
UNCLASSIFIED

ENDF/B-VIII.0
D. Brown for the  

Cross Section Evaluation Working Group



UNCLASSIFIED

ENDF/B-VIII.0 was released 
on 2 Feb. 2018 by the Cross 
Section Evaluation Working 
Group (CSEWG)
Integrates contributions for many sources 
• Neutron Standards IAEA, NIST 
• CIELO Pilot Project BNL led Fe,  

LANL led 16O and 239Pu, IAEA led 235,238U 
• Many new and improved neutron evaluations  

(DP, Crit. Safety, NE, USNDP) 
• New thermal scattering libraries  

(Crit. Safety, Naval Reactors) 
• Charged particles USNDP (LLNL) 
• New atomic data (LLNL) 
• Success rests on EXFOR library  

IAEA project but USNDP (BNL) coordinates  
compilation of reaction data for Western Hemisphere

*

* ENDF/B-I was released in June 1968



UNCLASSIFIED

ENDF/B-VIII.0 is our best performing 
and highest quality library yet

M.B. Chadwick et al, Nuclear Data Sheets 148, 189 (2018) 

▪ Validate by simulating well 
characterized systems 
▪ 1198 critical assembly 

benchmarks

▪ 14 MeV & 252Cf(sf)  

source transmission 

▪ Many other tests


▪ Quality also assured by  
▪ ADVANCE continuous 

integration system at BNL

▪ Annual Hackathons
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Library and evaluations detailed in  
Nuclear Data Sheets vol. 148 (2018)
▪ ENDF/B-VIII.0: D. Brown et al.,  

Nuclear Data Sheets 418, 1 (2018) 

▪ Neutron Data Standards: A. Carlson et al.,  

Nuclear Data Sheets 418, 143 (2018)

▪ CIELO Overview: M.B. Chadwick, et al.,  

Nuclear Data Sheets 148, 189 (2018) 

▪ CIELO Iron: M. Herman, et al.,  

Nuclear Data Sheets 148, 214 (2018) 

▪ CIELO Uranium: R. Capote, et al.,  

Nuclear Data Sheets 148, 254 (2018) 

▪ PFNS evaluation: D. Neudecker, et al.,  

Nuclear Data Sheets 148, 293 (2018) 

▪ 239Pu(n,g) measurement: S. Mosby, et al.,  

Nuclear Data Sheets 148, 312 (2018) 

▪ 235U PFNS measurement: M. Devlin, et al.,  

Nuclear Data Sheets 148, 322 (2018) 
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Outline for  
remainder of talk

• We didn’t “change anyone’s answers” 

• Big changes that “didn’t change 
anyone’s answers”: 235,238U, 239Pu, and 
H2O 

• Other important changes that “maybe 
changed answers”: 16O, natC, Fe, 
graphite

*

* ENDF/B-I was released in June 1968
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There are many ways to  
“get the right answer”

▪ E. Bauge, et al.  
(CEA-DAM)


▪ Swap portions of one 
evaluation for other 
until completely 
swapped


▪ Elastic & inelastic 
scattering provided 
biggest swing

Quantity Δkeff (1000th’s of %)

Fission -138
Capture +269

Elastic Scattering -638
Inelastic Scattering +522

ENDF-VII.1
keff=1.00060(12)

BRC09 (CEA)
keff=1.00082(11)

The end result is a lack of confidence in 
modeling systems that significantly differ 

from the integral benchmark

How does keff change when a BRC09 value 
is replaced by one from ENDF-VII.1?

Figure from L. Bernstein



UNCLASSIFIED

Situation “unchanged” in VIII.0

CIELO Collaboration Summary . . . NUCLEAR DATA SHEETS M.B. Chadwick et al.

CIELO-2 files, on a variety of critical assemblies. They
start with one set of files, their CEA evaluations in CIELO-
2, and then make one-at-a-time substitutions of cross sec-
tions from CIELO-1 (ENDF/B-VIII.0), noting the change
in calculated criticality, until the final file is essentially
CIELO-1. This study helps identify where the big lever
di↵erences are, see Figs. 27, 28. We can observe that sub-
stantial di↵erences, with important e↵ects, are found be-
tween the CIELO-1 and CIELO-2 files: they both predict
overall criticality well, but for very di↵erent reasons. One
(or most likely, both) are deficient in a variety of ways.

For 235U and 239Pu fast assemblies one can observe that
the largest e↵ects are from di↵erences in fission (especially
the prompt neutron multiplicity and the PFNS spectrum)
and inelastic and elastic scattering. Future work will be
needed to make more progress on understanding such
neutron reactions for fissile actinides.

B. Large-scale Testing from NRG Petten

As was done for the ENDF/B-VII.0 and ENDF/B-VII.1
releases of the library in 2006 and 2011, the new CIELO-1
data in ENDF/B-VIII.0 have been tested by performing

Pu-239 CEA-CIELO to LANL-CIELO

FIG. 28. (Color online) Simulations of criticality k-e↵ for 239Pu
for two critical assemblies: a fast assembly (Jezebel, PMF-
1), and a thermal assembly (PST-4). This figure shows that
both LANL CIELO-1 (ENDF/B-VIII.0) and CEA CIELO-
2 (JEFF-3.3) predict similar k-e↵ values, but do so for very
di↵erent reasons. The changes in criticality are evident when
individual cross section channels are substituted between the
two evaluations.

calculations for a large number (2515) of criticality safety
benchmark cases, taken from the International Handbook
of Evaluated Criticality Safety Benchmark Experiments.
Among the benchmark cases are ones for a variety of fuel
types (leu, ieu, heu, mix, pu, u233); for many di↵erent
physical forms of the fissile component (compound, metal,
solution, miscellaneous); and for many types of neutron
spectra (thermal, intermediate, fast, mixed).

For the criticality safety calculations performed at NRG,
the nuclear data (beta4 release of ENDF/B-VIII.0) were
processed by NJOY-12.50, except for the thermal scatter-
ing data for H in ZrH, Be in Be, Be in BeO, graphite, and
H in CH2, which were processed by NJOY-99.364. The
reason for using the older version of NJOY was a data
pointer problem when using the NJOY-12.50 version for
these thermal scattering data. All data were processed
for room temperature (293.16 K), except for benchmark
cases with elevated temperatures. For cases 2, 4, 6 of ieu-
comp-therm-002 and for all cases of heu-sol-therm-039 the
nuclear data were processed for the temperatures specified
by the benchmark.

The criticality safety calculations were performed with
MCNPR� version 6.1.1. The average results for all these
calculations are summarized in Tables IV–V, for each main
category of the International Criticality Safety Benchmark
Evaluation Project (ICSBEP). In these tables the results
based on ENDF/B-VII.1 are also listed (for exactly the
same benchmark cases), for easy comparison. All 2515
benchmark cases were calculated with both ENDF/B-
VII.0 and ENDF/B-VII.1. The values for ENDF/B-VII.1
di↵er from those in Ref. [32], because many benchmark
cases have been added since. The values in the tables are
averages and standard deviations around the averages,
and it is therefore hard to interpret the di↵erences be-
tween the libraries, but in combination with figures (not
shown) several observations can be made:

• Results for most of the compound cases with a
thermal spectrum have decreased slightly, while the
spread in the results is roughly the same, e.g. for the
leu cases, the average C/E � 1 has decreased from
�77 to �144, while the standard deviation around
it is virtually unchanged.

• The average for the leu-met-therm cases has im-
proved, which is mainly due to the results for leu-
met-therm-015 (2% enriched uranium in heavy wa-
ter). The cases with 16 cm pitch are now within
the experimental uncertainty band, which the 8 cm
cases already were.

• The standard deviation for the heu-met-inter cases
has improved because of a better performance for
the varying C/235U ratio in heu-met-inter-006 (Zeus,
a graphite-heu core surrounded by a copper reflec-
tor), although the mean has increased.

• The average for pu-met-inter cases is much better
due to the improved description of pu-met-inter-002
(ZPR-6, Assembly 10, a plutonium-carbon-stainless
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M. Chadwick et al., Nuclear 
Data Sheets 418, 189 (2018)
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We focused on thermal & fast 
applications

CIELO Collaboration Summary . . . NUCLEAR DATA SHEETS M.B. Chadwick et al.

THERMAL (1933 cases)

ENDF/B-VII.1
ENDF/B-VIII �4

FAST (474 cases)

ENDF/B-VII.1
ENDF/B-VIII �4

-10 -5 0 5

INTERMED. (54 cases)

C/E-1 (in units of 1� uncertainty)

ENDF/B-VII.1
ENDF/B-VIII �4
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MIXED (54 cases)

C/E-1 (in units of 1� uncertainty)

ENDF/B-VII.1
ENDF/B-VIII �4

FIG. 29. (Color online) The distribution of C/E, in units of the
combined benchmark and statistical uncertainty. The normal
distribution (in black) would be the perfect situation.

ENDF/B-VII.1: for most of the intermediate spectrum
cases the calculated value lies more than one standard
deviation below the benchmark value, whereas for mixed
spectrum cases most of the calculated value lie more than
one standard deviation above the benchmark value.

VI. COVARIANCES

The CIELO covariance data need continued attention.
In the ENDF community, ENDF/B-VII.1 [32] had a fo-
cused e↵ort on providing covariances for a large range of
isotopes and reactions. Nevertheless, numerous questions
remain regarding the quest to represent “credible” un-
certainties, especially following comparisons of ENDF/B-
VII.1 uncertainty assessments with those in JENDL and
JEFF files, and even when comparing uncertainties as-
sessed in the resonance range versus those at energies
slightly above the boundary for the fast range. The Nu-
clear Energy Agency WPEC Subgroup 39 has provided a
valuable assessment of such questions and discrepancies,
in a paper by Dr. Ishikawa [80]. This paper pointed out
that – even for very important reactions such as major
actinide fission, capture, and inelastic scattering – di↵er-
ences in uncertainties as large as an order-of-magnitude

are not uncommon for certain energy regimes, and as we
will see below this situation has not changed significantly.
A cynic would note that this reflects the enduring di�-
culty in defining credible uncertainties in nuclear science
(and other fields of research). The CIELO project includes
work that will continue beyond this pilot project, with an
aim of resolving some of these questions.
Although work on CIELO covariances is currently in-

progress, we provide a summary of some of the uncer-
tainty data choices made in CIELO-1, in the Beta-5 ver-
sion of the ENDF/B-VIII.0 files. A focus here on 239Pu
and 235U covariance data illuminates the current status
of the work: the covariances for plutonium come from
Talou and Neudecker (LANL), and for uranium isotopes

come from Capote, Trkov, and Neudecker (IAEA, LANL),
and also from the IAEA standards group for the fission
cross sections. Examples of these uncertainties are given
in Table VI for 239Pu and Table VII for 235U, for a typical
neutron energy of 1 MeV for CIELO-1, ENDF/B-VII.1
and the latest JEFF and JENDL evaluations, together
with their impact on the calculated criticality k-e↵ in
Jezebel (PMF-1) (Table VIII) and Godiva (HMF-1) (Ta-
ble IX). (A summary of the PFNS uncertainties is given
in Ref. [9], showing how these have changed in the re-
cent CIELO-1 work for ENDF/B-VIII.0). The criticality
uncertainty results were obtained by Ian Hill and Oscar
Cabellos (NEA) [81], using the NDaST and MCNP codes,
and by Yokoyama and Ishikawa [82]. Of course the various
uncertainty data are used for all the appropriate incident
neutron energies in the calculations; we tabulate here only
the 1 MeV values owing to space limitations.

TABLE VI. 239Pu cross section uncertainties at 1 MeV in-
cident neutron energy, 1-sigma. Values are given for CIELO-
1 (ENDF/B-VIII.0beta5), ENDF/B-VII.1, JEFF-3.3 (derived
from CIELO-2, in version JEFF-3.3) and JENDL-4.0u1. The
full uncertainty information – values at all incident energies,
and correlations – can be obtained from the numerical files.
Comparisons at 1 MeV are useful to illuminate the large di↵er-
ences between the di↵erent evaluations, which impact di↵erent
Jezebel calculated criticality uncertainties (Table VIII).

CIELO-1 B-VII.1 JEFF-3.3 JENDL-4.0

Unc. (%) Unc. (%) Unc. (%) Unc. (%)

fission 1.3 0.6 0.3 0.9

nubar 0.3 0.3 0.4 0.3

PFNS Eav 1.7(37keV) 1.7(37keV) 4.38(93keV) 2.7(57keV)

elastic 13 12 1.4 3.7

inelastic 28 28 4.6 5.3

capture 18 20 8.6 12

TABLE VII. 235U cross section uncertainties at 1 MeV incident
neutron energy, 1-sigma, see Table VI caption (note that the
CIELO-1 uncertainty of the PFNS average energy of 1.8% re-
places the ENDF/B-VIII.0beta5 value of 0.9% in anticipation
of a forthcoming change). Comparisons at 1 MeV are useful
to illuminate the large di↵erences between the di↵erent eval-
uations, which impact di↵erent calculated Godiva criticality
uncertainties (Table IX). The CIELO-1 total inelastic uncer-
tainty MT4 is estimated here as MT51 + MT851.

CIELO-1 B-VII.1 JEFF-3.3 JENDL-4.0

Unc. (%) Unc. (%) Unc. (%) Unc. (%)

fission 1.3 0.5 1.8 0.8

nubar 0.4 0.5 0.5 0.5

PFNS Eav 1.8(35keV) 3.6(75keV) 4.84(98keV) 3.0(61keV)

elastic 3.4 4.0 2.1 3.0

inelastic 10 (est.) 7.0 10 7.5

capture 14 16 11 33

We can make the following observations on covariances,
based on the results shown in Tables VI, VII, after which
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So, we engineered the mean 
values, but this is not reflected in 
the covariances
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Large overlap in evaluations of 
Big 3 

By Los Alamos National Laboratory - Scanned from: 
Christensen, Dana (1995). "The Future of Plutonium 
Technology". Los Alamos Science (23): 170., Public 
Domain, https://commons.wikimedia.org/w/
index.php?curid=1034607

US DOE, Public Domain

▪ Neutron Data Standards:  
(n,f) cross section


▪ P(nu) for neutrons and gammas 
(Talou) 


▪ Fission energy release (Lestone)

▪ PFNS & associated cov. (Neudecker)

▪ PFGS new, resolves long standing 

problem with fission gammas (Stetcu)

▪ Feedback from benchmarks 
▪ Main differences: treatments of RR & 

Fast parts of evaluation
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Each major ENDF 
release is built off 
the newest release 
of the Neutron Data 
Standards
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Unrecognized systematic 
uncertainty estimated and included

Neutron Data Standards . . . NUCLEAR DATA SHEETS A.D. Carlson et al.
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FIG. 13. (Color online) Comparison of the 235U(n,f) cross
section from the 2017 evaluation with the 2006 standards eval-
uation. The results from 1 keV up to 150 keV correspond to
the average of low resolution experiments. The unrecognized
systematic uncertainty of 1.2 % has been included in the 2017
data. The baseline at 1.00 is the 2006 standards evaluation.
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FIG. 14. (Color online) Comparison of the 238U(n,f) cross
section from the 2017 evaluation with the 2006 standards eval-
uation. The unrecognized systematic uncertainty of 1.2 % has
been included in the 2017 data. The baseline at 1.00 is the
2006 standards evaluation.

tegral of 245.7 b-eV ± 3.0 b-eV that is consistent with
the 2017 standards value.
The H(n,n) evaluation was done separately as an R-

matrix analysis by Hale and Paris. This standard is for the
natural element but since 1H is 99.9885 % of the natural
element the evaluation is for 1H only. The evaluation of
the hydrogen standard is complete to 20 MeV. E↵orts
beyond the current evaluation are underway to extend it
to 200 MeV. The C(n,n) evaluation was done by Hale.
The carbon standard is also for the natural element. The
C(n,n) evaluation is composed of separate 12C(n,n) and
13C(n,n) R-matrix evaluations. In Figs. 17 and 18 plots
of the H(n,n) and C(n,n) cross sections are shown.

The changes in the n+C elastic scattering cross section
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FIG. 15. (Color online) Comparison of the 238U(n,�) cross
section from the 2017 evaluation with the 2006 evaluation
resulting from the standards evaluation. The unrecognized
systematic uncertainty has been included in the 2017 data.
That uncertainty is 1.7 % below 1 MeV and 2.4 % at 1 MeV and
above. The baseline at 1.00 is the 2006 standards evaluation.
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FIG. 16. (Color online) Comparison of the 239Pu(n,f) cross
section from the 2017 evaluation with the 2006 evaluation
resulting from the standards evaluation. The unrecognized
systematic uncertainty of 1.2 % has been included in the 2017
data. The baseline at 1.00 is the 2006 standards evaluation.

come mainly from di↵erences in the n+C total cross sec-
tion, which approach 2 % at the upper end of the standards
range. The increase results from a 2 % re-normalization
of some of the total cross section data that were fitted
at energies above about 1 MeV, in order to give better
agreement with measurements of the di↵erential elastic
scattering cross section in the 1-2 MeV region.

No new evaluation was done for the 3He(n,p) standard
since little experimental work had been done on this cross
section.
For the 6Li(n,t) cross section, the EDA analysis was

extended to 4 MeV and the RAC analysis to 20 MeV. The
results obtained for the two evaluations di↵ered above
about 0.5 MeV. So the simple average of the two fits
with increased uncertainties was used in the combined
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TABLE VII. Data used to determine the unrecognized sys-
tematic uncertainty for the evaluated 10B(n,↵1�) and

10B(n,↵)
cross sections. From the weighted standard deviation of the
distribution of these values, a value of 0.8 % was obtained.
References for these data can be found in Ref. [1].

Author Year Weight Value
Sealock 1976 100.0 0.9715
Davis 1961 100.0 1.0082

Schrack 1978 2500.0 1.0198
Schrack 1994 2500.0 1.0000
Schrack 1993 2500.0 1.0165

TABLE VIII. Data used to determine the unrecognized sys-
tematic uncertainty for the evaluated carbon total cross section.
From the weighted standard deviation of the distribution of
these values, a value of 0.65 % was obtained. References for
these data can be found in the papers by Hale [72], Danon [30].
and Daub [11].

Author Year Weight Value
Diment 1968 2500.0 1.0064
Danon 2007 4444.4 1.0037
Daub 2013 4444.4 1.0131
Auchampaugh 1979 3460.0 1.0202
Cierjacks 1968 5000.0 1.0199
Perey 1972 2500.0 1.0082

TABLE IX. Unrecognized systematic uncertainties from the
analyses of the (weighted) standard deviations of the distri-
butions for cross sections and ⌫tot for 252Cf(sf). The ⌫tot for
252Cf(sf) unrecognized systematic uncertainty was determined
to be 0.4 %. All thermal neutron-induced ⌫tot unrecognized
systematic uncertainties are also assumed to be 0.4 %.

Cross section Unrecognized systematic
uncertainty (%)

H(n,n) total 0.34
6Li(n,t) 0.5
10B(n,↵1�) 0.8
10B(n,↵) 0.8
C(n,n) total 0.65
Au(n,�) 1.7
235U(n,f) 1.2
238U(n,f) 1.2
238U(n,�) 1.7 below 1 MeV
238U(n,�) 2.4 for 1 MeV and above
239Pu(n,f) 1.2

��2 = 1 criterion for defining parameter variances the
condition��2 = k, where k is the number of freeR-matrix
parameters. This scales up the parameter variances by a
factor of

p
k, while leaving the correlations unchanged.

This prescription accounts nicely for the empirical scaling
factors (7–10) we have used for R-matrix uncertainties
from analyses having 50–100 parameters.

In addition, we have included in quadrature estimates of
the above-mentioned unknown systematic uncertainty by
considering the variations in their normalization param-
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FIG. 7. Histogram as a function of deviation from unity for
normalization coe�cients of 235U(n,f) absolute fission cross
section and fission cross section ratio measurements. The stan-
dard deviation is 1.2 % which is interpreted as unrecognized
systematic uncertainty that corresponds to all fission measure-
ments of actinides that use fission chambers.
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FIG. 8. Histogram as a function of deviation from unity for
normalization coe�cients of Au(n,�) absolute cross section
and absolute cross section ratio measurements with Au(n,�)
except data with 238U(n,�). The standard deviation is 1.7 %
which is interpreted as unrecognized systematic uncertainty
of neutron capture measurements on non-fissioning targets or
actinides below the fission threshold.

eters, giving additional uncertainty components ranging
from 0.34 % (for hydrogen) to 0.80 % (for boron).

As discussed above, the final stage involved refitting the
results of the GMAP evaluation for each of the light ele-
ment standards with EDA. This allowed the cross section
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Other cross sections adjusted 
to match fission

Evaluations of n+ 235,238U . . . NUCLEAR DATA SHEETS R. Capote et al.
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FIG. 5. (Color online) EMPIRE calculated 235U(n,f) cross sec-
tion in the fast neutron range compared with Neutron Stan-
dards 2006 [12, 13] and selected experimental data [80–90]
retrieved from EXFOR [91].
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FIG. 6. (Color online) Evaluated total inelastic cross sections
[4–6] for 235U target compared to current evaluation and ex-
perimental data [92–95] retrieved from EXFOR [91].

with selected evaluations [4–6] in Fig. 6. Important di↵er-
ences among evaluations from 100 keV up to 2 MeV can
be seen [11]. The JEFF-3.2 evaluation [5] is consistently
larger than all other evaluated data from the threshold up
to around 1 MeV. The ENDF/B-VII.1 evaluation [4] is
slightly higher than current calculations at the maximum,
while JENDL-4.0 evaluation [6] is in very good agreement
with the current IAEA CIELO evaluation in the whole
energy range.
The (n,2n) reaction is the main competition for fis-

sion above neutron incident energies of 7–8 MeV; Fig. 7
shows a comparison between EMPIRE calculations and se-
lected evaluations. Calculations were adopted as the IAEA
CIELO evaluation. Pre-equilibrium emission plays an im-
portant role in multiple neutron emission calculations,
and the high energy (HE) tail seen in (n,2n) evaluations
originates in the contribution of non-compound reactions
(either from the direct inelastic scattering to discrete lev-
els or continuum, or from pre-equilibrium emission). The
HE tail in the (n,2n) current evaluation above 15 MeV
is higher than in other evaluations because of additional
contributions from inelastic scattering to states in the
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FIG. 7. (Color online) Evaluated cross sections [4–6] for
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experimental data [96, 97] retrieved from EXFOR [91].
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continuum. The IAEA CIELO evaluation agrees much
better with the ENDF/B-VII.1 and JENDL-4 evaluations
up to 15 MeV, and experimental data are well accounted
for by the current calculations.
The assumed collective levels in the continuum also

lead to an improved description of Kammerdiener’s exper-
imental data [98] on neutron emission spectra at 14 MeV
as shown in Fig. 8, as well as to an improved Monte Carlo
simulations of the time-of-flight spectra in pulsed-sphere
experiments performed at Lawrence Livermore National
Laboratory (LLNL) for the 235U target [99, 100] (see also
Sec. VIIC).
Calculated neutron capture cross sections using the

statistical model agrees well on average with existing eval-
uations at energies from 10 keV up to 1 MeV as shown in
Ref. [51]. However, recent experimental data for 235U(n,�)
reaction have been published by Jandel et al. [32] showing
fluctuations from 2 keV up to 200 keV. Neutron capture
cross sections were modified using the tuning-factor fea-
ture of EMPIRE to follow Jandel fluctuations as shown
in Fig. 9(a), since the statistical model alone cannot de-
scribe those fluctuations. With this procedure the internal
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consistency of the cross sections was preserved.
Additionally, unique AMS 235U(n,�) measurements

have been published by Wallner et al. [101], using well-
defined neutron spectra relative to well-known neutron
capture cross section of gold and 238U targets, with av-
erage incident neutron energies equal to 25 and 426 keV,
respectively. Additional reduction of capture was needed
to agree with Wallner’s data; the relatively large reduc-
tion around 25-35 keV is confirmed by Kononov et al. [80],
Vertebniy et al. [102] and Corvi [103] datasets, which were
recalculated from measured ↵ ratio using the 235U(n,f)
standards cross sections [12, 13]. There is some discrep-
ancy in data near 35 keV; the lower data were preferred
in the IAEA CIELO evaluation similar to what was done
in the ENDF/B-VII.1 evaluation.

Finally, some reduction of the capture cross section from
300 to 500 keV following Wallner measurement [101] was
made as shown in Fig. 9(b) compared to the ENDF/B-
VII.1 evaluation. In that energy region, the measured
spectrum-averaged cross section by Wallner is in agree-
ment within uncertainties with the Jandel [32], Weston
[104], De Saussure [105], and Hopkins [106] data, which
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FIG. 9. (Color online) Evaluated 235U(n,�) cross section com-
pared to experimental data retrieved from Refs. [32, 80, 101–
113].

were recalculated from measured ↵ ratio using 235U(n,f)
standards cross sections [12, 13].
The agreement of several experimental datasets with

Wallner data [101] at both 25 keV and 426 keV supports
the choices made in the current evaluation. It should be
noted that changes made in capture and fission cross sec-
tions in the evaluated file are well within uncertainties
of the measured total cross sections. No modification of
the elastic cross section was made in the evaluated file.
Therefore, small di↵erences are reflected in the summed
total cross section.

2. Fission Neutron Multiplicities in
235

U(n,f) Fast Neutron

Range

The prompt fission neutron multiplicities above the
resonance range were adopted from the ENDF/B-VII.1 li-
brary, with the following adjustments. In the energy range
30-70 keV ⌫̄p was reduced following the JENDL-4 evalua-
tion as shown in Fig. 10. Some di↵erence is observed be-
tween evaluated dependence and the JENDL-4 evaluation
from 1 to 3 MeV. Additionally, the revised interpretation
of Standards 2017 [14] as of July 2017 caused an increase
in the fission cross section in the unresolved resonance
range, which was compensated by a decrease in ⌫̄p, start-
ing at 100 eV, reaching the minimum value at 20 keV. A
point was added at 30 MeV (approximately extrapolat-
ing Frehaut data) for continuity. The number of delayed
neutrons per fission ⌫̄d and the corresponding spectra are
taken from the ENDF/B-VII.1 library. Delayed neutron
uncertainties were taken from Keepin [114] as tabulated
by Tuttle [115].
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with selected evaluations [4–6] in Fig. 6. Important di↵er-
ences among evaluations from 100 keV up to 2 MeV can
be seen [11]. The JEFF-3.2 evaluation [5] is consistently
larger than all other evaluated data from the threshold up
to around 1 MeV. The ENDF/B-VII.1 evaluation [4] is
slightly higher than current calculations at the maximum,
while JENDL-4.0 evaluation [6] is in very good agreement
with the current IAEA CIELO evaluation in the whole
energy range.
The (n,2n) reaction is the main competition for fis-

sion above neutron incident energies of 7–8 MeV; Fig. 7
shows a comparison between EMPIRE calculations and se-
lected evaluations. Calculations were adopted as the IAEA
CIELO evaluation. Pre-equilibrium emission plays an im-
portant role in multiple neutron emission calculations,
and the high energy (HE) tail seen in (n,2n) evaluations
originates in the contribution of non-compound reactions
(either from the direct inelastic scattering to discrete lev-
els or continuum, or from pre-equilibrium emission). The
HE tail in the (n,2n) current evaluation above 15 MeV
is higher than in other evaluations because of additional
contributions from inelastic scattering to states in the
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FIG. 7. (Color online) Evaluated cross sections [4–6] for
235U(n,2n) compared to current IAEA CIELO evaluation and
experimental data [96, 97] retrieved from EXFOR [91].
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FIG. 8. (Color online) Evaluated neutron emission spectra on
235U target at 14 MeV incident neutron energy vs Kammerdi-
ener experimental data [98].

continuum. The IAEA CIELO evaluation agrees much
better with the ENDF/B-VII.1 and JENDL-4 evaluations
up to 15 MeV, and experimental data are well accounted
for by the current calculations.
The assumed collective levels in the continuum also

lead to an improved description of Kammerdiener’s exper-
imental data [98] on neutron emission spectra at 14 MeV
as shown in Fig. 8, as well as to an improved Monte Carlo
simulations of the time-of-flight spectra in pulsed-sphere
experiments performed at Lawrence Livermore National
Laboratory (LLNL) for the 235U target [99, 100] (see also
Sec. VIIC).
Calculated neutron capture cross sections using the

statistical model agrees well on average with existing eval-
uations at energies from 10 keV up to 1 MeV as shown in
Ref. [51]. However, recent experimental data for 235U(n,�)
reaction have been published by Jandel et al. [32] showing
fluctuations from 2 keV up to 200 keV. Neutron capture
cross sections were modified using the tuning-factor fea-
ture of EMPIRE to follow Jandel fluctuations as shown
in Fig. 9(a), since the statistical model alone cannot de-
scribe those fluctuations. With this procedure the internal
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retrieved from EXFOR [91].
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[4–6] for 235U target compared to current evaluation and ex-
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with selected evaluations [4–6] in Fig. 6. Important di↵er-
ences among evaluations from 100 keV up to 2 MeV can
be seen [11]. The JEFF-3.2 evaluation [5] is consistently
larger than all other evaluated data from the threshold up
to around 1 MeV. The ENDF/B-VII.1 evaluation [4] is
slightly higher than current calculations at the maximum,
while JENDL-4.0 evaluation [6] is in very good agreement
with the current IAEA CIELO evaluation in the whole
energy range.
The (n,2n) reaction is the main competition for fis-

sion above neutron incident energies of 7–8 MeV; Fig. 7
shows a comparison between EMPIRE calculations and se-
lected evaluations. Calculations were adopted as the IAEA
CIELO evaluation. Pre-equilibrium emission plays an im-
portant role in multiple neutron emission calculations,
and the high energy (HE) tail seen in (n,2n) evaluations
originates in the contribution of non-compound reactions
(either from the direct inelastic scattering to discrete lev-
els or continuum, or from pre-equilibrium emission). The
HE tail in the (n,2n) current evaluation above 15 MeV
is higher than in other evaluations because of additional
contributions from inelastic scattering to states in the

!"#$%&"'("&)'*+"(&"&*,-(./&01

2
*+

3
3
(3

&
#
'$
+
"
( .
4
1

(5(((((((((((((((((((((((((((((((((67((((((((((((((((((((((((((((((((((87(((((((((((((((((97((

!"#$%&'!&(

7:7

7:5

6:7

IAEA CIELO

Incident Neutron Energy (MeV)

FIG. 7. (Color online) Evaluated cross sections [4–6] for
235U(n,2n) compared to current IAEA CIELO evaluation and
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FIG. 8. (Color online) Evaluated neutron emission spectra on
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ener experimental data [98].

continuum. The IAEA CIELO evaluation agrees much
better with the ENDF/B-VII.1 and JENDL-4 evaluations
up to 15 MeV, and experimental data are well accounted
for by the current calculations.
The assumed collective levels in the continuum also

lead to an improved description of Kammerdiener’s exper-
imental data [98] on neutron emission spectra at 14 MeV
as shown in Fig. 8, as well as to an improved Monte Carlo
simulations of the time-of-flight spectra in pulsed-sphere
experiments performed at Lawrence Livermore National
Laboratory (LLNL) for the 235U target [99, 100] (see also
Sec. VIIC).
Calculated neutron capture cross sections using the

statistical model agrees well on average with existing eval-
uations at energies from 10 keV up to 1 MeV as shown in
Ref. [51]. However, recent experimental data for 235U(n,�)
reaction have been published by Jandel et al. [32] showing
fluctuations from 2 keV up to 200 keV. Neutron capture
cross sections were modified using the tuning-factor fea-
ture of EMPIRE to follow Jandel fluctuations as shown
in Fig. 9(a), since the statistical model alone cannot de-
scribe those fluctuations. With this procedure the internal
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deformation on calculated CN inelastic scattering results
in the observed cross section increase compared with the
JEFF-3.2 [5] and JENDL-4 [6] evaluations below 500 keV.
However, these calculations are still lower than ENDF/B-
VII.1 evaluation [4] in the same energy region.

Current calculations produce the highest inelastic cross
sections from 700 keV up to approximately 1 MeV, as a
direct result of the strong coupling between all low-lying
collective levels extending up to an excitation energy of
1 MeV (see Fig. 18). The agreement of calculated (n,n’)
cross sections with experimental data is very reasonable
considering inconsistencies between measured datasets.
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FIG. 18. (Color online) Calculated total and partial inelastic
238U(n,n’) cross sections on 45 keV level compared with ex-
perimental and evaluated data files. Experimental data have
been taken from EXFOR [91].

The average cosine of scattering µel is a commonly
employed measure of the anisotropy of elastic scatter-
ing, which roughly determines the forward scattering. Ex-
perimental data derived from measured angular distribu-
tions of resolved elastic scattering for energies lower than
3.4 MeV are in excellent agreement with the smooth curve
predicted by the EMPIRE calculations in Fig. 19(top).
Such agreement demonstrates the good quality of the op-
tical model potential employed.

Fig. 19(bottom) presents calculated elastic angular dis-
tribution for incident neutron energies of 650 keV com-
pared to the Smith 1963 data. An excellent agreement
with data is shown for the IAEA CIELO compound-
nucleus (CN) anisotropic calculation leading to a large
increase of neutrons scattered in the backward direction
for angles above 150 degrees. Young’s calculations that
defined the ENDF/B-VII.1 evaluation probably assumed
isotropic CN elastic angular distribution, therefore, elas-
tically scattered neutrons were severely underestimated
in the backward direction. While the absolute number
of neutrons scattered backward is small, those neutrons
have a large impact on fast critical assemblies that con-
tain 238U (or natural uranium) in the core (e.g., Jemima
benchmarks) or use it as a reflector (e.g., Flaptop bench-
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FIG. 19. (Color online) Average cosine of neutron elastic scat-
tering µ on 238U (top). Angular distribution of neutron elastic
scattering at 650 keV incident energy (bottom) on 238U . Ex-
perimental data have been taken from EXFOR [91].

marks). Note that the discussed di↵erences in backward
elastic scattering can not be seen in the comparison of
the average cosine of scattering µel shown in Fig. 19(top).
Only higher-order Legendre even polynomial coe�cients
of the elastic scattering distribution are sensitive to the
backward scattering.
The assumed collective levels in the continuum taken

from Young et al. lead to improved description of Kammer-
diener experimental data [98] on neutron emission spectra
at 14 MeV as shown in Fig. 20, as well as to improved
Monte Carlo simulations of the time-of-flight spectra in
pulsed-sphere experiments for the 238U target [99, 100]
(see also Sec. VIIC). It is worth noting that the same
collective levels were giving higher emission cross section
in the ENDF/B-VII.1 evaluation. ENDF/B-VII.1 evalu-
ation was reproducing measured double-di↵erential data
by Baba et al. [183], but the evaluated ENDF/B-VII.1
238U(n,f) PFNS had an un-physically low average fission-
neutron energy for 14 MeV incident neutrons as discussed
in Sec. VIIC. Such defect compensated for the overesti-
mation of the inelastic spectra. This work achieved a con-
sistent description of measured double-di↵erential cross
sections on thin 235U and 238U targets by Kammerdiener
[98] using the same set of collective levels, but the cor-
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Neutron-induced reactions on 238U have been calcu-
lated following the reaction modelling reviewed in pre-
vious Sec. III B. A detailed description of di↵erent as-
pects of the reaction modelling have been published in
Refs. [51, 69, 175, 176].

Significant advances have been made in the formulation
and parametrization of coupled-channel optical model po-
tentials based on dispersion relations capable of describing
existing total cross section measurements within quoted
experimental uncertainties in the whole energy range of
interest (see Refs. [53, 55] and references therein). A new
rotational-vibrational dispersive optical model potential
has been derived that couples the low-lying collective
bands of vibrational character observed in 238U nucleus
while preserving the good quality of description of other
observables [56, 174]. Special attention is paid to the cou-
pling of almost all excited levels below 1 MeV of the excita-
tion energy, because neutron scattering on these low-lying
levels plays a significant role in the energy region from 0.5
to 1 MeV of maximum interest for fast reactor systems.
The coupled-channel OPTMAN code [172, 173] was used
for the optical model calculations.
Additionally, we followed the empirical approach pro-

posed by Young et al. [65], who postulated the existence
of a series of collective 2+ and 3� states (see Table VI in
Ref. [65]) at excitation energies in the continuum (Ex =1–
4 MeV) with dynamical deformations fitted to reproduce
measured emission spectra at 14 MeV on 238U target, in
particular Kammerdiener measurements using thin tar-
gets [98]. Cross sections and angular distributions from
these collective states were also calculated by DWBA,
and their strength was spread in the continuum using a
Gaussian resolution function with �=70 keV.

Double-humped fission barrier model was employed for
238U target [51, 69, 175, 176]. The fission coe�cients have
been calculated with a formalism based on the extension
of the optical model for fission [77, 79], which describes the
direct and indirect transmission across the multi-humped
fission barriers.

1. Calculated Cross Sections

All major calculated cross sections are shown in
Fig. 17(top). Neutron capture is practically negligible
above 3 MeV, inelastic cross section is much larger than
fission and capture from 60 keV up to 5 MeV, and (n,2n)
cross section is larger than fission from 8–12 MeV. This
explains the importance of inelastic scattering to prop-
erly describe neutron-induced reactions on 238U target.
Inelastic scattering is the dominant reaction channel in
the region of interest for reactor applications, which cor-
responds to the maximum of 235U(n,f) PFNS from 1–2
MeV. Emission of up to 4 neutrons, 1 proton and 1 ↵
were considered. Let review calculated cross sections.

The e↵ect of target deformation on the calculated com-
pound inelastic scattering cross sections is demonstrated
in Fig. 17(bottom) and was studied in Refs. [69, 175]. As
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FIG. 17. (Color online) Neutron-induced reaction cross sec-
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first two excited levels of 238U (bottom). Experimental data
in the top panel have been taken from EXFOR [91].

discussed by Moldauer [178], the interference between the
neutron scattering on the ground state (elastic channel)
and the scattering on the first inelastic level causes an
enhancement of the fluctuating compound-nucleus (CN)
cross sections in the presence of direct reactions [68]. The
strongest interference e↵ect is expected when only two
channels contribute, as it is precisely the case for neutron
incident energies below 300 keV (see Fig. 17(bottom)). CN
calculations that consider interference e↵ects were carried
out by using the Engelbrecht-Weidenmüller transforma-
tion [179] as implemented within the ECIS code [54]. The
interference e↵ect results in a net increase of the CN in-
elastic scattering cross section on the first excited level at
45 keV compensated by a reduction in the elastic channel
(due to the reduction in the CN elastic cross section) as
shown in Fig. 17(bottom). This e↵ect goes in the opposite
direction to the width fluctuation correction.

A comparison of evaluated total inelastic cross section
with experimental data is shown in Fig. 18. The e↵ect of
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deformation on calculated CN inelastic scattering results
in the observed cross section increase compared with the
JEFF-3.2 [5] and JENDL-4 [6] evaluations below 500 keV.
However, these calculations are still lower than ENDF/B-
VII.1 evaluation [4] in the same energy region.

Current calculations produce the highest inelastic cross
sections from 700 keV up to approximately 1 MeV, as a
direct result of the strong coupling between all low-lying
collective levels extending up to an excitation energy of
1 MeV (see Fig. 18). The agreement of calculated (n,n’)
cross sections with experimental data is very reasonable
considering inconsistencies between measured datasets.
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FIG. 18. (Color online) Calculated total and partial inelastic
238U(n,n’) cross sections on 45 keV level compared with ex-
perimental and evaluated data files. Experimental data have
been taken from EXFOR [91].

The average cosine of scattering µel is a commonly
employed measure of the anisotropy of elastic scatter-
ing, which roughly determines the forward scattering. Ex-
perimental data derived from measured angular distribu-
tions of resolved elastic scattering for energies lower than
3.4 MeV are in excellent agreement with the smooth curve
predicted by the EMPIRE calculations in Fig. 19(top).
Such agreement demonstrates the good quality of the op-
tical model potential employed.

Fig. 19(bottom) presents calculated elastic angular dis-
tribution for incident neutron energies of 650 keV com-
pared to the Smith 1963 data. An excellent agreement
with data is shown for the IAEA CIELO compound-
nucleus (CN) anisotropic calculation leading to a large
increase of neutrons scattered in the backward direction
for angles above 150 degrees. Young’s calculations that
defined the ENDF/B-VII.1 evaluation probably assumed
isotropic CN elastic angular distribution, therefore, elas-
tically scattered neutrons were severely underestimated
in the backward direction. While the absolute number
of neutrons scattered backward is small, those neutrons
have a large impact on fast critical assemblies that con-
tain 238U (or natural uranium) in the core (e.g., Jemima
benchmarks) or use it as a reflector (e.g., Flaptop bench-
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FIG. 19. (Color online) Average cosine of neutron elastic scat-
tering µ on 238U (top). Angular distribution of neutron elastic
scattering at 650 keV incident energy (bottom) on 238U . Ex-
perimental data have been taken from EXFOR [91].

marks). Note that the discussed di↵erences in backward
elastic scattering can not be seen in the comparison of
the average cosine of scattering µel shown in Fig. 19(top).
Only higher-order Legendre even polynomial coe�cients
of the elastic scattering distribution are sensitive to the
backward scattering.
The assumed collective levels in the continuum taken

from Young et al. lead to improved description of Kammer-
diener experimental data [98] on neutron emission spectra
at 14 MeV as shown in Fig. 20, as well as to improved
Monte Carlo simulations of the time-of-flight spectra in
pulsed-sphere experiments for the 238U target [99, 100]
(see also Sec. VIIC). It is worth noting that the same
collective levels were giving higher emission cross section
in the ENDF/B-VII.1 evaluation. ENDF/B-VII.1 evalu-
ation was reproducing measured double-di↵erential data
by Baba et al. [183], but the evaluated ENDF/B-VII.1
238U(n,f) PFNS had an un-physically low average fission-
neutron energy for 14 MeV incident neutrons as discussed
in Sec. VIIC. Such defect compensated for the overesti-
mation of the inelastic spectra. This work achieved a con-
sistent description of measured double-di↵erential cross
sections on thin 235U and 238U targets by Kammerdiener
[98] using the same set of collective levels, but the cor-
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From this plot it is evident that the new evaluation
solves many of the outstanding problems in the older
evaluations:

• The over-prediction of reactivity in the Flattop-25
assembly (highly-enriched uranium reflected by nat-
ural uranium) is eliminated without a↵ecting the
criticality prediction of Godiva and Big Ten, the
later having a softer spectrum due to the presence
of graphite and natural uranium reflector.

• Major improvement is achieved in predicting the
reactivity of the Jemima assemblies with uranium
fuel of intermediate enrichment.

Derived trends of �ke↵ vs E↵ for each library are also
plotted in Fig. 36 as a black solid line (for ENDF/B-
VII.1), and red and green dashed lines (for current eval-
uation and JEFF-3.2 evaluation, respectively). The red
dashed line shows that the fitted trend for the current
IAEA CIELO 235U and 238U file is practically flat and
well within quoted experimental uncertainties, represent-
ing a considerable improvement compared to previous
evaluations. It is worth noting that the improved trend
show in Fig. 36 is mainly due to the improvements in
elastic and inelastic scattering in the 238U evaluation.

C. Lawrence Livermore Pulsed Sphere
Experiments with 14 MeV Neutrons

Pulsed sphere experiments carried out at the Lawrence
Livermore National Laboratory (LLNL) used a 14 MeV
neutron source to measure the neutron leakage spec-
tra from 238U spheres by the time-of-flight (TOF) tech-
nique [214–216]. Neutrons at the nominal energy of
14 MeV were generated via the 3H(d,n)4He reaction from
a 400 keV deuteron beam impinging on a tritium-loaded
titanium target positioned in the center of the sphere. The
LLNL pulsed sphere (LPS) benchmark experiments were
evaluated several times [100, 217–221]. The latest evalua-
tion was performed using MCNP (Monte Carlo n-particle)
transport code inputs of Stephanie C. Frankle provided
by the Los Alamos National Laboratory. In the input the
experimental geometry was not modelled explicitly and
some simplifications were introduced: i) neutron detectors
were modelled as ring detectors and ii) concrete pit walls
and collimators inside the beamline were not included in
the model. However, a thin layer of a black absorber was
added instead of the collimator [219].
Additional analysis was performed by Goričanec et

al. to study the e↵ect of the uncertainties on the flight
path length, the angular positioning of the detectors, the
concrete pit walls and the detailed structure of the colli-
mator by developing a full 3D model of the experimental
set-up [222]. The analysis confirmed the adequacy of the
simplified model. In Ref. [218] the measured and calcu-
lated background spectra are reported. There is an addi-
tional peak visible at 2.8 MeV, which originates from the

D-D reaction on the accumulated deuterium in the target,
therefore, the comparison of experiments and calculations
below 4 MeV is considered less reliable.
The comparison of measured and calculated neutron

spectrum in the case of the experimental configuration
with a thicker sphere (2.8 mfp), recommended by S. C.
Frankle to be used for benchmarking, is presented in
Fig. 37.
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FIG. 37. (Color online) Comparison of leakage neutron spec-
trum TOF measurements (squares) to reference benchmark
model calculations for the recommended experimental config-
uration using the full IAEA CIELO evaluation (solid), the
ENDF/B-VII.1 (dashed blue), and the IAEA CIELO evalua-
tion with 238U PFNS from the ENDF/B-VII.1 library.

Calculations using di↵erent neutron cross section li-
braries were performed: ENDF/B-VII.1, IAEA CIELO
�4, and IAEA CIELO �5 (adopted as the final IAEA
CIELO evaluation). The di↵erence between the IAEA
CIELO versions is that in the �5 version a fission spec-
trum of prompt neutrons above 8 MeV is taken from the
JENDL-4 nuclear data library, while 238U PFNS from the
ENDF/B-VII.1 library were used for all energies in the
IAEA CIELO �4 library. Deviations between measure-
ments and calculations can be observed; among di↵erent
evaluations the IAEA CIELO �5 gives the best agreement
with the experimental results and the ENDF/B-VII.1 file
- the worse agreement - illustrating the relatively large
impact of the 238U(n,f) prompt fission spectrum on LPS
neutron leakage for 5–10 MeV of outgoing neutron energy.
The overall conclusion is that the new IAEA CIELO

file (�5) for 238U performs well, and certainly better than
ENDF/B-VII.1. The importance of replacing the PFNS
above 8 MeV with the data from JENDL is manifested by
the improved agreement with measured data in the leaked
neutron energy range from 5 MeV to 10 MeV. Note that
the new IAEA CIELO evaluation still underestimates the
experimental data from 10–12 MeV probably due to the
missing strength of inelastic scattering to the continuum.
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Main Updates from ENDF/B-VII.1

§ Resonance region
– Adoption of WPEC SG-34 results up to 2.5 keV
– New resonance parameters and nubar values

§ Fast region: not a new full-blown evaluation!
– Capture

• Experimental data by Mosby et al. (DANCE, LANL)

• Theoretical advances (Kawano)
– Fission

• Adoption of new IAEA standards result
– Prompt Fission Neutron Spectrum

• Chi-nu data (cf. Kelly’s talk) still preliminary

• New evaluation above 5 MeV incident neutron energy
– Updated covariances

Slide 4

P. Talou CSEWG 
meeting 2017
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(n,g) Cross Section

§ New experimental results from DANCE measurement (Mosby et al.)
§ New theoretical work (Kawano, CoH3), including M1 “scissors” mode (also, 

Ullmann et al.)

Slide 8
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Prompt Fission Neutron Spectrum

§ Small tweak for thermal PFNS to improve modeling of Plutonium thermal 
solution benchmarks

§ Unchanged from B-VII.1 from 0.5 to 5 MeV

§ New evaluation (Neudecker et al.) above 5 MeV

§ Preliminary chi-nu data (Kelly et al.)

Slide 12

P. Talou CSEWG 
meeting 2017
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Light water re-evaluated by Centro Atomico 
Bariloche (Argentina)

▪ CAB Light water model

▪ Molecular diffusion using a modified 

Egelstaff-Schofield diffusion model. 

▪ A continuous spectrum derived from 

molecular dynamics simulations 

▪ Alpha and beta grids were refined

ENDF/B-VIII.0 Library . . . NUCLEAR DATA SHEETS D.A. Brown et al.
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FIG. 124. (Color online) Time eigenvalues for fundamental
mode flux decay for a pulsed-neutron die-away di↵usion bench-
mark as a function of geometric buckling for various ice cylin-
ders at 228 K. Experimental data from Silver [334] is com-
pared to MC21 results using the ENDF/B-VIII.0 H(Ice-Ih)
and O(Ice-Ih) thermal scattering kernels (bottom curve), the
ENDF/B-VII.1 liquid H(H2O) subcooled thermal scattering
kernel (middle curve), and free-gas thermal scattering kernels
(top curve). Experimental uncertainties are approximately the
radius of the dots.

introduced:

• The low energy interaction was changed from molec-
ular clusters represented with a free gas model,
to molecular di↵usion using a modified Egelsta↵-
Schofield di↵usion model.

• A continuous spectrum derived from molecular dy-
namics simulations [337] replaced the continuous
spectra from Haywood and Page.

• Alpha and beta grids were refined to allow a better
representation of the low energy interaction.

Details of the model and its validation with experimen-
tal data can be found in Ref. [335].

The evaluation was generated at the following tempera-
tures: 283.6, 293.6, 300.0, 323.6, 350.0, 373.6, 400.0, 423.6,
450.0, 473.6, 500.0, 523.6, 550.0, 573.6, 600.0, and 623.6
K. Scattering by oxygen atoms is not included in the
tabulated scattering law data, and it must be taken into
account by adding oxygen as a free gas scatterer of mass
16 to reproduce correctly measurements of the total cross
section within experimental uncertainty.

The new evaluation significantly improves the agree-
ment with experimental neutron transmission data for
low incident energies (Fig. 125). This improvement is not
only seen in absolute value, but also when the temperature
derivative is considered (Fig. 126).

In addition to the integral benchmark results shown
in Appendix B and Section XII, improvements in reactor
temperature coe�cients were reported by Scotta [341] and
Dos Santos [342].
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FIG. 125. (Color online) Evaluated 1H2O(n,tot) total cross
section at 293.6 K, compared with data retrieved from EXFOR
and published by Zaitsev et al. [338].
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FIG. 126. (Color online) Evaluated 1H2O(n,tot) total cross sec-
tion at di↵erent temperatures, compared with data measured
by Stepanov et al. [339, 340] at 0.2266 meV.

D. Heavy Water (D2O)

The evaluations for deuterium and oxygen D2O were
based on the CAB Model for Heavy Water [335] and were
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mode flux decay for a pulsed-neutron die-away di↵usion bench-
mark as a function of geometric buckling for various ice cylin-
ders at 228 K. Experimental data from Silver [334] is com-
pared to MC21 results using the ENDF/B-VIII.0 H(Ice-Ih)
and O(Ice-Ih) thermal scattering kernels (bottom curve), the
ENDF/B-VII.1 liquid H(H2O) subcooled thermal scattering
kernel (middle curve), and free-gas thermal scattering kernels
(top curve). Experimental uncertainties are approximately the
radius of the dots.

introduced:

• The low energy interaction was changed from molec-
ular clusters represented with a free gas model,
to molecular di↵usion using a modified Egelsta↵-
Schofield di↵usion model.

• A continuous spectrum derived from molecular dy-
namics simulations [337] replaced the continuous
spectra from Haywood and Page.

• Alpha and beta grids were refined to allow a better
representation of the low energy interaction.

Details of the model and its validation with experimen-
tal data can be found in Ref. [335].

The evaluation was generated at the following tempera-
tures: 283.6, 293.6, 300.0, 323.6, 350.0, 373.6, 400.0, 423.6,
450.0, 473.6, 500.0, 523.6, 550.0, 573.6, 600.0, and 623.6
K. Scattering by oxygen atoms is not included in the
tabulated scattering law data, and it must be taken into
account by adding oxygen as a free gas scatterer of mass
16 to reproduce correctly measurements of the total cross
section within experimental uncertainty.

The new evaluation significantly improves the agree-
ment with experimental neutron transmission data for
low incident energies (Fig. 125). This improvement is not
only seen in absolute value, but also when the temperature
derivative is considered (Fig. 126).

In addition to the integral benchmark results shown
in Appendix B and Section XII, improvements in reactor
temperature coe�cients were reported by Scotta [341] and
Dos Santos [342].
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FIG. 125. (Color online) Evaluated 1H2O(n,tot) total cross
section at 293.6 K, compared with data retrieved from EXFOR
and published by Zaitsev et al. [338].
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tion at di↵erent temperatures, compared with data measured
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D. Heavy Water (D2O)

The evaluations for deuterium and oxygen D2O were
based on the CAB Model for Heavy Water [335] and were
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Neptune Experiment Used for Validation of ENDF/B-VIII.0(β5) 
H-H2O TSL as a Function of Temperature

• Rolls-Royce conducted a series of 
critical experiments at the Neptune 
facility to validate the ability to predict 
criticality for water-isolated arrays as 
function of temperature [see Ref.].

• Configurations were neutronically 
similar to spent fuel storage racks 
without poison inserts in flux trap.

• Test was specifically designed to assess 
criticality safety issues for spent fuel 
rack configurations with water gaps.

• In this configuration, undermoderated 
fuel assemblies can have a positive 
temperature coefficient of reactivity.

• Water temperature varied from 20-60 °C

2

Schematic of Core and Detector Arrangement

Schematic of Fuel Arrangement Showing 
Increase in Effective Water Gap

Ref.:  S. Walley et al., “Measurement of Positive Temperature Coefficients 
of Reactivity for Rack-like Arrangements of Reactor Fuel in the Neptune 
Zero Energy Facility,” Proc. RRFM-2016, Berlin, March 13-17, 2016.

FC = Fission Chamber
SDA = ShutDown Amplifier
Log = Log Channel
PC = Pulse Channel
WRL = Wide Range Linear
RM = Reactivity Meter

M. Zerkle CSEWG Meeting Nov. 2017
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The keff temperature bias (over the 33°C 
range) is reduced from +70 pcm w/ ENDF-
VIII.0(β4) H-H2O to +20 pcm w/ -β5 H-H2O.  
There is no statistically significant keff
temperature bias with ENDF-VII.1 H-H2O.
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Error bars represent 
the 95% confidence 
interval, or 2σ = 10 
pcm in each direction.  

MC21 Calculated keff for Neptune Configuration C 
as a Function of Temperature Using ENDF/B-VII.1 

Non-Moderator Libraries and Various H-H2O TSL Libraries

M. Zerkle CSEWG Meeting Nov. 2017
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Outline for  
remainder of talk

• We didn’t “change anyone’s answers” 

• Big changes that “didn’t change 
anyone’s answers”: 235,238U, 239Pu, and 
H2O 

• Other important changes that “maybe 
changed answers”: 16O, natC, Fe, 
graphite

*

* ENDF/B-I was released in June 1968
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16O is product of R-matrix 
evaluation from LANL for CIELO
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Must consider all channels that connect to 17O 
compound nucleus
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Consideration of 16O(n,𝜶) requires consideration 
of 13C(𝜶,n) and therefore C standards 
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Elastic cross section for 
natural Carbon is a Standard

Operated by Los Alamos National Security, LLC for the U.S. Department of Energy's NNSA 

|  Los  Alamos National Laboratory  

Elastic Cross Section for Natural Carbon 

4/11/16 UNCLASSIFIED 10 
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New 56Fe evaluation really aimed 
at improving steel

▪ 56Fe 
(CIELO) 

▪ 54,57,58Fe

▪ 59Co

▪ 58-62,64Ni

▪ 12,13C 

(Neutron 
Data 
Standards)Steel PWR pressure vessel 

(wikimedia commons)
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Resonances in 56Fe go back to Froehner
§ Minor correction to the previous evaluations 

§ Fluctuations extend high in energy

5M. Herman et al., CIELO meeting, IAEA, Vienna -Dec 16-22, 2017 
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Elastic & inelastic for 56Fe

Fluctuations imposed on inelastic 
scattering to the first and second 
excited states taken from 
experimental data

7M. Herman et al., CIELO meeting, IAEA, Vienna -Dec 16-22, 2017 
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sum of all reactions from the total
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Elastic angular distributions

9M. Herman et al., CIELO meeting, IAEA, Vienna -Dec 16-22, 2017 

10-2

10-1

100

 0  20  40  60  80  100 120 140 160

d
σ

/d
Ω

 (
b

/s
ra

d
)

Angle (degree)

56Fe (n,n)

Einc = 0.501 MeV

C.M.Perey, 1991
W.E.Kinney, 1976
C.M.Perey, 1991

Cirjacks
ENDF/B-VII.1
ENDF/B-VIII.0

10-2

10-1

100

 0  20  40  60  80  100 120 140 160

d
σ

/d
Ω

 (
b

/s
ra

d
)

Angle (degree)

56Fe (n,n)

Einc = 0.729 MeV

C.M.Perey, 1991
W.E.Kinney, 1976

Ceirjacks
ENDF/B-VII.1
ENDF/B-VIII.0

10-2

10-1

100

 0  20  40  60  80  100 120 140 160

d
σ

/d
Ω

 (
b

/s
ra

d
)

Angle (degree)

56Fe (n,n)

Einc = 0.730 MeV

A.Jacquot
W.E.Kinney, 1976

ENDF/B-VII.1
ENDF/B-VIII.0

10-2

10-1

100

 0  20  40  60  80  100 120 140 160

d
σ

/d
Ω

 (
b

/s
ra

d
)

Angle (degree)

56Fe (n,n)

Einc = 0.731 MeV

C.M.Perey, 1991
W.E.Kinney, 1976

S.A.Cox
ENDF/B-VII.1
ENDF/B-VIII.0



UNCLASSIFIED

Validation in critical assemblies
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Validation in critical assemblies
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Compared to ENDF/B-VII.1 irons, the 
new iron evaluations when coupled to 
the ENDF/B- VIII.0 library: 
• improve performance of 12 benchmarks  
• maintain the performance for 8.  
• worsen the agreement for 4 benchmarks 

M. Herman et al., CIELO meeting, IAEA, Vienna -Dec 16-22, 2017 
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Validation - better results in some 
transmission experiments
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…but worse in some others

16M. Herman et al., CIELO meeting, IAEA, Vienna -Dec 16-22, 2017 
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Figure 5.8: Cross section of neutron elastic scattering on natFe as a
function of the incident neutron energy: comparison with the CIELO
evaluation averaged according to the experimental energy resolu-
tion (“ENDF/B-VIII.b4 (avg)”). The deviation of the experimental data
from the evaluated cross section is given as the difference between
measurement and evaluation (me�s � e���) divided by the experi-
mental uncertainty (�).

Our elastic is too low or not  
enough forward peaked!

Ghent University
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▪ Graphite 
moderated


▪ Materials 
testing


▪ Shut down in 
1994


▪ After 
Fukushima, 
interest in 
restarting

TREAT reactor@INL restarted 
Nov 14, 2017:  need graphite

TREAT Reactor (wikimedia commons)



Graphite

• Hexagonal Structure
• 4 atoms per unit cell
• a = b = 2.46 Å
• c = 6.7 Å
• Density = 2.25 g/cm3

Ideal “crystalline” graphite 
consists of planes (sheets) of 
carbon atoms arranged in a 
hexagonal lattice.  Covalent 
bonding exits between 
intraplaner atoms, while the 
interplaner bonding is of the 
weak Van der Waals type.  The 
planes are stacked in an “abab” 
sequence.

Nuclear Graphite (SEM at NCSU)
Density = 1.5 – 1.8 g/cm3

Reactor graphite consists of 
ideal graphite crystallites 
(randomly oriented) in a carbon 
binder. It is highly porous 
structure with porosity level 
ranging between 10% and 30%.
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PROTEUS reactor is 
cleanest test case for 
graphite 

NEA/NSC/DOC(2006)1 
 

Gas Cooled (Thermal) Reactor – GCR 
 

PROTEUS-GCR-EXP-003 
CRIT-REAC 

 

Revision 1 
Date: March 31, 20142015 

Page 163 of 316 

3.1.2.5 Fuel Pebbles 
 
The graphite fuel pebbles have a diameter of 6.000 cm. A total of 9394 TRISO particles are randomly 
distributed within the graphite matrix of the fueled zone (diameter of 4.700 cm) of each fuel pebble 
(Figure 3.1-8). The fuel pebbles are located in the core cavity; their positions in each core configuration 
are described in more detail in Section 3.1.2.11. Each TRISO particle consists of four layers surrounding 
a UO2 kernel. The fuel kernel has a diameter of 0.0502 cm. A graphite buffer layer (thickness of 0.00915 
cm) surrounds the fuel kernel. An inner pyrolytic carbon (IPyC) layer (thickness of 0.00399 cm), SiC 
layer (thickness of 0.00353 cm), and outer pyrolytic carbon (OPyC) layer (thickness of 0.00400 cm) then 
each, in succession, surround the growing TRISO particle, as shown in Figure 3.1-8. 
 
 

 
 

Figure 3.1-8. Fuel Pebble and TRISO Particle. 
 
 

5 

Preview ENDF/B-VIII.0 b6 graphite (3) 

Proteus (UO2 graphite pebbles) 

J.D. Bess, et al. NEA/NSC/DOC(2006)1
Calculation curtesy of S. Van der Marck
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Main message

▪ ENDF/B-VII.1 was very good 
▪ keff=1 is “baked in”, which surprisingly is a problem for 

many customers

▪ keff=1 but with really big uncertainty does mean we biased 

the mean somehow, but were conservative with our 
uncertainty estimates 

▪ ENDF/B-VII.1 was good, but ENDF/B-VIII.0 is much better 

▪ There is still a lot of room for improvement 

▪ Files available at http://www.nndc.bnl.gov/endf/b8.0/
download.html

http://www.nndc.bnl.gov/endf/b8.0/download.html
http://www.nndc.bnl.gov/endf/b8.0/download.html


Happy 50 ± 1 Anniversary!*

* CSEWG formed in 1966  
ENDF/B-I released in 1968


