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ENDF/B-VII.1 was released on 
Dec. 22, 2011

 Many more full evaluations in neutron 
sublibrary than in any other release
• ENDF/B-VII.0 contains 393 evaluations
• ENDF/B-VII.1 contains 423 evaluations

 Extensive collection of covariance 
data (190 evaluations)

 Library summarized in Dec. 2011 
issue of Nuclear Data Sheets

 See also 
http://www.nndc.bnl.gov/exfor/endfb7.1.jsp
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ENDF/B-VII.1 was the combined 
effort of collaborators from 
across the US...
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... and the world.
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One of the main thrusts was the 
addition of covariance data;
They are detailed in 3 papers
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Evaluated Nuclear Data Covariances: The Journey
From ENDF/B-VII.0 to ENDF/B-VII.1

Donald L. Smith!1

1Argonne National Laboratory, 1710 Avenida Del Mundo #1506, Coronado, CA 92118, USA
(Received 24 June 2011; revised received 23 September 2011; accepted 9 October 2011)

Recent interest from data users on applications that utilize the uncertainties of evaluated nuclear
reaction data has stimulated the data evaluation community to focus on producing covariance data
to a far greater extent than ever before. Although some uncertainty information has been available
in the ENDF/B libraries since the 1970’s, this content has been fairly limited in scope, the quality
quite variable, and the use of covariance data confined to only a few application areas. Today,
covariance data are more widely and extensively utilized than ever before in neutron dosimetry,
in advanced fission reactor design studies, in nuclear criticality safety assessments, in national se-
curity applications, and even in certain fusion energy applications. The main problem that now
faces the ENDF/B evaluator community is that of providing covariances that are adequate both
in quantity and quality to meet the requirements of contemporary nuclear data users in a timely
manner. In broad terms, the approach pursued during the past several years has been to purge any
legacy covariance information contained in ENDF/B-VI.8 that was judged to be subpar, to include
in ENDF/B-VII.0 (released in 2006) only those covariance data deemed then to be of reasonable
quality for contemporary applications, and to subsequently devote as much e!ort as the available
time and resources allowed to producing additional covariance data of suitable scope and quality
for inclusion in ENDF/B-VII.1. Considerable attention has also been devoted during the five years
since the release of ENDF/B-VII.0 to examining and improving the methods used to produce co-
variance data from thermal energies up to the highest energies addressed in the ENDF/B library,
to processing these data in a robust fashion so that they can be utilized readily in contemporary
nuclear applications, and to developing convenient covariance data visualization capabilities. Other
papers included in this issue discuss in considerable detail various aspects of the data producer com-
munity’s e!orts to improve the evaluation methods and to add covariance content to the ENDF/B
library. The present paper o!ers just a brief glimpse of these activities by drawing material from
covariance papers presented at meetings, workshops and international conferences during the past
five years. Highlighted are: advances in methods for producing and processing covariance data,
recently developed covariance visualization capabilities, and the development and implementation
of quality assurance (QA) requirements that should be satisfied for covariance data to be included
in ENDF/B-VII.1.
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Covariance matrix evaluations in the fast energy range were performed for a large number of
actinides, either using low-fidelity techniques or more sophisticated methods that rely on both
experimental data as well as model calculations. The latter covariance evaluations included in the
ENDF/B-VII.1 library are discussed for each actinide separately.
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I. INTRODUCTION

The process of evaluating nuclear data remains incom-
plete as long as no associated uncertainties are specified.
Because of the often intrinsically cumbersome nature of
the evaluation procedure, reasonable estimates of uncer-
tainty have eluded the data evaluators for quite some
time, except in specific situations for which the evalua-
tion relied on a least-square fit of experimental data only.

This situation has changed dramatically in the past
few years due to the availability of large computing ca-
pabilities as well as to a renewed interest in uncertainty
quantification (UQ). Modern computers have allowed nu-
clear model calculations used in evaluations in the fast
energy range to run very quickly, and therefore to be
run numerous times in order to study the sensitivity of
the results to small changes in input model parameters
around their evaluated central values. The strong re-
newed interest in UQ is driven by applications- nuclear
reactors, stockpile stewardship, etc, which now require a
more scientifically-based approach to their quantification
of safety, performance, and economic margins. For in-
stance, the recent COMMARA-2.0 33-group covariance
matrix library for advanced reactor applications [1] is
the result of a multi-year, multi-lab e!ort mostly funded
through the Advanced Fuel Cycle Initiative (AFCI) and
now the Fuel Cycle R&D (FCRD) Department of Energy
programs in the US.

At LANL, we started working on UQ for evaluated nu-
clear data about 6 years ago, just before the release of the
ENDF/B-VII.0 library [2]. This VII.0 library constitutes
a milestone in reliability, completeness and accuracy for
many nuclear data. However, it contains close to zero
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We describe neutron cross section covariances for 78 structural materials and fission products
produced for the new US evaluated nuclear reaction library ENDF/B-VII.1. Neutron incident
energies cover full range from 10!5 eV to 20 MeV and covariances are primarily provided for capture,
elastic and inelastic scattering as well as (n,2n). The list of materials follows priorities defined by
the Advanced Fuel Cycle Initiative, the major application being data adjustment for advanced
fast reactor systems. Thus, in addition to 28 structural materials and 49 fission products, the list
includes also 23Na which is important fast reactor coolant. Due to extensive amount of materials, we
adopted a variety of methodologies depending on the priority of a specific material. In the resolved
resonance region we primarily used resonance parameter uncertainties given in Atlas of Neutron
Resonances and either applied the kernel approximation to propagate these uncertainties into cross
section uncertainties or resorted to simplified estimates based on integral quantities. For several
priority materials we adopted MF32 covariances produced by SAMMY at ORNL, modified by us
by adding MF33 covariances to account for systematic uncertainties. In the fast neutron region
we resorted to three methods. The most sophisticated was EMPIRE-KALMAN method which
combines experimental data from EXFOR library with nuclear reaction modeling and least-squares
fitting. The two other methods used simplified estimates, either based on the propagation of nuclear
reaction model parameter uncertainties or on a dispersion analysis of central cross section values in
recent evaluated data files. All covariances were subject to quality assurance procedures adopted
recently by CSEWG. In addition, tools were developed to allow inspection of processed covariances
and computed integral quantities, and for comparing these values to data from the Atlas and the
astrophysics database KADoNiS.
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An overview of the library
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ENDF/B-VII.1 Nuclear Data ... NUCLEAR DATA SHEETS M.B. Chadwick et al.

In addition to the incorporation of new and updated
data from ENSDF, the new ENDF/B-VII.1 contains a
number of modifications, additions and error resolutions,
compared with ENDF/B-VII.0. These include a more
thorough treatment of the atomic radiation, improved
Q value information, recent theoretical calculations of
the continuous spectrum from beta-delayed neutron emit-
ters, and new TAGS (Total Absorption Gamma-ray Spec-
troscopy) data.

Atomic radiation, X-rays and Auger electrons, are pro-
duced from the filling of atomic vacancies created in elec-
tron capture and electron conversion. A detailed de-
scription of these processes is important for nuclides for
which the main decay mode is electron capture. It is
also relevant in heavy deformed nuclei where gamma-ray
transitions are strongly converted, as well as in the de-
formed actinides where the gamma-ray transition energy
is smaller than the K binding energy. In ENDF/B-VII.0,
the atomic data included fluorescence yields, energies and
intensities taken from the 8th edition of the Table of Iso-
topes [259].

In the new ENDF/B-VII.1, the atomic data from the
Evaluated Atomic Data Library [260] developed by LLNL
was used, in a similar way to the calculations described
by Stepanek [261]. All the K-L, K-M and K-N as well
as the L!, L" and L# X-rays are included. In addition,
the KLL, KLX, KXY, LLX, LMM, LMX, LXY, MMX,
and MXY average Auger electrons are also listed. The
electron conversion to atomic sub-shells was calculated
with the code BRICC [262].

An essential component of any decay process is the
total energy available for the decay (Q value). The pre-
vious ENDF/B-VII.0 makes use of the 2003 Audi mass
evaluation [263]. Since then, with the advent of multi-
ple Penning traps around the world, numerous masses
of both neutron and proton rich nuclei have been mea-
sured with very high precision. These are incorporated
into the 2009 and 2011 updates of the mass evaluation
and have been used in creating the ENDF/B-VII.1 decay
sublibrary. Changes in the overall Q value for a decay im-
pact the values of energy for electromagnetic radiation,
light particles, and heavy particles.

In some neutron rich nuclei, beta-decay followed by
neutron emission is an energetically favored decay mode.
The resulting neutron spectrum is very di!cult to mea-
sure experimentally and data are available for only a se-
lect few cases. As this decay mode has particular rel-
evance for energy applications, ENDF/B-VII.1 includes
new theoretical calculations using the Cascading Gamma
Multiplicity (CGM) model of continuous gamma, beta,
and neutron spectra [264]. The calculations were per-
formed for beta-delayed neutron emitters which comprise
the thermal neutron fission fragment yield of 235U and
239Pu. The previous ENDF/B-VII.0 modeled the neu-
tron spectrum using Gross theory whereas in the present
calculations, a micro-macroscopic (QRPA) theory of the
beta-decay strength function is coupled with a statistical
modeling of the levels and continuum in the daughter nu-

FIG. 102: Decay heat multiplied by time for a single fission
event for 235U(n,f) at neutron thermal energy. Shown are the
electromagnetic (blue) and light particle (red) components of
the decay heat. ENDF/B-VII.1 values are compared with
experimental data [267].

cleus. Depending on the known available data, di"erent
types of files were generated. For those nuclei where the
complete neutron spectrum is known, the neutron data
from ENDF/B-VI.8 was combined with the beta-decay
data in ENSDF, as in 136I. In cases where only a portion
of the neutron spectrum is measured, the neutron data
from ENDF/B-VI.8 were merged with the CGM calcu-
lations to provide a complete neutron spectrum up to
the available Q value. For those nuclei where no neutron
data are available, but detailed gamma and beta radia-
tion have been determined, the information from ENSDF
was combined with the neutron spectrum from the CGM
calculations. Finally, for those nuclei where no measure-
ments have been performed, the theoretical calculations
provided the gamma, beta, and neutron spectra. The
values of Pn (delayed neutron emission probability) were
taken from ENSDF when experimentally known; other-
wise, the values from the CGM calculations were used.
Lifetimes were also taken from ENSDF when experimen-
tally known, otherwise the systematic values provided by
Pfei"er et al. [265], were adopted.

Total Absorption Gamma-ray Spectrometry (TAGS) is
sensitive to the total beta-decay population of all nuclear
levels, rather than to individual, discrete gamma-rays.
Particularly in cases where the Q value is quite large, dis-
crete gamma rays can be missed, and the TAGS method is
preferred for an accurate measurement of the total beta-
decay strength. The values of energy of electromagnetic
radiation and energy of light particles from the recently
published TAGS data for 105Mo, 104,105,106,107Tc [266],
were included in ENDF/B-VII.1.

2960

Fig. 5. Decay heat times the time for a single neutron 
induced fission event on 235U at thermal neutron energies, 
broken out into electromagnetic and light particle 
components.  

Covariance data

The ENDF/B-VII.1 library contains over 190 neutron 
evaluations with covariances, more than any previous 
ENDF library.  A summary of these covariances is 
provided in Table I.  Notable is the substantial increase of 
covariance data for structural materials and minor 
actinides (see Ref.  [4]).  Although the mean values of all 
quantities in the major actinides were unchanged,  
covariances for Prompt Fission Neutron Spectrum (PFNS) 
were added (see Ref. [5]).  Sample plots of these 
covariances are shown in Figs. 6 and 7.   

Table I.  Summary of neutron cross section covariance 
data sets in ENDF/B-VII.1.
Table I.  Summary of neutron cross section covariance 
data sets in ENDF/B-VII.1.
Table I.  Summary of neutron cross section covariance 
data sets in ENDF/B-VII.1.
Category  Materials Comment

Light 
nuclei

12 6 evaluated by R-matrix; 
6 low fidelity estimates

Structural 
+ FP

105 38 evaluated for COMMARA-2.0; 
40 updated low fidelity estimates; 
15 for criticality safety programs; 
12 for other purposes

Priority 
Actinides

20 13 evaluated for COMMARA-2.0; 
1 from ENDF/B-VII.0; 
6 from JENDL-4.0

Minor 
Actinides

53 All from JENDL-4.0
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Fig. 6. 239Pu Prompt Fission Neutron Spectrum (PFNS) 
for 0.5 MeV incident neutrons, in ratio to a Maxwellian 
spectrum.  The mean value of the PFNS in ENDF/B-VII.1 
is the same as ENDF/B-VII.0, but the covariance data is 
new.
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RESULTS

This summary barely touches on the five years’ worth 
of advances present in the ENDF/B-VII.1 library.  We 
expect that these changes will lead to improved integral 
performance in reactors and other applications.  
Furthermore, the expansion of covariance data in this 
release will allow for better uncertainty quantification, 
reducing design margins and costs.

The ENDF library is an ongoing and evolving effort.  
Currently, the ENDF data community embarking on 
several parallel efforts to improve library management:

• The adoption of a continuous integration system to 
provide evaluators “instant” feedback on the quality of 
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ENDF/B VII.1 covariance materials

• 1H, 2H, 4He, 6Li 7Li, 9Be, 10B, 11B, 
0C, 15N, 16O, 19F, 24Mg, 25Mg, 26Mg, 
27Al, 28Si, 29Si, 30Si, 35Cl, 37Cl, 39K, 
41K, 46Ti, 47Ti, 48Ti, 49Ti, 50Ti, 50Cr, 
52Cr, 53Cr, 54Cr, 55Mn, 54Fe, 56Fe, 
57Fe, 59Co, 58Ni, 60Ni, 89Y, 90Zr, 91Zr, 
92Zr, 93Zr, 94Zr, 95Zr, 96Zr, 95Nb, 92Mo, 
94Mo, 95Mo, 96Mo, 97Mo, 98Mo, 
100Mo, 99Tc, 101Ru, 102Ru, 103Ru, 
104Ru, 106Ru, 105Pd, 107Pd, 108Pd, 
109Ag, 127I, 129I, 131Xe, 132Xe, 134Xe, 
133Cs, 135Cs, 139La, 141Ce, 141Pr, 
143Nd, 145Nd, 146Nd, 148Nd, 147Pm, 
149Sm, 151Sm, 142Sm, 153Eu, 155Eu, 
152Gd, 153Gd, 154Gd, 155Gd, 156Gd, 
157Gd, 158Gd, 160Gd

• 166Er, 167Er, 168Er, 170Er, 180W, 182W, 
183W, 184W, 186W, 191Ir, 193Ir, 197Au, 
204Pb, 206Pb, 207Pb, 208Pb, 209Bi, 
225Ac, 226Ac, 227Ac, 227Th, 229Th, 
230Th, 231Th, 232Th, 233Th, 234Th, 
229Pa, 230Pa, 232Pa, 230U, 231U, 232U, 
233U, 234U, 235U, 236U, 238U, 234Np, 
235Np, 236Np, 237Np, 238Np, 239Np, 
236Pu, 237Pu, 238Pu, 239Pu, 240Pu, 
241Pu, 242Pu, 244Pu, 246Pu, 240Am, 
241Am, 242m1Am, 243Am, 240Cm, 
241Cm, 242Cm, 243Cm, 244Cm, 245Cm 
246Cm, 248Cm, 249Cm, 250Cm, 245Bk, 
246Bk, 247Bk, 248Bk, 250Bk, 246Cf, 249Cf, 
250Cf, 251Cf, 252Cf, 253Cf,  254Cf, 251Es, 
252Es, 253Es, 254Es, 254m1Es, 255Es, 
255Fm

  184 materials: 12 Light, 99 structural, 73 Actinides  

Wednesday, May 23, 12
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Methodology 

•Covariance evaluation methodology 
determined by priorities:
–Most important materials  treated 

individually
–Medium importance materials treated 

with simplified methods
–Low priority materials (mostly fission 

products) treated with low-fidelity type 
approach

Wednesday, May 23, 12
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Methodology

Thermal and Resonance Region 
• Source of data 
• Experiments
• ENDF file (retroactive method)
• Atlas of Neutron Resonances (ANR)
• SAMMY analysis
• full analysis (MF32, Exp. data)
• retroactive (MF32, ENDF file)
• EMPIRE Resonance Module (MF32, 

ANR, scattering radius and thermal 
point uncertainties reproduced 
through correlations (if possible)

• “Kernel Approximation” (MF33, ANR)
• MF32 with systematic uncertainties in 

MF33
• ‘low-fidelity’ (Mark Williams) solution
• Assimilation

Fast neutron range (MF33)
• EMPIRE/KALMAN considering  

experimental data 
• Least Square fitting of experimental 

data (SOK code)
• EMPIRE/KALMAN without 

experimental data (Low-Fidelity)
• Dispersion analysis - differences 

among evaluations (and exp. data)
• Reconsider previous work (ENDF/B-VI.

8, Low-Fidelity)
• Visual analysis of experimental data
• Assimilation

Wednesday, May 23, 12
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* Major actinides essentially unchanged, 
* New 236,237,239U, fixes to 235,238U,239Pu
* New 237Np, 238,240,241Pu, Am
* Rest of minor actinides from JENDL-4
* Most actinides now have 
  covariance
* New fission energy 
  release
* FPY updated 
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Quality Assurance

•New web-based Sigma-QA (A. Sonzogni) allows visual and also 
quantitative inspection of:

–  Differential uncertainties (dynamic)

–  Integral uncertanties (static)

•UnCor applied to full library, performs 8 tests, warnings for 
possible problems including:

– small uncertainties: (n,tot)<1%, (n,el) and (n,γ)<2%, etc.

– non-positive-definite matrices

– PFNS covariance not summing to zero

• non-positive-definite matrices are usually fixable by slightly 
reducing the off-diagonal elements. If not, more drastic measures 
may be required.
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28Si integral quantities from Sigma-QA
(A. Sonzogni)
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28Si elastic integral quantities from 
Sigma-QA
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Example of Sigma-QA plot
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Quality Assurance (continued)

•Code ‘unCor’, (Mattoon, 
Oblozinsky) checks the 
library for possible 
problems in uncertainties 
and/or correlations

Wednesday, May 23, 12
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COMMARA-3 (release FY2013)

Using new features of EMPIRE will address cross-
correlations, PFNS, and mu-bars

Extended to include 184 materials with covariances from 
ENDF/B-VII.1
Will be applicable to practically any reactor system and 
associated fuel cycle. 
Will also include new key features:

Major cross-correlations among reactions of the same isotope and 
among selected isotopes

Correlations for elastic angular distributions for most important 
isotopes (Pu-239, U-235, U-238, Fe, Na, O-16)

A complete set of prompt fission neutron spectra, including some 
cross-isotope correlations

Wednesday, May 23, 12
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19F (new ORNL evaluation)
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52Cr (New ORNL RRR evaluation)
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235U (New MF33 eval by LANL/ORNL)
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243Cm (from JENDL-4)
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Only substantial change to 
239Pu: addition of prompt fission 
neutron spectrum covariance

 Talou et al (LANL) retrofitted using Madland-Nix model
 Valuable contribution enabling full QMU studies in Pu 

systems (previously only nubar and cross section 
covariance available)

21
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PFNS of n(0.5 MeV)+239Pu is compared to the JENDL-4.0
evaluation.

E. 240Pu

GNASH sensitivity calculations were performed
varying the following set of model parameters:
(EA, EB, !!A, !!B, "A, "B) for the first, second and
third compound nuclei formed in the n+240Pu reaction.
These are the fission barrier heights, barrier widths and
collective enhancement factors on top of the barriers,
respectively. We also varied the level density param-
eters, pairing energies, pre-equilibrium constants and
experimental #-ray strength function.

A host of experimental data sets was gathered for each
reaction channel, as shown in Table II. In addition, a re-
cent measurement of the 240Pu (n,fission) cross section

FIG. 40: Correlation matrix evaluated for the n(0.5
MeV)+239Pu prompt fission neutron spectrum.
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FIG. 41: 239Pu average prompt fission neutron multiplicity as
a function of incident neutron energy.

performed at the Los Alamos Neutron Science Center
(LANSCE) by Tovesson et al. [46] was included in the
present analysis.

The 240Pu neutron-induced fission cross section is
shown in Fig. 42, and its associated correlation matrix is
shown in Fig. 43. All fission cross section measurements
were done in ratio to the 235U (n,f) cross section stan-
dard. These ratio data sets were transformed into abso-
lute data points using the ENDF/B-VII.0 standard 235U
(n,f) cross sections [19]. The large number of these data
sets and their reported small uncertainties leads to final
evaluated uncertainties for the fission cross section that
are quite small. We have added a 0.3% fully-correlated
contribution to the final covariance matrix, as has been
already done in the case of the 235U fission cross sec-
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228Th mu-bar covariance (JENDL-4)
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Conclusions

 ENDF/B-VII.1 contains covariances for 190 materials 
(184 basically complete)

 Several of “High Fidelity” (3 major actinides and 6 R-
matrix light nuclei (LANL), 232Th, W, 55Mn (IAEA), 
RR in recent ORNL evaluations)

 40 “Medium Fidelity” (fission products and structural 
materials, coolants) 

 Many “Low Fidelity” for low priority materials
 JENDL-4 for minor Actinides (59)
 These covariances are supposed to be at least 

reasonable :)
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