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simulation de systémes complexes, en particulier les réacteurs nucléaires.
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- Le quatriéme chapitre couvre les travaux réalisés lors d'un détachement a I'Agence de
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- Le cinquiéme chapitre intitulé "le retour aux sources (de neutron)" présente les activités
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1 Introduction — Les données nucléaires

Le terme "données nucléaires" (ou "constantes nucléaires") couvre I'ensemble des données
de base essentielles a la simulation d'un systéme au sein duquel se produisent des réactions
nucléaires spontanées ou induites. Ces données sont des constantes de la nature,
indépendantes du systeme étudié (réacteur nucléaire, nucléosynthése, dispositif médical,
etc.). Pour la majorité de ces applications, en particulier quand la précision demandée aux
simulations est élevée, il est nécessaire de couvrir un trés large spectre de données qui ont
été préalablement évaluées et validées.

Pour tous les noyaux et autant de particules incidentes que nécessaire il faut connaitre en
fonction de I'énergie toutes les sections efficaces de réaction, ainsi que les multiplicités et les
distributions en angle et énergie des produits de réaction. A cela s'ajoute les données de
structure nucléaire et de décroissance radioactive. Cet ensemble de données évaluées est
compilé dans des bibliothéques de plusieurs centaines a plusieurs milliers de noyaux. Elles
sont disponibles dans un format international normalisé afin de faciliter leur diffusion et leur
utilisation.

Ces données sont mesurées et mises a jour dans ces bibliothéques car il n'existe pas de
"modéle standard" du noyau permettant de prédire de fagon réaliste les réactions nucléaires
de basse énergie a partir des interactions fondamentales. Il existe en revanche une panoplie
de modéles et de parameétres développés a partir de mesures de sections efficaces,
distributions secondaires, etc. Ces mesures permettent d’améliorer la qualité des données, a
la fois de maniére directe en mettant a jour les fichiers, et aussi de maniére indirecte via
lamélioration des modéles qui permettent ensuite de compléter les évaluations en
interpolant/extrapolant les données manquantes.

Par définition le domaine des données nucléaires est a lintersection entre la physique
nucléaire et ses applications. A ce titre, les recherches en physique nucléaire continuent
d'irriguer les applications du nucléaire, en permettant de compléter et d'affiner les mesures
pour améliorer les modeles et les fichiers évalués en termes de cohérence, précision et
complétude. Cette approche pluridisciplinaire est trés développée dans la communauté des
données nucléaires et indispensable pour définir les besoins a partir des incertitudes cibles
des applications. La collaboration avec les utilisateurs est également essentielle pour valider
les données évaluées vis-a-vis de I'application cible et ainsi s'assurer qu'elles répondent bien
a leur besoin.

Ce manuscrit présente les travaux de recherche menés dans le domaine des données
nucléaires, qui en constituent le fil conducteur. Les résultats présentés dans les chapitres
suivants couvrent les domaines de la mesure a l|'évaluation des données, en passant par
leur modélisation, sans oublier les étapes de validation intégrale et de définition des besoins,
toutes deux réalisées en étroite collaboration avec les utilisateurs.

e Le ftravail d'évaluation des données permet la synthése entre les informations
expérimentales et théoriques disponibles. L'évaluation des données nucléaires du
rhodium-103 est présentée dans la section 2.1.1.

¢ La validation intégrale permet de vérifier que les données évaluées (et leurs incertitudes)
répondent au besoin de l'application. La section 2.2 présente deux exemples de
contribution a la validation de la bibliotheque JEFF-3.

e Les lois de la physique contenues dans les modéles de réaction nucléaires constituent
l'ossature des évaluations. La modélisation des réactions photonucléaires des actinides
est abordée dans la section 3.2.1 et I'étude de la fonction force radiative réalisée dans le
cadre de la thése de J. Moreno-Soto est présentée dans la section 5.1.
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¢ Ce sont essentiellement les besoins des applications qui guident le choix des données a
améliorer. Une contribution a la quantification du besoin d'amélioration des données et de
leur incertitude est présentée dans la section 4.1 sur les méthodes d'ajustement pour
I'amélioration des données nucléaires.

o Les données expérimentales constituent la base des données évaluées. La nouvelle
mesure du rapport alpha (rapport des sections efficaces de capture et de fission) de
l'uranium-233 réalisée dans le cadre de la thése de M. Bacak est présentée dans la
section 5.2.
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2 L'évaluation et la validation des données

L'évaluation et la validation des données sont deux étapes incontournables et indissociables
pour passer du domaine de la physique nucléaire a celui des applications.

L'évaluation permet la synthése entre les informations expérimentales et théoriques. Le
fichier évalué quant a lui va bien au-dela puisqu'il doit étre cohérent et complet afin de
couvrir I'ensemble des données caractérisant l'interaction d'un neutron (ou toute autre
particule) avec un noyau.

La validation intégrale permet de vérifier que les données évaluées répondent au besoin de
I'application en termes de prédiction et de précision.

2.1 L'évaluation

Le processus d’évaluation consiste a combiner toutes les informations expérimentales et
théoriques disponibles afin de produire un fichier de données caractérisant le plus souvent
l'interaction d’un neutron avec un noyau, c'est a dire les paramétres de résonances, sections
efficaces, distributions en angle et énergie des produits de la réaction, et multiplicités le cas
échéant.

Parmi les principales réalisations dans ce domaine, on peut citer I'évaluation du rhodium-103
[Dupont 05a], présentée dans le paragraphe suivant, ainsi que les évaluations des isotopes
de I'iode [Dupont 05b], et celle du samarium-148 réalisée dans le cadre du stage de R. Torre
[Torre 05].

2.1.1 Modélisation et évaluation des données nucléaires du rhodium-103

Le rhodium naturel est composé de rhodium-103 uniquement. C'est un noyau stable dans
son état fondamental et de période 56 min dans son état métastable situé a ~40 keV. C'est
un des produits de fission les plus important (parmi les cinq premiers) pour les réacteurs
nucléaires a spectre thermique ou rapide. C'est également un matériau couramment utilisé
dans les mesures par activation en raison des propriétés de son état métastable.

Une nouvelle évaluation de ~0 a 30 MeV a été réalisée pour couvrir a la fois les besoins de
simulation des réacteurs nucléaires et ceux des techniques de mesure par activation.
L'évaluation couvre les trois domaines d'énergie traditionnellement considérés : c'est-a-dire
les régions des résonances résolues (RRR), des résonances non-résolues (URR) et du
continuum statistique (CONT). Un soin particulier est apporté a la cohérence des données
entre ces trois domaines, particuliérement dans les zones d'énergie ou les modéles se
recouvrent. La transition entre la modélisation des domaines résolu et non-résolu est
contrélée par des tests statistiques basés sur les distributions des paramétres de résonance.

Les paramétres des premiéres résonances ont été remesurés précisément auprés de la
source de neutrons Gelina (JRC-Geel, Belgique) et intégrés dans I'évaluation finale.

L'ensemble du domaine des résonances résolues des principales évaluations a été analysé
pour extraire les paramétres de résonance moyens. Ces derniers ont été utilisés pour
modéliser le domaine non-résolu, qui assure la transition avec la région du continuum.

La modeélisation du continuum statistique sur la base d'un potentiel optique semi-
microscopique (SMOM) a été réalisée en collaboration avec le Service de Physique
Nucléaire (SPN) de la DAM-lle de France. L'utilisation d'un modéle semi-microscopique
prédictif couplé au code TALYS a permis une modélisation cohérente et raisonnable de
toutes les voies de réaction ouvertes a haute énergie.
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Nous avons obtenu un accord satisfaisant entre les parametres utilisés pour modéliser ces
différentes régions en énergie comme illustré dans le tableau suivant pour la voie neutron.
Les valeurs de I'espacement moyen (Do), des fonctions densités neutroniques (S)) et du
rayon de diffusion (R') obtenues dans ce travail sont cohérentes et globalement en accord
avec les valeurs issues de la littérature et des fichiers évalués (valeurs qui sont relativement
dispersées pour St et S, par manque de contraintes expérimentales).

Comparaison des paramétres moyens du systéme n +'Rh pour la voie neutron ;
toutes les incertitudes indiquées pour "ce travail” sont statistiques

Do(eV) | Sox10* | S;x10* | S;x10* R' (fm)
ce travail (RRR) 26 £1 0.55 +0.07 — — —
ce travail (URR) 26.00 0.58 £0.02|4.21 +0.04 | 0.63 £ 0.04 6.51
ce travail (CONT) 25.90 0.46 4.69 0.57 6.47
JEFF-3.0* (URR) 28.24 0.57 5.0 1.0 6.56
JENDL-3.3 (URR) 32.13 0.45 4.21 0.53 6.52
JEF-2.2 (URR) 25.77 0.485 6.33 0.595 6.56
RIPL-2 32+4 0.47+0.06| 55+09 — —

* JEFF-3.0 = ENDF/B-VI.8

A titre d'illustration, la comparaison avec les données mesurées est présentée dans la figure
suivante pour la section efficace 'Rh(n,n')'®™Rh. Le méme travail de comparaison et
d'optimisation des paramétres a été réalisé pour toutes les voies de réaction disposant de
données expérimentales.

Metastable state (L01) at 39.8 keV - T, , = 56 min

©'""Rh CRC74 (10386, Santry)
18 . ~:::Rh CRC&3 (11697, Cross)
g Rh CRC68 (11941, Butler)
'“"ph NBS&S (13142, Lamaze)
@ """Rh AMSE5 (20198.014, Nagel) - mon = “Cu(n,2n)

1.6 u'"Rh AMSE5 (20198.015, Nagel) - mon = *Fa(n,p)
'*"Bh KTO89 (20312, Kimura)
] A'"™Rh GELEO (20854, Paulsen)
14 - AP "*"Rh KNK89 (22140, Horibe)

'9"Rh KTOR0 (22216, Kobayashi)
'"*"Bh KOST72 (30116, Pazsit)
12 "*"Rh KOS75 (30266, Pazsit)
. + """ Rh PEL78 (30292.007, Barnard)
@ '°"Rh FUD&8 (20782, Jianwei)
'**"Bh FRTA3 (40848, Grigoriev)
«'"™Rh ITES7 (41294, Alpatov)
JENDL/DF-29 (=IRDF-85)
RRDF-98
— EAF-2001
— this work (SMOM+TALYS)

0.8 -
0.6 - |

04 -

Rh production cross section via (n,n’) (barns)

A
~»>_‘\

A
-~

S

02

103m

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
Neutron energy (MeV)

Modélisation de la section efficace de production du rhodium-103 métastable

Les résultats de la modélisation ont été mis au format ENDF et les valeurs intégrales
pertinentes pour les applications de type activation et pour les réacteurs a spectre thermique
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et rapide ont été comparées aux valeurs de référence utilisées jusqu'a présent dans les
simulations.

Cette évaluation a été adoptée dans la bibliotheque JEFF-3.1 [Koning 07] et I'ensemble de
sa realisation est détaillée dans l'article [Dupont 05a] qui suit.

11
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[Dupont 053]

E. Dupont, et al.,, Neutron data evaluation and validation of rhodium-103, AIP
Conference Proceedings 769, 95 (2005)

http://doi.org/10.1063/1.1944965
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AIP Conf. 769 (2005) 95

Neutron Data Evaluation and Validation of Rhodium-103

E. Dupont*, E. Bauge’, S. Hilaire", A. Koning** and J.-Ch. Sublet*

*Commissariat a I’Energie Atomique, CEA/IDEN-Cadarache, Saint-Paul-lez-Durance, France
TCommissariat & I’Energie Atomique, CEA/DAM-Ile de France, Bruyéres-le-Chdtel, France
“*Nuclear Research & consultancy Group, NRG, Petten, The Netherlands

Abstract. Rhodium-103 is a prominent fission product in nuclear reactors as well as a usual detector in fast neutron activation
or dosimetry techniques. The neutron-induced reactions and the energy regions of interest differ significantly depending on
the applications. In this paper, a new evaluation spanning the 0-to-30 MeV energy range is described. The quality of the
transitions between the various energy intervals was assessed with the help of statistical techniques to test the resonance
parameter distributions and the SPRT method to check optical model calculations. The evaluated nuclear data file was verified
and processed. The quality of the data was successfully tested against both differential and integral results for activation,
thermal and fast reactor applications. This new file should be part of the upcoming JEFF-3.1 library.

INTRODUCTION

Rhodium-103 is a stable /™ =1/2~ odd-even nucleus
with a metastable state at 40 keV. Rhodium is one of the
major fission products for both thermal and fast fission
reactors as well as a common detector for activation
measurements. In this paper, we describe a methodology
to produce a new evaluated nuclear data file ensuring
physics consistency in a broad energy range (0-30 MeV).
In order to make sure that this new evaluation answers
integral needs, the file is tested for both fission reactors
and activation applications.

NEUTRON DATA EVALUATION

One usually distinguishes three main energy ranges in
the evaluated nuclear data files, the resolved resonance
region (RRR), the unresolved resonance region (URR)
and the continuum region (CONT). Although the un-
derlying physics is the same, these regions are mod-
elled using different codes and theories. The quality of
the transitions between the above energy ranges can be
assessed with the help of statistical techniques and the
SPRT method [1] to check optical model calculations.

Resolved Resonance Region (RRR)

This energy region was not evaluated. Neutron trans-
mission and capture measurements have been recently
performed at GELINA (IRMM, Belgium) and prelimi-
nary resonance parameters were published [2]. Final val-
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ues of the resonance parameters [3] should be inserted in
the evaluated file at a later stage.

Interaction of the rhodium ground state with low
energy neutrons forms compound nucleus resonances
whose quantum numbers are given in Table 1.

At energy below a few keV, the resonance parameter
distributions from various evaluations were simply anal-
ysed to check their consistency and extract accurate s-
wave average parameters.

The SAMMY/SAMDIST code [4, 5] has been used to
display resonance parameter distributions (Wigner, y 2,
Porter-Thomas laws) and cumulative histograms for ev-
ery J™ spin group of JEFF-3.0 (ENDF/B-VI.8), JENDL-
3.3 and JEF-2.2 evaluated files. As an example, Fig. 1
shows the cumulative number of s- and p-wave levels vs.
energy for these evaluations. However, raw averaged pa-
rameters extracted that way could be biased because of
wrong parity assignments and/or missing levels.

To avoid such a bias, the ESTIMA code [6] performs a
Bayesian estimation of the parity of a level with a certain
reduced neutron width, as well as a fit of the theoreti-
cal Porter-Thomas law on the experimental distribution.
This method gives results independent of missing levels
or wrong parity assignments. Indeed, the s-wave average
spacings (D,) displayed in Table 2 are more consistent
between evaluations compared to the raw results shown

TABLE 1. Resonance J7 for the first three partial waves
e ] 0 | 1 | 2
I+12 |0 1 0 1 0 1
Jr 0O~ | 1= | 1t | or, 12t | 27 | 17,27,3”
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FIGURE 1. Cumulative number of resolved levels vs. en-

ergy, the raw average spacing is the inverse of the line slope.

TABLE 2. Estimation of the averaged resonance parameters

Evaluated Wrong  Missing D, S0

Library Parity Levels (eV) x10*

ENDF/B-VI.8 1% 33 % 27.5(7) 0.55(7)

JENDL-3.3 15 % 20 % 247(4)  0.56(7)

JEF-2.2 57 % 8 % 33.5(6) 0.49(8)
in Fig. 1.

A similar study for the photon channel gives dis-
crepant results because (1) part of the evaluated radiative
widths are not adjusted on experimental data but simply
assumed equal to a constant default value; (2) the aver-
aged value is strongly dependent on a few unlikely (and
uncertain) radiative widths. When one considers only ex-
perimental data and its uncertainties, the weighted aver-
age value is more reliable [7],

l"yo =171 £3 meV.

The present study highlights the good quality of
ENDF/B-VI.8 [8] which is the most recent evaluation
work at low energy and the basis of our resolved reso-
nance region up to 4 keV.

Unresolved Resonance Region (URR)

Although s-wave average parameters deduced from
the resolved resonance region are rather accurate, this is
less so for £ > 1 parameters. In the unresolved resonance
range, distant level parameter (R7), neutron strength
function (S,,) and radiative width (Fﬂ) for the lowest
partial waves can be adjusted onto experimental data
with the SAMMY/FITACS code [4, 9]. In this code, the
average spacing (D,) and the channel radius (a,,) are
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TABLE 3. Initial values of the URR average parameters
[4 0 1 2

D, (eV) 26.00 11.97 7.59
et (fm) 6.53 dep =4 dep =Ag
R} (fm) 6.52 6.54 6.52
S, % 10* 0.50+0.03 5.040.5 0.5040.05
Fﬂ(meV) 17143 171£3 L,=T,
S, % 10° 66 143 225

TABLE 4. Final values of the URR average parameters

0 0 1 2
R, (fm) 6.51 6.54 6.54
Syx10*  058+002 4214004  0.63+0.04
T (mev) 17242 160+ 1 I,=Ty
8, % 10° 66 134 227

not adjustable parameters. The scattering radius (R)) is a
function of @, and R’

The data input was selected for the first three partial
waves (£ <?2) as shown in Table 3. The s-wave param-
eters were deduced from the previous resonance param-
eter statistical study. Other parameter values were just
prior guesses. The energy and spin-parity of the '%*Rh
low-lying levels were obtained from reference [10].

The experimental total and capture cross-sections used
in this work were selected from the international EXFOR
database [11].

Several iterations were necessary to determine the best
set of average parameters and normalisation constants
describing the whole set of measured data. The final
average parameters obtained from the fit are shown in
Table 4. The s-wave parameters are consistent with the
ones obtained from the resolved resonance region.

Figures 2 and 3 display the calculated total and capture
cross-sections (labelled SAMMY/FITACS) together with
available experimental data.

Continuum Region (CONT)

Consistent calculation of all open channels above
the resonance region is possible with a modern tool
associated to a comprehensive parameter library, e.g.
TALYS [12]. In this work, the coupled-channels optical
model code ECIS [13] was used with a semi-microscopic
deformed potential SMOMP [14] to calculate total, reac-
tion and direct inelastic cross-sections as well as neutron
and proton transmission coefficients up to 30 MeV. The
latter coefficients were finally used within TALYS-0.52
to split the reaction into every open channel using the pa-
rameter library information and nuclear reaction models.
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FIGURE 3. Capture cross-section — theory vs. experiment

A few model parameters (such as radiative width, level
density parameter, spin cut-off, preequilibrium constant)
were slightly modified to be consistent with the experi-
mental data and, as much as possible, with the URR eval-
uation. Table 5 shows the average parameters used for the
continuum region modelling.

As an illustration, Fig. 2-5 show some comparisons
between part of our results (labelled SMOMP+TALYS)
and experimental data [11]. Actually, all results were
compared with available evaluations and experimental
data, including inelastic scattering on discrete levels,

TABLES. Average parameters used in the continuum region

l 0 1 2
Dy (eV) 25.90 11.92 7.56
R, (fm) 6.47 — -
S, % 10* 0.46 4.69 0.57
Ly(meV) 166 L,=Ty I,=Ty,
8, x 10* 64 139 220
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FIGURE 5. (n,2n) and (n,3n) cross-sections

elastic scattering angular distributions, light charged par-
ticle emissions and metastable state productions [15].

Assembly and Verification of the File

The results of the modelling in the unresolved res-
onance and continuum regions were merged with the
JEFF-3.0 (ENDF/B-VI.8) resolved resonance region
thanks to SAMMY [4] and TALYS [12] formatting ca-
pabilities. The unresolved resonance region format being
rather limited, its upper limit was set to the first inelastic
threshold at 40 keV. The new evaluated nuclear data file
was verified with the ENDF utility codes [16].

NEUTRON DATA VALIDATION

The evaluated nuclear data file was processed with the
NJOY [17] and PREPRO [18] code packages. The inte-
gral quality of the data was tested against relevant exper-
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imental results for thermal and fast reactors as well as
activation applications.

Thermal Reactor. Oscillation measurements in the
MINERVE French experimental reactor had shown an
overestimation of all previously evaluated radiative cap-
ture cross-sections [19]. About 95% of the resonance in-
tegral comes from the first resonance. An estimation of
the impact of the preliminary IRMM resonance param-
eters [2] is encouraging and should reduce the observed
discrepancy between simulation and integral experiment.

Fast Reactor. In the fast energy range, comparisons
of one-group cross-sections with reference values are
a good test of the integral quality of any evaluation.
Table 6 shows a comparison between different evalu-
ated files and gives the standard deviation of these val-
ues. The PREPRO code package [18] was used with
a micro-flux weighting spectrum adopted from refer-
ence [20]. The fast energy capture cross-section is rather
well known, which is not the case of the inelastic scat-
tering and (n,2n) cross-sections (see also Fig. 5). In the
case of rhodium, the radiative capture is the most im-
portant cross-section to verify. Actually, this work gives
an average cross-section close to JEF-2.2’s, which was
adjusted on the STEK integral data [21]. Therefore, one
expects satisfactory agreement with integral results when
using the present data.

Activation. The EASY package [22] allows differ-
ential and integral testing of relevant cross-sections for
activation applications. Present data are in good agree-
ment with differential experiments. Further integral tests
will check the '®*Rh ground and metastable states pro-
ductions via radiative capture. Compared to JEFF-3.0/A
(EAF-2003), the increase of the '%3Rh(n, y)'%4"Rh cross-
section is expected to improve the agreement with inte-
gral results.

TABLE 6. Fast-spectrum one-group cross-sections (in barns)

Evaluation Year (n,y)  (n,n) (n,2n)

This work 2004 0.6710 04504 1.627x1074
JEFF-3.0* 1999  0.6702 04832 7.875x107°
CENDL-3 1997 06818 04244 1.239x107*
JENDL-337 1994 06771 04043 1.239x10°*
JEF-2.2 1990  0.6810 0.4006 2.113x10°%4
BROND-22 1989  0.6535 04129 7.875x107°
Average (b) 0.6724 04293 1.299x 1074
RMS 1.6% 714% 39 %

* adopted from ENDF/B-VI.8
 same as JENDL-3.2
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CONCLUSION

A new rhodium-103 evaluation was produced for fission
reactors and activation applications. The three usual en-
ergy regions were carefully analysed and modelled to en-
sure physics consistency in the whole evaluated file up to
30 MeV. Special care was devoted to the RRR/URR and
URR/CONT region boundaries. Relevant integral quan-
tities for fission reactors and activation applications were
calculated and successfully compared to reference val-
ues. This new file was proposed for insertion into the next
release of the JEFF-3 General Purpose and Activation li-
braries and adopted in the JEFF-3.1 starter file.
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2.2 Lavalidation

La principale raison d’étre des fichiers de données évaluées est leur utilisation par des codes
de simulation pour prédire le comportement de systémes complexes. Dans le domaine
applicatif, en particulier pour les réacteurs nucléaires, ces simulations doivent étre validées
par comparaison avec des mesures intégrales.

Les expériences intégrales réalisées en réacteur ou maquette critique impliquent un grand
nombre de noyaux et donc de données nucléaires. Dans ce cas il est possible de réaliser
des recherches de tendances statistiques sur les ajustements de données permettant de
minimiser les écarts entre les résultats des simulations et les mesures intégrales
[Dupont 02a] [Romain 02] [Fort 03]. Toutefois cet exercice nécessite de bien connaitre
l'incertitude des données nucléaires et de résoudre un probleme inverse qui ne comporte
pas de solution unique. Les résultats doivent donc étre interprétés avec prudence. Nous
reviendrons sur ces méthodes d'ajustements lors de la présentation des travaux du sous-
groupe 33 du WPEC (chapitre 4).

La validation la plus courante consiste simplement a réaliser les simulations avec les
nouvelles données puis comparer les résultats avec les mesures ou les calculs de référence
pour des tests de non régression. L'interprétation des résultats est relativement facile quand
il s'agit de valider une seule évaluation mais beaucoup plus complexe dans le cas d'une
bibliothéque compléte a cause des inévitables compensations d'erreurs dans les simulations.
Une étude approfondie via une analyse de sensibilité des paramétres intégraux aux données
nucléaires [Dupont 03] est la meilleure fagon de comprendre l'origine des écarts calcul-
expérience (ou calcul-référence). C'est d'ailleurs un préalable indispensable pour permettre
une utilisation raisonnable des méthodes d'ajustement statistique.

2.2.1 Analyse des tendances intégrales en spectres rapides de JEFF-3

Dans le rapport [Dupont 03] qui suit on réalise une validation préliminaire en spectre rapide
de la bibliothéque JEFF-3.0 au travers de calculs directs et d'une analyse de sensibilité des
paramétres intégraux aux principales données nucléaires.

Les calculs directs portent sur les paramétres intégraux mesurés dans des maquettes
critiques chargées soit avec un mélange d'uranium et de plutonium (cceurs Pu), soit avec de
['uranium uniquement (cceurs U). Ces calculs sont réalisés avec les bibliotheques JEF-2.2,
JEFF-3.0 et des bibliothéques hybrides constituées d'une nouvelle évaluation JEFF-3.0
insérée dans la bibliothéque JEF-2.2. L'analyse des résultats montre que les changements
dans les isotopes majeurs que sont U-235,238 et Pu-239 n'expliquent qu'une partie des
différences obtenues en utilisant les bibliothéques complétes JEF-2.2 et JEFF-3.0.

L'analyse de sensibilité est une technique puissante qui permet de lever le voile sur les
contributions des autres isotopes sans pour autant réaliser tous les calculs directs que cela
impliquerait normalement. L'étude de la sensibilité du facteur de multiplication (kexr) révele
l'importance des données nucléaires représentées dans la figure suivante pour les coeurs
Pu. L'écart entre les valeurs de ke des bibliotheques JEFF-3.0 et JEF-2.2 peut alors
simplement étre calculé en faisant la somme des produits des coefficients de sensibilités par
la différence relative entre les données JEFF-3.0 et JEF-2.2.
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K-eff response (pcm) to a XS variation of 1%

Sensibilité de ke aux principales données nucléaires (coeurs Pu)

Les principaux enseignements de cette étude sont résumés ci-dessous.

L'impact de la nouvelle évaluation de U-235 est similaire par calcul direct et par calcul de
sensibilité. En fait, les changements majeurs entre JEFF-3.0 et JEF-2.2 pour cette
évaluation sont limités aux sections efficaces et a la multiplicité des neutrons de fission
(nubar), données qui sont prises en compte dans les calculs de sensibilité. En particulier,
il n'y a pas de différence dans les distributions d'énergie des neutrons prompts de fission.
Par conséquent, I'analyse de sensibilité réalisée qui consistait & déduire le changement
intégral a partir des coefficients de sensibilités et des variations des sections efficaces et
du nubar est adéquate.

Le cas de Pu-239 est a priori plus compliqué en raison de la réévaluation compléte de cet
isotope dans JEFF-3.0, y compris toutes les distributions secondaires. Cependant,
l'approche incrémentale adoptée pour évaluer et valider ce fichier montre que les
changements dans le spectre de fission n'ont pas d'impact significatif sur les simulations.
Par conséquent, on peut supposer que les différences intégrales observées dans le Kes
sont essentiellement dues aux modifications des sections et du nubar.

En revanche, la présente analyse de sensibilité est insuffisante pour U-238 car les
modifications majeures entre les évaluations JEFF-3.0 et JEF-2.2 concernent non
seulement les sections efficaces inélastiques et élastiques, mais également les
distributions en angle et énergie des neutrons diffusés inélastiquement pour lesquelles
nous ne disposons pas de coefficients de sensibilité.

Le rapport [Dupont 03] qui suit détaille les calculs réalisés et permet de mieux comprendre
l'impact des diverses améliorations de la bibliothéque JEFF-3.0 qui ont permis de réduire les
écarts calcul-expérience des parameétres intégraux. Au-dela de cette validation éclairée,
I'analyse des résultats permet également d'identifier les données restant a améliorer, par
exemple la section de capture de U-238 qui sera révisée a plusieurs reprises dans les
versions suivantes de JEFF : 3.1 (2005), 3.2 (2014), 3.3 (2017).
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[Dupont 03]

E. Dupont, Preliminary Analysis of JEFF-3.0/GP Trends in Fast Spectrum
Experiments, JEFF internal report JEF/D0OC-956 (2003)
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L'évaluation et la validation des données JEF/DOC-956

Preliminary Analysis of JEFF-3.0/GP
Trends in Fast Spectrum Experiments

Emmeric Dupont”

CEA/DEN/DER/SPRC/LEPh, Cadarache, France

Abstract

This document presents the results of integral validation calculations performed with the JEFF-3.0 library
processed for the ERANOS-2.0 code system. The selected integral experiments are mainly those performed
in the MASURCA facility at CEA-Cadarache as well as a few SNEAK configurations.

1. Introduction

A pre-validation of JEFF-3.0/GP in the same fast spectrum configurations has been done before its
official release for specific isotopes and the results have already been reported: Zpy (1], 28U 2],
and a few other actinide cross-sections [3]. Following the processing of the whole JEFF-3.0/GP into
application libraries (B-version) [4], fast reactor benchmark experiments have been recalculated. These
configurations were calculated with the ERANOS-2.0 code system [5]: ECCO for cell calculations and
BISTRO for core calculations. When a natural element was present in JEF-2.2 and missing in JEFF-
3.0, its isotopic composition was taken from reference [6]. Following these direct calculations, a
detailed sensitivity analysis was performed in order to quantitatively assess the contribution of every
nuclear data to the observed k. differences.

2. Direct calculations

2.1. K-effective

Figure 1 shows the results obtained with JEF-2.2 and JEFF-3.0 libraries. Experiments are
arbitrarily ranked by order of increasing U-235 atom density in the core. The cores without plutonium
(i.e. ®°U only) are on the right hand side of the graphs (starting from R390). Generally, the use of the
JEFF-3.0 (vs. JEF-2.2) library leads to lower k-effective values. This reactivity effect is large and
much welcome for uranium cores whereas it is not so good, though smaller, for other cores.
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Figure I - K-effective calculations with JEF-2.2 and JEFF-3.0 libraries
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For uranium cores (cf. Table 1), critical mass calculations yield lower k-effective values by about
600700 pcm, except for MAS1B which is more sensitive (~ 900 pcm) and SNEAK9C1 which is less
sensitive (~ 500 pcm). Reference [2] had shown that a JEFF-3.0 U substitution into a JEF2-based
ECCO library already led to lower k-effective values by ~350 pcm on average (~800 pcm for
SNEAK9A and MASIB). In the same reference [2], a similar test on 28U had shown an average
decrease in k-effective value of ~80 pcm for the same uranium cores. Thus, most of the reactivity
effect in uranium cores is explained by uranium isotopes alone. The absolute value of the remaining
difference (from tens of pcm up to 240 pcm for R290) could be explained by the influence of **Cr and
»Na isotopes due to large changes in their scattering data.

Table 1 - Contribution of uranium isotopes to k. differences (direct calculations)

Cores Ketr (JEFF-3.0) — keir (JEF-2.2) [pem]
Ak (library) | Ak **U) [2] | Ak *U) [2] | AKCFU)+AK(EU)

R390 -623 -455 -121 -576
SNEAK9A -743 -740 77 -817
R190 -659 -425 -109 -534
MASIB -907 -803 -64 -867
R212Na -658 -314 -87 -401
R260 -633 -340 71 -411
R290 -660 -355 -63 -418
SNEAKOC]1 -508 -297 72 -369

For "plutonium" cores (which also contain uranium, cf. Table 2), there are rather large reactivity
effects (=200 to —400 pcm) for Z390, ZONA3POS, SNEAK7A and SNEAK7B, and smaller ones
(~100 pem) for the remaining cores. Reference [2] had shown that the JEFF-3.0 **U reactivity effect
led to an average decrease in k-effective value by ~150 pcm for all these "plutonium" cores (except
SNEAK?7B, which contains about twice as many U-238 atoms), and that the *°U effect was especially
large (=300 pcm) for Z390 and ZONA3P08. The results shown in Table 2 confirm these trends. On the
other hand, reference [1] had shown that reactivity effects due to 2Py modifications were generally
small and of opposite sign compared to the present ones.

Table 2 - Contribution of *°Pu and U isotopes to kg differences (direct calculations)

Cores Kett (JEFF-3.0) — Kt (JEF-2.2) [pem]
Ak (library) | Ak **U) [2] | Ak (P*U) [2] | Ak (*°Pu) [1]

MAS1AP -64 -14 -142 -19
7260 -116 -90 -119 122
7390 -364 278 -141 -18
ZONA3P08 -397 281 -154 27
SNEAK9B 91 -135 -168 33
SNEAK9C2 54 -12 -142 150
SNEAK7A -176 -16 -171 29
SNEAK7B -298 -17 -386 77

The difference A between Ak(library) and the sum of Ak(isotope) is generally rather small (A < 100
pcm). However, as previously stated in the case of uranium cores, there certainly exist other isotopes
not taken into account that could have compensating effects. In the case of MAS1AP (A =111 pcm)
and SNEAK9B (A = 179 pcm), it is clear that the ***Pu and *Na influences are not negligible.

The effect of the isotopes not explicitly mentioned in the above study (direct calculations) will be
discuss in §3.2 (keg-sensitivity analysis), and illustrated in Appendix 2.
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2.2, Bucklings

Figure 2 shows the results obtained with the JEF-2.2 and JEFF-3.0 libraries. The use of the JEFF-

3.0 library leads to lower

buckling values for uranium cores (on the right hand side of the graph,

starting from R390) and has little effect on the other cores. Generally, the calculated values are in
much better agreement with experimental results when using the new JEFF-3.0 library.
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Figure 2 - Buckling calculations with JEF-2.2 and JEFF-3.0 libraries

Those improvements are partly explained by changes in uranium data, as shown in Table 3. However,
other isotopes not listed in that table certainly have a significant effect. Indeed, the difference A

between Ak(library) and the sum of Ak(isotope) from Table 3 is larger than 400 pcm for Z390,
ZONA3P08, R212Na, R290, SNEAK9CI1.

Table 3 - Contribution of **Pu and U isotopes to buckling differences (direct calculations)

Cores Buckling : K. (JEFF-3.0) — kegs (JEF-2.2) [pcm]
Ak (library) | Ak **U) [2] | Ak (P*U) [2] | Ak (*°Pu) [1]
MAS1AP 13 -9 -12 24
7260 -163 -3 -47 206
7390 116 -18 -230 -99
ZONA1POA 49 -9 -134 42
ZONA3PO08 42 27 -250 -130
SNEAK9B 61 -14 -134 77
SNEAK9C2 -93 -7 -34 201
SNEAK7A -186 -10 -38 33
SNEAK7B -310 -15 316 93
R390 -718 -598 -153 0
SNEAK9A -812 -828 -37 0
R190 -816 -424 -52 0
MASIB 917 -880 66 0
R212Na -1011 278 2 0
R290 -869 -324 6 0
SNEAKO9C1 =713 -299 18 0
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23.  Spectral Indices

The following spectral indices are all relative to the U fission reaction rate (F25). The standard
notation is also used for other reaction rates: F49 (*°Pu fission), F28 (**U fission), C28 (**U capture).
Since the *°U(n,f) cross section is identical above 2.25 keV (upper limit of the new RRR) in both
JEFF-3.0 and JEF-2.2 evaluated files, the interpretation of any variation in these ratios should be
easier.

There is no significant change in the F49/F25 spectral index (cf. Figure 3), as already shown in
Reference [1].

005
004 fe-eecccncnna-- e
D03 mmmmm e e e
171300 SR R
001 4---- 1

0.00

001 4----
002 4----
1 L R
T e
-0.05

C/E -1

F49 i F25 Spectral Indices

|0JECCOLIB2 (JEF-2.2) + uncertainty (1sig) x ECCOLIB (JEFF-3.0)

Figure 3 - F49/F25 calculations with JEF-2.2 and JEFF-3.0 libraries

The spectral index F28/F25 (cf. Figure 4) is very sensitive to any change in the reactor spectrum.
One had shown in Reference [2] that modifications of the uranium-238 elastic cross section (above
inelastic threshold) and inelastic scattering data (cross sections and secondary distributions) led to a
constant decrease by about 1.8% of this spectral index for all the studied cores. There is apparently, in
JEFF-3.0/GP, one or several compensating effect(s), making the interpretation difficult. Indeed, the
effect reported here is generally much smaller or even of opposite sign.

0.06
0.05
0.04
0.03
0.02
0.0
0.00
-0.01
-0.02
-0.03
-0.04

CIE-1

F28 i F25 Specral Indices

« JECCOLIB2 (JEF-2.2) + uncertainty (1sig) x ECCOLIB (JEFF-3.0)

Figure 4 - F28/F25 calculations with JEF-2.2 and JEFF-3.0 libraries
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The C28/F25 (cf. Figure 5) spectral index is not significantly affected when using JEFF-3.0/GP
data.
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C281F25 Spectral Indices

+ JECCOLIB2 (JEF-2.2) + uncertainty (1sig) x ECCOLIB (JEFF-3.0)

Figure 5 - C28/F25 calculations with JEF-2.2 and JEFF-3.0 libraries

3. Sensitivity analysis

Some of the results obtained with this first JEFF-3.0 ECCO/ERANOS library were qualitatively
expected thanks to the validation work already performed on plutonium-239 and uranium isotopes.
However, it has been demonstrated in the previous section that a significant part of some integral
differences could be interpreted as resulting from the influence of other isotopes.

More quantitatively, the integral variation &/ is related to every reaction variations 80, via the
associated sensitivity coefficients :

81=2801i(ci)+R11,
i JG;

I |
with R; =—(80;)" — (6, +060;), 0<6<1.
2 do;
0°1/dc? . . . . L
When 6o, XW(GJ is small enough (V i), one can simply use the first order sensitivity dl/dc; .
G;

In the next sections, the integral quantity will refer to ks and the nuclear data will be defined as
follows (ECCO/ERANOS library definition) :

Viot total neutron multiplicity =~ MT 452 [= MTs 455+456]
(n, f) fission MT 18 [= MTs 19+20+21+38]
(n, n) elastic scattering MT 2(n)*

(n,n’+y) 2 pseudo-inelastic scattering MTs 4(ny)+22(no)+23(n30)+28(np)+29(n20)+32(nd)+
33(nt)+34(n’He)+35(nd200)+36(nt200)+44(n2p)+45(npot)

" in this shortened notation one specifies only the particle(s) in the exit channel for every MT number
? "y" stands for Light Charged Particle (LCP) or photon (y), cf. ENDF-102 manual (Formats and Procedures)
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(n, X n’+ y) neutron production (x > 1) MTs 11(2nd)+16(2n)+17(3n)+24(2no)+25(3no)+
30(2n20)+37(4n)+41(2np)+42(3np)

(n,y) neutron disappearance MT 101 [= MTs 102(y)+103(p)+...+116(pt)]

In the present energy range of interest (less than 10 MeV), the last three lumped reactions are more or
less equivalent to inelastic scattering (MT4), n,2n (MT16) and radiative capture (MT102).

3.1. Most "Kk.-sensitive" nuclear data

Figures 6 and 7 show the k.i response to a 1% variation of every basic nuclear data (only the
responses higher than 10 pcm are plotted). For the core configurations under study, the main nuclear
data are the following ones (ranked by order of decreasing importance) :

2Py or U vy — average neutron multiplicity

Py or U (n, 1) — fission cross section
U (n, vor LCP) - neutron disappearance cross section
B8y Viot — average neutron multiplicity
U (n,yor LCP) — neutron disappearance cross section
U (n,f) — fission cross section
28U (n,n) — elastic scattering cross section
28U (n,n) — inelastic scattering cross section

*’Pu  (n,yor LCP) — neutron disappearance cross section.

The results can also be rather sensitive to elastic scattering cross sections of sodium, iron, oxygen and
carbon, depending on their concentration.

The secondary neutron properties (angle and energy distributions) could not be studied in a similar
way because the ERANOS code system does not allow any simple sensitivity calculation to these
parameters.

K-eff response {(pcm) to a XS variation of 1%

p 7 Masie
SNEAKIC
-400 F230
R260
R212N8
R130
R330
SNEAKIA

U235 nutotal
U235 fission
U238 nu total

C elastic

U238 fission

U238 elastic

FestE elastic

Na elastic

O elastic

U238 inelastic

U235 disappear
PL239 nu total
Pu239 fission

1238 disaf
Pu239 disappear

Figure 6 - k.5 sensitivities to the main nuclear data (U cores)
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1000 4

800

K-eff response {(pcm) to a XS variation of 1%
: g 8

400 < "/ SNEAKSE
2260
MASIAP
SNEAKSC2
SNEAKTA
SNEAKTE

Pu239 nu total
Pu239 fission
U238 nu total
U238 fission
U238 elastic
U235 nutotal
U235 fission
O  elastic
C elastic
FestE elastic
Na elastic

U235 disappear

U238 inelastic
Pu239 disappear
U238 disappear

Figure 7 - ko sensitivities to the main nuclear data (Pu cores)

3.2. Most "Kk.gi-sensitive" nuclear data differences between JEFF-3.0 and JEF-2.2

In the following, we attempt to explain k-effective differences between ERANOS calculations
using the "standard" JECCOLIB2 (~JEF-2.2) library and a JEFF-3.0 based ECCO library (B-version).
Although some reactions are not part of the previous list, they must be considered because of large
differences between the last two versions of JEF(F). On the other hand, some sensitive reactions have
no influence on the reactivity differences studied, merely because there are identical in both JEF(F)
versions (e.g. fission and disappearance cross sections of uranium-238).

In Appendix 1, one can see the differential nuclear data for which the contribution to the
calculated Ak, is significant, either because the eigenvalue is sensitive to this reaction or because the
difference Ac between JEFF-3.0 and JEF-2.2 is large (52Cr, Al 56Fe, BNa, *Pu and 238U(n,xn)
evaluations for instance). One has also plotted the sensitivities of all core configurations in order to
give an idea of the essential energy ranges.

The histograms of Appendix 2 illustrate the main contributions to the calculated k-effective of
every significant difference between JEFF-3.0 and JEF-2.2 nuclear data. The first graphs correspond
to plutonium cores whereas the following ones are for uranium cores.

On each graph of Appendix 2, the results of direct calculations® for specific substitutions (Pu239 [1],
U235 and U238 [2]) and for the complete nuclear data library switch (cf. §2.1) have been reported in
green ("direct" bars). The corresponding results from the sensitivity calculations® are reported in red
("sum" bars).

In every configuration, there is a rather good agreement between U235 trends obtained with direct
and sensitivity calculations. Actually, major changes between JEFF-3.0 and JEF-2.2 for this particular
evaluation are observed in cross sections and fission neutron multiplicity, there is no difference in

? including angular and energy distributions effects
* angular and energy distributions are not taken into account
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fission neutron energy distributions (MF5/MT18). Therefore, the present sensitivity analysis is
adequate.

The case of Pu239 is somehow less adequate due to the complete re-evaluation of this isotope,
including all the secondary distributions [7] [8]. However, the iterative approach adopted to
evaluate/validate this file has already taught us that the changes in the fission spectrum were not large
enough to have any significant impact on the present integral calculations. Therefore, one can
reasonably assume that the integral differences observed in k. are essentially due to changes in cross-
sections and v.

About U238, the present sensitivity analysis is a priori inadequate since major changes between
JEFF-3.0 and JEF-2.2 evaluations concern not only inelastic and elastic cross sections, but also angle
and energy distributions of inelastically scattered neutrons (n,xn data are also different, but their
impact is very limited in the present study).

Indeed, the differences observed between direct and sensitivity calculations for U238 are significant
(up to a few hundreds of pcm) and could explain most of the discrepancy systematically seen in every
configuration. In Appendix 2, the orange bar (labelled "TOTAL (U8 direct)") shows the total library
impact calculated by adding all the contributions but U238 to the direct U238 effect. In that case, the
discrepancy is strongly reduced, especially for "plutonium" cores.

4. Discussion

The differences (up to 550 pcm for SNEAK7B) observed between a direct calculation and a cross-
section-based sensitivity study were not expected since the successful completion of JEF-2.2
adjustment studies [9] and require more investigations. However, larger effect (1700 pcm for ZPPR-9
when using JENDL-2 or JENDL-3.1=JEF-2.2 matrices) had already been reported [10].

o Leakage effect : Table 4 shows k. differences between JEFF-3.0 and JEF-2.2 U-238 obtained from
an actual core calculation (Ak®) and a reflected (pseudo-infinite) cell configuration (Ak™). The
uranium 238 data substitution is done within the JEF-2.2 based ECCO library. These cell calculations
are made with the 172 groups X-MAS structure (which corresponds to the first step of the ECCO
reference calculation route [11]).

Table 4 -k differences between **U JEFF-3.0 and JEF-2.2

name ‘ AK® (pem) AK” (pcm) ‘
MASIB -65 -109
R290 -65 -102
SNEAKO9C1 =71 -129
R260 =72 -102
SNEAK9A -78 -122
R212 -85 -109
R190 -112 -131
R390 -121 -182
7260 -127 -128
SNEAK9C2 -139 -159
7390 -141 -230
MASI1AP -143 -183
ZONA3 -154 -291
SNEAK9B -169 211
SNEAK7A -171 -245
SNEAK7B -395 411
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The fact that the Ak results are similar suggests that the observed effect is a pure nuclear data one and
has no strong link with the core geometry nor any possible preferential neutron leakage effect.

The last row result of Table 4 has been confirmed by a Monte-Carlo (MCNP4C2) infinite cell
calculation: Ak™ (SNEAK7B) = (—449 + 30) pcm. In that particular case, the uranium 238 data

substitution was done within a JEF-2.2 based ACE library with no probability tables.

e Group structure : SNEAK7B configuration has been calculated with the VITAMIN-J (175 groups)
structure instead of the more usual ECCO-33G. Figure 8 clearly shows that this finer structure could
have been more appropriate to describe an effect in the energy range of inelastic scattering data.
However, both calculation routes give very similar results for k-effective and sensitivity values.

4.0
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(=] (=]

o

relative X8 variation (%)

-0.01

-0.03
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relative sensitivity (/Au)

-0.07

238 . n . .
U(n,n’) = neutron inslastic scattering cross section

|
0 1e+06
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— 33G (ECCO) p

1 1 1 1 1 1
2e+06 3e+06 4e+06 5e+06 6e+06 7e+06 8e+06
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Figure 8 - SNEAK7B ko sensitivity to **U(n,n’)

e Transfer matrix : The double differential transfer cross section 6(E—E’, Q—€Q") depends on the

cosine of the scattering angle @ = Q Q’=cos0,

20+1

oE 5> E.0-0)=Y 26 65 E)p W

29
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Figure 9 displays the angular behaviour of the first two Legendre polynomials P, =1 and

P_, =cos0.The P, term is isotropic whereas the P, term tends to increase the cross section at forward
angles (P;>0) and to decrease it at backward angles (P;<0).

—— P
—— P,(>0) = cos{#), [-/2 < § < 2]
— — P,{<0) = cos(#), [2 < & < 3n/2]

1 T T

7120 60

sin(8)

cos(8)

Figure 9 - Polar plot of Py=1 and P;=cos(6) Legendre polynomials

In the following pages, Figure 10 shows the energy transfer matrix in the ECCO-33 group
structure for the first angular momentum G, (the isotropic component) of the inelastic scattering
reaction on “*U. Actually, JEFF-3.0 and JEF-2.2 data only slightly differ up to 2-3 MeV and more
significantly at higher incident energies.

The inelastic scattering ¢; component (Figure 11) exhibits much larger differences but is
negligible in absolute intensity (compared to ©,). However, one should not forget that o,P, is weighted
by the (2¢+1) factor,

olE S E,Q—>Q 1 6,(E > E’)+30,(E = E’)cos®
a0
T

thus at forward angle the P, contribution might not be that negligible and could therefore contribute
significantly to the difference between JEFF-3.0 and JEF-2.2 data. Actually, JEFF-3.0 inelastic data
are generally less forward peaked than in the JEF-2.2 evaluation.

Unfortunately, k-effective sensitivity studies to the **U(n,n) energy transfer matrix are difficult to
perform with present tools. Therefore, a quantitative study of the effect on k-effective of the observed
differences in the transfer matrix could not be immediately performed to confirm the direct integral
observations.
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Figure 10 - P, transfer matrix for neutron inelastic scattering on **U
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Figure 11 - P, transfer matrix for neutron inelastic scattering on *°U
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5. Conclusions

Generally, the results obtained with the new JEFF-3.0 library for the present set of fast spectrum
experiments confirm the trends deduced from specific integral validation studies [1] [2] [8] and
expected from the observed differences with the previous JEF(-2.2) evaluated data. The main integral
trend is a decrease of the calculated k-effective (more pronounced for uranium cores) and buckling
(uranium cores only), the changes detected in spectral indices being not as significant.

For "uranium" cores, the keys responsible of this integral trend are 233 U(n,y) and v,y nuclear data
modifications. These changes improve the calculated-over-experimental ratio for both k-effective and
buckling integral values.

For "plutonium" cores, the situation is not as simple because the modifications made in ***U, **Pu
and *Na evaluations play a more significant role compared to the previous core types. These changes
have almost no effect on buckling calculations, but do not improve the calculated-over-experimental
ratio for k-effective value. Nevertheless, the present work clearly assesses every isotope contribution,
and could guide future evaluation effort. Moreover, there is already room for improvement since ~**U
capture and fission cross-sections, two key parameters to simulate fast spectrum experiments, have not
been re-evaluated for JEFF-3.0.

Finally, some unexpected differences between direct and sensitivity calculations have not yet been
fully explained in a quantitative way. Although, there are probably due to the changes made in the
energy distribution of U inelastic scattering reaction, which appears to be one of the most ke
sensitive difference between JEFF-3.0 and JEF-2.2 library for "plutonium" cores.
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Appendix 1

The nine following figures show the most important reactions for the core configurations under study.
Uranium-238 fission and disappearance cross-sections are not plotted because they are identical in
JEFF-3.0 and JEF-2.2 libraries.
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U V. — Neutron total average multiplicity
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238,

U (n,n) — neutron elastic scattering cross section
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=pu (n, yor LCP) — neutron disappearance cross section (MT101 = sum of MT102 to MT118)
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JEF/DOC-956

In the following figures, one has plotted some less sensitive reactions. However, due to large
differences between JEFF-3.0 and JEF-2.2 for these particular data, their impact on a kg calculation is

not negligible.
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*Cr (n,n) — neutron elastic scattering cross section
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**Fe (n, ¥ or LCP) — neutron disappearance cross section (MT101 = sum of MT102 to MT118)

10° T T T T T
10'
10°
10"
107 [
10° |

107 | — JEF-2.2 (ECCOLIB-1968g) MT102+MT103+MT104+MT105+MT107
10°¢ — JEFF-3.0 (ECCOLIB-1968g) MT102+MT103+MT104+MT105+MT106+MT107
E - JEF-2.2 (PENDF) MT103, MT104, MT105, MT108 (JEFF-3.0), MT107

107° . TR TR M| Ll M| P
10 10 10 10 10 10
110 T T T T T
90

70 |
50 L — (JEFF30-JEF22)JEF22 (33g)
0L — (JEFF30—JEF22)/JEFF30 (33g)

10 |
-10 |

_30 P | P | P | P | ]

et o v 1

G (barn)

o vl vl

S B

I I T S

AG (%)

— JEF-2.2 sensitivities (33g) i
— JEFF-3.0 sensitivities (33g) ]

Ak, /AG (pem/%e)
o
(=]

_40 N | N | M | M | MR | N
10 10° 10° 10" 10° 10 10
Energy (sV)

56 . . .
Fe (n,n) — neutron elastic scattering cross section

3

10 T T T T T 3
10° F .
Y 3
T0F
= E
8wk E
= — JEF-2.2 (1968g) 3
©0” — JEFF-3.0 (1968g) E
10° L .
10‘3 MR | PR
10' 10°
6.0 T T T T T
40 + — (JEFF30-JEF22)/JEF22 (33g)
;@ — (JEFF30-JEF22)/JEFF30 (33g)
S 20 .
o}
<
00 f————————=——"—"—==——=—=—===-==-===C->—"T----
_20 i Lol 1 Lol L L
10' 10° 10°
T T
e 55}
N
E
g 35¢r o
~ — JEF-2.2 sensitivities (33g)
o] — JEFF-3.0 sensitivities (33g)
g 15
5
e
-05 s Lol L M | L L
10' 10° 10°

22/34
42



L'évaluation et la validation des données JEF/DOC-956

1.60
140 -
1.20
1.00 -
0380 -
060 -
040 -
020 -
0.00
0

**Fe (n, n" + anything) — neutron pseudo-inelastic scattering cross section

o (barn)

— JEFF-3.0 (ECCOLIE-1968g) MT4+MT22+MT28
— JEF-2.2 (ECCOLIB-1968g) MT4+MT22+MT28
~~~~~ JEF-2.2 (PENDF) MT22, MT28

I NI I S NI |

] I
6e+06 8e+06 1e+07
20 T T T T

10 b — (JEFF30-JEF22)/JEF22 (33g) 4
— (JEFF30-JEF22)/JEFF30 (33g)

20 T T T T

10 [ % ]

00

1oL =
20 B
— JEF-2.2 sensitivities (33g) 9

-30 % — JEFF-3.0 sensitivities (33g) ]
—40 F N

-50

Ak /AG (pem/%)

1 1 1 L
0 2e+06 4e+06 6e+06 8e+06 1e+07
Energy (sV)

23 . . N
Na (n,n) — neutron elastic scattering cross section
10 T T T T T

— JEF-2.2 (1968g)
— JEFF-3.0 (1968g)

o (barn)
s

FENEEL 1Y IR T BTSRRI SRRt

107 Ll Ll M| M| N | L

3
)
2
3
=)
S,

350 T T T T T

250

150 | — (JEFF30-JEF22)/JEF22 (33g)
— (JEFF30—JEF22)/JEFF30 (33g)

Ac (°/o)

50

-50 L T el -

70 |

50 [

— JEF-2.2 sensitivities (33g)
— JEFF-3.0 sensitivities (33g)

10

Ak, /AG (pem/%)

10 MR | MR | -

23/34

43



L'évaluation et la validation des données

JEF/DOC-956

®Na (n, n" + anything) — neutron pseudo-inelastic scattering cross section
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240 . . .
Pu (n,f) — fission cross section
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#%U (n, x 0’ + anything) with x>1 — neutron production cross section
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L'évaluation et la validation des données

Appendix 2

The eight following histograms (MAS1AP to SNEAK7B) show for every "plutonium" core, the main

differential contributions to the calculated ks difference when using JEFF-3.0 and JEF-2.2 libraries.
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These last eight histograms (R390 to SNEAK9C1) show for every "uranium" core, the main
differential contributions to the calculated k. difference when using JEFF-3.0 and JEF-2.2 libraries.
R390
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2.2.2 Analyse des expériences PROFIL pour la validation des données

Certaines mesures en réacteurs sont moins "intégrales" que le ker et peuvent méme
permettre de valider (presque) directement des sections efficaces. On peut citer par exemple
les expériences PROFIL et PROFIL2 réalisées dans le réacteur Phénix. Ces expériences
d’irradiation de nombreux échantillons isotopiquement purs sont une source d'information sur
les sections efficaces des actinides et des produits de fission [Dupont 02b] [Dupont 05c]
[Tommasi 06].

Les résultats présentés dans le tableau suivant montrent la bonne qualité globale des
sections efficaces des actinides de JEFF-3.0 et indiquent les données a améliorer. La
colonne "Ao/o (%)" indique la tendance déduite de I'écart calcul-expérience "C/E (ratio)" en
tenant compte de la sensibilité de ce ratio a la section efficace.

Concernant le cycle Th/U, les sections efficaces de capture de Th-232 et U-233 sont encore
nettement sous-estimées. Pour ce qui est du cycle U/Pu, l'amélioration doit porter
principalement sur les sections de capture de Pu-241,242 (et dans une moindre mesure Pu-
240 et Np-237), ainsi que sur les sections et sur le taux d'embranchement de la capture de
Am-241.

Résultats des irradiations PROFIL pour les actinides des cycles Th/U et U/Pu

Echantillon| Ratio étudié C/E (ratio) | Expérience| Section-efficace (o) |do/o (%)
232Th 23U/%%2Th 0.836 + 0.076 | PROFIL2 232Th(n,y) -19.0
23y el VsV 0.915+0.001 | PROFIL2 Z3Y(n,y) -9.4
24y 25UPU 1.031 +0.002 | PROFIL2 Z4U(n,y) 2.9
238y 29pu/?ey 1.011 £ 0.003 | PROFIL 28Y(n,y) 1.1
Z'Np 28Py/2"Np 0.94 +£0.013 | PROFIL2 Z'Np(n,y) -5.6
238py 29py/*%Pu | 1.019+£0.008 | PROFIL 28py(n,y) 1.6
29py 20py/®%Pu | 0.979 +£0.002 | PROFIL 29py(n,y) -2.1
240py 21Pu/*Pu | 1.052 +£0.005 | PROFIL 240py(n,y) 4.8
1py 22py/*'Pu | 1.093 £0.007 | PROFIL 21Py(n,y) 9.8
242py Am/*?Pu | 1.209+0.018 | PROFIL 242Py(n,y) 16.9
2 Am 22mAm/*'Am | 1.087 £0.019 | PROFIL 2 Am(n,y)***"Am() 7.4
2 Am 28py/A"Am | 1.055+0.016 | PROFIL | 2*'Am(n,y)**?sAm(" 4.8
2 Am 22Py/A"Am | 1.063 £0.015 | PROFIL | 2*'Am(n,y)**?sAm(" 5.4
21Am 22Cm/*'Am | 1.045+0.012 | PROFIL | #'Am(n,y)**?%Am" 4.0
24Cm #5Cm/***Cm | 0.974 +0.003 | PROFIL2 24Cm(n,y) -2.5

(" Avec un rapport d'embranchement de 15% vers I'état métastable (T12 ~141 ans) et de 85% vers
I'état fondamental (T1/2 ~16h)
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Une analyse similaire des résultats PROFIL a caractérisé le degré de précision des sections
efficaces de capture des produits de fission de JEFF-3.0 et mis en évidence les
améliorations nécessaires. Parmi les 19 produits de fission étudiés et listés dans le tableau
suivant, la moitié est relativement satisfaisante (Ac/c < 10%) :

Mo-95,97, Ru-101, Pd-106, Cs-133,134, Nd-144, Sm-149,150, Eu-153,
tandis que l'autre moitié est responsable d'écarts calcul/expérience supérieurs a 10% :
Pd-105,107, Nd-143,145, Sm-147,148,151, Eu-151,154.

Résultats des irradiations PROFIL pour les produits de fission

Echantillon | Ratio étudié | C/E (ratio) |Expérience | Section-efficace (o) | Ac/o (%)
Mo ®Mo/*Mo | 1.005+0.038 | PROFIL Mo(n,y) 0.5
149Sm 1%0Sm/"**Sm | 0.993 +0.006 | PROFIL “9Sm(n,y) -0.6
= "™Eu/™Eu | 0.983 +0.004 | PROFIL2 B3Eu(n,y) -1.4
“Nd “Nd/"Nd | 0.975+0.009 | PROFIL2 “INd(n,y) -2.3
33Cs Cs/'**Cs | 0.944+0.001 | PROFIL 33Cs(n,y) -5.8
“3Nd “Nd/"Nd | 0.938 +0.016 | PROFIL2 “INd(n,y) -6.0
1%6pg '97Pd/"%Pd | 0.937 +0.005 | PROFIL2 1%pd(n,y) -6.6
49Sm ¥1Sm/™°Sm | 0.933 +0.005 | PROFIL %0Sm(n,y) -7.2
"Ry 2Ru/'"Ru | 1.084 +0.006 | PROFIL ""Ru(n,y) 7.5
33Cs 35Cs/™Cs | 0.927 £0.002 | PROFIL 4Cs(n,y) -7.9
%Mo %Mo/**Mo | 1.105+0.027 | PROFIL “Mo(n,y) 9.3
“7Sm “9Sm/**®Sm | 1.134 £0.014 | PROFIL2 “8Sm(n,y) 10.8
“Nd M“eNd/"*Nd | 1.131 +0.006 | PROFIL2 “*Nd(n,y) 11.1
“Nd "“INd/"Nd | 1.139+0.014 | PROFIL2 “Nd(n,y) 11.6
1%pg 1%°pd/1%pd | 0.888 + 0.003 | PROFIL %pPd(n,y) -12.0
1%6pg 1%8pg/19%Pd | 1.173 £0.049 | PROFIL2 7Pd(n,y) 14.5
7Sm “8Sm/**’Sm | 1.194 £ 0.006 | PROFIL2 “'Sm(n,y) 14.5
“*Nd MeNd/"**Nd | 1.202+0.003 | PROFIL “*Nd(n,y) 16.3
¥1Sm %28m/**'Sm | 1.285 + 0.004 | PROFIL2 *1Sm(n,y) 17.5
= Y2Ey/™'Eu | 1.322£0.020 | PROFIL2 Y1Eu(n,y) 17.8
= SEu/™Eu | 2.040+0.019 | PROFIL2 ®*Eu(n,y) 47.6

La publication compléte de ce travail [Tommasi 06] suit dans les pages suivantes.
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[Tommasi 06]

J. Tommasi, E. Dupont and P. Marimbeau, Analysis of sample irradiation
experiments in Phenix for JEFF-3.0 nuclear data validation, Nuclear Science and
Engineering 154, 119 (2006)

http://doi.org/10.13182/NSE154-119
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Abstract —The PROFIL and PROFIL-2 experiments performed in the Phénix demonstration fast reactor
irradiated 130 small separate samples containing almost pure isotopes. These highly accurate experi-
ments are a very specific and powerful source of information on the nuclear data of major and minor
actinides and several fission products. Their analysis was carried out using the ERANOS-2.0 code system
associated to JEFF-3.0 cross-section data, UKFY3.5 fission yield data, and JEF-2.2 decay data. The
consistency of the results demonstrates the overall good quality of the actinide nuclear data and experi-
mental techniques used and points out where specific improvement is necessary: fission yields of >°U on
neodymium isotopes; integral capture cross sections of >32Th, 233U, 2Py, **?Pu, and **' Am (and to a
lesser extent, >**Pu and >’ Np); and branching ratios for **! Am capture. A similar analysis characterizes
the degree of accuracy of the integral capture cross sections of 19 fission products. Future plans include
the analysis of two new experiments of the same kind, included in the current Phénix experimental
program, and the use of a consistent set (cross sections, fission yields, and decay data) of the latest

Nucl. Sci. Eng. 154 (2006) 119

JEFF-3.1 nuclear data files.

[. INTRODUCTION

The irradiation of pure isotope samples in a well-
characterized flux is a powerful technique to collect ac-
curate information on integral capture rates and cross
sections. This method may be used for all isotopes
changed by neutron capture into a stable or long-lived
nuclide and is based on the measurement of the compo-
sition change induced by irradiation.

Three such experiments have been carried out in
French fast spectrum reactors: two in the Phénix demon-
stration reactor [250 MW(electric)] and one in the Super-
Phénix prototype fast reactor [1200 MW(electric)].
Unfortunately, the experimental pin irradiated in the
Super-Phénix reactor could not be dismantled and ana-
lyzed after reactor shutdown. The Phénix experiments
have been analyzed in the past, using code systems and
nuclear data available at the time.!-? The aim of this work

*E-mail: jean.tommasi@cea.fr
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is to analyze these experiments using more recent (and
presumably more accurate) calculational tools and nu-
clear data sets. This contributes to the validation of these
new tools and data sets. The two experiments analyzed,
named PROFIL and PROFIL-2, are briefly described in
Sec. II, with indications on experimental techniques and
their accuracies.

Sections III and IV describe the calculational meth-
ods and the assumptions used to perform the analysis of
the experiments. This analysis is based on the use of the
ERANOS2.0 code system (see Sec. III.LB for a brief
description of ERANOS) fed with JEFF-3.0 cross-
section, UKFY?3.5 fission yield, and JEF-2.2 decay data
libraries.

The main results of the analysis are gathered in Sec. V,
dealing in turn with results relative to the monitoring
samples (boron and lithium samples, neodymium buildup
by fission in 233U, and other samples), the actinide sam-
ples, and the fission product samples. Conclusions are
given in Sec. VL.
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Note that throughout the paper, the uncertainties
related to the ratios of calculation to experiment (C/E)
are the upper value between the dispersion of individ-
ual C/Es (when there are many available) and the
experimental uncertainty on concentration ratio mea-
surements (with a quadratic combination if many sam-
ple measurements are available). Experimental
uncertainties on nuclear data (integral cross sections,
fission yields, decay constants, and branching ratios)
are never taken into account, but rather are quoted sep-
arately when necessary. All uncertainties correspond to
lo.

II. THE EXPERIMENTS

IL.A. Irradiation Conditions

The PROFIL experiment took place during the first
three irradiation cycles of the Phénix reactor from Jan-
uary 1974 to January 1975 for a total of 179 equivalent
full-power days (EFPDs). The loading of this Phénix
startup core included 58 (U,Pu)O, subassemblies (in-
ner part of the core) and 48 enriched UO, subassem-
blies (outer part of the core). The PROFIL-2 experiment
lasted for four Phénix irradiation cycles from July 1979
to September 1980 for a total of 316 EFPDs with a full
(U,Pu)O; core loading.

The PROFIL experimental pin containing 46 sepa-
rate samples was loaded close to the center of a 217-pin
standard hexagonal fuel subassembly placed at the geo-
metric center of the Phénix core. PROFIL-2 involved two
experimental pins containing 42 separate samples each.
They were loaded close to the center of a single standard
fuel subassembly contiguous to the central subassembly
of the Phénix core. This means that in both cases, the ex-
perimental device was placed in a quasi-asymptotic flux
region far from control rods or other perturbations in or-
der to obtain clean and well-characterized irradiation
conditions.

I1.B. The Separate Nuclide Samples

Within the PROFIL experimental pin, each actinide
sample is enclosed within a simple stainless steel con-
tainer, and each fission product sample, inside a double
stainless steel container (see Fig. 1), whereas all the
PROFIL-2 samples are enclosed inside such a double
container.

The double container allows one to minimize the
amount of activated steel dissolved with the sample de-
posit and then to enhance the quality of postirradiation
analyses: The thick external container, providing good
mechanical strength, is removed in a hot cell and han-
dled as waste, while only the thin inner container is dis-
solved with the sample.

NUCLEAR SCIENCE AND ENGINEERING
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Fig. 1. Stainless steel double container for PROFIL irradi-
ations.! Dimensions are given in millimetres.

At least two samples of each isotope loaded are
manufactured for each experiment to provide best against
the risks of sample damage during pin dismantling or
errors in sample isotopic analysis. The number of dif-
ferent samples in each experimental pin is recorded in
Table I. The numerous 23U samples are evenly distrib-
uted over the experimental pin length to provide a flu-
ence level and axial shape monitoring. A few natural
boron and lithium samples are used also as standards
for fluence monitoring. Figure 2 provides an example
of the chemical forms of the various sample deposits
and of their masses. The isotopic purity of the samples
ranges from 90 to 100%, being higher than 95% for
most samples.

11.C. Experimental Techniques
and Accuracies

After irradiation, the samples are cut from the ex-
perimental pins and put into solution (in case of a dou-
ble container, the external container is removed before
dissolution). Mass spectrometry is used to measure
isotopic compositions with simple or double isotopic
dilution and well-characterized tracers. In some cases,
alpha or gamma spectrometry is used instead. All the
isotopic analysis results are presented as ratios of
concentrations. The claimed experimental uncertainty
is often much lower than 1%, but often the lack of
consistency of the results obtained for a set of pre-
sumably identical samples leads to an increase of these
values, but never exceeding ~2.5% for the ratios involv-
ing isotopes present in significant amounts. For iso-
topes present in small amounts, the uncertainty may
exceed 5%.

VOL. 154 OCT. 2006
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SAMPLE IRRADIATION EXPERIMENTS IN PHENIX 121
TABLE 1
Experimental Sample Number by Type in the PROFIL Pin and in the Two PROFIL-2 Pins*
PROFIL-2 PROFIL-2
PROFIL A+B PROFIL A+B
232Th — 1+2 27r — 2+1
B3y — 1+2 %Mo 2 —
B4y — 2+1 Mo 2 —
B5y 6 7+7 101Ru 3 —
28y 3 3+3 105pd 2 —
23"Np — 2+1 106pq — 2+2
238py 2 2+1 133Cs 2 —
239py 3 242 13Nd — 1+2
240py 3 242 144Nd — 1+2
241P11 3 _ 145Nd 2 _
242py 3 242 147Sm — 1+2
21 Am 2 242 1498 m 2 —
28Am — 2+1 151Sm — 1+2
244Cm — 242 153Eu — 2+1
Actinides 25 30 + 28 Fission products 15 10 + 12
Natural boron 3 2+2
Natural lithium 3 —

*PROFIL pin with 46 samples; PROFIL-2 pins labeled A and B with 42 samples each.

III. ANALYSIS METHODOLOGY

III.A. Burnup Equations Analysis

We use as a template the following linear differen-
tial system to describe an open linear sequence of reac-
tions involving a mother nuclide and its successive

descendants:

[ dN,
dt

dN;

1

dr

dN,
\ dt

= o N

=B N+,

with N,(0) = 1

with N;(0) = 0

=B,-1N,_, + a,N, withN,(0)=0 .

(1a)

This is a particular case of the well-known Bateman
equations. The value «; is the disappearance rate of nu-
clide %, i.e., the sum of the absorption rate and the natu-
ral decay rate: @ = — (0, ® + A;). The value By is the
production rate of nuclide k£ + 1 from nuclide k by cap-
ture or decay: Br = 0.1 ® + At fissk+1 (Where @ is the
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neutron flux and f;_,;+ is the branching ratio of the de-
cay of nuclide & to nuclide k + 1; the possible remaining
decay of nuclide k is supposed to branch outside of nu-
clides N, to N,,). The aforementioned system can be writ-
ten in a more compact matrix form:

dN .
dt
and
a,
Bi
0
M =
0

exponential:

B>

=MN , with N(0) =

as

Bn*2
0

1
0

o

n—1

Bn*l
The solution of Eq. (1b) then takes the form of a matrix

0

a

n

(1b)
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Fig. 2. Axial layout of the PROFIL pin in Phénix.!
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5.5-mm diam - Position Chemical Mass
| (mm) Isotope form (mg)
Q 180 | %35y uo, 22
£= 170 | "“°Nd Nd,05 22
0] 160 | '°°Pd Palladium 21.7
0] 150 | '33Cs CsF 23.4
0] 140 | '°'Ru Ruthenium 19.6
"_U=l 130 Mo Molybdenum 21.5
o] 120 | 238py PuO, 14
G 110 | *’Mo Molybdenum 21.7
100 | 239y PuO, ~10
; 90 | 23y U0, 22.5
80 | #*'Am AmO, 10.0 Plutonium and
70 | 238y uo, 223 americium
60 | 240py PuO, 3.7
50 [ Natural lithium | LiF 3.8
40 | 2%2py PuO, 29
30 | Natural boron | Boron 151
20 "SSm Sm203 25.8
ot 10 | #*'Pu PuO, 4.3
Core midplane —» ZZ 0"y Uo, 241 @ References
i -10 | 23%py PuO, ~10
—20 | Natural boron | Boron 1.0
-30 | ?*Opy PuO, 6
-40 | 238y uo, 23
Maximum flux —50 | 4Py PuO, 5
—60 | Natural lithium | LiF 3.7
—~70 | 23°Pu PuO, ~10 A Uranium
-80 | '"9'Ru Ruthenium 20
-90 | 2%y uo, 23.9
/ -100 | 238y uo, 23.7
&= —-110 | 2*%py PuO, 6.3
.Q., -120 | '33Cs CsF 22.4
= —130_| 2Py PuO, 27__| (0] Fission products
Q_ -140 Mo Molybdenum 21.9
0 —150 | 95pd Palladium 20
i ] -160 | ?*'Pu PuO, 12.5
Phénix clad —q| I —170 | Natural boron | Boron 1.3
% -180 | ?%°uU uo, 24.5
0 —190 [ Natural lithium | LiF 4.2
0] —-200 | ''Ru Ruthenium 19
-] —210 | #*2Py PuO, 25
0 —-220 | "SNd Nd,05 20.2
k] —230 | >8Py PuO, 12.6
0] -240 | Mo Molybdenum |  19.7
7] -250 | 2*'Am AmO, 13.7
il —260 | '*9Sm Sm;03 22.9
2 —270 | %35y U0, 25
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N(t) = exp(Mt)N(0)

12 tk -
=<I+1M+5M2+.--+;Mk+-.->N(0) .

2)

This power series expansion of the matrix exponen-

tial can be used (see Appendix) to establish the follow-
ing limited expansion:

N (1) = (lf[] :81')'

k—1

~|:1+£éai+0(t)} ,

3)

where the usual notation o(¢™) stands for terms of order
higher than m in t. This shows that the ratio R, = Ny 1 /Ny
is approximately proportional to the time variable (z):

(k—1)!

1
At Z

M~

a;

N (1) :ﬁ_kf 1 t+ o(t)

N, (1) k

R.(1) =
(1) k+1

)

The relationship between R and ) and ¢ being close
to proportionality for small enough time or fluence val-
ues, the sensitivities of R; to B and ¢ will be close to
unity under the same assumption, as given in Egs. (5a)
and (5b), while the form of Eq. (4) shows that the sensi-
tivities to other nuclear data will all be of order 1 in ¢,
i.e., much smaller than the sensitivities to 8 and z. In the
case of long-lived or stable nuclides, S(Ry,By) is the
sensitivity to the integral transition cross section (most
often capture), and S(Ry, ¢) is the sensitivity to time or
fluence:

Ry 98 Bt

SR, By) = =1+ (s 5
(Ri, Br) ./ B Kk 1) o(t) (52)
and
lk
R, | ot a"“_Z;a"
SRut) = — /= =1+ ——"1 14 0) .
R,/ t k+1
(5b)

This is the main incentive to achieve a very good
isotopic purity in the samples: The ratios R; are then
almost proportional to the transition cross section from
nuclide k to nuclide k£ + 1, with a very limited depen-
dence on other nuclear data, provided that the irradiation
time or the fluence is small enough, i.e., that all the
reaction rates «; f are much lower than 1 [as the nonzero
terms in the matrix (Mz)* are of global degree k in the
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a;tand B;it and as | B;t| < |a;t], the neglected terms in
Eq. (4) are at least of second order in the «;¢]. Under
these conditions, the analysis of these ratios provides
direct valuable information on the integral transition cross
sections.

However, if we depart from the ideal conditions
of the aforementioned analysis, i.e., for large fluences
and/or initial concentrations (Q1,05,...,0,...,0,) #
(1,0,...,0,...,0), the explicit calculation of sensitivi-
ties to nuclear data or initial conditions becomes in-
extricably difficult. This is why we use a perturbation
theory formalism3-° to derive convenient numerical ex-
pressions for the sensitivities of final concentrations to
initial concentrations and to integral cross sections or
decay constants. Starting from the usual forward burnup
equations,

dN -
— =M;N over[t,t;]fori=0,...,n—1
dt
ﬁ(to) = é ’
(6a)
we derive the adjoint equations:
N* continuous over [, 7, |
ﬁ*([;z) = ﬁk
dN* =
0 +M;N*=0 overl[t,t;4],fori=0,...,n—1,
(6b)

where the adjoint burnup matrix M is the transpose of
the forward burnup matrix M;, and u, is the n vector
with all components equal to zero except the k’th one,
equal to 1.

After some classical algebra, this leads to a formula
relating the variation of the concentration of nuclide k at
the end of irradiation N,(z,) to the variations 6Q of the
initial concentrations and 6M; of the burnup matrices
(the standard scalar product of two n vectors u and v is
noted (u,0)):

Tit1

SN, = (V10,500 + 3, [ (e M i

4

(7

This allows us to compute the sensitivity of the final
concentration of nuclide i to the initial concentration of
nuclide j (the sensitivity of a variable quantity V to a
parameter p being defined as the ratio (dV/V)/(dp/p)):

N/ ()80, % _ N/ (1) 0O,

SINi(1,), 01 = N o Nit,)
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Furthermore, as the burnup matrices M are linear
with respect to cross sections, fluxes, decay constants,
and branching ratios, the nonzero terms in the variation
S6M of the burnup matrix due to a variation 8p of any one
of these scalar parameters are the coefficients other than
p of the products involving p, multiplied by 6p:

n—1l iy
> (N*,6MN) dt
i=0 J 817

Ni(tn) p

S[Ni(tn)’p]

n—1 tivy

;) , (N* M, N)dt

- Ni(tn) ' (Sb)

where My, is the restriction of M to the products contain-
ing p, all other terms being equal to zero.

It has been implicitly assumed here that the neutron
flux ® (level and spectrum) does not depend on the nu-
clear data variations. This is true for nuclides not present
in the Phénix core (e.g., 2**Th) and is a good approxi-
mation for nuclides with a small impact on the neutron
balance of the core (e.g., 2>°U for PROFIL-2, most fis-
sion products, and most capture reactions), but it is ques-
tionable for nuclides or reactions important for the neutron
balance of the core (mainly, >**U and >*°Pu, and 2*U for
PROFIL). However, for small capture and fission nu-
clear data variations, the main effect is expected from a
flux level change through the core power normalization,
rather than from a spectrum shift. As the sensitivity of
the core power and then of the flux level to capture cross
sections is low, the global effect is expected to be small
on the computed sensitivities of the N, /N; ratios to
capture cross sections. For sensitivities to fission cross
sections, a part of the sensitivity to fluence proportional
to the fractional contribution to the core fission rate should
be subtracted from the value computed by the aforemen-
tioned method. In Phénix, this effect would be important
only for 2*°Pu and ?*®U (and %*U for PROFIL).2 Never-
theless, it is worth noting that the fluence normalization
performed (see Sec. IV) would almost cancel this im-
pact, because the sensitivities to fluence are similar and
close to 1 for all the ratios investigated.

I11.B. Neutronic Calculations

The deterministic code system ERANOS2.0 (Ref. 7)
is used throughout this study, fed by cross-section librar-
ies based on JEFF-3.0—evaluated data files.® Fission yields
for neodymium isotopes are taken from the UKFY3.5
evaluation® developed from the UKFY3 evaluation.'®

4The fractional contributions to the fission rate are 40%
235U + 11% 28U + 45% 23°Pu for PROFIL, and 13% 238U +
73% 23°Pu for PROFIL-2.
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Decay data are taken from JEF-2.2 recommendations
because the JEFF3 decay data files were not yet avail-
able at the time this work was performed.

Cell and lattice calculations are performed with the
ECCO module!! (collision probability method in many
groups, using the subgroup method for self-shielding)
in the ERANOS2.0 code system. Fuel cells are de-
scribed as a two-dimensional (2-D) hexagonal lattice of
217 pins inside a structure tube, and all other regions
(fertile blankets, reflectors, and shields) are described
as homogeneous cells. A calculational step with a fine
energy grid (1968 energy groups) using the most de-
tailed geometric description available is performed and
is followed by a condensation (to 33 energy groups)
and a homogenization in order to feed a full-core calcu-
lation, carried out using a 3-D finite difference diffu-
sion solver. The core flux solvers available in ERANOS
are finite difference diffusion (1-, 2-, and 3-D geom-
etries), finite difference S, transport (1- and 2-D geom-
etries), and variational nodal transport (2- and 3-D
geometries). Here, the use of 3-D diffusion has been
assumed accurate enough, as the experimental samples
are placed in a quasi-asymptotic flux region. A single
average control rod position has been assumed for each
Phénix cycle.

The 33-group cross sections for the experimental
samples have been processed by an ECCO calculation
representing a 2-D subassembly with its central fuel pin
replaced by a steel pin with steel density representative
of the homogenization of the clad and the sample con-
tainers. This allows one to account for specific self-
shielding effects. As the masses of sample deposits are
small (generally much less than 30 mg each), traces of
all the nuclides involved in the sample burnup have been
put in the homogenized steel central region.

The detailed burnup calculations of the samples, tak-
ing into account a rather detailed burnup and decay his-
tory, are carried out using the MECCYCO subset!? of
the ERANOS2.0 package. Adjoint burnup and sensitiv-
ity calculation modules are implemented in this subset
and enable calculations of sensitivities of final concen-
trations to nuclear data changes.

1I1.C. Axial Flux Shape Scaling

Several scaling operations must be performed on
the raw calculational results. First, a shift in height of the
experimental sample column is made to minimize the
axial dispersion of the C/E ratios for the 2>°U samples
evenly distributed over the experimental pin height. The
possible reasons for this axial shift from the expected
position are the approximate treatment of control rods
(only one average position per cycle) and/or a bad posi-
tioning of the experimental sample column at the pin-
filling stage. As a result, shifting the experimental samples
columns down by 3 to 4 cm, achieves a very low disper-
sion on the C/E ratios associated with the prediction of
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the 236U/?%U ratio in the ?**U samples (the standard
deviation is then only ~0.2% of the average value).

II1.D. Fluence Gap Between the Two
PROFIL-2 Pins

The two pins A and B of the PROFIL-2 experiment
are irradiated up to slightly different fluences, as they
are placed in two different positions of the same fuel
subassembly. However, the angular position of this sub-
assembly cannot be monitored in Phénix, and so its
actual angular orientation is unknown. Nevertheless, the
collection of consistent data on all samples of the same
isotope located at the same height in pins A and B
allows one to infer that pin B is the closest one to the
core center and with a fluence 1.4 (+£0.8)% higher than
pin A. This is accounted for in Sec. IV (as the raw
calculational results refer to the exact center of the
PROFIL-2 subassembly).

IV. THE FLUENCE NORMALIZATION ISSUE

The final scaling operation is performed at the glo-
bal fluence level. It is necessary in order to relate un-
equivocally discrepancies between calculation and
experiment to the inadequate knowledge of some nu-
clear data. Indeed, uncertainties on the reactor power
level measurements, energy deposition data used in cal-
culations, core compositions, and loading may have a
significant impact on the overall fluence prediction. This
scaling is usually made by referring to specific measure-
ments related to a fission rate indicator (e.g., the ratio
148Nd /23U, assuming the cumulated fission yield of
235U on '8Nd is accurately known) or an absorption
rate indicator on nuclides with well-known, standard
cross sections (such as '°B and °Li, having 1/v absorp-
tion cross sections with no resonant structure). How-
ever, for reasons detailed hereafter, these indicators could
not be used here, and we used instead 2*>U absorption
indicators such as the ratios 234U/?3U, 23¥U/?3U (mainly
sensitive to fission), and 23¢U/?35U (mainly sensitive to
capture).

IV.A. Neodymium Produced by Fission

As mentioned previously, the usual way to normal-
ize the fluence is to check specific well-known fission
or absorption indicators. Table II shows the C/E ratios
for the prediction of neodymium fission yields, using
experimental cumulated fission yields from the UKFY3.5
file. The results are clearly inconsistent as there is a
drift on C/Es with respect to atomic mass number A
from A = 143 to A = 150, far exceeding the claimed
experimental uncertainties on fission yields.

If we restrict to '*8Nd only, Table III shows large
discrepancies on C/E ratios over the four nuclides
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TABLE 1II
The 23U Samples: C/E Ratios for the Prediction
of the Neodymium /23U Ratios Before
Fluence Adjustment
oY/Y?

PROFIL PROFIL-2 (%)
143Nd /235U | 1.001 £ 0.006 | 1.018 £ 0.008 1.1
144Nd /23U | 1.048 £ 0.017 | 1.032 + 0.005 1.5
1495Nd/?3U | 1.045 £ 0.006 | 1.060 + 0.013 1.9
146Nd /23U | 1.058 £ 0.011 | 1.071 + 0.006 1.9
148Nd /235U | 1.073 £0.005 | 1.072 = 0.012 1.2
150Nd /235U | 1.113 £ 0.006 | 1.086 = 0.014 2.4
S(dr)P ~1.12 ~1.24

OCT. 2006

48Y/Y is the relative uncertainty of the experimental cu-
mulated fission yield in the UKFY3.5 file.

bS(dt) is the sensitivity of any of these C/E ratios to
fluence.

TABLE III

The C/E Ratios for the Prediction of the (1*8Nd/Actinide)
Ratios Before Fluence Adjustment

sY/Y?
PROFIL PROFIL-2 (%)
235y 1.073 £ 0.005 | 1.072 £ 0.012 1.2
S(dr)b ~1.11 S(®t) ~1.24
238y 1.022 + 0.009 — 1.6
S(dt) ~1.25
239py — 1.046 + 0.014 1.7
S(dt) ~1.24
241py | 1.003 + 0.007 — 25
S(®t) ~1.16

a8Y/Y is the relative uncertainty of the experimental cu-
mulated fission yield in the UKFY3.5 file.

bS(dr) is the sensitivity of any of these C/E ratios to
fluence.

checked, exceeding again the claimed experimental un-
certainties on cumulated fission yields. These four nu-
clides have been selected because in the 233U, 23°Pu, and
241Pu samples, almost all the fissions are due to the ini-
tial isotope, and in the 238U samples, approximately two-
thirds of the fissions are due to 23U and one-third to
239Pu_

1IV.B. Boron and Lithium Samples

Table IV gives the C/E ratios relative to the boron
and lithium samples. Boron and lithium samples yield
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TABLE 1V TABLE VI
The C/E Ratios for the Prediction of the '°B or °Li The 23U Samples: C/E for the 23*U/?*U, 23°U/>*°U, and
Depletion Before Fluence Adjustment 235U/%38U, After Fluence Normalization
PROFIL PROFIL-2 Ratios Samples PROFIL PROFIL-2

10B/11B 0.969 = 0.010 1.043 £ 0.013 234y /25U 235y 0.979 = 0.016 | 1.000 = 0.004

S(Pr)? ~0.87 S(Pr) ~0.78 235y/338U 235U 1.011 £ 0.048 | 1.000 £ 0.004

.6 s 2361y/235U 234y — 1.005 £ 0.004

TLi/6Li 1.025 + 0.014 — s

S(®r) ~ 1.05 U 1.004 = 0.002 | 1.004 £+ 0.001

a§(dr) is the sensitivity of any of these C/E ratios to
fluence.

discrepant C/E values for the PROFIL experiment. It is
thought that despite special precautions taken to mini-
mize the possible contamination of the boron solution,
such as using pure quartz glassware, the measurement
does not reflect the true '°B/!'B ratio in the irradiated
boron sample. Unfortunately, the results obtained on bo-
ron samples for the PROFIL-2 experiment cannot be
checked against results on lithium samples.

IV.C. The *°U Absorption

Finally, because the aforementioned standard fission
or absorption indicators yield so widespread and incon-
sistent results (as a whole), we decided to rely on the
following method, based on a detailed analysis of the
234U/235U, 236U/235U, and 235U/238U ratios in the 235U
samples. Table V shows that these ratios are highly sen-
sitive to the 23U integral absorption cross section: 24U/
235U and 235U/238U are much more sensitive to fission
than to capture, while the contrary is true for 23°U/?33U.
Other nuclides than >**U have a limited impact on the
prediction of 23°U/?3U and ?*>U/?38U, while inaccurate

TABLE V

The 23U Samples: Sensitivity of the 234U/?3°U,
236y/235U, and 23°U/?38U Ratios to Integral
Cross Sections and to Fluence

2347 /235U 2367235y 2357 /238U
234U capture | —0.43 | 233U capture 1.05 | U capture | 0.22
234U fission | —0.25 | 23U fission 0.17 | #U fission 0.75
235U capture 0.39 | 236U capture | —0.04 | 238U capture | —0.11
235U fission 1.35 | 20U fission | —0.01 | 23U fission | —0.02
25U(n,2n) 0.07

Fluence 1.17 | Fluence 0.83
Fluence 1.14

NUCLEAR SCIENCE AND ENGINEERING

234U cross sections may have a significant impact on the
prediction of 234U/?35U.

A reduction by 2.0% of the computed fluence allows
a quasi-perfect match of all three ratios for the PROFIL-2
experiment with a very limited experimental dispersion
for each ratio (Table VI). For the PROFIL experiment,
the larger dispersions on the C/E ratios for the predic-
tion of the 24U/?%U and 2%°U/?38U ratios (Table VI)
prompt the normalization of the fluence to obtain the
same C/E for the prediction of the 23°U/?3>U ratio as for
PROFIL-2. That means a reduction of the computed flu-
ence by 0.55%. These fluence reductions lie within the
experimental uncertainty on Phénix power measurement.

V. MAIN RESULTS

Using the computed sensitivity to the fluence level,
all the C/E results quoted in Tables VII through XIII
have been corrected by the fluence adjustments given in
Sec. IV.C. The concentration ratios Y/X generally have
sensitivities close to 1 to the integral transition cross
section oy_,y [generally capture or, in two cases, (1,2n) ]
and to the fluence level. These two sensitivities are also
given in Tables IX through XIII, the sensitivity to flu-
ence being given between brackets. The difference be-
tween these two values is due to the sensitivities to
reaction cross sections other than oy_,y and is generally
higher for the samples of the PROFIL-2 experiment
(higher fluence). When relevant, sensitivities to decay
constants are given in the core of the text.

V.A. Fluence Indicators and Overall
Consistency of the Fluence Adjustment

The results obtained for '“8Nd buildup by fission
after the fluence adjustment are listed in Table VII. There
are great overestimations of the '“8Nd buildup in the
233pu and 2*'Am samples. In the 2*Pu samples, ~85%
of the fissions are due to >3®Pu itself, and the uncertainty
given for the cumulative fission yield of '*8Nd in the
UKFY3.5 file is high. Its value, 34%, is consistent with
the C/E ratio observed. Fissions in the >'Am samples
occur on 2*'Am, 242 Am, and 238Pu, with uncertainties
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TABLE VII

The C/E Ratios for '#8Nd Buildup by Fission and Boron or
Lithium Depletion After Fluence Normalization

Ratio Samples PROFIL PROFIL-2
148Nd /U 235U 1.066 £ 0.005 | 1.045 £ 0.012
148Nd /238U 238y 1.015 £ 0.009 —
148N d /238Pu 238py 1.31 £0.02 —
148Nd /23°Pu 239py — 1.020 £ 0.013
148N d /?4°Pu 240py — 1.078 £ 0.022
148Nd /241 Pu 241py 0.997 £+ 0.007 —
148N d /2#2Pu 242py 0.971 £0.033 | 0.976 £ 0.019
148Nd />*'Am 241Am 1.59 £ 0.07 —
10B/1B Natural boron | 0.964 + 0.010 | 1.032 = 0.013
7Li/°Li Natural lithium | 1.019 = 0.014 —

on '“8Nd fission yields ranging from 31 to 37%. Never-
theless, these high uncertainties hardly explain the very
high discrepancy between calculation and experiment for
the *8Nd/?*!Am ratio.

The '*8Nd buildup in the 2*°Pu samples is overesti-
mated, with a discrepancy between calculation and ex-
periment exceeding the uncertainties on '*8Nd buildup
by fission associated with 24°Pu and ?#'Pu (5 and 2.5%,
respectively).

The '**Nd buildup by fission is predicted with small
discrepancies (<3%) in the 233U, 23°Pu, ?*!Pu, and even
242py samples. However, for the 23U samples, the dis-
crepancy between calculation and experiment amounts
to an average 5.5%.

To test the consistency of UKFY3.5 data, we checked
the difference between UKFY3.5 and ENDF/B-VI.5
(Ref. 13) cumulated fission yield data for neodymium
buildup by fission in the 233U, 2*°Pu, and 2*'Pu samples.

These samples have been selected because the fissions
within occur almost entirely on the main nuclide of the
sample. Because the neodymium isotope buildup by fis-
sion is almost exactly proportional to the cumulative fis-
sion yields (because the absorption cross sections of
the neodymium isotopes are low in a fast spectrum, with
a maximum of ~0.5 b for **Nd), a simple scaling
based on the ratio between the ENDF/B-VI.5 and the
UKFY3.5 yields can be performed.

The results are shown in Table VIII. They show that
the use of ENDF/B-VL.5 data does not reduce the global
inconsistency observed for the neodymium buildup in
the 23U samples, but the dispersion between the C/E
associated with the six neodymium isotopes measured is
reduced, especially for the PROFIL-2 samples. Further-
more, the already good agreement between calculation
and experiment is noticeably improved on the whole for
the 23°Pu and 2*'Pu samples.

We conclude that the proposed fluence adjustment
is sound, being based on a good agreement between
calculation and experiment for several measured param-
eters: 238U, 23°Pu, and 2*!Pu fissions related to neodym-
ium buildup, °Li depletion, and finally 2*U absorption.
However, a discrepant behavior remains for neodym-
ium isotope buildup prediction in the ?*>U samples. Ei-
ther the experimental cumulative yields for 235U fast
fission on neodymium isotopes or the specific measure-
ment methods for Nd/?*U measurement may be ques-
tioned, and specific future feedback from the PROFIL-R
and PROFIL-M experiments will be extremely valuable
(see Sec. VI).

V.B. Actinides of the Th/U Cycle

The results for actinides of the Th/U cycle are
given in Table IX. The 233U/?3?Th ratio is underesti-
mated by 16 + 8%. This high uncertainty results from

TABLE VIII
The C/E Ratios for Neodymium Buildup by Fission for 23°U, 23°Pu, and >*'Pu Samples After Fluence Normalization*
Actinide 143Nd 144Nd 145Nd 146Nd 148Nd 150Nd
235U (PROFIL) 0.995 = 0.006 | 1.041 =0.017 | 1.039 £0.006 [ 1.051 £0.011 | 1.066 = 0.005 | 1.106 % 0.006
1.031 £ 0.006 | 1.078 = 0.017 | 1.034 = 0.006 | 1.047 £0.011 | 1.053 = 0.005 | 1.081 %= 0.006
235U (PROFIL-2) 0.993 £ 0.008 | 1.006 = 0.005 | 1.034 = 0.013 | 1.045 £ 0.006 | 1.045 =£0.012 | 1.059 = 0.014
1.028 £ 0.008 | 1.042 £ 0.005 | 1.029 = 0.013 | 1.041 = 0.006 | 1.033 £0.012 | 1.035 £ 0.014
239py (PROFIL-2) | 0.971 = 0.014 | 0.951 +0.014 | 0.999 = 0.014 | 1.022 = 0.014 | 1.020 + 0.014 | 1.014 = 0.014
1.009 = 0.014 | 0.994 = 0.014 | 0.986 = 0.014 | 0.993 £ 0.014 | 0.996 = 0.014 | 0.999 = 0.014
241py (PROFIL) 0.980 £ 0.007 | 0.972 £ 0.007 | 0.981 = 0.007 | 0.994 £+ 0.007 | 0.997 £ 0.007 | 0.975 £+ 0.007
0.997 £ 0.007 | 0.970 = 0.007 | 0.999 = 0.007 | 1.019 £ 0.007 | 1.007 £ 0.007 | 0.999 = 0.007

*For each actinide, the first line is obtained using UKFY3.5 fission yield data for neodymium isotopes, and the second one,

using ENDF/B-VLS5 fission yield data.
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TABLE IX

The C/E and Sensitivities for the Actinides of the Th/U
Cycle After Fluence Normalization—Main Results

PROFIL-2
Ratios Samples C/E Sensitivities
233U/?32Th 232Th 0.836 = 0.076 1.03 (0.83)
234y/233U 233y 0.915 = 0.001 0.99 (1.19)
235y/%34U 233y 1.028 = 0.019 1.18 (1.01)
234y 1.031 + 0.002 1.05 (0.88)

an inconsistency between the two sample measure-
ments available. This inconsistency and the poor num-
ber of sample measurements available do not allow one
to draw unambiguous conclusions. If confirmed by fu-
ture PROFIL-type experiments foreseen in Phénix (see
Sec. VI), this underestimation would mean that the
breeding capability of a Th/U fast reactor is probably
underestimated by calculations based on the capture
cross-section data used here. The 234U/?3U ratio is
also underestimated, by ~9%, while the 2°U/?¥*U
ratio is overestimated by =~3%. The sensitivities of
the ratios 2*3U/?3>Th and »**U/?*3U to the integral fis-
sion cross section of 233U are important (—0.17 and
+0.31, respectively) as is the sensitivity of the ratio
235U/?34U to the integral fission cross section of 233U
(=0.15).

V.C. Major Actinides of the U/Pu Cycle

The results for major actinides of the U/Pu cycle are
provided in Table X. The ratios 2*’Np/?*8U and 238Pu/
239Pu provide information on the (n,2n) integral reac-
tions of 233U and **°Pu and are underestimated by ~7
and ~20%, respectively. This may be due not only to
poor knowledge of these (n,2n) data but also, as the
(n,2n) is a threshold reaction, to a slightly poor predic-
tion of the neutron flux at high energy (several mega-
electron-volts), due to other nuclear data.

The 2°Pu/?3U and 2*°Pu/?3*°Pu ratios are well pre-
dicted, with C/Es differing from unity by <2% and con-
sistent with the ratios associated with 23U absorption
rates that are given in Table V1. The 23°Pu/?3¥Pu ratio is
overestimated by ~3% but has relatively high sensitivi-
ties to 23¥Pu integral fission cross section (0.2 to 0.3) and
to 23°Pu integral fission cross section (—0.3 to —0.4).
The 24'Pu/?*°Pu ratio is overestimated by ~4%, with
sensitivities to the >*'Pu integral fission cross section
ranging from —0.08 to —0.20 and sensitivities to the
24Py B-decay constant ranging from —0.06 to —0.16.
The 2*?Pu/?*'Pu ratio is overestimated by 10 to 15%,
and the 2**Am/?>*?Pu ratio, by 15 to 20%.

V.D. Minor Actinides of the U/Pu Cycle

Results for minor actinides of the U/Pu cycle are
given in Table XI. The main point is the adjustment
of the branching ratio in the capture path of **!Am, as
shown in Fig. 3. Branching values of 85% on the short-
lived ground state of 2*?Am and 15% on the long-lived

TABLE X
The C/E and Sensitivities for the Major Actinides of the U/Pu Cycle After Fluence Normalization—Main Results
PROFIL PROFIL-2
Ratios Samples C/E Sensitivities C/E Sensitivities
239pyu /238U B5y 1.008 + 0.008 1.01 (0.92) — —
28y 1.011 = 0.003 1.01 (0.90) 1.023 + 0.002 1.02 (0.84)
Z7Np/?%8U 28y — — 0.933 = 0.029 0.99 (0.83)
239pu /238Py 238py 1.019 £ 0.008 1.17 (0.93) 1.035 £ 0.001 1.10 (0.94)
240py /239Py 238y 1.001 £ 0.001 0.91 (1.02) 0.978 £ 0.006 0.94 (1.02)
239Pu 0.979 = 0.002 1.02 (1.07) 0.977 = 0.001 1.03 (1.13)
238py /239Pu 23%py 0.809 + 0.041 0.99 (1.04) 0.733 £ 0.126 0.89 (1.19)
241py /240py 239py 1.044 = 0.011 1.01 (0.93) 1.036 = 0.004 1.01 (0.82)
240py 1.052 £ 0.005 1.02 (0.90) 1.039 = 0.006 1.04 (0.83)
242py /241py 240py 1.166 + 0.027 1.00 (1.03) 1.115 £ 0.029 0.93 (0.99)
24 py 1.093 + 0.007 0.87 (1.09) — —
283Am /242Pu 242py 1.209 = 0.018 1.02 (0.95) 1.147 £ 0.028 1.04 (0.90)
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TABLE XI
The C/E and Sensitivities for the Minor Actinides of the U/Pu Cycle After Fluence Normalization—Main Results
PROFIL PROFIL-2

Ratios Samples C/E Sensitivities C/E Sensitivities
238Py /237Np 23Np — — 0.940 = 0.013 1.13 (1.00)
242m Am /241 Am 241Am 1.087 = 0.019 1.08 (0.94) 1.076 £ 0.002 1.15 (0.88)
238py /241 Am 1.055 = 0.016 1.09 (1.04) 1.107 £ 0.019 1.18 (1.07)
242py /241 Am 241Am 1.063 £ 0.015 1.09 (1.07) 1.097 £ 0.026 1.18 (1.13)

22Cm/?**1Am 1.045 = 0.012 1.07 (1.03) — —

244Cm/?*3Am 242py 1.000 £ 0.067 1.03 (1.01) — —

243A1m _ _ _ —
25Cm/**4Cm 24 Cm — — 0.974 £ 0.003 1.07 (0.79)

anm o ”'Pu
T]n = 045 yr T"z = 88 yr
8-
83%
242sp
Tuz=16h
17%
iny_/ 8% EC
Am I 22py
16%
NIIAm
Tug = 160 yr

Fig. 3. Decay scheme related to *!Am capture, with modified branching values.!

metastable state of 2?Am have been obtained. They pro-
vide the best consistency between the C/E values of the
ratio 242 Am /2*'Am for one branch and the ratios 23%Pu/
241Am, 2*2Pu/?*'Am, and 2*2Cm/**!'Am for the other
branch, with an overall overestimation of these ratios by
5 to 10%. These branching values reproduce those ob-
tained independently in a previous work.! The branching
ratio in >!Am capture depends on the energy of the in-
cident neutron, globally decreasing from lower to higher
energies. This means the aforementioned branching ratio
is an average value over the >*'Am capture rate distribu-
tion in energy. Here, the average capture energy by >'Am
is 110 keV, with two-thirds of the captures occurring
between 50 and 300 keV, and 90% between 1 and 800
keV. The value obtained for the branching ratio is then
representative of a sodium-cooled fast reactor core spec-
trum. The 233Pu/?*’Np ratio is underestimated by ~6%.
Although 2**Am samples were irradiated in the PROFIL-2
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experiment, the ratio ***Cm/?*>Am could not be mea-
sured, and the only piece of information available on this
ratio was drawn from the analysis of the 2*’Pu samples
in the PROFIL experiment, with rather high experimen-
tal uncertainties. The 2*Cm/2**Cm ratio is underesti-
mated by ~3%, with a rather high sensitivity to the
integral fission cross section of 2>Cm (—0.30). The sen-
sitivities to decay constants remain low (i.e., <0.1 in
magnitude), except for the >*>Cm/>**'Am ratio. In this
case, the sensitivity to the decay constant of >*>Cm is
extremely high (—4.6); the reason is that the isotopic
analysis was carried out after several >*>Cm half-lives.

V.E. Fission Products

The results are provided in Table XII for the
PROFIL experiment and in Table XIII for the PROFIL-2
experiment. They can be grouped according to the
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TABLE XII

The C/E for the Fission Product Samples of the PROFIL
Experiment After Fluence Normalization

PROFIL

Ratio Sample C/E Sensitivities
%Mo /9 Mo %Mo | 1.105+0.027 | 1.02 (1.01)
%Mo /?"Mo 97Mo | 1.005 +0.038 | 1.03 (1.01)
102Ry/19TRu 101Ry 1.084 + 0.006 | 1.03 (1.02)
106pd /105pd 105pq 0.888 + 0.003 1.05 (1.03)
134Cs/133Cs 133Cg 0.944 + 0.001 1.02 (1.00)
135Cs/134Cs 133Cg 0.927 £ 0.002 1.00 (1.00)
146N d /15Nd 145Nd 1.202 £ 0.003 1.03 (1.02)
150S§m /149Sm 149G m 0.993 + 0.006 1.09 (1.07)
151§m /150Sm 1499 m 0.933 £ 0.005 1.00 (0.90)

TABLE XIII

The C/E for the Fission Product Samples of the PROFIL-2
Experiment After Fluence Normalization

PROFIL-2

Ratio Sample C/E Sensitivities
107pd /106pq 106pq 0.937 + 0.005 1.02 (0.93)
108pq /107pq 106pq 1.173 £ 0.049 1.02 (1.01)
144Nd /13Nd 143Nd 1.139 £ 0.014 1.05 (1.02)
145Nd/1*Nd 143Nd 0.938 £ 0.016 1.11 (0.87)
144Nd 0.975 £ 0.009 1.13 (0.96)

146Nd /15Nd 144Nd 1.131 = 0.006 1.04 (0.86)
148Gm /147Sm 147Sm 1.194 £ 0.006 1.12 (1.08)
149Gm /148Sm 147G m 1.134 £ 0.014 1.09 (0.75)
1528m /151Sm 151Sm 1.285 + 0.004 1.27 (1.23)
152Ey /151Ey 153Eu 1.322 + 0.020 1.37 (1.04)
154Eu/153Eu 153Eu 0.983 £ 0.004 1.20 (0.97)
I155Eu/154Eu 153Eu 2.040 £ 0.019 1.07 (1.04)

deviation of the C/E from unity (underestimations are
underlined):

—_

97M0, 144Nd, 1495m’ 153Eu
IOIRU, IOGPd, 133CS, 134CS, 150§ m

QSMO, lOSPd, 143Nd, 145Nd, 14SSm

<5%

2. from 5 to 10%
3. from 10 to 15%
4. from 15 to 20%
5

107pq. 147 m
. from 20 to 35% '3!'Sm, '3'Eu
6. a factor 2 154Eq.

The only significant sensitivities to decay constants
are the sensitivities to the decay constant of '**Cs (—0.79
for the ratio '3*Cs/!'33Cs and +0.70 for the ratio '3°Cs/
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134Cs), 3*Eu (—0.45 for the ratio *Eu/!53Eu and +0.48
for the ratio '’3Eu/*Eu), and '°Eu (—0.83 for the
ratio 'Eu/">*Eu).

V.F. Comparison Between JEF-2.2
and JEFF-3.0 Data

Itis relevant to check whether predictions have been
improved by using JEFF-3.0 cross-section data instead
of older JEF-2.2 data. The whole analysis has not been
repeated with JEF-2.2 data; rather, a full cell calculation
has been performed as described in Sec. III.B but using
JEF-2.2 data, and the resulting integral capture cross sec-
tions of many nuclides (collapsed over the neutron spec-
trum computed) have been compared to the values already
obtained from the same computational scheme with JEFF-
3.0 data. The resulting variations of integral capture cross
sections are given in Table XIV for actinides and Table XV
for fission products. According to their computational
procedure, these changes do not reflect only the cross-
section changes in the evaluated files themselves but also
the slight change in neutron spectrum induced by the
cross-section variations of the most important nuclides
in the neutron balance of the cell.

Among the significant integral capture cross-section
variations from JEF-2.2 to JEFF-3.0, Table XIV shows
that the lower integral capture cross sections for 232Th
and 33U result in worsening the C/E obtained for the
232Th and 233U samples (see also Table I1X), while the
significant cross-section variations associated with 233U,
240py, 241Py, and ?**Cm result in an improvement of the
prediction of the 23¢U, 2#'Pu, ?#?Pu, and **Cm build-
ups, respectively (see also Tables VI, X, and XI). On the
other hand, the small changes in >*2Pu and ?*'Am are not

TABLE XIV

Integral Capture Cross-Section Variations from
JEF-2.2 to JEFF-3.0 for Actinides

Variation
Actinide (%)
232Th -7.2
233y -5.1
234y -0.6
235U +4.0
238y -0.9
23Np -0.9
238py —-1.4
239py -1.3
240py —-10.5
241py —-10.6
242py —-1.4
241Am -0.8
243Am -1.0
244Cm —8.3
NUCLEAR SCIENCE AND ENGINEERING VOL. 154 OCT. 2006
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TABLE XV

Integral Capture Cross-Section Variations from
JEF-2.2 to JEFF-3.0 for Fission Products

Fission Variation
Product (%)
95Mo +2.3
97Mo -1.2
101Ry -1.1
105pg -1.2
106pg -1.3
107pg -1.3
133Cg -0.7
134Cs —-1.1
143Nd -0.6
144Nd —-1.4
145Nd -0.6
147Sm -0.2
148Sm —0.1
1499 m —-10.7
150Sm 0.0
151Sm —-0.8
I51Ey +0.2
153Eu —54
154Ey —-1.7

enough to correct the discrepancies observed between
calculation and experiment (see Tables X and XI).

The variations in fission product integral capture cross
sections are generally small (see Table XV) and proba-
bly due to a great extent to the neutron spectrum change.
However, a few nuclides exhibit more significant changes:
the 2.3% increase in >Mo capture cross section in-
creases the discrepancy between calculation and experi-
ment (see also Table XII), while the 10.7% reduction in
1499Sm capture and the 5.4% reduction in '>3Eu capture
both improve the agreement between calculation and ex-
periment (see Tables XII and XIII). Despite the very bad
prediction of the >!Sm, >'Eu, and '>*Eu capture rates,
no significant change of their integral capture cross sec-
tions has occurred between JEF-2.2 and JEFF-3.0 data.

VI. CONCLUSIONS

The analysis of the PROFIL and PROFIL-2 separate
sample irradiation experiments in Phénix has been car-
ried out using the ERANOS-2.0 code system associated
with JEFF-3.0 cross-section data, UKFY3.5 fission yield
data, and JEF-2.2 decay data as part of their validation
process. These highly accurate experiments, involving
separate samples of almost pure isotopes, correlate
strongly the C/E to individual integral (mainly capture)
cross sections and branching ratios, and as such they are
a very specific and powerful source of information on
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the nuclear data of major and minor actinides and sev-
eral fission products.

The degree of accuracy of the integral cross sections
processed from the JEFF-3.0—evaluated files can be in-
ferred from the C/E and sensitivity values quoted in
Tables IX through XIII. The main advantage of this kind
of experiment is that most of these sensitivities are close
to 1: then the C/E ratios provide quite a direct clue to the
accuracy of the capture integral cross section of the main
nuclide of each sample. The analysis shows the overall
good quality of the actinide nuclear data used and points
out where specific nuclear data improvement is neces-
sary: fission yields of 233U on neodymium isotopes (un-
less there was a systematic bias in the PROFIL and
PROFIL-2 isotopic analyses relative to neodymium
buildup in the 233U samples), integral capture cross sec-
tions of 232Th, 233U, 2*'Pu, 2*?Pu, and 2*'Am (and to a
lesser extent 2*°Pu and 2*’Np), and branching ratios for
24IAm capture. A similar analysis characterized the de-
gree of accuracy of the integral capture cross sections of
19 fission products.

When there are significant differences between
JEF-2.2 and JEFF-3.0 integral capture cross-section
data, the use of the JEFF-3.0 data generally improves the
C/E ratios. This is the case for 23U, 240Pu, 24'Pu, and
2%Cm among actinides and '“*Sm and '>*Eu among
fission products. However, the change in 2*Th and 233U
integral capture cross sections degrades the comparison
to experiment. Furthermore, several integral capture cross
sections are not significantly changed, whereas a great
discrepancy between calculation and experiment is
observed, e.g., 2*?Pu, '**Nd, '97Pd, '*’Sm, >!'Sm, !*'Eu,
and "*Eu.

Two other experiments of the same kind, namely
PROFIL-R (fast spectrum) and PROFIL-M (spectrum
softened by a thick ''B,4C sheath around the experimen-
tal pins) are included in the current Phénix experimental
program.'* Additional useful data on actinides and espe-
cially fission products are expected from these experi-
ments.”? When they are completed, their analyses will
provide additional useful data in a standard and a slightly
moderated neutron spectra, respectively. In addition, more
detailed and systematic indications about data improve-
ment needs with respect to the incident neutron energy
can be drawn by using a statistical adjustment procedure
based on sensitivity analysis and a priori covariance data.
Finally, all these results will prove very useful for the
accurate design of future fast reactor concepts loaded
with a high-burnup fuel containing low-grade plutonium
and nonnegligible amounts of minor actinides.

The latest JEFF-3.1 cross-section data should give
results that are similar to those from JEFF-3.0 for the

®The PROFIL-R irradiation ended by August 2005. The
PROFIL-M started in August 2006 and will end by March
2008. Dissolutions and isotopic analyses are scheduled to last
until 2010.
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major actinides of the U/Pu cycle, thanks to rather com-
parable integral data in the fast energy range. Moreover,
the small change in the 2*°Pu capture cross section should
slightly improve the comparison to experiment. The Th/U
cycle actinide data have been revised in JEFF-3.1. The
new 232Th capture cross section should reduce the dis-
crepancy observed. However, the new 23U capture cross
section should degrade the comparison to experiment,
and the discrepancy observed for the 233U integral cap-
ture cross section should remain. The changes in minor
actinide data from JEFF-3.0 to JEFF-3.1 should improve
the comparison to experiment in the case of 2*!Am but
degrade it for 2*3Am. Other actinide C/E would remain
almost unaltered. Among the fission products studied
here, only ®>Mo data have been revised in JEFF-3.1, and
its new capture cross section should improve the com-
parison to experiment.

APPENDIX

The principle of the derivations leading to Eqgs. (3)
and (4) is briefly given here. The generlc element M;; K of
the matrix M* is M5 = (I, B,.)- s”, with the follow-
ing definitions and conventlons (in M and sk, k is an

]j’
index, not an exponent):

- forj>1i, 11,2 B, =1and s} = 0 (the matrix M*
is lower triangular, as is M)
2. for j = i then, according to the value of the

power k:
. c ek
a ifk<i—j:s;=0
b ifk=i—j:sf=
c. ifk>i—j: sk = sum of the monomials of
degree k -1 +] in aj,ajﬂ, R 7 (example:
s31—a1 +a2 +a3 +a1a2+a1a3+a2al+
aza; +aja; + i, T ayaya;z).
The aforementioned generic assumption on the value
of M;; ks true for the peculiar case k = 1. If we assume it
true for a given value of the power k, then, provided that

the only nonzero terms of the matrix M are of the forms
Mj; = a; and M;.1; = B

k+1 — k k
M = a;ME+ B MY,

aj(]._[lﬁm)si/‘j" + B]( H lﬁm) j+]

i1
(H Bm)(ajsil; + Si/;+1) .
m=j

The first line shows that for j > i, M}*' = 0 as this

is already true for Mk, Forj =< i, we can check easily that
sptlh = aysp sk

Nucl. Sci. Eng. 154 (2006) 119

TOMMASI, DUPONT, and MARIMBEAU

1. true for k < i—j— 1 (all s terms equal 0)

=0andsf™' =55, =1)

3. truefork—z—j(lfz—jthens =alt! sk=

af ands,,+, 0; 1fz>jthensk“—a_ +aj +
+a,,s landsﬁ,: ]+1+---+a,-)

2. truefork=i—j—1(s}

k+1

4. true for k > i — j (sf*' is the sum of all the
products of @;, @1, ...,a; with a global degree
k—i+j+ 1 we can split this sum into two
terms: the first involves all the products involv-
ing at least one «; factor and writes «; s,’;, the
second involves all the products with no «; factor
and writes s ).

By construction, all the components of the vector
N(0) equal zero, except the first one. Hence, only the
first column of the successive powers of the matrix M is
used to compute N N(t). In particular,

(

EMI:/I_-

N (1) = (exp M),

But for € < k — 1, M{, = 0; for £ = k — 1, M{, =
k1B, :andfor€ =k MK =115, B, - _, a,,. This
allows us to write the following limited expansion:
k—1 lk

=t Mgy o)

M- I
k-1 k1
) (Hﬁ")'(k—l)! [
This is Eq. (3). Finally, the first-order expansion of the
ratio Ny /Ny yields Eq. (4):

Ne(1) = Mgy "

Za +0t)]

i=1

Neei(t) Byt [ r okl tk ]
Ry (1) = ==|1+— + ot
o0 Nk k+1,21a ;a o(®)
1 k
k+li_zal
Bt k=i
— |1+ t+o(t)
k k+1

We can now derive the sensitivities of Ry(¢) to By
andt. As ap = _(o-a,k(b + /\k) andBk = O-C,kq) + Ak.ﬁc—)k+l
(see Sec. IIILA), a; may be written as a; = vy — Bx,
where vy, does not depend on B;. If we consider R;(7) as
a function of B, alone, we can write

—h ok +o(1)
g, B 1+0@) | k(k+1)
or
dR Bt
—= =1+ ———40(r) .
dpy Bk k(k+1)
NUCLEAR SCIENCE AND ENGINEERING ~ VOL. 154 OCT. 2006

72



L'évaluation et la validation des données

Nucl. Sci. Eng. 154 (2006) 119

SAMPLE IRRADIATION EXPERIMENTS IN PHENIX 133

This is Eq. (5a). If we consider R,(¢) as a function of ¢
alone, we can write in turn

l k
o - = o;
dR, R, R, g gl ’
—=—+4 +0(1)
dt t 1+0(1) k+1
or
1 k
o - a;
de Rk k+1 k 1:21 i
—/— = t+o(t) .
dt | t k+1
This is Eq. (5b).
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3 La mesure et la modélisation des données

Malgré des avancées notables dans le développement de modéles ab initio en physique
nucléaire, la mesure est toujours d'une fagon ou d'une autre a la base de toutes les données
évaluées indispensables a la majorité des applications.

Néanmoins, les modéles de réaction nucléaires constituent depuis longtemps l'ossature des
évaluations, d'une part en garantissant le respect des lois de la physique et d'autre part en
permettant de compléter les mesures manquantes.

3.1 La mesure

Dans le cadre du projet Mini-INCA, des mesures semi-intégrales ont été réalisées auprés du
réacteur a haut flux de I'lLL & Grenoble. Ces mesures avaient pour objectif de mieux
connaitre les sections efficaces de capture et de fission des actinides mineurs dans le
domaine thermique (de quelques dizaines a quelques centaines de milli-eV) [Bringer 07].
Deux techniques expérimentales ont été utilisées.

La premiére consistait en lirradiation d’échantillons suivie de mesures des produits de
réaction qui étaient identifiés soit via leur décroissance radioactive B ou a, soit par
spectrométrie de masse [Gourgiotis 11,13].

La seconde technique était basée sur le développement et I'utilisation de chambres a fission
miniatures permettant de mesurer en ligne I'évolution de la transmutation (par capture) et de
l'incinération (par fission) des échantillons d’actinide [Letourneau 11].

Dans ces deux techniques la simulation numérique des expériences, et en particulier de la
compétition entre les principales réactions nucléaires et décroissances radioactives affectant
'évolution de la composition des échantillons, a permis de remonter aux valeurs des
sections efficaces recherchées. Ce type d’expériences nécessite une bonne connaissance
du spectre en énergie des neutrons dans les canaux de mesure et plusieurs études ont été
menées a ce sujet, notamment dans le cadre du stage de W. Monange [Monange 06].

Par ailleurs, des études de sensibilité aux données nucléaires de paramétres clés pour
lincinération des actinides mineurs en réacteurs ont également été réalisées dans le cadre
de la thése de O. Bringer. Ce travail a permis de mettre en évidence les données a améliorer
pour permettre l'incinération du neptunium-237 et de I'américium-241 en réacteur dans de
bonnes conditions [Bringer 08].

3.2 La modélisation

Concernant la modélisation des réactions nucléaires, le périmétre des travaux s'est élargi
aux réactions induites par photons, notamment dans le cadre de la détection et de
l'identification de matiéres nucléaires, dans des containers par exemple [Agelou 09]. Les
recherches ont porté sur 'amélioration des données des actinides en utilisant les modéles de
réactions nucléaires les plus performants [Raskinyte 06] [Dupont 07]. Une étude spécifique
de l'absorption dans la résonance dipolaire géante des noyaux a fait I'objet du stage de
E. Benguigui [Benguigui 09].

3.2.1 Modélisation des réactions photonucléaires
Les données nucléaires des réactions induites par photons sont importantes pour diverses

applications, y compris la simulation de sources de neutrons intenses basées sur la
production de photo-neutrons qui nécessite des données jusqu'a 130 MeV.
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Aux basses énergies, inférieures a environ 30 MeV, la résonance dipolaire géante (GDR) est
le mécanisme d'excitation dominant. A des énergies plus élevées, jusqu'au seuil des pions
(environ 140 MeV), le modele de la photoabsorption sur une paire neutron-proton
(quasideuteron) devient dominant. La section efficace de photoabsorption est la somme de
ces deux composantes.

L'étape de prééquilibre lors de I'émission de particules est traitée avec le modéle classique
des excitons. A I'équilibre, les voies de désexcitation du noyau composé sont traitées dans le
formalisme statistique de Hauser-Feshbach. Les coefficients de transmission des neutrons
dans la voie de sortie sont calculés avec un potentiel optique déformé développé pour
l'interaction neutron-actinide. Les coefficients de transmission a travers les barrieres de
fission sont calculés dans le cadre de la théorie des voies de fission de Bohr.

Ces calculs sont effectués a l'aide d'un code unique, TALYS, afin de modéliser de maniére
cohérente les sections efficaces de réaction, les spectres d'énergie des particules et les
sections efficaces de production des résiduels pour toutes les voies ouvertes jusqu'a
130 MeV. Les parametres des modéles ont été soigneusement choisis et ajustés si
nécessaire afin de reproduire au mieux les données expérimentales pour les systemes vy +
Th-232, U-235,238 et Pu-239.

A titre d'illustration la figure ci-dessous présente les sections efficaces totale (y,f) et partielles
(v,nif) pour la photofission du Th-232. L'ensemble de ce travail de modélisation est présenté
dans la publication [Dupont 07] qui suit.
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Modélisation des sections efficaces de photofission totale (y, f) et partielles (y, nif) du Th-232
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Abstract. There is a renewed interest in photonuclear reactions for various applications such as active nuclear
material detection techniques and radioactive ion beam or neutron production targets. However, contrary to the neutron
induced reactions, evaluated nuclear data libraries contain little information for photons. In particular, there are very
few photonuclear data evaluations of actinides above 20 MeV. This paper gives an overview of our on-going activities

on photonuclear data evaluation of actinides up to 130 MeV.

1 Introduction

Nuclear data of photo-induced reactions are important for a
variety of existing or emerging applications. Among them are
radiation transport simulation and radiation shielding design
of accelerators or innovative reactors, activation analysis, safe-
guards and inspection technologies. In terms of incident ener-
gies, the giant dipole resonance (GDR) region below 30 MeV
is essential for most applications. However, photonuclear data
up to 130 MeV are also necessary for the simulation of intense
neutron sources and to complement the neutron and proton
high-energy libraries.

Actinide cross section evaluations were reviewed in
the framework of a specific IAEA coordinated research
project [1]. Recently, major actinide cross sections and spectra
were evaluated in the framework of a collaboration between
LANL and CEA [2]. These evaluations were done for incident
photon energies below 20 MeV. To our knowledge, **U, 233U,
and 2"Np from the JENDL Photonuclear Data File [3] are the
only actinide evaluations available above 20 MeV.

The present work aims at the extension of actinide evalua-
tions up to 130 MeV. This paper presents on-going evaluation
activity for 2¥2Th [4], 23U [4,5], 2*®U, and 2*’Pu [6]. Recent
measurements of delayed neutron yields performed at CEA
[7,8] will complement this evaluation effort and the outcome
will be proposed for insertion into the Joint Evaluated Fission
and Fusion (JEFF) library to respond to application needs.

2 Photonuclear reactions

In a photoreaction, the target nucleus is directly excited by the
incident photon. Below a few tens of MeV, the main decay
channels are neutron emission and fission only, because of the
high Coulomb barrier of heavy nuclei. However, light charged
particle emission may become significant at higher energies.
In this work, the photoabsorption process is described by
the GDR and quasideuteron mechanisms. The preequilibrium
step of particle emission is treated with the classical exciton
model. At equilibrium, the compound nucleus decay channels

¢ Presenting author, e-mail: emmeric.dupont@cea. fr

are handled within the Hauser-Feshbach statistical formalism.
Neutron transmission coefficients in the exit channel are
calculated with a global deformed optical model potential
(OMP) developed for neutron-actinide interaction. Finally, the
transmission coefficients through fission barriers, described by
inverted parabola, are calculated within the fission channels
theory of Bohr.

These calculations are performed using one single code,
TALYS [9], to model in a consistent way the reaction cross
sections, particle energy spectra, and residual production cross
sections of all open channels up to 130 MeV.

2.1 Photoabsorption

At low energies, below about 30 MeV, the GDR is the domi-
nant excitation mechanism. At higher energies, up to the pion
threshold (about 140 MeV), the phenomenological model of
photoabsorption on a neutron-proton pair (quasideuteron, QD)
becomes dominant. The photoabsorption cross section is the
sum of these two components.

The GDR component of deformed nuclei, such as ac-
tinides, is given as a sum of two Lorentzians
E%I" 1251,1‘

(E% - Eél,i)z + Egrtzsu

oepr(Ey) = Z OELi

i=12

(M

where oy, Egi, I'r1; are the GDR peak cross section,
energy position and width respectively.

The QD component relates the photoabsorption cross
section to the experimental deuteron photodisintegration cross
section o 4(E,)

L
Top(Ey) = 2NZou(Ey) f(Ey), 2

where L is the Levinger parameter [10] and f(E, ) is the Pauli-
blocking function [11].

2.2 Nucleus decay

In the statistical approach, the competition between all decay
channels involves major ingredients such as nuclear level

©2008 CEA, published by EDP Sciences
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Fig. 1. Modelling of 2**Th photoabsorption cross section.

density and transmission coefficients through optical poten-
tial or fission barrier. The nuclear level density is modelled
using the Gilbert-Cameron composite formula [12] with an
energy-dependent level density parameter [13]. The following
paragraphs shortly describe the main models used to calculate
neutron and fission transmission coefficients.

2.2.1 Neutron emission

Assuming time-reversal invariance of nuclear reactions, the
exit channel in the (y,n) reaction shares the same nuclear para-
meters as the entrance channel of the (n,y) reaction. Therefore,
neutron transmission coefficients for the exit channel are
calculated with a global coupled-channels optical potential
developed for neutron-actinide interaction up to 200 MeV by
Soukhovitskii [14]. In the latter work, the optical potential
parameters were adjusted to reproduce available neutron- and
proton-induced cross sections on 2¥U and 232Th targets. This
global potential together with local deformation parameters
was used to calculate neutron transmission coefficients.

2.2.2 Fission channel

In this work, fission barriers are described by a double humped
barrier model for all nuclei. One assumes that tunnelling
through two barriers A and B can be separated into two steps,
and the effective fission transmission coefficient is given by

Ty

Ta+To ©

Tepp=Ta

According to the fission channels theory of Bohr, the total

fission transmission coefficient is the sum of the individual

transmission coefficients for each transition state through

which the nucleus may tunnel. The individual transmission
coefficients are calculated using the Hill-Wheeler expression

E-Be\|"!
Tuw(E) = |1 +exp|-2nm > 4)
hw
where By is the barrier height relative to the nucleus ground
state and 7w is the barrier curvature. Those barrier parameters
are adjusted to reproduce the experimental cross sections.
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Fig. 2. Modelling of *>Th (y,n), (y,2n) and (y.f) cross sections.

3 Calculations and results

The TALYS code contains models for comprehensive nuclear
reaction calculations. The version TALYS-0.72 [15] of this
code is used to reproduce the data available in the EXFOR
database [16] and to fill any experimental gap with model
predictions up to 130 MeV.

3.1 Thorium-232

Photoabsorption. A recent review of photoneutron emission
measurements made by Varlamov [17] shows systematic dis-
crepancies between Livermore [18] and Saclay [19] experi-
mental data. In the present work, the 2>Th GDR parameters
were adjusted to reproduce the corrected photoabsorption
cross section proposed by Varlamov (fig. 1). The same GDR
parameters were assumed for the 23!Th and 2**Th isotopes
since no experimental data could be found.

Neutron emission. In the present calculations we have only
used the first three states of the ground state rotational band
together with unaltered optical potential parameters from
Soukhovitskii [14]. In addition 2'Th + neutron transmission
coefficients have also been used for 2**Th + neutron exit
channel. The influence of these approximations on (y,n),
(y,2n) and (y,f) cross sections is negligible. The quadrupo-
lar and hexadecapolar deformation parameters published by
Soukhovitskii for 232Th have been used for 23'Th and 2°Th
also. In addition, the default normalization of the matrix
element in TALYS exciton model was fine-tuned to better
reproduce the experimental data (fig. 2).

Photofission. There are experimental evidences that the fis-
sion barrier of thorium isotopes is more complex than for
uranium or plutonium isotopes. However, we have approxi-
mated the fission barriers with a double-humped barrier and
ignore the splitting of the outer barrier. Nevertheless, the
experimental 232Th photofission cross section was rather well
reproduced as shown in figure 3 which compares the calcu-
lated fission cross sections with measurements. The presence
of a peak in the fission cross section between 6 and 7 MeV is
due to 0~ and 1~ transition states located about half-a-MeV
above the second fission barrier of 232Th.
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Fig. 4. Modelling of **U photoabsorption cross section.

3.2 Uranium-235

Photoabsorption. The GDR parameters used in TALYS for
uranium isotopes are from RIPL-2 [20]. The latter were
adjusted onto experimental data by Caldwell [18]. Figure 4
shows a comparison between TALYS photoabsorption cross
section and experimental data. Caldwell points are given as
the sum of (y,n), (y,2n) and (y.,f) partial cross sections, while
Gurevich [21] directly measured the total photoabsorption
Cross section.

Neutron emission. The neutron transmission coefficients for
the 24U + n exit channel were calculated with the global
deformed OMP by Soukhovitskii [14] using the same ap-
proximation than in the 2*>Th case. For the 2**U deformation
parameters, we have used interpolated values between 233U
and 2*°U parameters given in the reference [14]. The emission
of photoneutrons above 12MeV was further improved by
adjusting the preequilibrium normalization constant (fig. 5).

Photofission. A number of calculations were done in order
to find a set of fission barrier parameters which reproduce
Caldwell [18] experimental data (fig. 5).

3.3 Uranium-238

Photoabsorption. This cross section is calculated using GDR
parameters from RIPL-2 [20]. As for 23U, the latter were
adjusted to reproduce Caldwell measurements [18].
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Fig. 6. Modelling of 2**U (y,n), (y,2n) and (y,f) cross sections.

Neutron emission. All neutron transmission coefficients are
calculated with Soukhovitskii global OMP using deforma-
tion parameters published in the reference [14]. Figure 6
shows that (y,n) cross section is in good agreement with
Caldwell measurement, which is a consequence of the GDR
parameters choice. However, present results overestimate both
Veyssiere [19] and Varlamov [17] data. New calculations using
GDR parameters based on recommended data proposed by
Varlamov are being performed.

Photofission. Starting from RIPL-2 fission barrier parame-
ters, several iterations were necessary in order to reach an
optimal reproduction of the experimental photofission cross
sections (fig. 6).

3.4 Plutonium-239

Photoabsorption. Gurevich [21] and de Moraes [22] di-
rectly measured the photoabsorption cross section, whereas
Berman [23] measured the main partial cross sections. Their
sum also gives the total photoabsorption cross section. To be
consistent with partial cross sections modelling, present GDR
parameters are fitted on Berman data (fig. 7).

Neutron emission. To model the inverse **Pu + neutron
channel we used the Soukhovitskii global OMP together with
deformation parameters given in the reference [14] for the
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Fig. 8. Modelling of 2*Pu (y,n), (y,2n) and (y,f) cross sections.

239Py nucleus. The same neutron transmission coefficients are
used for the 2*’Pu + neutron (y, 2n) exit channel. Results are
displayed on figure 8.

Photofission. Figure 8 also shows a comparison of present
calculations with experimental photofission data. Slight ad-
justments in fission barrier parameters were necessary to im-
prove the agreement between calculation and measurements.

4 From calculation to evaluations

The present results are being converted into the ENDF-6
format thanks to TALYS/TEFAL formatting capabilities [24]
and processed with the standard utility codes to check confor-
mity with ENDF rules and procedures. As a final test, these
evaluations will be processed through NJOY to build new
MCNP(X) files and allow further validation of the quality of
the data.
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5 Conclusion and outlook

Photonuclear cross sections up to 130 MeV were calculated
with the latest version of the TALYS code using a deformed
optical potential by Soukhovitskii to model the neutron emis-
sion. The fission transmission coefficients were calculated
using a double humped barrier model. Fission barriers heights
and widths were adjusted in order to reproduce experimental
data. Complete evaluated files will be available shortly for
232Th, 23U, 28U and 2*°Pu. These files will be proposed for
insertion into the Joint Evaluated Fission and Fusion (JEFF)
library to respond to application needs up to 130 MeV.
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4 La nécessaire coordination internationale

Les bases de données nucléaires actuelles capitalisent des décennies de recherche,
notamment grace a la collaboration internationale qui s'est mise en place dés les années 60
dans le cadre de I'AIEA et de I'AEN. Les besoins d'amélioration existent toujours mais sont
désormais trés spécifiques et doivent étre priorisés dans un contexte d'optimisation des
ressources. Ce travail doit étre fait dans une approche pluridisciplinaire en associant
étroitement producteurs et utilisateurs de données.

A l'occasion d'un détachement a I'AEN (2009-2014) j'ai eu le privilége de pouvoir contribuer
a de nombreuses activités transverses touchant toutes les facettes des données nucléaires :
besoin, mesure, modélisation, évaluation et validation [Dupont 11a,14].

Parmi les principales réalisations on peut citer la compilation des données de réactions
nucléaires dans la base EXFOR [Dupont11b,11c] [Zeydina 14] [Otuka 11,14], le
développement du logiciel de visualisation des données JANIS [Soppera 11,12,14], la
participation au projet de bibliothéque JEFF [Koning 11] [Fischer 11,14] et aux groupes de
travail du WPEC [Dupont 14]. Ces derniers sont des Groupes d’experts internationaux
mandatés par 'AEN pour travailler ensemble a la résolution de problémes communs aux
principaux projets de bibliotheques de données (JEFF, ENDF, JENDL, etc.). Parmi les
groupes auxquels jai participé et que j'ai contribué a coordonner, les deux plus importants et
représentatifs de mes activités de recherche sont les sous-groupes SG33 et SG40-CIELO.

Le sous-groupe SG40-CIELO [Chadwick 14] visait a mettre en place un nouveau modéle
collaboratif (Collaborative International Evaluated Library Organization) pour faciliter
I'évaluation et la validation des données de réactions nucléaires a I'échelle mondiale en
associant les projets nationaux/régionaux (JEFF, ENDF, JENDL) et les organisations
internationales (AEN, AIEA). L'accent était mis sur I'évaluation de quelques isotopes
prioritaires (H-1, O-16, Fe-56, U-235,238 et Pu-239) pour lesquels toutes les données
mesurées et évaluées ont été examinées. Des anomalies ont été identifiées et certaines
tendances intégrales prises en compte afin de garantir 'amélioration et la validation des
évaluations CIELO. Ce projet pilote s’est conclu avec succes en 2017 [Chadwick 18] et les
évaluations produites ont été adoptées dans les bibliotheques de données JEFF-3.3 et
ENDF/B-VIII.O.

Le sous-groupe SG33 [Salvatores 14] consistait en [l'organisation et l'analyse d’un
benchmark international sur les méthodes d’assimilation d'expériences intégrales dans le but
d'améliorer les valeurs et incertitudes des données nucléaires. Ce benchmark est basé sur
des analyses de sensibilités des paramétres intégraux suivies d'ajustements statistiques des
données similaires aux travaux décrits au début de la section 2.2 [Dupont 02a] [Dupont 03].
Le travail du sous-groupe SG33 est présenté dans la section et l'article suivants.

En outre, j'assure depuis 2016 la coordination du Groupe d’experts SG-C du WPEC en
charge des demandes d’amélioration des données et de leur incertitude pour les applications
du nucléaire via la « High Priority Request List » (HPRL) de 'AEN [Dupont 20]. Au-dela des
demandes directes envoyées au SG-C par les utilisateurs de données, les experts du sous-
groupe SG46 s'attellent a résoudre le probléme inverse consistant a définir les incertitudes
sur les données permettant d'atteindre des incertitudes cibles sur les paramétres intégraux
d'un réacteur nucléaire. Ce type d'étude avait déja été réalisé en 2005-2008 dans un cadre
similaire (SG26) et les progrés réalisés depuis dans I'assimilation des expériences intégrales
(SG33, SG39) et surtout dans I'estimation des incertitudes des données nucléaires appellent
a une mise a jour de ce travail. Les premiers résultats, attendus en 2021, devraient étre riche
d'enseignements sur les données a améliorer en priorité.
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4.1 Méthodes d'ajustement pour I'amélioration des données nucléaires

Dans le benchmark du sous-groupe SG33 les principales données nucléaires de quelques
isotopes majeurs (essentiellement Na-23, Fe-56, U-235,238, et Pu-239) étaient ajustées
pour minimiser I'écart entre les valeurs expérimentales et calculées pour un ensemble de 20
paramétres intégraux mesurés avec précision dans des maquettes de réacteur a spectre
rapide. L'ajustement est réalisé sur la base d'un modéle simplifi¢ dans lequel la variation des
parameétres intégraux est calculée a partir de leurs coefficients de sensibilité aux données
nucléaires. De maniére générale la méthode d'assimilation/ajustement revient a minimiser le
x? suivant avec une contrainte de linéarité sur les corrections calculées :

minf{y? = (x = 'CMax - H + -Gy —m)
avec la contrainte de linéarité : n = f(¢§) = y + S(¢§ — x).

S est la matrice de sensibilité, x (la variable d'ajustement) et ¢ sont les vecteurs des données
nucléaires, y et n sont les vecteurs des paramétres intégraux, C; et C, sont les matrices de
covariance des données nucléaires et des paramétres intégraux, respectivement.

La figure suivante présente un résultat typique d'ajustement d'une des sections efficaces
considérées dans cet exercice.

0.4 T T T T
MF3/MT 102 adjustment
uncertainty (prior)
03 ¢ uncertainty (post) .

0.2

0.1

Relative adjustment/uncertainty (no-dim)

CEA/phasel u238
_0'4 1 1 1 1 1

100 1000 10000 100000 1le+06 le+07
Neutron energy (eV)

Exemple d'ajustement en fonction de I'énergie de la section efficace de capture de U-238

Les principaux enseignements du sous-groupe SG33 sont résumés ci-dessous ; les figures
mentionnées sont celles de la référence [Salvatores 14] dont le papier est reproduit dans les
pages suivantes.

e Les résultats des ajustements indiquent des tendances communes sur les données
nucléaires importantes, y compris en partant de données différentes et de matrices de
covariance différentes. A cet égard, ces méthodologies constituent un outil puissant
d'amélioration des données nucléaires (et des incertitudes associées) quand elles sont
utilisées de maniére appropriée.
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e L’ajustement doit porter sur toutes les données nucléaires sensibles afin de fournir des
indications pertinentes (cf. les compensations entre I'ajustement de la section de diffusion
inélastique et le spectre des neutrons prompts de fission du Pu-239 par exemple, Fig. 20).
Il est aussi indispensable de couvrir un large éventail d’expériences intégrales (Kef,
coefficients de réactivité, indices de spectre, irradiations, transmissions) avec différents
profils de sensibilité pour éviter ou limiter les effets de compensation dans I'ajustement.

e Des incertitudes trés différentes sur les données donnent lieu a des ajustements différents
(cf. Fig. 24 pour ?°U(n,y) par exemple). Ce point renforce la nécessité de produire des
données de covariance fiables et de bien comprendre I'effet de la sous/surestimation des
incertitudes et/ou des corrélations (en énergie, entre réactions, etc.) sur les résultats.

¢ Dans certains cas I'ajustement est essentiellement guidé par les C/E initiaux de quelques
parameétres intégraux seulement. Il est donc essentiel de bien quantifier les incertitudes et
corrélations expérimentales, car elles déterminent le poids des paramétres intégraux dans
le processus d'ajustement. En d'autres termes, une incertitude expérimentale sous-
estimée peut conduire a des tendances biaisées sur I'ajustement des sections efficaces et
a une surestimation de la réduction de lincertitude des paramétres intégraux apres
ajustement.

e Les incertitudes finales calculées sur les paramétres intégraux dépendent peu des
covariances des section efficaces choisies a priori; La réduction de l'incertitude finale est
dictée par les incertitudes des expériences intégrales utilisées et ce sont les corrélations a
posteriori qui sont principalement responsables de la réduction de lincertitude des
parameétres intégraux des systémes de référence.

Ces résultats montrent que les différentes méthodes d'ajustement statistique utilisées pour
l'analyse et la conception de réacteurs sont bien comprises et qu'elles sont essentiellement
équivalentes. Ce travail a également permis de clarifier le réle de I'ajustement des sections
efficaces pour fournir un retour utile aux évaluateurs et aux expérimentateurs afin d’améliorer
les données nucléaires et leurs incertitudes.

Des études ultérieures réalisées avec une base de données intégrales plus importante ont
permis d'une part d'alerter les évaluateurs sur le manque de fiabilité des covariances
évaluées et d'autre part de leur fournir des indications sur les données a corriger pour
améliorer les simulations intégrales [Chadwick 18].

La publication [Salvatores 14] reproduite dans les pages suivantes présente tous ces
résultats en détail.
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The Working Party on International Nuclear Data Evaluation Cooperation (WPEC) of the Nu-
clear Science Committee under the Nuclear Energy Agency (NEA/OECD) established a Subgroup
(called “Subgroup 33”) in 2009 on “Methods and issues for the combined use of integral experiments
and covariance data.” The first stage was devoted to producing the description of different adjust-
ment methodologies and assessing their merits. A detailed document related to this first stage has
been issued. Nine leading organizations (often with a long and recognized expertise in the field)
have contributed: ANL, CEA, INL, IPPE, JAEA, JSI, NRG, IRSN and ORNL. In the second stage
a practical benchmark exercise was defined in order to test the reliability of the nuclear data ad-
justment methodology. A comparison of the results obtained by the participants and major lessons
learned in the exercise are discussed in the present paper that summarizes individual contributions
which often include several original developments not reported separately.

The paper provides the analysis of the most important results of the adjustment of the main
nuclear data of 11 major isotopes in a 33-group energy structure. This benchmark exercise was
based on a set of 20 well defined integral parameters from 7 fast assembly experiments. The exercise
showed that using a common shared set of integral experiments but different starting evaluated
libraries and/or different covariance matrices, there is a good convergence of trends for adjust-
ments. Moreover, a significant reduction of the original uncertainties is often observed. Using the
a—posteriori covariance data, there is a strong reduction of the uncertainties of integral parameters
for reference reactor designs, mainly due to the new correlations in the a—posteriori covariance ma-
trix. Furthermore, criteria have been proposed and applied to verify the consistency of differential
and integral data used in the adjustment. Finally, recommendations are given for an appropriate
use of sensitivity analysis methods and indications for future work are provided.

* Corresponding author: massimo.salvatores@cea.fr
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0090-3752/2014 Published by Elsevier B.V.
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I. FRAMEWORK AND BACKGROUND

A. Scope and Objectives

Nuclear data uncertainty impact studies [1-3] have
pointed out that the present uncertainties on nuclear data
should be significantly reduced, in order to get the full
benefit from advanced modeling and simulation initia-
tives that have been launched worldwide in recent years.
Only a parallel effort in advanced simulation and in nu-
clear data improvement will be able to provide designers
with more general and well validated calculation tools
that would be able to meet design target accuracies.

Tight design target accuracies, required in order to
comply with safety and optimization requirements and
objectives, can only be met if very accurate nuclear data
are used for a large number of isotopes, reaction types
and energy ranges.

The required accuracies on the nuclear data are diffi-
cult to meet using only differential experiments, even if
innovative experimental techniques are used.

The use of integral experiments has been essential in
the past to ensure enhanced predictions for power fast
reactor cores. In some cases, these integral experiments
have been documented in an effective manner and asso-
ciated uncertainties are well understood.

A combined use of scientifically based covariance data
and of integral experiments can be made using advanced
statistical adjustment techniques (see, e.g. [4-6]). These
techniques can provide in a first step adjusted nuclear
data for a wide range of applications, together with new,
improved covariance data and bias factors (with reduced
uncertainties) for the required design parameters, in order
to meet design target accuracies.

Moreover, the role for cross section adjustment is more
and more perceived as that of providing useful feedback
to evaluators and differential measurement experimental-
ists in order to improve the knowledge of neutron cross

Covariances (Phase I) 58  sections to be used in a wider range of applications.

1. General Comments 58 Despite its recognized potential, the adjustment pro-

2. Specific Adjustment Analysis 59  cess has raised legitimate questions related both to phys-
39
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ical meaning of the individual (i.e., by isotope, reaction
type and energy range) “adjustments”, and to possible
compensation effects since integral experiments depend
on a large number of parameters. Moreover, the first ad-
justments relied on uncertainty data essentially based on
physicists’ judgment and not on any formal approach.

It has also been pointed out that there exists no clear
definition of the application domain of the adjusted multi-
group data sets. When a new reactor concept is investi-
gated, it is difficult to define what is the mathematical
or physical extrapolation method (if any) to be used to-
gether with the previously adjusted data library. In any
case, since the adjustments are performed at the multi-
group level, they will also be related to the weighting
function used to produce the original multigroup library
and no unique procedures can be used to transfer the
adjustments from the broad group level (where the ad-
justments are usually performed) to a fine group level
or, even preferable, to the continuous energy level. Sim-
ilarly, self-shielding effects are not necessarily accounted
for explicitly.

Finally, the use of the a—posteriori covariance matrix
(both variances and correlations) is not a self-evident ex-
ercise and in fact in many cases use is made only of a—
posteriori variances.

The Working Party on International Nuclear Data
Evaluation Cooperation (WPEC) of the OECD/NEA
Nuclear Science Committee recognized the importance
of these issues and established a Subgroup (called “Sub-
group 33”) on “Methods and issues for the combined use
of integral experiments and covariance data”. In its man-
date “it is proposed for this WPEC Subgroup to study
methods and issues of the combined use of integral exper-
iments and covariance data, with the objective of recom-
mending a set of best and consistent practices in order to
improve evaluated nuclear data files. Indication should
be provided on how to best exploit existing integral ex-
periments, define new ones if needed, provide trends and
feedback to nuclear data evaluators and measurers”.

The Subgroup activity has been completed and a final
report is being assembled. The present paper summarizes
and discusses the main results and recommendations.

B. Activities of the Subgroup

In summary, the general understanding of the adjust-
ment methods, their theory and application, suggests a
number of potential difficulties that have to be examined
carefully, in order to agree on the best approach which
would allow taking full benefit from the potential of the
method. This has been the general objective of the ac-
tivity of the Subgroup.

The first step of the Subgroup activity was the com-
pilation of a detailed report [7] with the assessment and
comparison of the methodologies that the different par-
ticipants to this Subgroup employ for adjustment of neu-
tron cross section data using the observed discrepancies

between calculated and measured values of integral ex-
periments. To this purpose a documentation of the used
adjustment methodologies, developed during more than
three decades from the early sixties to the late nineties,
has been provided by ANL, CEA, INL, IPPE, IRSN,
JAEA, JSI, NRG, and ORNL. The report also includes
the identification of merits and drawbacks of the existing
adjustment methodologies, a comparison of mathemati-
cal formulation and specific features, and the criteria used
for assessing the different methodologies.

In order to better understand the performance of these
methodologies, the robustness of the results, their extrap-
olability and the impact of the uncertainties (not only
on nuclear data but also on experiments and on meth-
ods) it has been decided to have the different organiza-
tions to participate to a common benchmark adjustment
exercise to study these specific issues. In particular, it
was agreed that the main objective of the benchmark
would be to test different methods of nuclear data adjust-
ment/assimilation and different sets of covariance data,
for the purpose of reducing, e.g., the design uncertainties
of a particular type of sodium-cooled fast reactor. The
benchmark made use of a single, limited set of selected in-
tegral experiments with fast neutron energy spectra and
each organization used their own calculation methods and
data.

C. The Adjustment Methodologies

As indicated above, the data statistical adjustment
methods principles and mathematical formulations have
been compared in a report [7]. Most of the methods, as
reminded below, use practically the same mathematical
formulation and that formulation is briefly summarized
hereafter.

Let F = E; (i = 1,...,Ng) denote some experimen-
tal integral variables, and let & i (j =1,...,Ny)
denote the multi-group parameters defining the model
used to simulate these integral experiments, and C(o)
the associated calculated values to be compared with
E. Let 0y and M, define the a priori expectation and
covariance matrix of the multi-group parameters, and
Mg define the experimental covariance matrix, including
modeling covariance information when appropriate (i.e.,
Mg = Ve + V). The evaluation of a—posterior expec-
tation and covariances is done by finding the minimum
of the following cost function (a generalised least-squares
method)

X%:LS = (7~ 51n)tM;1(5 __‘Em)_‘
+ (E = C(0))'Mz"(E - C(0)). (1)

Information related to integral simulations is included
in the C values as well as in their derivatives with re-
spect to the multi-group parameters. Using a first order
approximation, one can write

—

Clo)=Clom)+5- (G-

—

Tm), ()
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where S is a matrix (Ng x N, ) of calculated derivatives
supposed to be constant (when the cross sections slightly
change). Most of the time, S is given as relative sensitiv-
ity coefficients

5 = 5C;/C;

®3)

From a mathematical point of view, the method is quite
general and has been extensively used for many kinds of
inverse problems. In the field of reactor physics, this ap-
proach has been already applied to validate and/or fur-
ther improve the nuclear data used in the simulation of
thermal and fast reactors.

As indicated above, the formulations used by the dif-
ferent participants have been compared in Ref. [7].

The following observations can be made:

e Seven organizations (ANL, CEA, INL, IPPE,
JAEA, JSI and IRSN) apply equivalent equations
for the adjustment, though the names of the theory
differ.

50']'/0']' '

e ORNL uses similar equations as the above orga-
nizations. However, a correction factor (F,, /) is
applied to the covariance matrix of integral experi-
ments to account for the C'/E discrepancy.

e The NRG approach is completely different. It is
based on the Total Monte Carlo method to produce
thousands of TALYS-based evaluated files using
MC sampling of nuclear parameters. The method
used by NRG solves the inverse problem of nuclear
data adjustment by selecting the optimal combina-
tion of random files that best reproduce all integral
experiments.

D. The Benchmark Exercise

Every participant to the benchmark exercise used
the same integral experiment values (F) and uncertain-
ties, but their own calculated values (C), sensitivity co-
efficients, and adjustment/assimilation methods. The
benchmark consisted of a three-phase exercise:

e Phase I. All participants used their own initial
cross sections, own nuclear data covariance matri-
ces, with integral experiment and method correla-
tion.

e Phase II. Some participants used their own initial
cross sections, but different nuclear data covariance
matrices. This step allows a better understanding
of the impact of the nuclear data covariance on the
adjustment.

e Phase III. Verification of the impact of the adjust-
ments on a few “Target Systems.”

Finally, the addition of a set of integral experiments al-
lowed a test of the robustness of the previous adjustments
(stress tests).

1. Benchmark Input

In order to limit the calculation effort and to point out
major trends in a more clear way, the number of isotopes
to be adjusted was limited to ten: 160, 23Na, 0Fe, 52Cr,
58Ni, 235U, 238U, 239Py, 240Py, 2*'Pu plus '°B for test-
ing. On the contrary, all major reactions have been con-
sidered. Finally, several covariance data sets have been
used.

A unique energy group structure (given in Table I) was
also adopted.

TABLE 1. 33 energy group structure (eV).

Upper Upper Upper

Group Eliell)"gy Group Erfg;gy Group EIFeIl)“gy
1 [1.96x107| 12 [6.74 x 10*| 23 | 3.04 x 10°
2 |1.00x107| 13 |4.09x10*| 24 | 1.49 x 10?
3 16.07x10% 14 |248 x10*| 25 | 9.17 x 10*
4 [3.68x10° 15 [1.50x10%| 26 | 6.79 x 10*
5 [2.23x10% 16 [9.12x10%| 27 | 4.02 x 10!
6 |1.35x10% 17 |553x10%| 28 | 2.26x 10"
7 |821x10°| 18 [335x10% 29 |1.37x 10!
8 [4.98x10°| 19 |2.03x10°] 30 |832x10°
9 [3.02x10°| 20 |1.23x10%| 31 | 4.00x 10°
10 |1.83x10°| 21 |7.49x10%*| 32 |[5.40x 10!
11 |1.11 x10°| 22 |454x10*| 33 [1.00x 107!

2. Nuclear Data

The following nuclear data were explicitly considered:
e Elastic scattering infinite-dilution cross section.

e Total inelastic scattering infinite-dilution cross sec-
tion.

e Capture infinite-dilution cross section (this includes
the °B(n,a) reaction).

e Fission infinite-dilution cross section.

e Average prompt fission neutron multiplicity (7).

e Normalized prompt fission neutron spectrum.

e Average cosine of elastically scattered neutrons (fi).

e Average delayed fission neutron multiplicity (74), as
an optional adjustable parameter (on a voluntary
basis). This proposal was driven by consideration
of the impact of 7y on the integral C/FE ratio value
and uncertainty for Na void reactivity (measured in
dollars). When not adjusting 7,4, the participants
should have added the corresponding uncertainty
to the C'/E value of Na void reactivity in order to
reduce their statistical weight.

The spectra of inelastically scattered neutrons have not
been part of the benchmark exercise.
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8. Nuclear Covariance Data

All participants used their own covariance data (Phase
I, see above). However, in Phase II of the exercise, for
comparison purposes and to disentangle effects from dif-
ferent a priori cross sections or covariance data, one com-
mon set of covariance data would be used by some of the
participants, in addition to their own specific sets. The
33-group COMMARA-2.0 covariance data, developed by
a BNL-LANL collaboration (see section III), was made
available for that purpose.

E. Selection of Integral Experiments

The selection of fast neutron spectrum integral exper-
iments has been based on the availability of well docu-
mented specifications and experimental uncertainties and
possibly of some indication of uncertainty correlations.
The selected experiments cover a wide range of fast neu-
tron energy spectra, and include critical masses, spectral
indices and, when available, selected Na void reactivity
coefficients. In the notation used for spectral indices, Fij
(or Cij) is the fission (or capture) rate of the isotope 23j of
the element 9i (i.e., U, Np, Pu for i=2,3,4, respectively),
e.g., F37 is the 23"Np fission rate. Detailed specifications
on these integral experiments were taken from [8-10]:

e JEZEBEL 23°Pu configuration: 1 critical mass, 3
spectral indices: F28/F25, F49/F25, F37/F25,

JEZEBEL 2*°Pu configuration: 1 critical mass,

FLATTOP Pu configuration: 1 critical mass, 2
spectral indices: F28/F25, F37/F25,

ZPR6-7 standard configuration: 1 critical mass, 3
spectral indices: F28/F25, F49/F25, C28/F25,

ZPR6-7 High 24°Pu content: 1 critical mass,

ZPPR-9: 1 critical mass, 3 spectral indices:
F28/F25, F49/F25, C28/F25, 2 Na void configu-
rations: central void and leakage-dominated config-
urations,

e JOYO: 1 critical mass.

A specific activity has been devoted to the assessment
of integral experiment covariance data that will be de-
scribed in section IV.

F. Corrective Factors

The strategy proposed in order to avoid a full reanal-
ysis of all experiments by the participants to the adjust-
ment exercise has been to provide corrective factors ob-
tained as a ratio between a very detailed (reference) cal-

culation and a simplified one. Hence the C/E (Calcu-
lated/Experimental value) is obtained as
[eamee
E E

(4)

where E is the experimental value, C* is the result com-
ing from the simplified model calculation, and C7 is the
corresponding corrective factor.

II. SENSITIVITY ANALYSIS

A major ingredient of any adjustment process is the
sensitivity analysis. A number of theoretical develop-
ments and applications have been performed since the
pioneering work of Usachev [11] that generalized the stan-
dard Wigner approach for critical nuclear reactors. In
general these methods and approximations used in prac-
tical applications (e.g., the use of first order sensitivity
analysis) are well understood. However, the present ac-
tivity offered a unique opportunity to perform a detailed
international comparison on a set of well defined configu-
rations. A number of issues were tackled and recommen-
dations were formulated.

JAEA, INL, ANL, CEA and PSI have provided full sets
of sensitivity coefficients for all integral parameters con-
sidered in the benchmark. Sensitivity coefficients for the
effective multiplication factor k. have also been gener-
ated in a consistent manner by JSI and IRSN. ORNL has
provided data but on a different energy group structure.

A. Methodologies

Sensitivity methods are well established, however in
practical applications one has to specify if deterministic
or Monte Carlo methods have been used and a number of
ambiguities/approximations have to be eliminated or well
understood in order to compare effectively the sensitivity
coefficient produced by different groups. The main fea-
tures of the different methods used within the Subgroup
can be summarized as follows:

(1) For keg, deterministic values of the sensitivity co-
efficients have been obtained by Standard Perturbation-
Theory (SPT) techniques using transport-theory except
for JAEA that made use of diffusion theory. More pre-
cisely, the various analyses were carried out on the basis
of:

e SAGEP code [12], in conjunction with JENDL-4.0
data at JAEA,

e ERANOS code [13] in conjunction with ENDF/B-
VIIL.O data at INL and ANL, and

e ERANOS in conjunction with JEFF-3.1.1 and
JEFF-3.1 data at CEA and PSI, respectively.
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In addition, in conjunction with ENDF/B-VIIL.0
data, the code SUSD3D [14] was used together with
DANTSYS [15] at JSI.

At IRSN, stochastic values of the sensitivity coefficients
based on a multi-group approach have been obtained by
TSUNAMI-3D which uses an adjoint based technique and
is part of SCALE [16] in conjunction with ENDF/B-VIL.0
data. The sensitivity coefficients take into account that
a change of a given cross section may also influence other
cross sections through modifications of their shielding fac-
tors. Thus, the TSUNAMI sensitivity coefficients are
computed with the total instead of the partial derivatives

as
~_dk [doi(g) Ok [ddli(g)
Soilo) = 7 /o;<g> =% /a;xg) "

9o, (h) oy (h) [/ast
22y 2o {(%/ Q) ) ( Ao | )} (5)

In the formula for these “complete” sensitivity coeffi-
cients [16], the space variable has been omitted and e.g.
ol (g) is the cross section of nuclide i for reaction z in en-
ergy group g. The first expression on the right hand side
corresponds to the standard definition (“explicit” term),
with the additional summations (“implicit” effects) as an
indirect term.

(2) For the reaction rates at core center relative to
235 fission (F25), i.e., F49/F25, F28/F25, F37/F25 and
C28/F25, Generalized Perturbation Theory (GPT) [11]
has been consistently used in the deterministic calcula-
tions for obtaining their sensitivity coefficients.

(3) Equivalent Generalized Perturbation Theory
(EGPT) [17] has been employed for determining the sen-
sitivity coefficients of the void reactivity effects in ZPPR-
9 (Na void Step 3 and Na void Step 5) except for JAEA
that used the standard formulation of GPT [11].

B. Analysis of Sensitivity Profiles
1. keg

The sensitivity coefficients of the actinides related to
the two JEZEBEL bare spheres and to the sodium-cooled
systems, i.e., the two ZPR6-7 cores, ZPPR-9, and JOYO,
show very good consistency among the participants, e.g.
as seen in Fig. 1. The sensitivity coefficients are almost
independent of the code (deterministic SAGEP, ERA-
NOS, DANTSYS/SUSD3D and TSUNAMI-1D, stochas-
tic TSUNAMI-3D) and basic nuclear data (JENDL-4.0,
ENDF/B-VIL.O or JEFF-3.1) being used.

As far as the sensitivity coefficients for the structural
materials, sodium, oxygen, and those for the scattering
reactions of the actinides (see examples in Figs. 2—4), con-
sistency is also shown for most cases.

In the case of the sensitivity coefficients for the FLAT-
TOP core, some of the energy profiles are characterized
by larger discrepancies. However, most of these discrep-
ancies are well understood. Thus, for the JAEA solution,
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Pu-239 (n, fission)
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- [ |— — CEa GJ' 1
< [ PSI . *d ]
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FIG. 1. Sensitivity profiles of 2*Pu fission cross section for
ZPPR-9 kesr.
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FIG. 2. Sensitivity profiles of **Na elastic cross section for
ZPRO6-T keg.

it is largely attributed to the use of a 2D (r,z) model with
diffusion theory instead of spherical geometry in conjunc-
tion with transport theory used by the other participants.
This is causing much larger modeling effect for FLAT-
TOP than for the other systems under investigation.

A further investigation was performed comparing
Monte Carlo and deterministic methods. In particular,
results for the sensitivities of the multiplication factor
of the FLATTOP-Pu benchmark to perturbations of the
2381J elastic cross section were investigated. The results
obtained by participants to the benchmark exercise are
shown in Fig. 5 (top), including the JSI deterministic so-
lution obtained by a refined P3 approximation for both
the elastic as well as inelastic scattering cross sections.
In addition, Fig. 5 (bottom) displays JSI Monte Carlo
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FIG. 3. Sensitivity profiles of 5®Fe inelastic cross section for
ZPPR-9 keg.

JEZEBEL (Pu-239 configuration)
Pu-239 (n, inelastic)

0.01p :
0.008}

0.006}

0.004}

Sensitivity coefficient

0.002}

10°
Neutron energy (eV)

FIG. 4. Sensitivity profiles of 2°Pu inelastic cross section for
JEZEBEL Fkeg.

results and data taken independently from the Interna-
tional Criticality Safety Benchmark Evaluation Project
(ICSBEP) handbook. The results show the following fea-
tures:

(a) The reference JSI deterministic values (P1 approx-
imation) are the largest, especially above 0.3 MeV coin-
ciding with groups 1-8, and peak at higher energy. Using
the P3 approximation largely removes this difference and
leads to agreement for energies up to about 1 MeV with
the bulk of the other solutions.

(b) The continuous energy Monte Carlo solution also
agrees, by bearing in mind that “small” sensitivity coeffi-
cients such as for those energies below 60 keV and above
5 MeV, are clearly difficult to calculate.

(¢) The ORNL values provided in 238 groups are found
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FIG. 5. Sensitivity profiles of 238U elastic cross section for
FLATTOP-Pu keg(see text).

consistent with ICSBEP, which in turn appear consistent
with the INL and ANL solutions for energies up to about
1.5 MeV, whereas the PSI values are higher near the peak
around 0.5 MeV and the KAERI values are systematically
lower for energies < 0.6 MeV.

2. Spectral Indices F49/F25, F28/F25, F37/F25 and
C28/F25

The GPT was used by JAEA, INL, ANL, CEA, and
PSI to calculate the sensitivity coefficients of spectral in-
dices for JEZEBEL, ZPR6-7 and ZPPR-9 configurations.
The results obtained by the participants are consistent,
including those for the structural materials, oxygen and
sodium in the case of ZPR6-7 and ZPPR-9. Some exam-
ples are given in Figs. 6-8.

3. Reactivity Effects

The Na void (Step 3) and Na void (Step 5) in the
ZPPR-9 experiment have been studied.
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FIG. 7. Sensitivity profiles of **°Pu inelastic cross section for
JEZEBEL F37/F25 spectral index.

In general, good consistency is shown among the partic-
ipants (JAEA, INL, ANL, CEA and PSI) providing for
ZPPR-9 deterministic solutions based upon the EGPT
methodology (see Fig. 9) except for JAEA (see above).
However, some differences were observed in 2‘°Pu close
to the threshold and for the sodium inelastic scattering
cross section.

C.

Summary of Major Recommendations

Calculation of sensitivity coefficients is now part of the
standard calculation routes in many modern code sys-
tems. The agreement among results obtained by different
methods is remarkable. However, a number of recommen-
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FIG. 8. Sensitivity profiles of °Fe inelastic cross section for
ZPR6-7 C28/F25 spectral index.

dations can be formulated on the basis of the comparisons
described above:

e Sensitivity coefficients calculated, e.g. for the mul-
tiplication factor and reaction rate ratios with dif-
ferent deterministic methods and codes agree well
among them, but one should be careful in specify-
ing definitions and model approximations, such as
e.g. the exact detector position and volume in the
case of Generalized Perturbation Theory (GPT) for
sensitivity coefficients of reaction rate ratios.

“Small” sensitivity coefficient values are to be used
with care, since in these cases errors can arise from
numerical problems, such as those associated with
the local convergence of the importance function.

Resonance shielding effects, which appear not too
important for the present exercise, should be con-
sidered with appropriate algorithms.

Anisotropy of scattering should be accounted for
at high energies when calculating sensitivity coeffi-
cients to elastic and probably also inelastic scatter-
ing cross sections.

EGPT provides a powerful tool to calculate sensi-
tivity coefficients for reactivity effects.

Adjoint based and direct Monte Carlo techniques
provide an interesting alternative to determinis-
tic methods in particular for complex geometries.
However, both methodologies are computationally
very intensive. In addition, especially when using
the direct method, care must be taken in carrying
out the calculations with a sufficient precision. The
sensitivity coefficients are computed by means of
differences between two independent calculations,
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FIG. 9. Sensitivity profiles of various cross sections for ZPPR-9 Na voiding.

and sufficiently large perturbations of the cross sec-
tions must be introduced to ensure obtaining sta-
tistically significant differences of the results and at
the same time avoiding non-linearity.

III. NUCLEAR DATA COVARIANCES

Nuclear data covariances are very important param-
eters in the cross section adjustment procedure. Gen-
erally, the covariance matrix of a scattered data set, x;
(i =1,...,n) with the average value mqo; = (x;), is de-
fined as follows [18]:

Variance

i = var(z;) = ((x; —me;)?) for i = 1,...,n,

(6)
Standard deviation (STD)

Vovar(z;),

o; = std(x;)

(7)

Covariance

pij = cov(w, x5) = ((xi — moi)(z; — moy)),
fori,j =1,...,n with i#j,

and correlation factor (—1 < p;; <1)

Lij cov(z;, ;)
V Hiiftjj std(z;)std(z;)

The covariance matrix must be symmetric and
positive-definite. In this section, first the methodologies
used to evaluate the nuclear data covariances are briefly
reviewed. Next, some of the actual covariance data are
illustrated. Comparisons are made among JENDL-4.0 (J-
4.0 hereafter [19, 20]), and COMMARA-2.0 (C-2.0 here-
after [21]) which is to be used together with the ENDF /B-
VIL.O central values [22], and the CEA COMAC [23].
More detailed comparisons can be found in Ref. [24].
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A. Covariance Data Used in the Subgroup 33
Adjustment Exercise

Different covariance data have been developed in recent
years and some of them have been used by the partici-
pants of Subgroup 33. For the evaluation of covariance
data, different techniques have been used; in particular, a
generalized least-squares method to combine large exper-
imental data bases [25, 26] or the Kalman-filter method,
see for example [27]. The basic idea of this method is to
optimize the nuclear model parameters by the inclusion
of the cross section measurement information with the
Bayesian parameter estimation. Specific techniques have
been used to assess covariance data in the resonance re-
gion [28-31]. Further discussion on the different methods
can be found in the quoted references and in the final
report of Subgroup 33 [24].

Increasing computing power has made it feasible to
evaluate nuclear data and their associated covariances us-
ing Monte Carlo (MC) methodology [32, 33]. One of the
advantages of the MC-based method is that it does not
need the sensitivity of nuclear model parameters, which
frees it from the assumption of linearity. The MC method
does however require a fairly large amount of computing
time to obtain sufficiently small statistical uncertainties,
as well as the need of the prior model parameter uncer-
tainty, shape and correlation for random sampling. These
methods face the difficulty to take into account deficien-
cies in the nuclear reaction models, and the quality and
quantity of the cross section measurements.

Table IT summarizes the features of various covariance
data treated in the Subgroup 33 exercise. In total, 5
covariance libraries were used.

B. Comparison of Covariance Data

Most of the covariance data (diagonal values and by
and large also correlation coefficients) used in the dif-
ferent participants data sets, are comparable in magni-
tude. However, a closer examination points out differ-
ences, sometimes associated with covariance data eval-
uation methods. To give some examples we will first
show some discrepancies among the CEA COMAC li-
brary, the COMMARA-2.0 and the JENDL-4.0 covari-
ances for 23°Pu and 2*!Pu fission and 23U inelastic scat-
tering.

Figs. 10-12 show the diagonal values of 23°Pu and
241py fission and 238U inelastic scattering cross section
covariance matrices. The uncertainty on the 239Pu fis-
sion cross section is small in all cases. However, there is
approximately a factor of two difference between the CO-
MAC values and the JENDL or COMMARA values. This
difference is at the origin of very significant uncertainty
value on most ke of Pu-fueled integral experiments (see
section V). Also, in the case of the fission of 24! Pu, there
are large differences between the COMAC values and the
JENDL or COMMARA values in the energy region below

~10 keV. These differences in uncertainty do not play a
very important role in the present exercise, but can have
a much stronger impact on core design and fuel cycle pa-
rameters of large Fast Reactor cores with softer spectra.
Finally, the difference observed in the 238U inelastic scat-
tering cross section uncertainties has a significant impact
on many key integral parameters since it will affect the
slowing down characteristics of most cores, according to
core composition, conversion ratio values, etc.
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FIG. 10. Relative uncertainties of 2**Pu(n,f) cross sections.
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FIG. 11. Relative uncertainties of >*'Pu(n,f) cross sections.

C. Further Comparison of JENDL-4.0 and
COMMARA-2.0 Covariance Libraries

One can say that in general, for the 11 isotopes treated
in the Subgroup 33 exercise, that is, 1°B, 160, 22Na, 5Fe,
52Cr, 58Nj, 235U, 238U, 239Py, 240Puy, and 24! Pu, their as-
sociated covariance data are found to be rather similar be-
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TABLE II. Features of covariance data used in the Subgroup 33 adjustment exercise.

Coyarlance Evaluated Isotopes Covariance data included Methodology ?‘pphed to Other features
library evaluate covariance data
COMMARA-2.0 |- 12 light nuclei (coolants|- Reaction cross sections |- Generalized least- |- 33-energy group
(BNL,LANL) and moderators) + © for 20 actinides squares method structure
- 78 structural materials|+ PFNS of 238:239:240py Resonance R-matrix |- To be used together with
and fission products + fi of *Na, 5Fe analysis the ENDF/B-VIL.0 cen-
- 20 actinides - Kalman-filter method |tral values
- Kernel approximation |- Released in October
2010 [21]
JENDL-4.0 95 nuclides, including - Reaction cross sections |- Generalized  least- |- ENDF standard format
(JAEA) 10,11g 1SN 16 23Na, |+ L for 16 light nuclei and |squares method - File 33 is given for
48y, 5253Cr, 5°Mn, %Fe, |structural materials - Resonance R-matrix|resonance energy region
%9 Co, 5869Ni, 907y, 209Bj, |- Reaction cross sections |analysis -  Released in May
and all actinides + v + PFNS - Kalman-filter method |2010 [19, 20]
+ i for 79 actinides
COMAC(CEA) |- 24 light and intermediate | Reaction cross sections - Generalized least- | 33-energy group structure
+ nuclei + U (from JENDL-4.0) |squares
JENDL/ENDF |- 15 actinides + PFNS (from JENDL-|- Resonance R-matrix and
for some isotopes 4.0) Optical Model analysis
- Marginalization  of
systematic experimental
uncertainties
TENDL (NRG) |***?38U and **Pu No covariance files but|Monte Carlo-based | Pointwise cross sections

random ENDF files based
on TENDL-2010 [34]

method:
TMC + selection based
on distance minimization

SCALE 6.1 - 2 isotopes in structural|Reaction cross sections - Generalized least-|- Initially a 44-energy
(ORNL) materials + v + PFNS squares method group structure, collapsed
- 8 actinides (234’235’238U7 - Delta chi-square filter|to a 33-group structure
ZTNp, 239:240,241,242p,y) method - Released in June
2011 [35]
0.35 T N O 2 — " F‘urtherrpore, (?Xperimental cross section data from the
U-238(n,n’) JAEA (JENDL-4.0) —— international library EXFOR are commonly used to fit
03 | U-238(n.) CEA (COMAC) nuclear reaction model parameters.
_ However, there are some isotope-reaction-energy re-
% 0.25 gions where the covariance data of the two libraries are
e notably different. Three examples will be examined in
g 02 r M detail.
@
S 015} I_I—l
§ 01 1. 23U Capture in 3-300 keV Energy Region
005 As seen in Fig. 13, the standard deviation (STD) of
. ‘ L ‘ C-2.0 is exactly +20%, while that of J-4.0 is very small
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FIG. 12. Relative uncertainties of **¥U(n,n’) cross sections.

tween the two libraries, probably due to the use of similar
evaluation methodology such as the full or simplified R-
matrix analysis, the Bayesian estimation connected with
some theoretical nuclear model codes, or the simultane-
ous evaluation for fission data of major actinides, etc.

almost perfectly positive, but those of J-4.0 are only par-
tially positive. The difference of the capture cross sec-
tion center values between ENDF/B-VIL.O and J-4.0 is
around -10 to +5% in this energy range. From Refs. [19-
21], C-2.0 applied the Bayesian code KALMAN with the
GNASH code for the covariance evaluation, on the other
hand, JENDL-4.0 used the generalized least square code
GMA. It seems unlikely that these two methods gener-
ate such a large difference, if both methods adopt the
same experimental information. More analysis seems to
be needed to assess the covariance in the fast energy re-
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gion of 235U capture reaction.

2. 2 Na Elastic Scattering Data Around 2 keV

At this energy, there appears a giant resonance peak
which affects significantly the sodium-voiding reactivity
in sodium-cooled fast reactor cores. As found in Fig. 14,
the shape of the standard deviation is extremely differ-
ent the between two libraries; that is, the minimum STD
value occurs at the cross section peak energy in C-2.0,
and on the contrary, the maximum appears there in J-
4.0. With a simple consideration, the trend of C-2.0
seems more natural, since the larger cross sections would
be more accurate due to the small statistical uncertainty
in the measurement. The correlations are also quite dif-
ferent. In the C-2.0 covariance, the 2 keV peak has no
correlations with other energy, while J-4.0 is partially
positive everywhere above 100 eV. The covariance of C-
2.0 is evaluated by the EMPIRE/KALMAN combination,
where the prior resonance model parameter uncertainties
are derived from Mughabghab [31]; on the other hand, J-
4.0 applies the GMA code with some corrections to meet
the measured cross sections with the evaluated ones of
J-4.0 which is based on the multi-level Breit-Wigner for-
mula with rather old resonance parameter values recom-
mended by BNL in 1981. The cross section difference
between ENDF /B-VIL.0 and J-4.0 is -17 to +4% around
2 keV, therefore, the difference of STDs might be reason-
able if we take into account the corrections given to J-4.0
covariance.

3. % Fe Elastic Scattering in 0.3-25 keV Energy Range

The central values of the ®6Fe elastic scattering cross
section in the resonance region from 107> eV through
850 keV are almost identical for ENDF/B-VIL0O and
JENDL-4.0, since the resonance parameters adopted in
both libraries are based on a common evaluation around
1990. The covariance data of C-2.0 and J-4.0 were,
however, independently evaluated. In the C-2.0 covari-
ance, the resonance region of 56Fe up to 850 keV was
evaluated with the kernel approximation and data from
Mughabghab [31]; on the other hand, the covariance data
of J-4.0 were firstly estimated from the experimental data
with the GMA code. Then the estimated variances were
modified by considering the difference between the aver-
age of the experimental data and that of JENDL-4.0 [19].
The differences of the STD shapes and the correlations in
Fig. 15 might stem from these utterly different method-
ologies of their covariance evaluations, though the energy-
averaged STD values seem rather similar with each other,
that is, £5.6% in C-2.0 and +4.5-11% in J-4.0.

IV. COVARIANCES OF EXPERIMENTAL
INTEGRAL PARAMETERS

A. Experimental Covariance Matrix Definition

Experimental uncertainties of an integral parameter
are usually given by the experimenters in the form of
components. However, correlations between integral pa-
rameters are scarcely found in the experiment reports;
therefore, we have to estimate them from the experimen-
tal information available. The method adopts the follow-
ing three steps.

(1) Classification of Uncertainty Components to either
Common or Independent (step 1). In this step one identi-
fies all components of the experimental uncertainties for
“Data, A” and “Data B” for which quantitative values
were reported, and each of them is put into a category
“Common uncertainty (i.e., the correlation factor is 1.0)
between Data A and B”, or into a category “Independent
uncertainty (i.e., the correlation factor is 0.0)”. If an un-
certainty component is judged as a mixture of common
and independent uncertainties, that is, the correlation
factor is not considered as either 1.0 or 0.0, then the un-
certainty component must be divided into more detailed
subcomponents until the uncertainty component becomes
either common or independent uncertainty.

(2) Summing up of Common and Independent Uncer-
tainties (step 2). The common and independent uncer-
tainties respectively are summed-up statistically to ob-
tain standard deviation, op¢q1, the diagonal term of ma-
trix. The statistical treatment is justified by the assump-
tion that all uncertainty components are already divided
until there are no correlations between any uncertainty
items in the measurement of an integral parameter. The
total uncertainty of a data set A, orotar 4, i.e., the di-
agonal term of uncertainty matrix V, (see Eq. (1)), is
given by the summation in quadrature of common and
independent uncertainties

(9)

where ocommon 1S the sum of all common uncertainty
components and 0rpdependent 18 the sum of all indepen-
dent uncertainty components.

(3) Evaluation of the Correlation Factor (step 3). The
correlation factor, non-diagonal term, of data sets A and
B, pa B, is derived as the ratio of common uncertainties
to the total uncertainties as

_ 2 2
OTotal, A = \/aComm(m,A + UIndependent,A’

p 21 OCommon,A,i X OCommon,B,i
A,B = ;
OTotal,A X OTotal,B

(10)

where suffix i is the common uncertainty components be-
tween data set A and set B. Steps 1 to 3 must be repeated
for all matrix elements to generate a full experimental co-
variance matrix as the input of adjustment exercise. Note
that, for example, the correlation factors among several
sodium void reactivity measurements would be changed
depending on the combination of void steps, even in the
same experimental core.
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FIG. 13. Comparisons of JENDL-4.0 and COMMARA-2.0 covariance for ?**U neutron capture.

B. Full Experimental Covariance Matrix in
Subgroup 33 Exercise

Applying the above-mentioned methodology, the full
covariance matrix for the 20 experiments treated in the
Subgroup 33 exercise is summarized in Table III. Addi-
tional comments are given below:

(1) The correlation factors of the Reaction Rate Ratios
(RRRs) in JEZEBEL 2*Pu, FLATTOP and ZPR6-7 are
borrowed from those of ZPPR-9, since the denominator
of the RRRs, F25, is common in these experiments, and
there is scarce information for the former three experi-
ments to evaluate the common and independent compo-
nents of the RRRs. The F37/F25 ratio is assumed to
possess similar characteristics with F28/F25 which has a
threshold feature versus neutron energy.

(2) From the fuel composition tables of [37, 38], the plu-
tonium fuel plates used in ZPR6-7, ZPR6-7 High 249Pu
content and ZPPR-9 experiments were found to be the
same. This means at least that the criticality of these
three cores must be correlated through the composition
uncertainties. In Table ITI, the evaluated correlation fac-
tors with the sensitivity coefficients of core compositions
are added. The correlations among other parameters of
these three cores are neglected here, since the effects of
common core material to other parameters are usually
small compared with that of criticality.

C. DModeling Covariance Matrix

The evaluation methodology of the modeling covari-
ance, V,, (see Eq. (1)), depends on the method adopted
to obtain the calculation value of an integral experi-
ment. Here, we consider three kinds of methods: (1)
Continuous-energy Monte Carlo method based on the
as-built experimental geometry and compositions (MC
method, hereafter), (2) Deterministic method based on
the combination of the standard calculation and the
corrections by the most-detailed models (Deterministic
method), and (3) Combination of the deterministic cal-
culation based on the simplified geometry and the correc-
tion by the Monte Carlo calculation with as-built geom-
etry (Combined method). The resulting matrix for the
selected experiments is given in Table IV. A full descrip-
tion can be found in [24].

V. COMPARISON OF INTEGRAL
EXPERIMENT INITIAL C/E’S, UNCERTAINTIES
AND TARGET SYSTEM UNCERTAINTIES

A.

Introduction

In this section we will inspect the results provided by
the benchmark participants regarding the initial C/E’s,
uncertainties associated to the integral experimental
analysis (both experimental and calculation), as well
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FIG. 14. Comparisons of JENDL-4.0 and COMMARA-2.0 covariance for >*Na neutron elastic scattering.

those related to nuclear data, and target systems uncer-
tainties (nuclear data related). The integral experimental
analysis results have been provided by the following or-
ganizations:

e ANL: ENDF/B-VII.O cross sections, MCNP5 for
experiment analysis, and ERANOS system and
COMMARA-2.0 covariance data for uncertainty
analysis.

e CEA: JEFF-3.1.1 cross sections, ERANOS/PARIS
(in conjunction with corrective factors) for exper-
imental analysis, and ERANOS/PARIS and CO-
MAC covariance data for uncertainty analysis.

e INL: ENDF/B-VIIL.O cross sections, MCNP5 for
experiment analysis, and SANDRA code and
COMMARA-2.0 covariance data for uncertainty
analysis.

e IRSN: ENDF/B-VIL.0 cross sections, SCALE-6
for experiment analysis, and BERING code and
COMMARA-2.0 covariance data for uncertainty
analysis (only keg quantities provided).

e JAEA: JENDL-4.0 cross sections, MVP for experi-
mental analysis, and SAGEP code and JENDL-4.0
covariance data for uncertainty analysis.

e JSI: ENDF/B-VII.O cross sections, DANTSYS for
experiment analysis, and SUSD3D system and

COMMARA-2.0 covariance data for uncertainty
analysis (only keg quantities were provided with
the exclusion of JOYO MK-I). P1 and S4 with the
built-in Gaussian quadrature constants were used
in DANTSYS transport calculations.

KAERI: ENDF/B-VILO cross sections, DANTSYS
for experiment analysis, DANTSYS/SUSD3D sys-
tem and COMMARA-2.0 covariance data for un-
certainty analysis (only keg quantities provided for
uncertainty evaluation).

ORNL: ENDF/B-VILO cross sections, TSUNAMI-
1D for experiment analysis, and TSURFER code
and ORNL covariance data for uncertainty analysis
(only 1D results analyzed).

PSI: JEFF-3.1 cross sections, ERANOS (in con-
junction with corrective factors) for experimental
analysis, and ERANOS and COMMARA-2.0 co-
variance data for uncertainty analysis.

In the following sections inspection and analysis of the

participants’ results are provided.

B. C/E’s

Table V compares the (E — C)/C results provided by

the participants expressed in %. For all kg values, with

1
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FIG. 15. Comparisons of JENDL-4.0 and COMMARA-2.0 covariance for **Fe neutron elastic scattering.

exception of KAERI, the discrepancies between experi-
mental and calculation results lie in a quite narrow range
of ~250 pcm. This indicates that the current cross sec-
tion libraries are in very good agreement for the set of
experiments selected for the exercise, that are often used
for the validation of these cross section data sets.

However, one has not to forget that keg is an integral
quantity and therefore the agreement can be the result of
cancellation of uncertainties. One exception is F28/F25
of ZPR6-7.

The spectral indices discrepancies are contained in a
more widespread range of 4%. It is not clear why there
is little agreement between CEA and PSI results, which
both used the JEFF-3.1 cross sections. It could be due
to differences during the cell calculations with the ECCO
code. It is also interesting to note that the general ten-
dency for all cross section sets is to underestimate the
fission spectral indices results.

Finally, for sodium void results the discrepancy spread
is within a ~6% range. It is interesting to observe that
both ENDF /B-VIIL.0 and JEFF-3.1 cross section sets have
different sign between the spectral component experiment
(Step 3) and the leakage component one (Step 5), while
JENDL-4.0 overestimates in both cases.

C. Experimental and Calculation Uncertainties on
C/E’s

Table VI shows the (quadratic) combination of exper-
imental and calculation uncertainty on the C/E as pro-
vided by the participants. All the participants, as indi-
cated in the exercise, have adopted the same experimen-
tal uncertainties provided in the original documentation
of the experiment benchmark models; therefore, the ob-
served differences have to be attributed to the diverse
assumptions the participants have taken on their calcu-
lation values. However, the following organizations have
chosen not to apply any calculation uncertainties: CEA,
JSI, and KAERI. IRSN has applied a constant 0.1% cal-
culation uncertainty to seven keg, the only quantities they
have considered for the exercise.

In general the uncertainties are relatively low and quite
consistent among the different participants. There are a
few exceptions. For the sodium void reactivity, partic-
ipants that have adopted the Monte Carlo (instead of
deterministic) codes which have quite high uncertainties
(~7%). This is due to the intrinsic (statistical) difficulty
that stochastic methods encounter when confronted with
small reactivity variations. It has to be kept in mind
that for a reliable adjustment it is needed that both ex-
perimental and calculation uncertainties stay as low as
possible.

Low experimental uncertainties provide good quality
results, thus giving credibility to the adjustment pro-
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TABLE III. Experimental covariance matrix of integral parameters V. applied in the Subgroup 33 exercise. Diagonal values are
1o uncertainties in %, non-diagonal values are correlation factors (between —1 and +1).

Keff
/F25 o

2 Jezebel- F28/F2 0 11
5 | 023 F49/F25 0 023 0.9
4 F37/F25 0 023 032 14

Jezebel-
S Pu240 keft 0 0 0 0 0.2
6 Keff 0 0 0 0 0 03
7 Flattop F28/F25 0 0 0 0 0 0
8 F37/F25 0 0 0 0 0 0
9 keff 0 0 0 0 0 0
10 F28/F25 0 0 0 0 0 0

ZPR6-7
11 F49/F25 0 0 0 0 0 0
12 C28/F25 0 0 0 0 0 0

ZPR6-7 _
13 Pu240 keff 0 0 0 0 0 0
14 keff 0 0 0 0 0 0
15 F28/F25 0 0 0 0 0 0
16 F49/F25 0 0 0 0 0 0

ZPPR-9
17 C28/F25 0 0 0 0 0 0
18 Central Na veid 0 0 0 0 0 0
19 Large Na void 0 0 0 0 0 0
20 Joyo keff 0 0 0 0 0 0

cess. Low calculation uncertainties prevent the adjust-

ment from compensating for shortcomings present in the
calculation route. In other words, if the calculation un-
certainties are high, there is the danger that the changes
in the cross sections coming from the adjustment are
not physical, but the result of an artificial compensation.
However, the integral data which have large calculation
uncertainty do not harm the adjusted results, since the
weight of the data becomes small and gives less effects
to the cross section changes. The risk is to underesti-
mate the calculation uncertainty because, in such a case,
the cross sections are not physically changed to force the
adjusted C'/F values to be 1.0.

D. Nuclear Data Uncertainties

Table VII illustrates the nuclear data uncertainties
evaluated by the participants on the experimental quan-

11

0.23 1.4

0 0 023

0 0 0 3.0

0 0 0 023 21

0 0 0 023032 24

0 0 013 0 0 0 0.22

0 0 031 0 0 0 0300117

0 0 0 0 0 0 0 0 27

0 0 0 0 0 0 0 0 023 2.0

0 0 0 0 0 0 0 0 023032 19

0 0 0 0 0 0 0 0 0 0 0 19

0 0 0 0 0 0 0 0 0 0 0 041 19

0 0 0 0 0 0 0 0 0 0 0 0 0 0.18
tities considered for the adjustment exercise. ORNL

used ENDF/B-VIL.0 covariance information that was col-
lapsed to fit the 33-group format of the exercise. Six
organizations (ANL, INL, IRSN, JSI, KAERI, and PSI)
have used the same covariance data matrix, COMMARA-
2.0. As one would expect there is good agreement among
the results of these organizations with the exception of
KAERI. The problem is likely related to the sensitivity
coefficients (see related discussion in section II devoted
to this subject).

In general JENDL-4.0 shows consistently lower un-
certainty values than COMMARA-2.0. Exceptions are
the spectral indices of 23°Pu fission and 238U capture,
indicating that for these two reactions JENDL-4.0 has
larger variances than COMMARA-2.0. Uncertainties cal-
culated by CEA using the COMAC covariance matrices
are higher than corresponding results using COMMARA-
2.0. The only exception is for 23”Np fission spectral in-
dices. Quite remarkably, the kqg uncertainty values span
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TABLE IV. Modeling covariance matrix V;, used in the Subgroup 33 exercise (all calculations based on continuous-energy
Monte Carlo method). Diagonal values are 1o uncertainties in %, non-diagonal values are correlation factors (between —1 and

+1).

1

keft 0.03
/F25 )
2 Jezebhel- F28/F2 0 0
Pu239

3 F49/F25 0 05 08
4 F37/F25 0 05 05 08

Jezebel-
s -
5 Pu240 keff 0 0 0 0 0.03
6 keft 0 0 0 0 0 0.03
7 Flattop F28/F25 0 0 0 0 0 0
8 F37/F25 0 0 0 0 0 0
9 keft 0 0 0 0 0 0
10 F28/F25 0 0 0 0 0 0

ZPR6-7
11 F49/F25 0 0 0 0 0 0
12 C28/F25 0 0 0 0 0 0

ZPR6-7 :
13 Pu240 keft 0 0 0 0 0 0
14 keft 0 0 0 0 0 0
15 F28/F25 0 0 0 0 0 0
16 F49/F25 0 0 0 0 0 0

ZPPR-9
17 C28/F25 0 0 0 0 0 0
18 Central Na void 0 0 0 0 0 0
19 Large Na void 0 0 0 0 0 0
20 Joyo keft 0 0 0 0 0 0

a range from ~1500 to ~2000 pcm. Relatively high val-
ues (up to more than 10%) are associated to the 238U
fission spectral indices.

Finally, concerning the uncertainties attached to the
sodium reactivity coefficients, there is a fairly good agree-
ment among all the participants. ZPPR-9 Step 3 results
lie in the range between 6 and 7%, and Step 5 results
between 7 and 10%.

E. Uncertainty Consistency for Adjustment

In this section we examine the consistency of the com-
bined experimental, calculation, and nuclear data uncer-
tainties with the observed discrepancies between experi-
mental and calculated results. In order to establish this

0.7

0 0.03

0 O | 222

0 0 05 14

0 0 05 05 1.2

0 0 0 0 0 0.03

0 0 0 0 0 0 0.02

0 0 0 0 0 0 0 21

0 0 0 0 0 0 0 05 12

0 0 0 0 0 0 0 05 05 14

0.03

consistency, we define the adjustment margin AM

E-C

AM =Unp +Uc/g — c

; (11)

where Uyp = v/ SM,S* is the uncertainty associated to
nuclear data, Uc/g = v/ Ve + Vip is the quadratic combi-
nation of the experimental and calculation uncertainty,
FE is the experimental result and C' the calculated result.
The AM quantity establishes if in the adjustment there
is enough room provided by the nuclear data uncertainty
to accommodate the C'/E discrepancy. Of course, the
C/FE discrepancy has to take into account its associated
uncertainty. If the AM values are negative, this implies
that there is not enough uncertainty for the adjustment
in the one sigma range. This will be reflected afterwards
in the x2? values. One could interpret the appearance
of negative values as a sign of some inconsistency in the
covariance matrix (usually due to too low uncertainties

54

103



Methods and Issues ...

La nécessaire coordination internationale

NUCLEAR DATA SHEETS

Nuclear Data Sheets 118 (2014) 38

M. Salvatores et al.

TABLE V. (E-C)/C results provided by the participants expressed in %.

Core Parameter ANL | CEA | INL [IRSN [JAEA| JSI |KAERI|ORNL| PSI
JEZEBEL239 ket 0.014 | 0.187 | 0.014 | 0.051 | 0.130 | -0.091 | -0.296 | -0.001 | 0.059
JEZEBEL239 F28/F25 2.351 1 0.026 | 2.354 - 3.242 - 1.630 | 2.232 | 1.791
JEZEBEL239 F49/F25 2.534 | 1.412 | 2.533 - 1.667 - 2.019 | 2.570 | 1.539
JEZEBEL239 F37/F25 1.319 | 1.526 | 1.317 - 2.103 - 2.680 | 1.244 |-0.013
JEZEBEL240 Kest 0.019 |-0.255{ 0.019 | 0.051 | 0.160 | -0.235 | -0.267 |-0.079|-0.373
FLATTOP-PU Kot -0.100| 0.020 [-0.097(-0.112| 0.140 |-0.953%*| -0.944 |-0.255 | 0.071
FLATTOP-PU F28/F25 1.811|1.034 | 1.812 - 2.323 - 1.278 | 3.030 | 1.386
FLATTOP-PU F37/F25 0.446 | 1.535 | 0.442 - 0.756 - 1.469 | 0.989 |-0.697

ZPR6-7 koft -0.040{-0.270{-0.043{-0.216 [-0.527 | -0.188 | -0.091 - -0.144
ZPR6-7 F28/F25 -0.446 | 4.207 [-0.448 - -3.251 - 1.183 - -0.441
ZPR6-7 F49/F25 3.761 | 3.752 | 3.756 - 2.145 - -1.320 - 4.244
ZPR6-7 C28/F25 -0.973(-0.445|-0.970 - -1.643 - -2.387 - -0.467
ZPR6-7 240 ket 0.060 |-0.221 0.063 {-0.099|-0.329| -0.171 | -0.003 - -0.091
ZPPR-9 Koft 0.080 | 0.005 | 0.078 |-0.133|-0.210| -0.160 | -0.133 - 0.004
ZPPR-9 F28/F25 2.985 | 3.664 | 2.987 - 1.750 - 0.948 - 4.104
ZPPR-9 F49/F25 1.956 | 2.417 | 1.958 - 0.080 - 1.131 - 2.480
ZPPR-9 C28/F25 -0.918(-0.334|-0.921 - -1.845 - -2.586 - -0.372
ZPPR-9 Na Void Step 3|-1.887|-3.401(-1.884 - -6.385 - -4.585 - -2.804
ZPPR-9 Na Void Step 5| 2.752 | 3.126 | 2.754 - -4.970 - -6.978 - 2.759
JOYO MK-I Koft 0.249 1 0.083 | 0.255 | 0.219 | 0.180 - -0.504 - 0.056
a Results are very sensitive to Sy Py order (S¢P; : —0.81, SgP; : —0.48, S12P1 : —0.24, S16P1 : —0.15,

SagP3 : —0.17).

TABLE VI. Combination of experimental and calculation uncertainties on the C/E’s (%).

Core Parameter |ANL|CEA| INL |IRSN|JAEA| JSI |KAERI|ORNL| PSI
JEZEBEL239 keft 0.201{0.200{0.201|0.224 | 0.202 [0.200| 0.200 | 0.200 |0.224
JEZEBEL239 F28/F25 1.421]1.100|1.421| - 1.447| - 1.100 | 1.100 |1.487
JEZEBEL239 F49/F25 0.949|1.400(0.949| - 1.172 | - 0.900 | 0.900 |1.345
JEZEBEL239 F37/F25 1.43210.900(1.432| - 1.612| - 1.400 | 1.400 [1.720
JEZEBEL240 ket 0.201/0.200|0.201|0.224 | 0.202 |0.200| 0.200 | 0.200 |0.224
FLATTOP-PU ket 0.303/0.300|0.302|0.316 | 0.302 |0.300| 0.300 | 0.300 |0.316
FLATTOP-PU F28/F25 1.860|1.100|1.860| - 1.384 | - 1.100 | 1.100 |1.487
FLATTOP-PU F37/F25 1.432|1.402|1.432| - 1.561 | - 1.400 | 1.400 [1.720

ZPR6-7 kofr 0.230{0.230(0.230|0.251 | 0.231 [0.230| 0.230 - 0.250
ZPR6-7 F28/F25 3.499/2.100|3.499| - 3.744 | - 3.000 - 3.162
ZPR6-7 F49/F25 2.524|3.000|2.524| - 2.541 | - 2.100 - 2.326
ZPR6-7 C28/F25 2.683|2.400|2.683| - 2.692 | - 2.400 - 2.600
ZPR6-7 240 keft 0.221]0.220(0.221|0.242 | 0.222 {0.220| 0.220 - 0.241
ZPPR-9 keft 0.120/0.117|0.117|0.154 | 0.119 |0.117| 0.117 - 0.153
ZPPR-9 F28/F25 2.915|2.700(2.915| - 3414 | - 2.700 - 2.879
ZPPR-9 F49/F25 2.119|2.000(2.119| - 2.338 | - 2.000 - 2.236
ZPPR-9 C28/F25 1.99211.900(1.992| - 2.354 | - 1.900 - 2.147
7ZPPR-9 Na Void Step 3|7.737|1.900|7.737| - 5.593 | - 1.900 - 4.225
ZPPR-9 Na Void Step 5|7.543|1.900|7.543| - 5311 | - 1.900 - 4.133
JOYO MK-I keft 0.181{0.180(0.181|0.206 | 0.182 | - 0.180 - 0.206

associated to specific cross sections).

The AM quantity is similar to the x quantity used
by JAEA as explained in [7]. The x for every integral
parameter is defined as

[E-C]|

—— (12)
Ukp + U8,k

and is used with a three sigma range criterion for deciding
the elimination of an experiment from the adjustment.

Moreover, other methods can be suggested to verify the
consistency of a set of integral experiments and param-
eter uncertainties. For example, the Cook’s distance is
used in statistics to estimate the influence of a data point
when performing least squares analysis. Data points with
large residuals (outliers) and/or high uncertainties may
distort accuracy of the adjustment as well as its conclu-
sions. Points with a large Cook’s distance are to be care-
fully checked. Some results of this type of analysis can
be found in [24] and in section VID.
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TABLE VII. Uncertainties due to nuclear data (%).

Core Parameter |ANL| CEA | INL [IRSN|JAEA| JSI |[KAERI|ORNL| PSI
JEZEBEL239 ket 0.640| 2.072 |0.636|0.611 | 0.693 [0.658| 0.117 | 1.186 [0.511
JEZEBEL239 F28/F25 3.720| 7.342 |3.696| - 3.198 - - 3.311 |2.426
JEZEBEL239 F49/F25 0.830| 2.811 |0.823| - 0.625 - - 0.809 [0.719
JEZEBEL239 F37/F25 2.390| 1.483 |2.354 - 1.505 - - 7.204 [1.604
JEZEBEL240 Keft 0.660| 1.763 |0.656|0.540| 0.649 |0.634| 0.123 | 0.982 |0.579
FLATTOP-PU kot 0.760| 1.913 |0.764]0.519 | 1.257 [0.719| 0.123 | 1.128 [0.829
FLATTOP-PU F28/F25 3.120| 7.885 [3.093| - 2.936 - - 2.616 |1.948
FLATTOP-PU F37/F25 2.050| 1.585 [2.034| - 1.444 - - 7.076 |1.421

ZPR6-7 koft 0.970| 1.586 |0.968|0.972| 0.816 {0.943| 0.313 - 0.972
ZPR6-7 F28/F25 6.400| 9.959 |6.395| - 4.819 - - - 6.400
ZPR6-7 F49/F25 0.840| 2.378 10.836| - 1.147 - - - 0.833
ZPR6-7 CQ8/F25 1.510| 3.916 [1.512 - 2.004 - - - 1.493
ZPR6-7 240 ket 0.970| 1.559 0.971]0.970| 0.812 |0.948| 0.311 - 0.973
ZPPR-9 Keft 1.180| 1.666 [1.191|1.202| 0.902 |1.183| 0.384 - 1.203
ZPPR-9 F28/F25 7.850(10.688|7.896| - 5.277 - - - 7.742
ZPPR-9 F49/F25 0.870| 2.387 |0.870| - 1.152 - - - 0.846
ZPPR-9 C28/F25 1.550| 3.894 [1.545| - 2.030 - - - 1.521
ZPPR-9 Na Void Step 3|7.670| 6.493 |7.563| - 5.950 - - - 7.228
ZPPR-9 Na Void Step 5(9.920| 8.543 |9.679| - 7.311 - - - 9.157
JOYO MK-I Keft 0.890| 1.416 |0.863|0.867 | 0.583 - 0.348 - 0.878

The present analysis has been performed using the
rather simple and intuitive formulation of Eq. (11).

Table VIII reports the AM values for the different so-
lutions provided by the participants.

There are only seven negative values (indicated in
shaded cells). The KAERI FLATTOP kg would be chal-
lenging to adjust in view of the associated quite large
negative AM (-521 pem). This is the result of different
contributions: a quite unusually large initial C/E dis-
crepancy (almost 1000 pcm), no calculation uncertainty
provided, and, finally, the sensitivity coefficient problem
previously mentioned. PSI has a relative high negative
AM for the 239Pu fission spectral index in ZPR6-7, and
one should expect some difficulty in adjusting this inte-
gral parameter, but this cannot be proven as PSI has not
yet performed the adjustment.

The ANL and INL four negative values are relative to
the 239Pu fission spectral indices and are likely due to the
low uncertainty given in COMMARA-2.0 to 23°Pu fission.
The only negative value for CEA is associated to the fairly
low uncertainty on 23"Np fission for COMAC previously
observed in section V.4. For these entire five negative
AM values one should expect, after adjustment, a diffi-
culty for the C/E to reach the unity value even including
the new evaluated associated uncertainty in the one sigma
range. This is indeed the case if one inspects such quan-
tities after adjustment (see related section). The impact
on x? is not expected to be large for two reasons. First
the negative AM values are relatively low (<1% for spec-
tral indices), and then, because the x? is normalized to
(divided by) the number of experiments (degrees of free-
dom). Having only one or two small inconsistencies will
not show up in an adjustment with 20 experiments.

Let us continue our analysis observing that in Eq. (11),
a not negligible role is played by the Ug, g term. As in-

dicated in section V.3, the desirable situation is to have
this quantity as low as possible in order to provide a reli-
able adjustment. Let’s define the experiment merit EM,
where in Eq. (11) we suppress the term Uyp. What we
want to spot now are positive values. Positive FM will
indicate that the experiment is not providing enough use-
ful information (i.e., has not enough merit to be included
in the adjustment) because there is too much uncertainty
associated with respect to the observed C/E. In practice,
these experiments could be excluded from the adjustment
because they are not valuable either because of poor ex-
perimental quality and/or because the employed calcu-
lation analysis carries too much uncertainty, or kept in
order to provide a constraint that should not be changed
by the adjustment.

In total fairness, in terms of usefulness of an ex-
periment, correlations in the experimental uncertainties
should be established and one should look also at the case
where only the experimental uncertainty is considered.
In fact, the calculation uncertainty component depends
on circumstances independent from the experiment. Be-
sides, another criterion for retaining or discarding an ex-
periment would be to look at their correlation through
the cross product of sensitivities weighted with the co-
variance matrix (the so-called representativity factor). If
the correlation factor is very close to 1, one of the two
experiments should be discarded as it provides redundant
information (unless the configurations are not experimen-
tally correlated), and kept only for a—posteriori verifica-
tion with the new adjusted cross sections and covariance
matrix data.

On the other hand, because EM values neglect the un-
certainty coming from the nuclear data Uy p, this could,
in some circumstances, mislead in concluding about the
usefulness of an experiment. In particular, let’s con-
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TABLE VIII. Adjustment Margin (AM) values expressed in %.

Core Parameter ANL [CEA| INL [IRSN|JAEA| JSI |[KAERI|ORNL| PSI
JEZEBEL239 ket 0.827 |2.085| 0.823 [0.784 | 0.764 |0.767| 0.021 | 1.385 | 0.676
JEZEBEL239 F28/F25 2.790 |8.417| 2.763 - 1.404 - - 2.179 | 2.122
JEZEBEL239 F49/F25 -0.755(2.799|-0.761 - 0.129 - - -0.861 | 0.525
JEZEBEL239 F37/F25 2.503 |0.857| 2.469 - 1.014 - - 7.360 | 3.311
JEZEBEL240 Keft 0.842 |1.708| 0.83 |0.726| 0.691 |{0.598| 0.056 | 1.103 | 0.430
FLATTOP-PU kot 0.963 |2.193| 0.969 [0.723 | 1.418 |0.602| -0.521 | 1.173 | 1.075
FLATTOP-PU F28/F25 3.169 |7.950| 3.141 - 1.997 - - 0.686 | 2.048
FLATTOP-PU F37/F25 3.036 |1.452| 3.024 - 2.249 - - 7.487 | 2.444

ZPR6-7 koft 1.160 [1.545| 1.155 [1.008 | 0.520 |0.985| 0.453 - 1.079
ZPR6-7 F28/F25 9.453 | 7.852| 9.446 - 5.312 - - - 9.121
ZPR6-7 F49/F25 -0.397 [1.626 | -0.396 - 1.543 - - - -1.085
ZPR6-7 C28/F25 3.220 | 5.871| 3.225 - 3.053 - - - 3.6
ZPR6-7 240 kot 1.131 [1.559| 1.129 | 1.116 | 0.705 [0.997| 0.528 - 1.123
ZPPR-9 Keft 1.220 [1.778] 1.230 | 1.224 | 0.811 [0.957| 0.368 - 1.352
ZPPR-9 F28/F25 7.780 9.724| 7.825 - 6.941 - - - 6.516
ZPPR-9 F49/F25 1.033 [1.970| 1.031 - 3.410 - - - 0.602
ZPPR-9 C28/F25 2.625 |5.460| 2.616 - 2.539 - - - 3.296
ZPPR-9 Na Void Step 3[13.520(4.995[13.416| - 5.158 - - - 8.649
ZPPR-9 Na Void Step 5[14.711|7.317[14.468| - 7.653 - - - 10.531
JOYO MK-I Kest 0.822 |1.513| 0.789 [0.854 | 0.585 - 0.024 - 1.029

sider the case where there is a very good agreement be-
tween calculation and experimental results so that the
(E —C)/C is almost zero, and therefore EM is positive.
If the initial nuclear data uncertainties are greater than
the Ugy g, still the resulting a—posteriori uncertainty will
be reduced, after adjustment, for the experiment under
consideration. Therefore, one has to be very careful in
drawing conclusions, and, for sure, this subject of exper-
imental selection deserves further investigations.

E M values corresponding to the benchmark solutions
provided by participants are shown in Table IX. Inspec-
tion of this table provides the following conclusions re-
grouped by type of integral parameters:

e Critical Masses — For organizations using ENDF /B-
VII.O cross sections only the JOYO experiment pro-
vides a useful contribution to the adjustment. This
can be readily seen looking at the column of IRSN
that has considered only critical masses. The reason
for this is the excellent performance of ENDF/B-
VIIL.O for Pu-fueled fast cores, while the significant
amount of 23°U in JOYO requires an adjustment
(in particular for the capture, as it will be seen in
the section VI on adjustment). On the contrary,
organizations using JEFF-3.1 (CEA, and PSI) and
JENDL-4.0 (JAEA) perform well for JOYO. CEA
will take advantage of adjustment associated to
the discrepancies in keg of JEZEBEL 23°Pu (and
strangely enough not 2*°Pu), FLATTOP but not
for the softer cores (ZPR6-7, ZPPR-9). Exactly
the contrary is true for JAEA (good agreement for
harder cores, adjustment needed for softer cores).
It is not clear why for PSI, that uses JEFF-3.1, the
Pu fuelled cores seem not to need any adjustment.

e Spectral Indices — 23%U capture spectral indices

have positive EM values for everybody (with ex-
ception of KAERI), and therefore it doesn’t seem
to provide any contribution to the adjustment ex-
cept as a constraint. For the fission spectral indices
the situation is more complex. 233U fission spectral
indices require adjustments in harder cores practi-
cally for all participants, while JEFF-3.1 needs it
also for softer cores. 239Pu fission indices need ad-
justment in all cores. One exception is JAEA that
has positive EM values for the ZPR6-7 and ZPPR-
9 cores, indicating that the adjustment needed for
the Pu fuelled softer cores keg do not concern the
239Py fission but some other reactions (or isotope).
For 2*"Np fission spectral indices the situation is
mixed. These spectral indices are not important
for the adjustment of ENDF/B-VIL.O users, while
action is needed for CEA on both JEZEBEL and
FLATTOP, and JAEA (but only for JEZEBEL).
The fact that PSI has positive EM values for these
indices indicates that probably is using a version of
JEFF-3.1 with different 23"Np cross sections with
respect to CEA.

e Sodium Void Reactivity Coefficients — ENDF /B-
VII.0 does not benefit from these experiments, the
main reason being the high uncertainties associated
to the C/E’s. JAEA will use the information from
the experiment dominated by the central compo-
nent, while CEA will also benefit from that domi-
nated by the leakage component. There is no agree-
ment on the EM values of CEA and PSI. This time
the indication is that they are probably using dif-
ferent 23Na cross sections.

Conversely to EM let’s now define the Theoretical Ad-

justment Margin (TAM) where in Eq. (11) we suppress
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TABLE IX. Experiment Merit (EM) values expressed in %.

Core Parameter ANL | CEA | INL [IRSN [JAEA| JSI |KAERI|ORNL| PSI
JEZEBEL239 keft 0.187 1 0.013 | 0.187 1 0.173 | 0.072 | 0.109 | -0.096 | 0.199 | 0.165
JEZEBEL239 F28/F25 -0.930| 1.074 |-0.933 - -1.795 - -0.530 |-1.132{-0.305
JEZEBEL239 F49/F25 -1.585(-0.012(-1.584 - -0.496 - -1.119 | -1.670|-0.193
JEZEBEL239 F37/F25 0.113 [-0.626 | 0.115 - -0.491 - -1.280 | 0.156 | 1.707
JEZEBEL240 Kot 0.182 [-0.055] 0.182 | 0.186 | 0.042 [-0.035| -0.067 | 0.121 [-0.149
FLATTOP-PU Kot 0.203 [ 0.280 | 0.205 | 0.204 | 0.162 | 0.188 | -0.644 | 0.045 | 0.245
FLATTOP-PU F28/F25 0.049 | 0.066 | 0.048 - -0.939 - -0.178 |-1.930 | 0.100
FLATTOP-PU F37/F25 0.986 [-0.133| 0.990 - 0.805 - -0.069 | 0.411 | 1.023

ZPR6-7 kot 0.190 [-0.040( 0.187 | 0.035 [-0.296| 0.042 | 0.139 - 0.106
ZPR6-7 F28/F25 3.053 [-2.107| 3.051 - 0.493 - 1.817 - 2.721
ZPR6-7 F49/F25 -1.237(-0.752(-1.232 - 0.396 - 0.780 - -1.918
ZPR6-7 C28/F25 1.710 | 1.955 | 1.713 - 1.050 - 0.013 - 2.133
ZPR6-7 240 ket 0.161 {-0.001] 0.158 | 0.143 |-0.107| 0.049 | 0.217 - 0.150
ZPPR-9 ket 0.040 | 0.112 | 0.039 | 0.021 [-0.091 |-0.226| -0.016 - 0.149
ZPPR-9 F28/F25 -0.070(-0.964 -0.071 - 1.664 - 1.752 - -1.225
ZPPR-9 F49/F25 0.163 [-0.417| 0.161 - 2.257 - 0.869 - -0.244
ZPPR-9 C28/F25 1.075 | 1.566 | 1.071 - 0.509 - -0.686 - 1.775
ZPPR-9 Na Void Step 3| 5.850 |-1.501| 5.853 - -0.792 - -2.685 - 1.421
ZPPR-9 Na Void Step 5| 4.791 |-1.226 | 4.789 - 0.341 - -5.078 - 1.374
JOYO MK-I ket -0.068| 0.097 {-0.074|-0.013| 0.002 - -0.324 - 0.150

the Ug g term. This corresponds to the ideal situation
where we have a perfectly measured experiment and per-
fect calculation tools with no error or uncertainty asso-
ciated. Even though this is more an academic exercise,
negative TAM values can provide stronger recommen-
dations for the quality of the covariance data. Again,
negative TAM will point out the inability of the covari-
ance data to accommodate the adjustment, where now all
the discrepancies have to be attributed to shortcomings
in the nuclear data. Table X shows the TAM values for
the solutions provided by the participants. As expected,
there are more negative TAM values than AM ones. If
one excludes the columns of KAERI and ORNL (very low
or zero Uy p values for the reasons previously indicated),
it is quite striking that the rows for the 23°Pu fission
spectral indices have practically all negative TAM val-
ues. This indicates that all cross section files have overly
optimistic uncertainties for 23°Pu fission cross sections.

Another good reason for looking at TAM values is the
following consideration: if the method uncertainty is very
large, the AM and x, quoted above, would suggest that
an experiment is still useful for the adjustment, despite
the fact that the use of better methods (e.g., with fewer
approximations) would make clear that the specific ex-
periment is not useful. In other words, why should one
compensate weaknesses of the calculation methods with
cross section modifications? This was an early criticism
to any statistical adjustment method.

One should simply remember that the method un-
certainty reduction is a necessary condition in order to
provide unambiguous indications on the integral experi-
ment selection. This is also consistent with the fact that
in most cases what we call “method uncertainty” is in
fact more a systematic uncertainty or even a bias, with
rather limited “statistical” meaning. This is especially

true when deterministic methods are used in the experi-
ment analysis. When stochastic methods are used the un-
certainty is more statistical in nature, provided that the
Monte Carlo code employed in the analysis has no errors
or computational approximations (such as the treatment
of unresolved resonances in early versions of MCNP4).

VI. ANALYSIS OF THE ADJUSTMENTS

In this section the results of the adjustments are dis-
cussed. First the so-called Phase I (i.e., all participants
use their own initial cross sections, own nuclear data co-
variance, with integral experiment and method correla-
tion) results are investigated with focus on specific cases
of interest. A typical result of Phase II (i.e., use of own
initial cross sections, but a different nuclear data covari-
ance matrix) is then discussed. The impact of adjust-
ments and of a-posteriori correlations (Phase I1I) is suc-
cessively analyzed.

Finally, the results of some “stress tests” performed in
order to verify the robustness of the adjustment proce-
dures, are also reported.

A. Use of Different Nuclear Data and Associated
Covariances (Phase I)

1.  General Comments

A few general comments can be made as discussed be-
low.

In most results, no incoherent trends are found when
compared to initial uncertainties. Fig. 16 illustrates this
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TABLE X. Theoretical Adjustment Margin (TAM) values expressed in %.

Core Parameter ANL | CEA | INL [IRSN|JAEA| JSI |[KAERI|ORNL| PSI
JEZEBEL239 kesr 0.626 | 1.885 | 0.622 | 0.560 | 0.562 |0.567 | -0.179 | 1.185 | 0.453
JEZEBEL239 F28/F25 1.369 | 7.317 | 1.342 - 1-0.043| - - 1.079 | 0.635
JEZEBEL239 F49/F25 -1.704| 1.399 |-1.710| - |-1.042| - - -1.761 |-0.820
JEZEBEL239 F37/F25 1.071 {-0.043| 1.037 - |-0.599| - - 5.960 | 1.591
JEZEBEL240 koft 0.641 | 1.508 | 0.637 | 0.502 | 0.489 |0.398| -0.144 | 0.903 | 0.207
FLATTOP-PU ket 0.660 | 1.893 | 0.667 |0.407 | 1.116 |0.462| -0.821 | 0.873 | 0.759
FLATTOP-PU F28/F25 1.309 | 6.850 | 1.281 - 0.613 - - -0.414 | 0.562
FLATTOP-PU F37/F25 1.604 | 0.050 | 1.592 - 0.688 - - 6.087 | 0.724

ZPR6-7 koft 0.930 | 1.315] 0.925 | 0.757| 0.289 |0.755| 0.223 - 0.828
ZPR6-7 F28/F25 5.954 | 5.752 | 5.947 - 1.568 - - - 5.958
ZPR6-7 F49/F25 -2.921(-1.374(-2.920 - -0.998 | - - - -3.411
ZPR6-7 C28/F25 0.537 | 3.471 | 0.542 - 0.361 - - - 1.026
ZPR6-7 240 ket 0.910 | 1.339 | 0.908 [ 0.871 | 0.483 |0.777| 0.308 - 0.882
ZPPR-9 Keft 1.100 | 1.661 | 1.113 | 1.069 | 0.692 [0.840| 0.251 - 1.198
ZPPR-9 F28/F25 4.865 | 7.024 | 4.909 - 3.526 - - - 3.637
ZPPR-9 F49/F25 -1.086(-0.030(-1.088| - 1.072 - - - -1.634
ZPPR-9 C28/F25 0.632 | 3.560 | 0.624 - 0.185 - - - 1.149
ZPPR-9 Na Void Step 3| 5.783 | 3.095 | 5.679 - -0.434| - - - 4.424
ZPPR-9 Na Void Step 5| 7.168 | 5.417 | 6.925 - 2.341 - - - 6.398
JOYO MK-I Keft 0.641 | 1.333 | 0.608 | 0.648 | 0.402 - -0.156 - 0.823

major effect for some typical examples.

One other important point is that variances are not
that much reduced between prior and posterior cross sec-
tions uncertainties (except for CEA where initial uncer-
tainties for some isotopes may be found pessimistic and
some minor cross sections). It means that the final over-
all uncertainty reductions on benchmarks calculation or
concept calculation are mainly due to correlations cre-
ated by the adjustment. This point will be investigated
in the next paragraph.

A final additional general comment on these results
is the fact, that it appears that only a few (~5) initial
isotopes are involved in the adjustment procedure. 58Ni,
52Cr, 9B do not contribute to the data adjustment.

2. Specific Adjustment Analysis

A first investigation of the adjustment results for some
selected data as obtained by JAEA (using their own nu-
clear data and covariance data set J-4.0), INL (using their
own nuclear data and covariance data set COMMARA-
2.0) and CEA (using their own nuclear data and covari-
ance data set COMAC) is given below:

(a) 239Pu capture (Figs. 17-19)

e In the energy range ~3-500 keV the uncertainties
in the three covariance data sets (J-4.0, COMAC,
COMMARA-2.0) are rather similar and the uncer-
tainty is in the range ~6-9% to 7-12%. As for the
adjustments, they are consistently indicating an in-
crease of the capture cross section by ~1-2% up to
a maximum of ~10%.

e In the range ~5-50 keV, the suggested increase of
the capture cross sections in the three files are such

that even the adjusted data look very consistent
and still close to each other as before adjustment.

(b) 239Pu inelastic scattering cross section and prompt
fission neutron spectrum (Fig. 20).

e 239Pyu(n,n’) is an important reaction (i.e., large sen-
sitivities) when 23°Pu is a major component of the
core (e.g., JEZEBEL and FLATTOP), in particular
for keg and F28/F25.

In general, some decrease of (n,n’) is suggested for
each file. For example, this trend allows to get a
better agreement with F28/F25, which is underes-
timated for both JEZEBEL and FLATTOP by all
groups, since negative sensitivity coefficients for the
F28/F25 parameter to variations of the 23°Pu(n,n’)
are calculated as expected (even if not in perfect
agreement) by all groups.

However, the changes of the inelastic cross section
are the highest for INL and the lowest for CEA.

Even if after adjustment a rather better agreement is
found among the three data sets, a good understand-
ing of the trends is obtained only if the 239Pu inelastic
cross section adjustments are considered together with
the prompt fission neutron spectrum adjustments. In
fact, only JAEA and CEA results show significant ad-
justments for that parameter while INL and ANL show
very small adjustments. The lower adjustment (decrease)
of (n,n’) in the JAEA and CEA results is partly com-
pensated by the decrease of the energy fission spectrum
below ~3.5 MeV suggested both in the JAEA and in
the CEA results. When a smaller decrease of the inelas-
tic cross section is suggested, this is associated with a
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FIG. 17. INL #*°Pu neutron capture adjustments.

higher reduction of the prompt fission neutron spectrum
(see CEA with respect to JAEA adjustments of the two
parameters). In fact a lower inelastic cross section at
high energy allows fewer neutrons below, e.g. 1-2 MeV,
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FIG. 18. CEA 23°Pu neutron capture adjustments.

and the same effect is produced by a lower amount of
prompt fission neutrons in that energy range. In other
words, since both adjustments of the JAEA and CEA re-
sults (i.e., decrease of (n,n’) and harder fission spectrum)
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FIG. 19. JAEA #°Pu neutron capture adjustments.

consistently harden the neutron spectrum and help to im-
prove the C'/E of F28 /F25 in FLATTOP and JEZEBEL,
in the INL adjustment a larger (n,n’) decrease is needed
since a smaller decrease (JAEA and CEA) is “compen-
sated” by the fission spectrum hardening. In summary,
the net result is better C'/E values (i.e., closer to 1) for
the FLATTOP and JEZEBEL F28/F25 (and F37/F25)
with the three adjustments (JAEA, CEA and INL). Fi-
nally, the suggested change of the prompt neutron fission
spectrum both in the JAEA and in the CEA cases, are
very consistent.

(c) 238U inelastic scattering and fission cross sections
(Figs. 21-23).

e The uncertainty values for the inelastic scattering
cross section in the three files are rather different in
magnitude and energy trend. For example, in the
range 1-20 MeV the COMMARA-2.0 uncertainties
are 2-3 times higher than in the J-4.0 (and in the
CEA-COMAUC) covariance dataset. Below ~1 MeV
that trend is reversed between the two files.

e The 233U inelastic cross section adjustments of the
present benchmark are in any case rather small and
often much smaller than the uncertainties, and the
a—posteriori cross sections are only marginally more
consistent than the a priori values. Anyway, CEA
and INL/ANL exhibit the need to reduce this reac-
tion cross section.

e For CEA, there is an adjustment of the fission cross
section of 238U (a slight decrease of ~1% in the
energy range ~400 keV - 1 MeV), while the INL
adjustment shows a slight decrease of . The CEA
variance is too pessimistic and the INL/CEA differ-
ence lies outside the scope INL/CEA relative differ-
ence.

(d) 25U capture (Fig. 24).

The uncertainty values on this parameter are signifi-
cantly different among the different covariance data files
(see section IIIC).

The larger uncertainties in COMMARA-2.0 (and in
CEA covariance data) allow a significant decrease of the
cross section, essentially to improve the keg under predic-
tion of INL. Finally, the JAEA adjustment is a decrease of
the capture cross section only at very high energy where
the J-4.0 uncertainties are higher. FElsewhere, the low
uncertainty data in J-4.0 do not allow any significant de-
crease of the 239U capture data.

It is worth noting that most teams (INL/ANL, CEA,
IRSN and JAEA) point out the necessity of decreasing
the 235U capture cross section. An equivalent conclusion
was given by WPEC Subgroup 29.

(e) For other data, e.g. 23Na inelastic and elastic, *°Fe
inelastic scattering cross sections, the adjustments are
rather small and it is rather difficult to extract clear com-
mon trends.

In summary, the analysis of these examples suggests
that:

e Adjustment should include all significant parame-
ters in order to provide meaningful indication (see
case of inelastic scattering and prompt fission spec-
trum of 23°Pu), and a wide range of integral exper-
iments with different sensitivity profiles.

e Very different covariance data give rise to different
adjustments (case of 238U(n,n’) and 23°U capture).
This point reinforces the need to produce very reli-
able covariance data and to understand the impact
of very small variance data and of correlations (in
energy, among reactions, etc.).

B. Impact of Replacing Covariance Data on the
Adjustment (Phase II)

In principle, the central cross section values and the
corresponding covariance data of a library must be con-
sistent. However, here we intentionally replace the co-
variance data used in the adjustment procedure, though
we use the same values of other adjustment parameters,
especially the C'/E values which completely depend on
the central cross sections, to analyze the pure effects of
the different covariance data to the adjusted results. Two
adjustment cases are surveyed as follows:

o Case J (Phase I): This is the reference adjustment
case. Cross sections and covariance data are both
based on the JENDL-4.0 library (J-4.0, Refs. 19-
20).

e Case B (Phase II): The covariance data are taken
from C-2.0 and no J-4.0 covariance data are sup-
plemented. The other adjustment parameters are
identical with Case J.
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FIG. 20. °Pu(n,n’) cross section and prompt fission spectrum adjustments.

To investigate the effect of different covariance data,
the cases of criticality and the sodium void reactivity
have been investigated. Here we will focus on the case
of criticality (Kef)-

Fig. 25 compares the keg C/E changes of the two cases
due to the adjustment. It is found that the adjusted C/E
values of the two cases are almost identical for keg of
small through large cores. In detail, however, there are

some differences between Case J and Case B for the kg
of the JOYO MK-I core which contains 23°U fuel as well
as plutonium, while the other cores do not include 23°U
in fuel. The use of C-2.0 shows better improvement of
JOYO C/FE values than J-4.0.

The contribution of 23°U capture cross section adjust-
ment in case B (Phase II) is significantly different by
~400 pcm between the J-4.0 and C-2.0 covariance data,

62

111



La nécessaire coordination internationale

Methods and Issues ...

NUCLEAR DATA SHEETS

Nuclear Data Sheets 118 (2014) 38

M. Salvatores et al.

0.4 e .
MF3/MT4 adjustment
uncertainty (prior)
03 uncertaini ost Bl
e ty (post) ull
by
2 02+
2
=
g 0.1
8
c
S 0 —r—— e
c
@
£
g 01 4
=
©
2 02
o
[}
€ o3t mgy
INL/phasel u238
_04 L L L L
100 1000 10000 100000 le+06 le+07

Neutron energy (eV)

FIG. 21. INL 238U inelastic scattering cross section adjust-
ments.
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FIG. 22. CEA ?**U inelastic scattering cross section adjust-
ments.

while those of 22Na and ®6Fe elastic scattering are smaller
(~70 pcm each) but opposite in sign. The overall keg cor-
rection is of the order of ~200 pcm and makes the C/FE
agreement much better.

As for the most important contribution, i.e., 235U cap-
ture, the difference of STDs between C-2.0 and J-4.0 sig-
nificantly affected the changing rate of the cross section.
The small STD of J-4.0 must constrain the alteration of
the cross section by the adjustment. The large STD of
C-2.0 allows the large changing rate of the 23U capture
cross sections to improve the C/E value of JOYO keg by
the adjustment.

One can see in Fig. 25 that the initial a priori covari-
ance data do not seem to influence the final C'/E values
as well as their uncertainties.

This final point is due to the form of generalized least
square equations. Let us remind the form of the equation
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FIG. 23. JAEA 238U inelastic scattering cross section adjust-
ments.

for a—posteriori covariances

M., = M, — M,S" (Mg + SM,S%) " SM,.  (13)

If SM,S* >> Mg = V., + V,,, then the a—posterior
uncertainties on experiments due to the new cross sec-
tion data, SM/S*, are almost equal to Mg. V. stands
for integral experiments covariances and V,,, for model-
ing covariances.

C. Effect of Uncertainties and Correlations
(Prior/Posterior) on “Target System” Uncertainties
(Phase III)

In order to investigate the impact of adjustments and in
particular of a—posteriori correlations, two “Target Sys-
tems” have been defined on which the effect of the ad-
justment is tested. This corresponds to what is expected
to be done in practice: one wants to verify the impact
of an adjustment in terms of reduction of uncertainties.
Two target systems have been defined: the JAEA Fast
Breeder Reactor (FBR) defined in Ref. [40] and the ANL
Advanced Burner Reactor (ABR), described in Ref. [41].
For this last system, a metal and oxide core fuel versions
have been considered, and for the oxide core, also a recy-
cled fuel core version has been considered.

We evaluated the impact of correlations before and af-
ter adjustment on the target systems k.g uncertainties.
Only the COMAC-V0 covariance matrices were used.
The following uncertainty propagation calculations were
performed:

e Case 1: Full prior/posterior covariance matrix.

e Case 2: Remove from the previous case correlations
between different isotopes (e.g., no correlation be-
tween 235U and 238U)).
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FIG. 24. Adjustment of >**U neutron capture cross section obtained by INL (top), CEA (middle), JAEA and IRSN (bottom).

Case 3: Remove from the previous case correla- tions are deleted. Moreover, one can see that:
tions on reactions for each isotope (e.g., inelastic

and elastic scattering for 233U). e Correlations among isotopes (after adjustment) are

important and contribute to the uncertainty reduc-
tion by a factor 2-3 in terms of target system un-
certainties.

e Case 4: Keep only variances.

The results are shown in Table XI. For all target sys-
tems, the uncertainty using prior and posterior covariance
matrices converge to rather similar values when correla-

e Correlations among reactions for each isotope are
significant, as well as correlation between energy
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FIG. 25. Modifications of C/E of keg values due to adjustment.

TABLE XI. Impact of correlations on the kg uncertainty of
the “Target Systems.”

ABR Oxide Prior covariances | Posterior covariances
Case 1 1550 pcm 170 pcm
Case 2 1550 pcm 510 pcm
Case 3 1720 pcm 680 pcm
Case 4 1200 pcm 820 pcm
JAEA FBR Prior covariances|Posterior covariances
Case 1 1310 pcm 220 pcm
Case 2 1310 pcm 490 pcm
Case 3 1560 pcm 610 pcm
Case 4 1170 pcm 900 pcm
ABR Metal Prior covariances|Posterior covariances
Case 1 1740 pcm 250 pcm
Case 2 1740 pcm 560 pcm
Case 3 2020 pcm 730 pcm
Case 4 1290 pcm 850 pcm
ABR Oxide Recycled | Prior covariances | Posterior covariances
Case 1 1250 pcm 260 pcm
Case 2 1250 pcm 490 pcm
Case 3 1400 pcm 590 pcm
Case 4 1080 pcm 820 pcm
groups for each reaction.

e As for the prior covariance matrix, taking into ac-
count cross-correlations (between reactions and en-
ergy groups) tends to give an overall uncertainty of
the same order of magnitude (Case 4 — Case 1),
except for the ABR Metal core. But, the effect of
energy correlations is an increase of the uncertainty
(Case 4 — Case 3) and the effect of constraint on
reactions tends to lower this uncertainty (Case 3 —
Case 2 = Case 1).

e As for the a—posterior covariance matrix, the intro-
duction of correlations gives always a reduction of
uncertainty Case 4 — Case 3 — Case 2 — Case 1.

More results related to the impact of the adjustments

on the “Target Systems” can be found in [24]. These
results do confirm the trends and the conclusions given
above.

D. Calculation of Cook’s Distance: Influence of
Experiments

If the adjustment is done by discarding a chosen inte-
gral data point I, the results (adjusted cross sections) are
noted as {0} }. The original adjustment is noted as {o,}.
The Cook distance is calculated using

Dy = (0’; — ap)t(M(;)fl (crzg —0p) .

Low values of D show a negligible impact of the re-
mote data points. High values of D indicate very influ-
ential experiments. This last point may be due to very
low experimental uncertainties as well as very important
influence on final multigroup cross sections.

The calculation of Cook distance was carried out us-
ing COMAC-VO covariances. The results (blue bars) can
be seen on Fig. 26. The influence of each experiment is
detailed by type:

(14)

e keg: JOYO is an important experiment in the ad-
justment for two reasons: all isotopes have an im-
pact on the reactivity of the core (333U + 23%Pu
fuel) and the experimental uncertainty is rather
small (180 pcm). If we change manually this spe-
cific uncertainty, from 180 pcm to 500 pcm, we ob-
tain the red bars on Fig. 26, where the weight of
JOYO is reduced by almost a factor 10 ; JEZEBEL
240py and 239Pu are the second and third exper-
iments with the most leverage mostly because of
the low experimental uncertainty; FLATTOP is 4
times less important than JEZEBEL 23°Pu because
of its large experimental uncertainty (300 pcm in-
stead of 200 pcm); ZPPR-9 has the same influence
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as JEZEBEL 23?Pu, thanks to its very small exper-
imental uncertainty (118 pcm); ZPR6-7 and ZPR6-
7 High ?“°Pu content have a negligible impact, in
comparison with ZPPR-9, mostly due to their ex-
perimental uncertainties (~230 pcm).

Sodium void reactivity: these experiments seem to
be important (the same order of magnitude with
JEZEBEL 2%°Pu and JOYO). Structural material
such as 2>Na and ?®Fe are more sensitive to this
kind of experiment than to multiplication factor,
which can explain the weight of sodium void in the
adjustment. Also, the experimental uncertainties
for ZPPR-9 Step 3 and Step 5 are quite low.

Reaction rate ratios: for all cases, this type of in-
tegral experiment has a very limited impact in the
adjustment because the sensitivities are mostly fo-
cused on only two reactions in the whole set of cross
section parameters.
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FIG. 26. Cook distance of experiments. The largest distances
indicate the most influential integral parameters.

E. Stress Tests on the Adjustments

1. Stress Test Specification

In the previous paragraphs we have described the cross
section adjustment exercise based on the selected 20 fast
reactor experiment benchmarks as the reference case. As
seen in the previous discussion, the adjusted results of the
reference case are quite satisfactory from both viewpoints
of the integral and differential data. The objective of this
section is to study the impact on the adjusted results
when an integral experiment with different nature from
the standard 20 experiments set is added to the reference
case. This exercise was characterized as the “Stress test”,
i.e., one specific integral experiment was added with a
C/E value very different from 1 to 20 reference integral

experiments, to find what would be the feedback on the
adjusted results.

A larger number of cases are described in detail in
Ref. [24], however here we will summarize only a typi-
cal result. In particular, the following two adjustment
cases have been analyzed:

1) Case J4: This is the reference adjustment case
with the standard 20 integral data. Cross sections and
covariance data are based on the JENDL-4.0 library
(Refs. [19, 20]).

2) “Stress test”: One integral experiment, i.e., the keg
of the ZPR-9/34 core [39], is added to the reference Case
J4. The unique features of the ZPR-9/34 core are:

e The core region consists of 93% enriched-uranium
and iron.

e The height and diameter of the core are 1.8m and
1.2m, respectively.

e The core is surrounded by stainless steel reflector.

The experimental kg value and associated uncer-
tainty of the stress test experiment is based on the
ICSBEP handbook [8]. The keg value is calculated
by a continuous-energy Monte Carlo code with two-
dimensional homogenized (r,z) benchmark models, and
applied with the corrective factors between the simplified
RZ model and the as-built three-dimensional heteroge-
neous model which are supplied in the ICSBEP hand-
book. The modeling uncertainty is based on the uncer-
tainty estimation associated with the “Monte Carlo trans-
formation of model” correction factors to convert the sim-
plified (r,z) model values to the as-built model which is
also supplied in the ICSBEP handbook [8]. The Monte
Carlo statistical uncertainties of the simplified (r,z) model
calculation are also added to the modeling uncertain-
ties, though they are negligible compared with the model
transformation uncertainties.

2. Results of the Stress Test

As for the initial results, it is interesting to note
that the keg value of ZPR-9/34 is overestimated by
+1420 pcm; on the other hand, keg values of six cores
treated in Case J4, numbers 1, 5, 6, 9, 13 and 20, are
within only +530 pcm. The objective of the “Stress test”
is to verify whether the adjustment operation could man-
age the C/FE value of ZPR-9/34 very different from 1
without harmful influence to other integral data and/or
cross sections adjustment performances.

The C/E value changes for all integral data in Case J4
and “Stress test” are summarized in Tables XIT and XIII.
The “Stress test” does not seem to give any critical harm
to the standard 20 integral data of Case J4. In fact in
the “Stress test” case, the adjusted results are practically
as good as in Case J4. Even the C/E value of the extra
ZPR-9/34 keg which is newly added to the adjustment,
changes to almost 1.00.
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In both cases the x2 test gives an excellent indication
of reliability of the adjustment (0.53 and 0.63, respec-
tively). Moreover, the analysis of the impact of newly
added experiment can be analyzed in terms of Eqs. (11)
and (12). As for the diagnostics using Eq. (12), the val-
ues associated to each experiment in the case of JAEA,
here chosen as example, are given in the last column
of Tables XII and XIII. The ZPR-9/34 kes experiment
shows an acceptable value (i.e., x = 1.21 which is be-
low 3 sigma). If we use the parameters defined in sec-
tion V and based on Eq. (11), one obtains for the ad-
justment margin, AM = —0.005, the experiment merit,
EM = —1.16, and the theoretical adjustment margin,
TAM = —0.17. These values can be interpreted as fol-
lows: the new experiment will marginally contribute to
the overall adjustment (i.e., AM ~ 0); however there is
merit in the newly added information (EM < 0); but
the negative value of TAM indicates that nuclear data,
important for that specific experiment, have associated
uncertainties that are probably underestimated.

Finally, it is needed to confirm that the adjustment
does no harm not only in terms of integral data a—
posteriori values, but also in terms of differential cross
sections. For this purpose, the nuclide- and reaction-wise
contributions to the total k.g modifications were investi-
gated, comparing the cases with and without stress test.

In the “Stress test” case, it is found that the large im-
provement of the C'/E value, approximately -1300 pcm,
is attained by the cross section changes of °6Fe capture
and elastic scattering reactions, which are considered to
result in the negative reactivity of the absorption effect
by the iron in the core region, and the neutron leakage
enhancement by the stainless steel reflector. These two
cross section adjustments are responsible for ~700 and
~600 pcm, respectively.

Fig. 27 shows the cross section modifications for the
56Fe capture reaction. In the reference Case J4, there
are small changes of the cross sections. However, quite
large cross section alterations occur in the “Stress test”.
The order of magnitude is +11% below 100 keV, which
is very close to the STD value, 10%. Changes of this
magnitude might be close to or exceed the limitation of
allowance from the viewpoint of the nuclear data evalua-
tion.

Fig. 28 illustrates the changes of the *°Fe elastic scat-
tering cross sections. In the Case J4, there are small
alterations. On the other hand, in the “Stress test”, the
56Fe elastic cross sections are decreased to adjust keg val-
ues of the stainless steel or iron reflector core of ZPR-
9/34. These cross section changes are quite large, but
still within the STD values, which may be acceptable
from the nuclear data viewpoint.

The fact that the required adjustments are so close to
the STD values in the JAEA covariance matrix, can be
associated to the negative, even if small value, of the TAM
parameters, as discussed in the previous paragraph.

As far as the other cross sections, the stress test does
not modify significantly the adjustment results obtained

in the case J4. As an example, the adjustments of the
239Pu capture cross sections are shown in Fig. 29. Both
in Case J4 and in the “Stress test” case, the change is
approximately +3-5%, which is within one standard de-
viation (STD) value of the JENDL-4.0 covariance, that
is, £6-9% in the dominant energy region.

In summary the example shown here and further stress
tests reported in [24], tend to confirm the robustness of
the adjustment procedures.
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FIG. 28. Change of cross sections by adjustment: *°Fe(n,n).

F. Conclusion of Adjustment Results

This first analysis indicates that:

e Adjustment should include all significant parame-
ters in order to provide meaningful indications (see
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TABLE XII. Results of the adjustment based on JENDL-4.0 (Case J4: Standard 20 integral data) — reduced x? = 0.53.

Cross section Adjustment (%)

C/E Value Integral parameter | Nuclear-data-induced Ratio of

N C Integral uncertainty (%) uncertainty (%) |C/E —1|

0. ore - - .

parameter Before| After Experiment | Modeling| Before After |to prior total
(VVe) (VVm) |(V/SM,S?)|(v/SMLS?)| uncertainty®

1 | JEZEBEL239 Keft 0.9987|0.9997 0.20 0.03 0.69 0.15 0.18

2 | JEZEBEL239 F28/F25 0.969 | 0.990 1.1 0.94 3.20 1.02 0.89

3 | JEZEBEL239 F49/F25 0.984 | 0.987 0.9 0.75 0.63 0.47 1.23

4 | JEZEBEL239 F37/F25 0.979 | 0.989 1.4 0.80 1.50 0.67 0.93

5 | JEZEBEL240 Kot 0.9984(1.0001 0.20 0.03 0.65 0.14 0.24

6 |FLATTOP-PU Kefr 0.9986|1.0002 0.30 0.03 1.26 0.28 0.11

7 |FLATTOP-PU F28/F25 0.977 | 0.998 1.1 0.84 2.94 0.97 0.70

8 |FLATTOP-PU F37/F25 0.993 | 1.001 1.4 0.69 1.44 0.72 0.35

9 ZPR6-7 kofr 1.0053|1.0029 0.23 0.03 0.82 0.12 0.62
10 ZPR6-7 F28/F25 1.034 | 1.029 3.0 2.24 4.82 1.85 0.55
11 ZPR6-7 F49/F25 0.979 | 0.976 2.1 1.43 1.15 0.83 0.75
12 ZPR6-7 C28/F25 1.017 | 1.011 2.4 1.22 2.00 1.12 0.50
13 | ZPR6-7 240 Keft 1.0033|1.0010 0.22 0.03 0.81 0.12 0.39
14 ZPPR-9 Keft 1.0021]1.0001 0.117 0.02 0.90 0.11 0.23
15 ZPPR-9 F28/F25 0.983 | 0.977 2.7 2.09 5.28 2.02 0.27
16 ZPPR-9 F49/F25 0.999 | 0.996 2.0 1.21 1.15 0.83 0.03
17 ZPPR-9 C28/F25 1.019 | 1.013 1.9 1.39 2.03 1.12 0.60
18 ZPPR-9 Na Void Step 3| 1.068 | 1.038 1.9 5.26 5.95 3.32 0.84
19 ZPPR-9 Na Void Step 5| 1.052 | 1.014 1.9 4.96 7.31 4.04 0.58
20 | JOYO MK-I ket 0.9982(0.9990 0.18 0.03 0.58 0.16 0.29

@ Ratio of |C/E — 1| to prior total-uncertainty: |C/E — 1|/v/SMsSt + Ve + V.

D Fig. (Pu-239, capture)

= Case 4 (Reference)—— STD+
= Stress test

— STD-

-20 Standard deviation
239 of JENDL-4.0
239Pu capture
=30} :
-40
10 10° 10° 10* 10° 10° 10’

Neutron Energy (eV)

FIG. 29. Change of cross sections by adjustment: 239Pu(n, 7).

case of inelastic scattering and chi of 239Pu), and
a wide range of integral experiments with different
sensitivity profiles.

e Very different covariance data give rise to different
adjustments (case of 23¥U(n,n’) and ?3°U capture).
This point reinforces the need to produce very reli-
able covariance data and to understand the impact
of very small variance data and of correlations (in
energy, among reactions, etc.).

e Initial C'//E’s are driving the path to adjustment in
some cases (see example of CEA 233U(n,n’) trends
depending on C'/E’s values in [24]).

e Experimental uncertainties have to be correctly
quantified, because they drive the weight in the ad-
justment process (see Cook’s distance). In other
words, a misestimated experimental uncertainty
can lead to biased trends on cross sections and over-
estimation of the uncertainty reduction.

e Final calculated uncertainties on benchmarks do
not seem to depend on chosen a priori cross sec-
tion covariance; uncertainty reduction through in-
tegral experiment is driven by integral experiment
uncertainties.

e A—posteriori cross section covariances are only
driven by the competition between a priori covari-
ance matrix and initial experimental matrix with
deterministic adjustments procedure.

VII. CONCLUSIONS

Subgroup 33 has succeeded in providing a deeper un-

derstanding of nuclear data adjustment methods and of
their application.

The findings of the Subgroup 33 have pointed out that

the statistical adjustments methodologies in use world-
wide for different reactor analysis and design purposes
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TABLE XIII. Results of the “stress test” adjustment with ZPR-9/34 added to the 20 integral data, (Case J4) — reduced

x> = 0.63.
Integral parameter | Nuclear-data-induced Ratio of

N Integral C/E Value uncertainty (%) uncertainty (%) |C/E — 1]

o. Core - : .

parameter Before| After Experiment | Modeling| Before After [to prior total
(VVe) (VVm) |(V/SM,S%)|(v/SM.S?)| uncertainty®

1 | JEZEBEL239 ko 0.9987/0.9997 0.20 0.03 0.69 0.15 0.18

2 | JEZEBEL239 F28/F25 0.969 | 0.989 1.1 0.94 3.20 1.02 0.89

3 | JEZEBEL239 F49/F25 0.984 | 0.987 0.9 0.75 0.63 0.47 1.23

4 | JEZEBEL239 F37/F25 0.979 | 0.989 1.4 0.80 1.50 0.67 0.93

5 | JEZEBEL240 ket 0.9984|1.0000 0.20 0.03 0.65 0.14 0.24

6 |FLATTOP-PU kot 0.9986|1.0007 0.30 0.03 1.26 0.28 0.11

7 |FLATTOP-PU F28/F25 0.977 | 0.997 1.1 0.84 2.94 0.97 0.70

8 |FLATTOP-PU F37/F25 0.993 | 1.001 1.4 0.69 1.44 0.72 0.35

9 ZPR6-7 ket 1.0053|1.0028 0.23 0.03 0.82 0.12 0.62
10 ZPR6-7 F28/F25 1.034 | 1.033 3.0 2.24 4.82 1.84 0.55

11 ZPR6-7 F49/F25 0.979 | 0.979 2.1 1.43 1.15 0.81 0.75
12 ZPR6-7 C28/F25 1.017 | 1.011 24 1.22 2.00 1.12 0.50
13 | ZPR6-7 240 ko 1.0033|1.0009 0.22 0.03 0.81 0.12 0.39
14 ZPPR-9 ket 1.0021{1.0002 0.117 0.02 0.90 0.11 0.23
15 ZPPR-9 F28/F25 0.983 | 0.979 2.7 2.09 5.28 2.01 0.27
16 ZPPR-9 F49/F25 0.999 | 0.999 2.0 1.21 1.15 0.82 0.03
17 ZPPR-9 C28/F25 1.019 | 1.013 1.9 1.39 2.03 1.12 0.60
18 ZPPR-9 Na Void Step 3| 1.068 | 1.046 1.9 5.26 5.95 3.29 0.84
19 ZPPR-9 Na Void Step 5| 1.052 | 1.019 1.9 4.96 7.31 4.03 0.58
20 | JOYO MK-I ket 0.9982|0.9984 0.18 0.03 0.58 0.16 0.29
21 ZPR-9/34 ket 1.0142{1.0012 0.11 0.24 1.15 0.25 1.21

a Ratio of |C/E — 1| to prior total-uncertainty: |C/E — 1|/v/SMsSt + Ve + Vin.

are well understood and that they are essentially equiva-
lent.

The results of the adjustments indicate, for some im-
portant data, common trends for modification even if
starting from different basic nuclear data and different
covariance matrices. The results obtained show also some
degree of robustness in the sense that the observed trends
can “survive” rather severe “stress tests”.

In this respect, these methodologies can provide a pow-
erful tool for nuclear data (and associated uncertainties)
improvement if used in an appropriate manner. In fact,
it has been indicated that the associated sensitivity anal-
ysis requires careful use of existing methods and that the
choice of specific integral experiments of different types
(critical masses but also reaction rates, reactivity coeffi-
cients and irradiation experiments) and sensitive to differ-
ent energy neutron spectra, is of high relevance to avoid
as much as possible compensating effects in the adjust-
ments.

Finally, it has been pointed out the crucial role of the
covariance data used, both those associated to the nuclear
data and those associated to the integral experiments.
The a—posteriori correlations are mainly responsible for
the uncertainty reduction of parameters of reference de-
sign systems. Their physics meaning and appropriate uti-
lization will need further study.

The deeper understanding of the methodologies and
of their applications implies that the role for cross sec-
tion adjustment is more and more perceived as that of

providing useful feedback to evaluators and differential
measurement experimentalists in order to improve the
knowledge of neutron cross sections to be used in a wider
range of applications.

This new role for cross section adjustment requires
tackling and solving a new series of issues:

e Definition of criteria to assess the reliability and
robustness of an adjustment.

e Requisites to assure the quantitative validity of the
covariance data.

o Criteria to alert for inconsistency between differen-
tial and integral data.

e Definition of consistent approaches to use both ad-
justed data and a—posteriori covariance data to im-
prove quantitatively nuclear data files.

e Provide methods and define conditions to generalize
the results of an adjustment in order to evaluate
the “extrapolability” of the results of an adjustment
to a different range of applications (e.g., different
reactor systems) for which the adjustment was not
initially intended.

e Suggest guidelines to enlarge the experimental data
base in order to meet needs that were identified by
the cross section adjustment.
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5 Le retour aux sources (de neutrons) — les travaux en cours

Aprés le détachement a I'AEN, le retour au CEA en 2014 correspond a un retour a des
activités plus techniques, essentiellement liées a la mesure et la modélisation des données.

Les activités de recherche s’inscrivent dans le cadre de la Collaboration n_TOF
[Gunsing 16]. Depuis 2014, la disponibilit¢ d'une deuxiéme ligne de faisceau [Weiss 15]
[Sabate 17] a doublé les capacités de l'installation n_TOF du CERN, en particulier pour la
mesure de noyaux trés radioactifs, de faibles sections efficaces, et d'échantillons de faibles
masses. Les nouvelles données mesurées sont importantes pour les sciences appliquées et
fondamentales, notamment pour I'amélioration des standards [Diakaki 16] [Amaducci 19],
pour ['énergie nucléaire [Lerendegui 18] [Mastromarco 19], et pour la nucléosynthése
[Barbagallo 16] [Damone 18] [Lederer 19] [Gawlik 19].

Toutes les mesures réalisées auprés de l'installation n_TOF sont compilées dans la base
EXFOR, qui est une composante essentielle du processus d’évaluation des données, afin
qu'elles soient effectivement utilisées dans des domaines allant de I'énergie nucléaire a
'astrophysique. Depuis 2015, j'assure la coordination de la dissémination des données
n_TOF en étroite collaboration avec I'AEN et I'AIEA [Dupont 17].

Dans le cadre des travaux de recherche les plus récents, deux théses sont effectuées dans
un contexte d’amélioration des bases de données évaluées et des codes de réaction
nucléaire.

e Mesure et analyse de la section efficace de capture de l'uranium-233 (Thése de
M. Bacak, soutenue en octobre 2019)

o Etude de la fonction force radiative des actinides (Thése de J. Moreno-Soto, soutenance
prévue en 2020)

L'objectif final de ces travaux étant toujours de mieux simuler le comportement de systémes
neutroniques complexes, en particulier les réacteurs nucléaires.

5.1 Etude de la fonction force radiative des actinides

La thése de J. Moreno-Soto est dédiée a I'étude de la « fonction force radiative » (PSF —
Photon Strength Function) des actinides qui caractérise la capacité d’'un noyau a absorber
ou émettre des photons.

Pour les applications, il est important de connaitre le flux et l'intensité des rayons gamma
issus des réactions nucléaires afin de simuler I'échauffement des composants d'un blindage
ou d'un réflecteur. Il existe peu de mesures différentielles et elles doivent étre complétées
par les résultats des modéles de réactions nucléaires.

Dans le cadre du modéle statistique, la désexcitation gamma d'un noyau dépend
essentiellement de la densité de niveau et de la fonction force radiative. Cette derniere peut
étre étudiée en mesurant la cascade de désexcitation gamma du noyau avec un calorimétre
tel que le Total Absorption Calorimeter (TAC) de la Collaboration n_TOF. Les mesures
effectuées au CERN avec les cibles U-234, U-236 et U-238 fournissent ainsi des
informations sur la multiplicité et I'énergie des gammas de capture qui peuvent étre
comparées aux simulations numériques. Ces dernieres sont obtenues avec un code de
transport Monte Carlo (GEANT4) utilisant des multiplicités et des spectres gamma calculés
par le code de désexcitation DICEBOX.

Les simulations sont améliorées et validées grace aux données mesurées avec le TAC.
Cette approche permet de sélectionner les meilleurs modéles et un jeu de paramétres
unique permettant de reproduire de maniére cohérente les données des trois isotopes de
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l'uranium. L’amélioration des codes de réaction nucléaire et des évaluations qui s'en suivra
permettra de mettre a jour et de compléter les bibliothéques de données.

Les spectres des gammas de capture mesurés avec le TAC sont sensibles a la partie basse
énergie (E, < Sh~5 MeV) de la PSF des modes dipolaires E1 et M1. La figure suivante
représente différents modeles de PSF pour le mode dipolaire électrique E1 avec quelques
mesures de réactions photonucléaires disponibles au-dela de 5 MeV.

10£§—
s L
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Modélisation de la fonction force radiative dipolaire électrique (E1) des isotopes de 'uranium

Les spectres mesurés avec le TAC permettent d'affiner la paramétrisation du mode dipolaire
magnétique M1 qui est dominant a basse énergie pour E, < S,~5 MeV (figure suivante).
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Modélisation des fonctions force radiative dipolaires E1 et M1 des isotopes de I'uranium

La publication [Moreno 19] qui suit présente les résultats expérimentaux et les calculs
associés pour le systéme n + U-234.
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[Moreno 19]

J. Moreno-Soto, et al. (E. Dupont), Study of the photon strength functions and level
density in the gamma decay of the n + 234U reaction, EP] Conf. 211, 02002 (2019)

http://doi.org/10.1051/epjconf/201921102002
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Abstract. The accurate calculations of neutron-induced reaction cross sections
are relevant for many nuclear applications. The photon strength functions and
nuclear level densities are essential inputs for such calculations. These quan-
tities for 23U are studied using the measurement of the gamma de-excitation
cascades in radiative capture on >**U with the Total Absorption Calorimeter at
n_TOF at CERN. This segmented 47 gamma calorimeter is designed to detect
gamma rays emitted from the nucleus with high efficiency. This experiment
provides information on gamma multiplicity and gamma spectra that can be
compared with numerical simulations. The code picEBoxc is used to simulate
the gamma cascades while Geant4 is used for the simulation of the interaction
of these gammas with the TAC materials. Available models and their param-
eters are being tested using the present data. Some preliminary results of this
ongoing study are presented and discussed.
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1 Introduction

The aim of this work is to describe the y-decay of excited nucleus following neutron capture.
At low excitation energy, the number of levels per unit energy is rather small and levels can
be experimentally resolved. However, as the excitation energy increases the level density
is also increasing, so the statistical model is needed to describe the levels and transitions be-
tween them — the used quantities are nuclear level density (LD) and photon strength functions
(PSFs). Their improved experimental and theoretical description is important for modeling of
radiative capture reactions in nuclear astrophysics and nuclear technologies since the neutron
capture cross sections above the resolved resonance region are usually calculated using the
statistical model of Hauser-Feshbach [1] for which PSFs and LDs are essential inputs.

In this work, the Total Absorption Calorimeter (TAC) at n_TOF facility (CERN) [2—-4]
was used to measure 23*U(n,y) reaction [5]. The TAC is a 4 detector segmented in 40 BaF,
crystals with a very high efficiency (almost 100%) to detect the y rays from the capture
cascades. In Fig. 1 (left) one hemisphere of the TAC is shown. The 2**U sample is placed
in the center and emits y rays, which are detected by the BaF, detectors. Thanks to the
segmentation of the detector it is possible to discriminate against the background by putting
conditions on the multiplicity and the total deposited energy of events registered by the TAC.

Figure 1. One hemisphere of the TAC consisting of the BaF, detectors, the neutron beam tube and
the neutron absorber. A cascade event of three y rays is depicted. If all y rays are detected the crystal
multiplicity is m., = 3 (left). The geometry of the full TAC as implemented in GEANT4 (right).

2 Experimental data

In a radiative capture reaction the compound nucleus decays through a cascade of y rays. The
measured cascade events are reconstructed by taking y rays detected by the TAC in the BaF,
detectors in a time coincidence window of 20 ns. A software threshold of 75 keV was set
for all BaF, detectors to suppress the low energy background. The observables used for the
analysis are:

e The neutron energy, E,, calculated from the measured time of flight.

e The crystal multiplicity, m,,, given by the number of hit crystals in each detected cascade
event.

o The total deposited energy or sum energy Ej,, in the detectors for each cascade event.

e The multi-step cascade spectra for each crystal multiplicity m,,, which are the y-ray energy
spectra for fully detected cascades.

The 2**U(n,y) time-of-flight spectrum is shown in the left panel of Fig. 2. Besides the
uranium resonances, a structure due to capture reactions in the Ti canning is observed above
a few keV [6].

127



Le retour aux sources (de neutrons) - les travaux en cours

—— Without conditions

EPJ Conf. 211 (2019) 02002

— Allmg

E, =5.16eV
—mg 22

Mg =3

—mg 24

Counts

Ll L
10° 10° %

v L L L 1
2000 3000 4000 5000

Sum energy (keV)

T BT R ; ;
107 10° 1000
Neutron energy (eV)

6000

Figure 2. Time-of-flight spectrum converted to neutron energy (left). Total energy deposited for differ-
ent sets of crystal multiplicities for 2*U(n,y) in the resonance at 5.16 eV (right).

Fig. 2 (right) shows the sum-energy spectra in the resonance at 5.16 eV, corrected for
background, for different multiplicity criteria [7]. All spectra clearly show the sum-peak
at 5.3 MeV corresponding to the Q value of the reaction. There are differences between the
spectra depending on the considered multiplicities. At low sum-energies (below 1 MeV) the
spectrum for all m,, is dominated by the remaining background. However, in the spectra
for m., > 2 this background is completely absent. For the present study, only cascades with
m,, > 2 are considered to ensure that the background is correctly subtracted, furthermore
the multistep cascade spectra are constructed using only the events with sum-energy in the
interval 4.8 < E,,, MeV) < 6.0.
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Figure 3. Sum-energy spectra of different resonances for all m,, and m., = 3 (top). Multi-step y-ray
energy spectra of different resonances for m., = 2,3 (bottom). The statistical uncertainties are small.

As can be seen in Fig. 3 (top), the sum-energy spectra for all m,, of four s-wave resonances
show significant differences at low energy only. These differences are due to the fact that the
subtraction of the background is approximative — the remaining background induced by the
scattered neutrons is most apparent in the resonance at £, = 94.29 eV (blue) due to the
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larger scattering width. However, these differences do not appear for m.. > 3 because of
the low multiplicity nature of the background. More importantly, the background subtraction
gets more accurate with increasing sum-energy, hence all sum-energy spectra have similar
behavior for E;,,, > 1 MeV.

The multi-step y-ray energy spectra, see Fig. 3 (bottom), show similar responses for the
different resonances for m., > 3. The spectra for m,, = 2 show significant differences depend-
ing on the considered resonance. These differences can be attributed to the Porter-Thomas
fluctuations of primary transition intensities among the resonances, as expected the effects
are mostly noticeable at the edges of the m., = 2 multi-step y-ray energy spectra.

The normalization of all spectra was done by dividing the spectra by the number of counts
in the sum-energy spectrum of m., > 2 between Ey,,, = 4.8 MeV and 6 MeV. The same
normalization was applied to the simulations.

3 Simulations

The results presented in this work are based on the comparison of experimental data with
statistical model simulations of y decay. The in-house developed Monte Carlo code picEBOXC,
based on the same algorithm used by F. Be¢var [8] in his code picEBox, was used to simulate
the gamma cascades while Geant4 was used for the simulation of the interaction of these
gammas with the complete TAC experimental assembly [2].

- 1/2+ — T e

Ecyic = 820 keV

Level density and
photon strength function
Quasicontinuum

——e—

Discrete levels

—v Vv l 0.076keV Ty ~26m

7/2 i 235U Ground state

Figure 4. Schema of Monte Carlo cascades generation with picesoxc code. Red arrows depict the
transitions generated in terms of LD and PSFs, green arows are the transitions among discrete levels
taken from spectroscopic data.

picEBOXC simulates sets of levels and their partial radiation widths known as nuclear real-
izations [8]. To describe the decay scheme, below a critical energy E,;, all the level energies,
spins, parities and branching intensities of depopulating transitions are taken from existing
experimental data. Above E.;, the level scheme is generated by the code — the levels are
obtained by a random discretization of an a priori known LD formula. Further, the PSFs are
used to generate probabilities of transitions of type X (electric or magnetic) and multipolarity
L. Fig. 4 shows a diagram of the operation of picEBoOXC.

The partial radiation width of an electromagnetic transition from level i to level f, I';, s, is

selected from a Porter-Thomas distribution with the mean value <Fffy1}> defined as

XL 2L+1
< XL>:f (Ey)-E™
g p(Ei, Ji, ;)

)]
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where p is the LD and f**(E,) is the PSF. The y-ray transition probabilities are corrected
for internal conversion using tables from Ref. [9]. The levels and transitions below E.,;; are
taken from ENSDF database [10]. To ensure satisfactory statistics concerning the modelled
quantities, 20 nuclear realizations with 10° y-cascades per realization were simulated for each
combination of LD and PSFs models.

To simulate the transport and detection of y-rays, the toolkit Geant4 is used [11]. The ge-
ometry and efficiency of TAC have been accurately modeled following CAD drawings of the
engineering design and direct measurements [2, 12]. The modeled geometry is shown in the
right panel of Fig. 1. Finally, an amplitude resolution of about 13-17%, depending on the
detector, and a threshold of 75 keV for all crystals is assumed.

3.1 Level density models

The LD for given spin and parity is calculated as the product of three factors: the parity
distribution P(E, i), the spin distribution R(E, J) and the LD p(E). In this work, one assumes
that both parities are equally probable P(E, ) = 1/2 at all E, while R(E, J) is

e J+172) 27 +1 (7+1)
)—exp(— )z 2)

R(E,J) =exp (_Trz 52 _

exp
2 2|
: 20z 207z

where o is the spin cut-off factor. Different forms of spin cut-off factor could be used.

The piceBoxc code includes various models for the LD p(E). The Constant Temperature
(CT) [13] model assumes that the number of levels varies according to the constant tempera-
ture law and LD is given by

H(E) = %exp(E ‘TEO), 3)

with parameters E(y and a nuclear temperature 7', which are usually fitted to experimental
discrete levels, taken from Ref. [14]. In this work the spin cut-off parameter, which is constant
for a given nucleus [15], was used.

The Back-shifted Fermi Gas (BSFG) [16] model assumes the nucleus as a gas of fermions
creating pairs and single particle levels are equally spaced and non-degenerated with a LD
given by

exp (2 Va(E - En))
1220 ,.a''4(E — E;)5/4

where E; is the energy backshift and a is the LD parameter. The energy-dependent spin
cut-off factor for the BSFG model was taken from Ref. [15]. The parameters for BSFG
model were taken from Ref. [14]. Variations of the BSFG model have been developed, as
for example in ref. [17], which incorporates the thermodynamic temperature ¢. In this case,
the spin cut-off is related to a fraction of the moment of inertia of the nucleus that is usually
taken between 0.5 and 1. In addition, a BSFG model with energy-dependent LD parameter
a and spin cut-off which accounts for the damping of the shell effects was introduced in
RIPL-3 [18]. Finally, we used microscopic LD in the form of numerical interpolation tables
calculated with the Hartree-Fock-Bogoliubov (HFB) method [19, 20].

p(E) =

“4)

3.2 Photon strength function

The statistical decay of compound nuclei from excitation energies above neutron separation
energy is dominated by the E1 transitions due to the presence of the giant dipole electric
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resonance (GDER). The shape of the E1 PSF for deformed nucleus is usually described by
a sum of two standard Lorentzians [18, 21], as a consequence of vibration modes along and

perpendicular to the symmetry axis. This description is known as Standard Lorentzian model
(SLO):

1
SEI}O(EV) = 3(7ThC)2 Z (5)

2
(- E) By

where the parameters Eg,, ['g, and o, are the energy, width and cross section of the GDER.

Different variations were proposed to better describe the energy region below neutron
separation energy. The model by Kadmenskii, Markushev and Furman (KMF) [22] aims
only at this energy region while generalised Lorentzian models by Kopecky, Uhl and Chrien
(GLO, ELO, EGLO) [23] and other models and calculations attempt to describe the E1 PSF
in the whole energy region.

The KMF, GLO and ELO models use the damping width I'7(E,,, T¢) which depends on
E, and the nuclear temperature 7'y in form

I
Fr(Ey, Ty) = 2By +4°T}). 6)
G

Phenomenological modifications of this damping width in which is introduced a k param-
eter were proposed in the EGLO [23] and the MGLO [24] models. There are other models
for E1 PSF, we refer the reader to the overview in RIPL-3 [18].

For the decay of levels below the neutron separation energy, M1 transitions play an impor-
tant role. In this work the M1 PSF consists of the spin-flip (SF) resonance, which dominates
the M1 PSF at relatively high energy typically around 7 MeV, and the scissor mode (SC),
a concentration of M1 strength around 2-3 MeV in deformed nuclei. The SLO model was
adopted to describe the M1 PSF. For further details see review [25] and references therein.

The electric quadrupole (E2) transitions, although playing a minor role with respect to
dipole transitions, are also taken into account. The SLO model with a single Lorentzian was
used to describe the E2 PSF as recommended in [18].

4 Comparison of simulations and measurements

Various combinations of LD and PSF models were checked and compared with the exper-
imental data introduced in Sec. 2. The parameters were taken from RIPL-3 database [18]
in which only one SLO term for the M1 PSF is recommended, or from original works, (i)
the analysis of d- and *He-induced reactions on actinide targets performed at the Oslo Cy-
clotron Laboratory (OCL) [26] and (ii) the measurement of multi-step y-ray energy spectra
from resonant neutron capture on uranium samples with DANCE calorimeter [27]. In both a
sum of SLO terms was adopted to describe the M1 PSF — one for the SF and two for the SC.
The E2 transitions were included in the simulations by taking the parameters from [28]. The
parameters use for the PSF in the different simulations are collected in Table. 1.

From the E1 PSF models introduced in Sec. 3.2 the SLO and KMF models do not repro-
duce the experimental data in combination with any LD model independently on the chosen
parametrisation of the M1 PSFE. Conversely, the ELO, GLO, EGLO and MGLO E1 PSF mod-
els, paired with a suitable LD model, allow, by tuning the parameters of the M1 PSF and the
k parameter, a satisfactory description of the experimental data.

In Fig. 5 we compare experimental data with simulations using the PSFs parameters taken
from (i) the RIPL-3 database [18] with GLO for E1 and SLO for M1 PSF, (ii) the DANCE
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analysis [27] and (iii) the analysis of d- and *He-induced reactions at OCL [26]. The stan-
dard deviation due to different nuclear realizations is only calculated in the simulation for
RIPL-3, for the other simulations the standard deviation shows similar behaviour and is not
displayed for a better visualization. The statistical uncertainties are much smaller than the
standard deviation. Overall, the introduction of the SC is mandatory for the improvement of
the simulation and the increase of the SC strength in the DANCE analysis with respect to
OCL improves the description of the experimental data. It may be possible that in order to
match experimental data the SC strength has to be further increased and used in conjunction
with steeper E'1 PSF of generalised Lorentzian type.
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Figure 5. Comparison of experimental data to simulations using the LD and PSF models as recom-
mended in RIPL-3 database [18] (grey filled), and as published in Refs. [26] (red line) and [27] (green
line). The left column shows the total deposited energy spectra while on the right the multiplicity distri-
bution and multi-step y-ray energy spectra are shown. The resonance energy as well as the multiplicity
and sum-energy conditions are specified in the figures.

5 Conclusion

The Total Absorption Calorimeter at the n_TOF facility (CERN) was used to measure the
y-ray cascades following the neutron capture in >**U. Simulations of y decay performed
with piceBoxc for various LD and PSFs combinations were compared with the experimental
data. The inadequacy of the SLO and KMF models of E1 PSF as well as the necessity of
scissors mode contribution to M1 PSF was shown. The simulations with model combinations
proposed in OCL and DANCE analyses do not reproduce our data. This analysis will continue
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with a detailed parameter search for analytical models and the use of tabulated PSFs from
QRPA calculations [29], as well as the extension to other actinides.

Table 1. Parameters from RIPL-3 [18], OCL [26] and DANCE [27] for the PSFs.

Transition E; (MeV) Iy (MeV) o (mb) E, (MeV) I, (MeV) o, (mb) E;MeV) I3(MeV) o3 (mb)

E1[18] 11.11 1.12 243.3 1341 4.98 426 - - -
M1 [18] - - - - - - 6.61 4.00 2.35
E2 [28] 10.21 1.18 1.7 - - - - - -
E1[26] 11.40 4.20 572 14.40 4.20 1040 7.30 2.0 15.0
M1 [26] 2.15 0.80 0.45 2.90 0.60 0.40 6.61 4.00 7.00
E2 [28] 10.21 1.18 1.7 - - - - - -
E1[27] 11.28 2.48 325 13.73 4.25 384

M1 [27] 2.15 0.80 0.60 2.90 0.60 0.53 6.61 4.00 1.50
E2 [28] 10.21 1.18 1.7 - - - - - -
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5.2 Mesure et analyse de la section efficace de capture de 'uranium-233

La thése de M. Bacak, soutenue en octobre 2019, concerne la mesure et I'analyse des
sections efficaces de capture et de fission de I'uranium-233 auprés de l'installation n_TOF du
CERN [Bacak 17] [Bacak 19] [Bacak 20a].

L'uranium-233 est l'isotope fissile principal du cycle Th/U. Une des particularités de ce noyau
est d'étre radioactif alpha (T12 ~159 ky) et surtout d'avoir une section efficace de capture
inférieure d'un ordre de grandeur a sa section efficace de fission. Cette caractéristique rend
la mesure de la section de capture trés difficile et seulement deux mesures ont été réalisées
par le passé.

Pour réaliser cette nouvelle mesure, le calorimétre gamma (TAC) de la Collaboration n_TOF
a été équipé d'une "cible active" d'uranium-233 sous la forme d'une chambre a fission multi-
plateaux [Bacak 20b]. Cette derniere a été congue pour étre rapide (afin d'identifier les
fragments de fission au milieu du bruit de fond alpha et limiter les empilements) et compacte
(pour servir de cible active au centre du TAC). Le signal de la chambre a fission est utilisé
pour identifier les rayons gamma prompts de fission détectés par le TAC, ce qui permet une
discrimination efficace entre les réactions de capture et de fission.

La procédure d'analyse des données expérimentales permet d'estimer les sources de bruit
de fond, les biais expérimentaux, et est complétée par des simulations pour calculer les
corrections. Au final, on obtient le rapport alpha, c'est-a-dire le rapport des sections efficaces
de capture et de fission, qui est un paramétre clé en neutronique.
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Les résultats de ce travail sont détaillés dans la publication [Bacak 20a] dans les pages
suivantes.
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[Bacak 20a]

M. Bacak, et al. (E. Dupont), Preliminary results on the 233U alpha-ratio
measurement at n_TOF, EPJ Conf. 239, 01043 (2020)
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Abstract. 2*3U is the fissile nuclei in the Th-U fuel cycle with a particularily small neutron capture
cross setion which is on average about one order of magnitude lower than its fission cross section.
Hence, the measurement of the 2*3U(n,y) cross section relies on a method to accurately distinguish
between capture and fission y-rays. A measurement of the 233U a-ratio has been performed at
the n_ TOF facility at CERN using a so-called fission tagging setup, coupling n_ TOF ’s Total
Absorption Calorimeter with a novel fission chamber to tag the fission y-rays. The experimental
setup is described and essential parts of the analysis are discussed. Finally, a preliminary 23*U

a-ratio is presented.

1 Introduction

The Th-U fuel cycle [1, 2] poses an alternative to the
U-Pu fuel cycle for nuclear power, thus its relevant
cross-sections have to be accurately known. The a-
ratio is defined as the ratio between the capture and
fission cross section of an isotope. The fission cross
section of 233U is well known but the available data
for the 233U(n,y) cross section are scarce [3]. The
reason is that the 233U(n,f) cross section is on aver-
age one order of magnitude larger, as shown in Fig-
ure 1. Therefore, the measurement of the 233U(n,v)
cross section relies on an efficient discrimination of
the fission ~-rays from the capture events. Coupling
a y-ray detector with a fission detector allows to tag
the ~-rays from fission and efficiently subtract them
from the total measured spectra. A similar technique
was used in several experiments [4-8].

2 Experimental Setup
2.1 The n_TOF facility

The neutron Time-Of-Flight facility n_TOF at
CERN was proposed [9] and offers two beam lines
for neutron cross-section measurements. The mea-
surement of the 233U a-ratio was performed in the
first experimental area (EAR1) [10] of n_TOF with
a flight path length of 185m. At n_ TOF neutrons
are produced by spallation reactions induced by a
20 GeV /c pulsed proton beam from the CERN Proton
Synchrotron on a water-cooled lead target. The fast
neutrons created in the spallation process are moder-
ated in a 4cm layer of borated light water, eventu-
ally covering neutron energies from thermal up to few

GeV.

*e-mail: michael.bacak@cern.ch
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2.2 The Total Absorption Calorimeter

The vy-ray cascades emitted in the capture reaction are
detected by n_TOF ’s Total Absorption Calorime-
ter TAC [11]. The TAC is a segmented 47 scintilla-
tor array consisting of 40 individual BaF, crystals.
The detectors are mounted in a honeycomb struc-
ture which holds the full spherical detector shell. The
shell has a 20cm and 50 cm inner and outer diame-
ter respectively, covering 95 % of the total solid angle.
In order to minimize the neutron sensitivity of the
TAC, a combination of neutron moderator and ab-
sorber material is used to surround the sample. The
so-called neutron absorber is made of polyethylene
loaded with 7.56 w% natural lithium with a total den-
sity of 1.06 g/cm? and is shown in Figure 2.

The data acquisition system is based on digitizers
and the waveforms are analyzed offline, grouped to-
gether using a coincidence window of 12ns. Each of
those TAC events is characterized by its time-of-flight
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Figure 1. Comparison of fission and capture cross section
from the 2*3U evaluation of ENDF/B-VIILO0
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Figure 2. FICH fully connected and integrated into the
absorber of the TAC.

TOF, determining the neutron energy E,, the total
deposited energy in the TAC Egy,, and the number
of hit crystals m.,. The main advantage of the TAC
is the use of those quantities to discriminate between
different types of reactions, for example ambient back-
ground and v-ray cascades from the (n,y) process.

2.3 The compact fission chamber

In order to properly tag and remove the main source
of v-background, namely the prompt +-ray cascades of
the 233U (n,f) reaction from the total measured spec-
tra, a fission chamber (FICH) [12] has been devel-
oped. The detector is designed as a multi-plate ioniza-
tion chamber containing two stacks of axial ionization
cells. Figure 2 shows a picture of the FICH fully as-
sembled and mounted in the neutron absorber. With
a total length of 120 mm and a diameter of 90 mm the
chamber hosts 14 ionization cells. Each cell has an
inter-electrode gap of 3 mm which is not sufficient to
stop fission fragments exiting perpendicular from the
sample, but allows better timing performance. The
detector is operated with high-purity CF4 at a pres-
sure of 1100 mbar controlled by a dedicated gas regu-
lation system. Pre-amplifier and shaper modules [13]
are directly mounted on the motherboards of each
stack to reduce signal attenuation and to improve the
signal to noise ratio.

Fourteen uranium oxide layers have been deposited at
JRC-Geel on 10 pm thick aluminium foils by molecu-
lar plating. The base material was 99.936 % enriched
in 233U with the largest contaminant being 0.0496 %
2347, The diameter of the mask used for the prepara-
tion of the 233U samples was 40.00 & 0.02mm which
also defines the active area of the samples. The ac-
tivity of each sample has been determined by well-
defined solid angle a-particle counting and amounts
to an average a-activity of about 1.16 MBq per sam-
ple translating to an average areal mass density of
264.51g/cm?.
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Figure 3. Comparison of the amplitude spectrum of the
FICH and tagged signals.

3 Experimental response to 233U + n
events

The event reconstruction of fission tagged events was
performed by setting a constant coincidence window
of 14 ns between TAC and FICH events. The ampli-
tude spectra of the events from the fission chamber
and from tagged events is shown in Figure 3. The re-
duction of the a-particle background from the natural
decay of 223U is clearly visible, allowing for a cleaner
a-FF separation.

3.1 FICH Efficiency

A critical part in the analysis concerns the calcula-
tion of the detection efficiency of the fission chamber
errcy which is based on the assumption that a fis-
sion event is detected independently by the TAC and
the FICH. In this case, the fission chamber efficiency
errcm can be calculated solely from the experimen-
tal data. For fission events with amplitudes larger
than 3000 adc channels the efficiency has a value of
0.867 +£0.002. A more detailed description can be
found in [14].

3.2 Background subtraction

In order to obtain the shape of the TAC response to
233U(n,y) events from the total measured sum energy
spectra all background components have to be care-
fully subtracted. Dedicated measurements have been
carried out to determine the contributions of the fis-
sion chamber without the 233U layers (Dummy), the
ambient background and the background induced by
the natural a-activity of the radioactive isotopes in
the samples. The prompt fission ~v-ray spectrum is
obtained by fission tagging and has to be corrected for
the detection efficiency of the fission chamber eprop.
The sum energy spectra of the different contributions
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Figure 4. Components of the total measured deposited
energy spectrum for a neutron energy range of 2.2eV <
E, < 2.4eV and m¢, > 3.

are compared to the total measured spectrum in Fig-
ure 4 in the strongest capture resonance correspond-
ing to a neutron energy range of 2.2¢V < E,, < 2.4eV
and for events with m,, > 3 in order to clean the low
crystal multiplicity background which would other-
wise dominate the region for Fgy,, < 1.5 MeV.

After subtraction of the various background contri-
butions the shape of the TAC response to 233U(n,y)
events becomes visible. A sum peak appears at
Esym =~ 6.85MeV corresponding to the neutron sep-
aration energy of 23*U. The shape of the remain-
ing background in the Capture component above
FEsym = 7.5MeV does not match any other back-
ground component, leading to the conclusion that
there is some other source of background not ac-
counted for. The most probable explanation is related
to the prompt fission neutrons (FN) being moderated
and captured in the experimental setup. This shape
is peculiar to the TAC as it shows the sum energy
peaks at the separation energy of the main barium
isotopes due to fission neutrons captured in the bar-
ium nuclei of the BaFs crystals within the first few
microseconds after emission. Gating, for example, on
the first micro second after a fission event allows to
determine the shape of this FN background compo-
nent. In Figure 5 the shape of the background in-
duced by fission neutrons is compared to the back-
ground induced by neutron scattering in the range of
2.2eV < E, < 2.4eV, measured with a carbon sam-
ple. The two spectra show similar capture reactions
characterized by the different sum energy peaks but
with different intensities resulting in completely differ-
ent shapes. Specifically the neutron separation energy
of 13Ba+n corresponding to the sum energy peak at
Fsum = 9.1 MeV is strongly suppressed in the scat-
tered neutron spectra compared to the FN spectrum.
Therefore, the scattered neutron spectrum cannot ex-
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plain the remaining background in the Capture com-
ponent in Figure 4 above Fgy,, = 7.5 MeV. However,
the FN background component matches the shape of
the remaining background above Fg,,, = 7.5 MeV as
shown in Figure 6, indicating that this background is
related to fission neutrons. The FN component scales
with the fission cross section allowing for an accurate
correction and its contribution to the remaining cap-
ture response is shown in Figure 6.



Le retour aux sources (de neutrons) - les travaux en cours

’-.\ -IIIIIIIIIIIIIIIIIIIIIIIIIIIIII

:? 18 = Mg, 22

2 M, 23

,.g 16 —_My >4 I'll

g 14F — M 25 \ p"j

m;, 26 y

120 Monte Carlo "..:I
10

8

N B O

LI L L L L L LB DL L L LB LB LN B
I NI NEE AT WA RS N W NN AR

I IGI 7
Equm (MeV)

OO
N
N
w
SN
(&)

Figure 7. Comparison of the experimental and simulated
response to 2*3U(n,y) events.

4 Determination of the 233U o-ratio

Following the background subtraction, the efficiency
of detecting the y-ray cascades with the TAC has been
calculated using the Monte Carlo simulation toolkit
Geant4 [15]. The whole experimental setup, includ-
ing the TAC, FICH, absorber and beam pipes has
been modelled in Geant4.

The cascades emitted in the 233U(n,7) process were
simulated with DICEBOX [16] and a comparison be-
tween the experimental and simulated response to
233U(n,y) events can be seen in Figure 7. The overall
agreement for crystal multiplicities m., > 3 is good
and allows to calculate the capture efficiency for a
given analysis cut. The contribution of the isomeric
states in the fission products (absent in the simu-
lations) is important for events with m.,. > 2 and
Esum < 2.5MeV. With an estimation of the de-
tection efficiency of 76.2 +2.2% for m.. > 3 and
2.5MeV < Egum < 7TMeV the 233U a-ratio can be
calculated from the response of the FICH and the
TAC. In Figure 8 the preliminary result of the 233U
a-ratio measurement is compared to the 233U a-ratio
of the ENDF/B-VIII database. Overall, the ratios
are in good agreement and local deviations are under
investigation.

5 Summary

A fission tagging experiment to determine the 233U
a-ratio has been performed at n_ TOF EARI yielding
promising results for neutrons from thermal energies
to several keV. The experimental setup and the key
elements from the analysis have been described and
a preliminary 233U a-ratio has been presented. A
detailed analysis of the extracted 233U q-ratio is
currently being performed and will be published in a
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forthcoming paper.
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6 Conclusions et perspectives

Cette synthése de mes travaux de recherche a permis de présenter les différentes facettes
du domaine des données nucléaires de base pour la simulation: besoin, mesure,
modélisation, évaluation et validation.

e Le besoin d'amélioration des données et de leur incertitude ne va pas de soi aprés des
décennies de recherche et il est donc souhaitable de le quantifier avant de mettre en
place des programmes expérimentaux longs et couteux. Ce travail doit étre fait dans une
approche pluridisciplinaire en collaboration avec les utilisateurs des données. C'est par
exemple ce qui est réalisé dans le cadre de la HPRL [Dupont 20] et des groupes de travail
internationaux associés a I'AEN et a I'AIEA. A titre d'exemple, le travail sur les méthodes
de recherche de tendance [Salvatores 14] réalisé par le sous-groupe 33 du WPEC a été
présenté.

o Malgré des avancées notables dans le développement de modéles ab initio en physique
nucléaire, la mesure reste la base des données évaluées indispensables a la majorité des
applications. On peut citer les nombreuses mesures réalisées a JRC-Geel en Belgique
[Sirakov 13] [Massimi 14] et plus récemment celles de la Collaboration n_TOF au CERN
[Gunsing 16]. A titre d'exemple, la récente mesure du rapport alpha (capture/fission) de
l'uranium-233 a été présentée [Bacak 20a].

e Les modéles de réaction nucléaires constituent l'ossature des évaluations en garantissant
le respect des lois de la physique et en permettant d'interpoler (voire extrapoler) les
données qui n'ont pas pu étre mesurées. A titre d'exemple le cas de la modélisation des
réactions photonucléaires des actinides [Dupont 07] a été présenté ainsi que I'étude de la
fonction force radiative a partir des données de capture [Moreno 19].

e L'évaluation des données permet la synthése entre les informations expérimentales et
théoriques en combinant toutes les données mesurées avec les modéles de réactions
nucléaires pour extraire les valeurs recommandées. Le fichier évalué doit étre cohérent et
complet (au sens du format ENDF) afin de couvrir I'ensemble des données caractérisant
l'interaction d'un neutron avec un noyau. A titre d'exemple le cas de I'évaluation du
rhodium-103 [Dupont 053] a été présenté.

e La validation intégrale est I'étape finale permettant de vérifier que les données évaluées
et leurs incertitudes répondent au besoin de l'application en termes de prédiction et de
précision. Cette étape nécessite de disposer de mesures intégrales fiables et précises
(des benchmarks) qui sont comparées aux résultats des simulations utilisant les données
a valider. La validation peut concerner une seule réaction (cf. PROFIL [Tommasi 06]), une
évaluation compléte ou une bibliothéque entiére (cf. JEFF-3.0 [Dupont 03] et SG33
[Salvatores 14]). Bien entendu, de nouveaux besoins d'amélioration des données peuvent
étre identifiés a l'issue de cette validation.

Le domaine des données nucléaires, a linterface entre la physique nucléaire et ses
applications, se caractérise par sa pluridisciplinarité et permet de travailler dans différents
environnements professionnels (DEN, DSM-DRF, AEN) tout en restant focalisé sur une
méme thématique de recherche.

Dans la lignée des travaux antérieurs, les projets en cours et a venir permettront d’améliorer
la connaissance en physique nucléaire de basse énergie pour les besoins des applications.
D’une part en réalisant les mesures nécessaires auprés des principales sources de neutrons
européennes et en collaborant avec les experts des autres disciplines (WPEC SG46 et SG-
C/HPRL) pour définir les besoins, et d’autre part en participant a la coordination nationale
(projet NACRE) et internationale (projet SANDA) des activités d'évaluation et de validation
des données nucléaires. Dans le cadre de ces projets, les efforts de la DRF seront
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essentiellement axés sur les activitts de mesures et de modélisation des réactions
nucléaires. Les programmes briévement décrits ci-dessous pourront étre réalisés auprés de
différentes installations en Europe, en fonction du domaine d’énergie étudié, des
caractéristiques des faisceaux, et de linfrastructure technique disponible (DAQ, autres
détecteurs...) au CERN (n_TOF), a GANIL/SPIRAL2 (NFS), et a JRC-Geel (GELINA).

Sections efficaces des actinides fissiles en anti-coincidence avec la fission

A court terme, le programme de mesure et d’analyse des sections efficaces des actinides
fissiles se poursuit. Ces mesures nécessitent une cible active permettant d'identifier les
réactions de fission dans un bruit de fond radioactif important et de les distinguer des autres
réactions mesurées simultanément, par exemple avec le calorimetre TAC pour la capture.

Suite au développements réalisés pour la mesure du rapport alpha de U-233 a n_TOF, il
s’agit de poursuivre la collaboration avec CEA/DAM pour concevoir une nouvelle chambre a
fission adaptée a la mesure des sections efficaces des actinides fissiles les plus radioactifs
tels que Pu-239 et Pu-241, respectivement prés de 7 fois et 11000 fois plus actifs que U-233.
Ce détecteur pourra étre utilisé comme cible active pour la mesure des sections efficaces
(n,xn) a NFS et (n,y) a n_TOF le cas échéant.

Différentes pistes de R&D devront étre explorées auparavant pour maitriser le taux de
comptage trés élevé et s'affranchir du bruit de fond radioactif : segmentation des anodes et
discrimination de forme des signaux par exemple.

Développement d'un détecteur MGAS-TPC pour les mesures de temps de vol

En parallele, un prototype MGAS-TPC de détecteur Micromegas de type TPC (Time
Projection Chamber) adapté aux mesures en temps de vol sera développé. En plus de
I'énergie déposée, ce détecteur permettra de mesurer les distributions angulaires des
produits de la réaction (fragments de fission ou particules chargées légeéres telles que o, He-
3, t, d, voire p).

Ces informations supplémentaires permettront d’'une part, d'améliorer le rapport signal/bruit
grace a la connaissance compléte de la cinématique de réaction, et d’autre part de réduire
les incertitudes systématiques sur le calcul de l'intégrale de la section efficace dans 4r. Ce
détecteur permettrait de mesurer les sections efficaces d'activation et de production de gaz
(He, H, T) dans la gamme d'énergie de quelques centaines de keV (pour les réacteurs
rapides) jusqu'a 14 MeV (pour les réacteurs a fusion), voire plus (pour les systémes basés
sur des accélérateurs, tels que IFMIF, DONES ou MYRRHA).

La connaissance des distributions angulaires permettra également d’étudier les mécanismes
de réactions nucléaires en fonction du moment angulaire. Le cas de la fission dans le
domaine des résonances et aux seuils de fission est particulierement intéressant. De
nouvelles mesures de sections efficaces de fission a haute résolution, incluant des
informations sur l'anisotropie des fragments de fission, apporteraient un éclairage nouveau
sur les structures de classe Il des actinides super déformés.

La derniere génération de Micromegas 2D [Diakaki 18] dispose déja des capacités de
reconstruction de trajectoire des particules ionisantes, et peut donc servir de base pour le
développement du prototype MGAS-TPC. Toutefois la R&D associée est ambitieuse, en
particulier pour la partie électronique, et nécessitera certainement plusieurs années avant
d’arriver a maturité.

L’identification de la trace des protons dans le détecteur MGAS-TPC est un objectif a plus
long terme, ambitieux mais nécessaire pour exploiter le recul des protons lors de diffusions
n-p. Cette identification rendra possible la mesure trés précise des sections efficaces de
fission par rapport a la réaction H(n,n), qui est un standard international connu avec une
précision inférieure a 1% dans une large gamme d'énergie.
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neutrons n_TOF (CERN). Ce travail est réalisé dans le cadre de I'amélioration des
données nucléaires du cycle Th/U pour les réacteurs innovants [Bacak 20a].

- Theése de J. Moreno-Soto, débutée en novembre 2017, portant sur I'étude de la « fonction
force radiative » des actinides, c'est a dire leur capacité a absorber ou émettre des
photons. Ce travail s’effectue dans le cadre de 'amélioration des modéles de réactions
nucléaires [Moreno 19].
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coordination doit étre basée sur la discussion et le bon sens en privilégiant la recherche de
consensus et le bénéfice mutuel entre les parties.
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de coordonner des activités scientifiques a une échelle internationale en tant que
responsable de la coordination des activitts des pays membres liées a la mesure,
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- Secrétaire scientifigue du Groupe de travail sur la coopération internationale en matiere
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[Dupont 20].
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