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Foreword 

The Working Party on International Nuclear Data Evaluation Co-operation 
(WPEC) was established under the aegis of the OECD/NEA Nuclear Science 
Committee (NSC) to promote the exchange of information on nuclear data 
evaluations, validation and related topics. Its aim is also to provide a 
framework for co-operative activities between the members of the major 
nuclear data evaluation projects. This includes the possible exchange of 
scientists in order to encourage co-operation. Requirements for experimental 
data resulting from this activity are compiled. The WPEC determines 
common criteria for evaluated nuclear data files with a view to assessing 
and improving the quality and completeness of evaluated data. 

The parties to the project are: ENDF (United States), JEFF/EFF (NEA Data 
Bank member countries) and JENDL (Japan). Co-operation with evaluation 
projects of non-OECD countries, specifically the Russian BROND and 
Chinese CENDL projects, are organised through the Nuclear Data Section of 
the International Atomic Energy Agency (IAEA). 

The following report has been issued by WPEC Subgroup 33, whose 
mission was to study methods and issues of the combined use of integral 
experiments and covariance data, with the objective of recommending a 
set of best and consistent practices in order to improve evaluated nuclear 
data files. In a first step, the subgroup reviewed and assessed the existing 
nuclear data adjustment methodologies. The outcome is presented in this 
intermediate report. 

The opinions expressed in this report are those of the authors only and 
do not necessarily represent the position of any member country or 
international organisation. 
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1. Introduction 

The Working Party on Evaluation Co-operation (WPEC) of the OECD Nuclear 
Energy Agency Nuclear Science Committee has established an International 
Subgroup (called “Subgroup 33”) on “Methods and issues for the combined 
use of integral experiments and covariance data”. In its mandate “it is 
proposed for this WPEC subgroup to study methods and issues of the 
combined use of integral experiments and covariance data, with the 
objective of recommending 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 experiments, define new ones if needed, 
provide trends and feedback to nuclear data evaluators and measurers.” 

The first request, which this document is fulfilling, is about a 
deliverable assessing the methodologies that the different participants to 
this subgroup employ for adjustment of neutron cross-section data using 
the observed discrepancies between calculated and measured values of 
integral experiments. To this purpose the participants have been asked to 
provide documentation on the adjustment methodologies used. The 
following organisations have provided the requested documentation: ANL, 
CEA, INL, IPPE, JAEA, JSI, NRG and ORNL. The different organisations’ 
documentation is provided in Appendices A1 through A8. 

The rest of this document includes a chapter on the identification of 
the merits and drawbacks of the existing adjustment methodologies, a 
chapter on comparison of mathematical formulation and specific features, 
a chapter on the criteria used for assessing different methodologies and 
finally some conclusions drawn from the assessment. 
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2. Identification of merits and  
drawbacks of existing methodologies 

Since the early 60s, physicists involved in the design of fast reactors 
proposed to use integral experiments to improve multi-group cross-sections 
by using integral experiments. This approach was justified by the limited 
knowledge at the time of the very large quantity of nuclear data needed 
over a wide energy range both for design and for experiment analysis. Early 
proposals were presented and discussed at the UN Conference on Peaceful 
Uses of Nuclear Energy in Geneva in 1964 [1,2]. 

2.1 General description 

Let =
 

iy y  (i = 1…Ny) denote some new experimentally measured variables, 

and let x


 denote the parameters defining the model used to simulate 
theoretically these variables and t



 the associated calculated values to be 
compared with y



. 

After several mathematical equations and additional approximations 
(beyond the scope of this chapter, see Chapter 3), if the expectation and 
covariance matrix are mx



 and Mx, the evaluation of posterior expectation 

and covariances is done by finding the minimum of the following cost 
function (a generalised least-square): 

( ) ( ) ( ) ( )2 1 1=
TT

GSL m x m yx x M x x y t M y t− −χ − − + − −
 

     

 

In this framework of traditional multi-group cross-section adjustment, 
x


 parameters are indeed the multi-group cross-sections themselves. 

With the following change in notations: 

• x → σ


  is the vector of size Nσ = number of isotopes × number of 
reactions × number of energy groups. 

• Mσ is the a priori covariance matrix on multi-group cross-sections. 

• y E→




 is the vector of size NE = number of integral experiments. 



IDENTIFICATION OF MERITS AND DRAWBACKS OF EXISTING METHODOLOGIES 

10 ASSESSMENT OF EXISTING NUCLEAR DATA ADJUSTMENT METHODOLOGIES – © OECD/NEA 2011 

• ME is the experimental covariance matrix, including the analytical 
modelling covariance matrix, in principle. 

• t C→




 is the vector of size NE = number of integral experiments. 

E


 is a set of measurements which is related to cross-sections (keff,...) 

and C


its associated set of calculated values. 

The generalised least-square may be written as follows: 

2 1 1= ( ) ( ) ( ( )) ( ( ))T T
GSL m m EM E C M E C− −

σχ σ − σ σ − σ + − σ − σ
  

   

 

Information related to integral experiments simulation is condensed in 

the C


 values as well as in their derivatives with respect to cross-sections. 

Using a first order approximation, one can write: 

( ) = ( ) ( )m mC C Sσ σ + ⋅ σ − σ
 

 

 

S is a matrix (size NE × Nσ) of calculated derivatives supposed to be 
constant (when the cross-sections slightly change): 

i
ij

j

C
S

∂
=

∂σ
 

Most of the time, S is referred to sensitivities: 

= ji
ij

j i

C
S

C

σ∂
⋅

∂σ
 

2.2 Merits of the methodology 

During the 70s and 80s the continuous improvement of the analytical tools, 
the reduction of approximations in the solution of the Boltzmann equation 
and in the multi-group generation algorithms coupled with the increase of 
computing capabilities, suggested that the major source of uncertainty in 
the assessment of the total neutron balance and of its components had to 
be found in the nuclear cross-sections data. At the same time a very large 
number of high accuracy integral experiments were performed in several 
critical facilities all over the world (see for example the International 
Handbook of Evaluated Reactor Physics Benchmark Experiments, IRPhE [3]), 
providing evidence of potential significant uncertainties if extrapolation to 
design was attempted. Only very accurate mock-up experiments, if feasible, 
could possibly overcome that difficulty. The mock-up approach was mainly 
followed in the US, while more analytical experimental programmes were 
performed in France, UK, Japan and Russia (former USSR). As an example, 
in Japan, there is a history about the mock-up approach and the analytical 
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experimental programmes. For the experimental fast reactor JOYO, the FCA 
experiments were applied to its design as the full mock-up [4]. For the 
prototype FBR Monju, the MOZART programme performed in the ZEBRA 
facility was adapted to its design as the full mock-up [5]. However, for the 
demonstration FBR of Japan, the JUPITER programme in the ZPPR facility 
had first been considered as the full mock-up, but from the results of 
sensitivity study, the methodology of the design was almost changed from 
the bias method to the cross-section adjustment method [6]. Now it is again 
in the discussion stage among designers and physicists from the licensing 
viewpoint as to which methodology should be chosen for the future FBR 
design. 

While in the mock-up approach one would attempt to directly apply 
the observed calculation-to-experiment discrepancies to the calculation of 
the reference design configuration (with an appropriate use of the integral 
experiment uncertainties and an appropriate evaluation of possible 
calculation approximation effects differences between experimental and 
design configurations), the adjustment methodology outlined above was 
applied when a set of appropriately designed experiments were available. 
As it will be seen in the Appendices, different variants have been developed 
and used in the different laboratories. Major requirements for the integral 
experiments were, on the one hand, to be as “clean” (e.g. easy to analyse) as 
possible and, on the other hand, to provide complementary information on 
specific nuclear data (e.g. structural material capture, Pu vs. U fission, etc.) 
in specific energy ranges (e.g. tailoring the neutron spectrum or the 
neutron leakage component of the core, etc.). 

As indicated in the previous paragraph, common ingredients are the 
sensitivity coefficients (generally calculated at first order, using the so-called 
adjoint methods, e.g. the Generalised Perturbation Theory, originally 
developed by L. Usachev [7]) and uncertainty values. While robust methods 
and tools were developed for sensitivity calculations, the uncertainty 
(covariance data) on multi-group nuclear parameters was mostly the result 
of expert judgement, in absence of systematic evaluation work. It is worth 
noting that taken as such, these covariances give rise to an unacceptable 
level of uncertainties concerning the design integral parameters (for 
example, between 1 000-2 000 pcm for initial reactivity of fresh cores) [8]. 

To reduce such uncertainties, the use of ad hoc conceived integral 
experiments has been a pragmatic and mathematically-based solution [9-11]. 
By having a large number of these experiments, related to specific design 
parameters and covering a defined domain of application, one can expect  
a reduction of the major uncertainties via a reduction of the observed 
calculation-to-experiment discrepancies, in the hypothesis that those 
observed discrepancies were to be attributed mostly to nuclear data. As an 
example of the performance of adjusted data, the use of the CARNAVAL-IV 
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adjusted library did allow to predict the critical mass of Superphénix with 
an accuracy of the order of 300 pcm [12]. 

More recently, the multi-group cross-section library ERALIB1 (also 
obtained with this methodology) used with the ERANOS system has a very 
good predictive power on fast reactor systems such as Superphénix and 
Phénix in France [13]. 

Besides the inevitable drawbacks (see Section 2.3), this methodology is: 

• pragmatic and well suited for specific and well-defined reactor 
concepts; 

• used in fast reactor neutronics code validation as well as in PWR 
cell code validation (in this last case the mathematical framework is 
equivalent, but no cross-section adjustment is done); 

• potentially traceable with QA; 

• mathematically based on least-square-type theories; 

• open for improvement in all aspects (simulation, hypothesis, etc.,…); 

• successfully applied in real cases. 

2.3 Major drawbacks 

From the mathematical point of view, the approach is quite general and 
has been extensively used for many kinds of inverse problems. The 
drawbacks encountered are most of the time related to the “way” the 
mathematical problem is solved or posed, with all the successive 
approximations. The major drawbacks include: 

• The number of parameters to be adjusted may be very large: 

Nσ = number of isotopes × number of reactions × number of energy groups 

In terms of parameter estimation technique, dealing with a large 
number of parameters requires additional numerical recipes, such 
as ad hoc selection of only part of them. 

• Mσ is conventionally a priori covariance matrix on multi-group 
cross-sections: 

– In the past these covariance matrices were based on expert 
judgement. Today, however, a world-wide effort is being mounted 
in the nuclear data and reactor physics fields to determine the 
scientific basis of the nuclear data covariances [14], although the 
common technical basis to evaluate the nuclear data covariances 
has not yet successfully converged. 
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– The problem solutions (i.e. the cross-section adjustments) are 
dependent on these initial covariance matrices: 

 It is logical to some extent: outputs are depending on inputs. 

 On the contrary major changes in the solutions (order of 
magnitude or changes in signs) can indicate a poor level of 
confidence in the final results, and statistical tests, such as χ2 
should be carefully interpreted. 

• E


, integral experiments 

One major problem with experiments can be the loss of information 
related to experimental descriptions (though efforts are ongoing to 
improve such conditions, see the above-mentioned IRPhE DVD [3]): 

– geometry; 

– compositions; 

– experimental conditions; 

– uncertainty estimations: 

 statistical uncertainties; 

 systematic uncertainties (normalisation, use of standard,…); 

 ME is then experimental covariance matrix: 

Most of the time no correlations between similar integral 
experiments are provided. 

• Concerning the calculated values C


 and the related bias: 

– In the past, neutronic solvers did imply more approximations 
than nowadays: to some extent, the adjustment was done on the 
experimental values and on the calculated values as well. The 
adjusted library was correlated to the calculation scheme used. 

– With new 3-D transport solvers used in conjunction with 
Monte Carlo, this bias is reduced and can be treated in the 
adjustment procedure (see Chapter 3). 

• Dedicated adjusted multi-group libraries obtained with specific 
integral information: 

– There exists no clear definition of the application domain of this 
dedicated multi-group library. At most “representative” factors 
can be used to estimate the fraction of information in the 
integral experiments shared with the design parameters. 
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– When a specific reactor concept is obviously outside this domain, 
the mathematical/physical extrapolation method is difficult to 
define for the bias factors obtained using the adjusted multi-group 
library. 

• Most of the time the adjustment is performed over a broad energy 
group description of cross-sections creating a macroscopic change 
of cross-sections (i.e. constant over the energy ranges corresponding 
to the energy groups). Several problem thus arise: 

– How to properly perform broad to fine energy mesh interpolation? 

– How to explicitly treat self-shielding? 

• An outcome of the adjustment procedure is a “posterior” correlation 
matrix. The correlations among cross-sections of various isotopes 
or among reactions can be unexpected and should be carefully 
analysed, to understand their reliability, since one may find some of 
these correlations not to be physical. 

2.4 Conclusions 

As mentioned above, several drawbacks can be enumerated as concerns 
multi-group cross-section fitting (adjustments) with integral experiments. 
In principal, however, these drawbacks can be overcome: 

• with the use of more precise and unbiased deterministic simulation 
methods; 

• with more precise evaluated covariances as assessed by nuclear 
physicists; 

• by introducing more physics into the adjustment procedure: 

– nuclear model parameter constraints; 

– better assessed experimental uncertainties; 

– using different types of integral experiments, possibly from 
independent facilities: 

 some related to one type of cross-section for one isotope (or a 
few number of isotopes); 

 some involving a large number of isotopes. 

For the first type of integral experiments, a solution recently proposed 
in the community is to directly use proper, clean integral information in the 
nuclear reaction model framework [15-17]. The mathematical description of 
one of these methods is described in detail in Ref. [18], from which the 
general mathematical notations/methods are taken. 
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3. Comparison of mathematical  
formulations and specific features 

The methodology adopted by each organisation to adjust the differential 
nuclear data using the integral experimental information was reported and 
compared. Table 3.1 summarises the theories applied by the participants 
and the basic mathematical equations submitted. From the table, the 
following observations are made as per the basic mathematical equations: 

• Five organisations (JSI, IPPE, JAEA, CEA and ANL) apply identical 
equations for the adjustment, though the submitted names of the 
theories differ. 

• The equations used by ORNL are roughly the same as for the five 
organisations listed above, except for the factor Fm/k, that is, the E/C 
ratio is added to the covariance of integral experimental data. 

• The expression of INL equations seems to differ from the other 
organisations, but after examination it was concluded that they are 
mathematically identical. 

• NRG is developing the total Monte Carlo method to propagate 
uncertainties. However, this is seen as an alternative or extensive 
way for the traditional deterministic method, so the essential 
results of the adjustment are expected to be equivalent to the 
others. 

Several interesting individual variations emerge from the results 
reported by the participants: 

• ANL: the covariance matrix of the experimental data is included in 
the adjustment procedure, but the parameters related to the reactor 
model and methods approximation are ignored, as these features 
are difficult to quantify and it is generally assumed that they are fit 
into parameter adjustments. However, the generalised chi-square 
of the fit increases by about a factor of 10 if the model and methods 
uncertainties are not included in the covariance matrix of the 
integral parameters, indicating that the model and method 
approximations cannot be fit into the parameter adjustments. 
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• CEA: Sufficient experience has been acquired to apply an adjusted 
cross-section set, CARNAVAL-IV, to actual fast reactor design work 
like Phénix. Adjustment concerns would be the accountability or 
acceptability of data and methodology related to the adjustment 
from the up-to-date technical viewpoint, including nuclear data 
covariances and integral error evaluation. 

• INL: The number of adjusted parameters is limited by the 
multiplication of sensitivity coefficients and nuclear data covariances. 
It was agreed that this treatment does not affect the results of 
adjustment physically, but can alleviate the burden of input 
preparation or output editing. 

• IPPE: The data consistency of both nuclear data and integral 
information is verified using the chi-square value of the data fitting. 
The selection of criteria, one standard deviation in IPPE case, would 
be based on arbitrary judgement. 

• JAEA: The analytical modelling error, Vm, is explicitly treated apart 
from the integral experimental error, Ve, as the integral error 
information. It was agreed that this Vm should be taken into account 
for the adjustment procedure, even in the case of Monte Carlo 
calculation in principle, though it is possible to neglect it if the 
value of Vm is extremely small compared with that of Ve. 

• JSI: At user request, the JSI code will perform a minimally invasive 
modification of the input covariance matrix to assign lower weight 
to inconsistent experimental data. Only the diagonal elements are 
changed, and an iterative procedure is followed in which only one 
diagonal element is changed at a time, namely, the one which 
produces the maximum benefit in lowering chi-squared. This 
process is repeated until chi-squared reaches unity. 

• ORNL: An option for chi-square filtering is available to ensure the 
consistency of a given set of benchmark experiments. In the 
procedure, individual experiments are progressively removed until 
the calculated chi-square value is less than an acceptable threshold. 
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COMPARISON OF MATHEMATICAL FORMULATIONS AND SPECIFIC FEATURES 
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4. Criteria for assessing methodologies 

Criteria for assessing the different methodologies have been defined and 
agreed upon among participants. They are separated into two major 
categories: quantitative (mostly related to computation performance), and 
qualitative (mostly related to the features of the methodologies). The 
criteria are formulated in the following. 

4.1 Quantitative criteria 

4.1.1 Computational effort 

A. What is the rank of the matrix (or matrices) to be inverted? 

B. Does your adjustment use an iterative method? 

C. Is there any computational limitation (number of variables, 
experiments, etc.)? 

D. What is a typical running time for a defined number of variables/ 
experiments? Please specify type of machine/CPU used. 

4.1.2 Input/output burden 

A. Are all cross-sections are taken into account? (If not, please, specify 
cross-section selection strategy.) 

4.2 Qualitative criteria 

A. Are all reactions taken into account? 

B. Can self-shielding effects be explicitly treated? 

C. Can high-order effects be taken into account? 

D. Can method uncertainties/bias be accounted for? 

E. How are inelastic matrices and secondary energy distributions 
treated? 

F. Fission prompt and delayed neutron spectra/data? 
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G. Is consistency test present? 

H. Are cross-correlations among nuclear data taken into account? 

I. Are correlations among experiments taken into account? 

J. Are correlations among nuclear data and experiments taken into 
account? 

K. Is a new covariance data set produced? 

L. Is the solution unique (local minima)? 

These criteria (in the form of questions) have been submitted to the 
participants and the responses are provided in Appendices B1-B8. 

We can briefly summarise the main characteristics that emerge from 
the answers of the participants, noting that these are consistent with what 
was observed in the previous chapter. It should also be noted that as the 
NRG methodology differs from that used by the other participants, the 
questionnaire is not really applicable. 

4.1.1.A: In practice, all methodologies end up inverting a matrix that 
has the rank of the integral experiments used in the adjustment. This, of 
course, minimises the number of operations as the number of cross-sections 
to be adjusted is larger than the number of integral experiments used. 

4.1.1.B: None of the participants, except JSI, use an iterative method. JSI 
uses an iterative Gauss-Newton method because of explicit treatment of 
non-linear effects (see Appendix B6, response to II.C). 

4.1.1.C: No limitations from the computer power are imposed, except 
those dictated by the coding of the program. JSI has a limitation of 3 600 
integral experiments. 

4.1.1.D: Today, computing time is no longer an issue and has become 
quite negligible. For a reasonable number of variables only a few seconds 
are needed. 

4.1.2.A: All participants consider all cross-sections, except for INL, 
which has selection criteria for limiting the total number of variables to be 
adjusted. 

4.2.A: Generally, all participants are able to treat all reactions if specified 
by the user and if associated sensitivity coefficients and covariances are 
provided. 

4.2.B: JAEA and ORNL can explicitly treat the self-shielding. CEA can do 
so only for nuclear parameter adjustment, not for multi-group. ANL, INL 
and IPPE can treat the self-shielding factors as separate variables in the 
adjustment. JSI cannot treat it. 
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4.2.C: Most participants can treat higher-order effects only through an 
iterative, mostly manual, application of the adjustment procedure. This is 
due to the inherent linear characteristic of the sensitivity coefficients. Only 
JSI can directly treat non-linear effects through the Gauss-Newton method. 

4.2.D: Only JAEA treats directly through explicit inclusion of the 
calculation uncertainty in the adjustment methodology. The others include 
it in the C/E uncertainty. 

4.2.E: In most cases the total inelastic cross-section is adjusted. 
Secondary energy distribution is adjusted depending on the capability of 
calculating associated sensitivity coefficients with stochastic codes and on 
the capability to evaluate associated covariance matrices. 

4.2.F: Similarly to point 4.2.E as related to the individual participant 
capability of calculating associated sensitivity coefficients. 

4.2.G: All participants have some form of χ2 test. 

4.2.H/4.2.I: Yes for all participants when related data are provided. 

4.2.J: Only INL can treat this correlation, but these are not common 
data. 

4.2.K: All participants produce a new covariance data set after 
adjustment. 

4.2.L: All participants that use non-iterative methods in the adjustment 
produce a unique solution, which should correspond to the minimum. 
When applying a non-linear technique JSI can produce local minima. 
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5. Conclusions 

The present report has provided a summary and an assessment of the 
different adjustment methodologies, based on formal descriptions of the 
different mathematical formulations and on answers provided by 
participants to a questionnaire with detailed, defined criteria. 

These methodologies have been adopted and widely used in practical 
applications, the most outstanding of which being the design of a power 
reactor. It has been seen that a major drawback is the potential issue of the 
“domain of applicability” or, in other words, the potential risk of error 
compensation or even systematic error impact, e.g. in terms of “artificial” 
adjustments. 

A better understanding of the performance of these methodologies is 
needed in order: 

• to improve the confidence of the users concerning the validity and 
applicability of the adjustments and of the residual bias factors to 
be applied to the reference design parameters; 

• to provide reliable feedback to nuclear data evaluators in order to 
develop improved versions of evaluated data files. 

It has thus been decided to have the different organisations participate 
in a common benchmark adjustment exercise that allows studying some 
specific issues. In particular, it was agreed that the main objective of the 
benchmark will be to test different methods of nuclear data adjustment/ 
assimilation and different sets of covariance data, so as to reduce the 
design uncertainties of a particular type of sodium-cooled fast reactor. 

One major expected result of the exercise will be to verify the 
convergence, if any, of the different adjusted data files produced by the 
different participants and the impact of the use of different uncertainty 
data evaluations. The impact of calculation methods’ approximation bias, 
of integral experiment uncertainties, etc., will also be investigated. 

The benchmark will make use of a single, limited set of integral 
experiments and measurements. The final results will be tested on a model 
of the Advanced Fast Burner Reactor (ABR) with plutonium oxide fuel 
or/and a model of the JAEA FBR core. 
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As a by-product of this exercise, feedback will be sent to the evaluation 
projects if consistent and unambiguous nuclear data trends can be found. 

To facilitate comparisons, a common 33-group structure is adopted for 
the benchmark input/output. Each participant is responsible for the 
conversion of its data into the adopted group structure. The ANGELO code 
can be used to convert covariance matrices from one group structure to 
another. As concerns cross-sections, these can be smoothed out (e.g. using 
lethargy width) on the 33-energy group structure. 

All data, especially covariance matrices, should be provided in a 
“human readable” (ASCII) tabular format. The co-ordinators and the NEA 
secretariat will send format specification to the participants. All benchmark 
input/output will be available on the subgroup web page, and conclusions 
will be published in the final report of SG33. 
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Appendix A1 – ANL methodology 

ANL data assimilation methodology: GMADJ 

For the data assimilation activities of WPEC Subgroup 33, Argonne will use 
the GMADJ code written primarily by W.P. Poenitz and used by ANL in the 
1980s in support of design activities for the Clinch River Breeder Reactor 
(CRBR) and for the metal core of the Fast Flux Test Reactor (FFTF). Many 
papers and reports were published at that time describing both the 
methodology and the performance. 

A code, GMA (for Gauss, Markov and Aitken), for the simultaneous 
evaluation of parameters by generalised least-squares was developed in 
1980 [1,2]. GMA provides for a first-step evaluation of n parameters for 
which an over-determination or minimum determination exists with a 
large experimental database. The code GMADJ [3] provides for the utilisation 
of additional experimental data for the improvement of the n parameters or 
of quantities calculated with these parameters. With emphasis on the latter, 
the code can be used to obtain adjusted calculated quantities without 
explicit adjustments of the underlying parameter set. Uncertainties and 
correlations among the calculated quantities are provided. The present 
brief account is based on a summary by W.P. Poenitz [4]. 

Parameter adjustment based on least-squares is due to Gauss [5] and 
modifications of the least-squares method in order to account for 
correlations as derived by Aitken [6] have been taken into account in recent 
work [7]. Other approaches, e.g. based on Bayes’ theorem, lead to the same 
formulation as the generalised least-squares method (GLS) which is used 
here. Uncertainty analysis is considered in detail [8]. 

We consider the vector of m calculated quantities, Q = (Q1, Q2, … Qm), 
which contains components from critical assemblies, as well as reactor 
designs. The calculations are based upon n prior evaluated parameters, 
p = (p1, p2, … pn), with covariance Cp. The covariance of calculated quantities 
due to the parameter covariance then follows from error propagation, i.e.: 

  = T
Q pC S C S  (1) 

where S is the m × n sensitivity matrix with components: 
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∂

=
∂

j i
ij

i j

p Q
S

Q p
 (2) 

which are the per cent changes of the Qi per per cent changes of the 
parameters pj. 

It is assumed that the prior evaluation of the n parameters was based 
upon  (differential) experimental data ( > n) and that k additional (integral) 

experimental data are available which are uncorrelated with the  values. 

Utilisation of the additional k experimental data leads to adjustments on 
the prior evaluated parameters with the adjustment vector given by: 

 1  −δ = T
pC S W E  (3) 

    = + = +T
p E Q EW S C S C C C  (4) 

where E is the reduced measurement vector with covariance CE. It is with the 
weight matrix, W–1, that the relative importance of the prior information, 
contained in the pre-evaluated parameters, and the additional information, 
contained in the k experimental values, is properly taken into account. The 
covariance matrix of the adjusted parameters is given by: 

 1  −′ = − T
p p p pC C C  S W S C  (5) 

and is inserted in Eq. (1) in order to evaluate the uncertainties and 
correlations of the calculated quantities based upon the adjusted 
parameters. The latter can be obtained by recalculating Q with the adjusted 
parameters, or, alternatively, by directly adjusting the calculated quantities 
with: 

 ( )′= + δQ   Q I  S  (6) 

where I is the unit vector. 

For the present considerations, the prior evaluated parameters are the 
cross-sections and other parameters obtained from the evaluated nuclear 
data files which are reduced to group cross-sections with a specified 
energy-group structure. The additional experimental data are the data 
obtained from critical assembly experiments. The corresponding quantities 
are functions of the parameters requiring linearisation, which are obtained 
from the Taylor series expansion, broken off with its first-order term: 

 ( )
∂

= + −
∂∑ i

i io j jo
jj 

Q
Q Q   p  p

p
 (7) 

The neglect of the higher-order terms in the Taylor series expansion 
leads to errors of the adjusted parameters which propagate to errors of the 
reactor quantities. However, if the adjustments are made on the calculated 
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quantities based on the same linear Taylor series expansion, instead of 
recalculating the quantities with adjusted parameters, one would expect a 
partial compensation of the errors made. 

Some of the parameters are group cross-sections and adjustments on 
infinite dilute cross-sections are implied. However, the adjustments ought 
to be made on the underlying parameters, e.g. resolved resonance 
parameters, unresolved resonance parameters, pointwise cross-sections, 
etc., labelled g. The linear term of the Taylor series expansion should 
therefore read: 

 
∂ −
∂∑ l l oli

l olil

g Q g g
  

Q g g
 (8) 

Using the chain rule one obtains: 

 
∂∂

δ = δ
∂ ∂∑ ∑ ∑ ∑j jli

l l ij jl
li j jl j l j

p pQ g
    S  D

Q p p g
 (9) 

where the δl are the adjustments on the underlying parameters and the 
transformation matrix D contains the sensitivities of the group cross-sections 
to the underlying parameters. This has been discussed in the context of 
higher-order effects in sensitivity analysis by Greenspan, et al. [9]. As long 
as adjustments to the calculated quantities are small compared to one, 
uncertainties due to these effects should be small. Therefore, at present, 
they have been neglected, though efforts to introduce the transformation 
matrix may later be introduced. 

The Taylor series expansion should involve all parameters, including 
those relating to the reactor model and method approximation. The latter 
would be expressed as corrections (e.g. for cell heterogeneity). However, 
most features involved in the models and most method approximations are 
difficult to quantify and corresponding parameters are ignored. It is 
generally assumed that the model and method approximations are fit into 
parameter adjustments. The uncertainties of the neglected parameters 
have been accounted for by replacing the covariance matrix of the 
experimental data CE, with CE + CM. It is interesting to note that the 
generalised X2 of the fit [10]: 

 ( ) 1 ( )−′ ′− − TQ  E  W  Q  E  (10) 

increases by about a factor of 10 if the model and methods uncertainties 
are not included in the covariance matrix for the reduced measurement 
vector (E – Q). This indicates that the model and method approximations 
cannot be fit into parameter adjustments if such parameters are not 
provided for. Including the model and method uncertainties, or not, with 
the uncertainties of the experimental data has only minor effects on the 
adjusted quantities. 
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Appendix A2 – CEA methodology 

Introduction 

In the 70s and 80s, in particular at CEA Cadarache, physicists decided to use 
integral experiments to assess multi-group cross-section uncertainties by 
using adjustment procedure [1]. The library ERALIB1 used with the ERANOS 
system is the result of this methodology [2]. 

In this paper, the mathematical framework used at that time to 
properly integrate the information resulting from integral experiments 
performed on reactor mock-up or simple integral experiments (e.g. ICSBEP) 
is described, and new solutions are proposed. 

Theory of parameter estimation 

General theory 

Let = iy y
 

 ( yNi 1= ) denote some experimentally measured variables, and 

let x


 denote the parameters defining the model used to theoretically 
simulate these variables and t



 the associated calculated values to be 
compared with y



. 

Using Bayes’ theorem [3] and especially its generalisation to continuous 
variables [4], one can settle the following relation between conditional 
probability density functions (written p(.)) when the analysis of a new data 
set y



 is performed: 

 p x U p y x U
p x y U

dx p x U p y x U

( | ) ( | , )
( | , )

( | ) ( | , )

⋅
=

⋅ ⋅∫

  

 

   

 (1) 

where 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. 

The formal rule [5] used to take into account information coming from 
newly analysed observations is: 
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 posterior p x y U prior p x U likelihood p y x U( | , ) ( | ) ( | , )∝ ⋅          
    

 (2) 

A fitting 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 about these parameters and a likelihood 
which gives the probability density function of observing a data set 
knowing x



. 

Deterministic theory 

To solve this problem, one has to make some assumptions about the prior 
probability distribution involved. Given a covariance matrix and mean 
values, the choice of a multivariate joint normal for the probability density 
p x U( | )


 is maximising the entropy [6]. After an additional approximation 

(the so-called Laplace approximation [7]), if the expectation and covariance 
matrix are mx



 and Mx, the evaluation of posterior expectation and 

covariances is done by finding the minimum of the following cost function 
(a generalised least-square): 

( ) ( ) ( ) ( )TT
GSL m x m yx x M x x y t M y t2 1 1− −χ = − − + − −

 

     

 

Traditional multi-group cross-section adjustment 

In this section, the x


 parameters are indeed the multi-group cross-sections 
themselves. 

The following changes in notation are made: 

• x → σ




 is the vector of size Nσ = number of isotopes × number of 
reactions × number of energy groups. 

• Mσ is the a priori covariance matrix on multi-group cross-sections. 

• y E→




 is the vector of size NE = number of integral experiments. 

• ME is then the experimental covariance matrix. 

• t C→




 is the vector of size NE = number of integral experiments. 

E


 is a set of measurements which is related to cross-sections (keff,...) 
and C



 its associated set of calculated values. 

The generalised least-square may be written as follows: 

T T
GSL m m EM E C M E C2 1 1( ) ( ) ( ( )) ( ( ))− −

σχ = σ − σ σ − σ + − σ − σ
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Information related to integral experiments simulation 

Using a first-order approximation, one can write: 

m mC C S( ) ( ) ( )σ = σ + ⋅ σ − σ
 

 

 

S is a matrix (size NE × Nσ) of calculated derivatives supposed to be 
constant (when the cross-sections slightly change): 

i
ij

j

C
S

∂
=

∂σ
 

Most of the time, S is referred to sensitivities: 

ji
ij

j i

C
S

C
=

σ∂
⋅

∂σ
 

Implemented mathematical solutions 

The first-order solution used most of the time is given by: 

 ( ) ( )T T
m E mM S M S M S E C

1
( )

−

σ σσ − σ = ⋅ + ⋅ ⋅ ⋅ − σ


 

 (3) 

For the posterior covariances on the multi-group cross-sections, one 
obtains: 

 ( )T T
EM M M S M S M S S M

1−

σ σ σ σ σ′ = − ⋅ + ⋅ ⋅ ⋅ ⋅  (4) 

Prospects 

In the [eV-MeV] energy range, modelling of the neutron-induced reactions 
is based on nuclear reaction models having parameters. Some of them 
which are not predicted by the theory and cannot be directly measured can 
be evaluated by fitting experimental data sets. 

In this situation, the previous mathematical description can be used to 
evaluate the model parameters, here x



. The evaluation of posterior 
expectation and covariances are done by finding the minimum of the 
following cost function (a generalised least-square): 

( ) ( ) ( ) ( )TT
GSL m x m yx x M x x y t M y t2 1 1− −χ = − − + − −

 

     

 

where y


 is a set of microscopic experiments. This is a standard procedure 

for parameter estimation in the nuclear data field [8,9]. 

The idea proposed now at CEA Cadarache is to directly use proper 
clean integral information in the nuclear reaction model framework. The 
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notation E


 used in the previous section for integral experiments is 
maintained. The E



 experimental set is linked with its experimental 

covariance matrix ME. The associated theoretical values C


 depend on x


 in 
the following way: 

( )C x( )σ




 

The solution is to mix both microscopic and integral measurements in 
the same generalised least-square: 

( ) ( ) ( ) ( ) ( )( ) ( )( )TTT
GSL m x m y Ex x M x x y t M y t E C x M E C x2 1 1 1( ) ( )− − −χ = − − + − − + − σ − σ

  
 

       

 

In this formula, y


 is a set of microscopic experiments and thus, E


 is a set 

of integral experiments. 

This new data evaluation procedure was developed in the CONRAD [9] 
code and used in various promising nuclear models analyses [11-13]. The 
mathematical description of this kind of analysis is described in detail in 
Ref. [10] from which the general mathematical notations/methods are taken. 

The key point is to succeed in calculating 
( )C x

x

( )∂ σ
∂







. 
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Appendix A3 – INL methodology 

The methodology adopted at INL for cross-section adjustment makes use of 
the following input quantities: 

• C/E for the measured integral parameters; 

• associated experimental uncertainties on integral parameters, and, 
if available, correlations among them; 

• a priori covariance data on cross-sections; 

• sensitivities of cross-sections to integral parameters. 

So as to limit the number of parameters to be adjusted, the multi-group 
cross-sections are pre-selected based on their contribution to the total 
uncertainty of each measured integral parameter taken into account in the 
adjustment. In practice the following formula is used: 

2 2∆ εR RipR S DS+= ≥  

where ∆Rip is the uncertainty for the measured integral parameter p induced 
by the uncertainty on cross-section i, SR is the sensitivity array, D the 
covariance matrix, and ε a user input parameter that is used as relative 
contribution to the total uncertainty (i.e. if ε = 0.001, all cross-sections that 
contribute more than one-thousandth of the total uncertainty are taken 
into consideration for adjustment). 

The practice adopted is a statistical method based on maximum 
likelihood function with Lagrange multipliers that minimise the variations 
on the initial cross-section values needed to reduce the discrepancies 
observed on the C/E. 

As output one obtains: 

• relative variations to be applied to initial values of cross-sections; 

• new C/E calculated through the sensitivity coefficients and the 
relative cross-section variations; 

• new cross-section covariance matrix; 

• new integral parameters covariance matrix; 
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• new integral parameters and cross-section covariance matrix; 

• χ2 test for checking on the statistical validity of the performed 
adjustment. 

The method is described in the following report: Gandini, A., M. Petilli, 
AMARA: A Code Using the Lagrange Multipliers Methods of Nuclear Data 
Adjustment, RT/FI(73)39, Comitato Nazionale per l’Energia Nucleare (1973). 

What follows is extracted “verbatim” from this report. 

1. Problem formulation 

Given a set of M integral quantities (true values): 

 ( )Nii ,,,QI σσσ= 21 ,     ( )Mi 1=  (1) 

And given a set “ 0
jσ ” (with j = 1…N) of nuclear parameters close enough to 

the true values “σj”, by expanding to first order the Eq. (1) becomes: 

 ( ) ( )
j j

N
i

Ni i j j
jj

Q
I Q

0

0 0 0 0
1 1

1

, ,
= σ =σ

 ∂
= σ σ σ + ⋅ σ − σ  ∂σ 

∑ ,     ( )Mi 1=  (2) 

By defining: 

 
( )

( )

j j j

calc
i i

N i calc
i

y j N

I Q
y i M

Q

0 1

1+

 = σ − σ =

 −

= =






 (3) 

where: 

 ( )00
2

0
1 Ni

calc
i ,,QQ σσσ=   (4) 

and introducing the variables: 

 
( )

( )
j j

i
i j calc

ji

i N k ik

Q
A j N

Q

A k M

σ =σ

+

  ∂
 = =   ∂σ 


= −δ =

0

,

,

1
1, ,

1, ,





,     ( )M,,i 1=  (5) 

and: 

 ( )o
is i M0 1, ,= =   (6) 

the relationship expressed by Eq. (2) may be written: 

 ( )
N M

o
i ij j i N j ij

j j

s A y A i M,
1 1

0 1, ,+
= =

+ + δ = =∑ ∑   (7) 
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i.e.: 

 ( )
N M

o
i ij j

j

s A y i M
1

0 1, ,
+

=

+ = =∑   (8) 

In this equation, for a generalisation, further relationships relative to 
the nuclear data may be included. 

If it is assumed that the number of these is H, the index “i” runs from 1 
to (M + H). 

In these last “H” equations the elements “ o
is ” have generally non-zeros 

values. 

The range of the index “j” which appears in the Eq. (8) does not change. 
In this more general case the Eq. (8) becomes: 

 ( )
N M

o
i ij j

j

s A y i M H
1

0 1, ,
+

=

+ = = +∑   (9) 

which, by adopting a matrix notation, can be written: 

 os Ay 0+ =  (10) 

where: 

 

q

s

s
s

s

0
1

0
20

0

=


 (11) 

 

r

y

y
y

y

1

2=


 (12) 

 

qrqq

r

r

AAA

AAA

AAA

A









21

22221

11211

=  (13) 

where “q” and “r” represent the values (M + H) and (N + M) respectively. The 
true values of the integral data cannot be known, therefore in Eq. (3) the 
true values are replaced by their available experimental value Ei. In this 
way it is defined: 
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 (14) 

and, hence: 

 

ex
r

ex

ex

ex

y

y

y

y


2

1

=  (15) 

The solution of problem may now be obtained by the method of statistics. 

2 Lagrange’s multipliers method 

If the experimental integral quantities Ei and the experimental nuclear data 
ex
jσ  are supposed normally distributed, the same results to be for the vector 

yex defined by Eq. (14). 

Therefore, if By is the correlation matrix, the likelihood function is 
given by the expression: 

 ( )
( )

( ) ( )yyByy

y

ex ex
y

Tex
e

B
yyp −−− −

π
=

121
21212

1
 (16) 

and the best estimator of “y” results to be that vector “ y ” for which this 

function assumes the maximum value. 

This condition is equivalent to the minimum condition: 

 ( ) ( ) miny~yBy~y ex
y

ex =−− −1  (17) 

with the constraints: 

 00 =+ y~As  (18) 

By defining the vectors: 

 exyyv −=  (19) 

 exyy~v~ −=  (20) 

 exAysm += 0  (21) 

Eqs. (17) and (18) may be written: 

 minv~Bv~ y
T =−1  (22) 
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and: 

 0=+ v~Am  (23) 

The vector v~  can be calculated introducing the Lagrange multipliers: k1, 
k2,…, kq. 

Defining the vector: 

 

qk

k

k

k


2

1

=  (24) 

The Lagrange function now results to be: 

 ( )AvmkvBv y
T +−=ψ −1  (25) 

The differentiation of the first and second term at the right hand side of 
Eq. (25) gives: 

 ( ) dvBvvBvd y
T

y
T 11 2 −− =  (26) 

and: 

 ( ){ } kAdvAvmkd =+  (27) 

The Eq. (26) is obtained considering that By, and therefore 1−
yB , is a 

symmetrical matrix. 

Now, since it has to be: 

 0
2
1

2 1 =





 −=ψ − dvkABvd y

T  (28) 

the following equation is obtained: 

 0
2
11 =−− kABv y

T  (29) 

which has to be satisfied together with the constraints: 

 m + Av = 0 (30) 

Both Eqs. (29) and (30) allow to calculate the estimate “ v~ ” and, if requested, 
the vector “k” of Lagrange’s multipliers. 

From Eq. (29) it results: 

 kABkABv~ T
yy

2
1

2
1

==  (31) 
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and, by substituting Eq. (31) in Eq. (30): 

 T
ym AB A k

1
2

= −  (32) 

which gives: 

 mGk 12 −−=  (33) 

where: 

 T
y AABG =  (34) 

The substitution of Eq. (33) in Eq. (32) gives the solution expression: 

 mGABv~ T
y

1−−=  (35) 

It may be seen that this calculation method requires the inversion of a 
matrix of dimensions q × q. Since generally the number of integral data is 
considerably smaller than that of nuclear data to be corrected, this method 
should be preferable with respect to those requiring the inversion of 
matrices of dimensions “N × N” or “r × N”. As far as it is concerning with the 
calculation of the correlation matrix By, this is defined as: 

 ( )( )[ ]Tyy~yy~B y~ −−=  (36) 

and: 

 ( ) yy~E =  (37) 

From Eq. (19) and Eq. (20) it results to be: 

 ( )

( )vAGABI

vAvGAB

vAvGAB

vkGAB

vv~yy~

T
y

T
y

T
y

T
y

1

1

1

1

−

−

−

−

−−=

=−−=

=−−−=

=−−=
=−=−

 (38) 

where I is identity matrix. 

With the assumption: 

 ( )T
yX I B A G A1−= − −  (39) 

the Eq. (38) becomes: 

 Xvyy~ −=−  (40) 

Therefore [3]: 

 ( ) T
vyy~ XXBB =−  (41) 
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Since “y” represents an exact vector, its correlation matrix is equal to 
zero, whence: 

 ( ) yyy~ BB


=−  (42) 

Moreover, as easily may be seen from Eq. (19): 

 yv BB =  (43) 

and the Eq. (41) may be written: 

 ( ) ( )TT
yy

T
y

T
yy~

AGABIBAGABI

XXBB

11 −− −−=

==
 (44) 

Setting: 

 AGABR T
y

1−=  (45) 

it results to be: 

 yyy
TT RBBABGAR 11 −− ==  (46) 

and: 

 RRRR =⋅=2  (47) 

whence: 

 ( )
( ) y

y

yyy

BRI

BRI

BRBB

−=

=−=

=−=
2

2

 (48) 

i.e.: 

 ( ) yyy BAGABIB T 1−−=  (49) 

Assuming, as it occurs in practical cases: 

 exσ=σ0  (50) 

it results: 

 i
cal
i CQ =  (51) 

where Ci represents the value of the integral data as obtained by 
calculations with nuclear libraries available, that is with σex. 

With this notation consistent with that used in Ref. [2], Eq. (5) may be 
written: 
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while Eq. (3) becomes: 
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and, analogously, Eq. (14) results: 
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Consequently with notation used in Ref. [2], Eq. (19) may be written: 
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 (55) 

where “f” is a vector representing the true absolute corrections requested to 
the set “σex” of nuclear data, while ∆ represents the true relative error vector 
of the integral experiments. 

Moreover, as obtained by Eq. (21) where “s0” is assumed to be zero, it 
simply results: 

 
( )

( )

i i
i

i

M j j

E C
m i M

C

m s j H

1, ,

1, ,+

− = − =

 = =





 (56) 

With these definitions Eq. (35) is solved in the AMARA code with 
respect to the random variable “ v ” which, for the first “N” elements, 
represents the vector “f” of the required correction of nuclear data. 

Finally, it may be noted that the “B” matrix containing weight factor for 
the present calculation is related to those resulting in the  other 
mathematical method described in Refs. [1,2] by relationship: 

 ( ) 11 −− ππ== T
y PB  (57) 

where “P” is the matrix which appears in the “classical least squares 
method” [1,4] and “π” is used for the “generalised least squares method” [2]. 
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In the AMARA code the residual quantity: 

 v~Bv~R
~

y
T 1−=  (58) 

which, by substituting Eq. (20), results to be: 

 mGmR
~

T 1−=  (59) 

is also evaluated. To be noticed that the use of the last expression does not 
imply a further matrix inversion, since the elements of G–1 have been 
already evaluated. 
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Appendix A4 – IPPE methodology 

Introduction 

The procedure of nuclear data adjustment (i.e. correction of microscopic 
neutron cross-sections) in use at the IPPE is based on the Maximum 
Likelihood Method (or Generalised Least-square Method). 

The main idea of the method is to attract the results of integral 
experiments into the procedure of nuclear data adjustment. It should be 
made such a way that: i) the adjusted nuclear data will allow describing 
macroscopic integral data in best way – within their uncertainty bars; ii) the 
adjusted nuclear data must be in bounds of their uncertainties too. 

The method of taking into account the macroscopic integral 
experiments can be briefly described as follows. 

Theoretical background 

Let C be a vector of constants from the input data, IE be a vector of results of 
experiments carried out on critical assemblies and reactors (call it “macro 
experiments”), and Ip be the results of computations of these experiments 
based on constants C (i.e. Ip is the function of C). 

By definition, those all are random values and they may be assumed to 
be distributed by normal law with a known mean and variance (dispersion). 

Then a mathematical problem may be set to find a new, i.e. adjusted, 
vector of constants C′ such that new results of calculations based on these 
constants, I′, would be the best fit in a sense of Generalised Linear Least 
Squares Method or Maximum Likelihood Method to the whole set of 
integral experiments chosen. Assuming a normal distribution law for C and 
C′, differences between constants in these two sets must not disagree with 
uncertainty values described by the covariance matrix of constants W. 

The probability for simultaneous occurrence of these disagreements, 
as follows from the normal distribution law for values IE, Ip, C and C′, is, by 
definition: 
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 ( ) ( ) ( ) ( ){ }− − ′ ′ ′ ′= − × − − + − − 
1 1exp 1 2 T T

E EL C C W C C I I V I I  (1) 

The function L is called the Likelihood function, and the task is to 
reduce it, to find an extremum of L – its maximum value. That is the 
essence of the Maximum Likelihood Method. 

In such a way the task goes to the minimisation of a quadratic form S2 
that is the exponent power in (1): 

 ( ) ( ) ( ) ( )− −′ ′ ′ ′= − − + − − →2 1 1T T
E ES C C W C C I I V I I min  (2) 

Here V is a covariance matrix of uncertainties of the results of a 
chosen set of integral experiments. 

In order to simplify the task, the vector I′ of values based on the set of 
constants C′ assumed to be linearly dependent on C′ as follows: 

 ( )′ ′= + −pI I H C C  (3) 

where H is a sensitivity matrix for Ip with respect to the set of constants C. 

Substituting (3) to (2), derivation respecting constant corrections 
sought for (C′ – C) and equating the result to zero, in order to find the 
extremum of quadratic form S2, results in: 

 ( ) ( ) ( )1 1 1− − −′+ − = −T T
pW H V H C C H V I I  (4) 

That leads to the following expression for the corrections of constants: 

 ( ) ( ) ( ) ( ) ( )1 11 1 1− −− − −′ − = + − = + −T T T T
p pC C W H V H H V I I WH V HWH I I  (5) 

Eq. (5) is derived by using a Frobenius formula known in matrix algebra 
and it allows to replace the inversion of matrix (W–1 + HTV–1H) of rank equal 
to the number of parameters being corrected with the inversion of matrix 
(V + HWHT) of rank equal to the number of macro experiments and is 
significantly lower. 

The maximum likelihood method allows one to obtain the following 
evaluation of the covariance matrix W′ for corrected set of constants C′: 

 ( ) ( )1 11 1 − −− −′ = + = − +T T TW W H V H W WH V HWH HW  (6) 

Obviously, with the initial covariance matrix W for the original 
constants and with the covariance matrix W′ for the corrected constants, 
defined by formula (6), it is possible to compute their input to the 
uncertainty as: 

 0 = TU HWH  (7) 
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and: 

 ( ) 1

1 0

−
′= = − +T T T TU HW H U HWH V HWH HWH  (8) 

The formula (7) corresponds to the accuracy estimation produced 
using the matrices from the LUND library, which contains uncertainties 
and covariances of the original nuclear data, and we designate it “micro level 
degree” uncertainty. It does not take into account any integral experiments. 

The formula (8) corresponds to the uncertainty of “macro level degree”, 
and takes into account macroscopic integral experiments fulfilled in zero 
power critical assemblies and operated reactors. It is seen that the 
inclusion of macroscopic integral experiments in the adjustment leads to a 
reduction of the “micro level degree” uncertainty prediction. 

Obviously, the constants correction procedure with respect to 
macroscopic experiments described above is accurate only when all data 
used are consistent, i.e. i) calculation results and sensitivity coefficients 
computed are accurate and do not contain crude errors; ii) measurement 
errors, their covariance matrix, covariance matrices for constants 
uncertainties – all data are estimated accurately; iii) there are no 
disagreements between calculation and experiment results, i.e. there is no 
doubt in the normal distribution law for the values observed. 

Checking consistency of data 

The so-called χ2 (chi-squared) goodness-of-fit test may serve as a criterion for 
data consistency. Its essence is as follows. 

On supposition of all assumptions stated above are true the S2/N in 
Eq. (2) is the random value with mean equal to 1 and χ2 with N degrees of 
freedom distribution law. Its variance is equal to 2/N. When the number of 
experiments is big enough (as soon as N > 10) that distribution becomes 
close to normal with the same mean and variance. 

The 2σ = S N  is a convenient value to test the hypothesis for the 

consistency of the data used in analysis, both the experiments and the 
computation results and their uncertainties and uncertainties of constants. 

When the difference between σ and 1 is less than one standard 

deviation, i.e. less than 2 N , the test claims the data to be consistent.  

A significant difference between σ and 1 (2 and more standard deviations) 
shows strong disagreement in the data under consideration. In that case 
correction results – changes in constants and evaluation of uncertainties – 
may be wrong; a detailed analysis for their disagreement is further needed 
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followed by the revision of either experiment evaluations or computation 
data or their uncertainties or constants uncertainties and so on. 

An addition differential criterion that provides a means of analysing 
the correctness of experiment correlations may be suggested. 

Since the mean of S2/N in Eq. (2) is equal to 1, it is reasonable to assume 
that the input of each experiment to the S2 value is equal or close to 1. 

Let us consider the case when there is a correlation between different 
measurement errors. Then for every pair of experiments their input into 
the S2 value may be expressed in the form of the following triple product of 
vector of computed and experimental values (∆1∆2), its transposed value 
(∆1∆2)T and the inversed matrix for their uncertainties: 

 ( ) ( ) det
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Further, 2
12S  may be reduced to a simple form: 
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Extraction of the diagonal contribution of the two experiments under 
consideration (assuming no correlations) leads to the following: 
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 (11) 

Therefore, since the mean of S2/N as in (2) is equal to 1, the input of 
every pair of experiments into the S2 value should be equal or close to 2, 
i.e. it is reasonable to assume that 2

12S  in (11) should also be close to 2. 

Since the second term in (11) has a point of discontinuity with K = 1, its 
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value has to be limited. It is possible to suggest a criterion to test the 
likelihood of evaluation of correlation coefficients for uncertainties of two 
measurements chosen at random that analyses the second term in (11):  
it should be small after the correction (less than 2). Simultaneously, the 
sum of all third terms should be close to zero. 

INDECS system 

The INDECS system (Improvement of Neutron Data Based on Experiments 
on Critical Systems) was specially developed for producing accuracy 
estimations of neutronics calculations, for group constant testing and 
adjustments based on a LEMEX database of evaluated “benchmark” integral 
and macroscopic experiments. 

The INDECS system includes four archives (LEMEX, LTASK, LSENS and 
LUND) and a specially-designed code (CORE) for statistical analysis of the 
observed discrepancies between measured and calculated results. A brief 
structure of the INDECS system is shown in Figure 1. 

Figure 1: Scheme of the INDECS system 
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LEMEX is a Library of Evaluated Macroscopic Experiments. It contains 
various experimental data measured on critical assemblies and power 
reactors as well as integral experiments on well known or standard spectra. 
The results of calculations are also included in the LEMEX library together 
with all possible corrections and uncertainties of all values. 
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LTASK is a library of descriptions of calculation models of the 
experiments. The LTASK library contains input files for calculation codes 
CRAB, TRIGEX, MMK, TWODANT and KENO. 

LUND is a Library of Uncertainties of Nuclear Data. The LUND library 
contains neutron data covariance matrices presented in the ABBN 28-group 
structure of energy scale. 

LSENS is a Library of Sensitivities. It contains sensitivity coefficients of 
selected measured values and important test models to different neutron 
group constants and other model parameters. 

CORE is a statistical code intended for estimation of calculation 
accuracy and for adjustment of group constants based on macroscopic 
integral experiments. 

LEMEX data library 

The LEMEX library includes about 400 results of different integral 
measurements: ratios of average cross-sections (spectral indexes) and 
central reactivity coefficients, and criticality parameters for different 
Russian (BFS) and international (mostly CSEWG) benchmark cores of null 
power fast reactor facilities and operated reactors. A list of international 
benchmark cores included in the LEMEX data library is presented in Table 1. 

Table 1: International benchmark cores 

GODIVA SCHERZO ZPR-3-33 ZPR-3-49 
FLAT-23 BIG-TEN ZPR-6-6A ZPR-3-56B 
FLAT-25 ZEBRA-2 VERA-1B ZPR-9-31 
FLAT-PU ZPR-3-11 ZEBRA-3 ZPPR-2 
JEZEBEL ZPR-3-12 SNEAK-7A ZPR-6-7 
JEZEB-PU ZPR-3-6F SNEAK-7B ZPR-3-50 
JEZEB-23 ZPR-3-32 ZPR-3-48 ZPR-3-53 

 

Before inclusion in the LEMEX library and being used for statistical 
analysis by the CORE code, each macroscopic experiment must be evaluated 
and adopted as a “benchmark”. Only after this step can it be included into 
LEMEX. 

The following steps must be taken or each macroscopic experiment: 

• Construction of calculation models of the experiment; models are 
as simple as possible and complete for applying precise calculation 
methods. 

• Estimation of all necessary corrections in experimental data in 
order to provide adequate conditions for calculation models. 



IPPE METHODOLOGY 

ASSESSMENT OF EXISTING NUCLEAR DATA ADJUSTMENT METHODOLOGIES – © OECD/NEA 2011 53 

• Estimation of methodical uncertainties of these corrections and 
their correlated parts. 

• Checking mutual consistency of the included data. 

All measured results included in the LEMEX library were carefully 
studied and fitted to their adopted calculation models, including estimation 
of all corrections on the cell heterogeneous, transport effects and others. 
For each experiment error bars were estimated and only afterwards were 
the experiments adopted as “benchmarks”. 

LUND data library 

Covariance matrix W, which contains estimations of uncertainties and 
their correlation properties for the ABBN group constant set, is kept in the 
LUND library of the INDECS system and presented in the standard ABBN 
28-group energy structure, see Table 2. 

Table 2: ABBN standard 28-group energy structure 

Group 
number 

Upper 
energy 

Group 
number 

Upper 
energy 

01 15.2 MeV 15 4.65 keV 
02 14.0 MeV 16 2.15 keV 
03 10.5 MeV 17 1.00 keV 
04 6.5 MeV 18 465 eV 
05 4.0 MeV 19 215 eV 
06 2.5 MeV 20 100 eV 
07 1.4 MeV 21 46.5 eV 
08 800 keV 22 21.5 eV 
09 400 keV 23 10 eV 
10 200 keV 24 4.65 eV 
11 100 keV 25 2.15 eV 
12 46.5 keV 26 1.00 eV 
13 21.5 keV 27 0.465 eV 
14 10.0 keV 28 0.215-10–5 eV 

 

The LUND library contains more than 500 covariance matrices of 
uncertainties of 28-group neutron cross-sections of reactions (n,γ), (n,f), 
(n,n′), (n,n), (n,p), (n,α), (n,2n) but also total cross-section and average 
number of neutrons per fission. Matrices are present for about 100 nuclides: 
light and structure materials, fission products, fissile and fertile nuclides, 
all actinides. As an example the Figure 2 shows 28 group matrices of 239Pu 
fission and 238U capture ABBN cross-sections. 
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Figure 2: An example of the LUND data 

 

Constructed matrices are based on analysis of applied experimental 
techniques and their sources of uncertainties, but also on taking into 
account the uncertainty of the theoretical description of the cross-section 
energy dependence. 

The LUND data library also contains covariance matrices (MF=32 and 
MF=33) retrieved by the NJOY code from ENDF/B-VI for light elements 7Li, 
12C, 19F, and structure materials 23Na, Si, 27Al, Cr, 55Mn, Fe, Ni and Cu. 

Appendix A4 references 

[1] Manturov, G.N., “Codes and Archives INDECS System”, VANT, Series: 
Nuclear Constants, Issue 5 (89), pp. 20-24 (1984) (in Russian). 

[2] Manturov, G.N., “Influence of Neutron Data Uncertainties on Accuracy of 
Prediction of Advanced Reactor Characteristics”, Proc. Int. Conf. on Nuclear 
Data for Science and Technology, Gatlinburg, TN, USA, 9-13 May 1994, ORNL, 
ANS, Vol. 2, pp. 993-999 (1994). 
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Appendix A5 – JAEA methodology 

In the core design of fast breeder reactors, it is very important to improve 
the prediction accuracy of nuclear characteristics from the viewpoint of 
both safety and economics. In order to utilise the past critical experimental 
data and power reactor operational experience to the core design work, the 
most powerful method is to adjust the cross-sections based on the 
Bayesian theory and least-square technique [1], where all related 
information including C/E (Calculation/Experiment) values, experimental 
and analytical modelling errors, sensitivity coefficients of various 
experimental cores and parameters, and cross-section covariance, is 
synthesised with physical consistency.  

Cross-section adjustment theory 

The idea of cross-section adjustment is based on the Bayesian parameter 
estimation method, that is, the probability that a cross-section set (vector), 
T, is true should be maximised under the condition that integral information 
(vector), Re, has been obtained. The theory of cross-section adjustment has 
been developed by a number of investigators, and equations for adjustment 
were finally compiled in comprehensive matrix forms by Dragt, et. al. [1]. 
The fundamental assumptions for the formulation are: i) all kinds of errors 
have statistical Gaussian distributions; ii) integral parameters are linear 
with respect to cross-section changes. The cross-section set after adjustment 
(vector), T′, is derived using the least-squares technique and expressed by: 

 ( )
1

0 0

−
 ′  = + + + −  

t t
e m e cT T MG GMG V V R R T  (1) 

The covariance of the adjusted cross-section set (vector), M′, is 
rewritten as: 

 
1−

 ′ = − + + 
t t

e mM M MG GMG V V GM  (2) 

where: T0 is a basic cross-section set (vector) before adjustment. 

M is a covariance (matrix) of T0. 

G is sensitivity coefficients (matrix) defined by ( ) ( )σσdRdR . 
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Re is experimental values (vector) of integral parameters. 

Rc is analytical values (vector) corresponding to Re. 

Ve is experimental errors (vector) of integral parameters Re. 

Vm is analytical modelling errors (vector) of integral parameters Rc. 

The contributions of cross-section errors to the prediction error of 
integral parameters are expressed by GMGt and GM′Gt, before and after 
adjustment, respectively. These equations indicate several important 
features of the cross-section adjustment method: i) cross-sections which 
have large sensitivity and error will mainly be changed to make values  
(Re – Rc) close to zero or the C/E (= Rc/Re) values close to unity; ii) values of Ve 
and Vm relative to GMGt must be small in order to improve accuracy of a 
cross-section set; iii) improvement of integral parameter prediction is 
obtained from the reduction of cross-section covariance from M to M′, and 
not related to C/E values themselves as found in Eq. (2). 

Differential nuclear data to be adjusted 

The adjusted nuclear parameters are infinitely-diluted cross-sections 
[elastic scattering, inelastic scattering, (n,2n), fission, capture, and (n,α)], 
average scattering-angle cosine, number of neutrons per fission, fission 
spectrum, delayed neutron fraction (number of delayed neutrons per 
fission), and the self-shielding factor. Transport cross-sections are 
indirectly adjusted via elastic scattering cross-sections and average 
scattering-angle cosine. 

Self-shielding factor was added to the adjusted nuclear parameters in 
order to treat the Doppler reactivity in the adjustment procedure. The 
effective cross-section of high temperature is related to that of low 
temperature: 

 ( )1loweff ,high eff ,low
df

f T f T
dT ∞

   ′σ ≈ + ∆ σ = + ∆ σ  
  

 (3) 

where a pseudo-cross-section, f′, was newly introduced: 

 
1

low

df
f

f dT
 ′ =  
 

 (4) 

Tables 1 and 2 summarise the nuclide and types of cross-sections to be 
adjusted for an improvement of core design accuracy, which are 
characterised by the letters “A” and “B”. These cross-sections are selected 
as they cause major sensitivity in critical experiments which have been 
compiled in our database. These tables also present the cross-sections 
which are not adjusted due to difficulty but whose covariance data are 
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required for the evaluation of core design accuracy, which are specified by 
letter “c”. The reason why these cross-sections are chosen is because they 
cause sensitivity in core characteristics of target cores (Na-cooled reactor 
cores with oxide or metal fuel). 

Table 3, which lists the group structure for cross-section adjustment, 
presents the energy structure used for FBR core analysis. In preparing the 
ADJ2000 [3], JAEA used the 18-group energy structure shown in Table 3 for 
cross-section adjustment. However, JAEA will apply the 70-group energy 
structure shown in Table 3 for the next adjusted cross-section set ADJ2010, 
which is the same as the standard FBR core calculation in JAEA. 

Integral data 

In order to improve reliability and applicability to various core types, the 
integral database has been considerably extended to include many cores in 
the world. Further, the variety of core parameters was also broadened to 
include not only the ordinary critical experimental characteristics, such as 
criticality, reaction rate, etc., but also the burn-up- and temperature-related 
parameters which are important in the design of power reactor cores. 
Table 4 presents a brief description of the standard database of fast reactor 
experiments in JAEA. 

Evaluation of experimental errors 

Experimental error values (Ve) and their correlations in the adjustment are 
based on the evaluation by experimenters, the same method employed by 
ANL scientists. A representative case is documented by the International 
Reactor Physics Experiment Evaluation Project (IRPhEP), where an extensively 
peer-reviewed set of reactor physics-related integral data is provided. 

As for the correlation, for instance, we consider the correlation between 
core characteristics A and B. If random errors of core characteristics A and 
B are respectively given as εA and εB, systematic error of core characteristics 
A and B as εC, further, causes of errors εA, εB and εC are not correlated at all 
or independent, then the correlation coefficient ρAB is estimated by the 
formula: 

 
2

2 2 2 2

C
AB

A C B C

ε
ρ =

ε + ε ⋅ ε + ε
 (5) 

Table 5 presents the typical correlation coefficients of experimental 
errors in JAEA’s study, which are obtained by using Eq. (5). Major causes of 
random error include counting statistics and measurement of physical 
parameters such as length and temperature. Representative causes of 
systematic error in JUPITER experiments are composition data for criticality, 



JAEA METHODOLOGY 

58 ASSESSMENT OF EXISTING NUCLEAR DATA ADJUSTMENT METHODOLOGIES – © OECD/NEA 2011 

cell heterogeneity correction (cell averaging factor) for reaction rate, and 
reference reactivity (measured by the inverse kinetics method for the 
subsequent measurements by modified neutron source multiplication 
method) for control rod worth and Na void reactivity. 

Evaluation of analytical modelling errors 

If a continuous energy Monte Carlo method with as-built geometrical 
model is adopted, analytical modelling error can be evaluated as a 
statistical error. However, analytical modelling error is not theoretically 
estimated when applying the deterministic method. Therefore, in our 
technique, the analytical modelling errors (Vm) are relatively evaluated by a 
kind of sensitivity consideration about the influence of analytical modelling 
methods to the chi-square value (χ2) to the degree of freedom (the number 
of integral data), approximately equal to unity, where the chi-square value 
of the whole data set is calculated by following formula: 

 ( ) ( )
12

0 0- + + -
−

 χ =        
t t

e c e m e cR R T GMG V V R R T  (6) 

Analytical modelling error is assumed to be proportional to the 
amount of analytical modelling correction for better estimation. For 
instance, corrections of transport theory, spatial mesh, and ultra-fine group 
are applied when the base core calculation is performed with 70-group 
finite difference diffusion theory. Under this assumption, the analytical 
modelling error is estimated by the formula: 

 ( ){ }2
1m,i i, j

j

V f= α −∑  (7) 

where: i is the identical number of core characteristics. 

 j is the identical number of core characteristics. 

 fi,j is the correction factor of component j and core characteristics i. 

 α is the coefficient of analytical modelling error. 

The coefficient α is adjusted so as to set χ2 to the degree of freedom. 
Therefore, the coefficient α depends on the corrections or condition of the 
base calculation in other words. Condition of the base core calculation is 
selected to rationally reduce the amount of corrections with eliminating 
calculation time and computational memory. From the accumulated 
experience, it is found that the condition of: i) energy groups of 70; ii) 5 cm 
spatial-mesh finite difference diffusion theory; iii) effective cross-sections 
by heterogeneous cell model is adequate for the base core calculation.  
In preparing the cross-section set ADJ2000, where the above-mentioned 
conditions were applied, the coefficient α was estimated at around 30% [3]. 
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Concerning the correlations of analytical modelling errors, they are 
specified by engineering judgment in JAEA’s study. In the first step, the 
correlation coefficients are grouped by three levels, very strong as 0.8, 
intermediate as 0.5, and weak as 0.3. In the second step, finer grouping is 
carried out according to the similarity of calculation items. For example, 
patterns of control rod worth (insertion) are grouped according to the 
distance from core centre, that is, the correlation between Ring 1 and Ring 2 
can be stronger than that between the centre and Ring 2. In this way, 
correlation coefficients of analytical modelling error are specified as shown 
in Table 6. 

Elimination of abnormal data 

When a large amount of integral database is collected, it is inevitable that it 
will be somewhat contaminated by several bad data for unknown reasons. 
To avoid the influence of such abnormal data, the following statistical rule 
is adopted: “The data should be eliminated if the deviation of the C/E value 
from unity is three times larger than the estimated total error value”, which 
means the confidence level of the integral data set is almost three sigma, 
99.7%. That is, core characteristics i should be neglected when the value χ2 
defined by the equation: 

 
( )0e,i c,i

i t
i i e,i m,i

R R

V V

−
χ =

+ +

T

G MG
 (8) 

is larger than three. 

Appendix A5 references 
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Table 3: Energy group structure used in FBR core analysis by JAEA 

Energy group Upper boundary 
energy [eV] 

Lethargy width 
70G 18G 70G 18G 
01 1 2.000E+07 0.943 1.193 
02  7.788E+06 0.250  
03 2 6.065E+06 0.250 0.500 
04  4.724E+06 0.250  
05 3 3.679E+06 0.250 0.500 
06  2.865E+06 0.250  
07 4 2.231E+06 0.250 0.500 
08  1.738E+06 0.250  
09 5 1.353E+06 0.250 0.500 
10  1.054E+06 0.250  
11 6 8.209E+05 0.250 0.750 
12  6.393E+05 0.250  
13  4.979E+05 0.250  
14 7 3.877E+05 0.250 0.750 
15  3.020E+05 0.250  
16  2.352E+05 0.250  
17 8 1.832E+05 0.250 0.750 
18  1.426E+05 0.250  
19  1.111E+05 0.250  
20 9 8.652E+04 0.250 0.750 
21  6.738E+04 0.250  
22  5.248E+04 0.250  
23 10 4.087E+04 0.250 0.750 
24  3.183E+04 0.250  
25  2.479E+04 0.250  
26 11 1.931E+04 0.250 0.750 
27  1.503E+04 0.250  
28  1.171E+04 0.250  
29 12 9.119E+03 0.250 0.750 
30  7.102E+03 0.250  
31  5.531E+03 0.250  
32 13 4.307E+03 0.250 0.750 
33  3.355E+03 0.250  
34  2.613E+03 0.250  
35 14 2.035E+03 0.250 0.750 
36  1.585E+03 0.250  
37  1.234E+03 0.250  
38 15 9.611E+02 0.250 0.750 
39  7.485E+02 0.250  
40  5.830E+02 0.250  
41 16 4.540E+02 0.250 0.750 
42  3.536E+02 0.250  
43  2.754E+02 0.250  
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Table 3: Energy group structure used in FBR core analysis by JAEA (cont.) 

Energy group Upper boundary 
energy [eV] 

Lethargy width 
70G 18G 70G 18G 
44 17 2.145E+02 0.250 0.750 
45  1.670E+02 0.250  
46  1.301E+02 0.250  
47  1.013E+02 0.250  
48  7.889E+01 0.250  
49  6.144E+01 0.250  
50  4.785E+01 0.250  
51  3.727E+01 0.250  
52  2.902E+01 0.250  
53  2.260E+01 0.250  
54  1.760E+01 0.250  
55  1.371E+01 0.250  
56  1.068E+01 0.250  
57 18 8.315E+00 0.250 16.131 
58  6.476E+00 0.250  
59  5.044E+00 0.250  
60  3.928E+00 0.250  
61  3.059E+00 0.250  
62  2.382E+00 0.250  
63  1.855E+00 0.250  
64  1.445E+00 0.250  
65  1.125E+00 0.250  
66  8.764E-01 0.250  
67  6.826E-01 0.250  
68  5.316E-01 0.250  
69  4.140E-01 0.250  
70  3.224E-01 10.381  
– – 1.000E-05 – – 

 



JAEA METHODOLOGY 

64 ASSESSMENT OF EXISTING NUCLEAR DATA ADJUSTMENT METHODOLOGIES – © OECD/NEA 2011 

Table 4: A standard database of fast reactor experiments in JAEA 

Facility  
(institute, country) 

Name of 
experimental core Core features 

Core parameters 
collected  

in database* 

ZPPR 
<JUPITER 

programme> 
(INL, USA) 

ZPPR-9, 10A 

600-800 MWe-class, 
two-region 
homogeneous Pu-U 
oxide fuel cores 

keff, RR, CRW, SVR 
and DR (sample) 

ZPPR-18A, 19B 

1 000 MWe-class, two-
region homogeneous 
Pu-U oxide fuel cores 
with enriched uranium 

keff, RR, CRW and 
SVR 

FCA 
(JAEA, Japan) 

FCA-XIIV-1 

650 litre-sized core with 
Pu-U oxide fuel in the 
core centre region and 
enriched uranium fuel 
in the periphery 

keff, RR, SVR and 
DR (sample) 

FCA-X-1 

130 litre-sized one-
region homogeneous 
core to simulate the 
JOYO MK-II core with 
blanket 

keff 

ZEBRA 
<MOZART 

programme> 
(Winifrith, UK) 

MZA 

550 litre-sized  
one-region Pu-U  
oxide fuel core as a 
clean benchmark 

keff, RR, and SVR 

MZB, MZC 

2 300 litre-sized two-
region homogeneous 
Pu-U oxide fuel  
cores to simulate the 
prototype fast reactor 
MONJU 

keff, RR, CRW and 
SVR 

BFS 
(IPPE, Russia) 

BFS-62-1, -2, -3A,  
-4, -5, 66-1 

3 400 litre-sized three- 
or four-region enriched 
uranium and/or Pu-U 
oxide fuel cores with or 
without radial blankets 

keff, RR, CRW, SVR, 
SSW and DR 
(sample) 

BFS-67, 69, 66 

10 kg of NpO2 loading 
cores in central Pu-U 
oxide fuel region with 
weapons-grade Pu, 
high enriched Pu and 
degraded Pu 

keff, RR, CRW and 
SVR 

MASURCA 
<CIRANO 

programme> 
(CEA, France) 

ZONA-2B 

380 litre-sized core, 
which aimed at the 
study of plutonium 
burner cores 

keff and ZMRR 

SEFOR 
(General Electric, 

USA) 
SEFOR CORE-I, II 

20 MWt fast power 
reactor core fuelled with 
mixed PuO2-UO2 and 
cooled with sodium 

DR (whole core) 

* keff – criticality, RR – reaction rate, CRW – control rod worth, SVR – sodium void reactivity,  
SSW – small sample worth, DR – Doppler reactivity, ZMRR – zone material replacement reactivity. 
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Table 4: A standard database of fast reactor experiments in JAEA (cont.) 

Facility  
(institute, country) 

Name of 
experimental core Core features 

Core parameters 
collected  

in database* 

Los Alamos 
(LANL, USA) 

FLATTOP-Pu, 
FLATTOP-25, 
JEZEBEL, 
JEZEBEL-Pu, 
GODIVA 

Sphere-shaped  
cores of approx. ten 
centimetres in diameter 
with metallic fuel 
consisting of 239Pu, or 
degraded Pu, or 235U 

keff 

JOYO 
(JAEA, Japan) 

JOYO MK-1 

240 litre-sized fast 
power reactor core with 
mixed PuO2-enriched-
UO2 fuel 

keff, CRW, SVR, 
isothermal 
temperature 
reactivity, ZMRR, 
and burn-up 
reactivity 

JOYO MK-II 

230 litre-sized fast 
power reactor core with 
mixed PuO2-enriched-
UO2 fuel 

keff and MA sample 
irradiation test 

MONJU 
(JAEA, Japan) 

MONJU  
(first start-up core) 

2 340 litre-sized fast 
power reactor core with 
two-region mixed  
PuO2-UO2 fuel 

keff, CRW and 
isothermal 
temperature 
reactivity 

* keff – criticality, RR – reaction rate, CRW – control rod worth, SVR – sodium void reactivity,  
SSW – small sample worth, DR – Doppler reactivity, ZMRR – zone material replacement reactivity. 

Table 5: Correlation coefficients of  
experimental errors used in JAEA’s study 

Core characteristics Correlation 
coefficient 

Application 
condition 

Example of 
condition 

Criticality 0.7 
Between cores  

of identical 
experimental series 

Between ZPPR-9 
and ZPPR-10A  

of JUPITER 

Control rod worth 0.7 Between patterns 
in identical core 

Between Ring 1 
and Ring 2  
in ZPPR-9 

Reaction rate distribution  
Between positions 

in identical core 

Between F49 at IC 
and F49 at OC in 

ZPPR-9 (0.5) 
F25, F49, C28 0.5 
F28 0.5 

Spectrum index  Between types and 
positions in identical 
experimental series 

Between F25/F49 
at IC in ZPPR-9 

and C28/F49 at OC 
in ZPPR-10A (0.8) 

Excluding F28/F49 0.8 
Including F28/F49 0.6 

Na void reactivity 0.4 Between patterns  
in identical core 

Between Step 1 
and Step 2  
in ZPPR-9 

IC: Inner core region, OC: Outer core region. 

Remark: Application to blanket region is omitted in the table. 



JAEA METHODOLOGY 

66 ASSESSMENT OF EXISTING NUCLEAR DATA ADJUSTMENT METHODOLOGIES – © OECD/NEA 2011 

Table 6: Correlation coefficients of analytical  
modelling errors used in JAEA’s study 

Core characteristics Correlation 
coefficient 

Application 
condition 

Example of 
condition 

Criticality 0.8 
Between cores  

of identical 
experimental series 

Between ZPPR-9 
and ZPPR-10A of 

JUPITER 
Control rod worth  

Between patterns 
in identical 

experimental series 

Between Ring 1 
and Ring 2 in 
ZPPR-9 (0.7) 

Between Ring 1 in 
ZPPR-9 and Ring 1 
in ZPPR-10A (0.5) 

Between similar patterns 
in identical core 0.7 

Between different 
patterns in identical core 0.6 

Other than  
above-mentioned 0.5 

Reaction rate distribution  Between types and 
positions in identical 
experimental series 

Between F49 at IC 
in ZPPR-9 and F28 
at IC in ZPPR-10A 

(0.5) 

Between IC 0.5 
Including OC 0.3 

Spectrum index  
Between types and 
positions in identical 
experimental series 

Between F25/F49 
at IC in ZPPR-9 

and C28/F49 at OC 
in ZPPR-10A (0.5) 

Excluding F28/F49 0.5 
Including F28/F49 0.4 
Between F28/F49 0.3 

Na void reactivity 0.5 
Between patterns  

in identical 
experimental series 

Between Step 1 in 
ZPPR-9 and Step 2 

in ZPPR-10A 

IC: Inner core region, OC: Outer core region. 

Remark: Application to blanket region is omitted in the table. 
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Appendix A6 – JSI methodology 

Cross-section sensitivity, uncertainty and adjustment tools which will be 
used in the WPEC/WG33 exercise 

• GANDR [1,2] – Sensitivity-based Global Assessment of Nuclear Data 
Requirements. 

• SUSD3D [3] – 1-D, 2-D, 3-D sensitivity – uncertainty analysis 
including SED/SAD; coupled to SN transport codes DOORS, DANTSYS. 

• Covariance data library ZZ-SCALE6.0/COVA-44G [4] and the utility 
programs ANGELO-LAMBDA [5] for interpolating or collapsing and 
mathematical verification of the 44-group SCALE 5.1 and 6.0 
covariances. 

GANDR – Sensitivity-based Global Assessment of Nuclear Data 
Requirements 

The GANDR project [1] was initiated by the IAEA in 2001 with several 
ambitious goals, including the eventual provision of assistance to data 
experts in the planning of new measurements. A hardware and software 
system developed in support of this project, now in operation in the IAEA 
Nuclear Data Section, are described. A specific design goal of the system is 
to be able to track, in complete detail, the impact of new experiments on 
the uncertainties and correlations of 91 000 independent parameters. This 
number is sufficient, e.g. to describe the broad, energy-dependent features 
of most cross-section types for 130 different target materials. Applications 
of GANDR to date have utilised experimental data from the EXFOR database. 
EXFOR includes only the diagonal elements of the data covariance matrix 
(variances), and often the supplied variances describe only the statistical 
part of the data uncertainty, so the GANDR system offers several options 
for modifying and supplementing the available experimental uncertainties. 

• Technical leader: D. W. Muir. 

• Computerised planning tool for nuclear data development which 
assesses the impact of new experimental information on evaluated 
cross-sections and integral parameters. It is capable of ranking 
competing proposals for new nuclear data measurements. 
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• Based on sensitivity and uncertainty analysis. 

• Linked to EXFOR differential measurement database and integral 
benchmark databases (SINBAD, IRPhE, ICSBEP). 

• Global evaluation of data covariances, taking into account all 
high-quality differential and clean integral data. 

• SEMOVE, a computer program for calculating derivatives of 
processed multi-group nuclear data by discrete differences. 

• ZOTTVL, data evaluation using partitioned least-squares. 

• More information is available from www-nds.iaea.org/gandr. 

 

IAEA-1371: ZOTT99, data evaluation using partitioned least-squares 

The ZOTT99 code [2] uses the partitioned least-squares method, which is a 
form of minimum variance linear estimation (least-squares) featuring 
reduced matrix-inversion requirements (relative to methods based on 
solving conventional normal equations). Partitioned least-squares permits 
general correlations among all data uncertainties, including cross-type 
correlations between differential and integral data. If the problem to be 
solved is precisely linear, and if correct input is supplied by the user, then 
the minimum-variance solution obtained with ZOTT99 is unique and exact. 
At user request, the code will perform a minimally invasive modification of 
the input covariance matrix to enforce consistency (unit chi-squared). Only 
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the diagonal elements are changed, and an iterative procedure is followed 
in which only one diagonal element is changed at a time, namely, the one 
which produces the maximum benefit in lowering chi-squared. This 
process is repeated until chi-squared reaches unity. 

NEA-1852: SEMOVE, a computer program for calculating derivatives of 
processed multi-group nuclear data by discrete differences (D.W. Muir) 

SEMOVE/GANDR is a Fortran-77 computer program for computing the 
derivatives of processed multi-group nuclear data with respect to the 
individual parameters of the GANDR library. The basic premise is that a 
user has chosen a multi-group processing program such as NJOY and has 
developed a script that allows the calculation of all nuclear data of interest 
in his selected group structure and with his selected weight function.  
A distinctive feature of the GANDR project is that the fundamental data 
uncertainties are assumed to reside, not in the ENDF evaluations, but in the 
parameters of the GANDR library. 

To interface the GANDR library with normal sensitivity tools (such as 
SUSD3D), thereby permitting the GANDR library to be improved by exploiting 
the information content of accurate integral data, SEMOVE calculates the 
changes in the multi-group cross-sections that result from changes in the 
GANDR parameters. 

NEA-1628: SUSD3D, a multi-dimensional, discrete ordinates-based 
cross-section sensitivity and uncertainty code 

The SUSD3D code [3] calculates sensitivity coefficients and standard 
deviation in the calculated detector responses or design parameters of 
interest due to input cross-sections and their uncertainties. First-order 
perturbation theory is used. One-, two- and three-dimensional transport 
problems can be studied. 

Several types of uncertainties can be considered, i.e. those due to: 

1) neutron/gamma multi-group cross-sections; 

2) energy-dependent response functions; 

3) secondary angular distribution (SAD) or secondary energy 
distribution (SED) uncertainties. 

Main features 

• Suitable for complex 1-D, 2-D and 3-D sensitivity-uncertainty 
analysis. 

• Reduced memory requirement. 
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• SAD/SED effects. 

• Runs on PC (DOS, LINUX), UNIX. 

• Written in Fortran-95. 

• New plotting tools were developed. 

 

Multi-group cross-sections are read in the GENDF format of NJOY/ 
GROUPR, and covariance data in the COVFIL format of NJOY/ERRORR. 

Auxiliary codes: NJOY, ERRORJ, ANGELO-LAMBDA, SUNJOY (ERR34, 
GROUPS, SEADR), BOT3P, ZZ-VITAMIN-J/COVA. 

Methods: First-order perturbation theory is used to obtain sensitivity 
coefficients. They are derived from the direct and adjoint flux moments  
(or angular fluxes) calculated by the discrete ordinates transport codes 
ANISN, DORT, TORT, ONEDANT, TWODANT and THREEDANT. The 
sensitivity profiles are folded with the cross-section covariance matrices to 
determine the variance in an integral response of interest. 

Fission spectra uncertainties can be calculated using the file MF35 data 
processed by the ERRORR code. Re-normalisation of the prompt fission 
spectra covariance matrices can be applied using the constrained sensitivity 
method [6,7]. This option is useful in case if the fission spectra covariances 
do not comply with the ENDF-6 Format Manual rules. 

Absolute sensitivities can be calculated for the SEMOVE/GANDR program. 
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Cross-section covariance matrices 

The following computer codes are used for the processing of the covariance 
matrix data: 

• NJOY-99/ERRORR: processing code for MF=31-35 data (COVFILS and 
BOXR formats). 

• PUFF-IV: code system to generate multi-group covariance matrices 
from ENDF/B-VI uncertainty files (COVERX format is used). 

• ANGELO-LAMBDA: utility programs for interpolation and 
mathematical verification of the matrices. The code can handle for 
example the 44-group covariances available in SCALE (libraries  
ZZ-SCALE5.1/COVA-44G and ZZ-SCALE6/COVA-44G). Work carried 
out within the Expert Group on Uncertainty Analysis in Modelling 
(UAM). 

ZZ-SCALE6/COVA-44G, 44-group cross-section covariance matrix library 
extracted from SCALE 6 

The SCALE 5.1 and 6 covariance matrix libraries were made available to the 
NEA Data Bank for use within the Expert Group on Uncertainty Analysis in 
Modelling (UAM) [8]. Two library packages were prepared for this purpose 
(ZZ-SCALE5.1/ COVA-44G and ZZ-SCALE6/COVA-44G). 

The SCALE 6 covariance library data correspond to 44-group relative 
uncertainties assembled from a variety of sources, including evaluations 
from ENDF/B-VII, ENDF/B-VI, JENDL-3.3 and more than 300 approximated 
uncertainties from a collaborative project performed by Brookhaven National 
Laboratory (BNL), Los Alamos National Laboratory (LANL) and Oak Ridge 
National Laboratory (ORNL). The current SCALE covariance library spans 
the full energy range of the multi-group cross-section libraries, while the 
approximate uncertainty data in SCALE 5.1 did not extend above 5 keV. 
More than 100 new materials have also been added to the covariance 
library. 

It is assumed that the same relative (rather than absolute) 
uncertainties can be applied to all cross-section libraries, even if these are 
not strictly consistent with the nuclear data evaluations. 

• The library includes evaluated covariances obtained from ENDF/ 
B-VII, ENDF/B-VI and JENDL-3.3 for more than 50 materials. 

• Reactions or parameters: total, elastic, inelastic, (n,2n), fission, χ, 
(n,γ), (n,p), (n,d), (n,t), (n,h), (n,α), ν. 

Among the materials in the SCALE library with covariances taken from 
high-fidelity nuclear data evaluations are the following: 
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a) ENDF/B-VII evaluations (includes both VII.0 and pre-release covariances 
proposed for VII.1): Au, 209Bi, 59Co, 152,154,155,156Gd, 191,193I, 7Li, 23Na, 93Nb, 
58Ni, 99Tc, 232Th, 48Ti, 239Pu, 233,235,238U, V. 

b) ENDF/B-VI evaluations: Al, 241Am, 10B, 12C, 50,52,53,54Cr, 63,65Cu, 54,56,57Fe, 
In, 55Mn, 60,61,62,64Ni, 206,207,208Pb, 242Pu, 28,29Si. 

c) JENDL-3.3 evaluations: 11B, 1H, 16O, 240,241Pu. 

At the other end of the spectrum from high-fidelity data, “low-fidelity” 
(lo-fi) covariances (BLO data) are defined to be those that are estimated 
independently of a specific data evaluation. The approximate covariance 
data in SCALE are based on results from a collaborative project funded by 
the Department of Energy Nuclear Criticality Safety Program to generate 
lo-fi covariances over the energy range from 10-5 eV to 20 MeV for 
materials without covariances in ENDF/B-VII.0. Nuclear data experts at BNL, 
LANL and ORNL devised simple procedures to estimate data uncertainties 
in the absence of high-fidelity covariance evaluations. The result of this 
project is a set of covariance data in ENDF/B File 33 format that can be 
processed into multi-group covariances. 

ANGELO/LAMBDA codes and covariance matrix libraries 
Contents of the packages: 

• Several covariance matrices: 

– library format: BOXER or COVERX; 

– energy group structure: arbitrary. 

• The ANGELO2.3 code for interpolation of covariance matrices to 
user-defined energy group structure; advantages: easy to use and 
fast alternative to NJOY processing, disadvantages: no flux or 
cross-section weighting. 

• The LAMBDA2.3 code for verification of mathematical properties of 
covariance matrices. 

ANGELO2.3 and LAMBDA2.3 are used for the interpolation of the 
cross-section covariance data from the original to a user-defined energy 
group structure, and for the mathematical tests of the matrices, respectively. 
The LAMBDA2.3 code calculates the eigenvalues of the matrices (both for 
the original or the converted) and lists them accordingly into positive and 
negative matrices. This verification is strongly recommended before using 
any covariance matrices. 

ANGELO2.3 and LAMBDA2.3 were developed for the processing of the 
ZZ-SCALE5.1/COVA-44G and ZZ-SCALE6/COVA-44G cross-section covariance 
matrix libraries. Older covariance data available in the packages NEA-1264 – 
ZZ-VITAMIN-J/COVA can also be processed. 
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Note that the algorithm used in ANGELO is relatively simple, therefore 
the interpolations involving energy group structure which are very 
different from the original (e.g. large difference in the number of energy 
groups) may not be accurate. In particular in the case of the fission spectra 
covariance data (MT=1018 in SCALE nomenclature) the algorithm may not 
preserve the normalisation of the matrix (zero-sum rule) [9], and produced 
matrices may require corrections as described in the ENDF-6 Format 
Manual or alternatively the use of constrained sensitivity method as coded 
in the SAGEP and SUSD3D codes. 

ANGELO can only treat File-33 covariance matrices. Cross-correlation 
between different reactions can be treated correctly but cross-correlations 
between nuclides cannot. 
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Appendix A7 – NRG methodology 

Introduction 

Since the beginning of the century, the nuclear data evaluation community 
has been directing greater attention toward the assessment of uncertainties. 
This increased interest concerns both basic data (cross-sections, emission 
spectra...) and calculated quantities for large systems, such as neutron 
multiplication factor (keff) for a reactor, void coefficient, leakage flux and 
others. With the larger availability of covariance files, as in the ENDF/ 
B-VII.0 library [1] or in the TENDL-2008 and TENDL-2009 libraries [2], more 
and more studies are using this information to deduce target accuracies  
for future reactors [3] and therefore future priorities for experimental 
measurements of differential data. 

As of today, two methods can be used to propagate uncertainties from 
nuclear data to quantities of large scale systems. The first method, the 
perturbation method associated with covariance files (see for instance 
Ref. [3]) is the most prevalent in the reactor physics community. Both 
sensitivity profiles and covariance data need to be combined in order to 
obtain final uncertainties. At NRG, a method has been developed to 
generalise the perturbation card of the MCNP code to obtain sensitivity 
matrices as a function of isotope and energy bin [4]. This sensitivity profile 
is then combined with the available covariance information to obtain an 
uncertainty on a keff. 

More recently, thanks to the huge increase in computer power of these 
last decades, a new method has been developed and applied at NRG, based 
on Monte Carlo calculations and called “Total Monte Carlo”, or TMC [5-7]. 
This latest method relies on a large number of calculations, all alike but 
with unique nuclear data in each of them. The result is a probability 
distribution from which different moments can be extracted. 

As long as only one method existed, it was not possible to compare it 
with another one, and results were accepted as is due to the lack of an 
alternative approach. Today, with two different methods to propagate 
uncertainties, it is in principle possible to compare the calculated 
uncertainties for each method. 
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In this study, a great amount of effort is first invested to guarantee 
that both methods start from the same quantities (the same nuclear data 
and covariance information). This is achieved by creating both inputs for 
the perturbation method and the TMC method. Careful processing steps are 
then carried out for each method, again ensuring that the same system of 
calculation is applied (NJOY processing, MCNP geometry input and nuclear 
data libraries). In this paper, details of the procedure are presented for a 
few criticality safety benchmarks. Results for the keff quantity are presented 
and advantages and drawbacks of both methods are given. 

Methodology 

The selected systems are taken from a series of criticality safety benchmarks 
from the ICSBEP database [8]. If not in the ICSBEP, we have added the 
missing models to our database. For Subgroup 33, seven benchmarks are 
selected (FBR-600, ZPPR-9, ZPR6-7, Joyo, Jezebel-239, Jezebel-240 and 
Flattop-Pu). Some of these benchmarks were already extensively studied 
for the validation of the ENDF/B-VII.0 library in Ref. [9]. For each of the 
selected benchmarks, the impact of the nuclear data uncertainty for a 
single isotope is studied. The selected isotopes are 10B, 16O, 23Na, 56Fe, 52Cr, 
58Ni, 235,238U and 239,240,241Pu. Each isotope information (cross-sections, 
differential data, covariances) is processed either in pointwise data (for keff 
calculations) or in 33 energy groups for the perturbation method. The global 
flow chart of steps for each method is presented in Figure 1. 

The same MCNP model (with MCNP version 4C3 [10]) for each of the 
selected criticality safety benchmarks is used in both the TMC and 
perturbation methods. Likewise, the same version of the processing tools 
NJOY [11] (version 99.259), PUFF [13] (version IV 6.1.0) and SUSD [14] are 
used for the entire study. 

In order to compare results from the two methods, the starting points 
have to be similar. A difficult and necessary step is to obtain equivalent 
nuclear data files to be used by both methods. On one side, the TMC 
method uses a large number of random ENDF files, and on the other side, 
the perturbation method uses a single ENDF file containing covariance 
information. It must be guaranteed that the cross-sections from the single 
ENDF file used in the perturbation approach are the average of the large 
number of random files. Additionally, the covariance information 
(uncertainties and correlations) has to represent the set of random ENDF 
files used in the TMC approach. To ensure this, the technique applied in 
this study is to generate these ENDF files from the same set of runs using 
the TALYS code (version 1.2 [15]). 



  

Fi
gu

re
 1

: F
lo

w
 c

ha
rt

 o
f t

he
 u

nc
er

ta
in

ty
 p

ro
pa

ga
tio

n 
fo

r t
he

 T
M

C
 a

nd
 p

er
tu

rb
at

io
n 

m
et

ho
ds

 

 

ASSESSMENT OF EXISTING NUCLEAR DATA ADJUSTMENT METHODOLOGIES – © OECD/NEA 2011 77

NRG METHODOLOGY



NRG METHODOLOGY 

78 ASSESSMENT OF EXISTING NUCLEAR DATA ADJUSTMENT METHODOLOGIES – © OECD/NEA 2011 

The procedure to generate random ENDF files together with an ENDF 
file containing the average cross-sections and the covariance information 
was detailed in Ref. [5]. In summary, 20 to 30 theoretical parameters are all 
varied together within pre-determined ranges to create TALYS inputs. With 
the addition of a large number of random resonance parameters, nuclear 
reactions from thermal energy up to 20 MeV are covered. The TALYS 
system creates random ENDF nuclear data files based on these random 
inputs. At the end of the random file generation, the covariance information 
(average, uncertainties and correlations) are extracted and formatted into 
an ENDF file. This method allows to cover the top part of Figure 1, from the 
“n TALYS input files”, to the “1 ENDF file + covariances” and “n × ENDF 
random files”. 

Codes and programs 

In this study, a few codes and programs are used. Depending on which 
method is used to propagate uncertainties, different nuclear-related 
programs have to be installed, checked and connected. These codes are: 

• Common to TMC and perturbation method: TALYS system, NJOY 
(ACE), MCNP. 

• For the TMC method: None. 

• For the perturbation method: NJOY (ERRORR) or PUFF, an “add 
perturbation” module and SUSD. 

The TALYS system, version 1.2, is a nuclear reaction code package [15] 
used by both basic nuclear physics and applied nuclear science groups 
from all over the world. It simulates reactions that involve neutrons, 
gamma-rays, protons, deuterons, tritons, helions and alpha-particles, in 
the 0.0253 eV-200 MeV energy range. With a single run, reactions for all 
open reaction channels are predicted with calculated cross-sections, energy 
spectra, angular distributions, etc. 

NJOY version 99.259 [11,12] is a modular code for nuclear data 
processing. To produce files used by MCNP, the ACER module is needed and 
the ERRORR module is used to process covariance files 

MCNP version 4C3 is the well-known MCNP general-purpose  
Monte Carlo N-particle code that can be used for neutron, photon, electron 
or coupled neutron/photon/electron transport [10]. In the present usage, 
benchmark descriptions are obtained from the ICSBEP list and are used by 
MCNP. 

PUFF version IV 6.1.0 is used to process resonance parameter covariance 
information and point-wise covariance matrices into group-averaged 
covariance matrices on a user-supplied group structure [13]. It can be used 
instead of the ERRORR module. 
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SUSD calculates standard deviation given cross-section covariance 
matrices and sensitivity profiles [14]. 

Finally, the addition of perturbation cards to a MCNP input is 
automated. 

Perturbation approach 

The perturbation approach relies in principle on a unique calculation: 
“NJOY+MCNP+SUSD”. The inputs are the geometry MCNP input file 
(common to the TMC approach) and the ENDF file containing covariances 
(consistent with the n ENDF files used in TMC). 

As shown in Figure 1, the ENDF file is processed by NJOY to produce 
processed cross-sections (used by MCNP) and processed covariances (used 
by SUSD). In the following, uncertainties are to be interpreted as standard 
deviations, unless otherwise stated. 

Sensitivity calculation 

The “add perturbation”, “MCNP input file + perturbation card” and “MCNP” 
boxes in Figure 1 present the essential part of the sensitivity calculation.  
It is based on the most commonly used radiation transport code MCNP [10]. 
The sensitivity profile S is defined as the relative change in a response 
parameter R due to a relative change in a cross-section in a particular 
energy group g: 

 
( )

( ) gg

RR
S

σδσ
δ

=  (1) 

In this case, the response parameter is a scalar quantity, which is a 
function of the incident neutron energy. The sensitivity profile S is obtained 
using the perturbation option of MCNP, which corresponds to the “PERT” 
card: 

1) A cross-section is selected for which the profile is to be generated. 
In the following, four cross-sections will be considered: elastic, 
inelastic, fission and capture cross-sections. Only one specific 
isotope is varied each time. 

2) A material card is created in which the atomic density for the 
relevant isotope is increased by 1%. 

3) A “PERT” card is created specifying that the relevant material is 
replaced by the perturbed material in each of the cells in which the 
material is present. Perturbation cards are given for all energy 
groups. In this paper, the 33-energy group structure (from thermal 
energy to 20 MeV) is adopted. 
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4) Finally, MCNP is run with these modifications in the input. In the 
MCNP output, a table is given with the results of the perturbations 
with statistical uncertainties and, in case of criticality benchmarks, 
keff values with statistical uncertainties. 

This method is then applied to criticality safety benchmarks as defined 
in the ICSBEP list [8]. 

Combining sensitivity and covariances 

This part is represented in Figure 1 by the “SUSD” box. The sensitivity 
results and the processed covariances are combined together with the SUSD 
code, in a similar energy group. Sensitivities are calculated for cross-sections 
only (resonance region and fast neutron range). Thus, the effect of angular 
distribution, double differential data and, in the case of actinide nu-bar and 
fission neutron spectrum, cannot be included in this approach. The 
calculated quantity is an uncertainty on keff due to nuclear data. 

Total Monte Carlo 

The “Total Monte Carlo” method for nuclear data uncertainty propagation 
was presented in Ref. [5] and extensively applied to criticality safety 
benchmarks [6], void coefficient of a sodium fast reactor [7] and fusion 
benchmarks [16]. In this study, the steps presented on the right part of 
Figure 1 are used. 

We emphasise again that automation and a disciplined, quality 
assured working method (with emphasis on reproducibility) are imperative 
to accomplish this. First of all, the codes TALYS, NJOY and MCNP need to be 
extremely robust and secured against relatively large variations in input 
parameters. Next, all detailed knowledge about the material/benchmark in 
question should be present in the input files of these codes. It is clear that 
manual intervention must be completely excluded in the sequence of code 
calculations. Once all that is assured, the rest is relatively simple: if a full 
calculation loop can be done once, it can be done 1 000 times. 

The input files for this method are MCNP geometry input files (same as 
for the perturbation method) and n random ENDF files (consistent with the 
unique ENDF file plus covariances used for the perturbation method). Each 
random ENDF file is produced by the TALYS code, is fully reproducible and 
consists of a unique set of nuclear data. Each random file is completely 
different from another one: nu-bar and energy released per fission (“MF1” 
in ENDF language), resonance parameters (“MF2”), cross-sections (“MF3”), 
angular distributions (“MF4”), fission neutron spectrum (“MF5”) and double 
differential data (“MF6”) are varied. 
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Examples of random cross-sections for important actinides are shown 
in Figures 2 and 3 and processed covariances are presented in Figure 4. 

For each random ENDF file, the processing by NJOY (to produce ACE 
files) and the benchmark calculation is performed with MCNP. At the end of 
the n calculations, n different keff values with their statistical uncertainties 
are obtained. From the calculated probability distribution of keff, the 
standard deviation σtotal reflects two different effects: 

 222
datanuclearstatisticstotal σ+σ=σ  (2) 

The first one (σstatistics) is from the statistical uncertainty derived from the 
number of histories (neutrons) used in the MCNP calculations. It typically 

varies as N1 , N being the number of considered histories, is known in 

advance and in principle can be minimised by investing enough computer 
time. The second origin (σnuclear data) lies in the use of different random 
nuclear data files (ACE files) between calculations. It induces a spread in 
the keff distribution, which can unequivocally be assigned to the spread of 
cross-sections, angular distributions and so on. This spread is not known 
and is to be derived from the present Monte Carlo approach. The quadratic 
sum of the two distinct spreads is equal to the total observed standard 
deviation. If the observed spread is of the order of the statistical uncertainty 
(first effect), only a maximum value can be attributed to the spread due to 
nuclear data. 

As mentioned previously, the TMC method allows varying much more 
information than that included in the covariance files used by the 
perturbation method, which considers resonance parameters (“MF2”) and 
cross-section (“MF3”) covariances. It thus seems natural to always obtain a 
larger nuclear data uncertainty from the TMC method than from the 
perturbation method. In order to disentangle the contribution of each 
so-called MF and reactions, additional ENDF random files are produced 
together with the full random ENDF files. In these additional files, only part 
of them is varied. For instance, MF2 random files are created where only 
resonance parameters are varied and the rest of the file stays constant, MF3 
random files are created where only cross-sections are varied, MF4 random 
files are created where only angular distributions are varied... In this 
manner, benchmarks can be calculated using these partially randomised 
files and the contribution of specific quantities can be obtained. 

Preliminary tests 

An important condition to fulfil is that both methods use the same nuclear 
data. In other terms, cross-sections in the unique ENDF file used by the 
perturbation method should be equal to the average of the cross-sections 
from the n random ENDF files used by the TMC method. Furthermore, the  
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Figure 2: Random cross-sections used for the TMC  
and perturbation methods for important actinides 

 

Figure 3: Random nuclear data for 239Pu  
used in the TMC and perturbation methods 
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Figure 4: Processed covariances with PUFF for the  
238U(n,γ) cross-section (left) and 239Pu(n,γ) cross-section (right) 

   

probability distribution of the cross-sections from the n random ENDF files 
should correspond to the covariance information included in the unique 
ENDF file. What is applicable for cross-sections is also for ν-bar, resonance 
parameters, single and double-differential data. 

Independently of this requirement, the ENDF format for the covariance 
storage assumes that any probability distribution can be represented by its 
first and second moments, assuming a Gaussian probability distribution. 
This assumption, inherent to the ENDF format, does not apply in the case 
of TMC calculations because TMC relies on TALYS model parameter 
covariances which do not automatically imply Gaussian probability 
distributions for cross-sections or other nuclear quantities. This difference 
between TMC and ENDF covariance format can eventually induce 
differences in uncertainty calculation if probability distribution is strongly 
skewed. The following verifications have been performed before comparison: 

• Convergence and consistency of ν-bar. As one of the most 
important fission quantities, ν-bar probability distributions need to 
be in agreement in both TMC and perturbation methods. In general, 
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for the energy ranges and isotopes of interest for applications, ν-bar 
is believed to be well known: to the per cent level or less for main 
actinides at thermal energy. 

• Convergence and consistency of resonance parameter distributions. 
An important verification concerns the resonance parameters. In the 
TMC method, each of them is extracted from a stable probability 
distribution (mean and standard deviation) and in agreement with 
the information used by the perturbation method (included in the 
ENDF file MF-32 and MF-33). 

• Convergence and consistency of cross-section probability 
distributions. Enough random runs are considered to ensure that 
each final TMC cross-section has converged and is identical to the 
one used in the perturbation method. 

• Convergence of angular distribution probability distributions. 
Elastic and inelastic angular distributions can be of importance 
depending of the type of benchmarks. Therefore these quantities 
need to be treated as cross-sections in terms of convergence. 

• Convergence of Monte Carlo calculations. The convergence of the 
Monte Carlo calculations using MCNP for the calculation of keff 
depends on the number of histories selected in each MCNP run. 
Similar to Ref. [9], a consistent pattern for performing keff calculations 
was used. All the benchmarks are criticality safety benchmarks, and 
thus require an MCNP calculation in the so-called “kcode-mode”. 
Additionally, the Monte Carlo method is also used to propagate 
uncertainties in the TMC approach. The same benchmark is 
calculated a large number of times, with different libraries. The 
convergence of the calculated value (keff) is also needed. Figure 5 
presents three parameters as a function of the sampling numbers 
(mean, variance and skewness) and the keff probability distributions 
for the heu-sol-therm1-1 benchmark (hst1-1). For each case, the 
convergence of the keff probability distribution is achieved before a 
thousand sampling numbers. 

• Convergence of the perturbation method. As the covariance 
information used by the perturbation method comes from a Monte 
Carlo process, it is necessary to check the convergence of variance 
calculated by SUSD based on different covariance files (using i 
random files, i being from 1 to n). Figure 5 presents the updated 
variance calculated with the perturbation method, based on 
updated covariance files (as a function of sample numbers). The 
example chosen is for the heu-comp-inter5 benchmark, Case 5. The 
nuclear data of interest are 90Zr. As explained above, resonance 
parameter covariances (MF-32) and cross-section covariances 
(MF-33) are considered. 
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Figure 5: Left – convergence toward the final keff values, the  
associated widths and the skewness of the keff distributions for the  
hst1-1 benchmark from the TMC method. Right – convergence of  
the calculated variance on keff by SUSD for the hci5-5 benchmark,  
using MF-32 and MF-33 from 90Zr, as a function of sample cases. 

 

Preliminary results 

After the necessary preliminary tests of consistency and convergence, 
comparisons of benchmarks uncertainties can be performed. In the 
following, a few benchmarks and isotopes with high sensitivity are selected. 
Even if the majority of benchmarks are highly sensitive to 235U and 238U, 
other isotopes were also selected to cover a wide range of masses and 
nuclear charges. A direct comparison between the TMC and perturbation 
methods are presented in Tables 1 and 2. 
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Table 1: Comparison of TMC-perturbation methods for a few keff  
benchmarks. The ratio in the last column is “TMC over perturbation”. 

Benchmark Isotopes 
Total Monte Carlo Perturbation 

Ratio Uncertainty due to 
nuclear data (pcm) 

Uncertainty due to 
nuclear data (pcm) 

hst39-6 19F 333 287 1.16 
hmf7-34 19F 346 286 1.21 
ict3-132 90Zr 189 146 1.29 
hmf57-1 208Pb 503 411 1.22 

pmf2 239Pu 844 722 1.16 
pmf2 240Pu 790 651 1.21 

 

Table 2: Details of the comparison  
TMC-perturbation method for four keff benchmarks 

 hst39-6 19F hmf7-34 19F 
 ∆keff (pcm) ∆keff (pcm) 
 TMC Perturbation TMC Perturbation 

Total 333 287 346 286 
MF2 278 238 314 277 
MF3 172 161 075 105 
MF4 101 – 080 – 
MF6 030 – 035 – 

 
 pmf2 239Pu pmf2 240Pu 
 ∆keff (pcm) ∆keff (pcm) 
 TMC Perturbation TMC Perturbation 

Total 844 722 790 650 
MF1 400 – 370 – 
(n,inl) 170 140 070 050 
(n,el) 250 240 030 040 
(n,γ) 100 100 030 030 
(n,f) 720 660 730 640 
MF4 020 – 020 – 
MF5 050 – 030 – 
MF6 050 – 030 – 

 

In general, the total uncertainties obtained with the TMC method are 
larger than with the perturbation method, as presented in Table 1. For the 
six benchmarks (thermal and fast), the ratio of “TMC over Perturbation” is 
larger than 1. This can be easily foreseen because the complete nuclear 
data file is randomised in TMC (not only cross-sections) compared to the 
four (major) cross-sections considered with the perturbation method. 

For the presented benchmarks, differences from 15 to 30% exist. 
Table 2 presents details of the uncertainty calculations for four benchmarks. 
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The contributions of the four main cross-sections directly come from SUSD 
for the perturbation method and in the case of the TMC method, separate 
calculations are done, each time randomising only part of the nuclear data 
file. In ENDF terminology, MF2 stands for the resonance range, MF3 for 
cross-sections in the fast neutron range, MF4 for the elastic angular 
distribution, MF5 for the fission neutron spectrum, MF6 for the double 
differential data and MF1 for the ν-bar and other fission quantities (such as 
released energy...). 

It can be seen in Table 2 that the contributions of MF1 and MF4 are not 
negligible. MF5 and MF6 have a smaller effect on keff. Additionally, in the case 
of cross-sections where both methods provide results, TMC uncertainties 
are larger than those resulting from the perturbation approach. 

A possible explanation is that the information contained in the 
covariance files (used in the perturbation method) does not exactly match 
the random files (used in TMC). The difference can be related to the values 
of cross-sections, cross-section uncertainties, or probability distributions 
(Gaussian for covariance files and not Gaussian from the random files). 
More work is then necessary to study these differences. Alternatively, 
different energy groups (more than 33) can also be used to verify the impact 
of cross-sections, uncertainties and sensitivities collapsing. 

Post-adjustment of covariance data 

If the nuclear data uncertainties do not match a series of benchmarks 
uncertainties, it is possible to adjust the model parameter uncertainties 
used by TALYS to reduce (or increase) the nuclear data uncertainties. Based 
on the new random files and covariance matrices, calculated (and updated) 
benchmarks uncertainties can be obtained. 

We are not yet at the stage to realise this last step, even if it is 
technically possible. Additional work is needed and at that stage, we cannot 
ensure that the post-adjustment will be realised. 

Conclusion 

In the present work, two methods will be used to propagate nuclear data 
uncertainties to criticality safety benchmarks. The first method, called TMC, 
provides a more general and exact answer and does not require special 
codes, but is more time consuming. The second method, known as the 
perturbation method, considers a restricted number of nuclear data 
uncertainties, relies on perturbation theory and needs more processing and 
intermediate codes, but is the fastest to produce results. Preliminary 
comparisons show that nuclear data quantities not handled by the 
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perturbation method are of importance (such as ν-bar or angular 
distributions), but the differences between the two methods range within 
15 to 30%. 

This work presents some unique features, which can be highly 
valuable for the subgroup: use on MCNP, Monte Carlo covariances, 
perturbation method and TMC method. 
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Appendix A8 – ORNL methodology 

The TSUNAMI software developed at Oak Ridge National Laboratory (ORNL) 
provides a unique means of determining the similarity of nuclear criticality 
experiments to safety applications [1,2]. The basis of the TSUNAMI validation 
techniques is that computational biases are primarily caused by errors in 
the cross-section data, the potential for which are quantified in cross-section 
covariance data. The presentation of the TSUNAMI methodologies presented 
here is based largely on those presented in Ref. [2]. 

TSUNAMI provides data adjustment or data assimilation techniques to 
predict computational biases. General responses including but not limited to 
keff can be addressed [1]. This technique utilises sensitivity and uncertainty 
(S/U) data to identify a single set of adjustments to nuclear data and 
experimental responses, taking into account their correlated uncertainties 
that will result in the computational models producing response values 
close to their experimental response value. The same data adjustments are 
then used to predict an unbiased response (e.g. keff) value for the application 
and an uncertainty on the adjusted response value. The difference between 
the originally calculated response value and the new post-adjustment 
response value represents the bias in the original calculation, and the 
uncertainty in the adjusted value represents the uncertainty in this bias.  
If experiments are available to validate the use of a particular nuclide in the 
application, the uncertainty of the bias for this nuclide is reduced. If similar 
experiments are not available, the uncertainty in the bias for the given 
nuclide is high. Thus, with a complete set of experiments to validate 
important components in the application, a precise bias with a small 
uncertainty can be predicted. Where the experimental coverage is lacking, 
a bias can be predicted with an appropriately large uncertainty. The data 
assimilation method presents many advantages over other techniques in 
that biases can be projected from an agglomeration of benchmark 
experiments, each of which may represent only a small component of the 
bias of the target application. Also, contributors to the computational bias 
can be analysed on an energy-dependent, nuclide-reaction-specific basis. 

TSUNAMI is a suite of tools in which individual components each 
perform a specific task. These tools are introduced below and explained in 
detail in subsequent sections. 
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TSUNAMI-1D and TSUNAMI-3D analysis sequences compute the keff 
sensitivity to energy-dependent cross-section data for each reaction of each 
nuclide in a system model. The one-dimensional (1-D) transport calculations 
are performed with XSDRNPM, and the three-dimensional (3-D) calculations 
are performed with KENO V.a or KENO-VI [1]. The energy-dependent 
sensitivity data are stored in a sensitivity data file (SDF) for subsequent 
analysis. Additionally, the TSUNAMI-1D and -3D sequences use the  
energy-dependent cross-section-covariance data to compute the uncertainty 
in each system’s keff value due to the cross-section covariance data. 

TSUNAMI-IP (TSUNAMI Indices and Parameters) uses the SDF generated 
from TSUNAMI-1D, -3D or TSAR for a series of systems to compute 
correlation coefficients that determine the amount of shared uncertainty 
between each target application and each benchmark experiment 
considered in the analysis. TSUNAMI-IP offers a wide range of options for 
more detailed assessment of system-to-system similarity. 

TSURFER (Tool for S/U Analysis of Response Functions using 
Experimental Results) is a bias and bias uncertainty prediction tool that 
implements the generalised linear least-squares (GLLS) approach to data 
assimilation and cross-section data adjustment. The data adjustments 
produced by TSURFER are not used to produce adjusted cross-section data 
libraries for subsequent use; rather, they are used only to predict biases in 
application systems. 

TSAR (Tool for Sensitivity Analysis of Reactivity Responses) computes 
the sensitivity of the reactivity change between two keff calculations, using 
SDF from TSUNAMI-1D and/or TSUNAMI-3D. TSAR also computes the 
uncertainty in the reactivity difference due to cross-section covariance data. 

Approach for selection of benchmark experiments 

Parameters used for similarity assessment 

When using robust 3-D neutron transport techniques to predict the 
criticality of a system, the most likely sources of computational bias are 
errors in the nuclear data. The basis of the TSUNAMI validation techniques 
is that computational biases are primarily caused by errors in cross-section 
data, which are quantified and bounded by the cross-section covariance 
data. For criticality code validation, keff sensitivity data are computed for the 
targeted application systems as well as relevant benchmark criticality 
experiments. The similarity of a benchmark experiment and an application 
system is quantified using sensitivity and uncertainty analysis techniques 
described in this section. 
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Comparison of sensitivity profiles 

It is often instructive to examine the energy-dependent sensitivity data for 
the application system and benchmark experiments to visually identify 
important features in the sensitivity data. The Javapeño data-plotting 
package of SCALE 6 provides convenient interactive plotting of the 
sensitivity data from multiple data files. The VIBE package of SCALE 6 
provides the ability to group collapse the sensitivity data then sort and 
filter the collapsed data in a tabular form to identify benchmark experiments 
with sensitivity data most similar to the application system. 

Nuclide-reaction specific integral index g 

A sensitivity-based integral index denoted g, and sometimes referred to as 
“little g,” is based on the coverage of the sensitivity of the application 
system, a, by a given benchmark experiment, e, for a single nuclide-reaction 
pair. It is defined in terms of the normalised differences of the group-wise 
sensitivity coefficients for a particular nuclide, i, and reaction, x, summed 
over all energy groups, j, as: 
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and the j summation is performed over all energy groups. 

The definition of i,e
j,xS ′  restricts the coverage of the application by the 

experiment to the portion of the experiment’s sensitivity coefficient that 
does not exceed that of the application in magnitude. Additionally, the 
application’s sensitivity coefficient and that of the experiment must have 
the same sign. The g index is useful where the experiment sensitivity has a 
lower magnitude than that of the application in that it assesses the extent to 
which the benchmark experiment does not adequately test the cross-section 
to the extent it is used in the application. The g index is normalised such 
that a g value of 1 indicates complete coverage of the application by the 



ORNL METHODOLOGY 

94 ASSESSMENT OF EXISTING NUCLEAR DATA ADJUSTMENT METHODOLOGIES – © OECD/NEA 2011 

experiment for the particular nuclide-reaction pair. A g value of zero 
indicates no coverage of the application by the experiment for the particular 
nuclide-reaction pair. Even if the sensitivity of the benchmark experiment 
exceeds that of the application, the index will not exceed 1.0. 

Integral correlation coefficients 

As computational biases are primarily caused by errors in the cross-section 
data, as bounded by the cross-section covariance data, a more rigorous 
approach to assessing the similarity of two systems for purposes of bias 
determination is the use of uncertainty analysis to quantify the shared 
uncertainty between two systems [1]. Coupling the sensitivity data from both 
systems with the cross-section covariance data, the shared uncertainties 
between two systems can be represented by a correlation coefficient. This 
correlation coefficient index, denoted as ck, measures the similarity of the 
systems in terms of related uncertainty. 

The mathematical development of the integral index ck is presented 
here based on the development given in Ref. [1]. Defining Sk to include the 
keff sensitivities of N different systems to the cross-section data, α: 

 m n

n m

k
k

 α ∂
≡  ∂α 

kS , n = 1, 2, …, N; m = 1, 2, …, M (2) 

where M is the number of nuclear data parameters. The uncertainty matrix 
for all the system keff values, Ckk, is given as: 

 
T=kk k kC S C Sαα  (3) 

Sk is an N × M matrix; Cαα is an M × M matrix; and the resulting Ckk 
matrix is of dimension N × N. The diagonal elements of the Ckk are the 
relative variance values, 2

nkσ , for each of the systems under consideration, 

and the off-diagonal elements are the relative covariances between a given 
application system, a, and a given benchmark experiment, e, represented 
as 2

aekσ . Correlation coefficients provide a common means of normalising 

shared uncertainties. The correlation coefficient is defined by dividing the 
covariance terms by the corresponding standard deviations as: 
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such that the single ck value represents the correlation of uncertainties 
between an application and experiment. 

These correlations are primarily due to the fact that the uncertainties 
in the calculated keff values for two different systems are related, since they 
contain the same materials. Cross-section uncertainties propagate to all 
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systems containing these materials. Systems with the same materials and 
similar spectra would be correlated, while systems with different materials 
or spectra would not be correlated. The interpretation of the correlation 
coefficient is the following: a value of 0.0 represents no correlation between 
the systems, a value of 1.0 represents full correlation between the systems, 
and a value of -1.0 represents a full anti-correlation. 

Nuclide-reaction-specific correlation coefficients 

It is sometimes desirable to assess the similarity of systems in terms of the 
shared uncertainties for a single nuclide-reaction pair. The individual ck is 
similar to system-wide ck from Eq. (4), except that it is normalised between 
-1 and 1 for each for a particular nuclide, i, and reaction, x, as E: 
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where: ( )aek , i x−σ2  represents the covariance between application a and 

experiment e due to the specified nuclide-reaction pairs; 

 ( )ak , i x−σ2  is the standard deviation in keff for the application due to the 

specified nuclide-reaction pair; 

 ( )ek , i x−σ2  is the standard deviation in keff for the experiment due to the 

specified nuclide-reaction pair. 

It should be noted that individual ck values are only computed for  
the same nuclide-reaction pair in the application and the experiment. 
Although cross-reaction and cross-nuclide covariance data are available, 
the cross-relationship has no physical interpretation for assessing the 
similarity of systems for a specific nuclide-reaction pair. 

Criteria and process used for similarity assessment 

The similarity of the application systems to the benchmark experiments is 
assessed using the techniques described above as implemented in the 
TSUNAMI-IP code of SCALE 6.0. When seeking overall application similarity 
by a given benchmark experiment, past studies have indicated that 
systems with ck values of 0.9 and above are highly similar to the application, 
those with values of 0.8-0.9 are marginally similar, and those with values 
below 0.8 may not be similar in terms of computational bias [1]. When 
examining similarity for nuclide-reaction-specific coverage, the comparison 
of sensitivity profiles provides visual verification of coverage; the g index 
can identify under coverage, where the benchmark is not as sensitive as 
the application for a given nuclide-reaction pair; and the individual ck 
provides uncertainty-weighted similarity assessment. 
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Bias assessment with data adjustment techniques 

A new capability for SCALE 6 allows the prediction of computational biases 
with the nuclear data adjustment tool TSURFER, which is based on a 
generalised linear least-squares approach [1]. The data adjustments in 
TSURFER are not used to produce adjusted cross-section data libraries for 
subsequent use; rather they are used only to predict biases in application 
systems. As TSURFER is a general-purpose tool, a computed quantity for 
which a bias is predicted is referred to as a response. A response is often keff 
but in general could be a reactivity, a reaction rate ratio or any other quantity 
of interest that can be both measured in benchmark experiments and 
calculated through numerical simulation using multi-group cross-section 
data. TSURFER identifies a single set of adjustments to nuclear data and 
experimental values, all bounded by their uncertainties, that will result in 
the computational models all producing response values close to their 
experimental response value. Then the same data adjustments are used to 
predict an unbiased response value for the application and an uncertainty 
on the adjusted response value. The difference between the originally 
calculated response value and the new post-adjustment response value 
represents the bias in the original calculation, and the uncertainty in the 
adjusted value represents the uncertainty in this bias. If similar experiments 
are available to validate the use of a particular nuclide in the application, 
the uncertainty of the bias for this nuclide is reduced. In TSURFER, 
experiments that are dissimilar from the application can still provide useful 
information for bias assessment if at least one material demonstrates 
similar sensitivities to those of the application. If similar experiments are 
not available to validate a particular nuclide, a high uncertainty in the bias 
for the given nuclide will result. Thus, with a complete set of experiments 
to validate important components in the application, a precise bias with a 
small uncertainty can be predicted. Where the experimental coverage is 
lacking, a bias can be predicted with an appropriately large uncertainty.  
As users gain experience with TSURFER, it may become a preferred tool for 
rigorous bias and bias uncertainty determination, particularly for applications 
for which nearly identical critical experiments are not available. However, 
the results of TSURFER analyses rely on the availability of quality uncertainty 
and correlation data for both nuclear data and benchmark experiments. 

TSURFER computational methodology 

TSURFER applies a generalised linear least-squares (GLLS) technique to 
produce the adjusted cross-section values that are used for bias prediction. 
A recent detailed derivation of the GLLS formalism is given in Ref. [1]. The 
general formalism allows cross-correlations between the initial integral 
experiment measurements and the original nuclear data, such as would be 
present if the calculations used a previously “adjusted” library of nuclear 
data. Since this is not normally done in SCALE, correlations between the 
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benchmark experiment measurements and the cross-section data in the 
multi-group libraries are not considered in the TSURFER code; therefore, 
the GLLS equations presented here are somewhat simplified compared to 
the more general expressions in Ref. [1]. 

At present, the SCALE cross-section covariance data files characterise 
nuclear data uncertainties in terms of relative covariances. Therefore,  
the initial development that follows is for relative, rather than absolute, 
response sensitivity and uncertainty parameters. It is then shown how to 
express the quantities in absolute form for reactivity analysis and mixed 
relative-absolute form for combined keff and reactivity analysis. 

The methodology consists of calculating values for a set of I integral 
responses (keff, reactivity differences, reaction rates, etc.), some of which 
have been measured in selected benchmark experiments. Responses with 
no measured values are then selected as applications, whose biases will be 
predicted based on the measured quantities. The set of measured response 
values {mi; i=1,2,…,I} can be arranged into an I-dimension column vector 
designated as m. By convention the (unknown) experimental values 
corresponding to applications are represented by the corresponding 
calculated values. As discussed on page 124 under the heading Class B 
uncertainties, the measured integral responses have uncertainties – possibly 
correlated – due to uncertainties in the system parameter specifications. 
The I × I covariance matrix describing the relative experimental 
uncertainties is defined to be Cmm. 

Experimental uncertainties are typically defined in the description of 
benchmark experiments. Often the sources of the uncertainties are detailed 
and the contribution to the overall uncertainty in the response value is 
described. These uncertainties are important to TSURFER analysis, as the 
reported benchmark response value is only as precise as techniques used 
in its evaluation allow. It makes little sense to adjust cross-section data to 
precisely match an imprecise response value. Therefore, TSURFER adjusts 
not only the cross-section data within their uncertainties but also adjusts 
the experimental values within their uncertainties, constrained by their 
correlations. 

Discrepancies between the calculated and measured responses are 
defined by the I dimensional column vector: 

 i
i i I
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where ki(α) is the computed keff value for system i using the prior, 
unadjusted, cross-section data, α, and mi is the measured keff of system i.  
In TSURFER the components of d corresponding to application responses 
are set to zero because applications have no measured values. Using the 
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standard formula for propagation of error and assuming no correlations 
between k and m, the relative uncertainty matrix for the discrepancy vector 
d can be expressed as the I × I matrix: 

 = + = +T
mm mmdd kk k km/k m/k m/k m/kC C F C F S C S F C Fαα  (7) 

where Fm/k is an I × I diagonal matrix containing m/k factors, that is, E/C 
factors (ratio of experimental to calculated response values). The inverse of 
the matrix Cdd appears in several expressions presented later in this section. 

The goal of the GLLS method is to vary the nuclear data (α → α′) and 
the measured integral responses (m → m′), such that they are most 
consistent with their respective uncertainty matrices, Cαα and Cmm. This is 
done by minimising chi-square, expressed as: 
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. Eq. (8) is rearranged to give: 
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Eq. (9) expresses the variations in the nuclear data and measured 

responses in units of their respective standard deviations, that is, −  
1

ασ ∆α  

and −  
1

m mσ ∆ . 

Chi-square is a quadratic form indicating the squared magnitude of 
the combined data variations with respect to their uncertainties. This is 
easily seen for the simple case in which [Rαα]−1 and [Rmm]−1 are identity 
matrices, so that Eq. (9) reduces to just the diagonal contributions: 
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The first term on the right side of Eq. (10) is equal to the sum of the 
squares of the individual nuclear data variations expressed in units of their 
standard deviations, while the second term represents a similar quantity 
for the measured integral responses. In the general case where correlations 
exist, the inverse matrices in Eq. (9) are not diagonal, and the value of 
chi-square must be evaluated using the indicated matrix multiplication. 

Thus it can be seen that the GLLS method determines adjustments in 
the nuclear data and experimental measurements that: i) make the 
calculated and measured responses agree [i.e. k′ = k′(α′) = m′, within the 
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limitations of first-order sensitivity theory]; ii) minimise Eq. (10) so that the 
adjustments are most consistent with the data uncertainties. Although 
many possible combinations of data variations may make k′ = m′, there is a 
unique set that also minimises χ2. 

The following variations minimise Eq. (10), subject to the constraint 

k′(α′) = m′ and the linearity condition [∆k] = Skα[∆α] where 
-′

∆ = i i
i

i

k k
k

k
: 

 − = −  
1T

k ddC S C dαα α∆α  (11) 

 − = −  
1

mm m k ddm C F C d∆  (12) 

In the above equations the initial response discrepancy vector d is 
operated on by the transformation matrix in square brackets to obtain the 
desired variations in nuclear data and integral measurements; thus, it is 
the discrepancy components that drive the adjustments. If the linearity 
assumption is valid, then the changes in the calculated responses are 
found to be: 

 m k kk F m d S∆ = ∆ − = ∆α  (13) 

Eq. (13) relates the adjustments in calculated responses, measured 
responses, and nuclear data. 

As previously discussed, consolidation of the calculated and measured 
responses reduces the prior uncertainties for α, m and k because additional 
knowledge has been incorporated. This is indicated by their modified 
covariance matrices Cα′α′, Cm′m′, Ck′k′, respectively, given by: 

 1−
′ ′  = −  α α αα αα αα

T
k dd kC C C S C S C  (14) 

 1−
′ ′  = −  m m mm mm mmm k dd m kC C C F C F C  (15) 

 1−
′ ′  = −  k k kk kk dd kkC C C C C  (16) 

If all the responses on the TSURFER input are relative formatted, then 
the adjusted data and response values edited by TSURFER are obtained from 
Eqs. (11)-(12), while the square roots of diagonal elements in Eqs. (14)-(16) 
correspond to the relative values for adjusted uncertainties in the nuclear 
data and in the experiment responses, respectively. 

The adjustment formulas must be modified slightly to be consistent with 
the absolute-formatted responses. In the following expressions, absolute 
response covariance and response sensitivity data are denoted by a tilde: 

 ( )= − αd k m  (17) 
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Relative covariances for the posterior values of the nuclear data and 
measured responses are given as: 
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If all the input from responses to TSURFER are absolute formatted, the 
adjusted data and response values edited by TSURFER are obtained from 
Eqs. (19)-(23), while the square roots of diagonal elements in Eqs. (22)-(23) 
correspond to the absolute values for adjusted uncertainties in the nuclear 
data and in the experiment responses, respectively. 

The adjustment formulas again must be modified slightly given a set of 
mixed relative/absolute-formatted responses. In the following expressions, 
mixed response covariance and response sensitivity data are denoted by a 

caret, and ˆ
m kF  is an I × I diagonal matrix containing m/k factors for 

relative-formatted responses or a value of one for absolute-formatted 
responses: 
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 1 ˆˆ ˆˆˆ =  − 
 ∆ mm m k ddm C F C d  (29) 

 ˆ ˆ= ˆ∆ ∆αkk S  (30) 

Covariances for the posterior values of the nuclear data and measured 
responses are given as: 

 1ˆ ˆ ˆ−
′ ′

   = −    α α αα αα αα
T
k dd kC C C S C S C  (31) 

 1ˆ ˆ ˆ ˆ ˆˆ ˆ−
′ ′

 = −  m m mm mm mmm k dd m kC C C F C F C  (32) 

If responses on the TSURFER input are both relative formatted and 
absolute formatted, the adjusted data and response values edited by 
TSURFER are obtained from Eqs. (24)-(30) while the square roots of diagonal 
elements in Eqs. (30)-(32) correspond to the relative or absolute values for 
adjusted uncertainties in the nuclear data and in the experiment responses, 
respectively. 

Consistency relations and chi-square filtering 

Using relative sensitivities, variations for ∆m and ∆α defined by Eqs. (11) 
and (12) are those that give the smallest value of the quadratic form of  
χ2. This minimum χ2 value is found by substituting Eqs. (11) and (12) into 
Eq. (8) as: 

 
12 T 1 T

min

−−  χ = =  mmdd kk m k m kd C d d C + F C F d  (33) 

It is interesting to observe that the discrepancy vector d defined by 
Eq. (24) does not depend upon adjustments in nuclear data or integral 
experiments and physically expresses a measure of the initial discrepancies 
(d) in all responses, compared to their combined calculation and experiment 
uncertainties (Ckk + Fm/kCmmFm/k). Eq. (32) can be viewed as an inherent limit 
on the consistency of the GLLS adjustment procedure. If the initial 
calculated and measured responses are not consistent with their stated 
uncertainties, then adjustments in nuclear data and experiment values 
obtained by TSURFER cannot be consistent either. 

TSURFER provides an option for χ2 filtering to ensure that a given set of 
benchmark experiments is consistent, that is, that the input responses 
have an acceptable 2χmin  defined by Eq. (32). The code progressively removes 

individual experiments until the calculated 2χmin  is less than a user input 

threshold. Each iteration removes one experiment estimated to have the 
greatest impact on χ2 per degree of freedom. The method used to assess 
individual contributions to 2χmin  is specified by the user from the options 

given below. 
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Independent chi-square [3] 

The consistency of the ith measured and calculated response values, 
disregarding any other integral response, is equal to the discrepancy in the 
measured and calculated value squared divided by the variance of the 
discrepancy of the ith response: 
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Eq. (33) is strictly valid only when no correlations exist, but it may be a 
useful approximation to estimate the experiment having the greatest 
impact on chi-square per degree of freedom. Hence, this expression is 
called the independent chi-square approximation in TSURFER. This 
approximation executes quickly since no matrix inversions are required. 

Diagonal chi-square 

The diagonal chi-square approach uses diagonal values of the original 
inverse Cdd matrix to estimate the experiment having the greatest impact 
on chi-square per degree of freedom: 

 ( ) ( )χ ≡ − 22 -1
dddia,i i ik m C i,i  (35) 

In this method the correlations in all responses are taken into account 
to some extent. The original −1

ddC  is used in each iteration; therefore, the 

diagonal chi-square method requires only a single matrix inversion. 

Iterative-diagonal chi-square 

This approach is identical to the diagonal chi-square method, except that an 
updated value of −1

ddC  is computed for each iteration to re-evaluate the total 

chi-square from Eq. (33) Thus one matrix inversion is performed per iteration. 

Delta chi-square 

The most rigorous method to determine the impact of an individual 
response on the overall consistency is called the delta chi-square method in 
TSURFER. This method [3] calculates the change in chi-square whenever a 
particular response is omitted for the analysis; that is, omitting the ith 
response results in: 

 ( )−− ≠
≠≠

  ∆χ = −    
12 T 1 i

1i i
T

dd ddd C d d C d  (36) 

where d≠1 and ≠1
ddC  are, respectively, the discrepancy vector and discrepancy 

covariance with response i omitted. While Eq. (34) is the most rigorous 
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method, it also requires the most computation effort. A matrix inversion 
must be performed for every omitted response, in each iteration. 

It has been observed that independent chi-square and diagonal chi-square 
options execute quickly but often eliminate more experiments than 
necessary to obtain the target chi-square value. The diagonal chi-square 
option is somewhat faster than the iterative-diagonal chi-square option but 
also sometimes omits more than the minimum number of experiments. 
The delta chi-square option is currently the default in TSURFER. 

Expressions for computational bias 

The computational bias is defined in TSURFER as the observed difference 
between a calculated and measured response. In conventional validation 
studies, such as those using USLSTATS, the expected bias in an application 
response (for which there is no measurement, by definition) often is 
estimated as the sample mean of the biases for a set of benchmark 
experiments and the uncertainty in the application bias is estimated by the 
sample standard deviation of the experimental biases. 

The GLLS technique provides another method to compute the bias of 
an application response. The application response bias βa is defined as the 
expected deviation of the original calculated response ka from the best 
estimate of the measured response, which is unknown but has some 
probability distribution. Note that if the application response actually did 
have a prior measured value ma, then the best estimate for the experiment 
value would be the final adjusted value am′ obtained from the GLLS 
procedure. For this reason the notation am′  is used here to represent the 
(unknown) best estimate for the application’s projected measured response, 
so that: 

 [ ]aaa mkE ′−=β  (37) 

where E is the expectation operator. The application’s projected measured 

value can be expressed as ( )a a am k m′ ′= − δα , where amδ  represents the 

difference between the best-computed response obtained with the adjusted 
data α′ and the expected value of the actual measurement. Therefore 
Eq. (35) can be expressed as: 

 ( ) ( ) [ ]a a a a a a aE k k m k k E m′ ′ β = − + δ = − + δ α α  (38) 

Recall that all experiment responses are sure to have imδ = 0, because 

the GLLS procedure forces k′ = m′ within the approximation of first-order 
theory. However, ( )aaa mkm ′−′=δ  for the application is not guaranteed to be 
zero, since there is no known measured value. Nevertheless the application 
response calculated using the best cross-sections α′ should approach the 
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desired (unknown) measured value if a sufficient number of experiments 
similar to the application of interest are considered so that under these 
conditions [ ] 0→δ amE  for the application as well [1]. More details 
concerning the suitable degree of similarity and the sufficient number of 
experiments necessary for convergence of the GLLS methodology are 
discussed in other publications [1]. 

Assuming an adequate benchmark database such that [ ] 0~mE aδ , 
Eq. (30) simplifies to: 

 ( ) ( ) T
a a a a ak k k′β = − − ∆~α αS  (39) 

or, stated in absolute terms: 

 T
a aβ = − ∆~ αS  (40) 

Bias uncertainty 

In most cases some gaps exist in the benchmark database so that 
[ ] 0≠δ amE . In this case, the adjusted cross-section covariance data are used 

to produce a post-adjustment uncertainty, which is the uncertainty in the 
adjusted response value, and thus the uncertainty in the computational 
bias. Similar to uncertainty due to nuclear data, the post-adjustment 
uncertainty for the application is computed as: 

 
a

T
a ak ′ ′σ =2

α αS C S  (41) 

and the uncertainty in the bias is: 

 ( )T
a a a′ ′∆β =

1 2

α αS C S  (42) 

The individual nuclide-reaction-specific contributors to the bias 
uncertainty can be computed from the individual processes that make up 
the post-adjustment cross-section-covariance data. When folded with the 
application sensitivity data for the same processes, gaps in the benchmark 
database that contribute to the uncertainty in the bias are revealed. 

Uncertainties treatment for experimental data 

The experimental uncertainties are extracted from the DICE database of the 
ICSBEP Handbook using the ORNL VIBE tool. The TSURFER GLLS techniques 
require an evaluation of correlations in experimental uncertainties. As 
correlations in the experimental uncertainties are not available for most 
experiments in the ICSBEP Handbook, an approximation is sometimes used 
where experiments from the same evaluation were treated as 70% correlated, 
and uncertainties for benchmarks from different evaluations were treated 
as uncorrelated. Careful quantification of the experimental correlations is 
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important for safety calculations. However, for demonstrations of the 
methodology, the approximate experimental correlations will suffice. 

Other data used in validation method (nuclear data covariance, sensitivity 
coefficients, etc.) 

Sensitivity coefficients 

Sensitivity coefficients were computed for each system considered in this 
study using the TSUNAMI tools of SCALE 6.0 with ENDF/B-VII.0 cross-section 
data in the 238-energy-group structure for the sensitivity of keff to the 
reactions listed in Table 1, if appropriate cross-section data are available. The 
Evaluated Nuclear Data File (ENDF) MT identifier for each of these sensitivity 
types is also given [4]. The MT of zero assigned to scattering is arbitrary, as 
a sum of scattering reaction does not exist in the ENDF specification. 

Table 1: Sensitivity types computed by TSUNAMI-1D and -3D 

MT Reaction TSUNAMI identifier 
0 Sum of scattering Scatter 
1 Total Total 
2 Elastic scattering Elastic 
4 Inelastic scattering n,n′ 

16 n,2n n,2n 
18 Fission Fission 

101 Neutron disappearance Capture 
102 n,γ n,gamma 
103 n,p n,p 
104 n,d n,d 
105 n,t n,t 
106 n,3He n,he-3 
107 n,α n,alpha 
452 ν  nubar 

1 018 χ chi 
 

Cross-section covariance data 

The SCALE 6.0 cross-section covariance library is a single comprehensive 
library with a total of 401 materials in the SCALE 44-energy-group structure. 
The SCALE covariance library data correspond to 44-group relative 
uncertainties assembled from a variety of sources, including evaluations 
from ENDF/B-VII, ENDF/B-VI, JENDL-3.1, and more than 300 approximated 
uncertainties from a collaborative project performed by Brookhaven 
National Laboratory (BNL), Los Alamos National Laboratory (LANL), and Oak 
Ridge National Laboratory (ORNL). 
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Because SCALE includes separate multi-group cross-section libraries 
processed from ENDF/B-V, ENDF/B-VI.8, and ENDF/B-VII.0, the application 
of a single “generic” covariance library to all multi-group cross-section 
libraries obviously raises questions about consistency with any given data 
evaluation. In reality much of the approximate uncertainty data in the 
libraries obviously raises questions about consistency with any given data 
evaluation. In reality much of the approximate uncertainty data in the library 
is based on simplifying approximations that do not depend on specific 
ENDF evaluations, and thus can be applied to all cross-section libraries, 
within the limitations of the assumed methodology. In other cases where a 
covariance evaluation has been taken from a specific nuclear data file 
(e.g. ENDF/B-VII, ENDF/B-VI, or JENDL-3.3), it is assumed that the same 
relative (rather than absolute) uncertainties can be applied to all cross-section 
libraries, even if these are not strictly consistent with the nuclear data 
evaluations. This may be questionable for some older evaluations in the 
ENDF/B-V data, but it should be reasonable for the SCALE ENDF/B-VI and 
VII cross-section libraries. The assumption is partially justified by the fact 
that different evaluations often use many of the same experimental 
measurements, since there is a limited amount of this information 
available. Also, because most important nuclear data are now known rather 
well, newer evaluations in many instances correspond to rather modest 
variations from previous ones, and are expected to lie within the earlier 
uncertainties. The nuclear data evaluations from ENDF/B-VII, ENDF/B-VI, 
JEF-3.1 and JENDL-3.3 tend to agree well for many nuclides. Similar results 
are found for many types of cross-sections; thus, it seems reasonable to 
assume that the uncertainties in these data are similar. 

It should be noted that there is no inherently “true” uncertainty that 
can be defined unambiguously for nuclear data. For example, in theory, two 
independent evaluations could produce similar nuclear data with very 
different uncertainties. While differences in nuclear data evaluations have 
direct impact on calculations that can be affirmed by comparisons with 
benchmark experiments, there is no such procedure that can be used to 
quantify the reliability of uncertainty estimates. In general, the SCALE 
covariance library should be viewed as a best-estimate assessment of data 
uncertainties based upon the specific methodology described in the 
following section. This methodology is certainly not unique, and it can be 
argued that other approaches could have been used. Nevertheless, it is felt 
that the SCALE covariance library is a reasonable representation of the 
nuclear data uncertainties, given the current lack of information, and it is 
the only available comprehensive library that has been created in a 
well-defined, systematic manner. 
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Evaluated covariances from nuclear data files 

A rigorous, modern evaluation of nuclear data typically employs a 
regression algorithm that adjusts parameters in a nuclear physics model 
(e.g. Reich-Moore resonance formula, optical model, etc.) to fit a set of 
differential experimental measurements that have various sources of 
statistical and systematic uncertainties [5]. Information from the regression 
analysis of the model parameters can be propagated to uncertainties and 
correlations in the evaluated differential data. In this manner the differential 
nuclear data and covariances are consistent and coupled together by an 
evaluation process. Unfortunately, only a relatively few cross-section 
evaluations have produced “high-fidelity” covariances in this rigorous 
manner. All other nuclear data uncertainties must be estimated from 
approximations in which the uncertainty assessment is decoupled from the 
original evaluation procedure. 

Approximate covariance data 

At the other end of the spectrum from high-fidelity data, “low-fidelity” (lo-fi) 
covariances are defined to be those that are estimated independently of a 
specific data evaluation. The approximate covariance data in SCALE are 
based on results from a collaborative project funded by the Department of 
Energy Nuclear Criticality Safety Program to generate lo-fi covariances over 
the energy range from 10–5 eV to 20 MeV for materials without covariances 
in ENDF/B-VII.0. Nuclear data experts at BNL, LANL and ORNL devised simple 
procedures to estimate data uncertainties in the absence of high-fidelity 
covariance evaluations. The result is a set of covariance data in ENDF/B file 
33 format that can be processed into multi-group covariances [6]. In this 
documentation, these data are called the “BLO” [BNL-LANL-ORNL] 
uncertainty data, which were generated as described below. 

ORNL used uncertainties in integral experiment measurements of 
thermal cross-sections, resonance integrals and potential cross-sections to 
approximate the standard deviations of capture, fission and elastic scattering 
reactions for the thermal (<0.5 eV) and resonance ranges (0.5 eV–5 keV). Full 
energy correlation was assumed for the covariances within each of these 
respective ranges [7,8]. The integral measurement uncertainties values 
were tabulated by Mughabghab in the Atlas of Neutron Resonances: Resonance 
Parameters and Thermal Cross Sections [9]. The lo-fi relative uncertainty is 
computed as the absolute uncertainty in the integral parameter (i.e. thermal 
cross-section or resonance integral) taken from the Atlas, divided by the 
average of the measured parameter and the calculated value computed 
from ENDF/B-VII differential data: 

 ( )DI

I

XX.
U

+×
∆

=
50

 (43) 
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where: U is the relative lo-fi uncertainty included in SCALE; 

ΔI is the absolute uncertainty in the integral measurement, obtained 
from Mughabghab; 

XI, XD are the measured and computed (from ENDF/B differential 
data) integral parameter values, respectively. 

In some cases the integral measurement value from the Mughabghab 
Atlas and the corresponding value computed from the ENDF/B-VII 
differential evaluation are inconsistent—defined here as having a 
difference greater than two standard deviations in the measured and 
computed integral parameters. In these cases, the lo-fi relative standard 
deviation is defined as half the difference, relative to the average of the 
measured and calculated values: 

 D
D

D

;for 2I
I I

I

X X
U X X

X X

−
= − > ∆

+
 (44) 

In some instances, this expression may exceed 100%. For these cases, a 
100% uncertainty was assigned. Also, the Atlas does not include 
uncertainties in integral measurements for a few isotopes, which typically 
are not of great interest for most applications. The integral uncertainty was 
defined as a 5 in the least significant digit for these materials. 

BNL and LANL provided estimates in the fast energy range from  
5 keV–20 MeV for covariances of capture, fission, elastic, inelastic, (n,2n) 
cross-sections and prompt ν . BNL used optical model calculations with 
estimated uncertainties in model parameters to compute covariances in 
the fast range for about 300 structural isotopes, fission products and 
non-fissionable heavy nuclei. Estimated uncertainties in model parameters 
were based on previous work and expert judgment [10]. Covariances for  
14 actinide isotopes were obtained from earlier work done by BNL for 
Subgroup 26 (SG 26) [11]. The SG 26 actinide covariances cover the full 
energy range, including thermal, resonance and fast regions. Thermal data 
uncertainties tend to be overestimated by the SG 26 approach, which is based 
on propagating resonance parameter uncertainties; therefore, the thermal 
data covariances are represented by ORNL’s integral uncertainty technique. 

LANL produced covariances in the fast range for an additional  
47 actinide materials. The LANL actinide covariances were based on 
empirical estimates of nuclear reaction models [12]. Full energy range 
covariances were also produced by LANL for 16 light isotopes ranging from 
hydrogen to fluorine [13]. These included high-fidelity covariances from 
R-matrix analyses for 1H, 6Li and 10B, along with lo-fi uncertainties for the 
other materials, based on approximations such as least-squares fitting to 
experimental data, statistical model calculations at higher energies or 
sometimes simply best-judgment estimation [6]. 
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Modifications to covariance data 

In generating earlier covariance libraries for SCALE 5.1, a number of obvious 
omissions or inconsistencies were identified and corrected in the ENDF/ 
B-VI covariance evaluations, and these modifications are retained in the 
current SCALE covariance library. Two modifications were also made to the 
ENDF/B-VII evaluated ν  covariances. These ν  uncertainties are believed to 
be more realistic. The ENDF/B-VII.0 235U thermal ν  uncertainty of 0.71% 
was revised to the JENDL-3.3 value of 0.31%. In addition, the thermal ν  
uncertainty in the pre-released ENDF/B-VII.1 233U evaluation was modified 
to the value in a recent ORNL data evaluation [14]. This ORNL 233U 
cross-section evaluation also provided the thermal and resonance 
cross-sections for the pre-released ENDF/B-VII.1 data. 

Several modifications were also made to the uncertainties obtained 
from the BLO data. The energy boundary between the thermal and 
resonance covariance blocks was modified from 0.5 eV to 0.625 eV in order 
to coincide with a 44-group boundary. The BLO lo-fi data do not include 
thermal or resonance range uncertainties for isotope reactions that do not 
have integral uncertainties given in the Mughabghab text. These occur 
mainly for relatively unimportant data such as elastic cross-sections of 
several fission products. In these cases the uncertainties were estimated by 
different approaches. For example, the thermal data uncertainty was 
sometimes used to represent the epithermal uncertainty if it was not 
available in the Mughabghab tabulation, and sometimes the high-energy 
uncertainty was extended to lower energies. The BLO thermal uncertainties 
for 1H capture and elastic and for 16O elastic were modified to the JENDL-3.3 
values of 0.5% and 0.1%, respectively. Similarly, the uncertainty in the 10B 
(n,α) thermal cross-section was modified to the ENDF/B-VI value of about 
0.2%, as this is more consistent with the Mughabghab integral uncertainty. 
The uncertainty in the 149Sm resonance capture integral is not provided in 
the 2006 edition of Mughabghab’s text; therefore, it was set to the value of 
5.7%, which was obtained from an earlier tabulation by Mughabghab [15]. 

Covariance data for fission spectra 

The methodology used to construct multi-group fission spectrum (χ) 
covariance matrices is described in Ref. [16]. In this approach, the fission 
spectrum is represented as either a Watt or Maxwellian distribution. These 
energy distributions are widely used to represent fission spectra and have 
been commonly employed in many ENDF/B evaluations. For example, Watt 
and Maxwellian expressions were used almost exclusively to describe 
fission spectra in ENDF/B-V and also for many ENDF/B-VI evaluations. More 
recent evaluations for some important fissionable nuclides have replaced 
the simple Watt and Maxwellian analytical expressions by distributions 
such as the Madland-Nix spectrum obtained from more phenomenological 
nuclear fission models. However, it is assumed here that uncertainties 
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based on an appropriate Watt or Maxwellian representation of the fission 
spectrum can be transferred to the actual fission spectra contained in the 
different multi-group cross-section libraries. 

Contents of the SCALE 6 covariance library 

Covariance data were processed with the ORNL PUFF-IV [17] code to generate 
the production library distributed with SCALE 6.0. The SCALE covariance 
library provides uncertainty data in the 44-group uncertainty data for a total 
of 401 materials, including some duplication for materials with multiple 
thermal scattering kernels. 

The contents of the SCALE 6.0 covariance library are summarised in 
Table 2. 

Table 2: Sources of covariance data in the SCALE 6 covariance library 

Data source Materials 
ENDF/B-VII.0 152,154-158,160Gd,191,193Ir,7Li, 99Tc, 232Th 
ENDF/B-VII-p 197Au, 209Bi, 59Co, 23Na, 93Nb, 58Ni, 239Pu, 48Ti, 233,235,238U, V  

ENDF/B-VI 
27Al, 241Am, C, C-graphite, 50,52-54Cr, 65Cu, 156Dy, 54,56-58Fe, In, 
55Mn, 60-62,64Ni, 206-208Pb, 242Pu, 185,187Re, 45Sc, Si, 28-30Si, 89Y 

JENDL 3.3 11B, 240,241Pu 

JENDL 3.3+BLO 16O 
SG-26 234,236U, 242,242mAm, 242-245Cm, 237Np, 238Pu 
BLO LANL evaluation 
+JENDL 3.3 

10B, 1H, H-ZrH, H-poly, Hfreegas 

BLO LANL evaluation 6Li 

BLO approximate data 

225-227Ac, 107,109,110m,111Ag, 243,244,244mAm, 36,38,40Ar,74-75As, 
130,132,133,135-138,140Ba, 7,9Be, Bebound, 249,250Bk, 79,81Br, Ca, 40,42-

44,46,48Ca, Cd, 106,108,110-114,115m,116Cd, 136,138,139-144Ce, 249-254Cf, 
Cl, 35,37Cl, 241,246-250Cm, 58,58mCo, 133-137Cs, 63Cu, 158,160-164Dy, 
162,64,166-168,170Er, 253-255Es, 151-157Eu, 19F, 255Fm, Ga, 69,71Ga, 
153Gd, 70,72-74,76Ge, 2,3H, Dfreegas,3,4He, Hf, 174,176-180Hf, 196,198-

202,204Hg, 165Ho, 127,129-131,135I, 113,115In, K, 39-41K, 78,80,82-86Kr, 138-

140La, 175,176Lu, Mg, 24-26Mg, Mo, 92,97-100Mo, 14,15N, 94,95Nb, 142-

148,150Nd, 59Ni, 235,236,238,239Np, 17O, 31P, 231-233Pa, 204Pb, 102,104-

108,110Pd, 147,148,148m,149,151Pm, 141-143Pr, 236,237,243,244,246Pu, 85-

87Rb, 103,105Rh, 96,98-106Ru, S, 32-34,36S, 121,123-126Sb, 74,76-80,82Se, 
144,147-154Sm, 112-120,122-125Sn, 84,86-90Sr, 181,182Ta, 159,160Tb, 120,122-

126,127m,128,129m,130Te, 227-230,233,234Th, Ti, 46,47,49,50Ti, 232,237,239-

241U, W, 182-184,186W, 123,124,126,128-136Xe, 90,91Y, Zr, 90-96Zr 

ENDF/B-VII.0: Evaluated covariance data released with ENDF/B-VII.0. 

ENDF/B-VII-p: Recently evaluated data proposed for future release of ENDF/B-VII.1. 

ENDF/B-VI: Evaluated covariance data released with ENDF/B-VI. 

JENDL-3.3: Evaluated covariance data in JENDL-3.3. 

BLO approximate data: Lo-fi covariances from BLO project. 

BLO LANL evaluation: LANL R-matrix evaluation from BLO project. 

SG-26: Approximate covariances from WPEC Subgroup 26. 
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Some important uncertainties, in the form of standard deviations in 
group-wise cross-section values for 235U fission, 1H elastic scattering, 239Pu 
fission, 235U nubar and 239Pu nubar, are shown in Figure 1. Additional 
uncertainties for reaction with high uncertainties at fast energies, 238U n, 
gamma and 238U inelastic scattering, are shown in Figure 2. Cross-sections 
with higher uncertainties are more likely to be in error and cause 
computational biases. Systems that are sensitive to these highly uncertain 
reactions may have large computational biases. 

Figure 1: Some important uncertainties in the SCALE 6.0 covariance library 

 

Figure 2: Additional uncertainties in the SCALE 6.0 covariance library 
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Addendum to Appendix A8: Sensitivity/uncertainty theory 

Adjoint-based eigenvalue sensitivity analysis theory 

The explicit sensitivity coefficients in the TSUNAMI-1D and TSUNAM-3D 
sequences are calculated using the well-established adjoint-based 
perturbation theory approach [18-21]. The sensitivity coefficients produced 
with these techniques give the sensitivity of the computed keff to a 
particular component of the group-wise cross-section data. The details 
provided in this document closely follow those presented in Ref. [2]. 

The full derivation of the general procedure is not given here; however, 
the specific theory for the generation of keff sensitivities is presented below. 

The steady-state Boltzmann transport equation can be written in the 
form: 

 [ ] 0=φλ− BA  (1) 

where: φ is the neutron flux; 

λ represents the eigenvalues where the largest eigenvalue is 1/keff; 

A is the operator that represents all of the transport equation 
except for the fission term; 

B is the operator that represents the fission term of the transport 
equation. 

Defining perturbed transport operators and the perturbed eigenvalues as: 

 

δλ+λ=λ′
δ+=′
δ+=′

BBB

AAA

 (2) 

where δA and δB represent small linear perturbations in their corresponding 
transport operators and δλ represents the resulting change in the 
eigenvalues, the perturbed transport equation can be written in the form: 

 [ ] 0=φ′′λ′−′ BA  (3) 
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The equation adjoint to Eq. (1) is: 

 A B − λ φ = 
† † † † 0  (4) 

where φ† is the adjoint flux and has a special physical significance as the 
“importance” of the particles within the system, and A† and B† are the 
adjoint operators corresponding to A and B. 

Multiplying Eq. (3) by φ† and integrating over all phase space yields: 

 ( ) 0=φ′′λ′−′φ BA  (5) 

where < > represents integration over all phase space (volume, energy and 
direction). 

Expanding Eq. (5) in terms of Eq. (2) yields: 

 ( ) 0=φ′δλδ−δλ−λδ−δ+λ−φ BBBABA†  (6) 

Using the property of adjointness (i.e. ( ) ( ) ††††† BABA φλ−φ′=φ′λ−φ ) 

and Eq. (4) to reduce the number of terms yields: 

 ( ) 0=φ′δλδ−δλ−λδ−δφ BBBA†  (7) 

Eq. (7) is further simplified by ignoring the second-order perturbation 
term (δλδB) and substituting φ′ with φ, indicating that the perturbations in 
the transport operators do not cause significant perturbations in the flux 
solution. The eigenvalue perturbation becomes: 

 
( )

( )φλφ

φλδ−δφ
=

λ
δλ

B

BA
†

†

 (8) 

Substituting the perturbation terms with partial derivatives with 
respect to a macroscopic cross-section, Σ, of the transport operator at some 
point in phase space r



, the relative sensitivity of λ, becomes: 

 

( ) ( )[ ]
( )

( )[ ]
( )

( )

( ) ( )[ ] ( )ξφξΣλξφ

ξφ








Σ∂

ξΣ∂
λ−

Σ∂

ξΣ∂
ξφ

=
λ
δλ















B

r

B

r

A

†

†

 (9) 

where ξ


 is the phase space vector and the brackets (i.e. < >) indicate 
integration over space, direction and energy variables. 

Note that since λ = 1/k, then ∂λ/λ = -∂k/k, where k = keff, the sensitivity 
of k due to a small perturbation in a macroscopic cross-section, Σ, of the 
transport operator at some point in phase space can be expressed as: 
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The k sensitivity for individual cross-sections can be obtained from 
Eq. (10) using the discrete-ordinates form of the transport equation and 
analytic derivatives of the transport operators with respect to each 
cross-section of interest. In doing so, the phase space vector, ξ



, has been 
replaced by indices representing discretisation in space, energy and angular 
moment. Here, sensitivity coefficients for reaction x, isotope i, energy  
group g, and computational region z are represented, and energy-integrated 
coefficients are obtained by summing the group-wise coefficients over all 
energy groups. 

The computational form of each sensitivity coefficient is expressed with 
the volume-integrated product of the forward and adjoint flux moments as: 

 
−

′ ′
=

= φ φ∑






 

1

†
, , , ,

L
j j

g g z z g z g z
j L

P V  (11) 

where: φ ,
j
g z  is the jth real-valued spherical harmonics forward flux 

component for energy group g, and region z;  

′φ† ,
j

g z  is the jth real-valued spherical harmonics adjoint flux 

component for energy group g′, and region z; 

 is the Legendre order; 

L


 is the index of real valued flux moments corresponding to the 
desired Legendre order of expansion; 

Vz is the volume of region z. 

For calculations where the fluxes are not accumulated over a spatial 
mesh, the flux product is computed with Eq. (11), where the fluxes 
represent the average flux in each user-defined spatial zone, z. For 
calculations where fluxes are computed on a spatial mesh, the flux product 
for each material region is computed as: 

 ′ ′= φ φ∑∑

 

†
, , , , mm m

j j
g g z zg z g z

j m

P V  (12) 

where m represents flux meshes that occur in region z, zm denotes fluxes 
computed in mesh m of region z, and 

mzV is the volume of mesh m in region z. 
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A common denominator for all sensitivity coefficients, D, is expressed as: 

 ( ) ( )′ ′
′= = = =

= ν Σ φ χ φ∑∑ ∑ ∑ †
, , ,, , ,

1 1 1 1

1 I R G G
i i i

z g z g z g zf g z g z
i z g g

D V
k

 (13) 

where: ′χ ,
i
g z  is the average fraction of fission neutrons emitted into energy 

group g′ from fission of isotope i in region z; 

ν ,
i
g z  is the average number of fission neutrons emitted from fission 

of isotope i in region z in energy group g; 

Σ , ,
i
f g z  is the macroscopic cross-section for fission of isotope i in 

region z and energy group g; 

I is the number of isotopes in the system model; 

R is the number of computational regions in the system model; 

G is the number of neutron energy groups in the system model. 

Once the flux products are computed for each material region or zone, 
the sensitivity coefficients for each reaction type can be computed as follows. 

Capture reaction sensitivity (non-fission, non-scattering) 

The sensitivity of keff to non-fission, non-scattering absorption cross-sections 
[(n,γ), (n,α), (n,p), etc.] and can be expressed as: 

 =

−Σ +
=

∑ 
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x g z g g z

i
x g z
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S

D
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where: Σ , ,
i
x g z  is the macroscopic cross-section for reaction x, of isotope i, 

energy group g, in region z; 

ISCT is the highest Legendre order of scattering used in the 
sensitivity calculations. 

Fission reaction sensitivity 

The sensitivity of keff to the fission cross-section is expressed as: 
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ORNL METHODOLOGY 

116 ASSESSMENT OF EXISTING NUCLEAR DATA ADJUSTMENT METHODOLOGIES – © OECD/NEA 2011 

Scattering reaction sensitivity 

The sensitivity of keff to scattering cross-sections [elastic, inelastic and (n,2n) 
reactions] are expressed as: 

 ( ) ′ ′→ →
′= =
′≠

  
  = Σ − + Σ + Σ  
    

∑ ∑   
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where: ′→Σ,, ,
i

x g g z is the th moment of the transfer cross-section for reaction x 

of isotope i, from energy group g′ to energy group g in region z. 

Total reaction sensitivity 

The sensitivity of keff to the total cross-section is expressed as: 
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ν  sensitivity 

The sensitivity of keff to ν  is expressed as: 
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χ sensitivity 

The sensitivity of keff to the fission spectrum, χ, is optionally expressed in 
one of two forms. The traditional form, the so-called unconstrained χ 
sensitivity, is expressed as: 
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 (19) 

In the unconstrained χ of Eq.(19), the sensitivity coefficients sum to 1.0 
when added over all energy groups and nuclides. However, since the fission 
spectrum probability distribution for any nuclide must, by definition, sum 
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to 1.0 over all energy groups, the sensitivity of keff to the fission spectrum 
should sum to 0.0, as any change in fission spectrum in any group must be 
compensated by changes in other groups to maintain the constraint that all 
values sum to 1.0. The constrained χ calculation was first developed for the 
SAGEP code [22] and is implemented as the default option in TSUNAMI as: 

 ′χ χ χ
′=

= − χ ∑

, , , , , , ,
1

G
i i i i

g z g z g z g z
g

S S S  (20) 

Implicit effect of resonance self-shielding calculations 

The methodology to calculate the sensitivity coefficients, as presented in 
the previous section, was developed for fast reactor applications in which 
the effect of resonance self-shielding in the multi-group cross-section data 
is minimal. To provide an accurate estimation of the sensitivity coefficients 
for systems in which resonance self-shielding is important, the sensitivity 
coefficients require additional terms to account for the first-order implicit 
effect of perturbations in the material number densities or nuclear data 
upon the shielded group-wise macroscopic cross-section data [23]. For 
example, in a water-moderated, low-enriched uranium system, the resonance 
self-shielded cross-section for 238U n,γ is dependent on the moderation of 
neutrons by 1H. Thus, the sensitivity of keff to 1H elastic scattering has an 
implicit component introduced by its influence on the resonance self-shielded 
cross-section for 238U n,γ, which leads to a change in keff for the system. 

For cross-section data process y of nuclide j in energy group h 
expressed as ,

j
y hΣ , which is sensitive to perturbations in process x in energy 

group g for nuclide i expressed as ,
i
x gΣ , the complete sensitivity of keff due to 

perturbations of ,
i
x gΣ  can be defined using the chain rule for derivatives as: 
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 (21) 

where the sensitivity coefficients with respect to keff are the explicit 
components, with the region subscript, z, omitted, and j and h are varied to 
include all processes that are influenced by the value of ,

i
x gΣ . 

In SCALE 6.0, full-range Bondarenko factors are available in the ENDF/ 
B-VI and ENDF/B-VII multi-group cross-section libraries, and implicit terms 
are computed with a sensitivity version of BONAMI, called BONAMIST.  
For LATTICECELL calculations, some implicit terms are propagated through 
the Dancoff factor. In this case, the sensitivities of the Dancoff factors for 
each zone of the BONAMI model to each nuclide are computed. As with 
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other SCALE sequences, the TSUNAMI-1D and -3D resonance self-shielded 
cross-sections in the resolved energy range are computed with CENTRM 
and PMC, but the implicit sensitivities in all energy ranges are computed 
with BONAMIST. 

Because the sensitivity of a response to a material number density is 
equivalent to the sensitivity of the same response to the corresponding 
total macroscopic cross-section, the computation of the implicit sensitivity 
coefficients can be based on the sensitivity to the input material number 
densities, which reduces the number of terms that must be carried through 
the BONAMIST calculation. The implicit sensitivity of keff to the total 
cross-section of nuclide i is: 
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 (22) 

where j and y are varied to include all processes that are sensitive to Ni, the 
number density of the ith nuclide. Additionally, the energy group for the 
implicit sensitivity, g, is varied over all energies. The sensitivity of the total 
macroscopic cross-section to the group-wise macroscopic total cross-section, 

,,i i
T T g

S
Σ Σ

, is simply 1.0. For the Dancoff factors computed by SENLIB and input 

to BONAMIST, an additional term is necessary to account for the sensitivity 
of the Dancoff factor for a given region of the BONAMI model, denoted here 
as Cm. The chain rule for derivatives can again be used to propagate this 
sensitivity to a keff sensitivity. The implicit sensitivity of keff to the input 
number densities, in this case, is: 
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(23) 

where m is varied to include all Dancoff factors in the resonance 
self-shielding calculation. The calculation of the implicit sensitivity of a 
total cross-section requires the sum of the implicit quantities computed in 
Eq. (22) and Eq. (23), if Dancoff factors are used. 

To compute the implicit portion of sensitivity coefficients for reactions, 
x, other than total, an additional term must be employed. With the implicit 
sensitivity of keff to the total cross-section computed, the chain rule for 
derivatives is again applied to propagate the sensitivity of keff to the total 
cross-section to the sensitivity of keff to some other process. This is 
accomplished using the sensitivity of the total cross-section to the particular 
processes, computed from the unshielded cross-section data as: 
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Complete sensitivity coefficient 

With the implicit sensitivities properly computed, the complete sensitivity 
coefficient by group can be computed as the sum of the explicit and 
implicit terms as: 

 ( ) ( ) ( )
, , ,, , ,

exp
i i i
x g x g x gk k k

complete licit implicit
S S S

Σ Σ Σ
= +  (25) 

When a Monte Carlo transport solution is used to produce sensitivity 
coefficients, uncertainties in the forward and adjoint flux solutions and the 
value of keff are propagated to the final sensitivity results using standard 
error propagation techniques [24]. The forward and adjoint fluxes are 
treated as uncorrelated to each other. Also, the group-wise values of each 
flux solution are treated as uncorrelated. The flux moments within each 
group are treated as fully correlated. Although this method provides an 
adequate assessment of the statistical uncertainty in the sensitivity 
coefficients, a more robust technique may be implemented in the future. 

TSUNAMI sensitivity analysis sequences and uncertainty analysis 

One-dimensional sensitivity analysis sequence 

TSUNAMI-1D is a SCALE control module that facilitates the application of 
sensitivity and uncertainty theory to criticality safety analysis using 1-D 
models by performing all necessary steps to compute sensitivity coefficients 
from a single input file. The data computed with TSUNAMI-1D are the 
sensitivity of keff to each constituent cross-section data component used  
in the calculation. TSUNAMI-1D provides automated, problem-dependent 
cross-sections using the same methods and input as the commonly  
used SCALE Criticality Safety Analysis Sequences (CSAS). Additionally, 
TSUNAMI-1D computes the implicit terms of the sensitivities coefficients 
during the resonance self-shielding calculation. 

After the cross-sections are processed, TSUNAMI-1D performs two 
XSDRNPM criticality calculations, one forward and one adjoint, where 
TSUNAMI-1D assigns spatial zones for the neutron transport calculations, 
automatically subdividing the user-input geometry. Finally, the sequence 
calls the Sensitivity Analysis Module for SCALE (SAMS), specifically SAMS5, 
where the flux moment product terms are computed from angular fluxes 
and the sensitivity coefficients are computed as shown by Eqs. (14)-(20). 
SAMS prints energy-integrated sensitivity coefficients to the SCALE output file 
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and generates a sensitivity data file (SDF) containing the energy-dependent 
sensitivity coefficients. 

Three-dimensional sensitivity analysis sequences 

TSUNAMI-3D-K5 and TSUNAMI-3D-K6 are SCALE control modules that 
facilitate the application of sensitivity and uncertainty theory to criticality 
safety analysis using 3-D Monte Carlo models by performing all necessary 
steps to compute sensitivity coefficients from a single input file. Like 
TSUNAMI-1D, the data computed with TSUNAMI-3D-K5 and K6 are the 
sensitivities of keff to each constituent cross-section data component used 
in the calculation. TSUNAMI-3D-K5 and TSUNAMI-3D-K6 also provide 
automated, problem-dependent cross-sections using the same methods 
and input as the commonly used SCALE CSAS sequences but with implicit 
terms also included. 

After the cross-sections are processed, TSUNAMI-3D-K5 performs two 
KENO V.a criticality calculations, one forward and one adjoint, to compute 
the energy and spatially dependent flux solutions and their angular 
moments, where TSUNAMI-3D-K6 performs the forward and adjoint 
transport calculations with KENO-VI. With either Monte Carlo code, the 
user must provide adequately fine spatial resolution of the flux solutions to 
allow for appropriate folding of the forward and adjoint solutions. This is 
accomplished either by manually entering geometry divisions or by using 
the automated meshing features of KENO V.a and KENO-VI developed 
specifically for this purpose. The calculation of angular flux moments with 
Monte Carlo techniques has been previously described [25]. The TSUNAMI-3D 
sequences provide for the separate control of the forward and adjoint 
calculations to independently specify the number of particles per generation, 
the number of generations, the number of generations skipped before 
accumulating data and the desired convergence criteria for each calculation. 

The analyst’s selection of modelling strategies and TSUNAMI-3D input 
parameters can significantly affect the sensitivity profiles generated by 
TSUNAMI-3D. Erroneous implicit sensitivity coefficients may result if the 
cross-section resonance self-shielding model (e.g. lattice cell, multi-region, 
or infinite homogeneous) is not consistent with the use of the material in 
the KENO model. Thus, the importance of performing a thorough set of 
direct perturbation calculations to verify the accuracy of the TSUNAMI-3D 
sensitivity data cannot be overemphasised. 

Finally, the sequences call for SAMS, specifically SAMS5 for TSUNAMI-
3D-K5 and SAMS6 for TSUNAM-3D-K6, where the flux moment product 
terms are computed and the sensitivity coefficients are computed as shown 
by Eqs. (14)-(20). SAMS also computes the uncertainty in the sensitivity 
coefficients introduced by uncertainties in the Monte Carlo calculations. 
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SAMS prints energy-integrated sensitivity coefficients and their uncertainties 
to the SCALE output file and creates a SDF containing the energy-dependent 
sensitivity coefficients and their uncertainties. 

Reactivity sensitivity coefficients 

The TSUNAMI-1D and -3D control sequences in SCALE compute multi-group 
sensitivity coefficients for keff, the reciprocal of the λ-eigenvalue of the 
neutron transport equation for a multiplying medium. The TSAR module in 
SCALE performs sensitivity calculations for responses represented by the 
difference of two eigenvalues. These types of responses are often of interest 
in reactor physics applications. For example, TSAR can compute data 
sensitivities and uncertainties of reactivity responses such as control rod 
worths, fuel and moderator temperature coefficients, and void coefficients 
for two defined states of a power reactor [26]. Another potential application 
is in the analysis of critical benchmark experiments for nuclear data testing 
and validation studies. Data and methods deficiencies can introduce a 
computational bias manifested as a trend in calculated critical eigenvalues 
versus experiment parameters. TSAR can be applied to the difference in the 
computed eigenvalues of two benchmarks to establish the sensitivity of the 
bias trend to various nuclear data used in the calculations. 

TSAR builds upon the capabilities of other TSUNAMI modules. The 
TSUNAMI-1D or -3D sequences are first used to calculate sensitivities for 
the multiplication factors of the reference and altered states of the reactor, 
respectively. TSAR reads the SDF produced by TSUNAMI keff calculations 
and uses them to compute relative or absolute sensitivities of an 
eigenvalue-difference response. The reactivity sensitivities are written to an 
output file and a reactivity SDF for subsequent applications or visualisation. 

A detailed description of the sensitivity methodology for reactivity 
responses is given in Ref. [27]; thus, only a brief overview is presented here. 
The λ-eigenvalue form of the neutron transport equation for a multiplying 
medium is given by Eq. (1). It is assumed that the system is initially in a 
well-defined State 1 having a λ-eigenvalue of λ1. The reactivity for State 1 is 
defined as ρ1 = 1 – λ1. Suppose that changes in A and/or B transport operators 
transformed the original system into a new distinct configuration designated 
as State 2, with the λ-eigenvalue of λ1 and static reactivity of ρ2 = 1 – λ2. For 
example, the configuration change could be caused by moving a control rod 
or by voiding of the coolant. The reactivity insertion/withdrawal associated 
with the designated change in conditions is defined as: 

 1 2 2 1 1 2→ρ = ρ − ρ = λ − λ  (26) 

which defines the eigenvalue-difference (i.e. reactivity) response addressed 
by TSAR. 
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Where the relative keff-sensitivity coefficient for an arbitrary data 
parameter α appearing in the transport equation, including all explicit and 
implicit effects, is expressed as: 

 ,k
k k

S α
∂ ∂λ λ

= = −
∂α α ∂α α

 (27) 

an analogous expression defines the relative sensitivity coefficient of the 
reactivity response: 

 1 2 1 2
,S → →

ρ α
∂ρ ρ

=
∂α α

 (28) 

Unlike the multiplication factor, the reactivity response can be 
negative. This can be a source of confusion when interpreting the relative 
sensitivity coefficient; hence, by convention TSAR defines sensitivities 
relative to the absolute value of the reactivity; thus: 

 1 2 1 2
,S → →

ρ α
∂ρ ρ

→
∂α α

 (29) 

In this way, a positive value for the relative sensitivity coefficient 
means that increasing the value of α always increases the value of the 
reactivity (i.e. a positive ρ becomes more positive, and a negative ρ becomes 
less negative). Conversely, a negative relative sensitivity coefficient means 
that increasing α always decreases the reactivity (i.e. a positive ρ becomes 
less positive, and a negative ρ becomes more negative). This convention is 
used in TSAR for all relative quantities involving the reactivity. 

From the definitions in Eqs. (27) and (28), Eq. (29) is simplified to the 
following expression used in TSAR: 

 2 12 1, ,
,

1 2

k kS S
S α α

ρ α
→

λ − λ
=

ρ
 (30) 

where 
1,kS α  and 

2 ,kS α  are the k-sensitivities for the two states. 

In cases where the net reactivity change is very small, the denominator 
of Eq. (30) approaches zero; thus, the relative sensitivity coefficient can 
increase without bound. The analysis of replacement critical experiments, 
where one or more materials are exchanged between configurations, but 
criticality is maintained with other controls, provides keff values near 1.0 for 
both k1 and k2. For this reason TSAR provides an input option to compute 
absolute rather than relative sensitivity coefficients. Absolute quantities are 
indicated here by the presence of a tilde (∼), while relative quantities have no 
tilde. The absolute sensitivity coefficient is defined in TSAR as the absolute 
change in the reactivity, expressed in pcm (percent-milli, or 10–5 in keff), due 
to a fractional change in data. Absolute reactivity difference sensitivity 
coefficients are expressed as: 
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5
, 2 1, , 10k kS S Sρ α α α= λ − λ ×  (31) 

Prior to executing TSAR, it is necessary to perform TSUNAMI-1D or -3D 
calculations for each state, in order to generate the relative k-sensitivity 
coefficients. These are written out in the SDF sensitivity file format and 
saved for input to TSAR. TSAR reads the two previously prepared files and 
uses them to evaluate Eq. (30) or Eq. (31) for the reactivity sensitivities. The 
ρ-sensitivities are then output to another SDF file. Because the complete 
sensitivities calculated by TSUNAMI-1D or -3D include implicit effects 
associated with resonance self-shielding, the reactivity sensitivities also 
account for these effects, which can be significant. 

Uncertainty analysis 

Uncertainty analysis involves the assessment of the potential impact on an 
evaluated result due to the use of inexact or inaccurate quantities or 
techniques in its determination. In the validation of codes and data for 
nuclear safety analysis, there are two primary types of uncertainties: 
uncertainties in the computed responses (e.g. keff) and uncertainties in 
evaluated benchmark experiments. 

For uncertainties in input quantities used in the determination of 
evaluated results, the uncertainty in the input quantity is propagated to an 
uncertainty in the result through the sensitivity coefficients that quantify 
the expected change in the result due to a change in an input quantity. 

For example, the relative change in a computed or experimentally 
evaluated keff due to an arbitrary relative variation or uncertainty in 
parameter α is: 

 ,~ k
k

S
k α

∆ ∆α
α

 (32) 

In Eq. (32), the quantification is approximate because the sensitivities 
coefficients are typically computed to first-order accuracy. 

Sources of response uncertainty 

Transport calculations of responses such as the neutron multiplication 
factor inherently have biases and uncertainties due to several factors that 
can be grouped into three classes: 

A) numerical approximations in the transport code; 

B) system modelling approximations; 

C) input data uncertainties. 
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Class A uncertainties (numerical) 

Class A uncertainties are sometimes referred to as “methods uncertainties”. 
In Monte Carlo calculations these may be caused by imperfections in 
random number generation routines, approximations in techniques for 
scoring neutron multiplication (e.g. incomplete convergence of fission 
source distribution, neglect of correlations between generations, etc.), and 
biases from algorithms used to represent nuclear data and to sample 
probability distributions, as well as the basic statistical uncertainty that is 
fundamental to the Monte Carlo method. Deterministic methods have 
uncertainties from using finite space-energy-direction meshes, truncated 
(rather than infinite) expansions of functions, incomplete convergence of 
iterations, and especially self-shielding approximations for the multi-group 
cross-sections. Computational benchmark studies often can establish a 
reasonable upper limit for these effects, which may be judged either as 
negligible or as requiring some conservative bias to be applied to the 
application calculations. Here it is assumed that Class A uncertainties in 
the calculated response can be made acceptably small (e.g. by running 
more histories or refining mesh sizes) or at least have been previously 
quantified and can be bounded by a margin applied to the computation. 
Hence Class A uncertainties are considered as systematic “tolerance” and 
are not further addressed here. 

Class B uncertainties (modelling/experimental) 

Class B uncertainties occur because the mathematical model used in the 
transport computations of an application or an experimental response does 
not correspond exactly to the “true” system. The response uncertainty 
caused by modelling effects may either be associated with: i) direct 
computational simplifications such as omitting or homogenising some 
components in the calculation model; ii) fundamental uncertainties in the 
material compositions, densities and dimensions of the experiment. The 
former are systematic uncertainties similar in effect to Class A numerical 
uncertainties and may be addressed in the same manner, that is, by 
bounding the magnitude of the uncertainty through the applied safety 
margins. However, the latter are true random uncertainties that in theory 
have probability distributions and can be addressed. 

Even “clean” critical benchmark experiments have uncertainties in the 
nominal system parameters – such as fuel enrichment, impurities, densities, 
critical dimensions and numerous other components – that may lead to 
discrepancies in the measured and calculated responses for the system. 
The impact of these uncertainties is designated as the “experimental 
uncertainty” in the response, since this uncertainty will be present even if 
no simplifications or approximations are made in the model used for the 
transport computation. The terminology is sometimes a source of confusion. 
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For example the measured keff in a critical experiment usually is known to 
be unity with a very small uncertainty associated with the long, but finite, 
stable period. While there is little doubt about keff for a critical experiment, 
there may be considerable uncertainty in the system parameter values 
describing the benchmark configuration. This contribution to the modelling 
uncertainty could be justifiably considered either “experimental” (because 
system parameters such as material compositions and dimensions are 
specified by the experimentalists) or “computational” (because uncertainties 
in the system parameters affect the calculation model), but here they are 
designated as experimental uncertainties. In any case the uncertainty in 
each system parameter must be propagated to an uncertainty in the 
measured response. For a keff response, this may be done experimentally by 
physically varying the system parameter and measuring the reactivity 
effect or, more commonly, by performing auxiliary transport calculations to 
determine the eigenvalue variation. 

The response uncertainty components associated with the respective 
modelling uncertainties in system parameters determine the overall 
experimental uncertainty. Many benchmark experiment descriptions in the 
International Handbook of Evaluated Criticality Safety Benchmark Experiments [28] 
include information about uncertainties in the system parameters and 
their estimated impact on the multiplication factor. The standard 
deviations in keff due to uncertainties in various system parameters are 
assigned by the benchmark evaluators based on published or archived 
experiment descriptions, and sometimes on other considerations. 

A complication in specifying experimental uncertainties is how to  
treat correlations among the experiments. Response correlations in two 
benchmark experiments may be caused by factors such as use of the same 
fuel pins and container tank, and common instrumentation (same 
detectors, hydrometers, etc.). For example, if two different experiments use 
the same fuel material, then it is not reasonable to conclude that the 
enrichment in one is too high while the other is too low, even if both 
differences fall within the specified standard deviation. Ref. [29] has shown 
that these correlations may not be negligible when applying validation 
techniques to a set of benchmark experiments. Only a limited amount of 
experiment correlation data has been published, but more is expected in 
future revisions to the International Handbook of Evaluated Criticality Safety 
Benchmark Experiments. 

Class C uncertainties (nuclear data) 

In many applications, the major source of uncertainty in the calculated 
response is due to uncertainties in evaluated nuclear data such as 
microscopic cross-sections, fission spectra (χ), neutron yield ν( )  and 

scattering distributions that are contained in cross-section evaluations 
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such as ENDF/B. These arise from uncertainties in experimental nuclear 
data measurements, as well as uncertainties in the evaluation process itself, 
which in general combine differential experimental information with 
nuclear physics theory to generate the basic data in compilations like 
ENDF/B. Class C uncertainties are governed by probability distributions. The 
actual probabilities are unknown, but the evaluated data values are assumed 
to represent the mean of the distribution, and the evaluated variance 
represents a measure of the distribution width. Correlations as well as 
uncertainties in nuclear data can have a significant impact on the overall 
uncertainty in the calculated response; thus, it is important to include 
covariances as well as variances in the uncertainty analysis. The uncertainties 
in fundamental nuclear data also impact resonance self-shielding of 
multi-group cross-section values, further contributing to the response 
uncertainty [24]. In TSUNAMI-1D and -3D, the effects of implicit changes in 
self-shielded cross-sections are included in the overall response sensitivity 
coefficients, rather than in the covariance data, so that the fundamental data 
uncertainties are isolated from problem-specific effects [30]. 

Covariance information is currently limited in the number of nuclides 
for which data are available in all evaluated nuclear data compilations such 
as ENDF/B. A more complete library of multi-group uncertainties has been 
created for SCALE using data from a variety of sources, including ENDF/B-VI 
and VII, JENDL-3.1 and approximate covariances based on uncertainties in 
measured integral data and nuclear model calculations. 

Uncertainty theory 

Given uncertainty information for the cross-sections for all nuclides and 
reaction processes that are important to the system of interest, it is 
possible to estimate the uncertainty in the calculated system response due 
to these data uncertainties. 

The nuclear data parameters are represented by the vector α, the 

elements of which are ( ,
i
x gα ), where i is varied over all isotopes, x is varied 

over all reactions for each isotope, and g is varied over all energy groups.  
If M is the number of nuclide reaction pairs × the number of energy groups 
(i.e. the number of elements in α), the symmetric M × M matrix containing 
the relative variances (diagonal elements) and relative covariances 
(off-diagonal elements) in the nuclear data is Cαα. The elements of Cαα are: 
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x g y g

ji
x g y g
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x g y g
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α α
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α α
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α α, ,

, ,

, ,

COV( , )
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where i and j are varied over all isotopes, x and y are varied over all 
reactions for each isotope, and g and g′ are varied over all energy groups. 
Additionally: 
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where ,
i
x gδα  and ,

j
y g′δα  represent the difference between the values and 

expectation values of the nuclear data parameters and  represents 

integration over the ranges of ,
i
x gα  and ,

j
y g′α  weighted with a probability 

density function. 

The vector containing relative sensitivities of the calculated response k, 
which could be keff, reactivity or some other response, to the α parameters 
is represented by 

nkS , where each element is: 

 
n

m n

n m

k
k

 α ∂
≡  ∂α 

kS , m = 1, 2, …, M (35) 

and n identifies the system considered and M is the number of nuclear data 
parameters for which sensitivity coefficients are computed, consolidating 
all combinations of nuclides, reactions and energy groups into a single index. 

For the purposes of TSUNAMI uncertainty calculation, the αm 
parameters 

are simply the group-wise cross-section data. If a particular material is 
present in more than one material region, the sensitivity coefficients for all 
regions are summed prior to creating the 

nkS vector. 

The variance for the keff value of system n is given as: 

 2
n n n

T
kσ = k kS C Sαα  (36) 

where T indicates a transpose. 

The covariance in the response due to the energy correlations of two 
particular processes can be assessed by examining a subset of the elements 
of Cαα, where i, j, x and y are held constant. If G is the number of energy 
groups, the covariance data for a particular process is represented as the  
G × G matrix α α ji

x y
C and the group-wise sensitivity vectors, of length G, for 

the processes are represented as 
n ,αi

xkS and 
n ,α j

ykS . The relative covariance 

in the response due to the particular process or processes is given as: 

 ,
,

2
, ,i j

x y

T
k

σ = i j j
x y yk k

S C S
α α α αi

x
 (37) 

In actuality, the COVERX formatted [31] data file read by TSUNAMI 
represents the covariance data in the form of multiple j

y
C

α αix
 matrices. Thus, 

although commonly used for its mathematical convenience, Cαα does not 
exist as a continuous matrix. In the COVERX format, if j

y
C

α αix
 is present on 
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the data file with i≠j and/or x≠y, then the transpose matrix j i
y x

C
α α

 is not 

present. Thus, using each matrix on the COVERX file only once, an upper 
(or lower) triangular Cαα matrix could be constructed, but not a full matrix. 

In TSUNAMI, the value of 2
nkσ  is calculated by first determining the 

values of the variances or covariance as in Eq. (37) for all processes in the 
system under consideration, excluding the total reaction. The total reaction 
is excluded because it is the sum of the other processes and its inclusion 
would increase the variance from its actual value. The value of 2

nkσ  is then 

computed as the sum of the variances [diagonal elements of Cαα plus twice 
the sum of the covariances (off-diagonal elements of Cαα)]. The standard 
deviation of keff is simply the square root of 2

nkσ . If 
nkS is defined in terms of 

absolute sensitivities, then the absolute response uncertainty due to a 
relative cross-section uncertainty results. 

Uncertainties due to the cross-section covariance data are computed in 
the TSUNAMI-1D and TSUNAMI-3D sequences, TSAR, TSUNAMI-IP and 
TSURFER. 
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Appendix B1 – ANL assessment questionnaire 

I Quantitative criteria 

Computational effort 

A) What is the rank of the matrix (or matrices) to be inverted? 

A single matrix to be inverted has a rank equal to the number of integral 
measurements used in the adjustment. 

B) Does your adjustment use an iterative method? 

No. However, manual iterations can be made by recalculating the 
sensitivity coefficients using the adjusted cross-sections. 

C) Is there any computational limitation (number of variables, experiments, etc.)? 

No limitations. The problem size is limited only by the memory of the 
machine used. 

D) What is a typical running time for a defined number of variables/experiments? 
Please specify type of machine/CPU used. 

About 19 seconds for an adjustment of 1 000 parameters using  
300 experiments on a 2.8 GHz and 24 GB RAM machine. 

Input/output burden 

A) Are all cross-sections taken into account? (If not, please, specify cross-section 
selection strategy.) 

Yes. All the cross-sections specified by the user are considered as far as 
the sensitivity coefficient and covariance data are provided. 

II Qualitative criteria 

A) Are all reactions taken into account? 

All the cross-sections specified by the user are included in the 
adjustment. 
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B) Can self-shielding effects be explicitly treated? 

No. However, self-shielding parameters can be included as independent 
parameters to be adjusted if the corresponding sensitivity coefficients 
and covariance data are provided. 

C) Can high order effects be taken into account? 

Not explicitly. They can be accounted for only through manual 
iterations as noted in the response B under the heading Computational 
effort. 

D) Can method uncertainties/bias be accounted for? 

Method uncertainties can be specified separately, but they are added to 
the computational uncertainty. 

E) How are inelastic matrices and secondary energy distributions treated? 

They can be treated as independent parameters to be adjusted if the 
corresponding sensitivity coefficients and covariance data are provided. 

F) Fission prompt and delayed neutron spectra/data? 

Yes, in a similar way to the previous response E. 

G) Is consistency test present? 

Yes. Chi-square tests are performed. 

H) Are cross-correlations among nuclear data taken into account? 

Yes, if they are provided. 

I) Are correlations among experiments taken into account? 

Yes, if they are provided. 

J) Are correlations among nuclear data and experiments taken into account? 

No. The experiment uncertainties are considered independent of 
cross-section uncertainties. 

K) Is a new covariance data set produced? 

Yes. A new covariance data among adjusted cross-sections is produced. 

L) Is the solution unique (local minima)? 

Yes. The solution is unique for given covariance data, since the 
adjustment is based on the generalised least-squares method, which is 
equivalent to the maximum likelihood statistical method. 
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Appendix B2 – CEA assessment questionnaire 

I Quantitative criteria 

Computational effort 

A) What is the rank of the matrix (or matrices) to be inverted? 

Inversion of one matrix whose rank is the number of experiments 

B) Does your adjustment use an iterative method? 

Yes, depending on the type of calculation (multi-group adjustment or 
parameter adjustment). For multi-group, it is made “by hand”. 

C) Is there any computational limitation (number of variables, experiments, etc.)? 

No. 

D) What is a typical running time for a defined number of variables/experiments? 

A few seconds for a standard Linux with 2.5 Ghz and 4.00 GB RAM for 
200 experiments and 30 adjusted parameters. 

Input/output burden 

A) Are all cross-sections taken into account? (If not, please, specify cross-section 
selection strategy.) 

Yes, depending on the type of calculation (multi-group adjustment or 
parameter adjustment). For parameter adjustment, even angular 
distributions are considered, via nuclear model parameter variation. For 
multi-group, new capabilities are available but not tested. 

II Qualitative criteria 

A) Are all reactions taken into account? 

See response to A) under the heading Input/output burden. 

B) Can self-shielding effects be explicitly treated? 

Yes, for parameter adjustment, self-shielding effects are considered, via 
nuclear model parameter variation. 



CEA ASSESSMENT QUESTIONNAIRE 

136 ASSESSMENT OF EXISTING NUCLEAR DATA ADJUSTMENT METHODOLOGIES – © OECD/NEA 2011 

C) Can high order effects be taken into account? 

Yes with iterative solutions. 

D) Can method uncertainties/bias be accounted for? 

Not for the time being for multi-group adjustment. 

E) How are inelastic matrices and secondary energy distributions treated? 

See response to A) under the heading Input/output burden: yes for 
parameters and no for multi-group concerning energy distribution. 

F) Fission prompt and delayed neutron spectra/data? 

Yes for fission prompt data (nu and chi). To be implemented for delayed 
neutrons. 

G) Is consistency test present? 

Algorithms are tested (codes+solutions) with test cases. 

H) Are cross-correlations among nuclear data taken into account? 

Yes. 

I) Are correlations among experiments taken into account? 

Yes. 

J) Are correlations among nuclear data and experiments taken into account? 

? 

K) Is a new covariance data set produced? 

Yes. 

L) Is the solution unique (local minima)? 

It depends on the given a priori and selected convergence for the 
adjustment procedure. 

If no higher order effects are present, the solution is unique regardless 
of numerical round-offs. In other situations, you may find local minima. 
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Appendix B3 – INL assessment questionnaire 

I Quantitative criteria 

Computational effort 

A) What is the rank of the matrix (or matrices) to be inverted? 

Only one matrix is inverted with a rank equal to the number of 
experiments used for the adjustment. 

B) Does your adjustment use an iterative method? 

No. However, if large high order effects are present, iterations are made 
by recalculating sensitivity coefficients with the adjusted cross-sections 
and performing a new adjustment until convergence is reached. 

C) Is there any computational limitation (number of variables, experiments, etc.)? 

No. Variable dimensioning is used, so the only limitation is the memory 
of the machine used. 

D) What is a typical running time for a defined number of variables/experiments? 
Please specify type of machine/CPU used. 

Less than a second of CPU for a 30 experiments and 100 variables 
adjustment on a 2.4 GHz and 2.00 GB RAM machine. 

Input/output burden 

A) Are all cross-sections taken into account? (If not, please, specify cross-section 
selection strategy.) 

No. The following formula is used to select cross-sections: 

+∆ = ≥ ε2 2
R RipR S DS  

Where ∆Rip is the uncertainty for the measured integral parameter p 
induced by the uncertainty on cross-section i, SR is the sensitivity array, 
D the covariance matrix, and ε a user input parameter that is used as 
relative contribution to the total uncertainty (i.e. if ε = 0.001, all 
cross-sections that contribute more than one-thousandth of the total 
uncertainty are taken into consideration for adjustment). 
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II Qualitative criteria 

A) Are all reactions taken into account? 

Yes, if the corresponding sensitivity coefficient and covariance data are 
provided. 

B) Can self-shielding effects be explicitly treated? 

No, unless self-shielding is considered as a separate variable and an 
associated sensitivity coefficient is provided. 

C) Can high order effects be taken into account? 

Yes, but only in an iterative way (see answer B of Computational effort). 
Linearity is assumed for all quantities used in the adjustment. 

D) Can method uncertainties/bias be accounted for? 

Not at the present time. The assumption is made that the best 
calculational method that minimises computational error has been used 
to obtain the C of the C/E. Otherwise, adjustment also compensates for 
calculational errors. 

E) How are inelastic matrices and secondary energy distributions treated? 

They can be treated if sensitivity coefficient and covariance data are 
provided and each individual cross-section of the scattering matrix is 
considered as a separate variable to be adjusted. Conversely, conservation 
rules can be added as constraints (e.g. if one wants to conserve fixed the 
total inelastic cross-sections and adjust the energy distribution). 

F) Fission prompt and delayed neutron spectra/data? 

Yes, similar to what was pointed out in the response to E). 

G) Is consistency test present? 

Yes, a χ2 test is performed. 

H) Are cross-correlations among nuclear data taken into account? 

Yes, if provided. 

I) Are correlations among experiments taken into account? 

Yes, if provided. 

J) Are correlations among nuclear data and experiments taken into account? 

Yes, if provided. 

K) Is a new covariance data set produced? 

Yes, a new covariance data among adjusted cross-section is calculated 
as well one among cross-sections and experiments. 
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L) Is the solution unique (local minima)? 

The adjustment methodology is a statistical method based on maximum 
likelihood function with Lagrange’s multipliers that minimises the 
variations on the initial cross-section values needed to reduce the 
observed discrepancies on the C/E. Only one minimum is found because 
the method is not iterative. Is this the absolute minimum? At the 
moment there is no way to prove it. Likely, the adjustment exercise 
when exactly the same input data will be used by all participants could 
provide a partial answer. 
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Appendix B4 – IPPE assessment questionnaire 

I Quantitative criteria 

Computational effort 

A) What is the rank of the matrix (or matrices) to be inverted? 

It is not limited at all. 

B) Does your adjustment use an iterative method? 

No iterations. 

C) Is there any computational limitation (number of variables, experiments, etc.)? 

No limitation in computation memory, number of variables or 
experiments. The only limitation is a space of a hard disk. 

D) What is a typical running time for a defined number of variables/experiments? 
Please specify type of machine/CPU used. 

Several seconds of CPU for 100 experiments and 500 variables 
adjustment on a 2.0 GHz and 512 MB RAM machine. 

Input/output burden 

A) Are all cross-sections taken into account? (If not, please, specify cross-section 
selection strategy.) 

Yes, all cross-sections can be taken into account. User is responsible for 
defining a list of nuclides and reactions to be taken into account. The list 
is only limited by needing a covariance data for each included 
cross-section. However, if there is no data for a cross-section, you will 
get a trivial solution. 

II Qualitative criteria 

A) Are all reactions taken into account? 

User is responsible for defining a list of reactions to be taken into 
account. The list is only limited by needing a covariance data for each 
included reaction. 
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B) Can self-shielding effects be explicitly treated? 

Yes, self-shielding factors may be included in a list of adjusted 
parameters. In this case the self-shielding factors will be treated the 
same way as the reaction cross-sections, so you will need to specify a 
covariance matrix for them. 

C) Can high order effects be taken into account? 

No. 

D) Can method uncertainties/bias be accounted for? 

Methodical uncertainties or biases can be specified separately, but they 
will be added to a calculation uncertainty. 

E) How are inelastic matrices and secondary energy distributions treated? 

They are not treated at present. 

F) Fission prompt and delayed neutron spectra/data? 

Fission prompt spectral data is treated. 

G) Is consistency test present? 

Yes. There is a special statistical procedure for the consistency testing. 

H) Are cross-correlations among nuclear data taken into account? 

Yes. The structure of the LUND data bank for nuclear data covariances is 
intended to specify cross-correlations as between different reactions for 
each nuclei so between different nuclides too. 

I) Are correlations among experiments taken into account? 

Yes. 

J) Are correlations among nuclear data and experiments taken into account? 

No. 

K) Is a new covariance data set produced? 

Yes, together with new covariance matrix. 

L) Is the solution unique (local minima)? 

The adjustment is based on the Maximum Likelihood Statistical Method. 
Only one minimum is found. 
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Appendix B5 – JAEA assessment questionnaire 

I Quantitative criteria 

Computational effort 

A) What is the rank of the matrix (or matrices) to be inverted? 

Equal to the number of integral experiments used for the adjustment 

B) Does your adjustment use an iterative method? 

No. Convergence of adjusted cross-sections is not confirmed. However, 
our adjustment calculations are iterated so as to set chi-square value to 
the degree of freedom by calibrating the factor of the analytical 
modelling uncertainties. 

C) Is there any computational limitation (number of variables, experiments, etc.)? 

No. Variable dimensioning is used, so the only limitation is the memory 
of the machine used. 

D) What is a typical running time for a defined number of variables/experiments? 
Please specify type of machine/CPU used. 

About several seconds of CPU time for a 20-experiment and 60-variable 
adjustment on a 3.4 GHz and 16 GB RAM machine in calculation for  
the SG 33 specification. Further, less than a minute of CPU time for a 
200-experiment, 160-variable adjustment on the same machine in 
preparation for ADJ2010P (not ADJ2010). Also, 1 to 10 minutes is required 
when nuclide-wise and experiment-wise components of alterations and 
uncertainties are calculated. 

Input/output burden 

A) Are all cross-sections taken into account? (If not, please, specify cross-section 
selection strategy.) 

Yes. Of course, as long as the sensitivity of the nuclear data has a 
meaningful value to the targeted integral data, and covariance matrices 
are given. 
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II Qualitative criteria 

A) Are all reactions taken into account? 

Yes. 

B) Can self-shielding effects be explicitly treated? 

Yes. In order to take Doppler reactivity into account, temperature 
gradients of self-shielding factors are adjusted. Other than that, the 
infinitely-diluted cross-sections are treated instead of the self-shielded 
effective cross-sections in the adjustment procedure. 

C) Can high order effects be taken into account? 

No. However, re-analysis of experiments with the adjusted cross-section 
set is desirable. 

D) Can method uncertainties/bias be accounted for? 

Yes, strongly. 

E) How are inelastic matrices and secondary energy distributions treated? 

Normally only total or 1-D inelastic scattering cross-sections are treated. 
However, their matrices and secondary energy distributions or 
excitation-level-wise matrices can be treated, though this is not JAEA’s 
standard method. 

F) Fission prompt and delayed neutron spectra/data? 

No, only total fission spectra are treated. 

G) Is consistency test present? 

No, for the adjustment results. However, before adjustment, abnormal 
experimental data are eliminated with 2-sigma or 95.4% confidence level. 
In addition, we confirm that the chi-square value is around the degree of 
freedom, which is attained by calibrating the factor of the analytical 
modelling uncertainties. 

H) Are cross-correlations among nuclear data taken into account? 

Yes (before adjustment). As long as provided in original covariance data. 

I) Are correlations among experiments taken into account? 

Yes. Correlation coefficients are estimated from the items of uncertainty. 

J) Are correlations among nuclear data and experiments taken into account? 

No. 

K) Is a new covariance data set produced? 

Yes, as well as new cross-section set is produced. 



JAEA ASSESSMENT QUESTIONNAIRE 

ASSESSMENT OF EXISTING NUCLEAR DATA ADJUSTMENT METHODOLOGIES – © OECD/NEA 2011 145 

L) Is the solution unique (local minima)? 

Yes. Before adjustment, abnormal experimental data are eliminated 
with 2-sigma or 95.4% confidence level. Further, adjustment calculations 
are iterated so as to set chi-square value to the degree of freedom by 
calibrating the factor of the analytical modelling uncertainties. 
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Appendix B6 – JSI assessment questionnaire 

I Quantitative criteria 

Computational effort 

A) What is the rank of the matrix (or matrices) to be inverted? 

The largest matrix to be inverted is of the order of the number of new 
integral measurements, presently dimensioned at 3 600. 

B) Does your adjustment use an iterative method? 

Yes, ZOTT is coded to permit a Gauss-Newton iteration, and this has 
been tested with internally-generated non-linear sensitivities. This 
capability has not yet been applied to actual systems. 

C) Is there any computational limitation (number of variables, experiments, etc.)? 

The system is currently dimensioned to accommodate 91 000 fully 
correlated fitting parameters (data). 

D) What is a typical running time for a defined number of variables/experiments? 
Please specify type of machine/CPU used. 

Case-dependent. Tests in which the full set of 91 000 parameters are 
adjusted have running times in the range of several hours. 

Input/output burden 

A) Are all cross-sections taken into account? (If not, please, specify cross-section 
selection strategy.) 

Yes (as provided by the user). In typical applications, minor reactions are 
lumped together, in order to reduce the number of independent reaction 
types to 25. 

II Qualitative criteria 

A) Are all reactions taken into account? 

Yes (as provided by the user). 
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B) Can self-shielding effects be explicitly treated? 

No. 

C) Can high order effects be taken into account? 

Yes, through Gauss-Newton, as discussed in response I.B) above. 

D) Can method uncertainties/bias be accounted for? 

No. 

E) How are inelastic matrices and secondary energy distributions treated? 

P-1 moments for elastic and inelastic scattering are included as data 
types in the standard set-up. No provision is presently made for SED or 
SAD uncertainties of continuum reactions such as (n,2n). 

F) Fission prompt and delayed neutron spectra/data? 

Yes for fission cross-section and nu-bar, but no provision is made for 
uncertainty in fission spectra. 

G) Is consistency test present? 

Yes, χ2 test. 

H) Are cross-correlations among nuclear data taken into account? 

Yes, if provided. 

I) Are correlations among experiments taken into account? 

Yes, if provided. 

J) Are correlations among nuclear data and experiments taken into account? 

The normal source of data covariances is standard deviations from 
EXFOR, supplemented by user estimates of correlations. 

K) Is a new covariance data set produced? 

Yes, if provided. 

L) Is the solution unique (local minima)? 

For linear problems, yes. For non-linear problems, the Gauss-Newton 
iteration will behave similarly to chi-squared minimisation methods.  
No provision is provided to avoid local minima in chi-squared. 
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Appendix B7 – NRG assessment questionnaire 

I Quantitative criteria 

Computational effort 

A) What is the rank of the matrix (or matrices) to be inverted? 

No matrices are inverted. 

B) Does your adjustment use an iterative method? 

No. 

C) Is there any computational limitation (number of variables, experiments, etc.)? 

Monte Carlo is quite CPU intensive, so we have to limit ourselves to a 
few hundreds of calculations. 

D) What is a typical running time for a defined number of variables/experiments? 
Please specify type of machine/CPU used. 

It depends on the benchmarks and a single calculation varies from 
5 minutes to one day. 

Input/output burden 

A) Are all cross-sections taken into account? (If not, please, specify cross-section 
selection strategy.) 

Yes. 

II Qualitative criteria 

A) Are all reactions taken into account? 

Yes. 

B) Can self-shielding effects be explicitly treated? 

It can be treated together with the other quantities. 
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C) Can high order effects be taken into account? 

Yes. 

D) Can method uncertainties/bias be accounted for? 

No. 

E) How are inelastic matrices and secondary energy distributions treated? 

In our method, there is no different treatment between cross-sections. 

F) Fission prompt and delayed neutron spectra/data? 

Yes for prompt, no for delayed. 

G) Is consistency test present? 

I think this does not apply to Monte Carlo method? 

H) Are cross-correlations among nuclear data taken into account? 

Cross-correlations between reactions of the same isotopes are taken into 
account, not between different isotopes. 

I) Are correlations among experiments taken into account? 

No. 

J) Are correlations among nuclear data and experiments taken into account? 

Yes. 

K) Is a new covariance data set produced? 

No. 

L) Is the solution unique (local minima)? 

No, we can provide many local minima. 
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Appendix B8 – ORNL assessment questionnaire 

I Quantitative criteria 

Computational effort 

A) What is the rank of the matrix (or matrices) to be inverted? 

The largest matrix to be inverted is on the order of the number of new 
integral measurements. Several hundred experiments may be included. 

B) Does your adjustment use an iterative method? 

No. Direct inversion. 

C) Is there any computational limitation (number of variables, experiments, etc.)? 

No computational limitations. 

D) What is a typical running time for a defined number of variables/experiments? 
Please specify type of machine/CPU used. 

The running time is highly dependent on the number of systems 
involved and the rejection technique selected to identify inconsistent 
experiments. Simple models run in a few seconds. Large models of 1 000 
experiments with the most rigorous consistency technique can require 
several hours. Calculations were performed in sequential mode on a 
2.6 GHz Linux node with 16 GB of RAM. 

Input/output burden 

A) Are all cross-sections taken into account? (If not, please, specify cross-section 
selection strategy.) 

Yes. All cross-sections for which sensitivity data are available are taken 
into account. 

II Qualitative criteria 

A) Are all reactions taken into account? 

Yes. 



ORNL ASSESSMENT QUESTIONNAIRE 

152 ASSESSMENT OF EXISTING NUCLEAR DATA ADJUSTMENT METHODOLOGIES – © OECD/NEA 2011 

B) Can self-shielding effects be explicitly treated? 

Yes. 

C) Can high order effects be taken into account? 

No. 

D) Can method uncertainties/bias be accounted for? 

No. 

E) How are inelastic matrices and secondary energy distributions treated? 

Inelastic cross-section is adjusted, but not secondary energy distribution. 

F) Fission prompt and delayed neutron spectra/data? 

Total fission spectrum is adjusted, taking into account the constrained 
uncertainty. 

G) Is consistency test present? 

Yes, χ2 test. 

H) Are cross-correlations among nuclear data taken into account? 

Yes. 

I) Are correlations among experiments taken into account? 

Yes. 

J) Are correlations among nuclear data and experiments taken into account? 

N/A. 

K) Is a new covariance data set produced? 

Yes. 

L) Is the solution unique (local minima)? 

Yes. Analytical expression for the minimum is used. 

 




