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Reéesune

Des mesures de sectionfieaces neutroniques des réactiéHam(n,2ny*°Am,

241 Am(n,tot) et>’Am(n,y) ont été réalisées a I''RMM (Institute for Reference
Materials and Measurements) a Geel, en Belgique, danslte daune collabora-
tion entre ce laboratoire de la Commission Européennesdatieratoires francais
du CEA et du CNRS. Des échantillons d’'oxyde d’américiurecglement dédiés
a ces mesures furent fabriqués au sein de I'I'TU (InstitatelransUranium el-
ements) a Karlsruhe a partir de matiere premiere feupair le CEA Marcoule.
Concernant la mesure de la réaction (n,2n), les irradiateurent lieu aupres de
I'accélérateur Van de Gréade 'IRMM en plusieurs sessions de février 2007 a
mars 2008. Cet accélérateur fournit un faisceau de nesitfoasi-monoénergéti-
ques a des énergies comprises entre 8.4 et 20.6 MeV viadetons D(d,’He

et T(d,nfHe. La section fiicace fut déterminée relativement a celle de la réaction
standard?’Al(n,@)?*Na. Les résultats détailles dans cette thése prasdatpre-
miere mesure expérimentale de cette sectibicacze au-dela de 15 MeV, ainsi
que trois autres énergies en bon accord avec les expésigmécédentes. Les
mesures de sectiorfficaces totale et de capture furefiieetuées au sein de la
source blanche de neutrons GELINA de 'IRMM. Ces mesuré&ctiées en-
tre mars 2007 et décembre 2008, se concentrent principatesur les deux
premiéres résonances de la sectifiicace de F*'Am aux énergies 0.3 et 0.57 eV.
Les résultats des mesures de transmission confirmentridariees des mesures
intégrales vers une augmentation de la sectiicaze. Les mesures de capture
furent dfectuées dans la continuité de celles de transmissiors, leai analyse
n'est pas incluse dans ce travail de these.

Contexte de l'etude

Ce travail de these s’inscrit dans le cadre de la transioatdes actinides mineurs
qui dominent la radiotoxicité des déchets actuels aa-del quelques centaines
d’années. Pour ces noyaux lourds, leur transmutatioregaesune incinération
au moyen des réactions de fission ou de capture dans uruédettype innovant
de par la composition de son combustible. La conception tBuréacteur et son
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rendement reposent sur des calculs de neutronique corspmiexént appel aux

bases de données nucléaires. Pour I'isotope d’améariéiwdié dans ce travail,
ces données nucléaires sont encore mal connues, ounfaésé’ importantes dis-

parités. C’est pourquoi une campagne de mesures, a lasgstlrattachée cette
these, fut lancée a travers une collaboration de labwesteuropéens.

Mesure par activation de la section #ficace de la eac-
tion 2Am(n,2n)?4°Am

La mesure expérimentale directe des sectidiisaees des réactions types (n,xn)
est une tache ardue de par ldfidile différentiation entre les neutrons incidents
et les neutrons émis par le noyau formé lors de I'inteomcti’>!Am est un des
seuls actinides mineurs pour lequel la technique d’adtimgieut étre utilisée. Le
produit de la réaction, #*°’Am, a en &et une demi-vie de I'ordre de 50 h et @émet
deux intenses raies gamma, a 888.85 et 987.79 keV, facileichentifiables.

Cette mesure fut réalisée en 4 sessions d’'une semainarehaaviron. Les
temps d'’irradiation, de I'ordre de deux jours pour corregfre a la demi-vie du
produit de la réaction, ont permis dfectuer trois mesures aftérentes énergies
par semaine. Lors de la premiere, une cible gazeuse derdeutfut utilisée
pour obtenir des neutrons aux énergies de 8.8 et 9.4 Me\¢anmstituent les deux
points a basse énergie de la figure 1. Les trois autresossdsirent dediées aux
points de plus haute énergie, avec des neutrons entre t113B6MeV obtenus
par la réaction d’'un faisceau de deutérons sur une ciltildesde TjT.

Le flux de neutrons en fonction de I'angle de détection et'@®elgie des
deutérons fut déterminé dans les deux cas a I'aide dygranome Energyset déve-
loppé spécialement a ceffet a 'IRMM et basé sur les cinétiques des réactions
de production des neutrons. Un long compteug BE utilisé pour enregistrer
le profil en temps du faisceau de neutrons au cours des dersxgarradiation
afin de calculer les corrections induites par la fluctuatier’iitensité du fais-
ceau. De plus, afin d’estimer la distribution en énergierdmsgrons, diérentes
réactions de dosimétrie comm®In(n,n’)!*In, %8Ni(n,p)*8Co ou?’Al(n,a)**Na
furent utilisées.

Directement apres l'irradiation, I'activité induite déchantillon fut mesurée
hors-ligne avec un détecteur germanium. Un blindageiapfd placé autour
du détecteur afin de gfaanchir de la forte activité naturelle dé4Am, et tout
spécialement de I'intense rayonnement gamma de 60 keMspeditif permit de
réduire le temps mort de détection a environ 10%. L'as@lges spectres obtenus
fut réalisée a I'aide du logiciel Genie2000, efflieacité du systeme de détection
fut déterminée par une simulation Monte Carlo a l'aidedde MCNP5, combiné



a une vérification expérimentale avec diverses soute@slard de calibration.

Les sections féicaces furent calculées via la formule classique d’adgtvat
appliguée a I'irradiation de I'echantillon d’américh et aux feuilles d’aluminium,
ce qui peut s’écrire dans notre cas:

SAm [Iffz frn(I)O]Al . Ck,Am

Sai [lefsfindo|, 4 Cual

Oam = OAl

avecoam etop les sectionsficaces des réactiod8Am(n,2n) ef’Al(n,a), Sam

et Su les taux de comptage pour les deux réactibmss probabilités d’émission,
€ les dhcacités absolues du détectefyr,et f, les facteurs en temps prenant en
compte la décroissance radioactive du produit de réaetix temps de mesure,
n les nombres de noyaux ciblaBg le flux de neutron e€y les ditérents facteurs
de correction.

Les corrections liees au processus de mesure de I'acfatiSorption des
gammas dans I'échantillon, gammas en coincidence, éicent incluses dans
les simulations estimant Ifecacité du détecteur HPGe. Concernant les correc-
tions relatives au processus d’irradiation, deux pringxptacteurs de correction
sont a prendre en compte. Tout d’abord, I'impact de la flatdm du faisceau de
neutrons au cours des deux jours d’irradiation est évefutmesurant le spectre
en temps du faisceau a I'aide d’'un compteurBSi I'on divise le temps total
d’irradiation t, en m intervallesAt, la contribution d’'un de ces intervalles sera
proportionnelle ap;(1 — e*4Y), et la décroissance correspondante proportionnelle
ae UmNAt | e facteur de correctioBq,y est alors calculé comme suit:

(1 - e)
Zirgl (Di(l _ e—/lAt)e—/l(m—i)At

Cﬂux =

avec® = Y ®;/mle flux moyen durant 'irradiation.

Un second facteur de correction important concerne la ibortieon des neu-
trons de basse énergie provenant de réactions pard®dascette estimation, un
spectre en temps de vol fut mesuré au préalable, et I'sittede chaque pic de
basse énergie fut évaluée a l'aide de réactions detswarayant diérents seuils :
27Al(n,p)?"Mg, %5Fe(n,p§eMn, 18In(n,n’)11MIn, 27Al(n,a)?*Na, *3Nb(n,2n¥?"Nb
et >8Ni(n,p)*®™9Co. Le spectre en temps de vol est ainsi divisé en plusieurs
groupes dont les intensités relatives sont ajustées s&daactivités induites dans
les feuilles de moniteur selon la formule

= o(E)r(E)IE
[, ®(E)r(E)E

Clow =1-
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Energie| oam | InC. Matrice de

(MeV) | (mb) | (%) corrélation (x100)

8.34(15)| 96.8| 6.5 | 100

9.15(15)| 162.9| 5.7 | 35 100

13.33(15)| 241.8| 4.6 | 37 42 100

16.10(15)| 152.4| 4.6 | 38 43 53 100

17.16 (3)| 116.1| 44| 40 45 57 58 100

17.90(10)| 105.7| 44| 41 45 57 59 84 100
19.36(15)| 89582 21 24 30 31 39 39 100
19.95(7)| 102.1| 58| 30 34 44 45 58 59 51 100
20.61(4)| 779/88| 20 22 29 30 40 42 39 65 100

Table 1: Sectionsficaces de la réactioff!Am(n,2n¥*°Am mesurées au cours
de ce travail, avec leurs incertitudes totales et les dedeécorrélation entre les
différents point d’énergie.

avecE. une énergie de cuficdéfinie arbitrairement pour chaque réaction en dessous
de I'énergie du pic monoénergétique.

Le tableau 1 donne les résultats obtenus pour cette mesuwseation &i-
cace de la réactioff’Am(n,2n¥*°Am avec les incertitudes et leurs corrélations
respectives. Comme le montre la figure 1, les trois pointyaaietre comparés a
des mesures précédentes (respectivement a 8.3, 9.3a#1&¥) semblent en bon
accord avec ces dernieres, si'on met a part les resud@Perdikakist al (notés
ATH 2006). Nos points a plus haute énergie suivent la tecel@énérale donnée
par les évaluations calculées precédemment a nosretesibeule la nouvelle
évaluation &ectuée a l'aide du code TALYS prend ici en compte nos tasil
expérimentaux pour les inclure dans ses parametres ddsal

Mesure de la section fficace de la Eaction***Am(n,tot)

La mesure de la sectiorfficace de la réactioff!Am(n,tot) se fait par transmis-
sion, dont le principe de base est relativement simple:fiitsle mesurer le flux
de neutrons transmis par I'échantillon. Pour ce faire, @ecteur de neutrons en
verre de lithium est placé a la suite de I'échantillonmd&icium sur la base de vol
du faisceau de neutrons. Une succession de mesures astearitdlon dangors
du faisceau est alors réalisée. Le rapport de ces deuxdhpelé cofficient de
transmission, est directement proportionnel a la sedfiibcace totale:

T(E) — NT ¢|n(E) — e—n(Tt(E)

¢0ut(E) -
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Figure 1: Mesures expérimentales de la sectiinace de la réactiott!Am(n,2n)
obtenues a 'lRMM et comparées aux mesures et evalumapoFcédentes.

avecNy le facteur de normalisation.

Les mesures de transmission fureffeetuées sur la base de vol numéro 2
de GELINA, dont la longueur est de 26.45 m. Le diametre dsckau de neu-
trons était d’environ 1.5 cm, obtenu a I'aide d’'une conalidon de collimateurs
en cuivre et nickel. L'é€chantillon fut placé a environ fda mi-chemin entre
I'origine du faisceau et le systeme de détection. Plusiélires furent placés sur
le parcours du faisceau afin de réduire I'intensité du fgenma émis lors de la
production des neutrons et d’estimer le bruit de fond @éade la technique des
résonances noires.

Pour la détection des neutrons transmis, un scintillatglimdrique en verre
de lithium de 0.5 pouce d’épaisseur et 4 pouce de diametretilisé, couplé a
deux tubes photomultiplicateurs placés de par et d’autestemps de vol des
neutrons, donnant leurs énergies respectives, étai¢@gnt enregistré. Afin de
réduire 'impact de la variation du flux de neutrons, les unes furent réalisées
par cycles d’'une vingtaine de minutes.



Vi Résumé

Le but de cette mesure de transmission était d’améli@gidbnnées rela-
tives aux deux premieres resonances de la secfimaee (respectivement 0.3 et
0.57 eV), celles-ci relevant de mesures assez anciennasngtant de larges dis-
parités (cf figure 2). Pour ce faire, un nouveau systemeoggiaition fut installe,
basé sur une nouvelle électronique numérique rapiddomt les performances
sont comparées dans le travail de these. Ce nouveaursysgregistre tout
évenement se produisant dans le détecteur sans au@ananination en ligne,
et permet donc une meilleure flexibilité lors de I'analy®s @lonnées par une
meilleure détermination du bruit de fond.

Transmission

o exp.data
0,4 1 JENDL/AC-2008
— JEFF-3.1
17 —— ENDF/B-VII _
—— JEFF-3.2 Beta
0,2 T T T T T T T
0,2 0,4 0,6 0,8

energy [eV]

Figure 2: Mesures expérimentales de la sectifinace de la réactiot!Am(n,tot)
obtenues a I'lRMM et comparées aux évaluations préntss.

Le facteur de transmission de I'echantillon fut déterenit analysé pour
en déduire les sectiondhfieaces a l'aide du code REFIT spécialement dédié a
'analyse des formes de résonance. La figure 2 montre tedtaés d’'une telle
analyse avec une comparaison des transmissions déessranéc les parametres
de résonance donnés dans le§édentes librairies de données nucléaires exis-
tantes (ENDF, JEFF et JENDL). Ces évaluations semblernésosous-estimer
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la section #icace de la réactioff*Am(n,tot) au niveau du bas des résonances.
Cependant, les résultats ne pourront étre finaliseépgesaune analyse simultanée
avec les mesures de capture.

Simulation des nouveaux étecteurs GDg pour les me-
sures de capture

Un nouvel assemblage de scintillateugbg fut mis au point a 'RMM, chaque
détecteur ayant une nouvelle geométrie en forme de pgetronquée dont le
but est d’accroitre significativement leufieacité aux gammas sans pour autant
en augmenter la sensitivité aux neutrons.

Le principe de la mesure de capture est éietebasé sur la détection des
rayons gammas émis durant I'interaction du faisceau deamesiavec I'échantil-
lon. Le taux de captur¥(E), qui est défini comme le nombre d’évenements de
captureN.(E) par neutron incidend(E), s’écrit alors:

N(E) _ g o(E)

Y(E) = Ny D) - (1-e™)u >(E)

aveco,(E) la section éicace de capturd\y le facteur de normalisation @tla
correction due aux éiusions multiples. En pratiquel.(E) et ®(E) sont mesurés
simultanément a l'aide respectivement de scintillad€iyDg et d’'une chambre de
bore.

Pour étudier les caractéristiques de ces nouveauxtdatscleur geométrie
fut modélisée avec une grande précision a I'aide dunammgne MCNP5. L'ensem-
ble scintillateufphotomultiplicateur fur ainsi décrit tres précisérnar’aide des
données fournies par le constructeur des PMs. Le tally F8ode MCNP5 fut
utilisé pour suivre les interactions des photons et desti@ns le long du par-
cours du photon dans le scintillateur. L'intégrale de lamjité d’énergie déposée
normalisée a la quantité d’énergie incidente défieifficacité gamma totale du
détecteur montrée sur les courbes de gauche de la figuhesB.ant la comparai-
son des performances des anciens et des nouveaux détecteur

Concernant la sensitivité aux neutrons, le méme tallyfilisé, pour suivre
cette fois les interactions des photons et des électrarie shemin des neutrons.
Plusieurs sources de neutrons monoénergétiques funeméegs sur un intervalle
allant de 0.1 eV a 1 MeV. Chaque réponse des détecteuistégrée puis nor-
malisée a la probabilité de détection d’'un gamma de 4 Nle\ésultat est montré
sur le graphique de droite de la figure 3, ou sont compagesdnsitivités aux
neutrons pour un seul détecteur au sein d’'un assembleraehtétecteurs, a la
fois pour le nouveau et I'ancien design. Cette dernierameslans le méme ordre
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Figure 3: Simulation avec le code MCNP des caractéristiqies détecteurs
CsDe.

de grandeur, nous constatons bien une augmentation d'teufatde I'déficacitée
aux gammas sans augmentation notable de la sensitivitBeuwtxons pour ces
nouveaux détecteurs;Ds.



Abstract

Several measurements of neutron induced reaction crossrseon?*'Am have
been performed at the JRC-IRMM in Geel, Belgium, in the frazha collabo-
ration between the EC Joint Research Centres IRMM and ITURaadch lab-
oratories from CNRS and CEA. Raw material coming from thelakite facil-
ity of CEA Marcoule has been transformed by JRC-ITU Karlgruiito suitable
241 AmO, samples embedded in A); and Y,Os; matrices. They were specifically
designed for activation and Time-Of-Flight measurements.

The irradiations for thé*Am(n,2n}*°Am reaction cross section measure-
ment were carried out at the 7 MV Van de Gifaaccelerator using the activa-
tion technique. The measurements were performed in fosiges using quasi
mono-energetic neutrons with energies ranging from 8 to 2V Mroduced via
the D(d,nfHe and the T(d,rfHe reactions. Thé*Am(n,2n) reaction cross sec-
tion was determined relative to tRéAl(n,a)?*Na standard cross section and was
investigated for the first time above 15 MeV. The inducedvégtivas measured
off-line after the irradiation by standard gamma-ray specgtoyrusing a high pu-
rity germanium detector. A speciaffert was made for the estimation of the un-
certainties and the correlations between our experimgwials, with a detailed
identification of the possible correlation sources. Ouregxpental results were
used to parameterize new theoretical calculations of tf#njrcross section with
the TALYS code.

A different sample of the same isotofféAm has been measured in trans-
mission and capture experiments in the resolved resonagoanrat the neutron
Time-Of-Flight facility GELINA. The transmission measuarent was performed
in two campaigns, the second one after a recent upgrade ofitbke data acqui-
sition system. The neutron flux was measured using a Li-gleissillator via the
8Li(n,t)*He reaction. The performances of the new acquisition syséspecially
concerning its better flexibility for thefi3line data reduction, were investigated.
A preliminary analysis of the resonance parameters tendsriirm the recent
evaluation to a higher value for the cross section at thebottf the resonances.

The capture measurement was achieved following the traassoni one and
using the same sample, but its data reduction and analysiadarpart of this
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work. A new design of gDg detectors for capture based on a truncated 5-sided
pyramid shape has been studied, especially concerningtéisgamma fficiency

and its neutron sensitivity. The performances were contpatith the ones of
the previous detectors, and it was shown that their totalngardticiency was
increased by a factor 4 without any notable increase in th& o sensitivity.
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Introduction

During this last decade, growing needs in the world energyggemption renewed
the interest in nuclear energy exploitation. Yet, any pog@ncerning an increase
of nuclear energy production requires the problems fromyeexisting technolo-
gies to be solved. The fuel cycle currently in use, based efiskion o3°U, can
actually ensure the production only for a limited time, do@trr limited uranium
resources. Moreover, the problem of radioactive wastejrapdrticular the main
issue about the production of long-lived radioactive ipefs is still lacking a sat-
isfactory solution in view of environment preservation aedeptance by society.

If nuclear energy is going to play a major role in the worldergy future,
these issues must be faced. The international communitgvisconsidering in-
novative nuclear systems for the future, with choices basectucial parameters
such as waste minimisation, safety, sustainability, eagnand non-proliferation.
The study and design of these systems rely on advances irakgekls, among
which new materials for fuel, fuel processing and recygliagd new develop-
ments in the field of reactors and basic nuclear physics.

In this context, the role of nuclear data is essential, seneery good knowl-
edge of the involved nuclear reactions is the compulsorydiep for the study of
innovative new concepts of reactors. Most of the usefulearatlata are available
in different existing evaluated libraries and experimental dested but the major-
ity of them lacks the required accuracy for the precise stfdjre new systems
characteristics, and are limited in energy range.

Several nuclear facilities in Europe are dedicated to thasmements of
accurate nuclear data, such as the Institute for ReferemmterMls and Measure-
ments (IRMM) in Geel, Belgium. The work presented here came¢he (n,2n)
and total neutron cross section measurement$'@m achieved at IRMM. This
isotope is of great interest since it figures among the mantritwitors to the spent
fuel radiotoxicity. The accurate knowledge of its neutrbamcteristics is crucial,
for instance concerning the study of the new reactor cosagjpining with an in-
novative fuel containing an important quantity of minoriaictes.

The first chapter of this work presents the context of nuceargy produc-
tion, as well as the special issue of nuclear waste and thengpander study for
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their management. The important role of nuclear data is tietailed, focusing
on the status of americium data and the scope of this work.

In the second chapter, the basic theory required for therstadeding of the
measurement is explained. A brief presentation of neutndnged nuclear re-
actions is presented, as well as their theoretical desmniptith the R-matrix
formalism. The important notions of compound nucleus, £sEctions and reso-
nances are detailed.

The third chapter of this work presents our experimentalsuesanent of the
24IAm(n,2n¥4°Am. The principle of this measurement is first explainedcdes
ing the activation technique we employed. It focuses thethenexperimental
conditions, from the sample description to the irradiasetup and the induced
activity measurement. The analysis of the data and the fadaulations of the
cross sections are presented in chapter four, along withaslett explanation of
the uncertainty estimations and the correlations betweeemergy points.

The?*Am(n,tot) reaction cross section measurement is presémthpter
five, starting in the same way by the presentation of the mieasent principle.
The experiment itself is then detailed, with a descriptibroar neutron source
GELINA, the experimental setup and the detectors we employke data reduc-
tion and a preliminary analysis of the results with the REEbTe are presented
in chapter six.

The last chapter concerns a description of the simulatioa néw design
of C¢Dg detectors that are employed for capture cross sectionsumegasnts at
IRMM. The measurement of trié*Am(n,y) reaction cross section was achieved
following the transmission measurement, but its desanpéind analysis are not
part of this work.



Chapter 1

Context and motivations for 241Am
neutron cross section measurements

Nuclear energy is about to play an important role to secuesggnsupply in the
future. This can be seen from the significant activity in thelear sector during
these past few years, with some countries beginning thercmtion of new reac-
tors or announcing plans to do so, and others deciding todotre nuclear energy
or to build enrichment and reprocessing capacity for thetiiree in decades [1].

In the middle of 2009, there were 436 nuclear units in openati52 units
were under construction and 5 in long term shutdown [2]. Téasons for the
current nuclear energy revival are mainly because it pesah &ective answer
to the problem of C@emission and to the requirement of a sustainable devel-
opment, in particular in view of the foreseen growth in eyastgmand. We will
now briefly review the dterent possible ways for energy production, with their
advantages and limits, before giving more details on thésanone.

1.1 Different ways for energy production

Most of the world’s energy is produced by combustion of fidssls (oil, coal and
natural gas). Along with their important greenhouse gassiom, another issue
of such energy sources is the increasing cost due to the diilmmof the available
reserves. According to [3], the present reserves of oil aslajjow their use for
40 and 65 years respectively, with a longer deadline to 1a@syeoncerning coal.

Another possibility for energy production concerns theewgable sources
and their relative cleanness, that can be added to theaiceativantage of sus-
tainability. Yet this point needs some relativization. €eming photovoltaic cells



16  Context and motivations for 2*Am neutron cross section measurements

for instance, their production gives some chemical wasielths a strong impact
on the environment. There are mainly two types of renewatlecgs: mechan-
ical (wind and water power) and radiant (solar and geothBrrmddthough such
sources are gaining importance, their total part in energgyction is unlikely
to become predominant compared to the other energy soatdegst in the near
future, mainly because of their extremely low energiyceency. Moreover, the
intermittent and unpredictable characteristics inheterthese energies raise the
issue of storing.

Thus fossil fuels won’t be able to sustain the world’s insieg energy de-
mand, and renewable sources don’t represent a full scdbecepent in the medium
term either. Consequently, it seems probable that the fabeidear energy will
get even more important. This future will be based on the alistetion and evo-
lution of present reactor concepts, but also on the defmitionew requirements
for both future reactors and their associated fuel cycldse Hey issues for nu-
clear energy development are then economics, safety,issmdluranium, waste
minimization and proliferation resistance. The currentethrough cycle is not
sustainable, and the development of close fuel cycles iomMative reactors has to
figure among the main research topics.

Different research lines are considered to face these issuasel@mg the
radioactive waste produced by the reactors currently iitfan, safe geological
disposal is under investigation along with transmutatisc@nplementary solu-
tion. Other studies concern a fuel cycle based on thoriumpaioducing much
less radiotoxic actinides as a promising alternative. @nather hand, the inter-
national community has concentrated on the developmeimt &itsire generation
nuclear reactors, namely Generation |V reactors, to beabipeal by 2050 [4].

The next paragraphs will give more details on the princiglexisting reac-
tors and all the dierent research lines mentioned above concerning the muclea
wastes issue, the thorium cycle and new concepts of readibisresearch work
relies on an increased role of reliable and well validatedear data, both at the
stage of feasibility studies and for more detailed desigessments, which con-
stitutes the main motivations of this PhD work.

1.2 Nuclear energy and nuclear reactors

Nuclear energy is produced via the fission of an atomic ngclelihe energy
released by this reaction is then transformed into heatiwikill then be extracted
from the reactor core via thermal exchange and transfeoradlvines, where it is
finally converted into electricity with alternators.
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Current conventional reactors are based on the fission gsanfé*°U and
23%pu. The isotopé®U is indeed one of the most interesting concerning fission,
since it is the only one naturally fissile. The fertile isat8fPU, on the other hand,
becomes the fissil€°Pu after a neutron capture followed by t@alecays:

~(23min ~(2.4d
258 4+ n — 2350 20, 25y £, 2595, (1.1)

235U represents 0.7% of natural uranium, &t the 99.3% remaining. Enriched
natural uranium is thus usually used, with a proportion @fu#t8% of?3°U, for a
purpose of neutron economy.

The working principle of the reactor is the following: fissiluel is placed
inside the core together with some radioactive materiaths@as an americium-
beryllium source for instance, for the reaction initiatiénflux of neutrons com-
ing from this source will then create some fission reactidifsose last ones are
characterized by the emission of fission fragments and a e&srgtion of neu-
trons that will lead to other fissions. The neutronic perfances of a fissile nu-
cleus are evaluated with the paramejarorresponding to the number of fission
neutrons per neutron absorbed in the fuel. It is defined byoitmeula

v

= 1.2
1 l+a (1.2)
with v the average number of neutrons emitted by fission and
oy(En)
a(Ep) = - 1.3
( n) O-f(En) ( )

the ratio between the capture and fission cross sections.

Another important parameter concerning the control of tiercreactions in
the reactor is the number of delayed neutrons. These nesusreremitted by the
fission fragments with a large time distribution after theibs occurred (centered
typically around 12.5 s). Figure 1.1 shows the typical nreutralance of such a
mechanism.

For a sustainable chain reaction, at least one of the neupn@duced in the
fission event must survive in order to produce another fissidns is described
by the multiplication factok, which corresponds to the ratio of the number of fis-
sions for one generation over the number of fissions from te@@us generation.
The steady state, namedticality, will then happen fok = 1, which implies a
constant neutron population. The two other possible stteshesubcriticality
for k < 1, andsupercriticality for k > 1; the normal working state of the reactor
corresponding obviously to= 1.
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1 Orders of magnitude
neutron emitted by for a pressurized water
—

thermal neutron reactor

induced fission
E’ £~ 1.07

k. = gpfn .
neutrons emitted by thermal n=178
neutron induced fission

k.= 1.31

Figure 1.1: Neutron cycle in a thermal reactor and classie-factor formula
(without leaks). Orders of magnitude for a pressurized w@&actor [5].

This factor is usually described via the four-factor foranul
k=nfep (1.4)

with f the thermal utilization factor corresponding to the praligtfor a neutron

to get absorbed in the fuel materialthe fast fission factor, which is the ratio
between the total number of fission neutrons over the nunfifesston neutrons
from thermal fissions, ang the resonance escape probability corresponding to
the probability for a neutron not to be captured during tleesig down process.

This formula describes the simplified case of an infinite megiwhere neu-
trons cannot leak out of the system and thus the multipboatactor becomes
the infinite multiplication factok = k... For the practical cases of finite reactors,
we define the fective neutron multiplication factdss = kP, With Py, the
non-leakage probability.

The most favorable energy range for fission is the thermal ah5 meV
the cross section ratio between the fissiof*®fl and the capture ¢f8U is about
200. This is the working energy range of the so-called théreators, where the
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neutron energy is reduced from the MeV (in which they are pced by fission
events) to the thermal region by moderators.

There are currently several types of reactors in functiomldwade. The
differences between them are at the level of the fuel, the typ@démator for the
neutron slowing down and the thermal exchangers for thethesatfer. Table 1.1
presents thesefiierent nuclear reactor types in activity in the world.

Table 1.1: Main characteristics of current reactor typés(&. the complete list
of abbreviations)

Reactor type coolant moderator fuel
type groups
AGR cO, enriched UQ
gas-graphite MGUNGG CO, graphite natural U
HTR He UOz, ucG,, ThOZ
. natural or
heavy water PHWR pressurized BO D,O enriched UG
BWR (ABWR) boiling H,O enriched UQ
light water | PWR (APWR) | pressurized KD H.O or enriched UQ@
WWER pressurized KD and MOX
fast reactor FBR sodium enriched UG-
-PuG
erV;[t)iEe (TVI?/'\CA;E) boiling H,O graphite | enriched UQ
light water- HWLWR boiling H,O D,O enriched
heavy water (ATR) UO,-PuQ

The majority of industrial reactors in the world use presmd light water
(Pressurized Water Reactor PWR), both as coolant and mepninderator. In the
past, some reactors were also using boiling light water l{{@piWater Reactor
BWR) instead of pressurized one, but this type of reactomisbwilt anymore,
and only a few of them still remain in activity. The second ondype of reactors
is the one using pressurized heavy water (PHWR) as coolantnaaderator. The
other types of reactors are the Advanced Gas Reactor (AGIiRRrernthe coolant
is CO, with a graphite moderator, the High Temperature ReactoiR{Tooled
with helium and also with a graphite moderator, and the ldguietal Reactor
(LMR), which is a fast reactor cooled with liquid sodium.
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1.3 The issue of nuclear waste

1.3.1 Nuclear waste classification

Radioactive waste is mainly coming from the production etcticity by means
of nuclear energy (operating and decommissioning of nugewer plants), but
also from the use of radioactive sources in medicine, aljuicand industry.
These include filters, resins, protective equipment (@hgthgloves, etc.), paper,
activated concrete, residues from the processing of waaterw nuclear power
plants and also decommissioning waste that has been inotavita radioactive

substances.

The classification of all these kinds of waste is mainly basetivo parame-
ters, as is shown in table 1.2:

the activity: itis measured in Becquerel (1 B disintegration per second) but
is expressed in terms of mass activify(in Bg/g) for the classification.

the half-life: corresponding to the decrease of activity with time.

Table 1.2: The 3 categories of radioactive waste in France.

Low level Medium level | High level

100< Ay, < 10° | 10° < A, < 108 | A, > 10
Short half-life < 30 y) A A C
Long half-life (> 30 y) B B C

Table 1.3 shows a summary of the nuclear waste classificadopted in
France, from their origin to their conditioning, depending their category as

defined in table 1.2.

e Category A wastethis is waste with a short half-life<( 30 y) and low to
medium activity. They are generated from hospitals andstrgtyas well as
the nuclear fuel cycle. It comprises paper, rags, toolghuig, filters, etc.,
which contain small amounts of mostly short-lived radioatst

e Category B wastethis is waste with a long half-lifex{ 30 y) and low to
medium activity. They include resins, chemical sludge aredatreactor
fuel cladding, as well as contaminated materials from m@agécommis-
sioning. They can be solidified in concrete or bitumen fopdgal.
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e Category C wastdhis is high activity waste with both short and long half-

lives. They are fission products and transuranic elememtsrgeed in the
reactor core. They are thus highly radioactive and ofternialy hot. They
account for over 95% of the total radioactivity producedhe process of
nuclear electricity production, though only 0.2% in volume

e Very Low Activity wastethis is waste with a mass activity lower than 10Q@q

They are mainly concrete and brick walls from the decomrrgsg of nu-
clear plants or factories.

Table 1.3: Nuclear waste classification [3].

Classification

Description

Origin

Foreseen treatment
(France)

Very Low Activity

concrete and

decommissioning of

surface storage

(Am < 100 BqQ) brick walls nuclear plants
gloves, clothing, | nuclear plants operating,
Category A paper, tools, research and medical| surface storage
small material labs decommissioning
Low Activity: Research
raphite Tesi q under study
Category B grap ite, resins an
Medium Activity: nuclear plants
- . temporary storage
sludge, cladding decommissioning
fission products fuel under study:
Category C and reprocessing geological disposal

minor actinides

+ transmutation

1.3.2 Nuclear fuel waste: inventory and radiotoxicity

The operating of nuclear reactors generates by far the npajarof category C
radioactive waste. These wastes consist mainly of uranbunhalso of fission
products and isotopes of plutonium and minor actinides ti&ptunium, ameri-
cium and curium. This is the major drawback of the currengigrating nuclear
reactors. These wastes may be in the form of either spenofurjuid and solid
products from the post-irradiation reprocessing of fuel.

In the reactor core, after the formation ©fPu explained in formula 1.1,
this latter will then give heavier isotopes such’4g*3Pu. These ones will then
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decay in?**?43Am after ap-decay. Thus, after successjgalecays and neutron
captures, the isotopes spectrum of the fuel will get richemew elements. The
curium isotopes will also be generated via this processurEif).3 shows a scheme
of this uranium fuel cycle, whereas table 1.4 shows the poasdiation inventory

of the diferent isotopes present in a 3.5% enriched fuel from a 900 MWRPW
with a 33000 MWt burn-up value [7].
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Table 1.4: Inventory of the éfierent isotopes present in a 3.5% enriched fuel from
a 900 MW PWR with a 33 000 MWdburn-up value after irradiation [7].

Mass| Half-life
(kg) | (year)
Major Actinides 25U 10.3 | 7.08x1G
236y 4.1 | 2.34x10
238 940.4| 4.47x10
Total U 954.7
238py 0.15 87.7
239py 57 24119
240py 2.2 6569
241py 1.2 14.4
242py 0.5 3.7x10
Total Pu 9.75
Minor Actinides ZNp 0.4 | 2.14x16
241Am 0.2 432.2
243Am 0.1 7380
243Cm =0 28.5
244Cm 0.02 18.1
245Cm 0.003| 8500
Total MA 0.75
Fission Products “Se 0.005| 70000
90Sr 0.5 28
97y 0.7 1.5x10
Tc 0.8 2.1x10
107pqg 0.2 6.5x1¢
1265 0.02 10°
129 0.2 | 1.57x16
135Cs 0.4 2x10°
BCs 1.1 30
1515 m 0.02 93
Other (stable) 30.7
Total FP 34.7
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The impact of the nuclear waste radioactivity on environimgrescribed
with the notion of radiotoxicity. This quantity is a functiof the isotopes activity,
the type of radioactivity and the chemical characteristicshe elements. Figure
1.2 shows the time evolution of the radiotoxicity of the mpmoduced nuclei in
reference to the raw uranium one. The most radiotoxic elémgrutonium, with
a radiotoxicity becoming lower than natural uranium afterethan 10 000 years.
On a short term, the fission products will highly contribwiette radiotoxicity, but
between 100 and 10000 years, the influence of americium andwill be the
major one after plutonium.

1.00E+07
o

1.00E+06

[Minor Actinides & Decay Products |

1.00E+05

1.00E+04

o S . S ——— -;
_--}K\.

Fission Products

-----

1.00E+02 e e

1.00E+02 1.00E+03 1.00E+04 1.00E+05 1.00E+06
Years after Spent Fuel Discharge

Radiotoxcity of Natural Uranium
and Decay Products

Radiotoxicity (Sv/MT Natural Uranium)
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—

Figure 1.2: Time evolution of the spent fuel radiotoxicityreference to natural
uranium [8].

1.4 The options for nuclear waste management

Before any processing of the nuclear core waste, a poolgaarhthree to five
years is compulsory, due to the important heat releasef d&ydy radiations.
Two possibilities can then be considered:
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¢ fuel reprocessing, in order to extract the uranium and piuto that rep-
resent 96% of the irradiated fuel mass, before conditiotiregremaining
part. This recycled U and Pu can then be reinjected in thedyek as
mixed uranium-plutonium oxide (MOX). This solution, chase particular
by France, the United Kingdom and Japan, is complex and gugensive.

e direct storage, a simpler solution, but that leads to a mughen volume
of waste to be stored. This solution was adopted by coundtiel as the
United States, Sweden and Germany (at least for part ofet. fu

In France, a special law (called "loi Bataille”) was espégisoted on 30
December 1991 to emphasize on the research on nuclear vesstEassing.
Three main research axes were defined in this frame:

e Axis 1:research on solutions concerning the partitioning andstrartation
of long-lived radioactive waste.

e Axis 2:research on the possibilities for reversible or irrevdesgeological
disposal, including building new underground laboratarie

e Axis 3:study all the possible conditioning processes for longquesurface
storage.

This law was meant to proceed to some research work on the Hxes for
15 years, until 2006. It has been extended and completed leyvdaw voted
on the 28' June 2006 relative to a sustainable management of radieastiste
and materials. This latter defines new time and guide lineshi® 3 axes men-
tioned above [9]:

e Axis 1: a summary will be drawn in 2012 concerning théelent trans-
mutation possibilities. Depending on these results, s@uiétlyy prototypes
could be built from 2020 on, in view of an industrial use ard@040.

e Axis 2: an dficial request for a storage facility will be presented to the
French government in 2015, based on the technological adgamade in
this field. This should lead to an industrially working fatgilaround 2025.

e Axis 3: the new law foresees the enhancement of existing facibtiesthe
creation of new ones until 2015, based on the considerablgeps already
made in this field.
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Nuclear waste in France is currently separated via chemaeations on the
irradiated fuel with the so-called Purex process (Pu-U Rejilby EXtraction),
which extracts the uranium and plutonium from the spent fliéle objective of
advanced separation is to enlarge this sorting capaattiether highly radiotoxic
elements such as long-lived fission products and minoridesnin order to pro-
ceed then to their possible transmutation or conditioning.

1.4.1 Geological disposal

Global analysis of the nuclear waste management pointsatitttere will always
be high radioactivity waste to deal with on long term (at t&29 years for fission
products). Therefore, creating long period storage séemso be unavoidable.

Underground storage would be based on the confining of wadteee dif-
ferent barriers: the waste container (possibly placedf itse& bigger container),
the diferent surrounding walls of the storage location and fin&lé/rock around
the site. Such a disposal presents several advantages., itHrsrmits to avoid
some sorts of accidents likely to happen on the surfaceg gime geochemical
environment is much more stable, and the geological strectithe underground
site is itself a supplementary confinement barrier. If, desy this, some radioac-
tive elements reach the biosphere, the chosen geologiatidm has to insure a
dilution ability of the released matter in order to minimite concentration of
the radionuclides at the surface.

Until now, only simulations in dferent geological environments have been
achieved. They have shown that in a normal evolution scendrat is to say
without geological incident or intrusion, the doses redelm the biosphere at
long term remain much lower than the limits from the curresgwsity norms.

Yet, geological disposal also has some issues, such as aigéryost and
a not obvious public acceptance. And because of their iscrgavolume, long
term waste management cannot rely only on this kind of deslpoReprocess-
ing has thus become an important step for some countries. trihemutation
of minor actinides appears to be an essential and complanyetoiol for waste
management.

1.4.2 Transmutation of nuclear waste
Principle

The goal of transmutation is to transform long-lived is@®mto short-lived ones
by means of nuclear reactions. The term of incineration tiseraused in the



1.4 The options for nuclear waste management 27

particular case where fission is used to transmute the raicleu

Only neutron induced reactions are to be considered fostnatation or in-
cineration, both because of their important cross sectmasthe small amount
of energy required. It has been shown that any other prosash,as direct spal-
lation with a high energy proton beam or reactions with iseegamma rays, are
not economically satisfying [10].

The first step in the transmutation process is the separafitme materials
from the spent fuel into diierent waste streams, as it is done in France via the
Purex process. Further promising research works are arggmncerning the
extension of this process to the separation of minor ads@hd some fission
products (iodine, technetium and cesium) from the Pureslycb

An interesting example to illustrate the transmutationgple is the case of
9Tc. Itis a long-lived fission product with a 2x39ear half-life. After a neutron
capture, the resulting produt®Tc decays in 16 s to the stabdf®Ru, as is shown
in equation 1.5:

~(16S
9T+ n — 1907¢ 255, 100, (1.5)

These transmutation and incineration processes can take i a high neu-
tron flux environment provided by thermal reactors, fastt@a or Accelerator
Driven Systems (ADS), consisting of a high energy protorebarator, a spallation
target and a subcritical core.

Transmutation in current thermal or fast reactors

Concerning the transmutation occurring in a thermal or ariz&ctor, the major
difficulty lies in the conception of an adequate fuel permittmd¢piirn the minor
actinides within the limits of the operating parametere like reactivity coffi-
cient and the safety parameters. The PWR core can be desmbath a precise
amount of MA, but such a system can only stabilize their gtyaand therefore
cannot be considered as a true actinides incinerator. Mergethe americium
consumption is counterbalanced by a curium production@ttime quantity.

Though neutronics calculations confirm the feasibility leérimal recycling
the americium over several cycles, it is not proven that tiee ¢omposition can
ultimately reach the equilibrium [11]. A solution to thisigee would be to transfer
the americium in a fast cycle later on.

Due to these diiculties, and also because the resulting radiotoxicity dimi
tion using this system remains quite low, the incineratibplotonium and ameri-
ciumin a PWR is a physically possible but not seducing sotutOn the contrary,
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a transmutation strategy using only fast reactors to replae existing PWR per-
mits to deal with the totality of the MA without a need of ertréd uranium. That
is why the main transmutation scenario under study is cenisig a smooth re-
placement of the current PWR fleet by innovative fast reactor

Accelerator Driven Systems

A hybrid system comprises a particle accelerator couplél aisubcritical nu-
clear reactor. In a subcritical reactor, the number of fissieutrons is not suf-
ficient to reach a stationary reaction rate. In order to na@mthe reaction, it is
necessary to bring in some more neutrons from an externatesoun the hy-

brid system, these external neutrons are produced by spaltarough the im-

pact of a proton beam on a heavy material target such as leasdt dfithe ADS

concepts assume proton accelerators delivering contsiwawe beams with an
energy around 1 GeV. The accelerator can be either a lineateaator or a cy-
clotron.

The flux of external neutrons depends on the beam intenditigzhwpermits
a precise and almost instant control. The reactor beingriidad, the danger
of reaction rate divergence is significantly reduced, whidkes such a system
much safer than the existing reactors.

In the context of transmutation, the possibility to opel@ateactor core at a
neutron multiplication factokess < 1 allows to obtain a higher degree of flexi-
bility in core design and fuel management. The neutron specproduced by
spallation is characterized by a high fast neutrons fluxctvig much in favor of
the MA incineration. Hybrid systems would thus appear totegeresting solu-
tion for the most dficult waste to eliminate, that is americium and curium, bat th
additional cost due to the target and accelerator inclusiakes them economi-
cally less attractive. That being said, research on thid &irinnovative concepts
is still very active, as can be seen with the constructiorhefNlYRRHA proto-
type in Belgium, that is meant to be a European multipurpesearch facility of
the ADS type.

1.5 The thorium cycle: a possible alternative

Beside the well exploited /Pu fuel cycle, another possible one corresponds to the
Th/U cycle, which presents very interesting particularitespecially concerning
the nuclear waste production, as will be explained below.



1.5 The thorium cycle: a possible alternative 29

In this thorium cycle, the fissile elemef#U is produced starting from the
fertile 222Th isotope after a neutron capture followed by tgvdecays (see figure
1.3):

~(22mi ~(27d
2327 4 s 2337 2, 2335, P10, 23y (1.6)

243Cm b244cm L 245Cm

R ZAM |» 292Am | > 243Am [» 24 Am |»

238py |, 299Py || 40Py |, 24Py |4| 242Py || 243Py |,

BTNp |5 28Np 1| 232Np

232 | 288y ] 234y [ 28y L] 26y L w7y L] 288y [ 239y

231pg Ll 282pg Ll 238pa L] 234pa

Zl 20Th L 231Th L] 232Th L 283Th Ll 284Th

N

Figure 1.3: Formation and decay chains for the uranium aowiuin cycles.

A first advantage from this cycle is the fact that thorium i® 3 ttimes more
abundant than uranium in the earth crust. Moreover, uniitenal uranium which
contains only 0.7% of the fissifé°U isotope, natural thorium does not contain any
fissile material and is wholly constituted of the fertiRéTh isotope.

Another advantage concerns the good neutron propertidsedfU in the
thermal region, witly=2.29, which means a number of neutrons produced after a
neutron absorption higher th&®U and?*°Pu for the uranium cycle (respectively
2.07 and 2.11).

On the other hand, the control of the critical reactor is mieécate, due
to the smaller amount of delayed neutrons. Another drawlmddke thorium
cycle concerns the much harder extraction of the thorium leeeause of its di-
rect radiological impact. It is actually a strongly radixitoa emitter. Though a
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few reactors have been built in the 1960s and 1970s, suctedddhen Salt Re-
actor Experiment (MSRE) and the CANada Deuterium Uraniu®NOU), the
difficulty of the post-irradiation fuel reprocessing due to thespnce of*?U, a
stronga emitter with a complex decay chain of radioactive isotopes a strong
impediment to its development.

But despite of this, and because of the growing concern optliic opin-
ion on nuclear waste and safely operating energy systerasThitu cycle has
become quite appealing in some countries. This is espgdial case for those
without uranium enrichment capabilities, such as Indiagctvis also particularly
interested because of its large thorium resources.

1.6 Generation IV reactors

As we saw in the previous paragraphs, considerable reseffarts are being

made in order to define the best way to deal with the nucleaten@®duced

by the existing nuclear reactor fleet. In parallel of thiseach is also concen-
trated in the development of a future generation of nucleactors, the so-called
Generation-1V, to be operational by 2050. A special orgatign, the Generation-
IV International Forum (GIF), was especially created tordamate the research
and development of promising techniques for future reactrel compositions
and fuel cycles. The reactors and their associated fueésyaile considered to
be part of a whole nuclear system that ought to be optimizestder to play a

significant role in the sustainable energy policies.

The major objectives assigned to these future nuclear gisgsgiems are the
following:

e Enhanced economic competitiveness towards the otherielgcproduc-
tion means.

e Improved safety and reliability, via a better reactor ogagamanagement
under normal and abnormal conditions.

e Minimization of the long-lived radioactive waste producti

e Optimization of the resource use, through #iceent and flexible use of the
available resources in fissile and fertile materials.

e Enhanced resistance to proliferation risks.
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These last three objectives are fundamental for long tercteauenergy sustain-
ability. Other considerations, such as the potential féventapplications than
electricity production (including hydrogen productionsma water desalination)
do also have a considerable importance.

A number of six concepts have been retained for deeper igetisn, re-
search and development, namely the Very High Temperatuaet®eVHTR), the
Gas cooled Fast Reactor (GFR), the Lead cooled Fast Re&étg),(the Sodium
cooled Fast Reactor (SFR), the SuperCritical Water cootsatir (SCWR), and
the Molten Salt cooled Reactor (MSR). Three systems arenidlereactors (the
VHTR, the SCWR and the MSR) and the three others are fastorsadthe VHTR
is the main one being researched for potentially providiig lguality process
heat for hydrogen production. The fast reactofferothe possibility of burning
actinides to reduce radioactive waste and of being ablegedomore fuel than
they consume. These systems present significant advaneesmiomics, safety
and reliability, sustainability and proliferation resiste.

France has given priority to the development of two techgiel® (see figures
1.4and 1.5:

e Gas cooled technology for both the thermal spectrum (VHTRI) the fast
spectrum (GFR).

e Sodium cooled reactor technology (SFR).

Studies on a smaller scale are also to be conducted on stipgat¢echnology,
lead cooled fast breeder reactor and molten salt technology

1.7 Nuclear data needs

1.7.1 The role of nuclear data

Nuclear data are necessary to the conception, safety ¢ealuand operating of
nuclear plants and waste reprocessing facilities. Thewlaeof great use in dif-
ferent other domains such as medicine, radioisotopes ptiotuor astrophysics.
The diferent types of data can be, for instance:

e Total, capture and fission cross sections. Measuring thatseusually re-
quire white neutron sources facilities with the time-offii technique for
the neutron energy measurement.
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Figure 1.5: Scheme of the Gas cooled Fast Reactor (GFR) pbj#e
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e Angular and energy distributions of scattered neutronsoosdary parti-
cles.

e Neutron or charged-particle induced activation cross@est
e Fission yields for prompt and delayed neutrons.
e Fission product yields and their decay properties.

e Decay characteristics of unstable nuclei.

In current nuclear systems development programs, the esigasaut on the
data needs linked to the nuclear waste management (MA amahfigoducts), on
the conception of new fission reactor models (Generatignrahd on the studies
on protection, activation and heating of fusion reactorenals. Pu recycling in
thermal reactors, as well as the use dffetient coolants and the thorium cycle also
constitute new data needs. Recent studies on the ADS systaanged the energy
range for the neutron interaction data needs beyond thd lisuiaof 20 MeV.
They also showed a new need for proton interaction datatietiGeV region.

We can identify two dierent steps in the nuclear data production:

1. Measurement of nuclear data.

Differential measurement: These are microscopic nuclear data concern-
ing the cross sections in function of the incident particiergy, or of
the multiplicity, energy and angular distributions of sedary parti-
cles. Most of these data are published without restrictiuh \aidely
spread.

Integral measurement: They can be measured in critical reactors and are
used to validate (or adjust in some cases) tifedkntial data. They are
often copyright protected and are only accessible to tharozgtions
participating to their measurements.

2. Evaluation and validation of nuclear data. This congistise interpretation
and comparison of experimental data, validation againsttmmark exper-
iments, evaluation of statistical and systematic errongck for internal
consistency and uniformity with standard neutron crosi®es; etc.

At the end of the process, recommended values are obtaine@éva#iuated
data set for a particular isotope has to be as complete ashf@msa particular
for reactor applications, covering for instance the widgstrgy range. For this
purpose, evaluators often combine experimentally medstn@ss sections with
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predictions of nuclear model calculations with codes susTALYS [12, 13]
in order to get a single complete data set. The validatiorkvpmints out the
precision that can be expected from the evaluation caloulgit as well as the
possible data reevaluation need. The objective is alwagstta new library with
a better confidence level than the previous one.

A list of priority measurements is established by an inteomal collabora-
tion, coordinated by a subgroup of the Working Party on maéonal Evaluation
Cooperation (WPEC) of the NEA Nuclear Science CommitteeGNSable 1.6
presents this high priority request list for MA in the relavaeutron energy ranges
defined in table 1.5 [14]. The required accuracies are estirfzased on sensitiv-
ity studies taking into account the required uncertaimiemtegral parameters.

Table 1.5: Definition of the neutron energy groups used itetals.

Group | Energyrange| Group Energy range
number (eV) number (MeV)
15 0to 0.1 7 0.0248 t0 0.0674
14 0.1to0 0.54 6 0.06741t0 0.183
13 0.54t04 5 0.183to 0.498
12 410 22.6 4 0.49810 1.35
11 22.6t0 454 3 1.35t02.23
10 454 t0 2040 2 2.23106.07
9 2040t0 9120 1 6.0710 19.6
8 9120 to 24 800

1.7.2 Nuclear data libraries

For the last decades, a large worldwide research programmedear data has
permitted the elaboration of vast databases of continygueiving quality. These
experimental nuclear reaction databases, such as EXFQie(imental Nuclear
Reaction Data) or CSISRS (Cross Section Information Stoaagl Retrieval Sys-
tem) [15], store nuclear reaction data and their bibliogr@mformation, as well

as information about the measurement. These include thesstad history of the
datasets.

Due to the large number of variables involved in the evatuagirocess, in-
cluding the arbitrary choice of experimental data and ofrtiael parameters,
several diferent evaluated nuclear data files are compiled and maaatain
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Table 1.6: NEA high priority nuclear data request list for NiAthe relevant
energy interval [14].

Isotope Cross Group Original Required
section uncertainty (%)| accuracy (%)
5 8 4
4 8 1to 6
T fiss 3 10 1to6
2 12 2to7
1 13 6
241Am thermal 5
10 7 3
9 7 2t03
Teap ANATor | g 7 2103
7 8 2t03
6 7 2t04
10 12 5
9 12 7
8 12 4t06
7 14 4t06
242Am T fiss 6 17 3to5
5 17 3to8
4 17 4t06
3 20 8
2 23 8
6 48 7
5 37 4t012
244Cm O fiss 4 50 2t0 20
3 44 3to 14
2 31 3to12
10 13 5
9 13 4
8 14 3to9
7 27 3toll
245Cm T fiss 6 48 3to42
5 37 3to 13
4 49 31043
3 44 6to 14
2 31 7
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e The Joint Evaluated Fission and Fusion library (JEFF) ferNiclear En-
ergy Agency countries in Europe. The current version is JBAKreleased
in 2005) [16].

e The Evaluated Nuclear Data File (ENE) for the USA. The latest version
ENDF/B-VII was released in 2007 [17].

e The Japanese Evaluated Nuclear Data Library (JENDL), viiéhcurrent
version JENDL-3.3 released in 2002 [18].

e The Russian evaluated neutron data library (BROND, Lib&riRecom-
mended Evaluated Neutron Data), with a current version BRI\ dat-
ing from 1992. The development of the version BROND-3 sthite1998
[19].

e The Chinese Evaluated Nuclear Data Library (CENDL), with thurrent
version CENDL-3 released in 2001.

These nuclear reaction databases contain, under sevétdiraties, evaluated
Cross sections, spectra, angular distributions, fissiodymt yields, thermal neu-
tron scattering, photo-atomic and other data, with a speamphasis on neutron
induced reactions. the data are represented accordingctd@tmatting rules, the
ENDF format, documented in [20]. This format, originally the ENDF library,
has been adopted for all other libraries as well.

1.7.3 Americium nuclear data needs

Historically, the MA including americium isotopes have eged little attention
from the nuclear data and applications communities, tbegeéxplaining the
rather poor status of the feierent evaluation libraries. With the new needs just
mentioned, it has been shown that the current uncertaiatieseutron induced
reaction cross sections on specific americium isotopesarkatge for some im-
portant target accuracies.

There are several reasons explaining the weakness of thecameand
curium data:

e The MA being present in the spent fuel up to 1%, the data uaiceies
does not have major consequences on the fuel cycle preaistbthe safety
of current reprocessing. But this won'’t be the case any nmranhovative
actinides burning reactors with a fuel containing up to 1G%lA.
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e It is necessary to get some pure isotopes as samples to atchewross
section measurements in good conditions, which is a verytaak for MA,
due to the scarcity of material.

e The measurement facilities must have the ability to deah siich very
active materials.

In the high fast neutron flux of a hybrid system, for instartbe, reactions
with a high threshold become much more important in compari® thermal
reactors. The threshold of (n,xn) reactions are of abodtl)Es, whereEs stands
for the neutron binding energy, which is about 7 to 8 MeV forstaf the nuclei.
These reactions modify the flux and neutron spectrum, améftire the reactor
criticality. Knowing well these reaction cross sectionghigs essential to master
the hybrid system neutronics.

Figure 1.6 shows the status of tHeAm(n,2n¥*°Am reaction cross section.
Two references report measured cross sections fof*##en(n,2n) reaction at
neutron energies around 14 MeV [21, 22], and two recent waggert data for
neutron energies from threshold to 14 MeV [23, 24].

At 14 MeV the data of references [22, 24] are in good agreemehile
the data from reference [21] appear to be systematicalleipagreeing only
within one to two standard deviations with the other work$ie Tata of refer-
ences [23, 24] agree well below 10 MeV but reveal huge diserejes around
11 MeV. Estimates of the cross section available from appbas libraries (here
the JEFF-3.1 adopted the estimates from EMNBWII) show a large spread in
the predicted excitation function [17, 18, 19]. Measuretaet higher incident
neutron energies are thus needed to guide evaluations athel cadculations.

Concerning thé**Am(n,tot) and®**Am(n,y) reaction cross sections, few re-
cent experimental data are available. These latter preskage discrepancy on
the total cross section for the two first resonances (at 0d30ab5 eV), and a
strong disagreement for the capture cross section at them#h@oint: between
700 b (integral value) and 620 b (tkrential value).

Figure 1.7 shows the status of the total americium crossosefdr the first
resonances. The evaluation for the lowest resonances aeel legsentially on
three measurements: Adamchthl. [25], Belanoveet al. [26, 27], and Slaugh-
teret al. [28]. The agreement for the lowest resonances between Adzrket
al., and Belanovat al. are satisfactory, neglecting a small shift in the energies
of the lowest resonance, but the results by Slaugittet. are diterent. The
peak cross sections of the resonances are about 30% higindiottthe two other
measurements. The cross sections as suggested in thetieval@ typically
somewhere in between those two curves. The JEFF-3.1 nealue¢ion made
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Figure 1.6: Status of th&*Am(n,2n}*°Am cross section data and evaluations.

by O. Bouland [88] tends to reach the Slaugldteal. cross section values for the
two first resonances though, following an integral measergrirend.

That is why a measurement campaign of induced neutron ogactdss sec-
tions on’**Am has been launched in the frame of a collaboration betwe=E€-
JRC and French laboratories from CNRS and CEA. This PhD wadaltkpvesent
the measurements achieved for th#Am(n,2n) and®**Am(n,tot) reaction cross
sections.
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Figure 1.7: Status of th&*Am(n,tot) cross section data for the first resonances.






Chapter 2

Neutron cross sections: theoretical
aspects

In this chapter some theoretical aspects relative to neutrduced nuclear reac-
tions will be discussed. In the first part, we will see the natof the diferent
nuclear reactions that can occur. We will then present them® of compound
nucleus, cross section and resonance.

In compound nuclear reaction theory, a collision matrixcdiees the inter-
action process with a nucleus, but is not easily accessi#ealthe complexity of
the nuclear potential. We will see how the so-called R-mdtrtimalism can bring
a solution to this matter. We will end this theoretical ovew by presenting the
Doppler défect, which has an important impact for the transmission oreasents.

2.1 Concept of nuclear reactions

A nuclear reactio\(x, y)B can occur when a projectibecomes sfficiently close

to the target nucleug, i.e. closer than the range of the strong nuclear force
(10 m). A particley is then emitted, leaving the residual nucleBiswhich

can be either stable, radioactive or an isomer. Such a omactn entail three
types of reaction mechanisms: direct, compound nucleuspage@quilibrium.
The contribution of these processes depends on the givetiaieand the energy

of the incident particle. The three types can be distingedsby their angular
distributions and time scales.

Direct reactions: for incident particle energies above a few tens of MeV and for
lighter target nucleiA < 30) a direct transition from the entrance to the
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exit channel occurs within a very short timescale of abou#2, which
is roughly the time it takes to cross the nucleus. Accordmghe direct
interaction model, the incident particle interacts witlyoone nucleon at a
time, whereas the nuclear "core” remains inert or in a simpdgion. This
kind of interaction happens for energies where the inciganticle wave-
length is smaller than the average nucleon size in the targgéus, which
means above about 1 MeV for an incident neutron on a mediunearyh
mass nucleus. There is no creation and subsequent decayigtila &x-
cited intermediate state, which results in an anisotropicfarward-peaked
angular distribution. Typical examples of direct reacti@ne potential scat-
tering (also for 1 MeV), charge transfer, stripping, pick-up and knock-on
processes.

Compound nucleus reactions:most of the low energy neutron induced nuclear
reactions follow this mechanism, which was first introdubgdiels Bohr
[29]. The incident particle is captured to form a highly ézdiintermediate
stateC*, whereby the available energy is distributed over all nuate

A+x—>C" > B+y (2.1)

The compound nucleus decays pyr neutron emission, or at higher en-
ergies by evaporation of one or more nucleons with a Maxalénergy
distribution. The emission is isotropic and the interatctione is about
10%t0 1018,

Pre-equilibrium reactions: on a time scale this process lies between the direct
and the compound nucleus reactions. The particle is emitgdore the
energy is evenly distributed over all nucleons, thus giasgnooth forward-
peaked angular distribution. Another characteristic is@apunced high-
energy tail in the excitation function.

Within the frame of the present work, only compound nuclestions are
investigated.

2.2 Neutron induced nuclear reactions

The neutron was discovered by Chadwick in 1932 [30]. Becadists neutral
charge, it constitutes a very interesting probe to studyemsince it is insensitive
to the Coulomb barrier. Therefore, a neutron can approahubleus and induce
a nuclear reaction even with an initial kinetic energy cltuzseero.
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Table 2.1: Main neutron induced reaction types.

e direct reactions (potential scattering o, direct capture)

total
reaction e elastic scattering (n, n) Os
(n,tot) e inelastic scattering (n, ) Oy
ot e compound nucleusreactions{ e radiative capture (n,y) oy

e fission (n, f) ot
e emission (n, xn), (n, p), (n,a)

We speak of a neutron induced nuclear reaction when theentjhrticlex
from equation (2.1) is a neutranthat hits the target nucleus Another particle
y is then emitted, leaving a residual nucleBis The probability for this type of
reaction to occur is related to tlveoss section o,y. It is defined as the number
of reactions (n,y) on a target nucleus per unit time and meitient particle flux.
The cross section is expressed in barns @ 1924 cn?) and is a function of the
energy of the incident particle. The plot@{E) versusE is called theexcitation
function. Taking into account the angular distribution of the enditparticle in the
solid angledQ, one gets théifferential cross section do-/dQ, ordo/dE if we take
into account the energy of the outgoing partidie. Thedouble differential cross
section d?0-/dQdE is a function of the kinetic enerdy of the emitted particle and
of the emission angle.

2.2.1 Partial cross sections

The diferent partial cross sections are associated to tfiereint reaction chan-
nels that are likely to occur in a compound nucleus reactidrese partial cross
sections are:

e Elastic scattering cross section: the compound nucleus changes back to
the target nucleus in its fundamental state by emission @furon of the
same energy than the incident one. Unlike the potentiatesoag cross
sectionop, that occurs without the formation of a compound nucleuss it i
associated to a partial width called neutron width and @mikt,.

¢ Inelastic scattering cross sectiog: the process is identical to the previous
one, but the target nucleus is left in an excited state. hes ta threshold
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reaction, since the incident neutron energy in the centenasds has to be
equal or higher than the one of the target nucleus first exatate. I'y
refers to the inelastic scattering partial width.

e Capture cross sectian,: the compound nucleus de-excites by the emission
of at least one/-ray. The corresponding partial width is the radiation Wwidt
I',. The spectrum of the emittegrays is discrete and determined by the
selection rules. It is a function of the energies, spins aatips of the
excited states.

e Fission cross sectian;: the compound nucleus becomes highly deformed
up to the point where it fissions into two fragments. The et energy
is then transformed into the kinetic and excitation enexgiethe fission
fragments. The fission partial widthli§.

e Emission partial cross sectiortsie compound nucleus de-excites by emit-
ting charged particles such as protons, { andI'p), deuteronsd,q and
I'y), @ particles ¢, andl’,) or a neutrond,,, andl’,)). After a first neutron
emission, and if the resulting state of the nucleus is stitited enough,
there can be an emission of a second neutron, a third oneFeliowing
this process, we can get a cascade emissionreutrons. The associated
cross sections will ber, x, with a partial widthl'y,.

Table 2.1 shows the main neutron induced reaction types gaef2.1 is an
example of such cross sections for #&\m isotope.

2.2.2 Compound nucleus reactions

The complete and rigorous description of the interactiamvben a neutron and
a nucleus is complex, as it consists in solvinghabody problem. Theoreticians
were then led to develop simplified models of the system.

In the frame of Bohr’s compound nucleus theory, a neutronded reaction
is considered as a two-step process:

¢ the compound nucleus formation: the neutron energy in theecef mass,
composed of the sum of its kinetic energy and the neutronitgnenergy
for the compound nucleus, is shared between all nucleoreatfucleus.

e the compound nucleus desexcitation.
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Figure 2.1: Total, capture, elastic, fission, inelastic &m@n) cross sections for
the2*!Am isotope from the JEFF-3.1 library.

Since it is almost impossible to describe a nucleus and itgezk states in
terms of wave functions, Bohr's compound nucleus modelides/an adequate
description of the interactions through the statisticaparties of the nuclear sys-
tem. The complex interactions between the 1 nucleons lead to the indepen-
dence hypothesis according to which the formation and tbaydef the compound
nucleus are independent from one another.

This compound nucleus model was introduced by Niels Bohxpdaén the
observed resonances in neutron induced nuclear reacti®nan be seen on figure
2.1. Variations of several orders of magnitude can indeeddserved in such
cross sections. These resonances are located in the sang esrege for all
partial cross sections, and to each resonance corresporelsited state of the
compound nucleus. The lifetimeof this excited state is finite, and satisfies the
Heisenberg uncertainty principle with the relation

7-I'~h (2.2)
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wherel” stands for the energy width of this level, i.e. the resoname¥gy width.

The total width of a level is the sum of the partial widths esponding to
the decay possibilities of the excited compound nucleusthénresonance en-
ergy range of**Am (about 0.1 eV to 100 eV), only elastic scattering, fissiod a
capture events can occur. The total width will then be defased

F=rh+I, +T% (2.3)

These excited states are therefore quantum states with lifieiimes. Their
decay time distribution corresponds to a decreasing expg@beDetermining the
square of the absolute value of the Fourier transform fereékponential will lead
to the energy distributioR(E) associated to these states:

I'/2r

P(E) = (E — Eo)2 + [2/4

(2.4)

with Eg the level energy anH its width.

We usually distinguish two élierent energy regions characterizing the com-
pound nucleus resonance reaction cross sections. TheveddReésonance Re-
gion (RRR) is located at the lower incident neutron energreduding the ther-
mal region), which is until a few keV for heavy nuclei, and e figleV for lighter
ones. The resonances appear well separated and their sleaqieely observable.
In this region, the neutron capture cross section behavalows a decreasing
1/ VE shape, on top of which the resonance peaks are superimpiisedpacing
between the resonances is about a few eV for heavy nuclei tawd lkeeV or tens
of keV for lighter and magic ones. Generally speaking, theenmucleons there
are in the compound system, the finer the resonant strugtui®ith the increas-
ing neutron energy, the spacing between resonances destehsreas their width
increases. At a certain stage, the resonances won't beveglsahymore, because
of the experimental resolution and Doppler broadeningalsd due to important
level overlap. This region is the so-called Unresolved Rasce Range (URR).

The resonances have a definite angular momentum and pariti/he pos-
sible values depend on the spimnd parityr, of the target nucleus, on the spin
i = 1/2 and parityr; = + of the incident neutron and on the orbital momen-
tum|. Their vectorial combinations lead to the channel spiand to the angular
momentum] and parityr of the compound state:

l—il<s<|+] (2.5)

|[l-s|<J<l+s (2.6)
n=(-1)mmn (2.7)
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The possible)” values for the americium resonances are given in table 2.2.
An interaction may occur if thed value of the exit channel is equal to the J
value of the entrance channel, according to the quantum anézhconservation
law. The number of possible ways to reach a state charaetely an angular
momentum] is given by the statistical spin factgg, corresponding to:

2J+1

S=Grn@ 1 (2.8)
Table 2.2: Possiblé" values for the s-, p- and d-waves?4fAm.
" [ ]s[J [ 95 [ wave

022 5/12 S

3|3 7/12
5/2- 1121 28 3 1/4 512 712 p

3|2 3 4+ 512 712 34

2120 17 2 3 4 |112 Y4 Y12 712 3F4 d
3|1 2 3 4 5 |1/4 512 712 F4 1112

2.3 R-matrix formalism

The R-matrix theory is thoroughly explained in [31]. We vpllesent here a short
overview of this formalism.

2.3.1 Description

The principle of the R-matrix formalism consists of assugrioth incident par-

ticles and emerging reaction products as ingoing and oonggaiave functions.

Since the nuclear forces are short-ranged, the configarapece is divided into
an external and an internal region separated by an imageiasgd surface of
radiusa.. The internal region, corresponding to the compound nsclisdocated

inside this arbitrary volume, which size is slightly biggban the one occupied
by the nucleons. This radius can be defined by

ac=ro(L+ A (2.9)

with A the mass number of the the target nucleus rad constant number. The
usual convention foa. is a. = 0.8 + 1.23AY3 (expressed in fm).
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In the external region the nuclear forces are negligibleréfore, the asymp-
totic wave function governing the dynamic of the free intéireg particles may be
known analytically. On the contrary, in the internal regtbe nuclear forces pre-
dominate. The neutron and the nucleus are merged togeti@mntca system of
A+ 1 nucleons in interaction which increases the complexithefwave function
of the nuclear system.

In such a configuration, nuclear reactions occur in two stéps first one
corresponds to the entrance chammel {a, |, s, J} and will lead to the compound
nucleus, whereas the second one will be the exit chasirela’,l’, s, J'}. These
steps are characterized by the naturand the quantum statéss, J of the com-
pound nucleus components.

Although the internal wave function is unknown, the intérdamain may
be treated in terms of the collision mattikwhich describes the nuclear interac-
tion. For a given ingoing wave, all outgoing wave functions’ (or partial cross
sectionsr},) may be expressed under the following simplified way:

O-(J:c' = 12%Qy | 6w — Uee 2 (2.10)
with
Uee = Ujisorrs and  Sor = Gar Ol dsy (2.11)

where| Uy |? is the probability of a transition from channeto channek’, and
dc OCCUrs because the ingoing and the outgoing particles téerdistinguished
ifc=".

The cross sections of a reaction leading from a systedma systenw’ are
then given by the formula

o =18 ) 81 ) 160 — U [ (2.12)
J

l,sl’,¢

The elastic scattering cross section will then be:

Too =78 ) s D 11=Ugc P (2.13)
J l,s

whereas the total cross section will be:

0w =27 ) 6y ) (1~ Re(Uoo)) (2.14)
J ls

The matrixU., makes then the link between the ingoing and outgoing wave
functions, that together constitute the wave function enékternal regiom > a..
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Though the outgoing wave function’s shape is known, sinigglte solution of the
Schrodinger equation in absence of potential, the boyncamditions still have
to be specified to get the unknown phase and amplitude.

If the wave function in the internal region< a. were known, these boundary
conditions could be applied by insuring the continuity o tbhtal wave function
and its derivative at = a.. Yet, the nucleus potential is far too complex to solve
the Schrodinger equation in the internal region. Nevées® it is possible to
describe a wave function as a linear combination of its edtggas. That is how
the matrixR, which contains the properti€s, andy,. of the eigenstates:

YacYac
R (E) = 2.15

is used to put together the wave function at the surf&osorresponds to the inci-
dent particle energy refers to the index of the internal region statés will be
the eigenstates of thestates energy, ang,. the width amplitudes of channel
for a statel. According to the fundamental assumptions of the stasistiodel,
v.c andy,» are independent, uncorrelated and have random signs. @kssep-
tions imply that the statistical properties of the exit ahalt’ contain no memory
of the entrance channel. Besides, the square of these adgdits proportionnal
to the partial width$ ..

At r = a., the value and the derivative of the internal and externalewa
funcions can be matched. After further untrivial matheg®tbperations, the col-
lision matrixU can be expressed in function of the matRixFor neutral incident
particles, this expression will be:

Up = _i(¢°+¢°’){5cc' + 9 pé [(1-R(L - B))'R]w PC%,} (2.16)

with
LC = SC + IPC (2.17)

and where

e ¢ is the hard-sphere potential scattering phase shift,

e P. is the penetration factor in the potential barrier. It is imaginary part
of the logarithmic derivative of the outgoing wave functianthe channel
radiusa;. For neutron induced reactions, this penetration factdefed
by the centrifugal-barrier penetrability,

e S. is the shift factor and is the real part of the logarithmiciive of the
outgoing wave function at the channel radags
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e B, is the boundary condition at the channel radaus

For neutral projectiles €en), ¢, S,, andP, for s-, p-, and d-waves are defined
in table 2.3. They depend on the parametewhich is itself a function of the
channel radiug. and of the wave numbéc

o = kag (2.18)
with
1 2m,E,
k=-= 2.19
I - (2.19)
They are calculated following the recursion relations
¢po=p and Lo=1ip (2.20)
p2
dp=¢-1+arg(-L-1) and L =-1- L] (2.21)

Table 2.3: The hard-sphere phagg, the shift factorS,, and the penetration
factor P, as a function op for s-, p- and d-wave neutrons.

|  wave Pn, Shi Pni
0 s ) 0 P

1 p p-actanp) - fiz
2 d p-arctan %) 5 352221 9+3/p)z+;04

Another dificulty has to be overcome concerning the untrivial inversion
the (L - R(L - B)) term. For this purpose, a new inverse matrix writter was
introduced by Wigner following this formula:

[1-R(L - B)les = dex + ) vaclle = Be)yucAu (2.22)
A
and considering the definition of the matAx?:
_ [
A= Er=E)oy + Ay =5 > Ve (2.23)
C

or also written
A/_U} =(Ei- E)(S/lll + Z(Lc - Bc)'}’/lc)’uc (2.24)
C
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with the level shiftA,

A== D (Se = BYYacue (2.25)
Cc

and the following formula between the partial widily and the reduced width
amplitudey .
[y = 2y3.Pe (2.26)

From equation (2.16) established for neutral incidentigiad, we get a new for-
mula for the collision matridJ:

Uy = —i(¢c+¢e’){6cc, +i Z VAL ,/ryc,} (2.27)
Au

2.3.2 Approximations of the R-matrix

The exact use of the R-matrix theory is often too complex foumerical imple-

mentation in a computer program because of too many neutduted reactions
on medium and heavy nuclei. The practically important vegaf the R-matrix

formalism presented in this work are the Reich-Moore apjpnation [32] and the

Single Level Breit-Wigner approximation (SLBW) [33].

The Reich-Moore approximation

The Reich-Moore approximation neglects th&diagonal contribution of pho-
ton channels (ey). This approximation is valid, because there are usuallgyma
channels where decay amplitudes have comparable maguitud@ndom signs.
Therefore, their contribution to the sum over the photomaleatends to cancel:

D Vre=0  (A#u) (2.28)

cey

The photon channels are only taken into account througlotaéradiation width
defined as:

Ty =) Tic (2.29)

cey

The resulting collision matrix will then become a functiohaoreduced R-
matrix defined over the non-photonic channels:

YacYac
, = / 2.30
Rec ;EA—E—H"M/Z (c.¢ #7) (2.30)
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Excluding the photon channels reduces largely the numbehafinels and
therefore the matrix inversion needed in the relation betw#he R-matrix and
the cross sections. At low neutron energy, the reduced Rbodimension for
fissile target nuclei is usually a 3 x 3 matrix (1 elastic pluBsgion channels).
In the frequent case that only the elastic scattering anttaregapture channels
are open, the number of channels in the R-matrix is one: tbgaechannel, the
photon channels being excluded explicitly. The R-matrizdmes in this case an
R-function the inversion of which is straightforward. lading other channels,
like for instance one or two fission channels as it is the casé*Am in the
RRR, keeps the number of channels low and makes the invessibfeasible.
This approximation is the most accurate one used and wasthelmsen in this
work for the americium total cross section analysis.

The Single Level Breit Wigner approximation

The Breit-Wigner formalism corresponds to an R-matrix agpnation which
consists of taking into account each level separately.thasefore only valid for
isolated resonances, which means resonances whose widtrcis smaller than
the spacing with the neighboring ones with the same spin.ifiteeferences be-
tween the states being neglected, titediagonal elements from the level matrix
A=t are equal to zero, and we get then from equation (2.23):

[

Al=(E,-E)+A, - 501 (2.31)
where the total width", = ). T",c of level A corresponds to the resonance total
width, andA, = E, —E; to the shift between the level enery and the resonance
energyk;.

Following equation (2.27) giving the general form of thelistdn matrix,
this latters becomes in the frame of this approximation:

— @ ipctoc) | Vil e
Uee = oo + E,—E+A, - irA/z} (2.32)

The resulting total and partial cross sections are exptesséollows:

. I\ Tccosdpe + 2(E — E; — A)IN e Sin 20,
J = n2g,(4 sirt ¢ + —2€ ¢ 2.33
72 = niigs(4sirf o (E-E,—A)?2+12/4 ) (@33
e
o), = appp— g e (2.34)

(E.—E)2+T2/4
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The first part of the total cross section is the potentialtedcaily cross section
op = 42y, sirf ¢.. It is associated with the elastic scattering of the incamin
neutron from the potential of the nucleus without formingoanpound state. The
term with the factor sing; is the interference of the potential scattering and the
resonant elastic scattering through formation of a comgowrtcleus. Finally the
term with cos 2. describes the resonance cross sections of the channels.

In the case where resonances are not so well separatedilsegenances can
be taken into account as a sum of Breit-Wigner single levaetisections. This
corresponds to an extension of the SLBW called the Multi L&reit-Wigner
approximation (MLBW), where any possible interferenceasstn channels and
levels are neglected.

2.4 Doppler dfect

In an actual experiment, even with the best experimentalutien, the observed
cross section in the resonance region is not the actual anuctess section, but
a cross section that is Doppler broadened due to the therotamof the target
nucleus in the sample. The theoretical cross sections lm@retd be averaged
over the thermal motion of the target nuclei. This is achielvg convoluting the
unbroadened cross sectiorwith the so-called scattering functi®(E’, E) [34].
We get then the Doppler broadened cross sectionia the formula:

oo(E) = f S(E’, E)o(E')dE’ (2.35)

with E’ the energy transfered to the target nucleus BErttie initial neutron en-
ergy. S(E’, E) contains all the information on the nuclei dynamics andtieu
scattering process.

In most cases, the Doppler broadening calculations relji@frée gas model,
which assumes that the target nuclei have a velocity digtab characteristic of
a free gas at anfiective temperaturde;s. However in some cases, especially
for lower energy resonances or when atoms are bound in aattgstice, it is
preferable to use a more realistic model such as the harmorstal model. Both
models are thoroughly explained in references [35, 36]veaavill here summa-
rize the formulas of interest.
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2.4.1 Free gas model

The Doppler broadening for the free gas model is obtainetheigcattering func-
tion:

3
1 1\? |[E-F
Srem(E’,E) = ( ) E
A (2.36)
[ ety (VEVEENETR) _ ety (VB VEENTA)'
where the Doppler width is given by:
EkgT
A=2 BAe” (2.37)

with A the target mass arig the Boltzmann constant. Théfective temperature
is usually given by:

Tefs = 39 COth(gg) (238)

8 8T

whereg is the Debye temperature aiidhe sample temperature. This approxima-
tion is valid in the case of arffective temperature slightly higher than the sample
temperature.

In the resonance energy range, the thermal motion of thettawgcleus is
negligible in comparison with the incident neutron energyguation (2.36) can
then be approximated by the formula

1 (e-5)°
Seeu(E,E)= —— . ® 2.39
rem(E', E) Y (2.39)

This formulation of the scattering function leads to a cdation of the cross
section with a Gaussian function with a widthwhich is why this latter is called
the Doppler width.

2.4.2 Harmonic crystal model
In the frame of the harmonic crystal model [37], the scattgfunction is given
by:
1 —+00 -,
Suem(E’,E) = o f eFtelcED (2.40)

The functiongc(E, t) contains all the crystal information, such as the phonen vi
bration spectrum of the target nucleus in the crystal lattic



Chapter 3

The 2*1Am(n,2n)24%Am reaction
Cross section: experimental
procedure

There is no general method that would be applicable to angpsofor the mea-
surement of (n,xn) cross sections. There are in fact three ores that can be
used in diferent situations: the direct detection of emitted neutrtdresprompty
spectroscopy and the activation technique.

The first one consists in measuring the energy and angulaibdigon of the
emitted neutrons produced in the reaction process. It isithst direct method, but
some dificulties concerning the competing reactions with fiedent number of
emitted neutrons can make itidcult, as well as the determination of the incident
neutron flux and its distinction from the neutrons emitteddeiection éiciency
as close as possible to 100% gives the best results. In tleeotdissile nuclei,
neutrons produced via the fission reaction add another baigkg component to
the detection of the emitted neutrons.

Prompt gamma spectroscopy is a method where the reactidneed by a
particle beam are studied through the characteristiays emitted by the com-
pound or residual nucleus. This method often implies veghhnstant count
rates. Measuring the detection time of the prompt gammaitians usually gives
the neutron time of flight, and consequently the incidentmeuenergy. It is the
usual method employed with white neutron sources.

The activation method is relevant for reactions where thloglpet nucleus
is unstable or in a metastable state. An activation crossoseto the ground
state is besides the only technique that measures unamisigube (n,2n) cross
section. This method consists of two distinct steps: thgetairradiation with a
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monoenergetic neutron beam, followed lfftkne y spectroscopy of the irradiated
target. A relatively long irradiation and a measuring tinfelee same order of
magnitude than the produced isotope half-life is then meguio use this method.

241Am is one of the few minor actinides where the activation tegbe is
possible for the (n,2n) cross section measurement. Théioagaroduct?*°’Am
has a short half-life (§,, = 50.8 h) and is emitting two strongrays at 888.85
and 987.79 keV. The major problem here is the intense baokgrdue to the
24l Am natural activity, especially the strong 60 ke\émission.

3.1 Principle of the measurement

The principle of the method is illustrated in figure 3.1. Ihecsts in two main
steps: the sample irradiation and its induced activity messent achieved di-
rectly after the irradiation.

&
" 3 508h

EC 100%)
240Am
- S
432_6 y5/2 ------------ é ----- 2n 3+ 1030.53
(o 10V 21Am 1- ‘
4 141.690
22Am
A 4

o 42.824
\ J O+_

v 240py \563 y
w ) (ox 100%)
neutron source Y

neutron flux measurement

activation foil technique activity determination
(sample + monitor foils)

HPGe

987.79 keV
888.85 keV

Figure 3.1: Simplified scheme of tR&Am(n,2n¥*°Am reaction process.

During the irradiation, thé*Am compound nucleus is formed, which then
emits two neutrons to give the reaction prodtf€Am. This latter then decays to
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240py (EC 100%) with a half-life of 50.8 h. Therays of interest here are from
the 24°Am decay and from thé*!Am natural activity. Table 3.1 summarizes the
characteristics of these rays. We can see from this tabtethibachallenge here

will be to get rid of the huge background coming from the nusoef*!Am rays.

Table 3.1: Relevant gamma and X-rays from the decay radsh>*°Am and

241Am [38, 39].

Nucleus| Half life E, (keV) I, (%)

200Am | 50.8(3)h | 98.9(1) 1.47(4)
99.525 18.4(5)
103.374 29.2(8)
116.244 3.53(10)
117.228 6.93(20)
120.54 2.71(7)
888.85(5) 24.7(5)
987.79(6) 72.2(9)

2IAm | 432.6(6) y| 59.5409(1) 35.9(4)
208.01(3) | 7.91x10%(19)
322.52(3) | 1.52x10%(4)
332.35(3) | 1.49x10%(3)
335.37(3) | 4.96x10%(11)
368.65(3) | 2.17x10%(5)
376.65(3) | 1.38x10%(3)
662.40(2) | 3.64x10%(9)
722.01(3) | 1.96x10%(4)
887.3(3) | 2.2x10°7(5)

In practice, the cross section itself will be calculatedtigk to the?’Al(n,a)**Na

standard cross section. For this purpose, two aluminiuls ¥eere placed before
and after the americium sample. We also placed other seecaibnitor foils at
the same positions (iron, indium, niobium and nickel foifsyrder to get the most
precise estimate of the neutron flux. This method will behfertdescribed in the
neutron flux determination part.

3.2 Sample description

The americium dioxide Am@was originally produced by partitioning military
plutonium in the Los Alamos (LANL) laboratory. Some of thigtarial was then
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transferred to CEA Marcoule in the frame of the FUTUREXA collaboration for
purification, before being processed at JRC-ITU Karlsruretlie sample fabri-
cation.

The samples were prepared by a method especially developtdtefpresent
study by JRC-ITU in Karlsruhe. This sol-gel method, whicltenpared to the
conventional powder blending process in Appendix A, is dasethe production
of porous alumina granules by powder metallurgy. The amarmevas introduced
into the porous particles by infiltration of its nitrate stwduwn. Following drying to
eliminate water, and calcination to convert to oxide, theuling powder was
pressed into pellets of 12 mm diameter and 2 mm thickness.sdimple weight
was on average 400 mg and the average americium content wasy40The
americium-alumina composite was then encapsulated iotaialum containers.

The geometry of each sample was examined by X-ray radiograpt the
americium content determined by calorimetry [40]. The mafs&‘Am in the
samples was also determinedgpectrometry at the IRMM with results agree-
ing within 2%. Table 3.2 summarizes the characteristick@btsamples produced
for these measurements.

Table 3.2: The mass and elemental composition of the samples

sample| total | Al,O3 | *Am content| Calculated
number| mass (g)| (g) (mg) 24 Am (Wt%)

1 0.342 | 0.305 32.240.1 9.43

2 0.442 | 0.394 42.2+0.1 9.51

3 0.428 | 0.382 40.3:0.1 9.42

4 0.435 | 0.388 41.0:0.1 9.42

5 0.448 | 0.401 41.2+0.1 9.20

6 0.447 | 0.399 42.1+0.1 9.42

Figure 3.2 shows a picture of the samples with a scheme ofti@iner and
an example of the IRMM X-ray radiography result for one of f#aenples. This
X-ray analysis revealed a shape problem for the sampledlatter being slightly
truncated on one side. It was then decided not to use thisledorhe rest of the
measurement campaign.
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Figure 3.2: Americium samples and sample holders pictuteerae and X-ray
radiograph.

3.3 lrradiation process

3.3.1 Irradiation setup
Monoenergetic neutron source

The irradiations were carried out at the 7 MV Van de Giragectrostatic accel-
erator at the IRMM. The neutrons used in these experiments wiatained by
hitting deuterium and tritium targets with a deuteron bedine projectile ener-
gies are adjusted in order to get the desired neutron esergighe’H(d,nFHe
and®H(d,ny'He reactions. The energy scale of the accelerator is ctdithraith

an accuracy of 5 keV via a nuclear magnetic resonance system inserted ih a 90
bending magnet, using well-known reaction thresholds asdmances .

The neutron production reactions are two-body reactionshith the neu-
tron energy is perfectly defined by the kinematics and treaiation conditions.
This leads to the production of monoenergetic neutronsbbyond a few MeV
projectile energy, other secondary reactions suchHgd,npy¥H, H(d,npf*H or
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3H(d,2nfHe are energetically possible and produce then a continanasyy
spectrum, with a monoenergetic peak and some lower energpa@aents in the
tail. In reality, the peak energy is quasi-monoenergetia essult of energy loss
of the deuteron in the target and the associated energygstrgg

Two types of targets were used for the irradiations, coordmg to the two
reactions already mentioned.

e Gas target: this consisted of a deuterium gas target filled under 120 kPa.
The target cell was 4 cm in length and 4 cm in diameter withuenGmolyb-
denum entrance window for the separation with the accelerscuum
tube. The beam stop was achieved by a 1 mm thick tantalum emit w
dow. We used this target with 5.5 and 6.3 MeV deuteron energieyet
neutrons respectively at 8.34 and 9.15 MeV.

e Solid target: this was a solid state /Il target on a silver backing (0.4 mm
thick) with a 26 mm diameter. The tritium isftlised into the Ti layer
(2 mgcn?) at high temperatures until it is saturated at a value of Jafoms
per Ti atom. This target is wobbled and cooled with a jet of poessed air
to further aid in the dissipation of heat. We used this tavgét deuteron
energies ranging from 1 to 4 MeV to get neutrons from 16.1 t6 RV at
0° emission angle and 13.3 MeV at I25

Figure 3.3 shows a scheme of both types of targets and tébkuBimarizes the
characteristics of the two corresponding reactions usettiéneutron production.

Table 3.3: Characteristics of the neutron production reast
Reaction | Q-value| break up | threshold| neutron energy
(MeV) reaction (MeV) range (MeV)
?H(d,nPHe | 3.269 | ?H(d,npyH 4.45 3-10
SH(d,n¥He | 17.59 | °H(d,npyH 3.71 13-21
3H(d,2nfHe | 4.92

For these two reactions, the main part of the neutron praaluas well as the
higher neutron energy corresponds to the incident bearotatire It is then in this
direction (0) that we placed our americium samples, except for the 13.8 Me
energy point. For this measurement, we used the propertyeofdaction kine-
matics in order to get this expected neutron energy. As isvshan figure 3.4,
for any deuteron energy, the maximum neutron energy willtl8.aThe emitted
neutron energy as well as the flux will then decrease withribeeasing emission
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Figure 3.3: Simplified schemes of the gas and solid targedd usthe experi-
ments.

angle. We could place the americium sample at the angle oftb2%et the cor-
responding energy of 13.3 MeV for deuteron energies of 1 toe¥ M his value

of angle was chosen in order to have a longer irradiationHsr $ample: while
irradiating two samples placed at Guring 2x2 days one after the other with a
deuteron beam of 1 then 2 MeV, we could irradiate the sam@d2Zitduring four
days (to compensate for the lower flux) at the same neutromgibet with two
different deuteron energies. This 1Zigle was the only one corresponding to
this compromise, and it was important to find this irradiatsolution so as to get
an energy point around 14 MeV and then be able to compare sultsevith the
previous measurements mainly existing at this energy.

Irradiation geometry

For all measurements, the sample was mounted in a speci@pared light-
weight aluminium frame in order to reduce the material ami@round the ir-
radiation. The frame allowed to attach foils of Al, Fe, In, Hbd Ni (13 mm
diameter) on both sides of the sample to monitor the neuttxnaihd to account
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Figure 3.4: Mean Eof the produced neutrons as a function of the emission an-
gle calculated with EnergySet [41], case of théTTsolid target for 4 dterent
deuteron energies.

for its variation with distance. The distance between thaitoo foils and the
sample was 3 mm in the front and 10 mm at the back.

For the irradiations with the gas target, the sample wasplat 1.5 cm from
the target, whereas this distance was about 2 cm for thaatrads with the solid
target. The special irradiation at 1’Abas achieved with a sample placed at 3.9 cm
from the target. During each 2-days long irradiation, & B&unter operated in
multichannel scaling acquisition mode was used to recadithe profile of the
neutron flux. Figure 3.5 shows a picture of the irradiaticgéor the case of the
solid target, as well as a simplified scheme of the geometrgravwe can see the
deuteron beam hitting the /Ti target to produce the neutrons that will irradiate
the sample and the monitor foils stack.
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Figure 3.5: Picture of the irradiation geometry (left) anschematic view of the
setup (right).

Summary of performed irradiations

The measurements were performed in four sessions fromdgb2007 to March
2008, each of them lasting about one week. These sessiopssegarated by at
least a few months in order to be able to use the irradiateglesmgain without
having any issue with some activity remnant coming from tteipus irradiation.

The first session occurred from the'26f February to the 8 of March 2007.
Within this week we achieved the two lower energy measurésr(@nth neutrons
of 8.34 and 9.15 MeV) using the deuterium gas target witheteatenergies of
5.5and 6.3 MeV respectively. For this measurement, foupsaswere irradiated,
two of them for the real measurement, the two other ones heedjated with an
empty gas cell for background estimation.

The second session took place from th& 18 the 2% of June 2007. Four
samples were irradiated using the solidTTtarget and deuterons of 2, 3 and
4 MeV to get neutrons at 17.9, 19.36 and 20.61 MeV. The fouathpde was
irradiated at 125to get the point at 13.3 MeV neutron energy with 2 and 3 MeV
deuterons.

A third two-weeks long measurement session was achieved the 3° to
the 168" of December 2007. The same solid target was used with deueeergies
of 1, 1.5, 2 and 3.5 MeV to get neutrons of 16.1, 17.16, 17.91#n€5 MeV, as
welle as another measurement with 13.3 MeV neutrons withrgkaplaced at
125.
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The last measurement session took place from tffetd the 17" of March
2008. This time, a new solid state/Titarget was used with the same character-
istics as the other one. We irradiated three samples witld12avieV deuteron
energies to get neutrons at 16.1, 17.9 and 13.3 MeV.

Table 3.4 summarizes the characteristics of the irradiatpzrformed during
the four measurement sessions, showing the sample nurhkeedetiteron and
neutron energies, the type of target used, the positioneosémple, the average
deuteron beam current and the irradiation time.

Table 3.4: Summary of performed irradiations.

Session | Target| Sample| Sample| Eq E, Average beam
number| position| (MeV) | (MeV) | current 1A)
gasin 1 0° 55 8.34 5.6
gas out 4 0° 55 6.7
Feb. 2007 | " osin| 3 o 63 | 9.15 6.1
gas out 6 o° 6.3 6.2
1 o° 4 20.61 3.5
. 2 0° 3 19.36 3.0
June 20071 T/TL ) 4 125 | 23 | 13.33] 333
4 0° 2 17.9 3.3
1 o° 2 17.9 10
2 o° 1.5 17.16 11
Dec. 2007 | Ti/T1 3 o° 1 16.1 16
4 125 1-3.5 | 13.33 14-16
6 o° 3.5 19.95 14
1 o° 2 17.9 23
March 2008| Ti/T 2 3 125 1-2 13.33 20-23
4 o° 1 16.1 20

3.3.2 Neutron energy and flux determination

The mean neutron energy and yield distributions as a fumaifodeuteron en-
ergy and emission angle for the primary neutrons of the D{H@and T(d,He
reactions were calculated by the code Energyset [41] wisittased on the reac-
tion cross section evaluations of ref. [42] and energy Issisnates with stopping
powers of ref. [43] to achieve the kinematics calculatiohthe corresponding
reactions. This program, coupled to the TARGET code [44E$anto account:
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e the angular distribution of the D(d e and T(d,He reactions,

¢ the production of the neutrons in the space of the gas cell,

¢ the distance between the sample and the beam stop,

¢ the breakup of the deuterons as well as other secondaryamesct

During the irradiations, a BFcounter was used to record the time profile of
the neutron flux. This time profile allows for a correctionttsaimportant when
beam current variations are substantial. Figure 3.6 showdypical examples of
very different beam conditions we met during the four measuremesiosess The
first spectrum corresponds to a gas cell measurement fromu&gb2007 with
very good beam stability. The second one shows the typiasroe beam we
had for the June 2007 measurements, with very low intensitygbod stability.
For the third spectrum corresponding to a measurement\azhie December
2007, the beam loss during the first ten hours corresponds tb@ous beam
problem during the first night irradiation, whereas the &stctrum from March
2008 shows a very intense but quite unstable neutron bearthédfuaetails on the
corresponding correction calculations are given in the aeapter concerning the
data analysis.

The presence of low-energy secondary neutrons necessiteg@pplication
of significant corrections to the measured activation wétt the reactions with
low threshold energies. In this work, the determinationha$ flux components
was done using metal monitor foils of Al, Fe, In, Nb and Ni imd&ich geome-
try in combination with previously measured time-of-fligitectra. The induced
activity of the foils was measuredtdine after the irradiation, and the calculation
of the derived correction is also further explained in thetmhapter.

The monitor foils reactions used for the unfolding weréAl(n,p)>’Mg,
%6Fe(n,p§eMn, 8In(n,n’)MIn, 27Al(n,@)?*Na, **Nb(n,2n¥2"Nb, *&Ni(n,p)**™9Co.
The cross section data for these dosimetry reactions wieee feom Smithet al.
[45] for thel'®In(n,n’)*MIn reaction, from Wagneat al. [46] for the?’Al(n,a)?*Na
and the®*Nb(n,2ny?"Nb reactions, and from the ENPB-VI library [47] for the
remaining ones. Figure 3.7 shows thé&elient monitor foils evaluated cross sec-
tions and table 3.5 summarizes the characteristics of tieastions.
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Figure 3.6: Typical neutron beam time profiles.

Table 3.5: Thes-decay properties of the monitor reactions used for theraput
flux normalization (from references [48, 49, 50, 51, 52, 53])
Reaction Half-life Q-value| E, Intensity
of product | (MeV) | (keV) (%)
2/Al(n,p)*’Mg | 9.458(12) m| -1.828 | 843.8 71.8(4)
°Fe(n,py®Mn | 2.5789(1) h| -2.913 | 846.8 98.9(3)
n(n,n’)15"In | 4.486(4)h | 0.336 | 336.2 46(2)
2IAl(n,)**Na | 14.997(12) h| -3.132 | 1368.6| 99.9936(15)
%Nb(n,2n$2"Nb | 10.15(2)d | -8.967 | 934.4 | 99.07(4)
8Ni(n,p)*®Co 70.86(7)d | 0.401 | 810.8 | 99.45(1)

3.4 Induced activity measurements

3.4.1 Detector setup description

After the irradiation, the induced activity was measurédiae by standarg-ray
spectrometry using a high-purity germanium detector (HPGbe data acquisi-
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Figure 3.7: Evaluated monitor reaction cross sections umstbs work, data from
ref. [45, 46, 47].

tion was controlled by the Maestro system supplied by Odrd,they-ray spec-

tra were analyzed using the software package Genie2000nifeba. The decay
data for the monitor reactions were taken from referenc@s49, 50, 51, 52, 53]
and are given in table 3.5 along with the reaction Q-valud§ The decay data for
240Am and?**Am used for the data analysis were taken from references3g38,
and are given in table 3.1.

A PlySryCu shielding, with respectively/53 mm thicknesses, was used to
reduce the important natural activity from tf&Am decay in order to limit the
dead time of the system to less than 15% (between 7 and 15%atlypifor a
sample directly placed on top of the shielding). Figure Bi@s the gamma-ray
attenuation corresponding to the shielding layers and #pted thicknesses,
which were chosen as a compromise between the strong 60 tkeguippression
and a good transmission at higher energies.

The correctness of the dead time given by the acquisitiolesywas verified
by a comparison of the counting rates froif’@o standard source with and with-
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Figure 3.8: Simulated gamma-ray attenuation of the usedldihg materials.

out an Am sample. The detector was additionally shieldenhftioe side with a
10 mm thick Cu cylinder to avoid detection of scattered gamaya. In order to
get maximum count rates and thereby reasonable countitigtists the monitor
foils were placed directly on the detector cap, without thielsling layers previ-
ously mentioned. Figure 3.9 shows a picture of the detesystem with part of
the shielding (the Cu cylinder) together with a scheme ofsisteip. The whole
setup was enclosed within 10 cm thick Pb walls and made abbesy sliding
Pb doors with the same thickness.

3.4.2 Detector calibration

The sample activities were determined using the countsarfuthenergy peak of
they-ray transition. For this it was important to know the abselpeak iciency
and the energy calibration. Concerning the energy caldraseveral single and
multi y-ray standard point sources were used, suckf'dsn (E, = 59.5 keV),
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Figure 3.9: Detection setup picture and simplified scheme.

199Cd (E, = 88 keV),*'Co (E, = 122.1 and 136.5 keV}3'Cs (€, = 661.66 keV),
>Mn (E, = 834.8 keV) and*Zn (E, = 1115.5 keV). The calibration was done
for different radial positions and detector-source distances.

The dficiency of the detection setup was determined by a Monte Garle
ulation using the code MCNP5 [55] and taking into accountdhgre detection
geometry. The results of this simulation were compared widasured values
and eficiency curves by fitting experimental points with polynohtegarithmic
functions [56]:

Ine = iai(ln E)’ (3.1)
i=0

The experimental full energy peak (FERJi@encies were measured using the
same calibration sources as mentioned before, the chasticte of which are
summarized in table 3.6. They were then calculated usinptineula

N
tAl
with N the number of counts in the pedkhe measuring timei the source activ-
ity and | they-ray intensity. The measuring time for each source was st#tato

(3.2)

€FEP =
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each peak contains more tharf tdunts. The combined standard uncertainty of
the measured values was calculated as a quadratic sumwaflmaliuncertainties

of counting statistics, standard sousciux and experimental conditions. Figure
3.10 shows the polynomial logarithmic fit of the experiméptants.

Table 3.6: Calibration sources characteristics and cporeding measuredfi@

ciencies.

Radionuclide| Energy (keV) | Intensity (%)| Measured ficiency (%)
24Am 59.5409(1) 35.9(4) 2.52(5)
109Cd 88.0336(1) 3.70(10) 8.89(18)
5Co 122.06065(12) 85.60(17) 11.49(26)

136.47356(29) 10.68(8) 11.24(36)
BCs 661.657(3) 85.10(20) 2.63(5)
54Mn 834.843(3) | 99.9760(10) 2.39(5)
85Zn 1115.539(2) | 56.60(22) 1.89(0.6)
12 .
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Figure 3.10: Polynomial logarithmic fit of the measured detedticiency.

Concerning the geometry description in the MCNP simulatwa used the
specifications provided by the supplier : we used here the?%a®PGe coaxial
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detector ORTEC model 38-P40712A. The detector constmtigs been checked
by means of radiography, which shows that there were noatisphients during

transport and installation. The detector geometry pararseif the simulation

have been optimized in order to obtain agreement betweemsureraents and
simulations within the uncertainty limits of 2-3 %.

The correction factors and uncertainties estimationdeeléo this activity
measurement, either coming from thfé@ency calculation or from the detection
itself (photon absorption, disk shape of the samples, ad@&mce summings of
gamma rays, etc.) are further explained in the next chaptecerning the data
analysis.

3.4.3 Activity measurement

Figure 3.11 shows typical spectra obtained for the sampieitgomeasurement.
These spectra correspond to the measurement of sampléyalotfore and af-
ter irradiation. The increased background under the peakisa higher energy
part concerns Compton events from #ida activity produced by th&Al(n,a)
reaction on the container and,&; matrix.

100 g —————————————————

sample 2 before irradiation
sample 2 after irradiation

Counts per second per mg

0 200 400 600 800 1000 1200 1400 1600
Energy (keV)

Figure 3.11. Comparison of typical americium activity gpaeneasured before
and after the irradiation.
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For the two main gamma rays emitted in the decay“8Am figure 3.12
clearly shows that the peak corresponding to the energy 8888keV is con-
taminated by the natural activity of the sample itself while gamma-ray with
987.79 keV is free from interference by the sample activitiie intensities of
both the 888.85 and 987.79 keV gamma lines were measurediasteoh of the
cooling time after irradiation. Fitting the correspondinglf life confirmed that
the 987.79 keV gamma-line was free of interference sincertbasured decay
curve closely corresponded to that?®Am. As anticipated this was not the case

for the 888.85 keVV gamma-ray.
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Figure 3.12: Zoom of the typical activity spectra obtainedthe Am sample and
Al monitor foil in the relevant energy range.



Chapter 4

The 2*1Am(n,2n)24%Am reaction
cross section: analysis and results

4.1 Data analysis procedure

The reaction cross section is here determined by measur@®f%m induced
activity. The production rate of this nuclide is given by:

% = fE no-(E)®(E, t)dE — AN(t) (4.1)

whereN(t) is the number of product nuclem the number of target nuclei that
is assumed not to vary during the irradiationthe reaction cross section,the
decay constant an@(E, t) the time and energy dependent neutron flux. In the
ideal case of a constant mono-energetic flux where

®(E, t) = Oos(E — Eo) (4.2)

solving equation (4.1) with the initial conditiad(t = 0) = 0 gives at the irradia-
tion timet, the number of activated nuclei

no®
N = N(t) = — Of (4.3)
with
f=1-et (4.4)

the irradiation time factor.
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For the second step of the experiment, i.e the activity measent, we can
write the number of even&registered in the HPGe detector during the successive
measurement sessions, as illustrated in figure 4.1, as

S= Z Si = ANl efs (4.5)
with 1
_ = Aty (1 _ oAt
fz_/lZe 4(1— etm) (4.6)

the time factor taking into account thefiirent measurements that last a titge
and start after the timg, relative to the end of irradiation, the y-ray emission
probability (or intensity) and the absolute pealfficiency of the detector for the

A(t)

: t S \

—d2 \\

: td3 32 T

| S;

1

1

1

: tm1 tm2 tm3 t
0 t t, t, t

Figure 4.1: Schematic view of the successive activity mesasants following an
irradiation as a function of time.

By substitutingN, from equation (4.3), we get
S = no®pflefs 4.7)

The induced activity measurements were achieved in sesecakssive ses-
sions for two main reasons. First, it permitted us to cateutae half life and
verify its correspondance to the one?8fAm. Then, it was necessary to interrupt
the measurements atfidirent intervals to be able to measure the induced activities
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of the monitor foils. Measuring in such successive sessoabled both this and
the accumulation of good statistics for the americium sampl

The?*'Am(n,2n) reaction cross section was determined relatitteet Al(n,))?*Na
monitor cross section calculated with the same formulasiegppo aluminium.
Equation (4.7) shows explicitly how the ratio of observedmsSan/Sa IS pro-
portional to the cross section ratig,, /o and inversion of the expression leads
to the following expression for the americium cross section

San 1€tz fin®o]

Al
(4.8)
Sal [l efs f, ncpo]

Am

For an actual experiment, corrections are needed to acéoudeviations
from the ideal case both for the irradiations and for thevagtdeterminations.
Such corrections are further detailed in the next paragaaghare taken into ac-
count in the cross section calculation as a product of seeereection factors
Cy applied to americium and aluminium. therefore the crostigeevas finally
determined using the expression:

SAm [I € fz fr n(I)O]Al Ck,Am

Sai [lefsfindo|, 4 Cual

(4.9)

Oam = OAl

4.2 Corrections calculations

4.2.1 Corrections related to the irradiation process

For an actual experiment corrections are needed to accounefiations from
the ideal case both for the irradiations and for the actidigyerminations. The
correctionCy appear in equation (4.9) and were described in considedaséal
for measurements at IRMM in references [57, 58, 59, 60]. Tdreyapplied for
both the americium sample and the aluminium monitors aneigner calculated
in a rigorous way or small enough to be treated as a pertorbati

Determination of @,

For the irradiations, deuteron straggling in the targed,ahgle dependence of the
neutron yield and energy, the close geometry and multidéesing of the neu-
tron result in energy distributions of the primary comparathe flux that difer
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for the monitor foils and the sample because of the flux adean between their
different distances from the neutron source. This may be acetémt by simple
means in very light weight arrangements [59] or by more efai@omodeling us-
ing Monte Carlo simulations. The latter is essential forstabtial sample masses
and sizes [58].

Here, the ratio of the fluxbg s /Poam fOr the primary neutron component
was determined by simulations of the flux attenuation usitgN®X [61]. A
detailed description of the irradiation geometry was made#&ch irradiation en-
ergy, including the targets, the sample, the monitor faild the sample holder.
The neutron source description, i.e. the energy and angigaibution of the
incident neutron flux, was determined using a special feadtfiEnergySet. This
code can actually be coupled to the SRIM software [62] in otd@roduce a file
describing the neutron distribution at the exit of the taigethe adequate for-
mat corresponfing to the MCNPX source input. This enableake into account
the target characteristics, the deuteron straggling inarget and the angle and
energy dependence of the neutron flux.

The shape of the flux attenuation with distamde assumed to be iA/r®,
with b = 2 corresponding to the ideal case of a point source. The flix i
then equal tor(ym/ra)°, with the two distances well known. From the simulation
of the setup geometry, we can get the neutron flux as a funofitire distance
from the target. Fitting this with the assumed function gavactorb describing
the flux attenuation ranging from 1.78 to 1.84, dependinghemieutron energy.
Figure 4.2 shows the fit of the flux attenuation in the case efthlid TjT target
with E, = 17.9 MeV.

Flux fluctuation correction

The impact of fluctuations of the deuteron beam current dutire two days
long irradiations were evaluated using the number of nestrecorded by a Bf
counter every minute (see figure 3.6). If we divide the totaldiation timet, into

m small time intervals\t, the contribution for one single bin will be proportional
to @;(1 — e, and the induced decay proportionalgd™ )t The correction
factorCy,y is then calculated as

(1 - e )

Cﬂux = 2:21 (I)i(l _ e_,zAt)e—/i(m—i)At

(4.10)

whered = ¥ ®;/mis the average flux during the irradiation. The value of this
correction factor ranges from 0.1 to 8.3% for the Am sampbkfeom 0.7 to 31%
for the Al foils, as can be seen in table 4.1, and is strongpedding on the beam
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0,045
Data: Data1_essai21
0,040 Model: Allometric1
Equation:
y =a*x"b
] Weighting:
0,035 y No weighting
= Chi*2/DoF =1.4436E-8
o 0,030 RA2 = 0.99989
X a 013164 £0.00055
= b -1.87324 +0.00548
c 0,025+
(@]
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®
c 0,020 —
solid target simulation
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Figure 4.2: Flux attenuation fit, case of the solidlTiarget with E = 17.9 MeV.

stability condition during the two-day long irradiationSince the time bins are
very small, the correction can be considered exact and Sweaded uncertainty
can be neglected.

Low energy neutrons correction

While a proper choice of the structural materials for the@ante window and
the beam stop as well as the quality of the deuterium gas bedptain a clean
neutron spectrum, background corrections from lower gnesutrons are un-
avoidable [63]. Actually these neutrons, mainly comingrireecondary target
reactions, were here evaluated using previously measumeddf-flight spectra
of the neutron beam [60] combined with the so-called spkiciiax method [64].
A cutoff energyE. for each investigated secondary target reaction is defiakxhb
the quasi-monoenergetic neutron peak energy. The posfitms cutdf varies
depending on the incident deuteron energy and the reactigoastion. The in-
tensities of low energy neutrons vary depending on theiateamsh history of the
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target (deuterium build-up, oxidation, carbon deposiisutn loss). Therefore,
the time-of-flight spectrum is divided in several groupsvidrich the intensities
relative to the primary neutrons are adjusted on the basiseoactivities found
in the monitor foils. Figure 4.3 shows the previously meadufime-Of-Flight
spectra corresponding to the use of th& Bolid target with deuteron energies of
2,3 and 4 MeV.

ED=4I|\/|eV e
0.75 + ED=2 MeV —
S
%’ L
0 05 |
s |
__‘_'5, |
L
o
6 -
0.25 |
0 =1 |

0 5 10 15 20
Energy (MeV)

Figure 4.3: Previously measured TOF spectra for deuterahs2y3 and 4 MeV
hitting the TyT solid target.

The correction facto€,, is then calculated by forming the ratio of the sam-
ple activities produced by neutrons below the élemergy versus those produced
by the entire neutron spectrum [57]. Both of these yieldscateulated by in-
tegrating the product of the spectrum shape with assumes$ cections for the
considered reactions (see figure 3.7. The correction fastthren derived from
the expression

= D(E)r(E)dE

Cow = 1— [ oEr B (4.11)

The integrals were solved numerically by interpolatingnieetron spectrum and
the excitation function to the same energy grid.
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The values of this correction factor are shown in table 4d.range from 0.0
to 11.5% for the Am sample and from 0.0 to 17% for the Al foilsislimportant
to note that this factor varies in the same way for both the Ame and the Al
foils. Thus the ratio of the factors ranges only from 0.0 to.6%

Table 4.1: Flux fluctuatioCs,x and low energy neutrorS,,, correction factors

for each neutron energy.
Energy Cﬂux Clow
(MeV) | Am Al Am Al
8.34 | 0.9974| 0.9925| 1 1
9.15 | 1.0731|1.3117| 1 1
13.33 | 0.9168| 0.8288| 1 1
16.10 | 1.0749| 1.2335| 1 1
17.16 | 0.9987| 0.9878| 0.998| 0.997
17.90 | 0.969 | 0.933 | 0.998| 0.997
19.36 | 1.0061| 1.0157| 0.941| 0.926
19.95 | 0.9822| 0.9433| 0.922| 0.891
20.61 | 0.9938| 0.982 | 0.885| 0.832

Case of the gas target

In the case of the irradiations using a gas target, i.e fortweelower energy
points, we calculated the background subtraction by siropigiparing the gas-in
and gas-out induced activities using the formula

AcuttouQinMin(1 - e_/ltm)

Coas=1- ’
. AintinQoutMout(1 — € tour)

(4.12)

with A the measured activity,the irradiation timegq the integrated beam current
andmthe sample mass.

The corresponding correction was very small and neglectetthé cross sec-
tion calculation. In addition, an estimate of the deutensakup contribution was
made using the energy distribution and intensity data @resfce [65]. This too
turned out to be negligible on account of the low deuteromggnand the reaction
thresholds.
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4.2.2 Corrections related to the activity measurement

Most of the corrections related to the activity measurenmave been lumped
together in the detectionfficiency estimation by Monte Carlo simulation. Cor-
rections for photon absorption, including the disk shap#efsamples and mon-
itor foils, were calculated using the same MCNP5 simulatbrihe detection
geometry. These corrections have been incorporated inflilseeacye and were
estimated to 0.2% and 1.3% respectively.

Coincidence summings of gamma rays also occurred for sotie @honitor
reactions, and had to be corrected for using well-known pushdescribed in
reference [66] and detailed knowledge of individual gameadecay schemes
obtained from ref. [67]. This correction is as high as 25.4#¥the?’Al(n,«) ray
at 1368.6 keV, 0.3% for th&Al(n,p) ray at 843.8 keV, 13.5% for tié&Ni(n,p) ray
at 810.8 keV, 0.4% for th¥Nb(n,2n) ray at 934.4 keV and 9.9% for tFi€e(n,p)
ray at 846.8 keV.

4.3 Estimation of the uncertainties and their corre-
lations

This section will present the method we employed to estirathitbe uncertainties
and correlations coming from each term of equation (4.9 usecalculate the
cross sectionsam. This formula can be seen as a functionkoindependent
parametersy:

oam=f(@) = | |ac (4.13)
Kk

The theoretical formulation of the 9 x 9 covariance matrixdar 9 cross section
measurements is then:

oo do T
_ Am Am
Com = Zl( day )C""k( day )

k

(4.14)

The goal will then be the determination of each covarianeepmnentsC,, .

In practice, this was done as follows. First, we identified thctorsay in
equation (4.9), lumping strongly correlated terms togethea single factoray,
independent from the other factors so that eq. (4.14) hdltden for each factor
ax we determined the total uncertainty for all 9 energy poistdetailed in section
4.3.1 and we evaluated the correlations between each of ene®y points, as
explained in section 4.3.2. It is important to mention tih&tterm "correlation” in
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section 4.3.1 refers to the correlations between the tefrfemmula (4.9) at one
given energy, whereas the "correlations” in section 4.8f2rrto the correlations
between the dierent energy points.

4.3.1 Uncertainties calculation

All possible uncertainties have been evaluated, and taBlerly shows the ones
above 0.1%. The major uncertainty comes from the detectedts8,,, ranging
from 1.3 to 6.3%, an&,;, ranging from 0.7 to 2%. This can be explained by the
low count rate due to both a large background fron?fh&m natural activity and

a decreasing reaction cross section with energy. We uselifi@rent Am samples
for nine energy points. The uncertainty of 0.3% on the amarianass was taken
into account. The Al samples, with an uncertainty on the nodss1%, were
different for all energy points. The uncertainties for the aliom cross section
oa Were taken from reference [46].

The negligible uncertainties (below 0.1%) correspond &ouhcertainty on
they-ray intensity for aluminium,, the decay constantpropagated to the cor-
responding time factor$s and f, of the Al monitor reaction, and for the ratio
Chuxam/Cruxai-  The relative flux ratiodg /P am Was estimated within good
agreement both with an analytical approximation and witmidCarlo simula-
tions and its uncertainty was also neglected.

The total uncertainties of the measured cross sectionsrsimiable 4.3 were
obtained by summing up all the individual uncertaintiesoadimg to the law of
error propagation for independent multiplicative vareabl It is then important
to identify the possibly correlated terms from equatio®)4it one given energy.
All of the terms previously mentioned are uncorrelatedsttihe only correlations
will come from fy and f, for americium Cioy, am aNdCioy a1 @nd finallyeay, andey .
Here is a summary of thefiierent distinctions to be made for a proper uncertainty
calculation:

neglected uncertainties: |, (fs )i, Po,ai/Po,am: Chux,am/Chiux,Al-
uncorrelated terms: oa;, Sam, Sai, |am,Nam, Nal-

correlated terms: (fzf)am, €am/€als Ciow,am/CiowAl -

The contribution of the uncertainty ohfor Am to the corresponding time
factorsfy and f, was taken into account using the error propagation law ftin bo
of these terms. The resulting uncertainty on their prodsithén slightly higher
because of the covariance, since a 100% correlation wasastl between them,
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due to the fact that the uncertainty is coming from the ong,avhich is the same

for fy and f,. The resulting total uncertainty ors(f;)am is ranging from 0.4 to

0.9% for the diferent energy points because of th&eatient irradiation and decay
times.

We have estimated the uncertainty on the r&liQ am/Ciowa at 0.3 to 1.4%
depending on the energy. This uncertainty mainly origis&tem the knowledge
of the low component of the neutron spectrum, which is in camror Ci,y, am
andCqa at one certain energy. That is why a strong correlation of 808
chosen in order to get a relevant estimate of the uncertamtie ratio.

For the ratio of the #iciencieseam/eal, the uncertainty on eachieiency
was estimated at 3%, based on the comparison of Monte Canldlaions and
point source measurements. A correlation between theseffigeencies had to
be considered due to the fact that the same geometry désonpas used for the
HPGe detector. That is why a correlation of 50% appeared ta fBasonable
choice, giving back a total uncertainty on the ratio of 3%.

Table 4.2: Principal sources of uncertainty and their et magnitudes in %.

Neutron energy (MeV)

8.34|9.15| 13.33| 16.1| 17.16| 17.9| 19.36| 19.95| 20.61
O Al 19 19| 16 2 2 22| 3.1 4.1 5.4
Sam 5040 25 | 21| 15 | 13| 6.3 1.4 5.7
Sal 10| 10| 10 | 10| 20 | 0.7 | 20 1.0 1.6
I Am 12 12| 12 | 12| 12 | 12| 1.2 1.2 1.2
Nal 01|01 01 01| 01|01, 012 0.1 0.1
Nam 03|03| 03 03| 03] 03| 03 0.3 0.3
én/éam | 3.0 30| 30 | 3.0| 3.0 | 3.0| 3.0 3.0 3.0
(fsf)am | 0.9 | 06| 04 | 06| 06 | 0.7 | 0.6 0.6 0.6
%lf’:“ﬁ 03 | 03| 03] 03] 13 1.4 1.4

4.3.2 Correlation estimation between the energy points

This section will now explain the correlations between tigedent energy points,
which constitutes the second step after the estimationeotdhrelations between
the terms of equation (4.9) for one energy. The sources o€leion will then
be diferent from the ones detailed in the previous paragraph. €sedxample
concerns the correlation between the masses of the Am sasipte we used 6
different samples for the 9 energy points, we had to introduc®% X®rrelation
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for ny between the points where the same sample had been used.efatiorr
for o-a between the dierent energies was also taken into account, using the values
given in reference [46].

On the contrary, the detected couBig, andS, were obviously considered
uncorrelated, as was the Al masses since we udéereit foils for the 9 mea-
surements. The other uncorrelated term is the @itigam/Ciow,al, Since the TOF
spectra used for the calculation were totallffelient from one energy to another.

All the other terms were considered as fully correlated leetwthe dierent
energies. This is the case for the intensity of the amerigamma ray am, the ef-
ficiency ratioeam/ea and the productfg f.)am, since the way of determining them
was exactly the same for all the energies. This gives us tleimg summary of
correlated and uncorrelated terms between tffer@int energies:

fully correlated terms: lam, (fs fr)am, €am/é€ai-
partially correlated terms: o, Nam.

uncorrelated terms: Nay, Sam, Sais Ciowam/Ciow,Al -

The final covariance matrix, giving the correlation betwésmenergy bins,
was thus calculated by combining all the partial covariamedrices of the ele-
ments detailed above. The uncorrelated uncertaintiesibate in a diagonal ma-
trix, whereas the fully and partially correlated ones wahtribute in full matrices
detailed in appendix B. The diagonal elements for each ohtberespond to the
uncertainties given in table 4.2. The final covariance mdtas been split up in
a vector of diagonal uncertainties, ranging from 4.4 to 8.8%d a correlation
matrix, both of them given in table 4.3 and calculated with filrmula

Cov(x,y)
VVar(x). yVar(y)

Corr(x,y) = (4.15)

4.4 TALYS calculations

A new modeling of the**Am(n,2n) reaction cross section was achieved in col-
laboration with the CEADAM from Bruyeres-le-chatel. Our experimental points
were used for a new parametrization using the TALYS code.[TALYS is a
computer-code system for the prediction and analysis deanceactions that in-
volve neutrons, photons, protons, deuterons, tritéids,anda-particles, in the 1
keV - 200 MeV energy range. Consistent calculations of airophannels above
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the resonance region are possible with this modern tookagsd to a compre-
hensive parameter library. TALYS is built on a suite of thieedamental nuclear
reaction models: optical modelstatistical mode} pre-equilibrium model.

For this work, the optical-model calculations (of Bruyzte-Chatel) were
performed using [68, 69, 70] phenomelogical dispersivécaptnodel potentials
for neutrons and protons validated over the 1 keV - 200 MeVY@nenge. These
potentials are not implemented in TALYS, but read as extemaut. Due to
the fact that*!Am is a deformed nucleus in its ground state, coupled-cHanne
calculations, involving the first five states of the grouratestrotationnal band and
the first three states of the lowest octupolar band as theliogugcheme [70],
were achieved. At this stage, it is interesting to emphagdizat the resulting
total, reaction, and direct inelastic cross sections a$ ageheutron and proton
transmission cd@écients are the primordial ingredients required for the s¢ep
calculation: the statistical compound nucleus emissioalsir(g into account a
pre-equilibrium component).

According to the neutron incident energy, #i8m(n,2n) reaction cross sec-
tion results from a balanced contribution of these two psees (compound and
pre-equilibrium). Moreover as previously written, these tneutron emission
processes are in competition with all other open channelsdén occur in the
studied energy range frofffAm(n,2n) reaction threshol&l>, . = 6.67 MeV)
up to 21 MeV: capture, inelastic, fission and three neutroisgion. This means
that we have to define the right cross section magnituded diiede channels.
The calculated capture cross section was fitted to the &laikkxperimental data,
by overruling the default renormalization to the s-waversgth function. Even
if this channel has been taken into account, its contriloufto the present study
is not crucial (less than 2 millibarns). In this before men&d energy range, the
241 Am(n,n’) inelastic is the sum of three contributions: diréfoom optical model
calculations), compound and pre-equilibrium. In fact, toenpound inelastic
component becomes rapidly negligible with increasingdent neutron energy:
it contributes up to 50% to the inelastic cross sectioBdt,,,,, and it represents

H ,2)
around 1% only, just 2 MeV aboug}<, ..

Finally, to estimate the pre-equilibrium contributiongttiefault TALYS pa-
rameters for the pre-equilibrium model were retained. Reffission channel, the
implemented TALYS model (partly improved at Bruyeresdbatel [70]) based
on the Hill-Wheeler expression for the transmissionfiioent for one, two, and
three barriers was used. The total fission transmissiofficeat is obtained by
summing the individual Hill-Wheeler terms over all allowggbod J* quantum
numbers) discrete transition states and, for the continuniegrating them using
the appropriate fission level densities. If the excitatiorrgy of the compound
nucleus (or of the residual nucleus contributing to the iraliince fission) is
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lower than the barrier heights, fission transmissiorficcents display a resonant
structure due to the presence of nuclear excited levelsisd¢lsond or third well
(the so-called class Il or Il states) of the potential egesgrface. In fact, it is
more dificult to deal with the fission channel in a consistent way. éudihe fis-
sion parameters have to be adjusted previously for the fiemae fission before
adjusting those of second chance fission£miEf + n,nf). And at higher energies
we have to take into account the third chance fission{mF + n,nf + n,2nf)
and also thé*!Am(n,3n) mechanism. The calculation of tH&Am(n,2n) reaction
cross section is a certain challenge due to the fact thatrtiss sections of all
processes are totally embedded together. Neverthelesspgsared on Fig 4.4,
the new TALYS calculations from Bruyeres-le-Chatel ageecurately with our
present measurements.

4.5 Results discussion

Our results for thé*!Am(n,2n¥*°Am reaction cross section are given in table 4.3
and compared with existing measurements and the new madalat#on in fig-
ure 4.4. Also shown are the estimates from references [17,98the ENDFB-
VII, JENDL-3.3 and BROND-2.2 evaluated data files. The fitgumn in table
4.3 gives the neutron energy and its spread in parenthdsesetond column
gives the measured cross sections and the total uncertaigtyen in the third
column. The correlation matrix is given in the last column.

Of the nine cross sections obtained in this work three carobgared with
data from earlier measurements. These three data poiriie aeutron energies
of 8.34, 915 and 133 MeV are in excellent agreement with the recent data from
Tonchewet al. [24]. The present result &, = 9.15 MeV can further be compared
with the data from Perdikakigt al. [23] and is in similar good agreement. The
point atE, = 1333 MeV agrees well with the data from Filatenkeval. [21]
and is within two standard deviations below the data fromdlmedet al. [22].
Unfortunately, the 7 MV Van de Gréfaaccelerator at IRMM does not allow mea-
surements with neutrons in the energy range between 10 toehB $b it is not
possible to contribute to an understanding of th€edences between references
[23, 24].

Above 15 MeV no other data are available and the six data poibtained
here are the first experimental evidence for the excitatiomecof this cross sec-
tion. The data show a smooth behavior, althougtgps 19.95 MeV a somewhat
high value was obtained when compared to the two neighberieggies of 19.36
and 20.61 MeV.
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Table 4.3: The**Am(n,2n¥4°Am cross sections obtained from this work, with
their total uncertainties and the degree of correlatiombenh the dierent energy
points.

Energy| oam | Unc. Correlation

(MeV) | (mb)| (%) matrix (x100)

8.34(15)| 96.8| 6.5 | 100

9.15(15)| 162.9| 5.7 | 35 100

13.33(15)| 241.8| 46 | 37 42 100

16.10(15)| 152.4| 46 | 38 43 53 100

17.16 (3)| 116.1| 44 | 40 45 57 58 100

17.90(10)| 105.7| 4.4 | 41 45 57 59 84 100
19.36(15)| 895 82 | 21 24 30 31 39 39 100
19.95(7)| 102.1| 5.8 | 30 34 44 45 58 59 51 100
2061 (4)| 7791 88 | 20 22 29 30 40 42 39 65 100

As already mentioned, the consistent physics modelingeo€éhculation de-
scribed in the previous section has led to excellent agreemi¢h the new data
(figure 4.4, curve labeled TALYS). A similarffert was made recently for the
ENDF/B-VII evaluation [17] using another code system but the saatabase.
Again very good agreement is shown with the present data.h©two earlier
evaluations JENDL-3.3 [18] agrees reasonably well, ov@yshg the data some-
what above 15 MeV and below 9 MeV, while BROND-2.2 [19] onlglsse to the
present work above 18 MeV, showing significantly higher ealthan most of the
data in the entire range. It is gratifying to find that corestphysics modeling
and an adequate amount of data for competing channels tortadel parameters
by, allows predictions for th&"'Am(n,2n) cross section that agree so well with
experiment. In this respect it must be noted that all catmna were made before
the present data and that of Toncletal. [24] were available.
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Figure 4.4: The experiment&'Am(n,2n) cross sections obtained at IRMM com-
pared with previous data and evaluations.






Chapter 5

The 2*1Am(n,tot) reaction cross
section: experimental procedure

In the so-called resolved resonance region (RRR), whidteiehergy range where
the nuclear level spacing is larger than the Doppler andrexpatally broadened
natural level widths, a very good resolution in neutron gnés needed to resolve
the resonance structure of the cross section. Such highutesomeasurements
are usually performed at pulsed white neutron beams ustcejerators, combined
with the Time-Of-Flight (TOF) neutron energy measuremeahhique. The GEel
LINear Accelerator (GELINA) of the IRMM provides a pulsed iéhneutron
spectrum with an extremely good time resolution for trarssmoin and capture
measurements.

The ?*!Am(n,tot) and*!Am(n,y) reaction cross sections were measured at
this facility during several measurement sessions betwégnch 2007 and De-
cember 2008. The following chapter will present the totaksrsection measure-
ment, whereas the next one will detail its data reductionaaradysis.

5.1 Principleof the transmission measurement

The principle of the transmission measurement is the dammesng the nuclear
reaction cross section measurements. An incident neugambvith a fluxd,(E)

hits a sample with a thickness nfatoms per barn and is attenuated by interac-
tion of the neutrons with the sample. The outgoing fibE) is related to the
incoming one by the total neutron cross sectig(E) via the formula

Dy(E) = 04(E)e ™™ (5.1)
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Thetransmission factor T(E) is then defined as

— CDZ(E) _ ~-Not
T(E) = o, = ¢ ® (5.2)

In practice, the simultaneous measurement of WaffE) and ®,(E) being
very difficult, the fluxes are measured alternatingly with measuréeates of
sample in and out of the beam (see figure 5.1). Each cycledasist 20 min to
guarantee a stability between the in and out measuremertseveral days long
measurement. The transmission is then written as the ratieedime-integrated
incident neutron fluxes during the in and out measurements:

Jay, @in(E, t)clt
fmom ®ou(E, t)dt

where the integrals run over all in and out measurement sydle stands for
the normalisation factor. A precise knowledge of the d@ectfticiency is not
required since the transmission factor is obtained via #tie of sample in and
sample out measurements. In the following sections, th&rareyroduction as
well as the measurement of the neutron fluxes and the noatiahdactor will be
explained.

T(E) = Ny

(5.3)

'—' : 1' |—| |—| |—| Position IN
' } i 1 1 1 Position OUT
]

Neutron flux ®(E,t)

Figure 5.1: Scheme of the successive measurement cyclésinsmission mea-
surement.

5.2 TheTime-Of-Flight facility GELINA

5.2.1 Description of the neutron production facility

GELINA is a multi-user facility providing a pulsed white rieon source with a
neutron energy range from subthermal to 20 MeV. It compriseas majour ele-
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Figure 5.2: Scheme of the GELINA target hall.
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ments: alinear electron accelerator, a post-accelerbéag compression magnet
system, a mercury-cooled rotary uranium target and sefligyiai paths.

Intense pulsed electron beams, at repetition rates frora 80@ Hz and with
peak currents up to 12 A in a 10 ns time interval, are accadrt a maximum
energy of 150 MeV in a linear electron accelerator. The pastleration beam
compression consists of a special 368@éflection magnet located in the target hall
(see figure 5.2). This magnet compresses a 10 ns pulse withri@dmum in-
tensity into a 1 ns pulse with 120 A maximum intensity with ligigle beam loss.
According to their energy and under the influence of an irdenagnetic field
(about 0.37 T), the incoming bunches are deflected alofigrdnt trajectories.
The first micropulse, having the highest energy, travels@tbe largest trajectory
(6 m) and the last micropulse along the smallest one (3 m)erAfhe lap inside
the magnet, they leave the system at the same time towarethieon source.

The accelerated electrons produce intense Bremsstratrddragion (called
flash) in a mercury-cooled rotary uranium target (see figuggwhich in turn, by
photonuclear reactions, produce neutrons. Heavy mageredl as uranium is used
because the probability that electrons loose energy by 8stahlung is roughly
proportional to 2. Moreover, uranium was especially chosen because itsoreutr
yield per incident electron is more than a factor two largantfor tantalum, used
in other laboratories such as ORELA [71]. In this uraniungéabombarded with
100 MeV electrons, the electron to neutron conversion edehes about 9%.

Neutron centre ling @
>~

i ,’ |
Beryllium <_ ‘
Water: - !

|
\

Uranium torus

Helium : o
= L N T=
U= Electron beam

I

Stainless steel

Mercury flow

[e)

Aluminium

10 cm

Figure 5.3: Scheme of the rotary uranium target and the Beathwater moder-
ator.
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To have a significant number of neutrons in the energy ranigsvidi00 keV,
two 36 mm water moderators in a beryllium canning are platey@and below
the target. At thermal energy the distribution is charazéer by a Maxwellian
peak, and the partially moderated neutrons have an appatiffE energy de-
pendence, as illustrated in figure 5.4.

Neutron flux (1/cm? s eV)

—_—
o

N
T

Experiment
0o MCNP
(at 12 m)

10°}
10°
;
10'2 F aaasand o s aasad o, aaaaand s aaaand 2 aasanad 2 aaanad el .....D
10° 10" 10’ 10° 10°
Energy (eV)

Figure 5.4: Moderated neutron spectrum at flight path 5 (1272J)

By using collimators and shadow bars, moderated or non-ratetneutron
beams are selected for the eighteen flight paths symmdyremathnged around
the uranium target. Figure 5.5 shows the location of thestrassion and capture
measurement cabins along the corresponding flight paths.

5.2.2 Time-Of-Flight method

The determination of the neutron energy is based on the Oifrelight method
which correlates the detected events to the energy of thieamsuby measuring
the time elapsed since the generation of the neutron bukst. n€utron energy
is given as a function of the flight timg, and the &ective flight path lengti.,.
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capture measurement

(n,tot)
(n,p L
(n,f) and (n.cp) transmission measurement

(nn'p

Figure 5.5: Scheme of the 10 GELINA flight paths.

This gives in the non-relativistic case:

Ln

E, - Em”(T_n)z (5.4)

with m, the neutron mass. If we expreks in meters, T, in us andE, in eV,
equation (5.4) can be written numerically as

L 2
E, = (72298T—”) (5.5)
n

The corresponding energy resolution of the spectrometbeis

AE, AT,V (ALY
=2 :
N 59
or, using the same units as previously mentioned
AE, 2 \/ E,
— = == AT2 + AL2 7
E, L, V5227039 " o0 S

It depends on the time resolutiddT, and on the uncertainty on thé&ective dis-
tance travelled by the neutralL,. The very short pulse duration of 1 ns in com-
bination with the very long flight paths of up to 400 m resuiighe extremely
high energy resolution of the GELINA TOF facility.
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In TOF measurements the approximation of Gaussian diségbuncertain-
ties on time and distance is notfBaient. Instead more accurate distributions are
used and convoluted, resulting in the so-called resoldtiontion. The resolution
function is the probability that a neutron detected at a toh#ight t has energy
E,, and has six main components:

¢ the intrinsic shape of the neutron pulse

the source material and geometry

the dfects of the moderation of the initial fast neutrons

the angle of the flight path normal to the surface of the source

the neutron detector, its surroundings and electronics

the timing channel width

The shape of the final resolution function results from thavotution of these six
main processes, which is described in detail in ref. [73].

5.3 Experimental setup

5.3.1 Flight path description

The transmission measurements were performed at flightNbat of GELINA,
a flight path that views the moderator at an angle of Bhe chosen flight path
length was 26.45 m. A detailed description of the experi@eatrangement is
shown in figure 5.6. The beam diameter was limited to appratety 1.5 cm,
using a combination of Li-carbonate, copper and nickelim@tors. The?*'Am
sample was positioned at a distance of around 9 m from theoreptoducing
target, in an automatic sample changer operated by the datasdion system.
Some filters, the description and functionality of whichlwg detailed in the next
section, were placed just before the sample.

Downstream from the filters and the sample, the neutron beamfwther
collimated and finally detected by a Li-glass scintillattaged at 26.45 m from
the uranium neutron producing target. In this way the snodilngle subtended
by the detector permits to detect only the neutrons whichndidinteract with
the sample. The Li-glass was placed in an aluminium cannimtgvéewed by
two photomultipiers (PM) placed perpendicularly to the tnew beam axis. The
aluminium canning was covered with a thin teflon foil to refléee light to the
entrance window of the PM.
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Figure 5.6: Scheme of the transmission measurement flight pa

5.3.2 Filter setup

Different filters were placed in the beam just before the amenisample, per-
manently or not, and could serve several purposes. Bladnagge filters, such
as Na, Co and Ag, were used to absorb nearly all the neutraamgiven energy
region. In that way, any count rate observed in this paricehergy range can
be attributed to the background. The energy dependent baakg can then be
interpolated between theftérent black resonance regions. The Na and Co filters
remained permanently in the beam during the whole measutesiace the en-
ergy of their black resonance is much higher than the enengye of interest for
the americium ones.

On the contrary, the Ag and Cd filters were placed in the neubeam for
a few background measurement cycles only, in order to havestimate of the
background at lower energy. The black resonance of cadmiin2aV allowed
to get an estimation of the background in this whole lowergyneegion by re-
moving completely all low energy neutrons, and among theyroaarlap neutrons
coming from the previous pulse.

Pb and Bi filters were placed permanently in the neutron beaneduce
the influence of the gamma flash on the detection system. Edvidrch 2007
measurement session, only the Bi filter was used for thisgaepand it was found
that the attenuating thickness was noffisient. This is one of the reasons why
another measurement session was achieved in July 2008,aisinch thicker Pb
filter along with Bi one in order to get rid of the gamma flashuefice on the
detection system. Table 5.1 presents thedent filters used for the transmission
measurement together with their respective thicknessthair black resonance
energy.
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Table 5.1: Energy and thickness of théfdient filters used for the transmission
measurement.

Type of filter | Element| Energy (eV)| Thickness (mm)

Non permanent Cd 0.2 1

black res. filter| Ag 5.19 0.21
Permanent Co 132 0.2

black res. filter Na 2850 9.1
Permanent Bi 10
v flash filter Pb 9.9

5.3.3 Sampledescription

We used the same unique sample for both the transmissioregtare measure-
ments. This latter was prepared using the same special thddszribed in chap-
ter 3 for the (n,2n) measurement. The onlffeliences are the mass of americium,
which is 10 times bigger (324.5 mg), and the yttrium oxide nRainstead of
the alumina one used for the other samples. The total weight3,369 g, for a
thickness of 3.3 mm and a diameter of 22.3 mm.

The americium-yttria composite was encapsulated into amiaium con-
tainer having the same shape as shown in figure 3.2. For thmplsaoo, the
geometry was checked by X-ray radiography and the americiomtent deter-
mined by calorimetry. Table 5.2 summarizes the charatiesisf this sample.
Two blank samples were also prepared by the JRC-ITU in Kidrswith exactly
the same amount of yttria but without the americium oxideeylWere used dur-
ing the March 2007 measurement session, the goal being tadg#tthe yttrium
total cross section component in the transmission factor.

Table 5.2: Characteristics of the sample used for the tresssom and capture
measurements.
Weight | Diam. | Thickn. | Y,O5 content| **Am content| Calculated
(9 | (mm) | (mm) (9 (mg) *Am (wi%)
3.369 | 22.298| 3.328 3.000 324.5:2.6 9.623
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5.4 Neutron detectors

The measurement of the transmission faclo(fs) involves two diterent neutron
detectors. The neutron fluk.(E) incident upon the sample and the neutron
flux @;,(E) transmitted by the sample are measured with a Li-glasstietel he
normalisation factoNy is provided by two Bk neutron detectors positioned in
the target hall, the so-called central monitors.

54.1 Lithium glassdetector

The lithium glass detector is an inorganic scintillatordise record the arrival
time of the neutron in this TOF experiment. It was chosenH@purpose because
it has a good timing resolution (typically 50-75 ns).

In our transmission measurement, neutrons were detecte@wiinch diam-
eter and 0.5” thick Li-glass (NE 905) placed in an aluminiwanming and viewed
by two EMI 9823 KQB photomultipliers placed perpendicwait the neutron
beam axis. Figure 5.7 shows a scheme of this kind of detecttiva case of a
0.25” thick Li-glass. The detection of neutrons is basedhen(hg) reaction on
OLi:

®Li+n— @ +3H Q=478 MeV (5.8)

The lithium is enriched to 95% itLi, and small amounts of cerium are added
to be used as a scintillation medium. Alpha particles goimgugh the detector
generate electron-hole pairs. The free electrons mighateigh the crystal un-
til they drop into an impurity site. The de-excitation of tberium occurs very
quickly with the emission of photons. The light aluminiummoang plated with
barium sulfate is designed to reflect the light to the engamiadow of the PMs.

The full energy peak of the (@) reaction is the neutron response of the de-
tector. In order to measure the neutron flux incident uporml#tector, a hardware
window was selecting the events corresponding to the) (eaction for the first
measurement session in March 2007. A coincidence betweetwth PMs was
also imposed. After a full upgrade of the detection setuphsun online discrim-
ination was replaced for the July 2008 measurement byf&hne analysis of
the detector response. This means that during the seconglineezent session,
any event occuring in the Li-glass detector and above aindtieeshold for the
electronics was recorded.
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Figure 5.7: Scheme of a 0.25” thick Li-glass detector codipléh a photomulti-
plier.

54.2 Central Monitors

The total neutron output is continuously monitored by twg Bfoportional coun-
ters placed at two ¢lierent positions around the target hall, the central mositor
(CM). These monitors measure the energy-integrated nefitre. Their output

is used to monitor the stability of the accelerator and towadize the spectra to
the same total neutron intensity.

Each detector is a tube measuring 2.54 cm in diameter anctc68i2 length
(see figure 5.8). They are filled at 1 atm with a gas highly émdcini°B. The
neutron detection is based on tHB(n,a) reaction, which is considered as a stan-
dard structureless cross section from thermal energy upQkeaV.

Li+a Q = 2.792MeV (ground state)
10

B+n— { Li*+a Q = 2.310MeV (excited state) (5.9)
The reaction productLi may be left either in its ground state or mainly in its

excited state with the emission of a 0.48 MeV gamma ray.

The CM detects a fraction of the neutrons produced by theiwmatarget,
and thus delivers a number proportional to the total neutron Due to its energy



100 The ?**Am(n,tot) reaction cross section: experimental procedure

HT  output
»~— anode wire
,~— cathode tube
e =
n n
/ \\
n n
concrete wall A

target hall

-

NN T

-

SV WE T

=

Figure 5.8: Scheme of the central monitor placed in the wieghe target hall.

dependentféiciency, a Bl tube mainly responds to the slow neutron component.
That is why the neutrons emitted by the target-moderataraly are partially
moderated by the concrete before reaching the detector.

The background contribution is mainly due to gamma rays downgether
with the neutron flux. It is possible to separate gamma fromtroe induced
events, as most of-ray interactions result in low amplitude pulses. A mere am-
plitude discrimination enables to eliminate these contrdmns without sacrificing
neutron éiciency.

5.4.3 Electronic setup
Description of the electronic setup

Each detector signal is divided along twdfdrent chains of electronics: one de-
termines the pulse height according to the energy absorbetidetector (slow
signal) and the other consists of fast electronic whichrdatees the arrival time
t, relative to the start time of the neutrogs
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fast signal: the anode pulse of both PMs is transmitted to a Constantiénact
Discriminator (CFD) to create fast logic signals for a cagdence unit.
Whenever two pulses are present within a 30 ns coincidenodomi, a
coincidence pulse is sent to the Fast Time Coder (FTD). ThI3, kvhich
was developped at the IRMM [74], determines with a preci€ibf.5 ns
the TOF of the detected neutron from the timé&eatence between the start
signalty, given at each electron burst, and the stop sign&iom the co-
incidence unit. This time dierence is converted into a channel number
and sent to the data acquisition system via an interface (Modulti-
Parameter Multiplexer (MMPM) [75]) especially developmdRMM. By
selecting only coincident pulses a significant improvenoéie signal-to-
noise ratio in the TOF spectrum was obtained. The FTD istializied at
each impulsion from the electron beam by a Pretrigger siBnal

slow signal: after preamplification and amplification, the slow signasént to
an Analogue to Digital Converter (ADC), where the pulse h&sgre con-
verted into channel numbers.

Together with these time spectra we also recorded the respafitwo CM
installed in the target hall. The flash of GELINA was used as a reference for
measuring both the actual timing of the electron burst aadtterall time resolu-
tion of the detection chain.

For the July 2008 measurement session, an upgrade of tihe éata acqui-
sition system was made, replacing the analog acquisitiatiditizers. The chain
of electronics was then rather simplified, since we usedasiesignal for both the
to and TOF acquisition. Instead of histograms, the data wegded in list mode
files, conserving all the information for each event ocagiiimthe PMs above a
certain threshold. Therefore the window for the selectibthe (n;y) events and
the coincidence discrimination were removed. The propekdpaund analysis to
identify the (ny) events was achievedtdine during the data reduction. Such a
system permits much more flexibility during the data analgsid the understand-
ing of the background, but necessitates a much bigger saregmory space,
since the amount of information recorded is significantyger.

Timing signal and accordion

In a transmission measurement, the position ofytiil@sht, , is observed in the
TOF spectrum with a delatys s« as regards with the true valag = L/c. This
additional delay is due to the time interval betwégand the beam impact, the
finite speed of light, the detection process and the cablgthsn The order of
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magnitude ot ;s IS about 10Qus. The exact flight time of a neutron detected
by the acquisition system at tintgis then given by:

t=(th—to)) = (tym—to) +t, =ty +t, — t,m (5.10)

Figure 5.9 summarizes the timing signal sequence of thermesion measure-
ment.

Real neutron and
y flash creation time

Pretrigger

Measured neutron TOF t,

Exact neutron TOF t

Measured
y flash|TOF

time

tO t\/,m tﬂ
(t=0)

Figure 5.9: Representation of the timing signal sequenca fransmission mea-
surement.

The number of channels available for the coding of the flighétof a neutron
is 222 channels, but to cover the entire neutron energy regiomb&l® keV in a
reasonable number of channels, the TOF spectrum has to idedimto several
regions. This time discretisation is calladcordion. In each of these regions, the
channel widthAt; must be large enough to map the TOF spectrum with acceptable
resolution, focusing on the region of the resonances ofeste Therefore, the
flight time t, given by the acquisition system is defined as the time elafread
the initial channel to the center of chanmel

n-1
1
th= > At+ 50t (5.11)
i=1
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5.5 Measuring sequences

The transmission measurements were achieved during tvemoass in March
2007 and July 2008. Each session compris@&mint measurement sequences
due to the alternating positions of thdfdrent filters and the running conditions
of the accelerator. Table 5.3 summarizes the measurencprasees we achieved
with their corresponding filter conditions.

Table 5.3: Measuring sequences of the transmission measuts.

Measurement Sequence| Number Filters
session ofcycles|Cd Ag Co Na Bi Pb
am070313| 238 X X X X
am070319, 160 X X X X
March am070321| 112 X X X X
2007 am070326| 117 X X X X
am070328 87 X X X
am070413 15 X X X
am070416| 334 X X X
am080703a 14 X X X X
am080704 14 X X X X
July am080707| 191 X X X X
2008 am080710 35 X X X X X
am080711 20 X X X X X
am080714 19 X X X X X
am080714a 50 X X X X







Chapter 6

The 2*1Am(n,tot) reaction cross
section: datareduction and analysis

In this chapter will be presented the process of the datactentuusing the pro-
gram codes AGL and AGS (Analysis of Geel Spectra [76]) esfgailevelopped
at IRMM, as well as the data analysis with the program REFM].[AGL was
used to treat the list mode data from the July 2008 measutesmereconstruct
the TOF spectra. AGS was then employed on both March 2007uayp@Q008 raw
spectra to derive the transmission factor.

A first analysis of the reduced data using REFIT is then dedaibearing in
mind that final reliable results will only be possible aftesimultaneous analysis
with the capture measurement, this latter being not indudé¢his PhD work.

6.1 Datareduction

6.1.1 Datasortingwith AGL

This first step of the raw data treatment only concerns the2ll08 measurement
session, where the data were recorded in list mode file. ThHea® package
AGL was especially developped at IRMM to analyse list mod&a daken with
the new acquisition system and to prepare the input dathéAGS package for
the further data reduction steps presented in the next roiag

The big advantage of this new acquisition system is to cowtifeline the
TOF spectra reconsitution by separating the neutron eventsthe background
in the most accurate way. Picture 6.1 shows the amplitudetrgpebtained from
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the two PMs (black and red curves) and their summed signak(gcurve) for
the sample in position. The full energy peak of thexrjrreaction corresponding
to the neutron events is roughly located between chann@sd@ 800 for each
PM. Defining such a window appears to be much more convenietiteosummed
signal from the two PMs, since the {),peak limits are clearer. That is why we
chose in practice to keep the events corresponding to a defimelow between
channels 250 and 1024 of the green curve. Such a cut was adloavine for the
March 2007 measurement, by determining the window threishiala rough way
with an oscilloscope at the beginning of the measuremesi@esThis method
was of course much less precise, and we had no control onualdime tuning of
the threshold during the experiment.
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Figure 6.1: Amplitude spectra from the PMs obtained for tm@&0707 measure-
ment session.

In order to improve the accuracy of the cut, we plotted the Riviiplitude
spectrum versus the one from PM2 in a 3D plot, so as to visu#tie regions to
be precisely cut. Figure 6.2 shows such a plot without anycouatition in the
data (i.e. all PM events from channel O to 1024). The orangé&aeregion cor-
responds to the coincident &),events. It appears that the cut previously defined
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Figure 6.2: PM1 versus PM2 amplitude spectrum in the casbkeohin080704
measurement session, no cut condition.

Figure 6.3: PM1 versus PM2 amplitude spectrum in the casbkeohin080704
measurement session, AGL cut condition.

Figure 6.4: PM1 versus PM2 amplitude spectrum in the casbkeohin080704
measurement session, Root cut condition.
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on the summed signal (shown in figure 6.3) may be improved dngda certain
threshold on each PM, in order to get rid of the events tha¢ galigh signal in
PM1 and a small one in PM2, and vice versa. These events pondsn the
plot to the higher counts observed along the X and Y axes.r€i§u shows this
optimized cut with the three conditions corresponding to tiwresholds on each
PM and another window on the summed signal.

Unfortunately the software AGL does not allow to build TOFspa taking
into account these three conditions together. We could lomillg spectra accord-
ing to one single cut condition, on either PM1, PM2, or the swed signal. That
is why we developped a special script using the Root envieonirfv8] in order
to build such a spectrum and compare it with the one built W&l according to
the sole condition on the summed amplitude spectrum firstioreed. Figure 6.5
shows the reconstructed raw spectra from AGL for thrééedint cut conditions
on the summed signal and two sample positions (in and ou®.dfferent steps
observed in the curves correspond to the accordion settinggure 6.6, which
is a zoom of the previous one on the first resonance, we carnyctes the dier-
ence in the spectra when we apply the cut window keeping belyrig) reaction
peak (AGL cut) or no cut condition at all (no cut), but the AGhdaRoot cuts do
not show any notable flerence. Yet these latter can be seen in figure 6.7 where
the diference between the AGL and Root cuts in the TOF reconstrgpeira is
plotted in %. This diference is less than 1% in the americium resonance region,
but can reach up to 7% around the black resonances. It is degeon the ratio
between the counts from the {),peak and the background, and is then more
visible at the bottom of the resonances in the sample in gpact

The low cut condition corresponds to a window from the thoéglup to the
lower part of the (ny) peak. It contains events from the lower tail of theo{n,
reaction as well as events from the noise sources. This caedrein figure 6.8
where the americium transmission is still visible on a ldsgekground. Table 6.1
summarizes the fferent cut conditions previously mentioned on the amplitude
spectrum.

Table 6.1: Diferent cut conditions achieved on amplitude spectra.

Condition on PM1 | Condition on PM2 | Condition on PM*PM2
no cut none none none

AGL cut none none 250< channels< 1024

Root cut| 50 < channelsc 900 | 50 < channelsk 900 | 250< channels< 1024
low cut none none channels< 250
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Figure 6.5: Reconstructed raw spectra for the sample in ahgasitions using
AGL for 3 different cut conditions in the case of the am080707 measurement

session.
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Figure 6.6: Zoom of the previous spectra around the firsttasce of americium.
The spectra using AGL or Root cuts nearly coincide.
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Figure 6.7: Relative dierence (AGL-RoofAGL in % between the AGL and Root
cuts in the reconstructed TOF spectra regrouped per 50(elsan
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Figure 6.8: Zoom of the Root and low cut reconstructed speutvund the 3 first
resonances of americium.



6.1 Data reduction 111

In the following sections, the AGL specified spectra willeeto the cut made
with AGL on the summed amplitude spectrum, whereas the Rmmtied spectra
will refer to spectra obtained with the three conditions avilP PM2 and the
summed spectrum.

6.1.2 Datareduction with AGS

To derive the transmission factor from the raw TOF spectra,used the data
processing package AGS especially developped at IRMM [Vbis package in-
cludes the most important spectra manipulations, such ad ti@e correction,
normalisation, background fitting and substraction and -T®@Energy conver-
sion.

The package also includes a full propagation of unceresnstarting from
the uncorrelated uncertainties due to counting statisfid¢®e final transmission
factor, deduced from the raw TOF spectra, includes a complatariance matrix
accounting for both uncorrelated and correlated uncepaommponents.

Dead time correction

The raw TOF spectra have first to be corrected for losses dietdead time in
the detector and the electronics chain. The dead time istoredi continuously
by a registration of the time interval distribution betwedfierent events. From
this time interval spectrum shown in figure 6.9, we deduceaa dene of about
100 ns for a neutron event, and aroungsZor the dead time blinding the detector
after they flash.

Normalisation

The normalisation factoNy from formula (5.3) accounts for filerences in inte-
grated intensities of the incident neutron beam duringrrend out measurement
cycles. For the normalisation to the same neutron fluencatbenation of two
BF3 neutron flux monitors are used: CM1 and CM3, which are cognigutrons
without distinction of the energy.

After a stability check of each of them, it was found that CM&svslightly
more stable, as is shown in figures 6.10 and 6.11. The stamgsidtions of
the mean of the distribution of the ratio values for consgeuh and out cycles
are shown in table 6.2 along with the respective averagessafuthe case of the
am070313 measurement session.
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Figure 6.9: Typical time interval spectrum used for the digae determination.

Table 6.2: Mean values of the count ratios for consecutivenith out cycles for
CM1, CM3 and 1 in the case of the am070313 measurement session.
Mean St. dev. of the mean
CM1 | 1.0568(93) 8.56x10%
CM3 | 1.0578(72) 6.62x10*

To | 1.0595(142) 1.31x10°3

Therefore it was the neutron counts from CM3 that was usedltufate the
normalisation factor. The monitor count4 are both time and energy integrated
from the monitor flux®,, reaching CM3 placed in the target hall. The normalisa-
tion is then calculated from the formula:

o, Or(EDIED ymy Mo .
fm-n On(E, t)dEdt XMy, M :

T

This gave a normalisation value of 1.0681 for the sum ovemathsurement ses-
sions without non permanent filter for the March 2007 campagmd 0.993 for
July 2008.
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Figure 6.10: Ratio of CM andglvalues for consecutive in and out cycles for the
measurement session am070313.

Background estimation

The transmission factor is in practice obtained as the dittbe time-integrated
spectraCi, andCgy, corrected for their background contributi@p, and By re-
spectively:

Cin - Bin
Cout — Bout
The technique used to obtain the time dependent backgredurased on the black
resonance method. The background is indeed derived fromrsatuzated reso-
nance dips formed by the resonances of Na, Co, Ag and Cd, abgall neu-
trons at 2 850, 132, 5.19 and 0.2 eV respectively. The backgiover the whole
time range is parameterised by the smooth function:

T(E) = Ny (6.2)

B(t) = a; + at® + a,e ™' + age™™" (6.3)

which was found to best describe théfdient time dependent background com-
ponents due to scattered neutrons from the environnagptgamma rays issued
from neutron captures in the collimators and the flight pabes &,t*), 2.2 MeV
gammas from neutron moderation in the GELINA targeie(®!), and overlap
neutrons from the previous pulsa€ ).
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Figure 6.11: Distribution of the ratio values for CM ang fbr the am070313
measurement session.

In practice the time parameteag as anda; were determined using the mea-
surements with the non permanent background filters Cd @idawer energy
term especially) and Ag (for the background shape around\the@esonances).
The amplitudesy, a,, a4 andag were then adjusted during the background fit of
the measurement with the permanent filters Na and Co, whishtiven used for
the transmission factor calculation. Figure 6.12 and 6H®&wsthe first and the
last step of this background estimation: a fit of the blackmesices with the Cd
filter and another one with only Na and Co.
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Figure 6.12: Background estimation with the Cd black rescgdilter, July 2008
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Figure 6.13: Background estimation without the non permafikers, July 2008
measurement campaign.
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Transmission ratio

The last operation achieved with AGS on the reduced dat&isdltulation of the
transmisison ratio itself, following equation 6.2. Fig@.&4 shows the transmis-
sion obtained during the March 2007 measurement sessiomelass the ones
from July 2008 using the AGL and the Root cuts. Th&alence between the
March 2007 and July 2008 measurements comes from the dumitimytivia ma-
trix used for the March 2007 measurement session for the Isapup position.
The green curve is almost exactly the same than the red oneh) widicates that
the Root cut does not give a significant improvement to the AGé.

July 2008 AGL cut
July 2008 Root cut
March 2007

0,9

0,26 0,28 03 0,32 034 036
L . L L L L

Transmission ratio
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Figure 6.14: Transmission ratios obtained in th&edent measurement cam-
paigns.
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6.2 Resonanceanalysiswith the REFIT code

6.2.1 Determination of resonance parameter sfrom experimen-
tal data

In the Resolved Resonance Range, cross sections can beepatized by the
resonance parameters such as the potential scattering rttk resonance energy,
the neutron, radiation and fission widths, and the spin anty the resonance.

The simplest method to extract resonance parameters froasuredl data
is the area analysis [79, 80]. For a well-isolated resonaveean define areas
that can be related to the experimental observables. Theas for transmission,
capture and elastic scattering are respectively:

A= f (1-e™)dE (6.4)
A, = f 1- e‘””t)%dE (6.5)
Ao = f(l - e‘””‘)(;—’t‘dE (6.6)

If we neglect the Doppler broadeningfect and consider only the resonant
part of the SLBW formalism, we get the following asymptotetations in the
limit of a very thin or very thick sample [81]:

A(thin) = —nno-oF 2ne? %y (6.7)
A(thick) = v/mnool” = 2n1+/ngl,[ (6.8)
A, (thin) = }nnaol“ = 2nr°A%g } (6.9)

2.2 Il
An(thin) = —Jrnaorn = 2N A°g—— T (6.10)

whereo stands for the peak total cross section of the considerexhaese. It

is clear from equations (6.7) and (6.8) that thick and thim@a transmission
measurements yield values Bfand gl', and will provide complementary data.
WhenI', > T, the neutron width will dominate the total width, so that=~ I
andg andl’,, can be determined from a combiantion of thin and thick traasion
measurements. In the same way wiigns I'; the radiation width will dominate
the total width, so thdf, ~ I', and the radiation width will be determined together
with gI',,. Table 6.3 summarizes the sensitivity of th&elient areas in the fllerent
possible cases.
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Table 6.3: Resonance area sensitivity to tiféedent resonance parameters for a
thin and a thick sample.

Area I'<T, I'h>T,
A (thin) | 2nm°A°gl, ~ ngl, ~ ngl,
A (thick) | 2r2+/nglnl | ~ /gLl | =~ /Ngly,
A, 2n7r2/129% = nngP ~ ngl,
A, 2nrafg=t | ~ng=t | =ngl,

6.2.2 Resonance shape analysiswith REFIT

In practice, one has to correct for the broadening due to thapl2r d¢fect and
the resolution of the spectrometer in order to get the erpartal observables
previously mentioned. That is why it is usually preferedrtolide theseféects
by performing a full resonance shape analysis of the dategusddes such as
REFIT [77] or SAMMY [82].

Both codes are based on the Reich-Moore approximation antiig-level
R-matrix formalism. These codes account for the Doppleatdening, and the
transmission factor is folded with the experimental reBotu The resonance pa-
rameters together with experimental data parameters @lmation, background,
effective temperature, target thickness and homogeneitybeatetermined by a
least squares fit of the experimental data. The REFIT codassdon the famil-
iar least-square method, whereas SAMMY is based on thelkE@@eneralized
least-square fitting procedure.

Experimental resolution function

To confront the experiment with the theory, the transmissiata must be broad-
ened with the Dopplerféect and with the experimental resolution function of the
facility. The resolution function is the distribution imie of the neutron flight
time. These two elements broaden the natural wigghand attenuate the ampli-
tude of the nuclear resonances. The observed total Wigths then determined
from the natural width, the Doppler widthEy,, and the resolution widthAE, .
The observed width at half maximum may be estimated from tiaelcatic sum of
these contributions assuming that they are approximatalys&an in shape and
independent:

FZ

obs

= Iy + AEf + AES,, (6.11)

The neutron energy resolution function for a TOF measurémeomposed
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of several functions convoluted together. The main comptsnare the intrinsic
shape of the neutron pulse, the source material and geqrtretriyming channel
width, the angle of the flight path normal to the surface of sbarce, and the
neutron detector with its surroundings and electronicsstbdthese components
are simple functions of time or energy and can be represéytadew parameters.
The experimental resolution function of the GELINA fagilis fully described in
ref. [73], where a detailed description of the analytic fatas implemented by
M. Moxon in REFIT is given.

Doppler broadening

At lower energies, the Doppler broadening will be the doringpeffect. In or-
der to take this into account, the theoretical cross sestawa averaged over the
thermal motion of the target nuclei. Doppler-broadenedsectionsp are ob-
tained by convoluting the unbroadened cross sectiasith the scattering function
S(E’,E) as is explained in section 2.4. The Doppler broadeningutations are
usually based on the free gas model, however the use of a sadrgtic model de-
rived from the Lamb’s harmonic crystal model [37] is reconmuied when atoms
are bound in a crystal lattice, like in our case.

We used here the Dopush option in REFIT, that was implemarged) sub-
routines developed by Naberejnev [83]. These routinesiredie phonon dis-
tribution in the solid under investigation, which is thetraduced in theyc(E, t)
function from equation (2.39). Such distributions wereatdted using the GULP
software (General Utility Lattice Program) [84]. This ktgives the phonon den-
sity spectrum by fitting and optimizing interatomic poteaigito experimental val-
ues.

Different functional forms for two-body interatomic potergiahn be found
in the the literature: Buckingham, Lennard-Jones or Morgergials, etc. Due to
a lack of experimental data on thermal properties of Az used the calculated
UO, phonon spectrum instead, assuming comparable behavijrsQ8r GULP
calculations were based on a Buckingham potential withrpatars from ref.
[86]. Figure 6.15 shows the UQphonon spectrum that we obtained, together
with its projection on oxygen and uranium. This latter was itput spectrum
used by REFIT for the fits of the first americium resonances.

Figures 6.16 and 6.17 clearly show the improvement madeeifittivith the
use of the crystal lattice model (Dopush option) insteadefftee gas model for
the first americium resonances. The bottom of the resonasdester fitted, as
can be seen with the disappearance of a shape in the resiGuals an evidence
of the influence of the Doppler model used in the resonanqgeeshiaalysis at such
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Figure 6.15: Phonon spectra for Y@alculated with GULP.

low energies confirm the results already presented in réf] ifBthe case of the
Z3'Np lower energy resonances.
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Figure 6.16: Fit of the first americium resonancesI{E,I'y) with REFIT using
the free gas model for Doppler broadening, case of the Ma@€ly 2Zneasured
transmission factor.
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Figure 6.17: Fit of the first americium resonancesI(E,I'y) with REFIT using
the Dopush option for Doppler broadening, case of the Ma@b72measured
transmission factor.
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Preliminary results

The analysis was focused on the 3 first resonances at 0.3a0b.27 eV respec-
tively, since the sample thickness was especially forekaehis purpose. Figure
6.18 shows an extended energy range of the measurement Qp &v/1For this
plot, only the normalisation and the first resonance enemge\itted. We can see
that any fit of a resonance beyond a few tens of eV will be hgvdbsible.

—— Measured transmission
Initial values (JEFF-3.1)
Fit result (REFIT)

1,0 H

Al Al e R R T A

Transmission

0,5+

Residuals

Energy (eV)

Figure 6.18: Plot of the extended energy range of the trassaon measurement
up to 100 eV.

Figures 6.19, 6.20 and 6.21 present some fits of the 3 firshaemes achieved
in two different conditions. All measured data presented here arengdinam a
data reduction on an AGL cut raw data from the July 2008 measent session.

Onthe left hand side are presented fits where the normalisdlie resonance
energyE and the neutron width, were fitted, since our type of measurement is
supposed to be mainly sensitive to this last quantity (Sele &.3). The value of
9.3 fm for the interaction radiua, was taken from the JEFF-3.1 library. The fit
results on the right hand side present the same fits but wiheradiation widti",
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Figure 6.19: Fit result of the 1st americium resonance.
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Figure 6.20: Fit result of the 2nd americium resonance.
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Figure 6.21: Fit result of the 3rd americium resonance.
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was fitted together. We can see that this slightly improveditiguality, especially
for the 3rd resonance. The fit results are summarized in G@bldt is important to

mention that these values remain preliminary, since a sanabus analysis with
the capture measurement will be necessary to get more éecasalts.

Table 6.4: Our results for ffierent fitting conditions of the 3 first resonances of
americium.

E (eV) I, (meV) I (ueVv)
Resonance 1
JEFF-3.1 0.306849 43.530 61.440
Fit1 0.306246(41 66.771(112)
(x’=1.1215)
Fit 2 0.306281(42) 41.527(131)| 64.924(170)
(x*=1.0427)
Resonance 2
JEFF-3.1 0.576365 40.670 132.00
Fit1 0.574290(64 150.86(36)
(x*=1.0183)
Fit 2 0.574188(67) 40.835(195) 151.78(46)
(x*=1.0058)
Resonance 3
JEFF-3.1 1.273296 48.440 290.30
Fit1 1.272079(86 392.50(84)
(x*=1.4766)
Fit 2 1.272134(91) 43.867(255) 374.26(1.13)
(x?=1.2317)

Our transmission measurement is plotted together withigusvmeasure-
ments and libraries in figure 6.22. The evaluations for tH¢JE3.3 and ENDIB-
VIl libraries were based on the measurements from refesej2®e 26], and seem
to underestimate the total cross section of the first restggaof americium. Our
measurement seems to confirm the new reevaluation for thedass section
made by O. Bouland [88] for the JEFF-3.1 library towards ahrgvalue of the
cross section. In this sense, our measurement better agitbebie previous one
from [28].
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Figure 6.22: Comparison between our total cross sectiorsanement and previ-
ously existing data and libraries.






Chapter 7

Simulation of new CgDg detectors
for capture cross section
measurementsat GELINA

This chapter will present the simulation of a new design giD§&detectors that
are planned to be used at GELINA for capture cross sectiosuneaents. It will

briefly explain the capture measurement principle and focughe work done on
the simulation of the §Dg detectors. The measurement of th&m(n,y) reaction

cross section was achieved at GELINA from October to Decer2b@8, but its
description and data analysis are not part of this PhD work.

7.1 Principleof the capture measurement

The principle of the capture measurement relies on the tieteof the gammas
emitted during the interaction between the neutron beamtlamdample. The
incident neutron flux needs to be known, either by previoussuements, or
more accurately by a simultaneous measurement. The capiasurement is
then related to the neutron capture cross seetigf) via the capture yiel?f(E),
which is defined as the number of capture ev®i{&) per incident neutro®(E).
The capture yield is expressed as:

N:(E) o (E)
O(E) o(E)
with Ny the normalisation factor andthe multiple scattering correction. In prac-

tice N¢(E) and®(E) are measured simultaneously with twgDg detectors and a
boron chamber respectively.

Y(E) = Ny =(1-e™)y (7.1)
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In such a neutron capture reaction, the compound systenyslacas ground
state through the emission of one or severedys in cascade. It is thus essential
for the dficiency of a radiative neutron capture detector to be indegetof the
particulary-ray cascade (i.e. independent of the shape and multipldithe
gamma spectrum). Moreover, its sensitivity to scatteraatroas should be as
low as possible, and the detector should have a very good-@satution.

To achieve these goals, two classes of detectors can beleoedi the total
absorption detector and the total energy detector. Thédbsorption detectors
rely on the collection of all gamma rays emitted in a captwené It has to
be a 4-detector surrounding the sample with a 100% detectibaiency for all
gammas, independent of the energy. It is usually a liquidtileitor of large
volume, its main drawback being its sensitivity to scatiereutrons inducing an
important background contribution.

The technique applied at GELINA is the use of the total enetgiection
principle using the Pulse Height Weighting Technique (PHWith CsDg detec-
tors. This principle is based on the use of a Idficeency detection system with a
y-ray detection iciencye, that is assumed to be proportional to theay energy
E,:

€, = kE, (7.2)
If the y-ray detection ficiency is very small¢, < 1), such that only one-ray
out of the capture cascade is registered at a time, fil@emcy ¢, of a capture
event can be expressed as:

&= & =k) Ei=kE (7.3)
i i

Under these conditions the detectidfi@encye. is directly proportional to the
total energy released in the capture event which is the sum of the neutron
bindingS,, and kineticE, energies in the center of mass.

An efficiency for a capture eventis thus obtained that is indeparud¢he de-
cay cascade and hence of the resonance. The required poopbty is obtained
by applying the PHWT by means of the so-called weighting fiemdWV F(Ey):

& = Z Ra(Eq. E,)WF(Eq) = KEy; (7.4)

with E4 the energy of the pulse height spectrum &(E,, E,) the response func-
tion of the detection system, which is the numbeyaaysN,;(Eq, E,) observed
at a given pulse height energy normalised to the number aficapventdN:(E,):

N,i(Es, E,)

Rd(Ed, Ey) = NC(E )

(7.5)
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The response function is mathematically manipulated teeaetthe proportional-
ity between the detectiorfliciency and the-ray energy. This technique is based
on an original suggestion by Maier-Leibnitz which was firgpied by Macklin
and Gibbons [89] and fully explained in [90].

7.2 Simulation of the new CgDg detectors

At GELINA, so far, a set of maximum fourdDg detectors is used. In view of the
proven suitability for the determination of high accuraepture results this will
remain the system of choice. However, for the study of eedcind possibly ra-
dioactive isotopes, it was found that we need to maximiselétection iciency

in order to cover a wider range of cases of interest to varamuications. There-
fore a new design of {Dg detectors was built, combining a very low sensitivity
to neutrons with a substantial increase of the detectiidciency. This will allow

to carry out measurements on nuclides for which only smalhgjties of sample
material are available.

Effective use of the detectors requires their precise charsatien for both
v-ray and neutron sensitivity. Here, results of Monte Carfouations using
MCNP will be shown in comparison with measured responsetions using cal-
ibrated sources and test measurements at GELINA.

7.2.1 Detector geometry

These new detectors are composed of two parts: a 2.8 L aluminbntainer
filled with C¢sDg and an EMI 9823KQB photomultiplier connected to it through
a boron free quartz window. The Al container is a truncatesided 12.5 cm
high pyramid. Au-metal shield covers the PM to provide an electromagnetic
insulation. Deuterated benzene with gHDratio of 114 was used as scintillator
material.

Figure 7.1 shows the modelled geometry as designed in the®Gput file,
using the Viskd 3D viewer included in the MCNP5 package [35dng with a
picture of the detector. This figure shows up to which dethisdetectors were
modelled in the simulations, and especially the design efRM including the
cylindrical glass tube with its several sections and theahrdBtnodes.
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Figure 7.1: MCNP picture of the detectors.

7.2.2 Simulated detector responses
Gamma-ray efficiency

The F8 pulse height tally of MCNP5 was used to track photoneladtron in-
teractions along the path of the photon emitted by a mongetierpoint source
placed at 9 cm from the detector, since this distance willesgrond to the setup
where these detectors will first be used. An event was coresidas detected
if the calculated energy deposition in the scintillatorssveaceeding a threshold
of 150 keV. The integral of the deposited energy normalizethe quantity of
incident energy defines the total gamnfizogency at one precise energyE,).

Figure 7.2 shows on the left the simulated responsefterdnt monoener-
getic sources, together with the results obtained from éiheutations of the total
gamma éiciency on the right. We observed that the ratio fprevious design for
the total gammaféciency is a bit less than the expected value of 4 coming from
the ratio of the scintillators volume. Besides, we can alsiice that the gamma
efficiency is definitely not proportional to the incident enengitich confirms the
need of the weighting function described before.

Neutron sensitivity

The neutron sensitivity of §Dg detectors is defined as the probability that a neu-
tron entering the assembly creates a signal relative totfay detection prob-
ability. The consequences of this important backgroundcggumainly coming
from the neutron scattering in the sample, have been iditesirby Koehleet al.
[91] in the example of a high resolution TOF measurement®gn, and further
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Figure 7.2: Simulated response tdfdrent monoenergetic sources for the new
CsDg detector together with the comparison of calculated tataligna diciencies
for the new and previous detector designs.

investigated by Plagt al. [92], who discussed in detail the various components
contributing to the neutron sensitivity and reported ong®{detector with the
lowest neutron sensitivity that has ever been achieved. okelR et al. bench-
marked the entire device in ref. [90]. This sensitivity oé ttletection system to
neutrons plays an important role for all resonances withwroe width much
larger than the radiation width, which is the case for lightlei and for heavier
ones close to shell closures.

The same tally as for the gamm#ieiency calculations was used for the
MCNP simulations, tracking the photon and electron intéoas along the path
of the neutron emitted from a point source. We also kept themum threshold
of 150 keV to define a detected event in the scintillators.eB#@vmonoenergetic
neutron sources were simulated, covering the energy raoged.1 eV to 1 MeV
with equidistant steps on a logarithmic scale. In order teehlthe same neutron
probability for each step, the neutron flux distribution éarch interval was mod-
ified with a I/E shape. Each detector response, consisting in the distmbaot
the energy deposited in the scintillators, was integratetrrmalised to the de-
tection probability for a 4 MeWy-ray, so as to get the neutron sensitivéitye,
[90, 92].

The neutron sensitivity of the previous and the new geoneateycompared
in figure 7.3 in the case of one detector placed in a 4 detestitg. We ob-
serve that these neutron sensitivities are of the same ofdeagnitude. Thus the
improvement of the gammadfeeiency by a factor 4 was not accompanied by an in-
crease of the neutron sensitivity. Moreover, the contrdsubf fluorine present in
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the Teflon of the previous detector has disappeared, as csaebewith the lower
neutron sensitivity above 100 keV for the new detector. Téwe detection system
on the whole also seems to be less sensitive to componentsarese structures,
as we can observe with the lack of resonance structure irptetrsim concerning
the 45 and 131.4 eV Mo resonances, as long with its other aes®s between
300 and 700 eV. This is partially explained by the fact that mmolybdenum is
only present in thei-metal composition, and the shielding of the new detector is
slightly smaller (10% less in terms of volume).

° \
'

2 l
> 10%F \nll
2 !
3
c h
g
3 . .
< —— previous design [

107 F new design b

runl L aanul Ll 1l ol L annl ol Ll
10 10° 10’ 10 10° 10* 10° 10°

E (eV)

Figure 7.3: Simulated neutron sensitivity for 1 detectooamthe 4 detectors
setup.

Figure 7.4 shows the relative contribution of théelient components as a
function of neutron energy. This illustrates the strongaectpf materials such as
the 1 mm thicku-metal shielding and the presence8 fraction in the glass tube
of the PM at low energies. The 5.9 and 35 keV Al resonanceslaoes&rongly
visible in the neutron sensitivity. The inelastic scattgrihreshold for aluminium
is responsible for the significant raise in its contributadri MeV neutron energy.



7.2 Simulation of the new CgDg detectors 133

8o | |~ dynodes
mumetal
C6D6
PMtube
F Cuplate
60  |— Albox
quartz
epoxy

40 |-

neutron sensitivity per material (%)

Figure 7.4: Relative contribution of each component maté¢oi the detector neu-
tron dficiency.

7.2.3 Comparison with experimental measurements

Experimental measurements were performed with a captuestiEn setup in-
stalled at the 10 m flight path station at GELINA and consgstifi 4 GDg de-
tectors, as is illustrated in figure 7.5. The final responsetion Ry(Eg, E,) was
obtained by a convolution of the simulated respoRs(&., E,) with a Gaussian
functionG(Eq4 — u(Ee)) representing the amplitude resolution of the detectd}.[9

REs.E,) = f Re(Ee. E,)G(Eq — u(Ee))dEs (7.6)
with
G(Eq - u(Ed) = —— & (7.7)
(d /J( e)) — \/ZO'# .

The simulated respond&(E., E,) represents the transfer gpfray energyE, in
energyEe which is deposited within the detector. The conversioEgoito the
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observed energi, is defined by the relationshjp(Ee) and a resolution broad-
eningo,, which are functional forms dE. andu(Ee) respectively. To determine
this functional relationship of the mean value and the veatogether with the
free parameters a similar procedure as discussed in ref.W&8 applied. The
experimental response for well-known monoenerggtiays was compared with
the simulated ones obtained from equations (7.6) and (Th®.free parameters
in the expressions fqr(E.) ando?(Ee) were determined by a least squares fitting
procedure using experimental observed response functiowesder to determine
the functional forms, it is dficient to fit the upper portion of the measured spec-
trum.

Figure 7.5: Picture of the 4 detectors setup.

Experimental responses for monoenergetiay calibration sources such as
137Cs (661 keV) and°Co (1.17 and 1.33 MeV) were compared with the simulated
ones. We also compared the measurememirafys from the?*’Th decay chain to
the simulation, where the gamma lines from ref. [94] weralwsih their respec-
tive emission probabilities. We observed a very good matghor these 3 cases
in the whole energy region, which indicates that the abedletection &iciency
in the high energy is very well reproduced by the simulatidiigure 7.6 shows
these comparisons between our simulations and the expgahmaeasurements
mentioned above.
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Figure 7.6: Experimental and simulated responses of theGi&w detector for
monoenergetig-ray calibration sources.

7.3 Outlook

The upgrade of the capture cross section measurement setnipg at GELINA

is still ongoing. The new £Dg detectors, based on a new truncated pyramid ge-
ometry, have been installed in a 4 detectors array to perfwatiminary calibra-
tion test and measurements in order to compare their cleaistats with Monte
Carlo simulations. The simulations concerning total ganeffiaiency and neu-
tron sensitivity demonstrated the improved performandt) a/neutron sensitiv-

ity identical to the one of the previous detectors, but a gardficiency 3 times
higher. Moreover, a very good matching concerning the nespdo monoener-
getic gamma calibration sources was achieved.

Meanwhile, the#*!Am(n,y) capture measurement was achieved from Octo-
ber to December 2008 with a setup of two olgDg detectors with a cylindrical
design. The data reduction and analysis, though not indludé¢his work, will
constitute the nextimportant step in the analysis of thedirsericium resonances,
giving more accurate values for the resonance parametexsgin a simultaneous
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analysis of the transmission and capture measurementsreFig7 illustrates an
example of the raw data we obtained for this capture measnefor one of the
C¢Dg detectors.

100 4

-
o
11l

Capture events (counts)

LI | T LRI | T LI | T T
10000 100000 1000000 1E7
channel number

Figure 7.7: Raw*Am(n,y) data from one of the §D¢ detectors.



Conclusion

In the context of the use of nuclear energy as a sustainabtggsource, reducing
the uncertainties on nuclear data is among the prioritystaskachieve in order
to obtain trustable results in the study of future nucleacters. In particular,
the accurate knowledge of the neutron reaction&'tm is of major importance
concerning the study of innovative nuclear fuel with a digant quantity of minor
actinides.

The scope of this work was to measurettdm(n,2ny*°Am and?**Am(n,tot)
reaction cross sections with the highest accuracy. The uneagnts took place
at the IRMM, where the two available neutron facilities, #lectron linear ac-
celerator GELINA and the Van de Griéiaccelerator, were used as the neutron
sources.

First, the?*!Am(n,2n¥*°Am reaction cross section was measured at the Van
de Gra#& accelerator, which delivered monoenergetic neutronsimgrigom the
reaction threshold of 6.7 MeV to about 21 MeV. Such neutroesevproduced
using a deuterium gas target and a solid staf€ fErget, both hit by a deuteron
beam produced by the Van de GftaaAmericium-alumina samples especially
designed for this measurement were irradiated during feasarement sessions
between February 2007 and March 2008.

The activation technique was employed to measure the (ng2jion cross
section. Following the irradiation, the induced activitgsuimeasured by standard
gamma spectrometry, and the reaction cross section wasekdia the activation
formula. The data correction for experimentfibets mainly consisted in the esti-
mation of the presence of lower energy neutrons in the beaimgithne irradiation,
and the accurate estimation of the detectifiiciency by Monte Carlo simulations
concerning the gamma spectrometry. Up to 9 energy points measured from
the reaction threshold to 21 MeV, with 5 points in the eneayge above 15 MeV,
which constitute the first measurement for this reactiomasé energies. A very
good agreement was found both with already existing datamb&b MeV, and
with neutron data libraries such as JEFF-3.1 and EBDAI.
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A special €fort was made for the estimation of the uncertainties anddhe c
relations between our experimental points, with a detaiestification of the
possible correlation sources. Our experimental resulte weed to parameter-
ize new theoretical calculations of the (n,2n) cross saatiith the TALYS code.
These results are accepted for publication in Phys. Rev. C.

The second measurement achieved in this work is the trasgmiseasure-
ment, which corresponds to tR&Am(n,tot) reaction cross section measurement.
For this latter, we used the neutron source GELINA, whictivdet a white neu-
tron flux the energy of which is determined via the Time-Gfikt method. This
transmission measurement took place at the 26.45 m calimttvé irradiation of
an americium-yttria sample during two sessions, in March72énd July 2008.
The sample we used was also especially designed for thisumegasnt, with an
adequate thickness to get the best accuracy on the two fiesi@um resonances
at 0.3 and 0.57 eV.

The data reduction led to the determination of the experiaiéransmission
factor, which is the ratio between measurement cycles \walsaample in and out
of the neutron beam. For this measurement, the data cannefcir experimen-
tal effects mainly consisted in the estimation of the backgroumaguthe black
resonance technique. A major upgrade of the whole data sitiquisystem oc-
curred between the two transmission measurement sesdibesnew list mode
acquisition system gives more flexibility for théf-dine data reduction, and its
advantages are discussed in this work.

A preliminary analysis of the transmission data was donegugie REFIT
code for resonance shape analysis. These results tend fioncoime tendancy
from the recent reevaluation of the cross section in the JEERbrary to a higher
value at the resonances, but they have yet to be completbdawitinalysis of
the capture reaction cross section. This measurement éf'#wn(n,y) reaction
cross section was achieved following the transmission mma October 2007 to
December 2008, but is not part of this work.

The characteristics of newsDg detectors for capture measurements was alo
investigated by Monte carlo simulations using the MCNP5eco@he study fo-
cused on their gammédfieiency and their neutron sensitivity. The results were
compared to the performances of the old detector cylinddeaign, which has
been used for the americium capture measurement.
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Sample preparation method

comparison
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Figure A.1: Comparison between the conventional powderditgy method and
the sol-gel process for samples elaboration [95].






Appendix B

Calculation of the covariance
matrices

Here will be presented the details of the calculation of tbeadance matrices
concerning the uncertainties linked to the terms of thevatttin formula (4.9)
rewritten here:

SAm [IEfZ frn(I)O]Al . Ck,Am

Sl [lefufindo] Cial

0am = OAl

The result of our cross section measurement is a set of 9 seati®ns at 9
corresponding independent energy points, together withx & ®otal covariance
matrix C. The uncertainty of every term needed to calculate the @eson has
a contributionA; to this final covariance matrix. Since we have a product in eq.
(4.13) it is convenient to divide the matrix elements@by o am j to obtain a
matrixC’ so we can use relative values.

C = ZA’i (B.1)

with A’; the relative covariance matrices.

Uncorrelated uncertainties will contribute with a diagometrix, whereas
correlated ones will contribute with a full matrix. Based thve correlation ex-
planations from chapter 4, here will be expressed the caweei matrices corre-
sponding to the non neglected uncertainty sources, wheehegreated here:

fully correlated terms. lam, (fs fr)am, €am/é€a-
partially correlated terms. o, Nam-

uncorrelated terms. Naj, Sam, Sais Ciowam/CiowAl -
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B.1 Uncorrelated uncertainties

Each covariance matrix will be in this case a diagonal matrik the correspond-
ing variances.

Covariance matrix for the counting statistics Sam and Sy

52412 ... 0
424 12
252412
212+ 12

A= : 152 + 12
1.32+0.72
6.32+22
1.42 412
0 . 572+ 1.62

Covariance matrix for the Al foils masses ny

012 ... 0

0 ... 01°

Covariance matrix for theratio Ciowam/Ciowa

0.3
0.3
A=|: 0.3
0.3
1.3
1.42
0 L 1.42
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B.2 Partially correlated uncertainties

Covariance matrix for o

The correlations between the energy points concernin§/ &ign,«)?*Na reaction
cross sectiomr, were taken from reference [46] together with the values them
selves. Each element of the covariance matrix is calculatethe formula

Covx,y) = Corr(x,y). yVar(x). y/Var(y)

This gives the following covariance matrix:

192
043x19% 192
0 0 162
0 0 006x 1.6 % 2 2
Al =
4 = 0 0 009x 1.6 x 2 012x 22 22
0 0 009x1.6x22 012x2x22 2% 22
0 0 011x16x31 011x2x31 04x2x31
0 0 011x16x41 011x2x41 04x2x41
0 0 011x16x54 011x2x54 04x2x54

Covariance matrix for the Am foils masses nanm,

(B.2)
222
04x22x31 312
04x22x41 1x31x41 412

04x22x54 1x31x54

1x41x54 542

The correlation between the energy points is 100% when the sample was
used, and 0% otherwise, which gives the following covaramatrix:

0.32
0 032
0 03 03
0 03 03 032
A=l o0 0 0 0 03z
03 0 0 0O 0 0%
0O 0O 0O 0 0¥ 0 03
0O 0O O O O 0 o
032 0 0 0O 0 0 0

B.3 Fully correlated uncertainties

CBZ
0

03?

In this section all correlations between the energy poirgseatimated to 100%,

which gives the following covariance matrices:
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Calculation of the covariance matrices

Covariance matrix for |am

Covariance matrix for (fzf)am

0.9
0.9x 0.6
0.9x0.4
0.9x 0.6

A’ =| 09x06
09x0.7
0.9x 0.6
0.9x 0.6
0.9x 0.6

0.62
0.6x0.4
0.6

0.6
0.6x 0.7
0.62
0.62
0.6

0.4°
0.4x0.6

0.4x 0.6
04x0.7
0.4x0.6
0.4x0.6
0.4x 0.6

Covariance matrix for eam/eai

1.22

1.22

0.6

0.6
0.6x 0.7
0.62
0.62
0.6

32

32

0.6
06x07 072
062 0.7x06 06°
062 0.7x06 06% 0.6°
062 07x06 06° 0.6°

0.6
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B.4 Total covariance matrix

Summing all the covariance matrices detailed above giveddtal covariance
matrix:

40.96

1253 3151

108 1077 2061
1098 1089 1096 2041

C=] 1098 108 1097 1128 1825

1116 1086 1104 1139 1526 1815

1098 108 1123 1148 1337 1359 639

1098 108 114 117 1408 1447 2351 3277
1107 108 1163 1199 1512 157 2754 3294 7721

and by applying equation (4.15), we get the final correlatmatrix given in table
4.3 along with our results.
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