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RésuméLa matière nu
léaire 
onstitue l'essentiel de notre environnement. Pourtant, ses pro-priétés statiques et dynamiques, reliées dans son équation d'état (EoS), sont en
ore maldé�nies. Hormis l'observation d'objets 
élestes, l'étude de la matière nu
léaire en labo-ratoire né
essite la 
ollision de noyaux atomiques à diverses énergies selon l'aspe
t quel'on 
her
he à déterminer. Pour notre travail, nous nous plaçons dans le 
adre d'énergiesrelativistes ; les données que nous utiliserons pour notre étude proviennent des résidusspe
tateurs de la réa
tion 136Xe+Pb à une énergie de 1 GeV par nu
léon. Etant bienau-delà de l'énergie de Fermi (aux alentours de 40 MeV), les e�ets 
olle
tifs entre 
on-stituants des noyaux sont réduits ; 
ela permet de déduire des propriétés générales dela matière nu
léaire in�nie, à partir des observations. Or, 
ertains théori
iens prédisentune sensibilité des observables dynamiques des fragments spe
tateurs à la se
tion e�
a
enu
léon-nu
léon [SDL01℄. D'autre part, la multifragmentation des résidus spe
tateurs, quisemble être la signature d'une transition de phase de la matière nu
léaire, est un pro
essus
omplexe, et dont les in�uen
es sur la 
inématique des fragments sont en
ore mal 
om-prises. Nous nous proposons don
 d'explorer les propriétés 
inématiques des fragmentsspe
tateurs ave
 le plus de pré
ision possible et pour un grand nombre de fragments, ave
deux buts fondamentaux : faire de nos données de qualité une information 
omparable etutilisable par les modèles théoriques pour étudier la se
tion e�
a
e nu
léon-nu
léon ; 
ar-a
tériser les mé
anismes de réa
tion, et notamment la multifragmentation. Notre étudeprésente également un intérêt pour des appli
ations te
hniques (spé
i�
ation de fais
eauxse
ondaires, évaluation de dommages dans la 
ible de spallation de réa
teurs hybrides).Dans un premier temps, nous dé�nirons le langage propre à notre domaine de re
her
he,et les mé
anismes de réa
tions en jeu dans les 
ollisions d'ions lourds aux énergies rela-tivistes. L'abrasion 
onstitue la première étape de formation des fragments. La géométriede la 
ollision, dé
rite par le paramètre d'impa
t, 
onditionne 
ette phase. La 
oupure en-gendrée par 
e pro
essus dé�nit le fragment spe
tateur par rapport à la zone parti
ipante,
orrespondant au re
ouvrement des traje
toires des nu
léons du proje
tile et de la 
ible.L'abrasion induit une énergie d'ex
itation dans le fragment spe
tateur. Cette énergie estdon
 disponible pour les étapes suivantes d'évolution du fragment. L'émission séquentiellede nu
léons, de noyaux légers, voire de fragments de masse intermédiaire (IMFs), maisaussi la �ssion, 
onstituent une étape importante de perte de masse. Nous verrons quela modélisation de l'émission séquentielle d'IMFs peut-être faite sur la base d'une évapo-ration ou d'une �ssion très asymétrique, sans grande in
iden
e pour le système que nousnous proposons de prendre 
omme référen
e, à savoir le xénon 136Xe. Dans les réa
tions



12ayant induit une énergie d'ex
itation su�sante, le spe
tateur issu de l'abrasion se mor-
elle, donnant lieu à l'observation simultanée de plusieurs fragments de masse modeste.Par
e qu'il est similaire à une transition de phase, 
e régime d'évolution du fragment estd'intérêt primordial pour établir l'EoS de la matière nu
léaire. Ce pro
essus, pourtantlargement étudié, est en
ore mé
onnu ; diverses hypothèses sont formulées pour le dé
rire,notamment dans son in�uen
e sur la 
inématique des produits de multifragmentation.Les données 
hoisies pour 
ette étude ont été obtenues auprès du séparateur de frag-ments de GSI, à Darmstadt. Ce 
omplexe a

élérateur est détaillé, depuis la sour
e d'ionsutilisée lors de l'expérien
e, les 
avités a

élératri
es et l'a

élérateur linéaire UNILAC,jusqu'au syn
hrotron SIS18 et à ses spé
i�
ités te
hniques.Notre prin
ipal outil, le séparateur de fragments FRS est présenté tout d'abord defaçon générale. Le prin
ipe d'identi�
ation par temps de vol, rigidité magnétique et perted'énergie, ainsi que la mesure de haute pré
ision des vitesses longitudinales des fragmentsseront exposées. Chaque déte
teur est dé
rit et son r�le est spé
i�é.Les données étudiées et prin
ipalement utilisées pour la dis
ussion physique sont issuesd'une expérien
e 136Xe+Pb à une énergie d'1 GeV par nu
léon. Cette expérien
e fûtréalisée en 2004 ; les se
tions e�
a
es de produ
tion des fragments ont été déterminéesdans une étude pré
édente [Hen05b℄. Notre étude 
onnaît des exigen
es plus grandes quantà la pré
ision des mesures. Ainsi, les diverses sour
es d'impré
isions seront envisagées.Leurs 
ontributions dans les spe
tres en vitesse longitudinale seront évaluées. Même si les
orre
tions à appliquer sont mineures et seront pour la plupart négligées, 
ette véri�
ations'impose pour s'assurer de la validité et de la qualité de nos données.Les distributions en vitesse longitudinales, que nous présenterons systématiquementdans le repère du fais
eau (dont la vitesse dans le repère du laboratoire est de l'ordre de26 
m/ns) sont 
ara
térisées par diverses quantités. Nous avons 
hoisi de présenter lesprin
ipaux moments des distributions, pour tous les fragments identi�és dans le FRS :valeur moyenne, é
art-type et le 
oe�
ient d'asymétrie. Nous proposons don
 des quan-tités obje
tives, libres de toute interprétation, à partir des spe
tres bruts tels qu'ils sontobtenus à la suite de la 
oupure en a

eptan
e du FRS. Cette "matière première" pourraservir pour 
ontraindre des modèles théoriques reproduisant les 
onditions spé
i�quesdu FRS, selon l'interprétation propre à l'utilisateur. Une dis
ussion qualitative sur 
esmesures brutes terminera 
e 
hapitre, soulignant que la valeur moyenne, la largeur etle degré d'asymétrie des spe
tres semblent dé
orrélés. Diverses méthodes d'ajustementde la forme des spe
tres par des distributions Gaussiennes seront testées. Nous verronsqu'alors que les fragments les plus lourds peuplent une simple distribution Gaussienne,les fragments les plus légers ont une distribution en vitesse qui dévie de 
ette distributionGaussienne. Un simple ajustement, même multi-gaussien ne peut être satisfaisant pour
omprendre la forme de 
es spe
tres et en extraire des quantités physiques 
orre
tementattribuées à di�érents mé
anismes de réa
tion. Ainsi, la né
essité d'une interprétation dela forme globale des spe
tres apparaît évidente.Les fragments de masse pro
he de 
elle du proje
tile, qui sont don
 les fragments lesplus lourds observés dans l'expérien
e, suivent une distribution en vitesse longitudinale à
ara
tère gaussien. Il n'y a là rien de surprenant ; par le théorème de la limite 
entrale,



13nous savons que tout pro
essus statistique don
 
haque mesure est indépendante, tendà suivre, pour un grand nombre de mesures, une distribution gaussienne. Nous pouvonsdon
 simplement 
on
lure qu'il y a un pro
essus dominant de formation des résidus lourds,que 
elui-
i 
onnaît une �u
tuation et qu'il n'est pas d'autre 
ontribution de magnitude
omparable qui entre en jeu dans la formation de 
es résidus lourds et dans l'attributionde leur vitesse.Il en va autrement pour les résidus légers. La forme des spe
tres est asymétrique etpeut-être reproduite par 
hevau
hement de deux gaussiennes. Toutefois, 
et ajustementne s'appuye sur au
une dédu
tion physique et ne peut prétendre à la reprodu
tion demé
anismes de réa
tions 
onnus et identi�és. Au lieu de 
ela, nous proposons de tirer lesenseignements d'autres expérien
es e�e
tuées ave
 le FRS et dont les données présententdes similitudes ave
 
elles que nous 
onsidérons. Dans les données obtenues auprès duFRS, la �ssion se traduit par la présen
e de deux pi
s dans les spe
tres en vitesse longitu-dinale : à partir de la séparation entre deux produits de �ssion, la répulsion 
oulombienneles repousse mutuellement, leur donnant une a

élération dans deux dire
tions opposées.Le phénomène, s'il est isotropique, 
onduit, après 
onvolution ave
 l'a

eptan
e du FRS(un min
e 
ylindre est transmis) et proje
tion sur une dimension, à l'apparition de deuxpi
s, bien séparés en vitesse si au
un autre pro
essus ne s'y ajoute. Cet e�et est ob-servé depuis longtemps dans le 
as de la �ssion symétrique, mais les produits 
on
ernéssont bien plus lourds que dans notre 
as. Les produits de �ssion asymétrique présententégalement 
ette 
ara
téristique, 
omme l'a montré par exemple l'étude menée par V. Ri
-
iardi [RAB+06℄. Toutefois, le xenon présente une barrière de �ssion beau
oup plus hauteque l'énergie de séparation du neutron, 
ontrairement à l'uranium, pour lequel 
es deuxquantités sont 
omparables. Néanmoins, ave
 l'augmentation en énergie d'ex
itation dupréfragment issu de l'étape d'abrasion, les 
anaux de désex
itation par évaporation a

es-sibles deviennent plus nombreux, et l'évaporation de noyaux de masse intermédiaire (IMF)n'est pas négligeable. Que l'on 
onçoive 
e pro
essus 
omme une évaporation d'IMF ou
omme une �ssion très asymétrique n'a pas grande in
iden
e sur nos observables dansle 
as du xenon. Quoiqu'il en soit, 
es évènements binaires 
onduisent à l'apparition dedeux pi
s dans les distributions en vitesse longitudinale, ou en tous 
as au peuplementd'une sphère dans l'espa
e des vitesses, une fois de plus par la répulsion 
oulombienne.Cette répulsion a�e
te prin
ipalement le partenaire léger de 
e type de dé
roissan
e.En e�et, deux "bosses" sont bien visibles dans les données analysées par P. Napoli-tani de l'expérien
e 136Xe+p à 1 GeV par nu
léon [NSTG+07℄. L'expli
ation proposéeest e�e
tivement la dé
roissan
e binaire du préfragment issu de l'abrasion, la répulsion
oulombienne donnant à la vitesse du fragment léger 
es vitesses extrêmes. Pourtant, dansle 
as de la 
ible de plomb, les formes des spe
tres ne sont pas aussi 
laires. Les donnéesdes expérien
es du déte
teur à grande a

eptan
e ALADiN sont 
ru
iales pour la 
om-préhension et la dis
ussion de nos observations. En e�et, les informations a

umulées surla multipli
ité des fragments et leur masse dans des expérien
es 
omparables indiquentla transition entre deux états de la matière nu
léaire 
omposant les fragments spe
ta-teurs. Les mesures montrent qu'au-delà d'une 
ertaine température 
ritique atteinte parle préfragment (à relier ave
 la 
entralité de la 
ollision et la magnitude du pro
essus



14d'abrasion), l'énergie d'ex
itation disponible est 
onsumée sous forme d'expansion volu-mique du système de nu
léons et dans la formation de multiples fragments. Pour les
ollisions relativement 
entrales ou semi-périphériques, la dé
roissan
e du préfragment enplusieurs fragments est la plus probable et 
onduit à des fragments de masses faibles ouintermédiaires.Nous interprétons don
 nos observations 
omme la superposition de deux pro
essusde formation des fragments légers : d'une part la dé
roissan
e binaire asymétrique, oùla répulsion 
oulombienne joue un r�le majeur, d'autre part la multifragmentation, dontles produits sont trop nombreux pour engendrer un e�et dominant sur leur vitesse etpeuplant don
 une distribution gaussienne. Dans le 
as de la 
ible d'hydrogène, l'énergied'ex
itation induite n'est vraisemblablement pas su�sante pour engendrer la multifrag-mentation du système de nu
léons. Les pro
essus binaires sont la prin
ipale 
ontributionaux spe
tres mesurés. Au 
ontraire, la 
ollision du xenon ave
 un noyau de plomb induitpour les 
ollisions su�samment 
entrales assez d'énergie d'ex
itation pour former plusieursfragments. L'a

eptan
e limitée de notre dispositif expérimental fait que la 
omposantemultifragmentation est mieux transmise à travers le spe
tromètre que la sphère 
oulom-bienne. Ainsi, la distribution liée à l'émission binaire de fragments légers est masquée parle pi
 gaussien dû à la multifragmentation. Toutefois, 
es deux 
ontributions ne semblentpas avoir la même vitesse moyenne, et l'un des deux pi
s 
oulombiens pourrait expliquerl'asymétrie marquée visible dans les spe
tres mesurés.Nous verrons dans une dis
ussion �nale que 
es aspe
ts d'apparen
e simple 
onstituentune tra
e unique de la 
entralité des évènements. Les produits légers de dé
roissan
ebinaire sont distribués autour d'une valeur moyenne (
entre de la sphère) qui re�ète lere
ul du partenaire lourd. Or, nous verrons dans le 
hapitre suivant qu'il est possible delier la vitesse d'un fragment lourd, et sa masse, au paramètre d'impa
t de la 
ollision. Ilressortira que les fragments légers issus de pro
essus binaires sont issus de 
ollisions peuénergétiques et don
 dans notre 
as périphériques. Les produits de la multifragmentationquant-à-eux sont 
ara
téristiques de réa
tions plus 
entrales.Dans un arti
le théorique, L. Shi et al. [SDL01℄ soulignent que le freinage des fragmentsspe
tateurs dans les 
ollisions d'ions lourds dépend de l'intera
tion nu
léon-nu
léon lorsde la première phase de la réa
tion, l'abrasion. La mesure de 
e ralentissement des résiduspar rapport à la vitesse initiale des ions entrant en 
ollision permet don
 en prin
ipe de
ontraindre la se
tion e�
a
e nu
léon-nu
léon en milieu nu
léaire (in-medium N-N 
ross-se
tion). Le FRS, o�rant une grande pré
ision dans la mesure de la vitesse longitudinaledes fragments 
onstitue don
 un outil de 
hoix pour fournir des données de qualité vis-à-visde 
et aspe
t fondamental.Les modèles dynamiques de 
ollisions nu
léaires tels que BUU ou QMD sont déli
atsà 
oupler ave
 un 
ode de désex
itation des préfragments, notamment par
e que l'énergiea
quise par les spe
tateurs durant l'étape d'abrasion est di�
ile à déterminer. En ef-fet, 
haque nu
léon étant modelisé, la distin
tion entre nu
léons parti
ipants et nu
léonsspe
tateurs n'est pas évidente. Or, un nu
léon parti
ipant -don
 de haute énergie- mal at-tribué 
ontribuera grandement à l'ex
itation "arti�
ielle" d'un fragment spe
tateur. Pour
ette raison, il serait pro�table de disposer de données qui ne dépendent pas de la phase



15de désex
itation, ou de pouvoir exprimer nos observables en fon
tion d'une quantité liéeseulement aux premiers instants de la 
ollision : le paramètre d'impa
t.Pour les 
ollisions périphériques, l'abrasion engendre une énergie d'ex
itation sous leseuil 
ritique pour la multifragmentation. Elle n'est don
 suivie que par l'évaporation departi
ules légères, protons, neutrons, alpha... Cette ex
itation induite est déterminée parle nombre de nu
léons arra
hés lors de l'abrasion. A 
haque nu
léon arra
hé, l'énergie duspe
tateur augmente et les 
anaux préférentiels de désex
itation sont modi�és. Pour 
etterégion en masse pro
he de 
elle du proje
tile, nous pouvons 
onsidérer que la masse perduepar abrasion détermine de manière unique la masse du fragment �nal. En d'autre termes,il est raisonnable de supposer que pour un paramètre d'impa
t donné (assez grand pourque la 
ollision reste périphérique), la distribution en masse des fragments �naux est trèsétroite. Dans 
ette hypothèse, la masse arra
hée par abrasion peut-être déterminée par des
ritères géométriques. Le modèle de Glauber [Gla59℄ permet de 
al
uler la se
tion e�
a
ede produ
tion des préfragments en fon
tion du paramètre d'impa
t. En 
omparant lase
tion e�
a
e mesurée dans notre expérien
e pour le fragment le plus lourd ave
 la se
tionintégrée de Glauber sur un intervalle extrême de paramètre d'impa
t, nous attribuerons unparamètre d'impa
t moyen 
onduisant à 
e fragment �nal de masse donnée. La pro
édureétant réitérée pour la masse inférieure voisine, nous 
onstruirons pas-à-pas une dépendan
emoyenne de la masse du fragment �nal en fon
tion du paramètre d'impa
t de la 
ollision.Cette relation sera exploitée pour exprimer les vitesses moyennes longitudinales desfragments observés dans l'expérien
e en fon
tion du paramètre d'impa
t, les rendant plusaisément 
omparables ave
 les prédi
tions de modèles théoriques.Il est également intéressant de s'intéresser à la largeur des distributions en vitesse ou enimpulsion de fragments observés. La dispersion 
inématique des produits de fragmentationjoue un r�le déterminant dans la 
on
eption des installations à fais
eau se
ondaire. Ene�et, le transport des produits de réa
tion doit être optimisé en fon
tion de l'émittan
edu fais
eau obtenu ; 
ette émittan
e est dire
tement liée à la dispersion 
inématique desfragments produits lors de la 
ollision. Le prin
ipe de fragmentation étant également àla base des réa
teurs nu
léaires hybrides (ADS), la dispersion en impulsion des fragmentsparti
ipe à la dégradation de la 
ible de spallation.Outre 
es aspe
ts te
hniques, la largeur des spe
tres en vitesse ou en impulsion 
on-stitue une des observables disponibles dans les données a

umulées auprès du FRS. Elle
ontribue ave
 la valeur moyenne à 
ara
tériser les distributions, et évolue ave
 la formedes spe
tres. La des
ription de l'évolution de la largeur des spe
tres en fon
tion de lamasse du fragment observé né
essite une grande 
ompréhension des mé
anismes de réa
-tion en jeu et de leur in�uen
e sur la 
inématique des fragments. Une telle étude possèdedon
 un réel intérêt fondamental.Plusieurs prédi
tions existent pour la déviation standard de l'impulsion des fragments.Morrissey [Mor89℄ a établi une systématique à partir de l'ensemble des données disponiblesà 
ette époque. Cette formule ne s'appuye pas sur des 
onsidérations physiques ; elle estutilisable pour les 
ollisions périphériques, produisant les fragments les plus lourds.Le modèle de Goldhaber [Gol74℄ repose quant à lui sur le mouvement de Fermi desnu
léons dans le proje
tile avant la phase d'abrasion. La déviation standard de l'impulsion



16dans une dimension (longitudinale ou transverse) est liée à la perte de masse par abrasion,en fon
tion de la masse du proje
tile initiale ; l'impulsion de Fermi pF entre expli
itementdans la formule. Ce modèle reproduit qualitativement l'évolution de 
ette quantité enfon
tion de la masse du fragment. Pourtant, l'abrasion est un pro
essus qui induit del'énergie d'ex
itation dans le fragment spe
tateur ; 
ette énergie disponible favorise uneperte de masse, via évaporation, �ssion ou multifragmentation. La formule de Goldhaberne tient 
ompte que du pro
essus d'abrasion et ne peut être dire
tement 
omparée auxdonnées, puisqu'elle dé
rit la dispersion 
inématique d'un préfragment (issu de l'abrasion).Ainsi, les deux prin
ipales prédi
tions disponibles jusqu'à présent sont soit in
omplètesdans un 
as, ou ne reposent pas sur un modèle théorique dans l'autre. La né
essité de
ompiler les 
onnaissan
es a
tuelles en termes de mé
anismes de réa
tion nous poussedon
 à établir un nouveau modèle pour dé
rire 
es �u
tuations dans la 
inématique desfragments observés.En préambule de 
ette dis
ussion, nous résumerons les idées déjà avan
ées pour dé
rirenotamment la 
inématique des produits de multifragmentation. Le 
ode de simulationSMM (Statisti
al Multifragmentation Model) [BBI+95℄ étant spé
i�quement dédié autraitement de la multifragmentation, il o�re plusieurs hypothèses qui serviront de base àla dis
ussion. Ce modèle théorique part du prin
ipe que le système de nu
léons entranten phase de multifragmentation est thermalisé. Nous verrons que 
e postulat n'est pasanodin, et peut être dis
uté. Le s
énario opposé 
orrespondrait à un mor
ellement trèsrapide du préfragment issu de l'abrasion, faisant du mouvement fermionique des nu
léonsla prin
ipale sour
e de �u
tuations 
inématiques.Les ingrédients de notre nouveau modèle sont les suivants. L'abrasion est dé
rite àla manière de Goldhaber, par une dispersion en impulsion en fon
tion de l'impulsion deFermi et de la perte de masse engendrée par abrasion. Cette 
ontribution à la dispersion
inématique est toujours ajoutée aux autres 
ontributions. A la suite de l'abrasion, deux
as de �gure peuvent se présenter: si l'énergie d'ex
itation est faible, le préfragment en-tre dire
tement en phase d'évaporation (éventuellement �ssion) ; si l'énergie d'ex
itationinduite est su�sante, le préfragment entre en phase de multifragmentation, avant dedé
roître par évaporation. La phase d'évaporation intervient dans les �u
tuations 
iné-matiques par son 
ara
tère séquentiel. Les nu
léons et noyaux légers émis l'un aprèsl'autre induisent un moment de re
ul du noyau mère. Ce re
ul est fon
tion de la 
hargede la parti
ule émise, 
onditionnant son intéra
tion 
oulombienne ave
 le noyau émetteur,ainsi que du mouvement thermique au sein de 
e noyau mère. La 
ontribution issue de 
emoment de re
ul est toujours présente en plus des �u
tuations dues à la phase d'abrasion.Lors des 
ollisions où l'énergie d'ex
itation a
quise par le préfragment issu de l'abrasionest supérieure à un 
ertain seuil, le système de nu
léons entre en phase de multifragmen-tation. Nous présumons alors que le système réagit à 
ette augmentation d'énergie parune expansion volumique. Ce
i se traduit par une diminution de l'impulsion de Fermi.Comme nous l'avons signalé plus haut, selon la rapidité du pro
essus de mor
ellement, lesproduits de multifragmentation montreront un 
ara
tère thermal ou simplement un 
ara
-tère fermionique dans leur 
inématique. Nous appuyant sur un arti
le de Bauer [Bau95℄,nous prendrons le mouvement thermique et le mouvement fermionique en 
onsidération



17pour dresser une des
ription 
omplète de la dispersion 
inématique des fragments. Deplus, la répulsion 
oulombienne entre le fragment 
onsidéré et le noyau mère sera prise en
ompte, selon la pres
ription de Chung et al.[CDS87℄.Après une présentation du 
ode de simulation ABRABLA [GS91℄, nous dis
uteronssu

intement l'in
lusion dans le 
ode de la des
ription de la 
inématique des fragments quenous avons 
hoisie. La simulation o�re l'avantage de pouvoir 
ontenir 
haque mé
anismede réa
tion de façon détaillée. Elle est utile pour juger de l'importan
e des di�érentspro
essus liés aux propriétés 
inématiques des fragments, et estimer la pertinen
e desdes
riptions 
hoisies, notamment en 
e qui 
on
erne l'in�uen
e de la multifragmentationsur la dispersion 
inématique des fragments. Toutefois, pour les appli
ations te
hniques, ilest pratique d'établir une des
ription analytique 
ondensée, plus rapide à mettre en ÷uvreet fa
ile à in
lure dans un 
ode optique qu'une simulation 
omplète de type Monte-Carlo.Les 
hoix a�érents à 
ette démar
he seront détaillés. Les 
ontributions de l'abrasionet de l'évaporation à la dispersion 
inématique des fragments peuvent être formulées sim-plement, ave
 l'aide de peu de paramètres. L'in�uen
e de la multifragmentation est plusdéli
ate à introduire. Pour 
al
uler les 
ontributions à la dispersion 
inématique spé
i-�ques de la multifragmentation, nous devons présumer de la nature (numéro atomique etmasse) du noyau mère, au début de la phase de multifragmentation. Nous avons 
hoisi deprendre systématiquement pour noyau mère le préfragment le plus massif issu de l'abrasionpouvant entrer en phase de multifragmentation. Les di�érents 
hoix de des
ription de la
inématique des produits de multifragmentation seront testés, et les résultats du modèleanalytique établi seront 
omparés selon les valeurs des di�érents paramètres entrant dansla 
omposition de 
e modèle.Les �gures issues de 
ette dis
ussion montrent une bonne 
apa
ité à reproduire lesdonnées pour une large gamme en masse.Le bilan de notre étude des propriétés 
inématiques des fragments spe
tateurs est posi-tif. La 
ombinaison des avantages spé
i�ques de notre dispositif expérimental, l'identi�
a-tion 
omplète des fragments pour une large gamme en masse et la mesure pré
ise de leurvitesse longitudinale sans seuil, a permis de proposer des données dire
tement exploitablespar les théori
iens, ouvrant la voie à une nouvelle appro
he de la se
tion e�
a
e nu
léon-nu
léon en milieu nu
léaire. La détermination de 
ette dernière n'est pas immédiate ; lesauteurs de 
odes dynamiques que nous avons 
onta
té expriment des réserves quant à lapré
ision numérique des versions a
tuelles de 
es 
odes, prin
ipalement développés pourl'interprétation des expérien
es à grande a

eptan
e mais faible résolution en vitesse.La des
ription globale (
'est-à-dire pour toute la gamme en masse observée) des mé-
anismes de réa
tion, et prin
ipalement leur dynamique, soutient parfaitement la 
om-paraison ave
 les données disponibles et les e�ets 
inématiques 
onstatés. Cela validenotamment la grande in�uen
e du 
ara
tère fermionique des nu
léons dans le noyau, nonseulement dans la phase d'abrasion, mais aussi lors de la multifragmentation. L'expansionvolumique et la thermalisation du système entrant en phase de multifragmentation sontégalement 
ompatibles ave
 les observations.La 
omplémentarité de nos données ave
 les informations obtenues auprès de dispositifsà grande a

eptan
e ouvre des perspe
tives prometteuses si des 
ollaborations en 
e sens



18venaient à voir le jour.



Introdu
tionNu
lei are the most important 
onstituents of our environment. It is therefore a verynatural intelle
tual pro
ess to try to rea
h a deep 
omprehension of the properties ofnu
lear matter.The properties of nu
lear matter have determined the evolution of the universe afterthe big bang, at the time when it had 
ooled down enough so that the sub-nu
lear degreesof freedom were frozen. They are also de
isive for the pro
esses o

urring in the evolutionof stars, from their ignition until their death. Supernova explosion and formation ofneutron stars (even the 
onditions of their existen
e) are determined by some de
isiveproperties of nu
lear matter. For example, the in
ompressibility of nu
lear matter is
ru
ial for the determination of the largest mass a neutron star 
an have, before it 
ollapsesto a bla
k hole.The 
onditions of interest for astrophysi
s are extremely di�erent from 
onditions ofour immediate environment in terms of temperature, density and neutron-to-proton ratio.Beside astrophysi
al observations, nu
lear matter studies 
an take pla
e in labora-tories, under very di�erent 
onditions. The unique tool at our disposal is the 
ollisionpro
ess of nu
lei. Nu
lei are far from the 
omposition of neutron stars, but by 
hoosing
olliding nu
lei with largely varying N/Z ratio, one may 
onstrain theories on the role ofthis degree of freedom.An important parameter for 
lassifying these experiments is the energy per nu
leonavailable in the 
entre of mass of the 
olliding system. Energies below about 5 MeV pernu
leon are too low to over
ome the long-range ele
trostati
 repulsion; only above thisenergy the short-range nu
lear for
es be
ome noti
eable. Up to energies in the Fermi-energy regime, about 40 MeV per nu
leon, the nu
lei a
t rather as an entity in therea
tion, be
ause the energy of a single nu
leon is small 
ompared to the depth of thenu
lear potential and be
ause the de Broglie wavelength of a nu
leon in the frame of therea
tion partner is long or 
omparable with the size of the nu
leus. By in
reasing the
ollision energy, the in�uen
e of 
olle
tive phenomena de
reases, and the observationsbetter allow dedu
ing some general properties of in�nite nu
lear matter. The threshold ofthe Delta (1232) resonan
e marks the gradual onset of sub-nu
leoni
 degrees of freedom.In a proje
tile/target s
enario, these 
onsiderations favor a beam energy of about 1000MeV per nu
leon, for investigating the properties of nu
lear matter. The energy is idealfor minimizing the in�uen
e of the nu
lear potential on one side and for not being a�e
tedso mu
h by sub-nu
lear degrees of freedom on the other side.At present, the heavy-ion syn
hrotron SIS18 and some dedi
ated experimental equip-



20ment establish GSI, Darmstadt, as the leading laboratory for studying heavy-ion 
ollisionsin the 1 A GeV energy regime. Energies rea
hed at the exit of the SIS, ranging from 4,5GeV for a proton beam up to 1 A GeV for uranium, allow to explore a ri
h domain ofphysi
s. In the 
ase of heavy-ion 
ollisions, there are very di�erent dire
tions in whi
hone 
an pursue investigations on nu
lear matter and its properties.Colle
tive expansion and �ow measurements are the main tools to study the Equationof State of nu
lear matter and in-medium e�e
ts (for a review at several energy regimes,see [RR97℄). In a typi
al experiment (FOPI, for example), the attention is fo
used on
entral 
ollisions to probe the hadrons under hot and dense 
onditions rea
hed by theparti
ipant matter. Large-a

eptan
e designs are essential for these studies.On the 
ontrary, some experiments are designed for the investigation of nu
lear-matterproperties thanks to the spe
tator matter. These experiments 
on
entrate their sele
tionon events of peripheral and mid-peripheral 
ollisions. Spe
tator matter is not subje
tto 
ompression; but it is highly ex
ited. The �rst stage of the 
ollision 
onsists of aremoval of nu
leons spatially well de�ned but 
orresponding to various energy levels.This 
an result in the 
reation of holes in deep shells, that will free some energy forother degrees of freedom inside the nu
leus. The ex
itation energy is partly 
onsumed bythe produ
ed fragment in the early stages after the 
ollision into expansion. Dependingon the ex
itation energy rea
hed by the spe
tator matter, this will 
onstitute normal ordiluted nu
lear matter. The observables related to spe
tator fragments 
an then be usedas probes on nu
lear matter at low density in the 
ase of mid-peripheral 
ollisions.Two di�erent approa
hes for studying spe
tator matter have been pursued at GSI.ALADiN (A Large A

eptan
e Dipole magNet) and its large-a

eptan
e dete
tion systemhas a

ess to information on the multipli
ity and on the nu
lear 
harge of fragmentsprodu
ed in the 
ollision. The method is now well established, and su

essful experimentsled to further knowledge on the phase transition of nu
lear matter (similar to a liquid-gas phase transition) and on the symmetry-energy term in the EoS (see for example[TBBB+07℄).The FRagment Separator (FRS) [GAB+92℄, whi
h is a high-resolution magneti
 spe
-trometer, is in prin
iple designed for se
ondary-beam produ
tion and delivery to furtherexperimental areas. Re
ently, experiments with the FRS have proven to be suited foryielding valuable 
omplementary information to spe
tator-matter studies [dSNPS06℄. Thebene�t of using a high-resolution spe
trometer for the dete
tion of heavy residues of theproje
tile spe
tator is the full identi�
ation of the residues a

ording to mass number Aand atomi
 number Z, whi
h has been a
hieved up to uranium [JdJC+98℄, as well as ahigh-pre
ision measurement of their kinemati
al properties [HGS+93℄.The present knowledge on the kinemati
al properties of fragmentation residues 
an besummarized as follows:
• mean values and �u
tuations of the longitudinal momentum distributions of heavyresidues very 
lose to the proje
tile, respe
tively target, were 
ompiled in 1989,and empiri
al parameterizations as a fun
tion of the residue mass were established[Mor89℄
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• a re-a

eleration phenomenon was observed in mid-peripheral nu
leus-nu
leus 
ol-lisions and related to the in�uen
e of the momentum-dependent nu
lear for
es[REP+03, Hen05a℄
• velo
ity distributions of lighter residues in proton-nu
leus 
ollisions with emissionangles 
lose to zero degrees with respe
t to the beam dire
tion, showed 
omplexshapes with up to three peaks [RAB+06, NSB+04, NSTG+07℄, whi
h were inter-preted as signatures of di�erent rea
tion me
hanisms [NSB+04℄In this 
ontext, we have good reasons to go on with resear
hes that exploit the fullpossibilities of the FRS, taking pro�t from the uniquely large mass range of observed andfully identi�ed fragments and from the very high-pre
ision velo
ity information providedby the FRS, operated as a magneti
 spe
trometer.The kinemati
al properties of spe
tator fragments in heavy-ion 
ollisions 
onstituteimportant observables for di�erent fundamental aspe
ts. In parti
ular, some theoreti
alworks in the frame of Boltzmann-Uehling-Uhlenbe
k (BUU) 
al
ulations showed thatthe momentum 
hange with the impa
t parameter o�ers a sensitivity to the in-mediumnu
leon-nu
leon 
ross-se
tion [SDL01℄. To provide high-quality data on the kinemati
sand express them as a fun
tion of the impa
t parameter, to allow a 
omparison withtheoreti
al models, will be one of the tasks of this thesis.Another topi
 linked with the study of the kinemati
s of spe
tator matter retains ourattention: the phase transition of nu
lear matter. Its probable signature, the multifrag-mentation (or break-up) is a 
omplex phenomenon; the kinemati
s of multifragmentationprodu
ts is an essential observable to investigate the me
hanisms of this pro
ess. It isthen another aim of our work to investigate the rea
tion me
hanisms, espe
ially in themultifragmentation regime, with the �ne informations on the kinemati
s provided by theFRS.Beyond these theoreti
al motivations, the investigations we will 
ondu
t have somespe
i�
 te
hni
al appli
ations. Those are ADS rea
tor design studies (aging phenomenaand radioa
tive inventory of the spallation sour
e) but also se
ondary-beam 
hara
teri-zation, where the fundamental prin
iple is the fragmentation of a nu
leus, and where thekinemati
s of the produ
ed fragments is the main observable for the te
hni
al spe
i�
a-tions of the devi
e.Therefore, we will make use of the FRS to get a global view on the phenomena whi
hdetermine the kinemati
al properties of fragmentation residues. It is intended to provide,together with previous work, a systemati
 overview on the longitudinal velo
ities of themain remnants of the proje
tile spe
tator in heavy-ion 
ollisions. More pre
isely, the maintopi
s are:
• a study of the pro
esses leading to the produ
tion of light residues
• a quantitative determination of the slowing down due to fri
tion e�e
ts in peripheralnu
leus-nu
leus 
ollisions as a fun
tion of the impa
t parameter
• a quantitative theoreti
al des
ription of the width of the Gaussian 
omponent ofthe velo
ity distributions over the whole mass range



22 We will �rst give an overview of the types of rea
tion relevant for this study and thedi�erent features that 
ondition the rea
tion me
hanisms leading to fragmentation. Inthe se
ond 
hapter, we will des
ribe the experimental set-up used at the FRS and explainthe role of ea
h dete
tor, in the frame of high-pre
ision measurements, and the methodto exploit these data at best. This will be the o

asion to show examples of velo
ityspe
tra of the 
hosen experiment of interest. Experimental results 
ome in 
hapter 4.They will be presented without being interpreted. The dis
ussion is found in 
hapters 5,6 and 7. We will �rst 
omment the shapes of the velo
ity spe
tra and dis
uss the linkbetween observation and physi
al pro
esses. The dis
ussion about the mean velo
ity of theobserved fragments will then be held, along with a 
omparison of theoreti
al predi
tionsand our understanding of the data. The surprising fa
t that one has means to assess the
entrality despite the low a

eptan
e of the experimental set-up will be underlined. Thisnew way of presenting the data will allow a new approa
h to the nu
leon-nu
leon 
ross-se
tion, by making the 
omparison with theoreti
al models possible. Eventually, we will
on
entrate on the width of the velo
ity spe
tra. After going through previous models(e.g. Goldhaber [Gol74℄) and predi
tions (Morrissey [Mor89℄), we will present a newdes
ription of the rea
tion me
hanisms and their in�uen
e on the kinemati
s of observedfragments, reliable for a very broad range of fragments. This model will allow us toexploit the measured velo
ity distributions for extra
ting new information on the dynami
sof the break-up pro
ess leading to multifragmentation. We will pro�t from the uniquequality of the data, whi
h are 
hara
terized by kinemati
 measurements without any low-energy threshold and by full nu
lide identi�
ation all over the range of produ
ed fragmentsto verify the validity of substantially di�erent model assumptions on the kinemati
alproperties of multifragmentation produ
ts. This new des
ription will be in
orporatedin a simulation 
ode, but also, under 
ertain approximations, redu
ed to an analyti
alformula, spe
i�
ally adapted to te
hni
al appli
ations.



Chapter 1Rea
tion me
hanismsThe rea
tions o

urring in heavy-ion 
ollisions are determined by several parameters.The beam energy is an important parameter, and di�erent beam energies 
orrespond todi�erent regimes of rea
tion me
hanisms. Very low energies are best suited to observefusion rea
tions, for example on the tra
k to dis
overy of superheavy elements. Fermienergies (around 40 MeV per nu
leon) still allow deep-inelasti
 di�usions, when the rea
-tions are mostly governed by the nu
lear potential and the binding energies. Our studyis based on heavy-ion 
ollisions at beam energy well above the Fermi-energy regime.At these relativisti
 energies, rea
tion me
hanisms show a di�erent aspe
t dependingon the impa
t parameter of the 
ollision. The degree of 
entrality of an event 
hangesdrasti
ally the further evolution of the 
olliding system, as is s
hemati
ally shown on�gure 1.1.Based on the di�erent time s
ales of the rea
tion me
hanisms observed in a relativisti
heavy-ion 
ollision, it is usually treated as a two-step pro
ess. The �rst step that is 
alledfragmentation 
onsists of 
ollisions of individual nu
leons. The de-ex
itation phase, wherenu
lear potential and binding energies are again important, forms the se
ond step of therea
tion.We will employ the terms "proje
tile" and "target", as they were used in the GSI set-up. We will 
on
entrate on the proje
tile, sin
e the fragments observed through our mainexperimental tool, the FRS, are the so-
alled proje
tile-like fragments. This de�nitionholds in the sense that given their relatively high longitudinal velo
ity, they are mostprobably remnants from the nu
lei of the beam. The typi
al 
on�guration of 
ollision
onsists of a proje
tile hitting a target, with an impa
t parameter in prin
iple di�erentfrom zero, so that a pie
e of in
oming nu
lear matter 
ontinues its way, while the rest ofthe nu
leons intera
t strongly with the nu
leons of the target.Depending on the initial 
onditions, nu
lear rea
tions 
an show very di�erent aspe
ts.The problem is that we do not always have 
ontrol on these initial 
onditions. Of 
ourse,the energy of the 
ollision is de�ned by the user. But the energy of the 
ollision is not theonly parameter that will determine the future of the 
olliding systems. Most importantly,the impa
t parameter of the rea
tion, whi
h de�nes the violen
e of the 
ollision, is not anadjustable parameter. It means that observations will a priori re�e
t a mixture of di�erent
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tion me
hanismsme
hanisms 
orresponding to di�erent regimes of the nu
lear rea
tions, a

ordingly totheir 
entrality. Meanwhile, full-a

eptan
e experiments have at their disposal some toolsto estimate the 
entrality of a 
ollision. Indeed, the main signature of this parameter isthe multipli
ity of fragments produ
ed in the event.
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targetFigure 1.1: S
heme of di�erent s
enarii depending on the impa
t parameter, from a very peripheral
ollision produ
ing a large spe
tator fragment and few nu
leons, to a mid-peripheral 
ollision where thespe
tator is multifragmented, down to a 
entral 
ollision where the small spe
tator matter is vaporized insingle nu
leons (only fragments with velo
ity 
lose to the proje
tile are drawn in the last time sequen
e).Let us now de�ne and give already some hints about our 
omprehension of the di�erentpro
esses that are at play in our rea
tions of interest, with relativisti
 beam energy andperipheral 
ollisions (no vaporization).1.1 AbrasionAbrasion is the �rst step in the nu
lear rea
tion, in the sense that it is the �rstpro
ess resulting in removal of nu
lear matter from the 
olliding nu
lei, proje
tile and



Abrasion 25target (see [Ser47℄). The abrasion is the result of individual 
ollisions between nu
leonsof the proje
tile and nu
leons of the target nu
leus. The spe
tator fragment survivingthe fragmentation step is 
hara
terized by its mass, 
harge, ex
itation energy, angularmomentum and velo
ity. The 
orrelation between the parameters of the 
ollision (in
identenergy, impa
t parameter...) and the features of the produ
ed spe
tator fragment 
an bedis
ussed through di�erent des
riptions of the rea
tion me
hanisms.There are several ways to model the fragmentation pro
ess: intranu
lear 
as
ade,BUU, Quantum Mole
ular Dynami
s (QMD), geometri
al abrasion model... In the abra-sion model, it is seen as a geometri
al 
ut, between spe
tator and parti
ipant matter,
orresponding to the zone where nu
lear traje
tories overlap. This 
ould a
t as a blade,shearing o� some nu
leons from the fragment without further intera
tion.
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Figure 1.2: Nu
leon removal during the abrasion stage. On the left, in position-spa
e, the abradednu
leons (in bla
k) 
orrespond to a well-de�ned zone. The right pi
ture shows that in momentum-spa
e,they are randomly distributed within the frame of the Fermi-gas model.The geometri
al zone of overlap of nu
leons from the proje
tile and the target is wellde�ned. The abraded nu
leons belong to that region, but -as is seen in �gure 1.2- inphase-spa
e, this nu
leon removal is 
reating some holes, randomly distributed in theframe of the Fermi-gas model, where there is no 
orrelation between the lo
al positionand the momentum of a nu
leon. Some deeply bound nu
leons 
an be removed, indu
ingsome high ex
itation energy inside the spe
tator fragment.We will see that this would be already su�
ient to explain most of the features ofthe momentum distributions of the observed fragments, given the Fermi motion of thenu
leons inside the 
olliding nu
lei.Yet, su
h a rea
tion leads for
efully to a rise in ex
itation energy in the bound nu
leoni
matter. Spe
tator fragments are not anymore just "spe
tators", but leave this rea
tionstage heated up, as in a fri
tion phenomenon. The spe
tator matter is then ex
ited andundergoes further evolution (mass loss) before being dete
ted.
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tion me
hanisms1.2 EvaporationThe single-parti
le degrees of freedom of the spe
tator residues are qui
kly thermalized(within a few 10−23s), and in the next step, they may loose mass via di�erent binaryde
ay 
hannels like parti
le evaporation and �ssion. The probabilities for the evaporationof di�erent parti
les are des
ribed by di�erent models. One 
an quote for example themodels of Weisskopf-Ewing [WE40℄, or of Hauser-Feshba
h [HF52℄.Nu
leon removal by abrasion is a step that does not leave the nu
leus 
old. It 
an beseen as a fri
tion pro
ess, removing nu
leons from the proje
tile, but also indu
ing highex
itation energy in the remaining fragment.This ex
itation energy extends to very high values. There the level densities thatdetermine the probabilities of the di�erent de
ay 
hannels be
ome 
omparable, and hen
e,these de
ay 
hannels be
ome available. The level density ρ of a given emission 
hannel isrelated to the available energy (linked with the temperature of the prefragment) by thefollowing, omitting pre-exponential fa
tors and negle
ting tunneling for this illustration:
ρ ∝ e2

√
a(E−B) (1.1)where a is known as the level-density parameter (approximately A/11, with A the massof the daughter nu
leus when ex
itations of the emitted fragment are negle
ted), and Bis the barrier for a spe
i�
 de
ay 
hannel. The representation of ln ρ as a fun
tion of Ehelps understanding the evolution with high energies.In the upper panel in �gure 1.3, the two 
urves, 
orresponding to two di�erent de
ay
hannels, be
ome 
loser with the in
rease of ex
itation energy. The panel underneathshows that the ratio between the 
orresponding level-densities de
reases very rapidlywith the energy rise. At high energies, the ratio between level densities for di�erent de
ay
hannels is approa
hing 1. This means that at high ex
itation energies, many binaryde
ay modes tend to be equally probable.This statement is 
omforted by the observation that in our experiment, the massrange from the lightest identi�ed elements up to the proje
tile is 
ontinuously populatedby rea
tion produ
ts.If the prefragment produ
ed by abrasion is �ssile, �ssion 
onstitutes a probable evo-lution of the system of nu
leons. A further mass loss is indu
ed by evaporation, whi
h
ompetes with �ssion. It 
onsists of a sequential emission of nu
leons and light nu
lei.In prin
iple, the evaporation pro
ess explains mostly the produ
tion of light fragments(and their heavy partner, near the mass of the proje
tile). Symmetri
 �ssion allowsfor binary de
ay produ
ts with masses near half the mass of the proje
tile. Again, theobservation of a 
ontinuous distribution of fragments along the mass range is an indi
ationfor a transition or 
ontinuity between the two pro
esses.Attempts have been made in the past to 
on
iliate evaporation and �ssion modelsinto a general des
ription of the binary de
ays, but that theory is not yet fully developed(see for example the models of Moretto [Mor75℄, Swiate
ki [Swi83℄ and the dis
ussions ofRi
hert and Wagner [RW92℄, Stokstad [Sto℄).
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Figure 1.3: Up: 
al
ulated logarithm of level-densities for a mother nu
leus A = 132 as a fun
tion ofex
itation energy; two di�erent barriers were assumed: 5 MeV (plain line) and 10 MeV (dashed line).Down: ratio of the two level-densities as a fun
tion of ex
itation energy.The treatment of the evaporation in a model supposes an ability to 
al
ulate de
ayprobabilities for di�erent 
hannels, starting from an ex
ited prefragment. Indu
ed re
oiland energy loss by evaporation depend strongly on the de
ay 
hannel followed. This iswhy it is very important in the 
ontext of the present work to model it 
orre
tly.The proje
tile-like spe
tator fragment a
quires an angular momentum, partly due tothe missing angular momentum of abraded nu
leons [dJIS97℄, partly due to the fri
tionfor
e. While the �rst 
ontribution is isotropi
 in spa
e, the axis of the se
ond 
ontri-bution always lies in a plane perpendi
ular to the beam dire
tion. The barrier of thede
aying system is lowest when the fragments are emitted in a plane perpendi
ular to theangular-momentum axis, sin
e the momentum of inertia is largest in this 
on�guration.Therefore, there is an enhan
ed emission in forward and ba
kward dire
tions. However,this enhan
ement diminishes if the nu
lear temperature be
omes 
omparable with the
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tion me
hanismsvariation of the barrier as a fun
tion of orientation [KHSA07, VH93℄. Sin
e the angularmomentum indu
ed in the fragmentation pro
ess is rather low [dJIS97℄, and the ex
ita-tion energy is rather high, the angular distribution of most binary-de
ay produ
ts is very
lose to be isotropi
.The model of Hauser and Feshba
h [HF52℄ is taking angular momentum into a

ount.Using the prin
iple of the detailed balan
e, one 
an 
al
ulate the probability of absorptionof one nu
leon or fragment for di�erent geometries of 
ollision, 
hara
terized by impa
tparameter or 
orresponding angular momentum. This is representative for the probabilityof emission of the parti
le from a mother nu
leus having this same angular momentum.An integration over all possible 
on�gurations or a Monte-Carlo simulation 
an be usedto predi
t the emission probabilities, depending on the needs.Weisskopf and Ewing did not expli
itly 
onsider the angular momentum in their model.The emission probability is also 
al
ulated by the inverse pro
ess of parti
le 
apture.Re�nements in addition to pure geometri
al 
ross-se
tion are in
luded, su
h as quantum-me
hani
al e�e
ts, but the impa
t parameter of the 
ollision does not enter expli
itly thedes
ription of the 
apture 
ross-se
tion. This model 
an be used in our 
ontext sin
e wehave indi
ations that angular momenta rea
hed in our rea
tions are not very high (notex
eeding 20 ~) ; see [dJIS97℄.Parti
le emission 
an be seen in a general sense as a binary split. Two ways of de-s
ribing this binary split 
an be used. The evaporation is usually modeled as the inversepro
ess of fusion. It supposes that the evaporated fragment (or nu
leon), formed insidethe mother nu
leus has a su�
iently high momentum to over
ome the evaporation bar-rier. The evaporated fragment is thus emitted in the shape of its ground state, whi
h israther 
lose to spheri
ity. It is used for the emission of protons, neutrons, alpha parti
lesand other light nu
lei.The other pi
ture is based on the formation of 
omplex shapes of the 
ompound (orhere "mother") nu
leus itself. This may lead to �ssion. For heavy nu
lei, this pro
ess isfavored in symmetri
 splits. In this 
ase, the �ssion barrier is lower than the evaporationbarrier. The shapes experien
ed in �ssion resemble more the shapes whi
h appear whena honey drop falls from a spoon. A more or less long ne
k develops between the twofragments whi
h are forming, until the rupture o

urs. This pro
ess is fundamentallydi�erent from the evaporation des
ribed above.Evaporation and �ssion barriers have been 
al
ulated for three di�erent systems: 86Kr,
136Xe and 208Pb. The results of these estimations are plotted in �gure 1.4. Sin
e we rea
hhigh ex
itation energies, we negle
t shell e�e
ts and 
onsider the nu
lei on a ma
ros
opi
basis, using the liquid-drop model [MS67℄ to 
al
ulate Q-values of the de
aying 
hannels.To estimate the evaporation barrier, we 
onsider the evaporation as the inverse of thefusion pro
ess. We use the nu
lear potential whi
h is des
ribed by Bass [Bas℄. Additional
ontributions to the total potential are Coulomb for
es (taken between point-like 
harges)and 
entrifugal for
es.Realisti
 
al
ulations of the �ssion barrier are rather 
omplex, and beyond the s
opeof this dis
ussion, whi
h is meant as a simple 
omparison between des
riptions of binaryde
ays. Using a few assumptions, one 
an realize a fair estimation of the �ssion barrier.



Evaporation 29Wilkins et al. [WSC76℄ provide a formula for the potential energy of the systemat the s
ission point. It is treated in this paper as the sum of the liquid-drop, theshell- and pairing-
orre
tions for ea
h fragment (spheroid), with Coulomb and nu
learpotential terms des
ribing the intera
tion between the two 
oaxial spheroids, whose tipsare separated by a distan
e d:
V (N1, Z1, β1, N2, Z2, β2, τ, d) =

∑

i=1,2

VLDi
(Ni, Zi, βi)

+
∑

i=1,2

(Si(Ni, βi, τ) + Si(Zi, βi, τ))

+
∑

i=1,2

(Pi(Ni, βi, τ) + Pi(Zi, βi, τ))

+ VC(N1, Z1, β1, N2, Z2, β2, d)

+ Vn(N1, Z1, β1, N2, Z2, β2, d)

(1.2)
A

ording to Wilkins et al., the total kineti
 energy of the two deformed produ
ts isgiven approximately by the Coulomb potential VC . Omitting the form fa
tor to a

ount forthe di�eren
e in Coulomb intera
tion between point-like 
harges and deformed spheroids,it 
an be written:

VC ≈ Z1Z2e
2

D
(1.3)where D is a fun
tion of the deformation of ea
h produ
t βi and the distan
e d betweenthem at s
ission:

D ≈ d +
∑

i=1,2

r0A
1/3
i

(

1 +
2βi

3

) (1.4)Under these 
onditions, i.e. the form fa
tor and the volume 
onservation under the defor-mation not being expli
itely written in the formula, the parameters of the Wilkins model(without shell- nor pairing-
orre
tions) were adjusted by Bö
kstiegel et al. [BSB+97℄ to�t experimental data on the total kineti
 energy of the �ssion fragments. The deformationfa
tors of the two �ssion fragments were both set to β1,2 = 0.625; the tip distan
e d ats
ission of the two spheroids, used to simulate a ne
k, was assumed to be 2 fm.The total kineti
 energy of the two �ssion produ
ts is 
al
ulated with these valuesthrough the equation 1.3. It represents the kineti
 energy of two deformed nu
lei, dueto Coulomb for
es with an initial distan
e d. This initial situation is not exa
tly at thes
ission point be
ause there is an additional pre-s
ission kineti
 energy 
ontributing to thekineti
s of the produ
ts. A pre-s
ission kineti
 energy Tinit of about 13 MeV is subtra
tedto the value from equation 1.3 to obtain the energy di�eren
e between the deformed �ssionprodu
ts and the system at s
ission.From theoreti
al works by Asghar and Hasse [AH84℄, the potential di�eren
e ∆Vbetween the saddle and the s
ission point 
an be determined.The sum of ∆V and the 
orre
ted kineti
 energy of the �ssion produ
ts 
orrespondsto the height of the barrier, 
ounted from the masses of the separated 
old deformed
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tion me
hanismsprodu
ts with β = 0.625. The �ssion barrier relative to the ground state of the mothernu
leus is obtained with the dedu
tion of the Q-value of the rea
tion and the energy Edefthat enters the deformation of the produ
ts.Altogether, the �ssion barrier is expressed by:
Bfiss = VC − Tinit + ∆V − |Q| + Edef (1.5)In 
ase of krypton, the evaporation and the �ssion barrier are almost the same alongthe whole mass range. They both rea
h a maximum at mid-range ; it means that thesymmetri
 binary split is very unlikely, independently from the pro
ess.With xenon as a mother nu
leus, the �ssion barrier does not show anymore a 
learmaximum at middle mass-range. The 
urve is almost �at for most of the range. Neverthe-less, very unlikely symmetri
 splits are des
ribed more realisti
ally by the �ssion pi
turethan by evaporation. Both evaporation and �ssion barriers de
rease for asymmetri
 de-
ays. There, even if evaporation is slightly favored, we 
an 
on
lude that the way thebinary split is des
ribed does not play a major role: both pro
esses are 
omparably likely.Finally, a heavy mother nu
leus like lead has a �ssion barrier mu
h below the evap-oration barrier for almost any 
hannel of binary de
ay. The �ssion barrier has a 
learminimum for symmetri
 splits, whi
h are then favored in this des
ription of the binaryde
ay.The 
on
lusion from this dis
ussion about the ways to des
ribe binary de
ays is thefollowing. To be able to reprodu
e the data with a simulation 
ode, both �ssion andevaporation pro
esses must be in
luded. Sin
e no uni�ed theory is available at presenttime, the 
hoi
e is often made to treat the "wings" of the mass distribution with an evap-oration 
ode; beyond a 
ertain threshold in emitted mass, �ssion des
ription is preferred.This arti�
ial transition o

urs in the (small) mass range where the two models are inagreement. Su
h a 
ombination is made for example in GEMINI or in ABRABLA [GS91℄
odes.The magnitude of the evaporation is, as already underlined, dire
tly 
orrelated to theex
itation energy available after the abrasion step and possible �ssion pro
ess. For non-�ssile systems, it is reasonable to link the extent of the mass loss by evaporation to theenergy rise due to abrasion, depending itself on the impa
t parameter of the 
ollision.1.3 MultifragmentationWe already mentioned abrasion, pure geometri
al 
ut of the proje
tile and leading toa prefragment. This latter has then a
quired some ex
itation energy dire
tly linked to the"violen
e" of the abrasion (amount of nu
leons abraded). Apart from possible �ssion, thebasi
 pro
ess of de-ex
itation is a series of (small) mass losses by evaporation; the systememits nu
leons or very light nu
lei.For smaller impa
t parameters, i.e. more 
entral 
ollisions, it has been shown thatthe ex
itation energy rea
hed after the abrasion step is high enough so that the system isunstable and breaks into several pie
es, possibly emitting some light nu
lei (in addition
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Figure 1.4: Cal
ulated barriers for evaporation (bla
k dashed line) and �ssion (blue line), for threedi�erent 
ompound nu
lei. A is the mass of the emitted fragment.
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tion me
hanismsto the main fragments). The energy rise due to the abrasion allows the volume of thefragment to in
rease, weakening the binding energy of parts of the nu
leus (see for example[OBBB+00℄).A large-a

eptan
e set-up allows to study this break-up on the basis of information onthe multipli
ity of the event. The ALADiN 
ollaboration mostly exploits this informationto study phase-transition e�e
ts in nu
lear matter.
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Figure 1.5: Zbound as a fun
tion of Zmax observed in Au+Au 
ollisions with ALADiN.Figure 1.5, obtained by the ALADiN 
ollaboration and dis
ussed for example in[TBBB+07℄, represents Zbound, the sum of 
harges of observed fragments with an atomi
number larger than 2, as a fun
tion of Zmax, the largest atomi
 number observed. Large
Zbound values 
orrespond to peripheral 
ollisions and low ex
itation energy. Most of the
harge is 
ontained in one large fragment. A drop o

urs around Zbound = 50, and underthis 
harge, Zmax is mu
h lower. This is an indi
ation for a transition towards a regimewhere 
ollisions indu
e more ex
itation energy, and the formation of several 
lusters of
omparable size be
omes dominant.The modeling of the multifragmentation has been developed in several ways, statisti
al(SMM [BBI+95℄) and dynami
al (see for example Nörenberg et al. [NPR00℄ ).Independently from the type of model (statisti
al or dynami
al), one 
an make di�erentassumptions on the way the multifragmentation pro
eeds, and on the role of this pro
essin the kinemati
s of the produ
ed fragments. The time-s
ale of the break-up pro
ess is
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isive: if the fragments are formed and separated in a very short time, no equilibriumis rea
hed by the system.In the dedi
ated statisti
al model SMM, the prefragment is supposed to rea
h thermalequilibrium. It is then treated as a thermodynami
al system, and a temperature 
an bede�ned. Ea
h produ
t of multifragmentation 
arries information on the temperature ofthe mother nu
leus. In this pi
ture, the kinemati
al properties of the produ
ed fragmentsare governed by the thermal motion inside the breaking-system and the Coulomb repulsionat play between pie
es. The kinemati
s of the fragments at freeze-out is assumed to begoverned by Boltzmann statisti
s with a temperature parameter given by the freeze-outtemperature. Any in�uen
e of the Fermi motion of the nu
leons in the 
ra
king systemis not 
onsidered in SMM.On the 
ontrary, the break-up 
an be treated as a "spontaneous" or qui
k pro
ess,leaving no time for any equilibration of the prefragment. Then in prin
iple, the kinemati
sof the pie
es formed through this break-up is mostly determined by the Fermi motion inthe mother nu
leus. This pi
ture is supported by the studies pursued by Odeh et al.[OBBB+00℄ and previously by [HBF+84℄.However, the energy rise inside the prefragment due to abrasion has more 
omplex
onsequen
es. In the Fermi gas model for an ensemble of nu
leons of mass m, the leveldensity 
an be expressed by:
ρ = V

√
E · 4π

√
2m3

h3
(1.6)The most probable 
on�guration of the system of nu
leons is given by the maximum ofthe entropy, proportional to the logarithm of the level density ρ. It 
an be 
al
ulated asa fun
tion of the ex
itation energy and the volume (in units of the normal volume); agraphi
 representation of this dependen
e is drawn in �gure 1.6.

Figure 1.6: S
hemati
 diagram of the evolution of the entropy of the system of nu
leons as a fun
tionof the volume expansion.The maximization of the entropy at a given ex
itation energy implies that the volumeof the system in
reases with ex
itation energy. The prefragment produ
ed by the abrasion
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tion me
hanismsphase is highly ex
ited; we 
an expe
t that this results in a volume expansion. The systemof nu
leons entering the multifragmentation phase is in this sense a dilute system. Theexpansion with ex
itation energy has been explored for example in [DSVC06℄.If the volume in
reases, it means that the nu
leoni
 matter expands, so that the pie
esformed have a radial velo
ity outgoing the 
enter of mass of the system. This 
ontributionis probably small. Furthermore, sin
e the Fermi motion is 
onditioned by the density ofparti
les in the system, the dilution of the nu
leons through the volumi
 expansion of theprefragment 
ould play an important role in the des
ription of the pro
ess.Finally, the formed pie
es at break-up are 
harged and Coulomb intera
tions 
on-tribute to the kinemati
s of the fragments. Although this intera
tion is known and easilytheoreti
ally des
ribed, its 
on
rete implementation in a simulation 
ode or in an analyt-i
al model needs assumptions. We will dis
uss that matter more extensively in the last
hapter.



Chapter 2ExperimentIn this 
hapter, we will des
ribe the fa
ilities used at GSI (near Darmstadt, Germany)for our experiment. The experimental set-up will be presented, with a stress on the 
ru
ialdete
tors giving informations on the velo
ities of the fragments.2.1 The a

elerator fa
ilityLet us explain step by step how the beam is delivered to the experimental area, at thefragment separator.2.1.1 GSIThe global layout of the GSI laboratory is displayed in �gure 2.1. The linear a

eleratorUNILAC, the syn
hrotron SIS and the storage ring ESR have been labeled, in additionto the fragments separator FRS, whose se
tion is highlighted.2.1.2 UNILACThe linear a

elerator UNILAC (see �gure 2.2) is used as an inje
tor for the syn-
hrotron but also provides the low-energy experimental areas with a beam. Dependingon the ion sour
e, a se
tion of prea

eleration is used, before stripping the ions. Thetotal length of the UNILAC is around 100 metres. The ion-sour
e used was the PIG(Penning-Ionization-Gauge). After the prea

eleration by the HSI (RFQ+IH1+IH2), thebeam goes through a gas stripper. The Alvarez se
tion a

elerates then the beam from1.4 A MeV to a standard value of about 11 A MeV for inje
tion into the syn
hrotron SIS;at this point, the energy spread of the beam is within the requirement of ±0.2%.2.1.3 SIS18The SIS18 is a heavy-ion syn
hrotron (S
hwerIonenSyn
hrotron in German) of max-imum bending power around 18 Tm. The 
hara
teristi
s of its a

elerating devi
es and
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Figure 2.1: Layout of the GSI main fa
ilities.

Figure 2.2: The linear a

elerator UNILAC.numerous magnets (dipoles, quadrupoles and sextupoles) are listed within �gure 2.3. Evenafter extra
tion, the momentum spread of the delivered beam is rather small. The spatialspread (beam pro�le) at the entran
e of the spe
trometer is displayed in �gure 2.4. Itshows a small spread in x and y dire
tions (in the order of 5 mm).2.2 High resolution set-up: the FRSThe FRagment Separator (FRS) is a high-resolution magneti
 spe
trometer with anangular a

eptan
e of about 15 mrad and a momentum a

eptan
e around 3% ; it is
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Figure 2.3: Spe
i�
ations and layout of the SIS18.

Figure 2.4: S
an from the log book of the experiment, showing the beam pro�le in x and y dire
tionsas seen in the 
urrent grid before the target. The unit is the millimeter.represented in �gure 2.5. The CHARMS group 1 makes it its spe
ialty to exploit theresolution of the FRS at its best for �ssion and fragmentation produ
tion, as well asstudies of rea
tion-me
hanisms.Full identi�
ation of the produ
ed nu
lides in the rea
tion should be a
hieved tore
onstru
t isotopi
 distributions and 
ross-se
tions. Furthermore, it should o�er the1http://www-w2k.gsi.de/
harms/



38 Experimentpossibility to measure the longitudinal velo
ity of transmitted fragments with a very higha

ura
y, taking advantage of the length of the spe
trometer (∼ 74m), even though weuse only half of it for time-of-�ight measurements.The pri
e to pay for high pre
ision is the la
k of information on multipli
ity and, apriori, on the impa
t parameter of ea
h event. One also needs to make assumptions onthe in�uen
e of the limited a

eptan
e, and assumptions on the produ
tion me
hanismsto link the observed data to real physi
s. They will indeed modify the shapes of thedistributions.

Figure 2.5: FRS s
hemati
 set-up.The fragments produ
ed by 
ollision with the target 
ontinue their way along the beamaxis and go through the FRS if they were emitted within its a

eptan
e. Nu
lei travelthrough dipole magnets who de�e
t them as a fun
tion of their momentum-over-
hargeratio. Along their path, they traverse a series of dete
tors of di�erent properties that shallbe des
ribed in the following paragraphs.2.2.1 MagnetsAs already mentioned, the momentum a

eptan
e of the FRS is very limited. A given
ombination of �elds in the four dipoles 
al
ulated from ion-opti
s models 
orrespondsto fragments in a 
ertain range of magneti
 rigidity that 
an travel through the wholespe
trometer. Sin
e the magneti
 rigidity of a given fragment is linked with its velo
ity,it means that a setting of magneti
 �elds in the dipoles lets only a sli
e of the velo
itydistribution rea
h our dete
tion systems at the exit of the FRS. The 
ombination of su
-
essive magneti
 settings (preferentially overlapping) will allow a 
omplete re
onstru
tionof the transmitted velo
ity spe
tra of the fragments.The two halves of the magneti
 spe
trometer a
t as two di�erent sele
tions in thenu
lear 
hart. As is s
hemati
ally drawn in �gure 2.6, the �rst half of the FRS up to



High resolution set-up: the FRS 39the dispersive image plane lets go through the fragments inside a 
oni
 sele
tion of thenu
lear 
hart. An energy degrader 
an be pla
ed at the intermediate image plane, wherethe ions loose part of their energy a

ording to their atomi
 
harge. The energy loss inthe intermediate degrader and the sele
tion in the magnets of the se
ond half of the FRS,between the intermediate image plane and the exit, 
ouples with the �rst sele
tion to keeponly fragments in a given nu
lear-
harge range.
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Figure 2.6: Prin
iples of the sele
tion of fragments in two steps by the magneti
 settings of the �rstand se
ond half of FRS. The region of the 
hart �nally a

epted is highlighted in green.Nominal values of the magneti
 �elds are set by the FRS user; the e�e
tive values inthe dipoles are measured by Hall probes and 
he
ked several times during the experimentby 
entering of the primary beam (of known rigidity).Dispersion in ea
h part i = 2, 4 of the FRS:
Di =

dxi

d(Bρi)/(Bρicenter)
(2.1)Dispersions are expressed in 
m/%; they represent, at S2 or at S4, the position shift onthe horizontal axis if the magneti
 rigidity of the 
onsidered fragment in the se
tion is1% higher or lower than the magneti
 rigidity of the 
entered ion. Dispersion values aremeasured experimentally, typi
ally using the beam as referen
e and varying the magneti
�elds in the �rst or the se
ond half of the FRS. Table 2.1 gives the values obtained forea
h se
tion.At the dispersive image plane S2, the horizontal position x2 in the s
intillator givesthe magneti
 rigidity of the fragment for a given setting in magneti
 �eld B12:

B12ρ12 = B12ρ12(central) ·
(

1 +
x2

D2

) (2.2)
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m/%) D4(
m/%)6.72± 0.03 8.79± 0.06Table 2.1: Dispersion measured from the position in the target area and at the interme-diate image plane for D2, and between intermediate and �nal image plane for D4.The expression of the magneti
 rigidity in the se
ond part of the FRS is slightly more
omplex be
ause the ion 
an originate from a broad distribution in x2. Sin
e the fullspe
trometer is a
hromati
, the magni�
ation between S2 and the �nal fo
al plane S4 isgiven by M = D4/D2:
B34ρ34 = B34ρ34(central) ·

(

1 +
x4 − Mx2

D4

) (2.3)The fo
alization and defo
alization of the beam is a
hieved by quadrupole triplets.Ea
h quadrupole is fo
alizing the beam in one plane. The 
ombination of x-fo
using,y-fo
using and again x-fo
using magnets a
hieves the fo
alization in spa
e.In addition, ea
h dipole is immediately pre
eded and su

eeded by a sextupole magnetto 
orre
t se
ond-order ion-opti
al aberrations.2.2.2 S
intillatorsThe measurement of the velo
ity of the nu
lei �ying through the FRS is dedu
ed fromthe time of �ight. The times at whi
h fragments are passing by S2 and S4 are exploited asstart and stop. We use s
intillators that feature a good time response and allow positiondete
tion in the x dire
tion (perpendi
ular to the beam). The s
intillators used are madeof plasti
 BC420, and they provide signals with a rise-time of around 1.5 ns.Their thi
knesses are 
hosen a

ording to foreseen energy loss, straggling and se
ondary-rea
tion. The thinner would be the better (it would redu
e the amount of se
ondary-rea
tions), if it did not lower the light signal at the same time, hen
e de
reasing thesignal-to-noise ratio. The thi
ker the s
intillator, the greater height of the signal but alsothe more e�e
t on the spe
tra. One has to �nd a 
ompromise between these two.Let us 
omment �gure 2.7. Some fragments may rea
h the s
intillator at S2 (SCI2)but then, due to the sele
tion in magneti
 rigidity, be lost on their way through the se
ondse
tion of the spe
trometer. On the 
ontrary, a fragment dete
ted by the s
intillator atS4 (SCI4) has for
efully hit SCI2. The triggering of the data a
quisition will be based onthe SCI4 signal for a start, the SCI2 signal being delayed and used as a stop time.The signal itself is prepro
essed. The s
intillation light due to a traversing fragmentis 
olle
ted by photomultipliers pla
ed at ea
h edge of the slat. The ampli�ed output ofthe PM enters a Constant Fra
tion Dis
riminator (CFD) whi
h produ
es a digital signalwhen 10% of the amplitude of the analog input is rea
hed. This time marker is providedfor SCI2 and SCI4 from left- and right-hand sides.For ea
h s
intillator, the time information from one side is delayed (on the s
heme, theright side). The interval between sides is 
onverted by a Time to Amplitude Converter
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Figure 2.7: S
heme of the TOF signal treatment.(TAC) and an Analog to Digital Converter (ADC) into a signal dire
tly measuring theposition of the hit on the x-axis (main axis of the slat, perpendi
ular to the beam axis).By a similar pro
ess, the left times -or right times- from SCI2 (delayed) and SCI4 areproviding a time interval that gives the Time of Flight for ea
h side (TOF left and right).The main sour
e of un
ertainty on the time of �ight is the �u
tuation of the timesignal from the CFDs. And the jitter on this time 
omes from the �u
tuations during therise of the analog signal 
oming from the s
intillator. One improvement is obtained byin
reasing the amplitude of the signal by the use of a thi
ker s
intillator; but we have seenthat it indu
es more se
ondary-rea
tions. Another solution is to in
rease the sti�ness ofthe slope of the signal and shorten the rise-time of the analog signal. This is 
on
retelya
hieved by the appli
ation of a larger voltage on the photomultipliers. The ampli�
ationis e�e
tive on the signal and the noise, but the signal pulse be
omes shorter as well, andthe rise-time is shorter.The PMs used in CHARMS experiments at the dispersive image plane S2 are spe
i�-
ally designed to sustain a high-
urrent regime. Large 
urrent variations are indu
ed bylarge rates of ions passing by. To fa
e these intensity variations, spe
i�
ally low resistorsare mounted in between dynodes, so that 
urrent variations do not translate into largevoltage variations; the PMs gain in stability.



42 Experiment2.2.3 Ionization 
hambersThe a
tive volume of the two ionization 
hambers pla
ed at S4 is of around 40x27x15
m3. It is �lled with P10 gas (90% argon, 10% methane) and kept under normal 
onditions.Their designation is MUSICs, whi
h stands for MUlti-Sampling Ionization Chambers,referring to the four independent anodes used to measure energy losses and drift-timesalong the traje
tory of in
oming 
harged parti
les.

Figure 2.8: A
tive volume of a MUSIC.Signals 
oming from the preampli�ers are sent to two di�erent 
hannels, to treatspe
i�
ally the information to extra
t energy-loss and drift-time.Energy 
hannelOne signal is passing by the main ampli�er. Bipolar signals have proven to be morehandy than unipolar signals for further treatment, therefore our main ampli�er is seton bipolar mode. It is then transformed by an ADC to be used for the energy-lossdetermination. The fun
tioning of this ADC module is 
hosen so that it returns theamplitude of the signal at its maximum, during the time-gate de�ned by our main gategenerator. This gate has to be properly adjusted to 
ontain the signal for the wholedrift-time range.The 
harge of the fragments is related to the energy-loss signal of the MUSIC, whi
his approximately des
ribed by the Bethe-Blo
h equation:
−dE

dx
=

4πNZ

(4πǫ0)2
· z2e4

mev2

[

ln

(

2mev
2

I

)

− ln(1 − β2) − β2 − ck

Z

] (2.4)The Z-
alibration is te
hni
ally performed by 
ounting the peaks in the spe
trum,starting from the known Z of the proje
tile.When an ion is traversing the 
hamber, it intera
ts by Coulomb for
e with ele
tronsof the gas near its traje
tory. Ele
trons very 
lose to this traje
tory 
an re
eive a large
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 energy. These ele
trons with a large velo
ity are few be
ause they needto be very 
lose to the traje
tory of the ion, but they will populate a wide distribution inspa
e. The drift is set on the x-axis so it will be seen as a wide distribution in x-position.Ele
trons lo
ated further from the traje
tory of the ion will get a smaller velo
ity fromthe intera
tion; it means that they populate a rather restrained spatial distribution. Alarger number of ele
trons will then stay in the zone of the intera
tion with the ion, i.e.near its traje
tory. x-position of the ele
trons are dedu
ed from the observed drift-times.The rare high-energy ele
trons, strongly ki
ked by the traversing ion, populate a broaddrift-time distribution. After a subsequent 
harge ampli�
ation, ea
h high-energy ele
tronprodu
es a relatively high signal and is therefore indu
ing large statisti
al �u
tuations onthe total energy-loss determination. The 
orresponding 
harge �ux has a low frequen
yin the Fourier analysis. On the 
ontrary, low-energy ele
trons are numerous and 
on�nedinto a limited region of the a
tive volume around the ion traje
tory. The 
orresponding
ontribution to the 
harge-�ux signal is a peak of small time-spread. Hen
e, this peak isdes
ribed by a high-frequen
y fun
tion in the Fourier analysis.The main ampli�ers that we use are operating the Fourier-transform and a
t as asele
tive �lter in frequen
y. Indeed, only signals of the appropriate frequen
y sele
ted bythe �lter in the main ampli�er are ampli�ed. Therefore, the frequen
y is set to sele
t themain peak of the signal, 
orresponding to low-energy ele
trons, in order to take pro�tfrom the greater statisti
s. The �u
tuations event-by-event of the main-ampli�er outputfor a same ion traversing the MUSIC are then redu
ed, 
ompared to the total energy-lossof the ion in the gas.The speed of drifting ele
trons in the 
hamber is around 5 
m/µs. The distan
ebetween the Fris
h grid and the anodes is 5 mm, whi
h take then 0.1 µs for ele
trons totravel. The optimum time-
onstant for the main ampli�er is probably a bit larger, butshould be around this value. The ampli�ers are not build in-house, so that we 
ould notoptimize the shaping-time a

ordingly. They were tuned to a time-
onstant of 0.5 µs,whi
h was the shortest available on our ampli�ers.For a given setting of the FRS dipoles, the sum over ea
h anode of the distributionin amplitude of the signals is stored. It shows several peaks, rather well separated. Froma setting where the beam is the main ion passing through the 
hamber, one 
an identifyeasily the 
orresponding peak in amplitude. The next lower 
harge is 
ontributing to thepeak immediately at the left side of the beam-
harge peak (a lower 
harge indu
es a lowerionization, hen
e lower amplitude of the signal). The identi�
ation pro
edure goes on peakby peak down to the lowest observed 
harge for this setting. In the next setting, thereshould be an overlap of 
harge-range observed. The mat
hing is not perfe
t, be
ausethe energy-loss is dependent on the ion velo
ity. The alignment of the peaks betweenneighboring settings is 
orre
ting this velo
ity-dependen
e, as well as 
orre
ting for smalldeviations due to temperature or pressure 
hanges in the 
hamber. Over all settings, we
omplete a Z-identi�
ation of all produ
ed fragments, with a better resolution than thetheoreti
ally a
hievable pre
ision of the total energy-loss. The resolution will be dis
ussedin the 
hapter 3.
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hannelThe signal dedi
ated to the drift-time information goes through a fast ampli�er, thenis treated by a CFD module before being sent to the TDC as a stop signal. The startsignal is given as for other TDCs by s
intillator SCI4.The output signal of the fast ampli�er is unipolar and negative. Due to some ele
troni
e�e
ts (some internal re�e
tions) in this set-up, noise-signal is always observed with anamplitude of the order of 10% of the main signal. To avoid the triggering of the CFD onthis noise, one sets a threshold a

ordingly high (in amplitude). On the other hand, theCFD 
an handle only signal of amplitude lower than ±5V. The ampli�
ation is limitedso that -5V is not rea
hed. These two 
onditions de�ne the limits of the usable dynami
range per CFD.This is why the segmentation of the anode of ea
h MUSIC is very important. Thesegmentation of the anode panel into slats allows to put di�erent dete
tion thresholdson the outgoing 
hannels. There are six slats, but the �rst and last ones are only usedfor homogeneity of the �eld inside the 
hamber (their signal is not exploited). The fouranodes implemented in the data a
quisition are subje
t to individual thresholds in their
orresponding CFD to 
over di�erent 
harge ranges: lower 
harges loose less energy inthe gas and produ
e a smaller signal; the noise-signal is also lower and the threshold 
anbe tuned very 
lose to zero. One 
an 
al
ulate the relative energy loss as a fun
tion ofthe 
harge, divide the 
harge range in four intervals and estimate the expe
ted thresholdsneeded to 
ombine these intervals and 
over the whole 
harge range produ
ed in theexperiment. The four thresholds found by this operation are applied on the two MUSICs,so that, for a given fragment 
harge, there is always one anode from MUSIC1 and oneanode from MUSIC2 usable to determine the drift-time.The 
ombined information on drift-times is used to re
onstru
t the traje
tory's anglein the horizontal plane for spe
tator fragments.2.2.4 MultiWire Proportional ChambersMultiwire proportional 
hambers (MWPC) are used to 
he
k regularly the positionof the beam or the 
entered isotope of interest for a given magneti
 setting. This isdone to 
omfort the validity and reliability of the Hall probes given by the dipoles. Morespe
i�
ally, the MWPCs pla
ed at S1 and S3 are used to 
enter the beam, while theones at the dispersive plane S2 are also required for the SCI2 s
intillator 
alibration. Thedete
tors are not in the beam line during data a
quisition, ex
ept for the last MWPCs,pla
ed at S4. The intera
tions with the fragments (energy-loss) would indeed be tooimportant and not easily de�ned, due to the inhomogeneity of these dete
tors (
ausedby the wires). The energy loss would 
hange the traje
tory of the fragments in thedipoles. The MWPCs pla
ed at S4 are 
onstantly monitored to tra
k parti
les, exploitingalso their very good stability to 
orre
t other dete
tion systems more sensitive to theoperation 
onditions (temperature, pressure, humidity...).The MWPC is relying on the same prin
iple as the MUSIC, the fa
t that an ion
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Figure 2.9: Cross-se
tion of a MWPC.traveling through the volume �lled with gas ionizes the atoms of that gas around itstraje
tory. A s
hemati
 view is drawn in �gure 2.9. A voltage is applied between anodewires and 
athode planes. In fa
t, 
athode planes, surrounding the anodes are also madeof parallel wires. One 
athode is oriented in x-dire
tion, the other one is perpendi
ular,all wires being aligned with the y-axis. The wires of the anode are oriented at 45◦
ompared to x or y-axis. The ele
trons produ
ed along the traje
tory of the traversingion are drifting towards the anode wires. The te
hni
al design of these 
hambers allowsto operate a �rst ampli�
ation of the signal by 
reation of an ele
tron avalan
he duringthe drift. It is the 
onsequen
e of a high voltage applied in a �rst stage of the 
hamber.In our 
ase, fragments are su�
iently 
harged so that no ampli�
ation is needed at thispoint. This pre-a

eleration of the ele
trons is not turned on in our experiment; we relyonly on the main ampli�
ation of the MWPC multipli
ation of ele
trons near the wiresas is explained in the following. Near ea
h anode wire, the ele
tri
 potential is so that itin
reases very rapidly with proximity. The in
oming ele
trons are strongly a

elerated inthese small zones around ea
h wire. They are su�
iently energeti
 to ionize nearby atoms;this results in the 
reation of an ele
tron 
loud around the wire. This high 
harge-rise onthe anode plane is seen in both 
athodes, not through dire
t hits by the ele
trons, butby ele
tri
 indu
tion. This 
reates the signals in the nearby 
athode wires, whi
h providethe information on the x and y position of the ion.
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Chapter 3Data analysisWe 
on
entrated our e�orts on data from a 136Xe+Pb experiment at the energy of 1GeV per nu
leon. The measurements took pla
e in February 2004, and the produ
tion
ross-se
tions of the proje
tile-like fragments have already been determined in a previouswork [Hen05b℄. The aim of that work was the determination of the freeze-out temperatureby isospin thermometer method [HAB+05℄.The present work is intended as a study of the kinemati
s and extra
tion of phys-i
al knowledge, from the large number of nu
lides produ
ed in the heavy-ion 
ollision(represented in �gure 3.1).We 
arefully analyzed the data, this time fo
alizing on our goal of pre
ise velo
itystudies. Independently from the identi�
ation method, there are some spe
i�
 
orre
tionsthat are of 
ru
ial importan
e for 
areful velo
ity measurements.3.1 Identi�
ation of the fragments3.1.1 Pro
edureThe prin
iples of the usage of the FRS to extra
t high-pre
ision measurements are thefollowing.The mass-over-
harge ratio of an ion �ying through a dipole is given by equation 3.1as a fun
tion of quantities that are measured in the experiment:
A

Z
=

e

u · c
Bρ

βγ
(3.1)where e is the elementary ele
tri
 
harge, u the atomi
 mass unit and c the speed of light.

B is given by Hall probes, and the radius ρ of the traje
tory in the dipole is dedu
edfrom the measured position at S2 and S4. This relation is true in ea
h se
tion of theFRS: between S0 and S2, and between S2 and S4. As we will see, we will indeed use thisequation in ea
h of the two halves of the spe
trometer, with two di�erent purposes.As already des
ribed in the pre
eding se
tion, the essential information is providedby:
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Figure 3.1: Produ
ed nu
lides in the rea
tion 136Xe+Pb at 1 GeV per nu
leon in the nu
lear 
hart.Colors indi
ate the produ
tion 
ross-se
tions, determined by D. Henzlova. [HSR+℄
• the magneti
 rigidity in the �rst se
tion B12ρ12 (see equation 2.2)
• the magneti
 rigidity in the se
ond se
tion B34ρ34 (see equation 2.3)
• the time-of-�ight on the se
tion from S2 to S4
• the energy loss in the ionization 
hamberBy 
ombining the last three pie
es of information, it is possible to dedu
e the nu
lear
harge Z and the mass number A of every rea
tion produ
t. The identi�
ation pro
eedsonly with the se
ond half of the spe
trometer.The path followed by a given fragment 
an be 
orre
ted for the angle measured withthe ionization 
hambers. The time of �ight is known from start and stop dete
tions inthe s
intillators at S2 and S4 respe
tively. This information allows us to determine thevelo
ity of the fragment. The term βγ is then 
al
ulated. All ne
essary quantities enteringequation 3.1 are determined, so that one dedu
es a �rst estimation of the A/Z ratio ofthe fragment.Meanwhile, thanks to the energy deposition in the MUSICs by ionization of the gasdes
ribed by the Bethe-Blo
h equation (see equation 2.4), Z is also determined.
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ation of the fragments 49One 
an build an identi�
ation pattern, displaying Z (or the square-root of the energy-loss) as a fun
tion of A/Z. The 2-dimensional identi�
ation pattern of 136Xe+Pb is shownin �gure 3.2, from referen
e [HSR+℄.

Figure 3.2: Identi�
ation pattern obtained with the representation of Z versus A/Z. The upper panelis dedi
ated to lightest fragments, and the lower panel 
orresponds to the heavy fragments. Figure forthe rea
tion 136Xe+Pb at 1 GeV per nu
leon, taken from [HSR+℄.It illustrates that the di�erent nu
lides are well separated. The resolution in Z amountsto ∆Z = 0.4 and A/∆A = 400 (FWHM).By de�nition, A and Z are integer numbers. One 
an from these independent evalu-ations give them their exa
t value (by sele
tion of ea
h individual "blob" on the identi-�
ation pattern). The fragments are then fully identi�ed in atomi
 number and nu
lear
harge.
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es of misidenti�
ationBy nature Z and A are integer numbers. Therefore, values ranging from Z − 0.5 to
Z + 0.5 and A − 0.5 to A + 0.5 are attributed to the nu
lide with atomi
 number Zand mass number A. However, due to the �nite resolution, the events in the tails of thedistributions of the neighboring peaks in A and Z are misidenti�ed by this pro
edure.

Figure 3.3: Simulation of the Z-resolution of the MUSIC signal, with an assumed FWHM of 0.4.The probability of misidenti�
ation 
an be estimated by integrating the Gaussianpeaks over an interval around the element of interest (Z = 50 in the example drawn in�gure 3.3). This estimate yields the following results:The 
ontribution from neighboring elements is independent from Z and amounts to3 10−3 if they are produ
ed with the same 
ross se
tion as the element of interest. The
ontribution from neighboring masses depends on the mass number. For A = 130, whi
his 
lose to the most 
riti
al 
ase, the 
ontribution from neighboring masses amounts to3 10−4. Thus, the main sour
e for misidenti�
ation stems from the Z resolution ratherthan from the A resolution.3.2 Velo
ity distributions3.2.1 Analysis methodIn the present work, we will investigate the momentum distributions of the proje
tile-like rea
tion produ
ts, whi
h are the residues of the proje
tile spe
tator. Their velo
itiesare very 
lose to those of the proje
tile. Therefore, we prefer to express all kinemati
quantities in the proje
tile frame. This makes the dis
ussion more transparent and avoidsthe 
ompli
ations of the relativisti
 transformations.



Velo
ity distributions 51(E/A)lab ToF v(lab) v(proj)1000 MeV 140.8853 ns 26.2625 
m/ns 0 
m/ns995.494 MeV 140.9853 ns 26.2439 
m/ns -0.0800 
m/nsTable 3.1: Estimated velo
ity resolution in the proje
tile frame based on the time-of-�ightmeasurement for a TOF-resolution of 100 ps (see text).Z A (E/A)lab Brho v(proj)54 136 1000 14.2146 0 
m/ns54 136 999.112 14.2061 -0.0157 
m/nsTable 3.2: Estimated velo
ity resolution in the proje
tile frame based on the magneti
-rigidity measurement (see text).There are two measured quantities whi
h 
ould be used to dedu
e the momentum ofthe rea
tion produ
ts. The most dire
t one is the time-of-�ight (ToF) on the �ight path
s of about 37 m from S2 to S4. The velo
ity is given by v = s/ToF . We estimate theresolution in velo
ity in the proje
tile frame by 
onsidering two 
ases: One produ
t leavesthe target with the beam velo
ity, a se
ond one di�ers in its time-of-�ight by 100 ps,whi
h 
orresponds to the resolution of the time-of-�ight set-up [VBC+95℄. The numeri
alresults of this method are listed in table 3.1.Thus, the time-of-�ight resolution of 100 ps results in an un
ertainty in the velo
ityin the proje
tile frame of 0.0800 
m/ns.The se
ond pro
edure relies on the magneti
-rigidity measurement from S0 to S2 andtakes pro�t from the identi�
ation in mass and 
harge of the rea
tion produ
ts (using theother half of the FRS), des
ribed in the pre
eding se
tion. This time, we 
al
ulate thevelo
ity di�eren
e in the proje
tile frame between the proje
tile with a magneti
 rigidity
orresponding to the beam energy and another proje
tile with a slightly redu
ed magneti
rigidity. The di�eren
e in magneti
 rigidity 
orresponds to the resolution, whi
h is mainlydetermined by the position resolution ∆x2 of the s
intillator at S2. A maximum value of
∆x2 = 4 mm (from [VBC+95℄) and a dispersion of D2 = 6.7 
m/% (determined duringthe experiment) was assumed.The result of the numeri
al 
al
ulation is listed in table 3.2. Obviously, the resolu-tion of the se
ond method, based on the magneti
 rigidity, is better by about a fa
tor of�ve 
ompared to the �rst method, whi
h exploits the time-of-�ight measurement. There-fore, all kinemati
al properties of the rea
tion produ
ts given in this thesis are dedu
edfrom the measured magneti
 rigidities of the rea
tion produ
ts in the �rst se
tion of thespe
trometer.One should mention that this method has a drawba
k. In the 
ase when the identi�
a-tion in Z and A of the rea
tion produ
t is not 
orre
t, the resulting kinemati
al propertiesare erroneous too. The typi
al error in the velo
ity of a produ
t with Z = 54, A = 136with an energy of 1000 A MeV, erroneously attributed to Z = 53, A = 136, amounts to
∆v(proj) = 0.49 
m/ns. Fortunately, the fra
tion of these events is so small that this is



52 Data analysisnot a severe problem.Another 
hara
teristi
s of this method is that the magneti
 �eld strength B12 entersinto the absolute values of the magneti
 rigidities:
B12ρ12 = B12ρ12(central) · (1 + x2/D2) (3.2)where ρ12 is the radius of the 
entral ion traje
tory, x2 is the horizontal position at S2,and D2 is the dispersion at S2. For ea
h �eld strength B12 only the ions whi
h fall intothe a

epted rigidity range of about 3% 
an be measured. If the momentum range of aspe
i�
 produ
t is broader than that, the full distribution is obtained by juxtaposition ofthe di�erent sli
es of the momentum distributions measured one after the other.The relativisti
 kinemati
al parameter βγ is then given by the following relation:

βγ =
e

u · c · Z

A
· Bρ (3.3)whi
h means that the transformation of a given measured value of x2 s
ales with themagneti
 �eld strength B0 and with the ratio Z/A.The velo
ity in the proje
tile frame is obtained by a Lorentz transformation. The fullvelo
ity distribution of 32S obtained by this pro
edure is shown in �gure 3.4 together withtheir individual 
ontributions measured in the di�erent �eld settings.

Figure 3.4: Sli
es of the velo
ity distribution superimposed from di�erent magneti
 settings to reprodu
ethe entire distribution of 32S.



Velo
ity distributions 533.2.2 Te
hni
al limitationsThe velo
ities in the proje
tile frame obtained from the relations (3.1), (3.2) and theLorentz transformation deviate from the original velo
ity distributions indu
ed in therea
tion for several reasons. In the present se
tion we will explore the di�erent e�e
tswhi
h add some �u
tuations or even shifts to the original velo
ity values.Momentum spread of the beamThe proje
tiles in the SIS18 a

elerator o

upy a �nite volume in phase spa
e. Themomentum distribution of the beam has been measured by M. Steiner et al. [SBC+92℄under operation 
onditions similar to the ones used in the present experiment with slowextra
tion. They obtained a relative momentum width of 4 · 10−4 at a given moment. Inaddition, the mean value of the momentum in
reases by about 10−3 from the beginning tothe end of the extra
tion period. The velo
ity or momentum distribution of all observedfragments are 
onvoluted with the beam velo
ity (respe
tively momentum) distribution.Spatial spread of the beamThe �nite emittan
e of the beam also leads to a �nite size of the beam spot on thetarget. The beam pro�le is measured by 
urrent grids, whi
h are mounted 
lose to thetarget position. Typi
ally, the size of the beam spot amounts to about 5 mm FWHM.The magni�
ation fa
tor between the target area S0 and the dispersive image plane S2 isaround 0.73. From a beam spot of 5 mm FWHM at S0, it redu
es to around 3.65 mm inS2.Energy lossThere are three layers mounted in the target area: the SIS va
uum window, the beammonitor SEETRAM (beam monitor) and the target. As demonstrated by table 3.3, boththe energy loss and the nu
lear rea
tions are dominated by the lead target. Therefore,the va
uum window and the SEETRAM will be negle
ted in the following.Although the target thi
kness is rather small, it has to be taken into a

ount forenergy-loss 
orre
tions. The most a

urate method to evaluate the energy loss in thetarget is to run a simulation 
ode whi
h 
onsiders the residue produ
tion along the targetdepth and the 
orresponding energy loss of proje
tile and the residue before and after therea
tion. One 
an obtain an approximation with global 
onsiderations.Due to the small target thi
kness, it is su�
ient to negle
t the variation of the pro-du
tion 
ross se
tion and the variation of the spe
i�
 energy loss along the target depth.Within this approximation, the mean shift of the velo
ity by the energy loss is taken intoa

ount in the analysis program event by event, assuming that the rea
tion takes pla
ein the middle of the target.The intera
tions with the layers of material on the beam axis indu
es energy loss forall fragments. It results in a shift of their velo
ity spe
trum towards lower values. This is
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e, the velo
ity of the beam whi
h loses velo
ity not only in thetarget but also in the va
uum window at the exit of the syn
hrotron and also in the beammonitor (SEETRAM). The impa
t of the material layers in the beam line on the meanvelo
ities is s
hemati
ally shown in �gure 3.5.

path along the FRS

target

beam
monitor

SIS
window

dipoles and 
quadrupoles

zero of 
the beam 
reference 
frame

vbeam
initial

vbeam 
reaction

vfrag
reaction

vfrag
final

v measured from 
(Bρ)A

vfrag

Figure 3.5: S
hemati
 view of the shift in velo
ity for the beam and fragments due to material layersand target thi
kness.Let us 
onsider two spe
i�
 
ases: �rst, a rea
tion residue is produ
ed with the samespe
i�
 energy loss as the beam. In this 
ase, the slope of the velo
ity de
rease of theproje
tile before the rea
tion is identi
al to the slope of the velo
ity de
rease of theresidue. This only results in a shift in velo
ity of the residues behind the target withoutindu
ing any �u
tuation. Se
ondly, the produ
ed residue has a di�erent spe
i�
 energyloss than the beam. In this 
ase, the slopes are di�erent. The extreme 
ase is realizedif the residue is very light so that its spe
i�
 energy loss is negligible 
ompared to theproje
tile. In this 
ase, even without any velo
ity 
hange indu
ed in the rea
tion, theresidues populate a re
tangular distribution in velo
ity, 
overing the whole velo
ity rangeof the proje
tiles inside the target. Under the 
onditions of the present experiment,this leads to a width in velo
ity in the beam frame of 0.309 
m/ns. The 
orrespondingvalues for the residues 51Cr and 101Pd, taken as examples, would be 0.15 
m/ns and0.0093 
m/ns, respe
tively. A 
omparison with the standard deviation of the measureddistributions (�gure 4.2) reveals that a 
orre
tion for this broadening never ex
eeds the 1per
ent range. Thus, the broadening of the velo
ity distributions of the rea
tion residuesdue to the energy loss along the target 
an be negle
ted. On the 
ontrary, the shift inmean velo
ity is 
orre
ted.
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ity distributions 55Layer SIS window SEETRAM targetMaterial (C) titanium leadThi
kness 35 µg/
m2 13.5 mg/
m2 635 mg/
m2

Pnuc 4.8 10−6 6.8 10−4 1.204 10−2

∆E 0.2 MeV 66 MeV 2360 MeVTable 3.3: Layers of matter in the target area. Pnuc the probability of nu
lear rea
tionsand ∆E the energy-loss, are given for ea
h layer.Energy-loss stragglingThe energy loss of proje
tile and residue in the target is subje
t to �u
tuations. Thisenergy-loss straggling is due to statisti
al di�erent intera
tions of the traversing ion withthe ele
trons of the material. The result is a 
oni
al spread along the mean "traje
tory"in �gure 3.5. The largest straggling is produ
ed with the heaviest residue. We performed
al
ulations with the program ATIMA, treating the intera
tion of 
harged parti
les withatomi
 matter. The 
al
ulated energy-loss straggling at the output of the lead-target layeramounts to 0.16664 A MeV for the beam isotope itself. Su
h a shift in energy results ina velo
ity spread of ±0.003 
m/ns in the proje
tile frame. It is thus negligible for ouranalysis.Se
ondary rea
tionsProje
tile-like fragments, produ
ed in the target, may undergo subsequent rea
tionsin the last part of the target. The probability for a nu
lear rea
tion of the proje
tile(136Xe at an energy of 1 A GeV) in the target (635 mg/
m2 of lead) is about 1.2% (seetable 3.3). On average, this nu
lear rea
tion o

urs in the middle of the target-thi
kness.The probability for a two-step rea
tion is then 0.0072% if the primary produ
t is 
loseto the proje
tile and even lower for lighter produ
ts. Thus, se
ondary rea
tions 
an bedisregarded.Response of the s
intillatorsAs already mentioned, the position information from the s
intillators is provided withan un
ertainty of 2 to 4 mm (FWHM), depending on the nu
lear 
harge of the ion[VBC+95℄. This translates into a 
ontribution to the relative resolution of the magneti
rigidity of 3 · 10−4 to 6 · 10−4. This 
orresponds to the resolution in magneti
 rigidity ofthe spe
trometer.
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Chapter 4Experimental resultsIn this 
hapter, we will present the measured longitudinal velo
ity distributions, inthe beam frame, for the most strongly produ
ed nu
lides as they are obtained in theexperiment. The main aim in this 
hapter is to provide raw material for 
omparisonswith theoreti
al models, independently from the interpretation given later in the presentwork. We shall therefore provide the data without any interpretation. The velo
itydistributions are dire
tly dedu
ed from the magneti
 rigidities for a number of nu
lides,whi
h are 
ompletely identi�ed in atomi
 number Z and mass number A.Let us draw the attention on the fa
t that the identi�
ation and the velo
ity mea-surement 
an only operate on the transmitted fragments. It means that these raw data
omprise only those ions whi
h are emitted inside a 
one of about 15 mrad with respe
t tothe beam axis, 
orresponding to the a

eptan
e of the FRS. This geometri
al a

eptan
eof the FRS a
ts as a kinemati
al 
ut on the velo
ity spe
tra. Thus, the data represent thevelo
ity distributions of the proje
tile-like fragments under the 
ondition of a kinemati
al
ut. The 
omparison with a model must take this limited a

eptan
e into a

ount, byappli
ation of the same simple and well-de�ned 
ut within the simulation.We 
hose to 
hara
terize the kinemati
s of the observed fragments through three quan-tities, in addition to the raw spe
tra. Of 
ourse, we will give some short 
omments on the
hara
teristi
s of the measured velo
ity spe
tra, and on the 
hosen parameters to des
ribethem.4.1 Global variations of the velo
ity distributionsThe great for
e of these data on the kinemati
s of proje
tile-like fragments 
omesfrom the 
hoi
e (and te
hni
al possibility) to study the rea
tion in "inverse kinemati
s".Due to a

elerator limitations, experiments were restri
ted for long times to the studyof target-like rea
tion produ
ts. The available proje
tiles were limited to light elements,and the study of the fragmentation of various (heavy) elements was done with target-likespe
tators, 
hanging the nature of the target a

ording to the desired subje
t of fragmen-tation. The major drawba
k is that the fragments need to have a kineti
 energy beyond a
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ertain threshold to es
ape the target material. Therefore, this type of experiments where
alorimeters are pla
ed around the target area provide data with a low-energy threshold.The heavy-ion syn
hrotron allows to a

elerate many nu
lides, that are afterwardsfragmented by 
ollision with the target at the entran
e of the FRS. Proje
tile-like spe
-tators have a velo
ity 
lose to the velo
ity of the beam. Their es
ape out of the targetmaterial is beyond the threshold (in other words, the target is su�
iently thin so thatit is small 
ompared to the mean path of the produ
ed fragments). Thus, our data donot su�er from any low-energy threshold, that would result in a hole in the velo
ity dis-tributions. Therefore, it makes sense to present the measurements as 
omplete velo
ityspe
tra.Figure 4.1 shows a superposition of the longitudinal velo
ity distributions in the beamframe for many fragments, sele
ted for their high number of 
ounts. We 
hose to representonly one isotope for ea
h mass. The evolution from heavy to low mass goes along witha 
hange in shape of the velo
ity spe
tra (width, mean value, symmetry) that we shalldis
uss in the following paragraphs.4.2 Quantitative analysis of the momentsAs a quantitative way to des
ribe, or 
hara
terize, the longitudinal velo
ity spe
tra, wewill present three parameters dire
tly linked with the moments of the �rst three orders ofthe distributions. These are obje
tive quantities, 
al
ulated with the distributions as theyare observed based on their statisti
al de�nition. They represent the distributions, withoutany assumption on the mathemati
al nature of the distributions. The interpretation onmore 
omplex features will be kept for the next 
hapter. Beside the �rst moment of thedistribution µ whi
h is the mean value, let us remind the de�nition of 
entral momentsof order n ≥ 2 of the probability distribution of a random variable X:
µn = E([X − µ]n) (4.1)

E stands for the expe
tan
y. Let us dis
uss and 
omment shortly these �rst three moments(or related quantities) of the distributions as they are displayed in �gure 4.2. We treatedmost of the distributions, without any requirement on the statisti
s. This explains thatsome points show a rather large s
attering, re�e
ting their large statisti
al un
ertainties.Still, the majority of the points lie in narrow bands and show 
lear tenden
ies. Error barsare not shown in order not to overload the �gure.4.2.1 Mean valueThe mean value of the distributions as a fun
tion of the observed fragment massis drawn on the upper panel of �gure 4.2. Due to the slight enhan
ement of fragmentsemitted in forward dire
tion 
ompared to ba
kward-emitted fragments by the kinemati
al
ut of the FRS, the mean velo
ity values of the full distribution are slightly larger than thedire
tly measured values given here. However, this e�e
t is very small and is 
omparable
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Figure 4.1: Longitudinal velo
ity spe
tra, in the beam frame, of the predominantly produ
ed fragmentsin the rea
tion 136Xe+Pb at 1 GeV per nu
leon ; the lightest fragment is on top (A = 11), the heaviestis down (A = 132).
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ertainty of the data points [Ri
04℄. The global tenden
y of the mean valueis rather 
lear, although some �u
tuations remain visible, sin
e distributions with lowstatisti
s are also in
luded. The values stay in a general sense rather 
lose to zero, whi
his the velo
ity of the proje
tile, by 
hoi
e of our referen
e frame. The small variation willneed a dis
ussion in the up
oming 
hapters: the lower values of the mean velo
ity arerea
hed in the region of half the mass of the proje
tile. Light fragments seem to have amean velo
ity 
lose to the one of the beam, but we will see that the mean value gives onlya gross view on the physi
s, in view of the broad shapes of the velo
ity distributions oflight fragments.4.2.2 Standard deviationThe standard deviation σ =
√

µ2 is shown in the middle panel of �gure 4.2. Goingdown in mass, this "width" of the distributions develops in a very regular way. Above amass A = 60, it shows a linear dependen
e on the mass. Below, the in
rease gets stronger.The broadest distributions are measured for the lightest fragments.4.2.3 Relative skewnessThe last panel is dedi
ated to the relative skewness. The skewness is a fun
tion ofthe third-order moment and 
onstitutes a measure of the degree of symmetry of thedistribution around the mean value. The relative skewness is relative to the width of thedistribution:
γ =

µ3

σ3
(4.2)Some large �u
tuations are observed for the heavy residues. Further investigations shouldbe pursued to 
he
k for isotopi
 e�e
ts; mass may not be the best variable for this quantity.Most of the values are anyway very 
lose to zero for intermediate and heavy fragments.On the way to lowest masses, the relative skewness appear to be slightly negative, whi
h
orresponds to an asymmetry in favor of low (negative) velo
ities. This asymmetry 
ould�nd its origin in a tail of the distributions on the negative side of velo
ities. We will seein the next 
hapter that this asymmetry, more pronoun
ed for the very lightest residues,
ould hint the presen
e of another pro
ess of produ
tion.4.2.4 Dis
ussionThe data presented as they are in this 
hapter are free of interpretation. They 
omefrom raw results provided by our measurement set-up. It is meant as a raw experimentalmaterial, to be exploited for 
omparisons with model 
al
ulations, providing the appli-
ation of the same a

eptan
e in the simulation. We will not sti
k to these results andprovide in the following 
hapters our own understanding of the observations, and use themto 
omplete our knowledge in this domain.As a general 
omment on these raw observables, we 
an state the following. Althoughthe variations are very small on the �rst moment, the high-resolution set-up allows to
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Figure 4.2: Moments of the �rst threeorders of the velo
ity distributions in thebeam frame, as a fun
tion of the massof the identi�ed fragment. Going downfrom the upper panel, one 
an see theevolution as a fun
tion of mass of themean value, the standard deviation andthe relative skewness.

see two tenden
ies. From the heavy masses, going down in mass, lighter fragments areslowed down; this systemati
 slowing down is not followed anymore below masses around
A = 100 and a se
ond tenden
y takes over, an a

eleration as a fun
tion of mass de
rease.The se
ond moment does not show the same evolution at all. One 
an also see two regionsin mass where the behavior is di�erent; but the separation does not o

ur at the samemass. In this 
ase it would rather be around A = 60. Finally, the relative skewnesspresented seems to be almost 
onstant over all the mass range of observed fragments. Nostrong systemati
 tenden
y is to be noted.These three quantities related to the �rst moments of the velo
ity distributions seemquite un
orrelated. It probably means that ea
h of them is not a�e
ted the same way bythe rea
tion me
hanisms. If these follow di�erent regimes, as is generally a

epted (transi-



62 Experimental resultstion to multifragmentation), they do not translate into universal signatures of transitionsand do not tou
h our observables in all aspe
ts.To pro
eed with a physi
al interpretation of the data, we will need to investigate thevariations of the observables with the observed mass.The mass is the main parameter that drives the evolution of the shapes of the spe
tra.Some di�eren
es between isotopes are seen, espe
ially for light fragments, but the lowprodu
tion 
ross-se
tions of these elements also plays a role. This is illustrated by �gure4.3: 
arbon isotopes show a small variation in width and mean value, but that 
omesalong with a progressively lower statisti
s. Sili
on isotopes seem to populate very similardistributions.

Figure 4.3: Longitudinal velo
ity spe
tra for 
arbon and sili
on isotopes.Therefore, we will 
onsider and try to explain the variations of the longitudinal velo
ityspe
tra only on the basis of the mass of the observed fragments. Examples of spe
trathat will be taken further in this text 
orrespond to fully-identi�ed isotopes, and hen
ewill be labeled as su
h, but these spe
i�
 isotopes (e.g. 13C) are 
hosen for their good
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edures 63statisti
s rather than for their 
harge. The full identi�
ation is important, as was alreadymentioned, for the 
ross-se
tions and high-pre
ision velo
ity determinations.The spe
tra show a progression with the mass that does not re�e
t 
learly in the ob-servables shown in this 
hapter. Lightest residues seem to populate broad, asymmetri
shapes that for
efully need interpretations before further treatment. That is why 
onsid-erations on the global shapes of the distributions are the �rst task that we will pro
eedwith, in the next 
hapter.4.3 Fit pro
eduresSin
e the shapes of the velo
ity distributions of the lightest residues are not su�
ientlywell 
hara
terized by the moment analysis presented in the pre
eding se
tion, it is theaim of the present se
tion to represent the full line shape by an analyti
al fun
tion. Thisattempt is pursued for 13C, whi
h is a typi
al 
ase for the 
omplexity, that the velo
itydistributions develop for the light residues.4.3.1 Single-Gaussian �tA least-squares �t with a single Gaussian 
urve is 
hosen as the simplest way torepresent the measured velo
ity distribution by an analyti
al fun
tion. In 
ase of heavyresidues, this method gave ni
e results, as is shown in �gure 4.4.

Figure 4.4: Longitudinal velo
ity distribution of 115Sn �tted with one Gaussian fun
tion.The result for 13C is shown in �gure 4.5. The mean value and the standard deviationof the �t 
urve are very 
lose to the 
orresponding results of the moment analysis ofthe measured distributions, see table 4.1. However, it is obvious from the �gure and



64 Experimental results# Gauss area err(+/-) 
enter err(+/-) σ err(+/-) χ21 30.5 1.8 0.05 0.08 1.27 0.07 8.871 10.4 7.2 -1.2 0.7 0.96 0.37 1.062 20.5 7.3 0.6 0.3 0.86 0.18Table 4.1: Comparison of parameters obtained as a fun
tion of the number of Gaussiandistributions assumed for 13C. Velo
ity values are given in 
m/ns.
learly seen by the large redu
ed χ2 value that the Gaussian fun
tion is not appropriateto reprodu
e the line shape. This is no surprise, be
ause the measured distribution is
learly asymmetri
.

Figure 4.5: Longitudinal velo
ity distribution of 13C �tted with one Gaussian fun
tion.4.3.2 Double-Gaussian �tIt is tempting to a
hieve a better reprodu
tion of the measured velo
ity distributionby 
hoosing a more 
omplex �t fun
tion. In parti
ular, the left wing of the distributionhints to the presen
e of at least one other 
omponent, whi
h may be represented by ase
ond Gaussian fun
tion. This assumption does not rely on any physi
al ground, but itis rather intuitive. The parameters after 
onvergen
e are listed in table 4.1. It is seenby the very good reprodu
tion of the line shape, shown in �gure 4.6, and by the valueof the redu
ed χ2 in table 4.1 whi
h is 
lose to one, that the measured spe
trum is verysatisfa
torily reprodu
ed in this way.As has already been said, this 
hapter was meant to provide experimental data, with-out assumptions, so that anybody interested into this type of rea
tion produ
ts 
an apply
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Figure 4.6: Longitudinal velo
ity distribution of 13C �tted with two Gaussian distributions.his own interpretation to the available data or 
an easily simulate the same 
onditions ofour experimental set-up and 
ompare with dedi
ated models.In order to enter into the physi
s dis
ussion and try to extra
t further knowledge fromthese data, we 
an not stay on this level of 
omprehension. Therefore, in the follow-ing 
hapter, we will follow a 
omplementary approa
h to the one adopted in the present
hapter. It will 
onsist of exploiting the information of the present experiment togetherwith �ndings from other experiments in order to make a reasonable guess on the proper-ties of the fragments outside the angular a

eptan
e of the FRS. We will see, that thisapproa
h leads us to very interesting 
on
lusions, although we are for
ed to make a fewassumptions.
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Chapter 5Interpretation of the global shapes ofthe velo
ity spe
traWith this 
hapter, we enter the physi
s dis
ussion of the experimental results. Theshapes of the measured velo
ity spe
tra re�e
t the pro
esses of formation of the fragments.The understanding of the rea
tion me
hanisms and the sear
h for an explanation of thedistributions are inter
onne
ted.Figure 5.1 represents the longitudinal velo
ity spe
tra of three di�erent fragments,quite representative for the shapes observed in their mass domain. Heavy residues like tinisotopes populate a sharp peak, while lighter residues show more and more variations. Forheavy residues, distributions are Gaussian and three parameters are su�
ient to de�nethem: the mean value, the width and the integral. The integrals were exploited to dedu
ethe 
ross-se
tions by D. Henzlova [Hen05b℄.For lighter ones, like 13C in our example, the shape of the distribution looks more 
om-plex. The lighter the fragment, the more asymmetri
 is the distribution, �nally revealinga slight hump on the left side for the lightest elements measured.

Figure 5.1: Longitudinal velo
ity spe
tra in the beam frame for three di�erent fragments.It is 
ru
ial to understand the broadening and the 
omplex shapes of the longitudinalvelo
ity distributions for very light residues to extra
t properly the physi
s behind the
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ity spe
tramean value and the width of these distributions. There are two ways to extra
t physi
sfrom these observations. Either one is able to distinguish the 
ontributions from knownpro
esses and attribute a mean value and a standard deviation to be related only withthese known pro
esses. In this 
ase, one 
an still 
ompare with existing models andpredi
tions.Or one is even able to address a des
ription of the di�erent me
hanisms 
ontributingto the observed shapes and reprodu
e the spe
tra. These two options are obviously linked.As soon as the di�erent peaks merge into one 
omplex shape, the understanding of therea
tion me
hanisms is needed to properly extra
t the di�erent 
omponents.One aspe
t of the evolution of the standard deviation of the longitudinal velo
ityspe
tra from heavy residues towards lower masses 
onsists of a progressive enlargement.This enlargement is a

ompanied by a 
hange in the spe
tral shape, with the appearan
eof a small se
ond hump for the very lightest fragments identi�ed.The temptation is great to attribute to these humps two di�erent pro
esses, leading totwo di�erent kinds of 
ontribution. Before entering any interpretation, let us 
onsider theknowledge brought by other experiments sharing some features with these observations.5.1 Aspe
ts of longitudinal velo
ity spe
tra of �ssionprodu
tsNaively rather than intuitively, one 
ould make a link between a two-peak distributionand the observations of �ssion produ
ts. One 
an 
onsider for example 238U+Pb data(energy of 1 A GeV) analyzed by T. Enqvist [EBF+99℄. Double-humped distributions are

Figure 5.2: Longitudinal velo
ity spe
trum of 143Cs from 238U+Pb at 1 GeV per nu
leon.populated by fragments of mass near half the mass of the �ssile nu
leus of uranium, like
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143Cs as is shown in �gure 5.2. These fragments are attributed to symmetri
 �ssion events,where the mother nu
leus splits into nearly equally massive produ
ts. These daughternu
lei are repulsed by Coulomb intera
tion a

ording to their 
harges. It indu
es a shiftin their velo
ity; if they are emitted along the same axis as the beam, one 
an say thatone �ssion produ
t is a

elerated and one is slowed down by the same amount, in thebeam frame.This pro
ess is populating a bubble-shaped distribution in velo
ity spa
e. The sele
-tion of a 
hannel of observation around a given angle allows to see, as in the �gure 5.2,two peaks in the longitudinal velo
ity distribution, rather well separated.5.2 Light residues of very asymmetri
 �ssionOur observations 
on
ern ex
lusively light fragments; it somehow di�ers strongly fromthe symmetri
 �ssion 
ase. But double-humped stru
tures have already been observedin longitudinal velo
ity spe
tra of light residues. Indeed, the analysis of light residues of
238U+p performed by V. Ri

iardi [RAB+06℄ revealed 
omparable shapes in the spe
tra.The target was a
tually 
omposed of liquid H2 
ontained between titanium windows; anexample of longitudinal velo
ity spe
trum is displayed in �gure 5.3.

Figure 5.3: Longitudinal velo
ity spe
trum of 59Fe from 238U+H,Ti at 1 GeV per nu
leon.In that �gure, the 
entral 
ontribution 
omes from the rea
tions with the titanium,while the side peaks are mainly produ
ed by the rea
tions with hydrogen. We 
an seethat the distan
e between the two peaks is di�erent than in the symmetri
 �ssion. Thesefeatures for light residues are attributed to very asymmetri
 �ssion events. The lightnu
leus is pushed away by its heavy 
ompanion. It o�ers probably a great similarity withthe emission of a light nu
leus by the 
ompound system. This asymmetri
 �ssion pro
ess
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ity spe
trais therefore seen by some physi
ists as a transition regime between evaporation and �ssionin its 
lassi
al meaning.Let us say again that these 
onsiderations are only meant to give tra
ks for the under-standing of the observations in our 
ase. Of 
ourse, the 136Xe nu
leus is mu
h less in
linedto �ssion than 238U. The expe
ted most probable produ
tion me
hanism for residues isfragmentation-evaporation, in the xenon 
ase. Also, we do not observe, as in the uranium
ase, two 
learly separated peaks in the longitudinal velo
ity distributions. But let us notforget that the fragmentation-evaporation is also a frequent pro
ess in the spallation ofuranium.5.3 Lesson from multipli
ity measurements: two pro-du
tion pro
essesMultipli
ity informations on the rea
tion, as provides for example ALADiN, are ofgreat interest to spe
ify the produ
tion me
hanism of a given fragment. This type ofexperiment, with a large a

eptan
e, proves to be a 
ru
ial tool for the evaluation of thefragmentation e�e
ts on velo
ity spe
tra of light fragments. The representation of the
ross-se
tions of the �rst and the se
ond-most 
harged nu
lei observed in the experiment,displayed in 
orrelation, allows to spot a spe
i�
 regime of fragmentation: the multifrag-mentation. Aside from symmetri
 �ssion, where both residues are of nearly equal mass

Figure 5.4: Se
ond largest atomi
 number as a fun
tion of the largest atomi
 number Zmax observedin ALADiN experiment for the rea
tion 238U+Cu at 1 A GeV. Colors depi
t the relative 
ross-se
tions,in logarithmi
 s
ale. Figure taken from [Ri
04℄.(populating the summit of the "pyramid" in �gure 5.4), two other types of �nal 
on�g-uration are to be seen. First, one 
an note that in ea
h of these main 
on�gurations,light residues are observed. In other words, there are two main pro
esses resulting in
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lusions from xenon spallation rea
tions 71the produ
tion of light residues. The lower-right 
orner of this triangular distribution
orresponds to 
ases when the most 
harged fragment is heavy, 
lose to the mass -or atleast the 
harge- of the initial proje
tile. In 
onjun
tion to this very heavy residue, thereis a very light partner. This 
onstitutes most probably a signature for asymmetri
 �ssionevents, or more generally speaking an asymmetri
 binary mass splits.There is also a 
on
entration of events in the lower-left 
orner of �gure 5.4. This meansthat a substantial amount of events result in the observation of several light residues, withno large 
harge. This pro
ess type of events is known as multifragmentation.5.4 Con
lusions from xenon spallation rea
tionsThe formation of multiple fragments has a great 
ost in energy, needed for the surfa
ein
rease. This phenomenon should appear mostly in rather 
entral 
ollisions, for rea
tionsindu
ing large amount of ex
itation energies. In the rea
tion 136Xe+Pb, this is 
ertainlythe main pro
ess of formation of light residues 
ompared to a hypotheti
al asymmetri
�ssion. Yet, this latter 
ontribution 
an not be 
ompletely negle
ted, as it has been shownby 136Xe+p observations. 136Xe+p data at the same xenon beam energy of 1 GeV pernu
leon were analyzed by P. Napolitani [NSTG+07℄. As is underlined in Napolitani's workon this rea
tion, the ex
itation energy indu
ed by the spallation pro
ess (
ollision with asingle nu
leon) is mu
h lower than with a lead target nu
leus. The geometry of the inter-a
tion s
heme is also very di�erent. The dire
t 
onsequen
e is that multifragmentation isless likely to o

ur than in the 
ollision with a lead nu
leus. Nevertheless, very light frag-ments are observed. Intermediate Mass Fragments (IMF) emission or �ssion-like events(with a strong Coulomb repulsion at play) are then the dominant produ
tion me
hanisms.Two velo
ity ranges are populated, giving a two-peaks stru
ture to the velo
ity spe
traas is shown on �gure 5.5.The shape of the longitudinal velo
ity spe
tra shows 
learly three peaks. It 
an be un-derstood as a superposition of the two main produ
tion me
hanisms: multifragmentationand asymmetri
 �ssion (or evaporation of a light nu
leus).5.5 Knowledge from re-a

eleration observationsWhy would the longitudinal spe
tra in 136Xe+Pb show only two peaks, then, if theyare supposed to be three? The major di�eren
e is the indu
ed ex
itation energy by the
ollision. We said it already, this is higher than in the spallation rea
tion. The relativeimportan
e of the multifragmentation rea
tion is greater. This would simply lead in alarger 
entral peak, or if the domination was really large, in the disappearan
e of the sidepeaks. This 
on
lusion would be true if the mean velo
ity of the light fragments was thesame than the mother nu
leus of the binary-de
ay produ
ts, whi
h means in the middleof the gap between the side peaks.Studies of the mean longitudinal velo
ity of fragmentation produ
ts pursued by V.Ri

iardi [REP+03℄ and later V. Henzl [Hen05a℄ have shown that very light residues
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Figure 5.5: Velo
ity spe
tra in thebeam frame for three di�erent fragmentsin the rea
tion 136Xe + p (1 GeV pernu
leon). The 
orresponding (expe
ted)global distributions in the (−→v⊥;−→v‖) planeand the limits of the FRS a

eptan
eare displayed on the right. Taken from[NSTG+07℄

of fragmentation are a

elerated. The mean longitudinal velo
ity of su
h fragments areindeed -very slightly- shifted towards positive values in the beam frame. This 
ontributionis 
ertainly overlapping with the "forward" 
omponent of the Coulomb shell indu
ed byasymmetri
 
harge partition. The additional fa
t that multifragmentation is the dominantpro
ess is probably su�
ient to justify that, if there is a forward peak populated due tostrong Coulomb repulsion, it 
an not be observed, hidden in the largest peak.5.6 Simulation with a Monte-Carlo 
odeIn order to evaluate the degree of validity of the 
onsiderations proposed above, wededi
ated a small simulation 
ode based on Monte-Carlo pro
edure to generate somevelo
ity spe
tra. Again the main idea is to assume that in reality, not only two, butthree peaks 
ompose the observed spe
tra. A 
entral 
omponent that would 
orrespondto (multi)fragmentation events, plus a "Coulomb shell" populated by very asymmetri
�ssion-like events. Using the parameters set by the user, these distributions are generatedin spa
e. A 
ut is then applied, a

ording to the a

eptan
e of the FRS. In this way,
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v1 σ1 v2 v3 σ3 w1 w230.2 1 -3 2 0.5 1 1.5Table 5.1: List of the parameters used for the reprodu
tion of the 13C spe
trum as in�gure 5.6.the in�uen
e of the set-up is applied to the "original" spe
tra. Our obje
tive is to showthat within our assumptions, the simulated global distribution of produ
ed residues 
anlead to very similar shapes to what is a
tually measured in the FRS. The parameters are
hosen as follows:

• in a

ordan
e with re-a

eleration observations, the mean value of the multifrag-mentation peak is 
lose to zero, slightly positive
• mean velo
ity of the supposed ba
kward and forward peak so that the mean velo
ityof the mother nu
leus is 
lose to zero or slightly negativeAll other parameters (width of the 
entral peak σ1, thi
kness of the Coulomb shell σ3,relative weight of the two pro
ess w1,w3) are guessed, by small and progressive modi�
a-tions.The mathemati
al des
ription of the 
entral 
omponent, is given by the followingfun
tion, for ea
h 
oordinate i:

dP(−→v )

d−→v =

(

1

σ1

√
2π

)3

e
−

(vz−v1)2+v2
x+v2

y

2σ2
1 (5.1)The Coulomb-shell 
omponent is slightly more 
omplex, and one has to 
al
ulate the
entroid of the shell and its radius from the given parameters. The position of the 
entroidis given by:

vmean =
v2 + v3

2
(5.2)The radius of this shell is de�ned by the following probability density fun
tion:

dP(r)

d||v|| =
v3 − v2

2
exp

(

1

σ3

√
2π

e
− r2

2σ2
3

) (5.3)Let us remain with the example of the spe
trum of 13C. After some variations, we 
ouldreprodu
e in a rather 
onvin
ing way the measured longitudinal velo
ity distribution, asis shown in �gure 5.6.The values of the parameters used for this simulation are listed in table 5.1.Due to the geometry of the FRS a

eptan
e, a greater part of the Coulomb shell istransmitted among the forward velo
ities than in the ba
kward part. This results in aforward peak slightly larger than the ba
kward peak. This inherited asymmetry wouldnever have been su�
ient to explain the shape of the observed spe
trum in 136Xe+Pb. Theposition of the fragmentation peak is a mu
h stronger reason for the observed asymmetry;
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Figure 5.6: Generated longitudinal velo
ity spe
trum (bla
k) adjusted to reprodu
e qualitatively themeasured spe
trum (red). The assumed 
omponents of the global distribution are displayed in green.this parti
ipates, along with the relative weight, to hiding the forward peak from 
learobservation.Sli
es of the full generated distributions in the plane (−→vT ;−→v‖) are represented in �gure5.7. The Coulomb shell has a 
lear ring-shape, that disappears in the sum with themultifragmentation distribution. As a 
onsequen
e, a large-a

eptan
e dete
tion set-upthat would not have a

ess on the emission angle would observe the proje
tion on thelongitudinal axis of the total distribution. The result of this proje
tion, whi
h does not
ontain any 
ut, is displayed in �gure 5.8.In his PhD thesis, Lindenstruth [Lin93℄ did not mention any re-a

eleration of thelight residues. The experiment was performed with ALADiN dete
tor. We have reasonsto believe that no deviation from a single Gaussian 
ould be observed in this experiment,and that the mean value determined for light residues is the weighted average of the twopro
esses, asymmetri
 �ssion and multifragmentation. The re-a

eleration phenomenonin multifragmentation is thus masked to a great extent. Indeed, apart from a slight asym-metry towards negative velo
ities in the beam frame, the shape in �gure 5.8 (proje
tionof the whole distribution on the longitudinal axis) is very similar to longitudinal velo
ityspe
tra of heavier residues.As already pointed out several times, the FRS has a low angular a

eptan
e of 15 mrad.This for
ed sele
tion on the angle range of observation allows us to study the details of thedistributions' shape. The proje
tion on the longitudinal axis of a more signi�
ant portionof the global spa
e distribution would hinder the dete
tion of several 
ontributions tothe distribution. A large-a

eptan
e set-up that o�ers an angular segmentation shouldobserve these shapes for a sele
tion within a small range. The present experiment providedlongitudinal velo
ity spe
tra for fully identi�ed isotopes, of mass and 
harge larger thanwhat is available from large-a

eptan
e experiments. Therefore, we 
ould not make the
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omparison.We 
an 
on
lude that, at least on a qualitative level, the assumption of a 
entral(Gaussian) 
omponent superposed to a Coulomb shell is su�
ient to generate shapes
lose to observations.The next two 
hapters will be dedi
ated to more spe
i�
 quantities, the mean valueand the width of the distributions. The hints on the rea
tion me
hanisms revealed in thepresent 
hapter will not be dire
tly used in the next 
hapter. The 
omplexity of the spe
traof the lightest fragments 
onstrains us to ex
lude them from our dis
ussion on the meanlongitudinal velo
ity. But it will serve the dis
ussion on the width of 
hapter 7, providingindi
ations on the rea
tion me
hanisms that also happen for the produ
tion of largerfragments. We will �nally realize that the knowledge a
quired in the present 
hapter,taken as a model assumption, �ts into an intelle
tual pro
ess linking it with the up
omingknowledge of the next two 
hapters to open new horizons into the 
omprehension anddetermination of the rea
tion me
hanisms in heavy-ion 
ollisions at relativisti
 energies.
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Figure 5.7: Generated distributions with the same parameters (see table 5.1), but without a

eptan
e
ut. This time the invariant 
ross-se
tions are displayed in the plane (−→vT ;−→v‖). The upper panel 
orrespondsto the 
entral Gaussian 
omponent; the middle panel shows the Coulomb shell; the sum is displayed inthe last panel (down).
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Figure 5.8: Generated longitudinal velo
ity distribution with the same parameters (see table 5.1),without a

eptan
e 
ut.
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Chapter 6Mean longitudinal velo
ity
The mean longitudinal velo
ity is a sensitive observable to the in-medium nu
leon-nu
leon 
ross-se
tion [SDL01℄. It is therefore the aim of this 
hapter to treat the high-quality data obtained with the FRS, in order to o�er suitable experimental informationsfor a dire
t 
omparison with dynami
al models. Before entering this new treatment ofthe data, let us present the main observations and knowledge on the features of availabledata.As a guide-line for this 
hapter, we will use the �gure 6.1 where the mean longitudinalvelo
ity (in the beam-frame) of the observed fragments is drawn as a fun
tion of theirmass. The mean value is extra
ted after a �t of the distribution by one Gaussian. As wasunderlined in previous 
hapters, this method is reliable for heavy fragments; therefore,we limited our method to masses above A = 30, where the distributions begin to beasymmetri
 (see �gure 6.2). The progression from very peripheral 
ollisions towardsmore 
entral 
ollisions 
an be followed from right to left, starting from masses 
lose tothe proje
tile (here 136). Going down in mass is equivalent to going down in impa
tparameter, and one 
an intuitively understand that the velo
ity is de
reasing with theobserved mass. The 
ollision is more 
entral, so that the overlap between the two nu
leigrows, and the spe
tator residues of this pro
ess are more slowed down. This behavior isin agreement with our intuition, 
onsidering that the in
oming nu
lei are bound matter,independently from the a
tual pi
ture of the rea
tion, if one thinks in terms of nu
leon-nu
leon 
ollisions or hydrodynami
s.As one 
an see in �gure 6.1, intuition does not serve the physi
s all along the massrange: beyond a 
ertain 
entrality, i.e. beyond a 
ertain mass-loss, the mean longitudinalvelo
ity of observed fragments departs from the �rst trend of slowing down. It is even
lear that the lighter the �nal fragment is, the greater is its velo
ity, �nally rea
hing andeven ex
eeding the beam velo
ity.One 
an then divide the behavior of the fragments into two regions, one where a pro
esssimilar to fri
tion is observed, one where there is a re-a

eleration of the spe
tators.
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Figure 6.1: Mean longitudinal velo
ity of observed fragments as a fun
tion of mass 
ompared toMorrissey's systemati
s (red line). The data points represent the weighted average values of the di�erentisobars; the statisti
al error is of the order of the size of the points.6.1 Previous use of data on < v‖ >6.1.1 Morrissey's systemati
s for longitudinal velo
ityThe slope of the right part of pi
ture 6.1 is well des
ribed -at least qualitatively- byMorrissey's systemati
s. In referen
e [Mor89℄, Morrissey 
ompiled all available experimen-tal data to 
ompare them in a unique set of units. The author determined an empiri
aldependen
e between the momentum shift indu
ed by the 
ollision to the spe
tator frag-ment and the mass removal from the original proje
tile nu
leus. In the laboratory frame,he established a best �t of the data for the relation:
< P‖ >= −8∆A (6.1)Transformed into the proje
tile frame and expressed for velo
ity, it be
omes:

< v‖ >= −8∆A
1 + γp

mpβpγp
· c (6.2)where mp is the mass of the proje
tile, βp and γp are the relativisti
 fa
tors for theproje
tile velo
ity.6.1.2 Re-a

elerationAs seen on pi
ture 6.1, from around one third of the mass of the proje
tile removed,the data show strong deviations from fri
tion predi
tions or the Morrissey systemati
s.Beyond this mass removal, the lighter the observed fragment, the larger again is its ve-lo
ity, rea
hing and even topping the beam velo
ity for the very lightest residues. This
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Figure 6.2: Longitudinal velo
ity distribution of 30Si �tted with one Gaussian.re-a

eleration e�e
t has been �rst pointed out in referen
e [REP+03℄, as an indi
ationof the spe
tator's response to the parti
ipant blast. But the reasons and me
hanisms re-sponsible for this e�e
t were explored later on. This very ri
h physi
s led to 
ollaborationbetween our group and theoreti
ians (namely, Danielewi
z).The re-a

eleration is not yet fully understood. It is 
onne
ted with studies on theEquation of State (EoS), and the global behavior 
ould be reprodu
ed for 
ertain sets ofparameters. Momentum-dependent nu
lear mean-�eld seems to be the main ingredientrequired, in the frame of BUU 
al
ulations. It has been the main topi
 of V. Henzl's PhDthesis [Hen05a℄.6.1.3 Velo
ity redu
tion for heavy fragments: the fri
tion pro
essAs has already be mentioned in the beginning of this thesis, the idea of a two-stepdes
ription of the heavy-ion 
ollisions as abrasion-ablation was �rst stated by Bowmanet al. [BST73℄. General ideas inspiring Hüfner and 
ollaborators [HSS75℄ are basedon this report. Their model for the fri
tion pro
ess in peripheral 
ollisions is one of theearliest, and agrees with measured velo
ities. The starting point of this model is Glauber'sformalism, treating abrasion as a true inelasti
 pro
ess. Glauber's multiple s
atteringtheory [Gla59℄ was rather 
onvin
ing and mu
h more 
ompetitive than eventual attemptsfor mole
ular dynami
s, regarding 
omputation times.It was the intention of the authors to develop a fri
tion model that relies on solidbases and, with the help of very few and reasonable assumptions, provides expressionsfor abrasion 
ross-se
tions as well as mean abrasion-indu
ed ex
itation energies. No freeadjustable parameter is introdu
ed to reprodu
e the data with formulas that are notdependent from any nu
lear model.
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ityThe amount of ex
itation energy introdu
ed in the abrasion pro
ess was at that timesnot well known. It is rather problemati
, if the de-ex
itation stage is not well de�ned: it ispossible to reprodu
e the data with a too large fri
tion and a too long evaporation 
hainor vi
e versa. To their own a

ord, some systemati
 dis
repan
ies remain, going beyondthe simple abrasion-ablation model. Final state intera
tion (FSI) is also investigated butthe 
omplexity of su
h 
onsiderations does not allow to draw �nal 
on
lusions other thanit is a promising perspe
tive for further developments of the abrasion-ablation model.With time, some authors proposed evolutions of the fri
tion model, developing furtherideas around the FSI. Oliveira et al. [ODR79℄ 
ompared data with 
al
ulations withand without FSI (whi
h they introdu
ed expli
itly in their 
ase as "Fri
tional Spe
tatorIntera
tion" pro
ess) to study its importan
e and relevan
e to des
ribe experimentalresults.The rea
tion taken for the investigations in referen
e [HSS75℄ is the produ
tion of
arbon isotopes, whose features (intensities and energy spe
tra) are 
ompared to themodel 
al
ulations. The authors speak of a typi
al ex
itation energy range due to abrasionbetween 5 and 15 MeV. We will see in the next se
tion that we have reasons to believethat these estimations give values whi
h are mu
h too small.Empiri
al measure of the ex
itation indu
ed by abrasionSeveral authors have underlined a need for higher ex
itation energies than what isprovided by Hüfner's fri
tion model: [Har92℄, [SBC+93℄, [Car95℄.In Harvey's publi
ation [Har92℄, the author puts the light on the fa
t that to reprodu
ethe data with his own Monte-Carlo simulation 
ode [HCLC89℄, he needs a mu
h higherex
itation energy due to abrasion than evoked in the original fri
tion model of Hüfner etal. He refers to 25 MeV per abraded nu
leon and 
ompares it with the energy released bythe kno
k out of a 1s-shell nu
leon (around 20 MeV).Using Ir and Pt isotopi
 distributions produ
ed in the fragmentation of gold, S
hmidtet al. developed a now 
alled isospin-thermometer method [SBC+93℄. The authors 
om-pared 
ross-se
tion data with di�erent model predi
tions; among their 
hoi
es, they trieddi�erent ex
itation energies in the statisti
al abrasion-ablation model ABRABLA [GS91℄.The sensitivity of this model to ex
itation energies is mu
h higher on the neutron-ri
hside of the isotopi
 distributions than on the neutron-de�
ient side. Events populatingthe most neutron-ri
h side of the isotopi
 distributions 
orrespond to low ex
itation 
han-nels, so to say (
old fragmentation, as referred in [HGS+93℄); these 
orrespond to thelower tail of the ex
itation energy distribution. These 
ross-se
tions 
an then be used as athermometer to evaluate the ex
itation energy a
quired during the abrasion stage of the
ollision. The average value lays around 27 MeV per abraded nu
leon.In [HKL+92℄, there is also mention of ex
itation energy due to abrasion, and valuesused in BUU and in the intranu
lear 
as
ade 
ode ISABEL [YF79℄ are given: 28 MeV. Butin the 
al
ulations named in this arti
le, this quantity is dependent on the 
entrality of the
ollision, be
ause di�erent impa
t parameters lead to di�erent densities of the spe
tatormatter.
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h to the nu
leon-nu
leon 
ross-se
tion 83All the ideas des
ribed in this se
tion point one fa
t: it is hard to extra
t deeperknowledge on a sele
tive rea
tion me
hanism (here the �rst step, the abrasion) from dire
tresults of observations. The experimental data 
ontain potentially 
oupled signatures ofboth rea
tion me
hanisms, abrasion and de-ex
itation pro
esses altogether. We proposea 
hange in the dire
tion of the e�ort to be put on this matter: instead of re�ning moreand more the models of ea
h rea
tion me
hanism, whi
h are anyway always tributaryof an adjustment with data, why not explore ways of presenting the experimental datain a handy way for 
omparisons with sele
tive theoreti
al models? Let us explore su
ha possibility with FRS data, 
ombining for the �rst time high-pre
ision velo
ities andprodu
tion 
ross-se
tions over the whole mass range.6.2 New experimental approa
h to the nu
leon-nu
leon
ross-se
tion6.2.1 MotivationAs underlined Zhang et al. [ZLD07℄, some �ow observables determining the nu
learEoS are 
orrelated with the nu
leon-nu
leon 
ross-se
tion. Although the nu
leon-nu
leon
ross-se
tion is one of the two main ingredients of the nu
lear transport (along with thenu
leoni
 mean �eld), most studies are dedi
ated to the mean �eld. Yet, the nu
leon-nu
leon 
ross-se
tion is an important parameter, 
onne
ted with the nu
lear vis
osity.It has been shown that dynami
al observables, su
h as linear-momentum transfer, aresensitive to the nu
leon-nu
leon 
ross-se
tion, and that this latter varies with impingingenergy [Dan02℄. Con
erning more dire
tly the subje
t of our work, i.e. the kinemati
sof spe
tator fragments, we 
an refer to a publi
ation of Shi et al. [SDL01℄. This arti
lefeatures a study of the 
hange of momentum per nu
leon of spe
tator fragments produ
edin peripheral heavy-ion 
ollisions in the 1 GeV regime in the frame of BUU 
al
ulations.A

ording to the authors, the 
hange in momentum might be 
onsidered as a measureof the fri
tion pro
ess (whi
h we observe for large fragments). It led to an importantobservation: the momentum 
hange, dominated by the 
hange in longitudinal dire
tion,is dependent on the nu
leon-nu
leon 
ross-se
tion.In �gure 6.3, taken from referen
e [SDL01℄, several options are 
onsidered for thenu
lear EoS inside the BUU model. But what we want to point out with this illustrationis that depending on the nu
leon-nu
leon 
ross-se
tion, free or redu
ed to a

ount forin-medium e�e
ts, the predi
tions on the kinemati
s are di�erent.The nu
leon-nu
leon 
ross-se
tion is an important parameter in the des
ription ofthe intera
tion between 
onstituents of the spe
tator and the parti
ipant matter. Inparti
ular, it seems that the kinemati
s of abrasion residues are sensitive to the in-medium
ross-se
tion of intera
tion between nu
leons in the overlap zone.To provide quality data on the longitudinal velo
ity or momentum of spe
tator frag-ments, espe
ially in rea
tions where the fri
tion pro
ess seems to be dominant, is then ofgreat interest for theoreti
al studies on the nu
leon-nu
leon 
ross-se
tion and its redu
tion
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Figure 6.3: Change in the net average momentum per nu
leon in the 
enter-of-mass as a fun
tion of theimpa
t parameter for di�erent EoS in the frame of the BUU model (S stands for soft, H for hard nu
learmatter; M denotes the momentum-dependen
e of the nu
lear mean �eld). Open symbols are obtainedwith a redu
ed in-medium nu
leon-nu
leon 
ross-se
tion, while �lled symbols are 
al
ulated for b = 6fmwith free 
ross-se
tions. Figure taken from [SDL01℄.with in-medium e�e
ts.Yet, the available data are not dire
tly suitable for a 
omparison with theoreti
al pre-di
tions provided by dynami
al 
odes like BUU or QMD. Indeed, these simulations aremeant to des
ribe the �rst step of the 
ollision only. The "output" of su
h programsis an ensemble of rea
tion produ
ts, in
luding target-like and proje
tile-like spe
tators,whose kinemati
s and ex
itation energies are given by the intera
tion pro
ess. The pre
isedetermination of the ex
itation energy of the proje
tile-like spe
tator, whi
h is of maininterest for our study, is not an easy task, be
ause it depends strongly on the de�nitionof spe
tator and parti
ipant matter. The spe
tator fragments are the pie
es of boundnu
lear matter that keep, after the 
ollision, a velo
ity 
lose to their original velo
ity.The distin
tion among nu
leons 
an be made easily at large evolution times, i.e. afterseveral 100 fm/
 ; the problem is that in these dynami
al 
odes, nu
lei 
an not standthe Fermi motion very long and de
ay spontaneously after a short while. The distin
-tion between parti
ipant and spe
tator matter must be done rather early, indu
ing somelarge un
ertainties: nu
leons from the parti
ipant zone have a large kineti
 energy thatwill in
rease very strongly the ex
itation energy of the spe
tator matter if it is wronglyattributed. Altogether, it makes it rather 
omplex to 
ouple a dynami
al des
ription ofthe �rst stage of the 
ollision with a de-ex
itation 
ode.In this 
ontext, we think that sear
hing for a mean to present the experimental in-formations on the �rst stage of the 
ollision ex
lusively is an important and interestingtask. The obje
tive of the present 
hapter is to provide experimental results (mainly meanvelo
ities of proje
tile-like spe
tator fragments) as a fun
tion of the impa
t parameter,
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leon-nu
leon 
ross-se
tion 85a quantity that determines uniquely the �rst stage of the 
ollision in the frame of theGlauber theory.6.2.2 Determination of the impa
t parameterThe slowing down of the heavy spe
tator fragments, whi
h at �rst in
reases with themass loss, is most probably due to pro
esses happening during the abrasion step. Mean-while, observed fragments, as we have seen, undergo other de
ays like evaporation, �ssionor multifragmentation. The des
ription of these pro
esses is also subje
t to models andhen
e assumptions. If we want to be independent from the way these steps are modelizedand 
on
entrate on e�e
ts mainly due to abrasion, we have to be able to attribute the
orresponding impa
t parameter to the observed fragment. The impa
t parameter is in-deed the key parameter of the abrasion pro
ess, de�ning the overlap between the 
ollidingnu
lei. Of 
ourse, the observed fragments have undergone at least evaporation, and theirmass is not the same as the prefragment outgoing abrasion. But there is a strong 
orre-lation, and we assume that for peripheral 
ollisions, the �nal mass is uniquely linked to aprefragment mass and hen
e, a 
ertain impa
t parameter range.Relation between observed mass and impa
t parameterThe probabilities of intera
tion depending on the 
entrality of the 
ollision 
an besimply 
al
ulated from geometri
al 
onsiderations. The Glauber model is used to predi
tthe fragmentation 
ross-se
tions, as a fun
tion of the impa
t parameter. A density pro�lefor the nu
leus has to be 
hosen to re�e
t as mu
h as possible our knowledge. A smoothdistribution for the nu
leus is 
hosen.On the other hand, the data on the produ
tion 
ross-se
tions as a fun
tion of masshave been obtained by Henzlova [Hen05b℄. These experimental data will be used withGlauber's predi
tions to build the link between the �nal observed mass A and the impa
tparameter b.One has to be aware that the 
olliding nu
lei may intera
t in other ways than bypurely nu
lear intera
tion. Neutron removal 
hannels by ele
tromagneti
 ex
itation of
136Xe by the Pb nu
leus are rather substantial. Yet, these ele
tromagneti
 intera
tionsare not 
onsidered in Glauber theory. The EM intera
tion 
ross-se
tions were estimatedusing the simulation 
ode ABRABLA (see �gure 6.4). This 
ontribution was subtra
tedfrom the measured 
ross-se
tions, in order to 
ompare only nu
lear intera
tion produ
tswith Glauber's predi
tions.The main idea is that for peripheral 
ollisions, where abrasion is a dominant pro
essand evaporation is limited to single nu
leons, one 
an attribute a preferred output 
hannel(�nal mass) to a given impa
t-parameter range. To say it in other words, we 
an assumethat there is a bije
tion between the domain of large impa
t parameters and the ensembleof heaviest observed fragments.On one hand, Glauber theory gives a density of probability of nu
lear intera
tion as afun
tion of the impa
t parameter. The integration of this density fun
tion over a de�ned
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Figure 6.4: Total produ
tion 
ross-se
tions as observed in the experiment (red line) 
ompared toex
lusively nu
lear rea
tion 
ross-se
tions (blue line) 
lose to the proje
tile mass; for the latter, thesimulation 
ode ABRABLA was used.range, let's say for example between 8 and 9 fm, a

ounts for the intera
tion 
ross-se
tionfor this domain of 
entrality.The 
ommon point of these two ideas is at the very heaviest fragment: it is rathersurely the one �nally produ
ed (after evaporation) from the most peripheral 
ollisions(starting from the largest impa
t parameter, where the nu
lear intera
tion sets in). Thismeans that within a small range of extreme impa
t parameters, Glauber theory providesa 
ertain intera
tion probability that should a

ount for the observed 
ross-se
tion of theheaviest �nal residue.This is why, if we 
hose the impa
t parameter interval over whi
h we integrate Glauber'spredi
tion in order to mat
h the observed 
ross-se
tions of the �nal residue, we will beable to link the �nal observed mass to an impa
t-parameter range.Let us give the details of the method. Sin
e we are mostly interested in very peripheral
ollisions, it is 
riti
al to employ a realisti
 di�use-surfa
e geometri
al 
ross-se
tion model.In the Glauber approa
h, the thi
kness fun
tion Q(b, z) is de�ned as the probability ofintera
tion per unit path length between z and z + dz, along the beam axis:
Q(b, z)dz = σP (b, z)dz (6.3)Here, σ is the average nu
leon-nu
leon 
ollision 
ross-se
tion for the given system,a

ording to [Kar75℄. P (b, z) is the overlap of nu
lear density distributions of target andproje
tile for a given impa
t parameter b and position z along the z-axis. It 
an be writtenas follows:

P (b, z) =

∫

ρT (b, z, ~r)ρP (b, z, ~r)d~r (6.4)Here, ρT (b, z, ~r) and ρP (b, z, ~r) are nu
lear density distributions of the target andproje
tile, respe
tively, at the given point in spa
e ~r, where the origin of the system of
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oordinates is at the target 
enter, and proje
tile 
enter position is de�ned by b and z.The probability that the proje
tile undergoes no intera
tion at impa
t parameter b is
al
ulated by:
T (b) = exp

(

−
∫ +∞

−∞

Q(b, z)dz

) (6.5)The di�erential 
ross-se
tion with respe
t to b is then given by
dσ

db
= 2bπ[1 − T (b)] (6.6)The shape of ρT and ρP around the surfa
e of ea
h nu
leus is of prime importan
e forour analysis of peripheral 
ollisions. It is 
hosen in a way that it 
losely approximates the
harge distribution determined from ele
tron s
attering and muoni
 atom experiments,while allowing an analyti
al solution for the rea
tion 
ross se
tion [Kar75℄.Our method is relying on a re
ursion. For ea
h step (i.e. ea
h mass A), we require:

∫ bA
max

bA
min

dσG

db
db = σA (6.7)For the �rst step, the upper bound bA

max of the integral of Glauber's predi
tion is�xed to the largest impa
t parameter with non-zero intera
tion 
ross-se
tion. We applya variation on the lower bound of the integral (bA
min) down to the value for whi
h theintegral mat
hes the experimental value σA. This lower bound of impa
t-parameter rangewill serve as the upper bound for the next lighter fragment mass A − 1, while the lowerbound of the integral will be again tuned to mat
h the nu
lear 
ross-se
tion of this nextnu
leus.Altogether, this re
ursive method gives the possibility to establish the dependen
ebetween �nal observed mass and the impa
t parameter of the 
ollision, down to a 
ertainlimit.The validity of this des
ription is endangered when the strong 
orrelation between band the �nal mass is lost. This is 
ertainly the 
ase when �ssion or multifragmentationsets in.Our re
onstru
ted dependen
e between the mass of the �nal fragment and the impa
tparameter is drawn as a plain line in �gure 6.5. As expe
ted, the largest fragments areprodu
ed in very peripheral 
ollisions, above 13 fm. Most part of the mass range ispopulated by mid-peripheral 
ollisions, with an impa
t parameter between 10 and 12 fm.Cross-
he
k with ALADiN dataLarge-a

eptan
e settings like ALADiN 
an dedu
e the impa
t parameter from observ-ables like multipli
ity of the parti
les. The ideal domain for this study is mid-peripheral
ollisions; very peripheral 
ollisions lead to small s
attering and some parti
les, too 
loseto the beam traje
tory, are not registered by the set-up. In order to 
he
k the validity of
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Figure 6.5: Dedu
ed impa
t parameter as a fun
tion of the mass of the fragment. The plain line isour re
onstru
tion of this 
orrelation from Glauber theory and experimental 
ross-se
tions. The dashedline 
orresponds to the 
orrelation established by ALADiN from 197Au+Au data; it was s
aled in massto 
ompare with our system.our assumption and "re
onstru
tion" of the impa
t parameter, we have looked for similardata in ALADiN. Alas, 136Xe + Pb has not been studied there and we 
ould only use
197Au + Au data. A
tually, we used ALADiN's value of Zmax, the atomi
 number of themost 
harged fragment observed and after s
aling it by a fa
tor 54/79, we attributed themost probable mass 
orresponding to this atomi
 number.The result of this pro
edure is shown as the dashed line in the �gure 6.5. Even ifthe obtained 
urve is not exa
tly mat
hing our estimation for peripheral 
ollisions, it isnonetheless 
ompatible. The slope of the 
orrelation dedu
ed from ALADiN data is 
loseto ours. Below the mass 50, the impa
t parameter de
reases more steeply. Fragmentswith masses below 20 seem to originate from 
ollisions of small impa
t parameter, below7 fm (whi
h is about the radius of the lead target nu
leus).6.2.3 Mean velo
ity as a fun
tion of the impa
t parameterComparison with modelsThe Quantum-Mole
ular Dynami
s (QMD) model 
an give predi
tions on the ve-lo
ity of spe
tator fragments. We 
hose it for our 
omparison a

ording to the short
omputation-times (
ompared to BUU). The 
entrality of the 
ollision is an input param-eter for this simulation, that does not treat evaporation. This model makes assumptionson the nu
leon-nu
leon intera
tion 
ross-se
tions that may 
hara
terize the slowing of thespe
tators by abrasion. Thanks to our pro
edure to estimate the impa
t parameter ofthe rea
tions, we 
an 
ompare QMD 
al
ulations with observed velo
ities as a fun
tionof the impa
t parameter. We also 
ompared the data with the results of the intranu
lear
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as
ade 
ode ISABEL [YF79℄. This is shown in �gure 6.6.

Figure 6.6: Mean longitudinal velo
ity as a fun
tion of the impa
t paramer from experimental data
ompared to QMD predi
tions (using a soft EoS, with and without redu
tion of the nu
leon-nu
leon
ross-se
tion), ISABEL and the Morrissey systemati
s.The intranu
lear 
as
ade 
ode ISABEL predi
ts a very strong dependen
e of the meanlongitudinal velo
ity on the impa
t parameter, so that produ
ts of a 
ollision with animpa
t parameter of 11 fm should have a mean longitudinal velo
ity already in the orderof 0.3 
m/ns less than the beam velo
ity. The same order of mean longitudinal velo
ityis predi
ted by QMD. QMD predi
tions follow the same tenden
y than our data down to11 fm, although there is a systemati
 dis
repan
y. The 
al
ulations are 
loser to the datapoints in the most peripheral 
ollisions (above 13 fm). A few points 
ould be 
al
ulatedfor a nu
leon-nu
leon 
ross-se
tion redu
ed by a fa
tor 2. Unfortunatly, the low statisti
son these values do not allow to draw �rm 
on
lusions, but the model seems to show asmall sensitivity to the 
ross-se
tion.A
tual dedu
tions on the new 
onstraints given by these data on the theoreti
al modelsare beyond the s
ope of this thesis. It would require a solid interplay with authors andusers of the models, to ensure for example a numeri
al stability 
omparable to the pre
isionof the data. QMD has not been extensively developed for our usage, and it would needsome investigations to adapt the 
ode and its parameters to reprodu
e observables asare available in our type of experiment, and to examine the sensitivity to the in-mediumnu
leon-nu
leon 
ross-se
tion.6.2.4 Lesson from the spe
tra of light fragmentsThe 
onsiderations in this se
tion are meant to present some general ideas on theinformation provided by the FRS experiment about the physi
s behind the produ
tion of
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itythe intermediate-mass fragments in the mass range where 
omplex velo
ity distributionsappear.It has been mentioned that the strong 
orrelation between the mass of the �nal frag-ment and the impa
t parameter is expe
ted to be weakened or lost for lighter masses.Indeed, the emission of an intermediate-mass fragment in a de
ay with a heavy rem-nant (binary de
ay in most 
ases) produ
es a residue with a mass 
lose to the proje
tilespe
tator and a light nu
leus. Thus, these two produ
ts with strongly di�ering massesoriginate from the same impa
t-parameter range. The situation is even more 
omplex,sin
e intermediate-mass fragments 
an also be produ
ed by multifragmentation, whi
his supposed to be attributed to mu
h more 
entral 
ollisions, i.e. to smaller impa
t pa-rameters. Thus, intermediate-mass fragments originate from two very mu
h di�erentimpa
t-parameter ranges. Just measuring the mass of the �nal fragment in this massrange does not give any distin
t information on the impa
t parameter of the rea
tion.However, a 
loser inspe
tion of the velo
ity spe
tra of the light fragments providesus with a very powerful additional information. The two 
omponents of the longitu-dinal velo
ity distributions of the light fragments, namely the double-humped and theGaussian-like 
omponent, are unequivo
ally attributed to binary de
ay and multifrag-mentation, respe
tively. Thus, these two pro
esses 
an be disentangled by 
onsideringthe two 
omponents of the velo
ity spe
trum of ea
h nu
lide separately.First, we would like to 
onsider intermediate-mass fragments produ
ed by very asym-metri
 binary de
ay. The re
oil of the heavy, not dire
tly observed remnant is re�e
tedby the di�eren
e of the forward and ba
kward 
omponents in the velo
ity spe
trum of thelight fragment, and thus the mass and/or the nu
lear 
harge of this heavy remnant 
anbe determined rather pre
isely. The neutron ex
ess in terms of N/Z ratio of the heavyremnant, whi
h links the radius of the Coulomb barrier and its height, should not di�ermu
h from the N/Z ratio of the proje
tile. The mass of the emitting sour
e, whi
h is thesum of the masses of the heavy remnant and the light fragment, is 
lose to the mass of theproje
tile spe
tator, sin
e parti
le evaporation before IMF emission is rather improbabledue to the strong energy dependen
e of the IMF de
ay width. Applying the geometri
alabrasion pi
ture, the impa
t parameter is determined, too. This way, a link is establishedbetween the mass of the IMF and the mean impa
t parameter of the rea
tions responsiblefor the produ
tion of a 
ertain nu
lide by binary asymmetri
 splits. It is 
onsistent withthese ideas that the mean velo
ities of the two-humped velo
ity 
omponent in the IMFrange are slightly negative, just like the velo
ities of the residues slightly smaller than theproje
tile.Se
ondly, let us 
onsider the produ
ts of a multifragmentation pro
ess. In this 
ase,several intermediate-mass fragments of similar size are produ
ed simultaneously. It isknown from ALADIN experiments, that there is a 
onsiderable spread in the sizes of thefragments in one rea
tion. However, there is also a 
orrelation between the mean mass ofthe fragments and the impa
t parameter. These �ndings, whi
h are 
onne
ted with theuniversal rise and fall of multifragmentation [SKW+96℄, suggest that the mean mass ofthe fragments de
reases if the rea
tion be
omes more 
entral. This knowledge providesthe key for understanding the steep in
rease of the mean velo
ity of the Gaussian-like
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leon 
ross-se
tion 91velo
ity 
omponent in the IMF range with de
reasing mass, see �gure 6.1. By 
ombiningthe ALADIN results on the sizes and the multipli
ities of the multifragmentation produ
tswith the mean values of the Gaussian 
omponent of the longitudinal velo
ity distributionmeasured at the FRS, we 
an extend our knowledge on the post-a

eleration phenomenaindu
ed in the abrasion stage to smaller impa
t parameters.It be
omes evident that the 
omplex velo
ity distributions in the intermediate-massrange from the FRS experiments 
ontain ri
h information on the physi
s of the rea
tion.Furthermore, the 
ombination of 
omplementary information from full-a

eptan
e andhigh-resolution experiments seems to be a very promising approa
h for obtaining newinsight into the properties of nu
lear matter in extreme 
onditions.
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Chapter 7Kinemati
al dispersionThe kinemati
s of fragment residues is determined by the des
ription or the predi
tionof their velo
ity or momentum distributions. The mean value of these distributions is onlyone aspe
t of their determination. The width of the spe
tra -or more exa
tly the standarddeviation- 
hara
terizes the kinemati
al dispersion of the fragments produ
ed in heavy-ion rea
tions. We have seen that the populated distributions show a progressive evolutionof their shape with the diminution of the observed mass. The width of the distributionsre�e
ts somehow the in�uen
es of the nu
lear 
ollision and de-ex
itation me
hanisms.To be able to predi
t the kinemati
al dispersion of the residues would have severalpro�ts. First, the pro
ess of understanding the reasons for the dispersion for
es us tomodelize and pi
ture the rea
tion me
hanisms. The 
omparison between a theoreti
alpredi
tion and the observations validates or invalidates the 
hosen hypothesis. In thissense, the resear
h for a des
ription of the kinemati
al dispersion of fragmentation residuesis of fundamental interest. But on the other hand, it has at least two 
on
rete appli
ations.Some designs for future generations of nu
lear rea
tors are based on hybrid rea
tors, orADS (A

elerator-Driven System). The sub-
riti
al 
ore would be brought up to 
riti
alityby a neutron supply. These neutrons would 
ome from a spallation target (possibly madeof lead), hit by a proton-beam at an energy 
lose to 1 GeV. The kinemati
al properties andespe
ially the momentum dispersion of the fragments produ
ed in the spallation target arefor a great part responsible for aging phenomena. The same holds for the va
uum window(probably made of iron) pla
ed at the entran
e of the rea
tor. Dedi
ated experiments usespallation rea
tions (fragmentation of a heavy nu
leus by a very light nu
leus like protonor deuteron) to measure the rea
tion 
ross-se
tions. The kinemati
s of the produ
ts seemless dependent on the type of target nu
leus, and even if the rea
tion studied in detail isa heavy-ion 
ollision, the features and 
on
lusions of our investigation should give pro�tto that matter as well. This study is then interesting for the estimation of the life-timeof the spallation target under a 
ertain �ow of damages.We have seen that the fragmentation of a beam of heavy ions produ
es many residues,populating a large range of nu
lei a
ross the nu
lear 
hart. It 
omprises exoti
 nu
lei,far from the valley of stability. In-�ight separation of nu
lei produ
ed by fragmentation
onstitutes a te
hnique to provide exoti
-ion beams to experimental areas. The quality
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Figure 7.1: S
hemati
 view of an ADS nu
lear rea
tor, 
on
entrated on the neutron supply by spallationrea
tion using a proton beam.of su
h a se
ondary-beam is de�ned by di�erent parameters. The intensity of the beamis depending on the fragmentation 
ross-se
tions for the isotope of interest. But theemittan
e is dire
tly related to the momentum dispersion of the 
hosen spe
ies of residues.This de�nes the a

eptan
e of re
oil fragments in the following apparatus; the design ofbeam lines and re
oil separators has to be optimized to avoid intensity losses.7.1 First modelsDedi
ated experiments have long shown that the longitudinal momentum of the heavyfragmentation residues follows a Gaussian distribution in the proje
tile frame. Its stan-dard deviation (the "width" of the spe
tra) is the subje
t of a few models.7.1.1 Goldhaber modelThe most often used theoreti
al model is Goldhaber's predi
tion for σp‖ and σpT
in-du
ed in the abrasion pro
ess due to the Fermi motion of the nu
leons (see [Gol74℄). Aproposition of Goldhaber is to 
onsider simply the rea
tion as a sudden 
ut-o� of theproje
tile, without taking into a

ount any further evolution of the remaining part ofthe proje
tile. Some nu
leons are removed instantaneously, without indu
ing transfer-momentum. This rea
tion me
hanism is referred as the abrasion, and it suggests alreadya removal of material by fri
tion phenomena, so that its des
ription is probably too sim-ple, but we shall dis
uss that after 
onsidering the strong impli
ations of the assumptionmade by Goldhaber.



First models 95An instantaneous removal of random nu
leons from the proje
tile does indeed a�e
t thedynami
al features of this proje
tile. The abrasion step is 
ontributing to the broadeningof the distribution through a simple 
ombinatorial e�e
t. Considering the ensemble ofnu
leons as a Fermi gas, we know that these 
onstituents of the nu
leus have an intrinsi
movement, even with a temperature equal to zero. How this internal dynami
s shoulda�e
t observable features of the proje
tile-like fragments? Of 
ourse, sin
e this motion israndom, one 
annot obtain any 
onstraint on the average momentum of the whole systemof nu
leons.But from the idea that the motion inside the proje
tile is isotropi
 and the boundary
ondition that the nu
leons hold together, one �nds a 
ondition on the average squaremomenta of the surviving bound matter (the fragment). The σp of the fragment is di-re
tly related to its average square momentum, and provided the assumption that thisbroadening is equally distributed in all dire
tions, the 
ontribution to the varian
e of thelongitudinal momentum distribution along the beam axis is one third of σ2
p . The standarddeviation is linked with the Fermi momentum pF of the proje
tile of mass Aproj and themass of the fragment after the abrasion pro
ess A:

σp‖
2 =

1

3
· 3p2

F

5
· A(Aproj − A)

(Aproj − 1)
(7.1)We 
an 
omment that this equation is symmetri
 regarding to the mass, so that anabrasion pro
ess that removes half of the nu
leons in the proje
tile produ
es the largestwidth in the distribution. On the other hand, in this hypothesis, light fragments andfragments of mass 
lose to that of the proje
tile should have a similar broadening of theirlongitudinal momentum distributions.This model provides some good predi
tions, regarding observations. At the time ofrelease of Goldhaber's arti
le, most data available were limited to small mass losses,
orresponding to the heaviest fragments, if one measures proje
tile-like fragments. Amongothers, ALADiN 
ollaboration also studied the other side of the mass range populated byprodu
ts of heavy-ion 
ollisions (and spallation). As enlightened in the paper of T. Odehet al. [OBBB+00℄, this Goldhaber pi
ture holds not only for masses 
lose to the proje
tilebut also for very light fragments, in the sense that the Fermi motion inside the proje
tilegives probably the main 
ontribution to the broadening of the momentum distributions.This 
on
lusion 
omes after a 
omparison with a di�erent assumption in the des
riptionof the rea
tion between the proje
tile and the target: if multifragmentation is not sudden,but 
omes as a mass loss of a thermally equilibrated system, the fragments move a

ordingto the Boltzmann statisti
s with a 
ertain temperature parameter. Observed spe
tra arenot 
ompatible with that option.However, this model relies on simple 
onsiderations that 
an not predi
t the overallbehavior of dynami
al quantities that should re�e
t more 
omplex properties of the in-tera
tion. But still, from the global tenden
y of the formula, one 
an 
on
lude that evenif the pi
ture is not 
omplete, it represents the abrasion phase in a 
oherent way. That'swhy we will take this model as a work-basis. We want to stress out that this model 
an-not be appli
able "as is" to predi
t dynami
al properties of observed fragments. Indeed,
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al dispersionthe 
ollision for
efully leads to ex
ited fragments that will loose this energy by furthermeans before being dete
ted. As already said, De Jong et al. [dJIS97℄ explored this ideaby an analyti
al parameterization of the de-ex
itation to predi
t the angular-momentumdistributions of spe
tator fragments, in
luding all rea
tion stages. But, to our knowl-edge, nothing similar has ever been done for the linear momentum. The mass A used inthe formula (7.1) 
orresponds to a prefragment. The 
omprehension of the de-ex
itationpro
esses of that latter is the key to address a model for the �nal fragment.7.1.2 Morrissey's systemati
sAnother predi
tion for σp‖ often used to 
ompare with the data is the Morrisseysystemati
s for the width [Mor89℄. In addition to a predi
tion for the mean momentumshift, he established a formula for the dispersion around this mean value:
σp‖

2 =
1502

3
· (Ap − Af ) (7.2)The trend of this empiri
al formula perfe
tly �tting most data near the proje
tilebe
omes unrealisti
 for lighter fragments. Indeed, the 
urve does not de
rease towardslow masses, as seen on �gure 7.2. Finally, the predi
tion gives a non-zero value for verylight fragments. One has to realize that being the width for the momentum, it has to godown to zero with mass approa
hing zero! This simple �t 
annot 
over the whole rangeof fragments produ
ed and observed in typi
al experiments done in our group with theFRS. The need to built up a model based on physi
al 
onsiderations is then obvious.

Figure 7.2: Morrissey formula for the longitudinal momentum width, given a proje
tile mass 136.



Numeri
al models 977.2 Numeri
al modelsThe Statisti
al Multifragmentation Model (SMM) was developed by Bondorf et al.[BBI+95℄ to o�er a treatment of the multifragmentation pro
ess in the de-ex
itation phaseof the prefragments obtained after abrasion in a heavy-ion 
ollision. The statisti
al modelis assumed to govern all properties of the de-ex
itation 
hannels of the prefragment, and toexamine their respe
tive probabilities a

ording to the volume they o

upy in the availablephase spa
e. In this way, the partition and the kinemati
s of the produ
ts are treated ina 
onsistent way. The main assumption in SMM is that the prefragment, when it entersthe de-ex
itation phase, is in thermal equilibrium, so that thermodynami
al quantities
an be de�ned. SMM does not treat the abrasion itself, so one has to 
ouple this modelwith an abrasion model like ABRA (used in ABRABLA) or an intranu
lear 
as
ade 
ode(INC). The 
ode 
hosen for the abrasion step is providing as an output a prefragment, ofmass and 
harge well-de�ned, as well as a residual ex
itation energy.These features are used as input by SMM, for the starting point of the de
ayingsystem. The volume of the system, or in other words the nu
leoni
 density, is an internalparameter of the de-ex
itation 
ode. With the knowledge a
quired by experiments, mainlyfrom ALADiN 
ollaboration, and the determination to reprodu
e the data, typi
al valueshave been dedu
ed for the density.Using all these parameters, SMM is 
al
ulating the volume o

upied by ea
h possiblepartition 
on�guration in the phase spa
e. The volume in this spa
e determines theprobability of the 
orresponding 
on�guration.If the ex
itation energy is too low, a surfa
e in
rease is 
onsuming rapidly the availableenergy and only few fragments 
an be produ
ed. The most probable situation is a de
ayinto a single large fragment and few individual nu
leons. With in
reasing ex
itationenergy, the de
aying system 
an form more fragments, of smaller size.Di�erent 
hannels of de-ex
itation are in this way in
luded in SMM, multifragmenta-tion but also evaporation, depending on the available phase spa
e.A

ording to the statisti
al nature of the SMM model, the kinemati
s of the fragmentsis assumed to be governed by Boltzmann statisti
s. The velo
ity distribution of thefragments in the frame of the sour
e, whi
h undergoes the multifragmentation pro
ess, isthe one of an ideal gas with the temperature at freeze-out. An additional 
ontribution tothe kinemati
s of the fragments 
omes from the Coulomb repulsion between them.In some other simulation 
odes, the treatment of the partition into several pie
es 
anbe te
hni
ally a
hieved using a power-law between the produ
tion yield and the 
harge ofthe fragments. This was a result of several models, but this law has also been observedexperimentally.The per
olation model [FL83, Cam86, NBD+87℄, whi
h is quite simple to explain, isone of the models that are su�
ient to obtain a power-law. It 
onsists of the following.Let an ensemble of A nu
leons be. The normal density is by de�nition 1. All volume unit
ells are o

upied by a nu
leon. The ex
itation energy indu
ed by the abrasion pro
essresults in a volume in
rease of the system. We divide the volume in unit 
ells and seed itwith the A nu
leon in a random way. The produ
ed fragments are 
omposed by adja
ent
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leons after this random distribution over the available spa
e. Repeating the pro
essfor a large number of iterations allows to build a statisti
al tenden
y: a strong dependen
ebetween the yield of ea
h nu
leus produ
ed and its mass is observed. The logarithm ofthe produ
tion yield is dire
tly proportional with the logarithm of the mass.An example of experimental observation of the power law reported by Karnaukhov in[Kar06℄ is shown in �gure 7.3.

Figure 7.3: Experimental observation of the power-law of fragments multipli
ity. This pi
ture is takenfrom referen
e [Kar06℄.In low-multipli
ity events, binary de
ay produ
ts enter the mass distribution. This is
learly seen from the bump in the region of half the mass of the proje
tile 
orresponding tosymmetri
 �ssion, but asymmetri
 de
ays also populate the lower mass range. The slopeparameter is di�
ult to extra
t and does not a

ount for multifragmentation. Abovemultipli
ity 2, i.e. for the three downmost mass spe
tra, the slope parameter has a valuearound 2. It in
reases with the multipli
ity, and the slope in the distribution be
omessteeper.7.3 A new 
omplete des
riptionWe have seen that the Goldhaber model represents only the abrasion stage of thefragmentation rea
tion and does not in
lude the evaporation stage, or any other de-ex
itation pro
ess. Therefore, it is in
omplete and 
annot be expe
ted to a

ount for theproperties of the �nal fragmentation residues.



A new 
omplete des
ription 99The following se
tion is dedi
ated to a new model to try to explain observations inthe light of modern knowledge on rea
tion me
hanisms. Let us present these ideas stepby step, �rst in a general 
ontext. We will then have the tools to dis
uss the appli
ationof su
h a model in a simulation 
ode, and a
hieve the build of a simple formula to predi
t
σp‖ .7.3.1 Basi
 ideas on the di�erent rea
tion me
hanismsAbrasionWe 
onsider, as Hanelt et al. [HGS+93℄ and Odeh et al. [OBBB+00℄ 
on�rmed it forperipheral and mid-
entral 
ollisions, respe
tively, that the Fermi motion of the nu
leonsin the proje
tile nu
leus (or target nu
leus) gives rise to a dominant 
ontribution to thespread of the velo
ity and momentum distribution.Gia
omelli et al.[GSS+04℄ found an expression of the mass dependen
e of the Fermimomentum that relies on data from [MSW+71℄:

pF (A) = 281 · (1 − A−0.568)MeV/c (7.3)The Fermi momentum is subje
t to variations with respe
t to the nu
lear density.In the des
ription of abrasion, it should be the same Fermi momentum as the proje
tilenu
leus in normal 
onditions, sin
e the nu
leons are at normal density.This density 
an vary if the volume of the ensemble of nu
leons is subje
t to variations(e.g. due to thermal expansion). Part of the ex
itation energy indu
ed by the abrasionpro
ess 
an be 
onsumed by the system into volumi
 expansion. This would lead to ade
rease of the Fermi momentum.EvaporationDe Jong et al. [dJIS97℄ proposed to in
lude the evaporation pro
ess in a formula similarto (7.1) for the angular momentum. The idea was to assume a 
ertain proportionalitybetween abraded mass and evaporated mass, without 
hoosing expli
itly a value for theex
itation energy. They obtained satisfa
tory predi
tions with this only parameter. Thetypi
al average value was of two nu
leons evaporated per abraded nu
leon.The basi
 prin
iple that we will reuse is that evaporation has to be treated in additionto previous rea
tion me
hanisms (abrasion), as their 
onsequen
e.Regarding to the prefragment, the release of nu
leons (mostly individually but alsobound) de
reases its ex
itation energy. That is what we will rely on for building theanalyti
al formula, but the evaporation will be fully treated in the statisti
al model.Our new ideas are not mostly 
on
erning the evaporation step, even if it is treatedwith great 
onsideration, being a 
omplex and major pro
ess for both mass and ex
itationenergy loss. The major improvement has been to 
onsider the mass shift due to evapo-ration, between the mass AGH used in Goldhaber formula and the mass Af of the �nalfragment (after evaporation).
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al dispersionThe importan
e of the evaporation pro
ess has been dis
ussed by Hanelt et al. [HGS+93℄.The authors state that the re
oil momentum indu
ed by sequentially evaporated nu
leonsshould also in�uen
e the width of momentum distributions.Up to this point, we only 
onsidered the 
onsequen
es of the mass losses, but theyare not sole responsible for the broadening of the p‖ distribution. We will see that these
onsiderations already des
ribe the global behavior of σp‖ but give a rough qualitativemodel. The further re�nement in the des
ription of the pro
esses undergone by theobserved fragment is related to the dynami
s a
ting in the evaporation step.The sequential aspe
t of the evaporation gives rise to re
oil momentum, broadeningthe momentum distributions. That re
oil is strongly dependent on the evaporated parti
leas well as the mother nu
leus. Stru
ture e�e
ts and Coulomb barriers have to enter these
onsiderations to estimate the re
oil momentum. The simulation 
ode is more suited forthat purpose, but we will also try to in
orporate that e�e
t in the analyti
al formula.MultifragmentationAs was already said in the �rst 
hapter, di�erent approa
hes exist to des
ribe theme
hanisms at break-up. The kinemati
s of multifragmentation produ
ts are 
hara
ter-ized by a temperature if the 
ra
king system has time to thermalize, or is 
hara
terizedby the Fermi motion of the nu
leons inside the system, if the break-up pro
ess is so fastthat no thermal equilibrium is rea
hed. The observation of a universal behavior of themean IMF multipli
ity in ALADiN experiments pleads in favor of the thermalization: themultipli
ity of IMF always follows the same rise and fall along the mass range, whateverthe entran
e 
hannels (beam energy, nature of the target nu
leus...). Multifragmentationevents seem to loose memory of these entran
e 
hannels, whi
h is an indi
ation for thermalequilibration before the es
ape of the various produ
ts.There are several methods to determine the nu
lear temperature at break-up. Slope-parameter analysis of the kineti
-energy spe
tra of observed fragments have yielded 
or-responding temperatures of the order of 15 MeV [WSP+78, OBBB+00℄. This value ismu
h larger than dedu
ed temperatures from population-ratio methods (for example[PMR+95℄ ; see also the review of several 
alori
 
urves by Natowitz et al. [NWH+02℄)or thermal-energy approa
hes [SRBE02℄; these methods agree on the order of 6 MeV intemperature. The dis
repan
y with the kineti
 method 
omes from the supposition inthe slope-parameter method that the kineti
 energy is determined by a thermal motion.As underlined Odeh et al. in [OBBB+00℄, the Fermi motion of the nu
leons at break-upis leading to a similar energy spe
tra as the Boltzmann distribution; its 
orresponding"temperature" parameter is of the order of 15 MeV.Purely Fermi-motion or purely temperature origin of the kineti
 energy is not a realisti

hoi
e, and one 
an expe
t that even if the breaking system is thermalized, the fermioni
nature of the internal 
onstituents of the fragments must play a role.W. Bauer dis
ussed in an arti
le [Bau95℄ the treatment of the kineti
s of multifrag-mentation produ
ts, depending on the assumptions on the 
ompound nu
leus. Whetherthe origin of the �u
tuations of the momentum of the fragments is 
oming from the Fermi
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ription 101motion or from a thermal motion, the 
orresponding probability distribution of the kineti
energy has the same mathemati
al stru
ture. The standard deviation of su
h a distribu-tion in energy is dire
tly linked with the temperature or an apparent temperature in 
aseof Fermi motion. The �nding of Bauer is that one 
an use this similarity to 
onsider bothe�e
ts in the formulation of an apparent temperature.The kineti
 energy probability distribution would then be des
ribed by a single for-mulation, using a temperature parameter that has two terms: one that a

ounts for thefermioni
 nature of nu
leons in the fragment, and one that 
orresponds to the thermalmotion with a real temperature Tin. Of 
ourse, in 
ase Tin = 0, the only 
ontribution
omes from the Fermi motion and one �nds a formula similar to Goldhaber's.The apparent temperature Tf is given as a fun
tion of the real temperature Tin througha Taylor expansion by:
Tf(Tin) ≈ A − Af

A − 1

2

5
EF

(

1 +
5π2

12

(

Tin

EF

)2

+ O
(

Tin

EF

)4
) (7.4)The author 
ites typi
al values for Tf , of the order of 15 MeV, if one 
onsiders aredu
tion of the Fermi energy subsequent to the volumi
 expansion at break-up. But theadditional 
ontribution of the Fermi motion from the abrasion pro
ess was not 
onsidered,neither is the Coulomb repulsion between produ
ts. We will treat these other pro
esses inaddition, and use for Tin realisti
 temperatures (about 5 MeV), dedu
ed from thermometermethods not based on kineti
s.The domain of rea
tions where the multifragmentation will be treated is di
tatedby experimental measurements of the threshold temperature for this pro
ess. In otherwords, there is a limit in ex
itation energy under whi
h there are only abrasion andevaporation pro
esses. But beyond this limit, one goes through break-up, followed by a�nal evaporation stage.Coulomb expansionIn the previous 
hapter, we referred to the Coulomb repulsion between 
harged frag-ments to explain the shapes of very light fragments. Here we want to 
onsider that theele
tri
al for
e is 
onstantly at play between protons, present in all nu
lear fragments.The IMF emission through a pro
ess similar to very asymmetri
 �ssion is not the only
ase where Coulomb repulsion needs to be treated.In 
ase of multifragmentation, the ex
ited system of nu
leons dilates. We shall 
onsiderthe fa
t that the expanding parti
les we are talking about are 
harged parti
les. So thatthe Coulomb for
es between 
harged pie
es formed at break-up have to be taken intoa

ount.K. C. Chung et al. developed ideas regarding the e�e
ts of this Coulomb expansionin nu
lear fragmentation [CDS87℄. Their study is made in terms of energy, but we 
ansummarize here the main ideas and results of their arti
le.Assuming that the expansion is uniform (the radial swelling of the expanding system
onditions the evolution of the distan
e between fragments), but that the size of the pie
es
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al dispersionformed is not subje
t to any variations, it is possible to express the Coulomb 
ontributionto the �nal kineti
 energy. For a fragment of 
harge Z and mass A, formed at a distan
e
r from the 
enter of a prefragment of mass Ap, 
harge Zp and radius Rp:

ECoul =
ZZpe

2

R3
p

r2(1 − A/Ap)
2 (7.5)Equation 7.5 is remarkably simple, espe
ially due to the fa
t that the only initial 
ondition
onsidered to be relevant is the relative position of the pie
e inside the system at break-up. We have seen that other features of the multifragmentation 
ould 
ome into play,
oupling with this simple pro
ess.While that kind of 
ontribution 
an be easily in
luded in a statisti
al simulation, itsin
lusion in an analyti
al model may be more 
omplex, or will require some assumptions.We will 
ome to that matter in the next se
tions. Let us �rst summarize in a 
ondensedway the di�erent regimes taken into a

ount.Repartition of the di�erent regimes over the mass rangeTo pi
ture 
learly the di�erent stages experien
ed by the spe
tator matter dependingon the degree of ex
itation rea
hed in the rea
tion, we 
an think in terms of ex
itationenergy as a fun
tion of the mass of the fragment, and draw the evolution s
heme below.

abrasion

break−up

*E

E*

E*
2

1

E
3
*

evaporation

A
f

A
GH lim

A A
P AFigure 7.4: Ex
itation energy of the fragment through its evolution by di�erent rea
tion me
hanisms.

AP and Af are the masses of the proje
tile and the �nal fragment, respe
tively. AGH and Alim are de�nedfor the use of the analyti
al formula: AGH is the mass of the fragment at entran
e of the evaporation
hain; Alim is the mass of the heaviest multifragmentation produ
t possible, as would be �nally observedafter evaporation.
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omplete des
ription 103To follow the evolution of a prefragment, one has to read �gure (7.4) form right to left.The �rst fragmenting pro
ess, abrasion, redu
es the mass of the prefragment that we arefollowing, indu
ing substantial ex
itation energy, a

ording to the line E∗
1 . As soon as thesystem is ex
ited, it has a tenden
y to emit neutrons, protons and light nu
lei throughevaporation. It is represented by the arrows E∗

3 . But if abrasion has gone far enough,the prefragment severs into many parts. Any of these pie
es should enter the evaporationpro
ess after equilibrating around the freeze-out line E∗
2 .On the other hand, for a given observed fragment, this pi
ture suggests that if itsmass is below a 
ertain limit Alim, it is a produ
t of multifragmentation; if the mass is
lose to the proje
tile, above the limit, it should be 
onsidered as a simple fragmentation-evaporation residue.This simple model indu
es two regions in mass, 
orresponding to the two regimespre
eding evaporation. The mass limit Alim for the �nal fragment between these pro
essesis determined through the image by evaporation of the break-up limit.While the transitions between di�erent regimes of rea
tion me
hanisms will be sharp inan analyti
al formula, as on �gure 7.4, they will operate more smoothly in the simulation
ode.7.3.2 Predi
tions using a simulation 
ode: ABRABLAABRABLA is an abrasion-ablation model relying on the basi
 work published in[GS91℄. Let us give the keys of the model 
hosen for ea
h rea
tion step mentioned before,abrasion, evaporation and multifragmentation. Fission is also in
luded, and is even onegreat su

ess of this 
ode, but its 
omplex treatment is beyond the frame of this thesis,and anyway not required for the 
omparison with xenon fragmentation data. The kine-mati
s of the fragments are treated with the same 
on
epts as exposed in the previousse
tion.AbrasionThe number of removed nu
leons by the �rst stage of the rea
tion is determined in theframe of the abrasion pi
ture. The 
entrality of the 
ollision is the main 
riterion. Theratio N/Z of the abrasion residue 
an be taken as the same as the proje
tile.The original treatment of the ex
itation energy indu
ed by abrasion was done in theframe of the statisti
al hole-energy model. The ex
itation energy is the sum of the energylevels freed by abraded nu
leons. In a Woods-Saxon potential, assuming that all energylevels 
ould be with equal probability "tou
hed" by abrasion, the average ex
itation energywas estimated around 13 MeV per 
reated hole. The initial ex
itation energy rise due tothe abrasion pro
ess has been doubled following observations and dedu
tions using theisospin thermometer method [SBC+93℄. It amounts �nally around 27 MeV per abradednu
leon, in good a

ordan
e to the value proposed by Harvey in [Har92℄, and as 
on�rmedby later observations. The physi
al reason for su
h a high ex
itation energy is not fullyunderstood at present.
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al dispersionEvaporationThe evaporation pro
ess is implemented in ABRABLA a

ording to the Weisskopf-Ewing statisti
al model [WE40℄. The basi
 hypothesis is that due to the large density oflevels at high ex
itation energy (rea
hed by abrasion) and large number of de
ay 
hannels,the initial 
onditions of the 
ollision are lost and the evaporation stage is independent fromprevious stages. The probabilities of emissions are 
hara
terized by the level densities andthe transmission 
oe�
ient. The probability Wp of a 
ertain de
ay 
hannel p at ex
itationenergy Ei is given as:
Wp(Ei) =

Γp(Ei)
∑

i

Γi(Ei)
(7.6)where, Γp is a de
ay width for a given 
hannel p. The de
ay width, Γp, is 
al
ulatedin ABLA a

ording to the Weisskopf-Ewing formalism [WE40℄. In this formalism, thede
ay width of a given mother nu
leus, 
hara
terized by its ex
itation energy Ei into adaughter nu
leus by emission of parti
le p with kineti
 energy ǫp is given as:

Γp(Ei) =
2s + 1

2πρ(Ei)
· 2mp

π~2

∫ Ei−Sp

0

σc(ǫp)ρ(Ef)(ǫp − Bp)dEf (7.7)In the above equation, s is the spin of the emitted parti
le, Sp its separation energy,
ρ(Ei) and ρ(Ef ) are the level densities in a mother and a daughter nu
leus, respe
tively,
σc is the 
ross se
tion for the inverse pro
ess (
apture), Bp is the Coulomb barrier for
harged-parti
le emission and mp the parti
le mass. In the ABLA 
ode, level densitiesare 
al
ulated a

ording to ref. [JdJC+98℄. These properties are dedu
ed from 
apture
ross-se
tions.The emission barrier is taken to be equal to the fusion barrier; it is 
al
ulated onthe basis of the fusion nu
lear potential of Bass [Bas, dJ98℄ and the Coulomb potential[SSB+00℄.At the ex
itations energies well above the Coulomb barrier, the 
apture 
ross se
tion
σc is 
al
ulated using the ingoing-wave boundary 
ondition model [KLRM+95℄, whereonly a real potential is used to des
ribe the transmission probability of parti
les:

σc(ǫp) = πR2

(

1 − Bp

ǫp

) (7.8)
R = 1.16 (A

1/3
f + A1/3

p ) +

√

~2

2µEcm
(7.9)where µ is the redu
ed mass and Ecm = ǫp(Af − Ap)/A1. Indexes p and f refer tothe emitted parti
le and 
orresponding daughter nu
leus. For low parti
le kineti
 energythe wavelength asso
iated to the parti
le be
omes 
omparable to the nu
lear dimensions,whi
h results in the dependen
e of the 
ross se
tion on parti
le energy; this e�e
t is
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orporated into ABLA via the se
ond term of equation 7.9, whi
h is 
al
ulated for thesquare-well potential.Considering the fa
t that �rst ex
ited states of hydrogen and helium isotopes arehigh, these nu
lei are supposed to be 
reated in their ground state. The total de
aywidth for any IMF is 
ompared to emission width of lighter 
lusters. Apart from that,the treatment of IMF emission is the same as "simple" evaporation, with the ex
eptionthat level densities of the daughter IMF are taken into a

ount. The IMF 
an then enterevaporation.MultifragmentationAbove an ex
itation energy per nu
leon of about 2.5 MeV, a
quired after the abrasionstep, a break-up pro
ess is assumed to set in. If the prefragment enters break-up, theprodu
ed pie
es have ex
itation energies 
orresponding to the thermal 
onditions at freeze-out. From mass distributions of 238U+Ti rea
tion, it was dedu
ed that the average energyloss per lost nu
leon in the break-up stage is of the order of 10 MeV. The mass of thefollowed fragment is determined by the energy loss (i.e. mass loss) needed to rea
h theenergy at freeze-out.SMM predi
ts that the ratio N/Z is more or less 
onserved during the break-up stage.This is the option 
hosen in ABRABLA to determine the "isospin" of the fragments. Thisis not in a

ordan
e with the two-phases aspe
t of the multifragmenting matter a

ordingto some models. Neutrons may �ow to lower density regions, hen
e leaving the heaviestfragment slightly less neutroni
.Figure 7.5 shows the 
ontributions of the di�erent produ
tion me
hanisms to the total
ross-se
tion. This �gure is meant as an illustration of the regions of the nu
lear 
hartpopulated by the di�erent me
hanisms, 
ompared to the observed produ
ts. Fragmenta-tion is meant as the large fragment produ
ed in fragmentation-evaporation pro
ess. IMFdenotes the lighter produ
t of binary de
ay with A > 5. Break-up events 
ount all mul-tifragmentation produ
ts, even if they su�ered a further mass-loss by evaporation, IMFemission or even �ssion. These se
ond-step me
hanisms are made possible through veryenergeti
 events: abrasion produ
ed an ex
ited prefragment that broke into several parts,still ex
ited enough to have signi�
ant de
ay probabilities in these 
hannels.It is interesting to gauge the importan
e of ea
h produ
tion me
hanism, dependingon the mass range. In �gure 7.6, we plotted the 
ross-se
tion as a fun
tion of A forfragmentation-evaporation, multifragmentation, and IMF-emission events. IMFs are in-existent beyond A = 50 ; this 
ontribution is �ve times lower than multifragmentationbelow A = 20.The total produ
tion 
ross-se
tions 
an be reprodu
ed with di�erent 
ombinationsof the various pro
esses. The light fragments 
an be produ
ed either by binary de
ays(IMF emission) or by multifragmentation. In order to quantify the relative weight of theprodu
tion me
hanisms, one needs other variables that 
arry signatures of the pro
esses.Therefore, the kinemati
s of the fragments has been in
luded in ABRABLA; this in
lusionpro�ts from the ideas 
hosen for our new des
ription of the rea
tion me
hanisms.
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Figure 7.5: Isotopi
 
ross-se
tions for ea
h produ
tion me
hanism predi
ted by ABRABLA, 
omparedto the experimental data (lower-right panel). The panel "fragmentation" refers to heavy residues infragmentation-evaporation events; multifragmentation produ
ts are displayed in the panel "break-up",while Intermediate Mass Fragments enter the panel "IMF".

Figure 7.6: Comparison of simulated 
ontributions from fragmentation-evaporation (green dashed line),multifragmentation (red dotted line) and IMFs (deep purple line) as a fun
tion of A. The sum of these
ross-se
tions simulated by ABRABLA is shown as the blue points. The experimental 
ross-se
tions arerepresented by the bla
k points.
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ription 107In
lusion of the new ideas into the kinemati
s of the fragmentsThe des
ription has already been made on general terms in the beginning of thisse
tion. Let us now stress the spe
i�
ities and advantages of the in
lusion inside thesimulation 
ode ABRABLA.The Fermi momentum of the various nu
lei 
onstituted by the fragment through itsevolution 
an be 
al
ulated. Among variables, it 
ontains a dependen
e on the volume orthe density of the systems of nu
leons. It means that the volumi
 expansion, as a possibleanswer of the prefragment to the ex
itation energy due to abrasion stage, 
an be takeninto a

ount for the estimation of the Fermi momentum. In this way, the 
ontribution ofthe Fermi motion to the kinemati
al dispersion 
omes in two separate steps, the abrasionand the break-up.Of 
ourse, the whole evaporation 
as
ade enters in the 
ode. Re
oil-momentum andCoulomb repulsion are individually 
al
ulated, for ea
h 
ouple of entran
e and de
ay
hannel, without the intervention of a global parameter, as we will need for the analyti
alformula. Not only the biggest residue of ea
h event is followed, but all rea
tion produ
ts.The simulated longitudinal velo
ity distribution of the di�erent 
ontributions are plot-ted in �gure 7.7. The limited a

eptan
e of the FRS has been applied to the generateddistributions in velo
ity-spa
e.Con
erning the main topi
 of the present 
hapter, the kinemati
al dispersion, wesee on �gure 7.7 that the produ
ts of multifragmentation populate a broad longitudinalvelo
ity range. The IMFs populate two regions in longitudinal velo
ity, 
orresponding tothe forward and ba
kward peaks seen due to the limited a

eptan
e of the FRS.Figure 7.8 represents the standard deviation of the longitudinal momentum distribu-tions σp‖ as a fun
tion of the mass of the �nal fragment observed, for the data and forthe ABRABLA simulation. The parameters spe
i�
 of the multifragmentation were avolume expansion of 6 times the normal volume, and a freeze-out temperature around 6.5MeV. We will see that these values are di�erent than what we will use in the formula;ABRABLA has indeed another 
onstraint, to reprodu
e the produ
tion 
ross-se
tions atthe same time. The reprodu
tion of the data is of good quality, ex
ept maybe an un-derestimation of the kinemati
al dispersion of the lightest produ
ts. We will return tothe dis
ussion about the me
hanisms while developing the analyti
al formula, but we 
analready state here that the ingredients of our model are 
ompatible with a satisfa
toryreprodu
tion of the data.7.3.3 Analyti
al formulaThe in
lusion of the rea
tion me
hanisms in an analyti
al formula is of great interest,for it is due to be more handy than a statisti
al 
ode for pra
ti
al appli
ations. Letus repeat that the dispersion of the velo
ity spe
tra of produ
ed fragments is importantto predi
t damages in the spallation target for an A

elerator-Driven System (ADS).Furthermore, it will determine the emittan
e of the produ
ed se
ondary beam (for examplein exoti
-beam fa
ilities).
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Figure 7.7: Longitudinal velo
ity dis-tributions of the various rea
tion prod-u
ts a

ording to ABRABLA simulation,as a fun
tion of mass number. The a

ep-tan
e of the FRS was applied.

Figure 7.8: Comparison of the simulation of the width of the longitudinal momentum with ABRABLA(pink line) in
luding our new des
ription of the kinemati
s 
ompared to the data.
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ription 109To obtain an analyti
al formula based on a des
ription of the rea
tion me
hanisms,one requires some 
ompromises and approximations. We will enlighten the te
hni
altools used to address a formula more predi
tive than what is available for now. Thespe
i�
 assumptions dedi
ated to the establishment of a 
ompa
t formula predi
ting thelongitudinal (or transversal) momentum dispersion are dis
ussed in the following, onerea
tion me
hanism after the other.AbrasionThe in
lusion of this e�e
t, as it was done by Goldhaber with the formula 7.1, willserve as a basis for further developments.The main parameter for this 
ontribution, the Fermi momentum of the proje
tile(respe
tively target) nu
leus, is used as a �xed parameter, only depending on the mass ofthe proje
tile (an approximate formula 
an be found in 7.3).Let us repeat that this supposes that the proje
tile is a Fermi gas; the abraded nu
leonsin the �rst step of the 
ollision are nu
leons well de�ned in spa
e but with randomly
hosen individual momentum, sampled over their Fermi distribution. The 
ontribution ofthe Fermi motion to the momentum dispersion from the abrasion step is always in
luded,in addition to other e�e
ts. This 
ontribution is not 
onsidered in SMM.The gain of energy due to abrasion has been determined experimentally by the isospin-thermometer method [SBC+93℄ and is taken to be 27 MeV per abraded nu
leon.EvaporationTaking into a

ount the mean separation energy of one nu
leon and the average nu
leartemperature inside the prefragment, this "
ooling" of the system allowed by evaporationis taken to be 15 MeV per emitted nu
leon. This is a rather 
rude estimation, but this isneeded in some way to be able to build an analyti
al formula.One has to make a 
hoi
e for the des
ription of the average behavior and its 
onse-quen
es on the ex
itation energy of the evaporating system. The value of 15 MeV perevaporated nu
leon is 
lose to experimental observations of most light evaporated parti-
les.On the evolution s
heme 7.4, it means that we 
hose the evaporation lines to be
E∗

3 = −k(AGH − Af) with k = 15 MeV over the whole mass range. Af is the mass of the�nal observed fragment, while AGH is the mass of the prefragment after abrasion or themass of the heaviest residue of break-up if it o

urred. In other words, AGH is the massof the nu
leus entering evaporation, whatever has been its fate before.Up to this point, we 
onsidered simply the mass loss to be responsible for the broad-ening of the p‖ distribution. These 
onsiderations already des
ribe the global behavior of
σp‖ but give a rough qualitative model.The further re�nement in the des
ription of the pro
esses undergone by the observedfragment is related to the dynami
s a
ting in the evaporation step. The sequential aspe
tof the evaporation gives rise to re
oil momentum, broadening the momentum distributions.
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al dispersionNeutrons don't have to over
ome any Coulomb barrier, the energy 
ost for the evap-oration of one neutron is its binding energy plus the thermal energy. Protons are more
ostly to be evaporated, be
ause of the Coulomb for
e. The di�
ulty of in
lusion ofthis feature into an analyti
al model (in 
ontrast to a simulation 
ode) 
omes from themass and 
harge dependen
e of the Coulomb for
e. The probability for the emission oflight nu
lei like alpha parti
les and lithium 
ores is not negligible. Their 
orrespondingCoulomb barriers of 
ourse di�er from those of a single-proton evaporation.For this approa
h, we look �rst at the varian
e of the longitudinal velo
ity distribu-tions. If we start from the varian
e of the prefragment, we may assume that the varian
eafter evaporation of one nu
leon is modi�ed by the indu
ed re
oil momentum; the addi-tional 
ontribution to the varian
e is:
σ2

v1
=

p2
evap

(AGH − 1)2
(7.10)where we suppose that a single parti
le is evaporated with a mean momentum pevap. AGHis, let us repeat, the mass of the fragment at the beginning of the evaporation 
as
ade,just after abrasion or multifragmentation if it o

urred. Evaporation is by de�nition asequential pro
ess, so that we 
an treat the evaporation step-by-step, and add up the
ontribution or in�uen
e of ea
h step. To be able to estimate the re
oil indu
ed byevaporation, we have limited ourselves to the des
ription of single-nu
leon emission. If aprefragment looses n nu
leons, these 
ould be bound in a 
luster in reality, but we treatit as n times the emission of one parti
le, with always the same momentum. Then for anumber n of emitted parti
les, we 
an write:

σ2
vn

= p2
evap ·

n
∑

i=0

1

(AGH − i)2
(7.11)For a large number AGH (
ompared to the number of evaporated parti
les n), the di�eren
ebetween two steps of the sum is rather small. The sum 
an then be approximated by anintegral. With the upper bound of the integral being n = AGH − Af , we obtain thisintegrated relation for the �nal fragment:

σ2
vrecoil

= p2
evap ·

(

1

Af
− 1

AGH

) (7.12)The momentum varian
e is linked with the velo
ity varian
e by:
σ2

precoil
= Af

2σ2
vrecoil

(7.13)In order to 
ompare expli
itly this momentum re
oil with the Fermi momentum, weexpressed pevap as a fun
tion of the mean individual longitudinal momentum taken byGoldhaber: pevap = η·pF/
√

5. η is not easily estimated, be
ause it depends on the 
harge ofthe mother nu
leus (the prefragment of mass AGH), and of 
ourse is di�erent for ea
h typeof parti
le is evaporated in reality (neutron, proton, alpha, IMF...). We have estimated
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ription 111the Coulomb repulsion felt by a proton and 
onsidered the thermal 
ontribution to thekineti
 energy for protons and neutrons. We obtained an average re
oil per evaporatednu
leon, assuming that neutrons and protons are evaporated in same quantities. η is thismean re
oil, s
aled to the mean energy of the fermions.
η2 =

(

1

2
· 8 +

1

2

(

8 +
1Zpe

2

r0(A
1/3
p + 1)

))

/20 (7.14)Using this new expression, we write:
σ2

p‖recoil
= A2

f ·
p2

F η2

5
·
(

1

Af
− 1

AGH

) (7.15)
σ2

p‖recoil
represents the 
ontribution from the re
oil of evaporated parti
les to the varian
eof the longitudinal momentum. This term will be added to other 
ontributions in a �nalformula, but let us treat other pro
esses before writing the 
omplete formula.MultifragmentationThe limit for break-up pro
esses is symbolized by the line E∗

2 in �gure 7.4. Its slopeis 
hara
terized by the temperature at freeze-out. The temperature Tf at freeze-out forthe formation of multiple fragments is estimated around 5 MeV [SRBE02℄. The relationbetween temperature and ex
itation energy is des
ribed by the following formula:
E∗ = aT 2 (7.16)In this equation, a is the level density parameter ; its value is around A/11. If one assumesa 
riti
al temperature of 5 MeV for the limit, E∗

2 = 25
11

A.Our model indu
es two regions in mass, 
orresponding to the two regimes pre
edingevaporation. The mass limit for the �nal fragment between these pro
esses is determinedthrough the image by evaporation of the break-up limit. We obtain, showing the param-eters expli
itly (instead of their value):
Alim =

11k − T 2
f

11k
· 11 · 27

(11 · 27 + T 2
f )

· Ap (7.17)We use it as a sharp limit, without transition, between abrasion-evaporation regime andabrasion-multifragmentation-evaporation regime.Let us 
al
ulate the 
ontribution of the Fermi motion to the momentum dispersion.It is 
onvenient to express AGH (GH stands for Goldhaber) the mass of the prefragmentjust before evaporation as we will use as a variable in a formula similar to Goldhaber's.For masses 
lose to the proje
tile (Af ≥ Alim), AGH is the mass of the prefragmentjust after the abrasion step:
AGH =

kAf + 27Ap

(27 + k)
(7.18)
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al dispersionThe 
ontribution to the momentum width from the Fermi motion in these events ofabrasion-evaporation is simply given by:
σ2

p‖F ermi
=

(

Af

AGH

)2

· p2
F

5
· AGH(Ap − AGH)

(Ap − 1)
(7.19)This has to be added quadrati
ally with the 
ontribution from re
oil, in whi
h onealso takes AGH as in equation 7.18.If the observed �nal mass is below the limit, i.e. Af ≤ Alim, the observed fragment wasprodu
ed in an abrasion-multifragmentation-evaporation event; we will refer to "multi-fragmentation events", sin
e abrasion and evaporation are always o

uring. Let us de�nesome relevant quantities to examine the e�e
t of this 
ombination of pro
esses on themomentum dispersion. AGH , the mass entering evaporation is this time the mass of theprefragment after abrasion and multifragmentation:

AGH =
11k

11k − T 2
f

· Af (7.20)In order to make spe
i�
 treatments for the multifragmentation pro
ess, for exampleto take into a

ount the volume expansion between the prefragment after abrasion andthe 
ra
king system leading to multiple fragments, we need to assume the nature of theprefragment before multifragmentation. For an upper estimate, we will use the heaviestfragment that 
an enter multifragmentation. It 
orresponds to a pre
ise number of nu-
leons abraded, resulting in an ex
itation energy su�
ient to enter the break-up pro
ess.This maximum mass entering break-up is found on the �gure 7.4 at the interse
tion ofthe lines E∗
1 and E∗

2 .
Abu =

27 · 11

27 · 11 + T 2
f

Ap (7.21)The in�uen
e of the Fermi nature of the nu
leons 
omes in two 
ontributions in multi-fragmentation events: one 
ontribution from the abrasion pro
ess (formation of a prefrag-ment of mass Abu out of a proje
tile Ap), and another 
ontribution from the multifrag-mentation itself (formation of a produ
t of mass AGH out of an ensemble of Abu nu
leons).Furthermore, the volume expansion Ve subsequent to the ex
itation energy indu
ed byabrasion is redu
ing the Fermi momentum and Fermi energy of the 
ra
king system. Itis de�ned as the ratio of the volume of the system at break-up over the volume in normal
onditions: Ve = Vbu/V0.Thus, the total 
ontribution of the Fermi motion in the kinemati
s of multifragmen-tation produ
ts, in
luding the abrasion, is written:
σ2

p‖F ermi
=

(

Af

Abu

)2

· p2
F

5
· Abu(Ap − Abu)

(Ap − 1)
+

(

Af

AGH

)2

· p2
Fbu

5
· AGH(Abu − AGH)

(Abu − 1)
(7.22)with pFbu the e�e
tive Fermi momentum at break-up, given by:

pFbu = pF ·
(

V0

Vbu

)1/3 (7.23)
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ription 113Formula 7.22 is thus used ex
lusively to des
ribe multifragmentation events, i.e. for a�nal fragment mass below Alim. Let us repeat that formula 7.19 is used for larger observedmasses.The thermal motion inside the system at multifragmentation is also parti
ipating tothe kinemati
s of the produ
ts, as was already said. Nu
lear thermometry methods notbased on the kineti
s almost all agree on a thermalization of the 
ra
king system near5-6 MeV. We will use Tf = 5 MeV in the formula 7.4 proposed by Bauer to introdu
e atemperature in the Fermi gas.Formula 7.22 
an be kept in the same form, if we adapt the expression of pFbu, intoan apparent Fermi momentum:
pFbu = pF ·

(

V0

Vbu

)1/3

· 5π2

12

(

Tbu

E2
Fbu

) (7.24)where
EFbu = EF ·

(

V0

Vbu

)2/3 (7.25)Coulomb expansionWe evoked the expansion due to Coulomb for
es, among the pro
esses that shouldbe implemented in a 
omplete model. Let us re
onsider equation 7.5. Many variablesare subje
t to �u
tuations from a rea
tion to another, but through simple assumptions,one 
an simplify this equation. Isospin thermometer experiments [SBC+93, SRBE02℄ haveshown that the nu
lear 
omposition of prefragments just before the sequential evaporationsteps is 
ompatible with a s
enario in whi
h the prefragment keeps "in memory" the ratio
Zp/Ap of the proje
tile. Both pro
esses, abrasion and multifragmentation, preserve thisvalue. It means that both the mother nu
leus and its 
onsidered daughter have the sameproportion of neutrons and protons. We express then the atomi
 number of these twonu
lei in the following form :

Z = A · Zp

Ap
(7.26)where A, Z design the features of ea
h 
onsidered part of the nu
lear ensemble.What's more, we do not know a priori the mass and 
harge of the sour
e. As anupper estimate, still with Z/A �xed, one 
an take the heaviest fragment that 
an entermultifragmentation, of previously determined mass Abu (see equation 7.21). This heaviestand most 
harged mother nu
leus will generate the biggest ele
tri
 �eld. This assumptionshould give us an upper estimate, but also allow us to 
he
k whether the magnitude ofsu
h an e�e
t is 
ompatible with observed spe
tra.The distan
e r between the fragments at their formation is also 
ru
ial. We assumethat the produ
tion of a fragment has a uniform probability inside the volume of thesystem. The varian
e of su
h a distribution of probability in one dire
tion (in our 
ase,



114 Kinemati
al dispersionalong the longitudinal axis) and within a small angular range1 is then the one of a uniformdistribution between an interval [-rmax;+rmax℄. The bounds of this interval 
orrespondalso to the maxima that the Coulomb 
ontribution to the longitudinal momentum 
antake (whi
h we name PCoul). The Coulomb 
ontribution to the varian
e of the spe
tra isthen written:
σ2

p‖Coul
=

4

12
·
(

Af

AGH

)2

P 2
Coul (7.27)with the maximum estimate for the 
ontribution taken as:

P 2
Coul = 2AGH · u ·

AGHAbuZ
2
pe

2

A2
pR

3
bu

· r2
max ·

(

1 − AGH

Abu

)2 (7.28)with u = 931.5 MeV/c2 and e2 = 1.44 MeV·fm. rmax is the maximum distan
e betweenthe 
enter of mass of the fragment and the one of the whole system, so it is the radius ofthe mother nu
leus, redu
ed by the radius of the produ
ed pie
e: rmax = Rbu − RGH .Our �nal analyti
al formula is the quadrati
 sum of the di�erent 
ontributions, theFermi motion (from equation 7.19 for masses beyond Alim or equation 7.22 for massesbelow Alim), re
oil indu
ed by evaporation (formula 7.15), and Coulomb repulsion be-tween multifragmentation produ
ts (equation 7.27, applied below Alim). The momentumdispersion of �nal fragments is expressed as a fun
tion of their mass by:
σ2

p‖
= σ2

p‖F ermi
+ σ2

p‖recoil
+ σ2

p‖Coul
(7.29)The predi
tions given by our analyti
al model are 
ompared in �gure 7.9 with threedi�erent systems for whi
h the data were available over the whole mass range: 197Au+Auand 136Xe+Pb at 1 A GeV, and 86Kr+Be at 500 A MeV. The volume expansion at break-up was set to Vbu/V0 = 1.5 and the freeze-out temperature Tf = 5 MeV. Although �ssionevents in the rea
tion Au + Au were identi�ed by their large re
oil velo
ities and ex
ludedfrom the analysis, there is a bump visible in the �ssion-fragment range. This might be ahint that the suppression of �ssion fragments is not 
omplete.The shape of the global predi
tion for σp‖ of spe
tator fragments is in good a

or-dan
e with the overall trend of the data available for this observable. For instan
e, theasymmetry of the formula, also present in the data, points out that spe
i�
 assumptionsmade for intermediate and light fragments (multifragmentation, Coulomb repulsion be-tween fragments) are pertinent. This mass region 
an not be treated the same way asheavier residues; the fa
t that more 
entral and hen
e, more violent 
ollisions, do not leadto the same evolution of the 
olliding system than peripheral 
ollisions (produ
ing heavyresidues) is then sustained.In �gure 7.10, we 
ompare the agreement with the xenon data of Morrissey's, Gold-haber's and our des
ription (both analyti
al and from the simulation 
ode). The asym-metry of the data would not have been predi
ted by Goldhaber's formula. Although1The following formula is thus suited for the 
omparison with FRS data, measured with a strongkinemati
al 
ut on the emission angle. The 
orresponding formula for residues of all emission anglesdi�ers from this.
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Figure 7.9: Analyti
al model in its fullform as the square-root of equation 7.29(plain line) and Morrissey's systemati
s(dashed line) 
ompared to di�erent datasets. The volume at break-up was takento be Vbu = 1.5V0, and the freeze-outtemperature at 5 MeV.

its use for the �nal fragments is not appropriate, as was explained in the beginning ofthis 
hapter, it is not far from the data points; yet, our des
ription leads to a betterdes
ription.The analyti
al formula and the simulation 
ode o�er a rather 
lose predi
tion of thiskinemati
al dispersion, whi
h gives a relative validity to the spe
i�
 assumptions that wemade for the realization of the formula. The formula, whi
h has less 
onstraints thanthe 
ode, who tries also to reprodu
e the 
ross-se
tions, gives a slightly better result,espe
ially for light residues.The degree of sophisti
ation seems su�
ient to reprodu
e the data. Some dis
repan
ies
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Figure 7.10: Comparison of the reprodu
tion of xenon data with the analyti
al model (green line),ABRABLA (pink line) in
luding the same prin
iples on the kinemati
s, Morrissey's (red dashed line) andGoldhaber's (blue mixed line) formula.subsist, and we 
an dis
uss these problems.Several simpli�
ations made in the formulation of the analyti
al expression tend tooverestimate the width. In parti
ular, we have in
orporated multifragmentation e�e
tswith the largest widths, namely the one based on the Fermi momentum of the largestprefragment entering the break-up pro
ess.Furthermore, to take into a

ount the Coulomb repulsion between the fragments atbreak-up, we have taken the overestimating "option", supposing that the observed residuewas always produ
ed in the most extreme 
onditions: formation of the heaviest and most
harged system entering multifragmentation. But small fragments 
oming from multi-fragmentation events are probably formed in more violent (i.e. more 
entral) 
ollisions,where abrasion produ
ed a mother nu
leus mu
h lighter than what we would 
all a quasi-proje
tile. Our treatment of the Coulomb for
e at break-up is, again, giving an upperestimate of these e�e
ts.Yet, the model is in general a

ordan
e with the data for very light fragments and nosystemati
 over-predi
tion is observed. As said just above, in this region, our predi
tion
ould have been too large; this is not the 
ase, neither for krypton nor for xenon data. Inthe 
ase of gold data, the predi
ted dispersion is too high for the lightest fragments, andtoo low for fragments of mass about 90.The 
ombination of parameters that we took is su�
ient to give satisfa
tory predi
-tions. Let us remind these parameters. The ex
itation energy indu
ed by the �rst step ofthe 
ollision was taken from [SBC+93℄, 27 MeV per removed nu
leon. The mean energyredu
tion by evaporation of one nu
leon is estimated to 15 MeV. The mean individualmomentum of evaporated nu
leons was estimated with 
onsiderations on the Coulombbarrier and the thermal motion in the sour
e. The temperature of freeze-out in multifrag-
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ription 117mentation (break-up) events is of the order of 5 MeV (see e.g. [NWH+02℄); the volumeexpansion at break-up is our last parameter, and adjusted to the data. Our aim is tolearn about the me
hanisms, espe
ially at play in the multifragmentation pro
ess. Wewill therefore 
on
entrate on the spe
i�
 parameters of multifragmentation, and explorethe sensitivity of the model to these parameters.The kinemati
s of the multifragmentation produ
ts is not determined by the sole in-�uen
e of a thermal motion and the Coulomb for
es between the produ
ts. To 
on�rmthis 
on
lusion, we tried to express the momentum dispersion using only these two ingre-dients. The thermal motion leads to a Boltzmann distribution of the velo
ities, with atemperature parameter. The result with a temperature of 5 MeV is shown in �gure 7.11.

Figure 7.11: Model with kinemat-i
s of break-up produ
ts determined byBoltzmann statisti
s (temperature of 5MeV) and the Coulomb intera
tion (plainline), 
ompared to Morrissey systemati
s(dashed line) and to di�erent data sets.
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al dispersionThese predi
tions are not realisti
 and underestimate largely the momentum disper-sion, 
on�rming the importan
e of the Fermi motion to explain the width of the longitu-dinal momentum distributions.The other extreme would be to negle
t any thermal motion in the des
ription of themomentum dispersion in multifragmentation, i.e. disregard the expression of pFbu givenin equation 7.24. With pi
ture 7.12, we understand that the 
ontribution of the thermal

Figure 7.12: Model without any ther-mal motion entering the kinemati
s ofbreak-up produ
ts (plain line), 
omparedto Morrissey systemati
s (dashed line),and to di�erent data sets.

motion to the kinemati
s of break-up produ
ts is not a great part of the total dispersion.Yet, without this 
ontribution, the model systemati
ally underestimates σp‖ . This is anindi
ation that the system entering multifragmentation has indeed time to thermalize.
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ription 119These were very fundamental options on the des
ription of the multifragmentationpro
ess, and our model in these di�erent 
on�gurations helps us to spot the essential fea-tures of multifragmentation. Fermi motion plays a major role, both in the abrasion andin the multifragmentation. Furthermore, the data are 
ompatible with a qui
k thermal-ization of the 
ra
king system, that re�e
ts on the kinemati
s of the multifragmentationprodu
ts.Beyond these very important determinations of the rea
tion me
hanisms at play inmultifragmentation, we 
an try to estimate the dependen
e of our model on the parametersof these pro
esses. One 
an make a variation on the freeze-out temperature at break-up, orone 
an modify the assumed volume expansion of the system. In �gure 7.13, predi
tionsof the full model with temperatures of 4 and 7 MeV are drawn. 7 MeV of freeze-outtemperature leads to a 
lear underestimation of σp‖ in the 
ase of xenon and gold; thedis
repan
y is less pronoun
ed for krypton. A freeze-out temperature of 4 MeV seems toreprodu
e better the gold 
ase. This is in a

ordan
e with the dependen
e of the freeze-out temperature on the mass of the system, as is generally a

epted (see for example[NWH+02℄).In �gure 7.14, attempts with break-up volumes of 1 and 3 times the normal volume
V0 are represented. The predi
tions without volume expansion are surprisingly well ina

ordan
e with the data. One 
an say that σp‖ is slightly overestimated for multifrag-mentation produ
ts in the xenon 
ase, but this is a

eptable for the krypton data. Forthe gold data, the predi
tion �ts even better than our very �rst presentation of the modelwith Vbu = 3V0 in �gure 7.9. This was not expe
ted and is not well understood: one mayexpe
t that if the freeze-out temperature is lower, the volume expansion should be larger.This does not seem to be the 
ase.The right side of the �gure 7.14 shows the model predi
tions with more dilution of thesystem: Vbu = 3V0. For krypton and xenon, the a

ordan
e is a

eptable, but the golddata are not reprodu
ed in the region of multifragmentation. Near half the mass of theproje
tile, the model underestimates σp‖ , while it is largely overestimated for the lightestfragments represented.It is important to note that our model does not 
onsider the nature of the targetnu
leus. Even if the pro
esses assumed to play a major role and the ideas used to developthe analyti
al des
ription are not fully justi�ed for all kinds of target, the agreement withthe data is quite satisfa
tory. This demonstrates that the approximations made whendeveloping the analyti
al approa
h were not 
ru
ial. Our formula obviously gives a goodestimate of the kinemati
s of proje
tile-like fragments in the 1 GeV domain, whi
h is therange of energy 
on
erning the mentioned appli
ations.
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Figure 7.13: Full model with di�erent freeze-out temperatures at break-up (plain line), 
ompared toMorrissey systemati
s (dashed line), and to di�erent data sets. On the left side, we took Tf = 4 MeV;on the right side, Tf = 7 MeV.
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Figure 7.14: Full model with di�erent volumes at break-up (plain line), 
ompared to Morrissey system-ati
s (dashed line), and to di�erent data sets. The left side 
orresponds to the break-up without volumeexpansion, i.e. Vbu = V0. On the right side, Vbu = 3V0.
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SummaryThe Fragment Separator has proven to be a very powerful tool to study the rea
-tion me
hanisms at play in heavy-ion 
ollisions at energies of the order of 1 GeV pernu
leon. The small a

eptan
e, limited to 15 mrad around the beam traje
tory, a
ts as akinemati
al 
ut on the velo
ity spe
tra. This inevitable angular sele
tion strongly limitsthe transmission of light produ
ed fragments, but it allows us to see deviations from asimple Gaussian shape in the longitudinal velo
ity spe
tra that would not be seen in alarge-a

eptan
e set-up without angular information.The shapes of the longitudinal velo
ity spe
tra were the starting point of a dis
ussionon the possible rea
tion me
hanisms at play to produ
e the observed spe
tra. Heavyfragments populate Gaussian velo
ity spe
tra in spa
e, and they do not reveal mu
h in-formation on the rea
tion me
hanisms. Light fragments seem to have two main origins.Events where abrasion is followed by an asymmetri
 binary de
ay 
an populate a shell invelo
ity spa
e, that translates through the a

eptan
e of the FRS into broad asymmetri
shapes in longitudinal velo
ity. Events where abrasion led to higher ex
itation energy, i.e.with a lower impa
t parameter, enter subsequently the multifragmentation pro
ess. Prod-u
ts of this break-up populate a Gaussian distribution in longitudinal velo
ity, similarlyto heavier fragments.This knowledge is of great importan
e. It is indeed 
ru
ial to understand that thelight fragments observed in heavy-ion 
ollisions 
ome from various sour
es.Experiments done at the FRS allow to re
onstru
t produ
tion 
ross-se
tions and ve-lo
ity distributions of spe
tator fragments over a wide mass range, without any low-energythreshold. The 
ross-se
tions allowed us to establish the 
orrelation for heavy fragmentsbetween the observed mass and the impa
t parameter of the 
ollision, using the Glaubertheory to des
ribe the intera
tion. This information on the impa
t parameter for heavyfragments, i.e. peripheral 
ollisions, is pre
ious. The 
ombination of this 
orrelationwith the other observable available in FRS experiments, the longitudinal velo
ity, madepossible the presentation of the data on longitudinal velo
ities in a new aspe
t. Indeed,we 
ould �nally present the mean longitudinal velo
ity of observed fragments as a fun
-tion of the impa
t parameter. This is interesting, be
ause it allows for 
omparisons withmodels (ISABEL, QMD), independently from the treatment of the de-ex
itation of theprefragment produ
ed in abrasion. The knowledge on the nu
leon-nu
leon 
ross-se
tion
ould not be extra
ted, and would need further investigations with theoreti
al models.The 
omplexity of the 
orrelation of this 
ross-se
tion with our observables and the long
omputation times of dynami
al 
odes makes the a
hievement of this promising study



124beyond the s
ope of the thesis. Nevertheless, it opened a new experimental approa
h tothe in-medium nu
leon-nu
leon 
ross-se
tion that should be exploited in the future.We developed a new model to explain the variations of the standard deviation of longi-tudinal momentum spe
tra over the whole mass range of observed fragments. This modelrelies on general ideas on the rea
tion me
hanisms and helps, by 
onfrontation with thedata, drawing a general pi
ture of the produ
tion me
hanisms and the kinemati
s of frag-mentation residues. The ingredients of this new model were in
luded in the simulation
ode ABRABLA, but were also 
ompiled into an analyti
al formula, 
onvenient for te
h-ni
al appli
ations. The fundamental pro�t from this investigation is a greater knowledgeon the in�uen
e of the rea
tion me
hanisms on the kinemati
s of fragments observed inheavy-ion 
ollisions at relativisti
 energies. The major role of the Fermi nature of the nu-
leons and the related motion inside the proje
tile, but also inside the mother nu
leus ofmultifragmentation events, was demonstrated. The des
ription of the system at break-upis a deli
ate matter that is subje
t to several models, with their spe
i�
 assumptions onthe dynami
s of the pro
ess, and on the kinemati
s of the produ
ts. Our work indi
atesthe following. After abrasion, when the indu
ed ex
itation energy is beyond a 
riti
altemperature, the prefragment enters into multifragmentation. The ex
itation energy re-sults in a volume expansion of the system. In addition to in�uen
e of the Fermi motion,the kinemati
s of the produ
ts originating from this expanded sour
e are 
ompatible witha thermal motion. This means that the fragment formation is a pro
ess slow enough to letthe mother nu
leus (or sour
e) rea
h thermal equilibrium. The temperature parameter,
orresponding to the freeze-out temperature at break-up, has been independently dedu
edby thermometry methods; its value of about 5 MeV is in a

ordan
e with the data, if weuse the des
ription of this 
ontribution on the kinemati
s by Bauer [Bau95℄. The volumeexpansion of the sour
e plays a role, but the quanti�
ation of this expansion is deli
ate;the strong interplay between the parameters and the relatively low dependen
e of thepredi
tion on the expansion makes its pre
ise determination di�
ult. Yet, it seems thatthe value of Vbu = 3V0 often suggested from the 
omparison of ALADiN data with SMM
al
ulations is slightly too large in the 
ase of xenon.Our investigation ex
luded two extreme s
enarii: an instantaneous break-up with nothermalization would not be su�
ient to explain the kinemati
al dispersion, neither woulda purely thermalized system with a realisti
 temperature of the order of 5 MeV.Within this thesis, a 
omprehensive overview on the physi
s 
ontent of high-pre
isionvelo
ity measurements for fully identi�ed residues has been given over the whole impa
t-parameter range where bound matter of the proje
tile spe
tator survives. Progress hasbeen a
hieved to enlighten the experimental aspe
ts for extra
ting the relevant nu
learproperties behind the observed phenomena. Spe
ial emphasis was put on the in-mediumnu
leon-nu
leon 
ross se
tion and on the dynami
s of the simultaneous break-up of nu
learmatter. The 
omplementary 
hara
ter of this information to results from full-a

eptan
eexperiments has been stressed.As a pra
ti
al result for appli
ations, the theoreti
al understanding of the emittan
eof se
ondary beams produ
ed by proje
tile fragmentation has been 
ondensed in an ana-lyti
al 
losed expression.



OutlookThe perspe
tives of this �eld in the light of the developments made in this thesisrequire a short review on the knowledge from experiments with the FRS but also withlarge-a

eptan
e set-ups, to be fully exposed. The fragment separator at GSI, whi
his part of the SIS18 
omplex, was the �rst instrument world-wide, designed to providese
ondary beams of radioa
tive nu
lei in the 1 A GeV regime up to the region of 238U.When the fragment separator be
ame operational, about 20 years ago, it was one of the�rst goals to explore the new possibilities for providing se
ondary beams of exoti
 nu
lei.A series of experiments aimed to identify the proje
tile fragments in nu
lear 
harge Zand mass number A, to separate them [MGV+94℄ and to measure their produ
tion 
rossse
tions [dJSB+98, JdJC+98, WDD+94, ABB+04, SBA+98, DCA+98, BAB+98, EBF+99,RFK+98, SFF+02℄. The information on the produ
tion 
ross se
tions was 
ru
ial for es-timating the prospe
ts to provide a great variety of se
ondary beams of exoti
 nu
lei,rea
hing as near as possible to the drip lines in order to explore their properties and thusto improve our knowledge on the general 
hara
teristi
s of nu
lear stru
ture. Some exper-iments provided spe
i�
 information on the kinemati
al properties of the fragmentationresidues and thus gave a glan
e on the high resolution a
hievable and on the improvedinsight into the rea
tion dynami
s.During the last years, fragmentation rea
tions of heavy nu
lei with hydrogen in the1 A GeV regime gained great interest due to their importan
e for te
hni
al appli
a-tions. These were the in
ineration of radioa
tive waste in a

elerator-driven systems(HINDAS, EUROTRANS) and the produ
tion of exoti
 nu
lei in a new-generation ISOL-based se
ondary-beam fa
ility (EURISOL, EURISOL-DS).In an experimental 
ampaign of an international 
ollaboration, the fragmentation ofa series of proje
tiles over the whole mass range with hydrogen, and in some 
ases alsowith deuterium, has been studied systemati
ally [RMA+01, BAB+02, EAB+02, EWA+01,TSC+03, BAB+06, RAB+06, BAB+03, PBC+07, CBP+06, VCBD+07, FDAA+05, ATGA+06,NSB+04, NSTG+07℄.In addition to the produ
tion 
ross se
tions, the kinemati
al properties of the rea
-tion residues were determined, too, in all these experiments. In most 
ases, they onlyplayed the key role for distinguishing the produ
tion by fragmentation-evaporation andfragmentation-�ssion rea
tions. Even some indi
ations for 
ontributions by multifragmen-tation rea
tions have been dedu
ed from the residue kinemati
s [NSB+04℄, although theenergy introdu
ed in the system is rather at the limit, where the simultaneous break-upis expe
ted to set in. Detailed information on the rea
tion pro
ess has been extra
ted



126for heavy residues very 
lose to the proje
tile [HGS+93, RFK+98℄. Only very re
ently,the kinemati
s of the residues has be
ome the 
entral subje
t of dedi
ated experimentalstudies. A 
ompletely new phenomenon has been dis
overed in the kinemati
s of lightresidues produ
ed in heavy-ion fragmentation rea
tions: the re-a

eleration of proje
tile-spe
tator matter [REP+03℄, whi
h was interpreted as the response of the spe
tators tothe parti
ipants blast [SDL01℄ and related to the momentum-dependent 
ontribution tothe nu
lear mean �eld.This thesis provides the �rst systemati
 view on the experimental information, whi
h
an be obtained with a high-resolutionmagneti
 spe
trometer, like the fragment separator,on the kinemati
al properties of the fragmentation residues over the whole mass rangefrom a variety of proje
tiles between 86Kr and 197Au. With this material, it is possibleto provide an outlook on the prospe
ts on future studies of the properties of nu
learmatter with high-resolution spe
trometers. In parti
ular, it is tempting to 
ompare thekind of information, whi
h is a

essible by this new approa
h, with the one gathered withtraditional methods and to explore the bene�t of eventually 
ombining the two approa
hesin a future experimental installation, e.g. in the FAIR fa
ility at GSI.The instrument, whi
h has traditionally been used for studying the de
ay of proje
tile-spe
tator matter at SIS energies is the large dipole magnet ALADiN. The magneti
 de-�e
tion serves mostly for preventing the 
harged parti
les from hitting the large-areaneutron dete
tor LAND. The identi�
ation of the rea
tion produ
ts is mostly a
hievedby measuring the energy loss in a multiply sampling ionization 
hamber. The set-up is
hara
terized by a full a

eptan
e for the proje
tile-like fragments, ex
ept the very heavyresidues, whi
h are emitted with angles very 
lose to the primary beam. The main ex-perimental information 
onsists of the multipli
ity distribution and the atomi
 numbersof the residues. Only protons 
annot be dete
ted. Mass resolution 
an only be obtainedfor the lightest residues. Velo
ities of the fragments are determined by a time-of-�ightmeasurement on a distan
e of about 10 m. The time-of-�ight resolution is limited, andthe absolute 
alibration imposes some di�
ulties due to the walk of the 
onstant-fra
tiondis
riminators. This information is 
omplemented with the measured multipli
ity of light
harged parti
les from a target hodos
ope, whi
h serves to 
hara
terize the impa
t pa-rameter.The most prominent results from these experiments 
onsist in dedu
ing the 
alori

urve of nu
lear matter [PMR+95℄ and dis
overing the rise and fall of multifragmentation[SKW+96℄.At the �rst sight, the information obtained with the high-resolution magneti
 spe
-trometer FRS appears to be very di�erent.
• all rea
tion produ
ts are fully identi�ed in Z and A

• the momentum of ea
h rea
tion produ
t is determined with high pre
ision on anabsolute s
ale.
• there is an important kinemati
al 
ut to the invariant 
ross se
tion in 3 dimen-sions; only produ
ts with velo
ity ve
tors almost parallel to the beam dire
tion are



127registered.
• only one fragment per rea
tion 
an be measuredLet us present a review of the experimental results on the kinemati
s of proje
tilefragments obtained at the fragment separator. The pattern of the velo
ity distributions,either one-humped or double-humped, served to distinguish fragmentation-evaporationfrom fragmentation-�ssion rea
tions in the analysis of many previous experiments. Dueto the 
omplete identi�
ation of the residues in Z and A and the full a

eptan
e for heavyresidues, the impa
t parameter 
ould be dedu
ed with the help of Glauber 
al
ulationsof the nu
lear transparen
y for very peripheral 
ollisions. In this way, the fri
tion phe-nomenon in peripheral nu
leus-nu
leus 
ollisions 
ould be determined as a fun
tion of theimpa
t parameter for the �rst time in the present work. With de
reasing impa
t param-eter, the violen
e of the 
ollision grows, and the fri
tion phenomenon is more and more
ompensated and �nally ex
eeded by a re-a

eleration phenomenon, whi
h had been inter-preted as the parti
ipant blast to the spe
tators [REP+03℄. For the lightest residues, thelongitudinal velo
ity distributions of nu
leus-nu
leus 
ollision residues develop a double-humped stru
ture. In this thesis it was proposed to interpret this distribution as thesuperposition of a double-humped distribution, governed by the strong Coulomb repul-sion of a heavy remnant and a single-humped distribution, whi
h re�e
ts the superpositionof many re
oils of similar size. In 
ontrast to the triple-humped stru
ture appearing inproton-indu
ed rea
tions [NSB+04, NSTG+07℄, the re-a

eleration phenomenon, whi
happears in nu
leus-nu
leus 
ollisions, leads to an almost perfe
t superposition of the for-ward peak of the double-humped stru
ture and the single hump in this 
ase. Thus thetrue stru
ture is not dire
tly distinguishable from analyzing the shape of the spe
trum.However, the high intensity of the forward peak 
ompared to the ba
kward one revealsthe 
ontributions of the two 
omponents in this peak. The single-humped distributionof the lightest fragment is attributed to the multifragmentation pro
ess, and thus it pro-vides valuable information on the kinemati
s of this rea
tion type. The data have a veryhigh quality: First, the velo
ities are measured with high resolution. Se
ondly, the mea-surement does not have any low-energy threshold, from whi
h measurements in normalkinemati
s generally su�er. The interpretation of these data in terms of the kinemati
sof the multifragmentation pro
ess is another important subje
t of this thesis.At this stage, we would like to mention some features of using high-resolution spe
-trometers for studies on nu
lear fragmentation, whi
h turn out to provide some unexpe
tedbene�ts. The �rst feature we mention in this 
ontext is the kinemati
al 
ut indu
ed bythe limited angular a

eptan
e of the fragment separator. While, on the one hand, itprevents to register those rea
tion produ
ts that are emitted with large transversal mo-mentum, whi
h is 
ertainly an undesired restri
tion, it provides, on the other hand, arather pre
ise information on the emission angle of the measured residues. This way,the experimental information on longitudinal velo
ity distributions is rather 
lose to theinvariant 
ross se
tion in one dimension along the beam axis, whi
h is a very interestingexperimental information. It has been shown that the kinemati
al information from full-a

eptan
e experiments without a good velo
ity resolution and a pre
ise measurement of



128the emission angle is not able to resolve the �ne stru
tures, whi
h are 
learly observed inthe high-resolution data from the magneti
 spe
trometer and whi
h 
ontain su
h a ri
hexperimental information. The next feature to stress is the distan
e between the forwardand the ba
kward 
omponent of the double-humped stru
ture in the velo
ity distribution.This distan
e is dire
tly related to the size of the heavy remnant that is the sour
e ofthe strong Coulomb repulsion, whi
h is responsible for the double-humped stru
ture inthe velo
ity distribution of the light fragment. In this way, indire
t information on ase
ond heavy but unobserved fragment is a

essible from the measurement of only onelight fragment. Finally, the mean velo
ities of the two 
omponents, the double-humpedand the single-humped distributions, 
arry the information on the violen
e of the tworea
tion types responsible for their produ
tion. It seems that the quantitative 
alibrationof this information in terms of impa
t parameter 
an only be dedu
ed for the more pe-ripheral 
ollisions from this experiment alone, but the sensitivity is 
ertainly given, alsofor the lightest residues produ
ed in rather 
entral 
ollisions. Thus, the measurement ofthe mean velo
ity of a 
ertain group of rea
tion produ
ts with a high-resolution magneti
spe
trometer is, in prin
iple, another suitable tool to provide the information on the meanimpa
t parameter of this rea
tion group in addition to the well established signatures like
Zbound or the multipli
ity of light 
harged parti
les.One may imagine that the 
ombination of a full-a

eptan
e set-up with a high-resolutionspe
trometer in a unique experimental set-up would provide an important progress. Es-sential experimental information from both sour
es with di�erent 
hara
teristi
s 
ould be
ombined on an event-by-event basis and provide a substantial progress in the experimen-tal study of the properties of nu
lear matter. It is hoped that a set-up of su
h kind willbe available at the future FAIR fa
ility of GSI.



Appendix
Moments of the velo
ity distributionsLet us remind that these quantities are obtained through their mathemati
al expres-sion for the raw longitudinal velo
ity distributions, obtained within the a

eptan
e of15 mrad of the Fragment Separator. These data are from the experiment 136Xe+Pb at 1
AGeV. Due to the slight enhan
ement of fragments emitted in forward dire
tion 
omparedto ba
kward-emitted fragments by the kinemati
al 
ut of the FRS, the mean velo
ity val-ues of the full distribution are slightly larger than the dire
tly measured values given herein the 
ases of the lighter masses, where the angular transmission is well below 100%.However, this e�e
t is very small and is 
omparable with the un
ertainty of the datapoints [Ri
04℄. The e�e
t of the limited angular a

eptan
e on the higher moments isexpe
ted to be more important in the lower mass range in those 
ases, where the shape ofthe distribution appre
iably di�ers from a Gaussian and where the angular transmissionis low. Z N A mean (
m/ns) σ (
m/ns) skewnesslight residues3 3 6 -3.29E-02 1.82E+00 -2.85E-013 4 7 -2.61E-01 1.81E+00 -1.08E-013 5 8 -9.92E-02 1.68E+00 -4.26E-014 3 7 9.75E-02 1.79E+00 -1.02E-014 5 9 -1.47E-01 1.56E+00 -2.08E-014 6 10 -7.04E-02 1.56E+00 -2.74E-014 7 11 -2.11E-01 1.41E+00 -5.11E-015 5 10 8.92E-02 1.61E+00 -3.56E-015 6 11 -6.50E-02 1.41E+00 -3.33E-015 7 12 -1.38E-01 1.39E+00 -2.47E-015 8 13 -4.55E-02 1.35E+00 -4.08E-015 9 14 -3.68E-01 1.33E+00 -6.72E-016 5 11 9.47E-02 1.62E+00 -1.40E-016 6 12 2.38E-02 1.36E+00 -3.78E-016 7 13 -6.80E-03 1.26E+00 -3.96E-016 8 14 -8.43E-02 1.20E+00 -3.66E-016 9 15 -1.00E-01 1.27E+00 -3.68E-01



130 Z N A mean (
m/ns) σ (
m/ns) skewness6 10 16 -8.09E-02 1.22E+00 -4.80E-016 11 17 -3.07E-01 1.21E+00 -9.61E-017 7 14 4.54E-02 1.29E+00 -3.61E-017 8 15 3.52E-02 1.15E+00 -4.54E-017 9 16 -2.39E-02 1.14E+00 -3.91E-017 10 17 -8.47E-02 1.13E+00 -3.67E-017 11 18 -5.76E-02 1.16E+00 -4.87E-017 12 19 -1.11E-01 1.15E+00 -7.32E-017 13 20 -4.67E-01 1.24E+00 -1.15E+008 8 16 4.11E-02 1.16E+00 -3.71E-018 9 17 5.83E-02 1.08E+00 -4.82E-018 10 18 -1.23E-02 1.05E+00 -4.19E-018 11 19 -4.48E-02 1.01E+00 -4.73E-018 12 20 -8.53E-02 1.07E+00 -4.51E-018 13 21 -2.28E-01 1.12E+00 -3.27E-018 14 22 -1.94E-01 1.17E+00 -9.43E-019 9 18 1.65E-01 1.17E+00 -2.63E-019 10 19 7.13E-02 1.04E+00 -5.11E-019 11 20 2.30E-02 9.92E-01 -4.95E-019 12 21 -1.71E-02 9.73E-01 -5.13E-019 13 22 -6.40E-02 9.67E-01 -5.34E-019 14 23 -9.23E-02 1.03E+00 -5.83E-019 15 24 -2.29E-01 1.19E+00 -9.76E-019 16 25 -4.39E-01 1.25E+00 -7.96E-019 17 26 -2.50E-01 6.60E-01 5.82E-0210 10 20 7.93E-02 1.05E+00 -2.80E-0110 11 21 7.07E-02 9.68E-01 -5.31E-0110 12 22 2.68E-02 9.20E-01 -5.31E-0110 13 23 -6.65E-03 9.16E-01 -5.12E-0110 14 24 -4.33E-02 8.81E-01 -6.49E-0110 15 25 -1.91E-01 1.02E+00 -9.10E-0110 16 26 -1.80E-01 1.07E+00 -7.58E-0110 17 27 1.34E-01 7.50E-01 -1.41E-0110 19 29 -6.32E-02 4.86E-01 -8.01E-0111 11 22 1.25E-01 1.07E+00 7.08E-0211 12 23 5.72E-02 9.12E-01 -5.32E-0111 13 24 3.71E-02 8.75E-01 -5.73E-0111 14 25 1.09E-03 8.51E-01 -5.34E-0111 15 26 -1.29E-02 8.50E-01 -6.55E-0111 16 27 -8.82E-02 8.46E-01 -7.56E-0111 17 28 -1.98E-01 1.05E+00 -9.52E-0111 18 29 -1.96E-01 1.03E+00 -6.84E-01



131Z N A mean (
m/ns) σ (
m/ns) skewness11 19 30 6.28E-02 7.33E-01 -2.28E-0111 20 31 -1.53E-01 7.25E-01 -2.44E-0112 12 24 7.28E-02 9.43E-01 -1.79E-0112 13 25 5.24E-02 8.53E-01 -5.18E-0112 14 26 2.84E-02 8.16E-01 -5.48E-0112 15 27 -1.22E-02 8.08E-01 -5.63E-0112 16 28 -1.84E-02 8.19E-01 -5.83E-0112 17 29 -6.66E-02 8.17E-01 -1.20E+0012 18 30 -1.74E-01 8.78E-01 -7.84E-0112 20 32 -2.63E-01 1.04E+00 -9.94E-0112 21 33 2.82E-02 5.45E-01 2.20E-0112 22 34 5.57E-05 3.55E-01 -3.64E-0113 13 26 1.43E-01 9.62E-01 -3.14E-0213 14 27 5.02E-02 7.99E-01 -5.07E-0113 15 28 3.40E-02 7.64E-01 -5.66E-0113 16 29 3.47E-03 7.52E-01 -5.53E-0113 17 30 -1.68E-02 7.55E-01 -5.18E-0113 18 31 -2.81E-02 7.46E-01 -6.88E-0113 19 32 -1.49E-01 8.10E-01 -8.67E-0113 20 33 -2.27E-01 9.29E-01 -1.14E+0013 21 34 -7.68E-01 1.52E+00 -8.75E-0113 22 35 -5.15E-01 1.43E+00 -1.24E+0013 23 36 -5.20E-02 7.77E-01 -5.46E-0214 14 28 7.15E-02 8.25E-01 -2.01E-0114 15 29 4.68E-02 7.67E-01 -5.81E-0114 16 30 3.86E-02 7.26E-01 -5.97E-0114 17 31 2.00E-03 7.10E-01 -5.72E-0114 18 32 -1.24E-02 7.05E-01 -5.74E-0114 19 33 -1.88E-02 7.47E-01 -7.55E-0114 20 34 -5.62E-02 6.87E-01 -7.90E-0114 21 35 -2.55E-01 7.89E-01 -1.36E+0014 22 36 -7.22E-01 1.47E+00 -1.41E+0014 23 37 2.90E-02 5.41E-01 -2.74E-0114 25 39 -1.84E-01 7.48E-01 1.57E-0115 16 31 3.97E-02 7.30E-01 -4.95E-0115 17 32 2.84E-02 6.99E-01 -6.10E-0115 18 33 8.20E-03 6.85E-01 -5.63E-0115 19 34 -3.93E-02 6.80E-01 -6.96E-0115 20 35 -4.70E-02 7.00E-01 -7.02E-0115 21 36 -7.30E-02 7.33E-01 -1.07E+0015 22 37 -1.95E-01 7.17E-01 -1.10E+0015 23 38 -4.72E-02 7.82E-01 -1.52E+00



132 Z N A mean (
m/ns) σ (
m/ns) skewness15 24 39 -3.21E-01 1.19E+00 -1.47E+0015 25 40 -3.45E-01 1.14E+00 -9.15E-0115 26 41 2.55E-01 4.33E-01 8.80E-0115 27 42 1.75E-01 0.00E+00 0.00E+0016 16 32 1.37E-01 8.88E-01 7.41E-0116 17 33 4.65E-02 6.92E-01 -4.63E-0116 18 34 3.33E-02 6.58E-01 -6.28E-0116 19 35 2.36E-02 6.43E-01 -6.43E-0116 20 36 -1.24E-02 6.45E-01 -6.45E-0116 21 37 -4.01E-02 6.62E-01 -8.40E-0116 22 38 -5.27E-02 7.01E-01 -9.65E-0116 23 39 -1.47E-01 7.41E-01 -1.48E+0016 24 40 -2.61E-01 9.23E-01 -2.04E+0017 18 35 3.93E-02 6.72E-01 -1.79E-0117 19 36 2.33E-02 6.29E-01 -6.00E-0117 20 37 8.09E-04 6.15E-01 -6.35E-0117 21 38 -2.36E-02 6.20E-01 -7.48E-0117 22 39 -4.80E-02 6.28E-01 -7.83E-0117 23 40 -5.34E-02 6.60E-01 -8.17E-0117 24 41 -5.71E-02 6.54E-01 -1.34E+0017 25 42 -2.82E-01 9.03E-01 -1.98E+0018 18 36 1.87E-01 8.56E-01 1.34E+0018 19 37 4.61E-02 6.24E-01 -1.44E-0118 20 38 2.02E-02 6.00E-01 -4.72E-0118 21 39 1.03E-02 5.91E-01 -5.81E-0118 22 40 -3.15E-02 5.86E-01 -7.16E-0118 23 41 -5.66E-02 5.92E-01 -7.58E-0118 24 42 -6.64E-02 6.32E-01 -1.04E+0018 25 43 -1.05E-01 6.98E-01 -1.39E+0018 26 44 -3.11E-01 8.75E-01 -1.77E+0019 20 39 3.86E-02 6.02E-01 1.12E-0119 21 40 1.59E-02 5.57E-01 -4.27E-0119 22 41 2.64E-03 5.60E-01 -5.05E-0119 23 42 -2.69E-02 5.58E-01 -5.95E-0119 24 43 -3.71E-02 5.68E-01 -7.84E-0119 25 44 -8.93E-02 6.10E-01 -1.01E+0019 26 45 -7.49E-02 6.59E-01 -1.27E+0019 27 46 -1.52E-01 8.17E-01 -1.85E+0019 28 47 -2.08E-01 7.17E-01 -2.30E+0020 21 41 4.41E-02 5.76E-01 2.84E-0120 22 42 1.20E-02 5.40E-01 -1.25E-0120 23 43 -8.49E-03 5.20E-01 -3.13E-01



133Z N A mean (
m/ns) σ (
m/ns) skewness20 24 44 -2.87E-02 5.23E-01 -4.40E-0120 25 45 -4.50E-02 5.38E-01 -6.12E-0120 26 46 -9.30E-02 5.73E-01 -1.09E+0020 27 47 -1.82E-01 7.19E-01 -1.39E+0021 22 43 6.60E-02 6.01E-01 9.57E-0121 23 44 1.09E-02 5.13E-01 -1.02E-0121 24 45 -4.81E-03 4.98E-01 -2.07E-0121 25 46 -1.02E-02 4.92E-01 -3.12E-0121 26 47 -5.39E-02 4.95E-01 -5.27E-0121 27 48 -8.81E-02 5.47E-01 -9.87E-0121 28 49 -1.59E-01 6.58E-01 -1.40E+0022 23 45 4.72E-02 5.49E-01 6.90E-0122 24 46 4.88E-03 4.98E-01 1.40E-0122 25 47 -8.91E-04 4.77E-01 -6.34E-0222 26 48 -2.60E-02 4.68E-01 -2.19E-0122 27 49 -5.03E-02 4.66E-01 -3.32E-0122 28 50 -8.13E-02 5.09E-01 -9.27E-0122 29 51 -1.90E-01 6.52E-01 -1.52E+0023 24 47 1.09E-01 6.07E-01 2.11E+0023 25 48 2.72E-02 4.67E-01 4.29E-0123 26 49 -1.76E-03 4.55E-01 -1.32E-0123 27 50 -1.74E-02 4.50E-01 -2.28E-0123 28 51 -4.88E-02 4.50E-01 -3.39E-0123 29 52 -8.87E-02 4.80E-01 -6.72E-0123 30 53 -1.36E-01 5.51E-01 -1.45E+0023 31 54 -2.87E-01 7.57E-01 -1.49E+0024 25 49 1.93E-01 6.16E-01 2.51E+0024 26 50 5.57E-02 4.16E-01 3.67E-0124 27 51 1.85E-02 4.17E-01 4.11E-0224 28 52 -2.62E-02 4.25E-01 -1.46E-0124 29 53 -4.96E-02 4.29E-01 -3.53E-0124 30 54 -6.87E-02 4.58E-01 -6.02E-0124 31 55 -1.02E-01 5.22E-01 -1.03E+0024 32 56 -1.99E-01 6.42E-01 -1.84E+0025 28 53 9.55E-02 3.80E-01 2.55E-0125 29 54 2.41E-02 3.93E-01 1.17E-0225 30 55 -3.80E-02 4.04E-01 -2.18E-0125 31 56 -6.52E-02 4.19E-01 -3.99E-0125 32 57 -9.68E-02 4.60E-01 -9.96E-0125 33 58 -1.79E-01 5.45E-01 -1.39E+0025 34 59 -3.04E-01 7.89E-01 -1.69E+00



134 Z N A mean (
m/ns) σ (
m/ns) skewnessheavy residues15 14 29 9.36E-02 1.06E+00 -5.54E-0215 15 30 1.00E-02 8.27E-01 -4.88E-0115 16 31 2.11E-03 6.99E-01 -3.67E-0115 17 32 -8.55E-03 6.86E-01 -3.78E-0115 18 33 -1.39E-04 6.70E-01 -3.48E-0115 19 34 -4.47E-03 6.67E-01 -3.21E-0115 20 35 5.48E-05 6.42E-01 -3.89E-0115 21 36 1.86E-02 6.36E-01 -4.73E-0115 22 37 -2.20E-01 6.34E-01 -3.14E-0115 23 38 -1.44E-01 7.35E-01 -2.03E-0116 15 31 1.17E-01 1.09E+00 -1.05E-0116 16 32 2.18E-02 7.27E-01 -5.00E-0116 17 33 -2.92E-03 6.77E-01 -4.60E-0116 18 34 -1.59E-04 6.48E-01 -3.98E-0116 19 35 -6.58E-03 6.41E-01 -3.51E-0116 20 36 -7.14E-04 6.23E-01 -3.54E-0116 21 37 1.10E-03 6.24E-01 -4.04E-0116 22 38 1.97E-02 6.38E-01 -4.71E-0116 23 39 -7.21E-02 5.69E-01 -4.96E-0116 24 40 -1.98E-01 6.12E-01 1.88E-0116 25 41 -1.31E-01 8.17E-01 -8.26E-0116 26 42 8.63E-02 3.14E-01 -2.10E-0217 17 34 -1.33E-02 7.89E-01 -5.83E-0117 18 35 5.38E-04 6.49E-01 -4.37E-0117 19 36 -1.45E-02 6.28E-01 -4.28E-0117 20 37 -1.93E-02 6.14E-01 -3.54E-0117 21 38 -1.84E-02 5.99E-01 -4.01E-0117 22 39 -2.31E-02 5.89E-01 -3.62E-0117 23 40 -1.06E-02 5.90E-01 -5.57E-0117 24 41 -2.45E-02 5.59E-01 -3.13E-0117 25 42 -1.53E-01 5.26E-01 -2.09E-0117 26 43 -1.19E-02 6.10E-01 -3.46E-0117 27 44 -1.54E-01 7.78E-01 -8.48E-0118 18 36 1.60E-02 7.27E-01 -3.21E-0118 19 37 -3.56E-02 6.28E-01 -4.95E-0118 20 38 -2.46E-02 5.98E-01 -4.20E-0118 21 39 -3.43E-02 5.86E-01 -3.58E-0118 22 40 -3.66E-02 5.69E-01 -3.72E-0118 23 41 -3.19E-02 5.58E-01 -3.41E-0118 24 42 -3.47E-02 5.58E-01 -3.55E-0118 25 43 -3.35E-02 5.42E-01 -5.83E-01



135Z N A mean (
m/ns) σ (
m/ns) skewness18 26 44 -1.89E-01 5.85E-01 -1.26E+0018 27 45 -1.66E-01 4.65E-01 1.37E-0118 28 46 -2.79E-01 8.48E-01 -6.20E-0118 29 47 5.98E-02 2.83E-01 -1.50E-0119 19 38 3.75E-02 8.08E-01 -3.20E-0219 20 39 -2.89E-02 5.98E-01 -4.64E-0119 21 40 -3.13E-02 5.75E-01 -4.23E-0119 22 41 -3.55E-02 5.58E-01 -3.51E-0119 23 42 -2.96E-02 5.47E-01 -3.32E-0119 24 43 -4.14E-02 5.32E-01 -3.58E-0119 25 44 -4.73E-02 5.22E-01 -3.77E-0119 26 45 -5.12E-02 5.40E-01 -4.64E-0119 27 46 -7.39E-02 5.30E-01 -7.46E-0119 28 47 -2.26E-01 5.23E-01 -8.11E-0119 30 49 1.56E-01 3.73E-01 -1.16E-0120 20 40 5.02E-02 7.01E-01 -7.69E-0220 21 41 -3.14E-02 5.84E-01 -5.07E-0120 22 42 -2.91E-02 5.53E-01 -4.04E-0120 23 43 -3.27E-02 5.34E-01 -3.60E-0120 24 44 -3.39E-02 5.23E-01 -3.11E-0120 25 45 -4.13E-02 5.10E-01 -3.83E-0120 26 46 -4.20E-02 5.16E-01 -3.92E-0120 27 47 -2.53E-02 5.06E-01 -3.88E-0120 28 48 -9.46E-02 4.79E-01 -7.31E-0120 29 49 -2.01E-01 4.06E-01 -3.82E-0120 30 50 -5.09E-01 8.61E-01 -3.02E-0120 31 51 -2.81E-01 1.03E+00 -9.62E-0120 32 52 1.89E-01 1.79E-01 1.15E+0020 50 70 1.89E-01 1.79E-01 1.15E+0021 21 42 1.38E-01 8.36E-01 2.30E-0121 22 43 -2.93E-02 5.63E-01 -3.34E-0121 23 44 -4.05E-02 5.27E-01 -4.13E-0121 24 45 -4.47E-02 5.08E-01 -3.44E-0121 25 46 -4.41E-02 4.99E-01 -2.85E-0121 26 47 -4.01E-02 4.79E-01 -2.86E-0121 27 48 -6.32E-02 4.82E-01 -4.04E-0121 28 49 -5.89E-02 4.74E-01 -4.01E-0121 29 50 -4.67E-02 4.69E-01 -2.52E-0121 30 51 -7.81E-02 4.90E-01 -7.39E-0121 31 52 -2.70E-01 3.78E-01 1.95E-0121 33 54 1.92E-01 2.33E-01 7.12E-0121 34 55 3.70E-02 2.31E-01 -3.43E-01



136 Z N A mean (
m/ns) σ (
m/ns) skewness22 22 44 1.25E-01 7.59E-01 5.75E-0122 23 45 -4.72E-02 5.40E-01 -5.05E-0122 24 46 -4.52E-02 5.03E-01 -4.15E-0122 25 47 -5.42E-02 4.86E-01 -3.27E-0122 26 48 -4.82E-02 4.70E-01 -2.67E-0122 27 49 -4.77E-02 4.65E-01 -2.71E-0122 28 50 -5.72E-02 4.57E-01 -2.94E-0122 29 51 -6.29E-02 4.70E-01 -6.00E-0122 30 52 -5.44E-02 4.62E-01 -5.14E-0122 31 53 -8.76E-02 5.20E-01 -1.41E+0022 32 54 -2.80E-01 4.07E-01 -4.48E-0122 33 55 -1.74E-01 3.86E-01 -3.75E+0022 34 56 1.10E-01 2.76E-01 6.34E-0123 24 47 -3.90E-02 5.23E-01 -3.38E-0123 25 48 -5.64E-02 4.84E-01 -4.52E-0123 26 49 -5.65E-02 4.62E-01 -3.08E-0123 27 50 -5.16E-02 4.52E-01 -2.47E-0123 28 51 -5.47E-02 4.47E-01 -2.43E-0123 29 52 -5.08E-02 4.40E-01 -3.69E-0123 30 53 -5.64E-02 4.34E-01 -2.95E-0123 31 54 -5.70E-02 4.46E-01 -3.62E-0123 32 55 -5.52E-02 4.09E-01 -4.02E-0123 33 56 -1.76E-01 3.71E-01 -3.89E-0123 34 57 -2.08E-01 4.84E-01 -1.38E+0023 35 58 -3.05E-01 6.25E-01 1.65E-0123 37 60 1.76E-01 3.35E-01 -7.17E-0124 25 49 -5.06E-02 5.29E-01 -1.77E-0124 26 50 -6.94E-02 4.62E-01 -3.73E-0124 27 51 -6.25E-02 4.50E-01 -3.20E-0124 28 52 -6.37E-02 4.31E-01 -2.49E-0124 29 53 -6.31E-02 4.29E-01 -2.60E-0124 30 54 -6.23E-02 4.23E-01 -2.39E-0124 31 55 -6.36E-02 4.20E-01 -3.58E-0124 32 56 -6.14E-02 4.06E-01 -2.44E-0124 33 57 -5.21E-02 4.21E-01 -5.03E-0124 34 58 -6.73E-02 4.77E-01 -1.18E+0024 35 59 -2.56E-01 3.31E-01 -1.03E+0024 36 60 -2.68E-01 3.20E-01 9.66E-0124 37 61 6.08E-02 2.40E-01 5.64E-0125 26 51 -4.52E-02 5.42E-01 2.36E-0125 27 52 -7.78E-02 4.47E-01 -3.65E-0125 28 53 -7.50E-02 4.26E-01 -3.58E-01



137Z N A mean (
m/ns) σ (
m/ns) skewness25 29 54 -7.30E-02 4.18E-01 -2.70E-0125 30 55 -7.03E-02 4.14E-01 -2.26E-0125 31 56 -6.76E-02 4.08E-01 -2.54E-0125 32 57 -7.04E-02 4.05E-01 -2.88E-0125 33 58 -8.27E-02 4.06E-01 -3.74E-0125 34 59 -7.17E-02 3.99E-01 -3.82E-0125 35 60 -6.35E-02 4.35E-01 -9.65E-0125 36 61 -8.20E-02 3.56E-01 -5.79E-0125 37 62 -2.50E-01 5.18E-01 -1.64E+0025 39 64 -1.16E-01 2.76E-01 7.12E-0126 27 53 -5.61E-02 4.92E-01 5.23E-0226 28 54 -7.91E-02 4.35E-01 -2.81E-0126 29 55 -8.74E-02 4.11E-01 -3.44E-0126 30 56 -8.32E-02 3.97E-01 -3.05E-0126 31 57 -8.35E-02 3.99E-01 -2.23E-0126 32 58 -7.82E-02 3.94E-01 -2.97E-0126 33 59 -8.32E-02 3.87E-01 -2.75E-0126 34 60 -8.13E-02 3.84E-01 -3.21E-0126 35 61 -7.75E-02 4.01E-01 -4.85E-0126 36 62 -9.59E-02 3.76E-01 -2.26E-0126 37 63 -6.93E-02 4.48E-01 -2.03E-0126 38 64 1.49E-02 3.25E-01 -9.97E-0126 39 65 -8.86E-02 2.14E-01 1.06E+0026 40 66 1.19E-01 1.62E-01 1.28E+0026 41 67 -2.57E-01 2.76E-01 1.14E+0027 28 55 -4.34E-02 5.29E-01 2.37E-0127 29 56 -8.33E-02 4.23E-01 -3.24E-0127 30 57 -9.22E-02 3.98E-01 -3.80E-0127 31 58 -8.69E-02 3.87E-01 -2.91E-0127 32 59 -8.47E-02 3.77E-01 -2.20E-0127 33 60 -8.27E-02 3.79E-01 -2.56E-0127 34 61 -8.41E-02 3.70E-01 -2.70E-0127 35 62 -8.40E-02 3.75E-01 -3.37E-0127 36 63 -9.77E-02 3.80E-01 -6.95E-0127 37 64 -6.99E-02 4.00E-01 -5.71E-0127 38 65 -6.99E-02 4.10E-01 -6.24E-0127 39 66 -1.23E-01 3.33E-01 -8.45E-0127 40 67 -4.58E-03 2.94E-01 -1.58E+0027 41 68 -1.84E-01 6.22E-01 -5.69E-0127 42 69 -2.54E-01 2.02E-01 2.51E+0028 29 57 -5.75E-03 5.58E-01 6.34E-0128 30 58 -8.31E-02 4.06E-01 -7.01E-01



138 Z N A mean (
m/ns) σ (
m/ns) skewness28 31 59 -8.68E-02 3.83E-01 -4.51E-0128 32 60 -8.47E-02 3.72E-01 -3.32E-0128 33 61 -8.94E-02 3.66E-01 -2.42E-0128 34 62 -8.30E-02 3.61E-01 -2.04E-0128 35 63 -7.80E-02 3.57E-01 -2.58E-0128 36 64 -8.44E-02 3.54E-01 -2.38E-0128 37 65 -9.43E-02 3.64E-01 -6.28E-0128 38 66 -8.51E-02 3.87E-01 -7.29E-0128 39 67 -7.54E-02 3.43E-01 -4.37E-0128 40 68 -1.04E-01 3.02E-01 -6.55E-0128 41 69 -5.01E-03 3.66E-01 -8.29E-0128 42 70 -1.92E-01 3.62E-01 1.48E+0028 44 72 1.05E-01 4.00E-02 8.44E-0129 30 59 1.37E-01 7.65E-01 1.25E+0029 31 60 -7.44E-02 4.46E-01 2.29E-0129 32 61 -9.92E-02 3.76E-01 -4.77E-0129 33 62 -9.28E-02 3.62E-01 -3.22E-0129 34 63 -9.24E-02 3.48E-01 -2.59E-0129 35 64 -9.12E-02 3.48E-01 -2.35E-0129 36 65 -8.45E-02 3.48E-01 -3.16E-0129 37 66 -8.85E-02 3.43E-01 -2.91E-0129 38 67 -9.15E-02 3.43E-01 -4.27E-0129 39 68 -8.65E-02 3.52E-01 -5.57E-0129 40 69 -1.15E-01 3.35E-01 -5.64E-0129 41 70 -7.64E-02 3.67E-01 -9.86E-0129 42 71 -1.33E-01 3.00E-01 -1.02E+0029 43 72 -2.96E-01 2.70E-01 -1.29E+0030 31 61 3.77E-02 6.60E-01 1.43E+0030 32 62 -8.89E-02 4.17E-01 -2.03E-0130 33 63 -1.00E-01 3.62E-01 -5.44E-0130 34 64 -9.68E-02 3.50E-01 -3.41E-0130 35 65 -9.38E-02 3.36E-01 -2.81E-0130 36 66 -9.55E-02 3.33E-01 -2.07E-0130 37 67 -8.65E-02 3.31E-01 -2.75E-0130 38 68 -9.08E-02 3.30E-01 -3.69E-0130 39 69 -9.35E-02 3.30E-01 -4.92E-0130 40 70 -9.67E-02 3.41E-01 -5.17E-0130 41 71 -9.18E-02 3.66E-01 -9.20E-0130 42 72 -8.27E-02 3.84E-01 -8.69E-0130 43 73 -1.23E-01 3.25E-01 -4.99E-0130 44 74 -9.72E-02 2.88E-01 -1.43E+0030 45 75 -2.83E-01 3.72E-01 1.18E+00



139Z N A mean (
m/ns) σ (
m/ns) skewness31 33 64 -5.13E-02 4.48E-01 6.75E-0131 34 65 -1.03E-01 3.57E-01 -5.43E-0131 35 66 -1.04E-01 3.41E-01 -4.27E-0131 36 67 -1.02E-01 3.28E-01 -3.19E-0131 37 68 -9.71E-02 3.22E-01 -2.28E-0131 38 69 -9.10E-02 3.23E-01 -2.93E-0131 39 70 -9.47E-02 3.21E-01 -3.51E-0131 40 71 -9.23E-02 3.21E-01 -3.66E-0131 41 72 -9.51E-02 3.26E-01 -5.36E-0131 42 73 -8.64E-02 3.34E-01 -5.59E-0131 43 74 -9.02E-02 3.52E-01 -1.05E+0031 44 75 -8.68E-02 3.49E-01 -7.46E-0131 45 76 -1.71E-01 3.78E-01 -1.70E+0031 46 77 -2.32E-01 2.82E-01 -1.55E+0032 34 66 -5.72E-02 4.37E-01 7.97E-0132 35 67 -1.12E-01 3.61E-01 -1.14E-0132 36 68 -1.10E-01 3.24E-01 -4.71E-0132 37 69 -1.05E-01 3.19E-01 -3.56E-0132 38 70 -1.00E-01 3.08E-01 -2.03E-0132 39 71 -9.40E-02 3.06E-01 -2.10E-0132 40 72 -9.12E-02 3.04E-01 -2.69E-0132 41 73 -9.01E-02 3.04E-01 -4.14E-0132 42 74 -1.06E-01 3.12E-01 -6.15E-0132 43 75 -1.04E-01 3.27E-01 -9.70E-0132 44 76 -9.84E-02 3.43E-01 -1.33E+0032 45 77 -8.98E-02 3.91E-01 -1.93E+0032 46 78 -1.12E-01 3.54E-01 -5.99E-0132 47 79 -1.45E-01 4.37E-01 -7.44E-0133 35 68 -7.48E-02 4.68E-01 1.34E+0033 36 69 -9.57E-02 3.48E-01 -2.15E-0133 37 70 -1.11E-01 3.21E-01 -4.60E-0133 38 71 -1.00E-01 3.05E-01 -3.10E-0133 39 72 -1.00E-01 2.97E-01 -3.25E-0133 40 73 -9.39E-02 2.94E-01 -1.97E-0133 41 74 -8.84E-02 2.87E-01 -2.20E-0133 42 75 -9.04E-02 2.90E-01 -3.87E-0133 43 76 -9.44E-02 3.01E-01 -6.60E-0133 44 77 -9.62E-02 3.20E-01 -1.03E+0033 45 78 -1.02E-01 3.14E-01 -1.11E+0033 46 79 -8.89E-02 3.27E-01 -8.63E-0133 47 80 -8.22E-02 3.23E-01 -8.93E-0133 48 81 -6.71E-02 2.82E-01 -1.51E+00



140 Z N A mean (
m/ns) σ (
m/ns) skewness33 49 82 -4.95E-02 1.72E-01 1.53E+0033 50 83 -2.95E-01 2.57E-01 -3.30E+0034 36 70 -1.05E-01 4.25E-01 7.79E-0134 37 71 -1.12E-01 3.46E-01 1.74E-0234 38 72 -1.17E-01 3.02E-01 -5.05E-0134 39 73 -1.04E-01 2.97E-01 -4.16E-0134 40 74 -1.05E-01 2.83E-01 -2.80E-0134 41 75 -1.01E-01 2.85E-01 -2.51E-0134 42 76 -9.25E-02 2.76E-01 -2.52E-0134 43 77 -9.45E-02 2.80E-01 -4.17E-0134 44 78 -9.66E-02 2.85E-01 -6.85E-0134 45 79 -9.15E-02 2.80E-01 -6.16E-0134 46 80 -9.56E-02 3.12E-01 -1.13E+0034 47 81 -9.79E-02 3.08E-01 -1.07E+0034 48 82 -1.60E-01 3.66E-01 -1.27E+0034 49 83 -2.33E-01 3.69E-01 -1.90E+0034 50 84 -2.90E-01 3.87E-01 -1.65E+0035 37 72 -1.49E-01 4.01E-01 1.55E+0035 38 73 -1.03E-01 3.78E-01 3.36E-0335 39 74 -1.09E-01 3.01E-01 -4.48E-0135 40 75 -1.15E-01 2.82E-01 -3.88E-0135 41 76 -1.08E-01 2.77E-01 -3.67E-0135 42 77 -1.04E-01 2.72E-01 -2.03E-0135 43 78 -9.50E-02 2.69E-01 -2.47E-0135 44 79 -9.64E-02 2.66E-01 -3.38E-0135 45 80 -9.61E-02 2.71E-01 -6.32E-0135 46 81 -9.54E-02 2.77E-01 -9.01E-0135 47 82 -9.95E-02 2.94E-01 -1.08E+0035 48 83 -1.04E-01 3.05E-01 -1.35E+0035 49 84 -1.01E-01 3.49E-01 -1.18E+0035 50 85 -1.42E-01 3.08E-01 -2.13E+0035 51 86 -2.89E-01 4.61E-01 -2.44E+0035 52 87 -2.71E-01 4.61E-01 -2.16E-0136 37 73 -1.75E-01 2.05E-01 -6.37E-0136 38 74 -6.88E-02 3.20E-01 4.83E-0136 39 75 -1.05E-01 3.00E-01 5.02E-0236 40 76 -1.12E-01 2.83E-01 -1.82E-0236 41 77 -1.12E-01 2.72E-01 -6.00E-0236 42 78 -1.07E-01 2.62E-01 -7.45E-0236 43 79 -1.06E-01 2.59E-01 -6.55E-0236 44 80 -9.48E-02 2.56E-01 -8.71E-0236 45 81 -9.26E-02 2.53E-01 -1.22E-01



141Z N A mean (
m/ns) σ (
m/ns) skewness36 46 82 -9.27E-02 2.54E-01 -2.66E-0136 47 83 -8.71E-02 2.48E-01 -3.89E-0136 48 84 -9.37E-02 2.71E-01 -8.55E-0136 49 85 -8.93E-02 2.72E-01 -7.97E-0136 50 86 -9.59E-02 3.15E-01 -1.11E+0036 51 87 -1.27E-01 3.35E-01 -1.48E+0036 52 88 -8.80E-02 3.01E-01 -1.54E+0036 53 89 1.51E-03 4.67E-01 -1.80E+0036 54 90 -2.87E-01 4.91E-01 -1.54E+0037 39 76 9.03E-02 4.73E-01 1.22E+0037 40 77 -8.99E-02 2.95E-01 1.01E+0037 41 78 -1.21E-01 2.75E-01 6.76E-0237 42 79 -1.05E-01 2.65E-01 -1.11E-0237 43 80 -1.07E-01 2.55E-01 -9.41E-0237 44 81 -1.05E-01 2.49E-01 -8.13E-0237 45 82 -9.77E-02 2.50E-01 -8.25E-0237 46 83 -9.02E-02 2.41E-01 -1.51E-0137 47 84 -9.03E-02 2.42E-01 -2.20E-0137 48 85 -8.29E-02 2.45E-01 -3.42E-0137 49 86 -9.26E-02 2.59E-01 -8.40E-0137 50 87 -8.46E-02 2.65E-01 -9.68E-0137 51 88 -8.06E-02 2.85E-01 -1.22E+0037 52 89 -1.06E-01 2.95E-01 -1.48E+0037 53 90 -1.01E-01 3.47E-01 -1.49E+0037 54 91 -2.23E-02 3.70E-01 -5.09E-0137 55 92 -4.64E-02 2.69E-01 -2.07E+0037 56 93 1.55E-01 3.00E-02 0.00E+0037 57 94 2.31E-02 1.09E-01 2.51E+0037 58 95 -3.00E-01 1.73E-01 1.53E+0038 39 77 -9.95E-02 2.55E-01 -3.49E-0138 40 78 -1.16E-01 3.62E-01 1.84E-0138 41 79 -1.01E-01 2.86E-01 9.73E-0238 42 80 -1.16E-01 2.64E-01 -1.08E-0138 43 81 -1.14E-01 2.53E-01 -2.83E-0238 44 82 -1.08E-01 2.46E-01 -5.52E-0238 45 83 -1.07E-01 2.39E-01 -7.05E-0238 46 84 -1.01E-01 2.37E-01 -8.46E-0238 47 85 -9.08E-02 2.32E-01 -1.12E-0138 48 86 -8.62E-02 2.31E-01 -1.45E-0138 49 87 -8.37E-02 2.32E-01 -3.40E-0138 50 88 -8.47E-02 2.34E-01 -5.68E-0138 51 89 -9.23E-02 2.54E-01 -1.09E+00



142 Z N A mean (
m/ns) σ (
m/ns) skewness38 52 90 -9.14E-02 2.73E-01 -1.53E+0038 53 91 -1.06E-01 3.00E-01 -1.65E+0038 54 92 -8.31E-02 2.66E-01 -1.33E+0038 55 93 -1.76E-01 3.38E-01 -1.99E+0038 56 94 -2.08E-01 2.14E-01 -1.61E+0038 58 96 6.50E-02 3.00E-02 0.00E+0038 59 97 1.34E-02 1.76E-01 1.57E+0039 41 80 6.94E-02 2.88E-01 2.02E-0239 42 81 -4.51E-02 3.50E-01 1.60E+0039 43 82 -1.11E-01 2.52E-01 2.35E-0139 44 83 -1.17E-01 2.44E-01 -9.44E-0239 45 84 -1.08E-01 2.38E-01 -6.75E-0239 46 85 -1.04E-01 2.30E-01 -8.05E-0239 47 86 -1.01E-01 2.28E-01 -8.53E-0239 48 87 -9.26E-02 2.24E-01 -1.37E-0139 49 88 -8.78E-02 2.20E-01 -1.35E-0139 50 89 -8.19E-02 2.17E-01 -1.86E-0139 51 90 -8.61E-02 2.31E-01 -7.77E-0139 52 91 -8.94E-02 2.41E-01 -1.11E+0039 53 92 -8.90E-02 2.57E-01 -1.43E+0039 54 93 -9.18E-02 2.68E-01 -1.66E+0039 55 94 -1.11E-01 3.13E-01 -1.86E+0039 56 95 -1.22E-01 3.26E-01 -1.60E+0039 57 96 -9.55E-02 3.10E-01 -2.90E+0040 41 81 -2.15E-01 4.00E-02 0.00E+0040 42 82 -2.82E-02 3.12E-01 7.37E-0140 43 83 -1.26E-01 2.42E-01 -2.70E-0140 44 84 -1.17E-01 2.40E-01 4.08E-0240 45 85 -1.06E-01 2.45E-01 1.46E-0140 46 86 -1.07E-01 2.30E-01 -3.80E-0240 47 87 -9.94E-02 2.22E-01 -8.06E-0240 48 88 -9.91E-02 2.19E-01 -6.34E-0240 49 89 -8.92E-02 2.15E-01 -9.15E-0240 50 90 -8.33E-02 2.11E-01 -1.22E-0140 51 91 -7.83E-02 2.08E-01 -1.93E-0140 52 92 -7.53E-02 2.12E-01 -5.52E-0140 53 93 -7.50E-02 2.19E-01 -8.88E-0140 54 94 -7.92E-02 2.32E-01 -1.23E+0040 55 95 -7.63E-02 2.47E-01 -1.49E+0040 56 96 -7.84E-02 2.59E-01 -1.88E+0040 57 97 -7.75E-02 2.49E-01 -1.75E+0040 58 98 -1.01E-01 2.61E-01 -2.22E+00



143Z N A mean (
m/ns) σ (
m/ns) skewness40 59 99 -9.73E-02 2.73E-01 -2.10E+0040 60 100 -1.67E-01 2.48E-01 -4.13E+0040 61 101 1.72E-01 1.89E-02 -7.07E-0140 63 103 7.00E-02 5.50E-02 3.91E-1741 44 85 -1.19E-01 2.54E-01 7.55E-0241 45 86 -1.01E-01 2.66E-01 1.21E+0041 46 87 -1.08E-01 2.32E-01 1.05E-0141 47 88 -1.05E-01 2.26E-01 3.07E-0241 48 89 -1.01E-01 2.14E-01 -1.12E-0141 49 90 -9.78E-02 2.09E-01 -5.47E-0241 50 91 -8.73E-02 2.06E-01 -6.85E-0241 51 92 -8.37E-02 2.03E-01 -1.28E-0141 52 93 -7.79E-02 2.02E-01 -1.88E-0141 53 94 -7.60E-02 2.02E-01 -3.50E-0141 54 95 -6.99E-02 2.01E-01 -6.05E-0141 55 96 -6.66E-02 2.09E-01 -1.12E+0041 56 97 -6.92E-02 2.32E-01 -1.78E+0041 57 98 -6.18E-02 2.31E-01 -1.75E+0041 58 99 -5.42E-02 2.38E-01 -1.85E+0041 59 100 -6.54E-02 2.55E-01 -2.34E+0041 60 101 -3.46E-02 1.64E-01 -2.14E+0041 61 102 -6.68E-02 2.45E-01 -2.16E+0041 62 103 -1.15E-01 3.14E-01 -3.01E+0041 63 104 -2.01E-01 4.84E-01 -1.45E+0041 64 105 1.98E-01 4.26E-02 -1.02E+0041 65 106 1.87E-01 1.68E-01 -2.19E-0141 66 107 7.22E-02 1.14E-01 -2.13E-0142 45 87 -4.68E-02 2.86E-01 6.92E-0142 46 88 -9.36E-02 2.98E-01 1.70E+0042 47 89 -1.09E-01 2.30E-01 5.59E-0142 48 90 -1.06E-01 2.15E-01 -1.01E-0242 49 91 -9.87E-02 2.07E-01 -8.16E-0242 50 92 -9.70E-02 2.01E-01 -4.77E-0242 51 93 -8.90E-02 2.00E-01 -8.64E-0242 52 94 -8.05E-02 1.95E-01 -1.24E-0142 53 95 -7.81E-02 1.93E-01 -1.65E-0142 54 96 -7.23E-02 1.92E-01 -2.59E-0142 55 97 -6.50E-02 1.89E-01 -3.46E-0142 56 98 -6.22E-02 1.91E-01 -6.84E-0142 57 99 -6.42E-02 1.97E-01 -1.10E+0042 58 100 -5.67E-02 1.99E-01 -1.20E+0042 59 101 -5.18E-02 2.15E-01 -1.65E+00



144 Z N A mean (
m/ns) σ (
m/ns) skewness42 60 102 -4.34E-02 2.16E-01 -1.98E+0042 61 103 -5.75E-02 2.06E-01 -2.17E+0042 62 104 -1.32E-01 2.95E-01 -3.34E+0042 63 105 -1.85E-01 2.95E-01 -3.08E+0042 64 106 1.26E-01 6.81E-02 8.35E-0142 65 107 -2.69E-01 5.49E-01 -1.63E+0042 66 108 1.73E-01 8.53E-02 1.75E-0143 46 89 -9.12E-02 1.80E-01 2.85E-0243 47 90 -1.26E-01 2.01E-01 -3.18E-0143 48 91 -1.12E-01 2.24E-01 9.38E-0243 49 92 -1.03E-01 2.05E-01 -5.86E-0243 50 93 -9.90E-02 1.99E-01 -4.20E-0243 51 94 -9.74E-02 1.93E-01 -3.92E-0243 52 95 -8.82E-02 1.92E-01 -6.11E-0243 53 96 -7.95E-02 1.88E-01 -1.14E-0143 54 97 -7.61E-02 1.85E-01 -1.04E-0143 55 98 -6.95E-02 1.81E-01 -1.89E-0143 56 99 -6.32E-02 1.81E-01 -3.87E-0143 57 100 -6.02E-02 1.81E-01 -4.50E-0143 58 101 -5.29E-02 1.75E-01 -5.00E-0143 59 102 -5.04E-02 1.89E-01 -1.10E+0043 60 103 -4.97E-02 1.82E-01 -1.30E+0043 61 104 -4.20E-02 1.80E-01 -7.21E-0143 62 105 -3.61E-02 1.98E-01 -2.73E+0043 63 106 -8.21E-02 1.88E-01 -2.03E+0043 64 107 -5.73E-02 2.36E-01 -3.98E+0043 65 108 -1.04E-01 3.76E-01 -2.59E+0043 66 109 -2.85E-01 6.11E-01 -8.70E-0143 68 111 6.77E-02 1.45E-01 2.57E-0144 47 91 -7.58E-02 6.95E-02 8.06E-0144 48 92 -1.23E-01 2.01E-01 1.71E-0144 49 93 -9.23E-02 2.19E-01 1.11E-0144 50 94 -1.00E-01 1.99E-01 5.33E-0244 51 95 -9.80E-02 1.91E-01 -2.70E-0244 52 96 -9.23E-02 1.85E-01 -6.04E-0244 53 97 -8.63E-02 1.84E-01 -9.53E-0244 54 98 -7.83E-02 1.81E-01 -1.13E-0144 55 99 -7.39E-02 1.75E-01 -9.93E-0244 56 100 -6.68E-02 1.73E-01 -2.03E-0144 57 101 -6.09E-02 1.71E-01 -2.69E-0144 58 102 -5.76E-02 1.69E-01 -2.83E-0144 59 103 -5.37E-02 1.72E-01 -7.18E-01



145Z N A mean (
m/ns) σ (
m/ns) skewness44 60 104 -4.71E-02 1.75E-01 -1.02E+0044 61 105 -4.56E-02 1.75E-01 -1.28E+0044 62 106 -3.89E-02 1.86E-01 -1.71E+0044 63 107 -3.41E-02 1.99E-01 -2.11E+0044 64 108 -5.08E-02 1.99E-01 -2.20E+0044 65 109 -3.59E-02 2.24E-01 -3.30E+0044 66 110 -1.31E-01 2.07E-01 -4.63E+0044 67 111 3.97E-02 3.59E-01 -3.02E+0044 68 112 4.40E-02 4.70E-02 -1.45E-0144 69 113 7.38E-02 4.54E-02 3.54E-0144 70 114 4.46E-02 1.53E-01 7.05E-0245 48 93 5.61E-02 2.46E-01 1.25E+0045 49 94 -9.40E-02 1.75E-01 -2.00E-0145 50 95 -9.27E-02 1.92E-01 -1.02E-0145 51 96 -9.80E-02 1.91E-01 8.09E-0245 52 97 -9.43E-02 1.82E-01 -2.41E-0245 53 98 -8.75E-02 1.76E-01 -4.41E-0245 54 99 -8.32E-02 1.76E-01 -9.21E-0245 55 100 -7.47E-02 1.74E-01 -1.23E-0145 56 101 -6.92E-02 1.67E-01 -1.19E-0145 57 102 -6.23E-02 1.66E-01 -1.99E-0145 58 103 -5.68E-02 1.63E-01 -1.45E-0145 59 104 -5.29E-02 1.60E-01 -3.64E-0145 60 105 -4.75E-02 1.60E-01 -5.02E-0145 61 106 -4.31E-02 1.62E-01 -8.53E-0145 62 107 -4.00E-02 1.63E-01 -1.18E+0045 63 108 -3.57E-02 1.63E-01 -1.44E+0045 64 109 -2.65E-02 1.67E-01 -1.57E+0045 65 110 -3.27E-02 1.65E-01 -1.83E+0045 66 111 -3.46E-02 1.74E-01 -3.35E+0045 67 112 -8.41E-02 1.96E-01 -3.51E+0045 68 113 -6.99E-02 2.48E-01 -1.70E+0045 69 114 -8.74E-02 3.93E-01 -3.10E+0045 70 115 7.42E-03 8.98E-02 1.77E+0045 71 116 6.11E-02 8.48E-02 1.21E+0045 72 117 6.90E-02 8.40E-02 7.07E-0146 50 96 -1.50E-01 2.17E-01 -5.33E-0146 51 97 -1.12E-01 1.71E-01 3.68E-0246 52 98 -1.01E-01 1.90E-01 3.42E-0146 53 99 -8.98E-02 1.79E-01 9.09E-0246 54 100 -8.76E-02 1.71E-01 -2.95E-0246 55 101 -8.43E-02 1.69E-01 -8.56E-02



146 Z N A mean (
m/ns) σ (
m/ns) skewness46 56 102 -7.55E-02 1.65E-01 -7.30E-0246 57 103 -6.81E-02 1.59E-01 -1.09E-0146 58 104 -6.36E-02 1.58E-01 -1.31E-0146 59 105 -5.72E-02 1.56E-01 -3.08E-0146 60 106 -5.01E-02 1.52E-01 -2.41E-0146 61 107 -4.58E-02 1.51E-01 -3.75E-0146 62 108 -4.05E-02 1.49E-01 -4.98E-0146 63 109 -3.66E-02 1.52E-01 -1.01E+0046 64 110 -3.17E-02 1.50E-01 -9.41E-0146 65 111 -3.25E-02 1.65E-01 -1.84E+0046 66 112 -2.35E-02 1.46E-01 -1.29E+0046 67 113 -2.89E-02 1.66E-01 -1.65E+0046 68 114 -4.41E-02 1.78E-01 -3.96E+0046 69 115 -7.56E-02 1.54E-01 -2.94E+0046 70 116 -1.90E-02 2.60E-01 -3.82E+0046 71 117 7.85E-03 7.33E-02 -2.06E-0146 72 118 3.61E-02 1.47E-01 9.31E-0246 73 119 -2.83E-02 1.54E-01 -2.42E-0146 74 120 3.70E-02 1.23E-01 -2.16E-0147 51 98 2.23E-02 3.96E-01 8.90E-0147 52 99 -1.08E-01 1.78E-01 -1.96E-0147 53 100 -1.01E-01 1.72E-01 -1.27E-0147 54 101 -8.78E-02 1.72E-01 -8.14E-0247 55 102 -8.37E-02 1.62E-01 -7.86E-0247 56 103 -7.99E-02 1.60E-01 -8.81E-0247 57 104 -7.28E-02 1.57E-01 -1.03E-0147 58 105 -6.21E-02 1.51E-01 -1.00E-0147 59 106 -5.84E-02 1.51E-01 -1.34E-0147 60 107 -5.26E-02 1.47E-01 -1.47E-0147 61 108 -4.40E-02 1.45E-01 -2.50E-0147 62 109 -3.99E-02 1.42E-01 -2.93E-0147 63 110 -3.59E-02 1.40E-01 -4.85E-0147 64 111 -2.94E-02 1.39E-01 -8.51E-0147 65 112 -2.65E-02 1.40E-01 -8.22E-0147 66 113 -2.09E-02 1.39E-01 -1.10E+0047 67 114 -1.10E-02 1.34E-01 -8.86E-0147 68 115 -1.44E-02 1.45E-01 -2.02E+0047 69 116 -1.22E-02 1.26E-01 -2.18E+0047 70 117 -4.56E-03 1.25E-01 -1.89E+0047 71 118 -7.53E-02 1.77E-01 -3.53E+0047 72 119 5.88E-02 1.27E-01 -2.50E+0047 73 120 -1.78E-02 8.02E-02 9.85E-01



147Z N A mean (
m/ns) σ (
m/ns) skewness47 74 121 2.90E-02 1.04E-01 -7.51E-0147 75 122 5.01E-02 9.43E-02 -2.33E-0148 52 100 -1.41E-01 4.01E-02 -2.69E-0148 53 101 -1.00E-01 1.86E-01 -2.24E-0148 54 102 -8.57E-02 1.67E-01 -2.08E-0148 55 103 -8.65E-02 1.70E-01 2.78E-0148 56 104 -8.65E-02 1.57E-01 5.19E-0248 57 105 -7.93E-02 1.55E-01 -9.24E-0248 58 106 -7.22E-02 1.50E-01 -6.48E-0248 59 107 -6.13E-02 1.45E-01 -1.17E-0148 60 108 -5.82E-02 1.44E-01 -1.04E-0148 61 109 -4.96E-02 1.39E-01 -7.10E-0248 62 110 -4.36E-02 1.37E-01 -2.54E-0148 63 111 -3.84E-02 1.35E-01 -2.76E-0148 64 112 -3.23E-02 1.32E-01 -4.77E-0148 65 113 -2.85E-02 1.31E-01 -6.27E-0148 66 114 -2.36E-02 1.31E-01 -9.09E-0148 67 115 -1.71E-02 1.30E-01 -1.01E+0048 68 116 -1.21E-02 1.32E-01 -1.52E+0048 69 117 -7.85E-03 1.30E-01 -1.92E+0048 70 118 -7.73E-04 1.27E-01 -1.49E+0048 71 119 -5.98E-04 1.30E-01 -2.56E+0048 72 120 -2.28E-02 1.13E-01 -2.67E+0048 73 121 -2.03E-02 2.49E-01 -1.52E+0048 74 122 1.49E-02 1.06E-01 -2.42E+0048 75 123 -6.77E-02 2.37E-01 -1.82E+0048 76 124 2.33E-02 1.10E-01 -1.15E+0048 77 125 4.23E-02 8.80E-02 -5.33E-0149 53 102 3.66E-02 1.51E-01 -4.28E-0149 54 103 -3.54E-02 1.98E-01 2.42E-0149 55 104 -1.00E-01 1.55E-01 -2.49E-0149 56 105 -8.68E-02 1.67E-01 7.27E-0149 57 106 -8.33E-02 1.50E-01 2.22E-0149 58 107 -7.80E-02 1.50E-01 -2.34E-0249 59 108 -7.07E-02 1.42E-01 -4.79E-0249 60 109 -5.93E-02 1.39E-01 -1.87E-0149 61 110 -5.61E-02 1.36E-01 -7.01E-0249 62 111 -4.60E-02 1.31E-01 -1.46E-0149 63 112 -4.06E-02 1.31E-01 -1.78E-0149 64 113 -3.34E-02 1.27E-01 -3.13E-0149 65 114 -2.71E-02 1.24E-01 -4.54E-0149 66 115 -2.32E-02 1.23E-01 -4.10E-01



148 Z N A mean (
m/ns) σ (
m/ns) skewness49 67 116 -1.71E-02 1.19E-01 -6.08E-0149 68 117 -1.23E-02 1.17E-01 -8.14E-0149 69 118 -7.67E-03 1.18E-01 -9.30E-0149 70 119 2.65E-03 1.17E-01 -1.55E+0049 71 120 6.35E-03 1.20E-01 -1.43E+0049 72 121 1.50E-02 1.14E-01 -1.76E+0049 73 122 2.03E-02 1.19E-01 -3.02E+0049 74 123 -6.95E-02 1.40E-01 -3.86E+0049 75 124 3.09E-02 1.74E-01 -2.79E+0049 76 125 -1.93E-03 8.66E-02 -6.37E+0049 77 126 4.57E-02 1.08E-01 -2.13E+0049 78 127 -5.64E-02 3.24E-01 -3.24E+0050 55 105 -1.40E-01 9.26E-02 8.41E-0150 56 106 -1.02E-01 1.56E-01 -5.68E-0150 57 107 -8.77E-02 1.42E-01 3.44E-0350 58 108 -7.48E-02 1.43E-01 9.48E-0250 59 109 -7.59E-02 1.42E-01 -1.57E-0150 60 110 -6.64E-02 1.34E-01 -6.02E-0250 61 111 -5.80E-02 1.34E-01 -1.30E-0150 62 112 -5.27E-02 1.28E-01 -6.90E-0250 63 113 -4.22E-02 1.25E-01 -1.90E-0150 64 114 -3.55E-02 1.23E-01 -1.75E-0150 65 115 -2.88E-02 1.18E-01 -2.43E-0150 66 116 -2.08E-02 1.16E-01 -3.22E-0150 67 117 -1.78E-02 1.14E-01 -3.78E-0150 68 118 -1.09E-02 1.11E-01 -6.89E-0150 69 119 -7.06E-03 1.10E-01 -6.68E-0150 70 120 -1.70E-03 1.06E-01 -7.84E-0150 71 121 6.34E-03 1.06E-01 -1.01E+0050 72 122 8.83E-03 1.05E-01 -1.38E+0050 73 123 1.91E-02 1.05E-01 -1.68E+0050 74 124 4.21E-02 1.13E-01 -1.07E+0050 75 125 2.08E-02 8.52E-02 -5.00E+0050 76 126 -7.13E-02 1.63E-01 -5.56E-0150 77 127 -1.44E-02 1.80E-01 -2.20E+0050 78 128 -1.34E-01 2.68E-01 -1.41E+0050 79 129 -1.14E-01 3.47E-01 -1.87E+0050 80 130 2.18E-02 1.30E-01 -3.09E+0051 57 108 -1.11E-01 1.74E-01 1.06E+0051 58 109 -7.26E-02 1.06E-01 -1.26E-0151 59 110 -8.39E-02 1.36E-01 -1.98E-0151 60 111 -7.19E-02 1.40E-01 2.60E-01



149Z N A mean (
m/ns) σ (
m/ns) skewness51 61 112 -6.32E-02 1.28E-01 -7.62E-0251 62 113 -4.99E-02 1.26E-01 -9.61E-0251 63 114 -4.44E-02 1.20E-01 -7.75E-0251 64 115 -3.42E-02 1.18E-01 -1.26E-0151 65 116 -2.82E-02 1.15E-01 -1.12E-0151 66 117 -1.87E-02 1.09E-01 -1.65E-0151 67 118 -1.28E-02 1.09E-01 -3.01E-0151 68 119 -8.61E-03 1.04E-01 -3.78E-0151 69 120 -1.50E-03 1.03E-01 -5.29E-0151 70 121 2.05E-03 9.98E-02 -5.44E-0151 71 122 8.89E-03 9.63E-02 -7.83E-0151 72 123 1.29E-02 9.35E-02 -5.57E-0151 73 124 1.89E-02 9.27E-02 -9.71E-0151 74 125 2.71E-02 9.24E-02 -1.23E+0051 75 126 3.30E-02 9.20E-02 -1.30E+0051 76 127 6.03E-02 9.52E-02 -1.25E+0051 77 128 -2.75E-02 6.90E-02 -4.30E+0051 78 129 5.06E-02 1.24E-01 -3.95E+0051 79 130 1.55E-02 1.08E-01 -4.27E+0051 80 131 8.80E-03 2.39E-01 -2.74E+0051 81 132 -8.62E-02 3.47E-01 -2.09E+0052 58 110 6.71E-02 1.51E-01 -6.88E-0152 59 111 -7.86E-02 1.16E-01 -6.98E-0152 60 112 -8.40E-02 1.57E-01 1.27E+0052 61 113 -7.16E-02 1.32E-01 5.27E-0152 62 114 -6.06E-02 1.22E-01 -1.46E-0152 63 115 -5.17E-02 1.24E-01 1.85E-0152 64 116 -4.42E-02 1.12E-01 -1.13E-0152 65 117 -3.14E-02 1.11E-01 -1.96E-0152 66 118 -2.83E-02 1.07E-01 -7.95E-0252 67 119 -1.52E-02 1.02E-01 -2.79E-0152 68 120 -1.18E-02 1.01E-01 -1.02E-0152 69 121 -3.28E-03 9.40E-02 -4.55E-0152 70 122 9.76E-04 9.53E-02 -3.78E-0152 71 123 4.43E-03 8.99E-02 -4.57E-0152 72 124 1.28E-02 8.92E-02 -6.74E-0152 73 125 1.48E-02 8.55E-02 -6.31E-0152 74 126 2.45E-02 8.13E-02 -7.79E-0152 75 127 2.67E-02 8.02E-02 -9.51E-0152 76 128 3.72E-02 7.65E-02 -1.21E+0052 77 129 4.21E-02 8.37E-02 -8.84E-0152 78 130 4.30E-02 6.36E-02 -3.55E+00



150 Z N A mean (
m/ns) σ (
m/ns) skewness52 79 131 1.20E-02 1.46E-01 -1.22E+0052 80 132 4.90E-02 7.88E-02 -3.63E+0052 81 133 -4.22E-02 1.74E-01 -3.32E+0052 82 134 2.31E-03 1.97E-01 -3.57E+0053 60 113 -4.29E-02 1.74E-01 1.18E+0053 61 114 -8.38E-02 1.24E-01 2.69E-0153 62 115 -8.48E-02 1.31E-01 8.64E-0253 63 116 -6.51E-02 1.19E-01 1.82E-0153 64 117 -6.26E-02 1.14E-01 5.43E-0353 65 118 -4.88E-02 1.02E-01 -2.98E-0153 66 119 -4.01E-02 1.08E-01 -1.58E-0153 67 120 -3.43E-02 9.64E-02 -6.54E-0253 68 121 -1.99E-02 9.81E-02 -3.18E-0153 69 122 -2.09E-02 9.19E-02 -1.16E-0153 70 123 -4.35E-03 8.87E-02 -1.74E-0153 71 124 -9.42E-03 8.86E-02 -1.70E-0153 72 125 5.09E-03 7.94E-02 -5.69E-0153 73 126 4.18E-03 8.23E-02 -4.49E-0153 74 127 1.26E-02 7.17E-02 -5.67E-0153 75 128 1.76E-02 7.57E-02 -8.33E-0153 76 129 2.16E-02 6.64E-02 -7.55E-0153 77 130 3.34E-02 7.01E-02 -1.03E+0053 78 131 3.54E-02 6.55E-02 -6.02E-0153 79 132 6.18E-02 7.26E-02 -8.42E-0153 80 133 9.55E-03 4.99E-02 -3.25E+0053 81 134 5.12E-02 5.49E-02 -5.26E+0053 82 135 4.93E-02 5.14E-02 -6.36E+0054 62 116 -2.72E-02 3.16E-01 2.47E+0054 63 117 -1.02E-01 1.15E-01 -5.37E-0154 64 118 -7.63E-02 1.12E-01 -2.63E-0154 65 119 -6.59E-02 1.08E-01 2.01E-0154 66 120 -4.94E-02 9.99E-02 -2.31E-0154 67 121 -4.94E-02 9.82E-02 8.07E-0254 68 122 -3.15E-02 8.81E-02 -2.70E-0154 69 123 -2.76E-02 9.23E-02 -1.63E-0154 70 124 -1.81E-02 8.05E-02 -5.86E-0154 71 125 -1.06E-02 8.44E-02 -2.59E-0154 72 126 -7.61E-03 7.54E-02 6.63E-0154 73 127 4.39E-03 7.72E-02 4.65E-0154 74 128 2.67E-03 7.25E-02 1.51E+0054 75 129 1.85E-02 6.87E-02 9.91E-0154 76 130 1.66E-02 6.58E-02 7.50E-01



151Z N A mean (
m/ns) σ (
m/ns) skewness54 77 131 3.37E-02 5.74E-02 -1.39E-0154 78 132 3.49E-02 5.35E-02 4.12E-0154 79 133 4.99E-02 4.54E-02 3.75E-0154 80 134 4.55E-02 3.65E-02 4.84E-0154 81 135 5.70E-02 2.71E-02 -3.34E+0054 82 136 -1.10E-01 8.12E-02 -2.10E+0054 83 137 -2.97E-01 2.49E-01 4.24E-0155 63 118 -9.03E-02 6.03E-02 -8.42E-0255 64 119 -1.89E-01 1.38E-01 -9.75E-0255 65 120 -8.05E-02 1.08E-01 7.73E-0155 66 121 -7.49E-02 9.41E-02 6.29E-0255 67 122 -7.36E-02 9.83E-02 -3.73E-0155 68 123 -6.27E-02 9.20E-02 1.42E+0055 69 124 -5.09E-02 8.62E-02 -3.24E-0155 70 125 -4.70E-02 8.11E-02 7.69E-0255 71 126 -3.27E-02 7.61E-02 -9.57E-0155 72 127 -3.28E-02 7.35E-02 -3.01E-0155 73 128 -1.81E-02 6.78E-02 2.80E-0155 74 129 -1.96E-02 6.89E-02 6.26E-0155 75 130 -7.65E-03 6.01E-02 -7.17E-0155 76 131 -6.75E-03 7.05E-02 4.60E+0055 77 132 6.59E-05 5.80E-02 9.54E-0155 78 133 2.57E-03 5.44E-02 -2.97E+0055 79 134 7.77E-03 5.01E-02 -3.03E+0055 80 135 1.27E-02 6.30E-02 -3.99E+0055 81 136 3.22E-02 7.99E-02 -2.82E+0055 82 137 1.23E-01 7.86E-02 -4.18E+0055 83 138 -5.70E-02 6.18E-02 -6.98E+0056 66 122 -1.09E-01 1.48E-01 9.58E-0156 67 123 -1.09E-01 8.39E-02 2.25E-0156 68 124 -1.12E-01 8.96E-02 2.00E-0156 69 125 -7.49E-02 7.14E-02 -1.53E-0156 70 126 -7.63E-02 8.81E-02 -8.43E-0156 71 127 -6.53E-02 7.47E-02 -3.70E-0156 72 128 -6.11E-02 8.14E-02 -1.46E+0056 73 129 -6.01E-02 9.47E-02 -3.63E+0056 74 130 -4.91E-02 8.27E-02 -2.28E+0056 75 131 -5.18E-02 9.82E-02 -6.01E+0056 76 132 -3.96E-02 8.41E-02 -2.24E+0056 77 133 -5.70E-02 1.72E-01 -4.52E+0056 78 134 -3.33E-02 1.12E-01 -1.86E+0056 79 135 -3.19E-02 6.66E-02 -1.87E-01



152 Z N A mean (
m/ns) σ (
m/ns) skewness56 80 136 1.43E-01 3.54E-01 6.89E-0156 81 137 2.39E-02 1.54E-01 -6.35E+0056 82 138 2.08E-02 1.60E-01 -5.05E+0056 83 139 3.26E-02 8.13E-02 -6.69E+0056 84 140 5.41E-02 5.93E-02 -6.16E+0056 85 141 -1.40E-01 8.95E-02 -1.43E+0056 86 142 -2.99E-01 2.77E-01 7.56E-01



153Longitudinal velo
ity as a fun
tion of the impa
t param-eterThe following table gives the re
onstru
ted 
orrelation between observed mean longi-tudinal velo
ity and the impa
t parameter, using the method des
ribed in 
hapter 6 andthe data from the experiment 136Xe+Pb at 1 AGeV.b (fm) v‖ (
m/ns)9.99074 -1.33E-0110.0054 -2.28E-0110.0308 -1.83E-0110.0666 -2.39E-0110.0916 -2.98E-0110.109 -3.66E-0110.134 -4.12E-0110.1688 -4.60E-0110.191 -5.44E-0110.2001 -5.52E-0110.2093 -5.93E-0110.2324 -6.36E-0110.2676 -6.81E-0110.2906 -7.14E-0110.3 -7.80E-0110.3094 -8.38E-0110.3324 -8.32E-0110.3676 -9.39E-0110.3906 -8.89E-0110.4 -9.71E-0110.4094 -9.25E-0110.4324 -1.01E+0010.4676 -9.93E-0110.4906 -1.02E+0010.5 -1.05E+0010.5094 -1.02E+0010.5324 -1.12E+0010.5676 -1.10E+0010.5907 -1.13E+0010.5999 -1.09E+0010.6089 -1.17E+0010.6313 -1.12E+0010.6661 -1.14E+0010.6911 -1.12E+0010.7083 -1.16E+00



154 b (fm) v‖ (
m/ns)10.7328 -1.18E+0010.7673 -1.14E+0010.7916 -1.19E+0010.8085 -1.15E+0010.8328 -1.22E+0010.8672 -1.16E+0010.8912 -1.19E+0010.9073 -1.17E+0010.9312 -1.17E+0010.9673 -1.17E+0010.9989 -1.13E+0011.0307 -1.16E+0011.0689 -1.12E+0011.1001 -1.15E+0011.1312 -1.10E+0011.169 -1.12E+0011.2 -1.09E+0011.2307 -1.09E+0011.2678 -1.07E+0011.2984 -1.06E+0011.3313 -1.04E+0011.3766 -1.01E+0011.423 -1.00E+0011.4677 -9.71E-0111.5001 -9.57E-0111.5325 -9.22E-0111.5771 -9.08E-0111.6231 -8.87E-0111.6676 -8.60E-0111.6996 -8.53E-0111.7312 -8.06E-0111.7751 -7.99E-0111.8224 -7.61E-0111.8745 -7.43E-0111.924 -7.00E-0111.9757 -6.94E-0112.0241 -6.42E-0112.0746 -6.29E-0112.1224 -5.71E-0112.1747 -5.43E-0112.2301 -5.01E-0112.2981 -4.63E-01



155b (fm) v‖ (
m/ns)12.3677 -4.04E-0112.4304 -3.85E-0112.499 -3.27E-0112.5676 -3.17E-0112.6315 -2.59E-0112.7075 -2.56E-0112.7904 -2.13E-0112.864 -1.96E-0112.9264 -1.43E-0113.0029 -1.38E-0113.1036 -1.03E-0113.2292 -7.70E-0213.3707 -2.30E-0213.4995 -1.00E-0313.6058 1.17E-0113.7071 2.05E-0113.9215 2.50E-0114.4844 2.20E-0115.6788 4.43E-01
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