereC is aglobalnormalizatiorfactorandtheextrapolatiorto 4p of thespectrehasbeen
performedhroughtheacceptancéey) correctiondescribedn detailin Section6.4.3.The
photonspectrunof the36Ar+1°7Au systenis shavn twice: for thehighcounting-rateuns
without the DB, andfor the low counting-rateruns, with the DB. We have consciously
chosena thresholdenegy of E{", g = 30 MeV for the de nition of a hard-photonan
enegy valuewhereno signicant contaminatio from the highestpossibé enegy GDR
photorsis expected.Thisvaluecorrespondsactually to theenegy for subtheshod hard-
photonproductionin aheary-ion collisionat 60A MeV incidentenepgy (seeSection3.1).
We will keepthis “consenative” valueall throughoutthis work althoudh it is clearthat
thecontritution of bremsstrahlunghotongemainsstill dominantin the photonspectrum
downto enegiesof theorderof 25 MeV [Nife90]. Above Eg= 30 MeV, the rangeof
hard-photorcross-sectiomwoversover 5 orderof magnitue (from hundredsof mb/MeV
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down to pb/MeV values). Comparisornof gs. 6.5 and 6.6 demonstratealsothat, as
indicatedby GEANT simulatons, the presenceof the Dwarf-Ball in betweenthe target
andTAPS doesnot affect signicantly the shapeandslopeof theenegy spectrum.

The mostinterestingfeaturein the spectras the obsened enhancemenaf the yield
in theregion Eg = 30 - 60 MeV with respecto the atter exponentialfall-off describing
the high-enegy part of the spectraabove E; = 60 MeV. Sucha deviation is obsered
for the threeheavier systens 36Ar+197Au, 1°7Ag, °8Ni (asit wasalsoobsered in the
86K r+58Ni, 181Ta+97Au and 2%8Pb+97Au systemssee g. 3.8) but is not presentin
the lightest36Ar+12C reaction.In the threeheavier systemsthis excessof hard-photons
clearly hindersthe t with a single exponenial of the spectraabose 30 MeV asit has
beenusuallydonein hard-photorstudies[Nife90]. To properly describethe measured
spectrafor the heavier systens we have applieda sumof two exponental distributions
correspondingasproposedy [Mart95, Schu97]to a“direct” (comingfrom rst-chance
png collisions) and a “thermal” (secondarypng) hard-photoncomponentrespectiely,
with their correspondingveights:

ds Eg E

—  Kge

K.e EsEo 4
dE, te (6.4)

The constanty ¢ in formula (6.4) dependon the measuredard-photornintensites
lq¢ accordingo:

¥ dt thr dt
l ¢ Kat € o & dE, Kthgte Erara g Eo
Ehard g
lgt gt gdt L thr
Kdt ﬁe hard g —0 ,W|th Ehard g 30MeV (65)

Eo

The valuesfor thedirect(Eg, lg) andthermal(E}, I1) slopesandintensites extracted
from thebestleast-squard of thespectrawith theexpression(6.4) aregivenin table6.2
for eachsystem. The inverseslopeparameterfiave beencorrectedwith formula (6.1),
their associateerrorsthustake into accountthe errorsof the t to the expression(6.4)
aswell astheerrorsof theresponse-functionorrection(eq. (6.1)). ThedirectslopesEgI
remainalmostc:onstan'aroundE{)j 20 MeV for thefour systemsn agreementvith the
valuesobtainedfrom the systematicgeq. (3.4)). The slopesof the thermalcomponent
aresofterthanthoseof the direct componen(Ej, beingbetweenl/3 and1/2 times Eg).
The contritution of thermalphotors to the total hardphotonyield, indicatedby therela-
tive intensitesof thermalto total hard-photons; |, amountgdo around20%for the Au
andNi tagets,is slighty smallerfor the Ag target, andis compatibé with zerofor the
lightestCarbonsystem.The characteristicef the directandthermalslopesandrelative
intenstiesarediscussedn moredetailin the next two sections.

The excessof hard-photonsn theregion 30 - 60 MeV showvs up moreclearlyin the
enepy spectrunfor the 36Ar+197Au systemplottedin alineary-scalein the rangeEg =
30- 70 MeV (g. 6.10)togetherwith the directandthermalexponental ts. It is ap-
parentthatthe thermalcomponentlreadyaccountdor  40% of the total hard-photon
yield atthethresholdenegy of 30 MeV. At lowerenegies,thecontrikbution of thethermal
bremsstrahlng componenbvercomeghatof the directcomponenbut accordingto the
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Figure 6.5: Experimentalhard phota enegy spectum measued in the NN CM for the system
36Ar+197Au, during the Dwarf-Ball (low-intensity) runs. Thespectrumhasbeen tted
in therange Eg= 30- 180MeVaccadingto equdion (6.4)to thesumof two exporen-
tial distributions: a direct(solid line) and a thermal one(dastedline). (Thevertical
dottedline indicatesthelow-erergy threstold, E,‘]hr = 30MeV for hard-phobns.)
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Table 6.2: Directand thermalhard-phobn slopesand ratios of thermalto total intensitiesmea-
suredin the 36Ar+197Au, 107Ag, 58Ni, 1°C reactions at 60A Me\/ The expectedvalues
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of Eg according to the hard-photon systemécs, eq. (3.4),are alsorepated.

System EJ (MeV) E! (MeV) I o Eg *° (MeV)
BAr+197A0 20.1 1.2 6.2 05 185% 05% 186 2.0
36Ar+197Au 204 1.3 65 0.6 19.0% 1.0% 186 2.0
36Ar+107Ag 20.1 1.3 6.1 0.6 14.8% 1.0% 19.0 2.0
36Ar+°8Ni 209 1.3 88 0.8 195% 1.0% 19.3 2.0
Bar+12Cc 181 1.1 00 05 0.0% 50% 195 2.0
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Figure 6.6: Expelimental hard photan enegy spectum measued in the NN CM for the system
36Ar+197Au, during the high courting-ratesruns. Thespectrumhasbeen tted in the
range Eg = 30 - 180 MeV acoording to equation (6.4) to the sumof two exporentia
distributions: a direct(sdid line) and a thermalone(dashedline).
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Figure 6.7: Expermentalhard photan enegy spectum measued in the NN CM for the system

132

36Ar+198Ag tted in therange Ey = 30- 180 MeV accading to equaton (6.4),to the
sumof two exporentid distributions: a dired (solid line) and a thermalone (dashed
line).
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Figure 6.8: Expelimental hard photan enegy spectum measued in the NN CM for the system
36Ar+58Ni tted in therange Eq = 30- 180 MeV, accoring to equaion (6.4), to the
sumof two exporentid distributions: a dired (solid line) and a thermalone (dashed
line).
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Figure 6.9: Experimentalhard phota enegy spectum measued in the NN CM for the system
36Ar+12C tted in therange E;= 30- 180MeVjustto the r st dired exponertial of
equation (6.4) (solid line).
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aforementionedliscussioron the hard-photoriow-enegy thresholdde nition, we have
decidednot to considerthis region to completelyavoid ary possibé contrikution dueto
the high-enegy Lorentziantail of GDR statigical photons. The second-chancbrems-
strahlungcontribtution canbe isolatedby subtractingthe direct hard-photorcomponent,
correspondingp the rst termof equation(6.4),from theexperimentallymeasure@negy
spectrumTheresultirg thermalexponental bremsstrahlugpspectrunfor the 36Ar+197Au
systemwith slopeEj, 6.2MeV is clearlyseenin g. 6.11.
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Figure 6.10: Experimenal hard-photan enegy spedrum in the NN CM for the36Ar+1°7Au reac-
tion in therange Ej = 30 - 70 MeVdepidedin a linear-y plot to emphag&e the two
distinct (thermal and dired) hard-photan exponentid contributions.

The inclusive photonspectrashavn so far have beencalculatedin the NN center
of-massframe:EYN  gwn 1 bnncosgi®® ERP, withbyy  0.18andguy 1017,
whichassumethathard-photonareproducedrom asourcemoving with theNN center

of-massvelocity. The spectrameasuredt q'galo 90 arenot affectedby the Doppler

effect(E°  osE  ERP) andthey arefree of ary assumpibn on the origin of the
bremsstrahlnog photons.Therefore we have alsoanalysedhe photonspectraneasured
in thelabin theangularegionqap =88 -92 (g. 6.12for the3CAr+197Au systen). The
deducedslopesandratiosthermal/toal of the hard-photonemittedatqay, 90 2
obtainedhrougha t to equation(6.4)for all theconsideredystens arereportedn table
6.3. The valuesof the slopesagree,within the larger statistcal errors,with the values
obtainedfrom the angle-intgratedspectratable 6.2). Thesecoincidingresultsrule out
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Figure 6.11: Inclusivethermalhard-photan enegy spectrumobtainedfromthe raw photon spece
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trum above E5 = 30 MeV after subtraction of the cosmicand pion-decey badk-
grounds, and after subtraction of the dired hard-phobn comporent ( r st term of
equadion (6.4)). Thesystenis36Ar+1%7Au (low-intensit runs). Theremairing expo-
nental distribution above 30 MeV mustcorregpondto hard-photan emissim othe
than r st-chance proton-neuron bremsstahlung
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ary trivial kinematicaleffectasexplanatiorfor theobsernedenhancemerdf hard-photon
productionin theregion Eg = 30- 60 MeV.
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Figure 6.12: Experimemal hard-photan spectum measued at qap 90 2 for the
36Ar+197Au reaction, during the low courting-rate runs. The spedrum has been
tted in therange E; = 30 - 140MeV accading to equdion (6.4),to the sumof two
exponental: a direct(solid line) anda thermalone(dashedline).
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Table 6.3: Measued ratios of thermalto total intersities as well as direct and themal slopes
for thehard-photmsmeasuedatd2® 90 2 in the36Ar+197Au, 197Ag, 58N, 12C
readionsat 60AMeV

System EJ (MeV) E] (MeV) It leot

Ar+197Au 200 1.3 6.8 0.6 185% 1.0%
36Ar+19Au 201 1.5 85 2.0 24.0% 5.0%
36Ar+107Ag 193 15 7.2 10 16.0% 2.0%
36Ar+%8Ni 20.0 1.5 104 2.0 25.0% 5.0%
Bar+12C 182 1.2 0.0 0.6 0.0% 5.0%
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6.1.6 Directand thermal slopesand intensities

The measuredlirect sIopesEgI for the ve systemdtable 6.2) have basicallythe same
valueof about 20 MeV. Thisis expectedfor the promptemissionin nucleon-nucleon
collisionsduringthe rst instans of thereactionbeforetheinitial kinetic enegy is ther
malized. In suchcase the high valuesof the slopesjust re ect the couplingof theinci-
dentenegy pernucleonwith the averageintrinsic momentun of the colliding nucleons.
The lower E§ value measuredor the 36Ar+12C system(E§ 181 13 MeV) is ex-
plainedwithin this pictureby the smallerFermimomentim of the CarbonnucleonsThis
resultsfrom the lower nucleardensityof 2C, pg 3p’rg 213 220 MeVi/c for
ro2C  010fm 3, ascomparedo thesaturatiorvalue,pr ro 016fm 3 265
MeV/c, holdingfor the heavier nuclei. The measureccljirectslopeparameterE(‘)j follow,
thus,thetrendof their dependencwith the (Coulomb-correcteddomlardingenegy per
nucleonKP, tting verywell with thecollectedsystenaticsfor hard-photorproduction
(g. 6.13).
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Figure 6.13: Compilation [Schu97] of the measued (dired) hard-phobn slope parametes plot-
tedasa funaion of the bombading enegy per nucleonminusthe Coulombbarrier
enegy of thereactian. Our data(inclusive Eg) are representedby the star symbds.
Thesolid line represatsa t of equation (3.4) to thedata.

ThethermalphotonslopesEL, on the contrary do not scalewith theinitial available
enegy per nucleonin the laboratorylike Eg but scalewith the available enegy in the
nucleus-nucleugAA) centerof-masskg?®  pK@® A This canbeseenin g. 6.14
wherethe slopesof the thermalcomponentor the threeheary systemsstudiedin this
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work (36Ar+197Au, 197Ag, 58Ni) are plottedtogetherwith the measuredhermalslopes
for the three systemsstudiedin the TAPS campaignat GANIL in 1992 (86Kr+5%8Ni,

181Ta+197Au, 298Pp+197Au) [Schu97]. From this collectedsystematicsve obsere that
the highestthermalslopescorrespondo the systemswith larger enegy availablein the
AA CM. Thisis the casefor the 6Ar+°8Ni and®6Kr+%8Ni reactiondor which the much
moresymmetic projectile-tagetcombinationmaximizesthe total amountof enegy de-
posied in the nucleus-nucleusenterof-mass. The linear dependencef E(‘) with Kaa
suggesindeedthat thermalphotors originatein a thermalprocesduring later stagesof

the collision whenthe initial kinetic enegy hasbeen,at leastpartially, dissipatednto

internaldegreesof freedomover the entiresystem

(MeV)

L K*Ar+Ag 60A MeV

| mAr+Au 60A MeV
. @Ar+Ni 60A MeV +

S gl YPb+Au 30A MeV .
5 . KTatAu40AMev = o~
£o [ AK+Ni 60A MeV %{ ‘‘‘‘‘

0 11 1 | 11 | 11 | 11 | 11 | 11 | 11 1 | 11 1
0 2 4 6 8 10 12 14

K ,x (A MeV)

Figure 6.14: Compilation of themeasuedthermal slopes B, for thesysemsstudied in the presert
work, 36Ar+197Au, 107Ag, 58N, aswell asthose studiedin the 1992 TAPScampagn
at GANIL, 8Kr+%8Ni, 18Ta+197Au, 298pp+197Ay [Schu97], plotted as a funcion
of the (Coulomb-corected)total available enegy in the nucleus-nwcleuscenter-of-
mass.

Indeed the associatia of the harddirectandof the softerthermalexponenial slopes
with rst- andsecond-chanceNN collisionsrespectrely is acommonansatzn theinter-
pretationof the kinetic enegy spectreaof thereactionproductsemittedin heary-ion reac-
tions Suchadouble-sotce t of theenegy spectrumnin termsof the pre-equilibriumand
thermalcomponergis acommontechniqueanalysign thestudyof light-particle(proton,
neutron,a) distributionsmeasuredn heavy-ion reactiongseethe discussio in Section
9.3). Onthe oneside, the harderspectralslopesof the direct componenttrackingthe
bombardag enegy pernucleonin thelab,E§ MeV 1 3K& MeV independentlyf

140



141 Inclusive experimentaresults

themassof thesystemmustresultfrom couplingof incidentprojectilenucleons'motion

with target nucleons'Fermi motion in the overlap zoneof the colliding nuclei. Indeed,
sinceduring the initial high-compressio phase the incidentkinetic enegy hasnot yet

beendisspated,hard-photonemisson resultsfrom a preequilibriumstatein a process
very closelyrelatedto the experimenally well-known preequilibriun emissionof light

particlessuchashigh-enegy protons(seee.g. [Luke93,Coni0J) andneutrons.On the

otherside,second-chancproton-neutrorcollisionsthattake placein a later stageof the

reactionhave, on average,a smallerenegy availablein the pn centerof-massascom-
paredto rst-chancecollisions,andthusleadto a softerbremsstrahlungphotonenegy

spectrum.

The contribution of the second-chancbremsstrahlng componen{table 6.2) to the
total hard-photoryield Iy liq is maximum (  20%)for the heaviest *6Ar+197Au system
andfor the 36Ar+%8Ni one:is slightly lower for the 36Ar+108Ag reaction( 16%), and
it hasnot beenobsened for the lightest 36Ar+12C one. The emissionof thermalhard-
photors is, therefore,a processdependenbn the total size of the systemandindicates
the impartanceof volume effects for their production. On the one hand,in the small
36Ar+12C projectile-taget combinaton the total amountof participantnucleonsis not
sufcient to achieve stoppingand consequenthermalizationof the nuclearsystem(s).
Hence,only promptpng bremsstrahlungccurs clearly domiratingthe photonspectrum
alreadyabove Eg = 20MeV. For theheaviestsystemspntheotherhand thelargernumber
of nucleongresentn theparticipantzoneincreaseshechanceof stoppngandhencethe
probabilty of secondarNN collisionsandthermalization

Indeed,it is known thatpreequilibriumnucleonssuffer veryfew collisions (in general
0 or 1) while thosein a hot participantregion, createdduringthe reaction,experienceon
theaveragebetweer? and3 collisions Thisis roughlythenumberof two-bodycollisions
necessaryo achieve thermalequilibration[Peil94,Dura92]. In light-masssystemssuch
as3Ar+12C, thereis notenoughmatteron theway of a nucleonto experiencemorethan
onecollision. Moreover, dueto this higher“transparenyg”’, the systemis very unlikely to
develop arecompressiophasegwith subsequeiN collisions) right afterthe collision,
asseenn BUU simulatonsof thereactionstudedduringthe TAPS campaigrat GANIL
[Mart95, Schu97].

Whereagheabsencef athermalhard-photorcomponenin the 36Ar+12C systencan
be explainedby the absencef a stoppng andthermalizatiorprocesdor this very-light
system the resultsobtainedfor the 36Ar+%8Ni mustincludean additionalconsideration.
Indeed,this systemgivesrise to the hardestspectrum(E§, 8.8 MeV) andthe largest
ly liot ratio (togethemwith themuchheavier 3Ar+197Au reaction).This canbe explained
by the fact that this much more symmetic systemexhibits, amongthe four considered
systens, thelargestattainablevaluesof excitation enegy € , whicharedirectly correlated
totheavailableenepgy in thenucleus-nucleusenterof-masge | Kaa) (table4.4). Such
larger excitation enegy leadsto highertemperaturesvhich shav up in harderthermal
bremsstrahlng slopes.
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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 discusedin Section3.2.1,theangulardistribution of bremsstrahlunghotors canbe
interpretedasthe sumof anisotropc plusananisotropiaipolartermsin theframeof the
emitting source,accordingto the phenomenalgical expression(3.6) [Berth87] inspired
by the classicalds png dW elementarycross-sectionThe angulardistributionsmeasured

in thelaboratoryframecontainanadditionalLorentz-boosterm,Z 1 1 b 1

bscosgab , fromwhichtheaveragevelocity of thephotonsourcebs canbeextractedafter
atwo-dimensionaimoving-sourcet of thesedistributionswith the equation:

ds " Sir?glab
1 a a %

Ethr ZE
gs - Eoe Eraa oZ Eo 6.6)
aw |, Z2 z2

wherea is theweightof thedipolecomponentEg is theenegy slopeparametem the
sourceframeandK is anormalizatiorfactor thefactorEfl g=30(60)MeV is thelow-
enepy thresholdfor Eq andissuesrom the enegy integrationof the double-diferential
ds png dEgdW cross-sectioigequation(3.7)).

We have seenin the previous sectionthat abose Eg = 60 MeV, the spectrumof hard-
photors producedn 36Ar+197Au, 197Ag, 58Ni, 12C is clearlydominaed by “pure” direct
hard-photonsn all four systens. Thus,integrating thesespectraabove Eq = 60 MeV for
differentequvalentsolid-angé regionswe obtainthe laboratoryangulardistributions of
thedirecthard-photongmittedin eachreaction( gures 6.15,6.16,6.17,6.18,6.19).To
reducestatistcal uctuations, dueto theacceptancand(enegy-integrated)hard-photon
yields, the six TAPS blocksweredividedin 24 equalsolid-angleq f slices. For each
valueof the polarangleq, the hard-photorcross-sectiomasbeenindividually measured
for thetwo associate@zimuthalangles f. This procedureallows alsoto assesgjuanti-
tatively thesystematica¢rrorsin themeasureof ds dWfor a certaing, givingindividual
error barsfor the twelve (g, W) experimentalpoints. As in the caseof the enegy spec-
tra, the (isotropic)cosmicbackgroundandthe photonscomingfrom the decayof neutral
pionshave beensubtractedrom thosespectra.

A leaste? t of thesadistribuionshasbeenperformedusingexpression(6.6)with the
parametera andbgleft free(K canbedirectlyrelatedto themeasuregieldsatqg 90,
andtheinitial t valueof theinverseslopeparametet Eq is taken asthe experimenally
measurecEgI reportedin table6.2). The obtainedvaluesfor a andbg arelistedin table
6.4.

Beforeanalyzingtheseresultswe will applythesamesource-elocity analysidor the
laboratoryangulardistributions of hard-photonsvith enegiesEg = 30 - 45 MeV. In this
region the presencef the secondoremsstahlungcomponenshavs up moreintensely
accountingroughly for 30%to 40% of the total hard-photoryield. A t of the photon

SMind thatnow thevaluesof Eg in eq. (6.6) correspondto the slopesin thelaboratory frame which are
slightly lowerthantheinclusive Eg's compuedin theNN CM frame.
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Figure 6.15: Experimemal angular distribution in the lab for hard-phobnsabove 60 MeV mea-
suredin the systen®Ar+1°7Au during the low couning-rate runs and tte d (solid
line) accading to equaton (6.6).

Table 6.4: Valuesof the“dir ect’ hard-photm sourcevelodgties b, and anisotropy factars a, ob-
tained after a Least-uares t with equdion (6.6) of the hard-phota laboratory an-
gular distributions above E; = 60 MeV for the 5 systensstudied ( gures6.15 6.16,
6.17,6.18,6.19). Thevalues of theslopesE(‘)j usedfor the t are alsoreported.

Reaction bs a ES c?n
3Ar+1°7Au (lo) 0.16 0.04 0.1 0.2 202 04 1.1
36Ar+197Au (hi) 0.18 0.04 0.0 0.4 201 0.2 0.2
36Ar+107Ag 0.18 0.05 0.0 04 19.0 0.2 0.1
36Ar+98Nj 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: Experimemal angular distribution in the lab for hard-phobnsabove 60 MeV mea-
suredin the systen 36Ar+197Au during the high couning-rate runs and tted (solid
line) accading to equaton (6.6).
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Figure 6.17: Experimemal angular distribution in the lab for hard-phobnsabove 60 MeV mea-
suredin thesygem®®Ar+1%8Ag and tted (sdid line) accoding to equdion (6.6).
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Figure 6.18: Experimemal angular distribution in the lab for hard-phobnsabove 60 MeV mea-
suredin the systent®Ar+58Ni and tted (solid line) acoording to equéion (6.6).
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Figure 6.19: Experimemal angular distribution in the lab for hard-phobnsabove 60 MeV mea-
suredin the systen?®Ar+12C and tte d (solid line) accading to equaton (6.6).
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Table 6.5: Valuesof the avermge hard-photonsouce veloaty bs , and the anisotropy factor a,
obtainedafteralLeast-$juares t of thelaboratory anguar distributionswith equaton
(6.7) of hard-photanswith enegiesEy = 30 - 45 MeVemittedin the 5 studiedsysems.
Thevaluesof the local slopeparametes g in therange 30 - 45 MeV usedfor the ts
are alsorepotted.

: 30 45Mev
Reaction bs a Eo ' ¢?n

Ar+1%7Au (lo) 0.13 0.01 00 0.1 115 04 1.4
36Ar+197Au (hi) 0.15 0.01 00 03 122 02 0.4
36Ar+107ag 0.15 0.03 00 03 127 0.2 0.3
36Ar+98Nj 0.16 0.03 00 03 151 02 0.8
36Ar+12C 0.20 0.04 0.2 0.15 172 04 0.6

laboratoryangulardistributionswith thefollowing expression(usingthe K andEg exper
imentaly measuredyieldstheparametera andbg listedin table6.5:

. 2 lab
ds K 1 sirf g E. e 30ZE

457 Eg
- =5 a a e 6.7
dW |, 22 z2 6.

A directcomparisorof tabless.4and6.5allowsto identify thedifferentcharacteristics
of the directandthermalbremsstrahlug photons. The mostinteresting ndings arethe
following:

“Direct” hard-photons The laboratoryangulardistributions of the photonsabove
60 MeV for thefour systemsanbe very well tted with equation(6.6) indicating
anemissionfrom a singlesourcemoving with the nucleon-nucleorenterof-mass
velocitybs bny  0.18(seetable4.4). This con rms the expectedresultthat
directhard-photonriginatefrom individual rst-chanceNN collisions

“Thermal” hard-photonsTheobtainedaveragesource-elocitiesbs for thesystems
3Ar+197Au,197Ag, °8Ni in the enegy region Eg = 30 - 45 MeV aresystematially
lower thanthe onesmeasuredor “pure” rst-chancehard-photongwith E; 60
MeV). Indeed,the presencean thesereactionsof a secondoremsstrahlungom-
ponent,which issuespresumablyfrom later nucleon-nucleorcollisionswhenthe
initial velocities of the colliding nucleonshave beendamped,nducesa lowering
of the averagevelocity of the hard-photormoving sourceby a factor10% - 25%
with respectto bs  0.18found for the higherenegy hard-photons Sucha be-
haviour hadbeenalsoobseredfor heary systemsn [Tam88 Tam89 andascribed
astheresultof bremsstahlungfrom subsequemucleon-nucleoscatteringsThis
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 centerof-massvelocity bs = 0.20 0.02 byn. This
resultcon rms the absencef athermalcomponentor this systemasobsenedin
its enegy spectrum.
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Thestrengthof thedipole componenin theangulardistribution, i.e. theanisotroy
parametem, is found to be basicallycompatiblewith zerofor the threeheavier
systens (36Ar+197Au, 107Ag, 58Ni), althoughwith large (tting) errors( 0.2),
whereass =0.20 0.15for the6Ar+12C reaction.Ontheoneside thisfactseems
to disagreewith the usualvaluesfoundin the literaturefor which the elementary
png dipolar termwith weighta 0.1 - 0.3is found in the angulardistributions
[Nife90]. Ontheotherside,it is alsoknown thattheintensty of the dipole com-
ponentis adecreasindunctionof thetotal massof the systemasa consequencef
theincreasedn uence of secondaryollisions in the moremassve systemswhich
smearout the preferral original beamdirectionof the colliding nucleonsandtend
to renderthe photonangulardistributions moreisotropc [Tam89. The fact that
a  0wouldthusqualitatvely con rm the noticeablecontritution of anisotropic
bremsstrahing componenissuingfrom second-chancproton-neutrorcollisions
in our heavier systems It shouldbe noted,nonethelesghatwith our TAPS setup
the source-elocity t is lesssensitve to the a parametethanin otherreported
experimens (seee.g. [Nife90]). The reasonis that, -asit canbe seenfrom the
forward peakingof the dipole componentn gure 3.4-,the angulardistribution is
only basicallysensitve to the dipolaranisotroy at smallangles.In our setup,due
to the positian of the Forward Wall in the forward hemispherethe minimummea-
suredphotonanglewith TAPS wasrestrictedto qg 57 . Thereforeno de niti ve
conclusiom canbe dravn on the absencgor existence)of the dipole component
for the threeheavy systemswith the presentt. Nonethelessthe conclusionthat
the strengthof the dipole components larger for the lighter 36Ar+12C system as
expectedor pure rst-chancebremsstrahlng in thatsystem remainsstill valid.

6.2.2 Total hard-photon (Eg; 30 MeV) angular distrib utions

The obsenation that second-chancthermalhard-photongroducedin the heavier sys-
tems are emitted from a sourcemoving at a velocity lower than the velocity of the
NN centerof-mass,at variancewith the sourcevelocity of direct hard-photonsvhere
bs bnn, suggestshatthethermalhard-photorsourcemoveswith the (lower) nucleus-
nucleuscenterof-massvelocity: baa(3eAr+197Au) = 0.05,baa (36Ar+198Ag) = 0.08,and
baa(®BAr+°8Ni) = 0.13. Onecanattemptto assesshis assumpion in a quantitatve way

by consideringherelative weightsof thethermalto directhard-photorcomponergin the
region Eq = 30- 45MeV: w(3eAr+197Au) = 0.40,w(3CAr+1%8Ag) = 0.30andw(*CAr+°8Ni)

= 0.36. This relative yieldswould lead® to the following weightedaveragesourceveloc-
ities: bgs 36Ar+197Au) = 0.13, bs %6Ar+198Ag) = 0.15,and bs %Ar+%8Ni) = 0.16.
Thisresultis in closeagreementvith the meanvaluesextractedfrom the moving-source
t (table6.5)usingeq.(6.7).

This assumpon is corroboratedoy the fact that the angulardistributions of hard-
photors with enegy above 30 MeV measuredn the lab referenceframe (gs. 6.20,
6.21,6.22, and 6.23) can actually be reasonablywell reproducedtypical valuesof c?
perdegreeof freedomarein therangeof 1.0- 2.0) with the distribution expectedfor the

8Usingtheexpression bs w baa 1 w bpn
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emissonfrom a rst-chancesourcewith slopeparameteEd movingwith bd by plus
a second-chancisotropt sourcewith slopeparameteiEf andbl  baa (the ratios of
thermalto directintensitesbeing x edby thoseobtainedfrom the enegy spectra).Such
anexpressio reads:

(2 lab
ds K asmzqga Ede 302 & K Ele 30Z E (6.8)

- — 1 a I
dw , 22 z2 z2

WhereE(()j t aretheslopeparametersf thedirectandthermalcomponent# thesource

framerespectiely, andz 1 1 b2 1 blcosga andz 1 1 b2
1 bicosgan arethe Lorentz-boostactorscorrespondingo the direct and thermal
sourcemoving framesrespectiely, K K arethe normalizatio factorsassociatedo the
direct and thermalintensites |4 and|; respectrely, anda is the weight of the dipole
componen{only for the directcomponent).The valuesof the two sourcesvelocitiesbg
andb} aswell astheintensty of the thermalcomponenbbtainedwith sucha t of the
angulardistributionsaresummarizedn table6.6.

[ Ar+Au at 60A MeV(lo-int.)
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Figure 6.20: Experimenal laboratory angular distributionfor hard-photans(g; 30 MeV)mea-
suredin the sygsem3®Ar+1°%7Au during the low counting-raterunsand tted accord-
ing to equdion (6.8). The hatched region indicatesthe estimatel contribution of
thermalhard-phobns,emitted isotropically froma souice moving with kna.
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Figure 6.21: Experimemal laboratory angulr distribution for hard-photans(f; 30 MeV)mea-
sured in the systen 36Ar+1%7Au during the high countingrate runs and tted ac-
cording to equaton (6.8). Thehatched region indicatesthe estimaed cortribution
of themal hard-photans, emittedisotropicdly froma source moving with .

Table 6.6: Direct and thermd hard-phobn (E; 30 MeV) source velaocities obtained from a
douwble-ource t andysis, eq. (6.8), of thelaboratory angulr distributions.

Reaction b bY a le Lot c?n
3Ar+1%7Au (lo) 0.17 0.02 0.06 0.01 0.13 0.08 22% 2% 2.0
36Ar+197Au (hi) 0.17 0.02 0.06 001 0.0 0.0 19% 2% 1.7

36Ar+107ag 0.18 0.01 0.09 0.01 00 00 19% 2% 0.3
36Ar+98Nj 0.175 0.03 0.14 0.02 0.0 00 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: Experimenal laboratory angular distributionfor hard-photans(g; 30 MeV)mea-
suredin the systen36Ar+1%8Ag and tte d accoding to equaion (6.8). Thehatched
region indicatestheestimaedcontribution of themrmal hard-phobns,emittedisotrop-
ically froma source moving with baa.
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Figure 6.23: Experimenal laboratory angular distributionfor hard-photans(g; 30 MeV)mea-
sured in the systen?®Ar+%8Ni and tted accowing to equaion (6.8). The hatched
region indicatesthe estimaedcontribution of themrmal hard-photors, emittedisotrop-
ically froma source moving with baa.
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Figure 6.24: Experimemal laboratory angular distribution for hard-photans(f; 30 MeV)mea-
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sured in the systen *6Ar+12C and tted accading to equation (6.8). No themmal
hard-photon contribution (secoml term of eq. (6.8)) has beenconstdered in the
source-velccity t analysis.
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6.3 Inclusivecharged-particle and fragment distrib utions

In this Sectionl presentthe grossfeaturesof the multiplicity distributions of chaged-
particles,Mcp, detectedn the Dwarf-Ball and Forward-Wall multidetectorsystens and
producedn the 36Ar+197Au reactionduringthe low counting-ratesuns,andthosemea-
suredonly in the Forward-Wall for the 36Ar+198Ag, 58Ni, 12C reactions The multiplicity

spectra,M_cp, of the light-chaged-paticleswith Z 3, andthat of the intermediate-
mass-fragmentdylye, with 3 Z 10 measuredor the 36Ar+1°7Au systemwill be
alsodiscussed.Theseresultswill constitte a usefultool for the exclusive analysisof

hard-photorproductio carriedoutin thefollowing chapter

6.3.1 Inclusive charged-particle multiplic ities

The chaged-particlemultiplicity, Mcp, distribution, measuredor the 36Ar+197Au re-
actionincludesall chaged hadronsdetectedout not individually identied (g. 6.25).
This spectrumhasbeenconstructedor eventssatisfyinga minimum-biasparticletrigger
(“DBor” or “FWor") by addingthe chaged-particlanultiplicities measuredeparatelyy
the Dwarf-Ball, M28, (g. 6.26)andby the Forward-Wall, MEY, (g. 6.27)detectors.
The Mcp distribution hasa slowly decreasinglateauwhich extendsup to multiplicities
of approximately Mcp  13. The decreasés followed thenby a sharplyfalling tail up
to the largestmultiplicity of detectedragmentsataroundMcp  26. It hasto be noted,
however, thatabore Mcp 18 the possibé contaminatbn dueto pileup eventscannot
be ngglectedarnymore (thesepileup eventsroughly represent factor0.05%of the total
detectedevents asgivenby theinteractionprobability valuefor this reactiontable4.3).
This generatrend,shiftedof courseto somevhatlower multiplicities, is alsoobsenedin
thechaged-particldistribution measuredby theDwarf-Ball ( g. 6.26)exceptthatin that
casethe plateauin the region of intermedate multiplicities, M35 = 5 - 9, is atter. The
MEY (g. 6.27)distribution decreasemorerapidlyupto MEY  13. Thesefeaturege-
ect thedifferentgeometricabcceptanceandposiionsof thetwo particlemultidetectors,
andwill be exploitedin the exclusive analysisfor the eventselectioncriteria. In general,
thelowerandintermediatanultiplicities correspondo peripherabindsemi-peripherale-
actions,andonly the lastbins correspondingo 5% of the integratedmultiplicity are
associateavith the mostcentralheary-ion collisions,leadingto a large numberof reac-
tion productsn the exit-channel(seethediscussiorabouttheimpact-parameteselection
in Section7.1).

Themultiplicity distributions,MEY/, measuredh the Forward-Wall for theotherthree
reactions’®Ar+1%Ag, 58Ni, 12C at 60A MeV ( gs. 6.28,6.29,and6.30)show a similar
shape.However, sincein thoserunsthe DB wasabsentthe completeinformationabout
the reactions global characteristicss missng, andnotablythe relative scaleof impact-
parameterassociateavith eachmultiplicity bin (seediscussdnin Section7.1). More-
over, it hasto be notedthatdueto the highercountingratesof thesereactiongseetable
4.3),thecontaminatiorby accidentabventswheretwo nuclearcollisionsoccurwithin the
samebeamburstis not negligible above the following FW multiplicity valuessMEY 8
for thetwo heavy systensandMEY 7 for the 3éAr+12C one.
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Figure 6.25: Total inclusivecharged-particle multiplicity distributionfor thereactor?®Ar+1°7Au
at 60AMeV measued with the Dwarf-Ball and Forward-Wall.
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Figure 6.26: Inclusive charged-particle multiplicity distribution deteded in the Dwarf-Ball for
thereactian *°Ar+1°Au at 60AMeV/
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Figure 6.27: Inclusivecharged-patrticle multiplicity distribution detectedin the Forward-Wall for
thereactian 36Ar+1°7Au at 60AMe\/
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Figure 6.28: Inclusivecharged-patrticle multiplicity distribution detectedin the Forward-Wall for
thereaction 36Ar+1%8Ag at 60AMeV,
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Figure 6.29: Inclusivecharged-patrticle multiplicity distribution detectedin the Forward-Wall for
thereactian °Ar+58Ni at 60AMeV.
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Figure 6.30: Inclusivecharged-patrticle multiplicity distribution detectedin the Forward-Wall for
thereactian *°Ar+12C at 60AMeV.
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6.3.2 Inclusive LCP and IMF multiplici ties

Themeasurednultiplicity distributionsfor light-chaged-particlesM cp, andinterr-mediate-
mass-fragmentdl;ur, detectedn the Dwarf-Bdl andForward-Wall, areshovn in g.
6.31andin g. 6.32respectiely. Whereaghe de nition of LCP assmall nuclearfrag-
mentshaving achageZ 3 (i.e. the differentisotopesof H andHe) is unambiguos,
this is not the casefor the de nition of IMFs. For the 3Ar+197Au reaction,sincethe
chage of the projectileis Z, = 18, the domainof intermediate-masgagmentdMF will
be de ned asfragmentsdetectedn the DB andhaving a chage comprisedbetweenZ
= 3 andZ = 10, this de nition ensureghatthe detectedMF arelikely to be produced
in “multifragmentaton”-lik e reactionseemittedmosty in themorebackwardshemisplere
coveredby theDB. ThisreducegonsiderablyhelMF potentally comingfrom projectile-
like fragmentsafterevaporaton (i.e. Ar-lik e residues)ssuingfrom moreperipherakreac-
tions TheseparatiorbetweerLCPsandIMFs for eachmultidetectoris carriedout using
the pulse-shapenethod detailedin Sections.5and5.6.

The total distribution M cp (g. 6.31)showvs a trend and shapevery closeto that
of the Mcp spectrum. This is not surprisingandis just an indication that mostof the
chaged-particlesemittedin the 36Ar+1%7Au reactionare actually “light” chaged par
ticles (protons,deuteronsfritons anda’'s). As a matterof fact, the percentagef the
total chage detectedn the form of IMFs, within the DB particle acceptanceamounts
toroughly 25%,andagainonly  25% of the nuclearreactiondeadto exit channels
with atleastonedetectedMF ( g. 6.32). TheaveragelMF multiplicity obsenedin the
DB for the36Ar+1°7Au reactionis Miyg  1.3. Thedistribution itself presentsi sharp
exponenial-like decreaseawith increasingIMF multiplicity. Only 5% of the reactions
producingan intermediate-rassfragmentcan be actually consideredtrue” multifrag-
mentatim reactionsfor which Myyg 3. The IMF distribution extendsup to values
aboreM cp 10, but mostof thereactionsvith Myyg 7 aredueto pileupeventsasit
canbeinferredfrom the smallchangen the slopeof the distribution (nonethelesghese
reactionscanstill be consideredtrue” multifragmentationreactionssince,evenin the
caseof e.g.two consecutie reactionssimuktaneouslyecordedtheir singleM; g values
arealwaysabove 3).

Therelationshp betweerthedetectedMF multiplicity andthemeasuredotal chaged-
particlemultiplicity ( g. 6.33)helpsto characterizéhereactionsn whichIMFs areemit-
ted. Reactionsvith oneor two IMFs areobseredin thewholerangeof chaged-particle
multiplicities, Mcp = 1 - 20, 1.e. in reactionswith all possilbe impact-parametersut they
shov a maximum for Mcp =5 - 10, i.e. for semi-peripleral/semi-centrateactions.As
expectedmultifragmentatiorreactiongwith Myyg  3) areincreasinglymoreprobable
for progressiely morecentralreactiondor which, atleastMcp  10.
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Figure 6.31: Inclusive light-charged-particle (LCP) multiplicity distribution detected in the
Dwarf-Ball for thereadion 6Ar+1%7Au at 60AMe\/
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Figure 6.32: Inclusiveintermediatemass-fagment(IMF) multiplicity detectedin the Dwarf-Ball
for thereadion 36Ar+1%7Au at 60AMeV.
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Figure 6.33: Bidimensonal plot (logz scde) of the intermediae-mass+fagmentmultiplicity de-
tected in theDB (M) asa fundion of thetotal charged-particle multiplicity (Mcp)
detededin the Dwarf-Ball for thereadion36Ar+197Au at 60AMeV/
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6.4 Inclusive cross-seabns and multiplici ties

6.4.1 Cross-sectionsormulae

Theinclusive cross-sectionf acertainreactionproductX, measureavith acertaintrigger
t, canbeexperimenally calculatedusingthe following expressio:
1 D
t t t
symb — C — N 6.9

where:

€, is thedetectionef ciency of thetriggerfor the reaction-produck. It contains
thedetectoresponséacceptanceglectronicghresholds..) andalsotheef ciency
of the identi cation andreconstructiorproceduref the analysis. It is obtained
throughpropersimulatonsof theexperimentaketupwith the GEANT-baseKANE
package.

C 10?77 Nipc N o2 ISthe“usual” cross-sectiomormalizatiorfactorthattakes
into accounthe numberof targetnucleipercn? (N ¢ Nay d 1000 A, fora
targetwith atomicnumberA, andthicknessd expressedn mg/cn?), andthe num-
ber of incidentbeamparticlesNi,c duringthe experiment. (N,y is the Avogado's
numberand10?’ a corversionfactorto expressC; in mb).

Dy is the DAQ scale-davn factorof thetriggert, calculabledividing the inhibited
triggercounting-rateby thereducedriggercounting-ratgseebelow).

Ty is thelife-time of thetriggert, de ned astheratio betweertheraw andinhibited
triggercounting-rategseebelow).

N is the numberof reaction-productX detectedby thetriggert. Thus,e.g. for
X gandaphotontriggersuchast="TAPSNEU LO*FOWA MUL1" ort="TAPS
NEU LO*DB MUL1", Né is obtainedby integratingthe photonspectrumabore
30 MeV aftercosmicandpion subtraction.Similarly, for X CP, with a particle
trigger suchast="FOWA MUL1" or t="DB MUL1", N is obtainedintegrating
themeasureahaged-particlemultiplicity distributions.

The valuesof Ninc, SD; andT; are obtainedusingthe informatian storedon tapeby
the scalerselectronicamodules. A “scalersubeent” is written on taperoughly every 2
secondqactuallyevery 2000recordedevent) andcontainsfour basic(accumulated)
parameterpertrigger:

The integratedbeamcurrent Qpeam Collectedby the Faraday-cupb metersaway
from the reactionchamber This value permitsto calculatethe actualnumker of
Ar-beamparticles,Ninc, incidenton the target during the experimentvia: Ninc
Qbeam QnQe , WhereQ,,  18is the chage of the (fully stripped)Argonion
nally arriving atthe FaradaycupandQe the electronchage magnitude.

Theraw numberof eventssatisfyirg thetriggerconditionsN; sy (“raw scalers”).
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Table 6.7: Ef ci encies of TAPSfor inclusve hard-photan and neural pion detedion (seeSedion
6.1.4) and charged particle ef ciences of the Dwarf-Ball and Forward-Wall calcu-
lated with KANE/FREESCO simulationsfor the ve reacionsstudied.

ReaCtIOI’l eg ecp 69 cp epO

SOAr+1%7Au (lo) 12.6% 0.3% 71.5% 0.3%(DB) 12.4% 0.5%(DB) 1.75%
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%

36Ar+108pg 13.8% 0.5% 74.7% 0.3%(FW) 13.7% 0.5%  1.75%
36Ar+58Nj 13.8% 0.5% 71.2% 0.3%(FW) 13.5% 0.5%  1.75%
36Ar+12C 13.8% 0.5% 50.3% 0.3%(FW) 12.3% 05%  1.75%

0.1%

0.1%
0.1%
0.1%
0.1%

Theactualnumberof eventsacceptedby thetriggerNinn (“inhibitedscalers”).(Due
to thetriggerdead-timejn generalNinn, ~ Nraw)-

Theactualnumkber of triggereventsrecordedon tapeN;qq (“reducedscalers”)after
applying theselectedAQ reduction-actorof thetrigger(seetables4.12and4.13).

6.4.2 Charged-particle detectionef ciencies

To calculatethe ef ciencies of the Dwarf-Ball and Forward-Wall chaged-particlemul-
tidetectorswe usethe FREESCO eventgeneratoimplementedinto the KANE package.
FREESCO [Fai8fq is anevent-generatowhich simulaesthe productio of nuclearfrag-
mentsand particlesissuinga nucleus-nucleuseactionassumng that they are emitted
statisically from a primaryhot nucleuswith a giveninput excitationenegy’ € . Theef-
ciency of aninclusive DB andFW triggerfor the obsenation of agivennuclearreaction
is calculatedby simulating 10.000nuclearreactionswith KANE/FREESCO and count-
ing the total numberof reactionsnally “detected’by the two phoswichmultidetectors.
A reactionis saidto be detectedoy the DB or the FW if at leastone hit (correspond-
ing to aLCP or heavier nuclearfragment)is detectedy eachmultidetectorespectiely.
The averagethresholdsof the absorberof the DB and FW phoswichegaroundl - 2
MeV/nucleonfor the differentparticles)have beenincludedin the simulations,aswell as
the“software” thresholdvaluesof the discriminatas. With thoseconditinsthe obtained
inclusive particleef ciencies of the Dwarf-Ball and Forward-\Wall arelistedin table6.7
for thefour systemsstudied.

Fromtable6.7 it canbe seenthatboththe DB andthe FW are capableof observing
morethan 70% of the total nucleus-nucleuseactionsproducedn the directkinematics
systens (*6Ar+197Au, 198Ag, %8Ni), and  50%in the reversekinematics®°Ar+12C re-
action. Only the mostperipheralnuclearreactionsleadingto the emisson of particles
alongthebeam-pipdi.e. withq 24 ) arenotdetectedy oursetup.lt is notsurprisng
thatthe ef ciency of the Forward-Wall (coveringaround4% of the solid-angé) is some-
whatlargerthanthatof the Dwarf-Bdl (which coversalmost80%of 4p) since,obviously,

’In FREESCO theinitial nuclets excitation eneny, € , is assesseffom thereactionimpactparaneter
theincident bomtardingenegy andthe particularprojectiletargetcombnation.
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the FW coversthe mostforward hemispheref the reactionwheremostof the reaction
productsemittedin therelatvely more probableperipheralreactionsarekinematcally
focusedn such x ed-tagetexperiments.

6.4.3 Hard-photon detectionef ciency

The ef ciency for hard-photordetectionof our setupis calculatedwith the KANE pack-
age assumingfor eachheavy-ion reactionthat hard-photonsare emitted with an ex-
ponental distribution® with the experimentallymeasuredslope parameterEg, from a
sourcemaoving with the experimentdly measuredaveragevelocites listed in table 6.5.
The angulardistribution is taken as the sum of an isotropic and a dipolar term with
anisotroy factora 00 02. The meanefciency due to the detectorresponse,
is calculatedsimulating with KANE the emissim of 10.000hard-photonsaccordingto
the former enegy and angleinput distribution and by dividing this numker by the ac-
tual numberof hard-photonsnally “detected”. The resultof sucha procedureyields
€"\"° 144% 05% for the four targetsduring the high counting-rateruns (with-
outthe Dwarf-Ball), andeg"”>  131% 0 5%for thelow counting-ratesuns(where
somee e pairproductionof the hard-photongakes placewithin the Dwarf-Bal ma-
terial). The 0.5%quotederrorincludesthe slighty differentsourcevelocitiesfor the
four systemsandthe uncertaintyon thedipolarcontrikbution to thetotal hard-photoryield
(@ 0.0-0.2). Thevaluesof egAPS arevery closeto the pure geometricalicceptance
of the six TAPS blocksaroundthe target which cover about15% of the total solid an-
gle. Thewholeidenti cation andreconstructiorphotonanalysisusedfor the real data
is appliedto the simulateddata,the meanef ciency of this Roselnd-basedanalysisis
efosebd  960% 1% for all systems.The nal efciency, g  €JAPS efoseRd, for
hard-photordetectionis, thus,e;  138% 0 5% for the high counting-ratesunsand
€ 126% 05%forthelow ratesones(Table6.7).

It hasto betakeninto accounthowever, thatin all our experimentakesultsconcern-
ing photonproductionwe have not considereda “pure” photontrigger but a combined
“photon*(minimumtbias particle)” one. Thereasonis, asexplainedin Section6.1.3,to
assurdgheselectionof photors really producedn anuclearreaction(obseredby thepar
ticle multidetectors)andthusto minimize othersignalscomingfrom, e.g.,acosmicback-
groundevent. Therefore to correctlyapplyformula(6.9) to computethe g cross-section,
one hasto usethe proper(mixedtrigger) ef ciency €y ¢p. In the caseof hard-photons,
€y cp Shouldbecloseto €5 becaus¢heproductionof abremsstrahlugmphotonsrequiresa
rathercentralimpact-parametereactionwhich leadsalsoto the emisson of nuclearfrag-
mentsand particlesrecordedby the FW or DB trigger. To exactly quantify the value of
€y cp, ONecarriesouta KANE/FREESCO particlesimulationto obtainthe distribution of
impact-parametersg 6.34)“seen”by our multidetectorq(i.e. thevaluesof b whichlead
to somechagedparticleemittedwithin the acceptanc&indows of the DB andFW and,
thus,satisfying the particletriggerconditions).

As expectedfrom the computedabsoluteparticle ef ciencies, € , (Section6.4.2),
the two chaged-particledetectorshave a 100% ef ciency for the centraland semi-

8For thehard-fhotonef ciency calculatiors of our setup theadditioral consideationin thesimulations
of thesecondhermalexporentialdoesnotintroduceary noticealte change.
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Figure 6.34: Input distribution ofimpactparametes, b, for the36Ar+1°7Au eventsgenemtedwith
FREESCO (sdid line), anddistribution of impad-parametrs of thefraction of these
simulaked eventswhich verify the “minimum-bias patrticle trigger (dashedline).
Thedistribution of impact-pprametes for eventsleadng to the emissia of a hard-
phobonin sud a heaw-ion reacion acoording to the“equal participant” geometri-
cal modelis alsoindicated(dottedline).
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centralreactiongn thefour systemge.g.b  7fmin g. 6.34). Forincreasingmpact-
parametershowever, the inverse-kineratics reaction(36Ar+12C) leadsto exit-channels
whosefragmentsareprogressiely lessdetectedThisis alsothecasefor thethreeheavier
systens but for muchmoreperipheralreactions.To calculatethe ef ciency of the com-
bined €y ¢p triggers,onefolds the particle ef ciency asa function of impact-parameter
obtainedrom thesimulatims(dashedine in g. 6.34)with theknown impact-parameter
dependencef the hard-photonyield as given by the geometrical“equal-participant”
model(dottedline in g. 6.34obtainedfrom equationg3.12)and (3.13)). This proce-
dureyieldsthe nal combinedey ¢ ef ciencies listedin table6.7. For thethreeheaviest
systens€y cp €, andfor thelightestsystemey cp 0 89€y.

6.4.4 Total reactioncrosssections

To computethe reactioncross-sectiorone appliesequation(6.9) for a minimum-bias
(particle) trigger, “DBor s.d”? for the low-counthg-ratesruns, and “FWor”1°, for the
high-couning-ratesruns. Nrea¢ IS Obtainedintegrating the measuredchaged particle
multiplicity distributions (plots 6.25and6.28 - 6.30). The valuesof the total reaction
cross-section®r the 5 systemsstudiedarelistedin table6.8. Thereactioncross-section
for the36Ar+1°7Au systemhasbeencalculatedwith thetwo aforementionedDBor s.d”
and“FWor” minimum-biastriggers(the latter for the low and high countingratesrun)
giving three experimenal valuesfor SEX'O. The associateaerrors, of the orderof 10%,
containeffectsof statisticalnature(in the numberof counts,N;eaq, Or in the numberof
incidentparticles,Ninc, determinedrom the Faradaycup beamchage integratior) and
of systemactal nature(mainly dueto the uncertaintiesn the differenttargetthicknesd
(mg/cn?)). At thispoint, it hasto beindicated however, thatto obtainthereportedcross-
sectionstheinhibited valuesof the trigger countingratesN;,, given by the “scalers”on
tapehave not beentaken into account,but insteadthe raw valueshave beenconsidered
dueto somescalergecordingproblem(seebelow). Theconsideratia Ninn,~ Nraw iS true
with certaintyfor thelow counting-rateunsfor which thelow interactionprobability al-
lowedthewhole set-upto work withoutarny appreciabldtrigger) dead-time For the high
countirg-ratesthetrigger lifetime is not 100%andthus,in generalNinn, ~ Nraw. How-
ever, due presumablyto an errorin the DAQ scalersoutput the recordedvalue of Nyaw
seemdo be very closeto the expectedNinn, andNinn, seemso be muchtoo low. This ef-
fectapart(which only affectsthe high counting-ratesalues) themeasuredeactioncross-
sectionsare certainlyin an excellentagreemenwith the nucleus-nucleuggeometrical)
reactioncross-sectioiiseeformulain Appendix4).

%“DBor s.d” is de ned asat leastonehit in a Dwarf-Ball modue andit is recorde on tapewith a 10
“scale-davn” (s.d.)pre-triggerfactor(seeSectiord.74).
10Fwor” is de ned asatleastonehit in the Forward-Wall detector
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Table 6.8: Inclusive experimentd and theoretical (geametrical) total reaction cross-secions for
the ve systemstuded in this expeiiment. The crosssectians for the36Ar+1°7Au re-
action are given for threedifferentconsderedtriggers (two for thelow courting-rates
runs and onefor the high courting-ratesruns),aswell astheir avetage value.

Reaction sp’ (mb) sPeo(mb)
S5Ar+197Au (lo DB) 4372 560 4600
36Ar+197Au (lo FW) 4592 592 4600
S6Ar+197Au (hi FW) 4343 526 4600
SOAr+197Au (av.) 4426 321 4600

36Ar+108pg 3960 481 3850
36Ar+98Nj 3306 406 3240
36ar+12¢ 3120 700 2240
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Table 6.9: Inclusiveexperimentalandtheoretical hard-phobn cross-setionsfor thefour sysems
studed in this expaiment. The crosssectonsfor the3%Ar+1%7Au reacion are given
for threedifferentconsderedtriggers (two for the low counting-ratesruns and onefor
the high couning-ratesruns), aswell astheir average value

Reaction Sg ' (mb) sg”(mb)
3Ar+1°7Au (lo,g DB) 3.80 0.34 3.9
36Ar+197Au (lo,g FW) 3.79 0.34 3.9
36Ar+197Au (hi,g FW) 3.80 0.29 3.9

3BAr+197Au (av.) 380 0.18 3.9
36Ar+108p7g 3.09 025 28
36Ar+98Nj 1.71 0.14 1.9
36Ar+12C 0.60 0.12 0.5

6.4.5 Hard-photon production cross-sectionsnd multiplici ties

Usingequation(6.9) for aminimum-bias(photon)triggerlike “TAPSNEU LOW * DB1”
for thelow-courting-ratesuns,and“TAPSNEU LOW*FW1” for thehigh-couning-rates
runs, andintegrating the hard-photorenegy spectraabose Eq = 30 MeV after cosmic
and pion subtraction(i.e. integrating plots6.5- 6.9), we obtainthe experimenal hard-
photon productioncross-sections listed in table 6.9. They arein order of the 0.5 -
5.0 milibarnsdependingon the tarmget size. The associateerrorsare mainly dueto the
uncertaintiesn the differenttargetthicknessd (mg/cn?). Thesevaluesof ngp arein a
very goodagreementvith the expectedvaluesobtainedrom the systematisby applying
theformula(3.8)givenin Section3.2.1.

Apart from the absolutehard-photorproductioncross-sections g, two otherclosely-
relatedquantites arealsophyscally relevantfor thefull characterizatiof hard-photon
emisson:

the hard-photormultiplicity, Mg, i.e. the probability of producinga hard-photon
pernuclearreaction,and

the probability, Pnpg, of emisson of a hard-photorperindividual pn collision.

Experimentaly, MSX'O is simply derivedfrom theratio of themeasuredhard-photorto
nuclearcross-sections:

290 (6.10)

This quantityis muchmorefree of possibleexperimenal and/orsystematicaerrors
thansSXp, sincethefactorC 10?7 Ninc Ny cn2 IS cancelledn bothtermsof thefrac-
tion. Therefore,any uncertaintyin the value of the target thicknessor in the integrated
beamcurrentdoesnot affect the calculationof Mg. Moreover, theaforementionedrigger

1The aforementioed discussiorabou the scalerscountingratesalsoholdsfor the hardphotoncross-
sectionanmeasurd for the high courting-ratesruns.
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countingrateerrorin the high-intensityrecordedscalerss skippedbecauseapproxima-
tively bothlifetime factorsfor the hard-photorandparticletriggers,enteringin the calcu-
lationof s¢* ands ;" respectiely, have a very closevaluein all the cases.

The hard-photorprobabilty per pn collisions, Py, is obtainedby dividing Mg® by the
impact-parameteaveragedotal numker of individual proton-neutrorcollisions, Npn p

whichis computedrom the“equal-participantmodel” parametrizatiorgivenby equation
(3.10):

(6.11)
The expectedvalue of Méys is given by the experimenal systematis of hard-photon
production(via the factor ngs) and by the “equal participantmodel” prescriptionfor
incoherentpn bremsstrahlun¢hrough Npp p):

Mg P3° Npnb (6.12)
PyY° 63 01 10 *# e 30Mev B (6.13)

Employing expressiong6.10) and (6.11), togetherwith (3.10), one obtainsfor the
four studiedsystemsthe experimenal valuesMg'" and Prj listedin table6.10andin
table6.11respectiely. Thesevaluesaregloballyin very goodagreemenwith the sys-
tematicsof hard-photorproductionper pn collision asa function of theincidentenegy
(9. 6.35).Speciallyin thecaseof thetwo heaviesttargets(Au andAg) theagreemenis
atthelevelof 5%,andsomevhatworsefor theNi ( 8%)andC( 15%)targets.Even
with the experimentaly obsened 20% contribution of thermalbremsstrahlunghotors,
themeasuredaluesof thehard-photorcross-sectionsnultiplicitiesandprobabiliiesper
pn collisionarenotsigni cantly shiftedfrom theresultsexpectedrom the collectedsys-
tematicsfor hard-photorproductionin incoherentpn collisions. This is not surprishng
sincewe know thatthe phenomenolagal formulasof the systenatics(which aregrossly
accuratewithin a factortwo, see g. 6.35)have beenderivedfrom ts to experimental
dataof heary systemswhich also containa second-chancbremsstrahlungomponent
(althoughthis additionalcomponenthad not beenexplicitly identi ed in the spectraso
far).

The experimentathermalbremsstrahlugmultiplicities pernucleareaction M}, and
thermalprobabilitiesper pn collision, P}, obtainedfrom Mg™®, P5 andthe measured
ratiosl; I, i.e.via: My Phy It lw Mg™ Ppn , arereportedn table6.12.

A sumnary of the experimenél total, Mg, andthermaI,Mg, bremsstrahlugmultiplic-
ities pernuclearreactionarecollectedin table6.13,wherewe have alsoaddedhevalues
obtainedin the 8Kr(60A MeV)+°8Ni reactionstudiedat the samebomiarding enegy
[Mart94]. Themostinterestiny aspecbf thesehard-photormultiplicities Mg (eithertotal
or “thermal”) is thatthey areneatlycorrelatedwith the meannumberof neutron-proton
collisionsfor eachreaction( g. 6.36).Thisis justadirectevidencethattheprobability of
producinga hardgpernuclearreactionis proportionato thenumberof pn collisions,i.e.
that they resultfrom the incoherentsummaton of individual proton-neutrorcollisions
within the participantzone. The distribution of thermalmultiplicities, M{, shows ( g.
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Table 6.10: Inclusive expeimental and theaetical hard-photon multiplicities per nuclear reac
tion, Mg, for the four sysemsstuded in this expaiment. Theexperimentad multiplici-
tiesfor the36Ar+197Au reacion are givenfor threedifferentcorsideredtriggers (two
for thelow couning-ratesruns and onefor the high couning-ratesruns), aswell as

their average value

Reaction Mg " Mg

SAr+1°7Au (log DB) (8.67 1.35)10 *# (85 0.1)10 #
36Ar+97Au(log FW) (8.26 1.24)10 # (85 0.1)10 4
36Ar+197Au (hig FW) (8.87 1.24)10 4 (85 0.1)10 4
SOAr+197Au (av.) (8.62 0.74)10 * (8.5 0.1)10 4
36Ar+108pg (7.81 1.17)10 4 (7.3 0.1)10 *
36Ar+98Nj (5.48 0.82)10 # (6.0 0.1)10 4
36Ar+12C (1.91 057)10 4 (2.4 0.1)10 4

Table 6.11: Inclusive expaimental and theortical hard-photan probabilities per pn collision,
Pong: aswell as(impactparamete averaged) numberof pncollisions Ny, b, for the
four systemstudiedin this experiment. Thevaluesgiven for the®¢Ar+1°7Au reacion
correpondfor threedifferentconsideredtriggers (twofor thelow courting-ratesruns
andonefor the high courting-ratesruns),aswell astheir average value.
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Reaction Porg Porg Npn b
3Ar+1%7Au (log DB) (1.24 0.20)10 4 (1.24 0.02)10 * 6.8
BAr+19Au(log FW) (1.18 0.18)10 # (1.24 0.02)10 * 6.8
36Ar+1%7Au (hig FW) (1.27 0.18)10 4 (1.24 0.02)10 * 6.8
3BAr+197Au (av.) (1.23 0.14)10 * (1.24 0.02)10 * 6.8
36Ar+1087g (1.37 0.21)10 4 (1.29 0.02)10 4 5.7
36Ar+58N;j (1.22 0.18)10 4+ (1.33 0.02)10 + 45
36Ar+12C (1.07 0.32)10 # (1.35 0.02)10 4 1.8
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Figure 6.35: Systenatics[Schu97] of measued photan emisson probabilities per pn collision,
Pg‘rg, asa function of the (Coulomb-corected)bombading enegy per nucleon (see
also g. 3.5). Our dataare represntedby stars. Thesolid line representsa t to eq.
(6.13)

Table 6.12: Inclusive expaimental themal bremsstahlung multiplicities per nuclear reactian,
Mg, and themal probabilities per pn collision, ijng, for the four sysemsstuded in
this experiment. Thevalues givenfor the36Ar+197Au reaction correpondfor three
differentconstderedtriggers (two for thelow courting-ratesrunsandonefor thehigh
courting-ratesruns),aswell astheir average value.

Reaction My Porg

BAr+%7Au(log DB) (1.60 0.26)10 ¥ (0.23 0.02)10 ?
36aAr+197Au (log FW) (1.53 0.25)10 4 (0.22 0.02)10 *
36Ar+197aAu (hig FW) (1.68 0.25)10 4 (0.24 0.02)10 *

3Ar+197Au (av.) (1.61 0.16)10 * (0.23 0.02)10 4
36Ar+108pg (1.16 0.19)10 * (0.20 0.02)10 4
36Ar+58Nj (1.07 0.17)10 * (0.24 0.02)10 4
36Ar+12C (0.0 0.30)10 4 (0.00 0.02)10 4
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Table 6.13: Total, My, andthermd, Mg, bremsgrahlung multiplicities per nudear reaction mea-
suredin the four systemsstuded in this experimentandin the®®Kr(60A MeV)+8Ni
reaction [Mart94]. The (impad-parameter avermged) number of pn collisions,

Npn b, is also indicated.

Reaction Mg M Npn b
8Kr+>®Ni  (8.29 0.50)10 4 (2.05 0.14)10 4 7.0
Ar+1°7Au (8.62 0.74)10 4 (1.61 0.16)10 4+ 6.8
36ar+1080g (7.81 1.17)10 4 (1.16 0.19)10 * 5.7
36Ar+58Nj  (5.48 0.82)10 4 (1.07 0.17)10 * 45
36ar+12C (1.91 0.57)10 4 (0.00 0.30)10 4+ 1.8

6.36)two differencesvhencomparedo the total Mg distribution: (1) alower slope,and
(2) anoffsetin the numker of pn collisions, Npp p, for which Mg = 0. Whereaghe rst
obsenationindicateghattheprobabilityof emiting athermalhard-photons smallerdue
to thelower enegy availablein secondarypn scatteringsthe secondoneseemso point
outto theexistenceof athresholdn thenumberof pn collisions belov whichnothermal
bremsstrahing emisson takes place. Accordingto this interpretation, Npn b~ 2 (see
g. 6.36)would be the minimal (impact-parameteaveraged)value of proton-neutron
collisionsin a systemfor which secondarycollisions andthereforethermalizationcan
occur
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Figure 6.36: Experimemal total, My, andthermd, Mg, hard-phobn multiplicitie s per nuclear re-
action plotted as a function of the (impad-parameteraveraged) numberof pn col-
lisions, Npn b, in the ve reacions studied by the TAPScollaboration at 60A MeV
bombading enegy (the four system®f the presen expeiment plus the®®Kr+ >8Ni
onestudiad at GANILin 1992[Mart94]). Thesolid anddastedlinesare linear ts
to thedata points
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Sofar, we have only discussegburelyinclusive, i.e. impact-parametantegrated,ob-
senables(hard-photorenegy spectraangulardistributions andabsolutecross-sections
and multipliciti es). Signaturef moreinterestingphenomengroducedn compressed
and hot nuclearsystemsundegoing e.g. a multifragmentationprocessare morelikely
to bedetectedn central,i.e. smallimpact-parametecollisionsthanin impact-parameter
integratedones. In the latter, the contritutionsfrom large centralityeventsare weighted
very little becauseof d’b  bdbdf. Whereasn the inclusive study developedin the
formerchapterthe nal stateof the producedhuclearsystemss notknown, in exclusive
analysisspeci c channel®of the nal-state canbeselectecandstudied.In orderto obtain
moreinformation aboutthe mechanisnof fragmentandthermalhard-photorproduction
in theconsideredheary-ion reactionspnehasto go, therefore pnestepbeyondthesingle-
particlemeasurement@ndinvestgatethe correlationdbetweerfragmentsandphotonsn
an exclusive manner In this Sectionwe will investigate the dependencef the enegy
spectraandphotonyields on theimpact-parametemainly for the datacollectedfor the
36Ar+197 Au systermduringthelow countingratesrunsfor which thewhole particlesetup
(DB+FW) wasoperating.

7.1 Eventselection

We areinterestedn isolating centralandperipheralcollisionson an eventpereventba-
sisby selectingoneglobalexperimentalariablecorrelatedwith theimpact-parametesf
the reaction. Several of suchobsenableshave beenproposedandusedin differentex-
perimentsasit hasbeenmentionedn Section2.1.2(for a recentreview comparingthe
differentmethodsseee.g.[Fran97). Thetotal chagedparticlemultiplicity M¢p hasbeen
usedsincelong [Sto80] asa selectorof thereactioncentralityin heary-ion experimens.
The higherparticlemultiplicity beingrelatedwith the smallerimpactparameteandvice
versaanintuitiveassumptnsupporedby numericalkalculations As amatterof fact,re-
lying onageometricamethod Cava90]andsupposingamonotonc dependencbetween
theimpactparameteb andMcy, it is actuallypossble to quantitatvely correlatea certain
multiplicity to a certainvalueof b (within the intrinsical statistcal uctuations). In such
“sharp cut-off approxination” [Cava90,Kim92], by e.g. gatingon the top (bottom)
5% of thetotal chaged-particlemultiplicity distributions,onecandetermineanapprox-
imatecentralityscalecorrespondingo areducedmpactparameteof b bnax 0.2(0.8).

Suchgeneralapproachor selectingperipheralandcentralcollisionswill be applied
in our caseto studythe hard-photorspectraandyieldsasa functionof impact-parameter
Nonethelesst turnsout that, sincehard-photonsre only produced‘subthreshd”, i.e.
in single nucleon-nucleomrollisions makinguseof the Fermimotion, the number of NN
collisionswill lowerwith increasingmpactparameteandhencat will becomdessprob-
ablethattwo nucleonswith sufcient relatve momentuncollide. Thisfactconcentrates
the productionof hard photors at low impactparametersaswe have mentiored in the
discus#n of theef ciency for g-particletriggers(Section6.4.3). Thereforethe selection
of nuclearreactionsin which a hard photonis detectedmplies intrinsically animpact-
parametebiastowardsrathersemi-centrateactions.
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This is apparenin the total particle multiplicity distribution, Mgg, measuredn the
DB and FW whena coincidentphotort detectedn TAPS is required(g. 7.1). This
distribution peaksat ME‘E} =9, i.e. attheregion of semi-centraimpact-parametersn
contrastwith the inclusie particle multiplicity , Mcp (g. 6.25), which shavs a maxi-
mumfor low particlemultiplicities (i.e. for the moreprobableperipherakreactions).Our
off-line event-type selectiorwill bedone,thus,usingappropriatechaged-particlemulti-
plicity gatesin this ME% distribution. More speci cally, thefollowing central,peripheral
andmultifragmentatiorreactionsselectiorcriteriahave beenconsideredor theexclusive

studyof the 36Ar+197Au system:

Centralreactionselection:ME‘E} = 15- 21. This condition selectsthe mostcentral
collisions, having large particle multiplicity detectedn the DB and FW, without
signicant contaminabn of pileup events(which startto be non negligible above
Mcp = 21 for the low counting-raterunsaccordingto the experimenal interaction
probabilty of 0.05%).Thiscentraleventselectiorncorrespondo across-sections
of theorderof 9% of Stq.

Peripherareactionselection:ME% =1- 2. We considerasperipheralkventsthose
low-multiplicity reactionswhich only re 1 or 2 detectorsof the DB and FW.
Suchlow-multiplicity criteria are the minimal conditionsbelov which, spurious
cosmic-@ents ring TAPSandmisidenti ed asphotonsarealmosttheonly events
recorded.Thissubsebf peripherakventsrepresentarounds% of thetotalreaction
cross-section.

Multifragmentationreactionselection: MRE- 3. All reactionsleadingto the
production of at least3 IMF's detectedn the DB, i.e. IMF's emittedat q;ap

32 , areconsiderecasmultifragmentatiorreactions We will not considerthe IMF
multiplicity measuredn the FW sincethoseeventsare certainly populatedwith
intermedate-fragmentsomingfrom the projectileandwe areinterestedn observ-
ing multifragmentatiorof the hot andheary producednuclearsystem(s)seethe
discus#n aboutthe characteristicef the hot residue(sproducedn our reactions
in Section8.1.2).As amatterof fact,it is known, from the studyof thevery similar
36Ar+197Au at65A MeV [Colin98, Sun00jand®Fe+%’ Au 50A MeV [Sang95kys-
tems,thatvirtually all IMFs obsenedat backwardanglesstemfrom the secondary
decayof the highly excitedheavy-targetremnant.It turnsoutthatthe cross-section
exhaused by such“multifragmentaton” eventsaccountdor 8% of Siqt, i.€. we
areselectingoughlythesamenumberof reactionsasin thecaseof “central” evens.

ThetotalandIMF multiplicity distributions, M andM{%-, with anindicationof the
selectedyatesfor peripheral,centraland multifragmenation reactionsareshavn in g.
7.1and7.2respectrely.

Theseeventselectiorcriteriacannotbe appliedfor the exclusive analysisof the other
threereactiong®Ar+198Ag, %8Ni, 12C) studiedduringthehigh countirg-raterunswithout

n thatcasenot evenahard-hoton(Eg  30MeV) but aphota above the LED threshdd valueof E4
=15MeV.
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Figure 7.1: Total charged-paticle multiplicity distribution, %t, measued with the Dwarf-Ball
and Forward-Wall for 36Ar+197Au readions in which at least one phaton above 15
MeVis deteced. The lled regionsindicatetheselecedcentral andperipheral everts,
the hatched onethe zore whete pileup (two conseutivereactonsrecomedsimulta
neausly) starts to be signi cant.
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Figure 7.2: IMF multiplicity distribution MR%- measuedwith the Dwarf-Ball for 36Ar+197Au at
60AMeVreactimsin which at leastonephoton above 15 MeVis deteced. The lle d
areacorregpondsto the selectedregion of multifragmentaton events the hatchedone
to the zonewhele pileup eventsare signi cant.
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the Dwarf-Bdl (gs. 6.28,6.29,and6.30display the multiplicity distributionsdetected
in the Forward-Wall for thesethreeheavy-ion reactions).Indeed for thesereactionsone
cannotassociate scaleof impactparameterso eachFW multiplicity bin sincethe as-
sumpton that more central(peripheral)collisions arerelatedwith higher(lower) values
of MCFQ,’V doesnot necessarilyhold in that casebecausahe FW is only sensitve to the
fragmentsemittedin the forward direction. Contrarily, reaction-productemittedin cen-
tral collisions usually cover the whole angularrangearoundthe target. Hence,central
reactionscanwell leadto low valuesof MCFF‘)’V asin the caseof well-de ned peripheral
collisions. Indeed this effect canbe shavn in the bidimensbnal plot Még¥ vs MEX ( g.
7.3)obtainedor the36Ar+197Au reactionduringthelow-countirg-ratesunsof theexper
iment. A nonnggligible fractionof smallimpact-parametereactionge.g.,with Mf%
12) leadto ratherlow Forward-Wall multiplicities (MEQ,N 4) and, corversely mostof
thehigh-FWmultiplicity reactionsorrespondctuallyto clearlyperipherakeactiongfor
which Mtc%t 5) dueto theeffectof pileupreactiongwe recallthatfor thesehigh-counting
ratereactionswith interactionprobabilitiesin therangel.5%- 3.5%,above MEQ,N 8the
contamirationof randomcoincidenceganbesigni cant).
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Figure 7.3: Bidimensonal plot of the Forward-Wall multiplicity (ME}Y) as a fundion of the to-
tal charged-particle multiplicity (Mcp) detected in the Dwarf-Ball for the reacion
36Ar+197Au at 60AMeV

7.2 Exclusive photon specta

Making useof the event selectioncriteria describedn the former sectionwe will now
presenthe resultinghard-photorspectrafor central,peripheraland multifragmentation
reactiondor the 3Ar+197Au systemat 60A MeV.
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7.2.1 Central reactions

Thehard-photorspectrunafterpion decayandcosmicbackgroundubtractionfor cen-

tral reactionof the*8Ar+197Au system( g. 7.4)presentssteepeslopein its low-enegy

part, asalsofoundin the purely inclusive spectrum( g. 6.5). We have applied,thus,

the two-exponenial t with expressio (6.4) usedfor the inclusive hard-photorenegy

spectra.Theresultinginverseslopeparameterandrelative intensitesof thetwo brems-
strahlungcomponentsare listed in table7.1. We nd valuesof the direct and thermal
slopesfully compatible within the errors,with thoseobtainedin the inclusive reactions
(.e.EJcemral  glincl gpgelcetral - glindy andintensitesof thethermalcomponent
alsocomparable(18% 2% of thetotal hard-photoryield).

> b
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Figure 7.4: Expelimentalhard photan enegy spedrum measuedin the NN CM for central col-
lisionsin the systent®Ar+1%7Au. Thespedrum hasbeen tted in therange E; = 30
- 150 MeVaccading to equaton (6.4) to the sumof two exponential distributions: a
direct(solid line) anda themrmal one(dastedline).

An alternatve wayto identify the presencef thetwo differentslopeparameters the
enepgy spectrunwhenthestatisicsis nothighenougho performareliable2-exponenial
t, is providedby the so-called‘local slopeanalysis’[Matu96d. Thelocal slopeis de-
ducedfrom anexponentialt performedoveraconstanenegy range(e.g. DEg= 8 MeV)
andby moving thecentroidalongthe spectrum Assumirg a purelyexponenial spectrum,
theslopeparameteobtainedn any local t is equalto theglobalslope.In the caseof two
exponenial componenthaving differentslopestE; andEy, thelocal t performedn the
low enepy partof the spectrunyieldsa valueintermediatebetweerE, andE,. Moving
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Table7.1: Measued dired and thermal slopes and ratios of thermal to total intersitiesin pe-
ripheral, central and multifragmentaton reactonsfor the sysem®¢Ar+1°’Au at 60A

MeV
Readion EJ (MeV) Ej (MeV) It liot
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 higherenegiesresultsin anincreaseof the slopevalueup to a maximum valueequal
to E2. We have analyzedwith this methodthe hard-photorspectrummeasuredor the
central®8Ar+197Au collisions (g. 7.5), obtainhg a clearindicationof the persistencef
thethermalcomponenin thelow-enegy region.

Ar+Au at 60A MeV
Central reactions

i

| IR TSN TR SN (NS SRS NN Y ST N NN
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Figure 7.5: Local slope parameteas (crossespf theexperimentd hard-photan spectum measued
for certral 36Ar+197Au collisions at 60A MeV. Thedasted line is a linear t of the
local slopes above E; = 60 MeV.

Thelocal slopeparameteincreasedinearly from Eg = (12 2) MeV for Eg = 30 -
60 MeV up to analmostconstantvalueEg = (20 2) MeV (thoughwith high uctua-
tions) in theregion Eg = 60 - 130MeV (indicatedby thedashedine in g. 7.5). Thisis
the expectedbehaiour for the existenceof two differentexponentialcomponentsn the
regionEg 60 MeV asseenin g. 7.4. Thesedifferentlocal slopetrendsfor Eg 60
MeV andEg 60 MeV con rm unambigwusly the presencef the directandthermal
componert in the experimentaldatawith differentassociateglopes. Therefore,ther
mal hard-photonarestill emittedin the mostdissipatve centralcollisions of the Ar+Au
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systemat 60A MeV. This resultgives supportfor the formationof a hot andthermalized
systemevenfor the mostviolent collisionsof Ar on Au atthisbombardingenepy.

7.2.2 Peripheral reactions

The stronglow-multiplicity cut appliedto select“gentle” collisions for the 36Ar+197Au
systemwhichdrasticallylimits thestatistcsof thistypeof events,andtherelatively more
importantbackgroundf cosmiceventssubtractedn theseperipheralcollisions,leadto
a hard-photorspectrum( g. 7.6)which shawvs larger uctuationsin its high enepgy part
thanthe precedingcase. Nonethelesswe have alsoappliedthe two-exporential t (eq.
(6.4)) to the hard-photorspectrumobtainirg slopeparameterandrelative intensites of
thetwo bremsstrahlungomponentgtable 7.1) which aredistinct thanthe valuesfound
in the inclusive or centralcollisions Indeed,the direct andthermalslopesare a factor

15%and 25%respectiely, inferior thanin thosepreviouscasesThedecreasingalue
of the directhard-photorslopefor large impact-parameteris a well-known obsenation
re ecting the lower density(i.e. the smallerFermi momenta)nearthe nuclearsurface
of the colliding ions[Mart94]. The lowering of the thermalslopescanbe interpretedas
a direct indication of the lower excitation enegiesand, correspondinglytemperatures,
attainedn themoreperipherakeactions.

7.2.3 Multifragmentation reactions

Certainly oneof the mostinterestingresultsof this experiments the obsenation thatthe
hard-photorspectrummeasuredor the 38Ar+1°7Au collision in which a multiple emis-
sion of IMF is obsered in the hemisplere of the reactioncoveredby the Dwarf-Bal
presentsalsotwo distinctslopesabore Eg 30 MeV (g. 7.7). Thetwo-exponenial t
analysisyields directand thermalslopesfully compatiblewith the inclusive valuesob-

tainedwithout ary exit-channelconditian (i.e. ES ™10 gdincl gng gl mulifrag

E;", seetable 7.1), althoughthe percentageof thermally emitted hard-photonswith
respectto the total yield is perhapsslightly smaller([I1 liot]inaa  (18.5 0.5)% and
[lt ltotlmuifrag (16 2)%). As in the caseof centralcollisions, the existenceof such
thermalbremsstrahlungomponentn multifragmenationprocessess anindicatian that
the emissionof intermediate-rass-fragmentss donein reactionswherea hot andther
malizedsource which liveslong enoughto radiatebremsstrahlug photons hasbeenat
somemomentproduced.
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Figure 7.6: Expermentalhard photon enegy spectum measued in the NN CM for peripheral

182

collisions in the systen36Ar+197Au. Thespectum hasbeen tted in therange E, =
30- 130MeVaccodingto equaton (6.4) to the sumof two exponental distributions:
a direct(solid line) anda thermal one(dashedline).
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Figure 7.7: Expelimentalhard phaonenegy spectummeasuedin theNN CM for multifragmen-
tation collisionsdetecedin the Dwarf-Ball for the systen36Ar+1°7Au. Thespectum
hasbeentte din therange E;= 30- 150MeVacoording to equation (6.4) to thesum
of two exponertial distributions: a direct(solid line) anda thermalone(dastedline).
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7.3 Impact-parameter deperdenceof the photon yield

We canperformamoredetailedstudyof thedominantregion of impact-parametergsso-
ciatedto thedetecteghotonswith E;  15MeV producedn the 36Ar+197Au systempy

looking at the total chaged-particlemultiplicity measuredn coincidencen the Dwarf-

Ball andForward-Wall. Above Eg =10 MeV threedifferenttypesof photonsareknown

to populatethe experimenal spectra(seeSection3.1):

1. (Mainly) GDR photonsde ned asphotonswith enegiesin therange 15 MeV
Eg 22MeV,

2. “Mix ed"® thermal+direchard-photonén therange30 MeV Eqy 45MeV,
3. (Mainly) “Pure” directhard-photong¢Eg 60 MeV).

Sincelower enegy photms are producedwith higherprobabilty, we have properly
scaledthe particle multiplicities associatedvith the GDR and puredirect hard-photons
to the particle-muliplicity of thethermal+direchard-photonsn orderto make the com-
parisonbetweenhe exit-channelsassociatedo eachtype of photon,moreapparent g.
7.8). Severalinterestingfeaturescan be remarled concerningthe impact-parametede-
pendencef thesegammarays. Thermalanddirecthard-photongreemittedin fragment
multiplicity exit-channelssigni cantly distinctthanthosecharactestic of photonscom-
ing from the GDR decay On the oneside, GDR photors arerelatively more produced
thanbremsstrahlng photonsin the low-multiplicity (M tccg 8) part of the distribution,
shaving amaximun for Mty 8 andthendecreasindasterthanthe photonsabove 30
MeV. Hard-photonf bothtypes,on the otherside,are comparatrely lessproducedn
low-multiplicity exit-channelsandthey shav a distinctmaximum at intermediatanulti-
plicities,M{J =9 - 10.

Sucha resultis even more apparentin the distribution of the photon multiplicity
(gamnayield pernuclearreaction) Mg, versusthe chaged-particlemultiplicity detected
in theDB, M{y?, for thethreeaforementionedypesof photonsemittedin the 3°Ar+197Au
reaction( g. 7.9).This gure exhibitsthreeinterestingfeatures:

The photonproduction multiplicity shows a clearincreasdrom peripheral(Mcp =
2) to semi-centra(Mcp  7) reactiondor thethreetypesof photors. Theincrease
is not, however, equallysteepfor the GDR andhard-photonsandin the caseof the
bremsstrahlungomponentt continuedo go up to morecentralreactiongMcp = 9
- 10). Thebremsstrahlng multiplicities, on theoneside,grow afactor10 between
Mcp = 2 andMcp = 10 (from Mg 10 4 to Mg 10 3) neatly samplhg the in-
creasinghumberof nucleonparticipantsrom peripherako semi-centratollisions.
The GDRyield, ontheotherside,augment®nly afactor4 from M¢p = 2 to Mcp =
7.

2Although GDR photors aredomirantabove E4 = 10 MeV, thethreshdd valueof our LED discrimira-
torsis atEg = 15MeV.

3Accordng to the ratio of intensitiesof the thermalcompmentwith respecto the total hardphotm
yield above 30 MeV in the 36Ar+1°7Au system(table 6.2), the relative proportion of thermalto direct
brensstrahlungphaonsin therange 30 MeV.  Eg 45 MeV is 40:@ (thusthe term “mixed” for this
secondselectedype of phaons).
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Figure 7.8: Total charged-particle multiplicity, M, measued in the Dwarf Ball and Forward-
Wall for the 36Ar+1°7Au systemin coinciderce with (1) “GDR phaons” (de nedas
phaonswith15MeV E; 22 MeV),(2) “thermal+directhard-photors” (30 MeV

Eg 45 MeV),and (3) “pure direct hard-phobns” (E; 60 MeV). The parti-
cle multiplicity distributions assaiated to the GDR-photonsanddired hard-phobns
hawe beenscakdto that of thethemal+dired hard-photors.
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Figure 7.9: Expermental phota yield per nuclear readion, M, as a function of the charged-
particle multiplicity, MZ5’, measued in the Dwarf-Ball for: (1) “GDR photms”,
(2) thermal+direct hard-photors and (3) “pure” direct hard-photors emitted in

36Ar+197Ay at 60AMeV
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Fromits maximumat Mcp = 7, the GDR photonmultiplicity, Mg, follows agrad-
ualdecreaséor increasinglycentralcollisions. The GDRYyield is reducedoughlya
factor2 betweerM¢p = 7 andMcp = 20. Thisresultcon rms thesigni cant quench
of the GDR gamma yield obsened experimenally for increasinglyhigh excitation
enegies(eé  3A MeV) in several systemgGaar87,LeFa94,Suom96,.Suom93.
Thisquenchinghadbeententatively interpretedasaresultof thelossof collectivity
dueto achangdrom orderedmean- eld-drivenmotionto chaoticnucleoniomotion
[Gaar92].Thisinterpretatiorseemgo benicely corroboratedhere.

Thermal+direceandpuredirecthard-photoryields shav a very similar overall de-
pendencavith the centralityof the reactionandthey saturateabore M cp = 9, i.e.

at the region of chaged-particlemultiplicities correspondingo semi-centraind
centralimpactparametersvherethe total overlappng of theincident36Ar nucleus
inside the muchlarger 1°’Au tamget nucleustakesplace. In this region of impact-
parameterdhemeamumberof NN collisionssaturates,e. Npn b= Npn max and
hencesodoesthe bremsstrahingphotonproduction. Thiscon rms thatMparg giS
proportianal to the numberof participantsandultimatelyto thevolume of the over-

lap region betweerprojectileandtargetat a given impact-parameteinterestingly
for the mostcentralcollisions, above M, 16, the emisson of bremsstrahlong

with Eg = 30 - 45 MeV remainsconstantout the harderbremsstrahlog Eg 60
MeV seemdo diminish (thistrendis obseredevenif Mpaq ¢ Uctuatesduetothe
limited statistics).

In sumnary, thevery similar behaiour of thethermalanddirecthard-photoryields
asafunctionof impactparameteand,speci cally, its dependencwith thenumber
of participantnucleons,con rms that the mechanisngoverning their production
mustbe basicallythe same(incoherentpn bremsstrahlug) and mustbe different
thanthe (collective) mechanisnresponsibleof statigical GDR photonemisson.
We will discusghisaspecin moredetailin thenext Section.
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7.4 Summary of the experimental results and prelimi-

nary inter pretation

Before proceedingurther, we wantnow to sumnarize the main obsenationscollected
in theinclusive andexclusive analysisof our experimenél dataconcerninghard-photon
production in four differentheary-ion reactions:

188

Inclusive spectral shapes: Two exponental distributionswith differentslopepa-
rametersdescribethe hard-photorenegy spectraabove Eg = 30 MeV. The harder
(“direct”) exponental accountsfor at least 80% of the total hard-photonpro-

duction. The steepe(“thermal”) componenshaws up speciallyin the low-enegy

region of the spectra(Eg = 30- 60 MeV).

Spectral slopes: The direct slope scaleswith the projectile enegy per nucleon
in the lab, i.e. with the initial enegy per nucleonavailablein r st-chanceNN

collisions Thethermalslopescaleswith the total enegy availablein the nucleus-
nucleuscenterof-massKaa.

Sourcevelocities: Directhard-photonareemittedfrom thenucleon-nucleonenter
of-mass. Thermalhard-photonsare emittedisotropically from a sourcemoving
with the nucleus-nucleusenterof-massvelocity.

Target deperdence: Thermalhard-photonsare only obsened in the spectraand
in the angulardistributions of the heavier systemg3®Ar+1%/Au, 108ag, 58Ni), but
they areabseniin the lightest(3®Ar+12C) reaction. This last reactionpresentghe
expectedbehaiour for pure rst-chancebremsstrahlungsingleexponentialspec-
trum, elementarydipolartermin the angulardistribution andsourcevelocity equal
to bnn).

Inclusive multiplicities: The total hard-photoryield per nuclearreactionis pro-
portionalto the (impact-parametesveraged)numberof proton-neutrorcollisions
occurringwithin the overlappng zone of the colliding ions. The thermalhard-
photonmultiplicities point out to the existenceof a thresholdof Ny, 2, asthe
minimal numkber of pn collisionsfor which thermalemissiortakesplace.

Exclusive spectra and slopes: Remarkably the thermalexponenial component
is alsoobseredin centralreactionsandin reactiondeadingto multiple emisson
of intermediate-mass-fragmentsnultifragmentaton”) with the sameslopeand
(roughly) intensityasfound in impact-parameteintegratedspectra. The strength
of thedirectandthermalbremsstrahlugslopesjn contrastdiminishfor peripheral
reactions.

Exclusive multiplicities: Thermalanddirecthard-photoryieldsshav a very sim-
ilar dependencevith impact-parameteincreasinga factor 10 whengoing be-
tween peripheralto semi-centrakeactions. They saturatein the region of semi-
centralandcentralreactionsfor total overlappirg of the Ar nucleusinsidethe Au
one.
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Although we have alreadypointed out (and we have explicitly considered}hat the
mostconsiseént explanationof the full experimentalresultsrelieson the existenceof a
thermalbremsstrahlungmissionfrom secondarynucleon-nucleorcollisions, it is the
purposeof this sectionto assessritically this explanationtogethemith all otherpossible
alternatve interpretation®f the experimenal data. Aside from the main mechanisnof

rst-chanceproton-neutrorfpng) bremsstrahlun@‘prompt” or “direct” bremsstrahing),
only thefollowing mechanismgould potentialy leadto the productionof photonswith
enegiesabove 30 MeV:

GDR statisical photons.
Coherennucleus-nucleubremsstahlung.
Cooperatre clusterbremsstrahlua.

ppg bremsstrahlug.

png bremsstahlungfrom (preequilibrium)second-chanceollisions.

o o A~ W bd e

png bremsstahlungfrom (thermal)second-chanceollisions.

In the restof this chapter | will discussto what extentthosedifferentmechanisms
couldaccountfor the deviationsfrom the pure rst-chance png scenaricobseredin this
experiment

7.4.1 GDR photons

As mentioredin Section3.3a rst obsenation of thedeviation of the hard-photorenegy
spectrumfrom the single exponenial behaiour was alreadyfound in the dataof Luke
etal. [Luke93]for the system*N+107Ag at 35A MeV (see g. 3.10). The steepest
shapeof the low-enegy part of the hard-photorspectrumis alsoobsenablein the data
of Stevensonet al. [Stev86] for the system*N+298Pb at 20A, 30A and40A MeV but it
is not apparenfor the lighter 14N+12C systemstudiedat the samebombardingenegies
(seeg. 3.9).Lukeattributedthehardphotonenhancemenh theregionEg  50MeV to
thetail of Giant-Dipok-Resonancé€GDR) photonsemittedby projectile-like fragments.
Accordingto expression(3.1), the expectedpositian of the centroid of the GDR of a
Nitrogen-lke nucleuswould be aroundgg = 24 MeV with a maximum width of Ggpr

12 MeV (for very excitedquasi-projectis).

The rst objectionagainstthis interpretationarisesfrom the fact that the obsered
hard-photorenhancement Luke andStevensm dataat Eq = 30 MeV amountgoughlyto
50%of thetotal bremsstrahingyield whereaghe strengthof the high-enegy Lorentzian
tail of a GDR built on a Nitrogen-lke excited fragmentwould representa smalleref-
fect at this high photonenepgy accordingto CASCADE calculationgMart95, Schu97].
Furthermoreany enhancementiue to photonsissuirg from the decayof GDRs of the
quasiprojecte fragmentsn theseexperimentsvould seeminglyhave alsoshavn up for
thelighter 1*N+12C systemstudiedin parallel,butin thatcase andsigni cantly, no hard-
photonexcessproductionwasobsened[Stev86].
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Concerningour experimentaldata,no pronouncedtructurein theusualregion of the
GDR photons(Eg = 10 - 25 MeV) dueto the peakof a single GDR is visible in the
low-enepgy part of the photonspectraof the four studiedreactionsbut only very steep
exponenial fall-offs with local slopeparameter®f the orderE(()SDR 4 MeV (seee.q.
the raw 3CAr+197Au photonspectrum,g. 6.1,in theregionEq 20 MeV). Thisis due
to severaleffects. On the onehand,our experimentalenegy resoluton (2 MeV binning)
doesnot allow for a ne distinction of possble isolatedGDR peaks.On the otherhand,
andmoreimportantly, theregionEg=10- 25MeV is expectedo belikely populatedvith
the mixed superposion of photors stemmig from the decayof GDRsbuilt, in princi-
ple, onthequasi-taget,on the quasi-projecte andon ary otherreactionproduct'. These
differentGDR have differentcentroidposiions anddifferentdegreesof excitation (lead-
ing to different GDR widthg andaremodulatedoy a global steepexponentialstatigical
function(seeSection3.1andref. [Schu97]). This resultsbasicallyin the absencef ary
peakstructureobsered in the region Eg = 10 - 25 MeV at variancewith typical spec-
tra obtainedin dedicatedGDR-photonsxperiments(seee.g. [Gaar92]). Accordingto
the GDR centroidsystematicgjivenby formula(3.1), the highest-enagy GDR expected
from areactionproductproducedwith sizeablecross-sections our differentreactions,
that could constitue a sourceof photonscloseto the hard-photonthreshold(Eg = 30
MeV), correspondso thatof aquasiprojectié (Argon-like) fragment.The GDR of sucha
fragmentwould be centeredat aroundEgpr(*°Ar) 22 MeV with a maximumwidth of
Gepr  12MeV for themostexcitedquasiprojectes. Any otherheavier reaction-product
hasanincreasingljlower GDR centroid,e.g. Egpr(*°’Au) 13MeV, Egpr(*°®Ag) 15
MeV, and Egpr(®®Ni) 17 MeV. In the caseof the 36Ar+12C systemone could amgyue
thatEgpr(*2C) 24 MeV which s certainlycloseto the lowestEg = 30 MeV threshold
for hard-photonsbut in thatreaction,symptanatically, thereis no obsered low-enegy
hard-photorenhancemer(seethe discusson belaw).

The possilte interpretationof the obsered hard-photonexcessin the region Eg = 30 -
60 MeV asbeinganevidenceof the high-enegy tail of suchGDRsproducedn thereac-
tion is, thus,ruledout by severalreasons:

1. Spectrakhape Suchalonghigh-enegy tail of the GDR Lorentzianstrengthdistri-
bution (upto Eg = 60 MeV !) hasnever beenobseredbeforein dedicatedexperi-
mentgGaar93. It wouldimply amuchtoolargecrosssectionin contradictiorwith
the known characteristicof GDR production. Moreover, GDR studieshave been
carriedout at rathermoderatdoombardingenegies(Kjap ~ 30A MeV), wherethe
contribution of bremsstrahlunghotons,beingrathermaiginal, is nonethelessil-
readydominantabove Eg = 25 MeV. Our reactionshave projectileenepiesat least
2 timeshigherand, thus, dueto the steepenegy dependencef bremsstrahing
production(see g. 6.35),leadto a much strongerproductionof hard-photons.
Contrarily, the mechanisma that contribute to GDR formation remainthe same.
Thereforetheratio hard-photon€:DR photonsin our experimentshouldbe much
largerthanin GDR-dedicate@xperiments

2. GDRYyields The GDR interpretatiorcontradictdhe obsened marked suppression

4Additionally, someDopplerbroadningof the GDR decayphdaonsoriginatingfrom thefastereactio
productscouldalsobeexpectea.
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of the GDR yield for increasingmpact-parametetisi our 3Ar+1%7Au system(see
g. 7.9). This GDR quenchinghasbeenalreadywell establishedor high excita-
tion enegies[Suom9§. Indeed,e.g. Gaardhojeet al. [Gaar87 studiedthe GDR
photonspectra&rom thedecayof 11°%Sncompoum nucleusproducedn thereaction
4OAr+79Ge at 15A and24A MeV asa function of excitationenegy andconcluded
thatthereexisteda stronginhibition of theGDR gdecayabove€  3A MeV. This
valueof € correspond$o theusualrangeof excitationenegiesencountereeh our
60A MeV bombardingenegy reactions(even for the more peripheralreactions).
The proposedexplanationsof sucha dampingof the GDR yield are: 1) a lossof
collectwity, relatedto achangdrom orderedo chaoticbehaiour; 2) aconsiderable
enhancegarticledecayatthehigheste thatreducesheg-emissiom probabilty and
depletegheavailable€ ; or 3) non-equilbrationof the composie systenresulting
againin a severelossof collectvity until the systemregainsthermalequilibrium
atlowertemperatureThe rst proposedexplanationis speciallyinterestingin our
casesinceit would con rm thefactthatfor largeexcitatonenegies,e ~ 3AMeV,
which are clearly attainedin our four consideredeactions,the intrinsic degrees
of freedom(incoherentNN collisiong prevail over the collective ones(mean- eld
driven giantoscillatins). In suchsituationthermalbremsstrahlng is presumably
themechanisnfior hard-photoremisson beforetheglobalmotionis dampedo lev-
els consistentvith a thermalequilibrium betweencollective andintrinsic degrees
of freedom.

3. TargetdependenceAn interpretatiorbasedn GDR-photongioesnot explainwhy
the extra hard-photonproductionis only presentin the heavier systemsbut it is
abseniin the lightest36Ar+12C reaction( g. 6.9). The excitation of a GDR state
in a quasi-Aror quasi-Cfragmentshouldbe equallypossiblein this lastreaction,
andshouldalsohave leadto theappearancef the hard-photorenhancemerin the
photonspectrunof this light system.

7.4.2 Coherent nucleus-nucleusbremsstrahlung

Anothermechanisnwhich hasbeentheoreticallyput forwardto accountfor the produc-
tion of hard-photonsn heavy-ion reactionsis that of collective nucleus-nucleubrems-
strahlungn which thetwo nucleiasawholetake partin the particleproductionprocess.
As menticnedin Section3.2.2,thisproceshasindeedoeenobsenedin few-bodynuclear
systens suchasa p [HoefOO]ora a reactions.In arecentpaper[Eich97], Eich-
mannetal. claimedthatthe bremsstrahlungueto the correlatednotionof the colliding
nuclei during the stoppingphaseof the collision could reproducehe exponentialshape
of the hard-photorspectrummeasuredn the 12C(84A MeV)+12C reaction[Gros85]. Of
coursethepossiblity of sucha processvould behighly interestingfor it would offer the
possillity of estimatingthe nuclear‘stopping time” of the suddendeceleratedolliding
ions by measuringhe associatedhigh-enegy gamma-rayproduction[Tam89. Several
experimenal obsenationsseemhowever, to bein contradictionwith thisassumgpon:

1. Coherenyield: Accordingto [Goss9(, in asymmetricheavy-ion collisions, one
would expectthe coherentoremsstrahlng yield to scaleroughly asthe squareof
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the E1 effective chage for thereaction,i.e. sq U Y2 Zp Ay Z A 2, wherepis

thereducednassof thesystem Accordingto thatexpressionpntheonehand,one
would notexpectary coherenemissonfor the36Ar+12C systemijn agreemenith

our data.Onthe otherhand,the expectedratio of collective bremsstrahlng yields

for the threeheavier systemsvould be 0.3:3:88 (for 36Ar+°8Ni, 108Ag and1°7Au

respectiely), whereasexperimenally (from the value of Sge 30mev It liot s

wherethesecondactoris therelative weightof thesecondard-photortomponent)
we obtain0.4:05:0.8,i.e. roughlyoneorderof magnitudesmaller

2. Angulardistributions The shapeof the angulardistributionsin a pure collective
approachdependsiponthe relative orientations of the projectileandtarget (from
a siqco€ q dependencéor centralcollisions to sin*q for orthogorl velocity
and posifon vectors),andintegration over impactparametersnixes the different
situationdeadingto morecomple distibutions[Vasa86Nife89. In any caseho
combinationof the relative posiions of the colliding nucleileadsto an additional
angularcomponenbf basicallyisotropc characteasobseredexperimentally

3. Coherenspectraklopes The shapeof the coherenbremsstrahlungpectrumfol-
lowing theclassicatheory[Jack73, corresponds$o thesquareof the Fouriertrans-
form of the acceleration For the obsered exponentialshapesf the spectrapne,
thereforeexpectsBreit-Wigner shapesof the accelerationfunction g t t
to 2 t2 4 1 wheret Eo is the characteristi¢cime of the deceleratiorof the
two nuclei. The inverseslopeparameteieg may be written in termsof a deceler
ationlengthd andthe beamvelocity: d 2gvt 2gb ¢ Ep . Usingthevalueof
the Ar-beamvelocity andthe inverseslopeparameter®f the secondhard-photon
componert listedin table6.2, we obtaindeceleratioristancegd = 12 fm for the
Au andAg tamgets,d = 8.2fm for the Ni target,andd = 4.1 fm for the Carbonone)
which decreasavith decreasindgarget mass.Suchresultis rathersurprisingsince
intuitively onewould expectthe contrarybehaiour, i.e. the stoppng power to be
superiorfor heavier targets.

7.4.3 Cooperative cluster bremsstrahlung

Cooperatire mechanismbetweer(virtual) clustersof nucleonswithin thecollidingnuclei
have beenalsoproposedsasourceof hard-photon#n nucleus-nucleusollisionsin other
theoreticalvorks(seee.g.[Shya86]).As a matterof fact,thosekind of processebetween
two-, three-or four-nucleonclusterswhich feedtheir enegy to the photonproductionin
a collectve manney are necessaryn orderto correctlydescribethe high-enegy tail of
thehard-photorspectran thevicinity andabove thekinematicalimit (seethediscusson
and referenceof Section3.1). Following this agument,deuteron-lile and alpha-like
bremsstrahing processediave beenfor exampk includedin DCM [Boze98 Gudi9q
and BUU [Wang94] modelsrespectiely to accountfor hard-photonproductionin the
upperregion of the enegy spectra.Cooperatre bremsstrahlungyowever, seemanot to
accountitherfor our obserations:

®In thatcasethevalueof E{ correspondig to the 3°Ar+12C systemhasnotbeertakenaszerobut asef,
= Eg assuminghatit could,presumgively, have notbeenobsenred only becaseit coincided with Eg.
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1. Spectrakhapes BUU calculationsincluding cooperatre bremsstrahlunglue to
a clusters[Wang94],leadto an overall increaseof the hard-photorcross-section
(yielding, in particular more hard photonsin its high-enegy part) but not to a
changeof the (single) exponental spectrumin the low-enegy region of the spec-
trum.

2. TargetdependenceWithin suchancooperatiepicture, the36Ar+12C reactiorwhere
nolow-enegy hard-photorexcesss obsered,is notwell understoodin particular
sincethegroundstateof the 12C nucleushasbeenusuallyconsideregisa compos-
ite systemconsisting of threea cluster$ (seee.g.[Hira95] andreferencetherein),
if any cooperatie clusterbremsstrahlungvould bepresengtall, it certainlywould
have alsoappearedh the36Ar+12C reactionjn contradictiorwith our obsenatiors.

7.4.4 Proton-proton (ppg) bremsstrahlung

Bremsstrahlundgrom ppg could perfectly representa sourceof hard-photonsabove 30

MeV. Nonethelessas mentimed in Appendix 2, the elementaryppg bremsstrahlng

is experimenally [Roth66,Koeh67 Edgi6g Nife89, Nife90] andtheoretically[Nife89,

Herr88,Scha91knownto beatleastafactorl0smallerthanpngin therangeof nucleon-
nucleorkinetic-enegies(Kjap  300MeV) comparablevith our heary-ion reactiongpro-

jectile enegy. Thisis due,onthe oneside,to the factthatin this enegy regimethe pn

(elastic)cross-sections aboutthreetimeslarger thanthe pp cross-sectiorand, on the

other to thedestructve interferenceof theradiationfrom thetwo protonlines(i.e. the pp

systemhasno dipole momentin its centerof-mass)which inducesa quadrupolasshape
of the ppg process.

Therefore gventakinginto accounthemost‘optimistic” ratios png Sppg 10, which
would representin overall extra contribution of 10%to the total (neutron-protophard-
photonyield dueto proton-protorbremsstrahlungwo dif culti esarisein suchinterpre-
tationof theexperimentaly obsenedhard-photorenhancementt) why ppgwould shov
up moreintenselyin thelow-enepgy part(Eg = 30- 60 MeV ) of thebremsstahlungspec-
tra,and2) why the proton-probn bremsstrahlungvould be comparatrely muchlargerin
theheavier systemghanin thelightestone.

7.4.5 Bremsstrehlung from second-chancéN collisions. Preequilib-
rium or thermal ?

It is by now well establisked that incoherentpn bremsstrahlungs certainly the basic
(if not the only) mechanisnof 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 thermalzedsourcewere at the origin of the obsenred deviationsfrom the ex-

pected rst-chance scenario. It could be agued, however, that secondarybut still pre-
equilibrium NN collisions could also explain: 1) the steepemhremsstrahlug spectrum

8]t is known that,in generala particlesareusuallypresentisbourd clustersinsidethe nucleibecause
of their highbinding enegy (seee.g.[Tohs96]).
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in thelow-enegy region (lessenepy is availablein the NN CM of secondarycollisions
thanin promptones),2) thetargetdependencef this emisson (secondarNN collisions
aremoreprobablein heasier systems)and3) theisotropt angularpattern(the original
beamdirectionis lostin subsequermiN collisiong. Two closelyrelatedbut still different
explanatonscouldthereforebe possible:

Additional bremsstrahlugissuedrom preequilibriun secondaryn collisionsdur-
ing the rst compression gansiorstageof thereaction(i.e. NNgcollisionswithin
thecomposié projectile-tagettransientsystembeforet  100fm/c).

Additional bremsstrahlng issuesdrom secondarypn collisionsfrom ary thermal-
izedhotsystenbeingleft afterthe rst compressiongansionstageof thereaction
(i.e. NNgcollisionswithin’ t ~ 100- 250fm/c).

Thebasicquestionis, thereforeto ascertainwhetheror notthissecondremsstrahlug
components beingemittedfrom a thermalizedsource(andcanbe, therefore really re-
ferredto as“thermal”). With the experimentalresultscollectedso-far this possilility is
clearlysuggestdat leastby two facts:

Thelineardependencef thethermalslopeparameterEL, with theavailableenegy
in thenucleus-nucleusenterof-masKaa, asexpectedor athermalprocessesult-
ing afterdisspationof theincidentkinetic enegy into internaldegreesof freedom
overthewholesystem.

Thefactthatthe36Ar+58Ni systemdespitebeingmuchlighterthanthe 36Ar+197Au,
1087 g systens, shovs athermalcomponentvith the hardesslope(El, 8.8MeV)
andwhichis asintenseasthe Au one(l; liet 20%in bothcases)Thisbehaiour
contradictghe interpretatiorthat the additionalbremsstrahing components just
relatedto theincreasinghumberof secondariNN collisionsin heavier systemsbut
it canbefully explainedconsideringathermalprocesss sucha systemfor which
theavailableexcitationenegy € (1 Kaa) is the highestamongthe four reactions
considered.

Additionally, an increasingcontrikution of pre-equilibriumsecond-chancen colli-
sionsto the total hard-photoryield hasbeenindeedobseredin heavy-ion collisions at
higherbombardig enegies(in the source-elocity analysisof the system3Ar+1°97Au at
95A MeV [Schu94],andin the enhancementf the hard-photormultiplicity in thereac-
tion “Ar+4°Ca at 180A MeV [Mart99]) without ary apparenteviation from the single
exponenial behaiour. Suchresultspointoutthatsecondanpngcollisionsbeforet 100
fm/c do certainlyexist, but thatthey take placestill atenegiesin the NN centerof-mass
highenoughto yield hard-photorslopeparametersomparableo Eg.

To give a de niti ve answerto this questionone needsto determineat whattime our
secondanfandprobablyhigherorder)nucleon-nucleomollisionstake place.Determin-
ing theemissontime of hard-photonganbedonevia two techniques1) experimentally

“Abovet 300fm/c, NN bremsstrahlungs unlikely to occu becaus¢hehotnuclearsystemsproduced
in the reactionhave alreadyreleasedan imporitant part of their excitation enegy (by particle emission,
oscillations...), theirtempeatureis lower, andPauli-blodking within theremainng nucle is fully restored
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via hard-photonnterferometryand?2) theoreticallycomparingwith transporimodelpre-
dictions. On theonehand,intensiy interferencebetweerpairsof photors seemgo con-

rm indeedtheexistenceof two distinctphotonsourceswell separateéh spaceandtime
(see[Marq95,Marg97]and g. 3.11),andanew analysisof amuchhighekstatisics ex-

perimentOste9§ is underway to verify this result. On the otherhand,transportmodel
calculationgpermitto follow thetemporalevolution of the HI reactionand,in particular
they permitto analysethe evolution the numberof NN collisions and of the densityas
a function of the reactiontime. Sofar several studiesof NN bremsstrahlog production
have beencarriedout with differentdynamicalmodels:

For heavy-systens around50A MeV, QMD [Khoa9] predictsanincreasinghum-
ber of NN collisions asthe systemstartsto compresgeachingits maximumat a
time (t 35fm/c) slighty laterthanthe time of maximumdensity(t 30 fm/c).

Secondaryand possiblehigherorder) NN collisions are also seento take place
duringthe expansiorstageof thesystemuptot  100fm/c, butin principleno NN

collisionsseento occurfor longertimes.

Hard photonspectraobtainedwithin the nuclearexchangemodelincludingall pn
collisions beforet 100 fm/c give rise to a single exponenial spectrumanddo
notseemto accountfor the obsenedenhancemernh theregion Eg = 30- 60 MeV
[Vand9§.

BUU calculations[Mart95, Schu97]point out that a signi cant fraction of hard-
photors canstill be emitied in later (t 100 fm/c) NN collisionsinside a ther
malizednuclearsystem. If the lifetime of the thermalsourceis long enoughiits
contribution could comeup to that of the rst-chancecollisions. Takinginto ac-
countlong reactiontimes(uptot 200 fm/c) wherea secondrecompressiorf
the emitting systemoccurs the region of 30 - 60 MeV photonsis “ lled” with the
experimenally obsened“thermal” contrikution.

Betweenthetwo possilbe second-chanceechanisma (pre-equilibriumandthermal),
thethermalonewould, of course be morerelevantfor the studyof thethermodymmical
propertiesof hot nuclearsystens, andof the origin of multifragmenation. If con rmed,
thermalhard-photonsvould probetheintermediatelissipatve stagef thereactiongiv-
ing information on the temperaturef the fragmentingsourceand hints on the possible
time-scaleof nuclearmultifragmentationindeed the presencef this componentvould
tell usthatthe excited nuclearsystem(sproducedduringthe reactionzonehasa longer
lifetimethanpredictedoy modelshasedndynamicalnstablities. To analyzemicroscop-
ically the possilility of suchthermalmechanismin the next chaptemwe have performed
extensve simuationsof ourfour reactionswvith two differenttranspormodels(QMD and
BUU).
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In thelast10yearsthemostcommaly invokedtheoreticaframework to describehe
dynamcs of heavy-ion reactionsat intermediate-engies and, in particular subthresh-
old particle production,is foundedon microscopictransporttheories[Bert88] of the
Boltzmann-Uehlg-UhlenbeckBUU) [Cass90Jandthe Quantum-Molecwdr Dynamics
(QMD) [Aich91] types. Thesemodelsdescribethe complex dynamicsof a heary-ion
collision: a systemof fermions(the nucleons)moving in a time-dependentean- eld
potental andbeingsubjectto two-bodycollisions limited by the Pauli exclusionprinci-
ple. 1 will review the maincharacteisticsof BUU andQMD modelsin Section8.1.1and
Section8.2.1following closelythe discusson of ref. [Hart9g. The characteristicef the
reactiondynamicsof thefour heary-ion reactiononsideredn thisthesiswill bestudied
in Sections8.1.2and8.2.2analyzingtheir time evolution in coordinateand momentun
space.Thegoalis to identify in spaceandtime the possiblesourcesf hard-photonsnd
to try to microscopicallyascertairtheir degreeof thermalizatioratthe momentof photon
emisson. In Sections8.1.3and8.2.31 will be mainly interestedn following quantita-
tively thebremsstrahing productionrateasa functionof timefor the4 studiedreactions,
aspredictedoy 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
comple nuclearmary-bady systemfoundin heary-ion collisionscanbe reducedo the
evolution of the average one-bodyphasespacedistribution f r p t f. This distri-
bution representshe probabilityto nd anucleonwith momentun p atlocationr andat
timet, andis formally dervedthroughthe Wignertransformatiorof theone-bodydensity
matrix. The microscopt transportmodelsfor this one-bodyWignerphase-spacdensity
distribution have beengivendifferentnamesand,althoughthey all solve the Boltzmann
Equation they differ in thenumericalrealization:Boltzmann-UehlingJhlenbeck BUU)
[Bert88,Cass90Stoe86] VUU [Krus85,Moli85], LV [Greg87],or BNV [Bona94]mod-
els. They solvethefollowing transporequatiorfor theone-bodywignerdensityf r p t
in thelimit 0:

1f

ﬁ f H ICO” f

i C e 4% ¢4  &p, dBp, 5 ds
ﬁ \ Nrf NrU pr m(? 2 2p 3 2p 3d pZN/

1 f, 1 f, fhL1 f 1 h
dp p PP (8.1)

Thel.h.s.of this equationis the total differentialof f with respecto the time assunig
a momentum-independemntotental U. The time-dependeniean- eld potentialU is

LSubthesholdparticle prodiction hasbeenalsocomnonly studiedwithin cascadenodés suchasthe
Dubra Cascadéodel (DCM) [Gud83].
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calculatedselfconsistenthandcorrespondso thereal partof the BricknerG-matrix:
Urt d*rReGar r rrt (8.2)

Usuallya nucleardensitydependenSkyrme-parametrization,
u a — b — (8.3)

of the real part of the G-matrixis employed, wherer g is the saturationdensityof cold
nuclearmatter The three parametersa, b and g are chosento reproducethe proper
ties of nuclearmatterat zerotemperatureand pressurethe binding enegy per nucleon
e 16A MeV at the saturationdensity(r o = 0.16 fm 3), and the incompressillity
modulisky . A largevaluefor Ky ( 250MeV) de nesa*“stiff” EoS,anda smallvalue
( 250MeV) a“soft” EoS.Additionally, the Coulombinteractionbetweemrotonsanda
nite-range Yukawatermareincluded.
Ther.h.s. of eq. (8.1) containsa Boltzmanncollision integral term, o f . This colli-
siontermdescribeshein uence of binaryhard-corecollisions betweemucleonl and2,
wherethetermwith f f, describeshelossof particles(in a phasespaceregion) andthe
termwith f; f, thegaintermdueto collisionsfeedingthe consideregphasespaceregion.
It is supplenentedwith theNordheim-Uehhg-Uhlenbeckmodi cations[Ueh33 in order
to obey the Pauli-principlein the nal stateof thecollisions(i.e. theterms 1 f giving
the probability that the nucleonstateis not occupied). The d-functionsassurethe con-
senation of the four-momentun in the NN collision. The in-mediumNN crosssection
ds dWin this expressions associatedio theimagirary partof the G-matrix:

as nm? 16p> G q G, (8.4)
aw q qGaq :

The cross-sectios is normally adjustedo the free nucleon-nucleoiscattering.The
differencedrom cross-sectionsalculatedfrom the imaginarypart of the BriicknerG-
matrix are minor [Boh91] andin uence littl e the obsenablesof a heavy ion collision.
For aderivation of this equationseee.g.[Bote90,Cass90b].

The equationis solved by useof the test-particlemethod. Herethe continuousone-
bodydistribution function f att = 0 is representetty anensemblefn A, A; point-
like particles. This is often viewed as an ensembleof n parallel eventswith A, A
physcal particleseach,where A, and A; denotethe numberof nucleonsin projectile
andtamet, respectiely. Thel.h.s.of eq. (8.1) canberegardedasthe transportequation
(Vlasov-equaton) for a distribution of classicalparticleswhosetime evolution is gov-
ernedby Hamilton's equationf motion

u and r; H
firi " p

Thetest-particlesnove dueto theirown, selfconsistenyl generatednean- eld. Ther.h.s.
is takeninto accounby additional stochastiscatteringsimilar to thecollisionsin cascade
modelgYari79,Cugn80].

For a solutionof equation(8.1) properboundaryconditionshave to be speci ed. In
the caseof heary ion reactionsthetestparticlesaredistributed accordingto the density-

pi (8.5)
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and(Fermi-)momentim distribution of groundstatenuclei. Initially thetestparticlesare
randomlydistributedin a coordinatespacesphereof radiusR 1 12A! 2 fm (whereAis
theatomicnumberof thenucleus)yndin amomentun spacespherewith theradiusof the
correspondindg-ermimomentum The nuclei arethenboostedagaineachotherwith the
properrelatve beammomentun.

One shouldkeepin mind that the forcesacting on the test-particlesare calculated
from the entire distribution including test-particledrom all events hencethe n parallel
event are not independentind event-by-e&ent correlationscannotbe analyzedwithin
suchone-bodytransportmodels In thelimitn ¥ thedistribution of thesepropagated
testparticlesatthetimet representshe one-bodydistribution functionat this time. Any
one-bodyobsenable can be calculatedby averagingthe valuesweightedwith the dis-
tribution function. In thatway, BUU type modelshave succeededh the descriptionof
one-bodyobsenableslike collective o w, stoppng andparticlespectraput, uctuations
and correlations,suchas the formation of fragmentsor the descriptionof two-particle
correlationsn relatvistic heary ion collisions,arebeyondthe scopeof atransporimodel
basedn aone-bodydistribution function.

8.1.2 Collision dynamicsin the 36Ar+197Au, 107A¢g, 58Ni, 12C at 60A
MeV reactions

The BUU codeemployedin this work for the simulatons of the collision dynamicsof
the four differentheavy-ion reactionsis a version[Wolf90, Wolf93] of BUU originally
developedby the theorygroupof the Universty of Giesser{Cass90jandusedasa sort
of “standard”codeby the TAPS collaborationin thelast7 yearsfor severalcomparisons
with experimentaldata[Schu97]. The advantageof a dynamcal modelis thatit offers
the possbility to follow in time the evolution of ary relevantreactionquantiy. In this
sectionl will examinethe densitypro les in con gurationandmomentunspacefor the
four reactionsstudied. The selectedncompressillity parameteis Ky = 230MeV, cor-
respondingo arathersoft E0Sin agreementvith the latestexperimentakresultsreported
[Youn99, no momentundependences consideredn the nuclearpotental andthe cho-
sennumberof test-particless n = 150 for all systemgqalreadyfor n 30 oneobtains
smooh densitydistributionsandreliablePauli-blockingfactorvalues|Cass90]).

Sincewe are interestedn the reactiondynamicsof collisions leadingto the emis-
sion of a hard-photonall the nucleus-nucleusollisionshave beensimulatedata x ed
impact-parametds correspondingo semi-centrateactiongor which hard-photoremis-
sionis maximal. Indeed,it hasbeenalreadydiscussedSedion 7.1) that by selecting
reactionsn which hard-photonsre producedyathercentralcollisions arefavored. The
averageimpact-parametefior reactionsn which a pn bremsstrahing photonis emitted
is determinedwithin the “equal participantmodel” prescription(seeSection3.2.1),as
the value of b which maximzesthe productb ~ Npn given by equation(3.12). This
formul& gives the averageimpact-parameters which a hard-photonis emittedwith
maxirmum probabilty for the reactions®®Ar+1°7Au, 197Ag, %8Ni, 12C at 60A MeV (table
8.1).

2Theobtairedb  Npn distribution for the 3°Ar+197Au systemcanbe seenin g. 6.34(dottedline).

200



201 Model comparison

Table 8.1: Average impactparamete for maximumbremsstahlung phaton emissiam probability
in the reacions 3®Ar+197Au, 107Ag, 58Ni, 1°C at 60A MeV accoing to the “equal
participant model” equaton (3.12).

Reation  3°Ar+197au  3CAr+108ag  3PAr+38Nj  3PAr+12C
b (fm) 3.8 3.1 25 2.1

Thedetailedtime evolution in thecoordinatespacgx 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(py pz) provide a complementary
informatian ( gs. 8.2,8.4,8.6,8.8). Fromthosetwo plotsperreactionwe canextractthe
following information regardingtheir evolutionin phasespace:

36Ar+197Au: The Ar projectile completelypenetrateshe bigger gold target nu-
cleusforming a singlecomposie systematt 35fm/c. Att 120fm/c some
small projectile-lke remnantescapegrom the back side of the remainingheary
Au-like residuetogethemvith emisson of light-particlesin the mid-rapidity region.
In momentumspace at the beginning of the collision the two Fermispherescor-
respondingo targetandprojectile,areseparatedby the relative beammomentum
Later, atthe endof the expanson stage(t 60 fm/c), the momentim distribution
is isotropt indicating thatthe hot heavy residuds thermalizing'.

36Ar+108ag: Similarly to theformercasetheamyonnucleuss completelyabsorbed
by thesilver tagetforming atransiensinglecompositesystematt  30fm/c. At t
90fm/c, however, asomavhatlarger projectile-lke fragmentthanin the Au case
issuedrom thetarget-like residue andathird neck-like structureresultingfrom the
overlappingzonebetweertargetandprojectileis alsovisible. Thetotalmomentum
distribution (originally a Fermibi-spherebecomesocally sphericaktt  60fm/c.

36Ar+98Ni: At variancewith the two former casesthe Ar projectiletraversesthe

Ni targetissuingasindependenfragmentsatt 80 fm/c. A smallerneck-like

structureis producedin betweenthe two primary quasitaget and quasiprojectile
fragments.Equilibrationseemdo setin ataroundt 60 fm/c like in the former

cases.

36Ar+12C: In thislightestsystenthereactiontimesaresigni cantly lowerthane.g.
in the Au case.The smallertotal numberof nucleonsnakesthe systemmuchmore
transparenandfriction eitherdueto individualnucleon-nucleogollisionsor to the

3In microscojical calculatiors the degreeof equilibrationcanbe quanti ed by compuing the degreeof
anisotrey of the local momentum distribution of the colliding nuclems, which canbe expressece.g. as
theratoR = pZ 2 p2 . In acompletelythermalizedsystemwith isotropicmomentum distribution, R =
1, while in a nonequilibrium situationwith large meansquaredongtudinal momentun theratio is small
R =0[Neis9d. Othersimilartestsof local equilibrium in microscgical calculatiors arealsoperfamedby
measung themomentumrelaxationtime givenby  p2 pg 2 p?) [Li93] or thequadupolemoment
Qzz t in therestframe of theexcitedresidugBonad].
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mean eld is lessimportant. Att 60 fm/c, the now heavier Ar projectile has
completelytraversedanddisintegratedits lighter partner Att  145fm/c only a
guasiprojectildragmentandsomeparticlesandsmallfragmentseento bepresent.
In thatcase the distribution of nucleonmomena s still slighlty asymmetic att
75fm/c, indicatingthatfull equilibrationdoesnot occur andthatsomememoryof
theentrance-channéd keptall throughot thereaction.
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Figure 8.1: Time evolution according to BUU of the reaction 36Ar+197Au at 60A MeV and b =
3.8fm, shown as the densty distribution of nucleonsprojectedin the x z coordinate
space Thebeamaxisis along z,and (X z) are measuedin fm.

The analysisof all thesereactionsindicatesthat the dominantreactionmechanism,
atthe (semi-centralympact-parameter®r which nuclearbremsstrahlugis maximal, is
incompete fusion: a compositesystemis formedduringthe rst 35 fm/c, followed
by its expansionup to the separatiorpointatt 75- 100fm/c. Fromthis momenton,
oneheavy hottamet-like residueis formedfor the heaviestAu andAg systemswhereas
for the 36Ar+°8Ni casethe modelis compatiblewith the experimentaly well established
mainlydissipatve binarycharacteof thereactionn thismoresymmetrc projectile-taget
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Figure 8.2: Time evolution accading to BUU of the reactian 36Ar+197Au at 60A MeVand b =

3.8 fm, shownas the densty distribution of nucleons projectedin the transverse
longitudinal (px p,) momentunspace (Each bin correspondto 37.5MeV/c).

203



Modelcomparison

204

40

30

20

T
|
O
-
3
o~
O

20 40

Density xz

T
—_
Il
o~
a
—h
~
a

20 40

Density xz

0)
I

20 40

Density xz

40

30

20

20 40

Density xz

(@]
[T VIR B

20 40

Density xz

Density xz

40

30

20

#
Il
[N

20 40

Density xz

—~

L LR
20 40

Density xz

20 40

Density xz

Figure 8.3: Time evolution accoring to BUU of the reacton3Ar+1%8Ag at 60AMeV and b =
3.1fm, shown as the densty distribution of nucleonsprojectedin the x z coardinate
space Thebeamaxisis along z,and (x z) are measuedin fm.
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Figure 8.4: Time evolution accading to BUU of the reacion at36Ar+1%8Ag at 60A MeV and b
= 3.1fm, shavn as the densiy distribution of nudeonsprojectedin the transverse
longitudinal (px p,) momentunspace (Eac bin correspondto 37.5MeV/c).
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Figure 8.5: Time evolution acoording to BUU of the reaction 6Ar+%8Ni at 60A MeV and b =
2.5fm, shown asthe densty distribution of nucleonsprojectedin the x z coardinate
space Thebeamaxisis along z,and (x z) are measuedin fm.
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Figure 8.6: Time evolution accoding to BUU of the reaction 36Ar+58Ni at 60A MeV and b =

2.5 fm, shownas the densty distribution of nucleons projectedin the transverse
longitudinal (px p,) momentunspace (Each bin correspondto 37.5MeV/c).
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Figure 8.7: Time evolution accading to BUU of the reactian 36Ar+12C at 60A MeV and b =
2.1fm, shown asthe densty distribution of nucleonsprojectedin the x z coardinate
space Thebeamaxisis along z,and (x z) are measuedin fm.
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Figure 8.8: Time evolution accading to BUU of the reactian 36Ar+12C at 60A MeV and b =
2.1 fm, shownas the densty distribution of nucleons projectedin the transverse
longitudinal (px p,) momentunspace (Each bin correspondto 37.5MeV/c).
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combirations(for this systemalsoa third structuredevelopsin betweerthe two biggest
fragments) For thelightest36Ar+12C systenonly onequasiprojecti surviveswith some
individual particlesandclustersemitiedin the mid-rapidityregion.

As a matterof fact, very recentandcompleteexperimentalkesultscollectedwith the
4p MSU-array[Colin98, Colin99, Sun99aSun00]for “°Ar-inducedreactionson 1°’Au,
1080g and %3Cu at 65A MeV indicate that incomgete fusion with captureof most of
the projectile by the heavier target or splintering collisions with captureof only a mi-
nority fraction of the projectilenucleondeadingto a multi-body sprayof projectile-like
light fragmentsn the forward direction,arethe dominantreactionmechanismsor cen-
tral and semi-centrakeactionsrespectrely. Most of the reactionproductsdetectedn
thiskind of collisions canbethusseparatedhto isotropc (from thethermalizedcheaviest
fragment)andforward-focusedpre-thermalizedemission.Additionally, the 36Ar+8Ni
systemhasbeenthoroughy studied by the INDRA collaborationat 52A, 74A and 95A
MeV. The dominantprocessof this more-symnetric systemis the formationof a quasi-
projectileanda quasi-tagetaccompaniedby dynamical(or preequilibriun) emissionat
mid-rapidty [Ma97]. Suchreactionmechanismsarequalitatively predictedby our BUU
calculations.

With the sameBUU calculationswe can follow the evolution of the maximum (local)
centraldensity*, r may attainedduringthe rst compressin phasgwhenatransienicom-
posie systemis formed),its minimumvalue,r min, attheendof theexpansiorstaggwhen
the two original fragmentsareseparating)andits secondmaximumvaluer 24 reached
afterwardsin theremainingheavy residue( g. 8.9andtable8.2).

The maximumdensityreachedluringthecollisionisr nax 1 4r o for thefour con-
sideredsystens. This featureis a resultof the differentimpactparameterselectedor
eachreactionwhich compensatsomehav the differentimportanceof the compressional
effectsin eachprojectile-tagetcombinaton. The two smallersystemshowever, leadat
the endof the expanson phaseto a minimal value,r nin 0 61 ¢, lower thanthoseob-
tainedfor biggerones(r min 0 8r ) . Accordingto thesesimulations,the subnuclear
densitesreachedat leastfor the two heaviest systemqAu and Ag targets)are not low
enoughto drive the excited systemsnto the spinodl region (r min 0 4r o) attheendof
the expansiam stage.Instead the remainingheavy residuesdriven by the nuclearforce,
undego anew recompressiotowardsthe saturatiordensity In all casesthevalueof the
densityreachedn this secondecompressiois rathermoderate 209 1 1r .

8.1.3 Bremsstahlung production within BUU

We shall now presentthe resultfor the calculationof the png bremsstrahlungate and
its evolution with time. Correlatingthis informationwith the resultsobtainedin the for-
mer sectionwill helpto identify the spatio-tenporal sourceat the origin of the emisson
of thermalhard-photons.We have usedthe sameBUU version,in which the produc-
tion of bremsstrahlunghotongusingthe Schafer parametrizatiorof the png elementary

4The valuesof the densityhave beenobtaired for a (central)cubeof 27 fm 3 volume As arefereme,
thevolumes of someof the colliding nucleiin this experimentare:V 2C ~ 86fm3,v 3Ar  260fm?3,
V 197au  987fmS.
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Figure 8.9: Evolution of the (certral) densty in thereactions®®Ar+197Au, 108Ag, 58Ni, 12C at 60A
MeVfor thedifferentimpactparametrs, asgivenby BUU calculations.
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Table 8.2: Maximum max and minimum,r nin, certral dersitiesattainedrespetively in the r st
compessionstage and at the end of the r st exparsion stage as predcted by BUU
simulaions for the reactions®®Ar+1°7Au, 197Ag, 8Ni, 12C at 60A MeV at the impad
parametes quotel in table 8.1. Thedensty attained at the secor recompessionof
the sysemr 2 is alsoindicated Thevalue of theincompressibility modults is ke =

230MeV in all cases.

Reaction: SOAr+197Au  SOAr+198ag  SOAr+58Ni  SOAr+1oC
1stcompression

lNmax o 1.35 1.38 1.43 1.40

t (fm/c) 22 17 19 17
Expansion

IN'min 7o 0.84 0.80 0.56 0.63

t (fm/c) 70 70 65 50
2ndcompression

rand ro 1.14 1.16 1.06 1.12

t (fm/c) 140 120 107 87

cross-sectionseeAppendix 2) is implementedperturbatvely [Cass90]. Thesesimula-
tions of the time sequencef photonproductionfor the reactions3®Ar+1°7Au, 107Ag,
58N, 1°C at 60A MeV (gs. 8.10,8.11,8.12,8.13) have beenperformedat the same
impact-parametengsedin theformersection.

Two sourcesf hard-photonseparatedn time are predictedby BUU: the mostin-
tenseoneduringthe rst compressin stageandthe secondneduringtherecompression
phaseof the heavry remnant. Thosetwo hard-photonashes have beenusually inter-
preted[Mart95, Schu97]asbeingresponsibleespectrely for the“direct” and“thermal”
hard-photorcontributionsobseredin the experimentalphotonspectra.They presenthe
following features:

Direct hard-photonsPhotonsstartto be emitedimmediatelyafterthe beginning of
thecollision procesgt  10fm/c for thefour systems)The maximumof emisson
takesplacebetweert 22fm/candt 30fml/c, slightly afterwhenthe maximum
compressiorof the composie systemis reachedsee g. 8.9 andtable8.2). This
rst ash lastsupto 60- 70 fm/c for thetwo heaviestsystemsandonly 35 fm/c for
thelightestC target. Thosetimesroughly correspondo the completegeometrical
passagef thetwo collidingionsthrougheachother It issuesnainly from enegetic
rst-chanceNN collisions,whenthe systemfar from equilibrium, asindicatedby
the(px p;) plots,is rst compressedA smallcontribution of secondaryNN colli-
sionsduringtheexpansim phasewhile thesystems thermalizirg (dueto the effect
of two-bodydissipaton) alsoaccountdor somedirecthard-photorproduction.

Thermalhard-photonsFor the threeheaviest systemg2Ar+197Au, 107Ag, 58Ni),
the rst emissiorof hard-photonss followedby asecondash (with amaximumat
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Figure 8.10: Producton rate of bremsstahlung phaons (g, 30 MeV) as a function of time
calcuated with BUU assumiig a rather soft EoS(K¥ = 230 MeV) for the system
36Ar+197Au at 60AMeVat animpad paramete b = 3.8fm.
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Figure 8.11: Producton rate of bremsstahlung phaons (g, 30 MeV) as a function of time
calcuated with BUU assuming a rather soft EoS(k¥ = 230 MeV) for the system

36Ar+108Ag at 60AMeVat animpactparameterb = 3.1fm.
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Figure 8.12: Producton rate of bremsstahlung phaons (g, 30 MeV) as a function of time
calcuated with BUU assumiig 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: Producton rate of bremsstahlung phaons (g, 30 MeV) as a function of time
calcuated with BUU assuming a rather soft EoS(k¥ = 230 MeV) for the system
36Ar+12C at 60AMeV at animpactparamete b = 2.1fm.
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Table 8.3: Relativeratio of thermd (bremsstahlung emitted duringthesecand compesson stage
of thereaction) to total hard-photasfor thefour studied readionsaccoording to BUU

calculations.
Reaction SOAr+197au  SOAr+198Ag  SOAr+98Ni  SOAr+1eC
Thermal/Dtal hardg 18% 15% 10% 5%

t 100- 140fm/c) of bremsstrahlng photonsemittedfrom subsequentN colli-
sionsinside the excited nuclearsystemsduring the secondmodest(r 1 1r )
compressio phase. During this later phasethe heary remnant(in the Au and
Ag cases)or the primary quasi-projecté and quasi-taget (for the Ni case)are
clearly thermalizedas indicatedby the isotropc nucleonmomentadistributions
(plots 8.2, 8.4 and 8.6). This justi es the designatn of “thermal” hard-photons
for this second-chancpng bremsstrahing emisson. Sincethe enegy of the pro-
ducedphotonis limited by the available CM enegy in the pn collision, this ther
mal hard-photorcomponenpopulatesnoreintenselythelow-enegy region of the
hard-photonspectrum(Eq = 30 - 60 MeV). For the 3°Ar+12C case,this second
componentis notcompletelyabsenin the calculationsalthoughit is muchlesssig-
ni cant thanin theothersystemsn agreementvith our obsenations.Theduration
of this secondyroupof NN collisionsleadingto bremsstrahlong emissiondepends
basicallyonthesizeof thesystem(i.e. onthetotalnumberof participanthucleons)
beingmaximal for theheaviest3®Ar+1%7Au one. Therelative weightof thethermal
componentvith respecto thetotal hard-photoryield® variesthusfor eachtamgetas
indicatedin table8.3. Thisresultis in agreementvith the experimentaly obsened
thermalhard-photorratiosfor the Au, Ag and C targetsbut is clearly underesti-
matedfor theNi one(seetable6.2).

5t hasto be notedthatin BUU, asin othertranspot modé calculatiors, spuriots collisionsdo occur
at the momentun-spacesurfacedueto animperfed treatmei of the Pauli blocking [Bona®]. As a con-
sequene alow-erergy bremsstrahlng phaon contibution is arti cially geneatedby the calculatiors. In
suchcircumstaes,theintensityof this cortribution cannd be exactly calculatedandintroducesa relative
uncetainty on the intensity of the phaon sourcesvhich might be particularly signi cant for the second
andwealer one[Barz94. We have tried to minimize the effect of this commnentby subtractingfrom
thewhole brensstrahlungatesthe spuriais emissioncollectedprior to the heary-ion contact-pint. This
contiibution, which hasbeenassumedonstantall through the time sequenceis of the orde, at most, of
10%of thetotalyield afterintegrationover thereactiorntime.
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8.2 Quantum Molecular Model (QMD)

8.2.1 Description of the model

The QuantumMolecular Dynamics(QMD) model [Aich86, Aich87h Peil89, Aich91]
providesan approachthat goesbeyond the one-bodydescriptionof BUU simuations.
QMD is an-bodytheorywhich simuatesheavy ion reactionson anevent-by-eentbasis.
Sinceit takesinto accoungll uctuationsandcorrelationdetweerthecolliding nucleons,
mary-body processesin particularthe formation of complex fragments,are explicitly
treated.

In QMD, eachnucleonis representetty a coherengaussiarstatecharacterizedby 6
time-dependemarameters; andp; of theform:

foox:t < X it gXipit 8.6
i X Lp e (8.6)
The parametet., whichis relatedto the extensionof the wave pacletin phasespace,
is x ed. Thetotal n-bodywave functionis assumedo bethe direct productof coherent
statedike (8.6):

F C)fi X I pit (8.7)
|

Sincethis expressiondoesnot usea Slaterdeterminantwith Ap, A ! summa-
tion terms)it neglectsantisymnetrization. First successfubttemptsto simulateheary
ion reactionswith fully antisymmetrizedstateshave beenperformedfor small systems
[Feld00,0n098. A consisentderivaion of the QMD equationsf motion for the wave
functionunderthein uence of both,therealandtheimaginarypartof the G-matrix,how-
ever, hasnotyet beenachieved. Thereforeoneaddstheimagirary partasa crosssection
andtreatsthemasin the cascadepproach.

Theinitial valuesof theparameterarechoserin away thattheensembl®f A; Ap
nucleongyivesa smooh densitydistribution aswell asa correctmomentun distribution
of theprojectileandtargetnuclei. Thetime evolution of thesystemis calculatedby means
of ageneralized/ariatioral principle. Onestartsout from the action:

t
S LFF dt (8.8)
ty
with the Lagrangefunctionall :
L Fid nF (8.9)
dt '

wherethetotaltime derivative includesthederivation with respecto the6 time-dependent
parameters; andp;. Thetime evolution of the parameterss obtainedby therequirement
thattheactionis stationaryunderthe allowed variationof the wave function:

t
S d Lffd o0 (8.10)

t1
If the true solution of the Schibdingerequationis containedin the restrictedset of
wave functionsf; x; t (with parameters; p;) thisvariationof theactiongives the exact
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soluion of the Schibdingerequation.If the parametespaceis too restrictedoneobtains
thatwave functionin therestrictedparametespacewhich comesclosestto the solution

of the Schiddingerequation. Performingthe variationwith the testwave function, one
obtainsfor eachparametel anEulerLagrangesquation:

dqL 1L
dq 1

During the propagationfwo nucleonssuffer collisionsif the distancebetweentheir
centroidsxs %, islessthan s p. Onealsochecksthe availability of the nal phase
spacewith thesocalledclassicalPauli procedue. In thisprocedureacollisionis blocked
if the nal stateis alreadyoccupied.

The Hamiltorian H in equation(8.9) containsa kinetic termandmutualinteractions
Vij, which canbe interpretedasthe real part of the Briickner G-matrix, complemented
with the Coulombinteraction.The former canbe further subdvidedin a partcontaining
the contactSkyrme-typeinteractiononly, a contritution dueto a nite rangeYukawa-
potental, and(optionally) amomentundependenpart:

(8.11)

. . i
Vi e Yew

ij ij ij ij

VSkyrme VYuk dei VCouI
exp X X M

tidx X tdx xr9lx ts 8.12
1 ] ] X; Xj u ( )
Z,Z: €
t4n?1 tsp pi2dx X r
4 5 P Pj X j —

Z; Zj beingthechagesof thenucleond andj. -
The potentialpart of the equationof state,resultingfrom the interactions\/éLyrme

Vrinfji (localinteractionplusmomentundependencejhenreads:

. 9 .
u a ™ p It " 42 e pp2 g I (8.13)
o ro o

Like in the BUU case,this generalizedansatzusesthree parametera b g two of
themare x edby the constrainthatthetotal enegy hasaminimumatthe saturatiorden-
sityr rowith avalueof €= 16A MeV whichcorrespondto thevolume enegy in the
Bethe-Wizsacker massformula. The third parameteis x ed by the nuclearcompress-
ibility which de nes, again.two differentequation®f state:a hardequationof statewith
acompressibity of Ky ~ 380MeV anda softequatiorof statewith acompressitlity of
ky 200MeV.

8.2.2 Collision dynamicsin the 36Ar+197Au, 197Ag, 58Ni, 12C at 60A
MeV reactions

In orderto studythedynamicsof theheavy-ion collision we have employedin thepresent
studythelatestversionof QuantumMolecularDynamic§ QMD), adaptedor intermedate-
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enepgy heary-ion reactiondNeba99aNeba99b] .t containsa Skyrmeforce withoutmo-
mentumdependencgjjelding arathersoftequatiorof state(Ky = 250MeV). The2-body
collisiontermemploys the Cugnonparametrizatiotior the NN cross-section.

We have performedwith QMD the sameanalysiscarriedoutin Section8.1.2with BUU

in orderto studythetime evolution of the four reactiondgn con gurationandin momen-
tum space. The simuations of the differentsystemsat the impactparametergistedin

table 8.1 indicatevery similar reactionmechanismso the BUU case(seediscusgn in

Section8.1.2)in the spaceof coordinategx 2) ( gs. 8.14,8.16,8.18,8.20). Namely the
productian of an excited quasi-taget nucleifor the two heaviest systemgAu and Ag),

themainly binary charactenf the moresymrretric 36Ar+58Ni reaction,andthe existence
of a singlequasiprogctile fragmentin the lightest3%Ar+12C one. Nonethelessalthough
both transportmodelsshav a very similar behaiour duringthe compressiorphase the
expanson andseparatiorstagesoccurin a someavhatfastertime-scalein the QMD case
asit canbe seenby comparingwith gs. 8.1, 8.3,8.5,8.7. Evenif both modelsshare
almostthe sameSkyrme mean- eld leadingto a quite similar EoS,this differencearises
mainly from the differentway of assessinghe densityenteringin the nuclearpotential
andthe strengthof the Pauli blockingfactor

In momentumspace(px p;), thedisparitybetweerQMD andBUU is moreapparent.
In the molecularmodelapproachhe original Fermi bi-spheredistribution of the collid-
ing projectile andtarget nucleonsremainsvisible until later reactiontimes( gs. 8.15,
8.17,8.19,8.21) at variancewith the BUU resultswhich indicateda roughmomentun
isotropy fromt  60fm/c. The(pyx pz) densitypro les persistratherasymmetriauntil at
leastt 105fm/c andevenbeyond global equilibratian is not attained.This is anindi-
cationof a highertranspareng of the QMD modelwheretotal thermalizatio is hardly
attainedbecausemostof the two-bodycollisions are Pauli-blocked and, thus, equilibra-
tion is slower. As a matterof fact, in the framevork of QMD, b 2 - 3 fm collisions
never generategylobally equilibratednucleammattersystemgGoss97. Thiswill certainly
have anin uence in thebremsstrahlungpectra.
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Figure 8.14: Time evolution accoming to QMD of the reacion36Ar+1°’Au at 60AMeV (b = 3.8
fm), shawvn asthe densty distribution of nucleons projectedin the (x z) coordinate
spa®. Thebeamaxisis alongz,and(x z) are measuedin fm.
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Figure 8.15: Time evolution accading to QMD of the reaction 36Ar+1%7Au at 60A MeV (b =

3.8 fm), shavn as the densty distribution of nudeonsprojectedin the transverse
longitudinal (px p;) momentunspace (Theunitsin bothaxesare GeV/c).
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Figure 8.16: Time evolution according to QMD of the readion36Ar+1%8Ag at 60AMeV (b = 3.1
fm), shawvn asthe densty distribution of nucleons projectedin the (x z) coordinate
spa®. Thebeamaxisis alongz,and(x z) are measuedin fm.
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Figure 8.17: Time evolution accoding to QMD of the reactin at36Ar+1%8Ag at 60AMeV (b =
3.1fm), shawvn as the densty distribution of nudeonsprojectedin the transverse

longitudinal (px p;) momentunspace (Theunitsin bothaxesare GeV/c).
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Figure 8.18: Time evolution according to QMD of the reactian 36Ar+°8Ni at 60AMeV (b = 2.5
fm), shawvn asthe densty distribution of nucleons projectedin the (x z) coordinate
spa®. Thebeamaxisis alongz,and(x z) are measuedin fm.
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Figure 8.19: Time evolution accading to QMD of the reactian 36Ar+8Ni at 60A MeV (b =
2.5fm), shown as the densty distribution of nudeonsprojectedin the transverse
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Figure 8.20: Time evolution accading to QMD of the reacion *6Ar+12C at 60AMeV (b = 2.1
fm), shawvn asthe densty distribution of nucleons projectedin the (x z) coordinate
spae. Thebeamaxisis alongz,and(x z) are measuedin fm.
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Figure 8.21: Timeevolution accodingto QMD of thereacion3®Ar+12C at 60AMeV (b = 2.1fm),
shownasthedendty distribution of nucleonsprojededin thetrans\erse-bngitudina
(px pPz) momentunspece (Theunits are GeV/c).
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8.2.3 Bremsstrehlung production within QMD

The versionof QMD usedin the presentwork doesnot containthe productionof hard-
photors. As amatterof fact,althoughthe productio of othersubthreshlal particlessuch
askaonsis availablein differentversionsof QMD, only four worksup to the presenino-
menthave explicitly studedhard-photorproductiorwithin a“quantum”(QMD) [Ohts9Q
Khoa9] Li92] or pureclassicalCMD) [Heue88]moleculardynamtsapproachln prin-
ciple, sincethe contrikution of the png processeo thetotal NN cross-sectiois of about
10 2, hard-photonsnduceno changein the o w of nucleonsin phasespace.Onemay
thentreatthe photonproductionperturbatvely andneglecttherecoilmomentumfor nal
nucleonsn thecalculationof thetime evolution of thesystem.In suchincoherenandper
turbative scenariothe appropriatecornvolution of the elementarybremsstrahlnog cross-
sectionwith theresultirg NN collision historywould give relatively straightforvardly the
hard-photorproductionratefor a givenimpact-parameteiThis work is undervay andit
hasnotbeenincludedhere.Nonethelessalthoughtheelementarypn  pngcross-section
is notyetintroducedn thecalculationssincethenumberof producecdhard-photonss di-
rectly relatedto the numberof incoherenproton-neuton collisionsduring the evolution
of theheary-ion systemonecanhave aninsigh into themechanismof hard-photorpro-
ductionby analyzingthe number of NN collisionsasa function of the reactiontime for
thefour consideredystemsTo make a morerealisticcomparisorwith the dataandwith
thesimilar BUU resultspresentedh theformersectionwe have modi ed the QMD code
to outputthe temporalevolution of proton-neutror(i.e. consideringisospn explicitly)
collisionswhich enegeticallycanleadto theemissiorof ahard-photoni.e. pncollisions
with Kewm S mp m 30MeV.

The resultsof suchsimulatons for the four consideredeactions( gs. 8.22,8.23,
8.24,8.25)indicate,asin the BUU case thatenegetic proton-neutrorcollisions (possi-
bly leadingto a bremsstrahlungmisson) take placebasicallyin the rst instans of the
reaction. However, several differencesappearwith respectio the BUU results. On the
one side, the maximumnumberof suchcollisions is shifted 20 fm/c with respectto
the peakof bremsstrahlng emissionfoundin the BUU calculations. This is dueto the
higherPauli-blockirg betweenmucleonsin the moleculardynamicsmodelwhich yields
a “slower” increaseof the rst-chanceNN collision rate. On the otherside, no promi-
nentsecondgroupof proton-neutrorcollisionsis obsenedin QMD after the expanson
of the primary system WhereaBUU indicatedclearly the existenceof a secondecom-
pressioryielding additionaltwo-bodycollisions interpretedasthe sourceof thermalhard
photors, QMD hardly reproduceshis behaiour. Nonethelessor thethreeheavier sys-
temsa smallaugmentatiorof the numberof pn collisionsis apparenataroundt 200
fm/c (insetof gs. 8.22,8.23,and8.24). Whetherthisis an spuriots outcomeor not of
the numericalsimuation, it is not readily answerabldut suchan effect seemaot to be
presentin the lighter 36Ar+12C case(insetof g. 8.25). In ary case,sincestoppng is
lessimportantin QMD thanin BUU the quasiproject# andquasitaget fragmentsssue
the rst compressiorexpansionphasewith higherkinetic enegiesand, therefore there
is lessenegy availablefor thermalization.This leadsto lessenegetic NN collisionsin
the subsequerdtagesof the reaction.A moreconclusve answerto the possiblerelation
of thesecondyield of NN collisionsto the obsenedthermalhard-photorcomponentan
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Figure 8.22: Proton-neution collision (withKcyy 30 MeV)ratecalculated with QMD asa func
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tion of time for the systen 36Ar+197Au at 60A MeV and at an impactparameer b
= 3.8fm. Thedasted-ddted lines correspomnl to pn collisions of nucleonsbelong-
ing to the (quasi)target and the dottedto the (quasi)projectile. Theinsetshowsthe
samegurein linear scde in theranget = 100- 300fm/c. (Theordinate units are
arbitrary).



231 Model comparison

[EY
o
N

Ar(60A MeV)+Ag |

100f

b=3.1fm 00
Y gill

40 ¢

20F, .ux :

=
o

100 150 200 250 300

=
o
N

=
o

pn collision rate (counts/3 fm/c)

v v e v b b by
1
0 50 100 150 200 250 300

t (fm/c)

Figure 8.23: Proton-neuton collision(withKcy 30 MeV)ratecalculatedwith QMD asa func
tion of time for the systent¥®Ar+198Ag at 60A MeV and at an impactparameterb
= 3.1fm. Thedasted-ddted lines correspndto pn collisions of nudeonsbelong-
ing to the (quasi)target and the dotted to the (quasi)projectile. Theinsetshowsthe
samegurein linear scak in theranget = 90 - 300 fm/c. (The ordinate units are
arbitrary).
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Figure 8.24: Proton-neution collision (withKcy 30 MeV)ratecalculated with QMD asa func
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tion of timefor the systen36Ar+58Ni at 60AMeVandat animpactparamete b= 2.5
fm. Thedashel-dottedlines correpondto pn collisionsof nudeonsbelongingto the
(quas)targetandthe dotted to the (quasi)projectile. Theinsetshowshesamegure
in linear scakin theranget = 70- 300fm/c. (Theordinate unitsare arbitrary).
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Figure 8.25: Proton-neuton collision(withKey 30 MeV)ratecalculatedwith QMD asa func
tion of timefor the systent®Ar+12C at 60AMeVandat animpad parameterb = 2.1
fm. Thedashel-dotedlines correpondto pn collisionsof nudeonsbelongingto the
(quasi)targetandthe dottedto the (quas)projectile Theinsetshowshesamegure
in linear scakin theranget = 70- 300fm/c. (Theordinate unitsare arbitrary).
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only be givenafteracompletecalculationof the png bremsstrahlungatewithin QMD.

Since QMD treatseachnucleonas an individual wave-function, it hasthe adwan-
tagewith respecto BUU that(in a semi-classicalvay) onecanfollow the evolution of
the nucleonsoriginally belongingto projectileor target®. Almostall the second-chance
NN collisionstakingplaceaboret 100fm/c areamongnucleonsbelongingto the hot
quasi-tagetresiduein the caseof the two heasiesttarget nuclei. This con rms qualita-
tively theexistenceof a (small)recompressionf theexcitedheary systemgpresenttthe
endof the expansiam phase.Although no quantitatve assessmertf the rate of thermal
bremsstrahing emisson canbe donewithin QMD without an actualimplementatiorof
bremsstrahing production theseresultsdo constituteaninterestingine to follow.

In any caseandasa nal commentany microscopicamodelmustbeableto consistery

explain the maximun amountof experimentalobsenations, andhard-photongonstitute
a neatobsenable of the stoppingphaseof the reaction(beforet 60 fm/c) andof the
nucleon-nucleodynamicsduringthe rst 200fm/c, whenthe proces®f fragmentforma-
tion takesplace. Therefore,comple “ab initio” microscopicabpproachesf heavy-ion

reactions,suchas QMD and BUU, shouldbe testedagainstthe productionof brems-
strahlungphotons,which is an obsenable speciallysensitve to the two-body collision

termof thetransportequation.

80f course sucha possibilityis notconcevable in a pure quarium descriptim of thenucleors since by
de nition, they areindistingushable.
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Thebulk of inclusive andexclusive experimental ndings, aswell asthe analysisof
the nucleonphasespacedistributions within two transportmodels,haspermittedto in-
terpretpart of the obsered hard-photorproduction(15% to 20% of the total yield in
the36Ar+197Au, 36Ar+58Ag, and3®Ar+108Ni systens) asbeingemittedin NNgcollisions
from athermalizedheavy tamget-like residueremainingafterthe rst stagesof thereac-
tion. It seemghusrathernaturalto apply a thermalbremsstrahlungnodelto interpret
thesedata. In this lastchaptey | will useathermalbremsstrahlug modelto derive the
thermodyamicalpropertiesof the hot nuclearsystemgproducedduring the reaction.In
particulartheir temperaturavill be determinedexploiting the radiationemissionof ther
mal hard-photonsvith the experimentallyobseredinverseslopeparameters.

9.1 Thermal bremsstahlung model

The interpretationof the total hard-photorproductionin heavy-ion reactionswithin the
framework of several proposedhermalmodelswas carriedout at late eighties[Nife85,
Stev86, Neuh87 Prak88 Bona88]. Theseapproachesveresupersedetly moredynami-
cal modelscapableof reproducingamongothers the obseredanisotropiccomponentn
theangulardistribution, or the sourcevelocity systemats. Moreover, someof theseher
mal modelsoverestmatedthe hard-photorproductionrateby almostoneorderof magni-
tudeandcould hardlyinterpretthe measuredarge valuesof theinverseslopeparameters
of thehard-photorspectrgdEy,  20MeV ate.g.60A MeV bombardingenegies)in terms
of the temperatureseachedwithin the participantzone. All thoseempirical evidences
wereindeedmoretypical of a preequilibrium-lke procesgatherthanathermalone.The
possbility of athermalbremsstrahlng componentaccountingor part of the total hard-
photonyield, however, wasnot completelyruled out and,as matterof fact, the original
modelof Nifeneclker andBondorf[Nife85] alreadycombinedwo differenttypesof pro-
cessesesponsibldor hard-photoremission 1) rst-chancecollisionsbetweerprojectile
andtarget nucleonsin the very rst stagesof the reaction,and 2) subsequentucleon-
nucleoncollisionsin the produced'nuclear reball” zone.More recently Neuhauseand
Koonin [Neuh87],BonasergBona88]or Alm [AIm95] alsoproposedsuchapproach.

Our goal hereis to apply a thermalapproachthe Neuhauseand Koonin model,in
orderto exploit the second-chanceremsstrahlum componentobsened in our datato
derive the thermodynandal propertiesof the excited nuclearsystemsproducedin the
differentHI reactionsconsidered.

9.1.1 Description of the thermal model

The descriptionof bremsstrahlungmissia within a thermalmodelassumeshat each
volume of space-timeoccupiedby hadronsduring the collision emits photonsat a rate
determinedy its local thermodynarntal conditions(temperatureand density),andthat
thenetexperimentabpectrums thesuperposion of thesanary incoherentontrikutions.
Thisassumptin doesnotimply thatphotonsemittedfrom eachspace-timezolumearein
thermalequilibrium with the hadrongi.e. have a blackbodyspectrumat the appropriate
temperature¥incethe photon-hadromrouplingis almostnegligible. Instead the number
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237 Derivaton of thermodynamicabroperties

and spectrumof photonsemittedfrom a given volume is basicallydeterminedby the
natureof the elementarynucleon-nucleoprocessethatoccurwithin it.

Keepingthis in mind, we will calculatethe hard-photorspectraemittedfrom inco-
herentNN collisionswithin a thermalizednuclearsystemfollowing the kinetic photon
productionprescriptionof Neuhauseand Koonin [Neuh87]. The emisson of photons
is describedby a local differential rate of emissim d®Ng d3xdt dEqdW calculatedby
approximaing the emitting region as a piece of nuclearmatterin thermalequilibrium
characterizedby local density temperatur@ndaveragemomentumdistribution. In such
scenariothe pngemissiorratereads:

d®Ng 8 dpy dpy ds

PxdtdEgdW dp  2p 3 2p 3! Pu T Pa bage (9.1)

Here p1 2 and b1y arethe initial momentaand relative-velocity respectiely of the
collidingnucleonsf p thesingle-particlemomentadistribution, andds dEgtheangle-
integratedPauli-blocked nucleon-nucleoibremsstrahlungross-sectiomvhich canbe ap-
proximatd (assumingsotroptc pn scatteringly:

dS dS free de de

— 1 f 1 f —

dEg dE, P1f P2t 4 4p
whereds free dEgis theelementarnnucleon-nucleoibremsstrahingcross-sectiom

freespaceandwherethefollowing relationsbetweertheindividual nal momena of the
outgong nucleonsandtheir relative momentun have beenapplied:

(9.2)

1
P1 2f EF’f pr Pt B pg (9.3)

The nucleonmomentim distribution f r p in equationg9.1) and(9.2) is sampled
accordingo a Fermi-Diracequilibrium distribution at (local) temperatur@d with density-
dependenEermienegy Er r :

1

frp (9.4)
1 exp P2 my Err T
Suchdistribution is normalizedo the nucleonnumberdensityn:
dp
4 Ff p n (9.5)

To carry out the calculations the expressionresultingof combining(9.1) and (9.2)
is evaluatedusingrelatvistic kinematcs andthe integralsare solved by a Monte Carlo
method. At this point, it is importantto stressthe divere assumptns that we have
consideredo performthe calculations:

The elementarypng differential cross-sectiorusedin eq. (9.2) is the covariant
“Schafer parametrization’(seeAppendix 2) and not the modi ed versionof the
semi-clasgial Jacksors formula (seeAppendix2) usedoriginally in Neuhauses
work [Neuh87].
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Sincewe will be mainly interestedn determinimg the slopeof the thermalhard-
photonspectrumasa function of the temperaturef the emiting system,we will
not performthe integrationof the obtained(Dopplershifted)local differentialrate
of emissionover impactparameteandover space-timavolumed?3xdt, i.e. we will

nottry to compute:
dEgdW 2pbdb d3xdt dED dW2 By f E_gd Xt (9.6)

whichimpliesaquantitatve knowledgeof thespatio-tempral detailsof thesourcé.
Indeed,the factthatthe emissionof thermalhard-photon®ccursin arathershort
ash of time comparedto the total reactiontime (seee.g. g. 8.10) andthat
the frameof the nucleondocal-arerage-elocity (the heavy recoilingresiduerem-
nant)is slowvly moving (i.e. the Dopplershifting is small) justi es theassumpbn
that, apartfrom a globalnormalizatiorfactor the shapeof ds g dEg will bethatof
d°Ng d3xdt dEg,

Theemissonrateswill becalculatedor anuclearsystemat differenttemperatures
T andat a densityequvalentto the saturationdensityof nuclearmatterr rg =
0.17fm 3, i.e. thetemperaturel enteringin the Fermi-Diracformula (9.4) will
be the only free parameter The choiceof the densityequalto r ¢ is a reasonable
assumptiorsincewe have seenin previous sectionghatthe secondash of hard-
photongtakesplacein nucleon-nucleorollisions at roughlythe saturatiordensity
during the secondcompressiorof the system( g. 8.9). Additionally, the rate of
nucleon-nucleorollisionsgoesasr 2, which makesit very unlikely to have brems-
strahlungemisson atlow nucleardensites.Indeedthemodelcalculationgndicate
that the thermalbremsstrahlng yield is reducedroughly a factor 10 at densities

0 5r g in comparisorto theyield atr ¢. In ary casewe have con rmed thatboth
theshapeandslopeof thed®Ny d3xdt dEg distribution obtainedrom themodelfor
agivenT do not changesigni cantly for differentvaluesof the sourcedensityr
enteringin the calculationof EF r in eq. (9.4)andin thenormalization(9.5),i.e.
the slopeof d°Ny d3xdt dEg turnsout to be basically“controlled” by the valueof
T.

Thethermalnucleon-nucleobremsstrahlugphotonratesfor E;  30MeV, d°Ng d3xdt dEg,

areshovnin g. 9.1for threedifferenttemperatureéT =4 MeV, T =6 MeV andT =8

MeV) of thesameorderasthetypicaltemperaturesncountereth heary-ion reactionsat
intermedate-enegies. The combiration of the Fermi-Diracdistribution of the nucleons
atthesetemperatureghe enegy-dependen¢lementarypng covariantcross-sectionand

the Pauli blocking factorsresultsin thermalhard-photorspectravhich canbereasonably

well approximatedby asingle(Maxwell-like) exponentialabove Eq = 30 MeV. Indeedn
[Stev86] it wasalsofoundthattheBremsstrahlungadiationfrom ahot,isotropc hadronic
gasgivesan essentiall exponentialgammna-rayenepgy spectrumwith a slopeparameter
closeto thetemperaturef thegas.

LAdditionally, the integral over impactparaneterb in eq. (9.6) “weights” s g With the cross-section
corresponéhg to theformationof the (radiatirg) nuclearsource.
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Figure 9.1: Thermalbremsstahlung(png) emissio rates,o‘SNg d3xdt dEg, fromanuclear system
in thermal equilibrium at the saturation dersity ro = 0.17 fm 3 for varioustemper-
atures(T =4 MeV, T = 6 MeVand T = 8 MeV)asobtainedwith the Neuhaserand
Koonin model[Neuh87].
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9.2 Extraction of a nuclea temperatur e

Sincethermalhard-photonsreemittedfrom ahotsourcetheir slopeparameteE§ should
re ect the local temperaturel of the nuclearsystemat the time of emission[Stev86,

Schu9T. However, sincephotonsarenotin thermalequilibriumwith thenucleamedium
(photonsescapehe interactionregion immediatelyafter their productior) E{ and T are
notdirectly equivalent. We needthereforeto know how to quantitatvely relateE} andT.

Themostinterestingesultof thecalculationsarriedoutwith thethermalbremsstrahing

modelof the former Sectionis that, indeed the valuesof the inverseslopeparamete

of the thermalbremsstrahlungpectra(g. 9.1), extractedfrom a t of the theoretical
spectrawith anexponental in therangeEg = 30 - 70 MeV, areneatlycorrelatedwith the
nucleartemperaturd of theradiatingnuclearsystem(see g. 9.2)independenyl of the
densityof the emitting source.A linear t of this dependencbetweerEg andT (in the
regionT =4 - 10 MeV) givesthefollowing quantiaitive relationbetweerthem:

T MeV a EfMev b (9.7)
with a 075 003andb 062 003 MeV

T (MeV)

4 5 6 7 8 9 10

E, (MeV)

Figure 9.2: Linear dependerce betweerthe inverseslopeparametes B, of bremsstahlungpho-
tons and the tempeature T of the emitting nudear source. The different values of
E{ are obtained from exponental ts, betweeng; = 30 MeV and E; = 70 MeV, of
the theaetical thermal bremsstahlung specta (g. 9.1) obtainedfor ead nuclear
tempeature within the thermalmodel.

Thisresultis avery crucialonesinceit allowsto directly determinghenuclear(local)
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Table 9.1: Nuclear tempeaturesT extractedfromtheexperimentdly measuedvaluesoftheslope
parametes E}) of the thermd comporent of the hard-photon specta for the sysems
36Ar+197Au, 36Ar+108ag, 36Ar+ 58N, 86K+ 58N, 181Ta+197Au and?%8Pb+19%7Au calcw-
lated by applying theformula (9.7) obtainedfromthe thermalbrems$ahlung model.

System  Kjagp (MeV) EJ (MeV) T (MeV)

208pp+197A0 30 55 0.6 35 04
36Ar+107ag 60 6.1 0.8 39 05
S6Ar+197Au 60 6.2 05 40 0.4
181Ta+197Ay 40 69 0.6 45 05
86K r+58Nj 60 85 0.8 57 06
36Ar+98Nj 60 88 0.8 6.0 0.7

temperatureattainedn the excitednuclearfragmentgproducedn the considereteavy-
ion reactionsat the end of the expanson stageby measuringhe value of the slope of
their thermalhard-photorspectra.Table 9.1 displaysthe temperaturesbtainedthrough
applicationof equation(9.7) for the threeheary systemsstudiedin the presentthesis
(36Ar+197Au, 36Ar+108ag, and36Ar+°8Ni) aswell asthoseof TAPS campaigrat GANIL
in 1992 (8%Kr+°8Ni, 181Ta+97Au and 2%8Pb+97Au) [Mart95, Schu97]. All the quoted
valuesof the nucleartemperaturdie in therangeT =4 - 6 MeV in coincidencewith the
typical valuesfoundin heasy-ion collisions at intermediatedoombardingenegies. As a
matterof fact, the four systemswith total enegiesin the centerof-massbelov  10A
MeV (PCAr+197Au, 3Ar+198ag, 181Ta+197Au and 2°8Pb+97Au), shov a temperature
clusteredaroundT = 4.0 0.5 MeV, whereashe two remainingones(36Ar+°8Ni and
86K r+58Ni) with total enegy above KSR 10A MeV, have T 6.0 0.5MeV. These
temperaturearecloseto the “cracking” or “limiting” temperaturepredictedby various
statistcal models[Bond95 Gros97].

It isinterestingo comparghetemperaturesbtainedrom thethermalbremsstrahlng
slopeparameterwith thoseobtainedwith otherproposednethods Thesystems*® 4CAr+197Au,
1087 g have beenexperimentallystudiedatbombardingnegiesaroundé0A MeV by sev-
eralgroups.The temperaturesf the excited nuclearsystem(sproducedn 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 ratios of selectechuclides[Poch85,Poch87 Sain88](excited-
statetemperatures)The obtainedvaluesarein therangeof T =4 - 7 MeV (table9.2),in
agreementvith ourvalueg(T 4 MeV), althoughthereseemdo bea smallshift towards
someavhathighertemperatures thealternatve method (seediscussio in next Section).
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Table 9.2: Nuclea tempeaturesT attainedin cential 36 40Ar+197Au, 198Ag reactimsaround 60A
MeV bombading enagies, extractedexpermentally using several proposedmethod
(“sl.” stards for kinetic specta slopes, and “pop.” for excited-date popuation, see
next Sedion). If repated in the original work, the measuwed values of the excitation
enggies€ arealsoincluded.

System Method Kz (AMeV) T (MeV) € (AMeV) Reference
OAr+97Au  IMF  pop. 60 5.0-55 - [Poch85,Poch87]
4Oar+197Au  IMF  pop. 60 5.0 - [Sain88]
WOar+197Au n asl 44,77 49 0.4 3.5 [Jian89
OAr+197a4 a sl. 44,77 5.0 3.0-35 [Soko93]
OAr+197a4 psl. 60 7.5 5.5 [Louv93, Louv94
OAr+197a4 nsl. 60 4.0-6.0 3.0 [Leco96]
36Ar+197au - 60 - 5.0 [Biza93]
AOAr+197A4 - 65 - 55 1.2 [Colin98, Sun00]
A0Ar+107ag psl. 60 54,55,6.9 55-7.0 [Eude8$
4O0ar+107ag psl. 60 4.0-8.0 55-7.0 [Vien92]
Oar+1077Ag  p asl. 58.7 4.5 - [Sauv94]
40Ar+107ag - 65 - 6.8 1.4 [Colin98 Sun00]

242



243 Derivaton of thermodynamicabroperties

9.3 Thermal hard-photons: a new thermometer of nu-
clear matter

Threedifferentmethodshave beenproposedofarto determinghenucleartemperatures
attainedin hot systens producedn heavy-ion reactiong g. 9.3). Following closelythe
discusson of referenceSiwe98], they are called here“kinetic”, “isotope” (or “chemi-
cal”), and“population”temperaturesThemaincharacteristicef thesedifferentmethods
arethefollowing [Siwe98]:

1. Slope parameters, kinetic temperatures Ts: This mostwidely usedmethodto
determinea temperaturef nucleiis basedon measurementsf the kinetic enegy
spectraof the emitied particles(n, p or a). A nucleusn thermalequilibriumevap-
oratesparticleswith anenegy distribution of Maxwell-Boltzmanrtype:

NK C K Vep KW (9.8)

whereK is the kinetic enepgy of the emittedpatrticle,V¢ its Coulombbarrier and
Ts the temperatureof the source. The main problemof this methodconsistsin
identifying experimentallythe emitting source(s).This hasusuallybeendoneby a
“three-sourcest” of theinclusie spectraof the selectedeactionproductat sev-
eral detectionangles. This takesinto accountthe experimentallywell-known fact
that particlesare emittedfrom the two main hot sourcegquasiprojectileemitting
mainly in the forward hemisphereand quasitaget, mainly in the backward one)
andfrom the midrapidty region (directNN emissionor neckemission.

As we will discusstheprincipleof thismethodis the sameasthe onethatwe have
employed with thermalhard-photonsalthoughthe resultirg temperaturesustbe
consideredlifferently

2. Double isotopic ratio, T.?: This method[Albe85] assumeshat the emittersare
in thermaland chemicalequilibrium. Theratio betweertheyields of two isotopes
(isotores)differingby oneproton(neutron)depend®nly onthetemperatur@andon
thefree proton(neutron)density Takingthe quotientof two suchratios,the proton
(neutron)densitycancelsoutandthe doubleratio depend®nly onthetemperature
throughthe simpleformula[Albe85):

Y1 Y2

T9 Bins
' Y3 Yy

(9.9)

whereYi, Yo, Y3, Yz are the yields of the four isotopes,s dependson the spins
of the popubktedstatesof eachspeciesandB is the differenceof binding enegy
differences B, B; Bs Bz . At temperaturesbove a few MeV, however,
the populaton of excited statesshouldbe taken into accountwhich meansthats
dependon T, andon the numker of statesncluded. Thelargerthe valueof B the
largerthe sensitvity of T.2. Therefore oneusuallystudiescasesvherethe pair of
isotgpesat the denomnatoris SHe/*He (or SLi/ “Li).
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3. Relative population of excitedstates,Tpop: Theprincipleof thismethodPoch87]
relieson the factthata nucleusin thermalequilibrium containsclustersin ground
andexcited stateddistributed accordingto a probability proportioral to the Boltz-

mannfactor:
DE

Fs exp Trop (9.10)

whereDE =E; E, istheenepy differencebetweerthetwo statesandTpop is
thetemperaturef the source.Theratio betweernthe numberof clustersemittedin
two differentstatess:

Ngs 2Jgs 1

N 2] 1

Fs (9.11)

whereNgs, N are the numberof fragmentsemittedin groundstateand excited
staterespectrely, andJgys, J aretheir spins. Fromtheseequationsthe populaton

temperaturés givenby:
DE
271 N

This methodis sensitve only whenthe valueof DE is muchlargerthanthe tem-
perature.The valuesthusobtained,in therangeTpop = 4 - 5 MeV independently
of the type of reactionandslightly increasingwith bombardingenegy, aremuch
lower thanthoseextractedfrom slopesof kinetic enegy spectra.

Comparingthe threemethodswith the predictionsof a sequentiaktatistcal model,
Siweketal. [Siwe98]concluded:

1. Theslopeparameterérom kinetic enegy spectraof LCP keepa goodmemoryof
theinitial temperatureHowever, in realexperimentghey may be perturbedoy the
mixture of severalsourceshy sourcerecoil effectsafterparticleemisson, and/ora
possiblecontritution of collective expansion.

2. Emissiontime sequencandfeedingfrom discretestatedecayshave large effects
onthetemperaturesbtainedirom isotgpe thermometersSecondarydecayy“side
feeding”)reducetheapparentemperatureralueswhile theemisson chainchanges
thedependencef thetemperatur®nthe excitation enepy.

3. Mostof the populaton temperaturearealsovery sensitve to side-feedingeffects.
Experimentaltemperaturegxtractedfrom particle unstablestatesremainalmost
constantasafunctionof excitationenegy anddonotsurpas§ 5 MeV. A possi-
ble explanation couldbethatthesources expandirg andheavy clustersareformed
relatively late duringthis expansionatlower temperatures.

In comparisorwith the usualnuclearthermometersye have seenthatthermalhard-
photors provide a clearand straightforvard way of calculatingthe nucleartemperature
of the hot residuesproducedin a heary-ion reaction. The adwvantagesof the tempera-
turesmeasuredrom the slopeparametersf second-chanderemsstrahlunghotonswith
respecto theaforementionednethodsarethefollowing:
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Figure 9.3: lllu stration [Poch97] of thedifferentthermometes for nuclear sysems:light-particle
inverseslope parametes (uppe part), double isotoperatios (middlepart), andrela-
tive population of states(lower part).
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Direct extractionof the nucleartemperaturéhanksto the easyidenti cation of the
thermalcomponenin the photonspectra. Thermalhard-photonshave a distinct
steeperslopein the region Eg = 30 - 60 MeV, which makes it easyto identify
from the pre-equilibrium(direct hard-photontomponenby meansof a “double-
exponential” t analysis.The possibilty of mixing differenttemperaturesoming
from differentsourcess thenminimized.

Thermalhard-photonsre emittedjust after thermalequilibrium is attained at the
momentof highesttemperaturesn the nuclearsystem.Before that moment(t
50fm/c), promptproton-neutrorcollision collisionsin a purepre-equilibriumstage
dominate andafterit (t 200fm/c), theexcitationenegy is dampedamongmore
collective degreesof freedomsuchasGDR oscillations, thetemperaturearelower,
andNNg collisions are completelyPauli-blocked. This is clearly at variancewith
particlesand fragmentswhich are emittedall alongthe deecitation chain of the
residuefrom theinitial T down to 0. WhereagarticlesmeasuranaverageT, ther
mal bremsstrahlunghotonsmeasurghe temperatureshortly after the attainment
of thermalequilibrium This makesit unnecessario make ad hocassumptnsto
correlatethe apparentemperaturavith the original one.

Thermalhard-photonsuffer no distortion dueto the surroundingmedium In par
ticular they arenot subjectto effectsdif cult to controlsuchasrescatteringside-
feeding,Coulomb eld or collective motionwhich can strongly modify the mea-
suremenbf theoriginaltemperaturesf thesystenwhenusingthermonetersbased
on chaged-particlespeutronsor fragments.

The productionof hard-photonss favouredin semi-centraland centralnucleus-
nucleuscollision. Therefore they intrinsically signalthe thermodymamicalcondi-
tionsprevailing in ratherexcitednuclearsystemsandnot thoseof lesshot systems
producedn moreperipherakollisions.

The fact that the nucleartemperature®btainedusing the thermal bremsstrahing
slopeparameter§T 4 MeV, table 9.1) are somavhat lower than the onesobtained
usingtheinverseslopesof the (Maxwell-Boltzmann)experimentakinetic enegy distri-
butions of differentlight-particles(T 5 MeV, table 9.2) canbe interpretedas dueto
thefactthatthe“kinetic” temperaturemeasuredvith p n ora maylikely containsome
preequilibrumand/orcollective expansiorcomponentor thatthecontribution from other
sourcegquasiprojectileand/ormid-rapidity emissian) hasnot beencompletelyremaoved.

9.4 Derivation of the nuclear “caloric curve’

Wadaet al. [Wada89]shaved that at excitation enegies per nucleone lower than

4A MeV, thetemperature3's deducedrom thekinetic slopeparametenf the Maxwell-
Boltzmannspectraof particlesandclustersfollow the Fermigaslaw (seeAppendix3):
e aT?2, with a value of the constantevel densityparameter in the rangeA 13to
A 8. Thisrelationshp betweerthe (thermal)excitationenegy € andthetemperaturd
(the “caloric curwe”) wasfurther studiedby the ALADIN group[Poch95]over a wider
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excitation enegy rangeusing“isotopic” He-Li temperaturesThis curve? (see g. 2.7)
shawved threedistinctly differentregions. In agreementvith the previous low-enegy
studies, belowv € 3A MeV therise of T2 was compatibé with the low-temgerature
approximaibon for a fermionic system. Within € = 3A - 10A MeV an almostconstant
valueof T, a“plateau”,wasfoundwhich wasinterpretedasindicatinga phasetransiton,
with theFerminucleariquid (€ p T2) andtheBoltzmannnucleargas(€ p T) regimes
domimating belov 3A MeV andabove 10A MeV respectiely. Such“plateau” wastheo-
retically predictedoy statisical models(see g. 2.6),with awidth, 7A MeV, measuring
the“latentheat”.

Indeed,one of the generalexpectationdor a systemundegoing a rst-order phase
transiton is anenhancedheatcapacityattemperaturessherethe phaseransitionoccurs,
re ecting the latentheatrequiredto transformfrom onephaseto the other®. Several cal-
culationspredictenhancedheatcapacitiedor nite nuclearsystensattemperaturesf the
order4 - 6 MeV [Jaga83Bond83, dueto thetransformatiorirom the Fermiliquid found
in the nucleiin their groundandlow excited statesto a hadrongasphaseconsistingof
free nucleonsandlight clustergJaqa83].The “plateau” of the ALADIN “caloric curve”
wasthereforeconsistentvith the hypohesisof a mixed phasesquilibrium Furthermore,
its slightrisewith T wasexplained[Poch96]asdueto the factthatthe phasetransiton
doesnot take placeat constantpressue (otherwise the “plateau” would have beenfully
constanfMore96]). A monobnic increaseof Tye pt With € supportinga continuas
phasetransition nearthe critical point was also found by the EOS collaborationin 1A
GeV Au+C collisions[Haug9§.

The ALADIN work hasraisedmary discussonsabouttheactualphyscal meaningof
theplateauandrise obsered,or aboutthetemperatureneasurement®liability (for are-
centdiscussiorseee.g. [Siwe98]andreferencestherein).Indeed thedifferentproposed
methodof determininghucleatemperaturementionedn theformerSectiongive differ-
entvaluesascanbeseenn thee vs. T “caloriccurve” plotof g. 9.4[Dura99]. Whereas
the“kinetic” temperaturefollow approximatvely the Fermigaslaw in the wholerange
of €, the“double-ratio” T's saturatebetweerdA MeV - 10A MeV andthenslowly in-
creasewnith € (theaforementionedplateau”interpretedasa signalof the occurrenceof
the rst-order liquid-gastransitior), andthe“excited-state’temperaturesaturateverthe
wholerangeof € . It hasbeenclaimed[Frie90, Xi98] thatthis maybe anindicationthat
the differentnuclearspeciesare producedat differentstepsof the disassemly process.
Light particleswouldthenbeemitted rst (in the pre-equilibrium phase)while fragments
(usedfor T (double-ratioandT (excited-statepssessmentyould beemittedlateratlower
temperaturedeadingto the obsened hierarchyof differenttemperatures.

2Mind thatthetempergure valuesof the “caloric curve® shovnin g. 2.7[Poch®)] areshifteda factor
1.2 with respecto the measuredialues[PocH7]. Accordirg to a new analysigXi96] of the effect of the
feedirg from highly lying continwm statesonthe rst ALADIN tempeaturesdata,this correction factor
shouldberemoved(seethe ALADIN pointsof g. 9.4).

3Indeed in the caseof the well-known liquid-gas ( rst-order) transitionof H ,0 at constantpressue,
oneobseresthat bringng more enegy to the systemincreaseshe tempeatureof the liquid phaseup to
thetransitionpoint wherethe tempeatureremairs constanuntil all theliquid is transfamedinto vapou.
During the phaseransitionthe enegy adde to the (mixed systemis usedto breakthe bonds linking the
liquid molecules Theenepy costof thistransfamationis thelatentheat.Afterwards thetemperatte rises
atthetypicalrateof thegas.
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Sincewe are proposng thermal hard-photonsas an alternatve methodfor estimatng

the nucleartemperatureseachedduring a heavy-ion reaction,we are interestedn as-
sessingvhatkind of “caloric curve” we may obtaincorrelatingthe (thermal)excitation
enegiesattainedin our systemswith the temperaturezaluesextractedfrom the thermal
bremsstrahing spectraof thewhole setof reactionsconsideredere.However, sincewe
have not experimentaly determinedhe value of the excitation enegiesreachedn our
differentreactionswe will usetherecentlyreportedvaluesof € measuredby Colin, Sun
etal. [Colin98, Sun0O]for the very closereactions®®Ar+197Au, 197Ag and>°Cu at 65A
MeV. Accordingto this work, the averageexcitation enegiesper nucleonfor centralre-

actionswerefoundtobee = (5.5 1.2 AMeV, (6.8 1.4A MeV,and(8.7 1.8A

MeV, respectiely for the Au, Ag andCu targets(seethe compilationin table9.3). We
have alsoincludedin this comparisorthevaluecorrespondingo the 2°8Pb+%’Au at 30A
MeV system,taking the averageexcitation enegy obtainedfor semi-centrakollisions,
€ =(4.0 1.0AMeV [Leco94,Morje95. Thevalueof the excitation enegy attained
in centralcollisions of 181Ta+9’Au at 40A MeV hasbeenrecentlyfound* to be €

7 A MeV in an experimentof the INDRA collaboration[Norm0Q. For the 86Kr+°8Ni

reactionat 60A MeV, for which we are not aware of an experimentaly measured/alue
of their excitation enegy, we have estimatedasan upperlimit® for € thetotal available
centerof-massenegy, Kaa, subtracteaf thecollective (radial o w) enegy, €onp, i.€.:

e Kaa ecorrp (9-13)

To determinethe averagevalue of the compressionaénegy, €:onmp, releasedasor-
deredexpansia of the systemwe have madeuseof the parametrizatioproposedy ref.
[Poch97]for beamenegiesbelonv about500A MeV:

€omp MeV 009 Kjgp MeV 25 MeV (9.14)

Theresultof combinngegs.(9.13)and(9.14)for 8Kr+°8Ni at60A MeV, yields€omp
= 2.9A MeV. Sucha valueof €ny is alsoin roughagreementvith the valueassessed
alternatvely makinguseof the corventianal parametrizatiomof the “compressionakEoS”
(seeAppendix3 ande.g.[Sura90]):

2 9 lo

Ecomp MeV (9.15)

Indeed,takingky  250MeV andr max = 1.4r ¢ asgiven by BUU simulatians for this
reaction[Mart95], oneobtains €onp  2.1A MeV.

4Thisvalueof € hasbeenobtainedndirectly by applying theformula: € H2Aa VA 2V3,
wherev, andvgp arethevelocity (in cm/ns)of theprgectile in thelab andof thequasiprgectile in the CM
respectiely.

5In geneal, the enegy pernuclem availablein the nuclews-nucles centerof-mass(K aa) canbe dissi-
patedinto severalcontibutions: Kaa Q & €omp Ea  Epreeq WhereQ is the Q-valueof the
compmsite systemresultingfrom the “incompletefusior’ of prgectile andtamet, €, ( 0.5A MeV, see
footnoteon page31) is the rotatioral enegy of this systemand€ reeq (Which canbeashighas1A - 3 A
MeV [Lera87, Sura®]) is the enepgy releasedrior to equilibration (eitherin “free streaming projectile
nucleonsor in preegiilibrium particleemission).
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Table 9.3: Excitation enegies€ andnucleartempeaturesT (extractedfromthethemal brems-
strahlung spectr) for the sysems®Ar+197Au, 36Ar+108ag, 36Ar+58Ni, 86Kr+ 58N,
181T3+197Au and 298Pb+197Au at differentbombading enegies. Thedifferent values
of € hawebeenexpaimentdly measuedby othercollaborations(stars). In the caseof
the 8Kr+ 58Ni reacion (dot), € hasbeen obtained makirg useof the formulas(9.13
and(9.14), and€ shoud becorsideedasanupper limit (mindthelarger systematal

errors).

System  Kjgp (MeV) € (AMeV) T (MeV)
208pp+197Au 30 40 10 35 04
S6Ar+197Au 60 55 1.2 4.0 0.3
36Ar+107pg 60 68 14 39 05
181Ta+197Ay 40 70 15 45 0.4
86K r+58Ni 60 111 33 57 05
36Ar+98Nj 60 87 18 6.0 05

Figure 9.4: Sydsematics[Dura98 of measued nuclear tempeatures (obtaned with the three
methals descibed in Seciton 9.3) as a funcion of € (“caloric curve”). Thestars
correspoml to thetempeaturesandexcitation enegiesobtainedin the presentanaly-
sis(table 9.3). Thedotted anddashel lines correspondo thetheoretical Fermi-liquid
behaviour for two differentvaluesof thelevel densty parameer.
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Theresultof thee - T correlationfor the 6 reactionsconsideredn this work (table
9.3)is shawvn asstarsymbolsin g. 9.4. All the “thermal hard-photon’pointsseemto
follow closelythe(slightly increasing)plateau” obtainedusingthe double-ratiasotopic
temperaturesf the ALADIN [Poch95]and EOS [Haug9§ collaborationsandnot the
Fermi-gadrendof the“kinetic” temperature¢solidanddashedinesin g. 9.4)obtained
by theINDRA collaborationfMa97).

Althoughthe coincidenceof our datawith the ALADIN “plateau”pointsis manifest,
it is importantto remindthat our temperaturefiavze beencalculatedusingthe slopesof
bremsstrahing photors emittedin nucleon-nucleormollisions SuchNNg collisions oc-
cur with sizeablecross-sectionsnly aroundor above the saturatiordensityr  r g (the
Neuhauser&konin modelpredictsroughly 10 timesmorethermalbremsstrahlungho-
tonsatdensitiexlosetor g thanat 0 5r g ). Namely in a certainway we aremeasuring
the (maximum) temperaturef the“liquid” phasé: the hotandheary remainingresidue.
Thisis clearlyat variancewith theusualassumpon in ALADIN resultsthatthe breakup
(freeze-out)densitiesof the hot fragmentingsystens producedin centralcollisions are
below 0.5 ¢ (i.e. they aredilute expandingsystems) As a matterof fact, it is important
to remindthatthe so-called“caloric curve” is nothirg but a projectionof the morefun-
damental‘caloric E0oS” (seeAppendix3), givenby thee e T r “surface”,ontothe
€ (or e )-T plane.Thereforeany comparisorof two differently obtainedsetsof (T, € )
points in the “caloric curve” is only fully meaningful if they are“measured at roughly
the samedensity Otherwise,oneis comparingT - € valuescorrespondindo different
isodengy linesof thenuclearequationof state.

Using the sameline of reasoningthe absenceof a thermalbremsstahlungcompo-
nentin the photonspectraemittedfrom excitednuclearsystemsvould be consiséntwith
afastspinadal breakupof thesystenbeforearny secondare of NNgcollisionscouldtake
placedueto arecompressionf thesystem.This would be a con rmation of the onsetof
densityinstabiltiesduringthe expansim phaseof thereactionleadingto afastdisassem-
bly of the systemratherthanto the restoringof the higherdensitiesneededor thermal
NNg emissionto take place(seeSection2.2.1). Sincea thermalbremsstrahlungompo-
nenthasbeenso-far obseredin all our systemgalbeit for exclusive central-reactions
only in the spectrumof the 36Ar+1%7Au systen), our resultsseemto contradictsucha
dilute scenariofor multifragmentabn reactionsand point out to a more sequential-lile
reactionprocesswith aheary residueremainingafteremissim of lighterfragments Such
“evaporatim-like” scenarialoesnotrule out, however, thepossibilty thatoursystensare
in the liquid-gas coexistencephasearoundthe saturationdensity(this metastableegion
liesbetweerthespinalalandtheliquid-mixturelinesin thephasaliagramshovnin gs.
2.1and2.2). To de niti vely determinewhetherin very excitednuclearsystems€,,,,«
9A MeV) multifragmenétionis dueto a fastspinodaldecompositin or to a slower se-
guentialmechanisnm{asindicatedby our resultsat somevhat lower excitation enegies),
hard-photorproductionin thereaction'??Xe+112Snat50A MeV wasexclusiely studied
atGANIL in 1998by the TAPS collaboratiorwith a completechaged-particledetection
system The analysisof this experimentis undervay in the presentnomentOrte0q.

8In thatsensesincer  r o, theslightly ascendig trendof ourcaloriccurve “platead is fully consistent
with aliquid-gasphaseransitionat constam volume
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Thepresenthesisreportsonthe studyof nucleamatteratmoderatéemperatureand
densitesproducedn nucleus-nucleusollisionsatintermediatdoombardng enegies.An
invegigationof thedynamicalevolution of differentheavy-ion reactionsaswell asof the
thermodyamical stateof the producednuclearsystemsgexcited to the vicinity of the
predictediquid-gasphasetransitionof nuclearmatter is carriedout usinghardphotons
(Eg 30MeV) asexperimenal probes.Thesehard-photonsreproducedn incoherent
proton-neuton bremsstrahlng collisions, pn  png, within the zoneof participantnu-
cleons.For the rst time, sucha studyhasbeenperformedin a systemati way within a
single experimentconsideringfour differentreactions(36Ar+1°7Au, 197Ag, 58Ni, 12C at
60A MeV) andanalyzingbothexclusive aswell asinclusive productionmodes.This ap-
proachhasbeemmadepossilte by exploiting theuniquecombinatiorof apowerful photon
spectrometeTAPS,a nearly4p chaged-particleandintermediate-masBagmentdetec-
tor, the “Dwarf-Bdl”, anda chaged-particleand projectile-like fragmentsdetectoy the
“Forward-W\all”.

We rst con rm thebremsstrahlng emissionn rst-chance(off-equilibrium) proton-
neutroncollisionsasthedominantorigin of hardphotonsasobtainedby previousexper
iments We then rmly establi#, following the conclusiois of previous TAPS measure-
ments the existenceof a thermalradiationemisson from second-chancproton-neutron
collisionsin semi-centrabind centralnucleus-nucleuseactionswith heary tamets. We
thusexploit this obsenationi) to demonstratéhatthermalequilibriumis reachedduring
thereaction,ii) to establisha new thermometebasedon bremsstrahlng photonsijii) to
derive the thermodynandal propertiesof this hot matterand, in particulay to obtaina
“caloric curve” (temperaturezersusexcitation enegy), andiv) to assesshe time-scales
of thebreak-upprocess.

The existenceof a thermalcomponenin the low-enegy part of the photonbrems-
strahlungspectras foundedon severalconclusve experimenal evidences:

The inclusive hard-photonspectrafeaturetwo distinct exponenial distributions
with differentslopeparametersaresultwhich deviatesfrom theexpectedehaiour
of hard-photorproductionin rst-chancenucleon-nucleorollisions. The harder
(“dir ect”) componentwith sIopeEg| 20MeV, andthesteepe(“‘thermal”) E}

6 - 9 MeV, haverelative intensites5:1.

The directslopeEgI scaleswith the projectileenegy pernucleonin the laboratory
frame. This setsthe origin of directphotonsn pre-equilibrium emissionin prompt
nucleon-nucleorollisions Thehigh valuesof the slopere ect the couplingof the
incidentenepgy per nucleonwith the averageintrinsic (Fermi) momenum of the
colliding nucleons.

The thermalslopeE}, shaws a linear dependencevith the availableenegy in the
nucleus-nucleusenterof-mass. This obsenation is understod if suchphotons
originatein processegakingplaceduringlater stageof the reactionafter dissipa-
tion of the initial kinetic enegy into internal degreesof freedomover the whole
system.Thelower thermalslopevalue,by a factortwo to threeascomparedvith

thedirectone,resultsfrom thelessenegy availablein secondaryNNg collisions
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Thermal hard-photonsare emitted isotropically from a sourcemoving with the
nucleus-nucleusenterof-massvelocity, accordingto the source-elocity analy-
sisof thelaboratoryangulardistributions. Direct hard-photonspnthecontrary are
emitiedfrom the nucleon-nucleocenterof-mass.

The absencef the thermalhard-photorcomponenin the 36Ar+12C reactionsig-
nalsthefactthatin sucha light systemthereis not enoughmatteron the way of a
nucleonto experiencenorethanonecollision: theresultirg zoneof participantnu-
clearmatterdoesnot have the necessaryolume to achieve sufcient stoppingand
consequenthermalizatbn, and pure rst-chance bremsstrahlunglomnateshard-
photonemission.As a matterof fact, the distribution of bremsstrahlag multiplic-
ities per nuclearreactionpointsout to the existenceof a thresholdof roughly two
pn collisionsfor thermalemisson to take place.

The exclusive analysisof the experimenél datarevealsan interestimg result: the ex-
clusive hard-photorspectraobtainedfor central and multifragmentation reactionsn the
36Ar+197Au reactionpresentalsoa thermalbremsstrahlum component Therefore even
themostviolentcollisionsshav athermalbehaiour.

We have critically analysedall possble alternatve mechanisma for the production
of photors with enegiesabore 30 MeV asidefrom a thermalbremsstahlungemisson
process:statisical photonsfrom the Giant-Dipok-ResonanceGDR) decay coherent
bremsstrahlng, clusterbremsstrahlug, or proton-protonbremsstrahlng. Thoseaddi-
tional interpretationsannot consisently accountfor the full setof experimentalobser
vations. In particulay thefactthatthermalanddirecthard-photoryieldsshov avery sim-
ilar dependenceiith impact-parameteneatlycorrelatedwith the numberof participant
nucleonsandthat photonsin the GDR region quenchfor increasinglycentralreactions,
de nitely rulesouttheattribution to GDR photonsof the excessproductionof hardpho-
tonsin theregion Eg = 30- 60 MeV.

Detailedmicroscopcal simulatons of the four consideredeactionsat semi-central
impact-parameteraherebremsstrahlng productionis maximal,have beencarriedout
with two differenttranspormodelsof Boltzmann-equatio(BUU) and“Quantum”molecular
dynamics(QMD) typesin orderto pin down in spaceandtime the possiblesourcesof
bremsstrahlng photonsandto determingheir degreeof thermalizatiorat the momentof
photonemission.Thesecalculationshave con rmed thefollowing issues:

Thereactionmechanismor thetwo heaviestreactiong36Ar+1%7Au, 107Ag) leadto
theformationof a hot heavy quasi-tagetresidueslowly recoilingin thelaboratory
frame. (This is, in turn, in agreementvith recentexperimentalresultscollected
with completedp particlemultidetectordor the samesystems.)

The photonbremsstrahlng rateaccordingto BUU, occursin two emissionashes
att 30fm/candatt 130fm/c. The rst ash is moreintenseandtakesplace
whenthe systemis out of equilibrium (a minor componenfrom a “thermalizing”
stagebetweert  30fm/c- 70fm/cis alsoapparent) Thesecondash, accounting
for roughly 20% of thetotal hard-photoryield, occurswhenthermalequilibraton,
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dueto two-body(nucleon-nucleondlissipaton, is attainedasindicatedby therather
isotropiclocalmomentum distributions of thenucleons.This secondare is identi-
ed asthesourceof thermalhard-photons.

The proton-neutrorcollision rateswith enegiesin their CM above 30 MeV calcu-
lated within QMD shaw, for the rst 100 fm/c, a similar trendasfoundin BUU.
Although the nuclearervironmentin QMD is not asfully equilibratedasin the
BUU caseandthatthetransparengdegreeis higher att  200fm/c, the collision
ratesshav alsoa smallincreasen the heaviest systemg1°’Au, 197Ag). Most of
thesesecondanypn collisionstake placewithin the quasi-tagetremnant.

Bothtranspormodelcalculationgredictaverysmall(or negligible) second-chance
bremsstrahlungomponentor the lightest36Ar+12C systemasexperimenally ob-
sened.

Theformation,atthe nal stageof the purelydynamcal evolution of thereaction,of
a heary excited remnantin thermalequilibrium which radiatesbremsstrahlng photans,
justi es theuseof athermalbremsstrahlng modelto extractthethermodymmicalprop-
ertiesof the system. Sucha model predictsbasicallyexponentialspectrain the region
Eg = 30- 70 MeV in agreementvith our data. The slopesof suchspectraare linearly
correlatedwith thelocaltemperaturef theemiting system.Thisresultallowsto directly
derivethetemperaturef theradiatingsystemgrom theobseredthermalbremsstrahing
slopes.This hardphotar thermometeshaws severaladvantagesvith respecto theusual
particle-basednethodsusedsofar to extract nucleartemperatureseasieridenti cation
of thethermalcomponen(i.e. minimizationof the non-equiibrium kineticcomponents),
measuremerdf the maxinumtemperaturef the systemjust afterthe attainmenof ther
mal equilibration, intrinsic selectionof semi-centrabnd centralreactionsandno nal-
statedistortions(“side feeding”,rescatteringCoulomb eld and/orcollective expansion).

Accordingto the hardphotonthermoneter the hotnuclearresiduesprepared”in the
differentheary-ion reactionswith excitation enegiesin the rangee 4A - 7TA MeV,
have a ratherconstantemperaturearoundT 4 MeV. The nuclearsystens resulting
from more symnetric colliding nuclei with excitation enepgies € 9A MeV, have a
highertemperaturel 6 MeV. The correlationof the obtainedtemperaturesvith the
excitation enegiesattainedin eachreactionyields, hence,caloric curves” which arein
agreementvith the (slightly increasing)‘plateau’-like behaiour obsered by the AL-
ADIN collaboratiorandinterpretedasa signalof the nucleariquid-gas phaseransiton,
althoudn at variancewith their resultsour temperaturas “measured’for systemswhich
musthave approximatvely the saturatiordensityof nucleammatter

The existenceof a thermalbremsstrahlungomponentvith the obsered character
isticsrepresents model-irdependentestof the attainmenbf thermodynancal equilib-
rium in semi-centrabndcentralnucleus-nucleusollisions at intermediateoombarding-
enegies,at leastfor reactionswith heavy tarmgets. The hot quasitaget systens formedat
theendof thedynamicalstage with temperaturesf the orderof 4 MeV, seemto survive
at leastup to times(t 150 fm/c) for which a second ash of proton-neutrorbrems-
strahlungcollisions cantake placeduring the recompressiomf the hot residue. Since
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nucleon-nucleomremsstahlungemisson only takes placewith sizeablecross-sections
aroundor above thesaturatiordensity thisresultis anindication thattheexcitedhotrem-
nantformedafterthe rst compressin-expansionstagedoesnot multifragmentrapidly
dueto its passagéhroughalow-densty regionof thephasediagram.Sincemultifragment
eventshave beenindeedobsenedin coincidencewith thermalbremsstrahlng emisson,
we predictthereforebreak-uptime-scalesabove 150 fm/c for suchsystem. This canbe
eitherdueto the factthatthe consideredrojectile-taget combinationdoesnot produce
veryhighly excitedsystens (€., 5.0AMeV in 36Ar+197Au at60A MeV) or becausen
generalsuchaspinodabreakupmechanismis notattheorigin of nucleamultifragmen-
tation(ourthermalhard-photorsourceseemmoreto besittingin aliquid-gascoexistence
phasearoundthe saturationdensityin a “evaporaton-like” scenariothanundegoinga
simutaneoudreakupin amoredilute state).

To de nitely con rm this conclusiononeneedstherefore to performthe sametype
of analysisof the thermalbremsstrahlungphotonsproducedin very-heay symmetric
colliding ions at bombardingenegies of the sameorder (i.e. around60A MeV). Such
entrance-channebmbinaton leadsto excitation enegiesin centralcollisionslargerthan
the total binding enegy of the system and one may expectto reachclearly the condi-
tionsexpectedor a possibé entrancento thelow-densiy unstablespinodalregion of the
phasediagramof nuclearmatter Suchan experiment(12°Xe+12Sn at 50A MeV) was
performedduringthelastTAPS campaigrat GANIL in 1998andis underanalysisn the
presentmoment.

The useof thermalhardphotonsasa novel powerful probeof the thermodymamical
propertiesof hot nuclearmatter allowing for the determinatiorof the temperaturegen-
sity andtime-scaleof nuclearfragmentationhasbeendemonstratetheyond doubt. This
new obsenableprovide, thus,signi cant constraintdor the differentmultifragmentation
modelsandvaluableinsight into the nucleariquid-gasphaseransition.
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Aquestatesireportal'estudi de les propietatdermodiramiquesde la matrianuclear
a temperatures densitatsmoderadesproduda en col lisions nucli-nucli a enegiesin-
cidentsintermedies. Hem invedigat I'evolucio dinamica de diferentsreaccionsd'ions
pesants I'estattermodiramic delssistemesiucleargroduts enla proximitat dela tran-
sicio de fasel’quid-gasde la materia nucleary utilitzant els “fotons durs”(Ey; 30 MeV)
com a sondaexperimental Aquestsfotonsdurs sbn emesosen col lisionsincoherents
de bremsstahlung (radiacb defrenada)protdo-neutd, pn  png, dinsla zonade nucle-
onsparticipants Perprimeravegadas'’hadutatermeun estudid'aquestesaracteistiques
d'unamanerasistenaticaenun mateixexperimentconsiderantjuatrereacciongliferents
(36Ar+197Au, 107Ag, 58Ni, 12C a60A MeV) i analitzantantelsmodesdeproducco inclu-
siuscomels exclusus. Aixo ha estatexperimentalrent possibé graciesa I'acoblament
singulr d'un potentespectometrede fotons, TAPS,ambun multidetectorde partcules
carrggaded defragmentsde massantermediacobrintel 80%de4p, la Dwarf-Ball, i un
multidetectorde parfculescarregaded defragmentsjuasiprojects, el Forward Wall.

Hemcon rmat quel'emissio principaldefotonsdurstélloc enlesprimerescol lisions
proto-neutd (fora de I'equilibri) de bremsstahlung, tal com s'havia obsenat en anteri-
orsexperiments.En segonlloc, i d'acordambresultatgrevis dela col laboraco TAPS,
hemestablerde manerdermal’existenciad'unaemisso deradiacb termicaensegones
col lisionsprotb-neutb enreacéonssemicentral$ centralsamb tons pesantsHem ex-
plotat,aleshoresaquestesultatperi) demostraquel'equilibri termics'assoleixal llarg
delareacco nuclearii) establirun noutermonetredela matrianuclearbasatnelsfo-
tonsdebremsstahlung iii) derivarlespropietatsermodnamiquesielssistemesuclears
calentd, enconcretobteniruna“corbacalorica”’(temperaturanfuncio del'energiad'ex-
citaci0), i iv) avaluarlesescalesemporalglel procesdefragmentad nuclear

L'existencia d'un componentermic enla partde baixaenegia delsespectresle fo-
tonsdebremsstahlungesbasaendiversesvidenciesexperimentas concloents:

Els espectresnclusiusde fotons dursresultende la sumade duesdistribucions
exponencialambpendentgliferents. Aquestresultatesdesviadel comportament
previst perala produccod defotonsdursen primerescol lisions nucled-nucle. El
componenmésdur (“directe”), amb pendemEg| 20 MeV, i el componenimés
tou (“termic”), ambE] 6 - 9 MeV, tenenunaintensiatrelativa5:1.

El pendentdirecte Eg €S proporcionala I'energia per nucled del projectil en el
sistemdaboratori. Aquestresultatsitual'origen delsfotonsdurs“directes’enl'e-
missb preequilibride primerescol lisions nucled-nucle. L'elevat valor del pen-
dentre ecteix I'acoblamententrel'energia incidentper nucled i el moment mitja
intr'nsecde Fermidelsnucleonsol lisionants.

El pendenttermic E, mostraunadepenéncialineal ambl'energia disponilie al
centredemassesiucli-nucli. Aquestaobsenacio constitueixunaprovaqueaquests
fotonss'originenenprocessoguetenenlloc durantestadigosteriorgdela reacco
despésdela dissipacd de l'enemgia cineticainicial entreels grausde llibertat in-
ternsdel sistemaotal. El valorentreduesi tresvegadesnferior del pendentermic
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respectadel pendentdirecteésdegut a la menorenegia disponble en col lisions
NNg secundriesnucled-nucle.

Els fotonstermicsson emesossotropicamentdesd'unafont queesmouala veloc-
itat del centrede massesucli-nucli, tal comesdedueixdel'analisi de lesdistribu-
cionsangularsenel laboratori. Els fotonsdirectes al contrari,son emesosiesdel
centrede massesiucled-nucle.

L'absenciad'un componentermic de fotonsdursen el sistema®Ar+12C s'inter-
pretacomadegudaal fet queenaquessistemdleugernohi haproumatrianuclear
comperqte elsnucleongateixinmésd'unacol lisid. Atesquela zonaparticipant
resultantno té el volum necessamper arribara frenarels nucleonsncidents,no hi
hatermalitzacd i, pertant,el bremsstahlungdeguta col lisionsprimariesdomina
total'emissio defotonsdurs.

L'analisi exclusiva de les dadesexperimentalgortatamke a un interessantesultat:
elsespectresxclususdelsfotonsdursmesurat&nlescol lisionscentralsi demultifrag-
mentach dela reaced 36Ar+19/Au mostentambe un componentermicambla mateixa
intenstati pendentjueelsespectreinclusius.Esadir, adhudesreaccionsnésviolentes
mostenun comportamentermic.

Hem analitzatcr'ticamenttots els possilbes mecanismesalternatiusal maige del'e-
misso de bremsstahung termic, capaos evenualmentde produir fotons amb ener
gies per sobredels 30 MeV: fotons estadstics del decdment de RessoanciesDipo-
lars Gegans (GDR), bremsstahlung coherentpremsstahlung d'amas,i bremsstahlung
proto-prob. Capd'aquestesnterpretacionglternatvesno pot explicar de maneracom-
pletai consistenel conjuntd'obsenacionsexperimentals En concret,el fet quela pro-
duccb de fotons durs termicsi directesmosti una depenénciamolt similar amb el
parametredimpacte,augmentantin factor 10 entreles col lisions periferiquesi les
col lisionssemicentralsi quela producco de fotonsenla regié dela GDR disminueix
ambel parametred'impacte,invalida I'atribucio de I'excésde fotonsdursenla regio Eg
=30- 60 MeV alsfotonsprovinentsdela GDR.

A nivell teoric, hemutilitzatdosmodelsde transportdiferentsbasatenl'equaci6 de
Boltzmann(BUU) i enunaaproximacd de dinamicamolecular(QMD) perrealitzarde-
talladessimulaciss microsopiguesdelesquatrereaccionesmentadegerapammetres
d'impacteon la producco de bremsstahlung ésmaxima.L'objectiu d'aquestsalculsés
identi car enl'espai-tempdes possibledonts de fotonsde bremsstahlungi determinar
el seugraude termalitzacd en el momentd'emissb. Aquestessimulacionsdibuixenel
seguentescenari:

Els mecanismedereaccd delesduesreaccionsnéspesade$®Ar+197Au, 107Ag)
condueiena la formacb enl'estat nal d'un residucalentde tipus quasi to que
reculalentamenten el sisemalaboratori. (Aquestresultatest d'acord ambre-
centsobsenacionsexperimenals obtingudesamb completsmultidetectors4p de
parfcules.)
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L'evolucié temporaldel nombrede col lisionsde bremsstahlung calculadaamb
BUU indicaquel'emissio defotonsdursté lloc endos aixos ambmaxims a t
30fm/ciat 130fm/c. El primer aix ésmésintensi té lloc quanel sistemaes
foradel'equilibri (encaraqueun componenmenortamke apareixdurantla fasede
termalitzacd entret 30 fm/ci 70 fm/c). El segon aix represental voltantdel
20%dela producco total de fotonsdursi té lloc enunasituacd d'equilibri termic
(degudaala “dissipacio a 2-cossos”ertol lisionsnucled-nucle) tal comindiquen
les distribucionsisotropiquesdelsmomens delsnucleons. Aquestsegon aix és
identi cat comla font delsfotonsdurstermics.

La taxaenfuncio deltempsdelnombredecol lisionsprotb-neutd (ambenegiesal
CM persobredels30MeV) calculadeambQMD mostraperalsprimers100fm/c,
unatendenciasimilar a la trobadaamb BUU. Tot i quel'entorn nuclearno est
completamenequilibrat comen el casde BUU i queel graude transpagenciaés
superiorat 200fm/c el nombrede col lisionsaugmentdleugeramenenelssis-
temeaméspesant§!®’Au, 197Ag). La majoriad'aquestesol lisionspnsecundaries
tenenlloc dinsdel residuquasi té.

Els dos modelsde transportprediuenun componentde bremsstahlung degut a
col lisions secundries protb-neutb molt petita (o inexisten) per al sistemamés
lleuger(3®Ar+12C) tamte d'acordambles dadesexperimentals.

La formacb al nal de l'estadi puramentdinamic de la reacco d'un residunuclear
pesant calenti queradiafotonsde bremsstahlung en equilibri termic, justi ca I'apli-
cacb d'un modelde bremsstahlungtermic per extreureles propietatsermodiramiques
del sistema.Aquestmodelprediuespectregamma basicamenexponencias enla regid
Eg=30- 80MeV d'acordamblesnostresbseraciors. Els pendentsi'aquestespectres
estanlinealmentcorrelacionateambla temperaturdocal del sistemaemisso. Aquestre-
sultatpermetdeterminaide maneradirectala temperaturaelssisemesnuclearsa partir
dels pendentgde bremsstahlung termic. Aquestnou termometre®“fotonic’presentali-
versosavantatgesespectalelsmetodesusualsbasatsen parfculesutilitzats ns araper
mesuralestemperaturegauclearsifacil identi cacio del componentermic(i.e., minim-
itzacid delscomponert cineticsde no-equilibr), mesurade la temperaturanaxima del
sistena justdespesdel'assolimentdel'equili bri termic, seleccd intr'ngca dereaccions
semicentrals centrals,i ab®nciade distasionsdegudesa interaccionsen l'estat nal
(sidefeeding redifusib, campcoulombai/o expansod col lectiva).

D'acord ambel “termometrefotd”, elsresiduscalentsproduts endiferentsreaccions
d'ions pesant@ambenepiesd'excitaci6 del'ordre dee  4.0A - 7.0A MeV tenenuna
temperaturaelatvamentconstantal voltantde T 4 MeV. Els sistemesuclearsre-
sultans de les col lisions de nuclis més simetricsi, pertant,ambenegies d'excitacid
superiord€  9A MeV) mostrenunatemperaturanéselevada(T 6 MeV). Correla-
cionantles temperaturesbtingudesamb el nostremetodeamb les enegies d'excitacid
assoliets en cadareaccod, s'obtenen“corbes caloriques’queestanglobalmentd‘acord
ambel plateau(lleugeramentreixent) obsenat perla col laboraco ALADIN i interpre-
tatcomunaevidenciadela transicb defasel"quid-ga nuclear encarague,contrariament
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a aquestgesultatsja nostratemperatur@smesuradan sistemesjue estrobenaproxi-
madamené la densitatde saturadd dela matkrianuclear

L'existenciad'un componente bremsstahlung termic amb les caracteistiqueses-
mentadesconstituex una prova independentle modelsde l'assolimentde I'equilibri
termodiramic en col lisions nucli-nucli semicentrals centralsa enegiesincidentsin-
termedies(almerys enel casde tons pesants) Els sistemegalentspresentsal nal de
la fasedinamica,ambtemperatureal voltantde 4 MeV, hande sobreiurealmerys ns a
tempsdel'ordre det  150fm/c peralsqualspottenirlloc un segon aix decol lisions
de bremsstahlung protd-neutd durantla recompressi del sistema.Atesquel'emissio
de bremsstahlung nucled-nuclé nomésté lloc ambseccionse cacessigni catives, al
voltanto per sobrede la densitatde saturadd, aquestesultatesunaindicacb claraque
els residuscalentsformatsdespésde la primerafasede compressi-expansd no mul-
tifragmentena causadel seupasper unaregio de baixadensitatdel diagramade fases.
Prediem,doncs,per a aquestssistenes tempsde trencameniper sobredels 150 fm/c.
Aix o potserbé perqte la combinacd de projectili t 6 consideradao produeixsistemes
molt excitats (€,  5.0A MeV per36Ar+197Au a 60A MeV) o bé perqie, engeneral,
el mecanismeletrencamenespinodaho ésresponsabléela multifragmentad nuclear
(els nostressistemesemblertrobarse mésen un escenarde tipus “evaporacd’en una
fasede coexistencial quid-gasal voltantde la densitaide saturacb).

Percon rmar de nitivamentaquestdarrerextrem cal, doncs,dur a termeel mateix
tipus d'analisi exclusiva realitzadaen aquesttreball per als fotons termics de brems-
strahlung prodtits en col lisions d'ions molt simetricsi pesantsa enegiesincidentsde
I'ordre de 60A MeV. Aquestacombinacd enel canald'entradade la reaccod pot produir
enegiesd'excitacid en col lisions centralsque sbn superiorsa l'energia total de lligam
delsnuclis atomics. En aquestesircumsancieshom esperagpoderarribar claramenta
les condicionsproximesa un possilbe ac@s del sistena a la regid inestableespinodal
del diagramade fasesde la matrianuclear Un experimentd'aquestesaracteistiques
(129X e+12Sna 50A MeV) esvarealitzardurantla passadaampawa dela col laborac
TAPSallaboratoriGANIL el 1998,i lesdadegecollidesestarsentanalitzadegnaquests
momens.

L' Usdelsfotonsdurstermicscomunanovai potentsondaexperimentalde les propi-
etatstermodiramiquesde la matkerianuclear fet que permetla determinad de la tem-
peraturala densitati I'escalatemporalde la fragmentad nuclear ha quedatdemostrat
més enlla de qualse&ol dubte. Aquestnou obsenable permetestablirimportantscon-
striccionsals diferentsmodelsteorics de multifragmentaco existens, i aportaprecioses
informacionssobrela transicd |I'quid-gasnuclear
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Cettetheseabordel' etudede la matierenuckairea destemperatureset desdensiés
moderées,telle qu'elle estproduitedansdescollisions noyau-ng/au a desénepgies de
bombardementoisinesdel’ €negie de Fermi. Nousavonsétudg la dynamiquedescolli-
sionsd'ions lourds,etI' étatthermodynangue dessysemesnuckaireschauféset com-
primésadesvaleursvoisinesdecellesou I'on s'attendaobsenerla transition dela phase
liguide dela matierenuclkeaireversunephasegazeusegnutilisantlesphotonsiurs(Eg
30 MeV) commesondeexpérimentale. Cesphotonsdurs sontproduitspar sommatbn
incohérentedu rayonnementle freinageémislors descollisionséleméntairesentrepro-
tonset neutronspn png, présentdansla zonede recouvrementlesnoyauxcible et
projectile. Pourla premerefois, unetelle étudea été réaliede fagon sysématiqielors
d'unemémemesureenconsicerantquatresysemedifferentg3°Ar+197Au, 107Ag, 58N,
12C a 60A MeV), et en analysantdesmodesde productioninclusifs et exclusifs. Cette
approchea éte renduepossibleenexploitantla combinaisoruniqued'un spectronetrede
photors, TAPS, et deux multidétecteursie particuleschagées(Dwarf-Ball et Forward-
Wall) offrantunecouwerturedel'angle solide voisine de 4p.

Les résultatsobtenuspermettentdle con rmer l'origine dominantedesphotonsdurs
commeétantle rayonnementle freinageémisdansles collisions pn de premerechance
(horséquilibre). De plus, I'existenced'une émissionthermiqle de photonsest établie
de fagon dé niti ve et nousattribuonssonorigine au rayonnementle freinageémisdans
les collisions pn de deuxiemechance uniquenent présentde fagon mesurabledansdes
réactionsnoyau-ng/au semi-centralegt centralesmpliquantdescibleslourdes. Nous
avons pu exploiter cetteobsenationi) pourdémontrerquel’ équilibrethermiqie estat-
teintlorsdelaréaction,i) pourvaliderun nouveauthermonetrebas surdesphotonsdu
rayonnemendefreinageii) pourdéduirelespropriétesthermodynamigesdela matiere
nucléairechaudgenparticulier pourétablirla “courbecalorique”)etiv) pourévaluerles
échelledetempsdu processusle fragmentation.

La demonstratiorde I'e xistenced'une composantéhermiquedansla partiede basse
énegie des spectresdes photonsde bremsstrahlungest fondée sur plusieurspreuwes
expérimenalesconcluantes:

Lesspectregllobauxdesphotmsdurss'averentétrela combinaisorde deuxdistri-
butionsexponeniellesavecdesparanetresdepentedifferents.Cerésultatcontraste
avec le comportemenprévu pour la productionde photors durslors de collisions
nucleon-nuckon de premiere chance. La composantalure (“directe”) avec une
penteEgI 20 MeV, etla composare molle (“thermique”),avecE  6- 9 MeV,
présententlesintenstésrelatves5:1.

La pentedirecteEgI estproportionellea I' énegie incidentepar nuclkeondansle
repere du laboratoire. Ce résultatsitue l'origine desphotonsdurs “directs”dans
I' @missionde pré-equilibrelors de collisions nucleon-nuckonde premierechance.
Lesvaleurstlevéesdespentese etentle couplagealel’ énegieincidenteparnuckeon
aumomentmoyenintrinsequede Fermidesnucleonsinteragissants.

Lespenteghermiques) suvent unedépendancénéaireavecl' énegie disporible
dansle centrede massenoyau-ng/au. Ceciconstitueune preue quecesphotons
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proviennende processughermiquegui ontlieu plustardivementdansla réaction,
apresla disspationdel' énegie incidenteinitiale danstouslesdegrésdeliberté du
syseme total. Le fait quecespentessoientapproximatvemententredeuxet trois
fois plusfaiblesquelespentedirectesestdll aumanqued' énepie dispaible dans
lescollisions NNg secondaires.

Lesphotonsdursthermiquesontémisisotropguemenipar unesourceen mouwe-
mentavec la vitessedu centrede massenoyau-ng/au, commele demontrel'anal-
ysedesdistributions angulairesdansle sysemedu laboratoire. Les photonsdurs
directs,aucontraire sontémisa partir du centrede massenucleon-nuckon.

L'absenced'une composarg thermique de photonsdursdansle syseme36Ar+12C
estexpliqguéeparle faitqu'il n'y apas,dansunsysemeaussiéger asseziematiere
surle chemind'un nucleonpourgu'il subise plusd'une collision. Commela zone
participanin'a pasle volumenécessair@ourarrétersuf sammentdesnucleonsin-
cidentset conduirea unethermalisatbn du sysene, le bremsstrahingde premere
chancedomineclairement’ @missiondesphotonsdurs.

L'analyseexclusive desdonréesexpérimentalemameneaussia un résultatintéressant:
les spectresxclusifs desphotas dursmesuésdansles collisions centaleset de multi-
fragmentatiordela réaction®®Ar+197/Au, montrentaussiunecomposant¢hermiqueavec
la mémeintensit et pentequeles spectresnclusifs. C'est-a-dire,mémelesréactiondes
plusviolentesmontrentun comporterentthermique.

En outre,nousavonsanaly® de fagon critique tousles mécanismeslternatifspossi-
bles,enplusdel' émissiordebremsstrahlunthermiquecapablesieproduireéventuelnent
desphotondd'énegie sugerieura30MeV: photmsstatistquesrésultantdela decroissance
deRésonanceBipolairesGéantegGDR), photonsderayonnemendlefreinagecohérent,
de bremsstrahlng d'amas,ou de bremsstrahlungroton-probn. Aucunede cesinter-
pretationsalternatves ne peutrendrecompted'une fagon cokérentede I'ensembledes
obsenationsexpérimenales. En particulier le fait quela productionde photors dursdi-
rectsetthermiquesdépendsimilairementdu paranetred'impact,augmentand'un facteur

10 enallantdesréactionspériphériquesaux réactionssemi-centraleset du fait quela
productiondesphotonsdansla régionde la GDR diminue avec le paranetre d'impact,
invalide l'attribution de'e xcesde photonsdursdansla réegionEg = 30 - 60 MeV comme
db auxphotonsstatistiqiesprovenantdela GDR.

Des simulatons déetailleesa I'aide de modelesmicroscopguesdesquatreréactions
consicerées pourdesparanetresd'impactsemi-centrauou la production de photonsde
bremsstrahlng estmaximeale,ontété effectiéesavecdeuxmodelesdetranspordifféerents,
l'un ba< surl' équationde transportde Boltzmann(BUU) et 'autre sur la dynamique
moléculaire(QMD), a n d'identi er dansl'espaceetle tempslessourcesiesphotonsde
bremsstrahlng et determinereur degré de thermalizatiorau monmentde ' @missiom des
photors. Cescalculscon rment que:

Les mécanismesle réactionpour les deuxsysemesles plus lourds (36Ar+197Au,
107Ag), menenta la formationd'un résidulourd et chaudde quasi-ciblereculant
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lentementande reperedulaboratoirgetceenaccordaveclesrésultatexpérimentaux
récentobtenugpourlesmémessysemesavecdesmultidétecteursompletsdepar
ticules4p).

D'apresBUU, I' émisson desphotonsdebremsstrahlungeproduitendeux ashes,
at 30fm/cetat 130fm/c. Le premier ash estplusintenseetalieu quandle
sysemeestdansunephasealepré-equilibre.Le deuxeme ash, repiesentanioins
de20%dutauxtotaldephotongdurs,seproduitquand’ équilibrethermique,diala
dissipatim a deux-corpgnucléon-nucéon),estatteint. La forme desdistributions

localesa peupresisotropesdesimpulsonsdesnucléonsl'indique clairement.

Lestaux de collision proton-neutroavec desénegies, dansle centrede masse,
superieuresa 30 MeV) calcuesavec QMD montrent,pourles 100 premiersfm/c,
unetendanceaimilaireacelletrouveeparBUU. Bienquel'environnemenhucléaire
ne soit pasaussientieremengquilibré quedansle casde BUU et quele degréede
transparenceoitsugerieur at  200fm/c, lestauxde collision dansles sysemes
lespluslourds(*®’Au, 197Ag) présententussiunepetiteaugmentatin. La plupart
decescollisions pngsecondairesntlieu dansle residuquasi-cible.

Il s'averequecesmocklesdetransporine préwientqu'unecomposantéresfaible
(ou inexistante) de bremsstrahlungle deuxieme chancepour le sysemele plus
leger(®°Ar+12C) commeobsene expérimentalement

La formationa la n dela phasepurementdynamiqie de la réaction,d'un résidu
nucléaire lourd et chaudet qui rayonnephotonsde bremsstrahlungn equilibre ther
mique, justi e le recoursaun mocelede bremsstrahlugthermiquepourextraire lespro-
prietesthermodynantjuesdu syseme.Cemocele préwit desspectregxponentieldans
la régionEg = 30 - 80 MeV, en accordavec nosdonrees. Les inversesdesparanetres
de pentedetelsspectresontdirectementorréelesavecla temgeraturelocaledu syseme
aumomentde I' émission.Un tel résultatpermetde déduiredirectementa temgerature
dessysemesrayonnantsa partir despenteshermiques.Ce nouweauthermonetre pho-
ton présenteplusieursavantagevis-a-vis desméthodesabituellegbagesen particules
chagées)utiliseesjusqu'a présentpour mesureles temgeraturequcléaires:identi ca-
tion facile de la composantehermigue (i.e. minimisationdescomposantesinétiques
horsequilibre), mesurede la temperaturemaximale du sysemejusteapreséequilibraton,
sélectionintrinsequedesréactionssemi-centralegt centraleset absenceale distorsios
dangdl' état nal (“side feeding”,rediffussian, champCoulombienet/ouexpansioncollec-
tive).

D'apres le résultatdes mesuresobtenuesavec le thermonetre photon les résidus
chaudsproduitsdansdifferentesréactionsd'ions lourds avec desénepgies d'excitation
danslintervallee  4.0A - 7.0A MeV, ontunetemgeratureconstantede T 4 MeV.
Les sysemesnucleairesproduitsdansles collisionsplus symétriqueset, donc,avec des
énegiesd'excitatione  9A MeV pos®dentunetemperatureplusélevée, T 6 MeV.
Lestemperature®tlesénegiesd'excitation obtenuesontcorrélees suvantdes‘courbes
calorigues”quisontglobalementen accordavec le “plateau”(legerementcroissant)ob-
sené parla collaborationALADIN, sonexistenceétantinterpreé commeuneévidence
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dela transiton liquide-gaznuckaire.ll fautpourtantbienpréciserquenotretemgerature
est“mesugee’dangdessysemesqui ont a peupresla densié de saturatiorde la matiere
nuckaire.

L'existenced'unecomposantéhermigue debremsstahlungpos€dantiescaracéristiques
obseneegepiesentaintestindépendantiumocdeledela formationdesysemesuckaires
equiliorésayantunetemperaturede I'ordre de 4 MeV dansdescollisions noyau-ngau
semi-centralestcentralesvecdescibleslourdesauxénegiesintermédiaires Lessysenes
chauddorméspendanta réactionsemblensurvivre aumoinsjusqu'aumoment(t 150
fm/c) ou un deuxeme ash de bremsstahlungproton-neutrorpeutavoir lieu, pendanta
recompressiodu syseme.Puisqud' émissiorde bremsstrahlugnucleon-nucéonalieu
seulemenautour(ou au-dessugjela densié de saturationcerésultatestuneindication
quelesrésiduschauddorméslors dela réactionne (multi)fragmentenpassuiteau pas-
sageparunerégionde bassealensié du diagrammede phase.Nouspréwyonsdoncdes
échelledetempsdefragmentatiorsugerieuresa 150fm/c pouruntel syseme.Cecipeut
étredd aufait quela combinaisa projectile-cibleconsiceréene produitpasde sysemes
tresfortementexcités(€,,,,  5.0A MeV pour36Ar+19/Au a 60A MeV) ou parceque,en
géréral,un mécanismal'instabiité spinodalen'est pasa I'origine dela multfragmenta-
tion nuckeaire.

Pour con rmer dé niti vement cette derniere conclusion,on doit réaliserle méme
type d'analyseexclusive realiedanscetteétudepourles photasthermiquesde brems-
strahlungoroduitsdansdescollisionsd'ions symétriquesetlourdsauxmémesenegiesde
bombardemeri.e. autourde60A MeV). Lorsdecollisionscentralesunetelle combinai-
sondansle canald'entréepeutmenera desénegiesd'excitationsugerieuresa l' énegie
deliaison du noyau atomiqte. On peutainsi esgereratteindreclairementdesconditions
procheglecellesprevuegourl'entréedusysemedanda régioninstablespinodaledu di-
agrammelephasesiela matierenucleaire.Cetteexpériencg*?*Xe+1°Sna50A MeV) a
eteréaliependanta dernerecampagnelela collaborationTAPSaulaboratoireGANIL
en1998etl'analysedesdonréesexpérimentalegstactuellemenencours.

L'utilis ation desphotonsdursthermiqguescommeune sondeexpérimenale nouelle
et performantedesproprieeésthermodynanguesde la matiere nucleaire,en permettant
la détermination de la temperature,de la densié et de I' échelletemporellede la frag-
mentatiom nucleaire,a éte demonté au dela de toute doute. Cettenouwelle obsenable
établiedescontraintesigni cativespourlesdifferentamodelesde multifragmenétion, et
apportedesinformationsprécieusesurla transiton liquide-gaznuclkaire.
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Theexperimentaketupusedin thisthesiscomprisedb40individual detectomodules
groupednto threedifferentmultidetectors TAPS,andDwarf-Bdl andForwardWall, for
photonandchaged-particladetectiorrespectiely. All thesingle modulesof thosedetec-
tion systenswerescintillatordetectoref vedifferenttypes.Two of thescintillatormate-
rials usedwereinorganiccrystals:BaF, andCsl(Tl), andthreeof themPolyvinyltoluene-
based(PVT) organicplastics: NE102A/BC-400,BC-446,and NE115. TAPS modules
aremadeof BaF, crystalsandTAPS chage-particle-etoesconsistof a PVT fastplastic
NE102A.In the caseof the Dwarf-Ball, the E detectorsare CsI(Tl) crystalsandthe DE
detectorsareagaintwo PVT plastics(Bicron BC-400equivalentto NE102A,andBicron
BC-446). Finally, the Forward Wall E-DE phoswichtelescopesremadeof slov NE115
and,again,fastNE102APVT plasticsrespectrely. Eachsinglescintillatar wasreadout
eitherwith anindividual PMT (in the caseof TAPS) or in phoswichmode (for the DB
andFW detectors).

In orderto understandhe performance®f the useddetectorsyve must rst consider
thephyscal mechanisnof light productian by organic/inoganc scintillatorsandof elec-
tromagnett shaver developrrentin large organicscintillatorsarrays.In this appendix||
review theworking principlesandcharacteristicef the scintilation detectorsusedin the
presenexperiment.

.1 Scintillation mechanism

The principlesof scintillation aredescribedn detail e.g. in referencegLe092 Knol89,

Birk64]. The detectionpropertiesof a scintillator rely on the processcommonlycalled
“luminiscence”: a chaged particle (eitherdirectly producedn the nuclearreactionor

an electron-positrorpair of the electromagnetishover createdby an original incident
photor) which traverseghe scintillator leavesbehindit a wake of electron-holepairs(in

inorganc crystals)or excited molecules(in organicplasticg which will releasea small
fractiorf of theincidentionizingenegy in form of opticalphotors usuallyin thevisible or

nearvisible (UV) regions(the so-called‘scintillation light”). Birk'slaw [Birk64] relates
thelight yield DL to theenegy lossDE throughthe semi-empiricakquation:

DE
DL S 1 ks dE dx @)
whereks 001 g/MeV cn? is Birk's scintillaior- andparticle-dependentonstant,
andSthescintilation ef ciency.

Theperformancef ascintillation device is mainly determinedy its light output(i.e.
the integration of equation(1) from the incoming-parttle initial enegy down to zero).
Thislight-outptt is quotedin termsof photoelectronperMeV of enegy depositandde-
scribesthe absorptiorof incidentenegy in the materialandthe consecutie deecitation
via emissionof scintillation radiation.

Thelight intensiy of uorescencehasatemporalbehaiour characteristiof eachscin-
tillation substancevith oneor moreexponental decaysdependingon the lifetime of the

’Onemay further differentiatebetween(fastandtemperatre-indegndett) “ uorescence”and(slower
andtemperatte-de@ndent)'phosphorescere’emissions.
8A maximum of 12%for crystalsand 3% for plastics.
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enepy levelsinvolved®. In the simgest case the intensityof the scintillation light de-
pendsonthenatureandenepy of theparticle(lp) andonthetime durationof the excited
state(t) throughtherelation:

It lpett (2)

Thecommonlyusedscintillationmaterialscanbe groupednto inorgant scintillators
(like Nal(TIl), Bak, CsI(Tl), Csl, PbWO,4, BGO and CeFs) andorganic ones(polymer
plasticscontainingaromaticrings: polystyrene, polyvinyltolueneand naphtalenegrys-
talline subsancessuchasanthracenegr liquidslik e tolueneandxylene). This classi ca-
tion goesin parallelwith two completey differentphysical uorescencemechanismsin
inorganc materialghe procesof uorescencedepend®nenegy statesof theelectronic
bandstructuredeterminedy the lattice of pureor dopedcrystals.In organicmaterials,

uorescencearisesfrom (non-localized)electrontransitionsin the enepgy level structure
of asinglemolecule.

From the viewpoint of experimentalapplicatims in nuclearand high-enegy physcs,

high-enegy phota (or electron)calorimetryis basicallyrestrictedto (large arraysof)

inorganc scintillating crystalgGrat94, whereaorganicmaterialsarefavoredasfastde-
tection(or trigger) devicesfor chagedparticlesin high countingrateernvironments

.2 Crystal scintillators

The luminiscenceprocessof inorganic materialsis a lattice effect intimately connected
with the crystallinenatureof the hostmaterial. An inorganicscintillatorinvolvesa crys-
talline or nearcrystallinehostinsulata which is dopedwith a small concentrationof
impurity atoms known asactivators(e.g. Csl activatedwith Tl). In certaincasegsuchas
BaFR,), theactivator centeramay alsobe causedsimply by latticeimperfectionsn a pure
crystallinematerial. lonizing radiationcauseslectronsin the hostmatrix to be trans-
ferredfrom the valencebandto the conductionbandproducinganelectron-holepair (the
“exciton”) thatrapidly movesthroughthelattice until eitherit is absorbedy anactivator
centerwhich subsequentlgecaysn its characteistic time with theemissiam of aphoton,
or it recombinegwithin 10 nsatameandistanceof 1 um from its origin).

Theidenti cation anddetectiorof high-enegy photasin crystalscintillatordetectors
depend®on the physcal mechanism#volvedin the interactionof theradiationwith the
material. The distinctve enepiesof the photonsproducedn the experimentsubjectof
thisthesis(Eg = 20- 200MeV) arewell aboretheEy 4 MeV enepgy atwhichthee e
pair productionbecomeghe dominantprocessn the interactionphoton-natter andalso
abovethe“critical enegy”’[PDG98],Ec 610 Z 124 =12.7MeV for Bak,, where
thecornversim-producece e will subsequentlgmitbremsstrahlng radiationwhenin-
teractingwith the detectormaterial. The combinatim of thesetwo effectsleadsto the
developmentof an electromagnetishaver inside the BaF, crystalswhena high-enegy
photon(or electron)impingeson oneTAPSmoduk. Thecharacteristicef theseshavers
aredeterminedy two quantitiespnthe onehand,by theradiationlengthparameter:

Xo 7164 A ZZ 1In287 Z gcm 2 (3)

9Scintillationis, thus,easilydistinguishale from Cerenlov emissionwhichtakesplaceinstantaneosly.
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which measureshe distancetraversedby ane after which its enegy is reducedby a
factorl/eby bremsstrahlunty and,onthe other by the Moliereradius:

rm 212 Xo Ec  MeV (4)

which givesa measuref the averagdateralspreadf anelectronwith enepgy E..

Fig. 1 shavsthedevelopnentof a“classical’sheverin the rst few radiationlengths.
The enepgy responsef the detectorsystemis, hence,mainly governedby the detector
geometrywhich determineghe fraction of the electromagnetishaver containedn the
detectovolume'l. For BaR,, Xp = 2.05cmandr y = 3.4cm, sothechoserdimensimsof
the TAPScrystals(25cm  2.95cm) ensureagoodshaower recollectionin thelongitudi-
nal directionanda lateralextenson of the shaver over morethanonemodue asdesired
for goodincidentposition reconstruction.

Figure 1: Radial and longitudinal developmentof a “typical’electromagndic shower From
[Schiog].

As mentionedabore, two inorganicscintillatorshave beenusedin the presenexperi-
ment:

Barium uoride (BaF;): Suchmaterialwas usedas a scintilator for the rst
time in 1971 but the discovery of its fast component,and thus its widespread
use,is from 1983[Lava83]. BaF, hasbeenchosenasthe scintilator materialof
TAPS[Novo9]] becausds excellentpropertiesnvestigatedin variousapplications
[Lava83,Caff86, Maje87, Novo87]: subnanoseconiime resolutioncomparabléo
thatof fastorganicscintillators,enegy resolutionfor lower enegy gammasources
comparabldo Nal(Tl), intrinsic particleidenti cation!? basedbon its two scintilla-
tion componentgthroughthe so-called‘pulse-shapenalysis”),good mechanical
andchemicalstability, highdensityandsuperiothardnesgagainstadiationdamage.

10Themearnfreepathof phdonsis closelyrelatedto theradiationlengththrough!l pair 9 7Xo [Leo®2].

LIA phota-initiatedcascadeeachests maximunm aftertmax  In E Ec 0 5radiationlengtrs befae
decayng exponentiallyupto a95%depthtgse, tmax 008Z 9 6[Xp] [BockS8]. Additiondly, 95%of
theshaweris laterallycontainel in aradis Rgsg, 21 M.

2photors andchaged hadonstraversing BaF, have differentionizationdensitiesandproducedifferent
occipationdensitief electrm-holepairsin the scintillatormaterial.Photors mainly excite the shot-lived
compnen, while thisis supprasedfor pratonsandions.
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Table 1. Physial, chemicd and scirtillation propeties of BaF, and Csl(Tl) inorganic crystals.

Colleced from [Suff88, Bour94 Grat94, PDG98]. [The supeindex? represntsthe %
with respecto Nal(TI) light output efc iencyfor standard PMT, and S referto the fast
andslowscintllation compomntsrespetively]

Bak CsI(TI)
Density(g/cn?) 4.89 4.53
ZIA 0.422 0.416
Radiationlength(cm) 2.06 1.85
Moliereradius(cm) 3.4 3.8
dE dXx min (MeV/cm) 6.6 5.6
Nuclearinteractionlength(cm) 29.9 36.5
Wavelengthof peakemisson (nm)2 2207, 31¢° 565
Decaytimet (ns) 0.71,62C°  420-700,7000 500
Relative light outputL (%) @ 5f 20° 45
PhotongN/MeV) 10* 4 104
Dt DT (ns/ Cat20) - -2
DL/DT (%/ C at20) 0.0f,-1.28 +0.6
Refradive index 1.49, 1.56° 1.80
RadiationdamagehresholdRads) 107 107
Melting point( C) 1280 621
Hygroscopic No Slightly
Solubility (g/100g H,0) 0.12 85
“Hardness”(Mohs) 3 2
Price($/cn?) 2.5 2

Cesiumiodide dopedwith thallium, CsI(Tl): It wasusedasscintillator already
in 1950[Hofs5(q but also“rediscovered’recenthyfGrass8% dueto its well adapted
emisson spectrumto Si-photodio@s. CsI(Tl) hasseveral propertieswhich make

of it a suitableoptionfor particle-detectionn heavy-ion physics(seealsoSection
.4): Goodlight outputcloseto thatof Nal(Tl) anda singlewavelengthcomponent
with two very differenttime constantga slow one,t1 = 0.4- 0.7 ys, which varies
with particletypein decayandalongone,to, 7.0y, whichis independentf the

natureof theincidentpatrticle).

Table1l sumnarizesthe scintillation, physical andchemicalpropertiesof the two in-
organiccrystalscintilators,BaF, andCslI(Tl), usedin our experimentaketup.

3

Plastic scintillators

Light emissionin organic materialsis an inherentmolecularproperty The vibrational
levels (p electrons)f the materialscanbereadily excitedinto a high vibratioral stateby
photors or ionizing particlesandthenprompty (few ns) de-excite with the emissionof
radiation. In orderto allow light to be transmited throughappreciablalistancesnside
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the material,a further uorescentcomponenis addedwhich preferentiallyabsorbshe
scintillation light andre-emitsit atlongerwavelengths Plasticscintillatorsconsist thus,
usuallyin a solid solutian of two luminophors(luminiscentadditves)in a transparent
polymer suchaspolyvinyltoluené? (PVT) or polystyreng(PST).The rst soluteactsas
a“primary actvar’andthe seconccomponenttypically presentn smallconcentrations
(0.01%- 1% by weight),as"“wavelengthshifter’or “WLS"(i.e. it changeshewavelength
of the scintillation light of the primary compositeto highervaluesminimizing the self-
absorptiom andmatchingthe emittedlight wavelengthto thetransparengcwindow of the
PMT photocatode).

The characteristic®f plastic scintillation materials(light output,transparengto its
own emisson, decaytime(s), radiationresistancelan be, thus, selectedby changing
the composdiion of the solutesandthe polymer base.In our casefor example,NE102A
(equivaentto BC-400)consiss in a polyvinyltoluene(PVT) basewith 2% p-therphepl
as“primary activator”, and0.1%p-bis[2-(5-phegloxazolyl)]benzen¢POPOR as“w ave-
lengthshifter”.

The generabpropertief the Polyvinyltoluene-baseglasticscintillators!* areshavn
in table2, whereagheindividual characteristicef NE102A(BC-400) NE115,andBC-
446aresumnarizedin table3.

4 Charged-paticle detection with 4p arraysin nuclear
physics

Thereareseveralmethodsemplo/edin particlephysicsfor the detectionof chagedpar
ticles, mostof themusually combinecentraldetectorghadroniccalorimetey Cerenlov
counters..) with a powerful magnetproviding anappropriatenagneticeld for particle
monentameasurementin nuclearphysics,in the absencef magneticelds, two types
of (closely-relatedalternatve methodsareemployedin 4p hadroniccalorimeterdor the
detectionof chaged-particles:

two-componeninorganicscintillators,

phoswites

Both methodshave beenusedconcurrentlyin theexperimentaketupemployedin this
thesis.

4.1 Two-componentinorganic scintillators

We have mentiored previously thatthe pulseshapeof scintillation light for Csl(Tl) and
BaF, depend®nthetypeof particletraversingthe materialallowing thusfor its identi -
cation'®. In thecaseof Csl(Tl), thelight intensiy hastheform:

| ettt p,ell (5)

13pVT is apolyme plasticmadeof 2-CH3CgH4CH=CH, monaners.

14Theplasticscintillatorsusedin this experimenthave commecial namesNE-XXX andBC-YYY.

15we will not considerherethe useof BaF, aschaged-paticle (or neutron detecto sincewe did not
usethis capaliity in our setup however, this optionhasbeenstudiedin [Novo91].
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Table 2. Generl propeties of Polyvinyltoluene(PVT)scintllators (the secom andthird columns
correspoml to the comporentsof NE102Aplagtic). From[Suff88, Bicr99].

Material Polyvinyltoluene(PVT) P-Therphewl Popop

Use Polymer Primary “WLS”
base actvata

| of peakemisson (nm) 312 340 410
DecayTimet (ns) 14 0.95 14
Quantumef ciency 7% 93% 93%
Density(g/cn?) 1.032
ZIA 0.541

Radiationlength(cm) 42.5

Nuclearint. length(cm) 79.0

dE dX min (MeV/cm) 2.02

Refrective Index 1.58

95%of thatat +20 C;
DL/DT (%/ C at60 ) (indepencentof T from
-60 Cto +20 C)

Atomic Ratio,H:C 11

Coef. linearexpansion 7.810 ° (below65 C)

In aromaic solvents
chlorine, aceone,etc.
Solubility Insolublein water dilute
acids, lower alcotols
silicone uid, grease
andalkalis.

Table 3: Propetties of the PVT-basedscirtillat ors usedin this expaiment. From[Suff88, Kirk88,

Bour%4, Bicr99]. * BC-408is thecurrent commecial 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. Emisson (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 25 171.9
Light attenuatiorLength(cm) 160 210

# of H Atomspercm? ( 1079 5.23 5.23 5.25
# of C Atomspercm?® ( 10?9 4.74 4.74 4.73
Atomic RatioH:C 1.103 1.104 1.109
#ofe percm®( 10%) 3.37 3.37 3.37
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witht1 =0.4-0.7psandt, =7.0 0.5ps. Thevalueoft; dependonthespecic
ionization of the chaged particle (e.g. t1 = 0.4 usfor 4.8 MeV a particles,andt =
0.7 usfor electrons) the valueof t, is independentandtheratio 11 |> dependson the
type of particle(e.g. I1 1, 1 for electronsandl, I, 3 for a's). The adwvantageof
two-compmentinorganic scintillators with respectto the phoswichdetectorgseenext
Section)is thatthe rangeof enepgiesof applicationis very large sincethey constitue a
homogneougietector

The usualmethodof identi cation consistthusin plotting thevaluel 1, integratede.g.
within 0.3to 0.8 s, asa function of I, (integratedin a chage integrator e.g. within the
intenval 1.6 ps to 2.6 ps). Fig. 5.9 of Section5.5.1,shavs sucha plot for the isotopic
identi cation of H andHe in the Dwarf-Ball moduks.

4.2 Phoswiches

The name“phoswich”, standingfor “phospha sandwich”,appearsn 1952 [Wilk52] to

referto anassociatiorof two scintillators1 and2 with differentconstantimesbut readout
by thesamephotonultiplier (being,thus,necessaryhatscintilator 2 betransparento the

scintillation light of 1). In thelast 10 years,the designandconstructiorof 4p detectors
for chaged particlesproducedin high multiplicity heavy-ion reactionsat intermediate-
enegies hasboostedthe useof large arraysof suchphoswichdetectordSuff88]. By

measuringintegrating)the intensty of thelight outputwithin two appropriatelychosen
time intervals onecandeterminethe enegiesdepositedn the two scintillators. Fig. 2

shawvs aview of thetwo componerg of atypical pulse.Thethin “fast’componenfl-mm

thick NE102A scintillator) emitsalmostall its light within the interval [t0,t1]( 95 ns),

whereaghe large “slow’component(5-cm thick NE115 scintilator) needsthe interval

[t0,t2]( 300ns)to emit mostof its light. Usually, the rst detectoris thin enoughto

allow (mostof) the incidentparticlespunchthrough(actingasa “DE detector”). The

secondscintillator, gluedto the backsideof the rst one,measuresherestof theenegy

E= Etot DE.

Figure 2: Schemadic view of the fast (dashedline) and slow (dotted line) pulsesof a phoswvich
detector. Thedrawnline is the sumof the two signals. Theduration of the two integra-
tion (“short’an d “long”) gates andthesignal over threstold timeare indicated From
[Wiss9r].
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In generalthe DE-E telescopddenti cation techniqueexploits the differentenegy
deposit(dependingon the particle's natureand enegy) of anincident particle whenit
traverseshe two differentmaterialsof the combinedmodule. This is quantitatvely ex-
pressedy the Bethe-Blochformulawhich canbe approximatedy:

dE dx a Z?A Eq (6)

Hence,measuringhe enegy DE deposied by a particleinside a rst detectoy thin
enoughnotto stopthe particle,andthe remainingenepy E left in the subsequendetec-
tor, we arecapableof knowing theinitial enegy of theparticle(Eit DE + E) and,thus,
determinethe product(Z2A). Indeed,the differentparticlespopulatedifferentlinesin
bidimensionaDE-E plots(“ DE-E arrays”)accordingto their own Z2 A, allowing to deter
minethevalueof this product.If theresolution of thedetectolis goodenoughto separate
adjacentines,onecanmeasurehe chage andmassof the particle. Severaltypesof DE-
E arraysfor the Dwarf-Ball andForward Wall detectordhave beenshovn in gures 5.11
and5.13respectiely.

277



Appendix1: Scintillatas 278

278



279 Appendix2: NuclearBremsstrahlung

Appendix 2: Nuclear Bremsstrahlung

279



Appendix2: NuclearBremsstrahlung 280

Bremsstrahlungfrom the classicalpoint of view, is the electromagnetigadiation
emitted whenerer a chage is acceleratear decelerated.Sincenuclei containprotons,
photonemisson dueto bremsstrahlungiayin principleoccurin ary nuclearreaction.In
amoregeneralway, nucleon-nucleomremsstrahlungNN  NNg, is the lowestenegy
elasticprocesdy which a photm is producedn the scatteringof two deceleratedpre-
scattering)or accelerate@post-scatteringhucleonsundegoingthe stronginteractiort®.

The rst photonemissionattributed to nucleon-nucleorbremsstrahlng processes,
pp ppgandpn png wasobseredin p d reactionsn the 60's [Gott65 Warn65,
Koeh61, althoughhigh-enegy (Eg 30 MeV) photonproductionin proton-nucleusol-
lisionshadbeenalreadyreportedsomevhat earlier[Wils52, Cohe63 Edgi6q. Sincethe
bremsstrahing processs sensitve to mesonexchangecurrentsas well asto off-shell
effectsin the nucleon-nucleornnteraction,the motivation for suchexperimentswas to
constraintthe various potentialmodelsof the fundamentaNN interactionin the low-
enepgy region. However, it appearedhat thesedatacould be describedby soft-phobn
calculationghatdid notinclude off-shell effects. More recentstudes(seee.g. [Shkl97]
andreferencesherein)shovedthatthe characteristicpatternsof bremsstahlungarenot
very sensitve to the differentparametrizationsf the NN potental andthe quality of the
experimenal dataavailableup to the 90's did not point outto a preferableNN potential.
Sincethe early 90's high-precisio few-body bremsstahlungexperimentsare beingcar
ried out at variouslaboratories.The presentaccurayg of the data[Huis99, Mess99 has
beenimprovedandallows to identify the higherordereffectsof the process.

Nuclearbremsstrahlungn collisions betweennucleiwasobsened for the rst time
aroundl984[Gros84,Gros84hBear85 Gros85].As describedn Section3.2.1,themea-
surement®f the photonspectraandangulardistributions, the photonsourcevelocity as
well asthe impact-parametedependencef the photonmultiplicity, indeedsuggested
thathard-photonscorventionally de ned asphotonswith Eg 30 MeV, originatk from
bremsstrahingin independenproton-neutrorcollisionspn ~ png[Nife89, Nife90].

All theoreticalmicroscopicabr statigical) approachewilling to describehard-photon
productianin heavy-ion collisions,requirethemicroscopt nucleon-nucleorgcross-section
as a basicingredient. Unfortunately as mentiored above, experimentalNNg dataare
scarcedueto several intrinsic dif culti es of the proces$’ and, thus, a parametrization
of the cross-sectiorbasedexclusively on experimentaldataand covering the complete
rangeof g enepgies and anglesfor all initial and nal nucleonmomené is not (yet)
available. Therefore the modelsrely on a theoreticalpredictionof the elementaryNNg
bremsstrahing process. In the last yearsseveral parametrizationsf this fundamental
cross-sectiomave beenproposedvithin differentapproaches:

16ysually onejust consides elasticNN collisionsin which (at least)oneof the colliding nuclemsis a
praton,i.e. processe®p ppgandpn png the proessnn nng (proceeding,in a eld-theoretical
framework, throudh chaged currentshasa vanishindy smallcross-section.

1"The measuementof the doube differential cross-sectiorof the three-@rticle nal stateneedsthe
coinddentmeasuementof angles andenegies of the two outgoing nuclesms andof the photan in awide
range of values. Suchmeasuremntsneedlarge acceptace detectos which have not beenavailable until
vely recettly (e.qg.COSY, TAPS+SALAD).
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Classtal electrodynamics The png cross-sectioms derived from the dipole ap-
proximation for the radiationemittedin the collision of a non-relatvistic particle
with a x edhardsphergJack79. Thisdoubledifferentialcross-sectiomeads(see
next Section): ,
d?s S pn b? .
on g € Spnb® 2 o0 (1)
dEqdW 4p4p?Ey 3

whereb denotesthe velocity of the nucleonsin the nucleon-nucleorCM frame
ands pn theangle-intgratedelasticpn cross-sectionSuchclassicakxpressiorhas
beenusedfor mary yearsase.g.in theworksof [Baue86 Khoa91,Wang94.

Detailed balance from the reverseprocessgd  pn: Detailedbalancehasbeen
used[Bona88,Praka88 Herr88,0blo89 to invertthe measuredaross-sectionfor
the absorptim of photors of Eg = 30 - 150 MeV by nuclei. This processs well
describedy thequasidewgronmodel[Lev79] whichassumethatphotoabsorptin
proceedwia disintegrationof proton-neutromairsin thenucleus.Thephenomeno-
logical angle-intgratedquasideuteronross-sectiomeads:

dSpn dg K Eg 2226238 60Mev Eg (2)
dEg ES

Potential or Covariant (meson-&change)models: Equation(1) neglectsmeson
exchangeeffectswhich subsantiallymodify the pngcross-sectiofBrow73, Neuh87].
Takinginto accountthe contribtutions of internal(meson-gchang) diagramssev-
eralangle-intgratedlassumingsotropicemissionin theNN centerof-masdrame)
enepy differential cross-sectiorior png bremsstrahlundpave beenproposedand
usedn theliterature:NakayamdNaka89 Pins89 Fabr90],Schafer[Scha91 Cass90],
Danielavicz [Gan94],or classical-moded [Russo94jparametrizations.

In the next two sectionswe derive respectiely the classicaland the covariant ex-
pressiondor the elementaryNNg bremsstrahlungross-sectionsommonlyusedin the
studesof hard-photorproductionin heavy-ion reactions.

i

Classical NNg Bremsstahlung cross-gction

Bremsstrahlungmisson in nucleon-nucleorcollisions (pp  ppgandpn  png) can
be describedwithin classicalelectrodynamicgJack75]in termsof the deceleratioror
acceleratiorof one(two) proton(s).The enegy radiatedby the accelerategbroton(s)per
unit frequeng andunit solid angleis expressedn termsof the vectorpotential Ay w q
[Nife89]:

d?| G
dwd W 4pc kal ZAk W ®)

n n b

. eiwt nrt Cdt (4)
1 n

¥
where Ax w q Zy EZ
y dt
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Herezy=1,byandrg t arethechage,andthe(time-dependefelocity andposition
of the proton(s),andn the directionof the emitted photon Thuseachprotoncontritutes
to the crosssectionof the processwith thefollowing amplitudé®:

% 7 % eiwt nrt ¢ dt (5)
>N bt (©)
1 nbt

In the “suddenapproximatbn”or “low-enegy approach”the changen b is consid-
eredto beinstantaneoughereforethe phasetermof (5) is ignored,resultingin equation
(6). In the generalcasewhentwo protonscollide, both contritute with amplitude (6)
beforeand after the scatteringprocessresultingin four amplitudes. The intensity per
frequeng andsolid angleis thengivenby:

2
# @ o n on bk o on ok

dwdWg  4p2c kalz 1 n bk 1 n bk

(7)

Whereb}‘ andb‘§ arethevelocity of protonk beforeandafterthecollisionrespectiely.
The probability P to obsere a photonof enegy Eq per interactionis relatedto the
intensty perfrequeny (dl  EgdPand w  Eg) accordingto:

d?l e d?P
dwdWy Y dEgdW,
From egs. (7) and (8) and assumingthat, sincethe scatteringis nearly isotropic,
the interferencebetweenboth ingoing and outgoingamplitudes of (7) averagesout in

an inclusve measurement generalformula canbe derived for the photon-productin
probabilty perunit enegy andsolid anglein a nucleon-nucleomollision:

(8)

d2p a
dEQVy, 4pZE,

F by Qg F b Qg 9)

with

o n n bk
Fb - 10
o kaiz 1 n bk (10)

wherea € c¢andwhere,sincethedirectionof by is randomwith respecto bj,
theoutgoingtermF bt g in (7) hasbeenaveragedvertheangleof the photongg with
respecto theoutgoing proton.

In the centerof-massframe, A;b} Aob? and Aqbl Agb? (b is the veloc-
ity of the beampatrticle). With b; bi1 andbs b}, the following photonproduction
probabilties have beenobtainedfor proton-neutrorand proton-protonbremsstrahing

18I this section the discussiorfollows closelythatof [Wils95, Hoef®)].
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[Wils95, Hoef99g:

p n p n g
bZsirtq
Fpng b 0 1 bcosq 2
d?Ppng a 2.5 ..
JEAW, I7E, b7 b sirfq (11)
PP P P9
4b*sir? qco< q
Fopg b g 1 b2co2q 2
2
APopg a Eb‘f1 bfsin’qcogq (12)

dE@dWy  4p%Eg, 15

In both caseghe classicalNNg bremsstrahlug productionhasal Egenegy depen-
dence(however, it hasto benotedthatb+ is alsodependendn Eg). Although expressimis
(11)and(12) containanisotropt componenassociatedvith thevelocityb ¢ of theoutgo-
ing proton,the photonemissiam from proton-protm collisionsis of quadrupolecharacter
(sir? qco< q) andthereforemore suppressedscomparedwith the (sin?q) dipolar radi-
ationfrom proton-neutrorcollisions. Moreover, the probability for ppg bremsstrahing
is, to rst approximatim, afactorb? smalkr thanthatof the png process.The contritu-
tion from proton-protorbremsstrahlunganbe,therefore pasicallyneglectedin nucleus-
nucleuscollisionsatintermediag-enegies.

Finally, the classicaldouble-diferentialbremsstrahlng png cross-sectioins obtained
from the photon-prodctionprobability (11) by:

d2S png a 2.5 o
JEAW, 4p2EgSe' b7 b sinfq (13)

with s beingtheangleintegratedelasticpn cross-section.

dsg sedP

The classicalangle-intgrated enegy spectrumof bremsstrahing photonsissuing
from a png collision at E, = 200 MeV bombardingenegy is shavn as a dashedine

in g. 1.

.2 Covariant NNgBremssrahlung cross-seabn

The classicalequation(13) is a non-relatvistic approximatbn of the “true” png cross-
sectionand henceonly valid, at best,in the photonlong-wavelengthlimit. Jacksors
formulaparticularlyneglectsseveralquantaleffectswhich canbeimportantsuchas,e.g.,
the contrikbution of internalradiationfrom virtual (chaged) pion exchangebetweenthe
colliding nucleons.This contribution allows neutronsandprotonsto exchangetheiriden-
tity during the collision leadingto an increaseof the pn scatteringangulardistibution
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Figure 1: Bremsstahlung photan spectrum for a png collision at Ky,eam= 200 MeV according
to the classtal softphotan formula (13) (dashedline) and to the covariant expression
(15) (solid line). From[Schu97.

at backwardsanglesandto an enhancemenf the highestenegy hard-photorproduc-
tion [Russo94 (see g. 1, solid line). A consisént calculationthat takes relatwity,

guantummechanicsand exchangecurrentsinto accountcan be performedusing Feyn-

man's diagrammaticamethod TherelevantFeynmangraphsfor photonbremsstrahing
in pn scatteringare shavn in gure 2. Suchcalculationrequiresthe determinatio of

the nucleon-nucleorscatteringamplitude(T-matrix or G-matrix) in termsof a proper
relatvistic andgauge-inarianteffective meson-gchangg OBE) modelfor the nucleon-
nucleoninteraction(seeSectionl.4). In a quantaldescriptionof the photonproduction,
thecross-sectiois calculatedrom [ltzy85]:

dsgq g, Egq2Ty2

14
dEgdWgdWg 4 pp 2p °Ep 2E,q Egcosy Epq Egcosg (14)

whereEp, E,, andE, aretheinitial and nal enegies of the protonandthe nal
enegy of the neutronrespectrely, q is the relatve momentumbetweenthe protonand
theneutronand Ty 2 js thetransitbn amplitule of the png process.

Figure 2: Feynmandiagramsofthe pngbremsstahlungprocessshawingtheradiation originating
fromtheexchangedcharged mesonsinternal linesin b), which interferescongructively
with theexternal radiation, diagramsa), accaunting for the“classical’br ems$rahlung.
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Schaferetal. [Scha91]have obtainedthis differentialphotoncross-sectiomfter cal-
culatingthe matrix elementgesultingfrom a parametrizatiorof the nucleon-nucleof -
matrixin termsof OBE amplituceswhichincludesover 10 mesongHoro87 andprovides
agood t to elasticnucleon-nucleorscatteringdatafor 100- 400 MeV laboratoryener
gies. This expressioragreeswith the measurementsf the differentialgammaspectrum
producedin neutron-protorbremsstrahlungvith a neutronbeamof 170 MeV average
enegy [Male91]. This so-called'Schafer parametrization’habeenthusvery oftenused
asthe elementaryphotonproductioncross-sectioin BUU transporicalculationdor par
ticle productionin nucleus-nucleuseactiongCass90].In this thesiswe have employed
thefollowing usefulanalyticalrepresentationf the differentialcross-sectionls dEg as
afunctionof theinvariantenegy s of thenucleon-nucleosysten{Cass90]:

:_;, Eig 1 Eg EJ™f EgKem b (15)
with
f Ey Kem a bEge ©F d°
a 974 0037Kem
b 091 O014arctan0045K.y, 766
c 12365 1827 Kem 238
d 1 5Kem

whereK:n(MeV) is thetotal kinetic enegy of thecolliding nucleonsn their CM sys-
tem. Figure 1 (solid line) shavs the differential bremsstrahing cross-sectiorbtained
with equation(15). Fromthis plot one cangrosslyoutline the main featuresof this ele-
mentaryds png dEg Cross-section:

It shavs thetypical 1 Eg behaiour of the semiclasial limit (13) only for fairly
low g-enegies,Eqg 0 2 g™

Thecross-sectionemaingatherconstanfor awide rangeof photonenegies,Eq
02 09 Ey'*

It sharplydropsnearEg™  E, E,? 2n{ 2 E, E, (themaximumenegy
availablein theNN centerof-masssystemanddoesnotshawv thestrongerenhance-
mentobtainedfor photonenegies nearE{'®* typical of other covariantmodels®
(seee.g.[Naka89]).

Finally, integratingthe differential yield over enepies abore Eq = 30 MeV in the
laboratory-sysmoneobtainghehard-photoremissiorprobability(dotted-dashedurve)
displyedin g. 3 asafunctionof thebombardingenegy of the proton-neutrorsystem.

9Although this effectis dueto animproper descriptim of very low enegy resonanesin the pn-channel,
it is claimed[Scha9] thatsuchresonanesdo not survive in the nuclear mediumencainteredn heavy-ion
reactiors.
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Figure 3: Hard-photon emissim probability per proton-neutron collision versus the (Coulomb-

286

corrected)bombading enegy per nucleonin: 1) nucleus-nicleuscollisions (solid and
dashedlines, obtainedwithin BUU and DCM calcuationsrespedatsely), andin 2) free
proton-neutron collisions(dotted-dashedline). Both curveshavebeenobtained using
the Sdafer parametization of the elementay png crosssectia, 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 statistcal physicssinceit allows to
establi® arelationlinkingthe statevariablescharacterizing certainsystemat thermody-
namicalequilibrium If the microscopt propertieof a systemareknown alongwith the
statigics of the particles ,onecancalculatethe partitionfunctionof thesystem.Fromone
of the “statefunctionsor “thermodynamicapotentiat”of the systemwritten in termsof
its propervariableslike &S,N), F(T,V,N) or u(T,P), all otherstandardhermodymamical
variablescanbestraightforvardly obtainedoy simple differentiation.Theso-called‘ther-
modyramical’equatiorof state(EoS)is therelationbetweerthe pressurethe densityand
temperaturel? = P(r,T), andit is essentiallygivenby thederivatve of theinternalenegy
pernucleonof thesysteme = E/A, with respecto the densityat constanentrofy S:

ME N qE
PVT —— . 1

Vs V2 @
PrT r —111? . 2)

Whendealingwith nuclearmatterpropertiesthe statesare usuallycharacterizedby
two (macro)canonicaVariables: the densityr andthe temperaturel. So startingwith
the de nition of the internalenegy per nucleone asa functionof r andT, the nuclear
EoSis simply de ned asthe functionaldependence& = €(r,T) which is usually called
the“caloric’equationof state.We shallnow turn our attentionto this “caloric EOS” in a
schematiavay (within a Fermi-DiracapproacHor thekineticenegy term,anda Skyrme
interactionfor thenuclearmean- eld potential).

.1 EoSof cold nuclear matter

At T = 0 nuclearmattercan be treatedas a degenerate~ermi gas,and one can divide
its total internd enepgy per nucleon,€, asa sumof a (Fermi) kinetic enegy € anda
potental nuclearmeaneld U which,in asimpleansatzpothdependnly onthenuclear
densityr :

erT 0 &r Ur (3)

The rst term,theaverge Fermikinetic enegy pernucleon read$®:

2 13

2
PeT with pg r %r 4)

2my

3 3
&r e ¢

In theground-statepr 265MeV/c,& 38AMeV andg, 23AMeV.

The secondterm of eq. (3), the nuclearmean eld potentialU r , canbe written
effectively (neglecting any momentundependencef thenuclearforce)asalocaldensity-
dependentorce of the Skyrmetype:

20At nomaldensityr o = 0.16fm 3, nuclemsarenontrelatiistic, andthe Fermienegy andmomentum
canberelatedoy €  p2 2m.
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r r 9
lo b lo (5)

The constantsa andb are adjustedto reproducethe groundstatepropertiesof nu-
clearmattef!, € ro = 0.16fm 3,T = 0MeV) = -16A MeV, andgis relatedto the nuclear
incompresiility moduls Ky which measureshe resistanceof nuclearmatteragainst
compressin aroundthe saturatiorpoint??. In thermodyamicsthe (adiabatic)compress-
ibility K is de ned asthederivative of the densitywith respecto the pressuret constant
entroyy:

Ur a

1 9r
P (6)

Theincompressibiity modulisk is theinverseof thecompresdiility K andin nuclear
physcsis custonarily de nedas: Ky 9 rK 9 TP 1r < Equialently K canbe

alsode ned by the changein enegy of a nucleusasa reply to a changein its radiusR
[Peil94]:

K

T’e P T’e

k R — 9 - r2 _—

R? r r 1N

Atr ro, the pressurevaniesby de nition and the incompresdiility constant
reads:

(7)

T’e

ky 9r3 —
¥ 0 ﬂr 2 -
Usually it is saidthatthe EoSis “soft’23if Ky ~ 200MeV (i.e. thefundamentaNN
scatterings moreattractve-like) and“hard’if Ky 400 MeV (i.e. the elementaryNN
scatterings morerepulsive-like). For Ky =200MeV (“soft’EoS),a =-178,b = 139andg
=1.17in eq.(5). Alternatively, for Ky = 400MeV (“hard’EoS),a =-62,b = 23andg= 2.

(8)

Consideringegs. (3), (4) and(5), onecanthereforeexpressthe EoSof cold nuclear
matteras:

2

erT O g —r a — b — (9)

2my 2 ro ro

.2 EoSof moderately hot and compressedchuclear matter

Sofarwe have dealtwith theEoSof cold nucleamatter Thetemperaturef thesystenis
thesecondhermodynandal variableof importancefor theequationof state.In ageneral

21Thedensitydepemlentrepusivetermin eq. (5) mustappeawith ahigherpowerof r thantheattractve
part,i.,e.g 0, sothatthenuclersystemdoesnotcollapse.

221t js importantto stressthatky gives informationonthe EoSdepemlenceof r atthe neigtborhood of
the saturationpoint (largestcunaturesimplying that moreeneny is necessaryor compresion)but does
not give ary informationaboutnucleamatterat highe densities.

23As a matterof fact, thereseemso be strongevidencein favour of a “soft’but momentm-depedent
EoSfor nucleammatter but we will notconsidetthis complicdion here.
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way, moving away from the saturationpoint in the density-temperaturplane,we can
decompos¢heinternalenegy of anuclearsystemgr T , in its ground-statenegy €
(thebulk or volumetermin the bindingenegy pernucleonat zerotemperature):

& e€er roT O &ro Urg 23A MeV 39A MeV 16A MeV,

andin anexcitationenegy € . Namely onecanwrite:

erT &@ erT (11

Theexcitationenegy € (whosemaximum theoreticalvaluein a heavy-ion collision
correspondso the total enegy availablein the nucleus-nucleusenterof-mass)can be
furhtersimpi ed asthesumof apure“compressioal’part€.,, (dueto avariationof the
densityatzerotemperatureanda “thermal”’one€,, (only dependingnthetemperature),
ie..

erT  Eoup! 6nT (12)
Let's studyseparatelyhetwo termsof equation(12):

The compressinal enegy €,, correspondso the coherentmovenentof the nu-
cleonsin the system. It consiss of a kinetic enegy term stemmingfrom the
(density-dependengermimotion,€  r2 3, andthe “actual’compressionatn-
egy, DU U r U rg, whichis thedifferenceof the nuclearmean eld po-
tentialenegy atthedensities andr g respectrely. It canbewritten explicitly as:
€omp(r)=DU r & r ro23 1, whereU denoteshe nuclearmean eld
potentialenegy and€,  23A MeV is the averageFermi enegy per nucleonin
the groundstate.Onecommonlyusesa simplefunctionalform for €, Whichis
guadraticon thedensityandcontaingheincompressibity modulus[Stoe86]:

k¥ r 2
T 1 — (13)

ro
Thus, the equationof statefor T = 0 andr  rg (i.e. no thermaleffects)canbe
written:

k¥ r 2

1 — (14)

erT 0 B¥
' ®© 18 o

The thermalenepgy €,(T) correspondso the randommovementof the nucleons
inside the systemand consistsof the kinetic enegy above the degenerate=ermi

gas. For moderatelyexcitatiors enegies(€,, 3A MeV), the thermalexcitation

enepy isrelatedo thetemperaturdy theFermi-gagelation(settingtheBoltzmann
constankg  1):

T aT? witha 18 112 (15)
h

Theformalderwvationof (15) aswell asthethermodynandal propertieof ageneral
Fermigascanbefounde.g. in [Path77]. In the nuclearcase relation(15) canbe

290



2901

Appendix3: ThenuclearEquationof-State

simdy derivedfor anucleusof massA atthetemperaturd within a Fermimodel
descriptior{Sura9qQ. In thisindependent-paxtie model,the(discreteenegy level
densityof a particleinsideanucleugi.e. thenumberof statesvith enegy between
E andE dE)isde nedas:

dE §dE E, (16)
n

Thetotal kinetic enegy of the systemis thengiven by theintegral:

¥
E E 1 dE dE (17)
0 1 eE ET T

whereEr T is the Fermienegy of the system.Expression(17) is anexampleof
thetypical Fermi-Diracintegralscommony foundin thestatisticatheoryof Fermi-
Dirac systens andnotreadilycalculabldPath77].In thelimit of low temperatures,
however, the Fermi-Diracfactorcanbewritten as:

1 P2,
——eFF OE BT STME ET (18)

whereq is the Heaviside stepfunctionandd thederivative of the Dirac deltafunc-
tion. Bringing expressio (18) into eq. (17) (andreplacingd E by anequvalent
“smoot’function), oneobtainsa developnent of the kinetic enegy of the system
for low temperaturewhich readsto orderT? [Sura9q:

EFT O p2
E E dE ngFT 0 T? (19)
0
SincecE ET 0 Ej wecaneasilyidentify thesecondermof eq. (19) as
thethermalexcitationenegy of the nucleuswrittenin thewell-known form:

2
E, aT? %d EET 0 T2 (20)

This equationde nes the so called “level densityparameterd characterizinghe
single particlemodelusedto describéhenucleusandindicateghatasT increases,
the Ferminuclearliquid is excited into low lying excited stateswhoselevel den-
sity’* grovsasr €  exp 2 aE [Beth37]. In a Fermigasdegeneratedn spin
andisospin,a amountdo:

A

A 1
=T o Al5Mev (21)

2
a P
4

24Thelevel densityd E de ned by eq. (16) countsthe numter of levels perunity of enegy for a one-
body theory wherasthe densityof statessr E givesthe numter of statesaccessibleasa function of the
totalenepy of thenucleus.
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to be comparedwith the experimentallymeasuredialuesa = A/8 - A/12 MeV 1.
MicroscopiccalculationdSura85]have shavn thatthe valueof E,;, givenby equa-
tion (20) is very closeto the self-consistenHartree-fock thermalexcitationenegy
andhencecanbe comparedo experimentalenegies. The samecalculationshave
shavn thattherangeof validity of this setof equationsanbe extendedwith con -
denceupto€  3AMeV witha=A/8 - A/12. Thisallowsto relateexperimenally
themeasuredaluesof € totheactualtemperaturef an(slighty) excitednucleus
viaT 106,

TheEoSforr =rg (i.e. nocompressin effects)andT 4 MeV readsnally:

€roT 4MeV & aT? (22)

In sumnary, the generaform of the EoS of nuclearmatterat low temperaturesand
densitescanbewritten (seee.g.[Chas97]):

3 p2 T2
er T ga: r Ter ur
3 5p2 T 2 r r 9
— 1 — — b — 23
SGF ' 12 e r a ro ro (23)
, 2 g2 23 : , :
with € r T Lr . Having speci ed the internal enegy, one can now

determinearny otherthermodynand function. The speci ¢ heatcy fe qT ,, and
entrofy s Tov TdT per nucleoncoincidein the approximatio to order T2 of the
EoSgivenby (23):

T
€

p2
ovrT srT > (24)

Thepartitionfunctioncanbedeterminedrom the (Helmholtz)freeenegy (F  E
ST):

(25)

Fromthis partitionfunction, Z, it is easyto determinehe pressurendcompressity-
ity2® of nuclearmatterdescribedy the equation-of-staté23):

250f courseP and k¥ canbealsostraightfowardly obtainedrom egs.(2) and(8) respectiely.
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PVT T 1oz 27 1z
14 v il i
2 p2 T2 a o g1l
PrT grepr Erepr Gr gbro o
2 52 T 2 a o r 91
- 1 — — b — 26
ST T 5 & rOr gbro = (26)
P
Ky r T 9 1P
Ir s
5p2 T2 a r 9
—_— 18— 1 — 27
66 1 2 e 8r0r 9¢ gb 0 (27)

.3 EoSof hot nuclear matter

At hightemperatureghigherthanthe chemicalpotentialvalue,i.e. thanthe Fermienegy
at a given density but still belov the mesonand particle-antipartie productionthresh-
olds)and/oratlow densitiesthe hadronicpropertiesof nuclearmattercanbe considered
that of an ideal Maxwell-Boltzmanngas(i.e. we expectthat nuclei vaporizeinto indi-
vidualsnucleonsat € €y, Where€y = 8A MeV is the empiricalbinding enegy per
nucleon).The simplestansatZor theinternalenegy is given therefore by the classical
ideal (i.e. non-ineracting € &) gaslimit2®:

3
etT =T (28)
2
Therestof thermodyamicalpropertieof high-temperaturauclearmatterare,then,

thoseof thewell-knovn Maxwell-Boltzmanngas:

3
Cv > (29)
P T (30)
k¥ orT (31)
r
s In € 2|—3 Osi (32)
T

In expression(32) theentrofy pernucleonis givenby the SackusTetrodelaw with | 1
=h 2pmT, andgs; is thespin-isopin degenerag factor

26Formua (28) is actuallythe asymptaic valuefor the full noninteractingnon+elatiistic Fermigas,
i.e. it neglectsthein uence of theinteractionsonthethermaleneny, but it containsthe Fermidegenerayg
enepgy [Stoe8§.
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Appendix 4: Heavy-ion kinematics
formulae
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Assumng a projectilenucleus(with chage Z,, massA, andincidentkinetic enegy
Kiab below 1A GeV) colliding againsttargetnucleugwith chageZ; andmassA;) atrest
in thelaboratorysystemthefollowing (classicalformulashave beenusedin this work:

Interactionradiusof thereaction:

Rint fm 116 AA® AR 20
Coulomb“barrier”:
Z Zp .
Ve MeV e with €2 143976 MeV fm
Rint fm

Total reactioncross-section:

Ve MeV

1 o | 1 -
sr mb 0p R fm R MoV

(Coulomb-correctedjinetic enegy in the laboratorysystem:

Kiap MeV V¢ MeV

lab
A MeV
C Ap

(Coulomb-correctedjinetic enegy in the nucleus-nucleusystem

. KE> AMeV

AA
A MeV
¢ Aot

Velocity of thebeam:

2K AMeV KEP AMeV

withmy  931502MeV
my my

Diab

Velocity of the nucleus-nucleusenterof-mass:

baa Piab MeV
lab
EZP MeV A MeV
with pjap MeV 2K2P MeV Ap MeV Kb MeV 2
andEZEP MeV 18 Mev A, MeV

Velocity of the nucleon-nucleorenterof-mass:

Plab AMeV
KE AMeV  2my MeV

bnN
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Grazinganglein theCM andLAB frames:

ZnZ,
a5 2 arctan 072 p
Rnt MKZ20 Mev 2 pKlab Mev
singg"
O’ arctan Agr

cosail Ay A
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299 Appendix5: Dwarf-Bdl electronicsandpre-triggerogics

Appendix 5: Dwarf-Ball electronicsand
pre-trigger logics
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Figure 1: Detailed DB electronicsand pre-trigger logics.
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[Lee97. “Thermodynamical’EoSF® P T r (upper gure)and“caloric’E0S
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obtainedwith a nuclear mean- eld interaction of theformU U r .
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