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Abstract

The purpose of uncertainty analysis is to quantify the level of confidence one can have in cal-
culated quantities of interest. In this respect, uncertainty is lack of confidence in the calcu-
lated values. In this Thesis uncertainty analysis is applied to reactor physics, which predicts
the behavior of nuclear reactors based on radiation transport theories and nuclear data.

The motivation is mainly twofold. First, in order to assess reliability of the computed results
all calculated quantities of interest should have representative uncertainty estimates. Second,
in its recent Regulatory Guides on Nuclear Safety the Finnish Radiation and Nuclear Safety
Authority allows, instead of conservative estimates, the usage of realistic, best-estimate values
of safety parameters augmented by uncertainty estimates.

There are different sources of uncertainty and it is not always a priori obvious which of the
components dominate the uncertainties in the quantities of interest. Therefore, an estimate for
each component should be provided. It is usually presumed that uncertainty in nuclear data is
the largest source of uncertainty. In this Thesis, this is verified in a few simple cases.

In the course of the work some of the present uncertainty estimates of nuclear data were
found to be mathematically and physically improper. The noted improper qualities were non-
positivity, that is, negative generalized variances, and inconsistency with respect to the sum
rules of nuclear data. This is a problem in quality of the data and of prime importance since the
results of calculations are at most as good as data used in them.

The problem in quality of the data was solved by developing and proposing quality assurance
methods to detect improper covariances, and by developing and proposing methods to find
nearby more proper energy-dependent covariances and methods to find the nearest proper
covariances in multigroup form.

There are several nuclear data evaluation projects in the world. Their evaluated nuclear data
have discrepancies. The best-estimate values might differ or the nuclear data community does
not agree on how well a piece of nuclear data is known. This is another quality assurance issue,
which is considered in this Thesis.

The most important practical implications of the work presented in this Thesis are introduc-
tion of quality assurance methods that can be and were implemented as computer routines and
used to detect certain improper properties of covariances of nuclear data as a part of quality
assurance programs. The other methods can be used to remove these improper components
with minimal changes to the covariances of nuclear data. The methods have also other potential
applications such as verifying that covariances of fission yields retain proper normalization.
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Tiivistelma

Epéavarmuusanalyysin tarkoitus on méarittad, kuinka hyvin laskettuihin suureisiin voi luottaa.
Téasséd mielessd epavarmuus on luottamuksen puutetta laskettuja arvoja kohtaan. Tassa vaitok-
sessd epavarmuusanalyysid sovelletaan reaktorifysiikkaan. Reaktorifysiikassa ennustetaan
ydinreaktoreiden toimintaa séteilyn kuljetusteorioiden ja ydinvakiotietojen pohjalta.

Ty06 on mielenkiintoinen l1ahinna kahdesta syysta. Ensinnékin, laskettujen arvojen
luotettavuuden méaarittamiseksi tulee arvioida laskettujen arvojen epavarmuutta. Toiseksi,
sateilyturvakeskus sallii nykyisissa ydinturvallisuusohjeissaan turvallisuusanalyysien
tekemisen kéyttden turvallisuusparametrien parhaita arvioita niin sanottujen konservatii-
visten arvioiden sijasta, kunhan tulosten epavarmuudet arvioidaan.

Useat eri asiat aiheuttavat epdvarmuutta, eikd ennalta ole aina selvdd miké epdvarmuuden
lahde hallitsee laskettujen suureiden epavarmuuksia. Tasté syysta jokaisen epdvarmuuden
lahteen suuruus taytyy arvioida. Usein oletetaan, ettd ydinvakiotietojen epdvarmuus aiheuttaa
eniten epavarmuutta. Tassa vaitoksessa asia varmistetaan muutamassa yksinkertaisessa
tapauksessa.

Tyo6n aikana huomattiin, etta jotkin nykyiset ydinvakioiden epdvarmuusarviot olivat
matemaattisesti ja fysikaalisesti epédsopivia. Havaitut puutteet olivat epapositiivisuus, eli
erddnlaisesti yleistettyjen varianssien negatiivisuus, ja sisdinen ristiitaisuus ydinvakioiden
yhteenlaskusaantojen suhteen. Kyseinen tiedon laatuun liittyva ongelma on tarked, koska
laskujen lopputulokset ovat korkeintaan niin hyvia kuin laskuissa kaytetyt tiedot.

Tietojen laatuun liittyvd ongelma ratkaistiin kehittdmalla ja ehdottamalla laadunvarmistus-
menetelmis, joilla voi huomata epéasopivat kovarianssit. Lisdksi kehitettiin ja ehdotettiin
menetelmid, joilla pystyy etsiméaén laheisid laadukkaampia energiasta riippuvia kovariansseja
seka ldheisimpid vaaditut ominaisuudet tayttavid moniryhmaéavakioiden kovariansseja.

Maailmassa on monia ydinvakiotietoja arvioivia ryhmia. Heidén suosittelemissaan ydinva-
kioissa on eroavaisuuksia. Parhaat arviot voivat erota, tai ndkemys siitd kuinka hyvin kyseinen
ydinvakio on tunnettu voi erota. Ty6ssa pohditaan myds tata laadunvarmistuskysymysta.

Tyon tarkeimmat kdytdnnolliset seuraukset ovat mainittujen laadunvarmistusmenetelmien
luominen ja kdytt6on ottaminen. Menetelméat voidaan toteuttaa ja toteutettiin tietokone-
ohjelmina. Menetelmii voidaan kiayttad laadunhallinnan osana. Muita ehdotettuja menetelmia
voidaan kiyttda epdsopivien ominaisuuksien poistamiseen siten, ettd muutokset kovarians-
seihin ovat mahdollisimman pienid. Menetelmilld on my6s muita mahdollisia sovelluskohteita
kuten sen tarkistaminen, etti fissiotuottojen kovarianssit sailyttavat ndiden normalisaation.
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1. Introduction

A prediction is a statement about future events. A useful prediction is
only rarely certain, regardless of the scope and fidelity of the process that
led to the prediction. Therefore, it is worthwhile to estimate how confident
one is that the predicted events will occur. It is the purpose of uncertainty
analysis to quantify this level of confidence [1]. The lack of confidence is
referred to as uncertainty. The amount of uncertainty that can be toler-
ated in the predictions is application specific.

Uncertainty analysis can be applied to any field. Many fields are needed
to predict behavior of nuclear reactors: reactor physics is essential for all
reactors; thermal-hydraulics, heat transfer, and fields relevant to fuel be-
havior need to be considered for all but zero-power reactors. For safety
analysis in accident situations even more fields, such as structural me-
chanics, might be relevant [2]. However, in this Thesis only applications
to reactor physics are considered. In reactor physics the behavior of nu-
clear reactors is predicted based on radiation transport theories and nu-
clear data, which describe interaction of radiation with matter [3].

The results of calculations are at most as good as the data used in them
and uncertainty analysis is not an exception. Uncertainties in nuclear
data are a major source of uncertainty. Therefore, quality of the un-
certainty estimates of nuclear data is of prime importance. Uncertain-
ties in nuclear data are usually represented as covariances, which should
have certain properties mandated by probability theory and physical con-
straints [4]. However, in practice the evaluated nuclear data files contain
covariances that do not have these properties. If the covariances used in
uncertainty analysis severely violate these properties, the results of un-
certainty analysis are questionable, at the best. Proper quality assurance
programs should detect improper data so that, for example, erroneous
estimates of confidence in safety parameters are not trusted upon when

assessing plant safety.
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1.1 Background

Electricity generating nuclear power reactors are typically used to pro-
duce steam, which is used to drive conventional steam turbines. The
turbines are coupled to a generator that produces electricity. The steam
might be produced directly in a reactor like in, e.g., boiling water reactors
and present graphite moderated water cooled reactors, or indirectly in
heat exchangers like in, e.g., pressurized water reactors, gas cooled reac-
tors and various fast neutron spectrum reactors. There are also reactors
that are used for other peaceful purposes: ship propulsion, isotope pro-
duction, medical irradiation, and research, for example [5]. Peaceful use
of nuclear energy is typically regulated. In order to ensure that reactor
operation is safe, it is necessary to demonstrate that the probability for a
large radiation emission is very, very low and as low as practically possi-
ble. This is achieved through various safety analyses that are specific to
plant-type, plant and operating cycle [2, 6, 7].

Until recently, the Finnish Radiation and Nuclear Safety Authority
(STUK) required that safety analyses must be performed using conser-
vative methods, in which the computational models and their parameter
values are deliberately chosen to be those that yield the worst possible
outcomes [6]. However, it is not always straightforward which parameter
combinations yield the worst possible outcomes and, when several safety
parameters are estimated simultaneously, conservative parameter values
might not exist [2,6,7]. Therefore, the present safety standards of Inter-
national Atomic Energy Agency (IAEA) recognize safety analysis based on
realistic best-estimates of the safety parameters as an acceptable option
as long as uncertainties in the predicted values of the safety parameters
are estimated. This “best-estimate plus uncertainty” approach is also ac-
cepted in the 2013 version of the Regulatory Guides on Nuclear Safety
(YVL) of the Finnish Radiation and Nuclear Safety Authority [8].

1.2 History

The procedures to generate uncertainty estimates for nuclear data were
first widely discussed in the 1970s and 1980s [9]. A format to encode these
in the evaluated nuclear data files, which were and are used to distribute
estimates of nuclear data, was designed in 1973 prior to which the only

method to include uncertainty estimates was through human-readable
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documentation [10]. The first uncertainty estimates of nuclear data were
released in 1975 for three materials and by 1985 there were uncertainty
estimates for 24 materials [11]. The activity languished during the 1990s
due to constrained resources and limited interest by users [12].

The interest of nuclear researchers, industry and regulators returned in
this millennium with increasing demand for confidence bounds for model
predictions [13]. Subsequently, there has been a proliferation of uncer-
tainty estimates for nuclear data. The Japanese efforts for sodium cooled
fast reactors resulted in uncertainty estimates for twenty relevant mate-
rials, which were released in 2002 [14]. The following release in 2011 con-
tained uncertainty estimates for 95 materials [15]. The European collab-
oration resulted in 37 materials with uncertainty estimates in 2005 [16].
The work in the United States resulted in uncertainty estimates for 26
and 190 materials in 2006 and 2011, respectively [17,18]. In addition, the
American effort provided low-fidelity uncertainties for almost all of their
393 evaluated materials in 2008 [19]. These are intended to be replaced
with high-fidelity uncertainty estimates in the future. The TALYS-based
evaluated nuclear data library should also be mentioned for its paradigm
in nuclear data evaluation [20]. It has resulted in even-quality uncer-
tainty estimates for over 2000 materials above the energy region of re-

solved resonances.

1.3 Recent and related activity

The Nuclear Energy Agency of the Organisation for Economic Co-oper-
ation and Development (OECD/NEA) has a Nuclear Science Committee.
The Nuclear Science Committee launched an expert group on Uncertainty
Analysis in Modelling in 2005. In the following year, this resulted in a
benchmark called “Uncertainty Analysis in Best-Estimate Modeling for
Design, Operation and Safety Analysis of LWRs”, which focused on light
water reactors — the most commonly employed power reactor type [13,
21,22]. The benchmark covers fields relevant in neutronics calculations,
thermal-hydraulics modeling and fuel behavior. Their combination pro-
vides additional challenges [23]. The example cases in Publication IV are
exercises in this benchmark.

The Working Party on International Nuclear Data Evaluation Co-opera-
tion of the OECD/NEA Nuclear Science Committee established Subgroup

33 on “Methods and issues for the combined use of integral experiments
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and covariance data” in 2009 [24]. Integral experiments provide indirect
information about nuclear data, which must be assimilated to existing
data in order to be useful. The procedure is generally called data ad-
justment and assimilation, and it can be used to calibrate models and,
by the introduced new data, to improve their prediction capabilities [23].
However, the improvements are limited to systems that are similar to the
system from which the integral data were measured.

TAEA’s project “Global Assessment of Nuclear Data Requirements” aims
to quantify the expected benefit of any nuclear data measurements in
reducing the uncertainties of computed quantities of interest [25]. The
ambitious work would result in useful guidance in determining which ex-
perimental data should be measured and which experimental techniques
should be used. The project considers data from both differential experi-
ments and integral experiments. However, the work requires the avail-
ability of a complete and consistent evaluation of nuclear data covari-
ances. The covariance data in the present nuclear data libraries are really
not adequate to serve as a uniform and consistent baseline for this kind
of planning [25].

In addition, OECD/NEA has a programme called “Best Estimate Meth-
ods — Uncertainty and Sensitivity Evaluation” in the field of thermal-hy-
draulics [26]. Uncertainty analysis applied to thermal-hydraulics has also

resulted in a few recent dissertations, e.g., Refs. [27,28].

1.4 Terminology

The concept of uncertainty as a quantifiable attribute is historically rela-
tively new although the concept of error and error analysis has long been
understood [29]. The term “error” means difference between a value of a
physical quantity and its true value although it is sometimes used to refer
to a mistake or blunder [29,30]. The term “uncertainty” means a measure
of the lack of knowledge of the true value of a physical quantity [29]. Us-
ing “error” to refer to “uncertainty” causes confusion.

Positivity of variances and positive definiteness of covariance matrices
and operators stem from the same physical argument. In cases where the
data is at least partly redundant one talks about non-negativity of vari-
ances, positive semidefiniteness of covariance matrices and, confusingly,
positivity of covariance operators. The distinction is made in Chapter 2

but, since only essentially finite dimensional operators are used in prac-
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tice, subsequent chapters use mostly the terminology used with covari-
ance matrices.

Uncertainty analysis can be performed using deterministic or statisti-
cal methods. A typical adjunct to uncertainty analysis is apportioning the
uncertainty of a quantity of interest to uncertainties of parameters. In
the context of statistical uncertainty analysis, this is referred to as “sensi-
tivity analysis” [31]. However, in the context of deterministic uncertainty
analysis “sensitivity analysis” means quantifying the effects of parameter
variations on the quantities of interest [1]. It is hoped that the established
dual use causes no confusion.

The methods presented in the Publications I-III are, in fact, algorithms
since they terminate in a finite number of steps. While this is not an error,

the inconvenient naming is solely the author’s fault.

1.5 The main contributions of the Thesis

The main contributions of Publications I-III are quality assurance meth-
ods that can be used to verify whether evaluated covariances of nuclear
data have certain properties or not. These can be used as a part of quality
assurance programs. In addition, Publications I-III provide methods to
compute nearby covariances that, depending on the details, either have
the desired properties or at least violate the desired properties less.

The main contribution of Publication IV is the identification of several
order-of-magnitude differences between different nuclear data libraries in
uncertainty estimates of nuclear data that have a significant contribution
to uncertainties of certain quantities of interest regarding pressurized wa-
ter reactors. The used methods can be interpreted as an estimation of
world view uncertainty.

The main contributions of Publication V are the consideration of differ-
ent sources of uncertainty and inclusion of nuclide concentration uncer-
tainty in parameter uncertainty. The estimates of their magnitudes veri-
fied that the uncertainty due to uncertainties in nuclear data dominated,

as expected, in the considered cases.

1.6 Organization of the Thesis

The intention in this Thesis is to provide an introduction to uncertainty

analysis in reactor physics although many of the presented methods are
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general. Contributions of the Publications I-V are pointed out but not
completely rewritten here. Interested readers are referred to the appen-
dices.

The remainder of this Thesis is organized as follows. In Chapter 2 con-
cepts for physical quantities that allow quantifying their uncertainties
are introduced. It is important to note that the interesting quantities in
different systems are also physical quantities in this sense, and interpre-
tation of uncertainties of quantities of interest follows directly from the
introduced concepts. The scope of Chapter 3 is nuclear data and mod-
els in reactor physics. It comments on present uncertainty estimates of
nuclear data and presents two salient models. Chapter 4 presents uncer-
tainty analysis in a general manner but discusses it from reactor physics
point of view. A categorization for different sources of uncertainty is pro-
posed. Summaries of the Publications are presented in Chapter 5 and

finally concluding remarks are given in Chapter 6.



2. Physical quantities

Arguably the simplest physical quantities are quantities whose value? is
a single real number in appropriate units [32]. However, the knowledge of
the value is always imperfect: even in these simple cases the values of the
physical quantities can not be known exactly [1,23]. A consequence of this
simple statement is that the lack of knowledge of the values of physical
quantities needs to be addressed.

The lack of knowledge of the values of physical quantities is also referred
to as uncertainty in the physical quantities. There are many approaches
that can be used to address uncertainty in the physical quantities [2].
One approach is to quantify the lack of knowledge. One way to quantify
it is to assign subjective levels of confidence for statements that claim
the value to be within a certain interval. The levels of confidence can
be interpreted as probabilities [33,34]. In the limit of suitable intervals
non-contradicting probabilities form a probability distribution [35].

The interpretation of levels of confidence as probabilities can be catego-
rized as a subjective probability interpretation, since the assigned prob-
abilities can vary between persons with at least slightly different knowl-
edge of the physical quantity in question [23]. Indeed, in this work ob-
jectivity is assumed in the sense that any rational person with the same
information should assign the same probabilities [34].

In this work the knowledge of the value of a physical quantity is concep-
tually modeled as a subjective probability distribution, which describes
how probably the value of a physical quantity is within any interval. Sec-
tion 2.1 covers the case of a single physical quantity, and Section 2.2 gen-
eralizes the notion for finite numbers of physical quantities. The intelligi-

ble and intuitive interpretation of levels of confidence for each interval is

2Sometimes the true value of a quantity is used in lieu of the value of a quantity,
and the term “value” is reserved for less specific meaning.
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lost for more complex physical quantities, such as quantities that depend
on a parameter [36]. Unfortunately, such quantities are encountered in

practice. A model for these is presented in Section 2.3.

2.1 A physical quantity

The knowledge of the value of a physical quantity can be modeled as
a probability distribution that allows calculating probabilities that the
value of the physical quantity is within a given interval. In this work it is
required that the probability distribution has a probability density func-
tion, which limits the probability distribution to be a continuous probabil-
ity distribution [37]. The requirement can be relaxed, if necessary, at the
expense of referring to a slightly more cumbersome cumulative distribu-
tion function rather than a probability density function.

To elaborate on probability density functions, consider a physical quan-
tity o whose value is denoted by a. The probability that the value is
within an interval [a,b] is denoted by P[a < & < b]. The probability den-
sity function is then defined as a non-negative function p : R — R for
which ,

P[ag&gb]:/ p(a) dov. 2.1

Such a function exists as long as the assigned probabilities are not con-
tradictory. It is conventional to assign 1 for P[—oo < & < o0].

The first two moments of the distribution are commonly used in practice
although their existence needs to be assumed. This restricts the possible
probabilities that can be assigned. The first moment and the second cen-

tral moment of the distribution are

mean(a) = E[a] and (2.2a)
var(a) = E[ (o — E[a])?], (2.2b)
where the expectation operator, E[ - |, maps functions to real numbers

according to ffooo - p(a)da [38]. The first moment is also called mean,
expected value, or best-estimate although the last name is susceptible to
debate. The second central moment is positive, since the value of the phys-
ical quantity is not known. It is called variance and the positive square
root of variance is standard deviation. The ratio of standard deviation to
mean is called relative standard deviation.

Mean and standard deviation are indicators of the value of a physical

quantity and its uncertainty, respectively. Sometimes these are the best
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Figure 2.1. Subjective distributions that describe the knowledge of the neutron half-
life assuming that only the first two logarithmic moments and positivity to
be known. The best-estimates differ slightly, and the knowledge in (a) is
more certain than the knowledge in (b). The expected value is in shown in
blue. There is about a 76.1 % (95.4 %) probability that the neutron half-life
is between the green (red) bars.

indicators, particularly when the uncertainties are small [23]. The first
two moments are illustrated in Fig. 2.1 for a physical quantity. Informally

standard deviation may be referred to as uncertainty.

2.1.1 Characterizing the probability density function via
experiments

In principle, the probability density function can be set arbitrarily, since
the distribution is subjective. A more objective probability interpreta-
tion is required if it is required that, given the same information, any
rational persons would assign the same probabilities. This requirement
is highly encouraged. Information about physical quantities is obtained
mostly from experiments [1].

In experiments a physical quantity, the measurand, is measured either
directly or indirectly using a measuring instrument [1]. When the mea-
surand is observed repeatedly, multiple measured values are obtained.
In such a situation the frequentist probability interpretation, see e.g.
Ref. [40], is straightforward [23]. In the interpretation, probability is
seen as a relative frequency: the probability for the measured value to
be within a given interval is determined, in principle, in the limit of infi-
nite measurements [1]. In the frequentist view it is meaningless to assign
a probability for the value of a physical quantity to be within an inter-
val, since the unknown but fixed value of the physical quantity either is

or is not in the given fixed interval. This is in contrast to the subjective



Physical quantities

interpretation, where such a view is meaningful.

It is impossible to perform infinite measurements, and therefore even
the probability distribution that describes the knowledge of the value of
the measurand must be estimated. Type A estimation is based on statisti-
cal inference and Type B estimation on other, often subjective, means [29].
The decision on what properties to estimate is also subjective.

The most important features of measured values are the measures of
location and dispersion [23]. The location is an indicator of the value of
the measurand while the dispersion is an indicator of the non-reliability
of the measurement [29]. The location of measured values is usually best
described by mean, while their dispersion appears to be best described by
standard deviation [23]. Therefore, the subjective choice is typically to
estimate moments of the distribution although only the first few can be
estimated. After estimating the first few moments there is considerable
freedom in assigning the probabilities. This is a reason for modeling the
knowledge of values of physical quantities as subjective rather than ob-
jective probability distributions. In fact, even if all moments of the distri-
bution would be deduced, these would not fully specify it without further
information [41].

Objectivity in decisions may be partially remedied by using the princi-
ple of maximum entropy [42,43]. The maximum entropy principle states
that after arbitrary properties of the distribution are specified, the distri-
bution that contains least other information is the one with the largest
entropy. Entropy has a direct relationship to information theory [44]. It
should be noted that not specifying a known property of the distribution
is a subjective decision to disregard the information that describes such a

property.

2.1.2 Specific maximum entropy probability distributions

Consider a physical quantity o assuming that it has been measured and
the mean y and the standard deviation® o of the observations have been
inferred. Disregarding other information and applying the principle of
maximum entropy results in a normal distribution [45]. Its probability

density function is

o — )2
pla) = \/2;76)(];) (7( 205) ) . (2.3)

3In reactor physics, the symbol o is used to denote a physical quantity called
microscopic cross section. It is hoped that this dual use causes no confusion.

10
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In some cases, the values of physical quantities are inherently non-
2

negative. If non-negativity, mean, m = E[ln(«)], and variance, v
E[(In(a) — m)?], of the logarithms of the measured values are considered
as all available information, the principle of maximum entropy results in
a log-normal distribution [45]. Its probability density function is

_ 1 (In(a) —m)?
pla) = Normenes exp (f 502 ) , a>0. (2.4)

In terms of mean, ;, and variance, 2, of the measured values, the param-

eters m and v? are In(u?/+/0? + p2) and In(o?/p? + 1), respectively [46].

These probability distributions are commonly used to describe the knowl-

edge of values of physical quantities. The distributions are equivalent in
the limit of diminishing relative uncertainty [30]. For example, the distri-
butions in Fig. 2.1 are log-normal but equivalent normal distributions are
indistinguishable for the eye.

It should be emphasized that usually some information has been dis-
regarded before a specific probability density function is obtained. For
inclusion of other information such as support on a bounded interval, or

non-negativity and first two moments, see for example Ref. [45].

2.1.3 Probability distributions and random variables

Mathematically, each probability distribution describes a random vari-
able [37]. Therefore, the approach in this work is to model the knowledge
of the value of a physical quantity as a random variable. However, the
concept of the random variable is unnecessary for the application. The
natural language is misleading here, and it is emphasized that physical
quantities are not inherently random, since physical quantities are char-
acterized by a single unique value [29, 32].

However, the model of the knowledge of the values of physical quanti-
ties as probability distributions is not limited to physical quantities. The
model is applicable to any variable, whose values vary with statistical
regularity, that is, whose values can be measured and the measured val-
ues can be modeled as a probability distribution [1]. In such a case, the
distribution describes both the knowledge of the variable and its statisti-
cal nature — the uncertainty is partly aleatory, which can not be removed
since it is inherent in the variable [47]. In the case where the statisti-
cal nature of the variable dominates the distribution, the word “random

variable” has its non-technical meaning.

11
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2.2 Multiple physical quantities

The notion of the knowledge of the value of a physical quantity can be
generalized for many but a finite number of physical quantities. Con-
sider k physical quantities «; through «. It is useful to concatenate
these into a vector a = (aq,...,a;)T. Their values are denoted by & =
(é1,...,63)T € R*F. Given k intervals whose lower and upper bounds are
a = (a1,...,a;)T € R¥ and b = (by,...,b,)T € R¥, respectively, the joint
probability that each value is simultaneously within their respective in-
terval is denoted by P[a < & < b], where the comparison is to be made
component-wise. The joint probability density function is then a function
p: RF s R for which

by by,
P[ag@gb]:/ / plag,...,qr)dag - -+ doy. (2.5)
al ag

The first moment and the second central moment of the distribution are,

assuming their existence,

mean(a) = E[a] € R* and (2.6a)
cov(a, a) = E[ (o — E[a]) (o — E[a])T] € R¥>*F, (2.6b)
where the expectation operator, E[ - |, maps functions to real numbers

according to [* - [% - p(a1,..., o) day - - - doy, [38]. The names of the
first moments follow the case of a single quantity but the second cen-
tral moment is called covariance matrix or variance-covariance matrix
since its diagonal contains the variances and off-diagonals pairwise co-
variances. The positivity of the variances is generalized by the require-
ment of positive definiteness of the covariance matrix. Assurance of this
property is considered in Publication I. Correlation matrix is a scaled co-

variance matrix, that is,
corr(a, ) = diag(std(a)) ™! cov(a, o) diag(std(a)) ™!, 2.7

where std(a) is the vector of standard deviations. The operator diag( - )
transforms a vector into a non-surprising diagonal matrix and, when ap-
plied to a matrix, the diagonal of the matrix into a non-surprising vector.
The inverse exists since the standard deviations are strictly positive for
imperfectly known physical quantities. The correlation matrix has a unit
diagonal and contains correlation coefficients, or correlations, in off-diag-
onals [48].

The difference to the case of a single physical quantity is that the knowl-
edge of the value of a physical quantity can depend on the knowledge of

12
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the values of other physical quantities. Sets of physical quantities that are
mutually independent can be treated as separate sets of physical quanti-
ties that have absolute nothing to do with each other. Sets of mutually
independent variables imply that the covariance matrix can be ordered to
be a block diagonal matrix where each matrix on the diagonal consists of
a single block. This is exploited in the computational method presented
in Publication I.

Typical causes of the dependency between different physical quantities
are the use of the same measuring instrument at the same or different
time, the use of the same calibration device or reference value, the use of
the same measuring method, and even measurements that are performed
by the same experimenters [23,30]. Also measuring multiple materials
in a single experiment, like in integral experiments, causes dependen-
cies [49]. Estimation of the dependency is not always straightforward [30].

The difference is manifested in the correlations. The correlation coeffi-
cient is a measure of the degree of linear dependence between the knowl-
edge of the values of the two physical quantities. These vanish if the
knowledge is independent but the converse is not necessarily true: van-
ishing correlations do not imply that the knowledge is independent [23].
More importantly: non-vanishing correlation implies a dependency, linear
or non-linear, between the knowledge of values of physical quantities.

For example, consider two physical quantities that are believed to be
positively (negatively) correlated. If the value of the first quantity is
slightly larger than the expected value, then it is believed that the value
of the second quantity is also slightly larger (smaller) than its expected
value.

As with the case of a single physical quantity, the experimenters need
to make subjective decision on which properties of the distribution to es-
timate. It should be noted that correlation does not provide a complete
description of the dependencies of all physical quantities. It is merely a
part of the second central moment, and third and higher moments could
be, at least in theory, estimated.

Consider the k physical quantities and assume that the means p and
the covariance matrix* ¥ have been estimated. Disregarding other infor-

mation and applying the principle of maximum entropy results in a mul-

41In reactor physics, the symbol ¥ is usually used to denote a physical quantity
called macroscopic cross section. It is hoped that this dual use causes no confu-
sion.
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tidimensional normal distribution [45]. Its probability density function
is
1 1 .

)= e (~3le-wrsta-m). @9
where det(Y) is the determinant of the covariance matrix. If it is assumed
that the physical quantities are inherently non-negative, and the means,
m = E[In(«) |, and the covariance matrix, V = E[ (In(«) — m)(In(a) — m)T],
of the logarithms of the values have been estimated, the principle of max-
imum entropy results in a multidimensional log-normal distribution [45].

Its probability density function is

1 1

p(a) = exp [ —=(In(a) —m)TV " (In(a) —m) |,

’ \/(277)k det(V) [T, o ’ ( ? )
(2.9)

where o > 0 component-wise. In terms of the means, y, and covariance
matrix, ¥, of the non-logarithmized values, the parameters m and V are
In(p?/+/diag(X) + p2) and In(diag(p) 'S diag(u) " + 1), respectively [46].
Here the logarithm, power, division and square root are applied compo-
nent-wise and the “1” is a matrix of ones. The inverses exist since the
average of measured values of imperfectly known inherently non-nega-
tive physical quantities are positive.

The author is not aware of transformation formulae for the case that
inherently non-negative and unconstrained physical quantities are corre-
lated. In such a case one can first take the logarithms of the measured
values of the inherently non-negative physical quantities and then com-

pute the means and covariance matrix.

2.3 Physical quantities that depend on a parameter

The notion of the knowledge of the value of a physical quantity is much
less straightforward to generalize for a physical quantity that depends
on a parameter® than for a finite number of physical quantities. The de-
tails depend on the cardinality of the parameter. Here it is assumed that
the parameter has the cardinality of either a rational or a real number.
These include parameters that depend on a finite number of rational or
real numbers, respectively. Parameters with the cardinality of a finite

set are equivalent to the case of multiple physical quantities and are not

5An intended application is, for example, a piecewise continuous cross section,
whose parameter is energy. Such quantities are usually measured indirectly. The
discussion is still kept at a general but practical level.
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reconsidered here.

In this work the physical quantities that depend on a parameter are re-
ferred to as physical functions. In probability theory, the generalizations
are called random functions [50-54]. A random function can be under-
stood as a collection of random variables whose cardinality is the same
as that of the parameter. For a fixed value of the parameter, the ran-
dom function reduces to a random variable. When physical functions are
smooth enough, e.g., continuous, they can be described by a countable
number of random variables [51]. As with the finite dimensional cases,
one usually assumes a finite variance for the random functions [51].

A problem with the theory is that the probability density function does
not exist in general [36], and the definition via the system of all finite dis-
tribution functions is awkward. This makes the interpretation of a ran-
dom function considerably harder than the interpretation of multiple of
physical quantities. There is, however, no technical reason not to consider
physical functions as random functions.

Usually, physical functions are not measured directly although there
are direct methods for certain cases. Therefore, the usual procedure is
to perform an indirect measurement: a finite number of physical surro-
gate quantities that describe the physical function are measured [29, 30].
Consider %k surrogate quantities, which are concatenated into the vector
B = (B1,...,0)7, and for which the interpretation described by Eq. (2.5)
holds. Consider also ! physical functions a = (a1 (z;8), ..., q(x; 8))T that
depend on the surrogate quantities and the parameter 2 through the mea-
surement model. Naturally the measurement model depends on the phys-
ical function and the chosen surrogate quantities [1]. The measurement
model might also bring theoretical information to the results. However,
the measurement model is always an idealization and therefore intro-
duces additional uncertainty, which must be accounted for. The prob-
abilistic nature of these physical functions is completely determined by
the surrogate quantities, and therefore they are effectively finite dimen-
sional [565]. Interested readers are referred to Publication III and refer-
ences therein.

The first two moments of the physical functions are

mean(a(z)) = E[a(z; 8)] and (2.10a)
cov(a(z), a(2') = Ela(z; B)a(z’; B)T] — Ela(z; B)] Ela(z'; 8)7],  (2.10b)

where the expectation is taken over the surrogate quantities. The mean
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Figure 2.2. Subjective distributions that describe the knowledge of the neutron elastic
scattering cross section from 3He as a function of neutron incident energy
and assuming that only the first two moments to be known. The cross section
is well known. (a) The expected value is in shown in blue, and there is
about a 99.4 % probability that the values of the cross section are between
the red lines. (b) The correlations are mainly positive. Best-estimates from
ENDF/B-VII.® [17] with the low-fidelity covariance data [19]. Figure adapted
from Publication III.

is a function of the value of the parameter and belongs to a direct sum
of | function spaces. A typical choice is direct sum of L?-spaces. The co-
variance is a function of a pair of the values of the parameters and is a
measure of the correlation between these values. The covariance belongs
to a direct sum of [ x [ function spaces, which are, again, typically chosen
to be L%-spaces. The covariances form the kernel of a covariance oper-
ator. Since the operator effectively represents the surrogate quantities,
it includes redundant data and should be positive rather than positive
definite, i.e., the operator should have a non-negative spectrum. Again,

correlations are scaled covariances, that is,

corr(a(z), a(z’)) = diag(std(a(z))) ™" cov(a(z), a(z’)) diag(std(a(z’))) !
(2.11)
for all x and 2/. Here std(a(z)) contains the standard deviations. The in-
verse exists since the standard deviations are strictly positive for imper-
fectly known physical quantities. The first two moments are illustrated in
Fig. 2.2 for a single physical function for which the dependent parameter
is energy.

The choice of surrogate quantities is naturally subjective and has an
effect on the resulting physical function. The subjectivity of the choice is,
however, common to all physical quantities that are measured indirectly.
The author is not aware that the principle of maximum entropy would

have been applied to random functions.
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3. Nuclear data and models in reactor
physics

Physical quantities that describe interactions between neutrons or gamma
radiation and matter, and physical quantities that describe properties of
radioactive nuclei and neutrons are referred to as nuclear data in reac-
tor physics. In this work gamma radiation is not considered further. The
main reason for this is the lack of uncertainty estimates for its interaction
data in the general-purpose nuclear data libraries.

Nuclear data are most often measured in differential experiments, which
are predominantly compiled in the Experimental Nuclear Reaction Data
(EXFOR) database® [56]. Additionally, data from criticality experiments are
compiled by the International Criticality Safety Benchmark Evaluation
Project [57]. Even more data are available from various other integral
experiments, which include operating reactors. Usually, the integral data
are not utilized since their usage would inevitably lead to dependencies
between physical quantities. However, the experimental data are not us-
able for reactor physics without an evaluation, which is a process of an-
alyzing experimental data and theoretical predictions in order to form a,
presumably subjective, distribution that describes the evaluators’ knowl-
edge of the nuclear data [11].

Evaluations that cover all relevant nuclear data for a material are called,
simply and confusingly, evaluations. The materials are usually nuclides,
i.e., individual species of nuclei, but might be, for example, certain isomer
of a nuclide, natural element of several isotopes or, a nuclide bound in a
chemical compound.

A nuclear data library contains a collection of evaluations. The collec-

tion is usually validated as a whole against selected integral experiments.

6The EXFOR database has for long had the possibility to include variances of ex-
perimental results [25]. However, the possibility to include correlations was im-
plemented only recently [56]. Therefore, any correlations in the older data sets
must be collected from possible documentation or crudely estimated if the former
is not possible.
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There are several evaluation projects in the world that maintain a nuclear
data library. The projects are not completely independent since there are
collaboration and data exchange between the projects. Sometimes indi-
vidual evaluations are taken as-is from the other projects. It should be
emphasized that in uncertainty analyses the used data defines the re-
sults. Therefore, the quality of the characterization of nuclear data is of
prime importance in uncertainty analyses in reactor physics [23].

The canonical format in which evaluations are presented is the eval-
uated nuclear data file format, which is currently at its sixth version
and abbreviated as ENDF-6 format [11]. Despite format changes, exten-
sions and improvements, the format has certain historical design limita-
tions, which restrict the subjective beliefs that the evaluators can express.
Therefore the evaluated nuclear data files contain only approximations of
the evaluators’ knowledge of nuclear data. It has been proposed that the
ENDF-6 format should be replaced by a new generalized nuclear data, GND,
format [58,59]. Although more flexible and extensible, the proposed for-
mat will not, at its present version, remove all design limitations.

It is important to note that, irrespective of the format, individual evalu-
ations contain approximations of evaluators’ subjective knowledge of nu-
clear data. Even though any rational persons with the same information
would come to the same conclusions about the nuclear data, the evalua-
tors do not possess the same information and conclusions may be biased
due to evaluators’ reasoning and personal choices. Therefore, if desired,
it is usually possible to obtain another opinion by using an evaluation
from another nuclear data library. Differing evaluations can be seen as
differing world views. Sometimes the differences are in the best-estimate
values, and sometimes the best-estimate values are surprisingly close to
each other but the evaluations lack agreement on how well the physical
quantities are known. In Publication IV several order-of-magnitude dif-
ferences between world views of important pieces of nuclear data of a few
nuclear data libraries were identified.

Three general-purpose nuclear data libraries contain a considerable num-
ber of evaluations with uncertainty estimates: the United States evalu-
ated nuclear data file, ENDF/B [18], OECD/NEA Data Bank coordinated joint
evaluated fission and fusion file, JEFF [60], and Japan evaluated nuclear
data file, JENDL [15]. In addition, the low-fidelity covariance project [19]
should be mentioned for its completeness in covariance data, and the

TALYS-based evaluated nuclear data library, TENDL [20], for its complete-
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ness and paradigm in evaluation of nuclear data above energy region of re-
solved resonances. Other present general-purpose nuclear data libraries
contain mostly best-estimates only.

Reactor physics uses nuclear data from nuclear data libraries, design
parameters and sometimes other parameters to predict the behavior of
nuclear reactors. These are all physical quantities. The computational
chain in reactor physics contains many phases from evaluated nuclear
data files, design parameters and other data to the relatively few quanti-
ties that describe the safety and behavior of the modeled physical system.
Nuclear data for reactor physics are described in Section 3.1. In addition,
the detection and interpretation of improper covariances of nuclear co-
variance data are described. The definition of multigroup nuclear data co-
variances is clarified since there has been some confusion. In Section 3.2,

the most common models in reactor physics are described.

3.1 Nuclear data in reactor physics

3.1.1 Nuclear reactions

A binary nuclear reaction occurs when two nuclear particles — two nuclei
or a nucleus and a subatomic particle, e.g., a neutron — interact causing
a change in at least one nucleus [5]. Interactions not involving a neutron
and interactions involving more than two nuclear particles are not rele-
vant to the present work. The standard definition does not regard elas-
tic scattering as a nuclear reaction but due to its importance in reactor
physics it will be referred to as such.

The nuclear reactions that are relevant in reactor physics involve a
neutron and a nucleus.” The reactions can be considered to occur pre-
dominantly in three ways. The first way is the compound nucleus for-
mation [62] where the interacting particles form an unstable compound
nucleus, which decays by emitting one or more particles. The formation of
the compound nucleus is much more probable if the energies of interacting
particles correspond to an excited state of the compound nucleus. These
energies are called resonance energies. For nucleus-neutron interactions

resonance energies are typically within typical energies of neutrons in re-

"The following description is from reactor physics point of view and considerably
simplified compared to nuclear physics. See, for example, Ref. [61], and refer-
ences therein for a more complete description.
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actors. The second way is direct reaction, which is more likely to occur
when the wavelength of the neutron is smaller than the wavelength of
the nucleus [49]. In such a case, the compound nucleus is not formed.
This occurs for relatively high-energy neutrons in reactors. The third way
is more likely to occur when the wavelength of the neutron is comparable
to the interatomic spacing, and the neutron interacts with an aggregate
of bound nuclei instead of a single nucleus [3]. If the bound nuclei have
a regular structure, this gives rise to neutron diffraction. This occurs for
relatively low-energy neutrons in reactors. Alternatively, the reactions
can be classified by the number of intranuclear collisions [49,61].

The most relevant nuclear reactions in reactor physics are the fission,
radiative capture and elastic scattering reactions. In a fission reaction the
nucleus splits into two or more smaller nuclei, called fission products, a
number of prompt neutrons and gamma radiation. The fission products
are unstable and decay usually by beta emission and subsequent gamma
radiation. Sometimes a neutron is emitted in the beta decay chain. These
are important for reactor control and are called delayed neutrons to dif-
ferentiate them from the prompt neutrons. In fissions, energy is released
and it is divided in a complex way between the emitted particles. Fissions
may occur via compound nucleus formation or as direct reactions. In a
radiative capture reaction a compound nucleus is formed. The compound
nucleus decays by emitting gamma radiation. An elastic scattering reac-
tion may undergo either by compound nucleus formation, which decays
by neutron emission and leaves the target nucleus in its original state;
by potential scattering, in which compound nucleus is not formed; or by

neutron diffraction [3].

3.1.2 Resonance parameters and cross sections

A cross section is a measure of the interaction probability between an inci-
dent particle and a stationary target. Cross sections can be interpreted as
the effective cross-sectional area of the target nucleus. For each material
there are different cross sections for every reaction. Also, the interac-
tion probabilities depend on the kinetic energy of the incident neutron.
The cross section at energy E for reaction x of 7’th material is denoted by
0ix(E). Therefore cross sections are physical quantities that depend on a
parameter — the neutron energy.

In addition to cross sections that describe individual reactions, there

are redundant cross sections that are linear combinations of their par-
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Figure 3.1. Part of the forest of redundancies of nuclear data according to the re-
action model in ENDF-6. The trees for cross sections, o, and average
numbers of neutrons emitted from fissions, 7, are shown. The dots show
where the trees are truncated. Parents are redundant nuclear data while
children correspond to partial nuclear data. The sum coefficients are
unity for all children. Figure adapted from Publication II.

tial cross sections. The linear combinations are often loosely referred to
as sum rules. One such cross section is the total cross section that is
a measure of probability that any interaction between the neutron and
the nucleus will occur. These redundancies can be represented as a tree.
The reactions defined in the ENDF-6 format are illustrated in Fig. 3.1. For
covariances, this implies that covariances between the redundant cross
section and its partials sum up to the self-covariance of the redundant
cross section. This is illustrated in Fig. 3.2.

Resonance parameters are surrogate quantities of the cross sections
in the low-medium energy region of the cross sections. These describe
the resonance energy, and relative strengths of fission, radiative capture,
elastic scattering, other reactions and other properties [12]. There is no
predictive theory for neutron-induced reactions in the resonance energy
range but resonance reactions can be well described by the R-matrix the-
ory [63,64]. In measurements some of the resonances can be resolved
individually, some as averages over an energy interval and some remain
completely unresolved. However, the resonance parameters themselves
can not be measured directly, and are therefore already surrogate quanti-
ties of the actually measured physical quantities. Above the energy region
described by resonance parameters the surrogate quantities can be aver-
age cross sections whose form is, perhaps, described by a nuclear model.

In the ENDF-6 format there is a possibility to encode the first two mo-
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Figure 3.2. Multigroup averaged covariances of cross sections of $2Cl. The data are
consistent in the sense that the sum of the first three columns give the
fourth column. The corresponding sum rule is ont = onp, + onn + Onpy,
since the covariances for other reactions are zero. These are abso-
lute covariances and thus not scale free: depending on energy, the
(n,po) reaction is two or more orders-of-magnitude smaller than the to-
tal reaction, and hence its uncertainty is about two or more orders-of-
magnitude smaller and barely visible at the best. Original data from
ENDF/B-VII.1 [18]. Figure adapted from Publication I.

ments of the evaluators’ knowledge of the resonance parameters. How-
ever, the format does not allow resonance parameters of different materi-
als to be correlated. For unresolved resonances this option is even more
limited.

In reactor physical calculations the resonance parameters are only oc-
casionally used directly, and usually the energy-dependent cross sections
are constructed from the resonance parameters. In the ENDF-6 format the
first two moments of the evaluators’ knowledge of the cross sections may
be encoded with minor limitations. Any cross-reaction and cross-material
correlations may be described. Any contributions from the resonance pa-
rameters to cross sections must be added to both the first moment and the
second central moment. The present nuclear data libraries contain rather
complete sets of uncertainty estimates for the most important materials

and reactions.
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3.1.3 Thermal neutron scattering laws

The chemical state does not considerably affect the high-energy cross sec-
tions of nuclei. However, at thermal energies bound nuclei behave dif-
ferently from free nuclei. Therefore, the evaluations are prepared for in-
dividual nuclides and the low-energy portions of important nuclides in
bound states are evaluated separately. However, only the first moment of
the evaluators’ knowledge of the latter quantities can be encoded in the
ENDF-6 format, and no uncertainty estimates may be given in computer

readable form.

3.1.4 Average number of emitted neutrons per fission

In a fission reaction zero or more neutrons are emitted. The average num-
ber of neutrons emitted from fission is an important parameter in reactor
physics. It is a function of incident energy of the neutron that caused
the fission, and hence a physical quantity that depends on a parameter.
The average number of emitted neutrons per fission for i’'th material is
denoted by 7; x(E), where x stands for total, prompt, delayed or one of the
delayed groups. The redundancies are illustrated in Fig. 3.1.

In ENDF-6 format their treatment is essentially identical to the treat-
ment of cross sections. The first two moments of the evaluators’ knowl-
edge of the average number of neutrons emitted per fission can be de-
scribed with minor limitations. Any cross-reaction and cross-material
correlations may be described but cross-quantity correlations, e.g., corre-
lation between a fission cross section and the average number of neutrons
emitted from it, can not be described. This restriction is being lifted in
the generalized nuclear data format [59]. The present nuclear data li-
braries contain rather complete sets of uncertainty estimates for the most

important materials and reactions.

3.1.5 Angular distributions of emitted neutrons

Neutrons are emitted in many reactions, such as elastic and inelastic scat-
tering, neutron duplication, and fission reactions. The neutrons might be
emitted isotropically, i.e., equally probably to all directions, or some angles
between the directions of motion of incident and emitted neutrons might
be preferred. The angular distribution for neutrons emitted in reaction x

that occurred at energy E in 7’th material is denoted by f; x(1, E) di, which
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is the probability that the emitted neutron will be emitted to interval du
about an angle whose cosine is p. This representation assumes azimuthal
symmetry. Therefore the angular distribution is a physical quantity that
depends on two parameters.

In theory, and some practical cases, the resonance parameters are sur-
rogate quantities for angular distributions, i.e., the resonance parameters
are used to calculate the angular distributions. In ENDF-6 format the eval-
uators can encode the first two moments with minor limitations although
the description of the second central moment will be either long or ap-
proximative since essentially four-dimensional data are described. There
is also a possibility to correlate cross sections and angular distributions.
The present nuclear data libraries contain rather complete sets of uncer-
tainty estimates for the most important materials and reactions. How-
ever, the general-purpose libraries contain no estimates for %H, which is
the most important moderator in light water reactions, and only one li-

brary contains an uncertainty estimate of 0.

3.1.6 Energy distributions of emitted neutrons

Generally, the energy of the emitted neutrons is different from the energy
of the incident neutron and may depend on the emission angle. The en-
ergy-angle distribution of the emitted neutrons in reaction x that occurred
at energy F in 'th material is denoted by p; x(¢, E — E’) dudE’, which is
the probability that the emitted neutron will be emitted to interval du
about an angle whose cosine is ¢ and within energy dE’ about E’. There-
fore the energy-angle distribution is a physical quantity that depends on
three parameters.

In ENDF-6 format only the first moment of the evaluators’ knowledge of
the energy-angle distributions can be encoded. The second central mo-
ment can only be given to the angle-integrated version of the energy-an-
gle distribution. The covariance must be encoded as piecewise constant
in incident energies and there may be no correlation between different
incident energy intervals.

Fortunately, in elastic and discrete inelastic scattering the angular dis-
tribution defines the energy distribution also, and for fission reaction the
angular distribution is highly isotropic and insensitive to incident ener-
gies in the low-medium energies, so the use of the piecewise constant an-
gle-integrated distribution is a good approximation. The present nuclear

data libraries contain rather complete sets of uncertainty estimates for
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neutrons emitted from the fission reactions of the most important materi-

als but not for other reactions.

3.1.7 Other nuclear data

There are also other nuclear data that describe interactions between a
neutron and matter and properties of radioactive nuclei.

The energy released in fission, and its division into fission products,
prompt and delayed neutrons, gamma and beta radiation and neutrinos
depend on the energy of the incident neutron that caused the fission. In
ENDF-6 format their description, however, differs from the description of
the cross sections. The first moment of the evaluators’ knowledge of these
quantities can be encoded rather freely but, essentially, the quantities are
assumed to be independent. Implicitly, a correlation between the redun-
dant full energy release and its components should be presumed. This
interpretation is made if the heuristic characterization method from Pub-
lication II is used.

The yields® of fission products depend on the energy of the neutron that
caused the fission. In ENDF-6 format the first moment of the evaluators’
knowledge of the fission yields can be encoded with minor limitations:
the quantities are assumed to be independent although it is known that
on average very close to two fission products are yielded per fission. In-
clusion of this knowledge makes the yields dependent and, conversely,
for independent yields this knowledge is disregarded. As a result, a re-
cent uncertainty analysis study did not include the normalization [65].
The method to find the nearest consistent covariance matrix, presented
in Publication II, can be adapted to compute the nearest covariance ma-
trix when this information is added. The method can use any of the norms
presented in Publication III.

Radioactive decay data are physical quantities such as half-lives, branch-
ing ratios and decay energies for each decay branch. These are also used
to describe spontaneous fission neutron yields, delayed neutrons and their
emission spectra. In ENDF-6 format the first two moments of the evalua-
tors’ knowledge of these quantities may be encoded but, again, the quan-
tities are assumed to be independent. The format proposes a correction

that is a special case of methods presented in Publication IT and III.

8Here the term “yield” refers to the independent yields and not to the cumulative
yields, and the term “independent” is used in its statistical meaning.
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Figure 3.3. (a) Multigroup averaged and postprocessed covariances of cross sections
of 33Cl. (b) Eigenvalues of postprocessed (“deflated”) and original (“sym-
metrized”) covariances. The latter are presented in Fig. 3.2. Four nega-
tive eigenvalues were deflated, one of whose magnitude was large. Orig-
inal data from ENDF/B-VII.1 [18]. Figure adapted from Publication I.

3.1.8 Detecting and interpreting improper covariances of
nuclear data

Probability theory requires the covariances to be a positive operator®.
However, there are evaluations whose covariances have negative eigen-
values, which might manifest themselves as negative variances after un-

certainty propagation. Publication I proposes a quality assurance method

9The redundancy of nuclear data is described by zero eigenvalues, so that the op-
erator can not be positive. The remedy used in this work is to consider only a set
of non-redundant reactions and interpret the redundant data as being derived
from non-redundant data whenever necessary.
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Figure 3.4. Multigroup averaged relative covariances of cross sections of ¢Zr. The
relative covariances are the absolute covariances scaled with inverses of
best-estimates. Covariances with neutron duplication are omitted due
to their small magnitude. Covariances whose absolute value is larger
than 1072 are shown with the extreme colors. The largest covariance
is 0.4475. (a) The self-covariances, on the main block-diagonal, are the
original data. The heurestic characterization method assigns the row
sums as the cross-covariances with the total cross section. The end result
is still inconsistent covariances. (continues)

that can be used to detect negative eigenvalues in covariances of multi-
group averaged nuclear data. In Publication III a similar method is pro-
posed for energy-dependent nuclear data in the ENDF-6 format. In ad-
dition, Publications I and III present a method to deflate the detected
negative eigenvalues with minimal changes to the covariances. This is
illustrated in Figs. 3.2 and 3.3.

The ENDF-6 format requires redundant nuclear data to be consistent
with the sum rules of nuclear data. This implies, for example, that the
total cross section must be the sum of elastic and non-elastic cross section
or its partials if the non-elastic cross section is not present. Similarly,
the self-covariances of total cross section should be the sum of cross-co-
variances between total and elastic reactions, and total and non-elastic

covariances. Again, the covariance between total and non-elastic cross
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Figure 3.4. (continued) (b) The nearest more consistent covariances are consistent for
about 14 digit arithmetic. Notably the low and medium energy regions
of self-covariances of the total cross section have emerged. Original data
from ENDF/B-VII.1 [18]. Figure adapted from Publication II.

section may be replaced by its partials if the piece of covariance is not
present. However, in practice there are evaluations whose covariances
are not consistent. For these evaluations physically equivalent formula-
tions of the problem will give different answers. Publication II proposes a
quality assurance method that can be used to detect inconsistent covari-
ances of multigroup averaged nuclear data. In Publication III a similar
method is proposed for energy-dependent nuclear data in the ENDF-6 for-
mat. In addition, Publications IT and III present a method to find a nearby
more proper covariances with minimal changes to the covariances. This
is illustrated in Fig. 3.4.

The ENDF-6 format allows the evaluators to specify an approximation of
the first two moments of their knowledge of nuclear data. However, the
ENDF-6 format does not require evaluators to provide the second moments,
i.e., covariances. According to the format, lack of covariances does not
imply zero uncertainty. This causes a practical problem of selecting non-

zero values that are not provided by the evaluator. The history section of
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the ENDF-6 format manual states [11]:

At the 1961 Vienna Conference on the Physics of Fast and Intermediate Reac-
tors, Ken Parker [66] indicated some of the requirements for the neutron cross
section libraries. They had to specify reaction processes available or else a zero

value cross section would automatically be assumed.

Interestingly, the last sentence describes the present issue. This issue is
considered in Publication II and illustrated in Fig. 3.4(a).

The three issues of non-positivity, inconsistency and lack of covariances
can be approached in various ways. Publications I-III provide a solution

to the issues as follows:

1. The non-zero components may be approximatively characterized by
one of the characterization methods presented in Publication II. This
step may be omitted if all covariances have been characterized by the

evaluator.

2. The resulting covariances can be checked for negative eigenvalues
and those may be deflated by the methods presented for (2a) multi-
group nuclear data in Publication I or (2b) energy-dependent nu-
clear data in Publication III. Any of the weights described in Publi-

cation III may be used in deflating the negative eigenvalues.

3. The resulting covariances can be checked for consistency with re-
spect to the sum rules of nuclear data by the method presented for
(3a) multigroup nuclear data in Publication II or (3b) energy-depen-
dent nuclear data in Publication III. For the case of inconsistent
covariances, Publications II andIIl present methods to find nearby
more consistent covariances. Again, the weights described in Publi-

cation III may be used.

It is advisable to check the resulting covariances, compare them with the
originals and decide whether the resulting covariances are suitable for the
intended application. The resulting covariances can be considered to be
low-fidelity covariances, which are better than no covariances and should
be replaced by high-fidelity covariances in the future.

The methods described here will not check all necessary properties of
nuclear data covariances. They should be used as a part of a quality as-
surance program. Other necessary or useful properties are described, for

example, in Refs. [4,67].
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3.1.9 Covariances of multigroup nuclear data

There has been some confusion about the definition of covariances of multi-

group nuclear data. In the following, it is remarked that both response-

independent and response-specific covariances can be used but the sensi-

tivities that should be used in the first-order uncertainty analysis differ.
Generally, a piece of multigroup nuclear data is defined by

J, w(E)ou(E: ) dE

@ig(B) = [w(B)dE (3.1)

where the integration is carried out over the energy interval of the g’th
group, w(FE) is a suitable weight function, and g contains the surrogate
quantities.

The response-independent multigroup nuclear data covariance between
7’th and j’th pieces of multigrouped nuclear data in energy groups ¢ and
g, respectively, is straightforwardly

Cijgg’ = E[aig(ﬂ Qj, g’( )= E[aLQ}E[O‘M/}

J,w(B) [, Cy(B. B'yw(E') dE'dE ,
T [ w(®)dE [, w(E)dE (8.22)

where C;;(E, E') denotes the covariances between 7’th and j’th energy de-
pendent pieces of nuclear data. For example, NJOY [68] and PUFF-IV [69]
compute this kind of multigroup covariances. However, the covariances
contain no spectral fine-structure effects [70]. Therefore, the sensitivities
must be equal to the integral of the energy-dependent sensitivity profile
for the first-order uncertainty analysis.

The response-specific multigroup nuclear data covariances are sensitiv-
ity weighted covariances. That is, the multigroup nuclear data covariance
between i’th and j’th pieces of multigrouped nuclear data in energy groups
g and ¢/, respectively, for responses f and & is formally

G = Sy S1a(E) [, Ci(E, E')Sp;(E') dE'dE
I, Spi(B)dE [, Sy ;(E') dE’

(3.2b)

Here the sensitivity profiles S;;(£) and S}, ;(£) corresponding to the re-
sponses f and h, respectively, are evaluated at the best-estimate values.
Since the energy-dependent sensitivities are built into the covariances,
the sensitivity analysis for the first-order uncertainty analysis must be
applied to the multigroup nuclear data. Otherwise the spectral fine struc-

ture effects are counted twice.
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3.2 Models in reactor physics

3.2.1 Neutron transport

Neutron transport is a process in which neutrons propagate in a physical
system. A model of the system is defined by a geometry in which nuclide
compositions and material temperatures are presumed to be known'C.
The geometry, temperature, initial compositions and certain composition
changes are considered as design parameters since the designer can easily
manipulate them.

The properties of the medium are described by effective cross sections,
which are temperature dependent. In this work, the temperature depen-
dency is not explicitly marked nor discussed further. For a recent account

on the temperature effects see, for example, Ref. [71].

The macroscopic cross section for reaction x may be written as
(7 Eot) = 3 a7, )0 (E), 3.3)
i

where n; denotes the nuclide concentrations and o; x the effective micro-
scopic cross section of the i’th material. The macroscopic cross section can
be interpreted as an interaction probability per path length traversed by
a neutron.

In certain reactions neutrons are emitted. The emitted neutrons can be

described by the macroscopic double differential cross section
(3.4)

where the “ligature” mX; should be interpreted as a single symbol. Here
m;x is the multiplicity of the reaction and other terms are explained in
Section 3.1.

For fission reactions the multiplicity is customarily written as 7, and it
is further customary to write

P8 p(F, E = E' 1) =Y ni(F,t)xip(E — B p(E)ois(E), (3.5a)

(2

EZ‘Z-J-,f,d(F, E7 t) = ni(F, t)ﬂid’d(E)O'i’f (E)7 (35b)

107¢ ig possible to include heat transfer, thermal-hydraulics and other phenom-
ena in the model. However, the resulting model is unnecessarily complex, and
usually more approximative models are used when several fields are considered
simultaneously.
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for prompt neutrons and neutrons in the j’th delayed group, respectively.
The energy spectra of neutrons emitted from fissions are denoted by ys.
Note that Eq. (3.5) does not define double differential cross sections.

The neutron transport phenomenon is described by the neutron trans-
port equation, which is a balance equation for the number of neutrons,
N(7, O E, t) drdQdE, in a volume d7 about 7, traveling with a solid angle
dQ) about Q within energy dE about E at time ¢, when neutron stream-
ing, interactions and sources are considered. However, the formulation is

usually made for the neutron angular flux that is defined as

G(F,Q, B, t) = oN(F,Q, B, 1), (3.6)

where speed of a neutron, v, is defined by its kinetic energy, E. Almost
all quantities of interest in reactor physics can be derived from the scalar
neutron flux, ¢, and the neutron current, J. These are related to the

angular neutron flux by
o(F, B, t)= [ »(F O E t)dQ and (8.7a)
J‘(F,E,t):/ Qu(7,Q, E, t) dS. (3.7b)
47

The neutron transport equation is
10 ,_ 4 A A _ _
Za (T,Q,E,t)+Q'V1/}(T‘,Q7E,t) +Et(r7E7t)w(T7Q7Evt) (38)

= S(7, Q. B, t;9),
where the sources are divided into neutron emitting reactions except fis-

sion, fission and application dependent external sources as
S(F7 Q7 E7f7 w) = SD(F7 Q7 Et w) + Sf(F7 Q7 E7f7 w) + Se(Fv Q7 E7 t) (39)
With the exception of the external sources, these are explicitly

o0
Sn:Z/ / mE (7, Y — QO E — E (7, O E t)dE'dSY,  (3.10a)
x££ 4w JO
1 o0
Se=1- / 7Y (7, E' — E, 0)¢(7, E' 1) dE'
10 (3.10b)
+ - > Xija(E)Xi Cij(7,1),
2y}

where the delayed neutron precursor concentrations for the j’th delayed

neutron group of the i’th material are given by

0

00
a@g(?, t) = A DEi,jﬂfﬁd(F, E/,t)(]ﬁ('I?, E/.,t) dE' — )\i’jcqj’j('lz, t). (3.11)

The above form of the neutron transport equation contains several minor

assumptions. For example, decay of free neutrons and neutron-neutron
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interactions are neglected, the delayed neutron precursors are assumed to
be immobile and the fission neutrons are assumed to be emitted isotrop-
ically. The first two are considered good approximations in all reactors,
the third one fails considerably only for fluid fueled reactors, and the last
one might not hold for fissions caused by relatively high-energy neutrons.

At the reactor boundary one usually considers the boundary condition

V(F QL E ) =0 forQ-n <0, (3.12)

where 7 is the outward normal vector at boundary point #. The boundary
condition implies that neutrons that cross the boundary will not re-enter
the reactor. Also an initial condition for the angular neutron flux must be
given.

For most applications the time-dependent transport equation is unnec-

essarily complex and the criticality equation
Q- V(7,Q, E) + Sy(7, EYy(7, Q, E)

=> mE (7, Q' — O, E' — E)(7, Y, E') dE'adY
= Jan Jo (3.13)

ys Ooo v (T, B — E)¢(7, E') dE'
is solved instead. A multiplication factor & has been introduced, which
ensures that a solution exists when the physical system is not in steady
state. Physically, this can be seen as arbitrarily varying the number of
neutrons emitted from fission.

For derivations, equivalent forms and further approximations, inter-
ested readers are referred to one of the text-books [3,5, 72—-75].

For reference to Chapter 4 it is useful to identify model parameters,
phase space and state variables. The parameters of the model consist of
the nuclide concentrations n;(7,t), the temperature field 7'(7,¢t), the ex-
ternal sources S, (7, O E, t), the microscopic cross sections o; x(E), the en-
ergy-angle distributions pi,x(Q -{Y,E — F'), including fission spectra, the
multiplicities m; x(F), including the average numbers of neutrons emit-
ted from fission, and the decay constants ); ;. These are required for all
materials and reactions. It should be noted that parameters with depen-
dence on the position vector define the geometry of the model. The phase
space of the model is (7, (), E,t). The state variables of the model are the
angular neutron flux ¢ (7, O, E, t) and the delayed neutron precursor con-
centrations C; ; (7, t) for the transport equation or the multiplication factor
k for the criticality equation. The inhomogeneous sources are the external

sources.

33



Nuclear data and models in reactor physics

3.2.2 Transmutation of nuclides

Transmutation of nuclides is a process in which nuclides transform into
other nuclides through radioactive decay, and nuclear reactions, including
fission. A model of the system is defined by the scalar neutron flux and
material temperatures. With effective, temperature adjusted, cross sec-
tions these define reaction rates. It is customary to consider only a single
spatial position, so that the position vector can be dropped.

The reaction rate densities for reaction x in the i’th material are defined
as

rix(t) = Gix(t)p(t)ni(t), (3.14)
where the effective 1-group flux, ¢(t), is defined by [;° ¢(E,t) dE and the
effective 1-group cross section, ; «(t), by f0°° oix(E)p(E,t) dE/¢(t).

Considering all nuclear reactions, the production of the i'th material
through themis 7j—i(t)p(t)n;(t) and, conversely, the destruction of the
material is 3, 5;-(t)$(t)ni(t). It should be noted that the effective trans-
mutation cross section, 7;_,;(t), includes fission yields and other reactions
in which transmutations occur.

The decay rate of the i’th material is A\;n;(¢) and the production rate from
decay of other materials is Zj bjiAjn;(t), where b;_,; is the branching
ratio.

In total these give the transmutation equation

D i) =3 350080, (1) — 3 7150501
! ! (3.15)
+ bisidni(t) — Aimi(t).
J
The equation is also called burnup equation, depletion equation, and de-

cay and transmutation equation. For a recent accurate and efficient solu-
tion method for time-independent 1-group constants, see Ref. [76], and for
using these to approximate time-dependent solutions, see Ref. [77]. Since
this is a differential equation in time, initial conditions must be provided
for the nuclide concentrations.

It is again useful to identify model parameters, phase space and state
variables. The parameters of the model consist of the temperature field
T(t), the transmutation cross sections o;_,;(F), including fission yields,
the scalar flux with power normalization ¢(F,t), the decay constants \;
and the branching ratios b;_,;. These are required for all materials. The
phase space of the model is time and the state variables of the model are

the nuclide concentrations n;(t).
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4. Uncertainty analysis in reactor
physics

Some physical systems have interesting properties that can be described
by quantities of interest. Quantities of interest can be predicted by phys-
ical models that map model parameters to quantities of interest. The
quantities of interest are sometimes referred to as responses, physical
models as models, and model parameters as parameters. Both param-
eters and responses are presumed to be either physical quantities or at
least quantities that can be described as probability distributions that de-
scribe the knowledge of the quantity.

The purpose of uncertainty analysis is to quantify the level of confidence
one can have in calculated quantities of interest, that is, to quantify the
knowledge of the values of the quantities of interest. There are many
sources of uncertainty in the calculations [23]. Typically a major source of
uncertainty is the parameter uncertainty, i.e., the lack of knowledge of the
values of the quantities of interest. This is sometimes the only considered
source of uncertainty [1]. If all sources of uncertainty are accounted for,
the inverses of the standard deviations of the quantities of interest are a
measure of the prediction capability of the model [1]. A categorization of
sources of uncertainty for the quantities of interest in physical models is
presented in Section 4.1.

Uncertainty analysis quantifies uncertainties of responses. The quanti-
fied uncertainty can, for example, be used to calculate probabilities that
a quantity of interest is within a given, possibly unbounded, interval.
The probability is only rarely, if ever in practical applications, a certainty.
That is, usually uncertainty analysis can only provide evidence for a con-
clusion but not a solid proof of it. Therefore deductive reasoning can not
be used and one must settle for inductive reasoning [78].

A typical adjunct to uncertainty analysis is apportioning the uncertain-

ties in the responses to the uncertainties in the parameters [31]. This
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results in a parameter importance ranking table [23]. The table can be
used, for example, to prioritize efforts to reduce uncertainty.

For the present work the physical model is specified as follows. The
model parameters are denoted by a(z) = (a1(z),...,ar(x))T € &, Where
&, 1s a normed linear space. The model parameters may depend on the n-
dimensional phase space, which is denoted by x = (z1,...,2,)7T € Q C R™
The state variables, u(z) = (ui(z),...,um(x))T € H,, belong to a Hilbert
space with the inner product ( - , - ), and describe the internal state of the

model around each point of phase space and depend on the parameters via

N(u(z),a(r)) = Q(a(z)), =z €, (4.1a)

where the operator Q(a(z)) = (Q1(a(x)),...,Qm(a(x)))T contains the in-
homogeneous source terms that operate on the parameters and belongs to
anormed linear space &, and the operator N (u(x), a(x)) = (N (u(z), a(z)),
.., N(u(z),a(x)))T belongs to a normed linear space &y and describes
other than inhomogeneous terms [1]. The domains of both operators may
be restricted when necessary. When @ is zero, the equation can be an
eigenvalue problem, for which the operator N is singular [79]. If Eq. (4.1a)
contains differential operators, then suitable boundary conditions must be

provided as
B(u(z),a(z)) = A(a(z)), =€ 09, (4.1b)

where 01 is the boundary of Q and A and B are non-linear operators [1].
The boundary is presumed to be sufficiently smooth. It is assumed that
the model has a unique model solution, i.e., unique u(z) for given model
parameters. Therefore, the state variables can alternatively be seen to
depend on the model parameters, i.e., u(a(z)) = (u1(a(z)),. .., un(a(x)))T,
since the parameters and Eq. (4.1) are enough to define them.

The model responses, R = (R, ..., R;)T are usually formulated as linear
or non-linear functions or operators of the state variables and parameters,
i.e., R: Dr C Hy X E4 — ER, where Ef is a normed linear space [1]. In this
work, the responses are assumed to be functionals, that is, the space £ is
assumed to be the space of real numbers. More general responses can be
considered [1]. Formally, the responses can be seen to depend only on the
parameters, partially implicitly, since the state variables depend on the
parameters.

A rather broad class of physical models can be described in this form.
For example, the energy-dependent criticality equation, transmutation

equation and their various approximations can be described in the form
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of Eq. (4.1). The considered responses might be chosen to be, for exam-
ple, relevant reaction rates, ratios of reaction rates or nuclide concentra-
tions [79].

Requirements for uncertainty analysis in reactor physics are usually
characterized by a large number of model parameters, models that are
computationally relatively expensive to evaluate, and a small number of
model responses. The methods of uncertainty analysis can be divided into
two categories: deterministic and statistical. The latter are also referred
to as probabilistic or stochastic methods. Although neither category excels
at all purposes, both can be and have been used in practical uncertainty
analysis in reactor physics [80]. Sections 4.2 and 4.3 provide an overview
of the most common and simplest deterministic and statistical methods
in uncertainty analysis, respectively. There are several variations to each
method and hence only salient features are presented. Interested readers

are referred to the bibliography for further details.

4.1 Sources of uncertainty

The sources of uncertainty can be categorized in a variety of ways. A cate-
gorization is presented in Table 4.1, which is not fully compatible with the
categorizations in Refs. [1,7,11,13,23,28,47,49,80,81]. The actual catego-
rization is less important than consideration of all sources of uncertainty,
for which categorization is a conceptual aid.

Ideally, the physical model contains only system uncertainty, model un-
certainty and parameter uncertainty. The physical model is presumably
discretized into a computational model that can be used to compute the
quantities of interest using a digital computer. The discretization causes
discretization uncertainty. However, sometimes the ideal is not achieved
and physical approximations need to be applied to a partially discretized
system. In such a case, the categorization is not as important as estimat-
ing the uncertainty and including it in a category. The relative magni-
tudes of most sources of uncertainty were quantified in Publication V for
two cases.

System uncertainty is inherent to the physical system or its boundary
and is aleatory in nature [47]. System uncertainty does not include un-
certainty from totally unpredictable phenomena but only uncertainty due
to phenomena that have statistical regularity [1]. All systems do not have

inherent uncertainty. System uncertainty can not be reduced, since it is
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Table 4.1. Sources of uncertainty in modeling of physical systems.

Category Cause of uncertainty

System uncertainty The physical system

Model uncertainty Idealized description of the system
Parameter uncertainty Imperfect knowledge of the values of

the model parameters
Discretization uncertainty Replacement of continuous parts of
the model and continuous parameters

by discrete approximations

inherent to the system being modeled — the model should reflect the fact
and either produce statistically varying results or present the responses
as distributions. In typical applications of reactor physics system uncer-
tainty is not a large component of uncertainty.

Model uncertainty is caused by lack of knowledge of physical laws or
a choice to exclude known physics from the model, perhaps due to their
complexity. Irrespective of the complexity of the model, it is always an ide-
alization of the system and can not be exact [82]. Uncertainty caused by
model uncertainty can be estimated if a more accurate model is available
by comparing results of the two models. The uncertainty can also be re-
duced by using the more accurate model. If the model is already the most
faithful to known physics, model validation is necessary to estimate uncer-
tainty in the model [23]. In such a case model uncertainty can be reduced
only by improvements in known physics. In reactor physics model uncer-
tainties include ignoring neutron-neutron interaction, handling of unre-
solved resonances and many approximations in the deterministic codes.
In typical applications of reactor physics model uncertainty is comparable
to parameter uncertainty in deterministic models but much smaller than
parameter uncertainty in stochastic models [22, 83].

Parameter uncertainty is caused by lack of knowledge of the values of
the model parameters. It can only be reduced by increasing the knowledge
of the values by, for example, performing new measurements using mea-
surement instruments of a new kind, by incorporating new theoretical
information or sometimes by a more refined analysis of existing data [11].
For nuclear data, these actions are usually more expensive than reduc-
tion of other sources of uncertainty, and hence it should be the dominat-

ing source of uncertainty. In typical models in reactor physics parameters
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include geometry, composition and nuclear data. Estimating the uncer-
tainty caused by parameter uncertainty is the subject of the upcoming
sections.

World view uncertainty is a part of parameter uncertainty. It is caused
by incomplete information exchange, due to which parameter uncertain-
ties are estimated without complete information. It can be crudely mea-
sured by comparing results gained by using different world views. In
Publication IV the main differences in world views of three nuclear data
libraries for a pressurized water reactor application were identified.

Discretization uncertainty is caused by replacing continuous parts of the
model by their discrete counterparts. For example, differential equations
might be replaced by finite difference equations. Consistent and stable
discretizations converge to the non-discretized solution in the limit of van-
ishing discretization [75]. For such discretizations, the uncertainty can
be practically estimated using engineering convergence tests. Similarly,
such discretization uncertainty can be reduced to be considerably smaller
than the dominating source of uncertainty by adjusting the discretiza-
tion parameters. Examples in reactor physics include time discretization
of transmutation equations and linearization of interpolation of nuclear
data. Alas, in reactor physics there are deterministic models that are not
consistent. For these other ways to estimate and reduce uncertainty are
needed. Examples are certain implementations of nodal diffusion meth-
ods in hexagonal geometries [84].

Statistical uncertainty is a part of discretization uncertainty. It is
present in stochastic models and is caused by finite sample size. Its es-
timation using statistical inference and reduction by increasing sample
size is straightforward. Therefore it is not a major source of uncertainty
even in reactor physics applications.

Numerical uncertainty is a part of discretization uncertainty. It occurs
because of replacement of real numbers by a finite dimensional approx-
imation, typically by floating point numbers. Its magnitude can be esti-
mated by rounding error analysis'!, running error analysis or replacing
real numbers with arbitrary precision numbers [85,86]. The last method
can also be used to reduce the uncertainty. In typical applications of reac-
tor physics numerical uncertainty is not a major source of uncertainty.

Sometimes user effect is considered as a source of uncertainty, for ex-

111 this paragraph “error” is part of customary names of techniques, and does
not mean a blunder.
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ample in Ref. [7]. User effect occurs, e.g., because different users make
different assumptions about phenomena to model or choose different sub-
models. Hence the user effect arises because different models are used
without estimating model uncertainty. In this work, any user effect is

considered an error rather than a source of uncertainty.

4.2 Deterministic uncertainty analysis

In deterministic uncertainty analysis, the first few moments of the distri-
bution that describes the knowledge of the values of the model responses
are estimated. The distribution is not fully characterized since the process
does not provide enough information to define a distribution. Remedies
require subjective decisions.

The standard approach is to disregard all other information except the
first few moments that are estimated. Subsequently, the distribution is
characterized using the principle of maximum entropy. Alternatively, if
the first two moments exist, have been estimated, and one is interested in
finding out upper bounds of probabilities that the responses are in certain

intervals, one can use the inequality,

P[|R, — mean(R:)| > kstd( Ri)] < —
K (4.2)
fork >0andi=1,...,1,

which gives upper bounds for probabilities that the values of the responses
are far from the mean values [87]. The estimate is much more conserva-
tive than assuming a normal distribution [38]. However, the estimate
might be too conservative for practical applications. The inequality has
several extensions, see e.g. Refs. [53,88-91], some of which are sharper
but require further assumptions and some of whose formulation might be
more useful in specific applications.

In principle, the first two moments, assuming their existence, can be

calculated from
mean(R) = E[R(a(z))] € R and (4.32)
cov(R, R) = E[ R(a(z))R(a(a’))T]
— E[R(a(2)) ] E[R(a(a")T] € R,

where the implicit form of the responses is used and the expectations are

(4.3b)

calculated over the knowledge of the values of the parameters. However,
in practice these can be evaluated only approximatively by using the first-

order uncertainty analysis, in which the responses are linearized with
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respect to the parameters. The use of higher-order uncertainty analysis
has not proven to be feasible, as discussed later in this section.

The main deficiency of the first-order uncertainty analysis is its inability
to account for non-linearities [30,49]. Whether non-linearities are impor-
tant or not depends on the details of the model. As a rule of thumb, small
uncertainties in the parameters, std(a(z)) < mean(a(z)), might be well
enough described by linearization, but if this is not true the results are
likely to be unacceptably biased [30]. Hence caution must be exercised.

However, the first-order uncertainty analysis can be applied to models
with a large number of parameters [23]. It is transparent in propaga-
tion of uncertainties to the responses [30]. A consequence of this is that
apportioning the uncertainties in the responses to the uncertainties in
the parameters, i.e., the construction of a parameter importance ranking
table, is straightforward [23,92]. The method is also quite fast if the sen-

sitivities can be computed efficiently [23].

4.2.1 The first-order uncertainty analysis

In the first-order uncertainty analysis the implicit form of the responses
is linearized with respect to the model parameters at the best-estimate
values of the parameters. For this, it is convenient to restrict the space
of parameters, &,, to be a Hilbert space, which will be denoted by H,. Its
inner product will be denoted by ( -, - ),.

The linearized responses are then

R(a(z)) = R(E[a(2)]) + (S(E[a(z)]), a(z) - E[a(z)]),
+O(lla(z) — E[a()]I2),

(4.4)

where the inner products are taken response-wise, and the sensitivities
S(E[a(x)]) contain concatenated sensitivities for each response, that is,
SE[a(x)]) = (S1(E[a(x)]),- .., Si(E[a(z)]))T. The response specific sen-
sitivities S;(E[a(z)]) € H,, contain partial functional derivatives of the
responses with respect to parameter variations and are evaluated at the
best-estimate values of the parameters [23]. The sensitivities contain
both direct effects, which occur directly due to parameter variations, and
indirect effects, which occur indirectly due to variations in the state vari-
ables due to variations in the parameters. The linearization is accurate
up to the second-order in parameters [1]. When the linearization is ap-
plied to the fully discretized model, #,, is R* and the sensitivities reduce

to a Jacobian, which contains the response specific sensitivities.
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Using the linearized responses the first two moments of the knowledge

of the values of the responses are estimated as

mean(R) = R(E[a(z)]) + O(||a(z) — E[a(z)]||2) and (4.5a)
cov(R, R) = (S(E[a(z)]), (cov(a(z),a(z")), SE[e(z)])T)o )a

“ (4.5b)
+ O(||la(z) — E[a(z)]]2),

where the primed inner product refers to the primed phase space. With
the exception of sensitivities, the equations are readily evaluable at rela-
tively low computational cost.

The interpretation of Eq. (4.5a) is often overlooked: the best-estimate
of the responses is only approximatively the model evaluated at the best-
estimate parameters, unless the model is linear. The best-estimate of
the responses should be corrected by second-order sensitivities applied
to the covariances. Had the linearization not been performed at the best-
estimate values, the equation for the mean would have been accurate only
up to the first-order and a linear correction would have been needed for
the present accuracy. Similarly, a third-order correction should be applied

to the covariances.

4.2.2 The first-order sensitivity analysis

The objective of local sensitivity analysis'? is to quantify the effects of pa-
rameter variations on the responses [1]. The first-order sensitivity anal-
ysis, or linear perturbation theory, aims to compute the first-order sensi-
tivities accurately and efficiently [1]. In reactor physics various forms of
it are known as classical perturbation theory and generalized perturba-
tion theory [93,94]. Local sensitivities, or sensitivities, can be computed
exactly only by deterministic methods [80]. These methods involve some
kind of differentiation.

In general, the differentiation and discretization of the model do not
commute, i.e., their order of application matters [23]. It is possible to
compute the sensitivities to certain discretization parameters, if the sys-
tem is first discretized and the system is differentiated regarding the dis-
cretization parameters as model parameters [1]. These can be useful in
estimating the discretization uncertainty. However, the two sets of equa-

tions are not consistent if they are not identical in the limit of vanishing

121t should be mentioned that in statistical uncertainty analysis the word “sen-
sitivity analysis” is used to mean apportioning the uncertainty in the individual
responses to the uncertainty in the individual parameters [31].
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discretization parameters. In these cases it is advisable to first perform
the differentiation and then discretize the resulting equations [1].

The model recalculation method is perhaps the most straightforward
method to estimate the sensitivities but can only be applied to the com-
putational models [23]. In the method, the model is first evaluated once
at the best-estimate values of the parameters. Subsequently, a model pa-
rameter is varied by a smallish fraction of its standard deviation and the
model is re-evaluated. Suitable fractions are typically between 0.1 % and
10% but need to be determined case-by-case. The varied parameter is
then returned to its best-estimate value and procedure is repeated for
every model parameter. The sensitivities are then estimated by using a
finite difference approximation.

The estimated sensitivities contain both direct and indirect effects since
the model is re-evaluated after each variation. The method is concep-
tually simple, but it is not completely accurate due to the use of finite
differences, and may fail if the parameter variations are selected to be too
small, due to finite numerical precision, or too large, due to non-lineari-
ties. The number of required model evaluations required grows linearly
with the number of parameters.

The adjoint-based sensitivity analysis methods are efficient but reason-
ably complicated methods to evaluate sensitivities [1,79]. The methods
can be applied to the physical model or to the computational model. The
methods are based in a variation h,(z) in the parameters that causes a
variation h,(z) in the state variables, both of which cause variations in
the responses. Dropping the phase-space argument for convenience and
using the explicit form of the responses, the variation at the best-estimate
values is

SR(E[u],E[a]; hu, ha) = R (E[u],E[a])ha + R, (E[u],E[a])h,, (4.6)
where the best-estimate state variables are computed by solving Eq. (4.1)
for the best-estimate parameter values, and R/, and R!, denote the partial
functional derivatives with respect to a and u, respectively [1]. Assum-
ing that the responses are suitably smooth the variation in the responses
will be linear in both the variations in the parameters and the state vari-
ables [1].

To construct the linear term in Eq. (4.4) a mapping between variations
in the state variables and parameters is needed. For this, the methods
need an adjoint model in addition to the usual (forward) model. Assuming

that &£; is a Hilbert space with the inner product ( - , - )p, the adjoint
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model for the i’th response is formally

Ni(ul,Ela]) = V,Ri(E[u],E[a]), =€, (4.7a)
Bi(u!,E[a]) = AT(E[a]), €89, (4.70)

where R,h, = (VyRi, hy u, uj(m) is the adjoint state of the i’th response,
and the dagger indicates adjoint operators for which the boundary con-
ditions must be chosen suitably [1]. Interestingly, certain adjoint equa-
tions can be derived purely from physical considerations [95]. The adjoint
model needs to be solved once for each response at the best-estimate val-

ues, after which the linear term in Eq. (4.4) can be formed from

(S(E[a(@)]); ha)a = RG(E[u], E[a])ha
+ (uf(2), Q'(Bla])ha — NY(E[u], E[a])ha)q  (48)
— P(ha, ul(x), E[a])

where @' is the functional derivative of the inhomogeneous sources, N/, is
the partial functional derivative of N with respect to model parameters,
and P contains certain boundary terms [1]. All the terms are linear in h,,
so that the sensitivities can be computed [1].

The computational cost of the solution of the adjoint model is compa-
rable to the cost of solution of the original model. Therefore the adjoint-
based approach is advantageous when there are more parameters than
responses [92]. However, its implementation to existing computational
models might require considerable development work [1]. For details, see
e.g. Refs. [1,79,80,95]. In reactor physics, most sensitivities are com-
puted with respect to nuclear data, but also the composition of the reactor
has been considered in the criticality equation, see e.g. Refs. [70,96], and
Publication V, and in the transmutation equation, see e.g. Ref. [97]. In
addition, sensitivities with respect to the geometry of the reactor have
been considered [96,98].

It should be mentioned that local first-order sensitivities have other uses
than sensitivity analysis [23]. For example, the sensitivities can be used
to determine effects of parameter variations on responses, which allows
optimization of the system by changing the design parameters. The sen-
sitivities can lead to greater understanding of the system by highlighting
important data, and to reduced parameter models by allowing elimina-
tion of less important data. The sensitivities can also be used to prioritize
the introduction of parameter uncertainties, if some parameters have no

uncertainty estimates.
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4.2.3 Higher-order uncertainty analysis

There are no theoretical reasons not to include second and higher-order
terms in the series expansion of responses with respect to parameters in
Eq. (4.4). However, in general there are practical reasons for not doing so
in reactor physics.

The resulting equations for second- and higher-order deterministic un-
certainty analysis require knowledge of the third and higher-order mo-
ments of the distribution that describes the knowledge of the values of
the parameters. These are generally not available for two reasons. Firstly,
the storage requirements of subsequent moments grow, literally, exponen-
tially. Therefore only a few more moments could, in theory, be stored.
Secondly, the form of the distribution is not set in the ENDF-6 format [11].
Otherwise higher-order moments could, in some situations, be constructed
from the second-order data. However, it has been proposed that the form
of the distribution should be set as either normal or log-normal, after
which the higher-order moments would be known [46,99].

The resulting equations for second- and higher-order deterministic un-
certainty analysis require computation of the second and higher-order
sensitivities. Even the adjoint-based sensitivity analysis does not help
here, since the computation of second-order sensitivities requires as many
adjoint model evaluations as there are parameters [1]. For few-parameter
models this might be a feasible approach, but not in transmutation and
lattice calculations in reactor physics.

Therefore, deterministic methods are not suitable for characterization of
the full distribution that describes the knowledge of the values of the re-
sponses. Their strength is in order-of-magnitude estimates of uncertainty
especially for computing resource intensive models with a large number
of parameters or relevant responses, and in situations where the param-
eters are well known or the responses have mostly linear dependence for

the least known parameters.

4.3 Statistical uncertainty analysis

In statistical uncertainty analysis the distribution of the knowledge of
the values of the model responses is estimated by repeatedly evaluating
the model with varied model parameters, and computing responses us-

ing their explicit forms. Even in this way the distribution will not be
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fully characterized, since only a finite number of re-evaluations can be
performed. However, with large enough computational resources the dis-
tribution can be characterized as precisely as necessary.

In the following it is assumed that statistical uncertainty analysis is
applied to the computational model. The parameters will then belong to
R*, where k will be large in reactor physics applications. This might cause
problems apportioning uncertainty in the responses to the uncertainty
in the parameters. The number of parameters can be reduced if their
contribution to uncertainty is ignored.

All statistical uncertainty analysis methods generate a sample from the
distributions that describe the knowledge of the model parameters. A
single set of values for the model parameters is called a realization. A

sample of s realizations is
o =(ad),...,a)TeRF, i=1,...,s, (4.9)

where the superscript i refers to the index of the realization. For sam-
ple size selection see, for example, Ref. [100]. There are several sampling
techniques that can be used to obtain a sample. The model is evaluated
using the values of each realization, so that the corresponding set of state
variables {u'}$_, is obtained. This is usually the most computationally ex-
pensive phase — especially in reactor physics. The responses { R(u?, a?)}3_,
are computed after model evaluations. The method can account for all
non-linearities, since the method is re-evaluated for all realizations [23].

Assuming that the sampling technique is not biased, uncertainty analy-
sis can be readily performed using the set of computed responses: for each
response these form a piecewise constant estimate of the cumulative dis-
tribution function — this provides an estimate of the complete information
of the marginal probability distributions [31]. Similarly, the computed
responses form an estimate of the multidimensional cumulative distribu-
tion function [31]. Customary indicators of the marginal distribution are
sample means and variances, which should only be reported if the distri-
bution is well described by its first two moments [23]. Alternatively, if one
is interested in finding upper bounds of probabilities that the responses
are in certain intervals, one can use inequalities similar to Eq. (4.2), as
long as the chosen sampling technique allows [101,102].

The main deficiency of the statistical uncertainty analysis is the inabil-
ity to handle very large numbers of parameters and requirement of exten-
sive computational resources for models that are computationally expen-

sive to evaluate [30]. The computational requirements are even larger if
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near zero or near one probabilities need to be estimated. However, spe-
cial sampling techniques are available for these cases [31]. In addition,
the statistical nature of the method implies lack of unique results and, for
example, exact sensitivities [1, 30].

However, statistical uncertainty analyses are impervious to non-linear
effects and can, in principle, be applied to all models [30]. The method
is conceptually straightforward and requires relatively little development
work [1,31]. In reactor physics applications statistical uncertainty analy-
sis methods have been especially applied to the transmutation equation,

e.g. Ref. [103] but also to the criticality equation, e.g. Ref. [27].

4.3.1 Realizations of parameters

Realizations of single parameters are straightforward to obtain as long as
a supply of random numbers or pseudorandom numbers from the uniform
distribution on the unit interval is available.

Let o denote a parameter whose cumulative distribution function is
F(b). This is equal to the probability that the value of the parameter
is less than b, i.e.,, F(b) = P[-c0 < & < b] = ffoo p(a) do, and hence
the range of the cumulative distribution function is the unit interval. In
inverse transform sampling a random number « from the uniform distri-
bution on the unit interval is realized. The realization is mapped through
the inverse of cumulative distribution function, so that F~!(v) becomes
the realization of the parameter. In the cases when the inversion can
not be performed analytically, other means such as the rejection sampling
method can be used [104]. There are specialized methods for the certain
common distributions, see, for example, Ref. [105].

The procedure can be generalized for finite numbers of independent pa-
rameters by applying it separately to each parameter. Obtaining realiza-
tions of dependent parameters is less straightforward.

Diagonalization can be used to obtain realizations of dependent param-
eters if the multidimensional distribution is a normal distribution. For
other distributions the method is approximative. The multidimensional
normal distribution of the parameters o = (ay,...,ax)7 is fully charac-
terized by its mean mean(a) € R* and covariance cov(a,a) € R¥**. The

covariance matrix can be diagonalized as
cov(a, a) = Qcov(B, B)QT, (4.10)

where @ is an orthogonal matrix and cov(j, 3) is a diagonal covariance
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matrix for a new set of parameters § = (51,..., k). The new parameters
are linear combinations of the original variables, i.e., 8 = QTa and vice-
versa, i.e,

a=QB. (4.11)

Since the new parameters are jointly normal and uncorrelated, they are
independent [106]. Therefore, the new parameters can be sampled one-
by-one using the inverse transform sampling, and their realizations can
be transformed into the realizations of the original parameters by using
Eq. (4.11). The procedure can be applied to any distribution but for non-
normal distributions it preserves only the first two moments of the distri-
bution [49].

Other approaches to obtain realizations from dependent parameters in-
clude the Metropolis-Hastings algorithm [107, 108]. The algorithm re-
quires some development work and is not capable of handling many de-
pendent parameters in reasonable computation times [49]. An interesting
recent method is correlated sampling, which can be used to sample corre-
lated parameters whose distributions are, in principle, arbitrary, and, in

practice, normal or log-normal [109].

4.3.2 Sampling techniques

Arguably the simplest sampling technique is the simple random sam-
pling, in which each realization is generated without considering the other
realizations in the sample [27,31]. Since the realizations are indepen-
dently chosen, the realizations can be generated at will and sample size
does not have to be set a priori. The technique produces unbiased es-
timates from which uncertainty analysis can be readily performed [31].
Any method can be used to obtain the realizations of dependent parame-
ters, if necessary. However, the realizations are not guaranteed to cover
the space of parameters to any extent: subsets with low probability and
extreme values of the responses are likely to be missed [31].

A popular sampling technique is the Latin hypercube sampling [110,
111]. The technique can only be applied to independent parameters, which
restricts the available methods to handle dependent parameters. The
technique generates a predetermined number of realizations, which form
the sample. That is, the sample size must be decided before the sample
generation. To generate a sample of s realizations, as in Eq. (4.9), the dis-

tributions of each of the & parameters are divided into s disjoint intervals
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of equal probability. For each parameter and interval a value is selected.
Hence, there is a pool of s values for each parameter. A realization is then
constructed by drawing a value from the pools for each parameter. The
value is not returned to the pool. Additional realizations are constructed
so that s realizations are constructed, at which point the pools are empty.
The technique guarantees that extreme values of each parameter are in-
cluded in the realizations although combinations that produce extreme
values for the responses might still be missed. Amazingly, the technique
provides unbiased estimates for the cumulative distribution function [31].
The technique might be usable for correlated parameters at the expense
of somewhat biased results [112].

For comparison of the described sampling techniques in reactor physics
see, for example, Ref. [27]. There are also other sampling techniques,
such as stratified random sampling, which is useful if very high or very
low quantiles of the distribution that describes the knowledge of the re-
sponses need to be estimated but it requires, sometimes significant, extra
development work [23]. For more sampling techniques, see, for example,
Ref. [31].

4.3.3 Sensitivity analysis

The objective of the sensitivity analysis!? is to study how the uncertainty
in the individual responses can be apportioned to uncertainties in the in-
dividual parameters [31]. This is not straightforward for non-linear mod-
els. In the following a large enough sample size is assumed.

A simple way to perform sensitivity analysis is to make scatter plots of
the pairs (o, R, (o)), where the implicit form of the responses is used
for convenience [23]. However, if the model consists of more than a mod-
est number of parameters and responses, the number of plots becomes
impractical.

Another method is linear regression analysis, in which a linear rela-
tionship between the parameters and the responses is fitted. However,
the fitting requires a larger sample size than the number of parameters,
and if the parameters are strongly correlated the fit might produce unsta-
ble regression coefficients — diagonalization is advised to transform the

strongly correlated parameters into independent ones [23]. If the linear

131t should be mentioned that in deterministic uncertainty analysis the word
“sensitivity analysis” is used to mean quantifying the effects of parameter varia-
tions on the responses [1].
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model does not adequately describe the results, a more general regression
model can be used although its interpretation might not be straightfor-
ward.

Variance decomposition methods apportion the variance of the response
to the variances of the parameters and their second and higher-order in-
teractions [113]. The method requires independent parameters, and con-
tributions of the interactions are computationally demanding to evaluate
especially for a large number of parameters [31]. However, the method
accounts for the non-linear effects [31]. The second-order interactions
have been evaluated, e.g., for a fuel performance simulation with a modest
number of parameters [114].

The strengths of statistical uncertainty and sensitivity analysis lie in
complex models with non-linear uncertainty contributions and relatively
fast-to-evaluate models. Sensitivity analysis is the most practical for
quite a small number of parameters. For description of further sensitivity

analysis methods, see, for example, Refs. [23,31, 80].
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5. Summaries of the publications

This chapter summarizes the Publications of this Thesis and discusses

their theoretical and practical implications.

5.1 Publication I: Computing Positive Semidefinite Multigroup
Nuclear Data Covariances

In Publication I a novel application of a method to compute the nearest
positive semidefinite matrices is proposed: the method should be applied
to all covariance matrices of multigroup nuclear data. This ensures, under
exact arithmetic, that the covariance matrices will be positive semidefi-
nite, that is, positive definite except for the description of redundancies.
Under exact arithmetic the method has several good properties: It does
not modify positive semidefinite matrices, and can, therefore, be applied
to proper covariance matrices. It preserves eigenvectors whose eigenval-
ues are not negative, and consequently it preserves the sum rules that
describe redundancies in the nuclear data. The method will never de-
crease variances and therefore, conservatively, never reduce propagated
uncertainties.

Under finite precision arithmetic the method is nearly as good as in ex-
act arithmetic: positive semidefinite matrices are not modified. The neg-
ative eigenvalues are deflated, except for tiny negative eigenvalues that
arise in extreme situations due to round-off errors. The sum rules are
preserved in typical cases for spectral yields but not certainly for other
types of nuclear data such as cross sections. Surprisingly, the variances
are never decreased even with finite precision arithmetic. These results
are both theoretical and seen in the practical examples. The excellent nu-
merical properties are largely due to the excellent stability of eigenvalues

of symmetric matrices. The method is illustrated in Figs. 3.2 and 3.3.
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The covariance matrices of nuclear data are block matrices, whose sub-
matrices are self-covariance matrices of individual quantities or cross-co-
variance matrices of two such quantities. For example, Fig. 3.4 illustrates
these blocks. The sub-matrices are typically loosely connected, which can
be exploited in computations by finding connected components of the par-
titioned covariance matrix. However, the method can be applied to any
matrix, and perhaps more importantly, to any covariance matrix — what-
ever quantities it describes.

Only the Frobenius norm is considered in Publication I but it is sug-
gested that other norms could be used. In Publication III, the class of
weighted Frobenius norms is considered.

The method, when used as a post-processing tool in nuclear data pro-
cessing codes, can be used as a quality assurance method. To facilitate
this, a practical implementation is described in detail. However, large
negative eigenvalues, compared to the largest positive eigenvalue, should
not be deflated silently since they indicate errors in the original evalua-

tion or the processing codes.

5.2 Publication Il: Computing More Consistent Multigroup Nuclear
Data Covariances

In Publication II, a novel method to find the nearest covariance matrices
with given null vectors is proposed. It is also proposed that the method
should be applied to find the nearest consistent covariance matrices of
multigroup nuclear data with respect to their sum rules. This ensures,
under exact arithmetic, that the covariance matrices satisfy the sum rules
of nuclear data. Even under exact arithmetic the method is not completely
satisfactory: it modifies eigenvectors that are not consistent with the sum
rules, and therefore can reduce the variances and propagated uncertain-
ties. In fact, the method will never increase variances. The method is
illustrated in Fig. 3.4.

Under finite precision arithmetic the method modifies consistent covari-
ance matrices, and therefore should not be applied to them. Therefore,
Publication II presents a method to detect inconsistent covariance matri-
ces. The given consistency criterion is strict enough for practical purposes
but can be made even stricter. However, the method is numerically norm-
wise backwards stable, which implies that large components are com-

puted correctly but can not guarantee that small components would be
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computed to high relative precision. This is also seen in the practical ex-
amples. Hence the title claims “more consistent” and not “consistent”.

In Publication II, the interpretation of partially specified inconsistent
covariances of nuclear data is discussed. Two characterization methods to
interpret inconsistent covariance matrices are considered. A third char-
acterization method is described. None of them is adequate in every sit-
uation, which means that the choice of interpretation should not be built
into processing codes but left to the user. The heuristic characterization
method is illustrated in Fig. 3.4.

The method can be applied to any symmetric matrix with given null
vectors. For most of the sum rules of nuclear data there is a special band
structure in the null vectors, which could be exploited. In Publication II
this is left as future work.

Only the Frobenius norm is considered in Publication II but it is sug-
gested that other norms could be used. In Publication III the class of
weighted Frobenius norms is considered.

The methods to detect inconsistent covariance matrices and find the
nearest consistent covariance matrices can be used as a part of a quality
assurance program. To facilitate this, a practical implementation is de-
scribed in detail. However, large inconsistencies should not be corrected
silently, since they indicate errors in the original evaluation or the pro-

cessing codes.

5.3 Publication Ill: Computing More Proper Covariances of Energy
Dependent Nuclear Data

Publication III is a generalization of Publications I and II for covariances
of energy-dependent nuclear data, for which conditions for positivity and
consistency with respect to the sum rules of nuclear data are presented.
Sufficient and necessary conditions for positivity and consistency with re-
spect to the sum rules of nuclear data are presented for covariances in the
ENDF-6 format. The ENDF-6 format covariances are of finite rank, and the
methods to detect improper covariance matrices in anterior Publications
can be used with reinterpretation.

The nearest positive covariances can be found in certain typical situa-
tions by reinterpreting the method in Publication I. However, in typical
situations the nearest consistent covariances can not be represented in

the ENDF-6 format, so that reinterpreting the method in Publication II

53



Summaries of the publications

yields only nearby covariances. The issues with precision of the method
to find the nearest consistent covariances still stand. Therefore, Publica-
tion III settles for offering nearby more proper covariances and not the
nearest proper covariances.

In Publication III the class of weighted Frobenius norms is considered
and several different practical weights are considered. Examples demon-
strate that norms that are scale-free in at least one sense have good
properties for larger changes but not as good numerical properties as un-
weighted norms. The user of these methods should judge which norm, if
any, to use case-by-case.

The methods to detect improper covariances can be used by the evalu-
ators to detect blunders. The methods to remove improper parts can be
used by the users of evaluations, if re-evaluations are not feasible. Neces-

sary modifications to the earlier methods are described.

5.4 Publication IV: Survey of prediction capabilities of three
nuclear data libraries for a PWR application

Publication IV is an application of uncertainty analysis to pressurized
water reactors (PWRs). The emphasis is in determining world view un-
certainty for three nuclear data libraries ENDF/B-VII.1, JEFF-3.2, and
JENDL-4.0u for the application of generating two-group homogenized as-
sembly constants for a steady state diffusion model for PWRs. Fresh ura-
nium and mixed oxide assemblies are taken to represent PWRs.

The first-order sensitivity and uncertainty analysis is applied since its
linearity allows straightforward apportioning the uncertainty of the re-
sponses to uncertainties of the nuclear data. However, the method is
indirect and approximative. Significant contributors to the variances of
the responses are identified, and the contributions are compared between
the nuclear data libraries to identify large differences in contributions.
Looking at the uncertainty estimates of nuclear data, there are evident
differences in a few significant cases.

Between ENDF/B-VII.1 and JENDL-4.0u order-of-magnitude differences
in variances are found above about 1 MeV for the effective scattering cross

section!® of 283U, on all relevant energies for radiative capture of 24°Pu

14The effective scattering cross section is specific to CASMO and defined as the
sum of elastic, inelastic and neutron duplication cross sections. However, the
neutron duplication cross sections are added only to certain nuclide specific en-
ergy regions.
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and below 1eV for radiative capture of 24!Pu. If the evaluations are not
in error, nuclear data community does not agree on how well the nuclear
data are known in these cases.

Another contribution is the enumeration of the status of uncertainty
quantification in the libraries. The uncertainty estimates in ENDF/B-VII. 1
and JENDL-4.0u contain uncertainty estimates for all fuel nuclides, while
JEFF-3.2 only for three out of eight. However, JEFF-3.2 contains the

largest number of structural materials with uncertainty estimates.

5.5 Publication V: Uncertainty analysis of infinite homogeneous
lead and sodium cooled fast reactors at beginning of life

Publication V is an application of first-order uncertainty analysis to lead
and sodium cooled fast reactors. Fast reactors are of interest because
they use uranium resources more efficiently than thermal reactors, and
thereby allow a longer use of uranium and production of less minor ac-
tinides. Fast reactors also suffer from higher radiation damage, which
are mainly due to fast neutrons, and nuclear data are less well known in
the relevant energy range of fast reactors. In addition, the magnitudes of
different sources of uncertainty are estimated.

In Publication V, the ratio of generated fuel to spent fuel, i.e., breeding
ratio, the ratio of damage energy deposition to heat deposition and the
ratio of 241Am transmutation to heat deposition are estimated using the
first-order sensitivity and uncertainty analysis. A reactor that can pro-
duce more fuel than it consumes, i.e., the breeding ratio is more than one,
is a breeder. The results show that it is unknown whether either of the re-
actors would be breeders or not, since their breeding ratios are 1.06 &+ 0.07
and 0.98 £ 0.08, for lead and sodium cooled reactors, respectively. For the
other quantities of interest, 3—10 % uncertainties are predicted. The un-
certainties are not exact since the linearity assumption might be violated.
Therefore the results should be understood as order-of-magnitude esti-
mates, rather than exact values.

In Publication V, parameter uncertainty, modeling uncertainty, and nu-
merical uncertainty are estimated. For these cases, they are on the order
of 10%, 1% and 10~* %, respectively. The latter two could be reduced by
improving the model or computational methods but there is no need to do
that as long as parameter uncertainty is the dominant source of uncer-

tainty.
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6. Concluding remarks

Uncertainty analysis in reactor physics is a mature field. The main con-
tributions of this Thesis are the proposed quality assurance methods, the
methods to find nearby more proper covariances, the identification of or-
der-of-magnitude differences in uncertainty estimates of nuclear data li-
braries, the remarks on other sources of uncertainty than the parameter
uncertainty and verification, in a few cases, that uncertainty due to nu-
clear data is the largest source of uncertainty. These contributions enable
higher quality and more complete estimates of levels of confidence in the
calculated quantities of interest.

The quality assurance methods can be used by users of evaluations of
nuclear data and evaluators of nuclear data as a part of quality assur-
ance programs. Quality of the uncertainty estimates of nuclear data is of
prime importance since the results are directly defined by the data. Prac-
tical implementations are needed by both groups, and for this purpose an
implementation for each method has been described in detail in Publica-
tions I-III.

For the users of evaluations, the methods should be incorporated to nu-
clear data processing software as a part of its quality assurance routines.
It is hoped that the methods soon become obsolete in the sense that no
evaluated covariances will be improper and no nuclear data processing
software contains errors that make the processed covariances improper.
Nevertheless, the quality assurance routines provide an additional check,
which can detect blunders.

The evaluators benefit mostly from the energy-dependent versions of
the methods. The methods to find nearby more proper covariances adds
to the evaluation process: It can be used either to finalize an evaluation,
which is almost, but not completely, proper, or to find the energy region

and pieces of nuclear data which are not proper for further analysis. The
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methods can be incorporated in to existing quality assurance programs.

The order-of-magnitude differences in uncertainty estimates of nuclear
data identified in Publication IV should be further checked by the nuclear
data community. Small differences are permissible and expected, since
the evaluation process includes expert judgment, which the evaluators
use slightly differently, and available experimental data and theoretical
information change in time. However, the larger differences in the ap-
portioned uncertainties signal that an evaluator has not included all sig-
nificant information in the uncertainty estimates. The significant infor-
mation might be missing from the evaluation with the larger or smaller
uncertainties since new information might increase or decrease the un-
certainties. There is also a possibility that an evaluation is simply erro-
neous. In both cases the comparison works as an ad hoc quality assurance
method.

The uncertainty caused by uncertainty in nuclear data was the largest
source of uncertainty in the cases considered in Publication V. However,
the analyzed cases were simple and can not be directly generalized for
more complex situations. Especially in deterministic codes uncertainty
caused by various approximations in the model might cause significant

modeling uncertainty.

6.1 Future prospects

The estimation of model uncertainty in deterministic codes should be per-
formed. This can be done by comparing several results to a model with a
more faithful representation of physics, for example, a model in a Monte
Carlo code.

The origin of inconsistent covariances for 252Th was not resolved in Pub-
lication II. The origin might have been the processing of resonance pa-
rameters in NJOY or the issue might also be with the evaluation itself. The
issue should be resolved.

The method to find nearby consistent covariance matrices is not de-
scribed for cross-material covariances in Publications IT and III. The nec-
essary steps have been derived and the method implemented, but the im-
plementation has not been documented in the Publications.

Further applications for the quality assurance methods and the methods
to find nearby proper covariances are proposed in Section 3.1. These in-

clude application of the methods to uncertainties of fission yields, so that
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their normalization could be included in the distribution that describes
the evaluators’ knowledge of the fission yields: presumably the evalua-
tor does, indeed, know about the normalization. The impact of the added
knowledge should be tested. Possible alternative approaches include the
use of Bayesian inference and different filtering techniques.

In the present work, the TALYS-based evaluated nuclear data library has
been left relatively untouched due to data processing issues. The proposed
quality assurance methods should be applied to it.

Determining the correlations in older entries of the EXFOR database is
a completion problem that is in parts similar to the one considered in
Section 3.1.8. If the documentation in these entries is not sufficient, the
methods can, perhaps, be adapted to the specific situation.

There is a need for high-fidelity uncertainty estimates for most param-
eters. In reactor physics, an obvious need is for uncertainty estimates
for interaction of gamma radiation with matter to be included in the gen-
eral-purpose nuclear data libraries. This needs new formats as well as
evaluations of the data.

The practical deterministic uncertainty analysis methods lack the pos-
sibility to account for non-linearities, and the statistical methods are in-
adequate for large numbers of parameters especially when apportioning
the uncertainties of the responses to the uncertainties of the parameters
is required. Hence there is no known general method that could han-
dle non-linearities for a large number of parameters efficiently. For com-
plex large-scale systems there is a need for such an uncertainty analysis
method.

Any project that requires more proper nuclear data covariances will ben-
efit from the application of the proposed quality assurance methods. For
example, the related fields of data adjustment and assimilation benefit
from more proper prior data if the quality assurance methods are applied
to all covariances of nuclear data before its publication. In addition, veri-
fication of the resulting covariances provides assurance for the quality of

the intermediate calculations.
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Errata

Unfortunately, the final versions of the Publications contain a few errors
and the author apologizes for any inconvenience these may have caused.

The following errors have been identified.

Publication |

e It is not mentioned that the gap, as estimated in Eq. (20), can not be

negative.

e In discussion (Section VI.) it is advised to use the absolute (relative)
version of the method when absolute (relative) covariances are going
to be used. It is not mentioned clearly enough that the advice stems

from numerical considerations.

Publication V

e A transposition is missing in Eq. (6b). The correct form of the equa-
tion is
cov(a,a) = ((a — E(a))(a - E(a))").
e Below Eq. (6b), the inline equation ( - ) = [ - [ p(a)do has an extra

integral sign. The correct formis (- ) = [ - p(a)da.
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Abstract —We propose a novel application of a method to compute the nearest positive semidefinite matrix.
When applied to covariance matrices of multigroup nuclear data, the method removes unphysical
components of the covariances while preserving the physical components of the original covariance matrix.

The result is a mathematically proper covariance matrix.
We show that the method preserves the so-called zero sum rule of covariances of distributions in exact
arithmetic. The results also hold for typical cases of finite precision arithmetic. We identify conditions that

might damage the zero sum rule.

Rounding can distort the eigenvalues of a symmetric matrix. We give a known bound on how large
distortions can occur due to round-off. Consequently, there is a known upper bound on how large negative
eigenvalues can be attributed to round-off error. Current evaluations and processing codes do produce

larger negative eigenvalues.

Three practical examples are processed and analyzed. We demonstrate that satisfactory results can be

achieved.

We discuss briefly the relevance of the method, its properties, and alternative approaches. The method
can be used as a part of a quality assurance program and would be a valuable addition to nuclear data

processing codes.

1. INTRODUCTION

Modern nuclear data files are evaluations that contain
best estimates and uncertainty estimates of nuclear data.
When the latter are used in deterministic codes, the data
are usually processed into approximative multigroup form
with codes such as NJOY (Ref. 1) or PUFF-IV (Ref. 2).
The generated multigroup covariance matrices are
typically slightly asymmetric, and even if they are
symmetric, they are typically not positive semidefinite.
Strictly speaking, the generated covariance matrices are
typically improper. If the covariance matrices contain
large negative eigenvalues, the results of subsequent
calculations are questionable at best.

Lately, the issue has been raised by Kodeli,> who
provided a program to check for symmetry and

*E-mail: risto.vanhanen@aalto.fi
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eigenvalues of the generated intrareaction covariance
matrices, and the Low-fidelity Covariance Project,* in
which it was noted that small negative eigenvalues might
be caused by round-off error. More recently, Mattoon and
Oblozinsky> gave a more comprehensive list of desirable
properties of covariance matrices in the context of quality
assurance programs and provided a program to check for
these properties for the generated intrareaction covariance
matrices.

Earlier, Peelle® had proposed a method to modify a
covariance matrix to ensure its positive definiteness. Alas,
the method is applicable only to a covariance matrix
whose smallest nonnegative eigenvalue is much greater
than the absolute value of the most negative eigenvalue.
This is not a typical situation.

In this paper we propose a novel application of a
method to compute a nearest positive semidefinite
covariance matrix from any generated covariance matrix.



412 VANHANEN

The method was originally published by Higham,” but it
seems that it has not been previously applied for
covariances of nuclear data. The method can be applied
to any generated covariance matrix since it will not
modify positive semidefinite matrices.

If the Frobenius norm is used to measure the
nearness, then the nearest symmetric positive covariance
matrix is unique.” Using the Frobenius norm also seems to
give the lowest, and acceptable, computational cost.

It should be noted that the proposed method does not
produce strictly positive definite matrices. At least, data
assimilation and best-estimate adjustment®® require pos-
itive definite covariance matrices. However, covariances of
spectral yields and covariances of cross sections of
redundant reactions mandate zero eigenvalues to physically
sound covariance matrices. These zero eigenvalues signal
only that the system includes redundant information.

Rounding can distort the eigenvalues of a symmetric
matrix. We give a known bound on how large distortions
can occur due to round-off (see, e.g., Ref. 9). Consequently
there is a known upper bound on how large negative
eigenvalues can be attributed to round-off error.

The paper is organized as follows. Theoretical
background is briefly presented in Sec. II. Details about a
practical implementation are given in Sec. III. Three test
cases are described in Sec. IV, and their results analyzed in
Sec. V. We include cross-reaction covariance matrices but
exclude cross-material covariance matrices, although the
methodology is also readily applicable to cross-material
covariance matrices. The method and results are discussed
in Sec. VI. Finally, in Sec. VII the conclusions are given.

II. THEORY
For the terminology and practical implementation, we
need the following results.

11.A. The Frobenius and Spectral Norms

For A € R"*" the Frobenius norm is defined by

lAlz=">aj, (1)
iy

and the spectral norm is defined by
||A|‘§=7”mHX(ATA) : 2)

It is also known as the 2-norm.

I1.B. A Nearest Symmetric Matrix

Fan and Hoffman!'® solved the matrix nearness to
symmetry problem for the unitarily invariant norms. The
following is a special case of the result.

NUCLEAR SCIENCE AND ENGINEERING

Let A e R"*". The unique nearest symmetric matrix
Ay in the Frobenius norm is

A== (A+AT), 3)

NI =

i.e., the symmetric part of A.
By the nearest symmetric matrix, we mean the nearest
symmetric matrix as measured by the Frobenius norm.

I1.C. A Nearest Symmetric Positive Semidefinite Matrix

Higham” proves the following result.

Let Ae R"*”" and set A;=(A+AT)/2 to be the
nearest symmetric matrix of A. The unique nearest
symmetric positive semidefinite matrix A,y in the
Frobenius norm to A is

Apsa =X max(A,0)X" , (4)

where A;=XAXT is the eigendecomposition of the
nearest symmetric matrix and max(A, 0) contains the
nonnegative eigenvalues with negative eigenvalues
replaced by zeros.

By the nearest (symmetric) positive semidefinite
matrix, we mean the nearest symmetric positive semi-
definite matrix as measured by the Frobenius norm.

11.D. Deflation Preserves the Scaled Zero Sum Property

Let A e R"*" be a symmetric matrix with the scaled
ZEro sum property

> siags;=0 ()
i

and A=XAXT be its eigendecomposition. Then, the
deflated matrix B=A—xx”, with any eigenpair (},x),
has the scaled zero sum property

> sibysi=0; (6)

i.e., deflation preserves the scaled zero sum property in
exact arithmetic.

Proof: For eigenpair (0,x) or scale s;=0, there is
nothing to prove. For eigenpair (A,x)#(0,x) and scale
s5;#0, we have

AX=M¢>Za,ij=}\Xi (7)
j
so that
Zsm: ZS,-;a,-j)% = ;%Zs,-ai,:o (8)
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due to the original scaled zero sum property. Now, for
B=A—)xx",

Z S,'bl'ij = Z S,‘((l,‘j — Xxixj)sj
= Z 8iA;jSj — sjkxj Z SiXi= 0 (9)

due to the original scaled zero sum property and the
intermediate result.

Note that the nearest positive semidefinite matrix can
be expressed as

Apa=A—Y_laxex; (10)
k

where the summation runs over negative eigenvalues of
A. Therefore, application of the proposed method
preserves the scaled zero sum property in exact
arithmetic.

Note that absolute covariances of spectral yields of
emitted neutrons have the zero sum property with unit
scales. Relative covariances of spectral yields of emitted
neutrons have the zero sum property with spectral yields
as scales. In both cases the original zero sum property is
preserved under deflation in exact arithmetic.

IL.E. Eigenvalues of the Sum of Two Symmetric Matrices

Wilkinson (Ref. 9, Chap. 2, Sec. 44) proves the
following useful result.
Let A, B, and C be € R"*" symmetric matrices and

A+B=C. (11)
Denote their eigenvalues by a;, B;, and vy;, respectively,
where all three sets are arranged in nonincreasing order.
The s’th eigenvalue of C is bound by

OCSJ’_BnS'YssaS—’_BI .

(12)

III. IMPLEMENTATION

1l.A. Block Structure of a Covariance Matrix

A generated covariance matrix A can be represented
in R"*", where n=pg, g is the number of groups, and p
is the number of (material, reaction) pairs whose
covariances are described. That is, the generated full
covariance matrix is partitioned into a p X p matrix of
g X g covariance matrices as illustrated in Fig. 1. The
partitioned matrix is usually sparse due to the low number
of cross-reaction and cross-material covariances.
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(n, tot)

(n, el) (n, non-el) (n, inel) (n, 2n) (n,v)

Fig. 1. The n X n generated covariance matrix of 2,Pb of
ENDEF/B-VIIL.1 (Ref. 16). The locations of nonzero elements of
each gX g block are emphasized. The smaller connected
component of the partitioned p X p matrix consists of only the
(n,2n) reaction and the larger of the other reactions. In
principle, this is part of a larger covariance matrix of all
(material, reaction) pairs but is not connected to any of them
since 27Pb lacks cross-material covariances.

In principle we could apply the proposed method to
the full matrix directly, but it is possible to take advantage
of the sparseness. This saves considerable amounts of
processing time, reduces the memory requirements, and
makes the results somewhat more accurate since we need
to work with smaller matrices.

The idea is to find connected components of the p X p
matrix of g X g covariance matrices. Then, the p Xp
matrix can be, in principle, permuted into block diagonal
form, with connected components on the diagonal. In
practice, we assemble the connected components after we
have identified them.

We identify the connected components by forming an
adjacency matrix, where the (material, reaction) pair is
connected to the (materiall, reactionl) pair if the
covariance matrix between them is nonzero. We run a
depth first search to identify connected components. This
is fast since the number of (material, reaction) pairs is
usually small.

11.B. Application of the Proposed Method

We apply the proposed method to every connected
component separately.
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IIL.B.1. Eigendecomposition

We use the expert driver DSYEVR (Ref. 11) of
LAPACK (Refs. 11 and 12) to compute the eigendecom-
position:

A= ;7\,,')(,')(? . (13)

Here, finite precision plays a role. Instead of true
eigenvalues A; and true eigenvectors x;, we get computed
eigenvalues A; and computed eigenvectors X;.
In general, the eigenvalues are solved rather well.
Given the Rayleigh quotient p,=%/A%;/%%;, we have
(i =Ml < [N = pul [ =il 5 (14)
from which we can compute the first term and use one of

the following upper bounds for the latter term (Ref. 13,
Theorem 4.5.1):

(15)

where the residual r(%;) is AX; — pX;. If the gap between
the Rayleigh quotient and the nearest eigenvalue that the
Rayleigh quotient is not approximating, i.e., g =
min,, ., |p; — Ay, is large enough, we have tighter bounds
(Ref. 13, Theorem 11.7.1):

[pi— M| < [rG)l2

(16)

The eigenvectors are solved less accurately. The
computed eigenvector %; can be expressed as'>

1B =Ml < IIrG)l13/9: -

(17)

where w; is a unit vector orthogonal to x; in the plane
spanned by x; and %;, and ; is the angle between x; and X;.
There is no general guarantee about the quality of the
eigenvectors, except the orthogonality property!!:

Xi=x;cos0;+w;sin0; ,

i&=0(e,) fori#j,

i (18)
where €, is the machine epsilon, and except the acute
angle between the computed and true eigenvector (Ref.
13, Theorem 11.7.1):

(19)

There is a tendency for the blocks to contain near-zero
eigenvalues for which the absolute gap is very small
Eigenvectors for these are badly determined. The analysis
does not cover eigenvalues with nonunity multiplicity,
but we have not encountered a need to work with
such things.

| sin 6;] < [[r(Z)l2/gi -

In practice, we compute the norm of the residual
directly and estimate the gap by

gi~ min (1P =ps| = IrG)l2) - (20)

Then, the bounds for the Rayleigh quotients are estimated
as the smaller of Egs. (15) and (16). The bounds for the
eigenvalues are estimated using Eq. (14), but we
acknowledge that we cannot expect better than
|Ai —Ai| <€u|Xi|/2. The bounds for the acute angles of
the eigenvectors are estimated directly using Eq. (19), but
we acknowledge that we cannot have worse than
|sinf|<1.

II1.B.2. Deflation

We deflate all eigenpairs whose eigenvalue is
negative, given the estimated bound b;, by subtraction.
This gives us the computed nearest positive semidefinite
matrix A, We use LAPACK’s symmetric rank 1 update
function DSYR (Ref. 11) for each eigenpair:

Apsd:Af Z ip%,v%,- +H,

X,-<—h,

(1)

where H describes the induced rounding error due to
summation. Parlett'> has shown that because of the
orthogonality property of the computed eigenvectors, the
changes in the nondeflated eigenvalues and eigenvectors
are dominated by this rounding error.

1II.B.2.a. Zero Sum Property with Finite Precision
Deflation

When applied to absolute covariance matrices, the
deflation preserves the zero sum property in finite
precision arithmetic for well-separated eigenvalues and
for relatively well-separated eigenvalues. When applied to
relative covariance matrices, the zero sum property is
preserved in a relative sense for the same cases. These are
shown in the following, but the analysis does not cover
eigenvalues with nonunity multiplicity.

Consider an absolute covariance matrix A with the
zero sum property. For the computed matrix B=A—
axl +H, where H represents the round-off error, the
absolute value of the row sum is bound by

|Zb,j|£|Zd,j|+‘zmifj|+|2h,j| s (22)
i i i i
where |h;| is at most 3¢, |a;| and
1> byl <fenlAll; (23)
i
NUCLEAR SCIENCE AND ENGINEERING ~ VOL. 179 APR. 2015



COMPUTING POSITIVE SEMIDEFINITE COVARIANCES 415

where f(n) is typically a small constant, but in the worst
case f(n)=3n. Now,

| Z ?Adc,-fcj| < \5(]||5»|| Z (x; cos 04 w; sin 0)|
= l1i) Y wsin)

<&M 7)1 /g (24)

<lIr@)/7, (25)
where y=g/|\| is the relative gap.* Equations (24) and
(25) show the cases for well-separated eigenvalues and
relatively well-separated eigenvalues, respectively.
Consider a relative covariance matrix C, calculated
from A so that sic;sj=a;. For the computed matrix
D=C—1z2" +H , the scaled row sum is bound by

1Y sidisi| <D sicysi| 1Y sifgzsi 41 Y sitys
i i i i
<|sjllsllo0 271 [i2]] sin O] +[s; ]| o F(m)Em|Cll

=I5l (12131 sin O] £ (men [C1L2) . (26)
where the details are essentially the same as with the
absolute case. However, any induced error is amplified
by the factor |s;||s]|.,.

In practice, we monitor the magnitude of the term in Eq.
(24) with |%;| <1 and compare it with the magnitude of the
round-off term with f(n)=100. We also monitor HsHiC SO
that any large amplifiers can be detected. However, for
properly normalized spectral yields |s ., <1.

The above bounds are even better if the zero sum
property is originally only approximately met—that is, if

1>l =1Dsegs<elsillsl
i i

where €, > €,, gives the tolerance for the initial row sum.P
However, the spectral decomposition of A only approx-
imates the spectral decomposition of A.

(27)

111.C. Distortion of Eigenvalues due to Round-Off Error

Consider a symmetric matrix A € R"*". The rounded
matrix is equal to A+B, where B e R"*" contains the
round-off errors. The magnitude of the round-off error is
bounded so that |b;| <€|a;|, where € is the rounding

*The definition here is somewhat different from, for
example, in Refs. 11 and 14.

"The ENDF-6 format'? specifies €,=10=>1/eV/|s| .. for
covariances of spectral yields.
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precision. For example, we have €=5X10"" for
rounding to n decimals. This implies that |B],<
€.n max;; |a;| (Ref. 9, Chap. 2, Secs. 44 and 45).

As a direct consequence of Sec. ILE, the round-off
error can distort eigenvalues of A by at most |B||,. The
bound of €,n max;; |a;| gives an upper limit for what can
be attributed to round-off error. Any negative eigenvalue
whose magnitude is larger than the bound results from
something other than round-off error.

IV. CALCULATIONS

We use a slightly modified NJOY 2012.8 (Ref. 1) to
process the ENDF-6 format!> nuclear data from the ENDF/
B-VIL1 (Ref. 16) evaluation into multigroup covariances.
We present three cases where we apply the method to
covariance matrices with negative eigenvalues. The cases
were selected to cover a variety of data types and group
structures. In all cases the magnitudes of the negative
eigenvalues are larger than what the round-off error
would give in the worst case and larger than typical in
the first two cases.

All the cases use a relative reconstruction tolerance of
10~35 and temperature of 300 K, and Maxwell + 1/
E + fission spectrum weight is used with a 0.1-eV
thermal break, 820.3-keV fission break, and 1.4-MeV
fission temperature. The module PURR is run with 40
bins and 80 ladders. We extract the covariances from
ERRORR in their processing (double) precision, but note
that the original data are roughly in single precision only.

The first case is absolute covariances of cross sections
of $CL. The evaluation contains covariances for elastic
scattering, radiative capture, and proton emission that are
connected through cross-reaction covariances and there-
fore form a single connected component. We use the
XMAS 172-group structure!” with the lowest boundary
set to 1073 eV and a 20-MeV boundary added.

The second case is relative covariances of average
cosine of the scattering angle in the laboratory system for
elastic scattering of neutrons of %2Th—that is, relative
covariances of fi of 29302Th. We use the group structure of
the evaluation, which contains 25groups.

The third case is relative covariances of spectral yields
of neutrons emitted from %3Cf fission for incident neutron
energies between 10~3 eV and 5 MeV—that is, relative
covariances of y of 32Cf. We use the VITAMIN-J 175-
group structure!” augmented with a 20-MeV boundary.

V. RESULTS

V.A. Absolute Covariances of Cross Sections of 35CI

The absolute difference between the original and
deflated absolute covariances of cross sections of 35Cl is
shown in Fig. 2. The variances do not decrease when the
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Fig. 2. Absolute difference between the original and the deflated absolute covariances of cross sections of 33CL.

covariance matrix is deflated. The asymmetry of the
original covariances is so slight that it is not visible. The
largest changes occur in the thermal-epithermal regions of
the cross sections of elastic scattering and neutron capture.
Their cross-reaction covariances are also affected by the
deflation. The absolute changes in the (n, py) reaction are
small although small differences in the cross-reaction
covariances with elastic scattering are somewhat visible.

The largest absolute deviation from symmetry in the
original covariance matrix is 5.77 X 10~!'> b and occurs
between groups in the thermal region of the (n, y) reaction.
The largest relative deviation from symmetry is found
between groups in the thermal and epithermal regions of
covariances of (1,po) and is on the order 10~ 8%. The
absolute asymmetry is typical, but the relative asymmetry is
larger than typical, although still small.

The eigenvalues of the symmetrized and deflated
covariance matrices are shown in Fig. 3. The bottom
figure shows that the large positive eigenvalues are well
preserved while the large negative eigenvalues are shifted
toward zero. Two of the eigenvalues of the symmetrized
covariance matrix are certainly not induced by round-off
error.

The near-origin magnification shows the cluster of
near-zero eigenvalues with few well-separated eigenvalues
nearby. Most of the smaller negative eigenvalues are shifted
to zero, while the visible positive eigenvalues are preserved.
The symmetrized covariance matrix has 24 negative
eigenvalues and 388 eigenvalues that might be zero, given
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Fig. 3. Eigenvalues of absolute covariances of cross
sections of 3Cl before and after deflation. The box around
each eigenvalue presents the estimated bounds due to finite
precision computation [box colors inverted (color online)].
Number line: All eigenvalues. The boxes are hardly visible.
Top left: Magnification of a region near the origin. Top right:
Magnification of the largest absolute distortion to an eigen-
value. The width of the axis is 42 ulpsx2 X 10~ '4b?.

their estimated bounds. After the deflation, two negative, but
tiny, eigenvalues are left: (—5.30 = 2.79) X 10~ !b? and
(—2.89 + 2.73) X 10~ '5b%, where the bounds are esti-
mated as described in Sec. III.B.1. However, five of the
near-zero eigenvalues become positive, but tiny. The
distortions occur due to the accumulated round-off errors
during deflation.
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The top-right figure in Fig. 3 shows the largest
absolute distortion in an eigenvalue. The distortion is
9.33 X 10~ 15 b2 and occurs due to rounding errors.

The standard deviations from the symmetrized and
deflated covariance matrices are shown in Fig. 4. For the
elastic scattering the standard deviation is roughly
doubled in the lowest-energy energy group. This occurs
because of deflation of the largest negative eigenvalue.
The large contribution is shown in Fig. 5. Here, the
contribution means the square root of the effect to
variance [see Eq. (21)]. In the epithermal and high-energy
regions, the changes to the standard deviations of elastic
scattering due to deflation are mostly small, <2%, except
in one group, where it is 8%.
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The relative standard deviations in the (n, po) reaction
change the most: For the 10°- to 10%eV region, the
relative standard deviations change from at most 354% to
at most 7330% (out of scale in Fig. 4) in a few groups.
For the (n,7) reaction the same occurs, but the final
standard deviations are at most 601%. However, the
changes in absolute covariances are small. For the (1, pp)
reaction the change in the relative standard deviation does
not come from the first few eigenpairs but predominantly
from the fourth and subsequent eigenpairs. The increase in
standard deviations of (n,y) is mostly due to the largest
eigenpair.

The large changes in relative standard deviations
occur because the cross sections, and therefore absolute

(n, el) (n, po) (n, )

30 : : 010 2.0 T 10 200 — : : — 10
i L T
0.08 1.6} ot glpd8 160 [t 18 6
g : i : 2
5 {006 12} LY de  120)- {6 3
B it =
[ ! ©
e Sy 2
@ 0.04 0.8} -f-womioeoef 4 80 4 g
Q 11t 'l“ g
5] : il Mw‘: o
40,02 0.4} ke Cilfit12 40 12 2
ot 1 " ml‘ﬁ &

o= R R k o= Pt o= /{‘“Is:LuJ 0

10% 10° 10% 108 1078 10° 10%® 10° 108 10° 10%® 10°
Energy (eV) Energy (eV) Energy (eV)
Symmetrized — — — Deflated

Fig. 4. Standard deviations of the cross sections of ?;Cl before and after deflation (the nearest absolute positive semidefinite
covariance matrix). Left axes: absolute standard deviations. Right axes: relative standard deviations.
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covariances, vary by orders of magnitude. A smallish
absolute change in the covariances of small cross sections
is a large relative change. The distance between the
absolute symmetrized and the absolute nearest positive
semidefinite matrix is measured in absolute units. That is,
the measure is for absolute changes, not relative changes,
and therefore, the nearest positive semidefinite matrix in
the absolute sense is sought.

Finding the nearest relative covariance matrix would
yield different results. In this case there was a larger
change in the thermal region of the covariances of elastic
scattering, including a few sharp peaks, but almost no
change in the epithermal to high-energy region of the
(n, po) and (n, y) reactions. This is illustrated in Fig. 6.

Application of the method took <1s, and NJOY ran
for ~10 min.

V.B. Relative Covariances of p of 2%Th

The absolute difference between the original and
deflated relative covariances of i of %2Th is shown in
Fig. 7. The variances do not decrease when the covariance
matrix is deflated. The asymmetry of the original
covariances is so slight that it is not visible. The largest
changes occur near the 1-MeV region. The intrareaction
covariances that have either component in the 1-MeV
region are also affected by the deflation.

The largest absolute deviation from symmetry in the
original covariance matrix is 4.34 X 10~!° and occurs
between groups near 200 keV. The largest relative
deviation from symmetry is found in the covariances
between groups near 3 and 20 MeV and is on the order
10~ '4%, These slight asymmetries are typical.

The eigenvalues of the symmetrized and deflated
covariance matrices are shown in Fig. 8. The bottom
figure shows that the large positive eigenvalues are well

preserved while the large negative eigenvalues are shifted
toward zero. Note that the largest eigenvalue is only
1.87 x 10~2. All four of the negative eigenvalues of the
symmetrized covariance matrix are certainly not induced
by round-off error.

The near-origin magnification shows that all eigen-
values are well separated from each other. The smaller
negative eigenvalues are shifted to zero, while most of the
visible positive eigenvalues are preserved. The symme-
trized covariance matrix has four negative eigenvalues
and only one eigenvalue that might be zero, given their
estimated bounds. All the negative eigenvalues are
deflated. However, one of the near-zero eigenvalues
becomes positive, but tiny. This occurs due to the
accumulated round-off errors during deflation.

The top-right figure of Fig. 8 shows the largest
absolute distortion in an eigenvalue. The distortion is
4.16 X 107 and occurs due to the rounding errors.

The standard deviations from the symmetrized and
deflated covariance matrices are shown in Fig. 9. The
original standard deviations are imaginary in four groups,
as indicated in Fig. 9. After the deflation the standard
devations in these groups are positive.

The cluster of three energy groups with imaginary
standard deviations near 1 MeV is explained by the three
most negative eigenpairs. This is partly illustrated in
Fig. 10. The fourth energy group with the imaginary
standard deviation near 5 MeV is mostly due to the fourth
and first negative eigenpairs.

Application of the method took <1 s, and NJOY ran
for ~40 min.

V.C Relative Covariances of Spectral Yields of 23§Cf

The absolute difference between the original and
deflated relative covariances of spectral yields of %2Cf is
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Fig. 6. Standard deviations of the cross sections of 33CI before and after deflation (the nearest relative positive semidefinite
covariance matrix). Left axes: absolute standard deviations. Right axes: relative standard deviations.
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Fig. 8. Eigenvalues of relative covariances of ji of %32Th
before and after deflation. The box around each eigenvalue
presents the estimated bounds due to finite precision computa-
tion (box colors inverted). Number line: All eigenvalues. The
boxes are hardly visible. Top left: Magnification of a region
near the origin. Top right: Magnification of the largest absolute
distortion to an eigenvalue. The width of the axis is
26ulps~9 x 10~17.

shown in Fig. 11. The variances do not decrease when the
covariance matrix is deflated. The asymmetry of the
original covariances is so slight that it is not visible.
The largest changes occur in the thermal region. The
intrareaction covariances that have either component in
the thermal region are also affected by the deflation.

The largest absolute deviation from symmetry in the
original covariance matrix is 1.33 X 10~!'> and occurs
between groups in the high-energy region. The largest
relative deviation from symmetry is also found between
groups in the high-energy region and is on the order
10~ 13%. These slight asymmetries are typical.

The eigenvalues of the symmetrized and deflated
covariance matrices are shown in Fig. 12. The bottom
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figure shows that the large positive eigenvalue is well
preserved. Twenty-one of the eigenvalues of the symme-
trized covariance matrix are certainly not induced by
round-off error.

The near-origin magnification shows the cluster of
near-zero eigenvalues. Here, all eigenvalues might be
zero, given their estimated bounds. The symmetrized
covariance matrix has 30 negative eigenvalues and 105
eigenvalues that might be zero, given their estimated
bounds. After the deflation there are 135 eigenvalues that
might be zero given their estimated bounds. That is, the
30 negative eigenvalues are deflated within working
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computation (box colors inverted). Number line: All eigenva-
lues. The boxes are hardly visible. Top left: Magnification of a
region near the origin. Top right: Magnification of the largest
absolute distortion to an eigenvalue. The width of the axis is
43 ulps~3 X 10713,

precision. Note that there should be at least one zero
eigenvalue due to the scaled zero sum property.

The top-right figure of Fig. 12 shows the largest
absolute distortion in an eigenvalue. The distortion is
1.49 X 10~ 13 and occurs due the rounding errors.

The standard deviations from the symmetrized and
deflated covariance matrices are shown in Fig. 13. In the
high-energy region the relative standard deviations go up
to 1.72 but change <0.1% during deflation. The standard
deviation is increased by an order of magnitude in the
lowest-energy energy group. This occurs because of
deflation of the two largest negative eigenvalues. Their
contributions are shown in Fig. 14. The contributions are
large in the lowest-energy energy group. In other energy
regions the changes to standard deviations due to deflation
are small.
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The zero sum property is well preserved during
deflation. Before the deflation the maximum absolute
value of the row sum per spectral yield was 1.833 X 106
1/eV, and the average value was 2.812 X 10=7 1/eV.
After the deflation these had changed to 1.840 X 10—°
1/eV and 2.807 X 10~7 1/eV, respectively, giving an
increase of 0.4022% and decrease of 0.1956%, respect-
ively. These are small changes.

Application of the method took <1 s, and NJOY ran
for ~5 min.
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VI. DISCUSSION

The negative eigenvalues are a result of unphysical
data, errors in the processing code, or round-off error. The
first two should be corrected rather than ignored by
computing a nearby mathematically valid covariance matrix.
The magnitude of the third one can be controlled by the
bound given in Sec. III.C. In any case the proposed method
can be used as part of a quality assurance program to detect
these problems.

However, the data might be mostly correct and
negative eigenvalues small in magnitude. In such case the
use of a nearby positive semidefinite covariance matrix
might be justified. Any covariance matrix with large
negative eigenvalues can be rejected and smaller negative
eigenpairs deflated. If the results are to be rounded, the
maximum error induced by rounding gives a practical
measure on how small eigenpairs should be deflated.

The method, in exact arithmetic, has some good
qualities that should be mentioned. It is conservative for
propagation of uncertainty in the sense that variances for
any response will not decrease due to application of the
method, and the method preserves eigenvalues and
eigenvectors, which implies that the sum rules of
redundant (derived) cross sections are preserved.

The example of chlorine shows that some negative
eigenvalues may remain after deflation. These are due to
the accumulated rounding errors during deflation and as
such are tiny. The method could be reapplied, but this
requires further analysis on deflation of near-zero gap
eigenvalues. Alternatively, a better method of deflation like
deflation by similarity transformations might help here.

There are other possible approaches when computing
a nearby positive semidefinite covariance matrix. For
example, one could use a different norm than the
Frobenius norm as a measure’ or compute a nearest
correlation matrix'® and scale it back to a covariance
matrix. In their current forms these methods seem to be
iterative and computationally more expensive than the
proposed method. Computing a nearest correlation matrix
would have the advantage of preserving variances.
However, such a method could not handle the example
of thorium with negative variances.

The method can be applied to absolute or relative
covariance matrices. The example of chlorine shows that
the results can be quite different, at least when large
negative eigenvalues are present. Therefore, it is advisable
to apply the method to the covariance matrix that is going
to be used. One should, however, consider finding and
correcting the underlaying problem rather than making
large corrections. After all, the method has no physical
interpretation but merely removes unphysical information
with the fewest changes to the data in the sense of the
Frobenius norm.

In principle, the eigenvalues can be mapped back to
physical parameters from which the covariances were
derived, if such data trail exists. Mapping the negative
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eigenvalues can yield insight into which physical para-
meters have unphysical values. The near-zero eigenvalues
give insight to irrelevant parameters.

It would suffice to compute only negative eigenvalues
instead of the full spectrum. However, we did not find a
suitable standard linear algebra method to compute them
with the described properties. The error analysis should be
reworked in those cases.

Alternatively, one could compute only the positive
eigenvalues. The eigenpairs with positive eigenvalues
contain all the information that is needed in subsequent
applications. This also solves the issue of zero eigenva-
lues, since the eigenpairs with positive eigenvalues
describe the relevant physical parameters.

VII. CONCLUSIONS

The proposed method to find the nearest symmetric
positive semidefinite matrix has been applied to covar-
iance matrices of multigroup nuclear data. It has been
demonstrated that the method can, in typical cases,
provide positive semidefinite covariance matrices and, in
extreme cases, provide symmetric matrices with only tiny
negative eigenvalues.

Application of the method, alternative approaches,
and possible enhancements for the extreme cases were
discussed briefly. A known upper bound for the
magnitude of negative eigenvalues induced by round-off
error is given.

The method has some good qualities. It is computa-
tionally affordable, and it preserves the sum rules of
derived cross sections and the zero sum rules. It is
conservative in the sense that it does not reduce variances
of the data. However, it lacks physical interpretation.

The method can be applied to cross-material, cross-
reaction, and intrareaction covariances. It can be used as a
part of a quality assurance program to detect large
problems and correct small ones. Use of the method
would be a valuable addition to programs that generate
multigroup covariance matrices.
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Abstract — It is not uncommon that the covariances of multigroup nuclear data do not obey the sum rules of
nuclear data. We present a matrix nearness problem of finding a nearest symmetric matrix with given null
vectors and solve it when the distance is measured in the Frobenius norm. The problem appears to be new.
We propose that the method should be used to find nearest consistent multigroup covariance matrices with
respect to the sum rules of redundant nuclear data.

If the multigroup covariances cannot be easily interpreted in a consistent manner, there is some
ambiguity in choosing values for the covariances that are not explicitly mentioned. We present and compare
a simple and a heuristic characterization method.

Three practical examples are processed and analyzed: relative covariances of cross sections of %Zr and
absolute covariances of cross sections of ggCr and Zf,f)Th. We demonstrate that satisfactory results can be
achieved.

We discuss the properties of the proposed method and the characterization methods and suggest
possible improvements. The methods can be used as a part of a quality assurance program and might be
valuable additions to nuclear data processing codes.

1. INTRODUCTION

Evaluated nuclear data files contain information that
describe physical quantities referred to as nuclear data.
In modern nuclear data files, the information consists of
best estimates and uncertainty estimates of the nuclear
data. These can be interpreted as an approximative
representation of a distribution, which describes the
evaluator’s knowledge of the nuclear data. The covari-
ances of the nuclear data are the second central moment of
this distribution. When the covariances are used in
deterministic codes, the data are usually processed into
a more approximative multigroup form with codes such as
NJOY (Ref. 1) or PUFF-IV (Ref. 2). It is not uncommon
for the generated multigroup covariance matrices to be
inconsistent in the sense that they violate the so-called
sum rules of redundant nuclear data. If the covariance
matrices are far from consistent, the results of subsequent
calculations are questionable at best.

*E-mail: risto.vanhanen@aalto.fi
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The requirement of consistency has been identified at
least in a quality assurance procedure as reported by
Smith.® However, the quality assurance procedure does
not require that the evaluations should be consistent: it
only notes that covariance matrices may contain zero
eigenvalues due to the consistency. Overall the issue has
received little attention.

It is possible to generate consistent covariances by
ignoring the covariances of redundant nuclear data and
using the propagation-of-errors formula to generate the
redundant information when needed. We refer to this
method as the standard method. Alas, this ignores that
usually the redundant nuclear data are known the best.
The ENDF-6 Formats Manual,4 for example, states: “The
total is often the best-known cross section,” “The elastic
scattering cross section is generally not known to the same
accuracy as the total cross section,” and “The nonelastic
cross section, or any part thereof, is not generally
measured with the same energy resolution as the total
cross section.” Therefore, when the redundant data are
ignored, the uncertainties are unnecessarily overestimated.
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In this paper we introduce a novel method to find a
nearest symmetric matrix with specified null vectors in the
sense that the required modifications are the smallest in a
norm. We solve the problem for the Frobenius norm and
note that the solution is unique. We show that the solution
can be applied to find the nearest consistent multigroup
covariance matrix.

The proposed method does not ignore any covari-
ances; i.e., it uses all available information. However,
under finite-precision computation the method modifies
consistent covariance matrices, and therefore should not
be applied to them. We give a practical criterion to
identify consistent covariance matrices to avoid damaging
consistent covariance matrices.

Before any use, the covariances need to be charac-
terized, i.e., given some values. Usually the evaluator has
characterized many, but not all, covariances, and the
processing code faithfully generates only those multi-
group covariance matrices that the evaluator has charac-
terized. When the evaluation can be easily interpreted in a
consistent manner, the missing covariances are easily
characterized consistently. When the interpretation is not
possible, there is some ambiguity in characterizing the
covariances. We compare a simple and a heuristic
characterization method, which can be used to complete
the characterization by using the covariances character-
ized by the evaluator. Neither characterization method is
clearly superior to the other.

The paper is organized as follows. The theoretical
background is presented in Sec. II. Details of a practical
implementation are given in Sec. IIl. Three examples
are described in Sec. IV and their results analyzed in Sec.
V. The method and results are discussed in Sec. VI, and
finally in Sec. VII the conclusions are given.

II. THEORY

We need the following results for the terminology,
theoretical background, and a practical implementation.

IL.A. The Frobenius and Spectral Norms,
and an Inequality

For A € R™", the Frobenius norm is defined by
2
IAllF = a3 . ey
i

and the spectral norm (2-norm) is defined by
IA]3 = Amax(ATA) , @

where Amax(ATA) is the largest eigenvalue of ATA.
It follows from Hom’s note’ that for A € R"™",
B € R™ _and C € RP?, the inequality
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[ABC|[y= [|A[L,11BllylIC]l, 3)

holds for any unitarily invariant norm || - ||,. The
Frobenius and spectral norms are unitarily invariant.

I1.B. Generalized Inverses

Penrose® proves the following:

Let A € R™" and G € R™. For any A, the four
equations

AGA=A, ()
GAG =G , ®)
(AG)" = AG , (©6)

and
(GA)" = GA ©)

have a unique solution for G. The solution is called the
generalized inverse of A and is denoted by A ™.

We also refer to minimum-norm reflexive generalized
inverses, which satisfy Eqgs. (4), (5), and (7), are not
unique, and are denoted by A~. However, A A is unique
(Ref. 7, Theorems 2.12 and 2.13). See, for example, Refs.
7 and 8 for further details.

11.C. Symmetric Solution of a Linear Matrix Equation

Don’ proves the following:

Let A € R™" and B € R™" be general matrices and
X € R™ a symmetric matrix. The system AX = B is
consistent if and only if AATB =B and AB" =BA".
In that case it has the general solution

X=A"B+(I—AAAB) +(1I—-AAZI—-AA),
®)

with Z € R™ an arbitrary symmetric matrix. The
minimum norm solution results for Z = 0. The consist-
ency for any A~ implies consistency for all minimum-
norm reflexive generalized inverses.

Note. The minimum norm solution refers to the
minimum of the Frobenius norm, although the restriction
of the norm is not explicitly stated by Don.

11.D. Finding a Nearest Symmetric Matrix with
Specified Null Vectors

The problem of finding a nearest symmetric matrix
with specified null vectors can be formulated as the
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following matrix nearness problem: For given U € R"™"
containing the specified null vectors in columns and
symmetric C € R™", find the minimum distance

d(C) = min{||X|| : (C +X)U = 0; 0

C,X € R™ sym.;U € R™"} , ©)

and a symmetric X € R™" achieving the minimum.

For the Frobenius norm, the solution is the following:

the unique minimum is achieved by X = PCP — C, where
P=1—(UU".

Similar problems for nonsymmetric matrices have
been considered before, but we have not found a prior
formulation for this matrix nearness problem.

Proof. The equation (C + X)U = 0 can be expressed
as U'X =—U"C. Don’s result can be applied with
A=U" and B= —U"C. It is easy to confirm that the
system is consistent and therefore has a solution. The
minimum solution is the claimed one. Uniqueness follows
from the uniqueness of (UT) U™,

Note. Since (UT)"UT is unique, one may use the
identity (UT)" = (U™)" to replace (U")7s. This gives
P=1-UU".

Note. It is straightforward to verify that P is an
orthogonal projection matrix; i.e., P> =P and P = P,
and therefore ||P||,=1. Now, using Eq. (3),
IC + X||,= |PCP||;= |IC||y; for both the Frobenius
and spectral norms. This shows that the nearest symmetric
matrix with specified null vectors does not grow and
might be reduced in the norms compared to the original
symmetric matrix.

Note. If C is positive semidefinite, i.e., x"Cx = 0 for
all x € R", then x"(C+X)x =x"PCPx=y"Cy =0,
which shows that C 4 X is also positive semidefinite.
Naturally the same does not apply for strict positive
definiteness since zero eigenvalues are introduced for the
null vectors.

IL.E. Multigroup Nuclear Data and Their Covariances

The multigroup form of a piece of nuclear data, e.g.,
cross sections of reactions or average number of neutrons
emitted in a fission, can be represented as

X = (qul, e Jk,g) (S Rg N (10)
where g is the number of energy groups. The multigroup
nuclear data of a single material can be represented as

X = (x1,02,...,x,) ER", (11)
where n is the number of pieces of nuclear data and
m = ng. Their covariances can be represented as an n X n
matrix of g X g covariance matrices, which form the
symmetric partitioned matrix:

NUCLEAR SCIENCE AND ENGINEERING

[ cov (x1,x1)  cov (x1,x2) cov (x1,%,) |
cov (xp,x1)  cov (x2,x2) cov (x2,x,)
C =
cov (XpX1)  cOV (Xy,X2) cov (X,,X,)
E Rrr:)(m . B
(12)

The covariances can be either relative or absolute.
Properties of the covariances are given, for example, in
Chapter 10 of Ref. 1.

IL.F. Propagation of Errors

Some of the nuclear data can be expressed as linear
combinations of other nuclear data. These are sometimes
called redundant or summation nuclear data. The linear
combination can be expressed with a set of coefficients a;,
for which it holds

X = Za,-x,- .

i#l

13)

Using the linearity of the covariances, these give the
propagation-of-errors formula

sy cov (xp,x;)s; = Zaisi cov (x;,x7)s; (14)

il

where a scale sy is diag(x;) for relative covariances and
I, — diag(8(x)) for absolute covariances, where 8 is the
Kronecker delta, applied componentwise." The left side of
Eq. (14) is the absolute covariance between the /’th and j’th
reactions. We use sx; when referring to the i’th diagonal
element of s;. The transpose is implied in Eq. (14).

11.G. Finding a Nearest Consistent Covariance Matrix

The consistency of covariances with respect to
linearly redundant nuclear data can be expressed with
null vectors, i.e., eigenvectors with zero eigenvalue, of the
covariance matrix. Equation (13) can be written as

n
E aix; =0,
i—1

when the coefficient a; is defined to be —1. We refer to
both sets of a;, rather loosely, as a sum rule. The linearity
of covariances implies

15)

“Later on the delta accounts for the implied convention
xei= 0 = cov(xg;xp,) = 0. If such a convention is not
applied, s, = I, for absolute covariances will do.
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n
Zafsi cov (xi,xj)s; =0 . (16)
=1

Since this must hold for all energy groups, the following
must be eigenvectors of the covariance matrix with zero
eigenvalue:

vl = [ars1s - an,)®e] for i=1,....g, (17)
where ¢; is the i’th Cartesian basis vector of g-dimensional
real space and -®- is the Kronecker product.

It proves advantageous to collect the eigenvectors
into columns of V € R™ so that

V=[,....v,] = V'i=[as,....aus,]. (18)
The nonzero eigenvectors are clearly linearly independent.

The nearest consistent covariance matrix in the
Frobenius norm can be calculated by collecting / different
sum rules as U = [V, ...,V)] € R"™?, where p = gl and
finding the nearest symmetric matrix to the covariance
matrix C, with null vectors specified by U. This gives a
nearest consistent covariance matrix with respect to the /
sum rules. By the nearest consistent multigroup covari-
ance matrix, we mean the nearest consistent multigroup
covariance matrix in the Frobenius norm. Note that
sequentially finding the nearest symmetric matrix with
null vectors specified by Vi, k = 1,...,l, might not yield
a consistent covariance matrix.

11L.H. Applying Householder Transformations

Wilkinson (Ref. 10 and references therein) studied
finite-precision effects of Householder transformations.
The following is a weaker version of Higham’s
formulation (Ref. 11, Lemma 19.3):

Consider the sequence of transformations
Ay =HiAy, k=1,...,r, where A =A € R™" and
Hy =1— v € R™ is a Householder matrix. Here
Ym = cmu/(1 — cmu), where u is the unit roundoff and ¢
a small integer constant. The number of transformations r
is bounded by r¥, < 1/2. Assume that the transform-
ations are performed using computed Householder vectors

Uy that satisfty Oy = v+ Ay, |Av| = ¥, and
|[vi]] = V2. The computed matrix A, satisfies

A1 =QT(A+A4) (19)
where Q" = H,H,_1--H; and || AA||p= 7§ Al -

Note. For the inverse sequence of transformations,
ie, A =H-1A,  k=1,...,, we have
A1 = 0(A+ AA) with the above bound for AA.
If A€ R™ is postmultiplied by the transformations,
we get Ay = (A+ AA)Q and Ay = (A + AA)QT with
the same bound for AA.
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1II. IMPLEMENTATION

We apply the following to every material separately.

Il1.A. Constructing the Sum Rules

The redundancies of nuclear data can be expressed as
a forest of disjoint trees. Two of the trees are illustrated in
Fig. l where the cross-section tree follows the ENDF sum
rules.* The partials of a redundant nuclear data piece are
represented as their children. All shown partials have unit
coefficients. These form an elementary set of sum rules.
The elementary sum rules do not represent directly
applicable sum rules, since in a practical case some of
the redundant nuclear data do not have any covariances;

e., the covariances for some of the redundant nuclear
data are missing.

An obvious approach is to derive the missing
redundant covariances by using the propagation-of-errors
formula. Then the elementary sum rules represent the
directly applicable sum rules.

An alternative approach is to deduce the sum rules for
the present redundant nuclear data. In the sum rules, it
suffices to replace recursively any partial that is also
redundant and is not present by its partials. A simple tree-
traversal with the replacing logic will create the sum rules,
when the traversal is started from each redundant nuclear
data piece that has at least some covanances present.

A specific issue to ENDF-6 Formats* is lumped
covariances, which are covariances for evaluator-defined
sums of nuclear data pieces. In both approaches any
partial of a lumped covariance should be considered to be
present, and the partials should be replaced by the lumped
covariance after the sum rules have been deduced.
However, the obvious approach will not work if an
evaluation contains lumped covariances whose partials are
not direct partials of a single redundant nuclear data piece.
The alternative approach works for somewhat more

On,inel

Fig. 1. Part of the forest of redundancies of nuclear data.
The trees for o and v are shown. The dots show where the trees
are truncated.
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general lumped covariances. Neither approach can solve
the general problem with lumped covariances, which is
that the presence of lumped covariances might transform
the trees into general graphs.

In favorable conditions, we get a set of sum rules with
either approach, which can be used to assemble the null
vectors of Eq. (17). We use the alternative approach.

l11.B. Detecting Inconsistency

For each null vector v of Eq. (17), the sums s = Cv
should be zero for consistent covariance matrices.
Assuming that values in C and v can be represented as
finite-precision numbers, computing the sum using the
finite-precision arithmetic gives the computed result 5.
The computed result is bound by the following (Ref. 11,
Sec. 3.5):

|s = 8 = %[Cllv| . (20)

Here the absolute value |- | and comparison - =< - are to
be interpreted elementwise, v; is fu/(1 — ), u is the unit
roundoff, and ¢ is the number of nonzero elements in the
null vector: at most the number of nuclear data pieces in
the sum rule. If the evaluated values cannot be represented
as the used finite-precision numbers, two should be added
to ¢ to account for the initial rounding.

Assuming that the covariances are consistent, we
have s = 0. If the criterion in Eq. (20) is violated, then the
assumption is wrong and the covariances are not
consistent. The results can be interpreted in terms of the
sum rule and group to gain insight into which sum rules
are consistent and which are not in different energy
regions. By consistent covariances, we mean that the
covariances are consistent given the criterion in Eq. (20)
with s = 0. A tighter criterion can be constructed by using
extended-precision inner products.

Usually the covariance matrix, and in the relative
case the null vectors, are approximations for which
C=C(1+6) and ¥ = v(1 + 8) for some |§] = ii and
it > u. In this case we get the bound

s =3 = (v + R)[Cllv] , @n

where ¥, = tit/(1 — tit). We refer to the covariances,
which, with s = 0, fulfill the criterion in Eq. (21) but not
the consistency criterion in Eq. (20), as covariances that
are consistent up to the precision of the data.

In practice we compute the absolute sum s = |Cv],
the sum of absolutes a = |C||v|, and their fraction §/a.
The fraction is compared to y, and y; + ¥ in terms of the
sum rule and group. We also ignore any sum whose sum
of absolutes is less than um max(|C||v|), where m is the
length of vector v. This omits very small inconsistent
components, which the implementation of the following
section often produces due to rounding errors.
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111.C. Computing the Nearest Consistent
Covariance Matrix

We denote the rank of U = [V,...,V/] of Sec. IL.G
by r. The rank of V; is g minus the number of zero
columns in V. It is quite clear that r is the sum of ranks of
Vi, k=1,...,1, as long as each sum rule is included at
most once. Hence, a full rank U, € R™" is acquired by
dropping the zero column vectors from U.

The essential part of the projector P of Sec. IL.D can
be calculated using the economy size QR decomposition
of U, and the identity

U.US =0RRTQTOR) RTQT=00". (22

It is crucial that U, and therefore R is of full rank. This
ensures that R has an inverse. The nearest consistent
covariance matrix D = C + X can be formed using

D=C—-00Q'C—CoQ"+00'CoQ" . (23)

III.C.1. Error Analysis

We compute U, and note that in the typical situation

it is the exact U,, since typically all a; = =1. In the
general case we get U, = U,o(I + A), where - is the
elementwise product, |A;| = u, and  is the unit roundoff.
We ignore the roundoff and continue by assuming that the
computed U, is exact.
. We compute the economy size QR decomposition of
U, using LAPACK’s (Refs. 12 and 13) DGEQREF.
Actually we get a series of Householder matrices
represented by computed Householder vectors. These
can be applied to any matrix with the effect of pre- or
postmultiplying with Q or Q'. We use LAPACK'’s
DORMQR to perform the multiplications.

We compute C; = Q'C, where C is the covariance
matrix, but get C; = Q"(C + AC), where ||QTACHFS
IAC|| z= r¥n||C||z- The first inequality uses Eq. (3) and
|O]l,= 1, and the second inequality is due to_the error
analysis in Sec. ILH. Then we compute C, = QC| and get

C,=0(C, +AC) =00TC+AC,, (29

where HACZHFS z‘img2+z'?m)|lC||F. Computing C3 =
C,0 and_Cy = (30" gives Cy = QQ'COQ" + ACy,
where ||AC][,= r9u(4 + 9r¥m)IC]| - o

We compute D by subtracting C, and C, from C and
then adding C4 to the result. By a longish algebraic
manipulation we get

D=D+AD, (25)
where

|AD || .= (r9m(8 + 11rFm) + u (21 +40r¥,)) | Cll =
79, |IC||» and the integer factor ¢ in ¥, is larger than in
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Ym. It is likely that tighter a priori bounds could be
achieved, but the result is enough to show normwise
numerical stability. However, small components might
not be computed to high relative accuracy.

111.D. Two Methods to Characterize Covariances

The proposed method cannot be applied if some of
the covariances have not been characterized, i.e., given
any values. This occurs when the evaluator has not been
able to determine how well the data are known and, when
using ENDF-6 Formats,* also when the covariances are
evaluated as zeros and omitted. Prior to any use, including
detecting whether the covariances are consistent, the
required and missing covariances need to be character-
ized. We try two characterization methods: a simple one
and a heuristic one.

In both characterization methods covariances for
redundant pieces of nuclear data for which all covariances
are missing are calculated using the standard method
whenever their covariances are needed. For example, they
are not needed when using the alternative approach to
construct the sum rules.

In the simple characterization method, any other
missing covariances are characterized as zeros.

In the heuristic characterization method, covariances
for redundant pieces of nuclear data that have at least
some characterized covariances are characterized using
the propagation-of-errors formula, Eq. (14). Any other
missing covariances are characterized as zeros.

The difference between the characterization methods
is the treatment of covariances of redundant pieces of
nuclear data that have some but not all covariances
present. The heuristic characterization method gives
consistent covariances for redundant pieces of nuclear
data if their partials are properly characterized. The simple
characterization method gives consistent covariances only
if the covariances were omitted due to being zero.

IV. CALCULATIONS

We use a slightly modified NJOY 2012.8 (Ref. 1) to
process nuclear data in ENDF-6 Formats* from the
ENDF/B-VIL1 nuclear data library'® into multigroup
covariances. We apply the method to three examples
where NJOY generates inconsistent multigroup covari-
ance matrices, given the precision of the data. That is, the
inconsistencies cannot be explained by roundoff. The
examples were selected to cover a variety of sum rules,
and to demonstrate a few properties of the two
characterization methods, and the proposed method for
finding the nearest consistent multigroup covariance
matrix. We do not imply that applying the proposed
method is necessarily the best way to handle the
inconsistencies in the examples.
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All NJOY computations use a relative reconstruction
tolerance of 10> and a temperature of 300 K. A Maxwell
+1/E + fission spectrum weight is used with a 0.1 eV
thermal break, 820.3 keV fission break, and 1.4 MeV
fission temperature. The module PURR is run with 40
bins and 80 ladders, when applicable. The covariances of
resonance parameters are processed in ERROR using
NJOY’s default 1% sensitivity method. The settings are
listed for reproducibility and should be considered only as
an example. We extract the covariances from ERROR in
their processing (double) precision, but note that the
original data are roughly in single precision only.

For each example, we run four cases: (A) using the
simple characterization method, (B) using the simple
characterization method and finding the nearest consistent
covariance matrix, (C) using the heuristic characterization
method, and (D) using the heuristic characterization method
and finding the nearest consistent covariance matrix.

IV.A. The Relative Covariances of Cross Sections of 34 T

The first example is relative covariances of cross
sections of j4Zr. The evaluation contains covariances for
total, elastic scattering, inelastic scattering, radiative
capture, and neutron duplication cross sections. Therefore,
after applying either of the characterization methods, the
only sum rule for the covariances is

Onr = Opel + Oy, inel + On,y + On2n - (26)
The covariances are inconsistent with respect to the sum
rule in the whole energy range. We use the ECCO 33
group structure'® with the lowest boundary set to 10~ eV
and 20 MeV upper boundary added.

IV.B. The Absolute Covariances of Cross Sections of 33Cr

The second example is absolute covariances of cross
sections of 30Cr. The evaluation contains covariances for
24 .
18 cross sections, 3 of which are redundant so that for the
covariances,

Ont = Opel + On,non-el » (273-)
Onnon-el = On,inel + Tn2n + On,y + Tnp + Ona
+ Ona + Oump + O (27b)
and
6
Op,inel = § a'n,n,’ + Tnn, > (27C)

i=1

after applying either of the characterization methods.
We use the VITAMIN-J 175 group structure'> augmented
with a 20-MeV upper boundary.
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The derivation rules in the evaluation mandate the
processing code to derive the covariances of the total
Cross section using o,; = 0, between 107° eV and
0.783 MeV, the covariances of the elastic cross section
between 0.783 and 20 MeV using Eq. (27a), and the
covariances of the inelastic cross section between,
0.79881 and 20 MeV using Eq. (27b). The energy
0.79881 MeV is the threshold for the inelastic reaction.
These make the evaluation consistent with respect to the
sum rule Eq. (27a) above 0.783 MeV, the sum rule Eq.
(27b) above 0.79881 MeV, and the sum rule Eq. (27c)
below 0.79881 MeV, but otherwise the covariances are
inconsistent.

IV.C. The Absolute Covariances of Cross
Sections of 32Th

The third example is absolute covariances of cross
sections of 2g(Z)Th. The evaluation contains covariances for
12 cross sections, 5 of which are lumped cross sections.
After applying either of the characterization methods, the
only sum rule for the covariances is

Ont = o'n,n/1 + Opel + On,any + Op3n + Onf + On,y

39
Oy = E O-n,n” + 0')1,)1[ + Opnna + Onnp » (29d)
=21
and
05 = Opp, + Onp, + Onay + Ona, - (293)

We use the evaluator’s group structure between 107> eV
and 20 MeV. The cases (A) and (C), and cases (B) and
(D), are identical for this example, since all covariances
are characterized by the evaluator.

The derivation rules in the evaluation mandate the
processing code to derive the covariances of the total
cross section in the whole energy interval using Eq. (28).
This should make the covariances described in MF 33
consistent. However, the covariances are not consistent in
the same energy interval as the covariances of the
resonance parameters (MF 32) are defined, i.e., below
0.1 MeV. Therefore, it seems that the description of
covariances of the resonance parameters or their proces-
sing cause the inconsistency.

V. RESULTS

V.A. Consistencies

o1+ 0y + 03+ oy + 05, 28 . .
toit oyt oyt ot os (28) We measure consistency by the fraction of absolute
. sums to the sum of absolutes (see Sec. II1.B). The largest
where the lumped cross sections oy, [ =1,....5, are fractions for the example cases are tabulated in Table 1.
defined as Neither characterization method, cases (A) and (C),
creates consistent covariances. However, the computed
01 = Op2n + Opn2na + Tn2np » (293-) . . g p
nearest consistent covariances, cases (B) and (D), are
10 consistent given the data, but not up to the full precision.
o = Z T - (29b) ThlS. highlights that Wlth. the descnbgd 1mp1em§ntat10n (?f
= finding the nearest consistent covariance matrix, there is
no need for a tighter criterion of consistency.
20 Many small inconsistencies were ignored in
o3 = ZO’,,,,," , (29¢)  Table 1. For example in the 35Cr case (B), the ignored
i=11 component with the largest sum of absolutes has
TABLE I
Largest Fractions of Absolute Sums to Sums of Absolutes for Each Example Case and
Upper Limits of the Fraction for Consistencies*
sz e T
Equation (26) (27a) (27b) 27¢) (28)
Case (A) 1 1 1 1 1
Case (B) 48 x 107" 1.4 x 1071 23 x 1071 57 x 107 6.0 x 10°%
Case (C) 1 1 1 1 1
Case (D) 1.8 x 107 14 x 107" 3.8 x 1071 6.8 x 107 6.0 x 107
Ve 56 x 107'¢ 33 x 107'° 1.0 x 10715 89 x 107'° 13 x 1071
Y 3.0 x 1077 1.8 x 1077 54 x 1077 48 x 1077 72 x 1077
*All cases are inconsistent, but some cases are consistent given the precision of the data.
#Some small absolute sums were ignored.
NUCLEAR SCIENCE AND ENGINEERING ~ VOL. 181 SEP. 2015
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$=a=1.85%x10"b% when the largest sum of
absolutes of all components is 104 b2 Therefore, the
ignored component is clearly inconsistent, but unlikely to
cause much trouble.

It is possible to compute the precision of the data for
which it is consistent by the criterion in Eq. (20) with
s =0. The criterion would be fulfilled when the
covariances are consistent up to 16.0-digit precision.
The computed nearest consistent covariance matrices are
consistent up to 14.0- d1§1t precision for 4OZr and up to
10.3-digit precision for 54Cr. The example of 2 90Th shows
that with the described implementation, the roundoff error
can accumulate so that consistency only up to 8.3-digit
precision is achieved. The little better than single
precision consistency is the worst result that we have
observed Note that results for %2 Th are worse than for

Zr despite that the d1mens10ns of its covariance matrix
are smaller than those of j0Zr.

V.B. Differences in the Characterization Methods

Among the examples, the two characterization
methods differ the most for %Zr: the Frobenius norm
for the difference of the cases (A) and (C) is 0.1243, while
the Frobenius norms for the cases (A) and (C) are 0.8553
and 0.8643, respectively. The two characterization
methods are much less different for Cr the Frobenius
norm of the difference is 0.5351 b?, Whlle the Frobenius
norms for the cases (A) and (C), 182.8 b% have six
common significant digits. For 232Th the two character-
ization methods coincide, since the evaluator has
characterized all covariances.

The differences in the characterization methods can
be illustrated with Fig. 2. Figure 2 shows the covariances
using the heuristic characterization method, for which the
cross-reaction covariances with the redundant total cross
section have been derived using the propagation-of-errors
formula, since those were not characterized by the
evaluator. Note that cov(0,,,0,.,) and cov(a,,0,,) are
not zero but only small. Both characterization methods set
the other cross-reaction covariances to zero. The simple
characterization method sets the cross-reaction covariances
with the total cross section to zero, but otherwise the
covariances are identical.

The %Zr case (D) is shown in Fig. 3. The case (B) is
qualitatively similar, but the absolute values of covari-
ances below about 10S keV are about half to two-thirds of
case (D). Case (B) also has a strong negative correlation
between elastic and inelastic scattering above the inelastic
scattering threshold energy. This feature is not present in
case (D).

Since the two characterization methods yield different
covariance matrices, their nearest consistent covariance
matrices are also different, and they modify the
covariances characterized by the evaluator differently.
We measure the change in the covariances characterized
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Fig. 2. Covariances of case (C) of jéZr Covariances with
absolute value higher than 9.015 X 10 have the extreme
colors (color online): the largest covariance is 0.4475.
Covariances for (n,2n) are not shown.
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Fig. 3. Covariances of case (D) of %Zr Covariances with
absolute value higher than 9.015 X 10 have the extreme
colors (color online): the largest covariance is 0.4475.
Covariances for (n,2n) are not shown.

by the evaluator by restricting the Frobenius norm to the
covariances that were characterized by the evaluator.
These are tabulated in Table II. To give scales, the
restricted Frobenius norms varsy between 0.850 and 0.865
in all four cases for j¢Zr. For ; Cr the norm is 182.78 b?
in cases (A) and (C) and 143 b’ in cases (B) and (D),
within the digits shown. For 2nTh the norm is 3.64 b7,
within the digits shown, in all cases.

The heuristic characterization method seems to
respect the evaluator’s characterization more than the
simple characterization method, as can be seen for the
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TABLE I
Restricted Frobenius Norms of Differences*
Difference Between 0Zr NCr (bz) B2Th (bz)
Case (A) and (B) 6.114x 107> 111.6 5436 x 107>
Case (C) and (D) 3.911x 1072 111.6* 5.436 x 102

#See text for scales.
“Smaller only in the sixth decimal.

examples in Table II. The behavior seems stronger in
evaluations that lack covariances between different pieces
of nuclear data.

The heuristic characterization method seems to create
covariance matrices with more and larger negative
eigenvalues than the simple characterization method.
For the examples, this can be seen in Table III. The
behavior is understandable, since the heuristic character-
ization method does not make the block diagonal any
larger but introduces nonzero values to off-diagonal parts,
thereby reducing the diagonal dominance of the covari-
ance matrices.

V.C. Changes by the Proposed Method

Finding the nearest consistent covariance matrix
changes inconsistent parts of the covariances. Figures 2
and 3 show that the main changes of %Zr from case (C) to
(D) are the increase in intrareaction covariances of the
total cross section below about 10° eV, a reduction of
intrareaction covariances of the elastic scattering cross
section in the same energies, and a reduction of the cross-

reaction covariance between these reactions in the same
energies. From case (A) to (B), the changes are
qualitatively similar, except stronger in magnitude. Also
the cross-reaction covariance between the total and elastic
scattering cross sections increases instead of decreasing,
since it was originally characterized as zero in case (A).
Changes in 3)Cr and %2Th are qualitatively similar, but
more complicated due to a larger number of pieces of
nuclear data with covariances.

Figure 4 shows the relative changes in variances of
cross sections of j3Zr. The variances change little for the
cross sections of inelastic scattering, neutron duplication,
and radiative capture. The reduction of variances of elastic
scattering from case (A) to (B) is over two-thirds, while it
is less than one-third from case (C) to (D) below about 10°
eV. In the same energy region, the variances of total cross
section increase from zero in both changes, giving the
100% (capped) relative change. Above about 10° eV, the
variances actually increase from case (C) to (D), but
decrease from case (A) to (B).

Figure 5 shows the relative changes in selected
variances of cross sections of ;QCr. The main changes are

TABLE III
Chosen Eigenvalues of the Covariance Matrices of the Examples

%Zr Smallest Eigenvalue Negative Eigenvalues Zero Eigenvalues®
Case (A) —1.094 x 10°® 5 112
Case (B) -9.314x 107" 1 123
Case (C) —2263x 1072 21 101
Case (D) —4.442x 107* 14 116

ggCr Smallest Eigenvalue (b%) Negative Eigenvalues Zero Eigenvalues®
Case (A) —-8.836x107° 2 2277
Case (B) —7.781 x 10°® 1 2395
Case (C) -1218x 107" 139 2136
Case (D) —7.335x 102 53 2393

2;3(2)Th Negative Eigenvalues Zero Eigenvalues®
Cases (A) and (C) 0 265
Cases (B) and (D) 0 280

Indistinguishable from zero.'®

NUCLEAR SCIENCE AND ENGINEERING
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the two-thirds reduction in variances of total cross section
below about 10° eV, the about one-third increase of
variances of elastic scattering cross section between 10~
and 10° eV, and an about 50% or 80% decrease in the
variances of radiative capture cross section below about
1 eV, depending on the characterization method. Inter-
estingly, in the energy group between 2.358 x 10* and
2412 x 10* eV, the variance of the radiative capture

changes much less than in the neighboring energy
groups. The changes in the variances omitted from
Fig. 5 occur only in the high energies, mostly above
5x10° eV.

Figure 6 shows the relative changes in selected
variances of cross sections of 2S(Z)Th. Since the covariance
matrix is inconsistent only below 10° eV, there are no

changes above 10° eV except those caused by rounding

100f -1~ v v - C

67|t

33t

Relative change (%)

(n,n) (n,f)

From (A) to (B)

(n,y) (n,b) (n,5)

— — —From (C) to (D)

Fig. 6. Relative change in selected variances of cross sections of 23%Th. Changes have been capped to *=100%.
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errors. An example of those is in the energy group
between 2.2536 and 1.7901 MeV for the lumped reaction
number 5: the variance of the cross section increases
from 7.188 X 1077 to 3.933 x 107°b?, or by 447%.
Otherwise, the largest relative changes are in the variances
of the fission reaction, for which the cross section was
evaluated as exactly known below 10° eV, even though
the fission cross section is nonzero in the region. Also the
variances of radiative capture are increased, while
variances of elastic scattering and total cross section are
reduced by about 10%. The changes in the variances
omitted from Fig. 6 are small.

The proposed method seems to shift some eigen-
values to zero. For the example cases, this can be seen in
Table III. This is expected, since some of the zero
eigenvalues contain information that the covariances are
consistent. The shifted eigenvalues might originally have
been either negative or positive.

The only originally positive semidefinite example is
thorium, and for it the proposed method preserved
positive semidefiniteness. However, rounding errors might
damage positive semidefiniteness.

VI. DISCUSSION

Inconsistent covariance matrices are a result of either
unphysical data, or errors in the processing codes, or
rounding errors. The example of %Zr contains unphysical
covariances, whereas the inconsistencies in the examples
of 3Cr and %2Th might originate from the evaluation or
the processing code: some issues with covariances of
resonance parameters of “2Th have been observed.'’
Generally both error types should be corrected, rather than
finding a nearest consistent covariance matrix. However,
when a small correction is enough to make the data
consistent, the correction might be justified. In any case,
the method to detect inconsistent nuclear data can be used
as a part of a quality assurance procedure.

The proposed method is not conservative in the sense
that it might reduce variances, and when used prior to
uncertainty analysis it is likely to give smaller variances
than using the standard method. However, use of the
standard method unnecessarily overestimates the
uncertainty.

The proposed method gives different results when
applied to relative or absolute covariances, since the
method minimizes the changes of the relative or absolute
entries. In both cases, the same relative change for values
farther from zero is larger in distance than for values
closer to zero. Therefore, small (absolute) entries are
likely to be changed more. Since absolute covariances are
not scale free, covariances whose multigroup constant are
small are likely to be changed more than those whose
multigroup constants are not small.

The practical implementation of the proposed method
has some room for improvement, although the used

NUCLEAR SCIENCE AND ENGINEERING

criterion for consistency is tight. There are at least two
modifications that might give better numerical behavior:
applying the sum rules groupwise, thereby reducing the
dimensions of the sum rule matrix; and using Givens
rotations instead of Householder transformations, thereby
exploiting the special band structure of the null vectors.
If needed, the null vectors can also be arranged so that
they are lower trapezoidal. It should be noted that V' is
easy to calculate analytically for single sum rules, but
forming U~ or U™ from these is not trivial.

Applying the heuristic characterization method
groupwise might improve its performance. This might
give realistic estimates for the covariances that the
evaluator has characterized only partially. For example,
the low energy part of the covariance of the total cross
section of the zirconium example and the low energy part
of the covariance of the fission cross section of the
thorium example might have been realistically character-
ized by applying the heuristic method groupwise.

The proposed method is intended for evaluations
whose covariances have been characterized. If there are
many uncharacterized covariances, a more natural
approach is to use the remaining degrees of freedom so
that the covariances are characterized in a consistent
manner. We leave finding such method as future work.
Finding the solution to the nearness problem in Sec. IL.D
using a more general norm might give such a method or
an approximation of such a method. However, the
approach will not work in cases where there are not
enough degrees of freedom left to make the covariances
consistent, in which case one must modify some of the
covariances characterized by the evaluator.

The lumped cross sections in the example of thorium
are an illustration of the cases for which the obvious
approach in constructing sum rules will fail. The obvious
approach requires propagating covariances for the inelas-
tic cross section by summing its partials. The lumped
covariances in Egs. (29b), (29c), and (29d) contain the
partials, but Eq. (29d) contains also covariances of 0y,
and o,,,,,. Since the covariances of 0, ,, and o, ,, are not
in the evaluation, their contributions cannot be separated.
Therefore, the covariances for the inelastic cross section
cannot be formed. While the alternative approach does not
have any problems with the example of thorium, one
should avoid lumping covariances for pieces of nuclear
data that are not direct partials of the same piece of
redundant nuclear data.

The proposed method can be applied to covariances
of intramaterial multigroup quantities. Application to
cross-material covariances can be constructed, with some
effort, using the described null vectors and projectors as
building blocks. With reinterpretation the proposed
method can be used with MF 31 and 33 covariances,
but it is not directly applicable to covariances of resonance
parameters, i.e., MF 32.
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The proposed method can also be applied to find the
nearest normalized covariance matrix for a probability
distribution, e.g., covariances for energy distributions of
secondary particles. The null vectors are v = [1,...,1]T
for absolute covariances and v = Lvl, o ,pg}T for relative
covariances, where the components of p are the
probability distribution. These yield different formulas
than the correction proposed in ENDF-6 Formats Manual
(Ref. 4, Chapter 35.3) for covariances for energy
distributions of secondary particles.

VII. CONCLUSIONS

An apparently new method to find a nearest
symmetric matrix with given null vectors has been
introduced and applied to find the nearest consistent
multigroup covariance matrix with respect to the sum
rules of redundant nuclear data. It has been demonstrated
that a practical implementation is possible and that the
practical implementation gives satisfactory, but improva-
ble, results.

If the covariances cannot be easily interpreted so that
they are consistent, there is some ambiguity in the
covariances that are not characterized, i.e., given some
values. Neither the simple nor the heuristic characteriz-
ation method outperforms the other. The covariances
given by the simple characterization method seems to
have less and smaller negative eigenvalues, but they seem
to be farther from consistency than the covariances given
by the heuristic characterization method.

Merely using a method to detect inconsistent
covariances would be a valuable addition to programs
that generate multigroup covariance matrices. It could be
used as a part of a quality assurance program. The
programs might benefit from having an option to choose
either of the two characterization methods, and from an
option to use the proposed method to find the nearest
consistent multigroup covariance matrix.

ACKNOWLEDGMENTS

The author thanks P. Aarnio, J. Ala-Heikkilid, and E. Dorval
for their valuable comments and interest in the work and
acknowledges the financial support of the YTERA Doctoral
Programme for Nuclear Engineering and Radiochemistry.

REFERENCES

1. A. C. KAHLER et al, “The NJOY Nuclear Data
Processing System, Version 2012,” Los Alamos National
Laboratory (Dec. 2012).

2. D. WIARDA et al., “Recent Advances with the AMPX
Covariance Processing Capabilities in PUFF-IV,” Nucl. Data

NUCLEAR SCIENCE AND ENGINEERING VOL. 181

SEP. 2015

Sheets, 109, 12, 2791
j.nds.2008.11.011.

3. D. L. SMITH, “Evaluated Nuclear Data Covariances: The
Journey From ENDF/B-VIL.O to ENDF/B-VII.1,” Nucl. Data
Sheets, 112, 12, 3037 (2011); http://dx.doi.org/10.1016/j.nds.
2011.11.004.

4. A. TRKOV, M. HERMAN, and D. A. BROWN, “ENDF-6
Formats Manual,” Brookhaven National Laboratory (2012).

5. R. HORN, Topics in Matrix Analysis, p. 211, Cambridge
University Press (1994).

6. R. PENROSE, “A Generalized Inverse for Matrices,” Math.
Proc. Cambridge Philos. Soc., 51, 406 (1955); http://dx.doi.org/
10.1017/S0305004100030401.

7. Z. NASHED, ed., “Generalized Inverses and Applications,”
Proc. Advanced Seminar Sponsored by the Mathematics
Research Center, University of Wisconsin—-Madison, October
8-10, 1973, Academic Press (1976).

8. R. PRINGLE and A. RAYNER, Generalized Inverse
Matrices with Applications to Statistics, Griifin’s Statistical
Monographs & Courses, Griffin, London, United Kingdom
1971).

9. H. F. DON, “On the Symmetric Solutions of a Linear
Matrix Equation,” Linear Algebra Appl., 93, C, 1 (1987);
http://dx.doi.org/10.1016/S0024-3795(87)90308-9.

10. J. H. WILKINSON, The Algebraic Eigenvalue Problem,
Clarendon Press, Oxford, United Kingdom (1965).

11. N. HIGHAM, Accuracy and Stability of Numerical
Algorithms, 2nd ed., Society for Industrial and Applied
Mathematics (2002).

12. E. ANDERSON et al., LAPACK Users’ Guide, 3rd ed.,
Society for Industrial and Applied Mathematics, Philadelphia,
Pennsylvania (1999).

13. “AMD Core Math Library, Version 5.3.0,” http://develo-
per.amd.com/acml (current as of Feb. 20, 2014).

14. M. CHADWICK et al., “ENDF/B-VII.1 Nuclear Data for
Science and Technology: Cross Sections, Covariances, Fission
Product Yields and Decay Data,” Nucl. Data Sheets, 112, 12,
2887 (2011); http://dx.doi.org/10.1016/j.nds.2011.11.002.

15. E. SARTORI, “Standard Energy Group Structures of Cross
Section Libraries for Reactor Shielding, Reactor Cell and Fusion
Neutronics Applications: VITAMIN-J, ECCO-33, ECCO-2000
and XMAS,” JEF/DOC-315, Rev. 3 draft, Organisation for
Economic Co-operation and Development/Nuclear Energy
Agency Data Bank (Dec. 1990).

16. R. VANHANEN, “Computing Positive Semidefinite Multi-
group Nuclear Data Covariances,” Nucl. Sci. Eng., 179, 411
(2014); http://dx.doi.org/10.13182/NSE14-75.

17. G.ZEROVNIK, A. TRKOV, and L. C. LEAL, “Challenges
and Solutions for Random Sampling of Parameters with
Extremely Large Uncertainties and Analysis of the 22Ty
Resonance Covariances,” Nucl. Instrum. Methods Phys. Res., Sect.
A, 743, 39 (2014); http://dx.doi.org/10.1016/j.nima.2014.01.012.

(2008); http://dx.doi.org/10.1016/



Publication Il

R. Vanhanen. Computing more proper covariances of energy dependent
nuclear data. Nuclear Engineering and Design, 297, 148-157, February
2016; http://dx.doi.org/10.1016/j.nucengdes.2015.11.026.

© 2015 Elsevier.

Reprinted with permission.

99







Nuclear Engineering and Design 297 (2016) 148-157

Contents lists available at ScienceDirect

Nuclear Engineering and Design

F - B journal homepage: www.elsevier.com/locate/nucengdes

£ Nuclear Engineering
and Desig

Computing more proper covariances of energy dependent

nuclear data

R. Vanhanen*

Aalto University School of Science, P.0. Box 14100, FI-00076 Aalto, Finland

HIGHLIGHTS

® We present conditions for covariances of energy dependent nuclear data to be proper.

® We provide methods to detect non-positive and inconsistent covariances in ENDF-6 format.
® We propose methods to find nearby more proper covariances.

® The methods can be used as a part of a quality assurance program.

ARTICLE INFO

ABSTRACT

Article history:

Received 29 July 2015

Received in revised form 20 October 2015
Accepted 14 November 2015

We present conditions for covariances of energy dependent nuclear data to be proper in the sense that
the covariances are positive, i.e., its eigenvalues are non-negative, and consistent with respect to the sum
rules of nuclear data. For the ENDF-6 format covariances we present methods to detect non-positive and
inconsistent covariances. These methods would be useful as a part of a quality assurance program.

We also propose methods that can be used to find nearby more proper energy dependent covariances.
These methods can be used to remove unphysical components, while preserving most of the physical
components. We consider several different senses in which the nearness can be measured. These methods
could be useful if a re-evaluation of improper covariances is not feasible.

Two practical examples are processed and analyzed. These demonstrate some of the properties of the
methods.

We also demonstrate that the ENDF-6 format covariances of linearly dependent nuclear data should

usually be encoded with the derivation rules.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

The true values of physical quantities are never known (Cacuci
and lonescu-Bujor, 2010). Therefore, physical quantities need to be
expressed as probability distributions that describe our knowledge
of the physical quantities. In the practical application of evalu-
ated nuclear data files, only the best-estimates and most of the
covariances of the probability distributions are included. These are
an approximation of the evaluator’s knowledge of nuclear data. In
some cases the covariances are improper in the sense that they are
not positive, i.e., some of the eigenvalues are negative, or incon-
sistent with the sum rules of nuclear data. The conditions are
equivalent to the best-estimates of physically positive quantities to
be negative, or any quantity being inconsistent with the sum rules.

* Tel.: +358 504331135.
E-mail address: risto.vanhanen@aalto.fi

http://dx.doi.org/10.1016/j.nucengdes.2015.11.026
0029-5493/© 2015 Elsevier B.V. All rights reserved.

The users of evaluated nuclear data files should, at the very least,
be aware if the file contains improper data. This article addresses
only the covariance data.

The issue of non-positive covariances has been raised by the
low-fidelity covariance project (Little et al., 2008), and in the con-
text of multigroup covariance matrices by Kodeli (2005), Mattoon
and ObloZinsky (2011), and Vanhanen (2015b). Both Kodeli, and
Mattoon and ObloZinsky provided a program to classify cer-
tain multigroup covariance matrices, and Vanhanen presented a
method to verify positive semidefinity of arbitrary multigroup
covariance matrices. For sufficiently improper multigroup covari-
ance matrices, Vanhanen also proposed to use a method by
Higham (1988) to find the nearest positive semidefinite multi-
group covariance matrix in the Frobenius norm. In the context of
covariance matrices of resonance parameters, Zerovnik et al. (2014)
proposed to use a method by Higham (2002) to find the near-
est correlation matrix of resonance parameters in the Frobenius
norm.
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The issue of inconsistency with respect to the sum rules of
nuclear data has received less attention. The zero eigenvalues due
to consistency have been identified by Smith (2011) and Smith and
Otuka (2012), and in the context of multigroup covariance matri-
ces by Vanhanen (2015a). Vanhanen presented a method to verify
consistency of intra-material multigroup covariance matrices, and
provided a method to find the nearest consistent covariance matrix
in the Frobenius norm.

In this paper we consider covariances of energy dependent
nuclear data, and present conditions for them to be positive and
consistent with the sum rules of nuclear data. We show that for
most of the covariances encoded in the ENDF-6 format (Trkov
et al.,, 2012), the properties can be checked using the correspond-
ing methods for multigroup covariance matrices. These methods
can be used as a part of a quality assurance program.

In this paper we also propose that weighting should be used if
nearby covariances or the nearest covariance matrices are sought.
For this, we present how our earlier methods to find the near-
est positive semidefinite and consistent covariance matrices in
the Frobenius norm (Vanhanen, 2015a,b) can be modified to use
weighted Frobenius norms. We will demonstrate a few practical
weighted norms, some of which have a physical interpretation.
The users of evaluated nuclear data files can use these methods
to remove unphysical parts of covariances, while preserving most
of the useful information.

The rest of the paper is organized as follows: theory is presented
and implementation details are described in Section 2. Two test
cases are described in Section 3 and their results analyzed in Sec-
tion 4. The methods are discussed in Section 5 and the paper is
concluded in Section 6.

2. Theory and implementation
2.1. Energy dependent nuclear data

2.1.1. Uncertainties of parameters of nuclear data

Nuclear data are uncertain, since the true nuclear data are not
known. We consider energy dependent nuclear data to depend,
in principle and many times in practice, on a finite number of
underlying nuclear data, 8 € R¥.The underlying nuclear data might
be resonance parameters, 2200 m/s cross sections or some other
parameters which define the energy dependent nuclear data. The
uncertainty in nuclear data should be understood in terms of the
Bayesian probability interpretation. The subjective knowledge of
the underlying nuclear data can then be represented as a joint
probability

p(B1, .-, Bi)dB---dB (1)
that the true value of each piece of the underlying nuclear data is
between f; and B; +dp; for eachi=1, ..., k simultaneously (Trkov
et al, 2012). The expectation operator E[ - | over the knowledge of
the underlying nuclear data is defined as f -p(B)dB.

We require a finite number of parameters since the notion
of probability density for uncountable sets is not as straight-
forward as for finite dimensional sets (Delaigle and Hall,
2010 and references therein). Alternatively, one could con-
sider the energy dependent nuclear data as random functions
of energy' (Blanc-Lapierre and Fortet, 1967). Both approaches
lead to the same conclusions for the ENDF-6 format nuclear
data.

! Random functions of time are usually referred to as stochastic processes.

2.1.2. Uncertainties of energy dependent nuclear data

A piece of energy dependent nuclear data, x; : RT x R¥ — R,isa
function of energy and the underlying nuclear data. For example,
these can be average cosine of the scattering angle in the laboratory
frame for elastic scattering, or average numbers of neutrons emit-
ted from fission. We assume that in total, from all materials, there
are n pieces of energy dependent nuclear data, and concatenate
them into a vector x=(X1, ..., Xn)'.

Under favorable conditions the first two moments of energy
dependent nuclear data over the underlying nuclear data exist. The
first moments,

X(E) = E[x(E; B, (2)
can also be concatented into a vector
R(E) = EIX(E; B)] = R (E), ..., Ra(E)) " (3)

They are also referred to as the best-estimates.
The second central moments, i.e., covariances,

ki(E, E') = E[x;(E; B)(E'; B)] — Ri(E)R;(E"), (4)

describe the uncertainties in the energy dependent nuclear data.
The covariance k;(E, E') is sometimes written as cov (x;(E), x;(E")).
We require that the covariances belong to the normed linear spaces
with the norms Hk,-j||1.2j = [ [ Ikg(E, E")|>dE'dE. The direct sum of the
normed linear spaces of the covariances is a normed linear space.
Its elements can be conveniently represented as the matrices

K(E,E') = EIX(E; BIX(E'; B)"] - R(ER(E)

k11(E, E") kin(E, E')

kn1(E, E") knn(E, E")

that can be added together and multiplied by scalars. We set the
norm to be ||k|2 = Zijuk,-j(E, E’)Hizj. Also the higher order moments
contain information about the uncertainty, but they are beyond the
scope of this article.

2.1.3. Covariance operator of nuclear data

We consider the covariance operator of nuclear data to act on
energy dependent sensitivities s that are elements of a complete
inner product space ;. The sensitivities can be partitioned for each
piece of nuclear data so that s=(sq, ..., sp)'. We denote the inner
product [s(E)Tt(E)dE fors, t € s by the brackets (s, t).

The covariance operator of nuclear data maps an element from
s to the same space by (Cs)(E)= [k(E, E')s(E')dE'. The kernel is
symmetric, which makes the operator self-adjoint.

The covariance operator should have at least two properties:
positivity? and consistency with respect to the sum rules. The
former property can be stated as

(Cs,s) =0 (6a)

for all sensitivities s € ;. This is a generalization of the require-
ment that the variances should be non-negative. The requirement
also guarantees that first order uncertainty propagation will not
yield negative variances as results. The latter property can be stated
as

n
Zc,-k,-,- =0 (6b)
i=1

2 The property is sometimes referred to as non-negativity.
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for all linearly dependent nuclear data, Z?:IC,-X,- =0, where the

coefficients c¢; are defined to match the sum rules of nuclear
data. The requirement is analogous to the requirement that best-
estimate nuclear data must be consistent with the sum rules. If this
requirement is not satisfied, the results of even simple calculations
depend on which constituents of redundant data are used in the
formulation of the problem.

2.2. A specific representation for the covariance operator

In many cases the kernel of the covariance operator is rep-
resented as a sum of functions that are absolutely or relatively
piecewise constant in energy boxes. The energy boxes are defined
for an energy grid {Ek}‘z:}: a pair of energies, (E, E’) belongs to (k,
I)-th energy box if E € [E, Ex+1) and E’ € [E}, Ej+1) simultaneously.
For example, the most of the energy dependent covariances of
the ENDF-6 format (MFs 31, 33, and 35; LBs 0 through 7) can be
described in this way. The kernel of the covariance operator is then
represented as

ki E) =Y ayuleEM(E) + > by ER(EM(EN(E) — (7)
k1 k1

where I} (E) is one if E is in [Ej, Ey.q) and zero otherwise.
Note that one cannot represent an arbitrary covariance operator
in the form of Eq. (7), but only a subset of finite rank operators.

2.2.1. Positivity
The requirement of positivity, Eq. (6a), for the specific represen-
tation can be expressed in the form

Z [@iuasi k.t AERAE; + bijaRi 11511551 AEk AE] > 0, (8)
ikl

where, in energy region k, s; is the unweighted average sensitivity,
fks,-(E)dE/fkdE, Sk is the best-estimate weighted average sen-
sitivity, fk si(E)%;(E)dE/ fk)?,-(E)dE, X; i is the unweighted average
best-estimate, [, X(E)IE/ [, dE, and AE, =Ey.; —Ey is the energy-
interval. This condition must hold for all sensitivities. Collecting

some of the variables into the vectors, s;=(s;1, ..., Sig)', §i=
(§i,1 s ey §i_g)T, )ACi = (52,"1 s ey )?ivg)-r and AE=(AE], . AEg)T, this
can be expressed more compactly as the inequality

sTDADs + 3T DRBXDS > 0, 9)

where the matrices A(i—])g*-k,(j—‘l)gﬂ = Qjjii and B(i—‘l)g+k,(j—l)g+l =bijkl
contain the information from the operator, the diagonal matrices
diag(D)=(AE, ..., AE) and diag(X) = (X, . .., X,) act as scales, and
the vectors s=(sq, ..., sp)" and § = (51, ...,5,)" contain the infor-
mation from the sensitivities.

A sufficient condition for Eq. (9) to hold is that both terms in the
sum are non-negative. That is, a sufficient condition for positivity of
covariances is that both the matrices A and B are positive semidef-
inite. Positive semidefinity can be tested by the same method that
can be used for multigroup covariance matrices (Vanhanen, 2015b).
The condition can be used to prove that a covariance operator is
positive.

A necessary condition for Eq. (9) to hold is that the matrix
A+ XBX is positive. This condition emerges, since for a given sen-
sitivity one can always choose another sensitivity that preserves
the unweighted average and whose unweighted average is equal
to the best-estimate weighted average. The condition can be used
to prove that a covariance operator is not positive by showing that
the covariance operator violates the condition.

The necessary and sufficient conditions coincide if either the
absolute or the relative component in the covariances is zero. This
is not an uncommon situation. Also, there are covariance operators

that cannot be classified by either of the above conditions. For these
one must use an other approach.

2.2.2. Consistency with the sum rules
The requirement of consistency with respect to the sum rules,
Eq.(6b), for the specific representation can be expressed in the form

n
Zfi [aijkl + bijklf‘i;‘j] =0, (10)
i=1
for all k and L.
A sufficient condition for Eq. (10) to hold is that

n
Zci [yt + byjtaRi(E)R(E)] =0 (11)
i=1
holds for all j, E and E’. However, this is impractical to verify numer-
ically, since one should compute the sum for all energy pairs.
Therefore, in practice, one needs to settle for a less strict condition.
A necessary condition for Eq. (10) to hold, is that

n
ZCi [aijk,AEkAE, + bijkl;‘i,k)?j‘lAEkAEl} =0. (12)
i=1
This weaker condition is obtained by integrating Eq. (10) over the
(k, I)-th energy box. The criterion can be made tighter by introduc-
ing additional energies to the energy grid. Dividing by AE,AE|, the
equation can be expressed more compactly as

[A+XBRlv=0, (13)

where v = [c1, ..., cn]" ® e}, e is the I-th Cartesian basis vector of g
dimensional real space and the Kronecker product is denoted by -
® - . This condition can be tested by essentially the same method
that can be used test a similar condition for multigroup covariance
matrices (Vanhanen, 2015a).

The necessary and sufficient conditions coincide if all best-
estimates are piece-wise constant on the energy grid. However,
this is not a typical situation.

2.3. Finding a nearby more proper covariance operator

The preceding methods can be used to identify whether a covari-
ance operator in the specific representation is not proper, that is,
whether the covariance operator is not positive or is inconsistent
with the sum rules. If a covariance operator is not proper and a re-
evaluation is not possible or feasible, it might be acceptable to find
a nearest covariance operator from which the improper parts have
been removed.

While the improper covariance operator can be expressed using
the specific representation, it might be that a nearest covariance
operator cannot be expressed using the specific representation.
Therefore, we propose that only a nearby more proper covariance
operator in a fixed energy grid should be sought.

This can be done, for example, by finding a nearest positive
semidefinite or consistent covariance matrix to the matrix A + XBX,
so that the results will fulfill the necessary conditions. However, the
results might not be proper covariances, but only more proper cova-
riances. Also, the approach preserves information about absolute
and relative components only if either A or B are zero.

It is also possible to find the nearest positive semidefinite
matrices A andXBX separately, thereby ensuring that the sufficient
conditions for positivity are fulfilled. However, the approach might
cause larger than necessary changes.

In the specific representation, it is not always possible to find sat-
isfactory nearby covariances that would fulfill the sufficient crite-
rion for consistency. Consider a material like natural carbon, whose
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essential low energy cross sections are constant elastic scattering,
1/v capture and total as their sum, and consider the condition for
elastic scattering as quantityjin a low energy box (k, I). Since elastic
scattering has a constant cross section we can assume, without loss
of generality, that a;;=0. Now, in a low energy box (k, 1), either
bs ki =bsski=bsyki o Eq. (10) holds for at most a single energy.
Therefore, while it is technically possible to find nearby consistent
covariances, the specific representation might be too restricting to
allow setting the covariances rather freely and still respecting the
sum rules.

This technical obstacle can be ignored by allowing more freedom
in specifying the covariances. In the ENDF-6 format, for example,
one can specify that covariances for a piece of nuclear data should
be derived from other pieces by a given derivation rule. This makes
the energy dependent covariances, by definition, consistent.

We will proceed with these approaches for a class of weighted
norms.

2.3.1. Weighted Frobenius norms
Let C € R™™, The weighted Frobenius norms are defined by

ICIw = IW'2CW /2|, (14)

where W is required to be positive definite, and ||C||fF = ijcg is
the Frobenius norm.

2.3.2. Anearest positive semidefinite matrix

Higham (2002) proves the following result:

Let C € R™™ be symmetric. The unique nearest positive
semidefinite matrix Cpsq,w in the weighted Frobenius norm is

Cpsa,w = W™1/28 max(A, 0)XTw~1/2 (15)

where XAXT is the eigendecomposition of the weighted matrix
C =W12cW1/2 and max(A, 0) contains the eigenvalues of the
weighted matrix with negative eigenvalues replaced by zeros.

In practice, one can form the weighted matrix, C, compute
the nearest positive semidefinite matrix in the unweighted Frobe-
nius norm and scale the results back by pre- and post-multiplying
Xmax(A, 0)XT by W-1/2, vanhanen (2015b) presented a practical
implementation without scaling.

2.3.3. A nearest symmetric matrix with specified null vectors
Vanhanen (2015a) proves the following:
Let C € R™™M be symmetric, and U € R™ " contain the spec-
ified null vectors as its columns. The unique nearest symmetric
matrix with the specified null vectors in the Frobenius norm is

CS,Snv:PCP‘ (]6)

where P=(I-UU") and U* is the (Moore-Penrose) generalized
inverse of U.

The results can be generalized for the weighted Frobenius norm,
giving the following result: the unique nearest symmetric matrix
with the specified null vectors in the weighted Frobenius norm is
Cs.snv.w = W1/2PCPW-1/2, (17)
where P = (I - UU+), C = W1/2cW1/2 and U = W-1/20.

Proof. The original problem is to find the symmetric X e
R™*M that is the smallest in the Frobenius norm and for
which (C+X)U=0. The equality requirement is identical to
(WI2eW12 + WIRXW12) w112y =0, ie., (C+X)U = 0, where the
tilded quantities are weighted matrices. Now, finding the nearest
symmetric matrix to C with the specified null vectors U gives the
difference X whose Frobenius norm is the smallest. Now [|X||r =
IW1/2XW'/2 |z = |X|lw, so the changes in the original problem are
the smallest in the weighted Frobenius norm.CJ

In practice, one can form the weighted matrices W'/2CW'/2 and
W12y, compute the nearest symmetric matrix with the specified
null vectors in the unweighted Frobenius norm and scale the results
back by pre- and post-multiplying PCP by W-1/2, Vanhanen (2015a)
presented a practical implementation without scaling.

2.3.4. Practical weighted Frobenius norms

The previous considerations make it possible to choose in which
sense the changes to covariances are minimized. The choice is not
completely free, since we can only choose from the weighted Frobe-
nius norms.

We consider eight diagonal norms, whose weights are:

wi/z -, (18a)
w2 = X171, (18b)
W2 = -1, (18¢)
w'/2 =p, (18d)
wl/2 = |%-D, (18e)
w2 = 11D, (18f)
W12 = ¢, and (18g)
w2 = s|. (18h)

Here, on their diagonals, X contains the unweighted average
best-estimate nuclear data, T contains the unmodified standard
deviations of nuclear data, D contains the energy-intervals, ¢ con-
tains the neutron flux spectrum in a system, and S contains the
averaged sensitivity profile for a response. We refer to these as (A)
to (H) -weights and -norms. It is possible to construct other norms.

The weights (A) and (B) correspond to absolute and relative
cases considered in earlier articles (Vanhanen, 2015a,b), when
the best-estimates are positive. The weight (C) minimizes the
differences in correlation coefficients, but does not force the vari-
ances to be preserved. This allows deflation of negative variances
(Vanhanen, 2015b).

The weights (D) through (F) are the first three weights with
additional energy-interval weighting. The weighting by energy-
intervals is quite natural by the original inner product, and can also
be interpreted as a flat-flux weight. The energy-interval weights
have the additional advantage that augmenting the energy grid by
an energy does not double the effective weight of the split energy-
interval. However, since the energy-intervals vary by orders of
magnitude the scaling might cause numerical problems.

The weights (A) through (F) can be used with the data on nuclear
data files, but the weights (G) and (H) require additional data.
This makes them system- and response-specific, thereby producing
more proper covariances only for specific applications. The weight
(G)is a generalization of the weight (D), since it allows an arbitrary
flux weight instead of the flat-flux weight. Naturally the energy-
interval weighting can be replaced by flux weighting also in the
weights (E) and (F). Conceptually the weight (H) tries to minimize
changes for a certain response, whose sensitivity profile is con-
tained in S. For certain responses the weight (G) is an approximation
ofthe weight (H). If it were possible to use Sin place of |S], the weight
would minimize the change in variance of the response. However,
if the sensitivity profile or flux is zero at some energy-interval, the
weight cannot be used directly.

There is a practical situation where the inverse-best-estimate
weights, (B) and (E), and inverse-standard-deviation weights, (C)
and (F), cannot be used directly: if the best-estimate or standard-
deviation is evaluated as zero, its inverse cannot be used in the
weights.

If the best-estimate is zero, but the standard-deviation is non-
zero, the most likely explanation is that the evaluator suspects, but
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is not certain, that the best-estimate is zero. In such a case we use
the standard deviation in lieu of the best-estimate in the weight,
giving a proper order-of-magnitude. An example case is a threshold
cross section right below the threshold.

If the standard-deviation is zero, but the best-estimate is non-
zero, the most likely explanation is that the evaluator has not been
able to estimate how well the piece of nuclear data is known. In such
a case we use a large number times the best-estimate in lieu of the
standard-deviation in the weight. The inverse of the large number
in the weight makes it relatively inexpensive to change the data, so
that the methods do not try to preserve the unevaluated variance
and its covariances. The scaling by best-estimate gives the weight
a proper order-of-magnitude. In practice we use inverse of square
root of machine epsilon as the large number.

If both of these are zero, the most likely explanation is that the
evaluator knows with certainty that the best-estimate is zero. A
usual case is a threshold cross section far below the threshold. In
such a case we set the weight and its inverse to zero. While this
technically makes the norm a seminorm, practically it reduces the
dimensions of the covariances to which the correction is applied
to.

3. Calculations

We use a slightly modified ngJoy 2012.50 (Kahler et al., 2012) to
extract data for the averaged best-estimates and the specific rep-
resentation, Eq. (7), of the covariances. We apply the methods to
two examples where NJOY extracts either non-positive or incon-
sistent covariances, given the precision of the data. That is, the
non-positivity and inconsistency cannot be explained by roundoff
error. The examples were selected to demonstrate a few proper-
ties of the weights and methods. We do not imply that applying
the proposed method is necessarily the best way to handle the
non-positivity and inconsistency in the examples.

All NgoYy computations use relative reconstruction tolerance
of 10>, temperature of 0K and flat-flux weight. We extract the
covariances from ERRORR in their processing (double) precision,
but note that the original data is roughly in single precision
only.

The first example is covariances of cross sections of‘Z‘He from the
low-fidelity covariance project (Little et al., 2008). The covariances
are used with best-estimates from the ENDF/B-vII.0 (Chadwick
et al., 2006) evaluation. The material can only interact by elas-
tic scattering in the evaluated energy region, and therefore the
total and elastic scattering cross sections are identical. The absolute
component of the covariances is zero. The low-fidelity covarian-
ces require the covariances of elastic scattering to be derived from
covariances of total cross section, which makes them identical.
Therefore the sum rules hold for the covariances. However, the
covariances contain two negative eigenvalues. We will find the
nearest positive covariances using the norms (A) through (F) in
the evaluator’s energy grid. We will also comment on how the
methods would behave on a finer energy grid, which we construct
by augmenting the evaluator’s energy grid by ten equal lethargy
energy-intervals between 10> eV and 20 MeV.

The second example is covariances of cross sections of 238U from
the JEFF-3.2 (OECD/NEA Data Bank, 2015) evaluation. The mate-
rial has covariances for cross sections of total, elastic scattering,
fission and radiative capture. The covariances have only been eval-
uated below 40.9 keV, but the covariances include all cross-reaction
covariances between the listed cross sections. The absolute compo-
nent of the covariances is zero. We assume that other covariances
are zero, and therefore the only sum rule for the covariances is

On,t =On,e +Op f+ On,y. (19)

On the evaluator’s energy grid the covariances are inconsistent with
respect to this sum rule, and they contain a negative eigenvalue.
We will find the nearest more consistent covariances using the
norms (A) through (C) that will fulfill the necessary condition of Eq.
(12). We will not deflate the negative eigenvalue. We will increase
the energy resolution of the method by splitting each evaluator’s
energy-interval into two equal lethargy energy-intervals. Theoret-
ically the energy-interval weighting does not have an effect here,
so the norms (D) through (F) should give identical results to the
norms (A) through (C), respectively.

4. Results
4.1. Covariances of cross sections of ‘Z‘He

The weights for ‘Z‘He are illustrated in Fig. 1. The weight (A) is
unity for all energy-intervals. The weights (B) and (C) have the
largest value on the energy-interval with the lowest energies, and
their graphs coincide up to 500 keV. This occurs because the rela-
tive standard deviation is constant in the region. The weights (D)
through (F) are scaled from the weights (A) through (C), respec-
tively, by the weight (D). For this particular case the energy-interval
scaling causes only small differences, since the widest energy-
interval is only about 100 times the narrowest energy-interval: 0.1
vs. 10 MeV. In the augmented energy grid the narrowest energy-
intervalisonly 1.6 x 104 eV - ten orders of magnitude less than the
widest energy-interval. Therefore we expect numerical problems
with the augmented energy grid and flat-flux weights.

The low-fidelity covariances of total cross section, elastic
scattering cross section and their cross-reaction covariances are
identical. After applying the method, maximum relative differences
are at most 4 x 10~11% for the weights (A) through (C), and at most
3 x 10-2% for the weights (D) through (F). The factor of 100 is appar-
ent here. Therefore, the method retains the equality, and thereby
the consistency with respect to the sum rules, only approximatively
but quite well. In the augmented energy grid the maximum rela-
tive difference of 1 x 10-4% occurs for the weight (D). The origin
of this quite poor numerical behavior is the flat-flux weight with
differences of several orders of magnitude in its components.

Fig. 2 shows the original and modified eigenvalues of XBX on
a large scale. The weights (B) through (F) distort even a few of the
largest eigenvalues: this is most evident for the largest eigenvalue
for the weight (C). The distortions are not large, but demonstrate
that scaling might, and in this case does, damage the eigenvalues.
The weight (A) does not distort the large eigenvalues. Had the
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Fig. 1. The weights (A) through (F) for ‘Z'He. The weights have been normalized so
that the largest element is unity. The weights for total cross section are identical.
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Fig. 2. Eigenvalues of original and modified covariances of‘z*He.
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Fig. 3. Eigenvalues of original and modified covariances of gHe: magnification
for negative eigenvalues. The box around each eigenvalue presents the estimated
bounds due to finite precision computation (box colors inverted). The boxes appear
as lines. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

correction been applied to the relative covariances, B, the unit
weight would correspond to weight (B) of XBX and would not
distort eigenvalues.

Fig. 3 shows a magnification for negative eigenvalues. On this
scale, it appears that all weights deflate the two negative eigenval-
ues. However, the weights (B) through (F) distort the eigenvalue
near 10~4b? in contrast to the weight (A).

Fig. 4 shows a magnification of a region near the origin. There
are 6 eigenvalues with zero eigenvalue that describe the sum rule,
which states equality of total and elastic cross sections. Strictly
speaking, the weights (D) and (E) do not manage to deflate the
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Fig. 4. Eigenvalues of original and modified covariances of ‘Z‘He: magnification of
a region near the origin. The box around each eigenvalue presents the estimated
bounds due to finite precision computation (box colors inverted). Most of the boxes
appear as lines. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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Fig. 5. Original and modified relative standard deviations of ‘Z‘He. The original
standard deviations are the smallest in all energy-intervals.

negative eigenvalues. The weight (E) even distorts one of the eigen-
values that describe the sum rule. The reason for this appears to be a
small round-off error that is multiplied by a factor of up to 100 when
the covariances are weighted back after deflation. In the augmented
energy grid the remaining negative eigenvalues are on the order
of 10-""b? for all three energy-interval weights. If one chooses to
use energy-interval weights, an obvious remedy is to first use the
energy-interval weights, and then remove any remaining negative
eigenvalues by using the unweighted Frobenius norm.

The deflation modifies all elements of the covariances. The orig-
inal and modified relative standard deviations are shown in Fig. 5.
The largest changes occur in the energy-interval with the small-
est energies. Here the energy-interval weighted norms cause the
largest increases in the standard deviation. The weights (A) through
(C) are larger here than the energy-interval-weights, which causes
them to prefer modifying elements in other energy regions. The
situation is reversed above 500keV. Use of the weights (B) and
(C) results in the most uniform changes, while the other weights
concentrate their changes to the energy-interval with the smallest
energies.
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Fig. 6. Original correlations of ;He for elastic scattering cross section. The corre-
lations for total cross section and cross-reaction correlations are identical. The six
separate energy-intervals are clearly visible.
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Fig. 7. The weights (A) through (C) for 238U. The weights have been normalized so that the largest element is unity.
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The original correlations are shown in Fig. 6. The six separate
energy-intervals are clearly visible. The deflations mostly reduce
the positive correlations. For the weights (D) through (F) the largest
decreases in the correlation coefficients are up to 0.63 between the
lowest and third lowest energy-intervals. This results in less corre-
lation between low and high energies. For the weights (A) and (B)
the largest decreases occur for the same energy box, by 0.32 and
0.20, respectively. For the weight (C) the largest decreases occur
in the energy box with third largest and third smallest energies,
by 0.15. Again, this reduces the correlation between low and high
energies. The weights (A) through (C) also replace zero correlations
between the lowest and third highest energies with slightly posi-
tive correlations, up to 0.11, but reduce correlations of its nearest
neighbors.

All modifications in the augmented energy grid are qualitatively
similar to the non-augmented case. However, as expected the dis-
tortions in the non-negative eigenvalues are larger.

4.2. Covariances of cross sections of 235U

The weights for 238 U are illustrated in Fig. 7. The resolution on
which uncertainties are estimated is less than the energy resolu-
tion of the cross sections. Therefore, the resonance structure is not
fully captured and appears as rapid increases and decreases of the
unweighted averages of the best-estimates. The weight (A) is unity
for all energy-intervals. It is worth noting that both the weights
(B) and (C) have large weights for the fission cross section, and
hence modifying covariances with the fission cross section is more

expensive than changing covariances of other cross sections. For
the weight (A) all changes are equally expensive. Otherwise the
weights (B) and (C) are quite similar to each other, since their ratio
is the relative standard deviation that varies only a little.

The energy-interval weighting does not have an effect here, so
under exact arithmetic, the norms (D) through (F) give identical
results to the weights (A) through (C), respectively. In this case the
maximum relative differences between the weights were at most
2 x 10~7%, which occurred for the weights (A) and (D). In the end,
the modified covariances are consistent to about 12 decimals for
the weights (A) and (D), 13 decimals for the weights (B) and (E)
and 14 decimals for the weights (C) and (F) in the average sense of
Eq. (13). Hence the finite precision computing did not cause large
differences in the results.

Except for the weight (A) the modifications to standard devia-
tions were small, as can be seen from Fig. 8. The weights (B) and (C)
are very close to the original evaluation, with largest changes in the
lowest energy-interval. Here the standard deviations are increased
for radiative capture and decreased for total and elastic scattering.
There are also other small differences. The weight (A) concentrates
modifications to the standard deviations of the smaller cross sec-
tions. The relative standard deviation of radiative capture cross
section is increased in the region above 1 eV to almost 32%. How-
ever, the relative standard deviation of the fission cross section is
increased to well over 1000%. The weight is clearly not suitable for
this case.

Fig.9 shows the original correlations. The intra-reaction correla-
tions are mostly positive, and there is a mostly positive correlation
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Fig. 8. Original and modified standard deviations ofégsU. The differences between the original and weights (B) and (C) are less than line width in many places. For the fission
cross section modified standard deviations using the weight (A) vary between 1000% and 7.5 x 108%, which are therefore out of figure. For radiative capture the maximum

for the same weight is 32%.
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between total cross section and elastic scattering. The cross-
reaction correlations with the fission cross section are mostly small.

Fig. 10 shows the differences in the original and modified cor-
relations for the weight (A). There are many changes where the
correlations are flipped over from almost negative unity to almost
positive unity, and vice-versa. Most clearly this is seen in the corre-
lations of fission cross section, except for the diagonal that naturally
remains to be unity. The large change agrees with the huge increase
of the standard deviations. There are also large changes in a few
energy boxes of correlations with radiative capture, but fairly small
changes to correlations with total and elastic cross sections. This
can be understood as follows: the magnitudes of the covariances
are much smaller for the fission cross section than for other cross
sections, since all original relative standard deviations were on the
same order of magnitude and the fission cross section is several
orders of magnitude smaller than other cross sections. Since the
weight is unity for all components of the covariances, the smallest
possible adjustments cause large relative changes to covariances
with the fission cross section.

Fig. 11 shows the differences in the original and modified cor-
relations for the weight (B). The weight removes the scale of cross
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Fig. 11. Differences in correlations of J;

are sought by weight (B).

%BU when the nearest consistent covariance

sections from the covariances before finding the nearest consistent
covariances. Therefore covariances with fission cross sections are
modified less dramatically than with the weight (A). The magni-
tude of changes is also smaller than with the weight (A). The low
energy portions of correlations with total cross section are modified
the most, but some positive correlation is also introduced between
low-energy elastic scattering and radiative capture.

Fig. 12 shows the differences in the original and modified corre-
lations for the weight (C), which removes the scales of cross sections
and uncertainties from the covariances before finding the nearest
consistent covariances. The outcome is qualitatively similar to the
outcome of the weight (B). Note that the magnitude of changes in
correlations is smaller than for the weight (B). However, if relative
standard deviations varied a lot, then the weight (B) would have a
larger spread while the weight (C) would be scale-free in this sense.
In such a case the elements with high uncertainty would change less
with the weight (B) than with the weight (C), which might lead to
smaller overall uncertainties for the weight (C).

Had the energy grid not been augmented, the changes would
have been smaller: the changes in the correlation coefficients varied
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Fig. 10. Differences in correlations of ;iSU when the nearest consistent covariance
are sought by weight (A).

4
10
— 0.45
4—7'\ = | Py ]
g 0.36
10, 0.27
10
/E = 0.18
=
£ - 0.09
4
10 0.00
o -0.09
o
g -0.18
10 1
4
10 ‘ | -0.27
X i i -0.36
£ l
= -0.45
10 e 1
-3 4 -3 4 -3 4 -3 4
eV 10 1010 1010 1010 10
(n,n) (n,f) (n,7) (n,t)

Fig. 12. Differences in correlations oféiSU when the nearest consistent covariance
are sought by weight (C).



156 R. Vanhanen / Nuclear Engineering and Design 297 (2016) 148-157

Flo[F #F 7
o eww
IR i3

Qi
TR
Qe

0.2

TrnaseT

(E)

(A)
o

-0.2 0.2 -0.2

b2
X Modified O Original

Fig. 13. Eigenvalues of original and modified covariances of g;BU: magnification
for negative eigenvalues. The box around each eigenvalue presents the estimated
bounds due to finite precision computation (box colors inverted). The boxes appear
as lines. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

between -1.01 and 1.00, -0.18 and 0.23, and -0.06 and 0.05 for the
weights (A), (B) and (C), respectively. For the weight (A) the largest
changes are still large. This demonstrates that the criterion in the
augmented energy grid requires larger changes, since the criterion
is tighter.

Fig. 13 illustrates the original and modified eigenvalues of XBX
near the origin. The negative eigenvalue is preserved. For this
particular case, the weights (A) and (C) introduce 3 and 2 new
zero eigenvalues, respectively. The weight (B) does not introduce
any new zero eigenvalues, but only modifies eigenvectors of the
existing ones. The eigenvalues are also shown for the weights (D)
through (F): the small differences to the weights (A) through (C),
respectively, cannot be seen in scale of the graph.

5. Discussion

Improper covariances are a result of either unphysical data,
processing errors or rounding errors. Generally all these error types
should be corrected, but it is also possible to find nearby covarian-
ces whose improper parts have been removed. What the practical
implications of the changes made by removing improper parts are,
and whether the use of the nearby proper covariances is safe, must
still be judged case-by-case.

The implementations are straightforward if the correspond-
ing methods are available for multigroup covariance matrices. For
the methods to verify whether energy dependent covariances are
proper, it suffices to use the flat-flux weight when averaging best-
estimates. For methods to find a nearby more proper covariances,
the multigroup methods can be used as-is for norms (A) and (B).
For other norms it suffices to implement assembling of the weights
and scaling of the covariances.

The effects of the weights differ for different cases. For the
single-quantity case of‘lee the different weights played only a small
role. For the larger, four-quantity case of 238U the different weights
produced large differences.

The norms (B), (C), (E) and (F) are scale free in at least one sense,
and hence they are likely to give better results than the weights
(A) and (D) for medium to large changes. However, their numerical
precision is worse than that of the weight (A). An obvious remedy
is to make larger changes with the weights (B), (C), (E) and (F) and
handle any remaining smaller corrections with the weight (A).

It is also possible to use other weights, such as the weights (G)
and (H). Since the weights can be set rather freely, one can encode
the belief that covariances of a piece of nuclear data are correctly
evaluated in a specified energy-interval: setting the weight to a
large value in the energy-interval will keep the corresponding
variance and covariances nearly intact when finding nearby

covariances. One can combine such trust based weight with other
weights by multiplying them.

The norms (D), (G) and (H) have a physical interpretation. How-
ever, the results of the norm (D) were no better than those of the
norm (A) for 238U, and the norms (G) and (H) are system specific.

The energy-interval weighting does not have an effect for con-
sistency, but the necessary condition for sum rules can be made
tighter by increasing energy resolution by augmenting energies to
the energy grid.

The method to find nearby positive covariances was conserva-
tive in the case of‘lee, inthe sense that it did not decrease variances.
The method to find nearby consistent covariances is not conserva-
tive in the same sense.

The example of carbon (see Section 2.3) illustrates how incon-
venient the relative representation is when there is some linearly
redundant data present. In the ENDF-6 format it is perhaps the
most practical to not encode all redundant data directly, but to
use derivation rules to mark one component as being derived from
others according to its sum rule. For inconsistent covariances, one
can find nearby more consistent covariances, drop one component
and mark it as being derived. However, this is not always neces-
sary since, for example, the case of ‘Z‘He could be encoded directly
without causing the covariances to be inconsistent.

The norms can also be used with the similar methods for multi-
group covariance matrices.

The method to find nearest positive covariance matrices can
be applied to covariances of resonance parameters, i.e., MF 32 of
the ENDF-6 format. The covariances of resonance parameters seem
to contain no redundant data in the ENDF-6 format. The different
weights can be used to reduce the scaling effects. Zerovnik et al.
(2014) have proposed finding nearest correlation matrices of reso-
nance parameters. This is close to using the weight (C) but differs
in that variances are required to be preserved when finding the
nearest correlation matrix.

The method to find nearby consistent covariances can also be
applied to find nearby consistent covariances for a probability dis-
tribution, e.g., covariances for energy distributions of secondary
particles. The null vectors are v =1, ...,1]" for (absolute) cova-
riances. The weight W—1 = |{|D yields the formula that is listed
in ENDF-6 Formats Manual (Trkov et al., 2012, Chapter 35.3) for
covariances for energy distributions of secondary particles.

6. Conclusions

We have presented conditions for covariances of energy
dependent nuclear data to be positive and consistent with the sum
rules of nuclear data. We have given these conditions in a general
form as well as for a specific representation of covariances. For the
latter we have presented sufficient and necessary conditions for
covariances of energy dependent nuclear data to be positive and
consistent with sum rules. Most of the ENDF-6 format covariances
(MFs 31, 33, and 35, LBs 0 through 7), for example, are covered by
the representation. With the exception of the sufficient condition
of consistency with respect to the sum rules, the conditions can be
verified using methods that verify similar conditions for multigroup
covariance matrices.

The evaluators can use these methods to verify that their cova-
riances are proper. In the ENDF-6 format most covariances of
redundant pieces of nuclear data should be marked to be derived
from the covariances of the nuclear data that the redundant piece
depends on.

We have also presented methods to find nearby more proper
energy dependent covariances. In a case where a re-evaluation of
improper covariances is not feasible, it is possible to find nearby
more proper covariances using, for example, one of the methods,
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with one of the norms, presented in this work. Making nearly
minimal changes ensures that the evaluator’s insight is respected
nearly as much as possible, while still making the covariances
more proper. What the practical implications of the changes are,
and whether the use of the more proper covariances is acceptable,
must still be judged case-by-case.

The methods to detect improper covariances would be valuable
tools for evaluators, and the methods to find nearby more proper
covariances might be useful for users of evaluated nuclear data files.
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1. Introduction

Evaluated nuclear data files contain estimates of physical quan-
tities referred to as nuclear data. The estimates are a result of eval-
uation of theoretical models and empirical measurements, both of
which are imperfect and therefore do not provide the true values of
the nuclear data. Some evaluators have quantified the uncertain-
ties resulting from these imperfections, and thereby quantitatively
expressed their subjective degrees of belief on what the true values
of nuclear data are.

In applications the nuclear data can be used to predict quanti-
ties of interest. Since the true nuclear data is not known, the quan-
tities of interest are predicted using evaluated nuclear data. In
uncertainty analysis, degrees of belief on the true values of the
quantities of interest can be acquired by propagating the uncer-
tainties of evaluated nuclear data to uncertainties of the quantities
of interest. The propagated uncertainties can be interpreted as a
measure of the prediction capability of the evaluated nuclear data
for the considered application. In principle, the smaller the propa-
gated uncertainties, the better the prediction capability of the
evaluated data.

* Corresponding author.
E-mail addresses: risto.vanhanen@aalto.fi (R. Vanhanen), maria.pusa@vtt.fi
(M. Pusa).

http://dx.doi.org/10.1016/j.anucene.2015.03.044
0306-4549/© 2015 Elsevier Ltd. All rights reserved.

A nuclear data library (NDL) contains a set of evaluated nuclear
data files, which have been evaluated to perform well both
individually and together. In this article we consider three NDLs:
ENDF/B-VII.1 (Chadwick et al, 2011), JEFF-3.2 (OECD/NEA
Data Bank, 2014), and JENDL-4.0u (Shibata et al., 2011; Japan
Atomic Energy Agency, 2013). The development of uncertainty
estimates for the nuclear data is in progress in the NDLs (Ivanov
et al., 2013). Therefore, the NDLs contain evaluations with fully
quantified, partially quantified and unquantified uncertainties.
The propagated uncertainties do not and can not include con-
tribution from unquantified uncertainties, and this component of
uncertainty must be taken into account by other means. Since
the uncertainties are not sufficiently completely quantified in the
NDLs, it is meaningless to compare their overall prediction
capabilities directly.

In recent years there has been an increasing demand to be able
to provide all calculation results depending on nuclear data with
some uncertainty estimates. To promote this goal, a benchmark
titled “Uncertainty Analysis in Best-Estimate Modeling for
Design, Operation and Safety Analysis of LWRs” (UAM) was pre-
pared in 2006 by the OECD/NEA Expert group on Uncertainty
Analysis in Modeling (Ivanov et al., 2013). In the UAM benchmark,
the goal is to be able to propagate nuclear data uncertainty through
all stages of coupled neutronics/thermal-hydraulics calculations.
As a first step, this requires developing uncertainty analysis
methodologies for reactor physics codes that are used to produce
homogenized constants for the following full core calculations.
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In this article we survey the prediction capabilities of the three
NDLs in the context of the reactor physics phase of the UAM bench-
mark. We compute the two-group homogenized constants for a
steady state diffusion model for a uranium dioxide and a mixed
oxide assembly from the UAM-LWR benchmark. These act as
representatives of PWR assemblies. Uncertainty analysis capability
based on first order sensitivity analysis has been previously imple-
mented to the fuel assembly burnup program CAsSMO-4 (Rhodes
and Edenius, 2001; Pusa, 2012a,b, 2014), which is also used in this
study. The multigroup adjoint-based approach, although approx-
imative and indirect, allows to identify the contribution from each
piece of nuclear data to the propagated uncertainties. For this pur-
pose a piece of nuclear data is specified by a pair of material and
quantity. Therefore the prediction capabilities of the NDLs can be
compared quantity-wise for each material.

It should be emphasized that we expect small differences in the
prediction capabilities of the NDLs, since available experimental
data and theoretical information change in time, and the evalua-
tion procedures include expert judgment which the evaluators
use slightly differently. Therefore, the evaluators knowledge of
the nuclear data differs slightly (Cacuci, 2003; Talou et al., 2011).
However, an order-of-magnitude differences in prediction
capabilities signal that an evaluator has not included all significant
information in the evaluation or has made an error. In the former
case the significant information might be missing from the evalua-
tion with the larger or smaller uncertainties, since new informa-
tion might increase or decrease the uncertainties.

We identify materials whose contributions to uncertainty might
be important but which do not have uncertainty estimates in any
of the three NDLs by using the ZZ-SCALE6,/COVA-44G library
(OECD/NEA Data Bank, 2011), which is complete for our purposes.
The library is largely based on the uncertainty estimates from the
low-fidelity covariance project (Little et al., 2008) whose aim was
to provide crude uncertainty estimates for almost all materials.
Due to low fidelity the identification is not very accurate but it is
clearly beneficial to have some uncertainty estimates for the data
whose uncertainty is otherwise considered as zero.

In this article we also quantify the sometimes neglected con-
tribution from cross-material correlations.

The rest of the article is organized as follows: relevant parts of
the theory are briefly reviewed in Section 2. The calculational pro-
cedure and the status of the uncertainty quantification in the con-
sidered NDLs is presented in Section 3 and the results are analyzed
in Section 4. Finally, the conclusions are presented in Section 5.

2. Theory
2.1. Nuclear data and its uncertainties

Nuclear data is uncertain, since the true values of pieces of the
nuclear data are not known. We cover only the finite-dimensional
case for convenience, so the nuclear data o belongs to R¥. The
uncertainty should be understood in terms of the Bayesian proba-
bility interpretation. The subjective knowledge of the nuclear data
can then be represented as a joint probability

(o, ..., op)doy - - - dot, @

that the true value of each piece of the nuclear data o; is in
(oti, 04 + doy) for each i=1,...,k simultaneously (Trkov et al.,
2012). The first moments of the distribution are called the best-esti-
mates of pieces of the nuclear data and denoted by & € R¥, and the
second central moments form the covariance matrix which is
denoted by cov(x, o) € R, The covariance matrix describes
approximately the uncertainties of the nuclear data.

2.2. Uncertainty analysis

In applications quantities of interest, usually referred to as
responses, R € R" are calculated from parameters o € R¥, which
in this case include the nuclear data, through a mapping
f:RK = R

In the first order uncertainty analysis the mapping is linearized
so that

R=f(o) = f(8) + S(&) (ot — &) + (ot - &]*), @)

where S € R are the sensitivities of the mapping and are evalu-
ated at the best-estimate values. The first order uncertainty prop-
agation formula (see, e.g., Cacuci, 2003; Vanhanen, 2015a for
derivation) is

cov(R, R) = S(&)cov(a, a)S(@) " + 0(||o — &)%), (3)

where cov(R,R) € R™" is the covariance matrix of the responses.
The equation is also known as the “sandwich rule” (Pusa, 2012b),
the “second moment propagation” equation (Cacuci, 2003), and
the “propagation of errors” formula (Trkov et al., 2012).

For certain mathematical models, the sensitivity matrix in Eq.
(3) can be computed efficiently by utilizing the adjoint system of
the original forward problem (Cacuci, 2003). In reactor physics
the forward problem is the criticality equation and this approach
is called (generalized) perturbation theory (Wigner, 1945;
Usachev, 1964). This is the framework for the sensitivity analysis
implementation in the modified CASMO-4 code used in this study
(Pusa, 2012a,b).

2.3. Reaction models

CASMO-4 (Rhodes and Edenius, 2001) solves the transport cor-
rected isotropic scattering approximation of the multigroup trans-
port equation. The reaction model ' is simplified by lumping all
scattering reactions into a total scattering reaction, and the gener-
ated two-group homogenized constants are simplified by using an
effective capture reaction. Therefore the reaction model in CASMO-
4 consists of transport, total scattering, effective capture and fission
reactions.

The reaction model in the ENDF-6 format is more fine grained.
In the following, tilded quantities refer to multigroup constants
generated from ENDF-6 quantities and other quantities refer to
the CASMO-4 quantities.

The transport cross section is defined as

Oy = &tot - ,aa's (4)

where o is the total cross section, u is the scattering cross section
weighted average cosine of the scattering angle in the laboratory
frame and o the scattering cross section.

The (isotropic) total scattering cross section (weighted by num-
ber of emitted neutrons) is defined as

g, =Y mGy, &)
g

where my, is the multiplicity of each partial reaction. The index i
runs over elastic and inelastic scattering reactions, which include
thermal scattering in the appropriate energy region, and neutron
duplication reaction in certain energy groups in the high energy
region. Other reactions are ignored. The multigroup form of the
scattered neutron spectrum from group h is defined as

! We consider only the reactions used in solving the approximation of the transport
equation and generating the two-group homogenized constants for a steady state
diffusion model.
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Dshg = stn &S,ﬁsl-hﬂg/ah (6)
i

so that the scattering cross section from group h to group g, g, is
OsPs - The summation is the same as in Eq. (5).
The effective capture cross section is defined as

Oc = Za-x - 6'2n-, (7)

where the index i covers radiative capture and emissions of proton,
deuterium, triton, hellion and alpha particles. The correction for
neutron duplication eliminates the need of a separate two-group
constant for neutron duplication. Other reactions are again ignored.
The fission reaction is described by the total average number of
emitted neutrons per fission v = , fission cross section ¢y = ¢ and
energy distribution of the emitted neutrons y. The energy dis-
tribution is assumed to be independent of the incident neutron
energy and is, in principle, a weighted average of distributions with
different incident neutron energies. That is, in multigroup form

Xi = ZWhZf.h (8)
[

with suitable coefficients w,.

We use the “sandwich rule”, Eq. (3), to derive covariances for
the CASMO-4 reaction model from the covariances in the ENDF-6
reaction model. This approach was first considered in Pusa
(2012a). The sensitivities are mostly evident in Eqgs. (4)-(8).
However:

(a) We approximate the transport cross section in Eq. (4) by
total cross section.

(b) The considered evaluations do not include covariances for
the energy distributions of emitted neutrons except from fis-
sion reactions. Therefore the distributions in Eq. (6) are
assumed to be exact.

(c) The covariances for thermal scattering cross sections are
replaced by the covariances for the elastic and inelastic scat-
tering cross sections in Eq. (5). The replacement would not
be excusable in the corresponding energy distributions of
emitted neutrons, i.e., Eq. (6).

(d) The coefficients wy, in Eq. (8) are approximated as one for the
energy group which includes 0.625 eV and zero for others.
For the considered evaluations this gives covariances for dis-
tributions whose incident neutron energy range is from at
most 107> eV to at least 500 keV and therefore covers ther-
mal and epithermal fissions but only approximates fissions
caused by fast neutrons.

The assumption that p;,_, are exact and g; is the only quantity
containing uncertainty is likely to underestimate the uncertainty
due to the scattering reactions. Unfortunately some approx-
imations need to be enforced as there is no covariance data avail-
able for the group-to-group scattering cross-sections currently.
This issue is discussed in more detail in Pusa (2012a). Predicting
this kind of model uncertainty, i.e., uncertainty caused by physical
approximations in the model, is beyond the scope of this article
and is omitted.

2.4. Importance ranking

In the first order sensitivity and uncertainty analysis the rela-
tive form of Eq. (3) gives the relative variance of a response R by

var(R) = > Sircov(a, o)S] = > ¢y, (9)
7 7

where rcov(a;, o) denotes the relative covariance matrix between
ith and jth pieces of nuclear data and S; is the response and system

dependent relative sensitivity coefficient vector of kth piece of
nuclear data. For this purpose a piece of nuclear data is specified
by a pair of material and quantity. It holds that c; = cj.

We consider the quantity

|l wheni=j,
Iy =< |cj+ci| wheni>j, (10)
0 otherwise

as the absolute importance of i,jth pair of material-and-quantity-
pairs. Relative importance, sometimes called normalized impor-
tance, R; is defined as I;/3"; ;1. Sometimes we list the sign of ¢; in
front of absolute importances. Both importance and relative impor-
tance are sometimes referred to as contribution to variance or
briefly as contribution. We rank the pairs by sorting them by their
importance (Cacuci et al., 2005; Cacuci and Ionescu-Bujor, 2010).

This definition of importance corresponds to the absolute value
of the change in the relative variance when the components c;
change.

3. Calculations

We generate multigroup nuclear data covariances from the con-
sidered NDLs and perform first order uncertainty analysis using
sensitivities computed for two assemblies.

3.1. The fuel assemblies

Our first assembly is the fresh TMI-1 15 x 15 PWR uranium
dioxide (U0,) assembly in hot zero power (HZP) conditions with
inserted control rods from the UAM-LWR benchmark (Ivanov
et al., 2013). The fuel pins are helium filled and Zircaloy-4 cladded.
The assembly contains 4 pins with gadolinium as burnable absor-
ber. The control rods have silver-indium-cadmium absorber
cladded with Inconel 625, and are inserted in 16 Zircaloy-4 guide
tubes. The moderator-coolant is free of absorbers.

Our second assembly is the GEN-III 17 x 17 PWR mixed oxide
(Mm0x) assembly in hot full power (HFP) conditions with withdrawn
control rods from the UAM-LWR benchmark (Ivanov et al., 2013).
The fuel pins are helium filled and Zircaloy-4 cladded. The assem-
bly contains no pins with burnable absorber. The moderator-cool-
ant contains 1300 ppm of natural boron.

3.2. Responses and generation of their sensitivity profiles

We take the two-group homogenized constants for a steady
state diffusion model as responses. The steady state diffusion
model consists of the infinite multiplication factor ki, the group
transfer constant X ;_,, and fast and thermal diffusion coefficients
D, and D», (effective) absorption constants X,; and X,,, neutron
production constants vX¢; and vX;,, and assembly discontinuity
factors f, and f,. The responses are a subset of quantities that
can be computed with CASMO-4.

We compute the sensitivity profiles for the responses in
CASMO-4 40-group structure (Rhodes and Edenius, 2001) with
CASMO-4 (Rhodes and Edenius, 2001; Pusa, 2012a,b, 2014) using
its built-in nuclear data library. The built-in NDL is based on
JEF2.2 and ENDF/B-IV data (Rhodes, 2005). Therefore the
responses and the sensitivity profiles will be the same for all
NDLs and any differences in the uncertainties arise only from dif-
ferences in the uncertainties in the NDLs or their processing.

3.3. Materials and their uncertainty estimates

We model all nuclides in the absorbers, fuel and moderator-
coolant. For structural materials we include oxygen, chromium,
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iron, nickel, zirconium and niobium as elemental materials, and tin
as isotopes. Covariances for the elemental materials are formed by
using the “sandwich rule”. Natural oxygen is assumed to consist of
160 only.

The choice to use elemental materials is due to the built-in
library having only elemental data for these elements, and hence
only elemental sensitivity profiles can be generated. We also
ignore the helium filling, since the built-in nuclear data library
effectively assumes zero cross sections for it.

3.3.1. Intra-material covariances

The status of uncertainty quantification of nuclear data in the
considered NDLs is presented in Table 1 for our application. In gen-
eral, almost all of the individual evaluations cover necessary reac-
tions, if the evaluation contains any uncertainty estimates in the
first place. In a few cases the relevant energy region is only par-
tially covered, e.g., because only the uncertainties of resonance
parameters are quantified.

For the absorbers the quantified uncertainties vary by NDLs.
Isotopes of boron are well covered in all the considered NDLs.
However, JENDL-4.0u has no other estimates for uncertainty
and JEFF-3.2 only for two isotopes of gadolinium. ENDF/
B-VII.1 contains quantified uncertainties for most isotopes of
gadolinium. For the control rods in the U0, assembly the only
uncertainty estimates are for '°°Ag of ENDF/B-VII.1. Notably,
there is no uncertainty estimates for the main absorber in the con-
trol rods, ''3Cd, in any NDL.

For the fuel materials the quantified uncertainties vary by NDLs.
JENDL-4.0u contains all relevant uncertainty estimates for our
application, and ENDF/B-VII.1 almost all relevant uncertainty
estimates, lacking mostly few covariances of the total number of
neutrons emitted from fission and few covariances of the energy
distributions of neutrons emitted from fission. However, JEFF-
3.2 lacks uncertainty estimates for many important fuel nuclides,
including 2*°U.

For the gas gap material the uncertainties are quantified for
ENDF/B-VII.1, but not for the other two NDLs.

For the moderator-coolant and multipurpose materials the
uncertainties are quantified for ENDF/B-VII.1, but JENDL-4.0u
does not have uncertainty estimates for 'H and JEFF-3.2 does
not have uncertainty estimates for '°0.

For the structural materials the quantified uncertainties vary by
NDLs. JEFF-3.2 contains many uncertainty estimates but, com-
pared to ENDF/B-VII.1, lacks uncertainty estimates for many iso-
topes of zirconium. In contrast to quite complete uncertainty
estimates for the fuel nuclides, JENDL-4.0u lacks uncertainty esti-
mates for many structural materials. General lack of covariances

for tin is apparent, although JEFF-3.2 has covariances for
122,12451_1

3.3.2. Cross-material covariances

The cross-material covariances in the NDLs are listed in Table 2.

ENDF/B-VII.1 has cross-material correlations between some
of the cross sections that are standards (Chadwick et al., 2006;
Carlson et al, 2009). JEFF-3.2 has adopted evaluations from
ENDF/B-VII.1 for °Li, '°B and '9’Au, but not removed references
to 235U, 2%8U and 2*°Pu. Therefore the cross-material correlations
remain, although 22°U has no covariances in JEFF-3.2.

ENDF/B-VII.1 has also cross-material correlations between
average numbers of emitted neutrons per fission. These remain
from the original ENDF/B-V evaluation. The covariances are from
Peelle (Tomlinson et al., 1977), except the references to covariances
of v of 249241py were added from personal communication between
Weston and Magurno (ENDF/B-V, 2014). In modern evaluations the
referenced covariances of v, of 2424!Pu are missing and we assumed
them to be zero, thereby respecting Peelle’s evaluation.

Table 1
Status of uncertainty quantification in the considered NDLs for selected materials.
ENDF/B-VII.1 JEFF-3.2 JENDL-4.0u

Absorber materials
108 ¢, m+ ¢, m+ m-
"B m+ m+ m-
107pg n n n
1094 m+ n n
106‘108‘11071]4'116Cd n n n
113‘1151‘1 n n n
1527154Gd m+ m+ n
155—158,1GOGd m+ n n
Fuel materials
23 ¢, m+ f v,y n ¢, m+, f, v+, 7
238y c,m+ f,v,7 m-, f ¢, m+, f, v+, 7
238py m+, f, v, x n m+, f, v+,
239y c,m+ f v,y m-, f ¢, m+, f, v+,
240py m+, f, v n ¢, m+, f v+, 7
241py m+, f, v n ¢, m+ f, v+,
242py m+, f, v+, 1 n m+, f, v+,
241Am m+, f, v+ m-, m+, f, v+, 1
Gas gap materials
“He m— n n
Moderator-coolant materials
'H m— m-— n
Multipurpose materials
16 m+ n m+
Structural materials
ocr m+ m+ n
5253Cr m+ m+ m+
S4cr m— m+ n
5457Fe m+ m+ n
6Fe m+ m+ m+
58Fe n m+ n
58.60Nj m+ m+ m+
59Nj n n n
61762,64Ni n m+ n
07r m+ m+ m, e
91,93,957962‘_ m+ n n
92947y m+ m+ n
9Nb n n n
112,114—12051.1 n n n
1225y n m+ n
1245 n m+ n
1265 n n n

n No relevant covariances present.

m Covariances of cross-sections of major reaction channels present (elastic,
inelastic or its levels and radiative capture).

m+ Above and more present.

m-— Above and possibly more but no inelastic present.
f Covariances of fission cross section present.

v Covariances of total, prompt or delayed v present.
v+ All above present.

y Covariances of fission y present.

¢ Cross material covariances present.

e No covariances of elastic reaction present.

JENDL-4.0u has cross-material correlations because the six
listed actinides were evaluated using empirical data from ratio
measurements between the nuclides (Iwamoto et al., 2009).

The upcoming ENDF/B-VII.2 might contain cross-material
correlations between isotopes of zirconium due to measurements
using natural zirconium samples (Brown et al., 2014).

3.4. Multigroup nuclear data covariances

The multigroup nuclear data covariances in CASMO-4 40 group
structure (Rhodes and Edenius, 2001) were generated using
slightly modified NJoy 2012.22 (Kahler et al, 2012; Kahler,
2014). All NJOY computations used relative reconstruction toler-
ance of 5 x 107> and 551 K temperature. Maxwell + 1/E + fission
spectrum weight was used with 0.1 eV thermal break, 820.3 keV
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Table 2
Status of cross-material uncertainty data in the considered NDLs."
ENDF/B-VII.1 and SLi oy 198 g, %7Au g, 254 g¢ 28y g, 239y g¢
JEFF-3.2
SLi o’ X X X
10 [ X
1975, o, X X X
235y a¢ X X
238(y . X
239py o X X
ENDF/B-VII.1 2354 w, 238U v, 239py v, 240py y, 241py vy, 232Th v,
25y Ve X X X X X
238( v X
239py Ve X
240py Ve X
241py Ve X
22T Ve X
JENDL-4.0u 233y gy 235y gy 238 gy 239py g 240py g 241py g
23y a¢ X X X X X
25y a¢ X X X X X
B8y oy X X X X X
239py or X X X X X
240py ar X X X X X
241py a¢ X X X X X
X Present.
2 Some derivation rules imply further cross-material covariances.
P Tritium production.
fission break and 1.4 MeV fission temperature. The module PURR 1.0
was run with 40 bins and 80 ladders and the covariances of reso- 0.8
nance parameters are processed in ERRORR using NJOY's 1% 0.6
sensitivity method, when applicable. 0.4
Many formatting issues were reported and fixed in the NDLs.
Notably many cross-reaction covariances of JEFF-3.2 referenced 02
themselves by their ZA-number instead of material number or 00
self-reference. In these cases the cross-reaction covariances might -0.2
be interpreted as cross-material covariances between the material -0.4
and a non-existing material. -0.6
The multigroup nuclear data covariances were postprocessed _08
by summing all redundant reactions from their partials, thereby 10

ensuring consistency with respect to the sum rules (Vanhanen, in
press). Negative eigenvalues were removed from all sets by finding
the nearest positive semidefinite relative covariance matrix in the
Frobenius norm (Vanhanen, 2015b).

We used the same temperature for all computations to avoid
problems with temperatures of oxygen and materials with cross-
material covariances. The temperature of 551 K is correct for the
U0, HZP assembly, and close to correct for the MOX HFP assembly.
Preliminary computations without cross-material covariances
showed that a change from temperature of 551 K to 900 K resulted
in at most 0.9% change in the uncertainties of the considered
responses. Therefore we see conclusions based on differences lar-
ger than about 1% reasonable for the MOX assembly.

4. Results
4.1. Responses and their uncertainties

The correlation matrices between the responses are illustrated
in Figs. 1-6. A positive correlation between two responses, R;
and R», indicates that if a random realization of the NDL is such
that the value of R, increases, this will also increase the value of
R, on the average. A strong correlation between the two responses
indicates that if the uncertainties of the NDL are reduced, by some
means, so that the uncertainty of R; decreases, this is likely to
decrease the uncertainty of R,. However, the linear correlation

Fig. 1. Correlation matrix of the U0, HZP responses for ENDF/B-VII.1.
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Fig. 2. Correlation matrix of the U0, HZP responses for JEFF-3.2.

accounts for effects only up to first order. It is worth noticing that
the contributors to the correlations can be identified and ranked in
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Fig. 5. Correlation matrix of the MOX HFP responses for JEFF-3.2.

the same manner as for the total uncertainties of the responses,
although this is beyond the scope of the article.

It is interesting to see that for both assemblies, all responses
and the three NDLs the fast and thermal responses are positively
correlated. The spread is, however, large. For example, in the U0,
assembly between diffusion coefficients the correlation coefficient
varies between 0.11 (JEFF-3.2 and JENDL-4.0u) and 0.80 (ENDF/
B-VII.1).Also infinite multiplication factor is positively correlated
with fast and thermal neutron production constants, and nega-
tively with fast and thermal absorption constants and thermal dis-
continuity factor for all assemblies and NDLs.
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Fig. 6. Correlation matrix of the MOX HFP responses for JENDL-4.0u.

The responses and their uncertainties for the considered NDLs
are listed in Table 3 for the U0, assembly and in Table 4 for the
MOX assembly. In principle, the inverses of the uncertainties corre-
spond to the prediction capabilities (Cacuci, 2003). All NDLs predict
uncertainties in the same order-of-magnitude. However, uncer-
tainty quantification is not complete for any considered NDL and
essentially zero uncertainty has been assumed for the unquantified
uncertainties. In a few cases the unquantified uncertainties are
important. For example for ENDF/B-VII.1 the uncertainty of the
U0, fast discontinuity factor has a contribution of 45% from
109Ag. The lack of uncertainty estimate for '°°Ag in JEFF-3.2
and JENDL-4.0u is seen on the considerably smaller uncertainty
for the response. The uncertainty is missing one of its main compo-
nents, if the evaluators of JEFF-3.2 and JENDL-4.0u have roughly
the same knowledge on the true values of nuclear data of '%°Ag as
the evaluators of ENDF/B-VII.1. Therefore the prediction
capabilities of the NDLs can not be directly inferred from the
tables.

However, the contributions of pieces of nuclear data which have
quantified uncertainties can be compared directly between the
NDLs.

4.2. Most important materials

We identify the most important pairs of material-and-quantity-
pairs by ranking them by their relative importance to variances of
the responses for both assemblies. We consider, rather arbitrarily,
pairs which have relative importances 5% or more for any response
in either assembly as important, and consider any material in these
pairs as important.

The shortlist of important materials is compiled in Table 5.
Notably 2>°U is not among the main contributors for any NDL for
the MOX assembly: it is known so accurately that it contributes less
than 5% to the variances in its MOX concentration.

The ZzZ-SCALE6/COVA-44G library suggest that three addi-
tional materials might be important: '*In has 5.5% and 12.1% rela-
tive importances to the uncertainty of fast and thermal
discontinuity factor, respectively, ''>Cd has relative importance
of 4.9% to the uncertainty of thermal discontinuity factor, and
107A¢ has relative importance of 3.1% to fast absorption constant.

4.3. Differences between the NDLs

We compare the most important materials listed in Table 5 by
their (signed) absolute importances. The differences arise due to
NDLs and their processing only, since the absolute importances
are computed using assembly but not NDL specific sensitivities.
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Table 3
Relative uncertainties of the rodded U0, HZP assembly.
Response  Value ENDF/B-VII.1 JEFF-3.2 JENDL-4.0u
Uncertainty (%)
King 1.0730 0.728 1.788 0.460
D, 1.3620 cm 1.162 2.961 1.158
D, 0.3618 cm 0.351 0.298 0.149
Se12 0.0145 cm™! 1.152 1.041 0.833
a1 0.0129 cm™! 0.716 1.402 0.615
a2 0.1352 cm™! 0.208 1.265 0.184
VZgq 0.0087 cm ™' 0.783 0.357 0.504
V¢ 0.1939cm™'  0.782 0.348 0.445
f1 1.0180 0.0368 0.0130 0.0225
fa 1.3700 0.0540 0.111 0.0230
Table 4
Relative uncertainties of the unrodded MOX HFP assembly.
Response  Value ENDF/B-VII.1 JEFF-3.2 JENDL-4.0u
Uncertainty (%)
King 1.1080 0.570 1.398 0.814
Dy 1.4580 cm 0.918 2.998 1.102
D, 0.3188 cm 0.308 0.332 0.171
512 0.0116 cm™' 0.975 1.127 0.842
a1 0.0155 cm™! 0.590 1.080 0.665
a2 0.2900 cm ™! 0.244 0.930 0.394
V¢ 0.0119 cm™' 0.536 1.201 0.526
Vi, 0.4547 cm™! 0.666 1.103 0.688
fi 0.9881 0.0176 0.0497 0.0199
fa 1.3830 0.0598 0.146 0.0997
Table 5
Maximum relative importances for the shortlisted materials.
Material ENDF/B-VII.1 JEFF-3.2 JENDL-4.0u
Relative importance (%) | response
U0,
H 404 | D, 65.6 | f,
natg 54.4 | D, 73.3 | D,
nze 985/ Za2
1097g 449 [ f,
157Gd 72/ f,
235y 83.0 [ v, 84.9 %12
38y 169/ Z,1 30.5/ D, 40.9 | D,
MOX
H 62.4 [ 2512 46.6 | X512
natg 435 Dy 28.6 | D,
nzre 959/ Dy
238y 17.2 [ vE¢; 9.8 /D, 49.1 | Dy
239py 63.4 [ vZ¢, 88.8 [ vXfy 59.7 [ vZ¢,
240py 10.8 / f, 52.3 [ Kint
241py 17.2 | vZgq 320/ vZgy
242py 259 [ Za4
241Am 6.1 /D, 6.3 /D,

#Maximum relative importances of less than 5% are omitted.

Strictly speaking, the conclusions are restricted to the considered
test cases only, but we believe that our test cases represent a rea-
sonable share of PWRs.

The contributions of 'H are identical for ENDF/B-VII.1 and
JEFF-3.2, since the latter has adopted the evaluation from the
former.

The only difference between the NDLs for '°°Ag and '’Gd is
that they have uncertainty estimates only in ENDF/B-VII.1,
which estimates their contribution to be up to 45% and 7.2% for a
response, respectively. The absolute importances of '>’Gd are
typically an order-of-magnitude larger for ENDF/B-VII.1 than

Table 6

Selected absolute importances of '°0.*
Response ith pair ENDF/B-VII.1 JENDL-4.0u

Jjth pair Iy (%%) Iy (%)

U0,
D; 160, g 348 x 10! 2.60 x 107!
D, 160, g 6.76 x 1072 1.69 x 102
fi 160, g, 6.72 x 10°° 3.35x10°°
f> 160, g 3.32x 1074 8.09 x 107°
MOX
D, 160, g 367 x 107! 3.06 x 10!
D, 160, g 442 x 102 1.10 x 102
fi 160, g, 230x10°° 2.69 x 10°°

2 Data with relative importances of less than 5% are omitted.

for ZZ-SCALE6,/COVA-44G, which is based on the low-fidelity
covariances (Little et al., 2008). This is an example of cases where
the low-fidelity estimates do not identify important nuclides.

4.3.1. Natural oxygen (1°0)

The ENDF/B-VII.1 covariances for '°0 are based on the low-
fidelity covariance library (Little et al., 2008) with data from vary-
ing sources. The JENDL-4.0u covariances are based on both
experimental data and nuclear model calculations (Shibata et al.,
1997), however, partials of the effective capture cross section are
fitted to experimental data without using information from
nuclear models.

The selected absolute importances for '°0 are listed in Table 6.

The important contributions from the scattering cross section
are within an order-of-magnitude between the NDLs, although
usually with JENDL-4.0u the contributions are smaller than with
ENDF/B-VII.1.

The contributions from the effective capture cross-section have
an order-of-magnitude difference between the NDLs for the fast
absorption constant. With JENDL-4.0u data, the relative impor-
tance is 3.8%. The absolute importances are 5.49 x 10~%%? and
1.47 x 1072%? for ENDF/B-VII.1 and JENDL-4.0u, respectively:
the importances differ by a factor of 26.7. Large differences in con-
tributions from the effective capture cross section are also
observed for some, but not all, responses in the fast energy region.
The differences seem to arise mostly from uncertainty of cross sec-
tion of o emission, since the uncertainties in other partials are
quite similar between the NDLs and the cross section for o emis-
sion dominates above its reaction threshold. There is an order-of-
magnitude difference between the threshold and 10 MeV in the
uncertainties: the low-fidelity estimate of ENDF/B-VII.1 is 2%
while the JENDL-4.0u estimate is 18% due to discrepancies in
the experimental data. The uncertainty estimates are less different
above 10 MeV.

4.3.2. Natural zirconium

The covariances in ENDF/B-VII.1 are from COMMARA-2.0
(Herman et al., 2011) library for all constituents, and they are
based on selected experimental data and nuclear model calcula-
tions. The JEFF-3.2 zirconium evaluations with covariances are
adopted from TENDL-2012 (Koning and Rochman, 2012). We cor-
rected the cross-reaction references before generating the multi-
group covariances. The covariances in JENDL-4.0u are based on
experimental data (Shibata et al., 1996).

The selected absolute importances for "Zr are listed in Table 7.
The large differences result partly from the use of elemental eval-
uation, whose constituents differ for the NDLs.

e For ENDF/B-VII.1 all constituents of natural zirconium have
uncertainty estimates.
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Table 7 Table 8
Selected absolute importances of "'Zr.? Selected absolute importances of 2*°U."
Response ith pair ENDF/B-VII.1 JEFF-3.2 JENDL-4.0u Response ith pair ENDF/B-VII.1 JENDL-4.0u
Jthpair —f; (%) I (%) I (%%) Jth pair I (%) I (%)
Uo: Uo.
ki,.,2 "7 e 1.56 x 107° 299 x 10 2.95x 1073 km: 25y, y 3.40 x 107! 6.46 x 1072
D; N7, o 222 %1073 8.45 x 10*° 1.16 x 1072 King By, 3.75 x 1072 2.74 x 1072
a2 nZr, e 8.72 x 1076 1.57 x 10" 4.20 x 107° King 2354, g, 2.62 x 1072 1.91 x 1072
VEfo nZr, G 6.47 x 1077 117 x 107! 3.12x10°¢ King 25, o, 122 x 1072 1.18 x 1072
f> NZr G 6.38 x 1078 1.16 x 1072 3.16 x 1077 235y, ¢
OX King zzzu o¢ 1.15 x 10*? 1.29 x 10*?
D, "Zr gy 249 x 1073 8.62x 10 136 x 1072 D ' 6.92 10" 514107
fi Mz gy 6.14x 1077 222x10°%  359x10° 512 x 7:46 10" 591107
Tar U, 7 2.80 x 10 2.26 x 10
? Data with relative importances of less than 80% for JEFF-3.2 are omitted. Za2 >, ot 2.68 x 107 2.68 x 107
T 2354, o, ~1.67 x 1072 ~1.67 x 1072
235U, o¢
« For JEFF-3.2 the isotopes **92°Zr have uncertainty estimates. a2 27U, o 1611072 161 1072
These cover, roughly, 86% of natural abundance, 27% of thermal é” 2353’ ‘ f‘jg i 18,1 ;:; i 18,2
capt.ure cross section and 78% of thermal elastic scattering cross ‘,2:': 235U: f 4:20 %102 '
section. 238y
e For JENDL-4.0u only °°Zr has uncertainty estimates. These DI 254, a¢ 3.36 x 102 8.52 x 1072
cover half of natural abundance, only 2.8% of thermal capture VZra 2y, v 5.07 x 107" 9.66 x 10~
cross section and no elastic scattering since there are no esti- VZr2 zzZU ot 850 x 10 z 850 x 10 2
mates for its uncertainty. The covariances of the scattering reac- VEe2 2353‘ e 12510 12510
tion include estimates for the inelastic reaction only. 1 235 ;f 497 x 104 387 x 104
f> 235y, g¢ 2.87 x 107 2.87 x 1074
The differences are not explained by the presence of con- fa 25U, o, ~1.79 x 1074 ~1.79 x 1074
stituents in the elemental evaluations, since the NDL with the most iz:” ot . »
constituents with uncertainty estimates has the smallest con- f2 235U‘ e 1.74x10 ) 17410 5
o S fa U, 7 1.11 x 10 9.06 x 10
tributions to the uncertainties.
The apparent several-orders-of-magnitude differences in con- ¢ Data with relative importances of less than 5% are omitted.
tributions from both scattering and effective capture of JEFF-
3.2 to the other two NDLs are not expected, and seem unreal-
istically large. The large differences are also observed for responses Table 9 . T
not included in the table. The difference between JEFP-3.2 and  Sclected absolute importances of U
ENDF/B-VII.1 would be even larger if JEFF-3.2 had uncertainty Response ith pair ENDF/B-VII.1 JEFF-3.2 JENDL-4.0u
estimates for all the isotopes of natural zirconium. jthpair —p (%2) Ij (%2) Ij (%%)
The origin of large uncertainties in JEFF-3.2 seems to be %°Zr, U0,
which has uncertainties of dozens of per cent for the main reaction King 238y, g, 6.28 x 1072 2.01x 107" 6.40 x 1072
channels. The isotopes %2Zr and %*Zr have uncertainties of less than D %U,05  333x1072 387x10°  551x10°"
a dozen per cent, being in the same order-of-magnitude as the D, Z:U o 514x10 2 2.70 < 10 T 31410 z
L 12 U, 0. 2.86x10 1.13 x 10 2.84 x 10
uncertainties in ENDF/B-VII.1. Te1 o 238y 5, 252 x 103 277 x 105 626 x 102
The uncertainties from one isotope in JENDL-4.0u are larger b 28] 6. 870 x 102 231x10°" 948 x 102
than the combined uncertainties of all zirconium isotopes in Tt 238y, g 1.18 x 1073 3.03 x10°¢ 2.65 %1072
ENDF/B-VII.1, and differ by a factor of 5-200. Including informa- Zan 2,0 744x107 161x102 747 x 107
tion from other experimental data and nuclear models might bring VZta Z:U v 420x 107
the uncertainties closer to current ENDF/B-VII.1 values, and _— 2383' t: 0.07 x 10°2 231 % 10°2
including omitted experimental data might bring ENDF/B-VII.1 VEfy B g 174x 102 136x 107 217 x 102
uncertainties closer to current JENDL-4.0u values. VI, 28y, g, 7.04 x 1073 210 x 1072 7.05 x 1073
Kodeli and Snoj (2012) found that SCALE 6.0 and JENDL-4.0 f1 284, g 4.65 x 10°° 451 x10°° 7.92x 107°
predict uncertainties within an order-of-magnitude for the effec- fa 2,0 751x107° 128x10*  756x107°
tive multiplication factor of KRITZ-2 critical experiment due to MOX
907r. The uncertainty estimates in SCALE 6.0 are based on the King 280,00 415x1072 121x107"  432x1072
low-fidelity covariances (Little et al., 2008). Dy >%U.0s 350107 375x 107 6011077
D, U, 05 2.10x 10 1.11 x 10 2.09 x 10
So1a 28U, 5. 3.13x10°2 122x107"  3.11x1072
4.3.3. Uranium-235 12 zjzu g 2.82x 10*2 1.32 x 10*? 7.07 x 10*2
The cross section covariances in ENDF/B-VII.1 are based on i“ 2383' Z‘ T'zgi 18,3 }g z 18,5 g;?i :g—z
experimental data and nuclear model calculations, the covariances v;:_] 238y v 505x 102 ' 127 x 10-2
of v are based on experimental data, and the covariances of y are f 28 g, 378 x 10-6 323 %107 7.09 x 10-5

based on experimental data and nuclear model calculations.
Notably the covariances of v, carry over from ENDF/B-V. The cross
section covariances in JENDL-4.0u are based on experimental
data, nuclear model calculations and assumed uncertainties,
depending on the piece of nuclear data and energy region. In some
cases the evaluators have increased the uncertainties after formal
uncertainty quantification. The covariances of v are based on

¢ Data with relative importances of less than 5% are omitted.

experimental data, but the uncertainty has been doubled after
the analysis. The covariances of y are based on experimental data
and nuclear model calculations. The JENDL-4.0u covariances are
revised from JENDL-4.0 due to unrealistically large uncertainties
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Aolo vs. E for 28U(n,f)
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Fig. 7. Relative covariance matrix of 2*U(n,f) cross section for ENDF/B-VII.1.

(Hernandez-Solis et al., 2013a,b). The uncertainties propagated
from the resonance parameters uncertainties seem to coincide
below 500 eV for the evaluations.

The selected absolute importances for 23°U are listed in Table 8.

The important contributions from the number of emitted neu-
trons per fission are quite different between the NDLs: the con-
tributions to the uncertainty of the fast neutron production
constant have an order-of-magnitude difference, and the con-
tributions to the uncertainties of the thermal neutron production
constant and the infinite multiplication factor differ by a factor of
5. In both cases JENDL-4.0u claims a better knowledge of the
number of emitted neutrons per fission over the whole energy
region. The ENDF/B-VII.1 covariances seem to be inconsistent:
the relative standard deviations of v; and v, are on the orders of
0.7% and 0.2%, respectively. Assuming that these are correct, the
uncertainty of v4 needs to be on the order of 77-138% depending
on the correlation coefficient between delayed and prompt
neutrons.

The important contributions from the fission spectrum are
within an order-of-magnitude for all responses.

All thermal responses have the same contributions within
almost three digits from the cross sections. For the thermal dis-
continuity factor and the thermal absorption constant the cross-
reaction covariance between the capture and fission cross sections

diminishes the uncertainty of the responses. Physically the dimin-
ishing occurs because the responses depend more on the sum of
the cross sections than on the absolute values of the cross sections
and the sum of the cross sections is better known than its partials.
The latter fact is visible in mostly negative correlation between the
cross sections. The other side of the effect is seen for the infinite
multiplication factor and thermal neutron production constants.

The contribution from the effective capture cross section to the
fast absorption constant has an order-of-magnitude difference
between the NDLs. With ENDF/B-VII.1 data, the relative impor-
tance is 4.6%. The absolute importances of ENDF/B-VII.1 and
JENDL-4.0u are 2.39 x 1072%? and 2.76 x 1073%2, respectively.
The difference seems to origin from large differences of the uncer-
tainties of radiative capture cross section: in ENDF/B-VII.1 the
uncertainty is 30-40% between 7 keV and 500 keV, while in
JENDL-4.0u the uncertainty is only 2-4% in the same energy
range.

The contribution from the fission cross section to the fast neu-
tron production constant is within an order-of-magnitude for the
NDLs.

4.3.4. Uranium-238
The cross section covariances in ENDF/B-VII.1 are based on
experimental data and nuclear model calculations, and the
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Fig. 8. Relative covariance matrix of 2>*U(n,f) cross section for JEFF-3.2.

covariances of v are based on experimental data. The cross section
covariances in JEFF-3.2 are based on experimental data and cover
only the energy region below 100 keV. The cross section covari-
ances in JENDL-4.0u are based on experimental data, nuclear
model calculations and assumed uncertainties, depending on the
piece of nuclear data and energy region. In some cases the evalua-
tors have increased the uncertainties after formal uncertainty
quantification. The covariances of v are based on experimental
data. JENDL-4.0u covariances are from the revised NDL. The
uncertainties propagated from the resonance parameters uncer-
tainties seem to coincide below 20 keV for ENDF/B-VII.1 and
JENDL-4.0u.

The selected absolute importances for 2*8U are listed in Table 9.

The important contributions from the number of emitted neu-
trons per fission are within an order-of-magnitude for ENDF/
B-VII.1 and JENDL-4.0u for all responses in both U0, and MOX
assemblies. The importances of ENDF/B-VII.1 are larger than
the importances of JENDL-4.0u by a factor of 5.

The important contributions from the effective capture cross
section are within an order-of-magnitude for all NDLs for all
responses in both U0, and MOX assemblies. However, the impor-
tances of JEFF-3.2 differ by a factor of 2-4 to the other NDLs
and for the fast responses the differences would be even larger if
JEFF-3.2 had quantified uncertainties above 100 keV.

The important contribution from the fission cross section is
within an order-of-magnitude for ENDF/B-VII.1 and JENDL-
4.0u, but different by several orders-of-magnitude for JEFF-3.2.
The uncertainty is smaller in JEFF-3.2, but the effect would be
diminished if the uncertainties were fully quantified. The covari-
ances in the used group structure are illustrated in Figs. 7-9. The
partial quantification is apparent in JEFF-3.2 and the larger
uncertainties in the other NDLs. The differences between the
NDLs in the best-estimates seem to be smaller than in the
uncertainties.

The important contributions from the scattering cross section to
thermal responses are within an order-of-magnitude for ENDF/
B-VII.1 and JENDL-4.0u. The importances of JEFF-3.2 differ
by a factor of 5 to the other NDLs. However, for the fast responses
the order-of-magnitude differences between the NDLs are not
exceptions. The importances of JENDL-4.0u are larger than the
importances of ENDF/B-VII.1 by a factor of 17-25. The difference
is at least partly explained by the larger uncertainty of JENDL-
4.0u in neutron duplication and the negative correlation between
the elastic and inelastic cross sections in ENDF/B-VII.1, which is
missing in JENDL-4.0u. In this case the differences between
JEFF-3.2 and the other NDLs would be diminished if JEFF-3.2
had uncertainty estimates for the whole energy region. There are
no qualitative differences between the U0, and MOX assemblies.
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Fig. 9. Relative covariance matrix of 2®U(n,f) cross section for JENDL-4.0u.

The difference between JEFF-3.2 and the other NDLs is partly
explained by the energy regions with unquantified uncertainties.

4.3.5. Plutonium-239

The cross section covariances in ENDF/B-VII.1 are based on
experimental data and nuclear model calculations, and the covari-
ances of v are based on experimental data. The origin of covari-
ances of y is not documented. The cross section covariances in
JEFF-3.2 are based on experimental data and cover only the
energy region below 2.5 keV. The cross section covariances in
JENDL-4.0u are based on experimental data, nuclear model
calculations and assumed uncertainties, depending on the piece
of nuclear data and energy region. In some cases the evaluators
have increased the uncertainties after formal uncertainty quan-
tification. The covariances of v are based on experimental data,
and the covariances of y are based on experimental data and
nuclear model calculations. The JENDL-4.0u covariances are from
the revised NDL. The uncertainties propagated from the resonance
parameters uncertainties seem to coincide below 2.5keV for
ENDF/B-VII.1 and JENDL-4.0u.

The selected absolute importances for 2*°Pu are listed in
Table 10.

The important contributions from the number of emitted
neutrons per fission are within an order-of-magnitude for ENDF/
B-VII.1 and JENDL-4.0u for all responses in both U0, and MOX

assemblies. The importances of ENDF/B-VII.1 are larger than
the importances of JENDL-4.0u by a factor of 5.

The important contributions from the fission spectrum are
within an order-of-magnitude for all responses.

The important contributions from cross sections of ENDF/
B-VII.1 and JENDL-4.0u are within an order-of-magnitude for
all responses, and in many cases the same within almost 3 digits.

In the thermal region the contributions from the total scattering
cross section are larger by a factor of 10-12 for JEFF-3.2 than for
the other NDLs. The uncertainty of the elastic scattering cross sec-
tion is between 3% and 5% for JEFF-3.2 in the thermal region,
while it is less than 1% for the other NDLs. In the thermal region
the contributions from the fission cross section are within an
order-of-magnitude.

The cross-reaction contributions are mostly within an order-
of-magnitude between JEFF-3.2 and the other NDLs, except
the contribution to the thermal absorption constant. In the fast
region the differences are larger and would be even larger if the
uncertainties in JEFF-3.2 were quantified in the whole energy
region.

The different signs between JEFF-3.2 and the other NDLs for
the contribution to the uncertainty of the thermal discontinuity
factor is interesting: the correlation between the effective capture
and fission cross sections is mostly positive for JEFF-3.2 while it
is negative in the other NDLs.
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Table 10
Selected absolute importances of 2*°Pu.?

Response ith pair ENDF/B-VII.1 JEFF-3.2 JENDL-4.0u
jth pair Iy (%) Iy (%) Iy (%)

MOX

King 239py, g¢ 538 x 1072 219 x 107! 5.42 x 1072

King 239y, g 4.53 x 1072 581 x 107" 4.51 x 1072

King 239y, g 3.64 x 1072 291 %1072 3.66 x 1072
239py, o¢

Dy 239y, ¥ 1.26 x 107! 2.89x 107"

D, 239y, g —4.49 x 1073 -1.60 x 1073 -451 x 1073
239py, o

D, 239py, o¢ 419 %1073 150 x 1072 421 %1073

D, 239py, ¢, 329 x 1073 3,53 x 1072 330x 1072

Se12 239y, ¥ 1.38 x 107! 3.35x 107!

Se12 239py, g 143 x 1073 7.02 x 1072 125x 1073

a1 239y, ¥ 588 x 1072 143 x 107!

a1 239y, g, 226 %1073 8.04 x 1072 1.76 x 1073

T2 29y, g¢ 543 x 1072 1.62x 107! 5.45 x 1072

Sa2 9%y, g, —4.39 x 102 —4.46 x 1072 —4.40 x 102
2391—,‘_1' ot

Saz 9%y, g, 331x102 426 x 10" 332x10°2

Vi, 29y, g¢ 1.06 x 107! 1.28 x 10" 1.08 x 10!

V4 239y, ¥ 1.06 x 1072 1.45 x 1072

Vi, 239py, o¢ 2.82x 107! 921 x 107! 2.83x 107!

VE¢, 239py, g, 8.67 x 1072 2.02 x 1072 8.68 x 1072
239Pu, ot

VEp, 2%y, y 247 x 1072 438 x 1073

Vs 239py, 6, 234 x 1072 267 x107! 234 x 1072

fi 239y, ¥ 8.08 x 107° 1.98 x 1074

fa 29y, g¢ 1.81x 1072 479 x 1073 1.82 x 103

fa 29y, g, -1.10x 103 1.84 x 1074 ~1.10x 1073
zaspu‘ o¢

fa 29y, g, 9.05x 10°* 1.17 x 1072 9.06 x 1074

¢ Data with relative importances of less than 5% are omitted.

4.3.6. Plutonium-240

The cross section covariances in ENDF/B-VII.1 and JENDL-
4.0u are based on experimental data and nuclear model calcula-
tions, although the JENDL-4.0u evaluators have increased uncer-
tainties by a few per cent after formal uncertainty quantification.

The selected absolute importances for 24°Pu are listed in
Table 11.

All the important contributions are from the effective capture
cross section. The absolute importances differ by factors of 7-18.
There is no large difference between thermal and fast regions.
The order-of-magnitude difference is evident in the uncertainties
of radiative capture cross section, although the cross sections are
quite close to each other.

4.3.7. Plutonium-241

The cross section covariances in ENDF/B-VII.1 are based on
the low-fidelity covariances (Little et al., 2008), except the covari-
ances of the fission cross section above 1keV are based on

Table 11

Selected absolute importances of 24°Pu.?
Response ith pair ENDF/B-VII.1 JENDL-4.0u

jth pair I (%) Ij (%)

MOX
Kinf 240py, g 1.97 x 1072 347 x 107!
D, 240py, g, 1.07 x 103 1.02 x 102
Zs1-2 240py, g 124 x 1072 2.31x 107!
Za1 240py, g, 9.29 x 1073 1.64 x 107!
Za2 240py, g, 452 %1073 6.83 x 1072
fi 240py, g 639 x 1076 471 x107°
fa 240py ¢, 6.29 x 104 592 x 103

2 Data with relative importances of less than 5% are omitted.

Table 12

Selected absolute importances of 24'Pu.*
Response ith pair ENDF/B-VII.1 JENDL-4.0u

jth pair I (%) I (%)

MOX
Kint 241py, g 7.05 x 1073 5.02 x 1072
T2 241py, g 832x107* 2.09 x 1072
VE¢q 241py, g¢ 5.05 x 1072 8.54 x 1072
V¢, 241py, g¢ 222 x10°2 3.95 x 1072
fa 241py, g 9.87 x 107° 9.73 x 1074

¢ Data with relative importances of less than 5% are omitted.

experimental data. The cross section covariances of JENDL-4.0u
are based on experimental data, nuclear model calculations and
assumed uncertainties, and in some cases the evaluators have
increased the uncertainties after formal uncertainty quantification.

The selected absolute importances for 24'Pu are listed in
Table 12.

The important contributions from the fission cross section are
within an order-of-magnitude for both NDLs.

The important contributions from the effective capture cross
section have an order-of-magnitude difference: the importances
of JENDL-4.0u are larger by a factor of 7-25. The uncertainty of
radiative capture in the thermal region seems to be under-
estimated in the low-fidelity covariances, as observed by the eval-
uators in the low-fidelity covariance project (Little et al., 2008).

4.3.8. Plutonium-242

The cross section covariances in ENDF/B-VII.1 are based on
the uncertainty estimates from COMMARA-2.0 (Herman et al.,
2011) up to 1keV. Other covariances seem to be from JENDL-
4.0. The cross section covariances of JENDL-4.0u are based on
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Table 13

Selected absolute importances of 242Pu.?
Response ith pair ENDF/B-VII.1 JENDL-4.0u

jth pair I (%2) Iy (%)

MOX
King 242py, g, 6.30 x 102 7.02 x 1073
To1-2 242py, g, 117 x 107! 1.26 x 1072
Zai 242py, g, 9.05 x 1072 9.44 x 1073
f1 242py, g, 244 x10°° 332x10°°
fa 242py, g, 358 x 1074 6.89 x 107°

2 Data with relative importances of less than 5% are omitted.

nuclear model calculations and assumed uncertainties, and in
some cases the evaluators have increased the uncertainties after
formal uncertainty quantification. The JENDL-4.0u covariances
are from the revised NDL.

The selected absolute importances for 24?Pu are listed in
Table 13.

The important contributions from the effective capture cross
section have almost an order-of-magnitude difference: the impor-
tances of ENDF/B-VII.1 are larger by a factor of 5-10. The differ-
ence in importances is visible in the uncertainties and is one of the
reasons for the JENDL-4.0 revision.

4.3.9. Americium-241

The covariances of the resonance parameters in ENDF/B-VII.1
are adopted from JENDL-4.0, and other covariances are based on
experimental data and nuclear model calculations. The covariances
of JEFF-3.2 are partial, quantified up to 150 eV. The covariances of
JENDL-4.0u are based on experimental data, nuclear model
calculations and assumed uncertainties, and in some cases the
evaluators have increased the uncertainties after formal uncer-
tainty quantification. The JENDL-4.0u covariances are from the
revised NDL.

The selected absolute importances for 24'Am are listed in
Table 14.

The important contribution from the scattering cross section
has an order-of-magnitude difference between ENDF/B-VII.1l
and the other NDLs. The uncertainties of the elastic scattering are
about 4.4% for JEFF-3.2, 16% for JENDL-4.0u and over 100% for
ENDF/B-VII.1 inthe thermal region. The large resonance parame-
ter uncertainties are one of reasons for JENDL-4.0 revision, and
this can be still seen in the uncertainties of ENDF/B-VII.1.

The important contribution from the effective capture cross sec-
tion has an order-of-magnitude difference between JENDL-4.0u
and JEFF-3.2. The contribution from ENDF/B-VII.1 falls
between the other NDLs. The difference seems to emerge, at least
partly, from a sudden increase in the uncertainty from 4% to 10—
16% above 0.1eV in JENDL-4.0u, while the uncertainties in
JEFF-3.2 remain at a level of 3-6%.

4.4. Contributions from cross-material covariances
Generally the contributions to uncertainties from cross-mate-

rial covariances are small: the summed relative importances of
cross-material covariances are typically less than 0.1%. However,

Table 14
Selected absolute importances of 24'Am.’
Response ith pair ENDF/B-VII.1 JEFF-3.2 JENDL-4.0u
jth pair I (%) I (%?) I (%2)
MOX
D, 21Am, o, 6.48 x 1073 194 x10°%  9.00 x 10~/
D, 241Am, o, 5.98 x 1074 2.25x10°% 244 x 1073

¢ Data with relative importances of less than 5% are omitted.

Table 15
Large relative importances of cross-material covariances for each case.”
ENDF/B-VII.1 JENDL-4.0u
Relative importance (%) | response
U0, 1.86 | kint 2.06 [ vZg;
7.37 [ vZgy
MOX 0.99 [ king 1.94 [ vZ¢,y
7.33 | vZg,
0.578 | V¢,
0241 [ f,

¢ Relative importances less than 0.1% are omitted.

in a few cases the cross-material covariances have a larger con-
tribution to the variance.

The relative importances of cross-material covariances in
JEFF-3.2 are small, at most 4.24 x 107°% for the fast discontinuity
factor of the U0, assembly and at most 2.45 x 10~4% for the fast
neutron production constant of the MOX assembly.

The larger, over 0.1%, relative importances of the cross-material
covariances are listed in Table 15. For both ENDF/B-VII.1 and
JENDL-4.0u the largest contributions are to the fast neutron pro-
duction constant for both U0, and MOX assemblies.

For JENDL-4.0u the largest contribution for the U0, assembly is
solely from the covariance between 2*°U ¢} and 234U o, but has
multiple cross-material contributors for the MOX assembly.

For ENDF/B-VII.1 the largest contribution for the U0, assem-
bly is mostly from the covariance between 23°U v and 232U v,
although the covariance between 23U g and 2*®U o has a small
contribution. For the MOX assembly cross-material covariances
with 23°Pu v have the largest contributions.

5. Conclusions

We have surveyed prediction capabilities of three NDLs by per-
forming uncertainty analysis on two PWR assemblies from the
UAM benchmark (Ivanov et al., 2013). The considered responses
were two-group homogenized assembly constants for a steady
state diffusion model.

We have considered intra-material and cross-material covari-
ances, and in general the contributions from cross-material covari-
ances are small. However, for ENDF/B-VII.1 and JENDL-4.0u
these have a moderate contribution to the (fast) neutron produc-
tion constants and for ENDF/B-VII.1 also for other responses.

In many cases the NDLs claim about the same level of knowl-
edge of the nuclear data. However, for several important pieces
of nuclear data the uncertainties have an order-of-magnitude dif-
ferences between the NDLs. These are observed between ENDF/
B-VII.1 and JENDL-4.0u for 2*U g, 2*°Pu ¢, and ?*'Pu o.. In
addition JEFF-3.2 has large uncertainties for °°Zr and JENDL-
4.0u is missing uncertainty estimate for the elastic scattering of
907r. The ENDF/B-VII.1 covariances of 23U v seem to be inconsis-
tent, and 24?Pu and 2*'Am of ENDF/B-VII.1 use covariances from
JENDL-4.0, which have been updated in JENDL-4.0u because of
significant errors.

If the evaluations are not erroneous, the differences are a result
of different evaluation methods or different use of expert judg-
ment. In the latter cases the evaluators should verify that they have
included all relevant, both empirical and theoretical, information
in the quantified uncertainties. Uncertainty estimates should
reflect the fact that each estimation method includes systematic,
random and methodological components (Cacuci, 2003).

The uncertainty quantification is not complete in the NDLs. (I)
There are no uncertainty estimates for secondary neutron energy
distributions for reactions other than fission. For non-thermal
energies the information can be, at the expense of volume of the
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data, encoded in ENDF-6 format, but handling thermal upscatter-
ing might be problematic without a format for File 37. (II) There
are many nuclides whose uncertainties are only partially quanti-
fied. From the viewpoint of our application, the state of uncertainty
quantification is compiled in Table 1. (IIl) In some cases the uncer-
tainties are quantified only for a partial energy range. Usually this
is because only the uncertainties of resonance parameters have
been quantified. ENDF/B-VII.1 >*Cr, and JEFF-3.2 2*°Pu and
241Am fall into this category. (IV) In some cases there are no uncer-
tainty estimates for a material. Concerning the two test assemblies
there are no uncertainty estimates for ''°In, ''3Cd and '%’Ag in the
three NDLs, although uncertainty estimates in the zZZ-SCALE6/
COVA-44G library suggest that their contribution is important.
For at least one NDL there are no uncertainty estimates for 'H,
160, all isotopes of ™Zr, 1°°Ag, 1>’Gd and most nuclides in the fuel.
It should be mentioned that the test cases do not contain fission
product poisons. In general, uncertainties of strong absorbers need
to be quantified.

Comparing the overall prediction capabilities of the NDLs is
meaningless, since the uncertainty quantification is not sufficiently
complete in the NDLs. Practical uncertainty propagation can be
performed if simple estimates, for example from the zz-
SCALE6,/COVA-44G-library (OECD/NEA Data Bank, 2011) or from
the low-fidelity covariance project (Little et al., 2008), are used
when no high-fidelity uncertainty estimates are available.
However, the contribution from simple estimates should remain
low when quantitative results are needed, and even then impor-
tant sources of uncertainty might not be identified, as '°0, '>’Gd
and ?*'Pu demonstrate for our case. Fortunately the number of
high-fidelity uncertainty estimates is larger than in previous
releases of the NDLs and continues to grow as new evaluations
are made with quantified uncertainties and new releases of NDLs
are published.
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We work under multigroup approximation. The Bondarenko method is used to acquire effective cross
sections for the homogeneous reactor. Modeling error and numerical error are estimated.

The adjoint sensitivity analysis is performed to calculate generalized adjoint fluxes for the responses.
The generalized adjoint fluxes are used to calculate first order sensitivities of the responses to model
parameters. The acquired sensitivities are used to propagate uncertainties in the input data to find out
uncertainties in the responses.
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reactor is low. We identify main sources of uncertainty and note that the low-fidelity evaluation of 160
is problematic due to lack of correlation between total and elastic reactions.
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1. Introduction

The proven uranium reserves and estimated resources are suffi-
cient to fuel the current open fuel cycle for 250 years (Waltar et al.,
2012). The thermal reactors produce minor actinides, which are
more radiotoxic than natural uranium for hundreds of thousands of
years. The same amount of uranium would last for 16,000-19,000
years with breeder reactors and closed fuel cycle (Waltar et al.,
2012). Fast breeder reactors produce insignificant amounts of
minor actinides and could also transmute the presently accumu-
lated minor actinides. Compared to thermal reactors the materials
in fast reactors suffer from high radiation damage.

Nuclear data is less well known in the neutron spectrum of
fast reactors than in the thermal region. The distribution of our
subjective knowledge of the nuclear data can be interpreted accord-
ing to the Bayesian probability interpretation. Recent evaluated
nuclear data files contain rather complete sets of uncertainty esti-
mates, i.e., evaluations of the second moments of the distribution

* Tel.: +358 504331135.
E-mail address: risto.vanhanen@aalto.fi

http://dx.doi.org/10.1016/j.nucengdes.2014.06.023
0029-5493/© 2014 Elsevier B.V. All rights reserved.

of our subjective knowledge of the nuclear data. This allows us to
estimate the second moments of the posterior distribution of the
responses, giving us meaningful estimates of uncertainty due to our
limited knowledge of nuclear data.

In addition to nuclear data also the composition of the reactor is
taken to be uncertain in this study. The idea is not new (Greenspan,
1976). Even though not applied in this work, it should be noted
that calculation of the sensitivities to nuclide concentrations can
be used in optimization of designs against rather arbitrary perfor-
mance parameters.

Since we are interested in a small number of responses and
the number of parameters needed to calculate them is large, it
is advantageous to use adjoint sensitivity analysis, also known as
generalized perturbation theory (Usachev, 1964). In this work its
multigroup form is derived and used, i.e., the so called implicit
sensitivites or spectral fine structure effects (Greenspan, 1982)
are not taken into account. The point of view is then that the
self-shielded multigroup cross sections correctly represent the
underlying physics or that the analysis is carried in a nearby uni-
verse, where the multigroup presentation is correct. The method
relies on the narrow resonance approximation (Dresner, 1956, and
references therein), which is well valid within energy spectrum of
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fast reactors (Waltar et al., 2012). However, the resonance interfer-
ence effect is lost.

2. Theory

The G group form of the steady state neutron criticality equation
in an infinite reactor can be written as

G G
1
Tt gDg = E E Er,g/agq)g/"‘ig YrggPe for g=1,...,G,
r+fg=1 g=1
(1)

where kis the multiplication factor and @ e RC is the scalar neutron
flux. The summation over reactions r runs over all neutron emitting
reactions, except fission. The macroscopic total cross section Xg
and the macroscopic group-to-group transfer matrices %,y _,, are
defined as

I
Yig = Z”i(’i,t,g and (2a)
i=1
I
Zreg= Y MOing g (2b)

i=1

where n; is the number density for the ith nuclide and the micro-
scopic transfer matrix can be written in the form

Oirg—~g = Mir.gO0irgDirg—g> 3)

where o, ¢ is the cross section of the reaction, m; is the multi-
plicity and p; ¢, is the energy group distribution of the emitted
neutrons. Specifically for fission r=fand m; 4, = Vi p g/ + Via g 1S
the sum of average number of prompt and delayed neutrons emit-
ted per fission.

Reaction rate densities are acquired by taking the standard R¢
inner product between a macroscopic cross section %, € R¢ and
the scalar flux:

(Zr, @) =X D, (4)

where T denotes the transpose of a vector. The macroscopic cross
section in Eq. (4) is arbitrary. In fact there are many situations
where it may be zero for some groups and it may also include con-
sequences of a reaction and not just the reaction rate, e.g., heat
deposition rate or radiation damage rate.

2.1. Model parameters

The parameters in the model are nuclide concentrations n;, cross
sections o g, multiplicities m; ¢ and energy distributions of emit-
ted neutrons p;;¢'_,¢. The parameters include any cross sections and
nuclide concentrations that are needed to calculate the responses.
Together these N parameters can be collected to a vector, denoted
by o € RN,

Our subjective knowledge of the nuclide concentrations and
multigroup nuclear data can be represented as a joint probability

plai, ..., on)day---day (5)

that the true value of each parameter o, lies in range (o, o +doty)
foreachn=1,..., Nsimultaneously (MacFarlane and Kahler, 2010).
The probability distribution is denoted by p(«).

Current nuclear data files contain enough information to process
the first moments and second (central) moments of the nuclear data
to multigroup form. Assuming that we can estimate the first and
second moments of the nuclide concentrations we have the first

moments E(e) and the second moments cov (¢, &) of the probability
distribution:

E(or) = (&) and (6a)
cov (e, @) = (e — E(et))(e — E(at))), (6b)

Here the brackets ( - )=f . fp(oc)da indicate integration over the
probability distribution.

If it is acknowledged that some of the contents of the proba-
bility distribution are non-negative, e.g., nuclide concentrations or
multigroup cross sections, it follows that the distribution cannot
be a normal distribution. Normality is not required in the present
analysis.

2.2. State variables

The state variables in the model are the components of the neu-
tron flux @. The state variables depend on the parameters through
Eq. (1). Concatenation of the state variables and parameters is
denoted by e = (@, ) € RGN,

2.3. Nominal values

The nominal values & of the parameters are chosen to be the
first moments E(et). The nominal values of the state variables @
can be calculated by solving Eq. (1) using the nominal values of the
parameters. The concatenation of the nominal values of the state
variables and parameters is denoted by & = (@, &) € RG+N.

2.4. Responses

In this work we are interested in L ratios of reaction rates, giving

us responses of the type
(Zr, )

R(e)= 5. @) (7)
In principle we are interested in the full posterior distribution p( R(
e)) for the responses R € RE. Alas, since we have not fully charac-
terized our knowledge of the parameters we cannot calculate the
full posterior distribution.

We can, however, approximate its first moment by linearizing
the response at the nominal values of the parameters. The lin-
earized response is

Ri(e) = Ri(&) +Si(@)(@ — &)+ O(llex — &), (8)

where the sensitivity S;(€) accounts for both direct effects, due to
variations in the parameters, and indirect effects, due to variations
in the state variables which arise because of the variations in the
parameters. Applying ( - ) to both sides of Eq. (8) gives

E(Ri(e)) = Ri(&)+ O(llew — &%), (9)

since the nominal values of the parameters were chosen to be the
first moments. The result is that the first moments of the responses
are approximately the nominal responses. The approximation is
accurate up to second order in parameters. (Cacuci and lonescu-
Bujor, 2003)

2.5. Uncertainty analysis

The purpose of uncertainty analysis is to estimate the higher
moments of the responses. Usually it suffices to calculate the second
(central) moments. An approximation for the second moments can
be acquired by integrating (R;( e) — E(R;( e)))(Rm( ) — E(Rm( e))) over
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the distribution of our subjective knowledge of the parameters. This
gives

cov (Ry(e), Rm(e)) = S;(&) cov(a, @)S; (&) + Ol — &|?), (10)

which is also known as the sandwich formula. The approximation is
accurate up to third order in parameters. (Cacuciand lonescu-Bujor,
2003)

Calculation of third and higher moments of the responses is
infeasible with the current evaluations of nuclear data, because
required third and higher moments of nuclear data are not char-
acterized. However, the first two moments should suffice if our
knowledge of the data is good enough.

2.6. Sensitivity analysis

A general tool for the local sensitivity analysis is the directional
derivative called Gateaux variation (Cacuci, 2003). The sensitivity of
aresponse R to variations in the parameters and state variables h =
(hg, hy) € RCHN, respectively, at the point & € RS*N can be defined
to be
SR(&; h) = llm (R(e+m) R(@)). (11)
For the reaction ratio responses considered in this work the sensi-
tivities can be represented as

SR(& h) = R ¢(&)hg + Ry o(€)he = (VoR|(€), ho) + Ry o(@)hy
(12)

where R'| ¢ and R'| o are the gradients of the response with respect
to variations in the state variables and parameters, respectively.
From the viewpoint of uncertainty analysis it is the purpose of the
sensitivity analysis tomap hg to hg, in firstorder, soEq.(12) canbe
expressed linearly in hq. This allows construction of the sensitivity
as used in Eq. (8).

In operator form Eq. (1) can be written as

A@)d = B(a)®. (13)

1
K(e)
where A : RN — RG and B : R6+N — RC are linear in @ but non-
linear in a.

The adjoint system (Cacuci, 2003) of Eq. (13) is defined by the
identity

(@', (A0 - gBe) #) = (A1) - B @) #'.2).

(14)

where @' € RS is an adjoint flux. The associated bilinear form van-
ishes because boundary of the phase space is an empty set.

The forward sensitivity system (Cacuci, 2003) of Eq. (13) is
defined as
A(@)hg +Ay(e)hy =

—=B(@)hg + — B, ()hy

1 1
k(e) k(e)
“ e )(Sk(e :h)B(&)®, (15)
which can be derived by taking Gateaux variations at & on both sides
and noticing that in this case the derivatives reduce to Jacobians.

The generalized adjoints FI for the responses R are defined as

(Ai(er) - B ()T} = VgRi(e) = Ri(e) <

I Zn
k( ) 0. @) (2.9 )
(

16)
where the operator A" — ,1—(3t will be evaluated at the nominal val-

ues of the parameters and is therefore singular. The condition
(VR (8), @) = 0isnecessary for a solution to exist, but the reaction

rate ratios do fulfill this condition (Greenspan, 1982). The general
solution to Eq. (16) is I"l" —ad' + F.It,p' where a € R, the funda-
mental adjoint @7 is the solution to corresponding homogeneous
equation and F;,p is the particular solution to the inhomogeneous
equation. It proves to be advantageous to pick the solution which

is orthogonal to the fission source, i.e., (f;, B(&)@) =

Finally applying Eq.(16) to Eq.(12) and using the adjoint prop-
erty of the operators, the forward sensitivity system and the
orthogonality of the generalized adjoint to the fission source gives
SR ) =~ (1. (A(0) ~ osBul® ) he ) + Rial@ho (17)
which is linear in hgy and can thus be used to construct S;(é) of
Eq.(8).

3. Calculations
3.1. LFR and SFR specification

The theory is applied to infinite homogeneous lead and sodium
cooled fast reactors at beginning of reactor life.

The LFR case corresponds to volume averaged hexagonal pin cell
lattice with pellet radius of 0.330 cm, gap outer radius of 0.340 cm,
cladding outer radius of 0.455 cm and pin pitch of 1.365 cm.

The fuel is typical mixed oxide fuel, but contains 3.8% ameri-
cium. The fuel compositionis listed in Table 1.Its smeared density is
9.435 g/cm?3 at 1500 K. The cladding is an approximation of T91 steel
at 900 K with density of 7.87 g/cm?3. Isotopes of iron and chromium
are included. The coolant is natural lead at 600K. Its density is
10.66 g/cm3.

The SFR case corresponds to volume averaged hexagonal pin cell
lattice with pellet radius of 0.300 cm, gap outer radius of 0.310 cm,
cladding outer radius of 0.345 cm and pin pitch of 0.828 cm.

The fuel is the same as with the LFR but the cladding is an
approximation of 15-15Ti steel at 900 K with density of 7.87 g/cm3.
It contains iron, chromium and nickel. The coolant is 23Na with
0.821 g/cm3 at 600 K.

The relative number density uncertainties correspond to 0.1%
uncertainties for fuel density, 1% uncertainties for coolant and
cladding densities and 1% uncertainty for weight fractions without
any correlation. Strictly speaking this is incorrect since the weight
fractions are constrained by sum of unity, implying that the number
densities are correlated.

3.2. Responses

The responses (quantities of interest) are breeding ratio,
denoted by R.fer/R,5s; Tatio of damage energy deposition rate in
cladding to heat deposition rate, denoted by Ryame/Rheat and ratio
of 241Am transmutation rate to heat deposition rate, denoted by
R241/Rpeat- The latter two will be referred as damage rate and trans-
mutation rate, respectively. The transmutation rate is here defined
to be sum of 24'Am capture and fission rates, although captures
leave some 242Am to be fissioned. The absorption rate of fissile
materials in the breeding ratio is approximated as sum of their
capture and fission rate.

3.3. Nuclear data

The relevant nuclear data was converted into multigroup
(Bondarenko et al., 1964) form using NJOY (MacFarlane and Muir,
1994; NJOY, 2014) nuclear data processing system. The recently
released nuclear data file ENDF/B-VIL.1 (Chadwick et al., 2011) was
used due its rather complete set of covariances. The processing
was performed with 10~ relative tolerance. The ECCO 1968 group
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Table 1
Composition of the fuel of the infinite LFR and SFR.

Nuclide Number density Uncertainty Nuclide Number density Uncertainty

(1/cm-barn) (1/cm-barn) (1/cm-barn) (1/cm-barn)
238py 1.0540 x 104 1.0593 x 106 235y 4.7284 x 1073 4.7520 x 1077
239pu 2.7336 x 103 2.7472 x 10~° 238y 1.5516 x 102 1.5593 x 10~4
240py 1.1997 x 103 1.2057 x 1075 241 Am 8.9569 x 104 9.0016 x 106
241py 1.8103 x 104 1.8193 x 106 160 4.1917 x 102 42126 x 104
242py 3.3351 x 104 3.3517x 106

structure was used. Energy distributions were assumed to be exact
and their covariances were not processed. Cross-material covari-
ances were not included. NJOY does not calculate covariances for
radiation damage cross section or heat deposition cross section.
Only indirect contributions are included for these reactions.

The processed correlation matrices for 297 Pb and 298 Pb were not
positive semidefinite, which caused unphysical, negative, variances
for the results. These were omitted from the calculations. The prob-
lem is most apparent with correlation matrix of total and elastic
scattering cross sections.

The calculated first moments were compared to Monte Carlo
code Serpent (Leppdnen, 2007) to assess modeling error caused by
multigroup discretization. NJOY was used to produce an ACE library
for Serpent with 5 x 10~4 relative tolerance. NJOY had trouble pro-
cessing 204208ph into dosimetry ACE form and Serpent had trouble
reading the dosimetry file of 206Pb. These were left out of the total
heat deposition for Serpent, but were used in the transport cycles.

3.4. Calculation details

Typically the neutron flux, the adjoint flux and the generalized
adjoint fluxes are solved using problem specific algorithms. We use
standard linear algebra packages (Lawson et al., 1979; Anderson
etal., 1999; AMD Core Math Library, 2014). This separates the prob-
lem from its solution algorithm and with modern routines gives
estimates for upper bounds of numerical error. We choose to use
direct solution methods due to the modest size of the problem.

The matrices in Eq. (1) are assembled using Egs. (2) and (3) with
self-shielded nuclear data.

The neutron fluxes and adjoint fluxes are solved from Eq. (13),
which describes a generalized non-symmetric eigenproblem. The
fundamental mode is recognized by the smallest real and positive
eigenvalue and its inverse is the multiplication factor. The funda-
mental neutron flux and fundamental adjoint flux are its right and
left generalized eigenvectors, respectively.

The generalized adjoints are solved from a linear equation,
which s constructed from Eq. (16) by adding scaled fission source to
all rows of the matrix. The fission source is scaled suitably for each
row. Note that the inhomogeneous terms are not modified. This
enforces the orthogonality of the generalized adjoints to the fission
source. In practice this adds one rank to the matrix making it invert-
ible, and therefore allows the use of standard solution algorithms.
The inhomogeneous terms are assembled from self-shielded cross
sections and the fundamental neutron flux.

The sensitivities for all model parameters are constructed
according to Eq. (17). A sensitivity profile is formed for each model
parameter which is naturally a vector, while a single sensitivity
coefficient suffices for each nuclide concentration.

Finally the uncertainties are propagated by the sandwich for-
mula in Eq. (10). Standard matrix multiplication routines are used
where possible.

4. Results

The values of the responses are listed in Table 2. Both reac-
tors have breeding ratio close to unity, allowing them to run by

consuming almost only 238U. However, the infinite reactor does
not account for any leakage. Due to the uncertainties we cannot
predict whether either of the reactors would be a breeder or con-
verter. However, with more input data, e.g. integral experiments,
the prediction could be improved.

The softer spectrum of the SFR is seen on the radiation damage
energy rate, which is about third of the LFR value. Since the differ-
ence between the two is about 3.5 standard deviations, it is quite
safe to say that the LFR would suffer from more radiation damage.

On best estimate the LFR is marginally more effective in trans-
mutation. However, the difference between the two reactors is only
half standard deviation. Therefore we cannot predict which reac-
tor would be more effective in transmutation. If transmutation is
not the main objective, there is no real difference between the two
reactors.

4.1. Modeling and numerical errors

The modeling error, as compared to essentially exact result from
Serpent, is quite low compared to the uncertainties in the input
data. The maximum relative error of the responses in the LFR case
is 1.1% for damage energy rate, when heat deposition in 204206.208ppy
is omitted in both multigroup and Serpent calculations. The maxi-
mum relative error for the SFR case is 1.2% for the damage energy
rate. The other errors are less than 1%.

The numerical error caused by finite precision (about 15 signifi-
cant decimals) arithmetic is lower than modeling errors for both
the LFR and SFR. While the matrices were assembled to almost
full precision, the fundamental mode was solved to 6 significant
decimals. The large, but not catastrophic, loss of significant digits
occurred regardless of the fundamental mode being well separated
from the other eigenvalues. The angle between the computed and
the exact fundamental neutron flux was less than 2 x 10~8 rad. The
same bound applies for the fundamental adjoint flux. The general-
ized adjoints were solved to 7 significant decimals. The numerical
errors from assembling sensitivities and uncertainty propagation
were small considering accuracy of the intermediate values from
which they were assembled.

While no running error analysis is performed, the results
indicate that modeling error is larger than numerical error and
therefore the solution is numerically accurate enough. The losses
in significant digits are rather large and there is room for improve-
ment. However, this does not imply that there is need for
improvement.

4.2. Neutron spectra and generalized adjoints

The LFR and SFR neutron spectra and the generalized adjoints
corresponding to the responses are shown in Figs. 1 and 2, respec-
tively. Note that the division by lethargy emphasizes the high
energy region. In both cases the neutron spectrum is typical with
visible flux depression for energies in large resonances of 54Fe at
7.79keV, >Fe at 27.7 keV and 60 at 434 keV and 1MeV. For the
LFR isotopes of lead have many resolved resonances up to 1 MeV,
creating less smooth spectrum. For the SFR there is a large flux
depression near the huge resonance of 23Na at 2.81 keV.
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Table 2

LFR and SFR responses.
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Case Response Unit Multigroup Monte Carlo
Best-estimate Uncertainty Best-estimate?®

LFR Re fer/Ra fis - 1.0575 0.0696 1.0618

LFR Reame/Rneat - 1.1342x 103 0.1402 x 103 1.1610x 103
LFR R4t /Rheat 1/MeV 1.4939 x 103 0.1398 x 103 1.4970 x 103
SFR Refer/Rafis - 9.8226 x 10! 0.8795 x 10! 9.7326 x 10!
SFR Rdame /Rheat - 44633 x 104 0.5457 x 104 45186 x 104
SFR Ra41/Rnear 1/MeV 13445 x 103 0.1623 x 103 1.3438x 103

2 The relative statistical error in MC is less than 10~4.
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Relative total sensitivities® (=) Contribution (-)

Table 3
Selected contributions of LFR damage rate.
# Parameter pair
1 56Fe(n,elastic) 56Fe(n,elastic)
2 56Fe(n,elastic) 56Fe(n,total)
3 56Fe(n,total) 56Fe(n,elastic)
4 56Fe(n,total) 56Fe(n,total)
9 160(n,elastic) 160(n,elastic)
13 160(n,total) 160(n,total)
19 52(Cr(n,elastic) 52Cr(n,elastic)
24 52Cr(n,total) 52Cr(n,total)
44 SGFEh 56 Feb
54 239pyb 239pyb

—6.4872 —6.4872 1.8084 x 10!
—6.4872 6.4023 1.7820 x 10!
6.4023 —6.4872 1.7820 x 10!
6.4023 6.4023 1.7610 x 10!
—4.1881 —4.1881 6.5454 x 103
4.0663 4.0663 6.1781 x 103
—5.1923 x 10! —5.1923 x 10! 84719 x 104
5.1318 x 10! 5.1318 x 10! 4.7426 x 104
6.6851 x 10! 6.6851 x 10! 8.3809 x 10°
—5.2828 x 10! —-5.2828 x 10! 2.6430 x 10°

2 Integral of relative sensitivity profile over all energies.
b Number density of the nuclide.

The relative generalized adjoint is defined to be FIT/RI(@). The
generalized adjoints can be interpreted as importances of neu-
trons for the corresponding response. If the sign is positive, every
neutron introduced in the energy will increase the numerator of
the response more than the denominator. The magnitude carries
information but units depend on the units of the corresponding
response.

The generalized adjoint of breeding ratio is negative above
1.3 MeV for both the LFR and SFR. This corresponds to the 238U fis-
sion threshold and decrease of its capture cross section. For the LFR
the breeding ratio increases for every neutron introduced to the
energy range 0.7-630keV. The sign changes several times in the
region between 630keV and 1000keV due to resonances in iso-
topes of lead. For the SFR the breeding ratio increases in the range
0.8-1300keV due to the lack of resonant parasitic isotopes in this
region. The generalized adjoints are also positive between 0.5eV
and 7.5 eV, except the SFR between 4.2 eV and 4.6 eV. The positivity
is caused by large resonances of fertile nuclei and the SFR exception
by 241Pu resonances. For the LFR the 24! Pu resonance is not strong
enough to stop breeding. However, the low energy region has little
practical interest for a fast reactor.

Fast neutrons deposit the most radiation damage energy: for
LFR above 1.7 MeV the generalized adjoint is positive and below
0.7 MeV it is negative. There are few sign changes in between. For
the SFR the respective energies are noticeable higher: 2.3 MeV and
1.9 MeV. The change in sign occurs because lower energy neutrons
cause more heat deposition than radiation damage. For the SFR this
transition occurs in higher energies than for the LFR.

The generalized adjoint of transmutation is qualitatively similar
to breeding ratio for both LFR and SFR. However, the low energy
peaks correspond to absorption resonances of 241 Am.

4.3. Sensitivity profiles for the LFR damage rate

Fig. 3 shows selected sensitivity profiles for the LFR damage
energy rate. The relative sensitivity is defined as sensitivity scaled
with the ratio of the model parameter and the response. The
lethargy scaling emphasizes high energy region.

The damage rate is highly sensitive to changes in >6Fe elastic
cross section between 1keV and 1 MeV. An increase in it will cause
damage rate to be reduced. Physically this results from softer spec-
trum, which would be if the elastic scattering would be increased.
Note that an increase in elastic cross section effectively decreases
absorption, because as a model parameter the total cross section
is held constant. The absolute value of the sensitivity has a peak
near the 27.7 keV resonance of 56Fe and has a local minimum in
the 24.4keV window of 36Fe. The sensitivity profile of total cross
section qualitatively mirrors the one of elastic scattering cross sec-
tion. This occurs mainly because elastic cross section is a large part
of total cross section, because the elastic cross section is relatively

smooth and because elastic downscatter from >¢Fe is only a few
groups wide in this energy region.

The sensitivity to elastic scattering of 160 is negative between
1keV and 1MeV with the same implications as for >6Fe. How-
ever, the local minimum and maximum in 27.7 keV and 24.4 keV
are reversed for 60 even though the cross sections for oxygen are
smooth in the region. This occurs because the flux is depressed in
the resonance and peaked in the cross section window. Again, the
sensitivities to total cross section mostly mirror the elastic cross
section.

The damage rate is much less sensitive to elastic and inelastic
cross sections of 239Pu. Both of the sensitivities are slightly negative.
The behavior is similar to 60 in the local extrema in 27.7 keV and
24.4keV.

In this case the generalized adjoint is so smooth that its effect
is hard to see. The clearest effect comes from the reversal of sensi-
tivities to total and elastic cross section above 1.7 MeV: an increase
in elastic scattering in the region causes a reduction in radiation
damage. See the small figure in Fig. 3.

4.4. Uncertainty analysis

The uncertainties of the responses are quite high. The LFR dam-
age rate is known worst with 12.3% relative standard deviation and
the LFR breeding ratio is known best with 6.6% relative standard
deviation. The main contributions to the LFR damage rate are listed
in Table 3. Here “contribution” means absolute value of covariance
between the parameter pair divided by sum of absolute values of
covariances of all parameter pairs. The value depends on what is
considered to be a parameter pair, but the value can be used to for
importance ranking between the selected parameter pairs. Here we
consider individual reactions and nuclide concentrations.

The LFR is very sensitive to changes in >6Fe total and elastic cross
sections, but the effects are opposite. Therefore the high contribu-
tion to uncertainty of 56Fe total and elastic reactions is diminished
by high correlation between the two reactions. The effective share
of combined 36Fe total and elastic reactions to LFR damage rate
variance is only 3.7%. Similar diminishing occurs for many nuclides,
including 206Pb, 238U and >*Fe.

The covariances of 160 are from so called low-fidelity evalua-
tion (Chadwicketal.,2011)and have zero correlation between total
and elastic reactions, and actually the 160(n,total) gives the high-
est non-diminished contribution to uncertainties of all responses.
Without uncertainties from oxygen the relative standard devia-
tions for the LFR breeding ratio, damage rate and transmutation
rate would be 3.1%, 4.1% and 4.0%, respectively. For the SFR these
would be 4.1%, 5.0% and 4.8% in the same order.

The contributions of uncertainties in nuclide concentrations are
mostly small. The highest contributions are 239Pu with 0.14% con-
tribution to SFR breeding ratio and 24! Am with 0.07% contribution
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for the SFR transmutation rate. They have impact on a few of the
last printed digits of the uncertainties. The uncertainty caused by
nuclide density uncertainties is likely higher in high burnup fuels.
However, correlations might diminish the effect as with cross sec-
tions.

Most contributions to uncertainties are indirect. This might be
partly result of the infinite homogeneous model which has only
nuclear data dependency but no geometrical contributions, e.g.,
leakage. In the case of damage rate it results from the fact that
there were no covariances for damage and heat energy deposition
cross sections.

5. Conclusions

Uncertainty analysis of infinite lead and sodium cooled fast
reactors has been performed by treating multigroup constants as
correct representation of the underlying physics. Only the first
order uncertainty analysis was performed. This implies that the
calculated uncertainties are not exact, but they are still usable as
yardsticks.

The uncertainties in the responses are rather large due to uncer-
tainties in the ENDF/B-VIL.1 nuclear data. In the case of breeding
ratio we cannot predict, with the considered data, whether the
reactors would be breeders or converters. Overall there is no large
difference in the level of uncertainty between the responses of the
LFR and the SFR, but uncertainties in the SFR case seem to be larger.
The impact of uncertainties in nuclide concentrations was small,
but is potentially meaningful for high burnup fuels.

The uncertainty in model parameters is the dominant source of
uncertainty, being 3—10%. The modeling error is in the order 1%,
input data precision is 103 % and numerical error less than 10~4%.
The modeling error, input data precision and numerical error could
be improved on, but there is no need to do so until uncertainties in
the model parameters are reduced.

The main sources of uncertainty were analyzed and listed for
the LFR damage rate, i.e., the LFR damage energy deposition rate
divided by heat deposition rate. If the value of a response needs
to be known with better precision, a similar ranking can be per-
formed for the response to recognize which parameters cause the
largest uncertainty. These parameters can then be measured more
precisely, which improves our capability to estimate the response.
The low-fidelity evaluation of 160 is problematic because it con-
tains no correlation for total and elastic reactions in covariances.
This is unphysical because any increase in elastic cross section

also increases the total cross section. This should be corrected in
future evaluations since 160 is commonly found in many reactors,
including typical LFRs and SFRs.

The processed covariance matrices of 27Pb and 2%8Pb had neg-
ative eigenvalues, i.e., they are not proper covariance matrices. The
negative eigenvalues might results from improper original data in
the evaluation or a problem in the processing code.
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People encounter uncertainties in their ev-
eryday lives: the more serious uncertainties
cause anxiety and the lighter ones bring ex-
citement. Also computational results in-
clude uncertainty. Its sources are, among
other things, idealizations in the computa-
tional model and inexact knowledge of its
parameters. These uncertainties can be,
taking into account different sources of
uncertainty, managed by quantifying the
uncertainties of the computed quantities.
This is called uncertainty analysis. -

The results of uncertainty analyses are
at most as good as the data used in them.
Quality assurance methods aim to ensure
that the data used in the analyses are ade-
quate, e.g., have certain properties. This dis-
sertation takes alook at uncertainty analysis
applied to reactor physics from the view-
point of quality assurance.

ISBN 978-952-60-6729-2 (printed)
ISBN 978-952-60-6730-8 (pdf)
ISSN-L 1799-4934

ISSN 1799-4934 (printed)

ISSN 1799-4942 (pdf)

Aalto University

School of Science

Department of Applied Physics
www.aalto.fi

©
~
©
)
ol
~n
o
o
o
~
~n

BUSINESS +
ECONOMY

ART +
DESIGN +
ARCHITECTURE

SCIENCE +
TECHNOLOGY

CROSSOVER

DOCTORAL
DISSERTATIONS





