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Abstract

Studies of neutron induced reactions are of considerable interest, not only for their importance
to fundamental research in Nuclear Physics but also for practical applications. Iron is a major
structural material, used widely in nuclear technology applications, especially nuclear reactors
where steel alloy components are used for building the core’s structural support and as reflectors.
For this reason, accurate neutron data are indispensable for the design and reliable operation of
such facilities. The lack of experimental data, especially in the fast neutron energy region, has
created discrepancies between the current evaluated nuclear data libraries.

New cross section measurements on Fe were carried out at the neutron time-of-flight facility
GELINA. On the one hand, scattering experiments were performed to determine the differential
cross section of neutron elastic and inelastic scattering on **Fe and *°Fe in the fast neutron energy
region (1-8 MeV), using enriched samples for both isotopes. For the detection of the scattered
neutrons, the ELISA (ELastic and Inelastic Scattering Array) spectrometer was used. The array
consists of 32 liquid organic scintillators for the detection of the scattered neutrons and a 2>U
fission chamber for the measurement of the neutron flux. On the other hand, transmission experi-
ments on "Fe were performed at the 50 m measurement station of flight path 4. The moderated
flux configuration was used providing a neutron spectrum with energies from a few eV to hun-
dreds of keV. The neutrons were detected by a Li-glass scintillator enriched in °Li. Two natural
iron metallic discs of 1.2 cm and 4.5 cm thickness were measured.

Finally, the direct radiative capture mechanism for *°Fe was explored in an effort to provide
a physical interpretation behind changes that were made in the capture cross section of °Fe.
Specifically, two main changes were made in the evaluated cross sections. An artificial background
was added in the resolved resonance region, in order to reproduce integral measurements in this
energy range. The cross section above 850 keV was also increased based on experimental data
provided by the Rensselaer Polytechnic Institute (RPI).

The goal of the present work is to perform new experiments and theoretical calculations to
study neutron induced reaction cross sections on iron in an effort to tackle issues reported in
the evaluated files by providing new experimental/theoretical data for key reactions and neutron
energy regions.

Keywords: cross section, iron, elastic scattering, inelastic scattering, transmission, direct cap-
ture
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Résumé

Les études des réactions induites par les neutrons sont d’un intérét considérable, non seulement
pour leur importance dans la recherche fondamentale en physique nucléaire, mais aussi pour leurs
applications pratiques. Le fer est un matériau structurel majeur, largement utilisé dans les appli-
cations nucléaires, en particulier dans les réacteurs nucléaires ou les composants en ’acier sont
utilisés pour construire le support structurel du cceur et du réflecteur. Pour cette raison, des don-
nées précises sur les neutrons sont indispensables pour la conception et le fonctionnement fiable
de ces installations. Le manque de données expérimentales, notamment dans la région des én-
ergies des neutrons rapides, a créé des divergences entre les bibliotheques de données nucléaires
évaluées actuelles.

De nouvelles mesures de sections efficaces sur le fer ont été réalisées a I’installation de temps
de vol GELINA. D’une part, des expériences de diffusion ont ét¢ menées pour déterminer la
section efficace différentielle de la diffusion élastique et inélastique des neutrons sur **Fe et 3°Fe
dans la région des énergies des neutrons rapides (1-8 MeV), en utilisant des échantillons enrichis
pour les deux isotopes. Pour la détection des neutrons diffusés, le spectrometre ELISA (ELastic
and Inelastic Scattering Array) a été utilisé. L’ensemble se compose de 32 scintillateurs organiques
liquides pour la détection des neutrons diffusés et d’une chambre 2 fission de 2>U pour la mesure
du flux de neutrons. D’autre part, des expériences de transmission sur "™Fe ont été réalisées a
50 m de la source de neutron (base de vol 4). La configuration de flux modéré a été utilisée,
fournissant un spectre de neutrons avec des énergies allant de quelques eV a des centaines de keV.
Les neutrons ont été détectés par un scintillateur en verre au lithium enrichi en °Li. Deux disques
métalliques en fer naturel de 1.2cm et 4.5cm d’épaisseur ont été mesurés.

Enfin, le mécanisme de capture radiative directe pour le *°Fe a été exploré dans le but de
fournir une interprétation physique des modifications apportées a la section efficace de capture de
Fe. Plus précisément, deux modifications principales ont été apportées aux sections efficaces
évaluées. Un fond artificiel a été ajouté dans la région des résonances résolues, afin de reproduire
les mesures intégrales dans cette gamme d’énergie. La section efficace au-dessus de 850 keV
a également été augmentée sur la base des données expérimentales fournies par le Rensselaer
Polytechnic Institute (RPI).

Le but de ce travail est de réaliser de nouvelles expériences et des calculs théoriques pour
étudier les sections efficaces des réactions induites par neutrons sur le fer, dans le but de résoudre
les problemes signalés dans les fichiers évalués en fournissant de nouvelles données expérimen-
tales/théoriques pour des réactions clés et des régions d’énergie specifiques.

Mots clés: section efficace, fer, diffusion élastique, diffusion inélastique, transmission, capture
directe
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O yeréteg TV avTOEACEWY VETEOVIKV ToEOUCIALOUY CNUOVTIXG EVOLPEROY, Oyl UOVO YL
TN Yepehwdn épeuva ot Hupnviny) Puowr) ahhd xou yior mpoaxtixég epapuoyés. O oldnpog
elvon €vor oNUAVTIXG BOoUXG UAIXO, TIOU YENOUIOTOLE(TOL EVREWS GE EQPUOUOYES TUPNVIXAC TE-
yvohoylag, eldxd o TueNVIX0UE avTBEAC TARES OTOU Ta eEUPTANNTA and Xpdua CLOHEOL Y-
OLIOTIOLOUVTAL YIOL TNV XUTAOXEUT) TN BOUXNC UTOCTHPIENG TOU TURTIVOL XAl WG OVOXAAC THRES.
[o 0 AoYo autod, axplt| Tuenvixd Sedopéva yia TIC avTdpdoELS VeTpoviwy oTo oldnpo eivan
amaEalTNTOL Yot TO OYEdoUd xon TNV oELOTO T AElTovpYla TETOWWY eYXaTacTdoEwy. H €A-
Aeuhn TEOATIXWY OEBOUEVKY, EWBIXA OTNY EVERYELIXT| TEQLOYY| TWV TAYEWY VETPOVIKV, €Yel
ONULoLEYNOEL BLAPORES UETAEY TV TUPHVIXWY BEGOUEVLY OTIS BLAPOPES alloAoyNUEVES BBAto-
Orxec.

Néeg yetprioelc evepydv SLITOUOY avTidpdoewy VETpoviwy oto Pe mparyuotomoliinxoy
oty eyxatdotoot yedovou ttiong GELINA. Apywxd, mpaypoatomoufdnxay neipduota oxédo-
ONC YO TOV TPOCOLOPIOUO TNG BLAPOPXC EVERYOU BLATOUNG TNEG EAAC TIXNG Xol AVERAOC TIXNG
oxédaone vetpoviwy 670 MFe xau FFe oty evepyeion meployr| Twv tayéwv vetpoviwy (1-8
MeV), yenowonounviag eumhouTiogéva Oelyuota xou yio T 0Uo toétona. o Ty aviyveu-
on Twv oxedalouevewy VETpoviny, yenowonoinxe to goouoatoyeteo ELISA (ELastic and
Inelastic Scattering Array). To aviyveutixd cbotnuo amoteheltan and 32 opyavixolsg LYEOUS
oTVINELETEC YloL TY aviyVEUsT) TV oxeBAlOPEVLY VETpoViwY xau évay Ydhapo oydone 27U
Yoo T P€Tenom e porc vetpoviwy. Emmhéov, telpduata Siéheuone oe " Fe npoypotonotdn-
xav 0To otadud Yétenone Twv S50m tne Swdpounc nthong 4. Ta vetpdvia aviyvebdnxav and
évay omvinpio T yuohol hdiou epmhoutiopévo oe SLi. Metphdnxay 800 delypata @uoxoy
owdreouv 1.2cm xou 4.5cm.

Téhog, mpaypatonojdnxay Yewpntixol uTtoloyiouol yio T UEAETN TNE dueonc cUAANYNG
otov YFe o¢ wa npoondieia va tapaoyedet puod epunvela oo and Tic alhayéc Tou éytvay
ot evepyd dlatopr| Tne avidpaonc cUANbng oto Fe. Suyxexpiuéva, tpayuatonorinxay
600 ulpleg ahharyéc oo Sedouéva Twv aglohoynuévey BiBAlotnxdy. Tlpoctédnxe éva teyvn-
T6 LTOPadPO CTNY YAUNAOEVERYELAXT| TIEQLOYT], WOTE Var avomapayJo0y UETENOELS TELRAUUATLY
integral o autd ToO evepyelaxd ebpoc. H evepydc dlatour| ndve amd ta 850keV emlong awhin-
xE BAoEL TEROUATIXDY BEGOUEVWY Tou TapéyovTal amd To epyacTthpio Rensselaer Polytechnic
Institute (RPI).

O otdyo¢ tne mapoloug epyaoiog elvon 1 TEAYUATOTOINGT VEWY TELOUAT®DY Xt JewpnTL-
AWV UTONOYLIOUMY YL TN UEAETN) TWV EVERYOV OLUTOUMY AVTIOPAGEWY TOU TEOXAAOUVTUL ATtd
VETPOVIAL OTOV GidNpo ot Wlal TEOoTddElo Vo AVTYETWTIOTOUY Tal {NTAULATO TOU ovopépovTon
ot ofohoynuéves Pihotixec Tapéyovtag véa nepapatind/Jewentind Sedopéva yio Bactxés
AVTIOPAOELC O EVEQYELOXES TIEPLOYES VETEOVIWV.

AéZeic xhedid: evepyde datopn, oldneog, ehaoTiny oxédaor, avehaoTIXr oxEdaoT), TEL-
eduorta SlEAeVoNC, dueoT) GUAANM
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Résumé Etendu
(Extended summary in French)

Introduction

Les données nucléaires jouent un role important dans 1’ingénierie nucléaire. Elles sont utilisées
dans une multitude d’applications scientifiques et technologiques. Dans le cadre de mon sujet de
theése, je me suis intéressé aux sections efficaces des réactions induites par neutron. L’objectif
principal est I’amélioration de la section efficace de diffusion élastique du °Fe en lien avec les
propriétés neutroniques des réflecteurs aciers utilisés dans les réacteur nucléaires. Les parametres
neutroniques sont également sensibles aux autres isotopes du fer : Fe (5.85%) , "Fe (2.12%) et
>8Fe (0.28%).

Du point de vue théorique, les modeles existants ne peuvent pas reproduire précisément la
section efficace de diffusion des matériaux tel que Fe, Cr et Ni dans une zone en énergie entre
1 et 6 MeV. Pour ce type de matériaux, le formalisme de la Matrice-R est utilisé pour décrire le
domaine des résonances jusqu’a 1-2 MeV et le modele optique est utilisé pour décrire le continuum
des sections efficaces au-dela de 5-6 MeV. Des données expérimentales sont généralement utilisées
pour compléter les évaluations entre ces deux modeles. La section efficace élastique est déduite
de la section efficace totale mesurée par transmission.

Le but de ce travail est de réaliser des calculs théoriques ainsi que de nouvelles mesures de
section efficace élastique et de transmission afin de valider et compléter les évaluations du *Fe et
du *°Fe. Ce manuscrit de these est divisé en trois parties distinctes:

* Mesurer pour la premicre fois les sections efficaces et les distributions angulaires pour la
diffusion élastique et inélastique entre 1 et 8 MeV pour les deux isotopes les plus abondants
dans le fer naturel, c’est-a-dire >*Fe et °Fe. Le spectrométre ELISA installé aupres de
I’installation GELINA (JRC-Geel, Belgique) a été utilisé et des échantillons enrichis ont été
utilisés.

 Effectuer des mesures de transmission neutronique en utilisant des échantillons de fer na-
turel de différentes épaisseurs. Seules les mesures réalisées en dessous de 100 keV ont pu
tre réalisées et seront présentées dans ce document.

« Effectuer des calculs de capture radiative directe pour le *°Fe dans le but de fournir une
interprétation physique possible aux modifications apportées par le projet CIELO dans la
section efficace 56Fe(n,}/).
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Dispositif expérimental

Comme déja mentionné, les expériences de diffusion ont été réalisées aupres de 1’installation de
temps de vol de neutrons GELINA, située en Belgique. L’installation fournit une source de neu-
trons blancs pulsée, couvrant la région d’énergie de 10 meV a 20 MeV. Pour la détermination de
I’énergie incidente des neutrons, la technique du temps de vol est utilisée. A cette fin, I’installation
dispose d’aires expérimentales positionnées entre 10 m et 400 m. Différents dispositifs expérimen-
taux sont installés permettant la mesure de différents types de réactions nucléaires induites par les
neutrons.

Pour la mesure de diffusion, le spectrometre ELISA (ELastic and Inelastic Scattering Array) a
été utilisé (Fig. 1). Il est placé a 30 m de la source de neutron. Le détecteur se compose de deux
parties principales : 32 scintillateurs organiques liquides pour la détection des neutrons diffusés et
une chambre 2 fission (***U) pour la mesure du flux de neutrons. La chambre 2 fission est placée
a 1.3 m en amont de I’échantillon. Les détecteurs sont divisés en 4 ensembles de 8 détecteurs
chacun montés a des angles spécifiques par rapport a la direction du faisceau de neutrons (Table
1). En utilisant ce spectrometre, 1’objectif est de produire des données de sections efficaces de
diffusion de neutrons & haute résolution dans la région d’énergie des neutrons rapides.

Le spectrometre ELISA possede deux types de scintillateurs organiques liquides. La moitié
des détecteurs utilisent le matériau de scintillation EJ301 et I’autre moitié¢ utilise le EJ315. Ce
sont des scintillateurs rapides avec une résolution temporelle inférieure a 1 ns. La raison derriere
I’utilisation de deux types de détecteurs différents, hydrogene (EJ301) et deutérium (EJ315), est

Figure 1: Le spectrometre ELISA est actuellement installé dans la base de vol numéro 1 de
GELINA. Le faisceau de neutrons provient de la droite, passant d’abord a travers la chambre a
fission qui est placée derriere le mur de plomb, puis atteignant 1’échantillon de diffusion au centre
de la configuration.

Table 1: Liste des 8 angles de détection par rapport a la direction du faisceau de neutrons. Leurs
cosinus correspondants et leur poids utilisés pour la quadrature numérique sont également donnés.

Angle (6;) (deg) | 163.8 142.8 121.7 100.6 79.4 58.3 37.2 16.2
cos0; -0.9603 | -0.7967 | -0.5255 | -0.1834 | 0.1834 | 0.5255 | 0.7967 | 0.9603
Weight (w;) 0.1012 | 0.2224 | 0.3137 | 0.3627 | 0.3627 | 0.3137 | 0.2224 | 0.1012
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que les neutrons détectés créent deux réponses d’amplitude d’impulsion différentes qui fournissent
une vérification croisée entre les deux types de détecteurs, et aident a la découverte d’erreurs
systématiques lors de 1’analyse des données.

La chambre a fission contient un ensemble de 8 dépdts d’UF, sur 5 feuilles d’aluminium de
84 mm de diametre et 20 um d’épaisseur. Les dépdts ont été fabriqués au JRC-Geel, en util-
isant la technique d’évaporation. Le diametre des dépots est de 70 mm, déterminé par le masque
d’évaporation qui a été utilisé. La densité surfacique totale d’>*U a été déterminée expérimen-
talement par comptage alpha et a été trouvée égale 4 4095(4) ug/cm?. Chaque dépdt est face a
I’anode correspondante, c’est-a-dire une électrode en aluminium de 25 um d’épaisseur, placée a
une distance de 7 mm pour I’enregistrement des fragments de fission. La chambre a fission est
remplie de gaz P10 (10% de méthane - 90% d’argon) a pression atmosphérique.

Pour extraire les informations utiles, une caractérisation compléte de la fonction de réponse
du détecteur R(L,E), qui représente la probabilité qu’une particule avec une énergie E produise
une impulsion lumineuse avec une amplitude L, doit étre effectuée. La méthode suivie dans ce
travail était une combinaison de mesures de calibration dédiées et de simulations Monte Carlo. La
caractérisation des détecteurs est répétée pour chaque campagne expérimentale, afin de surveiller
la stabilité des détecteurs et d’identifier les problemes qui pourraient survenir pendant les mesures.
Les étapes suivies pour les caractérisations du systeme de détection sont:

* Pour les fonctions de réponse ¥, la fonction de sortie lumineuse a été paramétrée, puis
une combinaison de mesures expérimentales utilisant des sources de radionucléides et des
simulations Monte Carlo avec le code MCNP6.2 ont été réalisées.

* Pour la réponse aux neutrons, apres la paramétrisation de la fonction de sortie lumineuse
pour les particules chargées, une mesure dédiée de la diffusion des neutrons sur le carbone
naturel a été combinée avec des simulations Monte Carlo.

Expériences de diffusion

Dans le cadre de ce travail, trois expériences différentes ont été menées pour étudier la diffusion
des neutrons sur le *Fe, le ™C et le °Fe. Les mesures ont été effectuées entre 2019 et 2023.
Pour chaque expérience, deux types de mesures ont été réalisés. Une avec 1’échantillon en place
(sample-in) et une deuxieme sans 1’échantillon (sample-out). Les mesures sans échantillon ont été
effectuées afin d’établir la contribution du bruit de fond provenant des neutrons du faisceau qui
ont diffusés une ou plusieurs fois dans I’air et les matériaux environnants avant d’étre détectés par
I’un des scintillateurs. Dans les expériences actuelles, la plage d’énergie des neutrons de 1 MeV
a 8 MeV a été étudiée. Bien que GELINA ait un spectre d’énergie des neutrons s’étendant au-
dela de 20 MeV, la limitation pratique se pose lorsque le flux diminue au-dela de 8 MeV, rendant
difficile d’atteindre des statistiques désirables dans les temps de mesure de ce travail. Le seuil
inférieur, établi a 1 MeV, est dii a ’efficacité du détecteur.

Les sections efficaces différentielles de diffusion des neutrons ont été calculées via I’expression:

dGel/inl(Eae) N;l/in(E’e)

aQ  AQpr®(E)A,’

ol E est I’énergie incidente du neutron, N!, . est le nombre d’événements corrigés des événe-
ments de diffusion élastique/inélastique, AQ est I’angle solide du détecteur, pr est la densité sur-
facique de I’échantillon, ®(E) est la densité de flux neutronique, et Aj, représente la dimension du
faisceau de neutrons. La section efficace intégrée en I’angle a été extraite en appliquant la regle de
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quadrature de Gauss-Legendre:

o(E)= Zﬂiwiflg(E’COS 6:),
i=1

ou Z—g (E,cos 6;) est la section efficace différentielle en fonction de 1I’énergie incidente du neutron
E et de ’angle de diffusion 6;, et w; sont les facteurs de pondération correspondants (Table 1).

L’analyse en plusieurs étapes suivie pour la détermination des différentes composantes est
donnée ci-dessous:

» Séparer les événements induits par les neutrons des événements induits par les photons via
une analyse de forme d’impulsion (méthode d’intégration de charge)

* Soustraction du bruit de fond (données sample-out)

» Séparer les neutrons provenant de la diffusion élastique ou inélastique (calculs cinématiques
et déconvolution des distributions de sortie lumineuse)

* Appliquer une correction pour la diffusion multiple dans la cible (simulation Monte Carlo)
* Calcul de la densité de flux neutronique incidente sur chaque échantillon

La procédure d’analyse entiere a été validée en extrayant la section efficace de diffusion élas-
tique a partir de la mesure du carbone naturel. Dans de nombreux laboratoires, les mesures de la
section efficace de diffusion élastique des neutrons sur le carbone sont utilisées pour calibrer les
détecteurs, surveiller leur stabilité et valider les résultats expérimentaux. Elle est bien adaptée a
de telles applications car la section efficace est connue de manicre fiable avec une incertitude in-
férieure a 1% jusqu’a une énergie incidente des neutrons de 4.8 MeV. De plus, la section efficace
diftérentielle est proposée comme standard par I’ AIEA, pour les énergies des neutrons inférieures
a1.8 MeV.

Dans la Fig. 2, les distributions angulaires résultantes de la diffusion élastique des neutrons
provenant des trois expériences sont données pour deux angles spécifiques. Les résultats sont
comparés aux évaluations JEFF-3.3 et ENDF/B-VIII.O convoluées avec la résolution énergétique
expérimentale. Il existe un accord relativement bon entre les valeurs expérimentales et évaluées.
Dans le cas du carbone, les résultats expérimentaux sont en bon accord avec les distributions
angulaires bien connues, ce qui démontre la fiabilité des modeles des fonctions réponse développés
dans le cadre de cette analyse.

Les sections efficaces de diffusion élastique des neutrons intégrées en angle provenant de
toutes les mesures sont présentées dans la Fig. 3. Les résultats sont comparés aux évaluations
JEFF-3.3 et ENDF/B-VIIL.O convoluées avec la résolution énergétique expérimentale. Dans le cas
du >*Fe, I’évaluation JEFF-3.3 a été calculée en soustrayant la section efficace non élastique basée
sur le modele optique de la section efficace totale évaluée, tandis que I’évaluation ENDF/B-VIIIL.O
a été produite en utilisant le code EMPIRE. Les résultats de ce travail sont en trés bon accord
avec JEFF-3.3. Dans le cas du "™C, la section efficace expérimentale obtenue est en accord avec
les sections efficaces évaluées. Enfin, dans le cas du °Fe, les résultats sont en relativement bon
accord avec les deux évaluations, dans lesquelles la diffusion élastique évaluée est la différence
entre la section efficace totale et les sections efficaces partielles restantes.

La section efficace de diffusion inélastique a également été explorée pour les mesures du fer.
Dans la Fig. 4, les résultats des sections efficaces partielles intégrées en angle de la diffusion
inélastique depuis les premiers états excités du >*°Fe et le deuxiéme état du °Fe sont présentés et
comparés aux évaluations JEFF-3.3 et ENDF/B-VIIIL.O convoluées avec la résolution énergétique
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Figure 2: Exemples de sections efficaces différentielles de diffusion élastique des neutrons sur
(a-b) *Fe, (c-d) ™C, et (e-f) °Fe, en fonction de I’énergie des neutrons a deux des huit angles de
détection. Les sections efficaces expérimentales sont comparées aux valeurs évaluées fournies par
les bibliotheques d’évaluation JEFF-3.3 et ENDF/B-VIIL.0 convoluées avec la résolution énergé-
tique expérimentale.

expérimentale. Les résultats de ce travail sont en relativement bon accord avec les valeurs fournies
par I’évaluation dans le cas du >*Fe. Les résultats obtenus pour le >°Fe montrent une possible sous-
estimation des sections efficaces par les évaluations. Les distributions angulaires ont également
été extraites et sont présentées en détail au Chapitre 3.

Expériences de transmission sur le fer naturel

En plus de la mesure de diffusion, des mesures de transmission neutronique du fer naturel ont
été effectuées pour explorer la région de basse énergie, autour de 24 keV, ou des problemes dans
les évaluations ont été observés. Les expériences de transmission représentent le type de mesures
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Figure 3: Section efficace intégrée en angle de la diffusion élastique des neutrons sur (a) >*Fe,
(b) "™C, et (c) *°Fe en fonction de I’énergie des neutrons comparée aux évaluations JEFF-3.3 et
ENDF/B-VIIL.0 convoluées avec la résolution énergétique expérimentale.

de temps de vol le plus simple et le plus précis. Les expériences ont été réalisées a 50 m de la
source de neutron (base vol numéro 4). Le spectre des neutrons modérés a été utilisé. Le faisceau
de neutrons traversant I’échantillon a été détecté par un scintillateur en verre au lithium enrichi
en °Li. Deux échantillons de fer naturel de 1.2 cm et 4.5 cm d’épaisseur ont été mesurés. La
transmission expérimentale a été calculée en utilisant la formule suivante :

Ci (tm) - kTBin(tm)
Cout (tm) - kTBout (tm) '

ou Cj,, C,,; sont les taux de comptages avec et sans échantillon, B;,, B, représentent la contri-
bution du bruit de fond, Ny est un facteur de normalisation, k7 est un facteur qui tient compte
de I’incertitude corrélée pour les effets systématiques dus au modele de bruit de fond, et ¢, est le
temps de vol.

Texp(tm) - NT
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Figure 4: Section efficace intégrée en angle de la diffusion inélastique des neutrons depuis le
premier état excité de (a-b) 34.56Fe, et depuis le deuxieme état de (c) 56Fe en fonction de I’énergie
incidente des neutrons comparée aux évaluations JEFF-3.3 et ENDF/B-VIIIL.O convoluées avec la
résolution énergétique expérimentale.

Dans la Fig. 5, la transmission expérimentale des deux échantillons de fer naturel est présentée
pour la plage en énergie des neutrons incidents de 1 a 100 keV. Les résultats sont comparés aux
transmissions théoriques calculées avec les évaluations JEFF-3.3 et ENDF/B-VIIL.O. Des écarts
entre la transmission expérimentale et les évaluations sont observés dans la région d’énergie de 5
a 25 keV. On observe que les fichiers de parametres de résonance des deux évaluations ne parvi-
ennent pas a décrire correctement la transmission dans cette région d’énergie, ce qui entraine une
transmission théorique inférieure par rapport aux résultats expérimentaux de ce travail.
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Figure 5: Les transmissions expérimentales obtenues avec les échantillons de fer naturel minces et
épais sont comparées aux évaluations JEFF-3.3 et ENDF/B-VIIL.O convoluées avec la résolution
expérimentale.

Calculs théoriques

Pour fournir une interprétation physique des changements apportés a la section efficace de capture
du °Fe par le projet CIELO dans la région d’énergie de 10 2 100 keV, le mécanisme de capture
directe a été exploré. En pratique, deux mécanismes de capture existent. Le premier est la capture
par formation d’un noyau composé, ou le neutron incident est capturé et un systeéme composé
a longue durée de vie est formé. Le second est la capture directe, ol le neutron incident est
capturé par la cible sans formation de noyaux composé. La capture directe se produit en excitant
un nombre limité de degrés de liberté dans un laps de temps plus court, ce qui reflete la durée
nécessaire au projectile pour traverser la cible.

Pour I’émission d’un rayonnement dipolaire électrique (E1) de I’état initial a I’état final, et
pour une énergie incidente de neutron spécifique E,, la section efficace de capture directe est

donnée par :
16w

_ 3:210(ED)
Sny = op ke’ |07 7l
ou ky = &y/hic est le nombre d’onde du rayonnement y émis avec 1’énergie &y, & = —Ze/A est la

charge E1 du neutron, et Ql(ilf) est I’élément de matrice de transition de 1’état initial a I’état final.
Dans le présent travail, le code PDIX a été utilisé pour calculer la capture directe. Il effectue
le calcul en deux étapes. Tout d’abord, les fonctions d’onde de I’état 1ié sont déterminées sur
la base des données expérimentales disponibles, puis la section efficace de capture directe est
calculée pour un potentiel optique donné. Ensuite, la section efficace de capture totale (composée
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Figure 6: Résultat de la section efficace de capture totale pour une énergie incidente des neutrons
allant du thermique jusqu’a 2 MeV comparée i la section efficace évaluée du ®Fe(n,y) disponible
dans ENDF/B-VII.1, ENDF/B-VIIL.O, INDEN-Aug2023 et JENDL-5.

et directe) a été calculée en utilisant PDIX, en employant I’approximation Single-Level Breit-
Wigner (SLBW) pour la description de la capture composée. Les résultats de ce travail sont
présentés dans la Fig. 6.

Conclusions - Perspectives

Dans le cadre de ce travail, de nouvelles expériences ont été réalisées sur I’installation de temps
de vol GELINA pour mesurer les sections efficaces des réactions induites par neutrons sur le fer
dans le but d’étudier les problemes signalés dans les fichiers évalués du fer. Les données étudiées
sont les distributions angulaires et les sections efficaces de diffusion élastique et inélastique des
neutrons sur >*°%Fe dans la région des neutrons rapides. Pour la diffusion élastique, il s’agit
des premieres mesures expérimentales fournissant des données a haute résolution dans la plage
d’énergie de 1 a 8 MeV. La procédure d’analyse entiere a été validée avec succes en utilisant une
mesure de " C. Les données obtenues reproduisent la section efficace recommandée par I’ AIEA.
Les résultats sur le fer ont été comparés avec les données disponibles dans la bibliotheque EXFOR,
les évaluations (JEFF-3.3, ENDF-B/VIIL0) et des calculs théoriques utilisant les codes de réaction
TALYS et EMPIRE.

De plus, des expériences de transmission neutronique sur le "Fe ont été réalisées dans le
but d’étudier la région d’énergie autour de 24 keV ou des problémes ont été identifiés par les
évaluateurs travaillant sur les données nucléaires du fer. Les expériences ont été effectuées sur la
base de vol a 50 m avec deux échantillons de fer naturel de différentes épaisseurs. Les résultats ont
été comparés aux évaluations JEFF-3.3 et ENDF/B-VIIL.0. Des différences avec nos mesures ont
effectivement été observées autour de la région d’énergie de 24 keV. Les résultats ont également
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été comparés aux données expérimentales disponibles dans la littérature et semblent étre en bon
accord.

Enfin, le mécanisme de capture radiative directe pour le cas du *°Fe a été exploré dans ce
travail. Dans I’ensemble, la capture directe (onde s) est capable d’expliquer la composante qui a
été ajoutée dans la région d’énergie de 10 eV a 100 keV, tandis que la capture directe (onde d)
semble &tre un bon candidat pour le "pic" observé a 850 keV dans une mesure de capture réalisée
a RPIL. De plus, une tentative de calcul de la section efficace de capture totale (capture directe
et composé) a été réalisée en utilisant le formalisme Single-Level Breit-Wigner, disponible dans
le code PDIX, pour décrire la région des résonances résolues. Les résultats finaux de ce travail
semblent étre tres proches de ceux disponibles dans la libraire JENDL-5.

Les perspectives futures incluent une analyse plus approfondie des données collectées, des
mises a niveau des systémes de détection afin de réaliser de nouvelles mesures. Plus précisément,
les distributions angulaires de >**°Fe seront utilisées pour extraire les coefficients de Legendre ex-
périmentaux pour 1’évaluation des distributions angulaires, tandis que les améliorations apportées
au spectrometre ELISA permettront d’explorer la diffusion élastique en dessous de 1 MeV. Des ef-
forts visant a réduire le bruit de fond dans les mesures de diffusion sont prévus grace a I’installation
de conditions sous vide autour de I'installation. Les nouvelles mesures de diffusion se concen-
treront sur les noyaux de masse moyenne et lourde, visant a résoudre les divergences des modeles
théoriques et le manque de données expérimentales. De plus, des mesures supplémentaires de
transmission des neutrons sur le fer naturel sont proposées, ainsi que le développement d’une nou-
velle station de transmission 3 GELINA pour une acquisition de données améliorée. Enfin, la
mise en ceuvre du formalisme de capture radiative directe dans des codes d’ajustement de réso-
nance comme CONRAD améliorera le calcul de la section efficace de capture totale.



Extetouevn Heplindn
(Extended summary in Greek)

Ewoory oy

To mupnvixd dedouéva mailouv oNuavTixd EOAO TNV TUENVIXT QUOLXT XoL WY oVIXT|, XoMg
YENOWOTOOLVTOL G TANYWEN ETOTNUOVIXODY XAl TEYVOROYIXWDY EQUpUOY®Y. Eveo 1 onuacio
Toug elvan WOWIETERY EVTOVY GTIC EQPUPUOYES TURTIVIXWY AVTIOPUC THRWY, TO TUENVLXA DEQOUEVAL
elvon eniong mohd onuavTxd oe éva eupl @doua Tediny and TN Pacixr| épeuva Em¢ TOUEIC OTWS
1) TUENVIXA LTELXY, 1) TUETVIXY| Ao PdAELa, 1 TEpLBahhovTixy Ttapaxolovinon xou toAlol dhhoL.
Ytov Topéa TNG TUENVIXNG EVERYELNG, QLT Tol OEBOUEVOL EIVOL ATOQLTNTA Yol TOV OYEDIACUO
xou TN BedtioTonoinon Twy avidpao thewy, eLac@aiilovtac TNV acokr Aertoupyio xou evi-
oyvovtag T cuvokixr anédooT toug. Ou axplBeic evepyéc BlaToUEC AVTIOPAOEWY VETPOVIWY
dev elval uOVo oNuavTIXES Yiot TN AELTouRYid TV TOEUBOCLIXMY AVTLOEAC THLKY OYACNG, 0ANS
Topéyouy enlong Bacxés TANEOGoplec GTNV AVATTUEYN UEAAOVTIXGDY GUOXEVWY GOVTNENG Xou
TEONYHEVWY CUCTNUATOV 0TS 0L avTOPAC THRES TETAPTENG YEVWIAS xau ol ADS (Accelerator
Driven Systems).

O oidnpoc yenowonoieiton o BLAPOPES EPUPUOYES GTN TLENVIXY| TEYVOlOYia, XUl AOYw
TWV EUVOIXOY UNYVIXOY Xl YepUix®V W0TATOY Tou. )¢ Bouxd UAXO, o oldnpog xan To
XEAUATE TOU YENOWOTOLOUYTOL EVEEMS OTNV XUTAOXEUT] TULTIVIXMY AVTLORAC THEWY Xl GAALY
TUPTVIXWY EYXATAOTACEWY. Adyw TN avToyNg TOUG XaL TNG LXavoTNnToS dlathenong tng do-
HXTG OXEQOLOTNTAC axouT) Xt o LmAég Yeppoxpasies, to LA tou Bacilovtoun oTov Gldneo
elvon XATIAANAAL Y10 THY XATAoXELY| BOYElWY TETTC, BOUXDY UTOG TNELYUATWY Yio TOV TUETvVaL
TOU QVTIOPUC THRN, CUCTAUATOY COANVWOOEWY Xl GAAOY ECUQTNUATWY PHECA GE VAV TURTVIXO
avtdpacthpa. Kotd ) Aettovpyla tou avudpacthipa, ta eCoptiata and oldneo extidevton
oe uPnAY| pot| vetpoviwy. I autd T0 AoYOo ahhd xan yior ToAhoUS dhhoug, ol oxpifeic evepyég
OLITOPES aVTIOPACEWY VETEOVIWY OTO GldNEO, TOU YENOLOTOLUVTOL GE HOVTEAN UETAUPOEAS
vetpoviwy, elvor amapaltnta yiao T BeATioTonolnon g amddooNg TWV AVTIOPAC TARWY, TNV
Ao PoAT) Aettoupyior xou TNV oaVETTUEN VEWY GUOTNUATWY.

Av xou o oldnpog eivon 10 O x0Wd Jouxd UAXO OTIC EQUQUOYESC TUPMVIXNG TEYVOMO-
yiog, ol aZloAoYNUEVES EVERYES DLATOUES AVTIOPACEWY VETEOVIWY OToL LGAOTOTO TOU CLBTP0U TOU
otatiievton and dudpopeg PiBhovrixe Vewpolval aAVETUPXEIS OE OPLOUEVA ONUAVTIXG GNuEia.
Mehéteg €youv Beilel 6Tl ol offeBandtntec oo alohoyNUEVA BEBOUEV TV EVERYWY BLITO-
UV oTov oldneo €youv PEYIAN enidpaoT OTIC TO ONUAVTIXES ToEUUETEOUC oy oyeTi{ovTon
HE TNV OVETTUEY XAUVOTOUWY CUCTNUATWY avTIdpac ThHewY. EmnAiéov, €yel amodiydel 6TL oL
Yewpnuixol unoloylopol oe tedtoma tng teptoync Cr-Ni 8ev unopolv v avamopdEouy 6woTd
TIC EVEPYEC OLATOPEC OTO evepYElaxd €Vpog veTpoviwy amd 1 éwg 6 MeV. O pdvoc tpoédmog
yioe vor delwdoly emapxmg ol afeBUdTNTEC TV EVEQY®Y BLITOUMY Elvol UE TN YeNHoT oxpl3h
TELPOUOTINGY DEBOPEVHY oE auTAV TNV evepyelaxr| Teployf. Av xo o *°Fe avtimpoowrelel
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10 91.75% Tou YuoxoL GIBYpoL, Exel amodiylel 6Tl To amoteAéopoTo TElpaUdTeY benchmark
mou Teptéyouv oldneo elvar euaicdnTa oTa UTdAoiTa WdToma Tou owWipou Fe (5.85%), S Fe
(2.12%) xou *3Fe (0.28%).

Ytdyoc authc Tne epyaciog etvar 1 BleCoywyr) VEOV PETENOEWY X0t VEWENTIXWY UTOAOYL-
OUOY Yol TNV UEAETN TWV EVERYOY BLUTOUMY 6T looToTa Tou oLofipou. H nopoloa diduxtopixt)

otater) yweiletar oc tpla dlopopeTind pépn:

* Metpnrioelc yioo TEMTN Qoed Ue LUPNAT VERYELOY) DLAXELTIXY IXOVOTNTA TWV EVERYWY
OLUTOUMY X0 YWVIIXDV XUTAVOUWDY VETEOVIWY YIoL TNV EAACTIXY XOL TNV OVEAXC TIXN
OXEBATT), OTNV EVEQYELAXT| TIEQLOY Y| TWV YRTYOR®Y VETEOVIWY, Yiot Tot 500 TO GTUAVTIXE
10HTOTAL 6TO PUOXG GldNEo, dnhadrh To *Fe xu to P®Fe. T Tic yetproeic ypnowo-
moujinxe to gacuoatouétpo ELISA nou Bploxeton oto epyactripio GELINA, oo xou
LPNAG eumAouTiouEVa BelyorTa xon Yot To 500 LlGOTOTA.

* Metprioeig BlEAE0OEWY VETEOVIWY YPTOULOTIOLWVTAS OELYHATO PUOLXOY GLONPOL UE BLdpOo-
eoL Ty M, Yol TN UEAETY) TNG EVERYELUXTS TERLOY NS TwV 24 keV xou Tng evepyol dlatouhc
OTIC TEPLOYES METUEY TWV GUYTOVIOUWMY.

o Aielayoyn YewpenTix®y UTOAYoU®Y Yio TN UEAETN Tng direct capture ye oxond va ma-
eoY 1 WLog QUOXY| epunVela oTic ahhayég Tou mparyatonotfinxay and to CIELO prjoect
oTnV evepyd dlatouh TN avtidpaone *SFe(n,y).

Hewpoporiny otdtadn

‘Onwe on avapépdnxe, to telpduata oxédaong mpaypatonotidnxay cto epyacthpio GELI-
NA nou Peioxetan oto Béhyto. To epyactiplo mopéyet pior Topxs Asuxy) Tnyr vetpoviny,
xaAUTTOVTOG TNV evepYetoxy| teptoy ) and 10 meV €we 20 MeV. I'a tov npocdloptond g e-
VERYELOC TV VETPOVIOVY yenotdomnoteitan 1 Teyvixy| Ypovou tthone. 't autdv tov oxomd, 6éxa
otadpouéc tThong ebvan Slodéoules, NETABAAAOUEVES GE Urxog and Ty mo cLvToun ota 10 m
€wg TNV To Yoxpwr) ot 400 m. Ye auTég TIC SladpoPéc TTHONG Vol EYXATECTNUEVES DLopo-
PETIXEC TELROPOTIXES DLUTAEEC TOU ETUTEETOLY TN UETENOT| OLOPORETIXWY EWDWY oVTLOPACEWY
VETPOVIWV.

[ Tic pétpnoeic oxédaong yenotponotfinxe to aviyveutxd cuotrua ELISA (ELastic and
Inelastic Scattering Array) (Xyfua 1). To obotnua eivon totodetnuévo oe andotacrn 30 m
amé TN Y7 vetpoviny oTo diddpopo thone 1. Amotekeiton amd 800 xlplo uéern: 32 uypo-
0¢ 0pYAVIXOUC OVIYVEUTES Ylal TNV oVl VEUGT TV OXEBUCOUEVWY VETPOVIWY ot Evay Yahauo
oydone 2¥U yu ) pétenon Tou pofic vetpovimy. O Yddhapoc oydone eiver tonodetnuévoc
1.37 m ympootd anod to detypo. O aviyveutée ywpellovto o€ 4 GET TwV 8 oVl VELTOYV EXAG TOC,
TOTOVETNUEVOUC GE GUYXEXPUEVES YWVIEC OE OyEoT Ue TN xatebduvon Tng BEoung VETpoviwy
(ITivoxag 1). Xpnowpomodhvtag autd to ooy veutxd clotnue, otéyog eivor vor mapoydoiv
dedouéva LYNAAC EVERPYELOXNG BLOXELTXNAC IXAVOTNTOC Yiol TIC EVERPYES OLUTOUES avTIOPACEWY
OXEBACTG OTNY TEPLOY Y| TWV YRTYOP®Y VETEOVIWY.

[Tivaxag 1: Ou 8 dpopetinég ywvieg aviyveuong oe oyéon Ye tnv xatebuvon tng déoung
vetpoviwy. Alvovtow eniong o avtioTtotya cuvnuitova xou Bden Tou YeNCHIOTOLUVTAL Yid TNV
aELIUNTXY TETEAYWVIXY) ONOXATPMOT).

TCwvia (6;) 163.8 142.8 121.7 100.6 79.4 58.3 37.2 16.2
cos0; -0.9603 | -0.7967 | -0.5255 | -0.1834 | 0.1834 | 0.5255 | 0.7967 | 0.9603
Bépoc (w;) | 0.1012 | 0.2224 | 0.3137 | 0.3627 | 0.3627 | 0.3137 | 0.2224 | 0.1012
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Eyfua 1: To gaoupatépetpo ELISA eyxateotnuévo otn dwodpour; mthong 1 tng GELINA.
H 6éoun vetpoviwy €pyeton amd 0e€ld, Tpog To ApLOTERH, TEQVMVTASG TEMTO ond To Ydhouo
ohdodne mou Beloxeton miow and Tov YOAUBEVIO TolYO XaL OTN CUVEYELN QTAVEL GTO OElyua
OX*EBACTG OTO HEVTPO TOU GUOTAUATOG.

Y10 gacyatouetpo ELISA, ypnowonowolvton 8U0 SlapopeTixol TOTOL UYPWY OpYAVIXMY
aviyveutov. O ool aviyveutée yenotwonooty to LAx6 EJ301 xau ou dhhol wool yenowuo-
mowoUv to EJ315. Tlpdxettan yior yeryopoug aviyveutég Ue ypovixn avdiuor (time resolution)
%4t and 1 ns. O Aoyog miow and ) yerion 600 SLUPOLETIXGY TUTKV ALY VEUTWY, TEOTOVIOU
(EJ301) xau deutepiov (EJ315), elvon 6Tt Tor orviy vEupEva VETEOVLA OTtoupY 00y 50 BLapORETIXES
anoxploelc UPoug TUAUOU TOL TUEEYOUV EVOY OVTAYWVIOTIXO EAEYYO UETAZ) TwV 800 TOMWY
xat Bondodv GTOV EVIOTUGUO GUC TNUATIXWY GQAUAUATWY XUTH TNV OAVIAUGT] T6V OEOOUEVLY.

O Ydhapog oydone nepiéyet Eva ohvoho amd 8 detypata UF, oe 5 alouuvévieg Bdoelc dia-
péteou 84 mm xau ndyoug 20 um. To Aetyyora xataoxsudotnxay oto JRC-Geel, yenoiponot-
ovtag TNy tey v e e€dtuione. H diduetpog twv deryudtov eivor 70 mm, tou xodopileton
améd T pdoxa edtuonc mou yenowonothdnre. H ouvold empaveln] muxvétnte 23U
npocdloploTnxe TelpouaTiXd péoo alpha counting xou Beédnxe vo eivon 4095(4) pg/em?. Kée
Oelyyo xottdel TV avtioTolyn avodlo, dnhadr| Evay ohouULVEVIO NAexTEOBIO Tdyoug 25 um,
TomoVeTNUéEVO O amOCTACT 7 MM YL TNV XUTOYPUPT| TWV Qeapudtwy oydons. O Ydiouog
oydone yepileton e oépto P10 (10% peddvio - 90% opyd) oe atpoopoupixt nieon.

Ebvor onuavtixd va mporypoatonomndel €vog TARENG YApaxTnelolds Tng CUVIETNONG amdXpl-
onc R(L,E) tou aviyveuth, n onola aviitpoowreder tny mdavdtnta evoc copatidiou ue -
vépyew E va mopdyel éva pwtevd taAuo pe évtaon L. H uédodog mou axorovdndnxe ftav
€VOg CLYOLAOUOC TELRAUUATIXWY UETENOEWY Baduovounong xo mpocououwoewy Monte Carlo.
O yopoxtnelouds Twv aviyveutoy enavahauBdveton yia xdde Telpaua TEOXEWEVOU VoL ToEo-
xohouvdeiton 1 oTAdEpOTNTU TV AVLYVEUTWV XAl VoL EVIOTLOTOUY TROBAAUNTA TOU EVOEYETOL
vo tpoéxuay xotd Ti¢ wetproeg. Tao Bruata mou axohovdRinxay Yo To yopoxTneloud Tou
CGUC TAUATOS avlyVeEUoTG elvau:

* [ T ouvdETNOT AMOXELONG TWY PWTOVIWY, CUVOLACTNHAY TEWAUUUTIXEC UETENOELS
YENOWOTOUOVTAS PAOLEVERYES TNYES o mpocopolwoelc Monte Carlo ye tov x@duxa
MCNP6.2.
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* [l T oLVdETNOT AMOXELOT TWV VETEOVIWY, GUVBUAC TNXIY TELRAUATH OXEDUCTC OFE (PU-
owé dvipoxa pe mpooouounoeic Monte Carlo.

[ewpdpato oxedoong

Yta mhaiola TG mopoloug epyaciag, TEAYHATOTOMINXAY TEELN DIUQPOPETIXA TELPSUATA YLol T1|
uehétn e oxédaonc vetpoviov oe MFe, "™C xu PFe. O petphoeic mparypatomomdnxay
an6 o 2019 éw¢ to 2023. T xdde nelpapa, meoyuatototfinxay dLo eidn yetproewy. Mia
ue 1o Oelypo otn Véon tou (sample-in) xou pior SevteEn Ywelc To delypo (sample-out). Ot
ueTeroelc sample-out mporypotomotunxay yia va xadoplotel 1 cuyfoir] Tou unofdieou and
VETEOVLAL TTOLU GXEOACTNXVAL ol 1§ TOMATAES (PORES OTOV a€Eal XAl TOL TEQLBAAAOVTOL UMXG X0l OT1)
GUVEYELL AV VELUTXOY. LTa TOEOVTA TELRAUATY, UEAETHINXE TO €0POC EVERYELDV VETPOVIWY
an6 1 MeV éwg 8 MeV. Iapoho mou n GELINA €yel éva gdouo EVERYELWY VETROVIWY TOu
emexteiveTton mépa and Tor 20 MeV, mpaxTtinde TeEploplonds TeoxinTEL XadMg 1 POY| UELOVETAL
mépa Twv 8 MeV, xdt mou xadhotd d0oxolo To vo emrtevyVel emduunty otaTioT Yéoa
GTOUC YPOVOUS UETENONE TWV TElpaudtwy. To younhd evepyetaxd xatogil xadoplotnxe oto
1 MeV Aoyw Tng anddoong TwV ALy VEUTOV.
Or drapopixég evepyeg dlatouéc uTtohoyloTnxay YEow TG OYEOTNG:

dGel/inl(Ea 9) . N;l/in(E’e)
dQ  AQpr®(E)A,’

(1)

omou E elvou 1 evépyela Tou €logpyOUeVOL VETROVIOU, N;l/ml elvor o Broptnuévoc aprdude Tev
ehooTnd/avehaoTind oxedalOUevmy YEYOoVOTeY, AQ elvon 1 oTeped Ywvio Tou aviyveuty, pr
elvan 1 emupaveloxr) Tuxvotnta Tou delypatog, P(E) elvan 1 por| vetpoviwy, xou Ap eivan 1)
eviatix euBéreta tng 6éounc vetpoviwy. H avedxtxr) cuvoluy| tour| diddiaong eErydn ue
TNV EQAPUOYT TOU XAVOVaL TETPAYWVIXYC oAoxApworg Gauss-Legendre:

o(E)= ZRiwijg(E,cos 0:),
i=1

6mou 92 (E, cos ;) eivon 1) Biapopixt| evepyde dlomour yio evépyeto E xou yovio 6; xon w; efvon
10 Bdpoc xdde ywviag (Tivaxac 1).

To Bruota Tou axohoudfinxay Yl TOV TEOGOIOPIOUO TWV EVERYWV OLATOUMDY OVoVTL
TR TG

o Aoy wploudc YeYovotay YETOED VETPOVIWY xau gpuToviny (Lédodoc ohoxhipwong pop-
tiov)

* Abpdwon unoPédpou (sample-out data)

o Aoy wpLoUOS VETPOVIWY TOU TEOXUTITOUY omd EAXCTIXH Xat avehao Tixh oxédaor (xuvrn-
HorTxol UTOAOYIOUOL X0t AmOGUVENEN TWV XATAVOUDY PWTOS)

* Aopdwon yio T YEYOVOTOL TTOU TEOXUTTOUY ontd TOAATAES oXeBATEL 6T0 6ToY0 (TPO-
oopowhoec Monte Carlos)
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Eyfuo 2: Topadelyporta Slapopndy EVEQY®Y SLIUTOUMOY EAACTIXAC OXEDACTC VETPOVIWY OF (a-
b) *Fe, (c-d) "™'C xau (e-f) °Fe, wc ouvdptnomn tne evépyeloc Tou EloEpYOUEVOU VETPOVIOU
og 600 amd TIC oxTw Ywvieg aviyvevong. To anoteAéopato cuyxplvovtal Ue To aZLOAOYNUEVA
0edouEvL Twv BiAotnxey JEFF-3.3 xouw ENDF/B-VIILO.

ONdxhnen n avdluong emxupwidnxe eZdyovtog Tn evepyd Slortour| TNS NG TIXAC OXEBUONG
and T PETENOT TOU QuOLXOL dvipoxa. X TOANG epyaoTHRLY, UETPNOELS TN EVERYOUL BloTo-
ufg T ehaoTixig ox€daome veTpoviny o dvipaxa yenotdoroolvial Yo T Baduovounocn
QVLYVEUT®Y, TNV TORoXohoUUNoT Tng oToepdTNTAC TOUC Xol TNV ETUXVEMOY) TELRUULITIXWY
anotelecudtwy. Elvon xatdhAnio yio TETOEC EQUEUOYES BLOTL 1) EVERYOS BlaTouY| Evo Y-
ot pe afefandtnta xdtw tou 1% énc ty evépyewar 4.8 MeV. Emnhéov, n Siagopinn evepyde
otatouy| mpotelveton wg standard amd tny IAEA yio evépyeleg vetpoviwy xdtw tov 1.8 MeV.

Y10 Xyfua 2, TapouctdlovIal Ol YWVIAXES XATUVOUES TNS EAUCTIXTG OXEBAOTS VETPOVIWY
amd To Telor SlapopeTINd TELpdUAT Yior Eval ETAEYUEVO apldud yowny aviyvevone. To o-
roteAéopata cuyxplvovton e tar Tor aglohoynuéva Sedouéve tov Bihiodnxoy JEFF-3.3 xou
ENDF/B-VIIL.O. Tmdpyel oyetixd xolf) cup@wvia YeTtadd TwV TELQOUATIXOY ot aglAoYT-
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HEVWY OEBOUEWY, HECA GTA OPLAL TWV CPIAIATMDV, OE ONOXATET TNV EVEQYELUXT| TEQLOYY|. 2TNV
TepinTwaon Tou dvipoxd, To TEROUATIXG ATOTEAECUOTA CUUPWVOUY XOAA UE TIC YVWOOTES Y-
VIIXES XATAVOUES, TEAYUA TOU OElYVEL OTL Ol CUVAPTACELS ATOXEICNC TTOU avaTTUYINXaY 610
TAOLO QUTAC TNG AVAAUOTC XU YENOHLOTOLRUNXAY GTL TELRGUOTA TOU OLBHpou elvol oe VEo
VOL VOTTAEAYOLY XATIAANAGL TIC TELRAUUUTIXES XATAVOUES PWTOG.

Ot evepyéc dlatopéc eEAaoTIXAC OXEBAONC VETPOVIWY amd OAEC TIC UETENOELC Tapouctdlo-
viow oto Xyfua 3. To anoteréoyoto cuyxplvovton Pe Tar o aELONOYTUEVO GEBOUEVL TWV
BBodnxcv JEFF-3.3 xou ENDF/B-VIILO. Stnv nepintowon tou *Fe, 1 Biphod#xn JEFF-3.3
UTOAOY{OTIXE APUEOVTAC TIC U1 EAACTIXEG EVEQYEC OLUTOUES UG TNV EXTUIWUEVT GUVOMXT)
evepYo oltopn, eved 1 BiBAodYxn ENDF/B-VIILO mopdyinxe yenolonolmvIog ToV xmoxa
EMPIRE vy autiv tnv evepyeoxn neployt]. Ta amoteréopota authc tne cpyaotug elvar o
Toh0 xohy) cuugovia ue tn JEFF-3.3. Ytnv neplntwon tou @ioixol dvipoxa, 1 TelpouaTi-
X1 evepydg dlatopn auTtic TNe epyaciog elvol 0 cuPEWVIA UE TNV YVOOTH EVERYO OLoTou.

5_(a)“Fdnm) | | | | ih;??é::-

all ENDFJ/B—V;”..O |

3 W\J\WM v :
M\

| NVVwMﬁMN%NNAM%Wdﬁ‘M,k\\ |

Cross section (b)

(c) *°Fe(n,n)

1 1 1
1 2 3 4 5 6 7 8
E, (MeV)

Eyfua 3: Evepyéc Satopéc ehaotinic oxédaong vetpoviwy and (a) 3Fe, (b) ™C xau (c) *°Fe,
¢ CLVAPTNOT TNG EVEPYELUC TOL ELOERYOUEVOU veTpoviou. Tao anoteréouata cuyxpivovTal ue
Ta a&tohoynuéva dedouéve Twv Bihotnxoy JEFF-3.3 xou ENDF/B-VIILO.
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Téhoc, otny mepintwon tou “Fe, Ta amotehéopata eivor o8 OYETE X0 CUPQOVIN oL UE
Tic 800 Bihodrxee, ov omoleg oxohoUinooay tnv Blor pédodo LUTOAOYLOUOD TG EAUGTIXNG
BLddhoong, Snhad) vioYeTMVTOS T Slaopd HETAED TWV GUVOAXMY X0l TWY UTOROITWY UEPLXDY
TOUOV.

Extog amd tny ehootinf] oxédoon, e€eTdotnxe eniong xou 1 avehdoTix ox€daon oTIg
UETENOELC TOU O pou. XTo Lyfua 4, TopoucldlovTol Tol ATOTEAECUATO UERPLKMY EVEQYWY
Blotopdy avehaoTixic oxéduonc ané T medTn dleyepuévn otddun Twv *0Fe, xu and T
deltepn otédun tou FFe, xou cuyxpivovta pe to aflohoynuéva dedopéve TV PBMoYNXGOY
JEFF-3.3 xar ENDF/B-VIILO. Ot evtidtotyeg ywviaxée xatavouéc napouotdlovTal AETTOUERNOS
oo Kegdhaio 3.

1.2 T T T T T
(a) >*Fe(n,n';)

This work —©-
JEFF-3.3 — |
ENDF/B-VII.O —

2.5

— 4 w}
w
[9,]
S
»
(9]
[9,]
w
(9]

L (b) >®Fe(n,n';

o = =
o [N) o

Cross section (b)

©
N

3 3.5 4 4.5 5 5.5 6

Yyfuo 4: Evepyé Dlatouég avehaoTInhg oXEDAOTS VETPOVIWY oo TN TeWTT BIEYEQUEVT OTAIUT
twv (a-b) 3¥Fe, xou and 1 deltepn otddpn Tou (c) F°Fe, w¢ cuvdptnom Trg evépyelac Tou
elogpydpevou vetpoviou. To armoteréopata cuyxplvovial pe tar afloAoyNuéva BeBoPéve TwY
BBroUnxev JEFF-3.3 xou ENDF/B-VIILO.
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[ewpdparto petddoone vetpoviny og guotxd oldneo

Extéc and ta neipdpato oxédoong, mpoyotonolinxay eniong UETENOES HETABOCTC VETROVIWY
oe puoxod oldneo Yl va e&epeuvniel 1 yaunAy evepyeloxr) meployr, mepinou ota 24 keV,
omou mopatneRInxay Teofifuate oo dedopéva Twv a&lohoyNUEnY BIBAoUNXOY. O yetproelg
METABOONG QVTITPOCWTEVOLY TOV O AmAO ot oxelBr TOTo peTpioewy ypovou mthong. Ou
TELROUATIXES UETENOELS Tparypatomotinxay otov otodud 50 m tne dwdpourc 4. H 6éoun twv
VETEOVIWY TOL TepVd amtd To delyua aviyvedtnxe amd éva aviyveuty| Li-glass epmioutiopévo ye
6Li. Metprinxay 600 dlagpopetind delyuata puoxol owdrpou pe mdyog 1.2 cm xou 4.5 cm. H
TELRUUATIXY LETADO0OT (transmission) LTOAOYIGTNXE YENOYLOTOWVTAS TOV TUTO:

Ci (tm) - kTBin (tm)
Cout (tm) - kTBout (tm) ’

Texp (tm) - NT

6mou Gy, Cour €lvatt 0 0pLIUOC TV YEYOVOTWY UE Xl YWElC TO 6TOY0, Biy, Boy lvon 1 avtiotolyn
cLVeloopd uTofdipou, Nt elvar €vag TaEdyovTag xavovixorolnong, kr elvon €vag TapdyovTag
mou AauPdver unodn TN cuoyeTopévr ABEPudTNTA Yt CUCTNUATIXES ETBPACEL, AOYW TOU
HOVTENOL TOU TERLYEAPEL TO UTORBapo %ot 1, €lvon 0 Ypbvog TTHONG.

Y10 Eyfua 5 mopouotdleTal To TEWRUUATIXG ATOTEAEGUOTA XOL YId TIG OUO UETEHOELS OTO
evepyeloand elpog vetpoviny amd 1 éwg 100 keV. Ta amotehéoyata ocuyxpivoviar e tn de-
wenTx petddoon twv Birotnxey JEFF-3.3 xau ENDF/B-VIILO. Ilopoatnpolvton xdmoleg
OLopoEES UETAE) TWV TELQUUOTIXDY X0l TWV oELONOYNUEVKY BEBOUEVWV OTNV EVERYELAXT| TEQLO-
¥ amd 5 €ng 25 ke V. Topatneeiton 6Tt oL TOEIUETEOL TOU TEPLY PAPOUY TOUS GUVTOVIGHOUS OTIG
0Vo BiBMod e dev elvon oe Féom va meptypdpouv ETAUEXMS T UETADOOT, OE QUTY TNV EVEE-
YEWXT] TEQLOY Y|, UE ATMOTEAECUA VoL TEOXVTTEL Lol VEWENTIXY| UETAO00T Tou elvon YaunAOTERT
og 00YXELON UE TA TELQOHATIXG AMOTEAECUATO AUTAS TNS EpYIOiag.

1.2

"atFe thin —
natEe thick —

JEFF-3.3 ——-
1} ENDF/B-VIIL.O

o
o)

o
o

Transmission

o
»

0.2}

1 10 100

Yyhuo 5: Ilepapotind @doyato UETAO00NG VETEOVIWY amd To AEmTd oL Tov Tyl oTOYO
ownpou. Tao anoteréoyata cuyxpivovial ye to a&tohoynuéva dedouéva Towv PiBAodnxody JEFF-
3.3 xou ENDF/B-VIILO
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Ocwpentixol utohoylouol

O unyoaviopodg dueone oOhAndme (direct capture) pehetrinxe wotg vo napeydel o puoxn ep-
unveio oTIg AAAXYES TTOL EYLVOLY OTT) EVERYO OLUTOUT| TNG AvTIdpaoTg Fe(ny) ané 1o TEOY EOUUAL
CIELO otnyv evepyetaxt| neptoy ) 10-100keV. Xtnyv npdln, undpyouv 0o unyoviopol cOANdNC.
[Tpdtov eivon 1 cUANN péow chvieTou TuUErva, OTIOU TO ELGERYOUEVO VETEOVIO GUANOBdVE-
Ton xou dnutovpyeitar évar paxeofld oo tnuo odvietou tuphva. Aedtepov, 1 dusorn cOANNYN,
OTIOU TO ELGEQYOUEVO VETPOVIO XaTaAduPBdveTon amd Tov 6ToY0 Ywels xauio dnuovpyia cOvie-
Tou muprva. H dueorn oclUAAndn npaypatonoteiton e Ty Si€yepon evog Teploplopévou apliuol
Barduwv erevdepiog evidg evog o GOVTOUOU YEOVIXOU BLIC TAUUTOS.

[ tv exmopnh axtvoPfoliag nhexteixol dimdlou (E1) and v apyixh otny tehixh xo-
TACTAOT), XOU YLOL YL CUYXEXQUIEVT] EVEQYELX TTPOCTNTOVTOS VETPOVIOU E,, 1) evEpYOS BLoTout)

dueong cVAANdNG Blvetan anod:
5 lom
"7 9n

émou ky = &/hic eivar o xupotopdude g Exrcs(pn)épevng oxtvooliag Y ue evépyela &y, € =
El
i—f

_ El
22105,

—Ze /A elvau 10 goptio E1 tou vetpoviou, xau Q;~, / tva o oTolyelo Tou mivoxo petdBaong ond
TNV 0EYXY) TNV TEMXT| XUTACTAOY).

Yty napodoa epyacta, o xwdxag PDIX yenowonoiinxe yio Tov utoloyioud tng dueong
cUANgMe. H Swdixactia unoloylopol npaypoatonoteitor oe 6o BrAuata. Ilpdta, ot xuyoto-
OLVOPTACELS TNE deopeuuévne xatdotaong xodoptlovion pe Bdon ta dardéoiua TeElpouaTIXG
BedopEVL X OTN CUVEYELN O UTONOYIOUOC TNE evepyol Blatourc dueong cOAANNG Tearyuo-
ToToLe(ton yior €var Bedouévo omTxd LovTélo. XTn CUVEYELX, 1 CUVOAXT Slortour) cUMNANNG
(cOvietn xou dueon) unohoyiotnxe yenotponowdvag tov xddxo PDIX, pe v ofiomoinon
tou Single-Level Breit-Wigner (SLBW) yio tnv meptypagy| tng obvietng oOhindmne. To amo-
TeEAéopaTa TG Topoloug epyactag mapovatdlovtal 6To Lyfuo 6.

103

102

10%

Cross Section (b)
=

=
<
N

1073
ENDF/B-VII.1
“ ENDF/B-VII..O —
107 INDEN-Aug2023

JENDL-5 -
10° This work (CC + DC) —

10°® 107 10°° 107 10 103 107 107! 10°
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Eyfua 6: Ta amoteréopata TG cLVORXTE evepyol dlatourc cOMANNG vetpoviou and T
TEELOY Y| TV VeQULOY VETROVIKY €n¢ To 2 MeV cuyxplvovton ye to dedopéva Tov BiBAlonxy
ENDF/B-VII.1, ENDF/B-VIILO, INDEN-Aug2023 xot JENDL-5.
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Yuunepdoyota - Ipoomtinég

Yty mapovoa epyocia, meoryotomotinxay Ve TERAUATO OTO EPYACTNPO YEOVOU TTHOMG
GELINA vy T U€TEN0T TV EVERYXOV DLATOUMY AVTLOPICENDY TOU TEOXAAOUVTAL ATO VETPOVLAL
oTOV GlONEO, UE OTOYO TNV AVTWETOTLOY TEOBANUATWY TOL avapEpUnxay oo aZLOAOYNUEVA
OEDOUEVAL TOU GLOTPOU, TOREYOVTAS VEX TELQOUATIXG DEBOUEVAL VLo PACINES AVTIOPUCELS XOlL E-
VEpYELXEC TEPLOYEC. Apyixd, UETEAUNXAY Ol YWVIOXES XATOUVOUES XAl Ol EVEQYEC OLUTONES
NG EAACTIXAG XAl AVERAOTIXNG OXEDACTS VETROVIWY GTO 54,56 e OTNY TEPLOYY| YR YOPWY VE-
TeoViwy, Yenowonouwviac VYNAd euniovTiopéva delypato xat yia oo 600 wootoma. [ Ty
EAACTIXNY| OXEDAUCT), AUTEG EVOL Ol TPWTES TELRUUATIXES UETEVOELS TOU TAPEYOUY OEOOUEVA U-
YnAhc evepyetomic avdhuone otny evepyeloxr teptoyy) 1 éng 8 MeV. H dduasio avdhuong
ETXVEOUNAE EMTUYOC YENOWOTOWVTOS Ulal UETENOT UE PUOXO AVIRaXOL AVITIOREYOVTAS THY
xoA& YVwo T evepy6 Satopr) tne avtidpaonc "C(n,n). To anoteréopoto ouyxplidnxoy ye
Ta MetpapaTixd dedopéva drardéoiua ot BiBhotixn EXFOR, to atohoynuéva Sedopéve Twv
BBroUnxedv JEFF-3.3 xou ENDF-B/VIILO, xodog xon pe Yewpntinols umoloyiopols yenol-
ponolvtog toug xwdixec TALYS xou EMPIRE.

Enmhéov, mporypotonotfdnxay telpduato uetddoone vetpovimy oe "™ Fe ue otéyo ) pe-
AETN TNe evepyelaxhc TeploY N Yopw and To 24 keV, omou €youv evtomotel mpoAfuaTo and
Toug 0lohoYNTES TTOL BOUAEDOLY GTa TUENVIXG BedopEva Tou cidhpou. Tao nelpduata TEayuo-
Tomoujinxay oto oToadud Twv 50 uétpwy tng GELINA xan yeteridnxoy d0o delyyota guoixol
owneou e dlapopeTnd mdyog. Ta tehind amoteAéopota cuyxplinxay ue ta alihoynuévo de-
dopéva Twv JEFF-3.3 xoau ENDF/B-VIILO xat, moapdho mou xou oL 800 alloAoYHOELS QolveETal VoL
amodlBouy OYETE XUAL O ONT) TNV EVEQYELNXT) TEPLOYT| TWV VETROVIWY, Tapatnerdnxay opt-
OUEVES OLapopég Wtaitepa YUpw amd TNy teployn Twv 24 keV. Ta anoteréopota cuyxpeitnxoy
enione e mepopotind dedouéva Stordéoiuo ot BiBAloypapla.

Téhog, o unyaviopos e dueong cVAANgNG yiow TNy Tepintwaon Tou S6pe efetdoTnXE o€
auTh TNV epyacta. Pdvnxe twe 1 dueon cUANYN s-wave uropet va e€nynoel To undBadpo Tou
Teoctédnxe oTny evepyeloxy teptoyr) 10eV - 100keV, eve 1 dueor cUAANd d-wave gaiveton wg
%ok uohriploc yior Tny Eagpvixt| dvodo Tng evepyol dlatounc cUMNNYNG YOpw and ta 850 keV
mou mopatneinxe o mpdcyato melpayo. EmnAéov, €yve uia mtpoondiela UTOAOYIGHOL TNG
ouvolxic dtatopuic oUMNdNG (dueon xou ovvletn cOMNN)Y) YENOLOTOLOVTAS TO HOVTENO
Single-Level Breit-Wigner (SLBW), mou elvou dtdéoyun otov xwdwo PDIX, yio Ty teptypopt
NG MEPLOYAC TwV cuVTOVIoU®Y. To TeEAxd anoteréouata auTiE TNE EpYaotac galveton vor etvan
TOA) XOVTE OTA TO TEOGHAUTO AZLOAOYNUEVL BEBOUEVYL Yiar TN evepYd Blatoun Tng avtidpaong
56Fe(n,}/) mou mapéyovton and Tic BiAodrixec INDEN xou to JENDL.

Ot yehhovTtinég TpoOTTIXES TEPLAOUBAVOLY TEPAUTERE AVAALGT TWV CUAAEYUEVTWY Bedo-
HEVWLY, avaBaduioels TwY CUCTNUATWY AV VEUCT|C XAl VEEC UETEHOELS. LUYXEXQUIEVA, OL YWVIA-
wéc xotavopée Twv 2*30Fe Yo ypnowomomdody Yo TNV eZaywYT TEPOUOTIXGY CUVTEAEG TGV
Legendre nou efvan xplowol yiot Ty a€loAGYNON TWV YWVIAXOY XATAVOUWY, EVE oL avaBariuloeig
Tou gocpatoueteou ELISA Ya emtpédouy tny e€epelivnon Tne eEAac TIXTC OxEDACTC XATw amd
1 MeV. IlpofBAénovton mpoomdieieg yio Tn Uelwon tou unofdipou oTIC HETPNOES OXEBUOTC
HECW TNC EYXATACTAONC CUVINXWY XEVOLU YOpw Omd TNV €YXATACTHON 1) TN Oladpour Tng
ocoung. Néeg uetprioeic oxédaong Yo emixevipwioly oe yecalou xou Papéws TOTOU TUENVES,
UE OTOYO TNV AVTWETOTLOT amoxAloewy ot Tne EAAeLYng Telpapatixdy dedouévwy. Emmiéoy,
TpotelvovTal TEpaTépw PETEHOELC UETABOONS VETpoVIXiWY o Quoxd oldnpo, woll ue v o-
vamtugn véou otaduol petddoone ot GELINA yia Bedtiouévn culloyr dedouévev. Télog,
1 €QUPUOYT TNS dueone CUANYNG oE XOBIXEC TPOCUPUOYYC cuVTOVIoU®Y OTwe o CONRAD
Yo BEATUOOEL TOV LTOAOYLOUO TNS GUVOAMXAC Slatounc cUANdNG.
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Chapter 1

Introduction

1.1 Importance of nuclear data

Nuclear data are playing a pivotal role in nuclear science and engineering, since they are used in
a plethora of scientific and technological applications. While their significance is particularly pro-
nounced in nuclear reactor applications, nuclear data are also very important in various domains
from fundamental research to fields like nuclear medicine, nuclear safety and security, space ex-
ploration, environmental monitoring, and many more (see Fig. 1.1), shaping our understanding of
fundamental processes and enabling innovations in diverse fields [1].

In the field of nuclear energy applications, these data are indispensable for the design and opti-
mization of reactors, ensuring safe operation and enhancing overall efficiency. Precise information
on neutron cross sections, decay properties, and reaction rates are not only important for the op-
eration of traditional fission power plants, but also provide key information in the development of
future fusion devices and advanced reactor systems like GEN-IV reactors, SMRs (Small Modular
Reactors), and ADS (Accelerator Driven Systems) [2].

Additionally, nuclear data are playing an important role in different aspects of nuclear medicine,
from diagnostic imaging to radiation therapy and medical isotope production. For example, iso-
topes with specific decay properties like positron emitters for PET (Positron Emission Tomogra-
phy) scans or gamma emitters for SPECT (Single Photon Emission Computed Tomography) imag-
ing, rely on the accuracy of nuclear data for a safe and reliable diagnosis. Furthermore, nuclear
reactions are employed in the production of radioisotopes that are used in therapeutic procedures,
such as cancer treatment, thus precise knowledge of reaction cross sections is very important [3].

In the case of environmental monitoring and nuclear forensics, like identification and quantifi-
cation of radioactive isotopes, these procedures also heavily rely on nuclear data. From assessing
the impact of nuclear accidents to monitoring radioactive contamination in the environment, and
many other applications in this field, nuclear data provide crucial insights into the origin, distribu-
tion, and behavior of radioactive materials [4].

In these critical domains and many other, outdated, imprecise, and incomplete nuclear data can
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Figure 1.1: The Nuclear Data Tree: representation of the various fields where nuclear data are
used (figure courtesy of the EC-JRC).

slow down progress, limit precision, and compromise safety. Experimental facilities, such as par-
ticle accelerators and research reactors, serve as crucial platforms for generating new nuclear data
and validating theoretical models. In these facilities measurements of nuclear reaction cross sec-
tions and decay properties are performed in an effort to enrich international nuclear data libraries
and enhance predictive capabilities. Nuclear data libraries are comprehensive collections of evalu-
ated nuclear data, which include information on nuclear reactions, decay processes, and properties
of isotopes. The accuracy of the experimental data determines the accuracy of the evaluated data,

which are used for the above-mentioned applications.

1.2 Status of the nuclear data of iron

Iron is used in various applications within the nuclear industry, primarily due to its favorable me-
chanical and thermal properties. As a structural material, iron and its alloys are widely employed
in the construction of nuclear reactors and other nuclear facilities. Due to their strength, corro-
sion resistance, and ability to maintain structural integrity even at high temperatures iron-based

materials are suitable for the construction of pressure vessels, structural supports for the reactor
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Figure 1.2: Chart of the isotopic composition of natural iron.

core, steam generators, piping systems, and other components inside a nuclear power plant. Dur-
ing reactor operation the steel alloy components are exposed to a high neutron flux. Additionally,
these materials are used in the design of casks and containers for the storage and transportation of
spent nuclear fuel. These containers provide structural integrity and radiation shielding to ensure
the safe handling and storage of radioactive materials. For the above reasons and many others
as well, accurate neutron cross section data of iron, that are used in neutron transport models,
are indispensable for optimizing reactor performance, ensuring safe and efficient operation, and
developing effective shielding systems that reduce radiation exposure.

Even though iron is a common structural material in nuclear technology applications it re-
mains very difficult to evaluate. Despite the importance, the iron evaluations available from var-
ious libraries were deemed deficient in certain important respects. Sensitivity and uncertainty
studies have shown that uncertainties on the evaluated data of neutron cross sections on iron have
a big impact on the most significant integral parameters related to the development of innova-
tive reactor systems [5]. Additionally, for the fast neutron energy region (from 1 to 8 MeV)
theoretical calculations are known to perform poorly in the Cr-Ni region [6]. In the case of
the iron isotopes, resonances are causing strong fluctuations on the cross sections in this neu-
tron energy range. On the one hand, the current resolved resonance range evaluation method-
ology using the R-Matrix theory is only able to properly reproduce the experimental cross sec-
tions up to several hundreds of keV neutron incident energy, and on the other hand statistical
model calculations using the Hauser-Feshbach theory are able to properly reproduce the con-
tinuum cross section only above 6 MeV neutron energy [7]. Since none of the two theoreti-
cal approaches performs well in the energy range of 1 to 6 MeV, accurate experimental data
in this region are the only way to sufficiently constrain the uncertainties on the current evalu-
ated data files of iron. In an effort to address some of the reported issues on the evaluated files,
iron was included in the Collaborative International Evaluated Library Organization (CIELO) [8]
project, the results of which were implemented in the ENDF/B-VIIL.O [9] evaluation. Within this
project, it was realized that even though >Fe amounts for 91.75% of natural iron, validation re-

sults for iron containing benchmarks are sensitive to the minor iron isotopes Fe (5.85%), 'Fe
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(2.12%), and *®Fe (0.28%) in both the resolved
resonance and fast neutron energy region. In
the case of “°Fe, strong scattering resonances
with very deep interference minima are ob-
served. In these energy regions, like the most
well known one around 24 keV (see Fig. 1.3),
where the cross section is nearly zero, the
contribution of the minor isotopes dominates.
This is the reason why the evaluations of >°Fe
cannot be separated from the evaluations of
the minor iron isotopes. The outcome of this
project and the current status of the evaluated
nuclear data libraries for the different neutron
induced reactions on Fe isotopes relevant to

this work are discussed below [12].

Elastic scattering
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Figure 1.3: Total cross section of °Fe in the
region around 24 keV. The JEFF-3.3 [10] and
ENDF/B-VIIL.O evaluations are compared with
the experimental data of Liou et al. (1979) [11].

Elastic scattering occurs when a neutron collides with a nucleus and rebounds, with the total

kinetic energy conserved. The energy lost by the neutron in the collision depends on the angle

through which it is scattered. Even though elastic scattering on the Fe isotopes is the dominant

reaction mechanism only a handful of experimental data are available in the EXFOR [13] library.

The experimental determination of neutron elastic scattering cross sections poses a challenge due

to several factors:

* Since neutrons lack electric charge, direct detection is almost impossible. In most cases,

neutrons are detected indirectly based on the measurement of secondary particles produced

by neutron interactions using scintillation detectors, proportional counters, or solid-state

detectors.

* The angular dependence of neutron scattering has to be taken into account, which creates a

need to measure multiple detection angles.

* The scattering samples must be of high purity in order to avoid extra corrections and uncer-

tainties.

» Background interference plays a crucial role in the extraction of meaningful data. Neutron

scattering experiments need to be conducted in environments with low background radia-

tion, ideally in a vacuum, to avoid signals generated from in-beam neutrons scattering on

air and then reaching the detectors.

Given these challenges, experimentalists need to employ meticulous techniques and sophisticated

data analysis methods to properly measure elastic scattering cross sections.
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An example of the impact of the cross sections of neutron elastic scattering on iron is given
in Ref. [14]. It is stated that neutron elastic scattering on iron nuclides is a major contributor to
the uncertainty of the coolant expansion coefficients for the MYRRHA reactor [15]. Specifically,
maximum uncertainties of 8% for °Fe and, unrealistically high, relative uncertainties up to 500%
for >*Fe and up to 1000% for STFe, are observed in the JEFF-3.3 [10] evaluation in the MYRRHA
relevant energy range (0.1 keV to 4.0 MeV). A reduction of the uncertainty in these quantities is
recommended to meet target accuracies for the design of the MYRRHA reactor.

For the fast neutron energy region only a few scattered points are available, measured with
quasi-monoenergetic neutron beams for the case of >4Fe (Table 1.1) and *°Fe (Table 1.2), while no
data are available for >’Fe and ®Fe. In Fig. 1.4 the available experimental cross sections of elastic
scattering in the EXFOR library are compared with the JEFF-3.3 and ENDF/B-VIIL.O evaluations.
In the case of *°Fe, both evaluations are following the same approach, i.e. the elastic scattering

Table 1.1: Elastic scattering data of >*Fe available in the EXFOR library [13]. The name of the
first author, the year of publication, the neutron energy range under study, the quantity (CS - Cross
section and/or DA - Differential c¢/s with respect to angle) and the number of points are listed.

Reference E, range (MeV) Quantity (Points)

Rodgers (1967) [16] 2.33 CS(1) DA(S)
Boschung (1971) [17] 4.04-5.60 CS(33) DA(30)
Fedorov (1973) [18] 2.90 DA(8)
Kinney (1974) [19] 5.50-8.50 CS(33) DA(62)
Korzh (1977) [20] 1.50-3.00 CS(4) DA(35)
El-Kadi (1982) [21] 7.96-13.90 CS(4) DA(105)
Korzh (1987) [22] 5.00-7.00 CS(33) DA(39)
Guenther (1989)  [23] 1.30-3.97 DA(370)
Vanhoy (2018) [24] 2.00-6.00 DA(121)

Table 1.2: Elastic scattering data of *°Fe available in the EXFOR library [13]. The name of the
first author, the year of publication, the neutron energy range under study, the quantity (CS - Cross
section and/or DA - Differential c¢/s with respect to angle) and the number of points are listed.

Reference E, range (MeV) Quantity (Points)
Rodgers (1967) [16] 2.33 CS(1) DA(S)
Kinney (1968) [25] 4.60-7.57 CS(7) DA(8Y)
Boschung (1971)  [17] 5.05-5.58 CS(2) DA(19)
Morozov (1972) [26] 1.80 DA(17)
Korzh (1977) [20] 1.50-3.00 CS4)
Schweitzer (1978) [27] 1.50-3.00 CS(1) DA(12)
El-Kadi (1982) [21] 7.96-13.90 CS4) DA(104)

]

Ramirez (2017) [28 0.80-7.96 CS(20) DA(192)
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Figure 1.4: Comparison between the available experimental cross section data of neutron elastic
scattering on (a) S6Fe, (b) >*Fe and the JEFF-3.3 [10] and ENDF/B-VIILO [9] evaluations in the
energy region from 1 to 8§ MeV.

cross section was defined as the difference between the total and the sum of the cross sections of
the other reaction channels in this region. Even though in both evaluations the same total cross
section on "Fe by Berthold et al. (1995) [29] was used, corrected for the contribution of the
minor isotopes, discrepancies are observed. These discrepancies are originating from differences
in the evaluations of the partial cross sections between JEFF-3.3 and ENDF/B-VIIL.0, that then
are propagated into the elastic scattering cross section when subtracting them from the total. In
the case of >*Fe, while in the JEFF-3.3 evaluation the same methodology is adopted, the ENDF/B-
VIII.O evaluation has adopted optical model calculations using the EMPIRE [30] code. It is shown
that even though the few experimental data available in the literature are in agreement with the
evaluations, the resolution of the measurements is not enough to properly describe the fluctuating
behavior of the cross section in this region. Furthermore, discrepancies between the data are also

observed, exceeding uncertainties that in some cases reach 20%.

Inelastic scattering

In inelastic neutron scattering, the incident neutron collides with a target nucleus and transfers part
of its energy, causing the nucleus to be excited to a higher energy state. This can occur through
different mechanisms. In a direct reaction, the neutron interacts with specific nucleons in the

nucleus, transferring energy rapidly without forming a compound nucleus, resulting in targeted
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excitations. In a pre-equilibrium reaction, the neutron exchanges energy with a few nucleons,
and the system has not yet reached full equilibrium, leading to partial energy sharing before the
nucleus stabilizes. In a compound nucleus reaction, the neutron is fully absorbed, forming a highly
excited compound nucleus that redistributes the energy among all its nucleons before decaying by
the emotion of gamma rays. These mechanisms contribute to the complexity of neutron inelastic
scattering, with the dominant process depending on the energy of the neutron and the properties
of the target nucleus.

Inelastic scattering can be measured through two primary methods: detecting inelastically
scattered neutrons or measuring the gamma rays emitted during the de-excitation of the residual
nucleus. When measuring the scattered neutrons, the data obtained is directly related to the inelas-
tic scattering cross section, which helps to characterize the interaction between the neutron and the
target nucleus. By analyzing the angular distributions of these neutrons, additional insights into the
reaction mechanism can be gained, as these distributions specify the quantum numbers involved.
However, at low energy or angular resolutions, it can be challenging to clearly distinguish between
inelastic and elastic scattering events, adding complexity to the analysis. Alternatively, inelastic
scattering can be measured by detecting gamma rays emitted as the residual nucleus de-excites.
This approach provides valuable information about the total inelastic scattering process, but re-
quires model calculations to estimate the population of parent nuclear states involved. Accurate
nuclear structure data is essential for this method, as the measurement is sensitive to factors like
spin transfer during the interaction. Both methods—neutron and photon detection—complement
each other and provide different perspectives on inelastic scattering events, depending on the spe-
cific details of the reaction.

It has been proven that inelastic scattering on iron also plays an important role in benchmark
calculations. In Ref. [31] the inelastic scattering data on “°Fe are cited as one of the major sources
of the uncertainty in the determination of the important integral parameters relative to reactor ap-
plications. For that reason the neutron inelastic scattering cross section on °Fe has been included
on the High Priority Request List (HPRL) of the OECD/NEA Data Bank [32]. The targeted un-
certainty for Accelerator-Driven Minor Actinides Burner is 2% and for European Fast Reactors is
7%-9%. For the total inelastic scattering only a few experimental data are available in the EXFOR
library for S6Fe [33-38] (Table 1.4), two data set for **Fe [23,39] (Table 1.3), one set for >’ Fe [40],
and zero data for *®Fe. In Fig. 1.5 the available experimental data for the total inelastic scattering
cross section in the EXFOR library are presented along with the JEFF-3.3 and ENDF/B-VIIIL.0O
evaluations. In the case of *Fe, optical model calculations have been adopted in both evaluations.
Large discrepancies are observed between the two evaluations and the available data in EXFOR.
Based on the data by Olacel et al. (2018) [39] fluctuating structures in the cross section are ob-
served, as expected in all isotopes of iron. These data were not taken into account during the
evaluations since they became available after the end of the CIELO project. The same phenomena
are also observed for the >’Fe isotope. In the case of °Fe, both evaluations are strongly based on
the high resolution measurements of Dupont et al. (1998) [35] and Negret et al. (2013) [34], even

though problems have been reported for both data sets, normalization issues in the measurement of
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Dupont, and energy calibration problems in the measurement of Negret [12]. In ENDF/B-VIIIL.0
the cross section has a fluctuating behavior up to 3.5 MeV and then optical model calculations are
adopted, while in the JEFF-3.3 the fluctuating cross section continues up to 10 MeV. As mentioned
earlier, the discrepancies between the two evaluations observed here are the main reason for the

discrepancies in the elastic scattering cross section (see Fig. 1.4).
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Figure 1.5: Comparison between the available experimental cross section data of neutron total
inelastic scattering on (a) °Fe, (b) >*Fe, (c) 7’ Fe and the JEFF-3.3 [10] (black line) and ENDF/B-
VIII.O [9] (green line) evaluations in the energy region from 1 to 10 MeV.

Angular distributions

Furthermore, in the conclusion of the CIELO project concerns were expressed about the angular
distributions of the elastic and inelastic scattering channels, data that are playing a crucial role in
shielding, reflection and leakage. Especially for elastic scattering, the lack of angular distributions
below 4 MeV was emphasized, since it was concluded that these data are important in calculating
criticality and deep penetration. For °’Fe and ®Fe there are no experimental angular distributions
reported in the EXFOR library and for >*Fe only a few experimental data are available for elas-
tic (Table 1.1) and inelastic scattering from the first excited state (Table 1.3) for a small number

of detection angles using monoenergetic neutron beams. In the case of °Fe, the evaluations of
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the angular distributions heavily rely on high-resolution scattering measurements of "#Fe that are
available in the EXFOR library covering energies up to 4 MeV. These data need to be corrected for
the contribution of the minor isotopes, a correction that increases the overall uncertainty in the final
result. Specifically for *°Fe, a few experimental angular distributions of neutron elastic (Table 1.2)
and inelastic scattering from the first (Table 1.4) and the second (Table 1.5) excited levels are avail-
able in the EXFOR library. Even though the current evaluations are in relatively good agreement
with the few experimental data for elastic scattering, in the case of inelastic scattering big discrep-

ancies are observed both between the evaluations and the different experimental data (see Fig. 1.6).

Table 1.3: Partial inelastic scattering cross sections from the first excited level of #Fe
(1.4082 MeV), available in EXFOR [13]. The name of the first author, the year of publication,
the neutron energy range under study, the methodology, the quantity (CSP - Partial cross section
and/or DAP - Partial differential c/s with respect to angle) and the number of points are listed.

ELVL1=1-4082 MeV

Reference E, range (MeV) Method Quantity (Points)
Rodgers (1967) [16] 2.33 n spectroscopy CSP(1) DAP(5)
Tsukada (1969) [41] 2.65-3.26 n spectroscopy CSP(1) DAP(22)
Boschung (1971) [17] 4.04-5.60 n spectroscopy CSP(14) DAP(29)
Fedorov (1973) [18] 2.90 n spectroscopy CSP(1) DAP(8)
Kinney (1974) [19] 5.50-8.50 n spectroscopy  CSP(3) DAP(64)
Almen-Ramstrom  [42] 2.50-4.50 n spectroscopy  CSP(9)

(1975)

Korzh (1977) [20] 2.00-3.00 n spectroscopy  CSP(3) DAP(27)

El-Kadi (1982) [21] 7.96-13.9 n spectroscopy CSP(4) DAP(104)

Guenther (1986)  [23] 1.30-3.97 ¥ spectroscopy  CSP(60)

Korzh (1987) [22] 5.00-7.00 n spectroscopy  CSP(3) DAP(39)

Mittler (1987) [43] 1.46-3.69 Y spectroscopy  CSP(29)

Olacel (2018) [39] 1.41-18.00 ¥ spectroscopy  CSP(326)

Vanhoy (2018) [24] 2.25-6.00 n spectroscopy DAP(107)
Capture

The resonance analysis for the capture cross sections of all the iron isotopes have been performed
using the Reich-Moore approximation. It is interesting to mention that the capture cross section
of 3°Fe is very small due to the underlying nuclear structure in which the nucleons populate a
nearly closed shell. Within the CIELO project, major changes were made and then adopted by the
ENDF/B-VIIL.0 evaluation. A background cross section component was added in the energy range
from 10 eV to 100 keV. The enhancement of the capture cross section in this region was based
on the criticality benchmark HEU-MET-INTER-001 (ZPR-9/34). It was observed that when the
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Table 1.4: Partial inelastic scattering cross sections from the first excited levels of °Fe
(0.8468 MeV), available in EXFOR [13]. The name of the first author, the year of publication,
the neutron energy range under study, the methodology, the quantity (CSP - Partial cross section
and/or DAP - Partial differential c/s with respect to angle) and the number of points are listed.

ELVLl =0.8468 MeV

Reference E, range (MeV) Method Quantity (Points)
Stelson (1952) [44] 1.87 n spectroscopy DAP(1)
Weddell (1956) [45] 6.5 n spectroscopy DAP(1)
Cranberg (1956) [46] 2.25-2.45 n spectroscopy DAP(26)
Kardashev (1962) [47] 1.00-3.95 ¥ spectroscopy  CSP(12)
Bredin (1964) [48] 1.95 n spectroscopy DAP(10)
Gilboy (1965) [49] 2.01-3.99 n spectroscopy CSP(4)
Tucker (1965) [50] 0.864-1.10 Y spectroscopy  CSP(31)
Smith (1966) [51] 1.13-1.50 n spectroscopy  CSP(26)
Rodgers (1967) [16] 2.33 n spectroscopy  CSP(1) DAP(5)
Degtjarev (1967) [52] 1.37-3.76 n spectroscopy  CSP(7)
Kinney (1968) [25] 4.60-7.55 n spectroscopy  CSP(7) DAP(85)
Barrows (1968) [53] 2.90 ¥ spectroscopy  CSP(1)
Tsukada (1969) [41] 1.37-3.26 n spectroscopy DAP(73)
Rogers (1971) [54] 0.92-1.79 ¥ spectroscopy  CSP(10)
Boschung (1971) [17] 5.05-5.58 n spectroscopy  CSP(2) DAP(19)
Tomita (1973) [55] 1.43-2.15 n spectroscopy DAP(225)
Elbakr (1973) [56] 0.891-1.74 ¥ spectroscopy  CSP(8)
Konobeevskii (1974)  [57] 0.862-1.18 Y spectroscopy  CSP(67)
Korzh (1975) [58] 1.50-3.00 n spectroscopy CSP(4)
Almen-Ramstrom [42] 2.02-4.50 n spectroscopy CSP(11)
(1975)
Mittler (1975) [43] 0.878-3.96 Y spectroscopy  CSP(36)
Korzh (1977) [20] 1.50-3.00 n spectroscopy CSP(4) DAP (34)
Lebedev (1977) [59] 4.70 n spectroscopy DAP (3)
Schweitzer (1978) [27] 3.40 n spectroscopy CSP(1) DAP (12)
Salama (1981) [60] 2.02-3.96 n spectroscopy  CSP(6) DAP (100)
Nemilov (1982) [61] 0.893-5.00 ¥ spectroscopy  CSP(32)
El-Kadi (1982) [21] 7.96-13.90 n spectroscopy CSP(4) DAP(89)
Negret (2013) [34] 0.861-4.50 ¥ spectroscopy  CSP(645)
Beyer (2014) [33] 0.847-9.56 Y spectroscopy  CSP(30)
Ramirez (2017) [28] 1.50-7.96 n spectroscopy CSP(14) DAP (180)
Vanhoy (2018) [24] 1.50-4.70 n spectroscopy  CSP(17)
Pirovano (2019) [62] 1.99-6.01 n spectroscopy DAP(1530)
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Figure 1.6: Comparison of differential cross sections of neutron inelastic scattering from the first
excited state of *°Fe as a function of the cosine of the scattering angle 6, between data available in
the EXFOR [13] library and the angular distributions provided in the JEFF-3.3 [10] and ENDF/B-
VIII.O [9] evaluations. The corresponding incident neutron energy is reported in each graph.
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Table 1.5: Partial inelastic scattering cross sections from the second excited levels of °Fe
(2.0851 MeV), available in EXFOR [13]. The name of the first author, the year of publication,
the neutron energy range under study, the methodology, the quantity (CSP - Partial cross section
and/or DAP - Partial differential c/s with respect to angle) and the number of points are listed.

ELVL2:2-085 1 MeV

Reference E, range (MeV) Method Quantity (Points)
Weddell (1956) [45] 6.5 n spectroscopy DAP(1)
Kardashev (1962) [47] 1.00-3.95 Y spectroscopy  CSP(6)

Gilboy (1965) [49] 2.01-3.99 n spectroscopy  CSP(3)

Tucker (1965) [50] 0.864-1.10 ¥ spectroscopy  CSP(23)

Degtjarev (1967)  [52] 1.37-3.76 n spectroscopy CSP(4)

Kinney (1968) [25] 4.60-7.55 n spectroscopy  CSP(12)

Barrows (1968) [53] 2.90 Y spectroscopy  CSP(1)

Tsukada (1969) [41] 1.37-3.26 n spectroscopy DAP(34)
Boschung (1971) [17] 5.05-5.58 n spectroscopy  CSP(2) DAP(19)
Korzh (1975) [58] 1.50-3.00 n spectroscopy CSP(1)
Almen-Ramstrém  [42] 2.02-4.50 n spectroscopy  CSP(7)

(1975)

Mittler (1975) 43 0.878-3.96 Y spectroscopy  CSP(21)

[43]
Korzh (1977) [20] 1.50-3.00 n spectroscopy  CSP(1) DAP (9)
Nemilov (1982) [61] 0.893-5.00 Y spectroscopy  CSP(7)

Negret (2013) [34] 0.861-4.50 Y spectroscopy  CSP(288)

Beyer (2014) [33] 0.847-9.56 Y spectroscopy  CSP(14)

Ramirez (2017) [28] 1.50-7.96 n spectroscopy  CSP(6)

Vanhoy (2018) [24] 1.50-4.70 n spectroscopy CSP(13)

ENDEF/B-VII.1 evaluation [63] was used, the benchmark’s eigenvalue was overestimated by more
than 1000 pcm. It was realized that by making a minor readjustment in this energy region, it
became possible to bring the HEU-MET-INTER-001 result within the experimental uncertainty,
while minimally impacting other benchmarks. As seen in Fig 1.7. the added background cross
section demonstrates a nearly 1/v behavior. Furthermore, the background from 700 to 850 keV
was readjusted (see Fig. 1.8) to reproduce the experiments performed at RPI by McDermott et al.
(2017) [64]. In this measurement, a "bump" in the capture yield was observed at around 850 keV.
The increase of the (n,y) cross section in this region cannot be described via the R-Matrix theory.
Also, it is interesting to mention that in this energy the inelastic scattering channel opens, so one
would expect the capture cross section to decrease and not the opposite.

Currently, the cross section data of iron are under study by the International Nuclear Data Eval-
uation Network (INDEN) [65], coordinated by the International Atomic Energy Agency (IAEA).
In the latest evaluation released by INDEN in August 2023, the background component in the
10 eV - 100 keV region was reduced by more than 50% of what was introduced in the
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Figure 1.7: (a) Evaluated 56Fe(n,}/) cross section of ENDF/B-VII.1 [63] (black) and ENDF/B-
VIILO [9] (blue) from thermal up to 2 MeV neutron energy. (b) Comparison of the 56Fe(n,)/)
evaluated cross section of ENDF/B-VII.1 (black), ENDF/B-VIIL.O (blue), INDEN-Aug2023 [65]
(green), and JENDL-5 [66] (magenta) in the 10 eV - 100 keV region.
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Figure 1.8: Comparison of calculated capture
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1.3 Objectives of the thesis

For the above mentioned reasons, new experimental cross section data are crucial for clearing out
discrepancies, lowering uncertainties on the current evaluated libraries of iron and finally assisting
in the development of models used for predicting the cross sections in different energy regions.

The aim of this work is part of an effort to tackle some of the issues reported earlier in the most
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important nuclear data of Fe affecting the qual- 10!
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ments, the ELISA spectrometer stationed at the

Furthermore, in order to study the 10 keV-

100 keV energy region of the capture cross section of *’Fe where the background component
was added in the CIELO project, since this region cannot be measured experimentally via (n,7)
measurements, because the cross section in this region is too low thus it is not easy to properly
discriminate the capture yield from the background contribution, two different approaches were
followed. Neutron transmission measurements using natural iron samples of various thicknesses
were performed to study the 24 keV energy region and the dips between the resonances. Addi-
tionally, direct radiative capture calculations for *’Fe were performed. The goal is to combine
the transmission experiments with the direct capture calculations, especially in the 24 keV energy
region where the elastic scattering has a large dip and the total cross section practically equals the
capture cross section (see Fig. 1.9) in an effort to provide a physical interpretation and possible

physical constraints to the changes that were made.

1.4 Organization of the thesis

A description of the GELINA facility, the time-of-flight technique, the ELISA spectrometer used
for the scattering experiments and the characterization of the detectors placed in the setup is given
in Chapter 2. The details of the different measurements, the analysis of the acquired data and the
results of the scattering measurement on >*Fe and °Fe are presented in Chapter 3. In Chapter 4 the
transmission experiments are described along with the analysis and the extracted results. Finally,

in Chapter 5 the calculations of the direct radiative capture on “°Fe are presented and discussed.



Chapter 2

Neutron scattering on Iron:

Experimental setup

The neutron scattering experiments were carried out at the white neutron source of the Geel Elec-
tron Linear Accelerator (GELINA) of the European Commission’s Joint Research Centre (EC-
JRC) in Geel, Belgium. This chapter contains a short description of the facility and the neutron
production process. Additionally, the ELISA (ELastic and Inelastic Scattering Array) spectrome-
ter, utilised in these experiments, along with the full characterization procedure for the determina-

tion of the detectors’ neutron response is described in detail.

2.1 The GELINA white neutron source

The GELINA time-of-flight facility is a pulsed white neutron source built in 1965 [67]. It is a
multi-user facility designed for high-resolution cross section measurements in the neutron incident
energy range between 10 meV and 20 MeV. The facility consists of four main parts: the linear
electron accelerator, a post-acceleration compression magnet, a neutron producing target, and 12
flight paths with different experimental equipment (see Fig. 2.1) [68-70].

The accelerator is an S-band linac producing short electron bursts of 10 ns duration with a
10 A peak current. It consists of three sections: a 2 m long standing wave buncher and two 6 m
long traveling wave sections. The electron bursts are produced by a triode gun with an average
energy range of about 80 keV. The maximum repetition rate of the accelerator is 800 Hz and each
electron burst consist of a train of 30 pulses. Due to beam loading, the energy of the electrons
in each burst decreases linearly, from 130 MeV for the first pulse to 70 MeV for the last pulse.
After the acceleration and before colliding with the neutron producing target, the electrons are
passing through a 360°deflection dipole magnet. The magnet consists of five magnetic sectors and
is 3 m in diameter. The electrons traverse circles in the magnet with diameters determined by their
momenta, meaning that high energy electrons will follow a trajectory with large diameter, while
the less energetic ones will travel a shorter circle. This process ensures that all pulses will exit the

magnet at the same time with a Gaussian time distribution of less than 1 ns duration.
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Figure 2.1: Schematic representation of the target area and compression magnet of the GELINA
facility. The electron beam line, the compression magnet, the neutron producing target and the
different flight paths are presented. Out of the 18 flight paths shown here, only 12 are used for
measurements, while flight paths 7, 8, 9, 10, 11 and 18 are excluded.

After the compression magnet, the electrons are impinging on the neutron producing target
(see Fig. 2.3) [71]. It is a rotating, mercury cooled target made out of a U-Mo alloy with 10%-
weight Mo. Due to the high power density (10 kW/cm?) deposited in the target, to avoid localized

heating, the target rotates to spread the heat over its circumference. Mercury is chosen as a coolant,
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Figure 2.3: Scheme of the rotating neutron producing target of GELINA [72].

mainly to avoid neutron moderation. Ura-
nium is chosen as the main material because
it favours the production of photons in the
bremsstrahlung process and has a high cross
section for neutron production via photon-
induced reactions [(7, n) and (7, f)] in the ura-
nium nuclei. On average 3.4x10'® neutron-
s/s are produced with an evaporation spectrum
and are emitted isotropically. To ensure a sub-
stantial number of neutrons with energy below
100 keV, a configuration involving two light-
water moderators positioned above and below
the target is employed. These moderators are
beryllium containers filled with water. Two
flux setups are at disposal (see Fig. 2.2). In

one of them, collimators obstruct the modera-
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Figure 2.2: Comparison of the simulated and ex-
perimental neutron flux distributions of the DFC
and MFC configurations of GELINA [72].

tors, and the flight path is exclusively exposed to the uranium disk, yielding a fast neutron spec-

trum referred to as Direct Flux Configuration (DFC). In the other one, shadow bars obstruct the

uranium disk, allowing the flight path to be solely exposed to the moderators, resulting in an ep-

ithermal spectrum with a thermal component. This is known as the Moderated Flux Configuration

(MFC) [72]. The produced neutron beam is constantly monitored using BF3 proportional counters

mounted at different positions in the ceiling of the target hall. These detectors may also be used

for normalization of the measured spectra to the same neutron intensity.

GELINA provides twelve flight paths in a star-like configuration around the neutron producing

target. The produced neutrons travel in tubes of 50 cm diameter kept under vacuum conditions.
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Figure 2.4: Schematic description of the filter system installed inside the tube of flight path one.

The flight paths are varying in length, from the shortest one at 10 m to the longest one at 400 m.
Along each flight path, multiple measurement stations are positioned in different distances. These
stations are equipped with diverse detectors and specialized data acquisition systems, meticulously
combined for the precise measurements of neutron induced reaction cross sections. The experi-
mental setup used in this work is installed at flight path one at 108°with respect to the electron
beam direction, at the 30 m station. In this flight path the direct flux configuration was used sup-
plying a useful neutron spectrum with energies from 100 keV to almost 10 MeV. Inside the flight
tube a collimation system is installed to define the size of the beam (see Fig. 2.4). The collimators
consist of layers of specially chosen materials absorbing different components of the beam. These
materials are: lithium epoxy for the absorption of slow neutrons, copper for fast neutrons, and lead
for photons. Furthermore, two filters, one made of depleted uranium and the other one of boron
carbide, are placed in the flight path tube, at the exit of the target hall, in order to minimize the
intensity of the bremsstrahlung and the thermal neutron component. The beam size was measured

at the sample position using a photographic film, resulting in 4.9(2) cm diameter.

2.2 Time-of-flight technique

For the determination of the incident neutron energy the time-of-flight technique was used.The
basic principle of neutron spectroscopy using the time-of-flight method lies in the measurement of
the time ¢ that a neutron needs to travel a given distance L. The velocity u of the neutron is simply
given by:

u=— 2.1

and therefore the kinetic energy E is:
E =m,c*(y—1), (2.2)

where m,, is the neutron mass, c is the speed of light, and 7 is the relativistic Lorentz factor:

1

(2.3)
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In the experiment, the time-of-flight #,, is determined from the difference between a start 7y and a
stop f,, signal:
th =1, —Tp. 2.4)

At GELINA the start signal is generated every time an electron burst passes through a coil just
before impinging on the neutron producing target. To account for the time offset related to the
difference in cable lengths, the strong bremsstrahlung (y-flash) produced from every burst is used

as a time reference and the starting signal is expressed as:
To=ty—L/c, (2.5)

where 7, is the detection time of the y-flash and L/c is the time required for a photon to travel from
the source to the detector. The stop signal is produced when a neutron enters one of the detectors.
In a scattering experiment, the time-of-flight is determined by combining the time the neutron
needs to travel from the source to the scattering sample, with the time the scattered neutron needs
to travel from the sample to the detector. In this case the time of flight is calculated using the

formula:
L L

N c/1—=1/(1 + Eo/m,c?)? * e/1=1/(1+E'Jmyc?)?’

where Ej and E’ is the kinetic energy before and after the collision, L is the distance between the

(2.6)

Im

neutron producing target and the scattering sample, and L’ is the distance between the sample and
the detector. For elastic scattering, by knowing the nuclear mass M of the scattering sample and
the detection angle 0, the kinetic energy after the collision E’ can be described as a function of the

kinetic energy before the collision Ey based on the conservation of energy and momentum:
E'(Mc* +mc?) — Eg(Mc* —mc?) + EoE' = ¢ pop’ cos 6, (2.7)

where po = \/Eo(Eo+ 2mc?)/c and p’ = \/E'(E' +2mc?) /c are the momentum before and after
the collision. By combining equations (2.6) and (2.7) the incident neutron energy can be extracted.
In the case of inelastic scattering, the excitation energy E* of the target nucleus needs to be taken

into account and therefore the conservation of energy and momentum is given by:
2E' (Mc* +mc?) — 2Eg(Mc* — mc?) + 2EgE’ + E*(2Mc* + E*) = 2¢* pop' cos 6 (2.8)

and by combining equations (2.6) and (2.8) the incident neutron energy for inelastic scattering
is calculated. The detailed calculations to extract the formulas mentioned above are given in

Appendix A.

2.3 The ELISA spectrometer

For the detection of the scattered neutrons, the ELastic and Inelastic Scattering Array (ELISA)
was used [62, 73-75]. ELISA was developed in 2016 and is one of the various experimental
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Figure 2.5: The ELISA spectrometer currently installed at the flight path 1 of GELINA. The
neutron beam comes from the right, first passing through the fission chamber which is placed
behind the lead wall and then reaching the scattering sample at the center of the setup.

setups currently installed at the GELINA neutron time-of-flight facility. The setup is designed
for the high-resolution measurement of elastic and inelastic scattering cross sections and angu-
lar distributions in the fast neutron energy region. The concept of measuring double differential
neutron-emission cross sections dates back to the end of the eighties, when a similar detector ar-
ray, featuring 8 liquid organic scintillators, was designed and developed at GELINA [76]. The
development of ELISA was based on this past experience. One of the main differences between
the two setups is that in the old array, the detectors were placed as close as possible to the sample
without interfering with the neutron beam, while at ELISA, the detection angles were carefully
chosen based on the possibility of applying numerical techniques for the angle integration. To
achieve high accuracy in the detection angles, the distance between the detectors and the sample
position had to be increased.

Currently, the spectrometer consists of two main parts: 32 liquid organic scintillators for the
detection of the scattered neutrons, and a 23U fission chamber for the measurement of the neu-
tron flux (see Fig. 2.5). The scintillators are divided into 4 sets of 8 detectors each, mounted at
specific angles with respect to the neutron beam direction (see Fig. 2.6). In general the scattering
differential cross section with respect to the incident neutron energy E and the scattering angle 0

is described as a Legendre expansion:

do _o(E) &2l+1

d_Q(E’ )= w2 0y(E)P,(cos6;), 2.9

where o (E) is the scattering cross section, Pj(cos 6;) is the " order Legendre polynomials, & (E)

is the corresponding coefficient, and N is the highest order for which the Legendre coefficient
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Table 2.1: The 8 different detection angles with respect to the neutron beam direction. Their
corresponding cosine and weight used for the numerical quadrature are also given.

Angle (6,) (deg) | 163.8 142.8 121.7 100.6 79.4 58.3 37.2 16.2
cos0; -0.9603 | -0.7967 | -0.5255 | -0.1834 | 0.1834 | 0.5255 | 0.7967 | 0.9603
Weight (w;) 0.1012 | 0.2224 | 0.3137 | 0.3627 | 0.3627 | 0.3137 | 0.2224 | 0.1012

is available. In the ELISA setup, the detection angles

have been carefully chosen, so that their corresponding B
[3] ; : [6]

cosines match the zeros of the Legendre polynomial of o P a8 o

. . . 142.82 37.2°
the 8th or.der. This auows the calculation of the integral ., %@ ﬁ g .
cross section o (E) using the Gauss-Legendre quadrature 163.8° D§Q 7 16.2°
rule: JE)—>FC - et [}/zﬁmgmﬁ

8
do
o(E)=2m) w;—(FE,cos6;), 2.10 . .
(E) ; ZdQ( 2 (10 Figure 2.6: Schematic of one of the

sets with the 8 detectors mounted at the
detection angles. A relative descrip-
function of the incident neutron energy E and scatter- tjon of the position of the scintillators-

ing angle 6;, and w; are the corresponding weight factors target-fission chamber (FC) system is
presented [73].

where %(E ,cos 6;) is the differential cross section as a

(Table 2.1). The method is exact for Legendre polyno-
mials of order 15 and remains highly accurate for higher orders, extended samples and numbers
of detectors [73].

2.3.1 Liquid organic scintillators

Liquid organic scintillators are frequently employed in the detection of fast neutrons due to their
unique properties that make them well-suited for this purpose. They have a high sensitivity for
fast neutrons, fast response time, ability to discriminate between different types of radiation, and
their efficiency is reaching maximum value at energies between 1 to 2 MeV, making them valuable
tools in various scientific and industrial contexts, including nuclear physics and radiation monitor-
ing. These scintillators consist of aromatic hydrocarbons, such as benzene or xylene, doped with
specific organic compounds. When fast neutrons interact with the scintillator material, they pro-
duce recoil hydrogen nuclei (protons/deuterons) via scattering reactions. The organic scintillator,
in turn, captures these nuclei and undergoes a rapid excitation, producing flashes of light.

In the ELISA spectrometer, two different types of commercially available liquid organic scin-
tillators, manufactured by Scionix, are used. Half of the detectors (model:51A51/2MQOEI-
EJ301-NX) use the EJ301 scintillator material, a liquid based on xylene (CsH;g) (NE213 equiva-
lent) [77] and the other half use the EJ315 (model:51A51/2MQOE1-EJ315-NX), which is highly
purified deuterated benzene (CgDg) [78] (details in Table 2.2). These are fast scintillators with a
time resolution below 1 ns. They are suitable for neutron spectrometry since photon/neutron sep-
aration can be achieved via pulse shape analysis. The reason behind using two different types of

detectors, hydrogen (EJ301) and deuterium (EJ315) based, is that the detected neutrons create two
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Figure 2.7: Left: photograph of one of the detectors placed at the ELISA setup. Right: X-ray scan
of one of the detectors where the void in the liquid volume cell and the electronic circuits of the
PMT are visible.

different pulse height responses which provides a cross check between the two types, and assists
in the discovery of systematic errors during the data analysis.

The detectors have a cylindrical shape with a liquid cell of 5.08 cm height and of 2.54 cm
radius, filled up to 97% with the corresponding hydrocarbon liquid (see Fig. 2.7). They have an
aluminum housing of 1.52 mm thickness, sealed with a quartz window that provides an optical
coupling to the photomultiplier tube (PMT, Electron Tubes Ltd., model 9213). The PMT and the
corresponding voltage divider are mounted in a p-metal housing of 0.64 mm thickness, shielding
them from external magnetic fields. The scintillation liquid emits light pulses, which are then
gathered by the light guide (represented by the quartz window) and transformed into electrons,
commonly referred to as photoelectrons, by the photocathode within the Photomultiplier Tube
(PMT). These photoelectrons undergo acceleration towards the PMT dynodes, where they undergo
a cascade process, multiplying through secondary electron emission. The voltage provided to the
dynode chain via the voltage divider needs careful optimization to maximize the multiplication
process while maintaining linearity. This fine-tuning ensures that the charge pulses registered at

the PMT’s anode remain proportionate to the light output originating from the scintillator.

2.3.2 Ionization chamber

The ionization chamber contains a set of 8 UF,4 deposits on 5 aluminum foils of 84 mm diameter
and 20 pum thickness (see Fig. 2.8). The deposits were manufactured at the JRC-Geel, using the
evaporation technique. The isotopic composition of the material used for the manufacturing of

the deposits is presented in Table 2.3. The diameter of the deposits is 70 mm, determined by the

Table 2.2: Composition and physical properties of the EJ301 and EJ315 scintillation materials
[77,78].

EJ301 EJ315

Number of 'H atoms per cm” 4.82-10>  0.0287-10%
Number of 2H atoms per cm? - 4.06 10?2
Number of C atoms per cm? 3.98-102  4.10 10
Density at 25°C (g/cm?) 0.874 0.954
Scintillation liquid volume (cm?) 105.9 105.9
Scintillation efficiency (photons/1 MeV electrons) 12000 9200

Wavelength of maximum emission (nm) 425 425
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evaporation mask that was used. The total areal density of >U was experimentally determined
by alpha counting and it was found to be 4095(4) pg/cm®. Two single-sided foils are placed in
the front and the back of the chamber, facing forward with respect to the neutron beam, and three
double-sided are placed in the middle, each with a 14 mm distance between them. Each deposit is
facing the corresponding anode, i.e. a 25 um thick aluminum electrode, placed at a distance of 7
mm for the recording of the fission fragments. The electrodes are supplied with a positive voltage,
while the aluminum foils supporting the deposits are grounded. The front window of the chamber
has a 0.3 mm thickness while the back one is 0.2 mm thick. The fission chamber is filled with
P10 gas (10% methane - 90% argon) at atmospheric pressure with a small flow rate continuously

refreshing the counter gas to maintain stable operation.

Table 2.3: Areal density of the UF, deposits inside the ionization chamber. The 2*3U content was
determined by defined solid-angle alpha counting using the total alpha activity and an isotopic
composition determined by mass spectrometry (see below).

Target ug Ulem? pg 23U/cm?
Target 1 622(1) 622(1)

Target 2 side 1 488(1) 488(1)

Target 2 side 2 464(1) 463(1)

Target 3 side 1 489(1) 488(1)

Target 3 side 2 459(1) 458(1)

Target 4 side 1 487(1) 487(1)

Target 4 side 3 461(1) 461(1)

Target 5 628(1) 628(1)

U-isotope 233y 2347y 2355 2361y 238y

Abundance <0.001 0.035973(75) 99.9336(14) 0.009629(53) 0.0207(14)

Figure 2.8: Stack of the UF, deposits and the aluminum electrodes inside the parallel plate ion-
ization chamber.
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2.3.3 The data acquisition system

For the data acquisition of the scintillators, a dedicated digitizer-based system was developed at
GELINA. It features 8§ digitizer cards with 4 channels each, manufactured by SP Devices (model:
ADQ14DC-4A-VG-PXIe). The cards have a 500 MS/s sampling rate and 14 bit amplitude reso-
lution. They are installed in a PXIe chassis (ADLINK PXES-2780) and controlled by a Red Hat
Enterprise Linux 6.4 operating system. The digitizer’s clocks are synchronized by an external 10
MHz reference coming from a clock generator (Stanford Research Systems Inc. CG635). The
signals are recorded from the anode output of the PMT of each detector. Every channel triggers
independently of the other when a signal surpasses the given threshold. The timestamps of the
recorded signals are directly related to the linac reference signal (“Ty signal”), which is connected
to the digitizers as an external signal and resets the time for every neutron burst. To account for
the fact that the Ty signal arrives at the digitizers later than the signals produced by the y-flash,
but before the neutron burst, a digital delay generator (Stanford Research Systems Inc. DG535)
is utilized to ensure that it arrives later also than the neutrons. This means that the time reference
of the time-of-flight is given after every neutron burst. All recorded signal information, including
waveforms and timestamps, are saved on the disk for offline analysis.

The data acquisition system used for the fission chamber is based on NIM electronics (see
Fig. 2.9). First, the recorded signals pass through a charge integrating preamplifier (CSTA2HV)
and then are split in two directions. On one direction, the signal passes through a spectroscopic
amplifier (Ortec 671) and from there to an Analog-to-Digital Converter (ADC, FAST ComTec
7072). On the other direction, the signal is first passing through a fast filter amplifier (Ortec
579), then a constant fraction discriminator (CFD, Ortec 584), and ends up to a Time-to-Digital
Converter (TDC, developed at the JRC). The TDC functions as a stopwatch: the Ty signal starts the
clock, and the timestamps of fission chamber signals are gauged in relation to it. To address any
disparity in the arrival times of TO and fission chamber signals, adjustments are made by delaying
(via cable delay) the CFD signals. This ensures the precedence of the Ty signal arrival at the TDC.
The information coming from the ADC and the TDC are synchronized in time for each incoming

signal using a multiplexer (MMPM, developed at the JRC) and gets stored for offline analysis.

‘—“'
lonization | [ vy

Chamber Figure 2.9: Schematic description of the data ac-
quisition system for the ionization chamber. HV:

] AMP |-[ ADC . _
PREAMP }_| | high-voltage, PREAMP: preamplifier, FFA: fast

| MMPM I‘I PC I filter amplifier, CFD: constant fraction discrim-
inator, TDC: time-to-digital converter, MMPM:
CFD multiplexer, AMP: amplifier, ADC: analog-to-
digital converter.
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2.4 Characterization of the detectors

As mentioned above, scintillation fluorescent light is emitted when ionizing radiation interacts
with the liquid scintillation material of the detectors. In reality, only a portion of the deposited
energy is transformed into light, while the remaining energy is mainly dissipated as heat. The
proportion of energy converted into photons is influenced by both the particle’s energy and the
stopping power of the scintillation material. The light output exhibits a linear relationship with
energy for electrons surpassing 40 keV, while for protons, deuterons, and heavier ions, the output
is consistently lower than that of electrons with equivalent kinetic energy, and the response does
not follow a linear behavior with respect to energy [79].

Two types of ionizing radiation can be detected with the scintillators used at the ELISA spec-
trometer, neutrons and photons. In the case of photons, they transfer their energy by interacting
with the orbital electrons of the molecules in the liquid, mainly via Compton scattering. In the
case of neutrons, the detection mechanism is based on elastic scattering on the hydrogen nuclei of
the liquid molecules (protons for the EJ301 and deuterons for the EJ315). Since these are hydro-
carbon liquids, neutrons interact also with the carbon nuclei, but the produced light of the carbon
recoil is typically low and the signals are below the detection threshold.

To extract meaningful information, a full characterization of the detector’s response function
R(L,E), which represents the probability of a particle with an energy E producing a light pulse
with amplitude L, needs to be performed. The method followed in the present work was a combina-
tion of measurements and Monte Carlo simulations as described in [80-83]. The characterization
of the detectors is repeated for every different experimental campaign at the ELISA spectrometer,
in order to monitor the stability of the detectors and identify problems that might have occurred
during the measurements. In the next subsections the steps followed for the characterizations of

the detection system are described in detail.

2.4.1 Signal processing

The signals generated by liquid organic scintillators exhibit a rapid rise time, primarily influenced
by the characteristics of the photomultiplier tube, and a tail composed of a fast and a slow com-
ponent. The predominant contributor to light emission is the fast component, known as prompt
fluorescence, characterized by a typical decay time in the order of a few nanoseconds. Conversely,
the slow component, identified as delayed fluorescence, undergoes decay over a few hundred
nanoseconds. The ratio between the intensity of the slow and fast components is once again con-
tingent on stopping power, being higher for particles inducing greater ionization density in the
liquid [84].

The first step in the characterization of the detectors is the processing of the signals recorded by
the scintillators. For every produced waveform the total integrated charge (light output equivalent)
and the corresponding timestamps are extracted (see Fig. 2.10). A correction is implemented to the

timestamps, to improve the time resolution using the constant fraction discrimination algorithm
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(CFD) [85-88]. Based on this algorithm, the
signals undergo two different processes on ei-
ther side: on one side, they are inverted and
delayed by a 3 ns delay, and on the other side,
they are attenuated by a constant fraction of
30%. These two modified components are
then summed together, and the zero-crossing
point of the resulting waveforms is identified.
This zero-crossing point represents an accurate
measure of the signal’s timing information. By
focusing on a fraction of the pulse height and
introducing a delay, CFD improves timing res-
olution by emphasizing the rising edge of the
signal, where signal-to-noise ratio is typically
higher, contributing to more accurate estima-

tion of the arrival time of the signal.
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Figure 2.10: Example of a recorded signal. The
time correction based on the CFD algorithm,
along with the intervals for the pulse shape dis-
crimination are presented.

To distinguish neutrons from photon induced events the recorded signals undergo a pulse shape

analysis. In this work, the charge integration method was used [89, 90]. The recorded waveforms

are integrated over two intervals, a short (Qs-30 ns) one and a long (Q.-150 ns) one that has

the same start as the short one (starting point as it occurs from the CFD algorithm) but stops right

before the tail of the waveform begins (see Fig. 2.10). The pulse shape discrimination (PSD) factor
is defined as the ratio of the integral of the tail (Qz-Qg) to the long interval (Qr) (Eq. (2.11)). In

Fig. 2.11, the resulting pulse shape discrimination spectra, obtained from a measurement with an

AmBe source, are presented with respect to the light output, for one of the EJ301 and one of the

EJ315 detectors.
PSD =

Detector A4

100

L (MeV)

0L — Qs

@2.11)
L
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Figure 2.11: Two-dimensional pulse shape discrimination (PSD) spectrum of an AmBe source
measurement as a function of the light output (L) for one an EJ301 (left) and an EJ315 (right)
detectors. The top part of the spectra corresponds to the neutron induced events (higher tail-to-
total ratio) and the bottom part correspond to photon induced events (lower tail-to-total ratio).
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Figure 2.12: Two slice histograms of the PSD distributions, one for each type of detectors [EJ301
(a) & EJ315 (b)]. Fits are shown for the full histogram (sum of two Gaussians) as well as for
individual photon and neutron clusters (individual Gaussians).

The charge integration pulse shape discrimination method works particularly well for high-
energy depositions, but is prone to misclassification of events for relatively low-energy deposi-
tions. To determine the optimal PSD factor and minimize the number of misclassified events the
methodology described in Ref. [91] was followed. According to this method, the data are sliced
into smaller subsets based on the total integrated charge and the resulting PSD distributions of
each slice is fitted with the sum of two Gaussian functions, one corresponding to photons fy and
the second one for neutrons f, (see Fig. 2.12). Then the fitted data are used to determine the
optimal discrimination point within each slice, which is defined as the ratio that misclassifies the

smallest number of particles in the slice. This ratio is found by solving:

1 X
PSD,p; = arg min / fr(x)dx+ / fa(x)dx ). (2.12)
x€[0,1] \ Jx 0
The first and second integrals in Eq. (2.12)
compute the portion of the photon and neutron, 8 ' ' ' data ——
respectively, that will be misclassified when fit —
photons |
setting x as the discrimination point. However, ”egggns
if the data set contains an overwhelming num- Pt
ber of pulses from one type of particle, usu-
ally observed in the low light output region,
the minimization could result in a discrimina- \
tion point that misclassifies a large percentage g s
. . 0.4 0.5

of the less prevalent particle (see Fig. 2.13).

To avoid possible effects this might have to the
final resuls, during the analysis of the acquired

data, proper thresholds (typically at 0.2 MeV)

Figure 2.13: Example of PSD distribution for
light outputs between 0 and 0.2 MeV.
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Figure 2.14: The two-dimensional pulse shape discrimination (PSD) spectra as a function of the
light output (L) for one an EJ301 (left) and an EJ315 (right) detectors. The black line (DISCRIM.)
represents the optimal separation point between neutron (upper part) and photon (lower part) in-
duced events.

were implemented. In Fig. 2.14 the two-dimensional histograms of the signals recorded during the
measurement of one of the samples studied in the present work as a function of the light output for
an EJ301 and an EJ315 detector are presented. The black line that separates neutron from photon

induced events, represents the optimal separation point determined using Eq. (2.12).

2.4.2 Determination of the response function

Once all signals are processed, the next step is the characterization of the detector’s response
function R(L,E). This functions reflects the likelihood that after the detection of a photon or
neutron with energy E a light output signal L is produced. This probability is influenced by factors
such as the probability (cross section) of a photon or neutron interacting with the scintillation
liquid, transferring a specific amount of energy E’ to the electrons (for photons) or hydrogen (for
neutrons), and on the relationship between deposited energy and light output, i.e. the light output
function L' = L(E'). In the present work, the response function of each detector was approximated

by the convolution of two functions [80]:
R(L,E) = / r(L,L)Nipeor(L',E)dL', (2.13)

where Njeor(L',E) is the "theoretical" light output distribution produced by the irradiation of a
detector with monoenergetic photons or neutrons, determined via Monte Carlo simulations, and
r(L,L") is the resolution function parametrized with a Gaussion distribution with varying width
[79]:

L-L')?
1 _ (=L

— e U . (2.14)
\/27o7

r(L,L') =
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The variance GLZ, of the light output distribution was determined using the empirical approximation
[92,93]:
o’ =B} +BL +BL”, (2.15)

where every parameter represents an independent contribution due to the:
* By: noise of the photomultiplier and the electronic circuits
* Bj: statistical fluctuations of the light production and amplification
* B;: position-dependent light transmission from the scintillator to the photocathode

Both the light output and resolution function are characteristic for each individual detector, there-
fore in the present work a separate response function was developed for each detector used at the
ELISA spectrometer.

2.4.2.1 Response functions for y-rays

Starting with the response to y-rays the light output function needs to be parametrized. Light
output functions have been extensively studied for a variety of scintillators of different type and
size, and they have been found to be strongly dependent on the charged particle creating the light
pulse, i.e. electrons in the case of y-ray detection [94-97]. For the scintillators used at the ELISA
spectrometer, the light output produced by electrons with energy 0.04 MeV< E, < 1.6 MeV is
described by the linear function:

L(E.) = A1 (E. +Ao), (2.16)

where A is a constant scaling arbitrarily chosen parameter set to 1 in the present work, following
the convention of measuring light in terms of equivalent electron energy deposition [98] and Ay
is an energy offset set to -5 keV, accounting for the quenching effects in the scintillators at small
energies [99].

Following the parametrization of the light output function for y-rays, a combination of ex-
perimental measurements and Monte Carlo simulations were performed. First, a set of cali-
bration measurements using radionuclide y-ray sources was performed. The sources that were
used and their properties are presented in Table 2.4. They were placed in the sample position
of the spectrometer, 29.5(1) cm away from the detectors. Then, detailed Monte Carlo simu-
lations of these measurements were carried out for the determination of the "theoretical” light
output distributions Nyje,r. For the simulations the MCNP6.2 [100, 101] code was used. A de-
tailed description of the geometry of the detectors was given as input (see Fig. 2.15). Both type
of detectors used at the ELISA spectrometer (EJ301 & EJ315) have the same dimensions. In
the simulation model, the detector is placed horizontally at a distance of 29.5 cm from the par-
ticle source. The sources were defined as isotropic with the same properties and geometrical
characteristics as the ones used in the actual measurements. The simulated light output distri-
butions can be obtained with MCNP by tallying the energy distribution of the pulses created in
the liquid volume cell (tally "F8"). In Fig. 2.16[(a) to (c)] the simulated Compton spectra of the
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Table 2.4: Characteristics of the y-ray sources. The half-life, the activity, the energy of the emitted
Y-rays, the corresponding energy of the Compton edge, and their intensity are given for each
isotope.

Source T/, (y) Ay (kBq) Ey (keV) E, (keV) I (%)
37¢cs 30.05 365.57 662 477 85.10
570 394 97.75
207Bj 32.90 359.78 1064 858 74.50
1770 1547 6.87
511 341 180.76
22
Na 261 139.22 1275 1062 99.94
232Th 1.4-1010 N.A. 2615 2382 -
AmBe 432.60 N.A. 4438 4196 -
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Figure 2.15: Schematic description of the detector’s geometry given as input in the simulations
[73].

137Cs, 22Na, and 297Bi sources are presented. It is evident that there is almost no distinction
between the EJ301 and EJ315 detectors in the context of photon spectrometry. The light output
distributions produced by each source from the simulations were then folded with the resolution
function and fitted to the corresponding experimental light output histograms (see Fig. 2.16 [(d)
to (f)]). Via this fitting process, the parameters By, B, B of the resolution function were obtained
for each detector. This fit was also used to extract the calibration curve between the integrated

charge Q; and the light output L via the formula:
QL =F-L+0, (2.17)

where F is the conversion factor from photons to electrons and O is the offset of the data acquisi-
tion system. In Fig. 2.17 the results of this calibration for one of the EJ301 (a) and EJ315 (c) detec-
tors are presented. The calibration curve for each specific detector was derived by fitting Eq. (2.17)
to the data points of the Compton edges. Additionally, the relative resolutions oy /L of the same
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Figure 2.16: Top part: simulated light output distributions of the '3’Cs (a), *Na (b), and 2°’Bi (c)
sources for both the EJ301 and the EJ315 detector. Bottom part: fit of the simulated resolution-
folded response (red line) to the experimental data (black points) for the same sources. Each peak
corresponds to the Compton edges of the primary y-rays emitted by the radionuclide sources.
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Figure 2.17: Calibration of the Qy scale and relative resolution oy /L as functions of the light
output for one of the EJ301 [(a) & (c)] and EJ315 [(b) & (d)] detectors.
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detectors (EJ301-(b) & EJ315-(d)) are presented as a function of the light output. The data in this
case were fitted with Eq. (2.15).

2.4.2.2 Response functions for neutrons

For the neutron response functions the non-linear behavior of the light output produced by charged
particles heavier than the electrons (protons for the EJ301 and deuterons for the EJ315 detectors)
needs to be taken into account. Several parametric formulas have been suggested to characterize
this relationship, spanning from a semi-empirical method relying on the specific energy loss [82,
94-96,102,103] to complete empirical analytical expressions based on the charged particle energy
[82, 104, 105]. In the present work, the modified empirical formula of Kornilov et al. [82] was
used, which has proven to be a good approximation to describe the non-linear behavior of the light

output produced by proton and deuteron based scintillators:

L(E,) = A\E, + —— (2.18)

where E, is the energy of the recoil hydrogen nucleus and A;,A»,A3 are parameters unique to each
detector and must be established experimentally. For every neutron energy E, the maximum recoil

energy of the hydrogen nuclei was estimated using the non-relativistic formula:

4A
Eres — E,, 2.19
TS Aty (2.19)

where A is the ratio between the proton or the deuteron mass, depending on the detector, and the
neutron mass.

After the parametrization of the light output function for charged particles, the same modeling
method as the one used for the y-rays response functions was followed, i.e. combining exper-
imental measurements and Monte Carlo simulations. The aim of the simulations was to repli-
cate the scattering of beam neutrons on the sample. While the sources could have been treated
as isotropic, for enhanced simulation efficiency, neutron direction was uniformly sampled only
within the solid angle covered by the detector and under vacuum conditions. For each type of
detector different simulations where performed covering an energy range from 0.5 to 8 MeV
with a 10 keV step. The non-linearity of the light output function for charged particles implies
that when a neutron undergoes multiple collisions inside the detector, the light output cannot
be determined solely by the total energy deposition. Instead, the contribution of each collision
must be computed individually. To that purpose, the "PTRAC" card of MCNP was utilized to
track each neutron history event. This feature was employed to identify collision events occur-
ring within the liquid cell volume. For each collision, the light output was determined using
Eq. (2.18), and the light output distribution was obtained by adding the contributions of events
from the same history. In Fig. 2.18 the spectra obtained for neutrons with 2, 3, and 4 MeV
neutron energies are displayed for both type of detectors. It is observed that the light output
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Figure 2.18: Simulated light output spectra with infinitesimal resolution for 2,3, and 4 MeV neu-
tron incident energy for the EJ301 [(a) to (¢)] and EJ315 [(d) to (f)] detectors.

distribution follows a different behavior for each type of detectors. This is because the elas-
tic scattering recoil energy distribution is directly proportional to the angular distributions mea-
sured for the target nucleus in the center-of-mass (CM) reference frame. For the n-p scattering
(EJ301 detectors) the distribution is isotropic in the CM, thus the "flat" light output distribution.
For the n-d scattering (EJ315 detectors) the distribution is not isotropic and in the light output
distributions the backscattering peak that corresponds roughly to 8/9 of the neutron energy is
observed.

Additional simulations were performed to test possible effects of the way the neutrons are
emitted in the simulations might have in the light output distributions. Except for the method
followed in this work, i.e. emission of neutrons in the solid angle of the detector, four other dif-
ferent emission methods were tested: emission of neutrons as a cylinder beam covering the whole
detector’s window, as a pencil beam, as isotropic, and after the scattering in a sample (carbon in
the case of this test). The results of these simulations are presented in Fig. 2.19. The simulations
were performed for 2 MeV neutrons. It is observed that there are practically no differences in the
produced light output distributions, only some discrepancies in the low energies below 0.1 MeV
are observed, a region that was not used in the present work. As already mentioned above, in
the simulations of the present work the neutrons are emitted under vacuum conditions. To test the
possible effect in the light output distribution of the air between the sample under study and the de-

tector, additional simulations were performed. In Fig. 2.20 the resulting light output distributions
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Figure 2.19: Simulated light output distributions with a different source description of 2 MeV
neutron incident energy for the EJ301 (a) and EJ315 (b) detectors.
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Figure 2.20: Simulated light output distributions of 2 MeV neutron incident energy for the EJ301
(a) and EJ315 (b) detectors under vacuum and normal conditions.

of 2 MeV neutrons emitted in both air and void conditions are presented for both detector types.
It is observed that there are practically no differences between the two conditions.

After the simulations were completed, in order to determine the parameters of the light output
function [Eq. (2.18)] for protons and deuterons, calibration measurements with monoenergetic
neutrons need to be performed. Via those measurements experimental light output distributions
were obtained and then the simulated distributions are fitted to the corresponding experimental
ones and the parameters of Eq. (2.18) were extracted. To acquire quasi-monoenergetic neutrons in
a time-of-flight experiment, short time intervals that correspond to a narrow energy range can be
selected. In this work, the experimental light output distributions were obtained from scattering
measurements using a carbon sample. Carbon was chosen for its high inelastic scattering threshold

of 4.81 MeV, meaning that below this energy only neutrons that are elastically scattered arrive at
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the detectors. Furthermore, the difference in energy between the ground and the first excited state
is big enough to sufficiently separate elastic and inelastic events through neutron spectrometry.

In the present work, 18 short time-of-flight intervals of 5 ns duration, that correspond to narrow
energy ranges were selected, and for the mean neutron energy of these intervals, the corresponding
simulated light output distribution was fitted to the experimental one (see Fig. 2.22 for the EJ301
and Fig. 2.23 for the EJ315 detectors). In the end, the different parameters obtained from each
energy were fitted to extract a set of values that would work best for the whole neutron energy
range (see Fig. 2.21). With this method, a model describing the neutron response function was

developed for each detector individually.
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Figure 2.21: Ratio of the light output to the recoil energy as a function of the recoil energy E, for
protons [EJ301 - (a)] and E, for deuterons [EJ315 - (b)]. The experimental points and the fit of
Eq. (2.18) are presented.

After the neutron response function has been determined for each detector, the detector’s in-

trinsic efficiency can be calculated using the following formula:

e(E) = /L R(L,E)dL, (2.20)
thr

where L, is the light output threshold used for each detector during the analysis. The resulting
efficiencies are presented as a function of the neutron energy in Fig. 2.24. It is observed that the
efficiency is following the same trend for all the detectors, with a small spread in absolute values
caused by the differences in the response function parameters. The efficiency rises rapidly starting
from energies around 500 keV, it reaches maximum value between 1 and 2 MeV, and from there it
is slowly decreasing. Also, it is observed that the EJ301 detectors have higher efficiency, ranging
between 30-40% maximum value, while the EJ315 have maximum efficiency between 20-30%.
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Figure 2.22: Examples of experimental light output histograms (data) measured with EJ301 de-
tectors at different angles, compared with the simulated detector responses (fit). Each graph rep-
resents a different 5 ns interval. The time-of-flight information is provided in each graph. E; and
E, are the neutron energies before and after the collision with carbon considering only elastic

scattering. E, gip, is the simulated monoenergetic neutrons light output distribution used to fit the
experimental data.
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Figure 2.23: Examples of experimental light output histograms (data) measured with EJ315 de-
tectors at different angles, compared with the simulated detector responses (fit). Each graph rep-
resents a different 5 ns interval. The time-of-flight information are provided in each graph. The
meaning of the quantities reported in each graph is the same as for Fig. 2.22.
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Figure 2.24: The intrinsic efficiency of the detectors as a function of the neutron energy. Each
graph contains the efficiencies of the 8 detectors placed in one of the 4 sets of the ELISA spec-
trometer. The values for the EJ301 are given in (a) and (b) and for the EJ315 in (c) and (d).

2.5 Conclusions

In this chapter, a short description of the GELINA facility, neutron production process and time-
of-flight technique was given. The ELISA spectrometer used in the present work was described
in detail. The setup consists of 32 liquid organic scintillators for the detection of the scattered
neutrons and a 233U ionization chamber for the measurement of the neutron flux. Additionally,
the methodology for the characterization of the detectors’ response functions to neutrons and -
rays was laid out. This procedure included dedicated calibration measurements with radionuclide
sources and a natural carbon sample as well as Monte Carlo simulations of these measurements
done with the MCNP6 code. The response functions that were developed in the end, were a key

ingredient in the analysis of the scattering measurements described in the next chapter.



Chapter 3

Neutron scattering on Iron:

Experiments, analysis and results

Three different measurements were performed at the GELINA time-of-flight facility utilizing the
ELISA spectrometer to study neutron scattering on *Fe, "C, and *Fe. The measurements were
carried out between 2019 and 2023. The details of each experiment and a complete overview of
the data analysis required for the extraction of the cross sections will be presented in this chapter.
The results of each experiment will be presented as well, compared with the available experimental

data in the literature, the most recent nuclear data evaluations, and theoretical calculations.

3.1 Experimental details

As mentioned in Sec. 2.1 the ELISA spectrometer is placed at the 30 m station of flight path
1. In the present experiments, the actual neutron flight path from the neutron source to the fis-
sion chamber and to the scattering sample was 25.66(7) m and 27.037(5) m, respectively. The
beam spot diameter was measured at the sample position using a photographic film, resulting
in 4.9(2) cm. For each experiment, two types of measurements were performed. One with the
sample in place (sample-in) and a second one without the sample (sample-out). The sample-out
measurements were carried out in order to establish the background contribution from in-beam
neutrons that scattered once or multiple times in the air and the surrounding materials and then got
detected by one of the scintillators. The allocated beam-time for each experiment is given bellow
and summarized in Table 3.1.

In the first scattering experiment, performed in 2019, an enriched 3*Fe sample was measured.
This highly enriched *Fe sample was leased from the Isotope Office of the Oak Ridge National
Laboratory. It was a metallic disk of 51 mm diameter and 1.3 mm thickness. The areal density of
the sample was derived from a measurement of the weight and the area. The area was determined
by an optical surface inspection with a microscope system from Mitutoyo [106]. The calculated
areal density used in this work was 0.954 g/cm? with 2% uncertainty. In this experiment, the

sample-in measurement lasted almost 360 hours, while the sample-out lasted almost 330 hours.

39
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Table 3.1: Year of measurement and allo- Table 3.2: Isotopic composition of the en-
cated beam-time of each experimental cam- riched iron samples used in the present
paign. work.
Sample  Year Begm time (h) Fe isotope | >*Fe sample °Fe sample
Sample-in  Sample-out S4Fe 97.68(7)% 0.16(1)%
MFe 2019 360 330 Fe 224(6)%  99.77(1)%
natc 2020 250 240 STFe 0.04(1)% 0.07(1)%
MFe 2023 500 350 BFe 0.04(1)% <0.01%

In the second experiment, performed in 2020, the measurement of neutron scattering on a carbon
sample took place, for the determination of the neutron response function models of the detectors
as described in Sec. 2.4.2.2. The sample was a graphite disk made of natural carbon, purchased
from Goodfellow, with 100 mm diameter and 2.0 mm thickness. The thickness of the sample was
relatively small in order to minimize multiple scattering effects that might have an impact in the
final results. The areal density of the sample was determined with the same method as the one
used in the 3*Fe sample and was found to be 0.351 g/cm? with 0.2% uncertainty. The sample-in
measurement lasted almost 250 hours and the sample-out almost 240 hours.

For the last scattering experiment, performed in
2023, an enriched *°Fe sample was measured (see Fig.
3.1). The sample was a metallic disk of 70 mm diame-
ter and 1 mm thickness. The sample was characterized
following the same technique that was used for the other
two and the extracted areal density was 0.814 g/cm? with
0.2% uncertainty. In this experiment, the sample-in mea-
surement lasted almost 500 hours and the sample-out al-
most 350 hours.

The isotopic composition of the enriched samples

and the detailed geometrical characteristics of all sam- s6
Figure 3.1: Photo of the °°Fe sample

placed in the sample position of the
used in this work had a diameter larger than the neutron  E[ JSA spectrometer.

ples are listed in Tables 3.2 and 3.3. All three samples

beam, ensuring that the whole beam was intercepted.

Table 3.3: Geometrical characteristics of the scattering samples used in the present work.

Sample >*Fe natc Fe
Mass (g) 19.494(10) 27.70(1) 31.396(10)
Diameter (mm) 51.00(51) 100.0(1) 70.068(1)
Thickness (mm) 1.30(1) 2.0(1) 1.00(1)
Molar mass (g/mol) 53.987(1) 12.01(1) 55.935(1)
Areal density (g/cm?) 0.954(18) 0.351(1) 0.814(2)

Areal density (atoms/b) 0.0106(2) 0.0176(1) 0.00878(1)
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The UF, samples placed inside the ionization chamber for the monitoring of the neutron flux were
also bigger in diameter (70 mm) than the beam, making sure that the homogeneity and size of the
beam did not play a role in the analysis.

In the present experiments, the neutron energy range from 1 MeV to 8 MeV was studied. Al-
though GELINA has a neutron energy spectrum extending beyond 20 MeV, the practical limitation
arises as the flux decreases beyond 8 MeV, making it difficult to achieve desirable statistics within
the measurement times of this work. The lower threshold, established at 1 MeV, is due to the

detector efficiency, as illustrated in Fig. 2.24.

3.2 Data reduction

The neutron differential scattering cross sections were calculated via the expression:

dGel/inl(Ea 6) o N;l/in(E’e)
aQ  AQpr®(E)A,’

3.1

where E is the incident neutron energy, N;l Jinl AT€ the corrected counts of elastic/inelastic
scattering events, AQ is the detector’s solid angle, pr is the areal density of the sample (Table 3.3),
®(E) is the neutron fluence, and A, is the cross-sectional area of the neutron beam. Throughout
the text, angle 6 will implicitly represent one of the eight angles of the ELISA setup. Below, a

detailed description for the calculation of the different components of Eq. (3.1) is given.

3.2.1 Calculation of the neutron scattered events

The number of neutron scattering events, both for elastic and inelastic scattering, were determined
by analyzing the scintillator data and extracting the neutron time-of-flight spectra. This is a multi-
step analysis involving: processing of the recorded signals and the separation between photon
and neutron induced events (as described in Sec. 2.4.1), subtraction of the background contribu-
tion, separation between elastically and inelastically scattered neutrons, and finally the multiple

scattering correction.

3.2.1.1 Neutron t.o.f. distributions

The events recorded by the scintillators during the measurements, are a mix of neutrons coming
from elastic and inelastic scattering in the sample, photons from inelastic scattering or neutron
capture in the sample, and bremsstrahlung photons from scattering. As already mentioned in Sec.
2.4.1, to separate between neutron and photon induced events a pulse shape analysis was per-
formed using the charge integration method. In Fig. 3.2 examples of the resulting time-of-flight
histograms of the three different measurements after the pulse shape discrimination are presented.
For each scattering sample, an example of a counting histogram for an EJ301 and an EJ315 detec-
tor at specific scattering angles was selected. It is observed that every time-of-flight spectrum ex-
hibits
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Figure 3.2: Time-of-flight distributions for the two kind of detectors placed at different angles
during the measurement of the >*Fe [(a) & (d)], "*C [(b) & (e)], and Fe [(c) & (f)] samples. The
total number of recorded events (black line) along with the number of neutron (red line) and photon
(green line) events individually, resulting from the pulse shape discrimination, are presented.

a distinct peak at around 91 ns, which represents the arrival time of bremsstrahlung photons at
the detectors ("so called y-flash"). The main component of the y-flash is described by the pho-
ton distributions (green lines) as expected, but fragments of it are also observed in the neutron
distributions (red lines). The presence of the y-flash in the neutron distributions is the result
of an imperfect pulse shape discrimination. Even though the time resolution of the beam dur-
ing optimal operation of GELINA is between 1-2 ns, the y-flash peak appears broadened in
the time-of-flight spectra. This is attributed to the time evolution of the bremsstrahlung pro-
duction process and the time resolution of both the detectors and the DAQ system. The full
width at half maximum (FWHM) of the y-flash peak serves as the lower limit for time resolution
achieved in each experiment. During the measurement of the >*Fe and "*C samples, GELINA
was operating under optimal conditions and the FWHM of the y-flash peak at the detectors of
the ELISA setup was 5 ns (resolution of the measurements). At the given distance from the
source, a time resolution of 5 ns in time-of-flight corresponds to a 5 keV energy resolution at
1 MeV, 26 keV at 3 MeV, 57 keV at 5 MeV, and 93 keV at 7 MeV. During the measurement of
the °Fe sample, due to accelerator related issues, the time resolution of the beam, and thus the

measurement, was 10 ns based on independent monitors used by the operators of GELINA. This
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Figure 3.3: Time-of-flight distributions of the -

flash peaks recorded during the measurement of
the >Fe and *°Fe samples.

In the time-of-flight distributions presented
in Fig. 3.2, except for the y-flash, a fluctuat-
ing behavior in the neutron distributions for the
case of **Fe and °Fe above 1000 ns is also observed. This is expected considering the fluctuating
behavior of the scattering cross sections in middle mass nucleus. In the case of carbon [Fig. 3.2
(b) & (e)] clear structures are observed in the time-of-flight region from 650 ns to 1500 ns. For ex-
ample, the peak observed at around 1375 ns corresponds to a well known resonance in the carbon
cross section at 2.078 MeV that is used for the energy calibrations of detectors. In all the examples
presented in Fig. 3.2, the photon distributions exhibit similar patterns with the neutrons, but the
counts are significantly lower by one to two orders of magnitude. The time-correlated photons are
exclusively attributed to the inelastic scattering in the samples. The remaining photons result from
inelastic scattering on structural components such as the detector support, collimators, and beam
stop.

After acquiring the neutron time-of-flight spectra for each detector the background contribu-
tion needs to be extracted. In the current experiments, background related events are generated
when beam neutrons interact one or more times in the air and surrounding materials and then arrive

in the detectors. To account for this contribu-

tion, measurement without the samples were >0 Simulation — ' ' '
performed and were subtracted from the ones ~__ | Experiment — ]
with the samples in place. To account for the 7‘2 - 1
difference in measurement time and fluctua- %30 I |
tions in the neutron beam between the sample- é 20 :
in and sample-out measurements, a normaliza- :éj 1
tion factor was calculated based on the fission 10r i
events recorded in the ionization chamber. On . . . . L .M
average, the background component accounted 1000 -%g,?(()ns) 2000 2500

for 30-40% of the recorded events in each de-

) Figure 3.4: Comparison between the experimen-
tector mainly generated from beam neutrons

tal and the simulated neutron background at the
scattering on air. As an example, inFig. 3.4the 163.8° detection angle.

experimental neutron background at the 163.8°
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detection angle is compared with the corresponding simulated one. The simulated background rep-
resents only beam neutrons that scattered on air and then reached the detector. This component
was extracted using the MCNP6.2 code and the PTRAC output option. It is observed that the two
background spectra are in agreement within the uncertainty of the simulation, which validates the

fact that the majority of the background events are generated from neutron scattering in the air.

3.2.1.2 Elastic/Inelastic separation

Following the removal of photon induced and background events, the separation between events
coming from elastic and inelastic scattering took place. In the carbon experiment only elastic
scattering was considered, due to the high inelastic scattering threshold, but in the **Fe and “°Fe
experiments inelastic scattering was also explored. In Table 3.4 the levels of the two isotopes
up to 3 MeV energy are presented. Each time-of-flight spectrum was split in small intervals
of 5 ns duration for the **Fe and "™C experiments, and 10 ns for the SoFe experiment, and their
corresponding light output distributions were analyzed. The main principle of the method followed
in this work was the fact that in a given time-of-flight interval the fastest neutrons arrive at the
detector after a single elastic scattering in the sample, while slower neutron arrive after inelastic
scattering or after multiple scattering collisions in the sample. Via kinematic calculations, using
equations (2.6), (2.7) and (2.8), it is possible to determine the energy of the neutrons that were

scattered elastically E/, or inelastically E],, , E! . etc. for every time-of-flight interval. These

inly> Finly>

different neutron energies generate differentI light 2output distributions in the detector that overlap

below a certain threshold, which depends on the energy difference from the ground state to the
first level, from the first level to the second, and so on.

To separate the different scattering components, proper thresholds were applied in the light

output distributions. For elastic scattering, this light output threshold L,;, depends on the energy

Bl

therefore the threshold is different for each time-of-flight interval. To determine each light output

of the neutron after inelastic scattering from the first excited state of the sample under study,

threshold first the energy E/ , was calculated using Eq. (2.8) and for that energy the maximum

inly

Table 3.4: List of the levels of >*Fe and °Fe up to 3 MeV reported in the ENSDF [107] library.
The energy £*, the angular momentum and parity J”, and the half-life 7} , of each level are listed.

54Fe 56Fe
E* (keV)  J© T2 E* (keV) JT T2
0 ot stable 0 0t stable

1408.19(19) 27 0.76(2) ps | 846.7778(19) 27 6.07(23) ps
2538.1(3) 4+ 4.0(8) ps | 2085.1045(25) 4+ 0.63(12) ps

2561.3(4) 0" <14ps | 2657.5894(25) 27 21(1) fs
2900 2%t - 2941.50(1) 0* 0.45(9) ps
2949.2(5) 6" 1.22(2) ns 2959.972(4) 2% 28(3) fs

2959.0(5) 2% 0.052(7) ps
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deposited energy E/"** in the detectors (maximum recoil energy of protons or deuterons depending
on the detector type) was calculated using Eq. (2.19). Then, the maximum light output L} was

calculated using the light output function (2.18): L] = L(E}"*). Finally, the threshold was placed
at the maximum light output produced by an inelastic event taking into account the resolution

broadening of the detector Eq. (2.15):
L, = L?:f;x + 207y, (3.2)

Once the thresholds are defined, the detector’s modeled response R(L, E él) (see Sec. 2.4.2.2) for
neutrons with energy E, is scaled by a factor A to match the experimental data above the threshold
and the resulting distribution Ry (L,E.,) = A - R(L, E.,) describes the contribution of elastic scat-
tering events to the total light output distributions. The same procedure was followed to discrimi-
nate neutrons coming from inelastic scattering from the first excited state to those scattering from
the second state, the second to the third, and so on. In Fig. 3.5 and 3.6 the light output distributions

for specific 5 ns (**Fe) and 10 ns (°°Fe) time intervals are presented along with the decomposition

1.5 T T T — 1.5 1.5
exp —e—
model —
el
inl-1 --
1f inl-2/3 —--1 1f 1

(a)142.8°
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Figure 3.5: Light output distributions for the time-of-flight interval from 976 to 981 ns from the
>4Fe measurement. The graphs correspond to the same four different detection angles for both the
EJ301 (n,p) [(a) to (d)] and EJ315 (n,d) [(e) to (h)] detectors. The experimental values (exp) are
presented along with their associated response (model) and their different components from elastic
scattering (el), and inelastic scattering from the first and second excited stated (inl-1, inl-2/3). The
corresponding neutron energies after an elastic (E,;), and inelastic scattering from the first and
second levels (E;n -1, E;;—2/3) are also given in the graphs.
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Figure 3.6: Light output distributions for the time-of-flight interval from 976 to 986 ns from the
3Fe measurement. The graphs correspond to the same four different detection angles for both the
EJ301 (n,p) [(a) to (d)] and EJ315 (n,d) [(e) to (h)] detectors. The experimental values (exp) are
presented along with their associated response (model) and their different components from elastic
scattering (el), and inelastic scattering from the first, second and third excited states (inl-1, inl-2,
inl-3). The corresponding neutron energies after an elastic (E,;), and inelastic scattering from the
first, second and third levels (E;;;;—1, Eijn—2, Ein—3) are also given in the graphs.

of the detector’s modeled response into the different scattering components. Both time intervals
correspond to incident energies above the threshold for inelastic scattering from the third levels
of both iron isotopes. For the case of *Fe since the second and third levels only have 30 keV
difference in energy (see Table 3.4), not enough to clearly separate the two different distributions,
in Fig. 3.5 under the label "inl-2/3" a pseudo level was considered with the average energy of
the two levels. For that reason only inelastic scattering from the first exited state of >*Fe was ex-
plored in the present work. In general, the model seems to reproduce well the experimental data
in both cases. During the elastic/inelastic separation process it was observed that the contribution
of inelastic reactions became significant only above ~1 MeV after their corresponding thresholds.
Because of this, the cross sections could not be extracted for energies close to the inelastic scatter-
ing threshold. Similar distributions for the natural carbon experiment were already shown in Sec.
2.4.2.2 when describing the development of the neutron response models, in Fig. 2.22 and 2.23.
If LV represents the different scattering components, from LV = 0 for elastic scattering, LV = 1
for inelastic scattering from the first exited state and so forth until the highest level for which the

incident neutron energy is higher than the inelastic threshold, the number of scattering events is
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extracted using the following formula:

1

Nv)a(0) = =5
' S(EI,‘V)‘LthnLVAQ Ltlzr.LV

Rmeas(LaE;‘V)dLv (33)
where (Npy)a, is the number of scattering events for each level LV per At = 5 or 10 ns time-of-
flight interval and detection angle, Rycqs (L, E},,) is the experimental light ouput distribution, AQ is
the detector opening angle, and €(E})|L,,.,, is the intrinsic efficiency of each detector with respect

to the detected neutron energy Ej,, calculated for the threshold value L1y using Eq. (2.20).

3.2.1.3 Multiple scattering correction

The obtained numbers of neutron induced events for the different scattering processes were cor-
rected for multiple scattering effects before being used in the cross section calculation. Multiple
scattering contribution is generated from beam neutrons that interact twice or more times in the
samples and then reach one of the detectors. In the present work, the correction factor for such
events (fysc) was calculated via Monte Carlo simulations using the MCNP6.2 code. In the simula-
tion, the full geometry of the spectrometer was given as input (see Fig. 3.7), and the description of
the neutron source was based on the actual properties of the beam during the measurement. Addi-
tionally, the resolution of the facility was taken into account in the simulations, based on the work
described in Ref. [72]. In Fig. 3.8 the probability density functions (pdfs) in delay distance nor-
malized to have an integral of one are presented for flight path 1, for the incident neutron energies
studied in this work. It is observed that the dominant contribution of the resolution for the DFC
(Direct Flux Configuration) is a pronounced peak near zero delay distance arising from source

neutrons having suffered no more than a few forward scattering collisions with the uranium target.

Figure 3.7: MCNP version of the ELISA spectrometer. The sample holder, the scattering sample,
the 32 liquid organic scintillators and their respective mounting are included in the geometry.
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The PTRAC option of MCNP was selected as 15 :
output where the history of each neutron arriv- i :
ing in any of the detectors is recorded. Then, I o
the number of neutron events that interacted H; g *
more than once with the sample and then ar- ;
rived at any detector was written down, and 0.5}
the correction factor was defined as the ra- I
tio of the detected multiple scattering events 0: L o
-5 0 5 10

to the total number of detected events. In )
Delay distance (cm)

Fig. 3.9 the resulting multiple scattering
Figure 3.8: Resolution functions for selected en-

tion i ted fi h le. Tt
corfection 15 presentec 1o cachi sample ergies at flight path 1, calculated using MCNP.

is observed that at the carbon measurement
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Figure 3.9: Percentage of the multiple scattering correction as a function of the incident neutron
energy, for the 34Fe (a), ™C (b), and °Fe (c) sample measurements, at the eight different detection
angles.
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the correction is higher than the corrections in the iron measurements almost over the whole neu-
tron energy range and for all detection angles. This mainly because of the higher thickness and
diameter of the carbon sample, which means that neutron after scattering have to "travel" a larger
distance inside the sample, increasing the possibility of a second scattering. For the same reason,
the corrections are reaching maximum values at angles close to 90° in all measurements. The
method followed in this present work provides a time-of-flight dependent correction for every

detector individually and is applied to the number of scattering events using the formula:

(Nov)a(8) = (1= finse) - (Nov)ar (6), (3.4)

where (Npy)a; is the initial number of elastic/inelastic scattering events per 5 or 10 ns time-of-
flight interval and detection angle, and (Nzy ), is the final number of elastic/inelastic scattering
events.

Furthermore, with the PTRAC option of MCNP the isotope with which the neutrons interacted
is also recorded, which also allows for the identification of events that interacted with the other
iron isotopes in the enriched samples and then reached any of the detectors. The same method
as the one for the multiple scattering contribution [Eq. (3.4)] was followed to correct for the
contamination of the minor iron isotopes in the 3*Fe and *°Fe sample. This contamination factor
(fzon) was found to be less than 1% of the recorded neutron events for the >4Fe and less than 0.1%

for the °Fe measurements, at each detection angle over the whole neutron energy region.

3.2.2 Estimation of the neutron fluence

Once the scattering yields have been determined, the neutron fluence impinged on the scattering
samples needs to be calculated. This is achieved by analyzing the ionization chamber data. In
Fig. 3.10 the pulse height histograms of the 23U ionization chamber during the sample-in mea-
surements for all samples are presented. Each histogram can be split in three parts: the a-particle

area at low amplitudes, the fission fragments area at high amplitudes, and the "plateau” which acts

10° . 10° . . . 10° . . .
(c)*%Fe

meas. —
threshold ----
plateau

(a)>*Fe

103}

counts

0 1000 2000 3000 4000 O 1000 2000 3000 4000 O 1000 2000 3000 4000
Pulse height (ADC levels)

Figure 3.10: Full pulse-height histograms of the sample-in measurements of each sample. The
experimental counts (black) are presented along with the corresponding threshold (red) and the
plateau region (green).
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as the separation area between the a-particles and the fission fragments. In every experiment, the
contribution from o-particles was rejected by applying a threshold in the middle of the plateau,
which was choosen based on beam-off data. The neutron fluence is extracted using the standard

cross-section of the neutron induced fission on 23U and is determined using the formula:

D(E) = Yrc(E)

= , (3.5)
EFC - O35 (s, ) * P235y * Ab

where Ypc(E) is the total number of fission fragments above the threshold as a function of the
neutron energy E, €rc is the detection efficiency of the fission chamber, 6235y, f) is the neutron
induced fission cross section of 23U, pxsy; is the areal density of the 2*U deposits in atoms
per unit surface (see Table 2.3), and A, is the cross-sectional area of the neutron beam which is
also included in the calculation of the cross section [Eq. (3.1)], and therefore is canceled out.

The detection efficiency was determined using

4
the formula: 10 '
meas. —
Y threshold ----
FC plateau
&e=——"-—— 3.6 : .
FC YFC+YA+YB, (3.6) linear
(2]
. . €103
where Ygc is the total number of fission frag- §10 e
(9] oy N
ments above the threshold, Y4 is the number
of fission fragments below the threshold, de-
termined with a linear fit of the counts in the 107
plateau region and extrapolating to zero am- 0 200 400 600

. . i Pulse height (ADC levels)
plitude (see Fig. 3.11), and Y3 is the number

Figure 3.11: The plateau area of the sample-in
measurement of *Fe separating the a-particles
from the fission fragments. The linear fit of the

described in Ref. [108]. According to this 4164 and the extrapolation to zero amplitude is
method, the number of fission fragments that also presented.

of fission fragments that were stopped in the

235U deposits, determined using the method

were stopped in the deposits is calculated us-
ing the formula:
_ Ypc+Y4

Yp
Fyp

—Yrc —Ya, (3.7
where Fyp is a correction factor calculated us-
ing the formula: Fyp = 1 — Ayps. In this Table 3.5: Fission chamber efficiencies from the

method, the Ayrs was determined experimen- different experimental campaigns.

tally and it amounts to Ayrs = 0.105(7) - ty pa,

Efficiency
where fyr4 is the thickness of the deposits in Sample Sample-in  Sample-out
mg/cm?. The efficiency was calculated indi- Fe-54 0.891(10)  0.890(10)
vidually for the sample-in (SI) and sample-out C-nat 0.890(10)  0.890(10)
(SO) measurements of each sample and the re- Fe-56 0.888(10)  0.889(10)

sults are presented in Table 3.5. The resulting

neutron fluence energy distribution impinged on each scattering sample is presented in Fig. 3.12.
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Figure 3.12: Neutron fluence impinged on the scattering samples with respect to the neutron
incident energy.

3.2.3 Calculation of the cross section

Upon the determination of all the different components, the differential cross sections were cal-
culated using Eq. (3.1) and then the angle-integrated cross sections were calculated using Eq.
(2.10). As mentioned in Sec. 2.3, four detectors are placed in every scattering angle, therefore
the final cross section for each angle was calculated by taking the average of the results of the
four detectors. The corresponding total uncertainty of the resulting cross section was calculated
by uncertainty propagation using the root-sum-square method, taking into account all individual
contributions. In practise the final uncertainty was extracted by calculating the square root of the
sum of the squares of the partial derivatives multiplied by the corresponding uncertainties. The
statistical uncertainty of the cross section results from the number of scattered neutrons from the
samples that arrived in the detectors and the fission fragment yield of the 23U deposits. The
various systematic contributions in the data analysis are presented in Table 3.6.

Table 3.6: Relative systematic uncertainties involved in the data analysis.

Contribution 4Fe natc SFe
Sample areal density 2% 0.3% 0.2%
Fission chamber efficiency 1%

235U(n,f) cross section 1.1-1.2%

235U deposits mass 0.1%

Multiple scattering correction 4-6% 3-8% 3-7T%

(uncertainty of the simulation)
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3.3 Validation of the analysis with carbon

Except for the development of the response function models (see Sec. 2.4.2.2) the scattering
experiment on natural carbon was used for the validation of the whole analysis procedure. In
many laboratories, measurements of the cross section of neutron elastic scattering on carbon are
used to calibrate detectors, monitor their stability, and validate experimental results. It is well-
suited for such applications because the cross section is reliably known with an uncertainty below
1% up to 4.8 MeV incident neutron energy. Furthermore, the differential cross section is proposed
as a standard by the IAEA, for neutron energies below 1.8 MeV [109].

In addition to the validation of the analysis, the new cross sections can be used to address issues
in the nuclear data evaluations of carbon and assist in new evaluation efforts to extend the standard
cross section to energies above 1.8 MeV. When it comes to the nuclear data evaluations of carbon,
two different approaches have been adopted in the recent years. In the JEFF-3.3 evaluated library,
released in 2017, only one file that corresponds to the elemental cross section is available, based on
the ENDF/B-VI.1 evaluation by C. Y. Fu[110,111] for incident neutron energies below 20 MeV. In
the ENDF/B-VIIL.O library, released in 2018, separate files for the isotopic description of the cross
section for both '2C (98.94%) and '3C (1.06%) are provided. This is the first ENDF/B version
providing isotopic instead of elemental cross sections for the case of carbon and it was achieved by
performing a detailed R-matrix analysis for the description of the '3C system using the EDA code
[112], resulting in a new evaluation for the neutron cross sections of '>C at energies below 6.5 MeV
[113]. Additionally, changes were made in the Legendre coefficients that represent the angular
distributions of neutron elastic and inelastic scattering. Even though in all these evaluations special
care was given to reproduce the standard cross section until 1.8 MeV, discrepancies in the neutron
angular distributions up to 22% are observed above this energy.

The resulting angular distributions of neutron elastic scattering on natural carbon, with respect
to the incident neutron energy, for the 8 different detection angles, are presented in Fig. 3.13.
The results are compared with the JEFF-3.3 and ENDF/B-VIIL.0 evaluations folded with the ex-
perimental energy resolution. There is a relatively good agreement between experimental and
evaluated values over the whole neutron energy range, especially for neutron incident energies
below 1.8 MeV where the cross sections are considered as standards. Out of the two evaluations
included in the figure, ENDF/B-VIIIL.O seems to perform better compared to the data of this work
in all detection angles, while in the case of JEFF-3.3 discrepancies are observed especially for the
100.6°detection angle. The total uncertainties on the angular distributions vary from 3% to 14%.

In Fig. 3.14, the differential neutron elastic scattering cross sections are given for a selection of
neutron energies as a function of the detection angle 8, along with the available data in the EXFOR
library and the cross section values provided by the JEFF-3.3 and ENDF/B-VIIL.O evaluations.
Twelve 5 ns time-of-flight intervals have been selected for this comparison, that cover most of
the neutron incident energies that have been reported from other experiments in the literature (see
Table 3.7). There is a good agreement between the results of this work and the experimental values

available in the EXFOR library. The results are in agreement within uncertainty with the most
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Figure 3.13: Differential cross sections of neutron elastic scattering on "™C as a function of the
incident neutron energy at the 8 detection angles. The experimental cross sections are compared
with the evaluated values provided by the JEFF-3.3 [10] and ENDF/B-VIILO [9] libraries folded
with the experimental energy resolution.

recent data reported by Ramirez et al. (2022) [114] using quasi-monoenergetic neutron beams.
Significant discrepancies between experimental data and evaluations are observed only in Fig.
3.14(e), for the interval that corresponds to 3 MeV incident neutron energy, where the evaluations
are following a somewhat different trend compared to the majority of the experimental data. This
is due to the quick change in the shape of the differential cross section in both backward and
forward angles in this energy region. The cross section is falling rapidly from 2.9 to 3 MeV, where

it reaches the minimum value, and then increases fast from 3 to 3.5 MeV. The resolution of the
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Figure 3.14: Comparison of differential cross sections of neutron elastic scattering on "™'C as a
function of the cosine of the scattering angle 6, with data available in the EXFOR [13] library
and the angular distributions provided in the JEFF-3.3 [10] and ENDF/B-VIIL.O [9] evaluations.
Twelve 5 ns t.o.f. intervals have been selected. The corresponding incident neutron energy is

reported in each graph.
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Table 3.7: Neutron elastic scattering cross section data of "'C available in the EXFOR library [13],
in chronological order. The name of the first author, the year of publication, the neutron energy
range under study, the quantity (CS and/or DA) and the number of points are listed.

Reference E, range (MeV) Quantity (Points)
Macphail (1940) [115] 2.34-2.80 CS(6)
Little Jr. (1955) [116] 2.70 DA(9)
Jennings (1955) [117] 4.40 DA(1)
Walt (1955) [118] 4.10 CS(1) DA(8)
Willard (1955) [119] 0.55-1.50 CS(3) DA(25)
Muehlhause (1956) [120] 1.66 DA(35)
Beyster (1956) [121] 7.00 DA(105)
Langsdorf Jr. (1957)  [122] 0.03-1.78 CS(34) DA(370)
Wills Jr. (1958) [123] 1.45-4.10 DA(107)
Hosoe (1959) [124] 2.85-3.00 DA(56)
Haddad (1959) [125] 6.00-7.00 CS(3) DA(30)
Bostrom (1959) [126] 4.21-7.58 CS(3) DA(38)
Lane (1961) [127] 1.96-2.24 DA(256)
Lane (1969) [128] 0.50-2.00 CS(39) DA(243)
Perey (1969) [129] 4.60-8.56 CS(13) DA(265)
Ahmed (1970) [130] 0.50-2.00 DA(427)
Mcdaniel (1972) [131] 7.48 DA(13)
Galati (1972) [132] 3.03-6.94 DA(476)
Knox (1973) [133] 2.63 CS(1) DA(8)
Velkley (1973) [134] 7.20-9.00 DA(106)
Hollandsworth (1975) [135] 7.55 DA(6)
Perey (1978) [136] 5.22-8.69 CS40) DA(670)
Smith (1979) [137] 1.50-3.99 CS(31) DA(438)
Pirovano (2019) [62] 1.99-7.99 CS(140) DA(1120)
Ramirez (2022) [114] 0.50-7.96 CS(66) DA(739)
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Figure 3.15: Comparison of the differential cross
sections for the 5 ns interval that corresponds
to the neutron energy range E, = 2.981 — 3.007
MeV.
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The results of the angle-integrated neutron elastic scattering cross-sections are presented in
Fig. 3.16. The data are compared to the available cross section data in the EXFOR library and the
evaluated values provided by the JEFF-3.3 and ENDF/B-VIII.O libraries folded with the experi-
mental energy resolution. The results of this work are in good agreement, within uncertainties,
with the other experimental values and the evaluation libraries. These results are consistent with
the most recent work by Ramirez et al. (2022) [114] which provides data in key energy points of
the cross section in this energy region, specifically around the well-known resonance of carbon at
2.078 MeV, in the maximum of the cross section at energies around 3.5 MeV, and also in energies

around the resonance at 6.48 MeV. Also, the data are compatible within uncertainties with the work
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L (a) Walt (1955) Knox (1973) |
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Figure 3.16: Angle-integrated cross section of neutron elastic scattering on "C as a function
of the incident neutron energy compared with (a) the data available in the EXFOR library [13],
and (b) the JEFF-3.3 [10] and ENDF/B-VIIL.O [9] libraries folded with the experimental energy
resolution. In (c) the deviation of the experimental results from the evaluated values is presented
as the difference between evaluation and measurement divided by the experimental uncertainty

(60).



3.4 Results for neutron scattering on >*Fe 57

by Perey et al. (1978) [136] which is the only measurement that provides a detailed description
of the cross section in the energy range from 5.5 to 8 MeV. The total uncertainties on the angle-
integrated cross sections varied from 3% to 8%. Additionally, in Fig. 3.16(c) the deviation between
the results of this work and the evaluations is presented relative to the experimental uncertainty
(00). It is observed that the results of this work are in agreement with the evaluations within
the uncertainty over the whole neutron energy range. Discrepancies outside the experimental
uncertainties are observed only for a handful of experimental points although it never exceeds
I26c1. The sharp resonances in the cross section on neutron elastic scattering on carbon at the
2.816 MeV and 4.937 MeV incident energies could not be measured with the current energy
resolution of the spectrometer. This was the first measurement providing high-resolution data
for neutron elastic scattering on natural carbon in the energy range of 1 to 2 MeV and only the
second high-resolution measurement in the energy range from 2 to 8 MeV, with the first one also
been performed at the ELISA spectrometer by Pirovano et al. [62] using a thicker natural carbon
sample.

The agreement between the experimentally determined cross sections and the evaluated values
demonstrates that the response function models that were developed in the framework of this
analysis and then used in the *Fe and ®Fe data, are able to properly reproduce the experimental
light output distributions. Overall, this agreement shows that the analysis procedure followed in
the present work is able to produce precise results of both the differential and angle-integrated

elastic scattering cross sections for fast neutrons in the energy region from 1 to 8§ MeV.

3.4 Results for neutron scattering on >*Fe

In the case of the >*Fe experiment, elastic scattering angular distributions and integral cross sec-
tions were produced in the energy range from 1 to 8 MeV, whereas for inelastic scattering, partial
differential and angle integrated cross sections were estimated from the first excited state of >*Fe
in the energy range from 2.5 to 5.5 MeV [138]. The results are presented below and are compared

with the available experimental and evaluated nuclear data.

3.4.1 Elastic scattering

The results for the differential cross section of neutron elastic scattering on *Fe are presented in
Fig. 3.17 with respect to the incident neutron energy for 8 different detection angles, in the en-
ergy range from 1 to 8 MeV. The results are compared with the values provided by the JEFF-3.3
and ENDF/B-VIILO evaluations folded with the experimental energy resolution. For the evalu-
ated differential cross sections, ENDF/B-VIIIL.O has adopted optimized theoretical calculations,
produced by the EMPIRE nuclear reaction code [30], while JEFF-3.3 used a Legendre repre-
sentation for energies below 20 MeV, based on the sum of calculated Legendre coefficients for
compound nucleus and shape-elastic scattering. The difference between the adopted methods of
the evaluations explain the difference in the shape of the resulting cross sections: the ENDF/B-

VIII.O cross sections follow a smooth trend, while the JEFF-3.3 cross sections have a fluctuating
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Figure 3.17: Differential cross sections of neutron elastic scattering on >*Fe as a function of the
incident neutron energy at the 8 detection angles. The experimental cross sections are compared
with the evaluated values provided by the JEFF-3.3 [10] and ENDF/B-VIIL.O [9] libraries folded
with the experimental energy resolution.

behavior. There is an overall good agreement between experimental and evaluated values over the
whole neutron energy range. Only in the case of 58.3°, for energies approximately above 2 MeV,
the experimental cross section is systematically higher than the values proposed by the evaluation.
The same issue was also observed in [62], at a comparison of experimental differential cross
section of neutron elastic scattering on "*'Fe at 58.3° and evaluated values proposed by ENDF/B-
VIIL.O. Meanwhile, in the case of the "™ C(n,n) validation measurement the resulting cross section

at 58.3° (see Fig. 3.13) was in good agreement with the well known evaluated values, and, on
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the other hand, there is this consistency between >*Fe and "*Fe at 58.3°. This is an indication
of possible issues with the evaluations of neutron angular distributions on Fe isotopes. For the
differential cross sections the total uncertainties vary from 5% to 25%, and are mainly generated
from the duration of the experiments and their related statistics. The highest uncertainties, above
15%, are observed in the energy range between 6 and 8 MeV at backward angles, where the cross
section is reaching very low values due to the fact that elastic scattering on Fe is a forward-peaked
reaction.

In Fig. 3.18, the differential cross section is given as a function of the cosine of the detection
angle 6. The data are compared with values available in the EXFOR library and the angular dis-
tributions provided by the JEFF-3.3 and ENDF/B-VIILO evaluations. Twelve 5 ns t.o.f. intervals
have been selected, that cover most of the neutron incident energies measured in other experi-
ments reported in EXFOR (Table 1.1). In general, there is a satisfactory agreement between the
cross section values calculated in this work and the experimental data available in literature. The
results are in agreement with the latest measurement performed by Vanhoy et al. (2018) [24] using
quasi-monoenergetic neutron beams. Also, in the energy intervals above 2.5 MeV for the cosine
that corresponds to the 58.3° (0.5255) detection angle, it is observed again that the cross section
values calculated in this work are higher than the ones reported in JEFF-3.3, and ENDF/B-VIIIL.O
evaluations, but values from other experiments also support higher cross sections in this region.

The angle-integrated neutron elastic scattering cross section is presented in Fig. 3.19. The re-
sults are compared with the data available in the literature, and the JEFF-3.3 and ENDF/B-VIIIL.O
evaluations folded with the experimental resolution of the measurement. In the JEFF-3.3 evalu-
ation, the elastic scattering cross section was calculated by subtracting the optical model based
non-elastic cross section from the evaluated total cross section, which was purely based on the
experimental data of Carlton et al. (1985) [139], while the ENDF/B-VIIL.O evaluated values were
produced using the EMPIRE code. The results of this work are in overall good agreement with
the few previous experimental values available in the EXFOR library, the JEFF-3.3, and ENDF/B-
VIIIL.O evaluations, especially in the energy region between 1 and 3 MeV where resonances are
causing strong fluctuations in the cross section. Also, the deviation between the results of this
work and the evaluations is presented in Fig. 3.19(c) relative to the experimental uncertainty (86 0).
It is observed that the results of this work are in excellent agreement with the JEFF-3.3 evaluation
within the uncertainty over the whole neutron energy range. When it comes to the ENDF/B-VIIIL.0
evaluation discrepancies outside the experimental uncertainties are observed in the 1-3 MeV en-
ergy region where the evaluated cross section has a smooth behaviour and a proper comparison
with the fluctuating experimental cross section is not possible. This agreement validates the eval-
uation methodology employed in JEFF-3.3, which involved the combination of high-resolution
transmission data and optical model calculations to extract the elastic scattering cross section. The

total uncertainty of the angle-integrated cross section varies between 5% and 8%.
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Figure 3.18: Comparison of differential cross sections of neutron elastic scattering on >*Fe as a
function of the cosine of the scattering angle 0, with data available in the EXFOR [13] library
and the angular distributions provided in the JEFF-3.3 [10] and ENDF/B-VIIL.O [9] evaluations.
Twelve 5 ns t.o.f. intervals have been selected. The corresponding incident neutron energy is
reported in each graph.
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Figure 3.19: Angle-integrated cross section of neutron elastic scattering on *Fe as a function
of the incident neutron energy compared with (a) the data available in the EXFOR library [13],
and (b) the JEFF-3.3 [10] and ENDF/B-VIIIL.O [9] libraries folded with the experimental energy
resolution. In (c) the deviation between the experimental and evaluated values is presented as the
difference between evaluation and measurement divided by the experimental uncertainty (6).

3.4.2 Inelastic scattering

The results for the differential cross section of neutron inelastic scattering from the first excited
state of >*Fe (1.408 MeV), in the energy range from 2.5 to 5.5 MeV, are presented in Fig. 3.20. The
cross sections are given with respect to the incident neutron energy at 8 different detection angles.
The values are compared with the ENDF/B-VIIL.O evaluated library, which is based on optimized
theoretical calculations using the EMPIRE code. A comparison with the JEFF-3.3 library was not
possible in this case, as the corresponding data were not available in the JEFF-3.3 file. For most of
the detection angles the measured values are slightly higher than the ones provided by ENDF/B-

VIII.O over the whole neutron energy range. The total uncertainties range from 7% to 50%. Just as



Neutron scattering on Iron: Experiments, analysis and results
0.1 Thi e 0.1 T
IS WOrk —o— ()
ENDF/B-VIII.O — (b) 142.8
0.05}
0
0.1 T
(c) 121.7°
0.05}
Ho
& %%%W@%$%
=)
g o
©0.1 T
© (e) 79.4°
0.05} 10.05
0 ' ' ' ' ' 0 : : : :
2.5 3.5 4.5 55 2.5 3.5 4.5 5.5

E, (MeV)

62

Figure 3.20: Differential cross sections of neutron inelastic scattering from the first excited state
of *Fe as a function of the incident neutron energy at the 8 detection angles. The experimental
cross sections are compared with the evaluated values provided by the ENDF/B-VIIILO [9] library.

elastic scattering, high uncertainties, above 20%, are observed in the two forward detectors for

energies above 4 MeV. The reason for that is the fact that the inelastic scattering yield is extracted

after the subtraction of the elastic scattering component in the corresponding light output distri-

bution (see Fig. 3.5). At these angles, the inelastic scattering cross section is decreasing but the

elastic scattering one is increasing with the neutron energy reaching values 20 times higher than

the inelastic scattering one, making it the predominant reaction in this energy range. In this case,

the only way to lower the uncertainties is to perform much longer measurements.
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Figure 3.21: Comparison of differential cross sections of neutron inelastic scattering from the first
excited state of >*Fe as a function of the cosine of the scattering angle 6, with data available in the
EXFOR [13] library and the angular distributions provided in the ENDF/B-VIIL.O [9] evaluation.
Nine 5 ns t.o.f. intervals have been selected. The corresponding incident neutron energy is reported
in each graph.

In Fig. 3.21 the differential cross section is presented as a function of the cosine of the de-
tection angle 6, and compared with all the data available in the literature and the ENDF/B-VIIIL.O
evaluation. Similarly to elastic scattering, nine 5 ns t.o.f. intervals have been selected, covering all
the neutron incident energies that have been measured in other experiments reported in EXFOR
(Table 1.3). Even though in most cases the results of this work remain in agreement within uncer-

tainty with the ENDF/B-VIIL.O evaluation, large discrepancies are observed between the different
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experimental data available in the literature, the results of this work, and the ENDF/B-VIIL.0 eval-
uation. In the 5 ns t.o.f. intervals that correspond to neutron incident energies below 5 MeV the
most recent data by Vanhoy et al. (2018) [24] are included in the graphs which support lower
cross sections compared to the results of this work and to the ENDF/B-VIIIL.O evaluation. Only
in the last two 5 ns t.o.f. intervals that correspond to 5 MeV and 5.5 MeV neutron energies there
is a relatively good agreement between the different experimental data. Overall, these discrepan-
cies between the different experiments and the evaluation that are observed in Fig. 3.21 indicate

issues in the angular distributions of neutron inelastic scattering on *Fe that need to be further

investigated.
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Figure 3.22: Angle-integrated cross section of neutron inelastic scattering from the first excited
state of >*Fe as a function of the incident neutron energy compared with (a) the data available
in the EXFOR library [13], and (b) the JEFF-3.3 [10] and ENDF/B-VIIL.O [9] libraries. In (c)
the deviation of the experimental results from the evaluated values is presented as the difference
between evaluation and measurement divided by the experimental uncertainty (6 0).
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The angle-integrated neutron inelastic scattering cross section from the first excited state of
>Fe is presented in Fig. 3.22 in the energy range from 2.5 to 5.5 MeV. The total uncertainty of
the cross section varies between 6% and 20%. The results are compared with the data available
in the literature, and the JEFF-3.3 and ENDF/B-VIII.O evaluations. It is observed that the results
are following the trend of the evaluation values, with a good agreement within uncertainty with
JEFF-3.3 which proposes slightly higher cross section values than ENDF/B-VIIIL.O. In comparison
with the other experimental values reported in the EXFOR library, there is an overall good agree-
ment within uncertainty with almost all experiments. It is worth to mention that between 3 and 4.5
MeV neutron energies the results are in agreement within uncertainty with another high-resolution
measurement performed at GELINA by Olacel et al. (2018 ) [39] using y-spectrometry by em-
ploying the GAINS spectrometer. For incident energies above 4.5 MeV, the results of this work,
while higher in magnitude, follow the trend of existing evaluations and show good agreement with
the data from Boschung et al. (1971) [17] and Kinney et al. (1974) [19]. However, the data from
Olacel are consistently higher, likely due to the poorly understood level scheme of the compound
nucleus >Fe above this energy. This leads to unknown states populating the level under study, a
contribution the authors could not correct for, as the levels remain unidentified.

Considering the overlapping energy region

between the 1-8 MeV elastic scattering cross 10% —— - ) — ()
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the results. In the present work, the narrow en-

ergy region from 2.5 to 2.8 MeV was chosen to

compare the results with the total cross section 103 LA
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action channels open in this energy region (see Figure 3.23: JEFF-3.3 [10] cross sections of

the different reaction channels open in the 1 to
nisms are the elastic scattering and the inelas- 8 MeV energy region for >*Fe. The red lines

tic scattering from the first excited state. Other illustrate the energy region in which the semi-
experimental total cross section was calculated.

Fig. 3.23) the two dominant reaction mecha-

reaction channels are open in this region too,
specifically the (n,p), (n,7), (n,n/z), and (n,n;)
but their contribution to the total cross section was considered negligible in this test since the cross
section of these reactions in the 2.5-2.8 MeV energy region is almost two orders of magnitude
lower than the elastic scattering cross section. Nevertheless, the contribution of the non scattering
reactions [(n,p) and (n,7y)], although negligible, was taken from the JEFF-3.3 evaluation and was
added to the elastic and inelastic scattering cross sections of the present work. In Fig. 3.24 the
extracted semi-experimental total cross section of **Fe in the energy region from 2.5 to 2.8 MeV
is presented along with the total cross sections reported in the EXFOR library and the JEFF-3.3

and ENDF/B-VIIL.O evaluations. Only two total cross section measurements from Carlton et al.
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Figure 3.24: Semi-experimental total cross section of **Fe as a function of the incident neutron
energy compared with the data available in the EXFOR library [13], and the JEFF-3.3 [10] and
ENDEF/B-VIILO [9] libraries all folded with the experimental energy resolution. In (b) the devi-
ation of the experimental results from the evaluated and experimental values is presented as the
difference between evaluation (or EXFOR data) and measurement divided by the experimental
uncertainty (6 0).

(1985) [139] and Cornelis et al. (1982) [140] are available in EXFOR for this energy region.
Both the evaluations and the EXFOR data were folded with the experimental energy resolution in
order to make the comparison easier. It is observed that the results of this work are in excellent
agreement within uncertainty with the JEFF-3.3 evaluation and the measurement by Carlton et al.
(1985) [139], while the data of Cornelis et al. (1982) [140] are reporting systematically higher
cross section. The fact that the semi-experimental total cross section is in such good agreement
with the JEFF-3.3 evaluation and the high-resolution transmission measurement of Carlton et al.

(1985) [139], validates the quality of the experimentally measured cross sections in the present
work.

3.5 Results for neutron scattering on *°Fe

From the “°Fe experiment, elastic scattering angular distributions and angle integrated cross sec-
tions were produced in the energy range from 1 to 8 MeV and for inelastic scattering partial
differential and angle integrated cross sections were estimated from the first excited state of *°Fe

in the energy range from 2 to 5 MeV and from the second excited state in the energy range from
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3 to 6 MeV. The results are given below and are compared with the available experimental cross

sections in the literature and the most recent evaluated nuclear data libraries.

3.5.1 Elastic scattering

The differential cross sections of neutron elastic scattering on *°Fe are presented in Fig. 3.25 with

respect to the incident neutron energy for the 8 different detection angles, in the energy range

I This work — |
0.4 JEFF-3.3 — 0.3
ENDF/B-VIILO — |

(b) 142.8° |

da/dQ (b/sr)

1 2 3 4 5 678 1 2 3 4 5 6 78
E, (MeV)

Figure 3.25: Differential cross sections of neutron elastic scattering on *’Fe as a function of the

incident neutron energy at the 8 detection angles. The experimental cross sections are compared

with the evaluated values provided by the JEFF-3.3 [10] and ENDF/B-VIIL.O [9] libraries folded
with the experimental energy resolution.
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1-8 MeV. The results are compared with the JEFF-3.3 and ENDF/B-VIIL.O evaluations folded
with the experimental energy resolution. In the case of the *°Fe evaluations, ENDF/B-VIILO is
strongly based on "*Fe high resolution measurements. Specifically, in the energy range from
1 to 2.5 MeV the angular distributions correspond to re-fitted Kinney et al. (1976) [141] "™ Fe
data with some adjustments that reduce the anisotropy, based on the comparison with Perey et
al. (1991) [142] enriched °Fe data in the overlapping region. In the energy range from 2.5 to
4 MeV the angular distributions were taken from Smith et al. (1980) [143] and above 4 MeV
neutron incident energy the distributions are based on calculations performed with the EMPIRE
code. The JEFF-3.3 angular distributions were adopted by the JEFF-3.0 version which originates
from the EFF-2.4 evaluation, updated by V. Pronyaev et al. (1995) [144]. The same approach as
the one in ENDF/B-VIIL.0 was followed, i.e. the high-resolution data from ORELA by Kinney et
al. (1976) [141] were used up to 2.5 MeV. These data are given in 1 keV steps, were converted
into relative Legendre coefficients and the resulting coefficients ;-0 were used to create the
file that correctly describes the fine structure of the elastic scattering angular distribution in the
unresolved resonance range. In the energy region 2.5-4 MeV the data from ANL by Smith et
al. (1980) [143] were used and for energies above 4 MeV the evaluation is based on theoretical
calculations. There is a relatively good agreement between experimental and evaluated values
over the whole neutron energy range. Especially in the 1-3 MeV energy region, where the angular
distributions are fluctuating a lot, even though the resolution of this measurement is slightly worse
compared to the one in the **Fe measurement, the agreement between experiment and evaluations,
both in cross section behavior/trend and magnitude, is very good within the uncertainties. Again,
in the case of the 58.3° detection angle, this time for energies approximately above 4 MeV, the
experimental cross section is systematically higher than the values proposed by the evaluations.
Along with the >*Fe data mentioned above (see Fig. 3.17) and the "*Fe data by Pirovano et al.
(2019) [62], this is the third measurement of iron where discrepancies have been observed in this
detection angle, suggesting possible issues in the evaluated angular distributions of iron. The total
uncertainties of the differential cross sections vary from 3% to 20%, and are mainly generated
from the duration of the experiments and their related statistics.

In Fig. 3.26, the differential cross section is given as a function of the cosine of the detection
angle 6. The results are compared with data available in the EXFOR library and the angular dis-
tributions provided by the JEFF-3.3 and ENDF/B-VIIIL.O evaluations. Twelve 10 ns t.o.f. intervals
have been selected aiming to cover most of the neutron incident energies measured in other exper-
iments reported in EXFOR (Table 1.2) in the 1-8 MeV energy region. Overall, there is a favorable
agreement between the cross sections of the present experiment and the experimental data found
in the literature. The results align with the most recent measurements conducted by Ramirez et
al. (2017) [28] utilizing quasi-monoenergetic neutron beams. In comparison with the evaluations,
in the t.o.f. intervals that correspond to neutron incident energies below 2 MeV [see Fig. 3.26
(a) & (b)], even though the evaluations are following the same trend there are differences in the
magnitude of the cross sections compared to the experimental data. For energies above 2 MeV, the
JEFF-3.3 evaluations seem to be performing better than ENDF/B-VIIL.O with respect to the results
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Figure 3.26: Comparison of differential cross sections of neutron elastic scattering on °Fe as a
function of the cosine of the scattering angle 6, with data available in the EXFOR [13] library
and the angular distributions provided in the JEFF-3.3 [10] and ENDF/B-VIIL.O [9] evaluations.
Twelve 10 ns t.o.f. intervals have been selected. The corresponding incident neutron energy is
reported in each graph.
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Figure 3.27: Angle-integrated cross section of neutron elastic scattering on °Fe as a function
of the incident neutron energy compared with (a) the data available in the EXFOR library [13],
and (b) the JEFF-3.3 [10] and ENDF/B-VIIL.O [9] libraries folded with the experimental energy
resolution. In (c) the deviation of the experimental results from the evaluated values is presented
as the difference between evaluation and measurement divided by the experimental uncertainty

(60).

of this work and the majority of the experimental data in the EXFOR library.

The angle-integrated neutron elastic scattering cross section is presented in Fig. 3.27. The re-
sults are compared with the data available in the EXFOR library, and the JEFF-3.3 and ENDF/B-
VIIIL.O evaluations folded with the experimental resolution of the measurement. In both evalua-
tions, the elastic scattering cross section was defined as the difference between the total and the
remaining partial cross sections. In order to test the consistency, the cross section of the ENDF/B-
VIIL.O evaluation was resolution broadened to 0.3%, achieving good agreement with the Kinney et
al. (1968) [25] data in the 4-8 MeV region. The total cross section, in both evaluations, above the

resonance range up to 10 MeV incident neutron energy was taken from the JEFF-3.2 evaluation,
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which is essentially the Vonach-Tagesen evaluation with superimposed fluctuations derived from
the Berthold et al. (1995) [29] transmission data on "*'Fe with a correction for the presence of the
minor isotopes. Even thought the same procedure was followed and the resulting total cross sec-
tion is identical in both evaluations, when it comes to the resulting elastic scattering cross sections
discrepancies are observed between the two. These discrepancies are originating from the differ-
ent determination of the non-elastic cross sections that was adapted by the evaluations and then
were subtracted by the total cross section. The results of this work are in overall good agreement
within uncertainties with the handful of previous experimental values available in the EXFOR li-
brary, specifically with the most recent measurement performed by Ramirez et al. (2017) [28]. In
comparison to the JEFF-3.3 and ENDF/B-VIII.O evaluations, in the fluctuating region from 1 to
3 MeV the results of this work are following the same trend/behavior as the evaluations, although
in some case are slightly higher in magnitude. In the remaining energy region from 4 to 8§ MeV
where discrepancies are observed between the evaluations, the present results are lying somewhat
in the middle of the two with a better agreement with ENDF/B-VIIL.0O in the 3-4 MeV region and
with JEFF-3.3 in the 4-8 MeV range (see Fig. 3.27(c)). The total uncertainty of the experimental

angle-integrated cross section of this work varies between 3% and 6%.

3.5.2 Inelastic scattering

The angular distributions of neutron inelastic scattering from the first excited state of >*Fe (0.847
MeV), in the energy range from 2 to 5 MeV, are presented in Fig. 3.28. The cross sections are
given with respect to the neutron incident energy at the 8 different detection angles. The results are
compared with the JEFF-3.3 and ENDF/B-VIII.O evaluated libraries folded with the experimental
energy resolution. From the inelastic scattering threshold up to 4 MeV neutron incident energies
fluctuations were imposed in the angular distributions of the first and the second excited state of
3Fe based on the total inelastic scattering cross section data by Dupont et al. (1998) [35] and
Negret et al. (2013) [34]. Above 4 MeV neutron incident energy the angular distributions of both
evaluations are based on theoretical calculations. In most of the detection angles the measured
values are slightly higher than the ones provided by the JEFF-3.3 and ENDF/B-VIIIL.O evaluations
over the whole neutron energy range. In comparison to the evaluations, the better agreement
within the experimental uncertainties is observed with ENDF/B-VIIL.0. The total uncertainties
range from 5% to 35%. Similar to the inelastic scattering from the >*Fe experiment, the highest
uncertainties are observed in the two forward detectors. The reason for that is the same, i.e. the
fact that at these angles, the inelastic scattering cross section is decreasing but the elastic scattering
is increasing making it the predominant reaction in this energy range. Lower uncertainties can be
achieved only by performing much longer measurements.

In Fig. 3.29 the differential inelastic scattering cross sections are presented as a function of the
cosine of the detection angle 0, and compared with almost all the data available in the literature
in the overlapping energy region and the JEFF-3.3 and ENDF/B-VIIL.O evaluations. Twelve 10 ns
t.o.f. intervals have been selected, covering the majority of the incident neutron energies that have

been measured in other experiments reported in EXFOR (Table 1.4). Based on Fig. 3.29 major
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Figure 3.28: Differential cross sections of neutron inelastic scattering from the first excited state of
Fe as a function of the incident neutron energy at the 8 detection angles. The experimental cross
sections are compared with the evaluated values provided by the JEFF-3.3 [10] and ENDF/B-
VIII.O [9] libraries folded with the experimental energy resolution.

issues are observed in the current state of the angular distributions of neutron inelastic scattering
on *°Fe. Big discrepancies between the two evaluations, but also between different experiments
are noted. The results of this work are in agreement in some cases with values reported in other
experiments. For the 10 ns t.o.f. intervals that correspond to neutron incident energies below
3 MeV the evaluations clearly deviate from the majority of the experimental cross sections. In the
energies above 3 MeV there is a relatively better agreement between evaluations and experiments,

including the results of this work, although it is clear that further investigation is needed to asses
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Figure 3.29: Comparison of differential cross sections of neutron inelastic scattering from the first
excited state of >°Fe as a function of the cosine of the scattering angle 6, with data available in
the EXFOR [13] library and the angular distributions provided in the JEFF-3.3 [10] and ENDF/B-
VIII.O [9] evaluations. Twelve 10 ns t.o.f. intervals have been selected. The corresponding incident
neutron energy is reported in each graph.
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Figure 3.30: Angle-integrated cross section of neutron inelastic scattering from the first excited
state of *°Fe as a function of the incident neutron energy compared with (a) the data available
in the EXFOR library [13], and (b) the JEFF-3.3 [10] and ENDEF/B-VIIL.O [9] libraries folded
with the experimental energy resolution. In (c) the deviation of the experimental results from the
evaluated values is presented as the difference between evaluation and measurement divided by
the experimental uncertainty (80).

the quality of both the evaluated and the experimental angular distributions in this energy region.

The results of the angle-integrated neutron inelastic scattering cross section from the first ex-
cited state of °Fe are presented in Fig. 3.30 in the energy range from 2 to 5 MeV. The results
are compared with the data available in the literature, and the JEFF-3.3 and ENDF/B-VIIL.O eval-
uations folded with the experimental energy resolution. The total uncertainty of the cross section
varies between 5% and 16%. There is a good agreement within uncertainties with the ENDF/B-
VIIL.O evaluation in the energy range from 2 to 3 MeV. The JEFF-3.3 evaluation seem to support

a lower cross section over the whole neutron energy region in contrast with the majority of the
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experimental data in EXFOR. In comparison with the data available in the literature, there is an
overall good agreement within uncertainty with almost all other experiments. It is important to
mention that the results of this work are in agreement within uncertainty with the most recent
experiments performed by Vanhoy et al. (2018) [24] and Ramirez et al. (2017) [114] using quasi-
mononergetic beams at the tandem facility of the University of Kentucky, with the data of Beyer
et al. (2014) [33] from an experiment that was performed at the nELBE facility, but also with
another high-resolution measurement performed at GELINA by Negret et al. (2018 ) [34] using
Y-spectrometry by employing the GAINS spectrometer.

In addition to the partial inelastic scattering cross section from the first excited state, an effort
was made to extract information from the second excited state as well. In the end, partial inelastic
scattering cross sections from the second excited state of *°Fe (2.0851 MeV) were produced in
the energy range from 3 to 6 MeV, although the uncertainties of these results are considerably
high, especially for the angular distributions of the forward angles. In Fig. 3.31 the angular
distributions in the energy range from 3-6 MeV, are presented. The total uncertainties range from
10% to 70%. The cross sections are given with respect to the neutron incident energy at the
8 different detection angles. The results are compared with the JEFF-3.3 and ENDF/B-VIIIL.O
evaluated libraries folded with the experimental energy resolution. In most of the detection angles
the results are in agreement with the evaluations within the uncertainties, which as mentioned
above are relatively large. In some angles (100.6°, 79.4°, 58.3°) above 4 MeV neutron incident
energies the results of this work are systematically higher than the evaluations. Similar to the
calculation of the inelastic scattering from the first excited state, the yields that correspond to
the inelastic scattering from the second level were extracted by subtracting the contributions of
elastic and inelastic scattering from the first level (see Fig. 3.6) which significantly increases the
uncertainties of the resulting cross sections.

In Fig. 3.32 the differential inelastic scattering cross sections are presented as a function of
the cosine of the detection angle 6 and compared with the few experimental data available in the
literature (see Table 1.5) in the overlapping energy region and the JEFF-3.3 and ENDF/B-VIIIL.O0
evaluations. In the 10 ns interval that corresponds to 3.25 MeV neutron incident energy [Fig.
3.32(a)] ENDF/B-VIII.O seems to follow the data of Tsukada et al. (1969) [41], while the results
of the present work are in better agreement with the JEFF-3.3 evaluation. In the two remaining
10 ns t.o.f. intervals only data by Boschung et al. (1971) [17] are available for neutron incident
energies at 5.05 MeV and 5.58 MeV. In those cases, the results of this work suggest higher cross
sections in comparison to the data of Boschung and both the evaluations.

The angle-integrated neutron inelastic scattering cross section from the second level of *°Fe
is presented in Fig. 3.33 in the energy range from 3 to 6 MeV. The data are compared with
the experimental cross sections available in the EXFOR library, and the JEFF-3.3 and ENDF/B-
VIIIL.O evaluations folded with the experimental energy resolution. The total uncertainty of the
cross section varies between 20% and 45%. An agreement within uncertainties with the ENDF/B-
VIII.O evaluation in the energy range from 3 to 4 MeV is observed, while the JEFF-3.3 evaluation

seem to suport a lower cross section in this region. Above 4 MeV, JEFF-3.3 supports a higher
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Figure 3.31: Differential cross sections of neutron inelastic scattering from the second excited state
of Fe as a function of the incident neutron energy at the 8 detection angles. The experimental
cross sections are compared with the evaluated values provided by the JEFF-3.3 [10] and ENDF/B-
VIII.O [9] libraries folded with the experimental energy resolution.

cross section than ENDF/B-VIIIL.O, although both evaluations are underestimated in comparison
with the results of the present work. In comparison with the data available in EXFOR, there
is an overall good agreement within uncertainty with almost all other experiments, even though
the present results seem to have the highest uncertainties compared to the cross sections from
other experiments. Similar to the results from the first excited state, there is a good agreement
within uncertainty with the most recent data by Vanhoy et al. (2018) [24] and Ramirez et al.
(2017) [114], with the data of Beyer et al. (2014), and also with the high-resolution data of Negret
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Figure 3.32: Comparison of angular distributions of neutron inelastic scattering from the second
level of *SFe as a function of the cosine of the scattering angle 6.
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Figure 3.33: Angle-integrated cross section of neutron inelastic scattering from the second level
of °Fe as a function of the incident neutron energy compared with (a) the data available in the
EXFOR library [13], and (b) the JEFF-3.3 [10] and ENDF/B-VIIL.O [9] libraries folded with the
experimental energy resolution. In (c) the deviation of the experimental results from the evaluated
values is presented as the difference between evaluation and measurement divided by the experi-

mental uncertainty (6 o).
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et al. (2018) [34], although in absolute values the present cross sections are systematically higher.

Taking into account the overlapping en-

ergy region between the 1-8 MeV elastic scat- 10° (TR Sy——
tering cross section, the 2-5 MeV partial in- 1otl EEES — Ez‘é; ]
elastic scattering cross section from the first ) mwwn_' (n,a)
excited state, and the 3-6 MeV partial inelas- g 10° 3
tic scattering from the second excited state that §10-1

were extracted from the present experiment, a §10'2

similar test with the one done above for the

>4Fe data was performed. In this case, the nar- 10'31 - 2'

row energy region from 2 to 2.5 MeV was cho- E, (MeV)

sen to compare the results with the total cross Figure 3.34: JEFF-33 [10] cross sections of

the different reaction channels open in the 1 to
dominant reaction mechanisms are the elastic 8 MeV energy region for *Fe. The red lines

scattering and the inelastic scattering from the 1illustrate the energy region in which the semi-
first excited state (see Fig. 3.34). Other re- experimental total cross section was calculated.

section of °Fe. In this energy region the two
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specifically the (n,y) and (n,n;), but their contribution to the total cross section was considered
negligible in this test since the cross section of these reactions in this energy region is almost two
orders of magnitude lower than the elastic scattering cross section. Nevertheless, the contribu-
tion of the (n,y) reaction, although negligible was taken from the JEFF-3.3 evaluation and was
added with the elastic and inelastic scattering cross sections of the present work. The extracted
semi-experimental total cross section of *°Fe in the energy region from 2 to 2.5 MeV is presented
in Fig. 3.35 along with the total cross sections reported in the EXFOR library by Harvey et al.
(1987) [145] and Cornelis et al. (1995) [146], the JEFF-3.3 and ENDF/B-VIIIL.O evaluations folded
with the experimental energy resolution. As mentioned above, both ENDF/B-VIII.O and JEFF-3.3
evaluations of the total cross section are based on the Berthold et al. (1995) [29] "*Fe transmis-
sion data, corrected for the contribution of the minor isotopes, thus the resulting cross sections
from both evaluations are identical. It is observed that the results of this work are in relatively
good agreement within uncertainty with the data of Harvey et al. (1987) [145] and Cornelis et al.
(1995) [146] above 2.25 MeV neutron incident energy. The semi-experimental total cross section
of this work is overestimated over the whole neutron energy range compared to the evaluated cross

sections, with limited agreement within uncertainties in the energy range above 2.2 MeV.
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Figure 3.35: Semi-experimental total cross section of *°Fe as a function of the incident neutron
energy compared with the data available in the EXFOR library [13], and the JEFF-3.3 [10] and
ENDEF/B-VIILO [9] libraries all folded with the experimental energy resolution. In (b) the devi-
ation of the experimental results from the evaluated and experimental values is presented as the

difference between evaluation and measurement (or EXFOR data) divided by the experimental
uncertainty (60).

3.6 Model calculations

The results of the present work are compared with theoretical reaction calculations performed with
the TALYS 1.9 [147,148] and EMPIRE 3.2 [30] codes. The codes are employing the conventional
neutron optical model potential:

dr
A \’1d .
+Vso(E) < ) f(r,Rso,0s0)l - 6 (3.8)

myc) rdr

U(I”,E) = — Vv(E)f(l",Rv, Otv) — iWV(E)f(I’,Rv, Otv) + i4(XDWD(E) f(r,RD, O{D)

+iWso(E) h 21df( Rso,050)l - 6
l -—f(r .

Y0) mac) rar’ V" 50, %50

where the function f is the phenomenological Woods-Saxon potential with radius R and diffuse-
ness o while Vyy and Wy are the potential depths. The notation V, D, and SO refer to the volume,
surface, and spin-orbit terms, respectively. In the present work, four different calculations were

considered. The objective of these calculations is to check the predictive power of the codes by
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performing calculations on the one hand using exclusively default parameters and on the other
hand using parameters determined from microscopic models. It should be emphasized that in
all calculations none of the parameters were fitted on the present data. The calculations were
performed from 100 keV neutron incident energy up to 20 MeV.

The "TALYS def."” calculation was based on the default parameters provided by the code. The
optical model used is based on the Koning-Delaroche potential [6]. The discrete levels information
was taken from the Reference Input Parameter Library (RIPL-3) [149] and for levels with unknown
spins, parities or branching rations the code always assigned a value based on statistical rules. In
the case of the SFe calculation, the default Constant Temperature Model (CTM) as introduced
by Gilbert and Cameron [150] was used for the level density description, and for the modeling
of the y-decay, the phenomenological y-strength functions model of Kopecky and Uhl [151] was
used. In the case of the >*Fe calculation, these parameters were subsequently tuned in order to
achieve an optimal agreement between experimental data and theoretical projections. For the
level density description, instead of the phenomenological model used in the default calculation,
a more microscopic approach was used, developed by S. Goriely on the basis of Hartree-Fock
calculations [152, 153]. In addition, for the modeling of the y-decay, the microscopic Skyrme-
Hartree-Fock-Bogoliubov model was used [154]. The last two changes were made in order to
better reproduce the (n,p) and (n,o) reaction cross sections.

In the "TALYS mic.1-2" calculations, the semi microscopic spherical optical model poten-
tial of Bauge et al. [155] was used. For the level density description the most recent micro-
scopic approach based on Hartree-Fock-Bogoliubov calculations using the Gogny force was im-
plemented [156], and for the 7y-ray strength functions, the microscopic Gogny-Hartree-Fock-
Bogoliubov model, developed based on the D1M version of the Gogny force, was used [157].
The difference between the two microscopic calculations "mic.!" and "mic.2" lies in the normal-
ization factor used for the imaginary potential of the optical model. In the first case the default
value is used, while in the second case an energy dependent factor is used, recommended for
energies below 1 MeV.

In the case of >*Fe, an additional calculation with the EMPIRE code was performed. The
"EMPIRE" calculation was based on the parameters reported in the ENDF/B-VIIIL.O evaluation
for >*Fe. This calculation was triggered by the fact that the elastic scattering cross section of
ENDF/B-VIIL.0O, above 1 MeV neutron energy, was calculated using the EMPIRE code. The
optical model potential of Koning-Delaroche was used for neutrons and protons, while for the
description of alpha particles the potential of V. Avrigeanu et al. was used [158]. The optical
model parameters of the potential (real/imaginary potential depth, diffuseness, radius), were re-
scaled according to the values proposed in the evaluation file. For the pre-equilibrium emission
the PCROSS phenomenological model, implemented in the code, was used with a mean free path
parameter set to 2.4 [159, 160]. To address the correlation between incident and exit channels in
elastic scattering the model developed by Hofmann, Richert, Tepel, and Weidenmueller (HRTW)
was used for neutron incident energies up to 12.10 MeV [161]. The modified Lorentzian (MLO1)
approach was used for the modeling of the y-ray strength functions [162]. The level density was
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calculated using the Gilbert and Cameron (GC) model, with some of the o-parameters modified
according to the evaluation [150].

In Figs. 3.36 & 3.37 the results of the theoretical calculations are presented for the >*°Fe
total, elastic, inelastic, (n,p), and (n,) reaction cross sections. The calculations are compared
with the results of this work and the available experimental data in the literature. In the case of
the total cross section, to make the comparison easier, the experimental data were averaged over
100 keV energy bins. For the >*Fe(n,tot) reaction [Fig. 3.36(a)] the calculations are compared
with the high-resolution measurements of Cornelis et al. [140] and Carlton et al. [139]. It is
observed that below 4 MeV neutron incident energy the theoretical calculations differ significantly
in trend compared to the experimental data over the whole energy region. Above 4 MeV the
"TALYS def." calculation is able to better reproduce the experimental data, while the "EMPIRE"
calculation is systematically lower by 5% over the whole energy region. The microscopic approach
"TALYS mic.1" is in agreement with the data of Cornelis between 4 and 20 MeV, and the "TALYS
mic.2" calculation seems to produce higher results above 10 MeV. For the *Fe(n,tot) reaction
[Fig. 3.36(b)] the calculations are compared with the high-resolution measurements of Harvey
et al. (1987) [145] and Cornelis et al. (1995) [146]. It is observed that below 4 MeV neutron
incident energy only the microscopic theoretical calculations are able to somewhat reproduce the
experimental cross section. Above 4 MeV the "TALYS def."” calculation is able to better reproduce
the experimental data. In this region, the microscopic approach significantly differ in magnitude
from the experimental data and only in energies above 14 MeV the "TALYS mic.2" calculation is
giving results close to the data of Cornelis.

In Fig. 3.36(c) & (d) the elastic scattering cross section calculations are compared with the
results of this work and the available data in the EXFOR library. For both isotopes, it is seen that
below 2 MeV the results suggest higher cross section values than the ones produced in this work.
Between 2 and 8 MeV the "TALYS def." calculation (and the "EMPIRE" in the case of *Fe) are
in agreement within uncertainty with the data of this work, while the microscopic calculations
seem to perform poorly in this region. Above 8 MeV, in the case of *Fe all calculations are in
agreement within uncertainty with the only available experimental data in this region by El-Kadi
et al. [21], while for Y°Fe the "TALYS def." calculation seems to be in agreement in both trend and
magnitude with the handful of experimental data available in this region, while the microscopic
calculations seem to be severely underestimated.

For the inelastic scattering cross sections [total in Fig. 3.36(e) & (f) and partial in Fig. 3.36(g)
& (h), 3.37 (b)] the theoretical predictions are following the same trend as the experimental data.
In the total inelastic scattering, for both isotopes, the codes are producing higher cross section
compared to the EXFOR data in the energy range between 6 and 12 MeV where the cross section is
reaching maximum values. In the case of the partial inelastic scattering cross section from the first
excited state of 3 °Fe, there is an overall good agreement between the theoretical calculations,
the results of this work and the experimental data in the literature up to almost 4 MeV neutron
incident energy. Above this energy, the TALYS calculations are in good agreement with the data

available in literature.
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Figure 3.36: Comparison between the theoretical calculations and the available experimental data
in the literature for the *°Fe total, elastic, and inelastic reaction cross sections. The elastic
and inelastic scattering data from this work are also included in the graphs. For the 3*°Fe(n,n/)
reaction cross section, a subplot is included focused on the neutron energy region studied in this
work.
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Figure 3.37: Comparison between the theoretical calculations and the available experimental data
in the literature for the >*°°Fe inelastic, (n,p), and (n,cx) reaction cross sections. For the 56Fe(n,n’Z)
reaction cross section, a subplot is included focused on the neutron energy region studied in this
work.

For the charged particle emitting reactions [(n,p) in Fig. 3.37(c) & (d) and (n,ot) in Fig.
3.37(a)], the calculations are again compared with the data available in the EXFOR library [163—
254], and the IRDFF-II evaluation library [255] since the 54756Fe(n,p) and *Fe(n,) reactions are
dosimetry standard reaction cross sections. In the case of 3*Fe, for the (n,p) reaction it is observed
that the "TALYS def." calculation follows the same trend as the IRDFF-II evaluations and is able
to reproduce the "flat" behavior of the cross section between 5 and 12 MeV, whereas "EMPIRE"
is in agreement with the EXFOR data only above 12 MeV. In the case of the (n,) reaction, it
seems that both codes are performing poorly from the threshold up to 12 MeV, while in higher
energies "EMPIRE" is closer to the experimental data. For both reactions, the microscopic predic-
tions of TALYS are performing poorly over the whole energy range. In the case of °Fe, only the
(n,p) reaction was considered. It is observed that the microscopic calculations are in agreement
with the experimental data up to 10 MeV neutron energy, but above this energy they predict lower
cross sections up to 50%. The "TALYS def."” calculation follows the same trend as the IRDFF-II
evaluations, but is overestimated in the 7-12 MeV region and underestimated in the 16-20MeV.

Overall, the results of these calculations show that default models, such as TALYS with the
Koning-Delaroche potential, struggle to accurately describe cross sections in the 1-4 MeV range,
as expected, indicating that while useful for broad predictions, these models lack the precision

needed in this energy region. However, for energies above 6 MeV, the codes generally perform
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well, showing good agreement with experimental data. Ultimately, a more detailed and compre-
hensive study is needed to refine the parameters and models to achieve optimal results from the

codes.

3.7 Conclusions

In this chapter, the experimental details from the three different campaigns, on S4Fe, MC and °Fe,
were given. The data analysis followed to extract the final cross sections was layed out in a step by
step detailed description. The analysis included the pulse shape discrimination for n-y separation,
the treatment of the data for the background contribution by subtracting the sample-out from the
sample-in measurements, the elastic/inelastic separation by using kinematic calculations, the mul-
tiple scattering corrections via Monte Carlo simulations, and the analysis of the fission chamber
data to extract the neutron fluence impinged on each sample. From each measurement, angular
distributions and angle integrated cross section of neutron elastic scattering were extracted in the
energy range from 1 to 8 MeV. In the iron measurements, inelastic scattering was also explored.
The resulting angular distributions and the angle integrated cross sections were compared with
data available in the EXFOR library, the JEFF-3.3 and ENDF/B-VIIL.O evaluations, and model

calculations.



Chapter 4

Transmission measurements on iron

In addition to the scattering measurements, neutron transmission measurements were performed at
the 50 m station of GELINA. For this purpose, two natural iron samples were measured. The ob-
jective of these measurements is to tackle discrepancies observed between nuclear data evaluations
in the low neutron energy region. In the following chapter, the basic principle of transmission mea-
surements, details of the performed experiments, the analysis of the acquired data, and the final

results are presented.

4.1 Principle

Transmission experiments represent the most straightforward precise type of time-of-flight mea-
surements. In a transmission experiment, the quantity of interest is the transmission factor 7',
which is defined as the fraction of the neutron beam that passes through the sample without inter-
acting with it. The relation between the total cross section and the transmission factor is described
by the formula:

T(E) = e "), 4.1)

where 7 is the areal number density of the sample in atoms/barn and oy, is the Doppler broad-
ened total cross section. The experimental transmission 7., is obtained by the ratio of the
counts of sample-in and sample-out measurements, both corrected for their respective backgrounds
[256,257]. Since the experimental transmission is calculated by the ratio of counting spectra, it
is independent from the detector efficiency and neutron fluence. The optimal conditions for an

experimental transmission are:
* the sample is perpendicular to the neutron beam,
¢ all detected neutrons have passed through the sample,
* neutrons that are scattered in the sample are not detected,

* the sample under study must have a constant homogeneous spatial distribution.
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Optimal transmission geometry conditions can be attained through a proper collimation of the

neutron beam both at the sample and detector positions.

4.2 Experimental conditions

The transmission experiments were performed at the 50 m measurement station of flight path 4
with the accelerator operating at 800 Hz repetition rate. The moderated neutron spectrum was
used. A shadow bar made of Cu and Pb was placed close to the uranium target to reduce the
intensity of the y-flash and the fast neutron component. The flight path forms an angle of 9° with
the direction normal to the face of the moderator viewing the flight path. The samples and detector
were placed in an acclimatized room to keep them at a temperature of 20 °C. A schematic view of
the experimental set-up is shown in Fig. 4.1.

The partially thermalized neutrons scattered from the moderators were collimated into the
flight path through an evacuated aluminum pipe of 50 cm diameter with annular collimators, con-
sisting of borated wax, copper and lead. Inside the pipe, a set of different materials are installed in
order to optimize the size and energy spectrum of the neutron beam. Specifically, Pb, Ni and Cu
annular collimators were used to reduce the neutron beam to a diameter of 45 mm at the sample
position. Additional lithium and B4C collimators were installed to absorb neutrons that are scat-
tered by the collimators. A '°B overlap filter with an areal density of about 0.08 at/b was placed
close to the neutron target to minimize the contribution of slow neutrons coming from previous
accelerator bursts and a 16 mm thick Pb filter was used to reduce the impact of the y-flash in the
neutron detector. To continuously monitor the neutron beam intensity BF; proportional counters
mounted at different positions at the ceiling of the target hall are used. Each counter is a tube of
2.54 cm diameter and 63.2 cm length, filled with a BF3 gas enriched in 10B [259].

The neutron beam passing through the sample and filters was further collimated and detected
by a 6.35 mm thick and 151.6 mm diameter NE912 Li-glass scintillator enriched to 95% in SLi
(see Fig. 4.2). The scintillator was connected through a boron-free quartz window to a 127 mm
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Figure 4.1: Schematic representation of the 50 m transmission measurement setup of flight path 4
at GELINA [258].
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Figure 4.2: Schematic representation of the Li-glass scintillator detector used in the present exper-
iment [260].

EMI 9823 KQB photomultiplier (PMT), surrounded by a reflector Al-case to improve the light
collection. The detector was placed at a distance of 47.670(8) m from the neutron producing
target.

The time-of-flight of the detected neutrons was derived from the time difference between the
stop signal T, obtained from the anode pulse of the PMT, and the start signal 7y, given at each
electron burst (see Sec. 2.2). This time difference was processed with a multi-hit fast time coder
with a 1 ns time resolution. The time-of-flight and the pulse height of each detected event were
recorded in list mode using a multi-parameter data acquisition system developed at the JRC-Geel.
Each measurement was subdivided in different cycles. Only cycles for which the ratio between
the total counts in the transmission detector and in the neutron monitor deviated by less than 1%
were selected.

Two natural iron samples of more than 99.99% purity were acquired for the measurements.
The main characteristics of the samples are reported in Table 4.1. The areal density of the samples

was derived from a measurement of the weight and the area with an uncertainty better than 0.1%.
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Table 4.1: Characteristics of the iron samples used for the experiments. Each areal density was
calculated by using the experimentally determined mass and area.

1D Thickness (mm) Mass (g) Area (mm?) Areal Density (at/b)
1 11.942(1) 677.00(5) 7093(15) 0.1014(2)
44.876(6) 2504.00(5) 7086(15) 0.3811(6)

The area was determined by an optical surface
inspection with a microscope system from Mi-
tutoyo [106]. The samples were mounted on
an automatic exchange system that allows to
alternate remotely the sample-in and sample-
out configuration (see Fig. 4.3). The system
was placed at the middle of the distance be-
tween the neutron producing target and the de-
tector, at an approximate distance of 25 m. The
measurements lasted six weeks in total, three
weeks for each sample respectively. Through-
out the text, the "thin" and "thick" labels are

used to describe sample #1 and #2, respectively.
Figure 4.3: Picture of the sample exchanger sys-

tem used in flight path 4 of GELINA.
4.3 Data analysis

The experimental transmission is calculated by the ratio of the counts from the sample-in (Cj,)
and sample-out (C,,,) measurements, both corrected for their respective backgrounds (Bj,, Bout)-
In addition, the time-of-flight spectra need to be corrected for losses due to the dead time in
the detector and electronics chain and also normalized to the same neutron intensity. Thus, the

experimental transmission was calculated using the formula:

Ci (tm) - kTBin(tm)
Cout (tm) - kTBout (tm) ’

Toup(tm) = Nr 4.2)
where Ny is a normalization factor, k7 is a factor that accounts for the correlated uncertainty for
systematic effects due to the background model, and #,, is the time-of-flight. The time-of-flight was
determined using Eq. (2.4). The flight path length 47.670(8) m, i.e. the distance between the centre
of the moderator viewing the flight path and the front face of the detector, was previously derived
from results of transmission measurements using uranium standard references [261]. To extract
the experimental transmission 7y, the data analysis was performed using the AGS (Analysis of
Geel Spectra) code, developed at the JRC-Geel [262,263]. This code is able to perform corrections
due to dead time, background fitting and subtraction, and normalize the data. The code is based
on a compact formalism to propagate all uncertainties starting from uncorrelated uncertainties due

to counting statistics.
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All spectra were normalized to the same time-of-flight bin width structure and neutron beam
intensity. The latter was derived from the response of the BF3; beam monitors. To avoid systematic
effects due to slow variations of both the beam intensity and detector efficiency as a function of
time, data were taken by alternating sample-in and sample-out measurements in cycles of about
600 s. Such a procedure reduces the uncertainty on the normalization to the beam intensity to
less than 0.25%. This uncertainty was evaluated from the ratio of counts in the °Li transmission
detector and in the flux monitors. To account for this uncertainty the normalization factor Ny was
set to 1.0000(25).

4.3.1 Dead time correction

The count rate spectra obtained in the present measurements require a correction due to the
dead time of the detection and data acquisition system. The dead time of the detection chain
t;=3509(10) ns was derived from a spectrum of the time-interval between successive events. This
correction is based on the formula provided by Moore [264] and it accounts for possible variations
of the neutron beam intensity. In Fig. 4.4 the dead time correction factor as a function of the
incident neutron energy is presented for the sample-in and sample-out measurements of both the
thin and thick sample measurements. It is observed that for energies above 100 keV the dead time
correction is becoming significant, above 20% thus the results of the present work were limited to

energies only up to 100 keV.
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Figure 4.4: Dead time correction factor as a function of the neutron incident energy for the sample-
in and sample-out measurements of both the thin and the thick sample measurements. The green
line represents the 100 keV energy threshold due to dead-time.
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4.3.2 Determination of the background

The background as a function of time-of-flight was approximated by an analytic expression ap-
plying the black resonance technique. To that end, samples of elements with strong absorption
resonances (black resonances) are inserted into the beam. In the present work, during the mea-
surements and close to the sample position Na, Co and W black resonance filters were mounted
in an independent automatic filter changers to determine the background contribution at 2850 eV,
132 eV and 18 eV, respectively, and to obtain its time dependence. The Co filter is a permanent
filter used to continuously monitor the background level and to account for the impact of the sam-
ple or other filters placed in the beam. The background as a function of the time-of-flight (¢,,) was

determined using the following analytical formula:
B(tw) = bo+bie 1 - byeatn | pre=Raltnt ), 4.3)

The formula consists of a time independent and three time-dependent exponential terms. The time
independent component by is related to the ambient radiation and background contributions that
lost any time correlation. The first time-dependent component is due to 2.2 MeV 7y-rays resulting
from neutron capture in hydrogen present in the moderator. This component has been extensively
studied at GELINA by performing Monte Carlo simulations and measurements with polyethylene
filters in the beam. In these measurements, polyethylene is used to scatter neutrons out of the beam
path and enhance the ratio of the y-ray to neutron intensity. The second exponential term is due
to neutrons scattered inside the detector station and neutrons scattered at other flight paths, and
the last one originates from slow neutrons coming from the previous accelerator pulse. The decay
constants A; and A, were derived from transmission data measured with all the black resonance
filters, while A3 was obtained by extrapolating the time-of-flight spectra at the end of the cycle.
This procedure applied to each measurement also provides the amplitudes by and b3. The time-
shift parameter 7 is related to the operating frequency of the accelerator and is set to 7p=1.25 ms
for the 800 Hz repetition rate. The time dependence of the first and the second time-dependent
background components was studied by including short cycles with all the filters (Na-Co-W) in
the beam. The b, /b, ratio obtained in these short cycles was used for adjusting the amplitudes b;
and b, together with the information of the black resonance dip of the permanent Co filter. The
factor kr in Eq. (4.2) was set to 1.00(3) and was introduced to account for systematic effects due
to the background model. Its uncertainty was derived from a statistical analysis of the difference
between the observed black resonance dips and the estimated background. This uncertainty is only
valid for measurements with at least one fixed black resonance filters placed in the beam.

The dead time corrected sample-in and sample-out TOF-spectra of both configurations, the
one with all the filters (All) and the one with only the cobalt filter (Co), for both the thin and thick
natural iron samples, together with the resulting background contributions are shown in Figs. 4.5
and 4.6 respectively. Additionally, the fitting parameters describing the background contributions
for all the measurements are provided in Table 4.2 and Table 4.3 for the thin and thick samples

respectively.



4.3 Data analysis

1073

91

1041
10¢
10}
107}
108}

(a) SI(All)
10900

by

bye™Mt

bye 2t

b3e—)\3(t+ro)

(b) SO(AIl)

out

Counts/(1/ns)

1073

10|

10}

(c) SI(Co)

10°

(d) SO(Co)

103

10*

10°

TOF (ns)

103

10*

10°

Figure 4.5: TOF-spectra resulting from the transmission measurement of the thin "Fe sample
at the 50 m station of GELINA. The sample-in (SI) and sample-out (SO) measurements of both
configurations, the one will all the filters (All) and the one with only the cobalt filter (Co) are
presented along with their respective total backgrounds. The individual time-independent and
time-dependent background components are shown as well.

Table 4.2: Parameters for the analytical expressions of the background correction for the sample-
in and sample-out measurements for the thin natural iron sample.

ID bo/1078  b1/1077  A;/107 (ns™!)  by/1078  A/1070 (ns™')  b3/107®  A3/107% (ns™)
SI(All) 1.60 3.81 -2.65 2.57 -1.35 34.8 2270
SO(AIl)  1.63 5.47 -2.65 4.40 -1.35 1.00 2270
SI(Co) 1.65 4.63 -2.65 3.12 -1.35 41.4 2270
SO(Co)  1.50 6.61 -2.65 5.32 -1.35 1.20 -2.70

Table 4.3: Parameters for the analytical expressions of the background correction for the sample-

in and sample-out measurements for the natural thick iron sample.

ID bo/1078  b1/1077  A;/107° (ns™!)  by/1078  A/1070 (ns™')  b3/107%  A3/107% (ns™ 1)
SIAI)  1.02 1.38 -3.08 1.57 275 4.02 2270
SO(AIl)  1.27 6.31 -3.08 4.22 -1.35 94.0 270
SI(Co) 1.07 1.53 -3.08 1.75 275 4.43 2270
SO(Co)  1.15 7.34 -3.08 491 -1.35 110 270
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Figure 4.6: TOF-spectra resulting from the transmission measurement of the thick "Fe sample
at the 50 m station of GELINA. The sample-in (SI) and sample-out (SO) measurements of both
configurations, the one will all the filters (All) and the one with only the cobalt filter (Co) are
presented along with their respective total backgrounds. The individual time-independent and
time-dependent background components are shown as well.

4.4 Results

The experimental transmission extracted using the AGS code for both the thin and thick samples
are presented in Figs. 4.7 for incident neutron energies from 1 to 100 keV and in Fig. 4.8 for se-
lected energy regions separately. The results are compared with the theoretical transmission based
on the JEFF-3.3 and ENDF/B-VIII.O evaluations calculated using Eq. (4.4) and the respective
areal densities of each sample (see Table 4.1). The REFIT [265] code was used to account for
effects due to the response function of the time-of-flight spectrometer by utilizing the following

expression which is implemented into the code:
T (tn) = / R(tm,E)e " E)dE, (4.4)

where R(t,,E) is the response function and represents the probability that a neutron with energy
E is detected with a time-of-flight #,,. The response function can be considered as the convolution
of the duration of the accelerator burst, the time resolution of the detection system and the neutron

transport in the neutron target and in the detector. It is important to mention that no fitting of the
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Figure 4.7: Experimental transmission obtained with the thin and thick natural iron sample com-
pared with the JEFF-3.3 [10] and ENDF/B-VIIL.O [9] evaluations folded with the experimental
resolution in the incident neutron energy range from 1 to 100 keV.

resonance parameters of the evaluations to the experimental data has been performed, so the re-
sults presented in Figs. 4.7 and 4.8 are a pure comparison between experiment and the present
evaluations.

In the case of the thin sample data both evaluations are in relatively good agreement with the
experimental transmission. Some discrepancies are observed in the 5 to 7 keV neutron energy
region (see Fig. 4.8(c)) where JEFF-3.3 seems to be in better agreement with the results of this
work. Furthermore, differences between the two evaluations are observed in the transmission
maxima around the 24 to 25 keV energy region and at 42 keV where it seems that the JEFF-3.3
resonance file contains a resonance that is not included in the corresponding file of ENDF/B-VIIIL.O
and is also not observed in the present experiment (see Fig. 4.8(e)). In the results of the thick
sample measurement the same discrepancies are observed. Additionally, it is observed that the
resonance parameters files of both evaluations are not able to properly describe the transmission in
the neutron energy region from 10 to 25 keV, resulting in a theoretical transmission that is lower

compared to the experimental results of this work.
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Figure 4.8: Experimental transmission obtained with the thin and thick natural iron sample com-
pared with the JEFF-3.3 [10] and ENDF/B-VIIL.O [9] evaluations folded with the experimental
resolution. In this figure attention is given to specific neutron energy regions.
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Figure 4.9: Comparison of the total cross sections of this work as a function of the incident neutron
energy, with data available in the EXFOR [13] library. The results of this work are shown with
black and red points for the thin and thick sample respectively. To enhance the resolution of the
graphs all points are plotted without their respective uncertainties.
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Table 4.4: Total cross section data of "™Fe available in the EXFOR library [13] for the neutron
energy region from 1 to 100 keV. The name of the first author, the year of publication, the neutron
energy range under study, the areal density of the sample, the flight path length and the number of
points are listed.

Reference E, range (eV) Sample (at/b) FP length (m) Points
Pattenden (1972) [266] 2.36E04-1.08E06 0.2546 97.43 7640
Harvey (1974) [267] 2.43E00-2.45E06 0.0545 78.203 3175
Pandey (1975) [268] 2.05E03-2.45E06 0.21787 198.733 11155
Harvey (1984) [269] 6.48E00-2.32E06 0.2179 80.2630 7037

In Fig. 4.9 the total cross section of this work, calculated with Eq. (4.1), is compared with other
experimental cross sections reported in the EXFOR library for this neutron energy region (see
Table 4.4). It needs to be clarified that this is a raw comparison between the different experimental
data, not taking into account the different resolutions of each measurement. Although a proper
comparison is difficult due to the high number of point reported in each work, it is observed that
the results of the present experiments are in good agreement with the cross sections of Harvey
et al. (1974/1985) [267,269] and Pandey et al. [268], both experiment performed at the ORELA
facility of the Oak Ridge National Laboratory. The data of Pattenden et al. [266] seem to be
underestimated over the whole neutron energy region compared to the results of this work and the
rest of the data reported in the EXFOR library.

4.5 Conclusions

In this chapter, the experimental details from the neutron transmission measurements on two natu-
ral iron samples were given. The data analysis followed to extract the experimental was described.
The analysis included corrections for the dead-time in the detector and the contribution of the
background. From each measurement, the experimental transmission was extracted in the energy
region from 1 to 100 keV. The results were compared with the theoretical transmission based on
the JEFF-3.3 and ENDF/B-VIII.O evaluations and data available in the EXFOR library.



Chapter 5

Direct radiative capture calculations on
56Fe

As already mentioned in Sec. 1.2, several changes were made in the evaluated cross section of
neutron capture on “°Fe. Specifically, a background component was added in the 10-100 keV
energy region and a sudden increase in the cross section at the energy region around 850 keV
was introduced based on experimental data provided by RPI. In an effort to provide a physical
interpretation for these changes direct radiative capture (DRC) was explored. In this chapter, a
short overview of the theory behind the direct capture cross section, the process of calculating it
with the PDIX code and the results of both the direct capture and the total capture cross sections

are presented.

5.1 DRC model calculations

The theoretical concept behind direct radiative capture is described in detail in Refs. [270-272]. In
practice, two capture mechanisms exist. First is the compound capture, where the incident neutron
is captured and a long-lived compound system is formed. This compound nucleus is typically in
an excited state due to the addition of the neutron and it de-excites by releasing excess energy in
the form of one or more gamma rays. Second is the direct capture, where the incident neutron is
captured by the target without any compound state formation. Direct capture occurs by exciting a
limited number of degrees of freedom within a shorter time frame, which reflects to the duration
it takes for the projectile to traverse the target.

The compound capture cross section can be theoretically described using several formalisms.
Statistical methods, such as the Hauser-Fesbach formalism, are used to calculate the probability of
gamma-ray emission and predict the cross section based on the statistical properties of the com-
pound nucleus. The R-Matrix formalism is used to describe the presence of nuclear resonances,
where the cross section exhibits sharp energy-dependent variations. On the other hand, the theo-
retical model that is used to calculate the direct capture component considers the specific quantum

mechanical properties of the neutron-target system. It takes into account the spatial distribution
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of the nucleons within the target nucleus, their orbital angular momenta, and the properties of the

neutron-nucleus potential. The direct capture cross section is proportional to the single-level elec-

tromagnetic transition matrix element. For the emission of an electric dipole radiation (E1) from

the initial to final state, and for a specific neutron incident energy E,, the cross section is given by:
167 (E1)

Ouy = o5 47107, 5.1)

where ky = &, /hc is the wave number of the emitted y-ray with energy &, and € = —Ze/A is the
El effective charge of the neutron [271-273]. Based on Eq. (5.1), the cross section is primarily

determined by the matrix element:

El A
o) =< w|TE ¥, >, (5.2)
where 72! = rY(E1)(9, ¢) is the dipole operator with Y£!) representing the spherical harmonic,
W, represents the wave function of the initial state, and ¥/ the wave function of the final state. The
radial coordinate r denotes the distance of the incoming neutron with respect to the target nucleus.

The entrance channel wave function can be decomposed into spherical (/-wave) components:

Y1m(6,
Wi (r) =wi(r) L (1/2(])), (5.3)
ru
where w;(r) depends on the wave number k and is expressed as:
wi(r) = "f\/zl + 1[I - U,0)), (5.4)

where [; and O, represent the asymptotic forms of the incoming and outgoing waves, respectively

and are determined using the following formulas:
. 1. . 1,
I ~exp (—lkr—l— 2117‘[) and O; ~exp (—Hkr— 21177:) . (5.5)

Additionally, U, represents the collision matrix for the scattering process in the entrance channel,
u is the incoming neutron velocity, and k is the corresponding wave number. The matrix element

in Eq. (5.2) can be expressed as the multiplication of three terms:

0\ = \/Sy-liy-Ai, (5.6)

where I; ; is the radial part of the transition matrix elements, A; y is the angular coupling part, and

S is the spectroscopic factor of each bound state. The radial part is given by:

Il,»,sz/O wy, (r)rwy,(r)dr (5.7)

and can be easily calculated for any given single-particle radial wave function of the final state.
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The angular part is given by:

2

1
A2 = 1,010(1,0)? 5.8

<IABl> P = o
where (/;010]/40) is a Clebsh-Gordon coefficient. This leaves the spectroscopic factor Sy as the
only quantity in Eq. (5.6) to be determined experimentally. This factor represents the single-
particle strength of the final-state orbit and is usually derived from (d,p) stripping reactions. It
should be mentioned that if the radial part of the matrix elements, Eq. (5.7), is calculated with
reliable wave functions the spectroscopic factor can be derived from a DRC analysis of the exper-

imental cross section.

5.2 DRC calculations with the PDIX code

The dedicated code (PDIX) used in the present work was developed by Dr. Alberto Mengoni.
It performs the calculation in two steps. First, the bound state wave functions are determined
based on available experimental data, and then the direct capture cross section is calculated for a
given optical model potential. For the calculation of the bound state wave functions, 107 levels are
available in ENSDF [107] for °Fe. The evaluation is based on experimental data obtained by three
different reactions, namely 56Fe(d,p), 57Fe(p,p’), and °Co(d, o) [274-276]. In the present study, a
grouped version of all the levels was used based on the work of Sen Gupta et al. (1971) [275] (see
Table 5.1). Calculations were performed using either the 107 individual states available in ENSDF
or the 6 group-states proposed by H. M. Sen Gupta. It was observed that both calculations provide
similar results with differences of less than 0.5%.

Table 5.1: List of the bound states of 3’ Fe that were used in this work along with their correspond-
ing energy and spectroscopic factor [107].

State Energy (MeV) Spectroscopic factor (Sy)
2p 3 1.02 0.78
2p 1 297 1.26
1 f% 2.06 0.97
lg% 4.03 0.61
2ds 4.77 0.67
35, 5.06 0.11

Once the wave functions of the bound states have been calculated, the direct capture cross
section can be determined for a specific optical model potential. As already described in Sec. 3.6

the phenomenological optical model potential for nucleon-nucleus scattering is given by:

U(I’,E) = —Vv(l”,E) — iWV(V,E) — iWD(I”,E) + iWSo(I",E).l.G+V30(F,E).I.G+Vc(r), (5.9
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where V¢ is the Coulomb term, Vy go is the real part and Wy p 5o is the imaginary part of the
volume-central (V), surface-central (D), and spin-orbit (SO) potentials. In the case of direct neu-
tron capture, since their is no formation of a compound system, the imaginary part of the OMP is
set to zero, and also the Coulomb potential is null because the projectile is not a charged particle.

The remaining volume-central part was described as a Woods-Saxon potential of the type:

_ —Vo
" l+exp[(r—R)/d]’

W (r) (5.10)
where Vi (r) is the potential energy at a distance r from the nucleus, Vj is the depth of the potential,
r is the radial distance from the center of the nucleus, R is the nuclear radius, often parameterized
as R = roAl/ 3 where A is the mass number of the nucleus and ry is a constant, and a is the
diffuseness parameter, which controls how quickly the potential transitions from its central value
to zero as you move away from the nucleus.

In the present work, several calculations were performed, testing different OMP parameters in
order to study the sensitivity of the model and the effect the parameters have in the final outcome.
In Fig. 5.1, some of the results from these test calculations are presented. Each line of graphs
shows how the different partial components of the direct capture cross section are affected when
tuning only one parameter of the OMP. The first line corresponds to changes in the volume po-
tential (Vj), the second to changes in the radius (rg), the third to changes in the diffuseness (o),
and the fourth to changes in the depth of the spin-orbit potential (Vsp). This sensitivity analysis
demonstrates that the magnitude of the direct capture cross sections is significantly affected by the
choice of optical model potential (OMP) parameters. Variations in parameters led to noticeable
differences in the cross section magnitudes. Despite these variations, the overall behavior of the
cross sections remained consistent. Specifically, the s-wave direct capture consistently exhibited
a 1/v dependence, and the d-wave direct capture showed a characteristic peak around 800 keV.
This indicates that while precise tuning of OMP parameters is crucial for accurately predicting the
magnitude of cross sections, the general trends and features of the cross sections are robust across
different parameter choices. In the end, the OMP parameters proposed by Koning et al. (2003) [6]
for the case of *°Fe were used as the optimal choice. Specifically, the Woods-Saxon potential in
Eq. (5.10) was parameterized as following: well depth of Vy = 53 MeV, radius of R = 4.759 fm
(corresponding to rg = 1.244 fm in R = roA'/3), diffuseness of @ = 0.603 fm, and a spin-orbit
coupling potential with strength Vgo = 6 MeV.

5.3 Results

In Fig. 5.2 the results of the calculated direct capture cross section are presented with respect to the
neutron incident energy from thermal up to 2 MeV [277]. Additionally, the ENDF/B-VII.1 and
ENDF/B-VIIL.0 evaluations are included in the figure in order to have a qualitative comparison
between the magnitude of the direct capture cross section and the changes that were made from

one version of the evaluation to the other. Based on these results it is noticed that the s-wave
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Figure 5.1: Comparison of the resulting direct capture components from calculations with differ-
ent optical model parameters. The ENDF/B-VII.1 [63] and ENDF/B-VIIL.O [9] evaluations are
included in the graphs to better understand the magnitude of the different direct capture cross sec-
tion components.
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Figure 5.2: The results of the direct radiative capture cross section of *°Fe (red) compared with
the ENDF/B-VII.1 (black) [63] and ENDF/B-VIIL.O (blue) [9] evaluations from thermal up to 2
MeV neutron energy. The partial contributions of the s-wave (green), p-wave (cyan), and d-wave
(magenta) direct capture are also presented with dash-lines.

direct capture is able to reproduce the trend of the 1/v background in the 10 to 100 keV energy
region that was added in the ENDF/B-VIIILO evaluation. Also, the d-wave direct capture looks
like a prominent candidate in order to reproduce the "bump" in the cross section around 850 keV
that was observed in the measurement performed at RPI (see Sec. 1.2). It needs to be clarified
that in this calculation no interference effect between direct and compound capture was taken into

account.

5.3.1 Comparison with TALYS

The nuclear reaction code TALYS is also able to calculate the direct capture cross section. The
direct capture formalism that was implemented in the code is described in detail in Ref. [278].
TALYS has the capability to calculate both the direct and the semi-direct cross section for all
transitions. Since the calculations performed in this work were focused only on the direct capture
cross section for El transitions, a comparison with TALYS was made in order to examine the
effect of the semi-direct and the other transitions to the final result. To be consistent, the default
OMP parameters of TALYS were used in both calculations. In Fig. 5.3 the resulting direct capture
cross sections of both TALYS and PDIX are presented.

The outcome of both codes illustrates that the E1 transitions are the main contributors to the
direct capture cross section, since the TALYS cross sections for the E2 and M1 transitions are

negligible. By comparing the results of both codes, it is obvious that the semi-direct part has a
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Figure 5.3: Comparison of the direct capture cross section of *°Fe for an El transition between
the TALYS code (black) and the PDIX code used in the present work (red). The cross sections of
TALYS for E2 (green) and M1 (blue) transitions are also presented.

little or no impact on the final cross section until ~0.5 MeV, since the 1/v s-wave component is the
same in magnitude in both cases, and only a small difference in the d-wave "bump" of the cross

section is observed, that might be caused by variations in the formalisms used in the two codes.

5.3.2 Calculation of the total capture cross section

In order to calculate the total capture cross section with PDIX, the direct radiative capture formal-
ism was coupled to a Single-Level Breit-Wigner resonance model [279]. For the present calcu-
lations the resonance parameters provided by the JEFF-3.1.1 evaluation were used [280]. In this
evaluation, a total of 317 resonances are available, going as high as 850 keV incident neutron en-
ergy. To simultaneously reproduce the coherent scattering length and the cross section at thermal
energy the I') parameter of the -2.44 keV resonance was reduced by almost 50%. At the same
time, the OMP parameters for the direct capture component where slightly modified in order to
properly reproduce the cross section at thermal energy. The depth of the volume potential was
reduced by 0.5 MeV compared to the value that was proposed by Koning et al. (2003) [6].

The PDIX code is able to calculate the total capture cross section only at 0 K temperature.
To be able to properly compare the result with the evaluated data the Doppler broadening effect
needs to be taken into account. To address that, the resulting cross section was folded with the

Maxwell-Boltzman distribution:

~ ~ 1 “ /(—EgifE)2 El /
G(E)NADﬁ/wdEe o)\ S, 5.11)
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4EkpT

M, [281]. The cross section was then calcu-

where Ap is the Doppler width defined as Ap =

lated for room temperature at 293 K.

In Figs. 5.4 and 5.5 the results of the total capture cross section are presented. It is observed
that the results of this work support the intermediate choice of the background cross section com-
ponent that was added in the 10 eV - 100 keV energy region, as already discussed in Sec. 1.2.
Even though there are some small differences in this region between this work, INDEN-Aug2023,
and JENDL-5 the trend of the cross section is the same in all cases. It is also interesting to men-
tion that the present results are very close to the JENDL-5 evaluation, considering that in this
evaluation direct and semi-direct calculations have been included for the first time. Additionally,
in the resolved resonance region (see Fig. 5.5) it is observed that the direct capture component
when coupled with the compound capture is able to reproduce the background cross section that
was added up to 500 keV neutron incident energy, but above this energy the valleys between the

resonances are underestimated compared to the other evaluations.

103

10%}

10%

Cross Section (b)
b=

=
e
N

ENDF/B-VII.1 -
“ ENDF/B-VIII.O -
107 INDEN-Aug2023
JENDL-5 —
105 This V\{OI’k (CC + DC) — . . . . . .
10 107 10 107 10* 103 107 10! 10°
E, (MeV)

Figure 5.4: Result of the total capture cross section (red) from thermal up to 2 MeV neutron energy
compared to the evaluated 56Fe(n,y) cross section of ENDF/B-VII.1 (black) [63], ENDF/B-VIIIL.O
(blue) [9], INDEN-Aug2023 (green) [65], and JENDL-5 (magenta) [66].

5.4 Conclusions

In this chapter, the direct radiative capture cross section for the case of *Fe was explored. A short
description of the theoretical concept behind the direct capture process and the steps that were
followed in order to calculate the cross section were given. Additionally, an attempt to calculate

the total capture cross section (direct and compound capture) was made using the Single-Level
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Figure 5.5: Comparison between the total capture cross section calculated with the PDIX code and
the different evaluations in (a) the 10 eV-100 keV energy region and from (b) to (i) in the resolved

resonance region up to 900 keV.



Direct radiative capture calculations on “°Fe 106

Breit-Wigner formalism to describe the resolved resonance region. Based on the first results, the s-
wave direct capture is able to explain the background component that was added in the 10-100 keV
energy region, while the d-wave direct capture seems to be a good candidate for the "bump" of the
capture cross section around 850 keV that was observed at a recent experiment. The results were
compared to the most recent evaluation data for the ®Fe(n,y) cross section provided by INDEN

and JENDL and relatively good agreement was observed.



Chapter 6

Conclusions and future perspectives

6.1 Summary and conclusions

In the present work, new experiments were performed at the GELINA neutron time-of-flight facil-
ity to measure neutron induced reaction cross sections on iron in an effort to tackle issues reported
in the evaluated files of iron by providing new experimental data for key reactions and neutron
energy regions. First, angular distributions and cross sections of neutron elastic and inelastic scat-
tering on > °Fe in the fast neutron energy region were measured using highly enriched samples
for both isotopes. For these measurements, the ELISA setup was used, a spectrometer consisting
of 32 liquid organic scintillators for the detection of the scattered neutrons and a 23U ionization
chamber for the measurements of the neutron flux. The procedure for the characterization of the
detectors installed at ELISA and the whole data analysis that followed for the extraction of the fi-
nal results was described. This procedure includes the modeling of the response functions for each
detector individually by combining experimental measurements and Monte Carlo simulation, the
pulse shape analysis for n-y separation, the treatment of the data for the background contribution
by subtracting the sample-out from the sample-in measurements, the elastic/inelastic separation
by using kinematic calculations, the multiple scattering corrections implementing a Monte Carlo
simulation of the whole setup, and the analysis of the fission chamber data to extract the neutron
fluence impinged on each iron sample. The differential cross sections were then calculated at 8 de-
tection angles using Eq. (3.1) and the integral cross section using the Gauss-Legendre quadrature
rule [Eq. (2.10)]. The whole analysis procedure was successfully validated using the "'C measure-
ment by reproducing the well known "*C(n,n) reaction cross section. The results were compared
with the data available in the EXFOR library, the JEFF-3.3 and ENDF-B/VIIL.0 evaluations, and
theoretical calculations using the TALYS and EMPIRE reaction codes.

For elastic scattering, these are the first experimental measurements providing high-resolution
data in the energy range of 1 to 8 MeV. The total uncertainties for >*Fe vary from 5% to 25% for
the differential cross section, and from 5% to 8% for the angle integrated cross section, while for
Fe from 3% to 20% for the differential cross section, and the angle integrated from 3% to 6%.

The results are in overall good agreement with the values proposed by the JEFF-3.3 and ENDF/B-
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VIII.O evaluations, other experimental data available in the EXFOR library, and the theoretical
calculations above 2 MeV incident neutron energy. Some discrepancies in the angular distributions
of some angles, above 3 MeV neutron incident energy, are observed and further investigation is
needed to improve the quality of the evaluated libraries for neutron elastic angular distributions.

Regarding inelastic scattering, angular distributions and partial cross sections from the first
excited state of >*Fe and the first two excited states of >°Fe were explored and good-quality results
were extracted. For *Fe cross section were obtained in the energy range from 2.5 to 5.5 MeV,
with total uncertainties varying from 7% to 50% for the differential, and from 6% to 20% for
the angle integrated cross section. Results for the first excited state of *’Fe were obtained in the
energy range from 2 to 5 MeV, with total uncertainties varying from 5% to 35% for the angular
distributions, and from 5% to 16% for the angle integrated cross section. For the second excited
state of *°Fe, partial cross sections were obtained in the energy region from 3 to 6 MeV with total
uncertainties varying from 10% to 70% in the angular distributions, and from 20% to 45% in the
angle integrated cross section. In all the inelastic scattering cases, high uncertainties are observed
in the forward detection angles, where the difference between elastic and inelastic scattering cross
section is considerable. All the inelastic scattering results were compared with the JEFF-3.3 and
ENDF/B-VIIL.0 evaluations and it was observed that in both the angular distributions and the angle
integrated cross sections the evaluations were underestimated. All the results seem to be in good
agreement within uncertainties with the majority of the other experimental data available in the
EXFOR library.

Furthermore, neutron transmission experiments on " Fe were performed with the goal to shed
more light on the 24 keV energy region where issues have been identified by the evaluators work-
ing on the nuclear data of iron. The experiments were performed at the 50 m station GELINA
and two natural iron samples of different thicknesses were measured. The basic principle behind
transmission experiments and the details of the measurements were given. The analysis procedure,
from sorting the raw data into time-of-flight histograms to the determination of the background
contribution and the final calculation of the transmission was described. The final results were
compared with the JEFF-3.3 and ENDF/B-VIII.O evaluations and even thought both evaluations
seem to perform relatively well over the whole neutron energy region, some discrepancies were
observed especially around the 24 keV energy region. The results were also compared with exper-
imental data available in the literature and seem to be in very good agreement.

Finally, the direct radiative capture mechanism for the case of **Fe was explored in this work.
A short description of the steps needed to calculate the direct capture cross section was given
and the first results of the direct capture were presented. Overall, the s-wave direct capture can
explain the background component that was added in the 10 eV - 100 keV energy region, but it
is not sufficient to simultaneously reproduce the cross section at thermal energies and the 10 eV
- 100 keV region without the contribution of the negative resonances. Additionally, the d-wave
direct capture seems to be a good candidate for the "bump" of the capture cross section around
850 keV that was observed at a recent experiment. An attempt to calculate the total capture cross

section (direct and compound capture) was made using the Single-Level Breit-Wigner formalism,
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available in the PDIX code, to describe the resolved resonance region. The final results of this
work seem to be very close to the most recent evaluation data for the >°Fe(n,y) cross section
provided by INDEN and JENDL.

All the results of this work, both experimental and theoretical, have been presented and com-
municated to the evaluation community through presentations at meetings of the JEFF project and
the INDEN working group on structural materials. The experimental data have been submitted to
the EXFOR library and have become available via private communication to the evaluators who
are currently working on the nuclear data of iron, with the goal to provide important information

that would assist in the improvement of the quality of the new evaluations.

6.2 Future perspectives

The future perspectives include further analysis of the obtained data, upgrades on the different

detection systems, and new measurements. Specifically:

* Regarding the angular distributions of >*°Fe, the results of this work will be used to ex-
tract the experimental Legendre coefficients which are key information for the evaluation
of angular distributions. Also the photon spectra of these measurements recorded by the
scintillators of the ELISA spectrometer can be explored to see if useful information can be
extracted on the neutron induced y-emitting reactions, namely capture and inelastic scatter-

ing, in the fast neutron energy region.

» Upgrades of the ELISA spectrometer are planned. Specifically, 8 Li-glass detectors will be
installed in an attempt to explore elastic scattering in the energy region below 1 MeV which
is the detection threshold of the scintillators currently used at the ELISA setup. Addition-
ally, Nal detectors will also be installed to explore n-y coincidences and try to develop a

technique that can be used to study nuclei with very low inelastic thresholds.

* Reducing the background contribution in the scattering measurements is also foreseen. As
mentioned above, based on the measurements performed so far, the background contribution
from the neutron beam scattering in the air accounts for almost 40% of the recorded signals.
The plan is to minimize this effect by putting part of the ELISA spectrometer in vacuum
conditions. This will be achieved by installing special structures around the setup or in the

beam-path.

» New scattering measurements at the ELISA spectrometer are also planned. The measure-
ments will be focused on medium-mass nuclei, where it has been proven that no theoretical
model is able to reproduce the fluctuating behavior of the cross section in the 1 - 6 MeV re-
gion, meaning that only experimental data can sufficiently constrain the uncertainties on the
evaluated files. The plan for the upcoming years is to continue the work on structural mate-

rials by measuring the cross sections of ©3%°Cu, but also explore heavy nuclei like 2°0298pb,
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all cases where there is almost no experimental data for elastic scattering available in the

literature.

* An additional neutron transmission measurement on natural iron is also needed. The plan is
to combine two of the samples used in the present work to study the transmission of a sample
with a total thickness of 9 cm. This measurements will provide important information on

the cross section minima and the valleys between the resonances.

* The development of a new transmission station at the flight path 4 of GELINA has already
been initiated. The plan is to build a new station at the 200 m cabin and develop for the
first time a digitizer based data acquisition system. With this system the dead time effect
observed so far will be minimized allowing the measurement of transmission in energies up

to several hundreds of keV.

* Finally, the implementation of the direct radiative capture formalism in a code that is able
to do resonance fitting, a code like CONRAD which is developed at CEA Cadarache, will

provide a more comprehensive approach in the calculation of the total capture cross section.
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Appendix A

Kinematic calculations

To determine the energy of the incoming neutrons, the time-of-flight method was employed. The
fundamental concept of neutron spectroscopy using this technique involves measuring the time ¢
it takes for a neutron to cover a specific distance L. The neutron’s velocity u is straightforwardly
calculated as:

u= % (A.1)
When the velocity of a particle approaches the speed of light, we need to use relativistic mechanics

to describe it’s total energy. In special relativity, the total energy of a neutron is given by:
Eioul = Ymac? (A2)

Where:

1

VT

* u is the speed of the particle.

is the Lorentz factor.

* cis the speed of light.
¢ m, is the rest mass of the neutron.
The kinetic energy Eii, of the neutron is the total energy minus the rest energy:
Exin =Etotal — Erest =

Exin :}/mnc2 —myc? = (A.3)
Ekin :mnc2(')/— l)
This is the relativistic expression for kinetic energy.
In our scattering experiments, the time-of-flight is calculated by adding the time it takes for the

neutron to travel from the source to the scattering sample, and the time it takes for the scattered

neutron to travel from the sample to the detector. The total time-of-flight is then given by the
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formula: ,

to.f.= Ii—f—% (A.4)
where L is the distance from the source to the sample, u is the initial velocity of the neutron,
L' is the distance from the sample to the detector and u’ is the velocity of the neutron after the
scattering. In principle the velocity can be described with respect to the kinetic energy via the

following formula:

1
Etotal =Erest + Exin = Ymncz = mnc2 + Exin = 7”%62 = mnc2 + Exin =
1—(u/c)?
1 Eq 1 Ein \° 1
=1+ = = :<1+‘“) =1—(u/c)?* = =
V1= (u/c)? muc? 1 —(u/c)? My (u/e) (1 n EL)Z
mpc?
1 1
“_ l—-———=u=c |l -5
c E in E in
(1 ) (1+ )
(A.5)
So Eq. (A.4) can be described as:
L L
to.f.= - + : (A.6)
c/l—-——— ¢ [1——"—=
(1+522)° (1+52)

where Ey and E’ is the kinetic energy before and after the collision. In elastic scattering, if we
know the nuclear mass M of the scattering sample and the detection angle 6, the kinetic energy
after the collision E’ can be expressed as a function of the initial kinetic energy Ey using the

principles of energy and momentum conservation. From the conservation of energy we have:
Einitial = Efinal = Eo+Mc* =E' +M* +K = Eg—E' =K (A7)

where K is the kinetic energy of the target nucleus. For the conservation of momentum we have
the formula:

where py is the initial momentum of the neutron, p’ is the momentum after the scattering, and P is
the momemntum of the target nucleus after the collision. Taking into account the scattering angle

0 the formula above can be expressed as:

pi=p?+P*+2p'PcosH (A.9)
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Using the relativistic relationship between energy and momentum we have:

Eg — (myc?)?

2
(A.10)

E? — (myc?)?

2

E§ =(poc)® + (mac®)* = po =
E/2 :(p/C)Z + (mn62)2 = p/ —
c
From Eq. (A.9) we have the momentum of the target nucleus:

pi=p 4+ P> +2p'Pcos® = P> = pi — p'* —2p'Pcos O

and it’s kinetic energy is given by:

P%c?
K= A.ll
M (A.11)
Going back to Eq. (A.7) and substitute the kinetic energy of the target nucleaus with Eq. (A.11)
we have:
B E-koE E-="C oF —E/:i(pz—p/2—2p'Pcose) (A.12)
0 0 om om0 ‘

Assuming small scattering angles and elastic collisions, the momentum of the target nucleus can

be expressed as P = py — p’ thus:

2

Eo—E'= (5 —p" =20 (po— p)cos 0) =
r_ c? 2 n / 2
Ey—E —ﬁ(po—p —2p'pocos O +2p;cos ) =
2
Ey—E = ZC—M (p5— p*(1—2cos0) —2p'pocos ) =

Substitute the expressions for py and p’ from Eq. (A.10) into the equation:

2 2
Ey—E — cf2 E} +2Eym,c? B E’2—|—2E’m,,c2(1 2c0s8) -2 E”2 +2E'm,c2 \/ Eo +2Eomyc¢
c c

M c2 c? cos 6

1
Ey—E' = o ((E§ +2Egmyc?) — (E™ + 2E'myc*) (1 — 208 0) — 2v/ E + 2E'myc? | E} + 2Eqm,,c? cos 9)
After expanding and simplifying the terms, we arrive to the final equation:
E'(Mc?* 4 m,c*) — Eo(Mc* — m,c?) + EoE' = ¢*pop’ cos 0 (A.13)

In the case of inelastic scattering, the excitation energy E* of the target nucleus must be considered.

From the conservation of energy and momentum we have:

Eo=E +E* (A.14)
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and
P2 =p?+P*+2p'Pcos6 (A.15)

While the formulas that describe the momentum of the neutron is given in Eq. (A.10) for the

momentum of the target nucleus we have:

E’=P*+ Mt >
((Eo —E') +Mc*)* = PP® + M*c* =
(Eo— E')? +2(Ey — EMc? + M*c* = PP Mt =
(Eo— E')? +2(EoE' )Mc* = P*¢* =
V(Ey —E"2+2(Ey— E')Mc?
C

P=

Substitute the expressions for py, p’, and P into the momentum conservation equation:

c c c

2
2 2
\/Ej +2Egme*\ (\/E’2+2E’mcz> . <\/ (Eo—E’)2+2(Eo—E’)Mc2>

o VE? +2E'mc? \/(Eo — E')? + 2(Eg — E")Mc?
c C

cos 0 =

Multiply through by ¢? to eliminate the denominators:

E3 4 2Egmc* = E” +2E'mc* 4 (Ey — E')? +2(Eg — E')M¢c?

+ 2\/(E’2 +2E'mc?)((Eo —E")?+2(Ey — E")Mc?)cos 6
Taking into account Eq. (A.14) we arrive to the final formula:

2E'(Mc? +mc?) —2Ey(Mc* — mc?) 4+ 2EoE' + E*(2Mc? + E*) = 2 pop’ cos 6 (A.16)
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