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FOREWORD 

Foreword 

The Working Party on Nuclear Criticality Safety (WPNCS) has been established to deal 
with technical and scientific issues relevant to criticality safety. Specific areas of interest 
include (but are not limited to) investigations of static and transient configurations 
encountered in the nuclear fuel cycle (fuel fabrication, transport and storage). The main 
objectives of the WPNCS are to exchange information on national programmes in the 
area of criticality safety, to guide, promote and co-ordinate high-priority activities of 
common interest to the international criticality safety community and to establish co-
operation, publish databases, handbooks and reports, facilitate communications within 
the international criticality safety community through relevant websites, co-ordinate the 
on-going series of International Conferences on Nuclear Criticality Safety (ICNC), co-
ordinate WPNCS activities with other working groups within the NEA and in other 
international organisations, provide a technical basis for the activities of other 
international organisations. This working party currently co-ordinates five expert groups 
and the International Criticality Safety Benchmark Evaluation Project (ICSBEP). 

One of the groups is the Expert Group on Uncertainty Analysis for Criticality Safety 
Assessment (UACSA), whose objective is to address issues related to 
Sensitivity/Uncertainty (S/U) studies for criticality safety calculations and to promote 
exchange of information on these topics, as well as to carry out the comparison and 
testing of methods and computing tools for uncertainty analysis, and assist with the 
selection and development of safe and efficient methodologies.  

The present state-of-the-art report is the first outcome of the work of EG UACSA, 
which, at the first stage, is focused on the description of approaches for the validation of 
criticality safety calculations, as contributed by the different participants of the Expert 
Group. 

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

1. Introduction 

At this time, the necessity to formalise a procedure for validation of codes for 
criticality computation based on rigorous techniques has become an issue of importance. 
There are, among others, the following reasons to develop methodologies and tools 
providing an approach for such a validation: 1) extension of operations with nuclear 
materials, caused by the growth of industry, could face a shortage of criticality analysts;  
2) the changeover to innovation nuclear systems will require staff with specific 
qualifications for criticality safety assessment; 3) globalisation of demand for nuclear 
energy in countries with insufficient experience and infrastructure to manage fission 
materials; 4) economic “necessity” reducing costs of the redundant safety margin. 

Approaches addressing forthcoming needs are developed in different countries. Even 
though validation of the criticality calculation is complicated and is a multiple-factor 
problem, the comparison and validation of the tools for such validation is an even more 
sophisticated problem. The solution of this problem could answer the question whether 
we can trust the bias and its uncertainty predicted by a tool for criticality safety analysis 
validation. That is why it seems relevant to characterise and compare the techniques 
developed by different teams and to provide their cross-validation to profit from the 
variety of the developments. 

Based on these facts, the EG UACSA has been created with the objective to compare 
the existing approaches in order to establish the best practices and provide an answer to 
the scepticism that some safety authorities show when faced with the practical use of 
these approaches. 

The main objectives of the group are to: 

• promote the exchange of information on topics related to sensitivity and 
uncertainty (S/U) analysis; 

• compare methods used for S/U analysis; 

• test the performance of the methods against benchmark tests; 

• assist with the selection/development of “best-practice” methodologies for the 
validation of criticality safety calculation computations and the establishment of 
manufacturing/operational uncertainties .  

The kick-off meeting of the Group took place on 5-6 December 2007. Twenty-five 
participants from nine countries discussed techniques and codes adopted or developed in 
their organisations for criticality safety validation and the use of these techniques and/or 
codes to support compliance with the standards for nuclear criticality safety. The 
diversity of the approaches presented has shown that their description, qualitative 
comparison and testing of their bias and bias uncertainty generation capability would be 
useful for the criticality safety community. Thus, the outcome of the meeting was to set 
goals to compile an overview of approaches to the validation of criticality safety 
calculations and to illustrate their performance through application to a set of 
benchmark exercises.  
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INTRODUCTION 

Accordingly, specifications were prepared [2] and participants submitted descriptions 
of their validation approaches. The submitted descriptions of the approaches and results 
of the exercises were discussed at three EG meetings.  

This report provides an overview of some of the approaches used among the 
international criticality safety community to validate criticality calculations, which 
include 1) similarity assessment; 2) selection of suitable benchmark experiments;  
3) determination of keff bias and bias uncertainty.  

Ten approaches are described in the report, based on submissions from the 
participants. For each approach, the following issues are described in accordance with a 
proposed specification: 

• methods and software tools for both criticality computation and validation of the 
computation; 

• parameters and procedure used for similarity assessment; 

• the number of experimental benchmarks available for the validation study; 

• treatment of benchmark uncertainties;  

• algorithm for bias and bias uncertainty establishment; 

• status of the developments for the method/tool. 

References supporting the validation methodology can also be found in the report. 

Application of these methods is illustrated through a set of benchmark tests (Phase I 
Exercise). The results of the Benchmark will be published in the State-of-the-art report 
(Part 2).  

A glossary added in Appendix A provides descriptions of some technical terms. 
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EG UACSA AREA OF ACTIVITY 

2. EG UACSA area of activity 

A key part of many modern criticality safety assessments is the use of computer 
modelling as part of the process of identifying appropriate limits for criticality control 
purposes. In these cases, an allowance must be made for any bias and uncertainty in the 
modelling methods used. The key to providing a rigorous derivation of this allowance is 
the identification of suitable experimental evidence against which the calculation 
method can be validated.  

Other sources of uncertainty may arise from modelling approximations, operation 
conditions, and technological or manufacturing parameters. These parameters should be 
estimated for the application undergoing criticality safety analysis and (in the case of 
technological or manufacturing uncertainties) for the experimental benchmarks used to 
validate the method. This typically requires comprehensive sensitivity studies. For 
benchmarks based on critical experiments such a study is available in the ICSBEP 
Handbook. The Handbook includes the treatment of uncertainties encountered in 
experimental data and the derivation of benchmark results.  

Uncertainty analysis can be applied to improve the validation of criticality safety 
calculation, e.g. to improve the rigor of the methodologies used for similarity assessment, 
benchmarks selection, and establishment of bias and bias uncertainty. 

Estimation of real and potential variations in manufacturing parameters and 
operation condition are required to identify appropriate assumptions for criticality 
assessment scenarios. Methods used for the establishment of manufacturing 
uncertainties may also be significant in providing a complete description of uncertainties 
in benchmark experiments.  

Figure 1 demonstrates two principal directions in EG activities: estimation of the bias 
(and its uncertainty) for criticality safety calculations and the assessment of 
manufacturing/operational (including depletion when applicable) uncertainties.   

At the current stage, the work of the UACSA group focuses on approaches for 
validation of criticality safety calculations. Methodologies that establish uncertainties 
related to operational as well as technological or manufacturing parameters for 
applications/design systems will be the subject of further study. Special attention will 
also be paid to the establishment of uncertainties related to depletion calculations for 
burn-up credit validation. 
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EG UACSA AREA OF ACTIVITY 

Figure 1: Area of EG UACSA interest 
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CRITERIA FOR ASSESSING METHODOLOGIES 

3. Criteria for assessing methodologies 

The objective of the descriptive part (Part 1) of the report is to gather information 
about methods used for validation of criticality safety assessments in different countries 
and to outline their current status. Validation methods determine an appropriate bias 
and bias uncertainty for use in determining subcriticality with a specified confidence 
level. The following sources of uncertainties are typically evaluated in validation 
methods: uncertainty associated with nuclear data, uncertainties associated with 
criticality experiment descriptions, uncertainty associated with nuclear data and 
computational methods, uncertainties related to modelling approximations, and 
uncertainties related to technological or manufacturing parameters. 

Criteria for assessing the different methodologies have been defined and agreed upon 
by all the contributors to the report. They fall into the following categories: criticality 
computation and validation of criticality computation.  

Contributors to the report were requested to provide the following information. 

3.1 Methodology for criticality computation 

• criticality package (codes system) title and version (e.g. SCALE5.1, CRISTAL V1); 

• modules utilised for neutron cross-section treatment and neutron transport 
calculation (methods employed and titles); 

• nuclear data source and energy structure; 

• validation of criticality calculations; 

• main sources of uncertainty [e.g. nuclear data, technological parameters (specify 
the parameters)]; 

3.2 Description of the validation methodology 

• Approach for selection of benchmark experiments: 

– parameters used for similarity assessment of a benchmark-experiment relative 
to a test application; 

– criteria and process used for similarity assessment (expert judgement, 
similarity parameter, parameter range comparison, etc.); 

• Implementation of the validation method used to determine bias and bias 
uncertainty (if available): 

– software tool title;  

– algorithm; 

• Initial data for the bias and bias uncertainty determination: 

– number of benchmarks available for calculation-to-experiment comparison; 

– uncertainties treatment for experimental data; 
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CRITERIA FOR ASSESSING METHODOLOGIES 

– other data used in validation method (nuclear data covariance, sensitivity 
coefficients, etc.); 

– source of data;  

– preprocessing tools and methods used; 

– amount of  data available for the analyses (for example, sensitivity coefficients 
are available for 400 configurations); 

• History of the validation methodology : 

– primarily purpose; 

– experience of use; 

– status of the development/validation; 

– published references supporting the validation methodology; 

– additional information/notes. 

These criteria have been submitted to the participants together with specification for 
Benchmark Phase I [2]. The responses are provided in Chapter 4. 
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APPROACHES FOR CRITICALITY SAFETY VALIDATION 

4. Approaches for criticality safety validation 

4.1 AREVA GmbH PEPA5-G, Germany 

Participants: Jens Christian Neuber, Axel Hoefer 

4.1.1 Criticality calculations 

4.1.1.1 Criticality package (codes system) title and version 

• SCALE 5.1 and SCALE 6.0 [3]; 

4.1.1.2 Modules utilised for neutron cross-section treatment and neutron transport calculation 
(methods employed and titles)  

• SCALE 5.1 and SCALE 6.0 control sequences CSAS25/CSAS26, including the 
modules; 

• BONAMI, NITAWL, KENO Va / KENO VI; 

• BONAMI, CENTRM/PMC, KENO Va / KENO VI, [3]. 

4.1.1.3 Nuclear data source and energy structure  

Cross-section libraries: 

• 238GROUPNDF5; 

• 44GROUPNDF5; 

• V6-238 plus continuous energy, [3]. 

4.1.2 Validation of criticality calculations 

4.1.2.1 Introduction 

It is an indispensable part of the Criticality Safety Analysis (CSA) of a Nuclear Fuel 
System (NFS) performed by using numerical methods for calculating the neutron 
multiplication factor effk  of the system to demonstrate that the probability that this 

neutron multiplication factor exceeds the maximum allowable value maxk  is not greater 
than an administratively established margin γ , i.e. it meets the following inequality: 

( ) γ≤>∆+=π NFSk)kk(P maxBeffNFS .     (1) 

The term Bk∆  in this inequality denotes the bias of the numerical result obtained for 

effk  by means of a specific calculation procedure adequately chosen with respect to the 

NFS of interest. The bias Bk∆  being characteristic of the employed calculation procedure 
with respect to the NFS of interest is obtained from a statistical analysis of the deviations 
of the numerical results iB )k(  obtained by means of this calculation procedure for a set 

of BN  benchmark systems (e.g. critical experiments) from the respective benchmark 

values ])k[(B iB  (reference solutions).  
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BiBiBiB N,...,1i,)k(])k[(B)k( =−=∆ ,     (2) 

NFSπ  in inequality (1) denotes the probability ( )NFSkkkP Beff max)( >∆+  that, for the 

given NFS, )kk( Beff ∆+  is greater than maxk  given by an adequate administrative margin 

mk∆  according to mmax k1k ∆−= . 

The sum: 

Beff kk ∆+≡κ         (3) 

is a function of: 

• the set of the parameters T
21NFS ,...)x,x(=≡ xx  describing the material 

compositions and the geometrical arrangement of the materials forming the NFS 
of interest (named as “application case” in the following); 

• the joint set T
,21B ...)y,y(=≡ yy  of all the parameters jy  characterising the whole 

set of evaluated benchmarks BN,...,1i = , i.e. describing the material compositions 
and the geometrical arrangements of these materials of all the benchmarks 
analysed; 

• the set of nuclear data T
21 ,...),( ξξ=ξ  (cross-sections, neutron-per-fission 

quantities etc.) involved due to the isotopic compositions of the NFS and the 
benchmark systems: 

),(k),(k),,( Beff yξxξyxξ ∆+=κ=κ      (4) 

Due to the experimental and calculation procedures used for their estimation the 

nuclear data are random variables, i.e. the nuclear data vector T
21 ,...),( ξξ=ξ  is 

completely defined by the probability distribution: 

( ) ∫
Ξ

ψ=Ω⊂Ξ∈ )(d)(P ξξξξ       (5) 

where Ξ  denotes some region in the ξ -space )(ξΩ , and )(ξψ  is the joint probability 

density function of the nuclear data T
21 ,...),( ξξ=ξ . The expectation of a matrix or vector 

function )(ξgg =  is given by Equation (6): 

[ ] ∫
Ω

ψ=
)(

)()(d)(E
ξ

ξξgξξg       (6) 

With ξξg =)(  Equation (6) gives the expectation ][E ξ  of ξ . With 
T)][E()][E()( ξξξξξg −−=  Equation (6) gives the covariance matrix )cov(ξ of the 

nuclear data ξ : 

[ ]TEEE )][()][()cov( ξξξξξ −−=      (7) 

The numerical values of the nuclear data given in a nuclear data library are estimates 

yielded by estimators ξ̂  related to the experimental and calculation procedures used for 
the estimation of the nuclear data. Due to these procedures the estimators may be biased, 

i.e. the expectation ]ˆ[E ξ  of ξ̂  may deviate from the vector of the true values ][Et ξξ = : 
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0ξξξb ≠−= t]ˆ[E]ˆ[        (8) 

As appears from Equations (7) and (8), nuclear data “uncertainty” due to )cov(ξ  and 
nuclear data bias are completely different characteristics and must not be confused. The 
covariance matrix )cov(ξ  represents important numerical characteristics of the joint 

probability density function )(ξψ . Bias is a property of an estimator ξ̂ . The desirable 

property is unbiasedness, of course, i.e. 0ξb =]ˆ[ . However, possible biases in the nuclear 
data as well as algorithmic and numerical weaknesses of the applied criticality 
calculation code may result in a non-zero bias Bk∆ . The covariance matrix )cov(ξ  results 

in a covariance matrix ])k(,...,)k(,k[
BNB1Beff ∆∆V  of the vector T

NB1Beff ))k(,...,)k(,k(
B

∆∆ , 

i.e. )cov(ξ  generates correlations between the neutron multiplication factor effk  of the 

application case and all the benchmark results BiB N,...,1i,)k( =∆  [see Equation (2)] as 
well as mutual correlations between all these benchmark results. 

In addition, since characterised by uncertainties due to variations, manufacturing 

tolerances, measurement uncertainties etc. the vectors T
21NFS ,...)x,x(=≡ xx  and 

T
,21B ...)y,y(=≡ yy  are random vectors as well. The joint probability density function 

),,(p yxξ  of ξ , x , and y  is given by the product: 

)(p)(p)(),,(p yxξyxξ ψ=       (9) 

of the individual probability density functions )(ξψ , )(p x , and )(p y , respectively 

since ξ , x , and y  are mutually independent. 

As specified above, the vector y  describes the isotopic compositions and the 
geometrical arrangements of all the materials of the whole set of evaluated benchmarks 

BN,...,1i = . The use of such a joint vector of the experimental parameters jy  of all the 

benchmarks is usually required because benchmarks very often consist of a series of 
experiments employing the same materials (e.g. same fuel rods, same absorber plates, 
etc.) in different geometrical configurations. The use of the same materials in different 
experiments results, due to the uncertainties in the isotopic composition and the 
geometrical dimensions of these materials, in correlations of the results iB )k(  obtained 

for these experiments and hence of the bias values iB )k(∆  [see Equation (2)]. 

As a function of the random vectors ξ , x , and y  the bias-corrected neutron 

multiplication factor ),,( yxξκ=κ  defined by Equation (3) is a random variable defined by 
its probability distribution: 

∫ κκ=≤κ=
0k

0
00 )(fd)k(P)k(F       (10) 

where )(f κ  denotes the probability density function of ),,( yxξκ=κ . The probability 

density function )NFS|(f κ  of a given nuclear fuel system remains unknown due to the 

very fact that a functional relation )NFS|,,( yxξκ=κ  cannot be given in general. The 

consequence is that the probability NFSπ  on the right-hand side of inequality (1) cannot 
be calculated since this probability is only given by the probability distribution of κ : 
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( ) ( ) γ≤κκ=>κ=>∆+=π ∫
∞

maxk
maxmaxBeffNFS )NFS|(fdNFSkPNFSk)kk(P  (11) 

However, each and every numerical result:  

jBjeffjBeffj }k{}k{]kk[ ∆+=∆+≡κ       (12) 

is a sample of the probability distribution of κ . As shown in [7], with a sufficient 
number M of independently drawn samples Equation (12), M,...,1j = , it becomes possible 

to calculate the probability )1( α−  that the probability NFSπ  meets inequality (11): 

( ) 












γ≤κκ=γ≤>κ=γ≤π=α− ∫

∞

maxk
maxNFS )NFS|(fdP)NFSk(FP)(P1   (13) 

The probability )1( α−  expresses the confidence that one has in the statement that 

the probability that κ  exceeds the value maxk  is not greater than an administratively 
established margin γ . It is obvious that α  as well as γ  will be sufficiently small. 

In case that definite values are prescribed for γ  and α  Equation (13) can be rewritten 
as 

( )













γ−≥κκ=γ−≥αγ≤κ=α− ∫

αγ

)1()NFS|(fdP)1()NFS),(k(FP1
),(k

0

  (14) 

This expression defines the integration limit ),(k αγ  such that the probability that 

Beff kk ∆+≡κ  does not exceed ),(k αγ  amounts at least to )1( γ−  with a probability 

(confidence) of )1( α− . Accordingly, ),(k αγ  is often named as “one-sided upper 

)1(/)1( α−γ−  tolerance limit” of Beff kk ∆+≡κ  (e.g. for γ =  α =  0.05 the “one-sided upper 
95%/95% tolerance limit” the use of which is prescribed by many criticality safety 
regulatory standards). Equation (13) is met if maxk),(k ≤αγ  is obtained for the application 
case. 

4.1.2.2 Hierarchy of uncertainties 

The set of samples Equation (12) used for solving Equation (13) or Equation (14) [7] has 
to take account of:  

• the uncertainties and correlations due to )cov(ξ ; 

• the uncertainties arising from the uncertainties and possible correlations in the 

parameters T
21 ,...)x,x(=x  describing the application case; 

• the uncertainties and possible correlations due to the uncertainties in the 

parameters T
,21 ...)y,y(=y  characterising the set of evaluated benchmarks. 

For this purpose, it is necessary to consider the hierarchy of uncertainties. Figure 2 gives 
an overview of this hierarchy. This overview refers to the general case of criticality safety 
analysis, i.e. it includes application cases which make use of burn-up credit. 
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Figure 2 therefore splits up into two blocs: 

• the bloc of calculating and validating the isotopic number densities of irradiated 
nuclear fuel (upper part of Figure 2); 

• the bloc of performing and validating the criticality calculations (lower part of 
Figure 2). 

Possible biases in the nuclear data ξ  as well as algorithmic and numerical 
weaknesses in the applied depletion calculation code may result in biases of the isotopic 
number densities calculated for the irradiated nuclear fuel of the application case, and 
the uncertainties and correlations in the nuclear data ξ  result in uncertainties and 
correlations of these number densities. To validate the depletion calculations and to 
eliminate the biases in the isotopic number densities, isotopic correction factors are 
derived from comparisons between measured isotopic concentrations obtained from 
chemical assays of samples from irradiated fuel and calculated isotopic concentrations 
predicted for these samples. The isotopic correction factors are mutually correlated 
because of: 

• the uncertainties and correlations in the nuclear data ξ ; 

• the uncertainties and correlations in the measured concentrations arising from the 
applied assay methods [77]; 

• the uncertainties in the information about the depletion conditions required to 
predict the isotopic concentrations by means of re-calculating the respective 
irradiation histories of the assayed fuel samples. 
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Figure 2: Hierarchy of uncertainties in criticality safety analysis 
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The importance of considering the correlations between the isotopic correction 
factors has been demonstrated in [78]. In addition, it has to be considered that due to 

)cov(ξ , the isotopic correction factors and the isotopic number densities calculated for 
the application case are correlated. 

Therefore, the bias-corrected number densities obtained for the application case by 
means of the isotopic correction factors are mutually correlated. These number densities 
are components of the vector x  representing the application case in the criticality 
calculations. This brings us to the lower part of Figure 2. The uncertainties and 
correlations of the components of the vector x  as well as the uncertainties and 
correlations of the nuclear data ξ  and the uncertainties and possible correlations of the 
components of the vector y  have to be considered in the estimation of the neutron 

multiplication factor effk  and the bias values BiBiBiB N,...,1i,)k(])k[(B)k( =−=∆ , see 
Equation (2). 

In conclusion, the flow of all the information required for solving Equation (13) or 
Equation (14) has to follow the hierarchy of uncertainties outlined in Figure 2. The 
uncertainties (i.e. variances and possible covariances or correlation coefficients) of the 
parameters related to some level in that hierarchy determine the uncertainties of the 
parameters of the following level. The most efficient way in following the complete 
hierarchy of all the uncertainties which have to be considered consists in application of 
hierarchical Monte Carlo (MC) procedures.  

4.1.2.3 Use of hierarchical Monte Carlo procedures 

A complete uncertainty analysis for criticality safety analysis including burn-up credit 
applications can be performed by means of the codes NUDUNA and MOCADATA 
developed by AREVA NP GmbH, Germany, [79] [80]. 

NUDUNA makes it possible to consider the uncertainties in neutron physics calculations 
due to the variances and covariances of the nuclear data ξ  applied. This is achieved by 
means of Monte Carlo techniques used for varying the nuclear data information randomly 
according to the covariance matrices of the data. Nuclear data from several basic nuclear 
data libraries formatted in the ENDF 6 standard can be used [79]. NUDUNA focuses on basic 
data and covariance matrices of multiplicities of produced secondary particles, resonance 
parameters, cross-sections, and angular distributions of final state particles. 

Each Monte Carlo (MC) draw on these multivariate data sets results in a random 
library. By means of the basic data code NJOY [81], each random library can be 
transformed to both an ACE tape and a GENDF tape. The ACE tape can be used in 
calculations performed by means of the Monte Carlo particle transport code MCNP. The 
GENDF tape can be transformed by means of the module SMILER of the code PUFF IV [82] 
which converts multi-group formatted data into an AMPX working format which can be 
used in calculations performed by means of the SCALE system (Figure 3). 

NUDUNA is integrated in the MOCADATA Bayesian Monte Carlo framework [7] [80]. 
The combined NUDUNA plus MOCADATA calculation procedure, called CONCERT, takes 
into account all the analysis uncertainties, the uncertainties in the nuclear data ξ , the 
uncertainties in the chemical assay data evaluated for validation of depletion 
calculations (to be performed in burn-up credit applications), the uncertainties in the 
parameters x  describing the application case, and the uncertainties in the parameters y  
characterising the benchmark systems evaluated for validation of the criticality 
calculation. Because of the use of the Bayesian methodology, this procedure considers all 
these uncertainties in a consistent and robust way without any approximations. In 
addition, it takes account of the fundamental uncertainties due to the finiteness of 
sample sizes (e.g. finite number of benchmark systems) and the necessity of choosing 
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distribution models in order to be able to evaluate empirical data (e.g. the chemical assay 
data). 

 
Figure 3: NUDUNA [79] and coupling of NUDUNA with MOCADATA [7] 

 
 

Figure 4: Generation of random libraries for nuclear data and chemical assay data 
(“exp”:= experiment-based MC samples [7]) 

 

20 OVERVIEW OF APPROACHES USED TO DETERMINE CALCULATIONAL BIAS IN CRITICALITY SAFETY ASSESSMENT, © OECD 2013 



APPROACHES FOR CRITICALITY SAFETY VALIDATION 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fi
gu

re
 5

: H
ie

ra
rc

h
ic

al
 B

ay
es

ia
n

 M
on

te
 C

ar
lo

 c
ri

ti
ca

li
ty

 c
al

cu
la

ti
on

 p
ro

ce
d

u
re

 (x
S
≡x

, x
B
≡y

) 

OVERVIEW OF APPROACHES USED TO DETERMINE CALCULATIONAL BIAS IN CRITICALITY SAFETY ASSESSMENT, © OECD 2013 21 



APPROACHES FOR CRITICALITY SAFETY VALIDATION 

The complete procedures for criticality calculations including burn-up credit analysis 
are summarised in Figures 4 and 5: 

• The first step (Figure 4) consists in generating a sufficient number maxλ  of random 
libraries by means of NUDUNA. Each random library can be transformed in a 

library ( )λMC
DCL  for depletion calculations (DC) and a library ( )λMC

CCL  for criticality 

calculations (CC). For example, the library used for depletion analysis performed 
by means of the SCALE sequence TRITON/NEWT may have a 44-group-energy 
structure, the library used for the criticality calculations performed with the aid of 
MCNP may have the continuous energy format. But both libraries must originate 
from one and the same random library; that is a must. 

• The second step (Figure 4) consists in the generation of a pool of libraries 
MC

J),J(LA
 

each of which contains Monte Carlo (MC) samples of isotopic concentrations and 
burn-up values related to a selection of spent nuclear fuel samples. The chemical 
assay data of these samples are used to validate the depletion code used for 
calculations of the spent fuel system for which sufficient subcriticality has to be 
proved [7]. 

• Then, as shown in Figure 5, an outer Monte Carlo sampling loop (λ-loop) related to 
the consideration of the nuclear data uncertainties and an inner Monte Carlo 
sampling loop (n-loop) related to the consideration of all the other uncertainties 
can be carried out until the number of samples in Equation (12) is sufficiently large. 
Using these samples, Equation (13) or Equation (14) can be solved. 

4.2 Commissariat a l'Energie Atomique (CEA), France 

Contributors: Christophe Venard, Alain Santamarina, Claude Mounier (Saclay) 

4.2.1 Criticality calculations 

4.2.1.1 Criticality package (codes system) title and version 

CRISTAL V1.1 

4.2.1.2 Modules utilised for neutron cross-section treatment and neutron transport calculation  

• Reference route: Monte Carlo TRIPOLI4.3; 

• Standard route: APOLLO2 Release 5.5 is used for self-shielding and homogenisation 
CPM and Sn calculations, 20 or 172 groups, anisotropy up to P5. MORET4.3 Monte 
Carlo code is used for neutron transport calculation. User interface CIGALES3.1 is 
used for APOLLO2 input generation.  

In this exercise, k-effective is computed with the CRISTAL reference route 
(continuous-energy Monte Carlo) to minimise computing method biases. 

4.2.1.3 Nuclear data source and energy structure 

• Reference route: European JEF2.2 Continuous energy library; 

• Standard route: 172-group CEA93v6 library, processed by NJOY from JEF 2.2. 

 4.2.2 Validation of criticality calculations 

4.2.2.1 Sources of bias and uncertainties 

• nuclear data uncertainty;  
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Modelling biases when using multi-group calculations (CRISTAL standard route) are 
determined from comparison to reference MC continuous-energy calculations. 

4.2.2.2 Description of the validation methodology 

The CRISTAL package allows the user to select either a multi-group calculation or a 
continuous-energy calculation (‘reference route’). When using the multi-group route for a 
new and challenging criticality calculation, the user has to carry out first a numerical 
validation based on the comparison to reference continuous-energy calculation (using 
the same library, currently JEF 2.2). This first step allows the calibration of the modelling 
calculational bias. Therefore, the second step corresponds to the experimental validation. 
This CRISTAL V1 validation database is made up of 2132 critical experiments either 
performed in French facilities or issued from the OECD/ICSBEP Handbook. The 
experiments are selected according to the fissile media and the configurations involved, 
which must be as representative as possible of those encountered in the nuclear fuel 
cycle. Moreover, the diversity of experimental facilities and laboratories and the quality 
of benchmark‘s data are also taken into account in the selection criteria. This selection is 
facilitated by the automated calculation of the experiment representativity. The C/E 
discrepancies and the experimental uncertainties δE, are used in the representativity 
method to derive rigorously the calculational bias and the posterior uncertainty (bias 
uncertainty) for the application. 

4.2.2.3 Approach for selection of benchmark experiments 

 4.2.2.3.1 Parameters used for similarity assessment 

The representativity rAE of an experiment E, whose measurement value is IE ± δ, with 
respect to application A is given by the following expression: 

( )
EA

EA
AE

SDSr
ε⋅ε

=
+

.        (15) 

This correlation coefficient rAE represents the share of information provided by 
experiment E common with the parameter IA. A value of 0.0 means that the experiment 
and the application are not correlated. Experimental information provided by experiment 
E will not be of any use for the validation of the application parameter I. A value of 1.0 
indicates a full correlation between experiment and application. Experimental 
information will be advantageous. 

 4.2.2.3.2 Criteria and process used for similarity assessment 

4.2.2.4 Implementation of the validation method used to determine bias and bias uncertainty 
(if available)  

 4.2.2.4.1 Software tool title 

R.I.B. 

 4.2.2.4.2 Algorithm  

The representativity method is the rigorous method, accounting for both nuclear data 
uncertainties and integral experiment uncertainties, to project the experimental 
information from the selected integral measurements to the application. The 
methodology allows the assessment of the calculational bias and the posterior 
uncertainty on the application parameter (keff, here in safety-criticality). 

Notation: 

Ii: 'a priori' calculated integral parameter, i = A for industrial application, i = E for 
experiment; 
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εi: 'a priori' computation uncertainty, i = A for industrial application, i = E for 
experiment; 

Im
E: measured integral parameter; 

δE: experimental uncertainty; 

I*
A: “a posteriori” calculated integral parameter; 

ε∗
A: “a posteriori” computation uncertainty; 

Si: sensitivity coefficient vector, i = A for industrial application, i = E for experiment; 

σ: nuclear data vector; 

σ*: re-estimated nuclear data vector; 

D: prior nuclear data uncertainty (covariance matrix); 

D*: posterior covariance matrix corresponding to re-estimated nuclear data. 

In the industrial application the parameter IA is calculated (best-estimate based on the 
reference route). Its prior calculation uncertainty εA, due to the nuclear data, is given by: 

( ) 2
1

AAA DSS +=ε         (16) 

with, j
A

A

j

A d
dI

I
S

σ
σ

⋅=  with j=1, N, where N = group number ×  nuclear reaction 

number ×  isotope number. 

The nuclear data re-estimation, using both differential measurements and integral 
experiments IEi, is based on the maximum likelihood principle. 

From the nuclear data re-estimation, the vector Yσ  of nuclear data modifications and 
the posterior covariance matrix D* are given by: 

( ) E
1

EEEE YSDSDSDY −++
σ +=        (17) 

[ ] DSDSDSSDDD T
E

1
EE

T
EE

* ⋅⋅+⋅⋅⋅⋅−=
−

     (18) 

where DE : experiment covariance matrix, 

 YE : Calculation-experiment discrepancies vector. 

The correction to apply to the prior calculated value IA is: 

σ⋅=
−

=∆ YS
I

III A
A

A
*
A

A         (19) 

And, the posterior uncertainty, to associate with the corrected value I*
A, is: 

( ) 2/1
A

*
A

*
A SDS+=ε         (20) 

This formula allows derivation of the calculational bias ∆IA and the associated bias 
uncertainty ε∗

A as a function of the representativity factors rAEi. For example, in the 
framework of this exercise where we used only two integral experiments Im

E1,±δE1 and 
Im

E2,±δE2 , which yield the following calculational bias and bias uncertainty : 
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Where the “weight” wi associated with each experiment Ei (decreasing with increasing 

experimental uncertainty δEi) is defined as: 221
1

EE

w
εδ+

=  

21 E,Er̂ is the correlation coefficient between experiment 1 and experiment 2. It gathers 

the representativity 
21 E,Er between experiments and the technological/measurement 

correlation. It is recommended to choose two independent integral measurements, so 

21 E,Er̂ =
21 E,Er . 

4.2.2.5 Initial data for the bias and bias uncertainty determination 

 4.2.2.5.1 Number of benchmarks available for calculation-to-experiment 
comparison 

For this UACSA benchmark, two experiments among the CRISTAL experimental 
validation database are selected to determine the computing bias and its uncertainty. 

 4.2.2.5.2 Uncertainties treatment for experimental data  

The uncertainties treatment for experimental data follows the ICSBEP uncertainty 
guide. The measurement and technological uncertainties are considered. No correlated 
experiments are selected. 

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

• Nuclear-data covariances 

Using reliable nuclear data uncertainties and correlations is of importance for the 
quality of the results. Correlations between energy groups, cross-sections and isotopes 
should be in principle considered. However, in the most recent libraries, obtaining 
reliable error information on cross-sections is still difficult. Thus, realistic uncertainties 
have been estimated using both differential information (comparison between evaluated 
files, review of cross-section measurements, information given by the standard cross-
section committee and nuclear data compilations) and feedback from targeted integral 
measurements. The uncertainties values are available for the following isotopes: 235U, 238U, 
238Pu, 239Pu, 240Pu, 241Pu, 242Pu, 241Am, H2O, 10B, C, 16O, CH2, Si, 23Na, 27Al, Ca, 56Fe, 58Ni, 52Cr. 

Realistic assumptions are made on the correlations:  

– concerning energy groups, a total correlation is assumed (Cg,g' = 1) between 
thermal groups, and long range correlation for epithermal and fast groups (Cg,g+1 

= 0.75, Cg,g+2 = 0.5, Cg,g+3 = 0.25); 

– There are correlations (C ≈ 0.5) between isotopes 235U, 239Pu, 241Pu on the neutron 
multiplicity and the fission cross-section (coming from the standards used in 
the normalisation of differential measurements). 

The JEF 15-groups structure is used for covariance matrices.  
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• Sensitivity coefficients 

Keff sensitivity profiles to nuclear data are performed with the CRISTAL standard route 
APOLLO2-Sn using the 172-group nuclear data library CEA93v6 based on JEF 2.2. They 
were easily obtained from the first-order perturbation theory implemented in APOLLO2. 
Sensitivity coefficients to the cross-sections and multiplicities were derived from the 
European JEF 15-group structure. 

Set of keff sensitivity coefficients comprises data for 350 benchmark experiments. 

4.2.2.6 History of the validation methodology 

 4.2.2.6.1 Primary purpose 

The representativity method was first used in the French Fast Breeder Reactor 
Programme (Phénix and Superphénix reactors) to adjust the nuclear data library and to 
derive realistic uncertainty on design parameter prediction (Keff, sodium void coefficient, 
etc.). The re-estimation of nuclear data and the representativity method have been in use 
since 1990 to conceive representative LWR experiments in Eole and to produce the 
APOLLO2 Validation-Qualification Report for both PWR and BWR. 

 4.2.2.6.2 Experience of use  

This methodology was also implemented in criticality-safety assessment to validate 
criticality studies and to obtain the bias and uncertainty bias of the CRISTAL calculations: 
MELOX fuel fabrication plant, MOX assembly storage, CEA spent-fuel storage plant, and 
others. 

4.2.2.7 Status of the development/validation  

4.2.2.8 Published references supporting the validation methodology 

See [11] through [18]. 

4.2.2.9 Additional information/notes 

The proposed validation methodology is easy to use and does not require strong 
qualification for criticality practitioner. However, a minimum background on integral 
experiments will be useful. The choice of the relevant experiments, to evaluate bias and 
uncertainties, is clear and it is based on: 

• experiment representativity (r>0.7); 

• experiment accuracy: the experimental uncertainty has to be lower than 
computational uncertainty (δE/εE <1); 

• attention must be paid to correlation between experiments (for example: use of 
the same fuel pins). 

The proposed representativity methodology is the unique rigorous way to use integral 
experiments and to derive the keff bias and uncertainty in a criticality-safety calculation. 
This efficient method has been used for a long time by Russian and French engineers to 
obtain reliable correction factors and uncertainties in their FBR and LWR Reactor design 
calculations. 
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4.3 E Mennerdahl Systems, EMS, Sweden 

Contributor: Dennis Mennerdahl 

4.3.1 Criticality calculations 

4.3.1.1 Criticality package (codes system) title and version 

The computer software package SCALE 5.1 was used in this project. 

4.3.1.2 Modules used for neutron cross-section treatment and neutron transport calculation 
(methods employed and titles)  

The “multi-region” resonance treatment model and the code CENTRM were used for 
fissile material and sometimes for other materials. The “infhommedium” resonance 
treatment model and the code CENTRM were sometimes used for other materials. This 
was sometimes necessitated by a lack of computer random access memory. 

KENO V.a was used to determine keff and EALF values. 

TSUNAMI-3D was used to determine sensitivities for applications and benchmarks. 

The TSUNAMI-IP code was used to determine indices for similarity between 
application and benchmarks, based on the TSUNAMI-3D calculations. 

4.3.1.3 Nuclear data source and energy structure  

The 238-group SCALE 5.1 ENDF/B-VI library was used in all calculations. 

4.3.2 Validation of criticality calculations 

4.3.2.1 Sources of bias and uncertainties 

Various sources of error lead to biases and uncertainties that need to be estimated. A 
bias is a measure of accuracy while an uncertainty is a measure of precision. Main 
sources of error include the accuracy and precision of benchmarks, of basic evaluated 
cross-sections, of group-averaged cross-sections, of resonance modelling, of adequate 
numerical/statistical calculation parameters, of simulation of the application, of 
simulation of the benchmarks and of subjective judgement in selecting and evaluating 
benchmarks. 

4.3.2.2 Description of the validation methodology 

The validation methodology is very subjective. All information sources are in 
principle acceptable. This includes taking advantage of experience from other specialists. 
Validation may be based on the evaluation of a single benchmark if this benchmark is 
considered reliable and is similar to the application. Analytical benchmarks, including 
those that are based on calculations using validated methods, may be acceptable. 
Agreement between expected results and obtained results during routine use of SCALE 
5.1 is used as a verification process which supports validation. Benchmarks are weighted 
according to uncertainty (quality), similarity to application and to correlations between 
benchmarks. 

4.3.2.3 Approach for selection of benchmark experiments 

 4.3.2.3.1 Parameters used for similarity assessment 

The approach for selection of benchmark experiments is to aim for quality 
benchmarks, without necessarily restricting them to experiment-based benchmarks. 
Small benchmark result uncertainties are given high priority. The SCALE 5.1 TSUNAMI-IP 
code is used to verify that the subjectively selected benchmarks are appropriate.

OVERVIEW OF APPROACHES USED TO DETERMINE CALCULATIONAL BIAS IN CRITICALITY SAFETY ASSESSMENT, © OECD 2013 27 



APPROACHES FOR CRITICALITY SAFETY VALIDATION 

 4.3.2.3.2 Criteria and process used for similarity assessment 

The main parameter used for similarity assessment of a benchmark relative to a test 
application is the Ck index determined by TSUNAMI-IP. Other index values obtained from 
TSUNAMI-IP may be used. The nuclide concentrations, reactivities, absorption fractions, 
EALF values, moderation ratios, neutron flux distributions and neutron leakage may also 
be used.  

4.3.2.4 Implementation of the validation method used to determine bias and bias uncertainty 
(if available)  

 4.3.2.4.1 Software tool title 

None 

 4.3.2.4.2 Algorithm  

Implementation of the validation method used to determine bias and bias uncertainty 
is made on a case-by-case basis. 

4.3.2.5 Initial data for the bias and bias uncertainty determination 

 4.3.2.5.1 Number of benchmarks available for calculation-to-experiment 
comparison  

The ICSBEP Handbook is used as the main source for validation. For this project, most 
of the input data have been taken from the ICSBEP DVD or from Appendix A of the 
Handbook. This input has been examined. Experience from other specialists in applying 
the benchmarks, SCALE 5.1 and in using ENDF/B-VI cross-sections is taken advantage of. 

 4.3.2.5.2 Uncertainties treatment for experimental data  

The applied subjective validation method has been applied successfully for many 
years. Correlations between benchmarks have always been considered in the evaluation 
of the overall uncertainty. Sensitivities to significant parameters have also been 
estimated and have influenced the conclusions. Acceptable uncertainties can be as large 
as one percent in keff. During the evaluation of the OECD/NEA study on minimum critical 
values, attempts were made to obtain as accurate and precise values as possible. That 
evaluation showed that the specified uncertainties in benchmarks often appear not to be 
very reliable. Methods used to determine atomic number densities, in particular for 
solutions, had unexpectedly large biases for some concentrations.  

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

Expert judgement is always a significant component of validation. However, with 
more experience and testing of tools like TSUNAMI, the reliability of “formal” validation 
procedures will increase. This should lead to more accurate bias corrections (positive or 
negative) and to the fact that smaller margins to account for uncertainties can be applied. 

4.3.2.6 History of the validation methodology 

 4.3.2.6.1 Primary purpose 

The validation methodology has been developed for two main criticality safety 
purposes. One purpose is licensing of nuclear fuel cycle facilities and transport. The other 
purpose is participation in international studies and development of standards and 
regulations. In both cases, it is essential to know the performance of the methods. It is 
not sufficient to have conservative methods; best-estimate methods are also needed.

28 OVERVIEW OF APPROACHES USED TO DETERMINE CALCULATIONAL BIAS IN CRITICALITY SAFETY ASSESSMENT, © OECD 2013 



APPROACHES FOR CRITICALITY SAFETY VALIDATION 

 4.3.2.6.2 Experience of use  

Several years before the code package SCALE-0 was released in 1980, the computer 
codes and cross-sections were available. Installation on a main-frame computer required 
more work and validation than later software packages since the software often had to be 
slightly modified before being compiled into a final system. In the late 1970s, the current 
validation method varied from many others by comparing the benchmark and 
application sensitivities to design parameters such as neutron absorbers. Many critical 
experiments were considered essentially useless since their sensitivities were much 
lower than the applications. Another difference to published validation methods was that 
correlations between different critical experiments were considered. 

4.3.2.7 Status of the development/validation  

New methods such as TSUNAMI and GLLSM fit very well with the previous methods. 

4.3.2.8 Published references supporting the validation methodology 

See [19] with its appendices, covers the method well. 

4.3.2.9 Additional information/notes 

The selection of benchmarks and weighting based on benchmark uncertainties and 
correlations requires extensive experience, understanding of the neutron physics and of 
systematic effect uncertainties.  

Application of the method typically involves some months of an experienced 
practitioner’s time. 

A subcritical limit accounts for biases and uncertainties in determination of the best-
estimate critical value. The subcritical limit is set so that the probability for criticality, 
due to calculation uncertainties not being accounted for correctly, is acceptably low. The 
subcritical limit is often related to keff but may also be related to other parameters. 

A subcritical limit is not a safety limit. A safety limit accounts for additional 
uncertainties in operations with fissile material. Such considerations require additional 
margins to the subcritical limit. A safety limit is normally expressed in engineering or 
administrative terms but may also be expressed as a keff limit. 

The requirements on design system subcriticality, accounting for bias and bias 
uncertainty determinations, depend on the application. Under normal operation 
conditions, the probability for criticality due to a calculation error must be essentially 
zero. For extreme accident conditions, the requirements on calculation accuracy may be 
lower since it is the total probability of criticality that is of importance. Under emergency 
conditions, a higher subcritical limit may be justified if special precautions are taken. 

The requirement for essentially zero probability for criticality due to only a 
calculation error can be translated into a high coverage factor1, e.g. six. Bias corrections 
(positive and negative 2 ) are applied when biases are found. The uncertainties are 
expressed as one standard uncertainty (one standard deviation) to simplify comparison 

1  The coverage factor is a factor to be combined with the standard deviation to produce a 
confidence interval. The product provides a probability distribution. Different coverage factors 
are used for different purposes and their values determine how to apply an uncertainty 
allowance in criticality safety. A factor of only two or three allows a significant probability for 
calculation error outside the uncertainty allowance. 

2  Bias corrections that are negative (account for positive biases in calculated results) are 
necessary in licensing since the applicant may have a more accurate method (supported by 
solid validation) than the reviewer. The applicant must not be punished because the reviewer 
overestimates keff. The applicant should be allowed to apply bias corrections, whatever the sign, 
when solid validation supports this.  
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with other participants. The subcritical keff limits are determined as the results after 
accounting for bias corrections and for reducing keff with an appropriate margin, e.g. six 
standard deviations. 

It is important that the degree of conservatism in setting the subcritical limits is 
known. This information is needed in licensing to avoid rejecting perfectly adequate 
applications and in emergency response when conservatism can be a danger to human 
life and to the environment. 

In the validation process, it is necessary to weigh the benchmarks in order to consider: 

• correlations between benchmarks;  

• similarities between benchmarks and applications;  

• the quality of the benchmarks. 

4.4 Institute for Physics and Power Engineering (IPPE), Russian Federation 

Contributors: Yury Golovko, Evgeny Rozhikhin, and Anatoly Tsiboulia 

4.4.1 Criticality calculations 

4.4.1.1 Criticality package (codes system) title and version 

SKALA 

4.4.1.2 Modules used for neutron cross-section treatment and neutron transport calculation 
(methods employed and titles)  

• CONSYST Code used for cross-section processing; 

• 3D MMKKENO Monte Carlo code was used for neutron transport calculation. 

4.4.1.3 Nuclear data source and energy structure  

299-group ABBN-93.1 cross-section library processed from FOND-2.2 evaluated 
nuclear data files. 

4.4.2 Validation of criticality calculations 

4.4.2.1 Sources of bias and uncertainties 

Assumed sources of uncertainty are:  

• uncertainties in neutron cross-section data; 

• uncertainties in benchmark keff values; 

• methodical uncertainty in keff calculations with MMKKENO code (statistical 
uncertainties). 

4.4.2.2 Description of the validation methodology 

The validation methodology is based on the calculation of benchmark experiments 
and a subsequent evaluation of the obtained keff

calc/keff
bench values. The obtained keff 

calculated with group-wise cross-sections are compared with the continuous energy code 
version for some typical experiments to estimate methodological uncertainty. The 
obtained keff

calc/keff
bench values are then used for bias and uncertainty estimation using the 

Generalised Linear Least-Square (GLLS) Method. The source of the criticality benchmarks 
is the MMKKENO database. 
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4.4.2.3 Approach for selection of benchmark experiments 

 4.4.2.3.1 Parameters used for similarity assessment 

The benchmarks selected for method validation should be representative relative to a 
test application in terms of the fuel form, typical dimensions and physical properties 
(neutron spectrum). The benchmarks should also be accurately evaluated. 

• fuel content; 

• fuel form; 

• spectral characteristics; 

• presence/material of absorber; 

• quality of the evaluated benchmark keff uncertainty. 

Benchmarks selected should be known as not containing strongly correlated cases or 
correlation of uncertainty should be established. 

 4.4.2.3.2 Criteria and process used for similarity assessment 

The initial benchmark selection is based on the comprehensive analysis of the 
parameters specified in Section 4.4.2.3.1 supported by expert judgement. 

Afterwards, GLLSM statistical procedure is employed to test quality (experimental 
data are well evaluated and not mutually contradictory) and efficiency (benchmark data 
used in validation procedure decrease priory uncertainty originated from nuclear data) of 
the selected benchmark data. 

4.4.2.4 Implementation of the validation method used to determine bias and bias uncertainty 
(if available)  

 4.4.2.4.1 Software tool title 

INDECS 

 4.4.2.4.2 Algorithm  

Algorithm is based upon the Generalised Linear Least-Squares Method (GLLSM). Such 
an approach (sometimes referred to as “adjustment”) considers potential variations in 
nuclear cross-sections that minimise the differences in measured and calculated keff for a 
suite of integral experiments, taking into account uncertainties and correlations in 
nuclear data and in the measured data. A detailed description of the algorithm is 
described in the references provided below. 

4.4.2.5 Initial data for the bias and bias uncertainty determination 

 4.4.2.5.1 Number of benchmarks available for calculation-to-experiment 
comparison  

The evaluation database comprises more than 4 000 benchmark experiments. The 
majority of them are selected from the ICSBEP Handbook. The validation set includes 
cases that represent the whole spectrum of the configurations available in the ICSBEP 
Handbook. The validation data base also includes a vast set of experiments performed at 
the IPPE's experimental facilities. 

 4.4.2.5.2 Uncertainties treatment for experimental data  

Uncertainties of the benchmark keff are tested using GLLSM based procedure. Some 
doubtful uncertainties are re-evaluated. Correlations of the experimental uncertainties 
are established and tested using the GLLSM method. 
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 4.4.2.5.3 Other data used in the validation method (nuclear data covariance, 
sensitivity coefficients, etc.)  

Energy-dependent sensitivity coefficients for all the materials and reaction types 
calculated using: 1) 3D MMK-KENO Monte Carlo code (to model configuration with 
complex geometry) or 2) ONE- or TWODANT based code employing first-order 
perturbation theory.  

Both codes produce 299-group sensitivities of keff for the following neutron data: 
fission, capture, elastic and inelastic scattering cross-sections, nu-bar, mu-bar, and 
fission spectrum. Then the sensitivities are collapsed into 30 groups. 

30-group nuclear data covariance matrices are available from the ABBN-93 cross-
section library. 30-group matrices are also processed from ENDF/B-V, ENDF/B-VI, and 
JENDL-3 evaluated nuclear data files.  

4.4.2.6 History of the validation methodology 

 4.4.2.6.1 Primary purpose 

The GLLSM-based validation methodology was developed in the 1970s for the nuclear 
data evaluation and fast reactor design studies. A recent application of this method has 
been in the area of criticality safety analysis validation. 

 4.4.2.6.2 Experience of use  

The presented validation methodology has been applied to fast reactor design and 
safety studies of the following fast reactors: BN-600, BN-800, BREST-300 (Russian 
Federation), CEFR (China) and others. In the area of criticality safety it has been used for 
studies and to test the quality of the evaluated benchmark keff uncertainties for some 
configurations available in the ICSBEP Handbook. The validation database includes data 
from both critical and rector-type experiments. 

4.4.2.7 Status of the development/validation  

The methodology is developed and validated for fast reactor design and safety study. 
A variety of configurations used for criticality safety assessment requires additional 
efforts to validate the sensitivity calculations for heterogeneous configurations with 
intermediate and thermal spectra, namely, correct interpretation of sensitivities’ explicit 
component. 

4.4.2.8 Published references supporting the validation methodology 

See [20] trough [29]. 

4.4.2.9 Additional information/notes 

Once the methodology is validated, the recommended qualification for criticality 
practitioners is the same as for the criticality safety calculations and evaluations. 

The software tool development and validation took about 30 years. Remarkable effort 
was devoted to the database creation and validation of the technique. Recently being 
applied to criticality safety study, significant efforts are required to validate computation 
of keff sensitivity coefficients to neutron cross-sections, namely, for heterogeneous 
configurations with intermediate and thermal spectra. 

The presented methodology and software tool has been successfully used in practice 
for fast reactor design and safety study. The recent application of the method in the area 
of criticality safety requires significant effort to test the validation methodology itself and 
additional input data that participate in the validation process. Special attention should 
be paid to: 1) evaluation of uncertainties and establishment of their correlation for the 
experimental benchmark selected for the validation study, 2) computation of keff 
sensitivity coefficients to neutron cross-sections for heterogeneous configurations with 
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intermediate and thermal spectra, 3) selection of cross-section covariances for isotopes 
and energy regions that are not covered by sufficient integral experiments. 

4.5 Institut de Radioprotection et de Sûreté Nucléaire (IRSN), France 

Participants: Fréderic Fernex, François Willem  

4.5.1 Criticality calculations 

4.5.1.1 Criticality package (codes system) title and version 

CRISTAL V1.1 

4.5.1.2 Modules utilised for neutron cross-section treatment and neutron transport calculation 
(methods employed and titles)  

• APOLLO 2 PIJ Code for cross-section treatment; 

• Monte Carlo MORET 4 code for neutron transport calculation. 

4.5.1.3 Nuclear data source and energy structure  

• JEF 2.2 based 172-group CEA93 V6 library. 

4.5.2 Validation of criticality calculations 

4.5.2.1 Sources of bias and uncertainties 

The sources of uncertainty are:  

• uncertainties in neutron cross-section data; 

• uncertainties in benchmark keff values (due to uncertainties/model simplifications 
in the benchmark configurations, methodical uncertainties introduced in the 
benchmark evaluation process); 

• uncertainty originating from computational algorithm: uncertainty associated with 
group-wise cross-sections and cross-section processing, statistical uncertainties. 

4.5.2.2 Description of the validation methodology 

The validation methodology is based on the calculation of benchmark experiments 
and a subsequent evaluation of the obtained keff values. The source of the benchmark 
experiments is the APOLLO2-MORET 4 validation database. 

4.5.2.3 Approach for selection of benchmark experiments 

 4.5.2.3.1 Parameters used for similarity assessment 

The benchmarks selected for method validation should be at least of the application 
case in terms of fuel form, fuel type and neutron spectrum. Moreover, the validation 
work performed at IRSN showed that some additional parameters may induce a bias in 
the APOLLO2–MORET 4 calculations. Therefore, the following parameters are currently 
considered relevant for the benchmark selection: 

• fuel type; 

• fuel form; 

• neutron spectrum; 

• reflector material; 

• thickness of reflector; 

• moderator material; 
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• moderation ratio; 

• benchmark keff uncertainty (should be reasonably small, e.g. less than 500 pcm). 

 4.5.2.3.2 Criteria and process used for similarity assessment 

Once a set of representative experiments are chosen using the selection criteria, the 
similarity assessment is performed, using the following parameters processed by 
APOLLO2-MORET 4 simultaneously with criticality computations: 

• flux; 

• leakages; 

• production rate; 

• absorption rate in fuel; 

• excess rate in fuel (n,xn); 

• total rate in fuel; 

• absorption rate in structural materials; 

• excess rate in structural materials. 

All these parameters are vectors with a length equalling the number of group of the 
energy mesh. Depending on the complexity of the benchmark, the number of parameters 
can reach many thousand. 

A reduction of the number of parameters is required to operate easily with the data. 
Some reaction rates are selected for this along with energy group collapse.  

In order to simplify this work, a characterisation tool developed at IRSN contains a 
graphical user interface allowing comparing flux and reaction rate profiles. An example 
of the comparison is given in Figure 6. The most representative parameters and group 
structure can be also selected, as shown in Figure 7. 

When sets of representative experiments and parameters are selected, they create a 
vast number of data, which is too important to perform either a graphical 3D 
representation or an interpolation to determine the calculational bias. Two statistical 
methods are used to provide an optimisation and visualisation of data treatment and to 
calculate bias. 

The first is the principal components analysis applied to display a three-dimensional 
view of experiments and application case. This visualisation is important to verify 
whether the application case is well surrounded by the experiments to prove the 
application of interpolation method. Figure 8 represents a three-dimensional graph 
where positions of experimental cases reflect similarity of the experiment to the 
application case. The benchmark experiments are shown as blue points and they form a 
cloud surrounding the application case marked with red. 
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Figure 6: Flux comparison with graphical user interface of MACSENS 

 

 

Figure 7: Flux comparison with graphical user interface of MACSENS 
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Figure 8: Flux comparison with graphical user interface of MACSENS 

 

The second is the Sliced Inverse Regression and Kernel smoothing that allow 
performing a multi-dimensional interpolation on the C/E to evaluate the calculational 
bias for the application case. 

4.5.2.4 Implementation of the validation method used to determine bias and bias uncertainty 
(if available)  

 4.5.2.4.1 Software tool title 

MACSENS 

 4.5.2.4.2 Algorithm  

• Principal Component Analysis Method 

If X is considered as a (m,n) matrix, m being the number of experiments retained and 
n the number of selected parameters, the PCA method is defined by the following 
equation: 

C = cov X = Xt.X = PDP-1        (23) 

where P is the eigenvector matrix of C and D is the eigenvalue matrix of C. 

The eigenvectors provide the coefficients of the linear combination of parameters. 
These combinations of parameters define the new base of representation. The 
eigenvalues, the diagonal values of D matrix, represent the quantity of information kept 
by corresponding eigenvectors. This D matrix is sorted and it is then possible to define P 
as a new base, only keeping the three first vectors. All the experiments and the industrial 
case are then projected on this new three-dimensional space. Thus, the principal 
component analysis enables changing the base in establishing an orthonormal base to 
better discriminate the experiments. This method allows positioning the industrial case 
in the experimental database. 
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The technique of the multivariate analysis provides a set of parameters that are 
linear combinations of the provided parameters. All the new parameters are un-
correlated and are sorted following the ratio of information kept by each parameter. 

The PCA method is equivalent to the building of a new geometric space, where axes 
are sorted in terms of information ratio. 

• Sliced Inverse Regression and Kernel smoothing method 

Because of the high number of remaining parameters, an interpolation with classical 
tools such as linear regression is not possible. The Sliced Inverse Regression (SIR) is 
designed to reduce the large number of parameters while keeping maximum information.  

Let us define aij the parameters values of the ith experiment and Δkeff,i, the 
corresponding calculation bias : 
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where n is the number of parameters and m the number of experiments. 

The SIR method defines a new database W using the major part of information of X 
with a minimum parameters number n’. 
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The bij parameters are obtained by the following method: 

First, the experiments of close Δkeff are grouped. Ten groups per 100 experiments are 
used. Each group is characterised by a set of parameters, each of which is the average 
value of each parameter for all the experiments belonging to the group. The group matrix 
G is then the following: 
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The result of the PCA is a new set of parameters with their associated information 
rate. The SIR method consists in selecting only enough parameters to keep a certain 
amount of information (for instance 80%). The former parameters are projected on this 
new base and the SIR matrix is defined as follows: 
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where the Si,p are the p first principal components of the ith experiment. 
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Once the dimension reduction is performed, classic interpolation methods can be 
used. In the present case, Kernel smoothing method is used to establish the bias. This 
method consists in of a weighted average calculation of Δkeff that partially takes into 
account the distance between the real case and the experiment. If all experiments are 
“far” from the real case, all experiments will have the same weight and the tool will 
behave as a simple average. 
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The weighing function is defined in the following equation for a single parameter: 
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4.5.2.5 Initial data for the bias and bias uncertainty determination 

 4.5.2.5.1 Number of benchmarks available for calculation-to-experiment 
comparison  

About 1 580 experiments, presented in the ICSBEP Handbook and the validation 
database of APOLLO2-MORET 4, are available for validation studies of criticality 
calculations. 

 4.5.2.5.2 Uncertainties treatment for experimental data  

In the given approach, the uncertainties of the experimental data are taken from the 
ICSBEP Handbook benchmark specifications as the keff

bench uncertainties. It is assumed 
that these correspond to random uncertainties at the 1σ level, if not otherwise specified 
in the Handbook. 

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

The following parameters are used to assess similarity and quantify bias:  

• flux; 

• leakages; 

• production rate; 

• absorption rate in fuel; 

• excess rate in fuel (n, xn); 

• total rate in fuel; 

• absorption rate in structural materials; 

• excess rate in structural materials. 

The data are processed by APOLLO2-MORET 4 simultaneously with criticality 
computations. 
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4.5.2.6 History of the validation methodology 

 4.5.2.6.1 Primary purpose 

The purpose of the validation methodology is to provide data to be used for criteria to 
establish subcriticality and range of applicability for criticality safety evaluations for 
systems with fissionable materials of interest, which are various configurations met in 
the laboratories, during transport and at the fuel cycle facilities. 

 4.5.2.6.2 Experience of use  

The tool has been recently distributed to industrial partners for testing. 

4.5.2.7 Status of the development/validation  

The tool is under development and verification. 

4.5.2.8 Published references supporting the validation methodology 

See [30]. 

4.5.2.9 Additional information/notes 

The MACSENS validation methodology requires a skilled user to assign parameters for 
selection of the experiments and review a list of selected experiments. Bias and 
uncertainty set by the current version of the MACSENS are required as a guess of the user. 

The described method implemented in MACSENS code is currently used by criticality 
safety practitioners mostly to select the benchmark experiments and determine the area 
of applicability. 

4.6 Japan Atomic Energy Agency (JAEA), Japan 

Participant: Yasunobu Nagaya 

4.6.1 Criticality calculations 

4.6.1.1 Criticality package (codes system) title and version 

MVP II 

4.6.1.2 Modules utilised for neutron cross-section treatment and neutron transport calculation 
(methods employed and titles)  

Neutron cross-section treatment: LICEM code system for generation of MVP cross-
section data such as point-wise cross-sections, thermal scattering data and probability 
tables in the unresolved resonance region. 

Neutron transport calculation: continuous-energy Monte Carlo neutron transport 
code MVP II. 

4.6.1.3 Nuclear data source and energy structure  

JENDL-3.2, continuous energy. 

4.6.2 Validation of criticality calculations 

4.6.2.1 Sources of bias and uncertainties 

• nuclear data; 

• technological parameters (material constituents and location). 
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4.6.2.2 Description of the validation methodology 

• Statistical method using the non-central t-distribution 

 4.6.2.2.1 Traditional prescription 

In the report [31], the following three requirements were imposed for determining the 
estimated criticality lower-limit multiplication factor, ECLLMF, which was symbolised as k<: 

• any calculated keff obtained by benchmark calculations will be larger than k<; 

• k< will not exceed 0.98; 

• statistical methods should be employed to analyse the behaviour of calculation 
errors. 

Rule (1) was required to assure that any critical experiments selected for validation 
shall not be misjudged to be subcritical. Rule (2) was required to prevent k< from being 
specified to a too large value. Rule (3) declared that the expression for ECLLMF should be 
based on mathematical reasoning, which was summarised as follows. 

The calculated keff’s in the same group were regarded as statistical samples. The 
samples were assumed to follow the normal distribution. The population mean and 
variance were designated as m and σ2, respectively. The distribution of n samples, keff,1, 

keff,2, …, keff,n, were characterised by sample mean and variance, k  and s2, respectively, 
defined by: 

∑
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k  and s2 have the following statistical characteristics: 

The mean of samples, k , follows the normal distribution, the mean and variance of 
which are m and σ2/n, respectively. 

The variance of samples, s2, is related to the χ2-distribution. More specifically, n·s2/σ2 
is distributed according to a χ2-distribution with (n – 1) degrees of freedom. 

The lower 100 P percentile of the normal distribution N (m, σ2) is expressed as m – µPσ. 
A parameter value µ can be determined by the non-central t distribution with (n–1) 
degrees of freedom, and percentiles 100 γ and 100 P. The meaning of the percentiles 100 γ 
and 100 P is given below. When a constant µ' is selected to be no smaller than µ, then the 

lower 100 γ percentile of k –µ's can be set smaller than m – µPσ (see Figure 9).
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Figure 9: Probability distributions of calculated keff and k –µs 
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Based on the three characteristics mentioned above, two kinds of neutron 

multiplication factors were introduced: 

• The estimated criticality multiplication factor, ECMF, which is equal to k , at 
which value of the calculated neutron factor the system is estimated to be most 
probably critical. 

• The estimated criticality lower-limit multiplication factor, ECLLMF, which is 

statistically equal to k –µs, for which value or less of the calculated neutron 
multiplication factor, the probability of the system becomes critical or supercritical 
is 100 P% or less for the confidence level of 100 γ%. 

In order to satisfy the three requirements mentioned in this section, a set of rates P = 
0.025 and γ = 0.975 was adopted to determine the µ value. A list of µ values for various sample 
number n is given in Table 1. 

The ECMF and ECLLMF values for the JACS code system, which is a combination of 
137-group cross-section library based on the ENDF/B-IV and KENO-IV code, applicable to 
the uranium/plutonium systems in simple geometry, which were determined in the way 
mentioned above, are given in Table 2. The values of ECMF and ECLLMF for the MVP code 
system are shown in Table 3. 

 4.6.2.2.2 Basis for Expression of ECLLMF 

When the keff of uranium/plutonium system calculated by a specified criticality code 
system has a value of ECLLMF, it means that there is a probability P that the system 
becomes critical or supercritical or less for the confidence level of γ, as was defined in the 
preceding subsection. We can express this statement in another way by finding some 
number k< of keff that satisfies the following probabilistic relation: 

Pr(k< ≤ m - µPσ) = γ        (31) 

where it was assumed that keff followed the normal distribution N(m, σ2). As shown in 
Figure 9, we then introduce a number µ, which will be determined in later in this 

subsection by use of the non-central t-distribution, and express k< as k< = k -µs, where k  
and s are the sample mean and standard deviation of keff, respectively. Equation (31) then 
becomes: 

Pr( k - µs ≤ m - µPσ) = γ        (32) 

This equation means the probability that k -µs becomes no larger than m- µPσ , 

which is characterised by the parent distribution of the calculated keff, is γ. By dividing 
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both sides of the inequality relation by σ and by transposing some terms, we can find the 
following equation: 
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The inequality relation is eventually changed into the following form to show that it 
is related to the non-central t-distribution: 
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where f is the degree of freedom, f = n–1 in this case that keff’s are independent of any 
variables. The non-central Student’s t-distribution is defined as the distribution of a 
random variable t that follows the distribution below: 

f
Nt

fχ
δ+

=          (35) 

where N obeys the standard normal distribution, χf
2 obeys a chi-squared distribution 

with f degrees of freedom, and δ is a non-centrality parameter. 

As the variables 
n
mk

σ
−  and 

2

2

σ
fs  follow the standard normal distribution and the chi-

squared distribution with f = n – 1 degrees of freedom, respectively, the constant nµ  
will be obtained as the upper limit of integration of t density with the non-centrality 
parameter δ= nPµ . 
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Table 1: µ values for typical sample number n and degrees of freedom f = n-1, 
where γ = 0.975 and P = 0.025 

 

n µ n µ n µ n µ n µ 

2 62.558 21 2.978 50 2.535 190 2.226 2000 2.037 
3 12.816 22 2.945 55 2.503 200 2.219 3000 2.023 
4 7.710 23 2.914 60 2.475 250 2.189 5000 2.008 
5 5.975 24 2.887 65 2.451 300 2.168 10000 1.994 
6 5.111 25 2.861 70 2.430 350 2.151  1.960 
7 4.592 26 2.837 75 2.411 400 2.138   
8 4.243 27 2.815 80 2.394 450 2.127   
9 3.992 28 2.794 85 2.379 500 2.118   
10 3.801 29 2.775 90 2.366 550 2.110   
11 3.650 30 2.757 95 2.353 600 2.104   
12 3.528 32 2.723 100 2.342 650 2.098   
13 3.427 34 2.694 110 2.322 700 2.093   
14 3.342 36 2.667 120 2.304 750 2.088   
15 3.268 38 2.643 130 2.289 800 2.084   
16 3.204 40 2.621 140 2.276 850 2.080   
17 3.148 42 2.601 150 2.264 900 2.076   
18 3.099 44 2.583 160 2.253 950 2.073   
19 3.054 46 2.566 170 2.243 1000 2.070   
20 3.014 48 2.550 180 2.235 1500 2.049   

 
Table 2: The estimated criticality multiplication factor, ECMF, and the estimated 

criticality lower-limit multiplication factor, ECLLMF, for the JACS code system applied 
to the simple uranium/plutonium systems 

Group namea ECMF ECLLMF Number of 
samples 

Sample standard 
deviation 

HomLEUb 0.986 0.965 40 0.008 

HomHEU 0.985 0.954 68 0.013 

HomPu 1.008 0.980 71 0.011 

HomMOX 1.013 0.980c 45 0.008 

HomMIX 1.010 0.980 10 0.008 

HetLEU 0.995 0.978 88 0.007 

HetPu 1.004 0.964 9 0.010 

HetMOX 0.997 0.980 58 0.007 

Total   389  

a Hom: homogeneous; Het: heterogeneous; LEU: low-enriched uranium; HEU: highly enriched uranium;  
MOX: mixed uranium and plutonium oxide; MIX: mixed uranium and plutonium solution. 

b The committee for the preparation of the Nuclear Criticality Safety Handbook of Japan reviewed the selected 
samples; accordingly, ECLM, ECLLMF, a number of samples and sample standard deviation were changed into 
0.991, 0.973, 18 and 0.004, respectively. 

c  Reduced to this value according to the requirement (2), while 0.992 was obtained by the statistical calculation. 
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Table 3: The estimated criticality multiplication factor, ECMF, and the estimated 
criticality lower-limit multiplication factor, ECLLMF, for the MVP code system applied to 

the simple uranium/plutonium systems 

Group named ECMF ECLLMF Number of 
samples 

Sample standard 
deviation 

HomLEU 1.0073 0.98e 75 0.0050 

HomHEU 1.0052 0.98e 55 0.0070 

HomPu 1.0044 0.98e 46 0.0077 

Hom(Pu+U) 0.9999 0.98e 29 0.0057 

HetLEU 1.0026 0.98e 121 0.0064 

Het(Pu+U) 0.9991 0.98e 47 0.0053 

Total   373  

d Hom: homogeneous; Het: heterogeneous; LEU: low-enriched uranium; HEU: highly enriched uranium. 

e Reduced to this value according to the requirement (2), while 0.9951, 0.9878, 0.9846, 0.9839, 0.9878 and 
0.9855 were obtained by the statistical calculation for HomLEU, HomHEU, HomPu, Hom(Pu+U), HetLEU and 
Het(Pu+U) groups, respectively. 

4.6.2.3 Approach for selection of benchmark experiments 

 4.6.2.3.1 Parameters used for similarity assessment 

Grouped by main actinide (uranium, plutonium, uranium and plutonium), 
homogeneous/heterogeneous; uranium is further divided into low- and high-enriched 
uranium groups. 

Note: The similarity assessment has been made only for reflected systems. 

 4.6.2.3.2 Criteria and process used for similarity assessment 

Expert judgement 

4.6.2.4 Implementation of the validation method used to determine bias and bias uncertainty 
(if available)  

 4.6.2.4.1 Software tool title 

N/A 

 4.6.2.4.2 Algorithm  

N/A 

4.6.2.5 Initial data for the bias and bias uncertainty determination 

 4.6.2.5.1 Number of benchmarks available for calculation-to-experiment 
comparison  

373 benchmark experiment. 

 4.6.2.5.2 Uncertainties treatment for experimental data  

Not considered. 

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

None. 

44 OVERVIEW OF APPROACHES USED TO DETERMINE CALCULATIONAL BIAS IN CRITICALITY SAFETY ASSESSMENT, © OECD 2013 



APPROACHES FOR CRITICALITY SAFETY VALIDATION 

4.6.2.6 History of the validation methodology 

 4.6.2.6.1 Primary purpose 

To produce basic data (critical masses and volumes of spherical fuel, critical 
diameters of infinite-long cylindrical fuel, critical thicknesses of infinite plane fuel) of the 
Japanese Criticality Safety Handbook. 

 4.6.2.6.2 Experience of use  

The methodology has been used in Japan for 20 years. 

4.6.2.7 Status of the development/validation  

The present method is only applicable when the bias is constant. The extension to 
the bias that depends on parameters was given in [32]. It was applied to homogeneous 
systems of low-enriched uranium. 

4.6.2.8 Published references supporting the validation methodology 

See [31] through [33]. 

4.6.2.9 Additional information/notes 

None. 

4.7 Korean Institute of Nuclear Safety (KINS), Republic of Korea 

Contributors: Gil Soo Lee, Sweng Woong Woo 

4.7.1 Criticality calculations 

4.7.1.1 Criticality package (codes system) title and version 

KENOV.a and KENO VI in SCALE6. 

4.7.1.2 Modules utilised for neutron cross-section treatment and neutron transport calculation 
(methods employed and titles)  

• BONAMIST, CENTRM;  

• KENO V.a and KENO VI (multi-group Monte Carlo). 

4.7.1.3 Nuclear data source and energy structure  

238-group library based on ENDF/B-VII evaluation (v7-238). 

4.7.2 Validation of criticality calculations 

4.7.2.1 Sources of bias and uncertainties 

The sources of uncertainty considered include uncertainties of bias, statistical 
uncertainty in criticality calculation, manufacturing tolerance, and uncertainties 
originated from nuclear data that were not considered before.  

4.7.2.2 Description of the validation methodology 

The evaluated keff value from Equation (36) should have a subcritical margin of 
administrative value. The uncertainty term includes manufacturing tolerance, 
calculation statistical uncertainty, bias uncertainty, and uncertainty due to using burn-up 
credit. Bias and bias uncertainty are determined from the calculation results of critical 
experiments with similar condition. 
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Recently, we started to work to determine similarity criteria and consider uncertainty 
in nuclear data. As a result of this, the following components have been considered: 

• bias and bias uncertainty established through comparison with experimental 
benchmarks similar to test application (benchmarks with EALF similar to that for 
application case and ck >0.90 for LEU like applications with thermal fission 
spectrum); 

• uncertainties in nuclear data are included (calculated with covariance and 
sensitivity data produced by TSUNAMI). 

[ ]∑++= 2)()( uncertkbiaskkk cal δδ      (36) 

Bias is determined as the average of calculated keff values of critical experiments 
which are less than 1. 
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4.7.2.3 Approach for selection of benchmark experiments 

 4.7.2.3.1 Parameters used for similarity assessment 

• EALF 

• Correlation coefficient kc  [3]. 

 4.7.2.3.2 Criteria and process used for similarity assessment 

Expert judgement  

4.7.2.4 Implementation of the validation method used to determine bias and bias uncertainty 
(if available)  

 4.7.2.4.1 Software tool title 

None. 

 4.7.2.4.2 Algorithm  

N/A 

4.7.2.5 Initial data for the bias and bias uncertainty determination 

 4.7.2.5.1 Number of benchmarks available for calculation-to-experiment 
comparison  

The data are available for the following 32 configurations from the ICSBEP Handbook: 

• LEU-COMP-THERM: 4 experiments (8 configurations); 

• IEU-MET-FAST: 6 experiments (6 configurations); 

• PU-SOL-THERM: 3 experiments (18 configurations); 

 4.7.2.5.2 Uncertainties treatment for experimental data  

The uncertainties are accepted as they are documented in the ICSBEP Handbook.  
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 4.7.2.5.3 Other data used in validation method (nuclear data covariance, 
sensitivity coefficients, etc.)  

44-group covariance data for neutron cross-sections are available in SCALE6 criticality 
codes package. 

Keff sensitivity coefficients to neutron cross-sections computed with TSUNAMI-3D 
code. The sensitivity data are available for 12 benchmarks.  

4.7.2.6 History of the validation methodology 

 4.7.2.6.1 Primary purpose 

Safety reviews on fissile material storage facilities (fresh and spent fuel storage). 

4.7.2.7 Status of the development/validation  

Licensee’s results have been reviewed, which are for LEU. The uncertainty for nuclear 
data was not included. 

4.7.2.8 Published references supporting the validation methodology 

4.7.2.9 Additional information/notes 

None. 

4.8 Oak Ridge National Laboratory (ORNL), US 

Participants: Bradley Rearden, Don Mueller 

4.8.1 Criticality calculations 

4.8.1.1 Criticality package (codes system) title and version 

The computer software package SCALE 6.0 was used in this project. 

4.8.1.2 Modules utilised for neutron cross-section treatment and neutron transport calculation 
(methods employed and titles)  

The SCALE 6.0 TSUNAMI-3D eigenvalue sensitivity and uncertainty analysis 
sequences were applied in this exercise. 

SCALE 6.0 provides the CENTRM and PMC modules for continuous-energy treatment 
of resonance self-shielding calculations. Point-wise fluxes are computed for 1D cell 
models in CENTRM, then the point-wise fluxes are used as a weighting function to 
integrate the point-wise cross-sections in the desired multi-group structure. Unresolved 
resonances and implicit sensitivity effects are treated with the BONAMIST codes, which 
utilised full-range Bondarenko factors to generate the implicit sensitivity coefficients. 

Transport calculations were performed with the KENO V.a and KENO-VI Monte Carlo 
neutron transport codes. 

4.8.1.3 Nuclear data source and energy structure  

The SCALE 6.0 238-group ENDF/B-VII.0 library is used in all calculations. 

4.8.2 Validation of criticality calculations 

4.8.2.1 Sources of bias and uncertainties 

The sources of uncertainty considered include uncertainties in the benchmark keff 
values. Correlations in uncertainties in the benchmark keff values were approximated. 
Uncertainties and correlations in the computed keff values due to uncertainties in nuclear 
data were explicitly quantified using the SCALE 6.0 cross-section-covariance data and the 
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TSUNAMI-3D sensitivity data for each system. Uncertainties in the computed keff values 
due to Monte Carlo statistics were explicitly treated. 

4.8.2.2 Description of the validation methodology 

 4.8.2.2.1 TSUNAMI techniques for code validation 

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 [34] [35]. 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 is based largely on those presented in [35]. 

TSUNAMI provides two methods to establish the computational bias introduced 
through cross-section data. For the first method, instead of using one or more average 
physical parameters to characterise a system, TSUNAMI determines the uncertainty in 
keff, due to cross-section uncertainties, that is shared between two systems. This shared 
uncertainty in keff directly relates to the bias shared by the two systems. To accomplish 
this, the sensitivity of keff to each group-wise nuclide-reaction-specific cross-section is 
computed for all systems considered in the analysis. Correlation coefficients are 
developed by propagating the uncertainties in neutron cross-section data to uncertainties 
in the computed neutron multiplication factor for experiments and safety applications 
through sensitivity coefficients. The bias in the experiments, as a function of correlated 
uncertainty with the intended application, is extrapolated to predict the bias and bias 
uncertainty in the target application. This correlation coefficient extrapolation method is 
useful where many experiments with uncertainties that are highly correlated to the 
target application are available. 

For the second method, data adjustment or data assimilation techniques are applied 
to predict computational biases, and more general responses, including but not limited to 
keff , can be addressed [34]. 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. Then, the same 
data adjustments are 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. 

The TSUNAMI-1D and TSUNAMI-3D analysis sequences compute the sensitivity of keff to 
energy-dependent cross-section data for each reaction of each nuclide in a system model. 
The one-dimensional (1D) transport calculations are performed with XSDRNPM, and the 
three-dimensional (3D) calculations are performed with KENO V.a or KENO-VI [36]. The 
energy-dependent sensitivity data are stored in a sensitivity data file (SDF) for 
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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 SDFs 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. Additionally, 
TSUNAMI-IP can generate input for the Upper Subcritical Limit STATistical Software 
(USLSTATS) [37] trending analysis and compute a penalty, or additional margin, needed 
for the gap analysis.  

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 SDFs from TSUNAMI-1D 
and/or TSUNAMI-3D. TSAR also computes the uncertainty in the reactivity difference due 
to the cross-section-covariance data. 

4.8.2.3 Approach for selection of benchmark experiments 

 4.8.2.3.1 Parameters used for similarity assessment 

When using robust 3D 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 the 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.  

• 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 
characteristics 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: 

 

gx
i = 1−

Sx, j
a,i − Sx, j

′ e ,i( )
j

∑
Sx, j

a,i

j
∑

,       (39) 
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where 
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and the j summation is performed over all energy groups. 

The definition of 

 

Sx, j
′ e ,i

 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 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 [34]. 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 [34]. Defining Sk to include the keff sensitivities of N different 
systems to the cross-section data, α, 

 

Sk ≡
αm

kn

∂kn

∂αm

 

 
 

 

 
 , n = 1, 2, …, N; m = 1, 2, …, M,     (40) 

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

 

Ckk = SkCααSk
T ,        (41) 

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, 

 

σ kn

2
, 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

 

σ kae

2
. 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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ck =
σ kae

2

σ ka
σ ke( ),         (42) 

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 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 Equation (42), except that it is normalised between -1 and 1 for each for a 
particular nuclide, i, and reaction, x, as E: 

 

ckae , i−x( )
individual =

σ kae , i−x( )
2

σ ka , i−x( )σ ke , i−x( )( ),       (43) 

Where: 

 

σ kae , i−x( )
2   represents the covariance between application a and experiment e due to 

the specified nuclide-reaction pairs; 

 

σ ka , i−x( )
2

  is the standard deviation in keff for the application due to the specified 

nuclide-reaction pair; 

 

σ ke , i−x( )
2

  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. 

 4.8.2.3.2 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 [34]. 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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4.8.2.4 Implementation of the validation method used to determine bias and bias uncertainty 
(if available)  

 4.8.2.4.1 Software tool title 

SCALE 6.0 TSUNAMI-IP/USLSTATS and TSURFER 

 4.8.2.4.2 Algorithm  

Because the uncertainty in keff due to cross-section data uncertainties is directly 
related to potential computational bias, the ck coefficient quantifies the similarity of the 
two systems in terms of common sources of bias. Where many benchmarks similar to the 
application are available to quantify all potential sources of bias, linear regression and 
extrapolation techniques can be applied to determine bias and bias uncertainty values for 
an application. The USLSTATS package can be applied to determine the computational 
bias, bias uncertainty, and upper subcritical limit (USL) based on trends in calculated keff 
values as a function of their similarity to the application as determined by the integral 
index, ck. A linear regression of the ratio of computed-to-measured keff values as a 
function of ck is extrapolated to a value 1.0, which is the ck value generated when the 
application is compared to itself. Thus, the value of the regression line at ck of 1.0 is the 
predicted calculated-to-measured ratio of the application system, from which the 
computational bias is determined. The statistical analysis techniques of USLSTATS are 
applied to determine a confidence band in the extrapolated value, which then becomes 
the uncertainty in the computational bias. 

Where analytical methods are used to predict the criticality condition of a design 
system, the American National Standard ANSI/ANS-8.17-1984 (R1997) [38] requires that 
the calculated multiplication factor, ks, should not exceed a maximum allowable value 
established as: 

 

ks ≤ kc − ∆ks − ∆kc − ∆km        (44) 

Where: 

ks = the calculated allowable maximum multiplication factor, keff, of the system being 
evaluated for normal or credible abnormal conditions or events. 

kc = the mean keff that results from the calculation of the benchmark criticality 
experiments using a particular computational method. If the calculated keff values for the 
criticality experiments exhibit a trend with a parameter, then kc will be determined by 
extrapolation on the basis of a best fit to the calculated values. The criticality 
experiments used as benchmarks in computing kc should have physical compositions, 
configurations, and nuclear characteristics (including reflectors) similar to those of the 
system being evaluated. 

∆ks = an allowance for statistical or convergence uncertainties, or both in the 
computation of ks; material and fabrication tolerances; and uncertainties due to 
limitations in the geometric or material representations used in the computational 
method. 

∆kc = a margin for uncertainty in kc which includes allowance for uncertainties in the 
critical experiments; statistical or convergence uncertainties, or both, in the computation 
of kc; uncertainties due to extrapolation of kc outside the range of experimental data; and 
uncertainties due to limitations in the geometrical or material representations used in 
the computational method. 

∆km = an additional margin to ensure the subcriticality of ks. 

Consistent with the requirements of ANSI/ANS-8.17-1984 (R1997), a criticality code is 
typically validated against a suite of critical experiments to define a USL for design 
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systems. According to the standard, the computed keff value of a design system (i.e. ks) 
should not exceed the maximum acceptable value. This is expressed as: 

 

ks + 2σ ≤ USL =1.00 + β − ∆β − ∆km ,      (45) 

where σ is the standard deviation of the computed value, ks; β and ∆β represent the 
computational bias and uncertainty in the bias, respectively [39]. For critical experiments, 
the computational bias is the difference between the mean value of keff calculated for the 
critical experiments, kc, and 1.0 (i.e. β = kc – 1.0). In practice, certain critical experiments 
may exhibit calculated keff values > 1.0, leading to a positive bias and reducing the 
required subcritical margin for the design system. However, regulatory impositions 
typically have not allowed for a positive computational bias; thus, β is either negative or 
zero. The quantity ∆km is often referred to as an administrative margin and commonly 
assigned a value between 2 and 5% in keff (e.g. ∆km = 0.05), depending on the application 
and regulatory guidance.   

Two commonly used approaches for the calculation of the USL based on a suite of 
criticality experiments covering a particular area of applicability are (1) confidence band 
with administrative margin, referred to as USL1, and (2) single-sided uniform-width 
closed-interval approach, also called the lower tolerance band (LTB) method, and referred 
to as USL2 [37]. The statistical analysis commonly used in the computation of USL1 and 
USL2 is only valid within the range of applicability of the chosen trending parameter. 
However, the approach applied with TSUNAMI always requires at least some 
extrapolation. As USL2 is by definition a closed-interval approach, it is never suitable for 
extrapolation. However, the USL1 approach can be appropriately defined for extrapolation 
as presented below and implemented in the SCALE 6 version of USLSTATS. 

• Correlation coefficient trending 

The USL1 in [37] applies a statistical calculation of the bias and its uncertainty plus an 
optional additional margin to a linear fit of critical experiment benchmark data. This 
approach is illustrated in Figure 10, where the additional margin is set to 0.02, or 2% ∆k/k. 
In this figure, the blue-dashed k(x) line represents a linear regression fit to a set of 
calculations based on the calculated-to-experiment (C/E) ratio of keff results from critical 
experiments. The relative bias in the application (∆k/k) is given as k(x) − 1, evaluated at ck 
= 1.0. The green-dashed line represents the lower confidence band for a single additional 
calculation, a quadratic expression defined below. The width of this band is determined 
statistically based on the existing data and a specified level of confidence; the greater the 
standard deviation in the data or the larger the confidence desired, the larger the band 
width will be. This confidence band, w(x), accounts for uncertainties in the experiments 
and the calculation approach as well as the dispersion of the data points and is therefore 
a statistical basis for Δβ, the uncertainty in the value of β. With a (1-γ1) confidence level, 
w(x) is defined as: 

 

w x( )= t1−γ 1
sp 1+

1
n

+
x − x ( )2

xi − x ( )2

i=1,n
∑

 

 

 
 
 

 

 

 
 
 

1
2

,

     (46) 

Where: 

 n = the number of critical calculations used in establishing k(x); 

 

 

t1−γ 1
 = the Student-t distribution statistic for 1−γ1 and n–2 degrees of freedom; 

 

 

x  = the mean value of the independent variable x in the set of calculations; 

 sp = the pooled standard deviation for the set of criticality calculations.   
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The pooled standard deviation is obtained from the pooled variance (

 

ps  =  p
2s ), 

where

 

p
2s  is given as: 

s +  = 2
w

2
)(

2 ss xkp          (47) 

 where

 

k(x )
2s  is the variance (or mean-square error) of the regression fit, and is given by: 

 

k(x )
2s  =  

1
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,   (48) 

and 

 

sw
2  is the within-variance of the data: 

 

w
2s  =  

1
n

   
i=1,n
Σ i

2σ ,        (49) 

where σi is the standard deviation associated with ki, which could be due to Monte 
Carlo calculations. 

Figure 10: Illustration of correlation coefficient trending with USL1 

 
Note that the function w(x) is a curvilinear function that will increase in width as a 

function of extrapolation from the data. Typically, w(x) is determined at a 95% confidence 
level. 

The red-dashed line in Figure 10 represents USL1, which discounts any positive bias 
and included the administrative margin. The value of USL1 as a function of the trending 
parameter, x, is defined as: 

 

USL1(x) =
1− ∆km − w(x) + β(x),  β(x) < 0

1− ∆km − w(x),  β(x) ≥ 0
 
 
 

,     (50) 

The value of USL1 for the application is determined by evaluating Equation (50) with x = 
1.0. The data used in the USL1 determination must pass a normality test before statistical 
analyses are applied. USLSTATS provides a simple χ2

 test for normality using five equal-
probability bins. Because the current normality test is so simple, data sets that may pass 
other normality test may fail the USLSTATS normality test. If the data are shown to be 
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normal by some other means, the statistical treatments of USLSTATS can still be valid, 
even though the data failed the internal test. 

• Gap analysis using TSUNAMI penalty assessment 

The set of critical experiments used as benchmarks in the computation of β should be 
representative of the composition, configuration, and nuclear characteristics of the 
application system. However, ANSI/ANS-8.1 allows the range of applicability to be 
extended beyond the range of conditions represented by the benchmark experiments by 
extrapolating the trends established for the bias. When the extrapolation is large relative 
to the range of data, the calculation method applied should be supplemented by other 
methods in order to better estimate the extrapolated bias. Note that large is not defined 
by the ANSI standard. 

A method is available in TSUNAMI-IP to assess an additional margin to subcriticality, 
or penalty, where sufficient experiments are not available to provide complete coverage 
for a particular application. The gap between the best-available experiment and the 
application is illustrated in Figure 10, where the ck value of the best-matching experiment 
is 0.90, indicating that 10% of the cross-section uncertainty in the application is different 
from that in the closest matching experiment. Although the statistical treatment of 
USLSTATS accounts for trends in existing data, the lack of similarity indicates that some 
processes in the application may not be fully accounted for by the experiments included 
in the analysis. In this case, any possible change in the trend as ck approaches 1.0 may 
not be bounded by a statistical analysis of the C/E values. 

The TSUNAMI gap analysis technique quantifies an additional uncertainty 
component that can be added to the administrative margin to provide an added measure 
of safety for application systems where validation coverage is lacking. The penalty 
calculation is based on the criteria for coverage used for the integral index g. The 
TSUNAMI penalty calculation quantifies the uncertainty in the application that remains 
after the best-available coverage from qualified experiments has been applied. As this 
form of gap analysis is intended as a supplement to ck trending analysis, any experiment 
used in the penalty assessment calculation must pass a qualification test to determine 
global similarity of the experiment, based on ck. Thus, only experiments that exhibit a 
certain degree of similarity to the application, and thus an expected relevant influence on 
the trending analysis, can be considered in the penalty calculation. Additionally, a 
sufficient number of similar experiments are required before any penalty assessment is 
produced by TSUNAMI-IP. 

To compute the penalty, a vector of the minimum differences in the sensitivity 
coefficients, Za, for the application with respect to all experiments can be obtained as: 

 

Za ≡ Zx, j
a,n[ ], n=1,…,N, x=1,…,X, j=1,...      (51) 

Where: 

 

Zx, j
a,n = Sx, j

a,n − Cx, j
a,n

 

 

Cx, j
a,n

 is a composite of the best-available sensitivity data from all experiments and is 
defined as:  

 

Cx, j
a,n

= 

 

Sx, j
′ e ,n

 for the experiment that satisfies

 

min Sx, j
a,n − Sx, j

′ e ,n , e′ =1,…,E; 

N =  number of nuclides in the application system; 

X =  number of reactions for each nuclide; 

J =  number of energy groups; 
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E =  number of experiments meeting the qualification tests. 

Once Za is computed, the portion of the sensitivity of the application that is not 
covered by the experiments can be used to propagate the uncertainty in the cross-section 
data to a relative uncertainty in keff as: 

 

∆keff /keff = ZaCααZa
T

       (52) 

In the above equation, the elements of Za are each expressed in terms of 
(∆keff/keff )/(∆σ/σ) and the elements of 

 

Cαα  are expressed in terms of relative variances or 
covariances as (∆σ/σ)2, so that the final penalty is expressed as a relative uncertainty in 
keff, ∆keff/keff. This relative uncertainty in keff due to the gap in experimental coverage can 
be used to increase the safety margin to provide for extrapolation beyond the range of 
applicability of available experiments. 

• 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 the Generalised Linear Least-
Squares approach [34]. 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 the 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 [34]. 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 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 [34]. 
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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. 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

k ( )-md = , 1, ,
k ( )

i
i i I

 
= = 

 
d α

α
      (53) 

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 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
dd kk m/k mm m/k k k m/k mm m/kC = C + F C F = S C S + F C Fαα ,    (54) 

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, ααC and  Cmm . This is done by minimising chi-square, expressed as: 

 

χ 2 = [α' - α
α

]T Cαα
-1 [α' - α

α
] +[m' - m

m
]T Cmm

-1 [m' - m
m

]

= [∆α]T Cαα
-1 [∆α] +[∆m]T Cmm

-1 [∆m]
    (55) 

where 

  
∆α i =

α 'i -α i

α i

 and m' -mΔm =
m
i i

i
i

. Equation (55) is rearranged to give: 
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2 -1 T -1 -1 -1 T -1 -1
α αα α m mm mχ = [σ Δα] R [σ Δα]+[σ Δm] R [σ Δm]     (56) 

Equation (56) expresses the variations in the nuclear data and measured responses in 

units of their respective standard deviations, that is, -1
α[σ Δα]  and -1

m[σ Δm] . 

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 Equation (56) is reduced to only 
the diagonal contributions: 

22

2 i i

mi 1

I

n 1

M
m m

in

n n

α σ
α αχ

σ ==

′ −   ′ −
→ +        

∑∑ 
     (57) 

The first term on the right side of Equation (57) 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 Equation (56) 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 (a) make the calculated and measured 
responses agree [i.e. k′=k′(α′)=m′, within the limitations of first-order sensitivity theory] 
and (b) minimise Equation (57) 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

 

χ 2. 

The following variations minimise Equation (57), subject to the constraint k'(α') = m' 

and the linearity condition   [∆k] = Skα[∆α]  where 

  
∆ki =

k'i -ki

ki

: 

T -1
αα kα ddΔα = -[C S C ]d         (58) 

-1
mm m/k ddΔm = [C F C ]d         (59) 

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         (60) 

Equation (60) 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: 

′ ′
T -1
k dd kC = C -[C S C S C ]α α αα αα αα       (61) 
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-1
m'm' mm mm m/k dd m/k mmC = C -[C F C F C ]

      (62) 

-1
k'k' kk kk dd kkC = C -[C C C ] ,       (63) 

If all the responses on the TSURFER input are relative-formatted, then the adjusted 
data and response values edited by TSURFER are obtained from Equations (58)-(59), while 
the square roots of diagonal elements in Equations (61)-(63) 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:  

 

˜ d = k(α) − m          (64) 

    T
dd kk mm k k mmC = C + C = S C S + Cαα       (65) 

′ T -1
k dd= -[C S C ]d   αα∆α = α − α        (66) 

′= −    -1
mm ddm m m = [C C ]d∆        (67) 

 

∆ ˜ k = ′ k − k = ( ′ m − m) − d = Sk ( ′ α − α)      (68) 

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

' ' [ −= −   T 1
k dd kC C C S ]C [S C ]α α αα αα αα       (69) 

[ ]    -1
m'm' mm mm dd mmC = C - C C C        (70) 

If all the input from responses to TSURFER are absolute-formatted, the adjusted data 
and response values edited by TSURFER are obtained from Equations (66)-(70), while the 
square roots of diagonal elements in Equations (69)-(70) 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: 

ˆ
id

   

=
k(α)i - mi

k(α)i

ith responseisrelative − formatted

k(α)i - mi ith responseis absolute − formatted










   (71) 

ˆ im∆

   

=
m 'i - mi

mi

relative

m 'i - mi absolute








  

      (72) 
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ˆ∆ ik

   

=
k '(α ')i − k(α)i

k(α)i

relative

k(α)i − k(α)i absolute










      (73) 

ˆ -1
ddC ˆ ˆ ˆ ˆ ˆˆ ˆ ˆ ˆT

kk m/k mm m/k k dd k m/k mm m/k= C + F C F = S C S + F C F     (74) 

∆α ˆ ˆ ˆ[ ]−= T 1
dd k dd - C S C d        (75) 

m̂∆ ˆ ˆˆ ˆ[ ]−= 1
mm m/k dd C F C d        (76) 

k̂∆  ˆ ˆk= S ∆α          (77) 

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

' '
ˆ ˆ ˆ−= − T 1

k dd kC C [ C S ] C [S C ]α α αα αα αα      (78) 

ˆ ˆ ˆ ˆ ˆˆ ˆ ]− -1
m'm' mm mm m/k dd m/k mmC = C [ C F C F C      (79) 

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 
Equations (71)-(77) while the square roots of diagonal elements in Equations (77)-(79) 
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 Δm and Δα defined by Equations (58) and (59) 
are those that give the smallest value of the quadratic form of χ2. This minimum χ2 value 
is found by substituting Equations (58) and (59) into Equation (55) as: 

 χmin
2  =   dT Cdd 

−1  d  =  dT [Ckk + Fm/kCmmFm/k]−1  d     (80) 

It is interesting to observe that the discrepancy vector d defined by Equation (71) 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). Equation (79) 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 χ2

min 
defined by Equation (79). The code progressively removes individual experiments until 
the calculated χ2

min 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 χ2

min is specified by the user from the 
options given below. 

Independent chi-square [40]  

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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 χind,i
2 = 

 

ki - mi( )2

ski

2 + smi

2 .        (81) 

Equation (80) 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 is executed 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: 

( ) ( )22 -1
dia,i i i ddχ k m C i,i .≡ −        (82) 

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

The original Cdd
-1  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  Cdd
-1  is computed for each iteration to re-evaluate the total chi-square from 

Equation (80). 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 [40] 
calculates the change in chi-square whenever a particular response is omitted for the 
analysis; that is, omitting the ith response results in:  

  
∆χi

2 = [dT Cdd
−1 d] − [d≠ i

T Cdd
≠ i( )−1

d≠ i ]       (83) 

where   d≠ i  and   Cdd
≠ i  are, respectively, the discrepancy vector and discrepancy 

covariance with response i omitted. While Equation (81) is the most rigorous 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. 
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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 

 

′ m a  obtained from the GLLS procedure. For this 

reason, the notation 

 

′ m a  is used here to represent the (unknown) best estimate for the 
application’s projected measured response, so that: 

 

βa = E ka − ′ m a[ ]        (84) 

where E is the expectation operator. The application’s projected measured value can 
be expressed as 

 ′ma = ka ′α( )− δma
, where 

 

δma  represents the difference between the 

best-computed response obtained with the adjusted data 

 

′ α and the expected value of 
the actual measurement. Therefore Equation (82) can be expressed as: 

 

βa = E ka − ka ′ α ( )+ δma[ ]= ka − ka ′ α ( )+ E δma[ ]    (85) 

It should be noted that all experiment responses have δmi = 0, because the GLLS 

procedure forces k′=m′ within the approximation of first-order theory. However,  δma  

(=

 

′ k a − ′ m a ) 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 desired (unknown) measured value if a sufficient number 
of experiments similar to the application of interest are considered; so that under these 
conditions 

 

E δma[ ]→ 0  for the application as well [34]. 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 [34].  

Assuming an adequate benchmark database such that

 

E δma[ ]~ 0 , Equation (77) 
simplifies to: 

   
βa = ka − ka ′α( )~ − ka( )Sa

T ∆α       (86) 

or, stated in absolute terms: 

~ T
a aβ = − ∆S α          (87) 

• Bias uncertainty 

In most cases, some gaps exist in the benchmark database so that

 

E δma[ ]≠ 0 . 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: 

 

σ ka

2 = SaC ′ α ′ α Sa
T ,        (88) 

and the uncertainty in the bias is:  

 

∆βa = SaC ′ α ′ α Sa
T( )1 2

        (89) 

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. 
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4.8.2.5 Initial data for the bias and bias uncertainty determination 

 4.8.2.5.1 Number of benchmarks available for calculation-to-experiment 
comparison  

For this exercise, 275 critical experiments from the ICSBEP Handbook with SCALE 6.0 
238-group ENDF/B-VII.0 data were available for use. The calculations were performed 
with keff converged to approximately 0.0005 ∆k/k. The selected benchmarks experiments, 
shown in Table 4, provide a representative sampling of many fuel and moderator 
conditions from the ICSBEP Handbook. Table 4 shows the benchmark keff and benchmark 
keff uncertainty values obtained from the DICE database using the ORNL tool VIBE, the 
calculated keff and calculated uncertainty due to cross-section covariance data. The 
observed computational bias (calculated-benchmark) and the uncertainties due to cross-
section data are shown in Figure 11.  
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Table 4: Benchmark experiments used by ORNL 

Benchmark experiment Benchmark keff Benchmark keff 
uncertainty (%) Calculated keff 

Uncertainty due to 
cross-section data 

(%) 

HEU-MET-FAST-005-001 1.0000 0.3600 0.9958 1.5714 

HEU-MET-FAST-005-002 1.0007 0.3597 0.9948 1.7180 

HEU-MET-FAST-005-003 0.9996 0.3601 0.9946 1.6917 

HEU-MET-FAST-005-004 0.9989 0.3604 0.9883 1.6683 

HEU-MET-FAST-005-005 0.9980 0.3607 0.9978 1.5772 

HEU-MET-FAST-005-006 0.9987 0.3605 0.9969 1.5609 

HEU-MET-FAST-008-001 0.9989 0.1602 0.9955 1.0660 

HEU-MET-FAST-009-001 0.9992 0.1501 0.9936 1.2178 

HEU-MET-FAST-009-002 0.9992 0.1501 0.9944 1.2269 

HEU-MET-FAST-010-001 0.9992 0.1501 0.9962 1.2007 

HEU-MET-FAST-010-002 0.9992 0.1501 0.9966 1.1965 

HEU-MET-FAST-011-001 0.9989 0.1502 0.9946 1.0463 

HEU-MET-FAST-013-001 0.9990 0.1502 0.9962 1.1075 

HEU-MET-FAST-016-001 0.9996 0.1801 0.9987 1.3516 

HEU-MET-FAST-016-002 0.9996 0.1801 0.9999 1.3729 

HEU-MET-FAST-017-001 0.9993 0.1401 0.9963 1.6004 

HEU-MET-FAST-018-001 1.0000 0.1400 1.0003 1.0931 

HEU-MET-FAST-019-001 1.0000 0.3000 1.0070 1.1533 

HEU-MET-FAST-020-001 1.0000 0.3000 1.0008 1.1723 

HEU-MET-FAST-021-001 1.0000 0.2400 1.0057 1.1421 

HEU-MET-FAST-024-001 0.9990 0.1502 0.9969 1.0795 

HEU-MET-FAST-030-001 1.0000 0.0900 1.0015 2.3024 

HEU-MET-FAST-038-001 0.9999 0.0700 1.0034 2.2821 

HEU-MET-FAST-038-002 0.9999 0.0900 1.0034 2.3036 

HEU-SOL-THERM-001-001 1.0004 0.5998 0.9984 0.9394 

HEU-SOL-THERM-001-002 1.0021 0.7185 0.9965 0.9549 

HEU-SOL-THERM-001-003 1.0003 0.3499 1.0014 0.9389 

HEU-SOL-THERM-001-004 1.0008 0.5296 0.9987 0.9571 

HEU-SOL-THERM-001-005 1.0001 0.4900 0.9974 0.8325 

HEU-SOL-THERM-001-006 1.0002 0.4599 1.0011 0.8449 

HEU-SOL-THERM-001-007 1.0008 0.3997 0.9967 0.9364 

HEU-SOL-THERM-001-008 0.9998 0.3801 0.9976 0.9383 
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Benchmark experiment Benchmark keff Benchmark keff 
uncertainty (%) Calculated keff 

Uncertainty due to 
cross-section data 

(%) 

HEU-SOL-THERM-001-009 1.0008 0.5396 0.9947 0.9534 

HEU-SOL-THERM-001-010 0.9993 0.5404 0.9924 0.8324 

HEU-SOL-THERM-013-001 1.0012 0.2597 0.9990 0.5793 

HEU-SOL-THERM-013-002 1.0007 0.3597 0.9984 0.5692 

HEU-SOL-THERM-013-003 1.0009 0.3597 0.9946 0.5625 

HEU-SOL-THERM-013-004 1.0003 0.3599 0.9959 0.5586 

HEU-SOL-THERM-014-001 1.0000 0.2800 0.9949 0.8120 

HEU-SOL-THERM-014-002 1.0000 0.5200 1.0102 0.7241 

HEU-SOL-THERM-014-003 1.0000 0.8700 1.0186 0.6435 

HEU-SOL-THERM-016-001 1.0000 0.3600 0.9903 0.8681 

HEU-SOL-THERM-016-002 1.0000 0.6900 1.0049 0.7614 

HEU-SOL-THERM-016-003 1.0000 0.7900 1.0253 0.6720 

HEU-SOL-THERM-028-001 1.0000 0.2300 0.9965 0.7674 

HEU-SOL-THERM-028-002 1.0000 0.3400 0.9969 0.6735 

HEU-SOL-THERM-028-003 1.0000 0.2600 0.9984 0.7869 

HEU-SOL-THERM-028-004 1.0000 0.2800 0.9988 0.6940 

HEU-SOL-THERM-028-005 1.0000 0.3100 0.9930 0.7839 

HEU-SOL-THERM-028-006 1.0000 0.2300 0.9975 0.7095 

HEU-SOL-THERM-028-007 1.0000 0.3800 0.9970 0.7749 

HEU-SOL-THERM-028-008 1.0000 0.2700 0.9965 0.7344 

HEU-SOL-THERM-028-009 1.0000 0.4900 0.9961 0.8299 

HEU-SOL-THERM-028-010 1.0000 0.5300 0.9954 0.7051 

HEU-SOL-THERM-028-011 1.0000 0.5100 0.9975 0.8370 

HEU-SOL-THERM-028-012 1.0000 0.4600 0.9945 0.7380 

HEU-SOL-THERM-028-013 1.0000 0.5800 0.9964 0.8355 

HEU-SOL-THERM-028-014 1.0000 0.4600 0.9978 0.7745 

HEU-SOL-THERM-028-015 1.0000 0.6400 1.0047 0.8325 

HEU-SOL-THERM-028-016 1.0000 0.5200 1.0012 0.7895 

HEU-SOL-THERM-028-017 1.0000 0.6600 0.9967 0.8217 

HEU-SOL-THERM-028-018 1.0000 0.6000 0.9973 0.7938 

HEU-SOL-THERM-029-001 1.0000 0.6600 0.9994 0.8733 

HEU-SOL-THERM-029-002 1.0000 0.5800 1.0023 0.7871 

HEU-SOL-THERM-029-003 1.0000 0.6800 0.9956 0.7777 

HEU-SOL-THERM-029-004 1.0000 0.7400 0.9933 0.6932 
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Benchmark experiment Benchmark keff Benchmark keff 
uncertainty (%) Calculated keff 

Uncertainty due to 
cross-section data 

(%) 

HEU-SOL-THERM-029-005 1.0000 0.6700 0.9988 0.6980 

HEU-SOL-THERM-029-006 1.0000 0.6500 0.9989 0.7440 

HEU-SOL-THERM-029-007 1.0000 0.6300 1.0002 0.7927 

HEU-SOL-THERM-030-001 1.0000 0.3900 0.9960 0.8221 

HEU-SOL-THERM-030-002 1.0000 0.3200 0.9980 0.7332 

HEU-SOL-THERM-030-003 1.0000 0.3100 0.9959 0.6977 

HEU-SOL-THERM-030-004 1.0000 0.6400 0.9993 0.8724 

HEU-SOL-THERM-030-005 1.0000 0.5800 0.9964 0.8146 

HEU-SOL-THERM-030-006 1.0000 0.5900 0.9994 0.7903 

HEU-SOL-THERM-030-007 1.0000 0.6400 0.9985 0.7240 

IEU-MET-FAST-002-001 1.0000 0.3000 1.0045 1.8279 

IEU-MET-FAST-003-001 1.0000 0.1900 1.0043 1.2570 

IEU-MET-FAST-004-001 1.0000 0.3200 1.0091 1.2983 

IEU-MET-FAST-005-001 1.0000 0.2300 1.0127 1.3169 

IEU-MET-FAST-009-001 1.0000 0.5300 1.0079 1.1415 

IEU-MET-FAST-010-001 0.9954 0.2411 1.0035 2.5931 

IEU-MET-FAST-012-001 1.0007 0.2698 1.0130 1.9561 

LEU-COMP-THERM-001-001 0.9998 0.3101 0.9981 0.5972 

LEU-COMP-THERM-001-002 0.9998 0.3101 0.9977 0.5813 

LEU-COMP-THERM-001-003 0.9998 0.3101 0.9986 0.5713 

LEU-COMP-THERM-001-004 0.9998 0.3101 0.9978 0.5802 

LEU-COMP-THERM-001-005 0.9998 0.3101 0.9945 0.5652 

LEU-COMP-THERM-001-006 0.9998 0.3101 0.9972 0.5749 

LEU-COMP-THERM-001-007 0.9998 0.3101 0.9967 0.5635 

LEU-COMP-THERM-001-008 0.9998 0.3101 0.9966 0.5676 

LEU-COMP-THERM-002-001 0.9997 0.2001 0.9976 0.6439 

LEU-COMP-THERM-002-002 0.9997 0.2001 0.9981 0.6413 

LEU-COMP-THERM-002-003 0.9997 0.2001 0.9984 0.6337 

LEU-COMP-THERM-002-004 0.9997 0.2001 0.9980 0.6040 

LEU-COMP-THERM-002-005 0.9997 0.2001 0.9963 0.5926 

LEU-COMP-THERM-017-003 1.0000 0.3100 0.9983 0.5521 

LEU-COMP-THERM-017-004 1.0000 0.3100 0.9975 0.5221 

LEU-COMP-THERM-017-005 1.0000 0.3100 0.9994 0.5312 

LEU-COMP-THERM-017-006 1.0000 0.3100 0.9990 0.5358 
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Benchmark experiment Benchmark keff Benchmark keff 
uncertainty (%) Calculated keff 

Uncertainty due to 
cross-section data 

(%) 

LEU-COMP-THERM-017-007 1.0000 0.3100 0.9980 0.5366 

LEU-COMP-THERM-017-008 1.0000 0.3100 0.9970 0.5423 

LEU-COMP-THERM-017-009 1.0000 0.3100 0.9961 0.5557 

LEU-COMP-THERM-017-010 1.0000 0.3100 0.9968 0.5368 

LEU-COMP-THERM-017-011 1.0000 0.3100 0.9971 0.5371 

LEU-COMP-THERM-017-012 1.0000 0.3100 0.9966 0.5421 

LEU-COMP-THERM-017-013 1.0000 0.3100 0.9976 0.5445 

LEU-COMP-THERM-017-014 1.0000 0.3100 0.9979 0.5461 

LEU-COMP-THERM-017-015 1.0000 0.2800 0.9960 0.5521 

LEU-COMP-THERM-017-016 1.0000 0.2800 0.9977 0.5530 

LEU-COMP-THERM-017-017 1.0000 0.2800 0.9983 0.5538 

LEU-COMP-THERM-017-019 1.0000 0.2800 0.9976 0.5566 

LEU-COMP-THERM-017-020 1.0000 0.2800 0.9973 0.5580 

LEU-COMP-THERM-017-021 1.0000 0.2800 0.9966 0.5622 

LEU-COMP-THERM-017-022 1.0000 0.2800 0.9948 0.5703 

LEU-COMP-THERM-017-023 1.0000 0.2800 0.9980 0.5615 

LEU-COMP-THERM-017-024 1.0000 0.2800 0.9981 0.5671 

LEU-COMP-THERM-017-025 1.0000 0.2800 0.9962 0.5584 

LEU-COMP-THERM-017-028 1.0000 0.2800 0.9974 0.5412 

LEU-COMP-THERM-017-029 1.0000 0.2800 0.9980 0.5439 

LEU-COMP-THERM-026-003 1.0018 0.6189 1.0091 0.6067 

LEU-COMP-THERM-040-010 1.0000 0.4600 0.9932 0.5419 

LEU-COMP-THERM-042-001 1.0000 0.1600 0.9961 0.5492 

LEU-COMP-THERM-042-002 1.0000 0.1600 0.9950 0.5386 

LEU-COMP-THERM-042-003 1.0000 0.1600 0.9971 0.5322 

LEU-COMP-THERM-042-004 1.0000 0.1700 0.9973 0.5344 

LEU-COMP-THERM-042-005 1.0000 0.3300 0.9976 0.5325 

LEU-COMP-THERM-042-006 1.0000 0.1600 0.9979 0.5475 

LEU-COMP-THERM-042-007 1.0000 0.1800 0.9963 0.5395 

LEU-SOL-THERM-002-001 1.0038 0.3985 1.0004 0.5356 

LEU-SOL-THERM-002-002 1.0024 0.3691 0.9962 0.5609 

LEU-SOL-THERM-002-003 1.0024 0.4389 1.0015 0.5507 

LEU-SOL-THERM-003-001 0.9997 0.3901 0.9962 0.6182 

LEU-SOL-THERM-003-002 0.9993 0.4203 0.9934 0.5950 
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Benchmark experiment Benchmark keff Benchmark keff 
uncertainty (%) Calculated keff 

Uncertainty due to 
cross-section data 

(%) 

LEU-SOL-THERM-003-003 0.9995 0.4202 0.9991 0.5877 

LEU-SOL-THERM-003-004 0.9995 0.4202 0.9931 0.5843 

LEU-SOL-THERM-003-005 0.9997 0.4801 0.9975 0.5311 

LEU-SOL-THERM-003-006 0.9999 0.4900 0.9979 0.5237 

LEU-SOL-THERM-003-007 0.9994 0.4903 0.9960 0.5175 

LEU-SOL-THERM-003-008 0.9993 0.5204 1.0002 0.4924 

LEU-SOL-THERM-003-009 0.9996 0.5202 0.9974 0.4912 

LEU-SOL-THERM-004-001 0.9994 0.0800 1.0002 0.6028 

LEU-SOL-THERM-004-002 0.9999 0.0900 1.0018 0.5903 

LEU-SOL-THERM-004-003 0.9999 0.0900 0.9991 0.5771 

LEU-SOL-THERM-004-004 0.9999 0.1000 1.0014 0.5637 

LEU-SOL-THERM-004-005 0.9999 0.1000 1.0024 0.5540 

LEU-SOL-THERM-004-006 0.9994 0.1101 1.0012 0.5459 

LEU-SOL-THERM-004-007 0.9996 0.1100 1.0015 0.5384 

MIX-COMP-FAST-001-001 0.9866 0.2331 0.9992 1.2713 

MIX-COMP-MIXED-001-001 0.9999 0.5601 0.9922 0.9653 

MIX-COMP-MIXED-001-002 0.9996 0.5302 0.9909 0.9666 

MIX-COMP-MIXED-001-003 1.0011 0.3896 1.0029 0.9598 

MIX-COMP-MIXED-001-004 1.0004 0.3599 1.0019 0.9584 

MIX-COMP-MIXED-001-005 1.0005 0.4298 1.0058 0.9590 

MIX-COMP-MIXED-001-006 0.9970 0.4213 1.0027 0.9575 

MIX-COMP-MIXED-001-007 0.9990 0.3804 1.0008 0.9557 

MIX-COMP-MIXED-001-008 0.9985 0.4407 1.0015 0.9567 

MIX-COMP-MIXED-001-009 1.0001 0.4600 1.0011 0.9548 

MIX-COMP-MIXED-001-010 0.9988 0.4505 1.0043 0.9553 

MIX-COMP-MIXED-001-011 0.9998 0.4001 1.0055 0.9551 

MIX-COMP-MIXED-001-012 0.9995 0.3702 1.0072 0.9559 

MIX-COMP-MIXED-001-013 1.0007 0.3997 1.0056 0.9546 

MIX-COMP-MIXED-001-014 0.9989 0.3904 1.0057 0.9566 

MIX-COMP-MIXED-001-015 1.0004 0.4098 1.0059 0.9542 

MIX-COMP-MIXED-001-016 1.0009 0.4096 1.0059 0.9539 

MIX-COMP-MIXED-001-017 1.0001 0.4100 1.0065 0.9616 

MIX-COMP-MIXED-001-018 1.0010 0.4096 1.0049 0.9593 

MIX-COMP-MIXED-001-019 1.0007 0.3797 1.0041 0.9576 

68 OVERVIEW OF APPROACHES USED TO DETERMINE CALCULATIONAL BIAS IN CRITICALITY SAFETY ASSESSMENT, © OECD 2013 



APPROACHES FOR CRITICALITY SAFETY VALIDATION 

Benchmark experiment Benchmark keff Benchmark keff 
uncertainty (%) Calculated keff 

Uncertainty due to 
cross-section data 

(%) 

MIX-COMP-THERM-001-001 1.0000 0.2500 1.0002 1.1541 

MIX-COMP-THERM-001-002 1.0000 0.2600 0.9992 1.2509 

MIX-COMP-THERM-001-003 1.0000 0.3200 0.9985 1.2745 

MIX-COMP-THERM-001-004 1.0000 0.3900 1.0005 1.2772 

MIX-COMP-THERM-002-001 1.0024 0.5986 0.9999 1.0191 

MIX-COMP-THERM-002-002 1.0009 0.4696 0.9998 0.9836 

MIX-COMP-THERM-002-003 1.0042 0.3087 1.0017 1.0684 

MIX-COMP-THERM-002-004 1.0024 0.2394 1.0053 0.9873 

MIX-COMP-THERM-002-005 1.0038 0.2491 1.0041 1.0698 

MIX-COMP-THERM-002-006 1.0029 0.2692 1.0048 0.9948 

MIX-COMP-THERM-003-001 1.0028 0.7180 0.9996 1.1152 

MIX-COMP-THERM-003-002 1.0019 0.5889 1.0001 1.1487 

MIX-COMP-THERM-003-003 1.0000 0.5400 1.0004 1.1332 

MIX-COMP-THERM-003-004 1.0027 0.3092 1.0002 1.2200 

MIX-COMP-THERM-003-005 1.0049 0.2687 0.9994 1.2258 

MIX-COMP-THERM-003-006 1.0000 0.2300 1.0004 1.2171 

MIX-COMP-THERM-004-001 1.0000 0.4600 0.9957 1.0022 

MIX-COMP-THERM-004-002 1.0000 0.4600 0.9965 1.0043 

MIX-COMP-THERM-004-003 1.0000 0.4600 0.9968 1.0068 

MIX-COMP-THERM-004-004 1.0000 0.3900 0.9958 1.0049 

MIX-COMP-THERM-004-005 1.0000 0.3900 0.9974 1.0075 

MIX-COMP-THERM-004-006 1.0000 0.3900 0.9975 1.0121 

MIX-COMP-THERM-004-007 1.0000 0.4000 0.9974 1.0003 

MIX-COMP-THERM-004-008 1.0000 0.4000 0.9977 1.0034 

MIX-COMP-THERM-004-009 1.0000 0.4000 0.9988 1.0055 

MIX-COMP-THERM-004-010 1.0000 0.5100 0.9981 0.9892 

MIX-COMP-THERM-004-011 1.0000 0.5100 0.9985 0.9924 

MIX-COMP-THERM-005-001 1.0008 0.2198 1.0014 1.0364 

MIX-COMP-THERM-006-001 1.0016 0.5092 0.9975 1.0422 

MIX-COMP-THERM-007-002 1.0024 0.3891 1.0002 1.0231 

MIX-COMP-THERM-008-001 0.9997 0.3201 0.9984 0.9364 

MIX-COMP-THERM-008-002 1.0008 0.2998 0.9996 0.9650 

MIX-COMP-THERM-008-003 1.0023 0.3791 0.9995 0.9674 

MIX-COMP-THERM-008-004 1.0015 0.4693 1.0024 0.9617 
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Benchmark experiment Benchmark keff Benchmark keff 
uncertainty (%) Calculated keff 

Uncertainty due to 
cross-section data 

(%) 

MIX-COMP-THERM-008-005 1.0022 0.5588 1.0029 0.9465 

MIX-COMP-THERM-008-006 1.0028 0.6482 1.0023 0.9405 

MIX-SOL-THERM-001-001 1.0000 0.1600 0.9964 1.2529 

MIX-SOL-THERM-001-002 1.0000 0.1600 0.9982 1.2530 

MIX-SOL-THERM-001-003 1.0000 0.1600 0.9927 1.2831 

MIX-SOL-THERM-001-004 1.0000 0.1600 0.9970 1.2523 

MIX-SOL-THERM-001-005 1.0000 0.1600 1.0010 1.2331 

MIX-SOL-THERM-001-006 1.0000 0.1600 1.0002 1.3101 

MIX-SOL-THERM-001-007 1.0000 0.1600 1.0026 1.2986 

MIX-SOL-THERM-001-008 1.0000 0.1600 1.0010 1.3228 

MIX-SOL-THERM-001-009 1.0000 0.1600 1.0005 1.3257 

MIX-SOL-THERM-001-010 1.0000 0.1600 1.0013 1.2635 

MIX-SOL-THERM-001-011 1.0000 0.5200 1.0079 1.2747 

MIX-SOL-THERM-001-012 1.0000 0.5200 1.0087 1.2665 

MIX-SOL-THERM-001-013 1.0000 0.1600 0.9987 1.2691 

MIX-SOL-THERM-002-001 1.0000 0.2400 1.0032 1.3054 

MIX-SOL-THERM-002-002 1.0000 0.2400 1.0037 1.3041 

MIX-SOL-THERM-002-003 1.0000 0.2400 1.0035 1.2938 

MIX-SOL-THERM-004-001 1.0000 0.3300 0.9960 1.4047 

MIX-SOL-THERM-004-002 1.0000 0.3300 0.9968 1.4091 

MIX-SOL-THERM-004-005 1.0000 0.2900 0.9970 1.3842 

MIX-SOL-THERM-004-006 1.0000 0.2900 0.9964 1.3626 

MIX-SOL-THERM-004-007 1.0000 0.2600 0.9968 1.3212 

MIX-SOL-THERM-004-008 1.0000 0.2600 0.9980 1.3469 

MIX-SOL-THERM-005-001 1.0000 0.3700 0.9920 1.3671 

MIX-SOL-THERM-005-002 1.0000 0.3700 1.0005 1.3470 

MIX-SOL-THERM-005-003 1.0000 0.3700 1.0020 1.3470 

MIX-SOL-THERM-005-004 1.0000 0.3700 1.0005 1.3287 

MIX-SOL-THERM-005-005 1.0000 0.3700 0.9879 1.3392 

MIX-SOL-THERM-005-006 1.0000 0.3700 0.9885 1.3048 

PU-MET-FAST-001-001 1.0000 0.2000 1.0000 1.3900 

PU-MET-FAST-002-001 1.0000 0.2000 1.0008 1.2139 

PU-MET-FAST-006-001 1.0000 0.3000 1.0023 1.2548 

PU-MET-FAST-008-001 1.0000 0.0600 0.9974 1.3551 
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Benchmark experiment Benchmark keff Benchmark keff 
uncertainty (%) Calculated keff 

Uncertainty due to 
cross-section data 

(%) 

PU-MET-FAST-010-001 1.0000 0.1800 1.0004 1.3912 

PU-MET-FAST-018-001 1.0000 0.3000 0.9950 1.3235 

PU-MET-FAST-022-001 1.0000 0.2100 0.9985 1.4202 

PU-MET-FAST-023-001 1.0000 0.2000 0.9997 1.3662 

PU-MET-FAST-024-001 1.0000 0.2000 1.0019 1.3522 

PU-SOL-THERM-001-001 1.0000 0.5000 1.0057 1.4764 

PU-SOL-THERM-001-002 1.0000 0.5000 1.0081 1.4691 

PU-SOL-THERM-001-003 1.0000 0.5000 1.0106 1.4651 

PU-SOL-THERM-001-004 1.0000 0.5000 1.0041 1.4616 

PU-SOL-THERM-001-005 1.0000 0.5000 1.0088 1.4607 

PU-SOL-THERM-001-006 1.0000 0.5000 1.0102 1.4236 

PU-SOL-THERM-002-001 1.0000 0.4700 1.0036 1.4791 

PU-SOL-THERM-002-002 1.0000 0.4700 1.0047 1.4773 

PU-SOL-THERM-002-003 1.0000 0.4700 1.0040 1.4809 

PU-SOL-THERM-002-004 1.0000 0.4700 1.0067 1.4803 

PU-SOL-THERM-002-005 1.0000 0.4700 1.0098 1.4783 

PU-SOL-THERM-002-006 1.0000 0.4700 1.0052 1.4795 

PU-SOL-THERM-002-007 1.0000 0.4700 1.0085 1.4804 

PU-SOL-THERM-003-001 1.0000 0.4700 1.0029 1.4644 

PU-SOL-THERM-003-002 1.0000 0.4700 1.0027 1.4659 

PU-SOL-THERM-003-003 1.0000 0.4700 1.0050 1.4634 

PU-SOL-THERM-003-004 1.0000 0.4700 1.0048 1.4628 

PU-SOL-THERM-003-005 1.0000 0.4700 1.0062 1.4633 

PU-SOL-THERM-003-006 1.0000 0.4700 1.0066 1.4661 

PU-SOL-THERM-003-007 1.0000 0.4700 1.0070 1.4644 

PU-SOL-THERM-003-008 1.0000 0.4700 1.0064 1.4632 

PU-SOL-THERM-004-001 1.0000 0.4700 1.0040 1.4480 

PU-SOL-THERM-004-002 1.0000 0.4700 0.9984 1.4495 

PU-SOL-THERM-004-003 1.0000 0.4700 1.0011 1.4508 

PU-SOL-THERM-004-004 1.0000 0.4700 0.9988 1.4522 

PU-SOL-THERM-004-005 1.0000 0.4700 1.0000 1.4473 

PU-SOL-THERM-004-006 1.0000 0.4700 1.0024 1.4459 

PU-SOL-THERM-004-007 1.0000 0.4700 1.0059 1.4450 

PU-SOL-THERM-004-008 1.0000 0.4700 1.0017 1.4467 
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Benchmark experiment Benchmark keff Benchmark keff 
uncertainty (%) Calculated keff 

Uncertainty due to 
cross-section data 

(%) 

PU-SOL-THERM-004-009 1.0000 0.4700 1.0005 1.4481 

PU-SOL-THERM-004-010 1.0000 0.4700 1.0022 1.4527 

PU-SOL-THERM-004-011 1.0000 0.4700 1.0008 1.4571 

PU-SOL-THERM-004-012 1.0000 0.4700 1.0034 1.4457 

PU-SOL-THERM-004-013 1.0000 0.4700 1.0007 1.4455 
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 4.8.2.5.2 Uncertainties treatment for experimental data  

The experimental uncertainties were extracted from the DICE database of 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 was 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 
important for safety calculations. However, for this example of the methodology, the 
approximate experimental correlations will be adequate. 

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

4.8.2.5.3.1 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 5, if appropriate 
cross-section data are available. The Evaluated Nuclear Data File (ENDF) MT identifier for 
each of these sensitivity types is also given [41]. The MT of zero assigned to scattering is 
arbitrary, as a sum of scattering reaction does not exist in the ENDF specification. 

Table 5: 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 

1018 χ chi 

 
4.8.2.5.3.2 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 
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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). 

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, many of the approximate 
uncertainty data in the library are 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 much 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 can be concluded 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. 

• Evaluated covariances from nuclear data files 

A rigorous, modern evaluation of nuclear data typically utilises 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 [42]. 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. 

 

OVERVIEW OF APPROACHES USED TO DETERMINE CALCULATIONAL BIAS IN CRITICALITY SAFETY ASSESSMENT, © OECD 2013 75 



APPROACHES FOR CRITICALITY SAFETY VALIDATION 

• 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 
Programme 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 [43]. 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 [44] [45]. The integral measurement 
uncertainty values were tabulated by Mughabghab in the Atlas of Neutron Resonances: 
Resonance Parameters and Thermal Cross-Sections [46]. 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: 

,
0.5 ( )

I

I D

U
X X
∆

=
× +        (90) 

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 [46] 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: 

 
U =

XI − XD

XI + XD

  ; for  
 
XI − XD > 2∆ I       (91) 

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. For these nuclides, the least significant digit of the integral uncertainty has 
been set to five.  

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 
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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 judgement [47]. Covariances for 14 actinide isotopes 
were obtained from earlier work done by BNL for Subgroup-26 (SG-26) [48]. 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 [49]. Full energy range covariances were also produced by LANL for 16 light 
isotopes ranging from hydrogen to fluorine [50]. 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-judgement 
estimation [43]. 

• 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 [51]. 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%, since 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 [52]. 

• Covariance data for fission spectra  

The methodology used to construct multi-group fission spectrum (χ) covariance 
matrices is described in [53]. 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 
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the Madland-Nix spectrum obtained from more phenomenological nuclear fission 
models. However, it is assumed here that uncertainties 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 [54] 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 6. In this 
table, the following nomenclature is used: 

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. 

 
Table 6: 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 
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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 12. Additional uncertainties for reaction with high 
uncertainties at fast energies, 238U n, gamma and 238U inelastic scattering, are shown in 
Figure 13. 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 12: Some important uncertainties in the SCALE 6.0 covariance library 

 
Figure 13: Additional uncertainties in the SCALE 6.0 covariance library 
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4.8.2.6 History of the validation methodology 

 4.8.2.6.1 Primary purpose 

The sensitivity and uncertainty analysis methods of SCALE were developed for the 
validation of criticality safety calculations using a physics-based approach instead of 
more traditional heuristic approaches. From its conceptualisation, the TSUNAMI methods 
were intended to extend the area of applicability of existing benchmark data to systems 
where limited applicable data are available for validation. TSUNAMI is also intended to 
identify gaps in validation coverage and serve as a tool to assist in the design of 
experiments to fill the gaps. Where gaps exist, and it is not feasible to conduct 
experiments to fill the gaps, the uncertainty data computed by TSUNAMI can be used to 
provide bounding estimates on computational biases due to invalidated components. 

 4.8.2.6.2 Experience of use  

TSUNAMI was first publicly released with SCALE 5.0 in 2004. There are licensed users 
of SCALE in 40 nations, and industry, research while regulatory bodies have used 
TSUNAMI for many purposes including validation of criticality safety calculations, 
detailed examination of the physics of fissile material systems, and design of critical 
experiments. 

4.8.2.7 Status of the development/validation  

The TSUNAMI methods are in a mature development state, having been used in 
license applications and reviews, in numerous analytical studies, and in experiment 
design. 

4.8.2.8 Published references supporting the validation methodology 

Many references are provided in the text describing the TSUNAMI techniques. A few 
select references related to applications of TSUNAMI are provided in [55] through [69]. 

4.8.2.9 Additional information/notes 

Practitioners who are interested in using the SCALE/TSUNAMI techniques for 
validation are recommended to attend a SCALE training course for sensitivity and 
uncertainty analysis techniques. These courses are typically offered twice per year at 
ORNL and once per year in Europe, hosted by the OECD/NEA Data Bank. Additionally, 
practitioners are directed to the TSUNAMI primer provided in the reference section above. 

The level of effort to apply TSUNAMI for the validation of system is highly dependent 
on the application under consideration. The first step required is calculation and 
verification of the sensitivity coefficients for the application system. This can require 
only a few minutes for simple systems that can be accurately represented using 1D 
models to several days to accurately model complex systems. The next step is to carry 
out comparison against existing benchmark experiments. Sensitivity data must be 
available for each benchmark. As with the application modelling, the time required to 
generate sensitivity data for each benchmark is highly dependent on the complexity of 
the experiment. The SCALE team is actively generating sensitivity data for distribution 
through the ICSBEP Handbook to alleviate this time consuming task. 

 Once sufficient sensitivity data are available, the validation tools can typically be 
applied in a matter of hours to determine the bias and bias uncertainty and perform gap 
analysis. Once sensitivity data were available for the five test systems and 275 
benchmarks used in this current exercise, the validation data were generated in 
approximately two hours. 
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4.9 Paul Scherrer Institute (PSI), Switzerland 

Contributors: A.Vasiliev, E.Kolbe, M.A.Zimmermann, H.Ferroukhi 

4.9.1 Criticality calculations 

4.9.1.1 Criticality package (codes system) title and version 

Monte Carlo radiation transport code MCNPX (version 2.5.0 at present). 

4.9.1.2 Modules utilised for neutron cross-section treatment and neutron transport calculation 
(methods employed and titles)  

Point-wise neutron data libraries and Monte Carlo code MCNPX. 

4.9.1.3 Nuclear data source and energy structure  

ENDF/B-VII.0 and JEFF-3.1 general-purpose neutron data libraries in ACE format, as 
distributed by the RSICC and OECD/NEA Data Bank, respectively. 

4.9.2 Validation of criticality calculations 

4.9.2.1 Sources of bias and uncertainties 

Assumed sources of uncertainty are: 1) uncertainties in neutron cross-section data,  
2) uncertainties in benchmark keff values (due to uncertainties/model simplifications in the 
benchmark configurations/dimensions, materials, measurement uncertainties, methodical 
uncertainties introduced in the benchmark evaluation process), 3) methodical uncertainty in 
keff calculations with MCNPX code (statistical uncertainties). 

4.9.2.2. Description of the validation methodology 

The validation methodology is based on the calculation of benchmark experiments 
and a subsequent evaluation of the obtained keff

calc/keff
bench values. The source of the 

criticality benchmarks is the International Handbook of Evaluated Criticality Safety 
Benchmark Experiments.  

4.9.2.3 Approach for selection of benchmark experiments 

 4.9.2.3.1 Parameters used for similarity assessment 

The benchmarks selected for method validation should be representative relative to a 
test application in terms of the fuel form, typical dimensions and physical properties 
(neutron spectrum). The benchmarks should also be accurately evaluated. As the field of 
criticality safety assessment at PSI is currently limited to the analysis of configurations 
with LWR fuel assemblies, the following parameters are currently considered relevant for 
the benchmark selection: 

• fuel rod arrays arrangement (e.g. square lattices); 

• moderator material (e.g. water); 

• fuel rods pitch size; 

• moderation ratio; 

• presence/material of a soluble absorber; 

• presence of solid reflectors; 

• presence/material of solid absorbers; 

• distance between separate arrays of fuel rods, if any; 

• benchmark keff  uncertainty (should be reasonably small, e.g. less than 500 pcm); 
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• benchmarks selected should be known as not containing strongly correlated cases; 

• only three-dimensional benchmarks are considered. 

 4.9.2.3.2 Criteria and process used for similarity assessment 

Strictly, the initial benchmark selection is based on expert judgement, but based on 
the comprehensive analysis of the parameters specified in the previous subsection. The 
approach is assumed to be rigorous and efficient if a significant number of benchmark 
configurations directly corresponding by the design characteristics to the test application 
are available. This is the case for criticality safety evaluations of LWR storage pools and 
transport casks. 

At the next stage, spectrum-related parameters of the calculated benchmarks and the 
test case are compared to ensure the similarity of the physical properties of the systems. 
The set of parameters includes (following ICSBEP Handbook recommendations): 

• the energy corresponding to the average neutron lethargy causing fission (EALF); 

• the average neutron energy causing fission (AFGE); 

• the neutron gas temperature in the thermal energy range (Tn); 

• the percentage of neutron flux, fissions, and captures that occur in a three- 
(thermal, intermediate, fast) and thirty-group energy mesh; 

• the percentage of fissions (e.g. of 235U, 238U) and captures by isotopes (235U, 238U, 16O, 
1H, 10B, 27Al) over the core region; 

• the number of average fission neutrons produced per neutron absorbed in the core 
(νΣf/Σa). 

Afterwards a statistical analysis of outliers in the calculated benchmarks set is 
performed to check for eventual incorrect benchmark evaluations. 

Then the benchmarks sample is subdivided into groups with some similar 
characteristics, like presence/absence of boral absorber plates, UO2 or MOX fuel, etc. 
Calculation results of such benchmark subgroups are evaluated individually in order to 
test for significant discrepancies in the calculation results for these subgroups (i.e. 
evidence that the calculation results from different subgroups belong to different 
hypothetical populations). In the validation performed up to now for criticality safety 
evaluations of LWR storage pools and transport casks based on the “LEU-COMP-THERM” 
benchmarks from ICSBEP Handbook, all the benchmark cases were found to belong to a 
single hypothetical population and thus constitute one general validation sample.  

The range of applicability of the performed validation studies is determined on the 
basis of ranges of the design and calculated spectrum-related benchmarks parameters. 

4.9.2.4 Implementation of the validation method used to determine bias and bias uncertainty 
(if available)  

 4.9.2.4.1 Software tool title 

None. 

 4.9.2.4.2 Algorithm  

The average calculational bias is determined based on the validation sample of the 
keff

calc/keff
bench values as following: 
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*Instead of (N-1), this gives the best estimate of the standard deviation when a 
Gaussian distribution is assumed (see ICSBEP Guide to the Expression of Uncertainties 
from the (ICSBEP Handbook). 

It is assumed that the hypothetical keff
calc/keff

bench population follows a normal 
probability distribution; accordingly any further statistical evaluations of the keff

calc/keff
bench 

properties, like tolerance bounds to cover certain population proportions with certain 
confidence levels will be performed under this assumption. Distribution-free estimates 
(including associated uncertainties) may be provided additionally for comparative 
purposes. 

4.9.2.5 Initial data for the bias and bias uncertainty determination 

 4.9.2.5.1 Number of benchmarks available for calculation-to-experiment 
comparison  

Following the benchmark selection criteria, 149 benchmark experiments were 
selected from the International Handbook of Evaluated Criticality Safety Benchmark Experiments 
for validation studies of criticality calculations for LWR compact storage pools and 
transport casks. The validation set includes cases with UO2 and MOX fuel, with and 
without absorbing materials (boron, boroflex, etc.), with different number of fuel rod 
arrays, etc. No evidence for the subdivision of the total validation set into different 
groups with different properties has been found. 

 4.9.2.5.2 Uncertainties treatment for experimental data  

In the given approach, the uncertainties of the experimental data are taken from the 
ICSBEP Handbook benchmark specifications as the keff

bench uncertainties. It is assumed 
that these correspond to random uncertainties at the 1σ level, if not specified explicitly in 
the Handbook. The benchmark uncertainties are accounted for in the method bias and 
uncertainty evaluations according to Equations (92)-(93). Furthermore, they may be 
accounted for later at the definition of the upper subcriticality limit (USL) for the final 
criticality safety evaluations, which is not discussed in the given document. 
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 4.9.2.5.3 Other data used in validation method (nuclear data covariance, 
sensitivity coefficients, etc.)  

None. 

4.9.2.6 History of the validation methodology 

 4.9.2.6.1 Primary purpose 

The purpose of the validation methodology is to provide data to be used for criteria to 
establish subcriticality and range of applicability for criticality safety evaluations for 
systems with fissionable materials of interest, which in the given case are configurations 
of the LWR fuel assemblies, e.g. LWR compact storage pools and transport casks. 

 4.9.2.6.2 Experience of use  

The presented above general validation methodology has been applied for criticality 
safety evaluations for a new external wet storage pool for a Swiss PWR nuclear power 
plant.  

4.9.2.7 Status of the development/validation  

The methodology is being continuously developed. 

4.9.2.8 Published references supporting the validation methodology 

See [70] [71]. 

4.9.2.9 Additional information/notes 

The recommended qualification for practitioners using this methodology is the same 
as for the criticality safety calculations and evaluations. 

In [71] five continuous-energy neutron cross-section libraries based on ENDF/B-VI.8, 
JEF-2.2, JENDL-3.3, and the recently released ENDF/B-VII.0 and JEFF-3.1 data files were 
evaluated. It was found that the latest ENDF/B-VII.0 and JEFF-3.1 libraries lead to very 
small biases and improve the older libraries. Therefore, ENDF/B-VII.0 and JEFF-3.1 were 
applied in the PSI-methodology described above. 

In [70] we found that the estimates of the lower tolerance bound of the keff
calc/keff

bench 
distribution obtained applying either a distribution-free or a Gaussian approach agreed 
very closely. As discussed earlier, we make use of Gaussian-based estimators for the 
keff

calc/keff
bench population parameters. 

Regarding practical applications, a comprehensive explicit keff
calc uncertainty analysis 

for the system being analysed is not considered, although all foreseen uncertainties are 
assumed to be reliably covered by the final value of the USL [70], which includes a 
predefined “administrative margin”. The USL value is defined once for the given 
methodology and the specific systems of interest (LWR storage pools and transport casks). 

The given approach is assumed to be conservative. The ways to reduce an excessive 
conservatism in the present approach are increasing the number of the benchmark 
experiments used for the methodology validation, as well as selection of benchmarks 
with high quality evaluations.  
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5. Conclusions and plans for further studies  

The present report provides an overview of current activities performed by the 
OECD/NEA Expert Group on Uncertainty Analysis for Criticality Safety Assessment. At the 
current stage, the work of the group is focused on approaches for validation of criticality 
calculations. An overview of the approaches and software tools is provided by the 
participants of the expert group.  

A summary of the description of the criticality safety validation methods is given in 
Table 7. It shows the contributors, criticality codes, nuclear data libraries, methods for 
similarity assessment, those for bias and bias uncertainty determination, and software 
tools developed for validation. All the participants used three-dimensional (3D) Monte 
Carlo codes for neutron transport calculation. Explicit geometry description and advanced 
algorithms used in Monte Carlo codes help minimise errors due to modelling and the 
computation algorithm. For these codes, nuclear data may be the major contributor to the 
overall keff uncertainty. Estimation and treatment of these errors is therefore an 
imperative task for the validation of criticality calculations. The different methods of 
cross-section processing and choices of multi-group approximations used by the 
participants can also contribute to the overall keff error. This part of uncertainty can be 
either estimated by comparing with continuous energy results based on the same nuclear 
data evaluation or taken into account by using the same cross-sections when calculating 
keff sensitivities to cross-section data, if the sensitivities are used for bias and bias 
uncertainty determination. 

A key element in criticality safety code validation is the selection of appropriate 
experimental benchmarks. It is important on the one hand for the similarity assessment 
of benchmarks and on the other hand to ensure that the keff uncertainties for the 
benchmarks are well evaluated and that correlations between the benchmarks are 
established. To assess similarity, most participants used their expert judgement 
supported by analysis of numerous physical characteristics (for example, those reported 
in the ICSBEP Handbook), or a sensitivity/uncertainty-based integral similarity index. The 
keff sensitivity to multi-group neutron cross-sections is typically applied in similarity 
assessments or/and in validation algorithms. Monte Carlo codes with explicit 3D 
geometry are commonly used to compute the sensitivities along with one- or two-
dimensional deterministic methods. The most significant diversity in the methods is 
observed for the similarity assessment stage. This may indicate that the issue of suitable 
criteria and optimal methods for similarity assessment remains open. The majority of the 
contributors pay attention to the benchmark quality when selecting them for the 
validation study, in particular to factors such as magnitude of and confidence in total 
uncertainty, demonstrated repeatability and reproducibility, information on all 
components of the total uncertainty, correlations between uncertainties for different 
benchmarks in the same or in different series, consistency with other high-quality 
benchmarks, simplicity of the benchmark, availability of additional diagnostic 
measurements (e.g. reaction rates and ratios, neutron flux, neutron leakage) . 

A wide range of the methods are used to establish keff bias and bias uncertainty. They 
include expert judgement; statistical treatment of the ratio of calculated to experimental 
keff values; trending analysis; Bayesian Monte Carlo regression analysis; and methods 
based on the Generalised Linear Least-Squares method. The following sources of biases 
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and uncertainties are typically evaluated: nuclear data, computational methods, 
measurement, and benchmark modelling approximations. 

Validation databases comprise mainly configurations from the ICSBEP Handbook and 
sometimes include experiments from other sources. Both critical and reactor type 
measurements, such as reaction rates or reactivities, are used for the validation studies. 
The number of benchmark, for which enough data are available to be used for the 
validation, varies significantly: from tens to more than four thousand. It should be noted 
that the methods based on expert judgement, rather than detailed statistical treatment, 
tend to use a much smaller number of selected benchmarks as part of the explicit 
derivation of code bias and uncertainty. However, it should be noted that this type of 
approach is generally performed by practitioners with extensive experience, and that by 
definition they will be cognizant of the code performance for a wide range and large 
number of benchmarks. 

Some of methods/tools have been recently developed and require significant effort to 
test their performances, while others have been used in areas different from criticality 
safety. For example, the GLLSM approach has been applied in fast reactor design and 
safety, nuclear data validation and other areas where a considerable amount of time and 
effort was made to test the approach. Nevertheless, to be recommended for criticality 
safety assessment, their initial data and their reliabilities require thorough validation. Of 
particular importance is that experimental uncertainties (and correlations between the 
uncertainties) have been properly evaluated, so that the weighting procedure used in the 
fitting process is applied correctly.  

Phase I exercise was conducted in order to illustrate the predictive capabilities of the 
described criticality validation approaches, including selection of validation benchmarks 
from the ICSBEP Handbook, similarity assessment, and bias and bias uncertainty 
definition. The results of the benchmark will be presented in the second part of the report.  

Evaluations of keff sensitivities to multi-group neutron cross-sections typically 
contribute to similarity assessments or/and to the validation algorithm. Monte Carlo 
codes with explicit 3D geometry are commonly used to compute the sensitivities along 
with one- or two-dimensional deterministic methods. The EG exercise Phase III 
benchmark has been proposed to compute keff sensitivities to cross-section data for 
configurations selected from the ICSBEP Handbook as a useful step towards testing the 
sensitivity calculation methods. 

Methodologies that establish uncertainties related to operational, technological and 
manufacturing parameters for applications/design systems are also studied under an 
exercise in Phase II benchmark. 
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Table 7: Summary table: participants, criticality codes, nuclear data, criticality 
validation methods, and software tools 

Organisation 

Country 

Criticality calculation Validation of criticality calculation 

Code Nuclear data Similarity assessment Method for bias and bias 
uncertainty establishment  Software tool 

AREVA 

Germany 

SCALE 5.1 [3] 

Monte Carlo 

ENDF/B-V 44-gr. or 

238-gr 

ENDF/B-VI 238-gr. 

S/U-based  parameter ck [34] 

Expert judgement 
Bayesian MC regression 
analysis [4] 

TSUNAMI-IP 
MOCADATA 

CEA 

France 

CRISTAL [72] 

(TRIPOLI-4.3) 

Monte Carlo 

JEF-2.2 CE 

(Continuous energy) 

Benchmark quality 

S/U-based  parameter 
(Sensitivity calculated using 
APOLLO2 code and multi-group 
cross-sections), and 
representativity factors, 

Expert judgement 

Reprsentativity method 

(GLLSM based) 
R.I.B. [73] 

EMS 

Sweden 

SCALE 5.1 [3] 

Monte Carlo 
ENDF/B-VI 238-gr. 

Expert judgement based on 
benchmark quality, 

S/U-based  parameter ck, 

Other parameters may be used. 

Expert judgement, including 
consideration of benchmark 
quality and correlations [19] 

TSUNAMI-IP 

JAEA 

Japan 

MVP II [74] 

Monte Carlo 
JENDL-3.2 CE Expert judgement Statistical method None 

IPPE 

Russian Federation 

MMKKENO 
[Error! Reference 
source not found.] 

Monte Carlo 

ABBN 299-gr. 
Subgroups 

Benchmark quality, 

Sensitivity comparison, 

χ2 filter 

Expert judgement 

GLLSM based INDECS [22] 

IRSN 

France 

CRISTAL [72] 

(APOLLO2-
MORET 4) 

Monte Carlo 

CEA93.V6 

(JEF-2.2 

172-gr.) 

Physical parameters & 

Expert judgement 

Trending analysis 

(trend vs combined 
parameters) 

MACSENS [30] 

KINS 

Republic of Korea 

SCALE 6.0 [75] 

Monte Carlo 

ENDF/B-VII.0 

238-gr. 

EALF,  

S/U-based parameter ck, 

Expert judgement 

Statistical method TSUNAMI-IP 

ORNL 

US 

SCALE 6.0 [75] 

Monte Carlo 

ENDF/B-VII.0 

238-gr. 

H/X, EALF and others or S/U-
based parameter ck Trending analysis 

USLSTATS 

TSUNAMI-IP 

S/U-based  parameter ck  

χ2 filter 
GLLSM based TSURFER 

PSI 

Switzerland 

MCNPX [76] 

Monte Carlo 

ENDF/B-VII.0 CE 

JEFF-3.1 CE 

Expert judgement, benchmark 
quality and analysis of physical 
parameters 

Statistical method None 
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Appendix A: Glossary of EG UACSA 

A single term can sometimes be used with more or less varying meanings. On the 
other hand, multiple terms can sometimes be used to mean the same thing. Sometimes 
the meaning is clear from the environment where the term is applied. However, 
sometimes the interpretation of a term could be incorrect or cause a delay in the 
understanding of the message. To reduce misunderstandings and to simplify 
communication, the OECD/NEA/NSC/WPNCS Expert Group on Uncertainty Analysis in 
Criticality Safety Assessment (UACSA) has agreed on the glossary in this and in future 
documents and discussions. 

The glossary is limited to providing simplified descriptions to help the reader in 
situations where confusion from use of multiple interpretations of a term or from using 
multiple terms for the same intention may be possible. More extensive descriptions, 
including mathematical equations and expressions, may be given in other referenced 
documents. 

Accuracy 

The closeness of computations or estimates to the best-esimate (“true”) value. 
Directly associated with the term bias. Often used together with precision and the 
associated term uncertainty. 

Adjustment of data 

Some of the more advanced methods for validation build on techniques for adjusting 
data to obtain agreement between calculation and measurement results. It considers 
potential variations in nuclear data that minimise the differences in measured and 
calculated keff for a set of the experimental benchmarks, taking into account uncertainties 
and correlations in nuclear data and in the benchmark keff. Reliable methods result in 
adjustments that confirm known expected measurement biases or that will eventually 
lead to improved measurements and their evaluations. The adjustment may be similar to 
a manual bias correction, except that it is based on rigorous technique and built into the 
software. 

Administrative Margin (AM) 

Margin in keff applied in addition to bias and bias uncertainty allowances to ensure 
subcriticality. The AM is a reflection of the confidence in the criticality validation. Terms 
with similar meanings to be avoided include arbitrary margin, safety margin and 
subcritical margin.  

Allowance 

Allowance is a term often used in criticality safety to bound bias corrections, bias 
uncertainties or both. If uncertainties are included, the probability distribution should be 
specified. Use of an allowance will not result in a best-estimate specification. 
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Application 

An application is normally used to represent a system/scenario for which the result 
has not been measured or determined in any other way. A measurement can be treated 
as an application to support evaluation of the evaluated bias and uncertainty of the 
measurement. A measurement with a reliable result can also be used to determine the 
performance of a validation method.  

Benchmark 

A benchmark is a well-defined specification of a problem with a best-estimate 
solution. A benchmark is intended for testing of a method's capability to provide an 
adequate solution. An ICSBEP Handbook benchmark has an exact specification with a 
best-estimate result, allowing for some uncertainty in the result. Other types of 
benchmarks may have specifications that include uncertainties, leading to results that 
include corresponding and probably additional uncertainties.  

Benchmark experiment 

A benchmark experiment is sufficiently well characterised to support development of 
one or more useful calculation benchmarks.  

Benchmark uncertainty 

A benchmark uncertainty is a combination of experiment uncertainties and 
benchmark simplification uncertainties. The total benchmark uncertainty can be 
specified by the random effect uncertainty and a number of systematic effect 
uncertainties. Different benchmarks may be correlated through systematic effect 
uncertainties. 

Bias 

The bias is the difference between an estimated specification or result, using a well-
defined method, and a best-estimate specification or result. It is equivalent to a deviation 
relative to the best-estimate value. When applicable, both sign and magnitude of the 
difference need to be specified. An overestimation leads to a positive (sign) bias while an 
underestimation leads to a negative (sign) bias.  

Bias allowance 

A consideration of the bias in a method or parameter. It can be a combination of bias 
correction and bias uncertainty. A conservative approach in a criticality safety evaluation 
is to set a negative bias allowance (influence of a positive bias) for keff to zero.  

Bias correction 

A bias correction is the bias with a reversed sign. It is needed to give a best-estimate 
value, as opposed to a bias allowance which may be used to give a conservative value. 

Bias uncertainty allowance 

After an estimation of a bias is made, an uncertainty normally applies to its accuracy. 
An allowance for this uncertainty is needed to represent the uncertainty in the 
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determination of a limiting value. The consideration of an uncertainty allowance changes 
an expression to a probability range even though it can be expressed as a single value. 

Calculation bias 

A calculation bias is the difference between a calculation result and a best-estimate 
result, i.e. e.g. calculated keff – benchmark keff. It is often the result of a deliberate 
approximation and not necessarily an error.  

Calculation uncertainty 

A statistical method like Monte Carlo results in a statistical uncertainty. A 
deterministic method results in a convergence uncertainty. 

Central Limit Theorem (CLT) 

In probability theory, the classical central limit theorem (CLT) states conditions under 
which the mean of a sufficiently large number of independent random variables, each 
with finite mean and variance, will be approximately normally distributed. The central 
limit theorem requires the random variables to be identically distributed, unless certain 
conditions are met. 

A practical interpretation of the general CLT allows random variables that are not 
identically distributed, as long as the total variance is much larger than any single 
variance related to a non-normal distribution. The validity of the assumption needs to be 
verified.  

Correlation 

Correlation between two variables means that at least one of them influences the 
other in some parameter range. The correlation can be deterministic (known reason) or 
statistical. A statistical definition can be made using the covariance definition. The 
correlation parameter is defined as ριϕ = µιϕ /(µιιµϕϕ)1/2. If the variances and covariances are 
determined correctly, the correlation parameter is within the range -1 ≤ ριϕ ≤ 1.  

A correlation may be linear or more complicated.  

Even if two parameter changes are independent, the resulting variable (function) 
changes can be dependent on each other. If the resulting effect is the change in keff, the 
correlation from two independent parameter changes, such as those of fissile mass and 
water mass, is obtained through the changes in the neutron flux.  

Covariance 

Covariance is a measure of an uncertainty in a variable due to common uncertainties 
in this and in another variable. It is a second order moment of the probability function 
(like the variance, while the mean is the first order moment). If the variance is expressed 
as µιι = <(ξι − µ0ι)

2> then the covariance can be expressed as µιϕ = <(ξι − µ0ι)(ξϕ − µ0ϕ)>. 
Variances and covariances should be determined from comparable observations. 
Misleading conclusions can be obtained if the observed results are due to variation in one 
variable at a time, with other variables at constant “base values”. Non-linearity 
complicates this issue. Even if the dependence of a variable on each single parameter is 
linear, the dependence on combinations of two or more parameters may not be linear. 
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Criticality safety assessment  

One task is to determine and apply logic data (in a broad sense), and calculation 
methods to determine system (scenario) subcriticality. Another task is to determine and 
apply acceptance criteria to the system being assessed. The assessment establishes how 
the determination complies with the acceptance criteria. 

Deviation 

See bias. A standard deviation is not a real deviation but an uncertainty that informs 
about the probability distribution of the true value related to an estimated value. 

Effect 

The effect, as defined here in connection with random and systematic biases and 
uncertainties, is limited to the final influence. It is important since it makes an important 
difference to the source of random and systematic biases and uncertainties. A random 
bias and uncertainty source does not necessarily give a random effect (if it applies to 
multiple values) and a systematic bias and uncertainty source does not necessarily give a 
systematic effect (if it is only applied once). 

Error 

Error is here considered as an unintentional bias, i.e. an unintentional deviation with 
an estimated sign and amplitude. The concept of “systematic error” is avoided due to its 
history of inconsistent use. 

Precision 

Precision is a measure of the degree of variation of an estimation from the mean 
value of a large number of estimations but it is never smaller than the rounding 
uncertainty. Directly associated with the term uncertainty. Minimum precision indicates 
that the estimation is within the specified range with a very high confidence level. 
Maximum precision means the best possible single estimation (e.g. determined by the 
number of digits on a display). Often used together with accuracy and the associated 
term bias.  

Quality of an experimental benchmark 

The following specifications contribute to the quality of a benchmark: low total 
uncertainty (from evaluation of the experiment and from simplifications made for the 
benchmark), demonstrated repeatability (identical configuration and methods), 
demonstrated reproducibility (different configuration and methods, e.g. at a different site), 
information on all components of the total uncertainty and correlations between 
uncertainties for different benchmarks in the same or in different series, consistency with 
other high-quality benchmarks (when available), simplicity, availability of complementary 
measurements (such as reaction rates and ratios, neutron flux, neutron leakage), 
comprehensive documentation. 

Sensitivity 

Response of a system parameter (P) to a change in another system parameter (X). The 
sensitivity may be expressed as Sp, the fractional change ∆P in the parameter P 
corresponding to fractional change ∆X in the parameter X or as  
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System/Scenario 

The term system is often referred to in connection with validation. It is then intended 
to cover a specific scenario. This is different than the engineering term that is often used 
to represent a functional system (e.g. storage system, transport system, containment 
system). The same engineering system can lead to many scenarios to cover normal and 
abnormal conditions. 

Uncertainty 

Uncertainty is a representation of a probability distribution for an estimation related 
to some value (often the average value of a large number of measurements).  

Validation 

Validation refers to a method for determination of overall acceptability of a method, 
technique, document (e.g. approval certificate for transport), etc. The discussions on 
uncertainty relate validation to testing against benchmarks. The result of a validation 
may be a bias with an associated uncertainty but may also be a simple “safe” or “unsafe”.  

Validation includes establishment of an area of applicability. 

Verification 

Verification can be a demonstration that a certain algorithm is implemented properly 
into a method. It can also be documentation that verifies that information (e.g. input data 
and results from calculations) is correct. 

Verification is different to validation. Verification of a document means that it is 
correct (identical to the original) while validation means that the document contents are 
acceptable to a reviewer. 
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