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Abstrat
�Thermal multifragmentation� is the proess of multibody disassembly of a hotnuleus when the exitation is almost purely thermal. i.e. dynamial e�ets likeompression (harateristi of ion-ion ollisions at Fermi energy) are negligeable.Suited reations are proton indued ollision or ion-ion abrasion at relativisti ini-dent energy. Thus we measured four systems at FRS in inverse kinematis: 56Fe+p,56Fe+natTi, 136Xe+p, 136Xe+natTi at 1 A GeV. The inverse kinematis allows toobserve all partiles without any threshold in energy. This is a great advantageompared to experiments in diret kinematis, beause only in inverse kinematisit is possible to obtain omplete veloity spetra (without a hole for low veloi-ties) for fully identi�ed isotopes. The omplex shape of the veloity spetra allowsto identify the di�erent deexitation hannels and it learly shows the transitionfrom a haoti-dominated proess (Gaussian loud in veloity spae) to a diretCoulomb- (or eventually expansion-) dominated proess (shell of a sphere in ve-loity spae). Di�erent possible desriptions of the reation proess are disussed,based either on asymmetri �ssion or multifragmentation. The resulting physialpiture is espeially interesting for the 56Fe+p, and 136Xe+p systems: proton in-dued ollisions ould result in the split of the system in two or more fragmentsdue to a fast break-up proess. In this ase, the on�guration of the break-up par-tition is very asymmetri. The disussion will be extended to other harateristis,like the restoring of nulear struture features in the isotopi prodution and thetemperature dependene of the isotopi omposition of the residues.
Key�WordsSpallation reations � Multifragment emission and orrelations � Nulear reationmodels and methods � Mass and neutron distributions.





Nouvelles approhes pour l'étude de lamultifragmentation thermique dans laspallation
RésuméL'investigation des voies de déroissane d'un noyau exité au-dessus de l'énergiede liaison est l'un des grands sujets de reherhe de la physique nuléaire. A partirdes années quatre-vingt, la présene d'autres voies de déroissane que la �ssionet l'évaporation des résidus a été prédite et mise en évidene dans des systèmesnuléaires très exités. Ces voies ont été dérites omme l'explosion du noyau haudet la dilution en de nombreux fragments, formés simultanément, dans des situationsde oexistene de phases liquide et gazeuse de la matière nuléaire. Plusieurs typesde ollisions ont été étudiés pour induire l'exitation néessaire à la désintégrationdu noyau et pour mettre en évidene les propriétés déterminantes de e proessus.Un as partiulièrement intéressant est elui de la �multifragmentation thermique�,le proessus de assure multiple d'un noyau haud quand l'exitation est quasimentpurement thermique, 'est à dire que les e�ets dynamiques omme la ompression(aratéristiques des ollisions d'ions lourds à l'énergie de Fermi) sont négligeables.Les réations partiulièrement adaptées sont les ollisions induites par des protons.Au ours des dernières années, un large programme expérimental onduit au FRS(Fragment Separator, GSI, Darmstadt) foalisé sur l'étude des propriétés fonda-mentales des résidus de spallation et fragmentation a abouti à l'étude des systèmes56Fe+p, 56Fe+natTi, 136Xe+p, 136Xe+natTi à 1 A GeV. Pour les quatre systèmes,la inématique inverse nous a permis d'observer toutes les partiules sans auunseuil en énergie. La forme omplexe du spetre en vitesse permet d'identi�er desdi�érents anaux de désexitation et manifeste lairement la transition d'un pro-essus en prévalene haotique (nuage Gaussien dans l'espae des vitesses) vers un



proessus dominé diretement par la répulsion Coulombienne, ou éventuellementpar l'expansion (ouhe sphérique dans l'espae des vitesses).En nous onentrant sur les systèmes 56Fe+p, 136Xe+p, di�érentes desriptions pos-sibles du proessus de réation sont disutées, basées soit sur la �ssion asymétriqueou sur la multifragmentation, aratérisée par des assures rapides très asymétrique.Une disussion est dédiée expliitement à dérire omment, et sur la base de quelleshypothèses, il a été possible d'extraire des setions e�aes invariantes à partir desmesures inlusives. L'outil mathématique développé a e propos onstitue un nou-veau onept dans les expérienes au FRS et il établit un lien ave d'autres typesde données expérimentales, omme elles obtenues dans des mesures exlusives.Une disussion partiulière est étendue à d'autres aspets, omme la dépendaneen température de la omposition isotopique des résidus et le ré-établissement desaratéristiques de la struture nuléaire dans la prodution isotopique.Ces reherhes s'insrivent dans le programme de l'aval du yle életronuléaire,et de nombreuses appliations omme la oneption des ibles de spallation pourdes réateurs hybrides dédiés à la prodution d'énergie ainsi qu'à l'ininération desatinides peuvent en pro�ter. En partiulier, nous avons mis en évidene que lese�ets de l'introdution de l'étape de la multifragmentation dans un modèle de spal-lation peuvent jouer un r�le important pour des énergies inidentes autour de 1A GeV, et améliorer notablement la reprodution des données expérimentales tantpour la prodution isotopique que pour la desription de la inématique d'émissiondes fragments légers. Cette étude est aussi essentielle pour progresser dans l'étudefondamentale des phénomènes astrophysiques, omme la nuléosynthèse et les pro-priétés de la matière dans des étoiles à neutrons.
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Prefae
In November 2002, in Darmstadt, the synhrotron SIS was delivering a beam of136Xe at the inident energy of 1A GeV. The measurement of the prodution of allthe heaviest residues generated in the interation of the beam with a target of liquidhydrogen was the main purpose of the experiment. In the reent years a vast ol-letion of similar data were measured, onentrating on the prodution of residueslose to the mass of the projetile in ion-proton interations at the inident energyof 1A GeV. This measurements were arried on by the groups CHARMS (�Collab-oration for High-Auray Experiments on Nulear Reation Mehanisms with theFRS�) at GSI (Darmstadt, Germany), PACS (�Physique de l'Aval du Cyle et de laSpallation�) at IPN (Orsay,Frane), �Grupo experimental de núleos y partíulas�,at �Universidad de Santiago de Compostela� (Spain), and DAPNIA/SPhN at CEA(Salay, Frane). The researh arried on by the ollaboration was aimed to re-ating the physial bakground for the design of Aelerator-Driven Systems, thatare subritial nulear reators where the neutron �ux is kept onstant by addinga neutron soure. Suh a system has the advantage of working as an ampli�er ofthe neutron �ux: the multipliative medium of the nulear reator keeps a �ux ofneutrons that is proportional to the intensity of the neutron soure. Reently, thereis inreasingly large interest in using this high neutron-�ux to �ininerate� nulearwastes. The high neutron-�ux an also be exploited for the prodution of energy,like in a onventional thermo-nulear system. In the latter ase, the oupling ofthe subritial neutron-multipliative medium with a neutron soure works as an�energy ampli�er�: the higher is the intensity of the soure, the higher is the en-ergy prodution. Unfortunately, this option, that would eliminate ex fundamentaany possibility for a deviation of the neutron �ux, does not seem to be onsideredin future senarios of large-sale energy prodution and will probably remain anaademi utopia. It is evident that, for both the two appliations, we need a veryintense soure of neutrons. Suh a soure an be obtained in a so-alled spallationreation, indued by direting relativisti protons on a neutron-rih target, like leador uranium. In general, the heavy nulides generated as residues of this reation, arein average more proton rih with respet of the �-stable nulei. Therefore, the moreneutron rih is the nuleus used as a spallation target, the higher is the neutron �ux1



Prefaegenerated by the neutron soure. This justi�es the interest for heavy, neutron-rihtargets.The number of measured reations is limited, and it is neessary to ahieve enoughon�dene with modelling the reation mehanism in order to extrapolate to all theases where the spallation proess is not measured or is too di�ult to be mea-sured. For instane, some of the most studied systems, espeially interesting forappliations, like 208Pb+p and 238U+p at 1 A GeV, are omplex beause, after theollision, the nuleus leads to a ompetition between the sequential evaporation ofnuleons and symmetri �ssion. If the ross setions for the prodution of the rea-tion residues are integrated and ordered as a funtion of the mass, we expet thatthe ross setion is maximum for the mass of the projetile and gradually dereasesfor lighter masses. this behavior re�ets the spallation-evaporation proess. Theslope of this portion of the spetrum is also a major test for a spallation-reationmodel and for the general understanding of the proess. It is in fat related tothe exitation energy introdued in the system during the ollision. The ross se-tions ontinue to derease for lower masses till the trend reverses and the funtioninreases towards another maximum, that oinides with symmetri �ssion.The ompetition between evaporation and symmetri �ssion is partiularly evidentfor any system obtained by bombarding heavier nulei than gold with relativistiprotons. In this ase, it is very ompliated to elaborate a spallation model on thebasis of the experimental data. In partiular, reent models that even ontain a veryonsistent desription of the �ssion proess, and that provide a orret total reationross-setion, have evident di�ulties in reproduing the slope of the portion of themass spetrum related to the spallation-evaporation residues. In general, this slopeis too steep, so that the prodution yields of lighter nulides than the projetiles islower than the experimental values. This underestimation is the indiation that theoverall reation mehanism was not fully understood. In the model, a too high �s-sion probability would result into an underestimation of the ompeting evaporationprodution. Indeed, the evaporation prodution was underestimated by the modelseven when �ssion was very onsistently desribed. Thus, when the formation of�ssion and evaporation residues is orretly desribed, the wrong slope of the massspetrum assoiated to spallation-evaporation might re�et an inonsisteny in thealulation of the exitation energy deposited in the system during the ollision.A way to test the pertinene of a model in desribing the ollision mehanism isto verify that the spetrum of the emitted neutrons as a funtion of the kinetienergy is orret. The portion of the neutron spetrum assoiated to the highestenergies is related to the neutrons emitted promptly in the ollision and gives morediret indiations about the ollision mehanism. Some models that provide orretdesriptions of the neutron spetra, still fail in reproduing the slope of the massspetrum assoiated to spallation-evaporation. This inonsisteny was even morepreoupying, beause it seemed to hide a more fundamental problem.A very fundamental problem ould be that a spallation model is not su�ient todesribe the interation between protons and nulei in the 1 A GeV inident-energy2



Prefaerange. At the FRagment Separator the reation 136Xe+p was measured, in order tosolve at least one major problem: 136Xe is about as neutron rih as Lead, but toolight to manifest symmetri �ssion. 136Xe is atually the most neutron-rih stableisotope for whih the ontribution of �ssion ould be negleted. It was somehowthe ideal experimental ase for measuring the slope of the mass spetrum relatedto evaporation, in the region of heavy masses.Two years before, another system, 56Fe+p at 1 A GeV, had been measured at theFRS. The experimental purpose of the measurement was di�erent: iron is a stru-tural material in an Aelerator Driven System and it was neessary to investigateits behavior when bombarded by relativisti protons. The heavy residues produedin 56Fe+p were analyzed in my diploma-work at IPN in Orsay and, in parallel, it wasalso analyzed by Carmen Villagrasa at CEA in Salay as the subjet of her thesis,leading to results in onsistent agreements. On the other hand, all the spallationmodels that were tested failed again in reproduing the slope of the mass spetrum(that, for this system, does not su�er from any disturbane related to symmetri�ssion!). The spetral region of about half the mass of the projetile was severelyunderestimated in most of the alulations. Initially, the light residues were dis-regarded beause, while at this inident energies heavy residues are relatively easyto analyze, the light ones present several di�ulties, related to the experimentalonditions and, at the moment, we had no mathematial tools to overome thoseompliations. Later, these light nulides attrated muh interest, beause lightmasses onstituted the region where the reason for the inonsistenies of our mod-els had still not been tested. After a new analysis of the 56Fe+p system, extended tothe full mass range, the expetations were enouraged. The lightest nulides mani-fested in fat huge yields, higher than any spallation model ould reprodue (eveninluding light-partile emission). A deeper and deeper analysis of these nulidesrevealed more and more new fundamental details about the emission kinematis,the reation mehanism, thermal properties involved in the nulear system, andeven nulear-struture e�ets. All these features are ruial for the realization of anulear-reation model.The inreasing interest for light-nulide prodution, inspired by the study of 56Fe+pwas the reason why the whole possible isotopi prodution in 136Xe+p was measured,going beyond the standard plan of restriting to the heaviest residues. The �point ofview� of the various spallation models was rather skeptial about the possibility thatlight residues ould be produed with a measurable yields in the 136Xe+p reation.Indeed, like in 56Fe+p , a remarkably generous light-fragment prodution showed upone more. In the past, several experiments were dediated to study the ollisions ofrelativisti protons with heavy ions. To ite one signi�ant experiment, it should bementioned that in 1986 L. N. Andronenko and ollaborators measured the reationindued by a beam of 1 A GeV protons on targets of nikel and silver. The systemsare similar to those analyzed in this work and, again, high yields were measured forthe light fragments. In that ase, multifragmentation was the proess advoated fordesribing the experimental results and, in suessive theoretial works, A. Botvina3



Prefaeand J. P. Bondorf demonstrated that a statistial multifragmentation model is apa-ble to desribe the yields of the light nulides that were measured in the experiment.Espeially at the end of the eighties, a dispute opened up and ompound-nuleusmodels and multifragmentation models were alternatively proposed to explain theorigin of light fragments in reations indued by relativisti protons.In the �rst hapter of the thesis the main argumentations that inspired this disputeare presented. In the seond hapter, a brief desription of the experimental devieand of the data analysis is drown. The third hapter presents the most signi�antexperimental results. Espeially for the isotopi prodution obtained with the 136Xebeam, a speial e�ort was done to extend the range of isotopi ross setions fromLithium to Barium. A disussion is expliitly dediated to desribe how (and on thebasis of whih assumptions) the invariant ross setions ould be extrated from theinlusive measurement. This approah is a new onept in the experiments with theFRagment Separator, and it reates a bridge with other kinds of experimental data,like those obtained in exlusive measurements. A large disussion on the reationmehanism, expeially dediated to 56Fe+p , is illustrated in the fourth hapter.In the framework of this disussion, a possible solution to the original problem ofdesribing the mass distribution is proposed. A more sophistiated model wherespallation-evaporarion hannels ompete with fragmentation sueeds to provide avery satisfatory desription of the whole measured mass spetra. This model iseven apable to desribe the omplex features of the emission kinematis of the lightfragments. In the �fth and sixth hapters speial disussions are dediated to extratonsiderations about the nulear temperature from the isotopi omponent of theresidues and to study the strutural e�ets in the isotopi prodution, respetively.The seventh hapter onstitutes the onlusions about a researh that, initiallyaimed to obtaining the most omplete survey on the isotopi prodution in twospei� nulear systems, even extended beyond, leading to new �ndings on theonset of thermal multifragmentation.
August 2004, P.N.
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Chapter 1
Equilibration proesses in the deay of hotremnants

Contents1.1 The formation of light residues . . . . . . . . . . . . . 61.2 Measurement of light-fragment properties . . . . . . . 105



1.1. The formation of light residuesFor the last deades, the investigation of the maximum exitation energy that anulear system an hold has remained as muh a hallenge as the desription ofthe deay of a hot ollision remnant, exited beyond the limits of nulear binding.It was found that other deay modes than �ssion and evaporation prevail at highexitation energy. These modes are often desribed as a simultaneous break-up ofthe hot system in many parts, named �multifragmentation�. The exitation energyabove whih multifragmentation appears is still soure of intense theoretial and ex-perimental researh. A point of partiular interest is to reognise the distinguishingtraits denoting this deay mode when the exitation is just su�ient for its onset. Inline with this investigation, one foremost aspet of intense disussion is the onne-tion of the kinematis of the residues to the kind of equilibration proess involvedin the earliest stages of the deay. This question is related to the omplementarye�ort in onstruting physial models to dedue the formation ross-setions of theresidues when the exitation energy of the system is taken as initial ondition. Es-peially light residues are suited for this purpose. Several details of the deexitationmehanism ould emerge from the kinematis of light fragments, due to the highsensitivity in probing the Coulomb �eld of the deaying system. Moreover, thedistribution of their isotopi ross-setions arry additional signatures onneted todi�erent deay modes.1.1 The formation of light residuesLight residues an be generated in several kinds of proesses. One of these, thebinary deay of an exited greatly thermalised omplex, named ompound nuleus,was widely studied [Sanders 1999℄. We might also reall that evaporation of nuleonsand light nulei and symmetri �ssion are just the opposite extremes of the manifes-tation of this proess: there is a gradual transition from very asymmetri to symmet-ri on�gurations in the division of deaying ompound nulei, and thus all binarydeays of a greatly thermalised system an be named �ssion in a generalized sense.This generalization was introdued by Moretto [Moretto 1975, Moretto 1989℄. Aompound system far below the Businaro-Gallone point [Businaro 1955a, Businaro 1955b℄(like iron-like nulei) undergoes very asymmetri �ssion, resulting in a harateristiU-shape in the mass distribution of the yields. A minimum loated at symmetry inthe yield mass spetrum orresponds to a maximum plaed at symmetry in the ridgelines of the potential. In on�gurations where a heavy partner is present, the wholedeay proess is dominated by the binary deay, and an additional evaporation ofsingle nuleons would not disturb the kinematis remarkably. Suh a proess ex-hibits the typial feature of the population of the shell of a sphere in veloity spae,in the referene frame of the mother nuleus.At high exitation, multifragmentation beomes the ompeting proess to ompound-nuleus reations. There is a fundamental di�erene between the binary deay of aompound nuleus and the simultaneous disintegration of a hot ollision remnant6



CHAPTER 1. EQUILIBRATION PROCESSESin several onstituents. The di�erene is in the kind of instabilities whih are thereason for the deay, and is re�eted in the kind and in the time evolution of theonsequent equilibration proess followed by the system.A hot nuleus with an exitation energy above the threshold for emission of partilesor lusters (inluding �ssion) has the possibility to deay by any of the open han-nels. If the exited system is not too hot, the favoured proess is a reordering of itson�gurations: a great number of arrangements are available where all nuleons re-main in states below the ontinuum, oupying exited single-partile levels aroundthe Fermi surfae. Osillations in �ssion diretion are inluded in this piture aswell, but too rarely the �ssion barrier is reahed. Rather seldom, ompared withthis thermal haoti motion of the system, one nuleon aquires enough energy topass above the ontinuum and may eventually leave the nuleus. This piture mightbe extended to luster deay and to �ssion. Sine this deay is a rare proess, oneevaporation event, or �ssion event, proeeds after the other, sequentially. In thisproess, the ompound system follows a dynami trajetory in deformation spae,whih is governed by the potential-energy surfae and the dynami properties ofthe ompound system, related, for instane, to the inertia tensor and dissipationtensor. All deays are binary.If the system beomes drastially more unstable, this piture is not valid any-
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1.1. The formation of light residuesmore. The exploration of possible states of the exited system inludes numerousunstable on�gurations. Thus, the disintegration an not be understood as a se-quene of binary deays, but rather portrayed as a simultaneous break-up in severalonstituents [Randrup 1981, Gross 1997, Botvina 1985a, Bondorf 1985, Bondorf 1995℄.The disintegration is simultaneous in the sense that it evolves in so short a timeinterval (10�22-10�21s) that the ejeted fragments an still exhange mutual inter-ations during their aeleration in the Coulomb �eld of the system. In heavy-ionollisions, part of the exitation ould be introdued in the system in the form ofompressional energy. Aording to the impat parameter and the inident energy,the interation might result in a very omplex interplay between dynami e�ets(beside ompression, also deformation and rotation degrees of freedom) and ther-mal exitation. This is the ase of entral ollisions in the Fermi-energy range. Onthe ontrary, peripheral heavy-ion ollisions at relativisti energies may be ratherpitured aording to an �abrasion� proess [Gaimard 1991, Brohm 1994℄, where theremnant is formed by the spetator nuleons, heated by mainly thermal energy. Inthis ase, the role of ompressional energy has minor inidene. Even with protonprojetiles, the multifragmentation regime might be aessible when very high ex-itation is introdued in the nuleus. In reations indued by relativisti protons(but also by very light nulei), the dynami e�ets of the ollision have even smallerimportane. The exitation energy is almost purely thermal. Some authors evenattributed the spei� name of �thermal multifragmentation� to this partiular pro-ess (see the review artiles [Karnaukhov 1999, Karnaukhov 2003a℄). It might be sug-gested that proton-indued relativisti ollisions are better suited than ion-ion olli-sions for investigating thermal properties of nulear matter (e.g. [Karnaukhov 1999,Hirsh 1984, Andronenko 1986, Kotov 1995, Avdeyev 1998℄). In �nite nulei, the tran-sition from the �ssion-evaporation mode to multifragmentation manifests rathersmoothly. This opening of break-up hannels even inspired interpretations in linewith the liquid-gas phase transition of nulear matter [Rihert 2001, Chomaz 2004,Pohodzalla 1995, Borderie 2002℄. The similarity of the nuleon-nuleon interationwith the Lennard-Jones moleular potential suggests that in�nite neutral nulearmatter resembles a Van-der-Waals �uid [Sauer 1976℄. As shown in �g. 1.1, also in thephase diagram of nulear matter an area of liquid-gas oexistene an be de�ned. Inthis region, the �dense� phase of nulear droplets is in equilibrium with the �gaseous�phase of free nuleons and light omplex partiles. Within the Hartree-Fok approx-imation, aording to the type of Skyrme fore hosen for obtaining the nulearequation of state, the ritial temperature T was alulated to vary in a rangeof around 15-20 MeV for nulear matter [Sauer 1976, Jaqaman 1983, Levit 1985℄.(One of the latest investigations, based on an improved Fisher's model [Elliott 2002℄indiated T = 6:7 � 0:2MeV for �nite nulear systems. This value is soure ofontroversy, e.g. [Natowitz 2002, Natowitz 2002, Gulminelli 2002, D'Agostino 2003,Karnaukhov 2003a, Karnaukhov 2003b℄). During the reation proess, the systemexplores di�erent regions of the phase diagram. Sine at relativisti energies theollision is related to short wavelengths, the hot remnant should reah high positivevalues of pressure P due to thermal energy (rather than mehanial ompression,harateristi of Fermi-energy ollisions) without deviating sensibly from the ini-8



CHAPTER 1. EQUILIBRATION PROCESSEStial density �0. It is ommonly assumed that at this stage the system is still notthermalised and it undergoes expansion in order to attain equilibrium (There ex-ist also opposite interpretations assuming thermalization already before expansionand a suessive �Big-Bang-like� expansion out of equilibrium [Campi 2003℄). If theinitial pressure is high enough, the subsequent expansion ould lead to rather lowdensities, and the system, after dissipating the inoming momentum, ould reah apoint belonging to the spinodal region. Due to the inverse relation between pressureand density dP=d� < 0, this region is unstable, and density �utuations are magni-�ed. The nuleus breaks apart due to spinodal instability. The system disassemblesalso due to Coulomb instability. The inlusion of the long-range Coulomb inter-ation in the equation of state was introdued by Levit and Bonhe [Levit 1985℄,with the result that the solution of the oexistene equation vanishes above a �lim-iting temperature� Tlim, in general muh lower than T, depending on the ondi-tions taken for the alulation (see also [Jaqaman 1989a, Jaqaman 1989b℄). Den-sity �utuations re�et a ontinuous evolution of the size and number of nuleardroplets from a on�guration to another [Bugaev 2001℄. If the average mutual dis-tane among the nuleons exeeds the strong nulear interation range (i.e. aboutp< �n > =�, where < �n > is the average nuleon-nuleon ollision ross se-tion), the break-up on�guration �freezes� and the formed nulei and nuleons �yaway freely, all arrying signatures of the so-alled freeze-out temperature of theirommon soure. From omparing results from di�erent experimental approahese.g. [Hirsh 1984, Pohodzalla 1995, Shmidt 2002, Napolitani 2002b℄ this tempera-ture is found to be restrited to a range of 5 to 6 MeV (orresponding to a rangeof exitation energy per nuleon around 2.5 to 3.5 MeV), quite independently ofthe reation. This �nding, not diretly ompatible with the phase diagram of idealnulear matter even suggested to searh for a �harateristi temperature� of frag-mentation [Friedman 1988℄. The break-up on�guration at freeze-out is expetedto re�et the exitation energy of the system. The dense phase of highly heatedsystems should have the aspet of an ensemble of opious almost-equal-size lightfragments. At redued exitation, just su�ient for attaining the freeze-out, thebreak-up partition might evolve to more asymmetri on�gurations, where the for-mation of a heavy fragment lose to the mass of the hot remnant is aompanied byone or more light fragments and lusters. As an extreme, this on�guration mighteven redue to a binary asymmetri deay. In the ase of a very asymmetri split ofthe system, the partition multipliity has minor in�uene on the kinematis of thelight ejetiles. The emission of light partiles populates spherial shells in veloityspae and an not be easily distinguished by the kinematis from a binary deaywhen large mass-asymmetries haraterize the partition. A binary or binary-likedeay issued from a break-up on�guration is a �fast� proess. Compared to asym-metri �ssion, asymmetri break-up deays should result in a similar U-shape of themass spetra of the yields. On the other hand, break-up deays should be re�etedin the higher magnitude of the yields, and in the emission kinematis that, stillmostly governed by the Coulomb �eld, should exhibit an additional ontributiondue to the eventual expansion of the soure.9



1.2. Measurement of light-fragment properties1.2 Measurement of light-fragment propertiesGreat part of the information on light-partile emission at high exitation ener-gies was olleted in 4-�-type experiments, suited for measuring the multipliityand the orrelations of intermediate-mass fragments [Shüttauf 1996b, Marie 1998,Sharenberg 2001℄. Still, the measurement of orrelations and the linear-momentum-transfer was the basis for pursuing intense researhes on the transition from the for-mation of ompound nulei to multifragmentation [Klotz-Engmann 1987, Klotz-Engmann 1989℄.In this work, we disuss additional results derived from new inlusive measurementsof the reations 56Fe+p, 56Fe+natTi, 136Xe+p and 136Xe+natTi at 1 A GeV, e�e-tuated in inverse kinematis with the FRagment Separator (FRS) [Geissel 1992℄ atGSI (Darmstadt). The experimental set-up was not intended to measure multi-pliity and orrelations, but to provide formation ross setions and high-resolutionveloity spetra for isotopially identi�ed projetile-like residues. The exitationof the 56Fe+p and 136Xe+p systems onsists of purely thermal energy, and it isjust high enough to approah the onditions for the onset of multifragmentation.On the basis of these data we searh for the properties of the early appearaneof break-up events and their ompetition with ompound-nuleus emission. Thesystems 56Fe+natTi and 136Xe+natTi are ompatible with an abrasion piture. Theexitation energy deposited in the projetile spetator, still mostly of thermal na-ture, establishes the dominane of multifragmentation in the deay proess. Wewill espeially disuss the di�erenes in the kinematis of light-fragment emissionin the two systems, onditioned by two di�erent levels of exitation magnitude.
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2.1. The experiment2.1 The experimentThe experiments were performed at GSI (Darmstadt) in two sessions: in Otober2000 a primary beam of 56Fe was used and in November 2002 a 136Xe beam was used.The primary beam was delivered by the heavy-ion synhrotron SIS at an energy of1 A GeV. The target was onstituted of liquid hydrogen (with a thikness of 87:3mg/m2) ontained in a ryostat with thin titaniumwindows (36:3mg/m2 in total),wrapped in thin Mylar foils (C5H4O2, total thikness: 8:3 mg/m2) for thermalinsulation. In the target area, other layers of matter interseted the ion-beam:the aelerator-vauum window of titanium (4:5 mg/m2) and the beam-urrentmonitor. The latter was omposed of aluminum foils (8:9 mg/m2) at the time ofthe measurement with the 56Fe beam, and it was suessively replaed by titaniumfoils (13:5 mg/m2) before running the experiment with the 136Xe beam. In orderto disentangle the prodution and the physial results related to the interationwith hydrogen from the ontribution assoiated to the other materials, the wholeexperimental runs were repeated in idential onditions, after replaing the targetby titanium foils having the same thikness of the ryostat windows and wrapped inMylar foils having the same thikness of the ryostat insulation. This proedure didnot only determine the disturbing ontributions in the measurement of the 56Fe+pand 136Xe+p systems, but it also provided additional experimental data on otherreation systems. With some arbitrariness we name titanium target (natTi) theensemble of the titanium foils replaing the ryostat window, the Mylar wrapping,the aelerator-vauum window and the beam-urrent monitor. Unfortunately, themeasurement of the 56Fe+natTi and 136Xe+natTi systems aounts also for non-titanium nulei, the pollution of whih orresponds to their portion in the totalnumber of target nulei per area and is equal to 25.9% (Al) + 7.2% (Mylar) = 33.1%.It should be remarked that these omponents are not plaed at the same distanefrom the entrane of the spetrometer. Fragments produed in the beam-urrentmonitor or in the aelerator-vauum window ould have lower probabilities to beregistered in the experiment sine the angular aeptane is redued by fators of0.33 and 0.25, respetively, ompared to produts from the titanium foils replaingthe ryostat. Heneforth, we refer to the liquid hydrogen as proton target (p). Inthis ase no polluting ontributions are inluded in the �nal results.2.2 The FRagment SeparatorThe advantage of studying relativisti reations in inverse kinematis is that all ol-lision produts leave the target with veloities lose to the beam veloity and theyan be analyzed in-�ight, by traking their trajetories in a magneti �eld, by mea-suring their momenta and by registering their energy-loss in matter. The ollisionproduts were analyzed inlusively by the FRagment Separator (FRS, Darmstadt)set in high-resolution ahromati mode. A shemati view of its main omponentsand funtioning is presented in �g. 2.1 12



CHAPTER 2. EXPERIMENT AND ANALYSIS2.2.1 Dispersion and high-resolution ahromati modeThe spetrometer FRS is omposed of a series of four large bending dipole magnetspositioned behind the target. To fous the beam of reation produts, quadrupolemagnets are plaed in front and behind the dipoles. The magneti �elds are set sothat the partile trajetories enounter a dispersive lattie and split apart aordingto the di�erent momenta. The motion of a partile of magneti rigidity B�, hargeq and momentum p = qB� in a dispersive magneti �eld an be desribed in termsof the dispersion funtion, de�ned asD(s0) = x(s0)Æ ; (2.1)where x is the transverse displaement in the horizontal plane from the referene-partile trajetory s0, and Æ is the momentum deviation with respet to a referenepartile of momentum p0 = qB�0, de�ned by the relationÆ := p� p0p0 = B�� B�0B�0 : (2.2)
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Figure 2.1: Standard layout of the FRagment Separator FRS. The positions ofthe four dipole magnets, the foal planes and the main detetors are shown in ahorizontal plane view. 13



2.2. The FRagment SeparatorAs demonstrated in the appendix A, the equations desribing the motion of hargedpartiles in the horizontal plane an be written in the following form:� x(s0)x0(s0) � = � g(s0) h(s0)g0(s0) h0(s0) �� xix0i �| {z }Harmoni term + Æ� DiD0i �| {z }Dispersion term ; (2.3)where the prime represents a derivative with respet of the urvilinear oordinateassoiated to the path length s0 travelled by the referene partile. xi and x0iare initial onditions, and Di a partial solution of the dispersion equation (seeappendix A, eq (A.38)). We reognise a �rst term, whih we may all harmoni,that omes from the Hill equation (A.40) and desribes the transverse osillationof a partile about its equilibrium trajetory. This is basially due to the strongfousing of the quadrupole magnets. The seond term indiated as dispersion termintrodues the dependene of the atual trajetory on the momentum deviation,with respet to the referene path s0 and, therefore, �xes the equilibrium trajetoryfollowed by the atual partile. The dispersion term is ruial for the identi�ationof the fragment masses. By adding the trivial equation Æ = Æ we an write theequations (2.3) in terms of transfer matrix T s0i :X (s0) = T s0i Xi ; (2.4)withXi = 0� xix0iÆ 1A ; X (s0) = 0� x(s0)x0(s0)Æ 1A ; T s0i = 0� g(s0) h(s0) Dig0(s0) h0(s0) D0i0 0 1 1A ;The dispersion D(s0) has a maximum value in the middle of the beam-line, betweenthe seond and the third dipole, in orrespondene with a foal plane. The optialproperty of a foal plane is the existene of a point-to-point imaging relation withrespet to the initial plane, whih orresponds to the target plane of the FRagmentSepatator (indiated by the number 0). This means that any partile with givenmomentum p issued from a point x0 in the target plane hits the foal plane in a or-responding image point x2, independently on the initial angle x00. As a onsequene,the element t1;2 of the matrix T 20 is equal to zero.This foal plane will be generally referred to as the dispersive foal plane (indiatedby the number 2). A partile intersets the dispersive foal plane in a point x2 thatdepends on the momentum p. The motion of partiles between the target planeand the dispersive foal plane is desribed by the transfer matrixT 20 = 0� g0 0 D2g00 h00 D020 0 1 1A :We ould assume that the target is point-like and impose x0 = 0. As a onsequene,even though the trajetories of the reation produts split apart due to the di�erent14



CHAPTER 2. EXPERIMENT AND ANALYSIS

Figure 2.2: Simulation of the operation of the FRagment Separator in high-resolution ahromati mode. Top. Evolution of the dispersion along the beamaxis in the FRagment Separator. Centre. Horizontal plane. Thirty trajetoriesoriginating from two spatially distint points in the target plane for partiles di�er-ing for having �ve di�erent emission angles and three di�erent momenta. Bottom.Vertial plane. Three spatially distint points and three emission angles are hosen.momenta and initial angles, they will then onverge to foal points in the horizon-tal plane on the dispersive foal plane at positions depending on the momentumdeviation Æ only. As an example, these properties of the ion-optis are simulated in�g. 2.2. The spetrometer was operated in an overall ahromati mode, so that allreation produts enounter an ahromati foal plane (indiated by the number 4)at the end of the beam-line, in orrespondene of whih the momentum dispersionvanishes (In the transfer matrix we set the t1;3 = t2;3 = 0). This means that allpartiles issued from a given point in the target plane will fous in a orrespond-ing point in the ahromati foal plane independently on their angle spread andmomentum. The transfer matrix desribing the partile motion between the targetplane and the ahromati foal plane has the formT 40 = 0� g0 0 0g00 h00 00 0 1 1A :15



2.2. The FRagment SeparatorThe motion of partiles between the dispersive foal plane and the ahromati foalplane is desribed by a transfer matrix similar to the one assoiated to the �rst halfof the spetrometer T 42 = 0� g2 0 D4g02 h02 D040 0 1 1A :
From the �rst row of the equation of motion X2 = T 20X0 we obtain an expressionto relate the momentum deviation Æ to the dispersion D2 by the knowledge of theposition in the dispersive foal plane:Æ = x2D2 : (2.5)Similarly, from the �rst row of the equation X4 = T 42X2 we obtain~Æ = x4 � g2x2D4 ; (2.6)where we indiated ~Æ the momentum deviation in the seond half of the spetrom-eter. ~Æ ould di�er from Æ due to the presene of matter (detetors) between theseond and the third dipole. In this ase, the initial momentum p hanges due tothe energy-loss in matter. If we assume ~Æ � Æ, we an ombine the equations (2.5)and (2.6) in g2D2+D4 = x4=Æ. If the optis is ahromati, x4 is the image of x0 = 0,and we an impose x4 = 0. Thus we obtain the following ondition of ahromatism:g2 = �D4D2 (2.7)From the de�nitions (2.1) and (2.2), we an write the dispersion D2 and D4 in termsof magneti rigidity: D2 = B�0(B��B�0) x2 ; (2.8)D4 = B�0(fB��B�0) (x4 � g2x2) ; (2.9)where B� and fB� are the values of the magneti rigidity of the traked partilein the �rst and in the seond half of the spetrometer, respetively. It should beobserved that like the momentum or the energy, the magneti rigidity is a propertyof the partile and not of the optis. On the other hand, the magneti �eld B, theurvature radius �, and the dispersion D2 and D4 and the magni�ation fator g2are harateristis of the ion-optis. 16



CHAPTER 2. EXPERIMENT AND ANALYSIS2.2.2 Measurement and setting of the Ion-opti parametersAt the beginning of the experiment the optis was set so that the primary beamof 56Fe or 136Xe (with the target o�-beam) was direted through the spetrometerrossing both the dispersive foal plane and the ahromati foal plane in the entre.This opti setting de�ned the referene trajetory s0 and the urvature radius �0.The omplete set of all the magneti �elds (of dipole and quadrupole magnets)onstituting the spetrometer were registered in a magneti-�eld referene �le. Themagneti �elds of the �rst two dipoles B1 and B2 were set to lose values (di�eringof around 1%) and in the following we will simply indiate them by their averageB12 = (B1 + B2)=2. Also the magneti �elds of the third and fourth dipole werealmost idential and we will refer to their average B34 = (B3 +B4)=2.In order to san all the magneti rigidities (and therefore the momenta) of the re-ation produts, the magneti �elds had to be hanged several times during thewhole experiment. On the ontrary, the parameters D2, D4 and g2, ruial for thedata analysis were measured at the beginning of the experiment with spei� ali-bration runs, and were then �xed as onstant values for the whole experiment. Inorder to keep these optis parameters unhanged the magneti �elds of the ensem-ble of magnets where hanged by applying two saling fators with respet to themagneti-�eld referene �le: one applied to the �rst half of the spetrometer (fromthe target plane to the dispersive foal plane), the other applied to the seond half(from the dispersive foal plane to the ahromati foal plane). The two salingfators, though very similar, di�er due to the presene of layers of matter with non-negligible thikness (sintillating detetors or degraders) interseting the ion-beamin proximity of the dispersive foal plane.We should reall that the referene trajetory s0 was set in order to interset thedispersive foal plane and the ahromati foal plane in the entre. Therefore, themeasurement of the distane of the rossing point of a partile in the dispersive andahromati foal planes from the entre oinides with the spaial deviation fromthe referene trajetory x2 and x4, respetively. The measurement of the positionsx2 and x4 should be as aurate as possible. Sintillating detetors were preferreddue to their homogeneous material. The use of non-homogeneous detetors likemultiwires would in fat a�et the ion-optis. Nevertheless, multiwire detetorsprovide a better linearity of the signal. For this reason, alibration experiments weredediated to measure the non-linearity of the sintillator by plaing an additionalmultiwire detetor behind the sintillator. Supposing that the signal given by themultiwire is perfetly linear, the distortion of the signal of the sintillator mountedin the dispersive foal plane is the urve shown in the diagram (a) of �g. 2.3. Thisdistortion was then eliminated in the data analysis.One a preise measurement of x2 is available, The dispersion D2 an be measuredby applying the equation (2.8), that relates the position x2 to the magneti rigidity17



2.2. The FRagment Separatorof a partile. Eq. (2.8) an be written in the formB� = B�0 �1 + x2D2� ; (2.10)or B� = B12�0 �1 + x2D2� ; (2.11)
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Figure 2.3: Experimental determination of the main parameters for the data-analysisin the measurement with a 136Xe beam. (a) Di�erene in the measurement of theposition by the sintillator (S) and the multiwire (MW) detetors in the dispersivefoal plane. (b) Determination of D2. () Determination of D4. (d) Determinationof g2. 18



CHAPTER 2. EXPERIMENT AND ANALYSISwhere the magneti rigidity of a partile is expressed as a deviation from the ref-erene trajetory in eq. (2.10), and is related to the required arateristis of theoptis in eq. (2.11). Eq. (2.11) indiates that the position x2 varies with the mag-neti rigidity of the partile when the optis setting is �xed, and is a funtion ofthe magneti �eld when the magneti rigidity of the partile is kept onstant. Thelatter ase is the priniple that was used in pratie to evaluate the dispersion D2 insome alibration runs. With the target o�-beam, the primary beam (whih, beinghosen as a referene, has B� = B�0) was direted through a magneti �eld B012, setin order to have x2 = 0 and, as a onsequeneB�0 = B012�0 : (2.12)The magneti �eld was than hanged of a quantity �B12, in order to obtain aposition deviation equal to �x2, as expressed by the relationB�0 = (B012 +�B12)�0 �1 + �x2D2 � : (2.13)Eliminating B�0 in eq. (2.12) and eq. (2.13), we obtain the relationB012 = (B012 +�B12)�1 + �x2D2 � ; (2.14)that leads to D2 = �B012 �x2�B12 ��x2 � �B012 �x2�B12 ; (2.15)where the additional term ��x2 was negleted beause in our ase �B12 is aroundtwo orders of magnitude smaller than B12. In the diagram (b) of �g. 2.3 the ex-perimental measurement of the slope �x2=�B12 is shown. The referene value B012ould be either measured or extrapolated from the slope itself.The measurement of the dispersion D4 was e�etuated by entring the primarybeam at x2 = 0 and varying the magneti �eld B34 only. We impose x2 = 0 ineq. (2.9) and apply the same proedure used for D2 so as to obtainD4 = �B034 �x4�B34 : (2.16)In the diagram () of �g. 2.3 the experimental measurement of the slope �x4=�B34is shown.The parameter g2 is dedued from eq. (2.9), that ould be written in the formx4 � g2x2 = � B�B34�0 � 1�D4 : (2.17)A saling of B12 without any variation of B34 and B� would keep the seond termof eq. (2.17) onstant and produe a variation �x2 and �x4 only. This is whatwas also done experimentally, still using the primary beam, in order to obtain thesimple relation g2 = �x4�x2 : (2.18)19



2.3. Nulide identi�ation2.3 Nulide identi�ationOne single opti setting of the spetrometer allows for a partial transmission of thep=q distribution of produed fragments. The seleted p=q range is of about �1:5%in the dispersive foal plane. Thus, a limited A=Z range of fragments an traversethe �rst half of the spetrometer. This imposed to sale the set of magneti �eldsseveral times in order to san all the distribution of momenta (and therefore ofmasses) of the reation produts.When the layers of matter present in the dispersive-foal-plane region have a non-negligible thikness, the fragments lose part of their kineti energy as a funtion ofZ2, and both the momenta and the magneti rigidities hange. Suh an e�et resultsin an additional seletion in the seond half of the spetrometer, limiting the passageof the fragments to a restrited range of harges. In ertain onditions, the seletionof a limitedZ-range is desirable, as it allows to measure separately elements with lowyields and with high yields, respetively. In the measurement with 136Xe projetiles
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CHAPTER 2. EXPERIMENT AND ANALYSISan additional layer of matter was positioned behind the sintillator in the dispersive-foal-plane area 1, in order to measure the isotopi prodution along three bandsentred around Ag, Zn and Al, respetively. Compared to heavy nulides and lightfragments, the Zn-band orresponded to a low-yield region and it required to bemeasured separately. The simultaneous measurement of the intermediate-Z bandand heavy-Z band would have severely spoiled the statistis of the former band.In �g. 2.4 the expeted measurable isotopi prodution assoiated to three settingswith 136Xe projetiles is shown, as estimated before the experiment by the useon an ion-optial alulation. The projetile and its one-eletron and two-eletronharge states (unfortunately, non ompletely stripped ions are always present in theprimary beam) are not produts of the nulear reation and indue a huge ountingrate: they saturate the data aquisition and might damage the detetors. It istherefore neessary to selet out the orresponding p=q by employing spei� slitsin the foal plane 1 (see �g. 2.1). In �g. 2.4 three lines mark the isotopes withmagneti rigidity lose to the projetile (solid line) and to the one-eletron andtwo-eletron harge states of 136Xe (dashed line). The momentum distribution ofthese isotopes ould not be measured ompletely. For the settings dediated to the56Fe projetiles no degrader was used, and all the produed elements with a givenp=q were measured at one.2.3.1 Charge and Time of �ightThe time of �ight was measured by the sintillators installed in the dispersive foalplane and in the ahromati foal plane, as the time interval needed by a partile to�y along the path ` � 36m from one foal plane to the other. Tehnially, the mea-surement starts with the detetion in the ahromati plane, while the orrespondingsignal oming from the sintillator plaed in the dispersive foal plane is delayedand used to stop the aquisition. This is a solution to disregard the partiles lostin the seond half of the spetrometer and redue the dead-time onsiderably.The partile harge was measured by one (with 56Fe beam) or two (with 136Xe beam)ionization hambers plaed in front of the ahromati plane. They were �lled with amixture of Ar (90%) and CH4 (10%) at room temperature and about normal pres-sure. When traversed by an ionising partile, the gas generates a loud of eletronsand ions around the trajetory, and four anodes produe a signal proportional tothe number of stripped eletrons olleted. At inident energies of around 1 A GeV,the energy lost by a projetile traversing a layer of matter is desribed by the Bethe-Bloh equation. Therefore, in an ideal ase, the signal of the ionization hambersshould be about proportional to the ratio q2=�2. Tehnially, there is one omplia-tion. The stripped eletrons, falling towards the anodes, ould be aptured by gasmoleules. This reombination e�et inreases with the eletron path length. Sinethe anodes are positioned on the horizontal beam-plane on one side of the detetor,1An aluminum degrader onstituted of rotating-wedges was used, with a thikness of 816.6mg/m2 21



2.3. Nulide identi�ation
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the measurement of the energy loss of a partile is slightly a�eted by a dependenef(x4) on the position x4 in the ahromati foal plane. The �2-dependene of thesignal an be redued to a funtion of the measured time of �ight g(TOF ). Sinethe reation produts were fully stripped, the nulear harge Z = q was dedueddiretly, after eliminating the dependene on the position f(x4) and on the veloityg(TOF ). In �g. 2.5 the nulear harge measured by the ionization hambers isrepresented as a funtion of the measured time of �ight for one magneti settingof the spetrometer dediated to register light fragment of a 136Xe projetile. Theloud of event onentrates in lusters, eah one orresponding to a single fragment(A;Z). The e�et of �lustering�, so helpful for the data analysis, is a onsequeneof the limited magneti-rigidity aeptane of the FRagment Separator. Sine foran isotope the aepted veloity spread is very narrow, the Z2 dependene is domi-nant in the measurement of the energy loss �E. Moreover, for the same reason, �(whose expression is � / B�ZA) depends strongly on the mass A; as a onsequene,the same dependene will haraterize the time of �ight. If the magneti-strengthaeptane were wider, the MUSIC-time of �ight plot would be onfused and theluster strutures would vanish. 22



CHAPTER 2. EXPERIMENT AND ANALYSIS
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2.4. Longitudinal veloities2.3.2 Mass separationThe mass A was dedued from the time of �ight and the magneti rigidity of thepartiles aording to the relationAZ = 1 � em0 + Æm � B��(TOF) ; (2.19)where B� is the magneti rigidity of a partile,  the veloity of light, e the elemen-tary harge, m0 the nulear mass unit, Æm = dM=A the mass exess per nuleon.For the purpose of the isotopi identi�ation, the variation of Æm with A=Z an benegleted, and a linear variation of A=Z as a funtion of B�=� an be assumed.In eq. (2.19) the quantity �(TOF ), or rather �, is not dedued diretly from theTOF measurement. A set of eight oe�ients ~k = (k1; : : : ; k8), onstant for all theruns was searhed for, in order to write the path length ` as:` = l + k1xS2 + k2xS4 ;(Where l = 36m is the average path length.) and the time of �ight as:t = k3 + k4TOF + k5x22 + k6x24 + k7e�k8Z2 ; (2.20)where quadrati terms in x2 and x4 desribe non-linear e�ets of the light-propagationtime; A Z-dependent term is added to take into aount the remaining walk de-pendene of the disriminators (i.e an amplitude dependene). Thus, the relativeveloity is the ratio: � = ̀t : (2.21)The terms ~k are then dedued by numerial optimization and used for the wholedata analysis (as far as the harateristis of the detetors were unhanged). In�g. 2.6 the raw data olleting all the events measured in the experiment with a136Xe projetile are shown. Events are ordered aording to the measured Z andN � Z so as to obtain an isotopi identi�ation plot.2.4 Longitudinal veloitiesThe measurement of the time of �ight is preise enough for an aurate identi�a-tion of the mass of the fragments. Nevertheless, mainly due to the resolution andadditionally due to a slight dependene on the trajetory [Napolitani 2001a℄ it is notsuited for a �ne measurement of the veloities of the fragments. On the other hand,one an isotope is identi�ed in mass and harge, a muh more preise measurementof the veloity is obtained diretly from the magneti rigidity of the partile� = B� � 1 � em0 + Æm � ZA ; : (2.22)24



CHAPTER 2. EXPERIMENT AND ANALYSIS
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2.4. Longitudinal veloitiesIn this ase, the preision of � depends only on B�, that has a relative unertaintyof 5 � 10�4 (FWHM) for individual reation produts. The absolute alibration ofthe de�etion in the magnet in terms of magneti rigidity B� was performed atthe beginning of the experiment with a dediated alibration run using the primarybeam as detailed above. B� is the magneti rigidity of the fragments in the �rsthalf of the spetrometer, before the dispersive foal plane as alulated aordig toeq. (2.11).Sine one single magneti on�guration of the FRS selets only a B� range of about� 1.5%, several overlapping runs have been repeated imposing di�erent magneti�elds. While for the heavy residues lose to the projetile one or few settings weresu�ient to over the whole veloity spetrum, the light fragments often requiredmore than ten runs. The B� sanning of 6Li, produed in the interation of 56Fewith the target of liquid hydrogen enlosed in the ryostat onstitutes the diagram(a) of �g. 2.7: eah segment of the spetrum is obtained from a di�erent salingof the set of magneti �elds of the FRS. In order to obtain onsistent weightings,the ounts of the di�erent measurements were normalized to the same beam dose.For eah magneti saling, this normalization was obtained by dividing the orre-sponding segment of the spetrum by the number of projetiles that hit the targetduring the orresponding run. The impinging projetiles were ounted with thebeam-urrent monitor. The renormalized yields are shown in the diagram (b) of�g. 2.7. We should note that the spetrometer aepts only the fragments emittedin a one of about 15 mr around the beam-axis in the laboratory frame, when thereation ours in the hydrogen-target position. As a onsequene, a light residuelike, for example, 6Li, generated in a ollision at a beam energy of 1 A GeV anbe deteted only if emitted with small transverse momentum. The experimentalspetrum represents the part of the density distribution in the veloity spae se-leted by the angular aeptane of the spetrometer, projeted on the longitudinalaxis. Unfortunately, the angular aeptane depends on the magneti rigidity ofthe partiles. As pointed out in the work [Benlliure 2002℄, for a given set-up ofthe spetrometer, the more the intersetion of the trajetory of a partile with thedispersive or the ahromati planes is displaed from the entres, the lower is theaeptane angle of the FRS. The e�et appears in the urved sides of eah singlesegment, with the result of disturbing the overall struture of the B� sanning. Thisdistortion, seen in the spetrum of the plot (b) of �g. 2.7, an be suessfully or-reted by means of ion-optial alulations that �x the dependene of the angulartransmission on the trajetory. The alulation of the ratio of the transmission Trelative to its maximum value is presented in �g. 2.8. The orreted spetrum, seenin the plot () of �g. 2.7, is the result of saling up the yields of the spetrum bythe fator Tmax=T . We also hanged from a � spetrum to a longitudinal-veloityspetrum and, to simplify the analysis, the referene frame was hanged from thelaboratory to the beam frame. On the average, the projetile interats in the mid-dle of the target. Therefore, we take into aount the slowing down of 56Fe in the�rst half of the target, as represented in the upper diagram of �g. 2.9. We alsoonsider that the fragments slowed down in the remaining half of the target and,therefore, were emitted at higher veloity than the one we observed. The analy-26



CHAPTER 2. EXPERIMENT AND ANALYSISsis so far illustrated was repeated for all the isotopes produed in the interationwith the target of liquid hydrogen enlosed in the ryostat. Suessively, the sameproedure was applied to the orresponding isotopes produed in the interationwith the natTi target. As all spetra are normalized to the same beam dose, bysubtrating the veloity spetra of the residues produed in 56Fe+natTi (indiatedby the hathed area in the plot () of �g. 2.7) from those of the orrespondingisotopes produed in the target of hydrogen stored in the ryostat, we ould obtainthe measured veloity distributions for the reation with the liquid hydrogen. Theresulting yields are unambiguously disentangled from any disturbing ontributionsprodued by other material present in the target area. Finally, the veloity spetraobtained for the 56Fe+p system were divided by the number of nulei per area ofthe proton target. The resulting spetrum is shown in the diagram (d) of �g. 2.7.In the ase of the 56Fe+natTi and 136Xe+natTi systems, we should onsider that thetarget is onstituted of three omponents, the titanium foils replaing the ryostat,the beam-urrent monitor and the aelerator-vauum window, having a numberof nulei per area equal to n0, n1, and n2, respetively. We should also reall thatthese omponents are plaed at di�erent distanes from the entrane of the spe-trometer and are subjeted to di�erent values of the angular aeptane, that isabout �0 = 15:8 mr, �1 = 9 mr, and �2 = 7:8 mr, for the layers n0, n1, and n2,respetively. Thus, the ross setions given in this work for the "titanium" targetare alulated using a target omposition where the di�erent layers are weighted bythe orresponding estimated transmission values T , assuming idential produtionross setions in the di�erent target omponents. In partiular, the veloity spe-tra obtained for the 56Fe+natTi and 136Xe+natTi systems should be divided by thequantity n0T (�0) + n1T (�1) + n2T (�2).The experimental data are already omplete enough to let us reognise an impor-tant signature of the Coulomb repulsion: the double-humped spetrum reveals thatthe veloity of 6Li nulei emitted at small angles has two omponents: one appre-
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2.4. Longitudinal veloities
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CHAPTER 2. EXPERIMENT AND ANALYSISsetting. Due to these problems, the mean veloities of the light residues an only bedetermined with relatively large unertainties. With these large unertainties, theinformation from the mean veloities ould not be exploited. Although these meanveloities also enter into the evaluation of the ross setions, the unertainties theyintrodue are omparable to those from other soures. It is therefore preferable todedue the mean reoil veloities of lithium, beryllium, boron and arbon by ex-trapolation from the systematis of the data relative to the ensemble of the heavierresidues.2.5 Normalization to the beam dose2.5.1 Beam-urrent monitorA beam-urrent monitor was installed in front of the target. it was omposed ofthree metal foils perpendiular to the beam, the external one onstituting the anode,and the middle foil working as the athode. Eletrons, originating from the ath-ode are olleted by the anode; sine any signi�ant spae-harge e�et has beenobserved, the seondary-eletron urrent measured on the middle foil is assumedto be proportional to the primary-beam urrent. The devie is named SEondaryEletron TRAnsmission Monitor [Junghans 1996, Jurado 2002℄ (SEETRAM). Theadvantage with respet to using a sintillator is the e�ieny in measuring highprimary-beam urrents and a smaller thikness. A sintillator would seriously de-teriorate the beam quality due to its thikness, omparable to an additional target.The ounting rate an be obtained alibrating the seondary-eletron urrent re-spet to the primary-beam urrent; sine the output signal of the SEETRAM isturned into a voltage and then digitalized, the alibration resolves into the ratio:�seetram = seondary-eletron urrentprimary-beam urrent = SEETRAM ountsnumber of impinging projetiles :In order to obtain the impinging-projetile ounting, a sintillator is inserted inthe beam between the SEEETRAM and the target during a alibration proedure,and is then removed during the experiment. The �gure 2.10 shows a omparisonbetween the time evolution of partile ounts measured with the sintillator andthe orresponding SEETRAM ounts during a alibration run aimed to measurethe parameter �seetram. The SEETRAM reprodues properly the beam struture,with the only addition of an o�set, due to a urrent added at the output of thedigitalizer. The signal produed by the middle foil is in fat �rstly turned into avoltage, �ltered, and �nally digitalized. For very low signals the �lter ould generatesome �utuations around zero and the signal ould drop to negative values: in this29



2.5. Normalization to the beam dosease the output urrent of the digitaliser ould be interrupted. In order to have analways-positive signal the addition of a onstant positive o�set is neessary.Before integrating the SEETRAM ounts for eah spill, this o�set should be au-rately subtrated. After this operation, the number of partiles onstituting eahspill (measured with the sintillator) an be ordered as a funtion of the orrespond-ing SEETRAM ounts as in the insert in �g. 2.10.The quadrati dependene of the partile ounting as a funtion of the beam in-tensity reveals a saturation [Jurado 2002℄ of the sintillator: as a onsequene, weassume more signi�ant the region of the urve orresponding to low ounts, andwe obtain the alibration oe�ient as the initial slope of the quadrati �t of thefuntion.The number of projetiles an be measured for eah run by subtrating the o�set
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CHAPTER 2. EXPERIMENT AND ANALYSISfrom the orresponding SEETRAM ounting and multiplying the resulting di�er-ene for the alibration oe�ient.Nprojetiles = �seetram(SEETRAM � o�set) :2.5.2 Total number of fragments traversing the spetrometerThe row-data plot of �g. 2.6 ollets the number Nmeasured of partiles deteted bythe sintillator in the ahromati foal plane and not the real numberN of fragmentsthat traversed the separator. A spei� aquisition devie ounts independentlyall the partiles N rossing the separator, even if they do not orrespond to ameasured event (i.e. an event is haraterized by the registration of all identi�ationparameters). The dead-time may be de�ned as� = N �NmeasuredN :Finally, in order to obtain normalized yields to the beam dose from the measuredyiels it is neessary to divide them by the number of impinging projetiles and bythe events-to-deteted-partile ratio:Normalized yields = measured yieldsNprojetiles(1� �) :It should be observed that the normalized yields do still not orrespond to rosssetions, as we are still disregarding the portion of fragments emitted outside of thesolid angle de�ned by the angular aeptane of the spetrometer.
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3.1. Veloities3.1 VeloitiesWhen a fragment is emitted with a large absolute veloity v = j~vj in the entreof mass, not all the angles of the orresponding veloity vetor ~v are seleted bythe �nite angular aeptane of the spetrometer. As a result of the data analysisdetailed in the previous setion, we obtain the measurement of the apparent rosssetion dI(vk)=dvk as a funtion of the longitudinal veloity vk. This observedross setion di�ers from the real ross setion due to the angular aeptane. Thedetetion of a partile depends on the perpendiular veloity v? =qv2 � v2k in theentre-of-mass frame, the angle of rotation around the beam diretion ', and theveloity u of the entre of mass with respet to the laboratory. The dependene on' omes about beause the beam pipe inside the quadrupoles is not ylindrial. Adiagram onstruted on the basis of experimental data is presented in �g. 3.1, todetail the geometry of the spetrometer aeptane.We intend to extrat data on the fragment-emission kinematis and eliminate anydependene on the experimental devie. For this purpose, we need to searh fora onnetion between the ross-setion variation in veloity spae in the entre-of-mass frame and the measured spetra dI(vk)=dvk as a funtion of the longitudinalveloity omponent vk in the entre-of-mass frame. In a general ase, the formerdistribution is not isotropi, but a funtion of the absolute veloity v, the polar anglefrom the beam diretion �, and the azimuthal angle around the beam axis '. Itwill be denoted as d3�=(dv d
), where 
 is the solid angle. The veloity omponentorthogonal to the beam axis is v?. The ontribution to the experimental yield inthe interval [vk; vk + �vk℄ is obtained by integrating v? in the slab orthogonal tothe beam axis : dI(vk)dvk = ZZ d3�d~v v? dv? d'= ZZ 1v2 d3�dv d
 v? dv? d' : (3.1)For the orthogonal veloity integration the lower limit is 0 and the higher limitis related to the angular aeptane of the spetrometer. Sine the latter is notneessarily irular, it an depend on ' and will be denoted as �('). The max-imal orthogonal veloity may be derived from the Lorentz transformation of themomentum and it reads : ev?(') = (u + vk)�('), where u and  are the veloityand the Lorentz fator of the enter of mass in the laboratory frame, respetively.Introduing these limits in the integration we write :dI(vk)dvk = 2�Z0 24 ev?(')Z0 1v2 d3�dv d
 v? dv?35 d' : (3.2)34



CHAPTER 3. RESULTSChanging the integration variable from v? to v =qv2k + v2? we obtain :dI(vk)dvk = 2�Z0 2664 qv2k+ev2?(')Zjvkj 1v d3�dv d
 dv3775 d' : (3.3)
To reonstrut the full veloity distribution, independent of the angular aeptaneof the spetrometer, an assumption on the angular distribution is neessary. It wasonluded from experiments, to whih the full angular range was aessible, that the
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3.1. Veloitiesdata are in satisfatory agreement with an isotropi emission (see, for example, thetreatment of �Moving soure analysis� presented in [Korteling 1990℄). This assump-tion has been orroborated by a vast olletion of data for reations of very di�erentnature. Isotropi emission has been observed either for lowly exited �ssioning sys-tems [Moretto 1989℄, or even for very highly exited nulei undergoing expansion�ow in thermal multifragmentation [Karnaukhov 1999, Karnaukhov 2003a℄. At leastthe 56Fe+p and 136Xe+p systems an be safely inluded in this range. Slightlyless justi�ed is the assumption for 56Fe+natTi and 136Xe+natTi , sine some e�etsof dynamial multifragmentation ould disturb the isotropy. Thus, if we assumeisotropi partile emission in the entre-of-mass frame, d3�=(dv d
) redues to(1=4�)(d�=dv) and the variation of the ross setion �(v), as a funtion of the ab-solute veloity v, is related to the variation of the apparent ross setion I(vk) as afuntion of vk by the equation:dI(vk)dvk = 14� Z 2�0 d' Z qv2k+ev2?(')jvkj 1v d�(v)dv dv ; (3.4)
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3.1. Veloitiesd�=dv vanishes at large v values and that, as a onsequene, also the yield drops.By onsidering a large vk value for whih the yield is null, we an take a nulld�=dv over the orresponding interval and start the proedure of reversion. Thispresription for the starting point an also be extended to regions where the yielddoes not fade : for vk � ev? the length of the integration interval dereases asev2?=(2vk), whih beomes small ompared to the harateristi variation length ofd�=dv. In this ase, the latter an be assumed onstant over the interval and itsvalue dedued straightforward from eq. (3.4). The dependene of ev? on ' onlyslighly hanges the proedure, while the sheme remains the same.The yields measured for the forward emission (vk > 0) are expeted to di�er fromthose assoiated to the bakward (vk < 0) emission. Nevertheless, in the ideal aseof a perfetly isotropi emission with respet to the entre of mass, the resultingross setions �(vk > 0) and �(vk < 0) restrited to only-forward and only-bakwardemission, respetively, should be idential. The di�erene j�(vk > 0) � �(vk < 0)jan be an indiation of the unertainty introdued in the extration of the rosssetion �(v) by the assumption of isotropi emission. The density of veloity vetors~v in a plane ontaining the beam axis is presented in �g. 3.3.We an now redue the representation of the reoil-veloity distribution �(v) toone dimension, seleting only those veloities ~v aligned in the beam diretion, andoupying only absissae in the plots of �g. 3.3.Due to our assumption of isotropy, we an de�ne radial veloity distributions di-viding the di�erential ross setion d�(v)=dv assoiated to a given veloity v in theentre of mass by the spherial surfae of radius v:�r(v) = d3�d~v = 14�v2 d�dv ; (3.5)It should be remarked that either in the referene of the entre of mass or in theprojetile frame,  is lose to the unit and onsequently �r(v) is diretly relatedto the invariant ross setion �I(v). Indiating m = m the mass of the partile,~p = ~p its momentum and E its total energy in the entre of mass frame (or in theprojetile frame), we obtain the equality:�r(v) = m22m2 d3�d~p = 12Ed3�d~p = 12�I(v) : (3.6)Also the planar uts in veloity spae (vbk; vb?) of �g. 3.3 are equivalent to invariant-ross-setion plots [Babinet 1981℄.As a tehnial remark, the advantage of inverse kinematis ompared to diret-kinematis experiments should be pointed out. The registration of emission veloi-ties lose to the veloity of the entre of mass of the hot remnant are not preventedby any energy threshold. Thus, only in inverse kinematis we an learly appreiatethe gradual transition from a haoti-dominated proess, re�eted in Gaussian-like40



CHAPTER 3. RESULTSinvariant-ross-setion spetra, to a Coulomb- (or eventually expansion-) dominatedproess, produing a hollow around the entre of mass. This harateristi signaturewe exploit resembles the investigation of relative veloity orrelations between twofragments [Wang 1999℄ in full-aeptane experiments for analysing deay times. Inthat ase, the probability to detet two almost simultaneously emitted partiles inspae with small di�erenes in diretion is suppressed due to the mutual Coulombinteration.A systemati study of the spetra of lithium, beryllium, boron and arbon is pre-sented in �g. 3.4 and ompared with the observed veloity distributions. In the56Fe+natTi reation, all spetra show a bell shape. In the 56Fe+p spallation, thedouble-humped distribution appears learly for isotopes with mass lower than twelveunits. The shape of the veloity spetra depends mostly on the mass rather than onthe harge, and hains of isotopes belonging to the same elements show a transitionfrom a bell shape toward a double-humped spetrum with dereasing mass. Thistransition is not always gradual but, as revealed by the neighbouring 11C and 12Cin the lower panel of �g. 3.4, sometimes seems to be rather abrupt.A spei� disussion should be dediated to the veloity spetra measured for the136Xe+p and 136Xe+natTi systems. In �g. 3.5 a series of experimental spetradI(vk)/dvk normalized to the unit is shown for twenty isotopes having N = Z + 1(these isotopes where measured with the best statistis). All spetra, both for136Xe+p and 136Xe+natTi , an be desribed by the superposition of the two di�er-ent shapes, the �rst double humped, the seond Gaussian-like, the width and theintegral of whih varies aording to the spei� isotope. All spetra assoiated toheavy residues have a Gaussian shape. Gaussian spetra are narrow for isotopes ofmass lose to the projetile, assoiated to evaporation prodution. They widen forlight residues, whih are assoiated to more omplex emission mehanisms. Thisharateristi Gaussian shape, still evident in the spetrum of 45Ti, produed in136Xe+natTi , evolves gradually in an asymmetri distribution, whih is the resultof the folding of many Gaussian shapes having di�erent mean values: this is thease of the series of isotopes ranging from 45Ti down to 25Mg, produed in the136Xe+natTi system. More negative mean values of the Gaussian omponents arerelated to smaller integrals. The resulting shape ould be represented by a Gaus-sian funtion onvoluted with an exponential tail. The folding represents the spreadin the mean reoil in the ollision. The presene of the seond shape, onstitutedby two wide largely spaed Gaussian-like humps, haraterizes the lightest isotopesprodued in 136Xe+p . The greatest part of the integral of the spetra of 7Li and 9Beis related to the two-humped shape. This ontribution gradually vanishes (around31P). Also the system 136Xe+natTi manifests the presene of the two-humped shapefor isotopes lighter than 15N. This was not the ase for 56Fe+natTi , where no traeof this ontribution was manifested. Thanks to the large spaing between the twohumps (due to the e�et of Coulomb repulsion from a heavy nuleus, lose to Xein mass), the system 136Xe+p shows learly the superposition of the Gaussian-likeand two-humped ontribution (see isotopes ranging from 13C to 21Ne). The highresolution of the spetra even shows that the entral Gaussian-like omponent is41



3.1. Veloitiesshifted in forward diretion with respet to the two-humped omponent. This fea-ture is rather surprising. More negative mean-reoil values are generally assoiaedto more violent reations due to larger fritional e�ets in the ollision. On theother hand, the entral omponent realls a volume multifragment emission, thatould re�et very violent ollisions, while the side omponent should be relatedto low-multipliity fragment emission, whih re�ets less violent ollisions. In thisase, the entral omponent should be related to a larger fritional e�et and be
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CHAPTER 3. RESULTStherefore shifted bakward with respet of the side omponent. We observe theopposite e�et. A similar �highly unusual feature� was observed by N.T. Porile andollaborators in 1979 at Fermilab, by bombarding 238U with 400 GeV protons. Inthis experiment, in diret-kinemati, a larger amount of fragments was registeredat bakward than at forward in the laboratory frame. It was onluded that thise�et appears uniquely at very high energies and it was interpreted as the e�etof nulear shok waves. It should be remarked that in our experiment we do notobserve forward emitted fragments (orresponding to bakward emitted fragmentsin diret kinematis). All veloity spetra manifest bakward emission in average.Only when the distribution is disentangled in Gaussian-like and two-humped om-ponents we an observe a larger bak-shift for the latter omponent, inreasing forlighter fragments, while the former omponent maintains its mean value lose tothe projetile veloity. This is the �rst time that suh a feature is measured inion-proton ollisions in the 1 A GeV inident-energy range. The forward peakingof the emission was measured in ion-ion ollisions with the FRagment Separator[Riiardi 2003℄ and related to the �blast� e�et indued on the spetators by the�re-ball.3.2 Nulide ross setionThe formation ross setions are diretly obtained by integration of d�(v)=dv. Inthe appendix C, table C.1 ollets the isotopi ross setions for the prodution oflight residues, from lithium up to oxygen, measured in this work for the reation56Fe+p and 56Fe+natTi and the whole set of ross-setions for the systems 136Xe+pand 136Xe+natTi . The distributions of the formation ross setions evaluated for thetwo systems 56Fe+p and 56Fe+natTi at 1 A GeV are presented in �g. 3.6 for di�erentlight elements as a funtion of the neutron number and in �g. 3.7, on the hart ofthe nulides. in �g. 3.8 the isotopi prodution is presented on a nulide hart for136Xe+p and 136Xe+natTi at 1 A GeV. The extension of the prodution appearsrather similar for both the titanium-indued and the proton-indued reations and,in partiular, despite the expeted di�erene in exitation energy reahable in theollisions with the two targets, the ross-setion distributions of the residues asso-iated to the same projetile do not manifest drasti di�erenes in their features.A more quantitative revelation of this similarity is presented in �g. 3.9, where themass distributions are ompared. The di�erene in the shape of the mass spetrais signi�ant only for the intermediate masses: the ross setion of the residues of56Fe+p dereases from A = 30 to A = 18 by about one order of magnitude, while weobserve only a slight derease by about a fator of two for 56Fe+natTi. The di�erenein the slope of the mass spetrum is even more signi�ant for the nulides rangingfrom A = 100 to A = 50, produed with a 136Xe projetile. The data reveal thathigher exitation energy introdued by the interation with titanium, with respetto proton-indued spallation, results in dereasing the slope of the mass-spetra inthe IMF-range and depleting the ross setion for heavy residues in favour of an43



3.2. Nulide ross setionenhaned prodution of light fragments. However, the portion of the mass spetraorresponding to light-partile emission follows a very similar exponential slope forboth systems.
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3.2.Nuliderosssetion
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The reation mehanism
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4.1. Systematis of kinematial featuresIn the previous setion, the full veloity distributions were reonstruted from thedata and employed to obtain the residue formation ross setions for the reationsindued by the proton and titanium target, respetively. Though, the ross se-tions did not yield any unambiguous distintion between the reations with thetwo targets that, indeed, should result into rather di�erent deexitation pitureson the basis of the di�erent thermal exitations reahed in the two systems. Onthe ontrary, the partiularity of the proton-indued spallation ompared to thetitanium-indued fragmentation arises strikingly when the kinematis of the light-partile emission is investigated. Thus, when we ompare the 56Fe+p and 136Xe+psystems to the 56Fe+natTi and 136Xe+natTi systems, respetively, on the basis ofthe reoil veloity, we �nd that substantially distint mehanisms should be in-volved in the light-fragment emission. In the fragmentation reation indued bythe titanium target, all the residues are emitted aording to a bell-shape veloityspetrum. A long sequential deay would produe this kind of shape; in this proess,neutrons, protons and lusters are in fat emitted with di�erent angles with equalprobability. Nevertheless, due to the high exitation of the hot fragments gained insuh a violent ollision, and due the exponential inrease of the ross setion of thelight residues with the mass loss, we are in favour of a multifragmentation pitureto depit the dominant deexitation proess. In this ase, the hot soure is ex-peted to undergo a fast expansion and suessively form several fragments. In thissenario [Bondorf 1995℄, the emission veloity of a light residue ould vary largelyaording to di�erent parameters: the partitioning in the multifragmentation event,the expansion of the soure before the break-up phase, and the position where thetraked fragment is formed with respet to the other fragments. Also this proesswould result in a veloity spetrum with a bell shape entred at the mean reoilveloity, equal to the shape we observe. On the ontrary, when light fragmentsoriginate from the 56Fe+p and 136Xe+p systems, the reation dynamis leads to thepopulation of one most probable emission shell in the veloity spae, around theentre of mass. This is the ase of 6Li, produed in 56Fe+p , as shown in �g. 3.3.Only a forward and a bakward portion of the emission shell ould be measured asseleted by the onial ut that the spetrometer determined: this fully explains thedouble-humped veloity spetra obtained in the measurement, as shown in �g. 2.7and in the reonstruted spetra shown in �g. 3.4. The veloity distributions of thelight fragments generated in the proton-indued reation arry the unambiguoussignature of a strong Coulomb repulsion in the emission proess. This observationevidently exludes that the light fragments ould be the �nal residues of a long se-quential evaporation hain. The strong Coulomb omponent in the emission proessrather re�ets the dominating in�uene of a very asymmetri split of the soure.4.1 Systematis of kinematial featuresOn the basis of the ensemble of experimental data on the prodution ross setionand on the emission veloity of the residues, we devote this setion to disuss the50



CHAPTER 4. THE REACTION MECHANISMreation phenomenology. In aordane to the vast literature dediated to ion-ionfragmentation (explored in the reviews [Bondorf 1995, Rihert 2001℄), we an safelyrelate the 56Fe+natTi and 136Xe+natTi reations to the formation of highly exitedsystems, the deay of whih is ommonly interpreted as a multi-body instantaneousdisassembly. In the following, we will refer to the 56Fe+natTi and 136Xe+natTiollisions as a guideline for omparing to a fragmentation senario. We will ratheronentrate on the reation mehanism of the proton-indued ollision, whih pointsto ompetitive types of deay at the same time.From a �rst analysis, the main harateristis of the deexitation of the 56Fe+p and136Xe+p systems, realling a strong Coulomb repulsion, evoate a binary deay pro-ess. In general, more than one kind of reation ould lead to a binary deay. Eitherthe system breaks apart diretly following the entrane hannel. This is the hara-teristi of transfer reations. Almost like in elasti sattering the projetile and thetarget nulei keep essentially their kinematial properties, they just exhange a fewnuleons. In this ase, the kineti energy and the angular distribution keep memoryof the entrane hannel and annot be parameterised by a global systematis. Orthey merge to a ombined system, thermalise, and then deay in two parts. In thisase, the kineti energy and the angular distribution does not keep any memory ofthe entrane hannel, exept that the angular momentum of the system has sometrivial onsequenes on the angular distribution. Thus, when a ompound nuleus isformed, the kineti energy released an be parameterised by an empirial universaldesription. We might notie that other proesses like deep-inelasti reations, orfast �ssion are in between these extremes. On the other hand, other relevant fea-tures, like the high prodution yields for both light and about half-projetile-massresidues, ould evoate the harater of a fast deay, in line with the senario ofa sudden disassembly of the soure depited for the 56Fe+natTi and 136Xe+natTisystems. The high inident energy imposes that only two among all the senarioswe mentioned may be taken into onsideration: either the asymmetri split of aompound nuleus, or a fast break-up.Our �rst attempt will be to test the pertinene of the experimental data on theemission veloities with a general systematis. Afterward, we will disuss the intri-ay of the several possible ontributions to the spetral shape of the kineti-energydistributions, and the di�ulty to extrat insight on the exitation energies involvedin the reation diretly from the measurement.4.1.1 Absolute-veloity spetraA reurrent analysis of the Coulomb-repulsion aspets is the omparison of thedistribution of absolute veloities of outgoing fragments v = j~vj (where ~v is theorresponding veloity vetor in the entre of mass of the hot remnant) with thesystematis of total kineti energy released in �ssion. We intend to follow this ap-proah (e.g. [Wang 1999℄) to test the ompatibility of the light-fragment emission51



4.1. Systematis of kinematial featuresin 56Fe+p with an asymmetri-�ssion piture. The FRagment Separator is parti-ularly e�ient in measuring reoil veloities, beause the magneti rigidity of theresidues is known with high preision (see setion 2.4). Indeed, the identity of themother-nulei is hidden in the omplexity of the interation proesses related tohigh-energy ollisions, like the intra-nulear asade and some evaporation eventsprior to the binary deay. The present new data are espeially signi�ant as theyare the �rst measurement of the veloities of fragments issued of proton-induedsplits of iron-like nulei. On the other hand, �ssion veloities of residues of lightnulei have been widely investigated in fusion-�ssion experiments [Sanders 1999℄,with the advantage of exluding most of the ambiguities on the identi�ation ofthe �ssioning nuleus. Data on symmetri �ssion of nulei lose to iron, formed infusion reations were published by Grotowski et al. [Grotowski 1984℄ and were thebasis for the revised kineti-energy-release systematis of Viola [Viola 1985℄. Thissystematis establishes a linear dependene of the most probable total kineti en-
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Figure 4.1: Left panel Mean absolute veloities in the referene frame of the en-tre of mass of the hot remnant, measured for residues of the 56Fe+p system (openirles) and dedued from the systematis of Tavares and Terranova [Tavares 1992℄(hathed bands). The width of the hathed areas results from the range of the pos-sible mother nuleus from 46Ti (lower values) to 56Fe (higher values). In the insert,data points on the total kineti energy released in a symmetri split of nulei loseto iron, measured by Grotowski et al. [Grotowski 1984℄ are ompared to the sys-tematis of Viola [Viola 1985℄ (dot-dashed line) and with the systematis of Tavaresand Terranova [Tavares 1992℄ (solid line). Right panel Measured absolute-veloityspetra for the residues 6Li, 10B, and 12C produed in the 56Fe+p system. Thearrows indiate the values obtained by the systematis of Tavares and Terranova.52



CHAPTER 4. THE REACTION MECHANISMergy Etk released in a symmetri �ssion to the quantity Z2=A1=3, evaluated for themother nuleus: Etk = aZ2=A1=3 + b ; (4.1)where A and Z identify the �ssioning nuleus and a and b are parameters �tted tothe experimental data (a = (0:1189 � 0:0011) MeV, b = (7:3 � 1:5) MeV). Morereently, new data obtained for the binary split of even lighter nulei than ironinspired Tavares and Terranova [Tavares 1992℄ to revisit the systematis of Violaone more. The new systematis is lose to the systematis of Viola for heavynulei down to Z2=A1=3 � 200. As shown in the insert of �g. 4.1, iron-like nuleionstitute a turning point: for lower masses the funtion hanges slope, so thatthe total kineti energy released vanishes for Z approahing 0. As antiipated byViola [Viola 1985℄, the expetation for a slope hange around iron results by thee�et of di�useness of light nulei in disturbing the formation of the nek, in theliquid-drop piture. The following relation was dedued:Etk = Z2aA1=3 + bA�1=3 + A�1 ; (4.2)where a b and  are �tting parameters (a = 9:39MeV�1; b = �58:6MeV�1;  =226MeV�1).Sine the systematis is valid for symmetri splits only, a term should be addedto extrapolate to asymmetri splits, when two fragments are formed with massesm1; m2, mass numbers A1; A2, and harges Z1; Z2, respetively. Following the hy-pothesis of non-deformed spheres at ontat (as also imposed in [Tavares 1992℄),the Coulomb potential is proportional to the produt of the harges of the �s-sion fragments Z1Z2, divided by the distane of their entres, whih varies withA�1=31 + A�1=32 . The onversion from the symmetri to asymmetri on�guration istherefore : EtkEtk;symm = Z1Z2=�A1=31 + A1=32 ��Z2 �2�"2�A2 �1=3# : (4.3)It should be remarked that the possible presene of a nek is not inluded in thissimple relation that, therefore, is a good approximation for light systems only.From the momentum onservation and the introdution of the redued mass � =m1m2=(m1 +m2), we an relate the total kineti energy to the veloity v1 of thefragment A1 by the relation Etk = m21v21=2�. Introduing the latter form of Etk inthe relations (4.3), and substituting the total kineti energy released in symmetri�ssion with the orresponding value given by the systematis Etsyst, we obtain theonversion v21Etsyst = 211=3 �m21 A1=3A1=31 + A1=32 Z1Z2Z2 : (4.4)Following the strategy of previous publiations, e.g. [Wang 1999℄, for the same lightresidues we ompare the entroids of the measured absolute veloity spetra to the53



4.1. Systematis of kinematial featurespredited veloities in �ssion events; the latter are dedued from the systematis oftotal kineti energy released in �ssion by applying the relation (4.4). In the rightside of �g. 4.1 we observe that, while the most probable absolute veloity does notdiverge onsiderably from the systematis (assumed for 56Fe as mother nulei), thespetra of lighter fragments exhibit a long exponential tail for very high veloities.As a onsequene of the asymmetry of the absolute veloity spetra with respet toa Gaussian distribution, the experimental entroids lie above the �ssion systematis,as shown in the left side of �g. 4.1. The hathed bands represent the range in veloitydue to an assumed variation of the mother nuleus from 46Ti (lower veloities) upto the projetile (higher veloities). In previous works (e.g. [Barz 1986, Wang 1999,Karnaukhov 1999℄) suh tails to very high veloities, re�eted in the divergene fromthe systematis, were related to the emission from an expanding system in its initialexpansion stage.4.1.2 Kineti-energy spetraDiretly obtained from the absolute-veloity spetra, the distributions of kinetienergy Ek o�er another representation of the kinematis, where some more lassifeatures ould be searhed for. In �g. 4.2 similarities and di�erenes in kineti-energy spetra assoiated with proton and titanium target nulei are illustrated for56Feprojetiles. The tails to high emission veloities (�g. 4.1, right panel) lead tolong tails in the kineti-energy spetra and haraterize both systems. We interpretit as a general indiation that the ollision generated very high exitation energy
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CHAPTER 4. THE REACTION MECHANISMin the system. It would be tempting to even dedue the thermal properties of thesystem. In this ase, with partiular onern for the 56Fe+p and 136Xe+p systems,we ould draw assumptions on the probability for break-up hannels. Unfortunately,even if in some studies the nulear temperature was dedued from the inverse slopeparameter [Kotov 1995℄, the mixing up of several e�ets in the observed kinematisyields serious ambiguities in the extration of thermal properties of the soure.We an list at least eight of the ombined e�ets desribing the observed spetralshapes.1. The presene of a Coulomb barrier results in the deviation of the spetralshape from a Maxwell-Boltzmann distribution (the maximum moves to highervalues).2. The transmission through the barrier is ruled by a Fermi funtion with anin�etion point at the barrier and not by a disontinuous step funtion. Thise�et introdues a widening of the spetrum.3. As a result of the initial stage of the ollision, an ensemble of several possiblesoures with di�erent Z and A are related to di�erent Coulomb barriers. Thefolding of di�erent Coulomb barrier peaks results in a broader hump.4. If emitted nulei undergo further evaporation events, the spetrum widens.5. The temperature of the hot soure ats on the reoil momenta of the emittedfragments. If at least major disturbing e�ets like the variation of the emit-ting soure, the Fermi momentum in the hot fragmenting nuleus, desribedbelow, and the transmission through the barrier were negligible, it would bepossible to dedue the temperature of the equilibrated fragmenting systemfrom the inverse slope parameter �tted to the tail of the high side of theenergy spetrum of the residues.6. The Fermi momentum of partiles removed in the ollision with protons orabraded in the interation with the titanium target produes a momentumspread that ould be evaluated aording to Goldhaber's formalism [Goldhaber 1974℄.�2pF = �2F Ai(A� Ai)A� 1 ; (4.5)where A is the mass of the hot remnant, Ai is the mass of the emitted lusterand �F is the Fermi-momentum spread. The momentum spread derivingfrom the Fermi-momentum spread produes a distribution of momenta of theentre of mass of the remnants in the projetile frame. In deduing the energyspetra of the residues in the frame of the entre of mass of the remnant, thespread related to the Fermi-momentum ould not be eliminated as the massof the remnants are unknown. As a result, the Fermi-momentum ontributesboth to widening the spetrum and inrementing the tail for high energies.Quoting from Goldhaber [Goldhaber 1974℄, when a thermalised system with a55



4.1. Systematis of kinematial featurestemperature T and mass A emits a luster of mass Ai, the momentum spreadof the fragment spetrum is�2p = m0kT Ai(A� Ai)A ; (4.6)where m0 is the nulear mass unit and k is Boltzmann's onstant. The mo-mentum spread �pF related to the Fermi momentum adds to the momentumspread indued by the reation. This means that, just reversing the previousrelation, the additional ontribution to the temperature related to the Fermimomentum is equal to the apparent temperatureTpF = �2pFm0k AAi(A� Ai) : (4.7)As it was remarked in early studies [Westfall 1978℄, the extration of the nu-lear temperature from the measured energy spetra of the residues is there-fore a dangerous proedure (a reent disussion of the problem of the Fermimotion is presented in [Odeh 2000℄).7. Multifragmentation events ould be aompanied by the expansion of thenulear system. Nulei emitted in the initial instant of the expansion wouldpopulate the high-energy tail of the spetrum. This is the ase for very exitedsystems [Siemens 1979℄.8. The multipliity of intermediate-mass fragments simultaneously emitted mightbe re�eted in the maxima. Aording to previous investigations [Oeshler 1900℄,a drop in the maximum energy of the outgoing fragments in a simultaneousdisintegration of the soure indiates higher average multipliity of intermediate-mass fragments: this is related to the larger number of partiipants in theredistribution of the kineti energy.The last of the enumerated ontributions to the energy spetra is evident in �g. 4.2.In the proton-indued ollision, the position of the maximum orresponds to largerkineti energy than in the ase of the titanium target. This might be related tohigher multipliity of intermediate-mass fragments for the 56Fe+natTi (or 136Xe+natTi)system.From the analysis of veloity and energy spetra we onlude that no lear evideneof the ation of a �ssion barrier ould be found. Either �ssion hannels are notfavoured, or other proesses obsured them, like additional evaporation stages orthe ontribution of many mother nulei rather di�erent in mass. The most relevantresult is the manifestation of high-veloity tails, whih we interpreted as possibleindiations of a preequilibrium expansion phase.56



CHAPTER 4. THE REACTION MECHANISM4.2 Nulear-model alulationsWe had some hints that very highly exited systems are formed even in the proton-indued interation, but we ould not extrat quantitative values diretly from theexperiment. We ould not reognise the presene of a �ssion barrier, but a moreomplete analysis is required to exlude that solely ompound-nuleus deays aresu�ient to explain the light- fragment prodution. Thus, we wish to arry out aomplete reonstrution of the whole reation proess and ompare the ensemble ofexperimental results with the alulations.Heneforth, we will restrit to the 56Fe+p and 136Xe+p systems. In partiular,we will disuss two possible desriptions for the dominant proess of light-fragmentformation: either a series of �ssion-evaporation deays from a ompound nuleus, ora fast break-up of a diluted highly exited system, in line with a multifragmentationsenario. To �x the initial onditions for the two deay models, we previously needto alulate mass, harge and exitation-energy distributions of hot remnants, asthese quantities are not observable in the experiment.4.2.1 Calulation of the exitation energy of the hot ollisionremnantsThe initial non-equilibrium phase of the interation 56Fe+p or 136Xe+p was de-sribed in the framework of the intranulear asade-exiton model developed byGudima, Mashnik and Toneev [Gudima 1983℄. The model desribes the interationof an hadron or a nuleus traversing a heavy ion, onsidered as a �nite open system,omposed of two degenerate Fermi gases of neutrons and protons in a spherial po-tential well with di�use surfae. The interation, pitured as a asade of quasi-freenuleon-nuleon and pion-nuleon ollisions, produes high-energy ejetiles, thatleave the system, and low-energy partiles that are trapped by the nulear poten-tial. The asade progresses until all the ejetiles with su�ient kineti energy tooverome the nulear potential (the propagation of whih is treated in terms ofBoltzmann transport equation) have left the nuleus. As many holes as the numberof intranulear ollisions are produed in the Fermi gas. The number of trappedpartiles and the number of holes (or exitons, without distintion) determines theexitation energy of the so-alled �omposite nuleus�.Hot remnants are often treated as equilibrated or partially equilibrated systems,both in the ase of ompound-nuleus formation and at a freeze-out state. Thus,an additional thermalization proess might be neessary to desribe the transitionfrom the initial non-equilibrium phase of the ollision to the equilibrium phase gov-erning the deay. Following the hypothesis of the preequilibrium exiton model,the intranulear asade ontinues to develop through the omposite nuleus bya sequene of two-body exiton-exiton interations, until equilibrium is attained.57



4.2. Nulear-model alulationsTwo kinds of deay haraterize the omposite nuleus: either the transition to amore ompliated exiton state, or the emission of partiles into the ontinuum.While in Gri�n's model [Gri�n 1966℄ all deays are equiprobable, suessive devel-opments proposed more elaborate desriptions of the ompetition between deaymodes. In our alulation we adopted a model inspired to Blann's preequilibriumexiton model [Blann 1971℄, and based on the formalism developed by Sudov andollaborators [Sudov 1993℄. The initial state of the residual nuleus is determined bythe sum of the energies of the holes and partiles trapped in the nulear potential, inthe instant that oinides to the stopping time of the intranulear asade. The sub-sequent thermalization proess desribes the evolution in time of the probability ofpopulating a state with a given number of exitons, taking into aount partile-hole
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CHAPTER 4. THE REACTION MECHANISM
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4.2. Nulear-model alulationsis partiularly e�etive in evauating part of the exitation energy and wideningthe distribution as a funtion of the mass. The hot-fragment mass distribution isompared to the measured prodution of the �nal residues, in order to indiate theextension of the deexitation proess. In the ase of 56Fe+p (see �g. 4.3 and 4.4),when preequilibrium is suppressed, the energy per nuleon available for the deexita-tion largely exeeds 2.5 MeV, a value that orresponds to the temperature of around5 MeV, for a fully thermalised system. In this ase, the multifragmentation regimeis aessible. If preequilibrium is inluded, the average exitation of the systemextends still right up to the expeted threshold for a freeze-out state. In the ase of136Xe+p (see �g. 4.3) the exitation energy of the system seems to be su�ient foraessing the multifragmentation regime only when preequilibrium is suppressed.Preequilibrium is more e�ient in dereasing the exitation energy in 136Xe+p thatin 56Fe+p . The physial reason for this remarkable di�erene an be related to thesize of the system. A property of systems with larger mass is to have a higher leveldensity: as the levels are loser in energy the number of exitons at equilibriumis higher in systems of larger size. As a onsequene, in 136Xe+p , preequilibriumprogresses for a longer time than in the 56Fe+p system, resulting in a larger num-ber of emitted ejetiles and in a greater redution of the exitation energy. The�nal hot-fragment distribution obtained for 136Xe+p after preequilibrium is largelybelow 2:5 MeV and no multifragmentation hannels are expeted for the deay. Inthe following, we will onlude that the preequilibrium stage represents a di�ultyin our desription. Its inlusion in the reation model is onsistent in the ase of56Fe+p , while it should be suppressed in order to obtain a better agreement withthe measured data of 136Xe+p . In our alulation we might have not been spei�enough in adopting Blann preequilibrium exiton model independently of the typeof deexitation senario. In this respet, when the onditions of the interation leadto multifragmentation, the evolution of the omposite nuleus is more ompliated,as the system is supposed to expand. In the ourse of the expansion proess, anintense disordered exhange of harge, mass and energy among its onstituents is ex-peted. The density of nulear matter evolves to a more dilute state, the freeze-out,at whih breakup ours. Sophistiated thermal-expansion models were spei�allydeveloped to desribe this thermalization proess [Karnaukhov 1999, Avdeyev 1998℄.Aording to this previous step of the alulation, osillations in diretion of break-up hannels might be possible at these exitation energies and they are expeted tobe still in ompetition with ompound-nuleus deay. We will proeed to evaluatethe extent of this ompetition by the use of deexitation models.4.2.2 Sequential �ssion-evaporation deayIn order to desribe the deexitation proess in the framework of sequential �ssion-evaporation deays, we applied the ode GEMINI [Charity 1988℄. Within GEMINI aspeial treatment based on the Hauser-Feshbah formalism is dediated to the emis-sion of the lightest partiles, from neutron and proton up to beryllium isotopes. The60



CHAPTER 4. THE REACTION MECHANISMformation of heavier nulei than beryllium is modelled aording to the transition-state formalism developed by Moretto [Moretto 1975℄. All asymmetri divisions ofthe deaying ompound nulei are onsidered in the alulation of the probabil-ity of suessive binary-deay on�gurations. The total-kineti-energy release in�ssion originally parameterised aording to the systematis of Viola [Viola 1985℄,eq. (4.1),was replaed by the systematis of Tavares and Terranova [Tavares 1992℄,formulated aording to the relation (4.2), and extrapolated for asymmetri splitsby the use of the onversion (4.4).We simulated the deay of two possible ensembles of hot remnants, those issueddiretly from the stage of intranulear asade, and those whih lost part of exita-tion energy and mass in a preequilibrium phase. The resulting distributions of �nalresidues are almost indisernible, revealing that the intermediate-mass fragments(espeially those around oxygen) are not espeially sensitive to the variation of av-erage exitation energy of the system. It might be also pointed out that, when veryhot fragments are allowed to deay by solely �ssion-evaporation hannels, manynuleons and some light lusters are liberated at the very beginning of the deexi-tation, before eventually forming an intermediate-mass fragment by �ssion. Whenthe preequilibrium phase is suppressed, this preliminary emission ould onstitute
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4.2. Nulear-model alulationsa ompensating proess. In average, the relation between energy loss and mass lossould be similar in the two proesses, and lead to analogous results. The di�ereneis only oneptual, as the preequilibrium ats on a system still evolving towardthermalization, and partile evaporation is onneted to a ompletely thermalisedsystem. Only lithium and beryllium revealed a visible enhanement in the yieldswith the inrease of average exitation energy.The result of the model alulation, ompared with the measured ross setions ispresented in �g. 4.5. The evaluation of the heavy-residue ross setions is onsistentwith the experimental data, but a sizable underestimation of the prodution fails toreprodue the intermediate-mass region. Espeially the prodution of the residuespopulating the harateristi hollow in the mass distribution reveals to be generallyunderestimated by the alulation. To omplete the omparison, we turn now bakto the �rst key observable found in our experimental investigation: the veloityspetra of light fragments. In the �rst row of �g. 4.6 the experimental spetra of6Li, 10B, 11C and 12C produed in 56Fe+p are shown, together with their veloityreonstrution (solid line). Within GEMINI, all deays are deorrelated in time andwhen more fragments are produed they do not interat in the same Coulomb �eld.Binary ompound-nuleus emission is onneted with a restrited range of heavysoures lose to the projetile mass, re�eted in the small width of the Coulombpeaks, as shown in the seond row of �g. 4.6. This feature haraterizes only theformation of the lightest fragments and disappears with inreasing mass of theresidues. The alulations presented in the seond row of �g. 4.6 should not beompared to the experimental data. The e�et of the Coulomb repulsion involvedin the deexitation and disentangled from the smearing e�et of the intra-nulearasade and preequilibrium emission an be appreiated in the third row of �g. 4.6,where the referene frame has been �xed to the entre of mass of the initial systemformed at the beginning of the �ssion-evaporation proess. In the alulation, thetransformation of the two Coulomb peaks into one single wide hump ours for lowermasses than experimentally observed. The model generates one single hump in thelongitudinal veloity spetra of light fragments when a longer evaporation asadeis involved, and haraterized by mainly alpha and nuleon emission. Moreover, thetotal width of the alulated spetra is narrower than observed.A shemati view of the evaporation proess is shown in �g. 4.7. The �ssion-evaporation proesses as modelled by GEMINI result in one or more deexitationbranhes leading from one hot remnant to one or more intermediate-mass fragments.We selet all branhes where a given residue is formed as an end-produt and weount the number of deexitation steps ntot for eah of those spei� hains. Inone �ssion-evaporation hain, an intermediate-mass fragment ould be emitted andform the given end-produt by further deexitation steps. In suh a proess wedo not follow the deexitation of the omplementary partner. As an extreme ase,when the given end-produt is emitted promptly by the hot remnant, we ount onestep (ntot = 1). Following the branh leading to a given end-produt we identify theemission stage i, where the greatest absolute-veloity omponent is registered. Thedi�erene of mass �Ai between the parent nuleus Ai and the daughter is assoiated62
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4.2. Nulear-model alulationsto this spei� step. The aumulation of ounts on the diagonal lines of the upperdiagrams show that 6Li and 10B are formed as end-produts mainly at the step i. Itis also evident that 6Li and 10B are mostly emitted by heavy mother nulei Ai. Onthe ontrary, the emission of 12C is mainly desribed by a band where �Ai is smallerthat the end-produt, and is deorrelated from Ai. The lower plots give indiationsabout the length of the evaporation asade. The number ni orresponding to theemission stage i is orrelated to the total number of evaporation steps ntot. 6Liis emitted almost always promptly from the hot remnant. On the other hand, theemission of 12C aounts in general for more steps; sine often ni < ntot, the greatestabsolute veloity omponent is usually imparted in the emission of a heavier residue,that leads to the formation of 12C by suessive evaporation of mainly protons andneutrons. Within GEMINI the binary deay of an iron-like nuleus is governedby an inverse-U-shaped potential leading to a U-shaped mass distribution of theproduts from a binary deay in one step between A = 0 up to the mass of theinitial deaying nuleus. A very asymmetri split is favoured ompared to a lessasymmetri one by a lower barrier. The temperature has an in�uene on the U-shaped mass distribution. While the barriers are pratially independent of thenulear temperature (negleting sophistiated desriptions, where there might be aslight redution of the barriers with the temperature), the ratio of the yields dependson the exitation energy, or the orresponding temperature T . This dependeneevolves approximately like Y=Y 0 � expf�(B � B0)=Tg, where Y 0, Y are the yieldsfor the most asymmetri and less asymmetri split, respetively, and B0, B theorresponding barriers. This is related to the behavior of the slope of the entropy
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CHAPTER 4. THE REACTION MECHANISMS = ln(�) (Where � is the ompound-nuleus level density) as a funtion of theexitation energy E� as a pE� funtion. This means that it is relatively moreprobable to emit heavier fragments at higher exitation energies. At lower energies,the emission of protons and neutrons is dominant. The emission of alpha partilesplays a spei� role due to the strong binding of 4H. Therefore, the emission of alphapartiles is favoured, and omparable with the emission of protons and neutrons.Over the whole binary-deay hain, the emission of intermediate-mass fragments(IMFs) is a rare proess. This leads to the following senario: The emission of IMFsours most probably at higher exitation energies. Following the deexitationhain, the probability for the emission of IMFs dereases strongly with dereasingexitation energy. A seond emission of an IMF is very unlikely beause of tworeasons: �rstly, the emission of an IMF is a rare proess, thus the emission of twoIMFs has already this small probability squared. Seondly, the emission of a seondIMF is even less probable, beause the exitation energy has already dereased. Inpartiular, within GEMINI two fragments are formed with the same temperaturein a binary deay and the energy is divided aording to the mass split.The senario that we have depited is reprodued in �g. 4.7 and it an be resumedby the following features:1. If an IMF is emitted, this is the only IMF in this spei� deexitation hain,with high probability.2. This IMF is predominantly emitted at the beginning of the deexitation hain,from a ompound nuleus rather lose to the hot remnant.3. The exitation energy of the fragment is proportional to its mass. Thus, lightfragments might have suh low an exitation energy that they are formedbelow the partile-emission threshold and do not undergo any further partileemission.4. If the emitted IMF is exited above the partile-emission threshold, it willevaporate mostly protons and neutrons further on. This will bring the nu-leus near to or on the evaporation-residue orridor (near N=Z for these lightnulei).4.2.3 Fast break-upWe imputed the underestimation of intermediate-mass fragment formation to aninomplete desription of the most highly exited deaying systems when solely�ssion-evaporation deexitation was onsidered. In this respet, we turned to theCopenhagen-Mosow statistial multifragmentation model (SMM) [Botvina 1985a,Bondorf 1995℄, that is the extension of the standard statistial evaporation-�ssionpiture toward high exitation energies, treated by adding the fast simultaneous65



4.2. Nulear-model alulations
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CHAPTER 4. THE REACTION MECHANISMequilibrium is expeted and the fragment formation takes plae aording to haotiosillations among di�erent break-up on�gurations, from event to event. In SMM,within the total aessible phase spae, a miroanonial ensemble of all break-upon�gurations, omposed of nuleons and exited intermediate-mass fragments gov-erns the disassembly of the hot remnant. The probability of di�erent hannels isproportional to their statistial weight. Several di�erent break-up partitions of the
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4.2. Nulear-model alulations
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CHAPTER 4. THE REACTION MECHANISM
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4.2. Nulear-model alulationsfragments are almost totally produed in break-up deays where two fragments,eventually aompanied by alpha partiles and nuleons are formed. We indiatethese deay modes with MA>4 = 2, where MA>4 stands for the multipliity of frag-ments with A>4 issued of the disassembly of the hot remnant. Multifragmentationhannels where three or more fragments with greater mass than alpha are formed(MA>4 > 2) have a minor ontribution in the deay of the thermalised system but,when preequilibrium is disregarded, their inidene is in strong ompetition withlower multipliity modes. We an extend the investigation to the exitation energiesonneted to the prodution of fragments with di�erent masses. Aording to thealulation presented in �g. 4.10 for the 56Fe+p system (now performed only inlud-ing the preequilibrium phase), intermediate-mass fragments are almost all formedin the deay of highly exited remnants, with exitation energy per nuleon above2:5 MeV.The ase of 136Xe+p di�ers from 56Fe+p . The mass distribution is onsistentlyreprodued without any inlusion of preequilibrium. As disussed in setion 4.2.1,its inlusion lowers the distribution of exitation energy of the hot fragments belowthe threshold to aess any break-up deay. Similarly to �g. 4.9 and �g. 4.10, alsofor 136Xe+p we present a alulation of the di�erent multipliity and exitation-energy ontributions to the �nal prodution ross setion: as shown in �g. 4.11,aording to the alulation the prodution of intermediate-mass fragments is fullydominated by break-up deays with multipliities MA>4 = 2 and MA>4 > 2 atenergies exeeding about 2:5MeV. We might remark that the experimental data aresu�iently well reprodued by adding the omponents MA>4 = 1 and MA>4 = 2, asit was the ase for 56Fe+p when preequilibrium was exluded. The further additionof the omponent MA>4 > 2 results in slightly too high yields. In this alulationpreequilibrium was totally disregarded but the too highly populated omponentMA>4 > 2 might indiated that a preequilibration stage is still needed. We anonlude that a onsistent desription of the prodution of fragments ould be foundwith the present approah, provided the modelling of the preequilibrium stage isfurther improved. A dynami desription, based on an expansion model, might bemore appropriate.An experimental indiation of how multipliity is related to the exitation energy issuggested by �g. 3.9 and the upper diagram of �g. 4.12, where the ratio of the sum ofthe individual prodution ross setion in the two reations 56Fe+p and 56Fe+natTiand the total ross-setion ratio are ompared. The latter is alulated aordingto the model of Karol [Karol 1975℄. The prodution ross-setion ratio sales withthe total ross-setion ratio only in the region of higher masses, presumably omingfrom more peripheral ollisions, while it deviates for lighter masses. The deviationmust be related to the di�erent mean multipliities in the two reations: lightermasses are more populated in the 56Fe+natTi reation, and great part of this inreasemight be related to higher multipliities. The observation of the gradual inrease ofmultipliity with the exitation of the system, veri�ed in the alulation of di�erentyield spetra assoiated to di�erent energy ranges of hot remnants, ould be followedfurther when extending to the 56Fe+natTi reation. As pitured in the lower plots of70



CHAPTER 4. THE REACTION MECHANISM�g. 4.12, this behaviour is predited by alulations with SMM. In this respet, thelight-residue prodution haraterizing the 56Fe+p system might just be interpretedas the early onset of the proess that will govern the deay of the 56Fe+natTi system.To onlude this setion on model alulations, we fous one more on the veloityspetra of the light fragments shown in �g. 4.6. We already disussed the di�ultyto ombine the wide shapes of the veloity spetra and their mean values witha �ssion barrier. We inferred that the extensions of the veloity distributions tovery high veloities might re�et higher kineti energies than an asymmetri �ssionproess ould release. Consistently with this expetation, on the basis of model al-ulations we ould onnet the prodution of light residues to very high exitationenergies of the soure. Above around 2:5 MeV of exitation energy per nuleon,the proess of light-residue prodution is still presumably dominated by binary de-ays, but the ontribution of disintegration in more fragments is not exluded. Inthis ase, parts of the distribution orresponding to smaller veloities should bemore populated than in a purely binary split. In the representation of �g. 4.6, thisontribution would �ll more entral parts of the spetra when lower asymmetryharaterizes the break-up partition. In a statistis of events where three about-equal-size fragments are produed simultaneously, the veloity spetrum of any of
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4.2. Nulear-model alulationsthem will be Gaussian-like. If three fragments are produed, of whih two are on-siderably lighter than their heavy partner, the veloity spetra �r of the two lightejetiles will be double humped. Another ontribution in populating lower veloitiesould be assoiated to di�erent break-up on�gurations, where the partner or thepartners of the light residue have di�erent masses. In this ase, the spetrum isthe folding of several binary-like omponents haraterized by di�erent spaing be-tween the two maxima and di�erent widths around the maxima, all this resulting inthe superposition of two (bakward and forward) triangular-like distributions thatould eventually merge in a general bell-shape. We might also onsider standardevaporation ooling down the break-up residues, emitted in some exited states.In this ase, the seondary �slow� emission proess operates outside of the ommonCoulomb �eld of the fragmenting remnant, and would produe a general widening ofthe spetrum around its maxima. As portrayed in the seond row of �g. 4.6, SMMdesribes very onsistently the experimental spetra. In the third row the e�et ofthe Coulomb interation and eventually the expansion is illustrated by referring tothe entre of mass of the system formed right after the intra-nulear asade andthe preequilibrium, if inluded. SMM alulates the Coulomb interation betweenfragments by plaing them inside the freeze-out volume �b. Contrarily to GEMINI,it takes into aount di�erent positions of the fragments, inluding two-body andmany-body partitions. Some multifragmentation hannels may resemble a two-bodyproess even at relatively high exitation energy. These hannels an also inludeadditional small fragments whih may look like evaporation ones. However, theseadditional small fragments an essentially hange the Coulomb interation in thevolume and the thermal energy in the system, and in�uene the kineti energiesof the main two fragments. The binary harater haraterizing the experimentalresults is properly reprodued and the veloity distributions alulated with SMMare wider than those obtained from GEMINI. As shown in �g. 4.13, the gradual
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CHAPTER 4. THE REACTION MECHANISMmental evidene in the 136Xe+p system. In the 56Fe+p system this deomposition isnot experimentally observable, but it is the result of the model alulation. In the56Fe+p system, the abrupt hange of shape in passing from 11C to 12C (orretlyreprodued by SMM) might be related to the more favoured evaporation hanneltoward the formation of 12C, that ould ollet several di�erent deay proesses andevaporation deays from neighboring nulei. A spei� disussion of this detail isone of the onlusions of the hapter 5 This preferential deay toward 12C smearsout any binary harater of the spetrum. As the break-up on�guration varies withthe mass and the harge of the end-produt, it varies also with the exitation energyavailable for the disassembly of the hot remnant. This was evident in �g. 4.9, wherewe ompared the prodution ross setions of the residues, and it is also evident in�g. 4.6, by analysing the veloity spetra. It is evident that the suppression of thepreequilibrium in the 56Fe+p system indues a smearing e�et on the spetra. Thise�et is dramati for 6Li as the double-humped spetrum is ompletely smearedout in one large single hump with a �at top, and it beomes similar to the veloityspetrum of 6Li produed in the even more exited 56Fe+ natTi system.
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Chapter 5
Strutural e�ets in the nulidedistribution of the residues of highlyexited systems
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Nulear struture is extensively studied in relation to mean-�eld properties, by an-alyzing nulear masses, binding energies, shell e�ets or deformation. Additionalinsight on nulear struture is arried by other frequently investigated observables;among these are the yields of the residues in low-energy �ssion. In this ase, thefragment distribution reveals an enhaned prodution of the even elements, whihgradually vanishes with inreasing reation energy. The disappearane of this stag-gering with the exitation energy seemed to onstrain the study of nulear strutureto systems with low exitation energies. Though, some experiments dediated todi�erent and more violent reations, like spallation or fragmentation, revealed sim-ilar strutures in the yields of the residues [Riiardi 2004a℄
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CHAPTER 5. STRUCTURAL EFFECTSIn �g. 5.1 the ross setions are presented ordered aording to di�erent hains ofisotopes with given N-Z, for even (left) and odd (right) masses, respetively. It isevident that even-mass isotopes manifest an enhaned prodution of even elementsall along the di�erent hains. The staggering is maximum for symmetri nulei(N=Z), and it gradually smooths down for more asymmetri isotopes. The aseof odd masses is more omplex: proton-rih isotopes (the hain N-Z=-1) show anenhaned prodution of even elements, while the staggering reverses in favour ofan enhaned prodution of odd elements for neutron-rih nulei. The 56Fe+natTisystem, introduing appreiably higher exitation energy than the 56Fe+p systemon the average, shows higher ross setions, but idential features in the staggeringalong the hains of given N-Z. From this omparison, and from the extension toother measured highly exited systems (see [Riiardi 2004a℄ and the olletion ofother systems manifesting nulear-struture e�ets listed therein), we onlude thatthe observed struture e�et does not depend on the inrease of exitation energy,and it reveals to be a general property of spallation and fragmentation residues.
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5.1. A shemati explanation5.1 A shemati explanationA simple statistial evaporation model, where the nulear level densities are al-ulated aording to the Fermi-gas model [Strutinski 1958℄ would be su�ient toreprodue all the features observed in the yields, in �rst order [Riiardi 2004a℄.This ould seem to be in ontradition with the ounterbalaning of the pairing gapin the nulear masses and in the level densities. On the ontrary, in eah evapora-tion step, the probability of the possible deay hannels does not only re�et in thelevel densities of the daughter nuleus, but also depend on the number of exitedlevels of the mother nuleus that ould deay into the daughter. The exited levelsavailable for the deay extend from the separation energy of the daughter nuleusdown to the separation energy of the mother nuleus, inreased of the Coulomb bar-rier in the ase of harged-partile emission. The separation energy of the mothernuleus orresponds to the ground state of the daughter nuleus. This is skethedin �g. 5.3, where the levels of some isotopes are distributed on their mass-exessparabolae. Let us onsider the ase of an odd-mass nuleus deaying into an even-mass nuleus. A series of even-mass isotopes (30Al, 30Si, 30P, 30S) show a smooth
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CHAPTER 5. STRUCTURAL EFFECTSvariation of the separation energies as a funtion of the element, one shifted by thepairing gap ÆP. The absene of staggering in the separation energies is re�eted ina smooth variation of the level density for the even-mass nulei as a funtion of theelement. Nevertheless, due to the pairing gap, odd-mass nulei deaying into even-even daughters (30Si or 30S) have more exited levels available for the deay withrespet to odd-mass nulei deaying into odd-odd daughters (30Al or 30P). At thevery end of the evaporation proess, the deay in the ground state of the daughternuleus beomes so relevant to determine the overprodution of even-even nuleiompared to odd-odd ones. A slightly di�erent disussion should be dediated tothe formation of odd-mass residues (29Mg, 29Al, 29Si, 29P). As the ground states ofodd-mass nulei are all ordered along the same mass parabola, the restoring of thestruture in the prodution yields should be determined by the separation energythat shows up as an even-odd staggering in both, proton and neutron separation en-ergies, however with di�erent signs, depending on the neutron exess. In odd-massneutron-rih nulei (29Mg, 29Al) the neutron separation energy, that is lower thanthe proton separation energy, determines the hoie of the most probable evapora-tion hannel. Thus, the residues will re�et the struture of the neutron separationenergy favouring the prodution of odd elements. Contrarily, the yields of odd-massproton-rih nulei (29Si, 29P) re�et the struture of the proton separation energyfavouring the prodution of even elements.5.2 Re�etion of the nulear-struture e�ets inthe emission veloity spetra.The main onlusion of this hapter is that the strong nulear-struture featuresmanifested by the whole isotopi prodution is an e�et of standard proton and neu-tron evaporation. As the restoring of nulear-struture e�ets is explained by thedeay on the ground state of the daughter nuleus, it should our at the very end ofthe evaporation proess. This implies that very few (at the limit, one) evaporationsteps are enough to restore the full omplexity of nulear-struture e�ets. In thease of light-fragment prodution in 56Fe+p , 136Xe+p , 56Fe+natTi , 136Xe+natTiwe exluded the possibility of a long evaporation hain involved in their formation.On the other hand, the manifestation of nulear-struture features in the yields im-poses to advoate very few, or at least one, evaporation steps following the fragmentformation. We have therefore evidene that fragments issued from the disassemblyof the hot remnants are formed above the partile-emission threshold. This on-sideration imposes that the main kinematial features, related to the shape of theveloity spetra, should not be attributed neessarily to the nulei that we measure,but to slightly heavier fragments, whih lost few nuleons after being formed. Theveloity spetrum of a given isotope should therefore result from the superpositionof more emission spetra related to the diret emission of the observed fragment,when formed below the partile-emission threshold, and to the emission of the heav-ier fragments. The ontribution of nulear-struture e�ets should determine the79



5.2. Re�etion of the nulear-struture e�ets in the emission veloity spetra.weights in this superposition. For instane, 11C is less favoured than 12C as anevaporation end-produt. The veloity spetrum of 11C formed in 56Fe+p shouldbe related almost diretly to the formation of 11C in the fragmentation of the hotsoure. If it is formed above the partile-emission threshold, it will deay furtherand ontribute to the veloity spetra of lighter isotopes than 11C. On the otherhand, 12C formed in 56Fe+p is a preferential end-produt in the evaporation and itsveloity spetrum should re�et the ontribution of several heavier fragments (N,O, for instane) that deayed further towards 12C. Sine in the 56Fe+p system fewmass units are enough to hange the veloity spetrum from a two-humped shape toa Gaussian-like shape, few nuleon-evaporation steps should explain the di�erenein shape between 11C and 12C. In the ase of 136Xe+p this e�et should be equallysigni�ant, but less evident in its manifestation as the spetral shapes evolve fromtwo to one hump over a larger distribution of mass numbers.
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Chapter 6
Temperature and isotopi omposition
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6.1. The neutron exess of the residues and the reation mehanismThe major results about the reation mehanism have been investigated in theprevious setions of this work, espeially fousing on the light-fragment properties,like the emission veloities and the prodution ross setions. Due to the inlusiveexperimental approah, other harateristis like the fragment multipliity and thepartile orrelation, are not aessible diretly and we had to dedue them frommodel alulations. In partiular, from the analysis of the light partiles we ouldnot obtain any experimental estimation of the possible temperature involved inthe reation senario. On the other hand, by onentrating on the whole residueprodution, we an take advantage of the high resolution of the spetrometer inseparating the masses and disuss possible relations between the isotopi propertiesof the residues and the thermal properties of the fragmenting system.6.1 The neutron exess of the residues and the re-ation mehanismThe olletion of former data on the isotopi fragment distribution of spallation andfragmentation reations onstitutes a large survey on neutron exess of the reationproduts and their onnetion to the exitation energy deposited in the system dur-ing the ollision. As an example, �g. 6.1 o�ers a survey on the isotopi produtionobtained with di�erent proesses. We an relate the neutron exess of the reationproduts to the exitation energy required for their formation. In the produtionmeasured for 238U+p at 1 A GeV [Armbruster 2004℄ (upper nulear hart in �g. 6.1)mainly two regions are populated. We distinguish the evaporation residues popu-lating the proton-rih side from the projetile down to the region of lead; the ridgeof the distribution extends along a path ending up in the residue-orridor [Taieb03℄.The rest of the prodution is dominated by �ssion; the �ssion prodution an bestill deomposed in two overlapping omponents [Bernas 2002℄. The main produ-tion is related to high-energy symmetri �ssion and results in mostly neutron-rihnulides. Even more neutron rih are the isotopes formed in asymmetri low-energy�ssion. Also in the system 238U+208Pb at 1 A GeV [Enqvist 1999℄ the high-energy�ssion and the low-energy �ssion, the latter eletromagneti indued, an be identi-�ed (see entral nulear hart in �g. 6.1). In addition, it was possible to disentanglethe fragmentation prodution from �ssion by analysing the veloity spetral shapes(method �rstly proposed by T. Enqvist [Enqvist 1999℄). The former omponentis presented in the lower nulear hart in �g. 6.1. The examination of the frag-mentation prodution indiates learly that the isotopi omposition evolves withthe impat parameter. More peripheral ollisions form residues aligned along theresidue orridor, in the proton rih side of the nulide distribution. The initial stepsof the hain of sequential deays favours high neutron emission, and the mean valueof the isotopi omposition hNi=Z drops. When the exitation energy available forthe evaporation proess is su�iently large, the hain of deays extends far enoughso that proton and neutron emission have similar probability (dN=dZ = h�n=�pi[Charity 1998℄, where �n and �p are neutron and proton deay widths, respetively)82



CHAPTER 6. TEMPERATURE AND ISOTOPIC COMPOSITIONand the residue orridor is reahed. On the ontrary, less peripheral ollisions pro-due fragments in regions loser to the �-stability line (i.e. the stationary point forthe binding energy B(Z) for A �xed, dB(Z)=dZ jA= 0), muh more neutron rihthan the residue orridor. It should be observed that, within the piture of an only-sequential evaporation proess, smaller impat parameters, related to more violent
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6.2. The isospin thermometerollisions, should be related to a longer path towards the residue orridor (as far asit is not reahes) or along the residue orridor (when it is reahed). The deviationfrom the residue orridor towards the �-stability, in favour of more neutron-rihisotopes would be in disagreement with this piture. The rossing of �-stability,as a result of the evolution of the isotopi omposition along the evaporation hainwould not even be possible. Nevertheless, fragmentation data related to peripheralollisions populating the neutron-rih side with respet to the �-stability were re-ently measured. The �rst data showing this feature were measured by V. Riiardifor the reation 238U +NatT i at 1 A GeV [Riiardi 2004b℄.6.2 The isospin thermometerIn peripheral ollisions, a deviation from the evaporation orridor for lighter ele-ments was interpreted as a signature of multifragmentation deays [Shmidt 2002,Napolitani 2002a℄. The multibody disassembly is in fat a very endothermi pro-ess and the exitation energy per nuleon of the fragments is neessarily smallerthan the one introdued during the ollision. The hot nuleus (A0; Z0), formed inthe �rst fast stage of the reation (the Abrasion or the intranulear asade) ouldbreak up aording to several possible partitions [Bondorf 1995℄, onsisting of morefragments (A;Z) haraterized by the orresponding multipliity. The energy Ef ofa partition f is a funtion of the temperature T and the volume V of the system,and is equal to the total energy of the initial nulear system E0, redued by theamount of energy Erot0 spent in the rotational motion of the system. If we indiateby E�0 and Eg:s:0 the exitation energy and the ground-state energy of the initialnulear system, respetively, we an writeE0 � Erot0 = E�0(T; V ) + Eg:s:0 = Ef(T; V ) : (6.1)The energy Ef is then distributed among the internal energy of the fragmentsEintA;Z(T 2; V ) , the lusterization energy EluA;Z(V ), the rotational energy ErotA;Z(T; V ),the transitional energy EtrA;Z(T; V ), and the total Coulomb energy ECf (V ) (averagedover all possible fragment positions in the volume of the breaking-up system) sothat Ef(T; V ) = Xf EtrA;Z(T; V ) +Xf ErotA;Z(T; V ) +Xf E intA;Z(T 2; V )+ Xf EluA;Z(V ) +Xf Eg:s:A;Z + ECf (V ) ; (6.2)where Pf is the sum extended over all fragments (A;Z), onsidering their multi-pliityNA;Z . The exitation energy of one fragment (A;Z) issued from the break-upis E�A;Z(T; V ) = E intA;Z(T 2; V ) + EluA;Z(V ) ; (6.3)84



CHAPTER 6. TEMPERATURE AND ISOTOPIC COMPOSITIONEvidently, the exitation energy E�A;Z(T; V ) an be onsiderably smaller than E�0(T; V ).The di�erene of energy E�0(T; V ) � E�A;Z(T; V ) explains the important redutionin the exitation energy available for the sequential-evaporation deay. It shouldbe observed that it is no more possible to dedue any thermal harateristi ofthe initial system from those residues ending up in the residue orridor. On theother hand, when the ondition dN=dZ = h�n=�pi is not reahed, it is possibleto easily trae bak the sequential-evaporation proess, provided that the isotopiomposition hNi=Z of the hot residues is known. A good assumption is to imposethat the isotopi omposition of the hot fragments oinides with the one of theprojetile. Both the fast stage of the ollision (Abrasion or intranulear asade)and the break-up phase is not expeted to hange the isotopi omposition remark-ably [Botvina 2001℄. The same temperature T is related to both the quantitiesE�0(T; V ) and E�A;Z(T; V ). Therefore, if we are able to dedue from the measuredresidue produtions the distribution of exitation energies E�A;Z(T; V ), harges Zand masses A of the hot fragments, we have a tool to determine the nulear tem-perature T . This onept was introdued by K-.H.Shmidt and M.V. Riiardiand named isospin thermometer [Shmidt 2002, Riiardi 2004b℄. It inspired a re-ent experiment [Napolitani 2001b℄ and is now in ourse of study in a dediatedwork [Henzlova 2004℄.6.3 Interpretation of the experimental results forthe systems 56Fe+p , 56Fe+natTi , 136Xe+p , and136Xe+natTi .In �g. 6.2 we study the evolution of the mean neutron-number-to-harge ratio as afuntion of the element for all the systems analyzed in this work, 56Fe+p, 56Fe+natTi,136Xe+p, 136Xe+natTi. In the region of harges lose to the projetile, the proton-indued reations result in slightly less neutron-rih residues. This e�et is due tothe higher e�ieny of the intranulear asade driven by protons in heating upthe system with respet to the titanium-indued abrasion. This side of the spetra,that we ould refer to as the �main evaporation path�, is mostly related to heavyprefragments that deayed by solely evaporation from a ompound nuleus (withoutexperiening any break-up), and is direted towards the residue orridor. The latteris not reahed if the initial system is too neutron rih, as it is evident for 136Xe, andnot enough energy is invested in the evaporation hannel due to the ompetitionwith multibody deay. A major experimental result is the general omplete overlapbetween the proton-indued reation produts and the titanium-indued reationproduts in the intermediate-mass region, far away from the evaporation orridor.Espeially in the middle of the Z-distribution (see 136Xe data, fragments from P toZr) the data-points oinide. The deviation from the evaporation orridor is so largethat even the �-stability line is rossed, and the lightest residues are neutron rihin average and not proton rih as it would result from a long evaporative sequene.85



6.3. Interpretation of the experimental results for the systems 56Fe+p , 56Fe+natTi ,136Xe+p , and 136Xe+natTi .We interprete this side of the spetrum as a signature of the endo-thermial mul-tifragmentation proess that has the e�et of disintegrating the system in a largedistribution of hot fragments, from whih several evaporation paths depart. Thesepaths an not reah the evaporation orridor due to the loss of energy spent inthe initial disassembly and they all end up on a �breakup-evaporation edge�. Thebreakup-evaporation edges related to equal projetiles (136Xe or 56Fe) are indis-tinguishable: This very new experimental �nding is an indiation that in the 1
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CHAPTER 6. TEMPERATURE AND ISOTOPIC COMPOSITIONA GeV inident-energy range the break-up proess operates identially indepen-dently on the entrane hannel, for both the peripheral ion-ion ollisions and forp-indued reations. In partiular, we an expet that the mean exitation energiesE�A;Z of the hot fragments are almost identi for the 136Xe+p and 136Xe+natTi (or56Fe+p and 56Fe+natTi) systems. On the ontrary, the two types or reations areonsiderably di�erent: mass and harge distribution of the fragments (A;Z) aredi�erent, as we onlude from the experimental mass spetra. Reasoning in termsof a multifragmentation senario, we ould dedue that the partitions f are seletedaording to di�erent distributions of probabilities in the 136Xe+p and 136Xe+natTi(or 56Fe+natTi and 56Fe+p ): the di�erene in the more probable partitions is re-�eted in the fragment multipliity and, therefore, in the mass spetra, but not inthe mean isotopi omponent of the distribution. It is evident that we are suppos-ing the possibility to extend the multifragmentation proess to ases where largeasymmetries are present in the on�guration of the break-up partition. We alreadyame to suh a onlusion as a result of our study on invariant ross setions inhapter 4, where we investigated the emission kinematis involved in the formationof light fragments. In that framework we onluded that proton-indued ollisionsin the 1 A GeV inident energy range an indue an asymmetri split of the hotremnant, where one heavy fragment is produed together with fragments of on-siderably smaller sizes. Aording to this interpretation, the heavy residues in theP-to-Zr range produed in the 136Xe+p reation would therefore oinide with theheavy partner advoated for explaining the spetral shapes of the emission veloitiesof the light fragments. The similarities with the 136Xe+natTi system with respet tothe isotopi omposition of the residues indues us to extend the same onlusionto peripheral ion-ion relativisti ollisions. We ould expet that at relativisti en-ergies peripheral ion-ion ollisions and proton-ion ollisions lead to the same kind ofdeexitation proess, where the nuleus disassembles in more piees aording to anasymmetri partition. In 136Xe+natTi and 56Fe+natTi systems peripheral ollisionsseem in fat to oinide with the main features of the systems 136Xe+p and 56Fe+p.Nevertheless, in 136Xe+natTi and 56Fe+natTi also smaller impat parameters on-tribute to the �nal prodution and the di�erene between the two systems shouldresult mainly in the total amount of thermal energy introdued in the system. Thisis re�eted in the mass distribution (or, more preisely, in the magnitude but notin the shape of the mass distribution, that is similar for the two systems) and inthe shape of the emission-veloity distributions (or in the fragment multipliity).It should be remarked that reent theoretial investigations [Nörenberg 2002℄ donot onsider very asymmetri partitions as favoured hannels. Fragmentation re-sulting from bulk instability is expeted to be driven by density waves, the modesof whih (a alulation was proposed by Norenberg [Nörenberg 2002℄) should favourthe formation of almost-equal-size fragments. This kind of instability is anyhow notaessible at our exitation energies (hot spherial nulei formation driven by bulkinstability ours at around T & 9 MeV) and it is mostly related to ompression.Multifragmentation resulting from surfae instability is aessible at our energyrange, but it leads mainly to quadrupole deformations, resulting in symmetri-�ssion-like splits. 87



6.4. Calulations6.4 CalulationsWe do not go into the details of the reation dynamis and the nature of the instabil-ity involved. We rather make one additional e�ort to dedue, on a purely statistialbasis, one more harateristi: the nulear temperature T involved in the disas-sembly of the hot remnant. For this purpose we rely on the isospin-thermometermethod, by tuning the temperature T of the break-up partitions f(T; V ), in orderto reprodue the orret hNi=Z distribution [Shmidt 2002℄.A simple approah is to introdue a �temperature threshold� in a omplete abrasion-ablation ode [Gaimard 1991℄. The hot fragment distribution is alulated in theabrasion stage. We obtain a distribution of soures with di�erent exitation ener-gies. We an impose that when the temperature dedued by the ompound-nuleusexitation energy exeeds 5 MeV, the soure splits in fragments of smaller size with

0 10 20 30 40 50 60
Z

1

1.1

1.2

1.3

1.4

1.5

〈N
〉 /

 Z dB(z)
 / d

z  Α
= 0    

dN /dz = 〈 Γ n / Γ p〉

136Xe + natTi

ABRABLA, T = 5 MeV

Figure 6.3: Experimental data of 136Xe+natTi ompared with a alulation per-formed with ABRABLA [Gaimard 1991℄ by imposing a temperature threshold at5 MeV, in orrespondene of whih the hot nuleus deomposes in smaller frag-ments. The fragments suessively deay from an initial exitation energy equalto 5 MeV. The thin solid line merging with the residue orridor is an ABRABLAalulation evaluated exluding any temperature threshold and by imposing solelyproton and neutron emission from a distribution of abrasion fragments, alulatedfor 136Xe+natTi at 1 A GeV. Dashed and dashed-dotted lines are de�ned in �g. 6.2.88



CHAPTER 6. TEMPERATURE AND ISOTOPIC COMPOSITIONthe ondition of keeping onstant the mean isotopi omposition. Fragments format a temperature of 5 MeV. The hoie of the partition on�guration is treated onthe basis of a parametrization optimized in order to reprodue the residue rosssetion with orret magnitude. However, as we remarked above, the partitionon�guration does not in�uene the hNi=Z observable. This alulation should beintended as a test for a possible harateristi temperature of the break-up proess.The result is remarkably promising and it is shown in �g. 6.3, where we see thatthe inlusion of a temperature threshold has the e�et of inreasing the hNi=Zof the residues and produing a deviation from the distribution obtained with apurely-evaporative-deay model. These alulations add one more information toour piture: the possible presene of a harateristi temperature as a main featureruling the whole nulide prodution. This is evident from the proper reprodution ofthe experimental hNi=Z spetrum when equal temperature is imposed as an initialondition for the evaporation of all break-up fragments, independently of their size.This was also a major onlusion of similar alulations dediated to the study ofthe 238U+208Pb system [Shmidt 2002, Napolitani 2002a℄.6.5 Comparison with other systems6.5.1 Systems with similar N=ZFrom the previous examination of experimental results we found that the observablewe study, the isotopi-omposition along the breakup-evaporation edge is indepen-dent of the mass and harge distribution of the fragments (A;Z), of the fragmentmultipliity and of the impat parameter (at relativisti inident energies). Ason�rmed by the previous alulations, it depends exlusively on the initial tem-perature T of the fragmenting system and on its isotopi omposition hNi=Z. Thelatter statement an be reinfored by omparing the hNi=Z spetrum obtained for136Xe+p and 136Xe+natTi with previous experimental data, measured for systemswith similar isotopi omposition. It is therefore tempting to build up a olletionof di�erent systems, all haraterized by similar N=Z. Fortunately, previous exper-iments exist, where a 208Pb projetile was measured (208Pb is only slightly moreneutron rih than 136Xe ).As shown in �g. 6.4, the data of 208Pb+p [Enqvist 2001b℄ overlap with the data of208Pb+d [Enqvist 2001a℄, that overlap with the data of 208Pb+natTi [Enqvist 2001b℄,and the latter overlap onsistently with the new data of 136Xe+p and 136Xe+natTi.Systems with di�erent mass and equal N=Z di�er only for the main evaporationpath. All main evaporation paths onverge to a single breakup-evaporation edgelike rivers reahing the oast. The harateristi of the main evaporation paths (therivers!) is that two suessive evaporation steps ould lie on the same path. Forinstane, the evaporation orridor has the same harateristi. On the ontrary,89



6.5. Comparison with other systemsthe breakup-evaporation edge (the oast!) is the average of all the �nal steps of allevaporation paths. We interpret the overlap of the breakup-evaporation edges asanother manifestation of the same physis haraterizing the plateau of the aloriurve. This re�ets the existene of an apparently identi temperature drivingthe liquid-gas phase transition in the 136Xe+p and 136Xe+natTi (or 56Fe+p and56Fe+natTi) systems.In �g. 6.4 we an also appreiate the exellent agreement with a alulation. Anhomogeneous distribution of hot fragments with average isotopi omposition equalto the one of 136Xe is extended over the mass range 10 < A < 100. This dis-tribution rudely simulates the hot fragment produed after the disassembly ofany system with the same hNi=Z of 136Xe. These fragments are let deay by
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CHAPTER 6. TEMPERATURE AND ISOTOPIC COMPOSITIONsolely evaporation from an initial temperature of 5 MeV. The evaporation pro-ess is treated inluding onsistently the nulear struture e�ets, suh as pairingand shell e�ets [Gaimard 1991, Junghans 1998℄. we observe the emerging of shelland pairing e�ets (the latter haraterized by a favoured evaporation towards evenelements in average) in the �nal distribution, that lands orretly on the mea-sured breakup-evaporation edge for the hNi=Z of 136Xe�208Pb. This result seemto be rather onsistent with other measurements of the plateau of nulear aloriurves [Natowitz 2002℄. It should be remarked that, even if the limiting temperatureis expeted to vary with the mass of the breaking system, this variation is large onlyfor the lightest masses (A < 60 [Natowitz 2002℄).6.5.2 Systems with di�erent N=ZAs shown in �g. 6.5, other data were olleted for projetiles with di�erent hNi=Z.Unfortunately, they are all rather di�ult to exploit. 56Fe is too light and dominatedby nulear-struture e�ets. 129Xe [Reinhold 1998℄ was very autately measured,but only along the initial part of the main evaporation path, 86Kr [Weber 1992℄was measured with too large unertainty (not shown in �g. 6.5) as it was one ofthe �rst experiments at the FRagment Separator. Finally, only 238U has beenmeasured ompletely but still, due to the strong ompetition with �ssion, the pro-edure of disentangling the fragmentation omponent introdued some satteringin the data points, and the proximity of the isotopi omposition of 238U and 208Pbresults in a doubtful omparison. A lear understanding will ome from the studyof a proton-rih isotope like 124Xe, that was reently measured and is now beinganalyzed [Henzlova℄.The general impression that we dedue from the whole olletion of data is thatdi�erent breakup-evaporation edges exist as a funtion of the isotopi ompositionof di�erent projetiles. In �g. 6.5 the lines serve only to guide the eyes. (The linemarking 136Xe -208Pb was �tted to the experimental breakup-evaporation edge. Theothers lines are simply saled with respet to the 136Xe -208Pb -line).
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6.5. Comparison with other systems

0 10 20 30 40 50 60 70 80 90 100
Z

1

1.1

1.2

1.3

1.4

1.5

1.6

〈N
〉 /

 Z

dB
(z)

 / d
z  Α

= 
0 

   

dN
/d

z =
 〈 Γ

n
/ Γ

p
〉

56Fe + p 1 A GeV
56Fe + natTi 1 A GeV
136Xe + p 1 A GeV
136Xe + natTi 1 A GeV
129Xe + Al 790 A MeV
208Pb + d 1 A GeV
208Pb + p 1 A GeV
208Pb + natTi 1 A GeV
238U + Pb 1 A GeV
238U + p 1 A GeV

56 Fe

129 Xe
136 Xe, 2

08 Pb238 U

Figure 6.5: Full olletion of experimental measurement for systems with dif-ferent N=Z. 136Xe+p , 136Xe+natTi , 136Xe+natAl [Reinhold 1998℄, 208Pb+natTi[Enqvist 2001b℄, 208Pb+d [Enqvist 2001a℄, 208Pb+p [Enqvist 2001b℄, 238U+p[Taieb03℄, 238U+208Pb [Enqvist 1999℄. An ordering as a funtion of the hNi=Zis the result of the omparison. Dashed and dashed-dotted lines are de�ned in�g. 6.2. The solid lines serve only to guide the eyes.92



Chapter 7
Conlusion
The mehanisms of fragment emission from four systems, 56Fe+p, 56Fe+natTi, 136Xe+p,136Xe+natTi at 1 A GeV, have been investigated. 56Fe+natTi and 136Xe+natTi wereregarded as a baseline for very high-energy proesses (multifragmentation). Wefoused mainly on the proton-indued reations. The ertain understanding thatwe ould attain from the analysis of the 56Fe+p an 136Xe+p systems is that lightresidues are produed in the deay of highly exited remnants. Furthermore, froma more quantitative disussion, we inferred that the emitting soure should also beheavy and lose to the projetile mass. The magnitude of the Coulomb repulsion,together with the very high formation yields, even suggested that an asymmet-ri break-up proess, hardly onneted to asymmetri �ssion or statistial lusteremission, might be the favoured hannel of light-residue prodution. These �nd-ings were derived from experimental observables like the isotopi ross setionsmeasured for the whole ensemble of the residues, and the veloity distributionsof the emitted fragments in the projetile frame along the beam axis. Espeiallythe shape of the veloity spetra o�ered us a mirosopi insight into the meha-nisms of light-partile emission. In analysing the features of the veloity spetra,we failed in desribing the kinematis within a general systematis of �ssion total-kineti-energy release. A omplete simulation of the whole reation proess, wheresequential �ssion-evaporation deays govern the deexitation, ould not onsistentlydesribe the gross experimental features of the deay.We suggested that the harateristis of the kinematis and the prodution of lightresidues ould arry indiations of fast asymmetri splits. A desription of theomplete reation proess, inluding hannels of fast break-up deays revealed tobe more adapted in depiting the deay of the most highly exited remnants, andwas ompatible with the high yields for light residues and the omplex shapes ofthe veloity spetra. Enouraged by this onsisteny and, �rst of all, on the basisof previous theoretial and experimental results (see referenes in the setion 4),we suggested that protons at inident energies of 1 A GeV traversing heavy ions93



Conlusionan introdue very high thermal exitation energy per nuleon in the system, evenabove 2.5 MeV. Suh a thermal exitation ould lead to attain freeze-out onditions.to �ssion-evaporation deays enters in ompetition with break-up deay. When theexitation energy is just su�ient to aess break-up hannels, partitions with lowmultipliity of intermediate-mass fragments and high asymmetry are favoured: thedeay results mainly in the simultaneous formation of one heavy residue, with masslose to the hot remnant, and one or more light lusters and nuleons. As anextreme ase, two fragments rather asymmetri in mass may be formed in the samefast break-up proess. The formation of light fragments in the 56Fe+p and 136Xe+preations ould be explained by this piture.The examination of the isotopi omponent o�ered even further insights. Analyzingnulear-struture e�ets in the nulide prodution we also inferred that fragmentsare formed above the partile-emission threshold and few nuleons emitted by thefragments are responsible for generating the omplex even-odd staggering observedin the yields and some drasti hanges of shape in the veloity spetra of neighboringnulei. Finally, we found that the ridge of the isotopi prodution, and the meanneutron enrihment of the residues do not depend on the entrane hannel, butis only related to the isotopi omposition of the system. This independene anbe interpreted as a manifestation of the plateau of the nulear alori urve. Onthe basis of this observable, we ould �nd signatures of the phase transition insystems like 56Fe+p and 136Xe+p at 1 A GeV, exited slightly above the thresholdfor aessing multifragmentation. These signatures ould be as well extended tothe formation of heavy nulides, that might be assoiated to rather asymmetribreak-up on�gurations.
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Appendix A
General equations of motion of hargedpartiles in the Fragment-Separator
A.0.3 The motion of a harged partile in a magneti �eldIn general, the motion of a harged partile in an eletromagneti �eld is desribedby the Lorentz fore: d~pdt = q � ~E + ~v ^ ~B� ;where q, ~p and ~v are the harge, the momentum and the veloity of the partilerespetively, ~E and ~B are the eletri and magneti �elds respetively. The eletriomponent gives the aeleration of the partile and the magneti omponent or-responds to the bending. Sine we are interested in the beam optis, we will assume~E equal to 0 and onsider the bending term only:d~pdt = q~v ^ ~B ; (A.1)In aordane with �gure A.1, we onsider a partile �p0� with momentum ~p0travelling along a trajetory s0, with a urvature radius �(s0), under the e�etof a magneti �eld ~B(s0). s0 is the equilibrium trajetory de�ned by the equalompetition between the Lorentz fore and the entrifugal fore, expressed by therelation A.2. B(s0)�(s0) = p0q : (A.2)Heneforth we will onsider the partile �p0� and its trajetory s0 as a referene.With respet to this referene, we desribe a new trajetory s travelled by a partile95
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Figure A.1: Trajetory of a harged partile in a magneti �eld�p�, with momentum ~p, veloity ~v, and position ~r in the laboratory frame. Somegeneral kinematial relations for the partile �p� are~v = d~rdt = dsdt d~rds = vds0ds d~rds0 = vs0 ~r0 ; (A.3)~p = m~v = m vs0 ~r0 ; (A.4)where the prime represents a derivative with respet of the path length s0. Themotion an be desribed by the following set of derivatives:d~vdt = d2~rdt2 = ddt � vs0 ~r0� = dsdt dds0 � vs0 ~r0� = v2s02 �~r00 � s00s0 ~r0� ; (A.5)d~pdt = md~vdt = m v2s02 �~r00 � s00s0 ~r0� = pvs02 �~r00 � s00s0 ~r0� : (A.6)Introduing eq. A.5 and eq. A.6 into eq. A.1 we obtain the equation of motion ofthe partile �p' in the magneti �eld ~B(s)~r00 � s00s0 ~r0 = s0 qp �~r0 ^ ~B� : (A.7)We need some further passages to redue this relation to a suitable equation ofmotion. If we introdue the transverse-motion unit vetor x̂ and the veloity unit96



APPENDIX A. GENERAL EQUATIONS OF MOTIONvetor v̂, direted from a point of s0 we an dedue from geometrial onsiderations(onsidering d� in�nitesimally small):dx̂ = d�v̂ ; dv̂ = �d�x̂ ; d~r0 = ds0v̂ ; (A.8)ds0 = d��x : (A.9)Dividing the di�erentials A.8 by ds0 (de�ned in A.9) and de�ning the horizontalurvature as kx = 1=�x ;we obtain the derivativeŝv0 = �kxx̂ ; x̂0 = kxv̂ ; ~r00 = v̂ : (A.10)The partile trajetory an be desribed as a deviation from the design trajetorys0: ~r (x; y; s0) = ~r0 (s0) + xx̂ (s0) + yŷ (s0)Deriving with respet to s0 and introduing the equalities A.10 we obtain:~r0 = (1 + kxx) v̂ + x0x̂ + y~y0 + y0ŷ (A.11)~r00 = (k0xx+ 2kxx0) v̂ + �x00 � kx � k2xx� x̂+ y ~y00 + 2y0~y0 + y00ŷ (A.12)Sine all bending magnets of the Fragment Separator de�et the beam on the hor-izontal plane, we an impose that ŷ0 = ŷ00 = 0 and write~r0 = (1 + kxx) v̂ + x0x̂ + y0ŷ (A.13)~r00 = (k0xx+ 2kxx0) v̂ + �x00 � kx � k2xx� x̂ + y00ŷ (A.14)The magneti �eld ~B an be deomposed into ~B = Bxx̂ + Byŷ and the vetorprodut in eq. A.7 an be written:~r0 ^ ~B = ������ v̂ x̂ ŷ1 + kxx x0 y00 Bx By ������ = (x0By � y0Bx) v̂ � (1 + kxx)Byx̂ + (1 + kxx)Bxŷ(A.15)We express the equation (A.7) with respet to the horizontal and vertial ompo-nent, by writing ~r00x̂� s00s0 ~r0x̂ = s0 qp �~r0 ^ ~B� x̂ ; (A.16)~r00ŷ � s00s0 ~r0ŷ = s0 qp �~r0 ^ ~B� ŷ : (A.17)Substituting ~r0 and ~r00 with the expression A.13 and A.14, respetively, these rela-tions an be also written in the formx00 � kx � k2xx� s00s0 x0 = �s0 qp (1 + kxx)By ; (A.18)y00 � s00s0 y0 = s0 qp (1 + kxx)Bx ; (A.19)97



or x00 � s00s0 x0 = (1 + kxx)�kx � s0 qpBy(s)� ; (A.20)y00 � s00s0 y0 = (1 + kxx)�s0 qpBx(s)� : (A.21)These equations onstitute the law of motion of a partile with momentum p, trav-elling along the trajetory s. Evidently, it is su�ient to impose p = p0; s = s0 andx = y = 0 to obtain the equation of motion A.2, for the referene partile �p0�.A.0.4 The dispersion funtionIn the following we will only onsider the horizontal omponent of the equation ofmotion. We an write eq. A.20 in terms of �momentum deviation�, that is de�nedas Æ := p� p0p0 = �pp0 :The horizontal omponent of the equation of motion an be written in the formx00 � s00s0 x0 = (1 + kxx)�kx � s0(1� Æ) qp0By� ; (A.22)where the momentum deviation Æ has been introdued by the following approxima-tion, valid for Æ2 << 1: p = p0 (1 + Æ) � p01� Æ : (A.23)In addition, we an approximate the path length variation to the �rst order byimposingds � ds0 + xd� = �xd�+ xd� = (�x + x) d� = (�x + x) kxds0 = (1 + kxx) ds0or s0 = dsds0 = 1 + kxx : (A.24)By substituting s0 with the relation A.24 and negleting the term (s00=s0)x0 we obtainx00 = (1 + kxx) �kx � (1 + kxx)(1� Æ) qp0By� ; (A.25)By an be approximated by a magneti �eld expansion. The di�erene of (q=p0)Byfrom (q=p0)By0 (the latter is expressed in equation of motion A.2, for the refer-ene partile) an be approximated by two terms varying linearly with x and y,respetively qp0By � kx + �yx� �xy ; (A.26)98



APPENDIX A. GENERAL EQUATIONS OF MOTIONwhere we de�ned: �y := qp0 �dBydx �0 ; �x := qp0 �dBxdx �0 : (A.27)Thus, the horizontal omponent of the equation of motion an now be writtenx00 = (1 + kxx) [kx � (1� Æ + kxx� Ækxx) � (kx + �x� �xy)℄ : (A.28)Negleting terms in x2; xy in the following passages, we obtainx00 = (1 + kxx)(kx � kx � �x+ �xy + Ækx + Æ�x� Æ�xy � kx2 + Ækx2x) ; (A.29)or x00 + ��� Æ�+ kx2 � Ækx2�x + (Æ�x � �x) y = Ækx ; (A.30)We an neglet also the terms Æ�; Ækx2; Æ�x and redue the horizontal omponentof the equation of motion to the simpli�ed form:x00 + ��+ kx2�x = Ækx + �xy : (A.31)Applying a similar series of approximations (and approximating Bx aording tothe magneti �eld expansion (q=p0)Bx � �xx + �yy), we an write the vertialomponent of equation of motion in the form:y00 � k0 = �xx : (A.32)The term �xy produes a oupling between horizontal and vertial motion: in abeam line skew quadrupoles (i.e. quadrupoles tilted with an angle of 45Æ) have therole to introdue this e�et. Sine in the FRS no skew quadrupoles are used weimpose that this e�et is negligible, and we an write the following linearised andsimpli�ed equation of motion for a partile travelling on the horizontal plane:x00 + ��+ 1�2� x = Æ� : (A.33)Considering the displaement relatively to the momentum deviation, we an de�nethe �dispersion funtion� as D (s0) = x (s0)Æ : (A.34)Thus, the equation (A.33) an be modi�ed intoD00 + �� (s0) + 1�2 (s0)�D = 1� (s0) : (A.35)We should remark that the equation (A.35) is veri�ed for regions where the beamdoesn't ross any partile detetor, diagnosti devie, or any other layer of matter,otherwise it's still a good approximation.99



Inserting the dispersion funtion in (A.2) we an �nd a very useful equation:B(s0)�(s0) = p0q = p0�p�pq = 1Æ �pq = Dx �pq ;or B(s0)�(s0) xD = pq � p0q = B(s)�(s)� B(s0)�(s0) ;or B(s)�(s) = B(s0)�(s0)�1 + x (s0)D (s0)� : (A.36)A.0.5 The transfer matrix for a series of optial elementsIn the previous setion we derived the equation of motion on the horizontal planein the two equivalent forms:x00 (s0) + � (s0) x (s0) = Æ� (s0) ; (A.37)D00 (s0) + � (s0)D (s0) = 1� (s0) ; (A.38)where: � := �� (s0) + 1�2 (s0)� : (A.39)We an �rstly onsider the homogeneous equation, desribing the motion of an on-momentum (Æ = 0) partile, osillating around the entral trajetory S0. From therelation (A.37) we obtain the well known �Hill equation�:x00 (s0) + � (s0) x (s0) = 0 : (A.40)We might observe that the same equation holds for the motion of a pendulum in thease of small-osillation approximation. We an �nd a base of solutions onstitutedof a �sine-like� solution S and a �osine-like� solution C:S 00 + � S = 0 ; C 00 + � C = 0 ; (A.41)In order to be linearly independent, they should satisfy the onditionW = ���� C SC 0 S 0 ���� 6= 0 : (A.42)The derivative of the Wronsky determinant vanishes identially, in fat from (A.41):W 0 = CS 00 � SC 00 = �� (CS � SC) = 0 :100



APPENDIX A. GENERAL EQUATIONS OF MOTIONConsequently, the initial ondition at the origin s0 = 0 determines W everywhereand we an impose: C (s0 = 0) = 1; S (s0 = 0) = 1 ;C 0 (s0 = 0) = 1; S 0 (s0 = 0) = 1 ; (A.43)(A.44)W = 1 :Adding two more initial onditionsx0 = x (s0 = 0) ; x00 = x0 (s0 = 0) ;we an write the solution of (A.40) in the form:x (s0) = x0C (s0) + x00S (s0)x0 (s0) = x0C 0 (s0) + x00S 0 (s0) : (A.45)Equivalently, we an write:� x (s0)x0 (s0) � = T(0!s0)� x0x00 � ; (A.46)with T(0!s0) = � C (s0) S (s0)C 0 (s0) S 0 (s0) � ; (A.47)where T(0!s0) is the �Transfer matrix� that, multiplied for the position and the slopeof the trajetory of the partile in the origin, gives the position and trajetory slopeof the partile at the point s0.T(0!s0) haraterizes the optial properties of the segment 0; s0. A transfer lineomposed of n optial elements T(i!i+1) is desribed by the repeated matrix multi-pliation from element to element, resulting into the �total transfer matrix�T = nYi=1 T(i!i+1) ;The homogeneous solution of (A.37) an therefore be written in the form� x (s0)x0 (s0) � = T � x0x00 � : (A.48)We an now introdue the momentum dispersion about the referene momentum p0:in this ase the partiles will travel osillating about a new equilibrium trajetoryshifted with respet to the design path s0.101



We should onsider the inhomogeneous equation A.38 and impose the initial on-dition D0 = D00 = 0 ;assuming that partiles with di�erent momenta are not spatially separated at thebeginning. In the ase of the FRagment Separator this ondition is a very reasonableapproximation, sine partiles are generated as reation produts from a targetplaed at the beginning of the opti line. Our approximation is to onsider boththe beam-spot in the target plane and in the target dimensionless. We an verifythat a partiular solution is:Dpar = S (s0) Z ss0 C (�)� (�) d� � C (s0) Z ss0 S (�)� (�) d� (A.49)In fat: D0par = S Z ss0 C 0� d� � C Z ss0 S 0� d�D00par = S Z ss0 C 00� d� � C Z ss0 S 00� d� + 1� (CS 0 � SC 0)= ��S Z ss0 C� d� + �C Z ss0 S� d� + 1� W|{z}=1= ��Dpar + 1�In (A.49), C (s0) and S (s0) are the same osine-like and sine-like funtions appear-ing in the matrix T(i!i+1). Adding the partiular solution (A.49) to the homogeneoussolution (A.45) we an write:x (s0) = x0C (s0) + x00S (s0) + ÆDparx0 (s0) = x0C 0 (s0) + x00S 0 (s0) + ÆD0paror � x (s0)x0 (s0) � = � C (s0) S (s0)C 0 (s0) S 0 (s0) �� x0x00 �+ Æ� DparD0par � (A.50)
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Appendix B
Numerial inversion of the relationbetween the measured veloity spetraand the ross setions
We present a simple numerial method to reverse the relation (3.4) and extrat �(v)as a funtion of the absolute veloity v = j~vj in the entre of mass of the hot remnant.For eah veloity v, we de�ne a shell in the veloity spae with internal radius vand external radius v + Æv; the ratio between the portion of the shell transmittedthrough the spetrometer and the volume of the shell, determines the oe�ient oftransmission t('; v?; u). This oe�ient an be alulated geometrially, paying aspeial attention to the hange of frame: neither the reation reoil, nor the slowingdown of the projetile and the residues in the target should be negleted. On theother hand, the detailed features of the aeptane of the spetrometer should bealulated with an ion-optis ode [Benlliure 2002℄The Va;p;' is the volume element in the three-dimensional veloity spae orrespond-ing to an absolute veloity interval of [a; a + Æv[, a longitudinal projetion (in thebeam diretion) with a range of [p; p+Æv[, and a rotation angle varying in ['; '+Æ'[around the beam diretion. Ia;p;' is the probability that a partile is emitted withinthe limits of Va;p;'.The experiment provided the apparent ross setion of emission of a residue with alongitudinal veloity omponent +v or �v in respet to the entre of mass. We labelY+v the apparent ross setion measured in the forward diretion, and t+(v; ~vLab)the transmission alulated only for the forward half of the veloity shell. The rosssetion for the emission of the partile with absolute veloity v in the entre of massframe is dedued from the relation�v t+(v; ~vLab)2 = Y+v � G+v + L+v ; (B.1)103



where G+v is the ontribution gained from veloity vetors with higher magnitudethan v and projetion equal to v. L+v is the ontribution lost due to the projetionof ~v on lower longitudinal veloity omponents than v. We an write:G+v = X'=0;d';2Æ';:::;2� Xp=v+Æv;v+2Æv;:::;a? Va;v;'Va;p;'Ip;p;' ;L+v = X'=0;Æ';2Æ';:::;2� Xa=v�Æv;v�2Æv;:::;p? Vv;p;'Va;p;'Iv;v;' ;where p? is the smallest longitudinal projetion of ~v permitted by the aeptane.a? is the largest absolute veloity whose longitudinal omponent is equal to v.The terms G+v and L+v ouple the equation (B.1) with all the equations of the samekind de�ning the ross setions for lower and higher veloities than v. The resultis a system of equation that, if solved in order of dereasing veloity starting fromthe largest, is triangular and an be solved straightforward.Sine we assumed that the emission is isotropi with respet to the entre of mass,the same result derived for �v should be obtained using the apparent ross setionY�v, measured in bakward diretion with respet to the entre of mass. Thedi�erene in the value of �v, when obtained from Y+v or from Y�v an be anindiation of the unertainty introdued in the extration of the ross setion �v bythe assumption of isotropi emission.
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Appendix C
Isotopi ross setions
In the setion 2.4 the proedure to extrat ross setions from the measured longi-tudinal veloity spetra was desribed. The results for the light nulides formed inthe systems 56Fe+p and 56Fe+natTi are presented in table C.1 with the statistialunertainties. In appendix B the numerial tool used in the analysis was presented.It should be observed that the veloity-reonstrution method allows to obtain rosssetions for isotopes of whih at least a half of the longitudinal veloity spetrumis measured. In this ase, some needed parameters like the mean reoil veloity orthe width of the distribution ould be extrapolated from neighboring isotopes. Onthe other hand, the whole proedure is valid up to a ertain extent: due to theassumption of isotropi emission, ideal ases should result into equal (equal areaand equal entroid) absolute-veloity distributions dedued from the forward andthe bakward part of the measured longitudinal veloity distributions. Deviationsfrom this ideal ase derive either from the physis of the reation proess, thatould di�er from a purely isotropi emission , or by the lak of statistis in someparts of the spetrum, resulting in ompliating the onvergene of the numerialalulation. This leads to results that �utuate by 10% in the average. We takethis value as the statistial unertainty (and not simply the statistis of ounts).The systemati unertainties are in general very small in FRS measurements ofspallation residues. Indeed they rise to onsiderably high values when the measure-ment is dediated to fragments having very high veloities in the projetile frame.This is the ase of very light fragments emitted in �ssion-like events or in break-up proesses. The largest soure of unertainty is the angular aeptane. Heavyresidues, lose to the projetile mass are emitted very forward, and the angularaeptane is lose to 100%. On the ontrary, light fragments are strongly a�eted.The multipliity of the intermediate-mass fragments ould not diretly be measured.From physial arguments we ould safely infer that light fragments are emitted inevents with multipliity (of fragments with A>4) prevalently equal to two. Indeedwe ould not exlude the possible ontribution of higher multipliity proesses. Weestimated the systemati unertainty to be up to 30%.105



Tableau C.1: Spallation and fragmentation residue isotopi ross setions measuredin this work for the formation of Li, Be, B, C, N and O in the reation 56Fe+p and56Fe+natTi, respetively.Isotope 56Fe+p, � [mb℄ 56Fe+natTi, � [mb℄6Li 14.89� 1.5 128.50� 12.97Li 3.06� 0.3 103.46� 10.37Be 3.09� 0.3 62.28� 6.29Be 2.11� 0.2 29.88� 3.010B 2.03� 0.2 35.06� 3.511B 3.82� 0.4 61.58� 6.212B 0.36� 0.04 9.56� 1.011C 1.12� 0.1 16.02� 1.612C 4.69� 0.4 62.50� 6.313C 2.76� 0.3 37.59� 3.614C 1.87� 0.2 14.74� 1.513N 0.14� 0.01 .14N 1.25� 0.1 18.67� 1.915N 2.97� 0.3 37.33� 3.716N 0.33� 0.03 5.04� 0.517N 0.11� 0.01 2.44� 0.218N . 0.01� 0.00114O 0.01� 0.001 .15O 0.33� 0.03 5.91� 0.616O 2.78� 0.3 36.62� 3.717O 1.46� 0.1 15.58� 1.518O 0.75� 0.08 9.12� 0.919O 0.13� 0.01 1.99� 0.2It might be remarked that the greatest ontribution to the total unertainty omesfrom the systemati unertainty. On the other hand, the ross-setion ratios ofdi�erent nulides are very onsistent as they are related to small statistial uner-tainties.The results for the nulide prodution measured for the systems 136Xe+p and136Xe+natTi is entirely presented in table C.2. Statistial unertainties vary fromaround 15% for the lightest masses to 2-3 % for the heavier masses. Rather than thenumber of ounts, the main ontribution to this unertainty derives from the �niteangular aeptane. Also for these systems we estimated the systemati unertaintyto be up to 30%. 106



APPENDIX C. ISOTOPIC CROSS SECTIONSTableau C.2: Spallation and fragmentation residue isotopi ross setions measuredin this work for the formation of nulides ranging from Li, to Ba in the reation136Xe+p and 136Xe+natTi.Isotope 136Xe+p, � [mb℄ 136Xe+natTi, � [mb℄6Li 7.9863� 0.6653 304.161� 36.9227Li 15.5454� 1.2902 455.708� 54.7368Li 2.6310� 0.2250 110.653� 13.1489Li 0.4225� 0.0349 13.002� 1.5477Be 0.4307� 0.0362 31.160� 3.7519Be 3.5901� 0.2986 114.761� 13.48410Be 3.5310� 0.2917 119.718� 13.88511Be 0.1658� 0.0165 8.421� 0.97812Be 0.0490� 0.0042 1.624� 0.2008B 0.0050� 0.0008 0.458� 0.06110B 0.9125� 0.0754 46.286� 5.37311B 4.6740� 0.3816 199.431� 22.82012B 1.3981� 0.1166 48.835� 5.51813B 0.4445� 0.0407 21.512� 2.39814B 0.0160� 0.0017 1.340� 0.16810C 0.0045� 0.0007 0.330� 0.04411C 0.1737� 0.0144 9.926� 1.14112C 1.5520� 0.1251 82.203� 9.27913C 2.2017� 0.1780 108.465� 12.06714C 1.6637� 0.1356 70.564� 7.73515C 0.1705� 0.0187 10.633� 1.15316C 0.0400� 0.0033 4.078� 0.43717C 0.0045� 0.0005 0.269� 0.03313N 0.0254� 0.0023 1.501� 0.17214N 0.4911� 0.0394 28.551� 3.13315N 2.2146� 0.1751 117.304� 12.64916N 0.5814� 0.0487 27.156� 2.88717N 0.3734� 0.0329 18.010� 1.88318N 0.0277� 0.0022 3.908� 0.40615O 0.0437� 0.0037 2.675� 0.29316O 0.7094� 0.0551 44.620� 4.73517O 0.5765� 0.0454 36.065� 3.76518O 0.7667� 0.0609 41.033� 4.20719O 0.2883� 0.0251 13.253� 1.33820O 0.0198� 0.0016 5.173� 0.516107



Isotope 56Xe+p, � [mb℄ 56Xe+natTi, � [mb℄17F 0.0117� 0.0011 0.794� 0.08718F 0.1209� 0.0096 8.090� 0.83419F 0.4798� 0.0368 30.383� 3.05920F 0.5931� 0.0462 33.992� 3.35721F 0.4311� 0.0347 20.811� 2.01722F 0.1052� 0.0106 5.203� 0.49823F 0.0079� 0.0007 1.501� 0.14419Ne 0.0085� 0.0008 0.573� 0.06120Ne 0.1666� 0.0125 11.477� 1.13621Ne 0.4433� 0.0328 29.536� 2.85922Ne 0.6546� 0.0486 39.625� 3.75623Ne 0.2571� 0.0212 14.319� 1.33324Ne 0.1306� 0.0120 6.097� 0.55821Na 0.0048� 0.0005 0.297� 0.03122Na 0.0843� 0.0063 5.657� 0.53923Na 0.4391� 0.0312 27.837� 2.58424Na 0.3968� 0.0287 24.570� 2.23225Na 0.3140� 0.0239 18.206� 1.61826Na 0.2347� 0.0167 4.975� 0.43627Na 0.0010� 0.0001 1.733� 0.15123Mg 0.0058� 0.0006 0.461� 0.04724Mg 0.1467� 0.0102 9.665� 0.87925Mg 0.3117� 0.0214 20.894� 1.85526Mg 0.4622� 0.0316 29.696� 2.57427Mg 0.2413� 0.0179 13.959� 1.18528Mg 0.1243� 0.0106 6.455� 0.53729Mg 0.0410� 0.0040 1.078� 0.09130Mg 0.0007� 0.0001 0.417� 0.03725Al 0.0018� 0.0002 0.155� 0.01626Al 0.0512� 0.0036 3.408� 0.29927Al 0.2977� 0.0196 20.396� 1.72728Al 0.3358� 0.0221 20.494� 1.69429Al 0.2792� 0.0192 16.872� 1.36030Al 0.0895� 0.0078 5.203� 0.41231Al 0.0362� 0.0043 2.337� 0.18332Al 0.0121� 0.0016 0.457� 0.03833Al 0.0004� 0.0001 0.135� 0.01313Si 0.0024� 0.0003 0.157� 0.016
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APPENDIX C. ISOTOPIC CROSS SECTIONSIsotope 136Xe+p, � [mb℄ 136Xe+natTi, � [mb℄28Si 0.0861� 0.0056 5.746� 0.47729Si 0.2154� 0.0137 14.981� 1.20730Si 0.3840� 0.0239 26.019� 2.04031Si 0.2439� 0.0158 14.290� 1.09332Si 0.1088� 0.0085 6.740� 0.50433Si 0.0293� 0.0035 1.585� 0.11934Si 0.0133� 0.0021 0.575� 0.04429P 0.0162� 0.0010 0.054� 0.00730P 0.0170� 0.0012 1.126� 0.09231P 0.1620� 0.0099 11.211� 0.85832P 0.2558� 0.0154 17.556� 1.30633P 0.2395� 0.0149 16.889� 1.22134P 0.1176� 0.0085 7.096� 0.50235P 0.0532� 0.0051 3.072� 0.21436P 0.0315� 0.0026 0.729� 0.05331S 0.0006� 0.0001 0.049� 0.00632S 0.0219� 0.0014 1.565� 0.12033S 0.1126� 0.0066 7.753� 0.56334S 0.2721� 0.0155 18.637� 1.30835S 0.2196� 0.0129 14.737� 1.00536S 0.1442� 0.0094 8.824� 0.58637S 0.0542� 0.0048 3.095� 0.20338S 0.0200� 0.0026 1.147� 0.07634Cl 0.0067� 0.0005 0.469� 0.03635Cl 0.0844� 0.0048 5.749� 0.39436Cl 0.1896� 0.0104 13.081� 0.86637Cl 0.2197� 0.0121 15.210� 0.97438Cl 0.1270� 0.0079 8.505� 0.53039Cl 0.0698� 0.0055 4.376� 0.26740Cl 0.0316� 0.0033 1.656� 0.10141Cl 0.0120� 0.0019 0.575� 0.03736Ar 0.0097� 0.0006 0.553� 0.04037Ar 0.0609� 0.0033 3.988� 0.25938Ar 0.1837� 0.0095 12.219� 0.75939Ar 0.1992� 0.0104 13.942� 0.83740Ar 0.1508� 0.0084 9.986� 0.58141Ar 0.0810� 0.0056 4.993� 0.28442Ar 0.0369� 0.0035 2.070� 0.11743Ar 0.0133� 0.0019 0.598� 0.036109



Isotope 136Xe+p, � [mb℄ 136Xe+natTi, � [mb℄38K 0.0029� 0.0002 0.192� 0.01539K 0.0449� 0.0024 2.921� 0.17940K 0.1344� 0.0066 9.212� 0.53641K 0.1830� 0.0090 12.637� 0.70942K 0.1479� 0.0077 10.322� 0.56043K 0.1025� 0.0062 6.510� 0.34244K 0.0407� 0.0036 2.536� 0.13245K 0.0170� 0.0021 0.920� 0.05040Ca 0.0043� 0.0003 0.245� 0.01841Ca 0.0388� 0.0019 2.436� 0.14042Ca 0.1266� 0.0059 8.590� 0.46643Ca 0.1892� 0.0086 12.878� 0.67144Ca 0.1781� 0.0083 11.914� 0.59945Ca 0.1065� 0.0059 6.751� 0.32946Ca 0.0510� 0.0039 3.110� 0.14947Ca 0.0214� 0.0023 1.006� 0.05042S 0.0013� 0.0001 0.092� 0.00843S 0.0233� 0.0012 1.391� 0.07644S 0.0899� 0.0041 6.056� 0.30745S 0.1769� 0.0076 12.074� 0.58446S 0.1640� 0.0073 11.262� 0.52447S 0.1208� 0.0060 7.892� 0.35448S 0.0598� 0.0041 3.528� 0.15649S 0.0230� 0.0025 1.307� 0.05950S 0.0066� 0.0012 0.317� 0.01844Ti 0.0163� 0.0007 0.082� 0.00745Ti 0.0162� 0.0008 0.969� 0.05146Ti 0.0841� 0.0035 5.396� 0.25447Ti 0.1579� 0.0063 10.962� 0.49048Ti 0.1733� 0.0070 11.824� 0.50649Ti 0.1179� 0.0054 8.037� 0.33250Ti 0.0647� 0.0039 4.040� 0.16351Ti 0.0234� 0.0023 1.398� 0.05952Ti 0.0089� 0.0014 0.448� 0.02246V 0.0006� 0.0001 0.040� 0.00447V 0.0133� 0.0006 0.554� 0.02948V 0.0531� 0.0022 3.597� 0.15849V 0.1373� 0.0052 9.185� 0.37850V 0.1602� 0.0061 11.017� 0.433110



APPENDIX C. ISOTOPIC CROSS SECTIONSIsotope 136Xe+p, � [mb℄ 136Xe+natTi, � [mb℄51V 0.1238� 0.0051 8.289� 0.31352V 0.0672� 0.0036 4.044� 0.15053V 0.0346� 0.0027 1.877� 0.07154V 0.0117� 0.0015 0.597� 0.02655V 0.0047� 0.0009 0.219� 0.01248Cr 0.0004� 0.0001 0.031� 0.00449Cr 0.0069� 0.0004 0.366� 0.01950Cr 0.0479� 0.0018 2.647� 0.10951Cr 0.1226� 0.0042 7.946� 0.29852Cr 0.1567� 0.0052 10.396� 0.37153Cr 0.1175� 0.0042 7.567� 0.25954Cr 0.0751� 0.0030 4.826� 0.15955Cr 0.0318� 0.0016 1.984� 0.06556Cr 0.0141� 0.0009 0.866� 0.02957Cr 0.0054� 0.0005 0.285� 0.01050Mn 0.0005� 0.0001 0.029� 0.00351Mn 0.0081� 0.0005 0.418� 0.01952Mn 0.0556� 0.0024 3.193� 0.12053Mn 0.1419� 0.0057 9.379� 0.33054Mn 0.1874� 0.0080 12.773� 0.43355Mn 0.1673� 0.0078 11.234� 0.37256Mn 0.0976� 0.0052 6.054� 0.20457Mn 0.0571� 0.0033 3.452� 0.11458Mn 0.0249� 0.0016 1.356� 0.04759Mn 0.0088� 0.0008 0.557� 0.02060Mn 0.0024� 0.0003 0.169� 0.00853Fe 0.0064� 0.0004 0.285� 0.01354Fe 0.0439� 0.0018 2.332� 0.08255Fe 0.1248� 0.0049 7.392� 0.24056Fe 0.2026� 0.0080 12.416� 0.38457Fe 0.1699� 0.0076 10.344� 0.31658Fe 0.1277� 0.0062 7.560� 0.23159Fe 0.0601� 0.0036 3.840� 0.12060Fe 0.0284� 0.0020 1.841� 0.05961Fe 0.0142� 0.0010 0.677� 0.02362Fe 0.0053� 0.0004 0.241� 0.01055Co 0.0036� 0.0003 0.156� 0.00856Co 0.0283� 0.0013 1.421� 0.04857Co 0.1048� 0.0039 6.034� 0.180111



Isotope 136Xe+p, � [mb℄ 136Xe+natTi, � [mb℄58Co 0.1746� 0.0067 10.805� 0.30659Co 0.2143� 0.0082 12.057� 0.32960Co 0.1452� 0.0063 7.934� 0.22261Co 0.0835� 0.0043 4.902� 0.13862Co 0.0395� 0.0024 2.208� 0.06563Co 0.0187� 0.0013 0.991� 0.03064Co 0.0064� 0.0006 0.363� 0.01365Co 0.0023� 0.0003 0.120� 0.00657Ni 0.0023� 0.0002 0.084� 0.00558Ni 0.0200� 0.0009 0.841� 0.02959Ni 0.0874� 0.0031 4.094� 0.11560Ni 0.1966� 0.0066 9.936� 0.25661Ni 0.2198� 0.0080 12.058� 0.29862Ni 0.1789� 0.0071 10.160� 0.25063Ni 0.1049� 0.0048 5.744� 0.14964Ni 0.0589� 0.0031 3.052� 0.08165Ni 0.0253� 0.0016 1.368� 0.03966Ni 0.0095� 0.0007 0.513� 0.01667Ni 0.0031� 0.0003 0.171� 0.00768Ni 0.0006� 0.0001 0.049� 0.00360Cu 0.0121� 0.0006 0.430� 0.01661Cu 0.0620� 0.0022 2.683� 0.07362Cu 0.1611� 0.0053 7.607� 0.18363Cu 0.2245� 0.0075 11.687� 0.26264Cu 0.2039� 0.0072 10.233� 0.23065Cu 0.1376� 0.0055 7.320� 0.16866Cu 0.0867� 0.0037 4.047� 0.09467Cu 0.0410� 0.0021 2.031� 0.05068Cu 0.0158� 0.0010 0.813� 0.02269Cu 0.0065� 0.0005 0.296� 0.01070Cu 0.0016� 0.0002 0.097� 0.00571Cu 0.0006� 0.0001 0.022� 0.00261Zr 0.0026� 0.0001 0.026� 0.00362Zr 0.0104� 0.0005 0.289� 0.01163Zr 0.0539� 0.0019 1.992� 0.05264Zr 0.1626� 0.0048 6.849� 0.15165Zr 0.2404� 0.0074 11.447� 0.23266Zr 0.2552� 0.0079 11.723� 0.23367Zr 0.1797� 0.0063 8.583� 0.17868Zr 0.1186� 0.0044 4.992� 0.107112



APPENDIX C. ISOTOPIC CROSS SECTIONSIsotope 136Xe+p, � [mb℄ 136Xe+natTi, � [mb℄69Zr 0.0593� 0.0026 2.589� 0.05870Zr 0.0264� 0.0014 1.130� 0.02871Zr 0.0109� 0.0006 0.449� 0.01372Zr 0.0035� 0.0003 0.147� 0.00673Zr 0.0009� 0.0001 0.040� 0.00364Ga 0.0062� 0.0004 0.144� 0.00765Ga 0.0369� 0.0014 1.144� 0.03266Ga 0.1216� 0.0037 4.514� 0.10067Ga 0.2487� 0.0068 9.651� 0.18368Ga 0.2648� 0.0078 11.499� 0.20969Ga 0.2231� 0.0068 9.404� 0.17870Ga 0.1482� 0.0050 6.278� 0.12271Ga 0.0835� 0.0032 3.643� 0.07172Ga 0.0407� 0.0019 1.647� 0.03666Ge 0.0053� 0.0003 0.090� 0.00567Ge 0.0298� 0.0011 0.781� 0.02468Ge 0.1174� 0.0032 3.800� 0.08169Ge 0.2609� 0.0064 8.636� 0.15470Ge 0.3239� 0.0082 12.306� 0.20071Ge 0.2784� 0.0075 10.797� 0.18272Ge 0.2086� 0.0059 7.677� 0.13573Ge 0.1232� 0.0039 4.346� 0.07874Ge 0.0608� 0.0023 2.265� 0.04475Ge 0.0262� 0.0012 0.928� 0.02176Ge 0.0100� 0.0006 0.357� 0.01068As 0.0026� 0.0002 0.047� 0.00369As 0.0200� 0.0008 0.417� 0.01470As 0.0914� 0.0025 2.361� 0.05571As 0.2291� 0.0055 7.132� 0.12572As 0.3352� 0.0080 11.040� 0.17073As 0.3503� 0.0082 12.040� 0.18374As 0.2686� 0.0065 8.594� 0.14375As 0.1832� 0.0048 5.692� 0.09376As 0.0915� 0.0029 2.887� 0.05277As 0.0448� 0.0017 1.443� 0.02878As 0.0179� 0.0008 0.538� 0.01379As 0.0062� 0.0004 0.200� 0.00780As 0.0021� 0.0002 0.060� 0.00381As 0.0007� 0.0001 0.018� 0.002
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Isotope 136Xe+p, � [mb℄ 136Xe+natTi, � [mb℄70Se 0.0023� 0.0002 0.030� 0.00371Se 0.0187� 0.0007 0.324� 0.01372Se 0.0912� 0.0023 1.867� 0.04573Se 0.2387� 0.0052 5.920� 0.10374Se 0.4145� 0.0083 11.317� 0.16075Se 0.4194� 0.0087 12.321� 0.17376Se 0.3501� 0.0076 10.536� 0.15777Se 0.2324� 0.0055 6.452� 0.10078Se 0.1456� 0.0037 3.981� 0.06379Se 0.0704� 0.0022 1.869� 0.03580Se 0.0317� 0.0011 0.795� 0.01781Se 0.0115� 0.0005 0.311� 0.00982Se 0.0041� 0.0003 0.101� 0.00583Se 0.0008� 0.0001 0.026� 0.00272Br 0.0016� 0.0001 0.022� 0.00373Br 0.0128� 0.0005 0.176� 0.00874Br 0.0667� 0.0018 1.158� 0.03375Br 0.2234� 0.0046 4.538� 0.08376Br 0.4151� 0.0078 9.331� 0.13477Br 0.5159� 0.0094 12.893� 0.16778Br 0.4297� 0.0083 10.842� 0.15679Br 0.3486� 0.0067 8.413� 0.11980Br 0.2062� 0.0045 4.971� 0.07381Br 0.1215� 0.0030 2.680� 0.04482Br 0.0515� 0.0016 1.185� 0.02283Br 0.0213� 0.0007 0.443� 0.01184Br 0.0073� 0.0004 0.142� 0.00685Br 0.0019� 0.0002 0.046� 0.00374Kr 0.0013� 0.0001 0.014� 0.00275Kr 0.0114� 0.0005 0.119� 0.00776Kr 0.0655� 0.0016 0.792� 0.02577Kr 0.2108� 0.0041 3.509� 0.07078Kr 0.4773� 0.0080 9.021� 0.12579Kr 0.6021� 0.0098 11.937� 0.15280Kr 0.6085� 0.0096 12.776� 0.16581Kr 0.4688� 0.0078 9.520� 0.13082Kr 0.3247� 0.0057 6.363� 0.08583Kr 0.1886� 0.0038 3.495� 0.05284Kr 0.0901� 0.0022 1.617� 0.02885Kr 0.0361� 0.0011 0.657� 0.01486Kr 0.0123� 0.0005 0.223� 0.007114



APPENDIX C. ISOTOPIC CROSS SECTIONSIsotope 136Xe+p, � [mb℄ 136Xe+natTi, � [mb℄87Kr 0.0044� 0.0003 0.076� 0.00488Kr 0.0011� 0.0001 0.023� 0.00277Rb 0.0066� 0.0003 0.056� 0.00478Rb 0.0455� 0.0013 0.482� 0.01179Rb 0.1780� 0.0035 2.554� 0.03180Rb 0.4305� 0.0070 6.929� 0.06781Rb 0.7029� 0.0102 12.213� 0.10882Rb 0.7404� 0.0104 13.007� 0.12583Rb 0.6835� 0.0094 11.317� 0.11284Rb 0.4758� 0.0069 7.769� 0.08185Rb 0.3073� 0.0049 4.590� 0.05586Rb 0.1515� 0.0030 2.266� 0.03387Rb 0.0615� 0.0015 0.951� 0.01888Rb 0.0229� 0.0007 0.356� 0.01089Rb 0.0088� 0.0004 0.130� 0.00590Rb 0.0030� 0.0002 0.046� 0.00379Sr 0.0055� 0.0003 0.034� 0.00380Sr 0.0384� 0.0007 0.319� 0.00981Sr 0.1571� 0.0030 1.906� 0.02582Sr 0.4652� 0.0062 6.298� 0.05883Sr 0.8233� 0.0081 11.608� 0.09884Sr 1.0167� 0.0119 14.131� 0.12585Sr 0.9537� 0.0110 12.911� 0.12086Sr 0.7316� 0.0086 9.489� 0.09187Sr 0.4604� 0.0060 5.700� 0.06288Sr 0.2391� 0.0038 2.785� 0.03989Sr 0.1095� 0.0021 1.331� 0.02190Sr 0.0433� 0.0012 0.564� 0.01291Sr 0.0169� 0.0005 0.204� 0.00792Sr 0.0074� 0.0003 0.085� 0.00493Sr 0.0020� 0.0002 0.030� 0.00281Y 0.0005� 0.0001 0.005� 0.00182Y 0.0239� 0.0006 0.176� 0.00783Y 0.1216� 0.0025 1.246� 0.01984Y 0.4066� 0.0059 4.610� 0.04785Y 0.8613� 0.0106 10.255� 0.08686Y 1.2329� 0.0130 14.338� 0.12287Y 1.3076� 0.0127 14.379� 0.12888Y 1.0521� 0.0105 11.098� 0.10289Y 0.6905� 0.0075 6.788� 0.070115



Isotope 56Xe+p, � [mb℄ 56Xe+natTi, � [mb℄90Y 0.3723� 0.0050 3.610� 0.04691Y 0.1828� 0.0030 1.784� 0.02692Y 0.0823� 0.0015 0.803� 0.01493Y 0.0372� 0.0008 0.364� 0.00994Y 0.0136� 0.0004 0.145� 0.00595Y 0.0047� 0.0003 0.056� 0.00396Y 0.0014� 0.0001 0.018� 0.00284Y 0.0164� 0.0006 0.120� 0.00685Y 0.0953� 0.0021 0.837� 0.01586Y 0.3411� 0.0053 3.585� 0.04087Y 1.1230� 0.0127 8.986� 0.07788Y 1.4852� 0.0140 13.952� 0.11789Y 1.7318� 0.0143 15.194� 0.13290Y 1.4025� 0.0111 11.799� 0.10991Y 0.9132� 0.0080 7.659� 0.07792Y 0.5708� 0.0064 4.593� 0.05493Y 0.3206� 0.0042 2.455� 0.03394Y 0.1659� 0.0023 1.308� 0.02195Y 0.0748� 0.0012 0.637� 0.01396Y 0.0317� 0.0007 0.277� 0.00897Y 0.0126� 0.0004 0.119� 0.00599Y 0.0008� 0.0001 0.015� 0.00286Nb 0.0250� 0.0010 0.078� 0.01087Nb 0.0957� 0.0020 0.614� 0.02388Nb 0.4135� 0.0054 2.932� 0.05289Nb 1.1560� 0.0131 8.430� 0.10690Nb 2.1511� 0.0235 14.777� 0.18991Nb 2.4312� 0.0258 16.505� 0.19792Nb 1.5777� 0.0120 14.017� 0.20593Nb 1.2244� 0.0095 9.669� 0.13294Nb 0.8289� 0.0072 6.437� 0.10095Nb 0.5387� 0.0056 3.342� 0.04896Nb 0.2934� 0.0033 1.862� 0.02697Nb 0.1489� 0.0018 1.002� 0.01798Nb 0.0666� 0.0010 0.449� 0.01099Nb 0.0280� 0.0006 0.215� 0.006100Nb 0.0110� 0.0004 0.086� 0.00489Mo 0.0745� 0.0017 0.384� 0.01190Mo 0.4088� 0.0038 2.335� 0.03691Mo 1.3008� 0.0116 7.653� 0.08892Mo 2.4831� 0.0391 14.883� 0.299116



APPENDIX C. ISOTOPIC CROSS SECTIONSIsotope 56Xe+p, � [mb℄ 56Xe+natTi, � [mb℄93Mo 2.7734� 0.0430 15.276� 0.29094Mo 2.2520� 0.0305 15.552� 0.32195Mo 1.7403� 0.0213 11.545� 0.22096Mo 1.1015� 0.0087 9.818� 0.22797Mo 0.7688� 0.0065 5.617� 0.11498Mo 0.4766� 0.0045 3.188� 0.05999Mo 0.2528� 0.0027 1.394� 0.020100Mo 0.1216� 0.0014 0.709� 0.014101Mo 0.0572� 0.0009 0.354� 0.009102Mo 0.0253� 0.0006 0.160� 0.005103Mo 0.0080� 0.0003 0.063� 0.003104Mo 0.0016� 0.0002 0.017� 0.00291T 0.0593� 0.0010 0.246� 0.00992T 0.3841� 0.0036 1.763� 0.02993T 1.3539� 0.0113 6.421� 0.07794T 2.5936� 0.0228 12.365� 0.14795T 3.3050� 0.0322 16.063� 0.21296T 2.9981� 0.0346 16.320� 0.21697T 2.6900� 0.0344 15.157� 0.21198T 2.0527� 0.0297 11.459� 0.19399T 1.4779� 0.0246 8.304� 0.154100T 0.9251� 0.0193 5.319� 0.113101T 0.5621� 0.0148 3.199� 0.078102T 0.2900� 0.0102 1.654� 0.054103T 0.1377� 0.0065 0.836� 0.040104T 0.0580� 0.0039 0.463� 0.031105T 0.0226� 0.0023 0.210� 0.022106T 0.0082� 0.0014 0.105� 0.01993Ru 0.0464� 0.0008 0.169� 0.00794Ru 0.3513� 0.0031 1.319� 0.02495Ru 1.2130� 0.0099 4.791� 0.06396Ru 2.7075� 0.0219 10.491� 0.12897Ru 3.8486� 0.0333 15.013� 0.19998Ru 3.9725� 0.0389 17.770� 0.22899Ru 3.6169� 0.0396 17.172� 0.221100Ru 3.2249� 0.0372 14.982� 0.218101Ru 2.3858� 0.0315 11.149� 0.185102Ru 1.5911� 0.0251 7.708� 0.142103Ru 0.9442� 0.0193 4.697� 0.097104Ru 0.5223� 0.0141 2.745� 0.070105Ru 0.2664� 0.0092 1.401� 0.050106Ru 0.1287� 0.0059 0.786� 0.040117



Isotope 56Xe+p, � [mb℄ 56Xe+natTi, � [mb℄107Ru 0.0533� 0.0036 0.331� 0.027109Ru 0.0094� 0.0012 0.075� 0.01695Rh 0.0358� 0.0007 0.094� 0.00596Rh 0.2637� 0.0025 0.807� 0.01997Rh 1.0658� 0.0084 3.315� 0.05098Rh 2.5335� 0.0199 8.246� 0.10799Rh 4.2821� 0.0336 13.778� 0.183100Rh 4.8053� 0.0416 17.354� 0.228101Rh 4.8421� 0.0450 19.284� 0.232102Rh 4.3278� 0.0430 17.024� 0.230103Rh 3.5774� 0.0385 14.236� 0.214104Rh 2.5568� 0.0316 10.447� 0.168105Rh 1.7053� 0.0259 7.373� 0.125106Rh 1.0103� 0.0196 4.351� 0.089107Rh 0.5750� 0.0138 2.509� 0.066108Rh 0.2782� 0.0091 1.396� 0.052109Rh 0.1351� 0.0058 0.688� 0.038110Rh 0.0544� 0.0035 0.334� 0.028111Rh 0.0198� 0.0021 0.187� 0.024112Rh 0.0063� 0.0012 0.072� 0.01597Pd 0.0206� 0.0005 0.053� 0.00498Pd 0.1865� 0.0020 0.473� 0.01499Pd 0.8308� 0.0067 2.257� 0.040100Pd 2.3428� 0.0179 6.337� 0.089101Pd 4.3249� 0.0324 12.101� 0.166102Pd 5.8431� 0.0446 17.194� 0.229103Pd 5.8029� 0.0483 19.694� 0.233104Pd 5.8821� 0.0503 19.937� 0.245105Pd 5.0748� 0.0457 17.882� 0.243106Pd 3.9476� 0.0394 13.927� 0.197107Pd 2.7681� 0.0329 10.380� 0.157108Pd 1.8296� 0.0264 6.752� 0.111109Pd 1.0857� 0.0197 4.182� 0.086110Pd 0.5793� 0.0133 2.580� 0.070111Pd 0.2856� 0.0086 1.368� 0.052112Pd 0.1352� 0.0057 0.732� 0.041113Pd 0.0608� 0.0037 0.417� 0.034114Pd 0.0261� 0.0024 0.229� 0.029115Pd 0.0084� 0.0015 0.159� 0.026116Pd 0.0013� 0.0003 0.009� 0.002
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APPENDIX C. ISOTOPIC CROSS SECTIONSIsotope 56Xe+p, � [mb℄ 56Xe+natTi, � [mb℄99A 0.0114� 0.0004 0.021� 0.002100A 0.1093� 0.0014 0.227� 0.009101A 0.5826� 0.0051 1.308� 0.029102A 1.8515� 0.0150 4.324� 0.070103A 4.1343� 0.0302 9.894� 0.141104A 6.1337� 0.0444 15.273� 0.216105A 6.8510� 0.0517 19.705� 0.233106A 7.1013� 0.0552 20.986� 0.248107A 6.7268� 0.0522 21.039� 0.265108A 5.5952� 0.0472 17.745� 0.227109A 4.4443� 0.0413 14.432� 0.193110A 3.0183� 0.0340 10.186� 0.137111A 2.0183� 0.0275 7.181� 0.113112A 1.1716� 0.0190 4.401� 0.089113A 0.6884� 0.0139 2.861� 0.075114A 0.3277� 0.0088 1.517� 0.058115A 0.1897� 0.0064 0.850� 0.044116A 0.0834� 0.0042 0.453� 0.036117A 0.0386� 0.0030 0.224� 0.030118A 0.0169� 0.0021 0.102� 0.023119A 0.0060� 0.0008 0.032� 0.004120A 0.0041� 0.0005 0.027� 0.004121A 0.0005� 0.0000 0.004� 0.001102Cd 0.0575� 0.0010 0.102� 0.006103Cd 0.3490� 0.0037 0.690� 0.020104Cd 1.3818� 0.0121 2.725� 0.053105Cd 3.5089� 0.0263 7.283� 0.115106Cd 6.1707� 0.0432 13.384� 0.200107Cd 7.2274� 0.0523 18.751� 0.229108Cd 8.1508� 0.0587 22.338� 0.253109Cd 8.3153� 0.0584 22.833� 0.269110Cd 7.3435� 0.0545 21.824� 0.262111Cd 6.1457� 0.0480 18.909� 0.225112Cd 4.7049� 0.0427 14.931� 0.175113Cd 3.3297� 0.0355 11.077� 0.143114Cd 2.2037� 0.0268 7.668� 0.114115Cd 1.3456� 0.0200 4.856� 0.097116Cd 0.7675� 0.0135 3.167� 0.082117Cd 0.4478� 0.0103 1.874� 0.064118Cd 0.2310� 0.0068 0.985� 0.051119Cd 0.1133� 0.0050 0.577� 0.043
119



Isotope 56Xe+p, � [mb℄ 56Xe+natTi, � [mb℄120Cd 0.0623� 0.0039 0.393� 0.046121Cd 0.0411� 0.0049 0.166� 0.026122Cd 0.0317� 0.0014 0.068� 0.007123Cd 0.0126� 0.0008 0.026� 0.005124Cd 0.0024� 0.0001 0.009� 0.001125Cd 0.0005� 0.0000 0.006� 0.001104In 0.0233� 0.0006 0.043� 0.004105In 0.1677� 0.0022 0.280� 0.012106In 0.8028� 0.0086 1.421� 0.037107In 2.4810� 0.0211 4.682� 0.088108In 5.0818� 0.0379 9.792� 0.166109In 7.2306� 0.0514 16.107� 0.217110In 8.2473� 0.0582 21.308� 0.243111In 9.3966� 0.0621 24.172� 0.271112In 9.0801� 0.0604 24.920� 0.290113In 8.3512� 0.0559 23.498� 0.251114In 6.9158� 0.0519 20.592� 0.219115In 5.3073� 0.0442 16.630� 0.174116In 3.9075� 0.0372 12.220� 0.144117In 2.6695� 0.0280 9.067� 0.132118In 1.7047� 0.0208 5.900� 0.106119In 1.0895� 0.0160 4.259� 0.099120In 0.6223� 0.0112 2.540� 0.076121In 0.3697� 0.0089 1.463� 0.066122In 0.2028� 0.0067 0.953� 0.063123In 0.1358� 0.0055 0.478� 0.052124In 0.0909� 0.0025 0.159� 0.010125In 0.0359� 0.0016 0.126� 0.010127In 0.0032� 0.0001 0.018� 0.002107Sn 0.0683� 0.0013 0.107� 0.008108Sn 0.3911� 0.0056 0.678� 0.024109Sn 1.4834� 0.0154 2.591� 0.062110Sn 3.7637� 0.0317 6.693� 0.132111Sn 6.2227� 0.0466 12.638� 0.198112Sn 7.9118� 0.0561 18.925� 0.225113Sn 9.7129� 0.0641 23.774� 0.267114Sn 10.3230� 0.0637 26.380� 0.302115Sn 10.2070� 0.0626 27.576� 0.273116Sn 9.3961� 0.0599 26.512� 0.263117Sn 7.8670� 0.0537 22.733� 0.200118Sn 6.3578� 0.0493 19.447� 0.188119Sn 4.7991� 0.0375 15.131� 0.164120



APPENDIX C. ISOTOPIC CROSS SECTIONSIsotope 56Xe+p, � [mb℄ 56Xe+natTi, � [mb℄120Sn 3.3753� 0.0312 11.786� 0.149121Sn 2.2841� 0.0226 8.658� 0.138122Sn 1.5711� 0.0188 5.753� 0.110123Sn 1.0105� 0.0140 4.144� 0.108124Sn 0.5923� 0.0114 2.467� 0.092125Sn 0.3445� 0.0091 1.596� 0.093127Sn 0.1764� 0.0034 0.434� 0.016128Sn 0.0431� 0.0019 0.289� 0.014129Sn 0.0145� 0.0002 0.055� 0.003130Sn 0.0041� 0.0001 0.020� 0.002110Sb 0.1272� 0.0029 0.215� 0.013111Sb 0.5910� 0.0093 0.964� 0.036112Sb 1.9187� 0.0215 3.171� 0.086113Sb 4.0896� 0.0370 7.933� 0.160114Sb 5.7150� 0.0469 13.148� 0.185115Sb 8.2591� 0.0594 19.330� 0.240116Sb 9.7863� 0.0615 24.245� 0.286117Sb 10.9081� 0.0658 28.307� 0.288118Sb 10.8855� 0.0629 30.035� 0.287119Sb 10.4755� 0.0631 29.461� 0.234120Sb 9.1172� 0.0584 27.687� 0.231121Sb 8.0986� 0.0506 24.501� 0.199122Sb 6.3476� 0.0437 21.388� 0.207123Sb 4.9736� 0.0337 17.549� 0.185124Sb 3.8579� 0.0307 14.034� 0.179125Sb 2.8392� 0.0232 10.879� 0.159126Sb 1.9673� 0.0208 7.824� 0.152127Sb 1.3618� 0.0171 5.585� 0.152128Sb 0.8959� 0.0170 3.773� 0.149130Sb 0.3780� 0.0052 1.013� 0.028131Sb 0.2330� 0.0034 0.481� 0.011111Te 0.0063� 0.0004 0.009� 0.002112Te 0.0469� 0.0017 0.068� 0.007113Te 0.2363� 0.0057 0.390� 0.022114Te 0.9716� 0.0150 1.649� 0.059115Te 2.4495� 0.0279 4.496� 0.121116Te 3.9228� 0.0388 8.650� 0.151117Te 6.0060� 0.0498 13.958� 0.204118Te 8.1506� 0.0575 19.641� 0.249119Te 9.5356� 0.0625 26.012� 0.294120Te 11.0342� 0.0641 29.897� 0.280121



Isotope 56Xe+p, � [mb℄ 56Xe+natTi, � [mb℄121Te 11.6976� 0.0662 33.705� 0.274122Te 11.4786� 0.0650 34.300� 0.261123Te 11.2267� 0.0626 33.605� 0.234124Te 10.0910� 0.0536 32.853� 0.264125Te 8.9245� 0.0478 30.609� 0.234126Te 7.6362� 0.0408 28.479� 0.277127Te 6.8880� 0.0386 24.859� 0.231128Te 5.4211� 0.0320 21.787� 0.259129Te 4.3572� 0.0322 16.994� 0.249130Te 3.4273� 0.0282 14.636� 0.296131Te 3.2944� 0.0177 10.801� 0.138132Te 2.6947� 0.0128 6.460� 0.060133Te 2.5928� 0.0141 2.745� 0.052113I 0.0005� 0.0001 0.001� 0.001114I 0.0099� 0.0006 0.035� 0.006115I 0.0735� 0.0031 0.149� 0.017116I 0.3335� 0.0082 0.565� 0.033117I 1.0227� 0.0179 1.816� 0.076118I 1.9137� 0.0264 4.187� 0.105119I 3.3764� 0.0372 8.197� 0.154120I 4.9332� 0.0446 12.251� 0.192121I 6.8523� 0.0515 18.286� 0.258122I 8.3089� 0.0560 23.011� 0.239123I 10.3006� 0.0618 30.544� 0.285124I 10.8514� 0.0649 33.098� 0.235125I 12.4245� 0.0681 40.743� 0.282126I 12.1880� 0.0611 39.286� 0.256127I 13.1836� 0.0613 47.413� 0.305128I 11.9872� 0.0524 44.143� 0.298129I 13.6406� 0.0557 52.086� 0.333130I 11.8021� 0.0474 47.156� 0.334131I 12.8236� 0.0508 51.246� 0.368132I 11.6194� 0.0502 48.689� 0.439133I 12.1454� 0.0643 54.113� 0.593134I 39.5615� 0.0324 42.664� 0.165116Xe 0.0024� 0.0003 0.009� 0.003117Xe 0.0161� 0.0013 0.038� 0.006118Xe 0.0726� 0.0037 0.143� 0.016119Xe 0.3288� 0.0099 0.691� 0.046120Xe 0.7805� 0.0174 1.548� 0.068121Xe 1.3064� 0.0230 3.154� 0.093122



APPENDIX C. ISOTOPIC CROSS SECTIONSIsotope 56Xe+p, � [mb℄ 56Xe+natTi, � [mb℄122Xe 2.3100� 0.0318 5.846� 0.131123Xe 3.1763� 0.0352 8.633� 0.178124Xe 4.6516� 0.0428 12.513� 0.178125Xe 5.6084� 0.0458 17.393� 0.227126Xe 7.3510� 0.0532 21.314� 0.194127Xe 8.2564� 0.0566 27.937� 0.256128Xe 10.2641� 0.0581 33.014� 0.233129Xe 10.9882� 0.0589 42.290� 0.327130Xe 12.7411� 0.0562 49.657� 0.309131Xe 14.0317� 0.0604 62.943� 0.445132Xe 17.1044� 0.0615 75.913� 0.410133Xe 18.8146� 0.0657 104.828� 0.655134Xe 25.1824� 0.0841 203.275� 0.894135Xe 43.5342� 0.1116 574.042� 2.006121Cd 0.0481� 0.0037 0.118� 0.017122Cd 0.1293� 0.0071 0.350� 0.035123Cd 0.2425� 0.0100 0.682� 0.041124Cd 0.4371� 0.0143 1.256� 0.062125Cd 0.6453� 0.0157 1.938� 0.081126Cd 0.9274� 0.0204 2.944� 0.094127Cd 1.2430� 0.0207 4.335� 0.106128Cd 1.5458� 0.0266 5.098� 0.097129Cd 1.8385� 0.0245 7.071� 0.110130Cd 2.2056� 0.0311 7.894� 0.106131Cd 2.4064� 0.0248 9.779� 0.130132Cd 2.4942� 0.0263 10.725� 0.129133Cd 2.4032� 0.0215 10.567� 0.145134Cd 2.1284� 0.0265 8.283� 0.119135Cd 1.1313� 0.0136 4.940� 0.105136Cd 0.4027� 0.0095 1.813� 0.060127Ba 0.0242� 0.0032 0.121� 0.019128Ba 0.0323� 0.0036 0.192� 0.029129Ba 0.0321� 0.0035 0.127� 0.019130Ba 0.0305� 0.0036 0.127� 0.021131Ba 0.0243� 0.0032 0.121� 0.014132Ba 0.0128� 0.0023 0.082� 0.015
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