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Introduction

II y a environ soixante ans, Enrico Fermi irradiait avec des neutrons des

échantillons d'Uranium, le dernier élément connu à ce moment, espérant ainsi

prolonger la classification de Medeleïev et découvrir ainsi le premier élément

artificiel « transuranien ». La détection parmi les produits formés révéla plus d'une

vingtaine de périodes radioactives démontrant l'existence d'un processus beaucoup

plus complexe que celui de la capture neutronique ou de décroissance radioactive. A

partir de cette surprenante découverte, les expériences se multiplièrent dans de

nombreux laboratoires, notamment à Berlin (Lise Meitner, Otto Hahn and Fritz

Strassmann) et à Paris (Irène Curie et Paul Savitch) pour résoudre l'énigme liée aux

multiples captures décroissances radioactives observées. En décembre 1938,

l'identification de la présence du Baryum parmi les éléments radioactifs produits

permet de faire l'hypothèse d'un nouveau processus nucléaire, celui de la fission

conduisant à une distribution de deux fragments avec une répartition des masses entre

eux variable suivant les événements. L'annonce de cette découverte est alors publiée

dans le désormais célèbre papier de Hahn et Strassmann [1], ce fut là le

commencement de nombreuses investigations, tant expérimentales que théoriques,

toujours d'actualité.

Comparée aux autres processus nucléaire, la fission est certainement le plus

compliqué et énigmatique. En effet, le processus de fission et la distribution des

produits formés dépendent de la charge et de la masse du noyau fissile considéré ainsi

que de l'énergie d'excitation du noyau composé. Enfin, on distingue plus de 900

différents nucléides produits lors de la fission, ce qui rend long et difficile tout travail

expérimental complet d'identification de ces noyaux.

Depuis, la découverte de ce fascinant processus nucléaire, une grande

importance a été donnée à l'identification de la charge et de la masse des produits de

fission. Les méthodes radio-chimiques de mesure des produits de fission,

intensivement utilisées jusque là, laissent place de nos jours à des méthodes physiques

techniquement plus élaborées.

Bien que les distributions en masse (cf. Chapitre 1 pour les définitions) ont été

mesurées avec une grande précision pour la plupart des systèmes fissiles d'intérêt
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technologique, les données expérimentales concernant la distribution de la charge et

de la masse (rendements indépendants) sont encore très largement, lacunaires. La

principale raison de cette différence tient au fait que, si on néglige l'émission de

neutrons retardés par décroissance (fi",n), la distribution en masse des produits de

fission est quasiment indépendante du temps alors que la distribution en charge est

liée à la décroissance p" des produits de fission riches en neutrons (cas des réacteurs)

le long de la chaîne de filiation isobarique allant des éléments à vie courte jusqu'à un

élément stable (vallée de stabilité (3) en bout de chaîne. Ainsi, l'identification des

produits de fission à vie courte nécessite des techniques de séparation en ligne très

rapide. Les méthodes dédiées à la mesure des rendements de fission indépendants

nécessite donc une technologie plus avancée que la simple mesure de la distribution

en masse. Le chapitre 1 décrit les différentes méthodes et techniques de mesure des

rendements de fission ainsi que les modèles utilisés dans l'estimation des rendements

de fission non mesurés par modèle théorique ou modèle empirique

d' inter/extrapolation (lissage numérique).

La gestion des déchets nucléaires à vie longue produits est aujourd'hui un sujet de

préoccupation majeure de plus en plus sensible auprès de l'opinion publique. La

plupart des pays nucléarisés ont renoncé au retraitement du combustible irradié et

étudient divers scénarios pour limiter l'accumulation des déchets et les incinérer. En

France, outre les études sur le stockage géologique et l'entreposage, la loi du 30

décembre 1991 préconise une troisième voie de recherche sur la transmutation de ces

déchets qui vise à en réduire leur durée de vie. En effet, de nouveaux concepts très

prometteurs de transmutation nucléaire sont à l'étude de part dans le monde : les

systèmes hybrides. Les récentes recherches sur les systèmes hybrides (Accelerator

Driven Systems) [5-7] ont, par ailleurs, fortement motivé le besoin d'améliorer les

données nucléaires de bases liées au cycle 232Th/233U pour lequel les données

expérimentales font cruellement défaut. En effet, il apparaît que l'étude de faisabilité

d'un tel système est étroitement liée à la qualité des données nucléaires impliquées

(incertitudes sur les paramètres de sûreté, de conception,. ..y

C'est dans ce contexte que l'étude des rendements de fission de F233U dans un

spectre de neutrons rapides a été initiée. L'utilisation d'un spectre de neutrons rapides
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est motivé par un meilleur rapport fission/capture du combustible irradié. Ce travail

sous la forme de la présente thèse a pour but de contribuer à améliorer les données

nucléaires de base, dont les produits de fission (en vue de déterminer l'inventaire des

produits de fission (PF) et de leurs nuisances) impliquées dans les projets d'ADS

pour la transmutation.

Le travail de thèse, présenté ici, est basé sur la technique de mesure des

rendements de fission à l'aide du séparateur de masse en ligne OSIRIS. Une large

fraction de la distribution des rendements de fission indépendants pour la réaction
233U(nf,f) a pu être mesurée, incluant de nombreux produits de fission à l'état

isomérique et de nucléides proches de la région de la fission symétrique. Notons que

les informations fournies par les rendements isomériques et dans la région de la

symétrie sont inaccessibles par la plupart des autres techniques de mesures.

Conjointement, une deuxième campagne expérimentale complémentaire à la première

a été effectuée, mettant en œuvre une technique de mesure directe par spectroscopie y

des produits de fission non séparés obtenus par irradiation directe d'échantillons

d'223U dans le cœur du réacteur. Outre l'aspect de normalisation pour la première

campagne, cette deuxième campagne expérimentale a également permis d'obtenir une

cinquantaine de rendements de fission cumulés de PF à vie plus longue (de 15

minutes à quelques jours) d'un grand intérêt pour la physique des réacteurs pour le

cycle 232Th-233U.

La description des deux techniques expérimentales ainsi que des méthodes d'analyse

associées sont décrites et discutées dans le chapitre 2.

Le chapitre 3 présente les résultats obtenus lors de ces deux campagnes

expérimentales. Les rendements obtenus sont comparés avec les valeurs des

systématiques et évaluations, de façon à valider la qualité des modèles et à analyser

les propriétés physiques des distributions (e.g. effets de parité, répartition entre états

isomériques, etc.). De plus, les distributions des rendements pour fission de l'233U

induite par neutrons rapides et thermiques ont été comparées. La fission thermique de

l'233U a été mesurée dans le passé à Studsvik avec OSIRIS, et à Grenoble à l'aide de

la technique LOHENGRIN. Cette comparaison illustre le comportement des
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distributions de rendements de fission en fonction de l'énergie du neutron incident, et

démontre par ailleurs la complémentarité des deux techniques.

Parallèlement, la distribution en charge mesurée est décrite en terme de modes de

fission, et nous avons tenté d'indiquer les principales tendances apportées par les

nouvelles valeurs expérimentales sur quelques paramètres intégraux (neutrons

retardés, radiotoxicité des produits de fission à vie longue, moniteurs du taux de

combustion) de la physique des réacteurs.

Finalement, la validation des nouvelles données expérimentales pour la réaction
233U(nf,f) confirme une amélioration significative des données de rendements de

fission, ainsi que le formidable potentiel du séparateur de masse OSIRIS pour l'étude

des rendements de fission autant que pour l'amélioration des données de structure

nucléaire des produits de fission riches en neutrons et à vie courte..
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Chapitre 1

Distribution en masse et en
charge des produits de fission

1,1 Définitions des rendements

Dans la fission, les distributions de probabilité mesurant la production d'un

isotope ou d'un élément sont généralement exprimées sous forme de rendements. La

plupart des quantités considérées sont utilisées sous forme multidimensionnelle. La

production d'un noyau (A,Z,I) est mesurée par son rendement indépendant Y(A,Z,I),

qui correspond au nombre d'atomes produits directement et uniquement par fission

(après émission des neutrons prompts et avant toute décroissance radioactive ou

émission de neutrons retardés). Il peut être décrit sous la forme d'un produit de trois

facteurs : .

Y(A,Z,I) = Y(A)*f(A,Z)*r(A,Z,I) ( 1 )

où Y(A) est la distribution en masse, définie ci-dessous comme la somme des

rendements indépendants (avant émission de neutrons retardés); f(A,Z) est le

rendement indépendant fractionné de tous les isomères (A,Z) ; et r(A,Z,I), fraction de

rendements isomériques, est la proportion de (A,Z) produit directement pour un

isomère.

7-J) . ( 2 )
z.i

De même, la notion de distribution en charge Y(Z) peut être définie :
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Y(Z)=.^Y(A,Z,I) (3.)
A.r

Etant donné la complexité de la fission nucléaire plusieurs autres rendements ont été

définis :

• les rendements de fission cumulés : nombre d'atomes d'un nucléide spécifique

produits directement par fission et par les décroissances successives de ses

précurseurs radioactifs de la chaîne de filiation (A = constante).

• rendements de chaîne : nombre d'isobares d'une masse spécifiée produits par

fission. Le rendement cumulé du dernier membre de chaîne radioactive (qui est

stable ou à vie longue) est généralement identique au rendement de chaîne.

• rendements indépendants/cumulés fractionnés : ils représentent les rendements

indépendants ou cumulés divisés par le rendement de chaîne.

• rendements fractionnés (partiels): certaines méthodes de mesure donnent les

rendements sous certaines conditions (par exemple l'énergie cinétique spécifique

ou l'état de charge spécifique des fragments de fission). Ces rendements

particuliers sont appelés rendements partiels. Il faut cependant sommer sur

Fentière distribution énergétique (ou la distribution en charge ionique) pour

obtenir les rendements présentés ci-dessus.

La fission génère généralement deux, voire plus, fragments (l'émission de neutrons

mise à part). Si deux fragments seulement sont produits on parle alors de fission

binaire. On parle, par ailleurs, de fission ternaire quand trois fragments sont émis. Le

troisième fragment est toujours plus léger que les deux autres (e.g. hélium,

tritium,...).

1.2 Techniques expérimentales et données
disponibles

On peut distinguer cinq méthodes différentes de mesures des rendements de

fission :

- des techniques classiques de radiochimie (avec ou sans séparation chimique),
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- des mesures de spectroscopie nucléaire y directe de haute résolution sans

séparation de masse,

des mesures par spectrométrie de masse avec une source d'ions à haute

température (~2500°C), «en ligne» (cas d'OSIRIS [23] [115]) ou «hors-ligne»

suivant que la cible de noyau fissile est ou non reliée directement à la source

d'ions du spectromètre de masse,

des mesures de spectrométrie de masse utilisant l'énergie de recul des fragments

de fission pour les séparer/identifier (technique utilisée dans les installations de

LOHENGRIN [3] [30], COSI-FAN-TUTTE [28] ainsi que HIAWATHA [26]).

Un champ électromagnétique permet la séparation en fonction du rapport (A/q),

de la masse A sur la charge ionique q, et du rapport (E/q) de l'énergie cinétique

des fragments sur la charge ionique,

des mesures utilisant une approche expérimentale innovatrice : la cinématique

inverse. Dans la fission induite classique, le neutron, ou tout autre particule, est

projeté sur le noyau fissile ; dans cette nouvelle méthode l'élément fissile est lui-

même projeté (avec une énergie relativiste) à travers la matière de manière à

exciter ce noyau et le conduire jusqu'à la fission.

Ces méthodes sont complémentaires, chacune mais possède ses points forts et ses

faiblesses. Les mesures radiochimiques dépendent, par exemple, de la connaissance

des données nucléaires de l'isotope mesuré et quelquefois de l'efficacité de la

séparation chimique. La spectrométrie « hors-ligne » ne permet pas de connaître la

charge nucléaire, tandis que les techniques « en-ligne » sont limitées par la

connaissance des modes et efficacité d'ionisation des différents éléments, par la

nature des cibles U and Th pouvant être utilisées comme source d'ions. Les méthodes

de type ISOL (séparation en ligne) permette l'investigation des rendements

indépendants dans les domaines de la distribution en masse des pics lourd et léger

ainsi que de la fission symétrique. Les spectromètres LOHENGRIN, Cosi Fan Tutte et

HIAWATHA sont, quant à eux, limités que par les techniques d'identification de la

charge nucléaire qui leur sont associées : elles ne permettent que la mesure du groupe

léger des produits de fission. Enfin, ces derniers instruments n'ont accès qu'à la

fission par neutrons thermiques. Désavantage compensé par le haut flux de neutrons

disponible pour ces installations. La technique d'étude des produits de fission par
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cinématique inverse permet la mesure des groupes léger et lourd des produits de

fission pour un grand nombre de systèmes fissiles. Cependant, cette méthode est très

récente, mais elle apparaît comme très prometteuse pour l'étude de la fission

nucléaire.

Depuis la découverte du phénomène de la fission, l'intérêt des recherches s'est porté

sur un compréhension de plus en plus fine de ce processus complexe. Les techniques

utilisées deviennent quant à elles de plus en plus sophistiquées pour permettre des

mesures plus précises des différents systèmes fissiles.

Dû à leur relative facilité de mesure par les méthodes les plus simples à mettre en

œuvre (comme la radiochimie), les. données concernant les rendements isobariques de

chaîne ainsi que les rendements cumulés sont les plus abondantes dans les

bibliothèques disponibles de données expérimentales. Le tableau 1.1 donne une vue

générale des différents systèmes fissiles explorés jusqu'à présent, ainsi que les

domaines d'énergies des neutrons incidents. Le tableau 1.3, quant à lui, résume les

différentes données disponibles pour les rendements indépendants.

On peut noter qu'il y a moins de données disponibles pour les rendements

indépendants car ils ne sont, principalement, accessibles que par les techniques plus

avancées technologiquement et que leur analyse reste complexe.

1.3 Les différents modèles de calcul des
rendements de fission

La caractéristique principale du processus de fission, qui en fût aussi la première

observation et la première surprise, est l'asymétrie de la distribution en masse (voir

Fig. 1.3). Une division asymétrique (dû à aux effets de couche dans les fragments

ainsi qu'à la déformation du noyau composé dans sa voie vers la fission) est de cent à

mille fois plus probable, suivant l'isotope fissile, qu'un partage symétrique de la

masse. Cependant la probabilité de la fission symétrique augmente de façon

importante avec l'énergie du neutron incident (par exemple, pour des neutrons de 14



MeV, la probabilité de fission symétrique de l'235U augmente de deux ordres de

grandeurs par rapport à la fission thermique du même élément).

Les distributions en masse et en charge sont d'un intérêt particulier autant pour la

physique des réacteurs et du cycle, que du point de vue théorique pour la

compréhension du processus de fission. La modélisation théorique du phénomène de

fission reste complexe et de nombreuses approches ont été développées (théorie

statistiques de Fong [54-57], la méthode d'état de transition [58-59], le modèle du

point de scission développé par Wilkins et al. [47] [60], ou la théorie de la

fragmentation [61-63]). Cependant^ les distributions en masse et en charge prédites

par les modèles théoriques ne sont pas encore suffisamment précises pour des buts

appliqués. Des modèles empiriques et des systématiques ont donc été développés :

modèles pour la distribution en masse : généralement la distribution en masse est

obtenue de façon expérimentale puis lissée sur cinq Gaussiennes [64] (deux paires

de Gaussiennes complémentaires pour les pics léger et lourd, et une seule courbe

pour les rendements près de la symétrie). Une différente et nouvelle approche,

plus théorique, a été présenté par Brosa et al. [42], basée sur l'idée de la fission

multi-modale. L'idée est d'expliquer la propagation des différentes distributions

en masse et en énergie appartenants à différents canaux de fission (ou modes)

dérivés des points de bifurcations des pentes à travers la surface de l'énergie

cinétique des systèmes fissionants,

- modèles pour la distribution en charge : deux modèles ont été développés par

Wahl [76] [41-43] :

• le modèle Zp décrivant la distribution en charge des produits de fission

pour une isobare (A = este). La distribution en rendements de ce modèle

est supposée être Gaussienne, mais les rendements sont corrigés par un

facteur tenant compte des effets de parité protonique et neutronique

(structure fine des distributions). Ces effets sont pris en compte par la

multiplication ou la division des rendements Gaussien par Fz (ou EOZ

facteur) et par FN (ou EON), respectivement la valeur moyenne des

facteurs pair-impair protonique et neutronique,

• le modèle A'p est basé sur des idées similaires au modèle Zp, mais

décrivant la distribution isotopique pour un élément chimique donné. Une
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différence à noter, cependant, est le fait que dans ce modèle chaque chaîne

de masse est normalisée à 1, ce qui n'est pas le cas pour le modèle Zp.

- une approche nouvelle a été utilisée pour explorer le phénomène de fission des

noyaux lourds, considéré comme une réaction chimique [44]. Ce modèle contient

un seul paramètre libre, qui est la « température » du noyau composé, déterminé à

partir de données expérimentales.

Un modèle tentant de prédire la population des produits de fission à l'état isomérique

des nucléides a été développé par Madland et England [82] (modèle à un seul

paramètre nucléaire Jr™ caractérisant la distribution en spin des fragments de fission).

Rudstam {83] a amélioré cette approche en traitant plus en détails chacune des

hypothèses du modèle. Il a proposé d'affiner le modèle M&E en lui ajoutant un

second paramètre nucléaire Jnuc décrivant la distribution en spin des niveaux

nucléaires peuplés. Le modèle utilise des paramètres provenant de l'expérience et qui

ont été déterminés pour la fission thermique de F235U. Plus de données

expérimentales sont cependant nécessaires pour parfaire ces modèles.

1.4 Evaluation des rendements de fission et
banques de données disponibles

Des bibliothèques complètes et fiables de rendements des produits de fission,

avec leur précision spécifiée, sont nécessaires pour les nombreuses applications de la

physique des réacteurs et du cycle, comme par exemple les calculs de puissance

résiduelle, de taux de combustion et perte de réactivité par cycle, d'émission de

neutrons retardés, les paramètres ou grandeurs importants de la physique du cycle du

combustible ou les problèmes de sûreté nucléaire.

Les banques de données doivent être aussi précises que complètes. La précision sur

les données nécessite une constante mise à jour aussi complète que possible des

résultats expérimentaux. Une méthode statistique est généralement utilisée pour

traiter les valeurs provenant de différentes expériences et pour détecter les
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incohérences de certaines données entre elles. L'aboutissement de ce travail demande

une attention particulière dans l'interpolation et l'extrapolation des valeurs pour

l'obtention des rendements indépendants non mesurés, en utilisant des lissages par des

modèles empiriques. L'ajustement des rendements est soumis aux contraintes des lois

physiques de conservation du nombre de nucléons et de charge au cours du processus

de fission.

L'ensemble des données de rendements de fission est rassemblé dans des

bibliothèques dont les plus importantes sont ENDF/B-VI et JEF-2.2, les évaluations

américaine et européenne respectivement.
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Chapitre 2

Mesure des rendements de
fission de 233U(nf,f)

En vue d'améliorer l'état des connaissances sur le cycle 232Th/233U, d'intérêt

certain pour les recherches sur les systèmes hybrides, deux campagnes de mesures des

rendements de fission de l'233U dans un spectre, en particulier, à neutrons rapides ont

été initiées dans le cadre de cette thèse.

La première campagne expérimentale réalisée utilise le séparateur de masse

OSIRIS situé à Studsvik (Suède), couplé au réacteur de type piscine R2-0 comme

source de neutrons. Il a donc été nécessaire de filtrer les composantes thermiques et

épithermiques du flux de neutrons. Pour cela une étude détaillée du flux neutronique a

conduit à la conception et la réalisation d'un filtre de carbonate de bore placé autour

de la cible d'uranium.

La deuxième campagne expérimentale entreprise basée sur la mesure directe par

spectroscopie y de l'ensemble des produits de fission non séparés, en fonction du

temps d'irradiation et de refroidissement. Ceux-ci sont obtenus par irradiation directe

dans le cœur du réacteur d'échantillons d ' ~ U , sous filtre de bore. Ces mesures

avaient pour but de déterminer des donnée de normalisation pour la première

campagne, dû aux manques de valeurs expérimentales disponibles.

2.1 Données disponibles pour 233U(nf9f)

Même si de nombreuses études de la fission thermique de l'233U ont été rapportées

dans la littérature, on peut noter que très peu de données sur la fission induite par des

neutrons rapides du même isotope sont disponibles. Avant les résultats présentés dans

la présente étude, aucun rendement indépendant pour la fission rapide de F233U n'a
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été publié. L'annexe A présente une liste exhaustive des précédentes données

expérimentales existantes pour les rendements de fission cumulés et rendements de

chaîne, compilées par R. Mills comme base expérimentale initiale pour le travail

d'évaluation des bibliothèques de données nucléaires UKFY-2 et -3 [11].

2.2 OSIRIS et la méthode de mesure des
rendements de fission élaborée par Rudstam

OSIRIS (pour On-line Separation of Isotopes at the Reactor in Studsvik) est un

séparateur de masse de type ISOL relié à une cible d'isotope fissile située près du

cœur du réacteur R2-0 (1 MW-, de type piscine, modérateur D2O, refroidi par

convection naturelle). La cible de matière fissile est intégrée à la source d'ions,

ANUBIS (acronyme basé sur le fait que dans l'Egyptologie classique, Anubis est le

fils d'Osiris). Ce principe original permet une construction plus compacte que

d'autres sources d'ions plus conventionnelles. De plus, la source d'ions peut être

utilisée à haute température (T = 2200-2500°C), soit en mode d'ionisation de surface

soit en mode plasma permettant d'accentuer la sélectivité chimique. On peut aussi

noter que la possibilité d'utiliser la cible à haute température est un avantage

important car les constantes de temps de transport/séparation du système sont

considérablement réduits, et le nombre d'éléments accessibles à l'étude est augmenté

sigriificativement.

Le principe de détection des produits de fission (PF) est basé sur la mesure, grâce à

un détecteur Ge de haute résolution (préalablement étalonné en énergie), de l'activité

y du PF dont on veut déterminer le rendement de fission. Cette activité est en effet

proportionnelle au rendement de fission du PF considéré. Il suffit donc pour obtenir le

coefficient de normalisation de mesurer l'activité d'un autre PF de référence dont on

connaît le rendement de fission. Il est néanmoins nécessaire de tenir compte d'un

terme correctif de production, autre que par fission, i.e. par décroissance des

précurseurs radioactifs de première et deuxième génération ou par émission de.

neutrons retardés.
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2.3 Caractérisation du spectre neutronique et
élaboration d'un filtre de bore

Le réacteur R2-0, utilisé comme source de neutrons, est un réacteur de recherche

de type piscine. Pour l'investigation de la fission rapide de l'233U, il était donc

nécessaire de filtrer les composantes thermiques et épithermiques du flux de neutrons

au point d'irradiation de la cible.

Une étude du flux, utilisant une approche déterministe (code de calcul de transport de

neutrons DORT à 27 groupes énergétiques de 0.33 eV à 20 MeV), a permis la

conception d'un filtre de B4C d'une épaisseur de 2 cm autour de la cible. Les calculs

déterministes ont été validés par une approche probabiliste (transport par méthode

Monte-Carlo MCNP avec un historique de 106 particules) ainsi que par des mesures

du flux avec des détecteurs d'activation à seuil. Le tableau 2.1 donne les différents

résultats obtenus par les deux approches. Notons que le rapport du taux de fission

rapide sur le taux de fission thermique est de 99% pour des neutrons ayant une

énergie En > 1 keV.

2.4 Mesures des produits de fission

2.4.1 Mesures des rendements indépendants
utilisant OSIRIS (méthode « en-ligne »)

2.4.1.1 Acquisition des données

L'identification des produits de fission s'effectue grâce à la détection de l'activité

y du nucléide considéré sur une isobare sélectionnée grâce au séparateur de masse. Il

convient cependant d'ajuster le niveau d'activité y mesurée par le détecteur afin

d'obtenir une précision suffisante tout en évitant sa saturation. Ceci est possible par

l'ajustement de deux paramètres :

- d'une part le flux de neutrons, délivré par le réacteur R2-0, en changeant sa

puissance,
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d'autre part le temps de comptage du détecteur ajusté en modifiant la vitesse

de déroulement de la bande de Mylar activée par les produits de fission et

passant devant le détecteur. Le nombre de cycle est ainsi augmenté jusqu'à ce

que la statistique de la mesure soit satifaisante.

2.4.1.2 Analyse de spectres y

Chaque nucléide peut être identifié par quelques raies y qui lui sont

caractéristiques à l'intérieur du spectre mesuré. Pour la mesure de ces spectres, des

détecteurs semi-conducteur à haute résolution de type Ge ont été utilisés.

Comme pour tout type d'instrument utilisé en spectrométrie, il est nécessaire

d'étalonner les détecteurs en énergie, en efficacité et de déterminer la résolution

énergétique, i.e. forme des pics en fonction de l'énergie (qui ne sont pas forcément

symétriques et dont la largeur à mi-hauteur augmente en fonction de l'énergie).

es détecteurs

Lors de cette campagne expérimentale, une source d'étalonnage d'l52Eu

possédant des raies très intenses de 121 keV à 1408 keV, ainsi que le produit de

fission 90Rb pour des énergies allant jusqu'à 3317 keV, ont été utilisés.

De même, les mesures absolues et relatives d'intensité de radiation nécessitent que

l'on prête une attention particulière à l'étalonnage de l'efficacité de détection.

On a, effectivement:

Pour ceci, il est nécessaire d'avoir une série de sources émettant des raies y à

différentes énergies et ayant des taux d'émission y (intensités) connus.

Dans cette analyse, seule l'efficacité relative est d'intérêt. Aussi, l'efficacité relative

de détection des détecteurs, i.e. e = AC , est déterminée. Pour couvrir l'intégralité
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de la gamme d'énergies des spectres obtenus, la source référence d' l52Eu ainsi que les

produits de fission 90Rb et l32Sn ont été utilisés.

L'analyse des données s'est faite sur la base de la connaissance des branchements

y des différentes raies d'intérêt trouvées dans de récentes compilations [123-124]. La

forme des pics est généralement une Gaussienne, dont la largeur à mi-hauteur est

dépendante de l'énergie (la résolution est moins bonne à haute énergie). Pour

déterminer cette corrélation, les mêmes sources de radiations que pour l'étalonnage en

énergie ont été utilisées, i.e. 152Eu et ^ b . Pour une précision accrue, les parties droite

et gauche de la courbe (la forme des pics n'est pas forcément symétrique) sont lissées

séparément.

€ ^

Une partie très importante de l'analyse consiste à corriger l'activité mesurée de la

contribution des parents sur l'activité du nucléide considéré pour remonter au

rendement direct par fission. Pour quelques cas, il est aussi important de prendre en

considération non seulement la contribution des parents, mais aussi celle des grands-

parents dans les chaînes de filiation.

D'autre part, il peut y avoir plusieurs branchements conduisant à un même noyau. De

même, le précurseur pour l'isobare peut avoir deux ou plusieurs états isomériques,

voire une décroissance |3 vers le nucléide fils. La contribution de chacun de ces états

doit alors être calculée. Les contributions venant des précurseurs de neutrons retardés

(changement d'isobare) doivent, elles aussi, être prises en compte.

Il est donc nécessaire de prendre au cas par cas chaque nucléide mesuré (plus de 200)

pour en déterminer toutes les contributions possibles à son activité, ce qui est un

travail long et fastidieux.

éléments.

La source d'ions à haute température d'OSIRIS contient la cible de matériel fissile

sous la forme d'un cylindre de graphite imprégné d'uranium de façon plus ou moins
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homogène. Chaque élément chimique est extrait de la cible soit par diffusion, soit par

désorption. Chaque mécanisme est traité différemment dans l'analyse et doit être par

conséquent connu. Le tableau 2.2 donne le mécanisme d'émission pris en compte

pour chaque espèce chimique et ses caractéristiques.

II existe un délai entre la production d'un nucléide dans la cible et la collection

de celui-ci sur la bande en Mylar puis sa détection. En effet, le produit de fission est

produit, stoppé, et doit migrer dans la cible et peut être piégé dans la cible avant

d'être ré-émis (diffusion, désorption) et ionisé ou resté piégé. Il est donc nécessaire de

prendre en compte cette constante de temps lors de la conversion du nombre de

comptages en rendements de fission.

De plus, l'effet des précurseurs radioactifs ne peut être correctement pris en compte

que si le paramètre de délai de tous les membres de la chaîne de filiation du nucléide

considéré sont également bien compris.

Lors des précédentes analyses de rendements de fission pour 235U (thermique), 238U

(rapide) et 233U (thermique), Rudstam a utilisé la technique dite des "deux points de

normalisation" [110] pour déterminer à la fois les paramètres de délai et l'efficacité

d'ionisation des différents éléments mesurés.

Cette technique s'appuie sur la connaissance à priori des rendements de fission de

deux nucléides (un à vie courte et un à vie longue) de la même famille chimique pour

la détermination de ces paramètres d'ionisation et de délai.

La très faible quantité de données disponibles (expérimentales) pour 233U(nf,f) ne

permet pas d'utiliser cette méthode d'analyse. Un approche différente a alors due être

mise en œuvre.

Une première approximation dans la détermination des paramètres de délai fut de

considérer une valeur moyenne provenant des expériences mentionnées

précédemment. Lors de ces expériences, les paramètres ont été déterminés à des

températures de la cible sensiblement différentes. Or ces paramètres sont dépendants

de la température. De nouvelles mesures à différentes températures de la cible ont été

réalisées et ont permis de déterminer la dépendance de ces paramètres en fonction de

la température de la cible.
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Par souci d'homogénéité et pour permettre la comparaison des résultats, il est

nécessaire d'avoir un faisceau d'intensité stable (difficile en pratique) ou de connaître

ses variations au cours du temps.

Pour ce faire, des mesures de normalisation, en utilisant 97Rb et 97Sr (PF à haut

rendement de fission) comme référence, ont été effectuées à intervalles réguliers lors

de la campagne expérimentale.

L'obtention des rendements de fission (indépendants et cumulés), à partir des

aires des pics y des différents nucléides mesurés, s'effectue à l'aide d'un programme

informatique complexe mis au point par G. Rudstam [119].

Ce programme prend non seulement en compte les différents paramètres

expérimentaux propres à l'installation OSIRIS (paramètres de délais, efficacité

d'ionisation...) mais aussi des coefficients correctifs sur les PF liés à la décroissance

radioactive des précurseurs (parents et grand-parentS: lorsqu'ils existent).

Les rendements indépendants et cumulés obtenus doivent être alors normalisés avec

un rendement expérimental connu pour chaque isotope considéré.

S.Qurces d'erreur

Les principales sources d'erreur dans l'évaluation des rendements sont les valeurs

des branchements y ainsi que ceux des neutrons retardés. A ceux-ci peuvent s'ajouter

les incertitudes sur les différents paramètres tels le paramètre de délai ou l'efficacité

d'ionisation. Une connaissance correcte des variations du faisceau est nécessaire car

les valeurs rendements y sont très sensibles. Enfin, l'obtention de valeurs absolues

grâce à une normalisation extérieure est une source d'erreur systématique

supplémentaire en plus des erreurs de type statistique.
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2.4.2 Rendements cumulés obtenus par
spectrométrie y directe

Une deuxième campagne expérimentale complémentaire a été effectuée pour

déterminer des données de normalisation pour les résultats obtenus par la technique

OSIRIS. Elle consiste à la mesure directe par spectrométrie y l'activité des produits de

fission non séparés d'une cible d'actinide préalablement irradiée dans le cœur du

réacteur R2-0.

Ces irradiations ont concerné les cibles suivantes:

- 3 échantillons de 233U avec filtre •

- 2 échantillons de 233U sans filtre
„„ • Pour compléter les mesures

- 2 échantillons de SU > de RF déjà réalisées à
OSIRIS dans le passé par

- 2 échantillons de 232Th J

- 1 échantillon de 235U

Les mesures sont effectuées à l'aide d'un détecteur y branché en anti-coïncidence avec

des scintiliateurs BGO, situés autour de celui-ci, afin de réduire le bruit de fond lié à

l'effet Compton dans les spectres générés.

Des mesures à différents intervalles de temps ont été effectuées durant environ 20

heures pour chaque échantillon. Dans cette analyse, seuls deux des échantillons d'233U

irradiés à l'intérieur d'un filtre en bore (pour simule*" les mêmes conditions que les

mesures avec la cible ANUBIS d'OSIRIS pour lâ 1 réaction 233U(nf,f)) sont considérés.

Mentionnons que dû à l'arrêt accidentel du réacteur lors de l'irradiation du troisième

échantillon, celui-ci n'a pas été étudié.

Comme toute analyse de ce type , il est nécessaire d'identifier les nucléides d'intérêt

dans les spectres y par les raies d'émission y caractéristiques de leur décroissance

radioactive, puis d'en déterminer l'activité résultante. De cette activité il est possible

d'en déduire les rendements relatifs de fission qui sont ensuite normalisés grâce aux

quelques données expérimentales existantes.
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Cette technique ne permet d'accéder qu'aux rendements cumulés des nucléides déjà

identifiés. En effet, l'intensité mesurée correspond à l'activité de l'élément produit par

fission mais également par décroissance de ses précurseurs radioactifs pendant le

temps de mesure. De plus, les rendements indépendants des précurseurs radioactifs,

nécessaires pour corriger des effets de décroissance radioactive, ne sont pas toujours

(précisément) connus.

- 2 1 -



Chapitre 3

Résultats expérimentaux et
discussion

3.1 Résultats des mesures « hors-ligne »

58 rendements de fission cumulés ont été obtenus, à l'aide des mesures par

spectrométrie y directe, pour des isotopes ayant des temps de demi-vie de T./2 =13 mn

à Ti/2 = 39 jours couvrant les éléments de As (Z = 33) à Pm (Z = 61) sur des masses de

A = 78 à 151. Les valeurs obtenues sont rapportées dans les Annexes B etZ).

Ces résultats sont d'importance pour la physique des réacteurs comme développé dans

la section 3.7.

La comparaison avec les quelques données expérimentales disponibles, ainsi qu'avec

les prédictions du modèle Zp de Wahl montre un accord général entre les différents

résultats.

3.2 Rendements de fission provenant des
mesures « en ligne » avec OSIRIS

3.2.1 Remarques générales

Les remarques suivantes sont à prendre en considération pour l'analyse des

rendements de fission :

- la détermination des rendements se fait sur la base des intensités des raies y et

donc l'incertitude des résultats dépend fortement de la précision de ces données.
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Une liste complète des données nucléaires utilisées dans le cadre de cette analyse

est donnée en Annexe B,

- rendements indépendants et cumulés sont déterminés pour chaque isotope. Les

rendements indépendants sont calculés en prenant compte des contributions des

précurseurs radioactifs (premier et second degré), mais aussi des effets de neutrons

retardés dans certains cas.

- les mesures sont limitées par les caractéristiques d'OSIRIS, à savoir :

- mesures d'isotope à vie courte (dans notre cas de 5 ms à quelques heures)

- rendements indépendants > 10"6 par unité de fission (sauf pour certains cas)

- limite liée à l'efficacité et la connaissance du processus d'ionisation.

La méthode de détermination des rendements de fission, élaborée par Rudstam,

comporte les hypothèse suivantes :

aucune contribution de précurseurs n'est prise en compte pour les premiers

éléments des chaînes, i.e. Zinc (Z = 30) et Palladium (Z = 46), dans chaque

région,

lorsqu'un rendement est trop faible pour être détecté par OSIRIS, la

contribution de l'isotope correspondant est considérée comme négligeable

dans la détermination du rendement de son successeur radioactif.

Pour chaque espèce chimique, il est nécessaire de déterminer un facteur de

normalisation absolu, appelé CTz, à partir d'une valeur expérimentale connue,

dépendant de la température de la cible et de l'élément chimique considéré.

• 3.2.2 Les rendements indépendants

Environ 200 rendements indépendants (et cumulés correspondant aux mêmes

isotopes) ont pu être déterminés lors de cette campagne expérimentale. Dans la région

du pic léger les éléments du Zn ( Z,= 30) au Sr (Z = 38) pour les masses 74 à 99 ont

été mesurés, et dans la région du pic lourd les rendements du Pd (Z = 46) au Ba (Z =

56) pour les masses de 113 à 147 ont été obtenus. Les figures 3.3 et 3.4 montrent les

distributions isotopiques dans les deux régions pour tous les éléments mesurés.
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Notons que les éléments allant du Y (Z = 39) à Rh (Z = 45) ne peuvent pas être

obtenus « en ligne » et que l'efficacité de séparation des lanthanides est trop faible

pour en permettre une mesure significative pour la fission rapide de 1' " ' U. De plus,

de nombreux rendements d'états isomériques ont été mesurés.

Notons que la formation préférentielle (Fig. 3.5) des produits de fission possédant une

nombre de charge pair dans la distribution en charge est connue pour être

caractéristique de l'effet de parité. Cet effet a été interprété comme étant la

conséquence de la préservation de parité nucléaire dans le noyau fissionant sur sa voie

entre le point selle et la scission.

Les courbes comparant les différents rendements indépendants aux valeurs estimées

de Wahl, aux valeurs calculées par le modèle russe et aux valeurs évaluées de JEF 2.2

sont rapportées en Annexe F. Des incohérences entre les valeurs mesurées et celles

évaluées dans JEF-2.2 ont été notées.

D'autre part, l'accords général entre les résultats expérimentaux et les calculs du

modèle russe présente ce modèle comme très prometteur pour l'extrapolation des

données non mesurées.

3.2.3 Rendements isomériques

La répartition des rendements de fission indépendants sur les différents états

isomériques est généralement fort mal connue. Certains modèles, comme celui de

Madland et England [82], ou celui de Rudstam [83], tentent de prédire ces propriétés

encore mal connues. Malheureusement pour l'instant, aucune de ces approches n'est

complètement satisfaisante. Comparer les différentes données expérimentales est donc

nécessaire pour servir de base aux prédictions.

Le tableau 3.6 compare les données obtenues pour la fission thermique de l'235U [23],

la fission rapide de l'238U [24] et la fission rapide de l'233U (ce travail). Ce tableau

montre un accord général entre le fiiy (coefficient de rendement indépendant

fractionné isomérique), laissant supposer que la répartition entre les différents états
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isomériques des rendements est certainement liée aux propriétés nucléaires des

produits de fission plutôt qu'au processus de fission lui-même.

3.3 Fission thermique et rapide de P233U
mesurées avec OSIRIS

La figure 3.9 représente la distribution en masse (à droite) et en charge (à gauche)

des rendements de fission de l'233U induite par des neutrons rapides (présente analyse)

et thermique (résultats de Rudstam et al. [8]). Une augmentation significative du

domaine de la fission symétrique dans la courbe de la distribution en masse est

observée. En effet, l'apport d'énergie supplémentaire du neutron augmente la

température du système le rendant moins sensible à la structure en couches du noyau

composé.

Un comportement similaire peut être observé pour la distribution en charge.

3.4 Fission thermique OSIRIS vs. LOHENGRIN

Aucune mesure de rendements indépendants pour la fission rapide de l'233U

n'ayant été rapportée jusqu'ici, il était difficile de comparer les données obtenues à

OSIRIS avec d'autres résultats de mesure. Il a donc été choisi de comparer les

résultats obtenus pour la fission thermique de l'233U mesurés à OSIRIS par Rudstam

et al. [8] à ceux mesurés à LOHENGRIN par Quade et al. [9]. Cette comparaison

permet de mettre en avant les limites et avantages de ces deux méthodes

d'investigation.

Bien qu'ionisés, les éléments de transition (de Y, Z = 39, à Rh, Z = 45) ne peuvent

pas être mesurés par OSIRIS. Cependant, cette méthode permet d'accéder au pic lourd

(jusqu'au Baryum, Z = 56 et jusqu'à la masse 148) ainsi qu'à la région de la fission

symétrique. De plus, la spectrométrie y permet la distinction des différents états

isomériques possible. Cependant, seuls les produits à vie courte peuvent être mesurés.
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LOHENGRIN quant à elle peut accéder à tous les isotopes (avec un rendement

fractionné > 5%) d'un même élément, mais la technique.est limitée à la mesure du pic

léger (de Z = 30 à Z = 45 pour A allant de 79 à 106 ' dans cette expérience) des
•7'2'ï

rendements indépendants. Notons également que la fission ternaire de l'~ " U [31] a été

mesuré avec LOHENGRIN.

La comparaison des résultats obtenus par le biais des deux méthodes est en accord

général. OSIRIS et LOHENGRIN apparaissent ainsi comme deux formidables

méthodes complémentaires l'une dé l'autre pour la mesure des rendements de fission

des produits de fission.

3.5 Comparaison des données mesurées à
OSIRIS avec les modèles

Les nouvelles données expérimentales peuvent être comparées aux valeurs

estimées par des modèles empiriques et/ou théoriques en vue de valider la précision

de ces modèles.

La distribution en masse déduite des données mesurées lors de ce travail de thèse est

comparée aux estimations du modèle à 5 Gaussiennes de Musgrove, aux résultats

obtenus par le modèle de distribution en masse de Wahl (A'p simplifié) et aux valeurs

calculées selon le modèle Russe de Grashin, comme présenté dans la Fig. 3.13.

Un accord général entre les différents modèles et les valeurs expérimentales peut être

noté dans la région des pic léger et lourd. Cependant, de significatives différences

apparaissent dans la région de la fission symétrique. Le modèle de Wahl souffre du

manque de données expérimentales dans le domaine de la vallée et tend à sous-

estimer la valeur des rendements, si on le compare avec les valeurs expérimentales.

D'autre part, le modèle thermodynamique semble être davantage en accord avec les

données expérimentales de la présente mesure.

Grâce à l'utilisation, à la place d'une chambre de Bragg, d'un absorber passif de Perylène-C ("stacked
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3.6 Analyse des modes de fission

Le modèle de Brosa [42] prévoit l'existence de plusieurs modes de fission dans la

distribution de l'énergie potentielle conduisant aux différentes configurations du

noyau composé au moment de la scission. Ce modèle est généralement employé pour

décrire à posteriori la distribution bi-dimerisionnelle Y(Z,TKE), qui fournit de

nombreuses informations sur la scission du noyau composé.

La paramétrisation de la distribution en charge2 des données expérimentales

provenant de la réaction 233U(nf,f) par des fonctions Gaussiennes, cf. Fig. 3.14, donne

une première idée de la position des modes de fission pour Y(Z).

Selon la terminologie introduite par Brosa, S1 est le mode le moins asymétrique, S2

est le mode le plus asymétrique, et SL est le mode superlong, relatif à la scission

symétrique du noyau composé.

La position moyenne de ces modes, ainsi que leur intensité, déduites de la distribution

en charge (tableau 3.10), sont en très bon accord avec une précédente étude des modes

de fission du noyau fissionant 234U en faisceau secondaire [142] effectuée à GSI,

Darmstadt.

3.7 Tendances déduites des nouvelles données/
Validation des données

3.7.1 Evaluation des rendements de neutron
retardés

Les données de neutrons retardés, et en particulier le rendement total moyen de

neutrons retardés vd , sont d'importants paramètres pour la conception des réacteurs

et pour les études de sûreté. De plus, la détermination du vd à partir des valeurs

foils technique") augmentant la résolution en Z.
2 Cette distribution en charge a été obtenue à partir des rendements indépendants mesurés et par
extrapolation utilisant la loi de conservation de charge liant les produits de fission au noyau composé
(en négligeant la fission ternaire).
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expérimentales des rendements de fission et sa comparaison avec les valeurs

résultantes des évaluations constitue une bonne validation pour les données mesurées.

La détermination du vd , dans ce travail, pour la réaction 233U(nf,f) est basée sur une

méthode de sommation utilisant les branchements ((3\n) ou données Pn, provenant de

la bibliothèque JEF-2.2 et des rendements de fission cumulés (Cu) mesurés, suivant

la relation suivante :

NPF

( 4 )
i=\

NPF est le nombre de précurseurs radioactifs à prendre en compte dans le calcul. JEF-

2.2 comprend 158 précurseurs de neutron retardés (271 dans la bibliothèque

américaine ENDF/B-VI). Les erreurs sont dérivées de la formule suivante :

i)]2 + [Cu(i).d(Pn(f))Y\ ( 5 )

où dy~l), d(Cu(i)) et d(Pn(i)) sont les déviations standards, supposées être

indépendantes.

Les campagnes expérimentales n'ont pas permis d'accéder aux rendements de

l'ensemble des précurseurs répertoriés dans JEF-2.2. En fait, seulement 55 d'entre eux

ont put être effectivement mesurés. Il est alors possible d'en dériver un vd (55) qui

peut être comparé aux valeurs vd (55) calculées à partir des rendements estimés par

Wahl, des valeurs évaluées de JEF-2.2 et des valeurs expérimentales provenant de la

fission thermique de l'233U mesurées à Studsvik [8]. Ces valeurs, sont présentées dans

le tableau 3.11.

Le tableau 3.12 donne les contributions de chacun des 55 précurseurs de neutrons

retardés.

La comparaison du vd (55) déduit des valeurs expérimentales pour F233U(nf,f) avec le

vd (55), déduit des valeurs JEF-2.2, ainsi que celui obtenu pour les réactions

235U(nth,f) et 239Pu(nth,f) est présentée dans le tableau 3.13.
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3.7.2 Rendements cumulés de produits de fission
importants pour la physique des réacteurs et du
cycle

Les rendements cumulés de certains produits de fission sont d'une importance

particulière pour la physique des réacteurs. Les produits de fission à vie longue,

comme en particulier 93Zr (T./2 = 1.5 106 années), 99Tc (T./2 = 2.1 106 années), 129I (T>/2

= 1.6 107 années) et l35Cs (T./2 = 7.3 106 années), sont des matériaux à haute

radioactivité et bénéficient d'un grand intérêt pour la gestion du combustible irradié.

La plupart des pays nucléarisés ont renoncé au retraitement du combustible irradié et

envisagent de stocker directement les combustibles usés dans les couches géologiques

profondes après plusieurs décennies d'entreposage sous eau ou dans des conteneurs à

sec. Cependant, le stockage en profondeur de ces déchets est confronté au scepticisme

et aux. doutes, peurs de l'opinion public.

Une autre voie de recherche est proposée : la transmutation de ces déchets pour en

réduire leur durée de vie. Ce processus est basé sur l'absorption, sous certaines

conditions, d'une particule subatomique (principalement un neutron) par le noyau

considéré. La particule étant absorbée, l'atome original est transformé en un atome

différent, soit par création d'un isotope de l'élément originel, soit par création d'un

noyau instable qui va fissioner ou décroître radioactivement. Il est donc important de

connaître la production de ces produits de fission à vie longue pour les différentes

options du cycle du combustible, comme par ex. le cycle ^TbA^U dans les projets

d'ADS, ou pour les réacteurs à fission.

Cependant, à cause de leur période de vie très longue, il n'est pas possible de mesurer

ces produits de fission par des méthodes de spectroscopie y. Cependant, les

rendements cumulés de leur précurseurs radioactifs (via décroissance P"), ayant des

périodes de l'ordre de quelques heures, ont été mesurés lors des mesures «hors-

ligne ».

Le tableau 3.14 montre qu'environ 99% du rendements cumulés des produits à vie

longues proviennent de la décroissance radioactive de leur précurseurs. On peut donc

approximer leur production (en terme de rendements cumulés) par le rendement
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cumulé de leur précurseurs. Le tableau 3.16 compare les valeurs mesurées pour la

réaction 233U(nf,f) aux mêmes valeurs évaluées dans JEF-2.2 pour les réactions
235U(nth,f), 238U(nf,f) et 239Pu(nf,f). La tendance observée est une production

généralement inférieure des éléments 93Y, "Mo and 135Xe pour la fission rapide de

F233U en comparaison aux autres réactions, mais une production beaucoup plus

importante de 129Te pour 233U(nf,f) que pour 235U(nth,f) et 238U(nf,f). Il est très difficile

de stocker l'iode en toute sécurité car cet élément est très volatile. Il est donc

nécessaire de tenir compte de cette information dans les projets de réacteurs/ADS

ayant comme combustible le cycle thorium et utilisant un spectre de neutrons rapides.

Certains produits de fission peuvent être utilisés comme moniteurs du taux de

combustion à l'intérieur du combustible irradié. Les taux de fission de certains

produits de fission spécifique, par ex. l4OBa/14OLa ou 95Zr/95Nb, peuvent être utilisés

pour en déduire les différents paramètres permettant l'étude du combustible en

évolution sous irradiation.

Une connaissance précise des rendements de fission et les schémas de décroissance de

ces produits de fission est donc d'un grand intérêt.

Le tableau 3.17 compare les rendements de fission cumulés de 95Zr, 140Ba et l40La

mesurés pour la fission rapide de l'233U avec les données estimées par le modèle de

Wahl et les données évaluées de JEF-2.2.

3.7.3 Le cycle du combustible Thorium/Uranium

Les récents concepts innovants de système hybride et de leurs applications à la

transmutation des déchets nucléaires, basés sur l'usage d'un accélérateur de particules

associé à un milieu sous-critique et le cycle thorium/uranium, sont décrits comme

offrant des avantages significatifs en comparaison aux réacteurs « conventionnels» à

fission. Les principaux avantages exposés sont, en plus de fournir un réacteur qui est

essentiellement sous-critique (donc une plus grande sécurité par rapport à la réactivité

du réacteur), une production réduite d'éléments transuraniens (déchets à vie longue)

ainsi qu'un risque de prolifération réduit. En effet, I'233U peut être dénaturé par

addition d'238U. De plus, la présence d'232U, à forte activité y, est associée au cycle
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Thorium/Uranium. Cela signifie en pratique un risque réduit à la prolifération pour ce

combustible. Cependant, il a été vu que la production d'l29I (par fission) est plus

importante, pour la réaction 233U(nf,f) de manière sensible que pour la fission de

l'235U en spectre thermique. Ces éléments doivent être pris en compte dans la

conception des différents projets faisant intervenir le cycle thorium/uranium.

Suivant le niveau de priorité donné aux aspects visant à limiter la prolifération de

certaines matières ou à la radiotoxicité du combustible irradié, les projets de systèmes

hybrides à base du cycle thorium/uranium semblent présenter de clairs avantages face

à la filière plus conventionnelle du cycle uranium/plutonium.

De plus amples études sont néanmoins nécessaire pour clarifier ces avantages

potentiels des ADS au travers des points de vue de la sécurité, de l'optimisation de la

production en puissance, et de la transmutation des produits de fission à vie longues

hautement radioactifs.
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Conclusion

Les données expérimentales sur les rendements de fission pour la réaction
233U(nf,f) ont été récemment améliorées de façon significative. En effet, deux

campagnes différentes de mesures ont été initiées dans le cadre de ce travail de thèse

pour investir la fission induite par des neutrons rapides de l'233U. La première

campagne a utilisé une méthode couplant le séparateur de masse en ligne OSIRIS,

situé à Studsvik (Suède), à des techniques de spectrométrîe y. OSIRIS est l'une des

seules installations de' part le mode, si ce n'est l'unique, où cette technique (ISOL +

spectrométrie y) est utilisée. Malgré les limitations dues à l'efficacité de la source

d'ions intégrée à la cible d'isotope fissile, une large fraction de la distribution des

rendements de fission indépendants peut être mesurée, incluant de nombreux produits

de fission à l'état isomérique et de nucléides proche de la région de la fission

symétrique, non mesurables par la plupart des autres méthodes de mesure.

Nous avons vu à quel point il était difficile de calculer les rendements de fission

par modèle théorique (aspect quantitatif uniquement quant aux aspects de fission

asymétrique). Il est par ailleurs impossible de prédire les effets de parité et de

.structure fine des distributions en masse et en charge. Il existe cependant des modèles

empiriques fiables (A'p, Zp) d'interpolation et d'extrapolation des rendements par

lissage des données expérimentales existantes. Des techniques sophistiquées

d'évaluation permettent d'autre part de fournir un ensemble (JEF-2.2, ENDF/B-VI) le

plus complet et cohérent possible de données de rendements de fission mettant en

œuvre des méthodes d'ajustement statistique satisfaisant des critères physiques de

conservation de masse et de charge lors du processus de fission. Le but des

évaluations est de proposer une valeur recommandée de rendement de fission lorsque

plusieurs données expérimentales sont disponibles en tenant compte des -incertitudes

(statistiques et systématiques) associées à chaque type de mesure.

Les différentes techniques de mesure des rendements de fission ont été discutées,

montrant la difficulté à mesurer les rendements indépendants (i.e. les distributions en
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masse et en charge des produits de fission). On peut cependant noter la

complémentarité des techniques radio-chimiques, physiques, ISOL, et pour la

systématique en fonction de (Af,Zf) de la méthode de cinématique inverse.

La campagne expérimentale utilisant le séparateur de masse en ligne OSIRIS a

permis de mesurer les rendements indépendants et cumulés de près de 200 isotopes

couvrant la majeure partie des distributions, incluant de nombreux états isomériques.

Les rendements mesurés concernent les isotopes allant du Zinc (Z = 30) au Strontium

(Z = 38) pour les masses 74-99, et les isotopes du Palladium (Z = 46) au Baryum (Z =

56) pour les masses 113-147. Il est bon de noter qu'avant ce travail de thèse aucune

donnée sur les rendements indépendants de fission de l'233U dans un spectre rapide

n'a jamais été publiée.

OSIRIS permet la mesure d'isotopes à vie courte (dans notre expérience de 5 ms à

quelques heures), mais ne peut accéder à ceux à vie plus longue. De plus, la méthode

de détermination des rendements requiert une normalisation extérieure pour obtenir

des valeurs absolues car le nombre dé fission dans la cible n'est pas directement

mesurable. Seules quelques données sur des rendements cumulés et de chaîne étaient

disponible jusque là dans la littérature. Le travail de dépouillement/d'analyse des

spectres très chargés en raies y est complexe et doit prendre en compte des termes

correctifs de décroissance des précurseurs pour remonter au rendement indépendant

par rapport au rendement apparent mesuré.

Une seconde campagne expérimentale, basée sur'la mesure directe par spectrométrie y

de l'ensemble des produits de fission non séparés à partir d'échantillons d'23?U

irradiés sous un filtre de bore dans le cœur du réacteur , a été mise en place. Cette

série de mesures complémentaires a permis de déterminer les rendements cumulés de

plus de 50 produits de fission ayant des temps de vie de 15 mn à 39 jours. Outre

l'aspect de normalisation pour la première campagne, cette deuxième série de mesures

a également permis d'obtenir une cinquantaine de rendements de fission cumulés de

PF à vie plus longue (de 15 minutes à quelques jours) d'un grand intérêt pour la

physique des réacteurs pour le cycle 232Th-233U (par exemple : 135Xe, 99Mo, I29Te,
140Ba,..).

Notons que des mesures supplémentaires à différentes températures de la cible ont été

effectuées pour déterminer la dépendance, en fonction de la température, des
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paramètres de délai des différent élément mesurés et d'efficacité d'ionisation de la

cible.

Les données des rendements ont été comparées aux valeurs estimées du modèle

Zp semi-empirique de Wahl, aux données calculées à partir d'un nouveau modèle

thermodynamique russe ainsi qu'aux évaluations de la bibliothèque européenne de

données nucléaires JEF 2.2. Un accord général des données a pu être observé à pana-

des comparaisons. Cependant, cette étude minutieuse a mis en avant certains

rendements (mais aussi branchement y) incohérents évaluées dans JEF, présentant une

différence de quatre ordres de grandeur avec les valeurs mesurées et calculées. Dans

le domaine de la symétrie, de sensibles différences peuvent être dénotées entre les

données expérimentales et celles estimées par Wahl. En fait, en raison du manque de

données expérimentales dans la région de la symétrie, les systématiques présentent

une incertitude élevée pour l'évaluation des rendements dans cette région. D'autre

part, les rendements indépendants calculés par la nouvelle approche

thermodynamique, présentent un accord remarquable avec les valeurs expérimentales,

ouvrant de nouvelles voies pour comprendre et modéliser le processus encore

énigmatique de la fission.

L'analyse de la distribution en charge a mis en évidence les effets de parité, qui

avaient déjà été observés dans l'étude thermique de la fission de l'233U. En outre, un

étude sur le ̂ comportement des rendements avec l'augmentation de l'énergie du

neutron incident a été possible par comparaison des données de la fission rapide avec

de précédentes valeurs de la fission thermique de l'233U mesurées avec OSIRIS. Cette

analyse confirme des études précédentes démontrant la diminution de l'asymétrie dans

la distribution de masse avec l'énergie croissante du neutron d'incident. On peut

remarquer un comportement semblable pour la comparaison thermique et rapide de la

distribution en charge. Aucune systématique n'ayant été jusqu'ici entreprise, ces

résultats ouvrent la voie à de nouvelles études pour différents systèmes fissiles.

D'autre part, une étude supplémentaire de la répartition sur les différents états

isomériques des rendements a été menée. La comparaison des résultats obtenus pour

les réactions 235U(nth,f), 238U(nf,f) et 233U(nf,f) laisse penser que la répartition entre les

états rendements isomériques est certainement liée aux propriétés nucléaires des
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produits de fission plutôt qu'au processus de fission lui-même (donc du système

fissile lui-même).

OSIRIS apparaît ici comme un formidable outil pour la mesure des rendements

de fission et pour l'étude de la structure nucléaire des produits de fission riches en

neutrons et à vie courte. Cependant, il faut garder à l'esprit les limitations liées à cette

méthode. En effet, du fait que le nombre de fission dans la cible n'est pas directement

accessible par la mesure, une normalisation externe est nécessaire à l'obtention des

rendements. Le manque de données expérimentale conduit à l'utilisation de valeurs

estimées augmentant l'incertitude des résultats. De plus, la détermination des

rendements est basée sur la connaissance des paramètres de délai et d'ionisation liés à

chaque espèce chimique. Ces paramètres sont généralement déterminés à partir de

normalisation extérieure, ou peuvent être déduits en utilisant les valeurs des mesures

précédentes sachant qu'ils ne sont dépendants que de la température de la cible et de

sa nature chimique et de la charge des éléments étudiés. Néanmoins, une étude

poussée serait nécessaire pour mieux comprendre et maîtriser les mécanismes

d'ionisation et d'émission dans la cible/source d'ions. De plus, l'analyse des

rendements reste très dépendante de l'exactitude des raies et branchements y fournis

dans la littérature pour l'identification des isotopes et le calcul des rendements. Il a été

montré dans ce travail de thèse que les résultats sur les rendements sont très sensibles

à des variations de ces valeurs. La précision des résultats est donc étroitement liée à la

précision des données nucléaires utilisées.

Cependant, OSIRIS est l'un des seuls instruments au monde pouvant accéder au pic

lourd et à la région de la symétrie des distributions des rendements, de même qu'à la

mesure des rendements isomériques. Ajoutée à cela une relative souplesse

d'utilisation, il apparaît qu'OSIRIS est un formidable outil pour l'étude du processus

de fission et de ses nombreux mystères ainsi que les propriétés nucléaires des produits

de fission (structure nucléaire, Pn, Qp, etc.). Méthode fiable pour autant que l'on

connaisse correctement les mécanismes d'ionisation et les P7 caractéristiques des

nucléides mesurés.
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Mesure de la distribution en masse et en charge des produits de la fission
rapide de I'233U

En première partie, les différentes méthodes de calcul et techniques de mesures des rendements de
fission ont été passées en revue, donnant pour chacune ses avantages et inconvénients. L'objectif de
cette thèse fut la mesure des rendements indépendants de fission de l'233U dans un spectre de neutrons
rapides, rendements jamais été mesurés avant ce travail de thèse. Le séparateur de masse OSIRIS (de
type ISOL, séparateur d'isotopes eh ligne) a été utilisé. Dû aux caractéristiques spécifiques de la
source d'ions intégrée à la cible d'uranium, un étude des paramètres de délai et d'efficacité
d'ionisation pour chaque espèce chimique a été réalisée. Cette technique permet la mesure des
rendements indépendants et cumulés des produits de fission allant du Cuivre jusqu'au Baryum,
couvrant ainsi la majeure partie de la distribution des rendements. Environ 180 rendements
indépendants ont été mesurés du Zn (Z=30) au Sr (Z=38) pour des masses allant de 74 à 99 et du Pd
(Z=46) au Ba (Z=56) pour les masses 113 à 147. Un mesure complémentaire utilisant une directe
spectrométrie y d'agrégats de produits de fission été effectuée, permettant de déterminer environ 50
rendements cumulés supplémentaires pour des PF de demi-vie de 15 mn à quelques jours. Les
résultats ont été comparés à des estimations semi-empiriques, à des valeurs calculées ainsi qu'aux
données de la librairie européenne JEF 2.2. Parallèlement, une étude comparative des installations
OSIRIS et LOHENGRIN, la comparaison des résultats de la fission rapide et thermique de l'233U
mesurées à Studsvik ainsi que les apport des nouvelles données à la physique des réacteurs ont été
considérés.

Mots clefs: Réaction nucléaire 233U(nf,f), Fission Rapide; Distribution en Masse, Distribution en
Charge; Séparateur d'Isotope en Ligne (ISOL); OSIRIS ; Rendements de Fission Indépendants,
Rendement de Fission Cumulés; Produits de Fission; 233U(nth,f), Fission Thermique; Rendements
Isomériques; Techniques de mesures des rendements de fission.

Investigation of the fission yields of the fast neutron-induced fission of 233U

As a start, a survey of the different methods of investigations of the fission product yields and the
experimental data status have been studied, showing advantages and shortcomings for the different
approaches. An overview of the existing models for the fission product distributions has been as well
intended. The main part of this thesis was the measurement of the independent yields of the fast
neutron-induced fission of 233U, never investigated before this work. The experiment has been carried
out using the mass separator OSIRIS (Isotope Separator On-Line). Its integrated ion-source and its
specific properties required an analysis of the delay-parameter and ionization efficiency for each
chemical species. On the other hand, this technique allows measurement of independent yields and
cumulative yields for elements from Cu to Ba, covering most of the fission yield distribution. Thus,
we measured about 180 independent yields from Zn (Z=30) to Sr (Z=38) in the mass range A=74-99
and from Pd (Z=46) to Ba (Z=56) in the mass range A=l 13-147, including many isomeric states. An
additional experiment using direct y-spectroscopy of aggregates of fission products was used to
determine more than 50 cumulative yields of element with half-life from 15 min to a several days. All
experimental data have been compared to estimates from a semi-empirical model, to calculated values
and to evaluated values from the European library JEF 2.2. Furthermore, a study of both thermal and
fast neutron-induced fission of ^ U measured at Studsvik, the comparison of the OSIRIS and
LOHENGRIN facilities and the trends in new data for the Reactors Physics have been discussed.

Keywords: Nuclear reaction 233U(nf,f), Fast Fission; Mass Distribution, Charge Distribution; Isotope
Separator On-Line (ISOL); OSIRIS; Independent Fission Yields, Cumulative Fission Yields; Fission
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IX

"The most important thing in science is not much to obtain
new facts as to discover new ways of thinking about them. "

Sir William Bragg.



Introduction

bout sixty years ago, Enrico Fermi irradiated with neutrons some

samples of Uranium, the last element known at that time, in order to

extend the table of Mendeleiev and has discovered the first

artificial "transuranium" element. The observation of a score of radioactive periods

has shown a surprising and incomprehensible process more complex even than the

formation of the element 93. Hence, many experimental works were then initiated in

various places to solve the riddle and to sort out the multiple observed radioactive

decays, in particular in Berlin by Lise Meitner, Otto Hahn and Fritz Strassmann, and

also in Paris by Irène Curie and Paul Savitch. In December 1938, the presence of

Barium in the reaction products has revealed the presence of a new nuclear process:

the Uranium nucleus splits into two fragments, of varying masses; the fission process

was thus discovered. The discovery of this amazing phenomenon was then reported in

the famous paper by Hahn and Strassmann [1] and was the starting point of many

experimental and theoretical investigations still ongoing and leading to various

applications.

Among the processes of nuclear decay modes, fission is certainly the most

complicated one. Indeed fission reactions differ according to the mass and nuclear

charge of the fissioning nuclides, according to the excitation energy of the compound

nucleus, and furthermore, more than 900 primary fission products are produced in the

fission process.

Since the discovery of this fascinating nuclear process, the identification of the

mass and the nuclear charge of the fission products has always been an important part

of the fission investigations and experiments. In the earjy days of the fission product

yields exploration, initiated by nuclear physicists like Anderson and Fermi [2], one

was using radiochemical methods, which presently are progressively replaced by

more sophisticated physical methods in the determination of the yields.
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Although mass yields distributions (refer to Chapter 1 for yield definitions) have been

measured with sufficient precision for most fission reactions of technical importance,

the distribution of independent yields is still not completely known. The reason for

this difference is that the mass distribution of fission products does not change with

time after the fission reaction, if the small effect due to delayed neutron emission is

neglected. Independent yields, however, describe the elemental distribution of fission

products that is undergoing a rapid change after fission because of the predominance

of short-lived P"-unstable nuclide. Therefore, the methods of measuring independent

yields differ from those for the measurement of chain yields because time is an

important factor, and thus require more advance technology.

On the other hand, only a small fraction of yields, independent arid/or cumulative,

of the about 900 primary products have been measured for any fission reaction. About

25% of the fission products have been measured, at the best, for the fissioning

systems of technical importance and usually about 1% or less for the other fission

reactions. Therefore, most of the independent and cumulative yields must be

estimated.

In accordance with the complexity of the nuclear fission, the different definitions

related to fission yield are specified in Chapter 1, and the instrumental methods

applied to the measurement of fission yields are described in detail. One can already

mention the main advanced techniques, which are the mass separation for unslowed

fission products with charge identification by specific energy loss (LOHENGRIN

[3]), and the combination of a technique of fast mass separation (Isotope Separation

On-Line type) with y-ray spectroscopy, such as the OSIRIS [4] facility. This last

method will be fully investigated through this thesis, as it is the main technique used

in this work to measure fission yields distributions.

A survey of the models used in the estimations of the unmeasured fission yield will be

carried out, and then an overview of the evaluation method will be studied.
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Presently, in the framework of nuclear technologies (reactor technology, nuclear

medicine, safeguards, etc.), there is an even more important need of nuclear data,

which motivates many further measurements. The cumulative fission product

distribution is of strong interest for practical purposes like waste storage, control of

nuclear reactors. Independent yields are of importance for the fundamental

understanding of the corresponding nuclear reactions, but also for short term practical

purposes in reactor operation.

Currently, the public acceptance of nuclear energy is strongly related to the

problem of management of long-lived nuclear waste produced during the burn-up of

the nuclear fuel, and to the question of safety of reactor operation. The public view of

these problems is of substantial significance. The reserves of fossil oil and natural gas

are decreasing at an increasing rate, and that we know that less than about half of it

will remain in about 25 years or so. On a not too long term, one can thus expect a

highly significant change in the supply of energy to our societies. It is highly probable

that fission will play an important role during a long transition period, not the least

because of a lack of realistic alternatives. Hence,-new major challenges are facing the

field of nuclear power, such as the development of more sustainable energy supply

scenarios, that in turn require new developments towards publicly acceptable options

regarding fuel cycles and waste management. In this context, the current

investigations of Accelerator Driven Systems (ADS) [5-7] (or hybrid systems) for

both energy production and transmutation purposes (i.e. for the reduction of the

nuclear waste) give a strong motivation to improve fission yield data for the
232Th/233U nuclear fuel cycle. The main advantages stated are that much less

transuranic waste is generated, the risk of proliferation is substantially reduced, and

the ADS concept provides a larger number of neutrons available for nuclear waste

transmutation. Most of the challenge related to this fuel cycle is combined with the

technology development; nevertheless, it has been pointed out that the requirement to

improve the quality of the involved nuclear data represents the necessary first step.
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In this framework, an investigation of the fast neutron induced fission of 233U, which

took its place in the form of the present Ph.D. thesis, has been initiated in order to

improve experimental data involved in ADS with a fast spectrum in a sub-critical core

and transmutation projects based upon fast burner reactors. The use of a fast neutron

spectrum for such innovative projects is motivated by the best fission to capture ratio.

Turning to this Ph.D. thesis, it is focussed on the OSIRIS technique of measurement

of the fission yields distribution as developed by G. Rudstam and co workers [4]. The

method is based on.the use of an ISOL mass-separator coupled with y-spectrometry.

As the main part of; this thesis work, a large fraction of the independent yield

distribution in the fast fission of 233U has been measured, including many isomers and

some nuclides belonging to the region of "symmetric" fission, where the two

fragments have nearly equal masses. Although the number of symmetric fission

events is very small, the data obtained in this region are of strong theoretical and

diagnostic interest. The information both on the distribution of independent yields

among different isomeric states and the charge distribution in the region of symmetry,

is scarce so far, as these values are practically inaccessible to most of the other

experimental techniques. Besides, a second experiment based on "off-line"

measurements using y-ray spectrometry for unseparated fission products, has been

performed giving values of some cumulative yields of long-lived nuclides

inaccessible via the OSIRIS study. Actually, due to technical limitations, the OSIRIS

facility allows studies of fission products having half-lives from a few milliseconds to

a few hours. Hence, the description of the two complementary experimental

techniques and measurements, as well as the analysis of the data will be fully

described and discussed in Chapter 2.

The Chapter 3 will then present the results from the experimental campaigns

carried on during this work. The obtained yields will be compared with systematics,

fission yield evaluations and theoretical predictions in order to validate them and

extract physical properties of the distributions (e.g. pairing effects, isomeric splitting,
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etc.). Furthermore, it is interesting to compare the thermal and fast neutron-induced

fission of 233U since the thermal values have been already measured both at Studsvik

[8] and at Grenoble with the LOHENGRIN facility [9]. Indeed, this comparison

illustrates the behavior of the yield distributions as a function of the incident neutron

energy, and demonstrates the complementarity of the two techniques.

In parallel, experimental charge distribution has been described by a fit in terms of

fission modes and the trends in new data have been investigated on some integral

reactor parameters such as total delayed neutron yield, radio-toxicity of long-lived

fission products and burn-up monitoring. Finally, the validation of the experimental

new data on the 233U(nf,f) reaction will confirm a significant improvement in the

experimental fission product yield data, as well as the high potential of the fast mass

separator OSIRIS for fission studies.
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Mass and nuclear charge
distribution of fission products

1.1 Yield definitions

In the fission process, the probability of measuring the production of an isotope

or nuclide is generally expressed as yield (given in units of production per unit fission

or in percent). Thus, the mass and charge distributions reflect the yields of fission

products. Furthermore, in fission, like in other complicated nuclear reactions, the

spectrum of the products changes with time. Indeed, primary products, due to their

radioactivity, transform into other products that can also be formed directly in the

fission process. Facing the complexity of the nuclear fission, different types of yields

have to be defined and distinguished.

In the following, the fission product1 is specified symbolically by the triplet (A,Z,I)

where A and Z are respectively the mass number and the atomic number, and I

indicates the isomeric state (1=0 for the ground state, 1=1,2... for the 1st,

2nd...isomeric states). If a fission product has no isomers, or if we are referring to the

sum of yields of all its isomers, we used the doublet (A,Z). With these notations, the

-following fission yield definitions are given [10] [11] [12]:

1 One should be careful with the notations used in a fission reaction. The daughter nuclei showing up
right at scission of a fissioning mother nucleus are called primary fission "fragments". In the large
majority of the cases, the fragments will be sufficiently excited to evaporate neutrons in times less than
10"15s. This means that the nuclei detected in experiment are not the primary fragments, but instead
secondary fragments having lost a varying number of neutrons. The secondary fragments may be called
the fission products (Le. fission fragments after prompt neutron evaporation).



- 8 - Chapter 1. Mass and nuclear charge distribution of fission products

• Independent fission yield (%): number of atoms of a specific nuclide produced

directly (after emission of prompt neutrons but excluding radioactive decay of

precursors) per 100 fission reactions. It can be written as the product of three

factors:

y(A,Z,I)*=Y(A)*f(A,Z)*R(A,Z,I) Equation 1.1

where the sum yield (or mass yield) Y(A) is the total sum of independent yields

(before delayed neutron emission) of all the fission mass products of mass number A;

f(A,Z) is the fractional independent yield (cf. below) of all isomers of (A,Z); and

R(A,Z,I), the isoméric yield ratio, is the fraction of (A,Z) produced directly as isomer

I.

From the definition Equation 1.1, it follows that:

z

and

Z

so that:

Y(A)=Yy(A,Z,

for all A

for all (A,Z)

/) for all A

Equation

Equation

Equation

1.2

13

1.4

Cumulative fission yield (%): the number of atoms of a specific nuclide produced

directly and via decay of precursors per 100 fission reactions. If the nuclide is

stable, the cumulative yield is the total number of atoms of that nuclide remaining

per fission after the decay of all precursors (ignoring the effects of other nuclear

reactions e.g. nuclear capture). Similarly, for a nuclide with a much longer half-

life than any of its precursors, the cumulative yield is very nearly equal to the
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amount produced at a time short compared to its half-life but long compared to the

half-life of its precursors. However, for a radioactive nuclide for which this is not

the case, some atoms will have decayed before all have been produced. In such a

case, at no time there will actually be present the reported cumulative yield of

atoms per fission present.

If b(A\ Z\I'-> Z, A, I) is the fraction of (A', Z',F) that decays to (A,Z,I), then the

cumulative and independent yields are connected by:

Cu(A,Z,l) = y(A,Z,l)+ J^b{A',Z',r-> A,Z,l)Cu(A',Z',r) Equation 1.5
A\z\r

Most fission products decay either by p decay or by isomeric transitions, and for these

obviously A'= A in Eq. 1.5. A main complication in applying Eq. 1.5 is the

phenomenon of p-delayed neutron emission, for which A*= A+l and Z'= Z-l.

However, by suitably ordering the fission, products by decreasing A and increasing Z

in each chain, Eq. 1.5 can readily be solved for the cumulative yields if the

independent yields are known. •/ '..

• Chain yield (yô): the number of isobars of a specific mass, produced in 100 fission

reactions. In other terms, the éîiam yield Ch(A) is equal to the sum of all stable or

long-lived cumulative yields for a given mass chain. The cumulative yield of the

last (stable or long-lived) chain member is generally2 identical to the chain yield.

These chain yields apply to fission products after emission of prompt neutrons that

takes place in a time of 10"14 s after scission.

• Fractional independent/cumulative yield (%): represents the independent or

cumulative fission yield divided by the chain yield (or mass number yield).

2 A special note about p-delayed neutron emission has to be made: some cumulative and, in
consequence, chain yields are subject to increases by neutron emission from heavier mass chains and
losses to lower mass chains. In consequence, cumulative yields and chain yields are no longer identical
to the sum of the independent yields of their precursors (mass yield). Following a proposition of A.C.
Wahl, it has been recommended [13] to call "mass number yield" the sum of independent yields of a
particular chain and, in this way, to differentiate it from chain yields.
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Partial yields: some methods of measurement provide yields for a specific

condition (like a specific kinetic energy or a specific ionic charge state of the

fission fragments)). Such yields are called partial yields. Only a summation over

the whole kinetic energy distribution (or ionic charge distribution) will provide the

yields discussed above. However, partial yields e.g. as a function of kinetic energy

provide valuable physical information ("cold fission", etc.).

Figure 1.1 Independent product yields for thermal neutron fission of
^UOifcf). Projections show mass and charge yields. The ZA line
indicates the approximate location of the most stable nuclides. (From
ref.[14]).

Fission can generate two or more fragments, ignoring for the moment the prompt

neutron emission. If only two fragments are produced then the fission is referred to as

a binary fission. If three fragments are generated, it is termed ternary fission. The

third and possibly fourth fragments are always light compared to the other two. The
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most common light fragment is a helium nucleus, the next most common one is a

triton. Measurements have been made down to extremely low yields, below 1 in 1010,

of nuclides up to mass 39 a.m.u. [15-16]. These light fragments are sometimes called

light charged particles.

1.2 Experimental techniques and available data

Since the discovery of the fission process in 1938 [1], the experimental

investigations of the mass and charge fission yields have been considered highly

important Indeed, fission yield data are of significant importance for both practical

applications in nuclear science and technology (e.g. waste storage, reactor operations,

etc.) and for the fundamental understanding of the fission process. The measurement

of fission yields encompass a wide range of techniques from a y-ray spectrometry

analysis of unseparated fission products to a very selective, clean and fast separation

of one element out of a mixture of fission products. In the early days of the fission

exploration, radiochemical methods were widely used, while today one turns towards

more and more physical methods utilizing new technologies and ever more

sophisticated instruments [ 10] [ 17-18].

1.2.1 Radiochemistry and y-ray spectroscopy

1.2.1.1 Radiochemistry

Developed in secret during the World War II, these "classical" techniques are

based on chemical separation of the fission products. The standard procedure is the

following: to dissolve the actinide sample (after irradiation) in which the fission

products are formed, to analyze the sample chemically in order to find Z, and to

identify the isotope, or mass A, from the characteristic 0- or y-radiation. Since the
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early manual chemical separations were time consuming, the method was limited to

fairly long-lived nuclides that are not produced in the p-decay of precursors (shielded

nuclides3 or isomers not fed by p-decay) or nuclides with precursors that are

sufficiently long-lived to allow a separation of the daughter prior to a substantial

decay of the mother nuclide. Indeed, primary fission yields (or independent yields,

viz. before radioactive decay of precursors but after emission of prompt neutrons)

generally comprise nuclides one to six nuclear charges (three in average) from the P-

stability line with corresponding different half-lives ranging from less than one second

to days or in a few cases even years. Hence, they need from one to six successive P-

decays to reach the stability. Therefore, all the members of an isobaric decay chain,

except for the first one, are produced directly in fission and via p-decay of precursors.

In consequence, the determination of the independent yield4 of a nuclide requires a

fast chemical separation from its precursors before these can decay into this nuclide in

a significant amount. However, for far from stability products, say about six charge

units from the valley of p-stability, the half-lives are typically less than 1 s. Thus time

is an important factor and a precise knowledge of the lifetimes for all nuclides under

consideration is needed to correct the raw data of a radiochemical analysis for the

involved P-decays. Another problem that might be encountered for the fission

products near the stability is that the nuclide to be measured can also be partially

produced in different way than fission (e.g. (n,y) reaction of a neighboring stable

isotope present as a contaminant during/the irradiation).

Despite, the shortcomings of the technique described before, chemical methods offer a

perfect charge resolving power throughout the periodic table (the mass can only be

indirectly determined). Commonly, this method was used for determination of the

mass yield distribution and generally limited to the cumulative and chain yields

determinations. Therefore, independent yields were obtained for the few exceptional

3 A so-called "shielded nuclide" is a nuclide that has a neutron rich stable or long-lived isobar one unit
lower in Z, so that the shielded nuclide is not produced as a daughter in the beta decay chain (as e.g.
136Cs shielded by the stable 13*Xe).
4 One has to note a further complication due to the occasional emission of delayed neutron following
the P-decay with a sufficient high Qp. Although 200 potential delayed neutron precursor nuclei are
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cases of "shielded nuclides" or mainly in the part of the decay chains near the

stability, where half-lives were longer than for the very neutron rich part of the decay

chain.

With the increasing knowledge of the lifetimes and the spectroscopic properties of the

nuclei, added by the development of better [î- and y-spectroscopy techniques (e.g.

high-resolution Ge-detectors), it has become much easier to identify the fission

products through their decay characteristics.

Later, faster radiochemical separations were developed in order to measure products

with short half-life. The general principles are to use a closed system for chemical

processing, installing an automatic control of the separation steps (generally through a

computer), and separation of the nuclide of interest from precursors at a well-defined

and well-known time. Additionally, faster separation steps replaced the time-

consuming ones from the previous approach (e.g. use of separation via gas phase,

replacement of a slow precipitation step by a rapid exchange with a preformed

precipitate, etc.). These developments were applied to the determination of

independent fission yields, which are described in ref. [19].

1.2.1.2 Direct y-ray spectrosc opy of unseparatedfission products

The method consists of irradiating a sample of fissile material for varying lengths

of time and of measuring versus cooling time the decay of the fission products by

measuring sequential y-ray spectra of high-energy resolution. Owing to the fact that

no chemical separation is needed, a rapid survey on fission yields can therefore be

obtained. Moreover, as the amount of fissile material required is usually small, this

technique of measurement has been widely used in the recent years. Since the method

is simple to use, it is mainly applied to poorly known fissile material.

On the other hand, the data analysis is rather complicated since the y-spectra are quite

complex, with many overlapping y-lines of different fission products (some examples

known, the actual number of delayed neutrons per fission is rather small (about 1 unit per fission for
the thermal neutron fission reactions of U and Pu, higher for the fast fission of 232Th and 238U).
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will be given in Chapter 2). Besides, the analysis relies on the characteristics of the

nuclides (y-ray intensities, branching ratios, and half-lives) that are frequently not well

known. In spite of these shortcomings, an analysis is feasible for nuclides with

significant fission yields and y-ray intensities by optimizing irradiation and counting

times according to different ranges of half-life (cf. Chapter 2). Unfortunately, this

method is essentially limited to measurement of chain and cumulative yields, or

independent yields of the nuclides at the end of the decay chains, mainly because the

complexity of the y-ray spectra of short-lived fission product mixtures makes them

very difficult to be analyzed. Moreover, it has to be noted that the accuracy of the

method is quite limited (to about ± 10% at best).

Denschlag compiled a survey of different applications of this method in ref. [19] (with

40 réf.). In this publication, we note in particular the work of Dickens and co-workers

on the measurement of a number of independent yields using short irradiation times (4

s to 6 min). In this work, the yields were obtained by the analysis of the balance

between production and decay curves of parents/daughter system, hence improving

the accuracy of the experimental results.

1.2.1.3 Fast mass separation, Isotope Separation On-Line (ISOL)

In comparison with the two previous methods, the idea of combining a mass

separator with y-ray spectroscopy comes attractive as a means to determine both

independent and cumulative yields. Indeed, the fast mass separation (taking place

within seconds) provides a much simpler y-ray spectrum by selecting an isobar (which

then contains members of only one P-decay chain), and is also giving access to the

investigation of short-lived isotopes.

The main difficulty for such a method is connected with the time delay occurring

between production and detection of the fission fragments (volatilization from the

target and in the ionization process...). These delay times depend on the

characteristics of the catcher and ion source, and furthermore, depend strongly on the

chemical properties of the element separated and volatilized (i.e. Z-dependent).
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Consequently, the distribution of the fission yields can not be folly investigated and

yields of short-lived (^ 1 s) nuclides are usually showing larger uncertainties.

This technique has been largely neglected in the past, but the recent development of

some high temperature integrated target-ion-source (T = 2500°C) [20-21] as well as a

careful study of the release and ionization mechanisms [4}[22] has overcome many of

the problems previously mentioned. Rudstam and co-workers have already measured

a large part of the independent yield distributions of 735U(nahf) [23], 7XU(n&f) [24],
232Th(nf,f) [25] and 233U(nth,f) [8] including many isomeric pairs and yields in the

region of symmetry. One should note that such data are scarce, since they are

practically inaccessible to most other techniques.

1.2.2 Techniques using unstopped fission fragments

Contrary to the radiochemical measurements, the experimental techniques, which

will be described in the following subsection, use the fission fragments at their full

kinetic energy (E in between 50 and 120 MeV). Hence, the yield information is

obtained as a function of kinetic energy of the fragments. Therefore, if one is

interested in the "radiochemical yields" (mass and independent yields), the yields

have to be measured at various kinetic energies (selected in order to cover the whole

energy range of the fission fragments) and then be integrated over this energy range.

In the following, the description of the methods is limited to the techniques involving

mass and charge determination, making distinction between mass identification of the.

fission fragments and true separation of those. A survey of the other ingenious

physical methods and associated experiments based on ionization chamber5 and time-

5 Gas-filled parallel plate condenser with a voltage applied across the electrodes. When an ionizing
particle, such as a fission fragment, travels through the gas volume, the charge set free will drift in the
electric field of the condenser towards the respective electrodes. To good approximation the total
charge accumulated on the anode, which is shielded by a Frisch grid [17], is a measure of the kinetic
fission fragment being stopped in the gas volume.
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of-flight method for the determination of the fission fragment distribution has

recently been provided by Gônnenwein [17].

1.2.2.1 Measurements based on momentum conservation

For the binary fission (which represents more than 99% of the fission process), one

can write, in the center of mass system of the fissioning nucleus and neglecting for the

moment the prompt neutron evaporation, the following relations based on the

momentum conservation:

mH.vH = mL.vL

mh.EH = mL.EL Equation 1.6

E = —mv2

2

where m and E are the masses and kinetic energy of the fission fragments,

respectively (H and L respectively for Heavy and Light fragment). Since niH+mL =

niF, the known mass of the fissioning system, a measurement of any two of these

parameters (double energy, double velocity, single energy plus single velocity, double

energy plus double velocity measurements) allows to calculate the mass of the

pertinent two fragments.

These relations neglect the prompt neutron emission7 that has to be corrected for

particularly in the energy measurement. Indeed, the loss of mass of the fragment leads

to a loss in kinetic energy AE, proportional to the number of neutron emitted.

Typically, AE lies between 0.5 and 3 MeV, which represents a few percent of the

fragment kinetic energy. Additionally, the recoil energy (ER « 0.01 MeV) transferred

to the fragment by emission of the neutron adds vectorially to the energy of the

6 Main tool to investigate the kinematics of the fission fragments. The time-of-flight for a given flight
path is measured in order to determine the velocity, using a system of start and stop detectors and a
flight tube.
7 The prompt neutron evaporation happens usually in times less man 10"'5 s. When prompt neutron
emission is energetically not possible (typically, 1% of all fission processes), we speak about "cold
fission".
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fragment. Both effects (loss of mass of the fragment and recoil energy) effect

measurements of fragment energies. Velocity measurements are subject to only the

recoil effect, which induces no systematic error but leads to a widening in velocity

and energy distribution. In consequence, velocity experiment are inherent more

accurate. Until recently, however, this advantage was generally compensated in

practice by a less good resolution of the velocity measurement.

Taking into account the appropriate corrections for prompt neutron evaporation, it is

thus possible to calculate the mass yield distribution. Another advantage of the

methods is that a survey on the chain yields of the total mass region is obtained in a

single measurement. The experiment provides as well simultaneously the information

on the kinetic energy of the fission fragments. Furthermore, unlike for the

radiochemical methods, this experiment provides the yields of the fission fragments

(i.e. before prompt neutron evaporation). The combination of the mass distributions of

the fragments and products allows the calculation of the number of prompt neutrons

evaporated from each mass pair.

The charge identification can be derived from the specific energy loss of the fast

fragment when passing through a thin layer of matter (solid or gaseous) in which the

fission fragments deposit about half their kinetic energy. The interaction of heavy ions

with matter increases with increasing Z, in consequence the range of fission fragments

and their specific energy loss in a certain layer of matter depend on their atomic

number. Unfortunately in the presently existing instruments, the Z-resolution of this

method at typical kinetic energies of the fission fragments is only good enough to

distinguish single isotopes up to Z = 47 (Ag), i.e. the light mass peak. However, as the

Z-distributions of the light and heavy peaks are complementary around ZF = ZH + ZL

(neglecting ternary fission), the atomic number of the compound nucleus, this is not a

big problem. However, independent fragment yields in the heavy mass group are not

available.

An interesting variant of this technique is the one-armed HIAWATHA instrument

[26], which employs a simultaneous measurement of the kinetic energy and velocity

of a single fragment to establish its mass. The charge of the fission fragments is
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identified by the combination of an ionization chamber measuring the specific energy

loss and a surface barrier detector for the residual energy [27]. The velocity is

determined by a time of flight measurement. The resolution obtained was Z/AZ = 38.

It has to be noted that HIAWATHA is restricted to the observation of prompt events,

thus no decay studies of separated fission products is possible, i.e. y-ray

measurements of heavy mass fission yields and isomeric ratios are excluded.

An instrument more recently available is the "Cosi fan tutte" [28], which can measure

simultaneously energy and velocity of both8 fission fragments with a considerably

improved resolution. Even if it is not new, the principle of double velocity or double

energy measurements has to be noticed as a considerable technological progress

providing a mass resolution for post-neutron-emission fission products sufficient for

the resolution of single masses (at least among the light fission products). The

instrument is equipped with an ionization chamber and a time of flight detector. The

ionization chamber is built as an axial or "Bragg" chamber [29], which allows to

determine the total energy and the specific energy loss as the charge of the fission

fragments. A resolution of Z/AZ = 43 for Z = 39 was measured in an early test of the

charge identification capability.

The main advantage of this system is that the results are independent of the ionic state

q (in contrast to LOHENGRIN, discussed in the following section) and thus no

summation over this parameter is.required. On the other hand, as for the HIAWATHA

system, isomeric yields and the independent yields of the heavy peak region are not

accessible via this technique.

1.2.2.2 True mass separation of the unslowed fission products

The instruments described in the previous section provide only a mass

identification of single fragment pair. As opposed to those techniques, the mass

separator LOHENGRIN [3][30] allows a true separation of the unslowed fragments.

8 This option has encountered some practical problems because of the misalignment of the two fission
fragments due to prompt neutron emission. However, this second arm has been used successfully with
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An interesting feature of this technique is that fission fragments can be collected with

LOHENGRIN and may be then studied by e.g. y- and/or (3-spectroscopy.

The separation takes place into a magnetic and in a subsequent electric sector

field, according to the ratio ( A/ ) of the mass to the ionic charge. The ionic charge

states of the ion range from 15 to 30 and result from the dynamical equilibrium when

fission fragments with their full kinetic energy (from 50 to 120 MeV) move through

the target material. Furthermore, the resolution of the separator is sufficiently good to

allow the isolation of single masses in spite of multiplicity of q values, except some

cases of very similar A/ ratio (e.g. , — , — , e t c ) and then LOHENGRIN

/ £ 25 24 23

delivers a multiplett. On the other hand, such a multiplett can be resolved in a surface

barrier detector or ionization chamber attached to the collector side. This apparatus

allows measuring the total kinetic energy of the fragments because the masses of the

multiplett possess identical velocity and, hence, different kinetic energy. Additionally,

the electric sector field of the separator provides a separation of the fission fragments
according to the ratio of kinetic energy to ionic charge ( y ). . . '

IONIZATION CHAMBER

ABSORBER
.removable

DIAFWAGM

TARGET-SOURCE
HFR

SOURCE-CARRIER

Figure 1.2 Perspective
view of the experimental
arrangement including
reactor vessel, target
source, spectrometer
LOHENGRIN with
magnet and capacitor, and
detector device with
absorber and ionization
chamber.

ELECTRIC RELD MAGNETIC FIELD
vertical deflection horKontal

a second ionization chamber to get a coincident energy, event from the complementary fragment in
order to suppress background due to scattering in extreme low yield regions.
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The fragments are then separated according to mass, ionic charge and kinetic energy

and represent a mixture of different nuclides according to the nuclear charge

distribution in the fission process.

For the measurement of independent yields, charge identification is required. As

in the case of the previous techniques, this can be done for the light peak using the

method of specific energy loss in the matter. Different methods of passive and active

measurements of specific energy loss have been reviewed in refs. [19][30], but the

recent measurements used the so-called "Big Ionization Chamber" with a split anode.

The split anode allows to measure simultaneously the energy loss in the first part of

the chamber and the remaining energy ER in the second one. The sum of the signals of

the first and second part of the anode gives the total energy of the fragment.

Consequently, the sensitivity of this approach is increased dramatically allowing to

measure the low yield regions. Measurements of chain yields, reviewed in ref. [10]

have been performed in region of very low values (10"? %) and a recent investigation

of the ternary particles from the réaction 239Pu(nth,f) [31] [32] reached yields of 10'9

%.

Unfortunately, the method of the specific energy loss is not applicable to the

measurement of independent yields of the heavy fission products. However, due to the

complementary character of the light and heavy mass peaks, the information on the

heavy mass peak is indirectly provided. Moreover, since the separation time in

LOHENGRIN is only in microseconds, truly independent yields are measured.

The advantage of LOHENGRIN and the reason for its success in contributing

more complete data sets on mass-, charge-, and energy-contribution than any other

method is its good resolution connected to the fact that it is not influenced by prompt

neutron emission. One drawback of the method is the fact that since each

measurement evaluates an individual ionic charge state q and an individual kinetic

energy of the fragments. A summation has then to be made over the whole range of

kinetic energies of the fragments and over most of the ionic charge states produced in

order to deduce independent yields. Furthermore, single isomeric states can not be
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studied with this technique, even if some attempts have been made in the past.

Nevertheless, LOHENGRIN has produced complete sets of independent yields (for

isotopes with fractional independent yield >5 %) on the light wing fission fragments,

and even in ternary fission. This may be attributed to its perfect mass resolution, due

to the fact that it is not based on momentum conservation and, hence as seen above,

that is not influenced by prompt neutron evaporation. An exhaustive list of the

available measured sets has been surveyed in réfs. [10] [18-19].

1.2.2.3 Fission experiments in Inverse Kinematics

A new method of investigating the low-energy fission of neutron deficient isotopes

from Francium to Uranium has recently been developed in GSI, Darmstadt. It is based

on a revolutionary experimental idea: the "Fission in Inverse Kinematics" [33-34]. In

particle-induced fission thé neutron or other particle is projected onto the fissile

nucleus, in the new approach the fissile material itself is projected (with relativistic

energy) through matter and this way excited to fission.

A spectrum of heavy nuclides is produced from a relativistic U primary beam (950

A MeV) by collision in a primary target (e.g. copper), which is positioned at the

entrance of the projectile-fragment separator (FRS, GSI, Darmstadt) [35]. The

fragment separator, by a combination of in-flight method9 and magnetic techniques,

separates a secondary beam of neutron deficient isotopes (e.g. ^^U, 222Th...). The

fission of these nuclei is then induced by electromagnetic interaction as well as by

nuclear interaction, which can be distinguished, in a lead target.

One of the advantages of this procedure is that the kinetic energy of the fissioning

nucleus adds vectorially to the kinetic energy of the fission fragment. The larger

energy (in this case the fragments are produced in-flight and thus have energy of

about 1 GeV per nucléon) gives a better charge resolution of the fission fragments

allowing the measurement of Z of both the light and the heavy fragments. The nuclear

9 In recent experiments, the quality of the data has been improved [36] by the use of a new time-of-
flight detector for the fission fragments. Thus, the fission fragments velocities could be measured
which resulted in an improved Z-resoIution for the fission fragments.
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charges of the light and heavy fragments are determined simultaneously from their

energy loss in an ionization chamber, capable to measure the nuclear charge up to

uranium. Another important feature of this method is the fact that the fissile nucleus is

produced directly before it undergoes fission, implying that very short-lived nuclides

can be studied. The direct consequence is that the method allows to measure low-

energy fission yields for nuclei, which so far were not accessible for such

investigations by other techniques.

The technique allows to measure the whole mass and charge distribution, but it is not

possible to distinguish between the populations of ground state and isomeric state (i.e.

the division of the independent isotopic yield into isomeric states of the nuclide is not

known). Therefore, all nuclei either produced in their ground state or in an isomeric

state are included in the measured yields.

In addition, fission of stable nuclei was investigated in inverse kinematics. In this

case, the fragment separator was used as a magnetic spectrometer, to determine also

the mass number of the fission fragments. Recently the isotopic distributions have

been measured in the following reactions: 238U + 208Pb at 1 A GeV, 197Au + *H at 850

A MeV, 208Pb + JH, 208Pb + 2H, 2XU + 1H, ̂ U + 2H at 1 A GeV. The data analysis is

in progress [37]. .

One has to remember that this technique is in its early state of development and more

data are required for comparisons and evaluations, but the technique looks extremely

promising for a systematic study of the fission process in regions of the chart of

nuclides that were inaccessible so far. Furthermore, the nuclear charge distribution of

the fission fragments produced from 234U [38] and 238U [33] in electromagnetic

excitation shows characteristics (like mass asymmetry and proton odd-even effect)

very similar to those observed in thermal-neutrpn-induced fission. Thus, one could

consider to vary the beam energy in order to modify the excitation-energy

distribution, i.e. to favor higher or lower energy, but technical constraints (and

physics!) restrict this idea. However, we can mention that an expansion of the

experimental equipment is planned [37] in order to improve the precision in the

measurement of the total excitation energy (TXE) of the fragments by the use of a
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magnetic spectrometer to measure the mass of the fragment and a neutron detector to

determine the evaporated neutrons.

1.2.3 Available experimental data

Since the discovery of fission, the interest on this fascinating process is focused

on the finer and finer details in order to understand better this complex process. The

fission product mass and charge distributions are of major importance for safety

related and reactor design parameters, such as for the back end of the fuel cycle

(dealing with long-lived nuclear waste), source of radiotoxicity, delayed neutron

emission and reactor kinetics. As reviewed in the previous section, techniques to

explore this process are getting more and more sophisticated. The recent innovations

in fission yields measurement techniques allow investigations of almost all the

fissioning systems (from Thorium to Fermium), subject to the restrictions peculiar to

each method. Thus, many experimental fission yield sets are now available for a wide

range of fission processes and fissioning nuclei.

An exhaustive description of all the experimental data available now on the fission

yields would consume too much volume and would rapidly be out of date. For such

description, we recommend the EXFOR [39] (EXchange FORmat) library from the

NEA databank, which groups together available experimental data, references and

experimental conditions of the measurements in a computer exportable format.

In the present work, an overview of the fissioning systems investigated for the

different fission processes (spontaneous fission, neutron-induced fission at different

energy ranges) is given. References on the different experiments can be found in refs.

[11] and [39]. Some of the compilations of experimental and evaluated fission yields

provide also references on the measurements, e.g. the ENDF compilation by England

and Rider [40].
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1.2.3.1 Remarks about measurements

Before describing the different available data, it should be noted that fission

yields can be measured in three different basic ways:

1) the nuclide production and the number of fissions are determined which allows

the yield to be determined directly. This is often referred to as an absolute

measurement,

2) the yield of the nuclide of interest can be measured relative to a "standard"

nuclide; this gives rise to the ratio nuclide's yield to the "standard" yield. This

method does not require the determination of the number of fission but does

require a procedure to measure the "standard" and "unknown" nuclide number

densities present in the sample. This technique is referred as a relative

measurement,

3) neither the number of fission nor the nuclides' number densities are

determined. The "ratio to ratio" technique is then applied. The ratio of

activities or, more commonly, the ratio of specific fission product decay

gammas for the "standard" and the "unknown" nuclides are determined in two

. different irradiations. These irradiations can, for example, be for different

neutron energies (e.g. thermal and fast) or to be for different sample materials

(e.g. thermal fission of ^ U and ^ P u ) . This "ratio to ratio" measurement or

R-value shows the ratio between the two different ratio measurement

The relative and ratio to ratio measurements have been the most common ones. On the

other hand, in 1992, Wahl noted in ref. [41] that only a small fraction of yields

independent and/or cumulative have been measured for any fission reaction, e.g.

yields for only about 25% of the primary products have been measured for the
235U(n,h,f) reaction, 10 to 15% for the ^ U M , ^Pufr^f ) , 229Th(nth,f), 238Np(n,h,f)

and 249Cf(nth,f) reactions, and less for all other fission reactions, usually « 1 % or less.

Many experiments have been carried out since, but there is still an important lack of

experimental data in the fission yield field.
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1.2.3.2 Cumulative and chain yields experimental data

As seen in the previous sections, cumulative and chain yields are accessible with

most of the techniques and in particular the radiochemical methods. This

"accessibility" in the early developments of the fission yield investigations explains

the abundant data available for these kinds of yields.

An index of the available experimental data on the cumulative and chain yields (one

has to be warned that it does not mean that the fission distribution has been fully

investigated but that some measurements have been made in at least one part of this

distribution) according to the fissioning systems is given in the following table:

Table 1.1 Index of available experimental data on the cumulative and chain yield for the thermal,
epithermal, fast fission spectrum and high-energy induced-neutron fission [11].

Nuclide

^ T T h "

"-^Th """

^"Th
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2 3 3 U
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2;*u
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•

•
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•
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•

•

•

•

•

•
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"
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•
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Nuclide
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Additional measurements have been made for various energies:

Table 1.2 Index of experimental cumulative and chain yield data for neutron-induced fission reaction
at specific neutron energies [II].

Nuclide

2 3 2Th

B 1 Pa

2 3 3U

u

Energies (eV)

2.000E+06
2.500E+06
3.0O0E+06
3.000E+06

3.3O)E+05
6.900E+05
1.160E+06
1.990E+06
1.000E+06

Nuclide

2 3 8 U

Energies (eV)

4.500E+06

9.500E-01
4.850E+00
5.OOOE+O5
1.000E+06
1.500E+06
1.720E+06
2.000E+06
2.160E+06
2.500E+06
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j Nuclide Energies (eV)

9.500E-01
1.100E+00
3.100E+00
4.850E+00
9.500E+00
1.300E+05
1.500E+05
1.700E+05
1.750E+05
2.100E+05
2.250E+05
2.850E+05
3.000E+05
3.300E+05
3.450E+05
3.550E+05
3.700E+05
3.85OE+O5
4.3Ô0E+O5
4.500E+05
4.600E+05
4.900E+05
5.000E+05
5.250E+05
5.500E+05
5.600E+05
6.200E+05
6.250E+05
6.950E+05
7.000E+05
7.650E+05
9.000E+05
1.000E+06
1.160E+06
1.300E+06
1.700E+06
2.000E+06.
2.500E-K)6
3.000E+06
4.000E+06
5.500E+06
6.000E+06
6.300E+06
7.100E+06
8.100E+06

| Nuclide

| 2 3 9Pu

Energies (eV)

3.000E+06
3.730E+06
3.900E+06
4.200E+06
4.500E+06
4.780E+06
5.500E+06
5.980E+06
6.000E+06
6.900E+06
7.100E+06
7.700E+06
8.000E+0.6
8.100E+06
8.270E+06
9.100E+06
1.400E+07
1.440E+07
3.000E-01
1.300E+05
1.400E+05
1.700E+05
2.000E+05
2.650E+05
3.OOOE+O5
3.300E+05
5.000E+05
6.900E+05 |
7.000E+05 |
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2 3 5 u 9.100E+06
1.400E+07
1.430E+07
1.470E+07

It has to be noted that most of the data (except for the well-explored nuclides as 235U,
238U and ^ P u ) are from a measurement of a single cumulative yield and quite often a

measurement of 3H and 4He from the ternary fission.

1.2.3.3 Fractional independent yields

Independent yields are more complicated to investigate than chain and cumulative

yields. Their measurement requires a sophisticated technology (as described in

sections 1.2.1 and 1.2.2) and a more complicated analysis. However, they are of high

interest to the fundamental understanding of the fission process, but also for a short-

term practical reactor operation. With the improving technology of the experimental

devices (OSIRIS, LOHENGRIN, Cosi fan tutte, etc), the independent yields for the

different fissioning systems become more accessible in the recent years, with the

restrictions peculiar to each technique. Nonetheless, we are far away from having

complete experimental sets for all the fissioning systems.

The following table summarizes the fission systems investigated both for spontaneous

fission and at different neutron-induced fission energies:

Table 1.3 Index of the available data on the fractional independent yield for the thermal, epithermal,
fast fission spectrum and high-energy induced-neutron fission [11].

Nuclide

i t tU

Thermal

y

y

Fast

S

y

y

High-energy

y

y

Spontaneous \
• ' i

\
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^ C m
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/

/

•

i

i

1.3 Overview of the different models

The fission product's mass and charge distributions are of major interest for the

reactor physicist in order to predict or calculate various parameters such as

radioactivity balance, fission yield inventory, decay heat, etc.

Nevertheless, there is no full theoretical model available in order to predict both the

mass and charge distribution without empirical determination of some parameters. A

model, presented by some people as one of the most promising, is based oh the work

of Brosa and collaborators [42-43] but it does not predict the charge of the fragments.

Wahl developed two phenomenological models: the Zp model and the A'p model,

describing respectively the charge dispersion for a mass A and the mass dispersion A'

for a charge Z. Recently, a thermodynamical approach was presented by a Russian

group from MEPHI [44] for the calculation of independent yield distribution.
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1.3.1 Mass distribution and systematics

It appears that the mass distribution of the fission yields shows some common

characteristics for most of the nuclides. The distribution consists in-a pair of peaks (a

valley region is located in between two peaks situated approximately symmetrically

on either side of the valley. The central mass is roughly the center of mass of the

distribution).

c
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Figure 13 Mass distribution of the products from the thermal fission of
taken from JEF2.2) [45].

(values

One can note that the asymmetric fission, at low energy, is typically from

hundred to thousand times more probable, depending of the fissile isotope, than the

symmetric fission. However, the probability of the symmetric fission increases

dramatically as the excitation energy for induced fission is increased, e.g. for 14 MeV

energy neutron, the symmetric fission probability of the 235U increases by two orders

of magnitude in comparison with the thermal fission of the same uranium. The

distribution eventually becomes symmetric, when 20 to 40 MeV of excitation energy

is brought into the system. It is now accepted that the asymmetry is due to shell

effects in the fragments and in the deforming compound nucleus on its way to fission.
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Figure 1.4 Postneutron mass
yield for^Ufaf) vs. mass
number. The energies of
neutrons inducing fission in
MeV are indicated by labels
attached to the curves {From
[46]).

"SO 90 100 HO 1 2 ^ 1 3 0 140
MASS NUMBER

150 «0

The fission of nuclides of different mass shows some notable changes in the

position of the light peak whereas the position of the heavy peak remains practically

the same. Indeed, almost irrespectively of the fissioning nucleus, heavy fragments

masses peak around mass A = 140, favoring Te, Xe and Ba isotopes (Z = 52 to 56).

Prominent peak structures with narrow widths are superimposed upon this general

picture.
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Figure 1.5 Mass distribution curves in the thermal neutron induced fission of ^'Th,
233U, 23SU, and ^'Pu (Figure taken from flOJ).
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The reason of this behavior may be understood e.g. in the framework of a scission

point model [47] as an effect of nuclear shells in the fragment forming. The model,

discussed further below, shows a strong effect of the surface shells with 82 neutrons

and 50 protons on the potential energy surface. The mass region around 132Sn (with

the two closed shells of Z = 50 and N = 82) is found just at the onset of the heavy

peak and this double shell closure is now believed to be responsible for the

asymmetry of low energy fission in this region of compound masses. In the

calculation of the potential energy surface, the effect of this shell closure appears at

the location of the second saddle point [48].

The asymmetric character of nuclear fission disappears at Zp = 100 and NF = 158

(258Fm), when Z = 50 (and nearly N = 82) can be realized in both fragments. On the

other hand, light nuclei with Z < 84 (Po) also show a symmetric mass distribution in

fission. Presumably, mis latter effect is due to the fairly high excitation energy

required to induce fission in these fairly light nuclei. :

It has been rioted, furthermore, that even-even charge break-up is more favored in

the charge fragmentation process. These "odd-even" effects decrease with the

Z.2 /
^ww^^g, wwx^u^n wiwj.g.j « ^ ^w^w^^s u u * u i ; j^^^^^cw / . . It appears to be

a clear correlation between the fine structure of the peaks and shoulders of the mass

distribution and these even fragment charges.

A general discussion of varying definitions odd-even effects has been presented by

Gônnenwein [17] [49].

1.3.1.1 Theoretical models of mass distributions

The theoretical description of the fission process is one of the oldest problems in

nuclear physics. Much work has been done to understand this process and many

aspects have been clarified, but it appears that a consistent description of fission is

still very far away [50-52]. For instance, knowledge of the appearance and

disappearance of the odd-even effects has not yet reached the stage of detailed

understanding. The same is true concerning the competition between symmetric and
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asymmetric fission as a function of excitation energy. The preference of most the

nuclei to divide asymmetrically at low excitation energy has been one of the most

intriguing puzzles ever since the discovery of fission. Although many attempts have

been made to understand the fission mass distributions qualitatively, none has been

successful for quantitative prediction of all fission characteristics. The various

theoretical descriptions differ both in their potentialities for describing various aspects

of the process and in the complexity of their structure. However, all agree in

attributing the following properties to the fission phenomenon:

1. In induced fission, the details of the mass-yield curve, such as peaks and

widths of the distributions, are determined during the descent from saddle to

scission point. In spontaneous fission, other aspects, such as the fission barrier

structure, may influence some properties.

2. One is faced with the full complexity of the many-body problem when

describing nuclear fission. The theoretical description of the fission process

involves both collective aspects and single-particles effects surimposed on a

smooth macroscopic background.

3. Static potential energy surfaces are insufficient to describe distributions in

fission, which is a time-dependent process after all. A dynamical treatment is

mandatory.

In order to obtain mass-yield curves, dynamical calculations solving the nuclear time-

dependent many-body problem for the compound excited nucleus, have to be carried

out from saddle point conditions until, at least, the separation of the fission fragments

has occurred. In a recent survey, Moreau et al. [53] discussed in details the different

methods of treating the nuclear system that one can distinguish and reviewed some

tentative applications of those: the microscopic treatment, the stochastic treatment and

the deterministic treatment.

Up to now, the microscopic and stochastic calculations have not been applied for

predicting mass-yield curves. This is mainly so because of computational difficulties.

Moreover, there are still major conceptual problems in these areas of nuclear research.
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On the other hand, the deterministic models make up the larger part of descriptions

which are able, at present, to explain to some extend both global aspects and details of

mass distributions. This seems very unfortunate, since such descriptions are not well

related to the microscopic description of the nucleus.

The most successful of these deterministic models with respect to the prediction of

mass yield curves are based on:

The statistical theory of Fong [54-57], which assumes that the descent

from saddle to scission is slow enough to establish a full statistical

equilibrium among degrees of freedom (collective and intrinsic) at the

scission point.

The transition state method [58-59], assuming that the excited compound

nucleus arrives at the saddle point randomly enough to assure statistical

equilibrium at the saddle point.

The scission point model by Wilkins et al. [47] [60]; The basic hypothesis

of this model implies an equilibrium among collective degrees of freedom,

characterized by a collective temperature Tcon and a separate equilibrium

among the nueleonie degrees of freedoms characterized by an intrinsic

temperature Tim- A schematic survey of predictions of mass yield curves,

resulting from the model of Wilkins, in the region Zp = 84 (Po) to 100

(Fm) is shown in Fig 1.6 and may be compared there with experimental

mass yield curves. It appears that the scission point model represents the

qualitative trends of the experimental finding quite well with essentially

two significant deviations: (1) The calculated mass distributions are

generally too narrow and (2) the asymmetric contribution to the fission of

Fm is overestimated.
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Wilkins . Steinberg
ond Chosmon experiment

70 94 118 142 166 70 94 118 142 166
moss number

Figure 1.6 Left: Mass distributions calculated for a common temperature at
scission; right: corresponding experimental data for compound nuclei with
excitation energies of 27 MeV (212Po), 17 MeV (227Ac), 6 MeV (^U) , 0 MeV
(2s2Cf), and 0 and 6 MeV (258Fm. full and dashed curves). Figure taken from
[JO].

The model Wilkins et al. provides a very useful a posteriori and

qualitative explanation of the mass distributions. However, due to the

arbitrary choice of the scission configuration and the indefiniteness of the

temperature parameters Tcoii and Tim, the scission point model can hardly

be used for quantitative predictions.

The fragmentation theory [61-63], which treats the mass transfer as a

coherent collective motion described by quantum mechanics.

1.3.1.2 The Musgrove's empirical multiple Gaussian representation

The estimation of the non-measured yields can be made by interpolation, by

graphic extrapolation, or based on five Gaussian fitting method on measured data.
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This last method developed by Musgrove and al. [64] uses two pairs of

complementary Gaussians for the light and heavy peaks, and one single curve for the

yields close to the symmetry.

In this model, one assumes that the yield chain is symmetrical about an average mass

Ci j . Since the average number of neutrons are somewhat different for each mass of

the fission fragments and not being produced symmetrically about A, the resulting

fission yield distribution is slightly shifted away from symmetry after prompt and

delayed neutron emission. However, this effect is minor compared with the fine

structure observed in the distribution. The sum of the magnitudes of all the Gaussians

is presumed to be equal to two (this results from the fission of the nuclide into two

fragments).

Each off-center Gaussian distribution is symmetrically reflected about the average

mass \AJ of the global distribution. Thus each pair of the off-center Gaussians has

three parameters: magnitude (N), width (a) and position about the center (D). The

central Gaussian has only two parameters: width and magnitude, which can, however,

be calculated from the total summation of the whole distribution (2.0) minus the

asymmetrical Gaussian magnitudes.

In this way, we get a seven free parameter equation [11]:

2<Tf

e v ' +e

+ •
JV,

+ e Equation 1.7

|
A »i J

= 2(l-Ni-N2).
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This parameterization has been used to fit experimental neutron induced fission yield

distributions for the following six nuclides: 232Th, 233>235'238u, and ^ ^ ' P u . Parameter

values deduced from the chain yields for 11 fission reactions on Ap, the mass number

of the fissioning nucleus [65] were used to fill gaps of unmeasured data. However,

only afterwards one had tried to find an justification to these Gaussian distributions.

Similar parameterizations were investigated in order to apply this kind of model to

other fissile systems, in particular by Later Cook and Rose [66] who extended

Musgrove's work by fitting to a simpler three Gaussian model on 42 fissioning

systems without smoothing the data. One can also note that Dickens [67] published a

study of a five Gaussian model that he applied to fit the experimental data from the

fast neutron induced fission of 243l244f24WWCm.

The empirical A'p model, which will be discussed further below, can be considered as

an extension of the five Gaussian method. The mass yield distribution (before

emission of delayed neutrons) Y(A) is there obtained by summation of deduced

values from several Gaussian curves representing the independent yield distribution of

the fission products for each fissioning system.

One should note that the Multiple Gaussian of Musgrove et al. has been used for the

evaluation of UKFY-2 and-3 [11] and ENDF/B-VI [40] [68].

1.3.1.3 The Multi-Modal Random Neck-Rupture by Brosa etal.

The idea of multi modal fission was already suggested in 1951 by Turkevich et al.

[69] [26] in order to explain the asymmetric mass distribution commonly observed in

the fission of the actinides. However, this method was not followed up because the

approach at that time could not be applied to heavy nuclides like e.g. ^ U but was

limited to the light actinides. Nonetheless, there is currently a renewed interest in this

scheme. Indeed, some years ago Brosa, Gro(3mann and Muller [42] introduced a new
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concept of the multi modal random neck-rupture (BGM-model), a theory based upon

the liquid drop model to explain the mass distribution from the fission of the excited

compound nucleus resulting from low energy neutron absorption by a fissile nucleus.

This model intends to explain experimentally studied fission properties from 231At to
258-Fm.

The idea is to explain the overlay of different mass and energy distributions belonging

to different "fission channels" derived from bifurcation points in the descent across

the potential energy surface of fissioning systems. This approach provides a

derivation of the fragment mass just at scission of the two proto-fragments (before any

prompt or delayed neutron emission). Thus, one needs to consider v p (À) and the

delayed neutron emission in order to produce yield distribution via this approach.

The compound nucleus is considered to be a liquid drop modeled by a five-

dimensional parameter space of the generalized Lawrence shape [70] in cylindrical

coordinates as follows:

Equation 1.8
»=0

where 1 denotes the half-length of the nucleus. The shape parameters take an obvious

geometric meaning if one looks at figure 1.7:

Figure 1.7 Generalized Lawrence
representation of the nuclear shape.
Here, 1 denotes the half-length, r
the neck radius, z the location of
the neck and a measure of die mass
asymmetry, c the neck curvature in
units of the spherical radius
compound nucleus and s the
position of the nuclear center-of-
mass.
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These four geometrical parameters are then used to express the an coefficient from

Equation 6, as detailed in ref. [42].

The BMG-model includes shell and pairing corrections using the Strutinsly approach

to calculate the potential energy surface, where the potential energy of the deformed

nucleus Edef is composed of a liquid drop and a shell part:

id drop + EsheH Equation 1.9

The liquid drop part is calculated according to Myers-Swiatecki [71, 72} while the

Woods-Saxon single-particle potential is used to perform the shell corrections. In this

five dimensional potential landscape, fission modes are defined as minimized

trajectories between ground state and scission. Furthermore, as the nuclear shape

evolved, so-called "bifurcation points" appeared, at which a channel divided into two.

As mentioned previously, the different paths of the evolution in the nuclear shape

identify the different "modes". One can understand that there are several possible

nuclear shapes through which the nucleus could evolve as it approaches fission.

Following the idea that when a channel reaches scission it is then possible to derive

the compound nucleus shape, it is thus possible to determine the mass distribution

using the model of the random neck rupture. Actually, the work of Brosa and

collaborators has shown that the model can describe the shape of the mass

distribution, but experimental measurements are therefore required in order to

determine the distribution completely. Moreover, it should be noted that theoretical

calculations are done at zero excitation energy of the compound system E^ which

prohibits predictions of the intrinsic properties of the mode that may occur when E*cn

increases [73].

In the frame of this model, each of the channels was shown to give rise to a mass

distribution that can be well fitted as a sum of two Gaussian distribution. The total

fission fragment distribution is thus considered as the superposition of the Gaussian

distributions of all channels as follows:
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Equation 1.10

where yn and Yn(A) represent the probability and the yield of distribution of the

channel n, and the Gaussian shape is described by:

Equation 1.11

with wn as the normalization factor related to the height of the Gaussian, An as the

average mass of the channel n, c r ^ a s the width of the mass distribution of the

channel n , and Acn is the compound nucleus' mass.

In general for one channel, users take An « An — Aai i.e. An equals half of Acn. Hence,

the mass distribution simplifies into a single Gaussian distribution, which can be

compared to the multiple Gaussian representation described under section 1.2.1.1.

Derived from the equation 1.9, the Gaussian shape of each mode can thus be written

as follows:

Equation 1.12

Brosa et al. found out that three different channels could be predicted from

calculation for most of the fissioning systems. A recent experimental work on ^ U

[74] seems to agree with the three-channel prediction of the Brosa-based calculation

on this nuclide [75]. However, investigation by Brosa et al. of the thermal neutron

fission of 252Cf predicted six channels and some recent work on ^ ^ p [76] showed

four different modes for this nuclide.

It should be noted that the BGM-model allows a two-dimensional yield distribution as

a function of mass and TKE :
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Y(A,TKE)=YdYn(A)Yn(TKE\ A) Equation 1.13

The description of the conditional kinetic energy distribution Yn \TKÉ\ A) is more

complicated than Yn(A), and consequently cannot be described by a superposition of

Gaussian distributions. A complete approach is described in the ref. [42,74-76].

As discussed before, the model presented by Brosa et al. proposed to deduce the

fission characteristics from the properties of the scission configuration alone.

However, this neglects the dynamic evolution of the system from the saddle to

scission, which seems to be very important. The concept of independent fission

channels has been developed according to which the fissioning system follows

specific valleys in the potential energy in the direction of elongation. Several

properties (e.g. average mass or charge split, mass and charge width, and main total

kinetic energy) could be related to calculated properties of the highly deformed

fissioning system. However, the model is not yet capable of predicting with sufficient

accuracy the importance of feeding the different channels and in consequence of

making reliable prediction on mass yields. Therefore, the intensities on the fission

channels are usually deduced from experiment.

In addition, this approach is limited to the mass distribution determination and other

methods have to be considered in order to determine independent fission yields i.e.

mass and charge yield distributions.

1.3.2 Charge distribution and systematics

In the history of fission research, it took a rather long time to obtain reliable and

comprehensive data on the nuclear charge distributions of the fission fragments. Most

of the standard neutron-induced and spontaneous fission reactions are, however, by
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now well studied (cf. subsection 1.2.3). On the other hand, the information on charge

distributions from compound nuclei fissioning at slightly higher excitation energies is

still scanty and just sufficient to outline some gross trends.

One can notice that the distribution of the isotopes of the same element in a range

of mass can vary almost as much as an isobar distribution. From a comparison of

global mass and charge distributions, a correlation between these two variables has

come into view. Gônnenwein has compared the mass- and charge distributions of a

same fissioning system for several fission reactions [17]. He has noticed that for

thermal neutron fission of U and Pu isotopes, and for spontaneous fission of 252Cf,

asymmetric distributions are observed for both the mass and charge yields (of primary

fission fragments i.e. prior to neutron evaporation), with the peàk/valley.ratios for

asymmetric/symmetric splits of the parents being close to one another in each case.

This observation suggests that fragment mass and fragment charge are rather

intimately linked. Further evidence for this link between the mass and charge emerges

from the observation of the rms. width <T(M£)=<T(M^) of the light (or heavy) mass

and the rms width CJ(ZL) =CJ(ZH) for thermal neutron fission of some actinides. It is

seen in Fig. 1.8 that both the widths of the mass and the charge distributions increase

with the mass AF of the fissioning nucleus.

230 240 250

Figure 1.8 Rms width of preneutron light (or heavy) fragment mass
yield (full points) and rms charge yield (open triangles) vs. mass
number of fissioning nucleus (taken from [16]).
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Gônnenwein found that the average ratio mass-width/charge-width is 2.76, while for

the parent nuclei the average of the ratio mass-number/charge-number AF/ZF in the

fissioning nucleus. The rough agreement between these two figures hints at the fact

that the mass/charge ratio in the fragments will not deviate appreciably from the

corresponding ratio AF/ZF in the fissioning nucleus.

Figure 1.9 Charge
distributions vs. heavy
fragment charge for
thermal neutron-induced
fission reactions (Figure
from [17].

SO 55 60

Heavy Charged Number
50 55 60

Heovy Charge Number 2^

Another characteristic of the charge yield distributions is the odd-even staggering

in the charge yield, with even proton numbers Z carrying a higher yield than odd ones.

This odd-even effect has been observed [17] [49] to gradually fade away upon

scanning the actinides from Th through Cf. For the near-barrier fission reactions in the

figure, the nucleus is expected to be perfectly paired at the saddle point since not
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enough energy is available at that point to break pairs. Hence, it seems that the odd-

even effect in the fragment is reminiscent of perfect pairing which has survived

fission.

A dependence of the charge yield odd-even effect on the excitation energy of the

compound system has been investigated [17] [77]. It has been found that the decrease

of the odd-even effect with the increasing energy is manifest.

From the broadening of the mass distribution at larger excitation energies of the

compound nucleus (see section 1.3.1) one should expect the global charge

distributions of fragments to become wider at higher temperatures, provided the

correlation addressed above remains valid. Unfortunately, there were no experimental

data available, before this work, to check this expectation.

As discussed in the previous section, only a small fraction of the «1000

independent yields per fission can be determined by experiment, and no theoretical

model can predict the mass and charge distributions without determination without

empirical determination of some parameters. One has thus to develop models to

predict unmeasured yields by interpolation or extrapolation.

1.3.2.1 The Zp model by Wahl

This systematical model has been developed by A.C. Wahl in the sixties [78] and

it is constantly updated [41] [42]. The approach has been developed in two variants,

the "Zp-model" and the "A 'p-modet from experimental data of the best studied fission

reactions ( ^ ( n ^ f ) , ^UCn^f), ^PuCn^f) and 252Cf(s.f.». The A'p-model will be

described in the next section.

Initially, the Zp-model was based on the assumption that the charge distribution of the

compound nucleus has insufficient time to respond to the changes in the nucleus and

thus the charge-to-mass ratio of the products will be the same as the pre-scission

compound nucleus. In this early work [78], the fractional independent yield FI(A,Z)
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was described by a Gaussian normal distribution curve with a maximum (most

probable charge, Zp(A)) and a width parameter (standard deviation GZ).

The Gaussian was normalized to one for each mass chain. Following the earlier

assumption, Zp(A) was defined as:

Zp (A)= -?- .A Equation 1.14
Af

with Af and Zf respectively the mass and the charge of the fissioning system.

The Gaussian distribution FI(A) was defined as follows:

FI(A) = f
Z=-0.5

dZ Equation 1.15

With the advent of new experimental data, the Zp-model has been modified and

improved in order to account for the observation of the two following phenomena.

The first observed effect is the so-called "odd-even effect", which shows a

preferential production of even-even nuclides compared to odd-odd. This effect came

out in the Gaussian representation on the appearance of an oscillation in the width

with a cycle of two mass units. The second observation was that the measured Zp(A)

was higher than the unchanged charge distribution calculation for the light fragments

and lower for the heavy fragments (for the reason of the charge conservation during

fission, the effects on the low mass peak mirror the effects on the high mass peak).

Recently, the Zp-model has been modified to include these parameters [79], involving

the function of x, erf(x). The complementarity of light and heavy fission products is

approximated by A'= A + v^ * to allow the same or complementary functions to be

used for both light and heavy products.

* V A is the average prompt neutron number emitted in producing the fission product. Values of

v ^ were calculated from the modified Terrell [80] method [81] from average experimental chain
yields supplemented by model calculated values if there were no experimental values.
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Thus, Wahl's Zp-model of fractional independent yield FI(A,Z) can be described by

the following equations:

FI(A, Z) = - F(A) N(A) [erf(v) - erf(w)] Equation 1.16

Z(Â)-ZD(A) + 0.5
V = w p\i_ Equation 1.17

(A'W2

Z(A)-ZJA)- 0.5

W= V ' /\.i. Equation 1.18
{A%IÏ

+ AZ{A'H ) Equation 1.19
AF

ZP(AL)=A'L ^ - - AZ(A'Hc ), (A'Hc =AF- A\ ) Equation 1.20
AF\

Zp may be compared to ZUCD, which represents the nuclear charge of a fission product

calculated assuming "Unchanged Charge Density" of this fragment relative to the

compound nucleus. ZUCD is calculated according to:

ZUCD=(A+vA)-£- Equation 1.21

The difference of the two values AZ = Zp - ZUCD is there the displacement of Zp from

unchanged charge distribution:

•fe H U Equation 1.22

i.e. it represents a charge polarization between the two forming fragments and can be

described in the peak region as a linear function of mass defined by the value of AZ at

the post-prompt neutron emission mass 140 with a slope s = —— :
a A H

AZ(A'H ) = A(A'=140) + s{AH -140) Equation 1.23
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Near the symmetry, the AZ function undergoes a zigzag transition from positive

values for light fission products to negative values for heavy products [79].
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Figure 1.10 Zp functions parameters derived for 235U(n,h,f). The solid lines were determined by
least square method and the dashed lines are derived from systematics [79]

The normalization factor, N(A), applied to achieve S(FI) = 1.00 for each A, is

required because the even-odd factors, F(A), destroy the inherent normalization

properties of the Gaussian distributions. F(A) is modeled by Wahl as a function of two

parameters F2(A') (sometimes called EOZ, Even-Odd factor for proton) and FN(A')

(also called EON, Even-Odd factor for neutron). The following tablel.l gives F(A) as

a function of even and odd number of neutron (one can find numerical values for

different fissioning system, such as 233U(nutof), ^UOith,*), 233U(nth,f) and 239Pu(nth,f)>

inrefs.[ll]):
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Table 1.4 F(A) as a function of FZ(A')

. . F(A) forZ forN

DFZ(A')][FN(A')] even even

[FZ(A')]/[FN(A')] even odd

[FN(A')]/[FZ(A')] odd even

1/([FZ(A')][FN(A')] odd odd

Hence it is possible using the above parameters (AZ(A'=140), the slope s, Fz(A'),

FN(A') and oz(A')) to estimate and describe the nuclear charge distribution of a

specific fission reaction. However, it should be noted that interpolated or extrapolated

values would be less accurate than the fitted ones. The accuracy of the calculation is

better in the asymmetry distribution than close to the symmetry.

A.C. Wahl has developed a computer program [79] based on the Zp-model. The

program calculates from equations representing systematic trends, presented above,

values for the following quantities o , the average number of neutron emitted by

fission, u^ , Y(A), and FI(A, Z) with only values of Ap, ZF, and En, the incident

neutron energy, needed as input. It should be stressed that for the fast-neutron-induced

fission, the incident neutrons have a wide range of energy En (with <En> « 1-2 MeV),

so a summation calculation is carried otit by the program in which the central mass-

yield peak for each energy increment is weighted for the relative cross section CTE, and

the relative yields of neutron, at the average neutron energy <En>. The average

number of neutrons emitted, u , from fast fission is determined similarly. In addition,

calculated yields can be divided among isomeric states using either the Madland-

England treatment [82] or Rudstam one [83].
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1.3.2.2 The A p model by Wahl

The A'p-model uses similar ideas than the Zp-model, but with a Gaussian

distribution over product mass rather than charge. The model can calculate the

independent yield IN(A, Z) and the chain distribution Y(A). The Y(A) distribution is

characterized by a width parameter cr(A), maxima A'P(Z) (most probable mass, the

prime indicates that the maximum refers to masses prior to prompt neutron emission")

and the Odd-Even effects. A basic difference between the two models is that the Zp-

model is decoupled from the mass distribution by normalizing each mass chain to 1,

which is not the case for the Zp-model. The following equations describe the model:

IN(A, Z) = - Y(ZH )FNN(z\erf{VA) - erf(WA)] Equation 1.24
4r

Elation 1.25

A—A {Z\— 05
WA = p,\r- ' Equation 1.26

FN = FN for N even

F N = V— for N odd
/ F

with
FN

The main advantage of the A'p-model is that it allows extrapolation of mass yields

from generally well known high mass yield regions into region of low mass yields

(e.g. regions of symmetry and strong asymmetry).

A'p and AA' can be defined in analogy to AZ in the different regions of the charge

distribution:

Ap (ZL)=zJjH - M'{ZHC) Equation 1.27

(ZH ) Equation 1.28, &* ) = ZH \jf\
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AA' (ZH > 50) = C + 0.5{hi[Y(ZH +1)] - l n ^ Z * -1)]} Equation 1.29

AA'(ZH=48,49,50) are determined independently or some fixed values are taken a

priori.

AA'(ZH/2) = 0.0

AA'(ZH=47) = AA'(ZH=48)/2 for U235T and U233T

> = Y(ZHC),ZL+ZHC=ZF

The Y(ZH) values are determined by measurements or, for high values of ZHC, by

using the following Gaussian distribution:

Y{ZH ) = - \YZW \FZ\erf(yY) - erf(WY)] Equation 130

Tnr ZM-ZH+0.5 + 5 „ .
with VY = ^-7= Equation

V2
ZM-ZH - 0 . 5 - Ô • " . H^

S Equation 1.32

and 8=- - Equation 1.33

FZ is defined as follows: \FZ = Fz for Z even

YZw is the area under the Gaussian curve used to approximate the small values of

Y(Z). Thus, one can deduce a A.. Moreover, the normalization factor N(Z) is defined

as Y(ZL) = Y(ZH) in order to fulfill the Z equiprobability criterion for complementary

fragments.

Recently, an investigation has been started by Wahl [79] of a simplified A'p model

that involves only five Gaussian functions to represent element yields, instead of the

many needed for association of one model parameter with each element yield [80].
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1.3.2.3 A non-equilibrium thermodynamics model by Grashin

A non-traditional thermodynamic approach will be described in the following to

investigate fission of heavy nuclide considered as a chemical reaction. This method

takes place in the framework of an original thermodynamical approach to subatomic

phenomena (supernonequilibrium thermodynamics) developed by the ASIND-MEPhI

(Automatized System of Information on Nuclear Data in Moscow Engineering

Physics Institute) [44].

The model is based on the following considerations: the compound nucleus is

disrupted and two heavy fragments are formed. At the moment of the disruption, the

formation of the fragments can be accompanied by emission of k = 1,2,... scission

neutrons. Next, they fly apart, emitting neutrons, to become "fission products". This

process can be modeled as follows:

(AF,ZF)*->(A,Z) + (Ao-A-k,Zo-Z) ™& a probability Wk(A,Z) for each of these

multiple fission process.

Considering that the fragments emit n post-scission neutrons with a probability

Pn(A,Z) (i.e. modeling this second stage as a Poisson process [84]), we obtain the

following equation to describe the fission yield distribution:

Y(A, Z) = J ] W{A + n, Z\Pn (A + n, Z) Equation 1.34

Pn (A,Z)=exp[-u(^,Z)}U" ^A'Z' Equation 135
# ! •

with W(A, Z)=Y<Wk (A>z) Equation 136
JteO

where the first term corresponds to a disruption into two fragments without additional

neutron. v(A,Z) is here the mean number of neutrons emitted by the fragment (A,Z).

These neutrons are called "post-scission" neutrons. The yields represented in

equations 1.34 and 1.36 are then normalized as follows:

2] Y(A, Z) = £ W(A, Z) = 200% Equation 137
A,Z A,Z
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As it is possible to find fission products either in ground state or in an isomeric state,

the model can calculate isomeric yields using the Madland-England method [82]. The

isomeric ratios calculated in this way depend directly on the temperature T and

indirectly, by the way of the same temperature, on the quantum numbers of the

compound nucleus A?, ZF. Following the ideas of Landau and Lifshits [85] in

interpreting the formations of fragment as a chemical reaction in a gas mixture, and

taking into account the law of mass action [86], Grashin et al. obtain:

Wk(A,Z)<c - f exp
•v.n

ZiA, -A-k,Z0 -Z)-F(l ,
T

Equation 1.38

where Vn = (2nMnT)3/2, VR = 4TTR3/3, R = \AAr
mJm. Mn = F(l,0) is the neutron

mass, F(AF,ZF) is the free energy of the compound nucleus, F(A,Z;A2,Z2) is the free

energy of the two fragments at scission point defined as:

F{AX,ZX;A2,Z2) = F{Al,Zx)+ F(A2,Z2)+ V^Z^A^Z^ Equation 139

Expressing energy in the unit of MeV and introducing the fragment deformation

parameters si, the average Coulomb interaction becomes (k = 1.1):

7 7 A'2 A^ • • • • . - . •

V(Ai,Z1,A2,Z2)=0.85 , 7 2 ,, - - ^ - S ! 2 - ^ - s 2
2 Equation 1.40

AP+A? k k

In addition the free energy of the nucleus is constructed so that To, the ground state

temperature of the nucleus, is greater than zero. In this model, the only adjustable

parameter is the average temperature of the unstable nucleus, T, which can be

estimated using the following expression:

U = Ek+Eb=aejr(f
2-To) Equation 1.41
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where a<sff is function of the exact mass M, which can be calculated using the Janecke

formula [87], and of MLD the liquid drop mass of a spherical nucleus, which can be

evaluated by the Weizsàcker formula. Eb and Ek are the incident kinetic and resident

binding energies of the absorbed neutron, respectively. The concept of the

temperature of the ground state To was introduced by Grashin et al. [88-89]. Table 1.5

gives some example of the calculated values of aeff and To, and estimated values of T

for the reactor neutron induced fission of different targets:

Target

233JJ

235jj

238u
239Pu

aeff

(MeV1)

16.07

14.74

15.38

15.99

21.89

To

(MeV)

1.79

1.78

1.79

1.81

1.87

T

(MeV)

1.92

1.93

1.925

1.93

1.97

Table 1.5 Example of calculated values of a ^ and To and estimated values of T for
the reactor neutron induced fission.

Grashin uses the following approximate expression for the free energy of a deformed

fragment:

Equation 1.42

Here, M and MLD are the exact and liquid drop masses of the fragment, respectively.

T is the fragment average temperature, which is assumed to be equal to the compound

nucleus temperature. To (To »T0 =1.15MeV) is the ground state temperature of a

fission fragment and ao and as are effective level density parameters. The shell

structure influence on energy is taken into account by means of the function f(G) as

described by Bohr and Mottelsom [90]. The deformation contribution is given by the

fourth term, where Tu — 1.9 MeV and 8(A,Z) is an empirical function introduced by
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Grashin. 8(A,Z) can be determined by fitting the predicted fission yields to

experimental data for a single nuclide, e.g. 235U. 9 and f(0) are defined as:

y y
e ^$Tà% 4 f o r ) Equation 1.43k k

Most of the fission fragments are unstable with respect to the neutron surplus

inherited from the fissioning nucleus, and may evaporate up to five neutrons shortly

after the fission process has been completed. Since it is the residual nucleus after

"prompt" neutron emission that is, mainly, experimentally accessible, one needs to

incorporate, neutron evaporation from the fission fragments in the non-equilibrium

thermodynamics model in order allow for comparison with measurements (and fit the

deformation parameters). Grasbin uses the following formula for the number of

evaporated neutrons:

v(A,Z) = K[Eshell +P(A,Z,Tn)] Equation 1.44

where K is the mean binding neutron energy in the fragment and its shell energy is

calculated as:

Equation 1.45
sinh2en k sinhe,;l sinh20n

P is a polynomial function of A, Z and Tn, with free parameters that were fixed by

fitting of v(A,Z) to experimental data for 235U [91]. The fragment temperature Tn

relevant for the evaporation phase differs from T due to the transition of deformation

energy into the internal energy:

T^JT\21^^\f^ Equation 1.46

As the model is based on the temperature of the compound nucleus, there is no

difference in the equations for different incident neutron energies (the neutron energy
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is thus included in the formula U s E-M « a«ff(T2-To2), E energy of the compound

nucleus ) or in the spontaneous fission.

Even if the accuracy does not differ for the different studied systems (from Th to Fm),

one has to note that the model is more accurate to describe the fission yield

distribution on the peaks than on the valley region (symmetric fission).

The author claims that this model can describe nuclear processes up to 100 MeV [92],

taking into account:

• non equilibrium

• temperature as characteristic of transition energy

• deformation corrections (taken from shell model)

It should be noted that this model is not limited to the fission yield calculation but can

be used to solve other nuclear problems as e.g. explanation of a fragment momentum

distribution in reactions p + A —> F + ..., proton structure function in deep inelastic

scatteringe + p ->• e' + hadrons, reactions like n ->q + g + sea..., etc [92].

1.3.3 Independent yield isomeric splitting

In order to complete the determination of independent yields it is necessary to

consider the isomëric states of the product nuclei populated hi fission.

Initially, it is necessary to describe and define the isomeric states. Each nucleus of

mass A and charge Z will have a set of possible states each with a defining set of

quantum numbers. Each of these states will have a characteristic energy of excitation.

The state with the lowest energy level is called the ground state (from the German

"grund" meaning fundamental). The excited states, with more internal energy than the

ground state, can undergo transitions towards the ground state by emitting photons, or

to a state of another nuclide by emitting particles (e.g. delayed neutrons).
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One can note that it is possible to have more than one metastable state for a nucleus.

Where two metastable states exist, they are usually called the first and second

metastable states, and are denoted by m and n (or m2) respectively. The state

numbering is in ascending order of excitation energy from the ground state. However,

this ordering is sometimes difficult to determine because of the lack of data or of an

ambiguous spin assignment in the level scheme.

The different isomers of a nucleus can have considerably different decay properties

(e.g. decay modes, average decay energies, branching ratios, particles emissions and

half-life). Hence, isomeric states and their relative yields from nuclear reactions are

very important for calculations of nuclide inventory, decay heat and emitted

radiations. One can note that within the most important delayed-neutron precursor

(refer to section 3.7.1), most of them are isomeric states fission products e.g. 97mY,
98mY,127mIn,128mInand129mIn.

1.3.3.1 Madland and England (M&E) model

The only basic model that currently exists which aims to predict the splitting of

the independent yields between isomers without detailed information on nuclear

structure is that developed by Madland and England [82]. Their approach is based

upon a statistical model calculation of the fragments' average angular momentum.

They assume the spin distribution P(J) of the fragments after evaporation of the

neutron to be given by the formula:

= const*(2J + ï)el ^ .* J Equation 1.47

where Jn^ = (<J2>)'/2 characterizes the angular momentum of the initial fragment.

They then assume that fragments with J nearer to the spin of a particular isomeric

state will feed that state. A second assumption is needed for the calculation of the

isomeric splitting: the parameter J,ms is assumed to be constant for all fragment masses

in the neutron induced fission of all actinides systems, but to vary with incident
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neutron energy. Madland and England also noted that their model ignores neutron

emission from the fragments and quantum mechanical selection rules for transition.

Thus if Jn > Jg then

\P(J)dJ
y(A,Z,m) _Jc Equation 1.48

y(A,Z,g) + yÇA,Z,m) \P(J)dJ

or conversely if Jm < Jg

)p(J)dJ
Equation 1.49

Oor'A

The isomeric splitting ratio R(A,Z,I) (or fiiy fractional independent isomeric yield

ratio) can thus be calculated. The ratio will depend upon whether Jra < Jg or Jm > Jg,

the fission product mass is odd or even, and |Jm - Jgj is odd or even. Jc is determined

such as fragments exactly between the states divide equally between both. If A is even

then the lower limit of the integral is 0 or if odd then V2. Also if |Jm - Jg| is odd the Jc =

V2 (Jm+Jg+1) or conversely if |Jm - Jg| is even the Jc = V2 (Jm+Jg+2).

Thus eight separate cases must be considered to determine R(A,Z,m) either directly

from Equation 1.46 if Jm > Jg, or as 1 - R(A,Z,g) from Equation 1.47 if Jm < Jg, leading

to eight formulae to calculate the ratio r(A,Z) = y(A,Z,m)/y(A^,g).

The Jnns value is determined by experimental measurements: for the thermal fission

the value Jn^ = 7.5 ± 0.5 has been obtained.

1.3.3.2 Extension of the M&E model by Rudstam

Rudstam [83] has attempted to improve the M&E model by explicitly treating

some of the assumptions in detail. Madland and England assume that fragments with J
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nearer to the spin of a particular isomeric state will feed that state. This assumption is

not retained but Rudstam. Instead, the probability that the spin will decrease by one

unit is taken to be proportional to the density of nuclear state of spin J-1, and the

probability that the spin increase is the proportional to the density of spin J+1 (only

El-transitions are considered due to their much greater probability compared to higher

order transitions). The spin distribution is again of the form in Equation 1.45 but now

with another parameter Jmc coupled to the spin distribution of nuclear levels.

The ratio between the number of nuclear states of spin (J-1) and those of spin (J+1) is

denoted by Z(J), defined as:

(4J+2)

UZLJ Equation 1.50
e

2.7 + 3

With this notation the relative probability of decreasing the spin state is Z/(l+Z) and

the probability to increase it is thus 1/(1+Z), if energy effects are disregarded.

However, this will lead to erroneous results if the excitation of the state and the

fragment are not taken into account. Thus, as few fragments will have sufficient

energy to populate this state, its yield will be greatly reduced from that which would

be predicted. r*

Rudstam assume that all fragments excitation energies are equally probable, which

means that the ground state will always be fed if the energy is below the isomer's

excitation Ex. This will happen with a probability of Ex/Enwx, Emax being the

maximum excitation energy after the neutron evaporation.

If the spin of the low-spin isomer is Jiow, and Jiow = J - 1, this isomer can be reached by

emission of 1, 3, 5, 7... y-rays (only y emission to a spin change is considered). The

Probability for this is proportional to:

Z ( t / ) [l + S2 + S4 +...] Equation 1.51
1 + ZJ
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where the term S2 has the form Z/(l+Z)2; S4 has the form (Z/(l+Z)2)2, etc. these

terms will reduce rapidly due to limitations of the available energy.

If Jiow = J - 2, the probability to reach the low spin is similarly given by:

: 11 + 52 + 54 +... I Equation 1.52
l + Z(J r)l + Z ( Z - l ) 1 •

Similar relations are valid for the high spin isomer but with the Z/(l+Z) term replaced

Neglecting the small terms S2, S4,... the R(A,Z,I) {orfiiy, as labeled by Rudstam) can

be calculated using the following assumptions:

• if the low-spin isomer is the ground state, all P(J)-values for J smaller than

or equal to Jiow will be assumed to feed the low-spin isomer,

• in the spin range Jrow < J < Jhigh (Jhigh being the spin of the high-spin

isomer), the probabilities are calculated using the functions above. Since in

all cases one of the isomers must be reached the sum of the probabilities to

both the high and the low spin isomers must equal unity,

• for J > Jhigh, the high-spin isomer is assumed to be fed unless the energy is

smaller than Ex in which case the low spin-isomer is fed.

The R(A,Z,I) formula is thus given by:

r? ÂmU XX 1.1- 7(nt\

Equation 1.53

R(A,Z,high)= Emaxmax

•^max

^ P{k)N{k)Y\^— Equation 1.54

where N(k) is given by:
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N(Jc) = 7
 1——~ T Equation 1.55

\ + Z(m) i i l + Z(m)J

Similarly, if the high spin state is the ground state, R(A,Z,I) is given by:

R(A,Z,low) = 11 l + Z(m) Equation 1.56

Ex •ftz 5
Equation 1.57

Rudstam notes that his model leaves two parameters Jms and Jnuc that need to be

determined (by comparison with experimental results). From a database of

experimental measurements for the isomerie splitting from thermal neutron induced

fission of 235U, he fitted the two parameters for even-mass nuclides and odd-mass

nuclides. The resulting Jnns values were very similar, 6.5 and 6.0 respectively. The Jnuc

was determined to be 6.0 and 2.0 for odd and even mass nuclides, respectively.

It should be noted that Jnns and Jnuc may be system and neutron energy dependent and

thus these parameters cannot be extended to others systems without more study,

which would require further measurements.

1.3.4 Modeling of ternary yields

During fission there is a probability of producing light charged particles, for

example an alpha particle or a triton, as well the two main fragments and neutrons.

This emission occurs in less than one in a hundred fissions. The process is sometimes
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called ternary fission as a third fragment is produced. About 90 % of the ternary

particles are alphas and about 7 % tritons, the remaining fraction being constituted by

a large variety of particles from protons (Z = 1) to argon (Z = 18). One could speak as

well about true ternary fission when three primary fragments of not very different

mass are emitted. True ternary fission is a very rare phenomenon, occurring roughly

once every 108 fission reactions [93].

The emission of light charge particles (LCP) during the fission process has been

extensively studied and reviewed [94-95] since its discovery in 1946. The reason for

this interest was twofold. On one hand, the ternary particle being emitted in space and

time close to the scission point were expected to supply information on the scission

point configuration (e.g. nuclear shape and initial fragment and particle energy at

scission). On the other hand, the ternary fission process turns out to be an important

source of helium, tritium, and hydrogen production in nuclear reactors as well as in

nuclear waste, for which data were requested by the nuclear industry.

There have been several attempts to model the light charged particle yields using

empirical methods. These techniques are based upon the experimental data and

functions of parameters of the compound, or target nucleus. In the past, several

models have been suggested for the alpha yields, primary through fitting the measured

yields to functions of the compound nucleus mass A and charge Z.

Nobles [96] suggested the total ternary yield (alphas, tritons etc.) varied to

approximately ±30% as:

Z2

Y = 0.561-— 18.229 Equation 1.58

Z2

The — term is the fissility parameter related to the "surface tension" term in liquid
A

drop model [94].

Halpern [97] tried to model the total ternary yield using an expression of the form:

Y = m(A + p Z) Equation 1.59

He found that P = -4 and m = 0.125 gave the best fit.
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James and collaborators, for the evaluation of UKFY2 [98], tried both fits to 4Z-A

and Z2/A. it was found that the alpha yields fitted, to ±20%, using the expression

Y^He) = 0.0647 Z2/A - 2.1292. The tritium yields were shown to fit best as a

constant ratio to the alpha yield as Y(3He) = 0.06554 Y^He) to ±25%.

For the evaluation of UKFY3 [11], many alpha and triton yields have been measured.

Mills used many variations of functions based upon Z and A to fit the data. He tried

also to the effect of fitting to the target nucleus mass and charge, rather than the

compound nucleus. The best fit was found in all cases to be the function

Y = mA+uZ+c Equation 1.60

(this was the case where mere was sufficient data to fit this function which there were

for masses one to four). As fitting the separate energies did not give any better fit, the

energy dependence was estimated to be minimal.

For the evaluation, the recommended data from the analysis of the experimental data

was used as the primary source of data. The missing 4He were calculated from Eq.

1.58 with a 5.8% standard deviation. The missing 'H, 2H and 3H yields were

calculated using 4He yields and factor numbers given in [11] with the fractional

standard deviations calculated by quadrature.

A more theoretical survey has been made by C. Wagemans in ref. [95] [99-100].

1.4 Evaluation of fission yield data and
available data files

1.4.1 Fission Product Yield Data needs for fission
reactors
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Nuclear Data play an essential role for Reactor Physics. Indeed, reactor physics

cannot accomplish its role, without a parallel, and robust, development of the nuclear

data field. Several reviews10 of Fission Product Data Needs for reactors applications

have been made in the past [101-102] and the Fission Reactor Technology section of

the High Priority Nuclear Data Request List from the NEA [103] compiles the highest

priority nuclear data (and thus Fission Yield Data) requirements.

In the main, the requirements are for fission products with half-lives longer than 5

days, and it has been found that it is the chain yields which are required in all the

cases of importance [104].

Measurements of decay properties of short-lived fission products improve the

accuracies of decay heat predictions at short cooling times and of delay neutron

emission, calculated using summation methods. The prediction of the reactivity

effects of fission products can be improved by measurements on individual fission

products and bulk fission products. The predictions can then be compared with

measured variations of the reactivity with burn-up on power reactors. The incineration

of long-lived fission products is another topic paid attention to recently and several

studies have been made to evaluate possible methods. There is also an interest in

establishing the "burn-up credit" associated with fission product reactivity concerning

the transport, storage and reprocessing of fuel. For burn-up, the more pressing needs

are for more accurate fission yields and a knowledge of the change in yields with

neutron energy. Actinide incineration proposals also extend the range of fissioning

nuclei for which data are required.

Systematic experimental investigations of fission yields and related quantities by

measurement are required as well for improvements of models. Studies of the incident

neutron energy dependence of the yield distribution are essential. Such investigations

from single experiments would yield more information on systematics than data from

différent experiments e.g. only one neutron energy or fissioning nuclide each, even

though the latter may be of higher accuracy than the former.

10 A more general compilation of requests for fission yield measurement has been compiled and edited
by M. Lammer [105] in the framework of the IAEA Coordinated Research Program.
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1.4.2 Methods of evaluation and conservation laws

1.4.2.1 Methods of evaluation

The method of evaluation is to some extent chosen by the evaluator. Here a general

description of the procedure is given. The initial steps, which are common to most

types of data, are the following:

i) the establishment of a bibliography and a database of measured values,

ii) if several measurements have been made of a particular yield, best values

and their standard deviation must be derived,

ni) initially, there will be discrepancies among some measurements, and some

technique must be chosen for dealing with these. The relevant

experimental papers need to be carefully studied, but frequently there will

be no immediate resolution of the problem,

iv) such a discrepancy should be flagged and noted and an appropriately large

standard deviation given to the average data. Frequently only new

measurements can resolve the discrepancy,

v) gaps in the data need to be filled by interpolation (for gain yields) or by

semi-empirical formula such as the Zp-model [41] [79], with odd-even

corrections, for fractional independent yields. Many isomeric yield ratios

also have to be calculated from model (e.g. that of Madland and England

[82]),

vi) the yields should be adjusted to satisfy some, if not all, of the conservation

equations (conservation of nucléons and charge, ĵT Y(A) = 2, etc. cf.

section 1.4.2.2). Those that are not used as constraints can be used as test

to the quality of the data. The fitting to constraints may be either by least-

squares adjustment corrections to the chain yields or to the parameters of

the fractional independent yield distribution. The least squares approach

needs good values for the weights and hence the uncertainties of all the

data, and these are difficult to obtain, especially for the independent
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yields. It does, however, have the advantage of giving a covariance

matrix.

It should be noted that the detailed procedures for producing chain yields and

fractional independent yields differ considerably from one library to another: the

former relies on directly evaluating measurements while the latter relies heavily on

the use of parametric formulae (based of course on as many measurements as

possible).

One could refer, as example, to ref. [11] for a complete description of the UKFY-3

library evaluation by Mills et al.

1.4.2.2 Conservation laws

Physical laws (arising from conservation of nucléons and of charges) governing

the fission process during the period after prompt neutron emission but before any of

the fission products can decay ((3". n, p+, a etc.) yield to physical constraints to apply

to independent yields:

= 2 Equation 1.61
• . .

Ap-Vp-Ajjcp Equation 1.62

) = ZF- ZLCP Equation 1.63

where the sums on the left exclude all light particles emitted in ternary fission. On the

right side, (ZF,AF) is the fissioning nuclide, v p is the mean number of prompt neutrons

per fission, and ZLCP and ALCP are the total charge and mass carried away by light

charge particle emission. It should be noted that for fission induced by charge-less

particles, such as neutron and photons, the compound nucleus charge is the target-

nucleus charge.
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These three constraints apply to overall distribution of mass, charge and yield.

However, constraints also apply to individual yields; e.g. for any individual fission

event the fragments must carry away charge equal to the charge of the compound

nucleus. Thus summing over the mass of the "complementary" elements Z\ and Z2

(and Z3 if ternary fission occurs) which are produced in one fission event obey the

condition:

Zi+Z2 (+Z3) =ZF Equation 1.64

This gives by extension:

^f(A,Z)Y(A)-^f(A,ZF-Z)Y(A) = e(Z) forallZ<-^ Equation 1.65
A A 2

where to satisfy Eq. 1.59 and Eq. 1.61 :

Equation 1.66

If ternary fission is ignored, e(Z) = 0 for all Z, but in any case | s(Z) | < ZLCP-

There are also constraints on the cumulative yields:

) = 2 Equation 1.67

2] A Cu{A, Zs) = AF-v,- A^ Equation 1.68

where Zs is the atomic number of the stable fission product at the end of the mass

chain A, and v, =v p +v<i is the total number of neutrons per fission. An additional

condition arises:

n(,4,Z,/)Cw(,4,Zr/)=vrf Equation 1.69
A,Z,I



Evaluation of fission yield data and available data files - 67 -

where v<* is the number of delayed neutrons per fission.

1.4.3 Available libraries of data files

Recent comprehensive data libraries for evaluated neutron reaction data (including

fission yield data) are available:

• BROND-2.2: USSR evaluated neutron data library, issued in 1992 in ENDF-

6 format and updated in 1993.

• CENDL-2.1: Chinese evaluated neutron data library issued in 1991, updated

and supplemented in 1993 and 1995 with minor revision for 7 materials in

1997, in ENDF-6 format.

• ENDF/B-6: The US evaluated nuclear data file released in 1990 in ENDF-6

format, with revisions released in 1991, 1993, 1995 and 1997. This library

has been developed by T. England [40], the description of the method and the

models used in this evaluation can be found in [40] [106],

• JEF-2.2: The evaluated nuclear data library of the OECD Nuclear Energy

Agency finalized in 1992 and released in 1993, in ENDF-6 format. The

original library has been created by R. Mills and M. James in UK. The

description of the evaluation has been published in ref. [107-108]. They used

the Wahl's Zp model [40] [79], but as experimental data are not the same, by

fitting they derive values of parameters lightly different.

• JENDL-3.2: The Japanese evaluated nuclear data library released in 1989 and

significantly updated in 1994, in ENDF-6 format.



Chapter 2

Measurements of fast-neutron-
induced fission yields of 233U

One of the main research lines on the optimization of the long-lived nuclear waste

management is the study of innovative nuclear systems allowing both to limit the

production of such long-lived nuclides and to contribute towards to the transmutation

of the waste already amassed. Among the different considered concepts, the hybrid

systems [5] [109] with a fast neutron spectrum and using the 232Th/233U-cycle show a

promising potential. However, the basic nuclear data and their uncertainties, involved

in these approaches, are key parameters for the estimation of the viability of these

projects. One has to note, in particular, that the mass and charge distribution of the

fission yields of the 233U is especially poorly known.

In order to fill this lack of data, an experimental investigation of the fission product

distribution has been initiated using the OSIRIS facility on-line mass separator,

located in Studsvik (Sweden), coupled with the R2-0 thermal reactor (water cooled,

moderated) as a neutron source. A study of filtering the thermal and epithermal

neutrons led us towards the design of a boron carbide neutron absorber shielding the

target. The technique of measurement and of data analysis, which has been developed

by Rudstam [4] [110] and already applied to other fissioning systems as mentioned in

section 1.2.1.3, is described in the following.



- 70 - Chapter 2. Measurements of 233U(nf,f) Fission Yields

Additional "off-line" measurements (direct y-spectroscopy of sample directly

irradiated in the reactor core) have been done to complete the study to include also

long-lived fission product yields.

2.1 Avaflable data for 233U(nf,f)

Even if several investigations of the thermal fission of the 233U have been

reported11, it is surprising to see that almost no work has been done about the study of

the fission yield distributions in a fast fission spectrum or even at high energy. Indeed,

before this work, no independent yields were ever measured by any technique.

Besides* only a few cumulative yields and chain yields measurements have been

completed. An exhaustive compilation of the existing experimental data has been

made by Mills in the framework of his thesis [11] for the evaluation of the UKFY3

library and is reported in Appendix A. One has to note that most of these data come

from direct y-spectrometry of bulk of fission products. The most recent report on

measurements comes from Maeck and collaborators [111-112] (published in 1980 and

1981) on absolute 233U fast reactor fission yields (cumulative and chain yields) and

includes long-lived isotopes of kryptony rubidium, strontium, zirconium,

molybdenum, xenon, cesium, barium, lanthanum, cerium, neodymium, and samarium.

An additional, measurement of the shielded mass 136 had been made in the same

laboratory by Chapman and coworkers [114] in 1983, resulting in a cumulative yield

for 136Ba of 0.1073% with a standard deviation of 1.5%.

11 Once again we will refer to the compilation of all available experimental data EXFOR [39], but we
would like to outline the work of Rudstam et al. [8] with the OSIRIS mass separator on-line facility and
the one from Quade et al. [9] using the recoil spectrometer LOHENGRIN. Our work presented in the
following is extremely similar to the one reported by Rudstam by the simple fact that we used the same
technique, and facility. Quade used the LOHENGRIN instrument (described in section 1.2.2.2). These
two approaches on thermal fission of S 3U will be compared in the chapter III.
Another recent (1998) fission yield investigation as function of the fragment mass and the total kinetic
energy, y(m*, TKE) in the measurement of ^Ufo , ! ) has been reported by Nishio et al. [l 13].
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2.2 OSIRIS and th e experimental method
developed by Rudstam

The OSIRIS facility at Srudvik (Sweden) has been an important tool for studies of

neutron rich nuclides since 1968. Several years ago, a comprehensive program to

determine the yields of individual products in fission was initiated by Rudstam and

co-workers. The yield data are derived by y-ray assay of the mass-separated samples,

using a method described in ref. [23] [110], detailing the first case that was studied,

thermal fission of 235U. The fact that the samples are mass-separated permits very

sensitive detection and identification of the individual products, but also introduced a

need for normalization between the different chemical species. In the case of the 235U,

it was possible to perform the normalization by using previously known data for the

more long-lived fission products. Subsequent experiments have been made to

determine the yields in fast neutron fission of 238U [24] and 232Th [25], of the thermal

fission of 233U [8] and, of course, the fast neutron fission of 233U, subject of this Ph.D.

thesis.

In the following, we will describe the facility and the technique of measurement and

analysis peculiar to this approach.

2.2.1 The OSIRIS facility and the integrated target
ion-source ANUBIS (AN Unconventional Bi-mode
Ion Source)

2.2.1.1 The R2-0 thermal reac tor as neutron source

The R2-0 reactor used as a neutron source is a water-moderated research reactor,

with a maximum peak flux of about 3.1011 nxm'ls'1 . The reactor core hangs in a

framework ("the tower"), submerged in the eastern section of the R2 pool (the other
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reactor used in Studsvik). Its fuel is of MTR type, containing uranium enriched to

19.7 percent in 235U encapsulated in Al metal sheets. The maximum permissible

thermal power level is 1 MW and the core is cooled by natural convection. The design

of the reactor core allows us to insert samples in special places at the corners of the

reactor core.

Initially fully dedicated to OSIRIS purposes, the reactor is nowadays used as well as

neutron source in a new project of neutron boron therapy for cancer cure.

2.2.1.2 The OSIRIS facility

The OSIRIS [115] (Online Separation of Isotopes at the Reactor In gtudsvik) is

an ISOL (Isotope Separator On-Line) connected to a fission target placed about 15 cm

from the core of the 1 MW R2-0 reactor at Studsvik. The reactor is dedicated to the

ISOL during runs, which has the advantage that the fission rate in the target can be

adjusted by changing the reactor power. Typically, a power level of 50 kW is

sufficient for y-ray spectroscopy work on fission products with high yields, while a

power of 600 kW may be needed for studies of rare products.

HV and ion
source supply

Dilution
refrigerator

Figure 2.1 Layout of OSIRIS experimental area. One can distinguish two parts: the one close to the reactor including the
target-ion source and the channel, and the one of the main OSIRIS area where sits the isotope separator and the
detectors/data acquisition system (close to the tape system).
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The ion source is insulated from the beam line by a 20-cm long tube of sintered

aluminum. This high voltage insulator also contains the extraction electrode and the

lenses of the beam optical element. Downstream, a spherical electrostatic deflector

steers the beam at an angle through a neutron shielding placed outside the reactor

channel. The beam focussing is accomplished -with electrostatic quadrupoles before

and after the analyzing magnet. Then, the mass separated beam of interest is collected

on a movable tape, made of Al-coated Mylar, which is used for transportation or

removal of samples. Different kinds of radiation detectors can be positioned to "view"

the samples collected on the tape.

The fission products created in the target can thus be continuously extracted,

separated with respect to mass (and often with respect to the chemical properties) and

made available for investigations.

The targets used consist of uranium or thorium dispersed in graphite, prepared either

by dry mixing of the oxide with graphite or by impregnating porous graphite with a

solution of nitrate. The targets have to be ignited and outgassed at 2500°C in vacuum

before being inserted into the ion source.

This uranium target is heated to 2300-2500°C, which insures swift release of fission

products.

2400 * C, plasma ionization
Detection efficiency = 0.1%

120
Mass M

140 ISO 180

Figure 2.2 Typical scan
over of P-activity a
range of a magnetic
field. It mimics the
fission mass distribution
to some extent but it is
strongly biased by the Z-
dependent efficiency of
the mass separator. The
closely spaced peaks
below M=75 are from
doubly charged ions.
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2.2.1.3 The ANUBIS ion source

The acronym to label the new ion source [116] was created after some research in

classic Egyptology. Indeed, the god Anubis happens to be the son of OSIRIS.

The design in which the target is incorporated in the ion source was chosen for

OSIRIS, because it permits a considerably more compact construction than the

ISOLDE type system with a transfer line between the separated heated target and the

ion source. Thus, combined target and ion source is unconventional in some respects.

One example is the W filament, used for electron bombardment heating of the target

chamber, which is wound as a closed end double helix. This eliminates the need for

supporting electrode and insulator at the "top end" of the filament, resulting in a

compact, simple, and highly reliable unit. Another unconventional and very important

feature is that the source can be toggled between two different modes of operation

[117] by the flip of a switch on the operator's console. One of these modes is pure

thermal ionization on a hot Re surface, which permits selective ionization of elements

in the first three main groups of the periodic table. The other mode consists of

electron impact ionization, which is non-selective with respect to chemical species.

The electrons originate from a ring Thoriated W mounted as a lining of the central

orifice of the target innermost heat shield. The electrons are accelerated towards the

outlet of the target chamber by a potential of 50-150 V. It is foreseen that the electron

impact mode can, if desired, be made much more efficient by a better focusing of the

electrons and by and active heating of the electron emitting electrode.
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b)
, Innermost Mat shlcM

, Filament

,T*rget'U*C

End cmp with
«mission orifice
In R« lontzer

Figure 2.3. a) A cut through the ANUBIS ion source used at OSIRIS, showing the central W target
chamber, surrounded by the electron bombardment filament and seven concentric heat shields. The
large flange on the water-cooled outer jacket is attached to the HV insulator and associated beam optics
at the front end of the OSIRIS vacuum system, b) A schematic picture of the electric power
connections used for operation in the two different modes: of surface and plasma ionization by electron
impact.

2.2.2 Determination of fission yields by means of
an Isotope Separator On-Line (ISOL) system

The experimental technique and the theory behind the analysis are described in

detail in ref. [110] [118], and only the main lines will be recapitulated here. The

facility used for the measurement is the mass-separator OSIRIS described in the

previous section. The ion source has been used at high temperature (T = 2250°C),

both as a positive surface ionization source and plasma source depending on the needs

for accessing the nuclides of interest. One can highlight that the high target

temperature is a great advantage because the delays in the system are significantly

reduced and also because the number of elements available for study is considerably

increased. In the frame of the 233U(nf,f) study, all element from copper (Z = 29) to

barium (Z = 56) have been studied, with the exception of the transition elements

yttrium, zirconium, niobium, molybdenum, technetium, ruthenium and rhodium (i.e.

fromZ = 39toZ = 45).
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After mass-separation, the samples are collected in front of a calibrated Ge-

spectrometer, and the y-spectra are recorded at various intervals in the build up of the

sample (i.e. during collection). A chosen mass beam is directed towards a Mylar tape

at the collection position of the separator, and the activity is measured in four

consecutive periods. The first period, with the beam blocked, provides a background

measurement and build up of the activity was measured during the subsequent three

periods. After finishing the measurement cycle, the ion beam was blocked and fresh

tape was brought into position to serve for a new cycle. The procedure was repeated

until sufficient statistics has been acquired.

The abundance of the various components in the sample is evaluated from known y-

branching ratios and detector efficiencies. Generally, several y-rays are used for each

nuclide. This improves the statistics and reveals handling errors such as contaminated

y-peaks or mistakes in the input of data for the computer calculations. These figures

have to be corrected for the delay in the system in order to be converted into relative

fission yields. The following facts need to be considered:

i) that the delay may be governed either by desorption from the surfaces

in the target-ion source system or by diffusion through the target

material,

ii) that the parents12 and daughter have different properties,

iii) that the separator efficiency is different for parents and daughter.

Thus, the analysis requires a thorough study of the delay properties of the different

elements. Indeed, it exists a delay between the production of a nuclide in the target

and the collection of the nuclide at the measuring position, and it is necessary to take

this delay13 into account when converting the measured number of counts into a figure

12 One has to note that it is sometimes necessary to consider not only the parent effect but also that of
the grandparents). Therefore, the treatment of the parent effect has been extended to include the
grandparents' contribution.
13 In an isotope separator, the reaction products formed in the target will diffuse out of the target
material, evaporate from the surface and reach the ionizing region (the ionizator in the case of surface
ionization) by gaseous diffusion. The ions formed are extracted, accelerated and pass through the
analyzing magnet, after which they are collected on some foil measurements. The time between
extraction and collection is usually of the order of microseconds and may be neglected in comparison
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that corresponds to the yields. In the case for the recoil separator LOHENGRIN or the

recoil spectrometer HIAWATHA, the problem is small because the delay14 between

the production and the collection is negligible and nothing to worry about. On the

other hand, in experiment with ion-source separators, such as OSIRIS, where the

fission products are stopped in the target and then re-emitted and ionized, the delay

may be many seconds. One has to be aware that parent and daughter elements

generally have different delay properties and different separator efficiencies. A proper

correction for the parent effect (and also the grandparents and nuclides still further

back in the chain) can only be carried out if the delay of all members of the chain

leading to the nuclide to be measured are well understood.

Since data taken for different mass numbers are compared, it is required that the

whole system is stable during the experiment. This is checked by intermittent

measurement on à given nuclide (in our case 96Sr for the low reactor power, 50 kW,

and 97Sr and 97Rb for the high reactor power, 500-600 kW). For these control

measurements, a correction curve can be determined, with respect to variations in the

separator performance. Normally, such variations are very small giving rise to an

uncertainty smaller that the uncertainties in other elements of the analysis (counting

statistics, branching ratios, detector efficiencies, etc.).

A computer program, F YIELD [119] has been written to evaluate the fission yields.

The independent and cumulative yields are determined from measurements of number

of decays (as obtained from y-spectrometry) taking place during the collection of a

sample. The parent (and grand parent) effect is taken into account. The input data are

(except from the experimental conditions) the delay parameters of the parents (and

grandparent) and daughter, information about the release mechanism of the element

involved, and the ratio between the separator efficiencies of the parent and the

daughter (and the one between the grandparent and the parent when applicable). The

output of the analysis are the relative independent and cumulative yields of the

with other delays. Thus, what is of interest is what happens between the production in the target and the
extraction from the outlet hole of aie ion source.
14 In these cases, the fission fragments formed in the target are never stopped but recoil into the
spectrometer. Their passage to the collection position is so rapid that the radioactive decay during flight
can be neglected.
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daughter and their errors evaluated from the uncertainty of the delay parameters and

the branching ratios used to convert number of counts into number of decays, and the

statistics of the measurements. The final result is a set of relative yields of the isotopic

chains that have to be normalized to absolute ones by comparing them with yields

known from other experiments.

2.3 Design of the boron filter and
characterization of the obtained fast neutron
spectrum

The thermal fission cross section of U is larger by a factor of about 200 than

the cross section at MeV energies, as shown in Fig. 2.4. As the R2-0 reactor used as a

neutron source is a water-moderated research reactor, it was thus necessary to

investigate whether the neutron spectrum at the target irradiation place could be

sufficiently filtered to give predominantly fast fission events in the 233U target. A

study of a strong suppression of the low energy neutrons in the R2-0 neutron flux was

then initiated to allow investigations of the fast fission of 233U.

D-233 Fission Cross-section
10s

10" 10" 10"2 10" 10° 10* 10s .10* 10* 105 10' 107

Ifeution E reoc feV)

Figure 2.4 Fission cross-section
of the mU [120]. The different
ranges of incident-neutron energy
(thermal, fast and high energy) of
interest for this study have been
outlined.
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The present study to find the optimal filtering [121] was conducted using two

different transport calculations. A deterministic computation with the DORT code was

performed to predict the shape of the flux with different materials and different

thickness of it as neutron filter. The DORT code [162] is a 27-energy-group code

from 0.33 eV to 20 MeV going through the whole reactor spectrum. The idea of a

Cadmium filter material has been considered, but Cd appears to be a good neutron

absorber only for the thermal component of the neutron spectrum. A filter material of

B4C with a thickness of 2 cm has been found optimal to cut off both thermal and

epithermal neutron components of the flux. A probabilistic method (MCJJP™) [163]

was also employed to verify the deterministic calculations. The figures 2.5a and 2.5b

show the flux calculated at the target place with and without a boron filter, confirming

an effective filtering of the neutron flux for neutron energies lower than 1 keV:
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Figure 2.5 a) Flux calculated at the target position with the deterministic code DORT with and without
the B4C filter shielding the ^^U target, b) Same calculations than in a) but with a probabilistic code
MCNP.
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The ratio of the fast to the total fission rate, (Xf.Ofast)/(Zf.<I>totai)} found with the help of

both methods is summarized in the following table:

Table 2.1 Comparison of the results obtained with DORT (deterministic method) and MCNP
(probabilistic method) for the (£f.<E>)&s/(Ef.<E>)totai ratio.

No Filter

Filter: Enfast> 100 eV

Filter: Enfast> 3keV

Filter: Enfast> 100 keV

DORT Calculation

8.2 10"3

0.99

0.80

0.70

MCNP Calculation

1.5 10'J

0.99

0.95

0.78

Table 2.1 shows that 99% of the fission events occurs from the fast fission of 2Si\3i

confirming a strong suppression of the low energy neutrons. The calculation for

DORT and MCNP gave us respectively the following average neutron energy in the

spectrum: <En>DORT =1.19 MeV and <En>MCNP = 1 -25 MeV.

Experimental irradiations of different (thermal, resonance and threshold) activation

foils, with and without a B4C filter, were performed to simulate the conditions of the
233U target, and gave a good agreement between the measured and calculated spectra.

As an illustration of the sought spectrum shape, one can give examples of expected

neutron spectra in some of the accelerator driven systems with a fast neutron

spectrum:

«-MA Burner with S % Luithulrfn (8=0)
• - MA Burner whh S % Lamhuittcx (Ba«7%)
«-SUPEWKEHDC

Figure 2.6 Average
neutron spectra in the
core of an accelerator
driven system [122].
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2.4 Measurements of the fission products

2.4.1 Independent yie Id measurements with
OSIRIS (On-Line technique)

2.4. Ll Data acquisition

The first campaign of measurement used the mass separator OSIRIS, which is

fully described in section 2.2.1. Thus, the method is to collect the samples, coming

from the separator, on a tape with simultaneous y-measurements by means of high

resolution calibrated Ge spectrometers. The y-spectra obtained are then transferred

into computing storage.

A setup of two different Ge spectrometers (of 50% and 80% resolution15, receptively),

has been used in order to measure events with two parallel systems16. Therefore, this

experimental setup allows a checking of data and spectrometers and, if necessary in

case of low counting rate, to add spectra to get better statistics. An additional P-

detector has been adjoined to be used as another checking parameter. All these three

detectors were connected to rate-counters, allowing to adjust the experimental

parameter in order to get required counting rate. Indeed, it is necessary to fine-tune

the y-counting rate of the detectors in order both to obtain a desirable precision and

without saturating the spectrometers. One can modify the following parameters:

15 The efficiency is given relative to that of a NaI(Tl) detector with 3-inch diameter and a height of 3
inches, as measured at 1.33 MeV at a distance of 25 cm from the source. The absolute efficiency of the
Nal detector is 0.0012 in this geometry and at this energy.
16 With big Ge-detector, one has to be careful with sum of several gammas in cascade. Indeed those
effects can decrease the total energy up to 20%. Those problems of intensities losses due to coincidence
summing in big detectors depend mainly on the solid angle of the experiment. In order to avoid these
losses, the detectors have been placed at a distance to give less than 10% solid angle. It is not expected
that any of the measured nuclides could give rise to more than 5% intensity loss from such effect
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- on one hand, the neutron flux produced with the R2-0 reactor (see

section), which irradiated the target (the fission rate x f = NGf<3>, where

N is the number of fissioning nuclei, Of the fission cross-section and O

the neutron flux, can be modified by simply modifying the reactor

power),

on the other hand, the y-counting rate can be adjusted by modifying

the speed of the moving Mylar tape (collection time or "group-time"),

x>n which we collect the fission products and the measuring time

(number of cycles).

In order to suppress any background (coming from natural and residual radioactivity,

cosmic radiation, etc.), shields of lead, iron (to avoid to measure X-rays from the lead)

and paraffin (to stop neutrons emitted from the target) were surrounding the detectors

as shown in Figure 2.7. .

Beam of
fission
products

Tape place
w here FY are
collected

Paraffin
shielding

Figure 2.7 Detectors setup for the 233U(nf.f) measurement. Two Ge y-spectrometers were
used together with a |3-detector, surrounded by iron, lead and paraffin shielding.

Some additional plastic disks have been placed in front of the y-detectors in order not

to get background from P-particles.
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The acquisition of the data was done via three 16384 channel Multi Channel

Analyzers (MCA). Each MCA was connected to one of the detector (the two y-

detectors and the |3-one) and divided into four different group times (see section 2.2.2).

of 4096 channels, capable of measuring from 0 keV to 3085 keV. The energy

resolution of the photopeaks (FHWM) in the spectra varied from 1.8 keV at 20 keV to

2.6 keV and 4.1 keV at respectively 1 MeV and 3 MeV.

After the beginning of the detected signal, the detector remains insensitive to any

other new particle going through it for a short interval of time. This interval is

properly called dead time. If a second event occurs within a short time, peak pile-up

will occur. At a somewhat later time the new pulse overlaps with the tail of the pulse

from the previous event causing so called tail pile-up. Pulse pile-up may make two or

more closely space events look like a single more energetic event. Thus, the detector

and measuring circuit needs a certain time to register each individual event separately

with correct magnitude. In order to obtain the true count rate it is necessary to know

the correction that must be made to this random coincidence loss. In this experiment,

a pulse generator allowed the dead time correction.

As noted before, the parameters relevant to each measurements are: the reactor power

(which determines the neutron flux), the "group-time" (beam collection time on the

Mylar tape to the fission products activity coming from the ionization source), and the

number of cycles (represents the total counting time).

For a first approximation of these parameters, we were referring to the previous

experiment for the thermal fission of 233U done by Rudstam [8] and from the

estimation from Wahl of the yields of the nuclides of interest using the Zp model. [40]

[79].

The "group-time" was chosen in the following way: it has to be close to the half-life

of the nuclides we are investigating, and then it is adjusted to get a reasonable

counting rate (about 1000-2000 counts.s"1 for the y-rate, with a maximum of 10000 to

avoid saturation).
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For example: for the mass 119, Cd (Ti/3 = 2.20 min) and In (Ty2 = 2.40 min) have been

measured and group-time r =2 min has been chosen.

For the high-fission^yield nuclides (86-97Rb, 9MSSr, I43'I45Cs, I45Ba...),Si50 kW reactor

power was used, while we operated a power of 500 or 600 kW for the other nuclides

with a low fission yield.

The total time allotted to the individual measurements has been determined "on-line",

i.e. during the measurement, by checking the y-ray area for selected y-lines of the

investigated nuclides.. Good statistical significance is obtained at about a thousand-

count area for the main y-lines. For the very low yields, we run measurements for a

day {"3Pd, "3Ag, "5Pd, l!5mPd,"5Ag, "-'mAg, mPd, 77Zn, 77Ga, 77Ge...\ otherwise a

measuring time from a few minutes (86Rb t = 7 min, 141Cs t = 5 min...) to a few hours

(l39Xe t = 50min, "4Ag t =lh, 130In t =lh30, 120Cd t = 3h...) was used.

Figure 2.8 illustrates an example of a spectrum from a Ge detector acquired through

an ADC, showing the four group-time divisions.

800

Group I
Background Group 2 Group 3 Group 4

0 2000 4000 6000 8000 10000 12000 14000 16000

Channels

Figure 2.8 Sample of y-spectrum obtained with the 50% Ge detector for the mass A=130.
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Group time 1 in.Fig. 2.8 shows the presence of a "room background" in the measured

spectra. In addition, one can mention the contribution in the spectra of the two

following features: the backscatter peak and the X-rays peaks. The broad backscatter

peak, located between the X-rays and the Compton edge, arises by the absorption in

the crystal of the detector of scattering photons resulting from y-ray absorption via

Compton interactions in the material. In the present spectra, the room background

covers the backscatter peak. The X-ray peaks are due to the absorption of the X-rays

emitted in the electronic rearrangement following the nuclear disintegration,

following internal conversion or after excitation of materials near the detector (such as

lead shielding).

If a positron source17 is enclosed or allowed to irradiate an absorbing material, the

positron will annihilate with the absorber electrons to produce two photons, each with

an energy equal to the electron mass: 511 keV. This gives rise to a small photopeak

called annihilation peak with the corresponding energy Ey = 0.511 MeV.

1000

to

§ 100
o
o
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X-ray from Pb

Annihilation peak Comptom edges from these Y -rays

E = 511 keV

500
Channels

1000 1500

Figure 2.9 Example of y- ray spectrum from the 50% Ge-detector, A=130, group-time 4. X-rays from lead
and a peak at 511 keV, corresponding to the detection of one of the annihilation photon, are observed.

17 Positrons are generated by "pair creation" events, where a y-ray with an energy > 1.02 MeV is
converted to a positron + electron pair in the electric field of a nucleus (very commonly a Ge nucleus in
the detector).



Measurements of the fission products - 87 -

The on-line technique for the fission yield measurements has the advantage of being

sensitive (yield values down to about 10"3 % can be determined in fast fission) and fast

enough so very short-lived products (e.g. 125m2in with a half-life Ti/2 = 5 ms) on the

extreme neutron-rich side of the mass distribution can also be observed. As mentioned

before, the element from Y (Z = 39) to Rh (Z = 45) can not, however be obtained via

this method. Furthermore, the separation efficiency for the lanthanides was too low to

allow efficient measurements during the fast fission of 233U. Within these restrictions

about 180 independent yields were measured including some isomeric yields,

covering the mass range from 74 to 147 and the charge range from 29 (Cu) to 56 (Ba).

This range of measured nuclides represents a very large amount of spectra to be

analyzed (about 1200).

2.4.1.2 Analysis of the spectra

The y-spectrometers. are calibrated by means of radioactive samples of known

strength. For our purposes, we used a 152Eu source possessing strong y-lines at energy

range from 121 keV to 1408 keV and a Rb sample for the high energy up to 3317

keV. •

By identifying the lines at given channels, we can deduce an accurate energy

calibration by channel with of a second degree polynomial fit:

E = A. Ch2 + B. Ch + C Equation 2.1

The measurements of the radiation intensity need a particular attention on the

efficiency calibration of the detectors. Indeed, the measured activity is affected as

follows:

na,Un, (real)= £.ncmmr (measured) Equation 2.2
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where nCOunt(real) and nCOUnt(nieasured) are respectively the number of incident y-rays

of a particle energy and are of the observed photôpeak, e is the detector efficiency.

To determine e, it is necessary to use a set of y-emitter sources with known y-emission

rates covering the whole range of energy of interest.

In the scope of this work, one is only interested in the relative detector efficiency due

to the fact that it is use in the determination of the relative fission yields before

normalization. Then, relative y-emission rates i.e. £ = """"
namn, (measured), has been

used, with PT the branching ratio of the y-line considered. In order to cover the whole

range of energy of interest, we used the previous sources of 152Eu and 90Rb, plus and

additional 152Sn sample to cover the low energies (down to 85 keV).
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Figure 2.10 Relative
efficiency of the 50%
detector. The shape
of the curve can be
fitted by the sum of
two exponential
functions in the high-
energy range, but for
the low energies,
some experimental
points are needed.
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One should note that the 90Rb and 132Sn samples were collected on-line from the

experimental data of the ~ " U(nf,f) reaction from the OSIRIS mass separator.

The analysis of the y-spectrometers data was done using y-branching ratio from

recent compilation [123] [124]. A complete list of y-lines and corresponding branching
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ratios used in the frame of this analysis, is given is Appendix B. Thus each nuclide is

identified with its characteristic y-lines in the isobar spectrum. We gave a special

attention to the double peaks (contamination of two peaks with close energy) or peaks

with a low intensity, and of course to the background contamination. Figure 2.11

gives an example of spectrum:

Figure 2.11 Gamma-ray
assay of on-line
separated sample of
fission products for the.
mass 125.
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The shape of the peaks can generally be represented by a Gaussian, but it is strongly

dependent of the energy (e.g. the relative resolution goes down at high energy).

Hence, our fitting program takes into account this FHWM (Full Half-Width

Maximum) energy dependence (it is represented as a linear function of the energy,

FHWM(E) = A.E + B.E, A and B constants). To determine the constants, we used

again the l52Eu source and the 9IRb sample as references. In order to be more

accurate, both sides of the peak have been fitted separately (i.e. the peak is described
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as a non-symmetrical Gaussian). This analysis results to a number proportional to the

number of atoms of a specific nuclide, which are present in the sample.

2A.J.^À.QQXrS.ctign_duejoçontr^

. One important part of the analysis consists of the correction for the parent

contribution to the measured activity of a nuclide being investigated. As noted before,

for some cases it is necessary to take into account not only the parent's contribution

r but also that of the grandparent.

Several decay paths can lead to the same nucleus. The isobaric parent can have two or

more isomeric states, both of which (3-decay to the daughter. One can also find

delayed-neutron decay into the path to the daughter investigated. Hence, in the

analysis of a yield of each particular nuclide, one has to take into account the

contribution of all its precursors.

The complete table of the parents' contribution (paths and branching paths) is given in

Appendix. B, but we can give a few examples:

74-for 74Ga (Ti/2 = 488s), we have the following contributions:

- 7 4 ^ 9.S.6, ?74 Ga ( 1 0 0 % )

" Cu

>74Zn
95-6' ) 7 4Ga

(100%)

(4%)'

79-for "Ge (Ta = 18.9s):
79 Zn-
so-

19Ga "*" )79Ge
S0Ga L697v > 7 9Ge

2487v

Zn 0545* >79Ga

(94%)

(1%)

(94%)

(1%)

147-for Cs (Ti/2 = 0.23s): none (**a good approximation)
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2-.4.1.2.4.Emission meçhanisms_gf_the_elements

The ion-source ANUBIS (see section 2.2.1.2) working at high temperature hosts

the target of fissile material under the shape of a cylinder of graphite impregnated

with uranium carbide. The ion-source can be run at temperature up to 2500°C. In the

present experiment, a lower temperature was chosen (T = 2250°C) for safety of the

target (233U targets are complex to make). The atoms of different elements escape

from the target either entirely by diffusion (through the target material) or also by

desorption (from the surface of the target). These two processes are of different

physical nature and need to be treated differently in the analysis of the delay time in

the target.

For the different chemical species investigated, we have the following release

mechanism in the

Z =

29

30

31

32

33

34

35

36

37

38

46

47

48

49

50

Element

Cu

Zn

Ga

Ge

As

Se

Br

Kr

Rb

Sr

Pd

Ag

Cd

In

Sn

target:

Mechanism

Desorption

Desorption

Desorption

Desorption

Desorption

Desorption

Desorption

Diffusion

Desorption

Desorption

Desorption

Desorption

Desorption

Desorption

Desorption

Table 2.2 Release mechanism for each chemical
species investigated in the 23:îU(nf,f) experiment.
They have been mainly deduced from previous
experiments done at Studsvik and on other ISOL
systems (e.g. ISOLDE, IGISOL, etc.).
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51

52

53

54

55

56

Sb

Te

I

Xe

Cs

Ba

Desorption

Desorption

Desorption

Diffusion

Desorption

Desorption

One can note that only the two noble gas

elements are released by diffusion: Xenon

and Krypton

^

A high target temperature is desirable to promote a relatively rapid diffusion of the

fission product atoms through the porous target material. Whether the time controlling

step is the diffusion or the desorption, one can still observe significant differences

between the release times of the atoms of different elements. The process of the

release can to a good approximation be described using only the two parameters \i

(the delay parameter) and the ionization efficiency r| (in practice the total efficiency

given by the ratio of the numbers of atoms collected to those formed in fission). These

parameters need thus to be determined experimentally for each chemical species of

interest.

In the previous yield determinations at OSIRIS, the two-point normalization method

[110] [118] was used to determine these parameters. This approach requires known

yields, Yn. of two isotopes of the same element, one with a long and the other with a

short half life in comparison to the delay in the isotope separator system, implying

that the value of the delay constant falls in between their decay constants. The ratio

r|R/Yn, with R being the nuclide production rate is then plotted versus [i for both

isotopes. More explicitly, the ratio is:

Equation 2.3
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where the number of target atoms, the particle flux, and the formation cross-section

are given in obvious notation. The ratio will vary with p., but there is only one value

of |x which satisfies both normalization points. The corresponding value of the ratio is

then proportional to the total separator efficiency, which can be determined on an

absolute scale if appropriate values of the cross section etc. are entered.

In the case of 233U(nf,f), it is not possible to find suitable normalization points since

very few yields are known experimentally (see section 2.1). In order to circumvent

this difficulty another approach was applied, drawing on the experience obtained in

the previous studies, and during performance tests of targets and ion sources.

The performance tests show that the release time, and hence the delay parameter

depends on the concentration of uranium in the porous graphite of the target and also

on the temperature. There is no observed significant difference between the delay

properties of targets having essentially the same U/C ratio. It is thus a good

approximation to use similar values of the delay parameters for the different elements

as was found in the previous fission yield studies of 235U, 233U, and 238U, see refs [8],

[23-24] respectively. However, these previous investigations were performed at a

target temperature of 2350 degrees C, while the present data were taken at 2250

degrees C: It was therefore necessary to investigate the temperature dependence of the

release of the fission products. This investigation can be performed by comparing the

production yields of the mass-separator for a long-lived and a short-lived isotope of

the same chemical species at different target temperatures. The long-lived isotope can

be presumed not to suffer significant losses due to the delay in the target. Hence, any

variation in the relative production yield of the short lived isotope is due only to the

delay, and is a direct measure of the parameter F_corr employed in the analysis of

delay losses [4] by Rudstam. This parameter, representing the inverse of the number

of atoms surviving the decay losses, depends only on the delay parameter and the

decay constant of interest'and can be deduced from observed data once a value for the

delay parameter is known for a given isotope.
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The losses in production yields were studied in a special series of measurements at

three different temperatures, 2150°C, 2250°C and 2350°C, for most of the elements

obtained as fission products. The production yields were deduced from peak areas in

the y-ray spectra in a similar way as in the main experiments. Losses in the yields due

to variations in the delay parameters were deduced using both of the following

methods:

- either by comparing measurements on two different isotopes of the

same element,

- or by comparing the intensity of a short lived isotope with long-

lived species present in the same sample.

Subsequently, a weighted average of the delay parameters at 2350°C was deduced

from the previous experiments (see Appendix C) and corrected to apply at 2250°C,

which is the temperature of interest for the present work. The table below gives a

summary of the corrections for the temperature dependence.

Table 2.3 Investigation on the temperature dependence of the delay parameter. The delay is expressed

by D,A in second ( = ).

Element

Zn

Ga

Ge

As

Se

Br

Kr

Previous
D,/2(s)

Factor
2350°C->2250°C

2.3 | . 1.1
j

1.7

5.0

- 2 0 0

87

0.7

1.1

1.5

-1.5

1.5

1.3

1.2 j 1.1

Nuclide loss (in %) due \
to different delay times \

2.1s77Zn<10% 1
compared to long lived j
A=77 species |
1.7s S0Ga <10% " " i
13s 77Ga I
4.6s szGe -25% " " ;
30s8 0Ge 1
No data, assumed factor

31s85Se -15% :
compared to 3.3m 84Se
1.9s ^ r -15% " "
55s 86Br
1.8s 9iKr <10% " "

) 32s 90Kr. Diffusion.
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Rb

Sr

0.6

Pd

Pd

Ag

4.6

70

70

0.5

1.0

1.5

1.5

1.5

1.3

0.2s 97Rb No visible loss
y70.4s y7Sr -30%

compared to Rb in the
same sample
" ^ f ~35%~~" '
between A=l 14, 116 and
150sTr4Pd~10% with
160s "6Ag
0.3s 12OAg~~25%
compared with 160s
116Ag

Ag 0.5 1.3
2.1s1 i\g~10%

0.9s12TCd~20%
to II9CdCd

In

Sn

1.7

1.7

0.7

1.4

1.4
1.5sT2?ïn~Ï5%
I24Cd

1.3 Data irregular, assumed
factor
10s l34Sb -20%
compared to other Sb +
long lived

Sb

Te

Te

I

Xe

Cs

Ba

23

23

23

1.4

j .

12

1.0

1.1

1.4

1.5

1.5

1.5

1.3

14s 7%

2.5s lillfe 35% " "
133Te and long lived•~6.5sT38F -

136,1371

t l t l

13s 140I 10% "
139Xe. Diffusion.

1.0

1.1

No visible loss of short
lived Cs
2sT46Ba
compared to 144Ba

Also the efficiency of the ion source is influenced by different operating conditions. A

lower temperature is obtained by a lower bombardment current, which latter is

responsible for the ionization by electron impact. For most elements, the efficiency

will thus be proportional to the bombardment current, which is reduced by about 25%

when going from 2350°C to 2250°C. Some exceptions exist as discussed below.
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The elements Rb, Cs have extremely low ionization potentials, and are almost

completely thermally ionized already at 2000 degrees. There is NO change in

efficiency for these elements.

The elements Br, Kr and Xe have ionization potentials, which are higher than that of

Carbon. A higher temperature gives a higher concentration of Carbon vapor, which

leads to a loss of ionization for Br, Kr and Xe at high temperatures, due to charge

exchange collisions with Carbon atoms. In the range 2250 to 2350 degrees, there is a

balance between this loss and the increasing ionization due to the bombardment

current. Thus, there is NO change in efficiency in this temperature interval.

The modifications mentioned above, together with Rudstam's previous values for the

efficiency, have been used as a first approximation

A table containing both previous values and new values for our experiment is given in

Appendix C.

Specùd note for the£jasemg£G^

Rudstam's method for a simultaneous determination of the separator efficiency and

the delay parameter is based on using the observed counting rates for two isotopes of

the same element, having known yields and having quite different half lives. For

Rudstam's further analysis, the delay parameter is the most important item. The

efficiency has little influence on the final yield values, since these are anyway

normalized on some known value for each element.

The two-point method of Rudstam may lead to interdependent errors in the delay and

efficiency, if erroneous data is being used in the analysis. An incorrect value for the

gamma-ray branching gives an over- or underestimate of the number of atoms

actually collected. A problem of this type has probably occurred in the analysis of

data for Ge, As and Se. The following nuclides were used: 80Ge (24.5 s) and 83Ge (1.9

s). The y-ray branchings of both nuclides were deduced from the decay schemes. No
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measured data exists. The independent yield of 80Ge is much smaller than the

cumulative, giving a large uncertainty in this normalization point.

81As (33 s) and 84As (5.5 s). The y-ray branching value used by Rudstam (for 235U) is

L factor of two lower thi

small independent yield.

a factor of two lower than the value obtained in a later experiment. Also 81As has a

84Se (195 s) and 88Se (1.8 s). The y-ray branching of 88Se is uncertain by about a factor

of two. Only one determination has been made in a chemical separation experiment

giving all Se isotopes simultaneously.

Rudstam analysis gives the efficiency for As to be 15-30 times higher than for Ge and

Se. No such strong effect has been seen in the many measurements performed on the

isobars with A=80-85. The elements Ge, As and Se are chemically equivalent with

Sn, Sb and Te. They have similarly high vapor pressures at the temperature of the

OSIRIS target, and quite comparable ionization potentials.

The efficiency can become quite low for elements with a very small vapor pressure.

This is the reason why the elements with Z=40-45 are not seen at OSIRIS. For other

elements, the efficiency is directly related to the magnitude of the ionization potential.

If this potential is less than about 7 eV, a component of surface ionization has a strong

influence. The completely dominant ionization mechanism for elements with higher

potentials is the electron impact ionization. The incident electrons have a wide energy

spread from low energies up to about 150 eV, resulting in a rather uniform probability

for ionization for all elements, except for some dependence on the absolute magnitude

of the ionization potential. There is no plausible (or even conceivable) mechanism that

can cause the high ionization efficiency reported by Rudstam for the element As, see

also the Fig. 2.12.

The fact that a very low efficiency is given for Se, is probably due to an incorrect

parent effect, which has been influenced by the high efficiency for As.
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The most probable scenario is that Ge, As and Se are obtained with nearly the same

efficiencies, and that the delay in the target of As is considerably smaller than given
235'

by Rudstam in the ^"U yield report [23].

c

o

ai

10

0.1

•Cs Plasma ionization

As

6 8 10 12
lonization potential (eV)

Figure 2.12 Total separation
efficiencies at OSIRIS as
measured by Rudstam. The data
for lanthanides are not included.
The uncertainties are of order of
±50% in most cases, and can be
substantially larger in cases
where y-ray branching data are
poorly known. The given
efficiencies for Se and As are
unphysical and should not be
trusted. The efficiencies for
these elements are expected to
be near 0.25 in both cases.

It is essential that the isotope separator is running smoothly and under stable

conditions over the whole experiment in order to compare data taken at different

times. This is essential, since the relative yields are obtained by comparing

abundancies over a range of isotopes of a given element, and therefore the separator

efficiency and the focussing conditions should remain as stable as possible, and also

be monitored over the total experiment.

At regular time interval during the experiment some "normalization runs" of the mass

97 were made. The 97Rb and 97Sr are high yield fission products and can thus be used

as references for the beam variation. The monitor curve of the running conditions for

the 97Rb isotope reference is given in the following Fig. 2.13:
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Figure 2.13 Separator fluctuation over the whole experiment. Rb relative efficiency measured by a
Ge detector.

2.0

1.5->
O
a>

'jo

I
DC 0 . 5 -

0.0-^r

97 r• Beam variation reference Rb

0 50 100 150 200 250 300 350

Time of the experiment (in hours)

Some fluctuations are visible. They are often connected to adjustments of the beam

focussing elements. The beam fluctuations are taken into account by a re-

normalization of the reactor power in the calculation of the yields.

2.4.1.2.7Method to derive the Fission Yields

Corrections for experimental parameters, for contributions from parents and

grandparents are included into the derivation of the fission yields. The nuclides

decaying by delayed neutron emission abundance are taken into account as well.

Values proportional both to independent formation and cumulative one of the isotope

are then obtained.

These results are relative values and need to be normalized. The normalization is done

by comparing the yield value N<É>r|<7Y (cf. section 2.2.2), where Y is the yield in

percent, with the yield of a given isotope. This gives a value of N<£r|G. For a given
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experiment this is a constant (= Grz)> which can be used for the determination of the

yield of all other isotopes of the element Z by the relation Yield Value/

/(-7Z

One has to note that the proportional factor CTZ is related to the number of fissions

taking place in the target. This number can not be measured directly but it is

determined using published experimental yields.

The lack of experimental data motivated our "off-line" measurements (cf. section

2.4.2) in order to get some normalization points. When none were available, we used

the values of Wahl [79], determined from systematics.

The resulting normalization gave a set of about 180 independent yields (plus

cumulative ones), that will be discussed in the next chapter.

2.4.1.3 Sources of systematical error

There are several sources of errors in the yield evaluation. The main ones stem

from the gamma and delayed neutron branching ratios, the detector efficiency curve

and statistical uncertainty. The nuclear parameters come from compilations of nuclear

data and are strongly dependent of their accuracy. Unfortunately, the given values can

differ substantially in between the different compilations and libraries. Most of the

values used in this analysis come from the exhaustive literature search, which has

been carried out by Rudstam [125] with the goal to list and compare experimental

determinations branching ratios of y-rays emitted from fission products. However, it

can be shown that the fission yield values are highly dependent of the y-branching

ratio values used in the analysis.

For example: if we take the nucleus 84As, the following table shows its main y-lines

and the corresponding branching ratios taken from two different compilations, JEF2.2

[45] and the "Table of Isotopes, eighth edition" [123]:
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Table 2.4 Comparison of the ^As y-lines and corresponding branching ratio from the JEF 2.2 library
and from the Table of Isotopes compilation.

MAs nuclear values

Intensity from
y-ray (keV)

JEF2.2{%)

667.1 21

1455.1 49

2086.6 4.7

Error

(%)

5

11

1.2

Intensity from

Table of Isotopes

36

85

8.1

Error

(%)

6

1

84,
With these values, we obtain the following relative yield for As:

Table 2.5 Comparison of the yield values obtained with different y-branching values for the 84As
isotope.

Yield with the JEF values

Relative Yield (%)

1.415

Error (%)

0.5423

Yield with the Table

Relative Yield (%)

0.7976

of Isotopes values

Error (%)

0.3395

As we can notice, the different values for the y-branching ratios coming from the

different libraries can give us values up to double for the yield determination.

The uncertainty of the delay parameter and the ionization efficiency will also add

to the total error. A systematic error is introduced if the delay mechanism assumed is

the wrong one, but this error is only important in certain cases, for instance for

isotopes considerably more short-lived than the ones used in the normalization

procedure. On the other hand and fortunately for the accuracy of the results, small

variation of these parameters has only a minor influence on the yield determination, as

shown in the table 2.6.

Normal value for delay Delay increased of 20 %

Relative Yield (%)

0.7976

Error (%) Relative Yield (%)

0.3395 0.6810

Error (%)

0.2905

Variation (%)

10

Table 2.6 Variation of yield value for the As isotope with a 20% increase of the delay parameter.
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Another sensitive parameter can be source of error: the beam variation. Indeed, as

noted in section 2.4.1.2.6, in order to compare data among themselves, we need to

take into account the beam fluctuations. The reactor power was re-normalized (as a

linear function of the beam intensity), which is one of our parameter for the final

calculation of the yields. The following table 2.7 shows us how sensitive is the

influence of the power variation on the resulting calculation of the yield. One can note

that this influence is smaller if the power is over-estimated, but on the other hand can

dramatically change the result for under-estimation of it. Thus, it is primordial to

know exactly the beam variations over the measurements, that why constant control

measurements have been made during the ~ ' U(nf,f) investigation experiment.

Table 2.7 Variation of the yield with the re-normalization of the reactor power to compensate the beam
fluctuations.

Power re-
normalized

(kW)

600

720

800

880

1000

Beam variation

-25%

-10%

Reference

+10%

+25%

Relative Yield
(%)

1.0690

0.8906
0.7976

0.7287

0.6413

Error (%)

0.4550

0.3791
0.3395

0.3102

0.2730

Variation

+34%

+11%

-8%

-19%

A serious source of error may be introduced when the measured cumulative yields

are to be converted to independent ones by subtracting the contribution from the

parents from the cumulative yield of the daughter (note that the parents may be

different isomeric states of both the isobaric parent and the non-isobaric parent if the

latter is a delayed neutron precursor). In many cases, the independent yield of the

daughter is considerably smaller than the cumulative yield of the parent, which will

usually lead to a large relative error of the daughter yield. One can give as example

the case of 117mCd, with an independent yield of (6.2\±5.66)AQiA % which has as

parentf l7Ag with a cumulative yield of ( 1.88±1.52). 10'2 %.
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The uncertainty on the parent's branching ratios leading to the daughter may increase

as well the relative error of the daughter yield.

At last, one has to add the error of the normalization data we use when relative yields

have to be converted to absolute ones. The results are thus ultimately dependent on

the accuracy of a previous determination.

2.4.2 Cumulative yield measurement by direct y-
spectroscopy (Off-Line technique) of 233U
irradiated samples

2.4.2.1 Measurements

Measurements have been carried out in Studsvik, using the R2-0 reactor as a

neutron source. We used threels" samples of 233U on the shape of three cylinders of

carbide impregnated with 233U solution of respectively weight of 2.2 mg, 3.1 mg and

4.3 mg. The previous study about the neutron beam filtering (see section 2.3) was

used to design a boron carbide filter for the Uranium capsules. The samples were put

inside a plastic cylinder container and surrounded by 2 cm of B4C following the

results of the calculations.

A chemical analysis of the 233U material used in our samples showed the following

isotopic composition:

18 We have actually, in the frame of this experiment, irradiated seven other samples of different
isotopes (two samples of 2BU without filter to investigate the 233U(n,h,f) reaction, two of ^ ^ h and two
of "' U for their fast fission reaction and one of ~"U for its thermal fission and as a reference case. In
this thesis, we will restrict our analysis and discussion to the investigation of the fast fission of B3U.
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Table 2.8 Purity of the ^ U sample determined by radio-chemical investigation. The fission
contribution is given for the different isotopes, since such contributions are potential sources of errors.

Isotope

232

233

234

235

238

Wt%

0.0012

97.92

1.02

0.06

0.98

Gf (barns) for

En=1.25MeV

2.995

1.857

1.299

1.212

1.071.10'1

Fission

contribution (%)

1.96.10"3

99.18

7.23.10"1

3.97.10-2

5.72.10-2

An additional a-spectrometry of our samples was performed in order to determine

the 232U decay contribution and its decay-contamination in the measured spectra, as

shown in Fig. 2.14:

10%

Alona soectr-u.ii of S33u sample
! "U 4824 keV

j 2J2U decay products

i M !U 5320 keV /
; J,.= i.5

Figure 2.14
Spectrum of the cc-
spectroscopy of the
~ 3U sample
performed in order to
determine the 232U
contamination.

A further y-spectroscopy gave the following ratio of the 232U activity over the 233U

232rr
activity was determined from y-spectra: u "«"*>• __ 3 % . The y- and a-investigations

233TJ

of the samples showed an important activity of the 232U, however, as shown in table

2.8, the 232U fission contribution can be neglected in comparison with the 233U one.
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Each sample was placed in the corner of the reactor core and being irradiated for 20

min at a reactor power of 500 kW (the irradiation time and the power were calculated

to obtain optimal conditions for our purposes). The counting of each sample started

after about an Vi hour, cooling down period to allow the intense short-lived products

to decay for safety raisons. The irradiated samples were thus placed directly in front

of a Ge-detector under a lead shielding to avoid detection of the natural background

radiation and others. In addition the Ge-detector was surrounded by a BGO detector

(consisting of six bismuth germanate scintillators associated to photomultiplier tubes)

operated in anti-coincidence mode thus enabling measurement of Compton

suppressed spectra. One should point out that the shielding around the detectors was

constructed to minimize the effect of y-ray cascade19. A special lead brick with a hole

to collimate the radiation so the anti-Compton shield could not "see" the radiation

source. The cascade effect can then be neglected with the optimized shielding and

geometry, since the radiation could only hit the 50% detector.

"c.

o
O

200 400 600

Channels
800

Figure 2.15 Effect of the
Compton suppression
annulus. (a) Section of a
typical Compton
unsuppressed y-spectrum.
(b) Same spectrum as in
(a), with Compton
suppression.

1000

19 For fission products with several y-rays in cascade this may however lead to a low counting rate for
the y-ray of cascade, because whenever another y-ray emitted simultaneously with the y-ray of interest
is detected in the Anti-Compton shield, the event in the central detector is suppressed if one does not
use collimator.
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These y-spectra were recorded on an 8192 MCA, adjusted to cover the region from a 0

keV to 4200 keV. Although the optimum geometry for Compton suppression could

not be used, considerable improvement in the background suppression was achieved

as seeninFig.2.15.

A few different and progressively longer time intervals were used to perform

measurements during the first about 20 hours following the irradiation. Indeed, by

measuring fission product y-spectra at many delay-time intervals after fission, the

sensitivity to a particular nuclide was maximized for spectra measured at delay-time

roughly matching the nuclide lifetime. The last spectra contain only the long-lived

isotopes and are thus less "loaded" in y-lines, as shown in Fig. 2.16. After the first

series, the sample was left for a longer cooling period of one week and then an

additional measurement was done.

Figure 2.16 Example of y-spectra of the same sample measured at At = 80 min and At = 10 h, At being
the time in between the end of the irradiation and the beginning of the measurement.
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Each time the distance between the detector and the sample was adjusted to obtain the

best counting rate without saturating the detector. Both by varying the detector

distance from the sample point and by using different delay-time measuring intervals

after fission, it was possible to measure y-spectra over a large range of delay-times.

2.4.2.2 Analysis of the spectra and determination of the yields

The yield determination in this experiment was based basis of gamma line

intensities and thus it was critical to identify correctly the parent nuclide which

produced a gamma line. The values for the peak areas were also corrected for the

detector efficiency as a function of energy corresponding to the distance

sample/detector of each measurement. The energy resolution of the photopeaks

(FHWM) in the spectra varied from 1.5 keV at 20 keV to 3.65 keV at 3900 keV. The

relative time normalization was calculated as a function of a peak intensity of the
2l2Pb, which is one impurity on the sample with a high activity. Hence, the number of

counts in each peak were corrected for the detector efficiency as a function of energy

and then divided by the 238 keV y-peak intensity of the 212Pb. First of all we gain

shifted20 all the spectra in order to be able to subtract a background spectrum

including 232U decay products (e.g. 2l2Po).

The identification of the possible nuclides by their parent decay gamma rays was

begun for the ones having a long half-time, which could be found in the last

measurement which has been proceeded one week after the irradiation. After this first

step, the spectra from the other measurement were investigated, resulting in the

identification of 50 nuclides with significant yields. On average, about four y-lines

were chosen for each isotope, typically in the energy range of 200 keV to 2.5 MeV. A

particular care was given to the analysis of the low energy region of the y-spectra,

which has a large number of y-iines from different isotopes overlapping with each

211 The gain shifting refers to a method consisting to shift channels of the spectra with a reference one in
order to be able to compare them to each other. One has to note that in most of the cases, the method is
not limited to a linear shift but also includes compression or stretching.
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other thus making it difficult to identify their source species. Gamma lines and their

intensities were taken from Nuclear Data Sheet (NDS) [45] [123] and are reported in

Appendix B. The gamma branch uncertainty varies in each case depending of how

well the spectroscopic information was documented in the NDS. An error of 10% was

given for the unknown error branching from the literature. One criterion of the choice

of the y-lines for identification was to avoid lines which have contributions from more

than one isotope.

By the use of this technique, one has to note that we can only access to the cumulative

yields of the identified nuclides. This restriction is mainly due because one can only

measure the peak intensity after the decay of the parents of each decay chain. Indeed,

because of the time measurement and because independent yields of the precursors

are not known, it is not possible to correct the measured intensity of the daughter. The

relative yields Yreiative were calculated according to the following relationship:

K = Iy * h ~ e'*"" )e~K""11' Equation 2.4

where IY is the corrected peak intensity, tcooi the time of cooling down and t^ the time

of irradiation. According the previous discussion, IY can be written on the form:

Ay
/„ = —— Equation 2.5

7 PY£T

where AY is the peak area of a studied y-line from an investigated nuclide, P r the

branching ratio of the given y-line, £ the detector efficiency and t the intensity of the

reference peak time for relative time normalization. As we measure the intensities in a

period of time and not at a given moment, we have to integrate the equation Eq. 2.4

on the interval of time measurement between (tcooti-tcoora), where tcoon is the time spent

between the end of the irradiation and the beginning of the measurement and tcoo^ is

the time spent between the end of the irradiation and the end of the measurement.

Taking into account equations Eq.2.4 and Eq. 2.5 and by integrating it on the time

interval we obtain the following relationship between the relative fission yield Yreiative

and the measured intensity IY of a given y-line from a nuclide of interest.
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= / fc""'2-, . dt - — — •*—7 :—t—' Equation 2.6
/ J w , \i-e irr )e PYerX ( l - e 1>rj

The normalization from relative yields to absolute yields was made with the

utilization of the few existing experimental values taken from the compilation ref.

[11]. The reference nuclide was chosen differently according to the group time of the

measurement. These known yields gave a normalization factor to apply to all the

calculated relative yields of a given measurement. The net uncertainty for each

nuclide was calculated by propagation of errors of the individual contributions.

To reduce the possibility of error due to overlap of gamma lines of the same

energy, the yields were calculated on the basis of multiples gamma lines (refer

Appendix B) for each isotope, and only after making sure they all exhibited similar

and believable proper relative intensities.

The analysis gave about 50 cumulative yields of long-lived isotopes, which will be

presented and discussed in the next chapter.



Chapter 3

Experimental results and
discussion

3.1 Fission Yield Data from the "off-line"
measurements

The "off-line" measurements, described in section 2.4.2, were first intended to

give normalization values for the OSIRIS independent yield measurements. However,

the quality of the data obtained allowed us to study cumulative yields of 58 long-lived

nuclides (from T>/2 =13 min to T>/2 = 39 days). Isotopes in the charge-range Z e [33;6l]

i.e. from As to Pm, and the mass-region A e [78;151] were investigated. The yield

values are reported in Appendix B and Appendix D.

Those values were compared with the few existing experimental data (when available)

from ref. [11] and with the predictions of the Zp model of Wahl [41] [79]. As shown

in Appendix D, the predictions are in good agreement with the measured data.

In Fig. 3.1, chain yields measured in the off-line experiment are used to approximate

the mass distribution of 233U(nf,f). The mass yields obtained from Wahl as well as the

evaluated data for mass-yield distribution from the JEF 2.2 library [45] are also shown

in the figure. The figure on the right side highlights the yields with high deviation

from the calculated ones, viz. ™Y, 104Tc, 101Mo and 131Te.
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In table 3.1 are given the values obtained experimentally as well as those estimated

from Wahl:

Table 3.1 Table of experimental cumulative yields with a high deviation (>1.3) from estimated values
from Wahl's model.

Isotope

1(WTc*
101Mo
131Te

Ta
(min)

19
18
15
25

Yield from
the present

work%
8.34(18.9)
3.09 (28.5)
7.22 (29.7)
6.82 (18.8)

Wahl's value
%

6.39 (17)
9.29E-1 (26)

3.04 (20)
2.80 (21)

JEF-2.2 value
%

6.78 (8.2)
8.98E-1 (19)

3.66(16)
2.66 (8.7)

Exp1. /Wahl

1.3
3.3
2.4
2.4

Expt./JEF

1.2
3.4
2.0
5.6

10

0.1

0.01

-o-Cunmabve yield
GM.Y98

10

60 80 100 120 140 160 80

Mass a.m.u.
100 120 140 160

Figure 3.1 Comparison between experimental data coming from the "off-line" measurement with the
estimations from Wahl and with the evaluated data from the JEF 22 library. The graph at the right side

highlights four points where our values have a big deviation from the expected ones.
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These four fission products give a perfect illustration of the complexity to evaluate the

mass and charge distribution of the fission products:

Mass. 94: in this case, two stable elements are present in the isobar (94Zr and 94Mo,

however Mo is produced essentially by neutron capture and has a cumulative yield

(evaluated value from JEF-2.2 [45]) equal to 1.73.10'7 per fission):

Figure 3.2 Decay chain for the mass 94

ViNb
Stable Stable

One has to note that in this isobar only the measurement of the 94Zr cumulative yield

has been reported before [126].

Mass 101: No cumulative nor chain yield measurement have been reported (neither in

JEF-2.2 [11] nor in ENDF/BVI [40]) before. The evaluated values in the JEF-2.2 have

been deduced [11] by interpolation between two masses using the model of Musgrove

et al., then the independent yields have been derived from the Wahl's model. Thus,

the experimental value from this work is of high importance even if it seems to be

incoherent with the predicted value by the model.

Mass 104: Only the cumulative yield of 104Tc has been measured before [11]. In the

decay-chain, two fission products are stable (l04Ru and 104Pd) but the cumulative yield

of IO4Ru is greater than the l04Pd one of several order of magnitude. The chain yield

has been estimated in JEF-2.2 by the model.

* An experimental value for the cumulative yield of l(MTc has been reported in ref. [11], giving a yield
of 1.68 ( 10.1 )%. The ratio of our value over this one is equal to 1.8 (30).
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Mass 131: In this case, l3lI and l3lXe,which is the last member of the decay chain,

have been measured in the past [10]. The measured values of l3lTe are there

incoherent to previous measurements on the same isobar.

In all cases, the "suspect yields" can be explained by large errors in the y-branching

values. As one can see in section 2.4.2.2, the yield is directly proportional to the

inverse of P7. Thus, a wrong branching value can dramatically change the resulting

yield. On the other hand, one has to note that the value of the half-life of the nuclides

can vary drastically from one library to another. For example, the half-life of 94Y is

given T% = 1146 s in JEF-2.2 and T% = 1122 s in NUBASE [127] and the 8th Table of

Isotopes [123]. Complete sheets of the nuclear data used in the analysis are reported in

Appendix B.

It is justified to investigate further those four fission product yields since they are of

high importance in the reactor physics for their contribution to the decay heat. The

following table 3.2 gives their maximum contribution to the decay heat in the

reference reaction 235U(n,h,f) [128]:

Fission Product

94y

l0lMo
i04Tc
l31Te

^max \'°)

6.85

4.13

3.18

1.97

Cooling time (s)

1000

1000

2000

5000

Table 3.2 Maximum contribution of 94Y, miMo, I(14Tc and I31Te to the decay heat for
the reference reaction 235U(nth,f).
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3,2 Fission Yield Data from the "on-line"
measurements with OSIRIS

3.2.1 General remarks

In the following sections, a summary of the results obtained in measurements of

the fast fission of 233U performed with the OSIRIS (ISOL) mass separator (see section

2.2.1) at Studsvik is given. The method of analysis used has been developed by G.

Rudstam, as already described in section 2.2.2.

Before going further, one has to draw attention to the following comments and

hypothesis about the analysis:

- The determination of yields in this experiment is based on measurements of

y-line intensities, and thus the results are highly dependent of the accuracy of

these intensity values. A list of the used absolute y.ray branching ratio for the

determination of the FY in this experiment is reported in Appendix B,

- both independent and cumulative yields have been determined. The

independent yields were calculated taking into account the effect of the parent's

and grand-parent's radioactive decay contributions, and also, for some specific

cases, the effect of existing delayed-neutron precursors,

- the measurements were limited by the OSIRIS capabilities, which are:

s> Measurements of short-lived nuclides (typically in our analysis from 5

ms to a few hours)

e> independent yields > 10"6 per fission (except for some specific cases)

®> ionization limitation (see section 2.2.1.3).

- the Rudstam's method of the determination of fission yields relies upon the

following hypothesis:
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e> Since the radioactive parents of Zinc (Z = 30) and Palladium (Z = 46)

(the first isotopes of each mass peak which can really be detected with

OSIRIS) have a very low yield, they are considered as the "head" of

the decay chain (i.e. no parent contribution is taken into account for

these nuclides),

®> when a yield of a nuclide is too low to be detected by OSIRIS, the

contribution of the corresponding isotope is considered as negligible in

the parent's effect process for the yield determination of its daughter

nuclide.

For each chemical species, we have to determine an absolute normalization

factor, the so-called CTZ parameter. It is obvious looking at the experimental data that

this factor is only dependent on the nuclear charge Z and on the selected temperature

T of the ion-source. Preferably chain yield values from the "off-line" measurements

(see section 3.1 and ref. [129]) were used, which will be referred as GALY98 together

with the experimental data reported in ref. [11], referred to as MILLS95, to estimate

the CTZ parameter. When no experimental value were available, estimates from Wahl

[79] were used, or for a couple of cases, the calculation from MEPHI [44].

After normalization, both independent and cumulative yields were obtained for the

isotopes under investigation. The yield values are reported in Appendix B, where they

are listed by nuclear charge, and plotted in Appendix F. For further comparison, the

following values have been added in the tables:

- Wahl's estimates (Zp model) for both independent and cumulative values [79],

- Calculated independent yields from MEPHI [44],

- Evaluated values taken from the JEF 2.2 library [45],

- Rudstam's cumulative and independent values for the 233U(nth,f) reaction [8].

For comparison, the average neutron energy for the fast neutron flux in each set of

data has to be known. Table 3.3 summarizes such information. Usually, the average
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fission neutron energy <En> in a fission spectrum is about 1-2 MeV (integration limits

fromlkeVto20MeV).

Table 3.3 Average neutron energy in fission spectrum for the fast fission yields in OSIRIS, Wahl, JEF
and MEPhI set of data.

Fast neutron spectrum from

OSIRIS

Wahl

JEF

MEPHI

<En> (MeV)

1.22

1.18

0.5*

single incident

energy En = 0.5

3.2.2 Independent yields

The on-line technique for the fission yield measurements has the advantage of

being sensitive (yield values down to 10"4 % can be determined in fast fission) and

fast enough to make it possible to observe very short-lived products on the extreme

neutron-rich side of the mass distribution can be observed. About 200 independent

yields are reported in this work. An important amount of isomeric states has been

investigated as well. This will be discussed in section 3.2.3.

In the light peak region, data from mass 74 to mass 99 were obtained, covering a

nuclear charge from 30 (Zn) to 38 (Sr). The independent yields measured in this

region are given in Fig. 3.2 (isomeric state yields are added when encountered).

* Even if the average temperature of a fission spectrum is set up to 1.35 MeV in the JEF library [130],
the fast neutron fission yields are given for <En> = 500 keV corresponding to the average energy in a
fast spectrum reactor.
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Figure 3.3 Isotopic yields of the "light region" in the fast neutron induced fission of 233U. The dotted line
represents the total mass yield.
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Figure 3.4 Isotopic yields of the "heavy region in the fast neutron-induced fission of the a 3U. The dotted line
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In the heavy region, we have been able to obtain data thanks to OSIRIS on masses

from 113 to 147, within a nuclear charge range from 46 (Pd) to 56 (Ba). The elements

from Y (Z = 39) to Rh (Z = 45) can however not be obtained on-line. Moreover, the

separation efficiency for lanthanides was much too low to allow efficient

measurements for the fast fission of 233U.

In the following, we are comparing the mass number yield before delayed neutron

emission Y(A) = ̂ Y(A,Z,I) and the charge yield 7(Z) = £ Y (A, Z, I),
Z,/ A,I

respectively, obtained in this work with the mass and charge distributions estimated

by Wahl, in order to have a look to their systematic trends. Fig. 3.4 shows that the

estimates of Wahl agree quite well with the measured values. A similar trend in both

measured values and estimates can be observed in the region of symmetry of the

charge distribution from the charge Z = 46 (Pd) to Z = 49 (In), as highlighted in Fig.

3.4 by the dashed circles. The measured values appear to have a slightly higher yield

than the estimates from the Wahl model. It can be explained by the fact that the model

is not extremely accurate in the symmetry region due to the lack of experimental data

in this region.

One has to note that in the present experiment many masses have been measured in

the valley region (dotted circle in Fig. 3.4), viz. from mass A = 113 to about A = 123.

It is scarce since the physical methods of fission yield measurements do not access

this region for the independent yields. Hence, this kind of information is practically

only accessible by ISOL technique associated with y-spectroscopy, such as the

OSIRIS facility.

In the Y(A) representation, the true mass number yield (i.e. the sum of independent

yields) is plotted for the OSIRIS values. In the upper edges of the mass distribution

(i.e. from about mass A = 97 to A = 99 for the light peak and from about A = 144 to

A = 147 for the heavy peak), not all elements of an isobar can be measured due to the

limitations of the method (some elements are not evaporated from the target). Thus,
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the measured mass number yield for these masses cannot be compared to the mass

chain yield estimated by the model since they are not supposed to be equal anymore.

In the mass distribution from OSIRIS, peaks can be observed at the following

mass number, Aiight = 90, 92 and Aheavy= 139,141. If the most probable masses are

added, one obtains:

Aught + Aheavy = 231 Equation 3.1

which means that three neutrons on average have been evaporated i.e. A|ight + Aheavy

+ 3n = 73*\3 for the considered masses. This observation agrees with the estimate

[131] of the average number of emitted neutrons per fission, v,,= 2.61, for the fast

fission reaction of " U.

As a validation of the measured data, one could compare the charge yields of two

complementary charges (Znght + Zheavy =92). Actually, only three pairs Z|jghi/Zheavy of

complementary charges are accessible by the OSIRIS technique, viz. 54/38, 55/37 and

56/36. Table 3.4 shows the great agreement found between those yield values.

Table 3.4 Comparison of the charge yield Y(Z) of complementary charges.

Pair of complementary charges Y(Z)ight) per fission Y(Zheavy) per fission

38(Sr)/54(Xe) (1.97 ± 1.15).1<T (2.06 ± 1.40). 10'

37(Rb)/55(Cs) 1.43.10'1 ±6.74.10'2 1.49.10"'±8.6.10'2

36(Kr)/56(Ba) 2.01.lO^1 ±5.19.10'2 1.96.10"'±6.10.10"2

One could use, as well, the complementary distributions in Z to get information about

v , e.g. v (Zi,92-Z2) = 234 -Ap(Zi) -AP(Z?) where Ap are the average masses of the

isotopic distributions:

V (38) [Sr,Xe] =1.6 (with values from the Zp model of Wahl for the measured nuclides =2.0)

v (37) [Rb,Cs] = 3.5 (Wahl =3.5)

V (3.8) [Kr,Ba] = 3.8 (Wahi = 3.7)
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Figure 3.5 Mass (left side) and charge distribution (right side) of the yields of short-lived
nuclides measured with OSIRIS in the ^ U ^ f ) reaction (bottom graphs). These summations
are compared with Wahl's estimated overall mass and charge distributions of the fission
products (top graphs).
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3.2.2.1 The odd-even effects

Odd-even effects in the yield distribution are normally understood as a preferential

formation of fission products with even atomic number (Z) (or even neutron number,

N) relative to odd fission products [132-133]. They have been interpreted21 as a

consequence of the preservation of nuclear pairing (superfluidity) in the fissioning

nuclei on the way from the saddle point to scission and, hence, of an adiabatic

character of the fission leading to low internal excitation energy at scission [41] [43].

Unfortunately, the emission of prompt neutrons from the fission fragments does not

allow studies where primary fragments are involved22. It is therefore useful to use the

charge distribution Y(Z) = ̂ Y(A,Z,I), a quantity which is not affected by the

A,/

neutron evaporation cascade.

In the charge distribution of the previous Fig. 3.4, a simple and appealing structure

shows up with even-Z yields (Znght = 36,38 and Zheavy = 54,56; Zijght + Zheavy = 92 (U))

being systematically enhanced compared to odd-Z yields. This odd-even staggering is

known to be characteristic of the proton, or charge, odd-even effect in the yields of

fission products.

Of course, more detailed insight into the odd-even effect is gained by studying the
independent yields for each isotope Y(A,Z) = ̂ Y(A,Z,I) for each element Z, as

plotted in Fig. 3.4 and Fig. 3.5 where the proton odd-even effect becomes visible upon

the independent yields. Indeed, depending on the odd-even character of the mass

number A, the usually dominating proton odd-even effect is modulated by the neutron

odd-even effect in the isobaric distribution Y(ZIA), while in the isotopic distribution

Y(AIZ) only the neutron odd-even effect will come into play.

21 Odd-even effects of this sort have been observed in nearly all low energy fission processes of even Z
fissioning nuclei in the mass range from AF=230 to Ap=250 [41][43][49]. However, the reasoning
given here is not applicable to a system that has an unpaired nucléon already in its ground state. Thus
the odd-even effect and its interpretation are different, as described in ref.[158], from the effect
discussed in the present work.
22 Nevertheless, the odd-even effects can be partly visualized by plotting the independent yields Y(A,Z)
of the fission products as shown in Appendix E.
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On the other hand, if the mass distribution is split into the contribution of odd-Z and

even-Z distribution, one can notice that Y(A)even-z and Y(A)odd-z have a similar

behavior, as shown in Fig. 3.6.
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Figure 3.6 Mass
distribution Y(A) broken
down into the contribution
Y ( A W z and Y(AWz
from the fast neutron
fission of ^ U .

It is customary to evaluate the amplitude of the odd-even effect in the charge yield for

even and odd charge splits Ye and Yo respectively:

* _ Equation 3.2

The proton odd-even effect for the 233U(nf,f) reaction is found to be 8P = 0.178 ±

0.072 (as a comparison for the thermal fission of 233U, Ôp was found to be equal to

0.221 ± 0.021 [9] by Quade and 0.198 ± 0.028 by Rudstam [8]).

One can use the odd-even effect 6P to probe the intrinsic excitation energy of the

fissioning system, as it has been reviewed in ref. [17]. A model has been proposed by

Nifenecker et al. [134], in which the odd-even effect is calculated from a

combinatorial analysis of pair breaking, with the maximum of number of broken pairs
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depending on the available heat energy. Under some simplifying assumptions it may

be shown [135-136] that within the framework of Nifenecker model the following

relation between the prescission excitation energy EXPS and the odd-even effect 8P

holds:

EXPS (MeV) =-4 ln§p Equation 3.3

Bearing in mind that both the excitation energy EXSAD already present at the saddle

point and the energy EDIS dissipated through viscous forces in course of fission

between saddle and scission point will contribute to EXPS, one has

EXPS = EXSAD + EDis Equation 3.4

For neutron-induced fission, the excitation energy EXSAD may be approximated by

EXSAD = Bn - Bf +En Equation 3.5

In this equation, Bn and En are the binding and kinetic energy of the incident neutron,

respectively, and Bf is the fission barrier height. Rather arbitrary, from the double-

humped barrier structure the higher of the two barriers is usually chosen. As a further

approximation, no gap energy in the saddle is taken into account below which quasi

particles are ruled out.

It is thus interesting to evaluate EDIS from Eq. 3.3 to 3.5 dissipated between the saddle

and scission point for the thermal [9] [8] and fast fission of 233U (present work):

EXPS (MeV)

EXSAD (MeV)

EDIS (MeV)

233U(nf,f)

Present work

6.90

2.54

4.36

iWU(n,h,f)

from Rudstam et al. [8]

6.48

1.34

5.14

233U(n,h,f)

from Quade et ai [9]

6.03

1.34

4.69

Table 3.5 Prescission excitation energy EXps, excitation energy EXSAD and dissipation energy EDis
deduced from the odd-effect for the 233U(n,f) reaction. The second fission barrier height Ef = 5.5 MeV

and the neutron binding energy Bn = 6.84 MeV have been used.
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3.2.2.2 Individual element yie Ids

All independent yields have been plotted in Appendix F. For comparison, the

estimated values from Wahl are also given in the same graphs, as well as evaluated

values from the JEF 2.2 library and calculated ones from MEPhl. If not specified,

release of the element from the target by desorption is assumed [119]. The yield

values are given per unit of fission.

Copper isotopes

No results for Copper is reported here, but the 74Cu nuclide has been, nevertheless,

measured and identified23. Unfortunately, a single element of an isobar can not be

normalized.

Zinc isotopes

As no experimental data were available for normalization, the Wahl values for the
76Zn (FYind = (7.65±5.89).10"6, FYcumuI = (7.72±5.40).10'6) were used. These values

have a high uncertainty due to the lack of experimental data in the model.

With this normalization, we got an absolute normalization coefficient Qrz =

0.0077±0.0062.

As a result large uncertainties on the measured yields at OSIRIS are obtained. Within

the errors, the evaluated/calculated values agree with measured data.

Gallium isotopes

Since no experimental normalization data were available for Gallium, the values from

Wahl for the 80Ga (FYind = (8.70±8.44).10-\ FYcumu, = (8.75±8.40).10"5) were used to

derive Crz = 0.018±0.017. Here again, the uncertainty on the normalization is high

leading to a large uncertainty on the results.

23 An additional experiment has been initiated in order to identify y-Hnes from the decay of 74Cu to 74Zn
and, as well, to measure their intensity [137].
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A surprisingly high yield for 74Ga is observed, which could be caused by large errors

in y-branching ratios from the literature. One could note as well that the y-line used

for the 74mGa (56.8 keV) yield determination has a contribution also from 74Zn.

The rest of the yields agree reasonably with Wahl's values and also with the ones

from JEF. One can notice that the calculations from MEPhI seem lower than the other

ones.

Germanium isotopes
82Ge yield value from Wahl's estimate (FYind = (1.10±0.75).10"3, FYCUItlU| =

(1.10±0.75).10'3) was used for normalization. It gives Grz = 0.0081±0.057.

The branching for 80Ge remains uncertain and the yield becomes a factor two lower if

the branching from ref. [138] is used.

As shown in the graph, a general agreement within the different values can be

observed.

Arsenic isotopes

Arsenic is released very slowly from the target. The isomeric state of 82mAs has been

used for normalization (Wahl: FYind = (2.02±1.21).10"3, FYCUmui = (2.02±1.212).10"3),

leading to Crz = 0.214*0.152.

An unexpected high yield of cAs can be noticed (10 times higher than the predicted

value). A similar behavior has been observed in the thermal values by Rudstam [8],

which leads to the assumption that the accepted y-branching values from literature

must be re-viewed for this nuclide. Indeed, the branching has not been measured for
82gAs and the value is derived from an assumption.

Selenium isotopes

The normalization of Selenium has been done using the isotope 84Se (Wahl:

(1.39±0.35).10-2,FYcumui= (1.67±0.37).lQ-2), givingCTz = 0.013±0.004.
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One can note that experimental data exist from off-line measurement for cumulative

yields, here after referring to GALY98, but the results turned out to be more accurate

when normalizing with the independent yields.

The estimated and calculated values agree extremely well with the results.

Bromine isotopes
8*7

For the normalization of Bromine species, the isotope of Br from MILLS95 (FYCUmui

= (2.31±O.19).1O'2) was used. The normalization coefficient was then equal to Grz =

0.223±0.069.

Yields of 84'85Br are slightly higher than the estimated ones, but estimates and

calculations agree with the other measured values at OSIRIS.

Krypton isotopes

Diffusion is assumed for the isotopes of Krypton. Experimental data from GALY98

was used for normalization. The chosen normalization point was Kr (FYcumui =

(5.11±0.80).10~2), giving CTZ = 4.01±0.87.

OSIRIS, Wahl, JEF and MEPHI agree as shown in the graph in Appendix F.

Rubidium isotopes

For normalization point, 90Rb has been chosen from GALY98 (FYcumui =

(5.82±O.91).1O"2), giving CTZ = 2.65±0.73. Again, theory and calculations agree with

the experiment.

Strontium isotopes

Experimental data from MILLS95 has been used for normalization of Strontium. 97Sr

was chosen as normalization point (FYcumui = (0.55±0.02).10'2), giving a

normalization coefficient CTZ = 0.122±0.024. Experimental and estimated/calculated

data agree.
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Palladium isotopes

For Palladium isotopes, no experimental data has appeared in the literature. Therefore

the Wahl prediction for l l6Pd was chosen as normalization point (FYinci =

(1.39±1.20).10"4, FYcumui = (2.33±1.25).10"4), obtaining C-rz = 0.00031±0.00022.

Experimental and estimated/calculated data agree.

Silver isotopes

Again, no experimental yields have appeared in the literature, and we have to rely on

estimated value by Wahl. The yields were determined with the yield of 119Ag (FY;nd =

(_1.38±O.84).1O"4, FYcumui = d-47±0.85).10-4), giving C r a = 0.014±0.0083.

The data agree very well with the values from Wahl and MEPHI. JEF 2.2 gives two

peculiar values for I22Ag and I23Ag. Indeed, there is one order of magnitude of

difference between JEF and others for the l22Ag isotope, and 5 orders of magnitude

for l23Ag!!! These isolated value leads to think about an incoherent evaluation of the
123Ag independent yield value for the 233U(nf,f) reaction in JEF-2.2.

Cadmium isotopes

Here again, no experimental values could be found in the literature. Furthermore,

Wahl's estimates are not reliable for these isotopes (humongous uncertainty). We then

rely on calculation from MEPhI, using l24Cd as normalization (FYind =

(1.13±O.75).1O'4). We obtain Orz = 9.65E-03±6.51E-03.

As shown in the graph in Appendix F, data taken from JEF and Wahl for the mass

123-127 are completely unrealistic (giving data spread on 4 orders of magnitude!!).

The same can be noticed for the value of ' I7m'sCd reported in JEF. One could note that

a similar behavior can be noticed with the values from the thermal fission of 233U

measured by Rudstam [8]. A difference of 2 order of magnitude is found between the

yield values measured by Rudstam and with the evaluated values for the thermal

fission of 233U.

On the other hand, the shape of the yield distribution and the values calculated by

MEPhI agree rather well with experimental ones, but one has to remember that the

independent yield of l24Cd from these calculations has been used for normalization.
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Indium isotopes

Indium is another element for which no experimental data has appeared in the

literature, and calculated data from MEPhI have been used for normalization. Here

again due to their extremely high uncertainty, Wahl's values couldn't be used for

normalization of In isotopes. l28In has been chosen to calculate the yields (FYinCi =

(1.4O±O.4O).1O"4), giving CJZ = 0.016±0.008.

In general, the In isotopes have isomers. Data were obtained for most of them.

The whole set of data agrees with predicted and calculated values, except on two

masses where experimental data show a peculiar high yield: for A = 125 and 131. In

these two cases there are two isomeric states in addition to the ground state, and it is

quite probable that y-lines and branching ratios used in the analysis were not correct.

Tin isotopes

Here, we have used Sn from MEPhI to normalize our data (FYjnd =

(1.47±O.58).1O"3), and obtained CTZ = (1.86±7.59).l(r03.

Both experimental and calculated/estimated data agree, one could note that Wahl

estimates have high uncertainties.

Antimony isotopes
!30Sb (Wahl: FYind = (9.70±4.66).10"3, FYCUmui= (1.27±O.51).1O"2) has been chosen for

normalization. The normalization coefficient found, is CTZ= (7.62±1.84).10'°2.

Experimental values for 134-l35sb are slightly higher than expected ones but within

error-bars.

Tellurium isotopes

Experimental data for l34Te from GALY98 has been used (FYcumul = (4.68±1.06).10'2)

to calculate the yields, with Grz = (6.27±3.82).10'°2.

All values agree within error-bars.
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Iodine isotopes
I35I (FYcumu, = (4.96±0.73).10"2) from GALY98 was used for the yield normalization,

giving CT2 = 5.06.10"'±9.33.10"2.

The experimental yield values for I34I and l34mI are slightly higher than expected, as

well as that of 140I. On the other hand, in the mass range 136-138 the yields are a little

lower than the estimated values, but within error-bars.

Xenon isotopes

Experimental cumulative yield was known for I35Xe (GALY98: FYcumuj =

(5.47±0.88). 10"2), giving a normalization coefficient Grz = 5.45±1.19.

Diffusion is assumed for the release of the Xe isotopes.

Very good agreement is found between measured data and estimated/calculated ones.

Cesium isotopes

No experimental data were available for these isotopes, thus 140Cs from Wahl (FYinti

=(3.36±0.66).10"2, FYcumu) = (4.73±0.95).10~2) was used for normalization. The CT2

coefficient was then equal to Grz = (6.16+2.27). 10"'.

Theoretical and estimated values agree with experimental data.

Barium isotopes
141Ba was chosen for normalization (GALY98: FYcumui = (10.2±1.96).10"2), giving

= 0.013±0.003.

Estimated and calculated data agree, here again, with experimental ones.

3.2.3 Isomeric Yields

In fission yield investigations, the partition between the different isomeric states of

the independent yields is experimentally poorly known in general. There are attempts

to predict this property using extrapolations from known cases, for instance by
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Madland and England [82] and by Rudstam [83]. Unfortunately, none of these

attempts is altogether satisfactory, and it is therefore useful to enlarge and further

check the experimental data- base used to develop some systematics for the

predictions.

3.2.3.1 Experimental data

One way to check experimental data is, for instance, to compare the isomeric

yields from thermal fission of 235U [23], from fast fission of 238U [24] and from fast

fission of 233U, all measured at Studsvik. This is done in table 3.6.

The table shows a particularly good agreement between the fiiy (=fractional

independent isomeric yield) values from the three systems. In most of the cases the

differences is within or close to the combined limit of the errors. It is interesting to

note that these three fissioning systems have rather different angular momenta.

Table 3.6 Comparison between 23;!U, 235U and238U./m--values.

Spin Nuclide

Experimental fiiy %

233U 235U 238U

Odd-Mass Nuclides

9
2

1
2

9
2

I

2

9

2

I

1

8 i Ge

127In

l29In

76+7

24 + 7

82 + 4

18+4

56+"9

44±9

70±6

30 ±6

87 ±6

13 ±6

76±7

24 ±7

54 + 8

46 ±8

67 + 9

33 + 9

60 ±8

40 + 8
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11
2

3

1
II

2

3
2

11

2

3
2

11

2

3
2

l23Cd

1 2 5 C d •

129Sn

I33Te

63 ± 7

37 ± 7

71 ±9

29 ±9

31 ±10

69 ±10

86 ±7

14 ±7

68 ±2

32 ±2

66 ±8

34 + 8

43 + 6

57 ±6

78±4

22 ±4

70 ±12

30+12

91 +6

9±6

57 ±6

43 ±6

87 ±5

13±5

Even-Mass Nuclides

4

1

5

2

6

3

6

3

7

0

8

3

8

4

"Rb

82As

12"Ag

1J8Cs

l30Sn

I26In

mI

66 ±6

34 ±6

13±8

87 ±8

96 + 20

4 + 20

31 + 10

69 ±10

5 + 15

95 ±15

23 ±7

77 + 7

8+16

92 + 16

58 ±5

42 ±5

17 ±7

83 ±7

85 ±15

15 + 15

58 ±8

42 ±8

13 ±2

87 ±2

30 ±7

70 ±7

20 + 2

80 ±2

38 ±5

62 ±5

8±4

92 ±4

86 + 4

14±4

19±3

81 ±3

14±2

86 ±2

36±7

64 ±7

10±3

90 + 3

Nuclides with two isomeric states in addition to the ground state

11
2

l3IIn 3 + 2 0.40 ±0.17 3.5 ±1.3
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9
2

I

2

12

5

2

l 3 0In

12±9

85 ±9

22+10

50+10

28+10

16 + 7

83+7

24+4

44 + 5

32 + 4

21 ±6

75 + 7

25 ±5

41+7

34 ±7

More isomeric states have been measured and are reported in the Appendix B, but as

not all the isomeric states for these nuclides have been measured for various reasons,

they are not include in the above table.

Rudstam had pointed out the striking case of the l38Cs where values from 235U and
2?8\J did not agree. The values obtained in the 233U(nf,f) reaction suggests that most of

the population goes to the ground state as also seen in the 238U fission reaction.

One can point out that the fiiy-value of 82As, which has already been noticed to be

outside of the expected systematics (see section 3.2.2.2), seems to be consistently low

in the three experiments at OSIRIS.

This present results and the generally good agreement between the isomeric yield

distribution for the three fissioning systems indicates that the partition of the isomeric

states is much more related to the nuclear properties of the fission products than to the

fission process itself.

3.2.3.2 Importance of Isomeric Yields

G. Rudstam has given the following illustration of the importance of isomeric

yields in ref [139].

He calculated, as an illustration of such importance, the contribution of different

products to the decay heat. The thermal fission of 239Pu was chosen because there are

many isomers in the mass range around 100, where the plutonium yields are more

important than the uranium ones.
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The individual fission products were ordered according to the size of their

contribution to the total decay heat for various irradiation and cooling times. For a

fission pulse and a short cooling time (1 s), among the 17 of the top 20 contributions,

6 are corresponding to isomeric states, in the mass range 95-106. These 17 nuclides

contribute 55% of the total decay heat.

For a long irradiation time, the decay heat contribution of the fission products in the

mass range 95-106 decreases, but it is still important. For an irradiation time of 20000

s and a cooling time of 1 s, 13 of the top 20 contributions to the decay heat originate

from nuclides in that mass range, and those nuclides give 22% of the total decay heat.

One has to note that such a summation calculation is also sensitive to the half-life

Ti/2 and the average p and y energies, respectively <Ep> and <Ey>, of the fission

products. Nevertheless, it illustrates the importance of an accurate determination not

only of the isotopic yields but also of the partition of the yield on isomeric states.

3.3 OSIRIS Fast Fission vs. Thermal Fission

3.3.1 General trends

The main differences between fast and thermal fission are expected to occur at

the outer flanks of the mass distribution and in the valley region, as shown in the Fig.

3.7. The supplement of neutron energy progressively increases the^emperatureof the

system and makes it less sensible to the shell structure of the compound nucleus. If

the excitation energy for induced fission is increased (e.g. for 14 MeV neutron

energy), one would observe that the mass distribution becomes wider and shifts

smoothly to the light masses, as shown in Fig. 1.4. This effect comes from the fact

that the fission fragments evaporate a larger number of neutrons. At high energy (E* >

50 MeV), a symmetric distribution of the fission products is expected because the
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"liquid drop" characteristic of the hot nuclear material dominates completely over the

shell structure.

1000

100

1E-4
60 80 100 140 160 180

Figure 3.7 Mass
distribution for the
thermal and fast
neutron induced
fission of ^ U . The
values have been
calculated using the
Zp-model from Wahl
[79].

Mass a.m.u.

The differences of mass symmetry yields for different incident neutron energy can be

significant, e.g. in the ^Ufof ) reaction these yields are increased by more than two

orders of magnitude for neutron energies raising from thermal to 14 MeV, as shown in

Fig. 1.4. Compared to this dramatic variation, the changes in other characteristics of

the distribution are only minor: with the increasing excitation energy the average mass

number in the light group stays about constant while the one in the heavy group is

shifted downwards (indicating the increase in neutron emission with increasing

energy is larger for heavy fragment).

On should mention as well that a drastic decrease of the fine structures for an increase

in excitation energy of the compound system has been observed [10] [17].
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On the other hand, information on charge distributions is still scanty due to the lack

of experimental data at fast and higher energies. Thus, as almost no systematic study

of the behavior of the charge distribution has been done, one can only outline some

gross trends. In general, the charge distribution seems to behave like the mass one as

the energy is increasing from thermal to fast fission. Some correlation between these

two distributions is however obvious, from comparison of global mass and charge

distributions, as discussed in sections 1.3.1 and 1.3.2. More detailed insight into the

correlation may be gained by inspecting the independent charge distributions of an

individual product mass chain A or, from an even more interesting theoretical point of

view, for individual primary fragments masses A*.

30 40 SO 60

Nuclear charge
70

Figure 3.8 Charge yields for
~v>U(n,f) vs. charge number.
Both thermal (from A'p-
model) and fast neutron-
induced fission (from Zp-
model) have been plotted
[105].

3.3.2 Experimental data measured with the
OSIRIS facility for thermal and fast fission of 233U

In the following, the data for the thermal and fast fission of 233U measured at

Studsvik with the OSIRIS facility will be compared. The thermal yields24 come from

24 It has to be noted that for the determination of the thermal fission yields Rudstam et al. have been
using only the branching data from ref. [138]. Some of these are different from the values used in the
fast fission experiment.



OSIRIS Fast Fission vs. Thermal Fission - 137-

an experiment carried out by G. Rudstam et al. [8] and the fast ones are part of the

present work as compared on the Fig. 3.9:

Figure 3.9 Comparison of the mass and charge distribution behavior of the thermal and fast neutron-
induced fission of 2BU.
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The right wing of the valley region (symmetric fission) has been encircled, where the

yields increase with increasing energy of the incident neutron in the mass distribution

(right side), which is actually the expected behavior of Y(A), cf. figure 3.7. A similar

behavior in the charge distribution is observed, even if it is less pronounced.

The observed effect of the fine structure (8P) for both experimental sets of data has

been discussed in subsection 3.2.2.1.
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3.4 Thermal fission ; comparison of data from
OSIRIS vs. LOHENGRIN

The thermal fission of 233U have been measured both with the OSIRIS mass-

separator by Rudstam et al. [8] and with the LOHENGRIN spectrometer by Quade et

al. [9]. The OSIRIS technique has been fully described in the Chapter 2, and the

LOHENGRIN method has been overviewed in section 1.2.2.2 and is further described

in refis. [3] and [30]. It is thus interesting to compare these two techniques of

measuring fission products.

In the following table 3.7, we summarize the isotopes investigated by both

techniques25.

Table 3.7 Overview of the mass and charges investigated in the 2;>;iU(nt|,,f) reaction with
OSIRIS and LOHENGRIN.

Element

Name

Zn
Ga
Ge
As
Se
Br
Kr
Rb
Sr
Y
Zr
Nb
Mo
Tc
Ru
Rh

Nuclear Charge

30
31
32
33
34
35
36
37
38
39
•40
41
42
43
44
45

Mass investigated

By Rudstam
(OSIRIS)

74-79
75-82
77-85
80-86
84-89
85-93
89-99

93-101
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

By Quade
(LOHENGRIN) \

79 I
79-81
79-85
79-88
80-90
81-93
84-95
85-98
87-100
89-101 :
92-105 '••
94-106
96-106
99-106
103-106

106

25 One should add as well that 17 ternary particles (up to 27Na) from ~'3U(nth,f) have been measured
with LOHENGRIN [31]. Ternary fission is accessible as well via the OSIRIS facility, successful
attempts have been made in the past for the reaction the 2"'5U(nti1,f) [140].
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Pd
Ag
Cd
In
Sn
Sb
Te
I

Xe
Cs
Ba

46
47
48
49
50
51
52
53
54
55
56

113-118
113-123
117-128
119-131
125-134
122-136
131-137
136-139
135-141
138-146
139-148

N/A
N/A
N/A
N/A
N/A
N/A !
N/A !
N/A |
N/A \
N/A I
N/A |

This table shows the restrictions of each method. The LOHENGRIN investigations

are limited to the light peak region (from Z = 30 to Z = 45 and from A = 79 to

A = 106)26 and the resolution is reasonably good for fractional yields > 5%. Within

this mass and charge range, the mass spectrometer gives a complete data set.

However, with this method, the repartition of the independent isotopic yield into

isomeric states of the nuclide is not accessible. Another drawback of the facility, it is

the limitation of thermal studies. The OSIRIS approach can distinguish isomeric

states, e.g. more than forty isomeric yield measurements are reported in ref. [8].

Unfortunately, OSIRIS is limited by its ionization source capabilities (see mass

ionization efficiency in Figure 2.2). For example, elements from Yttrium (Z = 39) to

Rhodium (Z = 45) are not released from the target and can thus not be investigated.

On the other hand, this technique allows investigations on the symmetric-region and

on the heavy peak region (the present measurement has a mass range

Ae [70;10l]u [l 13;148] and a nuclear charge range Ze [30;38]u [46;56]. One should

note, furthermore, that OSIRIS is limited to the study of uranium and thorium fissile

systems.

Thus, both techniques can be discussed only where common data have been measured

i.e. for distribution yield from Z = 3'1 (Ga) to Z = 38 (Sr). The figures 3.10 and 3.11

26 The usual limitation in mass determination, viz. A < 94, of the independent yields of the fission
products is usually tied to the Z detection with Bragg chamber. In the experiment carried on by Quade
et al. [9], a stacked foils technique, using a passive absorber of parylene-C, has been applied improving
considerably the Z resolution and allowing mass determination ranging up to A = 106.
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show the different isotopic distribution from OSIRIS and LOHENGRIN (when data

are available via both methods) compared to the empirical estimate by Wahl [79].

Figure 3.10 Comparison of independent yields measured with OSIRIS and LOHENGRIN for the
thermal fission of 233U with estimated values from Wahl for the Ga-Se isotopes.
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Mass a.m.u.

Fig. 3.10 shows an overall consistency within the error limits. However, for some

specific cases, such as for As and Se, the shape of the measured isotopic distribution

differs between the two methods (but in the case of Se only for the mass 89 and 90).

Incorrect branching data or incorrect parent effects could be the cause. In the case of

As, 82As shows a high yield in comparison with the mass 81 and 83; this behavior has

also been observed in the fast data.

The data of Fig. 3.11 shows good agreement except for the following two cases. The

mass 84 and 85 for Br obtained with OSIRIS method do not seem coherent. Here
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again, possible errors in y-branching ratios or inaccuracy in the parent effect can be

the explanation of the discrepancy.

Furthermore, the Rb values obtained by Rudstam are lower by a factor of two than the

ones measured by Quade. Here, the difference can be explained by a poor

normalization of the Rb yields. Data for Kr and Sr seem to agree well.

Figure 3.11 Comparison of independent yields measured with OSIRIS and LOHENGRIN for the
thermal fission of 233U with estimated values from Wahl for the Br-Sr isotopes.
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To go further into the comparison between both techniques, their respective mass and

charge distributions can be studied. That is done in Fig. 3.12, where Y(A) and Y(Z)

for the light peak from both methods are plotted.



- 142 - Chapter 3. Experimental results and discussion

The charge distributions agree extremely well. The odd-even effect, which is

noticeable on the higher yields of charge Z = 36 (Kr) and Z = 38 (Sr), can be well

observed in both measurement.

On the other hand, the mass distribution shows some disparities. Actually, the troughs

are easily explained by the facts that for some masses not all elements are accessible

with OSIRIS (especially those with half-life longer than a few hours or those that are

not evaporated from the target). However, the overall shape of the distribution given

by OSIRIS follows the one from LOHENGRIN.

Figure 3.12 Comparison of the charge and mass distribution of the light peak from the
233U(nf,f) reaction measured with LOHENGRIN and OSIRIS.

10

c

2
Q.
C 0.1

0.01

1E-3

•O-••• LOHENGRIN
-•—OSIRIS

I

•» 1

/ ;

i l l
• k

, m ; i . i

o-
—•—

i . i

•LOHENGRIN
-OSIRIS

• .o
a \

P

\ -

p

6 :

1 , I , I : , I

100

-: 10

£4

5"

CD

a
CD
3

- 0.1

70 75 80 85 90 95 100 105 110 28 30 32 34 36 38 40 42 44 46

Mass a.m.u. Nuclear charge

This brief study on the LOHENGRIN and OSIRIS methods of investigating the

fission product distributions shows us an overview of the advantages and drawbacks

of both methods. LOHENGRIN can cover the whole range of fission products with no

limitation due to the half-lives of the products or with specific chemical properties.



Thermal fission OSIRIS vs. LOHENGRIN - 143-

On the other hand, the method of specific energy loss (see section 1.2.2.2) is not

applicable to the measurement of the heavy peak region. OSIRIS has more limitations

due to the use of an ion-source making the measurements dependent on the chemical

properties of the investigated nuclides. Short-lived nuclides, with half-lives down to a

few ms, can be investigated by the method developed by Rudstam (c.f. section 2.2.2),

whereas the important parent effect on the yields of the long-lived nuclides make their

analysis more difficult to undertake. Another advantage of the OSIRIS method, as

discussed above, is the possibility to distinguish isomeric states, which enables studies

on the population of the different isomeric states in the fission process. .

As a conclusion of this comparison, it appears that OSIRIS and LOHENGRIN should

be considered as two complementary tools both allowing better understanding of the

fission process.

3.5 Comparison of measured mass yield data
with the available systematics and calculations

In this section, the five-Gaussian fitting method by Musgrove et al. (section

1.3.1.1), the Zp-model of Wahl (section 1.3.2.1) and the thermodynamical calculations

(section 1.3.2.3) for the mass distribution of 2:>3U(nf,f) are compared with the data

measured at OSIRIS, as shown in Fig. 3.13.

For completeness, the data from both the on-line and off-line measurements, which

were performed at Studsvik, have been plotted alongside.

The five-Gaussian model by Musgrove was originally used to fill gaps in a measured

mass distribution byfitting to the experimental points. However, if there are sufficient

number of points for the fitting procedure to converge, then the model can be used to

extrapolate to unmeasured mass yields. The method, which is based upon a fit to the

mass yield curve with fine structure smoothed out, can not therefore take into account
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the pairing effect. The model parameters are furthermore derived from experiment.

The mass yield model by Wahl and the thermodynamical approach do take into

account paring effects and are more accurate in reproducing the fine structure of

yields for the fissioning systems with some gaps to fill among the experimental data.
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Figure 3.13 Comparison of
the mass yield distribution of
^Ufafif) obtained with
different models (Musgrove.
Wahl, MEPhI) and the
measured data at Studsvik.
The top figure compares the
models with the experimental
data obtained using the mass
separator OSIRIS. In the
figure below, the model
values are compared with the
set of experimental data from
both "on-line" and "off-line"
measurements.
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The mass yield model from Wahl also allows to estimate the yields by interpolation

when no experimental data are available. Chain yields are fitted or extrapolated by

sum of 2 to 5 Gaussian functions. It gives a rather good description for most fission

reactions (i.e. for various fissioning systems and for different neutron energies), as
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described in refs. [41] [79]. The thermodynamical model has only one free parameter

(the "temperature" of the compound nucleus), which has been determined for most of

the systems [044].

One should keep in mind that all these approaches represent post-neutron emission

determination (contrary to the Brosa's method [42]).

The results obtained with these models are in general agreement in the peak regions

and on the edges, but differ considerably in the region of symmetric fission. The Wahl

model is based on the experimental data from well-investigated reactions (such as
233U(nth,f),

 235U(n,h,f), 239Pu(nth,f) and ^CfCs-f.)) but still suffers from a lack of data in

the valley region. The following equation, 3.6, represents an approximation to the

estimated uncertainties on Y(A) [79]. This approximation attempts to simulate the

large uncertainty when measuring low yields, as illustrated in table 3.8. In this way,

Wahl reminds users that the model does not give highly accurate values. The error

estimates are thus also imprecise.

d(Y(A)) % = (25) exp{-0.25[ln(Y(A))]} Equation 3.6

Table 3.8 Examples of estimated uncertainty for the Y(A) by the mass yield model of Wahl

Y(A)%

10

1

0.1

io-3

io-6

AY(A) %

14

25

44

141

791
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In the valley region, the uncertainty of the yields from the thermodynamical model is

estimated to be about a factor of two [141], which should be much better than for the

approach by Wahl.

The general trend of the experimental data in the valley (from about A = 115 to about

A = 125) seems to be well reproduced by the approach of the thermodynamical

model, which gives yields in the valley slightly higher than the Wahl predictions.

Nevertheless, the yields in the symmetry region remain strongly energy dependent

and one has to take a great care of the shape of the neutron spectrum (or single

neutron energy) used in the estimates or calculations of yields for comparison.

In any cases, new experimental data are required to test the accuracy of models

providing either the estimated or calculated values.

3.6 Analysis of fiss ion modes

..,, The multi-modal random neck-rupture of Brosa [42] predicts the existence of

several modes in the potential energy landscape leading to different scission shapes of

the compound nucleus (see section 1.3.1.3). This model is commonly applied to

describe the two dimensional Y(Z,TKE) distribution, which provides a vast amount of

physical information on the splitting of the compound system. A first idea of the

location of the fission modes can be obtained using the one dimensional charge

distribution extracted from the symmetrized fission yield data27 of 23"'U(nf,f).

Hence, the parameterization of the distribution shown in Fig 3.14 by Gaussian

functions (as derived from the data) provides Zt = 52.7, Z2 = 55.2, ZL = 46,

respectively as central values for each Gaussian representing the nuclear-charge yields

for each fission mode. According to the terminology introduced by Brosa et al. [42],

the labeling of the standard modes has been done in the growing order of the

27 The missing yields in the distribution have been extrapolated from experimental data by using the
symmetric feature of each peak.
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asymmetry of the modes. Thus, SI (standard I) is the least asymmetric and S2

(standard II) is the most asymmetric one. The mode labeled SL, which means

superlong, is related to the symmetric scission configuration of the compound

nucleus.

10"

1O"1 r-

1 ( T 3 r-

10"

: 1

9

il \ °\

A
//x
A/si

A/? L \
30 4 0 5 0 6 0

Charge
Figure 3.14 Comparison of the symmetrized experimental data (symbols) to the fit of the charge yield

distribution. The contributions of the three modes have been plotted separately.

One should notice that the mean position of the Gaussian functions found in the
233U(nf,f) study are in very good agreement with the fission mode study of a

.28secondary beam of 234U [142] by the method of inverse kinematics fission'"5 (see

section 1.2.2.3).

A study of the multi-mode theory for neutron induced fission of actinide nuclei by

Tie-shuan fan et al. [143] led to an empirical prediction of the mode probabilities as a

28 The fission experiments with secondary beams show excitation energies around 11 MeV. In the
present experiment, if one considers an average neutron incident energy <En> = 1.2 MeV, the
excitation energy of the compound nucleus is determined by E*(234U) = En + Sn = 8.04 MeV, with Sn

the binding energy of the absorbed neutron in 233U, Sn = (mn + M(233U) - M(234U))c2 = 6.84 MeV. One
could compare, as an approximation, the secondary beam experiment with a neutron induced fission of
neutron energy En=l 1 - 6.84 =4.16 MeV.



- 148 - Chapter 3. Experimental results and discussion

function of increasing excitation energy directly related to the incident kinetic neutron

energy En, as given by the following equations:

W, = Ai + B, * exp(C; * £„ (MeV)) Equation 3.7

where Wj is the channel probability, Aj, Bi and Ci are free parameters for the fission

mode i. The values obtained by fitting to the available experimental data are given in

table 3.9.

Table 3.9 Fitting parameters of three fission modes for 234U fissioning nucleus [143].

Modes Ai Bj Q E» range (MeV) "
Standard 2 101.1 -11.0 0.12
Standard 1 -43.6 -53.1 0.02 thermal-5.5
Superlong -0.53 0.80 0.30

With these values the following intensities are obtained for each mode:

Table 3.10 Mode intensities obtained for the 2i4U fissioning nucleus using empirical formula.

En

thermal

1.4 (MeV)

4.1 (MeV)

Standard 2

90%

88%

82%

Standard 1

9.5%

1 1 %

15.7%

Superlong

0.5%

1%

2.3%

The thermal values can be compared to the experimental fitted values from ref. [144]

giving the yield associated to the standard 1 and standard 2 modes, respectively Y(S1)

= 4% and Y(S2) = 96 %. The superlong mode has been neglected in fitting because of

a very small quantity of symmetric fission in the thermal neutron-induced fission of

uranium.
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From the present 233U(nf,f) distribution, the yields corresponding to each mode are

deduced: Y(S1) = 44 %, Y(S2) = 55 % and Y(SL) = 1 %. Those values are compared

to the calculated ones and the deducted intensities from fission with secondary beam

of234U, in table 3.11.

Table 3.11 Comparison of the intensities of the different modes in the fission of the compound nucleus
234U from OSIRIS experiment, secondary beam experiment and empirical calculations.

S t a n d a r d 2 (%) Standard 1 (%) Superlong (%)

OSIRIS measurement

Secondary beam measurement

Calculated values En=l .4 MeV

55

39.1

88

44

49.7

11

1

11.2

1

Even if the superlong mode has a low contribution, it can be observed, showing an

increase of the symmetry from thermal to fast fission. Here again a good agreement is

observed between the data measured with OSIRIS (E*(234U) « 8.04 MeV) and the

study by Schmidt et al. in a secondary beam (E*(234U) « 11 MeV). The discrepancy in

the intensities observed for the superlong mode may be explained. Indeed, it has been

observed in the previous studies of neutron-induced fission of 238U [74], that the

superlong mode increases exponentially as a function of the increase of the excitation

energy of the compound nucleus (effect of the liquid drop). On the other hand, the

standard 2 tends to decrease, whereas th© standard I increases (shell effect), with

higher excitation energy of the systemi

The differences between the calculated values and the experimental ones for the

standard 1 and 2 modes can be explained by the fact that the prediction of Tie-shuan

fan is based on empirical equations and should be improved with further experimental

investigations.
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3.7.1 Delayed neutron yield data evaluation

The delayed neutron data, and particularly the total delayed neutron yields ( vd ),

are important parameters for reactor design and safety related studies. The delayed

neutrons determine indeed the kinetic response and behavior of nuclear power

reactors and delayed critical systems. Among the integral reactor parameters sensitive

to the yield data, one can mention the vd and the decay heat. Furthermore, the

determination of vd, and its comparison to evaluated values, appears to be a good

validation of experimental yield data, such as the ones obtained in the 233U(nf,f)

reaction.

Four ways exist for determining vd : firstly from summation calculation, e.g. Liaw et

al. [145], using microscopic data of individual delayed neutron precursors, which also

give rise to a systematic method of unmeasured data. Secondly, directly obtained (as

aggregate delayed neutron data) from integral measurement (e.g. Keepin [146]), and

complemented for unmeasured data with some systematics based upon least-square

fitting of available measured data with respect to the mass and charge of the fissioning

nuclide [147-148]. Thirdly, it is possible to derive vd from (3eff measurements using

in pile techniques (cf. source, Rossi-a, Reactor noise). Fourthly from theoretical

predictions using trends with 2Z-N value of the compound nucleus for the estimation

of the energy dependence of vd .

The determination of vd in this work is based upon the first method, i.e. the

summation calculations using the Pn29 values [128] from the JEF-2.2 data file and the

cumulative fission yields (Cu) from the 233U(nf,f) reaction measured in this work,

through the following equation:

NPF

1
1 = 1

vd =^Cu(i).Pn(i) . Equation 3.8
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NPF is the number of precursors taken into account in the calculation. The JEF-2.2

reports data for about 158 delayed neutron precursors (whereas 271 are available in

the ENDF/B-VI library by England)30. The errors are derived from the above

equation:

d(vd) = f £ {[d{Cu(i)).Pn(i)f + [Cu(i).d{Pn(i))f } Equation 3.9

where d\y^j, d{Cu(i)) and d(Pn(i)) are the standard deviations (which are assumed

to be independent).

The experiment carried out during this work did not allow the measurement of all the

reported delayed neutron precursors. Actually, 58 of them have been measured at

OSIRIS, which correspond to 67.7% of the total contribution to the vd for 235U(nth,f)

[151]. In the case of 233U(nf,f) experiment, the vd was derived using the 55 delayed

neutron yields actually measured. The same precursors have been taken into account

in order to derive, as comparison, the vd (55) from various sets of yield data, viz.

Wahl's estimates, JEF-2.2 evaluated data and the values from the 233U thermal fission

measured at Studsvik with OSIRIS [8]. Those values are summarized in table 3.12.

Table 3.12 Comparison of delayed neutron yield data values between OSIRIS, Wahl and JEF-2.2 for
the S3U(nf,f) reaction and to 233U(n[h,f) values from OSIRIS.

Wahlfast JEF-2.2 fast

vrf(55) 0.52 ±0.31 0.59 + 0.26 0.70 ±0.25 0.68 ±0.11

An overall agreement can be noticed between the measured yields and those

calculated from Wahl, and from JEF-2.2 within the error-bars. The contributions of

each of the 55 nuclides to vd are given using the different data sets in table 3.13.



-152 - Chapter 3. Experimental results and discussion

Table 3.13 Contribution of the 55 delayed neutron given by OSIRIS, Wahl and JEF-2 to Vd

(in %) for 233U(nf,f), and for 233U(n,h,f) measured with OSIRIS.

Nuclide

ByBr
BSBr
S/Br
y4Rb
V5Rb
l3yI
I 4 jCs
B S T

I4OT

y 3Rb
I 3 / Te
y bRb
144Cs

'*Te
"Ge
' *Sb
y3Kr
14:>Cs
y / R b
1 J I m In
1 4 1Cs
i4-Cs
l i y mIn
8 tGa
S4As
wRb
y6Sr
y8Sr
y i Rb
1 4 6Cs
U 4 m S b
1 4 1Xe
y 2 Kr
y y Sr
i z y In
14<3Ba
1 J 1In
y / S r
1 2 /In

OSIRIS
26.89
22.08
12.94
11.13
8.45
2.61
2.02
1.75
1.72
1.60
1.53
1.23
0.82
0.77
0.77
0.61
0.57
0.48
0.47
0.32
0.22
0.19
0.11
0.10
0.09
0.09
0.08
0.07
0.06
0.06
0.04

3.11E-03
0.03
0.02
0.01
0.01
0.01
0.01
0.01
0.01

Wahl
16.97
19.52
17.71
12.20
12.03
3.59
1.67
0.82
3.53
0.16
5.17
0.29
0.93
0.21
0.89
1.86
0.66
0.50
0.08
0.26

0.17
0.15
0.00
0.06
0.10
0.07
0.04
0.07
0.10
0.00
0.01
0.02
0.05

4.34E-03
1.33E-03
2.98E-03

0.01
0.01

1.13E-03

JEF-2.2
14.90
19.60
18.14
9.83

15.65
3.81
1.56
1.00
3.91
0.20
4.87
0.23
1.07
0.37
0.62
1.69
0.44
0.50
0.17
0.25

0.16
0.19
0.25
0.08
0.11
0.07
0.03
0.06
0.08
0.01
0.01
0.02
0.04

3.79E-03
3.76E-03
3.54E-03

0.05
0.01

1.09E-03

OSIRIS Thermal
21.92
13.31
11.93
7.85
6.88
2.44
5.70
7.36
6.23

2.55
0.31
0.52
4.02
0.69
0.01
2.01
1.11
2.61
0.13

0.22
1.12
0.02
0.07
0.17
0.03
0.03
0.30
0.04
0.22
0.06
0.00
0.04

4.39E-03
2.12E-03

0.02
5.79E-04
4.09E-03
1.90E-03



Trends in new data / Data validation - 153-

'-wIn
/yGa
lMmJn
J4 /Ba
80Ga
l z / mIn
1J3Sn
12*In
Ul Ag
'"Ag
'"Ag
"uAg
"yAg
/8Zn
lz/Cd

0.00
3.97E-03
2.21E-03
2.15E-03
1.48E-03
1.11E-03
1.09E-03
1.02E-03
7.62E-04
6.58E-04
4.20E-04
3.36E-04
2.81E-04
1.82E-04
4.71E-05

2.01E-02
3.39E-03
3.51E-02
6.35E-04
1.31E-03
2.57E-04
7.18E-04
6.81E-04
2.20E-04
7.53E-05
1.26E-04
2.24E-04
2.48E-04
L28E-04
1.58E-08

0.01
4.28E-03

1.25E-03
2.01E-03
2.19E-04
4.21E-04
5.76E-04
1.90E-04
7.83E-09
3.32E-05
2.32E-04
3.30E-04
1.49E-04
3.90E-08

7.97E-03
4.55E-03
6.03E-04
9.03E-03
1.70E-03
4.60E-04
4.54E-02
7.89E-04
5.22E-04
7.08E-04
3.64E-04
2.46E-04
I.61E-04
1.11E-04
7.16E-07

137I and 89Br appear to give a higher contribution than the one obtained with Wahl ' s

model and JEF yield data. Noticeable differences between the measured values and

the estimated/evaluated ones are also observed for the following nuclides, with a

contribution > 1%: 94Rb, 143Cs, 93Rb, I401,137Te.

One can also compare the same type of data ( vd obtained for the 55 delayed-neutron

precursors) for different fissile systems (viz. 235U(nth,f) and 239Pu(nth,f) from the

values taken in JEF-2.2 [45] :

Table 3.14 Comparison of the total delayed neutron yield derived from the present work (in bold) and
the ones obtained with the JEF-2.2 values for ^ U ^ f ) and 239Pu(nth,f).

Nuclide

2-"U (F)

235U (Th)

239Pu(Th)

yd (55)

0.52 ±0.31

1.15 ±0.30

0.46 ±0.12

vdMtai
 f r o m H 5 i ]

0.95 ± 0.09

1.71 ±0.11

0.62 ±0.06

v~('
/ à total

54 %

68%

74%

55)/

1

2.40

0.88

d total Z_

V£/233f / <1t""i'u2^F

1

1.80

0.63
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The ratio v^ V— for different fissioning systems is given in column 4 of table
/ V(lwtul

3.14. Those ratios show the sensitivity of the vd to the Pn/Cu values of the produced

yields in each fission reaction, i.e. the contribution of each precursor can be rather

different from one fissioning system to another.

3.7.2 Cumulative fission yields of important
fission products for reactor applications

3.7.2.1 Radiotoxicity

About 90 percent of the radioactive material in long-lived nuclear waste produced

in reactors consists of fission products: mostly selenium 79 (T^ = 6.5 104 y),

strontium 90 (Tv& = 29.2 y), zirconium 93 (Ta = 1.5 106 y), technetium 99 (T./2 = 2.1

106 y), tin 126 (T./2 = 1.0 105 y) iodine 129 (T% = 1.6 107 y), and cesium 135 (TVl = 7.3

106 y) and 137 (Ty2 = 30.08 y). The waste is also composed of heavy elements, known

as higher actinides: mostly the transuranic elements (heavier than uranium) i.e. the

plutonium, neptunium, americium, and curium isotopes. All higher actinides and

some of the fission products are radioactive, and will decay by emitting energetic

photons (gamma-decay), electrons (beta-decay) or helium nuclei (alpha-decay), and

some neutrons are also emitted by spontaneous fission of some nuclei. The radiation

of these particles may be harmful for living creatures if the waste is released into the

biosphere. Most of the waste decays rather quickly into stable isotopes, although a

significant fraction unfortunately remains radioactive for long times. Cesium and

Strontium, which are the two most toxic ingredients of the waste, have half lives

around 30 years, and must be safely stored until they have practically disappeared,

which means around 500 years. After this period the remaining toxicity derives from

higher actinides, like Plutonium (239Pu has a 24,000-year half-life), Americium and
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as higher actinides: mostly the transuranic elements (heavier than uranium) i.e. the

plutonium, neptunium, americium, and curium isotopes. All higher actinides and

some of the fission products are radioactive, and will decay by emitting energetic

photons (gamma-decay), electrons (beta-decay) or helium nuclei (alpha-decay), and

some neutrons are also emitted by spontaneous fission of some nuclei. The radiation

of these particles may be harmful for living creatures if the waste is released into the

biosphere. Most of the waste decays rather quickly into stable isotopes, although a

significant fraction unfortunately remains radioactive for long times. Cesium and

Strontium, which are the two most toxic ingredients of the waste, have half lives

around 30 years, and must be safely stored until they have practically disappeared,

which means around 500 years. After this period the remaining toxicity derives from

higher actinides, like Plutonium (2;>9Pu has a 24,000-year half-life), Americium and

Curium, and two fission products: "Tc and 129I, which have half-lives longer than

100 000 years.

Because these materials are highly radioactive, they must be sequestered from the

environment until their radioactivity has dropped to levels considered safe. While

there is agreement on using geologic repositories for the ultimate disposal of high-

level nuclear waste, different strategies for dealing with spent nuclear fuel are being

followed by various countries, reflecting their views on nuclear power, reprocessing

and nonproliferation. Extensive research indicates that enclosing actinides in copper

containers is technically feasible even over a period of a million years, in spite of

geological uncertainties and thermal stress from decay heat. However, the fission

products Technetium and Iodine have a tendency of migrating out of known container

media and are thus difficult to store safely for more than a few thousand years.

Transmutation appears as a solution to this problem. It takes place when subatomic

particles, especially neutrons, under the right conditions, penetrate atomic nuclei. The

neutron may be absorbed, creating an isotope of the original element, or it may create

another unstable atom which then may fission or decay. In either process, the original

atom is transformed into a different one. Technetium 99, for instance, after absorbing
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a neutron ultimately becomes ruthenium 100, a non-radioactive nuclide. Iodine 129 is

transmuted by neutrons into stable xenon 130.

It is thus of great importance to know precisely the nuclide inventory in the different
233optional fuels, such as ' U, for innovative reactors.

Due to their extremely long-lives, it is not possible to investigate yields of these

fission products via y-spectrometry. On the other hand, for most of them, cumulative

yields of their precursor (via P-decay), with a shorter half-life, have been measured

for the 233U(nf,f) reaction. The following table summarizes the measured nuclides and

their contribution to the longer-lived radioactive waste nuclei:

Table 3.15 Parent yields of the long-lived waste nuclides as measured in the 73S\J(Ênt,f) reaction and
their contribution to the cumulative yields of their daughter nucleus (the unmeasured daughter yields
are taken from Wahl [79])

Parent

"Mo
129Te

I35Xe

T'A

10 h

2.7 d

1.2 h

9.1 h

Daughter

93Zr

"Te
129T

135Cs

Cumulative

Yield Parent (9c)

6.74(16)

4.60 (17)

1.25(21)

5.80(18)

Cumulative

Yield Daughter

(%)

6.1 A (16)

4.60 (17)

1.29 (21)

5.83 (16)

Contribution

parent to

daughter (%)

99.9

99.9

96.8

99.6

Mass Yield (9c )

6.49(16)

4.82 (17)

1.94(21)

5.66 (16)

Table 3.15 shows that the long-lived nuclides are produced mainly by the decay of

their precursors and not very much directly by fission. The measured yields are then

compared to the prediction of Wahl, the JEF-2.2 evaluated data and previous

measurements obtained by radiochemical methods [160] [161]:
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Table 3.16 Comparison of the measured data of the parent cumulative yields of the main radiotoxic
isotopes with previous experimental values and estimated/evaluated ones. All yields are in percent.

Nuclide GALY98 Previous data Wahl Zp-model JEF-2.2

9^Y 5.32(19) : 6.74 (16) 6.97(11)"

"Mo 4.70(22) 4.83 (5.5) [160] 4.60(17) 4.88(8)
l29Te 1.12(32) 0.60(9) [i60] 1.25(21) 1.62(13)
l35Xe 5.47(16) 5.89(7.5) [i6i] 5.80(18) 6.33(5)

A difference of 20% can be observed in the yield of 93Y between the measured value

and the estimated/evaluated ones. A much bigger difference appears between the

value measured in this work and the previous experimental data for the !29Te. The

same paper ref. [160] reports a chain yield value for the mass 129 of 1.570 (9) %,

which supports the values measured in the present work.

It is then interesting to compare these values to the yields produced in the 235U(nth,f),
238U(nf,f) and 239Pu(nth,f), in order to get trends in the long-lived nuclide production

with the different fissioning systems, as shown in table 3.16.

Table 3.17 Fission ratios of the cumulative yields of the long-lived waste precursors. Yields of
23;îU(nf,f) come from the present work and ~"">U(nt),,f),

 238U(nf,f) and 239Pu(nth,f) yields have been taken
from JEF-2.2 library.

Nuclide 23:

99Mo

129Te

I35Xe

/ TJ
/ w Thermal

0.769

0.955

1.526

0.831

/ f*ÉfAY

1.029

0.753

1.923

0.832

/ thermal

1.377

0.765

0.890

0.757

The global trend is, as a result, to observe a decrease of the production of the

precursors yields (and thus of the main radiotoxic fission products) in the 233U(nf,f)

reaction in comparison to the others (e.g. about 20% in the l35Xe/135Cs yield), except

for the production of 129Te . In this case, it appears that in this fission process the
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production of l29Te (and thus I29I) is much higher (50% in the case of the thermal

induced fission of 235U and about 90% of the fast neutron induced fission of 238U!).

3.7.2.2 Bumup monitors

Fission product nuclear data are of important interest in the fields of burnup

measurements and spent fuel analysis. Indeed, the development of the nuclear-based

technologies requires more accurate fission yields and knowledge of the change in

yields versus the energy of the neutron inducing fission.

Burnup can be defined in several ways, depending upon the user and his needs, but it

is commonly defined as follows:

. . . number of fission x 100 r „ / - . ! „ • ~- , .
BU = [atom % fission] Equation 3.10

initial number of total heavy elements atoms

where the burnup (BU) of an irradiated fuel denotes the relative number of heavy

fissile isotopes that have been lost through fission.

The basic burnup quantity as defined above is directly related to a number of other

quantities required for different applications such as the average or terminal fission

rate (see also below), the individual sources of fission etc.

One has to note that the burn-up is essentially tied to the time of fuel irradiation.

Calculation of residual fuel constant and reactivity, and decay heat calculations can

thus be performed versus bum-up.

The most accurate (1-2%) and widely used method of measuring the burnup is by the

fission product monitor-residual heavy atom technique. In this method, the fuel

specimen is dissolved and the number of atoms of a selected fission product monitor

and of the heavy element atoms are determined. Unfortunately, this approach is a

destructive method, which is not always desirable and applicable. A non-destructive
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approach of the burnup measurement is performed by y-spectrometry of the fission

products. Such measurements provide less accurate burnup values (D5%), but have

the advantage of giving rapid information on the relative burnup.

Thus, measurements of y-ray activities of some specific fission products can be used

to derive information on different parameters of the fuel history, in particular the

fission rate at shutdown ("terminal fission rate"), e.g. from 14OBa/14OLa or 95Zr/95Nb

activity ratios. The technique is then to measure y-rays emitted in the decay of those

specific fission products and then to derive the fission rates from the yield data. This

method requires accurate fission yields and decay schemes.

In the present work, cumulative yields of l40Ba, 140La and 95Zr have been measured

(see section 3.1) for the fast neutron induced fission of U.

One should note that t40Ba and 95Zr are also used in reactor neutron dosimetry

providing information regarding neutron flux densities, fluences and neutron spectra

(information needed in order to calculate accurately fission rates, burnup damage

rates, etc.). Furthermore, in addition to the quantities required for burnup analysis,

information on the cooling time may be of interest to safeguards, which can be

deduced from the activity ratio of l4ùBa/9S2x.

Fission

product

*Zr
l40Ba

140La

64d

12 d

40.3h

Present work

5.51 (25.7)

5.71 (24)

6.03 (22)

Cumulative Fission Yields (%)

Previous

measurement

[28]

6.08 (3.7)

Wahl

6.19(16)

6.82 (19)

6.84(15)

JEF-2.2

6.32 (3

6.18 (3

6.20 (3

•7)

.5)

•5)

Table 3.18 Cumulative fission yields of 9SZr, l4()Ba and 140La from the fast neutron induced fission of
233U. The yields of those elements can be used to derive burnup quantities.
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Unfortunately, the large uncertainty of these yield values does not allow accurate

burnup data determination. On the other hand, they show a general overestimate of the

Wahl predictions and therefore of the data from the JEF library for the elements of

interest.

3.7.3 The Thorium-Uranium fuel cycle

Nuclear power is the only energy source that is able to meet the electricity demand

under safe, economic and environmental benign conditions. Currently there are some

concerns, particularly in the public perception of its safety and especially in the long-

term problems associated with nuclear waste. There is a further concern about

reducing actinide production during built up of the fuel. The technologies available to

deal with these problems are directing to the use of the Thorium cycle (232Th/233U).

This built up of some actinides is indeed limited with the use of the thorium cycle.

The main reaction path associated with the neutron irradiation of 232Th is depicted in

Fig. 3.15 and compared with the Uranium/Plutonium cycle.

The thorium cycle offers a limited built up of higher actinides and new incentives

have appeared for the use of the Th-based fuel cycles. This is mainly due to the

presence, as shown in Fig. 3.15, of two other fissionable isotopes of uranium (235U

and 237U) in the chain leading to Plutonium and the other heavier actinides. One

should also note that the build up via capture begins from A = 232 instead of A = 235

in the Uranium cycle. Furthermore, the use of a fast neutron spectrum will lead to a

small capture to fission ratio in 233U.
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Figure 3.15 Thorium and of Uranium cycles, figures taken from [152]

Although 233U is a potential proliferation material, it can be easily and effectively

denatured by addition of 238U and furthermore, the 232U activity, which is always

associated with it, means that 233U is in practice a highly proliferation resistant fuel.

However, important subsidiary reaction paths are through (n,2n) reactions. The most

important of these reactions is with 232Th and leads to the formation of 23IPa and 232U

i.e.:

This latter reaction shows clearly the connection between proliferation resistance

(because of the presence of the hard y-emitter in 232U decay chain as a minor product

of the cycle) and toxicity (through 23IPa) of irradiated fuel and is an example of the

so-called proliferation-toxicity dilemma of the thorium based fuel cycle [153].
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On the other hand, it has been shown in section 3.7.2.1 that the production (per

fission31) of major long-lived fission products (viz. 93Zr, "Tc, I 3 5CS) for the 233U in a

fast neutron spectrum is slightly lower (about 20%) than the one in the 235U

"classical" burn-up. However, the production of 129I is higher (per fission) of almost a

factor 2 during the burn-up of 233U in a fast neutron spectrum. Since Iodine is a very

mobile element, these trends have to be taken into account in the different scenarios

for waste management of thorium fuelled projects.

To summarize, the recently proposed energy amplifier reactor concept (and its

application to waste transmutation) [5-7] [154-157], based on the use of an

accelerator driven sub-critical assembly with thorium as the breeding fuel, offers

potentially significant advantages over a conventional fission reactor with regard to

the Uranium/Plutonium nuclear fuel cycle. The main advantages stated are that much

less transuranic actinide waste is generated and the risk of nuclear proliferation is

substantially reduced. In addition, providing a reactor which is essentially sub-critical

leads to a much smaller probability of a reactivity induced accident. However, the

thorium cycle may produce larger quantities of radioactive fission products, such as
I29I. One can indeed notice that there is a difference in the inventory of fission

products produced by 233U and 235U fission due to their slight mass difference.

One can conclude that a thorium based fuel cycle in combination with the family

of energy amplifiers does offer a variety of options for improvements in the .nuclear

fuel cycle with regards to proliferation and/or radiotoxicity. Nevertheless, further

studies are required to clarify the potential advantages of accelerator driven sub-

critical systems over critical points of view of safety, optimization of power

production, and transmutation of particularly hazardous and long-lived fission

products.

31 The production of long-lived fission product is given per fission. One has to be careful and consider
these values as trends for further investigations (design of reactor core, etc).



Conclusion

The purpose of this work was to improve the experimental nuclear data on fission

product yields for the 233U(nf,f) reaction. Two different types of measurements

designed to investigate the 233U fast neutron-induced fission, have been carried out in

the framework of this thesis. The first experiment has been performed using the mass

separator OSIRIS (Isotope Separator On-Line type) located in Studsvik (Sweden).

The measurements of the fission products are done by combining the mass separation

at OSIRIS with y-ray spectroscopy. OSIRIS is one of the few facilities in the world, if

not the only one, where this technique can be currently applied. Despite the

limitations of the integrated target ion-source efficiency, one can successfully measure

at OSIRIS a large part of the independent yield distribution (both light and heavy

mass peak regions) including many isomeric pairs and the region of symmetry. The

information on both the distribution of independent yields among isomeric states and

charge distribution in the region of symmetry, is scarce so far, as these values are

practically inaccessible to most other techniques, as described in Chapter 1. With

these features, the OSIRIS method complements the physical techniques with high

resolution, but limited to the measurement of the light mass region independent

yields, and the radiochemical techniques used mainly for the determination of the

mass chain yields. One should also mention the recent technique of fission in inverse

kinematics. The technique is in an early stage of development, but it presents a great

potential for a systematic study of the fission process in regions of the chart of

nuclides that were inaccessible so far.

The measurement of both independent and cumulative yields of about 200

nuclides covering most of the yield distribution, including many isomeric states, is

reported. The investigated yields include nuclides from Zinc (Z = 30) to Strontium (Z
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= 38) in the mass-range 74-99 and nuclides from Palladium (Z = 46) to Barium (Z =

56) in the mass-range 113-147. All the measured yields obtained are new data since

no experimental independent yields in the fast fission of 233U were available prior to

this study.

The OSIRIS method allows measurements of short-lived fission product nuclides (in

our experiment they ranged from 5 ms to a few hours), but it can not provide access to

those with longer half-lives. Furthermore, the method of determination of the yields

requires external experimental values for absolute normalization because the number

of fissions is not directly measurable. Only a few cumulative and chain yields have

been reported in the literature since the fast fission of the 233U has been quite poorly

investigated before. Therefore, a second measurement has been performed based on

direct y-spectrometry of unseparated fission products from an irradiated sample of
233U shielded for thermal and epithermal neutrons using a boron filter previously

designed. From this additional experiment, more than 50 cumulative yields of

nuclides with half-lives from 15 min to a few days, have been determined. In addition

to the normalization points for the previous on-line experimental campaign and

numerous new experimental yields, this measurement has given access to nuclides of

high importance in reactor physics (e.g. 135Xe, "Mo, 129Te, I40Ba...).

The yield data were compared with the estimated values from the Zp semi-empirical

model of Wahl, with the calculated values from a new Russian thermodynamical

model and with the evaluated values from the European nuclear data library JEF 2.2.

A rather good agreement between the experimental data and the calculated/evaluated

ones can be observed through the isotopic yield distributions for all investigated

elements. The present work has pinpointed peculiarities in the JEF library, with

deviations of about four orders of magnitude, confirming the need for complementary

experimental data to improve the fission yield data evaluation. In the valley, some

noticeable differences between the experimental data and Wahl's estimates can be

pointed out. Due to the lack of experimental data in the symmetry region, the

empirical model by Wahl shows a high uncertainty in the estimate of the yields in this

region. On the other hand, the fission product yields calculated in the new
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thermodynamical approach show a surprisingly good agreement with the experimental

values, in particular in the region of the symmetric fission. This model looks

promising and it opens new ways to investigate and model the still enigmatic fission

process.

The analysis of the charge distribution shows evidence of the odd-even effect, which

has already been observed in the previous studies of the thermal fission of 233U.

A survey of the behavior of the yield distributions versus the incident neutron energy

became possible by comparison with the previous data for the 233U fission reaction

also measured at OSIRIS. This study confirms previous investigations demonstrating

the diminution of the asymmetry in the mass distribution with an increasing energy of

the incident neutron. A similar observation has been noted in the comparison of the

thermal and fast fission of 233U with regards to the charge distribution. Since the

systematics in the behavior of the charge yield distribution versus excitation energy

has not been investigated so far (due to the lack of experimental data), these last

results open ways to further studies on different fissioning systems.

A study on the partitioning of the different isomeric state yields was also performed,

based on the comparison of yield data from 23iU(o^£)1
 235U(nth,f) and 233U(nf,f)

reactions measured at Studsvik. The generally good agreement between the isomeric

yield distributions for the three fissioning systems indicates that the relative

population of the isomeric states is more closely related to the nuclear properties of

the fission products than to the fission process itself.

OSIRIS appears thus as a fantastic tool to investigate fission product yields, but one

has to keep in mind the shortcomings and limitations of this method. Because the

number of fissions in the target is not directly measurable, normalization using

external experimental data is required. If there is no experimentally determined

normalization data, then one would have to use estimated values increasing the

uncertainty on the resulting yields. Furthermore, the yield determination is based on •

the knowledge of the delay parameter and ionization efficiency of each chemical

species released from the target. These parameters are usually determined by use of

external normalization or can be estimated from previous measurements since they are



-166 - Conclusion

supposed to be dependent only on the target temperature and on the product charge. A

campaign of measurements has been completed during the present work in order to

determine the uranium target temperature dependence of these parameters for each

element. However, a careful study of these parameters is required in order to

understand better the release and the ionization mechanisms of the fission products

from the integrated target ion-source and to further improve the capability of this

technique to measure the fission yield data.

The fission studies, based on y-assay, have shown that there is a strong need for

precise data on y-ray intensities to improve the accuracy of the results obtain with the

OSIRIS method. If accurate sets of y-ray intensities would be available, then it would

be possible to extend the studies of fission product yield to other fissile systems

(limited to uranium and thorium isotopes due to the conception and stability of the

target).

The new set of data, from this work, for the 233U(nf,f) reaction improves

significantly the Fission Yield Data involved in the investigations of Accelerator

Driven System (or Hybrid Systems) with a fast reactor spectrum. These data have

now to be evaluated in order to be integrated in the fission yield libraries. The

evaluations are dependent upon experimentally measured data that are indeed their

sole factual foundation. The aim of the evaluation work is to provide the users for

reactor applications with a fission yield data set as complete, and accurate, as possible

including the most recent experimental data. The evaluator can also use these new

data to improve the empirical models and predictions of unmeasured yields.

One could mention that measurements of the 232Th(nf,f) fission product yield

have been recently carried out at OSIRIS to complete the experimental set of data

involved in the Accelerator Driven System projects. Those systems based on the

thorium fuel cycle in combination with energy amplifier have renewed the thinking on

the energy production by nuclear fission and on the nuclear waste management.

However, further studies are still required to clarify the potential advantages of those



Conclusion - 167-

projects, in particular critical issues of safety, optimization of power production, and

transmutation of particularly hazardous and long-lived fission products.



Appendix A

Available chain and cumulative
yields from the fast fission of
233U
Table taken from ref. [11] with permission:

CHAIN AND CUMULATIVE YIELDS FROM FAST FISSION OF 233U.

A EL REF. EXPERIMENTAL MEAN R CHB/DF DCHECHI2 | TOTAL CHI2 WEIGHTED STANDARD
NO. NO. YIELDS &SD COMPONENT VALUE COMPONENT EXTERNAL | INT. EXT./DF MEAN DEVIATION

3 H 91204

4 HEPI2057r

83 SE 40554

KR 868

84 KR 868

85KR(M)40554

CHAIN 868
21736T

86 KR 868

87 BR 12926

KR 40554

RB 868

88 SR 868

89 SR 29r
61

90 CHAIN 868

91Y(G)29r

Y (M) 40554

ZR 868

CHAIN 21736r

92 SR 40554

ZR 868

CHAIN 21736r

93ZR 868

94ZR 868

95 ZR 21707

MO 868

CHAIN 21736r

1.500E-01 50.0

2.003E-01 10.8

5.500E-01 12.7

9.950E-01 5.0

1.640E+00 5.0

3.050E+00 9.2

2.120E-H» 5.0
2.203E+00 20.3

2.780E+O0 5.0

2.310E+00 8.2

4.850E+00 10.5

3.84OE+O0 10.0

5.120E+O0 5.0

5.016E+00 15.6
6.300E00 7.0

6.450E-K» 5.0

6.169E+00 15.9

4.200E+00 9.1

6.440E+00 5.0

5.139E+00 15.4

5.900E+00 8.6

6.540E+00 5.0

5.139E+00 20.3

6.920E4O0 5.0

6.740E-KX) 5.0

6.400E400 4.6

6.290E+00 5.0

6.240E+00 3.9

-0.18
0.18

1.58

-1.58

-0.27
0.27

-0.08

1.29

-1.50

1.28

-1.28

0.40

-0.04

-0.34

I

0.03

2.51

0.08

2.33

1.65

0.18

0.03

2.51

0.08

1.17

1.65

0.09

2.003E-01 10.8

9.9S0E-01 5.0

1.640E+00 5.0

2.124E+00 (I) 4.9A

(E) 0.9

2.780E+00 5.0

4.206E+00 (I) 7.3 >2

(E) 11.5A

5.120E+00 5.0

6.248E+00 (1) 6.4A
(E) 1-8

6.450E+00 5.0

6.247E+00 (0 4.6

(E) 4.9A

6.414E+00 (1) 4.9

(E) 6.2A

6.920E400 5.0

6.74Œ+00 5.0

6.301E+00 (1) 2.6A

(E) 0.8
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A EL. REF. EXPERIMENTAL MEAN
NO. NO. YIELDS &SD COMPONENT

96 ZR 868 5.700E+OO 5.0

97 ZR 21707 5.510E+O0 3.6

. MO 868 5.440E+00 5.0

CHAIN 21736r 5.078E+00 9.1

98 MO 868 S.140E+O0 5.0

99 MO 61 4.750E+00 8.0
21707 4.910E-K» 3.5

CHAIN 21736r 3.977E+00 20.3

100 MO 868 4.380E-KM 5.0

103* RU 21707 1.680E+00 4.9W
61 4.130E-O1 50.0W

CHAIN 21736r 1.652E+O0 8.1

104 TC 40554 1.680E+00 10.1

106 RU 61 1.600E-01 13.0

CHAIN 21736r 2.876E-01 9.1

111AG 29r 1.373E-01 20.5
61 8.370E-02 10.0

115CD(G) 61 S.200E-02 11.0 5.200E-02

CD{M) 29r 8.423E-O3 17.7 8.423E-O3

CHAIN 61 5.600E-02 11.0 5.600E-O2

117 SW 244 6.000E-02 10.0

118 SN 244 6.000E-02 10.0

119SN 244 7.400E-02 11.0

120 SN 244 8.300E-O2 10.0

122 SN 244 8.300E-02 10.0

124 SN 244 1.200E-01 10.0

125 SB 868 1.410E-01 11.0

CHAIN 211551.5006-01 10.0
21736T 2.080E-01 20.3

126 CHAIN 21155 3.400E-01 20.0

127 CHAIN 21736T 4.772E-O1 10.6
21155 7.650E-01 10.0

128 CHAIN 21155 1.430E+00 20.0

129 TE 61 6.020E-01 9.0

CHAIN 61 1.570E+00 15.0
21155 1.9SOE+00 10.0

130 CHAIN 21155 2.590E+00 20.0

131 1 21707 3.810E*O0 10.0
40554 4.800E+00 13.5

XE 868 3.730E+00 5.0

CHAIN 21155 3.720E+00 20.0
21736r 3.977E+O0 6.0

132 TE 61 4.360E+00 15.0
40554 4.500E+00 8.0
21707 4.620E+00 3.5

29r 5.307E+00 15.5

XE 868 5.040E+00 5.0

CHAIN 21736r 4.46SE-K» 10.2
21155 5.110E+O0 20.0

R CHC/DF DCHI2CHI2
VALUE COMPONENT EXTERNAL

0.53

-0.01

-0.84

-0.29
0.78

-1.10

1.31
-Z31

1.17

0.00 0.12 0.2

0.00 0.01

0.00 0.14

| TOTAL
| INT.

I

10.74

I
I

I

I
11.36

I

I

16.74

I

I

|
I

I

| 0.27

1

f

I

I

I

• J£ ft" 7" T*̂ **SS SI S S SS2SS2 « ~ £ ^ «SSSSÏSSSS

-0.74

0.05
1.43

-3.14
3.14

-1.24
1.24

-0.14
1.48

-0.98

-0.19
0.59

-0.53
-0.59
-0.74
0.74

1.52

-0.54
0.40

I

I

12.22

I

I

| 9.88
I

I

11.54

I

I

12.88
I

i

I

|3.61
I

I

CHI2
EXTJDF

0.37

0.68

3.37

0.27

1.11

9.88

1.54

0.72

0.60

WEIGHTED STANDARD
MEAN DEVIATION

5.700E4O0 5.0

5.442E+00 (1) 2.8A

(E) 1-7

5.140E+00 5.0

4.850E-HDO (I) 3.2A
(E) 2.6

4.380E+00 5.0

1.542E+O0 (I) 4.3 >2
(E) 7.9A

2.876E-01 9.1

5.830E-02 (D 7.3A

(E) 3.8

6.000E-02 10.0

6.000E-O2 10.0

7.400E-02 11.0

8.300E-O2 10.0

8.300E-02 10.0

1.200E-01 10.0

1.495E-O1 (I) 7.0

<E> 7.4A

3.400E-01 20.0

5.642E-01 <l) 7.5 >2
(E)23.4A

1.430E+00 20.0

1.795E+00 (I) 8.4

(E) 10.4A

2.590E+O0 20.0

3.859E+OO (1) 3.4A
(E) 2.9

4.701E-K» (1) 2.5A
(E) 2.0
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Available chain and cumulative yields from the fast fission of 233U

A EL REF. EXPERIMENTAL
NO. NO. YIELDS & SD

1331 40554 5.100E-KM 12.7
21707 5.540E*00 3.7

CS 868 6.010E+O0 5.0

CHAIN 21736r 6.057E+00 9.7
21155 6.110E+00 20.0

134 TE 40554 4.300E+00 10.5

XE 868 6.300E+00 5.0

CHAIN 21155 6.200E+00 20.0

135XE 21707 5.400E+O0 10.0
868 6.370E+O0 5.0

CHAIN 21736r5.323E+00 20.3
21155 6.430E-K» 5.0

136XE 40877r 6.588E+O0 6.4
868 6.880E+00 5.0

CS 2113 1.100E-01 10.0
21707 1.160E-01 7.3

CHAIN 21155 6.690E-KJO 20.0

1371 12926 1.400E-K» 50.0

CS 21707 6.200E400 12.0
61 658OE-rtO 15.0

CHAIN21736r6.118E+00 8.7
21155 6.700E-K» 20.0

868 6.750E+00 5.0

138 BA 868 6.52OE+O0 5.0

CHAIN 21155 6.420E+00 20.0

139 BA 40554 8.000E+00 10.0

LA 868 6.370E+00 5.0

CHAIN 21155 6.290E+00 20.0

140 BA 21707 6.080E«00 3.7
61 6.310E+00 8.0

CE 868 6.260E+00 5.0

CHAIN 21155 6.170E+00 20.0

141 CE 29r 6.246E-KX) 15.7
21707 6.290E+00 3.6

61 6.770E+O0 9.0

CHAIN 21155 6.130E+00 20.0
21736r6.913E-K» 6.3

142 LA 40554 7.800E+00 10.9

CE 868 6.360E-K» 5.0

CHAIN 21155 6.030E4O0 20.0

143 CE 21707 5.380E+00 3.7

PR 29r 5.035E+00 18.4

NO 868 5.S40E+O0 5.0

CHAIN 21736T 4.711E+00 9.7
21155 5.660E+O0 20.0

144 CE 29r 4.092E-H» 15.7
21707 4.520E+00 4.8

CHAIN 868 4.400E+00 5.0
21155 4.500E4O0 20.0
21736r 5.996E+00 20.3

145 ND 868 3.200E+O0 5.0

CHAIN 211553.290E+00 20.0

MEAN R
COMPONENT VALUE

-0.94
-1.12

1.26

0.65
0.35

0.08

•O.08

-1.67
0.55

-0.86
0.98

•0.52
0.53

-0.05

-0.44
-0.25

-0.84
0.14
1.07

0.08

-0.08

0.06

-0.06

-0.55
0.31

0.38

0.01

-0.20
-1.17
0.56

-0.26
1.20

0.26

-0.26

-0.31

1.40

-1.52
0.31

-0.60
0.34

-0.40
0.04
1.27

-0.13

0.13

CHI2/DF DCHI2CHI2 I TOTAL
COMPONENT EXTERNAL | INT.

|3.01

|0.01

3.86

!0.29

!1.30

0.01

0.00

0.32

2.02

0.07

2 5 9

2.07

0.02

CHI2
EXT./DF

0.75

0.01

1.29

0.14

0.33

0.01

0.00

0.11

0.51

0.07

0.86

0.52

0.02

WEIGHTED STANDARD
MEAN DEVIATION

S.6S8E+O0 (1) 2.8A
<E) 2.4

6.294E-K» (1) 4.9A

(E) 0.4

6.236E-KX) (1) 3.3
(E) 3.7A

6.761 E+OO (I) 3.9A
(E) 1.5

6.510E+O0 (I) 3.9A

(E) 2.2

6.514E+00 (1) 4.9A

(E) 0.4

6.365EtO0 (I) 4.9A

(E) 0.3

6.161E+O0 (I) 2.8A
(E) 0.9

6.442E+00 (I) 2.9A
(E) 2.0

6.339E+00 (1) 4.9A

(E) 1.3

5.314E+O0 (I) 4.2A

(E) 3.9

4.465E+00 (I) 3.3A
(E) 2.4

3.205E-K» (I) 4.9A

(E) 0.6
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Available chain and cumulative yields from the fast fission of 233U

A EL REF.
NO. NO.

EXPERIMENTAL MEAN R CHE/DF DCHI2CHI2 | TOTAL CHI2 WEIGHTED STANDARD
YIELDS & SD COMPONENT VALUE COMPONENT EXTERNAL | INT. EXT./DF MEAN DEVIATION

2.394E+00 (I) 4.9A

(E) 0.7CHAIN 21155 2.460E+00 20.0

147 ND 29r 1.713E+00 15.7
21707 1.760E+00 4.9

1.735E-K» 0) 2.8A
(E) 1.2

SM 868 1.580E+O0 5.0

CHAIN 21155 1.660E+00 20.0
21736r 1.774E+00 4.8

148 ND 868 1.200E+00 5.0 1.202E+00 (I) 4.9A

(E) 0.6CHAIN 21155 1.230E+00 20.0

149 PM 29r 8.488E-01 18.2 7.177E-01 (I) 4.7A

3.4SM 868 7.070E-O1

CHAIN 21155 7.950E-01

150 ND 4.661E-01 (I) 4.9A

(E) 1.0CHAIN 21155 4.8S0E-01 20.0

151PM 29r 2.973E-01 17.8 3.117E-01 (I)4.5A

(E) 2.5SM 868 3.090E-01

CHAIN 21155 3.200E-01
21736r 3.671 E-01

152 SM 868 1.920E-01 1.936E-01 (I) 4.9A

(E) 3.9CHAIN 21155 2.300E-01 20.0

1.151 E-01 (I) 12.8 >2

(E) 19.6ACHAIN 21736r 1.591E-01 20.3

154SM 868 3.300E-02 5.0

156 EU 29r 1.689E-02 16.2

157 EU 29r 1.163E-02 16.7

159GD29T 1.888E-0316.6

1.689E-02 16.2

1.163E-02 16.7

1.8S8E-03 16.6

4.933E-04161 TB 29r 4.933E-04 17.4
=========
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Appendix B

CD-ROM

Due to the large amount of data, a CD-ROM comes with this Ph.D. thesis, and is a

complementary part of it. It contains mainly all results and parameters used in the

analysis in different formats (PDF, PostScript, ASCII, and others) to be accessible by

all users under different operating systems.

The CD is mapped as follows:

/Acrobat Reader 3.02 contains Acrobat Reader for different OS

/Gamma lines and Branching/Off-line measurements

/On-line measurements
> •

/Parent's effect

contains all nuclear
parameters (half-live, y-
lines and branching ratios,
parents contributions, etc)
used in the analysis

/Results sheets of results of this work containing all

independent and cumulative values from the "on-

line" measurements, and all cumulative values

from the "off-line" measurements. Estimated

values using the Zp-model, calculated values from

MEPhI and evaluated values from JEF 2.2 have

been added for comparison
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/Spectra Manager small utility under Windows written by the

author to handle and work with pure binary

spectra

/Yields Pictures picture sets of the yields measured in the

233U(nfJ) reaction with OSIRIS
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Appendix C

Delay and ionization efficiency
used in the analysis

Element

Zinc

Gallium

Germanium

Arsenic

Selenium

Bromine

Krypton

Rubidium

Strontium

Palladium

Silver

Cadmium

Indium

Tin

Antimony

Tellurium

Iodine

Xenon

Cesium

Barium

us"'
Present work

0.27±15

0.37±15

0.09±3

0.0023±7

0.0053±10

0.76±35

0.53±25

1.10±30

0.10±5

0.007±4

1.07±50

0.29±15

0.31±14

0.76±35

0.022±ll

0.020±6

0.33120

0.044±30

0.69±20

0.11±6

TlR S"1

Present work

1.000

0.48 (21)

2.7(8)

1.000

1.000

0.71 (14)

1.35 (22)

0.0092(17)

4.00 (84)

1.000

1.01(41)

0.60 (28)

0.34 (13)

0.12 (5)

2.00 (49)

0.51(11)

1.48(19)

0.63 ((31)

0.0173 (41)

6.13 (126)

U233 S"

0.39!£

0.39^

0.Q59Z
0.00020!5,

0.0060!3/

0.127*2

0.046^

2.5 C

0.094!|;

0.0093^

0.4i:£>

0.0025!^

0.025?,

0.025*

0.045!;*

0.12*2

0.022:?

0.00899:?

*1R,233

1.000

0.48(21)

2.7(8)

0.036(5)

62(11)

0.95(18)

1.35(22)

0.0092(17)

3.00(63)

1.000

1.01(41)

0.12(5)

2.00(49)

0.51(11)

1.48(19)

0.84(19)

0.0173(41)

4.60(95)

H238 S*'

0.22:;;

0.6!?

0.22!jJ

0.00009!2
2

0.0080*

0.49^

0.67!£

1-06!"

0.26^

1 5 + S 3

0.40^

0.34!f4
0.77^5

0.034!~

0.029^

0.21^

0.081*

0.77:;1

0.1 C

TlR^38

1.000

0.43(11)

6.2(16)

0.0052(13)

260(50)

0.47(7)

0.98(15)

0.0068(7)

17.0(23)

1.000

0.61(28)

0.34(13)

1.97(34)

0.95(12)

1.30(17)

0.94(12)

1.99(26)

0.0154(11)

10.1(13)

H235 s ' 1

0.26!^

o.25:;5

0.140*

0.0019^4

0.0113*

0.67-

0.45-

o.o98:;;

1 T*

0.45:^°

o.57:5
2;

0.046:2:

0.035:i4

2~

0.045^;

o.6i:;t
0.14:;8

T1IU35

1.000

0.074(13)

23(3)

0.070(11)

32(5)

0.52(5)

1.72(20)

0.00138(30

2.8(7)

1.3(5)

0.60(28)

0.109(4)

6.2(16)

1.09(24)

1.26(24)

1.23(29)

3.3(8)

0.0042(9)

5.0(11)
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Delay and ionization efficiency used in the analysis

Table explanations.

)LI Delay parameter.
r\ Efficiency (number of atoms collected / number of atoms formed).
TIR Ratio between rç-parent and ^-daughter.
X233 Parameter used for ^Ufrth,!) analysis [13].
X238 Parameter used for 238U(nf,f) analysis [11].
X235 Parameter used for 235U(nth,f) analysis [ 10].

jx and TIR are given at the target-ion source temperature T = 2250°C for the 233U(nf,f)

analysis but at T = 2350°C for the previous values ( 1x233,238,235 and 1^33,238,235).
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Âppendix D

Cumulative yields from the
"off-line" experiment

Nuclide

78As
^Se
MBr
85m K r

87Kr
^Kr
88Rb
91Sr

92Sr
92y

93Y

94Y

9SZr

97Zr
97Nb
^Nb
"Mo
101Mo
103Ru
1(MTc
105Ru
105Rh
109pd

127Sn
127Sb
128Sn
128Sb
129Sb
129Te

TA

1.5h
22min
32min
4.48h
76min
2.8h

17min
9.5h

50min
2.7h
3.5h
10h

19min
64d
17h
1.2h

51min
2.7d

15min
39d

18min
4.4h
1.5d
14h
2.1h
3.9d
1h
9h

4.4h
1.2h

Cumulative yield
per fission

6.74E-02 (49.9)
6.60E-01 (66)

1.70(25.5)
2.58 (46.9)
4.89(15.9)
5.11 (15.7)
5.82(15.6)
6.84 (16.9)
6.23(17.9)
6.64(16.7)
6.71 (20.6)
5.32(19.4)
8.34(18.9)
5.51 (25.7)
5.62 (19.7)
5.72(15.7)
5.30 (30.7)
4.70 (22)

7.22 (29.7)
1.52(25.3)
3.09 (28.5)

7.04E-01 (20.5)
4.96E-01 (22.5)
7.78E-02(21.6)
4.58E-01 (26.7)
5.77E-01 (21.8)

1.01 (20.2)
2.44E-01 (19)

1.14(21.4)
1.12 (32.7)

Previous yields
UKFY-3
(experimental
data)

5.50E-01 (12.7)

3.05 (9.2)
4.85 (10.5)

6.44 (5)

6.22 (8.8)

4.83 (5.5)

1.69(4.9)
1.68(10.1)

6.02E-01 (9)

Wahl

7.15E-02(48)
7.09E-01 (27)

1.75 (22)
2.44 (24)
4.32 (20)
5.05(19)
5.22(17)
6.78 (17)
6.79(15)
6.82 (20)
6.87 (16)
6.74(16)
6.39(17)
6.19(16)
5.60(19)
5.66 (16)
5.07 (17)
4.60(17)
3.04 (20)
1.50(23)

9.29E-01 (26)
5.31 E-01 (29)
5.31 E-01 (29)
4.85E-02 (53)
4.02E-01 (31)
7.54E-01 (29)
9.14E-01 (31)

3.12E-01 (103)
1.92(27)
1.25(21)

Expt./UKFY-3

1.2(67)

0.8 (48)
1.0(19)

1.1(18)

1.1 (21)

1.0(30)

0.9 (26)
1.8(30)

1.9(34)

Exp./Wahl

0.9 (69)
0.9(71)
1.0(34)
1.1(53)
1.1 (26)
1.0(25)
1.1 (23)
1.0(24)
0.9 (23)
1.0(28)
1.0(26)
0.8 (25)
1.3(25)
0.9 (30)
1.0(27)
1.0(22)
1.0(35)
1.0(28)
2.4 (36)
1.0(34)
3.3 (39)
1.3(35)
0.9 (37)
1.6(57)
1.1 (41)
0.8 (36)
1.1 (36)

0.8 (105)
0.6 (34)
0.9 (39)
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Cumulative yields from the "off-line" experiment

l ouSb
131Sb
131Te
131 •

132Te
132i

133Te
133i

134Te
134,

13Si

13SXe
138Xe
138Cs
139Ba
140Ba
140La
141La
141Ba
142La
143Ce
145pr

146pr

147Rr

147Nd
149Nd
151Pm

38min
23min
25min

8d
3.3d
2.3h

55min
21h

42min
52min
6.6h
9.1h

14min
32min
1.4h
12d
1.6d

3.92h
18min
1.5h
1.4d
6h

24min
13min
11d
1.7h
1.2d

1.26(24)
2.63 (24.4)
6.82(18.8)
3.62(18.7)
5.06(18.4)
4.36(21.6)
3.45(19.4)
5.37(19.6)
4.68 (22.8)
6.60 (18.5)
4.96 (14.7)
5.47 (16)

13.32 (20.7)
7.32 (18.79
7.63 (18.4)
5.71 (24)
6.03 (22)

6.83 (19.3)
1.01 E+01 (19.6)

7.56 (15.9)
5.40(19.3)
6.32 (6.3)

4.86 (19.3)
6.93 (29.2)
2.18(29)

1.19(29.7)
2.43E-01 (24.2)

4.30 (11.5)
4.50 (8)

5.32 (7.5)
4.30(10.5)

5.89 (7.5)

8.00(10)
6.08 (3.7)

7.80(10.9)

1.76(4.9)

2.97E-01 (17.8)

1.27(40)
2.20 (24)
2.80(21)
3.56(18)
4.12(21)
4.34(18)
2.12 (29)
4.95 (18)
3.21 (27)
5.06 (19)
4.54(19)
5.80(18)
5.07(21)
6.40 (17)
6.79 (16)
6.82 (19)
6.84 (15)
6.65 (16)
6.47 (19)
6.20 (16)
5.52 (16)
3.76(18)
2.86 (19)
2.06 (22)
2.06(21)

9.12E-01.(26)
3.25E-01 (33)

0.8 (22)
1.1 (20)

1.0(25)
1.1 (19)

0.9 (18)

1.0(21)
0.9 (24)

1.0(19)

1.2(29)

0.8 (30)

1.0(47)
1.2(34)
2.4 (28)
1.0(26)
1.2 (28)
1.0 (28)
1.6 (35)
1.1 (27)
1.5 (35)
1.3 (27)
1.1 (24)
0.9 (24)
2.6 (29)
1.1 (25)
1.1 (24)
0.8(31)
0.8 (32)
1.0(25)
1.6(27)
1.2(23)
1.0(25)
1.7(19)
1.7(27)
3.4 (37)
1.1 (36)
1.3(39)
0.7 (41)
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Appendix E

3D representation of the
independent yields from 233U(nf,f)

0.12

Projections show mass and charge yield: Y(A) = ^T Y(A, Z, I)
2,1

A is the mass number, Z the nuclear charge and I the isomeric state.

where
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Appendix F

Plots of the independent yields in
the fast fission of 233U, by isotope
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Plots of the independents yields in the fast fission of 233U, by isotope

All yields are per fission
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Plots of the independents yields in the fast fission of 233U, by isotope

All yields are per fission
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Plots of the independents yields in the fast fission of 233U, by isotope

All yields are per fission
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Mesure de la distribution en masse et en charge des produits de la fission
rapide de !s233U

En première partie, les différentes méthodes de calcul et techniques de mesures des rendements de
fission ont été passées en revue, donnant pour chacune ses avantages et inconvénients. L'objectif de
cette thèse fut la mesure des rendements indépendants de fission de V^Hj dans un spectre de neutrons
rapides, rendements jamais été mesurés avant ce travail de thèse. Le séparateur de masse OSIRIS (de
type ISOL, séparateur d'isotopes en ligne) a été utilisé. Dû aux caractéristiques spécifiques de la
source d'ions intégrée à la cible d'uranium, un étude des paramètres de délai et d'efficacité
d'ionisation pour chaque espèce chimique a été réalisée. Cette technique permet la mesure des
rendements indépendants et cumulés des produits de fission allant du Cuivre jusqu'au Baryum,
couvrant ainsi la majeure partie de la distribution des rendements. Environ 180 rendements
indépendants ont été mesurés du Zn (Z=30) au Sr (Z=38) pour des masses allant de 74 à 99 et du Pd
(Z=46) au Ba (Z=56) pour les masses 113 à 147. Un mesure complémentaire utilisant une directe
spectrométrie y d'agrégats de produits de fission été effectuée, permettant de déterminer environ 50
rendements cumulés supplémentaires pour des PF de demi-vie de 15 mn à quelques jours. Les
résultats ont été comparés à des estimations semi-empiriques, à des valeurs calculées ainsi qu'aux
données de la bibliothèque européenne JEF 22. Parallèlement, une étude comparative des installations
OSIRIS et LOHENGRIN, la comparaison des résultats de la fission rapide et thermique de Î ' ^ U
mesurées à Studsvik ainsi que les apport des nouvelles données à la physique des réacteurs ont été
considérés.

Mots clefs: Réaction nucléaire 2SiU(jXf,î), Fission Rapide; Distribution en Masse, Distribution en
Charge; Séparateur d'Isotope en Ligne (ISOL); OSIRIS ; Rendements de Fission Indépendants,
Rendement de Fission Cumulés; Produits de Fission; 233U(nlh,f), Fission Thermique; Rendements
Isomériques; Techniques de mesures des rendements de fission.

Investigation of the fission yields of the fast neutron-induced fission of 233U

As a start, a survey of the different methods of investigations of the fission product yields and the
experimental data status have been studied, showing advantages and shortcomings for the different
approaches. An overview of the existing models for the fission product distributions has been as well
intended. The main part of this thesis was the measurement of the independent yields of the fast
neutron-induced fission of 233U, never investigated before this work. The experiment has been carried
out using the mass separator OSIRIS (Isotope Separator On-Line). Its integrated ion-source and its
specific properties required an analysis of the delay-parameter and ionization efficiency for each
chemical species. On the other hand, mis technique allows measurement of independent yields and
cumulative yields for elements from Cu to Ba, covering most of the fission yield distribution. Thus,
we measured about 180 independent yields from Zn (Z=30) to Sr (Z=38) in the mass range A=74-99
and from Pd (Z=46) to Ba (Z=56) in the mass range A=l 13-147, including many isomeric states. An
additional experiment using direct y-spectroscopy of aggregates of fission products was used to
determine more than 50 cumulative yields of element with half-life from 15 min to a several days. All
experimental data have been compared to estimates from a semi-empirical model, to calculated values
and to evaluated values from the European library JEF 22. Furthermore, a study of both thermal and
fast neutron-induced fission of ^\i measured at Studsvik, me comparison of the OSIRIS and
LOHENGRIN facilities and the trends in new data for the Reactors Physics have been discussed.

Keywords: Nuclear reaction 33U(nf,f), Fast Fission; Mass Distribution, Charge Distribution; Isotope
Separator On-Line (ISOL); OSIRIS; Independent Fission Yields, Cumulative Fission Yields; Fission
Products; ^Ufaa,,!), Thermal Fission; Isomeric Yields; Fission Yields Measurements, techniques.
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