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

 ENDF/B is arguably most important 
nuclear data library for all nuclear 
applications

 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/endf/b7.1/
index.html
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An overview of the library
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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 Lα, Lβ and Lγ 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 difficult 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, different
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
Pfeiffer 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.
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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.

-1 -0.5  0  0.5  1

10-3 10-2 10-1 100 101 10-3

10-2

10-1

100

101

O
utgoing Energy (M

eV)

Outgoing Energy (MeV)
Fig. 7. The newly evaluated covariance for 239Pu PFNS 
for 0.5 MeV incident neutrons.

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 

neutron number

pr
ot

on
 n

um
be

r

Sources of covariance data

Tuesday, November 13, 12



An overview of the library

4
neutron number

pr
ot

on
 n

um
be

r

* Major actinides essentially unchanged,
  (only delayed nubars fixed) 
* New U, 237Np, 238,240,241Pu, Am
* Rest of minor actinides from 
  JENDL-4
* Most actinides have 
  covariance 
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Key fast and thermal 
benchmarks are unchanged

 These tests are taken from the ICSBEP benchmark book
 Data processed with NJOY into ACE format
 Tests run with MCNP by A. Kahler, et al.
 See Skip’s talk next for more details...
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A “Do No Harm” Example - THERMAL 

Slide 10 

E71 Regression 
Coefficients are 
identical to 
those obtained 
with E70 Cross 
Sections. 

Previous good 
results are 
retained (as 
expected). Thermal suite
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Only 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)

6

-1 -0.5  0  0.5  1

10-3 10-2 10-1 100 101 10-3

10-2

10-1

100

101

O
utgoing Energy (M

eV)

Outgoing Energy (MeV)
 0.2

 0.4

 0.6

 0.8

 1

 1.2

 1.4

 0.01  0.1  1  10

R
at

io
 to

 M
ax

w
el

lia
n 

(T
=1

.4
2 

M
eV

)

Outgoing Neutron Energy (MeV)

n(0.5MeV)+239Pu PFNS

Knitter, 1975 (0.215 MeV)
Staples, 1995 (0.5 MeV)

Lajtai, 1985 (thermal)
Bojcov, 1983 (thermal)

ENDF/B-VII.0
present work

1m band
JENDL-Actinoid, 2008

E=0.5 MeV

Tuesday, November 13, 12



An overview of the library

7
neutron number

pr
ot

on
 n

um
be

r * New R-matrix 
  analyses of 
  3He, 9Be, 6Li
* Fixes to 
  natC, 
  16O

Tuesday, November 13, 12



Many of the changes to the light 
nuclei were quite dramatic
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FIG. 4: Neutron capture on 3He. Compared are cross sec-
tions in ENDF/B-VII.1 (red curve) with those in ENDF/B-
VII.0 (black line), and with experimental data from n+3He
capture (green triangles) and inverted γ+4He photodisinte-
gration (blue circles).

2. 4He

The recent cross-section evaluation for neutrons on
4He came from an R-matrix analysis of reactions in the
5He system that has been used for many years at Los
Alamos to provide data for thermonuclear applications.
For that reason, the analysis extends to neutron energies
well above 20 MeV, but for simplicity, the new evaluation
is truncated there to keep it single-channel. A summary
of the channel structure and data included in the analysis
is given in Table VII. More than 2700 data points are fit-
ted with 117 parameters, giving a chi-square per degree
of freedom of 1.5. The n − α scattering data, including
the total cross section, are in excellent agreement with
calculations from the fit parameters. The fit to the total
cross section is shown in Fig. 5.

3. 6Li

The R-matrix analysis of the 7Li system contains data
for all possible reactions among t+4He and n+6Li at ener-
gies extending from the t+4He threshold (well below the
n+6Li threshold) up to energies corresponding to 4-MeV
incident neutrons. Also included are n+6Li* channels to
simulate the effects of n + d + α breakup. This is sum-
marized in Table VIII. One sees that a very good fit
is obtained to the more than 3900 data points included,
with a chi-square per degree of freedom of 1.80.

The fit to the t+4He scattering data, which have very
small uncertainties, is quite good. Examples are given

TABLE VII: Channel configuration (top) and data summary
(bottom) for each reaction in the 5He system R-matrix anal-
ysis.

Channel ac (fm) lmax

n+4He 3.0 5
γ+5He 6.0 1
d+3H 5.1 5

n+4He* 5.0 1

Reaction Range (MeV) # Data Types # Data Pts.
4He(n, n)4He En = 0 − 28 2 817
3H(d, d)3H Ed = 0 − 8.6 6 700
3H(d, n)4He Ed = 0 − 11 14 1185
3H(d,γ)5He Ed = 0 − 8.6 2 17
3H(d, n)4He* Ed = 4.8 − 8.3 1 10

Total 25 2729





      





























FIG. 5: R-matrix analysis for 4He.

in Figure 6 at triton energies of 8 and 12 MeV, which
are near the obvious resonance structure in the 6Li(n, t)
reaction at En = 0.24 and 2.2 MeV (see Fig. 7).
These high-precision charged-particle elastic scattering
measurements [39] put stringent constraints on fitting
the neutron data through properties of multichannel R-
matrix theory, such as the unitarity of the scattering ma-
trix.

Another important set of measurements in this analy-
sis are the relatively recent absolute differential cross sec-
tion measurements for the 6Li(n, t)4He reaction done at
the LANSCE/WNR facility at Los Alamos. These mea-
surements confirmed the angular distributions measured
at lower energies, and gave additional evidence for the
presence of a 3/2− resonance near En=2.2 MeV that had
been seen in other data. They also indicated somewhat
higher integrated cross sections for the reaction in the
MeV region up to about 8 MeV than had been obtained
in previous ENDF (and ENDL) evaluations.
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FIG. 7: Integrated cross section for the 6Li(n, t)4He reaction
at energies between 0.1 and 10 MeV, showing ENDF/B-VII.1
(red curve), ENDF/B-VII.0 (black curve), and the experi-
mental data of Macklin [40] (green triangles), Drosg [41] (red
crosses), and WNR [42] (blue circles).

limited by the ENDF-6 format to resonance parame-
ter uncertainties and correlations while uncertainties in
nuclear radii cannot be treated directly. The “normal-
ization/background/radius” effects were represented ap-
proximately by adjusting the File 32 uncertainties for the
external RPs and for selected resonances in the energy
range of the evaluation. Since the resonance parameter
representation does not include the direct capture (DC)
part of the capture cross section, the DC component was
included as a “background” 1/v cross section in File 3,
sections 1 and 102. At E = 0.0253 eV, the 35Cl (37Cl) DC
cross section is 0.16 (0.31) b, which is a small (large) frac-
tion of the overall capture cross section of 43.60 (0.433)
b. The upper energy limit for the DC cross section is es-
timated to be 10 (100) keV for 35Cl (37Cl). The 1/v cross
section was extended to 1.0 MeV to ensure continuity in
the evaluation range. Cross section at the thermal val-
ues for 35Cl and 37Cl calculated at room temperature are
displayed on Table IX. The uncertainties in the thermal
cross sections were calculated with PUFF-IV using the
resonance parameter covariance data.

2. 39,41K

Evaluations of 39K and 41K neutron cross sections in
the resolved resonance region were done with the mul-
tilevel Reich-Moore R-matrix formalism of the SAMMY
code. The evaluation incorporates recent high-resolution

TABLE IX: Thermal cross sections and their uncertainties for
35,37Cl+n in barns.

Isotope Cross Section VII.1 VII.0 Atlas
35Cl Capture 43.60±0.52 43.67 43.60±0.40

Total 64.76±0.68 65.12 64.70±0.50
Scattering 20.68±0.35 20.97 20.60±0.30
(n,p) 0.480±0.029 0.48 0.48±0.014

37Cl Capture 0.433±0.006 0.433 0.433±0.006
Total 1.583±0.050 1.593 1.583±0.050
Scattering 1.15±0.05 1.16 1.15±0.05

capture and transmission measurements made at ORELA
to extend the resolved resonance energy range up to 1.0
MeV with a much more accurate representation of the
data than previous evaluations. The data include trans-
mission measurements by Guber et al. [50] and Harvey,
et al. [51] on the 80-m flight path at ORELA; total cross
section data of Cierjacks et al. [52] on a 57-m flight path
performed at the Karlsruhe Isochronous Cyclotron; and
measurements of Singh, et al. [53] done at the 200-m flight
path at the Columbia synchrocyclotron. Also included in
the evaluation were the high-resolution capture cross sec-
tion of Guber et al. measured in the energy range of 0.1
keV to 600 keV and an older low resolution capture data
of Joki, et al. [54] done in the energy region from 0.02 eV
to 10 eV. We have included resonance parameters (RPs)
in File 2, MT151, and the corresponding resonance pa-
rameter covariances in File 32, MT15. The Reich-Moore
format with LRF=3 and LCOMP=1 was utilized. The
applicable energy range is 10−5 eV to 1.0 MeV. At 1.0
MeV the File 3 total and elastic cross section values for
the previous ENDF evaluations were adjusted slightly to
join smoothly with the resonance parameter values. For
capture cross sections above 1 MeV, the previous ENDF
39K theoretical values were normalized to 0.436 mb at
1 MeV, and the 41K values were normalized to match
the data of reference [55] at 1 MeV. Since the resonance
parameter representation does not include the direct cap-
ture (DC) part of the capture cross section, the DC com-
ponent was included as a “background” 1/v cross section
in File 3, sections 1 and 102. At E = 0.0253 eV, the cal-
culated DC cross section for 39K (41K) is 0.80 (0.52) b,
which is a large fraction of the overall capture cross sec-
tion of 2.10 (1.46) b. The upper energy limit for the DC
cross section is estimated to be 100 keV. Therefore, the
“background” 1/v cross section was terminated at this
energy value.

Table X gives a comparison of the thermal elastic, cap-
ture and total cross sections at room temperature with
the data listed in the Atlas. Also shown in Table X
are the thermal values calculated with ENDF/B-VII.0.
The quoted uncertainties, obtained from File 32, reflect
the rather large experimental uncertainties in the ther-
mal values. The thermal scattering cross-section for 41K
in the Atlas is almost 3 times smaller than that of the
present evaluation. The reasons for the discrepancies are
not known.
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FIG. 9: Total cross section for n+9Be, showing ENDF/B-
VII.1 (red curve), ENDF/B-VII.0 (black curve), and the data
from Danon (green triangles) and others (black crosses).
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FIG. 10: Neutron capture on 9Be. The red curve is ENDF/B-
VII.1, the black curve is ENDF/B-VII.0, and the circles are
measured values.

Resonance region
To improve the cross section data and uncertainty for
titanium in the thermal and epithermal energy regions
a resolved resonance parameter and covariance evalua-
tion for 48Ti was done with the SAMMY [58] code. New
capture and transmission measurements for enriched 48Ti
and natural titanium were made at the ORELA. The neu-
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FIG. 11: Neutron capture on natC. Compared are cross sec-
tions in ENDF/B-VII.1 with ENDF/B-VII.0.
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FIG. 12: Neutron capture on 16O. Compared are cross sections
in ENDF/B-VII.1 with ENDF/B-VII.0.

tron transmission and capture data were measured in the
energy range from 10 eV to 500 keV. The transmission
data were measured with an 80-meter flight-path length,
whereas a 40-meter flight-path length was used for the
capture cross-section measurements. Since there are no
previous capture cross-section measurements available in
the resonance region, the ORELA data were vital for de-
termining the shape and the uncertainty in the capture
cross section. The resonance evaluation for 48Ti was done
in the energy range from 10−5 eV to 400 keV. Thermal
cross section data available in the EXFOR database [59]
were also used in the evaluation.
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Resonance region
To improve the cross section data and uncertainty for
titanium in the thermal and epithermal energy regions
a resolved resonance parameter and covariance evalua-
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capture and transmission measurements for enriched 48Ti
and natural titanium were made at the ORELA. The neu-
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FIG. 12: Neutron capture on 16O. Compared are cross sections
in ENDF/B-VII.1 with ENDF/B-VII.0.

tron transmission and capture data were measured in the
energy range from 10 eV to 500 keV. The transmission
data were measured with an 80-meter flight-path length,
whereas a 40-meter flight-path length was used for the
capture cross-section measurements. Since there are no
previous capture cross-section measurements available in
the resonance region, the ORELA data were vital for de-
termining the shape and the uncertainty in the capture
cross section. The resonance evaluation for 48Ti was done
in the energy range from 10−5 eV to 400 keV. Thermal
cross section data available in the EXFOR database [59]
were also used in the evaluation.
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from Danon (green triangles) and others (black crosses).
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Resonance region
To improve the cross section data and uncertainty for
titanium in the thermal and epithermal energy regions
a resolved resonance parameter and covariance evalua-
tion for 48Ti was done with the SAMMY [58] code. New
capture and transmission measurements for enriched 48Ti
and natural titanium were made at the ORELA. The neu-
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FIG. 12: Neutron capture on 16O. Compared are cross sections
in ENDF/B-VII.1 with ENDF/B-VII.0.

tron transmission and capture data were measured in the
energy range from 10 eV to 500 keV. The transmission
data were measured with an 80-meter flight-path length,
whereas a 40-meter flight-path length was used for the
capture cross-section measurements. Since there are no
previous capture cross-section measurements available in
the resonance region, the ORELA data were vital for de-
termining the shape and the uncertainty in the capture
cross section. The resonance evaluation for 48Ti was done
in the energy range from 10−5 eV to 400 keV. Thermal
cross section data available in the EXFOR database [59]
were also used in the evaluation.
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Zr needed to be reworked for 
ENDF/B-VII.1

 ENDF/B-VI.8 fitted 
natZr(n,tot), but missed 
outgoing dists.

 ENDF/B-VII.0 is 
EMPIRE evaluation, 
but not fitted

 Attempted re-evaluation 
for ENDF/B-VII beta, but 
that version tested poorly 
• Leakage problems (not leaky enough!)
• Suspected problem (n,el) angular distributions
• Lead evaluator had health issues that prevented him from 

fixing evaluation

ENDF/B-VII.1 Nuclear Data ... NUCLEAR DATA SHEETS M.B. Chadwick et al.

Incident Energy (MeV)

C
ro

s
s

 S
e

c
ti

o
n

 (
b

a
rn

s
)

1 10

5

10

15

ENDF/B-VII.1 (BNL)
ENDF/B-VI.8
JENDL-4.0
ENDF/B-VII.0
40-Zr-0(N,TOT),SIG

FIG. 45: natZr(n,tot) cross section. The ENDF/B-VII.1 eval-
uation preserves the data-driven fluctuations present in the
older ENDF/B-VI.8 evaluation.

components. We took the energy-dependence of the
level spacing to be the Gilbert-Cameron level density
formula with associated parameters from Mughabghab
[35, 126]. Further, we took the energy-dependence of
capture widths to be the generalized Fermi liquid model
[126] with associated parameters from [35]. We use an
effective scattering radius of 7.2 fm in the URR.

Fast neutron region
Because the Zr isotopes are so close to a closed shell, the
total and elastic cross sections exhibit pronounced fluctu-
ations up to nearly 1 MeV. To preserve these fluctuations,
which were present in the original ENDF/B-VII.8 eval-
uation and integral testing suggests are important, we
used EMPIRE’s ability to tune cross sections to data to
match natZr(n,tot) (see Fig. 45). Total cross sections
in all of the Zr isotopes were tuned with the same fac-
tors while elastic cross sections were obtained subtract-
ing non-elastic channels from the total. Whilst strictly
speaking this is not correct, it preserves the transport
cross section for natZr while leaving the activation cross
sections for the individual isotopes unchanged. Model
calculations in the fast energy range were based on nu-
clear model calculations using the EMPIRE code [82].
Starting values for nuclear model parameters were taken
from the RIPL recommendations [85]. A dispersive OMP
(RIPL 609) [85] based on soft rotor couplings was used
to describe the incident channel on even-even targets; the
same potential with rigid-rotor couplings (RIPL 611) was
employed to describe the incident channel for even-odd
isotopes. The optical model calculations for the incident
channel of even-even Zr isotopes were performed with
the OPTMAN code [149], which is capable of including
soft-rotor couplings. All other optical model calculations
were performed with the ECIS code [87] that is incor-
porated into the EMPIRE system. TUL multistep di-
rect and the Heidelberg multistep compound models were
employed to describe the preequilibrium neutron emis-
sion; proton, gamma and cluster pre-equilibrium emis-
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FIG. 46: natZr(n,el) double differential cross section for neu-
trons with incident energy 3.6 MeV. The ENDF/B-VII.1 eval-
uation tracks the shape of JENDL-4.0, but with the normal-
ization controlled by the fluctuations in Fig. 45.

sion was calculated using a one-component exciton model
(PCROSS). Hauser-Feshbach [88] and Hofmann-Richert-
Tepel-Weidenmüller [89] versions of the statistical model
were used for the compound nucleus cross section calcula-
tions. Both approaches account for the multiple-particle
emission and the full gamma-cascade. Level densities
were described by the (semi)-microscopic parity depen-
dent Hartree-Fock-Bogoliubov level densities [85].

Extensive comparison of the calculated elastic angular
distributions with the wealthy amount of experimental
data (about 150 plots) demonstrated that JENDL-4.0
using the Walter-Guss OMP below 6 MeV, and Koning-
Delaroche OMP above 6 MeV describes measurements
better, especially at low incident energies. Since KAPL
sensitivity studies indicated that elastic angular dis-
tributions might be of importance for their integral
testing we adopted the (n,el) angular distributions from
JENDL-4.0. A sample angular distribution is given
in Fig. 46. It can be seen that our tuning of the
elastic cross sections slightly improves agreement with
the experimental data. Benchmarking performed with
the suite of 22 integral experiments (see accompanying
validation paper [8]) confirmed that switching to the
JENDL angular distributions reduces over prediction
of the TRIGA 132 and 133 reactivities by 50% bring-
ing our results well within the experimental uncertainties.

Covariance data
We added the Zr point-wise covariance data which
were used to produce group-wise COMMARA-2.0 [150]
library to the evaluations. In the thermal and resolved
resonance region we made use of the covariance formal-
ism based on the kernel approximation along with data
in the Atlas of Neutron Resonances. In the fast neu-
tron region covariance estimates were calculated using

2929

natZr(n,tot)
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We took over the evaluation
and made a few key changes

 Found backward peaked low energy neutron dists. - 
now patched using JENDL-4

 S. Mughabghab reevaluated the RRR:
• 90Zr all new
• 91Zr first pass at fixes

12

Zirconium evaluations

H. I. Kim, S. Mughabghab, M. W. Herman, R. Capote, A. Trkov, and R. Arcilla
(Dated: September 21, 2011)

A. Zr

Rationale for new evaluation

Zirconium is used in fuel rods cladding due to its
corrosion-resistance and low thermal neutron absorption
cross-section. It is also considered in advanced reac-
tor design studies as a moderator (in the form of zir-
conium hydride) and as inert matrix fuel material. The
ENDF/B-VI.8 files evaluated in the 1970’s relied heav-
ily on experimental data and lacked quantities such as
double-di↵erential cross sections and gamma production.
Therefore the preliminary version of ENDF/B-VII.0 fol-
lowed recommendations of the WPEC Subgroup 23; in
most cases CSEWG adopted neutron resonances recom-
mended by Mughabghab [1] and JENDL-3.3 evaluations
in the fast neutron range, except 90Zr where CSEWG
favored the BROND-2 evaluation. These evaluations
turned out to perform worse than ENDF/B-VI.8, show-
ing an undesirable drop in the reactivity when tested
by KAPL and Bettis [2]. Sensitivity studies indicated
that this shortage could be counteracted by increasing
the elastic cross section in 90Zr. The NNDC (BNL) per-
formed a new evaluation of the fast neutron region in 90Zr
using the EMPIRE code and dispersive optical model
potential for 105Pd [3], which provided acceptable de-
scription of the total cross section on 90Zr and confirmed
the higher elastic scattering cross section. This evalua-
tion was accepted by KAPL and Bettis and adopted by
CSEWG for the final release of ENDF/B-VII.0.

Integral testing of ENDF/B-VII.0 performed after its
release revealed that the new set of Zr evaluations over
predicts reactivity in the TRIGA C132 and C133 bench-
marks by more than 500 pcm. In addition, new not
yet published measurements of the total cross section on
natural Zr performed by RPI indicated that ENDF/B-
VI.8 values were much closer to the new data than those
of ENDF/B-VII.0. Finally, continued testing at KAPL
showed that ENDF/B-VI.8 performance was still supe-
rior compared to all modern libraries. This can be viewed
as a clear case in which a dated evaluation using little the-
ory but hooked to the experimental data is better than
more recent evaluations using far more advanced model-
ing but paying less attention to the measurements.

In the old ENDF/B-VI.8 evaluation and in the exper-
imental data, there are pronounced fluctuations in the
total and elastic cross sections below 1 MeV indicating
either resonance structure or potentially insu�cient level
density for statistical model treatment, most likely re-
lated to the closed neutron shell in 90Zr. In the new eval-
uations we describe below, we attempt to preserve the
completeness of the model based evaluations without los-
ing the experimental information that cannot be repro-

TABLE I. Calculated thermal cross sections (�T ) and reso-
nance integrals (I�) for

90Zr and 91Zr.
90Zr 91Zr

Reaction �T (barn) I� (barn) �T (barn) I� (barn)

Total 5.50762 - 11.0729 -

Elastic 5.49765 - 9.85728 -

Capture 9.97256⇥10�3 0.132506 1.21566 6.0062

duced within reaction theory. While doing this, we make
use of advanced approaches such as coupled-channel soft-
rotor optical potential and microscopic, parity dependent
level densities.
Resonance region

New resonance region evaluations were developed for 90Zr
and 91Zr. Table I summarizes the thermal cross section
and resonance integrals for the two evaluations.

90Zr: The ENDF/B.VII.0 thermal capture cross sec-
tion, 77 mb, was taken from the Atlas recommendations
[1]. This value was obtained by the subtraction method,
so a thermal capture cross section of 0.830 ± 0.083 b for
91Zr was adopted, based on the measurements of Lone [4].
A more recent measurement by Nakaruma et al. [5] re-
ported a low limit of 1.30± 0.04 b for the thermal capture
cross section of 91Zr indicating that the derived thermal
capture cross section for 90Zr is over-estimated. There-
fore, we removed the bound level at -234 eV but otherwise
adopted the ENDF/B-VII.0 resonances. The computed
thermal capture cross section from the positive-energy
resonances is 10 mb, which is in good agreement within
the uncertainty limits with a measured value of 14+8

�4 mb
[4]. We truncated the resolved resonance region at 53.5
keV.

91Zr: As mentioned above, to be consistent with the
natural zirconium capture cross section, we derived a
thermal capture cross section of 1.216 b using two bound
levels to describe the thermal capture cross section and
bound coherent and incoherent scattering lengths [1].
This is consistent within two standard deviations of [5].
We also adopted resonance parameters below 20 keV and
an e↵ective scattering radius of 7.2 fm from Mughabghab
[1]. We assume average radiative widths of 127 meV
and 223 meV for those s- and p-wave resonances, re-
spectively, for whose widths were not determined from
measurements [1, 6, 7]. We assigned ` values that had
not been determined from measurements by applying the
Bayesian approach while undetermined J values were as-
signed randomly to follow the 2J+1 rule. With these
parameters, we compute the Wescott factor for capture
as gw = 1.0031. In the unresolved resonance region, we
deduce an average level spacing and strength functions
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New Zr evaluations perform 
well in TRIGA and ZPR 
assemblies
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New decay sublibrary enables 
more accurate decay heat 
calculations
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Every evaluation needs to be 
checked and we humans can’t 
seem to do it right 

 The Problem:
• No evaluator remembers to run basic checks (CHECKR, FIZCON) 

on the evaluations
• We should not have rely on users to tell us if NJOY barfed...

 A Solution: “continuous integration”, a common practice in 
software development.  Every commit or every hour (you pick), 
retest any evaluation that changed.

 As a result, bugs are discovered as soon as data is committed

15

ADVANCE: Online Data Verification System
(Automated Data Verification and Assurance 

for Nuclear Calculations Enhancement)
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Visit http://www.nndc.bnl.gov/
endf/b7.dev/qa/
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Updated every hour!
Tuesday, November 13, 12
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ADVANCE will be expanded and 
is ready for general use 

 Use ControlTier for test 
management

 ACE quality control /w 
ACELST

 Other processing codes
• AMPX, CALENDF

 Integrate covariance 
QA system
• MACS, other spectrum average 

plots
• plots of cross sections

 Ground work for 
general evaluation 
review system

17

ENDF/B-VII.1 Nuclear Data ... NUCLEAR DATA SHEETS M.B. Chadwick et al.

minor actinides adopted from the JENDL-4.0 library [9].
A smaller number of evaluations was produced for nuclear
criticality safety and other applications.

A summary of ENDF/B-VII.1 covariances is given
in Table VI. More than 100 materials were taken
directly from the COMMARA-2.0 covariance library
which includes 6 priority minor actinides, 242Pu and
242,243,244,245,246Cm, adopted from JENDL-4.0. The lat-
ter library also supplied additional 53 minor actinides.

There were no changes made to the standards cross
sections (MF3 file) in the ENDF/B-VII.1 neutron sub-
library, because no new standards evaluations have been
released, but full standards covariances for the standards
[7] have been inserted in the MF33 files after adjusting
them to account for the difference between standards and
VII.1 cross sections if applicable. These covariances in-
clude not only cross-energy but also cross-reaction and
cross-material correlations in cases where they are not
negligible (e.g. the correlations between 235U and 238U
fission cross sections that are present because of the use
of cross section ratio measurements in the evaluation of
the standards).

TABLE VI: Summary of neutron cross section covariances in
ENDF/B-VII.1. Data are available for 190 materials, includ-
ing 6 priority and 53 minor actinides taken over from JENDL-
4.0.

Category Materials Comment
Light nuclei 12 6 evaluated by R-matrix

6 low-fidelity estimates
Structural + FPs 105 38 evaluated for COMMARA-2.0

40 updated low-fi estimates
15 eval for crit safety
12 eval for other purposes

Priority actinides 20 13 evaluated for COMMARA-2.0
1 mat from ENDF/B-VII.0
6 materials from JENDL-4.0

Minor Actinides 53 Low priority, all JENDL-4.0

D. Plots by Sigma Covariance QA System

The covariance quality assurance (QA) system recently
developed by the NNDC is based on the Sigma Retrieval
& Plotting Web interface for nuclear reaction data [34].
A particularly powerful part of the system is compari-
son of integral cross section values probing various seg-
ments of covariances as a function of neutron energy.
Currently, Sigma offers integral quantities using the fol-
lowing weighting spectra: thermal energy, resonance in-
tegral (RI, 1/E spectrum), 30 keV Maxwellian spectrum
(MACS), 252Cf spectrum, and 14 MeV neutron energy,
as illustrated in Fig. 1.

The idea is to compare integral cross sections between
major evaluated nuclear data libraries, including data
from the Atlas of Neutron Resonances [35] and the Karl-
sruhe astrophysics database KADoNiS [36]. Dispersion
between these quantities sheds light on the quality of
ENDF/B-VII.1 covariances. As an example, Fig. 2 shows

FIG. 1: Weighting neutron spectra used by Sigma covariance
QA system developed by the NNDC.

(n,γ) and (n,f) integral cross sections with available un-
certainties for 235U, for 238U and also for 239Pu. One can
see that in most instances our results look plausible. In
several cases, however, such as 235U(n,γ) ENDF/B-VII.1
MACS uncertainty seems to be perhaps too large, show-
ing a potential issue to be addressed in the future. The
figure also shows that VII.1’s 239Pu(n,γ) cross section lies
significantly below other evaluations in the fast range - a
topic requiring future attention. Also, it is evident that
the fission cross section uncertainties are thought to be
very small.

E. Discussion

It should be emphasized that even though an impres-
sive amount of progress has been achieved in covariance
evaluations since the release of ENDF/B-VII.0 library in
2006, a non-negligible fraction of our results suffer from
inherent limitations. There are several reasons for this:

Due to limited resources, CSEWG decided to address
the specific needs of a single user – the AFCI data ad-
justment project (as well as the Criticality Safety pro-
gram to a lesser extent). For this reason the backbone
of ENDF/B-VII.1 covariances is the COMMARA-2.0 li-
brary containing data for 110 materials which were de-
veloped and tested in a 33-energy group representation.
It should be understood that the production of covari-
ances for this amount of materials, under both time and
funding constraints, was not possible without our resort-
ing to simplified procedures in many instances. This,
naturally, can be subject to criticism, and is also reason
for caution when applying our covariances beyond their
intended application. For example, in many cases, co-
variances were not developed within a consistent simul-
taneous approach but added “a posteriori”. The issue
of discrepancy between central values was taken into ac-
count by retrofitting (enlarging) uncertainties whenever
necessary to embrace the difference. On the other hand,
it should be emphasized that the strength of the AFCI
covariance effort was the close collaboration of BNL and
LANL evaluators with ANL and INL reactor analysts led
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FIG. 2: Screen-shot from the Sigma covariance QA system showing (n,γ) and (n,f) integral cross sections for 235U (top), 238U
(middle) and 239Pu (bottom). Shown are thermal cross sections, resonance integrals (RI), 30 keV Maxwellian averages (MACS),
averages over 252Cf spectrum, and 14 MeV cross section for major evaluated data libraries relative to ENDF/B-VII.0. Also
shown are data from the Atlas of Neutron Resonances; note that nuclear astrophysics database KADoNiS does not cover the
actinide mass region. See http://www.nndc.bnl.gov/sigma/endf71b4.jsp.

by M. Salvatores and G. Palmiotti. These analysts tested
four consecutive versions of the library, allowing evalua-
tors to resolve step-by-step all identified issues and grad-
ually improve their data. As a consequence, the resulting
COMMARA-2.0 library, despite its limitations, is consid-
ered by both evaluators and reactor analysts to be fairly
well tested and of plausible quality.

Second, current evaluation methodologies continue to
be a research project and are subject to debate, and a
consensus within the nuclear data evaluation community
on the relative merits has not been reached. As a conse-

quence, considerable differences in covariances produced
by various evaluators are not uncommon. Perhaps the
most important single issue is an inadequate treatment
of systematic uncertainties, which often boils down to
observation that “uncertainties are too low.” Years ago,
Fröhner pointed out that a covariance evaluation requires
knowledge of the data reduction process [37]. This can
be seen by considering a typical data reduction process
involving subtraction of a background b ± ∆b and multi-
plication by a calibration factor c±∆c. This implies that
the data reduction method to obtain counts αj from the
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Other longer term changes are 
in the works

 New data:
• Expanded charged particle library (porting ENDL2011 charged 

particle sublibrary)
• Filling holes in reaction networks
• Eliminate last elemental evaluation from transport library: natC

 New format:
• Most likely based on Generalized Nuclear Data format
• USNDP/CSEWG actively participating 
• WPEC hopefully to form to collect international input 

 Investigating possibility of international, unified 
evaluated nuclear data library
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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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