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Abstract

�Thermal m ultifragmen tation� is the pro cess of m ultib o dy disassem bly of a hot

n ucleus when the excitation is almost purely thermal. i.e. dynamical e�ects lik e

compression (c haracteristic of ion-ion collisions at F ermi energy) are negligeable.

Suited reactions are proton induced collision or ion-ion abrasion at relativistic inci-

den t energy . Th us w e measured four systems at FRS in in v erse kinematics:

56

F e+ p ,

56

F e+

nat

Ti,

136

Xe+ p ,

136

Xe+

nat

Ti at 1 A Ge V. The in v erse kinematics allo ws to

observ e all particles without an y threshold in energy . This is a great adv an tage

compared to exp erimen ts in direct kinematics, b ecause only in in v erse kinematics

it is p ossible to obtain complete v elo cit y sp ectra (without a hole for lo w v elo ci-

ties) for fully iden ti�ed isotop es. The complex shap e of the v elo cit y sp ectra allo ws

to iden tify the di�eren t deexcitation c hannels and it clearly sho ws the transition

from a c haotic-dominated pro cess (Gaussian cloud in v elo cit y space) to a direct

Coulom b- (or ev en tually expansion-) dominated pro cess (shell of a sphere in v e-

lo cit y space). Di�eren t p ossible descriptions of the reaction pro cess are discussed,

based either on asymmetric �ssion or m ultifragmen tation. The resulting ph ysical

picture is esp ecially in teresting for the

56

F e+ p , and

136

Xe+ p systems: proton in-

duced collisions could result in the split of the system in t w o or more fragmen ts

due to a fast break-up pro cess. In this case, the con�guration of the break-up par-

tition is v ery asymmetric. The discussion will b e extended to other c haracteristics,

lik e the restoring of n uclear structure features in the isotopic pro duction and the

temp erature dep endence of the isotopic comp osition of the residues.

Key�W ords

Spallation reactions � Multifragmen t emission and correlations � Nuclear reaction

mo dels and metho ds � Mass and neutron distributions.





Nouv elles appro c hes p our l'étude de la

m ultifragmen tation thermique dans la

spallation

Résumé

L'in v estigation des v oies de décroissance d'un no y au excité au-dessus de l'énergie

de liaison est l'un des grands sujets de rec herc he de la ph ysique n ucléaire. A partir

des années quatre-vingt, la présence d'autres v oies de décroissance que la �ssion

et l'év ap oration des résidus a été prédite et mise en évidence dans des systèmes

n ucléaires très excités. Ces v oies on t été décrites comme l'explosion du no y au c haud

et la dilution en de nom breux fragmen ts, formés sim ultanémen t, dans des situations

de co existence de phases liquide et gazeuse de la matière n ucléaire. Plusieurs t yp es

de collisions on t été étudiés p our induire l'excitation nécessaire à la désin tégration

du no y au et p our mettre en évidence les propriétés déterminan tes de ce pro cessus.

Un cas particulièremen t in téressan t est celui de la �m ultifragmen tation thermique�,

le pro cessus de cassure m ultiple d'un no y au c haud quand l'excitation est quasimen t

puremen t thermique, c'est à dire que les e�ets dynamiques comme la compression

(caractéristiques des collisions d'ions lourds à l'énergie de F ermi) son t négligeables.

Les réactions particulièremen t adaptées son t les collisions induites par des protons.

Au cours des dernières années, un large programme exp érimen tal conduit au FRS

(F ragmen t Separator, GSI, Darmstadt) fo calisé sur l'étude des propriétés fonda-

men tales des résidus de spallation et fragmen tation a ab outi à l'étude des systèmes

56

F e+ p ,

56

F e+

nat

Ti,

136

Xe+ p ,

136

Xe+

nat

Ti à 1 A Ge V. P our les quatre systèmes,

la cinématique in v erse nous a p ermis d'observ er toutes les particules sans aucun

seuil en énergie. La forme complexe du sp ectre en vitesse p ermet d'iden ti�er des

di�éren ts canaux de désexcitation et manifeste clairemen t la transition d'un pro-

cessus en prév alence c haotique (n uage Gaussien dans l'espace des vitesses) v ers un



pro cessus dominé directemen t par la répulsion Coulom bienne, ou év en tuellemen t

par l'expansion (couc he sphérique dans l'espace des vitesses).

En nous concen tran t sur les systèmes

56

F e+ p ,

136

Xe+ p , di�éren tes descriptions p os-

sibles du pro cessus de réaction son t discutées, basées soit sur la �ssion asymétrique

ou sur la m ultifragmen tation, caractérisée par des cassures rapides très asymétrique.

Une discussion est dédiée explicitemen t à décrire commen t, et sur la base de quelles

h yp othèses, il a été p ossible d'extraire des sections e�caces in v arian tes à partir des

mesures inclusiv es. L'outil mathématique dév elopp é a ce prop os constitue un nou-

v eau concept dans les exp ériences au FRS et il établit un lien a v ec d'autres t yp es

de données exp érimen tales, comme celles obten ues dans des mesures exclusiv es.

Une discussion particulière est étendue à d'autres asp ects, comme la dép endance

en temp érature de la comp osition isotopique des résidus et le ré-établissemen t des

caractéristiques de la structure n ucléaire dans la pro duction isotopique.

Ces rec herc hes s'inscriv en t dans le programme de l'a v al du cycle électron ucléaire,

et de nom breuses applications comme la conception des cibles de spallation p our

des réacteurs h ybrides dédiés à la pro duction d'énergie ainsi qu'à l'incinération des

actinides p euv en t en pro�ter. En particulier, nous a v ons mis en évidence que les

e�ets de l'in tro duction de l'étap e de la m ultifragmen tation dans un mo dèle de spal-

lation p euv en t jouer un rôle imp ortan t p our des énergies inciden tes autour de 1

A Ge V, et améliorer notablemen t la repro duction des données exp érimen tales tan t

p our la pro duction isotopique que p our la description de la cinématique d'émission

des fragmen ts légers. Cette étude est aussi essen tielle p our progresser dans l'étude

fondamen tale des phénomènes astroph ysiques, comme la n ucléosyn thèse et les pro-

priétés de la matière dans des étoiles à neutrons.
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Preface

In No v em b er 2002, in Darmstadt, the sync hrotron SIS w as deliv ering a b eam of

136

Xe at the inciden t energy of 1 A Ge V. The measuremen t of the pro duction of all

the hea viest residues generated in the in teraction of the b eam with a target of liquid

h ydrogen w as the main purp ose of the exp erimen t. In the recen t y ears a v ast col-

lection of similar data w ere measured, concen trating on the pro duction of residues

close to the mass of the pro jectile in ion-proton in teractions at the inciden t energy

of 1 A Ge V. This measuremen ts w ere carried on b y the groups CHARMS (�Col lab-

or ation for High-A c cur acy Exp eriments on Nucle ar R e action Me chanisms with the

FRS�) at GSI (Darmstadt, German y), P A CS (�Physique de l'A val du Cycle et de la

Sp al lation �) at IPN (Orsa y ,F rance), �Grup o exp erimental de núcle os y p artículas� ,

at �Univ ersidad de San tiago de Comp ostela� (Spain), and D APNIA/SPhN at CEA

(Sacla y , F rance). The researc h carried on b y the collab oration w as aimed to cre-

ating the ph ysical bac kground for the design of A ccelerator-Driv en Systems, that

are sub critical n uclear reactors where the neutron �ux is k ept constan t b y adding

a neutron source. Suc h a system has the adv an tage of w orking as an ampli�er of

the neutron �ux: the m ultiplicativ e medium of the n uclear reactor k eeps a �ux of

neutrons that is prop ortional to the in tensit y of the neutron source. Recen tly , there

is increasingly large in terest in using this high neutron-�ux to �incinerate� n uclear

w astes. The high neutron-�ux can also b e exploited for the pro duction of energy ,

lik e in a con v en tional thermo-n uclear system. In the latter case, the coupling of

the sub critical neutron-m ultiplicativ e medium with a neutron source w orks as an

�energy ampli�er�: the higher is the in tensit y of the source, the higher is the en-

ergy pro duction. Unfortunately , this option, that w ould eliminate ex fundamenta

an y p ossibilit y for a deviation of the neutron �ux, do es not seem to b e considered

in future scenarios of large-scale energy pro duction and will probably remain an

academic utopia. It is eviden t that, for b oth the t w o applications, w e need a v ery

in tense source of neutrons. Suc h a source can b e obtained in a so-called sp al lation

reaction, induced b y directing relativistic protons on a neutron-ric h target, lik e lead

or uranium. In general, the hea vy n uclides generated as residues of this reaction, are

in a v erage more proton ric h with resp ect of the � -stable n uclei. Therefore, the more

neutron ric h is the n ucleus used as a spallation target, the higher is the neutron �ux

1



Preface

generated b y the neutron source. This justi�es the in terest for hea vy , neutron-ric h

targets.

The n um b er of measured reactions is limited, and it is necessary to ac hiev e enough

con�dence with mo delling the reaction mec hanism in order to extrap olate to all the

cases where the spallation pro cess is not measured or is to o di�cult to b e mea-

sured. F or instance, some of the most studied systems, esp ecially in teresting for

applications, lik e

208

Pb + p and

238

U + p at 1 A Ge V, are complex b ecause, after the

collision, the n ucleus leads to a comp etition b et w een the sequen tial ev ap oration of

n ucleons and symmetric �ssion. If the cross sections for the pro duction of the reac-

tion residues are in tegrated and ordered as a function of the mass, w e exp ect that

the cross section is maxim um for the mass of the pro jectile and gradually decreases

for ligh ter masses. this b eha vior re�ects the spallation-ev ap oration pro cess. The

slop e of this p ortion of the sp ectrum is also a ma jor test for a spallation-reaction

mo del and for the general understanding of the pro cess. It is in fact related to

the excitation energy in tro duced in the system during the collision. The cross sec-

tions con tin ue to decrease for lo w er masses till the trend rev erses and the function

increases to w ards another maxim um, that coincides with symmetric �ssion.

The comp etition b et w een ev ap oration and symmetric �ssion is particularly eviden t

for an y system obtained b y b om barding hea vier n uclei than gold with relativistic

protons. In this case, it is v ery complicated to elab orate a spallation mo del on the

basis of the exp erimen tal data. In particular, recen t mo dels that ev en con tain a v ery

consisten t description of the �ssion pro cess, and that pro vide a correct total reaction

cross-section, ha v e eviden t di�culties in repro ducing the slop e of the p ortion of the

mass sp ectrum related to the spallation-ev ap oration residues. In general, this slop e

is to o steep, so that the pro duction yields of ligh ter n uclides than the pro jectiles is

lo w er than the exp erimen tal v alues. This underestimation is the indication that the

o v erall reaction mec hanism w as not fully understo o d. In the mo del, a to o high �s-

sion probabilit y w ould result in to an underestimation of the comp eting ev ap oration

pro duction. Indeed, the ev ap oration pro duction w as underestimated b y the mo dels

ev en when �ssion w as v ery consisten tly describ ed. Th us, when the formation of

�ssion and ev ap oration residues is correctly describ ed, the wrong slop e of the mass

sp ectrum asso ciated to spallation-ev ap oration migh t re�ect an inconsistency in the

calculation of the excitation energy dep osited in the system during the collision.

A w a y to test the p ertinence of a mo del in describing the collision mec hanism is

to v erify that the sp ectrum of the emitted neutrons as a function of the kinetic

energy is correct. The p ortion of the neutron sp ectrum asso ciated to the highest

energies is related to the neutrons emitted promptly in the collision and giv es more

direct indications ab out the collision mec hanism. Some mo dels that pro vide correct

descriptions of the neutron sp ectra, still fail in repro ducing the slop e of the mass

sp ectrum asso ciated to spallation-ev ap oration. This inconsistency w as ev en more

preo ccup ying, b ecause it seemed to hide a more fundamen tal problem.

A v ery fundamen tal problem could b e that a spallation mo del is not su�cien t to

describ e the in teraction b et w een protons and n uclei in the 1 A Ge V inciden t-energy

2
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range. A t the FRagmen t Separator the reaction

136

Xe + p w as measured, in order to

solv e at least one ma jor problem:

136

Xe is ab out as neutron ric h as Lead, but to o

ligh t to manifest symmetric �ssion.

136

Xe is actually the most neutron-ric h stable

isotop e for whic h the con tribution of �ssion could b e neglected. It w as someho w

the ideal exp erimen tal case for measuring the slop e of the mass sp ectrum related

to ev ap oration, in the region of hea vy masses.

T w o y ears b efore, another system,

56

F e + p at 1 A Ge V, had b een measured at the

FRS. The exp erimen tal purp ose of the measuremen t w as di�eren t: iron is a struc-

tural material in an A ccelerator Driv en System and it w as necessary to in v estigate

its b eha vior when b om barded b y relativistic protons. The hea vy residues pro duced

in

56

F e + p w ere analyzed in m y diploma-w ork at IPN in Orsa y and, in parallel, it w as

also analyzed b y Carmen Villagrasa at CEA in Sacla y as the sub ject of her thesis,

leading to results in consisten t agreemen ts. On the other hand, all the spallation

mo dels that w ere tested failed again in repro ducing the slop e of the mass sp ectrum

(that, for this system, do es not su�er from an y disturbance related to symmetric

�ssion!). The sp ectral region of ab out half the mass of the pro jectile w as sev erely

underestimated in most of the calculations. Initially , the ligh t residues w ere dis-

regarded b ecause, while at this inciden t energies hea vy residues are relativ ely easy

to analyze, the ligh t ones presen t sev eral di�culties, related to the exp erimen tal

conditions and, at the momen t, w e had no mathematical to ols to o v ercome those

complications. Later, these ligh t n uclides attracted m uc h in terest, b ecause ligh t

masses constituted the region where the reason for the inconsistencies of our mo d-

els had still not b een tested. After a new analysis of the

56

F e + p system, extended to

the full mass range, the exp ectations w ere encouraged. The ligh test n uclides mani-

fested in fact h uge yields, higher than an y spallation mo del could repro duce (ev en

including ligh t-particle emission). A deep er and deep er analysis of these n uclides

rev ealed more and more new fundamen tal details ab out the emission kinematics,

the reaction mec hanism, thermal prop erties in v olv ed in the n uclear system, and

ev en n uclear-structure e�ects. All these features are crucial for the realization of a

n uclear-reaction mo del.

The increasing in terest for ligh t-n uclide pro duction, inspired b y the study of

56

F e + p

w as the reason wh y the whole p ossible isotopic pro duction in

136

Xe + p w as measured,

going b ey ond the standard plan of restricting to the hea viest residues. The �p oin t of

view� of the v arious spallation mo dels w as rather sk eptical ab out the p ossibilit y that

ligh t residues could b e pro duced with a measurable yields in the

136

Xe + p reaction.

Indeed, lik e in

56

F e + p , a remark ably generous ligh t-fragmen t pro duction sho w ed up

once more. In the past, sev eral exp erimen ts w ere dedicated to study the collisions of

relativistic protons with hea vy ions. T o cite one signi�can t exp erimen t, it should b e

men tioned that in 1986 L. N. Andronenk o and collab orators measured the reaction

induced b y a b eam of 1 A Ge V protons on targets of nic k el and silv er. The systems

are similar to those analyzed in this w ork and, again, high yields w ere measured for

the ligh t fragmen ts. In that case, multifr agmentation w as the pro cess adv o cated for

describing the exp erimen tal results and, in successiv e theoretical w orks, A. Botvina
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and J. P . Bondorf demonstrated that a statistical m ultifragmen tation mo del is capa-

ble to describ e the yields of the ligh t n uclides that w ere measured in the exp erimen t.

Esp ecially at the end of the eigh ties, a dispute op ened up and comp ound-n ucleus

mo dels and m ultifragmen tation mo dels w ere alternativ ely prop osed to explain the

origin of ligh t fragmen ts in reactions induced b y relativistic protons.

In the �rst c hapter of the thesis the main argumen tations that inspired this dispute

are presen ted. In the second c hapter, a brief description of the exp erimen tal device

and of the data analysis is dro wn. The third c hapter presen ts the most signi�can t

exp erimen tal results. Esp ecially for the isotopic pro duction obtained with the

136

Xe

b eam, a sp ecial e�ort w as done to extend the range of isotopic cross sections from

Lithium to Barium. A discussion is explicitly dedicated to describ e ho w (and on the

basis of whic h assumptions) the in v arian t cross sections could b e extracted from the

inclusiv e measuremen t. This approac h is a new concept in the exp erimen ts with the

FRagmen t Separator, and it creates a bridge with other kinds of exp erimen tal data,

lik e those obtained in exclusiv e measuremen ts. A large discussion on the reaction

mec hanism, exp ecially dedicated to

56

F e + p , is illustrated in the fourth c hapter.

In the framew ork of this discussion, a p ossible solution to the original problem of

describing the mass distribution is prop osed. A more sophisticated mo del where

spallation-ev ap orarion c hannels comp ete with fragmen tation succeeds to pro vide a

v ery satisfactory description of the whole measured mass sp ectra. This mo del is

ev en capable to describ e the complex features of the emission kinematics of the ligh t

fragmen ts. In the �fth and sixth c hapters sp ecial discussions are dedicated to extract

considerations ab out the n uclear temp erature from the isotopic comp onen t of the

residues and to study the structural e�ects in the isotopic pro duction, resp ectiv ely .

The sev en th c hapter constitutes the conclusions ab out a researc h that, initially

aimed to obtaining the most complete surv ey on the isotopic pro duction in t w o

sp eci�c n uclear systems, ev en extended b ey ond, leading to new �ndings on the

onset of thermal m ultifragmen tation.

August 2004, P .N.
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1.1. The formation of ligh t residues

F or the last decades, the in v estigation of the maxim um excitation energy that a

n uclear system can hold has remained as m uc h a c hallenge as the description of

the deca y of a hot collision remnan t, excited b ey ond the limits of n uclear binding.

It w as found that other deca y mo des than �ssion and ev ap oration prev ail at high

excitation energy . These mo des are often describ ed as a sim ultaneous break-up of

the hot system in man y parts, named �m ultifragmen tation�. The excitation energy

ab o v e whic h m ultifragmen tation app ears is still source of in tense theoretical and ex-

p erimen tal researc h. A p oin t of particular in terest is to recognise the distinguishing

traits denoting this deca y mo de when the excitation is just su�cien t for its onset. In

line with this in v estigation, one foremost asp ect of in tense discussion is the connec-

tion of the kinematics of the residues to the kind of equilibration pro cess in v olv ed

in the earliest stages of the deca y . This question is related to the complemen tary

e�ort in constructing ph ysical mo dels to deduce the formation cross-sections of the

residues when the excitation energy of the system is tak en as initial condition. Es-

p ecially ligh t residues are suited for this purp ose. Sev eral details of the deexcitation

mec hanism could emerge from the kinematics of ligh t fragmen ts, due to the high

sensitivit y in probing the Coulom b �eld of the deca ying system. Moreo v er, the

distribution of their isotopic cross-sections carry additional signatures connected to

di�eren t deca y mo des.

1.1 The formation of ligh t residues

Ligh t residues can b e generated in sev eral kinds of pro cesses. One of these, the

binary deca y of an excited greatly thermalised complex, named comp ound n ucleus,

w as widely studied [ Sanders 1999 ]. W e migh t also recall that ev ap oration of n ucleons

and ligh t n uclei and symmetric �ssion are just the opp osite extremes of the manifes-

tation of this pro cess: there is a gradual transition from v ery asymmetric to symmet-

ric con�gurations in the division of deca ying comp ound n uclei, and th us all binary

deca ys of a greatly thermalised system can b e named �ssion in a generalized sense.

This generalization w as in tro duced b y Moretto [ Mo retto 1975 , Mo retto 1989 ]. A

comp ound system far b elo w the Businaro-Gallone p oin t [ Busina ro 1955a , Busina ro 1955b ]

(lik e iron-lik e n uclei) undergo es v ery asymmetric �ssion, resulting in a c haracteristic

U-shap e in the mass distribution of the yields. A minim um lo cated at symmetry in

the yield mass sp ectrum corresp onds to a maxim um placed at symmetry in the ridge

lines of the p oten tial. In con�gurations where a hea vy partner is presen t, the whole

deca y pro cess is dominated b y the binary deca y , and an additional ev ap oration of

single n ucleons w ould not disturb the kinematics remark ably . Suc h a pro cess ex-

hibits the t ypical feature of the p opulation of the shell of a sphere in v elo cit y space,

in the reference frame of the mother n ucleus.

A t high excitation, m ultifragmen tation b ecomes the comp eting pro cess to comp ound-

n ucleus reactions. There is a fundamen tal di�erence b et w een the binary deca y of a

comp ound n ucleus and the sim ultaneous disin tegration of a hot collision remnan t

6



CHAPTER 1. EQUILIBRA TION PR OCESSES

in sev eral constituen ts. The di�erence is in the kind of instabilities whic h are the

reason for the deca y , and is re�ected in the kind and in the time ev olution of the

consequen t equilibration pro cess follo w ed b y the system.

A hot n ucleus with an excitation energy ab o v e the threshold for emission of particles

or clusters (including �ssion) has the p ossibilit y to deca y b y an y of the op en c han-

nels. If the excited system is not to o hot, the fa v oured pro cess is a reordering of its

con�gurations: a great n um b er of arrangemen ts are a v ailable where all n ucleons re-

main in states b elo w the con tin uum, o ccup ying excited single-particle lev els around

the F ermi surface. Oscillations in �ssion direction are included in this picture as

w ell, but to o rarely the �ssion barrier is reac hed. Rather seldom, compared with

this thermal c haotic motion of the system, one n ucleon acquires enough energy to

pass ab o v e the con tin uum and ma y ev en tually lea v e the n ucleus. This picture migh t

b e extended to cluster deca y and to �ssion. Since this deca y is a rare pro cess, one

ev ap oration ev en t, or �ssion ev en t, pro ceeds after the other, sequen tially . In this

pro cess, the comp ound system follo ws a dynamic tra jectory in deformation space,

whic h is go v erned b y the p oten tial-energy surface and the dynamic prop erties of

the comp ound system, related, for instance, to the inertia tensor and dissipation

tensor. All deca ys are binary .

If the system b ecomes drastically more unstable, this picture is not v alid an y-

1 2 3
r / r0

-0.5

0

0.5

P
 [ 

M
eV

 fm
-3

 ]

CoexistenceSpinodal

Critical point

Cracking

Freeze-out

 Dumped r
fluctuations

5

8

11

14

17
T = 20

Figure 1.1: Idealistic plot of the phase diagram of n uclear matter, deduced from a

Skyrme force ([ Jaqaman 1983 ] parameterised according to [ Levit 1985 ]). Pressure is

sho wn as a function of the a v erage relativ e n ucleon distance r normalized to the dis-

tance r

0

at ground state. System con�gurations are dra wn as p ossible �nal results

of the expansion phase. When the thermalization path leads to the co existence

region, out of the spino dal region, dump ed densit y �uctuations o ccur. In the spin-

o dal region densit y �uctuations are unstable and lead to crac king. A t lo w densit y

freeze-out is attained with di�eren t p ossible partition con�gurations: fragmen ts are

free to lea v e the system.
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1.1. The formation of ligh t residues

more. The exploration of p ossible states of the excited system includes n umerous

unstable con�gurations. Th us, the disin tegration can not b e understo o d as a se-

quence of binary deca ys, but rather p ortra y ed as a sim ultaneous break-up in sev eral

constituen ts [ Randrup 1981 , Gross 1997 , Botvina 1985a , Bondo rf 1985 , Bondo rf 1995 ].

The disin tegration is sim ultaneous in the sense that it ev olv es in so short a time

in terv al ( 10

� 22

- 10

� 21

s) that the ejected fragmen ts can still exc hange m utual in ter-

actions during their acceleration in the Coulom b �eld of the system. In hea vy-ion

collisions, part of the excitation could b e in tro duced in the system in the form of

compressional energy . A ccording to the impact parameter and the inciden t energy ,

the in teraction migh t result in a v ery complex in terpla y b et w een dynamic e�ects

(b eside compression, also deformation and rotation degrees of freedom) and ther-

mal excitation. This is the case of cen tral collisions in the F ermi-energy range. On

the con trary , p eripheral hea vy-ion collisions at relativistic energies ma y b e rather

pictured according to an �abrasion� pro cess [ Gaima rd 1991 , Brohm 1994 ], where the

remnan t is formed b y the sp ectator n ucleons, heated b y mainly thermal energy . In

this case, the role of compressional energy has minor incidence. Ev en with proton

pro jectiles, the m ultifragmen tation regime migh t b e accessible when v ery high ex-

citation is in tro duced in the n ucleus. In reactions induced b y relativistic protons

(but also b y v ery ligh t n uclei), the dynamic e�ects of the collision ha v e ev en smaller

imp ortance. The excitation energy is almost purely thermal. Some authors ev en

attributed the sp eci�c name of �thermal m ultifragmen tation� to this particular pro-

cess (see the review articles [ Ka rnaukhov 1999 , Ka rnaukhov 2003a ]). It migh t b e sug-

gested that proton-induced relativistic collisions are b etter suited than ion-ion colli-

sions for in v estigating thermal prop erties of n uclear matter (e.g. [ Ka rnaukhov 1999 ,

Hirsch 1984 , Andronenk o 1986 , K otov 1995 , A vdey ev 1998 ]). In �nite n uclei, the tran-

sition from the �ssion-ev ap oration mo de to m ultifragmen tation manifests rather

smo othly . This op ening of break-up c hannels ev en inspired in terpretations in line

with the liquid-gas phase transition of n uclear matter [ Richert 2001 , Chomaz 2004 ,

P o cho dzalla 1995 , Bo rderie 2002 ]. The similarit y of the n ucleon-n ucleon in teraction

with the Lennard-Jones molecular p oten tial suggests that in�nite neutral n uclear

matter resem bles a V an-der-W aals �uid [ Sauer 1976 ]. As sho wn in �g. 1.1, also in the

phase diagram of n uclear matter an area of liquid-gas co existence can b e de�ned. In

this region, the �dense� phase of n uclear droplets is in equilibrium with the �gaseous�

phase of free n ucleons and ligh t complex particles. Within the Hartree-F o c k appro x-

imation, according to the t yp e of Skyrme force c hosen for obtaining the n uclear

equation of state, the critical temp erature T

c

w as calculated to v ary in a range

of around 15-20 Me V for n uclear matter [ Sauer 1976 , Jaqaman 1983 , Levit 1985 ].

(One of the latest in v estigations, based on an impro v ed Fisher's mo del [ Elliott 2002 ]

indicated T

c

= 6 : 7 � 0 : 2 M eV for �nite n uclear systems. This v alue is source of

con tro v ersy , e.g. [ Nato witz 2002 , Nato witz 2002 , Gulminelli 2002 , D'Agostino 2003 ,

Ka rnaukhov 2003a , Ka rnaukhov 2003b ]). During the reaction pro cess, the system

explores di�eren t regions of the phase diagram. Since at relativistic energies the

collision is related to short w a v elengths, the hot remnan t should reac h high p ositiv e

v alues of pressure P due to thermal energy (rather than mec hanical compression,

c haracteristic of F ermi-energy collisions) without deviating sensibly from the ini-
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CHAPTER 1. EQUILIBRA TION PR OCESSES

tial densit y �

0

. It is commonly assumed that at this stage the system is still not

thermalised and it undergo es expansion in order to attain equilibrium (There ex-

ist also opp osite in terpretations assuming thermalization already b efore expansion

and a successiv e �Big-Bang-lik e� expansion out of equilibrium [ Campi 2003 ]). If the

initial pressure is high enough, the subsequen t expansion could lead to rather lo w

densities, and the system, after dissipating the incoming momen tum, could reac h a

p oin t b elonging to the spino dal region. Due to the in v erse relation b et w een pressure

and densit y dP =d� < 0 , this region is unstable, and densit y �uctuations are magni-

�ed. The n ucleus breaks apart due to spino dal instabilit y . The system disassem bles

also due to Coulom b instabilit y . The inclusion of the long-range Coulom b in ter-

action in the equation of state w as in tro duced b y Levit and Bonc he [ Levit 1985 ],

with the result that the solution of the co existence equation v anishes ab o v e a �lim-

iting temp erature� T

l im

, in general m uc h lo w er than T

c

, dep ending on the condi-

tions tak en for the calculation (see also [ Jaqaman 1989a , Jaqaman 1989b ]). Den-

sit y �uctuations re�ect a con tin uous ev olution of the size and n um b er of n uclear

droplets from a con�guration to another [ Bugaev 2001 ]. If the a v erage m utual dis-

tance among the n ucleons exceeds the strong n uclear in teraction range (i.e. ab out

p

< �

n

> =� , where < �

n

> is the a v erage n ucleon-n ucleon collision cross sec-

tion), the break-up con�guration �freezes� and the formed n uclei and n ucleons �y

a w a y freely , all carrying signatures of the so-called freeze-out temp erature of their

common source. F rom comparing results from di�eren t exp erimen tal approac hes

e.g. [ Hirsch 1984 , P o cho dzalla 1995 , Schmidt 2002 , Nap olitani 2002b ] this temp era-

ture is found to b e restricted to a range of 5 to 6 Me V (corresp onding to a range

of excitation energy p er n ucleon around 2.5 to 3.5 Me V), quite indep enden tly of

the reaction. This �nding, not directly compatible with the phase diagram of ideal

n uclear matter ev en suggested to searc h for a �c haracteristic temp erature� of frag-

men tation [ F riedman 1988 ]. The break-up con�guration at freeze-out is exp ected

to re�ect the excitation energy of the system. The dense phase of highly heated

systems should ha v e the asp ect of an ensem ble of copious almost-equal-size ligh t

fragmen ts. A t reduced excitation, just su�cien t for attaining the freeze-out, the

break-up partition migh t ev olv e to more asymmetric con�gurations, where the for-

mation of a hea vy fragmen t close to the mass of the hot remnan t is accompanied b y

one or more ligh t fragmen ts and clusters. As an extreme, this con�guration migh t

ev en reduce to a binary asymmetric deca y . In the case of a v ery asymmetric split of

the system, the partition m ultiplicit y has minor in�uence on the kinematics of the

ligh t ejectiles. The emission of ligh t particles p opulates spherical shells in v elo cit y

space and can not b e easily distinguished b y the kinematics from a binary deca y

when large mass-asymmetries c haracterize the partition. A binary or binary-lik e

deca y issued from a break-up con�guration is a �fast� pro cess. Compared to asym-

metric �ssion, asymmetric break-up deca ys should result in a similar U-shap e of the

mass sp ectra of the yields. On the other hand, break-up deca ys should b e re�ected

in the higher magnitude of the yields, and in the emission kinematics that, still

mostly go v erned b y the Coulom b �eld, should exhibit an additional con tribution

due to the ev en tual expansion of the source.
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1.2. Measuremen t of ligh t-fragmen t prop erties

1.2 Measuremen t of ligh t-fragmen t prop erties

Great part of the information on ligh t-particle emission at high excitation ener-

gies w as collected in 4- � -t yp e exp erimen ts, suited for measuring the m ultiplicit y

and the correlations of in termediate-mass fragmen ts [ Schüttauf 1996b , Ma rie 1998 ,

Scha renb erg 2001 ]. Still, the measuremen t of correlations and the linear-momen tum-

transfer w as the basis for pursuing in tense researc hes on the transition from the for-

mation of comp ound n uclei to m ultifragmen tation [ Klotz-Engmann 1987 , Klotz-Engmann 1989 ].

In this w ork, w e discuss additional results deriv ed from new inclusiv e measuremen ts

of the reactions

56

F e + p ,

56

F e+

nat

Ti,

136

Xe + p and

136

Xe+

nat

Ti at 1 A Ge V, e�ec-

tuated in in v erse kinematics with the FRagmen t Separator (FRS) [ Geissel 1992 ] at

GSI (Darmstadt). The exp erimen tal set-up w as not in tended to measure m ulti-

plicit y and correlations, but to pro vide formation cross sections and high-resolution

v elo cit y sp ectra for isotopically iden ti�ed pro jectile-lik e residues. The excitation

of the

56

F e + p and

136

Xe + p systems consists of purely thermal energy , and it is

just high enough to approac h the conditions for the onset of m ultifragmen tation.

On the basis of these data w e searc h for the prop erties of the early app earance

of break-up ev en ts and their comp etition with comp ound-n ucleus emission. The

systems

56

F e+

nat

Ti and

136

Xe+

nat

Ti are compatible with an abrasion picture. The

excitation energy dep osited in the pro jectile sp ectator, still mostly of thermal na-

ture, establishes the dominance of m ultifragmen tation in the deca y pro cess. W e

will esp ecially discuss the di�erences in the kinematics of ligh t-fragmen t emission

in the t w o systems, conditioned b y t w o di�eren t lev els of excitation magnitude.
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2.1. The exp erimen t

2.1 The exp erimen t

The exp erimen ts w ere p erformed at GSI (Darmstadt) in t w o sessions: in Octob er

2000 a primary b eam of

56

F e w as used and in No v em b er 2002 a

136

Xe b eam w as used.

The primary b eam w as deliv ered b y the hea vy-ion sync hrotron SIS at an energy of

1 A Ge V. The target w as constituted of liquid h ydrogen (with a thic kness of 87 : 3

mg/cm

2

) con tained in a cry ostat with thin titanium windo ws ( 36 : 3 mg/cm

2

in total),

wrapp ed in thin Mylar foils (C

5

H

4

O

2

, total thic kness: 8 : 3 mg/cm

2

) for thermal

insulation. In the target area, other la y ers of matter in tersected the ion-b eam:

the accelerator-v acuum windo w of titanium ( 4 : 5 mg/cm

2

) and the b eam-curren t

monitor. The latter w as comp osed of alumin um foils ( 8 : 9 mg/cm

2

) at the time of

the measuremen t with the

56

F e b eam, and it w as successiv ely replaced b y titanium

foils ( 13 : 5 mg/cm

2

) b efore running the exp erimen t with the

136

Xe b eam. In order

to disen tangle the pro duction and the ph ysical results related to the in teraction

with h ydrogen from the con tribution asso ciated to the other materials, the whole

exp erimen tal runs w ere rep eated in iden tical conditions, after replacing the target

b y titanium foils ha ving the same thic kness of the cry ostat windo ws and wrapp ed in

Mylar foils ha ving the same thic kness of the cry ostat insulation. This pro cedure did

not only determine the disturbing con tributions in the measuremen t of the

56

F e + p

and

136

Xe + p systems, but it also pro vided additional exp erimen tal data on other

reaction systems. With some arbitrariness w e name titanium tar get (

nat

Ti) the

ensem ble of the titanium foils replacing the cry ostat windo w, the Mylar wrapping,

the accelerator-v acuum windo w and the b eam-curren t monitor. Unfortunately , the

measuremen t of the

56

F e+

nat

Ti and

136

Xe+

nat

Ti systems accoun ts also for non-

titanium n uclei, the p ollution of whic h corresp onds to their p ortion in the total

n um b er of target n uclei p er area and is equal to 25.9% (Al) + 7.2% (Mylar) = 33.1%.

It should b e remark ed that these comp onen ts are not placed at the same distance

from the en trance of the sp ectrometer. F ragmen ts pro duced in the b eam-curren t

monitor or in the accelerator-v acuum windo w could ha v e lo w er probabilities to b e

registered in the exp erimen t since the angular acceptance is reduced b y factors of

0.33 and 0.25, resp ectiv ely , compared to pro ducts from the titanium foils replacing

the cry ostat. Henceforth, w e refer to the liquid h ydrogen as pr oton tar get ( p ). In

this case no p olluting con tributions are included in the �nal results.

2.2 The FRagmen t Separator

The adv an tage of studying relativistic reactions in in v erse kinematics is that all col-

lision pro ducts lea v e the target with v elo cities close to the b eam v elo cit y and they

can b e analyzed in-�igh t, b y trac king their tra jectories in a magnetic �eld, b y mea-

suring their momen ta and b y registering their energy-loss in matter. The collision

pro ducts w ere analyzed inclusiv ely b y the FRagmen t Separator (FRS, Darmstadt)

set in high-r esolution achr omatic mo de . A sc hematic view of its main comp onen ts

and functioning is presen ted in �g. 2.1
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2.2.1 Disp ersion and high-resolution ac hromatic mo de

The sp ectrometer FRS is comp osed of a series of four large b ending dip ole magnets

p ositioned b ehind the target. T o fo cus the b eam of reaction pro ducts, quadrup ole

magnets are placed in fron t and b ehind the dip oles. The magnetic �elds are set so

that the particle tra jectories encoun ter a disp ersiv e lattice and split apart according

to the di�eren t momen ta. The motion of a particle of magnetic rigidit y B � , c harge

q and momen tum p = q B � in a disp ersiv e magnetic �eld can b e describ ed in terms

of the disp ersion function , de�ned as

D ( s

0

) =

x ( s

0

)

�

; (2.1)

where x is the transv erse displacemen t in the horizon tal plane from the reference-

particle tra jectory s

0

, and � is the momentum deviation with resp ect to a reference

particle of momen tum p

0

= q B �

0

, de�ned b y the relation

�

:

=

p � p

0

p

0

=

B � � B �

0

B �

0

: (2.2)
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Ionization 
chambers

  Fragments 

with selected Br
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cryostat 
foils filled 
with liquid 
hydrogen

"natTi target":
empty cryostat 
(natTi foils)

Two targets:

Figure 2.1: Standard la y out of the FRagmen t Separator FRS. The p ositions of

the four dip ole magnets, the fo cal planes and the main detectors are sho wn in a

horizon tal plane view.
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2.2. The FRagmen t Separator

As demonstrated in the app endix A, the equations describing the motion of c harged

particles in the horizon tal plane can b e written in the follo wing form:

�

x ( s

0

)

x

0

( s

0

)

�

=

�

g ( s

0

) h ( s

0

)

g

0

( s

0

) h

0

( s

0

)

� �

x

i

x

0

i

�

| {z }

Harmonic term

+ �

�

D

i

D

0

i

�

| {z }

Dispersion term

; (2.3)

where the prime represen ts a deriv ativ e with resp ect of the curvilinear co ordinate

asso ciated to the path length s

0

tra v elled b y the reference particle. x

i

and x

0

i

are initial conditions, and D

i

a partial solution of the disp ersion equation (see

app endix A, eq (A.38)). W e recognise a �rst term, whic h w e ma y call harmonic ,

that comes from the Hill equation (A.40) and describ es the transv erse oscillation

of a particle ab out its equilibrium tra jectory . This is basically due to the strong

fo cusing of the quadrup ole magnets. The second term indicated as disp ersion term

in tro duces the dep endence of the actual tra jectory on the momen tum deviation,

with resp ect to the reference path s

0

and, therefore, �xes the equilibrium tra jectory

follo w ed b y the actual particle. The disp ersion term is crucial for the iden ti�cation

of the fragmen t masses. By adding the trivial equation � = � w e can write the

equations (2.3) in terms of tr ansfer matrix T

s

0

i

:

X ( s

0

) = T

s

0

i

X

i

; (2.4)

with

X

i

=

0

@

x

i

x

0

i

�

1

A

; X ( s

0

) =

0

@

x ( s

0

)

x

0

( s

0

)

�

1

A

; T

s

0

i

=

0

@

g ( s

0

) h ( s

0

) D

i

g

0

( s

0

) h

0

( s

0

) D

0

i

0 0 1

1

A

;

The disp ersion D ( s

0

) has a maxim um v alue in the middle of the b eam-line, b et w een

the second and the third dip ole, in corresp ondence with a fo cal plane. The optical

prop ert y of a fo cal plane is the existence of a p oint-to-p oint imaging relation with

resp ect to the initial plane, whic h corresp onds to the target plane of the FRagmen t

Sepatator (indicated b y the n um b er 0). This means that an y particle with giv en

momen tum p issued from a p oin t x

0

in the target plane hits the fo cal plane in a cor-

resp onding image p oin t x

2

, indep enden tly on the initial angle x

0

0

. As a consequence,

the elemen t t

1 ; 2

of the matrix T

2

0

is equal to zero.

This fo cal plane will b e generally referred to as the disp ersive fo c al plane (indicated

b y the n um b er 2). A particle in tersects the disp ersiv e fo cal plane in a p oin t x

2

that

dep ends on the momen tum p . The motion of particles b et w een the target plane

and the disp ersiv e fo cal plane is describ ed b y the transfer matrix

T

2

0

=

0

@

g

0

0 D

2

g

0

0

h

0

0

D

0

2

0 0 1

1

A

:

W e could assume that the target is p oin t-lik e and imp ose x

0

= 0 . As a consequence,

ev en though the tra jectories of the reaction pro ducts split apart due to the di�eren t
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CHAPTER 2. EXPERIMENT AND ANAL YSIS

Figure 2.2: Sim ulation of the op eration of the FRagmen t Separator in high-

resolution ac hromatic mo de. T op . Ev olution of the disp ersion along the b eam

axis in the FRagmen t Separator. Centr e . Horizon tal plane. Thirt y tra jectories

originating from t w o spatially distinct p oin ts in the target plane for particles di�er-

ing for ha ving �v e di�eren t emission angles and three di�eren t momen ta. Bottom .

V ertical plane. Three spatially distinct p oin ts and three emission angles are c hosen.

momen ta and initial angles, they will then con v erge to fo cal p oin ts in the horizon-

tal plane on the disp ersiv e fo cal plane at p ositions dep ending on the momen tum

deviation � only . As an example, these prop erties of the ion-optics are sim ulated in

�g. 2.2. The sp ectrometer w as op erated in an o v erall ac hromatic mo de, so that all

reaction pro ducts encoun ter an achr omatic fo c al plane (indicated b y the n um b er 4)

at the end of the b eam-line, in corresp ondence of whic h the momen tum disp ersion

v anishes (In the transfer matrix w e set the t

1 ; 3

= t

2 ; 3

= 0 ). This means that all

particles issued from a giv en p oin t in the target plane will fo cus in a corresp ond-

ing p oin t in the ac hromatic fo cal plane indep enden tly on their angle spread and

momen tum. The transfer matrix describing the particle motion b et w een the target

plane and the ac hromatic fo cal plane has the form

T

4

0

=

0

@

g

0

0 0

g

0

0

h

0

0

0

0 0 1

1

A

:
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2.2. The FRagmen t Separator

The motion of particles b et w een the disp ersiv e fo cal plane and the ac hromatic fo cal

plane is describ ed b y a transfer matrix similar to the one asso ciated to the �rst half

of the sp ectrometer

T

4

2

=

0

@

g

2

0 D

4

g

0

2

h

0

2

D

0

4

0 0 1

1

A

:

F rom the �rst ro w of the equation of motion X

2

= T

2

0

X

0

w e obtain an expression

to relate the momen tum deviation � to the disp ersion D

2

b y the kno wledge of the

p osition in the disp ersiv e fo cal plane:

� =

x

2

D

2

: (2.5)

Similarly , from the �rst ro w of the equation X

4

= T

4

2

X

2

w e obtain

~

� =

x

4

� g

2

x

2

D

4

; (2.6)

where w e indicated

~

� the momen tum deviation in the second half of the sp ectrom-

eter.

~

� could di�er from � due to the presence of matter (detectors) b et w een the

second and the third dip ole. In this case, the initial momen tum p c hanges due to

the energy-loss in matter. If w e assume

~

� � � , w e can com bine the equations (2.5)

and (2.6) in g

2

D

2

+ D

4

= x

4

=� . If the optics is ac hromatic, x

4

is the image of x

0

= 0 ,

and w e can imp ose x

4

= 0 . Th us w e obtain the follo wing c ondition of achr omatism :

g

2

= �

D

4

D

2

(2.7)

F rom the de�nitions (2.1) and (2.2), w e can write the disp ersion D

2

and D

4

in terms

of magnetic rigidit y:

D

2

=

B �

0

( B � � B �

0

)

x

2

; (2.8)

D

4

=

B �

0

(

f

B � � B �

0

)

( x

4

� g

2

x

2

) ; (2.9)

where B � and

f

B � are the v alues of the magnetic rigidit y of the trac k ed particle

in the �rst and in the second half of the sp ectrometer, resp ectiv ely . It should b e

observ ed that lik e the momen tum or the energy , the magnetic rigidit y is a prop ert y

of the particle and not of the optics. On the other hand, the magnetic �eld B , the

curv ature radius � , and the disp ersion D

2

and D

4

and the magni�cation factor g

2

are c haracteristics of the ion-optics.
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CHAPTER 2. EXPERIMENT AND ANAL YSIS

2.2.2 Measuremen t and setting of the Ion-optic parameters

A t the b eginning of the exp erimen t the optics w as set so that the primary b eam

of

56

F e or

136

Xe (with the target o�-b eam) w as directed through the sp ectrometer

crossing b oth the disp ersiv e fo cal plane and the ac hromatic fo cal plane in the cen tre.

This optic setting de�ned the reference tra jectory s

0

and the curv ature radius �

0

.

The complete set of all the magnetic �elds (of dip ole and quadrup ole magnets)

constituting the sp ectrometer w ere registered in a magnetic-�eld reference �le. The

magnetic �elds of the �rst t w o dip oles B

1

and B

2

w ere set to close v alues (di�ering

of around 1%) and in the follo wing w e will simply indicate them b y their a v erage

B

12

= ( B

1

+ B

2

) = 2 . Also the magnetic �elds of the third and fourth dip ole w ere

almost iden tical and w e will refer to their a v erage B

34

= ( B

3

+ B

4

) = 2 .

In order to scan all the magnetic rigidities (and therefore the momen ta) of the re-

action pro ducts, the magnetic �elds had to b e c hanged sev eral times during the

whole exp erimen t. On the con trary , the parameters D

2

, D

4

and g

2

, crucial for the

data analysis w ere measured at the b eginning of the exp erimen t with sp eci�c cali-

bration runs, and w ere then �xed as constan t v alues for the whole exp erimen t. In

order to k eep these optics parameters unc hanged the magnetic �elds of the ensem-

ble of magnets where c hanged b y applying t w o scaling factors with resp ect to the

magnetic-�eld reference �le: one applied to the �rst half of the sp ectrometer (from

the target plane to the disp ersiv e fo cal plane), the other applied to the second half

(from the disp ersiv e fo cal plane to the ac hromatic fo cal plane). The t w o scaling

factors, though v ery similar, di�er due to the presence of la y ers of matter with non-

negligible thic kness (scin tillating detectors or degraders) in tersecting the ion-b eam

in pro ximit y of the disp ersiv e fo cal plane.

W e should recall that the reference tra jectory s

0

w as set in order to in tersect the

disp ersiv e fo cal plane and the ac hromatic fo cal plane in the cen tre. Therefore, the

measuremen t of the distance of the crossing p oin t of a particle in the disp ersiv e and

ac hromatic fo cal planes from the cen tre coincides with the spacial deviation from

the reference tra jectory x

2

and x

4

, resp ectiv ely . The measuremen t of the p ositions

x

2

and x

4

should b e as accurate as p ossible. Scin tillating detectors w ere preferred

due to their homogeneous material. The use of non-homogeneous detectors lik e

m ultiwires w ould in fact a�ect the ion-optics. Nev ertheless, m ultiwire detectors

pro vide a b etter linearit y of the signal. F or this reason, calibration exp erimen ts w ere

dedicated to measure the non-linearit y of the scin tillator b y placing an additional

m ultiwire detector b ehind the scin tillator. Supp osing that the signal giv en b y the

m ultiwire is p erfectly linear, the distortion of the signal of the scin tillator moun ted

in the disp ersiv e fo cal plane is the curv e sho wn in the diagram (a) of �g. 2.3. This

distortion w as then eliminated in the data analysis.

Once a precise measuremen t of x

2

is a v ailable, The disp ersion D

2

can b e measured

b y applying the equation (2.8), that relates the p osition x

2

to the magnetic rigidit y
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2.2. The FRagmen t Separator

of a particle. Eq. (2.8) can b e written in the form

B � = B �

0

�

1 +

x

2

D

2

�

; (2.10)

or

B � = B

12

�

0

�

1 +

x

2

D

2

�

; (2.11)
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Figure 2.3: Exp erimen tal determination of the main parameters for the data-analysis

in the measuremen t with a

136

Xe b eam. (a) Di�erence in the measuremen t of the

p osition b y the scin tillator (Sc) and the m ultiwire (MW) detectors in the disp ersiv e

fo cal plane. (b) Determination of D2. (c) Determination of D4. (d) Determination

of g2.
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CHAPTER 2. EXPERIMENT AND ANAL YSIS

where the magnetic rigidit y of a particle is expressed as a deviation from the ref-

erence tra jectory in eq. (2.10), and is related to the required caracteristics of the

optics in eq. (2.11). Eq. (2.11) indicates that the p osition x

2

v aries with the mag-

netic rigidit y of the particle when the optics setting is �xed, and is a function of

the magnetic �eld when the magnetic rigidit y of the particle is k ept constan t. The

latter case is the principle that w as used in practice to ev aluate the disp ersion D

2

in

some calibration runs. With the target o�-b eam, the primary b eam (whic h, b eing

c hosen as a reference, has B � = B �

0

) w as directed through a magnetic �eld B

0

12

, set

in order to ha v e x

2

= 0 and, as a consequence

B �

0

= B

0

12

�

0

: (2.12)

The magnetic �eld w as than c hanged of a quan tit y � B

12

, in order to obtain a

p osition deviation equal to � x

2

, as expressed b y the relation

B �

0

= ( B

0

12

+ � B

12

) �

0

�

1 +

� x

2

D

2

�

: (2.13)

Eliminating B �

0

in eq. (2.12) and eq. (2.13), w e obtain the relation

B

0

12

= ( B

0

12

+ � B

12

)

�

1 +

� x

2

D

2

�

; (2.14)

that leads to

D

2

= � B

0

12

� x

2

� B

12

� � x

2

� � B

0

12

� x

2

� B

12

; (2.15)

where the additional term � � x

2

w as neglected b ecause in our case � B

12

is around

t w o orders of magnitude smaller than B

12

. In the diagram (b) of �g. 2.3 the ex-

p erimen tal measuremen t of the slop e � x

2

= � B

12

is sho wn. The reference v alue B

0

12

could b e either measured or extrap olated from the slop e itself.

The measuremen t of the disp ersion D

4

w as e�ectuated b y cen tring the primary

b eam at x

2

= 0 and v arying the magnetic �eld B

34

only . W e imp ose x

2

= 0 in

eq. (2.9) and apply the same pro cedure used for D

2

so as to obtain

D

4

= � B

0

34

� x

4

� B

34

: (2.16)

In the diagram (c) of �g. 2.3 the exp erimen tal measuremen t of the slop e � x

4

= � B

34

is sho wn.

The parameter g

2

is deduced from eq. (2.9), that could b e written in the form

x

4

� g

2

x

2

=

�

B �

B

34

�

0

� 1

�

D

4

: (2.17)

A scaling of B

12

without an y v ariation of B

34

and B � w ould k eep the second term

of eq. (2.17) constan t and pro duce a v ariation � x

2

and � x

4

only . This is what

w as also done exp erimen tally , still using the primary b eam, in order to obtain the

simple relation

g

2

=

� x

4

� x

2

: (2.18)
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2.3. Nuclide iden ti�cation

2.3 Nuclide iden ti�cation

One single optic setting of the sp ectrometer allo ws for a partial transmission of the

p=q distribution of pro duced fragmen ts. The selected p=q range is of ab out � 1 : 5 %

in the disp ersiv e fo cal plane. Th us, a limited A= Z range of fragmen ts can tra v erse

the �rst half of the sp ectrometer. This imp osed to scale the set of magnetic �elds

sev eral times in order to scan all the distribution of momen ta (and therefore of

masses) of the reaction pro ducts.

When the la y ers of matter presen t in the disp ersiv e-fo cal-plane region ha v e a non-

negligible thic kness, the fragmen ts lose part of their kinetic energy as a function of

Z

2

, and b oth the momen ta and the magnetic rigidities c hange. Suc h an e�ect results

in an additional selection in the second half of the sp ectrometer, limiting the passage

of the fragmen ts to a restricted range of c harges. In certain conditions, the selection

of a limited Z -range is desirable, as it allo ws to measure separately elemen ts with lo w

yields and with high yields, resp ectiv ely . In the measuremen t with

136

Xe pro jectiles

2

8

20

28

50

2 8

20

28
50

Xe
136

54+ Xe
136

53+

Xe
136

53+

Selected isotopes
  B          B      12               34                     [Tm]

120Ag (14.25   13.79)
69Zn (12.71   12.42)
24Al (10.02     9.89)

Figure 2.4: Exp ected coun ting rate for a group of isotop es selected b y three dif-

feren t magnetic settings. In the table the corresp onding cen tral isotop es and

magnetic �elds are indicated. F or the calculation the ion-optic co de Lieshen w as

used[ Schmidt 1987 , Hanelt 1992 ]. The calculation neglects the ligh t isotop es.
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CHAPTER 2. EXPERIMENT AND ANAL YSIS

an additional la y er of matter w as p ositioned b ehind the scin tillator in the disp ersiv e-

fo cal-plane area

1

, in order to measure the isotopic pro duction along three bands

cen tred around Ag, Zn and Al, resp ectiv ely . Compared to hea vy n uclides and ligh t

fragmen ts, the Zn-band corresp onded to a lo w-yield region and it required to b e

measured separately . The sim ultaneous measuremen t of the in termediate- Z band

and hea vy- Z band w ould ha v e sev erely sp oiled the statistics of the former band.

In �g. 2.4 the exp ected measurable isotopic pro duction asso ciated to three settings

with

136

Xe pro jectiles is sho wn, as estimated b efore the exp erimen t b y the use

on an ion-optical calculation. The pro jectile and its one-electron and t w o-electron

c harge states (unfortunately , non completely stripp ed ions are alw a ys presen t in the

primary b eam) are not pro ducts of the n uclear reaction and induce a h uge coun ting

rate: they saturate the data acquisition and migh t damage the detectors. It is

therefore necessary to select out the corresp onding p=q b y emplo ying sp eci�c slits

in the fo cal plane 1 (see �g. 2.1). In �g. 2.4 three lines mark the isotop es with

magnetic rigidit y close to the pro jectile (solid line) and to the one-electron and

t w o-electron c harge states of

136

Xe (dashed line). The momen tum distribution of

these isotop es could not b e measured completely . F or the settings dedicated to the

56

F e pro jectiles no degrader w as used, and all the pro duced elemen ts with a giv en

p=q w ere measured at once.

2.3.1 Charge and Time of �igh t

The time of �igh t w as measured b y the scin tillators installed in the disp ersiv e fo cal

plane and in the ac hromatic fo cal plane, as the time in terv al needed b y a particle to

�y along the path ` � 36 m from one fo cal plane to the other. T ec hnically , the mea-

suremen t starts with the detection in the ac hromatic plane, while the corresp onding

signal coming from the scin tillator placed in the disp ersiv e fo cal plane is dela y ed

and used to stop the acquisition. This is a solution to disregard the particles lost

in the second half of the sp ectrometer and reduce the dead-time considerably .

The particle c harge w as measured b y one (with

56

F e b eam) or t w o (with

136

Xe b eam)

ionization c ham b ers placed in fron t of the ac hromatic plane. They w ere �lled with a

mixture of Ar (90%) and CH

4

(10%) at ro om temp erature and ab out normal pres-

sure. When tra v ersed b y an ionising particle, the gas generates a cloud of electrons

and ions around the tra jectory , and four ano des pro duce a signal prop ortional to

the n um b er of stripp ed electrons collected. A t inciden t energies of around 1 A Ge V,

the energy lost b y a pro jectile tra v ersing a la y er of matter is describ ed b y the Bethe-

Blo c h equation. Therefore, in an ideal case, the signal of the ionization c ham b ers

should b e ab out prop ortional to the ratio q

2

=�

2

. T ec hnically , there is one complica-

tion. The stripp ed electrons, falling to w ards the ano des, could b e captured b y gas

molecules. This recom bination e�ect increases with the electron path length. Since

the ano des are p ositioned on the horizon tal b eam-plane on one side of the detector,

1

An alumin um degrader constituted of rotating-w edges w as used, with a thic kness of 816.6

mg/cm

2
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Z =10

Z =20
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Figure 2.5: Iden ti�cation plot of fragmen ts measured with a

136

Xe b eam.

the measuremen t of the energy loss of a particle is sligh tly a�ected b y a dep endence

f ( x

4

) on the p osition x

4

in the ac hromatic fo cal plane. The �

2

-dep endence of the

signal can b e reduced to a function of the measured time of �igh t g ( T O F ) . Since

the reaction pro ducts w ere fully stripp ed, the n uclear c harge Z = q w as deduced

directly , after eliminating the dep endence on the p osition f ( x

4

) and on the v elo cit y

g ( T O F ) . In �g. 2.5 the n uclear c harge measured b y the ionization c ham b ers is

represen ted as a function of the measured time of �igh t for one magnetic setting

of the sp ectrometer dedicated to register ligh t fragmen t of a

136

Xe pro jectile. The

cloud of ev en t concen trates in clusters, eac h one corresp onding to a single fragmen t

( A; Z ). The e�ect of �clustering�, so helpful for the data analysis, is a consequence

of the limited magnetic-rigidit y acceptance of the FRagmen t Separator. Since for

an isotop e the accepted v elo cit y spread is v ery narro w, the Z

2

dep endence is domi-

nan t in the measuremen t of the energy loss � E . Moreo v er, for the same reason, � 


(whose expression is � 
 / B �

Z

A

) dep ends strongly on the mass A ; as a consequence,

the same dep endence will c haracterize the time of �igh t. If the magnetic-strength

acceptance w ere wider, the M U S I C -time of �igh t plot w ould b e confused and the

cluster structures w ould v anish.
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Figure 2.6: Comp osition of all iden ti�ed ev en ts measured with a

136

Xe b eam at

1 A Ge V. Three o v erlapping bands a, b and c corresp ond to the three groups of

magnetic settings for the cen tral isotop es

120

Ag,

69

Zn,

24

Al, resp ectiv ely . The band

c, collecting ligh t n uclides, is enlarged in order to sho w the isotopic resolution.
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2.4. Longitudinal v elo cities

2.3.2 Mass separation

The mass A w as deduced from the time of �igh t and the magnetic rigidit y of the

particles according to the relation

A

Z

=

1

c

�

e

m

0

+ � m

�

B �

� 
 (TOF )

; (2.19)

where B � is the magnetic rigidit y of a particle, c the v elo cit y of ligh t, e the elemen-

tary c harge, m

0

the n uclear mass unit, � m = d M = A the mass excess p er n ucleon.

F or the purp ose of the isotopic iden ti�cation, the v ariation of � m with A= Z can b e

neglected, and a linear v ariation of A= Z as a function of B �=� 
 can b e assumed.

In eq. (2.19) the quan tit y � 
 ( T O F ) , or rather � , is not deduced directly from the

TOF measuremen t. A set of eigh t co e�cien ts

~

k = ( k

1

; : : : ; k

8

) , constan t for all the

runs w as searc hed for, in order to write the path length ` as:

` = l + k

1

x

S

2

+ k

2

x

S

4

;

(Where l = 36 m is the a v erage path length.) and the time of �igh t as:

t = k

3

+ k

4

T O F + k

5

x

2

2

+ k

6

x

2

4

+ k

7

e

� k

8

Z

2

; (2.20)

where quadratic terms in x

2

and x

4

describ e non-linear e�ects of the ligh t-propagation

time; A Z -dep enden t term is added to tak e in to accoun t the remaining w alk de-

p endence of the discriminators (i.e an amplitude dep endence). Th us, the relativ e

v elo cit y is the ratio:

� =

`

ct

: (2.21)

The terms

~

k are then deduced b y n umerical optimization and used for the whole

data analysis (as far as the c haracteristics of the detectors w ere unc hanged). In

�g. 2.6 the ra w data collecting all the ev en ts measured in the exp erimen t with a

136

Xe pro jectile are sho wn. Ev en ts are ordered according to the measured Z and

N � Z so as to obtain an isotopic iden ti�cation plot.

2.4 Longitudinal v elo cities

The measuremen t of the time of �igh t is precise enough for an accurate iden ti�ca-

tion of the mass of the fragmen ts. Nev ertheless, mainly due to the resolution and

additionally due to a sligh t dep endence on the tra jectory [ Nap olitani 2001a ] it is not

suited for a �ne measuremen t of the v elo cities of the fragmen ts. On the other hand,

once an isotop e is iden ti�ed in mass and c harge, a m uc h more precise measuremen t

of the v elo cit y is obtained directly from the magnetic rigidit y of the particle

� 
 = B � �

1

c

�

e

m

0

+ � m

�

Z

A

; : (2.22)
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Figure 2.7: F our steps of the analysis pro cedure to obtain the observ ed v elo cit y sp ec-

trum of

6

Li emitted in the reaction

56

F e + p . (a) Ra w sp ectra of coun ts as a function

of � 
 in the lab oratory frame. Eac h segmen t results from a di�eren t scaling of the

magnetic �elds of the FRS. One segmen t asso ciated to the same magnetic scaling

is mark ed with hatc hed areas in this plot and in the t w o follo wing ones. Arro ws

delimit the scanned � 
 range. (b) Yields normalized to the same b eam dose. (c)

Elimination of the angular-transmission distortion. Sp ectrum as a function of the

longitudinal v elo cit y in the b eam frame v

b

k

. The broad Gaussian-lik e hatc hed area

indicates the con tributions from non-h ydrogen n uclei. (d) All comp onen ts of the

sp ectrum are comp osed together a v eraging o v erlapping p oin ts. Con tributions from

non-h ydrogen-n uclei w ere suppressed. The sp ectrum w as divided b y the n um b er of

n uclei p er area of the liquid-h ydrogen target. Statistical uncertain ties and a �t to

the data are sho wn.

25



2.4. Longitudinal v elo cities

In this case, the precision of � 
 dep ends only on B � , that has a relativ e uncertain t y

of 5 � 10

� 4

(FWHM) for individual reaction pro ducts. The absolute calibration of

the de�ection in the magnet in terms of magnetic rigidit y B � w as p erformed at

the b eginning of the exp erimen t with a dedicated calibration run using the primary

b eam as detailed ab o v e. B � is the magnetic rigidit y of the fragmen ts in the �rst

half of the sp ectrometer, b efore the disp ersiv e fo cal plane as calculated accordig to

eq. (2.11).

Since one single magnetic con�guration of the FRS selects only a B � range of ab out

� 1.5%, sev eral o v erlapping runs ha v e b een rep eated imp osing di�eren t magnetic

�elds. While for the hea vy residues close to the pro jectile one or few settings w ere

su�cien t to co v er the whole v elo cit y sp ectrum, the ligh t fragmen ts often required

more than ten runs. The B � scanning of

6

Li, pro duced in the in teraction of

56

F e

with the target of liquid h ydrogen enclosed in the cry ostat constitutes the diagram

(a) of �g. 2.7: eac h segmen t of the sp ectrum is obtained from a di�eren t scaling

of the set of magnetic �elds of the FRS. In order to obtain consisten t w eigh tings,

the coun ts of the di�eren t measuremen ts w ere normalized to the same b eam dose.

F or eac h magnetic scaling, this normalization w as obtained b y dividing the corre-

sp onding segmen t of the sp ectrum b y the n um b er of pro jectiles that hit the target

during the corresp onding run. The impinging pro jectiles w ere coun ted with the

b eam-curren t monitor. The renormalized yields are sho wn in the diagram (b) of

�g. 2.7. W e should note that the sp ectrometer accepts only the fragmen ts emitted

in a cone of ab out 15 mr around the b eam-axis in the lab oratory frame, when the

reaction o ccurs in the h ydrogen-target p osition. As a consequence, a ligh t residue

lik e, for example,

6

Li, generated in a collision at a b eam energy of 1 A Ge V can

b e detected only if emitted with small transv erse momen tum. The exp erimen tal

sp ectrum represen ts the part of the densit y distribution in the v elo cit y space se-

lected b y the angular acceptance of the sp ectrometer, pro jected on the longitudinal

axis. Unfortunately , the angular acceptance dep ends on the magnetic rigidit y of

the particles. As p oin ted out in the w ork [ Benlliure 2002 ], for a giv en set-up of

the sp ectrometer, the more the in tersection of the tra jectory of a particle with the

disp ersiv e or the ac hromatic planes is displaced from the cen tres, the lo w er is the

acceptance angle of the FRS. The e�ect app ears in the curv ed sides of eac h single

segmen t, with the result of disturbing the o v erall structure of the B � scanning. This

distortion, seen in the sp ectrum of the plot (b) of �g. 2.7, can b e successfully cor-

rected b y means of ion-optical calculations that �x the dep endence of the angular

transmission on the tra jectory . The calculation of the ratio of the transmission T

relativ e to its maxim um v alue is presen ted in �g. 2.8. The corrected sp ectrum, seen

in the plot (c) of �g. 2.7, is the result of scaling up the yields of the sp ectrum b y

the factor T

m ax

=T . W e also c hanged from a � 
 sp ectrum to a longitudinal-v elo cit y

sp ectrum and, to simplify the analysis, the reference frame w as c hanged from the

lab oratory to the b eam frame. On the a v erage, the pro jectile in teracts in the mid-

dle of the target. Therefore, w e tak e in to accoun t the slo wing do wn of

56

F e in the

�rst half of the target, as represen ted in the upp er diagram of �g. 2.9. W e also

consider that the fragmen ts slo w ed do wn in the remaining half of the target and,

therefore, w ere emitted at higher v elo cit y than the one w e observ ed. The analy-
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CHAPTER 2. EXPERIMENT AND ANAL YSIS

sis so far illustrated w as rep eated for all the isotop es pro duced in the in teraction

with the target of liquid h ydrogen enclosed in the cry ostat. Successiv ely , the same

pro cedure w as applied to the corresp onding isotop es pro duced in the in teraction

with the

nat

Ti target. As all sp ectra are normalized to the same b eam dose, b y

subtracting the v elo cit y sp ectra of the residues pro duced in

56

F e+

nat

Ti (indicated

b y the hatc hed area in the plot (c) of �g. 2.7) from those of the corresp onding

isotop es pro duced in the target of h ydrogen stored in the cry ostat, w e could obtain

the measured v elo cit y distributions for the reaction with the liquid h ydrogen. The

resulting yields are unam biguously disen tangled from an y disturbing con tributions

pro duced b y other material presen t in the target area. Finally , the v elo cit y sp ectra

obtained for the

56

F e + p system w ere divided b y the n um b er of n uclei p er area of

the proton target. The resulting sp ectrum is sho wn in the diagram (d) of �g. 2.7.

In the case of the

56

F e+

nat

Ti and

136

Xe+

nat

Ti systems, w e should consider that the

target is constituted of three comp onen ts, the titanium foils replacing the cry ostat,

the b eam-curren t monitor and the accelerator-v acuum windo w, ha ving a n um b er

of n uclei p er area equal to n

0

, n

1

, and n

2

, resp ectiv ely . W e should also recall that

these comp onen ts are placed at di�eren t distances from the en trance of the sp ec-

trometer and are sub jected to di�eren t v alues of the angular acceptance, that is

ab out �

0

= 15 : 8 mr, �

1

= 9 mr, and �

2

= 7 : 8 mr, for the la y ers n

0

, n

1

, and n

2

,

resp ectiv ely . Th us, the cross sections giv en in this w ork for the "titanium" target

are calculated using a target comp osition where the di�eren t la y ers are w eigh ted b y

the corresp onding estimated transmission v alues T , assuming iden tical pro duction

cross sections in the di�eren t target comp onen ts. In particular, the v elo cit y sp ec-

tra obtained for the

56

F e+

nat

Ti and

136

Xe+

nat

Ti systems should b e divided b y the

quan tit y n

0

T ( �

0

) + n

1

T ( �

1

) + n

2

T ( �

2

) .

The exp erimen tal data are already complete enough to let us recognise an imp or-

tan t signature of the Coulom b repulsion: the double-h ump ed sp ectrum rev eals that

the v elo cit y of

6

Li n uclei emitted at small angles has t w o comp onen ts: one appre-
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Figure 2.8: T ransmission of the FRS as a function of the p ositions in the disp ersiv e

and ac hromatic planes, relativ e to its maxim um v alue. Numerical v alues are tak en

from ref. [ Benlliure 2002 ].
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2.4. Longitudinal v elo cities
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Figure 2.9: T op. De�nition of the b eam frame and of the cen tre-of-mass frame of

the emitting source with resp ect to the lab oratory frame. The diagram corresp onds

to realistic conditions of the presen t exp erimen t for

6

Li. The solid lines describ e

the slo wing do wn of the b eam and of the cen troid of the v elo cit y sp ectrum of

6

Li in tra v ersing the target. Bottom. Mean longitudinal recoil v elo cities in the

b eam frame < v

b

k

> of the reaction residues compared with the systematics of

Morrissey [ Mo rrissey 1989 ] (solid line); only isotop es with su�cien t statistics and

en tirely measured v elo cit y sp ectra are considered.

ciably higher and one appreciably lo w er than the b eam. A ccording to the references

[ Benlliure 2001 , Enqvist 2001b , Bernas 2002 ], where similar structures ha v e b een ob-

serv ed for �ssion fragmen ts, w e ma y connect the double-h ump ed sp ectrum to the

action of the Coulom b �eld of a hea vy partner in the emission pro cess.

Once c hanged to longitudinal v elo cities in the b eam-frame v

b

jj

, the shift of the

barycen tre of the sp ectrum with resp ect to zero is equal to the mean reaction recoil

< v

b

jj

> . Also this quan tit y , studied in the lo w er diagram of �g. 2.9, carries a v alu-

able information ab out the reaction mec hanism, and it can b e related to the friction

su�ered b y the pro jectile in the collision, according to a giv en impact parameter

[ Mo rrissey 1989 ]. Due to the limited angular acceptance of the FRS whic h fa v ours

the detection of hea vier n uclei, a depletion of the statistics for the measuremen t of

the ligh test n uclei is exp ected when, as in the measuremen t with the

56

F e b eam,

the ligh t fragmen ts are measured together with the hea viest in the same magnetic
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CHAPTER 2. EXPERIMENT AND ANAL YSIS

setting. Due to these problems, the mean v elo cities of the ligh t residues can only b e

determined with relativ ely large uncertain ties. With these large uncertain ties, the

information from the mean v elo cities could not b e exploited. Although these mean

v elo cities also en ter in to the ev aluation of the cross sections, the uncertain ties they

in tro duce are comparable to those from other sources. It is therefore preferable to

deduce the mean recoil v elo cities of lithium, b eryllium, b oron and carb on b y ex-

trap olation from the systematics of the data relativ e to the ensem ble of the hea vier

residues.

2.5 Normalization to the b eam dose

2.5.1 Beam-curren t monitor

A b eam-curren t monitor w as installed in fron t of the target. it w as comp osed of

three metal foils p erp endicular to the b eam, the external one constituting the ano de,

and the middle foil w orking as the catho de. Electrons, originating from the cath-

o de are collected b y the ano de; since an y signi�can t space-c harge e�ect has b een

observ ed, the secondary-electron curren t measured on the middle foil is assumed

to b e prop ortional to the primary-b eam curren t. The device is named SEcondary

Electron TRAnsmission Monitor [ Junghans 1996 , Jurado 2002 ] (SEETRAM). The

adv an tage with resp ect to using a scin tillator is the e�ciency in measuring high

primary-b eam curren ts and a smaller thic kness. A scin tillator w ould seriously de-

teriorate the b eam qualit y due to its thic kness, comparable to an additional target.

The coun ting rate can b e obtained calibrating the secondary-electron curren t re-

sp ect to the primary-b eam curren t; since the output signal of the SEETRAM is

turned in to a v oltage and then digitalized, the calibration resolv es in to the ratio:

�

seetram

=

secondary-electron curren t

primary-b eam curren t

=

SEETRAM coun ts

n um b er of impinging pro jectiles

:

In order to obtain the impinging-pro jectile coun ting, a scin tillator is inserted in

the b eam b et w een the SEEETRAM and the target during a calibration pro cedure,

and is then remo v ed during the exp erimen t. The �gure 2.10 sho ws a comparison

b et w een the time ev olution of particle coun ts measured with the scin tillator and

the corresp onding SEETRAM coun ts during a calibration run aimed to measure

the parameter �

seetram

. The SEETRAM repro duces prop erly the b eam structure,

with the only addition of an o�set, due to a curren t added at the output of the

digitalizer. The signal pro duced b y the middle foil is in fact �rstly turned in to a

v oltage, �ltered, and �nally digitalized. F or v ery lo w signals the �lter could generate

some �uctuations around zero and the signal could drop to negativ e v alues: in this
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2.5. Normalization to the b eam dose

case the output curren t of the digitaliser could b e in terrupted. In order to ha v e an

alw a ys-p ositiv e signal the addition of a constan t p ositiv e o�set is necessary .

Before in tegrating the SEETRAM coun ts for eac h spill, this o�set should b e accu-

rately subtracted. After this op eration, the n um b er of particles constituting eac h

spill (measured with the scin tillator) can b e ordered as a function of the corresp ond-

ing SEETRAM coun ts as in the insert in �g. 2.10.

The quadratic dep endence of the particle coun ting as a function of the b eam in-

tensit y rev eals a saturation [ Jurado 2002 ] of the scin tillator: as a consequence, w e

assume more signi�can t the region of the curv e corresp onding to lo w coun ts, and

w e obtain the calibration co e�cien t as the initial slop e of the quadratic �t of the

function.

The n um b er of pro jectiles can b e measured for eac h run b y subtracting the o�set
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Figure 2.10: Beam-monitor calibration. Sup erp osition of calibrated SEETRAM

coun ts (grey-�lled sp ectrum, axis lab el on the left) and scin tillator coun ts (white-

�lled sp ectrum, axis lab el on the righ t). The SEETRAM sp ectrum is rescaled of its

o�set and m ultiplied b y the parameter �

seetram

, that coincides with the calibration

slop e sho wn in the insert.
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from the corresp onding SEETRAM coun ting and m ultiplying the resulting di�er-

ence for the calibration co e�cien t.

N

pro jectiles

= �

seetram

(SEETRAM � o�set ) :

2.5.2 T otal n um b er of fragmen ts tra v ersing the sp ectrometer

The ro w-data plot of �g. 2.6 collects the n um b er N

measured

of particles detected b y

the scin tillator in the ac hromatic fo cal plane and not the real n um b er N of fragmen ts

that tra v ersed the separator. A sp eci�c acquisition device coun ts indep enden tly

all the particles N crossing the separator, ev en if they do not corresp ond to a

measured ev en t (i.e. an ev en t is c haracterized b y the registration of all iden ti�cation

parameters). The dead-time ma y b e de�ned as

� =

N � N

measured

N

:

Finally , in order to obtain normalized yields to the b eam dose from the measured

yiels it is necessary to divide them b y the n um b er of impinging pro jectiles and b y

the ev en ts-to-detected-particle ratio:

Normalized yields =

measured yields

N

pro jectiles

(1 � � )

:

It should b e observ ed that the normalized yields do still not corresp ond to cross

sections, as w e are still disregarding the p ortion of fragmen ts emitted outside of the

solid angle de�ned b y the angular acceptance of the sp ectrometer.
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3.1. V elo cities

3.1 V elo cities

When a fragmen t is emitted with a large absolute v elo cit y v = j ~ v j in the cen tre

of mass, not all the angles of the corresp onding v elo cit y v ector ~ v are selected b y

the �nite angular acceptance of the sp ectrometer. As a result of the data analysis

detailed in the previous section, w e obtain the measuremen t of the apparen t cross

section d I ( v

k

) = d v

k

as a function of the longitudinal v elo cit y v

k

. This observ ed

cross section di�ers from the real cross section due to the angular acceptance. The

detection of a particle dep ends on the p erp endicular v elo cit y v

?

=

q

v

2

� v

2

k

in the

cen tre-of-mass frame, the angle of rotation around the b eam direction ' , and the

v elo cit y u of the cen tre of mass with resp ect to the lab oratory . The dep endence on

' comes ab out b ecause the b eam pip e inside the quadrup oles is not cylindrical. A

diagram constructed on the basis of exp erimen tal data is presen ted in �g. 3.1, to

detail the geometry of the sp ectrometer acceptance.

W e in tend to extract data on the fragmen t-emission kinematics and eliminate an y

dep endence on the exp erimen tal device. F or this purp ose, w e need to searc h for

a connection b et w een the cross-section v ariation in v elo cit y space in the cen tre-of-

mass frame and the measured sp ectra d I ( v

k

) = d v

k

as a function of the longitudinal

v elo cit y comp onen t v

k

in the cen tre-of-mass frame. In a general case, the former

distribution is not isotropic, but a function of the absolute v elo cit y v , the p olar angle

from the b eam direction � , and the azim uthal angle around the b eam axis ' . It

will b e denoted as d

3

� = (d v d
) , where 
 is the solid angle. The v elo cit y comp onen t

orthogonal to the b eam axis is v

?

. The con tribution to the exp erimen tal yield in

the in terv al [ v

k

; v

k

+ � v

k

] is obtained b y in tegrating v

?

in the slab orthogonal to

the b eam axis :

d I ( v

k

)

d v

k

=

Z Z

d

3

�

d ~ v

v

?

d v

?

d '

=

Z Z

1

v

2

d

3

�

d v d


v

?

d v

?

d ' : (3.1)

F or the orthogonal v elo cit y in tegration the lo w er limit is 0 and the higher limit

is related to the angular acceptance of the sp ectrometer. Since the latter is not

necessarily circular, it can dep end on ' and will b e denoted as � ( ' ) . The max-

imal orthogonal v elo cit y ma y b e deriv ed from the Loren tz transformation of the

momen tum and it reads : ev

?

( ' ) = 
 ( u + v

k

) � ( ' ) , where u and 
 are the v elo cit y

and the Loren tz factor of the cen ter of mass in the lab oratory frame, resp ectiv ely .

In tro ducing these limits in the in tegration w e write :

d I ( v

k

)

d v

k

=

2 �

Z

0

2

4

ev

?

( ' )

Z

0

1

v

2

d

3

�

d v d


v

?

d v

?

3

5

d ' : (3.2)
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Changing the in tegration v ariable from v

?

to v =

q

v

2

k

+ v

2

?

w e obtain :

d I ( v

k

)

d v

k

=

2 �

Z

0

2

6

6

4

q

v

2

k

+ ev

2

?

( ' )

Z

j v

k

j

1

v

d

3

�

d v d


d v

3

7

7

5

d ' : (3.3)

T o reconstruct the full v elo cit y distribution, indep enden t of the angular acceptance

of the sp ectrometer, an assumption on the angular distribution is necessary . It w as

concluded from exp erimen ts, to whic h the full angular range w as accessible, that the

Li from Xe+    p7 136Li

Beam

v||
b

v̂   yb

v ^  x
b

v||
b

v ^  x
b

v

outside angular
acceptance

inside
angular
acceptance

Figure 3.1: Statistics of v elo cit y v ectors ~ v of

7

Li, emitted in the fragmen tation of

a

136

Xe b eam, reconstructed on the basis of the longitudinal v elo cities, measured

exp erimen tally . The v elo cit y co ordinates of the b eam frame are sho wn (observ e the

bac k-shift of the cen tre of mass, origin of the v ector ~ v , with resp ect to the origin

of the b eam frame co ordinates). The blac k dots are the v elo cit y v ectors accepted

b y the sp ectrometer. The gra y dots indicate the particles that are not transmitted

through the angular acceptance. A cut for v

?

= 0 is sho wn in the b ottom. The cut,

in the shap e of a ring, rev eals that the emission corresp onds to a shell in v elo cit y

space and rev eals a Coulom b hole. The dashed lines delimit the region accepted b y

the sp ectrometer and rev eal that, for this sp eci�c ejectile, only a forw ard p ortion

and a bac kw ard p ortion of the emission shell can b e measured.
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3.1. V elo cities

data are in satisfactory agreemen t with an isotropic emission (see, for example, the

treatmen t of �Mo ving source analysis� presen ted in [ K o rteling 1990 ]). This assump-

tion has b een corrob orated b y a v ast collection of data for reactions of v ery di�eren t

nature. Isotropic emission has b een observ ed either for lo wly excited �ssioning sys-

tems [ Mo retto 1989 ], or ev en for v ery highly excited n uclei undergoing expansion

�o w in thermal m ultifragmen tation [ Ka rnaukhov 1999 , Ka rnaukhov 2003a ]. A t least

the

56

F e + p and

136

Xe + p systems can b e safely included in this range. Sligh tly

less justi�ed is the assumption for

56

F e +

nat

Ti and

136

Xe +

nat

Ti , since some e�ects

of dynamical m ultifragmen tation could disturb the isotrop y . Th us, if w e assume

isotropic particle emission in the cen tre-of-mass frame, d

3

� = (d v d
) reduces to

(1 = 4 � )(d � = d v ) and the v ariation of the cross section � ( v ) , as a function of the ab-

solute v elo cit y v , is related to the v ariation of the apparen t cross section I ( v

k

) as a

function of v

k

b y the equation:

d I ( v

k

)

d v

k

=

1

4 �

Z

2 �

0

d '

Z

q

v

2

k

+ ev

2

?

( ' )

j v

k

j

1

v

d � ( v )

d v

d v ; (3.4)

v||-Dv||

v||

(v||-Dv|| )
2+v2

^Ö
¾¾¾¾¾¾

v||
2+v2

^Ö
¾¾¾0 v

Figure 3.2: In tegration domains of eq. (3.4).

In equation (3.4), the term d � = d v is the ph ysical quan tit y that w e wish to extract.

It describ es the v ariation of the cross section � ( v ) as a function of the absolute

v elo cit y v in the cen tre-of-mass frame The measured quan tit y is the left-hand term

d I ( v

k

) = d v

k

, represen ting the v ariation of the apparen t cross section as a function

of the longitudinal v elo cit y comp onen t v

k

in the cen tre-of-mass frame. In principle,

equation (3.4) could not b e in v erted in an unam biguous w a y for general shap es of

the d � = d v function. Ho w ev er, for the restricted shap es describing the data, this

in v ersion b ecomes p ossible. This is particularly the case if this function is supp osed

to decrease monotonically to 0 at large v and if d I ( v

k

) = d v

k

also follo ws the same

b eha vior at large j v

k

j , as it is eviden t from �g. 2.7.

In order to describ e the in v ersion pro cedure, let us consider a giv en bin in lon-

gitudinal v elo cit y de�ned b y the in terv al [ v

k

; v

k

+ � v

k

] . The yield for this bin is

(d I ( v

k

) = d v

k

) = � v

k

, while the corresp onding in tegral o v er v in equation (3.4) extends

from v

k

to

q

v

2

k

+ v

2

?

. This domain is depicted b y the thic k segmen t in �g. 3.2. Let

us assume that the v alues of the function d � = d v are kno wn o v er this in terv al and

that they comply to equation (3.4).
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Figure 3.3: Reconstructed densit y plots in v elo cit y space in the b eam frame ( v

b

k

; v

b

?

)

represen ting the distribution on a plane con taining the b eam axis. The solid lines

denote the angular acceptance of the sp ectrometer.

W e consider no w the v

k

bin lo cated b et w een v

k

� � v

k

and v

k

, for whic h the in tegra-

tion extends from v

k

� � v

k

to

p

( v

k

� � v

k

)

2

+ v

2

?

, as sho wn b y the thin segmen t

ab o v e the axis in �g. 3.2. It can b e seen that, if � v

k

is small enough, this segmen t

has a large o v erlap with the previous one. If this w ere not the case, the in v ersion

pro cedure w ould ev en b e simpli�ed as d � = d v w ould b e directly prop ortional to the

yield divided b y the in terv al length, pro vided that the yield has a lo w v ariation o v er

� v

k

. In the case of o v erlap of the t w o in tegration segmen ts, as sho wn in the �gure,

the v ariation of the yield comes only from the v alues of d � = d v at the edges. If the

v alue is kno wn on the righ t non-o v erlapping extremit y , the v ariation b et w een the

t w o adjacen t v

k

bins deliv ers the v alue on the left non-o v erlapping extremit y . The

pro cedure can b e con tin ued for lo w er v

k

bins, �xing the v alues of the function for

decreasing v alues of v .

So far, no sp eci�c assumption has b een made except that the function d � = d v is

kno wn o v er a giv en in terv al. This can b e practically ac hiev ed b y assuming that
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Figure 3.4: V elo cit y sp ectra of ligh t residues pro duced in

56

F e+

nat

Ti (upp er diagram), and in

56

F e + p at 1 A Ge V (lo w er

diagram), ordered on a n uclear c hart. They are represen ted as a function of the v elo cit y in the b eam direction in the b eam

frame v

b

k

. Crosses and p oin ts indicate measured sp ectra d I

Ti

/d v

b

k

and d I

p

/d v

b

k

, resp ectiv ely , de�ned according to eq. (3.4),

and normalized to the unit. They represen t all fragmen ts transmitted through the FRS. Reconstructed v elo cit y sp ectra �

Ti

r

and �

p

r

, de�ned according to eq. (3.5) and normalized to the unit are mark ed with dashed and solid lines, resp ectiv ely . In the

lo w er diagram, the reconstructed sp ectra for

6

Li,

10

B and

12

C emitted from

56

F e+

nat

Ti are sup erimp osed as dashed lines for

comparison.
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3.1. V elo cities

d � = d v v anishes at large v v alues and that, as a consequence, also the yield drops.

By considering a large v

k

v alue for whic h the yield is n ull, w e can tak e a n ull

d � = d v o v er the corresp onding in terv al and start the pro cedure of rev ersion. This

prescription for the starting p oin t can also b e extended to regions where the yield

do es not fade : for v

k

� ev

?

the length of the in tegration in terv al decreases as

ev

2

?

= (2 v

k

) , whic h b ecomes small compared to the c haracteristic v ariation length of

d � = d v . In this case, the latter can b e assumed constan t o v er the in terv al and its

v alue deduced straigh tforw ard from eq. (3.4). The dep endence of ev

?

on ' only

slighly c hanges the pro cedure, while the sc heme remains the same.

The yields measured for the forw ard emission ( v

k

> 0 ) are exp ected to di�er from

those asso ciated to the bac kw ard ( v

k

< 0 ) emission. Nev ertheless, in the ideal case

of a p erfectly isotropic emission with resp ect to the cen tre of mass, the resulting

cross sections � ( v

k

> 0) and � ( v

k

< 0) restricted to only-forw ard and only-bac kw ard

emission, resp ectiv ely , should b e iden tical. The di�erence j � ( v

k

> 0) � � ( v

k

< 0) j

can b e an indication of the uncertain t y in tro duced in the extraction of the cross

section � ( v ) b y the assumption of isotropic emission. The densit y of v elo cit y v ectors

~ v in a plane con taining the b eam axis is presen ted in �g. 3.3.

W e can no w reduce the represen tation of the recoil-v elo cit y distribution � ( v ) to

one dimension, selecting only those v elo cities ~ v aligned in the b eam direction, and

o ccup ying only abscissae in the plots of �g. 3.3.

Due to our assumption of isotrop y , w e can de�ne radial v elo cit y distributions di-

viding the di�eren tial cross section d � ( v ) = d v asso ciated to a giv en v elo cit y v in the

cen tre of mass b y the spherical surface of radius v :

�

r

( v ) =

d

3

�

d ~ v

=

1

4 � v

2

d �

d v

; (3.5)

It should b e remark ed that either in the reference of the cen tre of mass or in the

pro jectile frame, 
 is close to the unit and consequen tly �

r

( v ) is directly related

to the in v arian t cross section �

I

( v ) . Indicating m = 
 m the mass of the particle,

~p = 
 ~ p its momen tum and E its total energy in the cen tre of mass frame (or in the

pro jectile frame), w e obtain the equalit y:

�

r

( v ) =

m

2

c

2

m c

2

d

3

�

d ~p

=

1

c

2

E

d

3

�

d ~p

=

1

c

2

�

I

( v ) : (3.6)

Also the planar cuts in v elo cit y space ( v

b

k

; v

b

?

) of �g. 3.3 are equiv alen t to in v arian t-

cross-section plots [ Babinet 1981 ].

As a tec hnical remark, the adv an tage of in v erse kinematics compared to direct-

kinematics exp erimen ts should b e p oin ted out. The registration of emission v elo ci-

ties close to the v elo cit y of the cen tre of mass of the hot remnan t are not prev en ted

b y an y energy threshold. Th us, only in in v erse kinematics w e can clearly appreciate

the gradual transition from a c haotic-dominated pro cess, re�ected in Gaussian-lik e
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CHAPTER 3. RESUL TS

in v arian t-cross-section sp ectra, to a Coulom b- (or ev en tually expansion-) dominated

pro cess, pro ducing a hollo w around the cen tre of mass. This c haracteristic signature

w e exploit resem bles the in v estigation of relativ e v elo cit y correlations b et w een t w o

fragmen ts [ W ang 1999 ] in full-acceptance exp erimen ts for analysing deca y times. In

that case, the probabilit y to detect t w o almost sim ultaneously emitted particles in

space with small di�erences in direction is suppressed due to the m utual Coulom b

in teraction.

A systematic study of the sp ectra of lithium, b eryllium, b oron and carb on is pre-

sen ted in �g. 3.4 and compared with the observ ed v elo cit y distributions. In the

56

F e+

nat

Ti reaction, all sp ectra sho w a b ell shap e. In the

56

F e + p spallation, the

double-h ump ed distribution app ears clearly for isotop es with mass lo w er than t w elv e

units. The shap e of the v elo cit y sp ectra dep ends mostly on the mass rather than on

the c harge, and c hains of isotop es b elonging to the same elemen ts sho w a transition

from a b ell shap e to w ard a double-h ump ed sp ectrum with decreasing mass. This

transition is not alw a ys gradual but, as rev ealed b y the neigh b ouring

11

C and

12

C

in the lo w er panel of �g. 3.4, sometimes seems to b e rather abrupt.

A sp eci�c discussion should b e dedicated to the v elo cit y sp ectra measured for the

136

Xe + p and

136

Xe +

nat

Ti systems. In �g. 3.5 a series of exp erimen tal sp ectra

d I ( v

k

) /d v

k

normalized to the unit is sho wn for t w en t y isotop es ha ving N = Z + 1

(these isotop es where measured with the b est statistics). All sp ectra, b oth for

136

Xe + p and

136

Xe +

nat

Ti , can b e describ ed b y the sup erp osition of the t w o di�er-

en t shap es, the �rst double h ump ed, the second Gaussian-lik e, the width and the

in tegral of whic h v aries according to the sp eci�c isotop e. All sp ectra asso ciated to

hea vy residues ha v e a Gaussian shap e. Gaussian sp ectra are narro w for isotop es of

mass close to the pro jectile, asso ciated to ev ap oration pro duction. They widen for

ligh t residues, whic h are asso ciated to more complex emission mec hanisms. This

c haracteristic Gaussian shap e, still eviden t in the sp ectrum of

45

Ti, pro duced in

136

Xe +

nat

Ti , ev olv es gradually in an asymmetric distribution, whic h is the result

of the folding of man y Gaussian shap es ha ving di�eren t mean v alues: this is the

case of the series of isotop es ranging from

45

Ti do wn to

25

Mg, pro duced in the

136

Xe +

nat

Ti system. More negativ e mean v alues of the Gaussian comp onen ts are

related to smaller in tegrals. The resulting shap e could b e represen ted b y a Gaus-

sian function con v oluted with an exp onen tial tail. The folding represen ts the spread

in the mean recoil in the collision. The presence of the second shap e, constituted

b y t w o wide largely spaced Gaussian-lik e h umps, c haracterizes the ligh test isotop es

pro duced in

136

Xe + p . The greatest part of the in tegral of the sp ectra of

7

Li and

9

Be

is related to the t w o-h ump ed shap e. This con tribution gradually v anishes (around

31

P). Also the system

136

Xe +

nat

Ti manifests the presence of the t w o-h ump ed shap e

for isotop es ligh ter than

15

N. This w as not the case for

56

F e +

nat

Ti , where no trace

of this con tribution w as manifested. Thanks to the large spacing b et w een the t w o

h umps (due to the e�ect of Coulom b repulsion from a hea vy n ucleus, close to Xe

in mass), the system

136

Xe + p sho ws clearly the sup erp osition of the Gaussian-lik e

and t w o-h ump ed con tribution (see isotop es ranging from

13

C to

21

Ne). The high

resolution of the sp ectra ev en sho ws that the cen tral Gaussian-lik e comp onen t is
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3.1. V elo cities

shifted in forw ard direction with resp ect to the t w o-h ump ed comp onen t. This fea-

ture is rather surprising. More negativ e mean-recoil v alues are generally asso ciaed

to more violen t reactions due to larger frictional e�ects in the collision. On the

other hand, the cen tral comp onen t recalls a v olume m ultifragmen t emission, that

could re�ect v ery violen t collisions, while the side comp onen t should b e related

to lo w-m ultiplicit y fragmen t emission, whic h re�ects less violen t collisions. In this

case, the cen tral comp onen t should b e related to a larger frictional e�ect and b e
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Figure 3.5: Exp erimen tal v elo cit y sp ectra nomalized to the same uin tegral, mea-

sured for a series of isotop es ha ving N = Z + 1 in the systems

136

Xe + p (left) and

136

Xe +

nat

Ti (righ t).
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therefore shifted bac kw ard with resp ect of the side comp onen t. W e observ e the

opp osite e�ect. A similar �highly un usual feature� w as observ ed b y N.T. P orile and

collab orators in 1979 at F ermilab, b y b om barding

238

U with 400 Ge V protons. In

this exp erimen t, in direct-kinematic, a larger amoun t of fragmen ts w as registered

at bac kw ard than at forw ard in the lab oratory frame. It w as concluded that this

e�ect app ears uniquely at v ery high energies and it w as in terpreted as the e�ect

of n uclear sho c k w a v es. It should b e remark ed that in our exp erimen t w e do not

observ e forw ard emitted fragmen ts (corresp onding to bac kw ard emitted fragmen ts

in direct kinematics). All v elo cit y sp ectra manifest bac kw ard emission in a v erage.

Only when the distribution is disen tangled in Gaussian-lik e and t w o-h ump ed com-

p onen ts w e can observ e a larger bac k-shift for the latter comp onen t, increasing for

ligh ter fragmen ts, while the former comp onen t main tains its mean v alue close to

the pro jectile v elo cit y . This is the �rst time that suc h a feature is measured in

ion-proton collisions in the 1 A Ge V inciden t-energy range. The forw ard p eaking

of the emission w as measured in ion-ion collisions with the FRagmen t Separator

[ Riccia rdi 2003 ] and related to the �blast� e�ect induced on the sp ectators b y the

�re-ball.

3.2 Nuclide cross section

The formation cross sections are directly obtained b y in tegration of d � ( v ) = d v . In

the app endix C, table C.1 collects the isotopic cross sections for the pro duction of

ligh t residues, from lithium up to o xygen, measured in this w ork for the reaction

56

F e + p and

56

F e+

nat

Ti and the whole set of cross-sections for the systems

136

Xe + p

and

136

Xe +

nat

Ti . The distributions of the formation cross sections ev aluated for the

t w o systems

56

F e + p and

56

F e+

nat

Ti at 1 A Ge V are presen ted in �g. 3.6 for di�eren t

ligh t elemen ts as a function of the neutron n um b er and in �g. 3.7, on the c hart of

the n uclides. in �g. 3.8 the isotopic pro duction is presen ted on a n uclide c hart for

136

Xe + p and

136

Xe +

nat

Ti at 1 A Ge V. The extension of the pro duction app ears

rather similar for b oth the titanium-induced and the proton-induced reactions and,

in particular, despite the exp ected di�erence in excitation energy reac hable in the

collisions with the t w o targets, the cross-section distributions of the residues asso-

ciated to the same pro jectile do not manifest drastic di�erences in their features.

A more quan titativ e rev elation of this similarit y is presen ted in �g. 3.9, where the

mass distributions are compared. The di�erence in the shap e of the mass sp ectra

is signi�can t only for the in termediate masses: the cross section of the residues of

56

F e + p decreases from A = 30 to A = 18 b y ab out one order of magnitude, while w e

observ e only a sligh t decrease b y ab out a factor of t w o for

56

F e+

nat

Ti. The di�erence

in the slop e of the mass sp ectrum is ev en more signi�can t for the n uclides ranging

from A = 100 to A = 50 , pro duced with a

136

Xe pro jectile. The data rev eal that

higher excitation energy in tro duced b y the in teraction with titanium, with resp ect

to proton-induced spallation, results in decreasing the slop e of the mass-sp ectra in

the IMF-range and depleting the cross section for hea vy residues in fa v our of an
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