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Abstract 

Neutron-induced reactions between 0 eV and 20 MeV are based on various 
physical properties such as nuclear reaction models, microscopic and integral 
measurements. Most of the time, the evaluation work is done independently 
between the resolved resonance range and the continuum, giving rise to 
mismatches for the cross-sections, larger uncertainties on boundary and no 
cross-correlation between high-energy domain and resonance range. In addition 
the use of integral experiment is sometimes only related to central values 
(evaluation is “working fine” on a dedicated set of benchmarks) and reductions of 
uncertainties are not straightforward on cross-sections themselves: working fine 
could be mathematically reflected by a reduced uncertainty. As the CIELO 
initiative is to bring experts in each field to propose/discuss these matters, after 
having presented the status of 238U and 239Pu cross-sections covariances evaluation 
(for JEFF-3.2 as well as the WPEC SG34 subgroup), this paper will present several 
methodologies that may be used to avoid such effects on covariances. A first idea 
based on the use of experiments overlapping two energy domains appeared in the 
near past. It was reviewed and extended to the use of systematic uncertainties 
(normalisation for example) and for integral experiments as well. In addition, we 
propose a methodology taking into account physical constraints on an overlapping 
energy domain where both nuclear reaction models are used (continuity of both 
cross-sections and derivatives for example). The use of Lagrange multiplier 
(related to these constraints) in a classical generalised least square procedure will 
be exposed. Some academic examples will then be presented for both point-wise 
and multi-group cross-sections to present the methodologies. In addition, new 
results for 239Pu will be presented on resonance range and higher energies to reduce 
capture and fission cross-section uncertainties by using integral experiments 
(JEZEBEL experiment as well as the CERES programme). 

Introduction 

This paper will present the status of our work on the big three covariance evaluations 
for JEFF-3.2 and for WPEC SG34. This work is meant to be shared within the CIELO project. 

In neutron-induced reactions between 0 eV and 20 MeV, knowledge of cross-sections 
is based: 
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 for experimentalists on the finest microscopic experiments and smartest integral 
experiments – related issues are then systematic uncertainty; 

 for theoreticians on the knowledge of nuclear reaction models (resonance 
parameters, optical models, fission barrier, average width...) – related issues are 
then use of systematics and a proper parameter uncertainty evaluation. 

Thus, a general problem arises during the evaluation of cross-sections. The evaluation 
work may be done independently between the resolved resonance range, the unresolved 
resonance range and the continuum. Several inconsistencies could be detected such as 
mismatches at the boundaries for punctual cross-section or larger uncertainties on 
boundary and no cross-correlations between the high-energy domain and the resonance 
range. In addition, good overall integral behaviours with deviations among evaluation 
compensating effects were seen on major isotopes (Morillon, et al., 2012). Uncertainties 
must reflect the lack of knowledge, inconsistencies as well as advances. One solution is 
to add physical constraints. 

In these energy ranges, the knowledge of neutron-induced cross-section is based  
on microscopic and integral experiments as well as nuclear reaction models. Model 
parameters, necessary ingredients of nuclear reaction models, are not always predicted 
by theory. The key point of any parameter estimation (resonance parameters, optical 
models, fission barrier, average width, multi-group cross-sections…) is to add physical 
constraints to properly find the most physical values. These constraints are present in 
traditional evaluation microscopic experiments and to some extent integral experiments, 
in conjunction with theoretical considerations. 

In this paper we will explain and generalise these physical constraints by presenting 
methodologies that may be used for avoiding inconsistent effects. 

First, we will present a general mathematical framework related to Bayesian 
parameter estimations. 

Covariance in CIELO 

In principle, all CIELO participants could share all models, parameters, files and 
experiments (microscopic and integral). In previous WPEC subgroups this was not 
necessarily the case. 

In the resolved and unresolved resonance range, various past WPEC subgroups (238U, 
239Pu, etc.) shared among participants resonance parameters, microscopic measurements, 
some integral experiments (“public”) and the related experimental knowledge. Tests of 
advances in additional integral experiments (“restricted”) were done to ensure additional 
validation. Thus, covariance evaluations on the shared information could be performed 
and compared. 

In the continuum, questions arise about nuclear reaction models (and their related 
parameters). It was not usual to share this information. Mainly, methodologies, 
microscopic and public integral experiments were shared. As for uncertainty evaluation 
(as well as the evaluation itself) the shared part is crucial, as one has to think of finding 
new ways to treat the uncertainties of models (sharing 1 000 evaluations could be a 
solution?) if no parameters are discussed. 

Nevertheless, in both cases, CIELO should allow a step forward. 

Strategy for JEFF authors in CIELO for the big three isotopes 

Figure 1 illustrates the strategy proposed and chosen by authors to evaluate nuclear 
data covariances of the big three isotopes. 
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Figure 1: Authors’ strategy for covariances in CIELO 

 

The main idea is to work sequentially by first doing the covariance analysis with the 
best knowledge coming from microscopic experiments and models, then use the result as 
an a priori for additional data assimilation by taking into account dedicated integral 
experiments (ICSBEP mainly). The latter could be done in conjunction with the WPEC SG39 
subgroup. Further work can be proposed on additional “restricted” experiments that cannot 
be shared among CIELO participants: in our case it could be oscillations experiments 
taking place in the Minerve reactor or irradiation experiments of small actinide samples 
in Phénix (PROFIL experiments). 

General mathematical description 

To implement physical constraints, one has to use some mathematical treatment of 
experiments and models: the art of the evaluation. In our case, it is based on a Bayesian 
approach (Bayes, 1763) which allows the treatment and data assimilation of microscopic 
and integral experiments in the same mathematical framework. 
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where p is the probability density function and U represents the “background” or “prior” 
information from which the prior knowledge of x


 is assumed. U is supposed 

independent of y


. In this framework, the denominator is just a normalisation constant. 

A data assimilation procedure can be seen as an estimation of the first two moments 
of the posterior density probability of a set of parameters x


 knowing an a priori 

information on these parameters and a likelihood which gives the probability density 
function of observing a data set knowing x


. y


 can be microscopic and/or integral 
experimental data sets. 

One major problem is thus the proper uncertainty propagation of all sources of 
uncertainties coming from these measurements: statistical as well as systematic 
uncertainties arising during the data reduction process (normalisation, background 
reduction) introducing sometimes long-range correlations (Frohner, 1997). Furthermore, 
uncertainties related to the experimental conditions (isotopic concentration, effective 
temperature) should also be treated properly. Various additional mathematical techniques 
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were developed to properly take into account these kinds of problems (De Saint Jean, 
et al., 2009; Habert, et al., 2010; Noguère, et al., 2008). They are based on the concept of 
Bayesian marginalisation which allows integrating nuisance parameter distribution into 
model parameters. Estimated uncertainties on cross-sections with this type of 
methodology exhibit high correlation as a function of energy (De Saint Jean, et al., 2012). 

239Pu covariance matrices 

Figure 2 shows some covariance matrices for capture and fission cross-sections 
obtained for this isotope. 

The resolved resonance range was divided in three energy ranges to account for the 
thermal cross-section, the first resonance around 0.3 eV and the resonance integral 
(E > 0.5 eV). Final uncertainties are dominated by normalisation accuracy introduced in 
the marginalisation procedure (0.5-3% for the fission cross-section and 4-9% for the 
capture cross-section). A neutron width selection based on the truncated Porter-Thomas 
integral distribution was performed to produce a “manageable” large covariance matrix. 
The marginalisation procedure indeed creates highly correlated cross-sections. These 
covariances were proposed in the framework of WPEC Subgroup 34. 

In the continuum range, construction of an a priori based on JEFF-3.2 cross-sections 
was made. With this evaluation, a covariance analysis was made using systematic 
uncertainties on fission and capture cross-sections, based on International Evaluation of 
Neutron Cross-section Standards, a CRP report by Carlson, et al. Figure 2 exhibits the 
obtained correlations and uncertainties. 

Improvements and ongoing works are scheduled by using additional microscopic 
experiments, as well as “public” integral nuclear data oriented experiments. 

Figure 2: Fission/capture (left) and capture/capture (right) 239Pu  
cross-sections correlations as a function of energy from 0 eV to 20 MeV 

   

238U covariance matrices 

Figure 3 shows some correlations matrices and uncertainties for capture and inelastic 
cross-sections obtained for this isotope. 

The work done so far on the resolved resonance range is based on the interpretation 
of microscopic experiments [mainly Harvey (1988) transmission data]. Systematic 
uncertainties were taken into account via a marginalisation procedure. Covariances on 
resonance parameters as well as cross-sections were proposed to JEFF-3.2. Improvements 
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for future work include adding as many as possible microscopic experiments [especially 
Macklin, et al. (1988) capture data] and looking for dedicated integral experiments. One 
can notice on Figure 3 that the thermal range as well as the first 238U resonance are very 
well known (around 1%) and that the uncertainty is increasing with energy to about 2.5% 
at the end of the resolved range (around 3 keV). 

In the continuum range, as for 239Pu an a priori evaluation was proposed, sticking to 
JEFF-3.1.1. Systematic microscopic uncertainties were used. Figure 3 shows the result of 
this evaluation of covariances on the total inelastic 238U cross-sections. It shows an 
uncertainty between 10-20%. This level of uncertainties was proved to be of major impact 
for reactors [pressurised water reactors as well as fast reactors (Archier, et al., 2012)]. 
Future work will be focused on evaluating uncertainties for the JEFF-3.2 new high-energy 
range evaluation. 

Figure 3: Uncertainties and correlation matrix capture  
cross-section (left) and for total inelastic cross-section of 238U (right) 

      

Intermediate conclusions for CIELO 

First of all, one major conclusion is related to the fact that the resolved resonance range 
and the continuum range were evaluated separately, which is creating block diagonal 
matrices. The unavailability of cross-correlation between the thermal, epithermal and fast 
energy range should be looked for as they are of major impact on reactor applications. 

Concerning 238U, one can see that a major effort should be made to precisely evaluate 
and to reduce the inelastic cross-section uncertainties. Microscopic as well as dedicated 
integral experiments are necessary to reduce them. In addition, as scheduled by CIELO, 
improvements on the evaluation itself are foreseen. 

Concerning, 239Pu, mainly the capture at low- and high-energy ranges as well as the 
capture-to-fission ratio should be investigated to reduce uncertainties. 

The 235U capture cross-section was pointed out in the past in the intermediate energy 
range as to be especially and carefully looked for. 

In addition, even though not treated in this paper, additional important nuclear data 
should be investigated such as angular distributions, PFNS, nu-bar and other isotopes 
should be properly evaluated regarding their uncertainties: O, Fe, thermal data… 

A general conclusion is that even for well-known isotopes, new microscopic/integral 
experiments are very much wanted with a finer estimation of systematic uncertainties 



THE BIG THREE: 235U, 238U, 239Pu – PART 2 

182 NEMEA-7/CIELO WORKSHOP PROCEEDINGS, © OECD 2014 

(normalisation and background issues), with measurements in the unresolved resonance 
range and with finer angular distribution. These advances in measurements should also 
be done in conjunction with advances in the theoretical models (adding microscopic 
ingredient to have less “free” parameters). 

What additional physical constraints could be used? 

Methodologies to treat systematic experimental uncertainty were given in the past to 
avoid unrealistic low parameters uncertainties (De Saint Jean, et al., 2009; Habert, et al., 
2010; Noguère, et al., 2008) at the end of the evaluation but with only one nuclear reaction 
model. In this paper we refer to the previous work of De Saint Jean, et al. (2014), which 
consists of using experiments with systematic uncertainties whose energy range can be 
simulated by several nuclear reaction models. In De Saint Jean, et al. (2014), an example on 
sodium inelastic cross-section is given to highlight the effect of experimental normalisation 
uncertainty on two models (R-matrix and optical). As can be seen in Figure 4, the effect of 
normalisation is to create correlations between evaluated cross-sections even with two 
different models as long as they are compared to the same experiment with systematic 
uncertainties. It is quite straightforward to understand that no cross-correlations between 
energy domains would appear if only statistical uncertainties are treated. 

Figure 4: Impact on inelastic cross-section correlations  
of different normalisation uncertainties (from 0.5 to 3%) 

      

      

Source: De Saint Jean, et al. (2014). 



THE BIG THREE: 235U, 238U, 239Pu – PART 2 

NEMEA-7/CIELO WORKSHOP PROCEEDINGS, © OECD 2014 183 

A first true covariance evaluation was made on sodium for JEFF-3.2 taking into 
account systematic uncertainties on several models (Archier, et al., 2014). 

In De Saint Jean, et al. (2014), a new proposal based on the use of Lagrange multipliers 
to impose physical constraints on nuclear reactions models (or on cross-sections) was 
proposed as well as the related mathematical framework. Academic examples were 
treated at that time on 238U. 

Figure 5 shows that adding this constraint allows ensuring continuity on average 
cross-sections. Furthermore, cross-correlation were created between the two energy 
domains calculated by two different nuclear reaction models.  

Figure 5: Adjustment of the total cross-section of 238U with classical  
generalised least square and generalised least square with constraint 

 

Source: De Saint Jean, et al. (2014). 

Work will be done in the future to use both methodologies (systematic uncertainties 
and Lagrange multipliers with two models) for 235,238U and 239Pu. 

A last, more usual, physical constraint used in the evaluation is to use integral 
experiment during the evaluation process (De Saint Jean, et al., 2011). 

On can see in Figures 6 and 7 that using the Jezebel integral experiment in the 
evaluation will reduced not only uncertainties in the fission cross-section (by a factor 2) 
but also will reduce a priori high correlations in the high-energy range. The result of this  
 

Figure 6: 239Pu cross-sections correlations: microscopic experiment  
only a priori (left) and taking into account Jezebel integral experiment (right) 
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Figure 7: 239Pu fission cross-section uncertainties 

Green is microscopic experiment only a priori and red corresponds  
to an additional data assimilation of the Jezebel integral experiment 

 

double reduction is to lower drastically integral parameters uncertainties such as keff. The 
use of this new matrix on a sodium fast reactor was giving a reduction of 239Pu fission 
cross-section contribution by a factor of 2.5 on the related keff. The uncertainty reduction 
for SFR is less important because the SFR neutron flux is shared between the unresolved 
resonance range (not impacted by Jezebel) and the fast range (Jezebel range). 

The same integral data assimilation was tested in the CERES programme in DIMPLE 
(Marshall, et al., 1990) and Minerve in the thermal and epithermal range. A potential 
reduction of a factor 2-3 of the 239Pu capture cross-section uncertainties in the thermal 
range was pointed out by this study, as can be seen in Figure 8. Further investigation is 
needed to determine firm conclusions. 

Figure 8: 239Pu cross-section uncertainties 

Green is microscopic experiment only a priori and red corresponds  
to an additional data assimilation of the CERES integral experiments 
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General conclusions 

Cross-section covariance evaluations were done on 238U and 239Pu. The matrices 
obtained exhibit high correlation in the studied energy range and no cross-correlation 
between the resonance and continuum range. Major advances could be made within the 
CIELO WPEC subgroup. 

Additional physical constraints were proposed to take these cross-correlations into 
account (Lagrange multipliers + systematic uncertainties on several models) as well as 
trying to reduce the already evaluated covariances (integral experiments). 

The first methods to create cross-correlations seem very promising but not 
straightforward to use: the choice of parameters to be included is very important and 
difficulties arise if they are not well chosen, if boundaries are not well chosen and if 
model defects are present. Work is ongoing to propose additional constraints by using 
some common nuclear reaction model parameters between nuclear reaction models such 
as effective radius, average width, etc. 

The second proposition based on the use of integral measurements could give major 
uncertainty reduction as well as less correlated matrices. Nevertheless, the choice of 
integral experiments is crucial to disentangle nuclear data sensitivities and difficulty 
arises if parameters are not well chosen or forgotten (PFNS, angular distributions, etc.) 
and if spurious integral experiments (as for microscopic ones) with hidden errors are used. 
In addition, if one uses a whole series of ICSBEP measurements, it may be important to 
properly estimate correlations between these series of experiments. Unrealistic uncertainty 
reduction could appear if not. 
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